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Mutations in SMAD4 predispose to the development of gastroin-
testinal cancer, which is the third leading cause of cancer-related
deaths. To identify genes driving gastric cancer (GC) development,
we performed a Sleeping Beauty (SB) transposon mutagenesis
screen in the stomach of Smad4+/− mutant mice. This screen iden-
tified 59 candidate GC trunk drivers and a much larger number of
candidate GC progression genes. Strikingly, 22 SB-identified trunk
drivers are known or candidate cancer genes, whereas four SB-
identified trunk drivers, including PTEN, SMAD4, RNF43, and NF1,
are known human GC trunk drivers. Similar to human GC, pathway
analyses identified WNT, TGF-β, and PI3K-PTEN signaling, ubiqui-
tin-mediated proteolysis, adherens junctions, and RNA degrada-
tion in addition to genes involved in chromatin modification and
organization as highly deregulated pathways in GC. Comparative
oncogenomic filtering of the complete list of SB-identified genes
showed that they are highly enriched for genes mutated in human
GC and identified many candidate human GC genes. Finally, by
comparing our complete list of SB-identified genes against the list
of mutated genes identified in five large-scale human GC sequenc-
ing studies, we identified LDL receptor-related protein 1B (LRP1B)
as a previously unidentified human candidate GC tumor suppres-
sor gene. In LRP1B, 129 mutations were found in 462 human GC
samples sequenced, and LRP1B is one of the top 10 most deleted
genes identified in a panel of 3,312 human cancers. SB mutagenesis
has, thus, helped to catalog the cooperative molecular mechanisms
driving SMAD4-induced GC growth and discover genes with poten-
tial clinical importance in human GC.
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Gastric cancer (GC) is the third leading cause of cancer mor-
tality worldwide, with an overall 5-y survival rate that is <25%

(1). The majority of GCs are associated with infectious agents,
including the bacterium Helicobacter pylori (2) and EBV. A small
minority of GCs are associated with germ-line mutations, including
mutations in E-cadherin (CDH1) (3) or mismatch repair genes
(4) (Lynch syndrome). Understanding the molecular basis of GC
could, therefore, offer new insights into its pathogenesis, help to
identify new biomarkers and treatment strategies, and be central
to developing individualized treatment strategies for treating GC.
Whole-genome/exome sequencing and comprehensive mo-

lecular profiling of GC have greatly improved our understanding
of the molecular aspects and pathogenesis of GC (5–9). These
studies have identified a wide spectrum of key genetic influences,
including chromosomal instability, microsatellite instability, and
changes in microRNA expression, somatic gene mutations, and
functional SNPs. Despite these efforts, however, it is clear that
we are still far from understanding the complete pathophysiology
of GC.
Animal models have greatly enriched our understanding of the

molecular mechanisms of numerous types of cancers. To generate

animal models that mimic human GC, researchers have infected
mice with H. pylori and then, treated them with carcinogens. They
have also used genetic engineering to develop a variety of trans-
genic and KO mouse models of GC (10). Smad4 KOmice are one
GC model that has been of particular interest to us (11, 12).
Heterozygous Smad4 KO mice develop polyps in the pyloric re-
gion of the stomach at 50–100 wk of age and the small intestine in
older animals at a lower frequency (11, 12). Similarly, juvenile
polyposis patients carrying heterozygous germ-line mutations in
SMAD4 are predisposed to developing hamartomatous polyps and
gastrointestinal cancer. These studies and others showing that
∼8% of human GCs have mutations in SMAD4 (9) show that
SMAD4 is an important GC tumor suppressor gene (TSG).
In previous studies, we performed a Sleeping Beauty (SB)

transposon mutagenesis screen in the intestine of Smad4+/− mu-
tant mice (13). In the study reported here, we performed a similar
screen, but this time we focused on the stomach. SB transposon
mutagenesis screens performed in mice that carry germ-line
mutations in genes that promote cancer have been proven to be
invaluable for identifying the genes and evolutionary forces that
drive cancer development (13). This screen has helped to cat-
alog the cooperative molecular mechanisms that drive human
SMAD4-induced GC and discover many genes with potential
clinical importance in human GC.
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Gastric cancer is the third leading cause of cancer mortality, with
an overall 5-y survival rate of <25%. Although sequencing and
comprehensive molecular profiling of human gastric cancer have
identified a wide spectrum of genes that drive gastric cancer
development, we are still far from understanding the complete
pathophysiology of this disease. Here, we used Sleeping Beauty
transposon mutagenesis to identify genes and evolutionary
forces driving gastric cancer development. This study identified
pathways driving gastric cancer development, including WNT,
TGF-β, PI3K signaling, ubiquitin-mediated proteolysis, adherens
junctions, RNA degradation, and chromatin modification, and
discovered many previously unidentified genes, such as the LDL
receptor-related protein 1B (LRP1B) tumor suppressor gene, with
potential clinical importance in human gastric cancer.
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Results
SB Mutagenesis Accelerates Gastric Tumor Development in Smad4KO/+
Mice. To identify genes that cooperate with Smad4 loss to promote
GC development, we performed an SB transposon mutagenesis
screen in Smad4KO/+ mutant mice (subsequently referred to as
Smad4KO mice) (11) that also carried 11 tandem copies of the
mutagenic transposon T2/Onc3 (14) and a conditional transposase
allele, LSL-SB11 (15). T2/Onc3 carries an internal CMV promoter
and downstream splice donor site, which is used to deregulate the
expression of oncogenes, and transcriptional stop cassettes in both
orientations, which are used to inactivate TSGs. A β-actin-Cre
transgene, which is expressed in most body tissues, including the
stomach (Fig. S1A), was used to activate transposase expression.
We used this transgene, because at the time that these experiments
were initiated, a Cre transgene that was specifically active in gas-
tric epithelial and stem cells had not been identified. In total,
we generated 35 T2/Onc3:LSL-SB11:β-actin-Cre:Smad4KO/+ mice
(hereafter referred to as Smad4KO:SB mice) and aged them until
they showed signs of tumor development.
The median survival of Smad4KO:SB mice was 43.1 wk, which

was significantly reduced compared with that of Smad4KO mice
(67.8 wk; P < 0.01) (Fig. 1A). As expected, because the Cre
transgene was expressed throughout the body, these mice de-
veloped multiple different types of tumors. In this study, we focused
exclusively on the gastric tumors. Smad4KO:SB mice developed
more gastric tumors (9.4 ± 4.4 tumors per mouse) than Smad4KO
mice (3.9 ± 4.0 tumors per mouse) (Fig. 1B). They also developed
more tumors in the jejunum, ileum, and colon but did not develop
more tumors in the duodenum (Fig. 1B). All gastric tumors de-
veloping in Smad4KO:SB mice were located in the glandular
stomach region (Fig. S1B), similar to those in Smad4KO mice.
Histopathological analysis showed that gastric tumors in

Smad4KO:SB (Fig. 1 C and D) and Smad4KO (Fig. S1C) mice
were mostly benign tumors (adenomas). There were, however,
some cases of adenocarcinoma observed exclusively in Smad4KO:

SB mice (Fig. 1E), suggesting that SB mutagenesis can also ac-
celerate tumor histopathology. Inflammation and parietal cell at-
rophy, which are hallmarks of human GC, were also observed in
Smad4KO:SB mice (Fig. 1C). These data show that tumors that
are developed in Smad4KO:SB mice are histopathologically sim-
ilar to human gastric tumors.

Identification of Common Transposon Insertion Sites in Smad4KO:SB
Gastric Tumors. To identify genes that cooperate with Smad4 loss
to promote GC development, we PCR-amplified and sequenced
the transposon insertion sites from 66 gastric tumors isolated
from 35 Smad4KO:SB mice (13) (Table S1). Using the Well-
come Trust Sanger Institute’s SB transposon informatics pipeline
(16), we identified 163,078 mapped reads corresponding to
49,610 nonredundant transposon insertion sites in these 66 tu-
mors. Comparison of the insertion site sequences in tumors from
the same animal showed that they all had independent origins
(Fig. S2). To identify common transposon insertion sites (CISs),
we analyzed the data using two different statistical methods. CISs
are genomic regions that contain more transposon insertions than
predicted by chance, and thus, they are likely to mark the location
of candidate cancer genes (CCGs). The “locuscentric” Gaussian
Kernel Convolution (GKC) method detects significantly mutated
genomic regions within kernel widths of 15, 30, 50, 75, 120, and
240 kb (17), whereas the “genecentric” common transposon in-
sertion site (gCIS) method calculates the observed and expected
numbers of insertions within each RefSeq gene and then, looks for
RefSeq genes that have more insertions than predicted by chance
(18). gCIS identified 702 CIS genes that have human orthologs
(13) (Table S2), whereas GKC identified 736 CIS genes with
human orthologs (Table S3) and also, six microRNAs (Table S4).
The function of CIS genes was predicted by the location of SB
insertions (Table S3). Most of the genes identified by SB were
TSGs, which is consistent with previous studies showing that, in
SB-induced solid tumors, >90% of the CCGs seem to function as

Fig. 1. SB mutagenesis accelerates GC development in Smad4+/− mutant mice. (A) Smad4KO:SB mice develop tumors earlier than Smad4KO mice (P < 0.01).
(B) Smad4KO:SB mice also develop more tumors per mouse in the stomach, jejunum, ileum, and colon than Smad4KO mice, but they do not develop more
tumors per mouse in the duodenum. (C–E) Histopathology of gastric lesions identified in Smad4KO:SB. C shows gastric intestinal metaplasia and in-
flammation. D shows a gastric adenoma, and E illustrates a gastric adenocarcinoma. Co, colon; Duo, duodenum; Ile, ileum; Jej, jejunum; Sto, stomach. (Scale
bars: C, 100 μm; D, 0.5 mm; E, 200 μm.)

E2058 | www.pnas.org/cgi/doi/10.1073/pnas.1603223113 Takeda et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.201603223SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.201603223SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.201603223SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.1603223113.st01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.201603223SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.1603223113.st02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.1603223113.st03.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.1603223113.st04.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603223113/-/DCSupplemental/pnas.1603223113.st03.xlsx
www.pnas.org/cgi/doi/10.1073/pnas.1603223113


TSGs. We also identified nine pairs of genes that were signifi-
cantly comutated in the same tumor (Table S5).
Concordance between the genes identified by these two meth-

ods was far greater than expected by chance (P < 0.001). We then
generated a nonredundant list of 941 CIS genes by merging the
GKC and gCIS gene lists to define a GC discovery gene set for
additional oncogenomic analysis (Table S6). The large number of
CIS genes identified in only 66 tumors likely reflects high tumor
polyclonality resulting from branching tumor evolution and high
rates of mutagenesis induced by SB.
Comparison of genes identified by these two methods showed

that gCIS could identify genes smaller than 15,000 more effi-
ciently than GKC (Fig. 2A); 497 CIS genes were identified by
both methods, whereas 239 CISs genes were unique to GKC, and
205 CIS genes were unique to gCIS (Fig. 2B and Table S6).
The most highly mutated gene identified in this screen was

Smad4, which was mutated in 71.2% of the tumors (Fig. 3A and
Table S3). This preference to the mutation for Smad4 likely
reflects the strong selective pressure to inactivate the WT Smad4
allele present in tumor cells. Consistent with this prediction, the
transposons were inserted throughout the coding region of
Smad4 in both transcriptional orientations (Fig. S3A) as expec-
ted if these were inactivating insertions. These results are also
consistent with other studies performed in Smad4KO/+ mice,
which showed that Smad4 haploinsufficiency is sufficient for

gastric tumor initiation and that loss of the WT allele only occurs
in later stages of tumor progression (12).
Interestingly, activating insertions in Rspo1 or Rspo2 were not

identified in gastric tumors from Smad4KO:SB mice. In the case
of Apc, only 16.7% of gastric tumors had insertional mutations in
Apc (10 of 66 tumors). The frequency for mutations of Rspo1,
Rspo2, and Apc is different from what we reported for intestinal
tumors induced in Smad4KO:SB mice using Vil1-CreERT2 (13),
where 21% and 55% of these tumors had activating insertions in
Rspo1 and Rspo2, respectively. R spondins are secreted proteins
that potentiate Wnt signaling by binding to Lgr5 homologs (19).
These results suggest that gastric tumors have other preferred
methods for fine-tuning their Wnt signaling pathway and that
cell type matters in selecting the different components of Wnt
pathway in tumorigenesis.
Arid1a and Arid1b were also highly mutated in Smad4KO:SB

GCs (Fig. 3B). These genes were mutated in 30.3% and 56.1% of
tumors, respectively. Arid1a and Arid1b are members of the
SWI/SNF (switch/sucrose nonfermentable) chromatin-remodeling
complex. In human GC, inactivating mutations in ARID1A have
been identified in 83% of cancers with microsatellite instability,
73% of cancers associated with EBV infection, and 11% of
cancers that are microsatellite stable and not infected with EBV.
These results highlight the importance of this gene in human
GC (5).

Fig. 2. Identification of CIS genes in Smad4KO:SB gastric tumors. (A) Chart showing the distribution of CIS genes according to their corresponding size. The
blue bars show the numbers of CIS genes and their corresponding sizes identified by GKC, whereas the red bars show the numbers of CIS genes and their
corresponding sizes identified by gCIS. Note that gCIS identified more small genes than GKC. (B) Venn diagram showing the number of CIS genes identified by
both gCIS and GKC (497) and the numbers of CIS genes that were unique to GKC (239) or gCIS (205). (C) Deregulated pathways identified by the DAVID
pathway analysis of SB-identified GC CIS genes.
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Identification of Trunk Driver Genes. Previous studies have sug-
gested that most of the CCGs identified by SB mutagenesis
function during late stages of tumor progression in the branches
and leaves of the cancer evolutionary tree (13). To identify the
subset of SB-identified CCGs that function early in gastric tumor

development, we selected the transposon insertion sites repre-
sented by the highest number of sequencing reads (SB insertions
in three or more tumors with nine or more sequencing reads),
arguing that these insertions would be present in the largest
number of tumor cells. This analysis identified 59 genes that we

Fig. 3. Genes and pathways that are significantly mutated in Smad4KO:SB stomach tumors. A, Upper shows that percentages of tumors that have at least
one gene mutated in a given pathway. A, Lower shows the percentages of genes within each pathway that are mutated in tumors. The double black line
denotes the plasma membrane. The oval denotes the nucleus. Heat maps showing the landscape of SB insertions in (B) six SWI/SNF (switch/sucrose non-
fermentable) complex genes and (C) six adherens junction genes that are extensively mutated in Smad4KO:SB gastric tumors. (D) Venn diagram showing the
number of CIS genes commonly mutated in the TCGA, the COSMIC, or the Cancer Gene Census (CGC) databases.
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subsequently refer to as “trunk driver” genes (Table S7). Strik-
ingly, 22 of these SB-identified trunk drivers are known or can-
didate human cancer genes. These 22 CIS genes include PTEN,
SMAD4, RNF43, and NF1, which are known human GC trunk
drivers. A role for other SB-identified trunk drivers in human GC
has been suggested, but the role in GC is less firmly established.
For example, expression of USP10, the SB-identified trunk driver
with the fifth highest average read count, is inversely correlated
with gastric wall invasion and nodal metastasis in GC patients
(20). SB mutagenesis, thus, provides strong evidence for a role for
USP10 in human GC.
Other SB-identified trunk drivers with suggested roles in hu-

man GC include USP47, a ubiquitin-specific protease and reg-
ulator of Wnt signaling with expression that is up-regulated in
GC cells through down-regulation of miR-204–5p (21). Down-
regulation of miR-204–5p promotes GC cell proliferation, sug-
gesting that miR-204–5p is a GC TSG that functions, in part,
through its inhibition of USP47. Another SB-identified trunk
driver CRK is an adapter protein that binds to several tyrosine-
phosphorylated proteins. Like USP47, CRK expression is up-
regulated in GC through down-regulation of miR-126. Over-
expression ofmiR-126 has been shown to inhibit GC cell invasion
in part by targeting CRK (22). ROCK1 is a Rho-associated kinase
and a target of miR-135a (23) with expression that is increased in
33.9% of GC patients because of decreased miR-135a expres-
sion. Patients with increased ROCK1 expression show a signifi-
cantly more advanced stage of GC and higher rates of lymph
node metastases. ROCK1 expression is also increased in GC
patients with lymph node metastasis. The SB insertion patterns
in Crk, USP47, and ROCK1 are, however, more consistent with
what would be expected for a TSG. In future studies, it will be
important to validate these CCGs one by one to confirm whether
they are oncogenes or TSGs.
SF3B1 is an RNA splicing factor that is mutated in a large

number of myelodysplastic syndromes. Recent studies have
shown that SF3B1 is also mutated in solid tumors, including GC
(24). FBXW7 is an F-box protein that mediates the ubiquitin-
dependent proteolysis of several oncoproteins, including cyclin E1,
Myc, Jun, and Notch1. FBXW7 is inactivated in a diverse range of
human cancers, including bile duct (cholangiocarcinomas; 35%),
blood (T-cell acute lymphocytic leukemia; 31%), endometrium
(9%), and stomach (6%) cancers (25).
Finally, several SB-identified trunk drivers are known or

candidate human cancer genes, but there is not yet any published
evidence for a role for these genes in human GC. Our results
provide suggestive evidence for a role for these genes in human
GC. STK3 (MST2) is a serine-threonine kinase and a component
of Hippo signaling. Combined deficiency of Mst1/2 in the intestine
results in intestinal adenoma formation in mice (26), consistent
with Mst2 being a TSG. SUV420H1 is an H4-K20 histone meth-
yltransferase. Loss of H4-K20 trimethylation is associated with
multiple cancers, including breast cancer, where genetic alterations
in SUV420H1 have been identified (27). MKLN1 is a gene that
functions in cell adhesion and cytoskeletal organization, and it is
frequently amplified in glioblastoma (28). PARD3 is a gene that
modulates Hippo pathway signaling in response to cell–cell contact
and cell polarity signals (29). Loss of PARD3 promotes breast tu-
morigenesis and metastasis (30), whereas inactivating mutations in
PARD3 have been identified in various cancers. USP9X is a deu-
biquitinase that suppresses pancreatic ductal adenocarcinoma, and
it is mutated in over 50% of mouse pancreatic ductal tumors in-
duced on a KrasG12D background (31). ARID1B is a gene that is
mutated in a number of human cancers, including neuroblastoma,
hepatocelluar carcinoma, breast, colorectal, and pancreatic cancer.

DAVID Pathway Analysis. To identify signaling pathways and cel-
lular processes driving gastric tumor development, we analyzed
941 CCGs identified in Smad4KO:SB gastric tumors using the

DAVID functional annotation platform (32). The most highly
deregulated signaling pathway was Wnt signaling (P = 2.33 × 10−8)
(Fig. 2C and Table S8). Nearly 85% of gastric tumors had a mu-
tation in at least one Wnt pathway gene (Fig. 3A). In addition,
ubiquitin-mediated proteolysis, adherens junctions, and RNA
degradation were also highly deregulated in Smad4KO:SB gastric
tumors (Fig. 2C). Our result is consistent with driver pathway
analysis in human GC, which showed that the top enriched
pathways/cellular processes are Wnt signaling, adherens junc-
tions, and focal adhesions (7). The role of Wnt signaling in GC is
thought to help keep gastric progenitor cells in an undifferenti-
ated state (33). Collectively, these results show that activation of
Wnt signaling is one of the most important molecular events
driving GC development.
Smad4KO:SB gastric tumors have mutations in Lpr6 (Fig. 3A),

which were not observed in Smad4KO:SB intestinal tumors (13).
Other Wnt signaling genes were mutated in both tumor types,
but their mutation frequencies varied between the two tumor
types. For example, 27% and 12% of intestinal tumors had mu-
tations in Znrf3 and Rnf43, respectively (13), whereas 16.7% and
30.3% of gastric tumors had mutations in these genes, respectively
(Fig. 3A). ZNRF3 and its homolog RNF43 are ubiquitin ligases
and negative feedback regulators of Wnt signaling. ZNRF3 in-
hibits Wnt signaling by promoting the turnover of the Wnt co-
receptors Frizzled and LDL receptor-related protein 6 (LRP6).
Interestingly, R spondins interact with the extracellular domain of
ZNRF3 and induce an association between ZNRF3 and LGR4,
which results in the membrane clearance of ZNRF3. R spondins,
therefore, enhance Wnt signaling by inhibiting ZNFR3 (34). Thus,
a significant number of these two cancers has mutations that
function upstream in Wnt signaling, but the distribution and na-
ture of the Wnt pathway genes mutated in these two cancer types
are different.
It is interesting to note that Wnt signaling in SB-induced in-

testinal tumors produced on a WT background is predominantly
activated through loss-of-function mutations in Apc, which
functions downstream in Wnt signaling (16). Thus, Wnt signaling
seems to be activated at two different levels in intestinal tumors
depending on whether they have a preexisting Smad4 mutation.
These results show how much the presence of another mutation
matters. If another mutation occurs first, it can profoundly affect
the nature of the mutations that occur second. Our results pre-
sented here also show how much tissue type matters. These re-
sults have clear therapeutic implications for those who might use
pathway drugs to treat cancer.
TGF-β signaling is another important pathway for GC (Fig. 2C).

TGF-β signaling regulates diverse processes, such as cell pro-
liferation, differentiation, motility, adhesion, organization, and
programmed cell death (35). Smad4 is a TSG and one of the most
important transcriptional cofactors regulating the TGF-β pathway.
Loss of heterozygosity for SMAD4 occurs in late-stage human GC
(36) and confers resistance against TGF-β signaling. In our SB-
induced gastric tumors, >70% of tumors carried insertional mu-
tations in Smad4, which is likely to induce biallelic inactivation of
Smad4 and confer an additional growth advantage to tumor cells.
An additional five genes were identified by SB mutagenesis that
also function in TGF-β signaling, including Acvr2a, Acvr1, Bmpr1a,
Bmpr2, and Smad2 (Fig. 3A). Two of these genes, Smad2 and
Bmpr2, were not identified in Smad4KO:SB intestinal tumors
(13), showing once again how much cell type matters. Multiple
mutations in genes in the same pathway are a common event in
human tumors as well as SB-induced tumors (16). For example,
SB mutagenesis on an Apc heterozygous mutant background
identified 183 CIS genes that are candidate Wnt signaling genes.
March et al. (16) hypothesized that multiple mutations in the Wnt
pathway in the same tumor fine-tune Wnt signaling during tumor
progression. Similar selective pressure could be occurring here in
the case of the TGF-β pathway.
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The Hippo pathway genes Stk3 (Mst2) and Lats1 were mutated
in 42.4% and 25.8% of the tumors, respectively (Fig. 3A). Lats1
and Stk3 (Mst2) are known tumor suppressors that negatively
regulate Hippo signaling (26, 37, 38), consistent with the inac-
tivating pattern of SB insertions observed in these genes (Fig. S3
B and C). These results suggest that Hippo signaling is also an
important contributor to GC.
Finally, PI3K-Pten signaling also seems to be of critical im-

portance for SB-induced GCs (Fig. 3A). The most highly mu-
tated gene was Pten, which was mutated in 36.4% of the tumors.
PTEN is also frequently mutated in human GC (9), showing the
importance of PI3K-Pten signaling in GC.

Importance of Chromatin-Modifying and Adherence Junction Genes in
GC.Gene ontology classification showed that SB-identified CCGs
are also highly enriched in genes involved in “chromatin modi-
fication” and “chromatin organization” (P = 8.99 × 10−15 and
P = 1.3 × 10−13, respectively) (Table S9). These genes include
Arid1a, Arid1b, Arid2, Pbrm1, Mll3, and Mll5 (Fig. 3B). Three of
these genes, ARID1A, ARID1B, and ARID2, are components of
the SWI/SNF complex and also highly mutated in human GC (6).
These results show the importance of chromatin-modifying genes
in GC.
Recently, an in silico 3D model of tumor evolution has been

developed (39) that also reveals the dynamics of mutational
spread. This model argues that cell migration might be the key to
tumor shape, spread, and drug resistance. This study opens up
the possibility of treatments that target genes related to cell
motility and adhesion rather than the conventional targets gov-
erning cell division, death, and differentiation. Previously, it was
thought that cell migration was mostly involved in the invasion of
tissues by tumors or in metastasis. If this model is correct, it
would argue that cell migration is also critically important for the
initial stages of tumor growth. Therefore, genes identified by SB in
early-stage tumors that are predicted to be involved in cell migration/
invasion could represent excellent drug targets for future cancer
treatment.
Cell migration is regulated by several genes involved in cell–

cell and cell–ECM adhesion, actin remodeling and EGF signaling
(40). In SB-induced tumors, DAVID pathway analysis showed that
SB-identified CIS genes are enriched in genes that regulate
adherens junctions (P < 0.001), tight junctions (P < 0.001), focal
adhesions (P = 0.0059), ErbB signaling (P < 0.001), and the actin
cytoskeleton (P = 0.015) (Fig. 2C and Table S8), suggesting that
deregulation of cell migration is also important in SB-induced GC.
A key molecule involved in adherens junctions is PARD3, which is
frequently lost during metastasis in human breast cancers. Down-
regulation of Pard3 in mammary cancer cells induces an invasive
phenotype in vitro and promotes metastasis in vivo by disrupting
actin dynamics at cell–cell junctions (41). Interestingly, 86.8% of
SB-induced gastric tumors carry mutations in genes involved in
adherens junctions (Fig. 3C), suggesting that disruption of adhe-
rens junction could also have a significant impact on cell migration
in mouse GCs.

Comparative Oncogenomic Filtering. Next, we asked whether the
CCGs identified by SB in mouse GC are significantly enriched
among the known genes mutated in human GC. In our initial

analysis, we asked whether our CCGs are enriched in the genes
listed in version 66 of the Catalogue of Somatic Mutations in
Cancer (COSMIC) for genes mutated in ≥4% of human GCs. Of
814 COSMIC genes that met this criterion, 155 were CIS genes
(Fig. 3D and Table 1), which is highly significant (P = 1.19 × 10−45).
Next, using the Cancer Genome Atlas (TCGA; downloaded in
May of 2015), we identified 1,384 mutated genes from a collection
of 443 human GC samples and found that 132 are CIS genes (Fig.
3D and Table 1), which is also highly significant (P = 6.96 × 10−11).
Finally, we compared our CIS genes with 513 human genes listed in
the Cancer Gene Census database (42), which have mutations caus-
ally implicated in cancer, and identified 71 overlapping genes (Fig. 3D
and Table 1) (P = 1.30 × 10−13). These results show that CCGs
identified by SB in mouse GC are highly relevant for human GC.
The most interesting of these overlapping genes are 15 SB-

identified CCGs that were present in all three databases (Fig. 3D,
Table 2, and Table S10). Five of these genes, including Arid1a,
Fbxw7, Pten, Pik3ca, and Kras, are known human GC driver genes.
Among the other 10 genes, APC mutations are common in human
GC, suggesting that APC is also a human GC driver gene. EXT is
an endoplasmic reticulum-resident type II transmembrane glyco-
protein with expression that alters the synthesis and displays of cell
surface heparan sulfate glycosaminoglycans. Mutation or epige-
netic silencing of EXT1 leads to abrogation of heparan sulfate
biosynthesis, which is important for tumor onset and progression
(43). AKAP9 is a scaffolding protein that assembles several protein
kinases and phosphatases on centrosomes and the Golgi appara-
tus. AKAP9 is a breast (44) and colorectal cancer susceptibility
gene (45). Inactivation of another gene, ATRX, has been shown to
activate the alternative lengthening of telomeres pathway, which
uses homologous recombination to maintain telomere length and
sustain the limitless replicability of cancer cells. ATRX mutations
have been identified in many human cancers but so far, have not
been identified in GC. SETBP1 is known to recruit the NuRD
complex to repress gene expression. Mutations in SETBP1 are
often seen in atypical chronic myeloid leukemia and related dis-
eases. SETBP1 has also been identified as a likely breast cancer
susceptibility gene in genome-wide association studies (46).
Finally, we compared our list of SB-identified CCGs with the

combined list of mutated genes identified in five large-scale
human GC sequencing studies (5–9). Genes found in common
are listed in Table S11. The CCG that is most highly mutated in
these five sequencing studies is LRP1B; 129 mutations in LRP1B
were identified from 462 GC samples. The LRP1B was originally
isolated based on its homozygous deletion in human lung cancer
cell lines, and it is one of the top 10 most significantly deleted
genes in a panel of 3,312 human cancers (47). Inactivation of
LRP1B leads to changes in the tumor microenvironment that
confer cancer cells with an increased growth and invasive ca-
pacity (48). LRP1B is hypermethylated in 61% of human GC,
and this hypermethylation correlates with low RNA expression
(49). Restoration of LRP1B expression in GC cell lines reduces
cell proliferation, colony formation, and tumorigenicity in nude
mice. These results combined with our SB mutagenesis results
strongly indicate that LRP1B is a human GC TSG that is epige-
netically silenced in a majority of GC. Reactivation of LRP1B in
GC might, therefore, be clinically beneficial in the treatment of GC.

Table 1. CIS genes identified by SB in mouse GC are highly relevant for human GC

Name of the dataset
No. of genes
in the dataset

No. of overlapping
CIS genes P value

Human GC somatic mutations in ≥4% samples in the COSMIC database 814 155 1.19E−45
Human GC somatic mutations in the TCGA database 1,384 132 6.96E−11
Cancer Gene Census in the COSMIC database 513 71 1.30E−13
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Discussion
In the studies presented here, we describe a transposon-based
screen in mice aimed at identifying genes that cooperate with
mutant Smad4 in the generation of gastric tumors. To our
knowledge, this study is the first transposon screen performed for
gastric tumors. Transposons, by their nature, are well-suited to
capture the full complement of the genetic complexity present in
tumor cells, because they can identify genes that are somatically
mutated in human cancer in addition to cancer genes that are
deregulated by transcriptional or epigenetic means. In addition,
transposon-induced mutations that function in the branches and
leaves of the cancer evolutionary tree can be identified in these
screens, because only the transposon insertion sites and not the
rest of mouse genome are PCR-amplified and sequenced.
Therefore, transposon insertions in cancer genes that are present
in only a small number of cells in the tumor can be identified by
SB. Therefore, SB makes it possible to characterize the genetic
complexity of tumors on a much more in-depth scale than is
currently possible in human tumors using whole-genome/
exome sequencing.
A real strength of our model is that it seems to be identifying

similar genetic changes as those observed in human GC, which is
best shown by the highly significant number of GC genes iden-
tified by SB that are also mutated in human GC as well as other
forms of cancer. One noted difference was the paucity of p53
mutations identified in our screen. In human GC, p53 is one of
the most frequently mutated genes. The primary biological im-
portance of p53 loss in cancer cells is to induce genomic in-
stability, which leads to an increase in the number of mutations.
In SB-induced tumors, SB is a very powerful mutagen, abrogat-
ing the need for mutations induced by p53 loss.
Many of the genes identified by SB also seem to function in

signaling pathways known to be important in human GC. One of
the most important of these pathways is Wnt signaling, which is
similar to what occurs in gastrointestinal tract cancer in mouse
and humans, where Wnt signaling is also critical for tumor for-
mation. What we have learned, however, is that the mechanism
of Wnt pathway activation is not always the same and seems to be
effected by the presence of preexisting mutations in other genes in
the cancer cell in addition to the tissue type. In human and mouse
colorectal cancers, Wnt activation primarily occurs through loss-
of-function mutations in APC (50). However, in mouse intestinal
epithelial cells that have a preexisting mutation in Smad4, the

preferred route of Wnt activation is through gain-of-function
mutations in Rspo1 and Rspo2 (13). Similarly, ∼10% of human
colorectal tumors with no APC mutations tend to carry chromo-
somal translocation involving RSPO2 and RSPO3, and also show
decreased expression of SMAD4 (51).
Another study showing how much a preexisting mutation can

affect subsequent tumor evolution has recently been reported
(52). These researchers used exome sequencing to study the
evolution of thymic lymphomas in p53 null mice. They found that
all thymic lymphomas had a deletion in Pten that occurred before
rearrangement of the TCRβ locus (52). This event was followed
by amplification or overexpression of cyclin Ds and Cdk6. The
initial inherited loss of p53 functions, therefore, seemed to de-
lineate an order of genetic alterations selected for during the
evolution of these thymic lymphomas.
In light of these studies, it was surprising that activating in-

sertions in Rspo1 and Rspo2 were not observed in gastric tumors
from Smad4KO:SB mice. Instead, mutations were identified in
other upstream Wnt signaling components, such as Lrp6. These
results show how much tissue type also matters for tumor evo-
lution. These results have clear therapeutic implication for those
who might want to use pathway-targeted drugs to treat cancer.
By performing SB screens in the intestines of mice that carried

one of four different mutations in genes known to be important in
human colorectal cancer development (i.e., APC, KRAS, SMAD4,
and TP53), it was possible to identify 111 genes that are highly likely
to be involved in human colorectal cancer by looking for genes that
were commonly mutated in all four screens (13). A similar approach
used here to identify genes that are highly likely to be involved in
human GC was to look for SB-identified CIS genes that are known
to be mutated in human GC that are also listed in the TCGA, which
contains a collection of 513 genes that have mutations causally im-
plicated in human cancer. The 15 CIS genes identified in this
analysis are highly likely to be involved in human GC as evidenced
by the fact that 5 of these genes are known drivers of human GC.

Materials and Methods
Mice. The T2/Onc3 (12740) transposon allele and the conditional SB trans-
posase (lox-STOP-lox-SB11) line were described previously (14). The β-actin-
Cre line was purchased from The Jackson Laboratory (019099), whereas
Smad4+/− mice were described in a previous report (11). All animal experi-
ments were performed following institutional animal care and use commit-
tee protocols. Briefly, animals were sent for necropsy when they showed signs
of sickness. Mouse survival was analyzed using GraphPad Prism6. Animals

Table 2. A list of 15 CIS genes identified by SB in mouse GC that were present in three human somatic cancer databases

Gene symbol TCGA (Sto) COSMIC (Sto) CGC
Human
ortholog Gene name Chromosome P value Framework

Arid1a ✓ ✓ ✓ ARID1A AT-rich interactive domain 1A (SWI-like) chr4 0 GKC
Fbxw7 ✓ ✓ ✓ FBXW7 F-box and WD-40 domain protein 7 chr3 0 GKC
Pten ✓ ✓ ✓ PTEN Phosphatase and tensin homolog chr19 0 GKC
Rnf43 ✓ ✓ ✓ RNF43 Ring finger protein 43 chr11 0 GKC
Apc ✓ ✓ ✓ APC Adenomatosis polyposis coli chr18 1.0E−06 GKC
Pik3ca ✓ ✓ ✓ PIK3CA PI3K, catalytic, α-polypeptide chr3 8.0E−06 GKC
Ext1 ✓ ✓ ✓ EXT1 Exostoses (multiple) 1 chr15 8.0E−06 GKC
Akap9 ✓ ✓ ✓ AKAP9 A kinase (PRKA) anchor protein 9 chr5 8.0E−06 GKC
Setbp1 ✓ ✓ ✓ SETBP1 SET binding protein 1 chr18 1.0E−05 GKC
Nsd1 ✓ ✓ ✓ NSD1 Nuclear receptor-binding SET-domain

protein 1
chr13 5.0E−05 GKC

Atrx ✓ ✓ ✓ ATRX α-Thalassemia/mental retardation
syndrome X-linked

chrX 7.0E−05 GKC

Crebbp ✓ ✓ ✓ CREBBP CREB binding protein chr16 1.0E−09 gCIS
Kdm5a ✓ ✓ ✓ KDM5A Lysine (K)-specific demethylase 5A chr6 6.0E−07 gCIS
Kras ✓ ✓ ✓ KRAS Kirsten rat sarcoma viral oncogene homolog chr6 7.0E−08 gCIS
Mkl1 ✓ ✓ ✓ MKL1 Megakaryoblastic leukemia 1 chr15 5.0E−08 gCIS

CGC, Cancer Gene Census; Sto, stomach.
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were surgically opened, and tumor counts were performed for each gastro-
intestinal tract. All gastric tumors (>2 mm) were collected and snap frozen.
Tumors (>5 mm) were fixed in 10% (wt/vol) formalin and processed for H&E
slides. All tumors were examined by an expert rodent pathologist (J.M.W.)
who graded and staged the tumors.

Cloning of the Transposon Insertion Sites. Tumors were lysed, and genomic
DNA was purified using the Gentra Puregene Cell Kit (158767; QIAGEN);
300 ng to 1 μg DNAwas digested with NalIII or BfaI at 37 °C overnight. The NlaIII
or BfaI linkers were ligated by T4 ligase (NEB) at 4 °C overnight: BfaI linker(−):
5′-Phos-TAGTCCCTTAAGCGGAG-C3spacer-3′; BfaI linker(+): 5′-GTAATACGACT-
CACTATAGGGCTCCGCTTAAGGGAC-3′; NlaIII linker(−): 5′-Phos-GTCCCTTAAGC
GGAG-C3spacer-3′; and NlaIII linker(+): 5′-GTAATACGACTCACTATAGGGCTCCG-
CTTAAGGGACCATG-3′. DNA was purified by column filtration (28706; QIAGEN).
The NlaIII-digested DNA was then digested with XhoI, and BfaI-digested DNA
was digested with BamHI to eliminate unmobilized transposons. DNA was
purified again by column filtration. The primary PCR was done using linker
primer GTAATACGACTCACTATAGGGC and IRDR(R1): GCTTGTGGAAGGCTACT-
CGAAATGTTTGACCC (for NlaIII-digested DNA) or IRDR(L1): CTGGAATTTTCCAA-
GCTGTTTAAAGGCACAGTCAAC (for BfaI-digested DNA). For secondary PCR,
FusBT-LilL-SB nested linker primer CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-
AGGGCTCCGCTTAAGGGAC and barcoded primers (SIGMA) were used for both
NlaIII-digested DNA and BfaI-digested DNA. PCR products were sequenced
using the 454 GS-Titanium (Roche) platform as previously reported (16).

CIS Detection by GKC and gCIS Frameworks. The T2/Onc3 transposon con-
catamer used in this study is located on chromosome 9. Therefore, all in-
sertions on chromosome 9 were removed from data because of the problems
caused by local hopping. All informative sequence reads were mapped to the
B6mouse genome. Todetect CISs, a GKCmethodwas applied, and kernelwidths

of 15,000, 30,000, 50,000, 75,000, 120,000, and 240,000 nt were used as pre-
viously reported (18). When CISs were detected by several kernel widths, CISs
were merged, and the smallest P value was reported. When a CIS contained
more than one gene, all genes within the CIS were called. Human orthologs
were determined using BioMart (www.biomart.org/martservice_9.html).

Comparison with Human Mutation Datasets. The COSMIC, version 66 database
was downloaded, and somaticmutations identified forGCwere subsequently used
for data comparisons; 513 genes in the Cancer Gene Censuswere also downloaded
from the COSMIC website (cancer.sanger.ac.uk/census/). For the TCGA dataset, the
list of mutated genes in 443 stomach adenocarcinomas was downloaded from
cBioPortal (www.cbioportal.org/study.do?cancer_study_id=stad_tcga#summary)
and used for subsequent comparisons. This information contained the size of
the gene and the number of mutations. For the other four GC genome se-
quencing studies, corresponding supplementary files were downloaded and
used for comparisons (5–8) (Table S11). Bio-Venn (53) was used to identify the
overlap between CIS genes and those mutated in human GC.

Pathway Analysis. The DAVID online gene annotation tool was used for
pathway analysis (54).
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