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ADHI1C 1nhibits progression of colorectal cancer through the
ADHIC/PHGDH /PSATI]1/serine metabolic pathway
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Colorectal cancer (CRC) is the third most common cancer in men and the second most common cancer in women worldwide. CRC
is the second leading cause of cancer-related deaths. Although some progress in the treatment of CRC has been achieved, the
molecular mechanism of CRC is still unclear. In this study, alcohol dehydrogenase 1C(ADH1C) was first identified as a target gene
closely associated with the development of CRC by the comprehensive application of transcriptomics, proteomics, metabonomics
and in silico analysis. The ADH1C mRNA and protein expression in CRC cell lines and tumor tissues was lower than that in normal
intestinal epithelial cell lines and healthy tissues. Overexpression of ADH1C inhibited the growth, migration, invasion and colony
formation of CRC cell lines and prevented the growth of xenograft tumors in nude mice. The inhibitory effects of ADH1C on CRC
cells in vitro were exerted by reducing the expression of PHGDH/PSAT1 and the serine level. This inhibition could be partially
reversed by adding serine to the culture medium. These results showed that ADH1C is a potential drug target in CRC.
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INTRODUCTION

Cancer incidence and mortality are rapidly increasing worldwide.
More than 1.2 million patients are diagnosed with colorectal cancer
(CRQ) every year, and more than 600,000 die from the disease [1].
CRC is the third most common cancer in men and the second most
common cancer in women worldwide and the second leading
cause of cancer-related deaths [2]. The incidence of CRC is
associated with age, lifestyle, polyps in the colon, inflammatory
bowel disease, family history and personal history and can also be
considered a sign of socioeconomic development [3]. Abnormal
metabolism is a hallmark of cancer, and more studies have shown
that CRC is closely linked to abnormal metabolism [4].

Alcohol dehydrogenase 1C (ADH1C) is a member of the alcohol
dehydrogenase family, which metabolizes ethanol, retinol and
other aliphatic alcohols, hydroxysteroids, and lipid peroxidation
products. Studies on the association of ADH1C with many types of
cancers have provided significant but variable results, lacking
consistency. ADH1C is associated with liver carcinoma [5, 6] and
lung adenocarcinoma (LUAD) survival and is considered a
promising biomarker for predicting the prognosis of LUAD [7]. In
CRC, ADH1C is found to be involved in tumor immune cell
infiltration and cetuximab resistance [8], while Ghosh et al.
reported that ADH1B and ALDH2 but not ADH1C were associated
with an increased risk of gastric cancer in West Bengal, India [9].
The ADH1C polymorphism may not be associated with the
development of breast cancer in Caucasians [10] or with
esophageal cancer in China [11]. The role of ADH1C in cancer is
complex and controversial, and the mechanisms, especially in the
case of CRC, remain unclear.

In the past decade, the molecular characterization of cancers via
bioinformatics and multiomics analyses has helped elucidate
cancer biology and identify new biomarkers and potential
therapeutic targets. These methods provide researchers with
highly efficient, powerful and reliable approaches to identify key
genes related to the prognosis of various types of cancer [12, 13].
In this study, through the comprehensive application of transcrip-
tomics, proteomics, metabonomics and in silico analyses, followed
by verification with molecular biology analyses, we found that
ADH1C was associated with CRC and explored its function in the
progression of CRC. The results showed that the expression of
ADH1C was downregulated in CRC cells and tissues and that
overexpression of ADH1C inhibited the proliferation, migration,
invasion, and colony formation of CRC cells. In addition, over-
expression of ADH1C reduced the expression of two critical
enzymes, phosphoglycerate dehydrogenase (PHGDH) and phos-
phoserine aminotransferase 1 (PSAT1), of the serine synthesis
pathway (SSP). Serine is a nonessential amino acid that plays an
important role in tumor metabolic reprogramming by participating
in one-carbon metabolism, lipid metabolism, and protein biosynth-
esis. Knockdown of PHGDH or PSAT1 induced a phenotype of CRC
cells caused by the overexpression of ADH1C, and this effect was
reversed by exogenous serine. Furthermore, knockdown of PHGDH
or PSAT1 reduced intracellular serine to the same extent as
overexpression of ADH1C. Overexpression of ADH1C was also
found to inhibit the growth of xenograft CRC tumors in vivo. In
summary, ADH1C functions as a tumor suppressor gene, down-
regulating PHGDH and PSAT1 expression in the SSP, reducing
intracellular serine and inhibiting CRC in vitro and in vivo.
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MATERIALS AND METHODS

Identification and analysis of differentially expressed genes (DEGs)
The datasets GSE33113, GSE21510, GSE9348 and GSE18105 were
obtained from the platform at the GPL570 [HG-U133_Plus_2]
Affymetrix Human Genome U133 Plus 2.0 Array and used to
analyze the changes in mRNA expression levels between CRC and
normal colorectal tissues acquired from GEO, one of the most
widely used public databases for chip/gene profiles (https://www.
ncbi.nlm.nih.gov/geo/). The GEO2R online tool [14] was used after
replacing the matched probes with gene symbols of the original
expression matrix, which was downloaded and used to find DEGs
between CRC and normal tissues with an adjusted P value < 0.05
and |log2FC|>2 among them (DEGs with log2FC <2 are genes
with significantly downregulated expression, while DEGs with
log2FC > 2 are genes with significantly upregulated expression).
Here, Log2FC refers to Log2(fold change). An online tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/) was used to draw
the Venn diagram.

Weighted gene coexpression network analysis (WGCNA)
Following the developer’s instructions [15], the WGCNA package
(under R environment, version 3.6.3) was used to perform WGCNA
on the expression matrix of GSE33113 and GSE9348. The scaleless
adaptation index of different soft threshold parameters was
precalculated using the pickSoftThreshold function. Converting
the adjacency relationship to topological overlap indicates the
network connectivity of a gene, which is defined as the sum of its
adjacency relationship to all other genes for network generation.
Based on TOM similarities and differences, the hierarchical
clustering function was used to classify genes with similar
expression profiles into modules, and the minimum size of the
gene tree was 30. The dissimilarity of the intrinsic genes of the
modules was calculated to select the cutoff point for merging
modules. The network of intrinsic genes was visualized as a
heatmap of 1000 randomly selected genes. The correlations
between each module and clinical features were determined to
identify the most relevant modules. Gene significance (GS) was
defined as the log10 transformation of the P value in linear
regression between gene expression and clinical information (GS =
logP); module importance (MS) was defined as the average GS of all
genes in the module. Generally, the module with the top MS
ranking among all selected modules was regarded as a module
related to clinical characteristics.

Enrichment analysis, protein-protein interaction (PPI), network
construction, and hub gene identification

Gene Ontology (GO) enrichment analysis is a common method to
define genes and their RNA or protein products to reveal the unique
biological characteristics of high-throughput transcriptome or
genomic data [16]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) is a collection of databases dealing with genomes, diseases,
biological pathways, drugs and chemical materials [17]. DAVID
(database for annotation, visualization and integrated discovery) is
an online bioinformatics tool designed to identify a large number of
genes or protein functions [18] that was used to carry out GO
analysis of biological processes (BPs), molecular functions (MFs),
cellular components (CCs) and KEGG pathways (P < 0.05). These
results were visualized as graphs using Circos [19].

The protein-protein interactions (PPls) among the DEGs were
generated using the STRING database in Cytoscape software
(v.3.7.1) [20]. The hub genes, which are highly interconnected with
the nodes in a group of DEGs or in a module of WGCNA, were
identified by using the CytoHubba plug-in [21]. Using different
algorithms at this step will result in different conclusions, so the top
20 hub genes and their scores were calculated by all eleven
algorithms and comprehensively evaluated. The genes in a certain
module with large numbers after WGCNA were filtered using their
GS value and MM value (|GS| > 0.2 and | MM| > 0.8) to obtain the
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specific number most likely to become hub genes from the
algorithms mentioned above. The intersections between the hub
genes from WGCNA and DEG analysis were assessed to obtain the
final target genes. The transcriptional or post-transcriptional data on
the differential expression of these target genes in CRC patient
tumors and paracarcinoma tissues were obtained from the TCGA
and GTEx RNA sequencing expression databases (http://gepia.
cancer-pku.cn/), the Oncomine database (http://www.oncomine.
org/) and the Protein Atlas database (https://www.proteinatlas.org/).

Sources of cells and culture conditions

The human CRC cell lines HCT116, HCT8, HCT15, SW480, SW620,
HT29, and T84 were purchased from the National Collection of
Authenticated Cell Cultures (Shanghai, China). Cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, NY,
USA) supplemented with 10% fetal bovine serum [FBS, Gibco,
streptomycin (100 ug/mL), and penicillin (100 U/mL)]. The cells
were cultured at 37°C in an incubator with a humidified
atmosphere of 5% CO,.

Construction of ADH1C overexpression and knockdown cell lines
For construction of ADH1C-overexpressing CRC cell lines (ADH1C-
OE), pCMV6-ADH1C-Myc-DDK (pADH1C) and pCMV6-Myc-DDK
(pNC) were purchased from Origene (Beijing, China) and
transfected into HCT116, SW620, HCT8 and HCT15 cells for 24 h,
followed by seeding into a 10 cm dish with 1000 cells/dish. After
culture for 24 h, G418 was added to a concentration of 1.2 mg/mL
for screening. The culture medium was replaced with fresh
medium containing 10% FBS and 1.2 mg/mL G418. Stable cell
clones with high ADH1C expression were selected and cultured
with DMEM containing 10% FBS and 1.2 mg/mL G418. SiRNA
duplexes were obtained from GenePharma (Shanghai, China) and
transfected into HCT116, SW620, HCT8 and HCT15 cells using
Lipofectamine™ 3000 (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. The sequences
of siRNA targeting PSAT1 were 5-GCUGAAUGACAACACCUUUTT-3’
and 5-UAUAGUUGUCUGGAACAGCTT-3'. The sequences of siRNA
targeting the PHGHD gene were 5'-GCUGAAUGACAACACCUUUTT-
3" and 5-AAAGGUGUUGUCAUUCAGCTT-3".

Cell proliferation

Cells (3000 per well) were seeded in 96-well plates and cultured at
37 °C for 24, 48 and 72 h, followed by incubation for 1 h with 10 pL
of CCK-8 assay reagent (Beyotime, Shanghai, China). The
absorbance at 450 nm was measured with a microplate reader
(PerkinElmer, Envision 2104 multilabel reader, USA).

Migration and invasion assay

This experiment was performed using 6.5 mm Transwell inserts of
polycarbonate membranes with 8.0 um pores (Corning, NY, USA).
For the migration assay, 2 x 10* cells were seeded in the upper
chamber and cultured at 37°C for 6 h. The medium was then
replaced with fresh, serum-free medium, and medium containing
20% FBS was added to the bottom chamber. After 24 h, the
migrated cells were stained with 0.1% crystal violet (Solarbio,
Beijing, China), and the total number of cells was counted under a
fluorescence microscope (Nikon Eclipse Ti-U, Japan). For the
invasion assay, the upper chamber was coated with Matrigel™
(Corning) diluted in serum-free medium at a ratio of 1:7. Aliquots of
1% 10° cells were seeded in the upper chamber, cultured at 37 °C
for 48 h, and then stained with 0.1% crystal violet.

Colony formation assay

Cells were suspended in medium containing 0.4% agar (Thermo
Fisher Scientific) and plated onto a layer of 0.7% agar (5000 cells/
well in 1.5 mL medium plus 2 mL bottom agar) in 6-well plates.
After culture for two weeks, the colonies were stained with MTT
(Sigma-Aldrich, St. Louis, USA) and counted.
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Immunohistochemistry analysis of tissue microarrays (TMAs)

CRC tissue microarrays (Cat No. OD-CT-DgLin01-001_1) were
purchased from Outdo Biotech Co., Ltd. (Shanghai, China)
containing tumor tissue and paired adjacent normal tissues from
93 CRC patients. After routine dewaxing and rehydration, antigen
recovery was performed on the sections by microwaving in citric
saline at 95 °C for 90 s, and endogenous peroxidase enzymes were
neutralized with 3% hydrogen peroxide. After permeabilization
with 0.1% Triton X-100 and blocking with 5% bovine serum
albumin, the chip was incubated with 1:200 primary antibody
against rabbit anti-ADH1C antibody (Thermo Fisher Scientific; Cat.
No. PA5-76340) at 4 °C overnight. The microarray was equilibrated
at room temperature for 30 min, washed with PBS and incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG
(Dako, Wuhan, China) for 60 min at room temperature. ADH1C
expression was visualized with DAB substrate (Dako). The
microarray was fully scanned by Pannoramic Scan (3DHistech,
Ltd., Hungary) and quantitatively analyzed using Image-Pro
software (v.10.0.10, Media Cybernetics, Inc.,, MD, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)

After the indicated treatments, the cells were harvested in TRIzol
(Ambion, Carlsbad, CA). After the cells were mixed with a 1/5
volume of chloroform (TongGuang, Beijing, China), the mixture
was centrifuged at 12,000 x g for 15min, and the supernatants
were transferred into new, clear centrifuge tubes. An equal
volume of isopropanol (TongGuang) was added to each super-
natant and gently mixed. After incubation at room temperature
for 30 min, the mixture was centrifuged at 12,000 x g for 15 min.
The pellets were washed once with 75% ethanol (TongGuang) and
dissolved in RNase-free water (Solarbio) at an appropriate volume.
After RNA quantification, cDNA was synthesized using Prime-
Script™ RT 1st master mix (TaKaRa, Japan) according to the
manufacturer’s instructions. Quantitative real-time RT-PCR (qRT-
PCR) was performed using TB Green® premix ExTaq ™Il (Tli RNase
H Plus) (TaKaRa). GAPDH served as an internal control. The primers
used are listed in Supplementary Table 1.

Western immunoblotting (WB)

After the indicated treatments, the cells were harvested by
centrifugation, and the pellets were resuspended in RIPA buffer
(Applygen Technologies, Inc., Beijing, China) for protein extraction.
The protein concentration was determined using a BCA assay kit
from Applygen Technologies, Inc. Aliquots of 20-40 pg of protein
were separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and then transferred onto PVDF membranes
(Merck Millipore, Ltd., Germany). The membranes were blocked
with TBST containing 5% nonfat milk at room temperature for 2 h
and incubated with GAPDH rabbit monoclonal antibody (Protein-
tech, Wuhan, China; Cat No. 6004-1-lg), PSAT1 rabbit polyclonal
antibody (Proteintech; Cat No. 10501-1-AP), PHGHD rabbit
polyclonal antibody (Proteintech; Cat No. 14719-1-AP), or ADH1C
rabbit polyclonal antibody (Thermo Fisher Scientific; Cat. No. PA5-
76340) at 4°C overnight. Subsequently, the membranes were
washed three times with TBST and incubated with HRP-linked
anti-mouse 1gG antibody (Cell Signaling Technology, Danvers,
USA; Cat. No. 7076S) or HRP-linked anti-rabbit IgG antibody (Cell
Signaling Technology; Cat No. 7074S) at room temperature for 2 h.
Finally, the membranes were washed three times with TBST and
incubated with ECL reagents (CWBio, Beijing, China). The
membranes were examined using a chemiluminescence photo-
documentation system (Tanon, Beijing, China) and photographed.

Xenograft assay in nude mice

Animal studies were approved by the Committee on Animal Care
& Welfare at the Institute of Materia Medica, Chinese Academy of
Medical Science & Peking Union Medical College (No. 0004595).
Approximately seven-week-old athymic nude mice (18-20 g) (Vital
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River Laboratory Animal Technology Co., Ltd., Beijing, China) were
housed in the animal facility in the Department of Animal Care
Center at the Institute of Materia Medica, Chinese Academy of
Medical Science & Peking Union Medical College at an ambient
temperature of 24 °C with unlimited access to food and water. All
experimental procedures were carried out in accordance with
institutional guidelines for the care and use of laboratory animals
at the Institute of Materia Medica, Chinese Academy of Medical
Science & Peking Union Medical College and the National
Institutes of Health Guide for Care and Use of Laboratory Animals
(publication No. 85-23, revised 1985). Mice were randomly
distributed at six per group, and an aliquot of HCT116 or
HCT116_ADH1C-OE cells was subcutaneously injected into the
right flank of each mouse. Tumor volume (mm?3) was measured
with a Vernier caliper and calculated using the formula (L x w?)/2,
where L and W are the length and width of the tumor,
respectively.

Transcriptomics

HCT116 and HCT116_ADH1C-OE cells were harvested in TRIzol
for RNA isolation and sequencing. Initial isolates were assessed
for quality by FastQC (v.0.11.9, open source) and filtered to
remove low-quality calls using default parameters and specifying
a minimum length of 50. Processed reads were then aligned to
the Homo sapiens genome assembly with Cuffmerge (Tuxedo
Suite pipeline). The mRNA levels were evaluated as fragments per
kB per million fragments (FPKM) using Cuffquant and Cuffnorm
(Tuxedo Suite pipeline). The sample correlation analysis was
performed using the Pearson coefficient. Cuffdiff (Tuxedo Suite
pipeline) was used to analyze the differential expression, and the
default screening standard for differential expression was |
log2FC| =1 and P value < 0.05. Genes with log2FC>=1 repre-
sented those with upregulated expression, while log2FC< —1
represented those with downregulated expression. The common
differentially expressed genes from HCT116 and HCT116_ADH1C-
OE cells were collected for subsequent analysis. Gene enrichment
analyses and PPI analyses were performed as described above.

Proteomics—extraction and analysis by LC-MS

Proteins of HCT116 and HCT116_ADH1C-OE cells were extracted
with 8 M urea, reduced with 10 mmol/L dithiothreitol, and alkylated
with 55 mmol/L iodoacetamide. Proteins were adjusted to equiva-
lent concentrations with 20 mmol/L Tris-HCl buffer in 30 kD
ultracentrifugation tubes and digested with 0.25% trypsin (Solarbio)
overnight at 37 °C in ultracentrifugation tubes. The tryptic peptides
were desalted and concentrated using reversed-phase C18 STAGE
tips. The elution products were dried in a vacuum centrifuge
to remove solvent. Peptides were dissolved in 0.1% formic acid and
separated using an EASY-n LC1000 system. The column oven was
set to 60 °C. The peptides were delivered to a trap column (75 pm x
2cm, C18, 5um, Thermo Scientific) and then separated with a
capillary LC column (75 pm x 100 mm, C18, 3 um, Kyoto Monotech).
The elution gradient was 6%-28% for 48 min and 28%-95% for 4
min (buffer B = 0.1% formic acid, 100% ACN; flow rate, 0.6 uL/min).
An Orbitrap Fusion Lumos mass spectrometer was used to analyze
the eluted peptides from LC. The data were obtained by data-
independent acquisition under the high-sensitivity mode using the
following parameters: positive mode was set; one cycle contained
one full scan and 19 fragment scans; the full scan range was from
350 to 1300 m/z and screened at 120,000 resolution; fragment
spectra were collected at 3,000 resolution and segmented to 19
MS/MS scans. The maximum injection time was 50 milliseconds.
Raw DIA data were analyzed by Spectronaut (v.14.3, Biognosys,
Switzerland) with default settings. The spectral libraries of DIA were
generated using total raw data files with a Q value cutoff of 0.01
and a minimum of six fragment ions. The raw files were searched
against the human database downloaded from the reviewed
SwissProt database. Decoy items were generated by inverse mode.
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The samples were subjected to quantitative evaluation based on
the MS2 area. Cross runs were normalized according to the global
abundance area.

Metabonomics

HCT116 and HCT116_ADH1C-OE cells were harvested and mixed
with 10 prechilled zirconium oxide beads and 20 uL of deionized
water. The samples were homogenized for 3 min, and 150 uL of
methanol containing internal standard was added to extract the
metabolites. The samples were homogenized for another 3 min
and then centrifuged at 18,000 x g for 20 min. The supernatants
were transferred to a 96-well plate, and the following procedures
were performed on an Eppendorf epMotion workstation (Eppen-
dorf, Inc, Hamburg, Germany). Freshly prepared derivatization
reagents (20 uL) were added to each well. The plate was sealed,
and the derivatization was carried out at 30 °C for 60 min. After
derivatization, the samples were evaporated for 2 h, and 330 pL of
ice-cold 50% methanol solution was added to reconstitute the
sample. The plate was held at —20°C for 20 min and then
centrifuged at 4000 X g for 30 min at 4 °C. Aliquots of supernatants
(135 uL) were transferred to a new 96-well plate with 10 uL of
internal standards in each well. Serial dilutions of derivatized stock
standards were added to the left wells. An ultra-performance
liquid chromatograph coupled to a tandem mass spectrometry
(UPLC-MS/MS) system (ACQUITY UPLC-Xevo TQ-S, Waters Corp.,
Milford, USA) was used to quantitate the targeted metabolites.
The raw data files generated by UPLC-MS/MS were processed
using MassLynx software (v4.1, Waters, Milford, USA) to perform
peak integration, calibration, and quantitation for each metabolite.
The self-developed platform Imap (v1.0, MetaboProfile, Shanghai,
China) was used for statistical analyses.

Statistical analysis

All experiments were repeated three times, and the data are
expressed as the mean+SD. Statistical significance between
different groups was analyzed by one-way ANOVA using
GraphPad software (v.7.00, GraphPad Software, Inc., San Diego,
California, USA). The D’Agostino-Pearson test was applied to
determine if the values followed a Gaussian distribution. P < 0.05
was considered statistically significant.

RESULTS

Identification of target genes in CRC by bioinformatics

To identify genes associated with the development of CRC, four
datasets (GSE33113, GSE21510, GSE9348, GSE18105) from the GEO
database, which contained mRNA expression data of 358 CRC
tissues and 79 normal colorectal tissues were selected and
analyzed. Using the online GEO2R tool, 1570, 2860, 451 and
3450 DEGs were obtained from GSE33113, GSE9348, GSE21510
and GSE18105, respectively. Among these DEGs, 815, 2187, 236
and 3079 genes were upregulated and 755, 673, 215 and 371
genes were downregulated (P<0.05, |log2FC|>2). The Venn
diagram tool was used to show the intersection of the DEGs in
the four datasets, and 96 upregulated DEGs and 110 down-
regulated DEGs were obtained (Fig. 1a). More details of these
DEGs are shown in Supplementary Fig. 1.

WGCNA was conducted on the four GEO datasets to construct a
coexpression network. Based on the Euclidean distance calculated
by the log10-converted RNA-seq score counts, the samples were
hierarchically clustered. In addition, the basic patient information
was added under the generated tree (Supplementary Fig. 2a). The
sample cluster results showed no obvious outliers. The proper soft
threshold verification converged toward a scale-free topology,
identifying values of 5 and 3 of GSE33113 and GSE9348,
respectively (Supplementary Fig. 2b). The other two datasets,
GSE18105 and GSE21510, were discarded because there was no
suitable soft threshold or the soft threshold was too large, which
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might have seriously distorted the analytical results. As shown in
Fig. 1b, the coexpression network was constructed by the one-
step method using the dynamic tree cut algorithm to obtain a
group of modules in which the expression of member genes
changed in a similar pattern. In GES33113 (left panel) and GSE9348
(right panel), 15 and 20 modules were obtained, and the specific
module size is shown at the bottom of Fig. 1b. Next, the
interaction of the modules was analyzed, and a network heatmap
between the modules (Supplementary Fig. 2c) and a network
heatmap of 1000 randomly selected genes (Supplementary Fig. 2d)
were plotted. These results showed that each module has a high
degree of independence, and the gene expression in each module
is relatively independent. For each module, the coexpression of
genes was summarized by the intrinsic gene (the expression of
the first component of the gene belonging to the module), and
the relevance between each intrinsic gene and clinical character-
istics was determined (tumorigenesis, recurrence, sex, age, etc.).
There were four key modules most relevant to tumorigenesis in
GES33113 and GSE9348. As shown in Fig. 1c, the downregulated
yellow module and the upregulated turquoise module were
closely related to tumorigenesis in GES33113, while the down-
regulated turquoise module and the upregulated brown module
were most related to tumorigenesis in GSE9348. The gene
significance (GS) across modules of the two datasets is shown in
Supplementary Fig. 2e. Scatterplots (Supplementary Fig. 2f, g)
among these four specific modules indicated that there was a
highly significant correlation between GS and module member-
ship in each module. These results allowed us to select them as
key modules for further analysis.

GO enrichment analysis and KEGG pathway analysis were next
performed on the gene clusters obtained by DEG identification
and WGCNA, respectively. The biological processes (BPs) in which
these gene clusters were involved and the specific genes involved
in these BPs are shown in Fig. 1d. The results of the molecular
function (MF), cell component (CC), and KEGG pathway analyses
are shown in Supplementary Fig. 3. The PPl networks were
constructed and evaluated comprehensively using the scores
provided by all available algorithms in CytoHubba (Fig. 1e, f). As a
result, 39 genes with upregulated expression and 38 genes with
downregulated expression were identified from DEG analysis, 49
genes with upregulated expression and 61 genes with down-
regulated expression were identified from GSE33113, and 36
genes with upregulated expression and 60 genes with down-
regulated expression were identified from GSE9348. The details
are listed in Supplementary Table 2.

The intersection between hub genes with upregulated or
downregulated expression obtained in the DEG analysis and
GSE33113 and GSE9348 was examined. The genes with
upregulated expression in GSE33113 (turquoise module) and
GSE9348 (brown module) had three common hub genes,
namely, CEP55, ANLN and CCNB1, which were not included in
the hub genes of the DEGs (Fig. 1g, left panel). The five common
hub genes, MS4A12, GUCA2A, GUCA2B, ADH1C, and CLCA4,
which appeared in all three gene clusters at the same time, were
considered valuable target genes for further research (Fig. 1g,
right panel).

To further validate the five target genes in CRCs, many famous
cancers datasets including TCGA, Oncomine and Protein Atlas
were used. According to the TCGA database, the five target genes
had significantly downregulated expression in CRC (Fig. 2a), and
the results from Oncomine supported this conclusion (Fig. 2b). In
addition, the IHC staining results from the Protein Atlas database
confirmed that changes in the protein expression of the hub
genes were related to CRC tumorigenesis (Fig. 2c). Interestingly,
the expression of ADH1C, CLCA4 and MS4A12 was correlated with
the overall survival of CRC patients in TCGA databases (Fig. 2d).
Thus, these five target genes, especially ADH1C, CLCA4 and
MS4A12, play an important role in CRC tumorigenesis.
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Fig. 1 Identification of the hub genes in CRC by DEGs analysis and WGCNA. a The DEGs of the four datasets and their intersection.
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contained in each module. ¢ Heat map of the correlation between the intrinsic genes of each module and clinical features in GES33113 and
GSE9348. Each row corresponds to the module characteristic gene, and each column corresponds to the clinical characteristic. d Biological
process (BP) of upregulated genes (a) and downregulated genes (b) in DEGs analysis. BP of GSE33113 turquoise module (c), GSE33113 yellow
modaule (d), GSE9348 brown module (e) and GSE9348 turquoise module (f) in WGCNA. e PPl network and hub gene of upregulated (a) and
downregulated (b) DEGs. Circles represent the nodes in the PPl network, gray straight lines represent the connection between the nodes. Pink
circles represent the calculated hub genes, the circle becomes larger and the color becomes darker as the comprehensive scores increase.
f PPI networks and hub genes of the turquoise module (a) and the yellow module (b) in GSE33113. PPl networks and hub genes of the brown
modaule (c) and the turquoise module (d) in GSE9348. g Left panel: the intersection of GSE33113, GSE9348 and upregulated expression of

DEGs. Right panel: the intersection of GSE33113, GSE9348 and downregulated expression of DEGs.

ADH1C mRNA and protein levels are downregulated in CRC tissues
and cells

To focus on the role and mechanism of ADH1C in CRC, we first
analyzed the expression of ADH1C in silico. There was much lower
ADH1C mRNA expression in the CRC tissues than in the normal
tissues (Fig. 3a). Then, ADH1C mRNA and protein expression levels
were assessed by qRT-PCR and WB in the CRC cell lines HCT116,
HCT8, HCT15, HT29, SW620, SW480 and T84. The results showed
that ADH1C expression level was lower in the CRC cell lines than in
the normal intestinal epithelium cell line NCM 460 (Fig. 3b, c). To
further confirm the changes in ADH1C protein expression in CRC,
IHC assays were carried out on CRC tissue microarrays. The ADH1C
protein expression in the CRC tissues was lower than that in the
paired healthy paracarcinoma tissues (Fig. 3d). The analyzed areas
of each pair of tissues are shown in Supplementary Fig. 4.
Collectively, these results showed that the expression of ADH1C
mMRNA and protein was lower in the CRC tissues than in the normal
tissues.

ADH1C functions as a CRC suppressor in vitro

To explore the functional role of ADH1C in CRC, cell proliferation,
migration, invasion and colony formation assays were performed
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in cells with stable high ADH1C expression and control CRC cells.
Overexpression of ADH1C inhibited the growth (Fig. 4a and
Supplementary Fig. 5a) and colony formation of HCT116, SW620,
HCT8 and HCT15 cells (Fig. 4b, Supplementary Fig. 5b). In addition,
overexpression of ADH1C reduced the migration (Fig. 4¢, d) and
invasion (Fig. 4c) of HCT116 and SW620 cells. Altogether, ADH1C
plays a key inhibitory role in the development of CRC.

Multiomics reveals the mechanism by which ADH1C functions as a
tumor suppressor in CRC

To further elucidate the mechanism of ADH1C inhibition of CRC,
multi-omics assays (transcriptomics, proteomics, metabonomics)
were carried out. By comparing transcriptomics and proteomics
data of HCT116 cells and HCT116 cells with high ADH1C expression,
we demonstrated that the transcription of 183 genes was
significantly changed (|log2FC| > 1.5), and the translation of 1569
proteins was significantly altered (|log2FC| > 1.5). More details of the
results of the enrichment analysis are shown in Supplementary
Fig. 6. There were 15 members (ADH1C, ASNS, HSPATA, PSATI1,
PHGDH, U2AF1L5, ERRFIT, HSPA8, HSPA6, TUBA4A, PYGB, PCK2,
NIT1, HSPH1, and ARHGEF2) in the intersection, and four of them
(ADH1C, ASNS, HSPATA, and PSAT1) were proven to be
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Fig. 2 Validation of candidate genes by bioinformatics methods. The mRNA expression level of the candidate genes in a TCGA and GTEx
databases and b Oncomine database. ¢ The protein expression level of the candidate genes in Protein Atlas database (GUCA2B is not
provided in the database). There is lower protein expression of the candidate genes in colorectal tumors than that in normal colon and rectal
tissues. d Among the five candidate genes, the expression levels of ADH1C, CLCA4, and MS4A12 are associated with the overall survival of CRC

according to TCGA and GTEx databases

downregulated and related to overall survival in CRC patients
(Fig. 5a; Supplementary Fig. 7a, b). These results were verified by
gRT-PCR (Fig. 5b). PHGDH is an enzyme that catalyzes the synthesis
of serine, and high PHGDH expression was associated with poor
outcome in CRC patients [22]. PSAT1 is another enzyme involved in
serine biosynthesis that promotes the growth of cells and increases
the chemoresistance of colon cancer cells [23]. Asparagine
synthetase (ASNS), an enzyme that synthesizes asparagine from
aspartate [24], catalyzes the ATP-dependent conversion of aspartate
to asparagine (Fig. 5¢c). Because these potential research targets are
related to metabolic processes, we next assessed the effect of
ADH1C on a wide range of metabolites, including amino acids, by
carrying out a metabolomics assay. Overexpression of ADH1C led to
a significant decrease in intracellular asparagine and serine, which
was consistent with the results of transcriptomics and proteomics
(Fig. 5d). Taken together, these results suggested that ADH1C might
play an inhibitory role in the development of CRCs by inhibiting the
expression of the serine synthase PHGDH and PSAT1.

ADH1C suppresses CRC by inhibiting the phosphatidylserine
synthases PHGDH and PSAT1

To confirm the hypothesis that ADH1C plays an inhibitory role in
the development of CRC by inhibiting the expression of the serine
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synthase PHGHD and PSAT1, expression of PHGHD and PSAT1 was
measured in CRC cell lines with high ADH1C expression by WB.
Overexpression of ADH1C significantly reduced the expression of
PHGDH and PSAT1 in HCT116, HCT8, HCT15 and SW620 cells
(Fig. 6a and Supplementary Fig. 8a). When the expression of
PHGDH and PSAT1 was knocked down by siRNA (Fig. 6b and
Supplementary Fig. 8a) and the functional role of ADH1C in CRC
cells was investigated, we found that knockdown of PHGDH and
PSAT1 expression inhibited cell proliferation (Fig. 6¢, Supplemen-
tary Fig. 8b) and reduced migration (Fig. 6d, e, Supplementary
Fig. 8c, d), invasion (Fig. 6d, Supplementary Fig. 8c), and colony
formation of CRC cells (Fig. 6f, Supplementary Fig. 8e). These
effects are consistent with the effects caused by overexpression of
ADH1C. In addition, it was found that both ADH1C overexpression
and PHGDH or PSAT1 knockdown significantly reduced the
intracellular serine content in CRC cells and that there was no
significant difference between them. It was shown in Fig. 6g and
Supplementary Fig. 8f that serine biosynthesis was inhibited both
by overexpression of ADH1C and by knockdown of PHGDH or
PSAT1 expression in CRC cells. Addition of 12 mM serine to the
culture medium reversed the effects of overexpression of ADH1C
and knockdown of PHGDH or PSAT1 expression in CRC cells, which
further proved that the effect of ADH1C on CRC cells was achieved
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Fig. 3 ADH1C expression is negatively related with CRC. a There was lower ADH1C expression in colorectal tumors than that in para-
carcinoma tissue. Data and statistics were obtained from www.oncomine.org. (a) Kaiser et al. (2007); (b) Ki et al. (2007); (c) Hong et al. (2010); (d)
Gaedcke et al. (2010); (e) Nortterman et al. (2010); (f) Skrzypczak et al. (2010). Compared with normal colorectal cell line NCM460, ADH1C
expression is lower in CRC cell lines at both b transcriptional level and ¢ post-transcriptional level. d There was lower expression of ADH1C
protein in tumors than that in para-carcinoma tissue of CRC tissue microarray. *P < 0.05, **P < 0.01.
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Fig. 4 ADH1C fuctions as a CRC suppressor in vitro. a Overexpression of ADH1C inhibited proliferation of CRC cell lines. b Overexpression of
ADH1C reduced colony formation of CRC cell lines. ¢ Overexpression of ADH1C inhibited migration and invasion of CRC cell lines.
d Overexpression of ADH1C reduced migration (wound healing method) of CRC cell lines. **P < 0.01 compared with control.

partially by inhibiting serine synthase to reduce serine biosynth-
esis (Fig. 6h, Supplementary Fig. 8g). Our study also showed that
adding 12mM serine to ordinary DMEM was sufficient to
significantly increase the proliferation of HCT116 cells (Supple-
mentary Fig. 7¢).

ADH1C functions as a CRC suppressor in vivo

To determine whether overexpression of ADH1C could inhibit the
growth of xenografted CRC tumors in vivo, a xenograft CRC tumor
model was established in immunodeficient mice by injecting
5.5x 10° HCT116 cells with high ADH1C expression. The tumor
volumes of the mice were determined every three days, and once
tumors were palpable at ~100 mm?* in volume, the mice were
euthanized. As shown in Fig. 7a—c, overexpression of ADH1C
resulted in a significant decrease in tumor size and a lower
average ratio of tumor weight and body weight. A statistically
significant reduction in tumor volume occurred 4 days after the
mice received CRC cells (Fig. 7d). Overexpression of ADH1C had no
side effects on the major organs of the test mice (Fig. 7e). Overall,
these results demonstrate that ADH1C inhibits the growth of
xenograft tumors in vivo.
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DISCUSSION

The cornerstones of CRC therapy are surgery, neoadjuvant
radiotherapy (for patients with rectal cancer), and adjuvant
chemotherapy (for patients with stage lll/IV and high-risk stage
Il colon cancer) [1]. Although several targeted drugs have doubled
the overall survival of patients with advanced disease (up to three
years), CRC is still associated with a poor prognosis and a very low
long-term survival rate [25]. The molecular pathogenesis of CRC is
heterogeneous. The adenoma-carcinoma sequence, inherited
forms, mismatch repair deficiency and microsatellite instability
contribute to CRC [1]. In addition, the gut microbiota is considered
important in the initiation and development of CRC [25]. However,
as a disease closely related to metabolism, the exact molecular
mechanism of CRC, especially the mechanism related to
metabolism, remains unclear.

In recent years, DEG analysis based on a large amount of gene
chip data in public databases has been one of the most widely used
bioinformatics methods in tumor studies [26, 27]. However, the
process of DEG analysis in which a group of genes that conform to
certain standards (such as P < 0.05, |log2FC| > 2, etc.) are filtered out
before calculating their connectivity and coexpression will reveal an
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Fig. 5 Multi-omics reveals the mechanism by which ADH1C functions as a tumor-suppressor in CRC. a There were 183 genes and 1569
proteins which were significantly changed in HCT116 cells with overexpressing ADH1C(|log2FC| > 1.5). There are 15 members in their
intersection and four of them, ADH1C, ASNS, HSPA1A, PSAT1, were proved to be associated with overall survival of CRC patients. b Verification
of partial genes with downregulated expression in the transcriptome results. ¢ The biosynthesis of serine and glycine from glucose, PHGDH
and PSAT1 in the serine synthesis pathway (left); the biosynthesis of asparagine and the role of ASNS. d Metabolomics also showed that
overexpression of ADH1C significantly reduced intracellular asparagine and serine in CRC cells with overexpression of ADH1C. PHGDH
phosphoglycerate dehydrogenase; PSAT1 phosphoserine aminotransferase; ASNS asparagine synthetase

association of some genes whose expression differences were
missed because they were not obvious but were also highly
involved in the coexpression network. WGCNA is another tool [15]
that can analyze tumor-related gene expression data from a
different perspective. WGCNA calculates the expression relationship
between genes, identifies gene modules with similar expression
patterns, analyzes the relationship between gene sets and sample
phenotypes, draws regulatory networks between genes in gene sets
and identifies key regulatory genes. The advantages of WGCNA,
such as making full use of information, converting the association of
thousands of genes and phenotypes into the association of several
gene sets and phenotypes, and eliminating the problem of multiple

Acta Pharmacologica Sinica (2022) 43:2709 - 2722

hypothesis test correction, make it possible to successfully analyze
the relationship between gene expression data and clinical features
in various types of cancer, such as lung cancer [28], gastric cancer
[29], glioma [30], pancreatic cancer [31] and bladder cancer [32]. By
intersecting the hub genes with high connectivity of interacting
proteins identified by constructing a PPl network for genes with
certain differential expression patterns after performing DEG
analysis and WGCNA, we identified CRC-related target genes that
simultaneously possess several important characteristics of coex-
pression, differential expression, and protein interaction. ADH1C,
CLCA4 and MS4A12 were selected by combining DEG analysis
with WGCNA.
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Fig. 6 ADH1C suppresses CRC via inhibiting expression of phosphatidylserine synthase PHGHD and PSAT1. a Overexpression of ADH1C
significantly reduced expression of PHGDH and PSAT1T mRNA and protein expression in CRC cell lines. b Protein level verification of the
knockdown effects on PHGDH and PSAT1 of several siRNA. c—f Overexpression of ADH1C, knockdown of PHGDH or PSAT1 expression resulted
in the same phenotype in CRC cells. Overexpression of ADH1C, knockdown of PHGDH or PSAT1 expression reduced cell proliferation rates.
¢ Inhibited invasion and d migration, e and f reduced colony formation. There is no significant difference between results caused by
overexpression of ADH1C, knockdown of PHGDH or PSAT1 expression. g Overexpression of ADH1C, knockdown of PHGDH or PSAT1
expression can significantly reduce the intracellular serine level. There is no significant difference between results caused by overexpression of
ADH1C, knockdown of PHGDH or PSAT1 expression. The serine concentration was measured by the ELISA kit according to the manufacturer’s
instructions. h Exogenous addition of serine can reverse the effect of ADH1C overexpression, knockdown of PHGDH or PSAT1 on CRC cells.
*P < 0.05; **P < 0.017 compared with control; P < 0.05, #P < 0.01 compared with ADH1C-OE; 24P < 0.01 compared with siRNA PHGDH; °P < 0.05;
p < 0.01 compared with siRNA PSAT1.
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Fig. 7 ADH1C functions as a suppressor of CRC in vivo. a Photos of mice with xenograft tumors generated by HCT116 cells and HCT116 cells
with high ADH1C expression. b Overexpression of ADH1C inhibited growth of xenograft CRC tumors. ¢ Photos of tumors generated by
HCT116 cells with or without high ADH1C expression. d Overexpression of ADH1C significantly reduced tumor volume of xenograft CRC
tumors. e Overexpression of ADH1C did not bring side effect on major organs of mice. *P < 0.05; **P < 0.01.

ADH1C has been characterized as an important member of the
alcohol dehydrogenase system [33]. Ethanol is converted into
acetaldehyde by ADH family members and catalyzed sequentially
to acetate by ALDH [34, 35]. High expression of ADH1C was found
to protect patients with non-small-cell lung cancer (NSCLC) [36]
and was identified by machine learning algorithms as a promising
novel biomarker for predicting lung adenocarcinoma prognosis
[7], as well as hepatocellular carcinoma (HCC) [5, 6]. In our study,
ADH1C was identified as a potential tumor suppressor of CRC and
was associated with the overall survival of CRC using comprehen-
sive bioinformatics methods, which further confirmed previous
results. In addition, the essential role of ADH1C in inhibiting CRC
was first demonstrated in our study: overexpression of ADH1C
reduced the proliferation, migration, invasion and colony forma-
tion of several CRC cell lines and inhibited the growth of
xenografted tumors in immunodeficient mice.

The central role of metabolic pathways and metabolites in
facilitating the biosynthesis and bioenergetics required for cell
proliferation and survival has been revealed over the past decade.
Some metabolic reprogramming processes, such as the Warburg
effect, have long been observed in cancers [37], and others, such as
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alcohol, nonessential amino acid, and lipid metabolism, have also
attracted increasing attention [34, 38-41]. Although ADH1C has
been shown to be closely associated with several cancers [42, 43],
the detailed mechanisms have not been determined, except insofar
as acetaldehyde may cause genome instability [44]. In our study,
advanced multiomics methods, including transcriptomics, proteo-
mics and metabolomics, were used to explore the mechanism of
ADHI1GC, and several potential targets of ADH1C were discovered.
We first found that overexpression of ADH1C had an inhibitory
effect by reducing the expression of PHGDH and PSAT1. Abnormal
expression and genetic deficiency of PHGDH have been observed in
various cancers, including HCC, breast cancer, melanoma, lung
cancer, glioma, colon carcinoma, leukemia, multiple myeloma, and
lymphoma [45]. In human colon carcinomas, PHGDH expression
was elevated tenfold and was recently identified as an independent
prognostic factor of CRC patients [22, 46]. In our study, the inhibitory
effect of PHGDH knockdown on CRC cells was also confirmed.
Elevated PSAT1 is associated with poor clinical outcomes of patients
with NSCLC, ER-negative breast cancer, ovarian cancer, nasophar-
yngeal carcinoma, esophageal squamous cell carcinoma and
pancreatic cancer [47]. Ectopic overexpression of PSAT1 in the
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CRC cell line SW480 promoted proliferation and increased
tumorigenic potential in xenografted mice [23]. We also found that
knockdown of PSATT1 resulted in slower proliferation of HCT116 and
SW620 CRC cells and significantly reduced migration, invasion and
colony formation, which further confirmed previous results.

Serine, which is a nonessential amino acid, was found to be the
third most prevalent metabolite after glucose and glutamine [41]
and is essential for protein, nucleotide and lipid synthesis in tumor
cells, especially nucleotide synthesis. Serine provides head groups
for sphingolipid and phospholipid synthesis and serves as a
precursor for cellular glycine and one-carbon (1C) units [38].
Indeed, it was reported that accelerated consumption of serine
was observed in cancer cells by genomic profiling [48]. An
isonitrogenous diet lacking serine and glycine led to smaller
tumors in mice bearing HCT116 or HT29 xenograft tumors, and
the tumor size was negatively correlated with the duration of diet
feeding [49]. Therefore, we believe that ADH1C reduced
intracellular serine synthesis by inhibiting the important enzymes
PHGDH and PSATT1 in the serine synthesis pathway. In our study,
overexpression of ADH1C significantly reduced the expression of
PHGDH and PSAT1 in CRC cells. Intracellular serine content was
reduced both by overexpression of ADH1C and knockdown of
PHGDH or PSAT1 expression, and exogenous serine restored the
malignancy of CRC cells. Thus, we concluded that the mechanism
of ADH1C’s functional role in CRC involved inhibiting serine
synthase and reducing serine biosynthesis.

There are several hypotheses that are of interest to us, which we
hope to explore in future studies. For example, does ADH1C
change the expression of asparagine synthetase (ASNS) and affect
the metabolic processes in which ASNS is involved, as discovered

in our bioinformatics and multiomics studies? Some preliminary
studies have shown that exogenous supplementation with
asparagine (>100 pM), the main metabolite derived from aspartate
catalyzed by ASNS, promoted the proliferation of HCT116 cells in a
glucose-deficient environment (Supplementary Fig. 9a). Supple-
mentation with 300uM asparagine partially rescued the
decreased cell proliferation of HCT116 cells caused by ADH1C-
OE (Supplementary Fig. 9b). Does ADH1C overexpression down-
regulate the ASNS protein expression in CRC, thereby reducing the
biosynthesis of asparagine? Does ADH1C regulate PHGDH, PSAT1
and ASNS directly, or is the effect mediated by one or more
specific transcription factors? One transcription factor, ATF4, which
simultaneously regulates PHGDH, PSAT1, and ASNS and influences
the biosynthesis of serine and asparagine, has attracted our
attention [50-52] as a possible target of ADH1C, mediating the
regulation of PHGDH and PSAT1. However, our experimental
results showed that overexpression of ADH1C did not cause any
significant changes in ATF4 protein expression in a variety of CRC
cells (Supplementary Fig. 9¢c). More research is needed to answer
these questions and more precisely define the mechanism by
which ADH1C regulates the PHGDH/PSAT1/serine pathway.

In summary, through the comprehensive application of
transcriptomics, proteomics, metabolomics and in silico analysis,
followed by molecular biological experiments, ADH1C was
identified as a target gene that was closely associated with the
development of CRC. Overexpression of ADH1C inhibited the
growth, migration, invasion and colony formation of CRC cell lines
and inhibited the growth of xenografted CRC tumors in vivo.
ADH1C exerted inhibition partially by reducing the expression of
PHGDH or PSAT1 and serine levels in CRC cells (Fig. 8) All these

"ADIIC

Fig. 8 ADH1C inhibits progression of CRC by ADH1C/PSAT1/ serine metabolic pathway. ADH1C is a member of alcohol dehydrogenase
system. Overexpression of ADH1C significantly reduced expression of PHGDH or PSAT1T mRNA and protein in CRC cell lines. Overexpression of
ADH1C also reduced serine level in CRC cell lines. Knockdown of PHGDH or PSAT1 expression reduced serine level in CRC cell lines. Serine
serves as precursor for cellular glycine and one-carbon metabolism, which was associated with functional roles of cancer cells. Overexpression
of ADH1C inhibited proliferation, migration and invasion, colony formation of CRC cells by reducing expression of PHGDH or PSAT1, then
serine level in CRC cells, which can be reversed by adding exogenous serine into culture medium. All in all, ADH1C inhibits progression of CRC

by PHGDH or PSAT1/Serine metabolic pathway
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results indicates that ADH1C plays an inhibitory role in the
development of CRC by regulating the PHGDH and PSAT1/serine
metabolic pathways and that ADH1C might be a potential drug
target in CRC.
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