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Abstract
Every year, approximately 1.2 million cases of colorectal carcinoma (CRC) are newly 
diagnosed worldwide. Although metastases to distant organs are often fatal com-
plications of CRC, little information is known as to how such metastatic lesions are 
formed. To reveal the genetic profiles for CRC metastasis, we conducted whole‐
exome RNA sequencing on CRC tumors with liver metastasis (LM) (group A, n = 12) 
and clinical stage‐matched larger tumors without LM (group B, n = 16). While the 
somatic mutation profiles were similar among the primary tumors and LM lesions in 
group A and the tumors in group B, the A‐to‐C nucleotide change in the context of 
“AAG” was only enriched in the LM regions in group A, suggesting the presence of 
a DNA damage process specific to metastasis. Genes already known to be associ-
ated with CRC were mutated in all groups at a similar frequency, but we detected 
somatic nonsynonymous mutations in a total of 707 genes in the LM regions, but not 
in the tumors without LM. Signaling pathways linked to such “LM‐associated” genes 
were overrepresented for extracellular matrix‐receptor interaction or focal adhesion. 
Further, fusions of the ADAP1 (ArfGAP with dual PH domain 1) were newly identi-
fied in our cohort (3 out of 28 patients), which activated ARF6, an ADAP1‐substrate. 
Infrequently, mutated genes may play an important role in metastasis formation of 
CRC. Additionally, recurrent ADAP1 fusion genes were unexpectedly discovered. As 
these fusions activate small GTPase, further experiments are warranted to examine 
their contribution to CRC carcinogenesis.

K E Y W O R D S

ADAP1, colorectal carcinoma, exome sequencing, gene fusion, liver metastasis

www.wileyonlinelibrary.com/journal/cas
mailto:﻿
https://orcid.org/0000-0001-7489-2644
https://orcid.org/0000-0003-4146-3629
https://orcid.org/0000-0002-5239-8570
https://orcid.org/0000-0002-4794-4418
https://orcid.org/0000-0003-4645-0181
http://creativecommons.org/licenses/by-nc/4.0/
mailto:gontakafumi@gmail.com


2974  |     OGA et al.

1  | INTRODUC TION

Colorectal carcinoma is the 3rd most common morbidity and the 
4th leading cause of cancer death in the world.1 Clinical stages of 
CRC are defined by the depth of local invasion of tumors and by the 
presence or absence of metastases to lymph nodes and distant or-
gans (TNM classification). While surgical resection at early stages 
may lead to complete eradication of tumors, CRC at advanced 
stages requires systemic chemotherapy and/or irradiation.2 In ad-
dition to cytotoxic reagents, some molecularly targeted drugs such 
as angiogenesis inhibitors (bevacizumab and ramucirumab), anti‐
EGFR antibodies (cetuximab and panitumumab) and multi‐kinase 
inhibitors (regorafenib) are currently used for CRC treatments.3

Despite a vast amount of effort, the molecular mechanisms 
underlying CRC carcinogenesis, especially those of metastasis, re-
main to be fully elucidated. Large‐scale genomic analyses for CRC 
specimens have been conducted to identify somatic mutations that 
may drive CRCs. The Cancer Genome Atlas project on CRC, for in-
stance, revealed frequent somatic mutations in APC, TP53, SMAD4, 
PIK3CA, and KRAS.4 Expression of NAV2−TCF7L2, VTI1A−TCF7L2, 
and RAD51C−ATXN7 fusion genes has also been reported in CRC.4-6 
An integrated analysis on genomic and transcriptome datasets clas-
sified CRC into four consensus molecular subtypes, but clinical uti-
lization of these studies awaits further investigation.7Conversely, 
many genes responsible for hereditary tumor syndromes involving 
CRC, such as APC for familial adenomatous polyposis and genes in 
the mismatch repair system (MLH1, MSH2, MSH6 and others) for he-
reditary nonpolyposis colorectal cancer, have been identified.8-10

While metastases to distant organs are frequently fatal, de-
tailed comparisons of genome profiles between primary CRCs and 
metastasized regions have been limited. Exome sequencing and 
chromosome copy number analysis of pairs (n = 15) of CRC and LM 
specimens revealed that both lesions often share driver genes, such 
as APC, KRAS, ARID1A, and PIK3CA.11 A similar study with 34 such 
pairs also revealed that most of the frequently mutated genes are 
shared between the primary and metastatic specimens, indicating 
the same clonal origin of both lesions.12

Importantly, approximately half of the CRCs do not generate LM, 
and large CRC tumors without LM may be frequently observed in a 
clinical setting.13 To gain insights into the key genetic events driving 
LM, we collected small CRC tumors with LM (group A) and large tu-
mors without LM (group B), all of which were subjected to WES and 
RNA‐seq with NGS. We also conducted this extensive sequencing 
analysis on the corresponding LM specimens and tried to identify 
each group‐specific mutation and/or gene fusion.

2  | MATERIAL S AND METHODS

2.1 | Specimens and next‐generation sequencing

The CRC primary specimens and their LM counterparts were col-
lected after written informed consent was obtained from the indi-
viduals who underwent surgical resection at Yamaguchi University 

Hospital. We obtained the intramucosal part of each resected tumor 
and used these for genomic and expression analysis. The specimens 
were kept frozen until NGS analysis. This project was approved by 
the Research Ethics Committees of the University of Tokyo and 
Institutional Review Board of Yamaguchi University, Japan.

2.2 | WES analyses

Genomic DNA was isolated from each specimen and subjected 
to WES with the use of a SureSelect Human All Exon Kit (Agilent 
Technologies, Santa Clara, CA, USA) and HiSeq 2500 platform 
(Illumina, San Diego, CA, USA) with the paired‐end option.

From the read data, nucleotides with a quality value of <20 were 
masked, and such reads were then mapped to the reference human 
genome sequence (hg38) with the use of the BWA (http://bio-bwa.
sourc​eforge.net/), Bowtie2 (http://bowtie-bio.sourc​eforge.net/
bowti​e2/index.shtml​) and NovoAlign (http://www.novoc​raft.com/
produ​cts/novoa​lign/) pipelines.

We further extracted unique reads and identified somatic muta-
tions by the MuTect (http://www.broad​insti​tute.org/cance​r/cga/mu-
tect), SomaticIndelDetector (http://www. broadinstitute.org/cancer/
cga/node/87) and VarScan (http://varsc​an.sourc​eforge.net) algorithms.

Somatic mutations were discarded if: (i) total read depth for a 
given mutation position was <20 or the mutation allele frequency in 
the tumor was <0.1; (ii) they were supported by only one strand of the 
genome; and (iii) they were already present in the “1000 genomes” 
database (http://www.1000g​enomes.org) or in our in‐house database 
of normal human genome variations, and were further annotated by 
the SnpEff pipeline (http://snpeff.sourc​eforge.net). Driver mutations 
were predicted using MutSig software (http://archi​ve.broad​insti​tute.
org/cance​r/cga/mutsi​g).14 Pathway analysis was conducted using the 
DAVID pipeline (https​://david.ncifc​rf.gov/home.jsp).

2.3 | Copy number variations

The WES data were used to infer somatic CNVs of the tumor speci-
mens. Briefly, variant allele frequencies of SNPs reported in the 1000 
genomes database were used to calculate the LRR between the tu-
mors and the paired peripheral blood mononuclear cells, which were 
further normalized by the GC content and a moving window of 1 Mbp.

2.4 | RNA‐seq

Complementary DNAs were prepared from the tumor tissues with 
the use of an NEB Next Ultra Directional RNA Library Prep Kit (New 
England Biolabs, Ipswich, MA, USA) and were subjected to NGS for 
133 bp with the paired‐end option. Sequence reads were mapped to 
the reference genome using the TopHat algorithm (https​://ccb.jhu.edu/
softw​are/topha​t/index.shtml​). The expression level of each transcript 
was measured as fragments per kilobase of exon per million mapped 
fragments (FPKM), calculated using Cufflinks (http://cole-trapn​ell-lab.
github.io/cuffl​inks), or reads per kilobase of exon per million mapped 
reads (RPKM), determined by our in‐house algorithm. Gene fusions 
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were detected by deFuse (https​://bitbu​cket.org/drane​w/defus​e).15 To 
validate gene fusions, reverse transcriptase‐polymerase chain reaction 
(RT‐PCR) was conducted with primers flanking each fusion point, and 
the resultant PCR products were sequenced using an ABI Prism 3130xl 
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

2.5 | ADAP1 functional assays

The wild‐type ADAP1, ADAP1−GET4 and ADAP1−SUN1 cDNAs 
were isolated from the KATO‐III gastric cancer cell line (American 
Type Culture Collection: ATCC, Manassas, VA, USA), #A09 speci-
men and #B03 specimen, respectively. These cDNAs and SMAP1 
cDNA were then ligated to the pCX4bleo expression vector (KAN 
Research Institute) and individually transfected into HEK293T 
cells (ATCC) together with an expression vector for ARF6 using 
Lipofectamine 2000 reagent (Thermo Fisher Scientific, Waltham, 
MA, USA).16 At 48 h after transfection, the cells were lysed and 

GTP‐loaded ARF6 was specifically pulled down with the Arf6 Pull‐
down Activation Assay Biochem Kit (Cytoskeleton, Inc. Denver, 
CO, USA). The precipitates and the total cell lysates were immuno-
blotted with the monoclonal antibody to Arf6 (Cytoskeleton, Inc.).

2.6 | Focus formation assay

3T3 cells were infected with the ecotropic recombinant retroviruses 
with the use of hg/mL polybrene (Sigma‐Aldrich, St. Louis, MO, USA) 
for 24 h, and further cultured in DMEM‐F12 supplemented with 5% calf 
serum (Invitrogen) for up to 2 wk. Cell transformation was assessed ei-
ther by phase‐contrast microscopy or by staining with Giemsa solution.

2.7 | Accession codes

Raw sequencing data were deposited in the Japanese Genotype‐
Phenotype Archive (JGA, http://trace.ddbj.nig.ac.jp/jga), which is 

F I G U R E  1  A, Pie charts showing 
the percentages of different somatic 
mutations in primary tumors and liver 
metastases (LM) in group A and tumors in 
group B. B, The frequency of synonymous 
or nonsynonymous substitutions and of 
InDels in each colorectal cancer (CRC) 
specimen is shown. Sample number, 
tumor content (%), and the presence of 
nonsynonymous mutations in MSH3, 
MSH4, MSH6 or POLE are indicated in 
the middle panel. Arrows denote the 
specimens with a low mutation burden 
(A07 and the B15). C, Number of base 
substitutions is shown for each triplet 
nucleotide, color‐coded as indicated at the 
bottom
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hosted by the DNA Databank of Japan (DDBJ), under the accession 
number JGAS00000000128.

3  | RESULTS

3.1 | WES analyses

To exclude the possibility of LM simply due to an advanced CRC stage, 
we divided the specimens into two groups: group A (n  = 12) with 
small primary tumors (surface area: 2237 ± 971 mm2, mean ± SD) 
with LM; and group B (n = 16) with large tumors (4221 ± 1595 mm2) 

without LM (P = 4.09 × 10−3, t test) (Tables S1 and S2). Although the 
sizes of the primary tumors in groups A and B were significantly dif-
ferent, the pathological staging was not different between the two 
groups; primary tumors at T3 staging were 11 out of 12 in group A 
and 15 of 16 in group B (P = 1.000, Fisher's exact test).

All primary tumors, the paired non‐cancerous tissues and the 
paired LM lesions (only in group A) were subjected to WES anal-
ysis. The mean sequencing depth was ×196, ×96.1, ×196, ×172 
and ×96.1 for primary tumors, non‐cancerous tissues, LM in group 
A, primary tumors and non‐cancerous tissues in group B, respec-
tively. In total, 6855 somatic mutations were detected in the cancer 

F I G U R E  2  A, Presence of various somatic mutations is shown in each specimen for seven genes with a Q‐value of <.05 by MutSig 
analysis. Total number of somatic mutations for each gene is also indicated in the right histogram. B, The presence of single or multiple 
somatic mutations is indicated in each specimen for 15 frequently mutated genes. The total number of different types of somatic mutations 
for each gene is shown in the right histogram. C, Venn diagram of genes with somatic nonsynonymous mutations among the primary tumors 
and liver metastases (LM) in group A and the tumors in group B. Group A‐specific or LM‐associated genes are also indicated by a circle
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specimens, 5258 (76.7%) of which were nonsynonymous. As shown 
in Figure 1A, the profile of somatic genomic alterations was similar 
between primary tumors and paired LM in group A, but the propor-
tion of somatic insertions/deletions (InDels) was substantially higher 
in group B. As depicted in Figure S1, however, the somatic mutation 
profile in group B without the B6 tumor was similar to that of the 
other groups.

As shown in Figure 1B, the B6 tumor is a hypermutator, with fre-
quent InDels (5.96 per megabase), as well as frequent single nucleotide 
variations (SNVs) (18.22 per megabase). The nonsynonymous muta-
tions in all of the mismatch repair genes MSH3, MSH4, and MSH6 and 
a frameshift mutation in POLE, which encodes the catalytic subunit of 
DNA polymerase ε, could account for this exceptional accumulation of 
mutations only in B06. In contrast, the metastatic region of A07 and 
the B15 tumor had a very low mutation burden, probably because of 
the low tumor contents of the specimens (12.5% and 17.5%, respec-
tively). Aside from these three specimens, the other tumors had a 
similar mutation burden (on average, 1.31 SNVs and 0.061 InDels per 
megabase).

Figure 1C shows the nucleotide substitution profiles for every 
group of tumors. The C‐to‐T transition is the most predominant fea-
ture in every group, especially in the context of “NCG,” which may be 
related to the age of the patients at cancer diagnosis, as previously 
reported.12 Although the substitution profiles are similar among the 
three groups, the A‐to‐C change in the context of “AAG” increased 
only in the LM tumors.

3.2 | Significantly mutated genes

Driver genes for carcinogenesis were predicted with the MutSig 
analysis of all tumors, leading to the identification of seven candi-
dates with a Q‐value of <.05, all of which are already known to be as-
sociated with CRC (Figures 2A and S2). As reported previously, APC, 
TP53, and KRAS are frequently mutated, often at multiple positions 
in the case of the former two.4,12,14 PTEN mutations were shown to 
be more prevalent than was previously described.17 The frequencies 
of the gene mutations in Figure 2A were not significantly different 
between groups A and B (P > .27, Fisher's exact test).

Genes with frequent somatic, nonsynonymous mutations pres-
ent in both (≥7 mutations) or each (≥5 specimens) group are listed 
in Figures  2B and S3, respectively. Known CRC‐related genes are 
included in the list, such as ARID1A and FBXW7(Figure 2B). They also 
included TTN, RYR2, DNAH5, NEB, which encode large (>4000 amino 
acids) proteins whose roles in the pathogenesis of cancer are con-
troversial, and they are possibly “passenger genes,” although several 
papers in the literature have reported them as frequently mutated 
genes. Conversely, ADAMTS10,FAT3,FSIP2,NELL1,

RXFP3 were only included in group A (Figure S3). Among these 
genes, nonsynonymous mutations in ADAMTS10,NELL1,and RXFP3 
were only detected in group A, but none in group B, suggesting their 
roles in LM.

We next attempted to extract somatic nonsynonymous mu-
tations that were specifically found in three subgroups (primary 

tumors and LM in group A, and the tumors in group B). As shown 
in Figure 2C, 170 genes were commonly mutated in three groups. 
In contrast, 707 genes were mutated in the LM regions of group 
A but not in B (LM‐associated genes, green circle in Figure  2C). 
Interestingly, the pathways defined by the KEGG database (KEGG, 
http://www.genome.jp/kegg/) related to these genes were sig-
nificantly enriched for the “Extracellular matrix (ECM)‐receptor 
interaction” and “Focal adhesion” pathways (Table 1), suggesting 
that alterations in these interactions may facilitate metastasis. 
Furthermore, 987 genes were mutated specifically in the tumors 
in group A (A‐specific genes, red circle in Figure 2C). The pathways 
for “ECM‐receptor interaction” and “Focal adhesion” were again 
enriched for these genes (Table 1). We also attempted to detect 
each group‐specific, somatic nonsynonymous nucleotide change 
(Figure S4). The shared mutations among all groups were only for 
KRAS and APC.

3.3 | CNVs

High coverage of the WES analysis allowed us to infer allele‐spe-
cific chromosome copy number. Figure 3 depicts the overall copy 
number gain in chromosomes 7, 8q, 13 and 20, and the copy num-
ber loss in chromosomes 8p, 15, 17p, and 18 in CRC, all in line 
with previous reports.4,18 In general, primary and paired LM tu-
mors share CNVs, suggesting that such alterations often become 
established in the early stages of carcinogenesis.

A detailed examination of CNVs, however, revealed many 
differences between primary and LM tumors in group A. The 
primary tumor of patient #A10, for instance, carries a focal ampli-
fication of chromosome 7p, including the EGFR locus (calculated 

TA B L E  1  Over‐represented pathways in the KEGG pathway 
database

LM‐associated

KEGG pathway P‐valuea

hsa04723:Retrograde endocannabinoid 
signaling

6.16 × 10−4

hsa04024:cAMP signaling pathway 1.15 × 10−3

hsa04512:ECM‐receptor interaction 2.74 × 10−3

hsa04510:Focal adhesion 4.47 × 10−3

hsa04924:Renin secretion 5.87 × 10−3

A‐specific

KEGG pathway P‐value

hsa04024:cAMP signaling pathway 2.46 × 10−4

hsa04512:ECM‐receptor interaction 2.79 × 10−4

hsa04510:Focal adhesion 4.31 × 10−4

hsa04924:Renin secretion 9.80 × 10−4

hsa04723:Retrograde endocannabinoid 
signaling

1.20 × 10−4

aFisher's exact test. 

http://www.genome.jp/kegg/
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copy number = 78.2), but the tumor cells in the LM region did not 
harbor this gene amplification, albeit the other CNV appears to 
be similar (Figure S5). These results suggested that LM is not a 
one‐way process, accumulating genetic aberrations sequentially, 
but rather a more dynamic process in which previously acquired 
aberrations would be lost or some minor clones without signature 
aberrations would become the majority to fit a new environment.

3.4 | Fusion genes

By using the deFuse pipeline, we searched for fusion genes in 
our RNA‐seq dataset, and identified a total of nine gene fusions, 
including recurrent ones involving the ADAP1 gene, all of which 
were confirmed by RT‐PCR and nucleotide sequencing (Figure 4A 
and Table S3).15 An out‐of‐frame fusion of ADAP1 to GET4 or SUN1 
was found in the LM region of the #A9 or #B3 tumors, respec-
tively. In both cases, the ArfGAP domain of ADAP1 becomes fused 

to short amino acid sequences encoded by the genome sequences 
of the partners.

As ADAP1 fusions have not been described in any cancers, we 
further searched for fusion transcripts involving ADAP1 using our in‐
house pipeline among the same RNA‐seq data. An additional three 
fusions of ADAP1 were detected (Figure S6 and Table S4). Notably, 
two of these were in‐frame fusions. Through this fusion event, the 
ArfGAP domain of ADAP1 was ligated to nearly the entire protein of 
GEMIN4 in LM of patient #A9 and to the carboxyl‐terminal three‐
quarters of the TMEM8A protein in the #B3 tumor. In the LM region 
of patient #A4, ADAP1 is fused to NOC4L in an out‐of‐frame manner, 
resulting in the ligation of the ArfGAP domain to a short amino acid 
stretch encoded by the NOC4L locus. The frequency of ADAP1 fu-
sions was not significantly different between the two groups.

In all of the in‐frame or out‐of‐frame fusions, only the ArfGAP 
domain of ADAP1 was ligated to the partner genes. Given that 
none of the other domains of ADAP1 are retained in the fusion 

F I G U R E  3  Chromosome copy number analysis of the colorectal cancer (CRC) specimens. Copy number status is color‐coded for 
chromosomes (Chr.) 1 to 22 (top to bottom) for the samples, as designated at the top. LRR, log R ratio. The false discovery rate (q) for every 
segment of chromosome is calculated and shown as −log10(q‐value) at the right
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products, the ADAP1 fusions may suppress wild ADAP1 in a dom-
inant‐negative manner. By using human ARF6 (ADP‐ribosylation 
factor 6) protein as a substrate of ADAP1, we therefore examined 
whether the wild‐type and the fusion forms of ADAP1 differen-
tially regulated GTP/GDP loading on ARF6. As shown in Figure 4B, 
the presence of wild‐type ADAP1 or SMAP1 (another ArfGAP 
protein of ARF6) decreased GTP‐loading of ARF6 compared with 
the mock‐infected cells. However, the fusions markedly enhanced 
GTP‐loading, indicating that ADAP1 fusions indeed inactivated 
their substrate small GTPases.

3.5 | Focus formation assay

We did not observe the direct transforming ability of ADAP1−SUN1 
or ADAP1−GET4 fusion protein in the focus formation assay with 
mouse 3T3 fibroblasts (data not shown).

4  | DISCUSSION

In this study, we compared the genomic profiles of small CRCs 
with LM and relatively large CRCs without LM. Excluding the 
specimen of hypermutator (#B6) and low tumor contents (#A7‐M 
and B15), the number of somatic mutations was not significantly 
different among the primary tumors and LM in group A and the 
tumors in group B. Similarly, the proportion of missense or InDel 
alterations was similar among the subgroups. Interestingly, how-
ever, an A‐to‐C conversion in the context of “AAG” was enriched 
only in the LM group, suggesting the presence of a carcinogen that 
leads to liver metastasis.

As shown in Table 1, nonsynonymous mutations of the group A 
genome are enriched among the genes with “ECM‐receptor interac-
tion” or “Focal adhesion” pathways. PTEN (Phosphatase and Tensin 
Homolog deleted from Chromosome 10) mutations are shown in 
Figure  2. PTEN is an enzyme that functions to dephosphorylate 

phosphatidylinositol (PI) (3,4,5)P3 and convert it to PI (4,5)P2. PTEN 
knockdown promoted the migration and invasion of cells by acti-
vation of the PI3K−AKT pathway.19 ADAMTS10,NELL1.RXFP3 were 
recurrently muted only in group A.(Figure S3). The ADAMTS family 
proteins are zinc‐dependent metalloproteases that are presumed to 
be involved in infiltration and metastasis of cancer cells by degrad-
ing extracellular matrix proteins.20 While mutations of ADAMTS 
family genes have been reported in several cancers, ADAMTS10 has 
not been reported as a recurrently mutated gene.21,22 As we found 
ADAMTS10 (ADAM metallopeptidase with thrombospondin type 1 
motif 10 gene) to be frequently mutated in metastatic CRC, and as 
mutated ADAMTS10 transcripts are actively expressed in the corre-
sponding tumors (data not shown), further studies are warranted to 
clarify the role of ADAMTS10 in cancer metastasis. NELL1 (neural 
EGFR like 1) protein is an EGF‐like repeat protein that is presumed 
to be involved in cell proliferation and differentiation. It has been 
reported that NELL1 suppresses cell migration in renal cell carci-
noma.23 Relaxins, receptor RXFP3 (Relaxin family peptide receptor 
3), are known for their tissue remodeling capacity, which is also a 
hallmark of cancer progression. It is suggested that relaxin induces 
aggressive cell growth and invasiveness in several types of cancer, 
including endometrial cancer. Adherens junctions in cancer cells 
are weakened by the breakdown of the cadherin/catenin complex, 
which is induced by β‐catenin phosphorylation via RLN2/RXFP1 sig-
naling.24 RXFP3 has not been reported and further studies are war-
ranted to clarify the role of RXFP3 in cancer metastasis.

ADAP1 (ArfGAP with dual PH domains 1), also known as cen-
taurin‐α1, is composed of one GTPase‐activating protein (GAP) 
domain for Arf and two PH domains in the protein structure. The 
ArfGAP domain likely functions in converting the GTP‐bound ac-
tive form of ADP‐ribosylation factor (ARF) to the GDP‐bound in-
active form. ADAP1 therefore inactivates ARF6, which has been 
reported to be involved in metastasis and invasion.25 The rela-
tionship of ADAP1 to carcinogenesis has been rarely examined, 
however. Hayashi et al showed that ADAP1 activates ERK1/2 in 

F I G U R E  4  A, The domain structure of 
ADAP1 variant (v) 1 and 5 is schematically 
shown. In the fusion, a short amino acid 
stretch encoded by GET4 or SUN1 is 
ligated to the ArfGAP domain of ADAP1. 
The electrophoretogram for the fusion 
point of ADAP1−GET4 or ADAP1−SUN 
cDNA is shown at the bottom panel. B, 
HEK293T cells were transfected with the 
expression plasmid for wild‐type ADAP1, 
ADAP1−SUN1, ADAP1−GET4 or SMAP1; 
then green fluorescent protein (GTP)‐
loaded ARF6 was pulled down from cell 
lysate and probed with the antibody 
to ARF6 (left panel). Mock‐transfected 
cells were similarly analyzed. Total cell 
lysates of the same set of cells were 
immunoblotted with the same antibody 
(right panel)
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a phosphatidylinositol 3‐kinase‐dependent manner.26 ADAP1 has 
also been shown by ChIP sequencing to be the target of ERBB4, a 
receptor tyrosine kinase that is a member of the EGFR superfam-
ily and overexpressed in colon cancers,; ERBB4 is also presumed 
to induce the expression of ADAP1 message.27 Here, we reveal 
for the 1st time that ADAP1 frequently becomes fused to partner 
genes in CRC.

To date, there have been no reports of gene fusions involv-
ing ADAP1. Among the ADAP1 fusions detected in this study, only 
GEMIN4 and TMEM8A are the in‐frame fusion partners. GEMIN4 
is a member of the survival motor neuron complex, which plays 
an essential role in maturation of small nuclear ribonucleop-
roteins, but it does not have any known domains in the protein 
structure.28 TMEM8A stabilizes RAC1 at the plasma membrane, 
and thereby regulates RAC1 activity.29 As multiple transmem-
brane domains are located in the carboxyl terminus, the presumed 
ADAP1−TMEM8A fusion protein retains the transmembrane re-
gion (Figure S6B). Thus, the ADAP1−TMEM8A protein may be 
forced to be constitutively tethered to the plasma membrane, in 
contrast to the phosphatidylinositol‐dependent membrane local-
ization of wild‐type ADAP1 through its PH domains. However, the 
other out‐of‐frame ADAP1 fusion genes are likely to encode only 
its entire ArfGAP domain.

The only shared domain among the ADAP1 fusions is, therefore, 
the ArfGAP domain. As demonstrated in Figure 4B, the ADAP1 fu-
sions increased the GTP‐loading of ARF6 compared with the wild‐
type ADAP1. It is therefore likely that ADAP1 fusions act on the 
wild ADAP1 in a dominant‐negative manner and therefore suppress 
the intrinsic GTPase‐activating potential of the latter, resulting in 
the activation of ADAP1 substrates, including ARF6. Although the 
negative results of focus formation assay of ADAP1 fusion genes 
may implicate that they have no role in the pathogenesis of CRC and 
are merely “passenger” alterations, another possibility is that tumor‐
promoting features of ADAP1 fusion genes are cell‐context depen-
dent and 3T3 fibroblast was not a suitable cell type to be assayed. 
Therefore, further investigation as to whether ADAP1 fusion genes 
contribute to the pathogenesis of CRC is warranted, by using other 
cells such as primary epithelial intestinal or colonic cells, especially 
under 3D organoid culture conditions.30-32
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