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The inclusion of oncogene-driven reprogramming
of energy metabolism within the list of cancer
hallmarks (Hanahan and Weinberg, Cell 2000, 2011)
has provided major impetus to further investigate
the existence of a much wider metabolic rewiring
in cancer cells, which not only includes deregulated
cellular bioenergetics, but also encompasses multiple
links with a more comprehensive network of altered
biochemical pathways. This network is currently held
responsible for redirecting carbon and phosphorus
fluxes through the biosynthesis of nucleotides,
amino acids, lipids and phospholipids and for the
production of second messengers essential to cancer
cells growth, survival and invasiveness in the hostile
tumor environment. The capability to develop such
a concerted rewiring of biochemical pathways is a
versatile tool adopted by cancer cells to counteract
the host defense and eventually resist the attack of
anticancer treatments.

Integrated efforts elucidating key mechanisms
underlying this complex cancer metabolic
reprogramming have led to the identification of new

signatures of malignancy that are providing a strong foundation for improving cancer diagnosis
and monitoring tumor response to therapy using appropriate molecular imaging approaches.
In particular, the recent evolution of positron emission tomography (PET), magnetic resonance
spectroscopy (MRS), magnetic resonance spectroscopic imaging (MRSI), functional magnetic
resonance imaging (fMRI) and optical imaging technologies, combined with complementary
cellular imaging approaches, have created new ways to explore and monitor the effects of
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metabolic reprogramming in cancer at clinical and preclinical levels. Thus, the progress of
high-tech engineering and molecular imaging technologies, combined with new generation
genomic, proteomic and phosphoproteomic methods, can significantly improve the clinical
effectiveness of image-based interventions in cancer and provide novel insights to design and
validate new targeted therapies.

The Frontiers in Oncology Research Topic “Exploring Cancer Metabolic Reprogramming
Through Molecular Imaging” focusses on current achievements, challenges and needs in the
application of molecular imaging methods to explore cancer metabolic reprogramming, and
evaluate its potential impact on clinical decisions and patient outcome. A series of reviews and
perspective articles, along with original research contributions on humans and on preclinical
models have been concertedly included in the Topic to build an open forum on perspectives,
present needs and future challenges of this cutting-edge research area.

Citation: Podo, F.,, Bhujwalla, Z. M., Iorio, E., eds. (2017). Exploring Cancer Metabolic Reprogramming
Through Molecular Imaging. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-234-7
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Editorial on the Research Topic

Exploring Cancer Metabolic Reprogramming through Molecular Imaging

BACKGROUND AND PURPOSE OF THE TOPIC

Oncogene-driven reprogramming of energy metabolism has been added in 2011 to the list of general
cancer hallmarks originally introduced by Hanahan and Weinberg to rationalize the complexities
of neoplastic diseases (1, 2). However, a growing body of evidence points today to the more gen-
eral vision of a wider cancer metabolic reprogramming not restricted to the deregulated cellular
bioenergetics linked to aerobic glycolysis (Warburg effect), but encompassing a more complex
network of concerted biochemical reactions. This wider metabolic network is responsible for the
redirection of carbon and phosphorus fluxes through pathways involved in nucleotide, neutral lipid,
and phospholipid biosynthesis, as well as in the oncogene-driven production of second messengers
essential to cell growth and tumor invasiveness in a hostile tumor environment. Multiple efforts
addressed to elucidate the key mechanisms of this more comprehensive metabolic rewiring recently
led to the identification of novel signatures of malignancy, thus providing the grounds for improving
cancer diagnosis and monitoring tumor response to therapy using advanced molecular imaging
approaches. Among these, magnetic resonance spectroscopy (MRS) and magnetic resonance
spectroscopic imaging, positron emission tomography (PET), functional MR imaging, and optical
imaging technologies, combined with latest-generation cellular imaging approaches, currently offer
powerful means to explore and monitor the effects of cancer metabolic reprogramming, a most
versatile molecular machinery to counteract the effects of the microenvironment and eventually
resist the attack of anticancer treatments. The progress of high-tech engineering and molecular
imaging methods, combined with genomic, proteomic, and phosphor-proteomic approaches, are
progressively improving the effectiveness of image-based clinical examinations and provide the basis
to design and preclinically evaluate new targeted anticancer therapies.

The present research topic focuses on current achievements, challenges, and needs in the applica-
tion of molecular imaging methods to explore different aspects of cancer metabolic reprogramming,
with the final goal of improving individualized therapeutic decisions and patient outcome. Major
attention has been focused on the links among oncogene-driven metabolic reprogramming, tumor
progression, and response to therapy, as well as on the evolving capabilities of metabolic imaging
technologies in cancer diagnosis, staging, and therapy monitoring (see Scheme 1).

The topic hosted 22 scientific contributions covering in a concerted manner these cutting-edge
and cross-fertilizing research fields, including three general reviews, one opinion article, one per-
spective article, eight minireviews, and nine original articles, together with a combined list of over
90 keywords in oncology and metabolic imaging.
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SCHEME 1 | Overview of research topic.

EXPLORING THE LINKS OF CANCER
METABOLIC REPROGRAMMING WITH
TUMOR PROGRESSION AND RESPONSE
TO THERAPY USING MOLECULAR
IMAGING APPROACHES: PRESENT
VIEWS AND PERSPECTIVES

As noted in the opinion article by Serrao and Brindle, clini-
cal oncology relies increasingly on biomedical imaging, with
anatomical imaging, especially computed tomography (CT)
and MRI, forming the mainstay of patient assessment, from
diagnosis to treatment monitoring. However, the need for further
improvements in specificity and sensitivity, coupled with imaging
techniques that are reaching their limit of clinically attainable
spatial resolution, has resulted in the emergence and growing
use of imaging techniques with additional functional read-outs,
such as 2-deoxy-2[**F]fluoro-p-glucose (*FDG)-PET and mul-
tiparametric MRI. These techniques add a new dimension to our
understanding of the biological behavior of tumors, allowing a
more personalized approach to patient management.

Compared to normal differentiated cells, cancer cells require
a metabolic reprogramming to support their high proliferation
rates and survival. A rewiring of energy metabolism through
the Warburg effect is essential to generate the required biomass,
including membrane biosynthesis, and to overcome bioenergetic
and redox stress. Both established and evolving radioprobes
developed in association with PET to detect tumor cell metabo-
lism, and effects of treatment have been reviewed by Challapalli
and Aboagye. In addition to providing us with opportunities
for examining the complex regulation of reprogrammed energy
metabolism in living subjects, the PET methods open up oppor-
tunities for monitoring pharmacological activity of new therapies
that directly or indirectly inhibit tumor cell metabolism.

'"H-MRS measurements have also been used to investigate
tumor metabolism for diagnostic purposes. However, clinical
applications of MRS have been hampered by low sensitivity and
consequently low spatial and temporal resolution. Nuclear spin
hyperpolarization of ®C-labeled substrates by dynamic nuclear
polarization (DNP) radically increases the sensitivity of these

substrates to detection by *C MRS (3). DNP has rejuvenated inter-
est in MRS measurements of tissue metabolism, as overviewed
by Serrao and Brindle, with a focus on the potential clinical role
for metabolic imaging with hyperpolarized [1-®C]pyruvate.
Successful translation of this technique to the clinic was achieved
recently with measurements of [1-*C]pyruvate metabolism in
prostate cancer (4).

An original research article by Glickson and colleagues
(Shestov et al.) on ®C MRS and LC-MS flux analysis of tumor
intermediary metabolism presented the first validated metabolic
network model for analysis of flux through key pathways of tumor
intermediary metabolism including glycolysis, the oxidative and
non-oxidative arms of the pentose pyrophosphate shunt, and the
TCA cycle, as well as its anaplerotic pathways, pyruvate malate
shuttling, glutaminolysis, and fatty acid biosynthesis and oxida-
tion. Two models, respectively called bonded cumomer analysis
for application to *C MRS data and fragmented cumomer analy-
sis for mass spectrometric data, are refined and efficient forms of
isotopomer analysis that can be readily expanded to incorporate
glycogen, phospholipid and other pathways, thereby encompass-
ing all the key pathways of tumor intermediary metabolism.
Results validated with melanoma and lymphoma cell models
suggest the potential translation of these methods to in situ
investigations on human cancer reprogramming using MRS with
stable °C isotopically labeled substrates on instruments operat-
ing at high magnetic fields (>7 T), possibly in combination with
FDG-PET and hyperpolarized *C MRS methods.

Mutations in metabolic enzymes involved in cell bioenergetics
but not directly responsible for aerobic glycolysis may also play
an important role in cancer metabolic reprogramming. Notably,
mutations in the metabolic enzyme isocitrate dehydrogenase
(IDH), whose wild-type form catalyzes the interconversion of
isocitrate to a-ketoglutarate, have recently been identified as
drivers in the development of several tumor types. In particular,
cytosolic IDH1 is mutated in 70-90% of low-grade gliomas and
secondary glioblastomas, and mitochondrial IDH2 is mutated in
about 20% of acute myeloid leukemia cases. An article by Ronen
and colleagues (Viswanath et al.) provides a timely overview of the
metabolic changes observed in mutant IDH cells and the various
molecular imaging methods that have been used to characterize
these changes. The review describes how metabolic imaging has
helped shed light on the basic biology of mutant IDH cells and
how this information can be leveraged to identify new therapeutic
targets and develop new clinically translatable imaging methods
to detect and monitor mutant IDH tumors in vivo.

As reviewed by Glunde and colleagues (Cheng et al.), recent
evidence suggests that cancer cells undergo metabolic reprogram-
ming beyond aerobic glycolysis and bioenergetic rewiring, in the
course of tumor development and progression. Starting from pio-
neering studies at the end of the last century (5-7), a progressive
awareness has been built on the impact of the MRS-detectable
aberrant tumor phospholipid metabolism on oncogene-driven
cell signaling perturbations, which lead to altered cell proliferation
and block of cell differentiation (8, 9). In this context, all cancers
tested so far display abnormal choline and ethanolamine phos-
pholipid metabolism, which has been detected with numerous
MRS approaches in cells, animal models of cancer, and the tumors
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of cancer patients. Since the discovery of this metabolic hallmark
of cancer, many studies have been performed to elucidate the
molecular origins of deregulated choline metabolism, to identify
targets for cancer treatment, and to develop MRS approaches
that detect choline and ethanolamine compounds for clinical
use in diagnosis and treatment monitoring. Several enzymes in
choline, recently also ethanolamine, and phospholipid metabo-
lism [including choline kinase alpha (ChKa), phospholipase D1,
phosphatidylcholine-specific phospholipase C (PC-PLC), sphin-
gomyelinases, choline transporters, glycerophosphodiesterases,
phosphatidylethanolamine N-methyltransferase, and ethanola-
mine kinase] have been shown to be involved in carcinogenesis
and tumor progression, suggesting their potential use as targets
for anticancer therapy, either alone or in combination with other
chemotherapeutic approaches.

Besides aerobic glycolysis and altered choline metabolism,
tumors are often characterized by peculiar microenvironment
features such as hypoxia, vascular abnormalities, and low extra-
cellular pH (pHe). The impact of these tumor characteristics has
been investigated extensively in the context of tumor development,
progression, and treatment response, resulting in a number of non-
invasive imaging biomarkers. As highlighted by Ramamonjisoa
and Ackerstaff, additional emerging evidence reveals that the inter-
action between tumor and stroma cells can alter tumor metabolism
(leading to metabolic reprogramming) as well as tumor growth
and vascular features. The review summarizes the current efforts
to clarify how non-invasive multimodal imaging can help to char-
acterize tumor-stroma interaction and understand its role in the
development, progression, and treatment response of tumors.

The potential of induced metabolic bioluminescence imaging
(imBI) to uncover metabolic effects of antiangiogenic therapy in
tumors has been overviewed by Indraccolo and Mueller-Klieser.
Tumor heterogeneity at the genetic level has been illustrated by
a multitude of studies on the genomics of cancer, but whether
tumors can be heterogeneous at the metabolic level is an issue
that has been less systematically investigated so far. A burning
related question is whether the metabolic features of tumors
can change following either natural tumor progression (i.e., in
primary tumors versus metastasis) or therapeutic interventions.
In this regard, recent findings by independent teams indicate that
antiangiogenic drugs cause metabolic perturbations in tumors,
as well as metabolic adaptations associated with increased
malignancy. ImBI is an imaging technique that enables detection
of key metabolites associated with glycolysis, including lactate,
glucose, pyruvate, and ATP in tumor sections. Signals captured
by imBI can be used to visualize the topographic distribution
of these metabolites and quantify their absolute amount. ImBI
can be very useful for metabolic classification of tumors and to
track metabolic changes in the glycolytic pathway associated with
certain therapies. Imaging of the metabolic changes induced by
antiangiogenic drugs in tumors by imBI or other emerging tech-
nologies is a valuable tool to uncover molecular sensors engaged
by metabolic stress and offers an opportunity to understand how
metabolism-based approaches could improve cancer therapy.

A perspective article by Podo and colleagues entitled
“Activation of phosphatidylcholine-specific = phospholipase
C in breast and ovarian cancer: impact on MRS-detected choline

metabolic profile and perspectives for targeted therapy” (Podo
et al.) provides an overview of recent findings on functional and
metabolic features of PC-PLC in breast and ovarian cancer cells
in terms of (a) activation, protein overexpression, and subcellular
redistribution of this enzyme in cancer cells compared with non-
tumoral counterparts; (b) relative contributions of ChKa and
PC-PLC to the intracellular MRS-detected phosphocholine pool;
(c) interaction of PC-PLC with ErbB receptors’ family members
such as human epidermal growth factor receptor 2 (HER2) and
human epidermal growth factor receptor 1 (HERI, EGFR); and
(d) effects of PC-PLC inhibition on HER2 overexpression, cell
proliferation, and cell differentiation (10, 11). This body of evi-
dence points to PC-PLC as a potential target for newly designed
therapies, whose effects can be preclinically and clinically moni-
tored by molecular imaging methods.

The unique capabilities of metabolic imaging to assess treat-
ment response to cytotoxic and cytostatic agents were reviewed by
Serkova and Eckhardt. For several decades, cytotoxic chemothera-
peutic agents were considered the basis of anticancer treatment
for patients with metastatic tumors. A decrease in tumor burden,
assessed by volumetric CT and MRI, according to the Response
Evaluation Criteria in Solid Tumors (RECIST), was considered as
aradiological response to cytotoxic chemotherapies. In addition to
RECIST-based dimensional measurements, a metabolic response
to cytotoxic drugs can be assessed by PET using '“F-fluoro-
thymidine (**FLT) as a radioactive tracer for drug-disrupted DNA
synthesis. The decreased *FLT-PET uptake is often seen concur-
rently with increased apparent diffusion coefficients by diffusion-
weighted MRI (DWI) due to chemotherapy-induced changes in
tumor cellularity. Recently, the discovery of molecular origins of
tumorigenesis led to the introduction of novel signal transduction
inhibitors (STIs). ST1s are targeted cytostatic agents; their effect is
based on a specific biological inhibition with no immediate cell
death. As such, tumor size is no longer a sensitive end point for
a treatment response to STIs; novel physiological imaging end
points are needed. For receptor tyrosine kinase inhibitors, as well
as modulators of the downstream signaling pathways, an almost
immediate inhibition in glycolytic activity (the Warburg effect)
and phospholipid turnover (the Kennedy pathway) has been seen
by metabolic imaging in the first 24 h of treatment. The quantita-
tive imaging end points by MRS and metabolic PET (including
FDG and total choline) provide an early treatment response to
targeted STIs, before a reduction in tumor burden can be seen.

CHALLENGES AND FUTURE DIRECTIONS
IN THE APPLICATION OF METABOLIC
IMAGING APPROACHES TO PRECLINICAL
MODELS AND TO CANCER PATIENTS

A series of 13 original articles or minireviews focused on MRI
and metabolic imaging studies on cell-based models, dissected
tissue specimens, and in vivo tissues especially in breast (Pais and
Degani; Iorio et al.; Mori et al.; Haukaas et al.; Palma et al.; van
der Kemp et al.; Sharma et al.; Sardanelli et al.), ovarian (Bagnoli
etal; Canese et al;; Penet et al.), and prostate cancers (Mori et al;
Selnaes et al.; Testa et al.).
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Imaging Cancer Metabolic Reprogramming

The reported studies on breast cancer highlight relevant issues
concerning development of quantitative molecular imaging
methods that specifically detect estrogen receptor (ER) in vivo
using novel ER-targeted contrast agents (Pais and Degani); iden-
tification of key players in choline metabolic reprogramming in
triple negative breast cancer (Iorio et al.); influence of the tumor
microenvironment on choline and lipid metabolism (Mori et al.);
impact of freezing delay time on tissue samples for metabolomic
studies (Haukaas et al.); monitoring of metabolic changes induced
by gamma irradiation on breast tumor spheroids using "H NMR
spectroscopy and microimaging (Palma et al.); identification of
*'P MRS phosphodiester signals of human fibroglandular breast
tissue at ultrahigh field (van der Kemp et al.); and evaluation of
the potential of DWTin the characterization of malignant, benign,
and healthy breast tissues and molecular subtypes of breast can-
cer (Sharma et al.). An article entitled “Clinical breast MR using
MRS or DWI: Who is the winner?” by Sardanelli et al. provides a
critical summary of secondary evidence on two different in vivo
non-contrast molecular imaging approaches, '"H MRS and DWI,
with special focus on the translational perspective toward clinical
feasibility and applicability.

Regarding epithelial ovarian carcinoma (EOC), a highly
heterogeneous and lethal malignancy characterized by late
diagnosis, frequent relapse, and development of chemoresistance,
Bagnoli and colleagues reviewed the role of ChKa in sustaining
the cancer “cholinic phenotype” (Bagnoli et al.). The article
shows that ChKa inhibition, besides reducing ovarian cancer
aggressiveness, increases disease sensitivity to drug treatment
sparing normal cells and therefore opening a new therapeutic
window. An abnormal tCho profile along with altered levels of
other metabolites has also been detected in human EOC xeno-
grafts, as reviewed by Canese and colleagues (Canese et al.). This
molecular imaging study provides a more extensive picture of
tumor metabolism in EOC models in vivo, potentially opening
the way to a multiple metabolic targeting. Furthermore, DWI is
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suggested as a potential tool for better differentiating malignant
from benign tissues and possibly distinguishing cytotoxic from
cytostatic treatment effects. New therapeutic strategies are
urgently needed to improve survival of ovarian cancer patients.
The effect of pantethine (precursor of vitamin B5 and active moi-
ety of coenzyme A) on ovarian tumor progression and choline
metabolism has been investigated by (Penet et al.) using MRI and
high-resolution 'H MRS in a orthotopic ovarian cancer model.
Pantethine treatment resulted in slower tumor progression,
decreased levels of phosphocholine and phosphatidylcholine, and
reduced metastases and ascites occurrence.

MRI can portray spatial variations in tumor heterogeneity,
architecture, and tumor microenvironment, key biological
features of prostate cancer. An original research article by
Selnaes et al. focused on the relationships between MRI param-
eters measured on prostate cancer patients in vivo, individual
metabolites measured ex vivo in prostatectomy specimens, and
quantitative histopathology (Selnaes et al.). Last, but not least,
Testa and colleagues reviewed the recent literature regarding
molecular imaging methods developed and used to improve
diagnosis and staging of prostate cancer (Testa et al.). The
encouraging progress of in vivo metabolic imaging approaches
nowadays points to the need of harmonized and shared protocols
to increase the applicability of these technologies to a clinical
setting. Furthermore, the use of well-characterized preclinical
models that closely mirror the pathogenesis of human prostate
cancer (e.g., the murine TRAMP model) allows for further
progress in the comparative evaluation of DWI versus other
molecular imaging approaches in assessing different stages of
this disease (12).
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Clinical oncology relies increasingly on biomedical imaging, with anatomical imaging, especially
using CT and '"H-MRI, forming the mainstay of patient assessment, from diagnosis to treatment
monitoring. However, the need for further improvements in specificity and sensitivity, coupled
with imaging techniques that are reaching their limit of clinically attainable spatial resolution,
has resulted in the emergence and growing use of imaging techniques with additional functional
readouts, such as *FDG-PET and multiparametric MRI. These techniques add a new dimension to
our understanding of the biological behavior of tumors, allowing a more personalized approach to
patient management.

An important functional imaging target in cancer is metabolism. PET measurements of
"Fluorodeoxyglucose uptake ("*FDG-PET), a "*F-labeled glucose analog, and '"H-MRS measure-
ments, have both been used to investigate tumor metabolism for diagnostic purposes. However,
clinical applications of MRS have been hampered by low sensitivity and consequently low
spatial and temporal resolution (1). Nuclear spin hyperpolarization of *C-labeled substrates,
using dynamic nuclear polarization (DNP), which radically increases the sensitivity of these
substrates to detection by *C MRS (2), has created a renewed interest in MRS measurements of
tissue metabolism. Successful translation of this technique to the clinic was achieved recently
with measurements of [1-"*C]pyruvate metabolism in prostate cancer (3) (see Figure 1).
We explore here the potential clinical roles for metabolic imaging with hyperpolarized
[1-2*C]pyruvate.

DYNAMIC NUCLEAR POLARIZATION

Dynamic nuclear polarization, which can increase the signal-to-noise ratio in the solution-state
BC MR experiment by 10*- to 10°-fold (4), has enabled in vivo imaging of various metabolites
and their enzymatic conversion into other species, as well as metabolic fluxes in central metabolic
pathways, such as glycolysis (5-7) and the tricarboxylic acid cycle (8-10). The principle limita-
tion of the technique is the short half-life of the polarization; for [1-"*C]pyruvate in vivo, this is
typically between 30 and 40 s, which means that the hyperpolarized signal will last for 2-3 min.
Therefore, the substrate, whose metabolism is to be imaged, must be transferred promptly from
the polarizer, injected intravenously, and then transit quickly via the circulation to the tissue
of interest, where it should be taken up and metabolized rapidly (11, 12). To date, numerous
molecules, in addition to *C-labeled pyruvate, have been successfully hyperpolarized and their
metabolism imaged, including [1,4-"*C;]fumarate, as a marker of cell necrosis (13, 14); [U-*H,

Abbreviations: *FDG, "*Fluorodeoxyglucose; MRS, magnetic resonance spectroscopy; MRSI, magnetic resonance spectro-
scopic imaging; PET, positron emission tomography.
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T2 image + Lac/Pyr

N

FIGURE 1 | Imaging prostate cancer with hyperpolarized
[1-*C]pyruvate. The T.-weighted image of a patient with biopsy-proven
bilateral prostate cancer showed only a unilateral decrease in signal intensity.
However, the metabolic image ([1-'*C]lactate/[1-'*C]pyruvate ratio) detected
disease on both the right and left sides of the prostate. Reproduced from
Nelson et al. (3) with permission.

U-PClglucose for assessment of glycolytic and pentose phosphate
pathway activities and for detecting early treatment response
(7); ¥C-labeled bicarbonate for in vivo mapping of pH (15); and
B3C-labeled urea as a marker of perfusion (16), among others
(13, 16-18). Despite initial interest in vascular imaging (19-21),
the main focus has been on imaging metabolism in tumors (13,
17, 22) and cardiac tissue (23-27).

PYRUVATE

Pyruvate is an important intermediate in many biochemical
pathways (28). As an end product of glycolysis, pyruvate can be
reduced by NADH to generate lactate, in the readily reversible
reaction catalyzed by lactate dehydrogenase, or transaminated
by glutamate, in the reversible reaction catalyzed by alanine
aminotransferase (ALT), to form alanine. In tissues with high
levels of mitochondrial activity, such as heart muscle, pyruvate
may be irreversibly decarboxylated to form carbon dioxide in
the reaction catalyzed by the mitochondrial pyruvate dehydro-
genase (PDH) complex (26). Since increased aerobic glycolysis
is a well-recognized hallmark of cancer (29, 30), this has made
it an attractive pathway to probe for diagnostic and treatment
monitoring purposes (3, 17, 31).

Potential Clinical Roles

Preclinical studies have demonstrated that hyperpolarized
[1-*C]pyruvate is a promising probe for oncological imaging,
with increased lactate labeling observed in tumors as compared
to normal tissues (31, 32). The substrate has the potential to
be used in many steps of patient management. A recent study

demonstrated the potential of hyperpolarized [1-"*C]pyruvate
as an imaging biomarker for early detection and secondary
screening of pancreatic cancer, where a decrease in the hyper-
polarized [1-*Clalanine/[1-"C]lactate ratio was observed in
the progression from precursor lesions to adenocarcinoma (33).
In another study, [1-C]pyruvate detected metabolic changes
prior to tumor formation (34). Additionally, in the first reported
clinical trial in prostate cancer, increased lactate labeling was
observed in histologically confirmed areas of disease that
were not identifiable by conventional 'H-MRI measurements
(3) (Figure 1). The few studies that have explored the role of
[1-C]pyruvate in grading and prognosis, which were in the
transgenic mouse model of prostate adenocarcinoma (TRAMP),
have also produced promising results (35, 36). Tumor grading
by biopsy can sometimes be difficult depending on the accessi-
bility of the organ of interest. Translation of the DNP technique
to the clinic may allow more accurate targeting of biopsy proce-
dures. Since lactate labeling is increased in regions of hypoxia,
the technique also has the potential to be used for treatment
planning in radiotherapy (37, 38). Clinical assessments of
tumor responses to treatment are still based largely on observed
changes in tumor size (39). However, this might not always be
appropriate, particularly for detection of early responses or if
the drug does not result in tumor shrinkage, for example, in the
case of antiangiogenic drugs (40, 41). Additionally, treatment
assessment using *FDG-PET is difficult in some organs, e.g.,
prostate and brain, due to both low tumor uptake and increased
background uptake, respectively (40). Evaluation of treatment
response is likely to be the clinical scenario where hyperpolar-
ized [1-°C]pyruvate will have the most impact, as it could lead
to immediate changes in clinical management, allowing the
clinician to change a non-responding patient to a more effec-
tive drug at an early stage (40). Early assessment of treatment
response could also be used to accelerate the introduction of
new drugs into the clinic by providing an indication of drug effi-
cacy in early stage clinical trials. In support of this are numerous
studies showing early decreases in hyperpolarized *C-labeled
exchange between injected [1-"*C]pyruvate and the endogenous
lactate pool in a range of cancer models following treatment
with cytotoxic chemotherapy (17, 42), targeted drugs (43-45),
and radiotherapy (41, 46, 47).

There is as yet no direct evidence to support the suggestion
that residual disease/recurrence can be identified by increased
lactate labeling. However, observations of increased lactate labe-
ling in areas of disease and following disease progression (3, 33)
make this likely. There is, however, evidence that hyperpolarized
[1-*C]pyruvate can be used to assess normal tissue toxicity, with
an increase in the [1-C]lactate/[1-"*C]pyruvate ratio occurring
in radiation-induced lung injury (48, 49).

ADVANTAGES OF METABOLIC IMAGING
WITH [1-*C]PYRUVATE

Advantages Compared to *FDG-PET

Metabolic imaging of cancer in the clinic has principally
been with ¥FDG-PET, which has been used to stage tumors
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and to assess treatment response. Despite its high sensitivity
and capability to provide whole-body images, the use of
ionizing radiation is a drawback, limiting its application
in children and women of reproductive age, and when
multiple investigations are needed, for example, as might
be required for guiding treatment in an individual patient.
A similar clinical role can be envisaged for [1-"*C]pyruvate
as has been established for "*FDG-PET. Both techniques can
be used to detect increased glycolytic flux (50) and have
been shown to be comparably sensitive in detecting tumor
response to treatment (51). However, since hyperpolarized
[1-C]pyruvate effectively detects lactate accumulation (11),
a defining feature of cancer metabolism, i.e., the failure to
oxidize pyruvate in the presence of oxygen and reduce it
instead to lactate (the “Warburg Effect”), this means that
hyperpolarized [1-*C]pyruvate may be more specific for
detecting cancer than "FDG-PET. The latter detects only
elevated levels of glucose uptake, which is a feature of many
normal tissues and cancer, for example, the brain. The speci-
ficity of cancer detection by hyperpolarized [1-"*C]pyruvate
may be confounded, however, by the presence of hypoxia,
which will also lead to lactate accumulation and increased
lactate labeling (38). Another drawback of imaging with
hyperpolarized [1-®C]pyruvate is that the short half-life of
the polarization precludes whole-body imaging.

Advantages Compared to 'H MRS

'H-MR spectroscopy and spectroscopic imaging measure-
ments of tissue metabolite profiles are label-free and have
found some applications, for example, in identifying dif-
ferent types of brain tumor (52). A notable example is the
detection of 2-hydroxyglutarate, which can be used to iden-
tify glioblastomas with isocitrate dehydrogenase mutations
(IDH) (53). 'H MRSI has also proved to be important in the
prostate, where it can improve the specificity of detection
and determination of tumor extent when combined with
other MR imaging sequences (54). However, detectable
metabolites are present in only millimolar concentrations,
as compared to tissue water protons, which are present at
~80M, which results in long data acquisition times and
limited spatial resolution. In addition, data processing can
be more complex and the biochemical information provided
may be unfamiliar to many clinicians, which has limited rou-
tine clinical application. Moreover, '"H MR spectroscopy and
spectroscopic images of metabolite profiles provide a static
picture of tumor metabolism. On the other hand, imaging
with hyperpolarized *C-labeled substrates provides dynamic
metabolic flux information in the form of images that can
be acquired at relatively high spatial and temporal resolu-
tions and therefore should provide an improved assessment
of tumor behavior. Additionally, coinjection of different
hyperpolarized substrates could also provide additional
functional information in the same acquisition, e.g., pyruvate
for assessing glycolytic activity and urea for assessing tumor
perfusion (55).

COMBINING METABOLIC IMAGING WITH
HYPERPOLARIZED [1-'*C]PYRUVATE
WITH NEW TECHNOLOGIES

PET-MRI

This is an emerging combined imaging modality with sig-
nificant potential for clinical assessment of cancer patients (56).
Simultaneous PET-MR measurements with hyperpolarized
BC- and '*F-labeled substrates would allow a multiparametric
assessment of the primary lesion and its metastases in a single
imaging session, which potentially could be used to identify
imaging-based phenotypes that have prognostic value and which
may give a more specific readout of treatment response. For exam-
ple, PET measurements of *FDG uptake assess just the first three
steps in tumor glucose metabolism, i.e., delivery via the blood-
stream, uptake on the glucose transporters, and phosphorylation
and trapping in the reaction catalyzed by hexokinase. *C MRSI
measurements of the exchange of hyperpolarized “C-labeled
exchange between injected [1-"*C]pyruvate and the endogenous
lactate pool again assess delivery via the bloodstream and effec-
tively the last two steps in the glycolytic pathway, i.e., the steps
catalyzed by lactate dehydrogenase and the plasma membrane
monocarboxylate transporters. Therefore, by combining *FDG-
PET and hyperpolarized [1-*C]pyruvate measurements, we may
be able to assess flux in the entire glycolytic pathway, for example,
increased mitochondrial oxidation of pyruvate may have no effect
on ¥FDG uptake but could decrease *C labeling of lactate. There
are other PET probes of tumor metabolism that could also be
used alongside hyperpolarized [1-*C]pyruvate, and which could
provide complementary information. These include "'C-acetate,
as a marker of fatty acid synthesis, and labeled glutamine, which
can be used to assess glutaminolysis; both of which are upregu-
lated in tumor cells (57, 58). These PET probes may be especially
useful in tumors where FDG is ineffective, e.g., in prostate
tumors (59) and in gliomas (60), and where the corresponding
hyperpolarized *C-labeled probes are limited. For example, the
metabolism of hyperpolarized [1-"Clacetate has been detected
in vivo (61); however, the short lifetime of the hyperpolarization
means that it could not be used to monitor fatty acid synthesis,
where PET studies with [1-'"C]acetate in animal tumor models
have shown that it can take over 60 min before there is substantial
incorporation into the fatty acid pool (62). In the case of [5-"*C]
glutamine, a relatively short hyperpolarization lifetime and slow
metabolism (63) has precluded imaging in vivo (64).

Liquid Biopsies

Blood and urine biomarkers, obtained from “liquid biopsies,” are
also evolving, providing information in a non-invasive way allied
to the advantages of collection simplicity and relatively low cost.
Many body fluid biomarkers have been reported for different
types of cancer; however, few have become established in the
clinic, usually because they lack specificity. A recent promising
example is a panel of three urine biomarkers for early detection of
pancreatic cancer (65). Rapid advances in DNA sequencing tech-
nology have allowed somatic mutations present in tumor cells to
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be detected and tracked in blood-borne circulating tumor DNA
(ctDNA). These fragments of DNA, which have been detected
with most types of cancer, have been demonstrated to have poten-
tial roles in early detection, staging, and in detecting response to
therapy and acquired resistance to treatment (66, 67). Although
measurements with hyperpolarized PC-labeled cell substrates
and these new circulating biomarkers are still their infancy it
seems likely that they will provide complementary information,
for example, in the assessment of tumor heterogeneity.

CONCLUSION AND FUTURE DIRECTIONS

Imaging with hyperpolarized *C-labeled cell substrates has the
potential to become a powerful tool in many steps of clinical
evaluation, allowing a more personalized approach to treatment.
The first clinical trial established the feasibility of imaging human
tumors with hyperpolarized [1-®C]pyruvate. Since this substrate
can be used to assess glycolysis, which is upregulated in many
tumors, then this should make it a very general tool for onco-
logical imaging in the clinic. Despite the biological insights that
imaging with hyperpolarized C-labeled substrates promises to
deliver in the clinic, it will nevertheless have to prove itself against
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Cancer cells do reprogram their energy metabolism to enable several functions, such as
generation of biomass including membrane biosynthesis, and overcoming bioenergetic
and redox stress. In this article, we review both established and evolving radioprobes
developed in association with positron emission tomography (PET) to detect tumor cell
metabolism and effect of treatment. Measurement of enhanced tumor cell glycolysis
using 2-deoxy-2-['¢F]fluoro-D-glucose is well established in the clinic. Analogs of choline,
including ["'C]choline and various fluorinated derivatives are being tested in several can-
cer types clinically with PET. In addition to these, there is an evolving array of metabolic
tracers for measuring intracellular transport of glutamine and other amino acids or for
measuring glycogenesis, as well as probes used as surrogates for fatty acid synthesis
or precursors for fatty acid oxidation. In addition to providing us with opportunities for
examining the complex regulation of reprogramed energy metabolism in living subjects,
the PET methods open up opportunities for monitoring pharmacological activity of new
therapies that directly or indirectly inhibit tumor cell metabolism.

Keywords: tumor metabolism, positron emission tomography, choline, acetate, methionine, glutamine

INTRODUCTION

Mammalian cells possess molecular machineries that regulate their proliferation, differentiation,
and death. Malignant transformation is a multistep process involving genetic alterations, disruption
of regulatory circuits, and dynamic changes in the genome. It has been suggested that malignant
growth is governed by six essential alterations in cell physiology: self-sufficiency in growth signals,
insensitivity to growth-inhibitory (antigrowth) signals, evasion of programed cell death (apoptosis),
limitless replicative potential, sustained angiogenesis, and tissue invasion and metastasis (1). Recent
advances led to the notion that progressive evolution of normal cells to a neoplastic state involves not
only the successive acquisition of hallmark capabilities but also contributions of recruited normal
cells (which form tumor-associated stroma, constituting the “tumor microenvironment”) (2).
Metabolic reprograming is an important property of the cancer cells. In the presence of
abundant nutrients, oncogenic signaling facilitates assimilation of carbons into macromolecules,
such as lipids, proteins, and nucleic acids. The net result of this is to support cell growth and
proliferation. Glucose and glutamine are abundant nutrients, and both feed into multiple nodes
of central metabolism. Glutamine also provides two nitrogen atoms for synthesis of hexosamines,
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nucleotides, and amino acids, all of which are also required for
growth (3). Among the host of pathways altered in cancer, glu-
cose and glutamine metabolism are consistently reprogramed
by mutations in MYC, TP53, the Ras-related oncogenes, and the
LKB1-AMP kinase (AMPK) and PI3 kinase (PI3K) signaling
pathways. Oncogenic Ras increases both glucose uptake via
enhanced expression of glucose transporter (GLUT) 1, and
utilization (4), in addition to regulating glutamine metabolism,
promoting cell survival and growth (5). Increased MYC also
enhances glycolysis, and glutamine catabolism, resulting in cell
growth (6).

The hallmarks of cancer are all linked to proliferation of cancer
cells, thus making cell proliferation an important capability lead-
ing to immortalization and generation of macroscopic tumors.
The framework of hallmarks assumes a homogeneous population
of cancer cells and considers the hallmarks as distinct entities, with
a one-to-one relation between oncogenic events (the inducers),
the signaling pathways (transmission), and the hallmarks (the
effects). However, one oncogenic event, or one signaling cascade,
could induce several hallmarks accounting for the dynamic and
spatial heterogeneity of tumors (7). This heterogeneity provides a
framework to interpret pathological, diagnostic, and therapeutic
observations of tumors and supports the need for non-invasive
serial studies on the whole tumor mass and the use of simultane-
ous, multi-targeted therapies for treating cancer.

Routine clinical evaluation of cancer therapeutics involves
assessment of the change in tumor burden (anatomical measure-
ments). Tumor shrinkage (objective response) and time to disease
progression are both important endpoints, as these have been
linked to an improvement in overall survival or other time to
event measures in randomized phase III studies (8). These meas-
ures also determine the efficacy of drugs under study. In order to
have standardized and widely accepted criteria for measurement
of response to allow comparisons to be made across studies, the
Response Evaluation Criteria in Solid Tumors (RECIST) criteria
were formulated (9). These criteria have been widely adopted for
trials where the primary endpoints are objective response or dis-
ease progression. Since the introduction of RECIST in 2000, the
increasing utilization of imaging technologies, such as MRI, FDG
positron emission tomography (PET), and targeted cytostatic
therapies, have prompted an update in the guidelines (RECIST
v1.1) (10). The definitions of the criteria used to determine objec-
tive tumor response for target lesions are as follows:

1) Complete response (CR): disappearance of all target lesions.
Any pathological lymph nodes (whether target or non-target)
must have reduction in short axis to <10 mm.

Partial response (PR): at least a 30% decrease in the sum of
diameters of target lesions, taking as reference the baseline
sum diameters.

Progressive disease (PD): at least a 20% increase in the sum
of diameters of target lesions, taking as reference the smallest
sum on study (this includes the baseline sum if that is the
smallest on study). In addition to the relative increase of 20%,
the sum must also demonstrate an absolute increase of at least
5 mm. (Note: the appearance of one or more new lesions is
also considered progression.)

2)

3)

4) Stable disease (SD): neither sufficient shrinkage to qualify for
PR nor sufficient increase to qualify for PD, taking as reference
the smallest sum diameters while on study.

RECIST has limitations due to its reliance on changes in
tumor size with therapy. First, uni-dimensional measurements
may be apparent only after three to four cycles of chemotherapy.
In non-responders, this means subjecting patients to cumula-
tive toxicity of three to four cycles of treatment with little
benefit. Moreover, the change in the tumor diameter may be
non-uniform. Second, changes in measurements of smaller
lesions are not reliable (11). Third, cytostatic treatments may
not necessarily cause a decrease in tumor size or volume. Use
of functional imaging overcomes several of these limitations.
The use of PET has, for example, resulted in accurate imaging
of subtle tumor biologic changes and the detection of early
response to anti-cancer therapy (12). Tumors having increased
metabolic activity may take up greater amounts of a radioactive
tracer as compared to adjacent normal tissues; in that regard,
sub-millimeter tumors have been known to show significant
radiotracer uptake for certain tracers (13). Similarly, any change
in metabolic or signaling pathway activity consequent to suc-
cessful treatment could result in changes in uptake of the tracer
on PET (14). Thus, PET is a useful tool in oncology to image
certain metabolic pathways and response to therapy.

This review gives an overview of metabolic processes imaged
by PET focusing on both established and evolving radioprobes
to detect tumor glycolysis, choline metabolism, intracellular
transport of glutamine, and other amino acids, as well as fatty
acid metabolism (Figure 1). In particular, we emphasize the
role of radiolabeled choline, acetate, and amino acid tracers for
monitoring efficacy or predicting response to new therapies that
directly or indirectly inhibit tumor cell metabolism.

METHODOLOGY

A comprehensive PubMed literature search was performed,
identifying articles relating to PET imaging in malignant dis-
ease, particularly those reporting on response assessment with
radiolabeled tracers, focusing on ["'C]- and ['*F]-labeled choline,
acetate, methionine, and glutamine derivatives, up to July 2015.
Search terms that were used to identify such articles were “acetate,”
“choline;” “methionine,” “glutamine;” “tryptophan,” “FACBC,” and
“PET” or “positron emission tomography.” Original publications
were selected for inclusion in this review.

OVERVIEW OF PATHWAYS TRACED BY
PET IMAGING

Glycolysis and Glycolysis-Linked
Metabolic Pathways

A review of metabolism will be incomplete without reference to
glycolysis. Energy production in normal cells is predominantly
the result of oxidative phosphorylation, as opposed to glycolysis.
However, tumor cells predominantly use glycolysis as a means
to energy production irrespective of oxygen levels. Aerobic
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FIGURE 1 | Radioprobes utilized in the imaging of tumor cell metabolism.

glycolysis (AG) refers to glucose utilization in excess of that =~ FDG) has been widely used in the evaluation of various tumor
needed for oxidative phosphorylation, despite sufficient oxygen  types on the basis that an increase in AG will be reflected in an
to metabolize glucose to carbon dioxide and water. AG plays an  increase in the total glucose consumption of the tissue.

important role in the biosynthesis of glycogen, proteins, lipids, In a large pooled review of over 18,000 patient studies, it was
and nucleic acids (15). AG, also known as the Warburg effect, shown that [¥F]FDG PET has a sensitivity of 84% and a speci-
supports the biosynthetic requirements of proliferating cancer  ficity of 88% for tumor detection (17). ['"*F]JFDG PET has also
cells (16). PET using 2-deoxy-2-["*F]fluoro-D-glucose ([**F] been evaluated in response assessment following treatment with
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conventional chemotherapeutic agents both in the preclinical
(18) and in the clinical setting (19-25), with the premise that
decreases in glycolysis may occur in tumors that are sensitive
to the applied cancer therapeutics and that the tumors that are
resistant to treatment will show unchanged glucose metabolism.
The prediction of treatment response has also been analyzed
in many studies following treatment with different targeted
therapies, e.g., monoclonal antibodies and small molecules
inhibitors (26). However, ["*F]JFDG PET has the following limita-
tions: (1) False positive uptake in some benign processes, such
as infection and inflammatory lesions (27); (2) low sensitivity
in well-differentiated/low-grade tumors that have relatively low
glucose metabolism such as carcinoid tumors, bronchoalveolar
cell carcinoma, and renal cell carcinoma (RCC) (28-30); (3)
low sensitivity in hypocellular cancers, such as desmoplastic or
mucinous tumors (31); (4) increased ['**F]FDG accumulation in
some normal body regions, such as lymphoid tissue and brown
fat (32); and (5) lack of clinical utility due to high urinary excre-
tion and low expression of GLUT in prostate cancer (PCa) (30).
Thus, newer radiotracers to image tumors accurately are being
developed to address these shortcomings, as well as explore other
metabolic pathways of tumors that can be imaged using PET. Two
evolving imaging strategies somewhat linked to glycolysis will be
discussed next.

Further to the Warburg effect, the final rate-limiting step in
AG, catalyzed by pyruvate kinase (PK), controls the balance
between energy production and metabolic precursor synthesis.
The M2 isoform of PK (PKM2) is preferentially expressed in
cancer cells and channels glycolytic intermediates into pentose
phosphate pathway for nucleotide synthesis (33). PKM2 can be
allosterically regulated to assume a high- or low-activity state.
In cancer cells, there is downregulation of PK activity favoring
a microenvironment that is conducive to cell proliferation.
1-((2,6-difluorophenyl)sulfonyl)-4-((methoxy-"'C)phenoxy)sul-
fonyl)piperazine ([''C]DASA-23) (Figure 1) has been developed
as a non-invasive PET probe to measure activity of PKM2 in pre-
clinical glioblastoma models (34). Witney and co-workers have
demonstrated that ['"C]DASA-23 improved tumor visualization
and predicted response to PKM2 activator, which resulted in loss
of PET signal. The clinical translation of these findings is eagerly
awaited.

Another glycolysis-linked pathway that has come to the fore
is glycogenesis. Glycogen, the principal glucose store in mam-
malian cells, is synthesized from uridine diphosphate glucose
(UDP-glucose) catalyzed by glycogen synthase (GS). Tumor cells
originating from epithelial tissues, especially in the quiescent
state also accumulate glycogen, in addition to increased glycolytic
flux (35, 36). In order to gain biological insight into the role of gly-
cogenesis, PET with [**F]-N-(methyl-(2-fluoroethyl)-1H[1,2,3]
triazole-4-yl) glucosamine (['"*F]NFTG) has been studied (37).
The authors showed that glycogen levels, ['*)FINFTG, but not [**F]
FDG uptake, increased proportionately with cell density and G1/
GO arrest. This increase in glycogen levels and [*F]NFTG uptake
has potential application in the assessment of oncogenic path-
ways related to glycogenesis and the detection of post-treatment
tumor quiescence. However, there have been no studies evaluat-
ing response to therapy.

Choline Metabolism: Choline PET

Choline is a precursor of phosphatidylcholine (PC), an essential
component of phospholipids in the cell membrane (38) and is
required for structural stability and cell growth. It is also essential
for the synthesis of neurotransmitters such as acetylcholine (by
reaction of choline with acetyl-CoA), and production of potent
lipid mediators, such as platelet-activating factor. Choline kinase
(CHK) is the first enzyme in the Kennedy pathway (39), and is
responsible for the de novo synthesis of PC. CHK phosphorylates
choline to phosphocholine (PCho), the rate-limiting step in the
Kennedy pathway. PCho is further phosphorylated to cytidine
diphosphate-choline (CDP-choline) by the enzyme cytidylyltrans-
ferase and then to other intermediates before being incorporated
into cell membrane phospholipids as PC. Malignant transformation
is associated with enhanced choline transport and utilization, char-
acterized in a large part by increased CHKa expression, which leads
to a phenotype of increased radiolabeled choline uptake (40, 41).

Choline Tracers
Choline has been radiolabeled with ['C], [**F] for tracing choline
transport and phosphorylation in several tumor types. In one of
the first studies, Hara and colleagues showed that phosphorylation
led to intracellular retention of the carbon label ['C] in PCa (42),
thus enabling imaging of this metabolic pathway. The same group
also showed that ["'C]choline had good uptake in brain tumors
with almost negligible activity in the blood after 5 min (43). This
work inspired others to use ["'C]choline as a PET radiotracer to
image other tumors, including renal (30), esophageal (44-48),
and non-small cell lung cancer (NSCLC) (44). ["'C]choline is
particularly useful in PCa as there is negligible urinary bladder
excretion, a challenge with ["*F]FDG. The utility of [''C]choline in
visualizing and staging PCa has been extensively reported (42, 49).
['8F]Fluorocholine (['*F]FCH) was developed to overcome the
short physical half-life of carbon-11 (20.4 min). The longer half-
life (109.8 min) of [*F] was deemed potentially advantageous
in permitting late imaging of tumors when sufficient clearance
of parent tracer in systemic circulation had occurred. Since
DeGrado and co-workers first reported the use of [**F]FCH (50),
the tracer has proven safe for human administration (51) and has
been extensively used in patients for diverse pathologies.
["'C]Choline (and fluoro-analog) is, however, readily oxidized
to ["'C]betaine by choline oxidase mainly in kidney and liver tis-
sues, with metabolites detectable in plasma soon after injection of
the radiotracer (52-54). This makes discrimination of the relative
contributions of parent radiotracer from catabolites difficult when
a late imaging protocol is used. A more metabolically stable [**F]
cholineanalog, [**F]fluoromethyl-[1,2-*H,]choline ([**F]D4-FCH),
based on the deuterium isotope effect (55) has been developed. The
simple substitution of deuterium [*D] for hydrogen ['H] and the
presence of ['*F] improve the stability of the compound and reduce
degradation of the parent tracer (54, 56, 57). This modification is
hypothesized to increase the net availability of the parent tracer
for phosphorylation and trapping within cells leading to a better
signal-to-background contrast, thus improving tumor detection
sensitivity of PET. [*F]D4-FCH has been validated for imaging
tumors preclinically (56, 57). ["*F]D4-FCH injection was also
found to be safe and well tolerated in healthy volunteers with a
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favorable dosimetry profile (58). Further clinical studies are now
underway to evaluate the utility of ['"*F]D4-FCH in cancer patients.

As the large proportion of studies evaluating response with
choline radiotracers has been conducted in PCa - a disease that is
managed by a plethora of agents, including androgen deprivation
therapy (ADT), radiotherapy (RT), and chemotherapy - this will
be the main aspect of the review although other malignancies will
be briefly discussed.

affect intrinsic uptake and allow interpretation of clinical findings
(Table 1).

Hara and colleagues demonstrated that androgen depletion
markedly suppressed the uptake of [*H]choline in androgen-
dependent LNCaP cells but not in androgen-independent PC3
cells (59). Anti-androgens were subsequently shown to modulate
choline uptake in androgen-dependent cell lines and also inhibit
proliferation (60, 61). Regarding chemotherapy, the effects of

Preclinical Studies

Radiolabeled choline uptake has been extensively investigated
in cells and animal models of cancer to determine factors that

docetaxel have been studied by Krause et al. (62), who showed a
reduction in the mean ["'C]choline uptake in PC3 xenograft mouse
model as early as 1 week after initiation of docetaxel. A significant
reduction of mean tracer uptake of 45% was associated with a mean

TABLE 1 | Response assessment: preclinical studies.

Cell lines/animal models

Outcome

CHOLINE PET
Prostate
Hara et al. (59)

Al-Saeedi et al. (60)

Holzapfel et al. (64)

Krause et al. (62)

Fei et al. (65)

Emonds et al. (61)

Schwarzenbock et al.
(63)

Breast

Al-Saeedi et al. (83)
ACETATE PET
Prostate

Oyama et al. (94)

Vavere et al. (96)

Yoshii et al. (95)

Emonds et al. (93)

METHIONINE PET
Brain

Sato et al. (125)

Reinhardt et al. (123)

LNCaP cells, PC3 cells

PC3 cells

LNCaP cells, PC3 cells
Dose of RT - 6 Gy

PCS3 cells, subcutaneous
13 NMRI (nu/nu) mice

PC3, CWR22 cells athymic
nude mice

LNCaP, PC346C cells
PC3, PC346DCC cells

LNCaP cells
SCID-mice

CWR22 androgen-
dependent cells
Nude mice

LNCaP, PC3, 22Rv1
Male nu/nu mice

LNCaP, PCS, 22Rv1, and
DU145 cells

LAPC-4 (androgen
sensitive), 22Rv1 cells
(androgen-independent)
Nude mice

Glioma model

AH109A hepatoma cells
Donryu rats

Androgen depletion markedly suppressed the uptake of [°H]choline in androgen-dependent LNCaP cells but not
in androgen-independent PC3 cells

Flutamide inhibited tumor cell growth and proliferation
Flutamide might inhibit proliferation by an androgen-independent mechanism

Transient increase in [*H]choline uptake seen in PC3 cells (maximum at 24 h). Significant decrease in uptake
seen in LNCaP cells (minimum at 48 h)

Reduction in the mean [''C]choline uptake (tumor-to-muscle ratio: TMR) as early as 1 week after initiation of
docetaxel
[""C]choline PET/CT might be a useful tool for monitoring responses to taxane-based chemotherapy

For treated tumors, normalized ["'C]choline uptake decreased significantly 24 and 48 h after photodynamic

therapy (PDT), associated with decrease in PSA levels. [''C]Choline PET has the potential to determine whether
a PDT-treated tumor responds to treatment within 48 h after therapy

Androgens modulated the uptake of [''C]choline in PC346C cells but not in PC3 cells
Anti-androgen (Bicalutamide) reduced the uptake in PC346C cells

[""C]choline has the potential for use in the early monitoring of the therapeutic effect of docetaxel

Incorporation of radiolabeled choline in tumor cells has been shown to be associated with proliferation

['®F]JFDG PET detected metabolic changes within days of androgen ablation in a murine model of prostate
cancer, whilst there was no significant difference in [''Clacetate uptake

Demonstrating that the FASN inhibitor C75 could reduce [''Clacetate SUV by up to 60% in prostate cancer
xenografts

Evaluated method to predict FASN-targeted therapy outcome using radiolabeled acetate uptake. They
demonstrated that uptake of radiolabeled acetate reflects FASN expression and sensitivity to FASN-targeted therapy
with orlistat, indicating uptake of radiolabeled acetate is a useful predictor of FASN-targeted therapy outcome

They found that ADT significantly decreased the uptake of [''C]choline and [*®*F]FDG but not uptake of [''C]
acetate after 5d of ADT

Concluded that [''Clacetate uptake occurs independently of androgens and thus may be more favorable for
detecting tumor viability during or following ADT

The metabolic changes following intraperitoneal chemotherapy were seen immediately as a sharp fall in [*C]
thymidine (dThd) and ['®F]fluoro-2’-deoxyuridine (['®F]JFUdR) uptake and a moderate fall for ["*C]methionine
whereas decrease in [*H]deoxyglucose (DG) were seen 1 week after chemotherapy

[""C]Methionine PET has been sensitive enough to detect and differentiate viable cancer cells in a residual tumor
mass as compared to FDG and thymidine, 6 days after one to eight doses of 5 Gy %°Co radiotherapy (RT)

(Continued)
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TABLE 1 | Continued

Cell lines/animal models Outcome

Glioma C6 and C6R cells
In vitro and in vivo
Sprague-Dawley rats

Sasajima et al. (124)

The [*H]TdR accumulation rate and amino acid tracer trans-1-amino-3-fluoro-1{'“C]-cyclobutanecarboxylic acid
['“C]FACBC and [*H]Met uptake significantly decreased 48 and 72 h, respectively, after temozolomide (TM2)
treatment in C6 but not CBR cells. The decrease in uptake was seen before morphological changes on MRI.

Anti-[“CJFACBC and [*H]Met could be a sensitive and precise imaging biomarker for tumor extent visualization
and response assessment in glioma patients.

PET with amino acid tracers (1-amino-3-['®F]fluorocyclobutanecarboxylic acid (['®F[FACBC) and [''C]Methionine)
provides useful information on the early response of glioblastomas to single-agent [TMZ, interferon-p (IFN), and

Ono et al. (121) Human Glioblastoma,
UB7MG (U87) cells
U87 and U87R bevacizumab (Bev)] and combination therapy in glioblastoma
F344/N-mu rats

Breast

Paquette et al. (122)  MC7-L1 (ER+) and MC7-L1
ERa-knockdown cell lines

Balb/c mice
Radiotherapy effect

Kubota et al. (118) AH109A hepatoma cells

Donryu rats

Schaider et al. (126)  SW707 colon cancer cells

Letrozole and Fulvestrant reduced glucose uptake/consumption (FDG) and protein synthesis ([''C]Methionine) in
ER+ tumors, but not so in ERaKD tumors

A rapid reduction in ['"C]methionine uptake following therapy in animal studies was demonstrated

In an experimental tumor model, MET uptake showed a rapid decrease after irradiation and was followed by

necrosis and progressive tumor shrinkage

Murayama et al. (120) SCCV11, murine squamous
cell carcinoma cell line

C3H/HeN mice
Gynecological

Higashi et al. (116) Human ovarian carcinoma

cell line (HTB77IP3)

Tumor uptake was decreased with all the tracers (FDG, [''C]Methionine, FLT, ['8F]JFMT) after were treated with a
single dose of x-ray irradiation at 2, 6, 20, or 60 Gy. Significant positive correlations were found between ligand
uptake and tumor volume for ['®F]FMT

Early assessment of human adenocarcinoma response to radiotherapy by FDG, Thymidine, and [''C]methionine
PET may be confounded by a normal increase in tracer uptake post-irradiation (30 Gy ®Co irradiation), despite a

6.25-fold decline in viable cell numbers

A2780AD/A2780 human
ovarian carcinoma and
KB-V1/KB-3-1 human
epidermoid adenocarcinoma
tumor CB-17 SCID mice

Trencsenyi et al. (127)

Myeloma

Luckerath et al. (119) OPM2, MM.1S myeloma cell
lines
NOD.CB17-Prkdcs?/NCrHsd

mice

FDG, FLT, ['"C]Methionine and ['®F]fluoroazomycin-arabinofuranoside (['®F]JFAZA) are suitable PET tracers for the
diagnosis and in vivo follow-up of the efficacy of tumor chemotherapy (doxorubicin) in both Pgp(+) and Pgp(-)
human tumor xenografts by mini PET

['"C]Methionine is superior to FDG (30-79% reduction in [''C]Methionine uptake) in very early assessment
(24h post) of response to Bortezomib

tumor growth inhibition of 20%. They concluded that [''C]choline
might be a useful tool for monitoring responses to taxane-based
chemotherapy in patients with advanced PCa. These findings were
confirmed by Schwarzenbock et al. in a LNCaP-xenograft mouse
model (63). Thus, labeled choline uptake is intrinsically responsive
to anti-androgen therapy and chemotherapy.

Regarding RT, Holzapfel et al. have studied the effect of 6 Gy
of radiation on PC3 and LNCaP cells, in vitro (64). Radiation-
induced effects were variable with a transient increase in radi-
otracer uptake in androgen-independent PC3 cells but a decrease
in androgen-dependent LNCaP cells. In both cell lines, modula-
tion of tracer uptake was dose-independent following irradiation
with 2-12 Gy with a mean increase to 120% in PC3 cells and a
mean decrease to 74% in LNCaP cells. The authors suggested that
changes of tumor choline uptake monitored by PET after RT may
be due to a combination of factors, including therapeutic efficacy
and altered tracer transport in cancer cells as a consequence of
irradiation. Photodynamic therapy (PDT) responses have also
been evaluated. Fei and co-workers evaluated the potential use
of ["'C]choline PET to monitor early tumor response to PDT

in animal models. For treated tumors, normalized ['!C]choline
uptake decreased significantly at 24 and 48 h after PDT, associ-
ated with decreases in prostate-specific antigen (PSA) levels.
The authors concluded that [''C]choline PET has the potential
to determine response in a PDT-treated tumor within 48 h after
therapy (65).

Clinical Studies

To date, onlyanecdotal reports (50, 66) and two small clinical studies
(67, 68) have assessed the role of ['!C]choline PET as a method
to monitor the therapeutic effects of ADT (Table 2). Fuccio et al.
(67) retrospectively evaluated the effect of 6 months of androgen
deprivation (Zoladex in 12 and Bicalutamide in 2 patients) in 14
PCa patients with recurrence after radical prostatectomy. They
concluded that androgen deprivation significantly decreases [''C]
choline uptake in androgen-sensitive patients. In another study in
six primary PCa patients having bicalutamide therapy, Giovacchini
et al. (68) showed an average reduction of 45% in the ["'C]choline
uptake (SUVpa from 11.8 to 6.4) corresponding to a 78% decrease
in PSA following a median of 4 months of therapy. A similar
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TABLE 2 | Choline PET response assessment: clinical studies.

Sample size Outcome

CHOLINE PET/CT

Prostate

De Grado et al. (50) 1 60% reduction in choline uptake in the primary tumor and the bony metastases with androgen deprivation therapy
(ADT) in patient with bone metastases from PCa

Giovacchini et al. (68) 6 45% reduction in the [''C]choline uptake (SUVina) from 11.8 to 6.4 with a 78% decrease in PSA with a median of
4 months of bicalutamide therapy in patients with primary prostate cancer

Beheshti et al. (72, 73) 38 Demonstrated that reduced ["®F]JFCH uptake is seen in PCa patients who respond to the hormone therapy often
without any significant morphological CT changes

De Waele et al. (66) 1 Initial uptake in prostate and multiple iliac nodes in locally advanced disease, disappeared after 6 months of therapy
with leuprorelin and flutamide

Fuccio et al. (67) 14 Six months of androgen deprivation significantly decreases [''C]choline uptake in patients with recurrence after radical
prostatectomy

Casamassima et al. (70) 25 High dose of radiotherapy is effective in eradication of limited nodal recurrences

Kwee et al. (76) 8 Plasma cfDNA content and FCH PET/CT-detected tumor activity are potential candidate markers of therapeutic
response in castrate resistant prostate cancer (CRPC)

Amani et al. (71) 11 Intra-prostatic [''C]choline uptake (as measured by SUVm.« and TMR) significantly decreased during and after RT

Challapalli et al. (69) 10 [""C]choline uptake in prostate tumors, determined by [''C]choline PET/CT, is sensitive to ADT and RT, and could be
used as an objective quantitative tool for response assessment

De Giorgi et al. (79) 43 Early FCH PET/CT can predict clinical outcome (Progression free and overall survival: PFS and OS) than PSA response
in patients on Abiraterone

Caffo et al. (77) 31 Enzalutamide induces volume reductions in primary tumors and metabolic changes in metastatic lesions as detected
by ['®*F]JFCH PET/CT

De Giorgi et al. (78) 36 Combination of changes in ['®F]JFCH PET/CT and decrease in PSA level in patients on enzalutamide could be a valid
tool to predict PFS in metastatic CRPC patients

Miyazaki et al. (80) 2 ['®F]FCH PET/CT detected changes in bone metastatic activity midway during treatment with radium-223 dichloride.
Whole-body tumor burden decreased in one patient, while a heterogeneous tumor response was observed in the
other. Corresponding normalization and persistent elevation in serum alkaline phosphatase levels were observed in
these cases, respectively

Renal cell cancer

Middendorp et al. (86) 2 ['®F]JFEC PET/CT before and 10 weeks after two cycles of tyrosine kinase inhibitor therapy showed progression in one
patient and partial response in the other

Brain

Parashar et al. (81) 14 (various ['®F]FCH PET/CT is potentially a predictive biomarker for early detection (after 3-4 weeks) of RT/CRT response in

tumor sites) patients with lesions in base of tongue, tonsil, nodes, hypopharynx, maxilla, palate, lung, pancreas, brain, uterus, and

rectum with 88% patients had response (complete and partial response: CR and PR)

Panagiotidis et al. (82) 1 Simultaneous PET/MRI with ['®F]choline in a patient with pineal germ cell tumor demonstrated a reduction in both size
and radiotracer activity of the mass after chemotherapy

Breast

Kenny et al. (85) 2 [""C]choline uptake was lower in two patients responding to trastuzumab treatment, suggesting that [''C]choline PET

may be useful in detecting the response of breast cancer to trastuzumab treatment

magnitude of reduction in SU Vi and SUVy. in the prostate tumors
corresponding to 94% reduction in PSA was shown by Challapalli
and co-workers, in patients having neoadjuvant ADT (69).

There is paucity of data on use of [''C]choline PET to monitor
response to RT. Based on 2-month post-RT [*!C]choline PET/CT
reductions, Casamassima and colleagues inferred that high-dose
RT was effective in eradication of limited nodal recurrences (70).
More recently, in a study of 11 patients with intermediate-risk
PCa, Amani and co-workers evaluated sequential ["'C]choline
PET/CT scans before and up to 12 months after completion
of RT (74 Gy/37 fractions). None of the patients received hor-
monal therapy. They concluded that RT significantly decreased
intra-prostatic [''C]choline uptake (as measured by SU V. and
tumor-to-muscle ratio (TMR) (71). Thus, the concern that RT

might increase labeled choline transport does not appear to
occur in patients at clinically relevant doses. Furthermore, in
a proof of concept study, Challapalli and co-workers showed
that choline uptake in prostate tumors, determined by ["'C]
choline PET/CT, is sensitive to ADT and RT, and could be used
as an objective quantitative tool for response assessment. ADT
decreased tumor-imaging variables — SUVoaves SUV g0,maxs TMRave,
and TMR.x — by 26-60%. RT also decreased [''C]choline uptake
within primary prostate tumors (though of lesser magnitude:
12-27%), compared to that seen with ADT, except for TMRuax
where a significant reduction (40%) was seen (Figure 2) (69).
Similarly, Beheshti and colleagues demonstrated that reduced
[®F]FCH uptake is seen in PCa patients who respond to the
hormone therapy often without any significant morphological
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FIGURE 2 | Axial [''C]choline PET and fused PET/CT at level of the prostate. (A,B) Baseline scan with focal activity in the peripheral zone (black and white
arrows). (C,D) Post-neoadjuvant androgen deprivation therapy (NAD) scan (8—10 weeks after initiating NAD) with a marked reduction in ["'C]choline uptake in the
peripheral zone. (E,F) Post- radiotherapy combined with concurrent androgen deprivation therapy (RT-CAD) scan (4 months after completion of RT-CAD) with a
further reduction in prostate activity and increased obturator internus muscular activity (black and white asterisk).

CT changes (72, 73). These studies show the potential of radiola- ~ possibly due to post-chemotherapy necrotic cell lysis. Lower
beled choline to detect response of early PCa to therapies used ~ cfDNA concentrations at baseline were found to be associated
routinely in the clinic. with PET responses as measured after the third chemotherapy

Chemotherapy, Radium-223, and drugs interfering with  cycle. They concluded that it is feasible to annotate potential
androgen receptor (AR) machinery, such as enzalutamide and  tumor sources of cfDNA using [**F]JFCH PET/CT imaging, and
abiraterone, are the main stay of treatments in metastatic castrate ~ that plasma cfDNA content and [*F]JFCH PET/CT-detected
resistant prostate cancer (nCRPC). Currently, there is excessive ~ tumor activity are potential response markers in CRPC (76).
reliance on changes in serum PSA as an indicator of therapeutic = Caffo et al. showed that enzalutamide induces volume reductions
efficacy and there are no predictive diagnostic tools to identify ~ in primary tumors and metabolic changes in metastatic lesions as
an early objective response in patients with mCRPC treated with  detected by ["*F]FCH PET/CT (77). In a proof of principle study,
abiraterone acetate or enzalutamide, although AR splice variants ~ De Giorgi et al. evaluated ["*F]JFCH PET/CT as an early predictor
detectable in circulating tumor cells (CTCs) are evolving (74). of outcome in mCRPC patients treated with enzalutamide (78).
The Prostate Cancer Clinical Trials Working Group recommends ~ They concluded that the combination of ["*F]FCH PET/CT and
waiting 12 weeks before the first evaluation of response to ensure  decrease in PSA level could be a valid tool to predict progression-
adequate drug exposure (75). Therefore, studies investigating free survival (PFS) in mCRPC patients.

new biomarkers for outcome prediction and disease monitoring In a similar study with abiraterone, De Giorgi et al. demon-
are urgently needed. To this effect, labeled choline PET is under  strated that early ['"*F]JFCH PET/CT can predict clinical outcome
evaluation to assess therapeutic response. (PFES and overall survival: OS) than PSA response in patients

Kwee and colleagues evaluated effects of docetaxel chemother- ~ on abiraterone. Using fairly arbitrary thresholds for change in

apy on circulating cell-free DNA (cfDNA) and ["*F]JFCH PET/  SUV (as specified in European Organization for Research and
CT uptake in CRPC. Tumor-derived plasma cfDNA concentra-  Treatment of Cancer (EORTC) guidelines), a PSA decline >50%
tions increased significantly after one and three treatment cycles, ~ was shown to be associated with the [**F]JFCH PET/CT response
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(12/42)/non-response (18/42) in 71% of patients (79). Miyazaki
and co-workers evaluated acute changes in net metabolically
active tumor volume (MATYV) and total lesion activity (TLA)
detected by ["*F]FCH PET/CT imaging midway during treatment
with radium-223 dichloride, in two patients. After the third dose
of radium-223 dichloride, near-total disappearance of abnormal
skeletal activity was observed in one case, while a heterogeneous
tumor response was observed in the other (80). It can be sum-
marized that, while being a proliferation-independent phenotype
(13), changes in labeled choline uptake reflects response to therapy
although the optimal time still needs to be clarified.

Non-Prostate Tumors

In addition to PCa, radiolabeled choline has been utilized in other
tumor histotypes. Parashar et al. explored whether ["*F]FCH PET
could serve as an predictive biomarker for early detection of RT/
chemo-radiotherapy (CRT) response in patients with lesions at
the base of the tongue, tonsil, nodes, hypopharynx, maxilla, pal-
ate, lung, pancreas, brain, uterus, and rectum. They demonstrated
reductions in SUVy,., in 88% of lesions (CR: 7/16 and PR: 7/16)
and concluded that changes in SUVy. after 3-4 weeks of ini-
tiation of RT were predictive of final outcome (81). Panagiotidis
and co-workers showed that simultaneous PET/MRI with ['*F]
FCH in a patient with pineal germ cell tumor demonstrated a
reduction in both size and radiotracer activity of the mass after
chemotherapy (82).

While the choline phenotype has been reported as being
proliferation independent in PCa (13), the phenotype is intrinsi-
cally associated with proliferation in breast cancer cells (83). In
particular, PCho formation is linked to the activity of mitogen-
activated protein kinase (MAPK) signaling function (84). It was,
thus, postulated that therapy response in breast cancer might
be accompanied by predictable changes in the tumor reten-
tion of ["'C]choline. In a clinical study involving breast cancer
patients receiving trastuzumab, ["'C]choline uptake decreased
in two patients responding to trastuzumab compared to non-
responders (85). Regarding targeted therapies, Middendorp
et al. also evaluated use of ["*F]fluoroethylcholine (FEC) PET/CT
in staging and monitoring therapy response of advanced RCC
before and 10 weeks after two cycles of tyrosine kinase inhibitor
(TKI) therapy. FEC PET/CT showed heterogeneous changes,
with progression in one patient and a PR in the second patient,
which were concordant with the RECIST response (86). Thus,
changes in uptake of labeled choline in non-prostate histotypes
also appear to reflect therapy response.

Fatty Acid Metabolism

Fatty Acid Synthesis: Acetate PET

Cancer cells are dependent on their ability to gain access to
energy and substrate precursors, by reprograming the normal
metabolic pathways required for the proliferation and survival of
tumor cells, to synthesize of proteins, nucleotides, and lipids (87).
Cancer cells are also characterized by a lipogenic phenotype (88),
and often require that fatty acids be generated de novo to maintain
proliferation and viability. As a result, fatty acid biosynthesis has
gained significance as a potential therapeutic target in multiple
cancers.

Acetate is metabolized in the tricarboxylic acid (TCA) cycle
yielding CO, and water (89). However, in cancer cells, acetate is
preferentially utilized for fatty acid synthesis as a component of
acetyl-CoA. Intracellularly, acetate is converted to acetyl-CoA by
acetyl-CoA synthase (ACeS), and fed into the fatty acid synthesis
pathway. ["'C]Acetate PET was originally used to assess myocar-
dial function (90). In myocardial tissues, carbons derived from
[''Clacetate are incorporated into CO, during the TCA cycle,
allowing for PET visualization of oxygen consumption. However,
in tumor cells, ['"Clacetate is incorporated into membrane
lipids due to over-expression of fatty acid synthase (FASN). This
property is exploited for tumor imaging with ['Clacetate (91).
The majority of studies analyzing the efficacy of [''C]acetate PET
in tumors have focused on the detection of PCa (91). In addi-
tion to PCa, there are a number of other tumor types in which
[''Clacetate PET shows high contrast, including hepatocellular
carcinoma (HCC), thymomas, renal cancers, brain tumors, and
bronchioloalveolar carcinoma (92). These studies demonstrate
that ["'Clacetate is useful in diagnosis, staging, and predicting
disease progression in certain cancers, and it is logical that ["'C]
acetate could also be used to stratify patients for specific therapies,
as well as a method to monitor response to therapy.

Preclinical Studies
Emonds et al. evaluated the effect of 5 days of ADT on the
uptake of ["'Clacetate, together with ["*F]FDG and ["'C]choline
in vivo. They found that ADT significantly decreased the uptake
of ["'C]choline and tended to decrease ["*F]JFDG uptake. [''C]
Acetate uptake was unaffected by ADT in both PCa xenograft
models [LAPC-4 (androgen sensitive), 22Rv1 cells (androgen-
independent)]. The authors concluded that ['CJacetate uptake
occurs independently of androgens and, thus, may be more
favorable for detecting tumor viability during or following ADT
(93). These findings were corroborated by Oyama et al. who also
showed that [®F]FDG PET, detected metabolic changes within
days of androgen ablation, while there was no significant differ-
ence in ["'Clacetate uptake in a murine model of PCa (94).
["'C]Acetate PET could potentially be used as a surrogate for
monitoring FASN activity as the incorporation of [''CJacetate into
membrane lipids is regulated by FASN expression. There is poten-
tial that this approach may be an effective means to validate FASN
inhibitors as they progress through clinical development. Yoshii
et al. (95) evaluated a method to predict FASN-targeted therapy
outcome using radiolabeled acetate uptake in LNCaP, PC3, 22Rv1,
and DU145 cells. They demonstrated that uptake of radiolabeled
acetate reflects FASN expression and sensitivity to FASN-targeted
therapy with orlistat. Furthermore, Vavere et al. demonstrated
that the FASN inhibitor C75 could reduce [''C]acetate uptake by
up to 60% in PCa xenografts (96). While these studies are promis-
ing (Table 1), it has been noted recently that optimal acquisition
of ["'Clacetate images may require late imaging (~90 min) to
increase sensitivity toward lipid incorporation (97).

Clinical Studies

Yu and co-workers, tested the feasibility of [''Clacetate PET imag-
ing to assess response to therapy in men with bone metastatic
PCa. Patients were imaged before and 6-12 weeks after initial

Frontiers in Oncology | www.frontiersin.org

25

February 2016 | Volume 6 | Article 44


http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org

Challapalli and Aboagye

PET Imaging of Tumor Metabolism

ADT for new metastatic PCa or after first-line chemotherapy
with docetaxel for CRPC. Changes in qualitative assessment and
tumor:normal uptake ratio correlated with clinical response cri-
teria. They concluded that [''CJacetate PET scanning was highly
accurate for determining response to treatment in patients with
bone metastases (98). Regarding therapy planning, Gomez and
co-workers reported that ["'Clacetate PET aids in detection of
lymph node metastases especially in high risk PCa patients and
led to changes of radiation therapy treatment field/volume or
dose in about one-third of the patients (37%). Changes in [''C]
acetate may serve as a tool for monitoring radiation therapy
response (99).

There are anecdotal reports of [''Clacetate PET monitoring
response in RCC and meningiomas. Maleddu et al. suggested that
["'Clacetate PET could predict response to sunitinib as early as
2 weeks after therapy initiation (100). In the evaluation of men-
ingiomas, Liu RS et al. demonstrated that ["'C]acetate had good
sensitivity for detection of meningiomas compared to [*F]FDG,
and concluded that ["'Clacetate performed better in monitoring
five patients who had received gamma-knife surgery (101). [''C]
acetate PET has also been used in assessing response to therapy
in multiple myeloma. Bone marrow histology and whole-body
(WB) MRI were used as comparators. In 13 patients who had
repeat examination after induction therapy, visual and quantita-
tive analysis, suggested a higher detection rate for both diffuse
and focal myeloma lesions at diagnosis. After treatment, a 66%
reduction in SU V.. was seen in patients with at least a very good
PR (> 90% reduction in M-protein) versus a 34% reduction in
those with a PR (>50% reduction in M-protein). They concluded
that ["'CJacetate may be valuable for response assessment (102).
In aggregate, the initial data with ["'C]acetate for monitoring
response is promising (Table 3) but the short half-life of the tracer
may reduce sensitivity for imaging lipid incorporation, and its use
is limited to centers with in-house cyclotron. Moreover, acetate is
not specific to fatty acid synthesis, it also serves as a substrate for
protein acetylation, and is utilized in cholesterol synthesis.

[*®F]Fluoroacetate

['*F]Fluoroacetate (["*F]FACE), a ["*F]fluorinated acetate analog
(t1/2: 110 min), which is putatively converted to fatty acids and
incorporated into lipids, has been tested as an alternative PET
tracer for imaging fatty acid synthesis. However, there are only
limited clinical reports using ["*F]FACE for oncologic diagnosis
of patients with cancer (103, 104), thus far with no studies evalu-
ating therapy response.

Fatty Acid Oxidation: ['®F]Fluoropivalic Acid PET

In addition to fatty acid synthesis, the critical nature of fatty acid
oxidation for cancer cells survival has been recognized (105).
Short-chain carboxylates, including acetate, propionate, butyrate,
and the non-natural substrate pivalate (trimethylacetate) use
the early steps of the fatty acid oxidation pathway involving
acyl-CoA and acyl-carnitine synthesis (106). A new radioprobe,
3-"¥F-fluoro-2,2-dimethylpropionic acid, also called ['*F]fluoro-
pivalic acid ([**F]FPIA), for imaging the early steps of the fatty
acid oxidation pathway has been validated and has shown prom-
ise for cancer detection (107). Further studies are eagerly awaited.

Amino Acid Metabolism

Amino acids play an important role in the synthesis of a vari-
ety of nitrogen-containing compounds, such as proteins and
nucleotides during cell growth, and their increased transport and
utilization are be associated with early events in carcinogenesis
(108). Natural amino acids are transported into cells by specific
carrier-mediated transport systems and further incorporated
into proteins and intermediary metabolites to different extents.
Thus, investigators have studied the utility of several radiolabeled
natural amino acids (including methionine, glycine, tyrosine,
phenylalanine, and leucine) as tumor-imaging agents with PET
(109). Amino acid scanning provides higher contrast between
tumor and normal brain compared to ["F]FDG PET, due to
the low uptake of amino acids in normal brain. However, of the
several amino acid tracers investigated for tumor imaging, only
a few have been evaluated beyond the initial feasibility studies in
human patients.

Glutamine

Glutamine is the most abundant amino acid in plasma and occu-
pies a unique niche in intermediary metabolism by providing a
major inter-organ shuttle for both nitrogen and carbon (110). This
makes it essential for cell proliferation by contributing to synthe-
sis of nucleic acids, proteins, and hexosamines. Loss of amino and
amido groups in glutamine produces alpha-ketoglutarate thatalso
promotes cell growth, anaplerosis and adenosine-tri-phosphate
(ATP) generation (111). Malignant transformation, involving
enhanced c-Myc expression, increases glutamine metabolism by
increased expression of cell surface transporters (112, 113).

TABLE 3 | Acetate PET response assessment: clinical studies.

Sample Outcome
size

Renal cell
cancer
Maleddu 1 [""Clacetate PET could predict response to
etal. sunitinib as early as 2 weeks after therapy
(100) initiation
Brain
Liu et al. 22 [""Clacetate had a good sensitivity in detection,

(101) of meningioma compared to ['®F]FDG. [''C]
acetate performed better in monitoring five
patients who had received gamma-knife surgery

Prostate

Yu et al. 6 ['"Clacetate PET scanning was highly accurate

(98) for determining the response to treatment in
prostate cancer patients with bone metastases

Gomez 19 Changes in [''Clacetate may serve as a tool for

etal. (99) monitoring radiation therapy response in high risk
prostate cancer

Myeloma

Linet al. 15 Visual and quantitative analysis showed a higher

(102) detection rate of myeloma lesions at diagnosis
than using ['®F]FDG. After treatment, a 66%
reduction in SUViax was seen in patients with at
least a very good partial response versus a 34%
reduction in those with a PR. They concluded
that ["'Clacetate may be valuable for response
assessment
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Glutamine metabolism lends itself to evaluation by PET
imaging, most relevant in non-["*F]JFDG avid tumors, such as
prostate, bronchoalveolar carcinomas, carcinoid tumors, and
low-grade lymphomas. These malignancies may use glutamine as
an alternative nutrient source and as such are more easily detected
by a glutamine-based tracer. Venneti and co-workers, for exam-
ple demonstrated that PET imaging in vivo with the glutamine
analog 4-[*F]-(2S,4R)-fluoroglutamine ([*F]FGIn) facilitates
clear tumor delineation due to high tumor-to-background ratio.
Chemo/radiation therapy reduced ["*F]FGIn tumor uptake, which
was associated with decreased tumor burden, confirmed on auto-
radiography. In contrast, there were no anatomical or structural
changes seen on T2-weighted MRI sequences, within the same time
frame. These findings were translated into humans (six patients)
and an increased [*F]FGIn uptake was seen in patients with
progressive brain tumors, but not in patients with SD (114).

Methionine
Methionine, an essential sulfur amino acid, is necessary for
growth and development. It plays an important role in protein

synthesis and is a predominant methyl group donor for multi-
ple metabolic pathways. Malignant transformation enhances
demand for methionine in cancer cells caused by increased
fluxes in the pathways of protein synthesis, transmethylation, and
transsulfuration. This forms the basis for higher uptake of labeled
methionine in tumors.

Currently, PET wusing L-[methyl-"'C]-methionine (["'C]
methionine) is the most popular amino acid imaging modality
for tumors, although its use is restricted to PET centers with
an on-site cyclotron facility. ["'C]methionine PET has been
extensively studied in gliomas. Its role in initial diagnosis, dif-
ferentiation of tumor recurrence from radiation injury, grading,
prognostication, tumor extent delineation, biopsy planning,
surgical resection and RT planning has been evaluated (115). A
number of oncologic imaging studies have evaluated the role of
["'C]methionine in response assessment and have been described
in detail in the preclinical setting (116-127) (Table 1) and in
patients (128-170) (Table 4). While most studies have focused
on non-hematological solid tumors, multiple myeloma also
represents an evolving area of interest. In this case, preclinical

TABLE 4 | Methionine PET response assessment: clinical studies.

Sample Outcome
size

Brain

Bergstrom et al. (128) 400 In a large series of pituitary adenomas and in some meningiomas, a decrease in the uptake of [''C]methionine after medical
therapy has been shown to represent a positive treatment effect. [''C]methionine PET method does have potential for the
evaluation of treatment effects

Kubota et al. (117) 70 [""C]Methionine seemed to have a higher potential for rapid tumor monitoring than FDG after radiotherapy, and the effect
was radiation-dose dependent

Sato et al. (159) 1 Serial ['"C]methionine PET imaging in low-grade astrocytoma permits evaluation of changes after radio-chemotherapy
treatment in patients in whom CT has revealed no notable changes

Waurker et al. (169) 5 A dose-dependent decline in [''C]methionine uptake with a greater decrease in tumors with high basal uptake of [''C]
methionine

Voges et al. (167) 10 One year after seed implantation of '2°| for brachytherapy in treatment of cerebral glioma, there were no changes in glucose
metabolism, but a significant decline of [''C]methionine uptake was seen
[""C]methionine PET may improve tumor delineation, and allows monitoring of therapeutic effects following brachytherapy

Roelcke et al. (158) 30 No significant difference in [''C]methionine and ['®F]FDG tracer uptake between tumors with or without adjuvant radiotherapy
after surgery for low-grade astrocytomas

Shintani et al. (161) 1 Serial ['"C]methionine PET in a biopsy-proven case of gliomatosis cerebri (GC) suggested initial hypermetabolism, associated
with increase in cerebral blood flow (shown on ["*Olwater PET) that normalized 6 months after completion of radiotherapy

Nuutinen et al. (155) 13 [""C]methionine PET improves tumor visualization in patients with low-grade glioma and signifies better prognosis in patients
with low tumor uptake at baseline. Stable or decreasing uptake of [''C]methionine in tumor area after radiotherapy signifies a
favorable outcome

Gudjonsson et al. (135) 19 Stereotactic proton beam irradiation of meningiomas had an inhibitory effect (average 19.4% reduction in uptake after
36-month of follow-up) on the ["'C]methionine uptake in meningiomas, although tumor size remained unchanged (CT/MRI)

Sorensen et al. (162) 2 A prompt reduction in [''C]methionine uptake was seen within d of starting therapy in two children with prolactinomas

Muhr et al. (152) 12 During IFN-alpha treatment, [''C]methionine PET demonstrated a mean relative percentage of reduction in the uptake ratio
(MRelR) of 22.3% in meningiomas

Herholz et al. (137) 1 Estimated a reduction rate in [""C]methionine defined active tumor volume of approximately 2.4% per day in a case of
anaplastic oligoastrocytoma after procarbazine, CCNU, and vincristine (PCV) chemotherapy

Tang et al. (164) 7 A significant reduction in [''C]methionine uptake and a semiquantitative index based on both ["'C]lmethionine uptake and
[""C]methionine defined volume was noted in low-grade oligodendroglioma patients after chemotherapy with PCV regime.
Prediction of long-term outcome and effect on high-grade gliomas could not be assessed

Ribom et al. (157) 32 [""C]methionine PET may be a promising surrogate endpoint after treatment of grade Il gliomas. An increase in [''C]

methionine uptake or [''C]methionine defined volume on follow-up scans was associated with a reduced time to progression
of disease in patients with histologically confirmed supratentorial WHO grade Il gliomas

(Continued)
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TABLE 4 | Continued

Sample
size

Outcome

Nariai et al. (153)

Galldiks et al. (131)

Kawai et al. (143)

Galldiks et al. (132)

Lee et al. (146)

Jang et al. (140)

Galldiks et al. (133)

Miwa et al. (151)

Chiba et al. (130)

Head and neck
Lindholm et al. (150)

Nuutinen (154)

Chesnay et al. (129)

Hasebe et al. (136)

Toubaru et al. (165)

Breast

Huovinen et al. (138)

Jansson et al. (141)

Lindholm et al. (149)

Bladder

Letocha et al. (148)
Katz et al. (142)

194

15

42

39

67

Patients with high-grade glioma showed a significantly decreased post-irradiation tumor-to-normal tissue ratio of [''C]
methionine uptake compared with the pre-treatment value

[""C]methionine PET performed before and after the third cycle of temozolomide (TMZ) chemotherapy in patients with
malignant gliomas, showed a significantly longer median time to progression in patients with decline in [""C]methionine
uptake than in those with increasing [''C]methionine uptake (23 versus 3.5 months)

[""Clmethionine PET findings suggested presence of increased tumor activity in patients with germinomas in the basal
ganglia or thalamus after the initial treatment, which gradually decreased during the course of intensive therapy in these
patients

[""Clmethionine PET metabolic activity showed a continuous decline of tumor volume, over a 2-year period, below
the threshold of significant [''C]methionine uptake in patient with glioblastoma multiforme (GBM), treated with surgery,
radiosurgery, and maintenance of imatinib and hydroxyurea

A gradual decrease of [''C]methionine uptake in basal ganglia germinoma during the course of treatment was seen but the
temporal pattern of [''C]methionine uptake during the treatment was not evaluated

After high-dose methotrexate chemotherapy for primary CNS Lymphoma (PCNSL), [''C]methionine PET displayed complete
disappearance of abnormal uptake in all four patients, corroborated on post-treatment MRI and clinical follow-up in three
patients

A continuous decline in metabolically active tumor volume after stereotaxy-guided laser-induced interstitial thermotherapy
(LITT) was observed in a patient with a recurrent GBM, suggesting that [''C]methionine PET could be useful for monitoring
the short-term therapeutic effects of LITT

Metastatic lesions demonstrated significant decreases in [''C]methionine uptake (quantitative analysis) following stereotactic
radiation therapy with intensity modulated radiation therapy (SRT-IMRT: 25-35 Gy in five fractions) in metastatic brain tumors

A voxel-wise parametric response map (PRM) analysis of [''C]methionine PET could be useful for monitoring treatment
response in immunotherapy for malignant gliomas

In patients with squamous cell carcinomas of the head and neck region treated with preoperative radiotherapy (dose
of 61-73 Gy), ['"C]methionine PET demonstrated a significantly lower ['"C]methionine uptake in tumors showing a
histopathological response when examined before and 5-42 days after radiotherapy

A significant decrease in [''C]methionine uptake was seen during the first 2-3 weeks after radiotherapy of head and neck
cancer, but the rate of decrease in tracer uptake could not distinguish between relapsing disease and locally controlled
disease

Reduction in [""C]methionine PET accumulation after the completion of one course of chemotherapy for hypopharynx
squamous cancer correlated significantly with a reduction in the tumor mass, as measured by MRI at the completion of three
courses of chemotherapy

[""C]methionine PET allowed for a prediction of the therapeutic efficacy of carbon-ion radiotherapy (CIRT) in head and neck
adenocarcinomas. Tumor-to-normal tissue ratio pre-treatment (TNRpre) was significantly associated with metastasis and
disease-specific survival, while the TNR post-treatment (TNRpost) was associated with the local recurrence, metastasis, and
disease-specific survival

[""C]methionine PET or PET/CT prior to and 1 month after the completion of CIRT for adenoid cystic carcinoma of the head
and neck, showed a significant decrease in TNR after treatment

A reduction in [''C]methionine uptake predicted clinical target stability or regression of metastasis, while an increase uptake
predicted progressive disease when evaluated at 7 weeks after radiotherapy, hormonal therapy, or chemotherapy for
metastatic breast cancer

[""C]methionine PET predicted response in 67% (8/12) of clinical responders as early as 6-13 days after the first course of
chemotherapy.

[""Clmethionine PET showed significant reduction in uptake (30-54%) in all six responding metastatic sites, whereas the
decrease in uptake was lower in magnitude or showed an increase in stable or non-responding lesions, in metastatic breast
cancer patients treated with polychemotherapy or hormones

[""C]methionine PET identified patients who progressed after chemotherapy for localized or metastatic bladder cancer

In a patient with metastatic transitional cell carcinoma (TCC) unfit for platinum-based chemotherapy, being treated with
Sunitinib, [""Clmethionine PET showed a significantly decreased metabolic uptake in bone and lymph nodes 28 days
after sunitinib initiation without any objective morphological changes, corroborated by objective tumor reduction on CT at
2 months after therapy initiation

(Continued)
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TABLE 4 | Continued

Sample Outcome
size

Choroidal melanoma

Tamura K (163) 1 [""Clmethionine PET uptake when evaluated visually and semiquantitatively showed a significant decrease in tumor-to-brain
ratio at >6 months after therapy and disappeared in 50% of the patients at 12 months after carbon-ion therapy

Soft tissue sarcoma

Zhang et al. (170) [""C]methionine PET was of prognostic value in patients with bone and soft tissue sarcoma treated by CIRT

Ghigi et al. (134) 9 The percentage variation in histological response (tumor grade regression) and SUVmax of ['®F]FDG before and after
neoadjuvant chemo-radiotherapy seems to discriminate between partial and complete response better than [''C]methionine

Rectal cancer

Wieder et al. (168) 26 [""C]methionine PET aided tumor visualization, but the degree of reduction in ["'C]methionine uptake post chemo-radiation
did not correlate with the tumor response measured by pathologic evaluation. [''C]lmethionine PET may not be a good
method for evaluating the response of radiotherapy in rectal cancer

Koizumi et al. (144) 53 [""Clmethionine PET uptake decreased with CIRT but there were no significant correlations between imaging variables (SUV,
tumor-to-normal tissue ratio) and other clinical parameters (distant metastasis and survival) in patients with rectal cancer

Lung cancer

Kubota et al. (145) 21 A significant decrease in ['"C]methionine uptake in responding human lung tumors 2 weeks after radiotherapy or
chemotherapy, and the decrease preceded the shrinkage in tumor volume measured with CT

Ishimori et al. (139) 9 [""C]methionine PET did not provide additional information over FDG PET in lung cancer treated with stereotactic
radiotherapy (SRT). Decline in [''C]methionine PET activity reflects acute reaction to SRT and the increase in activity in later
time points denotes radiation-induced pneumonitis

Lymphoma

Leskinen-Kallio et al. 1 Demonstrated a decrease in [''C]methionine uptake with chemotherapy and radiotherapy in a patient with non-Hodgkin’s

(147) lymphoma (NHL)

Sawataishi et al. (160) 2 [""Clmethionine PET improved lesion delineation compared to CT/MRI in PCNSL and predicted presence of residual tumors
after radiotherapy in lesions involuting on CT

Ogawa et al. (156) 10 [""C]methionine PET is useful for the delineation of CNS lymphoma and for monitoring the therapeutic effect of irradiation.
The extent of [''C]methionine accumulation in tumor tissue markedly decreased after radiation therapy

Tsuyuguchi et al. (166) 1 [""C]methionine PET is helpful in assessing the effect of chemotherapy earlier than is feasible with other methods in malignant

scalp lymphoma

studies demonstrate superiority of [''C]methionine to [**F]FDG
in monitoring novel anti-myeloma therapy involving proteasome
inhibition (119).

Leucine Analogs

Leucine is one of the preferential amino acid required for prolifer-
ating tumor cells and is, therefore, of interest in molecular imaging
of anabolic cancer processes. 1-Amino-3-[**F]fluorocyclobutane-
1-carboxylic acid (anti-["*F]JFACBC), a synthetic non-natural
leucine analog, has been widely studied in imaging brain (171,
172), prostate tumors (173, 174), and pulmonary lesions (175).
The non-natural amino acids are not metabolized but are taken up
through both the L-type transporter and the energy-dependent
A-type transporter (176). The tracer accumulation in PCa cells
correlates with the expression level of the alanine, serine, and
cysteine preferring system-mediated amino acid transport with
the large neutral amino acid transporter (LAT1) as an important
transport system (177, 178). There are only two preclinical studies
that evaluated the role of anti-["*F]FACBC in predicting response
[Table 1; (121, 124)] and in these cases anti-["*F]FACBC PET
provided useful information on early response. Future studies
are eagerly awaited.

Tryptophan Analogs

Tryptophan is an essential amino acid required for biosynthesis
of proteins, serotonin, and niacin in the brain and other tis-
sues (179). The amino acid PET tracer alpha-["'C]methyl-L-
tryptophan (AMT) is transported in tumor tissue by LAT1 but
is not incorporated into proteins (180). Instead, AMT is utilized
by the kynurenine immunomodulatory pathway (181). Under
pathological conditions, induction of this pathway’s rate-limiting
enzyme, indoleamine 2,3-dioxygenase (IDO), leads to increased
metabolism of tryptophan and, thus, AMT accumulation (182).
Tryptophan analogs have been widely studied in imaging high-
grade gliomas (182, 183), CRPC (184), and neuroendocrine
tumors (185). In a case report, Peng and co-workers suggested
that AMT PET may be useful for assessing progression and
therapeutic response of optic glioma (186). Further studies are
eagerly awaited.

DISCUSSION

Several metabolic pathways are deranged in cancer in a
proliferation-dependent or proliferation-independent manner.
These metabolic pathways, particularly enhanced glycolysis,
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offer the opportunity to detect cancer often with high contrast.
In this review article, we discuss about the role of established and
evolving metabolism tracers for prediction/monitoring response
to therapy. The effect of drug or radiation therapy on each
metabolic phenotype ought to be carefully considered to enable
assignment of biological and clinical relevance to the changes
seen. Notably, these therapies may directly or indirectly inhibit
tumor cell metabolism, or indeed the changes may simply reflect
loss of cell viability and influence the timing of post-treatment
scanning. For ["*F]FDG PET, the effect of the so-called targeted
or biologic therapies on response monitoring has been reviewed
(26) with the suggestion that the drugs may directly affect GLUT/
hexokinase expression or activity with changes occurring within
hours to days after initiating treatment. This type of information
is less mature when other metabolism tracers are considered. For
example, as discussed above, only a few studies have attempted
to directly link the biology of androgen deprivation to changes
in the tumor labeled choline signal. Regarding imaging variables,
different variables have been used in the assessment of non-FDG
tracers (see Tables 1-4). Some of these variables, e.g., TMR, may
be considered, for instance, when RT is the choice of therapy to
account for the effect of radiation on normal tissues.

Whatever the mechanism of signal change, be it direct or
via loss of cell viability, it is important to consider the intrinsic
variability of the quantitative measure, as well as that magnitude
of change (threshold) for response. For [®F]FDG uptake, the
intrinsic measurement variability (without treatment) ranges
from 10 to 20% in different tumor phenotypes (187, 188). Based
on pooling together reproducibility data, a consensus for quan-
tifying PET response by EORTC PET study group was reached
(189). The tumor responses were graded as follows:

1) Complete metabolic response (CMR): complete resolution
of FDG uptake.

2) Partial metabolic response (PMR): a decrease (across all
lesions) of minimum of 15% in tumor SUV after one cycle
or >25% after more than one cycle of chemotherapy.

3) Stable metabolic disease (SMD): an increase of <25% or a
decrease of <15% in SUV, and no visible increase in extent
of FDG tumor uptake (20% in longest dimension).

4) Progressive metabolic disease (PMD): an increase in FDG
tumor SUV of >25% within tumor region defined on baseline
scan; visible increase in extent of FDG tumor uptake (20%
in longest dimension) or appearance of new FDG uptake in
metastatic lesions.

More recently, PET Response Criteria in Solid Tumors
(PERCIST) guidelines have been formulated (190). These are
based on the premise that cancer response as assessed by PET is
a continuous and time-dependent variable. The tumor responses
were graded as follows:

1) CMR: visual disappearance of all metabolically active tumors.
2) PMR: more than a 30% decline and a 0.8-unit decline in SULpeax
between the most intense lesion before treatment and the most

intense lesion after treatment, although not necessarily the same
lesion.

3) SMD: not CMR, PMR, or PMD.

4)  PMD: more than a 30% and 0.8-unit increase in SULyex Or new
lesions, if confirmed. A >75% increase in total lesion glycolysis is
also proposed as another metric of progression.

The PERCIST criteria differ from the EORTC criteria in that the
SUV is normalized to the lean body mass and five tumors (up to
two per organ) with the most intense ["*F]FDG uptake lesions being
considered target lesions; SULnen is the recommended imaging
variable, as it has better test-retest variability (8-10%), is statisti-
cally less susceptible to variance, and is less subjective due to clear
definition of target lesions.

Notably, these criteria are specific for ["*F]JFDG PET and may
differ for other tracers. For example, Kenny and co-workers have
evaluated the reproducibility of ["'C]choline in breast cancer
(85). A decrease of 40% for SUV3omin, and 24% for SUVgomin, Was
classified statistically as response. However, it is not clear if these
criteria could be widely applied across different tumor sites or
across different PET tracers, as the intrinsic variability may be
isotope, patient, or scanner related.

In the future, further evaluation is required to assess the role
of metabolic-PET imaging in assessing response to treatment and
follow-up after treatment. These include what the optimal time
(early or delayed) for performing the scan after treatment is, what
the relevant imaging variables for predicting response are, how
often to scan, whether imaging sensitivity and specificity are suf-
ficient to predict response or progression, and whether changes in
imaging variables can be used as surrogates for predicting patient
outcomes. Future studies will need to be designed to establish the
answers to these questions.

CONCLUSION

In this article, we aimed to give an overview of metabolic pro-
cesses imaged by PET and focused on both established and evolv-
ing radioprobes to detect tumor glycolysis, choline metabolism,
intracellular transport of glutamine, and other amino acids, as
well as fatty acid metabolism. In particular, we emphasize the
role of radiolabeled choline, acetate, and amino acid tracers for
monitoring efficacy or predicting response to new therapies that
directly or indirectly inhibit tumor cell metabolism. The optimal
imaging time point, pertinent imaging variable, and criteria for
response will require further interrogation.
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Oncology, Thomas Jefferson University, Philadelphia, PA, USA, * Laboratory Medicine, Department of Pathology, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, PA, USA, ° Department of Biochemistry and Biophysics,
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We present the first validated metabolic network model for analysis of flux through
key pathways of tumor intermediary metabolism, including glycolysis, the oxidative and
non-oxidative arms of the pentose pyrophosphate shunt, the TCA cycle as well as its
anaplerotic pathways, pyruvate-malate shuttling, glutaminolysis, and fatty acid biosyn-
thesis and oxidation. The model that is called Bonded Cumomer Analysis for application
to '®C magnetic resonance spectroscopy ('°C MRS) data and Fragmented Cumomer
Analysis for mass spectrometric data is a refined and efficient form of isotopomer
analysis that can readily be expanded to incorporate glycogen, phospholipid, and other
pathways thereby encompassing all the key pathways of tumor intermediary metabolism.
Validation was achieved by demonstrating agreement of experimental measurements of
the metabolic rates of oxygen consumption, glucose consumption, lactate production,
and glutamate pool size with independent measurements of these parameters in cultured
human DB-1 melanoma cells. These cumomer models have been applied to studies of
DB-1 melanoma and DLCL2 human diffuse large B-cell lymphoma cells in culture and as
xenografts in nude mice at 9.4 T. The latter studies demonstrate the potential translation of
these methods to in situ studies of human tumor metabolism by MRS with stable '3C iso-
topically labeled substrates on instruments operating at high magnetic fields (>7T). The
melanoma studies indicate that this tumor line obtains 51% of its ATP by mitochondrial
metabolism and 49% by glycolytic metabolism under both euglycemic (5 mM glucose)
and hyperglycemic conditions (26 mM glucose). While a high level of glutamine uptake
is detected corresponding to ~50% of TCA cycle flux under hyperglycemic conditions,
and ~100% of TCA cycle flux under euglycemic conditions, glutaminolysis flux and its
contributions to ATP synthesis were very small. Studies of human lymphoma cells demon-
strated that inhibition of mammalian target of rapamycin (mTOR) signaling produced
changes in flux through the glycolytic, pentose shunt, and TCA cycle pathways that were
evident within 8 h of treatment and increased at 24 and 48 h. Lactate was demonstrated
to be a suitable biomarker of mTOR inhibition that could readily be monitored by 'H MRS
and perhaps also by FDG-PET and hyperpolarized '3C MRS methods.

Keywords: metabolic modeling, sensitivity analysis, cancer metabolism, isotopomer, metabolic flux analysis,
isotopolome, *C magnetic resonance spectroscopy, 3¢ liquid chromatography-mass spectrometry
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INTRODUCTION

Tumor intermediary metabolism provides the energy required
to sustain cancer cells over their entire life span. This energy
is utilized to maintain cation pumps, including the pumps that
eliminate cytotoxic drugs contributing to multi-drug resistance.
It also provides energy for cellular motility during metastasis.
Tumor metabolism also provides key metabolic precursors for
DNA, protein, and lipid synthesis during cellular replication.
Delineation of flux through these critical metabolic pathways pro-
vides an invaluable tool, complementary to genomic information,
for cancer diagnosis as well as prediction and early detection of
therapeutic response. Tracing these metabolic pathways was first
accomplished through the use of radioactive isotopic labels, but
monitoring of flux through these pathways has more recently
been achieved by analysis of stable '*C isotope kinetics labeling
detected with metabolomic tools - magnetic resonance spec-
troscopy (MRS) and liquid chromatography-mass spectrometry
(LC-MS) - the former providing a potentially non-invasive but
relatively insensitive method for imaging metabolism and the
latter providing a much more sensitive but invasive approach.
Analysis of these dynamic isotopolome (labeled metabolome)
data used to require solution of hundreds of differential equations
that could only be accomplished with the help of supercomputers
(1), but today can be readily accomplished with laptop computers
virtually in real time. This problem has been solved for normal
organs, such as the heart (1-6), brain (7-9), and liver (10-12); our
goal here is to describe the first validated solution of the problem
for tumors.

We present data on human DB-1 melanoma and models of
various non-Hodgkin’s lymphomas (NHLs). DB-1 melanoma has
served as the principal tumor model on which this technology
has been developed and validated (13, 14). This technology has
been applied to isolated perfused tumor cells grown ex vivo as
monolayers on solid microcarrier beads in a bioreactor system
or in flasks and to in vivo xenografts in mice. Isotope exchange
has been monitored non-invasively in vivo or in intact cells by
B3C MRS and invasively by LC-MS following ex vivo extraction.
The NHL models have been examined by similar methods except
that because they are anchorage independent, they had to be
immobilized by encapsulation in agarose beads or studied in batch
suspension culture. Encapsulation of cells in agarose or alginate
beads invariably introduces heterogeneity in the cellular microen-
vironment, a problem that can be overcome by growth in batch
culture from which aliquots are isolated for periodic analysis.
The goal is to lay the groundwork for performing these measure-
ments non-invasively on human patients who will be monitored
in high-field (>7 T) spectrometers before and following treatment

Abbreviations: AA, amino acids; ASCT2, alanine-serine-cysteine (GLN) trans-
porter 2; BC, Bonded Cumomer; CEST, chemical exchange saturation-transfer;
CMR, cellular metabolic rate; CMRatp, ATP production rate; CMRlac, Lactate
production rate; FA, fatty acid; GLUT, glucose transporter; h, hours; IDH, isocitrate
dehydrogenase; MCT, monocarboxylic acid transporter; MID, mass-isotopomer
distribution; MRO,, O, consumption rate; oxphos, oxidative phosphorylation; PPP,
pentose phosphate pathway; P/O, phosphate to oxygen ratio; RC, reductive carboxy-
lation; SGOC, serine glycine one carbon metabolism; TCA cycle, tricarboxylic acid
cycle.

with appropriate therapeutic agents whose choice will be at least
partially dictated by metabolic flux analysis of tumors following
administration of appropriate '*C-labeled substrates. Changes in
tumor metabolism indicated by these labeling experiments will
point to the probable success or failure of drug delivery and will
monitor the effect of these agents on tumor metabolism.
Non-Hodgkin’s lymphoma tumors have served as models
for developing methods for monitoring response to signal-
transduction pathway inhibitors (15) as well as response to more
conventional drug combinations, such as RCHOP [Rituximab,
Cyclophosphamide, doxorubicin hydrochloride (Hydroxydauno-
mycin), vincristine sulfate (Oncovin), and Prednisone (16, 17)].
In this review, we will focus on studies of mammalian target
of rapamycin (mTOR) inhibitors as representative of the former
class of targeted therapeutic agents. Drugs that are inhibitors of
signal-transduction pathways are generally more cytostatic rather
than cytotoxic and usually do not exhibit significant changes in
tumor volume except very late in the course of therapy. For these
drugs, monitoring their effect on tumor metabolism may prove
to be the most efficient approach to detect therapeutic response.
Since "*C metabolomics/isotopolomic studies are expensive and
labor intensive, it may prove advantageous to identify surrogate
biomarkers of therapeutic response whose metabolism could be
followed by more conventional methods, such as lactate imaging
by '"H MRS or 'H chemical exchange of saturation-transfer ('H
CEST), hyperpolarized >C MRS or PET/CT with FDG or other
appropriate metabolic probes. This two-stage approach - utilizing
3C MRS for initial exploration of overall tumor metabolism and
identification of suitable biomarkers for subsequent follow-up by
"H MRS or other appropriate method - is a general strategy that
we are proposing for monitoring signal-transduction inhibitors.
The feasibility of achieving this “personalized medicine dream”
or at least the ’C MRS exploratory phase is already demon-
strated through the pioneer work of investigators at the University
of Texas Southwestern, who have monitored the metabolism of
BC-labeled substrates by ex vivo analysis of surgical specimens
obtained from patients with brain (18) and lung (19) tumors.
Studies of human tumor xenografts in mice detected by *C MRS
(see below) will further demonstrate the potential feasibility of
non-invasive monitoring of tumor metabolism. The purpose of
this manuscript is to describe the technical details on how C
isotope kinetics can be monitored and quantitatively analyzed.

BACKGROUND
Types of '°C MRS Experiments

Following administration of '>C-labeled substrates, one can mon-
itor the time course of distribution of the isotopic label among the
various metabolites of the substrate either directly by *C MRS
or indirectly through 'H MRS of the protons directly bonded
to the isotopically labeled carbon atoms. These methods have
been extensively reviewed by de Graaf et al. (20) and will not be
considered further here except to note their key advantages and
limitations. Direct detection offers the advantage of simultane-
ously monitoring all the sites of isotopic substitution, but signal
intensity will depend on the detection coil, the method used for
proton decoupling as well as on the pulse sequence that is used
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for C excitation. Broadband decoupling, the method that we
have employed, will simultaneously decouple all the protons and
will produce nuclear Overhauser enhancements (NOE) that will
depend on relaxation times, the fraction of the relaxation occur-
ring through dipolar mechanisms and the broadband decoupling
technique (e.g., MLEV and WALTZ). There will be differences
in signal enhancement, and these will have to be calibrated. For
in vivo applications, the NOEs vary between 1.3 and 2.9 for pro-
tonated carbons, and are 1.0 for unprotonated carbons or carbons
that relax by non-dipolar mechanisms. Alternatively, one could
use dynamic polarization-transfer excitation for direct *C excita-
tion (21, 22); this method requires quantum mechanical density
matrix or product-operator analysis for quantitative interpreta-
tion, which is beyond the scope of this manuscript. In general, the
direct excitation methods, delineated as '*C-{'H]}, are less sensi-
tive than the indirect detection techniques, 'H-{B¢}, by which the
protons directly bonded to the isotopically labeled carbon atoms
are monitored with the *C magnetization being manipulated
either by simple subtraction of multiple experiments, by multiple
quantum coherence transfer or by J-difference pulse sequences
that depend on spin-spin coupling (20). Another key consider-
ation in these experiments is the issue of power deposition or
sample heating, which becomes limiting in the inverse-detection
techniques when broadband decoupling of carbon resonances is
applied and also depends on coil design and various other factors.
While we note the potential signal enhancing possibilities that
can be achieved with indirect detection, most investigators, and
our group included, utilize simple direct *C-{'H} detection with
broadband decoupling at least as a starting point for MRS studies
of C isotope exchange kinetics.

Metabolic Flux-Analysis Models

Metabolic flux-analysis dates back to the classic study published
in 1983 by Chance, Seeholtzer, Kobayashi, and Williamson at the
University of Pennsylvania and University College London, on
flux through the tricarboxylic acid cycle (TCA cycle) in Lan-
gendorff perfused rat hearts (1). These investigators sacrificed
large numbers of rats, excised their hearts, mounted them in a
Langendorff retrograde perfusion apparatus, perfused the hearts
with various *C enriched substrates ([3-1*C] pyruvate or [2-
B3C] acetate), freeze clamped the hearts at various time points,
extracted the water soluble metabolites with perchloric acid, and
analyzed the extracts with direct BC-{1H} MRS to measure the
time course of isotopic labeling of glutamate, alanine, and aspar-
tate. The data were fit by least-squares analysis to an idealized TCA
cycle model consisting of oxaloacetate in equilibrium with aspar-
tate, citrate, o-ketoglutarate, and reactions involving glutamate,
succinate, and malate. The analysis required about 325 differential
equations that were solved with the aid of a Cray supercomputer.
The model fit estimates of isotope enrichment of carbon atoms in
glutamate and aspartate, and calculated the rate of TCA cycling,
but did not attempt to validate this rate. This was accomplished
later by Chatham et al. (2), who calculated the metabolic rate
of oxygen consumption (MRO>) from the rate of production of
reducing equivalents assuming that the system was at equilibrium.
They compared the calculated rate with the experimental rate
measured with oxygen electrodes placed at the inlet and outlet

ports of the Langendorff perfusion apparatus; MRS and MRO;
data acquisition were performed directly in the magnet on the
beating heart, and the mathematical fitting was performed with
a simple laptop computer. The results demonstrated that the orig-
inal model proposed by Chance et al. (1) consistently predicted
MRO; values that were significantly below the experimentally
measured rates. The error was attributed to the absence of the
shuttles in the TCA cycle model; inclusion of the malate-aspartate
and glycerophosphate shuttles in the model led to perfect agree-
ment between experimental and model-predicted data. We believe
that this was the first validated isotope enrichment model.

In 1994, Sherry and Malloy and coworkers at Dallas South-
western (23) introduced a considerably more efficient method,
isotopomer analysis, which took into account multiple sites of
isotope labeling and substantially simplified the mathematics of
analysis of the kinetics of isotope labeling. This method was first
employed to measure relative rates of anaplerotic vs. TCA cycle
flux in the heart and was later extended to monitor more extensive
metabolic pathways in various organs, including liver (24-30) and
brain (31-42). Comparison of experimental and predicted MRO>
values validated the cardiac isotopomer analysis model of Jeffrey
etal. (3).

The motivation for developing additional theoretical frame-
work to study the fluxome (13) came from the challenges of
modern metabolic flux analysis. The details of flux analysis based
on cumomers were introduced in Ref. (43). Alternative cumomer
methods, such as elementary metabolite units (44), aim to min-
imize the dimension of variables space and to reduce the cost of
computation.

More recently, Shestov and colleagues introduced bonded
cumomer analysis at the University of Minnesota, where research
focused primarily on the brain (45), and later at the University
of Pennsylvania, where tumors were the central focus of research
(14, 46). Cumomer analysis is a more efficient method of gen-
erating the various isotopomer equations. Two variants of the
cumomer method are still under development, bonded cumomer
analysis, which applies to the analysis of >C MRS data (14, 46),
and fragmented cumomer analysis (47-49) that analyzes LC-MS
data. The relative efficiency of the cumomer methods is perhaps
best illustrated by the fact that the original study of TCA cycle
metabolism of the heart using a model that lacked inclusion of
the two shuttles required about 325 differential equations to solve,
whereas the current bonded cumomer model describing about 10
pathways of tumor intermediary metabolism including the TCA
cycle and the pentose phosphate pathway are accomplished with
~210 differential equations that can be solved virtually in real time
with an ordinary laptop computer.

Types of '3C Metabolic Models

Metabolic isotope kinetic models can be subdivided into steady-
state and dynamic models, with the former analyzing measure-
ments of isotope distribution after isotopic steady state has been
established and the latter requiring a complete kinetic study.
The kinetic analysis is much more demanding and is yet to be
achieved in the clinical arena (18, 19). Steady-state measurements
can only measure relative rates, normalized to some standard
reference rate, such as TCA cycle flux, whereas the true kinetic
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measurements yield absolute fluxes through individual metabolic
pathways. Steady-state measurements can often be made on sur-
gically excised or biopsy derived specimens, and in the case of
MRS measurements, their signal-to-noise ratio can be enhanced
by long-term signal averaging, but kinetic measurements have
to be performed non-invasively in real time by MRS studies of
isolated perfused cells grown in a suitable bioreactor contained in
the NMR spectrometer or by non-invasive MRS measurements on
living animals or humans. Alternatively, one can perform kinetic
experiments by periodically sampling cells or extracts from a liv-
ing host or from a bioreactor system. Both types of measurements
may eventually prove useful in the clinic, but the hope is that high-
field MRS will for the first time enable totally non-invasive studies
of human subjects. Dynamic nuclear polarization already enables
performance of true kinetic measurements in living animals and
even in humans, but to date this has not been accomplished at
normal in vivo concentrations; instead, ex vivo injections of much
higher concentrations of isotopically labeled hyperpolarized spec-
imens, most often labeled pyruvate have been utilized and moni-
tored within about a minute in real time. The relationship of such
studies to actual in vivo metabolism is the subject of considerable
controversy and debate that requires further investigation. Even if
such methods distort in vivo metabolism, they might still be useful
for clinical diagnosis and monitoring of disease and therapy.

Mass Spectrometric Studies of Tumor

Metabolism

For dynamic isotopic labeling, DB-1 cells were cultured in
glutamine-free DMEM containing 2mM [U-*C5,'°N,] glu-
tamine supplemented with 10% fetal bovine serum. After 0,
0.5, 1, 2, 4, and 6h of incubation, medium was aspirated and
cells were snap frozen on dry ice. For comparing euglycemic
vs. hyperglycemia conditions, cells were labeled with glutamine-
free DMEM containing 2 mM [U-13 Cs,P° N;] glutamine and 5 mM
glucose or 25 mM glucose for 8h. LC-MS analysis of isotopic
labeled metabolites was performed as previously described (47).

The Metabolic Network Model

We have utilized a novel three-compartment metabolic net-
work model with the bionetwork schematically depicted in
Figure 1 to calculate fluxes through key pathways of tumor energy
metabolism from "*C isotopic labeling data. This model includes
the perfusion medium, cytosolic and mitochondrial compart-
ments interconnected by various transporters, carriers, and
enzymes that span adjacent compartments. The model is appli-
cable to bioreactor systems and to in vivo data. Glucose (GLUT),
monocarboxylic acid (MCT), and glutamine (GLN) transporters
to the cytosolic compartment are included in the cytosolic mem-
brane. Tumors generally express GLUT1 and GLUT3, but only
GLUT1 is currently included in the model; similarly DB-1 con-
tains MCT1 and MCT4 in approximately equal proportions (50),
but since the Kyt of MCT1 is approximately one-fifth that of MCT4
(51-53), we have only included MCT 1. Because of the critical role
of glutamine in tumor energetics and metabolism, we have also
included the GLN transporter (ASCT2). This model can readily
be extended to incorporate other isoforms of MCT and GLUT as
well as transporters for other amino acids (AAs) and metabolites.

The following metabolic pathways are included in the network:
glycolysis, TCA cycle, o-ketoglutarate-glutamate, and oxaloac-
etate—aspartate exchange through the malate-aspartate shuttle,
anaplerosis through (a) pyruvate carboxylase (PC) activity, (b) at
the succinyl-CoA level, and (c) glutaminolysis through mitochon-
drial glutaminase (GLS and GLS2), pyruvate recycling through
cytosolic (ME1) and mitochondrial malic enzymes (ME2 + ME3),
lactate dehydrogenase (LDH) activity, and transport processes.
Oxidative and non-oxidative branches of the pentose phosphate
pathway (PPP) fluxes were included in the modeling analysis as
well as de novo lipogenesis and fatty acid (FA) oxidation.

In order to permit access of pyruvate to the pyruvate dehydro-
genase complex (PDH) complex for conversion to acetyl-CoA and
incorporation into the TCA cycle, we have included the mitochon-
drial pyruvate carrier (MPC), which was recently identified in all
mammalian cells (54-56). Pyruvate is also linked to the TCA cycle
via PC. The cytosolic compartment with direct links through the
mitochondria to the TCA cycle also contains citrate, glutamate,
and malate. As noted above, the mitochondrial compartment con-
tains the complete TCA cycle with links to the cytosol for citrate
and malate. o-Ketoglutarate is linked to glutamate via glutamate
dehydrogenase (GLUD) and two aminotransferases, aspartate
aminotransferase (GOT), and alanine aminotransferase (GPT).

In order to fit >C time courses of labeled lactate, glutamate
and FAs to determine the corresponding metabolic fluxes and the
transport parameter for bidirectional lactate transport through the
cell membrane, we constructed a BC dynamic model adapted to
perfusion bioreactor experiments. In the model, the perfused [1,6-
B3C,] glucose and glutamine (labeled in some experiments, see
below) are transported from the extracellular medium to the DB-
1 cells. Reversible non-steady-state Michaelis—-Menten facilitative
transport kinetics are assumed to occur through glucose (GLUT
family) or glutamine (ASCT2) transporters:

max (Mei _ M,»)

tr K K
= —— M

L+ g+ o

mi

where Ji" is the net transport flux for boundary species i between
media and cytosol or cytosol and mitochondria; Me; is the extra-
cellular concentration for species i, Ji;** is the maximal transport
rate, and K%; is the Michaelis-Menten constant for transport.
Labeled lactate from the cell is transported into the medium while
obeying Michaelis—Menten kinetics through the monocarboxylic
acid transporter (MCT family). Facilitated media-cell transport is
assumed for glucose, lactate, and glutamine.

Two types of mass balance equations for chemical and isotope
variables were expressed mathematically using the mass balance
equation for the total metabolite concentration in the medium,
cytosol, and mitochondria:

dM; i
L DA WA 2)
j k

d

where M; is the intracellular concentration of the i species, Ji* is
the net transport flux for boundary species i between media and
cytosol or cytosol and mitochondria, Ffj and F*¥ are the normal-
ized reaction fluxes that produce (j) or utilize (k) cellular species i,
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FIGURE 1 | Studied melanoma bionetwork: glycolysis, PPP, TCA cycle, a-ketoglutarate-glutamate, and oxaloacetate-aspartate exchange through
the malate-aspartate shuttle, anaplerosis through (a) pyruvate carboxylase activity, (b) succinyl-CoA, and (c) glutaminolysis through mitochondrial
glutaminases (GLS and GLS2); pyruvate recycling through cytosolic (ME1) and mitochondrial malic enzymes (ME2), lactate dehydrogenase activity,
de novo fatty acid synthesis, and transport processes. Metabolic flux map and energy metabolism with predicted oxygen consumption rate MRO in the
human melanoma DB1 bionetwork at hyperglycemia and normoxia. Numbers indicate fluxes in millimoles per liter-cell per hour. See Table 1 for definitions and values

of the derived fluxes.

and vfj and v¥* are the corresponding stoichiometric coefficients.
The following general dynamic mass balance equations were used
to describe the extracellular boundary metabolites in the medium:

dM,
i = Tje X ]§r7 (3)
where extracellular species concentration is M., and 7 is the ratio
of cell volume to media volume. We also included an additional
term for the medium flow rate. Note that we do not assume here

that media boundary metabolites are at constant concentration.

Bonded Cumomer Analysis

One can monitor flux through the biochemical network model
by measuring changes in isotopic enrichment of individual car-
bons in a molecule containing N carbon atoms. This yields a
total of N-independent time-courses or steady-state values. How-
ever, by considering all the different combinations of labeled and

unlabeled carbons, isotopomer models take full advantage of the
biochemical information that can be obtained from the NMR
spectra, yielding a total of 2¥ — 1 independent variables for a
molecule with N different carbon atoms. Because not all possible
isotopomers are detectable by NMR, a model including all possible
isotopomers would be unnecessarily complex. The concept of
bonded cumomers leads to a reduced number of equations as well
as a more simple derivation of these equations compared to a
model, including all possible istopomers, while retaining all the
NMR measureable isotopomer information.

Let My; denote the isotopomer of a metabolite M, where {i} is a
set of integers i1, iz,. . ., in indicating the positions of all the labeled
carbons. We refer to my; as the isotopomer fraction [My;]/[M] of
molecules M labeled exactly at positions i1, i2. . ., in. A cumulative
isotopomer fraction (or cumomer fraction), noted as pyg is by
definition, the sum of isotopomer fractions for all isotopomers
labeled at least at positions i1, iy. . ., in, whatever the label at the
other positions. We refer to the size n of the set {i} as the order of
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the p-function. For example, assuming that M has a total of four
carbons, the second order p-function pyy 33 can be expressed as:

Pm{13} = M3} + M3 + Musay + maose (4

For example, the cumomer fraction py,33 for cumomer M{1,3}
is the probability that both the first and third carbon atoms of
this molecule are labeled. Shestov et al. (45) have presented a
complete exposition of the bonded cumomer formalism. Here, we
will present examples of how this formalism can be utilized to
efficiently monitor flux through the various metabolic pathways
in Figure 1 in various types of perfused cells and in xenografts
of these tumor cells in immunosuppressed mice. These examples
illustrate the type of information that can be obtained from similar
dynamic studies performed on human tumors in situ or from
extracts of biopsy or surgically excised freeze-clamped specimens
of these tumors measured at isotopic steady state.

Isotopomer dynamics of this system together with the initial
metabolome state vector My € RY and fluxome F, € RM (sub-
script “0” refers to baseline steady-state values and reaction rates)
are formulated as an initial value problem for ordinary differential
equations (ODE) in terms of Bonded Cumomer fractions as the
state variables. Metabolite *C cumomer mass balance for parallel
monomolecular reactions was expressed in the form:

dTE(,-)
M] e zj:FjTtsj(i) - (; Fk) (i), (5)

where metabolite M with pool size [M] is downstream of metabo-
lites Sj. While 7(;) and 7tgj(;y represent the ith cumomer frac-
tion of metabolite M and metabolite S; (i Bonded Cumomer),
respectively. The total outflux XF) balances influx XF;.

Shestov and coworkers (45) have described how isotopomer
balance equations have been derived for every metabolite Bonded
Cumomer of orders 1, 2, 3 (e.g., glutamate, glutamine, aspartate).
This resulted in a set of ~210 differential equations with fine
structure multiplets completely described by each metabolite’s
Bonded Cumomers of order 1, 2, and 3. Wiechert et al. (43) first
proposed the term cumomer, and the concept of cumomer was
used by Muzykantov and Shestov (57) in early studies. There are
connection matrices between the “Bonded Cumomer” ® vectors
(which reflect subsets of metabolite isotopomers) and the vec-
tors of “fine structure” multiplets of '>C NMR spectra (singlets,
doublets, triplets, and quartets of '*C-labeled metabolite). Using
matrix connection equations, one derives kinetic equations in the
form of fine-structure spectroscopic-defined NMR data.

The fitted time-courses for [1,6-">C,] glucose perfusion were:
Glu4Tot (Tot-total), Gluds, Glu4d34, Glu3Tot, Glu3d, Glu2Tot,
Glu2s, Lac3Tot, and acyl methylene (-(CHz),-) resonance, for
a total of nine curves from which we determined the following
free fluxes: melanoma TCA cycle Frca, PC Fpc, exchange between
glutamate and o.-ketoglutarate Fx, anaplerotic exchange and net
flux at the level of SucCoA, Fana, mitochondrial malic enzyme
(ME2 + ME3) activity, de novo FA production, glutaminolysis,
aspartate efflux, and three other parameters - Michaelis—Menten
lactate transport VEACand KEAC and total cellular lactate concen-
tration. Based on flux balance analysis including non-oxidative

glycolytic flux CMRlac and others, we also calculated other
fluxes and parameters, including the Warburg parameter (ratio
of flux from pyruvate to lactate vs. pyruvate to the MPC).
Using the Runge-Kutta fourth-order procedure for stiff sys-
tems in terms of Bonded Cumomers, we solved these differ-
ential equations to obtain time courses for all possible fine
structure *C multiplets of glutamate, glutamine, and aspartate.
Minimization of the cost function was performed using Broy-
den-Fletcher-Goldfarb-Shanno or Simplex algorithms. By veri-
fying that goodness-of-fit values were close to expected theoretical
values, we confirmed proper mean-square convergence. Monte
Carlo simulations with experimental noise levels were used to
calculate parameter errors (58). All numerical procedures were
carried out in Matlab (Mathworks, Natick, MA, USA).

Liquid chromatography-mass spectrometry data without
detailed flux analysis were utilized to compare fluxes under
different conditions (e.g., hyperglycemia vs. euglycemia) since no
statistically significant change was observed between the different
medium glucose concentrations.

Metabolic Isotopomer Control Analysis for

Bonded Cumomer Models

Metabolic control analysis (MCA) was originally proposed to
quantify sensitivity — i.e., to measure the effect of changes in
any parameter of a system on the other variables in that system.
This approach was developed independently by two groups in the
1970s (59, 60) and has been limited to systems at steady state.
In this approach, the sensitivity of changes in variables, such as
metabolite concentrations due to changes in other parameters is
quantified by control coefficients. Metabolic control coefficients
are used for comparison of many parameters that span several
orders of magnitude. A control coefficient is defined as the relative
change in the variable per relative change in the parameter, when
infinitesimal changes are introduced:

N I
p/p)  \Olp )

where p is varied parameter and R is a system response, e.g.,
concentration or flux; the subscript ss indicates steady state. Sensi-
tivity analysis measures the robustness of the metabolic model and
network topology to variations in parameter values. The robust
parameters with greatest influence on model simulation can help
to identify critical fluxes and pathways. These fluxes also have
less experimental error. Here, we extend the MCA technique to
dynamic metabolic flux analysis in which the behavior of interest
occurs in the temporal responses. First, we introduce the dynamic
isotopomer control coefficient or the sensitivity function:

oy /T
OF/Fc )’

ICC), = < (7)
where T(;) represents the ith cumomer fraction of metabolite M,
and Fy is a certain parameter, such as a flux. By introducing these
variables, isotopomer sensitivity equations can be derived by dif-
ferentiating dynamic bonded cumomer balance equations (Eq. 5)
with respect to identified fluxes or other parameters that yield
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the corresponding initial value Cauchy problem for non-linear
ODE. The dynamic sensitivity equations determine the time evo-
lution of isotopomer control coefficients. These consist of a large
number of equations that must be solved simultaneously with the
initial system (1) resulting in double the number of differential
equations. These characteristics of the output sensitivity matrix
with respect to the flux vector F and other parameters provide
a framework for analysis of isotopomer model robustness. By
simulating the dynamic time course of sensitivity functions, one
identifies the fluxes most sensitive to a particular bonded cumo-
mer of a metabolite and *C fine structure multiplet. Figure 2A
displays calculated values of those dynamic isotopomer control
coefficients (or relative sensitivity functions).

We also computed the sensitivity of the mean squared differ-
ence between experimental and corresponding model output (i.e.,
error) to finite changes in parameter values. The sensitivity to each
parameter was calculated as the relative change in mean squared
error (MSE) due to 5% change in the given parameter value:

—E(pi))]
* E (p;) ’

where E represents the minimum mean squared difference
between model simulation and experimental data. These sensi-
tivity values represent the degree to which the theoretical curves
are sensitive to the value of individual parameters. High values of
the sensitivity parameter S; indicate that changing a parameter p;

max |(E @i + 0.0517,‘)
0.05p;
pi

Si= (8)

results in a significant change in the simulated curves and in the
MSE E.

Figure 2B shows calculated MSE sensitivities for several free
fitted fluxes.

Applications of Metabolomics to

Melanoma and Lymphoma

To illustrate the application of these techniques to studies of
human cancer, we will describe studies of human melanoma
models grown in culture, as perfused tumor cells grown on
solid microcarrier beads and as xenografts in immunosuppressed
mice. The cell studies will be utilized to validate the bonded
cumomer model and to estimate the contributions of glycolytic
metabolism and mitochondrial metabolism to ATP production
under hyperglycemic (26 mM) and euglycemic (5mM) condi-
tions. Effects of euglycemia and hyperglycemia on glutamine
metabolism, flux through the pentose shunt and FA metabolic
pathways will also be evaluated using both *C MRS and bonded
cumomer analysis as well as LC-MS and fragmented cumomer
analysis.

To demonstrate how '*C MRS and LC-MS can be used to detect
response to signal-transduction inhibitors, we will present data
on the effect of rapamycin, a well known inhibitor of the mTOR
pathway, on DLCL2 human diffuse large B-cell NHL cells grown
in culture as perfused cells immobilized by encasement in agarose
beads and as xenografts in immunosuppressed mice. We will

time, h
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FIGURE 2 | The dynamic multiplet control coefficients and sensitivity analysis. (A) In the left panel, the dynamic multiplet control coefficients are shown with
respect to glutaminolysis flux for the glutamate-C4 total and doublet C4d34 and singlet C4s multiplets and the glutamate-C3 and glutamate-C2 total and their
multiplets (right panel) during perfusion with medium containing [1 ,6—‘302] glucose and unlabeled glutamine. Data show the time courses of normalized multiplet
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sensitivities to variation of the glutaminolysis flux. For simulation, the conditions were chosen to optimize extracted fluxes, while glutaminolysis flux was set at 5% of
the TCA cycle flux. The glutamate doublet 4d34 is the most sensitive glutamate multiplet to measure glutaminolysis net flux during the first ~1.5h, and afterwards the
4s singlet becomes more sensitive. The data in the right panel demonstrate the superior sensitivity of the glutamate 3d doublet at the beginning and glutamate 2s
singlet after ~1.5h. (B) Total relative mean squared error (MSE) sensitivity function output during perfusion with medium containing [1,6-13C2] glucose and unlabeled
glutamine with respect to free fitted fluxes. Upper panel shows the sensitivities to the TCA cycle, anaplerotic net flux at the level of SucCoA and mitochondrial malic
enzyme activities; and lower panel shows MSE sensitivities to the pyruvate carboxylase (pc), exchange flux o-Kg < glu (x), exchange flux at the level of SucCoA (ana)
and glutaminolysis flux (gls). Note also the significant sensitivities for the fluxes in the upper panel and higher sensitivity for glutaminolysis compared to other fluxes in
the lower panel.
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demonstrate that response to this inhibitor can also be monitored
by 'H MRS lactate imaging in cells and in xenografts. Ultimately,
the goal will be to translate these methods into the clinic to manage
human NHL patients. Preliminary studies leading to this approach
have been published (15).

MATERIALS AND METHODS
Cell Culture

The human DB-1 melanoma cell line was derived by David Berd
from a lymph node metastasis of one of his patients (Thomas Jef-
ferson University Hospital, Philadelphia, PA, USA) before admin-
istration of any treatment. Cells were cultured from the tumor
and cryopreserved after the 16th passage. Monoclonal antibodies
were used to confirm cell surface antigens (61). DB-1 cells were
grown as monolayers for routine culture at 37°C in 5% CO; in o
MEM medium supplemented with 10% fetal bovine serum, 2 mM
glutamine, 26 mM glucose, and 1% (v/v) non-essential AAs and
10 mM HEPES buffer. In tissue culture flasks, the doubling time
was 48h (50). The V600E BRAF mutation is expressed by the
DB-1 cells.

Cell Perfusion and NMR Spectroscopy

For NMR studies of perfused tumor cells, DB-1 cells were cultured
in DMEM with 1% non-essential AAs (Invitrogen, Grand Island,
NY, USA), 10% fetal bovine serum, 10 mM HEPES, 4 mM glu-
tamine, and 26 mM glucose (complete DMEM). Approximately
5 x 10° cells were grown on the surface of non-porous microcarri-
ers that had a mean diameter of 170 microns (Solohill, Ann Arbor,
MI, USA). These microcarriers were coated with either collagen
or ProNectinF® to enhance cell attachment and proliferation and
tightly packed inside a 20mm NMR tube in which they were
perfused continuously in the open bioreactor system. Mancuso
et al. (62) have published a detailed description of the perfusion
system, including flow rates, cell adhesion procedures, etc.

The method of Bental et al. (63) was used to immobilize lym-
phoma cells (DLCL2) by encapsulation into agarose beads. In
brief, we thoroughly mixed 1.5ml of ~5 x 10® cells in culture
medium with an equal volume of the low-temperature-gelling
agarose at 37°C and magnetically stirred the mixture after addition
of 3 ml paraftin oil at 37°C generating the cell-encapsulated spher-
ical beads with 100-200 um diameters. The beads were cooled by
continuous stirring, and the oil was removed by centrifugation.
The encapsulated cells were then loaded into a 10 mm NMR tube
connected to the perfusion system.

Medium was circulated through the microcarriers or agarose
gel at a flow rate of 12 ml/min with a peristaltic pump (Masterflex,
Cole Parmer, Chicago, IL, USA). A gas-exchange module consist-
ing of a silicone membrane (thin-wall silicone tubing) was situated
before the perfusion chamber along the medium flow path for
removal of carbon dioxide and addition of oxygen. The oxygen
level was measured continuously with a polarographic oxygen
probe (Mettler-Toledo, Columbus, OH, USA) situated at the inlet
port to the perfusion chamber and maintained at a steady-state
pressure near air saturation. The medium was then warmed to
40°C, and a second polarographic oxygen probe was used to
detect the oxygen level of the medium coming out of the NMR

tube permitting the oxygen consumption rate of the culture to be
monitored continuously from the decrease in pO,. A pH probe
(Mettler-Toledo, Columbus, OH, USA) was inserted downstream
of the outlet oxygen probe. Adjustment of the level of CO; in
the gas-exchange module was used to modify/maintain the pH of
the medium. The temperature of the medium entering the NMR
tube was monitored with a thermocouple at the exit port of the
perfusion chamber and was fine-tuned with a microstat-controller
and an electrical resistance heater to 37.0 & 0.2°C. The glucose
concentration in the recirculating medium was maintained at a
constant level (clamped) by continuously feeding fresh medium
typically at a flow rate of 24 ml/h and removing depleted medium
from a recirculation bottle while maintaining the total volume of
recirculating medium at 120 mL During "’C experiments, 32 mM
[1,6-1°C,] glucose was fed into the system, and the recirculating
glucose level was clamped at 26 mM by adjusting the feed rate.

BC NMR spectra were acquired with standard 'H decou-
pled NOE "*C acquisition on a 9.4 T/89 mm vertical bore Varian
spectrometer (Varian Inc., Palo Alto, CA, USA) with acquisition
parameters: 60° pulse angle, 1.2 s repetition rate, 25,000 Hz spec-
tral width, 16,384 points, and 750 transients per spectrum. Free-
induction decays were apodized by exponential multiplication
(2 Hz) for signal to noise enhancement and peak areas were mea-
sured with Nuts NMR (Acorn NMR, Fremont, CA, USA) software.
The number of cells in the NMR tube was determined from the
total NTP level measured by *'P NMR as described previously
(64) using the following spectral parameters: 60° pulse angle, 1s
repetition rate, 15,000 Hz, 1,200 transients.

Melanoma cells were initially studied under normoxic hyper-
glycemic (26 mM glucose) conditions to enhance lactic acidosis
(65, 66) and subsequently under normoxic euglycemia (5mM
glucose) to more closely simulate in vivo conditions. The effect
of these changes in glucose concentration on flux through various
pathways of tumor metabolism was determined over a ~6 h time
course during which the kinetics of labeling of lactate, glutamate
and other metabolites was monitored. The estimated TCA cycle
flux was compared to the oxygen consumption flux to test the
accuracy of the calculations.

In vivo animal studies

Immunosuppressed mice were used for in vivo studies. Tumors
were developed by subcutaneous implantation of tumor cells to
the flanks of nude mice. NMR studies on mice were performed
using a home-built *C/'H dual-tuned probe at 9.4 T (Varian Inc.).
All animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Pennsylvania,
and performed in accordance with its regulatory standards.

Statistical Analysis
Student’s ¢-test was used to calculate p-values. P-values <0.05 were
considered significant.

RESULTS AND DISCUSSION

Melanoma Studies
Determination of the relative levels of glycolytic and oxida-
tive metabolism of specific tumors plays an important role in
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development of strategies for treating neoplasms and for choos-
ing appropriate methods to detect tumor response to specific
therapies. Development of a non-invasive method for quantify-
ing the fraction of ATP production by tumors that occurs by
glycolytic and mitochondrial metabolism would be very useful
in the management of cancer patients and tailor-fitting of ther-
apeutic regimens to their individual needs. In addition, various
other pathways of tumor metabolism play critical roles in tumor
proliferation by providing essential precursors for cell replication.
We, therefore, sought to develop a method for quantitating tumor
intermediary metabolism in cells with appropriate extension to
animal tumor models and eventually to human cancer patients.

Metabolic Fate of [1,6-'3C,] Glucose in
DB-1 Cells

The entire metabolic network that is included in the current
analysis is depicted in Figure 1. Figures 3A and 4 summarized
3C labeling kinetics of DB-1 melanoma cells grown at a constant
glucose level of 26 mM. Dynamic >C NMR spectra obtained
during the experiment appear in Figure 3A. We detected reso-
nances of C3 lactate, C2, C3, and C4 glutamate, C2 and C3 of
aspartate, and fatty acyl carbons. Under hyperglycemic conditions
(26 mM glucose), lactate labeled at C3 (20.9 ppm) appeared in
the spectrum within the first few minutes (Figures 3A and 4C).
Levels of this metabolite increased throughout the experiment
but did not reach saturation. Lactate resonance intensity was the
combined result of the biological rate of lactate formation and the
rates of washout of lactate due to the continuous addition of fresh
medium and withdrawal of spent medium from the perfusion sys-
tem. Fifteen minutes after introduction of labeled glucose, isotopic
BC incorporation in C4 of glutamate (34.3 ppm) was detected;
Figure 4A shows the full-time course for labeling results for this
resonance. The concentration of C4-labeled glutamate increased
linearly for ~1h. Satellites were subsequently detected indicat-
ing the presence of *C-">C coupling between glutamate-C4 and
glutamate-C3 (1). The rate of labeling of glutamate exclusively on

C4 (producing a singlet peak) gradually slowed and approached
steady state after approximately 6 h. The level of coupled glutamate
labeled at both C3 and C4 continued to increase steadily through-
out the experiment. Labeling of the glutamate-C3 resonance at
28.8 ppm is displayed in Figures 4A,B. > C labeling of this carbon
increased linearly but did not reach saturation. Approximately,
two-thirds of the C3 glutamate carbon was coupled (predomi-
nantly to glutamate-C4). Within 1h, glutamate-C2 labeling was
detected (Figures 4A,B). However, only a singlet was observed
for the first 3h, unlike glutamate-C3 which exhibited multiplet
structure. Subsequently, a doublet appeared due to the presence
of glutamate-C2,3 labeling after carbon 1 was removed from
glutamate-C3,4 during the third turn of the TCA cycle (1).

Labeling was also observed in long chain FAs at approximately
30 ppm, indicating that DB-1 melanoma cells produce lipid de
novo from glucose (see Figure 4D), consistent with results for
other cancer cell lines grown in culture (67). Low levels of labeling
of aspartate-C2 and C3 were also observed. Labeling of alanine
was not detected, probably due to the low total concentration of
this AA; this result is unusual since most cancer cell lines pro-
duce "*C-labeled alanine from glucose (62, 67). Resonances were
observed at approximately 65 ppm, a spectral region associated
with the glycerol backbone of phospholipids in triglycerides as
well as other glycolytic intermediates.

Quantifying Bionetwork Fluxes

We utilized Bonded Cumomer analysis to fit >’C NMR DB-1
melanoma data acquired during continuous perfusion of cells
with [1,6-°C,] glucose in the bioreactor system. Isotopomer
time course data were converted to '*C-metabolite concentration
curves (Figure 4). Only those multiplets with end-point concen-
trations >0.5mM were used in the fitting procedure in order to
minimize the bias introduced by using multiplets with low signal
to noise ratio. Since the noise level of the remaining experimental
multiplets was expected to be high (not shown), these resonances
were used only as reference points for visually examining the fit
predicted for low intensity curves to experimental data but not
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Biochemistry and Molecular Biology.]

Model Validation

To validate the bonded cumomer network model, we compared
parameters inferred from the model with experimentally deter-
mined values. We measured the O, consumption rate (MRO>)
with polarographic oxygen probes during the perfusion experi-
ment. The fluxes obtained by fitting of dynamic '*C data produced
good agreement between the experimentally observed oxygen
consumption rate, 33 mmol/L-cell/h, and the calculated MRO,,
32 mmol/L-cell/h (see Tables 2 and 3). The experimental total
glutamate concentration was 8.6 mM that was in good agree-
ment with the calculated glutamate pool size of 9.2 mM. The
measured glucose consumption rate (MRglc) was 90 mmol/L-
cell/h, that compared favorably with the predicted MRglc of
81 mmol/L-cell/h. The measured lactate production flux (CMR-
lac) was 155 mmol/L-cell/h, whereas the predicted CMRlac was

for calculating the goodness of fit of these metabolite resonances.
Four types of measurements were used to quantify tumor central
metabolic fluxes: three sets of time courses of (1) glutamate iso-
topomers (multiplets), (2) total lactate-C3 labeling, (3) acyl groups
of FA resonances determined by NMR in situ, and (4) steady-
state >C NMR lactate isotopomers. The following time courses
were utilized in the curve-fitting procedure: Glu4Tot (Total: Tot),
Glu4s, Glu4d34, Glu3Tot, Glu3d, Glu2Tot, Glu2s, Lac3Tot, and
acyl methylene (-(CH2)n-) resonance, yielding a total of nine
curves. Estimation of the model-free parameters was achieved
by fitting labeling patterns of glutamate, lactate, and FAs acyl
methylene groups. Table 1 and the flux map in Figure 1 summa-
rized the fluxes determined by the fitting procedure. Monte Carlo
simulations were used to estimate errors in parameters included

in Table 1.
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TABLE 1 | Extracted fluxes using bonded cumomer modeling.

Reaction Flux
(mmol/L-cell/h)?

Pentose phosphate pathway (oxidative branch), net PPP 3.3+72%
Foppox

Transketolase 1 (exchange) relative to glycolysis, TK1 214+ 56%

Transketolase 2 (exchange) relative to glycolysis, TK2 0.5+90%
Transaldolase (exchange) relative to glycolysis, TA 44 4+ 64%

Glucogenic amino acids contribution to pyruvate, Fgaa 5.0£20%
TCA cycle rate, Ficq (isocitrate — o-Kg) 10.9+8%
Exchange, Mal-Asp shuttle, F, (reversible) 11.3+19%
Pyruvate carboxylase Flux, Fpc 0.6+51%
Anaplerotic exchange flux at SucCoA, Fxana 3.0+ 15%
Net Anaplerotic flux to the TCA cycle, dFana 4.3+15%
Flux of ketogenic AA and FA to Acetyl-CoA formation, Fyaa 0.1+19%
Glutaminolysis Flux, Fgs 0.05 £60%
Pyruvate dehydrogenase Flux, Foqn 10.8+16%
Citrate synthase flux, Fes 11.54+14%
Net fumarase activity, Fum—Mal, Fiym 15.3+16%
Fatty acids synthesis, Fias 0.59+15%
Mitochondrial pyruvate transport, Frpe 71+£23%

Malic enzyme (mitochondrion), ME2 + ME3, Frnem 4.3+12%

Malic enzyme (cytosolic), ME1, Frec 0.6+ 15%

Aspartate efflux, dFxasp 0.06 + 45%
Production Flux of ATP, glycolytic, Warburg, Fatpcyt 150+ 13%
Production Flux of ATP, mitochondrial, oxphos, Faipox 1564 £12%

Warburg parameter (net LDH/MPC flux ratio) 21 £ 24% (unitless)

Combined glycolysis and PPP flux from G6P to pyruvate 15621 £12%

Glutamine consumption flux (for protein, nucleotides, amino 4.94+10%"
acids, glutathione, etc)

Net LDH activity, Pyr — Lac, Fign 150+ 12%
Lactate transport, Vimaxiac 395 +12%

Lactate transport, Michaelis-Menten parameter, K, 3.5mM+70%

@Calculated rates of flux are expressed in millimoles per liter-cell per hour with relative SDs
in percent for pathways shown in Figure 1. Warburg parameter is the ratio of the net flux
through lactate dehydrogenase (LDH) to the mitochondrial pyruvate carrier influx (MPC).
PSD was estimated based on experimental measurements of glutamine consumption.
This research was originally published in Journal of Biological Chemistry. Shestov et al.
(14). © the American Society for Biochemistry and Molecular Biology.

150 mmol/L-cell/h. We note that we did not use experimen-
tally measured fluxes as constraints in our Bonded Cumomer
metabolic flux analysis.

Tables 2 and 3 also compare glucose and glutamine uptake
under euglycemic (6 mM glucose) and hyperglycemic (23 mM)
conditions. Under euglycemic conditions, glutamine influx
approximately doubles, whereas glucose consumption remains
essentially unchanged.

Finally, we were able to generate a flux map that was included
with the bionetwork in Figure 1. This figure shows the extracted
metabolic fluxes with the predicted oxygen consumption rate
MRO;. Numbers indicate fluxes in mmol/L-cell/h. See Table 1
for definitions and values of the derived fluxes; Table 2 summa-
rizes the predicted and calculated metabolic rates derived from

TABLE 2 | Experimental data compared to calculated values determined by
dynamic bonded cumomer modeling (mmol/L-cell/h).

Reaction Exp. Flux Calculated flux
(mmol/L-cell/h) (mmol/L-cell/h)

Oxygen consumption MRO» 36 32

Glucose uptake 91.0 85

155.0 150

a

Pyruvate to lactate
Glutamine uptake 5.0 —
Glutamate concentration 8.6mM 9.2mM

@The flux was not estimated, as glutamine is consumed in numerous reactions we did
not study here. This research was originally published in Journal of Biological Chemistry.
Shestov et al. (14). The American Society for Biochemistry and Molecular Biology.

TABLE 3 | Experimental glucose and glutamine consumption fluxes under
euglycemia (6.4 mM) and hyperglycemic conditions (23.2mM in medium).

Glutamine flux Glucose flux

0.064 0.86
0.035 0.79

Euglycemia (6.4 mM)
Hyperglycemia (23.2 mM)

Glutamine [GIn]=3.0mM at low glucose and 3.4mM at high glucose. Fglc, glucose
consumption flux (mmol/10°cells/h) and Fgin, glutamine consumption (mmol/10°celis/h).
Flux ratios were Fglc/Fgin = 22.4 at high glucose and Fglc/Fgin = 13.5 at euglycemia.
This research was originally published in Journal of Biological Chemistry. Shestov et al.
(14). © The American Society for Biochemistry and Molecular Biology.

these data. The excellent agreement between model-predicted and
experimental values validates the model.

Quantifying ATP Production Routes

The predicted fluxes were used to calculate contributions of gly-
colysis and oxidative phosphorylation (oxphos) to ATP produc-
tion. We assumed that the oxidative phosphorylation P/O ratio
equals 1.5 for FADH; and 2.5 for NADH oxidation. To assess the
contribution of glucose, FAs and glucogenic AAs and glutamine
to generating reducing power, we calculated the fluxes for each of
these metabolites. For each of the above substrates, we calculated
the NADH/FADH, reaction flux based on the different labeling
patterns that we were able to track both from the labeled and
unlabeled C atoms. The combined cytosolic ATP production flux
was 150 mmol/L-cell/h, and the mitochondrial compartment pro-
duced 154 mmol/L-cell/h due to oxidative phosphorylation. The
results are presented in Table 1.

Consequently, about 50% of the energy of this tumor model
comes from oxidative metabolism, whereas many authors have
suggested that tumors derive most of their energy from aerobic
glycolysis. The glycolytic contribution will, no doubt, increase
in vivo where tumors are often located in regions of hypoxia,
which produce a Pasteur effect, and, hence, a shift toward
glycolytic metabolism; however, it is likely that many tumors like
melanomas will be strongly dependent on oxidative metabolism
for their energy source, particularly in tumors that express the
V600E BRAF mutation, about 50% of human melanomas. (68)
High fluxes of pyruvate mitochondrial transport (~70% of the
TCA cycle activity) and mitochondrial ATP production are
promoted by melanoma associated BRAF mutation. Recent work
(69) has demonstrated that BRAF V600E mutated melanoma
cells exhibit increased pyruvate entry through the activated
PDH. PDH flux (~106% of the TCA flux) is regulated by
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phosphorylation/dephosphorylation mediated by PDH kinase
(PDK) and PDH phosphatase (PDP). The oncogene BRAF V600E
causes concerted activation of PDH complex by downregulation
of PDK1 expression and upregulation of PDP2 thereby promoting
oxidative pyruvate utilization and leading to increased cellular
respiration.

Pentose Phosphate Pathway

We used the Bonded Cumomer flux model to fit *C NMR steady-
state data acquired after 8 h incubation of DB-1 cells with [1,2-
BC,]glucose tracer. The fitted steady-state data were Lac3Tot,
Lac2Tot, Lac3s, Lac3d23, Lac2s, and Lac2d23 multiplets. All the
experimental "*C NMR spectra and the results of fitting are shown
in the Figure 5. The extracted fluxes relative to glycolytic flux are
presented in Table 1. Flux SDs were calculated by Monte Carlo
calculations. Flux through the oxidative PPP was estimated to
be 3.6% of the glycolytic rate. Given the extensive experimental
data that have been obtained for the lactate '>C NMR multiplets,
we were also able to estimate non-oxidative exchange fluxes (the
smallest rate for reversible reaction) of the classical PPP (Figure 1),
which are presented in Table 1. Transketolase 1 and transaldolase
exchange fluxes in the non-Ox PPP branch were consequently
relatively high at 21 and 44%, respectively, and transketolase 2
activity was close to 0. The flux SDs (Table 1) demonstrate that all
fluxes through PPP were resolved with relatively poor resolution
when using only >C NMR isotopomers of lactate as a reporter
molecule. NADPH production flux via the oxidative PPP pathway
was estimated to be 6.6 mmol/L-cell/h.

Quantifying Glutaminolysis Flux

Our recent focus has turned to refinement of the details of glu-
taminolysis because of its critical role in the metabolism of many
malignancies. For example, one glutamine molecule could pro-
duce up to 22.5 ATP molecules. Therefore, even a small amount
of glutaminolysis can have a major effect on the bioenergetics of
cancer cells. In DB-1 melanoma under hyperglycemic conditions,
glutamine uptake flux ranged up to 50% of the TCA cycle flux.
Under euglycemic conditions, glutamine uptake doubled reaching
approximately the same level as TCA cycle flux. Glutamine uptake
can lead to protein synthesis, glutathione synthesis, or nucleotide
synthesis as well as to ATP production by the glutaminolysis
pathway (see below) or to cytosolic reductive carboxylation (RC)
driven by glutaminase 1 (GLS; it is considered to be present
both in mitochondria and cytosol) or other glutamine-glutamate
conversion enzymes in cytosol and isocitrate dehydrogenase 1
(IDH1) (70). It was, therefore, important to refine the metabolic
analysis of DB-1 melanoma to accurately assess the contributions
of the glutaminolysis pathway in these tumor cells (See Figure 1).
In order to quantify the glutaminolysis contribution to energy
production, we modified the bionetwork simultaneously allowing
net glutamine influx into mitochondria through glutaminase 1
and 2 (GLS and GLS2) (Figure 1).

“Classical” glutaminolysis includes uptake of glutamine by
the cell, transport to mitochondria, conversion to glutamate
through mitochondrial glutaminase 1 or 2 (GLS and GLS2), and
finally entry into the TCA cycle to o-ketoglutarate via GLUD1
and GLUD?2 or via mitochondrial aminotransferases (GPT2 and
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FIGURE 5 | High-resolution '*C and 'H NMR spectra of lactate from
DB-1 cells incubated with [1,2-'3C,] glucose and experimental lactate
multiplets vs. fit. (A) "°C NMR spectra. The left panel shows the NMR
spectrum at the chemical shifts around lactate C2, and the right panel shows
the spectrum around lactate C3. 2s, lactate singlet at C2 position; 2d32,
lactate C2 doublet with carbon coupling between the carbon 2 and 3
positions; 3s, lactate singlet from the C3 position; 3d23, lactate C3 doublet
with carbon coupling between the carbon 2 and 3 positions. (B) Proton-
observed carbon-edited (POCE) "H NMR spectra. The upper panel shows the
labeled lactate and the lower panel shows the unlabeled lactate. (C)
Experimental multiplet fraction (left bars, black) vs. fitting (right bars, patterned)
for lactate C3 and C2, and the predicted lactate C1 multiplets, based on the
evaluated oxidative and non-oxidative branches of the PPP. Error bars
indicate SDs. The extracted oxidative PPP flux and the relative exchange
fluxes for transketolases and aldolase are presented in Table 1. [This research
was originally published in Journal of Biological Chemistry. Shestov et al. (14).
© the American Society for Biochemistry and Molecular Biology.]

GOT2). Alternatively, glutaminolysis could partially occur in the
cytosol by producing glutamate or a-ketoglutarate from glu-
tamine and eventually by entry of those metabolites in to the
TCA cycle via oi-ketoglutarate. Further flux in the TCA cycle then
moves to malate where malate-pyruvate cycling occurs (Figure 1).
There are two pathways for pyruvate-malate cycling. One pathway
involves conversion of malate via mitochondrial malic enzyme
(ME2) to pyruvate; it then returns to oxaloacetate via PC, or it
can go from pyruvate to acetyl-CoA leading to citrate. The second
pyruvate cycling pathway goes from malate in the mitochondria
through a transporter into the cytosol and from there to cytosolic
pyruvate via cytosolic malic enzyme (ME1). The cytosolic pyru-
vate can return to the mitochondria through the MPC or it can
be converted to lactate via LDH or to alanine via alanine amino-
transferase (GPT1). The BC approach can distinguish between
these pyruvate-malate pathways or their combinations under real
conditions (Figure 1).

We continue the analysis of data of DB-1 melanoma cells treated
with [1,6-13C5] glucose as the tracer with respect to sensitivi-
ties of the experimental multiplets to glutaminolysis. Dynamic
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isotopomer control analysis (ICA) indicates that the curves result-
ing from fitting of the C4-labeled glutamate multiplets, particu-
larly the glutamate 3,4 doublet-glu4d34 resulting from simultane-
ous labeling of C3 and C4 (during the second TCA cycle turn)
and the singlet resulting from glutamate labeling exclusively at
C4 (during the first turn of the TCA cycle) are very sensitive to
flux through the glutaminolysis pathway even when only natural
abundance medium glutamine has been used. See for example
Figure 2A, where we display the dynamic multiplet control coef-
ficients with respect to glutaminolysis activity for the glutamate
C4 total and the glutamate C4 singlet and 3,4 doublet-4d34, and
for the glutamate C3 and C3d doublet and glutamate-C2 and C2s
singlet. This figure clearly indicates that glutamate labeling kinet-
ics is sufficiently sensitive to glutaminolysis flux and that there
is no need to purchase or synthesize exotically labeled glutamine
(with *C, '°N, or *H labeling) to evaluate glutaminolysis. Control
simulation was based on the optimal set of extracted fluxes, and
glutaminolysis flux was set at 5% of the TCA cycle flux. The plotted
dynamic glutamate multiplet control coefficients indicate that the
glutamate doublet 4d34 is the most sensitive glutamate multiplet
with respect to glutaminolysis net flux during the first ~1.5h
when the sensitivity of the RGlu4d34 doublet is positive (positive
mode) and afterwards when the RGlu4s singlet 4s becomes most
sensitive in the negative operation mode. The data in the right
panel of Figure 2A demonstrate the superiority of the sensitivity to
glutaminolysis flux of the glutamate 3d doubled at the beginning
and glutamate 2s singlet during the time course after ~1.5h.

We then evaluated the contribution of glutaminolysis flux to
overall energy production of DB-1 melanoma cells. We found
that for this tumor line, glutaminolysis flux through the truncated
TCA cycle and via pyruvate-malate cycling by malic enzyme
ME?2 is essentially 0. This conclusion resulted directly from the
ability of the model to detect glutaminolysis flux by fitting of data
on the glutamate multiplets (see above). To further confirm this
conclusion, we forced the model to accommodate glutaminolysis
flux between 5 and 20% of the TCA cycle flux. Invariably, this
grossly deteriorated the goodness-of-fit of the isotope kinetic data
to the model (results not shown).

Even though glutaminolysis does not contribute substantially
to mitochondrial ATP production, there is still substantial mito-
chondrial malic enzyme flux (combined activities of NADH pro-
ducing ME2 and NADPH producing ME3), which is equal to
approximately 40% of the TCA flux (see Table 1).

There has been considerable interest in glutamine metabolism
as a key source of tumor energy production linked to c-myc
expression (71-75). Our model of tumor metabolism (Figure 1)
contains a specific glutamine transporter on the cell membrane.
The classical model of glutaminolysis includes an additional
specific glutamine transporter on the mitochondrial membrane
that leads to mitochondrial glutaminase (GLS2 or GLS), which
converts glutamine to glutamate, which is then converted to o-
ketoglutarate by enzymes, such as GLUDI and GLUD2. Two
additional transaminases can carry out the glutamate to o.-
ketoglutarate exchange, aspartate aminotransferase, and alanine
aminotransferase. The o-ketoglutarate then produces reducing
equivalents via the oxidative branch of the TCA cycle leading
to ATP production by oxidative phosphorylation. Various path-
ways, including the malate-aspartate shuttle, PC, malic enzyme,

and phosphoenolpyruvate carboxykinase (PEPCK1 and 2) all
contribute to metabolism of the glutamine carbon atoms. As
previously noted, glutamine metabolism can lead to production
of 22.5 molecules of ATP per glutamine molecule. In the case of
DB-1 melanoma cells under hyperglycemic conditions, glutamine
influx constituted about 50% of the TCA cycle flux, with about
double this level of glutamine uptake under euglycemic condi-
tions (Tables 2 and 3). However, the transaminase reactions are
reversible and may exhibit high exchange fluxes in both directions
with very little net glutamine uptake by the TCA cycle and nearly
no energy production from the glutaminolysis pathway in DB-1
cells. It is important to note that because carbon atoms of gluta-
mate originating from glucose will be isotopically labeled (first on
C4 position and then on C2 and C3, etc.), whereas carbons coming
from glutamine will be unlabeled, it was possible to distinguish the
two pools of carbon atoms originating from these two substrates.
The data fitting clearly indicated that the net flux from glutamine
being metabolized via the TCA cycle was very small.

We also conducted a sensitivity analysis to show that using
[1,6-1°C,] glucose tracer alone is enough to reliably calculate glu-
taminolysis flux in malignant cells and tissues. Figure 2A shows
that the glutamate-C4 doublets due to C3-C4 coupling (glu4d34)
is most sensitive to glutaminolysis and all experimental glutamate
multiplets, including total positional enrichments at glutamate
C4, C3, and C2 are sensitive to the net flux of unlabeled glutamine
entering the TCA cycle. Fitting analysis indicated that there was
little net influx from glutamine into the TCA cycle. Note also that
this conclusion can also be reached from *C NMR data without
the use of labeled glutamine.

By contrast, some investigators utilizing mass spectrometry
have equated glutamine uptake minus glutamate release with net
glutaminolysis flux (76). In the present case, the net influx of
glutamine is ~5mmol/L-cell/h, which, if it were equated with
glutaminolysis flux, would have been interpreted as 113 mmol/L-
cell/h of ATP per h or about 75% of the glycolytic produc-
tion of ATP. Under euglycemic conditions, which produce about
twice the level of glutamine uptake, such an analysis would have
attributed about 50% higher ATP production to glutaminolysis
rather than to glycolysis, and most of the tumor energy production
would have been attributed to glutaminolysis. This is incorrect
in our case; in reality the net glutaminolysis flux under hyper-
glycemic conditions is ~0.1 mmol/L-cell/h or ~2 mmol ATP/L-
cell/h or ~1% of the glycolytic ATP production rate. Bonded
Cumomer analysis provides a method for making this crucial
distinction. Our labeled LC-MS data for the TCA cycle inter-
mediates with [U-"*Cs, U-'°N;] glutamine confirmed that no
glutaminolysis occurred under euglycemic conditions vs. hyper-
glycemia (Figure 6). The absence of change in glutaminolysis
or RC flux is evident from similar mass-isotopomer distribution
(MID) of several key metabolites. Our finding of nearly zero glu-
taminolysis flux contradicts the view of Scott et al. (77), who, on
the basis of glutamine uptake and label appearance in some TCA
cycle metabolites, concluded that glutamine was utilized as an
anaplerotic substrate of several human melanoma lines. However,
these authors failed to conduct a rigorous metabolic modeling
analysis to measure flux through the TCA cycle. Consequently,
they were unable to distinguish between actual flux through
the cycle via glutaminolysis and exchange labeling between
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FIGURE 6 | Mass-isotopomer distribution (MID) for the TCA cycle
intermediate and acetyl-CoA measured at hyperglycemic and
euglycemic conditions during [U-'3Cs] glutamine labeling. MID of (A)
citrate, (B) malate, (C) succinate, and (D) acetyl-CoA. The figure clearly
demonstrates that there are no significant differences in labeling patterns of
key metabolites (p-value was always >0.05) between 5mM glucose and
25mM medium glucose conditions. [This research was originally published in
Journal of Biological Chemistry. Shestov et al. (14). © the American Society
for Biochemistry and Molecular Biology.]

o-ketoglutarate and glutamate without any net flux. In addition,
glutamine could be used for many other metabolic processes
besides energy production, e.g., protein and nucleotide synthesis.
If the net uptake of glutamine is 5 mmol/L-cell/h with negligible
contribution to energy production, glutamine must be contribut-
ing primarily to anabolic processes, such as AA, nucleotide, and
protein production as well as to de novo lipogenesis.

Effect of Hyperglycemia/Euglycemia on

Glutamine and Fatty Acid Metabolism

The MID of several TCA cycle metabolites from [U-BCs, PN,
glutamine labeling experiments is shown in Figure 6 at different
glucose concentrations in the medium - at 5 mM for euglycemia
and 25mM for hyperglycemia. With this tracer, increased glu-
taminolysis flux resulted in increased abundance of M + 4 mass-
isotopomer of citrate, succinate, and malate (70), whereas RC
resulted in increased M + 3 for malate, M + 4 for succinate, and
M + 5 for citrate. RC and increased glucose contribution to the
FAs production also disturbs the acetyl-CoA mass-MID. Figure 6
clearly shows that there are no significant differences in labeling
patterns of all four metabolites. Consequently, based on bioreactor
data, we can exclude any major change in glutaminolysis flux as
well for FA production during hyperglycemia vs. euglycemia.

Quantifying De Novo Lipogenesis

Flux in DB-1 Cells

During culturing of DB-1 cells with [1,6-'*C;] glucose, pro-
gressive labeling of FAs was observed for multiple resonances

(see Figures 3 and 4D). FA synthesis occurs first by cytosolic
citrate production from glucose and through RC in cytosol from
glutamine through isocitrate dehydrogenase (IDH1 isoform). By
ATP citrate lyase, cytosolic citrate is converted to oxaloacetate
and cytosolic acetyl-CoA, which is converted further to malonyl-
CoA by the rate-limiting acetyl-CoA carboxylase beta (ACC-beta)
and through FAs synthases to elongated precursors via sequential
addition of acetyl-CoA, eventually leading to palmitate produc-
tion. Palmitate is further elongated or desaturated to produce
numerous other FAs. To address de novo FA flux production, we
utilized the BC model with cytosolic FAs and their precursors as
well as membrane FAs as the second FA pool. We calculated FA
concentrations based on the total FA content of approximately
20% of cell dry weight of 200 mg/10° cells (5 x 10°® cells = 1 ml).
Total FA content referenced to palmitate is at the level of several
tens of mmol/L-cell. We iteratively varied the ratio of cytosolic to
membrane FA and found the best fit at approximately 10 times
more FA in the cytosolic membrane compartment (Figure 4D).
The de novo flux of conversion of glucose to FA was 0.59 mmol/L-
cell/h and NADPH consumption flux in FA biosynthesis was
8.4 mmol/L-cell/h.

While glutamine-derived carbons have been unlabeled, we have
monitored lipogenesis by '>*C NMR detecting methylene carbon
acyl groups originating from labeled glucose (Figures 3A and
4D). Table 1 indicates that de novo lipogenesis corresponds to
~6% of the TCA cycle flux under hyperglycemic conditions.
However, this does not include possible direct contributions
from unlabeled glutamine (i.e., through cytosolic RC by isoci-
trate dehydrogenase IDH1 or mitochondrial IDH2) and poten-
tially from cytosolic acetyl-CoA synthetase 2 (ACSS2) reaction,
which involve participation of cytosolic acetate or acetate from the
medium (78).

This modest flux for de novo FA synthesis requires a large con-
tribution of NADPH cofactor production (~8.3 mmol/L-cell/h).
NADPH could be produced by the oxidative branch of the
PPP, ME, or IDH activities or by serine-glycine one-carbon
metabolism (folate metabolism). Our calculated malic enzyme
activities in mitochondria (even if all this activity is represented by
ME3) would account for 4.3 mmol/L-cell/h and cytosolic NADPH
flux (ME1, 0.6 mmol/L-cell/h) would not account for the required
high level of NADPH flux. A recent elegant study (79) suggested
that in some cancers folate metabolism is the biggest producer
of NADPH. Based on these data (48), we estimated that the
serine-glycine one-carbon SGOC pathway cannot account for the
required NADPH consumption. In light of our >C NMR lactate
labeling data, the oxidative branch of the PPP is the main pro-
ducer of NADPH in these cancer cells (6.6 mmol/L-cell/h). This
constitutes ~80% in agreement with the NADPH consumption
rate during FAs biosynthesis. Thus, the flux through the oxidative
PPP appears to be ~80% sufficient to supply all of the NADPH
required for FA production and is the main supplier of reducing
equivalents in DB-1 melanoma. A 20% difference in the rates of
NADPH production and consumption indicates that alternative
sources of NADP reduction, considered above, need to be taken
into account. We also found that mitochondrial-pyruvate-malate
cycling was very high (4.3 mmol/L-cell/h). This could also con-
tribute to defense against reactive oxygen species by producing
sufficient NADPH via ME3.
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Lymphoma Studies

Rapamycin Inhibits mTORC1 Signaling and Lowers
Lactate Concentration in B-Cell Lymphoma Cells

The effects of rapamycin on mTORCI signaling and cell
growth were first examined in four B-cell lymphoma cell lines,
sub-classified either as germinal-center type DLBCL (DLCL2,
Val, and Lyl8) or Burkitt (Ramos). As indicated by loss
of mTORC1-dependent Sérp phosphorylation, rapamycin sup-
pressed mTORCI activity in all the cell lines and profoundly
inhibited BrdU uptake-detected cell proliferation (15).

We have evaluated the effect of rapamycin on the cellular con-
centration of lactate in NHL cells by 'H MRS (Figures 7A,B)
because mTOR has been implicated in various aspects of cell
metabolism. To varying extents rapamycin significantly decreased
intracellular lactate relative to controls in all four cell lines (15).
Significantly, the relative reduction in intracellular lactate con-
centrations in rapamycin treated cells vs. controls was more pro-
nounced after 48 than 24 h exposure to rapamycin and correlated
with the suppression of cell growth indicating that the effect is
not directly due to drug-enzyme interaction or direct effects on
mTOR signaling but is most likely due to gene translation.

Kinetics of the Rapamycin-Induced Suppression

of Lactate Concentration

To determine how early the rapamycin-induced metabolic
changes can be detected, we examined the intracellular lactate
concentration at 2, 4, 8, 24, and 48h in two B-cell lymphoma
cell lines (15). While 2 and 4h exposure to rapamycin did not
have a definitive effect, we noted statistically significant differ-
ences between vehicle- and rapamycin-treated cells at 8 h in both

cell lines (p=0.002 and 0.03 for DLCL2 and Ramos, respec-
tively; n = 3) with increased differences at 24 and 48 h. Changes
of lactate and glucose concentrations in the medium indicated
diminished glycolysis following rapamycin treatment with cor-
responding changes in lactate secretion and glucose uptake per
cell. Lactate secretion and glucose uptake exhibited maximum
differences between vehicle- and rapamycin-treated cell cultures
at 24 h in contrast to intracellular lactate that remained approx-
imately unchanged. The amount of secreted lactate per cell was
three to four orders of magnitude greater than the intracellular
lactate levels, which indicates that most of the lactate generated by
cellular metabolism was secreted by the cell. Nonetheless, the level
of intracellular lactate was more sensitive than secreted lactate
levels for distinguishing metabolic differences between vehicle-
and rapamycin-treated cells. This was, in part, due to the intra-
cellular lactate concentration remaining essentially constant after
rapamycin treatment.

Rapamycin Inhibits Expression of Hexokinase Il

While inhibition of mTORCI signaling by rapamycin reaches an
optimum within minutes after drug administration (80-82), the
drug’s effects on the lactate concentration were not detectable until
8h post-treatment and became more pronounced at 24 and 48 h
in cultured cells (15). This marked timing difference indicates
that the inhibition of glycolysis does not directly result from
inhibition of the mTORC1 signaling but most likely originates
from diminished expression of enzymes involved in the glycolytic
pathway. To test this assumption, we performed gene expres-
sion profiling of the DLCL2 and Ramos cell lines treated with
rapamycin or medium alone (Figure 7C). The component of the

FIGURE 7 | Rapamycin-induced mTOR inhibition and changes in intracellular lactate levels and glycolytic gene expression profiles. (A) 1H MRS
spectra of DLCL2 cells at 24 h (control vs. rapamycin-treated); lactate (1.3 ppm) and the reference TSP peaks (0 ppm, indicated as STD). (B) Intracellular lactate
concentration (mole/cell) for the four listed B-cell ymphoma cell lines treated with 200 nM rapamycin or medium alone for 24 and 48 h (n = 3 for each condition). (C)
Expression of the glycolysis-related genes in the depicted cell lines treated for 6 h with rapamycin or medium alone. (D) Kinetics of the rapamycin-induced changes in
hexokinase Il protein expression. Inhibition of S6rp phosphorylation, an indicator of MTOR signaling, is also shown. [This research was originally published in NMR in

Lac
A control  gyp Rapamycin  gp
Lac
1.5 1.0 0.5 0 PPM 15 1.0 0.5 0 PPM
B
4E-14 p=0.001*  3E.14 4 mctr
T DLCL2Z mRapa Ramos
p=0.02*
p=0.002* 2E-14 - i p=0.01*
2E-14 - f 1 [
1E-14 A
0 - 0 A
24h 48h 24h 4gh
p=0.01*
2E-14 - — 4E-14 - p=0.01*
oard  Lyl8 octrl —/
W Rapa mRapa Val
p=0.01*
1E-14 A mM 2E-14 A p=0.003*
[
0 . ol [ heim
24h 48h 24h 48h
Biomedicine. Lee et al. (15). © John Wiley & Sons Inc.]

"(n of expression vs control

@Ramos
=DLCL2

D DLCL2 Ramos Ly18 Val
Ctrl 8h 24h48h Ctrl 8h 24h 48h Ctrl 8h 24h48h Ctrl 8h 24h 48h Rapamycin
SR — c— - i ety Hexokinase II
-3 B B - S6rp S235/236

— ——— —— ———— T o o w— - [\C{in

Frontiers in Oncology | www.frontiersin.org

51

June 2016 | Volume 6 | Article 135


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/Oncology/archive

Shestov et al

Cumomer Analysis of Cancer Cell Metabolism

glycolytic pathway whose gene expression was most profoundly
inhibited by the rapamycin treatment was hexokinase II although
some other glycolytic genes showed similar trends. The steady loss
of hexokinase II expression was confirmed on the protein level in
all the cell lines examined (Figure 7D).

Rapamycin-Induced Suppression of Lactate
Concentration Directly Correlates with Inhibition of
Lymphoma Growth In vivo
To determine if the rapamycin-induced suppression of lactate con-
centration can also be detected in vivo, we evaluated xenotrans-
planted lymphoma models (Figure 8), the DLCL2 and Ramos
B-cell lines studied in greatest detail in vitro as described above.
The tumors displayed the appropriate transformed lymphoid cell
morphology and human B-cell phenotype confirming that they
originated from the implanted lymphoma cell lines.
Administration of rapamycin to mice with DLCL2 and Ramos
xenografts inhibited mTORCI signaling and decreased the pro-
liferative rate of the lymphoma cells as determined by suppres-
sion of Sérp phosphorylation and decreased expression of the

cell cycle-associated marker mib1 (15). Western blots confirmed
effective and specific mMTORCI1 inhibition, which revealed greatly
diminished Sérp phosphorylation and intact phosphorylation
of Akt. Prolonged treatment with rapamycin resulted in tumor
growth arrest for the DLCL2 cell line and a marked decrease in
tumor volume for the Ramos cell line (Figure 8). It is noteworthy
that these effects were preceded by decreases in tumor lactate con-
centrations measured by in vivo MRS. The decrease was already
statistically significant at 48 h following initiation of rapamycin
treatment and increased at 96 h. At 2 days after initiation of treat-
ment, the effect of rapamycin on tumor volume was not yet notice-
able while tumor lactate had already significantly decreased. These
observations strongly suggest that in vivo measurement of lactate
originating from the tumor provides an early marker predictive of
effective mTOR inhibition that correlates with substantially later
tumor shrinkage.

Discussion of Rapamycin Data
The above results clearly document that mTOR inhibition can be
monitored in vitro and in vivo by measuring changes in lactate
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FIGURE 8 | Rapamycin-induced inhibition of tumor growth and glucose metabolism in vivo. Xenotransplants of DLCL2 cells (left panel) and Ramos cells
(right panel). (A) Tumor growth curve. The data are presented as mean 4 SD (n > 5 in each group). (B) Time course in vivo localized MRS. (C) Lac/H,O ratios
normalized to the pretreatment values; mean 4 SE (n = 5). Statistically significant changes in Lac/H>O were observed at 48 h and after from initiation of rapamycin
treatment in both xenografts while control tumors (n = 5) did not have significant changes in Lac/H»O until 96 h. [This research was originally published in NMR in
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concentration. Accumulating evidence indicates that mTORC1
can be activated by a variety of cell-surface receptor complexes.
While the original studies implicated the activation of recep-
tors for the insulin-family growth factors (83-85), subsequent
observations by the Wasik laboratory (80-82) and by others (86—
91) demonstrated that a large spectrum of receptors and their
ligands triggered mTORCI activation. These include interleukin-
2, anaplastic lymphoma kinase, CD40 ligand, notch, thyroid-
stimulating hormone, fibroblast growth factor-9, polycystein-1,
and prostaglandin F2a. These diverse ligand-receptor complexes
activate mT'ORCI1 through the signaling pathways PI3K/Akt (92—
94), MEK/ERK (95), and possibly Syk (96). Therefore, the inhi-
bition of these pathways should also be amenable to detection
by monitoring changes in glycolysis. Given that these pathways
are frequently deregulated in malignant cells and clinical-grade
inhibitors are already available, evaluation of glucose metabolism
as a surrogate for monitoring mTOR activity may prove useful
in the management of cancer patients treated with a variety of
kinase inhibitors. Indeed, inhibition of the oncogenic BCR/ABL
tyrosine kinase led to decreased glucose uptake and lactate pro-
duction (97, 98), all but certainly indicating that mTORCI signal-
ing was involved (99). Hence, the apparent lack of specificity of
lactate actually reflects its versatility. Provided that a single kinase
inhibitor is administered, there is no lack in specificity of detecting
response to the drug; if multiple kinase inhibitors are used, then
lactate still serves as a biomarker for the combination.

Genomic Analysis of mTOR Inhibition

In view of a recent report (100) that several metabolic pathways
were modified in mouse fibroblasts with hyper-activated mTOR,
we analyzed changes in expression of metabolic genes in DLCL2
and Ramos cells induced by rapamycin. Table 4 lists significantly
affected (up- and downregulated; p < 0.02, n = 3) of representa-
tive metabolic genes in DLCL2 cells (Ramos data are similar).
The anticipated related alterations in the cellular metabolism
indicate that in the DLCL2 cells mTOR inhibition diminishes

not only glucose metabolism but also TCA cycle activity, de
novo FA and sterol biosynthesis, pyruvate cycling activity, and
flux through pentose phosphate pathway. Glutaminolysis should
also be affected due to novel PPAT gene expression, which is
responsible for enzymatic glutamate production from glutamine
(see footnote “b” in Table 4).

Cell Perfusion and '3C NMR Spectroscopy

Figure 9A shows data obtained from DLCL2 cells immobilized
in agarose beads and perfused with normoxic (20% O3, 75% N»,
5% CO;) media containing 5 mM [1,6-C,] glucose over a 12-h
period in a 10 mm diameter NMR bioreactor. Cells were studied
before treatment and 24 and 48 h (not shown) after treatment with
rapamycin. Using a two-compartmental enzyme kinetic model,
we calculated lactate production rates. The results were 6.9 mM/h
(pretreatment) and 1.6 mM/h (post-treatment), which indicate a
profound decrease in glycolysis. There is also a decrease in labeling
of Glu C4 reflecting a decrease in TCA cycle flux. Alanine and
fatty acid labeling are also diminished, and glycogen stores have
been completely depleted, probably as a result of decreased energy
production by both glycolytic and TCA cycle pathways.

In vivo 3C NMR Studies of DLCL2 Cell Metabolism

Figure 9B shows the time course of *C MR spectra measured
after infusion of [1,6-1*C,] glucose into a mouse with a 12 mm
DLCL2 xenograft (500 mm®) growing on its flank. The inset to
this figure shows the MR image of the tumor and the Hadamard
voxel that localizes the spectral data in the tumor (i.e., insuring no
contributions from external tissues). These studies demonstrate
the feasibility of performing '*C MRS studies non-invasively in
these in vivo lymphoma tumor models in mice. The spectra show
the time course of labeling of tumor metabolites by transfer of
3C by metabolism of the labeled glucose over 120 min with each
spectrum measured in 15min. The same animal was studied
before and 4 days later after seven doses of rapamycin (10 mg/kg)
with two doses administered per day (bottom of Figure 9B).

TABLE 4 | Changes in gene expression following treatment of DLCL2 cells with rapamycin.?

Entrez ID Gene Symbol Enzyme name EC number Fold change P value Pathway Affected
Upregulated

5106 PCK2 Phosphoenolpyruvate carboxykinase 2 (mit) EC 4.1.1.32 1.51 0.000434 Pyruvate cycling
Downregulated

3099 HK2 Hexokinase 2 EC2.7.11 —1.78 0.00515 Glycolysis

57546 PDP2 Pyruvate DH phosphatase subunit 2 EC3.1.3.43 —1.54 0.0150 PDH, TCA

3419 IDH3A Isocitrate DH 3 (NAD +) alpha (mito) EC1.1.1.41 —1.60 0.000673 TCA Cycle

5471 PPAT Amidophosphoribosyl transferase EC2.4.2.14 —1.78 0.0163 Glutaminolysis®

31 ACACA Acetyl-CoA carboxylase alpha EC6.3.4.14 —1.80 0.00518 Fatty acids

2180 ACSL1 Acyl-CoA synthetase long-chain member 1 EC6.2.1.3 —1.52 0.0161 Fatty acids

23171 GPD1L Glycerol-3-phosphate dehydrogenase 1-like EC1.1.1.8 —1.56 0.00446 Glycerophospholipid
22934 RPIA Ribose 5-phosphate isomerase A EC5.3.1.6 —1.58 0.00451 Pentose phosphate
1717 DHCR7 7-dehydrocholesterol reductase EC1.3.1.21 —1.72 0.00363 Cholesterol

6307 MSMO1 Methylsterol monooxygenase 1 EC1.14.13.72 —1.74 0.0165 Cholesterol

1723 DHODH Dihydroorotate dehydrogenase EC1.3.5.2 —1.51 0.000190 Pyrimidine metabolism
5198 PFAS Phosphoribosylformylglycinamidine synthase EC 6.3.5.3 —1.51 0.00120 Purine metabolism

@Data were compiled from KEGG database. Gene expression of a large number of enzymes demonstrated statistically significant changes, but only one or two representative enzymes

are listed for pathways showing changes greater than 50%.

bThis is a new link for glutamine to glutamate interconversion through operation of enzyme 5-phospho-B-p-ribosylamine:diphosphate phospho-o.-D-ribosyl-transferase (glutamate-

amidation reaction).
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FIGURE 9 | Time course '*C NMR spectra of perfused DLCL2 lymphoma cells and in vivo tumors upon rapamycin treatment. (A) Perfused DLCL2 cells
in 9.4T/8.9 cm vertical bore Varian NMR spectrometer. 4 x 10° cells were encapsulated in agarose and perfused in a 10 mm diameter NMR perfusion chamber with
RPMI 1640 medium containing 5mM [1 ,6—‘302] glucose maintained under an atmosphere of 20% Oz, 75% Nz, 5% CO» at 37°C. (B) In vivo 8C MRS spectra of a
nude mouse with 12 mm DLCL2 tumor implanted in its flank. Spectra were measured before and after rapamycin treatment with seven consecutive doses (10 mg/kg)
administered by oral gavage twice daily. During the study, 450 mM [1,6-'3C,] glucose was infused through the tail vein at variable infusion rates. Each spectrum was
acquired in 15 min on a 9.4 T/31 cm spectrometer with a home-built 13 mm loop-gap resonator.
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The rate of lactate labeling has decreased, whereas the rate of
alanine labeling appears to have increased. Glutamate-C4 was
detectable and appears to have decreased after rapamycin treat-
ment, suggesting a decrease in TCA cycle flux. The glycogen peak
appears very small in both sets of spectra and seems to have been
diminished but not eliminated after treatment. These are among
the first in vivo spectra we or anyone else we are aware of have
reported. We are pursuing a number of strategies for improving
the resolution and S/N ratio. Obviously, higher magnetic fields
or cryoprobes would increase the sensitivity, but even with the
equipment at hand it is clearly feasible to obtain quantitative data
in vivo.

A computational analysis (Figure 10) of the time course
in vivo data from a mouse to a two-compartment non-steady-
state enzyme kinetic model generated total lactate production
and clearance rates (indicated in the figure caption). The model
included glycolysis, alanine production, and exchange of cytosolic

and vascular/interstitial lactate through MCT1 (the dominant
monocarboxylic acid transporter). The calculated fluxes indicate
a decrease in glycolytic metabolism caused by treatment with
rapamycin. Clearly a more comprehensive analysis, including
other metabolic pathways that contribute to lactate production
is required, but this demonstrates feasibility of our precise data
analysis approach.

LC-MS Studies of DLCL2 Tumor Cells

Preliminary studies of DLCL2 cells in suspension culture have
been initiated in Dr. Blairs laboratory (Figure 11). Cells were
grown in batch culture. Harvested cells were spiked with [U-13C]
lactate, citrate, and succinate as internal standards. The extracted
metabolites were separated by a reverse-phase ion-paring chro-
matography and analyzed by MS. Note that these are steady-state
measurements, which only provide information about relative
fluxes. Kinetic data are required for absolute flux measurements.
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FIGURE 10 | Dynamic glycolysis model of subcutaneous DLCL2 in a
mouse. Fitting of LacC3 in vivo data vs. time. Triangle, pretreatment, and
circle, posttreatment. Total lactate production rate, Flac = 0.80 mM/min
(pretreatment) and Flac = 0.62 mM/min (posttreatment). Clearance rates were
Fcl=0.59 mM/min (pretreatment) and Fcl = 0.56 mM/min post-treatment
(non-steady-state condition). Rapamycin treatment affects mostly the lactate
production rate. The inset is a typical blood glucose input function used in the
model.
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FIGURE 11 | Mass spectrometric data of intracellular metabolites.
DLCL2 tumor cells were treated with and without 200 nM rapamycin for 48 h.
Measurements were made at steady-state isotope exchange conditions

(n =3 for each condition). *p < 0.05, **p < 0.01, **p < 0.001.

Significant changes are evident in levels of glycolytic metabo-
lites (glucose-6P, fructose-1,6-P, 2-phosphoglycerate, pyruvate,
and lactate), pentose shunt metabolites (6-phosphogluconate and
5-carbon phosphates), and TCA cycle (citrate, succinate, and
malate) (100, 101).

In view of the recent interest in glutamine metabolism of
tumors (71), preliminary studies were performed on DLCL2 cells
grown in culture with 4mM [U-">C] glutamine; after 6 h steady

TABLE 5 | Pathway activities for DLCL2 cells based on '*C LC-MS data.?

Pathway name Control Rapamycin  P-value
Reductive carboxylation (cytosolic) 0.29+0.05 0.17£0.03 0.0235
Glutaminolysis 0.274+0.10 0.014+0.02 0.0122
Mitochondrial pyruvate carrier 0.63£0.06 0.90£0.09 0.0124
Pyruvate dehydrogenase complex 0.60 £0.07 0.56 £ 0.05 0.466

Pyruvate carboxylase (mitochondrial)  0.075+0.030  0.39 £+ 0.09 0.0045
De Novo fatty acid production 0.39+0.07 0.23+0.05 0.0322

@Presented as real parameter value = error in terms of standard deviation (SD). Errors are
based on Monte Carlo simulations assuming Gaussian noise with 0 mean and ¢ =0.01
for SD; synthetic renormalized steady-state mass-isotopomers fit by fragmented cumomer
model using Simplex.

state was achieved. A preliminary analysis fitted the LC-MS iso-
topomer data (aspartate, glutamate, lactate, malate, succinate,
citrate, and a-ketoglutarate, Mo, My, . . ., M,;, n =number of car-
bons) to all the metabolic pathways included in the fragmented
cumomer model (Shestov et al., manuscript in preparation) (13,
48, 49). There was excellent agreement between observed and
calculated isotopomer levels (data not shown). The metabolic net-
work includes all the pathways included in the bonded cumomer
model (Figure 1). Table 5 summarizes changes in flux through
various pathways for which there was adequate significance.
Rapamycin produced dramatic changes in RC (41% decrease),
glutaminolysis (95% decrease), MPC (50% increase) and PC
(520% increase). Clearly, further study of these effects is required,
but these data strongly suggest that multiple pathways are affected
and, potentially, may serve as key biomarkers of effective mTOR
inhibition.

CONCLUSION AND SUMMARY

We have for the first time formulated and validated a detailed
metabolic network model of tumor intermediary metabolism that
includes all the key pathways except glycogen and phospholipid
metabolism as well as serine-glycine one-carbon metabolism.
These pathways can be added in the future. We have demon-
strated that glutamine metabolism, while critical to AA and nucle-
oside/tide production, makes minimal contribution to energy
production in DB-1 melanoma. Studies of FA metabolism
have been initiated and need to be advanced further. Aer-
obic glycolysis and oxidative metabolism contribute approxi-
mately equally to energy production in this tumor and proba-
bly contribute in similar proportions to energy production by
many tumors, with relative contributions of glycolysis being
modulated by oxygen supply in the local environment of the
tumor.

Using NHL as a model and rapamycin as a specific thera-
peutic agent, we have formulated a general strategy for moni-
toring therapeutic response of signal transduction. This strategy
includes preliminary exploratory non-invasive *C MRS studies
of tumor i situ and ex vivo >C MRS and LC-MS studies of tumor
metabolism to identify key pathways that are modified by treat-
ment of individual patients with specific inhibitors. Because of the
intrinsic low sensitivity of '>C MRS, a key goal of these exploratory
studies will be to identify biomarkers of therapeutic response that
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can be more readily studied by more sensitive methods, such as
'"H MRS and CEST (102) and PET/CT. In this regard, lactate
appears to be a critical metabolite that plays a central role in a
number of key metabolic pathways susceptible to modulation by
signaling inhibitors. Dynamic nuclear polarization may also play
an important role, although the short lifetime of probes, such as
BC-labeled pyruvate, forces them to be employed at abnormally
high concentrations, which may modify the metabolic pathways
that are being monitored. Despite its intrinsically low sensitiv-
ity, >C MRS of glucose, lipids as well as low molecular weight
metabolites, such as acetate and glutamine, should not be ignored,
especially in view of the increasing availability of high-field instru-
ments, such as 7 Ts, of which more than 60 are already available
at leading institutions throughout the world. These are likely to
soon gain FDA approval and will become much more useful as
body coils and other probes become more available. The recent
demonstration of the feasibility of ex vivo >C MRS and LC-MS
analysis of tumor specimens that have been surgically excised (18,
19) in conjunction with the current in vivo *C MRS study at 9.4 T
of human melanoma and lymphoma xenografts in mice point to
the feasibility of non-invasive human metabolic studies. Overall,
metabolic studies are likely to complement genomic studies of
human cancer in the near future.
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Mutations in the metabolic enzyme isocitrate dehydrogenase (IDH) have recently been
identified as drivers in the development of several tumor types. Most notably, cytosolic
IDH1 is mutated in 70-90% of low-grade gliomas and upgraded glioblastomas, and
mitochondrial IDH2 is mutated in ~20% of acute myeloid leukemia cases. Wild-type
IDH catalyzes the interconversion of isocitrate to a-ketoglutarate (a-KG). Mutations in
the enzyme lead to loss of wild-type enzymatic activity and a neomorphic activity that
converts a-KG to 2-hydroxyglutarate (2-HG). In turn, 2-HG, which has been termed an
“oncometabolite,” inhibits key a-KG-dependent enzymes, resulting in alterations of the
cellular epigenetic profile and, subsequently, inhibition of differentiation and initiation of
tumorigenesis. In addition, it is now clear that the IDH mutation also induces a broad
metabolic reprograming that extends beyond 2-HG production, and this reprograming
often differs from what has been previously reported in other cancer types. In this review,
we will discuss in detail what is known to date about the metabolic reprograming of
mutant IDH cells, and how this reprograming has been investigated using molecular
metabolic imaging. We will describe how metabolic imaging has helped shed light on the
basic bioclogy of mutant IDH cells, and how this information can be leveraged to identify
new therapeutic targets and to develop new clinically translatable imaging methods to
detect and monitor mutant IDH tumors in vivo.

Keywords: mutant IDH1, metabolic reprograming, magnetic resonance spectroscopy, molecular imaging, cancer,
2-hydroxyglutarate, low-grade gliomas

INTRODUCTION

Altered cellular metabolism is a feature of malignant cancer cells (1-4). In the 1920s, Warburg
described the elevated conversion of glucose into lactate, which occurs in tumor cells even under
normoxia (Warburg effect) (5). Contrary to Warburg’s hypothesis that held defective mitochondrial
function responsible for aerobic glycolysis, it is now understood that tumor cells actively reprogram
cellular metabolism to support tumor growth and metastasis (6-8). This increased glucose con-
sumption and glycolytic flux contribute to acidification of the microenvironment, likely facilitating
metastasis (9). Furthermore, glycolytic intermediates are used for anabolic reactions leading to
nucleotide, phospholipid, and amino acid biosynthesis, providing the building blocks required for
cell proliferation (7, 8, 10). Additionally, glutaminolysis provides the anaplerotic flux to replenish
TCA cycle intermediates depleted for biosynthetic purposes and generates NADPH required for
redox homeostasis and lipid synthesis (11-13). Choline metabolism is also modulated to provide
precursors for membrane biosynthesis (14).
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To date, the emerging paradigm recognizes that oncogene
and tumor suppressor signaling pathways are responsible for the
deregulation of metabolic pathways in cancer (15-22). Mutations
in the PI3K and LKB1-AMPK signaling pathways, Myc and Ras
oncogenes, and the tumor suppressor p53 all reprogram metabo-
lism (16, 23-34). However, the discovery of tumors with gain-
of-function mutations in metabolic enzymes provides strong
evidence that altered metabolism can also result from mutations
in metabolic enzymes. This is particularly true for tumors with
mutations in the cytosolic or mitochondrial forms of isocitrate
dehydrogenase (IDH1 and IDH2, respectively) (19, 35, 36).

Mutations in IDH1 were first described in a whole-genome
sequence analysis of glioblastoma patients (37). Subsequent
studies confirmed the presence of IDH mutations in 70-90% of
low-grade glioma and secondary glioblastoma, in ~20% of acute
myeloid leukemia, and in intrahepatic cholangiocarcinoma,
chondrosarcoma, and melanoma (36, 38, 39). The IDH1 muta-
tion is one of the earliest known genetic events in low-grade
gliomas, and it is thought to be a “driver” mutation for tumo-
rigenesis (40). Discovery of the IDH1 mutation has also led to
a molecular (rather than histological) classification of gliomas
(41). Presence of the IDH1 mutation in this new classification is
associated with a more favorable prognosis compared to tumors
with wild-type IDH1 (42). The reasons for this better prognosis
remain to be determined, but different cellular metabolism could
be a contributing factor.

From a metabolic perspective, mutations in IDHI and IDH2
lead not only to the loss of wild-type enzyme activity [inter-
conversion of isocitrate to a-ketoglutarate (a-KG)] but also to
a gain-of-function that results in the conversion of a-KG to the
“oncometabolite” 2-hydroxyglutarate (2-HG) (43). 2-HG is a
competitive inhibitor of multiple a-KG-dependent dioxygenases,
such as the prolyl hydroxylases, the Jumonji C family of histone
demethylases, and the TET family of DNA hydroxylases (44).
As a result, IDH1/2 mutant cells undergo extensive epigenetic
modifications that ultimately result in tumorigenesis (45-48).

Among other changes, the IDH mutation leads to alterations
in cellular metabolism extending beyond 2-HG production.
Interestingly, many of these changes differ from those observed in
other, non-IDH mutated, cancer cells. To date, the metabolic char-
acterization of mutant IDH cells has been carried out using either
mass spectrometry (MS) or magnetic resonance spectroscopy
(MRS) (49). MS has the advantage of exquisite sensitivity (as low
as picomolar) yielding a wealth of information on a wide range of
cellular metabolites. However, with some exceptions (e.g., acute
myeloid leukemia), MS requires the destruction of cell/tissue
sample; and hence, clinical translation is limited. MRS can only
detect metabolites above 0.1-1 mM and in vivo spectra at clini-
cal field strengths cannot resolve closely resonating metabolites.
Nonetheless, MRS can be used as a translational, non-invasive
modality to detect and quantify metabolites in cells and in vivo
in animals and patients. 'H- and *'P-MRS can be used to quantify
steady-state metabolite levels, whereas *C- and hyperpolarized
BC-MRS can be used to monitor metabolic fluxes (50-55).

In this review, we will discuss what is known about the
metabolic reprograming of mutant IDH cells from a molecular
imaging perspective. We will begin by reviewing the various MRS

approaches that have been applied to image 2-HG. This will be
followed by a comprehensive discussion of metabolic alterations
in mutant IDH tumors and the imaging methods used to inves-
tigate these changes. We will describe how molecular imaging
has helped shed light on the basic biology of mutant IDH cells
and will address how this knowledge could serve to identify new
therapeutic targets and novel methods for imaging mutant IDH
tumors in the clinic.

IMAGING 2-HG AND 2-HG PRODUCTION

Ex Vivo Measurement of 2-HG Levels

The most obvious metabolic change in IDH mutant cells is the
production of 2-HG (Figure 1). Using MS, Dang et al. reported
elevated levels of 2-HG (5-35 pmol/g tissue) in patient glioma
tissues (43). Gross et al., again using MS, reported elevated 2-HG
levels (~10,000 ng/2 x 10° cells) in extracts from patients with
IDH1/2 mutant acute myeloid leukemia (38). Elkhaled et al.
used 'H high-resolution magic-angle spinning spectroscopy
(HRMAYS) to quantify 2-HG levels in patients with low-grade
glioma (56). 2-HG levels correlated with the IDH1 mutation
determined by immunohistochemistry with 86% concordance.
Interestingly, 2-HG levels across tumor samples of different
grades correlated positively with increased cellularity and mitotic
density on histopathology, suggesting that the amount of 2-HG
per cell remained unchanged during malignant transformation.
This finding is consistent with the role of mutant IDH1 as a driver
mutation essential for initiating tumorigenesis (40). Kalinina
et al. also analyzed tumor biopsy samples from low-grade glioma
patients using two-dimensional (2D) correlation spectroscopy
(COSY) (57). In a randomized blinded analysis of 45 glioma
samples, spectroscopic analysis was successful in quantifying the
2-HG cross-peaks in IDH mutant tissues with 97.8% accuracy.

In Vivo Measurement of 2-HG Levels
Although 2-HG levels are relatively high in IDH1 mutant tumors
(5-35 mM), in vivo detection using 'H-MRS is hampered by
the presence of overlapping resonances from glutamate and
glutamine in the 2-3 ppm region of the spectrum. Strategies to
enable proper 2-HG quantification therefore need to be imple-
mented, either at acquisition or at postprocessing.

Two studies validated a single-voxel "H-MR double-echo Point
RESolved Spectroscopy (PRESS) sequence to estimate 2-HG
levels in mutant IDH1 tumor patients (58, 59). Pope et al. evalu-
ated 27 patients with glial tumors using a dedicated LC-model
postprocessing analysis to measure 2-HG in tumor voxels. They
found significantly elevated 2-HG levels in IDH mutant tumors
compared to wild-type tumors and correlated the 2-HG levels
with values measured by MS (58). Choi et al. examined '"H-MRS
data from 30 glioma patients in a manner blinded to IDH muta-
tional status (59). In this study, in addition to postprocessing
dedicated to fitting the data, the authors also carefully optimized
the acquisition echo time to minimize the overlap between 2-HG
and glutamate/glutamine resonances. In every case where 2-HG
was detected by MRS, the sample showed the presence of an
IDH1/2 mutation. Conversely, the absence of a 2-HG signal was
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FIGURE 1 | 2-HG production is characteristic of IDH mutant glioma cells. (A) The wild-type IDH enzyme catalyzes the interconversion of isocitrate and a-KG,
whereas the mutant enzyme irreversibly converts a-KG to 2-HG. (B) 2-HG peaks (2.25 and 4 ppm) can be observed in the spectra of mutant, but not wild-type, IDH
cells.

associated with IDH wild-type status. In a third study, Andronesi
et al. used a more complex 2D-COSY MRS method to detect
2-HG in mutant IDH1 glioma patients and in ex vivo biopsy
samples (60). Use of the 2D acquisition method could prevent
false-positive detection of 2-HG that might result from improper
fitting of 1D MR spectra and the spectral proximity of 2-HG to
glutamate/glutamine. However, the acquisition time for 2D data
is significantly longer than 1D method and thus potentially more
challenging to implement in the clinic.

In Vivo Measurement of 2-HG Production

BC-MRS has been used extensively, especially in the preclinical
arena, to inform on real-time metabolic fluxes by probing the
fate of exogenous *C-labeled substrates (61). However, *C-MRS
lacks sensitivity and therefore requires relatively long acquisi-
tion times to achieve an adequate signal-to-noise ratio (SNR),
limiting its implementation in vivo. The recent development of
dissolution dynamic nuclear polarization (DNP) can overcome
this limitation. Using dissolution DNP, *C-labeled compounds
can be hyperpolarized, dissolved into solution, injected into
the sample (or subject), and be rapidly detected by MRS with a
10,000- to 50,000-fold increase in SNR compared to thermally
polarized compounds (62, 63). “C-MRS of hyperpolarized

compounds has been used to monitor enzymatic activities in
solution, cells, and in vivo (51, 64-66). Using this technology, our
laboratory designed and validated a new DNP probe, hyperpolar-
ized [1-"C]-a-KG, for non-invasive *C-MRS imaging of 2-HG
synthesis. We showed that, following injection of hyperpolarized
[1-°C]-a-KG, the production of hyperpolarized [1-®C]-2-HG
could be detected in lysates and in orthotopic mutant IDH1
tumors in rodents, but not in their wild-type counterparts
(Figure 2) (67). By providing dynamic information with regard to
the metabolic fate of hyperpolarized [1-°*C]-a-KG, this approach
provides complementary information to '"H-MRS, which detects
steady-state levels of 2-HG. As such, the hyperpolarized method
can inform in real-time on the presence of active mutant IDH1
and on potential inhibition of mutant IDH1 by novel therapies.

Metabolic Precursors of 2-HG

Although thermal equilibrium C-MRS is not readily translat-
able, it can be used to monitor metabolic fluxes in the preclinical
setting and has been used to identify the metabolic precursors
of 2-HG. Dang et al. demonstrated that glutamine is the major
precursor of 2-HG (43). However, we and others have demon-
strated that glucose also contributes to 2-HG synthesis. In a study
by Pichumani et al., mutant IDH1 glioma patients received an
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FIGURE 2 | Overview of metabolic reprograming in IDH mutant glioma cells. Metabolic alterations detectable by non-invasive MRS are highlighted in red for
hyperpolarized *C-MRS, green for 'H-MRS, and blue for 'P-MRS. Changes detected by mass spectrometry are underlined, and those that can potentially be

infusion of [U-"*C]-glucose during surgical tumor resection (68).
ExvivoC-MRS on biopsy extracts revealed *C-labeling in 2-HG,
indicating that glucose contributes to 2-HG production. In our
laboratory, we incubated two IDH1 mutant glioma models with
[1-"*C]-glucose and [3-"*C]-glutamine and analyzed the propor-
tion of *C-labeled 2-HG derived from each precursor. We found
that ~20% of 2-HG was derived from glucose and ~80% from
glutamine (69). These findings have therapeutic implications
since inhibiting glutaminase (the enzyme that converts glutamine
to glutamate, the precursor of a-KG and 2-HG) has been explored
as a therapeutic target for IDH mutant cells, without considering
that glucose could serve as an alternate source of 2-HG (70, 71).

IMAGING METABOLIC REPROGRAMING
IN IDH MUTANT CELLS

Although the most obvious metabolic change in IDH mutant cells
is the production of 2-HG, a number of studies indicate that IDH
mutant cells undergo broader metabolic reprograming. Reitman
et al. conducted an MS-based metabolomic analysis of oligo-
dendroglioma cells engineered to express wild-type or mutant
IDH1 and IDH2 (72). Mutant IDH1/2 cells showed significantly
increased levels of several amino acids, such as glycine, serine,
threonine, asparagine, phenylalanine, tyrosine, tryptophan, and
methionine (Figure 2). Glycerophosphocholine (GPC) levels
were also higher, whereas glutamate, aspartate, and N-acetylated
amino acid levels were reduced in IDH mutant cells compared to
wild-type (Figure 2). Ohka et al. also carried out an MS analysis
of wild-type or mutant IDH patient glioma tissues and reported
a significant decrease in the levels of N-acetylated amino acids
and glutamate (73). Additionally, both studies reported no
change in glycolytic or pentose phosphate pathway intermedi-
ates in IDH mutant cells. We used high-resolution 'H-MRS to

compare the metabolome of U87 cells expressing wild-type or
mutant IDH1 and the metabolome of normal human astrocytes
(NHA) expressing wild-type or mutant IDH1 (74). In line with
MS observations, we found that the '"H-MRS-detectable steady-
state levels of intracellular lactate, glutamate, and phosphocholine
(PC) were significantly reduced in IDH1 mutant cells relative to
wild-type, and GPC levels were higher (Figure 2). Collectively,
these studies demonstrated that mutant IDH cells broadly repro-
gram their metabolism and laid the foundation for more in-depth
investigations, as reviewed below.

Aerobic Glycolysis

In our '"H-MRS study, we observed a reduction in intracellular
lactate levels in IDH1 mutant glioma cells (Figure 2), suggesting
that their metabolic reprograming could differ from other types
of cancer cells (74). Chesnelong et al. confirmed this hypothesis
and demonstrated that expression of lactate dehydrogenase A
(LDHA), which catalyzes the production of lactate from pyru-
vate, was reduced in IDH mutant patient-derived glioma tissues
compared to IDH wild-type glioblastoma that display elevated
lactate production (75, 76). Importantly, LDHA silencing was
mediated by increased promoter methylation consistent with the
hypermethylator phenotype of IDH mutant cells.

In an effort to develop a complementary and clinically relevant
imaging method for probing mutant IDH1-associated LDHA
silencing, we recently investigated the fate of hyperpolarized
[1-*C]-pyruvate in the BT142 patient-derived mutant IDH1
model in vivo. We found that hyperpolarized [1-'*C]-lactate
produced from hyperpolarized [1-"*C]-pyruvate was comparable
between mutant IDH1 tumors and normal brain in the BT142
model, in contrast to wild-type IDH1 glioma models, wherein
hyperpolarized [1-"*C]-lactate is significantly higher than in
normal brain (77).
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Glutamate Metabolism and TCA Cycle
Glutamate levels are reduced in IDH mutant cells compared
to wild-type (72-74). Furthermore, using 'H-MRS, Choi et al.
showed that mutant IDH1 tumors showed reduced glutamate lev-
els compared to normal brain, indicating that reduced glutamate
could serve as a biomarker of mutant IDH1 tumors (78). In an
effort to understand and image the metabolic alterations leading
to glutamate reduction, several studies have been performed,
each investigating a different step in glutamate production.

Branched chain amino acid (BCAA) transferase (BCAT) 1
and 2 catalyze the transfer of an amino group from BCAA to
a-KG, resulting in the production of glutamate and a-keto acid.
Tonjes et al. reported that BCAT1 expression was significantly
reduced in IDH mutant cells (79). To image this reprograming,
we expanded on our previous study (67) and used hyperpolar-
ized [1-*C]-a-KG to monitor hyperpolarized [1-*C]-glutamate
production in mutant IDHI tumors (80). We showed that
conversion of hyperpolarized [1-®C]-a-KG to glutamate was
reduced in mutant IDH1 tumors compared to wild-type, in line
with decreased BCAT1. In addition, we observed decreased
expression of aspartate transaminase (GOT1) and glutamate
dehydrogenase (GDH), two other enzymes catalyzing a-KG to
glutamate metabolism, suggesting additional metabolic repro-
graming associated with the IDH1 mutation (Figure 2). BCAT1
and GOT1 promoter methylation is higher in mutant IDH cells,
providing a likely mechanistic link between the IDH1 mutations
and reduced a-KG to glutamate conversion (46, 79).

When considering the hyperpolarized approach for imag-
ing glutamate production, our studies monitoring the fate of
hyperpolarized [1-*C]-a-KG used pulse sequences optimized
for the detection of only one metabolite: 2-HG or glutamate.
However, further optimization of pulse sequences for detection
of both 2-HG and glutamate could provide a molecular imaging
approach that would simultaneously image IDH mutational sta-
tus and the metabolic reprograming specifically associated with
the mutation.

In an effort to consider additional metabolic alterations
that could lead to a drop in glutamate levels, we used thermal
equilibrium *C-MRS to probe upstream metabolic precursors of
glutamate (69). We found that there was a significant reduction
in PC-labeled-glutamate derived from [1-"C]-glucose in IDH
mutant cells compared to wild-type resulting from lower PDH
activity (69). Further mechanistic studies revealed that PDH
activity was reduced due to increased inhibitory phosphoryla-
tion mediated by elevated expression of pyruvate dehydrogenase
kinase 3 (PDK3), downstream of mutant IDH-driven stabilization
of hypoxia inducible factor-la (44, 81, 82). Importantly, treat-
ment of IDH mutant cells with the PDH agonist dichloroacetate
(DCA), not only reversed the metabolic changes induced by the
IDH mutation but also abrogated the clonogenic potential of
IDH1 mutant cells (69). This suggests that reprograming of PDH
activity is essential for tumorigenesis of mutant IDH cells and
that PDK inhibitors/PDH agonists deserve further investigation
as potential therapeutic targets for low-grade gliomas. From an
imaging perspective, we also demonstrated that PDH-mediated
conversion of hyperpolarized [2-"*C]-pyruvate to hyperpolarized

[5-1*C]-glutamate could be used to monitor the mutant IDH-
driven drop in PDH activity in cells (Figure 2) (69), with potential
in vivo implementation (83).

Glutamine Metabolism

As with glycolysis, the reprograming of glutamine metabolism
differs in mutant IDH cells compared to other cancer cells. Cancer
cells can use a reductive pathway of glutamine metabolism in
which wild-type IDH carboxylates a-KG to isocitrate (84-86).
Subsequent conversion of isocitrate to citrate and of citrate to
acetyl CoA contributes to fatty acid synthesis (86, 87). However,
mutant IDH1 and IDH2 cannot catalyze reductive carboxyla-
tion (88), and IDH1 mutant cells show reduced metabolism of
glutamine to citrate and acetyl CoA, resulting in altered fatty
acid biosynthesis (89, 90). In addition, as mentioned, glutamine
is the primary precursor of 2-HG. Imaging the fate of glutamine
could therefore provide a useful complement to other metabolic
imaging methods for detecting IDH status.

Infusion of human glioma patients with [U-"C]-glutamine
prior to surgery, followed by C-MR analysis of metabolites
extracted from tumor tissue has been used to estimate glutamine
metabolisminbraintumors (91), butitis challenging toimplement
in vivo. *C-MRS for probing the conversion of hyperpolarized
[5-"*C]-glutamine to hyperpolarized [5-"*C]-glutamate has been
reported in liver and prostate cancer cells (92, 93) and in rat liver
tumor in vivo (93) and could potentially be used to characterize
mutant IDH tumors. Interestingly, Venneti et al. described posi-
tron emission tomography (PET) imaging of glutamine metabo-
lism using the glutamine analog 4-'*F-(2S,4R)-fluoroglutamine
(**F-FGln) in wild-type gliomas (94). They showed uptake of
"F-FGIn in mouse xenografts in vivo, reduced "*F-FGIn uptake in
response to temozolomide treatment, and clinical translatability
to glioma patients. Further research is needed to assess the value
of this approach to mutant IDH gliomas.

Phospholipid Metabolism

Mass spectrometry and 'H-MRS studies have shown a drop in PC
and increase in GPC in mutant IDH1 cells compared to wild-type
(Figure 2). Esmaeili et al. recently used *'P-MRS to further assess
phospholipid metabolism in glioma rodent xenografts and in
human biopsy samples (95). They confirmed that IDH mutant
tumors showed higher levels of GPC and also found lower levels
of phosphoethanolamine (PE) (Figure 2). Furthermore, ratios of
GPC:PE, PC:PE, GPC:glycerophosphoethanolamine (GPE), and
(PC+ PE:GPC + GPE) were higher in IDH mutant tumors relative
to wild-type (95). Further studies are needed to understand the
significance of these findings and possible correlations between
choline-containing metabolites and IDH status. Nonetheless, *'P-
MRS could prove useful for non-invasive imaging of IDH mutant
tumors.

CONCLUSION

Cancer cells actively reprogram their metabolism to sustain
and drive increased cell proliferation. At the preclinical level,
metabolic imaging allows visualization of biochemical pathways
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promoting a better understanding of the physiological mecha-
nisms of tumorigenesis. It also serves to identify new therapeutic
targets. Further studies are needed to fully elucidate the wide
range of metabolic changes occurring in mutant IDH cells.
Nonetheless, the unique features of glucose, glutamine, and
lipid metabolism identified to date can already be exploited for
molecular imaging of mutant IDH tumors. Clinical deployment
of these imaging methods could provide a useful complement
to anatomical imaging methods and aid in tumor detection and
monitoring of treatment response.
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All cancers tested so far display abnormal choline and ethanolamine phospholipid
metabolism, which has been detected with numerous magnetic resonance spectros-
copy (MRS) approaches in cells, animal models of cancer, as well as the tumors of
cancer patients. Since the discovery of this metabolic hallmark of cancer, many studies
have been performed to elucidate the molecular origins of deregulated choline metab-
olism, to identify targets for cancer treatment, and to develop MRS approaches that
detect choline and ethanolamine compounds for clinical use in diagnosis and treatment
monitoring. Several enzymes in choline, and recently also ethanolamine, phospholipid
metabolism have been identified, and their evaluation has shown that they are involved in
carcinogenesis and tumor progression. Several already established enzymes as well as
a number of emerging enzymes in phospholipid metabolism can be used as treatment
targets for anticancer therapy, either alone or in combination with other chemothera-
peutic approaches. This review summarizes the current knowledge of established and
relatively novel targets in phospholipid metabolism of cancer, covering choline kinase a,
phosphatidylcholine-specific phospholipase D1, phosphatidylcholine-specific phospho-
lipase C, sphingomyelinases, choline transporters, glycerophosphodiesterases, phos-
phatidylethanolamine N-methyltransferase, and ethanolamine kinase. These enzymes
are discussed in terms of their roles in oncogenic transformation, tumor progression,
and crucial cancer cell properties such as fast proliferation, migration, and invasion. Their
potential as treatment targets are evaluated based on the current literature.

Keywords: cancer, target, phospholipid, metabolism, choline, ethanolamine

INTRODUCTION

Phospholipids, which form the bilayer structures of all cellular membranes, are an essential com-
ponent of all cells. The phospholipid content was shown to increase with cell transformation and
tumor progression (1-4). For example, lipid analyses of samples from breast cancer tissue displayed
an increase in phospholipid content as compared to non-cancerous adjacent healthy breast tissue
(5). Concentrations of the two major phospholipid components phosphatidylcholine (PtdCho)
and phosphatidylethanolamine (PtdEtn) increased with increasing breast cancer tumor grade (6),
indicating that the phospholipid synthesis rate increases with oncogenesis and tumor progression
as compared to normal tissue.

Metabolic intermediates of PtdCho metabolism were consistently observed to display abnor-
mal levels with magnetic resonance spectroscopy (MRS) (7). An increased total choline (tCho)
signal, which consists of signals from phosphocholine (PC), glycerophosphocholine (GPC), and
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free choline (Cho), and whose chemical structures are shown in
Figure 1, has been detected by "H MRS in all cancers tested so
far (7). High-resolution 'H MRS, which can resolve the signals
from the individual components of the tCho signal, confirmed
the increase of PC in breast (8—12), prostate (13, 14), ovarian (15),
endometrial (16), cervical (15), and brain cancers (17-19). In
some cancer cell types such as isolated breast and ovarian cancer
cells, a relative decrease of GPC was observed as well, which led
to the suggestion to use a higher ratio of PC/GPC as a marker
of tumor progression (20, 21). PC was also reported as a useful
imaging biomarker of tumor response to several targeted treat-
ments of cancers, enabling "H MRS to be used for monitoring
changes in PC as a non-invasive marker of pharmacodynamic
treatment response (22-26). A PC decrease and GPC increase
was reported after docetaxel treatment in breast cancer cell lines
and xenograft models (27).

Magnetic resonance spectroscopy detection of tCho allows
for non-invasive and longitudinal monitoring of deep-seated

tumors, and it is currently being evaluated as non-invasive bio-
marker for cancer diagnosis, monitoring of treatment response,
and anticancer drug development. In clinical studies, in vivo
MRS detection of the tCho signal was proposed as a marker of
breast cancer malignancy (8, 28-31). The tCho signal has been
used to monitor neoadjuvant chemotherapy of breast tumors
in patients (32), and decreased tCho was associated with the
pathology-detected tumor response to chemotherapy (10, 12, 33).
One limitation of using choline-based "H MRS is the difficulty
of resolving the signals of PC and GPC and free choline in the
in vivo "H MRS setting.

Phosphorus MRS (*'P MRS) is also able to detect phospholipid
metabolites and displays two sets of phospholipid metabolite
peaks: phosphomonoesters (PMEs), which are mainly composed
of PC and PE (phosphoethanolamine), and diphosphodiesters,
with GPC and GPE (glycerophosphoethonolamine) as the main
components as shown in Figure 2. Early *'P MRS cancer studies,
which were not able to separate the individual components of
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these two sets of *'P peaks very well, detected that PMEs were
increased in human breast tumors (34-37), neuroblastomas (38),
prostate cancers (39), and hepatic lymphomas (40) as compared
to corresponding normal tissues. Following chemotherapy or
radiotherapy, a PME reduction was observed in human neuro-
blastoma (38), breast tumors (35, 36), and hepatic lymphoma
(40). Recent developments of innovative *'P MRS approaches that
are based on 'H to *'P polarization transfer enable the quantifica-
tion of in vivo levels of PE, PC, GPE, and GPC on small animal
and clinical MR scanners (41-44). PE and GPE are the metabolic
intermediates of PtdEtn, the second most abundant phospho-
lipid. PE was found to consistently increase in tumors similar to
PC (see Figure 2) (45), although its role in cancers is much less
explored than PC. The potential of PE and GPE to be monitored
is currently being explored along with PC and GPC (41, 44). The
changes that occur in tCho, PMEs, and PDEs with oncogenesis
and in response to therapy are the result of complex molecular
pathways and are therefore not always consistent (8, 37, 46, 47),
making it necessary to improve the resolution of clinical in vivo
MRS applications and to investigate the molecular mechanism
underlying these metabolic changes.

Choline uptake and retention can also be imaged using positron
emissiontomography (PET), mainly with thetracers ['C]-choline,
['*F]-fluoromethylcholine, and ['*F]-fluoroethylcholine. The use
of [''C]-choline PET was approved for clinical use in prostate can-
cer by the federal drug administration of the United States in 2012
(48). Choline PET/computed tomography (CT) is used in the

clinic as well and has the advantages of providing improved local
disease evaluation and staging of prostate cancer as compared
to conventional ["*F]-FDG PET, giving additional information
on nodal staging and suspected metastasis in prostate cancer
patients (49).

While choline-based imaging has been explored extensively,
discoveries of genes and signaling pathways leading to the
changes in choline-containing metabolites are still emerging.
The function and regulation of the two enzymes choline kinase
a (ChKa) and phospholipase D (PLD) has been more widely
explored in cancer, but research into other important enzymes in
choline metabolism is still at an early stage. These enzymes may
provide new targets for cancer therapy. In this review, we will
provide a brief update on the established targets in choline phos-
pholipid metabolism and discuss some new anticancer targets in
the choline and ethanolamine phospholipid metabolic pathways
as highlighted in red in Figure 1.

CHOLINE KINASE o

Choline kinase is the enzyme that phosphorylates free choline
and produces PC. There are two genes that encode this enzyme:
ChKa and choline kinase beta (ChKp) (50-52). ChKa is well
established as an oncogene that promotes tumor initiation and
progression (7, 53, 54). Its overexpression and elevated enzyme
activity is one of the most established factors that contribute to
increased PC and tCho in various tumor tissues including breast
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FIGURE 2 | Example of in vivo pulse-acquire (PA, top) and BINEPT (bottom) *'P MR spectra of a representative MCF-7 (left) and MDA-MB-231 (right)
tumor. Lorentzian lines as fitted by the software jMRUI (http://www.jmrui.eu/) are shown below each MR spectrum. All phosphorylated metabolites are visible in the
PA spectrum, whereas the BINEPT spectrum only contains signals from phospholipid metabolites with H-P-coupling such as phosphoethanolamine (PE),
phosphocholine (PC), glycerophosphoethanolamine (GPE), and glycerophosphocholine (GPC). Note the broad, uneven baseline in the 0-5 ppm region of the PA
spectra, where signals from mobile membrane phospholipids are resonating. The signal of p-nucleoside triphosphate (NTP) is formed by $-NTP only. The signal
labeled a-NTP is an overlapping signal from a-NTP, a-nucleoside diphosphate (a-NDP), nicotinamide adenine diphosphate, and diphosphodiesters. The signal
labeled y-NTP is an overlapping signal from y-NTP and p-NDP. Typically, f-NTP is the smallest peak of the three NTP signals; however, here, y-NTP overlaps with a
broad baseline signal that makes it appear smaller than p-NTP. Adapted from Wijnen et al. (44).
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(55), ovarian (21), colorectal (56), prostate (56), lung (56, 57),
endometrial (16), and pancreatic (58) cancer.

In addition to catalyzing the formation of PC in the Kennedy
pathway of PtdCho synthesis, ChKa also has other functions in
regulating cell signaling pathways. For example, the non-receptor
tyrosine kinase c-Src was shown to phosphorylate ChKa, which in
turn forms a protein complex with epidermal growth factor recep-
tor to regulate breast cancer cell proliferation and tumorigenesis
(59). Downregulation of ChKa decreased the phosphorylation of
the mitogen-activated protein kinase (MAPK) signaling pathway
protein ERK1/2 to p-ERK1/2 on T202/Y204 (60), and the PI3K/
AKT signaling pathway protein AKT to p-AKT on S473 (61).
ChKoa inhibition induced exacerbated endoplasmic reticulum
(ER) stress and triggered apoptosis via the CHOP pathway in
cancer cells, but not in the non-tumorigenic mammary epithe-
lial cell line MCF-10A (62). CHOP is the major pro-apoptotic
transcription factor that is induced by ER stress. Inhibition of
ChKu in cancer cells also resulted in an intracellular increase in
ceramides, leading to apoptotic cell death, suggesting that ChKa
activity disruption may be a highly specific and selective cytotoxic
antitumoral strategy. ChKa knockout mice, but not knockout
mice with a loss of ChKp, are embryonically lethal, implying that
ChKa is essential for PtdCho biosynthesis (7, 63, 64).

Several small molecule inhibitors of ChKa- and siRNA-based
nanoparticles have been developed to test their potential for MRS-
monitored anticancer treatment. Lacal and colleagues have tested
several groups of compounds that inhibit ChKa activity, some
of which displayed significant levels of antiproliferative activity
and led to a reduction of tumor growth (65-67). One of these

inhibitors, TCD-717 (68), is currently being tested in a phase I
clinical trial (https://clinicaltrials.gov/ct2/show/NCT01215864).
Bhujwalla and colleagues have developed siRNA and shRNA strat-
egies (Figure 3) (69, 70), and siRNA-based nanoparticles against
ChKa (71) for anticancer therapy. Both methods of therapy can be
monitored by detecting ChKa activity with MRS (22, 69, 70, 72).
siRNA silencing of ChKa demonstrated synergistic effects with
5-fluorouracil (5-FU) in the treatment of breast cancer cells
(73), and ChKa inhibitors showed similar effects in preclinical
studies of treating colorectal cancer (74). Overall, ChKa is a
well-established antitumor target, with multiple inhibitors and
siRNA-based agents against ChKa under development and in
initial clinical testing phases. It is possible that ChKa may enter
clinical application as stand-alone treatment or in combination
with other first-line chemotherapeutic drugs such as 5-FU. MRS
monitoring of tumor tCho or PME levels in patients undergoing
treatment with ChKa-targeted drugs may facilitate non-invasive
assessment of tumor response for more precise treatment moni-
toring and dynamic adjustment of the treatment plan.

PtdCho-SPECIFIC PHOSPHOLIPASE
D (PLD)

The phospholipase D enzyme hydrolyzes the most abundant
phospholipid PtdCho and thereby produces phosphatidic acid
(PA) and free choline (75). PA is a second messenger that directly
binds to the mammalian target of rapamycin (mTOR) (76). PA
can also be converted to other secondary messengers such as
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FIGURE 3 | Choline kinase a (ChKa) as target for anticancer treatment. (A) ChKa converts free choline to phosphocholine (PC). (B) Knockdown of ChKao
resulted in a dramatic reduction of cellular PC as evident by the decreased PC signal in high-resolution 'H MR spectrum obtained from water-soluble metabolites of
MDA-MB-231 cells transfected with anti-ChKa siRNA compared to the spectrum from non-target siRNA control. (C) Stable knockdown of ChKa with a pSHAG-UB-
shRNA vector significantly decreased MDA-MB-231 cell growth rate. Abbreviations: GPC, glycerophosphocholine. ***represents P < 0.001, average proliferation
rates were calculated from five independent experiments. Adapted from Glunde et al. (69).
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diacylglycerol (DAG) by lipid phosphatidate phosphatase, or to
lysophosphatidic acid (LPA) by phospholipase A2 (75). There are
two isoforms of PLD in the human genome: phospholipase D1
(PLD1) and PLD2, which share 50% amino acid identity and dis-
play a similar protein structure (77, 78). PLD1, PLD2, and PA have
been reported to interact with several protein partners, forming a
molecular network that mediates various cellular functions (79).
These cellular functions include vesicle trafficking (endocytosis
and exocytosis), trans-Golgi network vesicle formation, cytoskel-
eton organization, cell migration, cell morphogenesis, autophagy
(80), and the regulation of growth, proliferation, survival, and
apoptosis (81).

Elevated PtdCho-specific PLD activity and/or increased
expression of PLD1 or PLD2 have been observed in many differ-
ent types of cancer and in transformed cells. A single-nucleotide
polymorphism without protein change in PLD1 was reported to
increase the risk of small cell lung cancer (82). A polymorphism
in PLD2 is associated with the prevalence of colorectal cancer
(83). Overexpression of either PLD1 or PLD2 in murine fibro-
blasts alters their cell growth, confers anchorage-independent
growth ability in soft agar, and sarcoma formation in nude mice
(84). Genetically enforced overexpression of PLD1 or PLD2 in
a human breast cancer xenograft model led to primary tumor
initiation and increased metastasis (85). PLD activity was shown
to confer rapamycin resistance in human breast cancer cells (86).
PLD activity was also demonstrated to couple survival and migra-
tion signals in human cancer cells to stress response (87). PLD1
and ChKa are interactive, such that ChKa silencing increases
PLD1 expression and PLD1 silencing increases ChKa expression
(88). The contributions of PLD to cancer have been summarized
by Bruntz et al. as sustaining proliferative signaling, transducing
MAPK signaling, regulating mTOR, evading growth suppression,
resisting apoptosis- or autophagy-mediated cell death, activating
invasion and metastasis, inducing angiogenesis, and deregulating
cellular energetics (81).

Targeting PLD for anticancer therapy has been extensively
explored. siRNA silencing or genetic ablation of either PLD1 or
PLD2 were demonstrated to reduce cell proliferation, cell migra-
tion, and/or xenograft growth (85, 89). In ApcMin/+ and azox-
ymethane/dextran sodium sulfate (AOM/DSS) mouse models,
spontaneous and colitis-associated intestinal tumorigenesis was
reported to be disrupted by genetic or pharmacological targeting of
PLD1, but not PLD2 (90). This was the case because PLD1 inactiva-
tion suppressed the self-renewal capacity of colon cancer-initiating
cells, which in turn decreased the expression of f3-catenin (90).
The combination of PLD1 and autophagy inhibition was shown to
synergize in inducing tumor cell apoptosis and tumor regression,
providing a potential rational target for anticancer therapy (91).
In earlier studies, short-chain primary alcohols were used as PLD
inhibitor, but concerns were raised about insufficient suppression
of PA production and off-target effects (92). Several PLD-specific
inhibitors have been screened and evaluated in preclinical studies
(81, 92, 93). 5-Fluoro-2-indolyl des-chlorohalopemide (FIPI),
a dual inhibitor of PLD1 and PLD2 (93), has shown anticancer
potential. Delivering FIPI with an osmotic pump to a xenograft
model of breast cancer in mice was able to inhibit primary tumor
growth and reduce metastatic growth of nodules in the axillary

lymph nodes and lungs (85). Tumors grew more slowly in FIPI-
treated mice and showed a significant decrease in microvessel
density as compared to non-treated control mice (94). Later stud-
ies have explored the anticancer properties of isoform-selective
inhibitors of PLD1 or PLD2 (95). The PLD1 selective inhibitor
VUO0155069 was shown to attenuate intestinal tumorigenesis in
the ApcMin/+ and AOM/DSS mouse models (90). Both PLD1
and PLD2 selective inhibitors were found to enhance the radio-
sensitivity of breast cancer cells (96).

The generation of PLD1-deficient transgenic mice provided
the opportunity of studying the role of PLD1 in the tumor
microenvironment. Tumor xenografts growing in Pld17~, but
not in P1d27"~, mice were demonstrated to have limited primary
tumor growth and reduced lung metastasis as shown in Figure 4
(94). Further examination showed that vascular endothelial cells

PId

FIGURE 4 | Phospholipase D1 activity in the tumor microenvironment
is important for tumor growth and metastasis. (A) Representative
picture showing that melanoma xenografts grown in Pld~~ mice have limited
growth volume compared to that growing in wild-type (WT) mice. Scale bar,

1 cm. (B) Melanoma xenografts growing in Pld~~ mice have fewer blood
vessels as compared to those grown in wild-type mice, as evident from H&E
stains of the respective tumor sections. Arrowheads in panel (B) indicate
blood vessels. Scale bar, 50 um. (C) For melanoma xenografts, lung
metastasis has been significantly lower in lungs of Pld~"~ mice than in lungs of
wild-type mice. Adapted from Chen et al. (94).

Frontiers in Oncology | www.frontiersin.org

December 2016 | Volume 6 | Article 266


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Cheng et al.

Targets in Cancer Phospholipid Metabolism

of PLD1-deficient mice displayed reduced activities in signal-
ing pathways that affect vascular endothelial growth factor as a
downstream target (94). These signaling pathways were mediated
by reduced phosphorylation of Akt, the MAPK proteins ERK1/2,
and P38, leading to decreased integrin-dependent cell adhesion to
and migration on extracellular matrices, as well as reduced tumor
angiogenesis (Figure 4B) (94). Partly mediated by impaired
activation of oupPs integrin in platelets, tumor cell-platelet inter-
actions decreased in Pld17~ mice, resulting in reduced seeding
of tumor cells into the lung parenchyma (Figure 4C) (94). Small
molecule inhibitors of PLD1 displayed similar effects on tumors
as the genetic ablation of PLD1 in the host mice (94).

Both Pld17~ and P1d2'~ mice developed overtly normal (80,
97, 98), indicating that PLD1 inhibitors may have low toxicity.
Although the existing small molecule inhibitors against PLD1
only impair cell migration and under-perform in killing cancer
cells or reducing the proliferation rate of cancer cells as a stand-
alone treatment, they may synergize well with other therapy
approaches in combatting cancers, due to PLD1’s multiple roles
in important cell functions. Moreover, PLD1’s role in the tumor
microenvironment, which confers the ability to disrupt tumor
angiogenesis in some studies (94), makes it an attractive target.
Although no PLD1 inhibitors have entered into clinical trials for
anticancer therapy yet, promising results emerging from recent
preclinical studies may pave the way for PLD1 inhibitors into
clinical studies in the near future.

PHOSPHATIDYLCHOLINE-SPECIFIC
PHOSPHOLIPASE C (PtdCho-PLC)

Phosphatidylcholine-specific phospholipase C cleaves the PC
moiety from PtdCho, thereby generating and releasing DAG and
PCinto cytosol. DAG is an important second messenger that acti-
vates protein kinase C and induces mitogenic signal transduction.
Considering the large abundance of PtdCho, it is possible that
PtdCho-PLC hydrolysis of phospholipids can produce a more
sustained DAG elevation than phosphatidylinositol-specific PLC
cleavage of phosphatidylinositol (99). The sustained mitogenic
signal produced by PtdCho-PLC generated DAG may lead to cell
transformation. Indeed, NIH3T3 fibroblasts stably transfected
with bacterial PtdCho-PLC displayed chronically elevated levels
of DAG and PC, and a transformed phenotype that was charac-
terized by anchorage-independent growth in soft agar, formation
of transformed foci in tissue culture, and loss of contact inhibition
(100). Increased PtdCho-PLC enzyme activity was observed in
ovarian cancer cells (101, 102), breast cancer cells (103), and
squamous cell carcinoma cells (104) as compared to the cor-
responding non-malignant, immortalized cells. PtdCho-PLC
selectively accumulated in raft domains in the plasma membrane
of HER2-overexpressing breast cancer cells, in which it colocal-
ized with HER2 (105).

Since the genes encoding PtdCho-PLC have not yet been
cloned from mammalian genomes, it is currently not possible to
genetically ablate PtdCho-PLC activity, and mechanistic PtdCho-
PLC studies have to rely on small molecule inhibitors of PtdCho-
PLC, such as tricyclodecan-9-yl-potassium xanthate (D609).

D609 competitively inhibits PtdCho-PLC activity and was
shown to confer antiviral and antitumor effects (106). Inhibition
of PtdCho-PLC with D609 reduced the cellular PC content and
blocked cell proliferation in human ovarian cancer cells (102).
D609 treatment of human MDA-MB-231 breast cancer cells led
to a loss of mesenchymal traits, such as decreased Vimentin and
N-Cadherin expression, and a changed cell morphology more
similar to mature breast epithelial cells, as well as growth arrest
and reduced migration and invasion potential (103). PtdCho-
PLC inhibition with D609 also resulted in enhanced HER2
internalization and lysosomal degradation, strong retardation of
HER?2 re-expression on the membrane, and reduced HER2 con-
tent in HER2-overexpressing breast cancer cells, suggesting that
PtdCho-PLC inhibitors may be potential candidates for the treat-
ment of HER2-amplified or trastuzumab-resistant breast cancers
(105). D609 treatment of the two squamous cell carcinoma cell
lines A431 and CaSki, which display different stemness potential,
led to reduced cell proliferation, decreased sphere-forming effi-
ciency, and down-modulated mRNA levels of stemness-related
markers (104). Although the mammalian PtdCho-PLC genes
have not yet been identified, it is evident that PtdCho-PLC activ-
ity is important in cell transformation and cancer progression,
and that inhibiting PtdCho-PLC activity may have potential as an
anticancer strategy. Efforts should focus on cloning mammalian
PtdCho-PLC gene(s) and identifying compounds that inhibit
PtdCho-PLC and are suitable for clinical application.

SPHINGOMYELINASES (SMAs)

Sphingomyelin is a sphingosine-based phospholipid that exists in
cell membranes with a typical mole percentage of around 10-20
(107). Sphingomyelin typically contains a PC or sometimes a PE
headgroup similar to glycerol-based phospholipids. SMAs are
enzymes that act analogous to phospholipase C, release PC or
PE from sphingomyelin, and thereby generate ceramide (108).
According to the pH for their optimum enzyme function, they are
classified as acidic, neutral, and alkaline SMAs (109).

The importance of acid sphingomyelinase (ASM) function in
tumor irradiation has been well established with genetic stud-
ies (110). Niemann-Pick patients have an inherited deficiency
of ASM activity, which results in their lymphoblasts failing to
respond to ionizing radiation with ceramide generation and
apoptosis (110). ASM knockout mice also displayed failure of
radiation-induced ceramide generation and apoptosis in vivo
(110). MCA/129 fibrosarcomas and B16F1 melanomas grown in
ASM-deficient mice grow much faster than in control mice and
showed reduced endothelial apoptosis upon irradiation (111).
When these cells were grown in severe combined immunodeficient
mice with ASM-deficiency, the xenografts acquired resistance to
single-dose radiotherapy (112), implying that ASM-mediated,
radiotherapy-induced apoptosis occurs both in cancer cells and
in the tumor microenvironment. Production of ceramide after
tumor irradiation or treatment with chemotherapeutic agents,
including commonly used daunorubicin, doxorubicin, cisplatin,
paclitaxel, gemicitabine, among others, is a well-known treatment
response (113). The production of ceramide through hydrolysis of
sphingomyelin by ASM following chemotherapy is an important
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mechanism of cellular ceramide increase which leads to tumor
cell apoptosis, as siRNA knockdown of ASM prevents cancer cell
death induced by cisplatin (114) or gemcitabine (115, 116).

The molecular mechanism by which ASM promotes cell apop-
tosis is mainly through its ceramide-producing ability. Moreover,
the formation of ceramide-enriched lipid domains can trap and
cluster specific membrane receptors such as CD95 and intracel-
lular signaling molecules, and thus, facilitate cellular signal trans-
duction, which leads to apoptosis, autophagic responses, and cell
cycle arrest (114, 117, 118). To improve the therapeutic efficacy
of ceramide-producing chemotherapy, further increasing the
ceramide generation in cancer cells through activation of SMAs
may be a worthwhile strategy to enhance anticancer treatment.
However, it is generally hard to activate protein function. On the
contrary, most rational drug design strategies inhibit rather than
activate protein function. Based on this reasoning, ASM does not
seem to be a suitable anticancer target at first sight. However, on
the other hand, ASM-deficient human patients suffering from
Niemann-Pick disease have cells with lysosomal storage disorders
and significantly decreased lysosomal stability (119), suggesting
that ASM is essential for maintaining normal lysosomal integrity.
To escape from apoptosis, tumor cells, especially therapy resistant
cancer cells, probably decrease their ASM activity to a critically
low level, making them more sensitive than normal cells to
ASM inhibition that can lead to lysosomal destabilization (120).
Siramesine and several clinically relevant ASM inhibitors were
found to trigger cancer-selective lysosomal cell death, displaying
great anticancer potential as evident by reducing tumor growth
in vivo, and reverting multidrug resistance (Figure 5) (121). So
the strength of escaping from apoptosis by decreasing ASM levels
becomes a weakness of cancers, through which cancer-specific
killing agents can be developed especially for malignant and
multidrug-resistant cancers (122).

There are several genes in the mammalian genome encoding
neutral sphingomyelinases (N-SMase): the nSMasel gene most
likely encodes a lyso-platelet activating factor with phospholipase
C activity (123), the nSMase2 and nSMase3 genes encode bona
fide SMAs (124), and the newly identified MA-nSMase is a
mitochondria-associated protein (125). Similar to ASM, N-SMase
activity also promotes apoptosis through production of ceramide
(124). The antitumoral chemotherapeutic reagents daunorubicine
and arabinoside-C activate N-SMase in leukemic cells, resulting
in ceramide release, which activates Jun-N-terminal kinases and
Lyn protein tyrosine kinase to mediate cell apoptosis (126-128).
Doxorubicin also induces nSMase2 mRNA and protein in a
dose-dependent manner, and nSMase2 knockdown can prevent
doxorubicin-induced growth arrest (129).

Alkaline sphingomyelinase activity is mostly found in
the gastrointestinal tract and in human bile (130), and it is
associated with colon cancer. Early studies showed that dietary
sphingomyelin intake inhibited the formation of colon cancer
that was induced with the carcinogen 1,2-dimethylhydrazine
in mice (131). Both, human colorectal carcinoma and familial
adenomatous polyposis, display a marked reduction in alkaline
sphingomyelinase activity (130, 132, 133). Knockout of the alka-
line sphingomyelinase encoding gene NPP7 in mice significantly
enhanced colonic tumorigenesis as compared to wild-type mice,

after both groups of mice had been treated with a carcinogenic
formulation of azoxymethane and dextran sulfate sodium (134).
Loss of function mutated NPP7 gene copies were identified in the
colon cancer cell line HT-29, the liver cancer cell line HepG2, and
in liver tumor tissues (135, 136).

In summary, the family of SMAs generally acts in an anti-
cancer role through ceramide release leading to apoptosis.
Radiation therapy, chemotherapeutic agents, and some targeted
therapy inhibitors exerted their tumor killing ability by activating
sphingomyelinase enzyme activity. The functioning of ASM in
lysosomal integration has lead to the concept of inhibiting ASM
to destabilize lysosomes and kill cancer cells (120, 122). The
cationic amphiphilic drug siramesine, initially developed as an
anti-depression agent which failed for having no effect, may be
alternatively developed as an anticancer drug, and may be particu-
larly successful when combined with microtubule-destabilizing
antimitotic drugs (137). To date, the effects of sphingomyelinase
activation or inhibition on the choline metabolite profile and
tCho levels have not yet been studied.

CHOLINE TRANSPORTERS

The accelerated synthesis of PtdCho to satisfy the need of fast
proliferation of cancer cells requires a large quantity of choline as
precursor. Cancer cells typically take up free choline from their
environment, which in some cases is a rate-limiting step in form-
ing PC and in the Kennedy pathway (138). Free choline, which is
an organic cation, cannot cross cell membranes freely, and hence
requires active transporters for its import into cells. The human
genome has four groups of proteins with choline transport ability:
choline transporter 1 (CHT1/SLC5A7), choline transporter-like
proteins (CTLs), organic cation transporters (OCTs), and organic
cation/carnitine transporters.

A microarray survey of CTL1 revealed that it was expressed
in cancers of the central nervous system, ovary, breast, prostate,
and leukemia, while highly expressed in melanoma, renal, and
colon cancer (139). Functional expression analysis showed that
the expression of the CTL family was different across different
cancer cell lines, and that cancer cells expressed at least one set
of choline transporters to guarantee the import of this essential
nutrient. Both the expression of choline transporter genes and
the rate of choline uptake in breast cancer cells were shown to
be much higher than in the non-malignant human mammary
epithelial cell (HMEC) line MCF-10A (140). CHT1 mRNA was
only slightly expressed in the neuroblastoma cell lines SH-SY5Y
and LA-N-2 (140), while CTL1 was the major choline transporter
in these cancer cells (141). CHT1 and OCT2 were upregulated
in breast cancer cell lines as compared to HMEC (142), while
another study showed that CTL1 and CTL2 were the two genes
overexpressed in the breast cancer cell line MCF-7 as compared to
the non-malignant mammary epithelial cell line MCF-10A, and
CTL2 specifically was detected in human breast cancers by immu-
nohistochemical staining (140). CTL1 was highly overexpressed
in human pulmonary adenocarcinoma tissues as compared to
matched normal tissues (143). CTL1 was also the major choline
transporter that accounts for the enhanced choline uptake in lung
adenocarcinoma cell lines, the human HT-29 colon carcinoma
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cell line (144), leukemia cells (140), and human neuroblastoma inhibited choline uptake in both HL-60 and Jurkat leukemia cells,

cells (141). thereby leading to increased caspase-3/7 activity and decreased
The requirement for an increased supply of choline implies that ~ cell viability (140).
cancer cells may be vulnerable to choline transporter inhibition. The high-affinity choline transporter CHT1 was thought to be

Organic cation drugs, which likely share the same transporters  unique to cholinergic neurons, in which choline is used to synthe-
with choline, might inhibit choline uptake, and thereby reduce size the neurotransmitter acetylcholine (ACh) (146). However,
cancer cell viability. The choline analog hemicholinium-3 (HC-3)  there is evidence that non-neuronal cholinergic systems exist in
and tetrahexylammonium chloride were reported to inhibit cho- lung cancers (147, 148), colon adenocarcinoma (149), and leu-
line uptake and reduce cell proliferation when treating thehuman ~ kemia (140). In these cancers, ACh acts as an autocrine or local
colon carcinoma cell line HT-29 (144). The Na*/H* exchanger = paracrine growth factor that stimulates tumor growth, with mus-
inhibitor dimethylamiloride and various organic cations such  carinic cholinergic receptor subtype M3 or nicotinic cholinergic
as quinine, quinidine, desipramine, imipramine, clomipramine, = receptors functioning as its receptors (147, 149, 150), which is
diphenhydramine, and fluvoxamine, among others were shown  indicated in Figure 6. However, the free choline transported into
to inhibit choline uptake and cell viability in the small cell lung ~ some cells for this non-neuronal ACh synthesis is not dependent
carcinoma cell line NCI-H69 (145). In the same study, HC-3 on CHT1 transport (150-152). Knockdown of CTL4, but not
and CTLI1 siRNA were shown to inhibit choline uptake and cell ~ other genes in the CTL family, in both lung and colon cancer
viability as well, along with increasing caspase-3/7 activity (145).  cells significantly decreased ACh secretion and cell growth,
CTLI inhibitors significantly block choline uptake in the lung  suggesting that CTL4 is a reasonable target for certain types of
adenocarcinoma cell lines A549, H1299, and SPC-A-1, and their ~ cancer therapy without affecting neuronal ACh synthesis (150,
ability to block uptake was closely associated with their efficacy ~ 153). CTL1 was reported to be associated with ACh production in
in reducing cell proliferation (143). HC-3 also significantly = human neuroblastoma cells (141), but negatively associated with
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FIGURE 6 | Choline is an essential nutrient transported into cells by
choline transporters. In some cancer types such as lung cancers, choline
that is taken up into cells is converted to acetylcholine, serving as an
autocrine or paracrine growth factor which stimulates cancer cell growth.
Alternatively, choline is converted to phosphocholine and ultimately
phosphatidylcholine, serving as building block to satisfy the increased
proliferation rate of cancer cells and tumor growth. Abbreviations: ACh,
acetylcholine; CCT, phosphocholine cytidylyltransferase; CDP-Cho, cytidine
5’-diphosphocholine; ChAT, choline acetyltransferase; ChKa, choline kinase
a; Cho, choline; CPT, diacylglycerol cholinephosphotransferase; nAChR,
nicotinic acetycholine receptor; mMAChR, muscarinic acetycholine receptor;
PC, phosphocholine; PtdCho, phosphatidylcholine.

ACh secretion from non-small cell lung carcinoma (154). CTL1
inhibition to reduce ACh production may be an effective way of
killing cancer cells in certain types of cancer.

Choline transporters are crucial for cells to import extracel-
lular choline. Inhibition of choline transport would likely lead
to choline deficiency and ceramide accumulation, which in turn
would trigger apoptosis via p53-independent pathway (140, 155,
156). Overall, choline transporters, and in particular CTL1 and
CTL4, are interesting targets for anticancer drug development
because their inhibition has a great potential to reduce prolifera-
tion and induce apoptosis or block the tumor promoting ACh-M3
muscarinic cholinergic receptor system. As CHT1 is necessary for
neuronal ACh biogenesis, as evident by the lethal effect of CHT1
knockout in mice (157) and the severe toxicity of its inhibitor
hemicholinium-3 (158), developing inhibitors specific to CTLs
with low affinity to CHT1 is a must in targeted drug development
to avoid possible toxic side effects.

GLYCEROPHOSPHODIESTERASES

Glycerophosphodiester ~ phosphodiesterases (GDPDs) or
glycerophosphodiesterases (GDEs) are enzymes that use glyc-
erophosphodiesters as substrates and break them down into
glycerol 3-phosphate and alcohols (see Figure 7A). Although
bacterial GDPDs can hydrolyze various glycerophosphodiesters,
the mammalian genes display substrate preference, and the

substrates are not limited to glycerophosphodiesters (159). The
human genome encodes seven members of the GDE family,
and three of them, as well as their close homologs in mice, were
reported to hydrolyze glycerophosphodiesters (159). GDE1 dis-
plays substrate preference toward glycerophosphoinositol (GPI),
while glycerophosphoserine (GPS) and glycerophosphoglycerate
(GPG) are direct GDE1 substrates as well, and GPE is able to
block the glycerophosphoinositol phosphodiesterase activity of
GDE1, but not GPC (160). The two GDPDs: GDPD5 (or GDE2)
and GDPD6 (or GDE5, GPCPD1) were reported to display
glycerophosphocholine phosphodiesterase (GPC-PDE) activity
(161, 162).

GDPD5 was first reported in mice as a GPC-PDE that osmoti-
cally regulates GPC levels in renal medullary cells, in which GPC
is an abundant and important osmoprotective organic osmolyte
(161). Phosphorus MRS measurements of MDA-MB-231 breast
cancer xenografts with constitutively silenced GDPD5 in nude
mice also displayed an increase in GPC (164). GDPD5 expres-
sion was found to correlate with breast cancer malignancy (165).
GDPD5, as well as PLD1 and ChKa, were highly expressed in
estrogen receptor negative (ER") breast cancers, which also dis-
played higher PC, tCho, and lower GPC in comparison with ER+
cases (165). High-resolution '"H MRS analysis of breast cancer cell
lines in which GDPD5 or GDPD6 were silenced demonstrated
that GDPD6 has a leading role in regulating the intracellular GPC
level in breast cancer cells (Figure 7B) (163). siRNA silencing
of GDPD5 reduced the viability (Figure 7C) and migration
(Figure 7D) of ER + MCEF-7 breast cancer cells, and decreased the
migration and invasion of triple-negative MDA-MB-231 breast
cancer cells (163). GDPD5 also hasimportant functions in regulat-
ing neuron differentiation through glycosylphosphatidylinositol-
anchor cleavage of reversion-inducing cysteine-rich protein with
kazal motifs (RECK) (166), which, further downstream, leads to
inactivation of the Notch signaling pathway.

GDPD6 was shown to be an Mg**-dependent GDE that is able
to hydrolyze GPC and GPE, but does not show activity with GPG,
GPI, and GPS as substrates (167). The role of GDPD6 in cancer
was recently identified, demonstrating that GDPD6 expression
promotes cancer cell migration and invasion through protein
kinase alpha signaling (162). GDPD6 mRNA levels were shown to
be increased in metastasizing as compared to non-metastasizing
endometrial carcinomas, and GDPD6 expression was negatively
associated with relapse-free survival in endometrial and ovarian
cancers (162). GDPD6 was overexpressed in endometrial cancers,
along with ChKa overexpression, resulting in a 70% increase in
PC levels (16). Microarray analysis of GDPD6-silenced MCF-7
and OVCAR-3 cells compared to control samples revealed that
the expression of integrin f1 was reduced, which resulted in
decreased cell attachment and spreading, while overexpression of
GDPD6 had the opposite effect (168). The GDPD6 protein con-
tains two conserved domains, which are a carbohydrate-binding
domain and a catalytic domain conferring GDE enzyme activity.
GDPD6 was also shown to regulate skeletal muscle development
in an enzyme activity-independent domain (167). It is not yet
clear whether the choline-releasing enzymatic activity of GDPD6
is important for its function in promoting cancer cell migration
and invasion.
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thereby generating glycerol-3-phosphate. (B) Transient knockdown of GDPD5 or GDPD6 by siRNA treatment of MDA-MB-231 cells shows that GDPD6 silencing
leads to a significant elevation of the GPC peak in high-resolution 'H MR spectra from water-soluble metabolites, while GDPD5 silencing marginally increases GPC
levels in this cell line. (C) GDPD5, but not GDPDB6, siRNA shows cytotoxic effect in MCF-7 breast cancer cells indicated by reduced cell numbers following siRNA
treatment of MCF-7 cells. (D) Both GDPD5 and GDPDB silencing decreased MCF-7 cell migration detected by scratch assay. Abbreviations: PC, phosphocholine.
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Both GDPD5 and GDPD6 are emerging as potential antican-
cer targets in choline metabolism. Their differing specific roles
in conferring cancer aggressiveness and degrading GPC are at a
relatively early stage of investigation and will require additional
mechanistic and preclinical studies to evaluate their full potential
as possible drug targets for anticancer therapy.

PHOSPHATIDYLETHANOLAMINE
N-METHYLTRANSFERASE (PEMT)

Phosphatidylethanolamine can be directly converted to PtdCho
in one step through three methylations of the ethanolamine
moiety of PtdEtn, which is catalyzed by the enzyme PEMT. This
enzyme was initially isolated from rat liver and was thought to be
specific to the liver (169). The first indication that PEMT can sup-
press cancer was the discovery that the growth of rat hepatoma
cells was suppressed by overexpressing the PEMT gene (170).
PEMT is highly expressed in normal liver, but its activity was
negligible in the two hepatoma cell lines and almost diminished
during chemically induced hepatocarcinogenesis (171, 172), and

the induced neoplastic phenotype could be partially reversed by
PEMT cDNA transfection (172). When growing hepatoma cells
in an animal host, PEMT activity and protein expression were
barely detected in the fast proliferation stage, while its mRNA
and protein reappeared in stationary growth stages (173). Forced
expression of PEMT in McArdle-RH7777 hepatoma cells resulted
in cell apoptosis (173).

Most early studies of PEMT function were using non-human
hepatoma cells or chemically induced hepatocarcinogenesis
models in animals. A later study with clinical samples of human
hepatocellular carcinomas (HCC) showed that while the PEMT
gene was intact, its mRNA level was reduced or even absent
compared to peritumoral normal tissue, which was also observed
in parallel for PEMT’s enzyme activity (174). PEMT mRNA was
found to inversely correlate with HCC histological stage, and the
absence of PEMT mRNA in tumor tissue from cancer patients
was associated with poor survival (174). While early studies of
PEMT’s role in cancer were mostly observed in liver cancers,
more recent studies indicated that PEMT polymorphism is also
related to breast cancer risk (175). In BRCAl-mutated breast
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cancer, the PEMT gene undergoes epigenetic repression, and
hypermethylation of a specific site in the PEMT promoter is
associated with histological grade and estrogen receptor status
(176). This finding is consistent with the observation that PtdEtn
increased with breast tumor grade (6). Another study in small
cell lung cancer indicated that an increase in PEMT expression
predicted shorter patient survival time, which is opposite to the
observations made in liver and breast cancer (177).

The molecular mechanisms by which PEMT expression sup-
presses hepatoma growth are not yet fully understood. One study
showed that PEMT activity negatively correlated with PtdCho
synthesis in the Kennedy pathway (178). When PEMT was
overexpressed in McArdle-RH7777 rat hepatoma cells, cellular
PtdCho levels did not change even though [methyl-*H]methio-
nine and [*H]ethanolamine were incorporated into PtdCho,
suggesting that conversion of PtdEtn to PtdCho occurred (178).
Molecular analysis in this study showed that CTP:phosphocholine
cytidylyltransferase (CT) activity, which is the rate-limiting step
in the Kennedy pathway of PtdCho synthesis, decreased (178).
This was most likely the reason for the unchanged PtdCho levels
during PEMT overexpression in this study (178). The slowing
down of the Kennedy pathway while PEMT activity increased
may have contributed to the reduced cell proliferation rate in
this study (178). Chemically induced hepatocarcinogenesis and
growth of hepatoma cells in host animals also demonstrated
opposing activities of PEMT and CT (171, 173). The overexpres-
sion of PEMT in CBRH-7919 rat hepatoma cells resulted in a
downmodulation of the PI3K/Akt signaling pathway, which was
evident by reduced protein levels of c-Met, PDGF receptor, PI3K,
Akt, and Bcl-2, in addition to decreased phosphorylation of Akt
Thr308, which was accompanied by elevated cell apoptosis (179).

In summary, PEMT, an enzyme that directly converts PtdEtn
to PtdCho by sequential methylation, acts as an onco-suppressor.
Its function and molecular mechanism of tumor suppression,
and its regulation during carcinogenesis are currently starting to
emerge and will require more in depth studies.

ETHANOLAMINE KINASE (ETNK)

The first step in the Kenney pathway toward de novo synthesis
of PtdEth or PtdCho is the ATP-dependent phosphorylation
of free intracellular ethanolamine or free intracellular choline.
While ChKa does confer dual choline and ETNK activity with
a preference for choline (180), the conversion of free ethanola-
mine to PE is mainly achieved through ETNK enzyme activity
(181, 182). There are two genes encoding ETNK enzymes in the
human genome: ETNK1 (or EKI1) and ETNK2 (or EKI2). Forced
overexpression of the ETNKI gene in COS7 cells accelerated the
Kennedy pathway of PtdEtn synthesis, but did not result in an
accumulation of PtdEtns due to concomitant faster degradation
of PtdEtns (183). Interestingly, an ETNKI1 recurrent missense
mutation was frequently found in systemic mastocytosis with
eosinophilia and chronic myelomonocytic leukemia (184, 185).
These mutations caused an amino acid change located in the
kinase domain, which was predicted to disrupt the enzyme’s
catalytic activity (184, 185). Metabolite measurements revealed
an averaged 5.2-fold decrease in the PtdEtn/PtdCho ratio of

ETNKI1-mutated atypical chronic myelomonocytic leukemia
samples as compared to ETNK1 wild-type samples (184). In
contrast to these findings in leukemia, in different types of human
testicular cancers, EKI1 co-amplified with DAD-R and SOX5, all
of which reside in close-by chromosomal regions of the short arm
of chromosome 12 (12P) (186). The DAD-R gene is thought to be
clinically relevant in the malignant transformation of testicular
cancers because of elevated DAD-R expression in testicular
cancers with 12P amplification, which correlated with invasive
growth and a reduced level of apoptosis, as compared to testicular
cancers without 12P amplification (186).

While the roles and functions of ETNKSs in cancer are still at an
early stage of investigation, the product of its enzymatic activity,
PE, has been known to be elevated in several cancers for decades
(45, 187). Moreover, synthetic PE has recently been suggested to
have anticancer effects on melanoma (188), Ehrlich ascites tumor
(189), and leukemia (190). PE has also been reported to possess
anti-angiogenic and anti-metastatic activity in lung cancer (191)
and to induce cell cycle arrest and apoptosis in MCF-7 breast can-
cer cells (192). While the therapeutic effects of PE still need to be
verified by additional studies and eventually clinical trials, ETNK
may be an additional target for MRS-monitored anticancer treat-
ment and should be the focus of more research studies in the near
future. It is also possible that elevated PE levels in several types
of cancer could be the result of elevated ChKa expression and
activity levels, which is known to also act on free ethanolamine
(180). Additional studies are necessary to clarify the involvement
of ChKa in the elevated tumoral PE levels.

THE FUTURE: TARGETING MULTIPLE
TARGETS AND METABOLIC NODES

As our molecular understanding of the different roles of choline
and ethanolamine phospholipid metabolism enzymes in cancer
is growing, it will become important to study the interactions
between these enzymes as well. For example, in aggressive ER~
breast cancers, GDPD5, PLD1, and ChKa, were simultaneously
highly expressed, leading to elevated PC and tCho levels (165).
Moreover, it was recently shown that by silencing ChKa in breast
cancer cells, PtdCho-PLD1 was in turn upregulated and vice versa
(88). Only silencing of both enzymes simultaneously increased
apoptosis in the tested breast cancer cells, supporting the neces-
sity for targeting multiple enzymes in choline phospholipid
metabolism as a strategy of choice (88). This is also important
as targeting only one choline metabolic enzyme for anticancer
treatment may lead to the development of resistance in the treated
cancer cells more easily as cancer cells are able to adapt to new
growth environments and thereby acquire resistance.

Once the body of knowledge about the regulation of choline
and ethanolamine phospholipid enzymes has grown even further,
it may be worthwhile pursuing systems biology approaches of net-
work analyses to identify the important nodes in these metabolic
pathways that are the most vulnerable for targeting as anticancer
treatment strategy. Such types of analyses have already been
performed for drug design and development (193) and recently
for tissue-specific metabolic networks, including tumors (194).
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CONCLUSION

The aberrant choline and ethanolamine phospholipid metabolism
in cancer has recently further been established and solidified as
a universal metabolic hallmark of cancer. However, our current
knowledge of druggable targets in choline metabolism is still
emerging, with only a few enzymes such as ChKa and PLD1 hav-
ing been explored to a level where a somewhat complete picture
of their regulation, oncogenic roles, and interaction networks in
cancer are becoming available. For all other enzymes discussed
in this review, a lot more basic and translational research is
required to evaluate the exact molecular roles of PtdCho-PLC,
SMases, choline transporters, GDEs, PEMT, and ETKN in cancer.
Metabolic imaging approaches such as MRS and PET are valu-
able tools to help assess the targeting and regulation outcomes
in these studies and to serve later on as monitoring tools in the
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An increase of cellular phosphocholine (PC) and total choline (tCho)-containing com-
pounds as well as alterations in lipids have been consistently observed in cancer cells
and tissue. These metabolic changes are closely related to malignant transformation,
invasion, and metastasis. The study of cancer cells in culture plays an important role
in understanding mechanisms leading to altered choline (Cho) and lipid metabolism in
cancer, as it provides a carefully controlled environment. However, a solid tumor is a
complex system with a unique tumor microenvironment frequently containing hypoxic
and acidic regions and areas of nutrient deprivation and necrosis. Cancer cell-stromal
cell interactions and the extracellular matrix may also alter Cho and lipid metabolism.
Human tumor xenograft models in mice are useful to mimic the growth of human can-
cers and provide insights into the influence of in vivo conditions on metabolism. Here,
we have compared metabolites, obtained with high resolution '"H MRS of extracts from
human breast and prostate cancer cells in a 2-dimensional (2D) monolayer culture and
from solid tumor xenografts derived from these cells, as well as the protein expression
of enzymes that regulate Cho and lipid metabolism. Our data demonstrate significant
differences in Cho and lipid metabolism and protein expression patterns between human
breast and prostate cancer cells in culture and in tumors derived from these cells. These
data highlight the influence of the tumor microenvironment on Cho and lipid metabolism.

Keywords: choline metabolism, lipid metabolism, choline kinase, breast cancer, prostate cancer, cell culture,
xenograft model

INTRODUCTION

A solid tumor is a complex system with a unique microenvironment that frequently contains areas
of hypoxia, extracellular acidosis, and necrosis (1). Cancer cell-stromal/endothelial cell interactions
and nutrient deprivation are some of the additional factors that influence metabolism in solid tumors

Abbreviations: Cho, choline; Chk, choline kinase; GPC, glycerophosphocholine; ER, estrogen receptor; FASN, fatty acid
synthase; MRS, magnetic resonance spectroscopy; PC, phosphocholine; PL, phospholipase; PR, progesterone receptor; PtdCho,
phosphatidylcholine; PtdE, phosphatidylethanolamine; tCho, total choline; TMS, tetramethylsilane; TSP, 3-(trimethylsilyl)
propionic 2,2,3,3-d, acid.
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(1-3). Although investigating cancer cell metabolism using cells
in culture has the advantages of rapid use and lower costs, it is
important to validate these results with tumor studies because
of the complexities of solid tumor microenvironments that may
alter metabolism and gene expression profiles compared to cells
in culture. This is important in the development of biomarkers
and in identifying targets for cancer treatment.

Cancer cells display aberrant choline (Cho) and lipid
metabolism. Phosphatidylcholine (PtdCho), the most abundant
phospholipid in eukaryotic cell membranes, contributes to
proliferative growth and programed cell death (4). High levels
of cellular phosphocholine (PC) and total choline-containing
compounds [tCho: the sum of Cho, PC, and glycerophosphocho-
line (GPC)] have been consistently observed in cancer cells and
tumor tissue and are closely related to malignant transformation,
invasion, and metastasis (5-12).

Among the enzymes that regulate Cho metabolism, overex-
pression of choline kinase (Chk), the enzyme that catalyzes the
phosphorylation of Cho to yield PC in the first step of PtdCho
biosynthesis (Kennedy pathway) (13, 14), is a major cause of
increased PC and tCho observed in cancers (8, 11, 15). The
elevated tCho level detected by 'H magnetic resonance spectros-
copy (MRS) is being evaluated as a specific biomarker of prostate
cancer, and high tCho is associated with aggressiveness in breast
cancer (11, 16). Downregulation of Chk-a has been shown to
significantly reduce proliferation in breast cancer cells (17, 18)
and tumors (9). Enzymes that control the catabolism of PtdCho
include phospholipase A (PLA), PLC, and PLD. These enzymes
maintain PtdCho levels. Cytosolic phospholipase A, (cPLAa)
has significantly different expression levels in basal-like and
luminal-like breast cancer xenografts (19). PLD; is upregulated
in various human cancers, including breast (20, 21), uterine (22),
and endometrial (23) cancers. An association between PLD, and
Chk-a expression with breast cancer malignancy was recently
observed (21). Deregulated Cho phospholipid metabolism is
emerging as a metabolic hallmark of oncogenesis and tumor
progression.

Lipids function as energy storage molecules, structural com-
ponents of cell membranes, and signaling molecules involved
in cell growth, inflammation, and immunity (24, 25). Increased
lipid biosynthesis is a characteristic feature of cancer. Elevated
de novo fatty acid synthesis is necessary for rapidly proliferating
tumor cells to continually provide lipids, such as phospholipids,
for membrane production. Proton spectroscopy of lipid-soluble
cancer cell and tumor extracts detects signals from fatty acids,
cholesterol, and phospholipids. Fatty acid synthase (FASN) is
an important lipogenic enzyme required for fatty acid synthesis.
FASN overexpression has been reported in several human can-
cers including breast, prostate, colon, and ovary and has been
associated with poor prognosis (26-32).

Here, we obtained high resolution "H MR spectra of extracts
from cancer cells, and the corresponding tumor xenografts
derived from these cells, to identify differences in Cho and lipid
metabolism between cells and tumors. We selected two human
prostate (DU-145 and PC-3) and two human breast (MCF-7 and
MDA-MB-231) cancer cell lines with different aggressiveness for
these studies. Expression of Chk-a, cPLA,, PLD;, and FASN was

characterized in cells and tumors to understand the molecular
mechanisms underlying the differences in Cho and lipid metabo-
lism observed between cells and tumors. Significant differences in
Cho metabolites, especially PC and tCho, were observed between
cells and tumors that were reflected in the differences in enzyme
expression. These results underline the importance of the tumor
microenvironment and conditions that exist in vivo, in modulat-
ing the Cho and lipid metabolism of cells in tumors, and provide
new insights into the regulation of these metabolic pathways.

MATERIALS AND METHODS
Cell Culture

Two prostate and two breast cancer cell lines were used in this
study. PC-3 and DU-145 prostate cancer cells are both androgen
independent, but PC-3 is more invasive and metastatic than
DU-145 prostate cancer cells (33). MDA-MB-231 is a triple
negative metastatic human breast cancer cell line, and MCF-7
is an estrogen receptor/progesterone receptor-positive poorly
metastatic human breast cancer cell line (33). All cell lines were
obtained from American Type Culture Collection (Manassas,
VA, USA) and were maintained in a humidified atmosphere with
5% CO:; in air, at 37°C. The cell lines were grown in RPMI-1640
medium supplemented with 10% fetal bovine serum (Sigma-
Aldrich, St. Louis, MO, USA) and 100 units/ml penicillin and
100 pg/ml streptomycin (Life Technologies Ltd., Grand Island,
NY, USA).

Generation of Tumor Xenografts

Approximately 2 X 109 cells in 50 pL Hanks’ balanced salt solu-
tion (Sigma-Aldrich, St. Louis, MO, USA) were inoculated in
the mammary fat pad (breast cancer cells) or the flank (prostate
cancer cells) of severe combined immunodeficient mice. For
MCEF-7 tumors, a 17 p-estradiol pellet (0.18 mg 90-day release
pellet, Innovative Research of America, Sarasota, FL, USA) was
implanted subcutaneously 2 days prior to cancer cell inoculation.
Mice were fed with Teklad global 18% protein extruded rodent
diet (Harlan, Madison, WI, USA) that includes 1,200 mg/kg of
Cho, 0.9% total saturated fatty acids, and 4.7% of total unsatu-
rated fatty acids with minerals, amino acids, vitamins, and no
cholesterol.

Dual-Phase Extraction of Cells and

Tumors
Cells were cultured to about 80% confluence, and medium was
changed 3 h prior to cell collection to avoid any lack of nutri-
tion. Adherent cells were collected by trypsinization and counted
using a hemocytometer after staining dead cells with trypan blue.
Approximately 4-5 X 107 cells were harvested for cell extrac-
tion. Solid tumors were excised at volumes of ~200-500 mm?®
(~0.2-0.4 g) and immediately freeze-clamped in liquid N». The
time from cell inoculation to tumor excision was approximately
50 days for DU-145, 30 days for PC-3, 40 days for MCF-7, and
60 days for MDA-MB-231 tumors.

Both lipid- and water-soluble extract fractions were obtained
using a dual-phase extraction method as described previously
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(17). Briefly, pelleted cells were mixed with 4 mL of ice-cold
methanol and vigorously vortexed. For tumor samples, ground
tumors in liquid N, were mixed with 4 mL of ice-cold methanol
and homogenized. After keeping samples on ice for 15 min, 4 mL
of chloroform were added, vortexed vigorously, and kept on ice
for 10 min. Finally, 4 mL of water were added and shaken well.
All operations were performed on ice, and samples were stored
at 4°C overnight for phase separation and later centrifuged at
15,000 g at 4°C for 30 min. The water/methanol phase containing
water-soluble cellular metabolites such as Cho, PC,and GPC were
treated with ~100 mg of chelex beads (Sigma-Aldrich, St. Louis,
MO, USA) to remove any divalent cations. After removing the
beads, methanol was evaporated using a rotary evaporator. The
remaining water phase was lyophilized. The chloroform phase
(lipid-soluble phase) was collected in the tube, and chloroform
was evaporated using nitrogen gas. Both phases of the extracts
were stored at —20°C until use.

Magnetic Resonance Spectroscopy
Water-soluble extracts from cells and tumors were resuspended
in 0.6 mL of deuterated water (D,O) containing 2.4 X 10~ mol of
3-(trimethylsilyl)propionic 2,2,3,3-d, acid (TSP; Sigma-Aldrich,
St. Louis, MO, USA) as an internal standard for MR spectral
analysis. Lipid-soluble extracts were resuspended in 0.4 mL
of chloroform-D and 0.2 mL of methanol-D4 with 0.05 v/v%
tetramethylsilane (TMS) (Cambridge Isotope Laboratories, Inc.,
Tewksbury, MA, USA) as an internal standard. Fully relaxed 'H
MR spectra of water-soluble extracts and lipid-soluble extracts
were acquired on a Bruker Avance 11.7 T spectrometer (Bruker
BioSpin Corp., Billerica, MA, USA) with flip angle = 30°, sweep
width = 10,000 Hz, repetition time = 11.2 s, block size = 32 K,
and scans = 128. MR spectra were analyzed using Bruker XWIN-
NMR 3.5 software (Bruker BioSpin) as previously described (34).
Signal integrals of -N*(CHs); resonances of PC at ~3.226 ppm,
GPC at ~3.235 ppm, and free Cho at ~3.208 ppm in water-soluble
extracts were determined and normalized to cell number and cell
volume and compared to the TSP standard. To determine concen-
trations of cell samples, peak integration (Ime) from 'H spectra of
PC, GPC, and Cho were compared to that of the internal standard
TSP (Irsp) according to the equation:

1 H
[metabolite ,]= A, - met / 0
(ITSP /H)- Ncell . ‘/ce]l
[metabolite,  ]1=A, _ L/H )
(ITSP / H) : Vvtumor

In these equations, [metabolite.a] represents the intracellular
concentration of the metabolite of interest expressed as mole per
liter (M), Arsp is the number of moles of TSP (2.4 X 1077 mol)
in the sample, H is the number of protons contributing to the
signal, Nea is the cell number, and Ve is the cell volume. To
determine the cell volume, cell size was determined by trypsiniz-
ing the cells and measuring the diameter (d) of 100 randomly
selected cells using an optical microscope and calculated as
[(4m/3) x (d/2)%]. The cell volumes used for calculation are

MDA-MB-231: 2,050 um?, MCF-7: 3,128 um?, PC-3: 3,120 um’,
and DU-145: 3,630 um® (7).

Tumor metabolite concentration [metabolitewmo.:] was calcu-
lated in mole per liter (M), Viumor is the tumor volume in liter
(assuming 1 g=1mL).

In lipid phase samples, chemical shifts were referenced to the
internal standard TMS resonance at 0 ppm using published data
(35-38). To determine the arbitrary unit (A.U.) of metabolites
from lipid phase samples, signal integrals (Ime) of methyl groups
assigned to Cs of cholesterol (Cis) at ~0.7 ppm, methyl groups
(-CHs) at ~0.9 ppm, methylene groups (-(CH)n-) at ~1.3 ppm,
and ethylene groups (-CH = CH-) at ~5.4 ppm in acyl chains of
lipids, -CH,-N in phosphatidylethanolamine (PtdE) at ~3.1 ppm,
the Cho group (-N*(CHs);) primarily from PtdCho at ~3.2 ppm
peaks were determined and compared to that of TMS (Itus). A.U.
values were standardized by cell number (Nea) or tumor weight
() (Wiumer). For the comparison of cells and tumors, ratios of A.U.
values were used.

9
AU Jeell = Jma 10 3)
™S "4V cell
I_-10
AU/g=—me — (4)
™S tumor

Immunoblot Analysis

Cells were grown in culture medium and scraped into RIPA
buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
Triton-100, 1% sodium deoxycholate, 1 mM phenylmethylsul-
fonyl fluoride, 0.1% SDS, and a protease inhibitor cocktail at
1:200 dilution (Sigma-Aldrich, St. Louis, MO, USA)], and cell
lysates were incubated on ice for 30 min. Protein samples from
tumors were prepared after grinding freeze-clamped tumors in
lipid N, and sonicating in Hepes buffer with a protease inhibi-
tor cocktail. Cell and tumor lysates were spun down at 16,000 g
(refrigerated centrifuge 5415 R, Eppendorf, Westbury, NY, USA)
and 4°C twice. Protein concentrations were estimated using the
Bio-Rad DC assay (Bio-Rad, Hercules, CA, USA). Equal amounts
of total protein (40 or 50 pg) from cells or tumors were resolved
on one-dimensional 7.5% SDS-PAGE gels and transferred to
a nitrocellulose membrane (Bio-Rad). After blocking in 5%
milk-TBST (TBS Tween), the membrane was separately probed
with a custom-made polyclonal Chk-o antibody (Proteintech
Group, Inc., Chicago, IL, USA) (17), cPLA; antibody (Santa Cruz
Biotechnology, Inc. Dallas, TX, USA), FASN antibody (Santa
Cruz Biotechnology), and PLD; antibody (Abcam, Cambridge,
MA, USA). Anti-GAPDH antibody (Molecular Probes, Eugene,
OR, USA) was used for equal loading assessment. Secondary
antibodies were horseradish peroxidase conjugated anti-mouse
or anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA).
Reactions were recorded on Blue Bio film (Denville Scientific,
Metuchen, NJ, USA) following use of Super Signal West Pico
Substrate (Pierce Biotech, Rockford, IL, USA).

Statistical Analysis
Data were expressed as mean + SD. The statistical significance was
evaluated using a two-tailed unpaired Student’s ¢-test. P values of
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less than 0.05 were considered to be significant unless otherwise
stated. Four or more samples were used for cell culture data and
tumor data.

RESULTS

Levels of Cho Metabolites in
Water-Soluble Extracts
Determined by MRS

Representative 'H MR spectra of water-soluble metabolites
obtained from PC-3 cells and a tumor extract are shown in
Figure 1. Expanded Cho metabolite regions of water-soluble
cell and tumor extract spectra from DU-145, PC-3, MCF-7, and
MDA-MB-231 cell lines are shown in Figure 2 to demonstrate the
differences in the pattern of Cho metabolites between the cell and
tumor pairs. Data averaged over four cell studies and six tumors

showed a consistent decrease of PC in tumors compared to cells
in all four cell lines (Figure 3A). The two most aggressive cell lines
(PC-3 and MDA-MB-231) showed the strongest decline of PC
in tumors compared to cells. GPC tended to increase in tumors
compared to cells in PC-3 and MDA-MB-231 with the exception
of DU-145 cells where there was a significant decrease in tumors.
The several fold decrease of PC overshadowed the small increase
of GPC in tumors compared to cells, resulting in a significant
decrease of tCho in PC-3, and MDA-MB-231 tumors compared
to the cells. In DU-145 tumors, the decrease of both PC and GPC
resulted in a significant decrease of tCho in tumors compared to
the cells.

The PC/GPC ratio was higher in cells than in tumors
(Figure 3B), and the differences were larger in the more malig-
nant cell lines (PC-3 and MDA-MB-231) compared to the less
malignant cell lines (DU-145 and MCEF-7). Interestingly, the
higher PC/GPC ratio observed in the more aggressive cell lines

A PC-3 cell extract
PC TSP
H20 K
GPC
W] J. -
=
| | | | | | | | | |
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 ppm
B PC-3 tumor extract
GPC
TSP
‘/Hzo PC
. .l | LM__JA.._
| | | | | | | | I |
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 ppm
FIGURE 1 | Representative 'H MR spectra obtained from water-soluble extracts of (A) PC-3 cells (4 x 107 cells) and (B) PC-3 tumor xenograft (0.4 g).
Spectra were acquired on a Bruker Avance 11.7 T spectrometer with a 30° flip angle, 10,000 Hz sweep width, 11.2 s repetition time, 32 K block size, and 128
scans. TSP, 3-(trimethylsilyl)propionic 2,2,3,3-d. acid, an internal standard at 0 ppm; PC, phosphocholine; GPC, glycerophosphocholine; H-O, water signal.

Frontiers in Oncology | www.frontiersin.org

88

December 2016 | Volume 6 | Article 262


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Mori et al. The Tumor Microenvironment Modulates Metabolism

3.24 322 3.20 3.24 322 3.20 3.24 322 3.20 3.24 322 3.20 ppm
DU-145 cell DU-145 tumor PC-3 cell PC-3 tumor

T T T T T T T T T T T T T T T T T T T T T T T T

324 322 3.20 324 322 3.20 3.24 322 3.20 3.24 322 3.20 ppm
MCF-7 cell MCF-7 tumor MDA-MB-231 cell MDA-MB-231 tumor

FIGURE 2 | Representative choline metabolite regions of 'H MR spectra obtained from water-soluble extracts of DU-145, PC-3, MCF-7, and
MDA-MB-231 cells and the corresponding tumor xenografts. Spectra are expanded to display signals from 3.20 to 3.25 ppm. Peak assignments are: free
Cho at ~3.208 ppm, PC at ~3.226 ppm, and GPC at ~3.235 ppm.

A
DU-145 PC-3 MCF-7 MDA-MB-231
12 12 12 12 1
8 8 8 8
*
E * :
4 - 4 * * 4 4 % *
* * * *
B e ol B
PC GPC tCho PC GPC tCho PC GPC tCho PC GPC tCho
O Cells [0 Tumors
B PC/GPC

16 1

12 A

IS
% %

*
o e
|
DU-145  PC3 MCF-7 MDA-MB-231

FIGURE 3 | (A) PC, GPC, and total choline (tCho) (PC + GPC + Cho) levels, and (B) PC/GPC in water-soluble extracts obtained from 'H MR spectra of DU-145,
PC-3, MCF-7, and MDA-MB-231 cells (gray bar) or the corresponding tumor xenografts (white bar). Average cell number used for water-soluble extracts are
DU-145: 4.09 + 1.00 x 10" (n = 7), PC-3: 3.85 + 0.40 x 107 (0 = 6), MCF-7: 4.84 + 0.99 x 107 (n = 10), and MDA-MB-231: 4.55 + 0.93 x 107 (n = 4). Average
tumor weights in gram used for water-soluble extracts are DU-145: 0.31 + 0.07 (n = 8), PC-3: 0.34 + 0.08 (n = 7), MCF-7: 0.28 + 0.09 (n = 11), and MDA-
MB-231: 0.31 + 0.05 (n = 7). Data represent mean + SD. **P < 0.01, *P < 0.05 between cells and tumors.
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(PC-3 and MDA-MB-231) compared to the less aggressive cell
lines (DU-145 and MCEF-7) was not observed in tumor extracts.

Levels of Lipid Metabolites in
Lipid-Soluble Extracts
Determined by MRS

"H MRS was used to compare lipid-soluble metabolites from cells
and tumors. Representative '"H MR spectra from MCF-7 cells
are shown in Figure 4. Data summarized over multiple cell and

tumor samples are presented as A.U./cell from cells in culture
(Figure 5A) and A.U./g from tumors (Figure 5B). Data from the
methyl groups assigned to Cis of cholesterol (Cis), the methyl
groups (—~CH3), the methylene groups (-(CH:)n-), and ethylene
groups (-CH=CH-) in acyl chains of lipids, ~-CH,-N in PtdE, the
Cho group (-N*(CH3s);) primarily from PtdCho are presented. To
compare cells and tumors within the same cell lines, metabolite
integrals were normalized to the —~CH; signal to obtain ratios
of Cis/-CHs;, —(CH,)n-/-CHs;, PtdE/-CHs, -N*(CHs)s/-CHs,,
-CH=CH-/-CHs. Additional analysis was performed to obtain

(-N*(CHa)s) primarily from phosphatidylcholine at ~3.2 ppm.

A
MCF-7 cell extract -(CH,)n-
3
N
O
9
g
9
S
PtdE ‘l’
[ I '/' I I I I | I [ I
55 5.0 35 3.0 25 2.0 15 1.0 0.5 0 ppm
B
MCF-7 tumor extract
-CH, ™S
-N*(CH,), v J
(PtdCho)
I ! /l | | | I | I I |
55 50 35 3.0 25 2.0 15 1.0 0.5 0 ppm

FIGURE 4 | Representative 'H MR spectra obtained from lipid-soluble extracts of (A) MCF-7 cells and (B) MCF-7 tumor xenograft. Spectra were
acquired on a Bruker Avance 11.7 T spectrometer and are expanded to display signals from 0 to 5.5 ppm (except for 3.7-4.8 ppm). Lipid spectra were acquired
with a 30° flip angle, 10,000 Hz sweep width, 11.2 s repetition time, 32 K block size, and 128 scans. Peak assignments are: TMS, tetramethylsilane (internal
standard) at O ppm, methyl groups assigned to Cis of cholesterol (Cig) at ~0.7 ppm, the methyl groups (-CHz) at ~0.9 ppm, methylene groups (—-(CHz)n-) at

~1.3 ppm, and ethylene groups (-CH=CH-) at ~5.4 ppm in acyl chains of lipids, -CH.-N in phosphatidylethanolamine at ~3.1 ppm, and the choline group
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FIGURE 5 | (A) Lipid metabolites in arbitrary unit (A.U.)/cell from 'H MR spectra obtained from lipid-soluble extracts of DU-145, PC-3, MCF-7, and MDA-MB-231
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0.30 + 0.05 (n = 6). Data represent mean + SD. **P < 0.01, *P < 0.05, *P < 0.06 between cells and tumors.

ratios of -CH=CH-/-(CH,)n-, -N*(CHj3)s/PtdE, -(CH,)n-/Cs,
and -(CH;)n-/-N*(CH;); (Figure 5C).

The degree of lipid unsaturation estimated from ~-CH=CH-/-
CH; or ~-CH=CH-/-(CH.)n- was significantly and consistently
higher in tumors than in cells, in all the cell lines (Figure 5C).
The ratio of —(CH,)n-/-CHj, which is related to the length of
fatty acids, was significantly higher in PC-3 tumors than in cells.
Ratios of PtdCho (-N*(CHs);) to —-CH; were higher in cells than
in tumors in the breast cancer cell lines. The -N*+(CHj;)s/PtdE
ratios were higher in cells than in tumors in the prostate cancer
cell lines and the MDA-MB-231 breast cancer cell line but not in
MCE-7 cells. Ratios of —(CH,)n-/C,s and —(CH,)n-/-N*(CHs);

were higher in tumors than in cells from more malignant PC-3
and MDA-MB-231 cell lines. C,s/-CH; and —-(CH,)n—/Cs results
showed DU-145 tumors had higher ratio of cholesterol in lipids.
Both aggressive PC-3 and MDA-MB-231 cell lines showed similar
lipid metabolite changes in cells and tumors.

Levels of Protein That Are Related to Cho
Phospholipid Metabolism and Lipid

Metabolism
Immunoblot assays of Chk-a, cPLA,, PLD;, and FASN antibod-
ies are shown in Figure 6A. A consistently higher expression of
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FIGURE 6 | (A) Protein levels of Chk-a, cPLA,, PLDs, and fatty acid synthase (FASN) determined by immunoblot assays of DU-145, PC-3, MCF-7, and MDA-
MB-231 cells (marked C) and the tumor xenografts (marked T). (B) Protein levels of FASN in DU-145 and MDA-MB-231 cells (C) and the tumor xenografts (T) were
obtained from a separate immunoblot assay with different exposure time. 50 pg (A) or 40 pg (B) of protein was loaded on a 10% reducing SDS-PAGE gel. GAPDH

Chk-a was observed in cells compared to solid tumors that was
most pronounced in MDA-MB-231 cells.

Higher expression of cPLA, was observed in DU-145,
MDA-MB-231, and MCF-7 tumors compared to the cor-
responding cells. Like Chk-a, PLD; was higher in cells than in
corresponding tumors with the exception of PC-3 cells.

Overall, levels of FASN were higher in cells than in tumors.
The levels of FASN were higher in PC-3 and MCF-7 cells than in
the corresponding tumors (Figure 6A). Since levels of FASN in
DU-145 and MDA-MB-231 were lower than in the other prostate
or breast cancer cell lines, these were not detectable on the same gel
(Figure 6A). Therefore, samples from DU-145 and MDA-MB-231
cells and tumors were loaded separately and run with different
exposure time (Figure 6B). MDA-MB-231 had higher level of
FASN protein in cells than in tumors, and DU-145 had slightly
higher or comparable level of FASN in cells than in tumors.

DISCUSSION

Here, for the first time, we have compared Cho and lipid metabo-
lites in cells maintained in 2-dimensional (2D) monolayer cell cul-
ture to the corresponding tumor xenografts and have performed
molecular characterization of some of the major enzymes that
regulate Cho and lipid metabolism in these cells and tumors. We
observed significant differences in metabolite and enzyme expres-
sion patterns between cells and tumors confirming the importance
of the tumor microenvironment in modulating metabolism.
A compendium of factors including vascularization that control
substrate delivery and hypoxia, acidic extracellular pH (pHe), and
areas of cell death can influence the enzymes and the metabolites
measured in high resolution spectra of tumor extracts.

One common difference to emerge across all the cells lines was
asignificant decrease of PC and tCho in tumors compared to cells

that was consistent with the decrease of Chk-a observed in the
tumors compared to the cells. This uniform difference across cell
lines is surprising given the differences in vascularization (33),
necrosis, hypoxia, and acidosis that have been observed in these
tumor models and implicates the high cellular density in tumors,
compared to cells in culture, as one mechanism underlying the
difference. Additional mechanisms causing the decrease of PC,
tCho, and Chk-a in tumors may be related to cancer cell-stromal
cell and cancer cell-extracellular matrix (ECM) interactions that
are intrinsic to tumor growth in vivo.

The second common difference that emerged from the com-
parison was a decrease of FASN in tumors compared to cells.
Again the uniformity of this observation across the cell lines
suggests that the reduction of FASN in tumors was cell density,
stromal cell, or ECM related. Given that mechanical stress can
create significant changes in cell function (39), it is possible that
cancer cells growing within an ECM may demonstrate differences
in enzyme expression and consequently metabolism. The uniform
decrease of FASN observed in the tumors may also explain the
higher unsaturated fatty acids observed in tumors compared to
cells, in all the cell lines. Although endogenous and exogenous
fatty acids are utilized similarly by MDA-MB-231 and MCF-7 cells
in culture (40), mouse diet contains higher unsaturated fat (4.7%)
than saturated fat (0.9%), which may also contribute to increased
unsaturated fatty acids observed in tumors compared to cells.

Another interesting observation that emerged from these
studies was that the high PC/GPC ratio associated with aggres-
sive breast and prostate cancer cells in culture (6, 41) was not
replicated in tumors. This was primarily because of the significant
decrease of PC in tumors compared to cells as well as an increase
of GPC in tumors compared to cells. Acidic pHe that is frequently
observed in tumors (42) has been shown to decrease PC and
increase GPC in cells (43). Further characterization, in the future,
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of GPC phosphodiesterase, the enzyme that converts GPC into
Cho and glycerol-3-phosphate (44, 45) and lysophospholipase,
the enzyme that converts lyso-PtdCho to GPC (15), may pro-
vide further insights into the differences in GPC between cells
and tumors observed here. Increased cell density has also been
observed to increase GPC levels (46). We have previously studied
PC-3,DU-145,and MDA-MB-231 cells in a cell perfusion system
where multilayered cells grow on 3D beads and have observed
similar metabolic profiles as observed in 2D culture, especially
in PC-3 (47) and MDA-MB-231 cells (48). Although we cannot
rule out differences between 2D and 3D culture contributing to
the metabolic differences, the differences observed here are more
likely due to the tumor microenvironment including cancer cell-
stromal cell and ECM interactions.

With the exception of the PC-3 cell line, PLD; was higher
in cells compared to tumors, and cPLA, was higher in tumors
compared to cells. In our experience (33), PC-3 tumors are the
least vascularized in the four models studied here. The absence
of a difference in PLD; and cPLA, between the PC-3 cell line
compared to the remaining three cell lines may be related to the
poor vascularization in PC-3 tumors and the resultant reduction
of paracrine signaling from vascular molecules.

Additional characterization, in future studies, of metabolites
and cytokines in the tumor interstitial fluid, necrosis, pH, and
oxygenation as well as an expanded characterization of the
enzymes in Cho and lipid metabolism in culture and in tumors
will provide further insights into the mechanisms underlying the
differences between cells and tumors observed here. Investigation
of metabolite differences between primary tumors and metastatic
growth will also provide important insights. Such insights will
provide further understanding of the functioning of tumors that
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Tumor Microenvironment and
Tumor-Stroma Interaction by
Non-invasive Preclinical Imaging

Nirilanto Ramamonjisoa and Ellen Ackerstaff*

Department of Medical Physics, Memorial Sloan Kettering Cancer Center, New York, NY, USA

Tumors are often characterized by hypoxia, vascular abnormalities, low extracellular
pH, increased interstitial fluid pressure, altered choline-phospholipid metabolism, and
aerobic glycolysis (Warburg effect). The impact of these tumor characteristics has been
investigated extensively in the context of tumor development, progression, and treat-
ment response, resulting in a number of non-invasive imaging biomarkers. More recent
evidence suggests that cancer cells undergo metabolic reprograming, beyond aerobic
glycolysis, in the course of tumor development and progression. The resulting altered
metabolic content in tumors has the ability to affect cell signaling and block cellular
differentiation. Additional emerging evidence reveals that the interaction between tumor
and stroma cells can alter tumor metabolism (leading to metabolic reprograming) as well
as tumor growth and vascular features. This review will summarize previous and current
preclinical, non-invasive, multimodal imaging efforts to characterize the tumor microen-
vironment, including its stromal components and understand tumor—stroma interaction
in cancer development, progression, and treatment response.

Keywords: cancer, microenvironment, stroma, metabolic cooperation, tumor-stroma interaction, preclinical
multimodal imaging

INTRODUCTION—THE TUMOR MICROENVIRONMENT (TME)

The TME (Figure1A), composed of tumor cellsand stroma, is often characterized by hypoxia, vascular
abnormalities, low extracellular pH (pHe), increased interstitial fluid pressure (1-7), increased aero-
bic glycolysis (Warburg effect) (8, 9), glutamine addiction (10-13), and altered choline-phospholipid
metabolism (14-19). Recent evidence suggests that metabolic reprograming in the course of tumor
development and progression increases in more aggressive cancer cells/tumors the ability to easily
adapt metabolism to the most advantageous pathways, beyond the Warburg effect, in order to ensure
their growth and survival in response to varying environmental stimuli, such as hypoxia or limited
nutrient supply (20-24). Altered metabolic content in tumors may affect cell signaling and degree of
cellular differentiation (11, 25-27).

While previous research focused extensively on the tumor cells, over the last two decades or so,
further evidence emerged that the tumor stroma is altered during tumor development/progression
and that the tumor-stroma interaction plays an essential role in tumor metabolism (Figure 2),
development, progression, and treatment response (2, 22, 23, 26, 28-37).
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FIGURE 1 | The tumor microenvironment (TME). (A) Components

and in vivo imaging of the TME. Immune cells include tumor-associated
macrophages, antigen-presenting cells, myeloid-derived suppressor cells,
and lymphocytes; CAFs, cancer-associated fibroblasts; MSCs, mesenchymal
stem cells; ECM, extracellular matrix, consisting of collagens, laminins, and
other matrix proteins, which is remodeled by ECM-degrading proteases;
endothelial cells, pericytes, and vascular ECM compose the tumor blood and
lymph vasculature. (B) Preclinical in vivo imaging of the TME. MRI, magnetic
resonance imaging; PET, positron emission tomography; SPECT, single
photon emission computer tomography; CT, computer tomography; US,
ultrasound.

The stroma in solid tumors consists of extracellular matrix
(ECM), and stromal cells, including fibroblasts, endothelial
cells, pericytes, and various immune cells, such as macrophages,
neutrophils, mast cells, myeloid progenitors, and lymphocytes
(Figure 1A), with cancer cells playing an active role in the recruit-
ment and metabolic reprograming of stromal cells (Figure 2)
(22, 26, 40) and the dynamic remodeling of ECM by tumor and
stromal cells promoting tumor progression (41-44).

Multiple preclinical imaging techniques (Table 1; Figure 1B)
have been developed to visualize and quantify specific character-
istics of the TME (5, 45, 46). This review summarizes the efforts
to image and characterize non-invasively the TME (Figure 1),
including its stromal components, and tumor-stroma interaction
(Figures 2-7) in preclinical cancer. Stromal components and
their imaging are described in the context of preclinical cancer
in Section “The Tumor Stroma and Its Imaging.” Section “Non-
invasive Multimodal Imaging of Tumor-Stroma Interaction”
focuses on the more recent attempts to assess the interaction
of stromal components with cancer cells by non- or minimally
invasive preclinical multimodal imaging.

THE TUMOR STROMA AND ITS IMAGING

In this chapter, we describe briefly the stromal components and
their imaging with its strengths and limitations.

The ECM

The ECM, a complex structure composed of laminins, collagens,
proteoglycans, fibronectin, elastin, etc. (71), changes its composi-
tion during cancer progression (41, 72, 73). Many of its compo-
nents are regulated by matrix metalloproteinases (MMPs) which
are involved in growth signaling [by proteolytic activation of the
transforming growth factor-f (TGF-p) pathway], apoptosis, and
angiogenesis (73-76).

Available imaging methods focus on targeting the ECM
component itself or the enzymes that degrade it, typically, by
using activatable imaging probes (Figure 1B; Table 1). Imaging
of cell-matrix adhesion can elucidate the dynamic interplay of
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growth, and metastases (38, 39).
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FIGURE 2 | Models of cancer cell-cancer-associated fibroblast (CAF) metabolic cooperation in the tumor microenvironment, promoting survival,
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TABLE 1 | Summary of modalities for in vivo imaging of the tumor microenvironment in preclinical (small animal) tumor models.

Imaging modality Resolution Contrast agent
In-plane Coverage/ Temporal
depths per frame
Optical Bioluminescence imaging (47, 48) BLI >3-5 pm 1-2cm >1 sto min Reporter genes
Fluorescence imaging (47, 48) FLI 2-3 um <1cm >1 s tomin Fluorophores, fluorescent nanoparticles
Fluorescence lifetime microscopy (49) FLIM nm range ~1,000pm  >1stomin  Fluorophores, fluorescent nanoparticles
Fluorescence micro-lymphangiography (50) FML 50 um 200 ym Video rates ~ FITC-dextran
Fluorescence molecular tomography (51, 52) FMT <1 mm 1-2 mm >1stomin  NIRF dyes, quantum dots, reporter genes
Fourier transform infrared imaging (53-56) FTIR >~3-5 pm <20 pm >1mstomin Endogenous
Near-infrared fluorescence imaging (50) NIRF ~200 pm <3-4cm 50-800 ms NIRF dyes, quantum dots, reporter genes
Optical coherence tomography (57) OCT <7.5pum 2-3 mm <1s Endogenous
Photoacoustic imaging (tomography) (52, 58-60)  PAI (PAT) 100 pm <5-6cm >1stomin  Fluorophores, nanoparticles, quantum dots
Second-harmonic generation microscopy (61, 62) SHG <1pm <1 mm >10s Endogenous
Third-harmonic generation microscopy (61) THG <1 pm <1 mm >10s Endogenous
X-rays Computer tomography (47, 48, 50, 52) CT ~50-200 pm  Whole body >20s Water-soluble, iodinated probes
Magnetic ~ Magnetic resonance imaging MRI ~25-100 pm Whole body >2 min Label-free
resonance (47, 48, 50, 52, 63) . . .
0.1-0.3 mm Whole body mintoh Gd- or iron-oxide-based probes;
dendrimer-based macromolecules
Magnetic resonance spectroscopic imaging (64)  MRSI mm range Whole body mintoh Endogenous; injected marker or metabolic
substrates
Electron paramagnetic resonance imaging (65) EPR >0.5mm cm min to h Injected tracer
Nuclear Positron emission tomography (47, 48, 52) PET 1-2 mm Whole body >10stomin Radiolabeled substrates (nutrients,
antibodies, antibody fragments), activatable
probes
Single photon emission computer tomography SPECT 1-2 mm Whole body  min Radiolabeled antibodies, antibody
47, 52) fragments, and antigens
Ultrasound  Ultrasound imaging (47, 52) us 50-500 pm  mm to cm >1stomin  Endogenous; targeted microbubbles

Imaging modalities are color-coded separating optical, X-ray, magnetic resonance-, nuclear-(radioactivity-), and ultrasound-based imaging methods.

cells and surrounding tissue during ECM remodeling, immune
cell recruitment, wound healing, and cancer metastasis (77).

Collagen Imaging

Methods, such as colorimetry (78), weight measurements (79),
atomic force microscopy (80-82), and immunostaining (83-85),
to image collagen structures risk their destruction and are limited
by their in vivo translatability. The dorsal skinfold (window)
chamber setup allows optical measurements by replacing skin
with glass but may lead to collagen structural changes due to
inflammation and mechanotransduction by the glass (86). The
advances in ultrafast optics significantly improved the ability
to image fibrillar collagen (the predominant structural protein
in mammalian ECM and mostly type I) by second-harmonic
generation (SHG) or third-harmonic generation (61) microscopy
in vivo and ex vivo (87-91). The strength of SHG imaging is its
specificity to fibrillar collagen (62, 87, 89, 92) and that it can be
fairly easily combined with other optical imaging methods, in vivo
(Figures 3-5A) and ex vivo (49, 90, 93-95). Ability for clinical

translation has been demonstrated in breast cancer patients by
combining SHG and bright-field high-resolution microscopy
with large field of view to design a semi-automated technique
to predict survival based on collagen fiber classifications (93).
Recently, confocal microscopy has been used in vivo to detect col-
lagen turnover after introduction of fluorescent fibrillar collagen
into the dermis of live mice (96). However, all optical imaging
methods suffer from their limited imaging depth, rendering them
often an invasive tool and limiting their clinical translation (49,
57). Thus, the diagnosis and treatment of pathologies related to
collagen remodeling has benefited greatly from the development
of collagen-binding or hybridizing peptides, bearing an imag-
ing contrast agent (CA) for, e.g., magnetic resonance imaging
(MRI) or fluorescence imaging, or theranostic agents, to image
triple-helical, intact, and/or unfolded, denatured collagen and
treatment response (97). Other imaging modalities [e.g., ultra-
sound (US) (98, 99), optical coherence tomography (OCT) (100,
101), Fourier transform infrared spectroscopic imaging (53), or
multispectral photoacoustic imaging (PAI) (102)], and various
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SHG EGFP-H2B

FIGURE 3 | Intravital microscopy of the tumor microenvironment. (A) Epifluorescence microscopy was used to monitor and quantify tumor growth in a human
fibrosarcoma xenograft model. The invasion of tumor into the surrounding tissue during growth can be visualized (white arrowheads). Bar 50 pm. Adapted with
permission from Ref. (66). (B) Tumor morphology, vascularization, proliferation, and apoptosis in a human fibrosarcoma xenograft, as detected by intravital
microscopy: tumor cells express cytoplasmic DsRed2 and nuclear histone 2B (H2B)-EGFP. Collagen fibers are detected by second-harmonic generation.
Non-disrupted vessels are detected from the fluorescence signal of i.v.-administered Alexa660-Dextran. Bar 50 um. Nuclear morphology including mitotic (white
arrowheads) and apoptotic figures (black arrowhead) can be derived and quantified from imaging H2B-EGFP and DsRed2. Insets show prophase (P), metaphase
(M), late anaphase (LA), and apoptotis (A). Bar 50 pm. Adapted with permission from Ref. (66).
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collagen-targeted agents, e.g., quantum dots (84, 85, 103, 104)
or collagen-mimetic peptide-based imaging agents (105, 106)
are being developed/applied to improve collagen imaging and to
measure collagen turnover during tissue remodeling.

MMP Imaging

The key role that various MMPs play during cancer initiation
and progression, with clear links to tumor invasion and metas-
tasis (107), make them desirable treatment and cancer imag-
ing targets (108). Targeted probes to image MMPs in vivo by
optical imaging (fluorescence and bioluminescence), positron
emission tomography (PET), single photon emission computer
tomography (SPECT), and MRI have been developed (108-110),
with a “broad-spectrum” MMP-activatable fluorescence probe
available commercially (MMPSense, PerkinElmer, Akron, OH,
USA). Each modality and imaging probe displays strengths and
weaknesses in effectively imaging MMP activity (108, 110).
However, optical imaging has limited penetration depth (108)
and, while tomography is possible, anatomical information is
lacking. Targeted, inhibitor-based PET and SPECT probes har-
ness the excellent sensitivity of radioactive tracers and may be
theranostic, but their synthesis may be difficult and, so far, it
has not been possible to quantify proteolytic activity in vivo due
to non-specific binding (108, 109, 111). Recently, an *F-labeled
MMP-activatable PET probe has been developed to overcome the
lack of specificity of inhibitor-based probes (112). Photoacoustic

tomography (PAT or PAI) (58, 113, 114) combines ultrasonic
resolution with electromagnetic-enhanced contrast to obtain
quantitative information on tissue structure, blood flow, and
perfusion, and, through targeted probes (59), on receptor status
or enzyme activity. For example, a photoacoustic probe activated
by MMP-2 and MMP-9 demonstrated sensing of MMP-2/-9
activity in a follicular thyroid carcinoma model (115). With
an imaging depth of >30 mm, depending on setup and desired
spatial resolution (58), PAT expands on the tissue penetration
of up to 20 mm typical for optical imaging (51, 108) and is thus
suitable to monitor non-invasively tumor characteristics in
orthotopic preclinical cancer models. The lack of anatomical/
morphological information inherent to optical imaging, PAT/
PAI, and PET/SPECT can be overcome by multimodal imag-
ing. Using fluorescence molecular tomography (FMT) (51)
coregistered with MRI, Salaun et al. (116) found increasing
MMP-13 levels as lung tumors progressed. In skin squamous cell
carcinoma xenografts, MMP-2, -3, -7, -9, -12, and -13 activities
correlated with degree of angiogenesis and tumor invasion, as
imaged by FMT combined with pCT (117). PAT/PAI, combined
with US and OCT, can provide non-invasively morphological
and functional tumor characteristics (60). Molecular MRI to
measure MMP activity using protease-modulated CAs is still
emerging and is hampered by its insensitivity, requiring long
acquisition times but is potentially quantitative, and anatomical
information can be obtained in the same setting (108, 109). Of
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FIGURE 4 | Different motility and invasion of low-metastatic, GFP-expressing (green) and high-metastatic, CFP-expressing (white) mammary

tumor cells within the collagen network (purple) was imaged by in vivo intravital microscopy with FL and second-harmonic generation. Bars 25 um.
(A) Time series demonstrating the migration of GFP-expressing (arrow head) and CFP-expressing (arrow) tumor cells along collagen fibers. (B) Metastatic growth of
color-coded cells in the lung. (C) Protruding filopod (arrow, left) and lamellapod (arrow, right) of CFP-expressing cell near GFP-expressing cells. (D) Overall, the
high-metastatic cells (outlined in white) move more frequently (see orange arrow path) than the low-metastatic cells (green). Adapted with permission from Ref. (67).

note is that the interpretation of MMP images obtained with the
typically broad-spectrum probes (110) is further complicated
by the function of MMPs in biological processes beyond ECM
remodeling (111).

Proteoglycan (Hyaluronan) Imaging

Another major ECM constitutent, the proteoglycan hyaluronan
[hyaluronic acid (HA), hyaluronate] is a high molecular weight
glycosaminoglycan with a significant role in tumor growth and
metastasis (118, 119), acting as tumor suppressor or promoter
depending on its molecular weight (120).

It is degraded by hyaluronidases (Hyals), with hyaluroni-
dase-1, -2 (Hyall, Hyal2) currently being the most studied in
cancer (119). Hyall overexpression has been associated with
more aggressive tumors in a variety of epithelial cancers (e.g.,
bladder, colorectal, breast, and ovary), while Hyal2 may function
as a tumor suppressor or promoter (119). The development of
various HA probes to image HA turnover and clearance and of

theranostic HA probes where encapsulated drugs are released in
response to Hyal activity (119, 121, 122) has expanded greatly
in recent years, and a detailed review is beyond the scope of this
paper. HA probes often exploit the high specificity of HA for the
CD44 receptor, a transmembrane receptor overexpressed in many
tumor cell types (120, 121, 123-134). Single moiety, HA-based
CAs have been used to image Hyals activity by MRI (135) and
NIRF (124). Fluorescence correlation spectroscopy and Forster
resonance energy transfer of HA-conjugated probes have shown
promise in quantitative bladder cancer staging by detecting shed-
ded Hyals in urine samples (119). Also, fluorescent HA probes
may be used in an intraoperative to assess Hyal activity or drug
delivery of theranostic probes (119). Often, HA probes contain
more than one CA moiety to harness the strength of multimodal
imaging, such as MRI/optical imaging (123, 136), MRI/computer
tomography (CT) (137), NIRF/CT (138), or NIRF/PA imaging
(139-141) to improve diagnostic capability and monitoring of
therapeutic efficacy (121, 142).
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FIGURE 5 | Intravital microscopy of the tumor blood vessels, lymph
vasculature, and vascular response to treatment. (A) Top: Z-stack of
lymphatics detected by near-infrared fluorescence (NIRF) multiphoton
microscopy of FITC-tagged LyP-1 peptide (green), collagen fibers detected
by second-harmonic generation, and tumor cells imaged by epifluorescence
of cytoplasmic DsRed?2 (red) and nuclear histone 2B (H2B)-EGFP (green)
shows lymph vessels at the tumor margin. Bottom: intralymphatic (white
arrowheads) and perilymphatic (black arrowheads) invasion of fibrosarcoma
cells expressing cytoplasmic DsRed?2 (red) and H2B-EGFP (green). Bars

100 pm. Adapted with permission from Ref. (66). (B) In vivo optical frequency
domain imaging of blood [depth denoted from red (up to 2 mm deep) to
yellow (superficial)] and lymph (blue) vessels in control and DC101-treated
tumors, depicting the antivascular effect of VEGFR-2 inhibition. Adapted with
permission from Ref. (68).

Other ECM Constitutents
Only a few studies report the in vivo imaging of other ECM con-
stituents, such as fibronectin or laminins, in cancer. Fibronectin,

whose expression increases with epithelial-mesenchymal transi-
tion, is typically targeted to image tumor-associated angiogenesis
(143, 144). Laminins are a family of glycoproteins which interact
with other ECM proteins, assuring the ECM organization, and
are involved in cellular signal transduction pathways (145), cell
adhesion, migration, and proliferation (146) and thus affect in
cancer, tumor invasion, angiogenesis, and metastasis (145, 147).
While laminins and their function have been studied extensively
in vitro or ex vivo (29, 148-150), in vivo studies directly imaging
laminins have been limited. Cuesta et al. developed a fluorescent
trimerbody recognizing an angiogenesis-associated laminin
epitope, accumulating in tumors (151). Other studies have used
imaging agents targeting laminin cell surface receptors directly or
indirectly to detect or treat tumors (152-154).

Mesenchymal Stromal (Stem) Cells
(MSCs), Cancer-Associated Fibroblasts

(CAFs), and Immune Cells

By tumor cells recruited adult, multipotent, non-hematopoietic
stem cells (mesenchymal stromal (stem) cells, MSCs), typically
derived from adipose tissue and bone marrow, have been found
to differentiate into osteoblasts, CAFs, and pericytes among
other cell types (155). In tumors, MSCs may contribute to tumor
initiation, progression, angiogenesis, and metastasis, while also
impacting immune function (155).

Cancer-associated fibroblasts are fibroblasts that reside within
the tumor or tumor margins (156). They promote tumorigenic
features, such as drug resistance, ECM modulation, chronic
inflammation, and invasiveness (156). They may originate from
normal fibroblasts or smooth muscle cells (altered by tumor
cells), bone marrow-derived stem cells (mesenchymal stromal
(stem) cells, MSCs), recruited and altered by tumor cells, or
epithelial cells through transdifferentiation to myofibroblasts, or
endothelial cells through endothelial-to-mesenchymal transition
(156-158).

The TME (Figure 1) includes various immune cells: innate
[tumor-associated macrophages (TAMs)], neutrophils, mast
cells, myeloid-derived suppressor, dendritic, and natural killer
cells, and adaptive (T and B lymphocytes), with TAMs and T cells
the most prevalent cell types (159). Immune cells may enhance
tumor growth and metastasis or exhibit antitumor immunity by
modulating the immune and inflammatory milieu in the TME
through paracrine and autocrine cell interactions, and thus,
affecting the production of pro-angiogenic and growth factors,
proteases, recruitment of other hematopoietic cells, or release of
reactive oxygen or nitrogen species (159, 160). Immunotherapy
aims at enhancing the antitumor activity of tumor-associated
immune cells (161).

MSC Imaging

In preclinical cancer models, the preferential homing of ex vivo
cultured MSCs to tumor tissue and metastasis has been imaged
non-invasively in vivo after intravenous/arterial injection of
MSCs, pre-(multi-)labeled with bioluminescence (162-167),
fluorescence (168), MRI (169-171), PET (170-173), or SPECT
(171, 174) imaging probes (175). The tumor effects and/or
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FIGURE 6 | In vivo immune cell imaging. (A,B) Specificity of in vivo imaging of immune cells in 4T1 mammary breast tumors by fluorescence-reflectance imaging
with a Cy5.5-labeled polyclonal antibody against murine S100A9 (aS100A9-C5.5). (C) Fluorescence molecular tomography of coinjected rablgG-Cy7 and
aS100A9-C5.5 demonstrates homogeneous perfusion (left) and immune cell distribution (right), respectively. (D) Ex vivo validation shoe S100A* cells in the tumor
periphery corresponding to F4/80+ TAMs. Adapted with permission from Ref. (69) © by the Society of Nuclear Medicine and Molecular Imaging, Inc.

localization of MSCs, pre-labeled with an imaging probe and
coinjected with tumor cells, have been monitored in vivo with
MRI (176) and bioluminescence (177-180) imaging. The prefer-
ential accumulation of MSCs at sites of inflammation and tumors
makes them an ideal vehicle for treatment delivery (155, 181,
182), and combined treatment/imaging MSC moieties are being
developed for cell tracking and treatment monitoring (175, 177,
178, 183). While overall safe clinically (175, 184), ex vivo culture
and pre-labeling of MSCs may lead to secondary tumors (185)
and/or impact functionality (186). Using fluorescent, transgenic
mice (187), potentially avoids ex vivo culture and pre-labeling of
MSCs, with the disadvantage that typically all cell types express
the imaging marker, limiting the in vivo identification of different
stromal cell types, unless pre-labeled.

CAF Imaging
Various markers, such as o-smooth muscle actin (a-SMA),
vimentin, and fibroblast-activation protein o (FAP), have been

used to identify CAFs (188). In preclinical models, CAFs have
been shown to promote breast tumor growth and metastasis
by enhancing the recruitment of immune suppressor cells and
TAM:s (189) and to mediate collagen remodeling (190). The high
expression of FAP in CAFs (191, 192) makes it a desirable target
for diagnostic and therapeutic imaging, although it may also be
expressed in some other tissues and tumor cells (192-194). One
difficulty for the development of FAP-targeted in vivo imaging
probes is that FAP shares peptide substrates with other post-
prolyl peptidases, resulting in non-specific binding in vivo (192).
Thus to track CAFs in vivo by MRI or NIRF imaging, Granot
et al. took advantage of caveolae-mediated endocytosis in fibro-
blasts by pre-labeling CAFs in vitro with the CAs biotin-bovine
serum albumin-gadolinium diethylenetriaminepentaacetic acid,
Feridex, or 1,1’-dioctadecyl-3,3,3-tetramethylindotricarbocya-
nine iodide (195, 196). Recently developed FAP-specific, activat-
able NIR fluorescence probes (193, 194) show promise in in vivo
imaging of FAP-expressing tumors. And novel cancer treatments
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FIGURE 7 | In a carcinoembryonic antigen (CEA)-expressing
colorectal adenocarcinoma model, simultaneous magnetic resonance
imaging (MRI)/positron emission tomography (PET) at 4 h and 20 h
after the injection of a radiolabeled antibody against CEA (**Cu-
DOTA-NHS-M5A) demonstrates its accumulation in the tumor over
time, while the apparent diffusion coefficient across the tumor
remained largely unchanged. Adapted with permission from Ref. (70)
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based on the depletion of FAP-expressing stromal cells would
greatly benefit from monitoring response in vivo with improved
multimodal imaging probes (197).

Immune Cell Imaging and Monitoring of
Immunotherapy

Multiple recent reviews summarize the imaging techniques
applied to track various immune cell types in vivo and to moni-
tor immunotherapy response, including the ability to optimize
administration route of therapeutic immune cells (45, 47, 61, 63,
198-202).

To visualize immune cells in vivo, cells may be labeled ex
vivo with paramagnetic, fluorescent, or radiochemical probes
for MRI, FLI, or PET/SPECT respectively or transfected with
reporter genes for PET, SPECT, bioluminescence imaging (BLI),
and/or FLI (or FMT) before injection into the host (45, 198, 201,
203-206). Tumor-infiltrating lymphocytes, dendritic cells (DCs),
or TAMs can be imaged by FLI or PET/SPECT, using fluores-
cently labeled (Figure 6) or radiolabeled antibodies or antibody
fragments targeting cell-type specific surface receptors (198, 199,
201). Delivery of full-size antibodies may be affected by vascular
dysfunction in tumors, thus, potentially affecting image quality
and interpretation [false positives, reduced specificity (50)].
Targeted US microbubbles have been used to track B7-H3 express-
ing TAMs and tumor cells (198). The high endocytic activity of
TAMs facilitates their imaging by MRI, PET, and to a lesser extent
by CT, FLI, US, Raman imaging, or PAI, using nanoparticles,

either uncoated (e.g., ultra-small superparamagnetic iron-oxide
nanoparticles for MRI) or coated to increase macrophage affinity
(199, 200). Nanoparticle uptake may vary across different mac-
rophage populations and may be detected also in other cell types
(e.g., tumor cells) to a variable degree, confounding potentially
macrophage tracking, but has been used successfully in clinical
lymph node cancer staging by MRI (200). Cellular MRI of DC
migration using CAs (iron oxide-based nanoparticles, perfluoro-
carbon emulsions) permits repeated monitoring (a limitation in
PET/SPECT) and does not require pre-labeling with reporter
genes, as in BLI or FLI, but has lower sensitivity (63). Intravital
microscopy of stroma-tumor cell dynamics (207) has been an
essential tool in assessing lymphocytic interactions in tumors
and draining lymph nodes by optical imaging (208). The clini-
cal translatability of these imaging methods has been reviewed
previously (202, 209), with optical methods currently limited to
intraoperative imaging (50).

Tumor Vasculature and Lymphatics —
Endothelial Cells and Pericytes

Endothelial cells line the inside of tumor blood vessels and lym-
phatics and interact with pericytes and vascular smooth muscle
cells in the vessel wall (Figure 1) (210-212). Cancer-associated
endothelial cells often display an enhanced angiogenic potential
(211), due to proangionenic factors secreted from cancer cells
and/or tumor-stroma cells, forming heterogeneous neovascula-
ture of enhanced permeability (6). The role of pericytes in tumor
vascular development is still largely unexplored (212).

Tumors outgrowing their vascular supply lead to constant
vascular remodeling, acute and permanent hypoxic tumor areas,
and nutrient deprivation (23, 45, 213), increasing treatment
resistance (due to, e.g., reduced radical formation in hypoxic
tumor areas affecting radiotherapy and limiting drug delivery of
chemotherapeutics) (214-216).

Imaging of Tumor Vascularity

Vascular function and distribution has been assessed in vivo non-
invasively by MRI (45, 217-226), CT (uCT) (45, 52, 227, 228),
H,"®O or ""C PET (45, 217), US (45, 52, 229) [clinical (230)], PAI
(45, 58, 114), and intravital optical imaging methods (231), such
as FLI (48), second-generation OCT [optical frequency domain
imaging (OFDI)] (Figure 5) (45, 48, 52, 68), and FMT (45).

In vascular MRI, five acquisition methods are used to
measure the enhancement of exogenous (i, ii) or endogenous
(iii-v) contrast dynamically: (i) Dynamic contrast-enhanced
(DCE)-MRI, which exploits the shortening of the T, relaxation
time of water protons near a CA, typically Gd-based and low
molecular weight (223, 229), (ii) dynamic susceptibility contrast
(DSC)-MRI, which measures the effect of the CA (e.g., Gd-based
CA or superparamagnetic iron oxide particles) on the T, and T,*
relaxation time of nearby water protons (218, 222), (iii) arterial
spin labeling (ASL)-MRI, where the dynamic measurement of
the in- and out-flow of magnetically labeled water protons, which
serve as endogenous “CA;” characterizes the vasculature in a
region of interest (223, 232), (iv) blood oxygen level dependent
MRI (BOLD-MRI) where oxyhemoglobin confers diamagnetic
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and deoxyhemoglobin paramagnetic contrast, respectively (223),
and (v) diffusion-weighted MRI (DW-MRI), where intravoxel
incoherent motion (IVIM) reflects vascular perfusion (64, 224,
229,233, 234).

In DCE- and DSC-MRY, the first pass of the exogenous CA
uptake is characterized by the venous or arterial input function
(219,220,222, 235-237), after which the CA distributes through-
out the vasculature, extravasates at sites of leaky blood vessels into
the interstitium, and is ultimately cleared from the body. Rate
and path (e.g., liver and kidney) of tissue and vascular clearance
are dependent on the specific CA (e.g., size and type of CA)
used (223, 225, 238). Hemodynamic parameters, such as vessel
density, vascular permeability, vascular perfusion, extravascular
space, vessel size and plasma volume, etc., are either derived from
semiquantitative measures of signal enhancement (220, 239-241)
or from pharmacokinetic modeling of signal-versus-time curves
(222,242) with the underlying principle based on standard tracer-
kinetic theory of linear and stationary systems (221, 243) and the
model adjusted to account for variations of CA characteristics,
e.g., low versus high molecular weight (impacting the ability of
the CA to extravasate), receptor targeted (e.g., o Ps-integrin),
extra- or intracellular or both, with exchange (218, 223, 235,
244). More recently vascular feature-based analyses have been
developed to assess intratumor vascular heterogeneity (245, 246).

Hemodynamic parameters conferred from ASL- and BOLD-
MRI are tissue blood flow and volume (223, 232). Tissue perfu-
sion and diffusivity are obtained from IVIM DW-MRI by fitting
data with a bi-exponential model (224).

Similarly to DCE-MRI, DCE-CT has been used clinically
to obtain blood flow, blood volume, and permeability with the
disadvantage of radioactivity limiting serial monitoring and often
worse spatial resolution than DCE-MRI (227, 228). In preclinical
models, the relatively high radiation dose of pCT limits its in vivo
use (45), and vascular networks have been assessed ex vivo (247).
Viscosity of CA for DCE-CT may also result in complications,
such as vessel rupture, and DCE-pCT still suffers from artifacts
generated from, e.g., bones or large vessels (52). Generally, func-
tional vascular parameters similar to DCE-MRI can be extracted
from DCE-pCT data (52, 248).

While H,”O PET measures specifically tissue perfusion
(217), the short half-life of **O limits the applicability of vascular
perfusion measurements by PET (45). Vascular permeability
can be obtained from dynamic PET using the macromolecular
CAs #Gd-DOTA-albumin (45), "C-methylalbumin (limited by
the 20.4 min short half-life of ''C), or ®*Ga-transferrin (217).
However, lack of accompanying anatomical information and ion-
izing radiation limits (especially serial) vascularity measurements
by PET, despite its potential higher sensitivity than DCE-MRI
and its ability to directly measure tissue perfusion.

Tumor angiogenesis, i.e., perfusion and vascular density
have been successfully measured in small animals by Doppler
or contrast-enhanced US with microbubbles (non-targeted and
targeted to, e.g., VEGFR2 (249), o f;-integrin, or endoglin) with
a spatial resolution of ~50-100 pm (45, 52, 229). One advantage
of the combining contrast-enhanced and non-contrast-enhanced
high-frequency volumetric power Doppler US is the ability to dis-
tinguish mature and immature vessels (52). While US is cheaper

than DCE-MRY, it is not suitable for whole-body imaging, has
limited soft tissue contrast, and is to some extent user dependent,
limiting its applicability, especially for monitoring of antiangio-
genic treatments (52).

In PAI of tumor angiogenesis, the intrinsic contrast from
hemoglobin permits visualization of microvasculature and quan-
tification of blood oxygen saturation (45, 52), with its usefulness
recently extended to flow imaging (114). Submillimeter resolution
is achieved, albeit restricted to depth of a few centimeters (58).
Reporter genes or endogenous targeted CAs extend the ability to
visualize and quantify tumor angiogenesis in vivo (52). The hemo-
dynamic response to external stimuli or treatment is quantified
from contrast changes after image reconstruction (52, 58, 114).

Blood vessel diameter, surface area, and branching pattern
have been assessed with intravital optical imaging methods during
tumor growth and/or treatment (Figure 5) (45, 48, 52, 68, 231).

Imaging of Lymphatic Tumor Vasculature

Imaging of the lymphatic system is here summarized only briefly,
asishasbeen reviewed in detail previously (50,250). The lymphatic
system (Figure 1) drains lymph fluid from interstitial space to the
venous circulation, thus, maintaining tissue fluid homoeostatis,
transports immune cells to lymphoid organs, and plays a role in
lipid absorption (50, 250). While the lymphatic vasculature near
tumors provides a route for metastatic dissemination of cancer
cells, its role has only been explored by non-invasive imaging
methods over the past decade (50, 250). Lymphangiography
traces the drainage of a CA for X-ray, CT, MRI, US, PAI or opti-
cal imaging but is lacking specificity, requiring direct injection
into a lymph vessel (difficult to perform in preclinical models) or
intradermal injection near sites draining into the dermal capillary
plexus (50, 250). Identifying sentinel lymph nodes containing
cancer cells has been achieved with intravenously injected CAs
that identify blocked drainage or directly target cancer cells (50).
Invivo OCT (or OFDI) and laser speckle imaging permit CA-free
visualization of lymphatics (Figure 5) (68, 250). The most specific
imaging approach to identify and characterize the lymphatic
system is to use CAs, targeted to lymphatic vascular-specific
molecules, i.e., vascular endothelial growth factor receptor-3
(VEGEFR-3), lymphatic vessel hyaluronan receptor-1 (LYVE-1),
podoplanin, or prospero-related homeodomain transcription
factor PROX1, with LYVE-1 the most widely used lymphatic
endothelial cell marker (250). LYVE-1-targeted CAs have been
developed for PET (251) and optical imaging (252). Preclinically,
fluorescent or bioluminescent gene reporters in transgenic mouse
models have been also been used to visualize lymphatics, typically
by intravital imaging methods (50).

Metabolic Imaging

Metabolic reprograming during tumor development and
progression leads to a characteristic in vivo tumor meta-
bolic phenotype (see Section “Introduction—The Tumor
Microenvironment”).

Choline-Phospholipid Metabolism
Changes in choline-phospholipid metabolism have typically been
assessed preclinically (and clinically) by non-invasive *'P and 'H
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magnetic resonance spectroscopy or spectroscopic imaging (MRS
or MRSI) (14-16, 18, 253). Choline uptake and metabolic conver-
sion have also been assessed with high sensitivity by '*F-fluoro-,
*H-, or "C-choline PET and successfully translated to the clinic
(254-257). As with any PET tracer though, radiolabeled choline
PET does not discriminate between different metabolites (256),
limiting its value for pathway studies.

Hypoxia

Tumor hypoxia has been imaged non-invasively and visualized
directly by hypoxia markers accumulating in hypoxic cells using
PET, electron paramagnetic resonance (EPR), or ’F MRS (65,
248, 258-266). Delivery of a specific hypoxia marker to less
vascularized regions, which are typically associated with hypoxia,
may impact the intensity of the accumulating hypoxia marker
(246, 267). Since evolution of chronic or acute hypoxia in tis-
sue is linked to the vascular delivery of oxygen, several indirect
MRI methods based on vascular features associated with tumor
hypoxia, such as BOLD, TOLD, or DCE-MRI, have been devel-
oped to identify hypoxic areas or hypoxia changes in tumors (64,
246, 268-271). Tissue oxygen tensions have been mapped by '°F
MRI oxymetry using perfluorocarbons; as with any exogenous
tracer, these measurements are vascular delivery dependent,
and thus, potentially biased toward well-perfused tumor regions
(271). While carbonic anhydrase-IX (CA-IX) has been proposed
as an intrinsic hypoxia marker in tumors, CA-IX expression,
measured by immunohistochemistry, correlated to hypoxia in
some and not in other studies (260). Nevertheless, attempts are
underway to image CA-IX expression in vivo by PET (272), NIRF
(273), and SPECT (274).

Glycolysis and Lactate

Tumor glycolysis is typically assessed by in vivo PET using the cel-
lular entrapment of *F-FDG, after uptake of **F-FDG by glucose
transporters (GLUT-1, GLUT-3; often overexpressed in cancer)
and subsequent phosphorylation by hexokinase II (256, 275).
While it is quite insensitive, *C MRS has been applied preclinically
to evaluate glycolysis and the *Clabeling of downstream metabo-
lites (275-277). Detection sensitivity of *C MRS can be signifi-
cantly improved by magnetization transfer techniques or indirect
inverse detection (276, 277). Hyperpolarization of C-labeled
substrates increases detection sensitivity up to 10,000-fold, with
the caveats that the hyperpolarization is short lived and currently
limited to few substrates, including glucose (64, 275, 276, 278,
279). Compressed sensing can further improve acquisition speed
and spatial resolution in hyperpolarized (HP) “C MRSI (280).
Lactate production from precursors, such as *C-labeled pyruvate
or glucose, can be rapidly assessed globally and localized by HP
BC MRSI (278, 279). Steady state levels of tumor lactate have been
assessed by 'H MRS and MRSI, using spectral editing methods
to suppress the high lipid signal overlapping lactate (64, 275,
281-285).

pH
Measuring tumor tissue pH non-invasively is challenging, and
various methods have been and are being developed to measure

preclinically extracellular and/or intracellular pH (pHe or pHi)
(64, 286).

Tumor pHe and pHi distributions can be obtained by *'P MRS/
MRSI using 3-aminopropylphosphonate (287, 288). However,
insensitivity of P MRSI limits its spatial resolution and restricts
broad applicability. Thus, '"H MRSI pHe markers have been
developed to improve detection sensitivity (288-291). To shorten
acquisition times and improve sensitivity further, with potential
for clinical translation, HP *C MRSI of injected bicarbonate has
been proposed for pH imaging, with pH (predominantly pHi,
though it does not distinguish between pHi and pHe) calculated
from the signal intensity ratio of hyperpolarized H"”CO; to
BCO, (292, 293). However, the reaction is dependent on CA-IX
activity in the tissue, thus, calibration has to be performed for
each tissue type separately, restricting its applicability (294).
Chemical exchange saturation transfer (CEST) MRI detects the
pH-dependent chemical exchange between an amide proton and
surrounding water molecules (291, 295). In acidoCEST, the pH
dependence of the CEST effect ratio of a CEST agent with two
amide protons, generating two CEST effects, is used to measure
pHe (295-297). Challenges to measure pH by acidoCEST include
its low sensitivity, requiring optimization of experimental param-
eters (295), and it may not always be a given that the CEST effect
is solely visible for the amide protons of the selected CEST agent
and only affected by pH (291).

Recently, the pH-dependency of cellular membrane insertion
of radiolabeled pH (low) insertion peptides has been used to
image tumor pH (at the intra-/extracellular interface) preclini-
cally with PET (298-301).

Other non-invasive imaging modalities assessing pH in vivo
include optical imaging with pH-sensitive dyes (302-304)
or a pH-sensitive reporter gene (305), ratiometric PAI with
pH-sensitive nanoprobes (306, 307), MRI using a CA with
pH-sensitive (and concentration-dependent) relaxivity, with the
difficulty of measuring in vivo the CA concentration (291), and
EPR spectroscopy (308, 309).

Additionally, pH-sensitive probes are being developed as
theranostic agents, combining treatment with diagnostic and
monitoring ability (310-314). Of note is that all exogenous pH
markers are delivery dependent and may not be clinically trans-
latable, adding further challenges to pHe/pHi imaging.

NON-INVASIVE MULTIMODAL IMAGING
OF TUMOR-STROMA INTERACTION

Here, after a brief overview and some examples of recently rec-
ognized tumor-stroma interactions (see Section “Tumor-Stroma
Interactions”), ongoing efforts to apply directly non-invasive mul-
timodal imaging to characterize and understand tumor-stroma
interaction in the context of tumor development, progression,
and treatment will be summarized (see Section “Non-invasive
In Vivo Imaging of Tumor-Stroma Interactions”). As is evident
from the comparably fewer studies (see Section “Non-invasive
In Vivo Imaging of Tumor-Stroma Interactions”), it is much more
challenging to image directly and non-invasively the tumor-
stroma interaction in in vivo cancer animal models (237, 315)
and to confirm in vitro and ex vivo findings.
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Tumor-Stroma Interactions

Tumor stroma interactions focus on the complex crosstalk
between cancer and stromal cells and cell interactions with the
ECM (316-320). These interactions are mediated by chemokines,
soluble factors from enzymes, growth factors, extracellular
vesicles (e.g., exosomes) and/or microRNAs, etc., and regulate
enzymes activities, expression of genes and proteins, and meta-
bolic pathways involved in tumor growth, metastases, survival,
and drug resistance (37, 188, 211, 319-325). In this section, we
present selected examples of in vitro, ex vivo, and in vivo tumor
growth studies that highlight tumor-stroma interactions by using
preclinical models that attempt to incorporate/simulate microen-
vironmental conditions of ultimately clinical relevance.

Various in vitro models mimicking the TME, such as cocul-
tures between stromal and tumor cells or CAF-derived exosomes
and cancer cells (326), 3D culture systems (327), bioreactors
for live cell studies (20, 277, 328-330) have been developed
to understand the nature and mechanisms behind tumor-
stroma interactions by, e.g., gene expression microarrays from
cocultures (331).

For example, in in vitro 2D and 3D cultures of the two breast
cancer cell lines MDA-MB-231 and MCF-7 cocultured with
CAFs or control fibroblasts, CAFs promoted invasion and prolif-
eration in both MDA-MB-231 and MCF-7, and the more invasive
MDA-MB-231 increased a-smooth muscle actin (a-SMA, a
marker of fibroblast-to-myofibroblast transition) expression of
CAFs contrary to the non-invasive MCF-7 (332), demonstrating
reciprocal interaction. In cocultures of the cervical cancer cell
line CSCC7 with CAFs or control fibroblasts, increased CSCC7
migration was associated with a CAF-induced decrease and
partial replacement of fibrillar ECM components with laminin-1
(148). In 3D cocultures of oral tongue squamous cancer cells
and CAFs in matrigel, CAFs (and CAF-conditioned medium)
promoted growth, proliferation, migration, and epithelial-to-
mesenchymal transition of the cancer cells (333). As observed
by OCT, 3D cocultures of breast cancer cells and immortalized
fibroblasts induced larger and more spherical acini with increased
lumen size than cocultures using immortalized breast cells (101).
Besides CAFs, the presence of TAMs has been shown also to
affect ECM remodeling (334). For example, excretion of MMPs
into the supernatant increased significantly in coculture of two
breast cancer cell lines and macrophages, enhancing tumor cell
invasiveness, and not in the benign breast cell line/macrophage
coculture (335).

Tumor cells and CAFs also interact metabolically (Figure 2).
As shown in vitro, CAFs take up and metabolize extracel-
lular lactate (38) and export pyruvate which is taken up and
metabolized by cancer cells (336) (Figure 2). Other research
implies that epithelial cancer cells use metabolites, such as
lactate, ketone bodies, and glutamine, excreted by CAFs in
response to cancer cell-induced oxidative stress (39, 334, 337)
(Figures 1 and 2). Glycolysis and glutamine-dependent reduc-
tive carboxylation increased in cancer cells following oxidative
phosphorylation (OXPHOS) inhibition induced by exposure to
CAF-derived exosomes (326). Additionally, immune cells and
adipocytes may further impact the metabolic tumor phenotype

(334). Closer to the in vivo scenario, ex vivo tumor/stroma
immunostaining, molecular profiling from tissue microarrays
of excised tumors (338), or multiplexed staining and in situ
transcriptome profiling techniques (339) improve further our
understanding of tumor-stroma interaction. For example, Choi
et al. (338) classified breast cancer subtypes of patient tumors
into four subgroups defined by the ex vivo expression of the gly-
colysis markers Glut-1 and/or CA-IX in the tumor and stroma,
respectively: Warburg type (tumor: GLUT-1 and/or CA-IX
positive; stroma: Glut-1 and CAIX negative), reverse Warburg
type (tumor: Glut-1 and CAIX negative; stroma: GLUT-1 and/or
CA-IX positive), mixed type (tumor and stroma: GLUT-1 and/
or CA-IX positive), and null type (tumor and stroma: Glut-1
and CAIX negative). The Warburg and mixed type were pre-
dominantly associated with triple-negative breast cancer, while
the reverse Warburg and null-types predominantly associated
with luminal breast cancer (338).

These data/models of metabolic interaction between cancer
cells and CAFs or other stromal cells highlight the complexities
of metabolic crosstalk and the need for further research to under-
stand how metabolic plasticity of tumor and stromal cells benefit
tumor progression and evasion of treatment.

While MSCs can dedifferentiate into various stromal cells after
recruitment to tumors, many questions about the mechanisms
of MSC homing and MSC-cancer cell interaction are still top-
ics for future research (155). In a recent study, MSCs promoted
in vivo growth of subcutaneous colorectal tumor models by a
B1l-integrin-dependent interaction of MSCs and cancer cells
(340). Coinjection of breast or prostate cancer cells with either
normal fibroblasts or CAFs into animal models showed that,
compared to normal fibroblasts, the presence of CAFs enhanced
tumor growth (341, 342) and, as shown for the breast model,
increased angiogenesis through elevated stromal cell-derived
factor 1 via recruitment of endothelial progenitor cells (341).
As demonstrated by in vivo fluorescence imaging and caliper
tumor volume measurements, coinjection of human endometrial
cancer cells with CAFs into nude mice increased tumor growth
compared to tumor initiation without coinjection of CAFs (343).
It was shown that the proliferation of endometrial cancer cells
was increased in the presence of CAFs through the activation of
JAK/STAT3/c-myc pathway (343).

Tumor-stroma interactions may sensitize tumors to treat-
ment or be a source of treatment resistance across a wide range
of therapeutics (320). And targeting tumor-stroma interactions
by targeting its mediators, such as chemokines, may improve
treatment response. For example, as observed with BLI, treat-
ment of a prostate cancer model with the CXCR4-specific
inhibitor AMD3100 in combination with docetaxel significantly
reduced tumor growth compared to docetaxel alone (344). As a
high-throughput alternative to in vivo models, an in vitro tumor
cell-specific bioluminescence imaging (CS-BLI) assay for tumor-
stroma cell cocultures has been proposed (345). Using this assay,
it was shown that multiple myeloma cells exhibited chemoresist-
ance to dexamethasone and doxorubicin when cocultured with
bone marrow stromal cells, while effectiveness of reversine was
enhanced by the presence of stromal cells (345).
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Novel treatments, targeting tumor-stroma interaction by
therapeutic targeting of adhesion, proteolysis, and/or signaling
pathways, may improve on current treatment regimens and
overcome treatment resistance (2, 346).

Non-Invasive In Vivo Imaging of

Tumor-Stroma Interactions

Studying tumor-stroma interactions in vivo enables the com-
prehensive characterization of the TME and its impact on treat-
ment efficacy, potentially leading to improved diagnosis, to the
identification of new treatment targets, and closing further the
gap between preclinical and clinical studies (320). While single
imaging methods have been used to image different aspects of
the TME, only recently multimodal imaging has become more
frequent. One major challenge of imaging the TME is that tumor
and stromal cells use common pathways (286), necessitating
cell-type-specific labeling and ideally imaging with cellular reso-
lution. Localized, high-resolution imaging or combining multiple
imaging modalities may to some extent overcome this inherent
challenge. Intravital microscopy (66), which is considered a
minimally invasive imaging modality, provides high-resolution
imaging, including imaging of cellular processes (86, 208, 347),
and has been to date the method of choice to study cancer cell
interaction with the TME (Figures 3-5).

By using transgenic mice expressing green fluorescent protein
(GFP) in all cells or in specific organs or driven by a cell marker
and tumor cells expressing red fluorescent protein (RFP) (237,
348) or GFP in the nucleus and RFP in the cytoplasm (349),
whole-body fluorescence imaging has been used to study tumor—
TME interactions. While morphology and location of cells may
help to identify what type of stromal cell may be involved in a
specific biological process (237), specificity is lacking as all cell
types of the host express the same fluorescence and ex vivo studies
are needed for confirmation (349). By ex vivo validation of cell
types, it was confirmed in a GFP-expressing mammary tumor
model and a host with GFP-expressing macrophages, that both,
cancer cells and macrophages migrated into microneedles filled
with EGE, TGF-alpha, and CSF-1, as detected by multiphoton
intravital microscopy (350). Using these techniques, it has been
shown that paracrine loops associated with macrophage and
tumor cell interaction impact tumor cell migration, intravasation,
and dissemination (351).

Using intravital microscopy with multiphoton laser scanning
microcopy (LSM) and SHG imaging of ahuman soft tissue sarcoma
in VEGF-GFP mice, increased ECM remodeling by CAFs after
exposure to relaxin has been imaged in vivo, with the involvement
of CAFs confirmed by ex vivo cell typing (352). Using human,
DsRed2- and nuclear histone 2B (H2B)-EGFP-expressing fibro-
sarcoma cells implanted into deep dermis of nude mice, tumor
growth and tumor cell invasion into the surrounding tissue could
be imaged by epifluorescence microscopy (Figure 3A) (66). In the
same tumors, morphology (including collagen fibers), neoangio-
genesis, cancer cell mitosis, and apoptosis were assessed in vivo
during tumor growth by intravital microscopy with FLI and SHG
(Figure 3B) (66). Multiphoton LSM combined with collagen
(SHG) imaging of murine mammary tumors grown from a mix
of alow-metastatic cell line expressing GFP and a high-metastatic

subline transfected expressing CFP (cyan fluorescence protein)
in the cytoplasm has been used to track and visualize cell shape,
subcellular structures, and behavior in vivo (67) (Figure 4). The
motility of the cells with the larger metastatic potential was about
4.5-fold higher than in the cells with low-metastatic potential
with migration along collagen fibers (67).

Beyond migration and imaging of vasculature and col-
lagen structures, the redox ratio based on endogenous NADH/
(FAD 4+ NADH) had been imaged by intravital microscopy with
multiphoton fluorescence lifetime microscopy (FLIM), and redox
ratio changes have been found to relate to changes observed by
E-FDG PET, and, in ovarian cancer, were related to disease risk
(49). As fluorescence lifetime changes with binding state and TME
of metabolic enzymes (49), multiphoton FLIM, combined with
other imaging modalities and intravital microscopy, is uniquely
qualified to observe such changes in vivo, with the limitation of
imaging depth.

Tumor vascularization, lymph vasculature, and vascular
response to treatment have also been evaluated by intravital
microscopy within the context of tumor growth and collagen
structures (Figure 5) (66, 68, 86). Alexander et al. (66) imaged
the intra- and perilymphatic invasion of fluorescent fibrosarcoma
cells, indicative of a potential route of metastatic dissemination via
the lymph vasculature located at the tumor margin (Figure 5A).
Using intrinsic contrast, Vakoc et al. (68) imaged the antivascular
effect of an antiangiogenic agent inhibiting VEGFR-2 on the
tumor vasculature in vivo at the microscopic level, depicting
lymph and blood vessels (Figure 5B). They found in response to
VEGFR-2 blockade that intratumor vessel length and mean vessel
diameter decreased, as tumor growth was delayed (68).

Nakasone et al. (353, 354) showed by intravital microscopy
with a microlensed spinning-disk confocal microscope (355) of
tumors in MMTV-PyMT mice expressing ACTB-ECFP in all
host cells and c-fms-EGFP in myeloid cells, respectively, that
vascular permeability and innate immune cell infiltration impact
response to doxorubicin. The accumulation of macrophages with
tumor growth as well as increased macrophage infiltration with
increased metastatic ability have been imaged non-invasively
in breast cancer models by fluorescence-reflectance imaging
using a fluorescently labeled specific probe for alarmin S100A9,
a calcium-binding protein secreted by monocytes/macrophages
with the protein complex S100A8/A9 acting as mediator between
tumor and immune cells (69) (Figure 6).

The fairly recent development of MRI/PET instrumentation
permits the simultaneous imaging of metabolic, anatomical, and
dynamic information, including cell tracking using appropriate
labeled probes, during tumor progression and in response to
treatment (70, 356-358) (Figure 7). The ability to effectively
observe intratumoral function and heterogeneity over time by
simultaneous MRI/PET has been demonstrated in a carcinoem-
bryonic antigen-expressing colorectal adenocarcinoma model
(Figure 7) (70). A recent study showed that microvessel volume
and density index (determined from MRI) were significantly
lower for glioblastoma tumors treated with bevacicumab and the
PI3K/mTOR inhibitor BEZ235 combined than for tumors treated
with bevacicumab alone, while "¥F-FET (O-(2-[**F]Fluoroethyl)-
L-tyrosine) uptake, a PET tracer to assess vessel amino acid
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transport, remained unchanged between the two treatments
(359). Further, tumor growth, as determined from MRI, and cell
proliferation, as determined from 'F-FLT PET, were the same
for the bevacicumab/BEZ235 combination therapy and the bev-
acicumab alone treatment groups (359). The in vivo results were
validated by ex vivo studies (359).

While still significant more research needs to be done, these
studies show the potential of harnessing the strengths of different
imaging modalities to image tumor-stroma interaction within
the TME in vivo, and thus, enhancing our understanding of its
impact on tumor growth and treatment response.

CONCLUSION

The strengths of optical imaging are its high sensitivity for CAs,
ability to use a wide range of probes, including activatable probes
and reporter genes, and compared to other imaging modalities,
such as MRI and PET, low cost. However, optical imaging is
typically semiquantitative, limited by penetration depth, small
field of view, and, depending on method, high background
signals and lack of tomographic information. Some of these
limitations are overcome by PAI, which permits real-time
quantitative imaging but is hampered by the range of available
CAs. Ultrasound imaging is a low cost, rapid, real-time imaging
modality with high temporal and spatial resolution, but has a
limited field of view with low soft tissue contrast, and is typically
semiquantitative and user dependent. Computer tomography
is rapid, permits whole-body imaging, has high spatial resolu-
tion, is user independent, and mostly low cost, but is limited
by its low sensitivity to CAs, lack of endogenous soft tissue
contrast and exposure to radiation. Scanners for MRI (MRSI),
PET, and SPECT are high in cost with the distinct advantage of
whole-body imaging capabilities. While MRI has excellent soft
tissue contrast, high spatial resolution, and has a wide range of
methods available for tissue imaging and vessel characterization,
it is limited by its low sensitivity and the fairly long acquisitions,
the latter particularly prominent in spectroscopic imaging. To
overcome these challenges, new methods, such as hyperpolar-
ized PC MRS, are being actively developed. The high sensitivity
of PET and SPECT, respectively, is offset by their low resolution
(1-2 mm), lack of morphological information and radiation
exposure from the radioactive tracers, whose half-lives range
from 75 s (Rb-82) to 4.18 days (I-124) for PET radioisotopes and
from 6 h (Tc-99m) to 59 days (I-125) for SPECT tracers. With the
advancement of MRI/PET, the power of various MRS and MRI
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Tumor heterogeneity at the genetic level has been illustrated by a multitude of studies
on the genomics of cancer, but whether tumors can be heterogeneous at the metabolic
level is an issue that has been less systematically investigated so far. A burning-related
question is whether the metabolic features of tumors can change either following natural
tumor progression (i.e., in primary tumors versus metastasis) or therapeutic interventions.
In this regard, recent findings by independent teams indicate that antiangiogenic drugs
cause metabolic perturbations in tumors as well as metabolic adaptations associated
with increased malignancy. Induced metabolic bioluminescence imaging (imBl) is an
imaging technique that enables detection of key metabolites associated with glycolysis,
including lactate, glucose, pyruvate, and ATP in tumor sections. Signals captured by
imBI can be used to visualize the topographic distribution of these metabolites and
quantify their absolute amount. imBI can be very useful for metabolic classification of
tumors as well as to track metabolic changes in the glycolytic pathway associated with
certain therapies. Imaging of the metabolic changes induced by antiangiogenic drugs in
tumors by imBI or other emerging technologies is a valuable tool to uncover molecular
sensors engaged by metabolic stress and offers an opportunity to understand how
metabolism-based approaches could improve cancer therapy.

Keywords: angiogenesis, metabolism, imaging, glycolysis, cancer, mouse models

INTRODUCTION

Malignant tumors are endowed with distinct metabolic features that distinguish them from the
normal cells of the tissue where they arise. Major metabolic alterations in tumors include enhanced
glucose uptake and lactate production, increased glutamine utilization and de novo fatty acid
synthesis, as well as aberrant choline and serine metabolism (1, 2). Tumor heterogeneity - best
known at the genetic level - has recently been illustrated also at the metabolic level by a number of
different approaches (3, 4). Still largely unknown is whether metabolic features of tumors are stable

Abbreviations: H&E, hematoxylin and eosin; HIF, hypoxia inducible factor; imBI, induced metabolic bioluminescence imag-
ing; NMR, nuclear magnetic resonance; PET, positron emission tomography; VEGE, vascular endothelial growth factor.
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or can change either following natural tumor progression (i.e., in
primary tumors versus metastasis) or therapeutic interventions.

Antiangiogenic therapy is a consolidated approach to treat
cancer. By targeting the tumor-associated microvasculature,
antiangiogenic drugs — especially blocking signaling downstream
of vascular endothelial growth factor (VEGF)/VEGEF recep-
tors — cause vessel pruning, which is followed by hypoxia and
reduced supply of other nutrients (5-8). Since antiangiogenic
drugs do not have, in general, direct effects of tumor cells; the
therapeutic activity of these drugs is almost entirely dependent
on modulation of the supportive functions of the tumor micro-
environment. Albeit still hypothetical, it is quite possible that the
ability of tumor cells to adapt to the starving effects of antiangio-
genic therapy - i.e., its metabolic effects - could be important to
determine the therapeutic activity of these drugs.

Imaging techniques are extremely valuable both to perform
metabolic profiling of tumors and to uncover metabolic fluc-
tuations caused by drugs. With regard to antiangiogenic therapy,
some of these techniques have been used to measure uptake of
selected metabolites in tumors, such as positron emission tomog-
raphy (PET) (9), whereas others, including hyperpolarized *C
spectroscopy (10) and proton nuclear magnetic resonance (NMR)
(11), enabled quantitative assessment of certain metabolites in
experimental tumors.

We were the first to exploit a technique termed induced meta-
bolic bioluminescence imaging (imBI) to investigate metabolic
perturbations associated with anti-VEGF therapy (9, 12). Notably,
although somewhat limited by the small number of metabolites
that can be analyzed, imBI provides an accurate representation
of the steady-state levels of the metabolites, matching them to
the histology of the tumor section. The rest of this chapter is
devoted to the methodologic description of this valuable imaging
technique and its applications in the field of tumor angiogenesis.

THE TECHNIQUE FOR INDUCED
METABOLIC BIOLUMINESCENCE
IMAGING

Specific Detection of Tissue Metabolites

The imBI technique was developed in the laboratory at the
University of Mainz for the detection of metabolites in cryosec-
tions from snap-frozen tissue in situ (13-15). Self-made kits
containing definite exogenous enzymes and cofactors are used
to achieve high specificity and sensitivity. Endogenous enzyme
activities in the tissue sections of interest are heat-inactivated
immediately before imBI measurement to avoid interference with
exogenous enzymes within the kit. To prevent the reactions from
substrate saturation, all components of the kit are provided in
excess. The enzymaticactivity induced by the metabolite of interest
in the target tissue is biochemically coupled to luciferases leading
to light emission, i.e., to bioluminescence. This coupling, which
involves the NAD(P)H*H* redox system, induces low level light
emission with an intensity that is proportional to the respective
metabolite. The biochemistry for the detection of ATP, glucose,
pyruvate, and lactate via imBI is illustrated diagrammatically in
Figure S1 in Supplementary Material. Since a specific enzyme

mixture has to be prepared for each metabolite of interest, the
imBI technique allows for the detection of only one metabolite
per section. On the other hand, section thickness is adjusted
in most cases to values in the range of 10-20 um, and thus
different metabolites can be determined in serial sections at a
quasi-identical location within a tissue.

For processing of the tissue specimens, the frozen biopsy is
embedded in Tissue-Tek® (O.C.T.™ Compound; Sakura Finetek
Europe B.V., Alphen aan den Rijn, Netherlands) on a sample
holder of a cryomicrotome (SLEE cryostat, Type MEV; SLEE,
Mainz, Germany). Serial sectioning is then performed precisely
at a temperature between —20 and —12°C depending on the tissue
composition of the specimen. As indicated in the upper panel of
Figure 1A, two parallel channels are driven into each biopsy by a
specially designed “micro-fork” Sectioning perpendicular to these
channels leads to two holes in each section. These holes make it
possible to precisely overlay sequential sections and, thus, to colo-
calize different parameter values in different adjacent sections.

Localization of Tissue Metabolites

Thespatial resolution of imBl is generated by a sandwich technique
providing a homogeneous contact between enzyme cocktail and
tissue section (Figure 1A). An excess volume of enzyme solution
is pipetted into a casting mold within a metal slide. A cover glass
with a tissue section adhered is laid upside-down onto the enzyme
solution within the casting mold. This provides complete contact
between tissue and enzyme solution, which has been kept in a
liquid state at the measuring temperature. The contact between
substrate and enzyme mixture then initiates the bioluminescence
reaction. The sandwich is put on the thermostated stage of a
microscope (Axiophot, Zeiss, Oberkochen, Germany) within a
light-impervious chamber. An ultrasensitive back-illuminated
EM-CCD camera (iXonEM* DU-888; Andor Technology PLC,
Belfast, UK) connected to the microscope enables the registration
of the low light bioluminescence intensity with the optics focused
on the tissue section plane. The image signal is transferred to a
computer for image analysis. By integrating the light emission
intensities over a selected time interval, a two-dimensional
density profile is obtained representing the two-dimensional
metabolite distribution across the tissue section.

Quantification of Tissue Metabolites

Using appropriate standards, which are handled in exactly the
same way as the tissue of interest, bioluminescence intensities can
be transformed into absolute tissue concentrations of the respec-
tive metabolite, e.g., in micromoles per gram of tissue, which
corresponds approximately to millimolar in solution. Routine
standards are obtained by mixing cryo-embedding medium
(Tissue-Tek®) with defined amounts of substrate. The frozen
medium is then cryosectioned and processed in the same way as
the tissue of interest.

The calibration allows for the illustration of the two-
dimensional substrate distribution in a color-coded manner, as
indicated in Figure 1A (lower panel). This procedure is applicable
to all metabolites specified above.

It is obvious that the light intensity is also influenced by the
microscopic magnification, since pixel density per unitimage area
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FIGURE 1 | Schematic of the procedure of induced metabolic
bioluminescence imaging (imBl) and representative pictures from a
human tumor sample. (A) Schematic of the procedure of induced
metabolic bioluminescence imaging (imBl). (I) Sample preparation: the
frozen tissue sample is precisely punctured by a small fork (a).
Subsequently, serial cryosections are prepared (b). Each section is adhered
on a cover glass (c) and heat inactivated (not shown). (Il) A casting mold (d)
is filled with an appropriate enzyme solution (e). Immediately before
measurement, a frozen section on a cover glass is immersed into the
enzyme solution (f). This “sandwich” is inserted into a thermostated
chamber mounted on the stage of a microscope (g). The light emission is
registered by an EM-CCD-camera connected to a computer. (Ill) Using an
image analysis software (h), the raw images are processed, analyzed,
calibrated, and, finally, expressed as color-coded images (i). Pinpricks (a)
within the biopsy provide landmarks for a correct overlay of corresponding
images. (B) Induced metabolic bioluminescence imaging (imBl) of lactate
and pyruvate in a human head and neck squamous cell carcinoma
(HNSCC) xenografted in a nude mouse. Sequential cryosections (each
showing two punched holes for overlay) were used for hematoxylin and
eosin (H&E) staining and imaging of lactate and pyruvate concentrations.
For structure-associated evaluation, defined histological areas were
delineated: tumor tissue (TU), skeletal muscle (MU), and skin (SK) [modified
according to Walenta et al. (15)].

and, hence, light intensity is much lower at a high magnification
and vice versa. Other factors with impact on light intensity are
the viscosity of the enzyme solution, the measuring temperature,
the light integration interval, or the quantum efficiency of the
bioluminescence reaction itself. And all these factors are mutually
related and not at all independent of each other. In essence, the
concert of these factors determines the sensitivity of the technique
being on the micromolar level.

Combined Quantification and Localization

of Metabolites

High sensitivity and high spatial resolution are contradicting
demands, but the advantage of imBI is its versatility in adjusting
the measuring conditions toward either resolution or sensitivity
depending on the requirements of an actual experiment. Spatial
resolution is restricted at a low viscosity and high temperature of
the enzyme solution and at long light integration interval. Such
conditions favor lateral diffusion of metabolites and enzymes
resultingina “smearing out” the gradients in the metabolic profiles.

For most measurements in tumor biopsies, experimental
settings are chosen in a way that the minimum detectable sub-
strate concentration is around 100 pmol/g with a spatial linear
resolution of around 100 pm. Keeping the former sensitivity of
detection, the spatial resolution can be adjusted to 20 pm in imag-
ing metabolic gradients in multicellular spheroids adjusting an
appropriate registration temperature and viscosity of the enzyme
solution.

In our routine technology, as described above, the minimum
detectable substrate concentration is around 100 pmol/g of viable
tissue. Taking a given thickness of the cryosection used of 10 pm
and a section area of 1 cm? this corresponds to a minimum
detectable absolute amount of substrate (i.e., the substrate content
of one cryosection) of around 10 pg. By reducing the section
thickness, increasing the enzyme components in the detection
cocktails and optimizing the photon registration technique, it
is possible to detect minimum substrate concentrations in the
nanomolar per gram range.

Structure-Associated Metabolite

Detection and Colocalization

Using serial sections, a section can be stained for the histological
structure, e.g., with hematoxylin and eosin (H&E) followed by
sections stained for the various metabolites. As outlined above,
the “two holes technique” allows for an exact, computer-assisted
overlay between the sections. Such an overlay makes it possible
to detect the bioluminescence signals in a structure-associated
way, i.e., within selected histological areas, such as viable tumor
regions, stromal areas, or necrosis. The strategy is exemplified in
Figure 1B.

Colocalization studies can be extended to virtually all param-
eters that can be visualized in cryosections, e.g., mMRNAs detected
by in situ hybridization, proteins assessed by immunostaining or
functional parameters, such as blood perfusion imaged by fluo-
rescent stains or hypoxic cells identified by pimonidazole (16).
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APPLICATIONS OF imBI IN THE FIELD OF
TUMOR ANGIOGENESIS

Induced metabolic bioluminescence imaging proved to be an
extremely useful technique to investigate modulations in the con-
centration of metabolites in tumors treated with antiangiogenic
drugs (Figure 2). In tumor xenografts, we observed a dramatic
reduction in glucose and ATP levels in the tumor microenviron-
ment following anti-VEGF therapy (12). Such changes led us
to speculate that glucose-addicted tumors could be particularly
vulnerable to the effects of VEGF blockade. In fact, the amount

of necrotic area in the highly glycolytic tumors was much larger
compared with values found in poorly glycolytic tumors, thus
connecting a metabolic trait of tumor cells to an histological
pattern of response to VEGF neutralization.

It is currently unknown whether this intriguing observation
might hold true also in the case of other angiogenesis inhibitors
acting downstream of the VEGF receptor, such as tyrosine kinase
inhibitors, nor whether the findings can be generalized to tumors
grown in different organs/tissues, as tissue-specific features of
the microvasculature could also impact on the outcome of VEGF
blockade. Despite these limitations, it should be acknowledged
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FIGURE 2 | Tumor xenografts from anti-VEGF-treated mice disclose an highly glycolytic phenotype by imBI analysis. (A) Experimental layout. The tumor
samples subjected to imBI analysis were obtained from secondary recipient mice injected with ovarian cancer cells (IGROV-1) of primary cultures from control or
bevacizumab-treated tumors. (B) Quantification of lactate and glucose levels in tumor xenografts by imBI. Left panel: HE staining and color-coded distributions of
lactate and glucose in sequential cryosections from representative tumors. Since some tumors contain large central necrosis, glucose was at background levels
within these large central areas. However, high glucose concentrations are clearly seen in the tumor periphery. This nicely illustrates the importance of structure-
associated data acquisition with imBI. The concentration values were color coded, with each color corresponding to a defined concentration range in micromolar
per gram. Right panel: metabolite concentrations of lactate and glucose in tumors. Lactate and glucose values were calculated from n = 9 and n = 7 sections from
anti-VEGF-treated or control tumors, respectively [reproduced from Curtarello et al. (9)].
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that imBI was key to enable us to formulate the initial hypoth-
esis, To further validate it in translational studies, it will prob-
ably be necessary to replace assessment of the tumor gylcolytic
phenotype by imBI - which requires frozen tissues — with an
appropriate in situ marker of glycolysis, such as monocarboxy-
late transporter 4 (MCT4), which could be assessed by routine
immunohistochemistry staining in hundreds of formalin-fixed
paraffin-embedded (FFPE) tumor samples.

In addition, imBI could be used to perform metabolic clas-
sification of tumors and compare in vitro and in vivo assessment
of metabolic features, as we recently showed (17). Given the
adequate spatial resolution of this technique (~100 pm), and the
possibility of matching metabolic parameters with histology, it
can be anticipated that imBI could be utilized to describe both
inter-tumor and intra-tumor metabolic heterogeneity, as first step
of an in-depth characterization of tumor regions with different
abundance of lactate or other measurable metabolites.

In summary, imBI has a clear role in preclinical studies of
tumor angiogenesis in that it can (I) be utilized to investigate
metabolic modulations associated with antiangiogenic therapy
and (II) can enable metabolic classification of tumors and detect
metabolic heterogeneity.

CONCLUDING REMARKS

A more comprehensive understanding of metabolic perturba-
tions caused by antiangiogenic drugs in tumors might represent
a first step toward improvement of therapeutic efficacy, which is
currently blunted by adaptive resistance (18, 19). Along this line,
recent studies reported perturbations in lipid metabolism under
hypoxic conditions. Bensaad et al. described increased fatty acids
uptake and accumulation of lipid droplets in the cytoplasm of
tumor cells incubated under hypoxic conditions or in tumors
treated with bevacizumab (20); this phenomenon was associated
with hypoxia inducible factor (HIF)-1a-driven expression of fatty
acids binding proteins 3 and 7 in tumor cells. Moreover, Huang
et al. observed that hypoxic stress regulates lipid metabolism in
hepatocellular carcinoma cells. Specifically, these authorsreported
that HIF-1-mediated suppression of medium and long-chain
acyl-CoA dehydrogenases and fatty acid oxidation leads to fatty
acids accumulation and is critical for cancer progression (21).
As antiangiogenic therapy generally increases tumor hypoxia, in
future studies, it will be important to further investigate whether
anti-VEGF therapy causes perturbations in lipids.

In the long-term, metabolic changes caused by anti-VEGF
therapy could indeed represent an opportunity for new
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Activation of Phosphatidylcholine-
Specific Phospholipase C in Breast
and Ovarian Cancer: Impact on
MRS-Detected Choline Metabolic
Profile and Perspectives for
Targeted Therapy

Franca Podo'*, Luisa Paris’, Serena Cecchetti’, Francesca Spadaro’, Laura Abalsamo’,
Carlo Ramoni', Alessandro Ricci’, Maria Elena Pisanu’, Francesco Sardanelli?,
Rossella Canese’ and Egidio lorio’

"Molecular and Cellular Imaging Unit, Department of Cell Biology and Neurosciences, Istituto Superiore di Sanita, Rome,
Italy, 2Department of Biomedical Sciences for Health, Universita degli Studi di Milano, Research Hospital Policlinico
San Donato, Milan, Italy

Elucidation of molecular mechanisms underlying the aberrant phosphatidylcholine
cycle in cancer cells plays in favor of the use of metabolic imaging in oncology and
opens the way for designing new targeted therapies. The anomalous choline metabolic
profile detected in cancer by magnetic resonance spectroscopy and spectroscopic
imaging provides molecular signatures of tumor progression and response to therapy.
The increased level of intracellular phosphocholine (PCho) typically detected in cancer
cells is mainly attributed to upregulation of choline kinase, responsible for choline phos-
phorylation in the biosynthetic Kennedy pathway, but can also be partly produced by
activation of phosphatidylcholine-specific phospholipase C (PC-PLC). This hydrolytic
enzyme, known for implications in bacterial infection and in plant survival to hostile envi-
ronmental conditions, is reported to be activated in mitogen- and oncogene-induced
phosphatidylcholine cycles in mammalian cells, with effects on cell signaling, cell cycle
regulation, and cell proliferation. Recent investigations showed that PC-PLC activation
could account for 20-50% of the intracellular PCho production in ovarian and breast
cancer cells of different subtypes. Enzyme activation was associated with PC-PLC
protein overexpression and subcellular redistribution in these cancer cells compared
with non-tumoral counterparts. Moreover, PC-PLC coimmunoprecipitated with the
human epidermal growth factor receptor-2 (HER2) and EGFR in HER2-overexpressing
breast and ovarian cancer cells, while pharmacological PC-PLC inhibition resulted into
long-lasting HER2 downregulation, retarded receptor re-expression on plasma mem-
brane and antiproliferative effects. This body of evidence points to PC-PLC as a potential
target for newly designed therapies, whose effects can be preclinically and clinically
monitored by metabolic imaging methods.

Keywords: choline metabolism, phosphatidylcholine phospholipase C, choline kinase, breast cancer, ovarian
cancer, magnetic resonance spectroscopy, targeted therapy
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PC-PLC Activation in Cancer Cells

PHOSPHATIDYLCHOLINE-SPECIFIC
PHOSPHOLIPASE C IN LIVING SYSTEMS

Phosphatidylcholine-specific phospholipase C (EC 3.1.4.3, here
abbreviated as PC-PLC) is responsible for hydrolysis of this
glycerophospholipid into phosphocholine (PCho) and 1,2-dia-
cylglycerols (DAG).

Phospholipases of this class are known to be important secreted
pathogenicity factorsin somebacteria, parasites, and fungi(1,2) in
which they act as Iytic agents against eukaryotic cells and interfere
with the host immune defense. Some bacterial PC-PLCs are also
involved in lipid remodeling in response to phosphate-limiting
conditions. Amino acid sequences and encoding genes have been
identified for various toxic and non-toxic PC-PLCs produced by
Gram-positive and Gram-negative bacteria. Since some PC-PLCs
play important roles in the pathogenesis of diseases, they could
also form components of vaccines.

Phospholipases C endowed with a broader substrate specificity
(collectively called NPC, as an acronym for “non-specific phos-
pholipases C”) were discovered, sequenced, and cloned in plants
as a novel family of phospholipid-cleaving enzymes homologous
to bacterial PC-PLCs and responsible for lipid conversion under
phosphate-limiting conditions (3). Notably, phosphatidylcholine-
hydrolyzing members of the NPC family in Arabidopsis were
implicated in stress response to phytohormones, root develop-
ment, and tolerance to adverse environmental conditions (3).

Phosphatidylcholine-specific phospholipase C activity is
reported to be an essential source of phospholipid-derived
signaling in animal cells (4, 5) in which this phospholipase can
be implicated in various intracellular regulatory mechanisms,
including long-term cell response to mitogens (6-9); cell cycle
regulation and cell proliferation (8, 10, 11); programmed cell
death (12, 13); activation of cells of the immune system (14-22);
cell transformation (23, 24); oncogene-driven cell signaling and
tumor progression (25-28); and cell differentiation of tumoral
and non-tumoral cells (29-34).

Phosphatidylcholine-specific phospholipase C isoforms of
varying molecular weights have been isolated from mammalian
sources (35-37). However, differently from phosphatidylinositol-
bis-phosphate specific PLCs (PIP,-PLCs), well-recognized key
regulatory enzymes of cell growth, development, and stress
responses in living organisms, a slower progress has been so far
achieved in the molecular characterization of PC-PLCs in animal
cells, in which these phospholipases have not yet been sequenced
and cloned. For these reasons, the role of PC-PLCs in mammalian
cells has remained elusive until recently. Despite these limitations,
the PC-PLC protein expression could be effectively investigated
in mammalian cells using cross-reacting polyclonal antibodies
raised in rabbits against bacterial PC-PLCs, as first described
by Clark et al. (37). Using these antibodies, a 66-kDa PC-PLC
isoform has been detected in various mammalian cell systems,
such as mouse NTH-3T3 fibroblasts (8, 38), synaptic endings (39,
40), epithelial ovarian cancer (EOC) cells and surgical specimens
(26, 27), breast cancer (BC) (28) and hepatoma cells (11, 30,
41). Furthermore, near-infrared probes capable to non-invasively
detect PC-PLC in experimental animals have been developed and
their utility tested for in vivo cancer imaging (42).

Anincreasing interest in filling the existing gaps in the molecu-
lar and genomic characterization of mammalian PC-PLCs arises
from accruing evidence that protein overexpression, subcel-
lular redistribution, and activation of this enzyme in tumor cells
represent relevant features of the aberrant choline phospholipid
metabolism in cancer (43). In addition, evidence for a physical
interaction of PC-PLC with the human epidermal growth factor
receptor-2 (HER2) and EGEFR is provided by coimmunopre-
cipitation tests on HER2-overexpressing BC (28) and EOC cells.!
Pharmacological PC-PLC inhibition is associated in these cells
with long-lasting HER2 downmodulation and induction of
antiproliferative effects, suggesting a role for PC-PLC activity in
controlling HER2-driven tumorigenicity. Furthermore, inhibi-
tion of PC-PLC is associated with loss of mesenchymal traits in
the highly metastatic triple-negative MDA-MB-231 cells and with
decreased in vitro cell migration and invasion capabilities, sug-
gesting a pivotal role for PC-PLC in BC cell differentiation (34).

This article provides a brief overview on metabolic and func-
tional features of PC-PLC in BC and EOC cells and outlines some
perspectives offered by further elucidation of the impact of this
phospholipase on cancer cell biology and therapy targeting.

PC-PLC IN BREAST AND OVARIAN
CANCER CELLS

PC-PLC Activation and Contribution to
Elevated Phosphocholine Production
Phosphatidylcholine, the most abundant phospholipid of eukary-
otic cells, plays the double role of basic structural component
of cell membranes and precursor of agonist-induced signaling
lipids (44) through a network of enzymatic reactions known as
the phosphatidylcholine cycle (45) (scheme in Figure 1). The
agonist-induced production and utilization within this cycle of
signaling lipids, such as DAG, phosphatidate, lysophosphatidyl-
choline, and arachidonic acid, are associated with changes in the
fluxes and steady-state levels of water-soluble phosphatidylcho-
line metabolites, such as PCho, glycerophosphocholine (GPCho),
and free choline (Cho), main components of the so-called total
choline (tCho) metabolic profile.

Magnetic resonance spectroscopy (MRS) and spectroscopic
imaging (MRSI) represent powerful means to detect changes
induced in the tCho pool by oncogene-driven activation of
phosphatidylcholine cycle enzymes in cancer and to evaluate
the response of the tCho profile to agents targeted against
selected enzymes (43, 46-48). Figure 1 shows examples of
(i) the 'H-MRS tCho profile in aqueous extracts of normal
ovarian surface epithelial cells (OSE, Figure 1A) compared
with the EOC cell line SKOV3 and its in vivo-passaged cell vari-
ant SKOV3.ip, characterized by higher HER2 overexpression
(Figure 1B) and enhanced in vivo tumorigenicity (25, 27, 49,
50); (ii) the effects induced on the SKOV3.ip tCho profile by cell
exposure to D609, a competitive PC-PLC inhibitor (Figure 1C);

"Paris L, Podo F Spadaro F Abalsamo L, Pisanu ME, Ricci A, et al
Phosphatidylcholine-specific phospholipase C inhibition reduces HER2-
overexpression and tumor growth in a highly tumorigenic ovarian cancer model.
Manuscript in preparation (2016).
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FIGURE 1 | Detection of the 'H-MRS total choline (tCho) metabolic profile in epithelial ovarian cancer (EOC) cells and in MRS/MRSI clinical
examinations. The phosphatidylcholine cycle and its links with tyrosine kinase receptors’ stimulation, post-receptor signaling pathways, and cancer cell biological
features are sketched in the central scheme. (A-=C) High resolution 9.4-T 'H-MRS tCho profile of agueous extracts of (A) ovarian surface epithelial cells (OSE);
(B) SKOV3 cell line and its in vivo-passaged cell variant SKOV3.ip, characterized by higher in vivo tumorigenicity and twofold higher HER2 protein expression level
(in the insert, Western blot analysis of HER2, 185 kDa); (C) SKOV3.ip cells exposed for 24 h to the competitive PC-PLC inhibitor D609, compared with control
untreated cells. (D) Absolute activity rates (nmol/10° cells x h, mean + SD) of ChoK and PC-PLC measured in aqueous extracts of different EOC cell lines,
compared with those of non-tumoral immortalized hTERT cells (number of independent experiments, n > 3 for all cell lines). (E,F) Examples of in vivo detection of
(E) 'H-MRS tCho peak (3.2 ppm) in a single voxel and (F) tCho map obtained by MRSI in EOC patient examined at 1.5 T. For further details, see Ref. (25, 27,
49-51). The central scheme was adapted from Figure 1 of Ref. (43). Abbreviations: Enzymes: ChoK, choline kinase (EC 2.7.1.32); CT, cytidylyltransferase
(EC 2.7.7.15); LPL, lysophospholipase (EC 3.1.1.5); PCT, phosphocholine transferase (EC 2.7.8.2); PD, glycerophosphocholine phosphodiesterase (EC 3.1.4.2);
PLA1, phospholipase A1 (EC 3.1.1.32); PLA2, phospholipase A2 (EC 3.1.1.4); PLC, phosphatidylcholine-specific phospholipase C (EC 3.1.4.3); PLD, phospholipase
D (EC 3.1.4.4). Metabolites: AA, arachidonic acid; CDP-Cho, cytidine diphosphate-choline; Cho, free choline; DAG, diacylglycerol; GroP, sn-glycerol-3-phosphate;
GPCho, glycerophosphocholine; Ino, myo-inositol; LPA, lysophosphatidate; LPtdCho, lysophosphatidylcholine; PA, phosphatidate; PCho, phosphocholine; PtdCho,
phosphatidylcholine; tCho, total choline-containing metabolites (GPCho + PCho + Cho). Transporters: CHT, choline high-affinity transporters; CTL, choline
transporter-like proteins; OCT, organic cation transporters.

(iii) the simultaneous activation of ChoK and PC-PLC in differ-
ent EOC cell lines versus hTERT, a non-tumoral immortalized
ovarian cell line (Figure 1D); and (iv) examples of in vivo detec-
tion of the '"H-MRS tCho peak (3.2 ppm) in a selected voxel
(Figure 1E) and a tCho map obtained by 3D-MRSI in a EOC
patient (Figure 1F) (51).

The 'H-MRS PCho signal increased 3.6- to 6.5-fold in the
investigated EOC cell lines compared with non-tumoral coun-
terparts (25, 27, 50). Notably, the 2-fold higher HER2 expression
of SKOV3.ip versus SKOV3 cells was associated with a 1.7-fold
higher PCho content (50). An elevated PCho level was the princi-
pal cause of the higher tCho pool detected in these cancer cells, in

agreement with the general view that an increased tCho represents
a metabolic signature of malignancy (43, 46-48, 52, 53). The
enhanced PCho production in cancer cells is currently attributed
to the upregulation of choline kinase (43, 46), the enzyme com-
mitted to choline phosphorylation in the biosynthetic Kennedy
pathway. This enzyme (notably the ChoK-alpha isoform) has been
proposed as a new target for cancer therapy (54, 55). A substantial
contribution to the production of the intracellular PCho pool
in cancer cells may, however, also derive from PC-PLC activa-
tion (see scheme in Figure 1). The question therefore arises on
the relative contributions possibly given by PC-PLC activation
to PCho production in different EOC cells. Measurements in
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our laboratory (Figure 1D) showed that a mean 12- to 24-fold
activation of ChoK was paralleled by a 10- to 30-fold activation
of PC-PLC in four EOC cell lines (IGROV1, OVCAR3, SKOV3,
and SKOV3.ip) versus the non-tumoral hTERT cell line (in which
both enzymes had a basal activity of about 0.5 nmol/10° cells X h).
In some EOC cell lines (IGROV1, SKOV3.ip), ChoK and PC-PLC
showed very similar activity rates, suggesting about equal contri-
butions of the two enzymes to the PCho production. Accordingly,
there was a 40-50% decrease of the PCho signal in SKOV3.ip cells
following 24-h exposure to the competitive PC-PLC inhibitor
D609 (example in Figure 1C). In another cell line (OVCAR3),
the mean activity rate of ChoK was instead fourfold higher than
that of PC-PLC. Overall, these data showed that the contribution
of PC-PLC to the PCho production could vary, according to the
cell line, between 20% and 50%, in substantial agreement with
the effects of D609 or si-RNA ChoK silencing on the PCho levels
measured in different EOC cells [Figure 1C; (27, 56)].

This body of evidence supports the conclusion that PC-PLC
can contribute to a substantial extent to the accumulation of PCho
in EOC cells. This evidence may allow a better interpretation of
changes occurring in the in vivo MRS- and MRSI-detected tCho
peak in preclinical EOC models (57) and in EOC clinical lesions
(examples in Figures 1E,F) during tumor progression, response
to treatment, or relapse.

Regarding human BC cells, a significant 2- to 5.5-fold ChoK
activation was detected by Eliyahu and colleagues in cell lines of
different subtypes (58), such asluminal-A MCF-7, HER2-positive
SKBr3, and basal-like EGFR-positive MDA-MB-231 (respective
activity rates 21 + 3, 43 + 6, and 17 + 2 nmol/mg protein X h),
versus mammary epithelial cells (8.0 + 2.0 nmol/mg protein X h).
Enzymatic assays in our laboratory (34) showed threefold to
sixfold higher PC-PLC activity rates (ranging between 12 + 2
and 22 + 4 nmol/mg protein X h) in these BC cells versus the
fibrocystic MCF-10 cell line (Figure 2A). Overall, these data sug-
gest that the contribution of PC-PLC to the intracellular PCho
production also varied in these BC cells between 20% and 50%,
as reported above for EOC cell lines.

PC-PLC Overexpression and Subcellular

Redistribution

Western blot analyses showed that the reported threefold to six-
fold activation of PC-PLC in BC cell lines was associated with a
threefold to sixfold elevated PC-PLC protein expression (34), the
highest value being detected in the triple-negative MDA-MB-231
cells. Confocal laser scanning microscopy (CLSM) of fixed and
permeabilized cancer cells (Figure 2B, top panels) showed that the
enzyme was localized both in nuclear and cytoplasmic compart-
ments. Only a few PC-PLC-positive granules, mainly localized in
perinuclear areas and absent in the nuclear matrix, were instead
detected in the non-tumoral MCE-10A cells. CLSM of unfixed cells
showed that PC-PLC massively accumulated on plasma membrane
of the HER2-positive SKBr3 cells, but not on that of cells with basal
HER?2 expression (Figure 2B, bottom panels). PC-PLC extensively
colocalized with HER2 in raft domains of plasma membrane of
SKBr3 cells [Figure 2C; (28)], in which coimmunoprecipitation
tests showed a physical association of PC-PLC with HER2 and with
other members of the ErbB family, such as EGFR and HER3.

LW Breastcell Subtype PC-PLC
line activity™
MCF-10A Fibrocystic 0 0 35£06
disease
MCF-7 LuminalA 041+ 04+  116%19
SKBr3 HER2 3+ 2+ 19£19
MDA-MB-231 Basal 041+ 2+ 222436

*nmol/mg protein x h
PC-PLC subcellular localization

B MCF-10A SKBr3

MCF-7

MDA-MB-231

MD;

D609-treated SKBr3

fixed

unfixed

fixed

unfixed

unfixed

FIGURE 2 | Subcellular localization of PC-PLC in human BC cell lines.
(A) PC-PLC activity rates (nmol/mg protein x h, mean + SD, n > 3)
measured in MCF-7, SKBr3, and MDA-MB-231 BC cell lines, possessing
different levels of HER2 and EGFR expression, compared with that of the
human mammary epithelial cell line of fibrocystic origin MCF-10. (B) Confocal
laser scanning microscopy (CLSM) examinations (3D reconstruction images)
of the same cell lines as in (A). Cells were either fixed and permeabilized
(upper panels, scale bars 20 pm) or maintained unfixed (bottom panels, scale
bars 5 pm) and stained for PC-PLC detection with rabbit anti-PC-PLC
antibodies (pseudo-color gray); nuclei were stained with DAPI (bluge). (C)
Colocalization of PC-PLC and HER2 on plasma membrane of SKBr3 cells.
CLSM detection of PC-PLC and HER2 was performed on fixed and
permeabilized (upper panels) or unfixed cells (bottom panels, 3D
reconstruction images) using rabbit polyclonal anti-PC-PLC antibodies
(green) and anti-HER2 W6/100 monoclonal antibody (red). Colocalization
areas are represented in yellow. Scale bars, 8 pm. (D) HER2 downmodulation
in SKBr3 cells exposed for different time intervals to the competitive PC-PLC
inhibitor D609. CLSM analyses of unfixed SKBr3 cells cultured in complete
medium in absence (t = 0) or presence of DB09 (6 and 24 h). After washing,
cells were stained with anti-PC-PLC (green) and anti-HER2 antibodies (red).
For further details, see Ref. (28, 34).

Regarding PC-PLC distribution in EOC cells, a massive accu-
mulation of this phospholipase was detected by CLSM on plasma
membrane of all investigated cell lines and on that of cancer cells
isolated from patient peritoneal exudate, but not on OSE cells (26).

Frontiers in Oncology | www.frontiersin.org

August 2016 | Volume 6 | Article 171


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Podo et al.

PC-PLC Activation in Cancer Cells

The enzyme extensively colocalized with B1-integrin in non-raft
domains of EOC cells (26). The extent of colocalization of the two
proteins substantially decreased on membrane of serum-deprived
cancer cells, but returned to the original level upon cell restimula-
tion by platelet-derived growth factor. These data warrant further
investigations on the functional role of the interaction between
PC-PLC and Bl-integrin, an adhesion protein well-known for
its involvement in metastatic spread (59). Furthermore, CLSM
and coimmunoprecipitation experiments showed an extensive
colocalization and physical association of PC-PLC with HER2
on plasma membrane of SKOV3 and SKOV3.ip cells, confirming
the interest of further investigating the role of this phospholipase
in regulating HER2 overexpression in ovarian cancer.

Effects of PC-PLC Inhibition

Exposure of BC cell lines to D609 led to cell proliferation arrest,
changes in cell morphology, and formation of lipid bodies typical
of BC cell differentiation (34). Moreover, in the poorly differenti-
ated MDA-MB-231 cells, PC-PLC inhibition was associated with
progressive decreases of mesenchymal traits, such as vimentin
and N-cadherin expression, reduced galectin-3 and milk fat
globule EGF-factor 8 levels, f-casein formation, and decrease of
in vitro cell migration and invasion (34). We therefore proposed
that the inhibition of this phospholipase can be envisaged as a
means to promote differentiation of metastatic BC cells, with
potential therapeutic effects.

Besides inducing cell differentiation, exposure of SKBr3
cells to D609 resulted in a progressive downmodulation of both
HER2 and PC-PLC on plasma membrane, an effect already
evident at 6 h and almost complete at 24 h (Figure 2D). This
effect was associated with HER2 internalization and lysosomal
degradation, long-lasting retardation of re-expression of this
receptor on membrane, and an about 50% decrease in the overall
protein expression (28). Notably, no substantial influence on
HER?2 externalization is known to be exerted in these cells using
Trastuzumab (60), the anti-HER2 humanized monoclonal anti-
body mostly used at the clinical level, whose in vivo therapeutic
efficacy is mainly attributed to antibody-mediated cytotoxicity.
This body of evidence suggests that PC-PLC inhibition may be
envisaged as a potential alternative approach to counteract the
tumorigenic effects of HER2, especially in cases of resistance (or
contraindication) to current anti-HER2 treatment.

Long-standing decreases of HER2 and phospho-HER2
contents, reduced HER2 mRNA expression, and cell cycle arrest
were also detected in the highly tumorigenic SKOV3.ip EOC cells
exposed to a non-apoptotic dose of D609". Furthermore, reduced
tumor growth and decrease in HER2 and Ki67 immunostaining
were detected in SKOV3.ip xenografts upon in vivo treatment
with D609, pointing to the interest of further evaluating the
potential role of PC-PLC as a therapy target in preclinical HER2-
overexpressing EOC models.

FUTURE RESEARCH DIRECTIONS

In summary, PC-PLC is overexpressed and activated in BC and
EOC cells, and pharmacological PC-PLC inhibition can lead
to downregulation of HER2 and induction of antiproliferative

effects. Furthermore, cell differentiation and decreases in cell
migration and invasion were induced in the highly metastatic
MDA-MB-231 BC cell line exposed to the PC-PLC inhibitor.
These findings point to PC-PLC as a potential target (or cotarget)
for anticancer therapy, especially in cases of resistance or con-
traindications to currently adopted treatments. In this context,
the following issues appear worth of further elucidation:

Molecular Mechanisms Responsible for
Oncogene-Driven PC-PLC Activation and

Impact on Molecular Imaging

The 1.7-fold increase in PC-PLC activity in a SKOV3 cell variant
(SKOV3.ip) endowed with a 2-fold higher HER2 overexpres-
sion (50) and the over 3-fold increase in PC-PLC activity in
the HER2-positive SKBr3 cells (34) warrant further investiga-
tions on the molecular mechanisms linking PC-PLC activation
with HER2 overexpression and oncogenic effects of HER2 and
HER2-EGER heterodimers. Interestingly, the PC-PLC inhibitor
D609, but not Trastuzumab, induced decreases of HER2 expres-
sion and cell proliferation in the Trastuzumab-resistant SKBr3
cell line. Conversely D609, either alone or in combination with
Trastuzumab, induced in the Trastuzumab-sensitive BT-474 cells
a decrease in cell proliferation comparable to that induced using
Trastuzumab alone (28).

The sixfold activation of PC-PLC in MDA-MB-231 BC cells
and its strong nuclear localization (Figures 2A,B) warrant
investigations on the relationships between PC-PLC and EGFR
overexpression in triple-negative BC cells and their metastatic
derivatives.

Overexpression of EGFR and c-Src in BC cells has been
reported to synergistically increase ChoK-alpha protein expres-
sion and activity levels (61). Further elucidation of EGFR-driven
mechanisms responsible for the activation of both ChoK-alpha or
PC-PLC in BC cells may lead to novel multi-targeted anticancer
therapies, whose effects could be preclinically and clinically moni-
tored by MRS-based and optical metabolic imaging methods.

Integration of MRS with "C or "F choline-based positron
emission tomography (PET) may allow discrimination of the
contributions to PCho production, provided by the biosynthetic
and catabolic pathways, respectively. In fact, while both ChoK
and PC-PLC can contribute to the MRS-detected PCho signal,
the choline-PET standardized uptake value (SUV) mainly reflects
choline transport and phosphorylation in the Kennedy pathway,
with negligible contributions from products of radiolabeled
phosphatidylcholine catabolism in a time window of about 1 h
(the duration of a typical choline-PET examination) (43).

Molecular and Functional Characterization
of the Interaction between PC-PLC and

Receptors of the ErbB Family

The interaction of an activated PC-PLC isoform with HER2,
detected by coimmunoprecipitation tests, appears essential to the
functional localization of this receptor in BC cells, since PC-PLC
inhibition induces a long-lasting HER2 downmodulation (28).
The association of these effects with reduced cell proliferation,
induction of cell differentiation, and decrease in cell migration
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and invasion suggests that an activated PC-PLC may act as a
sort of chaperone for HER2. A local overproduction of DAG
by enhanced PC-PLC-mediated phosphatidylcholine hydrolysis
could mediate this action. A local accumulation of DAG can, in
fact, perturb the phospholipid bilayer, alter protein-lipid interac-
tions, and influence the formation of microdomains, thus modi-
fying the exposure of surface membrane receptors and affecting
their recycling between membrane and inner cell compartments
(62, 63). Interestingly, ChoK-alpha has also been proposed to
act as a chaperone for the androgen receptor, a ligand-inducible
transcription factor of the nuclear hormone receptor superfamily,
critically involved in prostate cancer progression (64). The newly
suggested role of ChoK and PC-PLC as regulators of expression
for oncogenes and growth factor receptors may lead to new
targeted or multi-targeted anticancer therapies.

Structural and Genomic Characterization

of PC-PLC Isoforms Active in Cancer Cells
This body of evidence points to the need for overcoming the
current limitations deriving from (a) the scarce attention so
far devoted to the genomic and structural characterization of
mammalian PC-PLC isoforms and (b) the availability until
now of only one PC-PLC inhibitor, D609, a synthetic tricyclic
compound having a xanthate group, possessing antiviral,
anti-tumor, anti-inflammatory, and anti-apoptosis properties
and used as a lipid-related enzyme inhibitor for the past three
decades (65).

Steps forward in translational oncology may be expected from:

(a) investigating the role of PC-PLC expression and the effects
of PC-PLC inhibition in BC and EOC stem cells, to identify
potential ways to reinforce therapeutic strategies aimed to
eradicate malignancies (66, 67);

exploring in preclinical models the correlation between
PC-PLC activity and disease progression or response to
therapy, as a ground for evaluating the impact of PC-PLC
activation on clinical outcome.

(b)

CONCLUSION

Recent evidence shows protein overexpression and enzymatic
activation of PC-PLC in BC and EOC cells compared with non-
tumoral counterparts.
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For several decades, cytotoxic chemotherapeutic agents were considered the basis of
anticancer treatment for patients with metastatic tumors. A decrease in tumor burden,
assessed by volumetric computed tomography and magnetic resonance imaging,
according to the response evaluation criteria in solid tumors (RECIST), was considered
as a radiological response to cytotoxic chemotherapies. In addition to RECIST-based
dimensional measurements, a metabolic response to cytotoxic drugs can be assessed
by positron emission tomography (PET) using 8F-fluoro-thymidine (FLT) as a radioactive
tracer for drug-disrupted DNA synthesis. The decreased "®FLT-PET uptake is often seen
concurrently with increased apparent diffusion coefficients by diffusion-weighted imag-
ing due to chemotherapy-induced changes in tumor cellularity. Recently, the discovery
of molecular origins of tumorogenesis led to the introduction of novel signal transduction
inhibitors (STls). STls are targeted cytostatic agents; their effect is based on a specific
biological inhibition with no immediate cell death. As such, tumor size is not anymore
a sensitive end point for a treatment response to STls; novel physiological imaging end
points are desirable. For receptor tyrosine kinase inhibitors as well as modulators of
the downstream signaling pathways, an almost immediate inhibition in glycolytic activity
(the Warburg effect) and phospholipid turnover (the Kennedy pathway) has been seen
by metabolic imaging in the first 24 h of treatment. The quantitative imaging end points
by magnetic resonance spectroscopy and metabolic PET (including 18F-fluoro-deoxy-
glucose, FDG, and total choline) provide an early treatment response to targeted STls,
before a reduction in tumor burden can be seen.

Keywords: chemotherapeutics, signal transduction inhibitors, magnetic resonance spectroscopy, positron
emission tomography, RECIST

INTRODUCTION

The field of medical oncology has emerged in the 1950s when various chemotherapeutic drugs were
used to control cancer cell growth by interfering with the cell cycle and DNA replication. Later, in the
1960s and 1970s, drugs were combined to combat the cancer at different points of the cell cycle. For
several decades, cytotoxic chemotherapeutic agents were considered the basis of anticancer treat-
ment for patients with solid tumors and metastatic (systemic) disease. A decrease in tumor burden
(tumor size and metastasis size/numbers), assessed by dimensional/volumetric magnetic resonance
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imaging (MRI) or computed tomography (CT), was considered
as a radiological response to a cytotoxic treatment regimen (1, 2).

Recently, the discovery of molecular origins of tumorogenesis
led to the introduction of novel targeted agents, the so-called sig-
nal transduction inhibitors (STIs), and their translation into the
clinic (3-5). By focusing on molecular abnormalities, which are
specific to the cancer cell, targeted cancer therapies have a poten-
tial to be more effective against cancer and less harmful to normal
cells than “standard” chemotherapeutics. STIs are considered a
cytostatic (rather than cytotoxic) treatment alternative based on
a specific biological inhibition (rather than immediate cell death)
(Figure 1). As such, tumor size is not a sensitive end point for
the treatment response to STIs; novel physiological imaging end
points are desirable (6).

Anticancer therapies are currently undergoing enormous
changes. Unfortunately, this biological revolution in cancer
treatment comes at a great expense; the aggregate cost of cancer
care rose 60% since 2003 (8, 9). In 2014, the price for each new
approved cancer drug exceeded $120,000/year of use. Therefore,
the National Cancer Institute (NCI) has currently acknowledged
that “there is a tremendous need to incentivize development of
validated and accepted diagnostics in order to keep pace with
the explosion of new, targeted drugs that are in the pipeline”
(10). Advances in oncologic imaging pave the way for rapid
optimization of personalized anticancer therapies through the
non-invasive assessment of the mechanism of actions, efficacy
and resistance development that improve clinical decision mak-
ing for novel targeted agents beyond the traditional endpoints

of morbidity and mortality. Among other radiological platforms,
metabolic imaging — based on positron emission tomography
(PET) and magnetic resonance spectroscopy (MRS) - is particu-
larly suited for monitoring the treatment response to cytostatic
STIs since the signal transduction pathways are directly linked
to the aberrant metabolic phenotype exhibited in human malig-
nancies (11-16). Introduced in 1977, '*F-fluoro-deoxy-glucose
(FDG)-PET remains the main metabolic imaging technique for
the non-invasive assessment of glucose consumption and the
Warburg effect (17, 18). The use of PET has been expanded by
the introduction of other radiolabeled ligands, such as amino
acids and nucleosides. While tracer uptake studies represent the
main strength of metabolic PET, '"H-MRS provides complemen-
tary metabolic information on major endogenous metabolites
(19-21). In the past 10 years, advances in hyperpolarized
BC-MRS allowed for non-invasive assessment of metabolic
activities in glucose, lipid, and amino acid metabolism in tumor-
bearing animals and humans (22, 23).

ANTICANCER TREATMENT STRATEGIES
Cytotoxic Drugs

Herbal and other preparations have been used for cancer treat-
ment already in the Ancient World. The very first attempt to
treat leukemia with a chemical agent (potassium arsenite) took
place in 1865 by Heinrich Lissauer. Then, a treatment benefit
of estrogen in prostate cancer was shown in the early 1940s.

Cytotoxic Chemotherapeutic Agents

DNA-Disruptive Agents » Cell Cycle Arrest =

§§

£ &

Cytostatic Targeted Agents (STis)

Signal Transduction
Inhibitors

»

Cell Cycle Control

=) Change of Phenotype

FIGURE 1 | Imaging platforms for treatment response to cytotoxic and cytostatic agents. For DNA disrupting agents (“Cytotoxic Chemotherapeutic
Agents”), increased ADC values by DWI and decreased FLT and FDG uptake by PET reflect a cytotoxic treatment response due to the decreased in tumor cellularity,
DNA synthesis and metabolism. For receptor tyrosine kinase inhibitors and PISK/AKT/mTOR inhibition (“STIs”), a specific early decrease in glycolytic activity has
been reported; therefore, glucose imaging using hyperpolarized '*C-pyruvate MRSI or FDG-PET is most sensitive. Inhibition of the Kennedy pathway as monitored
by decreased total choline MRSI or "'C-/"®F-choline PET is a putative marker for the treatment response of Ras/Raf/MEK/MAPK inhibitors. Glutamine and acetate
imaging can be useful for c-myc and FASN inhibitors, respectively. For antiangiogenic agents (VEGF/VEGFR2 inhibitors), DCE-MRI is the technique of choice to
assess decreased perfusion and vascularity. The picture was partially adapted from Munagala et al. (7).
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Shortly after, nitrogen mustard (mustine), now considered as
truly the first chemotherapeutic agent, was discovered and
applied for the treatment of lymphomas and other solid tumors.
Later, with the elucidation of the double-helical structure of
DNA in 1953, it was shown that nitrogen mustard chemically
reacts with DNA (24). This discovery had revolutionized the
treatment of various cancers and resulted in a rapid develop-
ment of several cytotoxic chemotherapeutics, which affect the
integrity of the cell’s genetic material (25). As such, most of
classic chemotherapeutic drugs act in a cytotoxic manner, kill
cells that divide rapidly, which includes cancer cells, immune
cells, gastrointestinal (GI) tract, hair follicles, and result in a
wide range of serious side effects to normal cells with high
replication rate, including myelosuppression, GI toxicity, and
alopecia (26-28).

Most of the cytotoxic chemotherapeutic drugs affect DNA
synthesis or cell division and are commonly divided into four
major classes (29-33): (i) mitotic poisons (preventing microtu-
bule functions), (ii) DNA-reacting drugs (chemically modifying
DNA as alkalyting agents), (iii) inhibitors of DNA replications
(acting as antimetabolites for pyrine, pyrimidine, and thymine
synthesis), and (iv) agents that change DNA topology (topoi-
somerase inhibitors and cytotoxic antibiotics) (Table 1).

Cytostatic Targeted Agents

The discovery of molecular targets has enabled the development
of new and potentially more effective treatments for metastatic
disease with considerably low toxic side effects (28). Due to
our improved understanding of cancer biology and specific

onco-pathways that lead to uncontrolled cell proliferation, the
main focus of anticancer treatment strategies has shifted from
cytotoxic chemotherapies (which lead to cell death) to cytostatic
targeted STTs. This has resulted in new requirements for phar-
macodynamic markers (including imaging-based end points)
for therapy response and resistance development to STIs (34).
Oncologic imaging represents an ideal technology to answer
these questions non-invasively and in real time (35-37).

Most of the targeted agents interfere with proteins that are
involved in signal transduction processes. Progressive disease, the
process of tumor growth, angiogenesis, invasion, and metastasis,
is largely regulated by circulating growth factors and their bind-
ing to receptor tyrosine kinases (38, 39). Inhibition of these
signaling pathways as a therapeutic approach has gained a lot
of attention and current strategies include: antigrowth factor
antibodies, receptor antagonists, anti-receptor monoclonal anti-
bodies, and small-molecule tyrosine kinase inhibitors (24, 40).
The use of molecularly targeted anticancer drugs began with the
introduction of trastuzumab and imatinib, which target HER2/
neu [human epidermal growth factor (EGF) receptor 2] and BCR-
ABL (from Philadelphia chromosome)/PDGEFR (platelet-derived
growth factor receptor)/c-Kit (stem cell growth factor receptor),
for the treatment of breast cancer and chronic myeloid leukemia,
respectively (41-43). Some of the signal transduction pathways
commonly altered in the malignant phenotype include various the
upstream receptor tyrosine kinases, such as vascular endothelial
growth factor (VEGF), EGE insulin-like growth factor (IGF1),
and PDGEF, as well as downstream signaling kinases, specifically,
PI3K/AKT/mTOR and Ras/Raf/MEK/MAPK pathways (38,
44-48) (Table 2).

TABLE 1 | Major classes of cytotoxic agents.

Cytotoxic chemotherapeutics

Mitotic poisons DNA-reactive drugs

Inhibitors of DNA replication

Modulators of DNA topology

Vincristine (1960)
Vinblastine (1960)
Paclitaxel (1990)
Docetaxel (1995)

N2-Mustard (1950)
Cyclophosphamide (1960)
Melphalan (1965)
Mitomycin (1970)
Bleomycin (1975)
Cisplatin (1980)
Carboplatin (1985)

Methotrexate (1955)
5-Fluorouracil (1960)
Gemcitabine (1995)

Doxorubicin (1975)
Amsacrine (1985)
Topotecan (1995)
Irinotecan (2000)

TABLE 2 | Major classes of cytostatic agents.

Cytostatic signal transduction inhibitors

Receptor tyrosine kinase PIBK/AKT/mTOR Ras/Raf/MEK/MAPK Antiangiogenic Hormone therapy Immune checkpoint
inhibitors inhibitors inhibitors (VEGF/VEGFR2) (estrogen/androgen) inhibitors

— Imatinib (PDGFR) — Everolimus (mTOR) — Sorafenib (Raf) — Bevacizumab - Estrogen receptor Nivolumab (anti-PD-1)
— Trastuzumab (Her2) — Temsirolimus (MTOR) — Dabrafenib (BRAF) (VEGF) — Tamoxifen Pembrolizumab

— Lapatinib (Her2) — Enzastaurin (PI3K) — Trametinib (MEK) - Axitinib — Toremifene (anti-PD-1)

— Pertuzumab (Her2) —  Afuresertib (AKT) —  Selumetinib (MEK) (VEGFR2) — Fulvestrant Pidilizumab (anti-PD-1)
- Gefitinib (EGFR) — Binimetinib (MEK) — Androgen receptor MPDL3280A

— Erlotinib (EGFR) — Milutamide (anti-PD-L1)

— Cetuximab (EGFR) — Finasteride BMS-936559

— Panitumumab (EGFR) (anti-PD-L1)

— Picropodophyllin (IGF-1R)
— Linsitinib (IGF-1R)
— Pazopanib (multi)

MEDI4736 (anti-PD-L1)
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IMAGING TREATMENT RESPONSE

Response Evaluation Criteria in

Solid Tumors

In the past, anatomical imaging using plain radiographs, CT,
MRI, and ultrasound (US) has been applied to assess the effi-
cacy of cytotoxic chemotherapeutics based on lesion numbers
and tumor size. Response evaluation criteria in solid tumors
(RECIST) to measure lesion diameters have been the “gold
standard” end point for cytotoxic agents for decades (49-51).
Once target lesions are measured using single linear summation
(lesion diameter by RECIST) or the bilinear volumetric approach
[World Health Organization (WHO)], the treatment response
is usually assigned as complete response (CR), partial response
(PR, >30% linear decrease), stable disease (SD), or progressive
disease (PD, >20% linear increase) (52). Since the introduc-
tion of the most recent version (RECIST 1.1) in 2009, several
weakness areas have been identified, including the absence of
potential early indicators of response, such as functional imag-
ing, the scarceness of validation in rare tumors, and the lack of
validation for novel targeted agents. As such, attempts to optimize
the RECIST criteria are still needed to accurately evaluate tumor
responses.

Advanced Imaging of Cytotoxic Response
Introduction of diffusion-weighted imaging (DWI) to assess
tumor cellularity was the next step in bringing imaging endpoints
from a simple volumetric measurement to a functional assess-
ment of therapy response. Tissues with high cellularity have
restricted water diffusion, which can be quantitatively assessed
by calculation of water apparent diffusion coeflicients (ADC)
from DWI, which are considerably low in fast proliferating
tumors (53-56). Aggressive tumor and metastatic lesions are
repeatedly reported to have ADC values below 1.2 X 107> mm?/s.
A decrease in tumor cellularity and induction of cell death by
cytotoxic chemotherapeutics results in increased ADC values,
and increased ADC values have been reported as imaging bio-
markers for chemotherapy response (57-60). For example, in
breast cancer patients, an increase in ADC values in responders
(as early as one cycle of neoadjuvant chemotherapy) is a good
predictor for the later decrease in MRI tumor diameters (59).
Alternative imaging platforms for cytotoxic response are
based on metabolic PET. Malignant tissues are chiefly composed
of rapidly dividing cells, which exhibit highly upregulated
DNA synthesis. *F-fluoro-3-deoxy-thymidine (**FLT) is a PET
tracer for tumor cell proliferation (based on the high thymidine
uptake by proliferating cells in the pyrimidine salvage path-
way during S-phase). Although not highly specific (61, 62), a
decreased signal intensity in "*FLT-PET can be observed when
DNA synthesis is disrupted by chemotherapeutic agents, often
simultaneously with a profound DWI response by MRI (63-65).
Another PET application is based on the fact that cancer cells
use large amounts of glucose as a direct source of energy to
permit the exaggerated utilization of amino acids and nucleo-
sides in the synthesis of DNA. The radioactive glucose analog
FDG is the most widely used tracer in oncologic PET/CT to

assess metabolic cancer aggressiveness based on high glucose
uptake and metabolism through high GLUT-1 transporters
and hexokinase expression/activity (66). It has been shown
that in patients with lung, breast, head-and-neck, esophageal,
colorectal cancers, and lymphoma, the standardized uptake
values of FDG decrease in responding tumors after one cycle
of chemotherapy (18, 67).

Imaging in Radiation Oncology

Radiation therapy is used as part of cancer treatment, mostly in
combination with systemic chemotherapy, in roughly 50% of all
cancer cases. It is especially effective in head-and-neck, breast,
prostate, cervical, and skin cancer, while colorectal cancer, soft
tissue sarcomas, and high-grade gliomas usually show only a lim-
ited response rate. The posttreatment effects of radiotherapy are
attributed to tumorinflammation, cellnecrosisand often increased
angiogenesis (68, 69). Clinically, FDG-PET/CT is frequently
acquired at the baseline for radiation treatment planning since
high metabolic activity is regarded as a positive predictive factor
for treatment response (70). A profound metabolic response, as
detected by decreased FDG uptake values on postradiation PET/
CT scans, has correlated with high progression-free survival rates
in almost all types of cancer (71-73). Hyperpolarized MRS using
[1-"*C]-pyruvate also showed a significant decrease in lactate pro-
duction as early as 96 h after irradiation in orthotopic rat glioma
models (74) and colorectal flank xenografts (75).

Metabolic Imaging of Signal Transduction
Inhibition

Changes in tumor size, the “gold-standard” of tumor response for
cytotoxic chemotherapeutic agents, are often not useful in moni-
toring therapy response in the first cycles of STI-based therapy.
Humanized monoclonal antibodies and small-molecule receptor
tyrosine kinase inhibitors have been developed to target epider-
mal growth factor receptors (EGFR), platelet-derived growth
factor receptor (PDGFR), and insulin-like growth factor recep-
tor (IGF-1R), which are overexpressed in a significant number
of human malignancies. These inhibitors of the receptor activity
include gefitinib, erlotinib, imatinib, cetuximab, and trastuzumab
and have the most profound metabolic effects by inhibiting both
glucose and choline metabolism, which are two main metabolic
hallmarks of cancer (76-78). Therefore, the imaging response
to receptor inhibitors has been successfully monitored - both
preclinically and clinically - using glucose-based (FDG-PET
and hyperpolarized C-MRS) (79-89) and choline-based
(*H-/*'P-MRS and choline-PET) metabolic imaging (90-92). The
metabolic response on FDG-PET was seen as early as 8 days after
initiation of treatment (93).

Upstream receptor upregulation leads to the downstream
activation of two main intracellular onco-pathways: the GTPase
Ras/Raf/MEK/MAPK and the lipid kinase PI3K/AKT/mTOR
pathways. It has been convincingly shown that the PI3K/AKT/
mTOR pathway directly downregulates glucose metabolism: a
significant decrease in glucose uptake, lactate production, and
glycolytic enzyme expression has been seen with several mTOR
(94-97) and PI3K inhibitors (98, 99). *C-MRSI measurements
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of the conversion of hyperpolarized [1-"*C]-pyruvate into
lactate have been used to image the decrease in tumor LDH
activity due to the inhibition of the PI3K/AKT/mTOR pathway.
Confirming these MRS data, the decreased FDG uptake was
seen on PET scans upon mTOR/PI3K inhibition (97, 100,
101). Most recently, the US Centers for Medicare and Medicaid
Services (CMS) have approved the coverages of FDG-PET/CT
for treatment response in most solid tumors, especially for the
treatment strategies based on receptor tyrosine kinase inhibi-
tors and PI3K/AKT/mTOR mediated pathways (88). FDG-PET
is intrinsically a quantitative imaging technique for early STI
treatment response based on calculations of the standardized
uptake value (SUV) of FDG uptake (77, 97). An improved
quantification of treatment response based on decreased SUV's
has been introduced as the PET response criteria in solid
tumors (PERCIST 1.0) (102).

In contrast, MEK inhibitors, with MEK being the main
therapeutic target from the Ras/Raf/MEK/MAPK pathway, do
not exhibit a considerable glycolytic effect as revealed by FDG-
PET and hyperpolarized MRS (64, 103, 104), but significantly
reduce choline metabolism (104-106). Choline is a precursor
of phosphatidylcholine, the major cell membrane phospholipid.
Ras/Raf/MEK/MAPK pathway inhibition leads to the decrease
in choline transporters and might also influence the activity of
choline kinase (CHKa) leading to a significant decrease of the
total choline peak detected by MRS. "'C- or '*F-choline PET/
CT can be used to detect a significant decrease in tracer uptake
following treatment with various targeted STTs, especially those
from the Ras/Raf/MEK/MAPK pathway (107).

While the PI3K/AKT/mTOR pathway is considered to be
“glucose-dependent,” recent studies have shown that the MYC
oncogene, which encodes a master transcription factor c-Myc,
regulates glutamine catabolism to fuel growth and prolif-
eration of cancer cells through upregulating glutaminase (GLS)
(108-110). The first success in imaging glutaminase activity by
MRS was achieved using hyperpolarized C-glutamine (111).
Recently, 'C- and '*F-labeled glutamine has been synthesized
and successfully utilized for non-invasive PET detection of
c-Myc tumors in rodent models (112, 113). In addition, recent
in vitro MRS studies with c-Myc overexpressed breast cancer
cells showed a significant suppression of glutaminolysis when
treated with aminooxyacetate, an inhibitor of aminotransferases
involved in amino acid metabolism (114, 115). Several c-Myc
inhibitors are now in preclinical testing, and glutamine-PET
will be an obvious technique of choice for monitoring metabolic
treatment response.

Positron emission tomography measurements of the uptake
and trapping of ''C-acetate, due to the increased expression of
fatty acid synthase (FASN), have been used to detect prostate
cancer and hepatocellular carcinoma - two cancers where FDG-
PET evaluations have proven to be challenging or non-effective
(116-118). The use of "C-acetate PET/CT can be useful while
assessing treatment response to FASN and fat oxidation inhibi-
tors, such as orlistat and etomoxir, in prostate cancer (119, 120).

Finally, the therapeutic efficacy of antiangiogenic agents target-
ing the VEGF/VEGFR2 pathway can be monitored using dynamic
contrast-enhanced (DCE)-MRI (121-123). The time-dependent

signal enhancement on dynamic T1-weighted MRI reflects
intratumoral contrast delivery after an intravenous injection of
gadolinium contrast and is proportional to tumor perfusion and
vascularity. A dramatic decrease in T1-enhancement, calculated
as decreased gadolinium transfer constant, K™, or the decreased
area under the enhancement curve, AUC, was seen after tumor
treatment with VEGF antibodies, such as bevasizumab, or
VEGFR?2 tyrosine kinase inhibitors.

Imaging of Hormone- and Immune-Based

Therapies

In addition to cytotoxic DNA-interfering agents and cytostatic
STIs, other classes of anticancer drugs have been developed.
The most promising are hormones and hormone antagonists
for breast, prostate, and endocrine tumors. *F-labeled PET
tracers for androgen and estrogen receptor imaging have been
developed and tested in animal models (124, 125); ¥F-fluoro-
estradiol (FES) is undergoing clinical trials to monitor early
treatment response to aromatase inhibitors, such as tamoxifen
and fulvestrant, in ER+ breast cancer patients (126, 127).
Finally, the most exciting area in anticancer treatment lies in
cancer immunotherapy and novel immunomodulatory tar-
geted agents (128). The inhibitors of the programed cell death
receptor PD-1 and its ligands PDL-1, such as nivolumab and
pembrolizumab, have recently shown a promising antitumor
activity in melanoma and lung cancers and, to some degree,
in triple-negative breast cancers (129-131). The most recent
report from the phase Ib on pembrolizumab in patients with
advanced melanoma clearly demonstrated that conventional
RECIST criteria are not appropriate for the adequate assess-
ment of immune response and might underestimate the benefit
of the immune checkpoint blockade in 15% of treated patients
leading to premature cessation of treatment (132). However, the
metabolic aspects of this activated antitumor immune response
are still to be elucidated.

CONCLUSION

For “classic” chemotherapeutic agents, increased ADC values
by DWI reflect an early cytotoxic treatment response due to
decreased tumor cellularity and are an attractive alternative to
volumetric imaging. For novel STIs, physiological and metabolic
imaging protocols should be carefully chosen based on a particu-
lar signal transduction pathway involved. For receptor tyrosine
kinase inhibitors and PI3K/AKT/mTOR inhibition, a specific
decrease in glycolytic activity has been reported; therefore,
glucose imaging using hyperpolarized “C-pyruvate MRSI or
FDG-PET is most sensitive. Inhibition of the Kennedy pathway
as monitored by decreased total choline MRSI or ''C-/**F-choline
PET is a putative marker for the treatment response of Ras/Raf/
MEK/MAPK inhibitors. For antiangiogenic agents (VEGF/
VEGFR2 inhibitors), DCE-MRI is the technique of choice to
assess decreased perfusion and vascularity.

Introduction of novel targeted STIs, including immune
checkpoint inhibitors, requires a robust validation of novel
quantitative imaging end points from PET, MRS, and other
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supporting imaging platforms that characterize early physi-
ological and metabolic treatment response before a reduction
in tumor burden can be seen (6). Using medical imaging to dis-
tinguish responders versus non-responders at early time points
can contribute to improved tailoring of therapy in individual
cancer patients. The new term, radiogenomics, has recently
been introduced to link quantitative physiological imaging end
points with molecular markers of signal transduction pathway
inhibition (133).
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Department of Biological Regulation, Weizmann Institute of Science, Rehovot, Israel

The estrogen receptor (ER) « is overexpressed in most breast cancers, and its level
serves as a major prognostic factor. It is important to develop quantitative molecular
imaging methods that specifically detect ER in vivo and assess its function throughout
the entire primary breast cancer and in metastatic breast cancer lesions. This study
presents the biochemical and molecular features, as well as the magnetic resonance
imaging (MRI) effects of two novel ER-targeted contrast agents (CAs), based on pyri-
dine-tetra-acetate-Gd(lll) chelate conjugated to 17p-estradiol (EPTA-Gd) or to tamoxifen
(TPTA-Gd). The experiments were conducted in solution, in human breast cancer cells,
and in severe combined immunodeficient mice implanted with transfected ER-positive
and ER-negative MDA-MB-231 human breast cancer xenografts. Binding studies with
ER in solution and in human breast cancer cells indicated affinities in the micromolar
range of both CAs. Biochemical and molecular studies in breast cancer cell cultures
showed that both CAs exhibit estrogen-like agonistic activity, enhancing cell proliferation,
as well as upregulating cMyc oncogene and downregulating ER expression levels. The
MRI longitudinal relaxivity was significantly augmented by EPTA-Gd in ER-positive cells
as compared to ER-negative cells. Dynamic contrast-enhanced studies with EPTA-Gd
in vivo indicated specific augmentation of the MRI water signal in the ER-positive versus
ER-negative xenografts, confirming EPTA-Gd-specific interaction with ER. In contrast,
TPTA-Gd did not show increased enhancement in ER-positive tumors and did not
appear to interact in vivo with the tumors’ ER. However, TPTA-Gd was found to interact
strongly with muscle tissue, enhancing muscle signal intensity in a mechanism indepen-
dent of the presence of ER. The specificity of EPTA-Gd interaction with ER in vivo was
further verified by acute and chronic competition with tamoxifen. The chronic tamoxifen
treatment also revealed that this drug increases the microvascular permeability of breast
cancer xenograft in an ER-independent manner. In conclusion, EPTA-Gd has been
shown to serve as an efficient molecular imaging probe for specific assessment of breast
cancer ER in vivo.

Keywords: estrogen receptor-targeted probes, contrast agents for MRI, breast cancer, estrogen receptor,
molecular imaging
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Estrogen Receptor-Targeted Contrast Agents

INTRODUCTION

Breast cancer is the most common malignancy in women and
the second leading cause of cancer death among women (1).
The overexpression of the estrogen receptor (ER) (2) is currently
an established molecular feature for assessing breast cancer
prognosis and predicting response to endocrine therapies [Ref.
(3) and references cited therein]. The critical importance of ER
measurements in managing breast cancer treatment was recently
emphasized in the results of a meta-analysis of randomized trials
showing that ER status of the primary tumor was the only patient
or tumor characteristic that strongly predicted tamoxifen efficacy,
whereas the progesterone receptor measurement did not seem to
be importantly predictive of efficacy (4).

Estrogen receptor status is predominantly evaluated today
by immunohistochemistry staining of ER, which is a semi-
quantitative method and, therefore, may lack reproducibility and
standardization across different laboratories (5-8). In addition,
this method requires fresh randomly selected tumor tissue, not
always available, particularly in metastatic breast disease.

Part of the above described limitations can be overcome by
developing molecular imaging techniques that will detect and
map ER level over the entire tumor tissue in a quantitative man-
ner. Thus, ER imaging has become an important target for future
development (9). Today, molecular imaging of ER is primarily
based on the application of radiolabeling selective estrogen recep-
tor modulators (SERMs) that can be detected by single photon
emission computed tomography (SPECT) or positron emission
tomography (PET) (10). The most clinically advanced ER imag-
ing method today uses 16-a-[f-18]-fluoro-17-p-estradiol (FES)
and PET (11). These methods provided quantitative imaging ER
expression in vivo in animal models and in breast cancer patients
(12-14), but it is not applicable yet as a routine imaging technique
for the workup of breast cancer patients.

Currently, magnetic resonance imaging (MRI) methods
demonstrated excellent efficiency for breast cancer detection and
diagnosis [Ref. (15) and references cited therein]. The challenge
of molecular MRI to evaluate ER expression can provide a direct
critical prognostic factor at the stage of diagnosis. Therefore, we
embarked on developing novel contrast agents (CAs) targeted to
the ER that should be detected by MRI. To that end, we have
synthesized two new CAs targeted to the ER, which are composed
of Gadolinium chelate of pyridine-tetra-acetate (PTA-Gd) con-
jugated with the native ligand 17p-estradiol (EPTA-Gd) or with
the antiestrogen tamoxifen (TPTA-Gd), and evaluated their MRI
properties in solution, in breast cancer cells and in breast cancer
xenografts in animal models (16-18). In addition, direct struc-
tural information on the crystal structure of the ligand-binding
domain of ER bound to the europium chelate of EPTA (EPTA-Eu)
was obtained using X-ray crystallography (19). This paper pre-
sents characterization of the binding capacity and the hormonal/
molecular effects of EPTA-Gd and TPTA-Gd in human breast
cancer cells, as well as restates and expands the data evaluation
of the MRI properties of these CAs in cell cultures and animal
models of breast cancer. We have focused on investigating the
interaction and binding affinity with ER, the hormonal-induced
changes in cell proliferation, and the up or downregulation of

estrogen-induced genes. Furthermore, investigation of the
ER-specific and non-specific interactions of these probes in breast
cancer cells and tumors and in muscle tissue, as well as the com-
petition with tamoxifen emphasized the advantage of EPTA-Gd
over TPTA-Gd as an ER-targeted CA in vivo.

MATERIALS AND METHODS
Solution-Binding Affinity to ER

The binding affinities were measured by a radioactive inhibitory
competitive assay in solution, using recombinant hERa (1.76 nM)
(PanVera, Inc., Madison, WI, USA), tritiated 17p-estradiol
(*HE2=2.0-3.5nM, 140 Ci/mmol) (NEN, Boston, MA, USA),and
EPTA-Gd and TPTA-Gd as the competing ligands. Experiments
were done in duplicates. The concentration of competing ligand
required to replace half of the tritiated 17f3-estradiol that would
be bound to the hERa, IC50, was derived by non-linear regres-
sion analysis of the experimental data to the following equation:

Y = Non-Specific Binding
+(T0tal Binding — Specific Binding) / (1 10/08 7 lo8lC0 )

with Y, the observed data and X, the inhibitor concentration; non-
specific binding of *HE2 is measured by competition with excess
of 1 pM cold E2 and total-specific binding is maximal binding
of *HE2 measured without competition. The absolute inhibition
constant, Ki, was determined according to the Cheng-Prusoff
equation:

Ki=1C50/[1+(*HE2/Kd)]

using Kd = 0.2 nM of 17p-estradiol.

Cells

T47D (clone 11) and MDA-MB-231 human breast cancer cells
were cultured in RPMI 1640 medium supplemented with 10%
FCS (Biological Industries, Israel), 4 mM L-glutamine, and
0.1% combined antibiotics (Bio-Lab, Israel). In addition, T47D
medium included insulin (0.8 ml/l) and MDA medium included
pyruvate (1 mM). MCF7 human breast cancer cells were cultured
in DMEM medium supplemented with 6% FCS (Biological
Industries, Israel), 4 mM L-glutamine, and 0.1% combined anti-
biotics (Bio-Lab, Israel).

Estrogen receptor-positive MDA-MB-231 cells were obtained
by stably transfecting the wild type (WT) MDA-MB-231 cells
with a plasmid encoding tetracycline repressor (TR) protein
pcDNAG6/TR (T-REX™ System, Invitrogen, USA) and with a
plasmid encoding ERa pcDNAA4/ER, as previously described
(20). The expression of ERa in these cells was induced by adding
doxycycline (1 pg/ml) (doxycycline hyclate, Sigma-Aldrich, MO,
USA) to the growth medium for at least 3 days.

Cell Proliferation Assay

Cells were grown in phenol red-free medium supplemented with
10% dextran-coated charcoal stripped fetal bovine serum - DCC-
FBS (Biological industries, Beit Haemek, Israel) for a minimum
of 5 days and were then seeded in a 96-well plate (3.5 x 10° cells/
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well) and cultured in the same medium with the various treat-
ments administered to the medium. The number of cells was
determined by the cell viability MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) assay (21). Each data
point presents an average of six-replicate wells in a single experi-
ment; experiments were repeated several times as indicated in
the text.

Western Blotting

Estrogen receptor o, cMyc, and a-tubulin protein levels were
determined using immunoblotting with mouse anti-human ERa
antibody (clone 6F11, Novocastra Laboratories, UK), mouse
anti-human cMyc antibody (9e10, Abcam, MA, USA), and
mouse anti-human a-tubulin antibody (clone DM-1A, Sigma-
Aldrich, MO, USA), respectively. Goat anti-mouse horseradish
peroxidase and alkaline phosphatase were used as secondary
antibodies (Jackson ImmunoResearch Laboratories, PA, USA).
Densitometric analyses were performed using Quantity One 4.6
(Bio-Rad Laboratories, CA, USA). The changes in the expression
due to treatment with the ER-targeted probes were performed in
cells grown in phenol red-free medium for a minimum of 5 days
prior to the treatment. The expression of ER in the different
human breast cancer cell lines was quantified by normalizing the
intensity of the bands to those of standard, known concentrations
of recombinant hERa protein (PanVera, Inc., Madison, W1, USA).

MRI- and Fluorescence-Binding Studies
The interaction of the ER-targeted probes with ER-positive
and ER-negative MDA-MB-231 cells were investigated by
T1-relaxation measurements and by a fluorescence assay using
the Eu-chelate of EPTA, EPTA-Eu. Studies were also performed on
cells cultivated on microspheres. The cells, ~3 X 10¢, were seeded
on 0.5 ml microspheres (Biosilon polystyrene microspheres,
NUNC, 160-300 pm diameter) placed in non-adherent bacterial
Petri dishes using FCS-supplemented DMEM medium. After
4 days, the medium was replaced by phenol red-free medium
supplemented with DCC-FBS for additional 3 days. On day 7, the
medium was replaced by serum-free medium containing either
EPTA-Gd or TPTA-Gd for 60 min incubation and placed in wells
(0.5 ml/well) (Microtest 96-well plate, BD Falcon, NJ, USA).
Proton T1-relaxation rates were measured at 23°C with a 4.7-T
Bruker Biospec spectrometer (Bruker, Karlsruhe, Germany) by
applying a 2D spin-echo pulse sequence, field of view (FOV)
8 cm X 8 cm, matrix of 256 X 192, slice thickness of 3 mm, echo
time (TE) = 16 ms, and six different repetition times (TRs).
T1-relaxation times per pixel were calculated by non-linear
least-squares fitting (using simplex algorithm Matlab R2009b,
MathWorks, Natick, MA, USA) of the MRI signal intensity, SI, to
the equation SI = So[1 — exp(—TR/T1)] with two free parameters
Soand T1.

T1-and T2-relaxation rate measurements were also conducted
in ER-positive and ER-negative cells cultured on microspheres
and perfused during the experiments under sterile conditions
with oxygenated, phenol red-free, and serum-free medium at
36 + 1°C, as previously described (22). The measurements were
conducted in a 9.4-T NMR spectrometer (DMX-400, Bruker,
Karlsruhe, Germany). EPTA-Gd and TPTA-Gd were gradually

added at various concentrations (range 0.1-7.5 pM) to the
perfusion medium reservoir and at the end of the experiments,
the CA was washed out by fresh medium. Proton T1-relaxation
rates (R1) and T2-relaxation rates (R2) were measured by MRS
of the water signal using standard inversion recovery pulse
sequence and a Car-Purcell-Meiboom-Gill sequence, respec-
tively. AR1 and AR2 were defined as the difference between R1
(or R2) of cells perfused with medium containing the CA and
the contrast-free medium. T1 relaxivity, r1, in mM™ s™', was
calculated from the slope of a linear fit of AR1 as a function of
the CA concentration.

For the fluorescence-binding assay, both ER-positive and
ER-negative cells were seeded and grown on polystyrene Biosilon
beads, as described above, placed in glass Petri dishes covered
with silicone (Sigmacote, Sigma-Aldrich, MO, USA) to minimize
non-specific binding. On day 7, the medium was replaced with
fresh serum-free medium containing EPTA-Eu at concentrations
ranging from 0.1 to 0.5 pM for 60 min at 37°C. Then, the cells were
washed three times with 10 ml of the fresh medium, and DELFIA
enhancement solution (1244-105, PerkinElmer, MA, USA) was
added (4-5 ml/plate) and stirred in the dark for 15 min at room
temperature. The solution was then transferred into a 48-well
plate (300 pl/well in quadruplicate) and scanned on a Wallac
Victor3 instrument, using the standard europium time resolved
fluorescence measurement (340 nm excitation, 400 ps delay, and
emission collection for 400 ps at 615 nm). The specific binding
to ER was calculated by subtracting the non-specific fluorescence
of ER-negative cells from the fluorescence of ER-positive cells.
The fluorescence optical density (OD) intensities were converted
to molar units by using a calibration curve obtained from OD
values of known EPTA-Eu concentrations. The final concentra-
tion data points reflecting specific binding in the cells to ER were
fitted to a one-site binding equation Y = Bmax X X/(Kd + X),
where Y is the measured OD converted to molar units and X is
the administrated concentration of EPTA-Eu using non-linear
least-squares Levenberg—Marquardt algorithm (origin version
6.1) yielding the dissociation constant Kd, which is the inverse
of the association constant Ka and maximal-binding capacity
(Bmax) of EPTA-Eu to ER.

MRI of Breast Cancer Xenografts in Mice
All experimental protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of the Weizmann
Institute of Science. Female CB-17 severe combined immunode-
ficient (SCID) mice (Harlan Biotech Israel Ltd., Israel), 6-7 weeks
old, were ovariectomized. About a week later, WT human
MDA-MB-231 breast cancer cells and stable ER-transfected
MDA-MB-231 cells were inoculated (2.5 X 10° cells in 0.1 ml phos-
phate-buffered saline) into the left and right mammary fat pad,
respectively. One week later, ER expression in the implanted cells
was induced by supplementing the drinking water with 0.2 mg/
ml doxycyclin (44577 doxycycline hyclate, Sigma-Aldrich, MO,
USA) in 3% sucrose. The size of the xenografts was measured by
caliper, estimating the volume by assuming a hemielipsoid shape
according to volume = (length/2 X width/2 X height/2) X 4x/3.
In vivo MRI experiments were conducted 2-4 weeks after cell
implantation. During the MRI scanning, mice were anesthetized
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with isoflurane (Medeva Pharmaceuticals, Inc., Bethlehem, PA,
USA) (3% for induction and 1-2% for maintenance) mixed with
compressed air (1 1/min) and delivered through a nasal mask.
Once anesthetized, the animals were placed in a head-holder to
assure reproducible positioning inside the magnet. Respiration
rate was monitored and kept throughout the scanning period
around 60-80 breaths per minute.

All in vivo MR images were acquired on a 9.4-T Biospec
AVANCE 1I spectrometer (Bruker, Karlsruhe, Germany). The
protocol included a multi-slice T2-weighted sequence and a
dynamic contrast-enhanced (DCE) 3D gradient-echo pulse
sequence with TE/TR 2.5/15 ms and flip angle 40°, four averages
(1.5 min). The latter images alternated between images of the
tumors recorded in the axial direction with a spatial resolution of
0.156 mm X 0.156 mm X 1.2 mm and images of the descending
aorta and muscle tissue in coronal direction with spatial resolu-
tion of 0.234 mm X 0.156 mm X 1 mm.

Each ER-targeted probe was injected as a bolus into the tail
vein of the mice. The dose of EPTA-Gd was 0.03 mmol/kg (n = 4)
or 0.075 mmol (n = 5). The dose of TPTA-Gd was 0.075 mmol/
kg (n=4).

Competition of EPTA-Gd with tamoxifen was tested in vivo
using two modes of tamoxifen treatment, acute (1 h) and chronic
(3 days). In the acute treatment, tamoxifen citrate salt - TAM
(T9262, Sigma-Aldrich, St. Louis, MO, USA) dissolved in sterile
sunflower oil (4 mg/ml) or 4-hydroxytamoxifen - OHT (H7904,
Sigma-Aldrich) dissolved in sterile sunflower oil containing
20% ethanol were stirred overnight at 37°C and administered by
intraperitoneal injection at a final dose of 0.07 mmol/kg TAM
(n = 3) or 0.1 mmol/kg OHT (n = 1). One hour later, EPTA-Gd
was injected into the tail vein at a dose of 0.075 mmol/kg. In the
chronic treatment, tamoxifen pellets (5 mg/pellet, 4w-release
time; Innovative Research of America, Sarasota, FL, USA) were
implanted subcutaneously in the back of the mouse and 3 days
later ETPA-Gd was administered (n = 4). The MRI protocol was
the same as described above for the direct, non-competitive,
contrast-enhanced experiments.

Changes in signal intensity were calculated per pixel yielding
enhancement datasets defined as [I(t)—I(0)]/I(0), where I(0) and
I(t) are the signal intensities pre- and post-contrast, respectively.
Enhancement maps at pixel resolution were calculated in regions
of interest (ROI) in all slices including tumors’ tissue. ROIs were
delineated on the anatomical T2-weighted images and transferred
to the corresponding DCE images. I(0) per pixel was calculated as
a mean intensity of the four pre-contrast images.

Histology

The tumors were removed, fixed in 4% formaldehyde, sectioned
to 4 pm histological slices and stained with hematoxylin and
eosin (H&E), as well as immune-stained for nuclear ERa. The
immunostaining was performed using rabbit monoclonal anti-
ER antibody (ER-SP1, Ventana Medical System, AZ, USA) and
an automated slide staining BenchMark XT system operated,
according to the manufacturer’s instructions (Ventana Medical
System, AZ, USA). An experienced breast pathologist evaluated
the extent of intensity of staining [absent (i = 0), weak (i = +1),
moderate (i = +2), or strong (i = +3)], and the percentage of

ER-stained cell nuclei. These two evaluations were used for cal-
culating a specific intensity index defined as: XI (i) X fraction of
cells stained with (7).

Statistics

Student’s two-tailed paired f-tests (GraphPad Software, Inc.,
QuickCalcs Web site http://www.graphpad.com/quickcalcs/
ttestl.cfm) were applied to evaluate the effect of each treatment
on the measured cellular parameter relative to control non-
treated cells or to control ER-negative cells undergoing the same
treatment. This test was also applied to evaluate the differences
between the size and EPTA-Gd-induced enhancement in the
ER-positive and ER-negative xenografts. A level at p < 0.05 was
considered significant.

RESULTS
Binding to ER in Solution and in Cells

The chemical structures of the two gadolinium chelate of pyr-
idine-tetra-acetate (PTA-Gd) conjugated with the native ligand
17p-estradiol (EPTA-Gd) or with the antiestrogen tamoxifen
(TPTA-Gd) are presented in Figure 1A. The binding affinities
of EPTA-Gd and TPTA-Gd to an isolated hERa were deter-
mined in reference to tamoxifen by a competitive radioactive-
binding assay with *HE2 as described in Section “Materials
and Methods” (Figure 1B). Non-linear least-squares fitting of
the experimental data yielded inhibitory dissociation constants
Kigpra.ga = 0.97 + 0.07 HM and Kitpra.ca = 0.13 + 0.006 pM as
compared to Kitumoxiten = 0.005 + 0.001 pM.

Specific binding of these agents to ER in human breast cancer
cells was demonstrated by augmentation in the T1-relaxation
rate in ER-positive cells as compared to ER-negative cells culti-
vated on microspheres. The change in T1-relaxation rate in the
ER-positive cells in the presence of EPTA-Gd (6 pM), measured
in eight independent experiments, yielded a mean + SD of
74 + 20 ms™. This change in T1-relaxation rate was significantly
higher than that in ER-negative cells of 46 + 20 ms™ (p = 0.02,
n = 8). Nine independent experiments with TPTA-Gd (5 pM)
augmented the Tl-relaxation rate in ER-positive cells by
a mean + SD of 72 + 6 ms™ and in ER-negative cells by
64 + 10 ms™' with a borderline significant difference between
the cells (p = 0.07, n=9).

Concentration-dependent studies of the T1-relaxation rates
(R1) of ER-positive and ER-negative breast cancer cells cultivated
on microspheres and perfused during the experiments with
increasing concentrations of each CA indicated an increase in
T1 relaxivity due to binding to ER (Figures 2A,B). The concen-
tration dependence of AR1 (the difference between R1 of cells
perfused with medium containing the CA and the same cells
perfused with contrast-free medium) showed that EPTA-Gd
and TPTA-Gd augment the T1 relaxivity in ER-positive cells
as compared to ER-negative cells by 45 and 22%, respectively.
After washing out EPTA-Gd (7.5 pM) or TPTA-Gd (7.5 pM)
from the perfusion system with fresh medium, both ARI1
and AR2 remained significantly higher in ER-positive cells as
compared to ER-negative cells. Generally, gadolinium-based

Frontiers in Oncology | www.frontiersin.org

April 2016 | Volume 6 | Article 100


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm

Pais and Degani Estrogen Receptor-Targeted Contrast Agents

A B a EPTA-Gd
1004, B { \ o TPTA-Gd
S & 5, o Tamoxifen
© O 75 .
i‘ESO* i‘ﬁ X
c X : s X
352 g z .
" g . %
o g
EPTA-Gd TPTA-Gd ol Pl

0051152 25 335 4 455 55
Log (nM)

FIGURE 1 | The chemical structure of 17p-estradiol pyridine-tetra-acetate-Gd (EPTA-Gd) and tamoxifen pyridine-tetra-acetate-Gd (TPTA-Gd) (A) and
their competitive displacement curves by tritiated 17p-estradiol ((HE2) on a human recombinant ERa in reference to tamoxifen competition (B).
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FIGURE 2 | T1 and T2 measurements with EPTA-Gd and TPTA-Gd in perfused ER-positive and ER-negative MDA-MB-231 human breast cancer cells.
AR1 and AR2 are defined as the difference between R1 (or R2) of cells perfused with medium containing the contrast agent and R1 (or R2) of these cells perfused
with contrast-free medium. (A) T1 relaxivity of EPTA-Gd in ER-positive and negative cells: r1 (ER-positive) = 28.5 + 0.1 mM-'s' (n = 2) and r1 (ER-

negative) = 19.6 mM-'s~". (B) T1 relaxivity measurements of TPTA-Gd in ER-positive and negative cells: r1 (ER-positive) = 42.1 mM-'s~" and r1 (ER-

negative) = 36 mM-'s~". The cells were perfused in the NMR tube and treated with increasing concentrations of each contrast agent. T1-relaxation time of water
protons was determined at 9.4 T using inversion recovery pulse sequence. Different symbols for ER-positive cells in (A) represent two independent experiments. r1
relaxivities were calculated as the slope of the linear fit to the data as explained in the text. (C) Change in T1-relaxation rates, AR1, in the perfused cells after
washing out EPTA-Gd (7.5 uM) or TPTA-Gd (7.5 uM) from the perfusion system with fresh medium. (D) Change in T2-relaxation rates, AR2, in the perfused cells as
in (C). Data presented in (C,D) are mean + SD of three to six measurements recorded 30-60 min after the beginning of the washout process.

CAs will affect both T1- and T2-relaxation rates and thus the  europium complex of EPTA-Eu, using a dissociation-enhanced
results above confirm specific binding of these agents to ER  lanthanide fluorescence assay. Specific binding to ER was obtained
(Figures 2C,D). by subtracting the non-specific binding in ER-negative cells from

Further verification of the binding to ER was performed by  the total binding in ER-positive cells (Figure 3). The specific
direct measurement of the binding affinity of cellular ER to the  binding curve (Figure 3B) yielded an association constant in the
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cells, Kagprapa of 1.75 + 0.2 pM and maximal-binding capacity
Bmax = 3.53 + 0.17 pmole per 10° cells (n = 3).

Hormonal-Induced Bioactivities of
EPTA-Gd and TPTA-Gd in Human Breast

Cancer Cells

The protein level of ERa in the various human breast cancer cells
examined in this study were determined by western blotting, cali-
brating the levels using a calibration curve of commercial hERa
protein (Figure 4). The level of ER in the estrogen responsive cells
T47D and MCF7 was 1,802 =+ 842 and 10,377 + 1,044 fmol/mg
protein, respectively. The WT MDA-MB-231 cells had a null level,
and the ER-transfected MDA-MB-231 cells had a high level of
14,800 + 980 fmol/mg protein. The expression levels in T47D,
MCF7, and WT MDA-MB231 cells are in accord with previously
published values for these cells (20, 23, 24).

Both EPTA-Gd and TPTA-Gd stimulated the proliferation of
T47D and MCF?7 cells in a dose- and time-dependent manner, but
did not affect the proliferation rate of ER-negative MDA-MB-231
cells (Figure 5). Statistical analysis of the proliferation rate of
MCEF7 and T47D cells induced by 1-2 pM EPTA-Gd showed a
reproducible and significant stimulation of approximately two-
fold (p < 0.02, n = 5, two-tail paired -test).

Unlike tamoxifen, competition of TPTA-Gd with E2 did not
affect the proliferation of T47D and MCF?7 cells (p > 0.3, two-
tailed paired t-test, n = 7). Thus, both ER-targeted probes exerted
mild agonistic effect on the proliferation of estrogen responsive
cells and were neither cytotoxic nor cytostatic to these cells.

The ability of the two targeted probes to regulate specific
estrogen-induced molecular changes was investigated in MCF7
cells. EPTA-Gd treatment induced a marked effect on cMyc and
ERa expression level upregulating the level of cMyc by ~250%
within 2 h and reducing ER level to 25% of its initial value at 4 h.
Figure 6A shows the time course of the changes in cMyc and ER«
expression induced by EPTA-Gd, obtained from two independ-
ent experiments. This time course is very similar to that reported
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FIGURE 4 | ERa expression in various human breast cancer cell lines.
(A) Western blots of recombinant hERa and of ERa in human breast cancer
cell extracts. (B) Quantification of western blot experiments (n = 2).

for 17f-estradiol in the same type of cells (21). TPTA-Gd showed
less pronounced effects than EPTA-Gd, yet cMyc expression
increased to ~150% of its initial level and ER level decreased to
60% of its initial level (Figure 6B, two independent experiments).
These specific induced activities demonstrated the agonistic
activity of EPTA-Gd and TPTA-Gd in a mechanism similar to
17p-estradiol.

In Vivo Interaction with ER
The in vivo interaction of EPTA-Gd and TPTA-Gd with ER was
investigated in orthotopic breast cancer xenografts of ER-positive
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and ER-negative cells implanted in the same SCID mouse and
were partly described in earlier publications (17, 18). Solid
palpable tumors developed within a week after the implantation
of cells into the mammary fat pad of the SCID mice. Both the
ER-positive and ER-negative xenografts grew at a similar rate
with no significant difference in their volume size during 22 days
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FIGURE 6 | Changes in the expression level of ER« (left) and cMyc
(right) in MCF7 cells induced by EPTA-Gd (A) and TPTA-Gd (B) at a
concentration of 5 pM. In each panel, a representative blot is at the upper
raw and the a-tubulin for normalization is at the bottom raw. The curve
shows the fold change in expression levels, n = 2.

of growth (n = 10, paired t-test: p > 0.9 in days 8, 11, 16, 18, and
22 after implantation of the cells), reaching at 22 days a mean size
of 220 + 65 mm>.

Immunostaining of the ER-positive xenografts showed
high nuclear ER staining in viable regions, whereas in the
ER-negative xenografts the staining was very low (Figure 7A).
Quantitative analysis showed that the percentage of ER-stained
cells in the ER-positive xenografts was more than 10-fold higher
(71.0 + 0.05%, n = 11) than in the ER-negative xenografts
(2.12 + 0.01%, n = 11). Similarly, the specific intensity index in
the ER-positive xenografts was 10-fold higher (2.12 & 0.01) than
in the ER-negative xenografts (0.02 + 0.08).

Administration of EPTA-Gd and TPTA-Gd into the blood
circulation caused enhancement of the water signal with different
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kinetic profiles for the ER-positive and ER-negative tumors,
as shown in the time courses of the mean + SD enhancement
curves in Figures 7B-E. The EPTA-Gd enhancement profile in
the tumors indicated fast wash-in followed by a plateau, with the
enhancement in the ER-positive xenografts (reaching 43 & 20% at
40 min postinjection) significantly higher than in the ER-negative
xenografts (reaching 25 + 5% at 40 min postinjection; p = 0.005,
n = 9). In contrast, TPTA-Gd caused a low enhancement of
13 + 2% at 40 min postinjection, which did not differ signifi-
cantly from the enhancement in the ER-negative cells (p = 0.21,
n = 4). As a reference to ER-negative tissue, we also monitored
the enhancement induced by each agent in muscle tissues
(Figure 8). The enhancement induced by EPTA-Gd in the muscle
was low 15 + 3% at 40 min postinjection (n = 9), with a wash-in
followed by a marked washout phase (Figure 8C). In contrast,
TPTA-Gd induced an appreciable enhancement in the muscle

tissue (28 & 5% at 40 min postinjection, n = 4), with no washout
during the 140 min of the entire experiment (Figure 8D). These
results indicated that the enhancement induced by EPTA-Gd in
ER-positive tumors is significantly higher than in ER-negative
tumors and in muscle tissue, however, TPTA-Gd exhibited
similar and low enhancement in ER-positive and negative tumors
and a specific interaction with muscle component(s). Since the
PTA-part is identical in both EPTA-Gd and TPTA-Gd, the
accumulation of TPTA-Gd in the muscle is most likely due to the
interaction of a muscle component with the tamoxifen moiety.

Competition Studies of EPTA-Gd with
Tamoxifen

Investigation of the time course and extent of EPTA-Gd-induced
enhancement showed that shortly after tamoxifen treatment
(1h),asimilar enhancement of ~30% at 40 min postinjection was
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detected in ER-positive and ER-negative xenografts (p = 0.93,
n=4), as well as in muscle tissue (p = 0.43, n = 4) (Figures 9A,C).
These results confirmed the binding of tamoxifen to ER and
complete blocking of the interaction of EPTA-Gd to the ER.

Chronic treatment with tamoxifen for 3 days also caused the
enhancement to be similar in ER-positive and ER-negative xeno-
grafts (p = 0.36, n = 4), confirming tamoxifen blockage of ER and
inhibition of EPTA-Gd binding. However, the extent of maximum
enhancement in the chronic treated xenografts was significantly
higher (77 + 16%) than that reached after acute, 1 h treatment
with tamoxifen (28 + 7%; p = 0.003, n = 4) (Figures 9B,D). This
unexpected result indicated an effect of tamoxifen chronic treat-
ment on tumors’ vascular function, increasing the microvascular
transcapillary transfer rates in both ER-positive and ER-negative
tumors by an hormonal independent mechanism.

DISCUSSION

The ER is a major prognostic biomarker in breast cancer and a
valuable predictor of response to hormonal therapy. New molec-
ular imaging techniques that will enable to detect ER presence
and distribution in vivo, in both primary and metastatic cancer
lesions, could improve accuracy and reproducibility of prognostic
assessment and therapy management of breast cancer patients.
In this study, we describe the interactions, biological activity, and
imaging efficiency of two new paramagnetic ER-targeted CAs in
human breast cancer cells and human breast cancer xenografts.
We first measured the ER binding of EPTA-Gd and TPTA-Gd
in solution and then monitored the interaction of these probes
with ER in human breast cancer cells. In solution, despite the
bulky organometallic moiety at the 17a-position of 17f-estradiol
or trans 4-position of tamoxifen (occupied by an hydroxyl group
in 4-hydroxy tamoxifen), the binding affinity to the receptor was

at the micromolar range, as was also shown previously for other
organometallic-labeled estradiol derivatives (25-27). Although
the affinity of both ER-targeted probes was two orders of magni-
tude lower than that of tamoxifen, it appeared to be sufficiently
high for interacting and binding to ER in breast cancer cells and
xenografts using micromolar concentrations. The MRI relaxation
studies and fluorescence binding confirmed the binding inside
the cells, most likely to nuclear ER. MRI T1-relaxation studies
in ER-positive and negative cells of the same origin showed
augmentation of the T1-relaxation rate and the T1 relaxivity in
the ER-positive cells as compared to ER-negative cells, indicat-
ing entrance to the cells and nuclei and binding to the receptor.
Measurements of T1 and T2 in breast cancer cells perfused with
medium containing varying concentrations of the ER-targeted
probes further confirmed interaction with ER. Generally,
Gadolinium-based CAs will affect both T1- and T2-relaxation
rates. However, in in vivo studies of DCE MRI, due to time limita-
tions, gradient-echo relaxation weighted sequences are applied.
The effect of the CA on the signal intensity in T1-weighted images
is positive, namely, increase in signal, whereas in T2-weighted
images it is negative, namely, signal reduction. An increase in the
signal intensity can be detected more efficiently and accurately
than the decrease in a T2-weighted image, particularly for a CA
that is diffusing into the tissue and when the pre-contrast signal
to noise ratio is low, as usually is the situation in vivo. Therefore,
we predominantly concentrated on T1 measurements using a
gradient-echo T1-weighted sequence in the in vivo studies.
Fluorescence-binding studies of the analogous paramagnetic
agent EPTA-Eu provided a direct measure of the binding affinity
in ER-positive cells and confirmed the capability of this agent to
enter the cells and to bind to ER as in solution, with a micromolar-
bindingaffinity. It should be noted that relaxation and fluorescence
studies in ER-negative cells indicated the presence of non-specific
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interactions with cell components, but these interactions did not
mask the binding and interaction in the ER-positive cells. The ER
non-specific interactions of TPTA-Gd appeared to be higher than
those of EPTA-Gd, making this agent less favorable as a targeted
probe. It was not possible to predict in advance whether the bind-
ing of the new probes to ER in cells will modulate gene expression
in a similar manner to that of 17f3-estradiol or of tamoxifen. It was
expected that the 17p-estradiol moiety of EPTA-Gd will induce
agonistic activity upon binding to ER, whereas the tamoxifen
moiety may exhibit antagonistic activity like tamoxifen. Testing
the SERM activity of EPTA-Gd and TPTA-Gd was therefore
performed in well-established ER responsive human breast can-
cer cell lines, MCF7 and T47D, in reference to the ER-negative
MDA-MB-231 human breast cancer cells. We have investigated
typical estrogen-modulated processes that are known to be inhib-
ited by tamoxifen, such as cell proliferation, the expression level
of cMyc, and the ER-expression level [Ref. (28-31) and references
cited therein]. EPTA-Gd and TPTA-Gd exhibited estrogen-like
agonistic effects, with EPTA-Gd mimicking closely estradiol
activity and TPTA-Gd showing mild agonistic effects. Both new
agents stimulated cell proliferation at a dose-dependent manner.
This stimulation was specific to the presence of ER in the cells, as
there was no effect on the growth of ER-negative MDA-MB-231
human breast cancer cells. They also induced the upregulation
of cMyc and downregulation of ER, due to ER-enhanced deg-
radation. The ability of these two new agents to induced typical
estrogen-like activities clearly indicated their capability to enter
the cells and nuclei and interact with the receptor to trigger
specific estrogen-mediated responses. Furthermore, the E2-like

activities demonstrated that the conjugated pyridine-Gd com-
plex of EPTA-Gd did not alter the function of the 17f-estradiol
moiety in inducing estrogenic agonistic-like activity on breast
cancer cell, whereas the conjugated pyridine-Gd complex in
TPTA-Gd modified the antagonistic function of the tamoxifen
moiety yielding a mild agonistic activity.

The ability of EPTA-Gd to act agonistically was strongly sup-
ported by the X-ray crystalographic structure of the complex of
EPTA-Eu with the ligand-binding domain of ER (19). Because of
the chirality of C17 in the 17f-estradiol moiety and due to the rigid
triple bond linking it with the PTA-Eu moiety, the orientation
of the organometallic moiety is fixed within the ligand-binding
cavity, being almost perpendicular to the flat face of 17p-estradiol
and pointing toward helix 7 in an opposite direction to helix 12.
Consequently, the conformation of the 17f-estradiol moiety of
EPTA-Gd in the ER-binding cavity is almost equivalent to that of
free 17f-estradiol and the paramagnetic PTA-Gd moiety causes
uncoiling of helices 7 and 8, but does not perturb the agonistic
activity determined by helix 12 conformation.

As TPTA-Gd is based on a tamoxifen moiety, it was not clear
which conformation it will adopt in the ER-binding cavity and how
it will modulate the activity. If the 4-[2 -(dimethyl amino) ethoxy]
group of the tamoxifen moiety would have been aligned in the
ligand-binding cavity as tamoxifen, it could change helix 12 con-
formation in a similar manner to the change induced by 4-hydroxy
tamoxifen (32), leading to antiestrogen activity. However, the rigid
triple bond in the 4-position and the flexibility of tamoxifen struc-
ture could lead to an enlargement and distortion of the binding
cavity in a similar way to that obtained with EPTA-Gd directing
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the PTA-Gd moiety toward helices 7 and 8 and accommodating
the dimethylamino ethoxy group in a conformation, which does
not perturb significantly helix 12 conformation. This hypothesis is
in accord with recent X-ray studies suggesting that the flexibility
and plasticity of the entire ligand-binding cavity of ER allows
expanding of the cavity space in different directions, depending on
the chemical nature of the bound ligand (33-35). The well-defined
structure by X-ray crystallography provides direct evidence on the
ability of a ligand to interact with ER in the solid state and induce
agonistic or antagonistic activity. However, it should be noted that
conformational changes of ER in the tissue environment, specifi-
cally in the nucleus, may alter the interaction between the ligand
and the receptor and modify the induced activity.

The main purpose of the in vivo studies was to evaluate the
ability of the two ER-targeted CAs to demonstrate augmented
enhancement upon binding to ER, thereby detecting ER-positive
tumors. Indeed, EPTA-Gd interacted with ER as expected from
the cell culture studies and specifically augmented significantly
the MRI signal in the ER-positive xenografts as compared to
the ER-negative xenografts and to muscle tissue. The muscle
enhancement was low and also decayed after ~20 min as expected
for molecules that do not show specific interaction with extracel-
lular or intracellular components and are cleared out through the
kidneys (17). Furthermore, the inability of EPTA-Gd to induce
enhancement when ER was blocked by tamoxifen served to
prove its selective binding to free ER. In contrast, the interac-
tion and enhancement patterns induced by TPTA-Gd could not
be predicted from the breast cancer cell culture studies, as this
probe strongly enhanced in vivo muscle tissues, demonstrating a
dominant non-ER-specific binding to muscle components. This
non-specific interaction is most likely determined by the tamox-
ifen moiety as the paramagnetic moiety is the same in EPTA-Gd
and TPTA-Gd. It was previously shown that in addition to its
high-affinity binding to the ER, tamoxifen binds with high affin-
ity to microsomal antiestrogen-binding site (AEBS) and inhibits
with a micromolar efficiency, protein kinase C (PKC), calmodulin
(CaM)-dependent enzymes, and Acyl coenzyme A: cholesterol
acyltransferase (ACAT) (36-38).

An additional ER-independent effect of tamoxifen was
revealed in the competition studies of EPTA-Gd and tamoxifen.
Acute tamoxifen treatment for 1 h did not affect the vascular
function of the ER-positive and negative xenografts. However,
chronic treatment for 3 days caused in both types of xenografts
a higher transcapillary transfer and augmented enhancement
suggesting specific tamoxifen-induced interaction with tumor
endothelial cells that change the vascular permeability. It was
previously demonstrated that chronic tamoxifen treatment for
several days increased the transcapillary transfer of MCF7 xeno-
grafts in nude mice (39). It was also shown by Blackwell et al. (40)
that tamoxifen exerts significant inhibition of angiogenesis in an
ER-independent mechanism. The effects on the vascular function
during chronic treatment with tamoxifen could be indirect, such
as increased hypoxia and consequently upregulation of VEGF
expression level, but we cannot exclude direct interaction with
endothelial cells.

Of specific interest was the effect of EPTA-Gd on ER level.
The amount of ER in cells is controlled by a balance between its

synthesis and degradation and is influenced by the nature of the
bound ligand. Like estrogen treatment (21), EPTA-Gd induced a
marked decrease in ER within few hours, which slowly returned
to steady state level at 48 h posttreatment. This temporal change
in ER level are directly associated with the functional response
of ER and reflects estrogen responsiveness in general. Further
studies are required for extending the use of EPTA-Gd to moni-
tor temporal changes in ER level and characterize ER functional
activity. Moreover, it was recently indicated that the shape of an
estrogenic ligand programs the conformation of the ER complex,
which, in turn, can modulate the activity of estrogen-induced
apoptosis (41). The mechanism of estrogen-induced apoptosis
has been associated with the positive response to treatment
with estradiol, or with partial ER agonists of ER-positive breast
cancers resistant to long-term estrogen deprivation (for example,
by tamoxifen) (42, 43).

The ability of partial ER agonists to induce apoptosis in
ER-positive cells suggests that the clinical application of
EPTA-Gd may not cause any harm to breast cancer patients
with ER-positive tumors and could even be effective by inducing
apoptosis. Further studies investigating whether EPTA-Gd can
induce apoptosis may lead to its development as a dual-targeted
ER probe for imaging and treatment, particularly of tamoxifen-
resistant ER-positive cancers. Clearly, although EPTA-Gd was
found to be non-toxic to mice, at the doses administered in this
study, and to be cleared out into the urine, any future clinical
utilization will require controlled toxicity studies in humans.
Thus far, new MRI probes targeted to the progesterone receptor
were also synthesized, demonstrating specific enhancement in
progesterone — positive cancer cells and animal model tumors
(44-47). Currently, however, the only imaging approach for visual
assessment and quantitative measurement of steroid hormone
receptors in humans have focused predominately on '*F-based
radiopharmaceuticals and PET, in combination with computed
tomography (48).

In summary, EPTA-Gd and TPTA-Gd were found to act as
SERMs with partial agonistic activities, inducing proliferation of
estrogen responsive cells and modulating gene expression levels
of ER and cMyc. Both agents entered the cells and augmenting the
T1-relaxation rate of the water in their surrounding through bind-
ing to ER. However, only EPTA-Gd was found to be an adequate
ER-targeted probe in vivo as TPTA-Gd exhibited non-specific
interaction with cell components other than ER, particularly in
muscle tissue, that dominated its ability to induce MRI contrast
in ER-positive tumors.
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' Department of Cell Biology and Neurosciences, Istituto Superiore di Sanita, Rome, ltaly, 2Department of Hematology,
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Triple-negative breast cancer (TNBC), defined as lack of estrogen and progesterone
receptors in the absence of protein overexpression/gene amplification of human epi-
dermal growth factor receptor 2, is still a clinical challenge despite progress in breast
cancer care. 'H magnetic resonance spectroscopy allows identification and non-invasive
monitoring of TNBC metabolic aberrations and elucidation of some key mechanisms
underlying tumor progression. Thus, it has the potential to improve in vivo diagnosis and
follow-up and also to identify new targets for treatment. Several studies have shown
an altered phosphatidylcholine (PtdCho) metabolism in TNBCs, both in patients and in
experimental models. Upregulation of choline kinase-alpha, an enzyme of the Kennedy
pathway that phosphorylates free choline (Cho) to phosphocholine (PCho), is a major
contributor to the increased PCho content detected in TNBCs. Phospholipase-mediated
PtdCho headgroup hydrolysis also contributes to the build-up of a PCho pool in TNBC
cells. The oncogene-driven PtdCho cycle appears to be fine tuned in TNBC cells in at
least three ways: by modulating the choline import, by regulating the activity or expression
of specific metabolic enzymes, and by contributing to the rewiring of the entire metabolic
network. Thus, only by thoroughly dissecting these mechanisms, it will be possible to
effectively translate this basic knowledge into further development and implementation
of Cho-based imaging techniques and novel classes of therapeutics.

Keywords: triple-negative breast cancer,
phospholipase, choline kinase

phosphatidylcholine metabolism, metabolic reprograming,

INTRODUCTION

Classification of breast cancer (BC) has been historically based on both analysis of tumor morphol-
ogy and histological detection of three marker proteins: the estrogen receptor (ER), the progesterone
receptor (PR), and the human epidermal growth factor (EGF) receptor tyrosine kinase 2 (ErbB2
or HER2). Tumors which express none of these three markers are collectively referred to as triple-
negative breast cancer (TNBC; ER™, PR™, HER2") and still pose a clinical challenge. More recently,
gene expression analyses showed that BC is a more heterogeneous disease than previously assumed
and the BC histotypes based on ER/PR/HER?2 classification were expanded to include five major
transcriptional subtypes: basal-like, HER2-enriched, luminal A, luminal B, and normal breast-
like (1, 2). The majority (70-80%) of TNBCs are defined as basal-like by gene expression (3) and
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share other molecular features with this BC subtype. According
to most epidemiological studies, TNBCs represent 10-20% of
all BCs, although a higher proportion can be found in some
ethnic groups and among BRCA1 mutation carriers. TNBCs are
typically poorly differentiated, frequently have high histological
grade and mitotic index, and often present early onset and shorter
disease-free and overall survival (4, 5). Recent large-scale gene
expression and genome-based studies have shown that TNBC is
a heterogeneous disease (Figure 1A) comprising at least four to
six definable molecular subtypes that express elements of distinct
oncogenic signaling pathways (6, 7). Interestingly, 50-70% of all
TNBCs overexpress the EGF receptor tyrosine kinase 1 (ErbB1,
EGFR, or HER1). EGFR is one of the major regulators of survival,
proliferation, and migration (8), leading to activation of the phos-
phoinositide 3-kinase (PI3K) and ERK pathways, which in turn
stimulate other receptor-activated signaling cascades associated
with cancer onset and progression (Figure 1B) (9).

The aggressiveness of TNBC and the lack of targeted therapies
specifically recommended for TNBC patients highlight the need
to explore additional molecular mechanisms beyond genomic
and proteomic changes to better elucidate the metabolic pathways
required for TNBC growth and survival (10, 11).

METABOLIC REPROGRAMING
IN TNBC CELLS

Molecular genomic and proteomic studies have been carried out
to understand the complexity of TNBC and identify markers
that can be therapeutically targeted. However, little is known
about the metabolic alterations that distinguish TNBC from
non-triple-negative subtypes and characterize TNBC progres-
sion. Previous studies have shown that proteins that are involved
in glycolysis, glutaminolysis, and glycine or serine metabolism
are differentially expressed among different BC subtypes in
tissue microarray sections and in a large series of invasive BC
specimens (12-14). In particular, several observations reported
that TNBC have elevated glucose uptake and a glycolytic gene/
protein expression signature (12, 14). A recent study reported a
novel mechanism, whereby the transcription factor c-Myc drives
glucose metabolism in TNBC MDA-MB-157 cells by direct
repression of thioredoxin-interacting protein (TXNIP), a potent
negative regulator of glucose uptake, aerobic glycolysis, and
glycolytic gene expression. A Myc"#/TXNIP" gene signature
correlates with decreased overall patient survival and decreased
metastasis-free survival in BC. The correlation between the
Mychieh/ TXNIPP" gene signature and poor clinical outcome is
evident only in TNBC, not in other BC subclasses. Furthermore,
mutation in p53 (TP53), found in the majority of TNBCs,
enhances the correlation between the Mychs"/TXNIP" gene
signature and death from BC (15). Finally, an increase of glyco-
lysis was found in a panel of five TNBC cells and accumulation
of fructose-1,6-bisphosphate (F1,6BP), a glycolytic intermediate
that directly binds to and enhances the activity of EGFR, was
detected in MDA-MB-468 cells, with enhanced lactate excretion,
tumor growth, and immune escape (16). TNBC cell lines, such
as MDA-MB-468, MDA-MB-231, MDA-MB-436, and BT20,

exhibit function defects in multiple respiratory complexes with a
reduction in expression of complex I and complex III proteins of
the mitochondrial respiratory chain relative to receptor-positive
cell lines (17). The increased glycolytic activity in TNBCs could
be responsible for the increased *F-fluorodeoxyglucose (FDG)
uptake generally reported in PET examinations of these patients,
beyond a large variability in the maximum and mean standard-
ized uptake values and in metabolic volumes (18-21).

Lipid metabolism activation in BC cells is recognized as a
hallmark of carcinogenesis (22, 23). Increased fatty acid (FA)
synthesis due to increased levels of fatty acid synthase (FAS) has
been observed in various cancers and is correlated with a poor
prognosis in many instances (23). FAS could, in principle, be an
appealing therapeutic target because most cancer cells depend on
FAS-mediated de novo FA synthesis, whereas most healthy cells
prefer to incorporate exogenous FAs (24). However, reports on
the overexpression of FAS across BC subtypes, and in TNBC in
particular, are still contradictory (25-27), and further studies are
needed before considering this enzyme as a strong therapeutic
target.

The concerted activation of an assembly of molecular com-
plexes in cancer cells cooperates to sustain an oncogene-induced
cell signaling through multiple postreceptor pathways involved
in phospholipid biosynthesis and breakdown. Among these,
phosphatidylinositol 4-phosphate 5-kinase Igamma (PIPKIy) is
overexpressed in TNBC cells, in which the loss of this enzyme
impairs PI3K/Akt activation (28). Furthermore, two major
enzymes involved in the agonist-induced phosphatidylcholine
(PtdCho) cycle, such as choline kinase (ChoK) and PtdCho-
specific phospholipase C (PC-PLC), are overexpressed and
activated in various BC subtypes, including TNBC cells, with
the implications on expression and oncogenic function of EGF
receptors’ family members (29-33).

The present evidence points to the existence of multiple links
between enzymes involved in the glycolytic gene/protein signa-
ture and those responsible for enhanced carbon fluxes through
the oncogene-driven PtdCho biosynthesis and catabolism in BC
cells (Figure 2). This biochemical interplay may also serve as a
key regulator of tumor progression in TNBCs.

PtdCho METABOLISM IN TNBC

The introduction of magnetic resonance spectroscopy (MRS)
in cancer biology allowed the detection of abnormal profiles
of aqueous total choline-containing metabolites (tCho) of the
PtdCho cycle in cancer cells and tissues, both at preclinical and
clinical level (9, 34-37). Substantially modified "H MRS tCho
spectral profiles have been reported on malignant transformation
of human mammary (38-40) and prostate epithelial cells (41)
and in ovarian cancers (42-44). These modifications occur in
the 3.20-3.24 ppm "H MRS spectral region and are typical of the
trimethylammonium headgroups of PtdCho precursors and cat-
abolites, such as phosphocholine (PCho), glycerophosphocholine
(GPCho), and free choline (Cho).

Phospholipids play the dual role of being basic structural
components of membranes and acting as substrates of reactions
involved in key regulatory functions in mammalian cells (45, 46).
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FIGURE 1 | (A) Molecular subclassification of triple-negative breast cancer (TNBC) based on gene expression profiling. Triple-negative breast cancers have been
defined as tumors that are devoid of the expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2).
TNBC overlap with (1) basal-like breast cancers; (2) BRCA-mutated tumors; (3) claudin-low tumors; (4) tumors overexpressing EGFR, associated with TP53
mutations or expressing cytokeratins; (5) tumors characterized by immune response signatures; and (6) tumors possessing some special histological types.

(B) Schematic molecular pathway identified in TNBC. Multiple signaling cascades are activated in TNBC including those triggered by receptor tyrosine kinases
(RTK), G protein-coupled receptor (GPCR), and integrins and their downstream effectors. Ras-mediated signaling commonly occurs through the RTK/growth factor
receptor-bound protein 2 (Grb2)/Sos-Ras pathway. Ras directly interacts with and activates Raf. Raf phosphorylates and activates MEK, which in turn
phosphorylates and activates MAPKSs. Integrin engagement triggers several signaling cascades including those that are mediated by FAK, Src, and cdc42.
Activation of RTK and other external stimuli lead to the activation of PISK pathway. PI3K activates AKT (whereas PTEN inhibits this activation) and then mTOR. The
G-proteins bind and activate phospholipase C and activate the nuclear factor kappa B (NF-kB) transcription factor. This network of cell signaling pathways result in
the activation of transcription factors that drive genomic signature programs of dysregulated cell cycle progression, proliferation, invasion, and survival.

Hydrolysis of PtdCho, the most abundant phospholipid in eukar-  acid (LPA), arachidonic acid (AA), and lysophosphatidylcholine
yotic cell membranes, can generate second messengers, such as  (LPtdCho). These PtdCho metabolites are produced through
diacylglycerol (DAG), phosphatidic acid (PA), lysophosphatidic ~ three major catabolic pathways, respectively, mediated by specific
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phospholipases of type C (PC-PLC) and D (PLD), which act at
the two distinct phosphodiester bonds of the PtdCho headgroup,
and by phospholipases of type A2 and Al (PLA2 and PLAI),
which act in the deacylation reaction cascade (Figure 2). PCho
accumulation either produced by ChoK in the first reaction of the
three-step Kennedy biosynthetic pathway or by PLC-mediated
PtdCho catabolism is associated with tumor growth and progres-
sion (9, 33-36).

This accumulated evidence supports the inclusion of an
altered phospholipid metabolism as a novel candidate hallmark
for cancer and as a key regulator in the overall cancer metabolic
reprograming. An aberrant PtdCho metabolism associated with
increases in the intracellular total choline-containing PtdCho
metabolites (tCho) and phosphocholine (PCho) contents (fem-
tomoles per cubic micrometer cell) were initially observed in BC
cells as they progressed from normal to malignant phenotypes,
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FIGURE 2 | Links between altered glucose and phosphatidylcholine metabolism in breast cancer. Glucose metabolism occurs in cancer cells. Glycolysis is
a series of metabolic processes, in which 1 mol of glucose is catabolized to 2 mol of pyruvate. As indicated, several intermediates can fuel the pentose phosphate
pathway (PPP) or lead to lipid synthesis. In cancer cells, pyruvate is further converted into lactate. Pyruvate can be imported in the mitochondrial matrix to feed the
tricarboxylic acid (TCA) cycle. This step is controlled by pyruvate dehydrogenase kinase (PDK), which can inactivate pyruvate dehydrogenase (PDH). Transporters:
Glut, glucose transporter; MCT, monocarboxylate transporter. Metabolites: Ala, alanine; a-KG, a-ketoglutarate; DAG, diacylglycerol; G6P, glucose-6-phosphate; FEP,
fructose-6-phosphate; F1,6BP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; Gro3P, sn-glycerol-3-phosphate; GASP, glyceraldehyde-3-
phosphate; G3P, 3-phosphoglycerate; PA, phosphatidate; PEP, phosphoenolpyruvate; TAG, triacylglycerol. Enzymes: ACC, acetyl-CoA carboxylase; FAS, fatty acid
synthase; HK, hexokinase; LDH, lactate dehydrogenase; PDK, pyruvate dehydrogenase kinase; PDH, pyruvate dehydrogenase phosphatidylcholine (PtdCho) cycle.
Transporters: CHT1, choline high-affinity transporter-1; CTL, choline transporter-like protein; OCT2, organic cation transporter-2. Metabolites: CDP-Cho, cytidine
diphosphate choline; Cho, free choline; DAG, diacylglycerol; FFA, free fatty acid; Gro3P, sn-glycerol-3-phosphate; GPCho, glycerophosphocholine; LPtdCho,
lysophosphatidylcholine; PA, phosphatidate; PCho, phosphocholine. Enzymes: Kennedy pathway: ChoK, choline kinase (EC 2.7.1.32); CT, cytidylyltransferase (EC
2.7.7.15); PCT, phosphocholine transferase (EC 2.7.8.2). Headgroup hydrolysis pathways: PLC, phospholipase C (EC 3.1.4.3); PLD, phospholipase D (EC 3.1.4.4).
Deacylation pathway: PLA1, phospholipase A1 (EC 3.1.1.32); PLA2, phospholipase A2 (EC 3.1.1.4); LPL, lysophospholipase (EC 3.1.1.5); PD,
glycerophosphocholine phosphodiesterase (EC 3.1.4.2). Red arrows indicate direction of change in enzyme activity enzymes and metabolite content.
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i.e,, from non-tumoral immortalized MCF-12A to the highly
metastatic TNBC MDA-MB-231 and MDA-MB-435 cell lines
(38). The high intracellular content of PCho seemed unrelated to
the demand for cell membrane biosynthesis in the investigated
BC cells characterized by different doubling time values (38).
Notably, a different rate of increase was observed for PCho (6x)
and PtdCho (1.5X) in MDA-MB-231 BC cells compared with the
non-malignant MCF12A cells (40). An integration of MRS with
gene microarray analysis revealed that a combination of upregu-
lated ChoK and PLD and/or an increased PC-PLC expression/
activity caused PCho accumulation in MDA-MB-231 cells,
while lower levels of GPCho were consistent with underexpres-
sion of cytosolic calcium-dependent PLA2 group IVA and
lysophospholipase 1 (40). Elevated levels of ChoKa and PLD1
isoforms were found in both the ER~ MDA-MB-231 BC cell
line and in patient-derived ER™ BC specimens, as compared
with the corresponding non-metastatic ER* MCF-7 BC cell
line and ER* patient-derived BC samples (47). Downregulation
of ChoKa by RNA silencing increased PLD1 expression, and
downregulation of PLD1 increased ChoKa expression, indicat-
ing a close relationship between ChoK and PLD enzymes (47).
Additionally, ChoKa silencing resulted in increased PC-PLC
protein expression (e.g., twofold in MDA-MB-231) suggesting
that BC cells could compensate for the loss of ChoKa protein
levels with PC-PLC upregulation, thus maintaining an intracel-
lular PCho pool size markedly higher than that of non-tumoral
breast epithelial cells (48, 49).

Although the role of PLAs in BC cells remains unknown, very
low expression of secreted PLA2 (sPLA2) was found in basal-like
breast tumor biopsies and cultured cells (50). As noted by the
authors, the mRNA expression of sPLA2s belonging to IIA, III,
and X groups is regulated by DNA methylation and histone dea-
cetylation, and all three genes are significantly silenced in aggres-
sive TNBC cells due to both mechanisms. It may be interesting to
investigate a possible relationship with the regulation of cytosolic
PLA2s underexpressed in TNBC apparently linked to low levels
of GPCho in this BC subtype (40).

A study by Eliyahu and colleagues (39) confirmed an altered
PtdCho metabolism in different molecular BC subtypes relative
to human mammary epithelial cells (HMECs), although the
MDA-MB-231 TNBC cells exhibited the lowest PCho/NTP
ratio among the investigated BC cell lines. Interestingly, under
the adopted experimental conditions, the PCho level in HMEC
and BC cells was found to correlate with Cho transport into the
cells, mainly due to the organic cation transporter-2 (OCT2)
and the choline high-affinity transporter-1 (CHT1), but not with
ChoK activity, suggesting that this step is fast and not rate limit-
ing, although its induction ensures increased PCho levels. The
upregulation of choline transporters and ChoK may be related to
a cascade of genetic changes that are associated with the multistep
process of carcinogenesis (51).

Enzymatic assays showed a twofold to sixfold activation of
PC-PLCinBC of different subtypes compared with a non-tumoral
counterpart (MCF-10A cell line) (32). The activity rate measured
in the TNBC MDA-MB-231 cell line was about twofold higher
than that of HER2-enriched and ER-positive cell lines. Metabolic
analysis of MDA-MB-231 cells identified a characteristic

biochemical signature of these cells relative to the non-tumoral
MCEF-10A counterpart, consisting of higher contents of PCho
and succinate, elevated proportion of monounsaturated FAs
and increased ChoK and PC-PLC protein expression (52). The
importance of the cell membrane lipid profile to discriminate
BC subtypes is receiving increasing attention, and the results
suggest possible links between altered metabolic pathways in
BC and membrane molecular rearrangement. He and colleagues
(53) could discriminate BC cell lines from MCF-10A cells on the
basis of phospholipid species composition and expression of five
lipogenesis-related enzymes. The authors suggested that elevated
expression levels of fatty acid synthase 1 (FASI), stearoyl-CoA
desaturases 1 and 5 (SCDI1 and SCD5), and ChoKa may be
closely related to enhanced levels of saturated and monounsatu-
rated lipids in BC cell lines. Most interestingly, it was possible
to distinguish adequately between MDA-MB-231 cells based on
the highest level of PtdCho (36:1) and PtdCho (36:2) and ChoKa
expression compared with other BC subtypes (53).

Differences in phospholipid and lipid metabolism between
cells in culture and in solid tumors have been detected by in vivo
MRS in the MDA-MB-231 model. These differences may be
ascribed to characteristic conditions of solid tumor microenvi-
ronment such as depletion of nutrients and oxygen, changes in
pH, and interactions between cancer and stromal/endothelial
cells (54, 55). A higher concentration of tCho (mainly due to
PCho) was found in hypoxic regions of heterogeneous ortho-
topic MDA-MB-231 tumor xenografts using three-dimensional
multimodal molecular imaging platforms (56, 57). The high
tCho content of tumor cells was associated with enriched levels
of proteins involved in glucose metabolism, PI3K-Akt/Ras/FAS
signaling pathway, protein processing in endoplasmic reticulum,
apoptosis, and telomere stress-induced senescence (56). A stable
silencing of glycerophosphodiester phosphodiesterase domain
containing 5 (GDPD5), which is upregulated in TNBC cells
and tumors, induced an increase in the levels of GPCho and
phosphoethanolamine in MDA-MB-231 BC cells and in their
orthotopic tumor xenografts compared with controls (58, 59)
suggesting a close networking between choline and ethanolamine
phospholipid cycles. A larger variation in the PCho/GPCho ratio
was observed for the basal-like BC subtype of patient-derived
xenograft models relative to luminal B subtype xenografts (60,
61). These differences could be explained by lower mRNA expres-
sion of ChoK (x and p) and higher expression of PLA group 4A
in basal tumor xenografts (61). In another experimental subcu-
taneous model expressing basaloid TNBC markers (HCC1806),
phosphomonoesters (which include PCho) and lactate levels
were modulated by tumor size (62).

The metabolic characterization of TNBC human biopsies
is far from being well established, although different studies
reported a higher overall tCho content in TBNCs with respect
to non-tumoral tissues. A significantly higher tCho level, either
quantified in millimoles per kilogram or expressed as peak inte-
gral normalized to the volume of interest and the signal-to-noise
ratio, was reported in TNBC compared with non-triple-negative
tumors using in vivo MRS (63, 64). A quantitative study on in vivo
MRS examinations of 29 patients indicated that TNBCs exhibited
increased tCho levels ranging from 0.4 to 4.9 mmol/kg (65).
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TNBCs are more likely to have high tCho than other BC subtypes,
although the situation may be reversed in young age patients
(range 28-39 years) (66). The high tCho levels were well cor-
related with the standardized FDG uptake value obtained using
PET/CT and with the histological prognostic parameters (19).
A recent paper (67) reported that intact TNBC biopsies could
be discriminated by HR-MAS analyses from triple-positive BCs
based on their content in free Cho and GPCho, which were sig-
nificantly higher in TNBC relative to triple-positive BC. In this
paper (67), the analyzed TNBC biopsies contained lower levels of
glutamine and higher levels of glutamate compared with tumors
with positive receptor statuses which might result from increased
glutaminolysis metabolism and suggests dependence on glu-
tamine to support cell growth. This issue warrants measurements
of metabolic fluxes using suitable isotopomeric models, such as
bonded cumomer analysis by MRS or fragmented cumomer
analysis by mass spectrometry (68, 69).

TARGETING PtdCho METABOLISM
IN TNBC

The role of PtdCho cycle enzymes as potential new molecular
targets in TNBC can be investigated using molecular depletion
approaches and/or pharmacological inhibitors. However, there
are no studies that allowed discrimination of specific effects of
targeting PtdCho-cycle enzymes on TNBC versus other BC sub-
types, and most of studies were performed using only one or two
TNBC cell lines. Although a reduction of 85% of in vivo tumor
growth was obtained in subcutaneous MDA-MB-231 tumors
treated with the ChoK inhibitor Mn58b (70), this result needs
further evaluation in different TNBC models. The downregula-
tion of ChoK in MDA-MB-231 cells cultured in vitro induced
profound alterations in cell proliferation and promoted differen-
tiation, as detected by cytosolic lipid droplet formation and modi-
fied expression of galectin-3 (71). These changes were associated
with alterations of 33 proliferation-related genes and 9 DNA
repair-related genes (72). Interestingly, in MDA-MB-231cells, a
combination of ChoK silencing with a conventional treatment
using 5-fluorouracil resulted in higher cell death rate relative to
that obtained when each treatment was applied individually (72)
confirming a key role for the ChoK enzyme in in vitro cell pro-
liferation and survival. Furthermore, in vivo targeting of ChoK
by either lentiviral gene silencing (73) or by ChoKa depletion
using specific short-hairpin RNA (shRNA) (74), respectively,
induced a growth delay or strongly repressed tumor growth in
MDA-MB-231 xenograft bearing mice.

Additionally, there is mounting evidence from studies on
experimental TNBC models that the reduction/destabilization
of ChoK protein levels rather than inhibition of the activity of
this enzyme is more effective in inhibiting tumor growth. In fact,
direct or indirect pharmacological inhibitors that were able to
reduce the activity of ChoK (and consequently the levels of tCho
and PCho) did not reduce cell viability as long as ChoKa protein
expression and PtdCho levels were not reduced in TNBC cells
grown in vitro (75).

The potential of using PtdCho catabolic pathways as important
cotargets for TNBC therapy is gaining relevance. A multi-
targeting strategy such as simultaneous silencing of PLD1 and
ChoKa in MDA-MB-231 cells increased apoptosis (detected by
the TUNEL assay) as compared with individual treatments (47).
Exposure of MDA-MB-231 cells to D609 which is an inhibitor
of a PC-PLC resulted in 60-80% PC-PLC inhibition associated
with tumor cell differentiation, detected by a progressive decrease
of mesenchymal traits such as vimentin and N-cadherin expres-
sion, reduced galectin-3 and milk fat globule EGF-factor 8 levels,
B-casein formation and decreased in vitro cell migration and
invasion (32). These results, obtained from a single tumor model
of TNBC, warrant further investigations on a large data set of
human TNBCs that can be fully genotyped and metabolically
characterized.

FUTURE DIRECTIONS

Although evidence of specific metabolic alterations in TNBC is
accruing, there is a clear need for extending preclinical investiga-
tions to a larger number of TNBC models. On the other hand,
clinical investigations have to better elucidate the impact of the
heterogeneous nature of TNBC lesions on the metabolic profiles
and their changes in tumor progression. It may also prove relevant
to assess the links between the tCho profile and molecular fea-
tures such as EGFR overexpression, p53 status, and other specific
biological TNBC characteristics. We hypothesize that the PtdCho
cycle may represent a good focus point for personalized/precision
medicine, offering markers that may be used as diagnosis tools for
assessment of cancer prognosis and response to therapy.

The identification of a role for PtdCho metabolism in TNBC
progression supports the view that some enzymes of this cycle
may act as key regulators of molecular mechanisms leading to
cancer onset, invasion, and metastasis, thus representing a new
source of potential targets to counteract cancer growth and
metastasis.
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Introduction: Metabolic profiling of intact tumor tissue by high-resolution magic angle
spinning (HR MAS) MR spectroscopy (MRS) provides important biological information
possibly useful for clinical diagnosis and development of novel treatment strategies.
However, generation of high-quality data requires that sample handling from surgical
resection until analysis is performed using systematically validated procedures. In this
study, we investigated the effect of postsurgical freezing delay time on global metabolic
profiles and stability of individual metabolites in intact tumor tissue.

Materials and methods: Tumor tissue samples collected from two patient-derived
breast cancer xenograft models (n = 3 for each model) were divided into pieces that
were snap-frozen in liquid nitrogen at 0, 15, 30, 60, 90, and 120 min after surgical
removal. In addition, one sample was analyzed immediately, representing the metabolic
profile of fresh tissue exposed neither to liquid nitrogen nor to room temperature. We also
evaluated the metabolic effect of prolonged spinning during the HR MAS experiments in
biopsies from breast cancer patients (n = 14). All samples were analyzed by proton HR
MAS MRS on a Bruker Avance DRX600 spectrometer, and changes in metabolic profiles
were evaluated using multivariate analysis and linear mixed modeling.

Results: Multivariate analysis showed that the metabolic differences between the two
breast cancer models were more prominent than variation caused by freezing delay time.
No significant changes in levels of individual metabolites were observed in samples fro-
zen within 30 min of resection. After this time point, levels of choline increased, whereas
ascorbate, creatine, and glutathione (GS) levels decreased. Freezing had a significant
effect on several metabolites but is an essential procedure for research and biobank
purposes. Furthermore, four metabolites (glucose, glycine, glycerophosphocholine, and
choline) were affected by prolonged HR MAS experiment time possibly caused by physi-
cal release of metabolites caused by spinning or due to structural degradation processes.

Conclusion: The MR metabolic profiles of tumor samples are reproducible and robust
to variation in postsurgical freezing delay up to 30 min.

Keywords: cancer, freezing time delay, HR MAS, metabolic profile, MR spectroscopy, metabolomics, snap-
freezing, degradation
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INTRODUCTION

The field of metabolomics has the potential to fill important gaps
within the knowledge of cancer biology (1). Within this field,
molecular pathways and interactions are studied through the
expression of small molecular compounds called metabolites.
These compounds are intermediates or end products of ongoing
biochemical processes, and the overall metabolic profile repre-
sents a unique fingerprint of the cellular state at a specific time
point. Metabolites constitute the final level in the -omics cascade,
downstream to genomics, transcriptomics, and proteomics,
reflecting the combined effect of all the upstream molecular levels
(2). However, the metabolic snapshot obtained from a tumor tis-
sue specimen depends on additional factors, such as the tumor
microenvironment and the polyclonality frequently observed in
cancer, which introduces additional complexity for the interpre-
tation of the metabolic information. Nevertheless, metabolic pro-
filing of intact fresh frozen tissue is gaining popularity in clinical
research, as it potentially can identify novel prognostic or predic-
tive metabolic biomarkers or explore the abnormal biochemical
activity aiming to identify novel therapeutic approaches.

Metabolomic studies using high-resolution magic angle
spinning MR spectroscopy (HR MAS MRS) enables investiga-
tion of tumor tissue with minimal sample preparation, thus
limiting loss of information through tissue extraction and
maintaining high reproducibility (3). HR MAS MRS is also a
non-destructive technique (4) shown to retain histopathological
characteristics (5) and high RNA quality (6) of analyzed tissue.
This technology has been used to discriminate between tumor
and normal tissues in several cancers (7), but is increasingly
used to explore the role of metabolomics in patient stratification
for personalized oncology (8-10). In these studies, biobanks
have been established after collecting tumor tissue from large
patient cohorts and the association between metabolic charac-
teristics and disease outcome has been investigated. The quality
of data from such studies requires a high degree of analytical
accuracy and precision, as well as highly standardized and
validated protocols for sample collection, storage, and handling
prior to analysis.

One of the critical points during sample collection, especially
in a clinical setting, is the time period from blood supply cutoff
during surgical resection until the sample is frozen for storage
(freezing delay time). This interval may vary depending on
the difficulty of the surgical procedure and the required tissue
processing procedures, while cellular enzymatic and chemical
reactions will take place and potentially cause alterations in the
tissue metabolomic profile. Therefore, it is important to assess the
susceptibility of these profiles to systematic variability resulting
from sample handling and analysis. The main objective of this
study was to investigate the metabolic effects of freezing delay
time, aiming to validate the sample collection protocols normally
used in biobanking for MR metabolomics studies. To minimize
the impact of inter- and intratumor variability, tumor tissue was
obtained from two well-characterized breast cancer xenograft
models (11, 12). Furthermore, we describe the metabolic effects
of snap-freezing tumor samples and the degradation pattern
caused by prolonged HR MAS MRS acquisitions using human

breast cancer samples. Finally, sample collection and handling
procedures that ensure optimal data quality in metabolomic
studies of cancer tissue are suggested.

MATERIALS AND METHODS

Tissue Samples

Animal Model

The two orthotopic xenograft models MAS98.12 and MAS98.06
were established by direct transplantation of biopsy tissue from
primary mammary carcinomas in immunodeficient SCID mice
and thereafter passaged as previously described (11). These models
have been characterized by unsupervised hierarchical clustering
of intrinsic genes (13, 14) to represent basal-like (poor prognosis)
and luminal-like (better prognosis) breast cancer phenotype
respectively (11), and they also have distinct metabolic profiles
(12, 15). Mice carrying xenograft tumors [basal-like (# = 3) and
luminal-like (n = 3)] were sacrificed by cervical dislocation and
tumor tissue was harvested and snap-frozen in liquid nitrogen
according to the protocol below. All procedures and experiments
involving animals were approved by the National Animal Research
Authority and carried out according to the European Convention
for the Protection of Vertebrates used for Scientific Purposes.

Patient Material

Breast cancer tissue samples from 14 female patients undergoing
surgery at St. Olav’s Hospital (Trondheim, Norway) and Molde
Hospital (Molde, Norway) were included in the study. Patients
were chosen without any other prior clinical information. The
biopsies were snap-frozen immediately after excision during the
surgical procedure and further stored in liquid nitrogen until
subsequent analyses. All patients have signed a written informed
consent, and the study was approved by the Regional Ethics
Committee, Central Norway.

Experimental Design and HR MAS MRS

Experiments

Effect of Freezing Delay Time

One tumor from each mouse was divided into pieces and left at
room temperature for 0, 15, 30, 60, 90, and 120 min, prior to snap-
freezing in liquid nitrogen. This procedure covers both realistic
and extreme freezing time delays, which could occur in tissue
harvesting procedures during breast cancer surgery. In addition,
one sample was analyzed immediately after excision representing
the metabolic profile of the tumor tissue without exposure to
liquid nitrogen or freezing. The total number of samples analyzed
for this study was 42.

Before HR MAS MRS experiments, 3 pL cold sodium for-
mate in D,O (24.29 mM) was added to a leak-proof disposable
30-pL insert (Bruker, Biospin GmbH, Germany) as a shimming
reference. Tissue samples were cut to fit the insert (mean sample
weight 9.8 mg) on a dedicated work station designed to keep the
samples frozen (16) during preparation. The insert containing the
frozen sample was placed in a 4-mm diameter zirconium rotor
(Bruker, Biospin GmbH, Germany) and kept at —20°C for 6-8 h
before the experiments to minimize degradation.
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HR MAS MRS experiments were performed on a Bruker
Avance DRX600 spectrometer (Bruker, Biospin GmbH, Germany)
equipped with a 'H/"C MAS probe with gradient aligned with the
magic angle (Bruker, Biospin GmbH, Germany). Samples were
spun at 5000 Hz and experiments run at 5°C. The samples were
allowed 5 min temperature acclimatization before shimming and
spectral acquisition.

Spin-echo spectra were recorded using a Carr-Purcell-
Meiboom-Gill (cpmg) pulse sequence (cpmgprlD; Bruker,
L4 = 126). T, filtering was obtained using a delay of 0.6 ms
between each 180° pulse to suppress macromolecules and lipid
signals and enhance signal from small molecules. This resulted in
a total echo time (TE) of 77 ms. The total number of scans (NS)
were 64 over a spectral width of 20 ppm (-5 to 15 ppm) with an
acquisition time of 3.07 s.

Degradation during Prolonged HR MAS MRS
Analysis

Frozen human breast cancer tissue samples were cut to fit a leak-
proof 30-puL disposable insert (mean sample weight: 8.8 mg)
added 3 pL of phosphate-buffered saline (PBS) based on D,O
with trimethylsilyl propionate (TSP, 1 mM) and sodium formate
(I mM). The insert was placed in a 4-mm diameter zirconium
rotor (Bruker, Biospin GmbH, Germany). Spin-echo experi-
ments (cpmgpr1D; Bruker, L4 = 136) were run with 2 ms delay
between 180° pulses, TE of 273.5 ms, spectral width of 20 ppm
(=5 to 15 ppm) and NS of 256 scans (17). To evaluate the effect
of prolonged HR MAS MRS experimental time, data acquisition
was repeated after 1.5 h. The sample was kept spinning (5000 Hz)
within the magnet at 5°C in this time interval.

Data Preprocessing and Statistical

Analysis
The FIDs were multiplied by a 0.30 Hz exponential function
and Fourier transformed into 64k real points. Phase correction
was performed automatically for each spectrum using TopSpin
3.1 (Bruker). Further preprocessing of the HR MAS spectra was
performed in Matlab R2013b (The Mathworks, Inc., USA). Due
to unavailability of a stable internal reference, human spectra
were referenced to the TSP peak (0 ppm) while xenograft spectra
were referenced to formate (8.46 ppm). Baseline correction was
achieved by setting the minimum value of each spectrum to 0
and subtracting the lowest value. Peak alignment was performed
using icoshift (18). The spectral region of interest in the human
samples (2.89-4.73 ppm), which excludes the main lipid peaks,
was normalized to equal total mean area, while the total spectral
region (0.62-4.70 ppm) was normalized to sample weight in the
xenograft spectra. In human tissue, lipid signals mainly originate
from adipose tissue, and the lipid peaks may be very dominant
in samples with low tumor content. Thus, the normalization
accounts for differences in sample size and tumor cell content,
the latter not necessary in xenograft samples with homogenous
distribution of cancer cells.

To find underlying structure and main differences in the data-
set, the unsupervised multivariate method principal component
analysis (PCA) was used. PCA is a powerful method to decrease

the complexity of collinear multivariate data, such as MR spectra,
into a few principal components (PCs). PCA was performed
(using PLS_Toolbox 7.5.2, Matlab, Eigenvector Research, Inc.,
Wenatchee, WA, USA) on xenograft spectra and human breast
cancer spectra to explore the metabolic variation within samples
exposed to increasing delays in postsurgical freezing and pro-
longed experiment time respectively.

For both cohorts, metabolite assignment was based on
previous published data from HR MAS MRS analyses of breast
tumors (19). Furthermore, metabolite levels were determined by
integrating fixed spectral regions (performed in Matlab R2013b)
corresponding to the metabolites of interest and used for uni-
variate analysis. For metabolites with baseline strongly affected by
closely resonating lipids, a linear baseline ranging from the first to
the last point of the integral area was used.

Linear mixed models (LMM), an extension of linear regression,
can be used to model data where several measurements from the
same object are available. LMM accounts for both fixed and ran-
dom effects in the modeling of the metabolite levels. Fixed effects
are those that are of particular interest, e.g., effect of freezing delay
time, while random effects are often not of interest but cannot be
adjusted for prior to the modeling, e.g., effects originating from
between subjects variation. In the current study, freezing delay
time as well as type of xenograft model (basal-like or luminal-
like) were set as fixed effects (continuous and categorical variable
respectively), while xenograft subject was set as an random effect
(without interaction term). The modeling was performed in R
(20) using the “nlme” package (21).

Paired t-test was used to find time points were the metabolic
levels had changed compared to baseline and to evaluate the effect
of snap-freezing. Wilcoxon signed-rank test were performed to
test the effect of prolonged experiment time on metabolite levels
in human tumor tissue.

To adjust for the multiple metabolites tested, calculated p
values were corrected for using The Benjamini Hochberg false
discovery rate (FDR) in Matlab R2013b (The Mathworks, Inc.,
USA), and the differences were considered statistically significant
for adjusted p-values <0.05.

Histopathology and Nile Red Staining
Histopathological analysis was performed in order to evaluate
the presence of viable tumor tissue and mobile lipid droplets in
each individual xenograft sample. After HR MAS MRS analysis,
samples were immediately frozen in liquid nitrogen. About 4
and 10 pm frozen sections were stained with hematoxylin—
eosin—saffron (HES) and Nile Red as described in Ref. (22),
respectively.

RESULTS

Effect of Freezing Delay Time in Xenograft
Tumor Tissue

To examine the metabolic effect of delayed freezing, samples from
the same xenograft tumor were left in room temperature for 0,
15, 30, 60, 90, and 120 min prior to freezing. A PCA score plot
of the spectra from all 42 samples revealed a clear separation of

Frontiers in Oncology | www.frontiersin.org

January 2016 | Volume 6 | Article 17


http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org

Haukaas et al.

Metabolic Effect of Freezing Delay Time

basal-like and luminal-like xenograft model samples (Figure 1A).
The variability between samples was predominantly attributed
to the lipid content (PC1), whereas the levels of taurine, glyc-
erophosphocholine, and phosphocholine (PC2) contributed to
discrimination between the two xenograft models (Figure 1B).

A trajectory PCA score plot suggests that freezing delay time
had no systematic effect on metabolic profiles (Figure 1C).

The Impact of Freezing Delay Time on
Individual Metabolites in Xenograft
Samples

The LMM result for glucose was excluded due to non-normally
distributed residuals. The percentage change in levels of 15
metabolites measured by HR MAS MRS in samples subject to
increasing delays before freezing (n = 36) are shown in Table 1.
After adjusting p-values for multiple testing, LMM revealed that
three metabolites were significantly affected by type of xenograft
model (basal-like and luminal-like) and four metabolites were
significantly affected by delayed freezing (Table 2).

Figure 2 illustrates the change in average level of ascorbate,
choline, creatine, and glutathione (GS) with increasing freezing
delay time. The levels of ascorbate, creatine, and GS decreased
with time. Both ascorbate and creatine levels decreased with
approximately 30% within the 120 min time frame, while levels
of GS were approximately 40% lower. The choline levels increased
with time, reaching a level approximately 110% higher than base-
line at freezing delay time of 120 min.

Ascorbate, choline, and creatine levels were significantly dif-
ferent from baseline sample (frozen immediately) after 60 min
freezing delay time while the same was observed for GS levels
after 90 min (Figure 2).

Metabolic Effect of Freezing

Immediately snap-frozen samples (0 min, n = 6) were compared
to samples analyzed directly after excision (not frozen, 0 min,
n=6). A clear effect of freezing compared to unfrozen tissue was
seen for 12 of 16 metabolites (Figure 3). Increased levels were
observed for all of these metabolites after snap-freezing.

Histopathology

Visual inspection of HES-stained sections of xenograft samples
analyzed by HR MAS MRS confirmed that the samples pre-
dominantly consisted of viable tumor tissue without significant
necrosis or fibrosis. No adipose tissue or normal mammary
gland tissue was observed. Due to the observed heterogeneity in
lipid content of samples obtained from the same xenograft, we
examined whether the lipids detected were located in adipose
cells lining the tumor or in lipid droplets within the tumor. Visual
inspection of the Nile Red stained histological sections showed
good correlation between lipid signal intensity in spectral data
and the amount of lipid detected by Nile Red staining (Figures S1
and S2 in Supplementary Material). The lipids were also observed
to be located inside tumors and were therefore considered to
represent mobile lipids in the cancer cells and not adipose tissue
adjacent to the tumors. No systematic difference in lipid content
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FIGURE 1 | PCA of MR spectra from xenografts tumors exposed to variable freezing delay time, (A) score plot with samples colored by xenograft
type, (B) loading plots for PC1 (identifying lipid content as the most significant contributor to variability) and PC2 (identifying the metabolic
difference between xenograft models as the second most significant contributor to variability), (C) PCA trajectory score plot. Samples from the same
animal are connected with colored lines and numbered according to freezing delay time: (1) not frozen, (2) 0 min, (3) 15 min, (4) 30 min, (5) 60 min, (6) 90 min, and
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TABLE 1 | Metabolic effect of freezing delay time.

Metabolite ppm 15 min 30 min 60 min 90 min 120 min
Glucose 4.65 22 +107% -8+ 19% 31 +41% 6 + 50% 26 +71%
Ascorbate 4.53 -18 + 37% —-15 + 20% 25+ 17% 31 +22% —-31 +24%
Lactate 413 4+ 44% 10 £ 24% 12 £ 29% 16 £27% 19 + 45%
Tyrosine 3.99 -8+ 32% -10+21% -183+19% 15+ 22% =17 +29%
Glycine 3.55 -7 +45% -4 +22% -5+ 25% 1+45% 6 + 62%
Myoinositol 3.53 12 + 49% 11 +19% 26 + 28% 26 + 27% 43 + 64%
Taurine 3.42 -7 +38% -7 +15% -8+ 16% -8+ 20% -4 +31%
Glycerophosphocholine 3.23 -9+ 22% -10+ 18% -3 +25% 0+ 34% 28 + 40%
Phosphocholine 3.22 —19 £ 24% -7 +16% 1+32% 7 +25% 34 + 63%
Choline 3.21 6+ 72% 20+ 31% 56 + 44% 62 + 49% 111 +£111%
Creatine 3.03 -16 + 31% -19+ 18% —-28 + 22% —-25 +22% —29 + 26%
Glutathione (GS) 2.55 —-18 £ 32% -19 £ 15% —24 £ 25% —-35+ 18% —37 + 26%
Succinate 2.41 -5+ 35% —-13+£22% -2 +33% —-13 £29% -15+ 38%
Glutamine 2.44 5+ 49% -1+ 40% 28 + 55% -1+22% 7 + 54%
Glutamate 2.37 —10 £ 35% -1 £17% -20+17% —16 £ 25% —-14 + 37%
Alanine 1.49 -7 +42% 9+ 40% 2+42% 17 £72% 23 + 108%

Percentage (average + SD) increase or decrease of metabolite level in samples exposed to freezing delay time compared to samples frozen immediately after tumor collection.

TABLE 2 | LMM-results reporting the effect of xenograft model and freezing delay time on levels of 15 metabolites.

Metabolite Xenograft model Freezing time delay

Adj. p-value Est. effect SD Adj. p-value Est. effect SD
Ascorbate 0.628 1.6 2.2 0.037" -1.2 0.4
Lactate 0.849 -2.5 12.2 0.281 4.5 3.0
Tyrosine 0.059 128.3 33.4 0.343 =71 5.6
Glycine 0.649 -9.4 16.9 0.838 1.2 2.8
Myoinositol 0.373 -4.8 3.9 0.072 2.7 1.1
Taurine 0.025* 240.9 37.9 0.838 -2.2 7.0
Glycerophosphocholine 0.017* -477.3 56.6 0.255 23.9 14.6
Phosphocholine 0.040* 470.3 94.3 0.255 22.7 13.8
Choline 0.068 43.5 125 0.002** 16.2 3.7
Creatine 0.059 -41.6 10.3 0.037¢ -8.4 3.0
Glutathione (GS) 0.649 -4.1 7.3 0.005** -6.0 1.6
Succinate 0.112 8.7 3.1 0.301 -1.0 0.7
Glutamine 0.194 12.3 6.2 0.838 0.3 0.9
Glutamate 0.322 -20.9 14.4 0.348 -3.7 3.1
Alanine 0.194 174 8.4 0.838 0.4 1.6

The estimated effect (Est. effect) reports each fixed factors (i.e., xenograft model or freezing time delay) influence on metabolite levels. Adjusted p-values in bold indicates that the
level is significantly different from the sample frozen after O min (*adjusted p < 0.05, **adjusted p < 0.01).

due to delayed freezing time was observed. While Figure S1 in
Supplementary Material shows a pattern of decreasing Nile
Red signal with increased delay before freezing, Figure S2 in
Supplementary Material shows an example where the same pat-
tern was not observed.

Degradation during Prolonged HR MAS
Analysis

Repeated HR MAS MRS analysis of 14 human breast cancer samples
was performed with 1.5 h interval to observe the metabolic effect
of prolonged time in the magnet. The levels of glucose, glycine,
glycerophosphocholine, and choline were found to significantly
change from the first to the second acquisition (Table 3). While
glucose, glycine, and choline increased, levels of glycerophospho-
choline decreased with prolonged experiment time. A PCA score

plot of all spectra showed that the metabolic variation between
samples was higher than variation in spectra obtained from the
same sample (Figure S3 in Supplementary Material).

DISCUSSION

In this study, we evaluated the metabolic effect of freezing delay
time, snap-freezing in liquid nitrogen and prolonged experimen-
tal time using HR MAS MRS. The results show that levels of HR
MAS MRS visible metabolites in breast tumors are not subject to
significant degradation if snap-frozen within 30 min after surgi-
cal excision.

Principal component analysis showed that differences in lipid
content explained most of the variance between the samples
from the two different breast cancer xenograft models. This was
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FIGURE 3 | Metabolic effect of snap-freezing. Percentage change in metabolite levels measured in frozen samples relative to samples not frozen prior to HR
MAS MRS analysis. * indicates that the level is significantly different from the sample not frozen (*adjusted p < 0.05).

further examined by histopathological staining of frozen sec-  than the sample handling conditions. Furthermore, PCA clearly

tions with Nile Red, which showed no correlation between lipid
content and freezing delay time. Hence, the variability explained
by lipid content most likely reflects tumor heterogeneity rather

discriminated between samples from the two xenograft models
(i.e., basal-like or luminal-like breast cancer subtype). Basal-like
xenografts had higher levels of glycerophosphocholine, while
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TABLE 3 | Metabolic effect of prolonged experiment time.

Metabolite ppm 15h Adj. p-value
Glucose 4.65 21 +20% 0.006**
Ascorbate 4.53 -4 + 6% 0.078
Lactate 415 0+7% 0.903
Tyrosine 3.98 3+ 6% 0.08
Glycine 3.56 8+7% 0.006**
Myoinositol 3.54 7+11% 0.08
Taurine 3.42 0+5% 0.903
Glycerophosphocholine 3.23 -156+£12% 0.001**
Phosphocholine 3.22 -4 + 6% 0.08
Choline 3.21 11 +13% 0.011*
Creatine 3.08 0+6% 0.903

Percentages (average + SD) were calculated relative to the metabolite levels (integrals)
from the initial experiment. Adjusted p-values in bold indicates that the level is
significantly different from the sample frozen after O min (*adjusted p < 0.05, **adjusted
p < 0.07).

luminal-like xenografts had higher levels of phosphocholine and
taurine, in accordance with previously published data from these
xenograft models (15). The same metabolic differences between
the xenograft models were observed in LMM.

Discrimination between the two xenograft models based on
overall metabolic profile did not depend on freezing delay time.
Furthermore, no significant changes in individual metabolite lev-
els were observed at 30 min past tumor excision. At 60 min, levels
of three metabolites had significantly changed from baseline
measurements. Thus, samples should be frozen within 30 min of
resection, which in general should be sufficient when obtaining
tissue biopsies during surgical procedures. Ascorbate, choline,
creatine, and GS were the only metabolites exhibiting significant
changes within the time frame (0-120 min) used in the current
study. For the majority of metabolites, no systematic dependency
on freezing time delay was observed, suggesting that intratumor
heterogeneity is the predominant source of variability.

Ascorbate, also known as vitamin C, and GS are important
antioxidants in animal cells that, together with other antioxidants,
are responsible for eliminating reactive oxygen species (ROS)
from oxidative stress (23, 24). As a consequence of high ROS
levels in cancer cells, GS levels are often elevated compared to
normal tissue (25). GS has also been reported to be increased in
estrogen receptor (ER) negative tumors compared to ER-positive
(26). ROS levels can increase as a consequence of ischemia,
potentially leading to oxidative damage. It is therefore plausible
that the decreased levels of GS and ascorbate reflect oxidative
stressed caused by prolonged ischemia. Ascorbate levels obtained
from samples frozen 60, 90, and 120 min after excision were sig-
nificantly lower than the levels from samples frozen immediately.
The same was observed for GS levels at 90 and 120 min of freezing
delay. Consequently, biological interpretation of the levels of these
antioxidants should only be considered if the experimental design
of the study includes a controlled freezing delay time of <30 min.

The levels of choline increased with increasing freezing delay
time. Although not significant, a similar trend was observed
for the choline-containing metabolites phosphocholine and
glycerophosphocholine, suggesting that ischemia affects
choline metabolism. Studying the effect of hypoxia in human

MDA-MB-231 breast cancer cell and tumors, Jiang et al. detected
higher concentrations of total choline-containing metabolites
(tCho; composed of phosphocholine, glycerophosphocholine,
and free choline), mainly contributed by phosphocholine, in
hypoxic regions (27). Altered choline metabolism is considered
an emerging hallmark in malignant transformation (28). A major
component of mammalian cell membranes, phosphatidylcholine
(PtdCho), is synthesized from choline, thus making choline and
choline-containing intermediates essential for the increased pro-
liferation observed in tumor cells. Several ex vivo breast cancer
studies using HR MAS MRS have detected increased concentra-
tions of choline, phosphocholine, and glycerophosphocholine
in tumor tissue compared to non-involved breast tissue (19, 29,
30). Differences in tCho have been found to have predictive value
for the 5-year survival of breast cancer patients receiving neo-
adjuvant chemotherapy (31) and higher choline concentrations
have been found in core needle biopsies from patients that are
ER- and/or PgR-negative compared to ER- and/or PgR-positive
patients (10). Delays in freezing time up to 30 min had no sig-
nificant impact on choline levels. While choline levels at 60 and
90 min delay were significantly increased, this was not observed
at 120 min (p = 0.065), probably due to variability within these
last measurements. However, because of the biological relevance
of choline metabolism in cancer, this trend of increasing levels
with freezing delay time emphasize the importance of reporting
and controlling sample handling to limit possible effects.

Levels of creatine significantly decreased as a result of
prolonged time before freezing, where 60 min was found to be
the first time point significantly different from samples frozen
directly after exiting. Creatine is involved in energy storage
through formation of phosphocreatine and thus functions as a
carrier of energy within cells. Decreasing levels of creatine (or
phosphocreatine) could be suggestive of energy depletion caused
by ischemia. Several studies use creatine for calculation of meta-
bolic ratios to allow for comparable quantities between samples
(10, 32-34) and in studies of breast cancer tissue, higher level of
this metabolite have been correlated to ER-positive (35) and PgR-
positive tumors (15). As the tendency of decreasing levels is seen
from the initial time point, it is important to keep the time before
freezing minimal to allow the usage of ratios involving creatine.

Rapid metabolic phenotyping in operating theaters of unfrozen
tissue has been proposed to facilitate real-time diagnostics and
further aid decision making during surgery (36). To evaluate the
metabolic effect of snap-freezing, tumor tissue was analyzed by
HR MAS MRS without any exposure to liquid nitrogen and com-
pared to tissue from the same xenografts that were immediately
frozen after excision. Freezing was found to significantly increase
the level of 12 metabolites. In previous studies, the freezing of rat
kidney and liver tissue has reportedly led to increased amounts
of amino acids (37, 38) and decreased contents of choline, glycer-
ophosphocholine, glucose, myoinositol, trimethylamine N-oxide
(TMAO), and taurine (38) using HR MAS MRS. The increased
levels of multiple metabolites observed in the current study might
be caused by intracellular lysis releasing metabolites. Metabolites
bound to cellular molecules or compartments are more restricted
and thus less MR-visible. If these metabolites are released as a
consequence of freezing, HR MAS MRS will detect higher levels

Frontiers in Oncology | www.frontiersin.org

January 2016 | Volume 6 | Article 17


http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org

Haukaas et al.

Metabolic Effect of Freezing Delay Time

than in unfrozen tissue as found here. The findings underpin that
studies of fresh and frozen tissue are not directly comparable.
Although the effect of freezing was significant for the majority
of metabolites, we believe that analyzing fresh tissue samples is
neither feasible nor optimal in the current clinical and research
setting. Care must therefore be taken not to compare metabolic
information obtained in unfrozen samples with data from frozen
biobank tissue.

We also examined the effect on the metabolic profile of
prolonged HR MAS MRS analysis. After the first acquisition, the
sample was kept spinning inside the magnet and reanalyzed after
1.5 h. The level of four metabolites was found to differ signifi-
cantly from the initial acquisition. Glucose, glycine, and choline
were found to increase with time, while glycerophosphocholine
decreased. Similar effects on glycine, choline, and glycerophos-
phocholine levels have been observed in lung cancer tissue (39)
and in brain tumor tissue (40) supporting the current findings. As
Rocha et al. describe, the changes might be caused by spinning
effects causing release of bound metabolites or due to ongoing
metabolic activity (39). Importantly, these metabolic effects
should be considered for quantitative two-dimensional HR MAS
MRS studies where long acquisition time is required.

In conclusion, this study confirms that HR MAS MRS metabolic
profiles are robust to metabolic changes due to delayed freezing
within a timeframe of 30 min. This allows biological interpretation
of metabolic profiles, including metabolites involved in protection
against ROS formation/oxidative stress, such as GS and ascorbate,
as well as evaluation of the levels of creatine and choline-containing
metabolites. Within the 30 min freezing delay time window, the
effect of structural or biochemical degradation on metabolic pro-
files is insignificant. A clear effect of freezing was observed for most
of the detected metabolites. However, this step in sample handling
is considered essential for biobanking and research purposes. The
study also identified moderate metabolic consequences of pro-
longed HR MAS experiment time, and thus, the protocol should
be designed to keep experiment time to a minimum.
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Multicellular tumor spheroids are an important model system to investigate the response
of tumor cells to radio- and chemotherapy. They share more properties with the original
tumor than cells cultured as 2D monolayers do, which helps distinguish the intrinsic prop-
erties of monolayer cells from those induced during cell aggregation in 3D spheroids. The
paper investigates some metabolic aspects of small tumor spheroids of breast cancer
and their originating MCF-7 cells, grown as monolayer, by means of high-resolution (HR)
"H NMR spectroscopy and MR microimaging before and after gamma irradiation. The
spectra of spheroids were characterized by higher intensity of mobile lipids, mostly neu-
tral lipids, and glutamine (Gln) signals with respect to their monolayer cells counterpart,
mainly owing to the lower oxygen supply in spheroids. Morphological changes of small
spheroids after gamma-ray irradiation, such as loss of their regular shape, were observed
by MR microimaging. Lipid signal intensity increased after irradiation, as evidenced in
both MR localized spectra of the single spheroid and in HR NMR spectra of spheroid
suspensions. Furthermore, the intense Gin signal from spectra of irradiated spheroids
remained unchanged, while the low GIn signal observed in monolayer cells increased
after irradiation. Similar results were observed in cells grown in hypoxic conditions. The
different behavior of GIn in 2D monolayers and in 3D spheroids supports the hypothe-
sis that a lower oxygen supply induces both an upregulation of Gln synthetase and a
downregulation of glutaminases with the consequent increase in GIn content, as already
observed under hypoxic conditions. The data herein indicate that '"H NMR spectroscopy
can be a useful tool for monitoring cell response to different constraints. The use of
spheroid suspensions seems to be a feasible alternative to localized spectroscopy since
similar effects were found after radiation treatment.

Keywords: MR spectroscopy, spheroids, mobile lipids, radiation, metabolism

INTRODUCTION

Solid tumors grow in a three-dimensional (3D) spatial conformation, resulting in an heterogeneous
exposure to oxygen and nutrients, which induces radio- and chemotherapy resistance with a high
rate of tumor recurrence and treatment failure. Different model systems have been proposed in
order to gain insight into the mechanisms that underlie induced tumor resistance (1). To investigate
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the characteristics of tumors and their response to chemo-radio
treatment, cells obtained from tumors are usually cultured as
a monolayer, though differences with the original tumors have
been observed (2). Three-dimensional in vitro models, such as
spheroids, have been used in cancer research as an intermedi-
ate model between in vitro cancer cell line cultures and in vivo
tumors. Spherical cancer models are major 3D in vitro models
that have been mostly described over the past four decades (1).
Spheroids provide an in vitro 3D model for studying proliferation,
cell death, differentiation, and metabolism of cells in tumors and
their response to different treatments (3). Spheroids above 500 pm
in diameter commonly display a layer-like structure comprising
a necrotic core surrounded by a viable rim, which consists of an
inner layer of quiescent cells and an outer layer of proliferating
cells (4). Cellular microenvironments, such as hypoxia, which has
been identified as a cause of drug resistance can be modeled and
created within spheroids for accurate testing of drug efficacy. In
fact, the cells in the spheroid core may mimic the condition of
hypoxia typical of solid tumors (5-7). Spheroids have often been
proposed as a model in view of their potential use in preclini-
cal studies (8), for example, for studying tumor stem cells, such
as those growing as neurospheres from brain tumors (9) or as
mammospheres from breast cancer (10). Obviously, in these sys-
tems, it is critical to distinguish between cell aggregation-related
phenomena from phenomena associated to the stem nature of the
cells. Spheroids have also been studied to better understand the
energy metabolism of breast cancer cells, where an unexpected
modulation of glycolysis and mitochondrial metabolism has been
observed and used as targeted anti-mitochondrial therapy (11).

Magnetic resonance spectroscopy (MRS) and imaging (MRI)
are versatile techniques to study tissues and related models, such
as multicellular 3D systems (12). They may represent a useful
tool to elucidate cell metabolism for they can reveal biomarker
metabolites to be targeted for disease treatment without perturb-
ing the system (11, 13). Both approaches are valid. Through high-
resolution (HR) MRS, it is possible to monitor cell metabolism in
systems much more complex than a single cell, whereas MRI and
localized MRS allow the separate monitoring of the metabolism
in the inner region and in the peripheral cell layers where DNA
synthesis and mitotic activity are largely confined.

In a previous paper, 'H NMR was used to reveal differences in
signals of lipids and lipid metabolites during cell growth in cul-
ture. High intensity mobile lipid (ML) signals were found during
the first days in culture; afterwards the same signals declined but
started to increase again at late confluence in MCF-7. Spectra from
suspensions of MCF-7 spheroids suggested that lipid metabolism
in spheroids mimics that of confluent cultures of monolayer cells
(2). In the present work, we studied small MCF-7 spheroids in
suspension by HR 'H NMR, and single larger MCF-7 spheroids
by localized '"H MR spectroscopy. Spectra were compared with
those of MCF-7 cells growing as monolayer under normal and
hypoxic conditions. In addition, given the well-known higher
resistance of hypoxic tumor cells to radiation therapy, we inves-
tigated spheroid response to irradiation with a single acute 20 Gy
dose of gamma rays to get information on the possible effects of
radiation therapy on tumors. We irradiated cells and spheroids
with a single high radiation dose comparable with total doses

delivered during radiation therapy in a fractionated regimen,
and with single high doses used in other therapeutic modalities,
such as intraoperative radiotherapy and stereotactic radio-
surgery (14). In particular, NMR visible lipids and glutamine
(Gln)-glutathione (GSH) metabolic pathways were examined in
consideration of their role in the cell response to oxidative stress.

MATERIALS AND METHODS

Cells and Spheroids

MCEF-7 cells were purchased from ATCC (Manassas, VA, USA)
and kindly donated by Dr Stefania Meschini, Istituto Superiore
di Sanita, Rome (Italy). Both monolayer cultures and spheroids
were grown in RPMI 1640 medium (Hyclone, Logan, UT, USA)
supplemented with 10% fetal calf serum (Hyclone, Logan, UT,
USA) and 50 pg/ml gentamicin. Monolayer cells were routinely
seeded in 175 cm? flasks in 50 ml medium. The medium was
replaced every 72 h.

Spheroids were obtained by growing cells in a gyratory rotation
system at a rate of 70 rpm, at 37°C: a suspension of MCF-7 cells
was inserted in a 225-ml conical tube filled with 180 ml growth
medium, at a density of 4 X 10° cells per tube and maintained
during spheroids aggregation in a horizontal position.

Cells and spheroids were irradiated in culture flasks at a dose
of 20 Gy with a 'Cs gamma rays source [Gammacell 40 Exactor
(NORDION, Canada)]. Cells were harvested and measured at
48 h after irradiation.

Hypoxia was obtained by growing cells for 24 h in 2% O,, 93%
Nz, and 5% COZ

For HR spectroscopy experiments, NMR cell samples were
prepared as described elsewhere (15). The pellet from monolayer
cells, suspended in phosphate-buffered saline (PBS) (approxi-
mately 20 X 10° cells), was transferred into a coaxial tube system.
Spheroid suspensions were centrifuged at 400 rpm for 3 min and
washed in PBS, the pellet was then transferred into the coaxial
tube system. In both systems, 1 mM sodium 3-(trimethyl-silyl)
propionate 2,2,3,3-d (TMSP) in D,O in the external compartment
was used to provide a lock signal and a frequency standard.

For microimaging and localized spectroscopy experiments,
individual spheroids were selected from the spinner tube, sus-
pended in PBS, and poured into a 1% (w/v) low-melting-point
agarose solution. Agarose powder (Sigma chemicals, Type VII,
low gelling temperature) was dissolved in deionized water and
heated in a microwave oven, until all agarose was completely
dissolved. The solution was allowed to cool to 37°C, then the
spheroid suspension was added. Small amounts of the solution,
containing one or more spheroids, were inserted in capillary tubes
(2 mm diameter) and allowed to solidify at room temperature.

'H NMR Spectroscopy High-Resolution

'H MRS Measurements

'H MR spectra were run at 400.14 MHz on a digital Avance spec-
trometer (Bruker, AG, Darmstadt, Germany). One-dimensional
"H NMR spectra were acquired with a 90° RF pulse, using a sweep
width of 4006.4 Hz. Typically 300 scans were sufficient to obtain
a good signal-to-noise ratio for intact cells.
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Two-dimensional 'H correlation spectroscopy (COSY) spectra
of cells were acquired using a 90° — ; to 90° — t, pulse sequence, by
summing 16 free induction decays for each of 256 increments in #;.

Spectra were acquired as a matrix of 512 X 256 data points
in the time domain. A Lorentzian-Gaussian function with
LB1/4:10 Hzand GB1/4: 0.1 was applied to enhance the resolution
in the #; domain before Fourier transformation. Water suppres-
sion in one- and two-dimensional "H experiments was achieved
by irradiating water signal. Measurement of cell samples lasted
approximately 100 min (10 min for one dimensional and 90 min
for the two-dimensional experiment) as previously reported (2).
Cell viability, tested by trypan blue exclusion, was greater than
90% at the beginning of the preparation and greater than 80%
at the end of the MRS measurements, in agreement with the lit-
erature for other cell samples examined with MRS under similar
conditions (15). One-dimensional spectra were run before and
after two-dimensional COSY to check the stability of the signals
of interest. Cell spectra were run on samples containing compa-
rable cell mass.

Quantitative Analysis of 1D Spectra and
2D COSY Cross Peak Integration

Resonance deconvolution of one-dimensional spectra was
performed using Bruker software “1D WINNMR” (Bruker,
Germany). A Gauss/Lorentz ratio equal to unity for the line
shape function was chosen. Nine deconvolution lines were used
to obtain a good fit in the interval 0.75-1.65 ppm as previously
reported (9). All peak positions were fixed, while peak intensities
and line widths were fitted. No prior knowledge was imposed on
—(CHa,)n— of ML resonance. The quantitative analysis of peaks was
done by measuring the fitted peak intensities. Individual integral
values were normalized using the methyl group of cytosolic
polypeptides at 0.94 ppm as internal reference. This signal, which
is observed in cancer cells of different origin as well as in normal
tissues, belongs to the methyl group of cytosolic polypeptides,
and is indicative of cell mass (16).

Two-dimensional cross-peak integration was done by the
Bruker “2D WINNMR” software (Bruker, Germany). The
integral values were computed by summing all positive points
inside the integral region. The plane baseline was evaluated and
subtracted from the integrals. Besides providing spectral assign-
ment from correlations between pairs of related resonances that
overcame the problem of peak superimposition in 1D spectra, the
off-diagonal elements in 2D spectra gave information on relative
concentrations. Cross-peak integrals were normalized to the
intensity of lysine (Lys) cross peak at 1.70-3.00 ppm. This peak is
reasonably constant in a large number of cell models and tissue
samples (9, 17).

Localized 'H MR Spectroscopy

and Imaging

"H MR localized spectroscopy and imaging were done with a
Bruker AVANCE spectrometer microimaging device, equipped
with a 2 mm inner diameter resonator. Proton density weighted
images were acquired using a multislice spin-echo (MSME) pulse

sequence with the following parameters: 0.5 cm field of view,
0.3 mm slice thickness, 2000 ms repetition time, 15 ms echo time,
and 256 X 256 acquisition matrix. Localized spectra were acquired
from a volume of interest of 0.3 mm X 0.3 mm X 0.3 mm using
the PRESS sequence with 15 ms echo time and 3600 acquisitions
(100 min total acquisition time). Exponential line broadening
was used resulting in a line width of 30 Hz.

RESULTS

Magnetic resonance images of MCF-7 spheroids of different sizes
were obtained and compared. Figure 1A depicts a representative

_#Small spheroid'r:'-'
. e

" Necrotic core

FIGURE 1 | (A) Sagittal image of a small spheroid with a diameter of about
0.5 mm, inserted in agarose gel. (B) Sagittal image of a spheroid after

10 days in culture. The diameter is about 1.8 mm. It is possible to identify
two different regions: a necrotic core and a viable rim. Both images were
acquired with an MSME sequence.
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small spheroid, <0.5 mm diameter, usually obtained after 4 days
in culture. Figure 1B shows a larger spheroid, 1.8 mm diameter,
typically obtained after at least 10 days in culture. In this latter
case, a necrotic core is clearly visible, while cells in the rim look
similar to those of small spheroids.

To avoid the confounding presence of the necrotic core
characterized by non-viable cells with a metabolic fingerprint
substantially different from the cells in the rim, we examined
only small spheroids by both localized and HR MR spectroscopy.
When using an internal signal as a reference for quantification,
the number of cells per se does not influence metabolite levels. On
the other hand, different spheroid sizes, due to different number
of cells, may influence spectral signals because of differences in
pO2 gradient within spheroids. For this reason, a lot of attention
was paid to keep the spheroid size constant. The size conformity
was achieved by the strict control of growth conditions and was
confirmed by light microscopy and MR imaging.

Localized spectra of single small spheroids were then
obtained. A representative spectrum is shown in Figure 2A.
These spectra were compared with HR NMR spectra from a
suspension of small spheroids and cells grown as monolayer.
Figures 2B,B’,C,C’ show typical HR 1D and 2D COSY spectra of
small spheroid suspensions and monolayer MCE-7 cells, respec-
tively. Interestingly, the localized spectrum of the single sphe-
roid (Figure 2A) showed remarkable similarities with the HR
spectrum of the small spheroid suspension (Figure 2B); in both
cases signals at 1.28 and 0.89 ppm dominated the spectra. These
signals are attributed to MLs, mostly triglycerides in intracellular
lipid droplets (18, 19). The greater signal linewidth in spheroid
(Figures 2A,B) vs. monolayer cell spectra (Figure 2C) can be
explained by a lower tumbling of lipids aggregates in spheroids
due to their immobilization in the three-dimensional structure.
Gln signal at 2.44 ppm was also quite different in spheroid and
monolayer cell spectra.

Given the similarities between the localized and small
spheroid suspension spectra, we studied the suspension by HR
spectroscopy, preferentially using 2D COSY, that was recently
implemented even for in vivo spectroscopy (19), for more precise
quantification of spectral changes. In the present paper, MLs
were quantified by cross-peak integrals in 2D COSY spectra
deriving from the interaction of the terminal methyl group at
0.89 ppm and the proximal methylene at 1.28 ppm, excluding
the contribution from -3 fatty acids, where methyl protons
at 0.98 ppm are coupled to the allylic methylene at 2.09 ppm
(18, 19). The results of the quantification of ML and Gln signals
in 2D spectra are shown in Figures 2D,E. Assignments of the
signals of interest were performed on the basis of comparison
with 1D and 2D COSY spectra of total lipid extracts and of Gln
pure compound, reported in Supplementary Material (Figure S1
and S2 in Supplementary Material, respectively).

The spectra of spheroid samples were characterized by higher
intensity of ML (Figure 2D), mostly neutral lipids, and Gln signals
(Figure 2E) as compared with their monolayer cells counterpart,
most likely due to the occurrence of lower cell oxygenation in
spheroids. To assess whether the behavior of these signals could
be attributed to lower cell oxygenation in spheroids, we measured
the spectra of MCF-7 monolayer cells grown under mild hypoxic

conditions (Figures 2D,E). In both spheroids and hypoxic cells
spectra, higher concentrations of Gln were found with respect to
the spectra of monolayer cells (Figure 2E). A similar effect was
observed in hypoxic HeLa cells (20). Also, the ML signals were
more intense in comparison with well oxygenated cells growing
as monolayer (Figure 2D).

We then examined the effects of irradiation in this multicel-
lular model for possible differences compared to monolayer cells.
Spheroids suspension has been irradiated with a dose of 20 Gy.
Under these conditions, cell proliferation is completely arrested,
although maintaining metabolic activity. Monolayer MCEF-7 cells
were examined in the past at different times after irradiation (18).
In the present paper, we examined samples 48 h after irradiation.
Based on our previous experience (18), at this time interval, lipid
signals in irradiated samples are much more intense than those
in control samples, the latter still being in exponential growth.
At later time intervals, exponential growth cannot be assured
for control samples and consequently differences with irradiated
samples can be deceptive. No cell killing was observed within 48 h
after irradiation (21). Therefore, changes in lipid and Glx pool
metabolism could be observed. Figure 3A shows the MR image
of a typical spheroid 48 h after irradiation. Irradiated spheroids
lose their regular shape, appearing larger and frayed. The effect
of irradiation on ML signals is shown in Figures 3B,B,C,C,D,D’
for a localized single spheroid, spheroid suspension, and mon-
olayer cell spectra, respectively. The effect on single spheroid
and on spheroid suspension was similar to that on monolayer
cell spectra. The irradiation produced a strong increase in ML
signals in all cases (Figures 3B,C’D’). Figure 3E reports relative
intensities of the ML signal in 2D COSY spectra of monolayer
cells and spheroid suspensions, which shows the increase of ML
in irradiated samples (average of five experiments).

In addition, taking into account the oxidative stress induced
by irradiation and the antioxidant properties of GSH, we analyzed
the Glx pool (GSH, Gln, and Glu) region in 2D COSY spectra
from spheroid suspension and monolayer cells. Figure 4 shows
the effect of irradiation on signals of the Glx pool; a representative
experiment is reported in Figures 4A,A B,B’ and the quantifica-
tion of five experiments in Figures 4C,C’ for spheroid suspen-
sion and monolayer cells, respectively. GSH decreased in both
spheroids and monolayer cells upon irradiation, the effect being
very strong in spheroids, while Gln remained high in irradiated
spheroids and increases in monolayer cells after irradiation.

DISCUSSION

According to several studies and recent reviews (1, 22), some
important properties of cell biology are shared by multicellular
cancer spheroids and solid tumors in vivo, in particular growth
characteristics, including growth rates (23), microenvironmental
conditions, such as hypoxia, and related resistance to radiation
treatments (1).

'H NMR spectroscopy has provided new insights into cell
metabolism in animals and humans as it allows investigation of
biologically active molecules in cells. With this respect, cell aggre-
gates, such as spheroids, provide a system of higher complexity as
compared with monolayer cells allowing better characterization
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FIGURE 2 | (A) Localized 1D spectrum of a single small MCF-7 spheroid. 1D and 2D COSY high resolution (HR) spectra of small MCF-7 spheroid suspension (B,B’)
and of monolayer MCF-7 cells (C,C’). Cross-peak labeled ML is from terminal methyl and bulk methylene coupling in mobile lipids (ML). Signal intensities of ML (D)
and GIn (E) from 2D spectra of monolayer MCF-7 cells, spheroid suspension, and MCF-7 cells grown under mild hypoxia conditions (average of five experiments,
error is the SD). In the figure, GSH and Glu stand for glutathione and glutamate, respectively. TMSP in DO in the external compartment was used to provide a lock
signal and a frequency standard.
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of cell metabolism. In the present work, we compared the local-
ized spectrum from a voxel in a single spheroid with NMR
spectra from spheroid suspensions. A similar spectral behavior
indicates that spheroid suspensions can be useful in NMR-based
metabolic studies, thanks to simple sample preparation and
spectra measurement.

The intense lipid signals attributed to fatty acid chains in
neutral lipids (ML) have elicited much attention in the NMR
community, which aims at providing new tools to improve
the knowledge of lipid metabolism and correlate the spectral
observations to biologically relevant events (24). Several studies

have been conducted on these signals. Some authors found ML
increasing concurrently with cell death by apoptosis (25). By
contrast, such correlation was not found in our previous studies
(18, 26). In fact, the intense increase in lipid signals observed in
the monolayer MCF-7 cells after irradiation did not correlate
with the onset of consistent apoptosis. Furthermore, HeLa cells,
which had undergone relevant apoptosis after irradiation, did not
show any increase in ML signal (18, 26). No definitive statement
on the origin of ML accumulation or degradation may be issued
given the complex, interrelated reactions involving lipid synthesis
and degradation in different cells, and the numerous changes
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taking place in response to stress of different origin. On the other
hand, ML signals were found to be sensitive in detecting cellular
responses to microenvironmental changes, such as irradiation or
treatment with anticancer drugs. Thus, they are good candidates
for detecting success or resistance to treatments (27).

Lipid signals (ML) were found to be more intense in multicel-
lular spheroids than in monolayer cells: this can be attributed to
lower cell oxygenation with the ensuing decline in cell growth as
that observable in solid tissues (1). A similar increase in ML sig-
nals was confirmed by growing monolayer cells under low oxygen
conditions, since a relevant increase in the intense lipid signal is
present in hypoxic cells, possibly related to impaired fatty acid
beta-oxidation due to the shift from aerobic to anaerobic metabo-
lism (28). Similar observations were obtained in hypoxic HeLa
cells (20). In addition, the hypoxic condition has been associated
with triglyceride and free fatty acid accumulation (29). Hypoxia
is expected to increase lactate production, therefore, decreasing
environmental pH: culturing in acidic pH produced an increase
in lipid signals in C6 glioma cells (30). The ML increase may then
be also related to decreased pH.

Finally, we observed an increased ML content in the cells after
the radiation treatment. Interestingly, this has been reported for
cells exposed at high doses, such as those used in medical treat-
ments, not a general phenomenon though, as it is modulated by
differences in radiation sensitivity (18, 31). In a previous work
on MCE-7 cells grown as monolayer cultures, we had already
observed more intense ML signals in the spectra of irradiated
cells with respect to control samples (18). This was attributed
to cell cycle-dependent impairment of phospholipid synthesis
and the consequent triglyceride accumulation accompanying

the radiation-induced cell cycle block and proliferative arrest.
Both in monolayer cell and in spheroid suspensions, lipid
signals increased after irradiation. The effect in monolayer cells
was attributed mainly to a slowing down of MCEF-7 cell growth
since apoptosis was not significant in these irradiated cells (21).
Irradiated spheroids showed intense ML signals (likely related to
the enhanced storage of lipids) and loss of their regular shape;
while in monolayer cells, an altered cell growth condition was
observed in the past (18).

Exposure to radiation usually affects metabolites of the Glx
pool involved in antioxidant reactions of the cell response to
oxidative stress. The analysis of Glx pool metabolites showed a
decrease in GSH signal intensity after irradiation in both mon-
olayer cell and spheroid spectra. The decrease of GSH in spheroids
after irradiation is due to its use as an antioxidant against reactive
oxygen species (ROS) produced in large quantity by irradiation.
The role of GSH in the radiation response of mammalian cells is
well known and a protective effect was actually demonstrated in
irradiated MCF-7 cells grown as monolayers (21). Similar effects
were observed in hypoxic cells (32). Gln is differently regulated
in monolayers and in 3D structures, being more abundant in
spheroids than in cells growing as monolayer. This effect may
also be ascribed to the reduced oxygen availability in spheroids
where the lower oxygen tension induces increased Gln levels,
as much as it occurs in other cell aggregates, such as stem cell
neurospheres (9). This behavior can be attributed to upregulation
of GIn synthetase and downregulation of glutaminases found in
hypoxic conditions (33).

Although it has long been known that cell radiosensitization
in vitro is easily done by depletion of antioxidant scavengers, such
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as GSH (21, 34, 35) and that this molecule may be involved in
antioxidant defense in different cultured cells (25), it is still under
discussion whether targeting cancer cells by ROS-mediated
mechanisms may be a reasonable therapeutic approach (36, 37).
Modulation of antioxidant defenses of cancer cells by radio/chemo
therapies may, in principle, provide a tool to improve therapeutic
effectiveness. In this context, it would be worth further exploring
the role of GSH together with that of amino acids Glu and Gln
involved in its synthesis during therapeutic treatments.

CONCLUSION

The comparison between localized 'H MR spectroscopy of single
spheroids and HR NMR on spheroid suspensions suggested the
use of the latter for studying cell metabolism in spheroids, used
as a 3D model close to solid tumors. Tumor tissues are often
characterized by intense signals from fatty acids that have also
been found in spheroids and, with less intensity, in the spectra
of monolayer cells. These signals are also intense in irradiated
and hypoxic MCF-7 cells, which is likely related to switching
toward glycolytic metabolism after the radiation treatment. Gln
levels are also quite high in spheroids as compared to 2D cultures.
Similar Gln levels were present in different 3D aggregates, such as
neurospheres. The Glx pool is strictly involved in the cell response
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Glycerophosphocholine and
Glycerophosphoethanolamine Are Not
the Main Sources of the In Vivo *'P MRS
Phosphodiester Signals from Healthy
Fibroglandular Breast Tissue at 7 T
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Aart J. Nederveen?, Peter R. Luijten’ and Dennis W. J. Klomp'

! Radiiology, University Medical Center Utrecht, Utrecht, Netherlands, 2Radiology, Academic Medical Center, Amsterdam,
Netherlands

Purpose: The identification of the phosphodiester (PDE) *'P MR signals in the healthy
human breast at ultra-high field.

Methods: /n vivo 3'P MRS measurements at 7 T of the PDE signals in the breast
were performed investigating the chemical shifts, the transverse- and the longitudinal
relaxation times. Chemical shifts and transverse relaxation times were compared with
non-ambiguous PDE signals from the liver.

Results: The chemical shifts of the PDE signals are shifted —0.5 ppm with respect to
glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE), and the trans-
verse and longitudinal relaxation times for these signals are a factor 3 to 4 shorter than
expected for aqueous GPC and GPE.

Conclusion: The available experimental evidence suggests that GPC and GPE are not
the main source of the PDE signals measured in fibroglandular breast tissue at 7 T. These
signals may predominantly originate from mobile phospholipids.

Keywords: MRSI, *'P, relaxation time, 7 T, phosphodiester, breast, phospholipids

INTRODUCTION

The phosphomonoesters (PME), phosphocholine (PC) and phosphoethanolamine (PE), and the
phosphodiesters (PDEs), glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE),
are involved in cell membrane metabolism. From ex vivo studies, it is known that the PC/GPC ratio
goes up on malignant transformation of cells (1, 2), while the decrease of the PC/GPC ratio was
shown to be a marker in predicting cancer treatment response in ex vivo NMR studies (2-4). In
vivo, the total choline signal, which can be obtained by localized "H MRS, has been shown to be a
biomarker for malignancy and treatment response (5). In contrast to in vivo '"H MRS, where only

Abbreviations: AMESING, Adiabatic Multi-Echo Spectroscopic ImagING; CSA, chemical shift anisotropy; DPPC,
dipalmitoylphospatidylcholine  (1,2-dipalmitoyl-sn-glycero-3-phosphocholine); DMPC, dimyristoylphospatidylcholine
(1,2-dimyristoyl-sn-glycero-3-phosphocholine); GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; GPtC,
(diacyl-)glycerophosphatidylcholine; GPtE, (diacyl-)glycerophosphatidylethanolamine; ILA, inter-lamellar attachment; MPL,
membrane phospholipids; PC, phosphocholine; PE, phosphoethanolamine; Pi, inorganic phosphate; PCr, phosphocreatine.
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a total choline signal can be observed, one can easily distinguish
PME from PDEs with in vivo *P MRS and even PE from PC and
GPE from GPC, with ultra-high field *'P MRS (6). Besides higher
spectral resolution, ultra-high field MRS comes with a higher
signal-to-noise ratio that can be traded off for improving spatial
resolution or to shorten scan time. High in vivo PME/PDE ratios,
as measured with *'P MRS, have been shown to be indicative
of cancer, while treatment response is often accompanied by a
reduction in PME/PDE (7-12). However, in contrast to some ex
vivo methods, where extraction techniques are used to separate
aqueous pools of metabolites from lipid pools, in vivo methods
will also obtain signals from membrane phospholipids (MPL)
(13, 14). Moreover, as these MPL have chemical shifts similar to
GPC, e.g., glycerophosphatidylethanolamine (GPtE) has almost
identical chemical shift as GPC (15, 16) (the molecular structures
and chemical shifts are shown in Figure 1) - in vivo distinction of
these compounds is hampered.

At lower field strength (<2.5 T), in vivo *'P spectra of various
tissues, e.g., breast (17, 18), brain (19-24), liver (25-28), and
kidney (29, 30), show a large signal in the PDE chemical shift
range, with its top between 2 and 3 ppm with respect to phospho-
creatine (PCr) at 0 ppm. The full width at half max of this signal is
dependent on the field strength, and the delay between excitation
and acquisition, as, for instance, caused by phase encoding. It
has been suggested (21, 25) that this membrane peak disappears
almost completely at high-field strength due to enhanced relaxa-
tion by chemical shift anisotropy, leaving only the signals of the
aqueous-soluble metabolites GPC and GPE. Nowadays, with
high magnetic field human MRI systems becoming available, the
origin of the PDE *'P MRS signal - whether GPC and GPE, and/
or GPtC and GPtE - is of renewed interest.

Here, we show that the PDE signals measured in vivo in
fibroglandular tissue of the human breast (*'P signal from breast

fatty tissue is below the detection limit) at 7 T are possibly signals
from MPL, although their line widths suggest aqueous small
molecules, such as GPC and GPE. Measurements are performed
at 7 T to distinguish GPE from GPC and GPtE from GPtC.
Adiabatic multi-echo spectroscopic imaging (AMESING) (31)
and progressive saturation are used to identify the mobility of
the molecules as reflected in the T>- and T)-values, respectively,
to enable a distinction between the aqueous GPE and GPC from
the more restricted MPL (GPtE and GPtC). Data are obtained in
breast glandular tissue and compared to GPC and GPE metabo-
lite signals as measured in liver tissue, all in healthy human
volunteers in vivo.

MATERIALS AND METHODS

3P MRS measurements of glandular breast tissue were obtained
from healthy volunteers using a dedicated breast coil (MR Coils
BV, Drunen, The Netherlands) interfaced to a 7-T MRI system
(Philips, Cleveland, OH, USA). Pulse-acquire and multi-echo
acquisitions [AMESING (31)] were obtained with adiabatic RF
pulses. Excitation was done with an adiabatic half passage (AHP)
of 2 ms. For refocusing 4 ms B; insensitive rotation pulses (BIR-4
180°) were used. The AHP excitation pulse had a frequency sweep
of 10.0 kHz and the BIR-4 refocusing pulses a frequency sweep
of 20.0 kHz. Both pulses had tangent frequency modulation
and hyperbolic tangent amplitude modulation as described in
Garwood and Ke (32). Pulses were driven with yBim. = 1700 Hz.
Transmitter offset on the *'P channel was set to 600 Hz with
respect to the resonance of PCr. All chemical shifts reported here
are referenced to PCr as standard at a chemical shift of 0.0 ppm,
which is —2.48 ppm compared to 85% phosphoricacid. Frequency
calibration of the scanner is done based on the water signal (the
MR system uses a fixed ratio between *'P and 'H carrier frequency

I
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= o= 9 oHe N(CHs}s 2.18 ppm
—_— N N N " o] GPtC 2
1,2-dihexadecanoyl-sn-glycero-3-phosphocholine o)
or dipalmitoylphosphatidylcholine (DPPC)
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FIGURE 1 | Molecular structures of GPC, GPE, and their membrane phospholipids GPtC and GPtE. Chemical shift of GPC is taken as a reference at
2.80 ppm. Chemical shift differences AS(GPtE—-GPtC) = 0.56 ppm and (GPC—-GPtC) = 0.62 ppm were calculated from high-resolution spectra (spectral resolution
<0.02 ppm) by Schiller and Arnold (15), and A§(GPE-GPC) = 0.50 ppm from Payne et al. (16).
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such that the proton signal for water corresponds to the *'P
PCr signal). Measurements with the AMESING sequence were
performed with a Ty of 6 s, 8 X 8 X 8 spherical acquired MRSI,
2 cm X 4 cm X 4 cm voxel sizes for the breast on five volunteers.

Both FID and symmetric echoes were acquired with 256 data
points, and the spectral bandwidth for the acquisition of the FID
was 17.0 kHz and for the echoes 8.5 kHz (echo spacing 45 ms)
to maintain equal acquisition durations for FID and each half
echo. Acquired data were spatially Hamming filtered and zero
filled in the time domain to 8192 data points. To obtain high
SNR spectra of the breast, the datasets of five volunteers (age
range 24-30 years) were pooled and Pi-weighted based on the
FID signal. Phosphorus metabolite T)-values in the breast were
measured for five volunteers by means of progressive saturation
with an adiabatic AHP pulse-acquire 1D MRSI sequence with
Tr values in the range of 0.5-8 s, where the scan time was kept
identical for each Tr. The FID data were acquired with 512 data
points and a spectral bandwidth of 8.2 kHz. A 1D MRSI encoded
in the anterior—posterior direction was chosen to effectively sup-
press signals from the underlying pectoral muscles. Data were
spatially Hamming filtered and subsequently zero filled in the
time domain to 8192 data points. To obtain high SNR datasets
for Ti-fitting, the volunteers were measured two or three times
and the data per volunteer were averaged. Before averaging, all
spectra were aligned for Pi. Averaged spectra were spectrally fit-
ted in JMRUI (33) using the AMARES algorithm (34), chemical
shifts for the GPtE + GPC and GPtC resonances were fixed with
a soft constraint to 2.77 + 0.1 ppm and 2.18 + 0.1 ppm and free
but equal line width.

*'P MRSliver measurements werealso done with the AMESING
sequence with 32 X 10 2D MRSI (feet-head direction unlocalized)
voxel sizes 1 cm X 1 cm (echo spacing 40 ms) on five volunteers
for the liver [data included from earlier study (35)], using a half
volume coil (MR Coils BV, Drunen, The Netherlands). Other
parameters and data post-processing and analysis were equal to
those used in the breast measurements. Here, a 2D scheme with
small AP and LR dimensions of the voxels was chosen to be able
to exclude signal from muscle tissue, whereas the FH dimension
is unlocalized but constrained by the coil sensitivity to encompass
the liver but not beyond.

The study was approved by the local medical ethics review
board (METC UMC Utrecht) and written informed consent was
obtained from all volunteers.

RESULTS

In Figure 2, the spectra of a voxel of the breast (average spectrum
of five volunteers) and the liver (five volunteers) are shown. Due
to limited bandwidth of the adiabatic pulses only the spectral
range from +10 to —10 ppm is shown. The chemical shifts of the
GPC and GPE signals in the liver (Figure 2C) do not correspond
to the signals observed in the breast spectra (Figures 2A,B),
which are usually labeled GPC and GPE, while the chemical
shifts of the other metabolites (PE, PC, Pi, y-ATP, a-ATP) in liver
and breast do match. Figures 2A,B show, for a voxel of breast
glandular tissue, the average FID and the average T>-weighted

echo-sum spectra using a fixed T, weighting of 154 + 5 ms (36),
scaled to the same noise. Note that the signal intensities of the
peaks labeled PE, PC, Pi, and (GPtE + GPC) increase, or at
least do not decrease, in the echo-sum spectrum as compared

A Pi FID
Breast
GPtE+GPC
GPtC
10 5 0 5 10
B
T2-weighted sum of echoes
Breast
10 5 0 5 10
© GPE | | GPC (+GPtE) FID
— T Liver
10 5 0 5 10

FIGURE 2 | (A) Pulse acquire, (B) T>-weighted echo sum (T, = 154 ms) *'P
MR spectra [AMESING sequence (31)] from a voxel (2 cm x 4 cm x 4 cm) of
the breast (average of five volunteers) scaled to the same noise, and

(C) pulse-acquire *'P MR spectrum from the liver (average of five volunteers).
Note that only the aqueous metabolites with long T»-values, such as PE, PC,
Pi, and GPC get enhanced in the T>-weighted echo sum and that the
chemical shifts of liver GPE and GPC do not match the PDE signals from the
breast, but are shifted +0.5 ppm.
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to the FID spectrum of the breast, while the signals of GPtC and
ATP, with known short T>-values, do decrease in the echo-sum
spectrum. Unlike ATP, the short apparent T, for GPtC (and
GPtE) is not the result of homonuclear coupling. In Figure 3, a
comparison is made between T fits obtained for the PDE signal
at 2.2 ppm (labeled GPtC) from the breast (a) and the 2.8 ppm
signal from the liver (labeled GPC), showing almost a factor 3
lower T, for the GPtC signal from the breast. Figure 4 shows the
T)-fits for the average signals of (GPtE + GPC) and GPtC from
fibroglandular breast tissue as measured in the five volunteers.
The (GPtE + GPC) signal is fitted bi-exponentially with a short
T\ component for GPtE (taken equal to GPtC, T\ = 1.2 s) The
Ti-value that is fitted for the long T component GPC is 3.2 s.

DISCUSSION

Phosphorous spectra from the breast and liver as shown in
Figure 2 do not match to the chemical shift of the PDE signals.
As the chemical shift of GPC and GPE are hardly pH sensitive,
but Pi and to a lesser extent also PE, PC, and y-ATP are (37), pH
differences between liver and breast may influence chemical shift.
If we would shift the breast spectrum by +0.5 ppm to match the
PDE signals between breast and liver, this would correspond to

a shift in pH of +0.4 units based on Pi chemical shift. This pH
difference is unreasonably large, moreover expressing the change
in chemical shift of +0.5 ppm for PE, PC, and y-ATP in pH units
is either not possible, or goes beyond any physiologic condition.
Therefore, it seems likely that the metabolite signals in the breast
that do not match those in the liver are (GPtE + GPC) and GPtC.
Healthy liver is known to show high signals of GPC and GPE in
3P MRS in vivo and also in ex vivo perchloric acid extracts (38,
39). The peak labeled GPtC in the liver spectrum of Figure 2C
is sometimes referenced to as (potentially) phosphoenolpyruvate
(28, 40). However, it does not show up in *'P MRS perchloric acid
liver extract studies (38, 39), even though phosphoenolpyruvate
is sufficiently soluble in an aqueous phase.

The most likely reason for the nearly constant (GPtE + GPC)
signal over FID and echo sum (Figures 2A,B) is that aqueous
GPC, with a relatively long T3, increases in the echo sum, while
GPtC, just like GPtE, decreases in intensity due to short T5.

A recent lipidomic profiling study on healthy mammary
epithelial and breast cancer cells (41) has shown that in the mem-
branes of healthy mammary epithelial cells the concentration of
GPtC is approximately twice the concentration of GPtE. If we
assume that the T,-weighted echo-sum signal at the chemical shift
of GPtE + GPC in Figure 2B is indeed all GPC and we assume

T2 (GPtC) = 23 ms (breast)
2.2 ppm

100 150
nxTE{ms

50

FIGURE 3 | Signal decay [as quantified by spectral fitting of FID and echoes with JMRUI (33)] as a function of time of the GPtC peak at 2.2 ppm
obtained from (A) the breast (36) (echo spacing 45 ms) and (B) the true GPC peak from the liver (35) at 2.8 ppm (echo spacing 40 ms). Data were
obtained by the AMESING sequence (31) and are averaged values for the group of volunteers. Note the threefold reduced T of the *'P spins of GPtC in the breast
as compared to GPC in the liver. Images shown are (fast field echo) examples of breast and liver for one volunteer.
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FIGURE 4 | T;-fits of the progressive saturation measurements for the PDE signals (sum of five volunteers) in the breast at 7 T. (A) The T:-value of the
GPtC signal (mono-exponential decay) is 1.2 + 0.3 s. (B) The (GPtE + GPC) signal for the five volunteers was fitted bi-exponentially with a fixed short T: component

for GPtE taken equal to GPtC leading to a T; for GPC of 3.2 + 0.6 s.
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a similar T for GPC and PE and PC, then we can calculate the
GPtC to GPtE ratio by subtraction of the GPC contribution in
Figure 2A. This leads to a GPtC to GPtE ratio of 2, in close agree-
ment with the lipidomic profiling study. Minor contributions
from sphingomyelin and glycerophosphatidylserines, seen in the
lipidomic profiling study will probably add to the in vivo *'P MR
signal of GPtE and glycerophosphatidylinositol to the in vivo *'P
MR signal of GPtC, not altering the ratio substantially. Chemical
shift differences for these different phospholipids are reported by
Schiller and Arnold (15).

The *'P T values in liver can be low due to the presence of iron,
for instance, in the form of ferritin, which is known to increase
the relaxivity of water (42). In vivo values for T of *'P metabolites
(PE, PC, Pi, GPE, GPC) in the liver ranging between 37 and 71 ms
have recently been measured at 7 T in our hospital in a group of
five healthy volunteers (35). For the breast, however, we measured
that the T> of the *'P spins at the chemical shift of GPtC (36) is even
a factor 3 shorter than the T of the *'P spins of GPC in the liver
(35), as shown in Figure 3. In fact, compared to the reported T>
values — measured at 7 T — of PDEs in calf muscle [T, = 314 ms (43),
375ms (31)] or of PC and PE in the breast, the T, value of GPtC we
measured is almost an order of magnitude lower. Spectral fitting
of the FID spectrum of Figure 2A, simplified by equal line widths
for PE, PC, Pi, and equal linewidths for the PDE signals shows an
additional linewidth for the PDE signals of 9 Hz, which is close to
the calculated value of 12 Hz when considering the measured T, of
23 + 1 ms (35) and a T’ for the PMEs and Pi of ~ 160 ms.

The low signals for GPE and GPC in the echo-sum spectra
of the breast are corroborated by an in vitro extract study on
breast tumors by Smith et al. (14), where it was shown that GPE
and GPC concentrations are low in non-necrotic breast tumors
and that, at low field, PDE signals observed in vivo are mainly
from phospholipids. A recent LC MS study by Mimmi et al. (44)
showed a very low average concentration of only 0.04 mmol/kg
GPC in three healthy fibroglandular breast tissue samples.

Another reason to suspect that the dominant PDE signal we
observe in the breast at 7 T originates from mobile lipid structures
is based on the results of the Ti-measurements of the PDE signal
in the breast, as depicted in Figure 4. Here, the T} of GPtC was
fitted mono-exponentially leading to 1.5 + 0.1 s and the signal of
GPtE + GPC was fitted bi-exponentially with the T, of the GPtE
component fixed equal to the T; of GPtC. For the signal of the
aqueous GPGC, this leads to 6 + 2 s. The fitted T; of mobile GPtC is
three- to fivefold lower than that reported for GPC and GPE in calf
muscle and brainat7 and 3 T (43, 45, 46). A value of 1.4 s for the T}
of the *'P MRS signal of dipalmitoylphosphatidylcholine (DPPC)
vesicles with an average diameter of 100 nm has been measured
by Klauda et al. (47) above the phase transition temperature. For
multi-lamellar dispersions of dimyristoylphosphatidylcholine
(DMPC), a value around 1 s has been measured just above the
phase transition temperature by Dufourc et al. (48). The T}-value
of 6 s fitted for the GPC component, Figure 4B, agrees well with
the T'-values for GPC reported at 3 T and 7 T for calf muscle and
brain ranging from 4 to 7.8 s (43, 45, 46).

All presented data throughout this paper is based on average
spectra of the group of volunteers. This has the advantage that it
maximizes signal to noise and enables the most reliable relaxation

time fitting. A short coming is that individual physiological dif-
ferences between volunteers are averaged out.

The fitted linewidth of the two overlapping PDE signals of the
breast spectrum depicted in Figure 2A is 58 Hz (i.e., 0.5 ppm).
Bulk phospholipid bilayers show broad asymmetrical lineshapes
(several tens of ppm) caused by large chemical shift anisotropy
(49). Therefore, if the very sharp PDE resonances that we observe
are from MPL, then these MPL must be highly mobile phospho-
lipids, for which chemical shift anisotropy and dipolar couplings
are sufficiently averaged out. Especially at ultra-high field, relaxa-
tion by chemical shift anisotropy that goes with the square of the
field causes additional line broadening as compared to spectra
recorded at lower field strength. Highly mobile phospholipids
can be found in small-sized vesicles (<50 nm) (50), and in large
arrays of lipidic particles (51), inter-lamellar attachments (52),
and inverted cubic structures (52-54) within the lipid bilayer.

A rough estimate of the percentage of in vivo visible mobile
phospholipids at 7 T can be made as follows. The ratio of PE to
PC s ~2 and the PME to PDE ratio is ~1 (Figure 2A). A weighted
average of PC concentrations measured in healthy breast tissue by
Mimmi et al. (44) is 0.08 mmol/kg, with PE/PC = 2 (Figure 2A),
this leads to a PME concentration of ~ 0.2 mmol/kg. Most of the
PDE signal is from mobile phospholipids (Figures 2A,B). The total
concentration of phospholipids in human tissues is in the range of
17-83 mmol/kg (55). With a signal ratio of PDEs to PMEs in breast
glandular tissue of 1.4 at Tr = 6 5 (35) and a T; of PMEs of 5 s (56)
and a T; of mobile phospholipids of 1.5 s, the total concentration
of in vivo visible mobile phospholipids in the human breast at 7 T
is also of the order of ~0.2 mmol/kg. This leads to a crude estimate
of the visible mobile phospholipid fraction at 7 T of 0.2-1.2%.

CONCLUSION

The PDE signals from the breast, as measured with MRSI tech-
niques at 7 T in vivo, show aberrant behavior from aqueous GPE
and GPC. The T; and T, relaxation values for these PDE signals
are too short to represent true aqueous GPC and GPE. In addi-
tion, the chemical shifts of these PDE signals do not correspond
to GPE and GPC, but are shifted —0.5 ppm with regard to these,
and correspond to chemical shift values of GPtE and GPtC. These
PDE signals could originate from mobile lipid structures such
as small vesicles with diameters <50 nm, large arrays of ILAs or
large domains of inverted cubic phases within the lipid bilayer.
As the PC over GPC ratio is used as a biomarker in breast cancer
research, the in vivo obtained value will be contaminated with
signal from GPtE - having a similar chemical shift as GPC - or
the GPtC peak may be erroneously assigned as GPC.
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The role of apparent diffusion coefficient (ADC) in the diagnosis of breast cancer and
its association with molecular biomarkers was investigated in 259 patients with breast
cancer, 67 with benign pathology, and 54 healthy volunteers using diffusion-weighted
imaging (DWI) at 1.5 T. In 59 breast cancer patients, dynamic contrast-enhanced MRI
(DCEMRI) was also acquired. Mean ADC of malignant lesions was significantly lower
(1.02 £ 0.17 x 10-* mm?/s) compared to benign (1.57 + 0.26 x 102 mm?/s) and healthy
(1.78 + 0.13 x 103 mm?/s) breast tissues. A cutoff ADC value of 1.23 x 10° mm?/s
(sensitivity 92.5%; specificity 91.1%; area under the curve 0.96) to differentiate malig-
nant from benign diseases was arrived by receiver operating curve analysis. In 10/59
breast cancer patients, indeterminate DCE curve was seen, while their ADC value was
indicative of malignancy, implying the potential of the addition of DWI in increasing the
specificity of DCEMRI data. Further, the association of ADC with tumor volume, stage,
hormonal receptors [estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor (HER2)], and menopausal status was investigated. A significant
difference was seen in tumor volume between breast cancer patients of stages IlIA and
lIA, 1IB and 1A, and lIB and Il (B + C), respectively (P < 0.05). Patients with early breast
cancer (n = 52) had significantly lower ADC and tumor volume than those with locally
advanced breast cancer (n = 207). No association was found in ADC and tumor volume
with the menopausal status. Breast cancers with ER—, PR—, and triple-negative (TN)
status showed a significantly larger tumor volume compared to ER+, PR+, and non-
triple-negative (NTN) cancers, respectively. Also, TN tumors showed a significantly higher
ADC compared to ER+, PR+, and nTN cancers. Patients with ER— and TN cancers
were younger than those with ER+ and nTN cancers. The present study demonstrated
that ADC may increase the diagnostic specificity of DCEMRI and be useful for treatment
management in clinical setting. Additionally, it provides an insight into characterization of
molecular types of breast cancer and may serve as an indicator of metabolic reprogram-
ing underlying tumor proliferation.

Keywords: diffusion-weighted MRI, breast cancer, apparent diffusion coefficient, benign lesions, molecular
biomarkers, estrogen receptor, progesterone receptor, human epidermal growth factor receptor 2
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INTRODUCTION

Breast cancer is a heterogeneous tumor exhibiting five molecu-
lar types, classified by gene profiling and the expression of hor-
monal receptors such as estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor (HER2) (1).
The pre-operative tumor size nodal status metastasis (TNM)
stage, tumor grade, receptor status, lymph node status, and
Ki-67 were outcome predictors of breast cancer in previous
studies (2, 3). Accordingly, early diagnosis of malignancy in
individual patients may be important for a successful therapy.
Mammography is the primary diagnostic screening tool, despite
its limitation in sensitivity and specificity, especially in regard
to the dense breast (4, 5). In such cases, ultrasound is useful.
However, it has limitations in detecting microcalcification and
ductal carcinoma in situ (DCIS) (6). Breast magnetic resonance
imaging (MRI) has become an important adjunct modality in
the evaluation of suspicious mammographically occult breast
lesions, detection of tumor recurrence, and screening of
women with high-risk cancer and those with breast implants
(7). It is also useful in pre-operative tumor staging and in the
assessment of post-therapy residual disease in a clinical set-
ting (7). The use of dynamic contrast-enhanced (DCE) MRI
with gadolinium-based contrast agents depicts high-resolution
tumor morphology and allows for contrast uptake kinetics,
tumor angiogenesis, and vascularity (8). The DCEMRI has
been shown to have high sensitivity (93-99%) but with variable
specificity (37-85%) (9).

The rapid proliferation of cancer is associated with repro-
graming both the anabolic and catabolic pathways, supporting
its growth and altering the intracellular and extracellular milieu.
Functional MR imaging technique - such as diffusion-weighted
imaging (DWI) - is useful to monitor such changes associated
with tumor proliferation (10-12). By measuring diffusion con-
stant of water molecules, DWI provides information about the
extracellular and intracellular tissue compartments as well as the
altered pathologies during cancer growth. The presence of cell
membranes, macromolecules, and organelles restrict the motion
of water molecules, and therefore decreases the diffusion constant
of water compared to free aqueous solution. This is represented
as apparent diffusion coefficient (ADC) (13). ADC has been used
in differentiating various tissue pathologies, and DWT has in fact
been established as an important adjunct technique with many
clinical applications (10, 14). Studies have documented a relation-
ship between the cell density and ADC (12, 15). Applications of
DWTI include characterization of malignant, benign, and healthy
breast tissues (12, 16-18), and monitoring of the therapeutic
response of breast tumors (19, 20). A correlation of ADC with the
histological features and the enhancement ratios using DCEMRI
has been reported (21). The growth patterns of cancer and the
architectural features of stroma using DWI (21) and the correla-
tion between ADC with the molecular markers of breast cancer
have been reported (22-26). The addition of DWI increases the
specificity of DCEMRI (27).

The objectives of the present study were (a) to determine a
cutoff value of ADC for the differentiation of malignant, benign,
and healthy breast tissues in a large cohort of subjects; (b) to

evaluate the potential of quantitative DWI in differentiating
various histological types of malignant and benign lesions; (c) to
evaluate the potential of ADC in indeterminate DCEMRI find-
ings in a sub-group of patients; and (d) to examine the associa-
tion of ADC, stage, tumor volume, age, menopausal status, and
hormonal receptors in these patients.

PATIENTS AND METHODS

Patients

In this prospective study, a total of 388 subjects, including 259 with
breast malignancy, 67 with benign breast pathology attending the
breast cancer clinic of our Institute, and 54 healthy volunteers,
were recruited during the period of 2007-2015. However, data
of 8 subjects [malignant (n = 4), benign (n = 2), and healthy
volunteers (n = 2)] were excluded from analyses because of
motion and other artifacts. The demographic and histological
details were presented in Table 1. American Joint Committee on
Cancer (AJCC) TNM criteria were used for clinical staging of
patients, which included stage IIA, IIB, IIIA, and IIIB + C. In
breast cancer patients, MR was performed prior to therapy with at
least 1 week after the core biopsy. The purpose and the methodol-
ogy of the study were fully explained to all the subjects. All studies
were carried out as per the standard regulatory guidelines of the
institute ethics committee, which approved the study, and writ-
ten informed consent was obtained from each subject. Clinical
history and physical examination was taken for all patients. An
ultrasonography, mammogram [Breast imaging Reporting and
Data System (BIRADS) IV and V lesions], and histology (fine
needle aspiration cytology/core biopsy) were performed. All
patients had clinically palpable lumps, and the size of tumor was
measured in two dimensions using a Vernier caliper after palpa-
tion. In this study, there were no patients with non-subcutaneous
tumors.

Biopsied tissues were subjected to histology and immuno-
histochemical examinations to determine the expression of
hormonal receptors, such as ER, PR, and HER2, status according
to the standard published guidelines by the American Society
of Clinical Oncology/College of American Pathologists (28).
Patients with HER2 expression scores of 0 and 1+ were catego-
rized as HER2 negative (HER2—) and those with the scores of
3+ were categorized as HER2 positive (HER2+). Patients with
a score of 24 were excluded from the analysis since their data of
fluorescence in situ hybridization were not available. Accordingly,
the ER status was available for 185 patients, PR status for 182, and
HER? status for 144 patients, and other details were presented in
Table 1.

All patients underwent metastatic workup as per the standard
guidelines for clinical staging of the tumor prior to any interven-
tional procedure such as neoadjuvant chemotherapy (NACT) or
surgery. Further, the metastatic workup included liver function
tests, chest roentgenogram, and ultrasound evaluation of abdo-
men, pelvis, and bone scan. Patients with metastasis, atypia,
claustrophobic, on prior treatment, radial scar, pregnant, using
contraceptive pills, metallic implants, pacemaker, etc., and also
those not willing to take part in the study, were excluded.
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TABLE 1 | Demographic details of subjects.

Breast cancer (n = 259)

Age in years [mean + SD (range)] 45.4 +10.5 (19-70)

aHistology type

Number
Invasive ductal carcinoma (IDC) 182
IDC with ductal carcinoma in situ (DCIS) 8
IDC + mucinous carcinoma 6
DCIS + cribriform type 2
Papillary carcinoma 1
Ductal adenocarcinoma 2
Lobular carcinoma 3
Medullary carcinoma 1
Neuroendocrine tumor 1
Malignant phyllodes 1
Pagets disease 1
Fibrous stroma 1
AJCC stage
A 52
B 49
A 45
B+ C) 113
Hormone receptor status
ER+ 93
ER- 92
PR+ 82
PR— 100
HER2+ 56
HER2— 84
HER2 2+ 23
Triple negative (TN) 26
Non-triple negative (NTN) 155
Triple positive (TP) 13
Benign lesions (n = 67)
Age in years [mean + SD (range)] 30 + 9.4 (13-61)
Histology type

Number
Fibroadenoma 33
Phyllodes 8
Benign ductal epithelial cells 8
Fibrocystic fioroadenoma 8
Cysts 6
Benign proliferative breast disease 1
Fibroepithelial lesion 1
Sclerosing adenosis 1
Mastitis 1
Healthy volunteers (n = 54)
Age in years [mean + SD (range)] 30 + 9.4 (13-61)

2Histopathology available for 209 breast cancer patients only.

MR Imaging

MR imaging was performed using a four-channel-phased array
breast matrix receiver coil at 1.5 T (Magnetom AVANTO, Siemens
Healthcare Sector, Germany). Subjects were positioned with head
first in prone position with each breast fitting into the cup of the
coil. Following the scout images, short tau inversion recovery
coronal images were acquired with repetition time (TR) and time
to echo (TE) of 6940 and 58 ms, respectively; slice thickness of
3 mm; and a matrix size of 320 X 256. Also, fat-suppressed MR
images were acquired in transverse and sagittal planes (TR and
TE of 6270 and 102 ms, respectively; slice thickness = 3 mm with
no gap; matrix size = 512 X 440). DCEMRI in the axial plane
was carried out for 59 breast cancer patients using a fat-saturated

3D FLASH (fast low angle shot) sequence with the following
parameters: TR and TE of 5.46 and 2.53 ms, respectively; flip
angle = 12°; matrix size = 305 X 448; and slice thickness = 1.4 mm
with no gap. Gadolinium-diethylene triamine pentaacetic acid
(Gd-DTPA) contrast agent (0.1 mmol/kg) was injected using
automatic injector at a rate of 2 ml/s followed by saline flush. One
pre- followed by five post-gadolinium image series were acquired
with a total acquisition time of 5.5 min (6 X 55s).

Diffusion-weighted imaging sequence calibration was carried
out using a single compartment phantom for water and acetone
prepared in separate containers. The mean ADC for water and
acetone were 2.25 + 0.03 X 10~ and 4.1 = 0.17 X 10> mm?/s,
respectively, which were in agreement with the literature (12).
Reproducibility of ADC measurements were checked with
repeated measurements, and the coefficient of variance (COV)
were within 1 and 4% of error limit for water and acetone, respec-
tively. DW images were acquired in the transverse plane covering
both the breasts using a single shot echo-planar imaging sequence
with the diffusion gradients applied along the orthogonal direc-
tion concurrently to reduce motion artifacts (10). The parameters
used for DWI were b = 0, 500, and 1000 s/mm?* TR = 5000 ms;
TE = 87 ms; FOV = 250-350 mm; NSA = 1; EPI factor = 128;
acquisition matrix = 128 X 128; and slice thickness = 4-5 mm
without any inter slice gap. The total acquisition time was 42 s.
A minimum of two b values are necessary for the measurement
of ADC; however, the curve fitting with more than two b values
reduces the error in ADC estimation by linear regression method;
hence, DWI scan with three b values was acquired.

ADC Measurement

Mean ADC values were calculated using an ADC map and by
drawing contiguous circular ROIs of five pixels (size = 0.49 cm?)
on the lesion (malignant and benign lesions) from each patient
and from the entire healthy breast tissue in volunteers. For ADC
calculation, the mean number of ROIs used for malignant cases
was 20 (range 2-137), 19 (range 2-75) for benign cases, and 36
(range 8-163) for healthy volunteers.

Tumor Volume Measurement

The tumor volume was measured from MR images by a perim-
eter method using the formula: volume = ST (A1 + A2, ..., An),
where ST is the slice thickness and A is the area of the tumor
(20). The subtracted axial dynamic images were used for volume
calculation, while sagittal (T2 fat-saturated) images were used in
patients for whom DCEMRI could not be carried out. All slices
(with no inter slice gap) in which the tumor was seen were used
for volume calculation using free hand ROIs. In six malignant
lesions of infiltrating ductal carcinoma (IDC) type, ROIs were
drawn twice to find out intra-individual variation, which was
later verified by another co-author (Uma Sharma). The difference
between the COV of the two measurements (inter-individual)
was 0.001, and 95% confidence intervals of the difference (CI)
was —1.633 to —1.341, indicating that there was no significant
variation between the two measurements. The inter-observer
agreement was assessed using intraclass correlation coefficient
(ICC). The ICC was 0.99, indicating better reproducibility of
volume measurements by two different observers.
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Statistical Analysis

One-way analysis of variance (ANOVA) followed by Bonferroni
post hoc correction was used for comparisons of mean ADC
among malignant, benign, and healthy breast tissues. Further,
comparison of mean ADC values was also carried out using the
analysis of covariance (ANCOVA), considering age as a covariate
since mean age was significantly different among the three groups.
Receiver operating curve (ROC) analysis was used to obtain cutoff
values of mean ADC for the differentiation of malignant, benign,
and healthy breast tissues. The sensitivity and specificity of ADC
were also calculated. Student’s ¢-test was used to compare the age
(years), mean ADC, and tumor volume between patients with
positive and negative hormonal receptor status. ANOVA with
Bonferroni post hoc correction was used for comparisons of mean
ADC and tumor volume among various tumor stages. A P-value
of <0.05 was considered significant. All statistical analyses were
carried out using statistical software SPSS 19.0.

RESULTS

Figure 1 shows the T2-weighted MR image of (A) a 28-year-old
patient with IDC; (B) a 25-year-old patient with benign fibroad-
enoma; and (C) that from a 30-year-old normal healthy volunteer.
The DWI images obtained for malignant, benign, and healthy
breast tissues are shown in Figures 1D-F, while the respective
ADC maps obtained are shown in Figures 1G-I. Figure 2A shows
the representative DCE image of a 56-year-old locally advanced
breast cancer (LABC) patient with IDC, and the corresponding
Type III curve obtained from the ROI positioned in the lesion is
shown in Figure 2B. T2-weighted image and the ADC map of
the same patient are shown for comparison in Figures 2C,D. The
malignant lesion was hypointense compared to the surrounding
tissue on T2-weighted image, while on DCE image, the lesion was
hyperintense. The time intensity curve showed a washout pattern,
which was indicative of malignancy. In addition, on ADC map,
the lesion was hypointense, suggestive of restricted diffusion.

Differentiation of Malignant, Benign

Lesions, and Healthy Breast Tissues
The mean ADC of malignant lesions was significantly
lower (1.02 + 0.17 X 107 mm?*s) compared to benign
(1.57 +0.26 X 10> mm?/s) and healthy (1.78 + 0.13 X 10> mm?/s)
breast tissues (Table 2; Figure 1). Also, a significant difference
in the age-adjusted ADC of malignant compared to benign and
healthy breast tissues of volunteers was obtained (Table 2). The
ADC of various histological types of malignant lesions was simi-
lar as shown in Table 3. A comparison of ADC among various
benign lesions showed that the ADC was significantly lower in
fibroadenomas compared to fibrocystic with fibroadenoma and
cystic lesions (P < 0.05; Table 4). Further, the ADC of benign
ductal epithelial was also significantly lower compared to fibro-
cystic with fibroadenoma and cystic lesions (P < 0.05; Table 4).
Using ROC analysis, a cutoft value of 1.23 X 107> mm?*/s [sen-
sitivity of 92.5%; specificity of 91.1% and area under the curve
(AUC) of 0.96] was determined to differentiate malignant from
benign breast tissues (Table 2).

Furthermore, utility of ADC as an aid in the diagnosis of
malignancy in patients with indeterminate DCE findings was
evaluated in 59 patients with malignant lesions. Of these, 49
lesions showed a Type III washout curve indicating malignancy,
while 9 showed Type II curve, and 1 patient showed Type I curve,
suggestive of indeterminate DCE findings (Table 5). However,
their ADC values were below the cutoff value (1.23 X 107> mm?/s).
Three patients with IDC demonstrated an ADC that was above
the cutoff value with a Type III curve on DCEMRYI, indicating the
false-negative finding (Table 5).

Comparison of ADC, Volume, and Age in
Malignant Tumors Classified Based on the
Stage, Menopausal, and Hormonal
Receptor Status

Significant difference in tumor volume was seen, while there was
no significant difference in the mean ADC of tumors with dif-
ferent AJCC stages (Table 6). Also, ADC and the tumor volume
were significantly higher in LABC patients compared to those
with early breast cancer patients (EBC; P < 0.05; Table 6).

Our data further showed that patients who were negative
for all receptors, i.e., patients with triple negative (TN) status
were of younger age, had a larger tumor volume and a higher
ADC value compared to those with non-triple negative (nTN),
ER+, and PR+ status. Also, ER— patients showed a larger tumor
volume and were of younger age group compared to those with
ER+ status (Table 6). The tumor volume of 13 triple positive
(TP) patients (positive for all three receptors, i.e., ER+, PR+,
and HER2+) was significantly lower than the TN patients, while
there was no significant difference in patients’ age and mean
ADC value between these two groups. No association was seen
between ADC, tumor volume, and the menopausal status of
patients (see Table 6).

DISCUSSION

Metabolic reprogramingis an importantarea of research that com-
bines numerous aspects of metabolic adaptation associated with
the cancer proliferation. Cancer cells upregulate their metabolism
to meet their biosynthetic demands to facilitate the uncontrolled
cell replication, leading to changes in the tissue characteristics
and the microenvironment, and these could be monitored using
DWTI. Due to its potential to improve the characterization and
diagnosis of breast lesions, DWT is increasingly being included in
breast MRI protocols. The present study investigated its potential
in the characterization of breast lesions and its association with
prognostic factors, such as tumor stage and hormonal receptor
status, in a large cohort of subjects. Our data showed that ADC
of malignant lesions was significantly lower compared to benign
lesions and healthy breast tissues of volunteers. Also, the age-
adjusted ADC of healthy breast tissues was significantly higher
compared to the benign breast tissues. These findings were in line
with previous studies (29-34). Malignant tumors are character-
ized by high proliferative activity that increases the cell density
and consequently restricts the diffusion of water molecules result-
ing in a lower ADC value (12, 29, 35). A significant relationship
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FIGURE 1 | T2-weighted MR images of (A) a 28-year-old patient with infiltrating ductal carcinoma (IDC); (B) a 25-year-old patient with benign fibroadenoma; and (C)
a 30-year-old volunteer with healthy breast tissue. The respective DW images are shown in (D-F), while the ADC maps obtained are shown in (G-I).

has been reported between ADC and the tumor cellularity using
histology (11, 18, 36, 37).

We found 12 different histological types of malignant lesions
in our study cohort, which showed similar ADC values. Eight
patients with IDC had components of DCIS, and the mean ADC
of these lesions was similar to that of IDC lesions. This might be
due to increased endoductal cellular density. Several studies have
reported higher ADC in DCIS compared to IDC lesions (16, 17,
24, 25, 31, 38). Elucidation of DCIS tumors using DWT has not
been consistent due to interspersed distribution of cancer cells
and healthy breast parenchyma (17). Medullary invasive cancer,
a rare low grade tumor, also showed a low ADC similar to IDC
lesions (16, 18, 31). Further, six patients presented with mucinous
carcinoma with IDC, and the mean ADC was also similar to that
seen for IDC lesions. Few studies have reported a higher ADC for
mucinous carcinoma compared to IDC, which has been ascribed
to the presence of colloidal mucin content (18) and the relative
volume of the mucin and the cellularity of lesion (17, 35). In our
study, patients with invasive lobular carcinoma (n = 3), Paget’s

disease (n = 1), fibrous stroma (n = 1), and phyllodes (n = 1)
also showed a lower ADC, similar to that seen for IDC lesions.
However, the number of patients in these histological types was
less to draw any definitive conclusion.

Additionally, the ADC values were compared among the
various histological types of benign lesions. Mean ADC was
statistically lower in fibroadenomas and benign ductal epithelial
lesions compared to fibrocystic with fibroadenoma and cystic
lesions (16, 29). Cystic lesions represent a pouch filled with fluid
and proteins, and therefore have less restricted water diffusion
compared to that seen in fibroadenomas, which are solid lesions
with relatively more cellularity. In literature, lower ADC in
fibroadenoma lesions has been reported, which was attributed to
the presence of fibrous component (16, 39, 40), while in our study,
only one fibroadenoma and one fibrocystic with fibroadenoma
lesion showed a low ADC value. Benign phyllodes, mastitis, and
benign proliferative lesions showed higher ADC characteristic of
benign breast disease. In contrary, a low ADC value similar to
malignant tumors has been reported for mastitis (17).
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FIGURE 2 | (A) T1-axial DCEMR image of a 56-year-old patient with infiltrating ductal carcinoma (IDC); (B) Type IIl dynamic curve with washout pattern from the ROI
shown in the lesion; (C) T2-weighted fat-saturated axial image; and (D) the ADC map of the same patient.

TABLE 2 | Distribution of mean ADC in malignant and benign breast
lesions, and healthy breast tissue of volunteers and cutoff ADC values
using ROC analysis.

Malignant Benign Healthy volunteers
(n = 259) (n =67) (n = 54)
ADC (x10-° mm#/s) 1.02 +£0.17 1.57 + 0.26" 1.78 £ 0.13%
(mean + SD)
ANCOVA
ADC (x10*mm?/s)  1.06 (1.04, 1.09) 1.61 (1.55, 1.68)* 1.83(1.76, 1.89)*
Adjusted mean
(95% Cl)®
Malignant vs. Malignant vs. Benign vs. healthy
benign healthy volunteers volunteers
Difference between ~ 0.55 (0.55, 0.56) 0.76 (0.76, 0.77)  0.21 (0.21, 0.22)
means (95% Cl)
ROC analysis and ADC cutoff
Malignant vs. 1.23 (sensitivity 92.5%; specificity
benign 91.1%; AUC 0.96)
Malignant vs. 1.43 (sensitivity 100%; specificity
healthy 98.1%; AUC 0.99)
Healthy vs. 1.69 (sensitivity 75.9%; specificity
benign 74.6%; AUC 0.79)

CAdjusted for age.
*Denotes P < 0.05 between benign vs. malignant; malignant vs. healthy volunteers.
“Denotes P < 0.05 between benign vs. healthy volunteers.

With the availability of ADC values from a large cohort of
malignant, benign, and healthy breast tissues, we determined
a cutoft value of mean ADC using ROC curves to predict
malignancy. A cutoft value of 1.23 X 10~ mm?*/s was obtained to
differentiate malignant from benign disease, which was similar
to that reported previously (20, 30, 31, 41). However, a few
studies have reported a higher cutoff, which may be due to the
variability in experimental parameters used such as low b values
(14, 16). Further, a meta-analysis of 13 studies that included 615
malignant and 349 benign lesions reported a sensitivity of 84%
and a specificity of 79% with area under the curve (AUC) of 0.90
for ADC to differentiate between benign and malignant lesions.
The sensitivity and the specificity calculated in this meta-analysis
were lower than that seen in the present study (32). This was
attributed to the variation in methodology and the b values used
across studies (32). At low b values (<200 s/mm?), the effect of
perfusion is more, while at high b values, pure diffusion com-
ponent would dominate the measured signal (42). The b values
used by us emphasize on minimizing the perfusion and T2
shine-through effect. Also, a cutoff value of 1.43 X 10~ mm?/s
(sensitivity 100%; specificity 98.1%) was obtained to discrimi-
nate malignant from healthy breast tissue, which was similar to
our earlier observation (20).
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TABLE 3 | Distribution of mean ADC, volume, and age in various histological types of breast cancer patients (n = 209).

Malignant lesions (histological types) Number (n) Age (years) (mean + SD) ADC (x10-® mm?/s) (mean + SD) Volume (cm?) (mean + SD)
IDC 182 45.4 +10.2 1.00 £ 0.16 78.5 +89.7
IDC + DCIS 8 43.6 +12.9 1.05+0.15 413 +£25.9
IDC + mucinous (or colloid) 6 422 +19.2 1.05£0.17 59.3 +64.0
Papillary 1 53 1.01 29.0
Lobular 3 53.6+7.5 0.96 + 0.09 73.4 +76.7
Ductal adenocarcinoma 2 51.5+99 0.91+0.19 42.9 +28.2
DCIS + cribriform 2 35.4 +14.4 0.97 31.9+19.6
Neuroendocrine 1 65 0.99 15.5
Fibrous stroma 1 53 0.94 29.1
Malignant phyllodes 1 50 1.02 23.5
Paget disease 1 40 0.99 7.2
Medullary 1 57 1.08 30.6
Total 209

TABLE 4 | Distribution of mean ADC values and age in various
histological types of benign breast lesions.

Benign lesions Number (n) Age

(mean + SD)

ADC (x10-* mm?/s)
(mean + SD)

Fibroadenomas 33 29.1 +10.1 1.48 £ 017"
(FA)

Benign ductal 8 309+7.5 1.42 +0.18°
epithelial

Benign phyllodes 8 31.3+12.7 1.783+0.25
Fibrocystic with FA 8 298 +4.4 1.80 + 0.31%@
Cyst 6 335+ 115 1.80 £ 0.30*¢
Sclerosing 1 29 1.18
adenosis

Mastitis 1 34 1.44
Fibroepithelial 1 32 1.66
Benign proliferative 1 20 1.79
Total 67

*P < 0.05 between fibroadenoma and fibrocystic disease with FA and cyst.
2P < 0.05 between benign ductal epithelial cells and fibrocystic disease with FA and cyst.

Further, we compared the DCEMRI kinetics and the ADC
data in detecting malignancy in 59 breast cancer patients. Of the
59 lesions in these patients, 49 showed washout curve (Type III),
which was characteristic of malignancy, while 10 showed inde-
terminate curves [Type I (n = 1) and Type II (n = 9)]. However,
the ADC values obtained in these 10 lesions were below the cutoff
value (1.23 X 107> mm?/s), indicative of positive for malignancy.
Of these 10 lesions, 8 were IDC, 1 was DCIS + cribriform, and the
other 1 was papilloma. Kuhl et al. also have reported DCE kinetics
to be inconsistent for diagnosis of DCIS lesions (8). Thus, our
findings demonstrated that addition of DWTI increases the sensi-
tivity and the diagnostic accuracy of breast cancer (17, 26, 30, 43).
Also, DWT has a significant advantage over DCEMRI as diffusion
is highly sensitive to changes in the cellular environment, and
there is no need to use contrast agent (17). Additionally, DWT has
a short scan time. It has also been reported that DWI of breast
in combination with T2-weighted imaging has the potential to
improve the specificity of breast cancer diagnosis (17). However
in our study, three IDC patients with AJCC stage III A and with
Type III curve showed an ADC value which was above the cutoff,
which may be attributed to the intermingling necrotic cores seen
in such large sized tumors (44).

Further, the association among ADC, age, hormonal receptor
status, tumor volume, stage, and the menopausal status of patients
was investigated. Tumor volume and ADC showed no association
with the menopausal status. The tumor volume was significantly
different among various AJCC stage tumors, while ADC was not
significantly different. LABC patients had a higher ADC and a
larger tumor volume compared to EBC patients. Correlation
between ADC and the histologically determined tumor size has
been reported (36). Higher ADC in large sized tumors may be
related to the formation of intermingling necrotic regions due to
non-uniform supply of nutrients in fast growing tumors. It is well
recognized that by upregulating their metabolism, cancer cells
eventually grow into a tumor mass, and further growth requires
abundance of nutrients to support biosynthesis of nucleic acids,
proteins, and lipids essential for replication. However, the nutri-
ent supply for cancer cells varies across the tumor mass, and the
cells on the surface of the tumor may get more nutrients and
continue replicating, but cells at the central regions may die due to
limited availability of nutrients (45, 46). Further, the gradients in
nutrient availability in different regions of the tumor are an out-
come of altered metabolic pathways such as glucose metabolism,
glutamine synthesis, and oxygen availability (47). Thus, there will
be lack of uniform availability of nutrient material affecting the
metabolic activity and the viability of tumor cells. This eventually
would lead to a heterogeneous mixture of dead, quiescent, and
mitotic cellsin large sized tumors, which is reflected in parameters
such as ADC and tCho concentration determined by functional
MR techniques. It was documented that ADC reflects the relative
necrotic content of tumors as relative volume fraction of water in
the extracellular space is increased due to cell death, leading to
higher ADC (48). Further, EBC had a higher tCho concentration
compared to LABC, indicating more necrotic cores in LABC
(49). In an earlier study, ADC was used to delineate necrotic and
viable regions using DWT in patients who cannot afford the cost
of contrast (44). In the calculation of ADC, the visible hyperin-
tense necrotic areas were avoided; however, there is a possibility
that intermingling microsized necrotic regions might have been
included in the ROIs, especially in large tumors, which might
have led to higher ADC seen in LABC patients.

Triple-negative cancers showed a higher ADC compared to
nTN cancers, which is in agreement with the findings of Youk et al.
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TABLE 5 | ADC value, histology, stage, volume, and BIRADS of breast cancer patients who showed Type | or Il curve on DCEMRI and those patients

who showed ADC above the cutoff value.

Patient no. Histology Curve type ADC (x10-2 mm?/s) Tumor volume (cm?) AJCC stage BIRADS
1. IDC Type | 1.09 77.92 1B 5
2. IDC Type Il 1.16 117.6 1B 5
3. DCIS + cribriform Type Il 0.97 45.85 IIB 5
4. IDC Type Il 0.95 2.38 A 4b
5. IDC Type Il 0.98 78.34 I8 4
6. IDC Type Il 1.08 5.26 A 6
7. Papillary carcinoma Type Il 1.02 29.06 1B 5
8. IDC Type Il 0.98 59.82 A 3
9. IDC Type Il 0.97 29.35 B +C 4

10. IDC Type ll 0.92 44.92 A 4

Breast cancer patients with Type |lI

curve but mean ADC above cutoff
1. IDC Type Il 1.31 54.52 A 5
2. IDC Type lll 1.24 41.43 A 5
3. IDC Type lll 1.28 160.27 A 5

TABLE 6 | Distribution of mean ADC, age, and volume in various subgroups of breast cancer patients based on tumor stage, menopausal, and hormonal

biomarker status.

Groups Number (n) Age (years) (mean + SD) ADC (x10-® mm?/s) (mean + SD) Volume (cm?) (mean + SD)
Premenopausal (Pre) 119 36.4 + 5.9% 1.02 +0.18 78.50 + 80.60
Postmenopausal (Post) 140 53.0 +7.5% 1.02 +0.17 70.45 + 87.33
EBC 52 46.7 £ 11.9 0.98 +0.18% 17.67 £19.12%
LABC 207 45.0 +10.4 1.08+0.17¢ 88.17 + 88.26°
Stage IIA 52 46.7 £ 11.9 0.98 +0.18 17.67 +19.12*
Stage IIB 49 43.8 +10.4 0.98 +0.12 49.34 + 51.74*
Stage IIIA 45 46.0 +9.2 1.05 £ 0.20 82.23 + 70.04*
Stage Il B + C) 113 45.2 +10.9 1.04 +0.17 107.21 + 101.02*
HER2+ 56 44.7 +10.3 1.03 +£0.16 94.60 + 93.27
HER2— 84 451 +£11.1 1.02 +0.15 84.47 + 83.74
ER+ 93 47.8 + 10.8° 0.99 +0.14 54.57 + 50.62%
ER- 92 43.4 + 10.5° 1.02 +0.16 97.72 + 104.94%
PR+ 82 469 +11.4 1.00+0.14 64.81 + 61.747
PR- 100 44.4 +10.2 1.02 +£0.16 86.71 + 100.297
Triple-negative (TN) 26 40.9 + 9.9* 1.07 £ 0.19* 111.21 + 116.34¥
Triple-positive (TP) 13 428 +12.2 1.01 +£0.16 61.19 +£ 69.51¥
Non-triple-negative (NTN) 165 46.4 +10.8+ 1.00 + 0.14* 69.21 + 74.06¥

St+Age P < 0.05: between Spre vs. post; *ER+ vs. ER—; *TN vs. nTN.
@*ADC P < 0.05: between °EBC vs. LABC; *TN vs. nTN.

8 &1¥/olume P < 0.05: between *EBC vs. LABC; *stages lIA, IIB, llIA, and Il (B + C); *ER+ vs. ER—; PR+ vs. PR—; YTN vs. nTN and TN vs. TP,

*Significant difference in tumor volume of different tumor stages.

(23). Also, TN cancers had a larger tumor volume compared to
nTN cancers due to aggressive and high proliferative activity (23).
It has been established that metabolic reprograming of both cata-
bolic and anabolic pathways occurs to support the survival and
high proliferation of cancer cells (47). This metabolic demand is
fulfilled by the overexpression of several enzymes such as pyruvate
kinase and glutamine fructose 6-phosphate transaminase (50).
Higher glutamine utilization compared to other breast cancer
types has been reported in TN cancers, indicating higher energy
demand for cell proliferation (51). Further, lipid reprograming
with upregulation of genes involved in lipid biosynthesis has also
been reported to be an important hallmark of cancer develop-
ment and progression (52). However, TN cancers had lower
concentration of tCho (membrane metabolites) compared to
that seen in nTN and TP cancers (51). This observation indicates

the presence of intermingling necrotic cores in large sized TN
cancers and the molecular heterogeneity of breast lesions (51).
It was reported that 56% of TN cancers showed intratumoral
necrosis (23) and frequent rim enhancement, suggestive of high
angiogenesis in the periphery of the tumor, central necrosis, and
fibrosis (53). Additionally, the TN group consisted of younger and
premenopausal women as reported in literature (54, 55).
Further, our results revealed that ER— cancers had a larger vol-
ume and were of younger age compared to ER+ cancers (56, 57).
Higher proliferative activity (58) and higher micro-vessel density
associated with a larger volume (59) has been documented in
ER~— cancers. Studies have reported lower ADC in ER+ compared
to ER— cancers (25, 42, 56, 60), while the value was similar for
these cancers in our study. PR+ showed a lower ADC compared
to PR— cancers (25, 61), while a higher ADC has been reported
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in HER2+ cancers (53, 56, 60, 62). In the present study, there was
no significant difference in ADC of HER2+ and PR+ compared
to HER2— and PR— cancers. Many studies showed no associa-
tion of ADC with the hormonal receptor status (22, 24, 63, 64).
Thus, variable findings are seen in literature on the association of
hormonal receptor status with the ADC values in breast cancer
patients.

Several factors may be responsible for such variable find-
ings in the ADC values and its association with the hormonal
status of breast cancer patients. First, it may represent the
heterogeneous nature of breast cancers, which may be related to
the biological behavior of cancers in relation to the expression
of various receptors. Inhibition of angiogenic pathway due to
estrogen hormone has been reported in ER+ cancers, which may
decrease the perfusion in ER+ cancers (22, 65). Recently, Cho
etal. reported that higher ADC in ER— cancers may be related to
the tumor vascularity and perfusion using intravoxel incoherent
motion imaging (42). Hyder et al. have shown that progesterone
may increase the angiogenesis through regulation of VEGF in
breast cancer (66). Association between angiogenesis and HER2
expression has also been described (67, 68). These findings
indicated that positive ER expression was associated with the
inhibition of angiogenesis, while positive PR and HER2 expres-
sion was associated with the enhancement of angiogenesis. Thus,
there is a need to take into account the expression status of all
the three receptors while interpreting the ADC and the tumor
volume data.

Additionally, the variability in results across studies might
also be due to the differences in the tumor size and variations
in terms of experimental procedures used such as selection of
b-value, choice of imaging sequence, and the method used for
measurement of ADC. In our study, the mean ADC calculation
was carried out by drawing small circular ROIs encompassing
the entire visible tumor on a slice that showed the largest tumor
area but avoiding necrotic areas. However, most studies in the
literature have drawn either single or only few ROIs and have
reported mean ADC (24, 60, 62). The methodology adopted
by us, though time consuming, may provide a more accurate
determination of the ADC and tumor heterogeneity. Arponent
etal. also demonstrated that ADC measurements using small ROI
were more accurate than whole region ROI (61).

In spite of the clinical potential of DWI, the study has some
limitations. First, the sample size was small for some histological
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Magnetic resonance imaging (MRI) of the breast gained a role in clinical practice thanks to
the optimal sensitivity of contrast-enhanced (CE) protocols. This approach, first proposed
30 years ago and further developed as bilateral highly spatially resolved dynamic study,
is currently considered superior for cancer detection to any other technique. However,
other directions than CE imaging have been explored. Apart from morphologic features
on unenhanced T2-weighted images, two different non-contrast molecular approaches
were mainly run in vivo: proton MR spectroscopy (1H-MRS) and diffusion-weighted
imaging (DWI). Both approaches have shown aspects of breast cancer (BC) hidden to
CE-MRI: 1H-MRS allowed for evaluating the total choline peak (tCho) as a biomarker of
malignancy; DWI showed that restricted diffusivity is correlated with high cellularity and
tumor aggressiveness. Secondary evidence on the two approaches is now available
from systematic reviews and meta-analyses, mainly considered in this article: pooled
sensitivity ranged 71-74% for 1H-MRS and 84-91% for DWI; specificity 78-88% and
75-84%, respectively. Interesting research perspectives are opened for both techniques,
including multivoxel MRS and statistical strategies for classification of MR spectra as well
as diffusion tensor imaging and intravoxel incoherent motion for DWI. However, when
looking at a clinical perspective, while MRS remained a research tool with important
limitations, such as relatively long acquisition times, frequent low quality spectra, difficult
standardization, and quantification of tCho tissue concentration, DWI has been inte-
grated in the standard clinical protocols of breast MRI and several studies showed its
potential value as a stand-alone approach for BC detection.

Keywords: breast cancer, diffusion-weighted imaging, magnetic resonance imaging, proton MR spectroscopy,
systematic reviews and meta-analyses

INTRODUCTION

Valuable results of breast magnetic resonance imaging (MRI) were first obtained 30 years ago, when
sequences acquired after intravenous injection of a Gd-chelate as a contrast material were added
to a non-contrast protocol (1). This approach was further developed as bilateral highly spatially
resolved contrast-enhanced (CE) dynamic study, which is now currently considered superior for
breast cancer (BC) detection to any other imaging technique with a reported pooled sensitivity and
specificity of 93.2 and 71.1%, respectively (2), as also shown by studies on MRI screening of women at
increased risk of BC (3-6). In fact, CE-MRI provides a physiopathological information that correlates
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with increased vascularity, vascular permeability, and interstitial
space in malignant tissue, not available from mammography and
ultrasound. This diagnostic modality has been shown to provide
even better sensitivity for BC detection than new techniques
such as digital breast tomosynthesis (7-9). As a consequence,
CE-MRI has been recommended for a spectrum of indications
by medical bodies such as the American College of Radiology
(10), the European Society of Breast Imaging (11, 12), and the
European Society of Breast Cancer Specialists (EUSOMA) (13).
The debate is still open on preoperative MRI (14, 15), but new
indications, such as nipple discharge (16, 17) and evaluation of
lesions with uncertain malignant potential (so-called B3 lesions),
are emerging (18).

However, MR directions other than dynamic CE imaging
have been explored searching for a better specificity and a deeper
insight into BC biology and metabolism, opening a wider and
wider window for the so-called non-contrast breast MR. Of note,
the clinical relevance of a non-contrast approach for breast MR
has been recently fueled by the evidence of Gd accumulation
in the brain after multiple administrations of contrast material
(19, 20), which implies a word of caution for the use of Gd-based
contrast at least in the case of screening of healthy subjects when
the risk profile is not high.

Traditionally, unenhanced sequences were associated to CE
sequences in a breast MRI protocol for the sake of appraising
morphologic features for lesion characterization. Several signs,
typically appreciated on T2-weighted images, can be associated
with malignancy, the most important being peritumoral and
prepectoral edema (21), hook sign, i.e., a hook-like spiculated
dendrite from the lesion to the pectoral muscle (22), and necrosis
sign, i.e., a hyperintense center in a hypointense lesion (23). Non-
enhancing septations are instead usually associated with benign
lesions such as fibroadenomas (24).

Two other non-contrast MR methods were mainly imple-
mented for an in vivo study of breast tissues: proton MR spec-
troscopy (1H-MRS) and diffusion-weighted imaging (DWI).

Proton MR spectroscopy is a non-invasive technique assess-
ing biochemical tissue properties. The presence of a resonance
at 3.14-3.34 ppm, attributed to choline metabolites, such as
free choline, phosphocholine, and glycerophosphocholine, is

usually reported as total choline (tCho). An increased tCho has
been detected in malignant breast lesions (25-31), as a result of
complex metabolic alteration of biosynthetic and/or catabolic
phosphatidylcholine-cycle pathways: the de novo biosynthesis of
phosphatidylcholine via the Kennedy pathway and three different
major catabolic pathways, contributing to phosphocholine and/
or tCho accumulation (31).

The other non-contrast approach - DWI - is a way for
characterizing tissue properties on the basis of the difference
in the movement freedom of water molecules (diffusion) along
multiple spatial directions, quantified via the measurement of
the mean diffusivity and the apparent diffusion coefficient (ADC)
(32). Breast malignant tissues show restricted diffusion and sig-
nificantly lower ADC values compared with those of normal and
benign breast tissues (33).

Many studies were published regarding clinical breast applica-
tions of MRS and DWI showing a potential for both techniques.
The aim of this review is to look at secondary evidence, published
between 2010 and 2015, on 1H-MRS and DWI of the breast as
well as to try to define which of the two techniques is clinically
emerging as a routine tool added to CE-MRI or also potentially
usable as a stand-alone approach for cancer detection.

DIAGNOSTIC PERFORMANCE OF 1H-MRS

The diagnostic performance of 1H-MRS of the breast, performed
using the single-voxel technique, was evaluated by four systematic
reviews (34-37) (Table 1).

The pooled sensitivity ranged between 71 and 74%, and the
pooled specificity between 78 and 88%. Baltzer and Dietzel also
performed a subgroup analysis for mass and non-mass lesions
on six studies obtaining a pooled sensitivity of 68 and 62%, and
a pooled specificity of 88 and 69%, respectively (34), showing
that especially for non-mass lesions, 1H-MRS has a too low
diagnostic performance to be used in clinical practice. Another
subgroup analysis was performed on seven studies by Wang et al.
(37), showing that the area under the curve (AUC) at receiver
operating characteristic (ROC) analysis was higher (92 vs. 89%)
when tCho signal-to-noise ratio >2 was selected as a cutoft for
malignancy.

TABLE 1 | Diagnostic performance of proton MR spectroscopy and DWI of the breast as evaluated in systematic reviews and meta-analyses published

between 2010 and 2015.
Included Lesions/ Pooled sensitivity Pooled specificity Notes Reference
studies patients
Point 95% ClI Point 95% CI

estimate (%) estimate (%)
Proton MR spectroscopy (1H-MRS)
19 1198/1183 73 64-82 88 85-91 tCho evaluation: visual, SNR, 2 or 4 cutoff values (34)
18 1169/NR 71 68-74 85 81-88  tCho evaluation: visual, SNR, variable cutoff values (35)
16 1049/NR 74 70-77 78 73-82 tCho evaluation: visual, SNR, variable cutoff values (36)
10 792/NR 74 69-77 76 71-81 tCho evaluation: SNR, 2 cut off (37)
Diffusion-weighted imaging (DWI)
13 964/815 84 82-87 79 75-82 Heterogeneity among individual studies; subgroup analysis (50)
14 1276/1140 86 80-91 76 67-83 Heterogeneity among individual studies; subgroup analysis )
26 2151/2111 91 84-95 75 61-85 Including 11 studies using b values <600 mm?#/s (51)
26 2151/2111 89 85-92 84 78-89 Including 30 studies using b values >600 mm?/s (51)
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All studies included in this meta-analysis (37) showed a
high heterogeneity for both sensitivity and specificity, prob-
ably due to the large variety of MRS techniques and different
field strengths used. Even though improvements from newer
technology (such as 3-T magnets and multiple radiofrequency
sources) were expected, the authors (37) concluded that none
of these innovations significantly influenced the diagnostic
performance, as year of publication showed no effect on the
diagnostic performance.

Notably, small masses (between 5 and 10 mm in diameter)
or foci (<5 mm in diameter) are commonly encountered on
CE-MRI, depending on the clinical setting, a proportion of them
turning out to be false positives. As a consequence, to avoid
work-up (targeted ultrasound, needle biopsy) would be a great
achievement. However, in this regard, IH-MRS is scarcely useful.
The large majority of studies did not include lesions smaller than
10 mm, thus limiting the applicability of 1H-MRS for characteri-
zation of small lesions and early BC diagnosis.

One relevant technical problem for 1H-MRS, especially
important for small lesions, is the need for patient’s immobility
during the acquisition, i.e., for 5-10 min or more (depending
also on the time for the preliminary optimization checks), which
also impacts on patient’s throughput and cost-effectiveness. Of
note, a trend for a higher sensitivity of 1H-MRS was observed
when acquisition is performed before contrast injection, due to
a detrimental effect of ionic-charged contrast materials in both
experimental and clinical settings (38). As lesion localization (the
placement of the spectroscopic volume of interest) has to be made
on CE images (especially for otherwise not visible small lesions),
the majority of IH-MRS studies were performed after contrast
injection, potentially implying a suboptimal sensitivity. On the
other hand, a major clinical application of 1H-MRS should be
lesion characterization, typically arising immediately after the
detection, implying that 1H-MRS should be performed immedi-
ately after CE-MRI, which usually lasts about 15-20 min. Thus, a
time prolongation of additional 10 min increases the probability
of patient’s movements, reducing the possibility of getting good
quality spectra.

Moreover, again especially important for small lesions, to
adapt the volume of interest to the lesion morphology is often not
easy: cubic or anyway squared volumes of interest tend to include
tissues (fat or gland) surrounding the lesion, determining volume
contamination and resulting in reduced sensitivity (28). Lesion
located posteriorly, close to the pectoral muscle or the thoracic
wall, or superficially, near the skin, may provide spectra with low
signal-to-noise ratio. Thus, even using 3-T magnets and multiple
radiofrequency sources, in clinical practice about 20% of lesions
finally result to be not evaluable with MRS (39).

Several of these limitations are not acting when 1H-MRS is
applied for the evaluation of the response to neoadjuvant therapy
(NAT), typically administered to patients with locally advanced
BCs. Studies have shown that 1H-MRS enables an early predic-
tion of the final NAT effect (40-42). This is, in our opinion, the
most promising clinical application of 1H-MRS, even though it
regards a relatively small fraction of patients. However, also in
this field, as we will explain below, DWTI is a strong competitor
(Figure 1). Anyway, for a well-accepted application of MRS

techniques to the NAT setting, large multicenter studies using
clearly standardized pathologic response classification are war-
ranted (43-46).

Finally, we should note that 1H-MRS was mostly applied
in clinical breast studies using methods not allowing for
quantification of tissue tCho concentration. Both the SNR
between tCho peak and noise (usually with a >2 threshold for
malignancy) (34-37) and the integral under the tCho peak
(30) have limitations and low potential for standardization.
On the other hand, tissue tCho quantification using internal
or external standard of reference (47) implies dedicated high
technical expertise. This highlights the need for cooperation
with a physicist experienced in MRS, not only for tCho tissue
quantification but also generally if MRS has to be integrated in
a clinical setting. This is a possibility that only large hospitals
or academic facilities can afford and is another limitation for
MRS effectiveness.

Highly interesting results were obtained, even at 1.5 T, by
Stanwell et al. (48), carefully referencing the spectra using a spe-
cial post-processing: 80% sensitivity and 100% specificity. They
optimized spectral resolution from human breast tissues resolv-
ing the composite choline resonances of the tCho peak. False
positives including three lactating women were distinguished by
a resonance at 3.28 in contrast with the profile from BC patients
consistent with phosphocholine centered at 3.22 ppm. However,
a false negative rate of 20% remained unresolved, and this high
spectral resolution was never reproduced, not even using 3-T
magnets.

Looking at the potential prognostic value of 1H-MRS of the
breast, it is worth to note that tCho levels, evaluated by 1H-MRS,
were significantly higher for invasive ductal carcinoma, for
cancers with high nuclear or histologic grade, and ER-negative
and triple-negative status (49). This perspective deserves confir-
mation in future large studies with quantification of tissue tCho
concentration.

DIAGNOSTIC PERFORMANCE OF DWI

Breast MR sequences for DWI have been mainly used to try to
characterize breast lesions, adding a new parameter in the algo-
rithm for diagnosis, with the potential for avoiding unnecessary
biopsy, especially for MRI-only visible lesions that should be
sampled under MR-guidance, a time-demanding and high-cost
procedure (11).

Studies were performed in order to understand the potential
value of DWI added to CE-MRI. Two meta-analyses, from
Chen et al. (50) and from Zhang et al. (2), reported an overall
sensitivity of 84 and 86% and an overall specificity of 79 and 76%,
respectively. However, a notable heterogeneity among individual
studies was observed, and a subgroup analysis to investigate
the source of this heterogeneity was performed. The two most
important factors resulted to be the b value of diffusion gradient
used and the so-called threshold effect (a detectable difference in
sensitivities and specificities due to different thresholds used in
included studies).

Different b values significantly affect the ADC of breast lesions
and therefore confound quantitative DWI. In a large systematic
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FIGURE 1 | 1H-MRS and DWI for evaluating the response to neoadjuvant therapy (NAT) of a locally advanced breast cancer. A 37-year-old woman with
locally advanced breast cancer before, during, and after neoadjuvant therapy (NAT). Before treatment, the lesion at the lower external quadrant of the left breast is
well depicted as a 34.4-mm nodule on subtracted CE-MRI with 0.1 mmol/kg of gadobenate dimeglumine (A), shows a high tCho peak at 1H-MRS with a
signal-to-noise ratio (SNR) of 6.7 (B), low diffusivity as a high signal on DWI (C), and a low (0.776 x 10-°* mm?/s) mean ADC value (D). After two NAT cycles, the
lesion is reduced in size (28.7 mm) at CE-MRI (E), while the tCho peak is no longer detectable at 1H-MRS (F); DWI (G) and ADC map (H) show an evident
increased diffusivity (mean ADC 1.559 x 10-° mm?/s). After the end of treatment, the lesion is not visible at all on CE-MRI (1), DWI (J), and ADC map (K); therefore,
MRS was not performed. The lesion was a metaplastic carcinoma with condroid differentiation (negative for estrogen, progesterone, and HER2 receptors, Ki67
80%), and after surgical removal, a complete pathological response was appreciated. Both 1H-MRS and DWI early predicted the pathological response to NAT
showing an effect more pronounced than that of CE-MRI. Acquisition times: CE-MRI 9 min; 1H-MRS 8 min (including preparation); DWI 5 min (Philips Achieva STx
3.0 T, MultiTransmit radiofrequency technology; dedicated 16-channel breast coil; Azienda Ospedaliera Universitaria Integrata, Verona, Italy).

Istogramma 5: 776
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review performed on 26 studies, including a total of 2111 patients
with 2151 breast lesions, Dorrius et al. (51) showed that the com-
bination of b =0 and 1000 s/mm? is optimal for benign/malignant
differentiation. Pooled 89% sensitivity and 84% specificity were
reported for b values >600 s/mm? (ROC-AUC 0.93), while using
b values <600 s/mm?, 91% sensitivity and 75% specificity were
obtained (ROC-AUC 0.92). A summary of the recently published
meta-analyses on breast DWT is reported in Table 1.

There is no clear consensus regarding the threshold values for
ADC to diagnose malignancy. A substantial variability of thresh-
old values, ranging 0.90-1.76 X 10~ mm?*/s has been observed
(51). As a recommendation, a relatively higher threshold value
may be used to minimize missing malignancy.

Of note, the studies evaluating mass lesions had a higher
specificity (84%) than those evaluating non-mass lesions
(70%) (2). When added to CE-MRI, DWI sequences showed
a significant diagnostic gain: the summary ROC-AUC of
CE-MRI combined with DWI was 0.94 compared with 0.85 for
CE-MRI alone (2). Differently from 1H-MRS, contrast injec-
tion does not negatively impact on DWI performance (51);
ADC measures were reported to not significantly change fol-
lowing DCE-MRI at 3 T, suggesting that DWI and DCE-MRI
can be performed in any order without affecting diagnostic
performance (52). Moreover, Janka et al. showed that DWI
after contrast injection even leads to a slightly better benign/
malignant discrimination (53).
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Furthermore, DWI sequences are not dependent on CE-MRI.
They can be performed without previous knowledge of lesion
location, as the DWI field of view includes both breasts with a
4- to 5-min acquisition time.

Interestingly, some authors showed as DWI could be used
as the main component of an unenhanced (non-contrast) MRI
examinations with good sensitivity and high specificity, at least if
we consider mass lesions. A reduced detection rate of small mass
lesions and of non-mass lesions has to be taken into account (54,
55). However, a sensitivity theoretically comparable with that of
screening mammography (54) as well as a potential for avoiding
the double reading (55) candidate DWT as a sequence to be used
for explorative non-contrast MRI screening studies.

Notably, DWI sequences are undergoing a progressive
technical refinement. Spatial resolution and image quality are
increasing, allowing also for a more detailed morphology evalu-
ation (56, 57). As a matter of fact, authors have positively tried to
integrate information coming from DWT into the Breast Imaging
Reporting and Data System BI-RADS (58).

Considering the potential prognostic value of DWI, we finally
highlight that a recent systematic review demonstrated that breast
lesions with increased signal intensity on DWI and decreased
signals on ADC are more likely associated to lymph-nodal
metastases (59).

RESEARCH TRENDS FOR 1H-MRS
AND DWI OF THE BREAST

First of all, authors attempted to integrate CE-MRI, 1H-MRS,
and DWI (multiparametric MRI, mpMRI) to yield significantly
higher ROC-AUC (0.936) in comparison with just two of them
(0.808) (60). Positron emission tomography (PET) was also
added to provide an intriguing mpMRI/PET approach for lesion
characterization (61), but we cannot propose this high-cost
approach for characterization of breast lesions, when most cases
can be solved by a needle sampling.

Regarding 1H-MRS, two interesting topics are multivoxel
spectroscopy and statistical strategies for classifying MR spec-
tra. Multivoxel 1H-MRS should overcome the need of a priori
knowledge of lesion location (62), allowing for BC screening (or
for stratifying BC risk) on the basis of tCho levels in the healthy
gland tissue. However, multivoxel 1H-MRS is more technically
challenging than single-voxel 1H-MRS for shimming and fat
suppression (63). Statistical strategies for classification of spectra
were proposed in a 2D correlated spectroscopy (COSY), where
the composite resonances are separated by the use of a second
frequency (63). However, this interesting approach seems to be
not easy to be reproduced for clinical practice.

Finally, also 31P-MRS (64) was used to provide a direct
method for the in vivo detection and quantification of endog-
enous biomarkers, yielding a new intriguing method for the
non-invasive assessment of prognostic and predictive biomarkers
in BC treatment.

Regarding DWI, several studies have shown that important
information is lost when one relies just on the average ADC and
that a higher sensitivity is given by minimum ADC instead of any
metrics of the central tendency of ADC values distribution. Mori

etal. (65) indicated thata minimum ADC value <1.1 X 10> mm?/s
and that an ADC difference (maximum minus minimum ADC)
greater than 0.23 X 10> mm?/s suggests the presence of invasive
carcinoma in cases with only DCIS at biopsy, a crucial informa-
tion for patient management.

Second, studies explored the possibility of characterizing
axillary lymph nodes using DWI in BC patients. One study
(66) considered only nodes with metastases >5 mm, obtaining
95% sensitivity and 92% specificity. More recent studies (67-69)
obtained sensitivities from 72 to 85% and specificities from 80 to
88%. Future multidisciplinary researches should be placed in the
context of the current rethinking of axillary dissection (70).

However, the most intriguing research areas for breast DWI are
diffusion tensor imaging (DTI) and intravoxel incoherent motion
(IVIM). For DTT (which adds information about tissue micro-
structure by addressing diffusion spatial direction), at least six
DWI gradient directions should be applied, so that a symmetrical
matrix, the diffusion tensor indeed, can be calculated, describing
the anisotropic water diffusion in the tissue. Fractional anisotropy
(FA) describes diffusion anisotropy quantitatively on a range from
1 (maximum anisotropy) to 0 (isotropy) (71). Experiences on
breast DTI showed that FA does not have incremental value for
differential diagnosis over ADC values (71). Eyal et al. (72) devel-
oped a breast DTI protocol at 3 T and image processing means for
obtaining vector and parametric maps of the water diffusion ten-
sor. Evaluation of the various diffusion parametric maps indicated
that the prime diffusion coeflicient and the maximal anisotropy
are the most efficient parameters for detecting and diagnosing BC.
So far, DTI turned out to be a great tool for visualizing the breast
parenchyma but its clinical application remains to be investigated.

The IVIM quantifies molecular diffusion more accurately than
ADC and provides additional information on microperfusion tis-
sue properties. It separates the contribution of T2 from diffusivity
using multiple b values, hence being less dependent on the choice
of individual b values (73). However, IVIM as well as DTT imply
longer acquisition times, and these techniques are not currently
suitable for a large use in clinical practice.

CONCLUSION

The results coming from the secondary evidence about 1H-MRS
and DWI of the breast are clearly in favor of an easier and more
effective use of DWI. If one of the two approaches for non-contrast
breast MR has to be chosen for clinical practice, DWI is certainly
the winner.

When looking at a clinical perspective, while 1H-MRS
remained a tool with relevant limitations such as relatively
long acquisition times, frequent low quality spectra, difficult
standardization and quantification of tissue tCho concentration,
DWI is feasible in almost all cases and adds diagnostic power to
CE-MRI. Moreover, seminal studies showed the potential value
of DWI as a stand-alone approach for BC detection.

As matter of fact, in the context of an ongoing international
multicenter study exploring the value of preoperative CE-MRI
with over 4500 patients enrolled so far (15), 84% of them were
studied using a technical protocol including DWI among the
standard sequences.
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Compared with normal differentiated cells, cancer cells require a metabolic reprograming
to support their high proliferation rates and survival. Aberrant choline metabolism is a
fairly new metabolic hallmark reflecting the complex reciprocal interactions between
oncogenic signaling and cellular metabolism. Alterations of the involved metabolic
network may be sustained by changes in activity of several choline transporters as well
as of enzymes such as choline kinase-alpha (ChoK-a) and phosphatidylcholine-specific
phospholipases C and D. Of note, the net outcome of these enzymatic alterations is an
increase of phosphocholine and total choline-containing compounds, a “cholinic pheno-
type” that can be monitored in cancer by magnetic resonance spectroscopy. This review
will highlight the molecular basis for targeting this pathway in epithelial ovarian cancer
(EOC), a highly heterogeneous and lethal malignancy characterized by late diagnosis,
frequent relapse, and development of chemoresistance. Modulation of ChoK-a expres-
sion impairs only EOC but not normal ovarian cells, thus supporting the hypothesis that
“cholinic phenotype” is a peculiar feature of transformed cells and indicating ChoK-a
targeting as a novel approach to improve efficacy of standard EOC chemotherapeutic
treatments.

Keywords: choline kinase, ovarian cancer, phosphocholine metabolism, reversal of drug resistance, antioxidant
defense

INTRODUCTION

The uncontrolled cell growth characteristic of neoplastic diseases, besides involving deregulated
control of cell proliferation, requires an adjustment of energy metabolism to sustain cell growth and
division. Altered energy metabolism is considered as widespread in cancer cells as other cancer-
associated characteristics. Reprograming of cell metabolism has been therefore included among
cancer hallmarks (1), a series of biological properties acquired by tumor cells during transformation
and disease progression. Metabolites themselves can interfere with oncogenic-driven cell signaling
(2) and, since cancer cells are dependent on these changes in metabolism, these altered pathways rep-
resent attractive sources of promising therapeutic targets (3, 4). Furthermore, the differential uptake
in some human cancers of glucose, choline, acetate, methionine, and aminoacid analogs, when used
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as radiotracers in positron emission tomography (PET) imaging,
is considered a clinically useful diagnostic/staging tool (4).

CHOLINE METABOLISM ALTERATION
IN HUMAN CANCER

Aberrant choline metabolism, characterized by increased phos-
phocholine (PCho) and total choline-containing compounds
(tChos), is a fairly new metabolic hallmark that can be monitored
in cancer by magnetic resonance spectroscopy (MRS) and that
reflects the complex reciprocal interactions between oncogenic
signaling and cellular metabolism (5, 6). PCho is both a precur-
sor and a breakdown product of phosphatidylcholine (PC), one
of the major components of cellular membranes. Indeed, the
PCho content is sustained by activation of enzymes involved in
PC biosynthetic and catabolic pathways: choline kinase (ChoK)
and PC-specific phospholipase C (PC-PLC) (Figure 1A). ChoK
is the first enzyme of the Kennedy pathway responsible for
catalyzing the phosphorylation of free choline to form PCho in
the biosynthesis of PC (7). Three isoforms of ChoK are present in
mammalian cells encoded by two different genes: choline kinase-
alpha (CHKA) and choline kinase-beta (CHKB). However,
only ChoK-alpha (ChoK-a) has a central role in sustaining PC
biosynthesis required for the uncontrolled growth of cancer
cells, and ChoK-f alone cannot compensate this activity (8).
In addition to its metabolic function, ChoK-a has been proven
to play a critical role in oncogenesis, tumor progression, and
metastasis of several cancers being required for the activation of
growth factor-triggered signaling pathways (Ras activation, PI3K
signaling), roles that proposed CHKA as an oncogene (5, 9-11).
Indeed, an altered choline metabolism, sustained by increased
expression and activity of ChoK-a, has been reported in various
human malignancies (12-19). Furthermore, in the case of early
stage non-small cell lung cancer (20), early stage hepatocellular

carcinoma (21), and prostate cancer (22), a prognostic role of
ChoK-a overexpression has been revealed. These observations
provided the molecular basis for the development of non-
invasive imaging approaches based on choline phosphorylation
for the characterization of tumor growth and response to therapy
(23-26) as well as the rationale for developing specific inhibitors
for this metabolic pathway even in diseases other than cancer
(27, 28).

CHOLINE KINASE AS A POTENTIALLY
NEW THERAPEUTIC TARGET FOR
CANCER TREATMENT

Choline kinase-a is an enzyme of particular interest being at
the crossroad of the main survival signaling pathways with
its overexpression contributing, through a positive feedback
loop, to increased MAPK and PI3K signaling (5, 29). A large
body of work in cancer cells suggests that ChoK-a expression
and activity is directly associated not only with increased
cancer cell proliferation but also with malignancy, making it a
potential novel target for image-guided cancer therapy. In fact,
the targeting of ChoK-a by RNA interference (RNAi) results
in decreased PCho and tCho levels in human breast cancer
cells while leaving human mammary epithelial cells unaffected
(30, 31), thus opening an important therapeutic window for
the development of a pharmacological intervention directed to
this enzyme (32, 33). Indeed, the antitumor effects of ChoK-a
inhibition has been reported in various cancers (34-40).
Different compounds are at the moment available for ChoK-a
pharmacological inhibition: hemicholinium-3 (HC-3), a
competitive inhibitor with a ChoK-a mimetic structure able to
block also choline transport, is very efficient in vitro but highly
toxic in vivo (41); MN-58b, not commercially available, is a

FFA

GPC \/\ 7 Lyso-PC

LysoPA (LPA)

PCho (red arrows) and a decrease of GPC (green arrows).

FIGURE 1 | Schematic representation of PC cycle and routes of PCho accumulation. (A) Kennedy's pathway: Cho, choline; Chok, choline kinase; PCho,
phosphocholine; CCT, cytidylyltransferase; CDP-Cho, cytidine diphosphate-choline; PCT, phosphocholine phosphotransferase; DAG, diacylglycerol; PC:
phosphatidylcholine. Catabolic pathways: PLC, PC-specific phospholipase C; PLD, PC-specific phospholipase D; PLA, PC-specific phospholipases A2 and A1; PD,
phosphodiesterase; GPC, glycerophosphocholine; PA, phosphatidate. (B) In the progression from non-tumoral ovarian surface epithelial cells (OSE) or immortalized
cell variants (IOSE with an increased replicative potential and IOSE-HTERT with unlimited replicative potential) to EOC cells, there is an evident accumulation of
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less toxic HC-3 derivative able to inhibit cell growth in vivo in
animal models (42); RSM-932A, a Chok-a inhibitor selected
for further clinical development due to its potent in vivo
anticancer activity and lack of toxicity at the effective doses
(43); CK37, a small molecule able to inhibit tumor growth in
preclinical models (44); and new small molecule inhibitors
identified by fragment-based drug discovery (45). These data
suggest that inhibiting ChoK-a, even in combination with
standard chemotherapeutic treatments, might represent a new
anticancer approach particularly in tumors such as ovarian
cancer with a still open clinical need for the identification of
more efficient therapeutic modalities.

OVARIAN CANCER

Epithelial ovarian cancer (EOC) is a life-threatening disease
characterized by late-stage presentation and a distinctive ability
to heavily invade the abdominal cavity (46). The yearly worldwide
incidence of this cancer is of 238,700 new cases with a global
mortality of 151,900 deaths per year (47), which make EOC the
leading cause of death for gynecological cancers. Standard treat-
ment for EOC patients is an aggressive primary surgery followed
by platinum-based chemotherapy. However, around 30% of the
patients undergo chemotherapeutic treatments before being
identified as chemoresistant, and even for patients who achieve
a pathological complete response, maintaining disease-free
status remains a challenge. Indeed, most of the patients develop
platinum-resistant recurrent disease, a largely incurable state.
Despite the impressive improvement of surgical approaches and
drug development, survival rate has changed little in the last
decades (48), and 5-year survival rate for advanced stage patients
is still around 30% (49).

It is well known that resistance to chemotherapy is one of the
tumor “hallmarks” that also includes tumor ability to modify/
reprogram cellular metabolism (1) to face with the biosynthetic
demand of rapid proliferation and to overcome metabolic stress
imposed by the microenvironment. As for many other cancer
types, also EOC cells become dependent on these metabolic
changes, which could be possibly exploited to identify therapeutic
targets for overcoming chemoresistance.

TARGETING THE ALTERED CHOLINE
METABOLISM TO EVADE/CIRCUMVENT
EOC CHEMORESISTANCE

Aberrant choline metabolism has been recently defined also in
EOC. Analysis of expanded tCho MR spectral profiles showed
that the relative areas of signal components due to individual
choline metabolites [glycerophosphocoline (GPC), PCho, and
free choline] changed in the progression from non-tumoral
ovarian surface epithelial cells (OSE) or immortalized cell vari-
ants to EOC cells (15), with the PCho relative signal becoming
predominant in carcinoma cells (Figure 1B).

A large body of work demonstrated that, in EOC, these altera-
tions are sustained by the activation of two enzymes ChoK-a
and PC-PLC, respectively, involved in the PC biosynthetic and

catabolic pathway. ChoK-a has a major role in increasing PCho
content. Indeed, ChoK-a is overexpressed and hyperactivated in
EOC cells as compared with the normal counterpart, account-
ing for up to the 70-80% of the total intracellular PCho content
(16, 37). Gene expression analysis of the enzymes involved in
the PC anabolic pathway showed that only CHKA was overex-
pressed, whereas the expression of other enzymes involved in
the Kennedy pathway, as well as the beta isoform of choline
kinase (CHKB), choline transporters, and enzymes involved in
some catabolic pathways (mediated by PLD, PLA1, and PLA2)
remained essentially unchanged (16). Among the enzymes
involved in catabolic pathways, only PC-PLC is directly involved
in PCho production. Although the mammalian PC-PLC has not
been currently cloned and its sequence is unknown, this enzyme
has been shown to be overexpressed and hyperactivated in EOC
cells compared with normal counterparts (16, 50). EOC cells
exposure to the PC-PLC inhibitor D609 abolished the activity of
this enzyme and reduced the intracellular PCho level (without
altering GPC and free choline contents), suggesting that also
PC-PLC partially contributes to the intracellular PCho pool in
EOC (16, 50).

To define the role of the abnormal expression and increased
activation of ChoK-o in EOC biology, the enzyme was inactivated
by transient and stable RNA interference in EOC cell lines and
in non-tumoral immortalized cell variants. ChoK-a inhibi-
tion resulted in a less aggressive phenotype (36, 37), causing a
decreased cell proliferation both in vitro and in preclinical in vivo
models of Nu/Nu mice, an impaired capability to migrate and
invade, together with an increased sensitivity to drug treatment
of EOC cells (Figure 2).

The effects related to CHKA targeting in EOC appeared
to induce a perturbation on EOC cell behavior different than
that observed in other cellular models. In fact, neither previ-
ously described reduction of Akt phosphorylation in a PI3K-
independent way (51) nor an attenuation of MAPK and PI3K/
AKT signaling (29) was observed. Furthermore, in spite of a
reduced cell proliferation, neither a decrease of cell viability nor
apoptosis was detected in CHKA-silenced EOC cells.

On the other hand, the analysis of global metabolic profiling
identified an altered glutathione (GSH) metabolism characterized
by a decreased cysteine and GSH content (37). GSH is a thiol pep-
tide involved in regulation of cell redox status through its antioxi-
dant activities (52). Reduction of GSH content, perturbing redox
homeostasis, is expected to render tumor cells more susceptible
to chemotherapeutic treatment (Figure 2), and high intracellular
levels of reduced GSH have been shown to contribute in develop-
ing resistance to chemotherapeutic drugs including platinum and
doxorubicin (53-55). Accordingly, CHKA targeting in different
EOC cellular models increased reactive oxygen species (ROS)
intracellular levels and sensitivity to platinum and doxorubicin
treatment. These effects were mediated by the reduction of GSH
content, even in a drug resistant EOC model, while leaving unaf-
fected the non-tumoral immortalized epithelial ovarian cells (37)
(Figure 2).

Interestingly, the critical enzyme cleaving GPC to produce
choline, the initial step in the pathway controlling the GPC/
PC ratio, has been recently identified (56). The enzyme, named
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FIGURE 2 | Effects of CHKA silencing in EOC cell lines. CHKA silencing decreases cell proliferation in vitro and in vivo in preclinical models, impairs the
capability of EOC cells to migrate and invade, and decreases levels of intracellular GSH, thus impairing cellular redox homeostasis and therefore increasing EOC, but
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endometrial differential 3 (EDI3), was initially described in a
breast cancer cell line, where its inhibition corrected the GPC/PC
ratio and reduced migratory activity of tumor cells. Also, EDI3
overexpression was associated with higher risk of developing
metastasis and decreased survival in endometrial and ovarian
cancer (56). The recent finding that EDI3 links choline metabo-
lism to integrin expression, cell adhesion, and spreading also in
an EOC cell line (57), suggests EDI3 as a new possible target to be
explored, further confirming the value of the choline metabolism
for therapeutic intervention in EOC.

The EOC “cholinic phenotype” is a peculiar feature of trans-
formed cells that recapitulates the addiction of EOC cells to
GSH content for the maintenance of their antioxidant defense.
Targeting mechanisms upon which cancer cells are expected
to be dependent (CHKA expression and cellular ROS homeo-
stasis) could explain the differential response of cancer and
non-transformed cells to CHKA knockdown. As well known,
cancer cells acquire specific genetic and epigenetic alterations

that involve hyperactivation of oncogenes and/or inactivation
of oncosuppressor genes. Some genetic changes support survival
of cancer cells by creating specific signaling, which sustain
metabolic pathways. However, the overall deregulation of cellular
processes and functions is frequently associated with enhanced
cellular stress, and malignant cells have to adapt to this pheno-
type, becoming dependent on a number of non-oncogenic func-
tions to survive (3). Similarly, a dependency associated with ROS
homeostasis has been shown to constitute a selective liability of
malignant cells also in xenograft tumor models (58). Identifying
such dependencies represent a promising alternative for the
development of new therapeutic strategies to successfully target
metabolic enzymes minimizing adverse effects on normal tissues.
Synergisms of choline metabolism knockdown with conventional
treatment might open an interesting clinical perspective, as it
could represent an alternative strategy to increase the treatment
efficacy also by reducing the clinical dose of drugs and limiting
the damage of normal cells.
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EXPLOITING THE ALTERED CHOLINE
METABOLISM FOR THE IN VIVO IMAGING
OF TUMOR RESPONSE TO THERAPIES

Due to the increased metabolic activity, tumors are expected to
intake greater amounts of a radioactive tracer than the adjacent
normal tissues, justifying the use of PET imaging to monitor
response to treatment and disease recurrence (59). Accordingly,
the increased expression and activity of ChoK-a and choline
transporters in tumor cells promoted a rapid development
of radiolabeled choline analogs, as PET imaging tracers and
"C- or 'F-choline were proven to be more effective than
¥F-fluorodeoxyglucose (FDG), whose abundant radioactivity
excretion into the bladder could hamper image interpretation.
Indeed, in the case of radiolabeled choline analogs, their incor-
poration mainly reflects the total amount of radiotracer that
enters the cell by choline transport and accumulates, by efficient
phosphorylation mainly due to ChoK activation, in the pool of
water-soluble intermediates of the Kennedy pathway (24). Within
the time window of choline PET examinations, the contributions
given by PC catabolic enzymes (such as phospholipases C and D)
to the pool of these radiolabeled choline derivatives are instead
negligible (6).

The large proportion of studies evaluating choline radiotrac-
ers has been conducted in prostate cancer where choline PET
gave a clinical contribution in the diagnosis and monitoring of
response to therapy; however, the utility of ''C- or '®F-choline as
radiotracers has been extensively reported also in non-prostate

REFERENCES

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
(2011) 144:646-74. doi:10.1016/j.cell.2011.02.013

Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark even
Warburg did not anticipate. Cancer Cell (2012) 21:297-308. doi:10.1016/j.
ccr.2012.02.014

Galluzzi L, Kepp O, Vander Heiden MG, Kroemer G. Metabolic targets for
cancer therapy. Nat Rev Drug Discov (2013) 12:829-46. doi:10.1038/nrd4145
Vander Heiden MG. Targeting cancer metabolism: a therapeutic window
opens. Nat Rev Drug Discov (2011) 10:671-84. doi:10.1038/nrd3504

Glunde K, Bhujwalla ZM, Ronen SM. Choline metabolism in malignant
transformation. Nat Rev Cancer (2011) 11:835-48. d0i:10.1038/nrc3162

Podo E Canevari S, Canese R, Pisanu ME, Ricci A, Iorio E. MR evaluation of
response to targeted treatment in cancer cells. NMR Biomed (2011) 24:648-72.
doi:10.1002/nbm.1658

Wu G, Vance DE. Choline kinase and its function. Biochem Cell Biol (2010)
88:559-64. doi:10.1139/009-160

Wu G, Aoyama C, Young SG, Vance DE. Early embryonic lethality caused by
disruption of the gene for choline kinase alpha, the first enzyme in phospha-
tidylcholine biosynthesis. J Biol Chem (2008) 283:1456-62. doi:10.1074/jbc.
M?708766200

Ramirez de Molina A, Gallego-Ortega D, Sarmentero ], Banez-Coronel
M, Martin-Cantalejo Y, Lacal JC. Choline kinase is a novel oncogene that
potentiates RhoA-induced carcinogenesis. Cancer Res (2005) 65:5647-53.
doi:10.1158/0008-5472.CAN-04-4416

Gallego-Ortega D, Ramirez de Molina A, Ramos MA, Valdes-Mora F, Barderas
MG, Sarmentero-Estrada J, et al. Differential role of human choline kinase
alpha and beta enzymes in lipid metabolism: implications in cancer onset and
treatment. PLoS One (2009) 4:¢7819. doi:10.1371/journal.pone.0007819
Gallego-Ortega D, del PT, Valdes-Mora F, Cebrian A, Lacal JC. Involvement of
human choline kinase alpha and beta in carcinogenesis: a different role in lipid

10.

11.

histotypes (24, 59). Although studies on "C- or '"F-choline as
radiotracers in PET examinations of genitourinary tract cancers
are currently under active evaluation as an alternative to '*F-FDG,
few studies are currently available on the use of choline-based
tracer in ovarian cancer, even at preclinical level (60, 61).

In spite of the EOC cholinic phenotype, a choline-based non-
invasive detection and management is still a relatively unexplored
field in this disease. An improvement in instrumentation and
the integration of different imaging approaches, such as PET,
magnetic resonance imaging (MRI), and computed tomography
(CT), could provide the unique opportunity to monitor both
morphologic and metabolic changes in tumor to improve diag-
nosis and the assessment of therapeutic efficacy.

AUTHOR CONTRIBUTIONS

All the authors have contributed in writing this mini review and
have been directly involved in obtaining the results described in
the chapter dedicated to ovarian cancer and choline metabolism.
All the authors reviewed the manuscript and approved the final
version.

ACKNOWLEDGMENTS

The authors are grateful to the Associazione Italiana per la Ricerca
sul Cancro (AIRC, 1G-9147, 1G-12976, and 1G-17475) and to the
Ministero della Salute grant RF-2010-2313497 for partially sup-
porting these studies.

metabolism and biological functions. Adv Enzyme Regul (2011) 51:183-94.
doi:10.1016/j.advenzreg.2010.09.010

Nakagami K, Uchida T, Ohwada S, Koibuchi Y, Suda Y, Sekine T, et al. Increased
choline kinase activity and elevated phosphocholine levels in human colon
cancer. Jpn ] Cancer Res (1999) 90:419-24. doi:10.1111/j.1349-7006.1999.
tb00698.x

Ramirez de Molina A, Rodriguez-Gonzalez A, Gutierrez R, Martinez-Pineiro
L, Sanchez J, Bonilla F, et al. Overexpression of choline kinase is a frequent
feature in human tumor-derived cell lines and in lung, prostate, and colorectal
human cancers. Biochem Biophys Res Commun (2002) 296:580-3. doi:10.1016/
S0006-291X(02)00920-8

Ramirez de Molina A, Gutierrez R, Ramos MA, Silva JM, Silva J, Bonilla F,
et al. Increased choline kinase activity in human breast carcinomas: clinical
evidence for a potential novel antitumor strategy. Oncogene (2002) 21:4317-22.
doi:10.1038/sj.0nc.1205556

Torio E, Mezzanzanica D, Alberti P, Spadaro F, Ramoni C, D’Ascenzo S,
et al. Alterations of choline phospholipid metabolism in ovarian tumor
progression. Cancer Res (2005) 65:9369-76. doi:10.1158/0008-5472.CAN-
05-1146

Torio E, Ricci A, Bagnoli M, Pisanu ME, Castellano G, Di Vito M, et al.
Activation of phosphatidylcholine cycle enzymes in human epithelial
ovarian cancer cells. Cancer Res (2010) 70:2126-35. doi:10.1158/0008-5472.
CAN-09-3833

Hernando E, Sarmentero-Estrada J, Koppie T, Belda-Iniesta C, Ramirez de
Molina V, Cejas P, et al. A critical role for choline kinase-alpha in the aggres-
siveness of bladder carcinomas. Oncogene (2009) 28:2425-35. doi:10.1038/
onc.2009.91

Trousil S, Lee P, Pinato DJ, Ellis JK, Dina R, Aboagye EO, et al. Alterations
of choline phospholipid metabolism in endometrial cancer are caused
by choline kinase alpha overexpression and a hyperactivated deacylation
pathway. Cancer Res (2014) 74:6867-77. doi:10.1158/0008-5472.CAN-
13-2409

12.

13.

14.

15.

16.

17.

18.

Frontiers in Oncology | www.frontiersin.org

209

June 2016 | Volume 6 | Article 153


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1016/j.ccr.2012.02.014
http://dx.doi.org/10.1016/j.ccr.2012.02.014
http://dx.doi.org/10.1038/nrd4145
http://dx.doi.org/10.1038/nrd3504
http://dx.doi.org/10.1038/nrc3162
http://dx.doi.org/10.1002/nbm.1658
http://dx.doi.org/10.1139/O09-160
http://dx.doi.org/10.1074/jbc.M708766200
http://dx.doi.org/10.1074/jbc.M708766200
http://dx.doi.org/10.1158/0008-5472.CAN-04-4416
http://dx.doi.org/10.1371/journal.pone.0007819
http://dx.doi.org/10.1016/j.advenzreg.2010.09.010
http://dx.doi.org/10.1111/j.1349-7006.1999.tb00698.x
http://dx.doi.org/10.1111/j.1349-7006.1999.tb00698.x
http://dx.doi.org/10.1016/S0006-291X(02)00920-8
http://dx.doi.org/10.1016/S0006-291X(02)00920-8
http://dx.doi.org/10.1038/sj.onc.1205556
http://dx.doi.org/10.1158/0008-5472.CAN-05-
1146
http://dx.doi.org/10.1158/0008-5472.CAN-05-
1146
http://dx.doi.org/10.1158/0008-5472.CAN-09-3833
http://dx.doi.org/10.1158/0008-5472.CAN-09-3833
http://dx.doi.org/10.1038/onc.2009.91
http://dx.doi.org/10.1038/onc.2009.91
http://dx.doi.org/10.1158/0008-5472.CAN-13-
2409
http://dx.doi.org/10.1158/0008-5472.CAN-13-
2409

Bagnoli et al.

Choline Metabolism in Ovarian Cancer

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xiong J, Bian J, Wang L, Zhou JY, Wang Y, Zhao Y, et al. Dysregulated choline
metabolism in T-cell lymphoma: role of choline kinase-alpha and therapeutic
targeting. Blood Cancer J (2015) 5:287. doi:10.1038/bc;j.2015.10

Ramirez de Molina A, Sarmentero-Estrada ], Belda-Iniesta C, Taron M,
Ramirez de Molina V, Cejas P, et al. Expression of choline kinase alpha to
predict outcome in patients with early-stage non-small-cell lung cancer: a ret-
rospective study. Lancet Oncol (2007) 8:889-97. doi:10.1016/S1470-2045(07)
70279-6

Kwee SA, Hernandez B, Chan O, Wong L. Choline kinase alpha and hex-
okinase-2 protein expression in hepatocellular carcinoma: association with
survival. PLoS One (2012) 7:e46591. doi:10.1371/journal.pone.0046591
Challapalli A, Trousil S, Hazell S, Kozlowski K, Gudi M, Aboagye EO, et al.
Exploiting altered patterns of choline kinase-alpha expression on human
prostate tissue to prognosticate prostate cancer. ] Clin Pathol (2015) 68:703-9.
doi:10.1136/jclinpath-2015-202859

Podo F Sardanelli E Iorio E, Canese R, Carpinelli G, Fausto A. Abnormal
choline phospholipid metabolism in breast and ovary cancer: molecular bases
for noninvasive imaging approaches. Curr Med Imaging Rev (2007) 3:123-37.
doi:10.2174/157340507780619160

Glunde K, Penet MF, Jiang L, Jacobs MA, Bhujwalla ZM. Choline metabo-
lism-based molecular diagnosis of cancer: an update. Expert Rev Mol Diagn
(2015) 15:735-47. doi:10.1586/14737159.2015.1039515

Kumar M, Arlauckas SP, Saksena S, Verma G, Ittyerah R, Pickup S, et al.
Magnetic resonance spectroscopy for detection of choline kinase inhibition
in the treatment of brain tumors. Mol Cancer Ther (2015) 14:899-908.
doi:10.1158/1535-7163.MCT-14-0775

Mignion L, Danhier P, Magat J, Porporato PE, Masquelier ], Gregoire V, et al.
Non-invasive in vivo imaging of early metabolic tumor response to therapies
targeting choline metabolism. Int ] Cancer (2015) 138:2043-9. doi:10.1002/
ijc.29932

Bernard NJ. Rheumatoid arthritis: choline kinase-more than a cancer
therapy target? Nat Rev Rheumatol (2014) 10:699. doi:10.1038/nrrheum.
2014.180

Guma M, Sanchez-Lopez E, Lodi A, Garcia-Carbonell R, Tiziani S, Karin M,
etal. Choline kinase inhibition in rheumatoid arthritis. Ann Rheum Dis (2014)
74:1399-407. doi:10.1136/annrheumdis-2014-205696

Yalcin A, Clem B, Makoni S, Clem A, Nelson K, Thornburg J, et al. Selective
inhibition of choline kinase simultaneously attenuates MAPK and PI3K/AKT
signaling. Oncogene (2010) 29:139-49. doi:10.1038/0nc.2009.317

Glunde K, Raman V, Mori N, Bhujwalla ZM. RNA interference-mediated
choline kinase suppression in breast cancer cells induces differentiation and
reduces proliferation. Cancer Res (2005) 65:11034-43. doi:10.1158/0008-
5472.CAN-05-1807

Mori N, Glunde K, Takagi T, Raman V, Bhujwalla ZM. Choline kinase
down-regulation increases the effect of 5-fluorouracil in breast cancer cells.
Cancer Res (2007) 67:11284-90. doi:10.1158/0008-5472.CAN-07-2728

Lacal JC. Choline kinase: a novel target for antitumor drugs. IDrugs (2001)
4:419-26.

Janardhan S, Srivani P, Sastry GN. Choline kinase: an important target for can-
cer. Curr Med Chem (2006) 13:1169-86. doi:10.2174/092986706776360923
de la Cueva A, Ramirez de Molina A, Avarez-Ayerza N, Ramos MA, Cebrian
A, Del Pulgar TG, et al. Combined 5-FU and ChoKalpha inhibitors as a new
alternative therapy of colorectal cancer: evidence in human tumor-derived cell
lines and mouse xenografts. PLoS One (2013) 8:e64961. doi:10.1371/journal.
pone.0064961

Sanchez-Lopez E, Zimmerman T, del PT, Moyer MP, Lacal Sanjuan JC,
Cebrian A. Choline kinase inhibition induces exacerbated endoplasmic
reticulum stress and triggers apoptosis via CHOP in cancer cells. Cell Death
Dis (2013) 4:€933. d0i:10.1038/cddis.2013.453

Granata A, Nicoletti R, Tinaglia V, De Cecco L, Pisanu ME, Ricci A, et al.
Choline kinase-alpha by regulating cell aggressiveness and drug sensitivity is
a potential druggable target for ovarian cancer. Br ] Cancer (2014) 110:330-40.
doi:10.1038/bjc.2013.729

Granata A, Nicoletti R, Perego P, Iorio E, Krishnamachary B, Benigni F, et al.
Global metabolic profile identifies choline kinase alpha as a key regulator
of glutathione-dependent antioxidant cell defense in ovarian carcinoma.
Oncotarget (2015) 6:11216-30. doi:10.18632/oncotarget.3589

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kim HS, Tian L, Jung M, Choi SK, Sun Y, Kim H, et al. Downregulation
of choline kinase-alpha enhances autophagy in tamoxifen-resistant breast
cancer cells. PLoS One (2015) 10:e0141110. doi:10.1371/journal.pone.
0141110

Mazarico JM, Sanchez-Arevalo Lobo V, Favicchio R, Greenhalf W, Costello E,
Carrillo-de Santa PE, et al. Choline kinase alpha (CHKalpha) as a therapeutic
target in pancreatic ductal adenocarcinoma: expression, predictive value, and
sensitivity to inhibitors. Mol Cancer Ther (2016) 15:323-33. d0i:10.1158/1535-
7163.MCT-15-0214

Asim M, Massie CE, Orafidiya F, Pertega-Gomes N, Warren AY, Esmaeili M,
et al. Choline kinase alpha as an androgen receptor chaperone and prostate
cancer therapeutic target. ] Natl Cancer Inst (2016) 108:ii:djv371. doi:10.1093/
jnci/djv371

Hernandez-Alcoceba R, Saniger L, Campos ], Nunez MC, Khaless F, Gallo MA,
et al. Choline kinase inhibitors as a novel approach for antiproliferative drug
design. Oncogene (1997) 15:2289-301. doi:10.1038/sj.0onc.1201414
Hernandez-Alcoceba R, Fernandez F, Lacal JC. In vivo antitumor activity of
choline kinase inhibitors: a novel target for anticancer drug discovery. Cancer
Res (1999) 59:3112-8.

Lacal JC, Campos JM. Preclinical characterization of RSM-932A, a novel anti-
cancer drug targeting the human choline kinase alpha, an enzyme involved in
increased lipid metabolism of cancer cells. Mol Cancer Ther (2015) 14:31-9.
doi:10.1158/1535-7163.MCT-14-0531

Clem BE Clem AL, Yalcin A, Goswami U, Arumugam S, Telang S, et al.
A novel small molecule antagonist of choline kinase-alpha that simultaneously
suppresses MAPK and PI3K/AKT signaling. Oncogene (2011) 30:3370-80.
doi:10.1038/0nc.2011.51

Zech SG, Kohlmann A, Zhou T, Li E Squillace RM, Parillon LE, et al. Novel
small molecule inhibitors of choline kinase identified by fragment-based
drug discovery. ] Med Chem (2016) 59:671-86. doi:10.1021/acs.jmedchem.
5b01552

Jayson GC, Kohn EC, Kitchener HC, Ledermann JA. Ovarian cancer. Lancet
(2014) 384:1376-88. doi:10.1016/S0140-6736(13)62146-7

Torre LA, Bray F, Siegel RL, Ferlay ], Lortet-Tieulent ], Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin (2015) 65:87-108. doi:10.3322/caac.21262
Vaughan S, Coward JI, Bast RC Jr, Berchuck A, Berek JS, Brenton JD, et al.
Rethinking ovarian cancer: recommendations for improving outcomes. Nat
Rev Cancer (2011) 11:719-25. doi:10.1038/nrc3144

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin (2015)
65:5-29. d0i:10.3322/caac.21254

Spadaro E Ramoni C, Mezzanzanica D, Miotti S, Alberti P, Cecchetti S,
et al. Phosphatidylcholine-specific phospholipase C activation in epithelial
ovarian cancer cells. Cancer Res (2008) 68:6541-9. doi:10.1158/0008-5472.
CAN-07-6763

Chua BT, Gallego-Ortega D, de Molina A, Ullrich A, Lacal JC, Downward J.
Regulation of Akt(ser473) phosphorylation by Choline kinase in breast carci-
noma cells. Mol Cancer (2009) 8:131. doi:10.1186/1476-4598-8-131

Singh S, Khan AR, Gupta AK. Role of glutathione in cancer pathophysiology
and therapeutic interventions. ] Exp Ther Oncol (2012) 9:303-16.

Godwin AK, Meister A, O’'Dwyer PJ, Huang CS, Hamilton TC, Anderson ME.
High resistance to cisplatin in human ovarian cancer cell lines is associated
with marked increase of glutathione synthesis. Proc Natl Acad Sci U S A (1992)
89:3070-4. doi:10.1073/pnas.89.7.3070

Chen HH, Kuo MT. Role of glutathione in the regulation of cisplatin
resistance in cancer chemotherapy. Met Based Drugs (2010) 2010:430939.
doi:10.1155/2010/430939

Shim GS, Manandhar S, Shin DH, Kim TH, Kwak MK. Acquisition of
doxorubicin resistance in ovarian carcinoma cells accompanies activation
of the NRF2 pathway. Free Radic Biol Med (2009) 47:1619-31. doi:10.1016/j.
freeradbiomed.2009.09.006

Stewart JD, Marchan R, Lesjak MS, Lambert ], Hergenroeder R, Ellis JK, et al.
Choline-releasing glycerophosphodiesterase EDI3 drives tumor cell migra-
tion and metastasis. Proc Natl Acad Sci U S A (2012) 109:8155-60. d0i:10.1073/
pnas.1117654109

Lesjak MS, Marchan R, Stewart JD, Rempel E, Rahnenfiihrer J, Hengstler JG.
EDI3 links choline metabolism to integrin expression, cell adhesion and
spreading. Cell Adh Migr (2014) 8:499-508. doi:10.4161/cam.29284

Frontiers in Oncology | www.frontiersin.org

210

June 2016 | Volume 6 | Article 153


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1038/bcj.2015.10
http://dx.doi.org/10.1016/S1470-2045(07)
70279-6
http://dx.doi.org/10.1016/S1470-2045(07)
70279-6
http://dx.doi.org/10.1371/journal.pone.0046591
http://dx.doi.org/10.1136/jclinpath-2015-202859
http://dx.doi.org/10.2174/157340507780619160
http://dx.doi.org/10.1586/14737159.2015.1039515
http://dx.doi.org/10.1158/1535-7163.MCT-14-0775
http://dx.doi.org/10.1002/ijc.29932
http://dx.doi.org/10.1002/ijc.29932
http://dx.doi.org/10.1038/nrrheum.
2014.180
http://dx.doi.org/10.1038/nrrheum.
2014.180
http://dx.doi.org/10.1136/annrheumdis-2014-205696
http://dx.doi.org/10.1038/onc.2009.317
http://dx.doi.org/10.1158/0008-5472.CAN-05-1807
http://dx.doi.org/10.1158/0008-5472.CAN-05-1807
http://dx.doi.org/10.1158/0008-5472.CAN-07-2728
http://dx.doi.org/10.2174/092986706776360923
http://dx.doi.org/10.1371/journal.pone.0064961
http://dx.doi.org/10.1371/journal.pone.0064961
http://dx.doi.org/10.1038/cddis.2013.453
http://dx.doi.org/10.1038/bjc.2013.729
http://dx.doi.org/10.18632/oncotarget.3589
http://dx.doi.org/10.1371/journal.pone.
0141110
http://dx.doi.org/10.1371/journal.pone.
0141110
http://dx.doi.org/10.1158/1535-7163.MCT-15-0214
http://dx.doi.org/10.1158/1535-7163.MCT-15-0214
http://dx.doi.org/10.1093/jnci/djv371
http://dx.doi.org/10.1093/jnci/djv371
http://dx.doi.org/10.1038/sj.onc.1201414
http://dx.doi.org/10.1158/1535-7163.MCT-14-0531
http://dx.doi.org/10.1038/onc.2011.51
http://dx.doi.org/10.1021/acs.jmedchem.
5b01552
http://dx.doi.org/10.1021/acs.jmedchem.
5b01552
http://dx.doi.org/10.1016/S0140-6736(13)62146-7
http://dx.doi.org/10.3322/caac.21262
http://dx.doi.org/10.1038/nrc3144
http://dx.doi.org/10.3322/caac.21254
http://dx.doi.org/10.1158/0008-5472.CAN-07-6763
http://dx.doi.org/10.1158/0008-5472.CAN-07-6763
http://dx.doi.org/10.1186/1476-4598-8-131
http://dx.doi.org/10.1073/pnas.89.7.3070
http://dx.doi.org/10.1155/2010/430939
http://dx.doi.org/10.1016/j.freeradbiomed.2009.09.006
http://dx.doi.org/10.1016/j.freeradbiomed.2009.09.006
http://dx.doi.org/10.1073/pnas.1117654109
http://dx.doi.org/10.1073/pnas.1117654109
http://dx.doi.org/10.4161/cam.29284

Bagnoli et al.

Choline Metabolism in Ovarian Cancer

58.

59.

60.

61.

Raj L, Ide T, Gurkar AU, Foley M, Schenone M, Li X, et al. Selective killing of
cancer cells by a small molecule targeting the stress response to ROS. Nature
(2011) 475:231-4. doi:10.1038/nature10167

Challapalli A, Aboagye EO. Positron emission tomography imaging of tumor
cell metabolism and application to therapy response monitoring. Front Oncol
(2016) 6:44. doi:10.3389/fonc.2016.00044

Fanti S, Nanni C, Ambrosini V, Gross MD, Rubello D, Farsad M. PET in
genitourinary tract cancers. Q J Nucl Med Mol Imaging (2007) 51(3):260-71.
Torizuka T, Kanno T, Futatsubashi M, Okada H, Yoshikawa E, Nakamura F,
et al. Imaging of gynecologic tumors: comparison of (11)C-choline PET with
(18)F-FDG PET. ] Nucl Med (2003) 44(7):1051-6.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Bagnoli, Granata, Nicoletti, Krishnamachary, Bhujwalla, Canese,
Podo, Canevari, Iorio and Mezzanzanica. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

211

June 2016 | Volume 6 | Article 153


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1038/nature10167
http://dx.doi.org/10.3389/fonc.2016.00044
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Oncology

MINI REVIEW
published: 29 June 2016
doi: 10.3389/fonc.2016.00164

OPEN ACCESS

Edited by:

Cicero Matthew R. Habito,
Massachusetts

General Hospital, USA

Reviewed by:

Orazio Schillaci,

University of Rome Tor Vergata, ltaly
Angelo Don Il Santos Grasparil,
Cardinal MRI Center, Philippines

*Correspondence:
Rossella Canese
rossella.canese@iss. it

Specialty section:

This article was submitted
to Cancer Imaging

and Diagnosis,

a section of the journal
Frontiers in Oncology

Received: 22 March 2016
Accepted: 17 June 2016
Published: 29 June 2016

Citation:

Canese R, Mezzanzanica D,

Bagnoli M, Indraccolo S, Canevari S,
Podo F and lorio E (2016) In vivo
Magnetic Resonance Metabolic and
Morphofunctional Fingerprints in
Experimental Models of Human
Ovarian Cancer.

Front. Oncol. 6:164.

doi: 10.3389/fonc.2016.00164

®

CrossMark

In vivo Magnetic Resonance
Metabolic and Morphofunctional
Fingerprints in Experimental
Models of Human Ovarian Cancer

Rossella Canese'*, Delia Mezzanzanica?, Marina Bagnoli?, Stefano Indraccolo?,
Silvana Canevari?, Franca Podo' and Egidio lorio’

" Department of Cell Biology and Neurosciences, Istituto Superiore di Sanita, Rome, Italy, ? Department of Experimental
Oncology and Molecular Medicine, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy, *limmunology and Molecular
Oncology Unit, IOV — Istituto Oncologico Veneto — I.R.C.C.S, Padova, ltaly

Epithelial ovarian cancer (EOC) is the gynecological malignancy with the highest death rate,
characterized by frequent relapse and onset of drug resistance. Disease diagnosis and
therapeutic follow-up could benefit from application of molecular imaging approaches,
such as magnetic resonance imaging (MRI) and magnetic resonance spectroscopy
(MRS), able to monitor metabolic and functional alterations and investigate the underlying
molecular mechanisms. Here, we overview the quantitative alterations that occur during
either orthotopic or subcutaneous growth of preclinical EOC models. A common feature
of '"H MR spectra is the presence of a prominent peak due to total choline-containing
metabolites (tCho), together with other metabolic alterations and MRI-detected morpho-
functional patterns specific for different phenotypes. The tCho signal, already present at
early stages of tumor growth, and changes of diffusion-weighted MRI parameters could
serve as markers of malignancy and/or tumor response to therapy. The identification
by MRS and MRI of biochemical and physiopathological fingerprints of EOC disease in
preclinical models can represent a basis for further developments of non-invasive MR
approaches in the clinical setting.

Keywords: MRI, magnetic resonance spectroscopy, DWI, ADC, epithelial ovarian cancer, target therapy,
animal model

INTRODUCTION

Epithelial ovarian cancer (EOC) is the fifth cause of cancer-related deaths among women (1), leading
to about 140,000 deaths worldwide per year. Standard treatment for advanced-stage EOC is debulk-
ing surgery followed by platinum-based chemotherapy, with high response rates, but most of these
patients will eventually relapse. Several drugs are available to treat recurrences; however, clinical
responses remain short-lived and lead to only marginal improvements in survival of patients with
platinum-resistant disease (2).

Prognostic and predictive biomarkers of therapy response need to be identified, and novel
approaches of drug response assessment need to be developed to validate additional biological end
points.

Early detection of response to cancer treatment frequently presents a challenge, as many new thera-
pies lead to inhibition of tumor growth rather than to tumor shrinkage. Among the new therapeutic

Frontiers in Oncology | www.frontiersin.org

212 June 2016 | Volume 6 | Article 164


http://www.frontiersin.org/Oncology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2016.00164&domain=pdf&date_stamp=2016-06-29
http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://dx.doi.org/10.3389/fonc.2016.00164
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:rossella.canese@iss.it
http://dx.doi.org/10.3389/fonc.2016.00164
http://www.frontiersin.org/Journal/10.3389/fonc.2016.00164/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2016.00164/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2016.00164/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2016.00164/abstract
http://loop.frontiersin.org/people/154705/overview
http://loop.frontiersin.org/people/238474/overview
http://loop.frontiersin.org/people/355514/overview
http://loop.frontiersin.org/people/230459/overview
http://loop.frontiersin.org/people/211714/overview
http://loop.frontiersin.org/people/212090/overview

Canese et al.

Metabolic/Morphofunctional Fingerprints in EOC Models

agents under clinical development, those with relative late effects
could strongly benefit from an early indication of tumor response
to treatment. Novel non-invasive methods to monitor or predict
response to treatment, therefore, need to be developed.

Magnetic resonance spectroscopy (MRS) is a non-invasive
imaging method that can be employed to monitor metabolism
alterations that are associated with early drug target modulation
(3) and can be predictive of cancer response to treatment (4).
After controversial results in the differentiation of benign vs.
malignant lesions in EOC patients, probably due to the het-
erogeneous nature of this disease (5), recent clinical studies are
evaluating the role of the altered spectral pattern as an indicator
of response during treatment of malignant disease rather than as
initial diagnostic tool.

Magnetic resonance imaging (MRI) is the standard modal-
ity for the local staging of gynecological malignancies but
has several limitations, particularly for lymph node staging
and evaluation of peritoneal carcinomatosis. Recent growing
interest is addressed to functional imaging modalities, such
as diffusion-weighted MRI (DWI), a unique technique that
provides tissue contrast by exploiting the restricted water
mobility within hypercellular tumors to increase the contrast
between these lesions and surrounding tissues. Using quantita-
tive measurement of apparent diffusion coefficient (ADC) or
other perfusion-related parameters, DWI provides a new tool
for better distinguishing malignant tissues from benign tumors
(6) and can aid in early monitoring of treatment efficacy in
patients with advanced EOC (7). Moreover, the capability of
DWTI to detect alterations at cellular level rather than in the
entire tumor mass could be crucial in the assessment of early
response to a targeted therapy.

Important advances in our understanding of the molecular
EOC pathogenesis and tissue heterogeneity were achieved by
using appropriate preclinical models that approach the complex-
ity of this disease in humans. Proper preclinical models that
mimic tumor behavior and microenvironment involvement in
patients are also essential for the evaluation of novel treatments
(8,9). Among these, models of spontaneous EOC in experimental
animals (10, 11) or genetically modified animals (12, 13) have
been developed, but their use remains limited because of the
long latency to tumorigenesis and the heterogeneity in the tim-
ing of tumor development. EOC cell lines derived from ascites
or primary ovarian tumors have been extensively used for study-
ing tumor growth and response to treatment (14). Xenografts
derived from intraperitoneal (i.p.) injection of human EOC cells
in immunodeficient mice are relatively rapid to generate and
develop tumor masses mimicking tumor diffusion in patients;
together with subcutaneous (s.c) xenografts, these models have
been widely used for studying the mechanisms controlling tumor
growth and chemosensitivity. An alternative orthotopic EOC
model can be generated by directly engrafting onto the ovary
of female mice a piece of tumor tissue derived from an ovarian
tumor xenograft (15).

In this short review, we will discuss the significance of meta-
bolic and functional features, respectively, detected by MRS and
DWT in different EOC preclinical models, focusing on aspects of
metabolic reprogramming occurring in response to anticancer

treatment strategies. In spite of the growing interest in the use of
MRI (especially DWI) techniques in ovarian cancer clinical stud-
ies (16-18), a still limited number of papers have been published
on in vivo experimental EOC models, mainly due to inherent
experimental difficulties. For this reason, we decided to also
include, in this review, some reports presented at prestigious peer
reviewed international conferences (with abstracts published in
copyrighted proceedings), although not yet translated into in
extenso articles.

METABOLIC FEATURES DETECTED BY
IN VIVO 'H MRS IN EOC XENOGRAFTS

Typical 'H MR spectra acquired from vital areas of EOC models
obtained by either s.c. or i.p. implantation of human EOC cell
lines of different origins (19, 20) in immunocompromised mice
(21, 22) are reported in Figures 1A-F. The choice of an s.c.
implant relies on its simplicity and the short time (about 2 weeks)
required to develop solid masses. The i.p. model, instead, reca-
pitulates peritoneal spread, mimicking typical features of EOC
growth and dissemination observed in patients. As shown in
Figure 1, a prominent 'H MRS signal at 3.2 parts per million
(ppm) arises from the trimethylammonium headgroups of the
total choline-containing metabolites (tCho). This peak could be
clearly detected and quantitated in all investigated EOC models at
different times of tumor growth. A complete set of MRS analyses
at different echo times and at different time points during tumor
growth, together with the application of a quantitative method
including measurements of water T2 and content (21), allowed
quantification of the spectral changes occurring over time. The
tCho level was found to range between 2 and 6 mM in all analyzed
xenografts (Figures 1A-F).

According to high resolution "H MRS analyses of cancer cell
(23) and tissue extracts (21, 24), the tCho peak mainly comprises
contributions from phosphocholine (PCho), glycerophospho-
choline (GPCho), and free choline (Cho). These analyses showed
that the PCho/tCho ratio in all cells used for implants shown in
Figure 1 was greater than 0.70 (21, 24).

Besides tCho, multiple signals arising from the glutamine and
glutamate pool (Glx), myo-inositol (Ins), and taurine (Tau) are
also detected in the spectra of EOC xenografts (Figures 1A-D).
Xenografts obtained from s.c. implantation of SKOV3.ip cells
[a highly tumorigenic cell variant of the ATCC SKOV3 cell line,
endowed with a twofold higher HER2 overexpression level (14)],
showed that the mean tCho content ranged from 2.9 to 4.5 mM
(with a PCho/tCho ratio of 0.90). In the SKOV3.ip s.c. model,
the Glx signal was detected at early stages of tumor growth and
decreased at later stages, while Ins increased in vital areas of the
tumors (21). When the tumor reached a size larger than 400 mm?,
an increase in lipid (Lip) signal at 1.3 ppm was also observed in
“normal appearing” areas in which the presence of micronecrosis
was detected. Spectral editing ensured that this signal was mainly
due to lipids rather than to lactate (Lac) (21).

An increased Lip resonance was also observed in the viable
part of i.p. implants, either OVCA432 (Figure 1B) or SKOV3.
ip models (Figure 1D), compared with the corresponding
s.c. implants (Figures 1A,C, respectively). This was due to the
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FIGURE 1 | Typical in vivo 'H MRS spectra acquired at 4.7 T from vital areas (as detected by T2-weighted MRI) of xenografts of about 400-600 mm?
obtained in SCID mice by (A) subcutaneous (s.c.) implantation of OVCA432 cells (ATTC cell line derived from patient ascite), (B) intraperitoneal (i.p.)
implantation of OVCA432 cells, (C) s.c. implantation of the SKOV3.ip cells [a cell line obtained by in vivo passage and subsequent in vitro culture of
the HER2-positive ATTC SKOV3 cell line (14)], (D) i.p. implantation of SKOV3.ip cells, (E) s.c. implantation of IGROV1 cells (ATTC cell line derived

from human primary ovarian cancer), and (F) s.c. implantation of OC316 cells (cell line derived from patient ascite). All these EOC models were

examined between 26 and 50 days post implantation (dpi). Peak assignment: Glx, glutamine plus glutamate; Ins, myo-inositol; Tau, taurine; tCho, total choline-
containing compounds; Cr + PCr, creatine plus phosphocreatine; Lip, lipids; Lac, lactate. Abbreviation: ppm, part per million. Further details in Ref. (22) for spectra

in (A,B), Ref. (21) for spectra in (C,D), and Ref. (24) for spectra in (E,F).
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presence of round-shaped structures compatible with lipid aggre-
gates detected by H&E staining in ex vivo analyses (21).

Peculiar spectral profiles have also been observed in s.c. xen-
ografts derived from OC316 and IGROV1 cells (Figures 1E,F).
These patient-derived EOC cell lines have been identified as
prototypes of highly and poorly glycolytic EOC cells, respec-
tively (25), based on measurements of glucose consumption
and lactate production rates in vitro, as well as assessment of
expression levels of glycolysis-associated genes. Besides the
tCho and lipid signals, high resonances arising from Tau and
Lac were detected in the spectra of “glucose addicted” EOC
xenografts (OC316) - but not in those of the low glycolytic
IGROV1 EOC model. The Lac resonance could be isolated
from the partially overlapping Lip resonance in the in vivo 'H
MR spectra of the OC316 model by exploiting the property of
the Lac signal to be reversed when acquired with an echo time
(TE) of 136 ms and the property of Lip signal to be decayed at
TE = 136 ms due to its short T2 value, as shown in the lower
spectrum of Figure 1F and confirmed by bioluminescence
metabolic imaging (24).

Overall, this body of evidence showed that an elevated tCho
peak was the most common feature of in vivo '"H MR spectra of
the investigated EOC models, in agreement with similar findings
reported for clinical EOC lesions (26-28). Moreover, thanks to
the shorter echo times achievable in preclinical studies [about
20 ms vs. 135 ms typically used for clinical MRS and *'P MRS and
spectroscopic imaging (MRSI) examinations], we could observe
and quantify several other metabolites, which give a more detailed
picture of tumor metabolism and may allow for a more extensive
“metabolic targeting”

THE tCHO PEAK AS A MARKER
OF MALIGNANCY AND RESPONSE
TO THERAPY

The concentration levels of the tCho peak components depend
on the activity rates of multiple enzymes involved in anabolic and
catabolic pathways of the agonist-activated phosphatidylcholine
cycle (29). Alterations in the levels of the tCho components in
cancer may result from changes occurring in the activity rates
of multiple enzymes of this cycle under the dysregulated control
exerted by oncogene-driven cell signaling cascades (23, 30).
An increase in the tCho content has been indicated as a bio-
marker for distinguishing malignant from benign lesions in the
breast (31, 32) and has been detected in a variety of other cancer
cells and tissues (23), including EOC cells (19, 20) and clinical
lesions (19, 20, 33). In particular, a 4- to 7-fold increase in PCho
detected in a series of human EOC cell lines was associated with
a 12- to 25-fold activation of choline kinase (ChoK) and a 5- to
17-fold activation of phosphatidylcholine-specific phospholipase
C (PC-PLC) (20).

A number of preclinical studies have been addressed to evalu-
ate the role of tCho and its components (especially PCho) as pos-
sible markers of tumor progression and response to therapies in
different types of cancers (23). Among these, recent investigations
also focused on MRS-detected metabolic effects induced on EOC
models by anticancer treatments.

Reduction of the tCho content of SKOV3.ip xenograft after
cytotoxic treatments suggests that this signal could be a potential
biomarker of treatment response. Decreased tCho levels and
increased Lac content, associated with an increase in diffusion
parameters (both diffusion and perfusion components), were
found tobeinduced ina SKOV3.ip xenograft model by trabectedin
(a new marine-derived antitumor agent, which has shown activ-
ity in multiple tumor types, including EOC). The detected tCho
reduction suggests that this signal could be a potential biomarker
of trabectedin response, while the Lac increase likely reflects the
activation of lactic dehydrogenase (LDH) as a consequence of a
cytotoxic damage to the cancer cells (34).

The effects exerted on tumor growth and metabolism by pan-
thetine, a derivative of vitamin B5 and precursor of coenzyme
A, were investigated by Penet et al. (35) using MRI/MRS in an
orthotopic model of ovarian cancer obtained by engrafting a
piece of OVCAR3 tumor tissue onto the ovary of SCID female
mice. Pantethine treatment resulted in slower tumor progression,
decreased levels of PCho and phosphatidylcholine, and reduced
metastases and ascites occurrence.

A marked tCho reduction has also been observed in vitro (in
SKOV3.ip cells) and in vivo (in SKOV3.ip s.c. xenografts) upon
treatment with the competitive PC-PLC inhibitor tricyclodecan-
9-yl-potassium xanthate (D609). The in vivo tCho reduction
was associated with increases in the T2 and ADC mean values,
along with reduced Ki67 index and HER2 content, suggesting
that PC-PLC plays an important role in HER2-driven EOC cell
signaling and tumorigenicity (36).

pH ALTERATIONS IN EOC MODELS AND
ITS POTENTIAL EFFECTS ON CANCER
TREATMENT

The tumor microenvironment plays a key role in tumor malig-
nancy (37). In particular, microenvironment acidity has been
shown to have a role in the resistance to chemotherapy, prolifera-
tion, and tumor progression. The causes of acidic extracellular pH
in tumors have not yet been fully elucidated, although important
contributions probably arise from deficiencies in blood perfusion,
metabolic abnormalities associated with transformation, and an
increased capability for transmembrane pH regulation (23).

3P MRS and spectroscopic imaging offers the most power-
ful approaches currently available to non-invasively measure
extracellular pH (pHe) and intracellular/extracellular pH gradi-
ent (ApH) in intact cancer cells and tissues (38, 39). In fact, by
measuring the chemical shift difference between the exogenous
cell-impermeant *'P reporter 3-aminopropyl phosphonate reso-
nance (3-APP, administered i.p. immediately prior to the MRI/
MRS analyses) and that of a-ATP, the acidic pHe (6.7-6.8) for
s.c. and i.p. SKOV3.ip models has been measured at 30-35 dpi.
The intracellular pH (pHi) measured from the chemical shift
difference between Pi and a-ATP was 7.3 in s.c. and 7.1 in i.p.
xenografts (21).

An emerging technique, acidoCEST-MRI, utilizes iopromide,
a contrast agent that contains two chemical exchange saturation
transfer (CEST) effects and can assess in vivo pHe more accu-
rately and with a higher spatial resolution than *'P MRS (40).
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AcidoCEST-MRI was applied to the orthotopic (i.p.) SKOV3
model to investigate the relationship between pHe, vascular
perfusion, and tumor volume (40). This tumor model was mildly
acidic, with an average pH of 6.88, in agreement with our findings.
Additionally, larger tumors were found to be more acidic. A lower
vascular perfusion allowed for an elevated lactic acid production,
thus causing an increase in tumor acidosis.

These pH alterations observed in EOC models can reflect
microenvironment alteration in EOC patients’ cancer lesions and
may modulate their response to conventional or targeted thera-
pies. The negative pH gradient detected in EOC models impairs
the uptake of weakly basic drugs but can facilitate a selective
retention by tumor tissues of drugs behaving as weak acids. MR
techniques provide unique tools to selectively investigate these
aspects in vivo.

DIFFERENCES IN CYTOTOXIC AND
CYTOSTATIC DRUGS’ EFFECTS AS
DETECTED BY IN VIVO DWI AND MRS

Early monitoring of treatment efficacy in patients with advanced
EOC can be achieved using DWI and ADC mean values and
distributions. In particular, the shape of the ADC distribution
(in terms of skewness and kurtosis) has been proven to reflect
chemotherapy response in patients (7, 41), as well as in EOC
models (14, 24).

By analyzing ADC mean values and distributions, differences
in cytotoxic and cytostatic effect can be observed largely before
tumor shrinkage. In fact, cytostatic treatment effects can be
observed during or up to 48 h after the end of treatment due to cell
swelling, which results in an ADC decrease during the treatment,
in absence of any detectable alteration in tCho level. Although
cell swelling is a phenomenon that occurs during all treatments
(it is in fact the first manifestation of almost all forms of injury

to cells), it is dominated by cell death when a cytotoxic agent is
administered resulting in an increased extracellular space, which
can be observed as an increased ADC, associated with a tCho
reduction. Notably, the effect of a cisplatinum-based treatment
on the SKOV3.ip model (s.c. implant) was to reduce the ADC
mean value (14). On the same EOC model, cytotoxic agents, such
as D609 or trabectedin, induced a marked mean ADC increase
associated with tCho reduction (34, 36).

EOC MODELS WITH DIFFERENT
GLYCOLYTIC PHENOTYPES HAVE
DIFFERENT RESPONSES TO A HUMAN
VEGF NEUTRALIZING mAB AS
DETECTED BY IN VIVO MRS AND DWI

Xenografts obtained from OC316 and IGROV1 patient-derived
EOC cells (described in paragraph 2) were used to investigate the
effects on glucose metabolism of A4.6.1, a human VEGF neutral-
izing mAB bearing the same CDR region as bevacizumab (24).

In the “glucose addicted” OC316 xenografts, A4.6.1 caused a
dramatic depletion of glucose and an exhaustion of ATP levels in
tumors associated with the presence of large necrotic areas and
partial tumor regression. Different behavior was observed in the
IGROV1 xenograft where metabolism remained unaltered after
anti-VEGF treatment associated with a minor effect on tumor
growth. Functional links between AMPK pathway and therapeu-
tic responses to VEGF neutralization have also been detected in
EOC models.

Different ADC distributions characterized the response to
VEGF neutralization of those two EOC models. In fact, as early
as after 1 week of treatment, in the “glucose addicted” OC316
model, a cytotoxic effect of the anti-VEGF treatment could be
observed as increased mean ADC (Figure 2A). This effect could

ADC of Saline treated OC316 tumours
ADC of anti-VEGF treated OC316 tumours

and the right-hand shift of the ADC peak. Further details in Ref. (24).
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FIGURE 2 | Differential response to VEGF neutralization of two EOC models (OC316 and IGROV1) characterized by in vitro different glucose
consumption and lactate production rates. In the “glucose addicted” model, (A) an average increase of ADC is present corresponding to increased necrotic
areas. In the IGROV1 model, (B) the A4.6.1 mAB induces a cell damage that can be observed as “cell swelling,” which causes the ADC reduction in the mean value

ADC of Saline treated IGROV1 tumours
ADC of anti-VEGF treated IGROV1 tumours
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be attributed to an increase in the extracellular space in agree-
ment with microscopic or macroscopic areas of necrosis detected
by histology (24) and associated with a significant delay in tumor
growth. Opposite effect (ADC reduction) can be detected in
the IGROV1 xenografts, where anti-VEGF treatment probably
induces a cytostatic effect associated with a minor delay in tumor
growth (Figure 2B). Moreover, the perfusion component [in
terms of vascular signal fraction (VSF)], i.e., the component of
fast diffusing spins (42), is reduced after anti- VEGF therapy, more
pronounced in the OC316 than in the IGROV1 xenografts.

Prospectively, in vivo lactate and ADC quantitation and their
monitoring following anti-VEGF treatment by MRI/MRS could
represent non-invasive tools for the identification of “glucose
addicted” EOC tumors and for predicting their clinical responses
to bevacizumab and/or other antiangiogenic drugs.

FUTURE PROSPECTIVES WITH
RADIOLABELED COMPOUNDS FOR
POSITRON EMISSION TOMOGRAPHY

Positron emission tomography (PET) imaging is mainly used to
visualize general tumor processes, such as glucose metabolism
using 18F-fluorodeoxyglucose (18F-FDG) and DNA synthesis
using 18F-fluorodeoxythymidine (18F-FLT), as tools to predict
prognosis and response to therapies (43, 44). More specific
labeled ligands have been evaluated for specific targets, includ-
ing immunotherapy components (64Cu-labeled anti-CA125
monoclonal antibody in SKOV3 and OVCAR3 xenografts)
(45) and cell surface receptors (HER2 expression in SKOV3
xenografts) (46).

Despite the success in other cancers, the use of ''C-Cho-PET
has been rarely applied to EOC with limited results (47), and
to the best of our knowledge, there are no papers on preclinical
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Epithelial ovarian cancer remains the leading cause of death from gynecologic malig-
nancy among women in developed countries. New therapeutic strategies evaluated with
relevant preclinical models are urgently needed to improve survival rates. Here, we have
assessed the effect of pantethine on tumor growth and metabolism using magnetic
resonance imaging and high-resolution proton magnetic resonance spectroscopy (MRS)
in a model of ovarian cancer. To evaluate treatment strategies, it is important to use
models that closely mimic tumor growth in humans. Therefore, we used an orthotopic
model of ovarian cancer where a piece of tumor tissue, derived from an ovarian tumor
xenograft, is engrafted directly onto the ovary of female mice, to maintain the tumor
physiological environment. Treatment with pantethine, the precursor of vitamin B5 and
active moiety of coenzyme A, was started when tumors were ~100 mm? and consisted
of a daily i.p. injection of 750 mg/kg in saline. Under these conditions, no side effects
were observed. High-resolution 'H MRS was performed on treated and control tumor
extracts. A dual-phase extraction method based on methanol/chloroform/water was
used to obtain lipid and water-soluble fractions from the tumors. We also investigated
effects on metastases and ascites formation. Pantethine treatment resulted in slower
tumor progression, decreased levels of phosphocholine and phosphatidylcholine, and
reduced metastases and ascites occurrence. In conclusion, pantethine represents a
novel potential, well-tolerated, therapeutic tool in patients with ovarian cancer. Further
in vivo preclinical studies are needed to confirm the beneficial role of pantethine and to
better understand its mechanism of action.

Keywords: choline metabolism,
high-resolution MRS

pantethine, ovarian cancer, orthotopic model, ascites, metastasis,

Abbreviations: FAS, fatty acid synthase; IHC, immunohistochemistry; MRI, magnetic resonance imaging; MRS, magnetic
resonance spectroscopy; PC, phosphocholine; PtCh, phosphatidylcholine.
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INTRODUCTION

Ovarian cancer is the leading cause of death from gynecological
malignancies with an incidence of 220,000 cases worldwide per
year (1). Although the prognosis in cases detected at an early
stage is quite favorable, the vast majority of cases are diagnosed
at an advanced stage, when 5-year survival rates are only
30-40%. Median life expectancy for ovarian cancer patients is
5 years, and about 80% of diagnosed patients will eventually suc-
cumb to it (2). The poor prognosis of epithelial ovarian cancer
(EOCQ) is due to a combination of the aggressive characteristics
of the disease and an unpredictable response to front-line
therapy, further compounded by late detection of the disease
and resistance of ovarian cancers to current treatments (3). The
primary treatment for EOC consists of aggressive cytoreductive
surgery, followed by chemotherapy with platinum and taxane
(4). Although platinum and taxane combination remains the
standard treatment for EOC, new drug combinations (5) as
well as different administration schedules (6) are being tested
and might be reasonable options for first-line treatment of
women with advanced EOC. Recently, the introduction of anti-
angiogenic drug combined to front-line treatment has been also
proposed (7, 8). Current first-line chemotherapies for advanced
diseases are listed in Table 1.

Metastases and malignant ascites are complications frequently
observed in late-stage ovarian cancer. Intraperitoneal seeding is
the most common route of dissemination (9), although direct
invasion or dissemination through the lymphatics and vascu-
lature also occur. Malignant ascites function as a permissive
reactive tumor-host microenvironment and provides sustenance
for floating tumor cells (10). This results in an abnormal build-up
of fluid in the abdomen, causing discomfort, pain, problems with
mobility and breathing, and other symptoms that decrease the
quality of life. Despite the improvement of surgical approaches
and drug development, EOC patients have experienced little
improvement in overall survival in the last 30 years (11). New
therapeutic strategies exploiting novel targets are urgently needed
to minimize morbidity, improve survival rates, and to eventually
cure patients.

In the present study, we applied magnetic resonance imaging
(MRI) and high-resolution magnetic resonance spectroscopy
(MRS) to assess the use of pantethine as a therapeutic agent in
an orthotopic model of ovarian cancer. We used an orthotopic
model in which the relevant tumor physiological environ-
ment is maintained and that frequently forms metastases and

TABLE 1 | Front-line treatment for ovarian cancer patients.

Carboplatinum + paclitaxel (1) Platinum-based chemotherapy + anti-mitotic

chemotherapy

Carboplatinum and pegylated
doxorubicin (5)

Platinum-based chemotherapy +
intercalating DNA chemotherapy

Carboplatinum + weekly
paclitaxel (6)

Platinum-based chemotherapy + anti-mitotic
chemotherapy

Carboplatinum and
taxol + bevacizumab (7, 8)

Platinum-based chemotherapy + anti-mitotic
chemotherapy + angiogenesis inhibitor

malignant ascites. Pantethine is the stable disulfide form of
pantetheine, the precursor of vitamin B5 (pantothenic acid).
As a part of the active moiety of coenzyme A (CoA), it is a
key regulator in lipid metabolism (12-14). Pantethine has the
advantage of being an anti-inflammatory and hypolipidemic
agent with very few side effects. Pantethine has been shown
to prevent the perivascular inflammation and to protect mice
against the cerebral syndrome associated with malaria (15);
the protection was associated with a significantly lower level
of circulating tumor necrosis factor (TNF)-a (15). TNF-a
has been linked to multiple steps of tumorigenesis, including
cellular transformation, promotion, survival, proliferation,
invasion, angiogenesis, and metastasis (16). Pantethine has
also been shown to inhibit CXCL12/CXCR4-induced cell
transendothelial migration (17). With its anti-inflammatory
and hypolipidemic properties, pantethine appeared to be a
good novel candidate against ovarian cancer progression,
metastases, and ascites formation.

MATERIALS AND METHODS

Cell Line and Tumor Implantation

NIH: OVCARS3 cells from American Type Culture Collection
(ATCC, VA, USA) were used in the present study. OVCAR3
cells are human epithelial ovary adenocarcinoma cells originally
isolated from a malignant effusion. Cells were cultured in RPMI
1640 (Sigma Chemical Co., St. Louis, MO, USA) with 10% fetal
bovine serum (Sigma Chemical Co., St. Louis, MO, USA). Tumor
implantation was performed using 6- to 8-week-old severe com-
bined immunodeficient (SCID) female mice. We used a two-step
process for orthotopic tumor implantation (Supplementary
Material). We first generated subcutaneous tumors by inoculat-
ing a cell suspension of 2 X 10° cells in 0.05 ml of Hanks balanced
salt solution in the flank of SCID female mice. Once the tumor
reached a size of 100-200 mm?’, it was excised and cut into small
pieces under sterile conditions. Orthotopic implantation was
then performed by surgically transplanting a piece of tumor tis-
sue onto the ovaries of a separate group of SCID mice. All surgical
procedures and animal handling were performed in accordance
with protocols approved by the Johns Hopkins University
Institutional Animal Care and Use Committee and conformed to
the Guide for the Care and Use of Laboratory Animals published
by the NITH.

Treatment Protocol

The treatment was started when the tumors reached about
100 mm?® with a daily i.p. injection of saline for the control group,
and pantethine (Sigma Chemical Co., St. Louis, MO, USA)
diluted in saline for the treated group (750 mg/kg).

In Vivo MR Examination

Non-invasive MRI was used to assess tumor growth in deep-
seated tissue using Ti-weighted imaging and diffusion-weighted
imaging. All imaging studies were performed on a 4.7-T
BrukerAvance (Bruker, Billerica, MA, USA) spectrometer
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using a home-built volume coil placed around the torso of the
anesthetized mice. Animals were anesthetized with a mixture
of ketamine (6.25 mg/kg) and acepromazine (62.5 mg/kg)
administered i.p. A pad circulated with warm water was used
to maintain animal body temperature. Multi-slice T;-weighted
images and multi-slice diffusion-weighted images, with an in-
plane spatial resolution of 250 pm X 250 pm (128 X 128 matrix,
32 mm field of view, b-value of 100 mT/m), were acquired to
localize the orthotopic tumors that appear hyperintense on these
images.

MR Spectroscopy of Dual Phase

Extracts

High-resolution proton MRS of tumor tissue extracts was
applied to assess water phase and lipid phase metabolites
in tumor extracts. Lipid- and water-soluble fractions were
obtained from tumors using a dual-phase extraction method
with methanol/chloroform/water (1/1/1) (18). Briefly, tissues
were freeze-clamped and ground to powder. Ice-cold methanol
was added to the powder, and the samples were homogenized.
Ice-cold chloroform, followed by ice-cold water, was added,
and the samples were kept at 4°C overnight for phase separa-
tion. Samples were centrifuged for 30 min at 15,000 g at 4°C
to separate the phases. The water/methanol phase containing
the water-soluble metabolites was treated with chelex (Sigma
Chemical Co., St. Louis, MO, USA) for 10 min on ice to remove
divalent cations. Methanol was removed by rotary evaporation,
and the remaining water phase was lyophilized and stored
at —20°C. The chloroform phase containing the lipids was dried
in a stream of N, and stored at —20°C. Water-soluble samples
were dissolved in 0.5 ml of D,O (Sigma Chemical Co., St. Louis,
MO, USA) containing 3-(trimethylsilyl) propionic-2,2,3,3,-d4
acid (Sigma Chemical Co., St. Louis, MO, USA) as an internal
concentration standard (sample pH of 7.4). Lipid samples
were dissolved in 0.6 ml of CDCl;/CD;OD (2/1) containing
tetramethylsilane as an internal concentration standard (CDCl;
and CD;OD premixed with tetramethylsilane by the manufac-
turer, Cambridge Isotope Laboratories, Inc.). Fully relaxed 'H
MR spectra of the extracts were acquired on a BrukerAvance
500 spectrometer operating at 11.7 T (BrukerBioSpin Corp.,
Billerica, MA, USA) using a 5-mm HX inverse probe and the
following acquisition parameters: 30° flip angle, 6,000 Hz sweep
width, 12.7 s repetition time, time-domain data points of 32k,
and 128 transients (18). Spectra were analyzed using the Bruker
XWIN-NMR 3.5 software (BrukerBioSpin). Integrals of the
metabolites of interest were determined and normalized to the
tumor weight. To determine concentrations, peak integration
from 'H spectra for all metabolites studied was compared to the
internal standard.

Metastases and Ascites

Presence of ascites was recorded at necropsy. Lymph nodes, lungs,
and livers were fixed in formalin, paraffin embedded, sectioned,
and stained with hematoxylin and eosin (H&E) for further
analysis. The presence of metastases was checked on H&E stained
sections of the lymph nodes, liver, and lungs.

Immunohistochemistry

The 5-pm thick formalin fixed sections were used for
Immunohistochemistry (IHC) analysis. Antigen retrieval was
achieved by boiling sections in citrate buffer solution (pH 6) for
20 min. Sections were stained for proliferation using Ki-67 (rabbit
polyclonal, Thermo Fisher, Rockford, IL, USA, 1:100 dilution),
and for apoptosis using Caspase-3 (8G10, rabbit polyclonal, Cell
Signaling, Danvers, MA, USA, 1:100 dilution) following standard
protocols, and further processed by addition of biotinylated
anti-rabbit IgG and ABC reagent (PK-4001, Vector laboratories,
Burlingame, CA, USA). Detection was achieved by addition of
the chromogen DAB (3, 3’-diaminobenzidine, Dako, Carpinteria,
CA, USA). Images were captured by scanning the immunostained
sections at high resolution on an Aperio ScanScope® CS System at
20 X resolution (Leica Biosystems Inc., Buffalo Grove, IL, USA).
Analysis of the slides was performed using the algorithms and
protocols developed by the company.

Toxicity Analysis

The toxicity analyses were performed in MDA-MB-231 tumor-
bearing mice. The 2 X 10° cells were injected orthotopically into
the mammary fat pad of 6- to 8-week-old female SCID mice. The
treatment was started when the tumors reached about 100 mm’
with a daily i.p. injection of saline for the control group and
pantethine for the treated group (750 mg/kg) (n = 5). Mice were
treated for 3 weeks and weighed once a week. At the end of the
treatment period, mice were sacrificed. Kidney and liver func-
tion were evaluated from serum creatinine, blood urea nitrogen
(BUN), serum alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) levels obtained at the Johns Hopkins
University School of Medicine Phenotyping Core Facility, using
spectrophotometric measurements obtained with an automated
Vet Ace Clinical Chemistry system (Alfa Wasserman Diagnostic
Technologies LLC, NJ, USA).

Statistical Analysis

Values were displayed as mean + SEM. Statistical significance
was evaluated using the Student’s t-test; p < 0.05 was considered
significant.

RESULTS

To assess the efficacy of pantethine on tumor progression,
metastases, and ascites formation, we used an orthotopic model
of ovarian cancer. The orthotopic implantation was performed
to maintain the relevant tumor physiological environment.
Ovarian cancer cells are typically injected into the peritoneal
cavity, inducing ascites and peritoneal spread of tumor, but most
cell lines do not form solid tumors. Instead, here we performed
microsurgical orthotopic implantation of ovarian cancer tissue
onto the ovary of female SCID mice. In our model, ascites and
metastases in the peritoneal cavity, in the liver, on the diaphragm,
and in distal lymph nodes are frequent, similar to human disease.
Tumor growth was measured following implantation by imaging
the mice weekly with MRI (Figure 1). The treatment consist-
ing of daily i.p. injections of pantethine at a dose of 750 mg/kg
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T,-weighted
Images

Diffusion-weighted
images

slice and by adding the areas to calculate the total tumor volume.

FIGURE 1 | Representative adjacent T;-weighted images (top row) and diffusion-weighted images (bottom row) of an orthotopically implanted
OVCARS3 tumor-bearing mouse. The tumor is highlighted by a white line. The tumor volume was measured by determining the tumor area on each 1-mm thick

commenced when tumors were ~100 mm’. Under these condi-
tions, no side effects and no significant weight loss were observed
in the treated group compared to the control group (20.8 & 0.9
versus 22.2 + 2.8 g, respectively). The control group was injected
daily with saline. Tumor growth was followed weekly non-
invasively by MRI on a 4.7-T spectrometer. Tumor areas were
measured for each 1-mm thick slice, and the values were added
to assess the total tumor volume. We observed a significant
reduction of tumor growth in the treated group compared to the
control group (Figure 2).

When we sacrificed the mice after 4 weeks of treatment, we
observed liver metastases in 86% of control mice (6/7), but only
in 43% of treated mice (2/7), lungs metastases in 29% of control
mice (2/7), and none in treated mice and ascites in 86% of control
mice (6/7), and 29% of treated mice (2/7) (Figure 3). IHC analysis
of tumor sections did not show any statistically significant dif-
ferences in proliferation rates (Figures 4A,C). Higher levels of
caspase-3 were measured in the treated tumors compared to
control tumors (Figures 4B,C).

To assess the effect of the treatment on the tumor metabolism,
we analyzed tumor extracts with high-resolution '"H MRS. We
performed dual-phase extraction of the tumors to assess the lipid
phase and the water phase. Representative water phase "H MR
spectra centered around the 3.2 ppm region of a control tumor
and a pantethine-treated tumor are shown in Figures 5A,B,
respectively. A significant decrease of phosphocholine (PC) in
the treated tumors was observed (Figure 5C). No differences
were observed in the other metabolites measured, including
lactate.

We next measured the lipid concentration in the lipid phase.
Representative spectra of a control tumor and a treated tumor
are shown in Figures 6A,B, respectively. Analysis of the spectra
revealed a significant decrease of phosphatidylcholine (PtCho)
in the pantethine-treated tumors compared to the controls
(Figure 6C). No differences were observed in the other lipids
assessed (Figures 6C,D).

Renal and hepatic cytotoxicity studies were conducted
in MDA-MB-231 tumor-bearing mice. We did not observe
any weight loss following 3 weeks of pantethine treatment
(Figure 7A). Blood analysis performed at the end of the treatment

A 2000
—<4—Control

1500 —#-—Pantethine

s 1000 I
500
0
0 5 10 15 20 25 30
Days
B Control Pantethine

FIGURE 2 | Normalized tumor growth curves from control mice and
pantethine-treated mice (A) and representative T;-weighted images of
a central slice of tumors imaged at days 0, 15, and 28 of a control
mouse (left column) and a treated mouse (right column) (B). n = 13
and 14, respectively; “P < 0.05.

period revealed neither hepatic (Figure 7B) nor renal toxicity
(Figure 7C), as shown by the absence of significant differences in
the levels of BUN, creatinine, AST, and ALT between the control
mice and the pantethine-treated mice.
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FIGURE 3 | Representative H&E stained sections of liver (A) and lungs (B) from a control mouse (top row) and a treated mouse (bottom row).
(C) Histogram representing the number of control and treated mice with metastases in the lungs, in the liver, and with ascites (n = 7).
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FIGURE 4 | Representative IHC stained sections of control and treated tumors for Ki-67 (A) and Caspase-3 (B). (C) Histogram representing the
percentage of positive cells for each marker in control and treated tumors (n = 3; mean + SD are represented; ***P < 0.001).
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DISCUSSION

The majority of ovarian cancer studies in mouse models use xeno-
grafts that are obtained either after subcutaneous implantation
(19) or intraperitoneal injection of cancer cells (20). To mimic the
tumor microenvironment, more recent models involved direct
injection of cells into the ovarian intrabursa (21, 22). Another
technique involving the implantation of a preparation of tumor
solid pellets into the ovarian bursa was recently described (23).
In this model, a pellet was prepared by embedding tumor cells
into a collagen matrix to control the number of cells, and to limit
their leakage during the injection (23). In the present study, we
engrafted a piece of tumor tissue onto the ovary to avoid spilling
of cancer cells and to maintain the tumor tissue microenviron-
ment. We have used this technique in the past for prostate cancer
(24) and for pancreatic cancer (25). In our model, ascites and
metastases in the peritoneal cavity, in the liver, on the diaphragm,
and in distal lymph nodes are frequent, similar to human disease,
since ovarian carcinoma usually metastasizes along the perito-
neum throughout the pelvic and abdominal cavity. In ovarian
cancer patients, metastases can be found in lung, skin, pleura,
mediastinal, and lymph nodes, and also in bone, brain, or gastro-
intestinal track (26).

Using our orthotopic model, we identified pantethine as a
promising new drug against ovarian cancer, targeting not only

tumor progression but also metastases occurrence, and ascites
formation. The orthotopic tumor growth could be followed non-
invasively using MRI, and we observed slower tumor progression
in the treated mice compared to the non-treated ones. While there
were no differences in cell proliferation, increased caspase-3 was
observed in the treated tumors, linking the tumor growth reduc-
tion to an increase in apoptosis. High-resolution 'H MRS analysis
of tumor extracts revealed a significant decrease of PC and PtCho
concentrations in the tumors from treated mice compared to the
untreated controls. We used a high dose of pantethine and did not
observe any side effects. Pantethine is rapidly eliminated into the
urine allowing its administration in humans at a reasonable dose
using a slow dispensing device.

Abnormal choline metabolism continues to be identified as
one of the most consistent hallmarks of cancer (27). The molecular
causes are being gradually unraveled and are providing potential
novel targets in the treatment of cancer. Iorio et al. demonstrated
that EOC possessed an altered MRS-choline profile, characterized
by increased PC content (28). Several studies have demonstrated
that targeting choline kinase resulted in a decrease of PC and a
reduction of tumor growth (29, 30). Here, we observed a reduc-
tion of tumor progression that was associated with a decrease of
PC and PtCho.

Several known properties of pantethine may explain these
results. A previous study described the inhibition of PtCho
synthesis in vitro in rat liver microsomal preparations with
pantetheine and CoA (31). Here, we observed an in vivo effect of
pantethine on PtCho level in orthotopically implanted OVCAR3
tumor. Pantethine inhibited fatty acid synthase (FAS), as demon-
strated in isolated rat hepatocytes by Bocos and Herrera (32). FAS
synthesizes fatty acids using 4'-phospho-pantetheine, which acts
as a universal mechanism of transport of intermediates (33-35).
Pantethine may inhibit FAS activity through the alteration of the
thiol group of the 4’- phospho-pantetheine arm, which covalently
carries the pathway intermediates. High FAS activity has been
observed in most ovarian cancers and is strongly associated with
high aggressiveness and poor patient survival. Inhibition of FAS
activity has been shown to be cytotoxic to human cancer cells
in vitro and in vivo (36). Pantethine not only affects cellular fatty
acid metabolism but also displays anti-inflammatory properties
by maintaining the asymmetric distribution of cell membrane
phosphatidylserine, resulting in the inhibition of cellular response
to proinflammatory factors (15).

It was recently shown that pantethine affects lipid raft com-
position causing a decline of the proportion of saturated fatty
acid, an increase in mono- and polyunsaturated fatty acid, and a
decrease of cholesterol content (17). These changes in raft com-
position led to an impairment of CXCL12 to bind to its target
(17). The CXCL12-CXCR4 axis promotes proliferation, migra-
tion, invasion, and metastasis in ovarian cancer (37), therefore its
alteration by pantethine may be a mechanism for the reduction
of metastases observed in our study.

Finally, it was recently shown that obesity contributes to ovarian
cancer metastases formation (38). Adipose tissue is a key compo-
nent of the ovarian cancer metastatic microenvironment (39, 40).
Increased body fat enhances tumor cell-mesothelial cell adhesion
and promotes intraperitoneal metastatic dissemination (38).
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As a known hypolipidemic agent, pantethine may influence
metastases formation through its hypolipidemic effects.

In conclusion, pantethine represents a novel potential thera-
peutic option in patients with ovarian cancer, since it is a well-
known and well-tolerated molecule. Further in vivo preclinical
studies are needed to confirm the beneficial role of pantethine in
ovarian cancer and to better understand its mechanism of action.
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Introduction: Magnetic resonance imaging (MRI) can portray spatial variations in
tumor heterogeneity, architecture, and its microenvironment in a non-destructive way.
The objective of this study was to assess the relationship between MRI parameters
measured on patients in vivo, individual metabolites measured in prostatectomy tissue
ex vivo, and quantitative histopathology.

Materials and methods: Fresh frozen tissue samples (n = 53 from 15 patients) were
extracted from transversal prostate slices and linked to in vivo MR images, allowing
spatially matching of ex vivo measured metabolites with in vivo MR parameters. Color-
based segmentation of cryosections of each tissue sample was used to identify luminal
space, stroma, and nuclei.

Results: Cancer samples have significantly lower area percentage of lumen and higher
area percentage of nuclei than non-cancer samples (p < 0.001). Apparent diffusion coef-
ficient is significantly correlated with percentage area of lumen (p = 0.6, p < 0.001) and
percentage area of nuclei (p = —0.35, p = 0.01). There is a positive correlation (p = 0.31,
p = 0.053) between citrate and percentage area of lumen. Choline is negatively cor-
related with lumen (p = —0.38, p = 0.02) and positively correlated with percentage area
of nuclei (p = 0.38, p = 0.02).

Conclusion: Microstructures that are observed by histopathology are linked to MR
characteristics and metabolite levels observed in prostate cancer.

Keywords: ADC, magnetic resonance imaging, citrate, choline, HR-MAS MRS, color-based segmentation

INTRODUCTION

Magnetic resonance imaging (MRI) plays an important role in the diagnostic work-up of prostate
cancer patients (1). MRI can portray spatial variations in tumor heterogeneity, architecture, and
its microenvironment in a non-destructive way. Metabolic and morphologic changes in prostate
cancer tissue lead to changes in MRI and MR spectroscopy (MRS) parameters. In cancer areas of
the prostate’s peripheral zone, T intensity and apparent diffusion coeflicient (ADC) are reduced,
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while the choline and creatine-to-citrate ratio is increased com-
pared to non-cancer areas (2, 3). These cancer-related changes
in MR imaging parameters may be caused by a combination
of increased cellularity, reduced luminal space, and altered
metabolism.

Attempts have been made to elucidate the relationship between
MR visible metabolites and MR imaging parameters. A negative
correlation between ADC and the metabolite ratio choline plus
creatine-to-citrate has been demonstrated (4). Due to low spec-
tral resolution in vivo, correlation between MRI parameters and
individual metabolites (such as choline-containing compounds
and citrate) has not yet been investigated. Ex vivo high-resolution
spectroscopy data from magic angle spinning (HR-MAS) MRS
from prostate cancer can be linked to in vivo MR parameters as
previously described (5), and individual metabolites can there-
fore be correlated with MRI parameters.

In the prostate, healthy peripheral zone has heterogeneous
tissue architecture and consists primarily of glandular lumen
lined with secretory epithelium embedded within a stromal
matrix (6). Healthy prostate tissue is characterized by high
levels of citrate since the glandular secretory epithelial cells
have the ability to produce, accumulate, and secrete citrate (7).
The water content is low in stroma, but high in luminal space
resulting in a relatively long T, and unrestricted water diffusion.
As a result, healthy peripheral zone shows high signal intensity
in T,-weighted images and on ADC maps, while T, intensity
and ADC are reduced in cancer (8-14). However, it has been
demonstrated by Bourne et al. that the secretory epithelia within
healthy peripheral zone represent a compartment of highly
restricted water diffusion (6) and that healthy peripheral zone in
general displays two T, components, one liquid-like component
with long T, time originating from the luminal space and one
component with a short T, time originating from stromal and
epithelial tissues (15). Further, significant correlations between
imaging parameters and histological features, such as luminal
space, cell density, percentage of nuclei, and cytoplasm, have
been demonstrated (16-18).

The objective of this study was to assess the relationship
between MRI parameters (T, intensity and ADC) measured
on patients in vivo, individual metabolites measured in pros-
tatectomy tissue ex vivo and quantitative histopathological
features (percentage nuclei, stroma, and luminal space). An
overview of these relationships could give a better insight into
the origin of the observed MRI and MRS signals and contribute
to better understanding of the similarities and differences of
these parameters.

MATERIALS AND METHODS

Patients and Tissue Samples

The Regional Committee for Medical Research Ethics approved
the study, and patients gave informed written consent to par-
ticipate. Fresh frozen tissue samples [#n = 53 from 15 patients,
median 3 (range 2-6) per patient] were extracted from transversal
prostate slices and linked to in vivo MR parameters as previously
described (5, 19). In short, a full transversal, fresh tissue slice
(2 mm thick) was resected from the middle of the prostate and

snap-frozen. Tissue samples (3 mm in diameter) were thereafter
drilled out of the frozen tissue slice, and locations of removed
samples were documented on a photo. Preoperative MR images
best corresponding to the level of the resected tissue slice were
identified, and circular regions of interest were outlined accord-
ing to the location of the removed tissue samples. Patient and
tissue sample characteristics are listed in Table 1.

MR Imaging

Magnetic resonance imaging was performed as previously
described (2). In short, patients with biopsy proven prostate
cancer underwent a preoperative multiparametric MR examina-
tion including T,-weighted imaging (T.WI), diffusion-weighted
imaging (DWI), MR spectroscopic imaging [MRSI; results previ-
ously reported in Ref. (2, 5) and not shown here], and dynamic
contrast-enhanced magnetic resonance imaging [DCE-MRI;
results previously reported in Ref. (2) and not shown here] on
a 3-T system (Magnetom Trio, Siemens Medical Solutions,
Erlangen, Germany). Phased array body coil and spine coil ele-
ments were used for signal detection. T,-weighted turbo spin
echo images were obtained in three orthogonal planes. The
transversal T,-weighed images (TR/TE 4210 ms/104 ms, FOV
160 mm X 160 mm, matrix 320 X 256, slice thickness 3 mm, and
acquisition time 5 min 47 s) were angulated perpendicular to
the urethra to replicate the angle of slicing for histopathological
analysis. Diffusion-weighted images [TR/TE 3500 ms/77 ms,
FOV 340 mm X 168 mm, matrix 170 X 170, slice thickness 4 mm,
four b-values (50, 300, 600, and 800 s/mm?), and acquisition time
2 min 59 s] and dynamic contrast-enhanced images (TR/TE
4ms/1.34 ms, FOV 280 mm X 227.6 mm, matrix 256 X 230.4, slice
thickness 2 mm, temporal resolution 12.9 s, and total acquisition
time 5 min 32 s) were equally angulated. T,-weighted images
and ADC maps were used to calculate T intensities and ADC in
regions of interest corresponding to tissue resection areas.

HR-MAS MRS Experiment
"HHR-MAS MR spectra of the tissue samples were obtained using

a 14.1-T spectrometer (Bruker Avance DRX 600, Bruker BioSpin

TABLE 1 | Characteristics of patients (N = 15) and tissue samples (n = 53).

Patient characteristics Value, median (range)

Age (years) 63.7 (48.0-69.5)
SPSA (ng/ml) 12.0 (5.9-21.4)
Tissue sample characteristics n
Peripheral zone 33
Transition zone 20
Gleason score

Non-cancer 14

6B +3) iRl

7(3+4,4+79) 12(8, 4)

8(3+54+4) 8(2,6)

9(@4+5,5+4) 8(5,3)
Tumor load (%)?, median (range) 60 (10-90)

SPSA, serum prostate-specific antigen at time of surgery; n = number of patients tissue
samples.
“Percentage tumor in tumor-containing tissue samples.

Frontiers in Oncology | www.frontiersin.org

June 2016 | Volume 6 | Article 146


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Selnaes et al.

MR Parameters and Tissue Microstructure

GmbH, Karlsruhe, Germany) and post-processed as previously
described (20). Quantification of metabolites was performed by
LC Model (21), as described by Giskeodegard et al. (20).

Histopathology and Color-Based

Segmentation

A cryosection was taken from each tissue sample and stained with
hematoxylin and eosin (H&E). These H&E-stained slides were
digitized with 4X magnification, and color-based segmentation
(Positive Pixel Count algorithm in ImageScope v.11, Aperio
Technologies) was used to identify luminal space, stroma, and
nuclei, as described by Langer et al. (16). In short, two hue and
windows settings were used (setting 1: 0.1 for hue, 0.5 for window;
setting 2: 0.7 for hue, 0.35 for window) and optimized for each
histologic slide by adjusting the window on a test region such
that negative pixels in setting 1 represented nuclei, negative pixels
in setting 2 represented stroma, and positive pixels in setting 2
represented cytoplasm and nuclei. Lumen was calculated as total
area minus positive and negative pixels in setting 2 (Figure 1).
For all the components (lumen, stroma, and nuclei), percentage
of total area was used in the calculations. One tissue sample (GS
4 + 4) was excluded from color-based segmentation due to poor
quality of the H&E slide. The metabolite concentrations from this
tissue sample were included in the analyses when metabolites
were correlated with MR parameters.

Statistics

The Kolmogorov-Smirnov test was used to test data normality.
Linear mixed model was used for pairwise comparison of histo-
logical components and different Gleason scores. Linear mixed
model was also used to evaluate the association between MR
parameters, metabolites, and histological features. Parameters
that were not normally distributed were log-transformed before
being entered in the linear mixed model. To account for multi-
ple samples per patient, patient identification was entered as a
random effect on the intercept in the model. Spearman’s rank

correlation (p) was calculated between in vivo MR parameters,
ex vivo metabolite concentrations, and histological features since
they were not all normally distributed. This measure does not
take into account multiple samples per patient. Multiple com-
parisons were corrected for with the Benjamini and Hochberg
false discovery rate. Adjusted p values <0.05 were considered
significant. All statistical analyses were performed using SPSS
(IBM SPSS Statistics 22.0), except Benjamini and Hochberg cor-
rections, which were performed in Matlab (MATLAB R2009a,
The MathWorks Inc., Natick, MA, USA).

RESULTS

An overview ofhistological components in cancer and non-cancer
samples is given in Table 2. Cancer samples have significantly
lower area percentage of lumen and higher area percentage of
nuclei than non-cancer samples (p < 0.001). Percentage area of
stroma is not significantly different between cancer and non-
cancer samples (p = 0.3). There are no significant differences
between histological parameters in tissue samples with different
Gleason scores except for percentage area of lumen in Gleason
score 9 samples, which are significantly lower than for Gleason
scores 6 and 7 (Figure 2).

The in vivo-measured MR parameters, T, intensity and
ADC, are reduced in areas of cancer compared to non-cancer
(Table 3) (p < 0.001). There is a trend toward reduced ADC and
T, intensity with higher Gleason score and a significantly lower
ADC in Gleason score 9 samples compared to Gleason score 6
samples (p = 0.02). The ex vivo-measured metabolite concentra-
tions of citrate and choline is reduced and increased, respectively,
in cancer samples compared to non-cancer samples (Table 3).
There is a trend toward increased choline and decreased citrate
with increased Gleason score and significantly lower citrate in
Gleason score 9 samples compared to Gleason score 6 samples
(p=0.01). There are no significant differences in choline between
samples with different Gleason scores.

Iin/Max: 852 /1067
i /SD; 861.5./76.7

in/Max: 491 /894
n/SD; 723.3 /160.5
A .13)5g.cm

1T
135

~\WIIMax: 1041 /1354
( JBWTEan/SD; 1194.5 /123
13 sq.cm

FIGURE 1 | (A) ADC map with ROIs from cancer (red outline) and non-cancer peripheral zone (green outline) areas corresponding to extracted tissue samples.
(B) H&E stained slides (4x objective) of cryosections with Gleason 5 + 4 (red) and non-cancer (green) tissue. Red and green outline refer to tissue location in (A).
(C) Close-up view of corresponding color-based segmentation with setting 2. Negative pixels (blue color) correspond to stroma; positive pixels (yellow and orange
color) correspond to cytoplasm and nuclei; lumen is calculated as total number of pixels minus positive and negative (white color).
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TABLE 2 | Area percentage of histological components.

Lumen (%) Stroma (%) Nuclei (%) No. of samples

Tissue type

Non-cancer 13.8+ 1.6 548+19 23.3+1.9 14
Cancer 75+ 0.9 50.7 +1.2 30.3 + 1.0 38
GS 6 10415 50.2+1.7 28.5+1.6 ih
GS7 8.2+ 1.7 479 + 21 31.2+ 2.0 12
GS8 7.7+1.4 52.0 + 3.1 31.5+24 7
GS9 23+ 04 54.4 + 31 30.5 + 2.2 8

Numbers are mean + SE. Bold font indicates a significant difference from non-cancer
samples (p < 0.05 after correction for multiple comparisons).

30 {7 p<0.001 —]
_ —— P00l ——
25
[— P=0.05 —]
c 201
)
£
3
g 151 o
©
2 40
- 5
0—.

0 6 7 8 9
Gleason score

FIGURE 2 | Box-plot showing association between Gleason score and
percentage area of lumen.

TABLE 3 | MR parameters.

ADC T. Choline® Citrate No. of
(x10-* mm?/s) intensity (mmol/kg®) (mmol/kg®) samples

Tissue type

Non-cancer 1572 + 95 353+31 1.19+0.1 98+ 14 14
Cancer 1146 + 44 250 + 11 28 +0.3 6.6 + 0.7 39
GS 6 1265 + 97 281 +18 2.0+ 0.5 9.7+14 1
GS7 1164 + 70 254 +22 3.0+05 54+1.1 12
GS8 1180 + 88 232 + 21 2.8+ 0.5 71+1.6 8
GS9 921 + 60 220 + 21 37+08 3.6+0.9 8

Numbers are mean + SE. Bold font indicates a significant difference from non-cancer
samples (p < 0.05 after correction for multiple comparisons).

aSum of all choline-containing compounds.

bCholine and citrate concentrations are reported as millimoles per kilogram wet weight.
T2 intensity, total choline, and citrate levels were not normally distributed and thus were
log-transformed before being entered into the linear mixed model.

There is an intermediate to strong positive correlation between
ADC and percentage area of lumen (p = 0.6, p < 0.001). There
is a weaker, but significant, negative correlation between ADC
and percentage area of nuclei (p = —0.35, p = 0.01) (Table 4;
Figure 3). ADC, percentage area of lumen, and percentage area
of nuclei are all correlated with Gleason score in the tissue sample
(p=-0.58,p <0.001; p=—0.62, p <0.001; and p=0.4, p = 0.01,
respectively) (Table 4). When only non-cancer samples (n = 14)
are considered, there is still a strong correlation between ADC

TABLE 4 | Correlation coefficients between MR parameters and
histological features.

Lumen (%) Nuclei (%) Stroma (%) Gleason score
ADC (x10-° mm?/s) 0.60 (<0.001) —-0.35(0.03) -0.01(0.99) -0.58 (<0.001)
Citrate 0.31(0.05) 0.09(0.71) —0.01(0.99) —0.46 (0.002)
(mmol/kg?)
Choline -0.38 (0.01) 0.38(0.01) -0.19(0.31) 0.55 (<0.001)
(mmol/kg?)
Spermine 0.18(0.37)  0.12(0.67) 0.004(0.99)  —-0.31(0.05)
(mmol/kg?)
Creatine -0.09 (0.71) 0.07(0.57)  0.08 (0.71) -0.07 (0.71)
(mmol/kg?)
(cho + spm + —-0.49 (0.001) 0.07(0.71)  0.003(0.99) 0.60 (<0.001)
cre)/cit
(cit + spm + 0.45(0.003) -0.22(0.24) 0.13(0.55) —0.69 (<0.001)
cre)/cho
Gleason score —-0.62 (<0.001) 0.40 (0.01) —0.14(0.51)

Denoted in brackets are the p-values corrected for multiple testing with Benjamini and
Hochberg false discovery rate approach.

cho, choline; spm, spermine; cre, creatine; cit, citrate.

Bold font indicates a significant correlation (<0.05 after correction from multiple
comparisons)

“Metabolite concentrations are reported as millimoles per kilogram wet weight.

and lumen (p = 0.7, p = 0.005), while the correlation between
ADC and nuclei is no longer significant (p = —0.007, p = 0.982).
In linear mixed model analysis, percentage area of lumen, nuclei,
and Gleason score are significant covariates of ADC (p < 0.001,
p=0.014,and p < 0.001, respectively). Percentage area of stroma is
not significantly correlated with ADC or Gleason score (Table 4).

There is a positive correlation (p = 0.31) between Citrate and
percentage area of lumen, however after correcting for multiple
testing, it is only borderline significant at the 0.05 level (p = 0.053).
With linear mixed model, lumen is a significant covariate of
citrate (p = 0.005). Choline is negatively correlated with lumen
(p = —0.38, p = 0.02) and positively correlated with percentage
area of nuclei (p = 0.38, p = 0.02). Both citrate and choline are
significantly correlated with Gleason score (p = —0.46, p = 0.002;
p=0.55,p <0.001, respectively). When only non-cancer samples
are considered (n = 14) citrate is not significantly correlated
with percentage area of lumen (p = 0.15, p = 0.65) and choline
is not significantly correlated with lumen or nuclei (p = 0.01,
p = 095 p = 0.24, p = 0.41, respectively). The relationship
between percentage area of lumen, citrate, choline, and Gleason
score is visualized in Figure 4. Spermine and creatine are not
significantly correlated with any of the glandular components,
but the ratios (choline + spermine + creatine)/citrate and (cit-
rate + spermine + creatine)/choline are significantly correlated
with percentage area of lumen (p = 0.49, p = 0.002; p = —0.45,
p = 0.004, respectively) (Table 4).

DISCUSSION

In this study, we have explored the relationship between MR
parameters measured in vivo (ADC and T, intensity), metabolite
concentrations (citrate, choline, creatine, and spermine) measured
ex vivo with HR-MAS MRS, and histological gland components
(percentage area of lumen, nuclei, and stroma) extracted from
histopathology with color-based segmentation.
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FIGURE 3 | Scatterplot showing the relationship between ADC and percentage area of lumen (A) and percentage area of nuclei (B), respectively.
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As expected, we find a clear difference in histological features
between cancer and non-cancer samples. The decrease in per-
centage of luminal space and increase in percentage area of nuclei
in cancer samples compared to non-cancer samples is in line with
previous reported findings by several groups (16, 22, 23). The
percentage area of lumen in healthy prostate tissue has previously
been reported to be in the range of 20-30% (16, 22), which is
higher than we observed. Previous studies have performed color-
based segmentation on H&E-stained whole mount sections while
we used H&E-stained cryosections. H&E staining of cryosections
can be of lower quality than staining of paraffin-embedded tis-
sue, and this might explain some of the discrepancy. Further, our
samples were 3 mm in diameter, and luminal space on the edges
was omitted in the segmentation, which could also result in lower
values. However, we observed a trend toward decreased percent-
age area of lumen with increased Gleason score, consistent with
previous findings (16, 23). The literature is inconsistent regarding
stroma content in cancer versus non-cancer tissue (16, 22, 23);

however, there was no evidence of differences in percentage area
of stroma in our data.

We find a significantly increased percentage area of nuclei
in cancer samples compared to non-cancer samples. In cancer
samples, we see a weak trend toward increased area of nuclei with
increased Gleason score; however, there is no significant differ-
ence between different Gleason scores. A trend toward increasing
cellularity metrics with increasing Gleason pattern is described in
numerous articles, but most of them lack significant differences
between Gleason groups (16, 17, 22-24). This has often been
attributed to the limited range of Gleason scores in the study
cohorts. However, in our study, we have tissue samples ranging
from non-cancer to Gleason score 9 with approximately equal
number of samples in each group and still find no significant
differences. This might be a result of the nature of the Gleason
scoring system, where each pattern is based on tissue architecture
rather than cellularity per se. This finding might also explain the
lack of significant differences in choline between different Gleason
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scores, although there is a positive correlation between choline
and percentage area of nuclei (p = 0.38, p = 0.021) in our data.

The basis for the widespread use of MR imaging in prostate
cancer diagnostics is the reduced T, intensity and ADC in cancer
compared to healthy prostate (2, 3, 9), which this study also con-
firms. The observed trend toward decreased ADC and T, intensity
with increased Gleason score is also in line with previous findings
(25, 26). 1t is likely that observed changes in tissue composition
in cancer compared to non-cancer areas are responsible for the
observed changes in MRI parameters. A more detailed investiga-
tion of the correlations between MR parameters and glandular
components could help us to understand what underlying struc-
tural changes have the strongest effect on the observed changes
in the MR images. Bourne et al. highlight that there are three
diffusion compartments in prostate tissue: ductal lumen with
close to free diffusion, stromal tissue with intermediate diffusion,
and epithelium with highly restricted diffusion (6). In our data,
we see a positive correlation between ADC and percentage area
of lumen. Since there is also a trend toward decreasing ADC with
increasing Gleason score, we also tested the correlation between
ADC and lumen in the non-cancer samples with a strong signifi-
cant correlation also in that cohort. The percentage area of nuclei
was negatively correlated with ADC; however, there was no cor-
relation between ADC and nuclei when only non-cancer samples
were investigated. Combined, these results indicate that in low
resolution clinical DW images, the amount of luminal space is
the main contributor to the measured ADC value, rather than
increased cellularity, which is often used as the default explana-
tion for reduced ADC in cancer imaging.

Altered tissue metabolism is an emerging hallmark of cancer
(27). Although it is likely that metabolites that are stored in the
luminal space, such as citrate and spermine, will be reduced when
the Iumen is invaded by cancer tissue, the observed change in
metabolites between cancer and non-cancer tissue could also
be due to cancer-related changes in metabolism. In our cohort,
both citrate and luminal space were decreasing with increasing
Gleason score. A weak correlation between citrate and luminal
space was observed, but there was not a significant correlation
when only normal samples were investigated. This could be due
to the low number of non-cancer samples; however, it could also
indicate that the correlation between citrate and luminal space
is an indirect effect of their association with Gleason score. This
could further indicate that the changes in metabolites, seen in
cancer on MRSI, are not solely dependent on tissue composi-
tion and that citrate and choline measurements from MRSI give
complementary information to ADC and T,WI.

In vivo MRSI has lower spectral resolution than ex vivo
HR-MAS MRS, and metabolite ratios, rather than individual
metabolites, are therefore often reported for MRSI studies. The
ratio of choline, polyamines (mainly spermine), and creatine-to-
citrate is often used, since the resonances of choline, polyamines,
and creatine can be difficult to separate in a reliable way (2). We
expected to see a better correlation between individual metabo-
lites and glandular features than by using metabolite ratios;
however, this was not the case. The metabolites citrate and sper-
mine are both stored in the prostatic fluid in the lumen, and it
would therefore make sense to calculate a metabolite ratio where

citrate and spermine are added. Kobus et al. (22) focused on the
metabolite ratio citrate, spermine, and creatine-to-choline and
found a positive correlation with lumen with correlation coef-
ficient of 0.5. We find a correlation in the same range between
this ratio and percentage area of lumen (p = 45), even though the
individual metabolites are weaker correlated with lumen.

This study has some limitations. The low number of tissue
samples hampered subdivision into peripheral zone and transi-
tion zone samples. There are also some inherent difficulties in the
matching between in vivo MR images and tissue samples resected
for HR-MAS NMR experiments and histopathology; however,
the tissue harvesting method used in this study contributes to
minimize the matching uncertainty (19). Previous studies have
shown that there is a good correlation between in vivo and ex vivo
measured metabolite ratios by using the harvesting and matching
technique used in this study (5).

The acquired T,-weighted MR images did not allow for quan-
titative T, measurements, and we therefore used T, intensity,
rather than T, relaxation, in our analysis. Since T intensity can
be affected by other factors than pure T, relaxation, we chose to
only do brief descriptive statistics of the T, intensity. Further for
ADC calculations, we used a monoexponential diffusion model,
since this is the model which is available for ADC calculation
in our clinical scanners. The monoexponential diffusion model
assumes Gaussian diffusion conditions. This could affect the
correlation between ADC and percentage area lumen, since the
lumen contains freely diffusing liquid. Bourne et al. suggest that
the distinct stromal and glandular diffusion compartments are
the origin of the biexponential diffusion decay seen in vivo (6).
Therefore, application of a biexponential diffusion model might
have resulted in a higher correlation of ADC with area of nuclei
or stroma.

All samples in this study were taken from patients with prostate
cancer. The non-cancer samples were taken from a transversal
prostate slice that contained prostate cancer elsewhere, and it
is not yet fully understood how the metabolism in normal-
appearing tissue is affected by the adjacent cancer (field effect). The
citrate production in the histopathologically normal-appearing
areas could already have been altered and therefore preclude the
expected correlation between citrate and percentage of lumen in
non-cancer samples.

CONCLUSION

This study adds to the literature of associations between alterations
in tissue composition, metabolism, and observed MR imaging
parameters. The microstructures that are observed by histopa-
thology are linked to MR characteristics in prostate cancer, and
ADC appears to mainly reflect luminal space rather than dense
tumor structures.
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In recent years, the development of diagnostic methods based on metabolic imag-
ing has been aimed at improving diagnosis of prostate cancer (PCa) and perhaps at
improving therapy. Molecular imaging methods can detect specific biological processes
that are different when detected within cancer cells relative to those taking place in
surrounding normal tissues. Many methods are sensitive to tissue metabolism; among
them, positron emission tomography (PET) and magnetic resonance spectroscopic
imaging (MRSI) are widely used in clinical practice and clinical research. There is a rich
literature that establishes the role of these metabolic imaging techniques as valid tools
for the diagnosis, staging, and monitoring of PCa. Until recently, European guidelines
for PCa detection still considered both MRSI/MRI and PET/CT to be under evaluation,
even though they had demonstrated their value in the staging of high risk PCa, and in
the restaging of patients presenting elevated prostatic-specific antigen levels following
radical treatment of PCa, respectively. Very recently, advanced methods for metabolic
imaging have been proposed in the literature: multiparametric MRI (mpMRI), hyperpo-
larized MRSI, PET/CT with the use of new tracers and finally PET/MRI. Their detection
capabilities are currently under evaluation, as is the feasibility of using such techniques
in clinical studies.

Keywords: metabolic imaging, prostate cancer, MRSI, PET/CT, multiparametric MRI

Prostate cancer (PCa) is the most common cancer in American men and in European elderly males
(beyond 70 years of age). About one American man in seven and one European in eight will be
diagnosed with PCa during his lifetime.

Although imaging has played a major role in PCa, many challenges still remain in the different
phases of the disease: initial assessment during diagnosis, and re-assessment after radical treatment
in cases of biochemical relapse and disease progression.

Currently, prostate biopsy remains the only procedure that provides a definitive diagnosis. The
decision to perform a biopsy is based on information gathered from serum prostatic-specific antigen
(PSA) level, digital rectal examination (DRE), ultra sound (US), and magnetic resonance (MR)
imaging, along with family history of PCa. In the era of active, multimodal surveillance of PCa,
clinicians are presented with challenge of improving the accuracy of biopsy during the diagnostic
phase and detecting only the aggressive diseases that require treatment, to avoid overdiagnosis and
overtreatment. Another significant challenge for imaging is PCa staging (1). Currently, lymph node
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staging is based on surgery. A greater accuracy of imaging for
staging may avoid unnecessary lymph nodes dissections reducing
related complications (2).

Last but not least, accurate imaging during restaging of PCa
following radical treatment presents an unsolved challenge.
Currently, when conventional imaging detects disease relapse,
PSA and PSA kinetics are too high and patients are often outside
the window of curability. A greater accuracy of metabolic imaging
techniques should improve the efficacy of salvage treatments (3).

CELL METABOLISM IN PROSTATE

Prostate gland metabolism, in both its healthy and malignant
forms, can be considered a “model” that has improved our under-
standing of the mechanisms and factors occurring when normal
cells transform themselves into malignant cells. The metabolic
profile of normal and cancerous prostate cells has provided a win-
dow into the carcinogenesis process, highlighting the importance
of cellular metabolism in this process.

Studies of prostate metabolism clearly demonstrate that a
combined knowledge of metabolic processes, genomics, and
proteomics is fundamental for a proper understanding of the
cancer process.

An expanded metabolic repertoire supports the reprogram-
ing of glucose, lipid, hormone, amino acid, and glycoprotein
metabolic pathways during malignant transformation and tumor
development in both the prostate gland and cancer cells in general.

Some of these pathways, especially those involving glucose,
lipids,and aminoacids, have been extensively studied by metabolic
imaging. Normal prostate glucose pathways are characterized by
low oxygen consumption (4) and minimal oxidation of citrate,
both suggestive of a typical tumor cell metabolic profile (5), but
caused by a normal accumulation of zinc that inhibits m-aconitase
activity (6). The observed metabolic transformation in PCa is an
increase in citrate oxidation of malignant cells, which has led to
the hypothesis of increased m-aconitase activity compared to the
normal epithelial cells. However, as highlighted by Singh et al. (7),
proteomic analyses has shown that the level of m-aconitase does
not change in cancerous prostate tissue, although the elevated
zinc level inhibits its activity in normal tissue. As a consequence,
in vivo non-invasive metabolic imaging has shown a high level
of citrate in normal prostate gland that significantly decreases
in regions of cancer associated with a significant choline (Cho)
increase (8).

In fact, metabolic pathways of lipids, and in particular phos-
pholipids, are altered, as shown by in vivo 1H-MR spectroscopy
imaging (MRSI) studies that detect elevated total Cho in regions
of PCa and by ex vivo (9) and tissue (10) 1H-MR spectroscopy
studies that detect the total Cho peak due to significant increases
of free Cho, phosphocholine (PC), and glycerophosphocholine
(GPQ). The altered lipid pathway in PCa has also been studied
using positron emission tomography (PET) imaging (11) with
radiotracers, such as 11C-Cho (and 18F-Fluorocholine) and
11C-acetate.

The amino acid metabolic pathway has also been studied by
PET, exploiting the fact that amino acid transport is upregulated
in PCa cells.

The metabolic peculiarities of prostate gland metabolism have
driven the development of the techniques for its study in vivo.

IN VIVO TECHNIQUES FOR METABOLIC
IMAGING

Metabolic imaging refers to a set of molecular imaging meth-
ods that provide direct information about tissue metabolism.
Molecular imaging may be defined as the visualization, charac-
terization, and measurement of biologic processes at the molecu-
lar and cellular levels (12). Molecular imaging methods can
detect specific biologic processes that change in cancer relative
to surrounding normal tissue. Of course, it is desirable to have
non-invasive instruments able to map the metabolism of various
organs in vivo.

Many research methods are sensitive to tissue metabolism,
and of these MRSI and PET are widely used in clinical practice
and clinical research. Since the late 90s, both MRSI/MRI and
PET/CT have been evaluated for PCa detection (8, 13, 14).

An MRSI exam is always associated with an MRI scan in order
to have both metabolic and anatomical data. It is a non-invasive
technique since non-ionizing radiation is used. Using MRSI,
multiple metabolites can be spatially resolved in a single imag-
ing protocol with a spatial resolution that can be reduced below
0.5 cm’; nevertheless with clinical systems, usually only a limited
number of metabolites are present at concentrations that allow
useful spatial mapping. This significantly limits the metabolic
characterization of tumors. In prostate gland citrate, creatine,
polyamine, and Cho-group resonances are detectable on 1.5- to
3-T scanners and the (choline + creatine)/citrate ratio is known
to increase with tumor aggressiveness (15, 16). In a systematic
review and meta-analysis of the use of combined MRI and MRSI
in PCa pooled sensitivity for the evaluation of primary tumor was
68% (95% CI, 56-78%) with and pooled specificity 85% (95% CI,
78-90%). Subdividing patient into low and high risk subgroups,
the sensitivity was lower in low-risk patients [58% (46-69%) vs.
74% (58-85%); p > 0.05] but higher for specificity [91% (86-94%)
vs. 78% (70-84%); p < 0.01] (17).

Recently, developments in pulse sequences for MRSI have
increased spectral resolution (18), and improved signal-to-noise
(SNR) and volume selection (19).

Magnetic resonance spectroscopic imaging, unlike PET,
detects static concentrations of endogenous molecules rather
than tracer uptake. PET imaging is mostly used in association
with a CT scan to sum up metabolic and anatomical information.
A PET-CT scan involves exposure to ionizing radiation. PET is
characterized by a high sensitivity in the detection of gamma
radiation but with a spatial resolution which is not below a few
millimeters. One of the drawbacks of PET for metabolic imaging
is the absence of chemical information. The most commonly used
tracer for PET imaging is [18F]-fluoro-2-deoxyglucose (FDG)
but not all tumors consume glucose, so specific tracers have to be
found for different tumors. The use of Cho radiotracers (11C-Cho
and 18F-fluorocholine) and 11C-acetate is based on increased
cellular membrane synthesis in PCa. Cho is overexpressed in
cancer cells and is used for the synthesis of phosphatidylcholine,
a prerequisite for cell membrane formation. Like Cho, acetate
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is a substrate needed for lipogenesis and hence important for
increased cell membrane synthesis during PCa. Just as with
FDG, uptake level of lipogenesis tracers in benign tissue and PCa
can overlap, determining the low specificity of these tracers for
primary PCa detection (20). In a systematic review and meta-
analysis of 11C-acetate PET/CT in PCa, pooled sensitivity and
pooled specificity for evaluation of primary tumor were 75.1%
(95% CI: 69.8-79.8%) and 75.8% (95% CI: 72.4-78.9%), respec-
tively (21). 11C-Cho showed a sensitivity of 66% and specificity of
81% for localization of primary PCa on a sextant histopathologic
analysis (22). Although lipogenesis tracers present limitations for
detection of primary PCa, they might be useful for a minority of
newly diagnosed patients in whom distant metastatic disease is
highly suspected on the basis of clinical data (serum PSA level
>20 ng/ml, Gleason score 8-10, locally advanced tumor). In a
systematic review, Evangelista et al. reported a sensitivity and a
specificity of 19-90 and 88-98%, respectively, for detection of
metastatic lymph nodes (2). These results are linked to a high
false-positive rate due to inflammation and a high false-negative
rate linked to micrometastatic lymph node disease undetectable
by the majority of PET/CT scanners. More rigorous imaging trials
are required to validate methods, and determine their sensitivity,
to reduce the extreme variability of these results. The role of Cho
PET/CT for restaging of biochemically recurrent PCa has been
confirmed, particularly when the PSA level becomes elevated.
One systematic review and meta-analysis including 19 selected
studies with a total of 1555 patients revealed a pooled sensitivity
of 85.6% and pooled specificity of 92.6% (23). In a recent study
with a large cohort of patients, the accuracy of 11C-Cho PET/CT
for the detection of sites of metastatic disease in PCa patients with
biochemical relapse was confirmed. The authors also showed that
in their series the PSA level was the main predictor of a positive
scan with 1.16 ng/ml as the optimal cut-off value. They asserted
that in the majority of positive scans they detected oligometastatic
disease, potentially treatable with salvage therapies (3).

Other tracers have been and are currently being investigated
(see Advanced Protocol and Perspectives) but only Cho and very
recently 18F-FACBC have FDA approval for clinical use.

One of the latest molecular imaging modalities is hyperpolar-
ized 13C-MRSL It combines the advantages of MRSI with an
enormous gain in sensitivity in 13C detection due to the method
of hyperpolarizing the molecules.

The dynamic nuclear polarization technique has been applied
to 13C-MRSI (24): it is based on the transfer of polarization from
the electron spins of paramagnetic centers embedded in a glassy
frozen solution to neighboring nuclear spins (i.e., 13C nuclei
of an informative biomolecule) through dipolar interactions.
The solid solution is then rapidly dissolved and prepared for an
intravenous injection. MRSI data must be obtained as rapidly as
possible after dissolution because the enhancement is lost with
the spin-lattice relaxation of the biomolecule. With hyperpolar-
ized 13C-MRS], it is possible to monitor substrate uptake and
the metabolism of endogenous biomolecules (25) by studying
metabolic fluxes in vivo. Polarization methods, sequences, coils,
and substrates (26, 27) have all been developed since 2007 with
the aim of improving the accuracy of PCa evaluation.

CURRENT USE OF METABOLIC IMAGING
IN CLINICAL PRACTICE

Figure 1A outlines the most common methods used for metabolic
imaging in clinical practice. Their main technical characteristics
are highlighted, divided into pros and cons. The utility of each
technique for diagnosis, staging, and/or monitoring of therapy
is indicated in vertical columns, subdivided into primary detec-
tion or recurrence. Figure 2A shows example images for these
techniques.

Although an extensive literature shows how much these non-
invasive imaging techniques are used to assess PCa in Europe,
guidelines for PCa staging still indicate MRSI/MRI and PET/
CT (32) as being under evaluation. The accuracy of MRSI/MRI
aids in tumor localization within the peripheral zone, increasing
the accuracy of extracapsular extension detection among less-
experienced readers, and decreasing inter-observer variability.
Nevertheless, given difficulties in interpreting signal changes
related to post-biopsy hemorrhage and inflammatory changes
of the prostate, and the unquantifiable but significant inter- and
intra-observer variability seen between both non-dedicated and
dedicated radiologists, that may lead to under- or overestima-
tion of tumor presence and the local extent of disease, this
technique is appropriate only for a limited number of cases.
The overall accuracy of 11C-Cho PET in defining local tumor
stage has been reported to be around 70% (33). PET tends to
understage PCa, and has a limited value for making treatment
decisions in patients with clinically localized PCa. Thus, rou-
tine clinical use of 11C-Cho PET cannot be recommended for
detecting and staging primary PCa. By contrast, 11C-Cho PET/
CT is regarded as a well investigated modality for the restaging
patients presenting with elevated PSA levels following radical
treatment of PCa (34).

The ACRIN study on PCa localization by MRI and MRSI
(35) showed that the accuracy of combined 1.5-T endorectal
MR imaging-MR spectroscopic imaging for sextant localiza-
tion of peripheral zone PCa is equal to that of MR imaging
alone. Nevertheless, many publications have showed that the
combination of MRI and MRSI even in selected applications
(such as diagnosis of cancer in men with more than one previous
negative biopsy) really improves MRI performance (8, 21, 36,
37). This disagreement with the ACRIN study is explained by the
expertise of radiological staff (together with physicists, chemists,
and biologists) in acquisition of MR spectra, in post-processing
and by the close collaboration with urologists in approaching the
diagnosis of each single patient. To overcome this methodological
problem, fully automated procedures to assess MR spectra have
been proposed; the classification capabilities of automated pat-
tern recognition approaches are equal to or better than manual
methods (38, 39).

With regard to PET, its diagnostic power lies in its ability to
stage disease, monitor treatment response, and detect recurrence,
rather than in initial diagnosis (40); hence, PET is still prescribed
only for equivocal cases and not for clinical routine.

It remains an open question whether, in the light of the exist-
ing literature and current diagnostic guidelines, MRI/MRSI and
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‘ A : Clinical applications of metabolic imaging for PCa detection
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D Non-ionizing radiation D Radiotracer uptake
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M High spatial resolution M
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‘ B : Advanced applications of metabolic imaging for PCa detection
MpMRI Hyperpolarized MRSI New PET tracers PET/MRI
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FIGURE 1 | Metabolic imaging in PCa detection. (A) Clinical applications of MRSI/MRI and PET/CT (standard tracers): pros and cons. (B) Advanced
applications: hyperpolarized MRSI, mpMRI, PET/CT (new tracers), and PET/MRI: pros and cons. Abbreviations: MRSI, magnetic resonance spectroscopic imaging;
MRI, magnetic resonance imaging; PET, positron emission tomography; CT, computed tomography; mpMRI, multiparametric MRI; P, primary tumor; R, recurrence;
D, diagnosis; S, staging; M, monitoring.

PET are needed to increase accuracy in PCa detection in clinical
practice.

ADVANCED PROTOCOLS AND
PERSPECTIVES

Figure 1B outlines the most recent advanced approaches for
metabolic imaging. As for Figure 1A, their main technical
characteristics are highlighted, dividing between pros and
cons. The utility of each technique for diagnosis, staging and/or
monitoring of therapy is indicated in vertical columns. Figure 2
shows example images of these advanced metabolic imaging
approaches.

Multiparametric MRI (mpMRI) refers to the use of comple-
mentary MR techniques to improve the detection, characteriza-
tion and staging of PCa by T2-weighted MRI, MRSI, DTI, and
dynamic contrast-enhanced MRI scans in the same session. The
combination of such acquisitions gives anatomical, microstruc-
tural, functional, and metabolic information with the high spatial
resolution of MRI. MpMRI data appears to be the most accurate
imaging method for localizing primary PCa and staging primary
or recurrent PCa (28, 41, 42). An mpMRI acquisition has no par-
ticular technical limitation apart from the use of a contrast agent
for DCE imaging. Nevertheless, the challenge to the diffusion of
mpMRI is the need for specialized clinical staff and the need to
present data to clinical colleagues in a simple but meaningful way
in spite of its complexity. Shared acquisition, post-processing, and
interpretative protocols become essential. This requirement has

inspired the definition of the PI-RAD score, specifically formal-
ized for predicting the presence of cancer by mpMRI findings
from of T2w, T1w, DWI, and DCE acquisitions (43). The use of
this score provides a combined evaluation of all functional and
structural MR imaging scans; nevertheless a quantitative score
for all techniques is still lacking. On the contrary, a quantitative
evaluation for MRSI, which could be part of mpMRI protocol
but is absent from the PI-RAD scoring system, has already been
evaluated (44) and applied (14, 45).

Magnetic resonance spectroscopic imaging of hyperpolarized
nuclei is a relatively new and sophisticated approach, which ofters
the possibility of monitoring tumor metabolism by the injection
of labeled substrates and observation of their metabolic products
without the use of ionizing radiation. Metabolic imaging with
hyperpolarized 13C pyruvate, which provides information about
tissue biochemistry, has been demonstrated to greatly increase
the sensitivity of MRI in detecting PCa (46). Nevertheless,
hyperpolarization is a highly demanding procedure due to both
the process that drives nuclei to a non-stable but more sensitive
condition and the rate of the exponential decay process, which
limits acquisition time to a few tens of seconds. Thus, a number of
hurdles must be overcome to transfer these methods to a clinical
setting; the major one are technical, and regard the MR scanner
and the polarizer, but there is the important matter of the safety
of the substrate: to date no significant adverse effect have been
observed in tolerability studies performed in test animals and
the first application in human patients has shown no dose limit
toxicity (29).
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FIGURE 2 | Example images showing advanced metabolic imaging
approaches to PCa detection.

(Continued)

FIGURE 2 | Continued

(A) MRSI/MRI and PET/CT. Transverse T2-weighted MR image (upper left)
shows bilateral signal hypointensities and corresponding 3D MR
spectroscopic spectra (lower left) show bilateral abnormalities [mean
(Choline + Creatine)/Citrate ratio = 0.95 on right side and 1.10 on left]
indicative of cancer, while corresponding PET/CT transverse images (upper
right) do not show any relevant pathologic focal accumulation of
11C-choline [background maximum SUV (standardized uptake value) = 2.5].
Corresponding pathologic specimen (hematoxylin-eosin stain; original
magnification, x1) (lower right) shows bilateral posterior adenocarcinoma
(T3aNXMX, Gleason score 4 + 3) with right extracapsular extension (**).
Reproduction with permission from Ref. (14) (RSNA). (B) mpMRI in a
62-year-old man with PCa. Axial T2-weighted MR image (upper left)
demonstrates a low-signal intensity focus (arrow) at right apex mid
peripheral zone suspicious for PCa. Raw dynamic contrast-enhanced MR
image (lower left) and kians (Wash in) (upper middle) and ke (wash out) (lower
middle) maps help localize tumor (arrow). Histopathologic slide at apex mid
prostate level (upper right) confirms presence of tumor (Gleason score, 8)
more anteriorly (red line), secondary to distortion and shrinkage of
specimen. A, anterior; L, left; P, posterior; R, right. Reproduction with
permission from Ref. (28) (RSNA). (C) 13C-hyperpolarized MRSI in a
patient, who had a serum PSA of 4.5 ng/ml, was originally diagnosed with
bilateral biopsy-proven Gleason grade 3 + 3 PCa, and received the highest
dose of hyperpolarized [1-13C]pyruvate (0.43 ml/kg). On the left, an axial
T2-weighted images and on the right the corresponding spectral array with
the area of putative tumor highlighted by pink shading. A region of tumor
was observed on the T2-weighted images (red arrows). From Ref. (29)
(Nelson SJ, Kurhanewicz J, Vigneron DB, Larson PE, Harzstark AL,
Ferrone M, et al. Metabolic imaging of patients with prostate cancer using
hyperpolarized [1-'*C]pyruvate. Sci Trans/ Med (2013) 5(198):198ra108.
Reprinted with permission from AAAS.) (D) Coronal PET (left) and CT fused
(right) anti-18F-FACBC images of 63-year-old male patient with
pathologically proven bilateral prostate carcinoma (arrows on the left). Note
little bladder activity (white arrows on the right). This research was originally
published in JNM (30). Schuster et al.© by the Society of Nuclear Medicine
and Molecular Imaging, Inc. (E) PET/MRI fusion imaging in high-grade PCa.
Specific image information derived from 11C-choline PET (upper middle),
ADC (apparent diffusion coefficient) DWI (upper right), hematoxylin—eosin
(HE) histology (lower left), and parametric fusion PET/MRI using PCHOL/
ADC* (lower right) is coregistered with transaxial T2-weighted MRI (upper
right). Color bars indicate 11C-choline SUV (standardized uptake value)
(upper middle), PCHOL/ADC* (lower right), and inverted ADC (upper right).
Zoomed registered HE histology slice is shown for increased clarity (fower
left). At histology, Gleason 4 + 3 lesion is located in left lobe of prostate (red
arrows) in peripheral and central zone, which is identified on registered
imaging, whereas additional low-volume Gleason 3 + 3 lesion in right lobe is
11C-Choline SWV 1o
ADC+0.001
research was originally published in JNM. Park et al. (31) © by the Society of
Nuclear Medicine and Molecular Imaging, Inc.

not identified (blue arrows) *PCHOL /ADC =

In PET imaging, several promising radiotracers are currently
being investigated for the evaluation of PCa but not based on the
detection of glucose or fatty acid metabolism since glucose and
lipogenesis tracers have demonstrated limitations for detection
of primary PCa. These new radiotracers aim to monitor amino
acid metabolism (anti-18F-FACBC), DNA synthesis, and the
expression and activity levels of a variety of receptors, enzymes,
and other cancer-specific and non-specific biomarkers.

The radiotracer 1-amino-3-florine-18-florocyclobutane-
1-carboxylic acid (18-FACBC) exploits the fact that amino acid
transport is upregulated in PCa cells. The low urinary excretion
of this radiotracer also allows 18-FACBC uptake in malignant
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tumor cells to be detected more accurately. Few papers have
been published on the role of 18F-FACBC for the evaluation of
primary or recurrent PCa. Schuster et al. compared the diagnostic
performance of 18F-FACBC and 111In-capromab in 93 patients
reporting a higher accuracy for 18F-FACBC and an upstaging
of recurrent disease in at least 25% of patients (30). Nanni et al.
recently confirmed the higher accuracy of 18F-FACBC compared
to 11C-Cho in restaging of PCa, particularly in patients with low
PSA levels (<1 ng/ml) (47).

To date, about 1000 patients have been studied with
68Ga-PSMA (prostate-specific membrane antigen) in different
clinical indications, such as initial staging and restaging of disease
and in comparison with other common radiopharmaceutical
agents for PET imaging, such as radiolabeled Cho. PSMA is a
membrane glycoprotein with an extensive extracellular domain,
a transmembrane segment, and an intracellular domain. PSMA
is normally expressed in epithelial cells within the prostate
and is strongly upregulated at all stages of PCa. An increase in
PSMA expression has been associated with tumor aggressiveness,
metastasis, and disease recurrence, providing a rational target for
ligand-receptor-based imaging and therapy. Two groups have
demonstrated that 68Ga-PSMA PET/CT is superior to 18F-Cho
PET/CT and conventional imaging modalities (48, 49). Eiber et al.
evaluated the accuracy of 68Ga-PSMA PET/CT in 248 patients
with biochemical relapse and showed a patient-based detection
rate of 89.5% with a detection rates for PSA levels of >2, 1 to <2,
0.5to <1, and 0.2 to <0.5 ng/ml were 96.8, 93.0, 72.7, and 57.9%,
respectively (50). Clinically, it is very important that 68Ga-PSMA
PET/CT has a high detection rate for low values of PSA allowing
the site of recurrence to be detected within the windows of cur-
ability. Further studies are required to confirm these data.
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