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Abstract

Colorectal cancer (CRC) is one of the most common types of cancer and a signifi-
cant cause of cancer mortality worldwide. Further improvements of CRC therapeutic
approaches are needed. BCL2-associated athanogene 6 (BAG6), a multifunctional
scaffold protein, plays an important role in tumor progression. However, regulation
of BAG6 in malignancies remains unclear. This study showed that guided entry of
tail-anchored proteins factor 4 (GET4), a component of the BAG6 complex, regu-
lates the intercellular localization of BAG6 in CRC. Furthermore, GET4 was identi-
fied as a candidate driver gene on the short arm of chromosome 7, which is often
amplified in CRC, by our bioinformatics approach using the CRC dataset from The
Cancer Genome Atlas. Clinicopathologic and prognostic analyses using CRC data-
sets showed that GET4 was overexpressed in tumor cells due to an increased DNA
copy number. High GET4 expression was an independent poor prognostic factor in
CRC, whereas BAG6 was mainly overexpressed in the cytoplasm of tumor cells with-
out gene alteration. The biological significance of GET4 was examined using GET4
KO CRC cells generated with CRISPR-Cas9 technology or transfected CRC cells. In
vitro and in vivo analyses showed that GET4 promoted tumor growth. It appears to
facilitate cell cycle progression by cytoplasmic enrichment of BAG6-mediated p53
acetylation followed by reduced p21 expression. In conclusion, we showed that GET4
is a novel driver gene and a prognostic biomarker that promotes CRC progression by
inducing the cytoplasmic transport of BAG6. GET4 could be a promising therapeutic
molecular target in CRC.
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1 | INTRODUCTION

Colorectal cancer (CRC) is one of the most commonly diagnosed can-
cers and among the leading causes of cancer death worldwide, and
improved strategies for CRC treatment are needed.' Identification
of new therapeutic molecular targets in CRC cells is required.

The unique multidomain protein BCL2-associated athanogene 6
(BAG6) is a multifunctional scaffold protein.® It contributes to a di-
verse range of cellular processes, such as protein quality control and
membrane protein translocation, by interacting with its target pro-
teins for shuttling to distinct destinations.*® Moreover, BAG6 modu-
lates apoptosis, gene regulation, histone acetylation, and autophagy
in a manner dependent on its nucleocytoplasmic localization. 1 Of
note, it has been shown that nuclear export of BAG6 inhibits cancer
cell apoptosis in CRC.* These reports suggest that BAG6 could play
an important role in tumor progression. However, the regulation of
BAG6 has been unclear in malignancies, including CRC.

Detailed studies reported that BAG6 forms a complex with its
cytoplasmic retention factor, guided entry of tail-anchored proteins
factor 4 (GET4).” Masking of its nuclear localization signal (NLS) by
GET4 leads to preferential cytosolic localization of BAG6.*#7151¢ The
genes comprising the BAG6 complex could include driver genes that
control the localization of BAG6 and consequent CRC progression.

Chromosomal amplification is considered a strong driving force
during cancer progression.17 We reported that the amplification
of chromosomes, including chromosome 7 (Ch.7), is a fundamental
and predominant event in CRC development.’®!’ These observa-
tions suggest that Ch.7 harbors driver genes that are overexpressed
due to chromosomal amplification.?° In fact, we recently identi-
fied several novel driver genes in CRC such as elF5-mimic pro-
tein 1, CRMP5-associated GTPase, phosphoserine phosphatase,
and DEAD-box helicase 56 on the short arm of chromosome 7
(Ch.7p).??* Interestingly, GET4 is located on Ch.7p.

In this study, we identified GET4 as a novel driver gene that
promotes tumor growth, possibly by controlling the subcellular lo-
calization of BAG6 in CRC. This finding suggests opportunities for
developing molecular therapeutic target therapy.

2 | MATERIALS AND METHODS
2.1 | Public datasets

The Cancer Genome Atlas database (TCGA), accessed through the
Broad Institute’s Firehose site (http://gdac.broadinstitute.org), was
analyzed in this study, and we obtained mRNA expression data of
17 CRC patients from the GSE32323 dataset through the GEO da-
tabase (http://www.ncbi.nlm.nih.gov). We also obtained normalized
mMRNA expression data and DNA copy number data from 60 avail-
able CRC cell lines from the CCLE dataset (http://www.broadinsti
tute.org/ccle/home). A TCGA cohort from the LinkedOmics data-
base (http://www.linkedomics.org/login.php) was used to evaluate

the correlation between subject genes and the overall survival (OS)
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of patients. The subject gene alterations with mutations were de-
tected in the Catalogue of Somatic Mutations in Cancer (COSMIC)
dataset (https://cancer.sanger.ac.uk/cosmic).

The mRNA expression datasets from TCGA for pan-cancer ex-
pression analysis were obtained from liver hepatocellular carcinoma
(LIHC; 371 tumor tissues, 50 noncancerous tissues), bladder urothe-
lial carcinoma (BLCA; 407 tumor tissues, 19 noncancerous tissues),
cholangiocarcinoma (CHOL; 36 tumor tissues, 9 noncancerous
tissues), colorectal adenocarcinoma (COADREAD; 380 tumor tis-
sues, 51 noncancerous tissues), esophageal carcinoma (ESCA; 184
tumor tissues, 11 noncancerous tissues), pancreatic adenocarcinoma
(PAAD; 178 tumor tissues, 4 noncancerous tissues), lung adenocar-
cinoma (LUAD; 515 tumor tissues, 59 noncancerous tissues), lung
squamous cell carcinoma (LUSC; 502 tumor tissues, 51 noncancer-
ous tissues), stomach adenocarcinoma (STAD; 415 tumor tissues,
35 noncancerous tissues), glioblastoma (GBM; 154 tumor tissues,
5 noncancerous tissues), head and neck squamous cell carcinoma
(HNSC; 520 tumor tissues, 44 noncancerous tissues), prostate ad-
enocarcinoma (PRAD; 497 tumor tissues, 52 noncancerous tissues),
breast invasive carcinoma (BRCA; 1097 tumor tissues, 114 noncan-
cerous tissues), kidney renal clear cell carcinoma (KIRC; 533 tumor
tissues, 72 noncancerous tissues), and uterine corpus endometrial
carcinoma (UCEC; 176 tumor tissues, 24 noncancerous tissues). The

TCGA data were normalized by quantile normalization.?

2.2 | Selection of candidate driver genes with
TCGA dataset

We used RNA sequencing data of 623 CRC patients, DNA copy
number data of 615 CRC patients, and clinical data in TCGA from
the Broad Institute’s Firehose (http://gdac.broadinstitute.org/runs/
stddata__2016_01_28/data/COADREAD/20160128). The RNA
sequencing data also included the expression profiles of 51 paired
normal colon samples. As Figure S1 shows, by using these data, we
extracted candidate driver genes from 426 genes on Ch.7p that
showed positive correlations between the DNA copy number and
mRNA expression levels (threshold of the correlation coefficient,
0.4) as criteria 1 and was significantly overexpressed in tumor tis-

sues compared with normal tissues (>1.5-fold change) as criteria 2.

2.3 | Human CRC cell lines

In this study, we used various cancer cell lines including CRC (colo205,
colo320, SW480, and SW620), gastric cancer (MKN45), esopha-
geal squamous cell carcinoma (TEé), lung adenocarcinoma (H1650),
hepatocellular carcinoma (HepG2 and PLC), and cholangiocarcinoma
(RBE). Six cell lines (SW620, COLO205, COLO320, TE6, HepG2,
and RBE), SW480, MKN45, H1650, and PLC were purchased from
RIKEN BioResource Center, ATCC, Japanese Collection of Research
Bioresources Cell Bank, The University of Tokyo Graduate School of

Frontier Sciences, and KAC, respectively. Seven cell lines (SW620,


http://gdac.broadinstitute.org
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32323
http://www.ncbi.nlm.nih.gov
http://www.broadinstitute.org/ccle/home
http://www.broadinstitute.org/ccle/home
http://www.linkedomics.org/login.php
https://cancer.sanger.ac.uk/cosmic
http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/COADREAD/20160128
http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/COADREAD/20160128

KOIKE ET AL.

LREWARSZ Cancer SCience

SW480, COLO205, MKN45, TE6, H1650, and RBE) and three cell
lines (COLO320, HepG2, and PLC) cells were cultured in RPMI-1640
and DMEM, respectively. All media were supplemented with 10%
FBS with 100 U/mL penicillin and 100 U/mL streptomycin sulfate.
All cells were maintained in a humidified atmosphere containing 5%
CO, at 37°C.

2.4 | Total RNA extraction and RT-quantitative PCR

Total RNA from cell lines was extracted using ISOGEN-II (Nippon
Gene). Reverse transcription was carried out using 8 pug total RNA
with M-MLV reverse transcriptase (Nippon Gene), according to
the manufacturer’s instructions. Quantitative PCR (qPCR) was un-
dertaken using LightCycler FastStart DNA Master SYBR Green |
(Roche Diagnostics) as previously described.? The expression lev-
els of GET4 and p21 mRNA were normalized to 185 mRNA as an
internal control, and they were expressed as values relative to the
expression level of the cDNA from Human Universal Reference
Total RNA (Clontech). The primer sequences for gPCR were as fol-
lows: GET4, forward 5'-AGAAGGGCGACTACTACGAGG-3’ and re-
verse 5'-GGGCTCCCGAGTACATGAGC-3'; p21, forward 5-GCGAC
TGTGATGCGCTAATG-3' and reverse 5-GAAGGTAGAGCTTGGG
CAGG-3'; and 18S, forward 5-AGTCCCTGCCCTTTGTACACA-3'
and reverse 5-CGATCCGAGGGCCTCACTA-3'.

2.5 | Immunohistochemical analysis

Immunohistochemical analysis of CRC tissue samples and tissue
specimens from mouse xenograft tumors was carried out as previ-
ously described.?” All sections were counterstained with hematoxy-
lin. The primary Abs used were as follows: anti-GET4 Ab (1:500; Atlas
Antibodies), anti-BAG6é Ab (1:200; Atlas Antibodies), and anti-Ki67
Ab (1:10 000; Abcam). Tumor histology was independently carried
out by an experienced research pathologist at Kyushu University
Beppu Hospital.

2.6 | Protein extraction and
immunoblotting analysis

For total protein extraction, cells were lysed in lysis buffer (25 mM
Tris-HCI [pH 7.5], 0.2 mM EDTA, 150 mM NacCl, 0.1% NP40, 5%
glycerol, and proteinase inhibitor cocktail). Immunoblotting
analysis was carried out as previously described.?® Briefly, equal
amounts of protein (30 pg) were electrophoresed on 4%-20%
or 10% Tris-glycine polyacrylamide gels and then transferred
to Immobilon-P Transfer Membranes (Merck Millipore) at 70 V
for 4 hours at room temperature or 30 V overnight at 4°C.
Nonspecific binding sites were blocked with blocking buffer (TBS
and 0.1% Tween-20 with 5% nonfat milk powder) for 1 hour at

room temperature, and the blot was incubated at 4°C overnight

with the following specific primary Abs in blocking buffer (anti-
GET4 at 1:250 dilution; anti-p21, anti-p53, and anti-p-actin at
1:1000 dilution; anti-p53 [acetyl K373] at 1:5000 dilution). After
washing, the blots were incubated with an appropriate second-
ary Ab conjugated with HRP for 1 h at room temperature. The
blots were washed again and the detection was undertaken using
FUSION SOLO S (VILBER). Rabbit polyclonal Abs targeting GET4
were purchased (Atlas Antibodies). Rabbit polyclonal Abs target-
ing p21 were purchased (Cell Signaling Technology). Mouse mAbs
targeting B-actin were purchased (Santa Cruz Biotechnology).
Rabbit polyclonal Abs targeting p53 (acetyl K373) and mouse
mADbs targeting p53 were purchased (Abcam). Protein concentra-
tions were quantified using the BCA Protein Assay Kit (Thermo
Fisher Scientific).

2.7 | Immunofluorescence analysis

Cells were plated on Lab-Tek Chamber Slides (Thermo Fisher
Scientific) and incubated at 37°C under 5% CO, overnight. Before
staining the cells, they were washed with PBS and fixed in a metha-
nol solution. After the cells were washed with PBS, they were in-
cubated in 1% BSA in PBS for 1 h at room temperature. After the
anti-BAG6 Ab (Atlas Antibodies; 1:200) had been used as the pri-
mary Ab, the cells were incubated at 4°C overnight. The next day,
they were washed with PBS and incubated with AlexaFluor 488 (Cell
Signaling Technology; 1:1000) as the secondary Ab for 1.5 hours at
room temperature. After washes with PBS, the cells were stained
with SlowFade Diamond Antifade Mountant with DAPI (Thermo
Fisher Scientific). Images were acquired by using fluorescence mi-
croscopy (BZ-X700; Keyence). We then counted the number of cells
stained by Ab against BAG6.

2.8 | GET4 siRNA transfection

GET4-specific siRNAs (Silencer Predesigned siRNA #1, sense CGGUGG
UCUUCACGACGUATTandantisense UACGUCGUGAAGACCACCGAT;
Silencer Predesigned siRNA #2, sense AGAUGUACCGGACCCUGUUTT
and antisense AACAGGGUCCGGUACAUCUGG,) and negative control
siRNA (Silencer Negative Control 1 siRNA) were purchased (Ambion).
According to the manufacturer’s instructions, transfection of SW620
or SW480 cells with siRNA oligonucleotides was undertaken using
Lipofectamine RNAIMAX (Thermo Fisher Scientific).

2.9 | Generation of GET4 KO CRC cells and rescue
studies of GET4 by GET4 transient transfection

The GET4 KO SW620 cells and SW480 cells were generated using
the All-in-One CRISPR-Cas9P'%nickase-based system as previ-
ously described.?’ First, specific guide RNAs targeting different

regions of the GET4 gene were designed by a free online survey
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tool: CRISPRdirect (http://crispr.dbcls.jp) and cloned into the All-
in-One CRISPR-Cas9 vector (Addgene). The transfection of the
GFP-labeled Cas9 nickase was carried out using Lipofectamine
3000 (Thermo Fisher Scientific) according to the manufacturer’s
instructions for 48 hours, and GFP-positive cells were sorted
by an SH800 cell sorter (Sony Biotechnology). To obtain differ-
ent monoclonal cell populations, single-cell cloning was carried
out. Verification of appropriate targeted DNA clones was un-
dertaking by genotyping PCR. Primers used for genotyping PCR
were as follows: forward 5-TGTATAGCTCAATGGCTGCTGT-3'
and reverse 5-ACTTCCAAGCGGTCACAGTC-3". Furthermore,
the cells were confirmed as GET4 KO clones by immunoblot-
ting analysis and sanger sequencing. Rescue studies were car-
ried out using pLenti-GlII-CMV-GET4 vector (Applied Biological
Materials). As a negative control, we used p3xFLAG-CMV-9
and 10 Expression Vector (Sigma-Aldrich). We transfected
the vectors for GET4 KO SW620 cells and SW480 cells using
Lipofectamine 3000 (Thermo Fisher Scientific) following the
manufacturer’s protocol.

2.10 | Colony formation assay

Changes in the proliferation of SW620 and SW480 cells by GET4
knockdown or KO were examined using colony formation as-
says. For GET4 KO studies, cells were plated at a density of 1000
cells/well (SW620) or 3000 cells/well (SW480) in triplicate in 6-
well plates and incubated in a humidified atmosphere containing
5% CO, at 37°C. For siRNA-mediated GET4 knockdown studies,
cells were plated at a density of 3000 cells/well in 6-well plates
and incubated at 37°C under 5% CO, overnight. Cells were then
transfected with siGET4 or negative control siRNA in triplicate
using Lipofectamine RNAIMAX (Thermo Fisher Scientific). For
GET4 rescue studies, GET4 KO SW620 and SW480 cells were
plated at a density of 3000 cells/well in 6-well plates and incu-
bated at 37°C under 5% CO, overnight. Cells were transiently
transfected with a vector expressing GET4 to rescue GET4 or a
control vector in triplicate using Lipofectamine 3000 (Thermo
Fisher Scientific). After 14 days, the colonies were stained using
a Differential Quick Strain Kit (Sysmex) according to the manu-
facturer’s instructions. For appropriate counts, visible colonies
were photographed using a FUSION SOLO S (VILBER). Colony
counts were determined using Imagel software (version 1.80;
NIH).

2.11 | Murine xenograft model

All animal procedures were undertaken in compliance with the
Guidelines for the Care and Use of Experimental Animals estab-
lished by the Committee for Animal Experimentation of Kyushu

University. Murine xenograft model analysis was carried out as
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previously described.?! Five-week-old female BALB/c nu/nu mice
were purchased from Japan SLC and kept under specific pathogen-
free conditions. For subcutaneous xenograft assays, 1 x 10°
WT cells or GET4 KO SW620 cells were suspended in 100 pL of
50% Matrigel (Corning) in PBS and injected bilaterally into nude
mice. Tumor sizes were calculated using the following formula:
length x width? x 0.5.

2.12 | Cellcycle assay

Cells were synchronized at the G, phase of the cell cycle by serum
starvation for 96 hours and restimulated by changing medium con-
taining 10% FBS as previously described.?! The restimulated cells
were harvested, washed with PBS, and fixed in 70% ethanol at -20°C.
The fixed cells were incubated in 0.25 mg/mL RNase for 30 minutes
at 37°C. Samples were then washed with PBS and stained with pro-
pidium iodide (Sigma-Aldrich). The cell cycle distribution was meas-
ured on an SH800 cell sorter (Sony Biotechnology).

An EdU assay was carried out using GET4 KO cells and WT cells
in the medium containing 10% FBS. Cells were incubated with EdU
for 2 hours before harvest. EdU was detected using a Click-iT Plus
EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. The cell
cycle distribution was measured on an SH800 cell sorter (Sony
Biotechnology).

2.13 | Patients with CRC and collection of
clinical samples

A total of 122 patients with CRC who underwent surgical resec-
tion of a primary tumor at Kyushu University Beppu Hospital and
its affiliated hospitals between 1992 and 2007 were enrolled in this
study. Sample collection was carried out as previously described.?®
All patients were treated following the Japanese Society of Cancer
of the Colon and Rectum Guidelines for the Treatment of Colorectal
Cancer. Written informed consent was obtained from all patients,
and the Institutional Review Board of Kyushu University approved

this study (approval no. 2020-302).

2.14 | Statistical analysis

Associations between variables were analyzed using Student'’s t
test, the Mann-Whitney U test, or Fisher'’s exact test. The degree of
linearity was assessed by Pearson’s correlation coefficient. Overall
survival was estimated using the Kaplan-Meier method, and survival
curves were compared using the log-rank test. Data analyses were
undertaken using JMP Pro version 15 software (SAS Institute) and R
software version 4.0.3 (The R Foundation). Two-sided P < .05 was

deemed statistically significant (*P < .05).
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FIGURE 1 Identification of candidate driver genes on chromosome 7p in colorectal cancer (CRC). A, Left, GET4 mRNA expression in 623

CRC tissues and 51 normal colon tissues obtained from The Cancer Genome Atlas (TCGA) dataset. Middle, GET4 mRNA expression in 17
CRC tissues and paired normal colon tissues in the GSE 32323 dataset. Right, GET4 mRNA expression assessed by RT-quantitative PCR in
122 CRC tissues and paired normal colon tissues in our dataset. *P < .05. B, Immunohistochemical staining for GET4. Scale bar, 200 um (left)
and 50 pm (right). N, normal tissue; T, tumor tissue. C, Left, The frequency of mutations was 1.5% in GET4 among CRC cases in the COSMIC
dataset. Middle, Status of GET4 in 613 CRC tissues in TCGA dataset. Right, Status of GET4 in 60 CRC tissues in the CCLE dataset. Gained,
log, copy number ratios >0.1; Lost, log, copy number ratios <-0.1; Not called, -0.1 < log, copy number ratios < 0.1. D, Left, Correlation
between GET4 copy number and GET4 mRNA expression in the TCGA dataset. Right, Correlation between GET4 copy number and GET4
mRNA expression in the CCLE dataset. r, Pearson’s correlation coefficient. E, Left, Overall survival rate in CRC patients according to GET4
mRNA expression in tumor tissues in our dataset. Right, Overall survival rate in CRC patients according to GET4 mRNA expression in tumor
tissues in the TCGA cohort using the LinkedOmics database. F, BAG6 mRNA expression between 623 CRC tissues (T) and 51 normal colon
tissues (N) in the TCGA dataset. n.s., not significant. G, Immunohistochemical staining for BAG6 in the normal colon (N) or tumor tissues

(T). Scale bar, 200 pm (left) and 50 um (middle and right). The bar graph shows the nuclear / cytoplasmic ratio of BAG6 intensity in the
normal colon or tumor tissues. More than 200 cells were counted in each. *P < .05. H, Overall survival rate in CRC patients according to
BAG6 mRNA expression in tumor tissues in the TCGA cohort using the LinkedOmics database. n.s., not significant. I, Left, The frequency

of mutations was 3.7% in BAG6 among CRC cases in the COSMIC dataset. [Correction added on 18 December 2021, after first online
publication: In Figure 11 caption, the dataset ‘TCGA'in Left was corrected to ‘COSMIC’ in this version.] Middle, Status of BAG6 in 615 CRC
tissues in the TCGA dataset. Right, Status of BAG6 in 60 CRC tissues in the CCLE dataset. Gained, log, copy number ratios >0.1; Lost, log,
copy number ratios <-0.1; Not called, -0.1 < log, copy number ratios < 0.1

TABLE 1 Univariate and multivariate analyses of clinicopathologic factors affecting overall survival in study patients with colorectal cancer

Univariate analysis Multivariate analysis

Factors HR 95% ClI P value HR 95% CI P value
Age (265/<65) 0.74 0.38-1.48 40 - - -
Gender (male/female) 1.19 0.61-2.35 .61 - - -
Histology (poorly/well, moderately) 4.48 1.72-11.70 <.05 3.93 1.40-11.04 <.05
Depth of invasion (SS/SE/SI / M/SM/MP) 6.32 1.51-26.40 <.05 2.02 0.43-9.41 .37
Lymphatic invasion (present/absent) 3.90 1.89-8.03 <.05 3.03 1.39-6.59 <.05
Lymph node metastasis (present/absent) 7.26 2.80-18.80 <.05 3.51 1.24-9.94 <.05
Vascular invasion (present/absent) 1.63 0.83-3.21 .16 - - -
GET4 mRNA expression (high/low) 4.85 2.01-11.70 <.05 5.21 2.11-12.84 <.05

Abbreviations: -, not included in analysis; Cl, confidence interval; HR, hazard ratio; M, mucosa; MP, muscular propria; SE, serosal invasion; Sl, invasion

to adjacent organs; SM, submucosa; SS, subserosa.

3 | RESULTS
3.1 | GET4is a potential driver gene in CRC

We identified 21 candidate driver genes that satisfied the criteria
that we established (Figure S1A). Among these genes, we focused
on GET4 because this gene regulates the localization of BAGS6,
which could be associated with CRC progression depending on its
localization.”*

GET4 mRNA expression in tumor tissues was higher than in
normal tissues (Figure 1A). In immunohistochemical analysis, GET4
stained more intensely in the nuclei and cytoplasm of CRC tumor
cells than normal colon cells (Figure 1B). In genomic analysis, only
1.5% of GET4 gene alterations with mutations were detected in the
COSMIC dataset (Figure 1C). Moreover, amplification of GET4 was
observed in 62.8% of 613 CRC samples in the TCGA dataset, and
in 58.3% of 60 CRC samples in the CCLE dataset (log, copy number
ratios >0.1) (Figure 1C). GET4 mRNA expression and copy numbers

were positively correlated in the TCGA dataset and the CCLE dataset
(Figure 1D).

These results provide evidence that GET4 is overexpressed in
tumor cells due to increased DNA copy numbers in CRC, suggesting
that GET4 could be a candidate driver gene in CRC.

3.2 | High expression of GET4 mRNA in tumor
tissues predicts a poor prognosis in CRC patients

We evaluated subjects’ survival rates according to GET4 mRNA ex-
pression in CRC. We used the LinkedOmics database and divided
the patients into two groups at the median value of GET4 mRNA
expression. In our hospital dataset and TCGA cohort, the patients
with high GET4 mRNA expression had significantly lower OS than
patients with low expression (Figure 1E). In the univariate analysis,
poor histology, higher T factor (2subserosa), lymphatic invasion,

lymph node metastasis, and high GET4 mRNA expression were
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FIGURE 2 Effects of GET4 KO on cell proliferation in colorectal cancer (CRC) cells. A, Left, Direct sequencing analysis confirmed
successful genome editing of GET4 exon 1. Middle, RT-PCR of gene-targeted GET4. WT, 2100 bp; KO, approximately 1300 bp. Right,
Immunoblotting for GET4 in WT cells and GET4 KO cells. B, Colony formation assays using GET4 KO SW620 and SW480 cells. C, Left, GET4
protein levels in the indicated cells. Immunoblotting for GET4 in these rescued cells. Right, Colony formation assays using indicated cells. D,
In vivo analysis using xenograft mouse models. Tumor size using WT cells or GET4 KO CRC cells. E, Immunohistochemical staining for GET4
or Ki-67 in tumor tissues from WT cells and GET4 KO CRC cells. These pairs were compared with the most intensely stained areas in each.

Scale bar, 50 pm. *P < .05

TABLE 2 Association between GET4 mRNA expression of tumor
tissues and clinicopathologic factors in colorectal cancer

High Low
expression expression
Factors (n=61) (n=61) P value
Age (y)
<65 22 21 .85
265 39 40
Gender
Male 32 34 72
Female 29 27
Histology
Well/moderately 57 57 1.00
Poorly 4 4
Depth of invasion
M/SM/MP 14 15 .83
SS/SE/SI 47 46
Lymphatic invasion
Absent 32 36 47
Present 29 25
Lymph node
metastasis
Absent 26 32 .28
Present €5 29
Venous invasion
Absent 32 46 <.05
Present 29 15
Distant metastasis
Absent 58 61 .08
Present 8 0
UICC TNM stage
1,1 25 30 .36
I, v 36 31

Abbreviations: M, mucosa; MP, muscular propria; SE, serosal invasion;
S, invasion to adjacent organs; SM, submucosa; SS, subserosa.

significantly associated with a lower OS rate (Table 1). The mul-
tivariate analysis showed that poor histology, lymphatic invasion,
lymph node metastasis, and high GET4 mRNA expression were in-
dependent poor prognostic factors in CRC (Table 1). These results
showed that high GET4 mRNA expression indicates a poor progno-
sis in patients with CRC.

3.3 | Clinicopathologic significance of GET4 mRNA
expression in CRC tumor tissues

We analyzed the association between GET4 mRNA expression and clin-
icopathologic factors in CRC patients at our hospital (Table 2). We found
that the high GET4 mRNA expression group (n = 61) showed a higher
frequency of venous invasion than the low expression group (n = 61).
However, there were no significant associations between GET4 mRNA
expression and age, gender, poor histology, depth of invasion, lymphatic
invasion, lymph node metastasis, distant metastasis, or clinical stage.
These results showed GET4 mRNA expression is positively associated
with the malignant phenotype through venous invasion.

3.4 | BAG6 mainly localizes to the cytoplasm in
CRC cells

The BAG6 mRNA expression in tumor tissues was no different from
that in normal tissues (Figure 1F).” However, the nuclear/cytoplas-
mic ratio of BAG6 intensity in tumor cells was lower than in normal
colon epithelial cells (Figure 1G). Survival analysis showed that the
BAG6 mRNA expression level did not affect OS in the dataset from
TCGA (Figure 1H). In addition, there are only 3.7% of BAG6 gene
alterations with mutations in CRC of the COSMIC dataset (Figure 1l).

These results indicate that the localization of BAG6 has a more
important role in CRC progression than its expression level. This
finding supports our hypothesis that GET4 could be a critical factor
in CRC by regulating the localization of BAG6.

3.5 | UBL4A mRNA expression in CRC

Ubiquitin-like protein 4A (UBL4A), another component of the BAG6
complex, was expressed at higher levels in CRC tissues than in nor-
mal tissues (Figure S1B).* However, the UBL4A mRNA expression
levels did not affect OS as determined in TCGA dataset (Figure S1C).
These results suggest that GET4, rather than UBL4A, has a major

role in CRC progression.

3.6 | GET4is overexpressed in various cancers

We assessed the mRNA expression of GET4 in various cancers,

including CRC, in 15 types of tumor tissues and corresponding
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FIGURE 3 Effects of GET4 KO on the cell cycle in colorectal cancer (CRC) cells. Knockout of GET4 suspended cell cycle progression of
CRC cells. A, Cell cycle assay of WT cells and GET4 KO cells after serum starvation for 96 h. Propidium iodide (PI) staining was carried out
after refeeding of FBS for the indicated time periods. Bar graphs represent the fold change in the proportion of S-phase distribution. B,

Representative flow cytometry plots of EdU incorporation in GET4 KO cells and WT cells. Bar graphs represent the proportion of S-phase

distribution. *P < .05

noncancerous tissues using TCGA datasets (Figure S1D).
Interestingly, GET4 mRNA expression was significantly higher in
tumor tissues than noncancerous tissues in all malignancies except
CHOL, PAAD, ESCA, and GBM (Figure S1D).

In addition, we evaluated the GET4 protein expression in var-
ious cancer cell lines including CRC (colo205, colo320, SW480,
and SWé620), gastric cancer (MKN45), esophageal squamous cell
carcinoma (TEé), lung adenocarcinoma (H1650), hepatocellular car-
cinoma (HepG2 and PLC), and cholangiocarcinoma (RBE) by immu-
noblotting. GET4 was expressed in various types of cancer cell lines
(Figure S2A,B).

These results provide evidence that GET4 plays an oncogenic

role in various cancers.

3.7 | Knockout of GET4 inhibits proliferation of CRC
cells in vitro

It has been reported that GET4 regulates the localization of BAG6.”
In addition, BAG6 appears to promote CRC tumor growth.”** We hy-
pothesized that GET4 could promote tumor growth by facilitating cell
cycle progression. First, we observed that endogenous GET4 mRNA
expression was higher in SW620 and SW480 cells than the others
based on RT-gPCR results from several CRC cell lines (Figure S2A).
Thus, SW620 and SW480 cells were used for subsequent knock-
down or KO experiments. To investigate the role of GET4 on CRC
growth, we knocked out GET4 in CRC cell lines using the CRISPR/
Cas9 system. Genotyping by direct sequencing, RT-PCR, and im-
munoblotting were undertaken to confirm its KO (Figure 2A). We
then showed that GET4 KO significantly reduced colony formation
(Figure 2B). Similarly, GET4 knockdown using siRNA also showed de-
creased proliferative ability (Figure S2C,D).

Furthermore, GET4 KO cells were transiently transfected with a
vector expressing GET4 to rescue GET4 expression. Western blot anal-
ysis confirmed that GET4 expression was rescued in GET4 KO SW620
and SW480 cells (Figure 2C). Rescue of GET4 expression in GET4 KO
cells restored the proliferative capacity of these cells (Figure 2C).

Taken together, these results suggest that GET4 promotes cell

proliferation of CRC in vitro.

3.8 | Knockout of GET4 inhibits tumor growth in
CRC in vivo

Knockout of GET4 decreased CRC tumor volumes in xenograft
mice models (Figure 2D). Immunohistochemical analysis of tumor
xenografts revealed that tumor tissues from GET4 KO SW620 cells

displayed weaker GET4 and Ki-67 staining than WT cells (Figure 2E).
These results indicate that GET4 could promote tumor growth in
vivo in CRC.

3.9 | Knockout of GET4 suppresses cell cycle
progression in CRC cells

We undertook cell cycle analysis using flow cytometry. We observed
that GET4 KO decreased the S phase fraction (Figure 3A). The EAU
assay also showed that the percentage of EdU-positive cells (cells in
S phase) in GET4 KO cells was significantly lower than in WT cells
in the medium containing 10% FBS (Figure 3B). These data suggest
that GET4 should facilitate CRC cell proliferation by promoting the
G,/S transition of the cell cycle. [Correction added on 18 December
2021, after first online publication: In section 3.9 of Results, the
word ‘higher’ in the second sentence was corrected to ‘lower’ in this

version.]

3.10 | Knockout of GET4 inhibits the
accumulation of BAG6 in the cytosol, resulting in p53
acetylation and subsequent p21 upregulation

Nuclear localization of BAG6 is necessary for DNA damage-induced
acetylation of p53.}2 Acetylation of p53 has important roles in
activating tumor suppressor proteins in CRC.3%! We examined
the effect of GET4 on BAG6 localization using GET4 KO cells.
Immunofluorescent analyses of GET4 KO cells showed an appar-
ent accumulation of BAG6 in the nucleus (Figure 4A). To further
test whether nuclear BAG6 is necessary for p53 acetylation, we
measured the acetylation of p53 Lys373 levels in GET4 KO cells.
Immunoblotting with anti-Ac-p53 (Lys373) Abs showed that the
acetylation of p53 Lys373 levels was significantly higher in GET4 KO
cells (Figure 4B). p21, a cyclin-dependent kinase inhibitor, represents
a major target of p53 activity and regulates cell cycle progression.32
We observed p21 expression level under DNA damage conditions
using doxorubicin in GET4 KO and WT cells.>® Expectedly, p21 ex-
pression level was higher in GET4 KO cells than WT cells, support-
ing our data that GET4 stimulates cell cycle progression (Figure 5A).
In addition, GET4 KO in SW620, whose expression is higher than
SW480, had a much stronger effect on the expression levels of its
downstream genes compared to SW480 (Figures S2B, 4B, and 5A),
providing evidence that the expression level of GET4 affects the
malignant phenotype of CRC cells. These data indicate that GET4
induces a cytosolic accumulation of BAG6, resulting in deacetyla-

tion of p53 followed by reduced p21 expression in CRC.
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FIGURE 4 GET4 regulates the intracellular localization of BAG6 and the acetylation of p53 in colorectal cancer (CRC) cells. A, Knockout
of GET4 increased nuclear localization of BAG6. More than 200 cells were counted in each, and bar graphs show the nuclear / cytoplasmic
ratio of BAG6 intensity. *P < .05. B, Immunoblotting for p53 and p53 (ace-lys373) in WT cells and GET4 KO CRC cells
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4 | DISCUSSION

In this study, we found that GET4 contributes to the growth of CRC
tumors, possibly by inducing the cytosolic accumulation of BAGé.
Furthermore, GET4 expression predicts the poor prognosis of CRC
patients. To our knowledge, this is the first study to show that GET4
affects not only the malignant phenotypes of CRC but also the clini-
cal outcome of CRC patients.

BCL2-associated athanogene 6 is the central component of a
three-protein complex that also includes GET4 and UBL4A.16:34
GET4, but not UBL4A, can mask the NLS of BAG6, leading to its
retention in the cytoplasm.*¢ Interestingly, our study showed that
UBL4A mRNA expression did not affect OS, but GET4 mRNA expres-
sion did influence OS. These findings indicated that GET4, rather
than UBL4A, has a major role in nucleocytoplasmic localization of

BAG6 in CRC.Y Furthermore, we found very few gene alterations of
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BAG6 in CRC that might have affected the intracellular location of
BAG6. Taken together, we provide evidence that GET4, identified as
a potential driver gene on Ch.7p by bioinformatics, primarily regu-
lates the nucleocytoplasmic transport of BAG6 in CRC.

Our clinical study showed that GET4 mRNA expression was in-
creased due to DNA copy number gain at the GET4 locus on Ch.7p.
The expression of GET4 was positively associated with the malignant
pathological phenotype such as venous invasion, and overexpres-
sion of GET4 was an independent poor prognostic factor in CRC.
These findings provide clinical evidence that GET4 is a potential
driver gene, and could be a novel biomarker of poor prognosis in
patients with CRC.

Biological analysis showed that GET4 accelerates tumor growth,
possibly through facilitating cell cycle progression in CRC. We exam-
ined the mechanism by which GET4 promotes cell cycle progression
in CRC. Knockout of GET4 reduced the accumulation of BAG6 in the
cytosol and promoted the acetylation of p53, which is the critical
process for p53 activation.>**® Furthermore, using GET4 KO cells,
we showed that p53 acetylation induced p21 and inhibited tumor
cell growth by suppressing cell cycle progression, data consistent
with previous reports.>”#! These findings indicate that GET4 has
a critical role in CRC proliferation by regulating the localization of
BAGH, resulting in deacetylation of p53 followed by reduced p21
expression.

Intratumor heterogeneity, which is defined as molecular and cel-
lular heterogeneity within a single tumor, is believed to cause ther-
apeutic difficulties due to the presence of multiple subclones. Here,
we showed that GET4 on Ch.7p is ubiquitously expressed in tumor
cells due to their chromosomal amplification in CRC. The overex-
pression and resulting gain-of-function of GET4 could be a spatio-
temporal driver event shared in the evolution of CRC. Therefore,
GET4 could be a promising target to overcome therapeutic resis-
tance conferred by tumor heterogeneity.

In summary, our study showed that GET4 is a novel CRC driver
gene on Ch.7p. It promoted tumor growth by facilitating cell cycle pro-
gression, possibly through increased cytosolic localization of BAG6,
which is an essential key regulator of p53 acetylation. GET4 could be a
therapeutic target as well as a prognostic biomarker in CRC.
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