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therapeutic strategy
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Tumour metabolism is a major focus of cancer research, and metabolic
reprogramming is an important feature of malignant tumours. Serine is an
important non-essential amino acid, which is a main resource of one-carbon
units in tumours. Cancer cells proliferate more than normal cells and require
more serine for proliferation. The cancer-related genes that are involved in serine
metabolism also show changes corresponding to metabolic alterations. Here, we
reviewed the serine-associated one-carbon metabolism and its potential as a
target for anti-tumour therapeutic strategies.
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1 Introduction

Although cancer genomics is the central topic in tumour research, the correlation
between tumour and metabolism needs to be evaluated in detail. One of the hallmark
events during tumorigenesis is the evolution of metabolic patterns that sustain tumour
proliferation and survival (1). Metabolic reprogramming is an essential feature of
malignant tumours to provide enough energy and essential bioactive substances for
tumour growth (2). Therefore, some scholars have proposed that tumour is not only a
genetic disease but also a metabolic disease (3). This hypothesis originated from the
discovery of the Warburg effect or aerobic glycolysis (4). Subsequently, various anti-
metabolic drugs have been used in anti-tumour therapy.

One-carbon metabolism refers to the process in which some amino acids form a group
containing a carbon atom (also called a one-carbon unit), which participates in the
biosynthesis after being transferred. One-carbon unit cannot exist in the free form and is
bound to the N5 and N10 positions of tetrahydrofolate (THF), which is a key coenzyme
that undergoes transformations to enable the transfer and participation of one-carbon units
in metabolism (5). Serine is a non-essential amino acid, which is the third major
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contributor to cancer cell metabolism after glucose and glutamine.
The amino acid participates in the formation of nucleic acids, lipids,
amino acids and coenzymes and is also required for cell
proliferation (6). The one-carbon units derived from serine
contribute to the synthesis of purines and thymidine, methylation
reactions, and the production of NADPH involved in anti-oxidant
defences in cells (5).

Here, we reviewed the role of serine-associated one-carbon
metabolism in different cancers and addressed the possibility of
targeting this metabolic pathway as an anti-tumour
therapeutic strategy.

2 Serine and one-carbon metabolism

The intracellular one-carbon units are mainly derived from the
catabolism of amino acids, such as glycine, histidine, serine,
tryptophan, and methionine. These units are produced by
pathways involved in serine/glycine metabolism, glycine cleavage
system, and other amino acid metabolism (4). Serine is the major
contributor of one-carbon units in cancer metabolism. On the one
hand, cancer cells can take up exogenous serine quickly; on the
other hand, cancer cells can synthesise serine (7). Consequently,
cancer cells ensure optimal serine supply and enough one-carbon
units to meet their requirements.

In recent years, over-activated serine/glycine metabolic
pathways have been implicated in the development of cancer (8).
The serine de novo synthesis pathway becomes the main source of
serine in the absence of serine or during rapid cell proliferation.
Cancer cells obtain most of their energy needs through aerobic
glycolysis, and the anabolism of serine is an important branch of
glycolysis (9). The process consists of three enzymatic reactions.
First, 3-phosphoglycerate (the intermediate metabolite of
glycolysis) is converted to 3-phosphohydroxypyruvate (pPYR) by
3-phosphoglycerate dehydrogenase (PHGDH) with the
simultaneous conversion of oxidised nicotinamide adenine
dinucleotide (NAD+) to reduced nicotinamide adenine
dinucleotide (NADH) (10). Next, phosphoserine aminotransferase
1 (PSAT1) catalyses the conversion of pPYR to phosphoserine
(pSER) and o-ketoglutarate. Finally, pSER is dephosphorylated by
phosphoserine phosphorylase (PSPH) to form serine (11). Serine is
converted to glycine by serine hydroxymethyltransferase (SHMT)1
and SHMT2 in the cytoplasm and mitochondria, respectively.
SHMT transfers methyl group from serine to THF and
participates in the folic acid cycle (12). SHMT2 catalyses the
production of the one-carbon unit from serine in the rapidly
proliferating cells, and this unit enters the cytoplasm in the form
of formic acid to participate in nucleotide synthesis. In SHMT2-
deficient cell lines, SHMT1 catalyses serine catabolism to fulfil the
requirements of one-carbon groups for thymidine and pyrimidine
synthesis (13).
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3 Metabolic reprogramming of serine
in cancers

Cancer cells require more serine because of their higher
proliferative capacity than normal cells. Moreover, their genes
associated with serine metabolism also show changes
corresponding to metabolic changes (7).

PHGDH is a key enzyme required at the first step of the serine
de novo synthesis pathway. Possemato (14) reported that the
PHGDH gene is in a genomic region of recurrent copy number
gain in breast cancer, and the PHGDH protein levels are elevated in
70% of estrogen receptor-negative breast cancers. Breast cancer cells
with a high PHGDH expression have increased serine synthesis
flux. Song et al. suggested that the expression of PHGDH is
increased in pancreatic cancer tissues compared with the adjacent
normal tissues. Increased expression of PHGDH is associated with
tumour size, lymph node metastasis, and TNM stage of patients
with pancreatic cancer. Therefore, PHGDH could serve as an
important prognostic indicator and therapeutic target for
pancreatic cancer (15).

PSATI is a key enzyme in serine biosynthesis, and its
overexpression is associated with colon, non-small cell lung, and
breast cancers (16). Liao et al. found that high PSAT1 expression is
associated with a poor prognosis of nasopharyngeal cancer and is an
indicator of an advanced cancer stage, indicating that PSAT1 is a
potential prognostic biomarker (16). PSATI1 is an independent
prognostic factor for colorectal cancer. It is overexpressed in the
colorectal cancer tissues compared with the normal tissues, and its
overexpression is associated with a response to chemotherapy using
irinotecan, 5-fluorouracil, and leucovorin and shorter survival
time (17).

PSPH is a key enzyme catalysing the last step of the serine synthesis
pathway. Sun (9) found that aberrant expression of PSPH is highly
correlated with mortality in patients with hepatocellular carcinoma. Li
(18) described that most colorectal cancer cell lines overexpress PSPH,
which supports cancer growth during 5-FU treatment. Therefore,
PSPH can be targeted for increasing the anti-cancer efficacy of
conventional therapy in patients with colorectal cancer.

SHMT is an important enzyme in the one-carbon unit cycle
associated with serine. It also participates in the rapid proliferation
of various cancers; therefore, SHMT is an actively studied target for
anti-cancer drug development. Sun (19) reported that stromal
SHMT1 expression was highest in anaplastic carcinomas,
tumoural SHMT1 was higher in poorly differentiated carcinomas
and papillary thyroid carcinomas, and stromal SHMT1 expression
was associated with short disease-free survival in follicular variant
papillary thyroid carcinomas. Dual SHMT1/2 knockout blocked
HCT-116 colon cancer xenograft formation, suggesting that both
SHMT]1 and 2 may be involved in the association between serine
metabolic reprogramming and lymphoma. However, the role of
SHMT?2 in mitochondria may be more crucial (12).
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4 Serine deprivation for
cancer therapy

Approximately 40%-80% of patients with cancer suffer from
malnutrition. Cancer cells can obtain energy to support their
survival and growth even in nutrient-deficient conditions (20).
Both exogenous and endogenous serine support the development
of cancer (2, 7, 21, 22). Cancer cells rely on exogenous serine to
maintain their high proliferation rate. Therefore, serine deprivation
has anti-cancer effects in patients with different genetic
backgrounds and cancer types.

p53 mutations make colon cancer cells sensitive to serine
deprivation because they cannot induce the necessary Gl
blockade in vivo. The cells lacking p53 cannot respond to serine
depletion, leading to oxidative stress. Such cells cannot guide the
residual serine to produce glutathione for nucleotide synthesis.
Additionally, these mutations can result in decreased viability and
severely impaired cancer cell proliferation, indicating that serine
deprivation may have a potential role in the treatment of p53-
deficient cancers (23).

Serine deprivation can also effectively inhibit spontaneous cancer
growth driven by Apc loss (intestinal cancer) or Myc activation
(lymphoma) (21). Pancreatic ductal adenocarcinoma (PDAC) mice
on the serine-free diet showed a 50% reduction in cancer growth. The
researchers also used an FDA-approved drug LOXO-101 to prevent
axons from entering PDAC. The drug blocked the activation of the
receptor protein on the surface of neurons that interacted with nerve
growth factor (also known as TRK-A), thereby inhibiting cancer
innervation. The use of this drug alone could not slow down the
growth of PDAC cancers in mice. However, a combination of this drug
with the serine-free diet reduced the growth rate of PDAC by 50%
compared with the diet alone. This suggests that nerves are necessary to
support the growth of PDAC cells in serine-deprived cancer regions.
TRK inhibitors have been approved for the treatment of TRK fusion
cancers, and approximately 40% of patients with PDAC who cannot
produce serine after surgery may be treated with a combination of TRK
inhibitors and a low-serine diet to reduce cancer recurrence. However,
this strategy has not been tested in clinical trials (24).

Serine deprivation can also enhance the effect of cancer therapy
through the mitochondrial complex I inhibitor metformin (or
phenformin). However, in vivo experiments showed that neither
phenformin alone nor serine deprivation could inhibit the growth of
allogeneic colon adenocarcinoma in mice, but their combination
produced a marked inhibitory effect (25). Naama Kanarek concluded
that a serine-free diet is a promising approach to inhibit cancer
progression, which should be tested in combination with other
cancer treatment methods in patients with diverse genetic
backgrounds. However, experiments conducted with cell lines
showed that serine depletion alone was more effective than
simultaneous deprivation of serine and glycine. Therefore, future
research should consider serine deprivation alone, rather than the
combination of serine and glycine deprivation (26). Therefore, serine
(but not glycine) deprivation supports the reduction of one-carbon
metabolism, which then inhibits cancer cell proliferation.
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5 Development of serine synthesis
pathway inhibitors for cancer
SSP therapy

The serine synthesis pathway is catalysed by several enzymes,
such as PHGDH, SHMT1/2, and MTHFD1/2, and their
suppression may decrease cancer cell growth and survival.
However, drugs targeting these enzymes are still in the initial
stages of development, and the identification of appropriate
inhibitors will be crucial for cancer treatment (27).

5.1 Inhibitors targeting PHGDH

PHGDH catalyses the first rate-limiting step of the serine
biosynthesis pathway and is highly expressed in certain cancers,
such as triple-negative breast cancers (28), melanoma (28), cervical
cancer (11), and gliomas (29). PHGDH amplification is associated
with oncogenesis, and PHGDH knockdown or silencing shows anti-
cancer effects in vivo and in vitro. Therefore, PHGDH is a
promising cancer therapeutic target, and several PHGDH
inhibitors have been identified as anti-cancer molecules (30).
These molecules inhibit the proliferation of PHGDH-dependent
cancer cells, suggesting the potential role of serine biosynthesis in
one-carbon unit metabolism (31).

Pacold et al. (2) tested two potent PHGDH inhibitors, NCT-502
and NCT-503, (Table 1) in cancer cell lines and transplanted cancers.
These inhibitors showed effective anti-cancer activity against PHGDH-
dependent cancers but not against PHGDH-non-dependent cancers.
PHGDH inhibitors did not disturb the synthesis of other amino acids,
except serine and aspartic acid. Moreover, PHGDH inhibitors not only
affected the synthesis of serine from glucose, but also reduced the
incorporation of intracellular and extracellular serine into the
nucleotide of the one-carbon unit. However, some questions are still
unanswered, and future research should focus on the mechanism of
action of PHGDH inhibitors and the most appropriate time of their use
during the course of the disease (22).

Ngo et al. (32) found that cancer cells colonising the brain face a
microenvironment lacking exogenous serine and glycine. Increased
serine synthesis is important for the production of nucleotides and
subsequent proliferation of highly invasive brain metastatic cells.
PHGDH suppression and drug-induced inhibition of serine
synthesis attenuated brain metastasis and improved the overall
survival in mice but did not inhibit the growth of extracranial
cancers. These results indicated that the extracellular amino acid-
restricted environment in the brain enhanced the susceptibility of
metastatic cancer to PHGDH inhibitors and serine synthesis
inhibition. Overall, this study provided a theoretical basis for the
use of PHGDH inhibitors to treat brain metastases (32).

Targeted inhibition of PHGDH may affect cancer growth only
in serine-poor environments. Serine content is low in the cancer
microenvironment (33). Specific PHGDH inhibitors that do not
affect cancer growth in the standard medium may still be effective in
slowing cancer growth in vivo, in part because of their systemic
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TABLE 1 Drugs targeting serine-related one-carbon metabolic pathway.

10.3389/fonc.2023.1184626

Target Drugs Indications Status
PHGDH NCT-502 In development
triple-negative breast cancer, melanoma cell lines, cervical cancer, and gliomas
NCT-503 In development
SHMT1/2 AM-807/42004511 In development
AM-807/40675298 lymphoblastic leukaemia In development
AM-807/42004633 In development
AGF347 lung adenocarcinoma, colon cancer, and pancreatic adenocarcinoma In development
MTHFD LY345899 . i In development
12 Triple-negative breast cancer
DS18561882 Acute myeloid leukaemia In development

rather than local anti-cancer activity. Some small molecule
inhibitors targeting PHGDH in PHGDH-dependent cancer cells
have been successfully developed and verified in vitro. These
molecules not only inhibit cancer cell proliferation, but also
reduce the growth of xenograft cells (2, 27, 34).

5.2 Inhibitors targeting SHMT1/2

Cancer cells require SHMT1/2 for optimal tumorigenicity and
proliferation, illustrating the importance of serine metabolism in
cancers. Some anti-folates, such as pemetrexed and methotrexate,
can bind to and inhibit human SHMT in vitro and have been
approved by FDA at high concentrations (=100 uM) (35-37).
Moreover, small compounds inhibiting SHMT1/2 have been
identified for cancer treatment.

Pandey et al. (38) found that the knockdown of SHMT1 by
targeted small interfering RNAs (siRNAs) reduced the tumour size
in the xenograft model of mice. The compound “2.12” had anti-
cancer activity in the mid-micromolar range with selective activity
against SHMT1 (12). The cysteine reactive inhibitor 3-
bromopyruvate was selective for SHMT1 because of the absence
of cysteine residues at the active site of SHMT2 (39).

The number of currently available SHMT1-selective inhibitors
is 2-3 times higher than that of SHMT?2 inhibitors (12). However,
breakthroughs have been achieved with the discovery of SHMT2-
targeting compounds in vivo (40). Nonaka et al. (41) directly
measured SHMT activity using a novel fluorescence method and
screened more than 200k compounds. They got two “hits” with sub-
micromolar activity; “Hit 1” was selective for SHMT1, whereas “Hit
2” was the first SHMT?2 selective inhibitor. Knockdown of SHMT2
in colorectal cancer xenografts completely blocked cancer
development only when SHMT1 was also downregulated. Han
et al. established a direct screening system for the SHMT2
inhibitors and found three compounds with non-competitive and
medium-strength binding to SHMT2, namely AM-807/42004511,
AM-807/40675298, and AM-807/42004633 (Table 1) (42).

SHMT1 and SHMT2 have high sequence homology and many
inhibitors target them simultaneously. Several dual SHMT1/2
inhibitors were optimised, including SHINI and SHIN2. SHIN1
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had poor stability and a short half-life in vivo. SHIN2 did not show
the pharmacologic defects of SHINI and demonstrated synergistic
therapeutic effects with methotrexate in T-cell acute lymphoblastic
leukaemia xenografts (12, 40, 43).

AGF347—the first in vivo active SHMT inhibitor—is a folate
mimetic showing a broad-spectrum anti-cancer effect (Table 1). The
molecule showed an inhibitory effect in lung adenocarcinoma, colon
cancer, and pancreatic adenocarcinoma cell lines (44, 45), and a notable
efficacy was also observed in vivo in pancreatic adenocarcinoma
models (44). Therefore, AGF347 is a potent inhibitor of SHMT1/2.

Targeting both SHMT1 and SHMT? is essential for SHIN1/2,
AGF347 and other compounds to exert potent anti-cancer effects.
Simultaneous targeting prevents the metabolic reaction due to the
loss of SHMT?2 activity by SHMT1 reversal and the metabolism of
glycine and 5, 10-methylene THF (12). However, this hypothesis
needs to be verified in vitro and in vivo.

5.3 Inhibitors targeting MTHFD1/2

MTHED is highly expressed in several cancers and is related to
overall survival. Patients with high MTHFD levels have a poor
prognosis; however, the specific function and mechanism of
MTHEFD are still unclear. Therefore, exploring new therapeutic
targets for MTHFD may contribute to the treatment of cancers.

MTHEFDIL is a metabolic enzyme that regulates formate
production in the folate cycle (46). Cui et al. (47) confirmed
MTHEFDIL as the downstream target of melatonin, which was
markedly upregulated in head and neck squamous cell carcinoma
(HNSCC). MTHEDIL overexpression was related to the poor
prognosis of patients with HNSCC. Moreover, MTHFDI1L
promoted the progression of HNSCC both in vivo and in vitro
and reversed the anti-cancer effect of exogenous melatonin.
Importantly, formate could partially rescue malignant phenotypes
that were inhibited by Mthfd1l-knockout or exogenous melatonin.
In addition, melatonin suppressed the expression of MTHFDIL in
HNSCC cells and tissues by downregulating the phosphorylation of
cyclic AMP-responsive element-binding protein 1 (CREB1). These
findings revealed novel melatonin-pCREB1-MTHFD1L-formate
regulatory axis in HNSCC. Taken together, MTHFDIL-formate
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axis promoted the progress of HNSCC, and melatonin inhibited
HNSCC development through CREB1-mediated MTHFDIL and
formate downregulation.

MTHFD?2 is one of the most differentially expressed metabolic
enzymes in cancers and is involved in DNA replication and genomic
stability of cancer cells (22, 48). Although some MTHFD?2 inhibitors
were reported, only two compounds, LY345899 and DS18561882,
(Table 1) showed anti-cancer activity in vitro and in vivo (43, 49).
LY345899 was the first described MTHFD2 inhibitor. The IC50 values
of LY345899 for inhibiting MTHFD1 and MTHFD2 were 6396 nM
and 535 nM,, respectively, indicating its weak inhibitory activity against
MTHEFD2 and more selectivity for MTHEDL1 (2, 50). The first truly
selective inhibitor of MTHFD2, DS44960156, was reported in 2019,
although its potency was insufficient (51). DS18451882 was 90-fold
more selective for MTHFD2 than for MTHFD1 and was effective
against MDA-MB 231 triple-negative breast cancer xenografts in
immunocompromised mice in vivo (52). Therefore, DS18561882 is a
promising inhibitor targeting MTHFD2.

Helleday et al. screened a small molecule inhibitor of MTHFD2.
This inhibitor reduced the replication fork velocity and induced
replication stress in acute myeloid leukaemia cells in vitro and in
vivo followed by cell cycle arrest at the S-phase and apoptosis.
Mechanistically, MTHFD2 inhibitors blocked thymidine
production, led to the misincorporation of uracil into DNA, and
induced replication stress. These results demonstrated the
functional relationship between MTHFD2-dependent cancer
metabolism and replication stress, which can be therapeutically
manipulated with this novel inhibitor (52).

6 Seine metabolism
and immunotherapy

Cancer immunotherapy has made substantial progress in the
treatment of various cancers over the past decade. A core
phenomenon of malignancies is metabolic dysfunction, which
reprograms metabolic homeostasis in cancers and stromal cells
and affects metabolic modifications of specific proteins. These post-
translational modifications, such as glycosylation and
palmitoylation, alter the localisation, stability, and function of
proteins. Most of these proteins are involved in the development
and progression of cancers, as well as in acute or chronic
inflammation. Therefore, metabolic modifications targeting
immune checkpoints and inflammation offer an attractive
therapeutic strategy for certain cancers (53). Palmitoylation is a
process that covalently binds palmitic acid to protein residues in
three different ways, namely S-palmitoylation, O-palmitoylation
and N-palmitoylation. O-palmitoylation is linked to serine/
threonine residues by oxygen ester bonds. In 2019, two research
groups reported that S-palmitoylation maintained the stability of
PD-L1 and suppressed T-cell cytotoxicity (54). However, additional
research is required to explore the influence of serine and O-
palmitoylation on PD-L1 in different cancers.

Ma et al. revealed that serine is an essential metabolite for the
optimal expansion of T cells after antigen stimulation. Restriction of
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dietary serine damages the pathogen to drive the expansion of T
cells in vivo, but does not affect the overall immune cell
homeostasis. Mechanistically, serine provides glycine and one-
carbon units for de novo nucleotide biosynthesis in proliferating
T cells, and one-carbon units from formate can rescue T cells from
serine depletion. The authors suggested that serine—as a critical
immune metabolite —directly regulated adaptive immunity and the
responsiveness and tolerance of cancer immunotherapy by
controlling the proliferation of T cells (55).

Tregs are also affected by acid metabolism. Serine promotes the
synthesis of glutathione and enters a carbon metabolic network, the
key process of the Teff reaction. The specific deletion of the catalytic
subunit of glutamate-cysteine ligase (Gclc) from mouse Tregs
resulted in the loss of Treg-specific glutathione (56). Kurniawan
et al. (56) found that glutathione-deficient Tregs showed increased
serine metabolism and decreased FoxP3 expression. Additionally,
Treg-specific Gclc-deficient mice showed an enhanced anti-cancer
response. When mice were fed a serine-deficient diet to suppress
serine supply, Gcle-deficient Tregs restored FoxP3 expression and
immunosuppressive ability of mice (57).

Phosphatidylserine (PS) is mainly localised on the inner side of
the phospholipid bilayer of the cell membrane in healthy cells. It
migrates to the outer lobe during apoptosis. Wang et al. established
PSout cancer models, in which cancer cells lacked the CDC50A
component of PS turnover enzyme and continued to expose PS but
still survived. The everted PS restricted the expression of MHC-I/1I
in tumour-associated macrophages, thereby inhibiting cancer
antigen presentation and promoting the development of cancer.
The PS receptor Tim-3 (but not Tim-4) mediates the recognition of
PS in cancers. The research team also established PSin models when
cancer cells lacked the PS-disrupting enzyme Xkr8 in vivo and
cannot expose PS during normal apoptosis. The inversion of PS
results in the accumulation of apoptotic cells and activates cGAS to
produce cGAMP, thereby activating the type I interferon signalling
pathway of immune cells in the cancer microenvironment. These
immune cells, including tumour-associated macrophages and
natural killer cells, work together to inhibit cancer growth.
Simultaneously, the concentration of IL-10, a cytokine that
suppresses anti-cancer immunity, was also reduced in the PSin
models. Moreover, Xkr8 inactivation in combination with the anti-
PD-1 regimen resulted in the complete elimination of cancers in
mice. Although no small molecular drugs targeting Xkr8 are
currently available, the silencing of Xkr8 in vivo with short
hairpin RNA or siRNA resulted in externally blocked PS and
powerful therapeutic oncostatic effects (58). Therefore, PS in cell
membrane, which is synthesised from serine, may be targeted in
cancer immunotherapy.

7 Conclusion

Serine-related one-carbon metabolism is important for the
occurrence and development of cancers. Currently, researchers
are actively exploring this metabolic pathway to develop clinically
effective anti-tumour drugs, which can be used independently or in
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combination with immunotherapy. However, most of these drugs
are in the research and development stage and have not yet entered
the clinical trials. Therefore, their efficacy and safety in the real
world need to be further confirmed.

Author contributions

JZhang wrote the ‘Introduction’, ‘Development of serine synthetic
pathway’, and ‘Inhibitors for cancer therapy’ sections. JB wrote the
‘Serine deprivation for cancer therapy’ section. JZhao and HX designed
the review and revised the manuscript. CG wrote the ‘Serine and one-
carbon metabolism’ section. JW wrote the ‘Metabolic reprogramming
of serine in cancers’ section. YC wrote the ‘Serine deprivation for
cancer therapy’ section. All the authors approved the manuscript.

References

1. Li AM, Ye J. Reprogramming of serine, glycine and one-carbon metabolism in
cancer. Biochim Biophys Acta Mol Basis Dis (2020) 1866:165841. doi: 10.1016/
j.bbadis.2020.165841

2. Pan S, Fan M, Liu Z, Li X, Wang H. Serine, glycine and one—carbon metabolism
in cancer (review). Int ] Oncol (2021) 58:158-70. doi: 10.3892/ij0.2020.5158

3. Wishart DS. Is cancer a genetic disease or a metabolic disease? Ebiomedicine
(2015) 2:478-9. doi: 10.1016/j.ebiom.2015.05.022

4. Newman AC, Maddocks O. One-carbon metabolism in cancer. Br ] Cancer
(2017) 116:1499-504. doi: 10.1038/bjc.2017.118

5. Ducker GS, Rabinowitz JD. One-carbon metabolism in health and disease. Cell
Metab (2017) 25:27-42. doi: 10.1016/j.cmet.2016.08.009

6. Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat Rev
Cancer (2016) 16:650-62. doi: 10.1038/nrc.2016.81

7. Newman AC, Maddocks O. Serine and functional metabolites in cancer. Trends
Cell Biol (2017) 27:645-57. doi: 10.1016/j.tcb.2017.05.001

8. Labuschagne CF, van den Broek NJ, Mackay GM, Vousden KH, Maddocks OD.
Serine, but not glycine, supports one-carbon metabolism and proliferation of cancer
cells. Cell Rep (2014) 7:1248-58. doi: 10.1016/j.celrep.2014.04.045

9. Sun L, Song L, Wan Q, Wu G, Li X, Wang Y, et al. Cmyc-mediated activation of
serine biosynthesis pathway is critical for cancer progression under nutrient
deprivation conditions. Cell Res (2015) 25:429-44. doi: 10.1038/cr.2015.33

10. Singh M, Warita K, Warita T, Faeder JR, Lee R, Sant S, et al. Shift from stochastic
to spatially-ordered expression of serine-glycine synthesis enzymes in 3d microtumors.
Sci Rep (2018) 8:9388. doi: 10.1038/s41598-018-27266-8

11. Jing Z, Heng W, Aiping D, Yafei Q, Shulan Z. Expression and clinical
significance of phosphoglycerate dehydrogenase and squamous cell carcinoma
antigen in cervical cancer. Int J Gynecol Cancer (2013) 23:1465-9. doi: 10.1097/
IGC.0b013e3182a0c068

12. Ducker GS, Ghergurovich JM, Mainolfi N, Suri V, Jeong SK, Hsin-Jung LS, et al.
Human shmt inhibitors reveal defective glycine import as a targetable metabolic
vulnerability of diffuse large b-cell lymphoma. Proc Natl Acad Sci U S (2017)
114:11404-9. doi: 10.1073/pnas.1706617114

13. Macfarlane AJ, Perry CA, McEntee MF, Lin DM, Stover PJ. Shmtl
heterozygosity impairs folate-dependent thymidylate synthesis capacity and modifies
risk of apc(min)-mediated intestinal cancer risk. Cancer Res (2011) 71:2098-107.
doi: 10.1158/0008-5472.CAN-10-1886

14. Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, Birsoy K, et al.
Functional genomics reveal that the serine synthesis pathway is essential in breast
cancer. Nature (2011) 476:346-50. doi: 10.1038/nature10350

15. Song Z, Feng C, Lu Y, Lin Y, Dong C. Phgdh is an independent prognosis
marker and contributes cell proliferation, migration and invasion in human pancreatic
cancer. Gene (2018) 642:43-50. doi: 10.1016/j.gene.2017.11.014

16. Liao KM, Chao TB, Tian YF, Lin CY, Lee SW, Chuang HY, et al. Overexpression
of the psatl gene in nasopharyngeal carcinoma is an indicator of poor prognosis. J
Cancer (2016) 7:1088-94. doi: 10.7150/jca.15258

17. Qian C, Xia Y, Ren Y, Yin Y, Deng A. Identification and validation of psatl as a
potential prognostic factor for predicting clinical outcomes in patients with colorectal
carcinoma. Oncol Lett (2017) 14:8014-20. doi: 10.3892/01.2017.7211

Frontiers in Oncology

10.3389/fonc.2023.1184626

Conflict of interest

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.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

18. Li X, Xun Z, Yang Y. Inhibition of phosphoserine phosphatase enhances the
anticancer efficacy of 5-fluorouracil in colorectal cancer. Biochem Biophys Res Commun
(2016) 477:633-9. doi: 10.1016/j.bbrc.2016.06.112

19. Sun WY, Kim HM, Jung WH, Koo JS. Expression of serine/glycine metabolism-
related proteins is different according to the thyroid cancer subtype. J Transl Med
(2016) 14:168. doi: 10.1186/s12967-016-0915-8

20. DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv
(2016) 2:¢1600200. doi: 10.1126/sciadv.1600200

21. Maddocks O, Athineos D, Cheung EC, Lee P, Zhang T, van den Broek N, et al.
Modulating the therapeutic response of tumours to dietary serine and glycine
starvation. Nature (2017) 544:372-6. doi: 10.1038/nature22056

22. Mattaini KR, Sullivan MR, Vander HM. The importance of serine metabolism in
cancer. J Cell Biol (2016) 214:249-57. doi: 10.1083/jcb.201604085

23. Maddocks OD, Berkers CR, Mason SM, Zheng L, Blyth K, Gottlieb E, et al.
Serine starvation induces stress and p53-dependent metabolic remodelling in cancer
cells. Nature (2013) 493:542-6. doi: 10.1038/naturel11743

24. Banh RS, Biancur DE, Yamamoto K, Sohn A, Walters B, Kuljanin M, et al.
Neurons release serine to support mrna translation in pancreatic cancer. Cell (2020)
183:1202-18. doi: 10.1016/j.cell.2020.10.016

25. Gravel SP, Hulea L, Toban N, Birman E, Blouin MJ, Zakikhani M, et al. Serine
deprivation enhances antineoplastic activity of biguanides. Cancer Res (2014) 74:7521-
33. doi: 10.1158/0008-5472.CAN-14-2643-T

26. Kanarek N, Petrova B, Sabatini DM. Dietary modifications for enhanced cancer
therapy. Nature (2020) 579:507-17. doi: 10.1038/s41586-020-2124-0

27. Ravez S, Spillier Q, Marteau R, Feron O, Frederick R. Challenges and
opportunities in the development of serine synthetic pathway inhibitors for cancer
therapy. ] Med Chem (2017) 60:1227-37. doi: 10.1021/acs.jmedchem.6b01167

28. Locasale JW, Grassian AR, Melman T, Lyssiotis CA, Mattaini KR, Bass AJ, et al.
Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to oncogenesis.
Nat Genet (2011) 43:869-74. doi: 10.1038/ng.890

29. Liu J, Guo S, Li Q, Yang L, Xia Z, Zhang L, et al. Phosphoglycerate
dehydrogenase induces glioma cells proliferation and invasion by stabilizing
forkhead box m1. J Neurooncol (2013) 111:245-55. doi: 10.1007/s11060-012-1018-x

30. Zhao JY, Feng KR, Wang F, Zhang JW, Cheng JF, Lin GQ, et al. A retrospective
overview of phgdh and its inhibitors for regulating cancer metabolism. Eur ] Med Chem
(2021) 217:113379. doi: 10.1016/j.ejmech.2021.113379

31. Pacold ME, Brimacombe KR, Chan SH, Rohde JM, Lewis CA, Swier L], et al. A
phgdh inhibitor reveals coordination of serine synthesis and one-carbon unit fate. Nat
Chem Biol (2016) 12:452-8. doi: 10.1038/nchembio.2070

32. Ngo B, Kim E, Osorio-Vasquez V, Doll S, Bustraan S, Liang RJ, et al. Limited
environmental serine and glycine confer brain metastasis sensitivity to phgdh
inhibition. Cancer Discovery (2020) 10:1352-73. doi: 10.1158/2159-8290.CD-19-1228

33. Kamphorst JJ, Nofal M, Commisso C, Hackett SR, Lu W, Grabocka E, et al.
Human pancreatic cancer tumors are nutrient poor and tumor cells actively scavenge
extracellular protein. Cancer Res (2015) 75:544-53. doi: 10.1158/0008-5472.CAN-14-
2211

34. Mullarky E, Lucki NC, Beheshti ZR, Anglin JL, Gomes AP, Nicolay BN, et al.
Identification of a small molecule inhibitor of 3-phosphoglycerate dehydrogenase to

frontiersin.org


https://doi.org/10.1016/j.bbadis.2020.165841
https://doi.org/10.1016/j.bbadis.2020.165841
https://doi.org/10.3892/ijo.2020.5158
https://doi.org/10.1016/j.ebiom.2015.05.022
https://doi.org/10.1038/bjc.2017.118
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1038/nrc.2016.81
https://doi.org/10.1016/j.tcb.2017.05.001
https://doi.org/10.1016/j.celrep.2014.04.045
https://doi.org/10.1038/cr.2015.33
https://doi.org/10.1038/s41598-018-27266-8
https://doi.org/10.1097/IGC.0b013e3182a0c068
https://doi.org/10.1097/IGC.0b013e3182a0c068
https://doi.org/10.1073/pnas.1706617114
https://doi.org/10.1158/0008-5472.CAN-10-1886
https://doi.org/10.1038/nature10350
https://doi.org/10.1016/j.gene.2017.11.014
https://doi.org/10.7150/jca.15258
https://doi.org/10.3892/ol.2017.7211
https://doi.org/10.1016/j.bbrc.2016.06.112
https://doi.org/10.1186/s12967-016-0915-8
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1038/nature22056
https://doi.org/10.1083/jcb.201604085
https://doi.org/10.1038/nature11743
https://doi.org/10.1016/j.cell.2020.10.016
https://doi.org/10.1158/0008-5472.CAN-14-2643-T
https://doi.org/10.1038/s41586-020-2124-0
https://doi.org/10.1021/acs.jmedchem.6b01167
https://doi.org/10.1038/ng.890
https://doi.org/10.1007/s11060-012-1018-x
https://doi.org/10.1016/j.ejmech.2021.113379
https://doi.org/10.1038/nchembio.2070
https://doi.org/10.1158/2159-8290.CD-19-1228
https://doi.org/10.1158/0008-5472.CAN-14-2211
https://doi.org/10.1158/0008-5472.CAN-14-2211
https://doi.org/10.3389/fonc.2023.1184626
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

target serine biosynthesis in cancers. Proc Natl Acad Sci U S (2016) 113:1778-83.
doi: 10.1073/pnas.1521548113

35. Calise SJ, Purich DL, Nguyen T, Saleem DA, Krueger C, Yin JD, et al. 'rod and
ring' formation from imp dehydrogenase is regulated through the one-carbon
metabolic pathway. J Cell Sci (2016) 129:3042-52. doi: 10.1242/jcs.183400

36. Paiardini A, Fiascarelli A, Rinaldo S, Daidone F, Giardina G, Koes DR, et al.
Screening and in vitro testing of antifolate inhibitors of human cytosolic serine
hydroxymethyltransferase. Chemmedchem (2015) 10:490-7. doi: 10.1002/
cmdc.201500028

37. Scaletti E, Jemth AS, Helleday T, Stenmark P. Structural basis of inhibition of the
human serine hydroxymethyltransferase shmt2 by antifolate drugs. FEBS Lett (2019)
593:1863-73. doi: 10.1002/1873-3468.13455

38. Pandey S, Garg P, Lee S, Choung HW, Choung YH, Choung PH, et al.
Nucleotide biosynthesis arrest by silencing shmtl function via vitamin b6-coupled
vector and effects on tumor growth inhibition. Biomaterials (2014) 35:9332-42.
doi: 10.1016/j.biomaterials.2014.07.045

39. Paiardini A, Tramonti A, Schirch D, Guiducci G, di Salvo ML, Fiascarelli A, et al.
Differential 3-bromopyruvate inhibition of cytosolic and mitochondrial human serine
hydroxymethyltransferase isoforms, key enzymes in cancer metabolic reprogramming.
Biochim Biophys Acta (2016) 1864:1506-17. doi: 10.1016/j.bbapap.2016.08.010

40. Garcia-Canaveras JC, Lancho O, Ducker GS, Ghergurovich JM, Xu X, Da SV,
et al. Shmt inhibition is effective and synergizes with methotrexate in t-cell acute
lymphoblastic leukemia. Leukemia (2021) 35:377-88. doi: 10.1038/s41375-020-0845-6

41. Nonaka H, Nakanishi Y, Kuno S, Ota T, Mochidome K, Saito Y, et al. Design
strategy for serine hydroxymethyltransferase probes based on retro-aldol-type reaction.
Nat Commun (2019) 10:876. doi: 10.1038/s41467-019-08833-7

42. Han Y, He L, Qi Y, Zhao Y, Pan Y, Fang B, et al. Identification of three new
compounds that directly target human serine hydroxymethyltransferase 2. Chem Biol
Drug Des (2021) 97:221-30. doi: 10.1111/cbdd.13774

43. Sainero-Alcolado L, Liano-Pons J, Ruiz-Perez MV, Arsenian-Henriksson M.
Targeting mitochondrial metabolism for precision medicine in cancer. Cell Death Differ
(2022) 29:1304-17. doi: 10.1038/s41418-022-01022-y

44. Dekhne AS, Shah K, Ducker GS, Katinas JM, Wong-Roushar J, Nayeen MJ, et al.
Novel pyrrolo[3,2-d]pyrimidine compounds target mitochondrial and cytosolic one-
carbon metabolism with broad-spectrum antitumor efficacy. Mol Cancer Ther (2019)
18:1787-99. doi: 10.1158/1535-7163.MCT-19-0037

45. Dekhne AS, Ning C, Nayeen M]J, Shah K, Kalpage H, Fruhauf J, et al. Cellular
pharmacodynamics of a novel pyrrolo[3,2-d]pyrimidine inhibitor targeting
mitochondrial and cytosolic one-carbon metabolism. Mol Pharmacol (2020) 97:9-22.
doi: 10.1124/mol.119.117937

Frontiers in Oncology

07

10.3389/fonc.2023.1184626

46. Lee D, Xu IM, Chiu DK, Lai RK, Tse AP, Lan LL, et al. Folate cycle enzyme
mthfd1l confers metabolic advantages in hepatocellular carcinoma. J Clin Invest (2017)
127:1856-72. doi: 10.1172/JCI190253

47. Cui L, Zhao X, Jin Z, Wang H, Yang SF, Hu S. Melatonin modulates metabolic
remodeling in hnscc by suppressing mthfdll-formate axis. J Pineal Res (2021) 71:
€12767. doi: 10.1111/jpi.12767

48. Bonagas N, Gustafsson N, Henriksson M, Marttila P, Gustafsson R, Wiita E,
et al. Pharmacological targeting of mthfd2 suppresses acute myeloid leukemia by
inducing thymidine depletion and replication stress. Nat Cancer (2022) 3:156-72.
doi: 10.1038/s43018-022-00331-y

49. Wallace-Povirk A, Hou Z, Nayeen M]J, Gangjee A, Matherly LH. Folate
transport and one-carbon metabolism in targeted therapies of epithelial ovarian
cancer. Cancers (Basel) (2021) 14(1):191. doi: 10.3390/cancers14010191

50. Gustafsson R, Jemth AS, Gustafsson NM, Farnegardh K, Loseva O, Wiita E, et al.
Crystal structure of the emerging cancer target mthfd2 in complex with a substrate-
based inhibitor. Cancer Res (2017) 77:937-48. doi: 10.1158/0008-5472.CAN-16-1476

51. Kawai J, Ota M, Ohki H, Toki T, Suzuki M, Shimada T, et al. Structure-based
design and synthesis of an isozyme-selective mthfd2 inhibitor with a tricyclic coumarin
scaffold. ACS Med Chem Lett (2019) 10:893-8. doi: 10.1021/acsmedchemlett.9b00069

52. Kawai J, Toki T, Ota M, Inoue H, Takata Y, Asahi T, et al. Discovery of a potent,
selective, and orally available mthfd2 inhibitor (ds18561882) with in vivo antitumor
activity. J Med Chem (2019) 62:10204-20. doi: 10.1021/acs.jmedchem.9b01113

53. Zheng S, Song Q, Zhang P. Metabolic modifications, inflammation, and cancer
immunotherapy. Front Oncol (2021) 11:703681. doi: 10.3389/fonc.2021.703681

54. Yang Y, Hsu JM, Sun L, Chan LC, Li CW, Hsu JL, et al. Palmitoylation stabilizes
pd-11 to promote breast tumor growth. Cell Res (2019) 29:83-6. doi: 10.1038/s41422-
018-0124-5

55. Ma EH, Bantug G, Griss T, Condotta S, Johnson RM, Samborska B, et al. Serine
is an essential metabolite for effector t cell expansion. Cell Metab (2017) 25:345-57.
doi: 10.1016/j.cmet.2016.12.011

56. Kurniawan H, FranChina DG, Guerra L, Bonetti L, Baguet LS, Grusdat M, et al.
Glutathione restricts serine metabolism to preserve regulatory t cell function. Cell
Metab (2020) 31:920-36. doi: 10.1016/j.cmet.2020.03.004

57. Lian X, Yang K, Li R, Li M, Zuo J, Zheng B, et al. Inmunometabolic rewiring in
tumorigenesis and anti-tumor immunotherapy. Mol Cancer (2022) 21:27. doi: 10.1186/
§12943-021-01486-5

58. Wang W, Wu S, Cen Z, Zhang Y, Chen Y, Huang Y, et al. Mobilizing
phospholipids on tumor plasma membrane implicates phosphatidylserine
externalization blockade for cancer immunotherapy. Cell Rep (2022) 41:111582.
doi: 10.1016/j.celrep.2022.111582

frontiersin.org


https://doi.org/10.1073/pnas.1521548113
https://doi.org/10.1242/jcs.183400
https://doi.org/10.1002/cmdc.201500028
https://doi.org/10.1002/cmdc.201500028
https://doi.org/10.1002/1873-3468.13455
https://doi.org/10.1016/j.biomaterials.2014.07.045
https://doi.org/10.1016/j.bbapap.2016.08.010
https://doi.org/10.1038/s41375-020-0845-6
https://doi.org/10.1038/s41467-019-08833-7
https://doi.org/10.1111/cbdd.13774
https://doi.org/10.1038/s41418-022-01022-y
https://doi.org/10.1158/1535-7163.MCT-19-0037
https://doi.org/10.1124/mol.119.117937
https://doi.org/10.1172/JCI90253
https://doi.org/10.1111/jpi.12767
https://doi.org/10.1038/s43018-022-00331-y
https://doi.org/10.3390/cancers14010191
https://doi.org/10.1158/0008-5472.CAN-16-1476
https://doi.org/10.1021/acsmedchemlett.9b00069
https://doi.org/10.1021/acs.jmedchem.9b01113
https://doi.org/10.3389/fonc.2021.703681
https://doi.org/10.1038/s41422-018-0124-5
https://doi.org/10.1038/s41422-018-0124-5
https://doi.org/10.1016/j.cmet.2016.12.011
https://doi.org/10.1016/j.cmet.2020.03.004
https://doi.org/10.1186/s12943-021-01486-5
https://doi.org/10.1186/s12943-021-01486-5
https://doi.org/10.1016/j.celrep.2022.111582
https://doi.org/10.3389/fonc.2023.1184626
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Serine-associated one-carbon metabolic reprogramming: a new anti-cancer therapeutic strategy
	1 Introduction
	2 Serine and one-carbon metabolism
	3 Metabolic reprogramming of serine in cancers
	4 Serine deprivation for cancer therapy
	5 Development of serine synthesis pathway inhibitors for cancer SSP therapy
	5.1 Inhibitors targeting PHGDH
	5.2 Inhibitors targeting SHMT1/2
	5.3 Inhibitors targeting MTHFD1/2

	6 Seine metabolism and immunotherapy
	7 Conclusion
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


