
Abstract. Background/Aim: Certain chromosomal arms are
clonally amplified in colorectal cancer (CRC) and may contain
novel driver genes. The aim of this study was to identify a novel
driver gene for colorectal cancer carcinogenesis on long arm of
chromosome 7 and the clarify its biological function. Materials
and Methods: We identified ArfGAP with GTPase domain,
ankyrin repeat and PH domain 3 (AGAP3) as a putative driver
gene using the CRC dataset in The Cancer Genome Atlas
(TCGA). Biological functions of AGAP3 and CRMP5-associated
GTPase (CRAG), a splicing variant of AGAP3, were explored
by overexpression. AGAP3/CRAG expression in our cohort was
examined by quantitative reverse transcription polymerase chain
reaction. Clinical significance of AGAP3/CRAG expression in
TCGA dataset, Gene Expression Omnibus datasets and our
clinical cohort was evaluated. Results: AGAP3 expression was
significantly increased in CRC and colorectal adenoma
compared to normal tissue. CRAG overexpression up-regulated
c-Jun expression, and significantly increased cell proliferation
and colony formation capability. AGAP3 expression did not have
a concordant association with patient prognosis among datasets.
Conclusion: CRAG may contribute to development of CRC via
activator protein 1 activation.

Colorectal cancer (CRC) is one of the most frequently diagnosed
cancers and a serious public health issue worldwide (1). The
major process of CRC carcinogenesis is the adenoma-carcinoma
sequence in which the accumulation of several somatic
mutations drives stepwise tumorigenesis in the colorectum (2).

Recently, the development of sequencing technology and
multiregional analysis have shed light on intertumor and
intratumor heterogeneity, mutation evolution and robust driver
mutations in CRC (3, 4). Simultaneously, copy number alteration
(CNA) of certain chromosomal arms was identified as the
founder event of CRC carcinogenesis (3). On chromosomal arms
that are fundamentally amplified in CRC, including the long arm
of chromosome 7 (Chr.7q), novel potential driver genes that are
overexpressed via copy number gain may be contained (5). In
order to develop comprehensive and universal cancer therapeutic
agents or biomarkers, the truncal features of carcinogenesis that
drive malignant phenotypes should be targeted. This approach is
promising due to the heterogeneous nature of malignancies.

Here, we aimed to identify a novel overexpressing driver
gene on Chr.7q using a public dataset. AGAP3 was
recognized as a putative driver gene. AGAP3 has several
splicing variants, including CRAG (Figure 1A). CRAG
reportedly has a particular function absent in AGAP3,
activating activator protein 1 (AP-1), which possesses
oncogenic function in several cancers (6). In this study, the
clinical significance and biological functions of AGAP3 and
CRAG in CRC were investigated.

Materials and Methods
Public datasets of CRC and colorectal adenoma. DNA copy number
data and RNA sequencing data of 615 CRC patients and 58 CRC cell
lines were obtained from The Cancer Genome Atlas (TCGA) via
Broad Institute’s Firehose (http://gdac.broadinstitute.org) and Cancer
Cell Line Encyclopedia (https://portals.broadinstitute.org/ccle),
respectively. CRC expression array data and clinical information in
GSE17538 and GSE21815 were obtained from Gene Expression
Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/). Expression
array data of colorectal adenomas in GSE8671 were obtained from
GEO. In public datasets, AGAP3 mRNA expression was evaluated
regardless of the type of splicing variant.

Identification of putative driver genes in CRC. Using the DNA copy
number and mRNA expression data from TCGA, putative driver genes
on Chr.7q were identified that satisfied the following two criteria: 1)
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positive correlation between DNA copy number and mRNA
expression (rho >0.4, p<0.05) and 2) higher expression in primary
CRC tissues than in paired normal tissues (fold change >2, p<0.05).

CRC cell lines. Human CRC cell lines CaR-1, CCK81, colo320DM,
DLD-1, and WiDr were obtained from JCBR cell bank (Osaka,
Japan); colo205 and HCT116 were obtained from RIKEN
BioResource Research Center (Ibaraki, Japan); and LS174T and
RKO were obtained from the American Type Culture Collection
(Manassas, VA, USA). All cell lines were cultured in appropriate
medium supplemented with 10% fetal bovine serum at 37˚C in an
atmosphere containing 5% CO2.

Overexpression of ArfGAP with GTPase domain, ankyrin repeat and
PH domain 3 (AGAP3) and CRMP5-associated GTPase (CRAG).
The expression constructs, within the pCMV5 vector, for AGAP3
tagged with HA and CRAG tagged with HA were graciously
provided by the Laboratory of Molecular Biochemistry, School of
Life Sciences, Tokyo University of Pharmacy and Life Sciences,
Japan (7, 8). The expression constructs for AGAP3 and CRAG, a
splicing variant of AGAP3, within pCMV5, were transferred to
CSII-CMV-MCS vector (RIKEN) due to the absence of an empty
pCMV5 vector in our laboratory. Expression vectors were
transiently transfected into DLD-1 and HCT116 cells using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol.

Clinical CRC samples. Primary CRC tissues and paired normal
tissues were obtained from 61 patients who underwent surgical
resection of primary tumor at Kyushu University Beppu Hospital
and affiliated hospitals between 1992 and 2007. Clinical samples
were immediately frozen with RNAlater (Ambion, Palo Alto, CA,
USA) in liquid nitrogen and stored at –80˚C until use. All patients
provided written informed consent, and the study protocol was
approved by the local ethics review board of Kyushu University.
Experiments with these samples were performed in accordance with
the approved guidelines.

RNA extraction and quantitative reverse transcription polymerase
chain reaction (qRT-PCR). Total RNA was extracted using ISOGEN
(Nippon Gene, Tokyo, Japan) according to the manufacturer’s
protocol. Synthesis of complementary DNA and qRT-PCR were
performed as previously described, and 18S ribosomal mRNA
expression was quantified for standardization (9). In our own CRC
cohort and CRC cell lines, AGAP3 (NM_001350102.1) and CRAG
(NM_001350102.1) mRNA expression levels were calculated
separately. The specific primers are listed in Table I.

Protein extraction and western blotting (WB). Cells were lysed in
lysis buffer, and protein expression was evaluated by WB as
previously described (10). A primary mouse monoclonal antibody
against HA (H9658; Sigma-Aldrich, St. Louis, MO, USA), a
primary rabbit monoclonal antibody against c-Fos (#2250; Cell
Signaling Technology, Beverly, MA, USA) and a primary rabbit
monoclonal antibody against c-Jun (#9165; Cell Signaling
Technology) were used at dilutions of 1:10000, 1:500 and 1:1000,
respectively, in 5% milk at 4˚C overnight. A primary mouse
monoclonal antibody against β-actin (sc-47778; Santa Cruz
Biotechnology, Dallas, TX, USA) was used at a dilution of 1:1000
at room temperature for 1 h.

Cell proliferation and colony formation assay. The cell proliferation
capacity was evaluated by MTT assays using Cell Proliferation Kit
1 (Roche Applied Science, Penzberg, Germany) according to the
manufacturer’s protocol. Cells (2×104 cells per well) were seeded
into 24-well plates. The optical density of each well was measured
in technical triplicates and biological triplicates on days 0-5. For
colony formation assays, cells (5×102 cells per well) were seeded
into 6-well plates. After 14 days, the number of colonies was
counted under an inverted microscope.

Statistical analysis. Differences in continuous variables were tested
using Student’s t-tests. Correlations between two groups were
evaluated by Pearson’s product moment correlation coefficient.
Survival time was evaluated using the Kaplan–Meier method, and
survival curves were compared using log-rank tests. All statistical
analyses were performed using R version 3.4.1 (Vienna, Austria.
URL: http://www.R-project.org/).

Results

Identification of AGAP3 as a putative driver gene in CRC.
First, CNA of chromosomal arms occurred at the initial
phase of carcinogenesis in CRC was confirmed using the
TCGA dataset. The copy numbers of certain chromosomal
arms, such as 7p, 7q, 8q, 13p, 13q, 17p, 18p, 18q and 20q,
were frequently altered in advanced CRC as well as in Stage
I CRC (Figure 1B). Focusing on Chr.7q, 44 putative driver
genes were identified according to the criteria (Figure 1C
and D). In this study, it was determined that AGAP3 encodes
an essential component of the N-methyl-D-aspartate
(NMDA) receptor signaling complex in synapses that has not
been previously associated with malignancies, including
CRC (11).

CNA and mRNA expression of AGAP3 in a public dataset.
The focal DNA copy number in the AGAP3 locus was
positively correlated with AGAP3 mRNA expression in
TCGA dataset (rho=0.493, p<0.001) and the CCLE dataset
(rho=0.503, p<0.001). In addition, DNA copy number in the
AGAP3 locus was increased in many samples in both TCGA
and CCLE datasets (Figure 2A and B), indicating that
AGAP3 is overexpressed via the 7q copy number gain in
CRC. AGAP3 mRNA expression was significantly higher in
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Table I. Sequences of specific primers.

Gene symbol      Type       Sequence

AGAP3           Forward    5’-CCTGAGCTCCAGTTTGCTGC-3’
                       Reverse    5’-GCTGATGGCATCCTGCGT-3’
CRAG             Forward    5’-ATCAACCAGGCCACGAATGG-3’
                       Reverse    5’-GGAAACAGTGGCACATATCGTGAAG-3’
18S                  Forward    5’-AGTCCCTGCCCTTTGTACACA-3’
                       Reverse    5’-CGATCCGAGGGCCTCACTA-3’



CRC tissues than in paired normal tissues in TCGA dataset
(fold change=2.26, p<0.001), but there were no significant
differences among UICC pathological stages (Figure 2C and
D). In the GSE8671 dataset, AGAP3 mRNA expression was

significantly higher in colorectal adenoma tissues than in
paired normal tissues (p=0.001) (Figure 2E). These data
suggest that AGAP3 overexpression plays an important role
in the initial phase of carcinogenesis.
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Figure 1. Identification of the putative driver gene on chromosome 7q. A: Structure of AGAP3 and CRAG. The gray box indicates a different sequence
from AGAP3. B: CNA of the chromosomal arm in the TCGA dataset. C: Schematic diagram of the criteria for putative driver gene identification.
D: Volcano plot of comparison between CRC tissue and paired normal colorectal tissue in TCGA dataset. Red plots indicate the genes that satisfy
the criteria; overexpressed in CRC tissue compared to that in normal mucosa (T/N ratio>2, p-value<0.05).



The effects of AGAP3 and CRAG overexpression on
carcinogenesis. AGAP3 and CRAG mRNA expression in CRC
cell lines is shown in Figure 3A and 3B. DLD-1 and HCT116
were selected for overexpression experiments due to two-
dimensional growth and transfection efficacy in a preliminary
experiment using an expression vector carrying EGFP (Figure
3C). Overexpression of HA-AGAP3 or HA-CRAG was
confirmed by WB (Figure 3D). To verify the effect of AGAP3
and CRAG on carcinogenesis, variations in cell proliferation and
colony formation capability were explored by overexpression
experiments. HA-CRAG overexpression significantly increased
the cell proliferation of DLD-1 and HCT116 and the colony
formation capability of HCT116, while HA-AGAP3
overexpression did not induce an increase in cell proliferation
and colony formation capability (Figure 3E-H). To clarify a part
of the mechanism underlying the increase in cell proliferation,
the effect of AGAP3 and CRAG overexpression on AP-1 was
investigated. c-Jun was markedly up-regulated by HA-CRAG
overexpression and slightly up-regulated by HA-AGAP3
overexpression (Figure 3I). c-Fos was undetectable without
stimulation in our CRC cells.

Clinical significance of AGAP3 and CRAG mRNA expression.
In TCGA dataset, patients with high AGAP3 mRNA expression
had significantly poorer overall survival (OS) (p=0.003)
(Figure 4A). However, patients with high AGAP3 mRNA
expression had significantly better OS in the GSE17538 and

GSE21815 datasets (p=0.019 and p=0.021, respectively)
(Figure 4B, C). The prognostic impact of AGAP3 mRNA
expression, that was evaluated regardless of the splicing
variants, differed among datasets (Figure 4A-C). When the
splicing variants were evaluated separately, the expression of
AGAP3 and CRAG mRNA was not found to be associated with
OS (p=0.69 and p=0.42, respectively) (Figure 4D and E).
Moreover, there was no significant association between AGAP3
or CRAG mRNA expression and clinicopathological features
in our clinical cohort (Table II). Thus, AGAP3 and CRAG
should have more oncogenic effects on carcinogenesis and less
oncogenic effects on CRC progression.

Discussion

In the present study, CRAG, a splicing variant of AGAP3, was
identified as a putative driver gene of CRC carcinogenesis and
was demonstrated to contribute to tumor growth. To the best
of our knowledge, this study is the first to explore the
biological function of AGAP3 and CRAG in malignancy.
AGAP3 reportedly evokes NMDA receptor activation, which
induces synaptic trafficking of the AMPA receptor (11). The
AGAP3 protein contains an N-terminal GTPase-like domain, a
pleckstrin homology domain, an ArfGAP domain and several
C-terminal ankyrin repeat domains. CRAG has a structure
cleaved from the 3’ prime end in the middle of the pleckstrin
homology domain of AGAP3. Qin Q et al. reported that CRAG
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Figure 2. CNA and mRNA expression of AGAP3 in public datasets. A: Correlation between the focal DNA copy number in the AGAP3 locus and AGAP3
mRNA expression in TCGA dataset. B: Correlation between the focal DNA copy number in the AGAP3 locus and AGAP3 mRNA expression in the
CCLE dataset. C: AGAP3 mRNA expression in CRC tissue and paired normal colorectal tissue in TCGA dataset. D: AGAP3 mRNA expression in CRC
tissue divided by pathological stage. E: AGAP3 mRNA expression in colorectal adenoma and paired normal colorectal tissue in the GSE8671 dataset.
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Figure 3. Overexpression of AGAP3 and CRAG. A: AGAP3 mRNA expression in CRC cell lines. B: CRAG mRNA expression in CRC cell lines. C:
Evaluation of transfection efficacy using an expression vector carrying EGFP. D: WB to confirm overexpression of HA-AGAP3 and HA-CRAG. E:
MTT assay in DLD-1 cells. F: MTT assay in HCT116 cells. G: Colony formation assay in DLD-1 cells. H: Colony formation assay in HCT116
cells. I: WB for c-Fos and c-Jun using DLD-1 cells.



promoted the degradation of polyglutamine protein (polyQ)
through the ubiquitin-proteasome pathway in neuronal cells (7).
Nagashima et al. revealed that CRAG protected neuronal cells
against polyQ via the activation of c-Fos-dependent AP-1 (8).
Additionally, the cancer incidence, including CRC in patients
with polyQ disease, such as Huntington’s disease, is
significantly lower than expected (12, 13). These data support
our hypothesis that CRAG contributes to CRC carcinogenesis.

TCGA dataset indicated that CNA in chromosomal arms had
already occurred in the early stage of CRC. The focal DNA
copy number in the AGAP3 locus and AGAP3 mRNA
expression were positively correlated. AGAP3 mRNA
expression was significantly higher in CRC tissue and
colorectal adenoma tissue than in normal colorectal tissue;
furthermore, AGAP3 mRNA expression was equal among
pathological stages. These data suggest that AGAP3 mRNA
expression is increased in the initial phase of carcinogenesis as
a result of DNA copy number gain in the AGAP3 locus due to
copy number gain of Chr.7q. The prognostic impact of AGAP3
expression, which was evaluated regardless of the splicing
variants, differed among public datasets. In our own CRC
dataset, patient prognosis did not depend on AGAP3 or CRAG
mRNA expression. This discrepancy indicates that AGAP3 and
CRAG may contribute to carcinogenesis rather than to
progression of CRC, which has already acquired malignant
transformation. Additionally, the lack of a significant
association between AGAP3 or CRAG mRNA expression and
clinicopathological features strengthens this theory.

In a previous study, CRAG induced c-Fos elevation, which
is one of the components of AP-1 in neuronal cells (8). AP-1
expression is reportedly altered in several cancers (14-20). 

AP-1 associates with several cancer-associated pathways
interacting with VEGF, p21, p53, cyclin D1, TGF-β, ZEB2,
EGFR, Cox-2 and so on (21-26). In terms of CRC, Hu L et al.
showed that tissue factor/factor VIIa/protease-activated
receptor 2 (TF/FVIIa/PAR2) signaling promoted cell
proliferation and migration via AP-1 (27). Zhang HS et al. and
Peng Y et al. showed that AP-1 positively regulated cyclin D1
and promoted CRC cell proliferation (28, 29). In this study,
CRAG overexpression clearly up-regulated c-Jun, one of the
components of AP-1. Thus, the copy number gain of Chr.7q
and the consequent increase in CRAG expression should be a
driver of CRC carcinogenesis by promoting cell proliferation
via AP-1.

This study has several limitations that must be
acknowledged. First, the expression and clinical significance
of each variant of AGAP3 were not evaluated due to lack of
classified expression data by variants in public datasets.
Second, in our clinical cohort, the correlation between
AGAP3 and CRAG mRNA expression and the significant
difference in CRAG mRNA expression between CRC tissue
and normal colorectal tissue were not obtained, probably due
to the limited sample size. Finally, the expression and
localization of the CRAG protein have not been uncovered
because of the absence of a specific antibody for CRAG.

In conclusion, our study suggests that CRAG, a splicing
variant of AGAP3, plays an important role in CRC
development via AP-1 activation.
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Figure 4. Prognostic impact of AGAP3 and CRAG mRNA expression. A: Survival curves for AGAP3 mRNA expression in TCGA dataset. B: Survival
curves for AGAP3 mRNA expression in the GSE17538 dataset. C: Survival curves for AGAP3 mRNA expression in the GSE21815 dataset. D:
Survival curves for AGAP3 mRNA expression in our clinical cohort. E: Survival curves for CRAG mRNA expression in our clinical cohort.
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