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Purpose: Colorectal cancer (CRC) is one of the most common malignancies in the world.
The prognosis of advanced CRC is still poor. The purpose of this study was to identify a gene
expression profile associated with CRC that may contribute to the early diagnosis of CRC
and improve patient prognosis.

Patients and Methods: Five pairs of CRC tissues and paracancerous tissues were used to
identify causative genes using microarray assays. The prognostic value of Cytochrome
C Oxidase Assembly Factor 1 Homolog (COA1) in CRC was assessed in 90 CRC patients.
Loss-of-function assays, cell proliferation assays using Celigo and MTT, colony formation
assays, a subcutaneous xenograft mouse model, and apoptosis assays were used to define the
effects of downregulation of COA1l in CRC cells in vitro and in vivo. The underlying
molecular mechanisms of COA1 in CRC were also investigated.

Results: The causative gene COA1l was identified through microarray analysis. COA1l
expression in CRC was notably associated with pathologic differentiation, tumor size, and
tumor depth. COA1 expression may act as an independent prognostic factor for overall
survival of CRC. Knockdown of COA1 inhibited the proliferation of CRC cells in vitro and
the tumorigenicity of CRC cells in vivo. Decreased COA1 expression induced apoptosis of
CRC cells. Based on the microarray assay results comparing HCT116 cells transfected with
lentivirus encoding anti-COA1 shRNA or negative control shRNA, ingenuity pathway
analysis (IPA) revealed that the PI3K/AKT signaling pathway was significantly enriched.
Moreover, CCND1, mTOR, AKT1, and MDM2 were identified as the downstream genes of
COAL.

Conclusion: These findings demonstrate that COA1 promotes CRC cell proliferation and
inhibits apoptosis by regulating the PI3K/AKT signaling pathway. Our results implicate
COAL1 as a potential oncogene involved in tumor growth and progression of CRC.
Keywords: colorectal cancer, COA1, proliferation, apoptosis, PI3K/AKT signaling

Introduction

Colorectal cancer (CRC) ranks third in terms of morbidity worldwide, but
ranks second in terms of mortality.' In 2018, newly diagnosed cases of CRC
were above 1.85 million and cancer resulted in 880,792 deaths worldwide.” By
2030, the burden of CRC worldwide is expected to increase by 60% and the death
toll will exceed 1.1 million.> Although combined chemotherapy and targeted
therapies have significantly improved survival in patients with advanced CRC,
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the 5-year survival rate is still low.*> Early detection and
treatment of CRC through timely screening may help
reduce cancer mortality.>” Therefore, the discovery of
specific diagnostic and prognostic biomarkers by exploring
the underlying molecular mechanisms of CRC are urgently
required.

COA1 is an inner mitochondrial membrane protein and
is a member of the family of mitochondrial respiratory
chain complex assembly factors. COAl (also known as
MITRACI15) is a component of the mitochondrial transla-
tion regulation assembly intermediate of cytochrome
¢ oxidase complex (MITRAC), which regulates both the
translation of mitochondrial encoded components and the
assembly of nuclear-encoded ingredients imported in
the mitochondria.® Hence, COA1 plays an important role
in maintaining the stability and integrity of mitochondria.
Previous studies have reported the involvement of mito-
chondria in the proliferation of human cancers.” Gogvadze
et al have suggested that mitochondria have become an
important target for cancer chemotherapy.' Moreover,
COA1 is regulated by miR-127-3p to mediate the patho-
physiology of the giant-cell tumor of bone.'' Based on the
evidence mentioned above, we hypothesized that COA1
might play an important role in CRC.

In this study, we used gene microarray analysis and
high-content screening to demonstrate that COA1 expres-
sion was upregulated in CRC cells. We performed loss of
function studies to verify that knockdown of COA1 inhi-
bits the progression of CRC cells in vitro and in vivo. In
addition, we explored the possible mechanisms of COAl
involvement in CRC.

Patients and Methods

Patients and Tissue Specimens

CRC tissue and matched paracancerous tissue samples
were collected from 90 patients with CRC, who under-
went surgery at The Affiliated Hospital of North Sichuan
Medical College from February 2013 to August 2014.
We also collected a group of clinical samples of 5 pairs
of CRC tissues and matched paracancerous tissues for
gene microarray analysis. None of the patients received
pre-operative adjuvant therapy. Upon removal of the
surgical specimens, all tissue samples were promptly
frozen in liquid nitrogen and stored in a —80°C freezer
until use. Written informed consent was obtained from
all patients for participation in the study. The Medical
Ethics Committee of North Sichuan Medical College

approved the present study (approval no. 2020ER(A)
030) and this study was conducted in keeping with the
principles of the Declaration of Helsinki.

Cell Culture

Human CRC cell lines (HCT116, SW480) were obtained
from GeneChem Co., Ltd (Shanghai, China). Cell lines
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Corning, Shanghai, China), supplemented with
10% fetal bovine serum (FBS) at 37°C in a 5% CO,
incubator.

RNA Microarrays

Microarray assays were performed by GeneChem
(Shanghai, China) to identify differentially expressed
genes (DEGs) between CRC tissue samples and matched
paracancerous tissues (n=5), as well as between HCT116
cells transfected with lentivirus encoding anti-COA1
shRNA (shCOAl, n=3) or negative control shRNA
(shCtrl, n=3). Total RNA was extracted using the
Agilent RNA 6000 Nano Kit (Agilent, Santa Clara,
CA, USA). The GeneChip 3'IVT Express Kit
(Affymetrix, CA, USA) was used to prepare amplified
RNA (aRNA). The aRNA was purified and fragmented,
and then hybridized it to the chip probe. After hybridiza-
tion, the GeneChips were washed by GeneChip
Hybridization Wash and Stain Kit (Affymetrix, CA,
USA).
GeneChip Scanner 3000 to obtained images and raw
data.

Microarray GeneChips were scanned by

High-Content Screening (HCS) for Cell
Growth

The multi-parameter high-content screening method was
used to evaluate the growth of cultured cells. In this study,
3 RNA interference targets were designed for each candi-
date gene (n=20) to ensure the knockdown efficiency.
After 3 days of lentivirus infection, HCT116 cells were
seeded into a 96-well plate (1500 cells per well) contain-
ing 100 pL of medium/well. After culture for an additional
1 day, the cells were automatically counted and photo-
graphed using the Celigo Image Cytometer (Nexcelom,
USA) platform once a day for 5 consecutive days. After
adjusted the input parameters of the analysis settings, the
number of cells in the well were calculated, and the cell
proliferation curve was drawn.
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Lentivirus Construction, and shRNA

Transfection

The full-length human (GeneBank no.
NM _018224) was used to design the complementary
DNA sequence by Shanghai GeneChem (Shanghai,
China) to establish the short hairpin RNA (shRNA) target
site of COAIl. The targeting sequence of anti-COAl

sequence

shRNA (shCOA1l) was GGGGGCTTTGCCATTGTG
TAT. The targeting sequence of the negative control
shRNA (shCtrl) was TTCTCCGAACGTGTCACGT.

HCT116 and SW480 cells were transfected with shCtrl
lentivirus or shCOA1 lentivirus at a multiplicity of infec-
tion (MOI) of 10 in accordance with the manufacturer’s
protocol. Forty-eight hours post-infection, the cells were
observed under a fluorescence microscope (Olympus,
Tokyo, Japan) to detect the presence of a green fluorescent
protein (GFP) marker as a screen of transfected cells under
puromycin selection. Real-time quantitative polymerase
chain reaction (RT-gPCR) and Western blotting were
used to identify the efficiency of gene knockdown.

Real-Time Quantitative Polymerase Chain

Reaction

The total RNA Isolation Reagent (Pufei Biotech,
Shanghai, China) was used to extract the total RNA from
cells and tissue samples. First-strand cDNA was synthe-
sized using the Promega M-MLV kit (Promega, Beijing,
China) according to the manufacturer’s protocol.
Subsequently, RT-qPCR was performed using the SYBR
Master Mixture (Takara Bio Group, Japan), which was
amplified and analyzed using the Roche LightCycler
48011 real-time PCR system (Roche, Basel, Switzerland).
GAPDH was used as internal control. Relative quantitative

2 = A Cmethod as

analysis was performed with the
described previously.'? The primers used in this study

are summarized in Table 1.

Western Blotting Analysis

RIPA lysis buffer (Beyotime, China) was used to extract
the proteins from HCT116 and SW480 cells transfected
with shCtrl (Negative Control shRNA) or shCOA1 (anti-
COA1 shRNA). Protein was quantified using the BCA kit
(Beyotime Institute of Biotechnology). Before being trans-
ferred to PVDF membrane, equal amounts of protein
(20 pg/lane) were loaded onto a 10% SDS-PAGE minigel.
The membrane was blocked using 5% nonfat milk and
primary antibodies were incubated with the membrane at

Table | The Primer Sequences for RT-qPCR in This Study

Gene Sequence(5’-3')
COAI Forward: AGTTTCATTCCAGGGCTTTA
Reverse:TCAACAATGTCCACGAAGT
CCNDI Forward: TGGAGCCCGTGAAAAAGAGC
Reverse: TCTCCTTCATCTTAGAGGCCAC
mTOR Forward: ATGCTTGGAACCGGACCTG
Reverse: TCTTGACTCATCTCTCGGAGTT
AKTI Forward: TCCTCCTCAAGAATGATGGCA
Reverse:GTGCGTTCGATGACAGTGGT
MDM2 Forward. GGCAGGGGAGAGTGATACAGA
Reverse:GAAGCCAATTCTCACGAAGGG
RHEB Forward: TTGTTGGATATGGTGGGGAAAG
Reverse:CATCACCGAGCATGAAGACTT
GAPDH Forward: TGACTTCAACAGCGACACCCA
Reverse:CACCCTGTTGCTGTAGCCAAA

Abbreviations: COAIl, Cytochrome C Oxidase Assembly Factor | Homolog;
CCNDI, cyclin DI; mTOR, mammalian target of rapamycin; AKTI, v-Akt murine
thymoma viral oncogene homolog | (protein kinase Ba); MDM2, the human homo-
log of murine double minute 2; RHEB, Ras homolog enriched in brain; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

4°C overnight. The primary antibodies used were as fol-
lows: rabbit anti-COA1 antibody (dilution rate 1:500,
Atlas Antibodies, Stockholm, Sweden), rabbit anti-
CCNDI1 antibody (1:1000, CST, California, USA), rabbit
anti-mTOR antibody (1:1000, CST, California, USA), rab-
bit anti-AKT1 antibody (1:1000, CST, California, USA),
rabbit anti-MDM?2 antibody (1:100, Abcam, Cambridge,
USA), and rabbit anti-RHEB antibody (1:500, Abcam,
Cambridge, USA). After washing the membranes with
tris buffered saline tween (TBST), the goat anti-rabbit
(1:2000, Santa Cruz, CA, USA) were incubated with the
membranes. Subsequently, signals of Western blot were
detected using Pierce™ ECL Western Blotting Substrate
(Thermo Scientific). GAPDH was used as the internal
reference.

Cell Proliferation Assay

MTT and Celigo assays were used to measure the cell
growth. For MTT and Celigo assays, transduced cells
were seeded into 96-well plates at a concentration of
2000 cells/well, and then incubated at 37°C and 5% CO,
for 5 days. The number of cells were counted each day
using the Celigo Image Cytometer (Nexcelom, USA). At
1,2, 3, 4, or 5 days post-infection, the cells were incubated
with 5 mg/mL MTT (Genview, Beijing, China) at a final
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concentration of 0.5mg/mL. After incubation at 37°C for
4 h, the supernatant was removed. Subsequently, 100 puL
of dimethyl sulfoxide (DMSO; Corning, Shanghai, China)
was added to each well, and the absorbance was measured
at 4990 nm on a microplate reader (Tecan Infinite,
Mainnedorf, Switzerland).

Cell Apoptosis Assay

Cell apoptosis was assessed by flow cytometry (FCM).
The Annexin V Apoptosis Detection kit APC
(eBioscience, San Diego, CA, USA) was used as the
apoptosis assay. After transfection, HCT116 or SW480
cells were seeded in 6-well plates. The cells were collected
when the plate confluence was about 70%. After centrifu-
gation for 5 minutes at 1300 rpm, D-Hanks solution, pre-
cooled at 4°C, was used to wash cells, which were then
washed again with 1x binding buffer. Subsequently, the
cells were resuspended using 200 pL. 1x binding buffer,
and stained with Annexin V in the dark at room tempera-
ture for 15 minutes. After adding 600 pL 1x binding
buffer, the HT Flow
(Millipore, USA) was used to for data acquisition and

Guava easyCyte cytometer

analysis.

Colony Formation Assay

For colony formation assays, transfected cells were plated
in 6-well plates (800 cells/well), then maintained in com-
plete medium, which was refreshed every 3 days. After
a 14-day culture, 4% paraformaldehyde was used to fix
transfected cells for 45 min, cells were then washed in
PBS, and stained with 1% crystal violet for 20 min. The
cells were then washed with ddH,O several times, before
counting the number of colonies.

Xenograft Mouse Model

ShangHai Slac Laboratory Animal Co., Ltd (ShangHai,
China) provided a total of 10 female BALB/c nude
mice. HCT116 cells transfected with lentivirus expres-
sing shCOA1 (anti-COA1 shCOA1) or shCtrl (Negative
Control shRNA) were injected subcutaneously into the
right flanks of nude mice. Calipers were used to mea-
sure the width (W) and length (L) of tumors every 3
days. The calculation of the tumor volume (V) was
measured by the formula: Volume=(lengthxwidth?)/2.
When the experiment ended, the animals were eutha-
nized, and the xenografts were excised, weighed, and
imaged. The animal studies were approved by the
Committee on the Ethics of Experimental Animal

studies of North Sichuan Medical College. All animal
experiments were performed in accordance with the
National Institutes of Health guidelines for the care
and use of laboratory animals.

Ingenuity Pathway Analysis

To identify any pathways that were significantly enriched,
an integrated online analysis software ingenuity pathway
analysis (IPA) was used for pathway enrichment analysis
(https://www.qiagenbioinformatics.com/products/ingenu

ity-pathway-analysis/).

Statistical Analysis

In this study, data for each group was expressed as mean
+ standard deviation (SD). Each set of experiments were
carried out at least in triplicate. Statistical analyses were
performed with SPSS version 23.0 statistical software
(IBM, Chicago, IL, USA). The differences between two
groups were analyzed using the Student’s #-test, and the
chi-square test was used to analyze the categorical vari-
ables. The Kaplan-Meier method was used to analyze the
postoperative survival rate of patients with CRC, and the
differences in survival rates were evaluated using the Log
rank test. Univariate and multivariate analysis were per-
formed using the Cox proportional hazard regression
model to assess the significance of the relevant covari-
ates. A P-value <0.05 was considered statistically
significant.

Results

COAI Was Identified as a Potential
Regulatory Gene That Accelerates Cell
Proliferation in CRC

To explore DEGs involved in the progression of CRC, we
collected five matched pairs of CRC tissues and adjacent
mucosal tissues for the mRNA microarray analysis.
Compared to the normal group, 608 DEGs (screening
condition: P-value<0.05 and log2 fold-value change of
>2) were identified in the cancer group, of which 366
were upregulated, and 242 were downregulated. To iden-
tify causative genes, we selected 20 upregulated genes
(Figure 1A) for high-content screening. The potential rela-
tionship between these 20 genes and cancer has not been
widely reported. We silenced the 20 candidate genes in
HCTI116 cells to identify their potential impact on the
proliferation of CRC cells in vitro. Downregulation of
COA1 in HCT116 cells had the most significant inhibitory
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Figure I COAI was identified as a colorectal cancer (CRC)-associated gene. (A) Heatmap of differential expression of 20 candidate genes in paired normal and cancer
tissues, high expression is indicated in red and low expression indicated in green. (B) Twenty candidate genes were silenced in HCT 1 16 cells to detect the potential impact
on the proliferation of CRC cells. (C) Representative fluorescent images of the negative control shRNA (shCtrl) group and anti-COA| shRNA (shCOALI) group. (D) The
expression of COAI in matched tumor tissues and adjacent tissues. (E) Kaplan—Meier survival curves of patients with CRC based on COAI expression status. The green
line represents the group with low expression of COAI, while the blue line represents the group with high expression of COAI.

effect on cell proliferation compared with other candidate  inhibition in cell proliferation compared to the shCtrl
genes (Figure 1B). As shown in Figure 1C, the shCOA1 (negative control shRNA) group. Thus, we focused on
(anti-COA1 shRNA) group exhibited a significant COAIl in subsequent studies.
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Correlation Between COA| Expression
and Clinicopathological Factors of CRC
Patients

In order to analyze the relationship between COA1 and the
clinicopathological characteristics of CRC, we measured
COA1 expression by RT-qPCR in 90 CRC tissue samples.
The results showed that COA1 expression in tumor tissues
was significantly higher than that in normal tissues
(P<0.01, Figure 1D). Based on the median expression of
COALl, our cohort of patients (n=90) with CRC were
stratified into two groups. As summarized in Table 2, the
expression of COA1 in CRC was significantly associated
with pathologic differentiation (P=0.012), tumor size
(P=0.003), and tumor depth (P=0.033). However, the
expression of COAl was not correlated with age
(P=0.371), sex (P=0.664), lymph node metastasis
(P=0.057), or tumor site (P=0.822) in CRC patients.

Table 2 Correlation Between COAI

Clinicopathological Factors of Patients with CRC

Expression and

Variables COAI Expression
High Low P-value
(n=45) (n=45)

Age (years) 0.371
<60 13 17
260 32 28

Sex 0.664
Male 18 16
Female 27 29

Pathological differentiation 0.012
Well [3 12
Moderate Il 19
Poor 28 14

Tumor size 0.003
<5cm 12 26
>5cm 33 19

Tumor depth 0.033
TI-T2 14 24
T3-T4 31 21

Lymph node metastasis 0.057
Negative 16 25
Positive 29 20

Tumor site 0.822
Colon 15 14
Rectum 30 31

Abbreviations: COAIl, Cytochrome C Oxidase Assembly Factor | Homolog;
CRC, colorectal cancer.

In addition, we found that the expression of COA1 was
associated with the prognosis of CRC patients. The results
of the Kaplan-Meier method and Log rank test showed
that CRC patients with high COA1 expression had shorter
overall survival (OS) than those with low COAl expres-
sion (Figure 1E). Univariate analysis using the Cox pro-
portional hazards model identified five prognostic factors:
pathologic differentiation, tumor size, tumor depth, lymph
node metastasis, and COA1 expression (Table 3). Further
multivariate analysis revealed that COAl expression
(P<0.05, Table 3) might be an independent prognostic
factor for OS in CRC.

Knockdown of COAI Suppressed CRC

Cell Proliferation in vitro

To further examine the functions of COA1 in CRC devel-
opment, stable knockdown of COAI1 expression in
HCT116 and SW480 cell lines was established using
a lentiviral delivery system. As shown in Figure 2A, RT-
gqPCR evaluation showed that the COA1 mRNA expres-
sion of the shCOA1 group was markedly lower than that
of the shCtrl group both in HCT116 (p<0.01) and SW480
(p<0.01) cell lines. Moreover, Western blotting was used
to confirm the efficiency of shCOA1 knockdown at the
protein level (Figure 2B). After infection with shCOAL1 or
shCtrl, Celigo and MTT assay revealed that decreased
COALI significantly reduced the HCT116 cell and SW480
cell numbers on days 4 and 5 (Figure 2C and D).

Knockdown of COAIl Promotes CRC
Cell Apoptosis

To further investigate whether COA1 expression affects
the apoptosis of CRC cells, we assessed apoptosis using
Annexin V staining followed by flow cytometry. We
observed that the apoptosis of HCT116 cells and SW480
cells in the shCOA1l group was significantly increased
compared with the shCtrl group (Figure 2E). The expres-
sion of COA1 had a significant impact on the apoptosis of
CRC cells. These results suggested that knockdown of
COA1 significantly inhibited the proliferation of CRC
cells.

Knockdown of COAI Suppressed the
Colony-Formation Capacity of CRC Cells

and Tumorigenicity of CRC in vivo
The colony formation assay was used to evaluate the
ability of colony formation following COA1 knockdown.
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Table 3 Univariate and Multivariate Analyses of Cox Proportional Hazard Model for Prognosis of CRC

Univariate Analysis Multivariate Analysis
Hazard Ratio | 95% Confidence Interval | p Hazard Ratio | 95% Confidence Interval | p
Age(years) 0.726 0.332-1.587 0.423
Sex 1.835 0.816—4.123 0.142
Pathological differentiation | 2.849 1.531-5.304 0.001 1.993 1.023-3.880 0.043
Tumor size 3.18 1.360-7.436 0.008 | 1.662 0.662—4.170 0.279
Tumor depth 2.537 1.126-5.713 0.025 | 1.078 0.446-2.606 0.867
Lymph node metastasis 0.277 0.119-0.649 0.003 | 0.389 0.163-0.924 0.033
Tumor site 0.941 0.440-2.013 0.875
COAI expression 3.648 1.619-8.219 0.002 | 2.353 1.023-5.412 0.044
Abbreviations: COAI, Cytochrome C Oxidase Assembly Factor | Homolog; CRC, colorectal cancer.
The results suggested that COA1 inhibition significantly = pathway, which enriched a total of 15 genes

suppressed the colony-formation capacity of CRC cells
(Figure 3A). To further investigate the contribution of
COAL1 in vivo, we constructed a subcutaneous xenograft
mouse model. As shown in Figure 3B and C, the xenograft
tumor volume of the shCOA1 group was significantly
reduced compared with the shCtrl group. Accordingly,
the average tumor weight of the COAl knockdown
group was markedly lower than that of control group
(Figure 3D). Hence, these results indicated that silencing
COAL1 suppressed CRC cell growth.

Comparison of DEGs in
shCOAI-Transfected HCT I 16 Cells with

Controls

After transfection with shCOA1 or shCtrl as a negative
control, HCT116 cells were harvested for subsequent
microarray assay. The values of [log2(Fold Change)>1.3
and FDR<0.05 were used to identify the DEGs. A total of
437 upregulated genes and 356 downregulated genes were
identified. Hierarchical clustering was performed for the
shCOA1 and shCtrl groups, red and green represent upre-
gulated and downregulated DEGs,
Figure 4A.

respectively in

IPA Analysis Indicated DEGs Were

Enriched in Several Signaling Pathways

To explore the roles and molecular functions of DEGs in
regulating signaling pathways, we performed pathway
enrichment analysis using an integrated online analysis
software IPA. Figure 4B shows the top 10 enriched tumor-
related signaling pathways associated with the downregu-
lation of COAL. IPA revealed that the PI3K/AKT signaling

(Supplementary Table S1), and was the most markedly
DEGs of the top 10 identified pathways (Figure 4B).

Knockdown of COAI| Regulated the
Expression of CCNDI, mTOR, AKTI,
and MDM?2

Based on the results of the microarray assay and pathway
enrichment analysis, we predicted that 5 genes (CCNDI,
mTOR, AKT1, MDM2, and RHEB) involved in PI3K/
AKT signaling might be the downstream targets of
COAL. To explore the mechanism of COA1 in CRC pro-
liferation, we evaluated the expression of CCND1, mTOR,
AKT1, MDM2, and RHEB. Knockdown of COA1 reduced
the expression of CCND1, mTOR, AKTI1, and MDM?2
both at mRNA and protein levels (Figure 4C and D), but
there were no significant differences in RHEB expression.

Discussion

An effective approach to improving the overall prognosis
of CRC is to screen for early diagnosis of CRC in high-
risk populations and to identify potential targets for con-
trolling early development of CRC."? Colonoscopy is the
gold-standard method for CRC screening.'* However, the
beneficial effects of colonoscopy to detect early CRC
during screening is limited by the cumbersome bowel
preparation required and the invasiveness of the procedure.
Hence, identification of new potential biomarkers to guide
diagnosis, treatment, and prognosis for CRC patients is
urgently needed."”

In this study, we found that COA1 is a CRC-associated
gene using microarray assays and high-content screening.
COA1, also known as MITRACI1S, is a member of the
MITRAC family of genes which contains a total of 61
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Figure 2 The effect of COAIl knockdown on colorectal cancer (CRC) cell proliferation and apoptosis. (A) RT-qPCR and (B) Western blotting was used to detect the
expression of COAl in HCTI16 and SW480 cells transfected with negative control shRNA (shCtrl) lentivirus or anti-COAl shRNA (shCOALl) lentivirus. (C)
Representative fluorescence images of shCOAI group and shCtrl group with HCT116 and SW480 cells by Celigo assay for 5 days. (D) Effect of COAI knockdown on
CRC cell proliferation by MTT assay. (E) Effect of COA| knockdown on CRC cell apoptosis by flow cytometry. The results represent meantstandard deviation (SD) of three
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Figure 3 The effect of COAIl knockdown on colorectal cancer (CRC) cell growth. (A) The colony-formation capacity of HCT 116 and SW480 cells transfected with
negative control shRNA (shCtrl) lentivirus or anti-COA| shRNA (shCOAI) lentivirus. (B) Representative images of excised tumors between the shCtrl group and shCOAI
group. (C) The volumes of tumors were measured at the appointed time. (D) Comparison of the average weight of tumors between the two groups at the end of the
experiment. *¥P<0.01, ***P<0.001.

members. COA1 is required for mitochondrial respiratory  proteins.'® The accumulated evidence demonstrates that
chain complex I (coenzyme Q oxidoreductase) and complex  complex I and complex IV are closely related to CRC.'*2°
IV (Cytochrome ¢ oxidase) assembly.'®!” Inherited varia- Moreover, COAIl is necessary for coordinating COX1 (a
tion in mitochondrial genes may influence cancer develop-  subunit of complex IV) translation and cofactor assembly of
ment through changes in the expression of mitochondrial  this subunit.*' Complex IV is a critical enzyme that controls
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Figure 4 COAI functions as an oncogene in colorectal cancer (CRC) by regulating the PI3K/AKT signaling pathway. (A) Differentially expressed genes (DEGs) between
HCTI116 cells transfected with anti-COAl shRNA (shCOAI) or negative control shRNA (shCtrl) are identified by microarray assay (screening conditions of log221.3 and
FDR <0.05). (B) The pathway enrichment analysis of differentially expressed genes by IPA (ingenuity pathway analysis) software shows the top 10 enriched tumor-related
signaling pathways. RT-qPCR (C) and Western blotting (D) show the relative expression of CCND |, mTOR, AKT |, MDM2, and RHEB in transduced HCT 116 cells. *P<0.05,

**P<0.01.

mitochondrial respiration and has been associated with cell
apoptosis.”> CRC arises in a field of crypts with abnormal
expression of COX1.”> This evidence suggests that COA1
may play an important role in CRC.

The present study suggested that COA1 expression in
CRC was significantly associated with pathological differ-
entiation, tumor size, and tumor depth. However, our study
did not identify any significant correlation between COA1
expression and lymph node metastasis. Further, our results
indicated that COA1 might be involved in CRC progres-
sion, and especially in the process of cell proliferation.
Subsequently, we demonstrated that downregulation of
COA1 could significantly suppress proliferation and pro-
mote apoptosis of CRC cells. More importantly, our study
demonstrated that COA1 expression was significantly

associated with the OS of CRC patients. Kaplan-Meier
analysis showed that high COAL1 levels were a marker of
poor prognosis for patients with CRC. Moreover, Cox
regression analysis indicated that COA1 was an indepen-
dent prognostic factor for OS of CRC patients. Thus, it
may serve as a prognostic marker for CRC patients to
determine higher risk of death.

In order to understand the underlying mechanism of
COAL1 activity in CRC, microarray assay was carried out
to identify the DEGs between HCT116 cells transfected
with lentivirus encoding anti-COA1 shRNA or negative
control shRNA. Subsequent, the IPA analysis of DEGs
revealed that COA1l was associated with many tumor-
related pathways, including the PI3K/AKT signaling path-
way. The PI3K/AKT signaling pathway mediates signal
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transduction and is involved in many biological processes
such as cell proliferation, apoptosis, differentiation, and
invasion.”* Aberrations of components at the epigenetic,
transcriptional, and translational level have been reported
to activate PI3K/AKT signaling and contribute to color-
ectal carcinogenesis.”

IPA confirmed that a total of 15 genes were enriched in
the PI3K/AKT signaling pathway, many of these DEGs,
including CCNDI, mTOR, AKT1, MDM?2, and RHEB,
have been confirmed to be associated with proliferation and
regulation of the cell cycle of CRC cells. We therefore
selected 5 genes for further investigation. CCNDI is a cell
cycle family protein and plays an important role in cell cycle
progression by regulating Gl to S-phase transition.”®
Downregulation of CCND1 may repress the progression of
CRC.?” mTOR is an atypical serine/threonine protein kinase
that belongs to the PI3K family and serves as a downstream
effector of the PI3K/Akt pathway signaling to regulate cel-
lular functions.”® The activation of mTOR accelerates cell
growth and proliferation, and the inhibition of mTOR limits
cell growth. mTOR functions as an oncogene and is fre-
quently upregulated in many cancers.”’ Zhang et al demon-
strated that mTOR is overexpressed in CRC tissue, and
silencing of mTOR decreases proliferation and promotes
the apoptosis of CRC cells, as well as induces cell-cycle
arrest.’® AKT1 is essential for cell survival, and overexpres-
sion of AKT1 has been observed in certain human cancers,
such as gastric cancer, thyroid, and breast cancer.’’ Some
tumor suppressors (such as P53, miR-422a) may inhibit CRC
progression by downregulating AKTI1 expression.>***
MDM?2 is known as an oncogene. The major function of
MDM2 is to negatively regulate p53 via ubiquitination of
p53 for proteasomal degradation, by decreasing p53 protein
levels, by inhibiting the transcriptional activity of p53, and by
negatively regulating of p53 translation.’* A previous study
showed that MDM2 gene amplification was observed in 19
human tumor types.*> As an oncogene, MDM2 is signifi-
cantly correlated with CRC. Yu et al reported that down-
regulation of MDM2 expression inhibits CRC cell growth.*®
Knockdown of RHEB can inactivate the mTOR signaling
pathway, and thereby inhibits the proliferation and differen-
tiation of CRC cells, while promoting apoptosis.’” Our
results confirmed that loss of COA1 reduced the expression
of CCND1, mTOR, AKT1, and MDM2 in CRC cells both at
protein and mRNA levels. Overall, these findings suggest the
potential mechanisms of COA1 in CRC tumor progression
involve the regulation of the PI3K/AKT signaling pathway
through CCND1, mTOR, AKT1, and MDM2.

To our knowledge, this is the first study to demonstrate
the biological function of the COA1 gene in human CRC.
However, the precise molecular mechanisms involving
COA1 in CRC require further studies. In addition, the
number of samples in the present study was relatively
small, and a large of sample prospective studies is neces-
sary to assess the clinical significance of COAI.

Conclusion

The present study indicates that COA1 promotes CRC cell
proliferation and inhibits apoptosis by regulating the PI3K/
AKT signaling pathway. COA1l may serve as a specific
biomarker and a potential therapeutic target for CRC.

Abbreviations
CRC, colorectal cancer; COAl, Cytochrome C Oxidase
Assembly Factor 1 Homolog; IPA, ingenuity pathway
analysis; DEGs, differentially expressed genes; HCS,
high-content screening.
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