Tumor Biol. (2016) 37:8159-8168
DOI 10.1007/513277-015-4729-8

@ CrossMark

ORIGINAL ARTICLE

Altered glycometabolism affects both clinical
features and prognosis of triple-negative and neoadjuvant
chemotherapy-treated breast cancer

Tieying Dong' - Xinmei Kang' - Zhaoliang Liu?" - Shu Zhao' - Wenjie Ma' -
Qijia Xuan' - Hang Liu' - Zhipeng Wang* - Qingyuan Zhang '~

Received: 30 October 2015 / Accepted: 21 December 2015 /Published online: 29 December 2015

© International Society of Oncology and BioMarkers (ISOBM) 2015

Abstract Glycometabolism is a distinctive aspect of energy
metabolism in breast cancer, and key glycometabolism
enzymes/pathways (glycolysis, hexosamine biosynthetic
pathway, and pentose phosphate pathway) may directly or
indirectly affect the clinical features. In this study, we ana-
lyzed the particular correlation between the altered
glycometabolism and clinical features of breast cancer to in-
struct research and clinical treatment. Tissue microarrays con-
taining 189 hollow needle aspiration samples and 295 triple-
negative breast cancer tissues were used to test the expression
of M2 isoform of pyruvate kinase (PKM?2), glutamine-
fructose-6-phosphate transaminase 1 (GFPT1), glucose-6-
phosphate dehydrogenase (G6PD), and p53 by immunohisto-
chemistry and the intensity of these glycometabolism-related
protein was evaluated. Chi-square test, Kaplan-Meier esti-
mates, and Cox proportional hazards model were used to an-
alyze the relationship between the expression of these factors
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and major clinical features. PKM2, GFPT1, and G6PD affect
the pathologic complete response rate of neoadjuvant chemo-
therapy patients in different ways; pyruvate kinase muscle
isozyme 2 (PKM2) and G6PD are closely associated with
the molecular subtypes, whereas GFPT1 is correlated with
cancer size. All these three factors as well as p53 have impacts
on the progression-free survival and overall survival of triple-
negative breast cancer patients. Cancer size shows significant
association with PKM2 and GFPT1 expression, while the pN
stage and grade are associated with PKM2 and G6PD expres-
sion. Our study support that clinical characteristics are reflec-
tions of specific glycometabolism pathways, so their relation-
ships may shed light on the orientation of research or clinical
treatment. The expression of PKM2, GFPT1, and G6PD are
hazardous factors for prognosis: high expression of these pro-
teins predict worse progression-free survival and overall sur-
vival in triple-negative breast cancer, as well as worse patho-
logic complete response rate in neoadjuvant chemotherapy
breast cancer. However, p53 appears as a protective factor
only in the patients receiving neoadjuvant chemotherapy. All
the four proteins, PKM2, GFPT1, G6PD and p53, are prog-
nostic markers of breast cancer. The correlation among them
suggests that there may be crosstalk of the four proteins in
breast cancer.

Keywords Breast cancer - Neoadjuvant chemotherapy -
Glycolysis - Pentose phosphate pathway - Hexosamine
biosynthetic pathway - Prognostic and predictive value
Introduction

Breast cancer is a common cancer globally. It is the highest

occurring cancer among women and one of the leading causes
of death [1]. Breast cancer is an incurable disease, though the
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application of multi-modality cancer treatments, including
chemotherapy, radiation therapy, target therapy, and endocrine
therapy, has improved the prognosis. For inoperable or locally
inflammatory advanced cancers, chemotherapy prior to sur-
gery (neoadjuvant) is the standard treatment. According to the
guidelines from National Comprehensive Cancer Network
(NCCN), neoadjuvant chemotherapy (NACT) should be con-
sidered primarily for the treatment of patients with stage IITA
(TO-3, N2, M0), stage IIIB (T4, NO-2, MO0), and stage IT1IC
(any T, N3, MO) cancer, as well as patients who have breast
preservation desires and have stage IIA (T2, NO, M0), stage
1B (T2, N1, MO T3, NO, MO0), and stage IIIA (T3, N1, MO0)
cancer. Pathologic complete response (pCR) is referred to a
status without invasive carcinoma both in the breast and
lymph nodes after treatment and is commonly used as a cura-
tive effect criterion of NACT. The association between pCR
and long-term outcomes was the strongest in patients with
triple-negative breast cancer (TNBC) as well as in patients
who have human epidermal growth factor receptor 2
(HER2) positive, hormone receptor-negative tumors and re-
ceived trastuzumab [2, 3]. HER2, estrogen receptor (ER), and
progesterone receptor (PR) are three molecular markers that
categorize breast cancer into different molecular subgroups:
luminal A, luminal B, TNBC, or HER2 overexpression breast
cancer. Breast cancer that is negative for the three markers is
generally termed as TNBC. TNBC is often aggressive and
associated with a higher mortality than the other subtypes of
breast cancer (p<0.01) [4]. TNBC is characterized by high
cell proliferation, poor cellular differentiation, increased recur-
rent copy number imbalances of p53, and, in most cases, mu-
tations in the p53 tumor suppressor gene [5—7].

Cancer growth is frequently associated with a deviation of
a set of energy generation mechanisms. This phenomenon is
termed as the Warburg effect, which describes that cancer cells
primarily utilize glycolysis and lactic acid fermentation for
energy production rather than oxidation of pyruvate through
the tricarboxylic acid cycle. Altered hexosamine biosynthetic
pathway (HBP) and pentose phosphate pathway (PPP) are
also involved in improper energy metabolism[8, 9].

Pyruvate kinase, which converts phosphoenolpyruvate
(PEP) into pyruvate and generates one molecule of ATP, is
the key enzyme of the glycolytic pathway. The M2 isoform
of pyruvate kinase (PKM?2) is preferentially expressed in can-
cer, and the complex regulation of its activity is important to
control cell metabolism [10]. Hence, as a new chemotherapeu-
tic strategy, pyruvate kinase muscle isozyme 2 (PKM2) be-
comes an attractive target. PKM2, an embryonic isoform that
is also abundant in tumor cells, is less active than PKM1,
allowing the accumulation of glycolytic intermediates and
the energy metabolism diverting into biosynthetic pathways.
The PKM2 accumulation is demanded by rapid-proliferating
cells in the MCF-7 cells lines [11]. Small interfering RNAs
(siRNAs) specifically targeting PKM2, instead of PKM1, can
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effectively suppress oncogenic pathways and induce growth
arrest, re-establishment of basally polarized acini of human
malignant breast epithelial cells in 3D cell culture.
Furthermore, the elevation of pyruvate and ATP in glucose-
starved malignant cells after PEP addition is also blocked by
PKM2 knockdown [12]. Multiple unique non-metabolic func-
tions of PKM2 have been proposed to play a vital role in
cancer cell proliferation and tumor growth [13—15].

Hexosamine biosynthetic pathway is also involved in the
reciprocal regulation of glycolytic pathway and oncogenic
events [12]. The main product of HBP is uridine diphos-
phate-N-acetyl-D-glucosamine (GlcNAc), a primary donor
molecule for post-translational modifications, such as N- and
O-glycosylation. Glycosylation plays critical roles in varieties
of biological processes. It is established that addition of
GlcNAc to glucose-depleted cells completely prevents the
death of transformed cells. This phenomenon stresses the im-
portant role of glucose in HBP fuelling to increase cell surviv-
al [16]. Glutamine-fructose-6-phosphate transaminase 1
(GFPT1) is the first and rate-limiting enzyme of HBP [12].
Yasuhito Onodera and Mina J. Bissell confirmed by Western
blot that GFPT1 level was high in malignant human breast
epithelial cell colonies. The two different inhibitors of
GFPT, azaserine, and 6-diazo-5-oxonorleucine, induced
growth arrest, re-established tissue polarity, suppressed onco-
genic signaling, and reduced glycolytic activity. The same
phenotypes could also be observed after silencing GFPT1 by
siRNA in malignant cells [12].

The pentose phosphate pathway is a biochemical pathway
parallel to glycolysis. Pentose phosphate pathway (PPP) gen-
erates NADPH and ribose-5-phosphate (R5P) which is the
stock for de novo synthesis of RNA and DNA [17].
Numerous intermediary glucose metabolites are used for di-
verse biosynthetic processes [18], and NADPH, a reducing
equivalent generated by glucose metabolism, sequesters
ROS to make cells resist cell death [19, 20]. Thus, the PPP
plays an essential role in protecting cells from oxidative stress-
induced apoptosis [21] and promoting cell proliferation.
Glucose-6-phosphate dehydrogenase (G6PD) is the first and
rate-controlling enzyme of PPP oxidative branch. It catalyzes
the conversion of glucose-6-phosphate to 6-phosphate-
gluconolactone and generates NADPH. C'*-glucose tracers
show the activation of pentose phosphate cycle leads to fast
growth of MDA-MB-231 cells lines [22]. The fact that
estradiol-treated cells have increased transcript levels of
GO6PD compared to control cells explains the phenomenon
that G6PD-deficient women have reduced breast cancer risk
[23].

p53, a well-studied tumor suppressor, plays a critical role in
controlling numerous cellular processes, including apoptosis,
cell cycle arrest, and genomic stability. p53 is also known to
reduce the glycolysis rate by increasing the activity of a fruc-
tose-2,6-bisphosphatase which is involved in the regulatory



Tumor Biol. (2016) 37:8159-8168

8161

pathways of apoptosis. Therefore, a reduced expression of
protein p53 in cancer cells was linked to the Warburg effect
in regulating cell apoptosis [19, 24]. Recent studies have re-
vealed a number of new functions of p53 in the regulation of
glucose and energy metabolic pathways, including glucose
transport [25], glycolysis [19], tricarboxylic acid cycle [26],
mitochondrial respiratory chain/oxidative phosphorylation
[27], and PPP [28, 29].

The close association of the three primary glucose meta-
bolic pathways with breast cancer has been elaborated
(Fig. 1). However, the interaction among them remains to be
explored in breast cancer. The aims of this study are to inves-
tigate the effect of these factors of glucose metabolism on
NACT breast cancer and the prognosis of TNBC, as well as
to explore their potential interactions, so that their potential as
predictors of tumor progression and treatment targets can be
revealed.

Materials and methods
Patients and tissue samples

Formalin-fixed paraffin-embedded breast cancer sections
were obtained from The Third Affiliated Hospital of Harbin
Medical University. The patients were firstly diagnosed
as breast cancer without any severe systemic diseases or
combined tumor, and did not receive any treatment be-
fore diagnosis. The patients with NACT were diagnosed
between December 2009 and January 2014, while the
TNBC patients were diagnosed between January 2003
and January 2009. Patients were excluded from this

Fig. 1 The crosstalk among
glycolysis, HBP and PPP, and
their rate-limiting enzymes

study if they could not bear first-line chemotherapy
due to pregnancy, breast feeding, or poor compliance,
or if they were less than 18 years of age.

Totally, 189 hollow needle aspiration breast cancer samples
were collected. The median age of these patients was 48
(ranged from 25 to 76). Among these cases, 44 (23.28 %)
patients achieved pathologic complete response. The median
age of the 295 TNBC patients enrolled in this project was 50
(ranged from 24 to 76), the progression-free survival
(PFS) ranged from 1 to 134 months (the median was
61.59) and the overall survival (OS) ranged from 5 to
134 months (the median was 72.21). Patients who did
not relapse were censored at the time of the last follow-
up or death. Thirty-six relative healthy control samples
were included in this study. This study was conducted
with approval from the Ethics Committee of the Third
Affiliated Hospital of Harbin Medical University.

Immunohistochemistry (IHC)

Four micrometers of paraffin sections were used for immuno-
histochemical staining. They were dewaxed, incubated in sa-
line sodium citrate (pH="7.0) for 1 min (2 min for G6PD [HC)
in pressure heating environment for antigen retrieval, then
soaked in 3 % H,O, solution for 25 min. Mouse monoclonal
PKM2 antibody (1:10,000, OriGene, USA), rabbit monoclo-
nal GFPTI antibody (1:600 Abcam, UK), and G6PD (1:300,
Millipore, USA) were applied at 4 °C overnight, and the sec-
tions were incubated with secondary antibody at room tem-
perature for 25 min, then visualized by DAB.

The stained specimens were reviewed by two pathologists
independently. At least five visual fields were observed for
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each section under high power lens (x400) to calculate
the percentage of positive cells. The sections were then
scored semi-quantitatively for PKM2 and GFPT1 as the
following criterions: 0 (<10 %), 1 (10 to 50 %), and 2 (>50 %);
intensities were scored as 0 (no staining), 1 (weak staining),
and 2 (strong staining). Specimen with a total score (percent-
age score multiplied intensity score)>1 were classified as
PKM2-positive (+), otherwise were PKM2-negtive (-).
G6PD was scored as the same criterion of PKM2, but the
percentage scores were determined as the following: 0 (<
10 %), 1 (10 to 30 %), and 2 (>30 %) (Fig. 2).

Statistical analysis

All the data were analyzed with statistical package SPSS (ver-
sion 20.0 for Windows, IBM SPSS statistics) software and
chi-square tests were used to compare the differences of the
associated factor expressions in breast cancer tissues. The cor-
relations of the PKM2, GFPT1, and G6PD expression levels
were also analyzed using chi-square tests. Survival curves
were generated with the Kaplan-Meier method, and Cox’s
proportional hazards regression model was used to evaluate

£8Y

the hazards. Differences with p<0.05 were considered statis-
tically significant.

Result
Patients and clinical characteristics

Forty-four patients achieved pCR according to the criterion of
calculation script (www.mdanderson.org/breastcancer RCB)
[25] among the 189 patients treated with NACT.
Clinicopathological and treatment characteristics in relation
to pCR are shown in Supplementary Table 1. Molecular
subtypes and tumor size show significant differences
(<0.001; p=0.024) between the pCR group and non-pCR
group (Supplementary Table 1). In TNBC patients, several
factors have impacts on PFS and OS, such as the number of
chemotherapy cycle (p<0.001, p=0.050, respectively), oper-
ation (p=0.001, p<0.001, respectively), and radiotherapy
(»=0.013, p=0.005, respectively) (Supplementary Table 2).
Compared with the 484 breast cancer tissues, the 36 control
breast tissues show markedly low expressions of PKM2,

GFPT1-P

Fig.2 IHC of PKM2, GFPT1, and G6PD in breast cancer patients and control groups. Patients showed markedly different expression of the gene in the

positive and negative cancer samples
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GFPT1, and G6PD (p=0.026, p=0.041, and p=0.029, re-
spectively) (Fig. 2, Supplementary Figure).

PKM2 expression is associated with pCR and prognosis

PKM2 displayed molecular subtype-specific expression
(»<0.001) in the patients receiving neoadjuvant chemothera-
py. The miscellaneous PKM2 expression also affects the rate
of pCR (»p=0.001) (Table 1). In TNBC, the expression of
PKM?2 is significantly associated with tumor size
(p=0.045), lymph node positivity (p=0.008), grade
(»=0.005), and histology subtype (p=0.013) (Table 2).
Kaplan-Meier analyses reveal that the expression of PKM2
has a significant influence on the PFS (p<0.001) and OS
(»<0.001) of TNBC (Fig. 3a and b).

GFPT1 expression is associated with pCR and prognosis

In neoadjuvant chemotherapy breast cancer, the expression of
GFPT1 has notable difference in the patients with different
tumor size and is associated with the rate of pCR (p=0.023,
p<0.001, respectively) (Table 1). The larger the tumor size is
the stronger the expression of GFPT1. The same phenomenon
was also observed in the TNBC (p=0.005) (Table 2). Patients
with low expression of GFPT1 may achieve pCR more easily
than the patients with high expression of GFPT1 (»p<0.001).

Table 1
features

Patients with lower GFPT1 expression also have longer PFS
(p=0.002) and OS (p=0.004) (Fig. 3c and d).

GO6PD expression is associated with pCR and prognosis

The cohorts of luminal A and luminal B show stronger expres-
sion of G6PD than the TNBC and HER?2 overexpression cohorts
(p=0.036). In addition, there are more G6PD-high expression
patients in non-pCR cohort than the pCR cohort (p=0.015)
(Table 1). In TNBC, the expression of G6PD shows significant
difference among patients of different pN stage (p=0.007) and
grade (p=0.009) (Table 2). Furthermore, it is also notably asso-
ciated with the PFS (p=0.001) and OS (»<0.001) (Fig. 3¢ and f).

P53 mutation is associated with TNBC prognosis

In the TNBC group, it is observed that p5S3 mutation is closely
associated with the PFS (p<0.001) and OS (p<0.001)
(Fig. 3g, h), which means the patients with p53 mutations
have worse prognosis.

The relationship of PKM2, GFPT1, G6PD expressions,
and p53 mutation

In order to reveal the potential connections of these factors, we
analyze the relationship among PKM2, GFPT1, G6PD

Expression of PKM2, GFPT1, and G6PD as well as p53 mutations in 189 NACT patients and their association with clinicopathological

Clinicopathological features PKM?2 expression p

GFPTI expression p

G6PD expression p P53 mutation p

in NACT patients
P N P N P N P N
BMI Underweight 6 1 0300 5 2 0.691 5 2 0337 5 27 0.233
Healthy weight 61 55 70 46 60 56 37 79
Overweight 36 25 39 22 33 28 24 37
Obesity 3 2 2 3 1 4 2 3
Age (years) 20-30 7 0.152 5 3 0.730 4 4 0.743 3 5 0.319
31-40 18 8 14 12 14 12 7 19
41-50 34 36 41 29 33 37 22 48
51-60 38 30 46 22 37 31 30 38
61-70 9 8 10 7 11 6 6 11
Menstruation Postmenopausal 38 32 0.702 46 24 0.347 39 31 0.482 29 41 0.131
Premenopausal 68 51 70 49 60 59 39 80
Tumor size Tl 13 13 0.767 15 11 0.023 12 14 0.772 12 14 0.645
T2 76 56 76 56 71 61 47 85
T3 17 14 26 5 16 15 9 22
Molecular subtype Luminal A 38 19 <0.001 37 20 0.525 35 22 0.036 13 44 0.123
Luminal B 24 9 23 10 22 11 11 22
TNBC 21 27 27 21 20 28 19 29
HER2 (3+) 23 28 29 22 22 29 25 26
Pathological response pCR 15 29 0.001 15 29 <0.001 16 28 0.015 16 28 0.511
Non-pCR 91 54 101 44 83 62 52 93
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Table 2
features

Expression of PKM2, GFPT1, and G6PD as well as p53 mutations in 295 TNBC patients and their association with clinicopathological

Clinicopathological features PKM2 expression  p

GFPT1 expression p

G6PD expression P p53 mutation  p

in TNBC patients
P N P N P N P N
BMI Underweight 2 4 0542 5 1 0452 5 1 0.630 2 4 0.418
Healthy weight 81 104 108 77 140 45 44 141
Overweight 34 38 41 31 50 22 19 53
Obesity 18 14 16 16 22 10 12 20
Age (years) 20-30 3 2 0.748 2 3 0.489 4 1 0436 3 2 0.728
3140 23 26 26 23 36 13 16 33
41-50 44 63 59 48 76 31 25 82
51-60 50 51 60 41 80 21 25 76
61-70 15 18 23 10 21 12 9 24
Menstruation Postmenopausal 71 78 0.511 96 53 0.093 110 39 0917 35 114 0.443
Premenopausal 64 82 74 72 107 39 42 104
T T1 20 33 0.045 22 31 0.005 36 17 0.146 17 36 0.654
T2 67 89 88 68 118 38 40 116
T3 40 36 55 21 53 23 17 59
T4 8 2 5 5 10 0 3 7
pN NO 21 42 0.008 34 29 0910 37 26 0.007 14 49 0.853
N1 25 39 38 26 45 19 17 47
N2 35 42 44 33 64 13 20 57
N3 54 37 54 37 71 20 26 65
Grade 1 3 17 0.005 8 12 0249 10 10 0.009 6 14 0.667
2 36 52 51 37 60 28 20 68
3 96 91 111 76 147 40 51 136
Histology subtype Ductal 127 135 0.013 151 111 0.857 194 68 0.693 190 72 0.367
Lobular 2 14 10 6 12 4 2 14
Mixed 6 11 9 8 11 6 3 14

expressions, and p53 mutation. PKM2 and G6PD expression
show correlation both in NACT patients and TNBC patients
(»=0.013, p=0.021, respectively), so do G6PD expression
and p53 mutation (p=0.025, p=0.027, respectively).
Moreover, GFPT1 expression is associated with G6PD ex-
pression and p53 mutation (p<0.001, p=0.024, respectively)
in NACT breast cancer patients, but the association between
PKM2 expression and p53 mutation is only observed in
TNBC patients (p=0.020).

Discussion

Although pCR (including node-negative) status has consis-
tently signified an excellent prognosis in published stud-
ies, precise report of residual disease has become a
meaningful tool for NACT breast cancer patients be-
cause of its prognosis prediction [25]. Therefore, the
pCR in this study includes the status with minimal re-
sidual disease.

@ Springer

The tumor cells preferentially use glycolysis over mito-
chondrial oxidative phosphorylation for glucose-dependent
ATP production [30], which is consistent with the fact that
the cancer cells use an alternative energy-producing mecha-
nism to maintain a higher ATP level since their mitochondria
are significantly less capable of producing ATP [31]. Taken
together, these data suggest that intracellular ATP plays a cen-
tral role in the cancer process [31] and stress the importance of
altered glucose metabolism, including HBP and PPP in cancer
research.

Breast cancer is classified into various metabolic pheno-
types according to its heterogeneous metabolic status. The
Warburg effect and mixed metabolic alteration had been iden-
tified, and they are closely associated with the triple-
negative breast cancer phenotype, whereas the reverse
Warburg effect was frequently identified within the lu-
minal type of breast tumors, suggesting a correlation
between metabolic phenotype and the biology of breast
cancer [9, 32].

The metabolic profiles of cancer cells are distinct from
those of normal cells due to the Warburg effect, so SR9243,
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Fig. 3 Expression of PKM2,
GFPT1, and G6PD as well as p53
mutation associate with PFS and
OS in TNBC. Positive expression
of PKM2 leads to worse PFS and
OS (a, b); GFPT1 expression is
related to worse PFS and OS (c,
d); G6PD expression is associated
with PFS and OS (e, f); p53
mutations results in worse PFS
and OS (g, h)

which can significantly inhibit the Warburg effect by reducing
glycolytic activity, induces apoptosis in tumors without
inducing weight loss, hepatotoxicity, or inflammation.
Therefore, by targeting glycolysis, a broad range of can-

cers can be treated [33].
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There are also some reports that high pyruvate kinase ac-
tivity induced by exogenous PKM1 expression or pharmaco-
logical activation of PKM2 can impair tumor growth and de-
crease levels of metabolites critical for biosynthesis in vivo,

along with the statements that high level of PKM2 promotes
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cell rapid proliferation [34]. There has been controversy on
whether PKM2 should be activated or inhibited for cancer
therapy [34, 35]. In our study, the expression of PKM2 in
cancer patient samples is higher compared with the 36 control
tissues, which is a powerful argument for supporting the the-
ory that we should reduce PKM2 level to treat cancer.

Although PKM2, GFPT1, and G6PD affect the pCR rate of
NACT breast cancer patients, their working mechanisms may
be diverse as they have different effect on specific clinical
items. In details, the expressions of PKM2 and G6PD are
closely associated with the molecular subtypes, whereas
GFPT1 is correlated with tumor size. All these three factors
and p53 have impacts on the PFS and OS of TNBC patients,
while in the NACT patients, their functions are expressed in
distinct molecular subtypes. Tumor size showed significant
correlation with PKM2 and GFPT1 expression, while the pN
stage and grade are associated with PKM2 and G6PD
expression.

The previous findings stated that the activation of HBP
pathway partially deregulated tissue polarity in nonmalignant
cells and disorganized polarized tumor cells and might be
sufficient to induce the malignant phenotype [12]. Therefore,
glycosylation and glycolysis may play an important role in
cell proliferation in order to achieve larger tumor size in
TNBC, even though currently the crosstalk mechanism has
not been understood clearly. Though the results of cell culture
suggest that the activation of both glycolysis and HBP is es-
sential for the induction and/or maintenance of canonical on-
cogenic pathways [36], the synergistic effect between GFPT1
and PKM2 has not been observed in our experiment. This
might be due to the miscellaneous molecular subtypes of the
cohort. In conclusion, suppression of both HBP and glycolysis
may be a new direction of research or treatment in TNBC with
large tumor size to achieve preferential PFS and/or OS.

The synergistic effect of PKM2 and G6PD was observed
both in NACT and TNBC groups, which is a reflection on ER/
PR expression situation, pN stage and grade, respectively.
This result was in line with the theory that PKM2 overexpres-
sion results in the accumulation of glycolytic intermediates for
alternative pathways including the PPP [37]. Considering the
reciprocal promotion of the two pathways, we speculate that
reducing their common substrates may bring better outcome
in cancer treatment.

The PPP possesses an oxidative and non-oxidative branch,
which generate NADPH and RSP, respectively. Both the oxi-
dative and non-oxidative branches have been demonstrated to
be activated in human cancer. G6PD is the first and rate-
limiting enzyme of the oxidative branch, irreversibly oxidizes
G6P to 6-Pgluconolactone, and generates NADPH. The non-
oxidative branch of the PPP generate R5P reversibly for nu-
cleotide synthesis during proliferation, and the excess amount
of pentose phosphate can enter to glycolysis [38].
Furthermore, previously research has demonstrated that
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oxidative stress causes oxidation of PKM2 that results in re-
versible enzyme inactivation and enhanced channeling of glu-
cose metabolites through PPP [39, 40]. That may indicate that
we should disrupt both PPP and PKM2 activity if we want to
deplete glycolysis completely. Taking our results and previous
research together, we should repress both PPP and glycolysis
for breast cancer patients with the advanced pN stage and/or
grade, which may be a new thought of research or cure direc-
tion in TNBC to achieve preferential prognosis. The expres-
sion of GOPD is higher in luminal A patients probably due to
ER expression, and this result is consistent with previous find-
ing that the estrogen receptor antagonist reduced estrogen-
induced G6PD protein in patient-derived cells [23]. G6PD
inhibitors may enhance the effect of endocrine therapy and
show positive effect in endocrinotherapy-resistant patients.

Our study shows that wild p53 inhibits the PPP through
GO6PD both in NACT patients and TNBC patients, which may
indicate that the G6PD inhibitors could exhibit anti-cancer
effect in pS3 mutation patients [28]. The previous conclusion
that p53 regulates biosynthesis through direct inactivation of
G6PD [28] has been confirmed in the patient tissues. We ex-
pect the combination of p53 and G6PD might shed light on a
new direction of research and treatment.

In summary, our result supports the standpoint that PKM2
should be inhibited for cancer therapy. Patients with positive
hormone receptor will have favorable prognosis from the sup-
pression of PKM2 and G6PD due to their effect on tumor size,
whereas the TNBC patients will prolong their survival period
by downregulating the expression of PKM2 and GFPT1 due
to their effect on tumor size. Patients who have positive lymph
node will benefit from the suppression of PKM2 and G6PD.
The synergetic effect of PKM2, GFPT1, G6PD, and p53 on
clinical characteristics may shed light on a new direction of
research and treatment. Additionally, they might be promising
predictors of tumor progression.
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