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Simple Summary: Breast cancer is the most commonly diagnosed and second leading cause of
cancer-related deaths in women in the United States, with hormone receptor positive (HR+) tumors
representing more than two-thirds of new cases. Recent evidence has indicated that dysregulation of
multiple metabolic programs, which can be driven through nuclear receptor activity, is essential for
tumor genesis, progression, therapeutic resistance and metastasis. This study will review the current
advances in our understanding of the impact and implication of altered metabolic processes driven
by nuclear receptors, including hormone-dependent signaling, on HR+ breast cancer.

Abstract: Metabolic reprogramming enables cancer cells to adapt to the changing microenvironment
in order to maintain metabolic energy and to provide the necessary biological macromolecules
required for cell growth and tumor progression. While changes in tumor metabolism have been
long recognized as a hallmark of cancer, recent advances have begun to delineate the mechanisms
that modulate metabolic pathways and the consequence of altered signaling on tumorigenesis.
This is particularly evident in hormone receptor positive (HR+) breast cancers which account for
approximately 70% of breast cancer cases. Emerging evidence indicates that HR+ breast tumors
are dependent on multiple metabolic processes for tumor progression, metastasis, and therapeutic
resistance and that changes in metabolic programs are driven, in part, by a number of key nuclear
receptors including hormone-dependent signaling. In this review, we discuss the mechanisms and
impact of hormone receptor mediated metabolic reprogramming on HR+ breast cancer genesis and
progression as well as the therapeutic implications of these metabolic processes in this disease.

Keywords: estrogen receptor; breast cancer; nuclear receptors; metabolic reprogramming; endocrine
resistance; luminal

1. Introduction

Globally, female breast cancer is the most commonly diagnosed form of cancer and is
the fifth leading cause of cancer-related deaths [1]. In the United States, despite advances in
treatments and the implementation of preventive care measures, including early screening,
breast cancer remains the most frequently diagnosed and second leading cause of cancer-
related deaths accounting for more than 270,000 new cases and more than 42,000 estimated
deaths in 2020 [2]. Pathological biomarkers, including estrogen receptor (ER), progesterone
receptor (PR) and HER2 (human epidermal growth factor receptor 2) provide the clinical
basis for classifying breast tumors and directing therapeutic strategies. Hormone receptor
positive (HR+) tumors which express ER and PR represent 60-70% of new cases, HER2+
tumors represent 10-20% of cases, while the remaining 15-20% of tumors are defined as
triple negative breast cancers (TNBC) and lack expression of ER, PR and HER?2. It should
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be noted that differences in frequencies of clinical subtypes are evident between patients
of different racial ancestries and between different countries; we point our readers to a
number of excellent review articles that discuss the recent advances in our understanding
of these differences [3-6]. At the molecular level, distinct disease subtypes have been
identified (i.e., basal-like, Luminal A, Luminal B, HER2E) and are characterized by unique
patterns of genomic and proteomic alterations that translate into altered cellular signaling,
tumor metabolism, and therapeutic response [7-15]. Owing in part to the dependency
of HR+ tumors on endocrine signaling, hormone-based treatments including aromatase
inhibitors, selective estrogen receptor modulators (SERM), and selective estrogen receptor
degraders (SERD) provide the basis for treatment of this disease [16-18].

Hormone receptors (HRs), including ER and PR, belong to an evolutionarily con-
served family of nuclear receptors that are responsible for regulating a multiple cellular
and systemic biological processes required for normal breast development and, when aber-
rantly activated, contribute to tumorigenesis [19-21]. These receptors modulate cellular
activity through both ligand-dependent and non-canonical ligand independent activity [22].
In HR+ breast cancer, both ER and PR are commonly co-expressed due, in part, to ER-
dependent activation of PR expression [23,24]. These receptors play a prominent role in
regulating cellular growth and tumor progression through activation of kinase signal-
ing cascades and transcriptional regulation of signaling networks [25-30]. ER mediates
effects on cellular signaling through ligand (estradiol)-induced activation of kinase signal-
ing cascades resulting in aberrant PI3K/AKT/mTOR [25,26,31], Notch [27,28,32-34] and
RAS/MAPK [29,30,35,36] signaling. Following receptor internalization and nuclear translo-
cation, ER functions as a transcription factor by binding to estrogen response elements
(EREs) to mediate expression of genes that promote cell proliferation and survival [37-40].
Importantly, loss of ER expression and estrogen or ligand-dependent growth leads to
increased tumor aggressiveness and decreased therapeutic response. Ligand independent
ER«x activation and estrogen-independent cell growth can be due to ESRI mutations, al-
tered MAPK signaling, MYC or transcription factor activation, and/or activation of key
growth factors including HER2 and FGFR1 [41,42].

Similar to ER, PR acts in a ligand-dependent manner to regulate transcriptional
activity through direct binding to progesterone response elements (PRE) [43]. A number of
studies have indicated that progesterone limits breast tumor growth through ER-dependent
and independent mechanisms [44—48]. Notably, PR has been shown to cooperate with
ER«x to regulate expression of an anti-proliferative gene expression profile associated
with a good prognosis, while PR alone can mitigate cell proliferation through several
mechanisms including repression of cyclin dependent kinases and MAPK signaling [44—-48].
Not surprisingly, PR expression serves as a predictive parameter for endocrine therapy
response [47]. In many cases, as HR+ tumors progress, many lose ER and/or PR expression
and, as such, loss of PR expression is associated with a significantly worse prognosis [47,49].
Several studies have indicated that PR loss contributes to an aggressive phenotype as a
result of activating a transcriptomic profile which includes increased EGFR and NOTCH1
signaling as well as expression of genes that regulate amino acid uptake. This expression
profile, which is similar to profiles expressed by aggressive basal-like tumors, can be
induced by PR loss irrespective of ER status [50-52].

In addition to ER and PR, a number of other nuclear receptors are involved in promot-
ing tumorigenesis in HR+ breast cancer. Among these, androgen receptor (AR) is a ligand
activated hormone receptor with transcriptional activities involved in cell proliferation and
is expressed in both TNBC and HR+ tumors [53]. AR has been shown to play a dichoto-
mous role in HR+ breast cancer. In these tumors increased AR expression corresponds
with a favorable prognosis by serving as an ER antagonist [54,55]. However, additional
studies have reported that when constitutively activated through elevated steroid ligand
levels, high AR expression can contribute to transcriptional changes that promote en-
docrine therapy resistance [55]. Other hormone nuclear receptors including glucocorticoid
receptors (GR) [56] and retinoic acid receptors (RAR) as well as adopted nuclear receptors
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including peroxisome proliferative activated receptors (PPAR), retinoid x receptors (RXR),
estrogen-related receptors (ERRs) and liver x receptors (LXRs) have also been implicated in
a various aspects of breast cancer tumor progression including the regulation of apoptotic
and proliferative signaling [19,57,58]. However, further research is still required to better
understand their exact role and therapeutic potential.

In addition to the noted effects of hormone receptors on the oncogenic signaling path-
way in tumor development and progression, emerging data suggest that these receptors
can also modulate effects on tumor metabolism and metabolic reprogramming in HR+
breast cancer [19-21,59]. Based on seminal studies by Warburg, tumor metabolism has
been acknowledged as a key hallmark of cancer since the early 1900s [60]. Cancer cells
have the ability to alter activated metabolic pathways in order to adapt to the changing
microenvironment and/or to available resources [61,62]. In HR+ breast cancer, nuclear
receptors, including ER have been shown to directly regulate metabolic reprogramming by
affecting the expression of key metabolic genes and indirectly by modulating the expression
and activity of oncogenes and oncogenic signaling pathways (Table 1) [19-21,59].

Table 1. Summary of key metabolic genes regulated by nuclear hormone receptor activity in HR+

breast cancer.

Gene Mechanism of Regulation

Glucose metabolism

GLUT 1,3 and 4 ER and PR regulated
G6PD Regulated by estrogen
LDHA Regulated by estrogen
PKM2 Regulated by estrogen
PFKP Partially regulated by ER through SNAIL
Amino acid metabolism
GLS1 Partially regulated by ER through MYC
GLS2 Partially regulated by ER through GATA3
ASCT2 Partially regulated by ER through MYC
SHMT2 Regulated by ER and through MYC and HIF1a
ABAT Partially regulated by ER
CAD Regulated by ER
SNAT2 Partially regulated by ER through HIF1«x
SLC7A5 Regulated by ER through LLGL2
Fatty acid metabolism
ABCA1 and ABCG1 Regulated by estrogen, ER and LXR
SCD1 Regulated by estrogen
OCTN2 Regulated by ER
FASN Regulated by ER, PPARx and PPARy
ACOX3 Regulated by PPARy
CPT1A Regulated by ER/AR/ERR«

In this review, we will discuss the major metabolic pathways directly or indirectly
regulated by nuclear receptor activity in HR+ breast cancer including glucose metabolism,
amino acid metabolism, and fatty acid metabolism (summarized in Figure 1); recent ad-
vances in our understanding of the role of nuclear receptors in modulating these pathways;
and the role of these metabolic processes in tumorigenesis, including therapeutic response.
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Figure 1. Schematic representation of the crosstalk between cancer-associated major metabolic pathways altered in HR+
breast cancer.

2. Glucose Metabolism
2.1. Glycolysis

Cells conventionally funnel glucose through the tricarboxylic acid (TCA) cycle to
generate ATP in the presence of oxygen [63]. In contrast to normal cells, cancer cells have
increased rates of aerobic glycolysis, glutaminolysis and fatty acid synthesis [64]. The use of
these pathways is essential for rapid generation of ATP and other metabolites which enable
cancer cells to meet their energy needs in order to maintain increased cell proliferation and
tumor growth [64]. Metabolic intermediates from the glycolysis pathway can be further
used for fatty acid, nucleic acid and amino acid synthesis [63,64].

In HR+ breast cancer, ER and PR activity have been reported to affect the glycolytic
capacity of cells through transactivation of key members of the glycolysis pathway. The
initial step in glycolysis is regulated by glucose transport (GLUT) proteins which facilitate
the transport of glucose across the cellular membrane [65-68]. While a number of studies
suggest that GLUT1 is the predominant glucose transporter expressed in these cells, HR+
breast tumors demonstrate increased expression or translocation of additional GLUT
proteins, including GLUTs 1—5, while GLUT12 has been detected at higher levels in
ductal cell carcinoma in situ samples [65-68]. Mechanistically, ER and estrogen-dependent
signaling have been shown to promote expression of GLUT proteins, notably GLUT1 and
GLUT4, in order to increase glucose uptake and glycolysis. Likewise, progesterone alone,
and in combination with estradiol, has been reported to upregulate GLUT1, GLUT3 and
GLUT4 expression on a transcriptional level [68]. However, the impact of estrogen signaling
on specific GLUT proteins remains unresolved and is likely dependent on cellular context
as conflicting reports have been published outlining the impact of estrogen signaling on
these proteins in different breast cancer cell line and tumor models [65-67,69-72].
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Beyond regulation of GLUT protein transcription, ER and PR can affect the glycolytic
capacity of cells through transactivation of key members of the glycolysis pathway includ-
ing LDHA which catalyzes the reversible conversion of pyruvate to lactate and PKM2
which catalyzes the phosphoenolpyruvate (PEP) to pyruvate conversion. In addition,
ER/PR activity can indirectly promote glycolysis through activation of PI3K and EGFR
signaling [69,70]. Collectively, these findings suggest that ER or estrogen, and to a lesser
extent PR, can promote glycolysis in ER+ cells in order to promote tumorigenesis; how-
ever, the precise mechanism(s), the role of specific co-factors present in distinct model
systems, and the impact of ER/PR-driven glycolysis in ER+ breast cancer tumorigenesis
remain unclear.

2.2. The Pentose Phosphate Pathway (PPP)

Glucose is converted to glucose-6-phosphate (G6P) by the hexokinase (HK) enzyme
during the first stages of glycolysis and is then shunted into the pentose phosphate pathway
(PPP) (Figure 1) which is essential for nucleotide synthesis [73]. During the first phase of
PPP, G6P is converted to 6-phosphogluconolactone by glucose 6-phosphate dehydrogenase
(G6PD) which results in the production of NADPH. 6-Phosphogluconolactone is hy-
drolyzed by 6-phosphogluconolactonase (6PGL) to produce 6-phosphogluconate (6PG)
resulting in the generation of the nucleic acid synthesis precursor ribulose 5-phosphate
and the production of additional NADPH molecules by 6-phosphogluconate dehydro-
genase (6PGD) in the last, and irreversible step of the oxidative phase of the PPP [74].
The final, non-oxidative reversible phase in this pathway generates ribose 5-phosphate
by the action of ribose 5-phosphate isomerase (RPI) or xylulose 5-phosphate (Xu5P) by
ribulose 5-phosphate epimerase (RPE) [73]. With the action of the enzymes transketolase
and transaldolases, PPP is capable of recycling the resulting products back to the PPP
oxidative phase where it utilizes G6P and glycolysis [75].

In contrast to glycolysis, PPP does not provide energy to the cells, but instead pro-
vides ribose 5-phosphate (R5P) for nucleotide synthesis. It is also the major source of
NADPH necessary for fatty acids and sterols synthesis, antioxidant activity and amino
acid production [74,75]. A number of studies have reported that genes involved in PPP are
dysregulated in HR+ breast cancer and that altered expression of these genes by estrogen
and/or estrogen-dependent signaling can directly or indirectly contribute to ER+ breast
cancer tumorigenesis and progression [74,76]. Notably, G6PD, which is the rate limiting
enzyme of the oxidative phase of PPP, has been shown to be aberrantly activated in HR+
breast cancer and contributes to tumor development and progression through decreased
cellular autophagy, tumor relapse and drug resistance in breast cancer models. In these
tumors, estrogen and ER-dependent signaling contribute to PPP by directly modulating
G6PD and lactate dehydrogenase (LDH) expression and by indirectly mediating expression
of PPP genes through altered PI3K/AKT, KRAS, cMYC or p53 signaling [77-82]. Cancer
cells can dynamically switch to PPP which results in altered expression of key enzymes
required to maintain stemness, overcome oxidative stress, and enhance dissemination
capacity [83-85]. Consistent with the dependency of ER+ cell lines on PPP, G6PD inhi-
bition can promote cell death through the unfolded protein response [86]. In summary,
estrogen and ER regulate glucose metabolic pathways through different genetic targets
and contribute to metabolic plasticity observed in the HR+ breast tumors enhancing tumor
progression and ability to metastasize. This highlights the therapeutic potential of this
pathway especially in the resistance state as we will discuss in Section 5.

3. Amino Acid Metabolism
3.1. Glutamine Metabolism

A generally non-essential amino acid under normal physiological growth conditions,
glutamine has been shown to be essential for cancer progression [87-93]. Glutaminase (GLS)
enzyme converts glutamine to glutamate in the first step of glutamine catabolism [94,95].
During tumorigenesis, glutamine contributes to nucleotide biosynthesis through the tri-
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functional carbamylphosphate synthetase/aspartate carbamyltransferase/dihydroorotase
(CAD) enzyme [96,97]. Glutamine plays a further role in promoting glutathione production
and amino acid synthesis through glutamate cysteine ligase (GCL) and glutamic-oxaloacetic
transaminase (GOT), respectively [98,99]. In cancer cells, CAD converts glutamate to
dihydroorotate [100], which can be converted to orotate by the mitochondrial enzyme,
dihydroorotate dehydrogenase (DHODH) under normoxic conditions [101]. Alternatively,
under hypoxic conditions, when glutamine metabolism is elevated, dihydroorotate can be
secreted by the cancer cells to alleviate the resulting intracellular nitrogen burden [102].

In HR+ breast cancer, glutamine metabolism increases as a result of glutamine addic-
tion and has been linked to tumor aggressiveness and resistance to endocrine therapy [95].
Consistent with these findings, ER-dependent expression of glutamine metabolism re-
lated genes has been reported. The strongest correlation has been shown to exist between
ER status and the expression of 4-aminobutyrate aminotransferase (ABAT), an enzyme
involved in the catabolism of gamma-aminobutyric acid (GABA) [103,104]. In addition,
recent studies by Demas et al. have identified a link between the expression of other
glutamine and/or glutamate transporter proteins and estrogen sensitivity [95]. This study
reported that inhibiting expression of the glutamine transport protein ASCT2 in estrogen
sensitive breast cancer cells resulted in a concomitant decrease in cell proliferation and
decreased expression of the glutamine transport protein SNAT1 and glutamate transport
protein EAAT?. Interestingly, however, the investigators were able to demonstrate that in
ER+ cells that have acquired estrogen resistance, expression of SNAT1 and EAAT2 was
maintained irrespective of ASCT2 expression and that glutamine dependency developed
in an mTOR-dependent manner. Further studies have indicated that poor prognosis and
glutamine dependency in breast cancer are associated with aberrant GLS expression [95].
GLS1 is the most commonly expressed glutaminase isoform in breast cancer cells; however,
GLS2 has also been recently linked to sustained cell proliferation and tumorigenesis, in-
cluding EMT and metastasis [105]. While both isoforms are transcriptionally activated in
an ER-dependent manner, expression of the GLS isoforms are subtype-dependent as GLS1
is more prevalent in TNBC tumors while GLS2, which is transcriptionally regulated by the
ER co-factor GATAS3, is more common in HR+ tumors [105,106].

Consistent with evidence that ER can mediate glutamine metabolism in HR+ breast
cancer, a number of studies have reported that ERx and/or other commonly activated
oncogenes in ER+ breast cancer, including MYC, can directly or indirectly induce expres-
sion of CAD [107]. Conversely, the hypoxia response factor HIF« inhibits expression of this
enzyme under hypoxic conditions [108,109]. In these studies, CAD expression, but not GOT,
was reported to be essential for HR+ tumor cell growth under normal oxygen conditions.
Additional studies have indicated that HIF1oc down-regulation of CAD and GOT enzymes
can promote ER+ tumor cell proliferation, which indicates that additional mechanism(s)
may exist to compensate for loss of CAD activity under hypoxic conditions [102]. Finally,
Hoffman et al. established that expression of DHODH is significantly associated with
increased breast cancer risk [110]. In HR+ breast cancer, aberrant DHODH overexpres-
sion promotes cell proliferation and the use of DHODH inhibitors resulted in cell cycle
arrest mediated by upregulation of p53, p65 and STAT6 proteins [111]. Despite these
findings, the impact of ER and other nuclear receptors on DHODH expression and function
remains unclear.

3.2. Branched-Chain Amino Acids (BCAAs) Metabolism

In addition to glutamine, a number of other amino acids, namely valine, leucine, and
isoleucine are required for protein synthesis. Breast tumors are characterized by increased
BCAA levels compared to adjacent normal tissue [112,113]. Interestingly, however, only
leucine levels are reported to be positively associated with breast cancer risk in obese and
postmenopausal women [114]. BCAAs are catabolized by the action of two groups of
enzymes. The branched-chain-amino-acid aminotransferases (BCAT1 and BCAT2) control
the reversible transfer of the amino group from the BCAAs to a-ketoglutarate (-KG)
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whereas branched-chain «-keto acid dehydrogenase (BCKD), which is localized to the
mitochondria, controls the irreversible transformation of branched-chain keto acids (BCKA)
to their corresponding BC-acyl-CoA esters [115].

BCAT1 has been reported to be overexpressed in a number of forms of cancer; how-
ever, its role remains unclear as it appears to promote tumorigenesis and is required to
maintain cell growth in some forms of cancer including gastric, endometrial and gliomas
whereas in pancreatic and ovarian tumors, this gene is overexpressed but is not essential
for viability [115-120]. Within the context of breast cancer, subtype specific expression of
BCAT enzymes has been observed with the cytosolic isoform BCAT1 commonly expressed
in breast tumors that lack estrogen receptor or ER-activity, including progressive HR+
tumors that have lost estrogen dependency [121,122]. Regardless, high BCAT1 expression
corresponds with increased tumor aggressiveness and has been reported to be a potential
prognostic marker in TNBC breast cancer as well as other malignancies including colorectal
cancer [123,124]. In HR+ breast cancer cell lines, activation of BCAT1 activity through
mTOR signaling has been shown to promote cell growth in vitro by regulating mitochon-
drial function and biogenesis [113]. Conversely, mitochondrial BCAT2, which is commonly
expressed in ER+ tumors, has been shown to regulate isocitrate dehydrogenase 1 (IDH1)
expression and is associated with good prognosis in breast cancer [121,122]. However,
it remains to be determined specifically how ER and/or estrogen-dependent signaling
regulate BCAA metabolism and whether endocrine-resistance or loss of ER-dependent cell
growth promotes BCAT1 expression or if increased BCAT1 expression contributes to loss
of estrogen-dependent cell growth. In addition to BCAT activity, HR+ breast tumors are
characterized by increased expression of the leucine transporter, SLC7A5 which partners
with the ER-regulated scaffolding protein, LLGL2, to promote tumor growth and tamox-
ifen resistance through metabolic remodeling that allows increased leucine uptake [125].
Although emerging data suggest that aberrant BCAA metabolism is present in some HR+
breast tumors, the exact impact of the altered signaling and the mechanisms regulating this
metabolic pathway in these tumors remains unclear.

3.3. Serine Amino Acid Cycle and the Mitochondrial One-Carbon (1C) Metabolism

Over the past 10 years, significant progress has been made in our understanding
of how cancer cells use one-carbon metabolism to synthesize anabolic precursors for nu-
cleotide synthesis and for the production of methyl groups used for RNA, DNA and
protein methylation, which collectively contribute to tumor growth [126,127]. Several stud-
ies have demonstrated that amino acid metabolic pathways, including serine and glycine,
are connected to the folate cycle which provides the universal 1C acceptor tetrahydrofolate
(THF). This intermediate metabolite can accept or donate the one-carbon units necessary to
facilitate nucleotide synthesis and to provide methyl groups. In addition to THF, serine
hydroxymethyltransferase 1 (SHMT1) and SHMT2, which are localized to the cytoplasm
and mitochondria, respectively, are essential for catabolizing serine to glycine and 1C
units [126,127]. Alternatively, methylenetetrahydrofolate dehydrogenase (MTHFD) which
exists in both cytosolic (MTHFD1) and mitochondrial (MTHFD2, MTHFD1L, MTHFD2L)
forms is required to convert methylene-THF to formyl-THF which is essential for purine
biosynthesis and NADH/NADPH production [128-132].

Metabolic reprogramming enables cancer cells to switch to the de novo serine synthe-
sis pathway in the case of serine dietary shortage by utilizing the glycolysis intermediate
3-phosphoglycerate (3-PG). Alternatively, cells can use external serine through autophagy
or lysosomal metabolites to obtain sufficient serine to meet their demands [127,131,133,134].
While the exact role of serine methyltransferases in ER+ breast cancer remains unknown,
a number of recent studies have begun to demonstrate a significant role for one carbon
metabolism and SHMT2, which is transcriptionally activated by ERRe [133,135]. Notably,
it has been reported that SHMT2 expression, and the one carbon metabolism pathway;,
is essential for metastasis in TNBC breast cancer models and correlates with poor clin-
ical outcome in patients; however, the mechanisms by which this pathway promotes
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metastasis remain unclear [127,133]. Given that the antidepressant drug sertraline can
inhibit the growth of 1C addicted breast cancer in xenograft cancer models, studies by
the De Keersmaecker lab provide evidence for this pathway as a potential therapeutic
target in these tumors [134]; however, the feasibility of this strategy in patients remains to
be determined.

ER and other nuclear receptors play a role in facilitating amino acid metabolism
and have been shown to contribute to the metabolic reprogramming essential for cell
migration and metastatic capacity. Vazquez Rodriguez et al. showed the estrogen-mediated
lysine-dependent upregulation of the 35 kDa subunit of the U2AF splicing factor (U2AF1)
and ribophorin-2 (RPN2) increased the neutrophil-mediated dissemination ability of the
ER+ breast cancer cells via increased cell proliferation, migration and expression of cell
adhesion genes [136]. ER« has been shown to interact with the peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PPARGCI1A), a transcriptional coactivator
for many steroid hormone receptor and nuclear receptors, to allow Luminal B subtype
HR+ breast cancer brain metastatic cells to grow independent of glucose. In doing so, these
tumors become dependent on amino acid metabolism and this shift in metabolic state
has been associated with poor prognosis [137]. Further studies have demonstrated that
PGCla can also interact with ERR« to maintain metabolic plasticity by promoting specific
gene expression programs. This enables cancer cells, specifically invasive, metastatic and
circulating tumor cells, to fulfill the high energy demand necessary to maintain growth
under limited nutrient conditions [138-142].

4. Fatty Acid Metabolism

Fatty acids (FAs) represent one of the basic constituents of the cell. These molecules are
required for the formation of the cellular membranes, play a pivotal role in cellular struc-
ture, serve as precursors for signaling molecules, and are essential for cellular metabolism
in both normal and malignant cells [143,144]. Cancer cells have the ability to make their
own fatty acids through fatty acid synthesis (FAS) or can acquire fatty acids secreted into
the microenvironment by cancer associated fibroblasts (CAF) and adipose tissue [145,146].
To obtain energy, fatty acids undergo catabolic breakdown by fatty acid oxidation (FAO)
in the mitochondria [147]. Reprogramming of fatty acid metabolism and differential ex-
pression of fatty acid metabolism genes between TNBC and HR+ breast cancer is profound
and suggests that unique mechanisms are employed by each malignancy to regulate these
molecules [148].

Beyond FAS and FAO, which will be discussed in greater detail below, cholesterol
and neutral lipid metabolism reprogramming is evident in some HR+ breast cancers [149].
The nuclear receptor, liver X receptor (LXR), is known to regulate the expression of choles-
terol efflux transporter proteins (e.g., ABCA1 and ABCG1). Breast tumors with high LXR
expression are often characterized by increased neutral lipids and free cholesterol accumu-
lation which has also been observed in tamoxifen resistant clones [150]. However, while
these tumors tend to show increased expression of the immature form of the lysosomal
protein cathepsin D, which results in altered lysosomal membrane permeabilization, the
impact of LXR expression in HR+ tumors remain unclear. Recent studies have reported
that LXR expression reduced the proliferative capacity of estrogen dependent HR+ cell
lines in vitro [151,152]; however, this reduction was not evident in breast cancer mouse
models where high levels of circulating cholesterol induced ER-dependent tumor growth
and LXR-dependent metastasis [153]. While these results are seemingly in contradiction,
a number of recent studies have begun to illuminate cellular and environmental cues
that may contribute to these phenotypes. Recent work by Baek and colleagues suggests
that 27-hydroxycholesterol is required to modulate ERa signaling in murine breast tumors
whereas LXR-dependent metastasis requires the presence of neutrophils [154]. These results
are consistent with additional studies that demonstrate that that exogenous cholesterol can
promote metabolic reprograming in breast cancer cells through ERR activity [155]. These
cells demonstrate increased proliferation due to increased levels of OXPHOS, NADPH and
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TCA intermediates and are characterized by an ERRx gene expression signature which
is similar to that observed in breast cancer patients who are obese or who have high
cholesterol [155]. We will note that limited data have identified direct links between hor-
mone receptor activity and regulation of downstream targets of neutral lipid metabolism
in HR+ breast cancer. However, given the link between BMI and obesity with increased
breast cancer risk and poor clinical outcome, this is a complex issue that clearly warrants
further investigation [156,157].

4.1. Fatty Acid Synthesis (FAS)

Fatty acid synthesis (FAS) is the production of fatty acids from acetyl CoA and
NADPH [158]. This process, which occurs in the cytoplasm, is mediated by the enzy-
matic activity of fatty acid synthase (FASN). During the initial step of FAS, the ATP citrate
lyase ACL (also known as ACLY) converts citrate, an intermediate metabolite from the in-
complete TCA cycle, to acetyl CoA and oxaloacetate. Acetyl CoA is a key building block for
FAs and cholesterol, and is necessary for post-translational modifications [159]. Acetyl-CoA
is converted to malonyl CoA by acetyl-CoA carboxylases (ACCs). Malonyl CoA serves two
functions. First malonyl CoA accumulation provides a negative feedback signal to regulate
FAO-dependent energy production by suppressing carnitinepalmitoyl transferases (CPTs).
Secondly, FASN uses malonyl CoA and acetyl CoA to generate palmitate which serves as a
building block for saturated and unsaturated fatty acids [160].

In breast cancer, FAS has been shown to be aberrantly activated through several
mechanisms. Notably, FASN and ACL are upregulated in HR+ breast tumors, both have
been shown to be essential for cancer cell viability and tumorigenesis and their increased
expression in breast tumors is associated with poor prognosis [161]. FASN is required for
estrogen-dependent activation of ER signaling, cell growth and survival, and has been
shown to contribute to endocrine resistance through AKT/MAPK signaling [162-164].
Interestingly, studies have also reported that FASN is activated by SREBP1, which is
expressed in response to acquired endocrine resistance, suggesting that the SREBP1/FASN
signaling axis may contribute to acquired endocrine therapy resistance in certain subsets of
ER+ tumors [165].

Saturated fatty acids, generated by FASN, may provide an inhibitory signal to the
FAO pathway. Cancer cells overcome this inhibition by increased expression of stearoyl
CoA desaturase (SCD1) which is responsible for converting saturated fatty acids (SFAs) to
monounsaturated fatty acids (MUFAs). Interestingly, the content and shift in erythrocyte
membrane fatty acids ratios, specifically a decreased SFA to MUFA ratio, which is a charac-
teristic of cancer cells, has been shown to be predictive of cancer status and is responsible
for cellular membrane fluidity and invasiveness. Mechanistically, SCD1 expression is
regulated by estrogen and to a lesser extent by insulin growth factor 1 (IGF1) through
SREBPIc. In breast cancer, SCD1 expression results in increased cellular MUFA levels
which are essential for the full activation of AKT signaling and suppression of AMPK
activity, resulting in increased cell survival and evasion of apoptotic signals [166-170].

4.2. Fatty Acid Oxidation (FAO)

Fatty acid oxidation (FAQ) is the mitochondrial process of breaking down long-chain
fatty acids to generate FADH2 and NADH as well as acetyl CoA, which subsequently
enters the electron transport chain to produce ATP [171]. In this process, long-chain
fatty acids (LCFA) from the microenvironment are sensed and transported into the cell
through specific receptor and transport proteins including SLC27 family members and
CD36 [172-174]. Once in the cytoplasm, LCFA are converted to fatty acyl-CoA by the long-
chain fatty acid CoA ligase. The carnitine shuttle, which is comprised of CPT1 (carnitine
palmitoyltransferase I), ACACT (carnitine/acylcarnitine translocase), and CPT2 (carnitine
palmitoyltransferase II) is used to transport acyl-CoA from the cytoplasm across the outer
mitochondrial membrane (CPT1), inner mitochondrial membrane space (ACACT) and
inner mitochondrial membrane (CPT2). Once across the membrane, carnitine, which is
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added by CPT1A during the initial step of this process, is recycled to the cytoplasm by
CPT2 while fatty acyl CoA is shunted into the mitochondrial matrix where it is oxidized to
generate acetyl CoA, FADH2, NADH and ATP.

Emerging data demonstrate that extra-cellular lipids secreted by cancer associated
fibroblasts (CAFs) and adipocytes can lead to changes in the tumor microenvironment and
drive metabolic reprogramming, including FAQ, in neighboring tumor cells. The dynamic
metabolic dependency between CAFs and cancer epithelial cells has been shown to promote
FAO and inhibit FAS due to decreased transactivation of FASN and FA binding proteins
(FABPs) in epithelial cancer cells [145]. Likewise, adipocytes contribute to metabolic
reprogramming of tumor cells and enhance their dependency on FAO by providing the
required FAs through lipolysis [150,175] and the accompanying increased expression of
fatty acid transport protein 1, FATP1/SLC27A1 [174] and the fatty acid receptor, CD36 [176]
promoting cancer aggressiveness. In tumors, the presence of white adipose tissue alters the
microenvironment by promoting an inflammatory niche and reprogramming metabolism
towards increases in lipid utilization and the development of a more aggressive metastatic
tumor phenotype [177].

CPT1 and CPT2 family members have been shown to maintain breast cancer cell
metabolic plasticity, promote cancer progression and play a key role in resistance to
radiation and chemotherapy [178-181]. Evidence indicates that increased CPT1A ex-
pression and subsequently enhanced lipid metabolism occur in response to increased
fatty acids available through experimental supplementation, de novo fatty acid synthesis,
or through extracellular fatty acids secreted into the microenvironment by adipocytes
or CAFs as a result of lipolysis or FAS, respectively [175,182]. While separate studies
by Curtis et al. [13] and Gatza et al. [183] determined that CPT1A copy number gains are
prevalent in specific subsets of aggressive ER+ tumors, additional evidence has implicated
ER [148], AR/androgens [184], miR-107 [185] and miR-328-3p [186] as key regulators of
CPT1A expression. Further studies have concluded that in the absence of glucose, the
tumor suppressor Snail indirectly induces expression of CPT1-family proteins and FAO.
In these tumors, Snail has been shown to inhibit expression of acetyl CoA carboxylase
beta (ACC2) which catalyzes the carboxylation of acetyl CoA to malonyl CoA. As such,
decreased ACC2 expression inhibits the negative feedback mechanism responsible for
regulating CPT1 expression. As a result, decreased ACC2 leads to increased CPT1A levels
and activation of FAO [187]. Beyond the direct effects of CPT1A on tumor cells, it was
recently reported that CPT1A is secreted by tumor cells in the blood stream and detected
as a serum biomarker for breast cancer diagnosis and progression [188]. Although other
member of the CPT family and key components of the FAO pathway have been implicated
in tumorigenesis in other forms of cancer, including other types of breast cancer [189,190],
their role in HR+ breast cancer remains to be determined. Other solute carrier family
mediators of the carnitine shuttle might be of interest to investigating in HR+ breast cancer,
including OCTN2 and MCT9, given that the expression of these genes is strongly estro-
gen dependent or correlated with estrogen and/or ER expression [191-193]. Due to the
advances in our understanding of fatty acid metabolism and the identification aberrant
expression of these pathway in HR+ breast cancer, emerging data support FAO, FAS and
lipid metabolism as potential therapeutic opportunities; however, it remains unclear why
some ER+ tumors may be more dependent on FAS while others appear to require FAO.

5. Metabolism in Therapeutic Resistance and Novel Clinical Opportunities

Clinically, HR+ breast tumors can be effectively treated with endocrine-based thera-
pies including aromatase inhibitors (Al), selective estrogen receptor modulators (SERMs),
selective ER down-regulators (SERD) as well as gonadotropin-releasing hormone (GnRH)
agonists [194]. In addition, radiation and/or chemotherapy are often incorporated into
treatment regimens based on tumor burden and/or disease progression and lymph node
status [195]. While the majority of patients, in particular those with early stage or low-grade
disease, are largely responsive to these treatments, 30-50% of patients will demonstrate de
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novo or acquired resistance to endocrine therapy leading to disease progression [2,196,197].
As we previously noted, loss of estrogen-dependent growth and/or developed resistance
to endocrine-based therapies resulting in increased tumor aggressiveness and progression,
including metastasis, has been attributed to ESR1 mutations, altered MAPK signaling,
MYC or transcription factor activation, and/or activation of key growth factors as well as a
number of unknown mechanisms [41,198]. Consistent with these data, modified treatment
regimens incorporating endocrine-based therapy with targeted inhibitors have increased
therapeutic response and limited the onset of resistance. Recent clinical trials have led to the
clinical approval of the mTOR inhibitor everolimus in conjunction with exemestane as well
as the PI3K inhibitor, alpelisib, in combination with fulvestrant for the treatment of patients
with advanced or metastatic ER+, PR+, HER2-negative, PIK3CA mutant tumors [199-201].
In addition, the combination of fulvestrant with the AKT inhibitor capivasertib is in clini-
cal trials [202-204]. Beyond PI3K/Akt family inhibitors, CDK4/6 inhibitors palbociclib,
ribociclib, and abemaciclib have been approved in conjunction with hormone therapy for
treatment of HR+/HER2- treatment naive or hormone therapy treated metastatic breast
cancer patients [205,206]. While these novel treatments have shown significant clinical
efficacy, their impact is limited to a subset of patients with specific genetic features high-
lighting the need to continue to develop novel therapeutic approaches to address these
challenges.

Emerging evidence has indicated that metabolic reprogramming regulated by estrogen-
and ER-dependent signaling contribute to loss of estrogen-dependent cell growth and
therapeutic resistance. As illustrated in Figure 2, changes in glucose, glutamine, amino acid
and fatty acid metabolism as well as shifts between metabolic programs due to changing
micro-environmental conditions have been shown to contribute to therapeutic sensitivity.
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In ER+ breast tumors, a number of studies have reported that increased glycolysis can
promote resistance to endocrine-based therapies and can lead to acquired or increased resis-
tance to doxorubicin and paclitaxel [207-209]. While no single mechanism has been shown
to mediate glycolysis-induced resistance, these studies implicate both direct regulation of
glycolysis enzymes and indirect mechanisms promoting glycolysis, possibly estrogen and
progesterone, which contribute to altered therapeutic response. In HR+ cell lines, estrogen
modulates HIF1x expression through activation of PI3K and mTOR signaling which are
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upregulated in response to tamoxifen resistance. As cells shift from normal to hypoxic
conditions, activation of HIF1x and its cofactor CBP/p300 cooperate to transcriptionally
activate down-stream signaling that contributes to cell proliferation, glucose metabolism
and chemotherapeutic resistance [210]. Consistent with these findings, estrogen dependent
activation of HIF1« is associated with poor patient response and therapeutic resistance in
ER+ tumors [211-216].

Beyond genetic mechanisms, emerging evidence indicates that breast tumor cells
can undergo metabolic reprogramming in response to drug treatment. In a recent study;
Goldman and colleagues demonstrated that taxane treatment resulted in metabolic re-
programming of breast tumor cells and was characterized by increased glycolytic and
oxidative respiration and glucose flux through the pentose phosphate pathway. Notably
this study demonstrated in mouse models that sequential treatment with taxanes, anthra-
cyclines and G6PD inhibitors could enhance survival [217]. Consistent with the potential
impact of G6PD and glucose metabolism on acquired resistance, inhibition of 6PGD has
been shown to result in increased AMPK signaling which leads to a reduction in ACC1
activity and lipid biosynthesis. As such, inhibiting 6PGD results in cell cycle arrest, alters
metabolic reprogramming towards glutamine dependency, and increases chemotherapy
sensitivity in breast cancer cells [76,218].

More recently, studies by Lorito and colleagues noted that ER+ cells increased gly-
colytic metabolism as a result of acquired resistance to the CDK4/6 inhibitor palbociclib [219].
Interestingly, this study reported that differences in glucose dependencies were evident
in ER+ cell lines based on HER2 status. The investigators demonstrated that palbociclib
sensitive ER* /HER2™ breast cancer cells are characterized by increased aerobic glycolysis
whereas ER* /HER2* cells increased glycolytic catabolism as they develop resistance. Con-
sistent with the potential clinical implications of these findings, the investigators demon-
strated that targeting glycolysis can re-sensitize resistant ER* /HER2* cells to palbociclib
and significantly enhance the anti-tumoral effects of the drug in sensitive ER* /HER2™
cells. While the potential role of HER? in this study was not clear, additional studies have
indicated that increased glycolysis, potentially due to HER2-dependent activation of the
glycolytic gene LDHA through HSF1, could promote trastuzumab resistance. Consistent
with this premise, HSF1 expression has been shown to be upregulated in trastuzumab
resistant ER+ cells, and targeting glycolytic genes, either alone or in combination with
trastuzumab, increased their sensitivity to the drug [220] Similarly, overexpressing the
glycolytic gene PKM2 decreased MCF7 and T47D sensitivity to chemotherapeutic agents
whereas inhibiting glycolysis by 2-DG restored sensitivity [221].

As discussed, amino acid metabolism is essential for regulating key aspects of tumor
progression, including metastasis, in advanced HR+ breast cancer. Given the association
between increased endocrine therapy resistance and tumor stage and grade, it is not sur-
prising that a number of studies have also linked increased glutaminolysis to therapeutic
response. As previously noted, acquired endocrine resistance in ER+ tumors can occur by
modulating the amino acid metabolism enzymes including BCAT1, CAD, ABAT, ASCT2,
SNAT1 and EAAT?2 activity [95,103,104,107,121]. Interestingly, Bacci et al. showed that en-
docrine resistance downregulated the expression of multiple amino acid transporter genes,
but cancer cells compensated for this loss of function, promoted glutamine dependency,
and maintained tumor aggressiveness through enhanced autophagy and the upregulation
of EAAT?2 [222]. Beyond EAAT?2, the sodium-dependent neutral amino acid transporter
SNAT?2, has been shown to mediate endocrine therapy resistance under hypoxic conditions
though HIF1wx activity [223].

As we previously noted, glutaminolysis can be inhibited through GLS to overcome
glutamine dependency in HR+ breast cancer cells that have developed resistance to several
therapeutic agents. In response to therapy, GLS is indirectly activated by the loss of the
negative feedback mechanisms, including loss of PTEN and RB1, and directly activated
by several oncogenes and oncogenic pathways including KRAS, MYC, HIF1«, HIF2«,
HER2, JAK/STAT, mTOR and WNT signaling [94,95]. Consistent with these findings,



Cancers 2021, 13, 4808

13 of 25

activation of PGCla/ERRx signaling results in increased glutamine dependency and
therapeutic resistance in metastatic breast cancer and circulating cancer cells. Several
studies have demonstrated that PGCla regulates the expression of a necessary gene
expression programs, including expression of nuclear export protein exportin 1 (XPO1),
that enables tumor cells to maintain metabolic plasticity, increase glutamine dependency,
maintain cell growth and sustain invasiveness under limited nutrition conditions [137-142].
A number of additional studies have reported that ERRo can promote lapatinib resistance
in breast cancer cells through increasing glutamine flux [224].

Consistent with these mechanistic studies, preclinical studies and clinical trials have
begun to support glutamine metabolism as a potential therapeutic opportunity in breast
cancer. Notably, Demas et al. reported that inhibiting GLS in combination with mTOR en-
abled HR+ cells to overcome endocrine resistance [95]. While resistance to GLS1-selective
inhibitors can occur in some tumors, evidence indicates that concurrent targeting of GLS2
using a pan-glutaminase inhibitor can prevent, or overcome, resistance in preclinical
models suggesting the potential clinical impact of this approach [106]. The use of the
glutaminase inhibitor, CB-839, in combination with the CDK4/6 inhibitor, palbociclib,
resulted in blocking cell cycle progression and improved anti-tumor activity in ER+
breast cancer [225]. In addition to GLS, glutamine dependency can be pharmacologi-
cally inhibited by targeting CAD in order to block nucleotide synthesis. Although PALA
[N-(phosphonacetyl)-l-aspartate], a pyrimidine nucleotide synthesis and CAD inhibitor,
has been shown to sensitize tumor cells to chemotherapy in preclinical models, unfor-
tunately, clinical trials did not support its use for breast cancer due to low efficacy and
cytotoxicity [226,227]. In contrast, dihydroorotate dehydrogenase (DHODH) inhibition has
shown more promise. Initial clinical studies reported that use of brequinar to inhibit DHODH
activity in patients with advanced breast cancer has a moderate favorable impact [228] while
a number of more recent preclinical studies suggest that combined DHODH and MEK
inhibition may have the potential to overcome chemotherapy resistance [226,229]. Another
clinical trial is in progress to evaluate the DHODH inhibitor leflunomide in TNBC patients
(ClinicalTrials.gov Identifier: NCT03709446). However, given the association link between
altered glutamine metabolism and HR+ breast cancer, it will be interesting to evaluate
leflunomide in HR+ preclinical and clinical trials.

A number of studies have provided evidence that fatty acid metabolism, both FAS and
FAO, can contribute to therapeutic response and resistance in HR+ breast cancer. Interest-
ingly, however, it remains unclear why some ER+ tumors may be more dependent on FAS
while others appear to require FAO. Focusing first on FAS, estrogen-mediated FASN over-
expression has been shown to promote tamoxifen resistance through PI3K/AKT/SREBP
signaling [163]. In preclinical studies, inhibition of FASN alleviated tamoxifen resistance in
ER+/HER+ animal models [230]. Beyond ER-dependent regulation of FASN, PPAR«x and
PPARy have been shown to contribute to endocrine resistance by modulating FAS. PPARx
can mediate FASN phosphorylation and activity to promote endocrine resistance while
PPARY can do so through aberrant activation of Acyl-CoA oxidase 3 (ACOX3) [231,232].
Interestingly, inhibiting the expression of ACLY, ACC, and FASN using the weight loss
supplement hydroxycitric acid (HCA) in combination with tamoxifen in preclinical HR+
models resulted in synergistic cytotoxic effects on cell growth [233]. Consistent with mecha-
nistic and preclinical studies suggesting that altered FAS can contribute to the emergence of
resistant disease, a number of clinical studies have reported increased efficacy of hormone-
based therapies in combination with FAS inhibition. Notably, the FASN selective inhibitor
TVB-2640 showed good tolerability and efficiency when combined with taxol in previously
treated patients with advanced metastatic breast cancer. In these studies, FASN inhibition
resulted in partial regression in ~20% of patients and led to stable disease in the remainder
of patients in the study [234].

In clinical studies, the use of proton pump inhibitors (PPIs) including omeprazole
and esomeprazole were found to sensitize metastatic breast cancer, including ~72% of
HR+ luminal breast cancer patients to chemotherapy [235,236]. PPIs function as a selec-
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tive FASN inhibitor and have been shown to improve the efficacy of neoadjuvant drugs
and to significantly reduce FASN activity in TNBC patients (ClinicalTrials.gov Identifier:
NCT02595372) [237]. While these studies were encouraging, the potential benefits of PPI
will need to be weighed against the long-term side effects, including cognitive impairment,
that has been reported in some breast cancer patients [238]. Interestingly, FASN inhibition
was also achievable through dietary modification. Recent work has indicated that supple-
menting the diet of breast cancer patients with conjugated linoleic acid (CLA) resulted in
decreased Ki67 expression in their tumors (ClinicalTrials.gov Identifier: NCT00908791).
Earlier mechanistic studies found that this was at least partially due to its negative effect
on estrogen receptor signaling [239,240].

In addition to FAS, FAO has been reported to contribute to therapeutic resistance
and response in HR+ breast cancer. Notably, CPT1A has been shown to be upregulated
and contribute to the development of radiation resistance in ER+ breast tumors and to
trastuzumab in HER2+ tumors [178,179]. Since these tumors developed increased de-
pendence on fatty acid metabolism, these data suggest that FAO inhibitors may benefit
resistant and metastatic tumors. This idea is supported by studies from other solid tumors
where CPT1A expression was associated with metastatic ability, EMT and drug resistant
phenotype and its inhibition re-sensitized resistant cells to radiation, hormone therapy
and/or and chemo-therapy [180,181,241-246]. Mechanistically, endocrine-resistant cells
have been shown to express high levels of ERRx/PGC-1f and increased expression of a
number of target genes, including CPT1A, which has been shown to increase FAO [247].
Likewise, CD36, which facilitates cellular import of fatty acids from the micro-environment,
is upregulated in endocrine-resistant tumors and cell lines. In this study the investigators
reported that increased fatty acid import promoted FAO leading to increased cell migration
and tamoxifen resistance [248]. While mechanistic, correlative and pre-clinical studies pro-
vide intriguing evidence to support FAO as a potential therapeutic target in aggressive ER+
breast tumors, it remains to be determined if these agents can be successfully incorporated
into clinical practice for breast cancer given potential hepatocellular toxicities that have
been noted with some earlier generation FAO inhibitors [249]. However, recent studies
have demonstrated the diabetic drug, metformin, can affect the expression of fatty acid
metabolism genes in patient tumor samples and inhibit fatty acid oxidation in breast cancer
cell lines. These data suggest that in addition to its noted effect on glucose metabolism
metformin may be utilized as a potential FAO inhibitor [250,251]. As such, a number of
clinical trials are testing the potential efficacy of this drug in breast cancer patients. A recent
phase II trial reported the safety of metformin and moderate efficacy in overweight/obese
HR+ breast cancer patients [252]. A conclusion that needs further investigation with a
larger study cohort, as this trial was performed on 22 patients. While a number of ongo-
ing trials are evaluating the clinical benefits of metformin (ClinicalTrials.gov Identifier:
NCT01042379 and NCT01980823), completed trials suggest that a metformin regimen
decreases the incidence of breast cancer for overweight/obese patients with metabolic
syndrome who are at risk for this disease [253].

6. Conclusions

Breast cancer continues to be a challenging disease to treat due to the high level of
molecular heterogeneity between patients which leads to variable clinical responses. This
heterogeneity magnifies the importance of developing more precise diagnostic and prognos-
tic tools in order to guide rational therapeutic options in the clinic based on the underlying
molecular basis of a patient’s disease. Emerging data now make it clear that metabolic
pathways and metabolic plasticity play an essential role in tumor development, progres-
sion and therapeutic response. As we have reviewed here, in HR+ breast cancer, these
processes are driven, in part, by nuclear receptors, including hormone receptor-dependent
signaling. While much of the focus of anti-cancer therapies has been on oncogenic signaling
networks, including hormone receptors and kinases, cancer cells show incredible plasticity
in rewiring their metabolic preferences according to the available nutrients in order to
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enhance survival. This plasticity allows tumor cells to navigate evolving environmental
conditions in order to maintain cell growth and to survive the metastatic process. Although
the exact mechanism and micro-environmental conditions necessary to promote altered
metabolism remain to be fully elucidated, this will remain an active area of research given
the potential clinical impact of these mechanisms in disease progression and therapeutic
response. Importantly, we note that other mechanisms beyond nuclear receptor-mediated
processes do promote metabolic reprogramming and contribute to an acquired or inherent
resistance mechanism. However due to spatial limitations, these aspects are not discussed
in the current report. Regardless, the availability of clinically approved drugs for metabolic
diseases which can inhibit multiple metabolic pathways offer the exciting possibility of
repurposing these reagents, either alone or as a part of a multi-agent therapeutic regimen,
to enhance HR+ breast cancer treatment. Although clinical trials to date examining the
efficacy of single agent therapies targeting metabolic regulators have not been successful
in advanced breast cancer patients, based on preclinical studies the potential exists that
considering metabolic genes and pathways as potential therapeutic opportunities in con-
junction with standard-of-care treatments may enhance therapeutic response, limit the
emergence of resistance, and minimize the development of residual disease.
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