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Abstract Breast cancer is one of the most common malignancies that seriously threaten women’s health. In the
process of the malignant transformation of breast cancer, metabolic reprogramming and immune evasion
represent the two main fascinating characteristics of cancer and facilitate cancer cell proliferation. Breast cancer
cells generate energy through increased glucose metabolism. Lipid metabolism contributes to biological signal
pathways and forms cell membranes except energy generation. Amino acids act as basic protein units and
metabolic regulators in supporting cell growth. For tumor-associated immunity, poor immunogenicity and
heightened immunosuppression cause breast cancer cells to evade the host’s immune system. For the past few
years, the complex mechanisms of metabolic reprogramming and immune evasion are deeply investigated, and the
genes involved in these processes are used as clinical therapeutic targets for breast cancer. Here, we review the
recent findings related to abnormal metabolism and immune characteristics, regulatory mechanisms, their links,

and relevant therapeutic strategies.
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Introduction

Breast cancer, the second most common malignancy,
accounts for 16.1% of all new cases of female cancer in
China in 2014 [1]. Current therapies, including surgery,
chemotherapy, radiotherapy, and endocrine and target
therapy, have achieved remarkable advances. However,
disadvantages, such as drug resistance and bone marrow
suppression, limit the effectiveness of available therapies.
In addition, these treatments have little effect on the triple
negative breast cancer (TNBC). Therefore, further under-
standing of the mechanisms of breast cancer may
contribute to the treatment of patients with breast cancer.
In recent years, research on the abnormal metabolism of
cancer cells, which is regarded as a promising field for
cancer therapy, has become the focus. The Nobel Prize in
Physiology or Medicine in 2018 is awarded to Tasuku
Honjo and James Allison for their contributions to cancer
immunotherapy. Immunotherapy exhibits great potentials
in cancer treatment. Interestingly, the abnormal metabo-
lism seems to be inextricably linked to a dysfunctional
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immune system in cancer cells [2,3]. In this review,
advances in abnormal metabolism and immunity in breast
cancer are provided.

Breast cancer and subtypes

Increasing reports on breast cancer focus on the variations
in metabolism among breast cancer subtypes. The
molecular and metabolism characteristics are also different
between estrogen receptor (ER)-positive and ER-negative
breast cancers [4]. ER-positive breast cancers are divided
into two subtypes, namely, luminal A and luminal B. ER-
negative breast cancers are also divided into HER2-
enriched and basal-like subtypes (i.e., TNBC). Luminal B
tumors mainly depend on lipid metabolism for tumor
growth, but HER2 and basal-like breast cancers (BLBCs)
prefer to alter glucose/glutamine metabolism [5]. The
features of metabolism in various subtypes of breast cancer
are discussed below.

Breast cancer subtypes

ER-positive breast cancers are the most common types of
breast cancer. This subtype is further divided into two
subtypes, namely, luminal A and luminal B. At the DNA
level, luminal A tumors show few mutations across the
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genome, low chromosomal copy-number changes, low
Ki67 expression, and few p53 mutations. Luminal A
tumors tend to decrease the clinical grade, and majority of
these tumors shows good prognosis and low recurrence
score.

Compared with luminal A tumors, luminal B tumors
have higher number of mutations across the genome,
higher number of chromosomal copy-number changes, and
more p53 mutations at the DNA level [6]. Luminal B
tumors have the most methylation frequencies among
breast cancer subtypes [7] and tend to show high clinical
grade and high recurrence and/or survival rate.

The HER2-enriched subtype represents nearly 15%
among breast cancers [8], showing the overexpression of
HER2, a member of the erythroblastic leukemia viral
oncogene homolog receptor family. HER2 is an important
oncodriver that promotes cell proliferation and inhibits cell
apoptosis in breast cancer [9]. At the DNA level, the
HER2-enriched subtype shows the highest rates of
mutations, including PIK3CA and p53 mutations, across
the genome. The HER2-enriched subtype tends to have
high grade and poor prognosis [10]. Interestingly, the
HER2-enriched subtype is found in the tumors uniquely
enriched with high frequency of mutations of the
apolipoprotein B mRNA editing enzyme catalytic subunit
3B (APOBEC3B). The APOBEC3B, a subclass of
APOBEC cytidine deaminases, is mutated in many cancer
types [11]. A growing body of literature suggests that
amplified HER2 plays an important role in regulating
breast cancer stem cells (BCSCs) related to drug resistance
and recurrence [12—-14]. The regulation of BCSCs by
HER?2 is likely to be found in other breast cancer subtypes.
In other subtypes, the HER2 expression has heterogeneity
in BCSC populations, which may be related to the tumor
microenvironment. According to this phenomenon, tras-
tuzumab, a drug approved to be used for the treatment of
the HER2-enriched subtype, may be effective in some
patients with HER2-negative breast cancer [15].

BLBC, which constitutes at least 10% of breast cancers,
has a unique genomic signature and the greatest intrinsic
diversity [16]. Among breast cancers, BLBC has the
lowest methylation frequencies and the second highest
mutation frequency after the HER2-enriched subtype at the
DNA level. BLBC has a mass of PIK3CA and p53
mutations. Interestingly, BLBCs may be associated with
breast cancer susceptibility gene-1 (BRCA-1) mutations,
which may cause hereditary breast cancer [17]. BLBCs
have the worst prognosis among the breast cancer
subtypes.

Glucose metabolism among breast cancer subtypes
As described above, most mutations of p53 occur in the

basal-like and HER2-enriched tumors [6]. The wild-type
p53 can promote aerobic respiration and inhibit glycolysis

by regulating the expression of cytochrome c oxidase
complex (COX), cytochrome c oxidase 2 (SCO2), p53-
induced glycolysis, and apoptosis regulator (TIGAR) [18].
In breast cancer cells, the mutation of p53 shifts normal
glucose metabolism toward aerobic glycolysis [19,20].
The phosphatidylinositol 3-kinase (PI3K) mutation fre-
quencies are the highest in ER-positive breast cancers and
can stimulate glycolysis through the PI3K/Akt/mTOR
signaling pathway [21]. The expression level of c-Myc is
remarkably elevated in BLBCs, thereby promoting aerobic
glycolysis and lactate production [22]. Simultaneously, c-
Myc also drives glutamine metabolism by enhancing
glutamine transporters and glutaminase (GLS) expression
[23,24].

The accumulation of downstream glycolytic intermedi-
ates varies among the breast cancer subtypes. The levels of
glucose-6-phosphate and fructose-6-phosphate are lowest
in the luminal A subtype and highest in BLBC. The levels
of fructose-1,6-bisphosphate (F1,6BP) vary between ER-
positive and ER-negative breast tumors [5] due to highly
expressed epidermal growth factor (EGF) signaling in the
BLBC, which activates the initial step but blocks the last
step during glycolysis. In turn, F1,6BP enhances the
activity of the EGF receptor (EGFR) by direct binding,
thereby increasing the excretion of lactate in TNBC [25].
Moreover, several intermediates of the pentose phosphate
pathway (PPP), such as ribulose 5-phosphate and xylulose
5-phosphate, are elevated in the HER2-enriched molecular
subtype. Overall, the glucose utilization is drastically
enhanced in ER-negative breast cancers [5].

Amino acid and lipid metabolism among breast cancer
subtypes

Glutamine metabolism, which varies substantially among
breast cancer subtypes, is important and studied well
among amino acid metabolism. The deprivation of
glutamine can inhibit the malignant progression of breast
cancer especially in malignant subtypes. Among breast
cancer subtypes, the HER2-enriched subtype has the
highest glutamine metabolic level because of the elevated
expression of GLS and glutamate dehydrogenase (GLUD)
[26-28]. In addition, in the HER2-enriched subtype,
increased levels of peroxisome proliferator-activated
receptor v (PPARY) and coactivator-la (PGC-1a) lead to
the overexpression of GLS and GLUDI1. High GLS and
GLUDI1 expression levels are correlated with poor clinical
outcome in patients with breast cancer [29].

In recent years, increasing investigations show con-
siderably different characteristics of lipid metabolism
among the breast cancer subtypes [30]. A study suggests
that TNBC needs glucose glutamine and requires more
exogenous lipid uptake and storage than receptor-positive
breast cancers [31]. Camarda et al. have performed
metabolomics and shown that fatty acid oxidation (FAO)
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intermediates, such as acyl-carnitines (AC), are drastically
elevated in MYC-driven TNBC [32]. The gene signature
associated with lipid metabolism implicates that FAO is the
critical metabolism pathway for TNBC.

Breast cancer and abnormal metabolism

The breast cancer metabolism has also been investigated
regardless of the breast cancer subtype. The remodeling of
cancer cell metabolism represents an essential hallmark of
cancers, including breast cancer (Table 1) [33,34]. Breast
cancer cells enhance aerobic glycolysis (“Warburg effect”)
to produce lactate for the tumor microenvironment. Breast
cancer cells utilize folate and acetate to accelerate lipid
biosynthesis and need glutamine, which protects cells from
reactive oxygen species (ROS) elevation and apoptosis.
Thus, the abnormal metabolism may act as potential and
effective targets for breast cancer treatment.

Breast cancer and glucose metabolism

Glucose metabolism, a major energy source, is upregulated
and dysfunctional in cancer cells, including breast cancer
cells (Fig. 1). In general, glucose metabolism includes
aerobic glycolysis, PPP, tricarboxylic acid cycle (TCA),
gluconeogenesis, and other approaches. Here, we intro-
duce the first four glucose metabolic pathways in breast
cancer.

Warburg effect

Cancer cells are still metabolized primarily by high
glycolysis even under sufficient oxygen. This phenom-
enon, known as aerobic glycolysis or the Warburg effect,
contributes to cancer cell proliferation and metastasis [43].
Glucose is eventually converted into lactate in the

Table 1 Abnormal metabolism in breast cancer

cytoplasm by the Warburg effect. More than 10 genes
encoding glucose transporters (GLUTs) and glycolytic
enzymes play important roles in the Warburg effect. In the
first step, the effective transport of glucose contributes to
the abundant glucose consumption in cancer cells, the
phenomenon of which is caused by the overexpression of
GLUTs [44]. In breast cancer, high levels of GLUTI
expression is associated with tumor subtypes, high grade,
and poor prognosis [45]. However, the upregulated GLUT
family expression cannot fully explain the increased
effective glucose transport in breast cancer, suggesting
the involvement of another GLUT. Sodium—glucose
cotransporter 1 (SGLT1) can utilize sodium gradients to
maintain intracellular glucose levels independent of
extracellular glucose concentration. The expression of
SGLT1 is upregulated in many cancer types and regulates
EGFR activity to promote cell growth in TNBC [46—49].
In the second step, intracellular glucose is converted into
pyruvate under the catalysis of nine types of glycolytic
enzymes. Three key enzymes act as rate-limiting agents,
including HK2, PFK, and PKM, and have high expression
levels, facilitating the malignant development in breast
cancer cells [50-52]. For example, the expression level of
HK2 determines the malignant degree and the phenotype
of breast cancer in vitro and in vivo models [53]. In the
third step, even in the presence of oxygen, lactate
dehydrogenase (LDH) still converts pyruvate into lactate
in cancer cells. The LDH family includes LDHA, LDHB,
LDHC, and LDHD [54]. LDHA plays an important role in
aerobic glycolysis in breast cancer because of the high
affinity for pyruvate compared with LDHB [55]. In breast
cancer cells, the high levels of LDHA contribute to
promote cancer cell proliferation, invasion, and even
epithelial mesenchymal transition [54]. Overall, the
Warburg effect is essential for the breast cancer cell
malignant development and growth.

Metabolism Specific classification of metabolism Level of metabolism in breast cancer Reference
Glycometabolism Glucose uptake Increase [35]
Warburg effect Increase [1]
TCA cycle Abnormal [1]
Pentose phosphate pathway Increase [36]
Gluconeogenesis Decrease [37]
Lipid metabolism Fatty acid uptake Uncertain but important [38]
De novo fatty acid synthesis Increase [39]
Fatty acid oxidation Increase [40]
Amino acid metabolism Glutamine metabolism Increase [41]
Serine and glycine metabolism Increase [42]
Cysteine metabolism Increase [42]
Arginine metabolism Uncertain [42]
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Fig. 1 Glucose metabolism. HK, PFK, and PK are the three key enzymes in glycolysis. G6PD regulates the rates of the PPP by
catalyzing the oxidation. In general, pyruvate is oxidized into carbon dioxide and water in the mitochondria, which is catalyzed by three
key enzymes, namely, CS, IDH, and KGDHC. Pyruvate is converted to lactate by LDHA in cancer cells, and lactate is expelled from the
cell by MCT4. Gluconeogenesis can influence glycolysis, TCA, PPP, and other processes indirectly via the rates of glucose production.
Three key enzymes control the gluconeogenic flux, including PEPCK, FBP, and G6PC. Abbreviations: G6P, glucose 6-phosphate; FOP,
fructose 6-phoshate; F-1,6-bisP, fructose-1,6-bisphosphate; G3P, glyceraldehyde 3-phosphate; 1,3-PGA, 1,3-disphosphoglycerate; 3-PG,
glyceraldeyde 3-phosphate; 2-PG, glyceraldeyde 2-phosphate; PEP, phosphoenolpyravate; TCA, tricarboxylic acid cycle; a-KG, a-
ketoglutarate; GLUTs, glucose transporters; HK2, hexokinase 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PFK, 6-
phosphofructo kinase; ALDO, aldolase; TPI, triose phosphate isomerase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate
mutase; ENO1, enolase; PKM, pyruvate kinase; LDH, lactate dehydrogenase; MCT, monocarboxylate transporter; CS, citrate synthase;
IDH, isocitrate dehydrogenase; KGDHC, a-ketoglutarate dehydrogenase complex; G6PD, glucose 6-phosphate dehydrogenase; PC,
pyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; FBP, fructose-1,6-bisphosphatase; G6PC, glucose-6-phosphatase.



182

Metabolism and immunity in breast cancer

PPP

The PPP, a glycolysis branch, produces NADPH and
ribose-5-phosphate. The PPP serves a pivotal role in
supporting nucleic acid and fatty acid (FA) syntheses and
protects cells from stress-induced death [56]. The PPP
follows two biochemical processes in the cytoplasm,
namely, oxidative and nonoxidative processes.

Cancer cells can improve PPP through various channels
and ways, thereby promoting proliferation and survival
[36]. The glucose 6-phosphate dehydrogenase (G6PD)
regulates the rates of the PPP by catalyzing the irreversible
step. The expression levels of G6PD are different in
various breast cancer subtypes and positively correlated
with poor prognosis in patients [57]. In addition to the
function in PPP, the low expression level of G6PD may
activate the AMP-activated protein kinase (AMPK)
signaling pathway and inhibit the breast cancer cell
proliferation and survival [58].

TCA

The TCA cycle is a series of chemical reactions that
generate energy and/or intermediate products through the
oxidation of pyruvate into carbon dioxide and water [59].
The TCA cycle is very important for many biochemical
pathways, such as energy metabolism, macromolecule
synthesis, and redox balance. However, the TCA cycle is
regarded as a process in which enzymes have valueless
mutation and pointless regulatory function. However,
recent reports show that a number of mutations in genes
encoding enzymes, including aconitase, isocitrate dehy-
drogenase 1 (IDH1), fumarate hydratase, and succinate
dehydrogenase in the TCA cycle raise the risk of some
cancer types [60—63]. Mutations in the genes of mitochon-
drial DNA, such as the genes encoding ATPase 6 and
NADH dehydrogenase subunit, which cause TCA cycle
dysfunction, are the most commonly mutated genes in
breast cancer [64].

Gluconeogenesis

Gluconeogenesis converts noncarbohydrate carbon sub-
strates to free glucose for energy. Gluconeogenesis,
which affects the regulation of the Warburg effect in
cancer cells, has been paid less attention than glucose
catabolism [37]. Gluconeogenesis can influence glycoly-
sis, TCA, PPP, and other approaches indirectly via the
rates of glucose production. Three key enzymes control
the gluconeogenic flux, including phosphoenolpyruvate
carboxykinase (PEPCK), fructose-1,6-bisphosphatase
(FBPase), and glucose-6-phosphatase. For example, in

addition to increasing the synthesis of glucose and
glutamine, PEPCK can accelerate the rates at which
noncarbohydrate substances are converted to ribose [65].
In addition, the high levels of FBPase are positively
correlated with breast cancer metastases, suggesting that
gluconeogenesis may be another potential target for
metabolic treatment in patients with breast cancer [66].

Breast cancer and lipid metabolism

In recent years, the dysfunctional lipid metabolism is
progressively being regarded as a hallmark of cancer
(Fig. 2). Clinical data show that postmenopausal obese
women have a 20%—40% higher risk of developing breast
cancer than lean women [67]. Except generating energy
and forming cell and organelle membranes, lipids can
transduce biological signals as second messengers.

Lipid metabolism includes three aspects, namely,
de novo FA synthesis, FA uptake and transport, and
FAO. During malignant transformation, unlike normal
tissues, cancer cells upregulate de novo synthesis instead of
lipid uptake to meet the increasing demand for biomass
production [68,69]. The lipid uptake and storage increase
in various cancer types [70-72]. In breast cancer, several
lipid metabolic genes are closely related to the malignancy
of tumors, such as proliferation, metastasis, and drug
resistance [73,74].

De novo FA synthesis

In the de novo synthesis, FA is synthesized from two
sources, namely, glucose and glutamine. Glucose is the
major substrate for the de novo FA synthesis [75,76] and
catalyzed into acetyl-CoA or/and citrate, which are the
precursors for FAs, through glycolysis and TCA. In
addition, glutamine, the most abundant amino acid in
body, can participate in the FA synthesis through the
conversion in TCA in the mitochondria [77,78].

In the first step of the de novo FA synthesis, ATP citrate
lyase (ACLY) catalyzes citrate to acetyl-CoA, thereby
connecting lipid metabolism and two other kinds of
metabolism, namely, glucose and amino acid metabolism.
The overexpression of ACLY promotes tumor cell growth
in various cancer types especially breast cancer [79]. In
addition to its catalysis, ACLY suppresses cell senescence
by inhibiting the AMPK activity directly and the p53
expression indirectly [80]. AMPK can phosphorylate and
inactivate acetyl-CoA carboxylase (ACC) 1, thus strongly
inhibiting FA synthesis [81].

In another rate-limiting step, ACC converts acetyl-CoA
to malonyl-CoA. Conversely, malonyl-CoA decarboxylase
catalyzes the reverse reaction, whereas malonyl-CoA is
oxidized and decomposed into carbon dioxide and acetyl-
CoA. Mammalian cells control the balance between FA



Deyu Zhang et al.

183

A -

De novo fatty acid synthesis

Citrate ————  Acetyl-CoA =—=—= Maloayl-CoA ——> [ pa FA

o ACSE
(G,
i > FA- FA-
I\TCA, —=——— Acetyl-CoA CoA CoA
Z
N _Z
DAG DGAT
Fatty acid B-oxidation
TG
\ooOoo%
Triglyceride synthesis pathway %c o
Lininl °°°°
AGPAT2 1pin-= s
Lipid droplet
3-PG ————— - Phosphatidic acid ——— > DAG PREES

Fig. 2 Lipid metabolism. In the de novo fatty acid synthesis, citrate is catalyzed into FA by ACLY, ACC, and FASN sequentially. CD36
and FABPs are involved in the intake of FA. FA needs to be transformed to FA-CoA before they enter the subsequent metabolism,
including anabolism or catabolism. During fatty acid -oxidation, FA-CoA is transported into the mitochondria and then oxidized, the rate
of which is limited by CPT1. FA-CoA and DAG are synthesized into TG catalyzed by DGAT. During triglyceride synthesis, the glycolytic
intermediate 3-PG is converted into DAG by AGPT2 and lipin-1, and DAG is ultimately converted into TG. Abbreviations: ACLY, ATP
citrate lyase; ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; FABP, fatty acid binding protein; AGPAT2, acylglycerol-3-
phosphate acyltransferase 2; CPT1, carnitine palmitoyltransferase 1; CIC, citrate carrier; FA, fatty acid; TG, triglyceride; DAG,
diacylglycerol; 3-PG, glyceraldeyde 3-phosphate; DGAT, diacylglycerol acyltransferase; AGPAT2, acylglycerol-3-phosphate

acyltransferase 2.

synthesis and degradation by the malonyl-CoA levels.

In FA anabolism, FA synthase (FASN) utilizes malonyl-
CoA and acetyl-CoA to synthesize a saturated FA. Among
the many critical enzymes of lipid metabolism, FASN is a
key and elevated metabolic oncogene in many cancer
types. The activity of FASN is positively correlated with
cancer progression and chemoresistance. According to
almost 200 cases of metastatic breast cancer, the positivity
rates of FASN are correlated with the positivity of HER-2
[82]. Furthermore, the overexpression of FASN is
remarkably associated with relapse and metastasis in
patients with HER2-enriched breast cancer. In nontumori-
genic breast epithelial cell lines (MCF10A), the HER2
overexpression can upregulate the expression level of
FASN.

FAO

Lipolysis involves two procedures: mobilization of lipid
droplets (LDs) and FAO. Previous evidence suggests that

mobilization of LDs by lipolysis is attributed by the LD-
associated lipases and autophagy-lysosome pathway [83].
FAO occurs in the mitochondria. FAs must be converted to
FA-CoA to enter subsequent metabolic reactions, includ-
ing anabolism or catabolism. This central reaction is
catalyzed by long-chain acyl-coenzyme A synthase
(ACSL). Five ACSL isoforms, including ACSLI,
ACSL3, ACSL4, ACSL5, and ACSL6, are present in the
human organism. ACSL4 is remarkably overexpressed in
invasive breast cancers. Moreover, ER signaling pathways
can regulate the levels of ACSL1, ACSL4, and ACSLS5
[84]. ACSL4 can downregulate the antineoplastic drug
sensitivity by promoting the expression of drug resistance
genes in cancer cells [85].

FA uptake and transport

For a long time, the vast bulk of investigative effort on FA
and cancers has focused on the de novo FA synthesis.
However, the exogenous FA uptake is essential for cancer
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cell proliferation. The absorption of exogenous palmitate
can protect breast cancer cells from the proapoptotic effect
of FASN inhibition [86]. Compared with normal diet
intake, a high-fat intake independently increases breast
cancer incidence in mice or in Sprague Dawley rats [87].

In addition, attention has been paid to the abnormal
localization of FAs in cancer cells. The FA-binding protein
4 (FABPA4) transports FAs to various cellular compartments
to exert various metabolic functions. The FABP4 can
regulate the gene expression and the malignant phenotype
in breast cancer aside from the uptake and the intracellular
storage of FAs [88-90]. For example, exogenous FABP4
elevates the expression levels of the FA transport proteins
CD36 and FABPS and promotes the proliferation of breast
cancer cells [91].

Breast cancer and amino acid metabolism

The increase in amino acid synthesis satisfies the demands
of rapid proliferation in breast cancer cells (Fig. 3). Besides
the primary units of proteins, amino acids act as regulated
metabolite to support cancer cell growth. Fifteen amino
acids are identified with remarkably elevated levels
compared with normal samples, which can serve as
hallmarks for the early diagnosis of breast cancer [92].
Among these research, glutamine, serine, and glycine are
given attention.

Glutamine metabolism

The increased metabolism of glutamine, the most abundant
free amino acid, is a common metabolic alteration in
cancer [93]. GLS converts glutamine to glutamate, which
is the initial step in glutamine catabolism. The GLUDI
catalyzes glutamate to a-ketoglutarate (a-KG). These two
enzymes dominate the rate of glutamine metabolism. The
glutamine metabolism affects the chemotherapy resistance
of cancer cells. In endocrine-resistant breast cancer cells,
overexpression of cellular-myelocytomatos (c-Myc) can
use glutamine to support enough metabolism by enhancing
the GLS expression in the short-term glucose deprivation,
thus maintaining cell survival [24,94]. Moreover, cancer
cells can generate several ATP through oxidative phos-
phorylation driven by glutamine [95].

In addition, cancer cells require effective amino acid
transport proteins to bring amino acids in and out of the
cell plasma membrane. Amino acid transport proteins are
membrane-bound solute carrier transporters. In breast
cancer, glutamine is heavily consumed for proliferation
and survival, and its intracellular concentration is regulated
by high-efficiency amino acid transport proteins especially
SLC1AS5 and SLC7AS5 [96]. In TNBC, overexpressed
SLC1AS, SLC7AS, and SLC6A14 promote glutamine
metabolism and tumor growth [97,98].

Serine and glycine metabolism

The increased serine synthesis promotes cell proliferation
by providing raw materials for biosynthesis in breast
cancer [99,100]. In serine synthesis pathways, the
glycolytic intermediate 3-phosphoglycerate is oxidized
into serine, catalyzed by phosphoglycerate dehydrogenase
(PHGDH), phosphoserine aminotransferase, and phos-
phate ester hydrolysis (PSPH). In addition, serine can be
converted into glycine, whose methyl groups can provide
one-carbon metabolism required for synthesis of folate and
other organic substances. Glycine is also an integral part of
glutathione, which sustains the redox balance in mamma-
lian cells. A recent report has suggested that suppressing
the uptake and the biosynthesis of glycine may selectively
impair rapidly proliferating cells by prolonging the G,
phase of the cell cycle [101]. Therefore, targeting glycine
may inhibit cancer cell growth without damaging normal
cells.

Several enzymes involved in serine and glycine metabo-
lism are considered hallmarks for the malignancy of tumors.
The expression levels of PHGDH, PSPH, and SHMT are
elevated in TNBC and decreased in luminal A [102], and
these results are inversely proportional to the clinical
prognosis [101]. Interestingly, serine deficiency inhibits
cell growth in several breast cancer cell lines. Additionally,
when serine is depleted, cancer cells unexpectedly replenish
serine by exhausting glycine and one-carbon units and even
nucleotide pools. The above phenomenon indicates that
serine plays an important role in supporting cell prolifera-
tion by the mechanisms besides one-carbon metabolism in
breast cancer cells [103].

Master transcription factors for glucose, lipid, and
amino acid metabolism

Hypoxia-inducible factor (HIF) 1

Hypoxia is regarded as an essential regulator in the
development of breast cancer. HIFs especially HIF1 play a
crucial role in cellular hypoxia adaptation [104]. HIF1 are
heterodimers composed of an O,-regulated subunit
(HIF1a) and a constitutively expressed subunit (HIF1p)
[105].

The HIF1 expression is upregulated dramatically in
TNBC [6]. The high level of HIF1 is a marker of poor
clinical outcomes in human breast cancer [106,107].
Mechanically, HIF1 has important function on multiple
malignant aspects of breast cancer, including proliferation,
metastasis, pathological damage, and poor prognosis [108—
113]. For example, HIF1 promotes primary tumor growth
and metastasis to lung by upregulating the expression of
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angiopoietin-like 4 and L1 cell adhesion molecule
(LICAM) in breast cancer [114].

In breast cancers, the overexpression of HER-2
increases the HIFla protein expression via the PI3K/
AKT/FRAP pathway under normoxic conditions [115].
Conversely, HIF1a can be degraded by von Hippel-Lindau

//
[ ASS
l\ ADI
\

\

Argininosuccinate

ASL

Glu (aKG
3-PG—> 3-PHP \/ 3-PS

PHGDH PSAT1

PSPH

——

(VHL), thus inhibiting breast cancer cell invasiveness and
metastatic propensity [116,117]. SHARPI, an important
regulator of tumor-malignant phenotype, also promotes the
independent HIF-1a proteasomal degradation of oxygen
levels and VHL [118].

Given that many cancer cells are exposed to hypoxic
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Amino acid metabolism. Glutamine uptake is regulated by SLC1A5, SLC7AS, and SLC7A11. Glutamine is converted into

glutamate by GLS, and the counter-reaction is catalyzed by GS. GLUD catalyzes glutamate to a-KG. Glutamate is converted into alanine
by ALT and converted into aspartic acid by AST. ASNS utilizes glutamine as a nitrogen donor to turn aspartic acid to asparagine. In
addition, the glycolytic intermediate 3-PG is oxidized into serine catalyzed by PHGDH, PSAT1, and PSPH. Serine is converted into
glycine by SHMT and converted into cysteine catalyzed by CTH. Glutamate, glycine, and cysteine are synthesized into GSH, which
sustains the redox balance. Abbreviations: Ala, alanine; Glu, glutamate; Gln, glutamine; Aln, asparagine; Asp, aspartic acid; Gly, glycine;
Ser, serine; Leu, leucine; Asn, asparagine; Cys, cysteine; o-KG, a-ketoglutarate; GSH, glutathione; PHGDH, phosphoglycerate
dehydrogenase; PSAT1, phosphoserine aminotransferase; PSPH, phosphate ester hydrolysis; SHMT, serine hydroxymethyltransferase;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; GS: glutamine synthetase; GLS, glutaminase; GLUD, glutamate
dehydrogenase; ASNS, asparagine synthetase; 3-PG, 3-phosphoglycerate; ASS, argininosuccinate synthetase; ASL, argininosuccinate
lyase; ADI, arginine deiminase; ASNS, asparagine synthetase; SLCs, membrane-bound solute carriers; CTH, cystathionine y-lyase.
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environments during malignant tumor growth, the meta-
bolic reprogramming from OXPHOS to aerobic glycolysis
is recognized as cancer cell adaption to hypoxia. HIF1 is
remarkably associated with abnormal glucose metabolism
in various cancer types [119-121]. GLUTI is responsible
for basal glucose uptake to maintain the Warburg effect
with increased glucose consumption in cancer cells. The
expression level of GLUT1 is positively regulated by HIF1
[122]. Moreover, HIF1 can regulate 8 of 9 types of
enzymes involved in glycolysis (Table 2), including HK2,
GAPDH, PFK1, ALDOA, TPI, PGK1, ENO1, and PKM2
[123—-126]. Although the evidence of a regulatory relation-
ship between PGM and HIF1 is unclear, hypoxia increases
the PGM levels [127]. Pyruvate is further metabolized to
lactate, but not acetyl coenzyme A, through glycolysis by
LDHA in cancer cells. The high expression level of LDHA
is associated with HIF1 [128]. Furthermore, HIF1 can
reduce OXPHOS by activating the pyruvate dehydrogen-
ase kinase 1 (PDK1) expression, which partly explains the
Warburg effect in breast cancer.

Although the relationship between HIF1 and glucose
metabolism has been extensively studied, the HIF1
function on lipid metabolism is nearly the focus of recent
research. HIF1 upregulates the expression of sterol

regulatory element binding protein (SREBP) 1 under
hypoxia. SREBP1 can upregulate lipid synthesis genes,
such as ACLY, ACC1, and FASN [129]. The SREBP1
activity has recently been shown to be controlled by the
Akt/mTOR signaling, which are potently activated by the
oncogenic HER?2 signaling [130,131]. In addition, HIF1
directly activates the expression of transcription factor
PPARY, which regulates the expression of genes involved
in lipid storage and mobilization [132].

HIF1 can enhance exogenous FA uptake by promoting
the FABP expression in cancer cells under hypoxia. Given
the extremely low level of FA oxidation without oxygen,
cells can convert FAs to neutral TAGs to avoid the
lipotoxicity of accumulated free FAs [133]. The TAG
biosynthesis pathway enzymes acylglycerol-3-phosphate
acyltransferase 2 and lipin-1, the two direct targets of
HIF1, regulate the lipid droplet accumulation [134,135].
HIF1 also supports the lipid accumulation under hypoxia
by inhibiting the expression of enzymes involved in FA
degradation [136—-138]. Considering that HIF1 has not
been shown to have a direct effect on the inhibition of the
transcription of these genes, the expression of these
enzymes may be regulated indirectly through HIF1 target
genes [139].

Table 2 Hypoxia-inducible factor 1 (HIF1) downstream targets that regulate metabolism

Metabolism Genes Functional category of genes Role of HIFI in metabolism Reference
Glycometabolism GLUT1 Glucose uptake Increase [140]
GLUT3 [141]
HK2 Glucose phosphorylation Increase [142]
PGI Glycolysis Increase [143]
PFK1 [143]
ALDOA [143]
TPI [143]
GAPDH [143]
PGKI [143]
ENOI [143]
PKM2 [143]
LDHA [143]
PFKFB3 [144]
MCT4 Lactate excretion Increase [145]
PDK1 OXPHOS inhibition Increase PDK1 expression [143]
MXI1 [143]
Lipid metabolism PPARY Lipid uptake Increase [132]
FABPs [139]
LRPI [146]
VDLR [147]
SREBP-1 Lipid synthesis Increase [148]
FASN [148]
Lipin-1 [134]
AGPAT2 [135]
HIG2 Lipid accumulation Increase [149]
CPT1 FA B-oxidation Decrease [138]
PGC-la [138]
LCAD [137]
MCAD [137]
Glutamine metabolism GLS1 Glutaminolysis Increase [150]
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c-Myc

The c-Myc encoded by the Myc oncogene is over-
expressed in 30%-50% of advanced breast cancers
[151,152]. As a transcription factor controlling cell growth
and metabolism, c-Myc plays an important role in
tumorigenesis and drug resistance.

LDHA is the first glucose metabolism gene that is found
directly regulated by c-Myc [153]. In addition, Zhang et a!.
have found that inhibiting LDHA expression can reversely
elevate c-Myc mRNA level, indicating that LDHA has a
negative feedback effect on the c-Myc expression [154].
Many other genes involved in glucose metabolism, such as
GLUTI1, HK2, GPI, GAPDH, PFK, ENOI, PGK, and
PDKI1, have been found to be activated by c-Myc (Table 3)
[155,156].

In terms of glucose metabolism, complex interactions
exist between c-Myc and HIF1. In hypoxia, HIF1 can
inhibit the activity of c-Myc by stimulating the degradation
of MYC and interrupting the complex of MYC-MAX
[157,158]. However, intermittent hypoxia occurs all the
time in tumor cells. Therefore, elevated c-Myc levels still
work in tumor cells without the HIF1 inhibition of c-Myc
[159]. Overall, HIF1 regulates many glucose metabolism
genes under hypoxic conditions, whereas c-Myc elevates
several genes under normal conditions [160]. For example,
PDK1, which inhibits pyruvate oxidation in mitochondria
under hypoxia, is elevated by HIF1 and c-Myc [161].
However, c-Myc transactivates glycolytic genes and
several key genes involved in TCA. Therefore, the overall
role of c-Myc in glucose metabolism remains to be
investigated.

In addition, glutamine utilization is increased along with
the Warburg effect [162]. A key function of c-Myc in
cancers is the regulation of expression of genes involved in

the absorption and the metabolism of glutamine, such as
GLS [163]. N-Myc also contributes to the conversion of
glutamine to glutamate via transactivating the GLS2
expression directly in neuroblastoma cells [164]. More-
over, the IncRNA GLS-AS, which binds to and decreases
GLS mRNA, is downregulated by c-Myc in pancreatic
cancer with glucose and glutamine deprivation [165]. In
breast cancer, c-Myc increases glutamine and glucose
uptake by regulating the glutamine transporter alanine
serine cysteine transporter 2 and excitatory amino acid
transporters 2 for cell growth [94]. In the luminal B breast
cancer subtype, c-Myc protects the cell from oxidative
damage and maintains survival by regulating the
glutamine—proline regulatory axis [166]. A recent study
has identified that HER2 activation also stimulates the
expression of GLS1 in breast cancer cells [167,168].

SIX1

SIX1, the most studied SIX family member, plays a role in
the development of tumors, including breast cancer [173].
SIX1 is active in the sustained proliferative signaling by
activating cyclin A and cyclin D [174,175]. The SIX1
overexpression is positively correlated with the malignant
biological properties of tumors, including invasion and
metastasis, evasion of growth suppressors, malignant
transformation of nontumorigenic cells, and resistance of
cell death [176-178].

SIX1 promotes breast cancer growth in vitro and in vivo
by regulating aerobic glycolysis [179]. This study shows
that the miR-548a-3p/SIX1 axis acts as an essential
regulatory pathway in the Warburg effect. SIX1 can
enhance aerobic glycolysis by upregulating the expression
of almost all of glycolysis genes, including GLUT1, HK2,
PFKL, ALDOA, GAPDH, PGK1, ENOI, pyruvate kinase
M2 (PKM2), and LDHA. Mechanistically, SIX1 increases

Table 3 c-Myc downstream targets that regulate metabolism

Metabolism Genes Functional category of genes Role of c-Myc in metabolism Reference

Glycometabolism Glutl Glucose uptake Increase [169]
Glut2 [170]
Glut4 [170]
HK?2 Glucose phosphorylation Increase [171]
PGI Glycolysis Increase [172]
PFK1 [170]
ALDOA [170]
PGK1 [170]
ENOI [170]
PKM2 [171]
LDHA [171]
PDK1 OXPHOS inhibition Increase PDK1 expression [170]

Lipid metabolism FASN Lipid synthesis Increase [170]

Glutamine metabolism GLS1 Glutaminolysis Increase [171]
ASCT2 Glutamine uptake Increase [171]
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the glycolytic gene expression through histone acetyl-
transferases HBO1 and AIB1. miR-548a-3p can reduce the
SIX1 expression, thus affecting tumor metabolism and
growth.

pi3

p53 mutations are found in almost 30% of breast cancers
and is highly associated with various breast cancer
subtypes [180]. Women with p53 mutations have an 85%
risk of developing breast cancer by age 60 years [181]. In
addition to its traditional role as a tumor suppressor, p53
suppresses glycolysis and accelerates oxidative phosphor-
ylation in glucose metabolism. In aerobic glycolysis, p53
limits glucose uptake by downregulating GLUT family
genes (Table 4) [182,183]. p53 can compromise glycolysis
by downregulating HK2 and PDK2 transcriptionally
[142,184] and promoting PGM degradation [185]. More-
over, p53 accelerates the accumulation of intracellular
lactate by downregulating the monocarboxylate transporter
1 (MCT1), leading to the shift from glycolysis to oxidative
phosphorylation [186,187]. p53 prevents the active dimer
formation of G6PD through binding, thus suppressing PPP
and reducing glucose consumption and NADPH produc-
tion and biosynthesis [188]. However, studies report that
p53-inducible glycolysis and apoptosis regulator
(TIGAR), one of p53 downstream genes, is overexpressed
and promotes cell oxidative resistance by reducing the
Warburg effect and promoting PPP in breast cancer cells
[189,190]. Moreover, TIGAR may contribute in the
enhancement of the mitochondrial functions of cancer
cells [191]. The function of TIGAR on glycometabolism is
paradoxical to p53, which is supposed to be a tumor
suppressor gene in breast cancer. However, elevated
TIGAR expression is dependent on tumor and not

Table 4 p53 downstream targets that regulate metabolism

dependent on p53 in breast cancer, and p53 can slightly
regulate the TIGAR expression [192].

In addition, p53 contributes to the survival during serine
starvation and oxidative