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Background: Colorectal cancer (CRC) is one of the most common malignancies world-
wide. Studies have demonstrated that epigenetic modifications play essential roles in the
development of CRC. ADHFEI is a differentially expressed gene that has been reported to
be hypermethylated in CRC. However, the role and mechanism of ADHFE1 in the prolif-
eration of CRC remain unclear.

Materials and methods: ADHFE!1 expression was analyzed in CRC tissues by IHC and
qRT-PCR, and the relationship between ADHFE1 expression and the clinicopathological
parameters was analyzed. Cell proliferation were assessed by the in vitro and in vivo
experimental models. GSEA assay was performed to explore the mechanism of ADHFEI
in the proliferation of CRC. Flow cytometry and Western blot were used to detect the
activation of the cell cycle signaling. Bisulfite genomic sequence (BSP) assay was used to
test the methylation degree of ADHFE1 gene promoter in CRC tissues.

Results: Here, we verified that ADHFE1 was down-regulated and hypermethylated in CRC
tissues. The down-regulation of ADHFE1 was correlated with poor differentiation and
advanced TNM stage of CRC patients. And ADHFE1 expression restored when the CRC
cell line SW620 was treated with the demethylating agent 5-Aza-CdR. Overexpression of
ADHFEL! inhibited the proliferation of CRC, while ADHFE1 knockdown promoted the
proliferation of CRC cells in vitro and in vivo. Moreover, ADHFE1 overexpression could
induce a significant G1-S cell cycle arrest in CRC cells and vice versa.

Conclusion: Hypermethylation of ADHFE1 might promote cell proliferation by modulating
cell cycle progression in CRC, potentially providing a new therapeutic target for CRC
patients.
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Introduction
Colorectal cancer (CRC) is one of the most lethal malignancies worldwide.' The
initiation of CRC is a complex process characterized by activation of oncogenes,
inactivation of tumor suppressor genes and multiple risk factors.” However, the
precise molecular mechanism underlying the initiation and progression of CRC
remain unclear. Therefore, it is essential to explore the function and molecular
mechanisms in the development of CRC.

Numerous studies have revealed that genetic alterations and mutations are
involved in the tumorigenesis and progression of CRC.> Recently, epigenetic
modifications are also demonstrated to be required for the initiation and
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development of CRC.*® Aberrant DNA methylation is the
most common type of epigenetic alterations, in which a
methyl group is added to the cytosine base in the dinucleo-
tide sequence CpG islands, which are often associated
with the promoter.*” The abnormal methylation in a gene
promoter generally correlates with an aberrant expression
of itself. For example, hypermethylation of a gene promo-
ter may cause the inactivation of a tumor suppressor gene
and will further lead to tumor initiation and metastasis.® '

Alcohol Dehydrogenase Iron Containing 1 (ADHFE1)
is a member of the iron-activated alcohol dehydrogenase
family."" It is reported that ADHFEI has a conserved
NAD-binding
y-hydroxybutyrate dehydrogenase.'? Investigations have

sitte and it is related to bacterial
demonstrated that ADHFE1 promoter is significantly
in CRC,

ADHFEI expression is correlated with the differentiation

hypermethylated and down-regulated and
of CRC."*™'> However, the precise functions and molecu-
lar mechanisms of ADHFE1 in CRC still need further
exploration.

Therefore, in this study, we detected ADHFEI expres-
sion in CRC tissues, illustrated the role and molecular
mechanism of ADHFEI in the proliferation of CRC, and
verified the upstream regulatory mechanisms underlying
the down-regulation of ADHFEI.

Materials And Methods

Tissue Specimens

All CRC tissues and matched adjacent normal mucosa sam-
ples were collected from the First Affiliated Hospital of
Xinxiang Medical University (Xinxiang, China) with the
written informed consent of patients from 2016 to 2017.
The clinical research was performed according to the written
approval obtained from the Ethics Committee of Xinxiang
Medical University (Xinxiang, China). For each tissue, one
portion was snap-frozen in liquid nitrogen and stored at —80°
C for quantitative real-time PCR (qRT-PCR), and another
portion was fixed in 10% formalin within 1 h after surgical
removal, embedded in paraffin, and sectioned consecutively
at 3 um thickness using a rotary microtome for immunohis-
tochemical assays. All the patients did not receive radio-
therapy or chemotherapy before surgery.

Cell Cultures And 5-Aza-CdR Treatment
Human CRC cell lines SW620, HCT116, SW480, HT29,
LS174T, LOVO, CACO2 and RKO were obtained from the
American Type Culture Collection (Manassas, VA, USA).

The cells were cultured in RPMI1640 (HyClone; GE
Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher
Scientific, Inc.) at 37 °C in a humidified atmosphere with 5%
CO,. SW620 cells were treated with 0, 5, 10 and 20uM
5-Aza-CdR (Sigma-Aldrich, St. Louis, Mo, USA) for 48 hrs.

Vector Construction And Lentivirus

Infection

The ADHFEI construct was generated by subcloning PCR
amplified full-length human ADHFE1 ¢cDNA into plasmid
PSIN-EF2-puro. For deletion of ADHFEI, shRNA
sequence was cloned into the pSuper-retro-puro vector.
The primers used to generate the shRNA nucleotide
listed in

sequences for repressing ADHFEl are

Supplementary Table S1. Retroviral production and infec-

tion were performed as previously described.'® Stable cell
lines expressing ADHFE1 or shADHFEI were selected for
10 days with 0.5 mg/mL puromycin.

Immunohistochemistry (IHC)

The 3 pm-thick tissue sections were deparaffinized and rehy-
drated, and incubated with primary antibody at 4°C over-
night. Prior to incubation with anti-ADHFE1 (1:200 dilution;
GeneTex Inc, Texas, St. Antonio, USA), and anti-Ki67 anti-
bodies (1:100 dilution; Bioworld Technology Inc., St. Louis
Park, MN, USA), the sections were heated in 0.01M sodium
citrate buffer, pH6.0 for antigen retrieval, and incubated in
3% H,0O, to inhibit endogenous peroxidase activity. On the
next day, the sections were washed and incubated with the
secondary antibody for 30 mins at room temperature. Finally,
the slides were developed using a DAB chromogen kit and
The total
ADHFEI and Ki67 immunostaining score was calculated

counterstained with Mayer’s hematoxylin.

as the sum of the percentage positivity of stained tumor
cells and the staining intensity as previously described.'”

RNA Extraction And qRT-PCR

Total RNA was extracted using TRIzol reagent (Takara)
according to the manufacturer’s instructions. cDNAs were
synthesized using a Reverse Transcription Kit (Takara).
Quantitative real-time PCR was carried out using SYBR
Green | (Takara) in triplicate. The results were normalized
to the expression of GAPDH. The primer sequences used
for qRT-PCR are listed in Supplementary Table S2.
Relative quantification of mRNA expression was calcu-
272 method.

lated using the
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Western Blot Assay

Protein lysates were prepared using a lysis buffer and
quantified using a bicinchoninic acid (BCA) protein quan-
tification kit (KeyGen Biotech, China). The proteins were
subjected to SDS-PAGE and transferred onto a PVDF
membrane. The PVDF membrane was subsequently
blocked in PBST solution containing 5% non-fat milk
and incubated at 4°C overnight with specific antibodies
anti-ADHFE1 (1:1000 dilution; GeneTex Inc, Texas, St.
Antonio, USA), anti-CyclinD1  (1:500  dilution;
ProteinTech Group, Chicago, IL, USA), anti-p21 (1:500
dilution; ProteinTech Group, Chicago, IL, USA), anti-p27
(1:1000 dilution; ProteinTech Group, Chicago, IL, USA),
anti-p53 (1:2000 dilution; ProteinTech Group, Chicago,
IL, USA) and anti-GAPDH (1:5000 dilution; ProteinTech
Group, Chicago, IL, USA). The next day, membranes were
incubated with the HRP-conjugated goat anti-rabbit sec-
ondary antibody (dilution 1:5,000; ABclonal Biotech Co.,
Ltd., Woburn, MA, USA). Subsequently, the membranes
were detected using Pierce ECL Western Blotting
Substrate (Thermo Scientific, USA).

CCK-8 Cell Proliferation Assay

1x10° cells were seeded at 96-well plates and cultured for
24 h. The cell proliferation assay was performed on days
1, 2, 3, 4, and 5 using Cell Counting Kit-8 (CCK-8)
(Dojindo Laboratories, Japan). 10 pl CCK-8 reagent was
added to each well and then the plate was incubated for 2 h
at 37°C. At the endpoint of incubation, the absorbance was
measured at 450 nm using a Vmax microplate spectro-
photometer (Molecular Devices, Sunnyvale, CA). Each
sample was assayed in triplicate and repeated 3 times
independently.

Colony Formation Assay

200 cells were seeded on 6-well plates and cultured for
2 weeks. The colonies were fixed with 4% paraformalde-
hyde for 10 min and then stained with hematoxylin and
eosin (H&E) for 30 min. The number of colonies, defined
as > 50 cells/colony, was counted. Three independent
experiments were performed.

Xenograft Growth Assay

Xenograft tumors were generated by subcutaneous injection
of 2 x 10° stable cells of SW480/ShNC, SW480/
ShADHFE! (n = 6 per group) on the hind limbs of female
athymic BALB/c nude mice between 4 and 6 weeks of age.

All animal experiments were conducted according to the
Institutes of Health (NIH) Guidelines for
Laboratory Animal Care and approved by the Xinxiang

National

Medical University Institutional Animal Care and Use
Committee. The primary tumor growth was measured
using a slide caliper and the tumor volume was determined
using the formula (length x width?)/2. After euthanasia, the
tumors were surgically removed, fixed in formalin (neutral
buffered 10%), embedded in paraffin, and prepared into
3-um sections for staining with hematoxylin and eosin
(H&E) or Ki67 immunohistochemical staining.17

Flow Cytometry

The stable transfected cells were harvested by trypsiniza-
tion and flow cytometry assays were performed as pre-
viously described.'®'” 1x10° indicated cells were collected
and fixed with 70% cold ethanol. After treated with RNase
A (10 pg/mL) for 30 mins at 37°C, the cells were resus-
pended in 0.5 mL propidium iodide (PI) solution
(50 pg/mL in 0.1% sodium citrate with 0.1% NP-40).
Cell cycle distribution was analyzed by FACScan cytome-
try (Becton-Dickinson, San Jose, CA, USA).

Bisulfite Genomic Sequence (BSP) Assay
The methylation status of the CpG dinucleotides in the
ADHFE!] promoter was analyzed. A bisulfate-sequencing
assay was performed using 1.0 mg of bisulfite-treated genomic
DNA from the clinical samples. Bisulfite conversion was
performed using the EpiTect Bisulfite Kit (QIAGEN,
German) according to the manufacturer’s instructions. The
fragments of interest were amplified using the following spe-
cific primer pairs designed with the MethPrimer software*”:
forward, 5'- GGAGATGGAGTGAAGGTTGTTT-3'; reverse,
5'- ATTAACTCAAAACCCCTCTCTCTC —3'. The PCR pro-
ducts were gel purified and cloned into the pMD19-T vectors
using pMDI19-T vector cloning kit (TAKARA, Japan).
Individual bacterial colonies were picked and sequenced to
analyze DNA methylation'’

Accession Numbers For Data Sets

The different expression of ADHFEI generated in the study
came from the GEO database (GSE32323 and GSE21510)
and the TCGA data. The methylation percentage of ADHFE1
in the normal and colorectal cancer tissues reanalyzed in the
study came from the GEO database (GSE17648, GSE25062
and GSEA40055). The GEO databases (GSE13294 and
GSE13067) were used for the GSEA analysis of the
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“REACTOME CELL CYCLE” and “REACTOME G1 S
TRANSITION” gene sets in the study.

Statistical Analysis

All statistical analyses were performed using the Statistical
Package for the Social Sciences version 19.0 software
(SPSS Inc., Chicago, IL, USA). The differences between
groups were examined using one-way ANOVA or
two-tailed Student’s t-test. The relationships between
ADHFEI1 expression and clinicopathological characteris-
tics were determined using the y” test. Data are presented
as the means + SD of at least 3 independent experiments.
p< 0.05 was considered statistically significant.

Results
ADHFEI Is Down-Regulated In CRC

The TCGA database was first used to analyze the expres-
sion of ADHFE] in CRC tissues. It revealed that the
expression of ADHFEI was significantly down-regulated
in CRC tissues compared with that in normal colorectal

tissues (Figure 1A). The analysis from GEO datasets
(GSE32323 and GSE21510) also showed the same results
(Figure 1B and C).

Next, IHC was performed to detect the expression of
ADHFE! in 80 paraffin-embedded CRC samples. The
result showed that the expression of ADHFEl in CRC
tissue was down-regulated by 81.3% (65/80) in CRC
patients. The positive ADHFE] expression was mainly
localized in cytoplasm, as marked by yellow-brown stain-
ing (Figure 1D). And the low expression level of ADHFEL
protein was significantly correlated with poor differentia-
tion and advanced TNM stage (p<0.05) (Table 1).
Moreover, the mRNA expression of ADHFE1 was signifi-
cantly down-regulated in 10 CRC tissues compared to
their adjacent normal mucosa using qRT-PCR (Figure 1E).

Up-Regulation Of ADHFEI Inhibits The

Proliferation Of CRC Cells And Vice Versa

The expression of ADHFE1 was detected in different
CRC cell lines (Figure 2A). Then we established stable
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Figure | ADHFEI is down-regulated in CRC. (A, B and C) The expression of ADHFE!| in CRC tissues and normal colorectal tissues in the TCGA mRNAArray data and
GEO datasets (GSE32323 and GSE21510). ***p<0.0001. (D) Immunostaining of ADHFEI protein in 80 CRC tissues and the adjacent normal colorectal tissues. (E) qRT-PCR
analysis of ADHFEI expression in |10 paired CRC tissues; ADHFEI was quantified relative to the matched adjacent no tumor tissues. Error bars represent means + SD

calculated from three parallel experiments.
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Table | The Relationship Between The Expression Of ADHFEI
And Clinicopathological Parameters

Characteristics ADHFEI Expression e p value
Low High

Age
< mean (58) 18 20 0.201 0.803
> mean (58) 22 20

Gender
Male 24 21 0.457 | 0.652
Female 16 19

Differentiation
Well 7 15 8242 | 0.016
Moderate 23 23
Poor 10 2

TNM classification
-l 15 28 8.498 | 0.007
-1V 25 12

Metastasis
No 31 33 0313 | 0.781
Yes 9 7

expression cell lines according to its expression. The
result of Western blot suggested that stable CRC cell
lines with ADHFE1 over-expression and knockdown
were successfully established (Figure 2B).

Subsequently, we detected the effects of ADHFE] on
the proliferation of CRC cells in vitro. The results of
CCKS cell proliferation assay showed that the proliferative
ability of CRC cells was significantly inhibited when
ADHFE1 was overexpressed, while the proliferation of
CRC cells increased dramatically when ADHFEl was
knockdown (Figure 2C and D). The results of colony
formation assay illustrated that the colony numbers were
much less in ADHFEI stably expressed cell lines com-
pared with the control group, while the colony numbers
were much more when ADHFE1 was stably knockdown
(Figure 2E and F). Moreover, we performed xenograft
growth assay to detect the effects of ADHFE1 in vivo.
Consistent with in vitro investigations, the subcutaneous
tumors generated from SW480/ShADHFE1 cells were
larger than those derived from SW480/ShNC cells
(Figure 2G). IHC staining confirmed that a higher Ki-67
index could be found in the tumors formed by SW480/
ShADHFE1 CRC cells than that from the control group
(Figure 2H).

ADHFE| Modulates Cell Cycle
Progression In CRC

GSEA (Gene Set Enrichment Analysis) was performed to
investigate the enrichment of gene signatures in CRC with
low ADHFEI expression (GSE13067 and GSE13294).
The results suggested that cell cycle related gene sets
“REACTOME CELL CYCLE” and “REACTOME GI1
S TRANSTION” was significantly enriched in CRC
tissues when the expression of ADHFEl was low
(Figure 3A).

Next, flow cytometry was utilized to assess the num-
bers of cells in G1, S or G2/M phase. And we found that
SW620/ADHFE1 cells had a larger proportion in Gl
phase and had a smaller proportion in S and G2/M
phases, which was an indication of a significant G1-S
cell cycle arrest compared with the control group
(Figure 3B). However, the percentage of cells in the G1
phase reduced evidently and the percentage of cells in S
and G2/M phase increased significantly with the deple-
tion of ADHFE!1 (Figure 3C). The result of Western blot
also showed that CyclinD1 was significantly down-regu-
lated, whereas p53, p21 and p27 were strikingly up-regu-
lated when ADHFE1 was overexpressed and vice versa
(Figure 3D).

ADHFEI Is Down-Regulated In CRC
Contributing To Methylation Changes In

The Gene Promoter
Mutation, deletion, and epigenetic alterations are the most
common factors in the inactivation of tumor suppressors.
We analyzed the mutation and CNV (copy, number, varia-
tion) status of ADHFE1 in CRC using cBioPortal for
(http://www.cbioportal.org/),
observed that there were no significant mutation and
CNV of ADHFEI in CRC (Supplementary Figure SI).
These results suggested other factors might participate in
the inactivation of ADHFEI.

Therefore, we analyzed the methylation status of

Cancer Genomics and

ADHFEI1 promoter. We analyzed CpG islands in the pro-
moter of ADHFEI using the UCSC database (http://gen
ome.ucsc.edu/). Next, we detected the methylation status
of the CpG island in 5 paired fresh CRC tissues using the
bisulfite genomic sequence (BSP) assay. The results illu-
strated that a higher degree of CpG island methylation
could be found in ADHFE1 promoter in CRC tissues
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Figure 4 ADHFEI is hypermethylated in CRC. (A and B) The degree of CpG island methylation of ADHFE| promoter in 5 paired CRC tissues. (C and D) The results of
GEO analyses of the methylation level in the promoter of ADHFEI in CRC compared with that in the normal intestinal mucosa. (E) Treatment with a DNA demethylation
agent 5-Aza-CdR increased ADHFE| expression at different levels in the CRC cell line SW620. ***p<0.0001.

compared with the normal colorectal tissues (Figure 4A
and B).

The analysis results of GEO data also showed that the
methylation status of ADHFEI promoter was significantly
higher in CRC tissues than that in the normal colorectal
tissues (Figure 4C and D). Furthermore, we used demethy-
lation drug 5-Aza-CdR to treat the CRC cells and observed

the expression of ADHFEI. The result of Western blot
revealed that the expression of ADHFE] increased in CRC
cells treated with 5-Aza-CdR in a concentration-dependent
manner (Figure 4E). Moreover, CyclinD1 was down-regu-
lated, p53, p21 and p27 were up-regulated significantly in
CRC cells after demethylation treatment (Supplementary

Figure S2).
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Discussion

CRC is one of the most common malignant tumors with high
mobility and mortality.”’ Numerous studies reveal that many
gene alterations are involved in the initiation and progression
of CRC.**"** ADHFEI is a transcriptional differentially
expressed gene (DEG) that was identified using CRC
mRNA sequencing data from The Cancer Genome Atlas
(TCGA) and GEO. ADHFEI is mapped to human chromo-
some 8q13.1 and encodes the protein which belongs to the
iron-activated alcohol dehydrogenase family.'' It is reported
that ADHFELI is down-regulated in CRC and its expression is
correlated with the differentiation of CRC."> Our results
showed that ADHFE! was significantly down-regulated in
CRC tissues by using THC, and the down-regulation of
ADHFE1 was correlated with poor differentiation and
advanced TNM stage of CRC patients. which is consistent
with the previous studies. Therefore, ADHFE1 has the poten-
tial to be a valuable tumor suppressor in CRC.

Abnormal and uncontrolled cell proliferation is a hall-
mark of cancer and is caused by the misregulation of various
crucial protein expressions.”*** The sustaining proliferation
of cells will ultimately cause the initiation and progression of
CRC.**?° It is demonstrated that ADHFE1 knockdown pro-
motes CRC cell proliferation in vitro by transiently transfect-
ing siRNAs.?” Here, we showed that stable overexpression of
ADHFEI! inhibited CRC cell proliferation in vitro, while
permanent ADHFE1 knockdown promoted CRC cell prolif-
eration in vitro and in vivo. However, the underlying
mechanisms of ADHFE1 in CRC remain poorly identified.

Cell cycle is usually dysregulated in various cancer
cells, thereby breaking homeostasis of cell number and
causing uncontrolled cell proliferation.?® In our investiga-
tions, we found an enrichment of gene signatures which
promote the cell cycle progression with low expression of
ADHFE1 by using the GSEA (Gene Set Enrichment
Analysis). Our results also illustrated that enforced expres-
sion of ADHFEI decelerated the G1-S transition, while
ADHFE! knockdown promoted the G1-S transition with
the down-regulation of p53, p21 and p27 and up-regula-
tion of Cyclin D1. Thus, down-regulation of ADHFEI
may promote the proliferation of CRC cells via promoting
cell cycle progression. However, the detailed underlying
mechanisms still need to be further investigated.

Recently, studies reveal that the inactivation of tumor
suppressor genes may be caused by epigenetic modifica-
tions, such as promoter hypermethylation.”?**° And
ADHFE!1 promoter is aberrantly hypermethylated in CRC

Hypermethylation

-----

|

ADHFE1 Promoter

Proliferation

Figure 5 Proposed model: hypermethylation of ADHFEI facilitates the prolifera-
tion of CRC cells via modulating the proteins which are essential in cell cycle
progression.

by a genome-wide methylation profiling screen using an
array-based chip assay.'**' The result of GEO CRC micro-
array dataset analysis also suggested that ADFHE1 promo-
ter was hypermethylated in CRC compared to the normal
tissues. In consistent with the previous studies and the
bioinformatics analysis, we observed that the CpG island
methylation status of ADHFE1 promoter is higher in CRC
tissues than that in the adjacent normal mucosa, and the loss
expression of ADHFE1 was associated with the degree of
methylation in CRC. These results suggested that promoter
hypermethylation of the gene may be a major factor in the
inactivation of ADHFEL.

In conclusion, we found that the expression of ADHFE1
was significantly down-regulated in CRC tissues compared
with that in adjacent normal mucosa. And ADHFEI over-
expression inhibited the proliferation of CRC cells, while
ADHFEI knockdown promoted CRC cell proliferation.
Moreover, hypermethylation and the deletion of ADHFEI1
promoted cell cycle progression, and finally facilitated the
proliferation of CRC cells (Figure 5). Restoration of
ADHFEI might provide a new therapeutic approach
enabling cancer precision medicine for CRC patients.
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