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Abstract: The reprogramming of energy metabolism is one of the hallmarks of cancer and is crucial
for tumor progression. Altered aerobic glycolysis is a well-known characteristic of cancer cell
metabolism. In the present study, the expression profiles of key metabolic genes (HK2, PFKM, and
PKM2) were assessed in the breast cancer cohort of Pakistan using quantitative polymerase chain
reaction (qPCR) and IHC. Expression patterns were correlated with molecular subtypes and clinical
parameters in the patients. A significant upregulation of key glycolytic genes was observed in tumor
samples in comparison to their adjacent controls (p < 0.0001). The expression of the studied glycolytic
genes was significantly increased in late clinical stages, positive nodal involvement, and distant
metastasis (p < 0.05). HK2 and PKM2 were found to be upregulated in luminal B, whereas PFKM was
overexpressed in the luminal A subtype of breast cancer. The genes were positively correlated with
the proliferation marker Ki67 (p < 0.001). Moreover, moderate positive linear correlations between
HK2 and PKM2 (r = 0.476), HK2 and PFKM (r = 0.473), and PKM2 and PFKM (r = 0.501) were also
observed (p < 0.01). These findings validate that the key regulatory genes in glycolysis can serve as
potential biomarkers and/or molecular targets for breast cancer management. However, the clinical
significance of these molecules needs to be further validated through in vitro and in vivo experiments.

Keywords: aerobic glycolysis; breast cancer; HK2; PFKM; PKM2; Warburg effect

1. Introduction

Metabolic reprogramming or disturbance in energy metabolism is the most common
characteristic in malignant tumors and one of the hallmarks of cancer [1]. To maintain
rapid growth, cancer cells can alter their capability to metabolize lipids, carbohydrates,
and proteins [2]. Normal cells follow oxidative phosphorylation (OXPHOS) by consuming
glucose and oxygen in order to produce energy and shift metabolism to glycolysis in
hypoxic conditions (oxygen-deprived environments) to fulfill their energy needs [3]. On
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the contrary, cancer cells mainly produce energy by glycolysis, even in the abundance of
oxygen, which has been termed the “Warburg effect” [4].

Cancer glycolysis is a key step in oncogenic activation and tumor progression. Glycol-
ysis leads to a breakdown of glucose molecules to pyruvate, with the help of hexokinase
(HK), phosphofructokinase (PFK), and pyruvate kinase (PK) [5]. These enzymes exist in
various isoforms, which are encoded by their specific genes. To date, four isoforms of HKs
have been characterized in mammals [6]. Of these, the one encoded by the HK2 (hexokinase
2) gene was found to be overexpressed in a variety of cancers, i.e., colorectal [7], lung [8],
digestive [9], and liver cancers [10]. HK2 catalyzes the initial step during glycolysis by
phosphorylating glucose to produce glucose-6-phosphate (G-6P). Moreover, knockdown of
HK2 leads to tumor growth inhibition in prostate, glioblastoma, and pancreatic cancers [8].
In addition, an association of hyperactive glycolysis with HK2 overexpression was found
in hepatocellular carcinomas [11]. An increase in overall survival and decreased tumor
burden was seen upon HK2 deletion in KRAS-driven lung cancer and ERBB2 driven breast
cancer [8].

Phosphofructokinase is the key rate-limiting enzyme of all the glycolysis regulatory
catalytic complexes. It is responsible for controlling the maximum percentage of glycolytic
activity [12]. Conversion of fructose-6-phosphate to fructose-1,6-bisphosphate in glycolysis
is mediated by phosphofructokinase with a release of energy [13]. Out of the three iso-
forms, the PFKM is a crucial regulatory target encoded by the PFKM (phosphofructokinase
muscle) gene, as it serves as an activator of muscle glycolysis, which is critical for cancer
dissemination [14]. Moreover, an in silico study reported PFKM as a potential therapeutic
target for cancer and aerobic glycolysis. PFKM genetic mutation associated with different
cancers, including human melanomas, breast cancer, bladder cancer, non-small-cell lung
cancer, and glioma has also been observed [15].

PKM2 (pyruvate kinase isozyme M2) plays a key role in the regulation of cell metabolism
by catalyzing the final step of glycolysis [16]. It converts phosphoenolpyruvate to pro-
duce pyruvate and ATP [17]. Studies have shown that PKM2 gene expression is critical
for aerobic glycolysis in cancer cells [18]. PKM2 also functions as a coactivator of HIF1
(hypoxia-inducible factor) to promote Warburg metabolism [19]. It has been reported that
a shift in metabolism from glycolysis to OXPHOS occurred when mice were engineered
to express PKM1 instead of PKM2 [20]. The role of PKM2 has been studied in a variety of
cancers including melanoma, lung, cervical, and colorectal cancers [21].

Dysregulation of key metabolic genes, namely, HK2, PFKM, and PKM2, has the po-
tential to disrupt glycolytic metabolism and remove additional barriers against tumor
progression [22,23]. Hence, the current study aims to explore the expression profiles of
these genes in the breast cancer cohort of Pakistan. In addition, the correlation of glycolytic
markers with clinicopathological parameters, the Ki67 proliferation marker, and molecu-
lar subtypes in breast cancer was also assessed. This study will provide insight into the
potential role of glycolytic genes in breast tumor progression and metastasis.

2. Materials and Methods
2.1. Inclusion and Exclusion Criteria

Patients who were diagnosed with breast cancer were included in the study. Patients
with a history of hereditary/familial diseases, hepatitis, and HIV (human immunodefi-
ciency virus) were excluded.

2.2. Tissue and Data Collection

The current study was conducted after formal approval from biosafety and bio-ethical
committees of COMSATS University and affiliated hospitals. The study cohort consisted
of freshly excised breast tumor specimens along with their adjacent normal (2 cm away
from the site of the tumor) tissues (n = 120; tumor tissue = 60; control tissue = 60). The
samples were obtained with informed patient consent. Demographic data, including age,
menopausal status, laterality, and clinicopathological findings (including tumor grade,
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stage, size, nodal involvement, and receptor status), were also retrieved. Samples were
immediately transferred to RNA later solution and stored at −80 ◦C until further use.

2.3. RNA Extraction and cDNA Synthesis

Samples from both tumor tissues and adjacent controls were homogenized for RNA
isolation using TRIzol® Reagent. The purity of RNA was measured using a spectropho-
tometer at absorbances of 260 nm and 280 nm. cDNA (complementary DNA) was generated
from 0.5 µg of RNA using Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific,
San Diego, USA) according to manufacturer’s instructions.

2.4. Primer Designing

Primers were designed using an online available tool PRIMER 3. Primer specificity
was confirmed using NCBI primer Blast. Primer sequences for the studied genes, i.e., HK2,
PKM2, PFKM, Ki67, and β-actin, along with their product sizes, are listed in Table 1.

Table 1. Primer sequences of the studied genes.

S. No. Gene Name Forward/Reverse Primer Seq Product Size

1 HK2
GAGTTTGACCTGGATGTGGTTGC (Forward) 130 bps

CCTCCATGTAGCAGGCATTGCT (Reverse)

2 PKM2
AGGACCTGAGATCCGAACTG(Forward) 132 bps
AGCCACAGGATGTTCTCGTC (Reverse)

3 PFKM
ATGACCCATGAAGAGCACCA (Forward) 137 bps
GCACCGGTGAAGATACCAAC (Reverse)

4 β-actin CTGAACCCCAAGGCCAAC (Forward) 108 bps
AGAGGCGTACAGGGATAGCA (Reverse)

5 Ki-67
GCCTTGGTCTCTTGGGAATAC (Forward) 123 bps

GGAGATTAGGAGCCAGTTTGAG (Reverse)

2.5. Quantitative Real Time PCR

The resulting cDNA was then subjected to qPCR using SYBR green qPCR Master
Mix (Thermo Scientific, San Diego, USA). The qPCR reaction was performed with initial
denaturation for 12 min at 95 ◦C followed by 35 cycles of amplification (denaturation
for 45 s at 94 ◦C, annealing at 59 ◦C for 30 s, and elongation for 30 s at 72 ◦C) as per the
manufacturer’s instructions using the Applied Biosystems 9200 system. B-actin was used
as an internal control.

2.6. Immuno-Histochemistry (IHC)

IHC was performed with these antibodies (200 µg/mL), anti-hexokinase II (HXK II
(B-8); sc-374091; dilution 1:400; Santa cruz, CA, USA); anti-phosphofructokinase (PFK1
(E-4); sc-377346; dilution 1:500; Santa cruz, CA, USA); and anti-pyruvate kinase muscle
(PKM (C-11); sc-365684; dilution 1:200; Santa cruz, CA, USA), using the methodology
described earlier [24]. Protein expression of the respective genes was compared between
adjacent normal tissues as controls and tumor samples retrieved from paraffin-embedded
formalin-fixed blocks of breast cancer-affected patients.

2.7. Expression of Glycolytic Genes in TCGA Cohort

The GEPIA platform was used for the TCGA dataset to perform tumor vs. normal
comparisons. Expressions of HK2, PFKM, and PKM transcripts in the breast cancer cohort
(BRCA) were evaluated in comparison to normal breast tissue in TCGA. Student’s t-test and
cut-off (p < 0.05) were used in the GEPIA platform. BRCA was comprised of 1085 tumors
and 291 normal breast tissue samples.
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2.8. Statistical Evaluation of Data

Livak’s method (2−∆∆Ct) [25] was used to measure the comparative mRNA expression
of target genes (HK2, PKM2, and PFKM) in tumor samples compared to their respective
adjacent controls. The results are expressed as mean ± SEM. Wilcoxon signed-rank test
was performed for statistical comparison between tumors and controls. Non-parametric
methods of statistical testing, including Kruskal-Wallis and Mann-Whitney U tests, were
used to investigate the association of clinicopathological characteristics with HK2, PKM2,
and PFKM expressions. Data for molecular subtypes of breast cancer were analyzed using
one-way ANOVA. Spearman rank test was used to assess the correlation between the
expression of the glycolytic genes and Ki67. A Kaplan–Meier curve was generated, and
overall survival was analyzed using a log-rank (Mantel–Cox) test. All statistical analyses
were performed using GraphPad Prism version 10 (GraphPad, La Jolla, CA, USA). The
results were considered as significant at p < 0.05.

3. Results
3.1. Association of Glycolytic Gene Expression with Demographic Characteristics

The mean age of breast cancer patients included in this study was 45 years with an
age range between 24 and 70 years. In the cohort, 50% of patients were younger than 45
years at the time of diagnosis. Transcript levels of HK2 (p< 0.05) and PFKM (p < 0.001)
were significantly elevated in older patients (age > 45 years) compared to younger patients.
Expression of the glycolytic genes with respect to age at disease diagnosis is also indicated
in Tables 2 and 3, and Figures 1B, 2B, and 3B. Accordingly, significant overexpression
of HK2, PKM2, and PFKM genes (p < 0.05) was observed in postmenopausal women in
comparison to premenopausal women (Table 3 and Figures 1C, 2C, and 3C).

Table 2. Clinicopathological and demographic characterization of breast cancer samples along with
expressions of HK2, PKM2, and PFKM.

Variables Total (%) HK2 high PKM2 high PFKM high

Age of disease onset ≤45 30(50) 19 21 21

Age of disease onset >45 30(50) 22 23 27

Premenopausal status 25(42) 14 20 17

Postmenopausal status 35(58) 27 24 31

Laterality (left) 30(50) 19 21 23

Laterality (right) 30(50) 22 23 25

Grade I/II 45(75) 28 32 35

Grade III 15(25) 13 12 13

Stage I/II 41(68) 26 30 32

Stage III/IV 19(22) 15 14 16

N0/N1 49(82) 32 36 38

N2/N3 11(18) 9 8 10

No metastasis(M0) 57(95) 38 41 45

Distant metastasis(M1) 3(5) 3 3 3

T1/T2 40(67) 28 29 30

T3/T4 20(33) 13 15 18
N0/N1 = nodes involved ≤ 4; N2/N3 = nodes involved ≥ 4; T1/T2 = size of tumor is ≤5 cm; T3/T4 = size of tumor
is ≥5 cm; M0 = cancer not spread to other parts of the body; M1 = cancer spread to other parts; % = percentage.



Genes 2022, 13, 549 5 of 14

Table 3. Association of demographic and clinicopathological characteristics of the breast cancer cohort.

Variables Total
HK2 PKM2 PFKM

Mean ± SEM p-Value Mean ± SEM p-Value Mean ± SEM p-Value

Age of disease onset <45 30 1.197 ± 0.1129
0.0423 #

2.112 ± 0.4516
0.5593 #

2.393 ± 0.2688
0.0038 #

Age of disease onset >45 30 1.786 ± 0.3399 1.599 ± 0.2239 4.495 ± 0.6518

Premenopausal status 25 1.011 ± 0.1066
0.0233 #

0.9701 ± 0.1295
0.0192 #

2.229 ± 0.3476
0.0183 #

Postmenopausal status 35 1.912 ± 0.3129 1.741 ± 0.2095 4.073 ± 0.5835

Laterality (left) 30 1.553 ± 0.3226
0.1257 #

1.044 ± 0.1162
0.0488 #

2.584 ± 0.3395
0.5137 #

Laterality (right) 30 1.909 ± 0.3522 2.233 ± 0.4911 3.368 ± 0.5807

Tumor 60 1.948 ± 0.2848
<0.0001 ¥

1.960 ± 0.09343
<0.0001 ¥

3.056 ± 0.3269
<0.0001 ¥

Control 60 1.000 ± 0.1055 1.000 ± 0.2483 1.000 ± 0.15330

Grade I/II 45 1.058 ± 0.05400
0.1121 #

1.309 ± 0.1353
0.2237 #

1.976 ± 0.2425
0.0403 #

Grade III 15 1.314 ± 0.1560 2.165 ± 0.6173 2.987 ± 0.4276

Stage I/II 41 1.496 ± 0.1572
0.0459 #

1.161 ± 0.1164
0.0302 #

2.786 ± 0.4199
0.0459 #

Stage III/IV 19 2.694 ± 0.6708 1.881 ± 0.2609 1.241 ± 0.1621

N0/N1 49 1.595 ± 0.2565
0.0010 #

1.582 ± 0.1863
0.0084 #

2.123 ± 0.2261
0.0078 #

N2/N3 11 3.171 ± 0.5819 3.529 ± 0.8762 4.985 ± 1.071

No metastasis (M0) 57 2.259 ± 0.6133
0.0039 #

1.620 ± 0.1726
0.0088 #

2.015 ± 0.2073
0.0432 #

Distant metastasis (M1) 3 7.009 ± 1.794 4.066 ± 0.6310 4.816 ± 1.835

T Stage: T1/T2 40 1.349 ± 0.1343
0.0499 #

1.652 ± 0.2400
0.0090 #

1.801 ± 0.2317
0.0026 #

T Stage: T3/T4 20 2.299 ± 0.5588 2.480 ± 0.4631 3.205 ± 0.3991
¥ Wilcoxon signed rank test; # Mann–Whitney U test; SEM = standard error mean.
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Figure 1. Association of HK2 gene expression with various clinicopathological parameters and
molecular subtypes. Fold change of HK2 gene in (A) control vs. tumor tissues; (B) different age
groups of disease onset; (C) menopausal status; (D) molecular subtypes of breast cancer; (E) tumor
grade; (F) tumor stage; (G) tumor size; (H) nodal involvement; (I) metastasis. Significance level
* p < 0.05, ** p < 0.001, *** p < 0.0001.
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grade; (F) tumor stage; (G) tumor size; (H) nodal involvement; (I) metastasis. Significance level
* p < 0.05, ** p < 0.001, *** p < 0.0001.
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Figure 3. Association of PKM2 gene expression with various clinicopathological parameters and
molecular subtypes. Fold change of PKM2 gene in (A) control vs. tumor tissues; (B) different age
groups of disease onset; (C) menopausal status; (D) molecular subtypes of breast cancer; (E) tumor
grade; (F) tumor stage; (G) tumor size; (H) nodal involvement; (I) metastasis. Significance level
* p < 0.05, ** p < 0.001, *** p < 0.0001.



Genes 2022, 13, 549 7 of 14

3.2. Relative Expression of Glycolytic Genes in Breast Cancer Study Cohort

Significant upregulation (p < 0.0001) of the glycolytic genes (HK2, PKM2, and PFKM)
was observed in breast tumor tissues in comparison to their respective controls (Table 3
and Figure 1A, Figure 2A, and Figure 3A). About 68% of tumors showed high expression of
HK2, whereas 73% were high for PKM2. Interestingly, 80% of the tumors had overexpressed
the PFKM gene as indicated in Table 2. Protein expressions of HK2, PFKM and PKM were
found to be high in tumor tissues with cytoplasmic localization (Figure 4). Analysis from
the BRCA dataset of TCGA also validated that the PKM2 gene (p < 0.05) was significantly
altered between tumors and normal breast samples. HK2 expression was elevated in TCGA
breast tumors as well. However, PFKM was not altered between tumors and normal breast
tissue as shown in Figure 5.
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tumor tissues (B,D,F) in comparison to adjacent normal tissues (A,C,E) (scale: 600 µm).

3.3. Association of Glycolytic Genes with Clinicopathological Characteristics of the Study Cohort

Out of the three glycolytic genes, PFKM (p < 0.05) showed significant upregulation
in higher-grade tumors as compared to low-grade tumors as indicated in Table 3 and
Figure 2E. Significant overexpression of the glycolytic genes HK2 and PKM2 (p < 0.05)
was observed in advanced clinical stages (stage III/IV) of breast cancer as compared
to early stages (stage I/II), as shown in Figures 1F and 3F. Comparably, significant
overexpression of the PFKM gene (p < 0.05) was seen in the early clinical stages (SI/II) of
breast cancer. Tumor stage, nodal involvement, and metastasis data were also retrieved
for the given breast cancer cohort. A significant increase in the expression of these
glycolytic genes was observed in increased tumor size, nodal metastasis, and distant
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metastasis (p < 0.05). Glycolytic gene associations due to tumor stage, nodal involvement,
and metastasis are also shown in Table 3 and Figures 1G–I, 2G–I, and 3G–I.
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For the current study cohort, follow-up data related to the overall survival of
patients were obtained for a period of 36 to 48 months post-surgery. A Kaplan–Meier plot
for the three glycolytic genes was generated based on the log-rank test. Kaplan–Meier
graphs showed that the elevated expressions of HK2 (HR = 1.95) and PFKM (HR = 2.03)
are associated with poor prognosis in patients, as shown in Supplementary Figure S2.

3.4. Association of Glycolytic Genes with Molecular Subtypes of Breast Cancer

The present cohort consisted of 10% HER2, 21.7% TNBC, 21.7% luminal-A, and
46.6% luminal-B tumors. Among molecular subtypes, luminal-B had the highest expres-
sion of HK2 and PKM2 (p < 0.05), while PFKM showed the highest expression in the
luminal A subtype (p < 0.05) as indicated in Figures 1D, 2D, and 3D. For each of the four
subtypes, the expression of glycolytic genes HK2, PFKM, and PKM2 was upregulated in
tumors as compared to their paired control tissues (Supplementary Figure S1).

3.5. Correlation between Glycolytic Genes and Ki67 at mRNA Level

HK2 (r-value 0.529; p < 0.0001), PFKM (r = 0.509; p < 0.0001), and PKM2 (r = 0.597;
p < 0.0001) expression showed significant positive correlation with the Ki67 proliferation
marker as indicated in Supplementary Table S1. In addition, the correlation among
the glycolytic genes was statistically significant and moderately positive, as indicated
in Figure 6A–C.
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4. Discussion

Cancer cells, due to their excessive proliferation rate, need considerable energy pro-
duction. In contrast to non-transformed cells in normal physiological conditions, cancer
cells reprogram their energy metabolism by prioritizing glycolysis over oxidative phos-
phorylation to fulfill their energy requirements. Additionally, it is hypothesized that the
induction of aerobic glycolysis is also associated with aberrations in gene functions [26,27].
The current study was designed to assess the expression level of three key glycolytic genes,
HK2, PFKM, and PKM2, along with their association with clinicopathological parameters
and molecular subtypes in breast cancer cohort of Pakistan.

Our results showed highly significant overexpression of the crucial glycolytic genes
(i.e., HK2, PFKM, and PKM2) in breast tumors as compared to their adjacent controls. These
findings are consistent with previously reported HK2 studies on cervical cancer [11] and
gastric carcinoma [28]. Similarly, the oncogenic role of HK2 has been studied in various
cancer conditions, including lung [8], pancreatic [29], and colorectal [7] cancers; brain
metastasis of breast cancer; and renal carcinoma [30]. HK2 overexpression was found to be
highly significant in these malignant tumors. Moreover, PKM2 overexpression has been
observed in a Chinese breast cancer cohort, as well as in pancreatic ductal adenocarcinoma
using IHC [31,32]. However, not enough literature is available regarding PFKM gene
overexpression in different solid tumors. A genome-wide association study and an in
silico study analyzed the role of the PFKM as a novel breast cancer gene and as a potential
therapeutic target for glycolysis, respectively [15,33]. Overexpression of HK2 and PKM2 has
also been validated through IHC and TCGA data analysis. Elevated expression of all three
glycolytic genes in tumor samples is suggestive of their role in breast cancer progression.
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Although these metabolic genes were not correlated with age in several cancer cohorts,
a statistically significant association of HK2 [28,34] and PFKM gene overexpression with
age was observed in our data. Nonetheless, PKM2 transcript levels showed no significant
association with age at disease onset in the Pakistani breast cancer cohort, which is in line
with a previously published study [21]. Cancer patients with late disease onset showed
higher expression of the glycolytic genes in comparison to patients with early disease onset
in the present study cohort. This might be attributed to loss of p53 function with increasing
age in elderly patients [35].

Expression of glycolytic genes was significantly higher in postmenopausal as com-
pared to premenopausal women in the present cohort. Studies performed by Mandrup
et al. suggest that there is a higher expression of hexokinase protein in abdominal adipose
tissue as well as skeletal muscle tissue of postmenopausal women [36]. This may attribute
to the estrogen production in adipose tissue; the key source of estrogen in post-menopausal
women. Another probable reason for overexpression of the glycolytic genes might be the
involvement of ER receptors, although estrogen and progesterone levels decrease with
age and in postmenopausal women. Conversely, a study involving systematic analyses
of clinical studies observed a two-fold increase in the expression of ER receptors in obese
postmenopausal women [37]. Numerous studies have reported the role of estrogen and
estrogen receptors in the regulation of glycolysis, whereby, increased expression of HK,
PFK, and PK was also observed in female rat brains after estrogen treatment [38].

Among molecular subtypes of breast cancer, luminal B subtype patients showed a
significant increase in HK2 and PKM2 expression, whereas most samples with upregulated
PFKM fell into the luminal A subtype. This might be indicative of a potential interplay of
these molecules with estrogen and/or progesterone in women with breast cancer. Usually,
luminal B subtype tumors have a high recurrence rate, the worst prognosis, and long-term
low treatment response [39]. The results are in line with previous findings [40]. Interestingly,
PFKM was significantly associated with tumor differentiation. Expression of the glycolytic
genes was higher in patients with poorly differentiated tumors in comparison to moderately
differentiated and well-differentiated tumors in this study. Similarly, previous studies have
also shown an association of the HK2 gene with advanced tumor grades in cervical [11]
and head and neck cancers [41].

In this study, statistically significant overexpression of glycolytic genes HK2, PFKM,
and PKM2 was observed in advanced cancer stages. Furthermore, transcript levels of
these three glycolytic genes were observed to be higher in breast cancer patients with a
greater number of lymph nodes involved, distant metastasis, and increased tumor size.
Hence, breast tumors with overexpression of HK2, PFKM, and PKM2 may potentially be
more malignant due to enhanced aerobic glycolysis. The current findings involving HK2
and PKM2 are consistent with those of previous reports [9,34,42]. However, no significant
association of PFKM with tumor size, TNM stage, or nodal metastasis has been previously
reported. To the best of our knowledge, this study is the first one of its kind to report
the expressional significance of PFKM in breast cancer development and progression.
Moreover, a positive correlation between glycolytic genes (HK2, PFKM, and PKM2) and
a high Ki67 index was also observed, which is indicative of their association with cell
proliferation and tumor aggressiveness. These findings emphasize the role of targeting
glucose metabolism in tumorigenesis. Moderate positive correlation among the studied
genes communicates the cross-talk between the glycolytic pathway genes during breast
tumorigenesis in these patients.

Comprehensively, majority of the malignant tumors prioritize undergoing glycolysis
to metabolize glucose. HK2, PFKM, and PKM2 are the rate-limiting genes in the glycolytic
pathway. Taken together, all these findings are indicative of the role of HK2, PKM2, and
PFKM genes in tumor growth, proliferation, lympho-vascular invasion, and metastasis in
breast cancer. Consistent with previous findings, these results also highlight the use of
these genes as potential therapeutic targets for breast cancer.
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5. Conclusions

Conclusively, collective expression of all three rate limiting glycolytic genes (HK2,
PFKM, and PKM2) as novel cancer metabolic biomarkers can be beneficial for predicting
disease aggressiveness and diagnosis. Moreover, targeting key glycolytic regulatory genes
may serve as an attractive strategy in breast cancer diagnosis and treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13030549/s1, Figure S1: Expression of glycolytic markers in
molecular subtypes of breast cancer (tumor vs. paired control). Fold change of glycolytic gene in
(A) HK2; (B) PFKM; (C) PKM2. Significance level * p < 0.05, ** p < 0.001 *** p < 0.0001.; Figure S2: Over-
all survival analysis using Log rank (Mantel-Cox) test of HK2 (HR = 1.951; p = 0.1), PFKM (HR = 2.03;
p = 0.1) and PKM2 (HR = 0.6; p = 0.4) genes in breast cancer cohort. Table S1: Correlation of HK2,
PFKM and PKM2 gene with Ki-67 (proliferation marker). * Spearmen correlation, all bold values are
significant having p < 0.05.
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