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Abstract

Altered aerobic glycolysis is a well-recognized characteristic of cancer cell energy metabolism, known as the Warburg effect.
Even in the presence of abundant oxygen, a majority of tumor cells produce substantial amounts of energy through a high
glycolytic metabolism, and breast cancer (BC) is no exception. Breast cancer continues to be the second leading cause of
cancer-associated mortality in women worldwide. However, the precise role of aerobic glycolysis in the development of BC
remains elusive. Therefore, the present review attempts to address the implication of key enzymes of the aerobic glycolytic
pathway including hexokinase (HK), phosphofructokinase (PFK) and pyruvate kinase (PK), glucose transporters (GLUTS),
together with related signaling pathways including protein kinase B(PI3K/AKT), mammalian target of rapamycin (mTOR)
and adenosine monophosphate-activated protein kinase (AMPK) and transcription factors (c-myc, p53 and HIF-1) in the
research of BC. Thus, the review of aerobic glycolysis in BC may evoke novel ideas for the BC treatment.
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Introduction

Breast cancer (BC) remains the most frequently diagnosed
malignancy amongst women worldwide, contributing to
approximately 25% of all cancer incidences [1]. Despite
significant advances in the early detection and development
of effective therapeutic intervention [2], BC continues to be
the second leading cause of cancer-associated mortality in
women worldwide [3, 4]. According to the World Health
Organization (WHO), an estimated 1.3 million women are
newly diagnosed with BC each year [5]. Clinically, it is
grouped into three molecular subtypes, including hormone
receptor-positive (HR+) [estrogen receptor alpha-positive
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(ER+) and/or progesterone receptor (PR+)], human epider-
mal growth factor receptor 2 positive (HER2+), and triple-
negative breast cancers (TNBC) [6]. Notably, different BC
subtypes exhibit distinct clinicopathological and molecular
profiles, and shows heterogeneous responses to different
treatments, which includes surgery, radiotherapy, chemo-
therapeutics, hormonotherapy, and targeted therapy [7, 8].
Accumulating evidence suggest that aerobic glycolysis is a
crucial metabolic adaptation of cancer cells. Thus, targeting
the function of the glucose metabolism might be a promising
therapeutic strategy for BC.

Regardless of abundant oxygen availability, tumor cells
predominantly utilize glycolysis for energy production
mechanisms and have higher rates of glycolysis. This aero-
bic glycolysis phenotype is referred to as the Warburg effect,
first described by the German biochemist Otto Warburg in
1920 [9]. Aerobic glycolysis is a scientifically recognized
hallmark of cancer cell metabolism and targeting it may pro-
vide possible drug target to the strategies for cancer therapy
[10]. Lapachol, a PKM2 inhibitor, has been reported to block
glycolysis in melanoma cells, ultimately reducing ATP lev-
els and inhibiting cell proliferation [11]. Sainan Li et al. also
reported that genistein can inhibit aerobic glycolysis of HCC
(hepatocellular carcinoma) cells, and inactivate the expres-
sion of HIF-1a to down-regulate GLUT1 and HKII [12].
Moreover, the mechanisms underlying the Warburg effect

@ Springer


https://orcid.org/0000-0001-6761-5198
http://crossmark.crossref.org/dialog/?doi=10.1007/s12094-019-02187-8&domain=pdf

632

Clinical and Translational Oncology (2020) 22:631-646

are anfractuous and intimately connected, including glyco-
lytic enzymes, transcription factors, and signaling cascades
[13]. The Warburg effect has been documented in differ-
ent types of solid tumors, including BC [10]. Recently, the
relationship between BC and aerobic glycolysis has been
intensively followed. Here, we review the implication of gly-
colytic enzymes, together with oncogenic signaling path-
ways and transcription factors in BC to evoke new possible
therapeutic ideas for BC.

Key enzymes of glycolysis as potential
targets for breast cancer

The accelerated rates of glycolysis in tumor cells are pre-
dominantly due to the overexpression or enhanced activ-
ity of key glycolytic enzymes [14]. Accumulating evidence
suggested cancer-specific roles of key glycolytic enzymes
as potential anti-tumor therapeutic strategies. The key
enzymes of the glycolytic pathway include hexokinase
(HK), phosphofructokinase (PFK) and pyruvate kinase (PK)
[14] (Fig. 1). Further, we review the relevance of targeting

Fig. 1 Schematic diagram

of glycolysis, and three key
enzymes: hexokinase(HK2),
phosphofructokinase (PFK) and
pyruvate kinase (PK)

crucial glycolytic pathways enzymes and glucose trans-
porters (GLUTS) as anti-cancer strategies for BC. Besides,
important miRNAs regulating the expression of glycolytic
genes in BC (Table 1) will also be elaborated and targeting
miRNA might provide a means for breast cancer treatment.

Hexokinase
Significance of HK

HK is the first rate-limiting enzyme in the glycolytic path-
way that catalyzes the phosphorylation of glucose by aden-
osine triphosphate (ATP) to glucose-6-phosphate [15]. In
Mammals, HK exists as four isoenzymes including HKI,
HKII, HKIII, and HKIV, encoded by the separate single-
copy gene, each located on a different chromosome [16]. In
humans, HKIV exhibit tissue-specific expression in the pan-
creas and liver and is more sensitive to glucose than other
hexoses and is designated as glucokinase, while, HKIII is
allosterically inhibited by the product, glucose-6-phosphate
at physiologic concentrations. HKII is highly expressed in
all mammalian tissues, and is recognized as a “housekeeping
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Table 1 .miRNA regulat.e Key enzymes miRNA Function Target References
glycolysis key enzymes in
breast cancer HKII miR-155 Up-regulate socs| [26]
HKII miR-143 Down-regulate HKII mRNA [26]
PFKFB3 miR-206 Down-regulate PFKFB3 mRNA [34]
PKM2 miR-let-7a-5p Down-regulate STAT3 [48]
PKM2 miR-152 Down-regulate PKM2 [49]
PKM2 miR-148a/152 Down-regulate PKM2 [50]

enzyme”. It is also the predominant HK isoform in many
cell types [17]. Previous studies showed that HKII boosts
tumor glycolysis, progression and metastasis, and elevated
expression levels of HKII have been found in many cancers,
including BC [18, 19]. Subsequent studies in BC revealed
that HK-specific activity was 13-fold higher in BC tissues
compared to normal breast tissues [20].

Effects of HK on breast cancer

Previously, increased hexokinase activity was reported to
be correlated with overexpression of HKII in malignant
tumor cell including human breast cancers (BCs) [19].
Using immunohistochemistry, Brown et al. demonstrated a
significantly higher positive expression of HKII (79%) with
untreated primary BCs [21]. A relatively smaller fraction of
HKII is induced by HIF-1a and is known to promote prolif-
eration, progression, and clinical recurrence of BC through
increased glycolysis. Furthermore, HKII immunoreactivity
was significantly associated with the histological grade of
BC and the immunoreactivity of HIF-1a and Ki-67LI [22].
Besides, the mitochondrial membrane-bound HKII can pro-
mote glycolysis and inhibit cancer cell apoptosis in cancer.
The major mechanisms that allow the tumor to continue
metabolizing glucose to evade product inhibition and pref-
erentially obtain newly synthesized ATP to phosphorylate
glucose [23].

HK, as a therapeutic target for BC, has been extensively
studied. Genistein-27 (Gen-27), a newly synthesized isofla-
vonoid, induces suppression of glycolysis and mitochondrial
apoptosis through inhibition of mitochondrial localization
and expression of HKII in MDA-MB-231 BC cell. In addi-
tion, Gen-27 could reduce the tumor volume by about 35%
and exhibit low toxicity in major organs in vivo in BC mice
model [24]. Moreover, microRNA is a class of short non-
coding RNA sequences that regulates the gene expression
at post-transcriptional, and it also represents a critical reg-
ulator of aerobic glycolysis in BC [25]. miR-155 inhibits
socs] and activates STAT3 in BC cells, where STAT3 is a
transcriptional activator of HKII. Conversely, research evi-
dence also revealed that miR-155 can up-regulate the HKII
expression in breast tumor cell through targeting C/EBPb to
suppress miR-143, thereby increasing the rate of glycolysis

in ZR-75-30 cells [26]. Concurrently, Jiang et al. reported
that miR-143 can mediate post-transcriptional regulation of
HKII protein expression in BC cells. There was a negative
correlation between miR-143 expression and HKII protein
expression, and down-regulation of HKII decreases prolif-
eration and survival of MDA-MB-231 cells [26]. Overall,
HKII plays a critical role in the glycolytic pathway and is a
putative candidate target in the treatment of BC.

Phosphofructokinase
Significance of PFK

6-Phosphate fructose-1-kinase (PFK-1) is the second rate-
limiting enzyme in glycolysis, which catalyzes the conver-
sion of fructose 6-phosphate to fructose 1, 6-bisphosphate
and adenosine diphosphate (ADP). It is allosterically inhib-
ited by ATP concentrations, phosphoenolpyruvate (PEP) and
activated by fructose-2,6-bisphosphate (F26BP) [27]. The
6-phosphofructo 2-kinase/fructose 2 and 6-bisphosphatase
(PfKfb) are bifunctional enzymes and are encoded by four
different (PfKfb1-4) genes and can stimulate the expression
level of F26BP [28]. Interestingly, PFKFB3 is significantly
involved in tumor glycolysis, growth, and metastasis, and is
closely regulated by HIF-1a, AKT, and PTEN [29].

Effects of PFK on breast cancer

BC cells express elevated expression levels of PFKFB3 [30].
Besides, increased activity of PFKFB3 enzyme is associ-
ated with estradiol activation of estrogen receptors, which
promote the growth of HER-2-positive BC cells. Consist-
ently, overexpression of PFKFB3 is also correlated with the
increased expression of HER2 and poor progression-free
survival (PFS) and distant metastatic-free survival (DMFES),
and it also consistent with poor overall survival (OS) in
patients with BC [30, 31]. Owing to increased kinase activ-
ity, PFKFB3 has been recognized as the major contributor
to the high glycolytic activity observed in transformed cells;
however, it may also translocate to the nucleus to regulate
the activity of cyclin-dependent kinase (Cdks) [32]. Moreo-
ver, overexpression of PFKFB3 has also been associated
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with increased expression of VEGFa, which eventually leads
to increased angiogenesis and distant metastasis in BC [31].

p27 predominantly inhibits the G1-to-S-phase transi-
tion and increases apoptosis. By inhibiting the phospho-
rylation of P27 through cyclin/cyclin-dependent kinase-1
(cdk1), PFKFB3 inhibition can act as both anti-proliferative
and pro-apoptotic in HeLa cells [33]. Similarly, Peng et al.
revealed that inhibition of PFKFB3 could also reduce the
expression level of pAKT to promote the expression of p27
in BC cells. In addition, down-regulation of PFKFB3 sub-
sequently decreased breast cancer cell (MDA-MB-231 and
MDA-MB-468) proliferation, migration and invasion [31].
The miRNAs act as critical tumor suppressors or promoters
in different molecular subtypes of BC as confirmed by enor-
mous studies. Ge et al. indicated that miR-206 combined
with the 3'-untranslated region (UTR) of PFKFB3 mRNA
can reduce PFKFB3 protein expression in MCF-7, T47D,
and SUM159 cell lines, and suppress the proliferation and
migration of BC cells [34]. Breast carcinoma cells, however,
also express PFKFB4 RNA and other isozymes [35]. In a
recent study, Dasgupta et al. revealed that PFKFB4 regulates
the oncogenic steroid receptor coactivator-3 (SRC-3) tran-
scription through phosphorylation of SRC-3 at serine 857,
and then, the activated SRC-3 drives the glucose flux to pen-
tose phosphate pathway (PPP) in BC. The PFKFB-SRC-3
interaction also mediates the purine synthesis, causing BC
cells proliferation and metastasis [36, 37]. Taken together,
studies suggest that targeting the PFKFB 3 or PFKFB 4
might be a therapeutically valuable strategy in BC.

Pyruvate kinase
Significance of PK

PK is the final and rate-limiting enzyme in the glycolytic
pathway and essentially contributes to aerobic glycolysis and
provides a selective growth advantage for tumorigenesis. PK
catalyzes the conversion of phosphoenolpyruvate (PEP) to
pyruvate and ADP to ATP [38]. PK comprises four isoforms
including liver-type PK (PKL), red blood cell PK (PKR),
and PK muscle isozymes M1 and M2 (PKM1 and PKM?2,
respectively). PK isoforms are encoded by two genes, PKLR
and PKM [39]. PKL is primarily expressed in liver, kid-
ney, intestine, and pancreas, whereas PKR is exclusively
expressed in erythrocytes. PKM1 and PKM?2 are alterna-
tively spliced products of mutually exclusive exons of the
PKM gene [40]. Unlike the constitutively expressed PKM1,
isozyme PKM2 is tightly regulated and is up-regulated in
many cancer types. The activity of PKM2 is controlled by
its oligomerized state, numerous allosteric effectors, and
post-translational modifications [41]. Interestingly, tyros-
ine phosphorylation of PKM2 leads to a paradoxical effect,
where phosphorylation reduces its activity, and the reduced
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activity promotes enhanced glycolytic rate and production of
lactate and increased cancer cell proliferation [42].

Effects of PK on breast cancer

In tumor microenvironment, PKM2 is universally expressed
in malignant cancer cells [43]. Elevated expression of PKM?2
is associated with poor clinical outcomes and prognosis in
BC. Accumulating evidence also suggests that PKM2 is an
independent predictor for BC and is associated with poor
PES and OS [43]. However, the expression of PKM2 was
positively correlated with chemosensitivity of BC cells to
chemotherapy drugs including, epirubicin (EPI) and 5-fluo-
rouracil (5-FU) in vitro [43, 44]. Nevertheless, down-regu-
lation of PKM2 expression reduced STAT3 and phospho-
STAT3 (pSTAT?3) expression, which results in the inhibition
of gene transcription and suppression of breast tumor cell
proliferation [45].

PKM?2 is also diffusely involved in nonmetabolic tran-
scriptional regulation [46]. Recently, in 2016, Huang et al.
reported that the tandem zinc-finger protein tristetraprolin
(TTP), a well-recognized mRNA decay protein directly
interacts with PKM2 to regulate its own transcription. Fur-
thermore, PKM?2 inhibits TTP-mediated mRNA decay in
invasive BC MDA-MB-231 cells [47]. Recent studies have
indicated that miRNAs also target PKM2. Interestingly, it
was shown that miRNA let-7a-5p down-regulates Stat3 to
modulate aerobic glycolysis and proliferation of BC cells
and stat3 can up-regulate hnRNP-A1, which is a crucial
regulator of PKM2 transcription. It was also revealed that
let-7a-5p/stat3/hnRNP-A1/PKM2 forms a feedback loop
to regulate PKM?2 expression in BC [48]. Unsurprisingly, a
study by Wen et al. suggested that miR-152 inhibits prolifer-
ation and angiogenesis in BC via suppression both f-catenin
and PKM2. p-catenin, the downstream molecule of IGF-1,
has also been implicated to play an important role in the
regulation of cell proliferation [49]. Recently, increasing evi-
dence showed that activation of miR-148a/152 contributes
to inhibition of PKM2 and NF-kB p56 expression in TNBC
cells. NF-kB p56 directly interacts with PKM?2 to control the
expression of EGR1, which can bind with the miRNA gene
promoters at multiple binding sites to modulate the expres-
sion of both miR-148a and miR-152 [50]. Collectively, the
studies point towards PKM2 as an attractive potential target
for BC therapeutic intervention.

Glucose transporters
Importance of GLUTs
The human GLUT family comprises of 14 members, which

have varying tissue expression profiles and substrate specifi-
cities [51]. Of which, class I facilitative glucose transporters,
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represented by GLUT 1-4 are the best characterized, and
have high relevance to cancer. GLUT 1 is a constitutive glu-
cose transporter and is highly expressed on the membrane
of erythrocytes and accounts for 3—5% of total membrane
protein [52, 51]. GLUT2 mainly transports glucose across
the membrane in hepatocytes, intestinal, and renal epithelial
cells [53, 54], while GLUT3 predominantly exhibits high
affinity for glucose and transport capacity in neurons [55].
GLUT 4 is an insulin-sensitive glucose transporter expressed
in insulin-sensitive tissues such as fat and muscle tissue to
equilibrate blood glucose levels and play an important role
in systemic glucose balance [56].

Effects of GLUTs on breast cancer

In BC, seven GLUTs including GLUT1-6 and 12 have been
reported to be overexpressed [51]. Notably, elevated expres-
sion of GLUT-1 has been associated with higher grade and
poorly differentiated tumors and correlated with high pro-
liferation rates and aggressiveness in BC [57, 58]. In addi-
tion, studies have also demonstrated that GLUT4 mRNA
and protein were expressed in tissues that are not consid-
ered to be insulin sensitive, including BC [59]. Furthermore,
Pablo et al. indicated that inhibition of GLUT4 critically
reduces basal glucose uptake and induces metabolic repro-
gramming in BC cells including MCF7 and MDA-MB-231,

Fig.2 Interaction of PI3K/
AKT, mTOR and AMPK in

eventually inhibiting cell proliferation [60]. Like GLUT-1
and GLUTH4, the remaining five GLUTSs have been identified
to be expressed in BC tissues; however, studies on GLUTs
remain limited [51].

Interplay of signaling pathway and breast
cancer

A hallmark difference between cancer cells and healthy
counterparts is metabolic reprogramming, while aerobic gly-
colysis has been regarded as the major metabolic phenotype
of cancer [61]. In fact, cancer cells can significantly increase
glucose uptake and utilization and aerobic glycolysis can
rapidly produce ATP and biomass synthesis, ultimately
promoting tumorigenesis and metastasis [61, 62]. Simul-
taneously, a series of signaling pathways currently studied
in cancer include JAK-STAT, PI3K/AKT, mTOR, MAPK,
Wnt, AMPK, and Notch. However, PI3K/AKT, mTOR,
MAPK, Wnt and AMPK signaling pathways are involved
in regulating aerobic glycolysis of cancer cells [63-68].
Below we will review the study of these signaling pathways
in aerobic glycolysis and BC, including PI3K/AKT, mTOR
and AMPK. Figure 2 illustrates that the above three signal-
ing pathways are inextricably interconnected to glycolytic
enzymes and BC, and the components of mTOR.
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PI3K/AKT pathway

Given the relationship between glycolytic signaling path-
ways and cancer, studies related to glycolytic pathways in
BC have recently gained much attention. In this context,
the PI3K/AKT/mTOR signaling pathway has been known
to play a significant role in inducing glucose metabolism in
cancer cells. Numerous studies demonstrated that this path-
way is altered in common cancers and regulate a variety
of important cellular functions, including proliferation and
apoptosis, glucose homeostasis, angiogenesis, and invasion
and metastasis [64, 69]. The phosphatidylinositol-3-ki-
nases (PI3Ks) are a family of signaling enzymes and these
enzymes comprise three major classes of lipid kinases, I-111
(Class I is further subcategorized into Ia and Ib), and a dis-
tantly related Class IV [70]. Akt, known as protein kinase B,
is an essential serine/threonine protein kinase that is directly
activated by PI3K and is essential for multiple cellular pro-
cesses including cellular growth, metabolism, and survival
[71]. Although Akt is the primary effector of PI3K, Akt-
independent pathways were also activated by PI3K, includ-
ing the TEC families of non-receptor tyrosine kinases, the
Bruton tyrosine kinase (BTK), serum- and glucocorticoid-
regulated kinases (SGKs), and regulators of small GTPases
[72,73].

PI3K-dependent AKT directly phosphorylates and acti-
vates phosphofructokinase 2 (PFK2) and enhances fruc-
tose-2, 6-diphosphate production, eventually activating
the glycolytic rate-limiting enzyme phosphofructokinasel
(PFK1) [74, 75]. Recently, Melstrom et al. reported that
up-regulation of the PI3K/Akt signaling pathway increases
the expression of GLUT-1 [76]. Further studies showed
the translocation of the GLUT-1 from the cytoplasm to the
plasma membrane of other endocrine organs through the
PI3K/Akt pathway [77]. GLUT1 is the major glucose trans-
porter and is overexpressed in many tumor types, including
BC [78]. Cuesta et al. also revealed that 17-estradiol acti-
vates Akt through phosphorylation of Ser473, which leads
to the translocation of GLUT4 to the plasma membrane in an
estrogen receptor (ER)-dependent manner, promoting ER-
positive MCF-7 BC cells to increase glucose uptake [79].
Moreover, the lipid metabolism gene, FTO was reported to
be overexpressed in BC, and contribute to up-regulating the
activity of PK and HK and promote glycolysis. The under-
lying mechanism behind these effects may be attributed to
the PI3K/AKT signaling pathway [80]. Thus, PI3K/AKT
signaling pathway can up-regulate some enzyme expression
in the glycolytic pathway.

Furthermore, activation of the PI3K/Akt pathway plays a
critical role in multiple cellular functions including cell pro-
liferation, differentiation, and intracellular trafficking, all of
which are involved in cancer development [81]. Oncogenic
mutations in PIK3CA, loss of PTEN activity, and mutations

@ Springer

in AKT1 are the most common genetic alterations associated
with abnormal activation of this pathway in BC and mam-
mary tumorigenesis and angiogenesis [82]. PIK3CA is the
most frequently altered in BC, and the somatic mutation
rate is more than 10% and is significantly more frequently
mutated than PTEN and AKT1 [83]. Although PIK3CA acti-
vating mutations are commonly identified in ER-positive and
HER2-positive BC, they are rarely detected in basal cells of
the breast. Activating mutations in PIK3CA confer resist-
ance to BC HER2-targeted therapy through pathologic com-
plete response (pCR) measurement. The pCR rate of trastu-
zumab and lapatinib combination therapy in HER2-positive
BC patients with PIK3CA activating mutation decreased
to 28.6%, compared with the wild-type PIK3CA (53.1%)
[84]. Furthermore, in BC tissues and cells, aberrant expres-
sion of miR-106b and miR-93 facilitate BC development
and progression. Mechanistically, miR-106b and miR-93
regulate the PI3K/Akt pathway through down-regulation of
PTEN. Meanwhile, it has also been reported that microRNA-
130b-3p exhibits characteristics similar to the above-men-
tioned miRNAs [85, 86]. HSPC159, a galectin-related pro-
tein, is aberrantly expressed in BC cells. Further analysis by
Zheng et al. indicated that HSPC159 contributed to BC cell
proliferation, migration, and invasion by activating the PI3K/
AKT pathway, as well as epithelial-mesenchymal transition
(EMT) and the F-actin polymerization process. Clinically,
OS and disease-free survival (DFS) were significantly lower
in patients with high expression of HSPC159 as compared
to patients with low expression of HSPC159 [87]. Literature
suggested that the PI3K pathway has a critical role in cell
cycle G2/M transition, and potent PI3K inhibitor HS-106
can induce cell cycle arrest and apoptosis in BC cells [88].
Nevertheless, the PI3K/AKT pathway plays a prominent role
in cancer cell cycle. Chun Wang et al. also demonstrated that
beta-naphthoflavone (BNF, an agonist of aryl hydrocarbon
receptor) inhibits PI3K/AKT signaling and induces GO/G1
cell cycle arrest and senescence, thereby contributing to
inactivating cyclin D1/D3 and CDK4, as a promising anti-
cancer drug for ER-positive MCF-7 BC cell [89]. Overall,
the down-regulation of PI3K/AKT pathway may result in the
inhibition of BC proliferation and migration.

mTOR pathway

The mammalian target of rapamycin (TOR) (mTOR) path-
way regulates cell growth and organismal homeostasis by
orchestrating both anabolic and catabolic processes with
nutrient, energy, and oxygen availability and growth factors
[90]. As a downstream effector of AKT, mTOR is encoded
by the mTOR gene and interacts with protein binding part-
ners to form the catalytic subunit of two distinct multi-
subunit complexes: mTOR complex 1 (mTORC1) and 2
(mTORC2) [91-93].
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mTORCI, as a multi-protein complex, is composed of
the mTOR catalytic subunit and three associated proteins:
Raptor, mLST8 (previously known as GBL) and PRAS40.
mTORCI] regulates anabolic growth and proliferation by
transforming glucose oxidative phosphorylation into gly-
colysis and increases the translation of transcription factor
HIF1la; eventually, HIFla drives the expression of sev-
eral glycolytic enzymes, including PFK [94]. Meanwhile,
mTORCI also regulates the PPP, autophagy, mRNA transla-
tion, and lipid synthesis [95, 96]. The PPP remains an essen-
tial pathway for glucose metabolism in AML cells, exhibit-
ing the high activity of mTORC]. Recent findings suggested
that glucose-6-phosphate dehydrogenase (G6PD) is a major
enzyme of PPP; however, higher mTORC1 activity induces
the susceptibility to G6PD inhibition [97].

mTORC?2 contains five subunits: mTOR, Rictor, mSinl1,
mLSTS8, and PRRS5; subsequently, it can up-regulate the
downstream targets of AGC kinase family, including Akt,
serum/glucocorticoid-regulated kinase (SGK) and protein
kinase C (PKC), via which mTORC2 promotes cell survival,
glucose uptake, glycolysis, and lipogenesis [98—102]. c-myc
is a crucial regulator of the Warburg effect, and mTORC?2
makes glioblastoma (GBM) cells more dependent on glu-
cose concentration by regulating intracellular c-myc levels
[103, 104]. Recent studies demonstrate an intriguing Akt-
independent role of mMTORC?2 in inducing metabolic repro-
gramming in GBM [105]. Moreover, Beg et al. reported
that mMTORC?2 enhances Glutl-mediated glucose uptake and
induces glycolytic metabolism by phosphorylated hydropho-
bic motif (HM) domain [106]. As one of the essential ele-
ments of mMTORC?2, Sinl is associated with the development
of CD4-CD8-double-negative (DN) stage thymocytes, and
it is destroyed by the deficiency of Sinl [107, 108]. Overex-
pression of PKM?2 by Sin1-mTORC?2 leads to a proliferation
of DN thymocytes [108]. Increased PKM?2 transcription is
believed to be due to the activation of PPAR-y, a known
transcription activator of PKM2 [109]. Hence, mTORC1
and mTORC?2 play key roles in up-regulating key enzymes
in glycolysis.

mTOR signaling is often up-regulated in BC, and inhi-
bition of mTOR is an effective strategy for the treatment
of BC, including slowing down tumor growth and limiting
the spread of cancer. Multiple mechanisms are attributed
for the activation of mTOR, including up-regulation of the
ErbB family receptors or alterations of PI3K signaling, and
mutations and alterations in mTOR itself [110]. Moreover,
clinical studies have revealed that the activation of mTOR
signaling is associated with resistance to drug therapy in BC.
The resistance to tamoxifen, an estrogen receptor targeting
drug, has been correlated with the mTOR pathway through
phosphorylation of ERa in Ser118, particularly in BC. A
higher expression of HER2 (more than 15-20%) in BCs
contributes to the overactivation of mTOR signaling, which

has been implicated in conferring resistance to therapies that
target HER2 in BC [111-113]. The non-carcinogenic sus-
ceptibility of HER2 + BC is significantly associated with
the endoplasmic reticulum (ER)-associated degradation
(ERAD) pathway. However, inhibition of ERAD has a criti-
cal role in impairing HER2+ cells through development of
protein toxicity of ER induced by activated HER2-mTOR
signaling [114]. Suppression of triple-negative breast can-
cers (TNBCs), which represent 10-20% of all BCs, have also
been reported to be associated with mTOR inhibitors. For
example, DHM?25, a novel selective and covalent inhibitor
of mTOR, strikingly suppresses the growth and metastasis
in TNBC cells [115]. Consistently, Haiyu Zhang et al. also
showed similar findings on mTOR inhibitors in TNBC; this
mTOR inhibitor shows 77-99% inhibition of growth in the
xenograft model of TNBC [116]. Thus, mTOR is a crucial
anti-cancer target for BC.

AMPK pathway

The AMP-activated protein kinase (AMPK) is a highly con-
served Ser/Thr kinase heterotrimeric complex, consisting of
catalytic a and regulatory B, and y subunits, that functions as
a cellular energy homeostasis regulator and a sensor of cellu-
lar energy status [117, 118]. Under metabolic stress, AMPK
works by conserving ATPs mechanisms through activation
of catabolic pathways generating ATPs such as autophagy, as
well as inhibiting ATP-consuming processes, including lipid
biosynthesis, cell proliferation, and mTORC1-dependent
protein biosynthesis [119-121].

It has been also reported previously that under hypoxia,
AMPK mediates the activation of 6-phosphate fructose-
2-kinase (PFK-2) to enhance glycolysis in myocardia. In
addition, AMPK is also known to induce the translocation
of the glucose transporter, GLUT4, in skeletal and cardiac
muscle [122]. Thus, AMPK activation increases GLUT-4
translocation to improve myocardial glucose uptake in
ischemia-induced hearts, which is independent of the PI3K
pathway [123]. Moreover, AMPK has also been indicated to
increase GLUT1 levels through multiple mechanisms [124].
Recently, Castro et al. revealed that overexpression of occlu-
din (known as an NADH oxidase) significantly enhances the
expression level of GLUT1 and GLUT4 in the blood-brain
barrier (BBB) in an AMPK-mediated manner, thus, contrib-
uting to an impact on glucose uptake and ATP concentration
[125]. Interestingly, the AMPK signal pathway is critical
for tumor glucose metabolism and it might be beneficial to
target AMPK activation as a therapeutic strategy.

As described earlier, the AMPK is a crucial integra-
tor of the metabolism and signaling pathway, which can
regulate the upstream kinase LKB1 with tumor suppressor
roles [126]. Furthermore, the AMPK-related drug targets
have also been studied in vitro and in vivo, to explore the
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association with the tumorigenesis and malignancy [127].
In TNBC, a significantly higher aberrant expression of
AMPK was observed than non-triple-negative breast cancer
(NTNBC) and AMPK expression also showed a potential
relationship between the patients with BC and clinicopatho-
logic characteristics including TNM stage and distant metas-
tasis. Besides, positive expression of AMPK was consistent
with shorter OS and DFS [128]. Moreover, the AMPK was
confirmed to accelerate Skp2 S256 phosphorylation and pro-
mote cancer progression in BC mouse model, which was
correlated with Akt activation and anti-EGF therapy respon-
siveness in patients with BC [129].

AMPK and Akt were identified to exhibit a reversible,
double-negative feedback loop between matrix-attached
and matrix-deprived conditions [130]. The Akt is known
to be an upstream kinase for mTORCI activation [91], and
the AMPK-mediated mTORCI inactivation may also alter
the response to the growth factor, EGF and suppress the
protein synthesis [131]. AMPK activation is positively cor-
related with TNBCs through targeted inhibition of the Akt/
mTOR pathway [132]. Thus, AMPK-mediated oncogenesis
and drug sensitivity may drive BC. The narciclasine, iso-
lated from Narcissus L. bulbs, was identified to inhibit the
cancer cells proliferation [133]. Evidently, the Narciclasine
was confirmed to induce the tumor cell death in vitro and
in vivo through AMPK-ULKI1 pathways in TNBC, which
predominantly stimulate the expression and phosphorylation
of AMPK [134]. The lower phosphorylation of AMPK is
most commonly associated with tumor cell growth and sur-
vival during metastasis of BC cell lines, MDA-MB-231 and
MCEF?7 [130]. Furthermore, metformin was believed to exert
its anticancer effect through activation of intracellular target
AMPK in BC cells. Thus, a possible implicated underlying
mechanism might be that by suppressing the expression of
mTOR and pS6K, phosphorylation of AMPK inhibits the
cell proliferation [135]. Moreover, inhibition of hexoki-
nase-2 down-regulated the activity of Akt/mTOR/ HIF-1a,
subsequently, reduced the phosphorylated of AMPK. Inter-
estingly, overactivation of HIF-1« drives aerobic glycolysis
to treat tamoxifen resistance in BC by regulating Akt/mTOR
and/or AMPK signaling cascades [136]. Collectively, these
researches provide further evidence that AMPK is most
likely to influence BC progression and can be utilized as
target therapy in the near future.

Transcription factors and breast cancer

Transcription factors play an important role in regulating the
Warburg effect. Activated oncogenes (c-myc) can transacti-
vate the glycolytic genes and increase aerobic glycolysis. On
the contrary, tumor suppressor genes (p53) can hamper the
transcription of glycolytic genes, inducing a down-regulation
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in aerobic glycolysis [10]. Simultaneously, the hypoxic envi-
ronment in the tumor can up-regulate the glucose transporter
and glycolytic enzymes by increasing HIF-1 levels [61].
Taken together, c-myc, p53, and HIF-1 significantly modu-
lated the glycolytic enzymes in Table 2, and they have also
been well studied in BC. Figure 3 indicated that P53, HIF-1
and c-myc regulate glycolysis in tumor.

c-myc

c-myc is a short-lived oncogenic protein that is rapidly
degraded by the ubiquitin (Ub)—proteasome system in non-
transformed cells [137]. The protein product of the c-myc
gene is an oncogenic pleiotropic transcription factor, a c-myc
oncoprotein, which is involved in ribosome biogenesis, cel-
lular metabolism, growth, proliferation, and apoptosis [138].
c-myc enhances ribosome biogenesis in nucleoli, to effec-
tively promote cell growth and tumorigenesis [139]. In tumor
cells, mutation of the c-myc gene itself or the induction of
c-myc expression through upstream carcinogenic pathway
can increase the function of c-myc [140]. c-myc enhances
aerobic glycolysis by directly up-regulating the transcription
of glycolytic genes and the expression of GLUTs, HK, phos-
phoglucose isomerase, PFK, glyceraldehyde-3-phosphate
dehydrogenase, phosphoglycerate kinase (PGK), enolase,
and LDHA [141]. c-myc can also up-regulate the expression
of glutamine synthetase (GS), which converts glutamine into
glutamate in the tricyclic acid(TCA) cycle [142].

Table 2 Transcription factors c-myc, p53 and HIF-1 regulate the role
of glycolytic enzymes

Tran- Glycolysis enzymes Function References

scription

factors

c-myc GLUTs Down-regulate [141]
HK Down-regulate [141]
Phosphoglucose isomerase Down-regulate [141]
PFK Down-regulate [141]
Glyceraldehyde-3-phos- Down-regulate [141]

phate dehydrogenase

PGK Down-regulate [141]
Enolase Down-regulate [141]
LDHA Down-regulate [141]

pS3 GLUT-1, -3, -4 Down-regulate [147, 148]
HKII Down-regulate [147, 148]
PFK Down-regulate [145, 146]
PGM Down-regulate [147, 148]

HIF-1 GLUT-1, -3 Up-regulate [166]
HKII Up-regulate [166]
PFK Up-regulate [166]
Aldolase Up-regulate [166]
LDHA Up-regulate [166]
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Fig.3 P53, HIF-1 and c-myc
regulate glycolysis in tumor

Transcription Factors

A majority of patients with BCs are estrogen receptor
(ER)-positive BC, and increased expression of c-myc is
one of the earliest transcriptional responses to estrogen.
Recently, Alison J Butt, identified HSPC111, as an estro-
gen-responsive c-myc target gene, that is predominantly
localized in the nucleus and is correlated with an adverse
outcome in patients with BC [143]. Furthermore, a study by
Jain showed that inhibition of c-myc regulated translation
and transcription of the glucose transporter GLUT1 inhibits
cell growth in ER-negative mammary tumors [144]. Hence,
targeting c-myc may become a therapeutic strategy for BC.

p53

p53 is the most extensively studied transcription factor,
directly involved in metabolic reprogramming during malig-
nant transformation and regulating crucial cellular functions
including DNA repair, cell proliferation, autophagy, apopto-
sis, and senescence. TIGAR (TP53-induced glycolytic and
apoptosis regulators) acts as a novel p53-inducible gene that
alters the way cells utilize glucose. TIGAR shows similar-
ity in the functional sequence shared by the functional pro-
tein, including the bifunctional enzyme 6-phosphofructo-
2-kinase/fructose-2, 6-bisphosphatase (PFK-2/FBPase-2).
TIGAR reduces the level of fructose 2,6-diphosphate (FRU-
2, 6-P2) in cells similar to FBPase-2, thereby inhibiting the
glycolytic pathway in tumor cells and promoting the glucose
flux to pentose phosphate [145, 146]. Moreover, increased

DNA repair
autophagy

apoptosis
cell proliferation

Nucleosome

pentose phosphate shunt and enhanced NADPH production
increase GSH levels required to clear ROS. And the p53
response elements located in the promoters of the HKII and
phosphoglycerate mutase (PGM) genes demonstrated that
p53 directly regulates the transcription of glycolytic genes.
However, the expression of PGM and the glucose transport-
ers (GLUT) 1, 3, and 4 was down-regulated by p53 [147,
148].

Through up-regulation of HKI or GLUTI, the activity
of p53 can be significantly suppressed by increased glu-
cose metabolism. p53 is the most extensively studied tumor
suppressor gene that has been implicated in tumorigenesis
[149]. Interestingly, studies indicated that p53-mediated
inhibition of proliferation is crucial in cancer. Further-
more, pS3 directly inhibit cell growth by up-regulating the
expression of AMPK, TsC2, and sestrins, the members of
the AMPK pathway [150]. The previous study also provides
evidence that p53-dependent inactivation of mTOR and the
p53 target of DRAM (damage-regulated autophagy modula-
tor) promote autophagy [151, 152].

Noticeably, activation of p53 is significantly associated
with tumor suppression, including BC. Previous studies have
also suggested that binding of ER« to p53 inhibits transcrip-
tional function, thereby inhibiting p53-mediated cell cycle
arrest and apoptosis in ER-positive human BC cells [153,
154]. ERa can block inhibition of expression of p53 and
its downstream targets, MDM?2 and p21, thus activating the
tumor suppressor and promoting the cancer cells to possibly
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undergo apoptosis [155]. Besides, MDM2 is induced by acti-
vation of p53 and MDM2 increases p53 poly-ubiquitination
and degradation. SHARPIN (Shank-Interacting protein-like
1, STIPL1) can connect with MDM?2 and promote its stability,
thus, contributing to the inhibition of p53 and facilitating BC
proliferation [156]. Moreover, miRNAs are also key players
in the p53 signaling pathway, and p53 inhibits miR-191-5p,
which can target SOX4 in BC. Inhibition of miR-191-5p
expression leads to apoptosis in BC cell lines (MCF7 and
ZR-75). Interestingly, the p53-miR-191-SOX4 axis is the
regulator of apoptosis and drug resistance in BC [157]. P53
mutations occur in more than 50% of human cancers, with
no exception to BC. Compared with many other cancer
types, p5S3 mutations occur most frequently in 20-30% of
all breast malignancies. Interestingly, mutant p53 consist-
ently occur in ERa-negative or TNBC (approximately 80%).
P53 mutations have also been correlated with worse OS and
DFS in BC [158-160]. Furthermore, prolyl isomerase (Pinl)
induces mutant p53 transcriptional program to promote inva-
siveness and enhances the suppression of the anti-metastatic
factor p63 in BC [161]. Prior studies have suggested that
wild-type p53 conceives an aspiring effect on the treatment
response and prognosis in patients with BC [162]. Grow-
ing evidence suggests that wild-type p5S3 may also have a
role in the regulation of tumor cell migration and invasion.
Further studies indicated that wild-type p53 protein binds to
a specific response element within the epithelial cell adhe-
sion molecule (EpCAM) gene and down-regulates EpCAM
(known as a transmembrane glycoprotein) expression, and
this negative repression contributes to pS3 control of inva-
sion of BC [163]. Overall, p53, tumor suppressor plays a
crucial role in cellular processes in BC.

HIF-1

HIF-1 is a heterodimeric transcription factor, comprised of
two subunits, the constitutively expressed HIF-1p and the
rate-limiting HIF-1a. The two important domain oxygen-
dependent degradation (ODD) and transactivation domains
(N-TAD and C-TAD) are located within HIF-1a protein mol-
ecule [164]. HIF-1a is a key regulator of glycolytic metabo-
lism [10]. Expression of HIF-1« is induced in a hypoxic
environment. Hypoxia is the most common characteristic
of many solid tumors, and activation of HIF-1 transcription
factors is the most recognized pathway-acquired mechanism
by hypoxic cells in these tumors [165].

Activated HIF-1 regulates the transcription of multiple
target genes. These genes are majorly involved in vital bio-
logical processes such as glucose metabolism, cell prolif-
eration, metastasis, angiogenesis, and chemotherapy and
radiation resistance [166]. By inducing the glycolytic path-
way enzymes including HKII, PFK1, LDHA, aldolase, and
GLUT-1 and-3, HIF-1 switches the glucose metabolism
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of hypoxic tumor cells to the glycolytic pathway and this
metabolic switch causes a shift in energy production [166].
Furthermore, down-regulation of mitochondrial function can
be achieved by transactivating genes such as pyruvate dehy-
drogenase kinase 1 (PDK1) and MAX interaction 1 (MXI1)
through HIF [166]. MXI1, the negative regulator, is a mem-
ber of the myc family, which can inactivate myc [167].
Various clinical studies have demonstrated the relation-
ship between HIF-1a expression and survival in patients
with BC. However, using immunohistochemistry, no signifi-
cant high level of HIF-1a protein expression was observed in
normal BC epithelial tissues [168]. HIF-1a was indicated to
be an independent prognostic factor for DMFS, DFS and OS
in patients with BC [169, 170]. Further, Yan et al. suggested
that positive HIF-1a is associated with shorter recurrence-
free survival (RFS) in patients with BC [171]. Particularly,
as a direct transcriptional target of ERa, HIF-1a can com-
pensate for the loss of ERa function; and its expression is
significantly correlated with lower survival rates for endo-
crine therapy with ERa + BC [172]. Moreover, activation
of HIF-1a promotes c-erbB2-mediated BC invasiveness,
angiogenesis, and migration pathways [173]. Furthermore,
Zhang indicated that HIF-1 directly activates HIF-depend-
ent CD47 transcription, resulting in reduced phagocytosis
of bone marrow-derived macrophages in BC cells, which
eventually promotes cancer progression [174]. Hence, HIF-1
might be an excellent metabolic target for BC treatment.

Perspective

The present review addresses the function of glycolysis
enzymes, together with associated signaling pathways, and
transcription factors, which are essential for the energy
metabolism in BC cells. At present, there are still many
problems in targeting aerobic glycolysis as a cancer treat-
ment. For instance, targeting key glycolysis enzymes for
cellular metabolism has the mutation risk and targeting
transcription factors could have many side effects, both in
tumor and normal cells. Therefore, what kind of treatments
are pursued by researchers may focus on exploiting these
relevant targets of aerobic glycolysis in clinical practice for
treatment of cancers and its related risk.

Conclusion

Hyperactivity of glycolysis is a hallmark of cancer meta-
bolic reprogramming, known as the Warburg Effect, which
is distinctively perceived by cancer cells [9]. Stable genetic
or epigenetic alterations may constitutively up-regulate the
aerobic glycolysis in malignant tumors like BC. Thus, this
metabolic reprogramming provides a significant excuse for
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tumor proliferation and migration in cancer cells [175]. Col-
lectively, the key enzymes of the aerobic glycolytic pathway
(HK, PFK and PK), GLUTs, together with associated signal-
ing pathways, PI3K/AKT, mTOR and AMP and transcrip-
tion factors (c-myc, pS3 and HIF-1) all play critical roles in
tumor energy metabolism. Moreover, BC proliferation and
cell survival are prudently regulated by aerobic glycolysis.
Thus, the review of aerobic glycolysis in BC may evoke
novel ideas for the BC treatment.
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