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Abstract: Background: To examine the effects of low-dose decitabine (DAC) on the proliferation of HT-29 cell lines, 
and to explore the central mechanism by which low-dose DAC affects HT-29 cell proliferation using a systematic 
biological approach. Methods: First, we examined the global effects of DAC on cell proliferation, the cell cycle, and 
apoptosis in HT29 colon cancer cells. Then, a series test of cluster (STC) analysis and weighted gene coexpression 
network analysis (WGCNA) were employed to identify critical pathways involved in the response to DAC treatment 
using 3 datasets from the GEO database. Finally, the expression changes and promoter methylation levels of hub 
genes were further confirmed by in vitro experiments. Results: Low-dose DAC (less than 1 µM) promoted the prolif-
eration and colony formation ability of HT-29 cell lines. The results of the system-level analysis, including STC analy-
sis, WGCNA, and Gene set variation analysis (GSVA), showed that DAC modulated 3 critical pathways: G1/S-specific 
transcription involved in E2F-mediated regulation of Cyclin E-associated events, apoptosis pathways, and EMT path-
ways. Subsequent in vitro experiments showed that low-dose DAC (0.1 µM) promoted G1/S-specific transcription 
and decreased apoptosis rates. Then, several regulatory hub oncogenes in these 3 pathways, CCNE1, E2F1, BCL2, 
PCNA, FOXC1, VIM, CXCL1, and VCAM1, were further confirmed to be activated by DAC at either the mRNA or protein 
level. We chose the oncogene BCL2 as an example and detected its methylation status and the effect of low-dose 
DAC on BCL2 expression. Data from TCGA and Oncomine databases demonstrated that BCL2 was decreased in co-
lon cancer compared with normal mucosa. Further analysis showed that BCL2 had an increased degree of promoter 
methylation in 12 methylated sites in colon cancer compared with normal colon tissues. Bisulfite sequencing PCR 
showed that low-dose DAC decreased the methylation rate at the BCL2 promoter region. Conclusions: We concluded 
that low-dose DAC treatment resulted in a cancer-promoting effect in HT29 cell lines. Mechanistically, high methyla-
tion levels at the promoter region of oncogenes with dominant effects in CRC, such as BCL2 in HT29, might play a 
role in suppressing CRC by inhibiting oncogene expression. Low-dose DAC treatment triggered BCL2 expression by 
decreasing its promoter methylation level, thereby resulting in cancer promotion.
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Introduction

Colorectal cancer (CRC) is one of the major 
malignancies worldwide and an important 
cause of health care costs [1]. Furthermore, 
nearly 50% of CRC patients are either diag-
nosed at a late stage at the first visit, or they 
develop distant metastases during treatment 
or follow-up, which makes CRC one of the most 
common cancer-related mortalities [2]. It is 
known that methylation in the promoter regions 
of genes can turn off their tumor suppressing 

potential [3]. One important part of epigene- 
tics is regulated by DNA methyltransferases 
(DNMTs). Under the catalysis of DNMTs, a meth-
yl group is covalently added to a cytosine in a 
CpG dinucleotide, which changes chromatin 
structure and leads to gene silencing [4]. 5-Aza-
29-deoxycytidine (decitabine, DAC) is one of  
the most popular DNMT inhibitors, and it can 
reverse epigenetic changes resulting in reacti-
vation of inhibited suppressor genes, decreas-
ing tumorigenesis [5]. Epigenetic drugs have 
shown beneficial effects for hematological 
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malignancies, which has led to the approval  
of DAC by the FDA for treating all subtypes  
of myelodysplastic syndromes and low-blast 
count acute myeloid leukemia [6]. However, 
clinical trials assessing the use of DNMT inhibi-
tors in solid tumors, including CRC, regardless 
of their molecular features, failed to improve 
the overall oncological outcomes [5].

The development of CRC proceeds through the 
acquisition of genetic aberrations during can-
cer progression [7]. The alterations in genomic 
expression might be caused by epigenetic aber-
rations [8], mutations [9], or copy number varia-
tion [10]. However, the regulatory mechanism 
through which the hub gene is regulated in dif-
ferent individuals with CRC is still unknown. 
Moreover, due to the different key molecular 
features involved in different CRC cell types, 
the mechanism through which anticancer drugs 
function in different CRC cell types has yet to 
be revealed [11]. A previous study showed that 
human HCT116 CRC cells exhibited the highest 
sensitivity to DAC, while HT29 CRC cells ex- 
hibited the highest resistance among four 
human CRC cell lines (HT29, SW480, SW48 
and HCT116) [12]. The difference in IC50 values 
between HT29 and HCT116 cells was approxi-
mately 824-fold [12]. In another study, DAC 
showed an inhibitory effect at a starting con-
centration of 20 µM in HT-29 CRC cells, but this 
concentration is intolerable to humans [13]. 
The concentration of DAC required to inhibit 
DNA methylation in clinical applications was 
reported to be ~0.3 µM, which is the maximal 
tolerable plasma concentration in Humans 
[14]. The effect of low-dose DAC (less than 1 
µM) on the proliferation of HT-29 cell lines is 
still unknown.

In the present study, we first examined the 
effects of low-dose DAC, which can effectively 
inhibit DNMT, on the proliferation of HT-29  
cell lines. Since hypermethylated genes can be 
reactivated after DAC treatment, mapping 
these genes onto a network may elucidate the 
key pathways activated after low-dose DAC 
treatment. Series test of cluster (STC) analysis 
and weighted gene coexpression network anal-
ysis (WGCNA) can expose the system-level 
functionality of a transcriptome to identify net-
work-centric genes associated with drug treat-
ment [15, 16]. Therefore, we utilized these two 
bioinformatic approaches to evaluate the rela-
tionships between genes subjected to DAC 

treatment and to explore and confirm the cen-
tral mechanism by which low-dose DAC affects 
HT-29 cell proliferation.

Materials and methods

Cell culture and DAC treatment

HT-29 CRC cell lines (Shanghai Genechem  
Co., Ltd, Shanghai, China) were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM: 
HyClone, USA) containing 10% fetal bovine 
serum (EVERY GREEN FBS: TIANHANG, Zhe- 
jiang, China) and 1% streptomycin-penicillin, 
and they were maintained in a 37°C, 5% CO2 
incubator.

DAC (Qilu Pharmaceutical Co., Ltd, Shandong, 
China) was dissolved in PBS. The concentra-
tions of DAC ranged from 10-3 to 100 µM based 
on its pharmacological dose and on our prelimi-
nary experiments. Cells were incubated with 
DAC for 48 h.

Cell counting kit-8 (CCK-8) assay

Cells were first seeded into 96-well plates at a 
density of 5×103 cells per well. At the appointed 
time points, 110 µL of fresh medium containing 
10 µL of CCK-8 solution (Beyotime, Shanghai, 
China) was added, and then the cells were incu-
bated for 1 h in the dark. Absorbance values at 
450 nm were measured using a microplate 
reader.

Colony formation assays

Cells were plated at a density of 800 cells per 
well in 6-well plates and cultured for 24 h and 
then DAC was added. After 10 to 14 days, the 
colonies were stained with 0.2% crystal violet 
with buffered formalin (Beyotime, Shanghai, 
China). Colony numbers were counted using 
ImageJ (NIH, Bethesda, USA).

Datasets

A total of three microarray datasets were 
obtained from the Gene Expression Omnibus 
(GEO) database. GSE41364 [17] contained 
mRNA expression profiles from HT-29 colon 
cancer cell lines treated with 3 concentrations 
of 5-aza-deoxy-cytidine (0 µM, 5 µM, and 10 
µM) for 5 days. GSE32323 [18] contained 2 
mRNA expression profiles from HT-29 cell lines 
before and after 5-aza-2’-deoxycytidine treat-
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ment. GSE22598 [19] contained another 2 
mRNA expression profiles of HT-29 cell lines 
before and after DAC treatment at 0.5 µM for 
72 h. The microarray quality was measured by 
sample clustering. Related gene expression 
was subjected to identical processing using the 
Robust Multichip Average function within the 
limma R package. The mean value was used if 
multiple probes were mapped to a gene sym-
bol. The missing values were filled using the 
Impute R package.

The expression and methylation data of a DAC-
activated gene, BCL-2, in CRC from The Cancer 
Genome Atlas (TCGA) database were obtained 
from MEXPRESS [20]. Oncomine (https://www.
oncomine.org) was used to confirm the differ-
ential expression levels of BCL2 between CRC 
and normal tissues [21].

STC

STC analysis was performed to study the  
changes in gene expression and to determine 
different expression tendencies as a result of 
increasing concentrations of drug treatment. 
These genes with the same expression change 
trends were clustered for further analysis.

WGCNA

The data from GSE41364 were used to con-
struct scale-free coexpression networks using 
the WGCNA algorithm as previously reported 
[16]. The correlation between genes was evalu-
ated by a Pearson correlation matrix and the 
connecting rod means. The soft thresholding 
power was calculated by network topology anal-
ysis, and the adjacency was converted to the 
topological overlap matrix (TOM) [22]. Average 
linkage hierarchical clustering was performed 
basing the TOM-based dissimilarity measure to 
cluster genes into modules [23]. The hub mod-
ules subject to DAC treatment were identified 
by Pearson’s correlation analysis.

Functional enrichment analysis

FunRich was used on the most representative 
trend profile from the STC analysis and hub 
modules from the WGCNA to identify hub path-
ways involved in DAC treatment using a com-
munity-driven approach [24]. Gene set varia-
tion analysis (GSVA) was used to estimate the 
pathway activity changes over a sample popu-
lation subject to DAC treatment in an unsuper-
vised manner [25].

Cell cycle determination

Cells were digested and fixed in precooled 70% 
ethanol at 4°C overnight, and then they were 
incubated with 10 µL of RNase A (50×) before 
being dyed with propidium iodide (KeyBEN 
BioTECH, Jiangsu, China) for 30 min. The vol-
ume was then increased to 535 µL, and the 
cells were analyzed using a FACSCalibur flow 
cytometer (BD Biosciences).

Apoptosis quantitation

Apoptosis detection was performed by double 
staining using an Annexin V-PE/7-AAD Apopto- 
sis Detection kit (KeyGEN BioTECH, Jiangsu, 
China). Cells were collected and washed with 
PBS. Then, 5 µL of 7-AAD was added and incu-
bated with the cells for 5 min, which was fol-
lowed by the addition of 1 µL of annexin V and 
incubation for 15 min in the dark before flow 
cytometry analysis.

Hub gene verification by bioinformatic analysis

Two datasets (GSE32323 and GSE22598) were 
used to verify the mRNA expression of VIM, 
CXCL1, VCAM1, E2F3, E2F1, CCNE, PCNA, 
FOXC1, and BCL2 between the DAC treatment 
group and the control group.

Hub gene verification by real-time quantitative 
polymerase chain reaction (RT-qPCR)

Total RNA was isolated using TRIzol reagent 
(Thermo Fisher Scientific, USA), and 1 µg of 
total RNA was used for reverse transcription 
reaction using Reverse Transcriptase Product 
(Thermo Scientific Revert Aid, USA) under the 
following conditions: 42°C for 60 min, 70°C for 
5 min, and storage at -80°C. RT-qPCR was per-
formed using an ABI 7500 real-time PCR sys-
tem (Thermo Fisher Scientific, USA) under the 
following conditions: 95°C for a 10 min initial 
denaturation step, followed by 95°C for 15 s, 
and annealing and extension at 60°C for 60 s 
for 40 cycles. Gene-specific intron-spanning 
primers are shown in Table 1. The relative 
expression of mRNA was calculated using the 
ΔΔCq method, and GAPDH was used as an 
internal control.

Western blot analysis

Total protein was extracted from cells by in- 
cubating them with radioimmunoprecipitation 
assay (RIPA) containing phenylmethanesulfonyl 
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fluoride (PMSF) (Beyotime, Shanghai, China) on 
ice for 30 min. Protein concentrations were 
measured using a BCA Protein Assay kit 
(Beyotime, Shanghai, China). Protein samples 
were separated by electrophoresis and then 
were transferred onto polyvinylidene difluoride 
(PVDF) membranes. After blocking with 5% 
nonfat milk for 1.5 h, the membranes were 
incubated at 4°C overnight with human anti-
bodies specific to Cyclin E1, PCNA, Bax, Bcl-2 
and GAPDH (Bioss Antibodies, Beijing, China). 
Then, the membranes were incubated with an 
IgG/HRP antibody (Bioss Antibodies, Beijing, 
China) for 1.5 h; finally, the membranes were 
visualized using an enhanced chemilumines-
cence (ECL) method and were analyzed by 
ImageJ.

Bisulfite sequencing PCR

Genomic DNA was isolated using a TIANamp 
Genomic DNA kit (TIANGEN Biotech, Beijing, 
China), and the bisulfite modification process 
was performed (TSINGKE Biotech, Beijing, 
China). The primers were 5’-GATTTTTGTTTTAT- 
AGAAATGTTAAT-3’ (forward) and 5’-CTCTCCC- 
CTATCTCTCTCCTAAA-3’ (reverse). The PCR con-
ditions were as follows: denaturation at 98°C 
for 2 min, 30 cycles at 98°C for 10 s, 55°C for 
30 s, and 72°C for 30 s. PCR products were 
purified using a TIAN gel Midi Purification kit 
(TIANGEN Biotech, Beijing, China) and used to 
transform competent cells. Isolated positive 
clones on LB agar plates were selected and 
sequenced.

Statistical analysis

Continuous variables were compared using 
Student’s t-test. Statistical analyses were con-
ducted using GraphPad Prism 7 and R (ver. 

range from 1 to 10 µM; further, it showed an 
inhibitory effect at concentrations greater than 
10 µM (Figure 1A, 1B). Similarly, low-dose DAC 
(0.1 µM) treatment significantly increased the 
colony formation ability of HT-29 cells in vitro 
and slightly decreased the colony formation 
ability at a concentration of 1 µM (Figure 1C). 
As presented in Figure 1D, 1E, HT-29 cells 
exhibited a cobblestone shape. Interestingly, 
following 0.1 µM DAC treatment for 48 h, HT-29 
cells exhibited a spindle shape with mesenchy-
mal morphology.

STC analysis and WGCNA

To explore the mechanism by which low-dose 
DAC treatment promoted proliferation, WGCNA 
and STC analyses were performed. In WGCNA, 
the thresholding power of β = 5 was chosen  
to construct a scale-free network (Figure 2A). 
The coexpression analysis identified a total of 
103 modules (Figure 2B). Among them, a total 
of 6 modules correlated with DAC treatment 
and were included in further analysis (Figure 
2C). STC analysis identified 3 profiles that 
included genes with similar expression trends 
as a result of DAC treatment. The expression 
trend of genes in these 3 profiles generally 
showed a trend toward concentration-depen-
dent increase after DAC treatment. Of the pro-
files, profile 6 (P = 3.7E-169, Figure 2D, 2E) 
exhibited the highest significance and was 
selected for further pathway enrichment analy-
sis. In profile 6, a total of 2893 genes show- 
ed an upward trend in expression during zero- 
to low-dose DAC treatment, with no expression 
change during low- to high-dose DAC treat- 
ment.

Pathway enrichment analysis of significant pro-
files in STC analysis and hub modules in WGCNA 

Table 1. PCR Primers
Forward (5’-3’) Reverse (5’-3’) 

IVCAM1 TTTGACAGGCTGGAGATAGACT TCAATGTGTAATTTAGCTCGGCA
BCL2 GACTTCGCCGAGATGTCCAG GAACTCAAAGAAGGCCACAATC
E2F3 GCTTCAACCAACTCAGGACATAG CCGAGGCTCAGGAGATAGTC
CCNE1 GCCAGCCTTGGGACAATAATG CTTGCACGTTGAGTTTGGGT
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC
VIM AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC
PCNA CCTGCTGGGATATTAGCTCCA CAGCGGTAGGTGTCGAAGC
CXCL1 GGGAATTCACCCCAAGAACATC GGATGCAGGATTGAGGCAAGC
FOXC1 TGTTCGAGTCACAGAGGATCG ACAGTCGTAGACGAAAGCTCC
E2F1 CATCCCAGGAGGTCACTTCTG GACAACAGCGGTTCTTGCTC

3.5.1) or SPSS version 20.0 
(SPSS, Inc., Chicago, IL, USA). A 
P-value < 0.05 was considered to 
indicate statistical significance.

Results

Low-dose DAC accelerated HT-29 
proliferation

CCK-8 assays indicated that DAC, 
used in the concentration range 
from 10-3 to 0.1 µM, promoted 
the proliferation of HT-29 cells  
in vitro, while it showed no effect 
on survival in the concentration 
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was performed. DAC primarily modulated 3 
pathways (KEGG): G1/S-specific transcription 
involved in E2F-mediated regulation of cyclin 
E-associated events, epithelial-to-mesenchy-
mal transition (EMT) and regulation of apopto-
sis (Figure 2F). Among these pathways, GSVA 
revealed that G1/S-specific transcription was 
activated by low-dose DAC treatment and was 
inhibited by treatment with a higher dose 
(Figure 2G). The EMT pathway activity was 
slightly increased during zero- to high-dose DAC 
treatment, while apoptosis was consistently 
inhibited (Figure 2H).

Effect of low-dose DAC on cell cycle progres-
sion and apoptosis

The pathway enrichment analysis prompted  
us to further examine the cell cycle and apop-
totic phenotypes of HT-29 cells subjected to 
DAC treatment. Treatment with 0.1 µM DAC 
resulted in an increase in the number of cells in 
the S phase compared to that of the control 
group (DAC vs control: 27.0% vs 14.7%) at the 
expense of the G1 phase (DAC vs control: 57.4% 
vs 67.6%) (Figure 3A-C). The results indicated 
that low-dose DAC treatment promoted G1/S-
specific transcription, which was consistent 

with the pathway enrichment analysis. The per-
centage of early apoptotic and total apoptotic 
cells slightly decreased by ~1% when cells were 
coincubated with low-dose DAC at concentra-
tions ranging from 10-2 to 10 µM (Figure 3D-F).

Verification of hub gene expression in G1/S-
specific transcription

In this study, we observed that low-dose DAC 
treatment promoted G1/S-specific transcrip-
tion, and enrichment analysis showed that this 
process might be involved in E2F-mediated 
regulation of Cyclin E-associated events. Cyclin 
E1, encoded by CCNE1, promotes the activa-
tion of E2F-mediated transcription and drives 
cells from G1 into S phase [26]. This prompted 
us to further examine hub gene expression in 
the E2F/CCNE1 pathway in HT-29 cells subject-
ed to DAC treatment. In both the GSE41364 
dataset and the GSE32323 dataset, DAC 
increased E2F1 and CCNE1 expression at the 
mRNA level (Figure 4A, 4B). Furthermore, the 
results of qPCR in our in vitro experiment 
showed that E2F1, E2F3 and CCNE1 expres-
sion was upregulated in response to 0.1 µM 
DAC (Figure 4C). We also confirmed the protein 
expression of the G1/S-specific transcription 

Figure 1. Low-dose DAC treatment promoted HT29 CRE cell proliferation. A. CCK-8 assays were performed. Low-
dose DAC in the concentration range from 10-3 to 0.1 µM promoted the proliferation of HT-29 cells in vitro, while 
DAC showed no effect on proliferation in the concentration range from 1 to 10 µM and an inhibitory effect at con-
centrations greater than 10 µM. B. DAC at 0.1 µM promoted the proliferation of HT-29 cells from days one to five. 
C. Low-dose DAC (0.1 µM) increased colony formation ability in HT-29 cells in vitro, and it slightly decreased colony 
formation ability when used at a concentration of 1 µM. D. Parent HT-29 cells exhibited a cobblestone shape. E. 
HT-29 cells exhibited a spindle shape following 0.1 µM DAC treatment.
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Figure 2. Weighted gene coexpression network analysis (WGCNA) and series test of cluster (STC) analysis. A. β = 5 
was selected. B. A total of 103 modules were identified. C. A total of 6 modules was correlated with DAC treatment. 
D, E. STC analysis identified 3 profiles that contained genes with similar expression trends subject to DAC treatment, 
and profile 6 showed the highest significance (P = 3.7E-169). F. Pathway enrichment analysis of profile 6 and hub 
modules showed that DAC primarily modulated 3 pathways: G1/S-specific transcription involved in E2F-mediated 
regulation of Cyclin E-associated events, epithelial-to-mesenchymal transition (EMT) and regulation of apoptosis. G, 
H. GSVA showed the activity changes of these three pathways.
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markers Cyclin E1 and PCNA by western blot-
ting (Figure 5A).

Verification of hub gene expression in the 
apoptotic pathway

We observed that low-dose DAC treatment 
slightly decreased the number of apoptotic 
cells. Moreover, BCL2, PCNA and FOXC1 were 
upregulated in DAC-treated HT-29 cells com-
pared to controls in the GSE41364, GSE22598 
and GSE32323 datasets (Figure 4A, 4B). To 
measure mRNA levels, qPCR assays were per-
formed. After 48 h of incubation with 0.1 µM 
DAC, BCL2, PCNA and FOXC1 were upregulated 
compared with their levels in untreated HT-29 
cells (Figure 4D). We also confirmed the ex- 
pression of Bcl-2 protein by western blotting. 
Furthermore, western blot analysis showed 
that Bax protein levels were lower in DAC-
treated cells than they were in controls (Figure 
5B).

Verification of hub gene expression in the EMT 
pathway

By bioinformatic analysis, VIM, CXCL1 and 
VCAM1 were found to be upregulated in DAC-
treated HT-29 cells compared to controls in  
the GSE41364, GSE22598 and GSE32323 
datasets (Figure 4A, 4B). However, inconsis-
tent results exist regarding the expression 
changes of CDH1 and SNAI2 subject to DAC 
treatment. Further qPCR assays demonstrated 
that the expression of VIM, CXCL1 and VCAM1 
increased after 48 h of 0.1 µM DAC treatment 
(Figure 4E).

Analysis of promoter methylation of the DAC-
activated gene BCL2 in CRC

Our abovementioned results confirmed that 
low-dose DAC activated G1/S-specific tran-
scription and decreased apoptosis. Further- 
more, low-dose DAC treatment increased the 
expression of BCL2 at the mRNA and protein 
levels. The oncogene BCL2 is regarded as “the 
general suppressor of cell death”, and it is 
directly involved in the regulation of apoptosis 
[27]. However, the present analysis, which was 

based on 499 colon cancer cases from the 
TCGA database, revealed that BCL2 mRNA 
expression was decreased in colon cancer 
compared with mucosa (14.4 ± 1.1 vs 16.3 ± 
0.3, P < 0.0001, Figure 6A). Further analysis of 
19 GEO-sourced datasets from Oncomine con-
firmed a similar and robust result (P = 2.27E-6, 
Figure 6B). To discover the underlying upstream 
regulatory mechanism by which BCL2 levels 
decreased in CRC, we analyzed the promoter 
methylation of BCL2 in colon cancer patients 
from the TCGA database and found that BCL2 
had an increased level of methylation at 12 
methylated sites in the promoter region of 
colon cancer compared with that of normal 
colon tissues (Figure 6C).

DNA promoter methylation level of BCL2 in HT-
29 cells subjected to low-dose DAC treatment

A 2,000 bp sequence upstream of the tran-
scription start site of BCL2 was considered the 
promoter region, and CpG islands within this 
region were predicted using the MethPrimer 
online platform. There was a CpG island locat-
ed from -925 to 1857 in the promoter region of 
BCL2. The BSP primer targeting this CpG island 
is shown in Figure 5C. After low-dose DAC treat-
ment, the DNA methylation rate of the BCL2 
promoter region decreased relative to that of 
the control group (41.1% vs 57.9%, Figure 5D).

Discussion

The epigenetic drug DAC exhibits therapeutic 
efficiency for the treatment of several hemato-
logical malignancies [28]. However, clinical tri-
als evaluating the efficacy of epigenetic drugs 
in the treatment of CRC failed to show an 
improvement in long-term survival [29]. In con-
trast, the present study revealed that a low-
dose DAC of 0.1 µM promoted the proliferation 
and colony formation ability of HT-29 cells. 
Since demethylation across the whole genome 
changes the expression of a wide variety of 
genes, the effects of DAC in various tumor cells 
are hard to predict [30, 31]. Mapping all DAC-
activated genes onto networks may elucidate 
key pathways activated after DAC treatment. 
Therefore, two system-level analytical tech-

Figure 3. Low-dose DAC promoted G1/S-specific transcription and slightly decreased apoptosis in HT29 cells. A-C. 
Treatment with DAC at 0.1 µM resulted in an increase in cell numbers in the S phase relative to that in the control 
group (27.0% vs 14.7%) at the expense of G1 phase (57.4% vs 67.6%). D-F. The early apoptotic and total apoptotic 
cell rates decreased by ~1% when cells were coincubated with DAC at concentrations ranging from 10-2 to 10 µM.
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Figure 4. Verification of hub gene expression changes in 3 hub pathways at the mRNA level. (A, B) The regula-
tory hub oncogenes in these 3 pathways were upregulated after DAC treatment in three independent datasets 
of GSE41364, GSE32323 and GSE22598. RT-qPCR was performed in vitro. The regulatory hub oncogenes were 
confirmed to be activated by low-dose 0.1 µM DAC treatment in the (C) E2F/CCNE1 pathway, (D) apoptotic pathway, 
and (E) EMT pathway.
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niques, STC and WGCNA, were employed to 
identify network-centrical genes associated 
with DAC treatment. The system-level analysis 
showed that DAC modulated 3 critical path-
ways, G1/S-specific transcription involved in 
E2F-mediated regulation of Cyclin E-associated 
events, the apoptosis pathway and the EMT 
pathway. Further GSVA showed that G1/S-

and total apoptotic cells slightly decreased 
when cells were coincubated with low-dose 
DAC. Mechanistically, three oncogenes, BCL2, 
PCNA and FOXC1, were upregulated after low-
dose DAC treatment. PCNA plays an important 
role in determining the fate of the replication 
fork and tumor development [37]. FOXC1 has 
been highlighted as a central transcription fac-

Figure 5. DNA promoter methylation level of BCL2 in HT-29 cells subjected 
to low-dose DAC treatment. Western blotting was performed. The protein ex-
pression of (A) Cyclin E1, PCNA and (B) Bcl-2 increased after 0.1 µM DAC 
treatment. (C) There was a CpG island located from -925 to 1857 in the 
promoter region of BCL2. The red line indicates the BSP primer targeting 
this CpG island. (D) BSP showed that the DNA methylation rate at the BCL2 
promoter region decreased in the DAC-treated group compared to that in the 
control group (41.1% vs 57.9%). TSS: transcription start site; BSP, bisulfite 
sequencing PCR.

specific transcription was 
activated by a low-dose DAC 
treatment and was inhibited 
at a higher dose. Subsequen- 
tly, the promotion of G1/S 
phase-specific transcription 
was confirmed by flow cytom-
etry analysis, as 0.1 µM DAC 
resulted in an increase in 
cells in the S phase at the 
expense of G1 phase. The 
percentage of cells in S phase 
is known to be an index of cell 
proliferation [32]. In studies 
by Xiong et al. [33], DAC was 
shown to inhibit HT29 by 
blocking cells in the G2 phase. 
However, the concentration of 
DAC of 5 µM in that study 
exceeded the tolerance dose 
accepted for humans of less 
than 0.3 µM. Similarly, the 
present study also revealed 
an inhibitory effect of DAC in 
HT29 cells at concentrations 
larger than 10 µM, which was 
a result of cytotoxicity rather 
than DNA demethylation [33]. 
Regarding the mechanism for 
promoting G1/S-specific gene 
transcription, low-dose DAC 
treatment increased E2F1 
and CCNE1 expression. E2F1, 
which encodes the G1/S pha- 
se-specific transcription fac-
tor, was upregulated and po- 
sitively correlated with the 
malignant phenotypes of CRC 
[34]. Cyclin E (CCNE), involved 
in the E2F/CCNE1 pathway 
[35], is another well-known 
oncogene [36]. In addition, 
apoptosis was inhibited after 
DAC treatment in the initial 
GSVA analysis. In our further 
in vitro experiments, the per-
centage of early apoptotic 
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Figure 6. Analysis of promoter methylation of the DAC-activated gene BCL2 in CRC. A. BCL2 mRNA expression was decreased in colon cancer compared with that of 
normal mucosa in colon cancer patients from TCGA database (14.4 ± 1.1 vs 16.3 ± 0.3, P < 0.0001). B. Analysis of the Oncomine database confirmed that BCL2 
mRNA expression was downregulated in CRC patients in 19 datasets (P = 2.27E-6). C. BCL2 had an increased degree of methylation in 12 methylated sites in the 
promoter region of colon cancer compared with normal colon tissues based on analysis of the TCGA database.
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tor for tumor-associated genes [38], and its 
increase is associated with poor prognosis in 
many cancers [39]. In brief, the above results 
indicated that low-dose DAC promoted HT29 
proliferation, enhanced G1/S phase transcrip-
tion and decreased apoptosis through activa-
tion of several hub oncogenes.

DAC inhibits the EMT phenotype of a wide vari-
ety of tumor cell types [40, 41], including sev-
eral types of CRC cells [42]. EMT, wherein epi-
thelial cells depolarize, lose their cell-cell con-
tacts, and gain an elongated, fibroblast-like 
morphology, is a typical initial process by which 
tumor cells gain cell-invasive behavior [43]. In 
contrast, in this study, parental HT-29 cells 
exhibited a cobblestone shape, while 0.1 µM 
DAC-treated HT-29 cells exhibited a spindle 
shape with mesenchymal morphology. Me- 
chanistically, VIM, CXCL1 and VCAM1 were 
upregulated in DAC-treated HT-29 cells. Up- 
regulation of VIM, a marker for EMT [44], and 
VCAM-1 contributes to the poor prognosis of 
CRC [45, 46]. CXCL1 is crucial to the formation 
of a premetastatic niche and metastasis in CRC 
[47]. Demethylation treatment was also report-
ed to cause the acquisition of mesenchymal 
characteristics in several well-defined gastric 
and prostate cancer cells [48, 49]. However, 
due to the inability of HT-29 cells to tolerate 
serum-free medium (data not shown), we did 
not perform scratch adhesion tests and cell 
invasion assays.

One hypothesis regarding the conflicting results 
between the effects of DAC on different cancer 
cell lines is that the pleiotropic effect of DAC is 
based on the combined activation of many 
genes that might have opposing roles. Whether 
the dominant effect of DAC on cancer is in pro-
moting or suppressing is dependent on the bal-
ance between the activation of tumor suppres-
sor genes and oncogenes. In this work, by 
employing system-level analytical techniques, 
we identified the key activated pathways involv-
ing several hub oncogenes activated by DAC in 
the HT29 cell line model. We chose the onco-
gene BCL2 as an example to determine the 
effect of low-dose DAC on BCL2 expression and 
methylation status. BCL2 has an increased pro-
moter methylation level and decreased expres-
sion in colon cancer compared with normal 
mucosa. This indicated that high methylation at 
the promoter region of BCL2 plays a role in sup-
pressing CRC by inhibiting the expression of 

BCL2. However, after low-dose DAC treatment, 
the degree of DNA methylation at the BCL2 pro-
moter region decreased, whereas its expres-
sion increased, which blocks the apoptotic 
death of HT-29 cells. A similar mechanism has 
been reported in a noncancer cell model of 
human umbilical vascular endothelial cells. The 
epigenetic modification, demethylation of the 
Bcl-2 promoter, alleviated endothelial apopto-
sis by increasing Bcl-2 expression [50].

There were inadequacies in the present study. 
We used only one CRC cell line, HT29. Previous 
studies showed that a low dose of 2-2.5 µM 
DAC inhibited the growth of SW620 and 
HCT116 CRC cells [51]. Another study showed 
that a dose of 10 µM had no effect on the apop-
tosis rate of HT29 but significantly induced 
apoptosis of COLO205 and SW620 CRC cells 
[52]. HCT116 CRC cells have the highest sensi-
tivity, while HT29 CRC cells exhibit the highest 
resistance to DAC [12]. The effect of low-dose 
DAC treatment on various CRC cell lines needs 
to be directly compared in our future research. 
In addition, the genetic background of HT29 
was not analyzed in the present study. Further 
analysis of the genetic background of the HT29 
cell line, such as determination BRAF mutation 
status [53], may shed light on understanding 
the mechanism of intrinsic DAC resistance. 
Considering CRC interindividual heterogeneity, 
identifying molecular subtypes of CRC by a sys-
tem-level technique might determine how and 
whether patients will benefit from DAC treat-
ments [54]. 

In conclusion, low-dose DAC promotes the pro-
liferation and colony formation ability of HT-29 
cell lines. The results of the system-level analy-
sis with STC, WGCNA and GSVA showed that 
DAC modulated 3 critical pathways: E2F-me- 
diated G1/S-specific transcription, the apopto-
sis pathway and the EMT pathway. The effect of 
DAC on phenotypes was subsequently con-
firmed. Several regulatory hub oncogenes in 
these 3 pathways, CCNE1, E2F1, BCL2, PCNA, 
FOXC1, VIM, CXCL1 and VCAM1, were further 
confirmed to be activated by DAC at either the 
mRNA or protein level in our in vitro experi-
ments. Mechanistically, high methylation at the 
promoter region of oncogenes with dominant 
effects in CRC, such as what is observed in 
BCL2 in HT29 cells, might play a role in sup-
pressing CRC by inhibiting its expression. Low-
dose DAC triggers its expression by decreasing 
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its promoter methylation level, thereby result-
ing in cancer promotion. To refine DAC treat-
ment, molecular subtypes of CRC might need 
to be considered to predict which tumors will 
benefit from epigenetic treatments, which 
needs further study.
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