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In silico chemical screening identifies epidermal growth factor
receptor as a therapeutic target of drug-tolerant CD44v9-
positive gastric cancer cells
Tetsuo Mashima1, Risa Iwasaki1,2, Naomi Kawata1,3, Ryuhei Kawakami1,2, Koshi Kumagai4, Toshiro Migita1, Takeshi Sano4,
Kensei Yamaguchi3 and Hiroyuki Seimiya1,2

BACKGROUND: Tumours consist of heterogeneous cancer cells and are likely to contain drug-tolerant cell subpopulations, causing
early relapse. However, treatment strategies to eliminate these cells have not been established.
METHODS: We established gastric cancer patient-derived cells (PDCs) to examine the contribution of CD44 splicing variant 9
(CD44v9)-positive cells in gastric cancer drug tolerance. We performed gene expression signature-based in silico screening using
JFCR_LinCAGE, our anticancer compound gene expression database and subsequent validation in BALB/c-nu/nu mouse xenograft
to identify agents targeting the drug-tolerant cancer cells.
RESULTS: CD44v9-positive cancer cells were enriched among residual cancer cells after treatment with SN-38, an active
metabolic of irinotecan. CD44v9 protein was responsible for this drug resistance. We identified epidermal growth factor
receptor (EGFR) inhibitors as agents that can target CD44v9-positive cell populations in gastric cancer PDCs. CD44v9 promoted
cell proliferation, and EGFR inhibition attenuated CD44v9 protein expression through downregulation of the AKT and the ERK
signalling pathways, leading to preferential suppression of CD44v9-positive cells. Importantly, EGFR inhibitors significantly
reduced the number of residual cancer cells after cytotoxic anticancer drug treatment and enhanced the antitumor effect of
irinotecan in vivo.
CONCLUSIONS: EGFR inhibitors could be potential agents to eradicate cytotoxic anticancer drug-tolerant gastric cancer cell
populations.
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BACKGROUND
Gastric cancer is a common cancer worldwide and is a major cause
of cancer-related death in Asian countries.1 For the treatment of
patients with metastatic, recurrent, or advanced gastric cancer,
conventional chemotherapy based on 5-fluorouracil (5-FU),
irinotecan, or other drugs, and molecularly targeted agents, such
as ramucirumab and trastuzumab, are used as standard therapy.2

However, therapeutic effects are largely limited by intrinsic or
acquired drug resistance and early relapse after treatment.3

Accumulating evidence has indicated that tumour tissues
consist of heterogenous cancer cells4 and contain subpopula-
tions of intrinsically drug-resistant cancer cells even before
treatment, which may remain as ‘persister cells’ after treatment
and hamper its effectiveness.5,6 Particularly, cancer stem
cells, defined as a specific subset of cancer cells with highly
tumorigenic and drug-resistant potential, are believed to
contribute to the early phases of drug resistance.7,8 In gastric
cancer, a population of cancer cells expressing splicing variants
of a cell surface transmembrane glycoprotein, CD44, (CD44v),
particularly CD44v9 containing variant exons 8–10, was shown to

possess cancer stem cell properties.9,10 Moreover, CD44v9
expression was significantly associated with poor prognosis in
gastric cancer.11 These observations suggest that this subset of
gastric cancer cells could be responsible for the early phases of
drug resistance, though no direct validation study of this notion
in a gastric cancer patient-derived cell model has yet been
performed.
CD44v9 contributes to cell proliferation and survival by

reducing anti-proliferative reactive oxygen species (ROS) levels
through interacting with and regulating xCT, a cystine transpor-
ter.9 Sulfasalazine, a drug developed to treat inflammatory bowel
disease and rheumatoid arthritis, was identified as a xCT-selective
inhibitor. Clinical trials of sulfasalazine were performed in gastric
cancer for targeting CD44v9-positive cancer stem cells,12 but
faced some problems in dose escalation due to the emergence of
adverse effects (anorexia). Thus, there is still no approved drug
that targets the drug-resistant subpopulations of CD44v9-positive
cancer cells.
In silico drug screening approaches based on accumulated

databases of cancer cell drug sensitivity and gene expression related
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to drug action are potentially attractive for identifying novel links
between drugs and diseases, because they are less time-consuming
or/and cost-consuming methods of obtaining new evidence for drug
repositioning.13–15 Previously, we developed a public database of
gene expression changes in cancer cells treated with approved
antitumor agents and cancer-related intracellular signalling inhibi-
tors, named JFCR_LinCAGE (Japanese Foundation for Cancer
Research Database of Link between Chemotherapeutic Agents and
Gene Expression).16 This database is useful for evaluating target
molecular pathways of test compounds whose modes of action are
not fully known.17 Moreover, the database could also be applied to
identifying new agents that target malignant populations of cancer
cells by comparing gene expression signatures in the database18 and
further validating antitumor effect of candidate agents in vitro and in
the mouse xenograft model.
In this study, we first confirmed that CD44v-positive cancer cells

are persister cells after cytotoxic antitumor agent treatment in our
newly developed patient-derived gastric cancer cell model. An in
silico drug screening approach with our database successfully
identified epidermal growth factor receptor (EGFR) inhibitors as
agents that can target drug-tolerant CD44v-positive gastric
cancer cells.

METHODS
Establishment of patient-derived gastric cancer cell lines
Surgical specimens of gastric cancers were obtained at the Cancer
Institute Hospital of Japanese Foundation for Cancer Research
(Tokyo, Japan) under the approval of an institutional review board
(IRB) with written informed consent of the patients.
Pieces of tumours from the patients were obtained after

surgical resection and cut into small fragments, then washed with
ice-cold phosphate-buffered saline (PBS) supplemented with
antibiotic–antimycotic (Thermo Fisher Scientific, Waltham, MA).
Then, the tumour pellets were digested with EZ enzyme (Kurabo,
Osaka, Japan) for 2 h. After washing with antibiotic–antimycotic-
containing PBS, the cell pellets were cultured in PCM-2 (Kurabo) or
in ACL4 medium (Thermo Fisher Scientific) to establish patient-
derived cell lines, JSC15-3, 17–2 and 17–7. Before the start of the
experiments, the cells were sub-cultured until coexisting stromal
cells were rarely detectable by microscopy.
Culture conditions of the cell lines used in this study are

described in the Supplementary Materials and Methods.

Chemical compounds
5-FU, SN-38 and temsirolimus were purchased from Sigma (St
Louis, MO). Afatinib and trametinib were purchased from Selleck
Chemicals (Houston, TX) or Funakoshi (Tokyo, Japan). Erlotinib was
purchased from Cell Signaling Technology (Danvers, MA).
Irinotecan (CAMPTO) was obtained from Yakult Honsha Co. Ltd
(Tokyo, Japan). Cycloheximide was obtained from Nacalai Tesque
(Kyoto, Japan).

Cell proliferation and colony-formation assays
Cell proliferation was evaluated using thiazolyl blue tetrazolium
bromide (MTT) (Sigma). Cells were seeded into 96-well micro-
plates and treated with drugs. For the measurement of cell
viability, MTT was added to the medium at a final concentration
of 0.8 mg/mL. After incubation for 4 h, the medium containing
MTT was removed and dimethyl sulfoxide (DMSO) was added.
Optical density (OD) at 570 nm and 630 nm (reference) was
measured. For colony-formation assay, cells were seeded into
six-well plates and cultured for 14 days in the presence of DMSO
(control) or indicated concentrations of drugs. Colonies were
stained with 0.5% crystal violet/25% methanol and quantified by
ImageJ software (National Institute of Health, Bethesda, MD)
with normalisation to the control cells, which were defined
as 100%.

Flow cytometry and cell sorting
CD44v9-positive and CD44v9-negative cell populations were
analysed by flow cytometry. Single-cell suspensions were incu-
bated with rat anti-human CD44v9 antibody (Cosmobio, Tokyo,
Japan) for 30 min at 4 °C, washed three times in suspension buffer
(PBS containing 25mmol/L HEPES (pH, 7.0), 1 mmol/L EDTA and
0.5% foetal bovine serum (FBS)), incubated further with phycoer-
ythrin (PE)-conjugated anti-rat IgG (Life Technology, Carlsbad, CA)
for 30min at 4 °C, and then washed three times with suspension
buffer. The antibody-stained cells were analysed with a FACSca-
libur flow cytometer (BD Biosciences, San Jose, CA). For cell
sorting, cells were stained as described above, and cell sorting was
performed using a FACSAria or FACSAriaIII cell sorter (BD
Biosciences) in accordance with the manufacturer’s protocol.

Immunohistochemistry
Tissue microarrays containing gastric cancer tissues were obtained
from Funakoshi. Xenograft tumours were obtained as described
below, and formalin-fixed, paraffin-embedded tissues were pre-
pared. After deparaffinization and heat-induced epitope retrieval,
as described previously,19 the sections were incubated with rat
anti-CD44v9 antibody (Cosmobio) at 4 °C overnight. The Chem-
Mate Envision Kit/horseradish peroxidase (Agilent Technologies
(Dako), Santa Clara, CA) was used for detection and staining
intensity was scored semi-quantitatively.

Retrovirus-mediated stable gene expression
Retrovirus expression vector for CD44v9 was constructed as
described in the Supplementary Materials and Methods. Retrovirus
was produced as described previously19, and JSC15-3 CD44v9(−)
cells were transduced with CD44v9 virus. Infected cells were
selected by 300 µg/mL G418 to establish JSC15-3 CD44v9(−) cells
stably overexpressing exogenous CD44v9.

cDNA microarray and JFCR_LinCAGE analysis
The total RNA was extracted from JSC15-3 CD44v9(+) and CD44v9
(−) cells using a RNeasy mini kit (Qiagen, Hilden, Germany). cDNA
microarray analysis was performed with extracted RNA as
described previously16 using the GeneChip Human Genome
U133 Plus 2.0 Array (Thermo Fisher Scientific (Affymetrix)). Gene
expression data were normalised using the RMA method and a
JSC15-3 CD44v9(+) cell-specific signature gene set (genes whose
expression was more than threefold higher or lower in CD44v9(+)
cells than in CD44v9(–) cells) was further extracted with Gene-
Spring GX software (Agilent Technologies). The JFCR_LinCAGE
analysis programme can compare ‘query’ gene signatures with
drug-related gene signatures in the database (http://scads.jfcr.or.
jp/db/cs/).16 Utilising this program, we extracted compounds in
our database whose treatment reduced the expression of genes
selectively expressed in the JSC15-3 CD44v9(+) cells, as described
previously.17 The gene expression data have been deposited in
Gene Expression Omnibus (GEO) and are accessible through the
accession number GSE129747. The data will be released on March
31, 2020.

Western blot analysis
Cells were lysed in whole-cell extract (WCE) lysis buffer (150 mM
NaCl, 1.0% Nonidet P-40 (NP-40), 50 mM Tris-HCl, pH 8.0)
supplemented with 1 × protease inhibitor cocktail (Nacalai) and
PhosSTOP phosphatase inhibitor cocktail (Roche, Basel, Switzer-
land). Western blot analysis was performed as described
previously.19 The antibodies used in this study are listed in the
Supplementary Materials and Methods.

Reverse transcription-quantitative PCR (RT-qPCR)
The total RNA was extracted using a RNeasy Mini kit (Qiagen).
cDNA was synthesised using SuperScript III First-Strand Synthesis
SuperMix for RT-qPCR (Life Technologies). RT-qPCR was performed
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using a LightCycler 96 (Roche). Because the CD44v8–10 form was
the major CD44 splicing variant in our gastric cancer PDCs, we
quantitated the mRNA levels of variant exon 10-containing CD44.
Primer sequences for RT-qPCR were as follows: CD44 forward
primer (for variant exon 10): 5′-GGTGGAAGAAGAGACCCAAA-3′,
CD44 reverse primer: 5′-TTTGCTCCACCTTCTTGACTCC-3′, ACTB
forward primer: 5′-ATTGGCAATGAGCGGTTC-3′, ACTB reverse
primer: 5′-TGAAGGTAGTTTCGTGGATGC-3′.

siRNA treatment
Silencer select siRNAs (targeting EGFR, HER2 and AKT1) and Stealth
siRNAs (targeting CD44) as well as negative control siRNAs were
purchased from Thermo Fisher Scientific. siRNAs were introduced
into cells using Lipofectamine RNAiMAX Transfection Reagent
(Thermo Fisher Scientific). The siRNAs used in this study are listed
in the Supplementary Materials and Methods.

Therapeutic study in mouse xenograft models
All animal procedures were performed in the animal experiment
room at JFCR using protocols approved by the JFCR Animal Care
and Use Committee in compliance with the ARRIVE guideline.
Experimental conditions and procedures, such as cancer cell
implantation and the drug treatment schedule, are described in
the Supplementary Materials and Methods.

RESULTS
CD44v9-expressing cancer cells contribute to resistance to
cytotoxic anticancer drugs in gastric cancer patient-derived cells
(PDCs)
CD44v9-positive cancer cells with a malignant phenotype have
been reported to exist as a subpopulation in gastric tumour
tissues.11 To confirm this observation, we first conducted
immunohistochemical studies on a gastric cancer tissue micro-
array. CD44v9-positive cancer cells were observed in 34.8% of
gastric cancer tissues among 66 cases (typical tissues with high,
medium and low/no CD44v9-positive cells are shown in Fig. 1a;
the signal intensity in each sample is shown in Supplementary
Table 1). CD44v9-positive cancer cells were frequently observed in
higher grades of gastric cancer tissues (Fig. 1b; Supplementary
Table 2), although the relationship between CD44v9 expression
and grade was not statistically significant in χ-squared or Fisher’s
exact tests. These data indicated heterogenous CD44v9 expression
in gastric cancer tissues. To examine the involvement of the
CD44v9-positive cell population in resistance to antitumor agents,
we attempted to establish patient-derived cancer cells (PDCs)
from the surgical specimens of gastric cancers obtained from
March 2015 to May 2017 (Supplementary Table 3). We successfully
established three cell lines, JSC15-3, JSC17-2 and JSC17-7 (Fig. 1c).
As an initial characterisation of these cells, we examined
expression status of differentiation-related markers and receptor
tyrosine kinases (Supplementary Fig. 1A, B). We observed high
MUC2 expression (a marker of intestinal type gastric cancer) in
JSC15-3 cells and high MUC5AC and MUC6 expression (markers of
stomach type gastric cancer) in JSC17-7 cells, which are consistent
with differentiation status of original tumour tissues. On the other
hand, JSC17-2 cells did not express either marker at high level,
which raised a possibility that the original tumour could have
contained complex types of cancer cells. The established PDCs
contained differential proportions of CD44v9-positive cancer cells
(Fig. 1d).
To examine the involvement of CD44v9-positive cells in

resistance to antitumor agents, we first compared the number
of CD44v9-positive cells before and after treatment with standard
anticancer drugs for gastric cancer, such as SN-38 (an active
metabolite of irinotecan) and 5-FU. We observed markedly
enriched CD44v9-positive cancer cells among the persister cells
in JSC15-3 and 17–2 cells with heterogenous CD44v9 expression

(Fig. 2a), but not in JSC17-7 cells, which expressed ubiquitously
high levels of CD44v9 (Supplementary Fig. 2A). In JSC15-3 cells, we
further examined the drug sensitivity of the residual cancer cells
after drug treatment. Persister cells enriched with CD44v9-positive
cells showed resistance to SN-38 and 5-FU (Supplementary
Fig. 3A). Alternative splicing of CD44 results in the expression of
various CD44 splicing variants. Among those variants, CD44v9 has
been reported as a marker of gastric cancer stem cells.9,10

Consistent with these observations, cloning and sequencing of the
CD44v cDNA isolated from JSC15–3 cells revealed that CD44v9 was
the major form expressed in these cells (Supplementary Fig. 3B).
The CD44v splicing pattern as evaluated by PCR analysis using
each variant-specific primer pair revealed no alteration in the
splicing patterns before and after SN-38 or 5-FU treatment
(Supplementary Fig. 4).
To further determine the involvement of CD44v9 in drug

resistance, we genetically manipulated the CD44v9 gene in gastric
PDCs. We sorted the CD44v9-positive and CD44v9-negative cells
from JSC15-3 cells (Supplementary Fig. 5A) and cloned the CD44v9
cDNA from the CD44v9-positive cells. When we retrovirally
transferred the CD44v9 gene into the CD44v9-negative cells
(Fig. 2b), the CD44v9-expressing cells acquired resistance (3.3-fold
in GI50 value) to SN-38 (Fig. 2c), but not to 5-FU (data not shown).
These observations indicated that CD44v9-positive cells con-

tribute to drug resistance as persister cells after drug treatment of
gastric cancer. Moreover, CD44v9 directly contributed to SN-38
resistance.
To clarify the character of cancer stem cells in the CD44v9-

expressing cells, we further examined the expression of cancer
stem cell markers.7 We observed elevated expression of Sox2 and
ABCG2, but not of CD24, in the CD44v9-positive cells (Supple-
mentary Fig. 5B), while CD133 levels were low and could not be
detected in CD44v9-positive and CD44v9-negative cells (data not
shown). By contrast, the rate of spheroid growth, another
character of cancer stem cells, was similar in the CD44v9-
positive and CD44v9-negative cells (Supplementary Fig. 5C).
These data suggest that the CD44v9-positive cells would possess
a certain characters of cancer stem cells, such as drug resistance
and stem cell-related gene expression in our gastric cancer
PDC model.

In silico chemical screening identified EGFR inhibitors as agents
targeting SN-38- and 5-FU-tolerant gastric cancer CD44v9-
expressing cells
To identify agents that target CD44v9-positive cancer cells, we
utilised a gene signature-based approach with our JFCR_LinCAGE
database.17 For the analysis, we first performed transcriptome
analysis using the human genome U133 plus 2.0 microarray on
CD44v9-positive and CD44v9-negative cells sorted from JSC15-3
cells (Supplementary Fig. 5A). We next extracted genes that were
more than threefold upregulated or downregulated in the
CD44v9-positive cells as the CD44v9-positive cell signature gene
set. Then, we extracted compounds in our database that suppress
the expression of the CD44v9-positive cell signature gene set as
candidate CD44v9-targeting agents based on connectivity scoring
analysis16 (Fig. 3a). As a result, several EGFR inhibitors, including
afatinib, erlotinib and gefitinib, emerged as candidate hit
compounds (Supplementary Table 4).
To validate whether the EGFR inhibitors could act as CD44v9-

positive cell-targeting agents, we treated the gastric PDCs with
afatinib and erlotinib. As shown in Fig. 3b, when JSC15-3 cells
were treated with afatinib or erlotinib, dose-dependent suppres-
sion of EGFR autophosphorylation was observed, and the CD44v9-
positive cell population was markedly decreased (Fig. 3c, d). Of
note, the dosages of afatinib required to decrease the CD44v9-
positive cell population (0.03–0.3 µM) corresponded to its clinically
applicable concentrations.20 Similar results were obtained in other
gastric cancer PDCs, JSC17-2 cells, as well as in an established
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gastric cancer cell line, KATO III with heterogenous CD44v9
expression (Fig. 3e, f). By contrast, in JSC17-7 cells that
ubiquitously expressed CD44v9 at higher levels, the population
of CD44v9-positive cells was not decreased, although CD44v9
expression levels were markedly downregulated (Supplementary
Fig. 2A). Our gastric cancer PDCs express wild-type KRAS, while
KRAS-mutated cancer cells are known to be resistant to EGFR
inhibitors.21 To test whether the EGFR inhibitors still affect CD44v-
positive cells in KRAS-mutated cancers, we additionally examined
the effect of EGFR inhibitors in SW480, a KRAS-mutant colorectal
cancer cell line that is resistant to EGFR inhibition, as determined
by the DepMap (https://depmap.org/portal/).22 We found that
EGFR inhibition by afatinib led to a marked decrease in the
population of CD44v9-expressed cells in SW480 cells (Supplemen-
tary Fig. 2B, C). These observations indicate that EGFR inhibition
could lead to a decrease in CD44v9-positive cell populations in
gastric and colorectal cancers.

EGFR maintains CD44v9-positive cell proliferation through AKT
and ERK-dependent CD44v9 protein expression
To determine the precise effect of afatinib on the maintenance of
CD44v9-positive gastric cancer cell populations, we examined the
effect of afatinib on CD44v9-positive and CD44v9-negative cells.

As shown in Fig. 4a, b, afatinib preferentially suppressed CD44v9-
positive cell proliferation at the same dosage of EGFR phosphor-
ylation inhibition. These observations indicated that afatinib could
eradicate the CD44v9-positive cell population through selective
growth perturbation. In the CD44v9-positive JSC15-3 cell popula-
tion (Fig. 4b) and in JSC17-7 cells where CD44v proteins were
ubiquitously expressed (Supplementary Fig 2), we observed
marked attenuation of CD44v9 expression by afatinib. These
observations suggest that EGFR-mediated signalling could be
required for CD44v9 expression. To further confirm this, we
knocked down EGFR in JSC17-7 cells. Because afatinib inhibits not
only EGFR but also another family member, HER2/ErbB2/neu,23 we
further compared the effect of EGFR knockdown with that of HER2.
Downregulation of EGFR but not HER2 led to CD44v protein
downregulation (Fig. 4c). These observations indicate that EGFR
but not HER2 would be required for CD44v protein expression. To
confirm whether EGFR inhibition-mediated CD44v downregula-
tion could cause the CD44v9-expressing cell-selective growth
inhibition, we examined the effect of CD44 knockdown on the
proliferation of CD44v9-positive and CD44v9-negative cells sorted
from the gastric cancer PDCs (Fig. 4d). We observed preferential
growth inhibition of the CD44v9-positive cells by the siRNAs
(Fig. 4e). Collectively, these results indicate that CD44v9 protein
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6 days. CD44v9-positive cancer cell populations were evaluated by flow cytometry
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downregulation could be a critical event in the selective anti-
proliferative effect of afatinib in CD44v9-positive cells.
EGFR regulates its downstream protein kinase cascade.24 In

the gastric cancer PDCs, afatinib decreased the phosphorylation
of Ser473 in AKT and the phosphorylation of Thr292/Tyr204 in
ERK, which are critical for their activation (Fig. 5a). Thus, we
tested the effect of AKT inhibition on CD44v9 expression to
determine whether AKT is involved in CD44v expression. As
shown in Fig. 5b, AKT knockdown efficiently reduced CD44v

expression in JSC17-7 cells. The ERK inhibition by trametinib, a
MEK-specific inhibitor, also decreased CD44v expression (Fig. 5c,
d). We additionally examined PTEN, PI3K and mTOR levels as
well as the levels of p70S6K and 4E-BP1, downstream molecules
of mTOR, after EGFR inhibitor treatment (Supplementary Fig. 6A).
We did not observe marked change of these molecules after
afatinib treatment, though 4E-BP1 and phospho-4E-BP1 levels
were slightly decreased only in JSC15-3 cells. Moreover, CD44v
expression was not affected by the treatment with temsirolimus,
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an mTOR inhibitor, either (Supplementary Fig. 6B, C). To further
examine how EGFR regulates CD44v expression, we analysed
CD44v expression at the transcriptional level. As shown in
Fig. 5e, f, afatinib treatment or EGFR knockdown did not
markedly downregulate CD44v mRNA expression. Moreover,
afatinib did not alter CD44v splicing patterns either

(Supplementary Fig. 7A). These observations suggest that EGFR
regulates CD44v expression mainly at the translational
level. Hence, we further examined CD44v protein stability
before and after afatinib treatment by blocking protein
synthesis with cycloheximide and subsequently chasing the
CD44v protein levels. We did not observe significant differences
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in CD44v protein stability after afatinib treatment (Supplemen-
tary Fig. 7B).
Taken together, these observations suggest that EGFR inhibitor

attenuates CD44v protein expression though an AKT-dependent
and ERK-dependent pathway, which reduces the therapy-resistant
gastric cancer subpopulation.

Combined therapeutic effect of afatinib and cytotoxic antitumor
agents on gastric cancer PDCs
To determine the effect of afatinib on the antitumor efficacy of
cytotoxic antitumor agents, we treated JSC15-3 cells with afatinib
and SN-38 or 5-FU. As shown in Fig. 6a, we observed a significance
decrease in the number of persister cells after co-treatment of
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afatinib with SN-38 or 5-FU in the in vitro colony-formation
analysis. Similarly, EGFR knockdown also enhanced the anti-
proliferative effect of SN-38 (Supplementary Fig. 8A, B). We further
tested the cooperative effect of afatinib and irinotecan in the
mouse xenograft model (6 mice/group and 24 mice totally). Before
treatment, each group of mice showed similar body weight
(22–24 g) (Fig. 6b). Co-treatment with afatinib and irinotecan led
to statistically significant tumour growth inhibition with less effect
on mouse body weight (Fig. 6b), or no visible adverse event in
mice. In the afatinib-treated group, we observed an efficient
reduction in CD44v9 expression (Fig. 6c). These observations
suggest that EGFR inhibition could be an effective strategy to
eradicate any persister cells after chemotherapy to achieve a
better treatment outcome.

DISCUSSION
Cancer stem cells with highly tumorigenic and drug-resistant
potential have been identified in various cancer types.25 Cell
subpopulations that express the cell surface CD44v9 protein are
thought to be a gastric cancer stem cell fraction.9–12,26 However,
various factors are related to the drug-resistant phenotype, and it
has not been established as to what extent a cancer stem cell
population could contribute to the early phases of drug
resistance.27 In this study, we demonstrated that CD44v9-
positive cells are enriched in residual cancer cells after SN-38 or
5-FU treatment in patient-derived gastric cancer cell models. We
further showed that CD44v9 conferred resistance to SN-38.
However, exogenous CD44v9 overexpression did not cause 5-FU
resistance, although CD44v9-positive cells were also enriched
among the residual cancer cells after 5-FU treatment. Our
transcriptome and subsequent gene ontology analyses revealed
that CD44v9-positive cells from JSC15-3 cells expressed several
factors that were related to drug efflux or drug metabolism
(unpublished observations). Therefore, these factors could be
involved in the 5-FU-resistant phenotype exhibited by the cells.
We utilised our original antitumor compound-related gene

expression database and identified EGFR inhibitors, such as
afatinib and erlotinib, as agents that target drug-tolerant
CD44v9-positive cells in gastric cancer. Several recent studies
have also suggested the potential effects of EGFR inhibitors on
cancer stem cells in other cancer types.28,29 However, these
studies were performed based on treatment with much higher
dosages of the inhibitors than the clinically applicable doses. In
our present study, we showed that the EGFR inhibitors targeted
CD44v9-positive cells at clinically relevant concentrations.21

Among the EGFR inhibitors, afatinib eliminated CD44v9-positive
cell populations more strongly than erlotinib (Fig. 3c, d). We first
speculated that the inhibitory effect of afatinib on another target,
HER2, could cause the stronger activity of this kinase inhibitor.
However, this was not the case, because knockdown of HER2 did
not affect CD44v9 levels. Another potential explanation would be
the difference in the mechanisms of EGFR inhibition between the
two agents; erlotinib reversibly inhibits EGFR, while afatinib is an
irreversible kinase inhibitor.30 Further studies would clarify the
differences between the EGFR inhibitors in their anti-proliferative
effects on CD44v9-positive cell populations. EGFR and HER2 share
similar downstream signalling, while our data indicate that EGFR
could predominantly be involved in the regulation of CD44v
expression (Fig. 4c). In our study, we mainly used gastric cancer
PDC, JSC17-7 cells for the analysis. This PDC relatively over-
expresses EGFR, but not HER2 (Supplementary Fig. 1B), and could
be dependent more on EGFR than on HER2. On the other hand,
some previous reports suggest that CD44 could interact not only
with EGFR but also with HER2 in cancer cells.31–33 Considering
these observations, we could speculate that the CD44v regulation
by receptor tyrosine kinases could depend on cell types or cell
context.

In the gastric PDCs, EGFR inhibitors mainly suppressed CD44v9
protein expression without affecting CD44v9 protein stability.
These observations suggest that EGFR-dependent signalling could
regulate CD44v9 protein translation. However, as a downstream
signalling cascade of EGFR, our data suggest that the AKT
signalling pathway could have a role in the regulation of CD44v9
levels. We also tested the effect of temsirolimus, an inhibitor of
mTOR, which is a downstream factor of AKT and is involved in
protein translation, on CD44v levels. Nonetheless, temsirolimus
treatment did not affect CD44v9 levels in our gastric cancer PDCs
(Supplementary Fig. 6B, C). Conversely, previous reports have
shown that EGFR directly interacts with CD44,32,33 although we
could not reproduce this interaction in our gastric cancer PDCs
(unpublished observations). Further analysis would elucidate the
signalling pathways involved in EGFR-dependent CD44v protein
regulation.
In previous clinical trials of gastric cancer, some EGFR-targeting

agents, such as panitumumab, cetuximab and nimotuzumab, have
been tested without success.34 These studies were basically
undertaken in unselected gastric cancer patients or in patients
with EGFR-overexpressing gastric tumours. In our tissue micro-
array analysis, we did not find any significant correlation between
CD44v9 expression and EGFR/phospho-EGFR expression (unpub-
lished observations). These data suggest that the effect of EGFR
inhibitors on gastric tumours would not necessarily be dependent
on EGFR amplification, but could rely on other factors such as the
presence of CD44v9-positive cell populations in the tumour
tissues. In this respect, further retrospective subclass analyses of
the previous clinical trials could validate the relationship of the
effectiveness of EGFR inhibitors with CD44v9 expression in clinical
settings. To translate our findings into clinical trials, high CD44v
expression in gastric cancer tissues could be utilised as criteria to
select patients to be enrolled in the EGFR-targeted therapy in
combination with the cytotoxic antitumor agent. Because the
EGFR inhibitor suppressed CD44v expression even in KRAS-
mutated cancer cells, the EGFR inhibitors could also be applicable
to the KRAS-mutated tumours to target the drug-tolerant CD44v-
positive cancer cells.
In summary, by utilising our in silico drug screening approaches,

we identified EGFR inhibitors, such as afatinib, as potential agents
to target pre-existing drug-tolerant gastric cancer cells. Develop-
ment of new agents for new disease-related phenotypes is a time-
consuming and expensive work including multi-step in vivo
validation studies. In silico drug screening is a time-saving and
cost-saving strategy, and could be a suitable method with which
to gain insights into new pharmacological treatment strategies
through a drug repositioning approach.

ACKNOWLEDGEMENTS
The authors thank Drs Kawaguchi T. and Katayama R. for technical advice on patient-
derived cancer cell culture, Ms. Nagamori A. for technical support of animal
experiments, and members of the Seimiya laboratory for helpful discussion. We also
thank H. Nikki March, PhD, from Edanz Group (www.edanzediting.com/ac) for editing
a draft of this paper.

AUTHOR CONTRIBUTIONS
T.Ma., H.S. and R.I. contributed to conception and design of the study. R.I., N.K., T.Ma.,
R.K., K.K., T.Mi., T.S. and H.S. made substantial contributions to development of
methodology and acquisition of the data. T.Ma., H.S., R.I. and T.Mi. analysed and
interpreted the data. T.Ma., H.S., T.Mi. and K.Y. wrote and reviewed the paper.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-019-0600-9.

Competing interests: The authors declare no competing interests.

In silico chemical screening identifies epidermal growth factor receptor. . .
T Mashima et al.

855

http://www.edanzediting.com/ac
https://doi.org/10.1038/s41416-019-0600-9
https://doi.org/10.1038/s41416-019-0600-9


Ethics approval and consent to participate: Surgical specimens of gastric cancers
were obtained at the Cancer Institute Hospital of Japanese Foundation for Cancer
Research (Tokyo, Japan) under the approval of an institutional review board (IRB) of
the hospital with written informed consent of the patients. The research was
conducted in accordance with the Declaration of Helsinki. All animal procedures and
animal care were done, following national laws and policies (Guidelines for Proper
Conduct of Animal Experiments, Science Council of Japan, 2006). The procedures
were performed in the animal experiment room at JFCR using protocols approved by
the JFCR Animal Care and Use Committee.

Funding: This study was supported by a Grant-in-Aid for Scientific Research (C) from
the Ministry of Education, Culture, Sports, Science and Technology of Japan
(18K07337 to TMa) and AMED under Grant Number 16cm0106202h0001 (to TMa) and
Nippon Foundation (to HS). This work was also technically supported by JSPS
KAKENHI Grant Number JP 16H06276 (AdAMS) (to HS).

Consent to publish: Not Applicable.

Data availability: The gene expression data have been deposited in Gene Expression
Omnibus (GEO) and are accessible through the accession number GSE129747. The
data will be released on March 31, 2020. Other datasets obtained in this study or
materials are available from the corresponding authors on reasonable request.

Note: This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Torre, L. A., Sauer, A. M., Chen, M. S. Jr, Kagawa-Singer, M., Jemal, A. & Siegel, R. L.

Cancer statistics for Asian Americans, Native Hawaiians, and Pacific Islanders,
2016: converging incidence in males and females. CA Cancer J. Clin. 66, 182–202
(2016).

2. Orditura, M., Galizia, G., Sforza, V., Gambardella, V., Fabozzi, A., Laterza, M. M. et al.
Treatment of gastric cancer. World J. Gastroenterol. 20, 1635–1649 (2014).

3. Macdonald, J. S., Smalley, S. R., Benedetti, J., Hundahl, S. A., Estes, N. C., Stem-
mermann, G. N. et al. Chemoradiotherapy after surgery compared with surgery
alone for adenocarcinoma of the stomach or gastroesophageal junction. N. Engl.
J. Med. 345, 725–730 (2001).

4. McGranahan, N. & Swanton, C. Clonal heterogeneity and tumor evolution: past,
present, and the future. Cell 168, 613–628 (2017).

5. Hangauer, M. J., Viswanathan, V. S., Ryan, M. J., Bole, D., Eaton, J. K., Matov, A. et al.
Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition. Nature 551,
247–250 (2017).

6. Ramirez, M., Rajaram, S., Steininger, R. J., Osipchuk, D., Roth, M. A., Morinishi, L. S.
et al. Diverse drug-resistance mechanisms can emerge from drug-tolerant cancer
persister cells. Nat. Commun. 7, 10690 (2016).

7. Dick, J. E. Stem cell concepts renew cancer research. Blood 112, 4793–4807 (2008).
8. Batlle, E. & Clevers, H. Cancer stem cells revisited. Nat. Med. 23, 1124–1134 (2017).
9. Ishimoto, T., Nagano, O., Yae, T., Tamada, M., Motohara, T., Oshima, H. et al.

CD44 variant regulates redox status in cancer cells by stabilizing the xCT
subunit of system xc(-) and thereby promotes tumor growth. Cancer Cell 19,
387–400 (2011).

10. Lau, W. M., Teng, E., Chong, H. S., Lopez, K. A., Tay, A. Y., Salto-Tellez, M. et al.
CD44v8-10 is a cancer-specific marker for gastric cancer stem cells. Cancer Res.
74, 2630–2641 (2014).

11. Hirata, K., Suzuki, H., Imaeda, H., Matsuzaki, J., Tsugawa, H., Nagano, O. et al. CD44
variant 9 expression in primary early gastric cancer as a predictive marker for
recurrence. Br. J. Cancer 109, 379–386 (2013).

12. Shitara, K., Doi, T., Nagano, O., Fukutani, M., Hasegawa, H., Nomura, S. et al. Phase
1 study of sulfasalazine and cisplatin for patients with CD44v-positive gas-
triccancer refractory to cisplatin (EPOC1407). Gastric Cancer 20, 1004–1009
(2017).

13. Lamb, J., Crawford, E. D., Peck, D., Modell, J. W., Blat, I. C., Wrobel, M. J. et al. The
connectivity map: using gene-expression signatures to connect small molecules,
genes, and disease. Science 313, 1929–1935 (2006).

14. Reinhold, W. C., Sunshine, M., Liu, H., Varma, S., Kohn, K. W., Morris, J. et al. CellMiner:
a web-based suite of genomic and pharmacologic tools to explore transcript and
drug patterns in the NCI-60 cell line set. Cancer Res. 72, 3499–3511 (2012).

15. Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K., Margolin, A. A., Kim, S.
et al. The cancer cell line encyclopedia enables predictive modelling of anticancer
drug sensitivity. Nature 483, 603–607 (2012).

16. Ushijima, M., Mashima, T., Tomida, A., Dan, S., Saito, S., Furuno, A. et al. Devel-
opment of a gene expression database and related analysis programs for eva-
luation of anticancer compounds. Cancer Sci. 104, 360–368 (2013).

17. Mashima, T., Ushijima, M., Matsuura, M., Tsukahara, S., Kunimasa, K., Furuno, A.
et al. Comprehensive transcriptomic analysis of molecularly targeted drugs in
cancer for target pathway evaluation. Cancer Sci. 106, 909–920 (2015).

18. Kosaka, T., Nagamatsu, G., Saito, S., Oya, M., Suda, T. & Horimoto, K. Identification
of drug candidate against prostate cancer from the aspect of somatic cell
reprogramming. Cancer Sci. 104, 1017–1026 (2013).

19. Mashima, T., Soma-Nagae, T., Migita, T., Kinoshita, R., Iwamoto, A., Yuasa, T. et al.
TRIB1 supports prostate tumorigenesis and tumor-propagating cell survival by
regulation of endoplasmic reticulum chaperone expression. Cancer Res. 74,
4888–4897 (2014).

20. Marshall, J., Hwang, J., Eskens, F. A., Burger, H., Malik, S., Uttenreuther-Fischer, M.
et al. A Phase I, open-label, dose escalation study of afatinib, in a 3-week-on /1-
week-off schedule in patients with advanced solidtumors. Invest. New Drugs 31,
399–408 (2013).

21. Roberts, P. J., Stinchcombe, T. E., Der, C. J. & Socinski, M. A. Personalized medicine
in non-small-cell lung cancer: is KRAS a useful marker in selecting patients for
epidermal growth factor receptor-targeted therapy? J. Clin. Oncol. 28, 4769–4777
(2010).

22. Tsherniak, A., Vazquez, F., Montgomery, P. G., Weir, B. A., Kryukov, G., Cowley, G. S.
et al. Defining a cancer dependency map. Cell 170, 564–576 (2017).

23. Bahleda, R., Varga, A., Bergé, Y., Soria, J. C., Schnell, D., Tschoepe, I. et al. Phase I
open-label study of afatinib plus vinorelbine in patients with solid tumours
overexpressing EGFR and/or HER2. Br. J. Cancer 118, 344–352 (2018).

24. Guo, G., Gong, K., Wohlfeld, B., Hatanpaa, K. J., Zhao, D. & Habib, A. A. Ligand-
Independent EGFR Signaling. Cancer Res. 75, 3436–3441 (2015).

25. Steinbichler, T. B., Dudás, J., Skvortsov, S., Ganswindt, U., Riechelmann, H. &
Skvortsova, I. I. Therapy resistance mediated by cancer stem cells. Semin Cancer
Biol. 53, 156–167 (2018).

26. Kodama, H., Murata, S., Ishida, M., Yamamoto, H., Yamaguchi, T., Kaida, S. et al.
Prognostic impact of CD44-positive cancer stem-like cells at the invasive front of
gastric cancer. Br. J. Cancer 116, 186–194 (2017).

27. Ebinger, S., Özdemir, E. Z., Ziegenhain, C., Tiedt, S., Castro Alves, C., Grunert, M.
et al. Characterization of rare, dormant, and therapy-resistant cells in acute
lymphoblastic leukemia. Cancer Cell 30, 849–862 (2016).

28. Macha, M. A., Rachagani, S., Qazi, A. K., Jahan, R., Gupta, S., Patel, A. et al. Afatinib
radiosensitizes head and neck squamous cell carcinoma cells by targeting cancer
stem cells. Oncotarget 8, 20961–20973 (2017).

29. Wang, X. K., He, J. H., Xu, J. H., Ye, S., Wang, F., Zhang, H. et al. Afatinib enhances
the efficacy of conventional chemotherapeutic agents by eradicating cancer
stem-like cells. Cancer Res. 74, 4431–4445 (2014).

30. Li, D., Ambrogio, L., Shimamura, T., Kubo, S., Takahashi, M., Chirieac, L. R. et al.
BIBW2992, an irreversible EGFR/HER2 inhibitor highly effective in preclinical lung
cancer models. Oncogene 27, 4702–4711 (2008).

31. Bao, W., Fu, H. J., Xie, Q. S., Wang, L., Zhang, R., Guo, Z. Y. et al. HER2 interacts with
CD44 to upregulate CXCR4 via epigenetic silencing of microRNA-139 in gastric
cancer cells. Gastroenterology 141, 2076–2087 (2011).

32. Kim, Y., Lee, Y. S., Choe, J., Lee, H., Kim, Y. M. & Jeoung, D. CD44-epidermal growth
factor receptor interaction mediates hyaluronic acid-promoted cell motility by
activating protein kinase C signaling involving Akt, Rac1, Phox, reactive oxygen
species, focal adhesion kinase, and MMP-2. J. Biol. Chem. 283, 22513–22528 (2008).

33. Meran, S., Luo, D. D., Simpson, R., Martin, J., Wells, A., Steadman, R. et al. Hya-
luronan facilitates transforming growth factor-β1-dependent proliferation via
CD44 and epidermal growth factor receptor interaction. J. Biol. Chem. 286,
17618–17630 (2011).

34. Yuan, D. D., Zhu, Z. X., Zhang, X. & Liu, J. Targeted therapy for gastric cancer:
current status and future directions. Oncol. Rep. 35, 1245–1254 (2016).

In silico chemical screening identifies epidermal growth factor receptor. . .
T Mashima et al.

856


	In silico chemical screening identifies epidermal growth factor receptor as a therapeutic target of drug-tolerant CD44v9-positive gastric cancer cells
	Background
	Methods
	Establishment of patient-derived gastric cancer cell lines
	Chemical compounds
	Cell proliferation and colony-formation assays
	Flow cytometry and cell sorting
	Immunohistochemistry
	Retrovirus-mediated stable gene expression
	cDNA microarray and JFCRLinCAGE analysis
	Western blot analysis
	Reverse transcription-quantitative PCR (RT-qPCR)
	siRNA treatment
	Therapeutic study in mouse xenograft models

	Results
	CD44v9-expressing cancer cells contribute to resistance to cytotoxic anticancer drugs in gastric cancer patient-derived cells (PDCs)
	In silico chemical screening identified EGFR inhibitors as agents targeting SN-38- and 5-FU-tolerant gastric cancer CD44v9-expressing cells
	EGFR maintains CD44v9-positive cell proliferation through AKT and ERK-dependent CD44v9 protein expression
	Combined therapeutic effect of afatinib and cytotoxic antitumor agents on gastric cancer PDCs

	Discussion
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




