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Abstract: Dysregulation of cellular metabolism is one of the hallmarks of cancer. Tumor cells would enhance gly-
colysis to fuel the phenotypes of rapid proliferation and invasion. This study aims to explore epigenetic reprogram-
ming of glycolysis pathway in colorectal cancer (CRC). CRCs and the adjacent normal colon tissues were profiled 
by using a comprehensive methylation array (Illumina Methylation EPIC Beadchips) to comprehensively analyze the 
methylation alterations in the glycolysis pathway. Differentially methylated genes (DMGs) were identified by using 
β value difference (≥ 0.2 or ≤ -0.2) and Wilcoxon rank-sum test (P < 0.05), and the common DMG in open datas-
ets (GSE42752, GSE25062 and TCGA). Pyrosequencing was executed to validate the DMGs. Hexokinase domain 
containing 1 (HKDC1), the major hypomethylated gene we found, was overexpressed in colon cancer cells. Cells 
were treated with an HKDC1 inhibitor to elucidate the role of HKDC1. We found hypomethylation of HKDC1 was the 
only shared hypomethylated DMG in glycolysis pathway after comparing our methylation profiles of CRC to 3 public 
datasets. The RT-qPCR study in our cohort and the negative association between mRNA expression of HKDC1 and 
methylation status in TCGA dataset support HDKC1 expression is methylation-regulated. Overexpression of HKDC1 
in colon cancer cells resulted in increased proliferation of colon cancer cells and decreased cytotoxicity by an 
HKDC1 inhibitor. RNA sequencing revealed significant up-regulation of glycolysis, cell cycle, E2F, and its targets in 
HKDC1 overexpressed cells. In summary, hypomethylation of HKDC1 is common in CRC and may regulate cellular 
metabolism to promote proliferation of colon cancer cells through upregulation of glycolysis and cell cycle pathways. 
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Introduction

The incidence of colorectal cancer (CRC) has 
been increasing globally in the past three 
decades, and the number of newly diagnosed 
patients in 2020 was 1.9 million, which is the 
third cancer in terms of incidence [1]. CRC has 
also been the leading cancer in newly diag-
nosed patients for more than 10 years in 

Taiwan, with an age-standardized incidence 
rate of 62.0 (48.9-80.0) per 100,000 in 2019 
[2]. Generally, an increased Westernized diet, 
high body mass index (BMI), metabolic syn-
drome, and sedentary lifestyle are recognized 
as risk factors for CRC [3-5]. Among these, high 
BMI, high waist circumference, and decreased 
physical activity are indicators of energy 
balance.
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Dysregulation of cellular metabolism is an 
emerging hallmark of cancer [6]. It is becoming 
increasingly clear that there must be a corre-
sponding adjustment in cellular metabolism to 
fuel the phenotypes of rapid proliferation and 
invasion in cancers. The Warburg effect is prob-
ably the most prevalent and well-known meta-
bolic change associated with cancer cells [7]. 
Cancer cells have enhanced glucose metabo-
lism via glycolysis to generate lactate (which 
can generate two ATPs for each molecule of 
glucose) instead of oxidative phosphorylation 
(which can generate 36 ATPs for each molecule 
of glucose), even if oxygen levels are normal. 
Although this process is less efficient in ATP 
generation, glycolysis is much faster and gly-
colysis intermediates are essential for macro-
molecular biosynthesis and redox homeostasis 
[8]. 

Several mechanisms regulate the metabolic 
genes in cancer cells to fuel their growth. 
Oncogenic mutations play a well-known role in 
metabolic rewiring in human cancers. For 
example, KRAS, PIK3CA, Akt or PTEN have 
been shown to activate Akt-mTOR pathway, 
which leads to glycolysis stimulation via the 
phosphorylation of hexokinase, the rate-limit-
ing enzyme in glycolysis, and the upregulation 
of glucose transporter 1 (GLUT1), a key gene 
involved in shuttling glucose into cells [9-11]. 
On the other hand, epigenetic reprogramming 
of metabolic genes expression also has been 
shown to play an important role in dysregula-
tion of metabolism in cancer. Epigenetics refers 
to heritable changes in gene expression with-
out alterations in DNA sequences. For example, 
DNA methylation in promoter or enhancer 
regions can regress gene expression by recruit-
ing proteins that induce changes in chromatin 
accessibility and interfere with transcription 
factor binding [12]. A previous study showed 
that DNA methylation mediates epigenetic loss 
of Derline-3, a key gene involved in the protea-
somal degradation of GLUT1, and leads to over-
expression of GLUT1 [13]. Hypermethylation of 
the pyruvate kinase isoform 2 (PKM2) has also 
been reported in multiple cancer types [14]. 
PKM2 is the predominant isoform in proliferat-
ing cells and drives glucose flux for macromol-
ecule biosynthesis. 

In the Dutch Hunger Winter study, by analyzing 
residents who experienced World War II, strict 

energy restriction during early life has been 
shown to be associated with a decreased inci-
dence of CRC [15]. On the other hand, a 
genome-wide methylation analysis of whole 
blood in two groups of baboons with different 
resource bases (wild feeding and lodge environ-
ment) revealed that the largest differentially 
methylated regions identified after famine were 
in the promoter region of a key glycolysis-relat-
ed gene, phosphofructokinase platelet (PFKP) 
[16]. Given that many risk factors for CRC are 
indicators of energy balance, and epigenetic 
regulation of gene expression can be very plas-
tic and responsive to environmental stress [17], 
we hypothesized that epigenetic reprogram-
ming of the glycolysis pathway increases can-
cer energy metabolism and promotes CRC 
development. 

Materials and methods

Primary tumor samples

This study aimed to explore epigenetic repro-
gramming of the glycolysis pathway in CRC. 
Primary CRC tumor samples were obtained 
from a prospective CRC cohort and collected 
during clinically indicated surgical procedures 
[18]. The adjacent normal colonic mucosa tis-
sue was collected from resected unaffected 
parts of the colon located approximately at 
least 5 cm away from the tumor location in the 
same cohort. Patients were eligible to partici-
pate in this study if they met the following  
inclusion criteria: (1) pathology-confirmed CRC, 
(2) age ≥ 20 years old or older, and (3) history of 
colectomy. Informed consent was obtained 
from CRC tumors and adjacent normal colon 
specimens. Patients were excluded if they had 
received chemotherapy or radiotherapy for  
CRC prior to tumor sample collection. The 
patients’ clinicopathological characteristics, 
such as age, sex, histology, tumor stage, pri-
mary tumor site (designated as the left-sided 
colon if located from the descending colon to 
the rectum, and the right-sided colon if located 
from the cecum to the splenic flexure), BMI,  
etc. were collected [18]. All patients provided 
informed consent before enrolling in this pro-
spective study. The study was approved by  
the Institutional Review Board of National 
Taiwan University Hospital (approval number: 
201712132RINA). All procedures performed in 
studies involving human participants were in 
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accordance with the ethical standards of the 
institutional and/or national research commit-
tee and with the 1964 Helsinki Declaration and 
its later amendments or comparable ethical 
standards.

Methylation array and pyrosequencing

Genomic DNA was extracted from fresh frozen 
CRC tumors and adjacent normal colonic muco-
sa specimens using proteinase K-phenol-ch- 
loroform extraction following standard proto-
cols with 0.5% SDS and 200 μg/ml proteinase 
K. DNA quantification was performed using 
Nanodrop (Thermo Fisher, Waltham, MA, USA). 
A normalized DNA concentration of 50 ng/μl 
and total genomic DNA (500 ng) were used  
for bisulfite conversion using the EZ DNA 
Methylation Kit (Zymo Research, Irvine, CA, 
USA) and 200 ng of bisulfate treated DNA was 
used for the Infinium MethylationEPIC Assay 
(Illumina, San Diego, CA, USA). The bisulfate-
converted DNA was amplified by DNA poly-
merase during the incubation step in an 
Illumina Hybridization Oven for 20-24 hours at 
37°C. The amplified DNA product was frag-
mented into 300-600 base pairs. After alcohol 
precipitation and resuspension of the frag-
mented DNA, the BeadChip was prepared  
for hybridization in the capillary flow-through 
chamber (Illumina Human MethylationEPIC 
BeadChip Array, Illumina, San Diego, CA, USA). 
The amplified and fragmented DNA samples 
were annealed to locus-specific 50-mers during 
the hybridization step at 48°C for 16 h in an 
Illumina Hybridization Oven. After hybridization, 
allelic specificity was determined using enzy-
matic single-base extension. The products 
were subsequently fluorescently stained with 
biotin-ddNTPs or dinitrophenol-ddNTPs. The 
intensities of the bead fluorescence were 
detected by the Illumina HiScan (iScan Control 
Software v.3.3.28), and the results were ana-
lyzed using GenomeStudio v2011.1 software 
for methylation profiles.

The processed methylation chips were sent to 
a HiScan reader (Illumina, San Diego, CA, USA) 
for scanning. Then, 27 CRC tumors and 5 adja-
cent normal colonic mucosa samples were pro-
cessed on the same chip, and all samples were 
processed at the same time to avoid variation 
from chip-to-chip. 

Preprocessing and data quality control of the 
EPIC array were conducted using the R package 
minfi, which facilitates background correction, 
normalization, and probe filtering. During pre-
processing, minfi computed the detection 
P-value by comparing the total signal intensity 
(sum of methylated and unmethylated signals) 
of each probe to the background noise, typi-
cally estimated from negative control probes. 
Probes with lower detection p-values were con-
sidered to have higher signal fidelity. Samples 
with an average detection P-value greater than 
0.05 were excluded from further analysis as 
part of sample-level quality control. Following 
sample filtering, functional normalization was 
applied to correct for unwanted technical varia-
tions. This method integrates the Noob algo-
rithm for background adjustment while leverag-
ing covariates derived from control probes to 
mitigate batch effects and systematic biases. 
By applying this strategy, global technical vari-
ability across samples was reduced without 
making prior distributional assumptions. The 
effectiveness of normalization was assessed 
by examining the distribution of beta values, 
with outlier samples exhibiting substantial devi-
ations flagged for potential exclusion in down-
stream analyses. For probe-level quality con-
trol, we implemented a filtering step to remove 
two specific categories of probes: (1) those  
with an average detection P-value exceeding 
0.05, (2) those located on sex chromosomes, 
(3) those affected by SNPs, and (4) those show-
ing cross-reactivity. To validate dataset integri-
ty, multidimensional scaling plots from princi-
pal component analysis were generated to 
examine sample clustering patterns, ensuring 
that observed methylation differences accu-
rately reflected biological variability between 
groups. The methylation intensities were trans-
formed into β values.

Pyrosequencing analysis was performed using 
a PyroMark Q24 (QIAGEN, USA). EpiTect® 
Control DNA (QIAGEN) (0% unmethylated con-
trol and 100% methylated control) was used  
as the control. The primer sequences were as 
followings. For cg11639651, the PCR amplifi-
cation primers were AGTTTGGGATTGGAAATTT- 
GTAGAG (F1) and Biotin-ACTTAAAAATTAAATAC- 
CACCAAATCTCAT (R1), and the sequencing 
primer was ATTGGAAATTTGTAGAGTAG (S1). For 
cg11762346, the PCR amplification primers 
were GTGGGGGGGAGTTTAATTATTGA (F2) and 
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Biotin-CTTAATCTAATCCTCCTTCAACTTAC (R2), 
and the sequencing primer was AGGTTGGAG- 
GTATTTAG (S1). Quantitation of cytosine meth-
ylation as done using PyroMark Q24 Software.

Real-time quantitative polymerase chain reac-
tion

Total RNA was extracted from fresh frozen CRC 
tumors and adjacent normal colon tissues 
using the RNeasy Isolation Kit, and RNA quan-
tity and integrity were evaluated using a bioan-
alyzer (Agilent Technologies, Palo Alto, CA). 
Real-time quantitative polymerase chain reac-
tion (RT-qPCR) was performed on an Applied 
Biosystems™ 7900HT Fast Real-Time PCR 
System using TaqMan Fast Advanced Master 
Mix with TaqMan probes. Data were analyzed 
using the 2-ΔΔCt method and normalized to the 
amount of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA. TaqMan probes 
used for RT-qPCR analysis were GAPDH (Hs02- 
786624_g1), hexokinase domain containing  
1 (HKDC1) (Hs00228405_m1), and Aldehyde 
Dehydrogenase 1 Family Member A3 (ALDH1- 
A3) (Hs00167476_m1) (Applied Biosystems, 
Waltham, MA, USA). The experiments were per-
formed for three times in triplicate. 

Cell lines and compounds

The human CRC cell lines COLO320DM and 
SW480 were obtained from the American Type 
Culture Collection (Rockville, MD, USA). Cells 
were maintained in RPMI-1640 containing 10% 
fetal bovine serum, 2 mmol/L L-glutamine (Life 
Technologies, Carlsbad, CA, USA), PSA (10,000 
units/ml penicillin, 10 mg/ml mg/mL strepto-
mycin, and 25 μg/ml amphotericin B; Biological 
Industries, Kibbutz Beit Haemek, Israel). The 
cells were cultured at 37°C in a humidified incu-
bator containing 5% CO2. 

NSC24500 (2,6-dimethoxy-1,4-benzoquinone) 
was purchased from Sigma-Aldrich (St. Louis, 
MO). NSC24500 was active in HK5 (an alter- 
native name of HKDC1) assay (half maximal 
inhibitory concentration or IC50 = 2.49 μM, 
BioAssay AID: 504729; IC50 = 3.54 μM, 
BioAssay AID: 504763) in PubChem (https://
pubchem.ncbi.nlm.nih.gov/compound/68262#
section=Biological-Test-Results). 

HKDC1 transfection

pCMV6-HKDC1 (RC221178) and pCMV6-Entry 
vectors were purchased from OriGene Tech- 

nologies (Rockville, MD, USA). Transfection was 
performed in Opti-MEM™ (Gibco) using a mix 
containing Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) and 10 μg plasmid, for 24 h 
at 37°C and 5% CO2. The Transfection was 
stopped after 24 h by replacing the medium 
containing the plasmid with standard medium 
in which the cells were routinely cultured. 
Transfection was validated by HKDC-1 expres-
sion in protein lysates.

Antibodies and western blots

COLO320DM and SW480 cells transiently 
transfected with pCMV6-HKDC1 and pCMV6-
Entry Vector and SW480 cells treated with 
NSC24500 were collected and lysed with RIPA 
lysis buffer (50 mmol/L Tris-HCl [pH 8.0], 150 
mmol/L NaCl, 1% NP40, 0.5% sodium deoxy-
cholate, 0.1% SDS). The Pierce BCA protein 
assay (Thermal Scientific, Odessa, Texas, USA) 
was used to determine the protein concentra-
tion of the cell lysate. Briefly, 20 mg of protein 
per lane was separated by 8% (w/v) sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to a polyvi-
nylidene fluoride membrane (Millipore, Bedford, 
MA, USA). Membranes were blocked with 5% 
(w/v) bovine serum albumin. After washing  
with Tris-buffered saline containing 0.1% Tween 
buffer, the membranes were incubated over-
night at 4°C with primary antibodies. The  
primary antibodies included anti-HKDC-1 
(1:3000; Sigma-Aldrich, St. Louis, MO, USA), 
anti-DDK (1:1000; OriGene Technology, Rock- 
ville, MD, USA), and anti-GAPDH (1:50000; Cell 
Signaling, Denver, LA, USA). After washing with 
PBST three times, the membranes were incu-
bated with horseradish peroxidase-conjugated 
anti-rabbit (1:5000) and anti-mouse (1:5000) 
antibodies at temperature for 1 h and protein 
bands were visualized using an ECL kit (Merck, 
Millipore, USA) with GAPDH as an internal 
control.

Cell viability assay

Colo320DM and SW480 cell viability assays 
were performed using the MTT assay (Tokyo 
Chemical Industry Inc., Tokyo, Japan) with at 
least three replicates. Cells were seeded in 
96-well plates at densities of 2×103 cells and 
1×103 cells per well and cultured in RPMI medi-
um for 24, 72, 120, and 168 h, respectively. At 
each time point, cells were incubated with 50 
ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
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razolium bromide (final concentration 0.5 mg/
ml) at 37°C for 2 h. After incubation, the medi-
um was removed, DMSO (200 μl per well) was 
added to end the reaction, and the absorbance 
was determined using an ELISA plate reader at 
540 nm at the indicated time. IC50 was deter-
mined using Calcusyn software (CalcuSyn 
Version 2.0, Norway).

RNA sequencing and library preparation

Total RNA was extracted using Tri Reagent 
(Ambion, Austin, TX, USA), and the RNA concen-
tration and quality were evaluated using a 
NanoDrop ND-1000 spectrophotometer (Ther- 
mo Scientific, Wilmington, USA) and an Agilent 
2100 Bioanalyzer (Agilent Technologies, Palo 
Alto, CA). Total RNA with A260/A280 = 1.8-2.0 
and RNA integrity number > 8.0, were used for 
further experiments. We normalized intact RNA 
samples to 200 ng/μl with DEPC-treated H2O, 
and then total RNA (1-2 μg) was purified using 
poly T oligo-attached magnetic beads. Following 
purification, mRNA was fragmented into small 
pieces using divalent cations at elevated tem-
peratures. Cleaved RNA fragments were copied 
into first-strand cDNA using reverse transcrip-
tase and random primers. This was followed by 
second-strand cDNA synthesis using DNA poly-
merase I and RNaseH. These cDNA fragments 
then go through an end repair process, the 
addition of a single “A” base, and ligation of the 
adapters. The products were purified and 
enriched using PCR to create the final cDNA 
library. Paired-end 150 nucleotide reads from 
each cDNA library were obtained using Nova- 
Seq6000 (Illumina Inc. San Diego, CA, USA).

RNA-sequencing data analysis

Trimmomatic [19] was used to assess the qual-
ity of raw reads, including duplication, k-mer, 
and GC content levels. Outliers with > 30% dis-
agreement were discarded. Raw reads were 
mapped onto the human genome using hisat 
[20]. More than 80% of the mapped reads were 
retained for further analyses. The read count 
matrix was normalized across all samples using 
the TMM method and converted into tran-
scripts per million (TPMs) for further analysis. 
Pre-ranked gene-set enrichment analysis 
(GSEA) was performed using the function 
implemented by the R package clusterProfiler 
on the gene sets from MSigDB (v7.4). The genes 
were ranked based on the score of sign (log-

2FC) *-log10 (p-value), where log2FC and p-val-
ue were obtained by performing differential 
expression analysis using the R package limma 
procedure.

Statistical analysis

For the methylation array, the methylation level 
of CpG loci was calculated as β-values (β = 
intensity (methylated)/intensity (methylated + 
unmethylated)). Correlation coefficient and 
principal component analysis (PCA) were per-
formed for quality control. The Wilcoxon rank-
sum test was used for statistical tests. 
Statistical analyses of RNA-seq data were per-
formed using R language. For in vivo studies,  
all data were repeated in at least three inde-
pendent experiments. Quantitative data are 
represented as mean +/- SD standard devia-
tion (SD). Data from the same experiments 
were compared using Student’s t-test. Sta- 
tistical significance was set at P < 0.05. The 
Benjamini-Hochberg procedure was applied to 
control the false discovery rate in the differen-
tial expression analysis.

Results

To explore the epigenetic deregulation of gly-
colysis in CRC, genome-scale analysis of DNA 
methylation was conducted in 27 CRC tumors 
and 5 adjacent normal colon samples using 
Illumina Methylation EPIC Beadchips. The clini-
copathological features of these CRC patients 
are shown in Table 1. Wilcoxon rank-sum test  
(P < 0.05) and β value difference (≥ 0.25 or ≤ 
-0.25) were used to evaluate the methylation 
differences between CRC tumors and adjacent 
normal colon samples. Of these, 7,672 differ-
entially methylated genes (DMGs) were found 
between 27 CRCs tumors and 5 adjacent nor-
mal colons. PCA demonstrated a distinct clus-
ter of adjacent normal colon and CRC tumor 
samples (Figure 1). When we focused on gly-
colysis pathway (defined by KEGG pathway, N = 
67), we identified 17 hypomethylation genes 
(25%) and 2 hypermethylation genes (3%) that 
are involved in glycolysis pathway genes in CRC 
(Table 2). 

Next, our findings were compared with the 
other 3 datasets (focused on glycolysis path-
way genes) from Russian (GSE42752), Nether- 
lands and Canada (GSE25062), and TCGA, and 
we identified hypomethylation of hexokinase 



Hypomethylation of HKDC1 promotes colorectal cancer growth

1018	 Am J Cancer Res 2026;16(3):1013-1026

domain containing 1 (HKDC1) (2 loci: cg1163- 
9651, cg11762346) and hypermethylation of 
aldehyde dehydrogenase 1 family member A3 
(ALDH1A3) (2 loci: cg21359747, cg27652350) 
across all four datasets when evaluating with a 
β value difference ≥ 0.2 or ≤ -0.2 [21-23]. To 
validate the findings from the methylation  
array, pyrosequencing was performed to evalu-
ate the methylation status of HKDC1 and 
ALDH1A3 in the same specimens sent for the 
methylation array EPIC study. The results 
showed that the methylation patterns of  
these specimens were similar in the pyrose-
quencing and methylation arrays (Figure 2; 
Supplementary Table 1). qRT-PCR experiments 
were performed to evaluate the expression of 
HKDC1 and ALDH1A3 in 27 CRC tumors and 
five adjacent normal colons that were tested in 
the methylation array. However, there were no 
residual specimens in the five adjacent normal 
colons and 10 of 27 CRC tumors; thus, qRT-
PCR was performed in the other 17 of 27 CRC 
tumors and 14 of 27 CRC adjacent normal 
colons. The results showed that there was sig-
nificantly higher gene expression of HKDC1 (P = 
0.01) in CRC tumors than in adjacent normal 
colons, while the gene expression of ALDH1A3 
was similar between CRC tumors and adjacent 
normal colon tissues (P = 0.20) (Figure 3). 

These data suggest that hypomethylation of 
HKDC1 in CRC tumors relative to adjacent nor-
mal colons is associated with higher gene 
expression of HKDC1 in CRC tumors than in 
adjacent normal colons. However, this relation-
ship was not observed in ALDH1A3. We inve- 
stigated the HKDC1 methylation by pyrose-
quencing and the mRNA expression by qPCR in 
6 colon cancer cell lines (COLO205, COLO320, 
SW480, SW620, HCT15, and HT29). We found 
there was significantly strong negative correla-
tion between HKDC1 methylation based on  
two loci (cg11762346 and cg11639651) and 
HKDC1 mRNA expression (Pearson’s correla-
tion coefficient = -0.95, P = 0.004 for cg117- 
62346 and Pearson’s correlation coefficient = 
-0.96, P = 0.002 for cg11639651) (Supple- 
mentary Table 2 and Supplementary Figure 1). 
Next, we searched the open data in cBioPortal 
for Cancer Genomics (TCGA, Firehose Legacy) 
and found a negative correlation between gene 
expression and DNA methylation in HKDC1 
(Pearson’s correlation coefficient = -0.43, P = 
9.48e-18) in CRC (Figure 4). The above results 
further support that the gene expression of 
HKDC1 in CRC is methylation-regulated. 

Because the basal expression of HKDC1 in 
COLO320DM and SW480 cells was not abun-
dant (Supplementary Figure 2), we overex-
pressed HKDC1 in COLO320DM and SW480 
cells to explore the biological effect of HKDC1 
on cell proliferation and did not perform HKD- 
C1 knockdown experiments. The expression of 
HKDC1 was increased after HKDC1 overex-
pression, and the proliferation of COLO320DM 
and SW480 cells was significantly increased in 
HKDC1-transfected cells compared to that in 
the negative control group (Figure 5). An addi-
tional power-point file shows this in more detail 
(see Supplementary Figure 3). Next, SW480 
cells were treated with an HKDC1 inhibitor 
(NSC24500), with or without HKDC1 overex-
pression. The data revealed that HKDC1 over-
expression mitigated the cytotoxic effects of 
NSC24500 (Figure 6). The above studies sug-
gested that HKDC1 could promote the prolifer-
ation of colon cancer cells.

Next, we performed RNA sequencing in 
COLO320DM and SW480 cells after pCMV6-
HKDC1 or pCMV6-entry transfection to explore 
gene expression that could potentially contrib-
ute to promoting cell proliferation. PCA revealed 

Table 1. Clinicopathologic characteristics of 
patients
Characteristic Number (%)
Age at diagnosis (years)
    < 50 9 (33)
    50-70 10 (37)
    > 70 8 (30)
Sex
    Male 16 (59)
    Female 11 (41)
Stage 
    1-3 22 (82)
    4 5 (18)
Location of primary tumor
    Left-sided 22 (82)
    Right-sided 5 (18)
Body mass index
    < 25 18 (67)
    ≥ 25 9 (33)
Diabetes mellitus
    Yes 9 (33)
    No 2 (3.7) 
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distinct clusters between pCMV6-HKDC1 and 
pCMV6-entry groups (Figure 7). A volcano plot 
showed that multiple genes were differentially 
expressed between the two groups (Figure 7). 
GSEA revealed significant up-regulation of the 
glycolysis pathway after HKDC1 overexpression 
(Table 3). In addition, many cell cycle- and E2F-
associated pathways were significantly upregu-
lated in both cell types after HKDC1 overex-

cancer cells, we demonstrated that increasing 
HKDC1 expression is associated with the prolif-
eration of colon cancer cells. Thus, HKDC1 
hypomethylation may be a common epigenetic 
mechanism regulating cellular metabolism to 
promote CRC progression. HKDC1 was first 
identified as a conserved fifth hexokinase in 
various vertebrates in 2007 by Irwin and Tan 
[24]. Initially, a significant association between 
HKDC1 and 2-hour plasma glucose during 
pregnancy was found in a genome-wide asso-
ciation study [25]. Guo et al. provided function-
al evidence for HKDC1 in multiple cellular mod-
els and demonstrated that genetic variants in 
multiple regulatory elements of HKDC1 have 
biological effects on glucose homeostasis  
[26]. Ludvik et al. found that HKDC1 plays a 
role in maintaining whole-body glucose use dur-
ing aging and pregnancy [27]. Layden et al. 
found that intestinal HKDC1 can modulate the 
transportation of postprandial dietary glucose 
across the intestinal epithelium under en- 
hanced metabolic stress [28]. 

HKDC1 is involved in tumorigenesis and prog-
nosis in multiple types of cancers [29-32]. 
Khan et al. demonstrated the essential role of 
HKDC1 interaction with mitochondria in liver 
cancer development and progression [32]. In 
patients with liver cancer, high HKDC1 expres-
sion was also correlated with poor prognosis 
[29]. Wang et al. found that HKDC1 expression 
was higher in lung adenocarcinoma tissues 
than in adjacent normal lung tissues, and they 
used an in vitro model to show that HKDC1 

Figure 1. Differential methylation profiling in CRC tumors and adjacent nor-
mal colon samples. Principle component analysis of adjacent normal colon 
and CRC tumor samples. Red dots (T = tumor); blue dots (N = adjacent 
normal colon).

Table 2. Genome-scale analysis of DNA meth-
ylation in colorectal cancer reveals multiple 
hypomethylation and hypermethylation in 
glycolysis-related genes
Hypomethylation Hypermethylation 
ADH1A ALDH1A3
ALDH7A1 PKLR
BPGM
DLD
ENO1
G6PC2
GAPDHS
GCK
HK2
HK3
HKDC1
MINPP1
PCK1
PDHA1
PDHA2
PGAM2
PGK2

pression (Table 3). The detail- 
ed merged results of RNA 
sequencing and pathway anal-
ysis in the Colon320 and 
SW480 transfection experi-
ments are shown in https://
www.ncbi.nlm.nih.gov/geo/qu- 
ery/acc.cgi?acc=GSE308712, 
reference number GSE3087- 
12.

Discussion

In this study, we showed that 
hypomethylation of HKDC1 
consistently exists in four data-
sets (including ours) world-
wide, and by manipulating 
HKDC1 expression in colon 
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Figure 2. Validation of hypomethylated HKDC1 and hypermethylated ALDH1A3 by pyrosequencing. Methylation array (A) and pyrosequencing results (B). CRC T: 
colorectal cancer tumor; CRC N: adjacent normal colon (*P < 0.05, **P < 0.01).
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could promote the proliferation, invasion, and 
migration of lung cancer cells via the AMPK/
mTOR signaling pathway [31]. In CRC, Fuhr et al. 
reported that HKDC1 expression is regulated 
by BMAL1, a core clock gene, and HKDC1 
expression is associated with increased glycol-
ysis activity [30]. HKDC1 could promote CRC 
progression through activating Wnt/β-catenin 
pathway [33]. Recently, HKDC1 has also been 
linked to promote immune evasion in HCC  
models [34]. HKDC1 has also been identified 
as a therapeutic target in enrichment analysis 
of anticancer activity. In this study, we show- 
ed that an HKDC1 inhibitor (NSC24500) inhib-
ited the proliferation of colon cancer cells. 

NSC24500 is also named 2,6-dimethoxy-
1,4-benzoquinone and 2,6-dimethoxy-1,4-ben-
zoquinone can be synthesized by selected lac-
tic acid bacteria during sourdough fermenta-
tion of wheat germ [35]. Fermented wheat  
germ extract has been shown to inhibit glycoly-
sis and induce apoptosis in leukemia cells in 
vitro and colon carcinogenesis in vivo [36, 37]. 
Thus, targeting HKDC1 in colon cancer war-
rants further study.

Cell proliferation requires energy and sufficient 
nutrients; thus, the cell cycle is inevitably regu-
lated by metabolism [38]. For example, when 
cells are committed to entering the S phase, 
the expression of the glycolytic activator 6- 
phosphofructo-2-kinase/fructose-2,6-bisphos-
phatase 3 (PFKFB3) is essential for this pro-
cess [39]. Increased glycolysis provides not 
only energy but also abundant glycolytic inter-
mediates for biomass synthesis during mitosis 
[40]. Glycolysis can be regulated by cyclin/
cyclin-dependent kinases (CDKs), retinoblasto-
ma protein (RB), and the E2F family of tran-
scription factors. For example, recent studies 
have shown that the E2F binding site is found 
at the 5’end of the first exon of PFKFB3 [41, 
42]. Overexpression of cyclin D downregulates 
the expression of Hexokinase II and reduces 
glycolytic activity [43]. On the other hand, sig-
naling from metabolic enzymes can regulate 
the progression of the cell cycle via a metabo-
lism-independent pathway. PKM2-dependent 
histone H3 modifications are important for 
cyclin D1 expression [44]. PFKFB3 can also 

Figure 3. Relative mRNA expression of HKDC1 and ALDH1A3 between CRC T (colorectal cancer tumor, N = 19) and 
CRC N (adjacent normal colon, N = 16) by quantitative RT-PCR.

Figure 4. The association of methylation status and 
gene expression of HKDC1 in CRC (C-Bioportal, 
TCGA, Firehose Legacy).



Hypomethylation of HKDC1 promotes colorectal cancer growth

1022	 Am J Cancer Res 2026;16(3):1013-1026

regulate cell cycle regulators, such as upregu-
lating cyclin D3, CDK1 and downregulating p27 
[45]. Our data revealed that overexpression of 

another metabolic enzyme, HKDC1, upregu-
lates the glycolysis and cell cycle pathways, 
probably by upregulating E2F and its targets. 

Figure 5. The increase of cell proliferation in COLO320DM and SW480 cells overexpressing HKDC1. The cell prolif-
eration in HKDC1 overexpressing (pCMV-HKDC1) group and in control (pCMV6-Entry) group in COLO320DM (A) and 
in SW480 cells (B) in MTT assay (*P < 0.05, **P < 0.01). (C) Western blotting of HKDC1 validates HKDC1 overex-
pressing in pCMV-HKDC1 (H) group in COLO320DM and SW480 cells. pCMV6-Entry (V) group is used as the control. 

Figure 6. The decrease of drug sensitivity of SW480 cells overexpressing HKDC1 an HKDC1 inhibitor (NSC24500) 
treatment. A. The cell survival is significantly increased in HKDC1 overexpressing (pCMV-HKDC1) group than in con-
trol (pCMV6-Entry) group in SW480 cells after an HKDC1 inhibitor (NSC24500) treatment (*P < 0.05, **P < 0.01). 
B. Western blotting of HKDC1 validates HKDC1 overexpressing in pCMV-HKDC1 (H) group. pCMV6-Entry (V) group is 
used as the control. DDK: DBF4-dependent kinase. 
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Figure 7. Differential expression profiling in HKDC1 overexpressing (pCMV-HKDC1) group and in control (pCMV6-Entry) group in COLO320DM (A) and in SW480 cells. 
(A) Principle component analysis of HKDC1 overexpressing (pCMV-HKDC1) group and control (pCMV6-Entry) group in COLO320DM (A) and in SW480 cells. Red dots 
(pCMV-HKDC1); blue dots (pCMV6-Entry). (B) Differential expression analysis revealed multiple genes are differentially expressed between HKDC1 overexpressing 
(pCMV-HKDC1) group and control (pCMV6-Entry) group.

Table 3. Glycolysis, cell cycle, and E2F targets pathways are significantly upregulated after pCMV6-HKDC1 transfection in both SW480 and 
COLO320DM cells

ID Set 
Size

SW480 COLO320DM
Enrichment Score NES p-value q-value Enrichment Score NES p-value q-value

Glycolysis
    REACTOME_GLYCOLYSIS 64 0.43 1.53 0.009 0.038 0.54 1.96 < 0.001 < 0.001
Cell cycle
    ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_6HR 81 0.66 2.48 < 0.001 < 0.001 0.39 1.46 0.020 0.082
    ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_24HR 118 0.62 2.45 < 0.001 < 0.001 0.36 1.42 0.016 0.072
    EGUCHI_CELL_CYCLE_RB1_TARGETS 22 0.84 2.36 < 0.001 < 0.001 0.54 1.54 0.035 0.116
    WHITFIELD_CELL_CYCLE_G1_S 120 0.59 2.34 < 0.001 < 0.001 0.33 1.32 0.040 0.127
    WHITFIELD_CELL_CYCLE_LITERATURE 44 0.66 2.19 < 0.001 < 0.001 0.55 1.84 < 0.001 0.007
    GOBP_POSITIVE_REGULATION_OF_CELL_CYCLE_PHASE_TRANSITION 82 0.44 1.64 0.002 0.012 0.37 1.39 0.033 0.162
    WHITFIELD_CELL_CYCLE_G2_M 181 0.38 1.61 < 0.001 0.002 0.36 1.53 0.001 0.010
    GOBP_POSITIVE_REGULATION_OF_CELL_CYCLE_G2_M_PHASE_TRANSITION 28 0.51 1.52 0.029 0.088 0.47 1.45 0.048 0.144
E2F and its targets
    ISHIDA_E2F_TARGETS 50 0.73 2.49 < 0.001 < 0.001 0.53 1.82 < 0.001 < 0.001
    HALLMARK_E2F_TARGETS 200 0.59 2.42 < 0.001 < 0.001 0.39 1.65 < 0.001 0.002
    KALMA_E2F1_TARGETS 11 0.8 1.9 < 0.001 < 0.001 0.64 1.53 0.041 0.130
    BILD_E2F3_ONCOGENIC_SIGNATURE 213 0.41 1.74 < 0.001 < 0.001 0.33 1.43 0.005 0.034
    IGLESIAS_E2F_TARGETS_UP 100 0.36 1.39 0.023 0.075 0.35 1.33 0.047 0.142
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This study had several limitations. First, the 
platforms of the methylation array used in the 
open datasets were not the same, and we may 
not have identified all shared significant DMGs 
that are involved in the glycolysis pathway  
[21-23]. However, to our knowledge, our study 
is the first to show that hypomethylation of 
HKDC1 is a shared DMG in colon cancer. 
Second, we could not manipulate the methyla-
tion status of HKDC1 specifically in colon can-
cer cells; thus, we overexpressed HKDC1 to 
mimic the increased expression of HKDC1 
under hypomethylated conditions. The ratio-
nale for this alternative experiment was that 
our data support that HKDC1 expression is 
regulated by methylation in colorectal cancer. 

In conclusion, we identified that hypomethyl-
ation of HKDC1 is a shared differentially meth-
ylated gene in CRC, and HKDC1 expression is 
methylation-regulated. Our data revealed that 
hypomethylation of HKDC1 may be one of the 
mechanisms regulating cellular metabolism to 
promote proliferation of colon cancer cells, 
probably through the upregulation of glycolysis 
and cell cycle pathways.
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Supplementary Table 1. The methylation percentage of HKDC1 and ALDH1A3 in each sample in 
pyrosequencing

Sample
HKDC1 ALDH1A3

Cg11762346 Cg11639651 Cg27652350 Cg21359747
CRC095N 83 84 13 11
CRC105N 82 86 23 17
CRC106N 84 84 17 14
CRC118N 75 85 26 21
CRC141N 85 86 12 7
CRC088 55 58 36 38
CRC091 44 47 64 47
CRC095 34 37 68 62
CRC096 37 42 60 55
CRC097 76 80 55 41
CRC098 61 64 36 34
CRC099 29 32 66 51
CRC102 70 75 42 44
CRC105 38 37 60 38
CRC106 18 22 45 46
CRC107 28 35 73 65
CRC109 35 36 34 12
CRC112 34 33 66 51
CRC113 33 33 69 59
CRC115 27 25 75 45
CRC116 53 56 62 45
CRC117 39 40 66 53
CRC118 49 51 46 50
CRC125 32 35 66 60
CRC127 36 42 53 58
CRC128 27 28 38 11
CRC129 37 35 47 65
CRC134 20 21 50 39
CRC137 39 41 57 39
CRC139 42 59 66 46
CRC140 54 54 59 47
CRC141 5 11 95 84
0% 1, 3, 1, 1 2, 3, 4, 3 1, 3, 1, 2 2, 2
100% 97, 97 81, 81 79, 81 77, 78

Supplementary Table 2. The methylation percentage of HKDC1 in six colon cancer cells by pyrose-
quencing
HKDC1 methylation
Loci cg11762346 cg11639651
Sample Methylation (%)* Methylation (%)*

COLO205 2.99 2,24
COLO320 77.21 71.38
SW480 43.97 67.80
SW620 10.84 54.54
HCT15 68.99 82.74
HT29 5.76 16.95
*Mean of four independent experiments.
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Supplementary Figure 1. (A) Relative mRNA expression of HKDC1 between six colon cancer cell lines by quantita-
tive RT-PCR. The association of HKDC1 methylation status based on (B) cg11762346 and cg11639651 (C) and 
mRNA expression of HDKC1 in six colon cancer cells.
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Supplementary Figure 2. Relative mRNA expression of HKDC1 between CRC T (colorectal cancer tumor, N = 19), 
CRC N (adjacent normal colon, N = 16), and two colon cancer cell lines by quantitative RT-PCR. 

Supplementary Figure 3. (.pptx): The full uncropped gel and blot image(s) of HKDC1 transfection in COLO320DM 
and SW480 cells in Figures 5A and 6B.


