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Breast cancer is the most common type of malignancy among women. Due to
the iron-dependent character of breast cancer cells, they are more sensitive to
ferroptosis compared to normal cells. It is possible to reverse tumor resistance
by inducing ferroptosis in breast cancer cells, thereby improving tumor
treatment outcomes. Ferroptosis is highly dependent on the balance of
oxidative and antioxidant status. When ferroptosis occurs, intracellular iron
levels are significantly increased, leading to increased membrane lipid
peroxidation and ultimately triggering ferroptosis. Ferroptotic death is a form
of autophagy-associated cell death. Synergistic use of nanoparticle-loaded
ferroptosis-inducer with radiotherapy and chemotherapy achieves more
significant tumor suppression and inhibits the growth of breast cancer by
targeting cancer tissues, enhancing the sensitivity of cells to drugs, reducing
the drug resistance of cancer cells and the toxicity of drugs. In this review, we
present the current status of breast cancer and the mechanisms of ferroptosis.
It is hopeful for us to realize effective treatment of breast cancer through
targeted ferroptosis.

KEYWORDS

ferroptosis, breast cancer, therapy resistance, autophagy, chemotherapy,
radiotherapy, nanoparticles

1 Introduction

Breat cancer is the most prevalent malignancy among women (1). The current status
of breast cancer treatment remains suboptimal, mainly using surgery, radiotherapy,
chemotherapy, and targeted therapy. Drug resistance remains a major obstacle for
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clinicians in the treatment of breast cancer (2). Ferroptosis was
first proposed by Dixon, S.J in 2012, is a novel form of cell death
induced by erastin and RSL3, distinct from apoptosis, autophagy
and necrosis, is an iron-dependent chain reaction of destructive
membrane lipid peroxidation, which leads to an imbalance of
intracellular redox state (3). Altered cellular redox status has an
intimate relationship with malignant transformation and
metastasis of cancer cells (4, 5).

Ferroptosis is associated with many cancer types, including
breast cancer (6), lung cancer (7)and pancreatic cancer (8).
Effective evasion of regulated cell death is one of the most
important features of cancer. It has been found that cancer
cells that have evaded other forms of cell death still maintain
sensitivity to ferroptosis. It seems that induction of ferroptosis in
breast cells has the potential to affect tumor drug resistance (9).
Tumor stem cells are highly iron-dependent and have an
important role in promoting tumor cell proliferation and
invasion, which are the main causes of tumor recurrence and
metastasis. These cells are insensitive to conventional anticancer
therapy, but can induce ferroptosis by modulating iron
metabolism to exert more effective antitumor effects (10).
Combined use of ferroptosis inducers during cancer
radiotherapy and chemotherapy can effectively promote the
sensitivity of cancer cells to ferroptosis and considerably
improve the effectiveness of tumor treatment (11, 12).

Induction of ferroptosis in breast cancer cells can
significantly inhibit tumor cell growth (13, 14). In breast
cancer cells, the expression of transferrin receptorl (TFR1),
certain six transmembrane epithelial antigen of the prostate
(STEAP) family members and Hepcidin were upregulated,
while the expression of ferroportin (FPN) was downregulated.
This suggests that breast cancer cells are iron-dependent and
more sensitive to ferroptosis inducers (15). Long-chain acyl-
coenzyme A synthetase 4 (ACSL4) is participated in lipid
peroxidation formation and presents a high expression in a
subpopulation of triple-negative breast cancer (INBC) cell lines.
The expression of ACSL4 positively correlates with breast cancer
cell ferroptosis sensitivity (16). Glutathione (GSH) deficiency is
associated with malignant transformation of breast cancer cells
(17). Thioredoxin reductase 1 protein (TXNRD1), glutathione
pathway and superoxide dismutase are predominantly and
commonly regulated in breast cancer. High thioredoxin
expression is strongly related to increased oxidative stress and
poor prognosis in breast cancer. Cells with TXNRDI
knockdown (KO)are more sensitive to ferroptosis (18). GTP
Cyclohydrolase (GCH) expression is associated with tumor
development as well as angiogenesis. Upregulation of GCH1
expression in breast cancer cells stimulates proliferation and
growth of cancer cells, results in poor prognosis of breast cancer.
The use of GCH1 inhibitors suppress tumor growth and induce
a switch in tumor immune response from M2 to M1 polarization
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of tumor associated macrophages. M2 is associated with tumor
angiogenesis and metastasis (19, 20). Inhibition of GCH1
activity increases the susceptibility of drug-resistant cancer
cells to ferroptosis (20, 21). Nuclear factor erythroid 2-related
factor 2 (NRF2) exerts its antioxidant effects by upregulating the
expression of genes related to iron and ROS metabolism and
HO-1 to reduce ROS levels, increasing chemoresistance and
ferroptosis resistance in breast cancer cells. The upregulated
expression of heme oxygenase -1 (HO-1) in breast cancers has
an inhibitory effect on cancer cell proliferation and invasion, and
displays a dual role in ferroptotic cells, which depends on
intracellular oxidative stress levels (22-24).

Ferroptosis offers a new direction in the treatment of breast
cancer, but how to avoid its side effects is still an open question. In
the presents of ferroptosis activation carries with the risk of
inducing neurodegenerative disease and exacerbating ischemia-
reperfusion injury (25-28). Ferroptotic damage also includes
inflammatory reactions such as inflammatory bowel disease (29)
and acute pancreatitis (30). In-depth understanding of ferroptosis
metabolism in breast cancer is of utmost importance in searching
for new breast cancer therapeutic-agents.

2 Current status of breast cancer
and its treatment

Breast cancer is a major public health problem that threatens
women’s health and is the most prevalent malignancy among
women (1). Women in the 50-64 age group are at high risk of
breast cancer, and the prevalence is significantly higher in
women than in men, with only about 1% of breast cancers
occurring in men (31, 32). An epidemiological survey on breast
cancer shows that the development of breast cancer is mainly
affected by estrogen levels, with about 10% of breast cancers are
associated with genetic mutations (1). Long-term exposure to
estrogen, obesity, smoking, alcohol consumption, previous
history of radiation therapy to the chest, and increased breast
density can all increase the risk of breast cancer. Proper exercise
can reduce the risk of breast cancer (1). With the improvement
of medical technology as well as the early detection and
interventional treatment of breast cancer, the incidence and
effective cure rate of breast cancer have increased in recent years.
The U.S. Preventive Services Task Force recommends that
women aged 50-74 have a mammogram every two years to
improve breast cancer screening rates (1, 31). Breast cancer has a
distinct tumor heterogeneity, with multiple subtypes and
differences in incidence, treatment options and prognosis for
each subtype (33). Breast cancer can be classified into four
molecular subtypes based on the expression of Estrogen
receptor (ER), Progesterone receptor (PR) and human
epidermal growth factor receptor type 2 (HER-2) with the use
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of immunohistochemistry: luminal A, luminal B, HER-2 and
TNBC (34). Current treatments for breast cancer mainly use
surgery, radiotherapy, chemotherapy and targeted therapy, but a
single treatment method does not achieve the expected
therapeutic effect, and a combination of surgery-based
treatment with other means is usually adopted (34). Breast
cancer, with its many subtypes, is mainly treated with surgery
and chemotherapy, supplemented by treatments based on the
specificity of each subtype of receptor. Such as endocrine therapy
for ER and PR receptor-positive breast cancer patients and anti-
HER-2+ therapy for HER-2 positive breast cancer patients. As
the most refractory type of breast cancer (33, 34), TNBC can be
divided into four subtypes base on the heterogeneity of
molecular characteristics, metabolomics and tumor
microenvironment (35-38), which including mesenchymal-like
(MES), luminal androgen receptor (LAR), basal-like and
immune-activated (BLIA), basal-like and immune-suppressed
(BLIS) subtypes (39, 40). Most of the current clinical trials focus
on LAR in TNBC, applying an AR antagonist alone (41, 42) or in
combination with a phosphatidylinositol 3-kinase (PI3K)
inhibitor (43, 44), or combining immunotherapy to achieve
AR inhibition with immune checkpoint blockade (45). The use
of CDK4/6 inhibitors and hormone therapy in luminal B
patients provides a strategy for the treatment of breast cancer
without chemotherapy (46). The combination of PI3K inhibitors
with aromatase inhibitors can produce positive effects, but their
toxic effects are not negligible (47). HER-2-positive breast cancer
patients will benefit from the dual inhibitory effect of
trastuzumab and lapatinib on HER-2 (48). Estrogen receptor-
positive breast cancer cells are highly susceptible to PI3K
mutations, making the combination of letrozole and taselisib
more effective (49). Nanoparticle albumin-bound paclitaxel
(nab-Paclitaxel) in luminal A reduced the toxicity and
increased the antitumor activity of paclitaxel (50). We have
summarized the molecular subtype-based emerging clinical
trials for breast cancer in Table 1. LAR tumors have higher
fatty acid metabolic activity, ROS levels and overexpression of
lipoxygenase than the other three subtypes of TNBC, all of which

10.3389/fimmu.2022.1038225

are evidence that LAR tumors are more vulnerable to ferroptosis
(40, 51). High expression of CD44 in mesenchymal state tumor
cells activates iron metabolic pathways, resulting in increased
cellular susceptibility to ferroptosis (52). BLIA and BLIS were
less correlated with ferroptosis (40). The combination of GPX4
inhibitors with immune checkpoint inhibitors for ferroptosis
induction and enhanced immunosuppression has great potential
for LAR tumor therapy (40). Discovering and developing safer
and more effective drugs are warranted.

Breast cancer patients have a high rate of drug toxicity, drug
resistance and recurrence during treatment (2). Tumor cell
genomic instability is the main cause of tumor heterogeneity,
which drives the evolution of cancer cells, affects their sensitivity
to therapeutic agents, and ultimately promotes tumor drug
resistance (53-55). Tumor drug resistance is also associated
with the available concentration of drugs in the tumor as
well as the tumor microenvironment (54). The tumor
microenvironment involves complex interactions between
cancer cells and stromal cells. Alterations in the tumor
microenvironment can lead to changes in the properties of
stromal cells and their secretion of soluble small molecules,
which can lead to microenvironmental mediating tumor drug
resistance (56). Ferroptosis exerts anti-tumor effects by engaging
complicated crosstalk between tumor cells and immune cells to
mediate tumor immunity (57, 58). KRAS is the key to
macrophage polarization and its alteration leads to tumor
associated macrophages formation and M2-like pro-tumor
phenotype (59). A tumor-associated macrophage type is
associated with immunosuppression (19). CD8+ T cells
promote tumor cell ferroptosis and induce radiosensitization
via IFN (60).

3 Mechanism of ferroptosis

Catalyzed by iron and iron-dependent enzymes, cells
produce functional oxidative metabolites and promote labile

TABLE 1 Emerging therapies for breast cancer based on molecular subtypes.

Molecular subtypes Drugs

HER-2 + trastuzumab and lapatinib

Luminal A Etrozole and taselisib
Nanoparticle albumin-bound paclitaxel
Luminal B Ribociclib and letrozole
Buparlisib and capecitabine
TNBC abiraterone acetate and prednisone
Bicalutamide
Enzalutamide
GT0918

Pembrolizumab and Enobosarm

Frontiers in Immunology

Phase Target
11 HER2 blockade (48)
11 ER and PI3K (49)
1I B tubulin (50)
1I CDK4/6 and hormone receptor (46)
1 PI3K and aromatase (47)
I AR and PI3K (43)
1 AR (41)

IB/I1 AR and PI3K (44)

I AR (42)
I AR and programmed death receptor (PD-1) (45)
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iron pool (LIP) formation, while inevitably leading to the
accumulation of some undesirable oxidative byproducts (61-
63). When they accumulate to a lethal level can cause severe
cellular damage and even lead to cell death. Therefore,
antioxidant mechanisms have evolved in cells to remove these
metabolic wastes in a timely manner, such as the glutathione
peroxidase-4-GSH (GPX4-GSH) system, Coenzyme Q10
(CoQ10) (64).

Ferroptosis is an iron-dependent form of regulated cell death
(3), characterized by massive accumulation of disruptive
membrane lipid peroxidation (65). There are three main
features of ferroptosis including imbalance of iron metabolism,
massive production of lipid peroxides, and collapse of the GPX4-
GSH system (58). Morphologically, ferroptotic cells show
significant changes in mitochondrial morphology, with
mitochondrial contraction, rupture of the outer mitochondrial
membrane (OMM), and enlarged mitochondrial cristae. In the
absence of swelling or contraction of cells in necrosis and
apoptosis, neither nuclear changes nor chromatin
condensation (3, 66, 67).

Lipid peroxidation due to massive accumulation of the iron
positively regulate ferroptosis, while GSH depletion due to
system xc- and GPX4 inactivation negatively regulate
ferroptosis (61-63). Apart from the classical GPX4-GSH axis,
there are other antioxidant mechanisms involved in the negative
regulation of ferroptosis in breast cancer cells, such as the
ferroptosis suppressor protein 1-NADH-CoQ10 (FSPI1-

10.3389/fimmu.2022.1038225

TABLE 2 FINS in breast cancer.

Target Drugs

Increased iron Sulfasalazine
Lapatinib+siramsine
Neratinib
Artemisinin

Mitochondrial disorders RF-A
Nitroxide
GA

DT

Reduced iNOS activity
Inactivation of GPX4
Metformin
Simvastatin
Curcumin
Metformin
Sulfasalazine
BSO+AUR
FIN56

Inhibition of GSH synthesis

Inhibition of CoQ10 synthesis

NADH-CoQ10) axis (68) and the GCH1 -Tetrahydrobiopterin
(GCH1-BH4) axis through the involvement of COQ10 (69), and
the regulation of some antioxidant transcription factors, such as
NRF2 (70). A mutant of p53 can promote ferroptosis (71, 72).
Here, we summarized and mapped the ferroptosis mechanism in
Figure 1. FINs in breast cancer are summarized in Table 2.

Fe
Cystine  Glu W
Cystine G:u\Pss S NRF2 — HO-1 — @‘ l
I (Fe®) =
G G;u /_‘ Fe? NCOA4
ysteine TXN ~
/ g—KG ,\TC/?\ ) l @D STEAP3~>
GSSG GSH b O ROS GCH1 —
C/ \ ¢ Endsome n
SAT1 1 BH4
S Ferroptosis
4 l LIP €
MVA Lipid peroxidation
Ubiquitinone G@
CoQ10 PuFA-OH PuFA-OOH SAT1 (CoQ10) Ubiquitinol -
3
purA —2SM L pipacoa —PCATE L pupap— LOXS o pieapL.oOH FSP1 N ADPH 5
CoA —
Hepcidin

FIGURE 1

Mechanism of ferroptosis. The massive accumulation of PUFA on the cell membrane leads to excessive production of PUFA-OOH. GPX4 uses
GSH as a reducing agent to reduce PUFA-OOH to PUFA-OH, reducing the production of lipid peroxides. GSH can be formed from cystine
transported into the cell via system XC- or via the TXN pathway. The accumulation of intracellular ROS promotes lipid peroxidation.
Mitochondrial GLS2 promotes glutamine catabolism to facilitate ROS production leading to the accumulation of lipid peroxides. Large
accumulation of intracellular ferrous ions leads to overproduction of ROS. CoQ10 acts as an antioxidant to inhibit ROS production, and the MVA

pathway and GCH1-BH4 are associated with the production of CoQ10
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3.1 Intracellular iron metabolism and its
redox reactions

Iron is one of the most important trace elements in the
human body and essential for the vital activities of the body,
participating in the formation and regulation of the activity of
Reactive Oxygen Species (ROS)-producing enzymes, such as
Lipid oxidases (LOXs) (3). Iron homeostasis plays a key role in
controlling the balance between ROS production and ROS
scavenging as well as cellular redox and potential oxidative
damage (73, 74). Elevated iron levels in mitochondria may
lead to excessive production of ROS (65). High iron diet
causes ferroptosis in mouse cardiomyocytes (75). Iron levels
are significantly elevated in ferroptosis cells, suggesting that the
accumulation of intracellular iron is a prerequisite for cells to
undergo ferroptosis. Deferoxamine (DFO) inhibits erastin-
induced cell death by chelating intracellular iron and reducing
iron overload (3). Transferrin (TF) and TFRI1 regulate
ferroptosis by mediating cellular uptake of iron (26). Nuclear
receptor coactivator 4 (NCOA4) regulates ferroptosis by
mediating ferritinophagy to control iron homeostasis (76).
Ferritin consists of ferritin heavy chain (FTH) and ferritin
light chain (FTL), of which FTH1 has iron oxidase activity and
oxidizes ferrous ion to ferric ion (77). Knockdown or inhibition
of FTH1 both promote ferroptotic death (76, 78).

Sulfasalazine targeting Transferrin receptor (TFRC) and its
ferroptosis-inducing effect is reduced in ER-positive breast cancer
(14). The combination of lapatinib and siramsine induces
ferroptosis in breast cancer cells rather their individual treatment.
Promoting the expression of transferrin and degradation of FPN,
causing a time-dependent increase in intracellular iron levels and
ROS levels, ultimately leading to cellular ferroptosis and autophagy
at different time (79). Neratinib causes iron imbalance by regulating
the expression of proteins related to the iron transport system,
ultimately inducing ferroptosis (80). Artemisinin mediates the
degradation of ferritin, which is an elevated level of intracellular
ferrous iron, leading to cellular ferroptosis (81).

Ferric ions from foods bind to TF in blood and attach to
TFRI on the cell membrane, transporting ferric ions into the cell,
where STEAP3 in acidic nuclear endosome reduces ferric ions to
ferrous ions. Ferrous ions are transferred via divalent mental
transporter 1 (DMT1) to LIP. Binding to ferritin is the storage
form of intracellular free irons, and NCOA4 is involved in the
degradation of ferritin, releasing ferrous ions (76).

Excess Ferrous ions generate large amounts of hydroxyl radicals
through Fenton and Haberweth reactions, which alter the
intracellular redox state. Due to their high instability and
reactivity, hydroxyl radicals can cause severe damage to lipids and
proteins and intense oxidative damage to DNA (82, 83). In
ferroptotic cells, hydroxyl radicals are able to attack
polyunsaturated fatty acids (PUFAs) on membranes, triggering
membrane lipid peroxidation (9).
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3.2 Mitochondrial involvement in reactive
superoxide formation

Mitochondria is important for maintaining normal cellular
function, energy supply and redox homeostasis, and is a major
site for intracellular ROS production. The Tricarboxylic Acid
(TCA) cycle and electron transport chain (ETC) action are
necessary for mitochondria to produce sufficient ROS via
oxidative phosphorylation (OXPHOS) (84, 85). Ferroptotic
cells undergo significant changes in mitochondrial morphology
with mitochondrial contraction, rupture of the OMM, and
enlarged mitochondrial cristae (3, 67). Robustaflavone A (REF-
A) promotes Voltage-dependent anion-selective channel protein
2 (VDAC2) expression and ubiquitinated degradation, inducing
the breakdown of mitochondrial functional systems, lipid
peroxidation and ROS production, ultimately leading to
ferroptosis in breast cancer cells. Blocking mitochondrial
function contributes to ferroptosis inhibition independent of
GPX4 activity (86). Nitroxide targets mitochondria as a ROS
scavenger and inhibits lipid peroxidation of mitochondrial
membranes thereby inhibiting ferroptosis (87). BAY87-2243
induces ferroptosis in melanoma cells through inhibition of
mitochondrial respiratory chain complex 1 and induction of
mitochondrial membrane potential depolarization (88). In
cysteine-starved cells, mitochondrial metabolism is
significantly enhanced, promoting GSH depletion, ROS
production and ferroptosis. Mitochondrial GLS2 promotes
glutamine catabolism to glutamate, which is then converted to
0-KG via glutamine dehydrogenase into the TCA cycle, driving
ETC and leading to mitochondrial membrane hyperpolarization
and lipid peroxide accumulation, eventually ferroptosis is
triggered (26, 85).

3.3 Accumulation of lipid peroxides

PUFAs are major components of membrane lipids, which are
highly susceptible to oxidation and play an important role in
maintaining membrane integrity and participating in trans-
plasma membrane transport activity (89). Increased production
of lipid peroxides occurs in both erastin- and RSL-induced
ferroptosis (90). Extensive production of ROS attack PUFAs on
the membrane, triggering membrane lipid peroxidation, leading
to a massive accumulation of lipid peroxides and ferroptosis (9).
The presence of more and longer PUFAs exacerbates ferroptosis
(91). Glycyrrhetinic acid (GA) generates ROS and Reactive
nitrogen species (RNS) by upregulating NADPH oxidase and
iNOS activity in TNBC cells, which exacerbates intracellular
oxidative stress level, leads to lipid peroxidation and ferroptosis
(92). Inhibition of peroxidation of PUFAs with antioxidants
inhibits ferroptoisis (3). Acyl coenzyme A (CoA) synthase
ACSL4 and lysophosphatidylcholine acyltransferase 3 (LPCAT3)
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are involved in the synthesis of lipid ROS and their deletion
contributes to ferroptosis resistance (93). ACSL4 is engaged in the
production and activation of the long-chain polyunsaturated fatty
acids arachidonic acid (AA) and adrenalic acid (AdA), acylating
PUFA to form PUFA-CoA (16), LPCAT3 inserts PUFA-CoA into
membrane phospholipids (PL) and catalyzes the production of
PUFA-PL (94). Finally, PUFAs are oxidized by iron and iron-
dependent oxidase LOXs to produce PUFA-PL-OOH, which
initiates ferroptosis (95).Oxidized PUFAs accumulate on the
membrane, causing membrane thinning and bending to
increase the accessibility of oxidants. Oxidants react with
PUFAs in the membrane, forming a positive feedback loop,
which further accelerates membrane instability and ultimately
leads to irreversible damage to membrane integrity and promotes
cellular ferroptosis (96).

3.4 XC-/GPX4-GSH system

GSH is vital in normal embryonic growth and development
as well as an essential reducer. GPX4 catalyzes the reduction of
harmful lipid peroxides to harmless lipid alcohols, thus
protecting cell membranes from peroxidative damage by
PUFA-OOH (17, 97, 98). Cystine-starved cells with reduced
GSH synthesis are more sensitive to ferroptosis inducers (FINs)
(26). Overexpression of SLC3A1 enhances tumor progression in
breast cancer cells, while blocking SLC3A1 with specific siRNA
or SLC3Al-specific inhibitor sulfasaliazine inhibits tumor
growth (99). Erastin acts on system xc- to inhibit cystine
uptake, and intracellular GSH synthesis is depressed (3). RSL
inactivates GPX4 by binding to selenocysteine, with massive
accumulation of lipid peroxides (100). When GPX4 is inhibited
or knocked down, intracellular antioxidant activity is
significantly diminished and lipid peroxides accumulate
excessively, eventually leading to ferroptosis (101, 102).
Sulfasaliazine induces ferroptosis in breast cancer cells by
functioning on system xc- which is currently in a type II
clinical trial. Dihydroisotanshinone I (DT) induces cellular
ferroptosis and inhibits tumor growth without adverse effects
through down-regulation of GPX4 expression (103). Metformin
enhanced ferroptosis in breast cancer cells by altering the
stability of SLC7A11, downregulating GPX4 activity and
inhibiting the autophagy induced by H19. This effect is more
sensitive in estrogen receptor-positive breast cancer cells. In
addition, the combination of metformin with sulfasazine
enhanced its ferroptosis induction and exerted more effective
anti-cancer effects (104-106). MVA pathway and the activity of
GPX4 is inhibited in ferroptotic death breast cancer cells
induced by Simvastatin (107). Curcumin induces ferroptosis in
breast cancer cells by upregulating the expression of redox target
genes such as HO-1 and downregulating antioxidants such as
GPX4, an effect that is more pronounced than in normal human
breast epithelial cells (108). Moreover, high expression of
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Glycogen synthase kinase-33 (GSK-3) was able to increase
the sensitivity of erastin-induced ferroptosis by enhancing the
inhibition of GPX4 (109).

System xc- is a glutamate-cystine transporter located on the
plasma membrane, consisting of the heavy chain subunit
SLC3A2/CD98hc and the light chain subunit xCT/SLC7A11,
responsible for cellular uptake of cystine and transport of
glutamate (110). Cystine is reduced to cysteine upon entry
into the cell, then glutamate-cysteine ligase (Gcl) and
glutathione synthetase (Gss) catalyze the production of GSH
(111, 112). GSH is the most abundant and common antioxidant
in cells, maintaining intracellular redox homeostasis. GPX4 is
one of the glutathione peroxidases, selenocysteine is an
important component of the GPX4 active center (113).
Mevalonate is involved in the synthesis of selenoprotein in the
GPX4 active center (114). GPX4 uses GSH as an essential
reducing agent to catalyze the reduction of harmful lipid
peroxides to harmless lipid alcohols, thereby protecting cell
membranes from peroxidative damage by PUFAs. When the
function of system xc- is inhibited, TXN pathway can be an
alternative GSH synthesis pathway. TXNRD1 KO cell survival is
highly dependent on intracellular GSH levels (115). Buthionine
sulfoximine (BSO) can induce cell death in TXNRD1 KO cell
(116). Forced expression of xCT in cells which are completely
deficient in GSH production, TXN pathway increases cellular
cystine uptake to rescue GSH deficiency. Overexpression of xCT
in TXNRD1 KO cells not only exacerbates but also accelerates
BSO-induced cell death (117). Expression of TXNRDI1 are
higher in Gclm(-/-) mice compared to WT mice (118). Thus,
the TXN pathway is another major antioxidant approach that
has been shown to support cell survival after system xc-
inhibition, TXN and system xc- synergistically control
intracellular GSH level (119). Due to the presence of the TXN
pathway and the essential role of GPX4 in the embryo, directly
targeting of GPX4 is more effective than inhibiting the activity of
SLC7A11 when inducing ferroptosis (98, 120). BSO can induce
ferroptosis by inhibiting GCL and thus decreasing GSH
synthesis (121). However, inhibition of GSH by BSO alone can
only elevate ROS at the tumor initiation stage and cannot affect
established tumor growth (17). Auranofin (AUR) is an FDA-
approved thioredoxin reductase inhibitor for the suppression of
TNBC tumor growth (122). Combining BSO with AUR can
significantly increase the mortality of breast cancer cells through
combined inhibition of GSH synthesis and TXN pathway (17).

3.5 COQ10 as an endogenous
membrane antioxidant
inhibits ferroptosis

CoQI10 is involved in respiratory chain activities in the

mitochondrial membrane and is critical for electron translocation.
The non-mitochondrial CoQ10 acts as a free radical trapping
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antioxidant (RTA) and prevents plasma membrane lipid damage.
MVA pathway is engaged in CoQ10 skeleton generation (114, 123).
A significant decrease in CoQ10 level occurs in ferroptotic cells
(124). The MVA pathway is involved in CoQ10 backbone
formation, and FIN56 induces ferroptosis by reducing CoQ10
production via the MVA pathway (125). Inhibition of CoQ10
synthesis by inhibiting CoQ10 synthase CoQ2 increases RLS-
induced lipid ROS and exacerbates ferroptosis (126). CoQ10 is
involved in ferroptosis resistance through the FSP1-NADH-CoQ10
axis and the GCH1-BH4 axis.

3.5.1 FSP1-NADH-CoQ10

ESP1 is the key component of the antioxidant system in
ferroptotic death independent of the GPX4-GSH axis (68). FSP1
expression positively correlates with cancer cell resistance to
ferroptosis induced by GSH depletion or GPX4 inhibition (98,
123). FSP1 KO leads to increased cellular phospholipid
oxidation and increased sensitivity to ferroptosis inducers.
NAD(P)H-quinone oxidoreductase-1 (NQO1) is a CoQ
oxidoreductase that may be involved in CoQ10 reduction in
synergy with FSP1 to regulate ferroptosis (123). NQOI1
knockdown cells showed increased sensitivity to erastin- and
sorafenib-induced ferroptosis (78). Elevated NADH/NADPH
ratio indicates a weakened intracellular antioxidant capacity
and a greater susceptibility to cellular ferroptosis (127). FSP1
targets the plasma membrane and converts oxidized CoQ10
(ubiquitinone) to reduced CoQ10 (ubiquitinol), NAD(P)H acts
as a reducing co-substrate to provide hydrogen ions for this
reaction, which inhibits lipid peroxidation and ferroptosis
(68, 123).

3.5.2 GCH1-BH4-phospholipid axis

The GCHI-BH4-phospholipid axis links to ferroptosis
resistance. GTP Cyclohydrolase 1 (GCH1) is the key enzyme
that catalyzes the production of tetrahydrobiopterin (BH4) (69).
The expression level of GCH1 determines the BH4 availability,
which influence the redox balance in cancer cell. Intracellular
levels of BH4 are negatively correlated with oxidized GSH and
NADP (128). An increase in BH4 can lead to an increase in
CoQ10 levels. Inhibition of GCHI1 activity results in the
sensitivity of drug-resistant cancer cells to ferroptosis.
Conversely, overexpression of GCHI1 effectively prevents cell
death induced by deletion of RSL3, IKE and GPX4, and inhibits
lipid peroxidation (69). BH4 can act directly as an antioxidant or
indirectly by synthesizing CoQ10 to inhibit lipid peroxidation
and attenuate oxidative damage in the presence of FSPI,
protecting cells from ferroptosis (69, 128).

3.6 NRF2 involved Redox homeostasis
NRF?2 is a major antioxidant transcription factor in vivo. NRF2

increases cellular resistance to ferroptosis, by upregulating the
expression of iron, HO-1, and ROS metabolism-related gene. The
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expression of NRF2 was upregulated in ferroptosis, while
knockdown or pharmacological inhibition of NRF2 revealed the
phenomena of GSH depletion, increased iron level and lipid ROS
production in erastin- and sorafenib-induced cells, promoting
cellular ferroptosis and enhancing the anticancer activity (70).
Moreover, there is a p62-Keapl-NRF2 pathway to regulate
intracellular NRF2 levels. P62 expression positively correlates with
NRE2 levels, while Keapl negatively regulates NRF2 and mediates
its degradation (78). Kelch-like ECH-associated protein 1 (Keapl)
binds to Cul3 and Rbxl to form a functional E3 ubiquitin ligase
complex that ubiquitinates NRF2 for degradation. This process can
be inhibited by the NRF2-dependent transcriptional
chemoattractants Sulforaphane and quinone (tBHQ)-induced
oxidative stress, mainly because they enable a redox-dependent
alteration of multiple cysteine residues in Keapl, and NRF2
separates from Keapl and enters the nucleus (129, 130). In
nucleus, NRF2 forms a heterodimer with sMaf (131) and binds to
ARE (132), protecting cancer cells from GPX4 inhibition and
promoting the transcription of antioxidant enzymes, such as
HMOXI1, NOQI, and GSTS (108, 133-135), reducing ROS levels,
forming resistance to ferroptosis (78).

HO-1 has been shown to have anti-proliferative, antioxidant
and anti-inflammatory effects. Upregulated HO-1 expression in
breast cancer cells has an inhibitory effect on cancer cell
proliferation and invasion (23, 136). HO-1 degrades heme to
CO, ferrous ions as well as bilirubin and can induce upregulation
of ferritin expression. Ferritin binds to free intracellular iron and
inhibits the Fenton reaction, thereby reducing ROS production
and exerting its antioxidant activity (24). HO-1 acts as an
antioxidant, and HO-1 expression is upregulated in erastin-
and sorafenib-induced ferroptosis. Meanwhile, inhibition of
HO-1 expression or the occurrence of HO-1 deficiency
exacerbates intracellular ferroptosis (22, 78). However, HO-1,
a major source of intracellular iron. Under high oxidative stress,
a significant rise in intracellular concentration of ferrous ions,
which increases ROS levels to promote lipid peroxidation and
thus lead to ferroptosis (108, 137, 138). HO-1 is important for
maintaining redox homeostasis and its dual role in ferroptosis
may be related to intracellular levels of oxidative stress and
cellular stress. In response to induction of cellular stress, HO-1
expression is moderate upregulated and acts as an antioxidant
defense mechanism to mitigate ferroptosis. In contrast, when
excessive intracellular oxidative stress occurs, HOs are
overactivated and overexpressed, which acts as pro-oxidant to
accelerate cellular ferroptosis (22, 137). The role of HO-1 in
ferroptosis remains controversial, and the mechanism
underlying its role in ferroptosis remains to be identified.

3.7 P53-mediated GSH synthesis
and depletion

P53 is the most frequent and susceptible gene to mutation in
breast cancer. In previous studies, it has been shown that mutant
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p53 has a higher mortality rate and worse prognosis than wild-
type p53 (139-141). Induced restoration of the wild-type
properties of mutant p53 offers a new idea for the treatment of
breast cancer, and PRIMA-1MET(APR-246, Aprea AB) may be
able to achieve this goal (71, 72). PRIMA-IMET increased
intracellular GSH depletion and induced ROS production.
Synergy with BSO increased the sensitivity of cells to PRIMA-
IMETm (142, 143). PRIMA-1IMET can induce ferroptosis in
AML cells (144). In addition, a novel ferroptosis inducer,
MMRI62, with dual targeting of FTH1 and mutant p53, which
induces ferroptosis in pancreatic cancer cells by inducing
lysosomal degradation of FTH1 and NCOA4 as well as
proteasomal degradation of mutant p53 to improve
chemoresistance and control metastasis of cancer cells (145).

A P533KR (K117R + K161R + K162R) mutant, which fails to
induce cell cycle arrest, senescence and apoptosis, but presence
of inhibitory properties on SLC7A11 expression renders the cell
incapable of cystine uptake, reduction in GSH synthesis, more
susceptible to ferroptosis and can be inhibited by Fer-1. While
overexpression of SLC7AI1 in P533KR mutant rescues its
ferroptosis. Suggesting that P53 triggers ferroptosis by
mediating transcriptional repression of SLC7A11 (146).
P534KR (K98R + K117R + K161R + K162R) mutant, with
complete depletion of acetylation capacity compared to
p533KR resulted in loss of ferroptosis induction, suggesting
p53-mediated acetylation capacity plays an important role in
ferroptosis induction (147). In addition, p533KR retains the
transcriptional activity of glutaminase 2 (GLS2), which induces
ferroptosis by promoting glutaminolysis (26, 147). P53
upregulates the expression of spermidine/spermine NI-
acetyltransferase 1 (SAT1) and promotes ALOX15 activity,
leading to lipid peroxidation (148). Mutant p53 also increases
ferroptosis sensitivity of pancreatic cancer cells by
downregulating the expression of FTH1 and NCOA4 (145).0n
the other hand, P53 inhibits ferroptosis by upregulating the
expression of cell cycle protein-dependent kinase inhibitor 1A
(CDKN1A/p21) (149) and GLS2 (26, 150), which also inhibit the
formation of DPP4-NOX1 complex (151) by altering the
localization and activity of DPP4 in CRC cells.

4 Correlation between autophagy
and ferroptosis

Ferroptosis has an autophagic correlation (59, 76, 152, 153).
Autophagy (Macroautophagy) is a form of cell death that exists
within normal cells to maintain a state of intracellular
homeostasis. It is a lysosomal degradation process that cells
engulf cytoplasmic material to form autophagosomes, which
then bind to lysosomes to form autolysosomes (154).
Autophagic lysosomes can degrade protein, lipid and damaged
mitochondria, etc. (152, 155, 156).
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Elevated autophagic activity occurred in erastin-induced
ferroptosis cells, whereas the use of the lysosomal inhibitors
Bafal and CQ blocked ferroptotic death cells (76, 153), and this
inhibition was time-differentiated, with a more pronounced
inhibition effect at 12h than 24h. Autophagy genes (ATGs)
were found to be involved in the positive regulation of
ferroptosis by RNAI screening (76). Knockdown of ATGs or
pharmacological inhibition both achieved the blocking effect of
ferroptosis (76, 157).

Ferritinophagy is a NCOA4-mediated ferritin degradation
exists in ferroptotic death cells, which is an elevation of ferrous
ions thereby promoting the accumulation of lipid ROS, while
independent of GSH depletion (76, 153). Autophagic
degradation of FTHI1 is also found in erastin-induced cells
(76). Lipophagy promotes ferroptosis by mediating the
selective autophagic degradation of lipid droplet (LD). The
accumulation of neutral LD protects cells from ferroptosis by
suppressing lipid peroxidation (157). LDs are involved in the
redistribution of PUFAs. PUFAs are transferred from the
phospholipid membrane to the core of LDs. Where PUFAs are
less susceptible to ROS attack, thus inhibiting lipid peroxidation
(158). Mitophagy is a process of selective autophagic
degradation of damaged or redundant mitochondria to
maintain intracellular mitochondrial homeostasis (155). There
is a mitochondrial autophagy-associated ferroptosis in BAY87-
2243-induced human melanoma cells, which exerts an
inhibitory effect on tumor growth (88). Chaperone-mediated
autophagy (CMA) is a cellular autophagic degradation pathway
that recognizes soluble cytoplasmic proteins containing specific
KEFRQ motifs through heat shock-associated proteins (HSP)
and targets them directly to the lysosome for degradation (155).
HSP90 upregulates the level of lysosome-associated membrane
protein type 2a (Lamp-2a), promotes chaperone-mediated
autophagic degradation of GPX4, and thus participates in the
regulation of ferroptosis (159, 160). A graphical representation
of the relationship between ferroptosis and autophagy is shown
in Figure 2.

Perhaps induction of cellular autophagy could be an effective
way to activate ferroptosis (76).

5 Effective ways to enhance
ferroptosis

In the process of breast cancer chemotherapy and
radiotherapy, it is difficult to distinguish between normal cells
and cancer cells. Thus it is hard to target breast cancer cells,
which will inevitably cause damage to normal tissues and lead to
high toxicity and adverse effects (2). The discovery of ferroptosis
emerges a new ray of light for cancer treatment. However, the
poor water solubility and rapid metabolism of therapeutic drugs
lead to their low bioavailability in vivo. Nanoparticles have the
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characteristics of small size and low toxicity, ferroptosis-
inducers (FINs) can be loaded on these particles, which can
help us solve these problems. Nano-FINs in breast cancer cells
are summarized in Table 3. More importantly nanoparticles can
target drug transport to tumor cells, reducing the toxic damage
effect of drugs on normal cells. The application of Nanoparticle-
loaded ferroptosis-inducer-targeted transport technology can
greatly enhance the tumor suppressive effect of the drugs
(161). Drug resistance of cancer cells is also a thorny issue in
current cancer treatment. FINs can be used as chemotherapy
and radiotherapy sensitizers enhance ferroptosis of cancer cells,
achieving effective improvement in drug resistance during
treatment and prolong patients’ survival (11, 12).

5.1 Nanomaterial-based
therapeutic drugs

TA-Fe/ART@ZIF, a ferrous nanocarrier encapsulated with
ART enhanced the ferroptosis-inducing effect of ART in TNBC
cells and exhibited stronger tumor suppression compared to
ART alone (162). A novel nanomedicine Fe304@PCBMA-SIM
can slow down the metabolism of the drug and increase the
accumulation and duration of action at the tumor site to exert
better cancer suppressive effects (107). A newly discovered folate
(FA)-exosome-encapsulated erastin can help us address the low
water solubility and nephrotoxicity of erastin and target erastin

TABLE 3 Nano-FINS in breast cancer.

delivery to FA receptor overexpressing TNBC cells. This
erastin@FA-exo induced ferroptosis by inhibiting the
expression of GPX4, upregulating the expression of cysteine
dioxygenase (CDOL1), and increasing the depletion of GSH is
intracellular production of excess ROS, which greatly enhanced
the antitumor effect of erastin (163). A heparanase (HPSE)-
driven sequential released nanoparticles, NLC/H(D + F + S)
NPs, induces ferroptosis characterized by excessive ROS
production and GSH depletion in mouse breast cancer cells,
significantly inhibits the metastatic growth of tumors and
improves anti-cancer efficiency (164).

5.2 Ferroptosis inducers as sensitizers
for chemotherapy

A new nanomedicine DFHHP can inhibit tumor growth by
inducing apoptosis and ferroptosis in tumor cells to overcome
tumor chemoresistance. DFHHP is an integration of Fe (VI)
species and Doxorubicin (DOX) into HMS nanomaterials. DOX,
a common chemotherapeutic agent in tumor therapy, generates
a large amount of reactive superoxide radicals by promoting
tumor cell reoxidation. DFHHP provides exogenous iron,
generating highly reactive ROS by Fenton reaction, leading to
the depletion of GSH and exacerbating ferroptosis of tumor cells
(11). HMCM nanocomposites have photothermal properties

Nanomedicines Composition Cell

TA-Fe/ ART@ZIF artemisinin +tannic acid+Fe(Il)+zeolitic imidazolate framework-8 MDA-MB-231
Fe304@PCBMA simvastatin+Fe304+zwitterionic polymer coated magnetic nanoparticles MDA-MB-231+MCEF-7
erastin@FA-exo Folate+Erastin+Exosome MDA-MB-231
HMCM MnO2+HMCu2-xS+Nanoparticles MCE-7

DFTA Doxorubicin+FeCl3+tannic acid MCF7
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that enable PT, and the nanodrug also incorporates the
autophagy promoter Rapa, which enhances the sensitivity of
breast cancer cells to ferroptosis and effectively controls tumor
growth (165).

A drug-organics-inorganics self-assembled nanosystem
(DFTA) effectively inhibits the progression of ER+ breast
cancer by using a chemotherapeutic agent DOX, a ferroptosis
inducer ferric chloride (FeCl3) and a activator of superoxide
dismutase (SOD) tannic acid (TA), which activates a cascade
reaction generated by intracellular ROS and significantly reduces
GSH levels. In addition the combination with photothermal
therapy (PT) can greatly increase the efficiency of ROS
production. It is expected to achieve the combination of
chemotherapy, PT, and ferroptosis against ER+ breast
cancer (166).

5.3 Ferroptosis inducers as sensitizers
for radiotherapy

Radiotherapy mainly uses targeted delivery of ionizing
radiation (IR) to cause cell death. Hypoxia is the main
mechanism leading to radiotherapy resistance in tumor cells,
while hypoxia-induced ROS production and massive activation
of the hypoxia-inducible factors result in the induction of
ferroptosis (12, 167). The use of FINs may overcome hypoxia-
induced resistance to radiotherapy by promoting ferroptosis in
tumor cells. Conversely, inhibition of ferroptosis leads to
resistance to radiotherapy (12).

Tumor cells treated with radiotherapy showed typical
ferroptotic features, with mitochondrial atrophy and its
increased membrane density, enhanced lipid peroxidation, as
well as increased expression of the ferroptosis marker gene
prostaglandin-endoperoxide synthase-2 (PTGS2) (12). IR can
promote the production of PUFA-PLs by upregulating the
expression of ACSL4, while stimulating cells to produce large
amounts of ROS, leading to lipid peroxidation and inducing
ferroptosis in cancer cells (12, 168). Meanwhile IR may inhibit
ferroptosis by inducing the expression of SLC7A11 and GPX4 as
a negative feedback regulatory pathway to induce radiotherapy
resistance in cancer cells. The combination of sulfasalazine, an
ferroptosis inducer targeting SLC7A11, and IR enhanced the
sensitivity of cancer cells to radiotherapy, synergistically induced
ferroptosis, and significantly inhibited tumor growth (120, 169).
Another study found that IR also antagonized the upregulation
of SLC7A11 expression by activating P53, making cancer cells
more sensitive to ferroptosis. The combination of FINs and
radiation therapy is more effective in the treatment of P53-
mutated cancers (170). CD8+ T cells promote tumor cell
ferroptosis and induce radiosensitization via IFN.
Immunotherapy-activated CD8+T cells induce tumor cell
ferroptotic death by producing IFN in concert with
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radiotherapy -activated ATM targeting SLC7A11 to inhibit
cystine uptake (60). Immunotherapy enhances the efficacy of
radiotherapy, radiation and immunotherapy synergistically
induce ferroptosis in tumor cells (60, 171).

6 Discussion

Ferroptosis is an iron-dependent form of lipid peroxidative
cell death. With GSH as a reducing agent and CoQI10 as an
endogenous membrane antioxidant to inhibit lipid peroxidation
and ferroptosis (28, 69). Mitochondria are involved in
ferroptosis by promoting glutaminolysis (26, 85). NRF2 and
P53 have dual roles in ferroptotic cells. Whether CoQ10 could be
a new target for ferroptosis? What is the role of HO-1 in
ferroptosis and how does it work? Nevertheless, in-depth
studies are required to clarify the mechanism of ferroptosis.
However, it is clear that induction of ferroptosis in breast cancer
cells inhibits tumor growth (13, 14). Given the positive role of
autophagy in facilitating ferroptosis, perhaps autophagy
activation can be used as a target to induce cellular ferroptosis
(76, 153). FINs can be used as sensitizers for radiotherapy and
chemotherapy to enhance tumor efficacy (11, 12). We are
expected to realize the combination of nano-ferroptosis-
inducers with chemotherapy and radiotherapy. It can not only
enhance the targeting effect of drugs, but also solve the problem
of drug resistance and greatly promote the tumor suppression
effect. However, the toxic side effects associated with this
treatment modality are elusive and require further
investigation. It is imperative to develop new ferroptosis-
inducing drugs that are highly effective and less toxic. In
summary, induction of ferroptosis has the potential to
surmount treatment resistance in breast cancer.
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PUFAs
RF-A
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TCA Cycle
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Kelch-like ECH-associated protein 1
Knockdown

Luminal androgen receptor

Lipid droplet

Labile iron pool

Lipid oxidase

Lysophosphatidylcholine acyltransferase 3
Nuclear receptor coactivator 4

Nuclear factor erythroid 2-related factor 2
Outer mitochondrial membrane
Phosphatidylinositol 3-kinase
Phospholipids

Progesterone receptor

Polyunsaturated fatty acids
Robustaflavone A

Reactive Oxygen Species

Six-transmembrane epithelial antigen of
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Tricarboxylic Acid Cycle
Transferrin

Transferrin receptor
Transferrin receptorl
Triple-negative breast cancer
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BRCA1-methylated triple
negative breast cancers
previously exposed to
neoadjuvant chemotherapy
form RADS1 foci and respond
poorly to olaparib
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Background: About 15% of Triple-Negative-Breast-Cancer (TNBC) present
silencing of the BRCA1 promoter methylation and are assumed to be
Homologous Recombination Deficient (HRD). BRCAI-methylated (BRCA1-Me)
TNBC could, thus, be eligible to treatment based on PARP-inhibitors or Platinum
salts. However, their actual HRD status is discussed, as these tumors are
suspected to develop resistance after chemotherapy exposure.

Methods: We interrogated the sensitivity to olaparib vs. carboplatin of 8 TNBC
Patient-Derived Xenografts (PDX) models. Four PDX corresponded to BRCA1-
Me, of which 3 were previously exposed to NeoAdjuvant-Chemotherapy (NACT).
The remaining PDX models corresponded to two BRCAI-mutated (BRCAI-Mut)
and two BRCALl-wild type PDX that were respectively included as positive and
negative controls. The HRD status of our PDX models was assessed using both
genomic signatures and the functional BRCA1 and RAD51 nuclear foci formation
assay. To assess HR restoration associated with olaparib resistance, we studied
pairs of BRCAL1 deficient cell lines and their resistant subclones.

Results: The 3 BRCAI-Me PDX that had been exposed to NACT responded
poorly to olaparib, likewise BRCAL-WT PDX. Contrastingly, 3 treatment-naive
BRCA1-deficient PDX (1 BRCAI-Me and 2 BRCAI-mutated) responded to
olaparib. Noticeably, the three olaparib-responsive PDX scored negative for
BRCA1- and RADS51-foci, whereas all non-responsive PDX models, including
the 3 NACT-exposed BRCA1-Me PDX, scored positive for RAD51-foci. This
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suggested HRD in olaparib responsive PDX, while non-responsive models were
HR proficient. These results were consistent with observations in cell lines
showing a significant increase of RAD51-foci in olaparib-resistant subclones
compared with sensitive parental cells, suggesting HR restoration in these
models.

Conclusion: Our results thus support the notion that the actual HRD status of
BRCA1-Me TNBC, especially if previously exposed to chemotherapy, may be

questioned and should be verified using the BRCA1- and RAD51-foci assay.

KEYWORDS

TNBC, BRCA1 methylation, RAD51, nuclear foci, HRD (homologous recombination

deficiency)

Background

Triple-negative breast cancers (TNBCs) represent 15% of all
breast cancers and its most aggressive subtype (1, 2). Despite good
initial chemosensitivity, these tumors show early relapse (1, 3) and,
until recently, in the absence of validated drugs only a minority of
TNBC were eligible for targeted therapies, thus, stressing the need
to develop novel approaches (4).

Another interesting characteristic of TNBC is that this subtype
comprises the largest fraction of BRCA deficient breast tumors (5,
6). BRCA deficiency was originally shown to result from coding
mutations affecting the BRCAI or BRCA2 genes, which are the
principal determinants of genetic predisposition to breast and
ovarian cancers and play central role in Homologous
Recombination (HR) Repair, also called BRCA pathway (7). HR
is an essential and accurate DNA repair pathway (7, 8) and,
noticeably, tumors with an HR deficiency (HRD) show elevated
genetic instability (9) and accrued sensitivity to DNA cross linking
agents such as platinum salts (10, 11). Accordingly, it has been
proposed to include platinum in the standard of care of TNBC (12).
Furthermore, over the past decade, it has been demonstrated that
breast tumors with germline BRCAI or BRCA2 mutations are
exquisitely sensitive to PARP inhibitors, as part of a synthetic
lethal interaction (13-16).

While germline BRCAI or BRCA2 mutations have, until
recently, been the only validated indications for PARPi-based
therapy in breast and ovarian cancer, it has become clear that
they were not the sole causes of an HRD phenotype. Indeed, HRD
has also been associated with somatic mutations and/or epigenetic
silencing affecting the BRCAI and BRCA2 genes, as well as other
genes in the pathway, such as PALB2, RAD5IB, RAD5IC or
RADS5ID (5, 6). Because of their obvious clinical implications, the
questions of the actual number of TNBC presenting HRD and the
best approach to detect them have drawn increasing attention.
Whole Genome Sequencing of large cohorts of breast and ovarian
cancers have revealed that BRCA-deficient tumors presented
specific patterns of genomic rearrangements, corresponding to
scars left behind in the tumor genome by faulty repair (17).

Frontiers in Oncology

Different genomic signatures (HRDetect, HRD-score, Tandem
Duplicator Phenotype, copy number signatures) were established
and used to stratify TNBCs and ovarian cancers (17-20). Some of
these signatures showed strong association with BRCAI/2
mutations (germline or somatic), as well as epigenetic silencing of
BRCA1 (17-19, 21). Consequently, the fraction of TNBC with an
HRD phenotype, which initially was estimated to range 2.7-17.5%
(22, 23), when only germline BRCAI/2 mutations were taken into
account, raised up to 35% on the basis of genomic signatures (17-
19, 21). Interestingly, tumors with an HRD genomic profiles were
associated with better response to therapy and a more favorable
disease outcome (24-27).

Hence, the extension of current PARPi-based therapy
indications in TNBC beyond patients bearing germline BRCAI/2
mutations has become a major question. In particular, the actual
sensitivity of tumors with epigenetically silenced BRCAI gene due
to the hypermethylation of its promoter is of particular interest, as
they represent an appreciable 15 to 20% of TNBC (19, 21, 28), but
has led to conflicting conclusions (27, 29-32). In particular, the
actual BRCA-deficiency of post-treatment residual BRCAI-
hypermethylated tumors and their subsequent recurrences has
been questioned (31). This point concurs with observations made
in different model systems showing that BRCA-deficient tumors
rapidly acquire treatment resistance and, in most cases, resistance is
due to the partial or complete restoration of HRR upon exposure to
either platinum or PARPi (33, 34). Thus, the actual sensitivity of
TNBC showing all signs of HRD and, particularly, those with
BRCAI hypermethylation that have been previously exposed to
chemotherapy in the course of the disease could be questioned
(31, 35).

To this aim, we tested in the present study the sensitivity of 8
PDX models, comprising 7 TNBC (2 BRCAI-WT, 4 BRCAI-
methylated (BRCAI-Me), 1 BRCAI-Mut) and 1 BRCAI-Mut High
Grade Ovarian Serous Ovarian Carcinoma (HGSOC), to the PARP
inhibitor olaparib and to carboplatin (CBP). Of the 8 PDX models
tested, 3 showed stable disease (SD), while the 5 others progressed
under olaparib. PDX models that responded to olaparib were all
treatment naive and corresponded to 2 BRCAI-mutated and one
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BRCAI-methylated PDX. The five non-responsive PDX comprised
2 BRCA1 wild type and 3 BRCAI-methylated that, noticeably, were
established from TNBC tumors that responded poorly to neo-
adjuvant chemotherapy (NACT). We, thus, interrogated the HRD
status of the tested PDX models and used BRCA1, RAD51, YH2AX
and 53BP1 nuclear foci in olaparib treated PDX as read-outs of HR
functionality and of DNA damage response. PDX models with
reduced BRCA1 and RAD51 foci formation corresponded to
olaparib responders, whereas non-responders were all RAD51-
foci positive. Remarkably, the three BRCAI-Me PDX established
from tumors that responded poorly to NACT were RAD51-foci-
positive and progressed under olaparib. This suggested that, despite
severely reduced BRCA1 protein expression, HR remained at least
partially functional in these models, thus precluding their sensitivity
to olaparib. We treated BRCA1 deficient cell lines with olaparib and
derived resistant variants. We observed increased BRCA1 and
RADS51 foci formation in olaparib resistant variants. The data
presented herein suggest that tumors with epigenetically silenced
BRCAI that have been exposed to genotoxic treatment show poor
response to olaparib and exhibit BRCA1 and RAD51 foci formation
capacity compatible with HR proficiency. Our data, thus, suggest
that olaparib may not be a good indication in tumors with
epigenetically silenced BRCAI and supports the implementation
of BRCAI and RAD5I nuclear foci assay as functional read out of
HR deficiency in TNBC.

Materials and methods

TNBC and HGSOC PDX models and
in vivo treatment

TNBC and Ovarian cancer PDX models establishment was as
described (36, 37). PDX models used are described in Table 1. The
study was reviewed and approved by the ethics committees for
animal experimentations of the University of Montpellier (CEEA-
LR-12028). PDX models were established from fresh tumor
fragments obtained from the Pathology Department at the
Comprehensive Cancer Center of Montpellier (ICM) after

10.3389/fonc.2023.1125021

informed consent of the patients. Establishment of PDX models
was reviewed and approved by the institutional review board.

Approximately 50 mm’

PDX fragments were grafted
subcutaneously into the flank of 3-4week old Swiss-nude female
mice (Charles Rivers, Saint-Germain-sur-1’Arbresle, France). The
present study comprised three experimental arms; vehicle, olaparib
and Carboplatin (CBP) treatment comprising 6 to 8 mice per arm.
When median tumor volume reached 100-150mm?>, mice were
randomly distributed in the two arms and treatment was started.
Olaparib (Lynparza, AstraZeneca) was administered orally 5 times/
week for 5 weeks at 100 mg/kg. CBP (Accord Healthcare,
Middlesex, UK) was administered by intra-peritoneal (IP)
injection twice per week for 4 weeks at 50 mg/kg CBP. At
treatment end, mice were euthanized to collect tumor samples for
further biochemical (RNA and proteins) or histological analyses.
Some mice were kept for tumor volume monitoring.

MS-PCR

CpG methylation patterns at the BRCAI promoter were
determined using the MS-PCR assay as previously described (28).

Array-CGH

For each PDX sample, the genomic profile was established by
using aCGH onto high-resolution 4 x 180 K CGH-microarrays
(SurePrint G3-Human CGH-Microarray, Agilent Technologies).
Human female DNA was used as reference (G152A, Promega,
Madison, WI, USA). Both experimental and analytic methods
have been previously described (38). All probes for aCGH were
mapped according to the Genome Reference Consortium Human
Build 37 (CGCh37/Hg19; https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001405.13/). We used two different threshold values (log2
ratio> 0.5 and 1.0) to distinguish low- (gain/) from high-
(amplification) and (log2 ratio < -0.3 and -1) to distinguish
simple loss from deletion CAN (Copy Number Alterations),
respectively. Percentage of altered genome was the number of

TABLE 1 Principal bio-clinical characteristics of the patient tumors from which the PDX models were derived.

BRCAT1 Status Cancer type Gty NACT
or Stage
b1995 WT TNBC SBR IIT No
b3804 WT TNBC SBR IIT yes
b3977 Me/Me TNBC SBR 11 yes
b4122 Me/Me TNBC SBR I No
15b0018  Me/Me TNBC SBR IT yes
15b1516  U/Me TNBC SBR IIT yes
Tm168 Mut pS1524fs TNBC SBR IIT No
010047 Mut Del exon 8-13 HGSOC Stage IV No

Type of NACT ';ZSchAnCS.? RFS months ~ OS months
NA NA >120 >120
Taxol+ avastin Poor response >120 >120
FEC+T refractory 5 9
NA NA >120 >120
FEC+T Poor response 35 >60
FEC+T refractory 7 8
NA NA 3 7
NA NA >145 >145

WT, wild type; Me/Me both alleles methylated. U/Me hemi methylation. TNBC, triple negative breast cancer; HGSOC, High grade serous ovarian carcinoma.
NC, not communicated; NA, not applicable; NACT, neoadjuvant chemotherapy; FEC, Fluorouracy. Epirubicin. Cyclophosphamide; RFS, recurrence free survival; OS, Overall Survival.
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probes above the threshold divided by the total number of probes
for autosomal chromosomes.

Genetic instability and HRD scores

For each tumor, to evaluate genetic instability, we quantified the
activity of the 17 copy number signatures described (20) with the R
package CINSignatureQuantification.

For each tumor, a HRD score (HRDaCGH score), based on
losses of heterozygosity (LOH), was calculated as previously
described (39). A score > 10 was considered as HRD-high. The
percentage of genome altered was calculated as the sum of altered
probes divided by the total number of probes after removing
sexual chromosomes.

Next generation sequencing

Mutation profiles were established by using targeted-NGS panel
of 559 genes commonly mutated in breast cancer (40). The list of
genes targeted is available in the Supplementary Information. The
sequence data were aligned to the human reference genome (UCSC
hg19) using Burrows—-Wheeler Aligner (41). Tumor samples were
sequenced at an average depth of 851x (range, 520 to 1055) for the
targeted regions. Bam files were processed as described (40). Single
nucleotide variants (SNVs) calling was performed with a consensus
approach using 8 variants callers for the SNV (Freebayes) (42),
HaplotypeCaller (43), LoFreq (44), Mutect2 (45), Pisces (46),
Platypus (47), VarDict (48) and Varscan2 (49) and 10 variants
callers for the indel (FreeBayes (42), HaplotypeCaller (43), LoFreq
(44), Mutect2 (45), pindel (50), Pisces (46), Platypus (47), Scalpel
(51), VarDict (48) and Varscan2 (49)). Variants called by less than 5
variants callers were filtered out. Then, the filtered variants were
annotated with the Annotate Variation Software (ANNOVAR,
version 2013-11-12). Known variants found in dbsnp129 and
dbsnp137 with a variant allele frequency (VAF) superior to 1%
(1000 G or ESP6500) were removed. Finally, low frequency SNVs
and indels that were suspected to be false positives were
systematically inspected with IGV version 2.3.32 (52, 53).
Mutations were classified as “neutral” or “damaging” using the
majority rule of predictor software (provided by dbnsfp: Sift,
Polyphen2, LRT, MutationTaster, MutationAssesor, FATHMM,
RadialSVM, LR) as previously described (54). A “recurrent”
mutation, also called “hot spot”, was defined as being found more
than 10 times in the Catalogue of Somatic Mutations in Cancer
(COSMIC V68) database (http://cancer.sanger.ac.uk/cosmic).

RT qPCR

Total RNA was isolated from cell lines lysed in TRIzol
(Invitrogen, Fisher Scientific, Illkirch-Graffenstaden, France),
while PDX tumors were lysed using Lysing Matrix D (MP
BiomedicalsTM, Doornveld, France). Subsequently, the RNA was
extracted using the RNeasy Kit (Qiagen, Les Ulis, France) following
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manufacturer instructions. cDNAs were synthesized from lug of
total RNAs using random hexamers and SuperScript III Reverse
transcription (Invitrogen, Fisher Scientific, Illkirch-Graffenstaden,
France). Real-time qPCR was performed on a LightCycler 480 SW
1.5 apparatus (Roche, Meylan, France) with ONEGreen® FAST
QPCR PREMIX (Ozyme, Saint Cyr I’Ecole, France) and designed
human specific primers (Supplementary Table 1). Results were
quantified with a standard curve generated by serial dilutions of a
reference cDNA preparation. GAPDH transcripts were used for
normalization. The fold change in gene expression was calculated

as: Fold change = 244¢T,

Cell lines and CRISPR-Cas9
engineered mutants

SUM159 and SUM149 TNBC cell lines a generous gift from Dr
S Ethier (MUSC, Charleston, SC), were maintained in Ham’s F-12
medium (GibcoTM, Fisher Scientific, Illkirch-Graffenstaden, France)
supplemented with 5% FBS, 10 pg/ml insulin, 1ug/ml
hydrocortisone and 1% Antibiotic-antimycotic (100X) (GibcoTM,
Fisher Scientific, Illkirch-Graffenstaden, France). UWBI1.289PT cell
line was obtained from the American Type Culture Collection
(ATCC) and maintained in the 50% RPMI-1640 (Gibco "), 50%
MEGM (MEGM Bullet Kit; CC-3150, Lonza, Basel, Switzerland)
and supplemented with 3% FBS, 1% Antibiotic-antimycotic (100X)
(GibcoTM, Fisher Scientific, Illkirch-Graffenstaden, France). HCC38
cell line was obtained from ATCC and maintained in RPMI-1640
supplemented with 10% FBS and 1% Antibiotic-antimycotic.

For CRISPR-Cas9 generation of KO clones, SUMI159PT cells
were first transduced with a plasmid vector containing doxycycline
inducible lentiviral expression of SpCas9. Lentiviral transduction
was performed on 70% confluent cell cultures. Viral particles were
added in the fresh medium containing 8uig/ml polybrene. After 16h
the medium was changed and 2ug/ml puromycin added for cell
selection for at least 5 days. Next, the cells were transduced as
described above with two lentiviral plasmid vectors for the
expression of sgBRCA1 (kind gift from Yea-Lih Lin, IGH,
Montpellier). After lentiviral transduction, cells were selected with
400ug/ml G418 for 10 days and Cas9 expression was induced by
treating a population of cells with 1ug/ml of doxycycline for 6 days.
The cells were then cloned and clones verified for the KO by Sanger
sequencing and western blot. All cell lines and selected clones were
genetically typed by Eurofins Genomics cell line authentification
(Eurofins Genomics, Les Ulis).

Protein extraction and Western blotting

Protein extracts were prepared by lysing either tumor tissue or
cell line pellets on ice for 30 min in Tris-HCl pH7.4 50mM, NaCl
100mM, NaF 50mM, B-glycerophosphate 40mM, EDTA 5mM,
Triton X100 1%, Aprotinin 10mg/ml, PMSF 100mM, Leupeptin
1mM, Pepstatin 1mM, followed by a short centrifugation to pellet
debris. Protein concentrations were measured using the BCA kit
(Fisher Scientific, Illkirch-Graffenstaden, France) SDS-PAGE gel
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electrophoresis was done on 30ug protein samples subsequently
transferred onto nitrocellulose membranes (Amersham, Velizy-
Villacoublay, France) and incubated overnight at 4°C with the
primary antibody. Antibodies used are listed in a separate section.
Membranes were then washed and incubated with the appropriate
secondary antibody in 5% non-fat dry milk in PBST for 2h at room
temperature and revealed by incubation with Chemiluminescent
HRP Substrate (Sigma Aldrich, Saint Quentin Fallavier, France).

Immunofluorescence

For cell lines, cells were grown on 12mm diameter slides cover
slips in 24 well-plate for 24h, then drugs were added at the
predetermined IC50 concentration. After 24h drugs were washed
off and cells prepared as described below. For tumor tissues, 6um
cryosections were prepared from OCT embedded deep frozen tissue
and mounted on Fisherbrand SuperfrostTM Plus Microscope
Slides (Fisher Scientific, Illkirch-Graffenstaden, France) and stored
at -80°C until used. Cells and tumor sections were sequentially
subjected to mild extraction (0.4% Triton in PBS, 5min in cold),
fixation (4% PFA diluted in PBS) and blockage/permeabilization
(3% BSA + 0.2% Triton in PBS, 1 hour at room temperature),
incubated overnight at 4°C with the primary antibody (diluted in
3% BSA + 0.2% Triton in PBS), then with the secondary antibody
(diluted in 3% BSA + 0.2% Triton in PBS, 1h at room temperature).
Between each step, slides were washed 3 times with PBS. Tumor
cryosections were immersed 0.1% SBB (Sigma Aldrich, Saint
Quentin Fallavier, France) and 70% ethanol for 20 minutes at
room temperature to reduce tissue autofluorescence and
subsequently washed three times for 5 minutes PBS with 0.02%
Tween 20. Stained sections or cell were counterstained with DAPI
(Fisher Scientific, Illkirch-Graffenstaden, France) to stain the nuclei
and cover slips were mounted with MWL4-88 (Citifluor,
CliniSciences, Nanterre, France) and stored at 4°C. Antibodies
used are described in the Antibody section.

Immunofluorescence images were acquired using Zeiss
microscope with a 63X-immersion oil lens and generated using
Zeiss Blue software. RAD51, BRCA1, 53BP1 and YH2AX nuclear
foci were scored using the CellProfiler image analysis software
(version 2.2.0, Broad Institute). At least three biological replicates
of each model (both vehicle- and olaparib-treated) were analyzed.
Cells presenting >5 foci/nucleus for RAD51, BRCA1, 53BP1 or
YH2AX were considered positive and tumors presenting >10% of
positive cells were scored positive for the given marker.

Antibodies

Immunofluorescence; rabbit anti-RAD51 PC130 1:300 (Merck
Millipore Sigma Aldrich, Saint Quentin Fallavier, France), rabbit
anti-geminin 52508 1:200 (CST OZYME, Saint Cyr I’Ecole, France),
mouse anti-BRCAI sc-6954 1:100 (SCBT, Heidelberg, Germany),
mouse anti-y-H2AX (H2-3F4, kind gift from Dr. Mustapha Oulad-
Abdelghani, MAB-IGBMC Illkirch-Graffenstaden, 1:4000), rabbit
anti-53BP1 NB100-304 1:500 (Bio-techne LTD, Abington, UK).
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Secondary antibodies; goat anti-mouse Alexa Fluor 488 (Abcam
ab150113, 1:1000), goat anti-rabbit Alexa Fluor 555 ab150078
1:1000 (Abcam, Cambridge, UK).

Western blotting; BRCA1 9010 1:500 (CST OZYME, Saint Cyr
I’Ecole, France), BRCA2 A303-434A 1:1000 (Bethyl OZYME, Saint
Cyr I'Ecole, France), PARP1 WHO0000142M1 1:1000 (Sigma
Aldrich, Saint Quentin Fallavier, France), RAD51 8875, 1:1000
(CST OZYME, Saint Cyr I’Ecole, France) and alfa tubulin T9026
1:20000 (Sigma Aldrich, Saint Quentin Fallavier, France); secondary
antibodies goat anti-mouse-HRP 70745 1:10000 (CST OZYME,
Saint Cyr I'Ecole, France) and goat anti-rabbit-HRP 7076 1:10000
(CST OZYME, Saint Cyr I’Ecole, France).

Results

PDX models show variable response
to olaparib

To test the relative sensitivity of TNBC with silenced BRCA1
due to promoter hypermethylation (designated hereafter BRCAI-
Me) to the PARP inhibitor olaparib and assess the impact of
neoadjuvant treatment (NACT) on olaparib sensitivity, we
selected 8 PDX models (7 TNBC and 1 High Grade Serous
Ovarian Carcinoma) showing different BRCAI profiles. Our
experimental PDX set comprised 2 BRCAI wild type (BRCAI-
WT) TNBC (b1995, b3804), 4 BRCAI-Me TNBC (b3977, b4122,
15b1516, 15b0018) and 2 (1 TNBC and 1 HGSOC) BRCA I mutated
(BRCA1-Mut) models (tm168, 010047) (Table 1; Supplementary
Figure 1). BRCAI-Me PDX models 15b1516, 15b0018 and b3977
were established from post-NACT residual tumors that had shown
poor response to neoadjuvant treatment (Table 1; Supplementary
Figure 1). The two BRCAI-Mut models (tm168, 010047) and the
remaining BRCAI-Me model (b4122) were established from
treatment naive tumors. Hypermethylation of the BRCAI
promoter region was determined in both the PDX models and
the patient tumors using methylation specific PCR (MS-PCR). It is
of note that no pre-treatment biopsy was available for the tumors
that had undergone NACT, hence, BRCAI promoter methylation
was determined after NACT on these tumor samples. Of the four
BRCAI1-Me PDX, 3 presented homozygous (Me/Me) methylation
(15b0018, b3977, b4122) and 1 hemizygous (Me/U) methylation
(15b1516) (Supplementary Figure 2).

PDX were grafted subcutaneously on Swiss-nude mice and
olaparib was administered orally at 100 mg/kg, 5days per week
for 5 weeks. In a parallel treatment group, mice received 50mg/kg
Carboplatin (CBP) by intraperitoneal injection twice a week for 4
weeks, while the control group received daily the olaparib vehicle
administered orally. Tumor volumes were measured twice a week.
Three (tm168, b4122, 010047) of the 8 PDX showed disease
stabilization or limited tumor size reduction under olaparib
treatment, while the 5 other models (b3804, 15b0018, 15b1516,
b1995, b3977) progressed (Figures 1A, B; Supplementary
Figure 3A). Of the 3 olaparib responders, PDX tm168 and 010047
were BRCAI-Mut and b4122 was BRCA 1-Me, but established from a
treatment naive tumor. The 3 other BRCAI-Me models (15b0018,
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FIGURE 1

Tumor volume change of the 8 PDX models under olaparib and Carboplatin treatment and principal characteristics related to HR of the PDX models
(A) Waterfall plot of tumor volume changes in the 3 experimental arms were computed at the end of treatment for individual tumors as the
percentage of the starting volume (green vehicle; pink olaparib, grey Carboplatin) (B) mean tumor volume change in each PDX model treated with
olaparib. (C) mean tumor volume change in each PDX model treated with Carboplatin. Blue an orange lines indicate the +20% and —30% thresholds
for tumor response defined by the RECIST criteria; > 20% progressive (PD). < 20%- > -30% stable disease (SD). < 30% responsive (R).

15b1516 and b3977, which progressed under olaparib, were
established from tumors that had received NACT. In the CBP arms
we globally noted more favorable response patterns, with 6 of 8 PDX
models showing partial to complete response and 2 PDX (b3804,
15b1516) progressing under treatment (Figures 1A, C;
Supplementary Figure 3A). Tumor growth was monitored after
treatment end in 3 PDX, 2 BRCAI-Me TNBC (b3977, b4122) and
1 BRCAI-Mut HGSOC (010047) (Supplementary Figure 3B) Both
BRCAI-Me TNBC resumed growth shortly after end of olaparib
administration. By contrast, the BRCAI-Mut 010047 exhibited
complete regression 25 days after treatment ended and recurred
after a lull of 3 weeks. In the CBP arm, progression after treatment
end was observed in 1 of 3 PDX (b4122), while the two other models
did not recur during the follow up period (Supplementary Figure 3B).

Genomic profiles and genetic instability
scores of the tested TNBC models

Targeted sequencing was performed on the 7 TNBC PDX to
search for mutations affecting principal DNA damage response genes
and targetable cancer genes. The HGSOC PDX was analyzed by
exome sequencing as part of a previous study (55). Mutations were
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found in the TP53, PTEN, KRAS, RIFI and STKI1 genes (7, 2, 1, 1
and 1 PDX respectively) (Supplementary Table 2). No mutations
were detected in further DNA repair genes such as BRCA2, PALB2 or
the RAD51 orthologs RAD51B, C or D. The 8 PDX models were also
analyzed for copy number changes by array-CGH. Genetic instability
and HRD scores were determined (Figure 2A). All TNBC models,
irrespective of BRCAI mutation or epigenetic silencing, presented
elevated genetic instability scores (CX2, CX5) shown to be linked
with BRCA-deficiency (20). We also noted that all tested TNBC
models presented elevated HRD scores as defined by Abkevich and
coworkers (39). Thus, elevated genetic instability and HRD scores
suggested preexisting HR deficiency in the PDX models used in this
study, including the two BRCAI-WT models.

We took advantage of the CGH analysis to determine copy
number changes affecting key repair genes in the TNBC models.
Except b3804, most PDX presented hemizygous losses affecting 3 to
4 HR genes of a list including BRCAI, BRCA2, PALB2, RADS51,
RAD51B and RAD5IC suggesting that the combined copy number
reductions on these key HR genes could have contributed to a global
HR attenuation and elevated genetic instability in these tumors
(Supplementary Figure 4). But we cannot exclude the existence of
undetected genetic or epigenetic anomalies affecting genes involved
in HR maintenance.
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FIGURE 2

Principal characteristics related to HR of the PDX models. (A) CX Chromosomal instability and HRD scores of each PDX model. Color shades indicate
from white to red the level of instability. (B) Protein expression patterns were assessed by Western blotting. The BRCA1 status of each model is
indicated on top of the autoradiograms. WT wild type. Me/Me homozygous methylation. U/Me hemizygous methylation. Mut coding mutation. For
each PDX model three independent extracts from individual PDX tumors were loaded and analyzed. Proteins analyzed are indicated on the left and
Molecular Weights in KDalton on the right. The protein extract of SUM159 cell line extract was added to the BRCAL panel to illustrate the full length

and the A11 BRCAL protein variants.
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Principal genes of the BRCA pathway
showed protein expression profiles
concordant with olaparib response

To determine the impact of promoter hypermethylation or
coding mutations on BRCA1 protein expression, BRCAI protein
levels were measured by western blotting (WB) in the 8 PDX
models. Noticeably, BRCAI-Me PDX b4122, b3977, 15b0018 and
BRCA1-Mut 010047, tm168 showed no detectable BRCA1 band,
suggesting a loss of BRCA1 functionality in these tumors. By
contrast, the BRCAI-WT b1995, b3804 and the BRCAI-
hemimethylated 15b1516 PDX presented detectable BRCA1
bands (Figure 2B). We noted that PDX b3804 expressed high
levels of a short 100 kD BRCA1 protein isoform and low levels of
the full length (268 kD) protein (Figure 2B). The 100 kD band is
compatible with the size of the hypomorphic A11-BRCAL1 isoform,
which corresponds to a BRCAI splice-variant where exon 11 is
excluded and that is frequently expressed in tumors bearing
mutations in exon 11 (56). However, no BRCAI coding mutation,
that could have explained the expression of the A11-BRCAI1
isoform, was detected in PDX b3804 (Supplementary Table 1).
We also analyzed expression of the BRCA2, RAD51, PARPI and
53BP1 proteins, which are important actors of HR. Whereas
RAD51 expression appeared elevated and relatively constant in
the different PDX models, that of BRCA2 was more variable, with
no obvious link with BRCA1 status or olaparib response, except
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possibly the BRCAI-Mut PDX tm168, which showed very low
BRCA2 protein levels (Figure 2B). PARP1 protein expression was
detected in all PDX models, but, interestingly, the lowest levels were
detected in the 3 BRCA1-Me (b3977, 150018 and 15b1516) that had
been exposed to NACT and responded poorly to olaparib
(Figure 1A). Finally, 53BP1 protein was expressed at high levels
in 5 models and at low levels in 3 other PDX (Figure 2B).

BRCA1, RAD51 and 53BP1 nuclear foci
formation in treated tumors correlate with
olaparib response

In HR-proficient cells, BRCA1 and RAD51 proteins cluster at
DNA damage sites forming nuclear foci that can be detected by
immunofluorescence labeling. Absence of BRCA1 and/or RAD51
foci is considered as a sign of HR-deficiency. We scored the fraction
of cells positive for BRCA1 and RADS51 foci in cryosections of PDX
models sampled at the end of olaparib and vehicle treatment and
searched for an association with olaparib response. Tumors
presenting >10% cells showing >5 BRCA1 or RAD51 per nucleus
were scored positive. PDX sections were immunolabeled with
commercial antibodies directed against BRCA1, RAD51, and the
S phase marker Geminin. Because of secondary antibodies species
compatibility, BRCA1 and RAD51 were co-immunolabeled
(Figure 3A; Supplementary Figure 5), whereas Geminin staining
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was performed separately to ascertain the presence of S phase cells
in each sample. Immunolabeling scoring was performed in 3
independent PDX tumors per model on at least 100 cells per
section. Geminin staining showed 10 to 30% of Geminin-positive
cells, confirming that tissue section actually comprised S phase
tumor cells (Supplementary Figure 6). Four (4) of the 8 olaparib
treated PDX, corresponding to 2 BRCAI-Mut (tm168, 010047) and
2 BRCAI-Me (b3977, b4122), scored negative for BRCA1-foci
(Figures 3B, ]), in agreement with the absence of BRCA1 band in
the WB analysis (Figure 2B). BRCA1-foci positive models
comprised two BRCAI-WT (b3804, b1995) and two BRCAI-Me
PDX (b15b1516, 15b0018). Three of the four BRCA1-foci negative
PDX (tm168, 010047, b4122) scored negative for RAD51-foci
(Figures 3A, C, J, K) and corresponded to the 3 models that
responded to olaparib (Figures 1A, B). Noticeably, PDX b3977,
which progressed under olaparib (Figures 1A, B), scored positive for
RAD51-foci, despite the fact it did not show BRCAI-foci
(Figures 3A, C, J, K). All other RAD51-foci-positive PDX scored
also positive for BRCA1 foci and showed mediocre response to
olaparib (Figures 1A, B; 3A-C, ], K). Noticeably, the 3 BRCAI-Me
models established from NACT treated TNBC (15b0018, 15b1516,
b3977) were RAD51-foci positive and showed scores similar to
those observed in the 2 BRCAI-WT models (b1995, b3804)
(Figures 3B, J). By contrast, the BRCAI-Me PDX b4122, which
was not exposed to NACT prior PDX establishment, was both
BRCA1 and RADS51-foci-negative and did not progress under
olaparib. These data suggested that while b4122 was indeed HR
deficient, the 3 NACT treated BRCAI-Me models were, at least
partially, HR proficient.

We verified whether BRCA1 or RAD51 nuclear foci formation
was associated with olaparib response (Figures 3F-I). We noted a
significantly association of BRCA1 and RAD51 foci absence (or low
levels) with olaparib response (t-test p=0.0017 and p<0.0001
respectively) (Figures 3F, G). Interestingly, the differences in foci
positive cells between responsive and non-responsive cells were
discernible in both tumor sections from olaparib treated
(Figures 3F, G) and sections from vehicle treated tumors and
showed equivalent statistical significance (Figures 3], K).

We also scored YH2AX and 53BP1 foci, which are standard
DNA damage markers, and observed that models presented 20 to
60% foci-positive cells for either marker, indicating severe DNA
damage in olaparib treated PDX, to the exception of 15b1516 where
only 5 to 10% cells scored positive (Figures 3D, E). Interestingly, we
noted that 53BP1-foci tended to be more frequent in olaparib
responsive PDX, compared with non-responsive PDX (t-test
p=0.028) (Figure 3H). However, no difference was found with
YH2AX-foci (Figure 3I).

Acquired olaparib resistance in BRCAL
deficient cell lines is associated with
increased BRCAL and RAD51 foci formation
and reduced levels of DNA damage

It is well documented that BRCA-deficient tumors or cell lines
rapidly acquire resistance to treatment associated with the
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restoration of HRR (56). We were, thus, interested to explore the
restoration of RAD51-foci formation in BRCAI-deficient cell lines
with acquired olaparib resistance. We, thus, isolated olaparib
resistant clones from three cell lines; SUM159-KO1 and SUM159-
KO2, two CRISPR BRCATI knock out clones we engineered from the
TNBC SUM159 cell line, the SUM149 TNBC cell line which bears a
frameshift mutation in exon 11 (2288delT) (57) and the UWB1.289
ovarian cancer cell line also showing a frameshift mutation in exon
11 (2594delC) (58). Resistance was obtained by exposing cell
cultures to incremental olaparib concentrations for at least 12
weeks. Olaparib resistant cell lines were designated with the suffix
Re (SUM159-KO1-Re, SUM159-KO2-Re, SUM149-Re and
UWBI1.289-Re). We characterized BRCA1, BRCA2, RAD51 and
PARPI1 protein expression by WB, as well as RNA expression
changes associated with the acquisition of olaparib resistance
(Figures 4A, B). In SUM159-KO1 and SUM159-KO2 no BRCA1
protein was detected. SUM159-KO1-Re reexpressed the full length
BRCA1 protein and SUM159-KO2-Re showed no difference in
BRCA1 protein expression compared with it clone of origin.
SUM149 and UWBI1.289 expressed no full length BRCA1 and
variable levels of the A11-BRCA1 100 kD band. Interestingly,
SUMI149-Re expressed the BRCAL1 full length and increased levels
of the A11-BRCA1 variant, whereas UWB1.289-Re showed strongly
increased A11-BRCAL1 levels (Figure 4A). No significant difference
was found for BRCA2, RAD51 and PARPI protein expression in
the different cell line models. At the RNA expression level, we noted
increased gene expression of RAD51 and RAD5IC in SUM159-
KO1, of RAD5IC and ABCG2 in SUM149-Re, as well as of All-
BRCAI, RAD51C, RAD51D, PALB2 and ATM in UWB1.289-Re
which could be related with their acquisition of olaparib resistance.

Next, we scored BRCA1, RAD51, 53BP1 and YH2AX foci
formation in the olaparib treated cell lines (Figure 5A). Except in
SUM159-KO2-Re which does not express BRCAI, nor All-
BRCA1, and scored BRCAI-foci-negative, BRCAI-foci scores
tended to increase in olaparib resistant clones compared with
cells or origin (Figure 5B). A similar trend was noticeable for
RAD51-foci, whose numbers nearly doubled in olaparib resistant
cells relative to cell lines of origin (Figure 5C). By contrast, 53BP1
and YH2AX foci numbers clearly decreased in olaparib resistant
variants (Figures 5D, E). These differences in foci numbers between
olaparib resistant cells and their original counterparts, increase for
BRCA1 and RADS5I1, decrease for 53BP1 and YH2AX, were all
statistically significant and in coherence with findings we made on
PDX (Figures 5F-I). The reduction of YH2AX-foci associated with
the increase of BRCA1 and RAD51-foci observed in resistant cells
suggest a global decrease of DNA damage in these cells upon
olaparib treatment due to restored HR capacity. We also derived
olaparib resistant cells from the hemimethylated BRCAI-Me/UM
HCC38 TNBC cell line, whose methylation status we confirmed.
While BRCAI-foci scores only modestly increased in olaparib
treated cells, the fraction of RAD51-foci positive cells doubled in
HCC38-Re variant cells (Supplementary Figure 7). Overall, our cell
line data strongly support the notion that resistance to treatment
and particularly to olaparib in BRCAI1-deficient cancer cells is
frequently associated with restoration of RAD51 foci formation,
thus, signing for restored HR capacity.
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FIGURE 3
BRCA1, RAD51, yH2AX and 53BP1 nuclear foci formation in olaparib treated PDX. (A) Representative immunofluorescence images of frozen PDX
tissue section harvested from mice sacrificed after the last administration of olaparib or before the tumor reached ethical size for vehicle
treated models. PDX tumor sections were ordered from worst to best olaparib response. A complete version including vehicle treated tumors
is visible in Supplementary Figure 5. (B) Quantification of BRCAL, (C) RAD51, (D) YH2AX, (E): 53BP1 foci formation in olaparib treated PDX
Results are represented as % of foci positive cells in the analyzed tumor sections in each PDX. Cells presenting at least 5 foci/nucleus were
considered positive. At least 100 cells were quantified in each tissue section. (F-1): by two-tailed unpaired t-test analyses of correlation
between foci numbers and olaparib response. Nuclear foci analyzed are indicated on top of each graph, as well as p-values. *, ** **** on top
of the graph indicate the level of significance of the t-test (J, K) Histograms showing the percentage of BRCA1- (J) and RAD51-(K) foci positive
cells of BRCAL and RADS51 nuclear foci quantification in vehicle and olaparib treated PDX.
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Protein and mRNA expression profiles of principal HR genes in the cell line models (A) Western blots showing protein expression patterns; analyzed
proteins are indicated on the left and molecular weights in KDa on the right. (B) mRNA expression changes of genes potentially associated with
olaparib resistance in cell line models selected for acquired olaparib resistance. mMRNA levels are expressed as fold changes of the expression levels
measured between the olaparib-resistant cell line and their parental lines used as reference (horizontal line). Reference cell lines were SUM159-KO1,

SUM159-KO2 parental SUM149 and parental UWB1.289.

BRCA1, RADS51, yH2AX and 53BP1 nuclear-
foci as predictors of the response to
olaparib or carboplatin

As PDX responding to CBP represented twice the number of
olaparib responders (6 vs. 3 respectively), we wanted to determine
whether the response to CBP was associated with reduced RAD51
and/or BRCA1-foci formation (Figures 1B, C). Like in the olaparib
arm, individual grafts that responded to CBP were predominantly
BRCA1-foci-negative/RAD51-foci-negative (Figures 6A, B) and,
interestingly, most grafts of the BRCA-foci-negative/RAD51-foci-
positive model b3977, whose response to olaparib was mediocre,
showed tumor size reduction under CBP. However, grafts of the
BRCA1-positive/RAD51-positive PDX 15b0018 and b1995,
respectively BRCAI-WT and BRCAI-Me and bad responders to
olaparib, showed good response to CBP pointing to the fact that
CBP efficacy is not solely based on the HR status, but can also rely on
alternative DNA repair mechanisms (Figure 6B). Despite these two
BRCA1-foci-positive/RAD51-foci-positive models, both BRCA1-foci-
negativity and RAD51-foci-negativity were significantly associated (t-
test p-value 0.0059 and 0.0176 respectively) with CBP response in our
dataset (Figure 6D). Next, we computed the Sensitivity, Specificity and
Accuracy of RAD51, BRCA1L, 53BP1 and YH2AX foci in predicting the
response to olaparib and CBP (Table 2). Concerning olaparib response
RAD51 foci showed high sensitivity (88%), specificity (82%) and
accuracy (84%), while BRCA1 foci showed excellent sensitivity (94%)
but lower specificity (66%) and accuracy (74%). Interestingly, when
CBP response was considered, BRCA1 foci performed globally better
showing 70% sensitivity, 92% Specificity and 75% accuracy in
comparison with RAD51 foci, which showed 57% sensitivity, 100%
Specificity but 68% accuracy. The performances of 53BP1 and YH2AX
foci were overall rather contrasted showing excellent sensitivity
(100%), but poor specificity (18%) and accuracy (41%) for olaparib
response, while they reached better values for CBP response with high
accuracy (87%) mitigating the mediocre specificity (46%). Overall,
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these data support the use of RAD51 foci for olaparib response
prediction, while BRCA1 foci, possibly in combination with RAD51
foci, appear interesting for CBP response. While YH2AX and 53BP1
foci do not appear as convincing it may be interesting to reevaluate
their performance for CBP response on a larger dataset.

Discussion

About one TNBC in three is estimated to be HR deficient. HRD
has been linked with genetic or epigenetic impairment of genes
belonging to the BRCA-pathway such as BRCAI, BRCA2, PALB2
and RAD51B, RAD51C and RADS5ID, but BRCAI is the most
frequently affected gene in TNBC (5, 6). Because HR deficient
tumors show increased sensitivity to PARPi or Platinum salts,
detection of HRD has important implications in treatment
definition (59). Identification of HRD is generally based on targeted
sequencing of commonly mutated HR genes, combined with the
determination of patterns of genomic rearrangements typical of HRD,
such as the genomic HRD score, Tandem Duplication score or CX
scores (20, 27, 31). However, BRCA-deficient cancers frequently
develop resistance to treatment associated with HR restoration.
Involved molecular events range from reverting secondary
mutations, gene rearrangements producing gene chimeras, loss or
mutations of the 53BP1I gene or of one of its cofactors in the Shieldin
complex (34, 35, 59). Hence, the actual status of residual HRD tumors
that have previously been exposed to genotoxic treatment could be in
question. This point has been specifically raised concerning TNBC
with silenced BRCA1I gene due to hypermethylation of the promoter,
whose sensitivity to PARPi has been disputed (31, 34).

These questions motivated the present study, where we
interrogated the sensitivity to olaparib and CBP of 4 TNBC PDX
models with epigenetically silenced BRCA1, 3 of which had received
NACT prior PDX establishment. Noticeably, despite obliterated or
severely reduced BRCALI protein expression levels, the 3 BRCAI-
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BRCAL, RAD51, YH2AX and 53BP1 nuclear foci in BRCAL deficient cell line models (A) Representative immunofluorescence images of cell line models

treated or not (control) with Olaparib for 24h. Cell

line names are indicated on top BRCAI-WT (WT), BRCA1-KO (KO), BRCA1-KO-Ola-Resistant (Re),

SUM149; parental (PT), Ola-Resistant (Re), UWB1.289; parental (PT), Ola-Resistant (Re) (B) BRCAL, (C) RAD51, (D) 53BP1, (E) YH2AX foci formation in

the respective olaparib treated cell |

ines. Results are represented as % of foci positive cells in the analyzed tumor sections in each PDX. Cells

presenting at least 5 foci/nucleus were considered positive. At least 150 cells were quantified in each section. Representative IF images are shown in
the Supplementary Figures. (F=1): Box plot presenting the difference in the number of BRCA1- (F), RAD51- (G), 53BP1-(H) and gH2AX- (l) foci
positive cells between olaparib resistant and sensitive cell lines. p-values were calculated with two-tailed unpaired t-test. *, ** **** on top of the

graph indicate the level of significance of the t-test

methylated PDX that had undergone NACT responded poorly to
olaparib, showing response profiles similar to those of the two
BRCAI-WT models used as controls. These observations, thus,
questioned the actual functionality of HR in the BRCAI-Me PDX
models included in our study, leading us to test for BRCA1 and
RADS51 nuclear foci formation in tissue sections of olaparib treated
PDX and use this assay as a functional read out. In HR proficient
cells, the BRCA1 and RAD51 proteins cluster onto DNA lesions and
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these clusters can be detected as nuclear foci by
immunofluorescence microscopy (60). Their presence in tumor
tissues signs for HR proficiency (61). Remarkably, the three
BRCAI-Me PDX that responded poorly to olaparib scored
positive for BRCA1 and/or RAD51 foci, likewise the two BRCAI-
WT models. By contrast, the three PDX models responding to
olaparib (2 BRCAI-Mut and 1 BRCAI-Me) scored negative for
BRCA1 and RAD5I-foci. Noticeably, the BRCA1 and RAD5! foci
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BRCAL and RADS51 scores are good predictors of olaparib and Carboplatin response. Waterfall plots of the tumor volume change in individual PDX
models (percentage of the starting volume) treated with either olaparib or Carboplatin. The status according to BRCA1 and/or RAD51 foci formation
of each model is indicated by the color of the bar; dark blue BRCA1+/RAD51+; light blue BRCA1-/RAD51+; red BRCAL-/RAD51-. The identity of the
PDX model is indicated by color boxes at the bottom of the graph. (A) olaparib treated mice. (B) Carboplatin treated mice. (C) tumor volume change
under olaparib treatment stratified according to the BRCAL foci status. (D) tumor volume change under olaparib treatment stratified according the
RADS5I1 foci status. *, **,*** on top of the graph indicate the level of significance of the t-test.

negative BRCA1-Me model had never been exposed to chemotherapy.
Thus, our data suggest that HR was, at least partially, functional in the
BRCAI-Me PDXs established from residual TNBC previously exposed
to NACT, contributing to their poor response to olaparib. These
observations were consistent with the increased RAD51 foci
formation and HR restoration we evidenced in BRCAI-deficient cell
line models that we rendered olaparib-resistant. Results presented
herein support the notion that the actual HRD status of BRCAI-Me
TNBC may be in doubt, especially if they have been previously exposed
to genotoxic treatment. Since we did not have access to tumor samples
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prior NACT, we cannot conclude on HR restoration due to treatment
exposure, but our data are in line with previous reports (31, 35). This
calls for the verification of the HRD status based on functional read
outs such as BRCAI and/or RAD51 foci formation (62). Indeed,
genetic tests or genomic scores yield valuable information on the
HRD status of a given tumor, however, they point to its natural history
and may be misleading in terms of actual HR functionality. We wish,
moreover, to point out that all the PDX models included in our study
presented elevated HRD or genetic instability scores, irrespective of
their mutational, BRCAI methylation status or sensitivity to olaparib.

TABLE 2 Test performance values for the indicated HRD biomarkers to predict olaparib and CBP response.

Biomarkers RAD51 Foci BRCA1 Foci (n=61) YH2AX Foci (n=61) 53BP1 Foci (n=61)
(n=61)
Sensitivity 88% 94% 100% 100%
Specificity 82% 66% 18% 18%
Olaparib response PPV 65% 52% 32% 32%
NPV 95% 97% 100% 100%
Accuracy 84% 74% 41% 41%
(n=53) (n=53) (n=53) (n=53)
Sensitivity 57% 70% 100% 100%
Specificity 100% 92% 46% 46%
CBP response PPV 100% 97% 85% 85%
NPV 43% 50% 100% 100%
Accuracy 68% 75% 87% 87%

Response includes disease stabilization.
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Genetic and genomic scores are being considered concurrently with
RADS5I foci determination as biomarkers predictive of treatment in
TNBC and prostate cancer (63-65). Results support the excellent
correlation between low RAD51 scores and HR deficiency, as well as
with increased sensitivity to olaparib or platinum based regimen (63,
65, 66). However, these works also point out the detection of tumors
showing poor response to treatment, whilst presenting inactivating
BRCAL1 or BRCA2 mutations or elevated HRD scores and scoring
positive for RAD51 foci. Our dataare in perfect concordance with these
observations and further support the relevance of BRCA1 and/or
RAD?5I foci-based tests to determine the functionality of HR in TNBC
presenting all signs or HRD (63, 65, 66). Further, our data highlight the
importance of verifying the actual functionality of HRR in tumors with
epigenetically silenced BRCA1, particularly those previously exposed
to chemotherapy during the course of the disease.

A number of studies highlight the exquisite sensitivity of HRD
tumors to cis or carboplatin, alone or in combination with other
molecules (63, 65, 66). We thus, documented the sensitivity to CBP
of our models and determine their overlap with BRCA1 and RAD51
scores. PDX models responding to CBP were twice more frequent
than olaparib responders and included all BRCA1l-foci negative
cases, as well as 2 BRCA1-foci/RAD51-foci positive PDX models,
underlining the fact that CBP sensitivity is not solely determined by
the HRD status. Indeed, platinum salts produces bulky adducts that
must be removed by NER to avoid DNA breaks and tumors with
faulty NER have been shown to be highly sensitive to platinum (59,
67, 68). Hence, while BRCA1 foci appeared a better predictor of
CBP sensitivity than RADS51 in our dataset, they missed 2 out 6 CBP
sensitive cases, thus calling for complementary tests.

Conclusion

Our work shows that TNBC with a silenced BRCA1I gene, due to
hypermethylation of its promoter, may be prone to HR restoration
and, thus, become resistant to olaparib. Interestingly, two of the
olaparib resistant and RAD51-foci positive PDX models appeared
sensitive to CBP. Our data thus support the notion that the HRD
status of TNBC should be systematically checked using a combination
of biomarkers, among which the BRCA1 and RAD51 foci formation
tests play a major role. Not only do these assays inform on HR
functionality in a given tumor, they are cheap, rapid and quite easy to
implement. We performed the immunofluorescence analysis on
olaparib treated tumor samples to ensure a clear signal difference
between foci positive and foci negative samples, but noted, in
accordance with other works, that the difference was also
perceptible in non-treated tumors (63). Hence, this test, which we
and others have shown to reliably predict sensitivity to olaparib, and
also to CBP, could be implemented on Formalin fixed tumors as part
of a pathology routine in a number of cancer treating institutions.
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Purpose: This study aimed to explore the possibility of utilizing hepatitis B core
protein (HBc) virus-like particles (VLPs) encapsulate doxorubicin (Dox) to reduce
the adverse effect caused by its off-target and toxic side effect.

Methods: Here, a triple-negative breast cancer (TNBC) tumor-targeting GE11-
HBc VLP was constructed through genetic engineering. The GE11 peptide, a 12-
amino-acid peptide targeting epidermal growth factor receptor (EGFR), was
inserted into the surface protein loops of VLPs. The Dox was loaded into HBc
VLPs by a thermal-triggered encapsulation strategy. The in vitro release,
cytotoxicity, and cellular uptake of TNBC tumor-targeting GE11-HBc VLPs was
then evaluated.

Results: These VLPs possessed excellent stability, DOX loading efficiency, and
preferentially released drug payload at high GSH levels. The insertion of GE11
targeting peptide caused improved cellular uptake and enhanced cell viability
inhibitory in EGFR high-expressed TNBC cells.

Conclusion: Together, these results highlight DOX-loaded, EGFR-targeted VLPs
as a potentially useful therapeutic choice for EGFR-overexpressing TNBC.

KEYWORDS

virus-like particles, Gell, triple-negative breast cancer, nanomedicine, drug delivery

1 Introduction

According to the statistical data from the WHO, cancer caused the leading death
among all diseases in most countries and is an important barrier to increasing lifetime. In
2022, there will be approximately 4,820,000 and 2,370,000 new cancer cases and 3,210,000
and 640,000 cancer deaths in China and the USA, respectively (1). With diagnosed 2.3
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million new cases in 2020, female breast cancer has exceeded lung
cancer as the most commonly detected cancer (2). In the USA,
breast cancer continues to be the most prevalent cancer with a
number of annual cases, with 287,850 incidences in 2022 (3). The
lack of ER, PR, and HER2 makes target therapy difficult to use in
triple-negative breast cancer (TNBC), leaving cytotoxic
chemotherapy as the main type of treatment (4, 5). Therefore, the
development of a novel delivery system with enhanced target
efficiency is still urgently needed (6-8).

Composed of natural biological building blocks, the VLPs
exhibit great promise as an efficient targeted nanocarrier in
medicine (9). Compared to synthetic nanoparticles, the VLPs as
natural protein nanoparticles take the advantages of lower toxicity,
easy biodegradation, and biocompatibility (10). The structure of
VLPs is stable under a wide range of pH and temperature (11-13).
Among a range of VLPs, HBc VLPs as the most commonly used
model for basic medical research can be easily produced in all
known expression systems (14). HBc VLPs take accurately defined
composition, suitability for modification, capacity to self-assembly,
and complete biocompatibility/biodegradability in vivo (15, 16).
HBc VLPs can maintain structural integrity after deletions,
substitutions, or insertions in its two immunodominant loop
regions (MIR) and C-terminal tail (17-22). Normally, exogenous
targeting epitope was most commonly inserted into the MIR region
(AA 78-82) of HBc by genetic engineering (23-25).

Actually, peptides represent a suitable alternative to monoclonal
antibodies as active targeting agents (26).They are studied for drug
delivery systems functionalization with the goal to achieve smart
drug delivery systems. They have low immunogenic potential and
show good penetration into solid tumor tissues. The GE11 peptide
(YHWYGYTPQNVI) is reported to bind specifically to EGFR but is
significantly minus mitogenic than EGF (27). It is much smaller
than EGF, and it binds only to one EGFR region. Lots of studies
suggested that the GE11 peptide is suitable for targeting EGFR-
expressing tumors (28-30). GEl1-targeted drug delivery systems
include liposomes, polymer-based polyplexes, and filamentous
plant viruses based or polymeric nanoparticles for diagnostic and
anticancer and gene delivery applications (31). However, utilizing
GEl1-targted HBc VLP for TNBC therapy is rarely attempted.

In this study, we successfully obtained hybrid HBc VLPs, which
presented a GE11 peptide. We examined HBc VLPs as drug delivery
carriers in a model of TNBC cancer. Modified VLPs delivered DOX
to EGFR-expressing cancer cells. Our results highlight DOX-loaded,
EGFR-targeted VLPs as a potentially effective therapeutic option for
EGFR-overexpressing TNBC.

2 Materials and methods
2.1 Preparation of GE11-HBc monomer

HBc sequence was synthesized by the company, and the GE11
peptide was inserted into the MIR region by Sphl single enzyme
digestion. The GE11-HBc was attached to a His tag at the end of the
C-terminus to facilitate protein purification. The GE11-HBc
sequence was cloned into the pET28a vector via Xhol and Ncol
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restriction enzyme sites. The plasmid pET28a-GEI11-HBc was
transformed into Escherichia coli BL21 (DE3) and cultured in
Luria-Bertani (LB) medium at 37°C until the ODggyo reached
approximately 0.6-0.8; then, 0.5mM isopropyl--d-thiogalactoside
(IPTG) was added to the culture, and cells were grown at 26°C
overnight to induce protein expression. The protein was purified
with Nickel affinity chromatography (GE Healthcare) as the
product description described.

2.2 Preparation and purification of
HBc VLPs

The purified protein was heated at 70°C for 20 min, then
centrifuged at 10,000 rpm for 30 min to collect the supernatant.
The supernatant was filtered through a 0.45-pm filter and subjected
to ion exchange chromatography purification (GE Healthcare,
Sepharose 4FF). The HBc VLPs were isolated by using sucrose
density gradient centrifugation. Briefly, lower-density solutions
were prepared by diluting with buffer (250 mM sucrose, 10 mM
Tris-HCl, 1 mM EDTA, pH 7.4) to yield final sucrose
concentrations (vol/vol) of 55%, 45%, 35%, 25%, and 15%. Crude
protein was added to the top of the gradient and then centrifuged
for 2 h at 35,000 rpm at 4°C. After centrifugation, the fractions were
collected and analyzed using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transmission
electron microscopy (TEM) images.

2.3 Preparation of DOX-loaded HBc VLPs

The DOX-loaded HBc VLPs were prepared by a thermal-
triggered encapsulation strategy (32). The Hg particles were first
treated with RNase for 3 h at 37°C to remove the RNA. DOX (0.2
mg/ml) was incubated with 0.2 mg/ml Hg at 50°C, 60°C, 70°C, and
80°C for 30, 60, 90, and 120 min. The ODyg, of each group was
measured after the removal of free DOX by desalting column.

To calculate the loading capacity, 1 mg/ml DOX was diluted to
0.05, 0.1, 0.15, 0.2, 0.25, and 0.5mg/ml, and the standard curve of
Dox was obtained after the measurement of the absorbance at A
482 nm.

2.4 In vitro release

The in vitro release process of DOX in VLPs under GSH
conditions was analyzed according to a previously reported
method (33). In brief, 20 ml of HBc-DOX VLPs (containing 0.1
mg/ml DOX) was added to a dialysis tube (MWCO of 3.5 kDa).
Drug release was carried out by incubating dialysis tubing
containing HBc-DOX VLP in 1 L of various PBS stoste, which
contained different concentrations of GSH (0, 0.02, 5, and 10 mM).
Finally, 500 pl of the test solution was withdrawn at different time
intervals (0, 12, 24, 36, 48, 60, and 72 h, followed by the addition of
the same volume of fresh medium, and quantitative analysis by a
UV-Vis spectroscopy at A 482 nm. The accumulative release (%)
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was acquired from the following equation:

Accumulative release( %) = (C; x V + Z,C; X V) /W X 100 %

where C, and C; are the concentration of the drug in the stoste at
testing time point (t) and the concentration of the drug in the
discarded medium at testing time points (i) before t, respectively; V,
is the volume of the stoste; V; is the volume of discarded medium;
and W, is the total drug mass in VLPs.

2.5 Cytotoxicity assays

EGFR-positive MCF7 and MDA-MB-231 cells (1 x 10* ) were
seeded to each well of 96-well plates. The medium in each well was
removed after 24 h of incubation. Then, HBc-GE11, HBc-GE11-
DOX (equal to 0.2 mg/ml free DOX), and free DOX (0.2 mg/ml)
were suspended in Dulbecco’s modified Eagle’s medium (DMEM)
and added to cells. The cells were further cultured for 12, 24, 36, or
48 h before standard CCK-8 assay testing (Dojindo).

2.6 Cellular uptake

A total of 5x10* MCF7, MDA-MB-231 or MDA-MB-453 cells
(EGFR-) were seeded on a cover-slide system overnight.
Subsequently, the cells were treated with PBS, HBc-GE11-DOX
(equal to 1.086 mg/ml free DOX) and free DOX (1.086 mg/ml),
respectively. After 0.5, 1, and 2 h incubation, the cells were washed
three times with PBS and then fixed with cold 4% paraformaldehyde
(PFA) for 1.5 h. The cell nucleus was stained with 1 pg/ml 4’,6-
diamidino-2-phenylindole (DAPI) dye for 10 min. At last, a
confocal laser scanning microscope was used to obtain the image.

2.7 Flow cytometry assays

For further quantification, MCF7 and MDA-MB-231 cells
(1x10° cells/well) were seeded in 12-well plates, respectively, in
fresh medium containing HBc-GE11, HBc-GE11-DOX, and free
DOX (calculated on DOX at a final concentration of 2 tmol/ml) for
2,4,6,8,10, and 12 h. After this, cells were collected and suspended
in a cold PBS buffer, then analyzed by CytoFLEX flow cytometry
(Beckman, USA).

3 Results and discussion

3.1 Generation and characterization of
HBc-GE11

The HBc-GE11 protein was induced at 26°C overnight by 0.5
mM isopropyl B-p-1-thiogalactopyranoside (IPTG), and cells were
lysed and purified by Nickel affinity chromatography (GE
Healthcare). The expressed protein was subjected to SDS gel
electrophoresis and Western blot analysis (Figures 1A, B). The
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HBc-GE11 monomer was observed as a ~35 kDa band.
Interestingly, the multimeric complexes were also observed as
higher-molecular-mass bands. The purified HBc-GE11 monomer
was further purified by Sepharose 4FF ion-exchange
chromatography and then subjected to sucrose density gradient
centrifugation. The SDS-PAGE results suggest that VLPs mainly
existed in a 15%-25% gradient fraction (Figure 1C, line2). Negative
stain TEM analysis showed the existence of 40.481 + 0.015 nm
diameter vesicles (Figure 1D).

3.2 Generation of HBc-DOX VLPs

It is reported that the thermal-triggered strategy can be applied
to encapsulate the drug into VLPs in 10 min. By using thermally
induced pore opening of the HBc capsid, 1,055 dye molecules could
be encapsulated in each HBc VLP by simply mixing them at 60°C
(34). Hence, a thermal-triggered encapsulation strategy was used for
DOX encapsulation in this study. To find the optimal encapsulation
condition, a fixed DOX and HBc concentration of 0.2 mg/ml was
used. The initial temperature for encapsulation was set to 50°C.
After being heated in a 70°C water bath for 90 min, 34.01% DOX
was encapsulated into VLPs (Figure 2A). Compared to incubation
at 60°C, a decreased encapsulation efficiency (EE) was observed,
which was mainly due to the dissociation of the complete VLPs
structure. It should be noted that some of HBc VLPs could not keep
a complete structure after being heated 120 min at 70°C (Figure 2B).
The optimal DOX encapsulation concentration was confirmed by
incubating various concentrations of DOX (0.05, 0.1, 0.15, 0.2, and
0.25 mg/ml) with fixed HBc VLP (0.2 mg/ml) at 70°C for 90 min.
The highest DOX loading capacity was observed when incubating
0.2 mg/ml DOX with 0.2 mg/ml HBc VLPs (Figure 2C). TEM result
showed that DOX-loaded VLPs has a similar size to unloaded
one (Figure 2D).

3.3 Release of DOX from VLPs under high
GSH condition

It is well known that lots of disulfide bonds on the surface of
HBc VLPs and high concentration of GSH in the tumor can reduce
disulfide bonds and destroy HBc VLP structure. The concentration
of GSH in the tumor site is up to 10 mM but only 0.02 mM in
normal tissues (35). Thus, when HBc VLP particles enter the tumor
cell, the high concentration of GSH will destroy the structure of
HBc VLPs to release internal drugs. It can be seen from Figure 2E
that when the GSH concentration is 0 and 0.02 mM (normal tissue
cell concentration), the release of DOX in HBc-GE11-DOX is very
small. When the GSH concentration is 5 mM, the release amount
can reach 40.5% in 72 h, while 10 mM GSH treatment results in
95.97% drug release in 72 h. pH-dependent drug release is mostly
used in anti-tumor drug design. To confirm whether pH influences
VLPs drug release, HBc-DOX VLPs were exposed to different pH
buffers under the same GSH concentration. There is no significant
difference in the drug release of HBc-DOX under different pH
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FIGURE 1
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200inm

Production and morphology of the HBc-GE11 VLPs. (A, B) SDS-PAGE and Western blot analysis of HBc-GE11 protein expression. (A) Lines 1 and 2,
bacterial lysate precipitation and supernatant before induction; lines 3 and 4, bacterial lysate precipitation and supernatant after induction. (B) Line 1,
bacterial lysate precipitation after induction; line 2, bacterial lysate supernatant after induction. (C) Representative protein normalized SDS-PAGE of
F1-F5. (D) Representative transmission electron micrographs of HBc-GE11 VLPs.

conditions with the same GSH concentration, which indicates that
HBc VLPs are not sensitive to pH (Figure 2F).

3.4 Cellular uptake of HBc-GE11-DOX VLPs

The cellular uptake of HBc-GE11-DOX was first assessed by
confocal laser scanning microscope. The breast cancer cell lines
(MDA-MB-231 and MDA-MB-453) were treated with free DOX
and HBc-GE11-DOX, and images were obtained at different time
intervals. The free DOX and HBc-GE11-DOX entered the MDA-
MB-231 cell line very fast. Even at a feeding time as short as 0.5 h,
the accumulation of DOX in cells was clearly noted for both DOX
and HBc-GE11-DOX (Figure 3A). As the feeding time extended
(from 0.5 to 2 h), more DOX accumulated in the cells for both HBc-
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GE11-DOX and DOX groups. Interestingly, at the same time
intervals, the DOX cannot be found in HBc-GE11-DOX but not
in free DOX-treated MDA-MB-453 cell, which is an EGFR-negative
cell line (Figure 3B). We also used the FCM to evaluate the cellular
uptake of HBc-GE11-DOX nanoparticles in both MCEF7
(Figure 3C) and MDAMB-231 cells (Figure 3D). As shown in
Figures 3C, D, all the cells are DOX-positive, suggesting that
HBc-GE11-DOX and free DOX can easily be uptake by tumor cells.

3.5 Effect of HBc-GE11-DOX on killing
breast cancer cells in vitro

The cytotoxicity of HBc VLPs was valued first. No significant
inhibition effect was observed on cellular viability in two different
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FIGURE 2

Production of the HBc-DOX VLPs and influence of different concentrations of GSH and Ph on drug release of HBc-DOX particles. (A) DOX loading
at different heating temperatures and times. (B) TEM observation of HG particles heated at 70°C for 120 min. (C) Relationship between DOX
concentration and loading rate. (D) HBc-DOX particles observed by TEM. (E, F) Influence of different concentrations of GSH (E) and Ph (F) on drug

release of HBc-DOX particles.

cancer cell lines with indicated HBc VLPs concentration and
incubation times from 12 to 48 h (Figure 4). It is suggested that
HBc VLPs have no or minimal cytotoxicity to the breast cancer cell
lines. Subsequently, the HBc-GE11-DOX was used to treat two
EGFR+ cells. The cytotoxicity of the HBc-GE11- DOX to two breast
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cancer cell lines was evaluated by CCK-8 kits, under various
intervals of treatment times (12-48 h) (Figures 4A, B). PBS and
pure VLPs groups were set up as the control, and no obvious
cytotoxicity was observed, while notable cytotoxicity was observed
for both free DOX and HBc-GE11-DOX groups. For both cell lines
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DAPI for cell nucleus. The scale bar is 10 um. (C, D) Flow cytometry of MCF7 (C) and MDA-MB-231 cells (D) by the cellular uptake assay after feeding

HBc VLPs, HBc-GE11-DOX, or free DOX for different times
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Viabilities of MCF7 (A) and MDA-MB-231 (B) after treating with 0.2 mg/ml of free DOX, HBc-GE11-DOX (equal to 0.2 mg/ml free DOX), or pure HBc

VLPs for 12, 24, 36, and 48 h. **p < 0.01

treated with different coincubation times, the cellular viability
decreased with the increased incubation time (Figure 4). It should
be pointed out that free DOX-treated cells exhibited lower cell
viability, although no significant difference was observed.

4 Conclusion
Here, we constructed hybrid HBc-GE11 VLPs, which presented

GE11 peptide to target EGFR+ breast cancer. We examined HBc
VLPs as drug delivery carriers in a model of TNBC cancer. Modified

Frontiers in Oncology

VLPs delivered DOX to EGFR-expressing cancer tissues and
exhibited a GSH-dependent drug release. Our results highlight
DOX-loaded, EGFR-targeted VLPs as a potentially effective
therapeutic option for EGFR-overexpressing TNBC.
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correlates with metastatic breast
cancer progression-free survival
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Introduction: Metastatic breast cancer causes the most breast cancer-related
deaths around the world, especially in countries where breast cancer is detected
late into its development. Genetic testing for cancer susceptibility started with
the BRCA 1 and 2 genes. Still, recent research has shown that variations in other
members of the DNA damage response (DDR) are also associated with elevated
cancer risk, opening new opportunities for enhanced genetic testing strategies.

Methods: We sequenced BRCA1/2 and twelve other DDR genes from a Mexican-
mestizo population of 40 metastatic breast cancer patients through
semiconductor sequencing.

Results: Overall, we found 22 variants —9 of them reported for the first time— and
a strikingly high proportion of variations in ARID1A. The presence of at least one
variant in the ARID1A, BRCA1, BRCA2, or FANCA genes was associated with
worse progression-free survival and overall survival in our patient cohort.

Discussion: Our results reflected the unique characteristics of the Mexican-
mestizo population as the proportion of variants we found differed from that of
other global populations. Based on these findings, we suggest routine screening
for variants in ARID1A along with BRCA1/2 in breast cancer patients from the
Mexican-mestizo population.

KEYWORDS

metastatic breast cancer, DNA damage response, Latin American population, Mexican-
mestizo population, Progression free survival (PFS)
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1 Introduction

As the number of new breast cancer cases and fatalities
continues to rise worldwide (1), detection and treatment of this
disease is more of a pressing issue for researchers and health
professionals. Widely adopted screening programs have proven
efficient at detecting stage I-II cases before they develop further
into stage IIT and compromise survival, effectively decreasing the
fatal cases. Yet, a significant amount of these deaths occur in stage
IV or metastatic patients (2, 3).

An important aspect of the screening programs that has become
increasingly widespread with the advancement of technology is
genetic testing for cancer susceptibility. The first surveyed genes
were BRCA 1 and 2, where germline variants are associated with
around 25% of breast cancer cases (4). But recent research has
revealed that several other genes that also participate in the DNA
damage response (DDR) also confer increased breast cancer risk,
such as PALB2, TP53, RAD50, RAD51D, and CHEK2, among others
(5, 6). For example, variants in PALB2 (Partner and Localizer of
BRCA?2) are associated with an estimated cumulative risk of breast
cancer of 14% (7). Somatic alterations, on the other hand, are
associated with high-grade tumor progression; for instance, TP53
variants correlate with metastasis spread and relapse risk (8, 9).
Both germline and somatic alterations drive tumor development
cooperatively and influence response to treatment (10, 11).

Variants in the DNA damage response (DDR) genes -a
complex machinery encompassing several pathways that maintain
the integrity of DNA within the cell (12)- produce malfunctioning
proteins that restrict the ability of cells to repair DNA lesions,
rendering them susceptible to genetic instability and cancer
development (13); such is the case of ARIDIA, a recently studied
subunit of the SWI/SNF chromatin remodeler complex whose
variants have been associated with breast cancer brain metastasis
(14).The presence of these variants also influences treatment choice,
as patients carrying them can benefit from treatment alternatives
that target the DDR to create synthetic lethality by inhibiting the
Poly ADP-ribose (PARP) —a polymerase that synthesizes DNA in
the final steps of the repair process— with purpose-designed drugs
(15, 16).

Our group is interested in studying the distribution of BRCA
variants, particularly in the Mexican-mestizo population, where we
have found unreported variants (17, 18), confirming that variation
distribution can vary significantly from one geographical location to
another (19, 20). So, surveying local populations looking for
characteristic individual variations or patterns is an important
stepping stone toward universal tailored diagnostics and
treatments, especially in Latin American countries where breast
cancer is mostly diagnosed in later stages (21).

In this work, we sequenced fourteen DDR genes in a Mexican
cohort of 40 metastatic breast cancer patients, searching for an
association between variants in DDR genes and response to
treatment. The genes we sequenced belong mainly to the DNA
Interstrand Crosslink Repair, a DDR pathway that has been recently
associated which high tumor burden in breast carcinomas (22); the
rest were DNA damage sensors (ATM, CHK2) and transcriptional
activators (ARIDIA, TP53) that had been recently associated with
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metastatic breast cancer (23-25). We found 19 unique variants,
from which 9 had not been reported before, and a correlation
between the combination of alterations in the ARIDIA, BRCAI,
BRCA2, and FANCA genes and progression-free survival. To our
knowledge, the association between alterations in DDR genes other
than BRCA and treatment response in metastatic breast cancer had
not been surveyed yet in the Mexican-mestizo population.

2 Materials and methods

2.1 Patient cohort

This study included prospectively tumor biopsy and clinical
data from forty stage-IV breast cancer patients that attended the
Instituto Nacional de Cancerologia (INCan, Mexico City, Mexico.
The study was approved by INCan’s Review Board and Ethics
Committee (016/010/IBI; CEI/1001/16); all patients signed
informed consent. After the surgical excision, tumor biopsies
were segmented into two pieces, one for pathological
confirmation and another for DNA extraction.

2.2 Patients and clinical outcome
assessment

A total of 40 patients were enrolled diagnosed with metastatic
breast cancer confirmed by positron emission tomography (PET)
and computed tomography (CT) scans. All patients were treated
according to the National Comprehensive Cancer Network
(NCCN) guidelines. Clinical outcome was evaluated by The
Response Evaluation Criteria in Solid Tumors (RECIST Version
1.1) at baseline and at 6 months (26). Progression-free survival
(PFS) was defined as the time from the commencement of
treatment until disease progression or the last visit. Overall
survival (OS) was defined as the time from diagnosis until death
or the last visit.

2.3 DNA extraction

Tumor DNA was extracted using the QIAamp DNA Blood
Mini kit (Qiagen, cat. no. 51106). following the manufacturer’s
recommendations. DNA integrity was verified by agarose
electrophoresis and the concentration was determined using
RNase P Detection Reagent (FAM) (Applied Biosystems, cat.
no. 4316831).

2.4 Targeted sequencing

Fourteen DDR genes were selected for sequencing. Two of
them, BRCAI and BRCA2, were amplified using Ion Ampliseq
BRCA I and 2 panel (Thermo Fisher Scientific); this panel includes
167 primers pairs in three pools. The remaining genes, ARIDIA,
ATM, CHK2, FANCA, FANCB, FANCC, FANCD2, PARPI, PALB2,
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RADS50, RAD51, and TP53 were amplified with the custom panel
IAD94476_197_Designed; this panel includes 440 primers in two
pools. (Supplementary Table 1). Libraries were prepared from 25 ng
DNA, and amplification of each patient’s DDR-genes was
identified using a unique Ion Xpress barcode adapter (Thermo
Fisher Scientific cat. no. 4471250). For sequencing, we used
the Ton PGM Hi-Q Sequencing kit (REFA25589) in the Ion
torrent PGM (Personal Genome Machine) instrument (Thermo
Fisher Scientific).

2.5 Data analysis

The sequences were aligned to the hgl9 human reference
genome (GRCh37). The.bam files were exported to the
Ion Reporter version 5.18 for variation analysis. Pathogenic
and probably pathogenic variants were classified according to
the American College of Medical Genetics and Genomics
guidelines (27)

Kaplan-Meier curves and Cox regressions were calculated using
the survival package in R (R version 4.2.2, we used the survival
package version 3.4.0.). Variable selection for the Multivariate Cox
regressions was performed using a forward stepwise procedure.
Statistical significance was defined as p <0.05 (two sided).

3 Results

The 40 stage-IV screened tumor samples came from patients
with a mean age of 53 years, ranging from 27 to 81 (n = 40). Most
tumors were ductal (85%) and the remainder, lobular (15%). The
molecular type corresponded with previously reported proportions;
Luminal A and B tumors were more frequent that HER+ and
TNBC. Notably, 16 of the 40 samples came from patients with a
family history of cancer (Table 1). Twenty-two of the samples
carried at least one variant in the sequenced genes, one had multiple
variants in BRCA1, two had multiple variants in TP53, and two had
variants in two genes ~ARIDIA and ATM or FANCA and TP53
(Figure 1, Table 2)

Overall, we found 19 unique sequence variants in the 22
samples carrying them, 10 had been already identified and 9 were
previously unreported. Ten (52%) of the found variants were in the
TP53 gene. The most frequent alterations in this gene —c.742C>T
and ¢.215_216insG- were only the second most frequent, while the
first was ¢.3980_3981insC, in ARIDI1A. Thirteen variants were
found only once in the studied population. Strikingly, no variants
in the CHK2, FANCB, FANCC, FANCD2, PALB2, RAD50, or
RAD5]1 genes were present in our cohort (Figure 1, Table 3).
Pathogenic or likely pathogenic variants are depicted in
Supplementary Table 1.

An overall survival analysis was performed considering the
patients included with a median follow-up of 5 years (1-13 years).
The median PFS of all patients was 6 months (0-45) and median OS
was 34 months (1-161). An univariate and multivariate Cox analysis
were performed examining the association of the individual
variants, with the clinical outcomes (PFS and OS), nevertheless,
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no significant association was observed (data not shown). So, we
considered the genes with highest number of variants observed at
the multivariate analysis combined (ARIDIA, BRCAI, BRCA2 and
FANC genes) and regrouped the variation frequencies of these genes
into a single binary variant where at least one variation needed to be

TABLE 1 Clinical characteristics of 40 unrelated metastatic breast
cancer patients.

No. (%) (n= 40)
53 (27-81)

Characteristics

Age, mean (range, years)

Menopausal status

Premenopausal 18 (45)
Postmenopausal 22 (55)
Histology
Ductal 34 (85)
Lobular 6 (15)
Tumor size
TX 1(2.5)
T1 1(2.5)
T2 4 (10)
T3 7 (17.5)
T4 27 (67.5)
Nodes
N1 8 (20)
N2 8 (20)
N3 24 (60)
Molecular subtype
Luminal A 18 (45)
Luminal B 10 (25)
HER+ 5 (12.5)
TNBC 7 (17.5)
Cancer family history
Breast/Ovarian cancer 6 (15)
Other cancers 10 (25)
No 24 (60)
Chemotherapy regime
Antimitotic 14 (35)
Hormone therapy 12 (30)
Alkylating-antimitotic 10 (25)
Alkylating 4 (10)
Status

Alive 13 (32.5)
Dead 27 (67.5)

Numbers in parenthesis express percentages.
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Heat map showing somatic variants profiles of metastatic breast cancer.

met. To assess the association between the combination of these
variants and clinical outcome, we compared PFS and OS between
patient’s with or without variants in those genes. Median PFS was 8
months in patients without sequence variants in selected genes,
versus 4 months in patients with at least one variant of the genes
selected (p-value=0.0025) (Figure 2). Besides, the median OS in
patients without variants was 51 months versus 31 months for
patients with variants of the genes selected (p-value=
0.014) (Figure 3).

A univariate and multivariate analysis was performed
comparing the presence/absence of pathogenic variants in at least
one selected gene and clinical outcome (PES and OS). At PFS Cox
models, the presence of at least one pathogenic variant,
demonstrated to be predictors of PFS (univariate, HR: 3.3 (95%
CI 1.5-7.5), p-value=0.004) (multivariate, HR: 3.74 (95% CI 1.44-
9.74), p-value=0.006). Additionally, at OS Cox models, the presence
of at least one pathogenic variant, also demonstrated to be

TABLE 2 Genes with variants in unrelated metastatic breast cancer
samples.

ARID1A ATM BRCA1 BRCA2 FANCA TP53
Mi1 Mi5 MO5 (3) M31 M42 MO6 (2)
Mi2 M33 M34 Mo8
Mi5 M40 MI8 (2)
M16 M20 (3)
M19 M22
M38 M24
M26
M28
M32
M42

Numbers in parentheses indicate the different variations present in the samples.
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predictors of OS (univariate, HR: 2.7 (95% CI 1.2-6), p-
value=0.017) (multivariate HR: 2.87 (95% CI 1.07-7.67), p-
value=0.035) (Table 4).

4 Discussion

Variants in DNA damage response (DDR) genes in cancer are
important biomarkers for treatment selection and are also
functionally important, since malfunctioning DDR can potentially
increase genomic instability, eventually leading to treatment
resistance or relapse (Reviewed in 28). Here we analyzed a 40-
patient cohort of metastatic breast cancer patients in search for
variations in DDR genes and found 13 previously identified variants
and 9 that had not been reported before. These findings contribute
to the understanding of the genomic landscape of metastatic breast
cancer in the Mexican-mestizo population which, due to its diverse
ancestry (29), is likely to differ from the mostly Caucasian
populations of North America (30) and Europe (31) where the
genomic characterizations of metastatic breast cancer has
been reported.

Sequence variants in TP53 accounted for roughly half of our
findings. A similar proportion was previously reported in metastatic
tumors (31) but in breast tumors in general, TP53 variants
accounted for less than 10% (32), highlighting the high risk of
metastasis associated with TP53 variants. Half (5/10) of the variants
that we report here had not been reported before, suggesting they
are exclusive or more frequent in the Mexican-mestizo population
and underlining the importance of studying local populations.

Variants in PALB2 are usually reported in frequencies around
1%, second to the BRCA genes at 3-5% (6, 33, 34). The absence of is
PALB2 variants in our cohort is similar to the low incidence
observed in a separate study where only two of 115 patients
carried PALB2 variants (35), suggesting that PALB2 variants are
scarce in the Mexican-mestizo population.

We found a significant association between the presence of at
least one pathogenic variant and worse PES and OS. Three of these
genes are related to the DNA Interstrand Crosslink Repair: BRCA1
and BRCA2 are the quintessential breast cancer susceptibility genes
(36). FANCA variations are the most frequent in Fanconi anemia
(37) and, according to recent reports, it might be the only FANC
gene involved in hereditary cancer (38). These findings bolster
previous reports on the association between variations in individual
genes of the DNA Interstrand Crosslink Repair pathway and breast
cancer susceptibility in Iranian (39) and Chinese populations (40).
Interestingly, while there is evidence that variations in the DDR
pathways -particularly HR- sensitize several cancer types to
chemotherapy (15), secondary variants in these genes can
generate resistance to alkylating agent therapy (41, 42). These
findings suggest that the variants in BRCAI, BRCA2, and FANCA,
associated with worse prognosis in our sample set, might have
contributed to chemotherapy resistance. The mechanisms
underlying this phenomenon will undoubtedly motivate further
analysis. Sequence variants in the fourth gene, ARIDIA, have been
associated with breast cancer brain metastasis, though the specific
variants that we found had not been reported before (14).
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TABLE 3 Variants found in 40 unrelated metastatic breast cancer samples.

Coding Sequence Position AminoAcid Change Significance* Frequency
ARIDIA €.3977_3980delCGCA p-Prol1326ArgfsTer154 LP not reported 2
ARIDIA €.3980_3981insC p-GIn1327HisfsTer11 LpP not reported 4
ATM c.6861delA p-Val2288SerfsTer22 LP not reported 1
ATM c.8124T>A p-Asp2708Glu Lp rs587781990 2
BRCA1 €.3759_3760delTA p.Lys1254GlufsTer12 P rs80357520 1
BRCA1 ¢.5054_5060del CTCATGT p.Thr1685MetfsTer3 LP not reported 2
BRCA1 €.5277 + 1delG splice site P rs273901754 1
BRCA2 ¢.5635G>T p-Glu1879Ter P 1$55996097 1
FANCA c.709 + 5G>A splice site P 1s759877008 1
TP53 c.1123C>T p.GIn375Ter LpP rs1555524156 1
TP53 ¢.215_216insG p.Val73ArgfsTer76 LP not reported 3
TP53 ¢.522_539del GCGCTGCCCCCACCATGA p.Pro177_Cys182del P not reported 1
TP53 ¢.560-1G>A splice site P rs1202793339 1
TP53 c.586C>T p.Argl96Ter P rs397516435 1
TP53 €.626_627delGA p-Arg209LysfsTer6 P rs1057517840 1
TP53 c.718delA p.Ser240ValfsTer7 LP not reported 1
TP53 c742C>T p.Arg248Trp P 15121912651 3
TP53 c.815_817dup p.Val272_Arg273insLeu P not reported 1
TP53 c.866_873delTCCGCAAG p-Leu289GInfsTer14 LP not reported 1

*Clinical Significance according to stablished criteria [24]. LP, likely pathogenic; P, pathogenic.

In Latin America, breast cancer is detected late in its  screening tumors for variants ARIDIA in the Mexican-mestizo
development (21) a trend that can only be reverted through  population. Such screening might broaden the treatment options
optimized screening strategies. Since tumors with altered ARIDIA  for breast cancer patients, as these variants have been associated
are sensible to PARP inhibitors (43) and its variants are frequent in ~ with enhanced effects of treatments such as ATR inhibitors and
cohorts as small as the 40 patients that we report here, we suggest ~ Gemcitabine in ovarian cancer (44). Further studies will confirm

ARID1A + BRCA1 + BRCA2 + FANCA ARID1A + BRCA1 + BRCA2 + FANCA
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FIGURE 2 FIGURE 3
The presence of at least one variant in ARIDIA, BRCA1, BRCA2 or The presence of at least one variant in ARIDIA, BRCA1, BRCA2 or
FANCA genes correlates with lower PFS. FANCA genes correlates with lower OS.
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TABLE 4 Univariate and Multivariate analysis of clinical characteristics and variants in grouped genes (ARID1A + BRCA1 + BRCA2 + FANCA) in the
analyzed population.

Univariate Multivariate Univariate Multivariate
o HR (IC - HR (IC - HR (IC = HR (IC =
Characteristic 0( P 0( b 0( b 0( P
95%) value 95%) value 95%) value 95%) value
Histols 1.1 (0.39- 0.71 (0.24-
istology ‘ ( 0.82 ( 0.54
(Ductual vs Lobulillar) 3.3) 2.1)
Molecular classification* 0.88 (0.61- 0.53 (0.03- 0.50 (0.02-
0.51 0.669 1.3 (0.81-2 0.3 0.651

(Luminal A vs Luminal B vs HER enriched vs TNBC) 1.3) 9.18) ( ) 9.77)
Estrogens 1.1 (0.47- 1.02 (0.00- 0.4 (0.15- 0.29 (0.00-

X . 0.79 0.992 0.067 0.612
(Negative vs Positive) 2.7) 106.) 1.1) 31.9)
Progesterone 0.71 (0.31- 0.23 (0.02- 0.22 (0.02-

R . 0.43 0.197 0.4 (0.16-1) 0.051 0.223
(Negative vs Positive) 1.7) 2.13) 2.46)

HER2 0.5 (0.19- 017 1.54 (0.09- 076 0.53 (0.18- 0.25 1.48 (0.08- 0789
(Negative vs Positive) 1.3) ’ 24.8) ’ 1.5) : 27.6) ’
Kie7 1(0.98-1) 0.93 099 (057- 0.714 1(0.99-1) 0.58 099 (0.56- 0.422
(Low vs High) : ’ 1.02) : : : 1.01) ’
logic hi .7 (0.31- .46 (0.2-
Oncologic history 0.7 (0.3 039 0.46 (0 0.076
No vs Yes 1.6) 1.1)
Chemoth ime*
emotherapy regime i o 0.94 (0.78- 0.85 (0.69- 0.99 (0.83- 0.85 (0.68-
(Antimitotic vs Hormone therapy vs Alkylating-antimitotic 0.47 0.116 0.94 0.177
. 1.1) 1.04) 1.2) 1.07)
vs Alkylating)
Radiotherapy 0.67 (0.29- 035 0.57 (0.24- 02
(Negative vs Positive) 1.5) ’ 1.4) ’
ARID1A + BRCA1 + BRCA2 + FANCA 3.74 (1.44- 2.87 (1.07-
* * * 33(157.5)  0.004 ( 0006  27(126) 0017 ( 0.035
(Absent vs Present) 9.74) 7.67)

*All mentioned characteristics were compared in the statistical analysis.
The bold values denote statistically significant P values.

whether the high prevalence of ARIDIA variants in tumor
samples is valid for other Latin American populations and
whether there is a functional relationship between ARIDIA and
the DNA Interstrand Crosslink Repair genes. Additionally, whether
the ARIDIA variants we observed were acquired during tumor
development or already present in the germline and thus related to
cancer susceptibility besides response to treatment remains to be
determines. If these variants are germline, ARIDIA might be a
better indicator of cancer risk than PALB2 in the Mexican-
mestizo populations.

Our study was limited by the number of genes sequenced and
the relatively low number of samples; additionally, the sequencing
was performed only from tumor. A larger sample would provide a
more comprehensive perspective of the variations in these and
other genes; however, our sample included only metastatic breast
cancer patients, which represent less than 20% of the total breast
cancer cases (45, 46).

5 Conclusions

Our findings contribute to the description of the sequence
variation landscape of metastatic breast cancer in the Mexican-
mestizo population. We found the expected high frequency variants
in TP53 and BRCA I and 2; conversely, PALB2 variants seem scarce

Frontiers in Oncology

49

compared to other reported populations. The presence of at least
one pathogenic variant in the ARIDIA, BRCAI, BRCA2, or FANCA
genes remains predictor of worse progression-free survival and
overall survival.
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Background: The majority of breast cancers (BCs) expressing estrogen receptor
(ER) have shown endocrine resistance. Our previous study demonstrated that
ferredoxin reductase (FDXR) promoted mitochondrial function and ER+ breast
tumorigenesis. But the underlying mechanism is not clear.

Methods: Liquid chromatography (LC) tandem mass spectrometry (MS/MS)-
based metabolite profiling was utilized to reveal the metabolites regulated by
FDXR. RNA microarray was utilized to determine the potential downstream
targets of FDXR. Seahorse XF24 analyzer was performed to analyze the FAO-
mediated oxygen consumption rate (OCR). Q-PCR and western blotting assays
were used to measure expression levels of FDXR and CPT1A. MTS, 2D colony
formation and anchorage-independent growth assays were used to evaluate the
effects of FDXR or drug treatments on tumor cell growth of primary or
endocrine-resistant breast cancer cells.

Results: We found that depletion of FDXR inhibited fatty acid oxidation (FAO) by
suppressing CPT1A expression. Endocrine treatment increased the expression levels
of both FDXR and CPT1A. Further, we showed that depletion of FDXR or FAO inhibitor
etomoxir treatment reduced primary and endocrine-resistant breast cancer cell
growth. Therapeutically, combining endocrine therapy with FAO inhibitor etomoxir
synergistically inhibits primary and endocrine-resistant breast cancer cell growth.

Discussion: We reveal that the FDXR-CPT1A-FAO signaling axis is essential for
primary and endocrine-resistant breast cancer cell growth, thus providing a
potential combinatory therapy against endocrine resistance in ER+ breast cancer.

KEYWORDS

breast cancer, endocrine resistance, ferredoxin reductase, palmitoyltransferase 1A, fatty
acid oxidation, combination therapy
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Introduction

Breast cancer is the leading cause of cancer death among
women. Approximately 75% of breast cancer is estrogen receptor-
positive (ER+), which leads to the majority of breast cancer deaths
(1-3). Despite treatment with antiestrogen therapy, up to 50% of
patients with ER+ breast cancer do not benefit from these
treatments due to intrinsic or acquired resistance (4-9). Recently,
scientists have elucidated altered molecular signal transduction
pathways and genetic driver mutations involved in the
development of endocrine resistance, thereby identifying novel
therapeutic targets to improve patient outcomes, such as mTOR
inhibitors or cyclin-dependent kinase (CDK) 4/6 inhibitors;
however, there are also similar problems with intrinsic or
acquired resistance in patients (10-19), highlighting the urgent
need for additional effective therapies.

Altered metabolism, which tumorigenesis heavily depends on to
support uncontrolled cell proliferation, is a hallmark of cancer (20, 21).
Cancer metabolic programs include the reprogramming of glycolysis,
glutaminolysis, oxidative phosphorylation, fatty acid metabolism, and
one-carbon metabolism, which provide essential energy, biosynthesis
factors and intermediates for tumor growth, division and redox
homeostasis (22). Therefore, tumor cell metabolism has been
considered the Achilles’ heel of cancer and is a successful
therapeutic target (23-25). For example, the mitochondrial complex
I inhibitor metformin is approved for the treatment of type 2 diabetes
and has been reported to possess anticancer activity in various
investigations and clinical trials (26-30). The fatty acid oxidation
inhibitor perhexiline is approved to treat angina and exhibits
anticancer effects in vitro and in vivo (31-33). Although targeting
cancer metabolic alterations holds promise, identifying novel
predictive biomarkers is needed to lead to precision therapy (23).

Emerging evidence has shown that tumor cells derive most of
their ATP from mitochondria-mediated oxidative phosphorylation
that is mainly driven by glucose metabolism, glutaminolysis and fatty
acid oxidation (34-38). Recent evidence has demonstrated that
mitochondrial oxidative metabolism drives therapeutic resistance,
suggesting an important role of mitochondrial inhibitors in
preventing cancer progression (39, 40). ER+ breast cancer cells
depend more on mitochondrial function to provide the essential
ATP needed for survival than other subtypes of breast cancer (35, 41).
Therefore, identifying the mechanisms that control mitochondrial
function in ER+ breast cancer will potentially lead to the development
of novel therapeutic interventions. Research from our group and
others has demonstrated that the proline hydroxylase EgIN2 is an
estrogen-responsive gene that is highly expressed in ER+ breast
cancer, including luminal A and B subtypes, and contributes to
breast tumorigenesis (42, 43). We also discovered a novel function of
EgIN2 as a transcription coactivator that interacts with NRF1 and

Abbreviations: BCs, breast cancers; CPT1A, palmitoyltransferase 1A; ER,
estrogen receptor; ER+, estrogen receptor positive; EgIN2, Egl-9 family hypoxia
inducible factor 2; FAO, fatty acid oxidation; FCCP, Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone; FDXR, ferredoxin reductase; NRFI,
Nuclear Respiratory Factor 1; OCR, oxygen consumption rate; PGCla,
PPARG Coactivator 1 Alpha.

Frontiers in Oncology

10.3389/fonc.2023.1105117

PGClo. to maintain mitochondrial function during hypoxia (44).
FDXR, a mitochondrial flavoprotein, is known to initiate electron
transport for cytochrome p450 from NADPH, leading to increased
reactive oxygen species (ROS) production (45-47), and acts as a key
downstream target gene of the EgIN2-NRF1-PGCla complex, which
modulates mitochondrial function and cell proliferation in ER+
breast cancer cells (44). However, the mechanism by which FDXR
regulates altered mitochondrial function and supports ER+ breast
tumorigenesis is poorly defined.

Here, through an integrative targeted metabolomics assay and
gene expression profiling, we showed that FDXR promoted fatty
acid oxidation (FAO) by positively regulating CPT1A expression
and illustrated that the FDXR-CPT1A-FAO axis was responsible for
primary and endocrine-resistant breast cancer cell growth.
Furthermore, combined endocrine therapy with FAO inhibitors
exerted a synergistic effect on primary and endocrine-resistant
breast tumor cell growth. We identified a new FDXR-CPT1A-
FAO signaling axis as a promising target for the development of
therapies against endocrine resistance in ER+ breast cancer.

Materials and methods
Cell culture and reagents

MCF7 and 293T cells were cultured in Dulbecco’s modified
Eagle medium (DMEM, Sigma—Aldrich) containing 10% fetal
bovine serum (FBS) plus 1% penicillin-streptomycin. T47D cells
were cultured in RPMI-1640 (Sigma—Aldrich) containing 10% fetal
bovine serum with 1% penicillin-streptomycin. Tamoxifen- or
fulvestrant-resistant T47D or MCEF7 cells were developed by
continuous treatment with tamoxifen (100 nM, > 6 months) or
fulvestrant (100 nM, > 4 months), the resistant derivatives were
selected when the initially sensitive cells resumed the comparable
growth rates to the parental cells, and these cells were cultured in
phenol-red free RPMI-1640 medium (Gibco) containing 10% heat-
inactivated charcoal-stripped FBS, 1% penicillin-streptomycin and
100 nM 4-OH-tamoxifen or fulvestrant (48, 49). Following viral
infection, the cells were maintained in the presence of G418 (100
ug/mL) or puromycin (2 pug/mL) depending on the vector. All cells
were maintained in an incubator at 37°C and 5% CO,. 4-OH-
tamoxifen, fulvestrant and etomoxir were obtained from Sigma
—Aldrich. DMNQ and TEMPO were purchased from Selleck.

Western blotting and antibodies

EBC buffer (50 mM Tris pH 8.0, 120 mM NaCl, 0.5% NP40, 0.1
mM EDTA and 10% glycerol) supplemented with complete
protease inhibitor (Roche Applied Biosciences) was used to
harvest whole cell lysates. Cell lysate concentrations were
measured by the Bradford assay (ThermoFisher Scientific), and
equal amounts of proteins were loaded onto an SDS-polyacrylamide
gel, separated by electrophoresis and blotted onto a nitrocellulose
membrane (Millipore). Rabbit FDXR (15584-1-AP) and CPT1A
antibodies (15184-1-AP) were purchased from Proteintech. Mouse
Vinculin (V9131) and mouse Flag (F3165) antibodies were
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purchased from Sigma—Aldrich. Peroxidase-conjugated goat anti-
mouse (170-6516) and peroxidase-conjugated goat anti-rabbit
(1706515) secondary antibodies were purchased from Bio-Rad.

Plasmids

Full-length FLAG and HA double-tagged FDXR was amplified
by PCR and cloned into the pBABE-puro vector. A KOD-Plus
Mutagenesis Kit (SMK-101, TOYOBO) was used to construct
FDXR mutants. All plasmids were sequenced to confirm validity.

Virus production and infection

293T packaging cell lines were used for lentiviral amplification.
Lentiviral infection was carried out as previously described (50). Briefly,
posttransfection with Lipofectamine 3000, viruses were collected at 48
and 72 h. After being passed through 0.45 um filters, appropriate
amounts of viruses were used to infect target cells in the presence of 8
pg/ml polybrene (Sigma-Aldrich). Subsequently, target cell lines
underwent appropriate antibiotic selection.

siRNAs and lentiviral shRNA vectors

Nontargeting siRNA was obtained from Dharmacon (catalog
number: D0012100220). FDXR siRNA (FDXR si434) with the
targeting sequence GCUCAGCAGCAUUGGGUAUAA was
obtained from Dharmacon.

Lentiviral FDXR shRNAs were obtained from the Broad
Institute TRC shRNA library. The target sequences are as follows:

Ctrl shRNA: AACAGTCGCGTTTGC GACTGG;
FDXR (434): GCTCAGCAGCATTGGGTATAA;
FDXR (433): CCATTTCTCCACACAGGAGAA.

Oxygen consumption rate
(OCR) measurement

Extracellular oxygen consumption was determined by measuring
the OCRs using a Seahorse XF24 extracellular flux analyzer (Seahorse
Bioscience). Approximately 1 x 10 of the indicated cells were seeded
into an XF24 cell culture microplate 24 h before the assay. For OCR
analysis, baseline mitochondrial respiration was established by
recording extracellular oxygen concentrations at several time
points. Respiration not linked to mitochondrial ATP synthesis was
measured after adding 1 pM oligomycin through an automated
injection port of the XF24. Uncoupled respiration measurements
were obtained after adding 1 uM FCCP.

Metabolomics analysis

Intracellular metabolites were prepared and analyzed by LC
—MS/MS as described previously (51). Briefly, cells were cultured in
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6-well plates (1x10°), and the plates were placed on dry ice
immediately after the medium was aspirated. Then, 1 ml of 80%
methanol/water (precooled at -80°C for at least 1 hour) was added.
The plates were transferred to a -80°C freezer for 15 minutes to
further inactivate enzymes. Then, the cells were scraped into 80%
methanol/water on dry ice and centrifuged at 20,000xg for 10
minutes at 4°C. The supernatant was transferred into a new tube
and dried with a speed vacuum at room temperature. Finally, the
dry pellets were stored at -80°C for further LC-MS/MS analysis
(Vanquish, Thermo Fisher Scientific).

Cell proliferation assays

Tamoxifen- or fulvestrant-resistant T47D or MCEF7 cells were
plated in triplicate in 96-well plates (3,000 cells/well) in the
appropriate growth medium. At the indicated time points, the cells
were placed in 90 Wl of fresh growth medium supplemented with 10 pil
of MTS reagents (Promega) and incubated at 37°C for 2 h. The
absorbance value was measured at 490 nm using a 96-well plate
reader. The experiments were repeated three times with similar results.

Colony formation assays

T47D-, MCF7-, tamoxifen- or fulvestrant-resistant cells were
trypsinized and plated in triplicate in 6-well dishes (5,000 cells/
well). At the indicated time points, the cells were fixed with 4%
paraformaldehyde for 15 min at 37°C and then stained with 0.02%
crystal violet.

Anchorage-independent growth assays

Tamoxifen- or fulvestrant-resistant T47D or MCF7 cells were
plated at a density of 5,000 cells per ml in complete medium with
0.4% agarose on layers composed of medium with 1% agarose and
incubated at 4°C for 10 min. Afterward, the cells were moved to a
37°C incubator. Every 4 days, three drops of complete media were
added to the plate. After 2 weeks, the extra liquid on the plate was
aspirated, 1 ml of medium was added to each well, and colonies
were stained with 100 pug/ml iodonitrotetrazolium chloride
solution. The cell culture plates were returned to the incubator
overnight, after which the number of foci were counted. The
experiments were repeated three times with similar results.

Bioinformatics analyses of
metabolomics data

The metabolomics data were analyzed by R statistical software
version 4.1.3. MSEA was performed using MetaboAnalyst (https://
www.metaboanalyst.ca/). Differentially regulated metabolites were
identified by the edgeR package (v3.36.0) (https://doi.org/10.1093/
bioinformatics/btp616) with the thresholds of FDXRsh434/ctrl
greater than 1.2 or less than 0.8 following an adjusted p value <
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0.05. The heatmaps were drawn with the ComplexHeatmap
package (v2.10.0) (https://doi.org/10.1093/bioinformatics/btw313).

Bioinformatics analyses of the gene
expression profile

The gene expression profile was analyzed by R statistical
software version 4.1.3. GSEA based on hallmarks was performed
using GSEA software (v4.2.3) (https://doi.org/10.1073/
pnas.0506580102). Differentially regulated genes were identified
by using the limma package (v3.50.3) (https://doi.org/10.1093/
nar/gkv007) with an adjusted p value < 0.05. We selected
biological process (BP) of GO analysis with the clusterProfiler
package (v4.2.2) (https://doi.org/10.1089/0mi.2011.0118) in the
study. The connection between the significantly enriched fatty
acid metabolism GO terms and participating genes was analyzed
by the ComplexHeatmap package (v2.10.0).

Statistical analyses of TCGA and
METABRIC datasets

Statistical analyses of these clinical datasets was analyzed by R
statistical software version 4.1.3. Survival analyses and Cox
proportional hazards models were constructed by using the
survival package (v3.5-5). The Kaplan-Meier Curves were drawn
with the survminer package (v0.4.9).

Statistical analysis

The unpaired two-tailed Student’s ¢ test was used for experiments
comparing two sets of data. The data are presented as the mean +
SEM from three independent experiments. *, **, and *** denote P
values < 0.05, 0.01, and 0.005, respectively. NS denotes not significant.

Data availability

The gene expression microarray discussed in this paper have been
deposited in NCBI’s Gene Expression Omnibus (GEO) under the
accession number GSE217902 and the password is ulgfqumujhkvvqn
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE217902).

The relevant code for R statistical analyses is provided online
through https://github.com/whumri-grh/FDXR-Drives-Primary-
and-Endocrine-Resistant-1-Tumor-Cell-Growth-in-ER-Breast-
Cancer-via-CPT1A-Media.git

Results

FDXR is required for fatty acid oxidation
and CPT1A expression

We previously reported that FDXR acts as a downstream target
gene of the EgIN2-NRF1-PGClo. complex to maintain mitochondrial
function (44). To explore the mechanism by which FDXR regulates
mitochondrial function in breast cancer cells, we performed liquid
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chromatography (LC) tandem mass spectrometry (MS/MS)-based
metabolite profiling in FDXR-knockdown (KD) T47D human ER+
breast cancer cells (Supplementary Figure 1A; Supplementary Table 1).
Among the identified small metabolites, 46 metabolites were
significantly decreased and 35 metabolites were significantly
increased by FDXR KD (Supplementary Figure 1B; Supplementary
Table 2). Metabolite set enrichment analysis showed that pyrimidine
metabolism, aspartate metabolism, glutathione metabolism, glutamate
metabolism and fatty acid metabolism were enriched among groups
that were positively regulated by FDXR (Figure 1A). Among these
decreased metabolites, one-third were involved in fatty acid
metabolism, and almost all of them belonged to acyl-carnitine
(Figure 1B; Supplementary Table 3). Moreover, gene expression
profiling of FDXR KD T47D cells showed that a set of metabolism-
related genes were positively regulated by FDXR (Supplementary
Figure 1C; Supplementary Table 4). Gene set enrichment analysis
(GSEA) showed that fatty acid metabolism was enriched in groups that
were positively regulated by FDXR (Figure 1C). Specifically, we found
that CPT1A, which catalyzes acyl-CoA to acyl-carnitine to allow
mitochondrial uptake of long-chain fatty acids and is a key rate-
limiting enzyme for fatty acid oxidation (Supplementary Figure 1D)
(52), was significantly decreased by FDXR KD in T47D lines
(Figure 1D; Supplementary Table 5). Therefore, we hypothesized that
the decrease in CPT1A is the main reason for the reduction in acyl-
carnitine in FDXR-depleted cells.

To test this hypothesis, we specifically showed the metabolite levels
related to the synthesis of palmitylcarnitine from palmitate (Figure 1E).
Through LC-MS/MS, we confirmed that FDXR depletion decreased
palmitylcarnitine, which is generated through CPT1-mediated catalysis
of palmityl-CoA, but had no effect on palmitate or carnitine
(Figure 1E). The gene expression profile showed that among the
enzymes involved in the formation of palmitylcarnitine, only CPT1A
was reduced by FDXR depletion (Figure 1F). Furthermore, Q-PCR and
western blotting assays confirmed that FDXR depletion inhibited
CPT1A expression (Figure 1G). The integrative analyses of the
targeted metabolomics assay and gene expression profiling suggest
that FDXR KD decreased acyl-carnitine by downregulating CPT1A
expression. Since CPT1A is a key enzyme for fatty acid oxidation, we
hypothesized that FDXR may consequently regulate fatty acid
oxidation. We measured the oxygen consumption rate (OCR) with
an XF-24 extracellular flux analyzer and found that FDXR KD
inhibited basal levels of mitochondrial respiration. The decreased
amount of OCR caused by etomoxir represents the amount of OCR
derived from FAO pathway, therefore, we treated cells with etomoxir,
an inhibitor of FAO that targets CPT1 used to measure FAO-
dependent OCR in cells, and found that FDXR KD-mediated
inhibition of OCR was largely mediated by FAO (Figures 1H-J).
Collectively, these results suggest that FDXR positively regulates
CPT1A expression and fatty acid oxidation.

FDXR regulates fatty acid oxidation and
tumor cell growth through CPT1A

To verify whether FDXR KD-mediated inhibition of fatty acid
oxidation occurs through the downregulation of CPT1A, we further
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The effect of FDXR on metabolic pathways in ER+ breast cancer cells. (A) Metabolite sets enrichment analysis of targeted metabolomics assays in
T47D cells infected with lentivirus encoding Ctrl shRNA and FDXR sh434. (B) Heatmaps showing the metabolites involved in the indicated metabolic
pathways positively regulated by FDXR. (C) Gene set enrichment analysis (GSEA) of gene expression profile in T47D cells infected with lentivirus
encoding Ctrl shRNA and FDXR sh434. (D) Heatmaps showing genes related to fatty acid metabolism positively regulated by FDXR. (E) The diagram
for FDXR regulation on fatty acid metabolic pathway. (F) The relative mRNA levels of fatty acid associated genes under FDXR depletion from gene
expression microarray. (G) Q-PCR and immunoblots assay to detect FDXR and CPT1A level from T47D cells infected with lentivirus encoding Ctrl
SshRNA and FDXR sh434. (H-J). Seahorse assays (H) and their quantifications of basal OCR () and indicated 1 and 2 (J) for measurement of FAO-
dependent OCR under the treatment of an FAO inhibitor etomoxir (40 uM) in T47D cells infected with lentivirus encoding Ctrl shRNA and FDXR
sh434. *, **, and *** denote P-value of < 0.05, 0.01, and 0.005, respectively. NS denotes not significant.

examined FAO-driven OCR by adding exogenous palmitate, which
served as the sole carbon source driving OXPHOS. We found that
FDXR KD abrogated palmitate-derived OCR, decreased basal and
maximal respiration, and inhibited ATP production (Figures 2A,
B). Then, we reconstituted CPT1A in FDXR KD cells and found
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that CPT1A could partially rescue the decrease in OCR caused by
FDXR KD (Figures 2C-E), indicating that FDXR regulates FAO at
least partially through CPT1A. Our data showed that depletion of
FDXR inhibited tumor cell growth in T47D and MCF7 breast
cancer cell lines (44) (Supplementary Figures 2A-D), and this
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FIGURE 2

FDXR regulates fatty acid oxidation and tumor cell growth through CPT1A in ER+ breast cancer cells. (A, B) Seahorse assays (A) and their quantifications
of basal, maximal respiration, or ATP production (B) from T47D cells transfected with Ctrl siRNA and FDXR si434. (C-G). Immunoblots (C), Seahorse
assays (D) and their quantifications of basal, maximal respiration, or ATP production (E), soft agar assays (F) and their quantifications (G) from T47D cells
infected with vector (control) or CPT1A followed by transfection with Ctrl siRNA and FDXR si434. (H) Immunoblots of the breast cell lines as indicated.
(I-L). The Kaplan—Meier curves of overall survival (OS) (I, L), disease free survival (DFS) (J), and disease special survival (DSS) (K) based on CPT1A expression
in ERo-positive patients from METABRIC (I-K) and TCGA (L) cohorts. Patients were rank-ordered and divided into two equal groups (low in blue and high
in red), using the CPT1A gene expression levels. *, **, and *** denote P-value of < 0.05, 0.01, and 0.005, respectively. ns denotes not significant.

phenotype could be at least partially rescued by the reconstitution of
CPT1A expression (Figures 2F, G). Thus, our data indicate that
FDXR regulates tumor cell growth through CPT1A. Similar to
FDXR, as we previously reported (44), CPT1A was upregulated in
breast cancer cell lines compared to the human mammary epithelial
cell lines HMLE and MCF10A (Figure 2H), and higher expression
of CPT1A was associated with decreases in overall survival (OS)
(Figures 2I, L), disease-free survival (DFS) (Figure 2]) and disease-
specific survival (DSS) (Figure 2K) in the METABRIC and TCGA
ER+ breast patient datasets (Supplementary Tables 6, 7). These data
reveal FDXR-CPT1A-FAO axis as a potential target for
breast cancer.
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FDXR is required for endocrine-resistant
ER+ breast tumor growth

Endocrine therapy is the first-line clinical treatment for
estrogen receptor-positive (ER+) breast cancer, but long-term
hormone therapy, such as tamoxifen and fulvestrant, can lead to
the development of endocrine resistance (53). Increasing evidence
indicates that endocrine-resistant tumor cells exhibit a high
mitochondrial OXPHOS status (54). Therefore, we examined
whether FDXR-CPT1A-FAO axis-driven OXPHOS was
responsible for endocrine resistance in breast cancer. According
to previous reports (48, 49, 55), T47D and MCF7 cells were treated
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with 0.1 uM tamoxifen or fulvestrant for three weeks to induce drug
resistance, and we found that long-term treatment with tamoxifen
or fulvestrant increased the expression levels of FDXR and CPT1A
(Figures 3A, B). Furthermore, western blotting, cell proliferation
assays and anchorage-independent growth assays showed that
FDXR KD in tamoxifen- or fulvestrant-resistant T47D and MCF7
cell lines inhibited CPT1A expression and decreased tumor cell
growth (Figures 3C-R; Supplementary Figures 3A-D). As the
endocrine-resistant cells were cultured in the presence of 100 nM
tamoxifen or fulvestrant, and FDXR depletion along with this
constant endocrine treatment in those cells blocked cell growth,
implying that FDXR may sensitize these endocrine-resistant cells
back to endocrine treatment and is essential for endocrine-resistant
cell growth.

10.3389/fonc.2023.1105117

Endocrine-resistant ER+ breast cancer
cells are highly dependent on fatty acid
oxidation compared with primary cells

Given that both FDXR and CPT1A were upregulated by long-
term treatment with tamoxifen or fulvestrant, we hypothesized that
endocrine-resistant cells may rely more on the FDXR-CPT1A-FAO
axis to survive the harsh environment than primary cells. To test
this hypothesis, we performed MTT assays on primary and
endocrine-resistant ER+ breast cancer cells treated with various
concentrations of etomoxir. Our data showed that etomoxir
inhibited the proliferation of primary and endocrine-resistant
T47D and MCEF7 cells, but endocrine-resistant breast cancer cells
showed much lower IC50 values for etomoxir treatment
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FIGURE 3
The effect of FDXR depletion on endocrine resistant ER+ breast cancer cell growth. (A, B) Immunoblot assays of T47D (A) or MCF7 (B) with three
weeks of treatment with fulvestrant (0.1 uM) or tamoxifen (0.1 uM). (C=R) Immunoblot assays (C, G, K, O), 2D colony formation (D, H, L, P), cell
proliferation (E, I, M, Q) and soft agar assay (F, 3, N, R) from T47D or MCF7 tamoxifen-resistant (T47D Tam-R, MCF7 Tam-R) or fulvestrant-resistant
(T47D Ful-R, MCF7 Ful-R) cells infected with lentivirus encoding Ctrl shRNA and FDXR shRNA (433 or 434). *** denote P-value of < 0.005.
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(Figures 4A, B; Supplementary Figures 4A, B). In addition, 2D
colony formation assays showed that endocrine-resistant breast
cancer cells were more sensitive to etomoxir treatment than
primary breast cancer cells (Figures 4C, D), indicating that
endocrine-resistant breast cancer cells are more dependent on
fatty acid oxidation. These data suggest that fatty acid oxidation is
required for both primary and endocrine-resistant ER+ breast
cancer cell proliferation, and endocrine-resistant cells rely highly
on fatty acid oxidation compared with primary cells.

Combining a CPT1 inhibitor with
fulvestrant treatment synergistically
reduces primary and endocrine-resistant
ER+ breast cancer cell growth

Given that long-term tamoxifen or fulvestrant treatment
increased CPTIA levels, we hypothesized that inhibiting CPT1A
might synergize with endocrine therapy to exert enhanced
therapeutic efficacy. We firstly examined the proper
concentrations of tamoxifen/fulvestrant and CPT1 inhibitor
etomoxir for their combinatory treatment by using different
doses, we found that combining fulvestrant with etomoxir showed
synergistic effect on inhibiting endocrine-resistant cancer cell
growth in a dose-dependent manner (Supplementary Figures 5A-
F). Moreover, our data showed that primary cells are indeed more
sensitive than endocrine-resistant cells to endocrine treatment
(Supplementary Figures 5G, H). Further, we found that treatment
with either fulvestrant or etomoxir alone led to differential

10.3389/fonc.2023.1105117

inhibition of cell proliferation in both primary and endocrine-
resistant ER+ breast cancer, and combining etomoxir with
fulvestrant resulted in a synergistic decrease in cell proliferation
(Figures 5A-F). However, combining etomoxir with tamoxifen
showed no synergistic effect on cell growth (Supplementary
Figures 5A, B; Supplementary Figure 6) (56). Thus, our data
reveal that the CPT1 inhibitor etomoxir restores the sensitivity of
endocrine-resistant breast cancer cells to fulvestrant and that
combining etomoxir with fulvestrant synergistically reduces breast
cancer cell growth.

Discussion

Endocrine therapies are the first-line treatment for early-stage
ER+ breast cancers, but many patients relapse and develop drug
resistance (53, 57). Understanding the factors and pathways that
drive drug resistance has allowed the development of subsequent
therapies and helped guide decision-making to maximize efficacious
and successful treatment of cancers (58). Accumulating evidence
has suggested that metabolic reprogramming is associated with
drug resistance (59-61). Investigating metabolic alterations and
therefore exploiting metabolic vulnerabilities in cancers are critical
for precision medicine (62). Mitochondrial respiration is increased
in response to endocrine resistance in ER+ breast cancer; however,
the mechanism is not well understood (63). Previously, we showed
that the EgIN2-NRF1-PGClo. axis regulates mitochondrial function
by promoting FDXR expression, but it is unclear how FDXR
regulates mitochondrial function. Through an integrative targeted
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metabolomics assay and gene expression profiling approach, we
found that FDXR was essential for fatty acid oxidation and
mitochondrial respiration through the positive regulation of
CPT1A. Furthermore, we found that endocrine-resistant breast
cancer cells highly depend on the fatty acid oxidation pathway
compared with primary cells, and the combination of endocrine
therapy with an FAO inhibitor synergistically inhibits primary and
endocrine-resistant breast cancer cell growth. Thus, we reveal an
important mechanism of mitochondrial adaptation to endocrine
treatment and provide a new therapeutic strategy by combining
endocrine therapy with FAO inhibitors.

We found that FDXR correlated with mitochondrial OXPHOS
genes in the ER+ breast cancer patients, while CPT1A did not have
this correlation. Also, FDXR and CPT1A did not correlated in the
ER+ breast cancer patients (Supplementary Figures 7A-C;
Supplementary Table 8), the reason could be that both CPT1A
and mitochondrial OXPHOS genes were downstream genes
regulated by FDXR, and also other factors may co-regulate
CPT1A expression. FDXR, which is a mitochondrial flavoprotein
that initiates electron transport from NADPH, positively regulates
ROS production (47) (Supplementary Figure 8). But whether this
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process contributes to mitochondrial OXPHOS and endocrine
resistance requires further investigation. Also, we have been
focusing on the regulatory mechanism of how FDXR regulates
mitochondrial oxidative phosphorylation in this study, whether
FDXR regulates the extracellular acidification rate (ECAR) and
modulates oxidization of other primary mitochondrial fuels glucose
and glutamine needs future study. Besides, it takes much longer
time for obtaining the endocrine-resistant tumor tissues from breast
cancer patients, future study will be needed to validate the roles of
FDXR and CPT1A in endocrine resistance in vivo by patient-
derived xenograft (PDX) models.

Lipid metabolism has been recognized as essential for tumor
cell growth and progression (64, 65), and it has emerged as a
promising target for many cancers (66, 67). Accumulating
evidence suggests that alterations in lipid metabolism mediate
the development of acquired drug resistance in various types of
cancers, including breast cancer (60, 61). In this study, through
combining different datasets derived from two separate cohorts
of ER+ breast cancer patients, we show that higher expression of
CPT1A is associated with worse prognosis. Further, we also find
that the endocrine-resistant cell lines are highly sensitive to
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CPT1A inhibitor compared with primary cell lines, and
endocrine treatment leads to upregulation of CPT1A, implying
that cancer cells develop CPT1A-mediated pathway for cellular
adaptation to the new environment. Therefore, CPT1A could be
used as a biomarker and tested at baseline and after recurrence.
As such, targeting CPT1A has a potential to be used in
combination therapy with endocrine treatment. Our data have
showed that endocrine resistant cells highly depend on FAO
compared with primary cells, and inhibition of FAO with
etomoxir significantly inhibits endocrine resistant cell growth.
It is well-known that metabolic reprogramming plays an
important role in development of drug resistance (59), but
whether cell metabolisms can be reprogrammed towards
glycolysis or glutamine following endocrine or etomoxir
treatment awaits future investigation. It has reported that
inhibition of glycolysis results in upregulation of FAO (68),
but whether inhibition of FAO leads to metabolic
reprogramming towards glycolysis or glutamine needs future
study. These studies may provide additional combination
therapies for breast cancer.
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SUPPLEMENTARY FIGURE 1

Integrative analyses of the targeted metabolomics and gene expression
prolife reveal FDXR-mediated gene regulation of cell metabolism in ER+
breast cancer. (A) Heatmap analysis of the targeted metabolomics assays
from T47D cells infected with lentivirus encoding Ctrl shRNA and FDXR
sh434. (B) Heatmaps showing differentially regulated metabolites affected
by FDXR in T47D cells infected with lentivirus harboring either Ctrl sShRNA or
FDXR sh434. (C) Heatmaps showing metabolism-related genes positively
regulated by FDXR from T47D cells infected with lentivirus encoding Ctrl
shRNA and FDXR sh434. (D) Schematic diagram showing CPT1-mediated
regulation of fatty acid oxidation pathway to feed TCA cycle for mitochondrial
oxidative phosphorylation.

SUPPLEMENTARY FIGURE 2

FDXR is essential for MCF7 cells proliferation. (A—D) Immunoblot assays (A),
cell proliferation (B), soft agar assay (C) and quantification (D) for MCF7 cells
infected with lentivirus encoding Ctrl shRNA and FDXR shRNA (433 or 434).
*** denote P-value of < 0.005

SUPPLEMENTARY FIGURE 3

FDXR is required for the endocrine resistant ER+ breast cancer cell growth.
(A-D) Quantification of soft agar assays described in Figures 3D, H, L, P,
respectively. *** denote P-value of < 0.005.

SUPPLEMENTARY FIGURE 4

The effect of CPT1 inhibitor etomoxir on primary and endocrine resistant ER+
breast cancer cell growth. (A, B) Cell proliferation of primary or endocrine
resistant T47D or MCF7 cells with or without the indicated doses of etomoxir
treatment for 4 days. *, **, and *** denote P-value of < 0.05, 0.01, and 0.005,
respectively. NS denotes not significant.

SUPPLEMENTARY FIGURE 5

The effect of CPT1 inhibitor etomoxir on primary and endocrine resistant ER+
breast cancer cell growth. (A—F) Cell survival analysis of the indicated primary or
endocrine resistant T47D or MCF7 cell lines under the indicated treatments for 4
days. (G, H) MTS assays of primary or endocrine resistant T47D or MCF7 cells with
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or without tamoxifen (5 pM) or fulvestrant (5 uM) treatment for 4 days. *, **, and
*** denote P-value of < 0.05, 0.01, and 0.005, respectively. NS denotes
not significant.

SUPPLEMENTARY FIGURE 6

The effect of combined etomoxir and tamoxifen treatment on tamoxifen-resistant
ER+ breast cells. Cell survival analysis from tamoxifen-resistant T47D cells with the
indicated treatments with etomoxir (200 uM) and tamoxifen (5 uM) for 4 days. *,
** and *** denote P-value of < 0.05, 0.01, and 0.005, respectively. NS denotes
not significant.
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Plant defensins including Medicago Sativa defensin 1 (MsDefl) are cysteine-rich
antifungal peptides which are known for potent broad-spectrum antifungal
activity against bacterial or fungal pathogens of plants. The antimicrobial
activities of these cationic defensins are attributed to their capacity to bind to
cell membranes to create potentially structural defects tin the cell membranes to
interact with intracellular target (s) and mediates cytotoxic effects. Our earlier
work identified Glucosylceramide (GlcCer) of fungus F. graminearum as a
potential target for biological activity. Multi-drug resistant (MDR) cancer cells
overexpress GlcCer on the surface of plasma membrane. Hence, MsDefl may
have a potential to bind to GlcCer of MDR cancer cells to induce cell death. We
have characterized the three-dimensional structure of MsDefl and the solution
dynamics using of ®N-labeled MsDefl nuclear magnetic resonance (NMR)
spectroscopy which showed that GlcCer binds MsDefl at two specific sites on
the peptide molecule. The ability of MsDefl to permeate MDR cancer cells was
demonstrated by measuring the release of apoptotic ceramide in drug resistant
MCEF-7R cells. It was also shown that MsDefl activated dual cell death pathways
ceramide and Apoptosis Stimulating Kinase ASK1 by disintegrating GlcCer and
oxidizing tumor specific biomarker thioredoxin (Trx) respectively. As a result,
MsDefl sensitizes MDR cancer cells to evoke a better response from
Doxorubicin, a front-line chemotherapy for triple negative breast cancer
(TNBC) treatment. The combination of MsDefl and Doxorubicin induced 5
tol0-fold greater apoptosis in vitro MDR cells MDA-MB-231R compared to
either MsDefl or Doxorubicin alone. Confocal microscopy revealed that
MsDefl facilitates a) influx of Doxorubicin in MDR cancer cells, b) preferential
uptake by MDR cells but not by normal fibroblasts and breast epithelial cells
(MCF-10A). These results suggest that MsDef1 targets MDR cancer cells and may
find utility as a neoadjuvant chemotherapy. Hence, the extension of antifungal
properties of MsDefl to cancer my result in addressing the MDR problems
in cancer.
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Introduction

The development of multidrug resistance (MDR) is a serious
clinical problem that is responsible for therapy failure, relapse of
cancer and making tumors refractory to future treatments (1-3).
Deactivation of cell death pathways (e.g., ceramide, apoptosis
stimulating kinase, ASK1) (4) and avoidance of immune
surveillance (5, 6) play major roles in desensitizing cancer cells to
treatments irrespective of nature of treatments. As a result, high drug
dose is needed to treat the cancer which in turn induces stemness into
cancer cells, increases resistance, suppresses immune function, and
enhances the off-target toxicity leading to side effects and treatment
failure (7-10).

Despite its moderate to low efficacy and high off-target toxicity,
chemotherapy is still the front-line treatment for most cancers (11,
12). The major problem with chemotherapy is that it kills only bulk
non-stem cancer cells leaving behind resistant cells. This results in
high disease recurrence [13% for kidney cancer, 36% for breast and
almost 100% for brain cancer (13, 14)] and makes tumors refractory
to future treatments (15). Dose related side effects such as acute
lymphedema and low platelets may force discontinuation of
treatment altogether creating more resistant cancer cells (16) and
thus, causing a vicious circle. Sensitizing resistant tumor cells is
known to evoke a better response from chemotherapy (17, 18).
However, sensitizing tumor cells selectively using MDR biomarkers
is of prime importance in order to make chemotherapy effective in
lowering the side effects. This is true particularly for TNBC patients
who have no option but chemotherapy with a >90% recurrence rate
and a median survival of 13 months (19, 20). The situation is worse
for African Americans with recurrence rates of >95%. Current
targeted treatments for TNBC patients do not work since they lack
biomarkers (e.g., ER, PR and HER2 negative) for which drugs are
designed (21). That leaves non-specific anthracyclines (e.g.,
Doxorubicin, Paclitaxel) as sole options in spite of their high side
effects and suppressed immune function (5, 6).

Cancer cells desensitize themselves to chemotherapy for their
survival. For example, TNBC cells circumvent Doxorubicin effect by
glycosylating lethal, apoptotic ceramide using glucosylceramide
synthase (GCS) enzyme to non-apoptotic GlcCer which becomes a
biomarker of MDR (22). In addition, GlcCer is consistently present at
high levels in drug resistant tumors and in tumors taken from patients
who are non-responsive to chemotherapy (23). GlcCer was found to
be low in patients who responded to chemotherapy (24). Stemness of
cancer cells increases as glycosylation increases (25). In fact, ceramide
glycosylation selectively maintains the properties of cancer stem cells
(CSCs) which is a serious clinical issue (25). Cancer cells also
overexpress Trx and deactivate ASK1 cell death pathway (26-28)
resulting in immune response suppression (29-31). Tumors with low
Trx levels exhibit a better prognosis than tumors with high Trx levels
(poorer prognosis, P < 0.001) for partial free survival (PFS) and for
overall survival (OS) (32, 33). GlcCer and Trx are the two tumor
specific biomarkers of resistance (34, 35). Hence, tumor sensitizers
targeting GlcCer and Trx which act as immunoadjuvants are presently
the unmet medical need in cancer therapy.

Medicago sativa Defensinl (MsDefl) is a natural antifungal
peptide (36) consisting of 45 amino acids and containing four
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disulfide bonds to form a folded protein. MsDef1 overexpressed in
genetically modified potato wards off a Verticillium wilt disease
caused by a fungal pathogen Verticillium dahlia (37). Ramamoorthy
et al. (38) previously reported that a knockout of the GlcCer
synthase gene, gesl, in a fungal pathogen Fusarium graminearum
blocked the antifungal activity of MsDef1 revealing the involvement
of GlcCer in the mode of action (MOA) of this peptide. To date, no
plant defensins have been shown to bind to MDR cancer cells and
synergize with chemotherapies. None of the current MDR
modulators (e.g., Eliglustat) target two tumor specific MDR targets.

Here, we report 3-dimensional structure of MsDefl and
determine its binding sites for its sphingolipid receptor GlcCer.
We show that MsDefl targets dual tumor specific targets namely
MDR biomarker GlcCer in cancer cells and Trx, liberating ceramide
and ASKI protein from GlcCer and Trx respectively and in the
process activating dual cell death pathways. We further show that
MsDef1 synergizes with Doxorubicin and makes it effective at lower
doses in vitro.

Materials and methods

Production of MsDefl

MsDefl was produced using two methods. 1) It was produced
recombinantly in Pichia pastoris as described previously (39). MsDef1
expressed recombinantly in P. pastoris was further purified by RP-
HPLC using a reverse phase C18 column (Delta Pak Wat 011793,
15063.9 mm, 5 UM, 300 A) to obtain 95% purity and characterized by
mass spectrometry. The purification yielded several species of
MsDefl which was separated by RT-HPLC (See Figure SI;
Supplementary Materials). MsDefl was dissolved in sterile double
distilled water and its concentration was determined by using the
BCA assay kit (Pierce, Rockford, IL). 2) Linear MsDefl was
chemically synthesized by using the standard peptide synthesizer
(Apex 396 Parallel Synthesizer). Folding of the peptide was achieved
through controlled air oxidation of the linear peptide. A solution of
linear MsDefl was dissolved in the double-distilled water in a test
tube fitted with a probe through which air was bubbled through the
solution for 36-48 hrs and monitored using mass spectrometry for a
molecular ion corresponding to the oxidation of four S-S bonds. For
example, 0.4 mg of linear peptide was dissolved in double distilled
water in 50 mM phosphate buffer containing 1M Guanidinium-HCI
at pH 7.5. The peptide sample was aliquoted at different time points:
0, 4h, 18h, 24h, 36 and 48h. Each peptide sample was desalted using
C18 zip tip and run on LTQ-Orbitrap Velos by direct infusion. The
samples were run with high resolution (60,000, LTQ-Velos Pro
Orbitrap LC-MS/MS). The characterization includes purity by
HPLC (> 96%), linear MsDefl corresponding to deconvoluted
mono isotopic mass 5191.23 and the fully folded MsDefl
corresponding to deconvoluted mono isotopic mass 5183.25. The
exact difference 8 is due to the formation of four S-S bonds, a loss of 8
hydrogens. MsDef1 prepared by the slow oxidation method coincides
with the one by recombinant method. The oxidation protocol was
necessary for the production of large quantities of MsDefl with
correct molecular mass and folding for in vivo studies.
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Synthesis of 6-((N-(7-nitrobenz-2-oxa-1, 3-
diazol-4-yl) amino) hexanoyl -MsDefl

The crude linear MsDefl was dissolved in 20% methanol/8 M
guanidinium hydrochloride and mixed with 6-((N-(7-nitrobenz-2-
oxa-1, 3-diazol-4-yl) amino) hexanoyl (NBD) sphingosine in dark
conditions. The mixture was stirred for 48 hrs before passing
through the Sep-Pak and purified by RP-HPLC using eluents of
H,0/0.1% TFA (eluent A) and acetonitrile/0.1% TFA (eluent B).
The programmed elution profile 0-1 min, 100% A; 1-80 min, B is
increased from 0-75% at a flow rate of 10 mL/min on preparative
column (Spirit Peptide C18, 5 um column, 19x 100 mm). Peptide
purity was determined by an analytical HPLC monitoring peptide
elution by absorbance at 220 nm. The conjugated peptide was
folded using the air oxidation protocol described earlier. The mass
of the conjugated peptide was determined to be 5745.9 (M+H) in
agreement with the expected mass of the correctly folded NBD-
MsDefl conjugate.

Structural analysis of °N-labeled MsDef1
using NMR

N-labeled MsDefl was prepared as described previously (38).
Briefly, P. pastoris cultures were grown overnight in buffered YNB
media with no amino acids and 1.2% 'NH,CI dissolved in 1M
potassium phosphate (pH = 6.0), 500x biotin, 10% glycerol and then
induced with 0.05% methanol every 24 h, according to the
manufacturer’s directions (Thermo Fisher Scientific, CA, USA).
The cultures were grown for 7 d at 29° C, and cells were removed by
centrifugation at 2,000g for 15 min. '*N-labeled MsDefl was
purified from the growth medium using CM-Sephadex C-25
cation-exchange chromatography and reverse-phase HPLC. The
mass spec analysis of the labeled peptide revealed a single peak at
5254.03 (M+H) corresponding to the correctly folded '°N-
labeled MsDef1.

NMR experiments were conducted on a Varian 700MHz
spectrometer with HCN probe (backbone dynamics) and Bruker
600 MHz spectrometer with QCI cryoprobe (assignments and
structure determination). Backbone (N and Hy) and side chain
protons were assigned for MsDefl in aqueous buffer (25 mM
HEPES, 20 mM NaCl, pH 6) at 25°C. The backbone amides were
assigned using '*N-separated TOCSY and NOESY spectra with 60
ms and 150 ms mixing times, respectively. These experiments were
acquired at 25°C with a 250 uM "*N-labeled MsDef1 in 90% H20/
10% D,0. Side chain protons were assigned using these spectra plus
'H-'H COSY, TOCSY, and NOESY spectra acquired for an
otherwise identical unlabeled MsDefl sample in 100% D,O.
Backbone amide dynamics experiments were carried out using
the same '°N-labeled peptide. Ry, R,, and heteronuclear NOE
experiments were performed using the standard pulse sequences.
At least 8 timepoints were acquired for R; and R, measurements
and heteronuclear NOEs were determined from an average of two
independent experiments. Error estimates were based on the signal/
noise ratio of each spectrum. Single exponential decays were fit to
determine R; and R, rates using IgoPro (Wave metrics). Model free
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analysis was performed using fast MF and Model Free 4.15.
Chemical shift changes upon interaction of MsDefl with GlcCer
were determined using the "’N-labeled peptide. Sixty micromolar
d25-DPC (dodecyl phosphocholine, per deuterated acyl tail) was
added to 0.25 puM MsDefl in aqueous buffer to investigate the
interaction of this peptide with DPC micelles. This sample was then
added to lyophilized GlcCer, allowed to equilibrate for 2 h, and
returned to the NMR tube to look for additional changes reflecting
specific interaction with GlcCer.

Isolation and purification of GlcCer
from F. graminearum

Total lipids were extracted from 1g of F. graminearum
mycelium and a glycolipid fraction containing GlcCer was
purified with minor modifications as described previously (38).
The mass spec analysis of the purified GlcCer showed a single peak
(> 95% purity) at M+ ion 754.

Cancer cell viability assays and
determination of 1Csq

The MCEF-7 cells were cultured in RPMI-1640 (Sigma, USA)
while MDA-MB-231 was maintained in Dulbecco’s modified eagle
medium (Sigma, USA). MCF10A cells (American Type Culture
Collection, Manassas, VA) were cultured in DMEM/Ham’s F-12
(GIBCO-Invitrogen, Carlsbad, CA) supplemented with 100 ng/ml
cholera toxin, 20 ng/ml epidermal growth factor (EGF), 0.01 mg/ml
insulin, 500 ng/ml hydrocortisone, and 5% chelex-treated horse
serum. The cells were cultured at 37°C in a 90% humidified
incubator with 5% CO,. When the cells were 80% confluent, they
were sub-cultured to a fresh media. The SKOV3 cell line was
obtained from the American Type Culture Collection (Manassas,
VA) and cultured in DMEM growth media supplemented with 10%
Fetal Bovine Serum, 2 mM Glutamine, and Pen-Strep antibiotic
mixture. The flask containing cells were placed in an incubator
which was maintained at a temperature of 37°C and 5%
concentration of carbon dioxide (CO,) gas. Cardiomyocytes were
derived from this engineered stem cell clone line as follows. Stem
cell aggregates were formed from single cells and cultured in
suspension in medium containing zebrafish bFGF (basic
fibroblast growth factor) and fetal bovine serum. Upon
observation of beating cardiac aggregates, cultures were subjected
to blasticidin selection at 25 ug/ml to enrich the cardiomyocyte
population. Cardiomyocyte aggregate cultures were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum during cardiomyocyte selection through the duration
of the culture prior to cryopreservation. At 30 to 32 days of culture
the enriched, stem cell-derived cardiomyocytes were subjected
to enzymatic.

dissociation using 0.5% trypsin to obtain single cell suspensions
of purified cardiomyocytes, which were >98% cardiac troponin-T
(cTNT) positive. These cells (iCelllCardiomyocytes) were
cryopreserved and stored in liquid nitrogen before delivery to
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Ionic Transport Assays from Cellular Dynamics International,
Madison, WL.

Doxorubicin resistant MCF-7R and MDA-MB-231R cells were
grown in DMEM 10% FBS with increasing concentrations of
Doxorubicin as described by Bielawski et al. (40). Cells were
seeded and exposed to increasing concentrations of Doxorubicin
(10 nM to 100 nM). MCF-7 or MDA-MB-231 cells were seeded in
cell culture flasks and after 24 h, cells were trypsinized, counted
viable cells and reseeded into a new culture flask before adding
Doxorubicin again. Cells were considered chemoresistant when at a
particular concentration did not cause cell death. Generally, it took
6-7 passages to get Doxorubicin resistant cells.

Cell viability was evaluated by the standard MTT (3,4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma)
method. All cancer cells (MDA-MB-231, MCF-7, MCF-R, Hela,
MCEF-10A epithelial breast cells, induced pluripotent stem cells
derived cardiomyocytes (iPSc) were added to the wells of 96-well
flat-bottom plates at the density of 2x10* per well, allowed to attach
overnight, and treated with different concentrations of MsDef1 (1-
100 uM). After 24 h, 10 ul of MTT solution was added to each well
and the plate was incubated at 37°C for 3 h. After removing the
media, 200 pl of isopropanol were added to dissolve the crystals.
Absorbance was read at 550 nm in an ELISA plate reader (Sunrise,
Tecan, Milan, Italy), and the results are expressed as relative change
with respect to the controls set as 100%. For cardiomyocytes,
human iPSCs were used (Ionic Transports, St Louis).

Thioredoxin assays using western blots

The Trx Western blotting was performed as described
previously, with minor modifications (39). Briefly, 3 x 10° cells were
lysed in G-lysis buffer (50 mM Tris HCI, pH 8.3, 3 mM EDTA, 6 M
guanidine-HCI, 0.5% Triton X-100) containing 50 mM iodoacetic
acid (IAA; pH 8.3). For each experiment, control plates, for
identifying Trx redox state bands in the Western blot, were also
incubated with 2mM H,0,, for 10 min at room temperature, before
incubation with 50 mM IAA. Subsequently, the lysates from all cells
were incubated in the dark for 30 min with the IAA. The lysates
were then centrifuged in G-25 micro spin columns (GE Healthcare).
Protein was quantified from the eluent using the Bradford protein
assay, as previously described (41-45).

Ceramide assessment

Ceramide was extracted from cancer cells using the procedure
described by Bielawski et al. (40). Briefly, drug resistant MCF-7R
cells were grown on 10 cm plates containing 2-5 X10° cells per
plate, washed with 10 mL of phosphate buffer saline (PBS). The cells
were scraped with 1 mL of methanol and transferred into a 5.5 mL
glass vial with either aluminum or Teflon-sealed caps (SKS Science).
Cells were sonicated for 60 min in a bath sonicator, and 100 uL of
the solution was taken for protein concentration measurements. 50
uL of a 50 ng/mL C17 standard solution was added to the remaining
cells in the glass vial to obtain a final concentration of 10 ng/mL of
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C17 as the internal standard (IS). At the end of the extraction
procedure, 2 mL of chloroform was added to the cell suspension.
After vortexing for 5s followed by 30 min of sonication, the cell
lysates were spun for 5 min at 3000 rpm. Then, the lower layer
containing chloroform was transferred to a new tube using a 1 mL
glass pipette, leaving the upper layer (containing methanol) and the
middle layers (containing proteins) (~75% extraction efficiency for
this first extraction) and repeated twice to get > 92% extraction. The
extracted solution was dried under nitrogen gas, reconstituted in
acetonitrile before subjected to HPLC analysis (Agilent 1200,
Agilent Technologies, Santa Clara, CA, RP column, 50 X 2.0 mm,
3 mm), Mobile phase A consisted of 0.1% formic acid and 25 mM
ammonium acetate in water and mobile phase B consisted of
100% acetonitrile.

Permeability assays

Resistant TNBC cancer cells MDA-MB-231R and ovarian
SKOV3 cells were incubated with 20 pg/ml, 6.6 pg/mL, or 2.2 pg/
ml of NBD-MsDef1 for 15 min at 37° C in a total volume of 200 pl.
The excess NBD-MsDef1 was washed off with 1xPBS and cells were
fixed with 4% paraformaldehyde to be imaged using the Nikon
Confocal Microscope (TE 2000-E, PES). In order to determine the
specificity of NBD-MsDefl internalization, labeled cells were
washed with water 3 times before imaging them. For assessing
Doxorubicin influx in resistant MDA-MB-231 TNBC cells,
autofluorescence of Doxorubicin was measured using confocal
microscopy at emission wavelength of 595 nm post excitation
with a 470 nm laser. For enhanced uptake of Doxorubicin by
MDA-MB-231R cells post MsDefl treatment, about 35,000 cells/
well were plated in 8-well chambered lab-tek 2 slides and allowed to
grow overnight. Cells were treated with 20 u M of MsDefl, 3 uM
Doxorubicin and a combination of 20 p M MsDefl and 3 pM
Doxorubicin in separate batches for 4 h before examined by
confocal microscopy (Nikon Ali laser scanning confocal
microscope). Images at 1-min intervals were collected and
analyzed. All fluorescence images were analyzed, and the
background subtracted with Image] software. Pearson’s coefficient
was quantified using the Colocalisation Analysis plugin for Image].

MsDefl stability

The Simulated Gastric Fluid (SGF) assay was performed as
described by Fu et al., 2002 with some modification. Tests were
performed in 500 UL of SGF (200 mg NaCl, 0.2% pepsin, pH 2) in
glass tubes in a 37°C water bath with continuous stirring of the
enzyme reaction. After 2 min preincubation, the assay was started
by the addition of 25 UL of MsDefl peptide (5 mg/ml) to each vial
containing SGF, SGF without pepsin or ultrapure water. Five mg/ml
bovine serum albumin (minimum 98%, A-7030, Sigma Aldrich) in
ultrapure water was used as the positive control for pepsin
digestion. Protein samples were analyzed for degradation by SDS
PAGE followed by staining for 1 h and extensive washing with
ultrapure water.
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Synergy studies

The percentage of apoptotic cells was determined by using
TUNEL assay according to the manufacturer protocol. Briefly, cells
were fixed with 1% paraformaldehyde at 4°C, followed by two
washing with PBS. Cold 70% ethanol was added to the cell pellet.
Cells were then incubated at —20°C for permeabilization. After
washing with PBS, cells were incubated with staining solution
containing TdT enzyme and fluorescein-dUTP for 60 min at 37°
C. Samples were washed with rinse buffer and resuspended in 500
ml of propidium iodise/RNase solution for flow cytometry analysis.

Results

MsDefl is a 45-amino acid cysteine-rich peptide predicted to
form four disulfide bonds was identified for its antifungal activity
against filamentous plant pathogens was first reported in 2000 by Gao
et al (46). Some defensins bind to specific sphingolipids with high
affinity that are localized in the fungal cell wall and plasma membrane
of their target fungi (47-49). Sphingolipids serve as second
messengers for regulating cell growth, cell survival and death (50).
Mechanistic studies suggest that MsDef1 binds to GlcCer in the cell
wall of the fungal pathogen F. graminearum. A Gcsl knock-out
mutant (AFggesI) lacking GlcCer synthase activity and a depleted in
GlcCer displays strong resistance to MsDefl. Understanding the
binding of the specific amino acid residues of MsDefl with MDR
biomarker GlcCer opens an opportunity to design small peptide
based drugs for a potential to treat MDR cancer. Here, we have
determined the structural basis for the engagement of GlcCer by °N
labeled MsDefl using N longitudinal relaxation (T1) and "°N-'H
Nuclear Overhauser Effect (NOE) in solution dynamics NMR.

Three-dimensional structure of MsDefl

The parameters characterizing the structure of MsDefl are
shown in Table 1. The structure of this peptide was derived from
981 distance constraints derived from 216 sequential, 61 short
range, 38 medium range, 204 long range NOEs and 12 hydrogen
bonds. Figure 1 is a superposition of the final ensemble of structures
calculated for MsDefl with a single cartoon representation of this
ensemble. This ensemble of structures results from 20 lowest energy
structures from 80 calculated structures. The mean rmsd is 0.99 A
for backbone heavy atoms and 0.52 A for all heavy atoms,
respectively. Not surprisingly, MsDefl has a highly compact
structure which consists of one o-helix (0t1=Cys18-Thr23) and
three anti-parallel B-strands (B1=Thr2-Leu6, B2=Val29-Arg32,
B3=Cys39-Arg44). The structure is stabilized by the presence of
four disulfide bonds with Cys3-Cys45, Cys14-Cys33, Cys18-Cys39,
Cys22-Cys41 configuration. The core structure is almost identical to
the homology-based structure of MsDef1 published earlier (51) and
is similar to other plant defensins with regard to folding and
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TABLE 1 Statistics from Structure Calculation.

10.3389/fonc.2023.1141755

Parameter Value

Number of Restraints

NOE (total) 981
Sequential 216
Short-range 61
Medium-range 38
Long-range 204

Dihedral angles® 67

H-bonds 12

Energy (kcal/mol)

Total -1100.8 + 85.5

Bond lengths 20+0.1

Bond angles 23.6+0.7

Impropers 42+03

Van der Waals -260.3 + 51.6

Dihedral angles 207.7 + 1.6

Electrostatics -1077.9 £ 62.2

NOEs 187.1 + 140.0

No. of NOE violations >0.5 A (A) 3+23
No. of dihedral angle violations >5° (°) 0
RMS Deviations
NOEs (A) 0.059 + 0.024
Dihedral angle restraints (°) 2.11 + 0.05

Ideal bond lengths (A)

0.0017 + 0.0001

Ideal bond angles (°) 0.355 + 0.005

Ideal improper angles (°) 0.270 + 0.011

Backbone atoms (A) 0.26 + 0.04
0.15 % 0.02°

Heavy atoms (A) 0.99 + 0.09
0.52 £ 0.09°

All atoms (A)

Ramachandran Plot (%)

Most favored regions 76.2

Additional allowed regions 20.9

Generously allowed regions 2.9

Disallowed regions 0.0

Results from ensemble of 20 lowest energy structures from 80 calculated structures.
) and  torsion angles restraints derived from *Jpne couplings directly measured from

COSY spectra and chemical shift index analyzed with TALOS+.
Pyalues for secondary structure elements only.
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FIGURE 1

(A) Amino acid sequence of MsDefl and survey of NMR data used to identify secondary structures. The sequential and medium range weak,
medium, and strong NOEs are represented by the heights of the bars. The positions of B1, a-helix, B2 and B3 are shown relative to the amino acid
sequence of MsDefl. (B) Backbone superposition of the 20 energy-minimized structures of MsDefl showing the global fold and secondary
structures. The disulfide bonds are shown in black. (C) Stereo view of the backbone atoms (N, C and O) of the structures in (B). (D) Backbone
superposition of the ensemble of structures showing the amino acid side chains

locations of the four disulfide bonds (52). Statistics from structural
calculations are tabulated in Table 1.

MsDefl binds to GlcCer “in situ”

The solution dynamics of MsDefl with GlcCer was assessed
using chemical shift perturbation, '°N longitudinal relaxation
(T1) and ®N-'H NOE. Upon binding of 15N-labeled MsDef1
with GlcCer with d25-DPC micelles, significant peak shifts
occurred and upon addition of GlcCer additional chemical
shift changes in a smaller subset of residues occurred
(Figures 2A, B). Our results revealed that MsDefl binds to
GlcCer at two regions: amino acids between residues 12-20
and residues 33-40 (red color, Figures 2C, D). This is
consistent with our earlier finding that mutation of Arg38 to
GIn38 resulted in a complete loss of the antifungal activity of
MsDefl against F. graminearum (39). Binding of MsDefl to
GlcCer is the first premise on which MsDefl is proposed as a
targeted tumor sensitizer.
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MsDefl regenerates ceramide from GlcCer

Revamping ceramide pathway is important for those drugs
which mediate the cell death through ceramide pathway (e.g.,
Doxorubicin). Changes in the liberation of ceramide in
Doxorubicin resistant MCF-7R cells were measured at
Lipidomics Shared Resource, Medical University of South
Carolina (MUSC), using high performance liquid
chromatography-mass spectrometry (LC-MS/MS) as previously
described by Jacek et al. (40). Preliminary studies (Figure 3B)
showed an enhanced accumulation of ceramide until 6 hrs of
treatment with 20 UM MsDefl in GlucCer positive MCF-7R
(resistant) breast cancer cells compared to normal breast
epithelial GlucCer negative control cells (MCF-10A). Ceramide
is known for inducing apoptosis in cancer cells exemplified by
Doxorubicin which goes through ceramide pathway
mechanistically. Hence, apoptosis induced by ceramide
released was also measured in MCF-7R cells which showed an
order of magnitude higher than for normal cells (MCF-10A)
which are GlucCer negative at 3 and 6 hrs of treatment
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(A) Backbone region of the *H-'*N HSQC spectrum showing chemical shift changes in MsDef1 (black spectrum, aqueous buffer) upon addition of
the DPC micelles (blue spectrum) and further addition of GlcCer (red spectrum). Significant peak shifts upon addition of the lipid-like detergent DPC
indicates that MsDefl does interact with the micelles. Addition of GlcCer causes additional chemical shift changes in a smaller subset of residues
indicating that GlcCer interacts with MsDefl in a more localized region. (B) Quantification of the chemical shift changes in MsDefl upon addition of
lipid. Ad = (Ad,? + O,l*AdN3)1'2. Significant chemical shift changes are observed in two regions upon addition of micelles of the lipid-like detergent,
DPC (solid symbols, DPC versus aqueous buffer). Smaller additional changes are observed in a few localized sites upon further addition of GlcCer
(open symbols, DPC + ceramide versus DPC only). (C) Chemical shift mapping of MsDefl-GlcCer interactions. (A) Residues with chemical shift
changes upon association with DPC micelles. The color scale extends from blue (no change, Ad=0) to red (significant chemical shift change,
Ad>0.25). (D) Residues with additional chemical shift changes upon addition of GlcCer to the DPC micelles. The same color scale is used but with a
narrower range (0<Ad < 0.10). One face of the molecule has significant backbone chemical shift changes upon addition of micelles indicating that
this face interacts with DPC. GlcCer interacts with a smaller, more localized subset of the residues that interact with the lipid-like detergent micelles.

(Figure 3A). The enhanced accumulation of ceramide in
response to MsDefl treatment was similar to that observed
upon treatment with 20 pM o-tocopheryl succinate (TOS) (53)
serving as a positive control. Reactivation of ceramide pathway is
important since it is an effective sensitizing strategy in
overcoming the resistance in metastatic colon and breast
cancers in vivo (54). The enhanced accumulation of ceramide
upon MsDefl treatment in cancer cells selectively compared to
normal breast cells is the second premise on which MsDef1 is
proposed as a MDR targeted tumor sensitizer.
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FIGURE 3

MsDefl oxidizes tumor specific
biomarker Trx

Several disulfide-linked peptide derivatives are shown to
oxidize Trx, a tumor specific biomarker (54-60). Trx is known to be
involved in development of Doxorubicin resistant cells by
deactivating ASK1-pathway. MsDefl was anticipated to interact
with Trx due to its four disulfide bonds and availability of SH
groups on Trx protein. Hence, further studies were conducted in
cancer cells (e.g., TNBC, MDA-MB-231) using MsDefl.

B
Ceramide Generation in MCF-7R Cancer Cells

* 4 by MsDef1 Treatment
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—MsDef1 Treated MCF-10A Cancer Cells

(A) Extent of apoptosis in GlucCer positive MDR MCF-7R cells treated with Defl (20 uM) compared to positive control a.-Tocopheryl succinate (TOS,
20 uM) and GlucCer negative normal MCF-10A breast epithelial cells, (B) Ceremide regeneration from GlucCer positive MCF-7R cells treated with
Defl (20 uM) compared to GlucCer negative normal MCF-10A breast epithelial cells.
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(A) MsDef1 oxidizes Trx at 20 uM dose compared to positive control H,O, (2 mM) & presumably activates ASK1 cell death pathway in MDA-MB-231-
R TNBC cells, N=4, p < 0.05, (B) Immunoblot analysis of phosphorylation of Threonine-845 residue of ASK1 Protein in response to the treatment of
Defl in MDA-MB-231 cells: 1. Control, 2. N-Acetyl-Cysteine (NAC, 5 mM)/60 mins, 3. NAC (5 mM) + Defl (50 uM) for 60 min, 4. Def-1 (50 uM) alone
for 60 minutes, N=4, P < 0.005, GAPDH: Internal Control. *** Statistically siginificant.

Doxorubicin resistant MDA-MB-231-R cells were treated with 0, 10
and 20 uM MsDefl or 2 mM H,O, (positive control). Figure 4A
clearly indicates the oxidation of Trx at 20 uM MsDef1 by showing
Trx peptide band at 28 KDa compared to untreated control which
showed Trx band at 14 KDa. The oxidation of Trx by MsDefl is
similar to that observed with positive control 2 mM H,0, (N=4, p <
0.05). This is the third premise on which MsDefl is proposed as a
targeted tumor sensitizer.

MsDefl disrupts Trx-ASK1 complex to
activate ASK1 cell death pathway and
induces apoptosis in resistant cancer cells

The oxidation of Trx is known to release ASK1 from the Trx
complex through phosphorylation of several amino acid residues
(33). We corroborated Trx oxidation data (Figure 4A) by assessing
the phosphorylation status of Thr845 residue of ASK1 protein using
specific antibody phosphorylation kit (Santa Cruz Biotech, CA). Fas
resistant triple negative MDA-MB-231R cancer cells were treated
with a) 50 uM MsDef1 for 60 minutes, b) 5 mM N-acetyl cysteine
(NAC) as a negative control and ¢) NAC treated cells plus 50 UM
MsDefl. Figure 4B showed a significant increase in phosphorylation
of Thr845 residue (lane 4) upon treatment with MsDefl compared
to the solvent control (lane 1) and the NAC control (lane 2, N= 4,
p <0.005). NAC is an FDA approved drug which inhibits
phosphorylation of Thr485 of ASK1 protecting cells from death.
MsDef1 induces significantly higher phosphorylation of Thr485 of
ASK1 (lane 4) than it does even in presence of NAC (lane 3). These
results indicate that MsDefl might have targeted tumor specific Trx
and activates ASK1 cell death pathway. Trx inhibitors with disulfide
bonds are known to reactivate ASK1 pathway and sensitize cancer
cells to chemotherapy similar to MsDefl (55-60).

MsDefl permeates resistant cancer cells

Defensins are cationic peptides known for creating irreversible
structural defects on the cell membranes with pore formation
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similar to CPPs (61). However, the specificity of MsDefl to MDR
tumor cells needs to be tested. Optical marker 6-((N-(7-nitrobenz-
2-oxa-1, 3-diazol-4-yl) amino) hexanoyl (NBD) sphingosine was
modified with linear MsDefl before it was cyclized through
oxidative protocol developed by us. The modified NBD-MsDefl
showed ICs, (12 uM) similar to the native MsDefl indicating that
the modification of the peptide did not alter its biological activity by
a large margin. Confocal microscopy studies on MsDefl-NBD
incubated with resistant TNBC MDA-MB-231R and ovarian
SKOV3 cells respectively showed a significant uptake of MsDef1-
NBD (Figures 5A, B) compared to untreated tumor cells while,
normal epithelial breast cells (MCF-10A) and fibroblasts cells
(Figures 5C, D) did not take up MsDefl even at 5-fold higher
dose of MsDefl at 200 mg/mL. Simple washing of stained cells did
not reduce the fluorescence intensity originated from NBD which
confirms trapping of MsDef1 inside the cancer cells. Permeation of
membrane compromised fungal cells by MsDefl was recently
reported by us using optical marker DyLight 550-MsDefl (39).
The low uptake of the scrambled MsDefl-NBD by tumor cells
(Figure 5E) established the potential selectivity of MsDefl1 action for
tumor cells. Figure 5F shows accumulation of NBD-MsDefl with
respect to concentration in cancer cells graphically.

Uptake of MsDefl in resistant TNBC cells

MsDefl presumably compromises MDR cell membrane
integrity by disintegrating GlucCer to ceramide and allowing
internalized MsDefl to interact with the intracellular Trx. That is
expected to allow a better perfusion of drugs influx into the cancer
cells. The hypothesis was corroborated by measuring the influx of
Doxorubicin by MsDefl in MDR cancer cells through the intrinsic
fluorescence of Doxorubicin at 488 nm using confocal microscopy.
Figures 5G, H demonstrates a significant increase in the
fluorescence intensity of Doxorubicin in MDA-MB-231R cells
after treatment with 20 uM MsDefl for 6-12 hr. compared to
Doxorubicin alone. The increase in the fluorescence intensity
showed uptake of Doxorubicin 3-fold more in presence of
MsDefl than in its absence Figure 5i. This result confirms the
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poor tumor penetration limitation of Doxorubicin on its own and
may explain a potential pore formation of cancer cell membranes
and the synergistic effect of MsDefl allowing Doxorubicin to
perfuse better into the tumor cells.

MsDefl exhibits antitumorigenic activity

Table in Figure 6A shows ICsy values for MsDefl in several
GlcCer and Trx positive cancer cells. These values are in the similar
range as those of many chemotherapeutics (62-65). Several similar
defensin type of molecules derived from natural sources also showed
ICs values in similar range (66, 67). However, none of them has been
shown to have multiple characteristics of MsDef1 including liberation
of ceramide, oxidation of Trx and synergy with chemotherapeutics. It
should be noted that MsDef]1 targets cancer cells in vitro (e.g., MDA-
MB-231, MDA-MB-231R, HeLa, BT-459) while sparing normal
epithelial breast cells (e.g., MCF-10A), bone marrow cells (MSC-
001F) and cardiomyocytes (iPSC), an attribute important in
determining the potential side effects of MsDefl if it moves to the
clinical phase. It should be noted that Doxorubicin, the first line
treatment for TNBC, has ICs, value of 9.6 uM in iPSC
cardiomyocytes compared to >180 uM for MsDefl indicating a
better safety profile for MsDefl. Figure 6A shows the tabulation of
ICs, values for varieties of cancer cells which are GlucCer positive
(e.g, MDA-MB-231, MDA-MB-231R, HeLa, BT-459) and normal
cells including bone marrow cells (MSC-001F) and iPSc
cardiomyocytes which are in general get severely affected by
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chemotherapy. It is to be noted that Doxorubicin kills normal cells
at relatively lower doses (~ 9.6 uM), while MsDef]1 is relatively safer
even at > 200 uM (Figure 6B). On the contrary, MsDef1 kills cancer
cells at lower UM similar to Doxorubicin potency. The combination
of MsDefl and Doxorubicin reduced ICs, values significantly from
396.6 nM for Doxorubicin to 16.5 nM indicating the synergy between
MsDefl and Doxorubicin (Figure 6C). The data is further confirmed
by the measurement of combination index which was <1.00, hallmark
of synergy (Figure 6D).

MsDefl synergizes with Doxorubicin to
enhance apoptosis in cancer cells

Although MsDef] is cytotoxic to cancer cells, its activation potential
to sensitize low responsive MDR cancer cells will have a major impact
on improving the clinical performance of chemotherapy. Studies were
conducted to determine synergy between MsDefl and Doxorubicin
drugs using cell death quantification. For example, MsDefl (e.g., ~25
UM) and Doxorubicin (1mg/mL) showed ~30% cell death individually
compared to untreated controls (Figures 7A-C or 7E-G) in both
MDA-MB-231R and MCF-7R cancer cells. However, when the cancer
cells were pretreated with 25 uM MsDefl followed by treatment with
Img/mL Doxorubicin, a synergistic increase in cell death (>75%) was
observed as compared to that observed for Doxorubicin or MsDefl
treatment alone (Figures 7D-H). This is true for both MDA-MB-231R
triple negative breast cancer cells and MCF-7R breast cancer cells. In
viability assays, a combination of MsDefl and Doxorubicin had ICs,
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value ~10-fold lower than that of Doxorubicin (Figure 6C). Synergistic
cell death was also verified by calculating the combination index (CI)
values using Chaou-Talalay method*"" (Figure 6D). Combination index
value suggested synergy (CI <1.00) and not just additive activity
(CI =1). CI values were obtained over a range of fractional cell kill
levels (i.e., 0.05 to 0.95; 5-95% cell kill), and demonstrated values <1 for
two dose combinations of MsDefl and Doxorubicin (Figure 6D, blue
and red lines). This is the fourth premise on which MsDef1 is proposed
as a targeted tumor sensitizer.

MsDefl1 stability to protease digestion

The most important parameter that determines drug efficacy
and safety is the stability of drug “in vivo”. The stability of MsDefl
to digestion by proteases was assessed by incubating MsDefl with
pepsin simulated gastric fluid (SGF) to predict it’s in vivo stability.
MsDefl, in presence of SGF, remained undigested (lanes 3-6
compared to lanes 1-2 in Figure 8), while positive control BSA
(lanes 9-10 in Figure 8) was completely degraded. This result
suggests high stability of MsDef1 towards protease digestion in vivo.

Discussion

The antifungal properties of plant defensins, particularly
MsDefl are well studied by our collaborator Shah et al. (36-38) in
plant science. However, their potential as anti-cancer agents remain
largely underexplored. We have previously reported that the
antifungal mechanism of action (MOA) of the plant defensin

10.3389/fonc.2023.1141755

MsDefl involves its potential interaction with GlcCer (38). In
order to characterize the role of this interaction with cancer cells,
we first determined the three-dimensional structure of MsDefl
using nuclear magnetic resonance (NMR) similar to the homology-
based three-dimensional structure of MsDefl1 reported earlier (51)
and NMR structures of several other plant defensins (51). The
structure of MsDef1 consists of one a-helix and a 3-sheet consisting
of three anti-parallel strands and adopts the cysteine-stabilized o/
fold. In this study, we used NMR to analyze the conformation and
dynamics of MsDef1 in presence of DPC micelles and DPC micelles
plus GlcCer extracted from the cell walls of F. graminearum. The
"N longitudinal relaxation (T1), 1>N-'H NOE and chemical shift
identified amino acid residues 12-20 and 33-40 as the binding sites
for this sphingolipid of the uniformly '*N-labeled peptide. These
two binding sites are located in the Loopl and Loop2 regions of the
MsDefl structure, respectively. Similar interaction of the plant
defensin Psd1 with GlcCer has been reported previously (66, 67).
Binding of MsDefl with GlcCer is the first step in mediating
cytotoxicity in cancer cells and is the first premise on which we
rationalized the utility of MsDef1 as a potential tumor sensitizer for
cancer therapy. The interaction of MsDefl with GlcCer enabled us
to predict and propose the potential utility of this peptide in
cancer therapeutics.

The MDR cancer cells is a major problem in the treatment of
cancer. For example, Doxorubicin which is a front-line treatment
for TNBC patients mediates cell death through the ceramide
pathway. However, cancer cells circumvent the benefits of the
therapy by GlcCer using the GCS enzyme converting lethal
ceramide to innocuous GlcCer (25). GlcCer is established as a
biomarker for MDR (23). Hence, targeting GlcCer may be a novel
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(A) Tabulated ICsq values of MsDefl in MDA-MB-231, BT-549 cancer cells compared to normal cells MCF-10A, induced pluripotent stem cell derived
cardiomyocytes (iPSCs), bone marrow cells (MSC-001F) and Doxorubicin. (B) The ICsq values were derived from viability assays. N=3, p < 0.05, Note: IC-
50 values for normal cells by Defl is ~ 10-15 times lower compared to cancer cells indicating better safety profile for Defl in vitro, (C) ICsq curve for a)
Defl and b) combination of Defl at 20 uM as a function of Doxorubicin dose in MDA-MB-231 cells, N= 4, p< 0.002. (D) Combination Index calculation
for Defl and doxorubicin in MDA-MB-231 cells: fa = fractional killing of cells. Cl < 1.00 Synergistic, Cl = 1.00 Additive, Cl > 1.00, Antagonist.
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FIGURE 7

MsDefl synergizes with doxorubicin in resistant MDA-MB-231R and MCF-7R cells (A-D) Micro photographs of (A, E) control, (B, F) Defl alone,
(C, G) Doxorubicin alone and (D, H) Combination followed by (I) quantification of apoptosis, N = 4, p < 0.007.

and innovative strategy for addressing clinical MDR issues. MDR
cancer cells (e.g,, MDA-MB-231R) are characterized by the
overexpression of GlcCer on their surface. Jacek et al. (40)
successfully extracted and quantified GlcCer from Doxorubicin
resistant MCF-7R tumor cells using chromatography. MsDef1 has

1-2: MsDef1; No Pepsin in SGF; min and 60 min
3-6: MsDef1 0.2% Pepsin in SGF; 0 min, 5 min,
20 min and 60 min
M: Protein Standard 3.5 — 260 KDa
7-8: BSA; No Pepsin in SGF; 0 min and 60 min
9-10: BSA; 0.2% Pepsin in SGF; 0 min and 60 min
SGF: Simulated Gastric Fluid

FIGURE 8
MsDef1 stability in Simulated Gastric Fluid (SGF, in vivo mimicking
conditions) while, positive control BSA degraded, n=4, p <0.08.
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a net positive charge of +4 but has potential to carry a net charge of
up to +7 at low pH conditions. The anionic character of the plasma
membranes of cancer cells brought about by externalization of
phosphatidylserine could facilitate high binding of cationic MsDef1.
Our NMR studies (Figures 1, 2) established that specific residues of
MsDefl binding to GlcCer mediating intracellular cytotoxic effects.

Ceramide pathway is involved in mediating cytotoxicity of
anthracyclines. Our results on resistant TNBC cells showed the
release of ceramide from GlcCer (Figure 3). This is in contrast to the
conversion of apoptotic ceramide to non-apoptotic GlcCer, a
biomarker of MDR by cancer cells. In other words, MsDefl
treatment could revamp the ceramide pathway inhibiting one of
the resistance mechanisms. Our data showed that MsDefl induced
sphingomyelinase activity and enhanced ceramide levels in resistant
MCE-7R cells (Figure 3B). Since ceramide is a powerful cell death
inducer, the ceramide levels were correlated to the apoptosis
(Figure 3A). The importance of the restoration of ceramide
pathway lies in its ability to modulate the biochemical and
cellular processes that lead to apoptosis. MsDefl was also
compared with o-Tocopheryl succinate (0-TOS) which mediates
its cytotoxic effect through ceramide pathway (53). A significant
increase in the ceramide release by MsDefl in resistant cancer cells
suggests that this peptide might be able to create structural defects
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on the surface of cancer cell membranes by cleaving the bond
between ceramide and glucose. A potential permeation mechanism
is proposed based on confocal studies (see below).

Equally important in the development of MDR is the
overexpression of Trx as a defense mechanism which occurs in
response to oxidative stress during chemotherapy treatment. High
Trx levels are directly correlated with inhibition of the endogenous
ASK1 pathway making chemotherapy ineffective. Tumors with low
Trx levels exhibit a better prognosis than tumors with high Trx
levels (poorer prognosis, P < 0.001) for partial free survival (PES)
and for overall survival (OS) (32, 33). In fact, Trx is a well-studied
target which lowers the response rate to specific docetaxel, cis-platin
and Doxorubicin treatment while sensitizes cancer cells to Perifosin
once Trx is inhibited (68). Oxidation of Trx releases ASK1 bonded
to Trx. Our data clearly showed oxidation of Trx by 20 uM MsDef1
as compared to 2 mM H,0, demonstrating a better oxidation
potential of MsDefl than H,0,. Oxidation of Trx is known to
activate ASK1 cell death pathway and sensitizes tumor cells (68).
The presumption that Defl permeates MDR tumor cells is true
because MsDef1 could access intracellular Trx. Similarly, creation of
pores on the membrane surface of GlcCer positive MDR cancer cells
by MsDefl may also be rationalized since MsDef1 got the access of
intracellular Trx in tumor cells, despite more research is needed to
corroborate it. This result agrees with the finding that human (-
defensinl (hBD-1) similar to MsDefloxidizes Trx in situ (69, 70)
and unmasks its biological activity. For example, after reduction of
disulphide-bridges hBD-1 becomes a potent antimicrobial peptide
against opportunistic pathogens. Similarly, MsDefl presumably
becomes anti-tumorigenic after it got reduced to a potent form by
tumor specific Trx. It is observed in our studies that all cancers cells
were Trx positive while normal cells, cardiomyocytes and bone
marrow cells were Trx negative. These data also indicate a potential
strong selectivity of MsDef1. Similarly, Trx inhibitors (e.g.PX12) are
known to oxidize Trx to reactivate ASK1 pathway and sensitize
cancer cells to chemotherapy (68). Targeting ceramide and ASK1
dual cell death pathways is the hallmark of MsDefl which may be
unique compared to the other existing cancer treatments.

Interaction of MsDefl with the tumor specific MDR biomarker
Trx may have several implications for the potential trapping of
MsDefl inside cancer cells. This may be important for the
continuous activation of ASK1 cell death pathway resulting in the
antitumor properties and/or synergy of MsDefl with the existing
treatments. Defensins are cationic at low pH with cell penetrating
properties [e.g., human B-defensin, hBD-1 (69, 70)]. In this study,
we tested the cell penetrating ability of MsDefl in MDR tumor cells
using the NBD-conjugated peptide. Confocal microscopy studies
performed using MsDefl-NBD incubated with TNBC MDA-MB-
231R and ovarian SKOV3 cells showed the uptake of the peptide,
although not linearly to different concentrations. It appears that
there is a significant change in the intensity of fluorescence signal
from 0 mg/mL to 2.22 mg/mL to 6.6 mg/mL and get saturated at
higher concentrations. The low uptake of MsDefl-NBD by tumor
cells established the selectivity of the peptide to tumor cells.
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BODIPY-labeled plant defensin NaD1 was also reported to
localize in organelles of lymphoma U937 cells (66, 67)
demonstrating the cancer cell penetrating ability of plant defensins.

We hypothesized that MsDefl with its ability to penetrate
GlcCer positive cancer cell membranes could potentially increase
the diffusion of Doxorubicin into the tumor. This hypothesis was
corroborated by measuring the influx of Doxorubicin by MsDef1 in
MDR cancer cells through the intrinsic fluorescence of Doxorubicin
at 488 nm measured using confocal microscopy (Figure 5G). The
low intensity of fluorescent signal by Doxorubicin alone confirms
the reported poor tumor penetrating ability of Doxorubicin. The
higher influx of Doxorubicin indicated by the higher intensity of
fluorescent signal by cancer cells which are pretreated with MsDefl
implies that MsDefl may permeate MDR cancer cells making
Doxorubicin diffuse better into the tumor cells.

The inhibitory activity ICs, of MsDef1 against several GlcCer
and Trx positive cancer cells is in the 10-15 uM range which is
similar for many chemotherapeutics (62-65) making MsDefl
clinically viable. The interesting part is that ICsq MsDefl is 15-
20-fold more in normal epithelial breast cells and more importantly
in cardiomyocytes (Table in Figure 6A). In contrast, Doxorubicin
has ICsq very low at 9.6 uM in cardiomyocytes which makes it
cardiotoxic (Figures 6A, B). However, Doxorubicin combined with
MsDefl was ~25x more potent, against MDA-MB-231R cancer cells
confirming the synergy between MsDefl and Doxorubicin
(Figure 6B). The data was further corroborated with the
calculation of combination index (CI) using Towley method (61)
which showed CI values less than 1.00 indicative of synergy and not
just addition (6D). Although, several defensins (71) have been
reported to be cytotoxic to cancer cells (Table in Figure 6A) they
shared little sequence homology with MsDefl and none of them
were shown to bind GluCer, permeate cells, synergize with
Doxorubicin, and hit the intracellular tumor specific target (Trx).
This was the fourth premise on which MsDefl is proposed as a
targeted tumor sensitizer.

The risk of anthracycline related cardiomyopathy increases with
a higher cumulative anthracycline dose (72, 73). About 3% of that
dose persist even after the completion of therapy leading to
potential heart failure and death for a dose of 400 mg/mz, 7% for
a dose of 550 mg/m?, and 18% for a dose of 700 mg/m?. The poor
tumor penetration capacity by Doxorubicin and its off target
hyperactivation of endogenous PARP in heart leads to
cardiomyopathy (74). Hence, improving the clinical performance
of Doxorubicin may pave the way for new combination adjunctive
therapy. A priori activation of apoptosis pathways of tumor
(AAAPT) technology developed by us (39) involves targeted
natural tumor sensitizers, small molecules and defensins to
sensitize specifically desensitized resistant tumor cells to evoke a
better response from Doxorubicin (39). In other words, sensitizing
MDR cells and making them better responsive to chemotherapy is
expected to make chemotherapy work at lower doses without
compromising on the efficacy on tumor regression, yet reducing
the cardiotoxicity to minimum by dose reduction. This synergistic
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approach may facilitate the expansion of the therapeutic index of
the drug. Both Defl (25 uM) and Doxorubicin (1mg/mL) induced
cell death in resistant TNBC MDA-MB-231-R cells reasonably
assessed through morphology of cell death (Figure 7). However,
when combined together, the cumulative cell death was greater than
just adding the two drugs. The change in ICs, for the combination is
~25 times higher compared to individual drugs (Figure 6C, from
394.6 nM to 16.5 nM for the combination). This translates,
clinically that a combined formulation potentially may reduce the
tumor burden at a lower Doxorubicin dose which in turn may
reduce the dose related toxicity induced by Doxorubicin,
particularly cardiotoxicity. It is to be noted that MsDefl does not
tackle the Doxorubicin toxicity directly. We infer that cardiotoxicity
of Doxorubicin is tackled by making it work effectively at lower
doses which automatically lowers dose related cardiotoxicity. In
other words, physicians may have a larger window for fine tuning
the combination dose regimen based on the potential combined
lower toxicity rather than the individual toxicities. MsDefl, being
natural and expressed in corn and alfalfa is presumably not
expected to be toxic at the clinical dose levels, although not
proved in vivo so far. However, FDA considers MsDefl belongs
to the GRAS (generally regarded as safe) category. It is possible to
leverage this by changing MsDefl dose in a larger window and
reducing the Doxorubicin dose for potential, combinatory
synergistic effects. In our recently published work (40) on small
molecules we have established in a rat tumor model that the ejection
fraction measured through US imaging was retained for the
combination (> 65%) while it did not for Doxorubicin alone
(< 45%).

Two major requirements for the translation of bench concept to
clinical product are a) stability of MsDefl and b) selectivity of
MsDefl to cancer cells. In general, MsDefl type of molecules are
quite stable in media due to the cyclization of cysteines. Stability of
MsDefl in vivo towards proteolytic enzymes may not be a big
concern since several tetra sulfide array compounds including FDA

10.3389/fonc.2023.1141755

approved products developed by Pandurangi et al. (75, 76); (e.g.,
NeoTect, NeoTide), human beta defensin (hBD-1) with three S-S
bonds (69, 70), cyclized cyclotides (77), 0 defensins (78) provide
solid examples of high stable compounds similar to MsDefl.
Typical concentration of defensin involved in host defense against
microbial infections range ~ 10mg/mL (e.g., granules, intestine)
indicates reasonable stability in vivo (79). Preliminary studies on the
stability involved incubation of MsDefl in simulated gastric fluid
(SGF) which mimics in vivo conditions, and the stability was
assessed through Western Blotting. MsDefl showed no significant
change in the intensity of the bands with respect to time, while
positive control BSA was degraded easily (Figure 8). This implies
high stability of MsDefl towards protease digestion. The
combination of a cyclic cysteine knots (CCK) and a circular
backbone renders peptide impervious to enzymatic breakdown
exemplified by cyclotides (77), theta defensins (78) and FDA
approved drugs like AcuTect (75, 76) and NeoTect (75, 76).
MsDefl is shown to target two tumor specific targets in this
study, i.e., GlcCer and Trx. Overexpression of both GlcCer and Trx
made cancer cells resistant to treatments and are considered as
biomarkers of resistance. The selectivity of MsDefl may be
hypothesized as described in Scheme 1. Cells are categorized into
3 classes for understanding selectivity: Class A: Tumor cells which
are anionic, low pH, GlcCer positive and Trx positive, Class B:
Nontumor cells, GlucCer Positive, normal pH, and Class C: Normal
cells, Normal pH, Both GlcCer and Trx negative. In Class A, tumor
cells, particularly MDR cells have both GlcCer and Trx positivity
and are also at low pH conditions. Under these conditions, MsDef1
is cationic with +7 charge which interacts with anionic
sphingolipids strongly to liberate ceramide from GlcCer. Hence, it
is reasonable to assume that MsDefl might have created structural
pore defects on the membrane of cancer cells allowing the diffuse of
MsDef1 which in turn interacts with intracellular Trx through Trx.
That liberates ASK1 protein from Trx activating ASK1 pathway. In
Class B case, off target cells have low GlcCer positivity and low

MsDef1 Selectivity

Tumor Cells
(Anionic/Low pH)

GlcCer MM Trx A4

Non-Tumor
Cells/Normal pH
(GlcCer +ve, Trx —

Normal
Cells/Normal pH
(GlcCer —-ve, Trx

ve -ve)
l o -
High Def1 Binding Low Binding No Binding
Trx Target/ASK1| NO Trx Target, NO |NO Trx Target, NO
Activation ASK1 Activation ASK1 Activation
! k1 3
' NO NO
* APOPTOSIS APOPTOSIS

SCHEME 1
Selectivity of MsDefl.
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Description of dual Pathways activation by MsDefl which sensitizes multidrug resistant (MDR) cancer cells: (A) Doxorubicin activates ceramide
pathway in triple negative breast cancer cells (MDA-MB-231), while cancer cells circumvent it by overexpressing Glucosilceramide Synthase (GCS)
which glycosylates ceramide to convert it to Glucosilceramide (GlcCer) which is MDR biomarker, (B) Deactivated MDR-MB-231R MDR cancer cells
overexpress Thioredoxin (Trx) deactivating Apoptosis Stimulating Kinase 1 (ASK-1) pathway, (C) MsDef1, Upon treatment liberates ceramide by
reactivating ceramide pathway, (D) leading to apoptosis, (E) MsDefl also oxidizes Trx activating ASK1 Pathway sensitizing MDR cancer cells to

Doxorubicin leading to synergistic apoptosis.

binding of MsDef1 to GlcCer positive cells is expected to trigger the
release of ceramide. However, low levels of ceramide are expected to
have little side effects. In Class C, it is obvious that these cells are
both GlcCer and Trx negative leading to no uptake of MsDefl
(Figures 5C-E). Although, the undesired off-target expression of
GlcCer and Trx (e.g., brain, kidney etc.) may be of a little concern, it
is to be noted that the overexpression of GlcCer and Trx in tumor
compared to other cells is the key. It is the relative target Vs. non-
target expression of the biomarker which makes it better selective
compared to nonspecific chemotherapy. For example, high target/
non-target ratio for many FDA approved targeted imaging and
therapeutic drugs (e.g., Octreoscan (80), Herceptin (81)) based on
somatostatin and ErbB2 overexpression respectively, are good
examples of selectivity despite low expression of the biomarker at
non-target sites. It is the combination of two tumor specific targets
(GlcCer & Trx) and reactivation of two pathways (ceramide and
ASK) which makes MsDefl unique (Scheme 2).

In summary, TNBC patients treated with Doxorubicin are not
getting benefitted much since ceramide pathway through which
Doxorubicin mediates cell death was deactivated by cancer cells
(Scheme 2A). The deactivation of ceramide pathway is due to the
classic glycosylation of ceramide which produces MDR cancer cells.
We have clearly shown that MsDef1 reactivated ceramide pathway,
liberating ceramide from GlcCer, oxidizing intracellular Trx and in
turn activating ASK1 pathway. As a result, MDR cancer cells are
sensitized to Doxorubicin through synergy. Our studies revealed
that MsDef1 could be a natural tumor sensitizer which can be useful
at neoadjuvant settings with chemotherapy. Further studies are
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needed to test the synergicity of MsDefl in tumor animal models in
vivo for a potential smooth clinical translation.
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mM), 4. H,O, (10 mM) (N=4, p < 0.05).

SUPPLEMENTARY FIGURE S2

(A) SDS-PAGE of MsDefl prepared using E-coli Rosetta (DE3/pET 28a). (B) 1-6
HPLC Fractions, Fraction 1 corresponds to molecular weight of fully folded
MsDef1 (5183) which showed antifungal activity.

SUPPLEMENTARY FIGURE S3

Immunoblot analysis of phosphorylation of Threonine-845 residue of ASK1
Protein in response to the treatment of Defl in MDA-MB-231 cells: 1. Control,
2. N-Acetyl-Cystein (NAC, 5 mM)/60 mins, 3. NAC (5 mM) + Defl (50 uM ) for
60 min, 4. Def-1 (50 uM) alone for 60 minutes, N=4, P < 0.005, GAPDH
Internal Control.
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Introduction: The molecular mechanism of chemotherapy resistance in breast
cancer is not well understood. The identification of genes associated with
chemoresistance is critical for a better understanding of the molecular
processes driving resistance.

Methods: This study used a co-expression network analysis of Adriamycin (or
doxorubicin)-resistant MCF-7 (MCF-7/ADR) and its parent MCF-7 cell lines to
explore the mechanisms of drug resistance in breast cancer. Genes associated
with doxorubicin resistance were extracted from two microarray datasets
(GSE24460 and GSE76540) obtained from the Gene Expression Omnibus
(GEO) database using the GEO2R web tool. The candidate differentially
expressed genes (DEGs) with the highest degree and/or betweenness in the
co-expression network were selected for further analysis. The expression of
major DEGs was validated experimentally using gRT-PCR.

Results: We identified twelve DEGs in MCF-7/ADR compared with its parent
MCEF-7 cellline, including 10 upregulated and 2 downregulated DEGs. Functional
enrichment suggests a key role for RNA binding by IGF2BPs and epithelial-to-
mesenchymal transition pathways in drug resistance in breast cancer.

Discussion: Our findings suggested that MMP1, VIM, CNN3, LDHB, NEFH, PLS3,
AKAP12, TCEAL2, and ABCBI1 genes play an important role in doxorubicin
resistance and could be targeted for developing novel therapies by chemical
synthesis approaches.

KEYWORDS

breast cancer, chemoresistance, differentially expressed genes, gene co-expression
network, doxorubicin (DOX)

Abbreviations: ADR, Adriamycin resistance; DEG, differentially expressed genes; GCN, gene co-expression

network; GEO, gene expression omnibus; PPI, protein-protein interaction; ECM, extracellular matrix.
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Introduction

Breast cancer is the most common malignancy among women
worldwide and is the second cause of cancer-related mortalities after
lung cancer (1). In the United States alone, 268,600 new cases and
41,760 fatalities were reported for breast cancer in 2019 (2),
accounting for greater than 30% of all new cancers and 15% of all
cancer-related deaths. Breast cancer is distinguished by molecular,
histological, and clinical characteristics, necessitating distinct clinical
management strategies (3). Based on immunohistochemistry
analysis, breast cancer can be classified into three distinct
molecular subtypes, including estrogen or progesterone receptor
positive (ER+/PR+), human epidermal growth factor receptor
positive (HER2+), and triple-negative (TNBC) (4, 5). ER+/PR+
breast tumors have distinct gene expression signatures
characteristic of ductal luminal cells of the breast and are
accordingly subclassified into luminal A and luminal B subgroups
with very different prognoses (6, 7). The luminal A subtype, for
example, is characterized by a high expression of proliferative and cell
cycle-related genes and a low proliferative rate (8). A high expression
of Ki-67 and proliferating cell nuclear antigen and a high mutation
rate of p53 are characteristics of luminal B subtypes (9, 10). TNBC or
basal-like tumors are heterogeneous in gene expression profiles and
can be categorized into multiple different subgroups (11).

Endocrine hormone therapies, including ovarian function
suppression, selective estrogen receptor modulators, selective
estrogen receptor down regulators, and aromatase inhibitors, are
commonly used as primary systemic therapies in patients with ER
+/PR+ breast cancer, complementing surgery (12, 13). HER2+
breast cancer, which accounts for ~20% of all breast cancer cases,
benefits from therapies targeting the epidermal growth factor 2
(ERBB2 or HER2/neu) gene, such as anti-ERBB2 antibodies and
tyrosine kinase inhibitors (13). However, TNBC, which represents
about 15% of all breast cancer cases and is more common in
premenopausal young women under 40, lacks effective targeted
therapies and is unresponsive to current endocrine therapies (14).
Chemotherapy, including doxorubicin/Adriamycin, paclitaxel,
docetaxel, cyclophosphamide, and carboplatin, alone or in
combination, is commonly used for neoadjuvant or adjuvant
treatment of breast cancer, to downstage tumors or as a standard-
of-care regimen for aggressive and early-stage disease (13, 15-20).
Doxorubicin, an anthracycline chemotherapeutic agent, is still a
first-line therapy for early-stage breast, ovarian, lymphoma, and
leukemia cancers (21-24). However, the development of
chemoresistance continues to be a significant clinical obstacle in
treating breast cancer (15).

Chemoresistance refers to the ability of cancer cells to survive
and proliferate despite exposure to high doses of chemotherapeutic
agents, resulting in a lack of response or failure of the treatment.
The most common routes for chemoresistance include over-
expression of membrane efflux pumps, such as ATP-binding
cassette (ABC) transporters, drug sequestration in lysosomes,
alterations in drug metabolism, mutations or downregulation of
drug targets, upregulation of cell cycle regulators and apoptosis
inhibitors, activation of survival pathways, changes to cellular
metabolism, mitochondrial alteration, and changes to the tumor
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microenvironment (25-33). Understanding the molecular
mechanisms underlying doxorubicin resistance in breast cancer is
crucial for developing effective strategies to overcome this resistance
and improve patient outcomes.

Despite extensive research on doxorubicin resistance in breast
cancer, there are still gaps in our knowledge regarding the specific
genes and pathways involved in this process. In this study, we aimed
to identify co-regulated genes associated with doxorubicin
resistance in the MCF-7/ADR breast cancer cell line using gene
co-expression network (GCN) analysis of publicly available
microarray gene expression datasets (34). GCN analysis has been
extensively used for the identification of genes and molecular
pathways dysregulated in various cancers (35, 36), particularly
those genes with uncertain significance in biological processes (37).

Materials and methods
Breast adenocarcinoma datasets

We searched the GEO database for breast cancer mRNA
expression data related to doxorubicin or Adriamycin resistance,
specifically focusing on datasets that included profiling of both
MCE-7/ADR and normal parent MCF-7 cell lines for downstream
analysis. Four human mRNA datasets (GSE5920, GSE87864,
GSE24460, and GSE76540) were identified based on these criteria.
After an initial analysis, we noticed that the GSE87864 and
GSE5920 datasets were unsuitable for network analysis due to
high heterogeneity among replicates and inconsistent patterns of
results. The remaining two datasets comprised at least two cell lines
(MCF-7/ADR and parent cell line MCF-7) and two experimental
conditions (doxorubicin and no doxorubicin), and both were
generated by the same Affymetrix platform (Affymetrix Human
Genome U133 Plus 2.0 Array). Table 1 shows detailed information
about the analyzed datasets.

Identification of dysregulated genes

Primary analyses were performed using the online GEO2R suite
(http://www.ncbinlm.nih.gov/geo/geo2r). The GEO2R enables the
comparison of samples in a GEO dataset and the identification of
differentially expressed genes (DEGs) under a particular
experimental condition. We ignored the probe sets without a gene
symbol. The GEO2R build-in R package Limma was used to identify
DEGs (38). The raw expression data were corrected for background
noise and normalized using the Robust Multi-array Average (RMA)
algorithm, which takes into account data quantiles to correct for
array biases (39). DEGs were identified by comparing normalized
expression data from MCF-7 and MCF-7/ADR cell lines and
looking for a minimum |log2 fold change (FC)| > 1 and a
Bonferroni corrected P-value < 0.05. Correlations (the Pearson
method) between gene expression data were calculated using the
psych package in R (40). Only correlations with |r| = 0.7 and P-value
< 0.05 were considered for network construction. The resulting
correlation matrix was used for network construction using the R
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TABLE 1 The detailed characteristics of the datasets included in this study.

Country

Cancer Type Samples

MCF-7/ADR

USA Breast cancer 2

China Breast cancer 3

package iGraph under the default settings (38). Gene clusters were
generated using the clusterMaker plugin in Cytoscape based on the
AutoSOME algorithm (41). Genes with the greatest betweenness
and/or degree were chosen for further experimental validation, as
previously described (42). Figure 1 shows the details of the
bioinformatic workflow employed to identify DEGs and the final
hub genes.

Functional annotation analysis

To assign specific functional roles to DEGs and to visualize
them in the context of molecular pathways, we used a set of
functional annotation and pathway inference tools. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was used
for the functional annotation of DEGs. Gene ontology (GO)
annotation allowed us to categorize DEGs into cellular
components, molecular functions, and biological processes’
functional ontologies. Protein-protein interactions were inferred
by the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING, www.string-db.org/cgi/input.pl) considering all
interaction sources. Interactions with a combined score > 0.4
were used for network visualization, and those with a score > 0.7
were kept for further analysis.

Cell line characterization
and authentication

The MCEF-7 and MCF-7/ADR cell lines were obtained from the
Iranian Biological Resources Center. The authenticity of cell lines
was validated using Short Tandem Repeat (STR) DNA profiling.
STR profiling was conducted using the AmpFISTR Identifiler PCR
Amplification Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. STR profiles were
evaluated using the GeneMapper ID software. The MCF-7/ADR cell
line was further characterized based on cell morphologies and ICs,
drug dosage.

Cell culture

MCEF-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco source; DNA Biotech, Iran) supplemented
with 100 units/mL penicillin-streptomycin and 10% FBS (Bioldea,
Tehran, Iran) at 37 °C and 5% CO,. MCF-7/ADR cells were cultured
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in RPMI 1640 medium (Gibco source) containing 10% FBS and 13
ug/mL doxorubicin. The drug was omitted from the culture medium
48 h before the experiment.

MTT assay to determine the lethal
concentration (ICsq) of doxorubicin

Cells were seeded at a density of 2x10* cells/well in a 96-well
culture plate and incubated at 37°C in a humidified environment
containing 5% CO, for 16 hours. Subsequently, doxorubicin was
added at concentrations of 0, 5, 10, and 15 ug/mL after cells fully
adhered to the plate. The experiment was conducted in triplicate,
with each drug concentration assayed in at least three independent
wells. The MTT assay was performed by adding 20 uL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (5
mg/mL) to each well and the cells were incubated for an additional 4
h. After incubation, 100 pL of dimethyl sulfoxide (DMSO) was
added to each well and the plate was shaken for 15 min to ensure the
complete dissolution of cells. The optical density (OD) was
measured at 492 nm using a microplate reader. Cell growth
inhibition was calculated using the formula: inhibitory rate
(percentage) = (1 - mean OD value in the experimental group/
mean OD value in the control group) x 100. The ICs, value was
estimated from the OD values and used to determine the
doxorubicin cytostatic activity on MCF-7 and MCF-7/ADR cells.

Total RNA extraction and quantitative real-
time PCR analysis

Total RNA was isolated from MCF-7 and MCE-7/ADR cell lines
using the Roche High Pure RNA Isolation Kit (Roche GmbH,
Mannheim, Germany) according to the manufacturer’s instructions.
The concentration and integrity of the extracted mRNAs were
evaluated by a nanodrop spectrophotometer (Maestrogen, Taiwan)
and agarose gel electrophoresis.

A total of 1 ug RNA was reverse transcribed in a 20 uL
reaction mixture using the ExcelRT" " One-Step RT-qPCR Kit
(SMOBIO, Taiwan) according to the manufacturer’s protocol.
qRT-PCR reactions were carried out under the following cycling
conditions: a denaturation step at 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 1 min in an ABI Step One
Plus " Real-Time PCR System (Applied Biosystems). RT-PCR
reactions were performed in triplicate. The cycle threshold (Ct)
values for the target gene and internal control gene (GAPDH)
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FIGURE 1

The diagram shows the overall analysis performed in this study. The
MRNA expression datasets were retrieved from the GEO database
by searching for the MCF-7 and ADR keywords. The candidate
datasets were screened for the number of analyzed samples and the
reproducibility of the expression data. Datasets with low sample
numbers and inconsistent results were excluded from further
analysis. DEGs, differentially expressed genes; PPI, Protein-Protein
Interactions; GEO, Gene Expression Omnibus, GCN, Gene co-
expression network

were extracted and used to estimate gene expressions following
the 244 method (43).

Primers used for qRT-PCR were designed using the Oligo7
software and searched against the human RefSeq database to verify
their amplification specificities. Table 2 shows the sequence of
primers used for gqRT-PCR.
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Statistical analysis

All statistical analyses were performed using GraphPad Prism
(Version 9, San Diego, CA). Statistically significant differences
between the treatment groups were identified using the student t-
test. Statistical data are presented as mean + sd. A P-value less than
0.05 was considered statistically significant.

Results

Comparing gene expression profiles
between MCF-7 and MCF-7/ADR cell lines

To identify DEGs, the microarray gene expression profiles of
MCF-7/ADR and its parent MCF-7 cell line were compared in
two independent GSE datasets (GSE24460 and GSE76540),
considering a minimum fold change in expression > 2 and an
FDR-corrected P-value cutoff of 0.05 (Table 1; Supplementary
Data 1). We identified 1,108 DEGs in GSE24460 (566 up-regulated
and 542 down-regulated DEGs) and 3,207 in the GSE76540
dataset (1,835 up-regulated and 1,372 down-regulated DEGs), as
shown by volcano plots in Figures 2A, B. Correlating gene
expressions in each data set, considering a correlation coefficient
> 0.7 and an adjusted P-value < 0.05, resulted in the identification
of 36 strongly co-regulated genes in GSE24460 and 406 in
GSE76540. GCN analysis resulted in the identification of 18 and
115 genes with the highest degree and/or betweenness for the
GSE24460 and GSE76540 datasets, respectively (Figures 2C-E).
Among the final list of candidate co-expressed genes, only nine
were shared in the two data sets, some of which are already known
to contribute to chemoresistance, including ABCB1, LDHB, and
ESRI. We thus identified a total of 122 differentially expressed
genes (two genes were excluded from further analysis due to a lack
of gene symbols) between MCF-7/ADR and MCE-7 cells,
including 86 upregulated and 36 downregulated genes. The
expression patterns of the candidate DEGs in the two datasets
are visualized in heatmaps (Figure 3).

Functional enrichment analysis of DEGs

To link the candidate DEGs to biological or molecular
processes, a gene ontology enrichment analysis was performed.
The gene enrichment analysis was conducted by the FunRich GO
analysis software suite (44). Genes associated with all three
functional categories, including biological processes (BP),
molecular processes (MP), and cellular components (CC), were
identified among the candidate DEGs. The genes categorized in
the CC group mostly originate from the cytoplasm, nucleus,
plasma membrane, and exosome. Genes associated with the MF
category were mainly transcription factors, extracellular matrix
structural constituents, cell adhesion molecules, and transcription
regulators. Cell growth and/or maintenance, signal transduction,
and cell communication were significantly enriched in the BP
group (Figure 4).
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TABLE 2 The sequence of primers used for quantitative real-time PCR
(gRT-PCR) analysis of target genes.

Gene symbol Primer sequence (5" — 3)

F: AACACCCGACTTACAGATGATG
ABCB1

R: CTTCCAACCACGTGTAAATCCT

F: AAGTCATTGTCACAGAGGTTGGA
AKAP12

R: CTCAGTGGGTTGTGTTAGCTCT

F: CATCATCCTCTGCGAACTTATAAACA
CNN3

R: TTGCTTCGAATATGTCATGTGGC

F: TGATGAAAGGTGGGATACGAAAAG
ESR1

R: GGTTGGCAGCTCTCATGTCT

F: TCCTTTCTACTATGACTGGCACA
FXYD3

R: AGCTCCTCCACTCACTCATG

F: CCACGAAGAGGAAATCCAGGAG
VIM

R: TACCATTCTTCTGCCTCCTGC

F: GCGACTCAAGTGTGGCTGT
LDHB

R: GACTTCATAGGCACTTTCAACCAC

F: GGACCAACAATTTCAGAGAGTACAA
MMP1

R: CCGATATCAGTAGAATGGGAGAGT

F: GAGTGGTTCCGAGTGAGGC
NEFH

R: GCTCTGTGGTCCTGGCC

F: TGGCAGCTGATGAGAAGATATACC
PLS3

R: TCCAGCTTCACTCAACGTTCT

F: AGTCAGAGATGCAGGGAGGA
TCEAL2

R: TGCAGCCCTTGTTTCACTTTCT

F: GIGTGCACCGCCAAAGATG
CTGF

R: GCTGGGCAGACGAACGT

F: GTATCGTGGAAGGACTCATGACC
GAPDH

R: CAGTAGAGGCAGGGATGATGTTC

Most of the DEGs were enriched in pathways associated with
insulin-like growth factor-2 mRNA binding proteins and epithelial-
to-mesenchymal transition (Figure 5). KEGG pathway analysis also
revealed that most of the DEGs are involved in propanoate and
pyruvate metabolism, bladder cancer, and membrane transport
(ABC transporters).

Establishing a PPl network for the
candidate DEGs, cluster analysis, and
selection of hub genes

The candidate co-expressed genes were searched for potential
protein-protein interactions using STRING. The resulting PPI
network included 122 nodes and 50 edges, with a PPI enrichment
P-value of 1.3e-12 (Figure 6). Cluster analysis using Cytoscape
revealed a critical module across the network with 10 essential co-
regulated genes, including EGFR, ESRI, FGF2, CDKN2A, KRT19,
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VIM, CTGF, CALDI1, GJAI, and MMPI. Particularly, EGFR and
ESRI genes showed the highest degree of connectivity in the PPI
network, suggesting their critical role in maintaining the integrity of
the whole network. To confirm whether the changes in gene
expression detected by microarray could be validated in the
corresponding cell lines, the expression of these functionally
significant genes was evaluated by qRT-PCR.

MCF-7/ADR cells showed resistance to
doxorubicin-mediated apoptosis

To characterize whether MCF-7 and MCF-7/ADR cell lines have
the same genetic origin, we performed STR profiling. Our results
showed that MCF-7/ADR and its parent MCF-7 cell line have a
shared STR profile, confirming their common origin. To test whether
our MCF-7/ADR cell line has maintained its drug resistance
phenotype, cell viability under an increasing concentration of
doxorubicin was evaluated. Exposing MCF-7 cells to an increasing
dose of doxorubicin for up to 48 h significantly decreased cell
viability, while no significant change to the MCF-7/ADR cells was
noted. MCF-7/ADR cells had a vitality almost three times higher than
that of their parent MCE-7 cells. Doxorubicin treatment effectively
suppressed the development of MCF-7 and MCF-7/ADR cells with
an ICsy value of 3.09 + 0.03 and 13.2 + 0.2 pg/mL, respectively
(Figure 7A). Doxorubicin at doses of 5, 10, and 15 pg/mL
significantly inhibited the proliferation of MCF-7 cells (P<0.05).
MCE-7/ADR cells treated with 5 and 10 pug/mL of doxorubicin for
7 days displayed a normal cell morphology with only minor swelling.

Evaluating the expression of the
candidate DEGs in the MCF-7 and
MCF-7/ADR cell lines

The qRT-PCR method was used to confirm the expression of ten
candidate co-expressed genes, five of which were shared between the two
datasets, namely MMPI, ABCBI, AKAPI12, PLS3, and CTGF. Three
genes were selected from the GSE76540 dataset, namely VIM, TCEAL2,
and NEFH, while two genes were selected from the GSE24460 dataset,
including LDHB and CNN3 (Table 3). Two additional co-downregulated
genes, ESR1 and FXYD3, were also included to further check for
amplification biases. The expression of genes was compared between
MCEF-7 and MCF-7/ADR cell lines in the presence or absence of
doxorubicin. In the absence of the drug, a low expression of ESRI and
FXYD3 mRNAs in MCF-7/ADR cells was noticeable. Their expressions
increased steadily in the presence of the drug at concentrations greater
than 5 pg/mL. A significant difference in PLS3, CNN3, and NEFH
expression was also noted between MCF-7 and MCF-7/ADR cells,
correlating with microarray data (Figure 7B). CTGF was the only gene
for which no expression was detected by qRT-PCR.

Discussion

Doxorubicin is widely used as a first-line neoadjuvant
chemotherapy medication to treat breast cancer (45). While
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FIGURE 2

Identification and co-expression network visualization of DEGs between MCF-7 and MCF-7/ADR cell lines. Volcano plots show the overall changes
in gene expression between MCF-7 and MCF-7/ADR cell lines analyzed in the GSE76540 (A) and GSE24460 (B) datasets. Among a final list of 124
DEGs, only nine were shared between the two datasets, as depicted in the Venn diagram (C). One hundred and six DEGs were only detected in the
GSE76540 dataset and nine in the GSE2446 dataset. The gene co-expression network of DEGs identified in the GSE24460 (D) and GSE76540

dataset (E).

doxorubicin therapy proved to be extremely effective in the short-
term treatments, long-term use may result in chemoresistance.
Resistance to doxorubicin is a significant obstacle to the
effectiveness of chemotherapy in patients with breast cancer.
While the mechanism of chemoresistance is complex, identifying
the critical genes and signaling pathways involved in the process is
practically challenging. Large-scale analysis of gene expression in
chemo-sensitive and chemo-resistant cells is a key approach to
identifying genes or pathways associated with this phenomenon.
Here, we sought to explore the available microarray gene
expression data sets to identify potentially important
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components of the chemoresistance mechanisms in MCEF-7/
ADR cells challenged with the chemotherapeutic agent
doxorubicin. GCN analysis is commonly used to identify
genes or molecular pathways in complex gene expression data
(46-48). Using this approach, we identified several candidate
DEGs that are known to implicate cell proliferation and/or
maintenance, insulin-like growth factor 2 mRNA binding, and
epithelial-to-mesenchymal transition (EMT). These include
several potential hub genes in the PPI network, such as
EGFR, ESRI, FGF2, CDKN2A, VIM, CTGF, CALDI, and
MMPI. Only ESRI and FXYD3 showed decreased expression
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The heatmaps show the differentially expressed genes (DEGs) between the MCF-7 and MCF-7/ADR cell lines in the GSE76540 (A) and

GSE24460 (B) datasets.

in the chemo-resistant cell line, whereas the remaining genes
showed upregulation.

The most common mechanism for chemoresistance is the active
efflux of the chemotherapeutic agent through the ABC transporters
(28). ABC transporters are a large group of membrane proteins that
mediate the import or export of diverse substrates across the cell
membrane (49). Overexpression of cell surface efflux ABC
transporters, including ABCBI, ABCCI, and ABCG2, was
associated with chemoresistance in breast cancer (50, 51). Our
analysis showed an increased expression of ABCBI, indicating its
potential role in conferring resistance to doxorubicin.

Lactate dehydrogenase B (LDH-1) is a glycolytic enzyme linked
to lysosomes and autophagy via the oxidative pathway (52, 53).
Deacetylation of LDHB by SIRT5 promotes the development of
autophagy vesicles and thus induces autophagy (54). Breast cancer
cells expressing high levels of LDHB show basal-like and glycolytic
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phenotypes, whereas the suppression of its expression reduces their
glycolytic dependence (55). The expression of LDHB is significantly
increased in response to chemotherapy, suggesting a marker role for
this gene in response to neoadjuvant chemotherapy in breast cancer
(56). In line with our results, previous proteomic analysis of
Adriamycin resistance in breast cancer also suggested a role for
LDHB in drug resistance (57).

PLS3 encodes a protein called plastin-3 that is found in cancer
cells. It promotes apoptosis via the TRAIL pathway, which is
accomplished by expanding the death pathway of the
mitochondrial arm (58). However, PLS3 has been identified as a
putative target for increasing p38 MAPK-mediated apoptosis
triggered by drug resistance, suggesting that targeting this enzyme
could be an effective strategy for overcoming drug resistance (59).
We identified AKAPI2 as a key component of chemoresistance in
the MCF-7/ADR cell line. In ovarian cancer, AKAPI2 has been
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FIGURE 7

Cell viability and gene expression in the presence of doxorubicin in MCF-7/ADR and its parent cell line MCF-7. MCF-7 and MCF-7/ADR cells were
treated with doxorubicin at concentrations of 0, 5, 10, and 15 pg/mL for 48 hours, and cell viability was determined using the MTT assay (A). gRT—
PCR analysis of the expression of candidate DEGs in MCF-7 and MCF-7/ADR in the presence or absence of doxorubicin (B). The genes were
selected from the GCN network based on their degree or betweenness. CTGF failed to amplify in both cell lines. *P-value < 0.05 and **P-value

<0.01.
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TABLE 3 The list of the candidate up/down-regulated genes selected for qRT-PCR analysis following GCN analysis in the MCF-7/ADR and MCF-7 cell lines.

Data Set Name Rank_stat Degree Betweenness
VIM 111.0 22 408.1

GSE76540 TCEAL2 112.0 21 549.4
NEFH 103.25 18 289.2
LDHB 155 7 10.9

GSE24460
CNN3 135 6 5.8
MMPI 107.75 18 391.8
LDHB 155 7 10.9

GSE76540 ABCBI 70.25 7 70.9

and

GSE24460 AKAPI2 43.25 4 0.4
PLS3 27.25 3 0.0
CTGF 11.25 5 3.8

associated with paclitaxel resistance by modulating signaling
pathways related to cell survival and drug efflux (60). The role of
this protein in doxorubicin tolerance is not well understood.

MMP-1 is a gene that encodes a zinc-dependent matrix-
metalloprotease involved in the activation of EMT, the Akt
signaling pathway (61), and angiogenesis through various
mechanisms (62). Snail, Slug, and Twist are EMT-promoting
transcription factors that directly induce MMP-1 transcription in
chemo-resistant cells (63). By inactivating the Fas receptor, MMP-1
suppresses apoptosis and increases chemoresistance (64). In
addition, other members of the MMP family proteases, including
MMP-2 (65), MMP-7 (66), and MMP-9 (67), also contribute to
metastasis and multidrug resistance by degrading extracellular
matrix components in multiple types of cancer. MMP-1
expression has been linked to increased cell proliferation, tumor
development, metastasis, and resistance to chemotherapy in various
tumors (68, 69). Several studies have shown that overexpression of
MMP-1 significantly reduced drug sensitivity in MCF-7 cells,
whereas MMP-1 knockdown considerably increased drug
sensitivity in MCF-7/ADR cells (63, 70). Another candidate DEG
that is known to be involved in EMT is vimentin (VIM). The
contribution of VIM to EMT is mediated by activating the Akt
signaling pathway (71). CNN3 (calponin-3) expression is altered in
colorectal and breast carcinomas (72, 73). It has been linked to EMT
via B-Catenin, ERK1/2, c-Jun, heat shock protein 60, and mutant
p53 pathways (74).

Our results suggest that gene co-expression network analysis
can be used to identify genes that contribute to doxorubicin
resistance in breast cancer. Several of these genes have been
associated with cancer development, progression, metastasis,
and resistance to chemotherapy based on previous studies. In
many cases, potential inhibitors have been identified that could be
used to overcome drug resistance (75, 76). This research included
some limitations. For instance, it took advantage of microarray
data; however, the results can be further complemented by
additional analyses using mRNA sequencing and proteomics
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data to characterize changes in protein abundances,
post-translational modifications, and protein localizations.
Additional functional analyses, including gene knockout and/or
overexpression, can help provide a mechanistic understanding of
the role of these genes in the development of chemoresistance in
breast cancer.

Conclusion

In this study, we analyzed microarray data sets from chemo-
resistant and chemo-sensitive breast cancer cell lines using GCNG.
Our results suggest a key role for certain extracellular matrix
component proteins in the development of chemoresistance in
the MCF-7/ADR breast cancer cell line. The results of the
bioinformatics analysis were confirmed by qRT-PCR analyses of
specific DEGs. These findings could pave the way for the
identification of genes linked to molecular mechanisms governing
chemotherapy resistance in breast cancer.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

AM performed the experiments, analyzed the data, and drafted
the manuscript. JG contributed to the writing and revision of the
manuscript. ISM conducted the analysis of gene expression data. KS
and V] conceived and designed the study, and contributed to the
writing of the manuscript. All authors reviewed and approved the
final version of the manuscript.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1135836
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Miri et al.

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

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin (2016) 66
(1):7-30. doi: 10.3322/caac.21332

2. Gradishar WJ, Anderson BO, Balassanian R, Blair SL, Burstein HJ, Cyr A, et al.
Breast cancer, version 4.2017, NCCN clinical practice guidelines in oncology. J Natl
Compr Canc Netw (2018) 16(3):310-20. doi: 10.6004/jnccn.2018.0012

3. Miri A, Kiani E, Habibi S, Khafaei M. Triple-negative breast cancer: biology,
pathology, and treatment. CAJMPSI (2021) 1(2):81-96. doi: 10.22034/
CAJMPSI.2021.02.05

4. Stark A, Kleer CG, Martin I, Awuah B, Nsiah-Asare A, Takyi V, et al. African
Ancestry and higher prevalence of triple-negative breast cancer: findings from an
international study. Cancer (2010) 116(21):4926-32. doi: 10.1002/cncr.25276

5. Tsang JYS, Tse GM. Molecular classification of breast cancer. Adv Anat Pathol
(2020) 27(1):27-35. doi: 10.1097/PAP.0000000000000232

6. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular
portraits of human breast tumours. Nature (2000) 406(6797):747-52. doi: 10.1038/
35021093

7. Johnson KS, Conant EF, Soo MS. Molecular subtypes of breast cancer: a review
for breast radiologists. J Breast Imaging (2021) 3(1):12-24. doi: 10.1093/jbi/wbaal10

8. Prat A, Pineda E, Adamo B, Galvan P, Fernandez A, Gaba L, et al. Clinical
implications of the intrinsic molecular subtypes of breast cancer. Breast (2015) 24
(Suppl 2):826-35. doi: 10.1016/j.breast.2015.07.008

9. Sorlie T. Molecular portraits of breast cancer: tumour subtypes as distinct disease
entities. Eur ] Cancer (2004) 40(18):2667-75. doi: 10.1016/j.ejca.2004.08.021

10. Tang P, Tse GM. Immunohistochemical surrogates for molecular classification
of breast carcinoma: a 2015 update. Arch Pathol Lab Med (2016) 140(8):806-14.
doi: 10.5858/arpa.2015-0133-RA

11. Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al.
Identification of human triple-negative breast cancer subtypes and preclinical models
for selection of targeted therapies. J Clin Invest (2011) 121(7):2750-67. doi: 10.1172/
JCI45014

12. Shagufta, Ahmad I, Mathew S, Rahman S. Recent progress in selective estrogen
receptor downregulators (SERDs) for the treatment of breast cancer. RSC Med Chem
(2020) 11(4):438-54. doi: 10.1039/c9md00570f

13. Waks AG, Winer EP. Breast cancer treatment: a review. JAMA (2019) 321
(3):288-300. doi: 10.1001/jama.2018.19323

14. Yin L, Duan JJ, Bian XW, Yu SC. Triple-negative breast cancer molecular
subtyping and treatment progress. Breast Cancer Res (2020) 22(1):61. doi: 10.1186/
513058-020-01296-5

15. Muley H, Fado R, Rodriguez-Rodriguez R, Casals N. Drug uptake-based
chemoresistance in breast cancer treatment. Biochem Pharmacol (2020) 177:113959.
doi: 10.1016/j.bcp.2020.113959

16. Lei J, Wang H, Zhu D, Wan Y, Yin L. Combined effects of avasimibe
immunotherapy, doxorubicin chemotherapy, and metal-organic frameworks nanoparticles
on breast cancer. J Cell Physiol (2020) 235(5):4814-23. doi: 10.1002/jcp.29358

17. Fraguas-Sanchez A, Fernandez-Carballido A, Simancas-Herbada R, Martin-
Sabroso C, Torres-Suarez A. CBD loaded microparticles as a potential formulation to
improve paclitaxel and doxorubicin-based chemotherapy in breast cancer. Int ] Pharm
(2020) 574:118916. doi: 10.1016/j.ijpharm.2019.118916

18. Caparica R, Bruzzone M, Poggio F, Ceppi M, de Azambuja E, Lambertini M.
Anthracycline and taxane-based chemotherapy versus docetaxel and
cyclophosphamide in the adjuvant treatment of HER2-negative breast cancer

Frontiers in Oncology

10.3389/fonc.2023.1135836

claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1135836/
full#supplementary-material

SUPPLEMENTARY DATA SHEET 1

The complete list of all differentially expressed genes (DEGs) in GSE76540 and
GSE24460, as determined by contrasting the MCF-7/ADR and MCF-7 cell
lines. Statistically significant expression was defined as having a LogFC > 1 and
an adjusted P-value cutoff of 0.05.

patients: a systematic review and meta-analysis of randomized controlled trials.
Breast Cancer Res Treat (2019) 174(1):27-37. doi: 10.1007/s10549-018-5055-9

19. Vidra R, Nemes A, Vidrean A, Pintea S, Tintari S, Deac A, et al. Pathological
complete response following cisplatin or carboplatin-based neoadjuvant chemotherapy
for triple-negative breast cancer: a systematic review and meta-analysis. Exp Ther Med
(2022) 23(1):91. doi: 10.3892/etm.2021.11014

20. Korde LA, Somerfield MR, Carey LA, Crews JR, Denduluri N, Hwang ES, et al.
Neoadjuvant chemotherapy, endocrine therapy, and targeted therapy for breast cancer:
ASCO guideline. J Clin Oncol (2021) 39(13):1485-505. doi: 10.1200/JC0O.20.03399

21. Zhao M, Ding XF, Shen JY, Zhang XP, Ding XW, Xu B. Use of liposomal
doxorubicin for adjuvant chemotherapy of breast cancer in clinical practice. ] Zhejiang
Univ Sci B (2017) 18(1):15-26. doi: 10.1631/jzus.B1600303

22. Sokolova E, Kutova O, Grishina A, Pospelov A, Guryev E, Schulga A, et al.
Penetration efficiency of antitumor agents in ovarian cancer spheroids: the case of
recombinant targeted toxin DARPin-LoPE and the chemotherapy drug, doxorubicin.
Pharmaceutics (2019) 11(5):219. doi: 10.3390/pharmaceutics11050219

23. Evens AM, Advani RH, Helenowski IB, Fanale M, Smith SM, Jovanovic BD,
et al. Multicenter phase ii study of sequential brentuximab vedotin and doxorubicin,
vinblastine, and dacarbazine chemotherapy for older patients with untreated classical
Hodgkin lymphoma. J Clin Oncol (2018) 36(30):3015-22. doi: 10.1200/
JCO.2018.79.0139

24. Trucco M, Barredo JC, Goldberg J, Leclerc GM, Hale GA, Gill J, et al. A phase I
window, dose escalating and safety trial of metformin in combination with induction
chemotherapy in relapsed refractory acute lymphoblastic leukemia: metformin with
induction chemotherapy of vincristine, dexamethasone, PEG-asparaginase, and
doxorubicin. Pediatr Blood Cancer (2018) 65(9):e27224. doi: 10.1002/pbc.27224

25. Guo B, Tam A, Santi SA, Parissenti AM. Role of autophagy and lysosomal drug
sequestration in acquired resistance to doxorubicin in MCF-7 cells. BMC Cancer (2016)
16(1):762. doi: 10.1186/s12885-016-2790-3

26. Zhitomirsky B, Assaraf YG. Lysosomal accumulation of anticancer drugs
triggers lysosomal exocytosis. Oncotarget (2017) 8(28):45117-32. doi: 10.18632/
oncotarget.15155

27. Cao J, Zhang M, Wang B, Zhang L, Zhou F, Fang M. Chemoresistance and
metastasis in breast cancer molecular mechanisms and novel clinical strategies. Front
Oncol (2021) 11:658552. doi: 10.3389/fonc.2021.658552

28. Li W, Zhang H, Assaraf YG, Zhao K, Xu X, Xie J, et al. Overcoming ABC
transporter-mediated multidrug resistance: molecular mechanisms and novel
therapeutic drug strategies. Drug Resist Update (2016) 27:14-29. doi: 10.1016/
j.drup.2016.05.001

29. Fultang N, Illendula A, Lin J, Pandey MK, Klase Z, Peethambaran B. ROR1
regulates chemoresistance in breast cancer via modulation of drug efflux pump ABCBI.
Sci Rep (2020) 10(1):1821. doi: 10.1038/s41598-020-58864-0

30. Li Z, Chen C, Chen L, Hu D, Yang X, Zhuo W, et al. STAT5a confers
doxorubicin resistance to breast cancer by regulating ABCB1. Front Oncol (2021)
11:697950. doi: 10.3389/fonc.2021.697950

31. McGuirk S, Audet-Delage Y, Annis MG, Xue Y, Vernier M, Zhao K, et al.
Resistance to different anthracycline chemotherapeutics elicits distinct and actionable
primary metabolic dependencies in breast cancer. Elife (2021) 10. doi: 10.7554/
eLife.65150

32. Smith L, Watson MB, O’Kane SL, Drew PJ, Lind MJ, Cawkwell L. The analysis of
doxorubicin resistance in human breast cancer cells using antibody microarrays. Mol
Cancer Ther (2006) 5(8):2115-20. doi: 10.1158/1535-7163.MCT-06-0190

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1135836/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1135836/full#supplementary-material
https://doi.org/10.3322/caac.21332
https://doi.org/10.6004/jnccn.2018.0012
https://doi.org/10.22034/CAJMPSI.2021.02.05
https://doi.org/10.22034/CAJMPSI.2021.02.05
https://doi.org/10.1002/cncr.25276
https://doi.org/10.1097/PAP.0000000000000232
https://doi.org/10.1038/35021093
https://doi.org/10.1038/35021093
https://doi.org/10.1093/jbi/wbaa110
https://doi.org/10.1016/j.breast.2015.07.008
https://doi.org/10.1016/j.ejca.2004.08.021
https://doi.org/10.5858/arpa.2015-0133-RA
https://doi.org/10.1172/JCI45014
https://doi.org/10.1172/JCI45014
https://doi.org/10.1039/c9md00570f
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1016/j.bcp.2020.113959
https://doi.org/10.1002/jcp.29358
https://doi.org/10.1016/j.ijpharm.2019.118916
https://doi.org/10.1007/s10549-018-5055-9
https://doi.org/10.3892/etm.2021.11014
https://doi.org/10.1200/JCO.20.03399
https://doi.org/10.1631/jzus.B1600303
https://doi.org/10.3390/pharmaceutics11050219
https://doi.org/10.1200/JCO.2018.79.0139
https://doi.org/10.1200/JCO.2018.79.0139
https://doi.org/10.1002/pbc.27224
https://doi.org/10.1186/s12885-016-2790-3
https://doi.org/10.18632/oncotarget.15155
https://doi.org/10.18632/oncotarget.15155
https://doi.org/10.3389/fonc.2021.658552
https://doi.org/10.1016/j.drup.2016.05.001
https://doi.org/10.1016/j.drup.2016.05.001
https://doi.org/10.1038/s41598-020-58864-0
https://doi.org/10.3389/fonc.2021.697950
https://doi.org/10.7554/eLife.65150
https://doi.org/10.7554/eLife.65150
https://doi.org/10.1158/1535-7163.MCT-06-0190
https://doi.org/10.3389/fonc.2023.1135836
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Miri et al.

33. Zheng H-C. The molecular mechanisms of chemoresistance in cancers.
Oncotarget (2017) 8(35):59950-64. doi: 10.18632/oncotarget.19048

34. Zhang H, Qiu C, Zhu W. Identification of forward regulated hub genes and
pathways for cancer stem cell characteristics in African American breast cancer by the
network analysis. ] Xiangya Med (2020) 5(35). doi: 10.21037/jxym-20-81

35. Tang J, Kong D, Cui Q, Wang K, Zhang D, Gong Y, et al. Prognostic genes of
breast cancer identified by gene co-expression network analysis. Front Oncol (2018)
8:374. doi: 10.3389/fonc.2018.00374

36. Shi W, Zou R, Yang M, Mai L, Ren ], Wen J, et al. Analysis of genes involved in
ulcerative colitis activity and tumorigenesis through systematic mining of gene co-
expression networks. Front Physiol (2019) 10:662. doi: 10.3389/fphys.2019.00662

37. Contreras-Lopez O, Moyano TC, Soto DC, Gutiérrez RA. Step-by-step
construction of gene co-expression networks from high-throughput arabidopsis RNA
sequencing data. In: Root development. New York, NY: Humana Press (2018).

38. Smyth GK, Ritchie M, Thorne N, Wettenhall J. LIMMA: linear models for
microarray data. In: Bioinformatics and computational biology solutions using r and
bioconductor. Statistics for Biology and Health (2005).

39. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al.
Exploration, normalization, and summaries of high density oligonucleotide array probe
level data. Biostatistics (2003) 4(2):249-64. doi: 10.1093/biostatistics/4.2.249

40. Revelle WR. psych: Procedures for personality and psychological research. (2017)

41. Morris JH, Apeltsin L, Newman AM, Baumbach J, Wittkop T, Su G, et al.
clusterMaker: a multi-algorithm clustering plugin for cytoscape. BMC Bioinform (2011)
12(1):436. doi: 10.1186/1471-2105-12-436

42. Delgado-Chaves FM, Gomez-Vela F, Garcia-Torres M, Divina F, Vazquez
Noguera JL. Computational inference of gene co-expression networks for the
identification of lung carcinoma biomarkers: an ensemble approach. Genes (Basel)
(2019) 10(12):962. doi: 10.3390/genes10120962

43. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2- AACT method. methods (2001) 25(4):402-8. doi:
10.1006/meth.2001.1262

44. Fonseka P, Pathan M, Chitti SV, Kang T, Mathivanan S. FunRich enables
enrichment analysis of OMICs datasets. ] Mol Biol (2021) 433(11):166747. doi: 10.1016/
jjmb.2020.166747

45. Zhang P, He D, Chen Z, Pan Q, Du F, Zang X, et al. Chemotherapy enhances
tumor vascularization via notch signaling-mediated formation of tumor-derived
endothelium in breast cancer. Biochem Pharmacol (2016) 118:18-30. doi: 10.1016/
j-bcp.2016.08.008

46. Zhang L, Zhang X, Fan S, Zhang Z. Identification of modules and hub genes
associated with platinum-based chemotherapy resistance and treatment response in
ovarian cancer by weighted gene co-expression network analysis. Med (Baltimore)
(2019) 98(44):e17803. doi: 10.1097/MD.0000000000017803

47. Xu 'Y, Zhang Z, Zhang L, Zhang C. Novel module and hub genes of distinctive
breast cancer associated fibroblasts identified by weighted gene co-expression network
analysis. Breast Cancer (2020) 27(5):1017-28. doi: 10.1007/s12282-020-01101-3

48. ZhangY, Sun L, Wang X, Sun Y, Chen Y, Xu M, et al. FBXW4 acts as a protector
of FOLFOX-based chemotherapy in metastatic colorectal cancer identified by co-
expression network analysis. Front Genet (2020) 11:113. doi: 10.3389/fgene.2020.00113

49. Thomas C, Tampe R. Structural and mechanistic principles of ABC transporters.
Annu Rev Biochem (2020) 89:605-36. doi: 10.1146/annurev-biochem-011520-105201

50. Modi A, Roy D, Sharma S, Vishnoi JR, Pareek P, Elhence P, et al. ABC
transporters in breast cancer: their roles in multidrug resistance and beyond. J Drug
Targeting (2022) 30(9):927-47. doi: 10.1080/1061186X.2022.2091578

51. Amawi H, Sim HM, Tiwari AK, Ambudkar SV, Shukla S. ABC transporter-
mediated multidrug-resistant cancer. Adv Exp Med Biol (2019) 1141:549-80.
doi: 10.1007/978-981-13-7647-4_12

52. McCleland ML, Adler AS, Shang Y, Hunsaker T, Truong T, Peterson D, et al. An
integrated genomic screen identifies LDHB as an essential gene for triple-negative breast
cancer. Cancer Res (2012) 72(22):5812-23. doi: 10.1158/0008-5472.CAN-12-1098

53. Shibata S, Sogabe S, Miwa M, Fujimoto T, Takakura N, Naotsuka A, et al.
Identification of the first highly selective inhibitor of human lactate dehydrogenase b.
Sci Rep (2021) 11(1):21353. doi: 10.1038/541598-021-00820-7

54. Urbanska K, Orzechowski A. Unappreciated role of LDHA and LDHB to
control apoptosis and autophagy in tumor cells. Int ] Mol Sci (2019) 20(9):2085.
doi: 10.3390/ijms20092085

55. Mishra D, Banerjee D. Lactate dehydrogenases as metabolic links between
tumor and stroma in the tumor microenvironment. Cancers (Basel) (2019) 11(6).
doi: 10.3390/cancers11060750

56. Wise-Draper TM, Gulati S, Palackdharry S, Hinrichs BH, Worden FP, Old MO,
et al. Phase II clinical trial of neoadjuvant and adjuvant pembrolizumab in resectable

Frontiers in Oncology

92

10.3389/fonc.2023.1135836

local-regionally advanced head and neck squamous cell carcinoma. Clin Cancer Res
(2022) 28(7):1345-52. doi: 10.1158/1078-0432.CCR-21-3351

57. Wang Z, Liang S, Lian X, Liu L, Zhao S, Xuan Q, et al. Identification of proteins
responsible for adriamycin resistance in breast cancer cells using proteomics analysis.
Sci Rep (2015) 5(1):9301. doi: 10.1038/srep09301

58. Ndebele K, Gona P, Jin T-G, Benhaga N, Chalah A, Degli-Esposti M, et al. Tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) induced mitochondrial
pathway to apoptosis and caspase activation is potentiated by phospholipid scramblase-3.
Apoptosis (2008) 13(7):845-56. doi: 10.1007/s10495-008-0219-4

59. Ma Y, Lai W, Zhao M, Yue C, Shi F, Li R, et al. Plastin 3 down-regulation
augments the sensitivity of MDA-MB-231 cells to paclitaxel via the p38 MAPK
signalling pathway. Artif Cells Nanomed Biotechnol (2019) 47(1):685-95.
doi: 10.1080/21691401.2019.1576707

60. Bateman NW, Jaworski E, Ao W, Wang G, Litzi T, Dubil E, et al. Elevated
AKAPI12 in paclitaxel-resistant serous ovarian cancer cells is prognostic and predictive
of poor survival in patients. ] Proteome Res (2015) 14(4):1900-10. doi: 10.1021/
pr5012894

61. Wang K, Zheng J, Yu J, Wu Y, Guo ], Xu Z, et al. Knockdown of MMP-1
inhibits the progression of colorectal cancer by suppressing the PI3K/Akt/c-myc
signaling pathway and EMT. Oncol Rep (2020) 43(4):1103-12. doi: 10.3892/
0r.2020.7490

62. Winer A, Adams S, Mignatti P. Matrix metalloproteinase inhibitors in cancer
therapy: turning past failures into future successes. Mol Cancer Ther (2018) 17
(6):1147-55. doi: 10.1158/1535-7163.MCT-17-0646

63. Shen C-J, Kuo Y-L, Chen C-C, Chen M-J, Cheng Y-M. MMP1 expression is
activated by slug and enhances multi-drug resistance (MDR) in breast cancer. PloS One
(2017) 12(3):e0174487. doi: 10.1371/journal.pone.0174487

64. Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix metalloproteinases in
cancer progression and their pharmacological targeting. FEBS J (2011) 278(1):16-27.
doi: 10.1111/j.1742-4658.2010.07919.x

65. Song JH, Kim SH, Cho D, Lee IK, Kim HJ, Kim TS. Enhanced invasiveness of
drug-resistant acute myeloid leukemia cells through increased expression of matrix
metalloproteinase-2. Int J Cancer (2009) 125(5):1074-81. doi: 10.1002/ijc.24386

66. Almendro V, Ametller E, Garcia-Recio S, Collazo O, Casas I, Auge JM, et al. The
role of MMP7 and its cross-talk with the FAS/FASL system during the acquisition of
chemoresistance to oxaliplatin. PloS One (2009) 4(3):e4728. doi: 10.1371/
journal.pone.0004728

67. Fukuyama R, Ng KP, Cicek M, Kelleher C, Niculaita R, Casey G, et al. Role of
IKK and oscillatory NFkappaB kinetics in MMP-9 gene expression and
chemoresistance to 5-fluorouracil in RKO colorectal cancer cells. Mol Carcinog
(2007) 46(5):402-13. doi: 10.1002/mc.20288

68. Wang K, ZhengJ, YuJ, Wu Y, Guo J, Xu Z, et al. Knockdown of MMP1 inhibits
the progression of colorectal cancer by suppressing the PI3K/Akt/cmyc signaling
pathway and EMT. Oncol Rep (2020) 43(4):1103-12. doi: 10.3892/0r.2020.7490

69. Dong F, Eibach M, Bartsch JW, Dolga AM, Schlomann U, Conrad C, et al. The
metalloprotease-disintegrin ADAMS contributes to temozolomide chemoresistance
and enhanced invasiveness of human glioblastoma cells. Neuro Oncol (2015) 17
(11):1474-85. doi: 10.1093/neuonc/nov042

70. Wang QM, Lv L, Tang Y, Zhang L, Wang LF. MMP-1 is overexpressed in triple
—negative breast cancer tissues and the knockdown of MMP—-1 expression inhibits tumor
cell malignant behaviors. vitro Oncol Lett (2019) 17(2):1732-40. doi: 10.3892/01.2018.9779

71. Tezcan O, Gunduz U. Vimentin silencing effect on invasive and migration
characteristics of doxorubicin resistant MCF-7 cells. BioMed Pharmacother (2014) 68
(3):357-64. doi: 10.1016/j.biopha.2014.01.006

72. Bing F, Zhao Y. Screening of biomarkers for prediction of response to and
prognosis after chemotherapy for breast cancers. Onco Targets Ther (2016) 9:2593-600.
doi: 10.2147/0TT.$92350

73. Nakarai C, Osawa K, Akiyama M, Matsubara N, Ikeuchi H, Yamano T, et al.
Expression of AKR1C3 and CNN3 as markers for detection of lymph node metastases
in colorectal cancer. Clin Exp Med (2015) 15(3):333-41. doi: 10.1007/s10238-014-
0298-1

74. Nair VA, Al-Khayyal NA, Sivaperumal S, Abdel-Rahman WM. Calponin 3
promotes invasion and drug resistance of colon cancer cells. World ] Gastrointest Oncol
(2019) 11(11):971-82. doi: 10.4251/wjgo.v11.i11.971

75. Zhou H-H, Chen X, Cai L-Y, Nan X-W, Chen J-H, Chen X-X, et al. Erastin
reverses ABCB1-mediated docetaxel resistance in ovarian cancer. Front Oncol (2019)
9:1398. doi: 10.3389/fonc.2019.01398

76. Zhang Y, Vagiannis D, Budagaga Y, Sabet Z, Hanke I, Rozkos T, et al.
Encorafenib acts as a dual-activity chemosensitizer through its inhibitory effect on
ABCCI transporter in vitro and ex vivo. Pharmaceutics (2022) 14(12). doi: 10.3390/
pharmaceutics14122595

frontiersin.org


https://doi.org/10.18632/oncotarget.19048
https://doi.org/10.21037/jxym-20-81
https://doi.org/10.3389/fonc.2018.00374
https://doi.org/10.3389/fphys.2019.00662
https://doi.org/10.1093/biostatistics/4.2.249
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.3390/genes10120962
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.jmb.2020.166747
https://doi.org/10.1016/j.jmb.2020.166747
https://doi.org/10.1016/j.bcp.2016.08.008
https://doi.org/10.1016/j.bcp.2016.08.008
https://doi.org/10.1097/MD.0000000000017803
https://doi.org/10.1007/s12282-020-01101-3
https://doi.org/10.3389/fgene.2020.00113
https://doi.org/10.1146/annurev-biochem-011520-105201
https://doi.org/10.1080/1061186X.2022.2091578
https://doi.org/10.1007/978-981-13-7647-4_12
https://doi.org/10.1158/0008-5472.CAN-12-1098
https://doi.org/10.1038/s41598-021-00820-7
https://doi.org/10.3390/ijms20092085
https://doi.org/10.3390/cancers11060750
https://doi.org/10.1158/1078-0432.CCR-21-3351
https://doi.org/10.1038/srep09301
https://doi.org/10.1007/s10495-008-0219-4
https://doi.org/10.1080/21691401.2019.1576707
https://doi.org/10.1021/pr5012894
https://doi.org/10.1021/pr5012894
https://doi.org/10.3892/or.2020.7490
https://doi.org/10.3892/or.2020.7490
https://doi.org/10.1158/1535-7163.MCT-17-0646
https://doi.org/10.1371/journal.pone.0174487
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1002/ijc.24386
https://doi.org/10.1371/journal.pone.0004728
https://doi.org/10.1371/journal.pone.0004728
https://doi.org/10.1002/mc.20288
https://doi.org/10.3892/or.2020.7490
https://doi.org/10.1093/neuonc/nov042
https://doi.org/10.3892/ol.2018.9779
https://doi.org/10.1016/j.biopha.2014.01.006
https://doi.org/10.2147/OTT.S92350
https://doi.org/10.1007/s10238-014-0298-1
https://doi.org/10.1007/s10238-014-0298-1
https://doi.org/10.4251/wjgo.v11.i11.971
https://doi.org/10.3389/fonc.2019.01398
https://doi.org/10.3390/pharmaceutics14122595
https://doi.org/10.3390/pharmaceutics14122595
https://doi.org/10.3389/fonc.2023.1135836
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

& frontiers | Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY
Zhi-Gang Zhuang,

Shanghai First Maternity and Infant
Hospital, China

REVIEWED BY

Macrina Beatriz Silva Cazares,
Autonomous University of San Luis Potosi,
Mexico

Bruce Alan Bunnell,

University of North Texas Health Science
Center, United States

Subhayan Das,

Indian Institute of Technology Kharagpur,
India

*CORRESPONDENCE
Richa Tripathi
richa.trpths@gmail.com

RECEIVED 31 January 2023
ACCEPTED 05 June 2023
PUBLISHED 16 June 2023

CITATION

Singh S, Saini H, Sharma A, Gupta S,
Huddar VG and Tripathi R (2023) Breast
cancer: miRNAs monitoring
chemoresistance and systemic therapy.
Front. Oncol. 13:1155254.

doi: 10.3389/fonc.2023.1155254

COPYRIGHT
© 2023 Singh, Saini, Sharma, Gupta, Huddar
and Tripathi. 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) and the copyright owner(s) 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

TYPE Review
PUBLISHED 16 June 2023
po110.3389/fonc.2023.1155254

Breast cancer: miRNAs
monitoring chemoresistance
and systemic therapy

Shivam Singh®, Heena Saini?, Ashok Sharma®, Subhash Gupta®,
V. G. Huddar* and Richa Tripathi®*

tDepartment of Radiation Oncology, Dr. B. R. Ambedkar Institute Rotary Cancer Hospital, All India
Institute of Medical Sciences, New Delhi, India, ?Integrated translational Molecular Biology laboratory,
Department of Rog Nidan and Vikriti vigyan (Pathology), All India Institute of Ayurveda (AllA), New
Delhi, India, *Department of Biochemistry, All India Institute of Medical Sciences, New Delhi, India,
“Department of Kaya Chikitsa (Internal Medicine), All India Institute of Ayurveda (AllA), New
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With a high mortality rate that accounts for millions of cancer-related deaths
each year, breast cancer is the second most common malignancy in women.
Chemotherapy has significant potential in the prevention and spreading of breast
cancer; however, drug resistance often hinders therapy in breast cancer patients.
The identification and the use of novel molecular biomarkers, which can predict
response to chemotherapy, might lead to tailoring breast cancer treatment. In
this context, accumulating research has reported microRNAs (miRNAs) as
potential biomarkers for early cancer detection, and are conducive to
designing a more specific treatment plan by helping analyze drug resistance
and sensitivity in breast cancer treatment. In this review, miRNAs are discussed in
two alternative ways-as tumor suppressors to be used in miRNA replacement
therapy to reduce oncogenesis and as oncomirs to lessen the translation of the
target miRNA. Different miRNAs like miR-638, miR-17, miR-20b, miR-342, miR-
484, miR-21, miR-24, miR-27, miR-23 and miR-200 are involved in the
requlation of chemoresistance through diverse genetic targets. For instance,
tumor-suppressing miRNAs like miR-342, miR-16, miR-214, and miR-128 and
tumor-promoting miRNAs like miR101 and miR-106-25 cluster regulate the cell
cycle, apoptosis, epithelial to mesenchymal transition and other pathways to
impart breast cancer drug resistance. Hence, in this review, we have discussed
the significance of miRNA biomarkers that could assist in providing novel
therapeutic targets to overcome potential chemotherapy resistance to
systemic therapy and further facilitate the design of tailored therapy for
enhanced efficacy against breast cancer.

KEYWORDS

micro RNA, breast cancer, chemoresistance, neoadjuvant (chemo)radiotherapy,
systemic therapies
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Highlights

1. Drug resistance is the major obstacle in breast cancer
chemotherapy

2. miRNA biomarkers could provide novel therapeutic targets
to overcome potential chemotherapy resistance to systemic
therapy in breast cancer.

3. Targeting miRNAs—either reducing or raising their
expression—seems to be an attractive approach for
designing novel, more effective, and personalized
treatments for breast cancer.

4. A novel approach to treating breast cancer that combines
miRNA therapies with conventional chemotherapeutic
techniques and drug targets is possible.

1 Introduction

The most common malignancy worldwide is breast cancer
(BC). According to the status update on the GLOBOCAN 2020
projections of cancer incidence and mortality, BC is the primary
cause of cancer death in women and accounts for 1 in 4 cancer
diagnoses among females (1). An estimated 684,996 people died
from breast cancer in 2020, with low-resource areas accounting for
a disproportionate share of these deaths. According to statistics, the
prevalence of BC ranges from 2-6% in Western nations to 10-20%
in Asian nations (2), indicating that BC is becoming a global health
concern, even in nations with sizable young populations like India.
Although breast cancer diagnoses have increased recently (3), the
prognosis for the disease has significantly improved, with expected
5-year survival rates rising from 40% to approximately 90% over the
last 50 years. With few exceptions, en-bloc radical resections in the
form of Halstead mastectomy and axillary clearing were formerly
thought to be essential for managing BC (4). Recent advancements
in clinical trials have been brought about by a greater understanding
of the molecular processes associated with the heterogeneity of
breast tumors. This understanding has allowed for more
conservative surgical procedures and the personalization of
treatment plans to maximize sensitization to the tumor while
minimizing unneeded morbidity to the patient. This includes the
era of cancer diagnostics, which has recognized BC as a diverse
disease and routinely subcategorized these cancers into four
genetically distinct, integral subgroups - luminal A breast cancer
(LABC), luminal B breast cancer (LBBC), human epidermal growth
factor receptor-2 enriched breast cancer (HER2+) and triple-
negative breast cancer (TNBC). These subgroups have different
clinical behavior, prognosis, treatment approaches, and clinical
outcomes in the known treatments (5).

For BC patients, chemotherapy is regarded as the most
successful and crucial therapeutic approach. Anthracyclins,
Tamoxifen, Taxane, 5-FU and trastuzumab are the major
chemotherapeutic drugs which are administered to BC patients
(6-12). Doxorubicin, daunorubicin, and epirubicin are some of the
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anthracycline antibiotics that are frequently used. Anthracyclines
can be administered at all BC stages and have demonstrated a
crucial function in treating BC (8). Tamoxifen is specifically used
for the oestrogen receptor (ER) positive subtype of BC (9).
Anthracyclines and taxanes are used as the predominant
treatment for TNBC (10). The two most widely used taxanes are-
paclitaxel and docetaxel, causing acute hypersensitivity responses
(HSRs) in 5% to 10% of patients (11). The human epidermal growth
factor receptor 2 (HER-2) is frequently used to categorize BC
patients based on its overexpression (also known as HER-2
positive) or lack of expression (also known as HER-2 negative)
(13). The likelihood of BC metastases and poor prognosis are
strongly correlated with HER-2 overexpression (13). A targeted
therapy for HER-2 is trastuzumab (TRS), a humanized monoclonal
antibody (12). Despite our efforts to categorize tumors into
prognostic categories, tumor behavior and prognosis remains
unpredictable, which makes it challenging to develop strategies
that would improve disease control while minimizing toxicities to
patients. Although, a better understanding of the disease has led to
advancements in treatment over the past few decades, but drug
resistance remains a challenge and the underlying molecular causes
are still largely undefined (14). Drug-resistant cancer cells multiply
rapidly and grow more hostile, increasing the likelihood that the
tumor may aggressively spread to other organs. Drug resistance can
be categorized in two different ways. One is internal resistance or
inherited resistance, which occurs when tumors are resistant to
treatment even before receiving it, meaning that even early
detection and treatment are ineffective. Another form of
resistance is received resistance or acquired resistance which
occurs following an initial positive response to the therapy (15).
Here, the targets and processes associated are a focus of significant
research, and the mechanisms of such drug resistance are largely
still under investigation (16). For instance, Martz et al. (2014)
demonstrated that stimulation of the Notch-1, mitogen-activated
protein kinase (RAS-MAPK), phosphoinositide 3-kinase (PI3K)
and mammalian target of rapamycin (mTOR), PI3K/AKT and
estrogen receptor (ER) signaling pathways resulted in resistance
to a variety of drugs (17). It was observed that when Notch-1 is
activated, BRAF (V600E) melanoma cells develop acquired
resistance to MAPK inhibitors and breast cancer cells also exhibit
resistance to tamoxifen (17). Hence, the research group used a
Notch-1 inhibitor to restore sensitivity, indicating that Notch-1
knockdown could be a therapeutic strategy in melanomas and drug-
resistant breast malignancies (17). Likewise, it seems, resistance to
chemotherapy is also related to the epidermal growth factor
receptor (EGFR) pathway. Genetically modified murine model
(GEMM), human cell lines, and a clinically applicable model of
KRAS-mutant colorectal cancer (CRC) have all been used to study
EGFR and PI3K/mTOR (18). According to the evidence, PI3K/
mTOR and EGFR inhibition boost drug sensitivity and are
increasingly used in cancer therapy to combat drug resistance.
Additionally, the use of systemic drugs as neoadjuvant enables the
production of in-vivo data on tumor sensitivity, which has been
shown to have predictive importance for disease survival and
recurrence. These contemporary aspects of traditional breast
cancer management shed light on the potential value of emerging
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biomarkers in advancing the current treatment model. There are
currently few biomarkers that may reliably predict response and
resistance to systemic and targeted therapy and attempts to use
non-invasive approaches to collect such biomarkers have largely
been ineffective (19). This highlights how important it is for
researchers to find new biomarkers that can assess patient
response to therapy, predict the prognosis of breast cancer
patients, and offer clinicians cutting-edge oncogenesis-targeting
therapeutic approaches. In the context of BC chemoresistance
monitoring and systemic therapy, this study focuses on the
function of microRNA (miRNA) as new clinical biomarkers.

miRNAs are small non-coding RNAs ranging from 19 to 25
nucleotides in size and are involved in a variety of biological
activities, including cell cycle, apoptosis, survival, and gene
control (20). miRNAs primarily bind to the 3’ or 5 untranslated
region (UTR) of their target mRNAs and, depending on the degree
of binding, participate in controlling the translation of proteins or
destruction of the mRNA itself (21). A single miRNA may target
several mRNAs, while many miRNAs may target single mRNA with
varying degrees of efficiency (22). Therefore, changes in miRNA
expression levels and gene expression silencing by miRNAs have a
significant impact on human health and the emergence of diseases
such as cancer, diabetes, neurological disease, and cardiovascular
disorders (23-25). In the context of cancer, miRNAs can function as
both tumor suppressors and oncogenes/oncomirs (26). In contrast
to their counterparts in normal tissue, many miRNAs are reported
to be up-or down-regulated in cancer tissues. For instance,
practically all cancer types have increased miR-21 expression (27).
Numerous B-cell malignancies have been shown to express miR-
155 at high levels (28). One of the first miRNAs to be found was let-
7 which is essentially missing throughout embryonic stages or
tissues, although it is highly expressed in the majority of
differentiated tissues (29). Similar to the fall in let-7 expression
during development, the decline in let-7 expression in malignancies
is more pronounced in cancer cells that are more advanced, less
differentiated and have mesenchymal features (29). The generation,
biology and function of miRNAs in cancer have been discussed in
detail in further sections.

This review focuses primarily on the latest findings about the
involvement of miRNAs in breast tumor resistance to
chemotherapeutic agents and in the development of systemic
therapy. Targeting miRNAs—either reducing or raising their
expression—seems to be an attractive approach for designing
novel, more effective, and personalized treatments for BC.
Boosting drug efficacy by examining the downstream targets/
pathways influenced by miRNA targeting and predicting patient
response to various therapies can lead to better treatment outcomes
for BC patients.

2 Breast cancer chemotherapy

Breast cancer bears 7% of the total number of cancers related
deaths in 2020. To date, many strategies have been adapted to
combat this disease. Complete surgical removal has usually enabled
efficient breast cancer disease management (30). Regardless of the
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severity of the disease, William Halstead’s radical mastectomy
(which required significant removal of all the breast parenchyma,
local lymph nodes, and pectoralis major muscle) used to be the
cornerstone of breast cancer treatment (4). Cyclophosphamide,
methotrexate, and 5-fluorouracil (CMF), the first
chemotherapeutic treatment prescribed by Bonadanno et al. in
1976 with the intention of curing breast cancer, significantly
decreased breast cancer relapse (94.7% of 207 patients
administered chemotherapy vs 76.0% of 179 patients constrained
chemotherapy) (31). However, since 1950s, Bernard Fisher and the
National Surgical Adjuvant Breast and Bowel Project (NSABP) have
hypothesized that aggressive surgery for breast cancer has only
limited scientific and biomolecular justification because it is
frequently insufficient to achieve complete disease control (32).
Fisher’s theory that all breast cancer patients needed systemic
therapy (especially with chemotherapy) has, however, been
thoroughly refuted.

However, the inherent advantage of treating cancer patients
with chemotherapy in the neoadjuvant setting has now been
recognized as an oncological practice. Neoadjuvant chemotherapy
(NAC) benefits comprised tumor downstaging, expanding patient
suitability for breast conservation surgery (BCS), and producing in
vivo data related to tumor resistance, which has been shown to hold
predictive value for cancer recurrence and overall survival (OS) (33,
34). The Early Breast Cancer Triallist’s Collaborative Group
(EBCTCG) recently published data from a meta-analysis of
randomized clinical trials showing that locoregional recurrence
(LRR) rates are higher following neoadjuvant therapy (21.4% vs.
15.9%), despite the fact that disease-free survival (DFS) and overall
survival (OS) results are parallel with those treated in the adjuvant
setting (35). Additionally, there is growing proof that people who
have a pathological complete response (pCR) with NAC have a
higher chance of living longer than those who have a latent disease
(34, 36). Nevertheless, the clinical usefulness of NAC has been
integrated into best-practice guidelines for HER2+ and Triple-
negative breast cancer (TNBC). HER2+ malignancies should be
treated with NAC and trastuzumab, with the exception of Tla-T1b
NO disease (37). High-risk LN (Iymph node)- patients and those
with LN positivity should receive anthracycline- and taxane-based
chemotherapy along with trastuzumab (37). Further, until TNBC is
identified with cancer stages Tla-T1b NO, patients with TNBC
should always be provided with an anthracycline and taxane-based
treatment (37). American Society of Clinical Oncology (ASCO) also
supports the inclusion of platinum-based chemotherapy in TNBC
based on the results of a recent meta-analysis because of a higher
likelihood to obtain pCR (52.1% versus 37.0%) (38).
Pembrolizumab and NAC significantly increased the pCR rates in
the KEYNOTES522 trial’s preliminary findings (pembrolizumab and
NAC: 64.8% versus placebo and NAC: 51.2%) (39).

3 Need for miRNA-based therapy

The idea of improving pCR rates, simplifying the de-escalation
of adjuvant therapy post pCR, and minimising treatment-related
toxicities for patients receiving these neoadjuvant medicines are the
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main directions for translational research efforts in the future (40).
Therefore, numerous clinical trials have focused on practices that
improve pCR rates (40). To further improve the pCR, the idea of
manipulating treatment with miRNA-based therapies may be
helpful in boosting pCR rates to NAC in breast cancer is now
popular, and the same has been discussed in depth in this review.

4 Chemoresistance in breast cancer

Various molecular aspects are known to be involved in inducing
chemoresistance in cancer cells (Figure 1). Some of them have also
been summarized below:

4 Resistant genes:

4.1 Twist

Twist is a key player in the invasion and metastasis of tumors
because it regulates the epithelial-mesenchymal transition (EMT)
(41). It has been reported that NF-kB up-regulation of twist-1 is a
factor in the chemoresistance (42). Through the downregulation of
estrogen receptor alpha (ERo) activity, twist overexpression can
also contribute to hormone resistance in breast tumors (43).

4.2 Multidrug resistance gene

MDR1 has a significant impact on breast cancer’s
chemoresistance. P-glyocoprotein (P-gp), glutathione S-
transferase (GST-m), and P53 are only a few examples of MDRI1-
encoded proteins that are involved in the chemoresistance cascade
(44). In fact, Chen et al., 2022 suggested the synergistic effect of 7-O-
geranylquercetin and miR-451 on undoing MDR-1 and P-gp-
mediated chemoresistance in breast cancer MCF-7/ADR
(Adriamycin) cells (45).

¢ Efflux proteins: Another mechanism of resistance to
chemotherapy is mediated by ATP-dependent efflux

Cancer cells

A y

‘ Chemotherapy \ }

Genomic
Chemoresistant cells Instability

4

FIGURE 1
The major chemoresistance mechanisms of cancer cells
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pumps, which decrease the intracellular concentration of
drugs. By using the energy from ATP hydrolysis, or the
MDR phenomenon, the ATP-dependent efflux transporters
in cancer cells can actively transport a range of substrates
outside the cell membrane (46). MDR-associated proteins,
such as P-gp, multidrug resistance-associated protein
(MRP), ABCC subfamily, and breast cancer resistance
protein (BCRP) are examples of ATP-binding cassette
(ABC) transporters (47). Downregulation of ABCC4 with
miR-124-3p overexpression significantly enhanced the
ADR sensitivity in MCF7/ADR cells (48), highlighting the
importance of miRNA-based targeting of resistant proteins
for improved treatment of breast tumors that are resistant
to certain drugs.

& Signaling pathways: Resistance to endocrine therapy for
breast cancers can be brought on by cell surface receptors
like epidermal growth factor receptor (EGFR), human
epidermal growth factor receptor-2 (HER-2), and insulin-
like growth factor 1 receptor (IGF-1R), and their
downstream signaling pathways like PI3K/AKT/mTOR,
RAS/MAPK/ERK, and upstream signaling pathways (49).
Also, tamoxifen resistance has been linked to EGFR, HER-
2/nue, PI3K, and other growth factor signaling pathways
(50). Additionally, one of the gefitinib resistance
mechanisms in breast cancer may involve EGFR nuclear
translocation (51).

¢ Response to DNA damage: Many chemotherapeutic
medications work to treat cancer by causing DNA
damage (52). Single and double-strand breaks, intra- and
inter-strand DNA crosslinks, methylated and oxidized
bases, mismatched and protein-DNA adducts are several
types of DNA damage. Cancer stem cells (CSCs), in
particular, stimulate DNA damage repair (DDR)
pathways to counteract DNA damage, explaining why
chemotherapy that damages DNA might cause drug
resistance (53). The following DDR pathways are found
in breast cancer cells: homologous recombination (HR)
(54) and non-homologous end joining (NHE]) (55),
involved in the elimination of double-strand breaks;

Drug efflux and drug efflux proteins
Detoxification of therapeutic agents

Apoptotic pathways

Cancer Stem Cells (CSCs)

Cell Survival Mechanisms

Chemical and biological properties of the drug
DNA damage and repair pathways
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mismatch repair (MMR), in charge of removing incorrect
bases (56); nucleotide excision repair (NER) (57) and base
excision repair (BER) (58), involved in the repair of single-
strand breaks. In addition, these pathways contain a variety
of components that are involved in the repair procedure,
including the DNA repair genes - Excision Repair Cross-
Complementation group (ERCC1/2/5) (59, 60), the
BRCA1/2 (61), the Meiotic Recombination 11 (MRE11)
and RAD50/51 (60, 62), and others. Understanding DNA
repair mechanisms can aid in reversing breast cancer
resistance to therapy.

& Cancer Stem Cells (CSCs): Chemoresistance in breast cancer
is significantly influenced by cancer stem cells (63). CSCs
overexpress several ABC transporters, such as ABCB5,
ABCC1, ABCG2, and P-gp. Additionally, CSCs can cause
drug resistance through increased anti-apoptotic levels and
DNA repair activity (64). Another significant factor
contributing to CSCs’ drug resistance is Aldehyde
dehydrogenase 1 (ALDHI) upregulation (65). Drug
resistance of CSCs may also be influenced by signal
transduction pathways such as Notch, Hedgehog, and
Wnt/-catenin which are involved in the self-renewal and
maintenance of stem cells (66). Expression of Let-7, a
tumor suppressor miRNA, was shown to be considerably
reduced in breast cancer stem cells compared to non-cancer
stem cells. However, the upregulation of let-7 microRNA in
breast cancer stem cells can encourage CSCs to enter the
differentiation phase from the stationary phase, and hence
increases the sensitivity of CSCs to the chemotherapeutics
(67).

& Drug detoxification: Cell detoxification proteins such as
ALDH, DNA topoisomerase, protein kinase C,
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dihydrofolate reductase, glutathione (68) and glutathione
S-transferases (GST) are some of the key enzymes that
contribute to MDR in cancer cells. These agents have the
potential to enhance the transformation and catabolism of
anti-neoplastic drugs, shorten the term of effective
concentration of chemotherapeutic drugs in tumor cells,
decrease drug accumulation in target areas, and ultimately
limit drug efficacy (69). For example, GST-m can be
employed as a separate index to direct a clinical treatment
against BC as its expression in breast cancer patients was
associated with the histological grade, the number of
lymphatic metastases, and the age of the patients (70).

5 MicroRNAs

MicroRNAs are a class of small noncoding RNAs (ncRNAs),
which function in post-transcriptional regulation of gene
expression and are powerful regulators of various cellular
activities and have been linked to many diseases (20). RNA
polymerase II (Pol II), which produces the main transcripts,
participates in several stages of microRNA synthesis (pri-
miRNA). The pri-miRNA are split up into precursor miRNAs
(pre-miRNAs) by the RNase III Drosha (71). The pre-miRNAs
are subsequently moved from the nucleus into the cytoplasm by
Exportin-5 (Exp5), where they are further split by Dicer into a
mature single-stranded miRNA. The miRNA is induced to either
degrade or suppress the translation of mRNA targets when the
mature miRNA is removed from the pre-miRNA hairpin and
attached to the RNA-induced silencing complex (RISC) (72).
Figure 2 depicts a pictorial representation of miRNA biogenesis

\
1
1

Mature miRNA
in RISC Translational

Repression

Cleavage of
---MRNA____

MIRNA expression and function. RNA polymerase Il enzyme in the nucleus transcribes the miRNA-encoding genes, forming the “Pri-miRNA" hairpin-
shaped molecule. DROSHA and DGCR8 molecules work together to transform the "Pri-miRNA" molecule into the “Pre-miRNA" precursor molecule.
Pre-miRNA then travels to the nuclear export receptor “Exportin 5" and reaches the cytoplasm. This precursor is cleaved by Dicer complex in the
cytoplasm to create a double-stranded molecule called "miRNA duplex.” One of these two strands is left active after this process, and it has the
ability to suppress or even activate the target downstream genes at the transcriptional or translational level.
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and function. Besides miRNAs, other ncRNAs are long-chain non-
coding RNAs (LncRNAs), piRNAs, and circle RNAs (circRNAs),
which make up just 1% of the whole genome’s RNA (73).

The molecular revolution enables us to design strategies to
maximize patient outcomes, reduce toxicity, and control disease
with less strenuous and more focused therapies. The development
of chemotherapeutic response biomarkers is necessary in the future
to speed up the removal of tumors and reduce the need for extended
and excessive treatments. The utility of detecting miRNA
expression (both in tumors and in the blood) is now being
discussed in the scientific community. Doing so may help doctors
prescribe medicines that are suitably targeted, address early relapse,
or even enable miRNA-directed therapies. In general, miRNAs can
be either tumor suppressors (tumor suppressor miRNA) or
oncomirs, and they can affect the development of cancers in
either way. Numerous miRNAs, along with their downstream
targets, have been shown to be differentially expressed in breast
cancer patients when compared to healthy controls (either
circulating or in tumors) (Table 1).

6 miRNAs in BC subtyping

The three main subtypes of breast cancer that exist are (1)
Positive ER and PR (2); HER-2 positive; and (3) (ER, PR, and HER-
2 negative) Triple negative. However, this subtyping is expanded to
a more precise one using the microarray approach for identifying
miRNA profiles, including (1):Luminal A (ER-positive with low

TABLE 1 miRNA targets and signaling pathways in Breast cancer.

10.3389/fonc.2023.1155254

grade) (2); Luminal B (ER-positive with high grade) (3); HER-2
positive (4); Basal-like (Almost equal to triple-negative condition).
There are several miRNAs that are used for the breast cancer
subgrouping as shown in Table 2 (87). Currently, it is possible to use
miRNA profiling for the subgrouping of breast tumors. This
capability can therefore aid in the selection of cancer patients
who will get adjuvant therapy. In addition, miRNA profiling can
be successful in identifying new therapeutic targets by revealing the
genetic underpinnings of distinct subgroups of breast cancer.

7 Role of miRNA in BC drug resistance

It is well known that miRNAs can regulate drug resistance to
traditional chemotherapeutic medicines, endocrine hormone
treatments, and radiotherapies in cancer cells (90-93). It has been
shown that miRNA expression can influence a breast cancer
patient’s ability to respond to or reject systemic treatment as
shown in Table 3. The miRNAs along with other ncRNAs
significantly reverse the BC cell drug resistance by suppressing
signaling pathways such as Wnt/B-catenin, Hippo, AKT, TGF-B, or
mTOR signaling pathways. A summary of molecules which can
participate in target diversity in miRNA interactions leading to drug
resistance using different chemotherapeutic drugs is mentioned in
Table 3. According to various reports, there are scientific
explanations and processes for chemotherapeutic resistance,
including altered drug-target interactions, lower active drug doses,
and increased tumor tissue survival (143). Numerous miRNA
expression profiles have been linked to the prediction of

miRNAs Targets Functional pathways References
Tumor suppressor miRNAs

miR-206 ESR1 ER signaling (74)
miR-17-5p AlIB1,CCND1,E2F1 Proliferation (75)
miR-125a,b HER2,HER3 Anchorage-dependent growth (76, 77)
miR-200c BMI11,ZEB1,ZEB2 TGF-beta signaling (78)
let-7 H-RAS, HMGA2, LIN28, PEBP1 Proliferation, differentiation (79)
miR-34a CCND1, CDKe6, E2F3, MYC DNA damage, proliferation (80)
miR-31 FZD3, ITGA5, M-RIP, MMP16, RDX, RHOA Metastasis (81)
miR-335 SOX4, PTPRN2, MERTK, TNC Metastasis (82)
miR-27b CYP1B1 Modulation of the response of tumor to anti-cancer drugs (83)
Oncogenic miRNAs

miR-21 BCL2, TPM1, PDCD4, PTEN, MASPIN Apoptosis (84)
miR-155 RHOA TGF-beta signaling (85)
miR-10b HOXD10 Metastasis (86)
miR-373/520c CD44 Metastasis (87)
miR-27a Zinc finger ZBTB10, Myt-1 Cell cycle progression G2-M checkpoint regulation (88)
miR221/222 p27/Kipl Tamoxifen resistance (89)
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TABLE 2 MiRNAs used in breast cancer subtyping.

Breast cancer miRNA changes

subtypes

Luminal A Overexpression of miR-126, miR-136, miR-100, miR-99a, miR-145, miR-10a, miR-199a/b, miR-130a, miR-30a-3p, miR-30a-5p, miR-224,
miR-214, let-7a/b/c/f, miR-342

Luminal B Overexpression of miR-106a/b, miR-93, miR-25, miR-10a, miR-30a-3p, miR-30a-5p, miR-224, let-7b/c/f, miR-342c

HER-2 positive Overexpression of miR-150, miR-142-3p, miR-142-5p, miR-148a, miR-106b, miR-93, miR-155, miR-25, miR-187

TNBC Downregulation of miR-139-5p, -10b-5p and -486-5p and up-regulation of miR-455-3p, miR-107, miR-146b-5p, miR-324-5p and miR-20a-
5p

TABLE 3 ncRNAs related to drug resistance in Breast cancer.

ncRNA Drugs Function Targets/mechanisms References
miR-200b/c Tamoxifen Sensitivity Activation of vimentin/ZEB/EMT (94)
miR-186-3p Tamoxifen Resistance Activation of EREG/EGFR (95)
miR-221/222 Tamoxifen Resistance Inhibition of p27Kipl (89)
miR-449a Tamoxifen Sensitivity Inhibition of ADAM22 (96)
miR-451a Tamoxifen Sensitivity Inhibition of MIF 97)
IncRNA-ADAMTS9-AS2 Tamoxifen Sensitivity Inhibition of PTEN (98)
IncRNA-ROR Tamoxifen Resistance Inhibition of EMT (99)
circRNA-0025202 Tamoxifen Sensitivity Inhibition of FOXA3a (100)
miR-200c Doxorubicin Sensitivity Inhibition P-gp (101)
miR-34a Adriamycin Sensitivity Inhibition Notchl (102)
miR-302a/b/c/d Adriamycin Sensitivity Activation P-gp MAPK/ERK (103)
miR-148/152 Adriamycin Resistance Inhibition SPIN1 (103)
miR-124-3p Adriamycin Sensitivity Inhibition ABCC4 (48)
miR-298 Adriamycin Resistance Inhibition P-gp (104)
miR-29a Adriamycin Resistance Inhibition PTEN/AKT/GSK3p (105)
miR-130b Adriamycin Resistance Inhibition PI3K/AKT (106)
miR-222 Adriamycin Resistance Inhibition PTEN/AKT/p27 KIP1 (107)
miR-145 Doxorubicin Sensitivity Inhibition MRP1 (108)
miR-489 Adriamycin Sensitivity Inhibition EMT/Smad3 (109)
miR-760 Doxorubicin Resistance Inhibition EMT/Nanog (110)
miR-192-5p Doxorubicin Sensitivity Activation JNK/Bad/Caspase9, inhibition Bcl-2/PPIA (111)
miR-221 Adriamycin Sensitivity Inhibition hormone receptor(HR) (112)
LncRNA-00518 Adriamycin Resistance Inhibition miR-199a/MRP1 axis (113)
Lin28 Paclitaxel Resistance Activation of p21 and Rb; inhibition of Let-7 (114)
Let-7a Paclitaxel Resistance Inhibition of caspase-3 (115)
miR-125b Paclitaxel Resistance Inhibition of BAK1 (76)
miR-520h Paclitaxel Resistance Inhibition of DAPK2 (116)
miR-451 Paclitaxel Resistance Inhibition of Bcl-2 (117)
miR-100 Paclitaxel Sensitivity Inhibition of the Mtor signaling pathway (118)
(Continued)
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TABLE 3 Continued

10.3389/fonc.2023.1155254

ncRNA Drugs Function Targets/mechanisms References
miR-18a Paclitaxel Resistance Inhibition of the mTOR signaling pathway (119)
miR-101 Paclitaxel Sensitivity Inhibition of MCL-1 (120)
LncRNA-CASC2 Paclitaxel Resistance Inhibition miR-18a-5p/CDK19 (121)
miR-141 Docetaxel Sensitivity Activation of EIF4E/CP110 (122)
miR-129-3p Docetaxel Resistance Inhibition of CP110 (123)
miR-3646 Docetaxel Resistance Activation of the GSK-3[/B-catenin signaling pathway (124)
miR-452 Docetaxel Resistance Inhibition of APC4 (125)
miR-663 Docetaxel Resistance Inhibition of HSPG2 (126)
miR-139-5p Docetaxel Resistance Inhibition of Notch1 (127)
miR-125a-3p Docetaxel Sensitivity Inhibition of BRCA1 (77)
miR-222/29a Docetaxel Resistance Activation of Akt/mTOR (128)
LncRNA-EPB4114A-AS2 Docetaxel Sensitivity Activation of ABCB1 (129)
miR-125a Fluorouracil Resistance Inhibition LIF/Hippo signaling pathway (130)
miR-508-5p Fluorouracil Resistance Inhibition P-gp or ZNRD1 (131)
miR-200/203 Fluorouracil Sensitivity Inhibition P53/Bmil (132)
miR-448 Fluorouracil Resistance Inhibition EMT/NFkB (133)
LncRNA-NEAT1 Fluorouracil Resistance Inhibition miR-211/HMGA2 (134)
Circ-CDR1as Fluorouracil Resistance Inhibition miR-7/CCNE1 (135)
miR-21 Trastuzumab Resistance Inhibition of AKT and NF-kB (84)
miR-221 Trastuzumab Resistance Inhibition of PTEN (136)
miR-200c¢ Trastuzumab Resistance Inhibition of ZNF217/ZEB1/TGF-B signaling pathway (137)
miR-375 Trastuzumab Sensitivity Inhibition of IGFIR (138)
miR-542-3p Trastuzumab Sensitivity Activation of PI3K/AKT (139)
miR-630 Trastuzumab Sensitivity Inhibition of IGFIR (140)
miR-16 Trastuzumab Sensitivity Inhibition of CCNJ and FUBP1 (141)
miR-7 Trastuzumab Resistance Inhibition of EGFR (142)

chemoresistance and their regulatory role in influencing
chemoresistance to chemotherapeutics. For example, reduced
expression of miR-18a, miR-1207-5p, and miR-5195-3p in TNBC
has recently been linked to translational research studies that
predict resistance to paclitaxel or docetaxel in TNBC (144, 145).
Similarly, Wu et al., 2019 discovered that by downregulating the
expression of dCMP deaminase (DCTD) in TNBC, upregulation of
miR-620 improves tumor resistance to gemcitabine-based
chemotherapies (146). Further, finding higher levels of circulating
miR-125b in 56 patients with invasive ductal carcinoma receiving
curative treatment was associated with chemoresistance (p = 0.008)
(147). Hypoxia-inducible factor-1 (HIF-1) pathway-dependent
upregulation of cell resilience to hypoxia and inhibition of
chemotherapy-induced apoptosis are two mechanisms through
which miR-24 has been demonstrated to promote
chemoresistance in early breast cancer (148). miR-155 has shown
to be linked to drug resistance and cancer development (149) via
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modulation of FOXO3a signaling, the interruption of TGF-beta,
and the induction of drug resistance through RhoA signaling.
Likewise, in 25 breast cancer samples, miR-221 has been shown
to alter the PTEN/Akt/mTOR signaling pathway, which promotes
breast cancer resistance to Adriamycin (150).

The role of miRNAs in BC chemoresistance has been attributed
to some of the following molecular mechanisms (Figure 3):

& miRNAs and cell cycle: Cell cycle deregulation is an
established hallmark of cancer, and it has been linked to
both drug resistance and poor prognosis when it is
aberrantly activated. Various miRNAs have been reported
to target genes linked to cell cycle regulation, resulting in
either drug sensitivity or resistance such as miR-93,
involved in G1/S phase arrest, was reported to be
downregulated in paclitaxel-resistant BC samples
compared to responder patients (Figure 3A) (151). Direct
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FIGURE 3

Schematic representation of miRNAs involved in drug resistance through regulating (A) cell cycle, (B) DNA repair checkpoints, (C) cell death, and (D)
stemness and epithelial to mesenchymal transition. A line with a perpendicular line at the end designates inhibition and arrows designate activation
miRNAs increasing drug resistance are shown in red, and miRNAs increasing drug sensitivity are shown in green. CIS, cisplatin; DOX, doxorubicin;
DTX, docetaxel; FUL, fulvestrant; PTX, paclitaxel; TAM, tamoxifen; TRA, trastuzumab; 5-FU, 5-fuorouracil; CPT, camptothecin; ETO, etoposide;
MNNG, N-methyIN’-nitro-N-nitrosoguanidine; PARPI, PARP inhibitors; RAD, radiation; TMZ, temozolomide; EPB, epirubicin; GCB, gemcitabine

targets of this miRNA were discovered to include CCND1
and the E2F transcription factor 1 (E2F1), which upon
downregulation resulted in cell cycle arrest in G1 phase and
increased apoptosis via inhibiting AKT phosphorylation
(p-AKT), and BCL-2 expression, and increasing the
expression levels of BCL-2-associated X, apoptosis
regulator (BAX), which could increase the paclitaxel
sensitivity.

¢ miRNAs and DNA repair machinery: As mentioned above,
most chemotherapy drugs used today to treat breast cancer
cause either direct or indirect DNA damage. To counteract
DNA damage, however, CSCs activate DDR pathways,
explaining why chemotherapy that destroys DNA could
result in drug resistance (Figure 3B). One such DDR
pathway involves BRCA1 which is engaged in different
cellular processes that maintain genomic stability like DNA
damage repair, DNA damage-induced cell cycle checkpoint
activation, chromatin remodelling, protein ubiquitination,
transcriptional control, and cell death [43]. Drug sensitivity
is thus impacted by its miRNA influenced control, for
instance miR-182 inhibits BRCA1 expression to induce
drug sensitization. Furthermore, it has been shown that
overexpressing miR-182 makes BC cells more susceptible to
PARPi (PADP-ribose polymerase 1 inhibitor). In contrast,
miR-182 suppression raises BRCA1 levels and results in
PARPi resistance (152).
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& miRNAs and cell death: The interests of investigators are
growing in drug-miRNA combination anticancer therapy
since miRNAs can influence cell death (Figure 3C).
Examples include miR-125b, which confers paclitaxel
resistance by inhibiting the expression of BAK1 (BAX
and/or BCL-2 Antagonist/Killer 1), which causes the
release of cytochrome C from mitochondria to the
cytoplasm, where it binds Apoptotic peptidase Activating
Factor 1 (APAF-1) and triggers caspase activation (76).
Similar findings were also made from miR-149-5p, whose
overexpression was shown to boost BAX expression (153),
and from miR-663b, which imparts tamoxifen resistance by
indirectly upregulating BAX (154).

& miRNAs, CSCs and epithelial to mesenchymal transition
(EMT): Breast cancer stem cells (BCSCs) are a small
population of cells with a high ability for tumorigenesis
and are involved in therapy resistance (155). The
modulation of BCSCs’ phenotype is mediated by several
molecular mechanisms, the most significant of which is
EMT. This process takes place as cancer develops, and it
involves a decrease in the expression of molecules
associated with epithelial growth, such as E-cadherin, and
a rise in molecules associated with mesenchymal
development, such as N-cadherin, vimentin (VIM), and
fibronectin (FN1) (156). Thus, the cells become more
capable of invasion and migration (155) and can nest in
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various tissues where they can multiply and create new
tumors through a process called metastasis (155). In this
context, miRNAs play a significant role in controlling
stemness and EMT by targeting a few genes implicated in
these two pathways (Figure 3D). Among those engaged in
the control of EMT, the miR-200 family has received the
greatest research attention. Five different miRNAs make up
this family: miR-141, miR200a, miR200b, miR200c¢, and
miR-429 (157), which can inhibit the expression of ZEB1
and ZEB2 (Zinc finger E-Box-binding homeobox genes)
(157). As a result, it has been demonstrated that
overexpressing miR-200 in many cancer cell lines can
reverse EMT (158). Another factor contributing to
stemness in BC is the Wnt/-catenin signaling pathway. It
has been shown that several miRNAs, including miR-105
and miR-93-3p, regulate this pathway. The Wnt/-catenin
signaling pathway suppressor Secreted Frizzled Related
Protein 1 (SPFR1) is the target of those miRNAs. This led
Li et al. to show that those miRNAs encourage cisplatin
resistance (159).

Four circulating miRNA patterns linked to pCR were recently
identified using profiling of circulating miRNA (ct miRNA detected
in plasma) to categorize NAC responders (from non-responders) in
Her2+ patients (160). These results demonstrate the potential of
miRNA signatures as prognostic and predictive biomarkers that
could individualize breast cancer treatments and enhance patient
sampling techniques for current therapies, including traditional
cytotoxic chemotherapies. The following is a discussion of a few
of them:

¢ miR-638 - miR-638 was shown to be downregulated in cases
with BC chemoresistance in a microarray analysis (161). A
minimal patient-derived xenograft (MiniPDXTM) was also
developed by the researchers to assess the chemosensitivity
of various drugs. The results of this study demonstrated
that in patients, who received 5-FU, miR-638 levels were
relatively low in the 5-FU-resistant group compared to the
5-FU-sensitive group. So, according to the MiniPDX™
model, MDA-MB-231 BC cells overexpressing miR-638
were more susceptible to 5-FU treatment in vivo.

¢ miR-17/20 - The serine-threonine kinase Aktl has been
linked to the regulation of cellular homeostasis,
proliferation, and growth as well as hyperactivation in
human malignancies (162). It is known that the miR-17/
20 cluster blocks the proliferation of breast cancer cells by
causing the G1/S cell cycle arrest by anchoring to the 3’UTR
of cyclin D1 (163). Yu et al., 2014 demonstrated a unique
mechanism by which miR17/20 controls p53 and Akt,
which further control breast cancer cell apoptosis (163).
Additionally, they have demonstrated that miR-17/20
overexpression, via Aktl, makes MCF-7 cells more
susceptible to apoptosis brought on by either doxorubicin
or UV irradiation. In brief, the apoptosis-inducing miR-17/
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20 increases Akt breakdown by upregulating p53
expression.

¢ miR-342 - The mesenchymal stem cell-derived exosome

(MSCs-Exo0) carrying microRNAs has been proven to
regulate tumor biological activities (164, 165). Yu et al,
2022 demonstrated the regulatory function of miR-342-3p
in MSCs-Exo on the BC (166). They revealed considerably
decreased levels of miR-342-3p in patients with metastatic
illnesses (166). Additionally, miR-342-3p was found to
target the Inhibitor of Differentiation 4 (ID4) and operate
as a possible tumor suppressor by preventing the metastasis
and chemoresistance of breast cancer cells (166).

¢ miR-484 -By controlling cyclin E-CDK?2 signaling, cytosine

deaminase (CDA), a crucial chemoresistance axis, inhibits
the advancement of the cell cycle (167). In a breast cancer
model that is resistant to gemcitabine, miR-484 controls the
CDA (167). CDA expression was found to be
downregulated and inversely linked with miR-484
expression in clinical samples of BC (167). Additionally,
in the same cohort, greater expression of CDA was linked to
extended disease-free survival. Collectively, the findings of
Ye et al, 2015 established that miR-484-modulated CDA
promotes chemoresistance while inhibiting cell
proliferation in breast cancer, highlighting the
pathophysiological exchange that arises because of
chemoresistance in this cancerous condition (167).

¢ miR-451 - Gu et al. (2016) looked at the possible use of miR-

451, which is prevalent in the serum of BC patients, to
forecast NAC resistance (168). Here, QRT-PCR was used to
determine the expression levels of miR-451 in the MCEF-7
BC cell line, the docetaxel-resistant MCF-7 BC cell line
(MCF-7/DTX), the epirubicin-resistant MCF-7 BC cell line
(MCEF-7/EPB), normal controls, NAC-sensitive group, and
NAC-resistant group. The findings of this investigation
confirmed the hypothesis that miR-451 expression was
differentially expressed between NAC-sensitive and
-resistant BC patients. Additionally, the research team
noticed that miR-451 expression was much lower in the
MCEF-7/EPB and MCF-7/DTX cell lines than it was in the
MCE-7 cell lines, indicating that miR-451 may be
functionally crucial in predicting NAC resistance in breast

cancer patients.

& miR-222 and miR-29a - In a 2013 study by Zhong et al,, it

was discovered that the changed expression pattern of miR-
222 and miR-29a contributed to the development of DTX
and adriamycin (ADR) resistance in breast cancer MCF-7
cells (128). The research team found that targeting
Phosphatase and TENsin homolog (PTEN) with miR-222
and miR-29a mimics and inhibitors partially altered the
treatment resistance of breast cancer cells.

¢ miR-141 - About 50% of patients develop resistance to the

chemotherapeutic medication docetaxel used to treat BC.
The role of miR-141 expression in BC cells with acquired
docetaxel resistance was studied by Yao et al,, 2015 (122).
Docetaxel-resistant cells (MCF-7/DTX and MDA-MB-231/
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DTX, respectively) were more responsive to the drug when
miR-141 was inhibited, but docetaxel-sensitive cells were
more resistant when miR-141 was overexpressed (MCF-7
and MDA-MB-231, respectively). This research team
showed that miR-141 operates on genes required for
drug-induced apoptosis, leaving the cells drug resistant,
through direct interaction with eukaryotic translation
initiation factor 4E (EIF4E).

¢ miR-140-5p - In a training set, conducted by Di et al., 2019,
starting from 51 circulating (ct)-miRNAs linked with pCR,
four signatures were validated in the testing set: lapatinib at
TO0 and T1 [AUC 0.86; 95% confidence interval (CI), 0.73—
0.98 and 0.71 (0.55-0.86)], respectively; trastuzumab at T1
(0.81; 0.70-0.92); lapatinib + trastuzumab at T1 (0.67; 0.51-
0.83) (160). Although the levels of ct-miR-140-5p, which is
a component of the trastuzumab signature, were linked to
EFS (HR 0.43; 95% CI, 0.22-0.84), ct-miRNA signatures
could not predict event-free survival (EFS). Patients with
and without pCR after neoadjuvant lapatinib- and/or
trastuzumab-based therapy can be distinguished by ct-
miRNAs. To help to de-escalate treatment plans, ct-
miRNAs at week two may be useful in identifying
individuals who respond to trastuzumab and preventing
needless combinations with other anti-HER2 medications.

¢ miR-34a - A link between enhanced miR-34a expression and
docetaxel resistance has also been established (80). Kastl
et al, 2012 confirmed that B-cell leukemia/lymphoma 2
protein (BCL-2) and cyclin D1 protein (CCND1), both of
which are targeted by miR-34a, were shown to be expressed
at lower levels in docetaxel-resistant cells (80). It was found
that overexpressing miR-34a resulted in resistance in MCF-
7 docetaxel-sensitive cells, but miR-34a inhibition
improved responsiveness to docetaxel in MCF-7
docetaxel-resistant cells. To propose a prospective
therapeutic target for the treatment of docetaxel-resistant
breast cancer, this work described a pathway of acquired
docetaxel resistance in these cells, presumably involving
direct interactions with BCL-2 and CCNDI.

& miR-23, 24 and 27 - Recent research has shown that the
extracted exosomes (D/exo) from the docetaxel-resistant
breast cancer cells MCE-7 (MCF-7/Doc) were linked to the
genetic cargo’s contribution to resistance transmission
(169, 170). The significance of D/exo during exposure to
DRB-H (d Rhamnose -hederin), an active ingredient
obtained from the traditional Chinese medicine plant
Clematis ganpiniana, was discovered by Chen et al., 2018,
in MCF-7/DTX cells (171). Herein, the investigators have
found that DRB-H could reduce the expression of a few of
the most common miRNAs (miR-23a, miR-24, and miR-
27a) transported by D/exo. Target gene prediction and
pathway analysis showed the relevance of these selected
miRNAs in pathways related to disease relapse.

¢ miR-200 -The miR-200 family of microRNAs have recently
been revealed to be dysregulated in a variety of
malignancies, and it has been shown that this family of
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miRNAs is crucial for tumor development, maintenance,
tumor metastasis, and chemotherapy tolerance (172). MiR-
200s are currently recognized as master EMT regulators,
inhibiting cancer invasion and metastasis by focusing on a
number of key inducers of the EMT, such as ZEB1, ZEB2,
and SLUG (172). By playing critical and pleiotropic roles in
malignancies, miR-200s are promising targets for cancer
therapy. However, a recent study revealed that miR-200s
play a role in breast cancer metastasis promotion, hence
cautious evaluation should be done prior to treatment
modalities using miR-200s as therapeutic targets (172).

8 miRNAs in neoadjuvant
chemotherapies: predicting response

As already said, breast oncology research has advanced recently
to realize that treating patients with chemotherapy in the
neoadjuvant setting is both rational and beneficial (173, 174).
Although conventional clinicopathological traits have been shown
to correlate with response to NAC (33), it is still difficult for
oncologists to identify patients who are likely to experience such
reactions since success rates are frequently unpredictable. The latest
research has linked miRNA expression profiles with breast cancer
patients’ responses to NAC therapy. For example, Xing et al., 2021
found that decreased expression of miR-638 and miR-451a and
elevated expression of miR-200c-3p, miR-23a-3p and miR-214-3p
correlated to chemoresistance (Miller-Payne grade 1) (175). In their
analysis of 114 breast cancer patients participating in the Clinical
Trials Ireland All-Ireland Cooperative Oncology Research Group
(CTRIAL-IE ICORG) 10/11 prospective, multicenter translational
trial, McGuire et al., 2020 emphasize the innate value of miR-21
expression as a factor associated to response to conventional NAC
(176). Further, a study conducted by Liu et al., 2019 supported the
findings of the CTRIAL-IE ICORG 10/11 trial by showing
decreased miR-21 expression levels in responders (vs non-
responders) following cycle 2 of NAC (177). Di Cosimo et al.,
2020 described the clinical utility of venous sampling for miR-140a-
5p, miR-148a-3p, and miR-374a-5p, and their predictive value in
determining response to subsequent neoadjuvant therapy, with an
enhanced combined predictive capability of 54% in determining
PCR to trastuzumab in HER2+ illness, compared with 0% in cases
of poor expression (178). In their series of 435 patients with either
early-stage HER2+ or TNBC illness, Stevic et al. (2018) explained
how the overexpression of miR-199a in patient plasma was
indicative of pCR to NAC in the GeparSixto study (179). MiR-
34a expression levels were shown to accurately distinguish between
responders and non-responders in 39 patients receiving treatment
for locally advanced breast cancer according to promising findings
from Kassem et al., 2019 (area under the curve (AUC): 0.995,
sensitivity: 97.4%, specificity: 100%) (180). In patients who
successfully achieved a pCR to NAC, Garcia et al., 2019 showed
lower miR-145-5p expression levels (AUC: 0.790, p = 0.003) (181).
Table 4 shows systematic trials examining the function of miRNAs
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TABLE 4 Table illustrating prospective trials evaluating the role of miRNAs in predicting response to neoadjuvant therapies.

Author Trial N Treatment Findings References
Number/ Arms
Link
Jung 2012 Prospective N.A. 72 5-FU, EC Lower miR-210 expression levels predicted pCR in HER2+ (182)
(I1) and trastuzumab cancers.
Muller 2014 Prospective NCT:00567554 127 | NAC with Increased miR-21, miR-210, and miR-373 in patient’s serum (183)
phase II trastuzumab or following treatment with NAC correlated to response to
Geparquinto lapatinib treatment.
Trial
Xue 2016 Prospective N.A. 50 Carboplatin and Increased miR-621 expression profiles predicted pCR to (184)
phase II Paclitaxel NAC
clinical trial
Al- 2016 Prospective N.A. 36 DXR, Serum miR-451 expression levels decreased during NAC in (185)
Khanbashi (I cyclophosphamide | clinical responders.
and DTX
Stevic 2018 Prospective NCT:01426880 211 | Docetaxel or Aberrant miR-199a expression correlates to pCR following (179)
phase II Paclitaxel +/— neoadjuvant therapies
clinical trial Carboplatin
GeparSixto
Trial
Zhu 2018 Prospective NCT:02041338 24 Epirubicin and After the second cycle of NAC, reduced miR-34a expression (186)
phase II Docetaxel was correlated with patients who did not respond to
clinical trial treatment
Kahraman | 2018 Prospective, N.A. 42 Carboplatin and Identification of 74 miRNAs which predicted pCR based on (187)
case-control Paclitaxel changes in expression profiles pre- and post-NAC.
study
(MODE-B
study)
Di Cosimo | 2019 NeoALLTO NCT:00553358 | 455 | Neoadjuvant Increased circulating plasma levels of miR-140a-5p, miR- (160)
Phase IIT lapatinib, 148a-3p and 374a-5p were associated with pCR and miR-
RCT trastuzumab, or 140a-5p predicted enhanced EFS
combined
lapatinib and
trastuzumab
Lindholm 2019 Randomised, ~ NCT:00773695 132 | FEC-T or FEC-P, Hierarchical clustering of 627 miRNAs with response at 12 (188)
phase II +/— Bevacizumab and 25 weeks to neoadjuvant treatment with NAC or NAC
clinical trial combined with Bevacizumab; of these, 217 had differential
expression profiles (71 upregulated and 146 downregulated)
between responders and non-responders.
Rodriguez- | 2019 Prospective N.A. 53 AC Exosomal expression of miR-21 correlated in a stepwise (189)
Martinez clinical trial fashion with patients achieving a CR having significantly
reduced miR-21 vs. patients with PR and SD, respectively
Di Cosimo | 2020 NeoALLTO NCT:00553358 455 | Neoadjuvant After 2 weeks of neoadjuvant treatment, increased (178)
Phase IIT lapatinib, expression of miR-15a-5p, miR-140-3p, miR-320a, miR-
RCT trastuzumab, or 320b, miR-363-3p, miR-378a-3p, miR-486-5p and miR-660-
combined 5p and decreased miR-30d-5p correlated with pCR to
lapatinib and lapatinib. At 2 weeks of therapy, increased expression of
trastuzumab miR-26a-5p and miR-374b-5p correlated with pCR to
trastuzumab. Increased let-7g-5p and miR-191-5p and
reduced miR-195-5p correlated with pCR to combined
trastuzumab and lapatinib.
McGuire 2020 Prospective NCT:00553358 114 | Various NAC Responders had reduced miR-21 and miR-195 vs. non- (176)
phase II regimens responders in all breast cancer subtypes. MiR-21
clinical trial independent predicted response (OR 0.538, 95% CI 0.308-
[CTRIAL-IE 0.943). In luminal cancers, reduced expression of miR-145
and miR-21 correlated with response to NAC.
(Continued)
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TABLE 4 Continued

Trial
Phase

Treatment References

Arms

Author Year

Findings

ICORG] 10/
11
Zhang 2020 Prospective SHPD001 65 Paclitaxel, Low miR-222-3p expression was predictive of achieving pCR = (190)
phase II NCT:02199418 Cisplatin and (OR: 0.258, 95% confidence interval: 0.070-0.958, p = 0.043)
trials and SHPH02 trastuzumab and favourable DFS and survival

N.A., Trial number/link not available; N, number; HER2-+ human epidermal growth factor receptor-2 positive NAC, neoadjuvant chemotherapy; pCR, pathological complete response; TNBC,
triple-negative breast cancer; EFS, event-free survival; HER2-, human epidermal growth factor receptor-2 negative; FEC-T, 5-fluorouracil; epirubicin; and cyclophosphamide followed by
docetaxel; FEC-P, 5-fluorouracil; epirubicin; and cyclophosphamide followed by paclitaxel; AC, doxorubicin and cyclophosphamide; CR, complete response; PR, partial response; SD, stable
disease; OR, odds ratio; DFS, disease-free survival; NCT, national clinical trial identifier; TAN, tumor-associated normal; DTX, docetaxel; DXR, doxorubicin.

in determining how patients would respond to neoadjuvant therapy
and lists the miRNAs that are important in this setting (160, 176,
178, 179, 183, 184, 186-190). Using miRNA expression profiles to
assess response to adjuvant chemotherapy is substantially more
difficult. It is quite challenging to measure whether medication
improved oncological outcomes for patients who were most likely
to succumb to recurrence, estimate the timing of miRNA sampling,
and analyze treatment response rates in a crude way. Therefore, it is
not surprising that most research evaluates miRNA expression
patterns using metrics that indicate response to NAC rather than
adjuvant chemotherapy (e.g., RECIST, Miller-Payne grade, Sataloff
score, etc.).

9 MicroRNAs for therapeutic use in
breast cancer

The use of miRNAs for the development of novel treatment
approaches has been made easier by the current molecular
technology. These entail the administration of carefully chosen
miRNAs into the tumor microenvironment for therapeutic
purposes or to improve the efficacy of currently available
therapeutic modalities employed in standard clinical practice,
such as systemic chemotherapy (143, 191). miRNAs can act as
tumor suppressors or oncomirs, so there are two possible methods
for using them as therapeutics (1): miRNA replacement therapy,
which involves inducing and overexpressing specific miRNA to
reduce oncogenesis or increasing sensitivity to systemic treatment,
or (2) oncomir inhibition, which involves lowering targeted miRNA
expression characteristics (i.e., miRNA silencing) by incorporating
inhibitory miRNA to lessen the translation of the target
miRNA (Figure 4).

¢ miRNA Replacement Therapy — By inhibiting oncogenes and
the genes that regulate cell proliferation and death, tumor
suppressor miRNAs can prevent the development of cancer
(192). MiRNA replacement treatment includes
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reintroducing tumor-suppressing miRNA (or mimics) into the
tumor microenvironment in order to inhibit tumor growth and
restrain the spread of malignancy (193). They might be delivered
into the cytoplasm of cancer cells through a variety of
transporters, such as chemicals, electroporation, and modelling
of the endogenous miRNA (192). Park et al., 2014 discussed the
possible significance of overexpression of miR-34a in MCF?7 cells
in reducing cancer stem cell characteristics and increasing
sensitivity to doxorubicin treatment by specifically targeting
NOTCHI (194). In studies involving animals and MDA-MB-
231 and MDA-MB-549 chemoresistant breast cancer cell lines,
Yu et al,, 2007 and 2010 and Cochrane et al., 2009 show the
value of gradually introducing and increasing the expression
levels of let-7a, miR-30, and miR-200c to minimize oncogenesis
and increase therapeutic index (195-197). Additionally,
Kalinowski et al. (2014) analyzed how miR-7 replacement
therapy can improve the efficacy of the traditional breast
cancer chemotherapy currently being used to treat breast
cancer (198).

& Oncomir Inhibition — Generally, oncomirs are elevated in the
cancer (191). Anti-miRNA oligonucleotides, targeted miRNA
silencing agents (antagomirs), and locked nucleic acids (LNA)
can all be used to limit the action of oncogenic miRNAs (199). In
various pre-clinical studies, such inhibitor mechanisms have
been shown to increase the sensitivity of breast cancer cells to
chemotherapeutic agents: For example, in MCF-7/ADR cell
lines, miR-3609 was successfully transfected to increase the
tumor cells” susceptibility to adriamycin-based chemotherapy
(200). Similarly, Lin et al., 2021 successfully enhanced cell
sensitivity to chemotherapy in 65 BC patients by inducing
miR-133 into cisplatin-resistant TNBC cells from these
patients (201). Li et al,, 2021 also successfully overcome
paclitaxel resistance in previously resistant breast cancer cells
by transfecting miR-155-5p into tumor cells (85). Finally, Mei
et al, 2010 report that downregulating miR-21 increased the
susceptibility of MCF-7 BC cell lines to docetaxel treatment
(202).
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9.1 miRNA delivery strategies used for
cancer therapy

miRNAs can be introduced therapeutically into cancer cells
through a variety of methods. These approaches are typically
divided into two categories of local and systemic delivery, which
are thoroughly discussed below and in Figure 5:

Local delivery of miRNAs: Target gene suppression with less
toxicity may result from the local delivery of miRNAs as opposed to
the systemic delivery of miRNAs. According to Moller et al., 2013,
the aforementioned strategy has been examined mainly for primary
tumors including melanoma, breast, and cervical cancers (203).
Recently, different local delivery techniques, such as the direct
injection of miRNA vectors into the tumor site and the
nanoparticles (NP) formulation with surface modifications, have
been devised. For instance, glioblastoma multiform was treated
using the intracranial miRNA delivery approach (203). In a study by
Trang et al,, 2010, let-7 was introduced into non-small-cell lung
cancer using viral vectors, which inhibited the growth of KRAS-
dependent tumors (204). The topical distribution approach is an
additional technique for treating skin conditions. The target region
is more accessible with fewer adverse effects when topical
administration is used (205). Moreover, the local delivery system
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makes the use of modified miRNAs. For instance, astro-cyte
elevated gene-1 (AEG-1) was the target of intratumoral miR-375
mimics in cholesterol-conjugated 2'-O-methyl modified form,
which significantly suppressed tumor growth in in-vivo models of
hepatoma xenograft (206).

However, as the local delivery system employs direct injection
or local application of miRNAs with or without carriers, it cannot
be recommended as a good strategy for treating late-stage
metastatic disease. Therefore, developing a systemic delivery
strategy is essential to provide efficient miRNA cancer therapy.

Systemic delivery of miRNAs: The systemic miRNA delivery
technique represents a significant advancement in the effort to
increase the effectiveness of cancer therapy and get over the
drawback of miRNA delivery in vivo. Different systemic delivery
strategies have been devised up until this point. A few of them are
covered below:

¢ Modification-based delivery - Systemic distribution of
miRNAs into tumor cells was mostly accomplished
through chemical alterations (207). The altered
oligonucleotides show a stronger propensity for the target
molecule. However, there are some restrictions in this
regard. For instance, a targeting moiety is necessary for
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the intracellular uptake of modified miRNAs. Additionally,
there might be a sign of short half-lives and uneven
biodistribution because of quick renal and hepatic
clearance. The stability of miRNA modulators and their
resistance to nuclease degradation inside the blood
circulation may both be improved by increasing the
systemic delivery effect with various chemical
modifications (208). These changes lessen the off-target
effects of miRNAs and aid to overcome immune
responses and low miRNA stability (207). The typical
chemical modifications are 2’-OH group modification,
LNA modifications, passenger strand modifications,
Phosphorothioate modification and peptide nucleic acid
(PNA) modifications.

& Viral delivery of miRNAs — miRNAs can be transmitted by
being encoded in several types of vectors, including viral
and non-viral vectors. In this regard, viral delivery is an
advantageous strategy. One of its benefits include low off-
target rate, resulting from given miRNAs being translated
by tumor cells. Lentiviruses, adenoviruses, and
adenoassociated viruses (AAVs) are among the viruses
that have been identified as delivery vectors for miRNAs.
As a result, targeting components were added to the viral
capsid to strengthen the affinity between viral vectors and
cancer-specific receptors, allowing for better transportation
into tumors (209). However, due to the immunological
reaction they cause and the difficulty of scaling up the
production process in comparison to nonviral delivery
systems, there are still some significant challenges to
overcome. Additionally, the potential for a virus with
replication competence may raise the risk of the
pathogenic condition. For instance, some retroviruses can
cause the start of a CNS illness as a result of their active
reproduction (210).

@ Non-viral delivery of miRNAs — The use of non-viral vectors is a
beneficial strategy for miRNA delivery. In this approach, site-
specific delivery, system optimization, or polyethylene glycol
(PEG) molecule augmentation could be employed to achieve
targeted ligands or lengthen circulation times. Additionally,
nanocarriers are produced in a secure and straightforward
manner, and they are distinguished by their affordability,
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minimal immunogenicity, and adaptability. Non-viral
delivery vectors can be divided into three primary categories:
inorganic materials, lipid-based carriers, and polymeric
carriers (211, 212).

However, non-viral-based approaches to miRNA delivery
have their own shortcomings such as lower loading
efficiency, lack of cargo protection, lower endosomal
escape, nonspecific interaction with target cells and
nucleic acids, etc (193).

10 Discussion

Considering that drug resistance continues to be a major
obstacle in the clinical context, causing relapse and metastatic
spread in many cancer types, novel treatment approaches are of
the utmost importance. The discovery of miRNAs has provided a
novel perspective on the molecular processes behind cancer,
increasing the possibility of creating novel and more potent
therapeutic approaches. This review is centered on new findings
pertaining to the significance of miRNAs in breast cancer
chemoresistance. miRNAs regulate numerous signaling pathways
and regulatory networks, therefore even little changes in miRNA
expression can have a big impact on the development and the
progression of the disease. Targeting miRNAs—either reducing or
enhancing their expression—seems promising to develop novel,
more effective, and customized treatments, boost therapeutic
efficacy, and predict patient response to various treatments.
However, to fully explain all the miRNAs that are altered in
tumors based on profiling data would be beyond the scope of this
review. Numerous organizations are exploring the use of
microRNAs as potential therapeutics. In vivo and translational
investigations are currently the focus of increased research.
Evidence exists that points to miRNAs as possible therapeutic
agents, particularly when used in conjunction with anti-cancer
chemotherapeutics. This could take the form of mimics that
support miRNA function and expression or antagonists that
block miRNA expression. By affecting the expression of
endogenous microRNAs in cancer cells, miRNA mimics or anti-
miRNAs can potentially change chemotherapy’s efficacy. Two
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clinical investigations have shown the potential therapeutic impact
of miRNAs in the future. Among these is a phase 2a clinical trial
with Miravirsen in 26 patients who had chronic hepatitis C virus
(HCV) genotype 1 infection. Miravirsen is a nucleic acid-modified
DNA phosphorothioate antisense oligonucleotide that encases
mature miR-122 in a heteroduplex and inhibits its function. No
side effects related to the experiment have been reported yet (213).
Another phase 1 clinical trial including individuals with liver cancer
or metastatic cancer with liver problems is MRX34 (a mimic of the
tumor suppressor miR-34). Healthy volunteers and patients with
advanced or metastatic liver cancer (hepatocellular carcinoma) are
being tested for the safety and effectiveness of MRX34 in this study
(214). Future possibilities for these novel medicines are encouraging
given the encouraging preliminary findings from both trials.

Challenges in the field of miRNA therapy-As mentioned
above, the miRNAs can be delivered by either local or systemic
approaches. It might not be a suitable strategy, for advanced cancer.
However, miRNA cancer therapy works well with systemic delivery.
Figure 6 summarizes the various constraints to miRNA delivery.
For instance, poor miRNA penetration is caused by the leaky nature
of aberrant tumor vasculature (215). The rapid cleavage of naked
miRNAs by serum nucleases of the RNase A type poses another
challenge (216). Additionally, there is a rapid renal clearance,
notably for naked miRNA (217). When utilizing big NPs (>100
nm), reticuloendothelial system (RES) clearance would rise in the
liver, spleen, lung, and bone marrow, leading to nonspecific
absorption by innate immune cells such monocytes and
macrophages (218).

Additionally, the systemic miRNA distribution triggered the
innate immune system, as with other nucleic acid types, which
resulted in undesired toxicities. Immune system activation includes
the release of inflammatory cytokines and Type I IFNs via Toll-like
receptors (TLRs) (219). Anti-inflammatory miRNA treatment,
however, may prevent the activation of inflammatory pathways
(220). On the other hand, some miRNAs work through TLRs to

—

[ miRNA delivery challenges ]—<

——

FIGURE 6
Challenges in miRNA delivery.
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trigger neurodegeneration. For instance, Lehmann et al. (2012)
demonstrated that miRNA let7b can cause neurotoxicity by
activating TLR7 signaling in neurons (221). Therefore, a
significant issue for miRNA systemic cancer therapy is the
incidence of miRNA-related neurotoxicity. Additionally, increased
miRNA uptake in cancer cells is a problem, and methods to address
this issue include increasing endosomal escape and releasing
miRNA payloads into the cytoplasm.

Off-target effects brought on by the miRNA mode of action are
yet another challenge for miRNA delivery systems. These
compounds may have undesirable side effects since they may bind
to the 3'-UTR of a number of genes and decrease their expression
(222). A developed method to lessen these adverse effects is the use
of multifunctional co-delivering systems (223). Furthermore, it was
demonstrated that under specific circumstances, such as hypoxia,
the activity of miRNA processing enzymes such RISC reduces,
which lowers the expression of tumor suppressor miRNAs (224).
De Carvalho Vicentini et al. (2013) suggest that altering the
expression or activity of these enzymes is another method for
suppressing miRNA (225).

11 Conclusion

The discovery, development, and enhancement of miRNAs as
potential medicines for the treatment of breast cancer patients have
received significant funding, yet this branch of translational
research is still in its infancy. Numerous attempts have been
made to tailor cancer therapies using miRNA, but little progress
has been made in improving clinic-oncological outcomes using
miRNA targeting. miRNA therapies are now facing several
developmental obstacles. This study is constrained by the fact that
most of the research done thus far provides information about in-
vitro trials, with very few studies coming from sources other than
animal or breast cancer cell lines. Clinical trials assessing the clinical
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effectiveness, risk profiles, and premium benefit are necessary for
addition to the generally accepted scientific technique to support
the initial findings of these recent investigations. An in-depth
discussion of how clinical trial research has transformed BC
patient care over the last four decades is provided in the current
review. This research has produced novel, individualized
therapeutic approaches, minimally invasive surgical techniques
for the breast and axilla, and improved clinico-oncological results
for patients who might otherwise have died from their disease in
earlier times. The personalization of BC patient care appears to be
closer than ever thanks to ongoing trials evaluating cutting-edge
targeted therapies like immune checkpoint modulation (39, 226)
and the use of poly(adenosine diphosphate-ribose) polymerase
inhibitors (or PARP inhibitors) in the treatment of early-stage
breast cancer in BRCA mutation carriers (227).

Hence, before we can use miRNAs in the therapeutic setting,
numerous obstacles remain to be overcome. The delivery method is
the key impediment. We might be able to get over this obstacle with
the use of chemical alterations, viral vectors, or nanoparticles.
Despite these delivery issues, it is possible that miRNAs will play
a significant role in cancer therapy, including BC, in the future. A
novel approach to treating breast cancer that combines miRNA
therapies with conventional chemotherapeutic techniques and drug
targets is possible, but further study is needed before this promising
paradigm can be implemented in the clinic. Thus, this review
emphasizes how important it is to prioritize clinical trials and
therapeutic interventions to advance the precision oncology
movement’s goal of “curing” breast cancer.
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Glossary
miRNAs MicroRNAs
BC breast cancer
LABC Luminal A Breast Cancer
LBBC Luminal B Breast Cancer
HER2+ Human Epidermal Growth Factor Receptor-2 Enriched Breast
Cancer
TNBC Triple-Negative Breast Cancer
MAPK mitogen-activated protein kinase
PI3K Phosphoinositide 3-Kinase
mTOR Mammalian Target of Rapamycin
ER Estrogen Receptor
Pol I RNA polymerase II
pre-miRNAs Precursor miRNAs
Exp5 Exportin-5
RISC RNA-induced silencing complex
CMF Cyclophosphamide
methotrexate | and 5-fluorouracil
NAC Neoadjuvant chemotherapy
BCS Breast Conservation Surgery
EBCTCG The Early Breast Cancer Triallist’s Collaborative Group
LRR Locoregional Recurrence
DFS Disease-Free Survival
0os Overall Survival
pCR Pathological Complete Response
LN Lymph node
ASCO American Society of Clinical Oncology
EMT Epithelial-Mesenchymal Transition
MiniPDXTM | Minimal Patient-Derived Xenograft
PTEN Phosphatase and TENsin homolog
5-FU 5-fluorouracil
MSCs-Exo Mesenchymal Stem Cell-Derived Exosome
D4 Inhibitor of Differentiation 4
CDA Cytosine Deaminase
MCEF-7/DTX | Docetaxel-Resistant MCF-7 BC cell line
DOX Doxorubicin
MCEF-7/EPB Epirubicin-Resistant MCF-7 BC cell line
ADR Adriamycin
EIF4E Eukaryotic Translation Initiation Factor 4E
EFS Event-Free Survival
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Continued
BCL-2 B-cell Leukemia/Lymphoma 2 Protein
CCND1 Cyclin D1 protein
DCTD dCMP Deaminase
HIF-1 Hypoxia-inducible factor-1
DTX Docetaxel
EPB Epirubicin
GCB Gemcitabine
ct-miRNA circulating miRNA
EMT epithelial-mesenchymal transition
MDR1 Multidrug Resistance gene
P-gp P-glyocoprotein
GST-nt glutathione S-transferase
MRP multidrug resistance-associated protein
ABC ATP-binding cassette transporters
BCRP breast cancer resistance protein
EGFR epidermal growth factor receptor
CSCs Cancer stem cells
DDR DNA damage repair

frontiersin.org


https://doi.org/10.3389/fonc.2023.1155254
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY
Chunyan Dong,
Tongji University, China

REVIEWED BY
Marzia Locatelli,

European Institute of Oncology (IEO), Italy
Pablo Mando,

Norberto Quirno Medical Education and
Clinical Research Center (CEMIC),
Argentina

*CORRESPONDENCE

Zhiyong Yu
zyyu@sdfmu.edu.cn

Xinzhao Wang
08wangxinzhao@163.com

"These authors share first authorship

RECEIVED 03 January 2023
AccePTED 05 June 2023
PUBLISHED 19 June 2023

CITATION

Liu X, Zhang P, Li C, Song X, Liu Z, Shao W,
Li S, Wang X and Yu Z (2023) Efficacy and
safety of inetetamab-containing regimens
in patients with HER2-positive metastatic
breast cancer: a real-world retrospective
study in China.

Front. Oncol. 13:1136380.

doi: 10.3389/fonc.2023.1136380

COPYRIGHT

© 2023 Liu, Zhang, Li, Song, Liu, Shao, Li,
Wang and Yu. 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) and the copyright owner(s) 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

TvpPE Original Research
PUBLISHED 19 June 2023
Dol 10.3389/fonc.2023.1136380

Efficacy and safety of
inetetamab-containing
regimens in patients with
HER2-positive metastatic
breast cancer: a real-world
retrospective study in China

Xiaoyu Liu", Peng Zhang?®, Chao Li*, Xiang Song™?,
Zhaoyun Liu®, Wenna Shao®, Sumei Li*, Xinzhao Wang***
and Zhiyong Yu*™*

First Clinical Medical College, Shandong University of Traditional Chinese Medicine, Jinan, China,
2Department of General Surgery, Zouping People's Hospital, Binzhou, China, *Breast Cancer Center,
Shandong Cancer Hospital and Institute, Shandong First Medical University and Shandong Academy
of Medical Sciences, Jinan, China, “College of Traditional Chinese Medicine, Shandong University of
Traditional Chinese Medicine, Jinan, China, SREMEGEN, LTD, Yantai Economic & Technological
Development Area, Yantai, China

Background: Inetetamab (cipterbin) is an innovative anti-HER2 humanized
monoclonal antibody. The efficacy and safety of a combination of inetetamab
and vinorelbine in the first-line treatment of human epidermal receptor positive
(HER2+) metastatic breast cancer (MBC) have been confirmed. We aimed to
investigate real-world data of inetetamab in complex clinical practice.

Methods: We retrospectively reviewed the medical records of patients who
received inetetamab as a salvage treatment at any line setting from July 2020 to
June 2022. The main endpoint was progression-free survival (PFS).

Results: A total of 64 patients were included in this analysis. The median
progression-free survival (mPFS) was 5.6 (4.6-6.6) months. Of the patients,
62.5% received two or more lines of therapy before treatment with
inetetamab. The most common chemotherapy and anti-HER2 regimens
combined with inetetamab were vinorelbine (60.9%) and pyrotinib (62.5%),
respectively. Patients treated with inetetamab plus pyrotinib plus vinorelbine
benefited the most (p=0.048), with the mPFS of 9.3 (3.1-15.5) months and an
objective response rate of 35.5%. For patients with pyrotinib pretreatment,
inetetamab plus vinorelbine plus pyrotinib agents resulted in mPFS of 10.3
(5.2-15.4) months. Regimens (inetetamab plus vinorelbine plus pyrotinib vs.
other therapeutic agents) and visceral metastases (yes vs. no) were
independent predictors of PFS. Patients with visceral metastases treated with
inetetamab plus vinorelbine plus pyrotinib had a mPFS of 6.1(5.1-7.1) months.
The toxicity of inetetamab was tolerable, with the most common grade 3/4
adverse event being leukopenia (4.7%).

116 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1136380/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1136380/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1136380/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1136380/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1136380/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1136380/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1136380&domain=pdf&date_stamp=2023-06-19
mailto:zyyu@sdfmu.edu.cn
mailto:08wangxinzhao@163.com
https://doi.org/10.3389/fonc.2023.1136380
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1136380
https://www.frontiersin.org/journals/oncology

Liu et al.

10.3389/fonc.2023.1136380

Conclusions: HER2+ MBC patients pretreated with multiple-line therapies still
respond to inetetamab-based treatment. Inetetamab combined with vinorelbine
and pyrotinib may be the most effective treatment regimen, with a controllable
and tolerable safety profile.

KEYWORDS

breast cancer, inetetamab, human epidermal receptor 2 positive, monoclonal antibody,

real-word data

1 Introduction

Breast cancer(BC) is the most common cancer and a leading
cause of death among women worldwide (1). There are three major
breast cancer subtypes: hormone receptor positive(estrogen receptor
(ER) positive or progesterone receptor(PR) positive), human
epidermal receptor 2 (HER2) positive (HER2+) and triple negative
breast cancer (ER negative, PR negative, HER2 negative) (2). HER2 is
a transmembrane receptor tyrosine kinase in the epidermal growth
factor receptor family that is amplified or overexpressed in
approximately 20% of breast cancers, and is associated with poor
prognosis in the absence of systemic therapy (3). HER2+ ductal
tumors are associated with the presence of calcifications, as well as
high tumor grade and increased likelihood of spread to the lymph
nodes (4, 5). Without the development and widespread use of anti-
HER2-targeted drugs, HER2+ BC is an aggressive disease and has
poor prognosis (6). Although huge progresses have been achieved in
the last few years in understanding and treating HER2+ breast cancer,
they remain a disproportionate health burden to patients and huge
unmet need (7). Especially, HER2+ metastatic breast cancer(MBC)
remains incurable, and novel treatment options are needed. Many
anti-HER2-targeted drugs have been applied successfully in clinical
or currently under review in recent years. Antibody-drug conjugates
(ADC) drugs are on rise and provides novel therapeutic
advancements in the management of HER2+ MBC (8). But in
China, they are expensive and not included in medical insurance
which limited their usage.

The innovative drug of recombinant anti-HER2 humanized
monoclonal antibody (inetetamab, Cipterbin) for injection
independently researched and developed in China is a non-
biological analog drug produced by Sansheng Guojian
Pharmaceutical (Shanghai) Co., Ltd. (formerly CITIC Guojian
Pharmaceutical Co., Ltd.) and approved by the State Food and
Drug Administration of China for clinical research on July 2, 2004
(Approval No. 2004L02352). Inetetamab is a monoclonal antibody
binding to domain IV of HER2 receptor. The Fab domain of
inetetamab is identical with trastuzumab, but whose amino acid
sequence at positions 359 (D359, aspartic acid) and 361 (L361,
leucine) is different from trastuzumab (E359 (glutamate) and M361
(methionine), respectively) in the constant region of the heavy
chain of the Fc domain (9). Previous study confirmed the significant
efficacy and good safety of the combination of cipterbin and
vinorelbine in the first-line treatment of HER2 positive advanced
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breast cancer patients who had not received anti-HER2-targeted
therapy after previous taxus treatment (10).

Based on the current situation of clinical treatment and needs, we
conducted a retrospective study to fill a knowledge gap by investigating
the efficacy of inetetamab for HER2+ recurrent and metastatic breast
cancer patients pretreated with multi-lines treatment.

2 Material and methods
2.1 Subjects and study design

This retrospective, single-center study enrolled patients with
HER2+ MBC treated with inetetamab at Shandong Frist Medical
University and Shandong Academy of Medical Sciences between July
2020 and June 2022. The Ethics Committee and Institutional Review
Board of Shandong First Medical University and Shandong Academy
of Medical Sciences approved this study (SDTHEC2022012020). All
investigations were conducted in accordance with the Declaration
of Helsinki.

2.2 Patients

The inclusion criteria for participants were as follows: female
sex, age 218 years, histologically or cytologically confirmed MBC
with documentation of HER2 overexpression, prior trastuzumab
therapy with or without other HER2-targeted treatment, at least one
cycle of inetetamab, and complete medical records. The exclusion
criteria were non-measurable or non-evaluable lesions and those
lost to follow-up. There were no limits to the number of prior
cytotoxic regimens for metastatic diseases. The last follow-up was
conducted in November 2022. Until the last follow-up date, patients
who were lost to follow-up were considered as censored data. All
data were retrospectively collected from medical records and
laboratory results. Patients or their family members (for patients
who already died at the study initiation) provided signed informed
consent or oral agreement with tape recording.

2.3 Assessments

The characteristics of the patients at the time of initial diagnosis
(including age, ECOG performance status, and menstrual status),
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tumor characteristics (including tumor size, lymph node
involvement, grade, histology, and receptor status), treatment
regimen in the (neo)adjuvant and metastatic settings (including
chemotherapy, anti-HER2, endocrine regimen, surgery,
radiotherapy, dose reductions or delays, etc.) were extracted from
electronic medical records. Hormone receptor (HR) was defined as
estrogen receptor (ER) and/or progesterone receptor (PR) positivity
(ER and PR were determined by at least 10% of positively stained
nuclei). HER2 positivity was defined as an immunohistochemistry
(THC) score of 3+ or 2+ together with HER2 gene amplification
verified by fluorescence in situ hybridization(FISH+). Disease-free
interval (DFI) was defined as the time from surgery to diagnosis
of metastasis.

Clinical response was evaluated using computed tomography,
magnetic resonance imaging, and physical examination according
to the Response Evaluation Criteria in Solid Tumors, version 1.1.
The main endpoint was progression-free survival (PES), defined as
the time from treatment initiation until disease progression or
death. Other endpoints included the objective response rate
(ORR), clinical benefit rate (CBR), and safety. ORR was defined
as the proportion of patients who achieved a complete response
(CR) or partial response (PR). CBR was defined as the proportion of
patients who achieved CR, PR, or stable disease (SD). Adverse
events (AEs) were graded based on the National Cancer Institute
Common Terminology Criteria for AEs, version 4.0.

2.4 Statistical analyses

The median (range) or percentage of patients was used to
represent the clinicopathological characteristics. Continuous
variables were analyzed by One-way ANOVA. Categorical

Patients with HER2 positive breast
cancer treated with inetetamab
N=69

10.3389/fonc.2023.1136380

variables were assessed by the Pearson’s chi-squared test or
Fisher’s exact test. The Kaplan-Meier method was used to
estimate PFS. Additionally, Cox univariable model was employed
to assess the covariate effects on PFS, and then Cox multivariate
models were used to assess the factors with relative significant p-
values(p < 0.1) in univariate analysis to PFS with hazard ratios(HR.)
and corresponding 95% confidence intervals (Cls). Statistical
significance for all analyses was set at p<0.05. GraphPad Prism
9.3.1 software was used to perform all statistical analyses.

3 Results
3.1 Patients and treatments

A total of 69 patients with HER2+ MBC treated with inetetamab
were recruited. After considering the exclusion criteria, 64 (92.8%)
patients were included in the study (Figure 1).

The baseline characteristics are presented in Table 1. The median
age of the patients at diagnosis was 46 years (range: 27-67 years), 54
(84.4%) underwent surgery, 14 patients (21.9%) had stage IV BC as
their first diagnosis. Moreover, 53.1% of the patients had more than
two metastatic sites, with the four most common metastatic sites
being the lymph node (48.4%), local sites (35.9%), bone (32.8%), and
liver (32.8%). Half of the patients had visceral metastases, whereas 13
(20.3%) had brain metastases. All patients had been exposed to anti-
HER2 therapy, with 64.1% prescribed pyrotinib and 18.8% with
lapatinib. More than four-fifths of the patients received trastuzumab
during salvage treatment. Furthermore, 62.5% of patients received
two or more lines of systemic therapy before inetetamab. These
results suggest that, in a real-world setting, patients receiving
inetetamab are more likely to be heavily pretreated.

Excluded because of

Assessed for eligibility
N=65

incomplete medical records
N=4

Excluded because of lost to

A,

Included in the analysis
N=64

FIGURE 1
Patient’s profile
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TABLE 1 Baseline characteristics of patients.

Characteristics

Patients, No (%)

10.3389/fonc.2023.1136380

TABLE 1 Continued

Patients, No (%)

Characteristics

N = 64 N = 64
Age, median (range years) 46 (27-67) Lapatinib 12 (18.8)
Menstrual status Anlotinib 1(1.6)
pre 38 (59.4) Number of sites in primary recurrence
post 26 (40.6) 1 34 (53.1)
ECOG performance status >1 30 (46.9)
0-1 52 (81.3) Lines of inetetamab in metastatic setting
>2 12 (18.8) 1 3 (47)
Pathological type 2 21 (32.8)
Invasive ductal cancer 62 (96.9) 23 40 (62.5)
Invasive lobular cancer 2(3.1) Number of sites before inetetamab
HER2 expression 1 21 (32.8)
IHC2+ and FISH+ 13 (20.3) 2 9 (14.1)
THC3+ 51 (79.7) >3 34 (53.1)
HR status at metastatic setting Metastatic sites before inetetamab
Positive 29 (45.3) Local sites 23 (35.9)
Negative 35 (54.7) Lymph node 31 (48.4)
Surgery Bone 21 (32.8)
No 10 (15.6) Brain 13 (20.3)
Yes 54 (84.4) Lung 15 (23.4)
Radiotherapy Liver 21 (32.8)
No 35 (54.7) Others 11 (17.2)
Yes 29 (45.3) Visceral metastases
Endocrine therapy Yes 32 (50.0)
No 41 (64.1) No 32 (50.0)
Yes 23 (35.9)
DFI (month) 3.2 Treatment administration
=12 16 (250) The treatment regimens are shown in Table 2. Most patients were
>12 34 (53.1) treated with inetetamab in combination with chemotherapy and/or
De novo IV stage 14 (21.9) other HER2-targeted therapies. The most common chemotherapy
A regimens were vinorelbine (n = 39, 60.9%) and abraxane (n = 15,
23.4%). Pyrotinib and inetetamab in combination were administered
Neoadjuvant setting 5(7.8) to 40 (62.5%) patients. Meanwhile, three (3.1%) patients received
Adjuvant setting 22 (34.4) inetetamab and brain radiotherapy but did not receive any other anti-
cancer drugs.
Metastatic setting 52 (81.3)
Previous anti-HER2 drugs
Pyrotinib 41 (641) 3.3 Treatment efficacy in overall patients
Pertuzumab 10 (15.6)
TDM.1 26.1) All patients were evaluated for PFS. The median follow-up time
was 14.3(12.7-15.9) months. The median progression-free survival
Aptinib 261 (mPFS) was 5.6 (4.6-6.6) months and the ORR was

(Continued)
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26.6% (Figure 2A).
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TABLE 2 Treatment administration.

Treatment administration

Patients, No (%)
N = 64

Combined regimens with inetetamab

Vinorelbine 39 (60.9)
Abraxane 15 (23.4)
Other 7 (10.9)
No 3.0
Target regimens with inetetamab

Pyrotinib 40 (62.5)
Pertuzumab 6(9.4)
Alone 18 (28.1)

Patients who received inetetamab-based therapy as first and later
lines of metastatic treatment had a median PFS of 5.7 (1.9-9.5) and 5.3
(3.8-6.8) months, respectively (Figure 2B). Thirty-two patients with
visceral metastases showed a median PFS of 5.3 (3.9-6.7) months. A
total of 31 patients with lymph node metastases, 23 patients with local
metastases, 21 patients with bone metastases and 13 patients with brain
metastases had median PFS of 5.7 (0.5-10.9) months, 7.0 (0.8-13.2)
months, 4.1(3.4-4.8) months and 4.2 (2.0-6.4) months,
respectively (Figure 2C).

To determine the best combination for inetetamab, we firstly
investigated the anti-HER2 treatment in the overall cohort. Baseline
characteristics were analyzed in Supplementary Tables 1-3. The median
PFSs among inetetamab plus pyrotinib, inetetamab plus pertuzumab
and inetetamab alone were 6.1 (2.5-9.7) months, 2.5 (1.9-3.1) months,
and 5.3 (4.6-6.6) months, respectively. Inetetamab plus pyrotinib was
the best combination among the three groups (p=0.005) (Figure 3A).
However, the age of patients treated with inetetamab plus pertuzumab
is relatively old than other two cohorts(p=0.001) and 6 patients(100%)
received at least 3 lines of rescue treatment(p=0.016), which led to the
unbalanced baseline characteristics among three cohorts. As
vinorelbine and abraxane were the most common combined
cytotoxic drugs, we compared the PES of different chemotherapies.
The median PFSs among inetetamab plus vinorelbine, inetetamab plus
abraxane and inetetamab plus other therapeutic agents were 5.7 (3.7-
7.7) months, 5.7 (4.4-7.0) months, and 4.0 (1.4-6.6) months,

10.3389/fonc.2023.1136380

respectively (Figure 3B). Furthermore, we compared the efficacy of
the combination treatments. The median PFS of inetetamab plus
pyrotinib plus vinorelbine was 9.3 (3.1-15.5) months; inetetamab
plus pyrotinib plus abraxane, 5.6(0-13.6) months; and inetetamab
plus other therapeutic agents, 4.1 (3.0-5.2) months. There were
statistically significant differences among the three groups (p = 0.048)
(Figure 3C). These findings indicate that inetetamab plus pyrotinib plus
vinorelbine may be the most effective inetetamab-based regimen.
Thirty-one (48.4%) patients received inetetamab plus pyrotinib plus
vinorelbine. The subgroup of patients achieved an ORR of 35.5% and
CBR of 48.4%, with CR achieved in three patients, PR achieved in eight
patients, and SD achieved in four patients (Figure 3C).

3.4 Efficacy of inetetamab-based therapy in
certain drugs pretreated patients

Thirty-five patients received vinorelbine before inetetamab-
based therapy. The mPFS of patients with versus without
vinorelbine pretreatment was 5.7 (4.0-7.4) months versus 5.6
(3.5-7.7) months, respectively (p=0.750) (Figure 4A). Forty-one
patients received pyrotinib before inetetamab-based therapy. The
mPFS of patients with versus without pyrotinib pretreatment was
5.7 (3.5-7.9) months versus 5.3 (3.3-7.3) months, respectively
(p=0.988) (Figure 4B). These results indicate that the medication
history of vinorelbine and/or pyrotinib had no influence on the
efficacy of the drug.

We also analyzed the PFS of the patients pretreated with
pyrotinib (Figure 4C). A total of 41 patients were included in this
subgroup analysis, with an ORR of 29.3%. Two patients achieved
CR and 10 patients achieved PR. Patients exposed to inetetamab
plus vinorelbine plus pyrotinib agent had significantly longer PFS
(10.3 (5.2-15.4) months) than those exposed to other therapeutic
agents (4.0 (2.0-6.0) months) (p=0.018).

3.5 Efficacy in patients with
visceral metastasis

The univariate analysis indicated that age group (<40 vs. 240
years), menstrual status (pre vs. post), hormone receptor status
(negative vs. positive), and regimens (inetetamab plus vinorelbine

A B
100 mPFS:5.6months 100
80 80
T 60 $ 60
g 2
a 40 o 40
20 20
0 T T T T T 1 T T T
0 4 8 12 16 20 24 0 4 8
Months

—— Overall cohort —— First and second-line

FIGURE 2

Months

——Third-line and later

C
2 100
MPFS:S.7 vs 83 months MPFS:7.0 vs. 5.7 vs. 4.1 vs. 5.3 vs. 4.2 months
p=0.281 p=0.219
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X 60+
g
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20
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16 20 24 0 4 8 12 16 20 24
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Kaplan—Meier curves of PFS for patients. (A) Overall cohort; (B) Patients stratified by treatment lines; (C) Patients with different metastatic sites.
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p-value 0.005 p-value 0.489 p-value 0.048
FIGURE 3

Kaplan—Meier curves of PFS and responses for different treatment. (A) Patients treated with different dual anti-HER2 therapy; (B) Patients treated with
different chemotherapy; (C) Patients treated with different combined regimens.

plus pyrotinib vs. other therapeutic agents) were correlated with
PFS (p<0.05). Next, we constructed a multivariate model with the
above factors, ECOG performance status(0-1 vs >2) and visceral
metastasis (yes vs. no) as covariates for PES (Table 3). After
adjustment, Cox multivariate regression analysis showed that the
regimens (inetetamab plus vinorelbine plus pyrotinib vs. other
therapeutic agents) and visceral metastasis (yes vs. no) were
independent predictors of PES (Table 3).

Thirty-two patients (50.0%) exhibited visceral metastasis.
Patients with and without visceral metastases had PFS times of
5.3 months and 7.0 months, respectively (Figure 5A). Of the 32
patients, 18 received inetetamab plus vinorelbine plus pyrotinib
treatment, with an ORR of 27.8% and a CBR of 33.3%. One patient
achieved CR, four achieved PR, and one achieved SD. The median
PFS was significantly different for patients who underwent
inetetamab plus vinorelbine plus pyrotinib or other therapeutic
agents (6.1 (5.1-7.1) vs. 2.9-(0.9-4.9) months, p=0.002; Figure 5B).

3.6 Safety assessment

The safety assessments of etamab-based therapy are listed in
Table 4. After the initial etamab-based therapy, 10 (15.6%) patients

in the inetetamab group experienced a dose reduction, and two
(3.1%) patients interrupted the treatment. The most common grade
3/4 AEs were leukopenia (4.7%) and neutropenia (3.1%). No
treatment-related deaths were reported. Overall, the results show
that the safety of etamab-based therapy is controllable and tolerable.

4 Discussion

This study revealed the real-world clinical practice of
inetetamab in HER2+ MBC patients after trastuzumab-based
treatment. Previously, the efficacy and safety of inetetamab in
combination with chemotherapy as first-line treatment of HER2+
MBC was evaluated (9). But the above study of inetetamab was
designed for patients who did not receive any anti-HER2 drugs.
Therefore, the role of inetetamab in more heavily treated patients
needs further study. To the best of our knowledge, this is the first
investigation of the effectiveness of inetetamab in HER2+ MBC
patients pretreated with multiline anti-HER2 treatment. Our cohort
represented the general population of patients with HER2+ MBC
who were usually heavily treated with multiple anti-HER2 agents.
Yet, our cohort included a low percentage of patients receiving
TDM1(3.1%) and no patient receiving new drugs such as

A B (]
100 PFS: 57 v 5.6 months 100 mPFS.SJ: ¥553 months 100 —— Inetetamabsvinorelbine +pyrotinib Respones — —]
s p=0.750 40 20 —— Inetetamab-+other theraputic agents N=19(%) N=22(%)
_ _ _ CBR 947.4) 6(27.3)
£ S £ @ R 2(105) 0
T 40 & a0 o 40 PR 6(31.6) 4(18.2)
2 2 2 D 1(55) 29.0)
PD 10(52.6) 16(72.7)
o 4 & 12 16 20 24 o 4 & 12 16 20 o4 o 4 8 12 1 20 24 ORR 8(42.1) 4(182)
Months Months Months mPFS(months 95%Cl)  10.3(5.2-154) 40 (20-6.0)
—— Treated —— Treated p'\/alue 0018
o Naive —— Naive
FIGURE 4

Kaplan—Meier curves of PFS for patients and responses. (A) Patients with vinorelbine-treated or vinorelbine-naive; (B) Patients with pyrotinib-treated
or pyrotinib-naive; (C) Patients who were pyrotinib-treated received inetetamab + vinorelbine + pyrotinib or other therapeutic agents.
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TABLE 3 Univariate and multivariate analysis of factors associated with progression-free survival.

Characteristic

HR. (95% Cl)

Univariate analysis

10.3389/fonc.2023.1136380

HR. (95% ClI)

Multivariate analysis

p-value p-value

Age group (<40 vs. 240) 0.433 (0.224- 0.013 0.528 (0.238- 0.117
0.839) 1.174)

ECOG performance status (0-1 vs >2) 0.419 (0.162- 0.074 0.440 (0.150- 0.136
1.088) 1.295)

Menstrual status (pre vs. post) 0.454 (0.230- 0.023 1.156 (0.468- 0.753
0.896) 2.860)

Hormone receptor status (negative vs. positive) 1.982 (1.064- 0.031 1.426 (0.704- 0.324
3.692) 2.885)

DFI (<12 months vs.>12 months vs. de novo IV stage) 1.375 (0.564- 0.484 N/A* N/A
3.353)

Number of sites in primary recurrence (1 vs. >1) 1.350 (0.729- 0.340 N/A N/A
2.498)

Number of metastatic sites before inetetamab (1 vs. >2) 0.838 (0.447- 0.583 N/A N/A
1.573)

Brain metastasis (no vs. yes) 1.516 (0.731- 0.263 N/A N/A
3.145)

Visceral metastasis (no vs. yes) 1.735 (0.928- 0.084 2.444 (1.095- 0.029
3.244) 5.457)

Regimens (other therapeutic agents vs. inetetamab + vinorelbine 2.167 (1.140- 0.018 3.543 (1.680- 0.001

+ pyrotinib) 4.119) 7.471)

*N/A, Not applicable.

Trastuzumab Deruxtecan (T-DXd) or Tucatinib, which limited
our research.

The combination of inetetamab, pyrotinib and vinorelbine, as
evidence-based, trustworthy and promising drugs, play a synergistic
role in efficacy. Pyrotinib, a small-molecule irreversible tyrosine
kinase inhibitor(TKI), has attracted much attention due to its
unique properties in recent years. According to the National
Comprehensive Cancer Network guidelines, pyrotinib is a valid
treatment option. A number of reports have verified the therapeutic
efficacy of pyrotinib in HER2+ MBC. Several multicenter analyses
showed that pyrotinib treatment led to a mPFS time of about 8
months (11, 12) the ORR of 17.1% in two or later line therapy (13).

Besides, the clinical benefits and safety of dual HER2 blockade by
anti-HER2 monoclonal antibody plus TKI for patients that had
progressed during trastuzumab-based treatment regimens were
confirmed (14-16). Thus, inetetamab, as an identical monoclonal
antibody with trastuzumab, combined with pyrotinib led to a
satisfactory efficacy. On the other hand, vinorelbine is a semi-
synthetic, antimitotic, microtubule destabilizing drug that has been
shown to be effective and well-tolerated for the treatment of MBC
(17). Tt is noteworthy that compared with other chemotherapy
drugs, the combined index CI of vinorelbine and trastuzumab was
only 0.34 (18-20). It is suggested that the combination of
vinorelbine and anti-HER2 monoclonal antibody has the best
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FIGURE 5

Kaplan—Meier curves of PFS for patients and responses in subgroup. (A) Patients with visceral metastasis or not; (B) Visceral metastasis patients

treated with pyrotinib or pyrotinib + trastuzumab.
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TABLE 4 Safety assessment.

Safety assessment

Patients, No (%)

N = 64
Dose reduction of inetetamab treatment due to AEs 10 (15.6)
Interruption of inetetamab treatment due to AEs 2(3.1)
Adverse events (grade 3/4)
Neutropenia 2(3.1)
Leukopenia 3(47)

Thrombocytopenia 1 (1.6)

Anemia 1 (1.6)

Aminotransferase increased 1(1.6)

Hand-foot syndrome 1(1.6)

synergistic effect. In first-line treatment, the combination of
vinorelbine with trastuzumab and pertuzumab reached the mPFS
of 14.2 months, indicated that vinorelbine plus dual anti-HER2
therapy showed successful anti-tumor activity and few adverse
effects (21, 22).. A retrospective study reported that the mPFS of
patients treated with metronomic vinorelbine and triweekly
trastuzumab was 8.9 months (23). Two multicenter retrospective
studies showed pyrotinib plus vinorelbine therapy had promising
efficacy and tolerable toxicity in HER2+ MBC, with mPFS of 7.8
and 8.3 months, respectively (24, 25). In addition, pyrotinib
combined with vinorelbine in HER2+ MBC was effective
regardless of resistant status of trastuzumab (24, 25).

Considering that inetetamab is similar to trastuzumab (9), the
combination of inetetamab and trastuzumab should have a good
efficacy in metastatic setting. But the small sample data resulted in
some analysis biases and the inability to conduct depth analysis.
Despite the combination of inetetamab plus pyrotinib plus
vinorelbine showed satisfactory outcomes, which was comparable
to the mPFS of 9.6 months in the EMILIA study (26), there is a
significant gap compared to T-DXd(mPFS=28.8 months) according
to the updated results from DESTINY-Breast03 trial (27).
Notwithstanding, high prices of TDM1 and T-DXd results in
limitations in the ability to use in clinical practice. Whereas,
inetetamab plus pyrotinib plus vinorelbine can be considered as
an alternative treatment option.

Brain and visceral metastases have poor prognosis and limit
treatment for HER2+ MBC (3, 28). For patients with visceral
metastasis, the outcomes of the combination regimen are inferior
to that reported for pyrotinib-based regimens in the previous
multicenter retrospective study (24, 29-32). The reason might be
in our study, patients were less sensitive to anti-HER2 treatment
after multi-lines treatment, especially after pyrotinib-based
treatment. Despite mounting evidence verified that pyrotinib-
based combination therapy was efficient to treat HER2+ brain
metastasis (11, 33-37), brain metastasis was not a signiﬁcant
factor affecting the efficacy of inetetamab in our study and the
recruited patients with brain metastasis was too little for
further analysis.
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In terms of toxicity, the published results of the large clinical
trials indicated that there were no significant change in grades and
incidences of AEs, showing that inetetamab and trastuzumab are
equivalently safe (9). Inetetamab-based therapy was also tolerated
in our study. Yet, the medical records might omit important
information about AEs even though we have thoroughly reviewed
the patient’s examination results and medical records, which
resulted in deviations in our results.

In conclusion, major populations of HER2+ MBC patients
previously treated with multiple anti-HER2 therapies including
trastuzumab still responded to inetetamab-based treatment in clinical
practice. Inetetamab combined vinorelbine and pyrotinib might be the
most effective inetetamab-based regimen. And the safety of inetetamab
was controllable and tolerable. Notwithstanding the efficacy and safety
of clinical trials are applicable for two or later-line inetetamab-based
therapy remains questionable, our study of a series of patients provides
real-world data to further explore inetetamab-based treatment patterns
and more experience outside the clinical trials for clinicians in treating
general HER2+ MBC patients.
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Breast cancer deaths are primarily caused by metastasis. There are several treatment
options that can be used to treat breast cancer. There are, however, a limited
number of treatments that can either prevent or inhibit the spread of breast tumor
metastases. Thus, novel therapeutic strategies are needed. Studies have increasingly
focused on the importance of the tumor microenvironment (TME) in metastasis of
breast cancer. As the most abundant cells in the TME, cancer-associated fibroblasts
(CAFs) play important roles in cancer pathogenesis. They can remodel the structure
of the extracellular matrix (ECM) and engage in crosstalk with cancer cells or other
stroma cells by secreting growth factors, cytokines, and chemokines, as well as
components of the ECM, which assist the tumor cells to invade through the TME and
cause distant metastasis. Clinically, CAFs not only foster the initiation, growth,
angiogenesis, invasion, and metastasis of breast cancer but also serve as
biomarkers for diagnosis, therapy, and prediction of prognosis. In this review, we
summarize the biological characteristics and subtypes of CAFs and their functions in
breast cancer metastasis, focusing on their important roles in the diagnosis,
prognosis, and treatment of breast cancer. Recent studies suggest that CAFs are
vital partners of breast cancer cells that assist metastasis and may represent ideal
targets for prevention and treatment of breast cancer metastasis.

KEYWORDS

breast cancer, metastasis, cancer-associated fibroblasts (CAFs), tumor microenvironment
(TME), extracellular matrix (ECM)

1 Introduction

According to the cancer statistics released by the World Health Organization in 2020,
breast cancer surpassed lung cancer to become the disease with the highest incidence
worldwide and the leading cause of cancer-related deaths in women (1). It is a
heterogeneous disease with several known subtypes, which can be classified as luminal
(hormone receptor positive), HER2 overexpressing, and triple negative. These types exhibit
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different biological and molecular features, leading to a requirement
for different treatment modalities, as well as different response
patterns and characteristic differences across clinical outcomes
(2). Breast cancer deaths are primarily caused by metastasis,
which accounts for 90% of all cancer-associated deaths. The 5-
year survival rate for patients with localized breast cancer is 99%,
but for those with metastatic breast cancer it is 28% (3). The most
common sites of breast cancer metastasis are bone, liver, lung, and
brain, among which bone is the most common site of breast cancer
metastasis, with 70% of metastatic breast cancers involving bone
metastasis (4). To suppress this fatal biological behavior, many
researchers have investigated its mechanisms and attempted to
identify more molecular targets and relevant treatment approaches.

Tumor metastasis relies on multiple steps. Tumor cells first grow at
the primary site, invade the ECM and then the systemic circulation,
extravasate into the target organ, and finally grow at the metastatic site
(5). Steven Paget (6) proposed the “seed and soil” theory, where the
“soil” is the tumor microenvironment (TME). Cancer cells received
more attention in earlier studies (7), but recently there has been an
increased focus on the importance of TME in breast cancer metastasis
(8-10). The development of cancer, including metastasis, depends not
only on the tumor cells themselves but also, significantly, on the TME
(11, 12). The dynamic TME of the primary tumor is involved in the
development and invasion of tumor cells, whereas the metastatic TME
play a role in the colonization and growth of tumor cells (13).

The TME consists of numerous components, including stromal
cells and non-cellular components, with complex interactions
between the tumor and stroma. In breast TME, cellular
components include cancer-associated fibroblasts (CAFs), immune
cells, inflammatory cells, endothelial cells, pericytes, adipocytes, and
bone-marrow-derived cells (14-16). The non-cellular components
include soluble factors such as chemokines, cytokines, growth factors,
and metalloproteinases (MMPs), as well as insoluble factors such as
exosomes and extracellular matrix (ECM) (17). CAFs are the most
abundant cells in the TME and have important roles in cancer
pathogenesis. They can remodel the structure of the ECM and
engage in crosstalk with cancer cells or other stroma cells by
secreting growth factors, cytokines, and chemokines, which assist
the tumor cells to invade through the TME and achieve distant
metastasis (18). Clinically, CAFs not only foster the initiation, growth,
angiogenesis, invasion, and metastasis of breast cancer but also serve
as biomarkers for diagnosis, therapy, and prognostic prediction (19).

Given the importance of CAFs in breast cancer, we undertook this
review to discuss current information about the origins, biomarkers,
and subtypes of CAFs, as well as their functions, mainly in breast
cancer. We focus particularly on their contributions to breast tumor
metastasis and the possible implications for cancer therapy.

2 Biological characteristics of CAFs
2.1 Biological features
CAFs are special fibroblasts in the stroma surrounding the

tumor mass. They are also known as activated fibroblasts,
myofibroblasts, peri-tumoral fibroblasts, reactive fibroblasts, or
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tumor-associated fibroblasts (TAFs) (20).They produce ECM
components (including collagens, elastin, proteoglycans,
glycosaminoglycans and glycoproteins) (21), hormones, cytokines,
proteases, and growth factors. Early in 1971, Gabbiani et al. first
reported that myofibroblasts could be seen in granulation tissue
during wound healing (22). Then, in 1986, Dvorak proposed the
concept of cancer as a wound that does not heal (23). Therefore,
myofibroblasts exist not only in wounds but also in the stroma of
malignant tumors (24). CAFs or activated fibroblasts, also called
myofibroblasts, acquire higher abilities of proliferation and
migration compared with normal fibroblasts (NFs) (25).

2.2 Biomarkers

Various proteins have been reported to show higher expression
in CAFs, including alpha smooth muscle actin (0-SMA) (26),
tenascin-C (27), chondroitin sulfate proteoglycan (NG2) (28),
fibroblast-specific protein (FSP)-1/S100A4 (28), platelet-derived
growth factor receptors (PDGFR)o/f (29), fibroblast activation
protein (FAP) (30), and podoplanin (31). These are classic
biomarkers of CAFs because of their wide application. Different
molecular markers, however, have been identified in different CAF
subtypes, demonstrating that CAFs represent heterogeneous
populations of cells with distinct roles in regulating cancer
progression and metastasis (28). Moreover, the expression of
these markers in CAFs varies at different metastasis sites. Kim
et al. analyzed 132 specimens of breast cancer metastases by
immunohistochemistry and found that the expression of CAF-
related proteins in the stroma varies with the location of breast
cancer metastasis: in lung metastasis, PDGFRa is highly expressed;
in liver metastasis, S100A4 and PDGFRa. have low expression; and
in bone metastasis, podoplanin, S100A4, and PDGFRo. are highly
expressed (32). Using immunofluorescence, Jaroslaw S. et al.
observed that PDPN-positive CAFs colocalized with blood vessels
stained with anti-CD34 antibodies in tumor stroma of IDC patients
(33). It was Yamazaki and Eyden who first described CD34+
fibroblasts in mammary stroma and intralobular fibroblasts in the
breast. But the majority of tumor stroma in ductal carcinoma in situ
(DCIS) and invasive breast cancer of no special type (IBC-NST)
were characterized by o-SMA positive myofibroblasts rather than
CD34+ fibroblasts, several CD34+ fibroblasts are preserved in
invasive lobular carcinomas (ILC) (34). In mouse triple-negative
breast cancer (TNBC), multiple CAF subpopulations coexist, and
the abundance and dynamics of each marker depend on the tumor
type and time (35).

In addition to these classic markers, many other markers have
been identified. Recently, studies have reported other molecules
with higher expression in breast CAFs, including FGF2 (36) and
EZH2 (37). One study used bioinformatics analysis to identify a
CAF subtype based on gene expression profiles (COL10A1,
COL11A1, CXCL11, CXCR6, ADAMTS12, AEBP1, EDNRA,
EPPK1, and WNT7B), which was associated with significantly
different overall survival rates, proportions of immune cells, and
immunotherapy response rates in TNBC (38). In both mouse
models and in patients, interleukin (IL)-33 is upregulated in
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fibroblasts associated with breast cancer metastases, especially lung
metastases (39). IL-33 can activate type 2 inflammation in the
metastatic microenvironment and facilitate enrollment of
eosinophils, neutrophils, and inflammatory monocytes to
metastasis sites (39). Integrin o1l is a cell-surface receptor that
binds to collagen and other ECM molecules. When it is expressed in
CAFs, it helps them to remodel collagen in the TME, allowing them
to migrate and contribute to tumor progression (40). CAFs and
breast cancer patients” stroma express high levels of PYCR1, which
plays a key part in proline synthesis. In vivo and in vitro, reducing
PYCRI levels in CAFs reduces tumor collagen production, tumor
growth, and metastatic spread (41).

2.3 Cellular origins and activation pathways

CAFs comprise a complex and heterogeneous group of cells
(42). Their characteristics and molecular markers differ, possibly
because of their different cellular origins, which are presumed to
form six dominant categories. The majority are NFs, followed by
human mesenchymal stem cells (hMSCs) (43-46), and other
transdifferentiated cells including endothelial cells, epithelial cells,
adipocytes, and pericytes (47-52). Especially in invasive lobular
carcinoma of the breast, resident CD34+stromal cells/Telocytes
provide a significant proportion of CAFs (53). Compared with
these cells of different origin, the process of converting CAF
deserves more attention. Multiple pathways have been reported,
predominantly involving induction by tumor cells.

2.3.1 Induction by tumor cells

NFs are typical tumor suppressor cells (54), but they are turned
into “friends” by tumor cells to assist proliferation, migration, and
invasion. Much evidence indicates that this transition is induced by
secretion of cytokines by tumor cells. Some cytokines, including IL-
6, basic fibroblast growth factor and PDGF-a/B, activate NFs
through paracrine effects (55-59). In addition, the miR-9/
EFEMP1 axis is crucial for activation (60). Another study
demonstrated that as well as IL-6, breast cancer secretes TNF-o
to stimulate KDM2A expression in normal mammary fibroblasts
and transform them into CAFs (61). Butti et al. reported that
tumor-derived osteopontin (OPN) engages CD44 and ovf33
integrins on the fibroblast surface to induce myofibroblast
differentiation and CXCL12 expression (62). These cytokines also
take part in tumor metabolism. For instance, HMGBI secreted by
breast cancer cells promotes fibroblast activation via RAGE/aerobic
glycolysis, and activated fibroblasts enhance breast cancer cell
metastasis through increased lactate levels (63). Cancer cells also
produce extracellular vesicles (EVs) that participate in this
transition. Molecules including miR-370-3p, miR-125b, and miR-
9 are carried by EVs to facilitate activation of NFs (64-66). The
effects of cancer-cell-derived micro vesicles on fibroblast activation
are regulated by the physical properties of the microenvironment
(67). A joint medical-industrial study showed that pre-metastatic
breast cancer cells could align ECM fibrils in a force-dependent
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manner, thereby allowing tumor-derived exosomes to reach the
stroma more easily and convert NFs to CAFs (68) (Figure 1).

Mishra observed that both in vitro and in vivo, long-term co-
culture of breast cancer cell condition medium and hMSCs led to
differentiation of hMSCs into a myofibroblast phenotype, with
upregulation of o-SMA, vimentin, fibroblast surface protein, and
stromal derived factor 1 (SDF-1) (43). Another study showed that
tumor-derived OPN transferred hMSC-to-CAF though the OPN-
MZF1-TGF-B1 pathway (44). Moreover, Strong reported that co-
culture of breast cancer cells and obese adipose derived stem cells
(0bASCs) also led to an increase in CAF biomarkers of obASCs
(69). In tumors, bone mesenchymal stem cells (BMSCs) are
recruited to tumor sites, resulting in their conversion into CAFs
that aid tumor growth (70).

2.3.2 Other pathways

As well as breast tumor cells, normal breast epithelial cells can
induce the transition. De Vincenzo reported that c-Myc-expressing
mammary epithelial cells could mobilize and activate NFs through
the IGFs/IGF-IR axis, thereby establishing an environment for
malignant transformation (71). Previous studies have reported that
deletion of certain tumor suppressor genes in NFs, such as p53, p21,
Pten and caveolin-1 (Cav-1), could activate oncogenic effects (72-75).
Cav-1 downregulation may play a critical part in maintaining the
aberrant status of breast-cancer-associated fibroblasts (76).
Subsequently, a study reported that downregulation of p53 could
transform NFs to CAFs, in a manner dependent on c-Ski-induced
upregulation of SDF-1 (77). In low-stiffness stroma, loss of SPIN90-
mediated microtubule acetylation was involved in CAF activation,
which was associated with breast cancer progression (78).

Epithelial and endothelial cells become CAFs via epithelial-
mesenchymal transition (EMT) and endothelial-mesenchymal
transition, respectively (24, 79-81). A study showed that FOXF2-
deficient breast cancer epithelial cells adopted a CAF-like
phenotype (82). These cells are more likely to migrate to visceral
organs by increasing autocrine TGF-3 expression and enhancing
aggressiveness of neighboring cells through increased paracrine
TGF-B expression (82). The differentiation of CAFs gradually
increases during tumor progression and may depend on the
combined stimulation of TGF-B and SDF-1/CXCR4 autocrine
signaling loops in CAFs to maintain stable differentiation (83,
84). TGF-B also plays this part through autophagy under
oxidative stress in the TME (85, 86). Exhaustion of USP27X
could inhibit TGFB-induced fibroblast activation (87).

OPN could facilitate the transformation of mesenchymal stromal
cells into CAFs, as well as increasing levels of CAF markers such as o-
SMA, CXCL12, FSP-1, and tenascin-c specifically at tumor metastatic
sites (88). Overexpression of miR-222 or knockdown of the LBR gene is
enough to induce NFs to show CAF characteristics such as enhanced
migration, invasion, and senescence; furthermore, conditioned
medium from these cells increased migration and invasion of breast
cancer cells (89). Chronic inflammation can induce the conversion of
BMSCs to CAFs, leading to the production of pro-tumor inflammatory
CAFs (90), a subtype of CAFs.
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Breast cancer transfer normal fibroblasts (NFs) to cancer associated fibroblasts (CAFs) through secreting molecules including IL-6, TNF-a, PDGF o/,
OPN, HMGBL1 and extracellular vesicles (EVs). Activated CAFs express classic biomarkers like o.-SMA, tenascin-C, NG2, S100A4, PDGFR o/, FAP and

podoplanin

3 Subtypes of breast-CAFs

As mentioned above, CAFs are not a single cell type but comprise
many subtypes, possibly owing to their various origins. Different
methods are used to identify CAFs in breast cancer TME, results in
different subtypes according to variety biomarkers (Tables 1, 2). The
subtypes of breast-CAFs, are supposed to play the same role in
promoting breast cancer aggression via distinguished pathways,
however, several CAFs can bring benefit for breast cancer treatment.

3.1 Identified by immunohistochemical
(IHC) staining

In an earlier publication, breast CAFs were described as two
types by IHC staining, depending on whether they were positive or
negative for CD146, and this description was used to evaluate their
role in estrogen receptor (ER)-dependent proliferation and
tamoxifen sensitivity (91). The results showed that tamoxifen
sensitivity of tamoxifen-resistant breast cancer cells could be
restored after co-culture with CD146-positive CAFs. On the other
hand, CD146 negativity was correlated with inferior clinical
response to tamoxifen and worse patient outcomes (91). Recently,
the same research team reported that CD146-negative CAFs could
promoted tumor metastasis and predict the possibility of lymph
node metastasis in small primary tumors (92). These findings
provide an experimental basis for clinical precision therapy.
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3.2 Identified by multicolor flow cytometry

Mechta-Grigoriou et al. characterized four CAF subsets, CAF-
S1, S2, S3, and S4, using multicolor flow cytometry (fluorescence-
activated cell sorting) and found that the CAF-S1 subset had a
key role in the immunosuppressive milieu of breast cancer (93).
Two years later, they confirmed the presence of these four
subpopulations in metastatic lymph nodes and described their
biomarkers and functions (94).

3.3 Identified by single-cell sequencing

Single-cell sequencing has been a hot topic in recent years. Wu
SZ el al. used this technique to divide CAFs into myofibroblast-like
CAFs (myCAFs) and inflammatory CAFs (iCAFs) in TNBC (95).
The biomarkers of myCAFs are ACTA2, FAP, PDPN, COL1Al,
and COL1A2; and CXCL12 (SDF-1) is a biomarker of iCAFs (95).
Another study showed that iCAFs were from CD26 positive NFs
and myCAFs were from CD26 negative NFs (97). Bartoschek et al.
also used it to distinguish four subtypes of breast-cancer-associated
fibroblasts: vascular CAFs (vCAFs), matrix CAFs (mCAFs),
developmental CAFs (dCAFs), and cycling CAFs (cCAFs) (96).
The terms are relatively clear and easy to understand. This
description is more detailed than previous ones and includes
origin, significantly differentially expressed genes, gene ontology
(GO) sets, markers, and functions. The team validated expression

frontiersin.org


https://doi.org/10.3389/fonc.2023.1194835
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

TABLE 1 Breast-CAFs identified by IHC or flow cytometry.

Subtypes

Biomarkers

Function

10.3389/fonc.2023.1194835

Brechbuhl HM et al. (91, 92)

CD146 associated

CAFs

CD146 positive

CD146 negative

Reversal of tamoxifen resistance in ER positive breast cancer (91)

Enhance the drug resistance to tamoxifen (91)

Promoted cancer metastasis and indicate poor prognosis of breast cancer patients

(92)

Costa A et al. (93, 94)

FAP CD29 aSMA PDPN | PDGFRf
Med Play an important role in the immunosuppressive environment of breast cancer (93)
CAF-S1 High High High High High Stimulate cancer cell migration and initiate EMT through CXCL12 and TGF-B
8 pathways (94)
Neg-
CAF-S2 Neg Low Low Low Unknown
Low
Neg- Neg- Low-
AF- M L kn
CAF-S3 Low ed Low ow Med Unknown
Low-
CAF-$4 NOI::i High High Low Med Induce cancer cell invasion in three dimensions via NOTCH signaling (94)

TABLE 2 Breast-CAFs identified by single-cell sequencing.

Subtypes

DEGs/SDE genes

Markers

Functions

Wu SZ et al. (95)

myCAFs

iCAFs

MMP2/MMP11/EN1/LOX/
PDPN/FAP/COL1A1/
COL8A1/
COL11A1/COLI2A1

IGF1/FIGF/CXCL12/DLK1/
CXCL13/CXCL1/IGF2/
PDGFD/
ALDHI1A1/ID2/EGFR/FGF10

Collagen biosynthesis and ECM
regulatory pathways

Developmental signaling
pathways and chemotactic
regulation

Unknown

Unknown

ACTA2/FAP/
PDPN/COL1A1/
COL1A2

CXCLI12

Elevated capabilities for collagen
secretion and alignment

Associated with cytotoxic T-
lymphocyte dysfunction

Bartoschek et al. (96)

vCAFs

mCAFs

cCAFs

Vascular regulators:
Notch3/Epas1/Col18al/Nr2f2

Glycoproteins: Dcn/Lum/
Vcan

Structural proteins: Col14al
Matricellular proteins:
Fbln1/Fbln2/Smoc
Matrix-modifying enzymes:
Lox/Loxl1
Immune-cell-attracting
factor: CXCL14

Vascular regulators:
Notch3/Epas1/Col18al/Nr2f2
Cell cycle genes:
Nuf2/Mki67/Ccna2/Top2a/
Cep55

Vascular development and
angiogenesis

Related to the ECM and EMT

Related to the cell cycle

Perivascular
location

Descendants of
resident fibroblasts

Proliferating
segment of vCAFs

Nidogen-2

Fibulin-1/
PDGFRou

Unknown

Associated with blood vessels in
early stages of tumor development

Regulation of the tumor immune
response

Represent the proliferative
segment of vCAFs

dCAFs

Various stem cell types:
Scrgl/Sox9/Sox10

Connected to differentiation of
cells and development of tissues

Tumor cells that
have undergone
EMT

DEGs, differentially expressed genes; SDE, significantly differentially expressed; GO, gene ontology.
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profiles in clinical samples (96). Experiments in vitro showed that
both vCAFs and mCAFs could promote tumor invasion and may
represent potential targets for clinical therapies (96). Sebastian et al.
also used single-cell sequencing to identify six CAF subsets in
BALB/c-derived 4T1 mammary tumors with distinct gene
expression profiles (98).

4 Functions of CAFs in breast
cancer metastasis

As mentioned in the introduction, cancer metastasis relies on
multiple steps, including growth at the primary site, EMT, invasion
into the systemic circulation, dissemination via circulation,
extravasation into the target organ, and finally growth at the
metastatic site (5). CAFs participate in all these steps. Most
previous reviews have summarized the roles of CAFs at different
stages. Our review, however, focuses on the ways in which CAFs
function and the results achieved.

4.1 Secret molecules to assist
cancer metastasis

Many of studies have demonstrated that CAFs assist the
progression of breast cancer cells though paracrine signaling by
various molecules, including biological macromolecules, cytokines,
and enzymes, as well as exosomes (99) (Figure 2).

10.3389/fonc.2023.1194835

4.1.1 Chemokines

SDF-1, currently known as CXCL12, directly binds to its receptor
CXCR4, a G-protein-coupled receptor, to induce tumor angiogenesis,
thereby promoting breast cancer growth (100). OPN-driven CAFs
release CXCL12 to initiate EMT in tumor cells (62). CAF-enriched
primary tumor stroma can mimic the CXCL12-rich bone metastatic
niche and can thus be used to help identify potentially metastatic
cancer cells (101). CXCL12 stimulates the proliferation of CD44-
positive and CD24-negative breast cancer stem cells (102). The
diabetes drug metformin can prevent the production of CXCL12
and IL-8 by CAFs, which is associated with increased phospho-AMP
kinase levels. Therefore, metformin can be used to interrupt HIF-1ot-
driven SDF-1 signaling in CAFs to decrease breast cancer invasion
(103). The same family member CXCL14 can promote tumor growth
by stimulating angiogenesis and recruiting macrophages through
nitric oxide synthase 1 (NOS1) (104). CXCL14-induced NOSI or
ACKR2 downregulation attenuates EMT and migration (105). IL-32,
also known as NK4, secreted by CAFs stimulates the invasion and
metastatic potential of breast cancer cells via activation of integrin 33-
p38 MAPK (106). IL-6 produced by CAFs stimulates the signal
transducer and activator of transcription 3 (STAT3) pathway,
promoting breast cancer cell growth and radioresistance (107).

4.1.2 Growth factors

Growth factors are known to have significant effects on
mammary cells. Studies have shown that breast stromal
fibroblasts produce FGF7, which has profound effects on
epithelial and myoepithelial cells. For instance, Palmieri et al.
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CAFs secret molecules to assist cancer EMT, invasion and metastasis, including chemokines, growth factors, MMPs, EVs and others.
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used immunohistochemistry to demonstrate FGF7 expression in
stroma of lobular carcinomas and invasive ductal carcinomas, and
illustrated with Matrigel-embedded organoids that FGF7 increases
cell proliferation (108). By secreting another growth factor, TGF-B1,
CAFs activate the TGF-3/Smad signaling pathway in breast cancer
cells, promoting their aggressive phenotype, which involves
enhanced cell-ECM adhesion, migration, invasion, and EMT (109).

4.1.3 MMPs

There are 26 human MMPs, which can be classified into six
groups according to their substrate specificity and homology.
During tumor invasion and metastasis, MMPs are essential for
the degradation of stromal connective tissue and basement
membrane components. During ECM remodeling, MMPs
contribute to tumor progression primarily by degrading ECM
(110). Studies have shown that CAF-derived MMP-1 and MMP-9
promote the invasion of breast cancer cells (111, 112). Another
study showed that MMP-11 (stromelysin-3) was preferentially
expressed in the stroma of tumors and was associated with poor
prognosis (113-115).

4.14 EVs

EVs are membrane-bound vesicles released into the
extracellular microenvironment by both prokaryotic and
eukaryotic cells. They are composed of several lipid-bilayer
nanosized vesicles. In a recent study, Luga et al. (116) reported
that CAFs secrete exosomes that activate Wnt-planar cell polarity
signaling in breast cancer cells, promoting cell motility and
metastasis. Moreover, in breast cancer stem cells, hypoxic CAFs
release exosomes to transfer circHIF1A, which regulates miR-580-
5p by sponging CD44 expression (117).

4.1.5 Others

CAF-derived Sdc1 is associated with significantly higher micro-
vascular density and larger vessel area, which stimulate breast
carcinoma growth and angiogenesis (118). Furthermore, another
secretory protein, biglycan (BGN) was found to be upregulated in
CAFs compared with normal cancer-adjacent fibroblasts. Notably,
BGN expression was negatively correlated with CD8+ T cells and
was associated with poor prognoses, possibly because of the
immunosuppressive TME (119).

4.2 Functions through other molecules

Some molecules are not secreted by CAFs but interact with
them to promote the progression of breast cancer. Some regulate
CAFs to assist cancer metastasis, whereas others are affected by
CAFs. Gene regulation techniques can be used to investigate the
function of CAFs.

Protein-kinase-R-like endoplasmic reticulum kinase (PERK),
which is selectively activated by Rho-associated kinase (ROCK) in
mammary tumor epithelium, recruits and persists cancer-
promoting CAFs (120). A CAF phenotype is generated by
myeloid zinc finger-1 phosphorylation in mesenchymal stem cells,
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which leads to an increase in the stemness of cancer cells (121).
Autophagy and survival are enhanced by Nox4 and Nrf2 pathway
activation in CAFs during tumorigenesis and metastasis of breast
cancers (122). In a mixed xenograft and indirect co-culture model,
estrogen was shown to induce CAFs to activate FGF2/FGFRI
paracrine signaling and trigger expression of connective tissue
growth factor (CTGF), leading to migration and invasion of
breast cancer cells (123). Conversely, CAF-conditioned media
induced ER ubiquitination and proteasomal degradation of MCF7
and T47D cells (124). The activation of PI3K-AKT signaling by
C3a-C3aR enhances pro-metastatic cytokine secretion and
expression of ECM components by CAFs. In mouse models of
breast cancer, treating mice with genetic or pharmacological
inhibitors of C3aR signaling effectively inhibits lung metastasis
(125). It has been shown that Gremlinl (GREM1), which has
high expression in CAFs, abrogates bone morphogenetic protein
(BMP)/SMAD signaling and promotes the mesenchymal
phenotype, stemness, and invasion of breast cancer cells, which
are associated with poor prognosis regardless of molecular subtype
(126). Phosphodiesterase 5 (PDE5) is highly expressed in CAFs and
also contributes to the progression of breast cancer and affects
clinical outcomes (127). Furthermore, CAFs enhanced GPNMB
expression in breast cancer cells in an organotypic model of tumor-
stroma interactions (128); however, its mechanism is unclear.
According to Soon et al. (129), CAFs induce significantly more
EMT molecular markers in MCF7 cells than NFs, as manifested by
increased vimentin expression, whereas E-cadherin expression was
decreased in MCF7 cells.

The role of some molecules in CAF can be better understood
through gene regulation techniques. Overexpression of
mitochondrial uncoupling proteins (UCP-1) in CAFs can induce
mitochondrial dysfunction by enhancing B-oxidation to produce
ketone bodies and vesicles enriched with ATP, acting as fuel for
tumor growth (130). Knockout of adhesion kinase (FAK) in CAFs
did not affect primary tumor growth and proliferation but
significantly limited breast cancer metastasis via exosomal
microRNA-mediated intercellular communication (131). In
addition, STAT1 depletion in CAFs reduced periductal reactive
fibrosis and retarded the progression of early breast cancer in vivo,
suggesting that STAT1 contributes to tumorigenesis from the
stroma (132).

4.4 Function as a bodyguard for
breast cancer cells

4.4.1 Co-metastasis with cancer cells

When tumors invade blood vessels or lymphatic vessels, CAFs
form clusters with cancer cells. The CAFs protect the cancer cells
from immune attack, enable them to endure fluid mechanical force,
and reduce their apoptosis, as well as improving vessel invasion.
Metastatic lung cancer cells that co-metastasized with their own
CAFs from the primary site were found to grow more rapidly than
those that did not in a tumor metastasis mouse model (133).
Alternatively, removing cancer-associated factors results in a
significant reduction in metastatic cancer cells. Cancer cells and
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CAFs extravasate through blood vessels or lymphatic vessels,
resulting in metastatic lesions in the appropriate organs. In the
new environment, CAFs can survive and continuously secrete
growth factors and cytokines to stimulate the growth of
metastatic cancer cells. These findings warrant further
investigation into which subgroups of CAFs co-metastasize with
tumor cells and to find biomarkers that distinguish them and may
provide new targets for tumor therapy.

4.4.2 Suppressing immunity

There is evidence that tumors with CAF-rich microenvironments
exhibit immunologically cold environments, suggesting that
therapeutically targeting a specific CAF subpopulation in breast
could improve clinical outcomes (134). In addition, an animal
study demonstrated that CAFs impaired the function of tumor-
infiltrated immune cells in vivo and significantly promoted breast
tumor progression (135). The IL6-adenosine positive feedback loop is
mediated by CD73+ gamma delta regulatory T cells (Tregs), which
further promote IL6 secretion by CAFs via adenosine/A2BR/
P38MAPK signaling. The infiltration of CD73+ gamma delta Tregs
also impaired the tumoricidal activities of CD8+ T cells, and this
effect was associated with significantly worse patient prognosis. It
appears that IL6-adenosine loops between CD73+ gamma delta Tregs
and CAFs play a critical part in promoting tumor progression and
immunosuppression in breast cancer (136). Timperi E et al. suggests
that lipid-associated macrophages (LAM) recruited via the CAF-
driven CXCL12-CXCR4 axis support an immunosuppressive
microenvironment by acquiring protumorigenic functions (137).

4.4.3 Assisting tumor metabolism

In the TME, stromal cells cooperate with cancer cells
metabolically. Tumor cells can utilize CAF metabolic byproducts
to feed anabolic metabolism and proliferation, indicating that
metabolic symbiosis has an important role in tumor growth
(138). Some studies have helped to elucidate the metabolic
dynamics between cancer cells and CAFs. For example, FATPI1,
which is relatively highly expressed in CAFs, has been proposed as a
potential target for disrupting breast cancer cell lipid transfer (139).
Another study showed that extracellular ATP promotes interactions
between breast cancer cells and fibroblasts, where S100A4 is
produced in collaboration with breast cancer cells to exacerbate
breast cancer metastasis (140). Aspartate derived from CAFs
sustains cancer cell proliferation, whereas glutamate derived from
CAFs promotes remodeling of the ECM (141).

4.5 Other findings

The authors recently proposed a novel tumor invasion
mechanism based on invasive cancer cells migrating independently
on elongated CAFs (CAF fibers) embedded in a three-dimensional
collagen matrix. This mechanism involves cancer cells interacting
with fibronectin fibrils assembled on CAFs primarily through
integrin-a5B1 (142). A study by Gao et al. (143) demonstrated that
CAFs located within human breast cancer interface zones have a
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significant role in inducing EMT. The same results can be obtained by
artificially altering the expression of certain molecules in CAFs. In
cancer tissue, mechanical pressure is also believed to play a part in the
mechanisms (144, 145). In cancer cells expressing the matrix-
remodeling CAF receptor Endo180 (MRC2), genetic deletion
profoundly limits tumor growth and metastasis (146). MDA-MB-
231 cells are accelerated (1) by direct physical interactions,
where activated fibroblasts penetrate the matrix and act as scaffolds
for coalescence and aggregation; and (2) through release of soluble
accelerating factors such as MMPs or, in the case of activated normal
human dermal fibroblasts (NHDFs), SDF-10/CXCL12 (147).

5 Clinical value of CAFs in
breast cancer

CAFs have an important role in the development of breast
cancer and are involved in tumor cell occurrence, growth,
angiogenesis, cell invasion, and metastasis. Some of these
molecular markers can provide a data basis for the determination
of breast cancer types, the choice of treatment, and prediction of
patient prognosis. CAFs secrete products that regulate tumor cells
and have a positive impact on clinical outcomes. Therefore, the
clinical application value of CAFs for breast cancer has attracted the
attention of many researchers worldwide.

5.1 Relationship of CAF-associated
molecules with clinical diagnosis
and prognosis

CAF-associated molecules are related to the clinical outcomes of
breast tumors and metastasis, and survival of patients. They are
important indicators of prognosis and can enable early intervention
for breast cancer patients, as well as helping to provide new
strategies (148).

5.1.1 CAF biomarkers

After a-SMA was stained in 60 invasive breast cancer patients,
computer-aided image analysis showed that the expression of o
SMA significantly differed between the metastasis group and the
non-metastasis group. The metastasis group showed high o-SMA
expression and a significantly lower overall survival rate (149). o-
SMA can cause cancer cell metastasis and reduce overall survival,
because 0i-SMA-positive CAFs can promote tumor growth through
OPN secretion (150).

PDGF receptor expression is associated with unfavorable
prognosis in breast cancer when the PDGF pathway is
dysregulated. High PDGFRo. expression has been linked to
aggressive subtypes of breast cancer including TNBC, and high
PDGF-CC expression increases the risk of 5-year distant
recurrence. Moreover, PDGFR expression in tumor cells has been
reported to be significantly elevated in lymph node metastases and
asynchronous recurrences (151). Another study used double
immunostaining of o1l integrin and PDGFRp in human breast
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cancer samples and associated normal tissues of DCIS patients
(152). The results showed that invasive ductal cancer (IDC) had
higher densities of integrin-11 or PDGFR than DCIS tumors, which
suggested that integrin 011 is mainly expressed by a subset of
PDGFRp-positive CAFs in human breast cancer. Furthermore,
patient outcomes were analyzed with respect to the integrin 11/
PDGFRB+ CAF subgroup, showing that an increase in stromal
density of integrin o11/PDGFR was associated with higher tumor
grade, metastasis, and patient mortality. Recently, Akanda, M. R.
et al. reported that in breast cancer brain metastasis patients,
expression of PDGFR-B in the stroma of metastasis site was
associated with recurrence free survival (153).

In addition, FAP expressed by CAFs is an independent factor
predicting the prognosis of breast cancer patients, and the expression of
FAP is correlated with cancer cell metastasis and survival (154). An
IHC study of 449 patients with DCIS who had undergone extensive
resection and did not receive radiotherapy and chemotherapy
concluded that FAP-o. and GOLPH3 overexpression were highly
specific for the recurrence and progression of DCIS and may thus
represent novel tumor markers for progression of DCIS to invasive
breast cancer (IDC) (155). In breast tumors with a high stromal
content, radiolabeled FAP-specific enzyme inhibitor (FAPIs) may
offer high contrast for fast imaging and could serve as anti-tumor
agents (156). In 68Ga-FAPI positron emission tomography/computed
tomography, remarkably high uptake and image contrast were
observed for several widely prevalent cancers. These findings could
lead to new applications such as noninvasive tumor identification,
staging examinations, or the use of radioligand therapy (157).

5.1.2 MMPs

Immunohistochemical analysis of 154 breast cancer patients
and 42 women without tumor disease revealed that postmenopausal
patients, hormone-receptor-positive patients, and histological
ductal carcinoma patients had higher MMP-1 staining intensity
and higher MMP3 staining percentages and intensities (158). A
clinical study of 48 patients with breast cancer and 13 patients with
benign breast disease found that expression levels of MMP-9
mRNA were significantly increased in breast cancer patients
compared with patients with benign breast disease. In addition,
plasma MMP-2 and MMP-9 were significantly reduced in breast
cancer patients after surgery, so both MMP-2 and MMP-9 could be
used as markers of breast cancer disease response to therapy (159).
On the other hand, MMP-2 expression was correlated with tumor
size and neovascularization, MMP-9 expression was correlated with
hormone receptor status, and stromal cell co-expression of MMP-2
and MMP-9 was significantly associated with tumor size. Therefore,
these markers could be used in combination to assess the prognosis
of breast cancer patients (160). MMP-9, MMP-11, and TIMP-2
expression by CAFs were also significantly associated with poor
prognosis in luminal A tumors (161).

5.1.3 CAV-1

CAV-1 is a structural protein involved in the trafficking of
vesicles and signaling in caveolae, which are sphingolipid-rich
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invaginations of the plasma membrane. Cell lines and primary
breast cancers from humans contain negative CAV-1 RNA and
protein levels, and CAV-1 reintroduced in vitro inhibits many
tumorigenic properties, including anchorage independent growth
(162). A study analyzed 669 tumor specimens with TNBC by
immunohistochemistry, showing that lack of stromal CAV-1
expression in TNBC was significantly associated with worse
overall survival; conversely, increased mRNA levels of CAV-1 in
141 tumor samples were associated with better overall survival
(163). Another study showed that low expression of CAV-1 in
breast cancer stroma was associated with early recurrence,
progression, tamoxifen resistance, and 5-year survival, especially
in invasive micropapillary carcinoma, whereas CAV-1 gene
expression promoted EGFR signal transduction, which mediates
tyrosine kinase activity and was found to be an effective marker for
breast cancer diagnosis and prognosis (164).

5.1.4 Others

It has been demonstrated that tumor grade is significantly related
to a high level of immunostaining for AUF1 in both cancer cells and
adjacent CAFs (165). Locally advanced breast cancer patients with
high levels of DNMT1 in breast stromal fibroblasts have poor
survival, because DNMTI1 promotes angiogenesis through IL-8/
VEGEF-A upregulation (166). In TNBC patients, increased CAF
activation was linked to increased infiltration of polarized CD163-
positive tumor-associated macrophages (TAMs), as well as lymph
node metastasis. CAF activation, TAM infiltration, and lymph node
metastasis were shown to be independent prognostic factors for
disease-free survival in TNBC patients (167). Din contrast to
factors with high expression, depletion of FAK in CAFs prompts
its activation of protein kinase A via CCR1/CCR2 on cancer cells,
leading to increased glycolysis in malignant cells, which mediates the
metabolism of malignant cells, reduces overall patient survival, and
leads to poor prognosis of breast cancer patients (168). There has
been evidence that the five-gene prognostic CAF signature (RIN2,
THBSI, ILIR1, RAB31, and COLI1Al) is not only effective for
predicting prognosis, but also for estimating clinical
immunotherapy response (169).

To sum up, substances related to CAFs, transformation of CAFs
by deletion of molecular markers, and derivatives of CAFs and
tumor suppressor genes have clinical applications in the diagnosis,
prognosis, and treatment of breast cancer. They can also be used to
provide data and information for precision treatment of breast
cancer patients and speed up the process of breast cancer treatment.

5.2 Relationship of CAF-associated
molecules with treatment

As mentioned above, CAFs and related molecules have an
important impact on the prognosis of breast cancer and can thus
be explored as targets for the treatment of breast cancer. Treatment
plans for breast cancer include vaccines, reducing drug resistance,
and mediating the radiation resistance of CAFs.
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5.2.1 Anti-FAP vaccines

FAP is one of the most important biomarkers of CAFs and is
primarily expressed on the CAF surface. Many anti-tumor therapies
focus on FAP. It is possible to increase the potency of T-cell-mediated
anti-tumor effects by targeting FAPo, and combination of a dual-
targeting vaccine with doxorubicin effectively increased the anti-tumor
activity of the vaccine by decreasing immunosuppressive factors and
promoting the infiltration of tumor cells by lymphocytes; this finding
may provide useful guidance for clinical research on the combination
of DNA vaccination with low-dose chemotherapy (170). Another
chemotherapy drug, cyclophosphamide, together with FAPo-targeted
modified vaccinia Ankara, have been shown to be effective in
overcoming immunosuppression and improving specific anti-tumor
immune responses (171). Importantly, mice vaccinated with FAP and
given cyclophosphamide chemotherapy showed significant tumor
growth suppression (inhibition ratio: 80%) and longer survival times
(172). Another vaccine reduced the growth of 4T1 tumors by
promoting production of cytotoxic T lymphocytes that killed CAFs,
and the decrease in FAPo-expressing CAFs markedly decreased
collagen I and other stromal factors, resulting in a marked
attenuation of tumor progression (173). Another study developed a
tumor vaccine prepared from tumor-cell-derived exosome-like
nanovesicles (eNVs-FAP), which demonstrated excellent anti-tumor
effects in a variety of tumor-bearing mouse models. According to
mechanistic analysis, eNVs-FAP stimulated dendritic cell maturation,
increased infiltration of effector T cells into tumor cells and FAP+
CAFs and decreased the number of immunosuppressive cells such as
M2-like TAMs, myeloid-derived suppressor cells, and Tregs in the
TME. In addition, FAP+ CAF clearance enhanced ferroptosis via
interferon-gamma (174). Another drug delivery agent, functionalized
nanocaged HFn-FAP, could specifically enhance targeted therapy for
CAFs when administered intravenously in TNBC (175).

5.2.2 Reversal of drug resistance

Antitumor drug resistance is among the main culprits in breast
cancer recurrence and metastasis. Recent studies on drug resistance
involving CAFs have mainly focused on tamoxifen, anti-HER2
drugs, and chemotherapy. Drug resistance to breast cancer can be
reversed through treatments that reduce CAF activity, thereby
reducing recurrence and metastasis. Tamoxifen is an ER
modulator used for endocrine therapy in patients with ER-
positive breast cancer. According to a study, tamoxifen resistance
in breast cancer may be caused by CD63+ CAFs via exosomal miR-
22 (176). CAFs with upregulation of HMGBI1 expression and
secretion via GPR30/PI3K/AKT signaling enhanced MCF-7 cell
resistance to TAM by increasing autophagy dependent on ERK
activity (177). The TAF/FGF5/FGFR2/c-Src/HER2 axis is
responsible for HER2-targeted therapy resistance in breast cancer,
which can be reversed by FGFR inhibitors (178). In patients with
HER2-positive breast cancer, CAF-derived NRG1 contributes to
trastuzumab resistance through high expression of HER3/AKT, but
combination with pertuzumab may reverse resistance (179).
Cancer-derived xenografts engraft successfully when CD10
+GPR77+ CAFs are present, and treating these CAFs with an
anti-GPR77 antibody eliminates tumor formation and restores
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tumor chemosensitivity (180). Claudin-low TNBCs are resistant
to chemotherapy when CAF activates IFN signaling. Inhibition of
this pathway could improve breast cancer outcomes in a novel way
(181). A study showed that gMG treatment significantly retards
tumor growth, reduces CAF production, and improves DOX
sensitivity in a DOX-resistant TNBC tumoroid-bearing mouse
model, because it was found that INFG/STAT1/NOTCH3 is a
molecular link between breast cancer stem cells and CAFs, and
it’s expression was increased in DOX-resistant TNBC cell lines, as
well as CAF-transformation and self-renewal ability (182).

5.2.3 Reversal of radiation resistance

CAFs have been shown to be radioresistant and to undergo
significant changes in oxidative metabolism indices. It is likely that
CAFs that survive radiation treatment influence the fate of
associated cancer cells. Identifying these CAFs, determining their
mode of communication with cancer cells, and eradicating them,
especially when they exist at the margins of a radiotherapy target
volume, may improve cancer treatment effectiveness (183).
Dendrigraft poly-L-lysine (DGL)/gemcitabine (GEM)@PP/GA
nanoparticles for TAF-targeted regulation and deep tumor
penetration have been reported. When MMP-2 was overexpressed
in the TME, GEM-conjugated small nanoparticles (DGL/GEM) are
released from DGL/GEM@PP/GA, causing the large nanoparticles
(PP/GA) loaded with 18beta-glycyrrhetinic acid (GA) to
accumulate at the tumor site. The released DGL/GEM can
penetrate deep into the tumor to release GEM intracellularly and
kill tumor cells. It is also possible that residual GA-loaded
nanoparticles may accumulate around tumor vessels and be
absorbed more efficiently by TAFs, which regulate the secretion
of Wntl6, an essential damage response program (DRP) molecule,
around tumor vessels. When DGL/GEM@PP/GA was applied to
breast cancer models with stroma-rich stroma, significant and long-
term anti-tumor effects were observed (184).

6 Conclusions and prospecs

CAFs, the most abundant cells in breast cancer stroma, secrete
various ECM components, growth factors, cytokines, proteins,
enzymes, and hormones. CAFs participate in the development
and progression of breast cancer by stimulating epithelial cell
malignant transformation, tumor initiation, tumor growth, ECM
degradation, tumor angiogenesis, and cancer cell invasion and
metastasis. Furthermore, CAFs are valuable in the clinical
diagnosis of breast cancer, as well as in therapy and prediction of
prognosis. However, many aspects remain unclear, including the
relationship between CAFs and other mesenchymal cells or stroma
structures, such as tunneling nanotubes, which are made by
exosomes derived from breast cancer cells but not CAFs (185),
the precise mechanism of their escape from immune attack, and
whether other valuable molecular markers of CAFs exist. The breast
cancer immune-microenvironment with tumor-associated tertiary
lymphoid structure (TA-TLS) usually have a higher representation
of tumor-infiltrating lymphocytes (TIL) and show a better response
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to chemotherapy and immunotherapy (186). A study showed that
TA-TLS could be coordinated by FAP"® CAFs that exhibit
characteristics like lymphoid tissue organizers and their roles are
to facilitate anti-tumor immunity and immune response to
checkpoint immunotherapy (187). Unfortunately, this study was
done in melanoma, not breast cancer. In conclusion, the role of
CAFs in breast cancer warrant further investigation.
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Background: There has been an increase in the number of women suffering from
breast cancer in recent years, and discovering new therapeutic targets and
efficacy predictive markers is critical for comprehensive breast cancer treatment.

Methods: First, we used bioinformatics methods to analyze TARS1(encoding
cytoplasmicthreonyl-tRNA synthetase) expression, prognosis, and
clinicopathological characteristics in TCGA database breast cancers, and then
we collected breast cancer specimens from our center for validation. TARS1 was
then subjected to GSEA (Gene Set Enrichment Analysis) enrichment analysis, GO/
KEGG pathway enrichment analysis, and breast cancer immune infiltration
characterization. As a last step, we examined TARS1's effects on breast cancer
cell behavior with cellular assays.

Results: The overexpression of TARS1 has been found in several malignant
tumors, including breast cancer, and has been linked to poor prognoses.
Breast cancers with large primary tumors and negative hormone receptors are
more likely to overexpress TARS1. Overexpression of TARS1 promotes the
infiltration of T cells, such as Tregs and Th2s, while inhibiting the infiltration of
NK cells and CD8+ T cells, which are anticancer cells in breast cancer. TARS1
was also found to be co-expressed with the majority of immune checkpoint-
related genes, and breast cancer with TARS1 overexpression responded better
to immunotherapy. By knocking down TARS1, breast cancer cells were
prevented from proliferating and invading, as well as exhibiting other malignant
biological properties.

Conclusion: According to our study, TARS1 may be an oncogene in breast
cancer and may be a biomarker of efficacy or a target of immunotherapy in
breast cancer.
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Introduction

Globally, breast cancer (BC) is the most common malignancy
among women, threatening the health of more and more
individuals every day (1). The promotion of comprehensive breast
cancer treatment, which includes surgical treatment, chemotherapy,
radiotherapy, endocrine therapy, and targeted therapy, has
considerably improved the prognosis of BC patients (2). In
particular, there is still no effective treatment available for triple
negative breast cancer, which is a pathological form of breast cancer
(3). Therefore, discovering new breast cancer oncogenes and
developing new therapeutic targets are critical for improving the
prognosis of breast cancer. The efficacy of various therapy regimens
for different forms of breast cancer varies substantially (4). As a
result, distinguishing between the major breast cancer pathological
stages and other clinicopathological aspects impacted by the causal
genes is critical for accurate breast cancer treatment (5, 6).

Immunotherapy is regarded as the new treatment with the
greatest potential to cure cancer at its source (7); nonetheless, its
efficacy in breast cancer needs to be improved. Discovering novel
immunotherapy efficacy prediction biomarkers will allow for
focused immunotherapy for breast cancer. Precision therapy
could lower national health care investment, which is especially
essential for many developing countries, according to health
economists (8).

The threonine-tRNA synthetase (TARS) is an aminoacyl-tRNA
synthetase that plays a key role in protein synthesis. Aminoacyl-
tRNA synthetases (aaRS) are housekeeping proteins that catalyze the
attachment of tRNAs to homologous amino acids, hence providing
aminoacyl-tRNA building blocks for ribosomal protein synthesis (9).
Mammalian cytoplasmic and mitochondrial protein synthesis each
have their own set of aaRSs, whereas TARS1 and TARS2 encode
eukaryotic cytoplasmic and mitochondrial threonine-tRNA
synthetases (ThrRSs) (10, 11). TARS1 has been demonstrated to be
important in muscle development and is released during
inflammation to enhance endothelial cell migration and
angiogenesis (12). TARS1 is also involved in the regulation of
translation initiation, which helps to positively regulate vertebrate
mRNA translation (13).There is evidence that TARS is upregulated in
gastric cancer and is associated with poor outcome and metastasis
(14), in endometrial cancer, TARS] was associated with poor
outcomes (15). As of yet, no clear understanding of TARSI’s role
in breast cancer has been established.

Initially, we examined the expression of TARSI in various
cancers, including breast cancer, the impact of TARS] on breast
cancer prognosis and its association with clinicopathological
characteristics of breast cancer patients using data from the
TCGA database and GTEx database, and collected breast cancer
specimens from our center for quantitative analysis and validation.
Then, using GSEA analysis, GO/KEGG pathway enrichment
analysis, and breast cancer immune infiltration analysis, the
potential benefit of TARS1 for breast cancer treatment was
investigated. As a final step, we assessed TARSI’s potential to
predict immunotherapy effectiveness using TIDE (Tumor
Immune Dysfunction and Exclusion), by analyzing its co-
expression with immune checkpoint-related genes.
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Breast cancer treatment is entering the precision therapy era,
with several studies leading to new personalized medicines and
biomarkers. Traditional indicators such as ER, PR, and Her-2 have
improved the prognosis of breast cancer patients dramatically (16-
19). When chemotherapy is used, commercial gene expression
combinations like OncotypeDX and Mammaprint are the best
prognostic predictors for ER-positive, HER2-negative, lymph
node-negative breast cancer (20, 21). New prognostic indicators
are also indicated in specific metastatic breast cancer scenarios. The
NCCN advises testing for BRCA1/2 germline mutation status in
each metastatic patient to anticipate the potential benefit of PARP
inhibitor therapy (22, 23). For targeted therapy, they may
additionally include MSI/MMR, TMB, and NTRK (24, 25). The
discovery of novel biomarkers is critical for improving prognosis
and lowering healthcare costs for breast cancer patients (26, 27).

Materials and methods
The collection and processing of data

We used R and Graphpad Prism version 8.0 to conduct all
statistical analyses and visualizations. Data from the GTEx and
TCGA databases were used to analyze breast cancer patients’
mRNA expression profiles. We have removed duplicate samples
and those lacking clinical information. In total, there were 179
paracancerous tissues and 1065 breast cancer tissues. The survival
curve data were obtained from the KM plotter website (28).

Correlation and enrichment analyses

The TCGA-BRCA database was analyzed for gene co-
expression, the FoldChange was arranged in descending order,
the genes with P>0.05 were removed, and the top 300 genes were
selected for GSEA enrichment analysis. The 324 genes with absolute
FoldChange values greater than 1.5 and P<0.05 were selected for
GO/KEGG analysis.

Pathological sample collection
and processing

We collected 76 breast cancer specimens from Tongji Hospital
between September 2021 and February 2023. There were 24 pairs of
fresh frozen tissues matched with paracancer, 21 pairs of paired
paraffin-embedded tissues, and 32 cancer tissue specimens. A
protocol for this study has been approved by the Ethics
Committee of Tongji Hospital in accordance with the Helsinki
Declaration (approval number TJIRB20221218). Fixation of tissues
in 10% formalin, paraffin embedding, serial sectioning into 5 mm
layers, dewaxing, rehydration, and microwave antigen repair were
all carried out on the tissues. At 1 degree Celsius, the slides were
incubated overnight with 1:200 dilutions of TARSI antibody
(AFFINITY, df2315). The secondary antibodies were incubated
for 30 minutes at room temperature before being stained with the
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DAB substrate and then re-stained with hematoxylin. The
quantitative immunohistochemical analysis was carried out using
Image] and AI tools.

extraction and quantitative real-time
PCR: RNA

According to the manufacturer’s instructions, total RNA was
extracted using the TRIzol reagent (Invitrogen, USA). DynaScience
Biotechnology in China provided qRT-PCR primers, including
those for TARSI and GAPDH. The primer sequences: TARSI:
forward - TGTGCCATTGAATAAGGA, reverse - CACCTTCA
TTATCAAGATAC (5-3)). GAPDH forward - GGAGCGAGAT
CCCTCCAAAAT, reverse -GGCTGTTGTCATACTTCTCATGG.
The PCR conditions were as follows: 95°C for 5 minutes; (95°C for 5
seconds, 60°C for 30 seconds) 40 amplification cycles. Relative
expression levels were standardized to the internal control and
computed according to the 2-AACT technique.

Cell culture and treatment

Shanghai Institute of Cell Biology provided the MCF7, MDA-
MB-231, MDA-MB-468, and SKBR3 human breast cancer cell lines.
MDA-MB-468 cells were cultivated in RPMI-1640 media (Gibco,
USA), whereas MCF7, MDA-MB-231, and SKBR3 cells were grown
in DMEM medium (Gibco, USA). All media are supplemented with
10% fetal bovine serum. All cell lines were cultured at 37°C in a
ThermoFisher incubator with 5% CO2. By employing STR to
identify and compare all bought cell lines to reputable databases.

CCKS8 assay

Cells from each experimental group that were in the logarithmic
growth phase and under good growth conditions were digested and
resuspended in full culture medium. Proliferation of cells was
determined according to the manufacturer’s instructions using
the Cell Counting Kit-8 (Invitrogen, USA). A marker enzyme was
used to measure the optical density at 450 nm.

Colony-formation assay

During the 14-day culture period, 1000 breast cancer cells were
injected into six-well plates. The medium was replaced every three
days and the medium utilized for each of the cells was as previously
described. We stained the cell colonies with crystal violet after they
had been fixated in 4% polyacetal for 10 minutes, photographed,
and counted.

Transwell assay
Transwell chambers in 24-well plates are filled with 20,000

breast cancer cells each. Various cells were resuspended in serum-
free medium, uniformly added to the upper chamber, and the lower
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well was filled with medium containing 10% fetal bovine serum. We
wiped the top surface of the chamber after incubating the cells at 37°
C for 24 hours. A 10-minute fixation process with 4%
paraformaldehyde was followed by a 10-minute staining process
with crystal violet on the bottom surface of the chambers. Counting
and photographing migratory cells was done.

Scratch test

Breast cancer cells in the log phase of growth were inserted in
24-well plates with IBIDI two-well culture inserts and incubated for
24 hours. Forceps were utilized to carefully remove the culture
implants from the immaculate table. Each well received 1 mL of
low-serum medium, upon removal of the inserts, the migration rate
of cells was determined under a light microscope at 0 and 24 hours.

Immune cell infiltration

Using the GSVA package [version 1.34.0] of R, immune cell
infiltration in BC was examined (version 3.6.3). On ssGSEA, the
outcomes were based. The classification of immune cells and
references to earlier studies’ markers were made. According to the
median TARS1 expression in TCGA BC samples, two groups were
identified (high and low), This dataset includes RNAseq data (level
3) as well as clinical information on 1101 breast tumors. TIDE was
used to predict likely immunotherapeutic responses. Removal of
duplicate samples and removal of samples that do not contain
clinical information.

Results
TARS1 expression analysis

TARS1 was overexpressed in 15 cancers according to a pan-
cancer study (Figure 1A). Contrarily, TARS1 was significantly
overexpressed in breast cancer samples from both paired and
unpaired individuals (Figures 1B, C).

TARS1 expression and prognosis in breast
cancer patients

KM plotter data showed that breast cancer groups with high
TARS1 had significantly lower overall survival rates (HR=1.71,
P=0.001), progress-free interval (HR=1.82, P=0.001), and disease-
specific survival (HR=1.86, P=0.006). DSS (disease specific survival)
decreased considerably (HR=1.86, P=0.006) (Figures 2A-C). TARS1-
based ROC had an AUC of 0.800, CI: 0.771-0.828. (Figure 2D)

Clinicopathological variables and
TARS1 expression

Bioinformatics analysis suggested that TARS1 overexpression
was associated with T stage (T1 < T2), ER(Estrogen receptor)
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The expression difference of TARSL in cancer tissue and normal tissue. (A) Expression of TARS1 in pan-cancer and adjacent normal tissues in TCGA
and GTEx databases. (B) Expression of TARS1 in unpaired breast cancer samples in TCGA-BRCA database. (C) Expression of TARS1 in paired breast
cancer samples in TCGA-BRCA database. Data were shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

status (positive < negative), PR (Progesterone receptors) status
(positive < negative), HER-2 (Human epidermal growth factor
receptor 2) status (positive > negative) in breast cancer patients,
PAM50 (LumA < LumB, HER-2, Basal) and Histological type
(infiltrating ductal carcinoma > infiltrating lobular carcinoma), but
not N stage, M stage and Pathological stage was not relevant (Figure
3, Supplementary Table 1). Breast cancer specimens collected in our
center were processed and statistically analyzed, and typical THC
images are shown in Figure 4. TARSI overexpression in breast cancer
was demonstrated at the mRNA and protein levels in fresh frozen
tissue and paraffin-embedded tissue, respectively (Figure 5). <The
relationship between TARS overexpression and T stage, ER status, PR
status, PAM50 and Pathological stage was consistent with the raw
signal results, while the relationship with N stage (N0, N2) and HER-
2 status was different.

Correlation and enrichment analyses

GSEA analysis of TARS] includes GPCR ligand binding,
signaling by RHO GTPases, M phase, Class Al rhodopsin-like
receptors and DNA repair (Figure 6A). In Figures 6B, C, the GO/
KEGG enrichment study is displayed.
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TARS1 expression and immune
cell infiltration

Based on the median expression of TARSI, breast cancers
from TCGA-BRCA Database (removed duplicate samples and
those lacking clinical information) were divided into low and
high expression groups and immune cell infiltration was
separately analyzed. Figure 7 shows the comparison of 24
immune cell pairs. A significant number of anti-tumor cells,
such as CD8+ T cells and NK cells, were found in the TARSI
high expression group, as opposed to pro-tumor cells, such as
Tregs and Th2 cells (Figure 8). The RNA-sequencing expression
(level 3) profiles and corresponding clinical information for
breast cancer (BC) were obtained from the TCGA dataset. In
order to evaluate the credibility of immune score assessment,
the immuneeconv R software package was utilized. This
package incorporates six contemporary algorithms, namely
TIMER, xCell, MCP-counter, CIBERSORT, EPIC, and
quanTIseq, all of which have been benchmarked and possess
distinctive strengths. In an investigation of the coexpression of
TARS1 with 47 immune checkpoint-related genes, 30 were
found to coexpress with TARS1. The 47 immune checkpoint-
related genes frequently identified in prior studies were chosen.
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(Figure 9). The TIDE algorithm (29) additionally revealed that
breast cancers with higher TARS1 expression responded better
to immunotherapy with checkpoint inhibitors. (Figure 10).

Breast cancer cells with TARS1 knockdown displayed reduced
malignant behavior:

A significant increase in TARS1 expression was observed in
MDA-MB-231, MDA-MB-468, SKBR3 and MCF-7 cells in
comparison with normal mammary cells, MCF-10A (Figure 11A).
The initial four cell lines represent three types of breast cancer:
triple negative, HER-2 positive, and hormone receptor positive,
while the MCF-10A cell line represents normal breast cells. TARS1
was successfully knocked down in MDA-MB-231, SKBR3 and
MCE-7 cells using siRNA (Figures 11B-D), and CCKS8
(Figures 12A-C) and clone formation (Figures 12D, E) assays
revealed that breast cancer cell proliferation was significantly
reduced. The Transwell assay (Figures 12F, G) and the scratch
assay (Figures 12H, I), in contrast, demonstrated that the ability of
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breast cancer cells to invade was greatly diminished. Using Image]J
and AI software, statistically significant results were obtained from
the clone formation assay, Transwell assay, and scratch assay.
(Figures 12D-F).

Discussion

Throughout the past four decades, breast cancer incidence has
been increasing. From 2010 to 2019, the incidence of breast cancer
increased on average by 0.5% each year (30). Biomarkers like ER,
PR, and HER-2 play a crucial role in the diagnosis and management
of breast cancer (31). However, there is still no effective treatment
for triple-negative breast cancer, and hormone receptor-positive
and HER-2-positive cancers also experience drug resistance (32). It
is vital to discover new causative genes or therapeutic targets in
order to treat breast cancer.
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TARSI is significantly expressed in a number of malignancies,
including breast cancer, and is associated with poor prognoses TARSI
overexpression was linked to bigger primary tumor size, hormone
receptor negativity, and HER-2 receptor positivity, according to
further study of the clinicopathological characteristics of BC patients.
TARSI is overexpressed in breast cancer at both the transcriptional and
translational levels, according to quantitative analysis of breast cancer
specimens obtained at our center. TARS] is a crucial constituent of
mRNA translation in vertebrates and serves a significant function in
protein synthesis. Previous research has shown that TARS] is secreted in
inflammatory states and stimulates endothelial cell migration and
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angiogenesis, and given the hypermetabolic state of tumors and their
reliance on neovascularisation, researchers believe this is one of the
reasons why it promotes the development of breast cancer (12).Breast
cancer cells exhibit a swift metabolism and abbreviated proliferation
cycle in contrast to normal breast cells, resulting in more robust protein
synthesis, particularly during cellular metamorphosis and migration.
Consequently, TARS] overexpression aligns with the heightened
metabolic state of cancer cells, potentially contributing to the
promotion of breast cancer proliferation and migration. Breast cancer
patient clinicopathological characteristics were quantified using
immunohistochemistry, and it was discovered that overexpression of

frontiersin.org


https://doi.org/10.3389/fonc.2023.1207867
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Gui et al.

10.3389/fonc.2023.1207867

Tumortissue

Paracancerous tissue

Tumortissue

Paracancerous tissue

FIGURE 4

Representative images of TARS1 expression in breast cancer tissues and their matched paracancerous tissues. Original magnifications 40x and 100x

(inset panels).

TARS]1 was linked to higher initial tumor sizes and hormone receptor
negativity. According to bioinformatic study, this is accurate. However,
our results suggest that TARSI overexpression is more pronounced in
patients with lymph node metastases, independent of HER-2 expression,
which is different from the bioinformatic results and requires further
validation with larger volume samples. In conclusion, the association of
TARS]I overexpression and clinicopathological features of breast cancer
targets a possible beneficiary population for its clinical translation.
Immunotherapy brings a new light to cancer patients. It is
important for stromal cells in the tumor microenvironment,

Frontiers in Oncology

particularly immune cells, to regulate tumor cell malignancy (33).
They are clinically important for assessing cancer patients’ prognosis
and treatment outcomes, according to a growing body of research
(34, 35). In our study, we discovered that TARSI overexpression
inhibited the infiltration of anti-cancer immune cells like CD8+ T
cells and NK cells while promoting the infiltration of oncogenic
immune cells like Treg and Th2 in breast cancer. A drop in anti-
tumor cells promotes breast cancer cell proliferation, but an increase
in pro-tumor cell infiltration generates an immunological milieu
more suitable for breast cancer cell migration. This could be one of
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Expression and the relationship between TARS1 and breast cancer clinicopathologic features in our center. (A) mRNA levels of TARS1 in 24 pairs of
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status; (H) PM50; (I) Pathologic stage; *p < 0.05, **p < 0.01, ***p < 0.001

the reasons why TARS1 overexpression enhances breast cancer cell
proliferation and migration, ultimately leading to a poor prognosis
for patients with breast cancer. KEYNOTE-086 study (36)
demonstrates the safety and antitumor activity of pablizumab
monotherapy in metastatic TNBC, suggesting its use as first-line
treatment for mTNBC. On the basis of this, KEYNOTE-355 study
(37) further demonstrate that for metastatic TNBC with CPS >10,
pablizumab in combination with chemotherapy improved
progression-free survival significantly more than placebo in
combination with chemotherapy suggests that adding pablizumab
to standard chemotherapy in the first-line treatment of metastatic
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triple-negative breast cancer is important. As the indications for
immune checkpoint inhibitors expand, the question of how to find
the patients most likely to benefit and accurately predict efficacy
has become a concern. A majority of immune checkpoint-
associated genes are co-expressed with TARSI, implying that it
may be inter-regulated with multiple targets in the immune
checkpoint-associated pathway and could be a predictive
biomarker of efficacy or a novel therapeutic target for ICI in the
treatment of BC. In the TIDE algorithm, which assesses tumor
immune escape by using several gene expression markers, two
mechanisms are assessed, A number of immunosuppressive

frontiersin.org


https://doi.org/10.3389/fonc.2023.1207867
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Gui et al. 10.3389/fonc.2023.1207867

REACTOME GPCR LIGAND BINDING

REACTOME SIGNALING BY RHO |
GTPASES

REACTOME M PHASE A

REACTOME CLASS A 1 RHODOPSIN A‘;_‘

LIKE RECEPTORS |

REACTOME DNA REPAIR

0 1 2 3 4
B
48oj@k030
3.5 Counts
e 1
= | X
g 3.01 G0:0030627 ®:
g ®:
£ 254
° G0:0036002
o Ontology
—l? 2.0 4 @ BP
GO:00D5685 @ cc
O MF
1.5 .
— — — — —GO:0000395~ — & — GOU@Po268 — — — — -
°]
1.0 1 [ ] O
T T T T 1
-2.0 -1.5 -1.0 -0.5 0.0
z-score
LogFC @ Up @ Down
c Z-score
149 GO:0p 20 15 -1.0
GO.'()()'\8 15030 o

FIGURE 6
GSEA and GO/KEGG enrichment analysis of TARS1. (A) GSEA analysis of TARS1 (B, C) GO/KEGG enrichment of TARS1.

Frontiers in Oncology 149 frontiersin.org


https://doi.org/10.3389/fonc.2023.1207867
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Gui et al.

FIGURE 7
The expression

10.3389/fonc.2023.1207867

axk ns o *x ns - . Sxx ek ns P *
064 . : . s
[l H .
@ ! : i
S 04- P ' ¢ i
g % . H i TARS1
o T+ . 8 B Low
c : B8 High
Q .
0.2 -
£ . . | :
S . | : .
& 004 . . s . .
: 1 P . . b
0.2 1 .
T T T T T T T T T T T T
C N\ NS cels C . onis 00 s \s i\ NS cels
O oo ipet ogtooe® D" gosinod™ D acropn2®™ yast o Ne““\fggsemg‘;}f osed™
N
084 e e ns wxx o ns ns wxx - o . .
. .
. . ;
» 0.6 I
o .
g + ' H . . . TARS1
2 044 + + s . 8 Low
: °
é : . B8 High
5 02 v !
Iy
- H .
0.0 ‘ i .
. ° :
0.2 - .

T
WK cel's

T T T T T T
Tom Tem TFn Tgd cells cels celS  {Red

™ T2

: r r
w0 ce“Tshe\Qe‘ cl® ™

level various immune cell infiltration in High and low TARS1 breast cancer. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.

(¢}

Th2 cells

Tgd A

Tem A

Th1 cells
Macrophages
aDC +

T helper cells 4
TReg 1

NK CD56dim cells -
Neutrophils
TFH A

B cells

Tem 4

T cells

DC A

Cytotoxic cells -
Eosinophils -
iDC A

Th17 cells
Mast cells
CD8 T cells
NK CD56bright cells
NK cells

pDC A

0.60 0.50 4

0.55 1 0.45

0.50 0.40

P value 0.45 0.35

Spearman

.Spearman
&0 ©r=-0.199 r:.ﬁ.257

P <9.001 o P <0.001

0.25 ! T T T T T
- 4 6 8 4 6 8

0.00 The expression of TARS1 The expression of TARS1
Log, (TPM+1) Log, (TPM+1)

0.75
0.50

0.40 0.30

Enrichment of CD8 T cells w

Enrichment of NK cells

‘“illllil

Correlation
O o1
QO o2
Qo3

Qo

o

06 0.45 -

044, 0.40 1

0.2 0.35

0.04 0.30

r=®091
o P=0.002
T T

4 6 8 4 6 8

Enrichment of TReg
Enrichment of Th2 cells m

-0.2 T

0.25 T T T

FIGURE 8
Associated between TARS1 with immune cell infiltration. (A) Correlation between the expression level of TARS1 and various immune cell infiltration.
(B) Correlation between TARS1 expression and CD8+T cells. (C) Correlation between TARS1 expression and NK cells. (D) Correlation between TARS1
expression and Treg cells. (E) correlation between TARS1 expression and Th2 cells.

Frontiers in Oncology

0.0 0.2 0.4
Correlation

The expression of TARS1

Log, (TPM*1) The expression

of TARS1
09, +1)

150 frontiersin.org


https://doi.org/10.3389/fonc.2023.1207867
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Gui et al.

TARS1
Log, (TPM+1)

ADORA2A
BTLA
BTNL2
CD160
CD200
CD200R1
CD244
CD27
CD274
CD276
CD28
CD40
CD40LG
CD44

CTLA4
HAVCR2
HHLA2
ICOS
ICOSLG
IDO1

IDO2
KIR3DL1
LAG3
LAIR1
LGALS9
NRP1
PDCD1
PDCD1LG2
TIGIT
TMIGD2
TNFRSF14
TNFRSF18
TNFRSF25
TNFRSF4
TNFRSF8
TNFRSF9
TNFSF14
TNFSF15
TNFSF18
TNFSF4
TNFSF9
VSIR
VTCNA1

FIGURE 9

8 -
6 -
4-
2
0-

I

I

|

15

10.3389/fonc.2023.1207867

B Low
B High

R=-0.012"
R=0.019"™
R =-0.021"
R=0.010"
R =-0.001"
R =0.050"
R=0.003"
R=-0.073"
R=0.187_
R=0244"
R =0.090
R=-0.021"
R =-0.053"
R=0.154
R=-0.022"

Co-expression of TARS1 and immune checkpoint related genes. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant

Frontiers in Oncology


https://doi.org/10.3389/fonc.2023.1207867
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Gui et al. 10.3389/fonc.2023.1207867

5 e 134 214
3
2
g
2
&
False 416 337
wilcox.tests p=6.7e—10
sk
3 [
2
1
2
o
2
m
a8
=
-1
-
.

Groups $ Gl E G2

FIGURE 10
TIDE based on the expression level of TARSL. ****p < 0.0001

A
10 A
MDA-MB-231
L—— Kk
- 1.2 ’ '
5 &1 T ——
< ' ' 2 104
2 : . <
Z 2
E £ 081
wn —
< & 061
2 =
> [
E=) > 04+
= ¥ 0.2-
0.0-
231 468  MCF-7 SKBR3 MCF-10A siCtl  SiITARS1#1 siTARS1#2
D
SKRB3 MCF7
1.2 ' ' 1.2 ' '
3 3
L 1.0 2 101
< <
2 2
£ 087 £ 0.8
@ @
g: 0.6 E 0.6
= =
2 04+ 2 044
k| ko
& 021 & 02
0.0- 0.0 -
siCl  SiITARS1#1 sSiTARS1#2 siCtl  SiTARS1#1 siTARS1#2

FIGURE 11
Expression and knockdown of TARS1 in various cell lines (A) TARS1 expression in MDA-MB-231, MDA-MB-468, MCF7, SKBRE3, and MCF10A cell
lines. (B-D) TARS1 knockdown efficiency of two siRNA in MDA-MB-231, SKBR3, MCF7 cell lines. ***p < 0.001.

Frontiers in Oncology 152 frontiersin.org


https://doi.org/10.3389/fonc.2023.1207867
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Gui et al. 10.3389/fonc.2023.1207867

A MDA-MB-231 B SKBR3 c MCF7
-®- siCtrl -8~ siTARS1 -®- siCtrl -8~ siTARS1 -~ siCtrl -@~ siTARS1
124 1.0 1.0
B B B
S 104 S S
o) n 0.8 D 0.8
¥ ¥ ¥
Q 08+ - a} a
o Q 064 =3 0.6
S 06+ El 3
[ 3 © wx ©
> > >
a A 0.4 & 044
3 04+ 3 3
ns ns
02 0.2 02
24h  48h  72h  96h 24h  48h  72h  96h 24h  48h  T2h  96h
E 1001
b MDA-MB-231 SKBR3 MCF7
3 - AR = 80
&
€
siNC g |
E 60 I siNC
© SITARS1
4
< 40
>
<
o
SITARS1 S L
0
G 5001
F MDA-MB-231 SKBR3 MCF7
— 400
=l
2
siNC ®
£ 3004 SINC
% I SITARS1
o
g 200
®
SITARS1 2
= 100

H 1
MDA-MB-231 MCF7
g
siNC 2

o siNC
£ I s:TARS1
©
2
©
c
3

SITARS1 §

FIGURE 12

CCK8 experiment, Clone formation experiment, Transwell experiment and scratch experiment. (A-C) CCK-8 experiment in MDA-MB-231, SKBR3,
MCF7 cell lines. (D, E) Clone formation of control group and two siRNA knockout groups in MDA-MB-231, SKBR3, MCF7 cell lines and quantitative
analysis (F, G) Transwell images of control group and two siRNA knockout groups in MDA-MB-231, SKBR3, MCF7 cell lines and quantitative analysis.
(H, 1) Scratch test images of control group and two siRNA knockout groups in MDA-MB-231, SKBR3, MCF7 cell lines and quantitative analysis. All

assays were independently repeated at least three times. Data are presented as the mean + SD. **p < 0.01, ***p < 0.001, **** p < 0.0001. ns,
not significant.

factors, as well as dysfunction of tumor-infiltrating cytotoxic T  within breast cancer and may be a predictive biomarker for the
lymphocytes (CTL), were used as a means of testing our efficacy of immunotherapy in breast cancer.
suspicions (38). It has been shown that the higher the TIDE
score, the less effective immune checkpoint blockade therapy
(ICB) is and the shorter the survival after ICB. TARSI high
expression groups were found to be more responsive to ICB. Data avallablllty statement

Overall, our study found that TARSI may be a causative gene in
breast cancer and is more significantly overexpressed in breast The original contributions presented in the study are included
cancers with specific clinicopathological features. TARS1  in the article/Supplementary Material. Further inquiries can be
overexpression leads to a suppressed state of immune infiltration  directed to the corresponding author.
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Several retrospective and prospective studies have shown that genomic
alterations in Estrogen-receptor one (ESR1) can be characterized not only in
tissue samples but also by sequencing circulating tumor DNA (ctDNA) in liquid
biopsy. Therefore, liquid biopsy is a potential noninvasive surrogate for tissue
biopsy. This meta-analysis was designed to compare the prevalence of ESR 1
mutation detected with liquid biopsy and tissue biopsy. A pooled meta-analysis
of studies published between 1 January 2007 and 1 March 2021 was conducted
regarding the methodologies used for ESR1 mutation analysis. Liquid biopsy is a
valid, inexpensive, and attractive noninvasive alternative to tumor biopsies for the
identification of ESR1 mutations. Liquid biopsy for ESR 1 analysis would facilitate
regular testing, allowing monitoring of the sensitivity to ET and guiding
treatment strategies.

KEYWORDS

ESR1, liquid biopsy, next-generation sequencing, digital PCR, metastasized
breast cancer

Introduction

Our understanding of cancer biology using minimally invasive techniques to collect
circulating tumor DNA (ctDNA) from body fluids is rapidly evolving. The fragmented
DNA segments found in blood samples of cancer patients could be used to validate the
presence of tumor specific mutations (1-3).

Breast tumors commonly express hormone receptors (HR), including the estrogen
receptor (ER) and/or progesterone receptor (PR) (4). Endocrine therapy (ET), which
targets the ER pathway, is a major treatment modality for HR-positive cancers. At
diagnosis, ER positivity is a favorable prognostic factor for breast cancer (BC). However,
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this positive prognostic effect degrades over time (5). Resistance to
ET is considered an important step in the natural evolution of HR-
positive BC and is related to a higher risk of recurrence and
increased mortality (6). In the last decade, several clinical trials
have assessed the incidence of ESR1 mutations in BC based on
liquid biopsies. This knowledge is likely to encompass important
information on the development of resistance to ET in real time,
and is eventually applied for patient/treatment selection and
monitoring of ET efficacy (7, 8).

Currently, the detection and molecular characterization of
ctDNA represents one of the most active fields of translational
cancer research. The recent development of NGS has expanded the
monitoring of ctDNA with a range of diagnostic clinical
applications. However, there are several limitations, including
difficulties in interpreting novel or rare mutations and cost issues
(9). On the other hand, the newly developed digital polymerase
chain reaction (dPCR) has the potential to detect rare mutants, in
which a variant of a single-nucleotide polymorphism is
predominantly present among wild-type sequences (10). Droplet
digital polymerase chain reaction (ddPCR), which can perform
thousands of PCRs on a nanoliter scale simultaneously, would be an
attractive method for massive parallel sequencing to identify the
significance of low-frequency rare mutations. ddPCR is the most
appropriate method for detecting known hotspot mutations, but is
not the most appropriate approach for detecting unknown and ‘not-
targeted’ mutations (11). Compared with singleplex reactions,
multiplexing ddPCR not only increases the number of targets
measured in a single reaction but also reduces the amount of
clinical material required to analyze multiple single-nucleotide
polymorphisms by measuring >1 target in a single reaction (12).

In BC, as in other solid tumors, the genomic alterations found
within a given tumor biopsy may differ depending on the region
sampled, as between the primary tumor and metastatic deposits,
and even between different metastatic deposits (13). Genomic
analyses of BC have provided direct evidence of spatial and
temporal intratumoral heterogeneity (14, 15). Currently, clinical
and therapeutic decisions are based on individual tissue biopsies
that may not be representative of the entire tumor burden or on
real-time assessments of the tumor genotype (16). This practical
limitation could be overcome by the use of liquid biopsies, which
represent a promising technique for decoding tumor heterogeneity.

In this review, we compare the prevalence ESR1 mutations for
female patients with ER+ recurrent/metastasized BC pretreated
with ET as detected by liquid biopsy versus standard tissue
biopsy. This review discusses and summarizes the techniques of
DNA sequencing, including ddPCR and NGS, which are used by
several laboratories to address the potential clinical needs of ESR1
mutation-specific BC. A thorough understanding of these
applications may provide useful information for ESRI testing,
ensure reliable test results for use in clinical practice, and
eventually advance personalized therapeutic strategies. Aromatase
Inhibitors (Als) reduce circulating estrogen by inhibiting estrogen
synthesis in peripheral tissues by 90% or more, but do not affect
estrogen production in the ovaries. ESR1 mutations allow ERo. to be
activated in the absence of estradiol, eliminating Als activity and
making ESR1 a potential predictive factor.
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Materials and methods

A literature search was conducted using two databases: PubMed
and Thomson Reuters Web of Science. The following search terms
were used: [(‘liquid biopsy’ OR ‘tissue sample’) AND (‘ESR1
mutation” OR ‘ESR mutation’) AND (‘next generation
sequencing’ OR ° digital PCR) AND (‘breast cancer’)]. The
reviewers performed the procedure of study selection by: (1)
assessment of each clinical trial independently in an unblended
standardized manner; (2) duplicates were removed afterwards; (3)
only full-text English articles were included; (4) after the
independent screening, all the results were compared and the
articles with conflict were discussed until agreement was
established; (5) the article should refer to an interventional trial;
reviews, lectures and book sections were excluded; and (6) the final
decision for study selection of the remaining articles were treated
separately; studies that did not meet the inclusion criteria or did not
contain useful information for this systematic review were excluded
after consensus.

The included articles were published between 1 January 2007
and 1 March 2021. The extracted data included the type of clinical
trial (RCT or non-RCT), characteristics of the study population,
number of participants, exclusion of primary disease, nature of
biopsy samples (plasma or tissue), and method of mutation analysis
(ddPCR or NGS). The selected patients met the following inclusion
criteria: 1. Female aged >18 years, 2. ER+ breast cancer cells pre-
treated with endocrine therapy, and 3. Disease recurrence and
metastases. Patients with primary breast cancer were excluded
from this study. Overall incidence of ESR1 mutation was assessed
using a meta analysis for proportions. Because of high diversity in
type of studies, patients and therapies, a random effects model is
used. Heterogeneity is judged by forest plot, Cochran Q and I-
squared. Results are presented in a forest plot for proportions.
Incidence of ESRI mutation was compared between plasma versus
tissue samples and between ddPCR versus NGS. Subgroup
differences are evaluated by the between subgroups heterogeneity
statistic in the random effects meta-analysis. P-values were
considered statistically significant if it was < 0,05.

Results

A literature search fulfilling the previously explained search
criteria and taking place in the proposed time interval resulted in a
collection of 153 articles in PubMed and 204 articles in Web of
Science. A total of 231 articles were evaluated after excluding
duplicates. Articles that did not meet the inclusion criteria or that
did not contain useful information for this systematic review, were
discarded after consensus. Thereafter, 16 articles, four multicenter
double-blinded RCTs, and 12 cohort trials were obtained for this
meta-analysis (Figure 1).

From the reviewed studies, we included 2,744 pooled tissues and
plasma samples for this analysis. Plasma samples were used in
57.1% (1,568/2,744) of the study population, tissue samples in
37.7% (1,033/2,744), and tissue-plasma pairs in 5.2% (143/2,744).
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PRISMA flow diagram and the process of data selection. Selection of studies was performed using predefined data fields, taking study quality
indicators into consideration. Eligibility criteria included terms with 'ESR1’, 'ESR mutation” and 'liquid biopsy’ or ‘tissue sample’, and/or 'next
generation sequencing’ and/or 'ddPCR’ in the abstract or title by using the endnote library search option.

Tissue samples were obtained from loco regional or distant
metastatic sites in four and six studies, respectively. Both archived
and recent plasma samples were used for ESR1 analysis in four and
two studies, respectively. ESRI analysis was performed using

ddPCR in 61.3% (1,684/2,744) of the study population and NGS

in 38.7% (1,060/2,744).

Of the 2,744 samples pooled for this study, the overall incidence
of ESR1 mutation is 23% (95 CI 18%-28%) (Figure 2). However, the
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Fribbens et al SoFEA (17) 63 161 =
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Clatot et al (21) 44 144 —

Lefebvre et al (29) 20 143 —+

Spoerke et al (26) 57 153 -

Bartels et al (23) 27 194 =

Toy et al (32) 95 265 —
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FIGURE 2
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Forest plot of the overall incidence rate of ESR1 mutation. The proportion of ESR1 mutation per study is displayed with a grey box, with the 95%-Cl
visualized by horizontal lines. The overall frequency of ESR1 mutations was 0.23 (95%-Cl: 0.18 0.28), as indicated by the black diamond at the

bottom of the forest plot.
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different studies demonstrated a considerable variability in the
prevalence of ESR1 mutations ranged from 11% in Schiavon et al.
(17) and Yanagawa et al. (18) to 55% in Robinson et al. (19) The
wide range in incidence rate of ESR1 mutation could be attributed
to heterogeneity in the study populations.

In the articles under review, nine studies used tissue biopsy
while five studies used plasma biopsy. In a trial by Yanagawa et al.
(18), whole-exon sequencing of the ESR1 gene was performed
separately in tissue and plasma samples. In 15 of the 16 studies
included, the incidence rates of ESR1 mutations in plasma and
tissue samples were 26% (95% CI, 18%-35%) and 21% (95% CI,
15%-28%), respectively (Figure 3). We found no significant
difference in ESR1 mutation incidence between plasma and tissue
samples (P = 0.34). The samples from Lefebvre et al. (20) were
excluded from the comparative analysis between liquid and tissue
biopsies because ESR1 sequencing was performed in tissue-blood
pairs. In this study, the mutational profiles of 143 tissue-blood pairs
from patients with hormone receptor-positive (HR+) metastatic BC
were analyzed. Twelve genes (TP53, PIK3CA, GATA3, ESRI,
MAP3K1, CDHI, AKT1, MAP2K4, RBI, PTEN, CBFB, and
CDKN2A) were significantly mutated in MBC. This study
concluded that ESR1 mutation was the most frequent mutation in
the HR+ MBC subgroup (n = 143). In total, 22 mutations were
identified in 20 of 143 patients with HR+/HER2- BC (14%). Li et al.
demonstrated that ESR1 mutations could be detected by serial
monitoring of ctDNA. In this study, mutation profiles, including
ESR1, were highly concordant between plasma and paired tissue
samples from 45 patients with MBC (20).

Both ddPCR and NGS were used to determine ESR1 mutations
in the tissue and plasma samples. ddPCR was used in seven studies
and NGS was used in nine studies. ddPCR is the standard method

10.3389/fonc.2023.1221773

for ESR1 testing in liquid biopsies, except in the study by Yanagawa
et al. NGS was used to analyze both tissue and plasma samples.
However, both NGS and ddPCR have been used for ESR1 testing of
tissue biopsies. The incidence rates of ESR1 mutations using ddPCR
and NGS were 26% (95% CI, 20%-33%) and 19% (95% CI, 13%-
27%), respectively (Figure 4). We found no significant difference in
ESR1 mutation incidence between ddPCR and NGS techniques (P
=0.15).

All studies on both plasma and tissue samples have described
their methodology regarding collection, processing, and analysis in
a more or less complete manner, despite some missing pre-
analytical aspects (17-19, 21-32). Of the six studies researching
plasma samples, only one used NGS (18), while the other studi