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CANCER RESEARCH | MOLECULAR CELL BIOLOGY

Extracellular Vesicles from Cancer-Associated
Fibroblasts Containing Annexin A6 Induces FAK-YAP
Activation by Stabilizing b1 Integrin, Enhancing Drug
Resistance
Tomoyuki Uchihara1,2, Keisuke Miyake1,2, Atsuko Yonemura1,2, Yoshihiro Komohara3, Rumi Itoyama1,2,
Mayu Koiwa1,2, Tadahito Yasuda1,2, Kota Arima1,2, Kazuto Harada1,4, Kojiro Eto1, Hiromitsu Hayashi1,
Masaaki Iwatsuki1, Shiro Iwagami1, Yoshifumi Baba1, Naoya Yoshida1, Masakazu Yashiro5,6, Mari Masuda7,
Jaffer A. Ajani4, Patrick Tan8, Hideo Baba1,9, and Takatsugu Ishimoto1,2

ABSTRACT
◥

Extracellular vesicles (EV) from cancer-associated fibroblasts
(CAF) are composed of diverse payloads. Although CAFs impact
the aggressive characteristics of gastric cancer cells, the contribution
of CAF-EV to gastric cancer progression has not been elucidated.
Here, we investigated the molecular mechanism of the changes in
gastric cancer characteristics induced by CAF-EV. CAF abundance
in gastric cancer tissues was associated with poor prognosis of
patients with gastric cancer receiving chemotherapy. Moreover,
CAF-EV induced tubular network formation and drug resistance of
gastric cancer cells in the extracellular matrix (ECM). Comprehen-
sive proteomic analysis of CAF-EV identified that AnnexinA6 plays
a pivotal role in network formation and drug resistance of gastric
cancer cells in the ECM via activation of b1 integrin-focal adhesion
kinase (FAK)-YAP. A peritoneal metastasis mouse model revealed
that CAF-EV induced drug resistance in peritoneal tumors, and
inhibition of FAK or YAP efficiently attenuated gastric cancer drug
resistance in vitro and in vivo. These findings demonstrate that drug
resistance is conferred by Annexin A6 in CAF-EV and provide a
potential avenue for overcoming gastric cancer drug resistance
through the inhibition of FAK-YAP signaling in combination with
conventional chemotherapeutics.

Significance:This study elucidates a novelmolecularmechanism
through which Annexin A6 in CAF-EV activates FAK-YAP by
stabilizing b1 integrin at the cell surface of gastric cancer cells and
subsequently induces drug resistance.

Graphical Abstract: http://cancerres.aacrjournals.org/content/
canres/80/16/3222/F1.large.jpg.

Annexin A6 in cancer-associated fibroblast extracellular vesicles induces drug resistance in gastric cancer
cells by activating FAK-YAP via stabilizing β1 integrin at the cell surface.
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Introduction
Gastric cancer (GC) is the third leading cause of cancer death world-

wide (1), and the treatment strategies for gastric cancer have undergone
some modest improvements. For instance, nivolumab, which is an

anti-PD-1 immune checkpoint inhibitor, can be used for patients with
advanced gastric cancer who exhibit chemoresistance and has been
shown to gradually prolong the survival of patients with gastric cancer
(2). However, the responses to all gastric cancer treatments are limited,
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and the clinical outcomes of patients with unresectable or recurrent
gastric cancer remain far from satisfactory. In particular, the prognosis
of patients with gastric cancer with peritoneal metastasis is even worse
than that of patients with gastric cancer who do not exhibit peritoneal
spread; thus, novel drugs that strengthen the efficiency of the currently
available chemotherapies are needed.

The tumor stroma consists of several types of cells—such as T cells, B
cells, neutrophils, macrophages, and fibroblasts—that affect tumor pro-
gression and drug resistance (3–5). In addition, an accumulating body of
evidence shows that a large amount of stroma is associated with poor
prognosis in patients with gastric cancer (6–8); thus, the tumor stroma is
thought to contain particularmolecules that promote tumor progression
and drug resistance (9, 10). Cancer-associated fibroblasts (CAF) are
found among stromal cells in solid tumors and play a central role in
cancer progression, and the molecular mechanisms of CAFs have been
extensively investigated (11). Comprehensive genomic and epigenomic
analyses of gastric CAFs have demonstrated the role and effects of CAFs
on the invasive ability of gastric cancer cells in the extracellular matrix
(ECM) through the secretion of factors and direct interactions between
CAFs and gastric cancer cells (9, 12, 13). Moreover, recent studies have
shown that miRNAs in extracellular vesicles (EV) derived from CAFs
(CAF-EV) induce drug resistance in several types of cancer (14, 15).
However, CAF-EVs are composed of diverse components other than
miRNAs, and the critical factor involved in drug resistance in patients
with advanced gastric cancer has not yet been identified.

This study investigated the mechanism through which CAFs impact
the sensitivity of gastric cancer cells to chemotherapeutic agents. Here,
we show that CAFs elicit characteristic morphologic changes in
the ECM and subsequent drug resistance in gastric cancer cells
and delineate the molecular mechanism through which Annexin A6
in CAF-EVs induces focal adhesion kinase (FAK)-YAP activation in
gastric cancer cells by stabilizing b1 integrin at the cell-ECM interface.

Materials and Methods
Cell lines and cell culture

Human gastric cancer cell lines (AGS, KATO III, MKN45, NUGC3,
and NUGC-4) were purchased from the ATCC (AGS), the RIKEN
BioResource Center Cell Bank (KATO III, MKN45), and the Japanese
Collection of Research Bioresources Cell Bank (NUGC3, NUGC4).
CAFs andnormalfibroblasts (NF)were established fromresected tissues
from more than 100 patients with gastric cancer. CAFs were isolated
from gastric walls infiltrated by tumors, and NFs were isolated from
normal gastric walls. The detailed protocol used to establish these cell
lines has been reported previously (12, 16). All the cell lines tested
negative forMycoplasma using the e-MycoMycoplasma PCRDetection
Kit (catalog no. 25235, Cosmobio) during the periodof this study. These
cell lines were cultured in RPMI1640 medium containing 10% FBS and
maintained at 37�C in a humidified atmosphere containing 5% CO2.

qRT-PCR
RNA from cultured cells was extracted using an RNeasy Mini Kit

(catalog no. 74106, Qiagen) in accordance with the manufacturer's
recommended protocol. mRNA expression was measured by qRT-
PCR using TaqMan probes (Roche Diagnostics), and the values were
normalized to those of b-actin. All qRT-PCR experiments were
conducted with a LightCycler 480 System II (Roche Diagnostics). All
qRT-PCRdata are shown as themeans� SEs of themean. The primers
used are listed in the Supplementary Table S1.

RNA sequencing
RNA sequencing was conducted as established in a previous study

conducted at Kumamoto University (Kumamoto, Japan; ref. 17). RNA

sequencing was performed by the Liaison Laboratory Research Pro-
motion Center (Kumamoto University, Kumamoto, Japan) as follows.
Total RNA was isolated using the RNeasy Mini Kit (catalog no. 74106,
Qiagen), and an Agilent 2100 bioanalyzer (Agilent) was used to
measure the total RNA concentration and purity. All the samples
with an RNA integrity number >8.0 were used for sequencing. A
NextSeq 500platform (Illumina)was used for the analysis, and the data
were converted to Fastq format. The quality of the datawas determined
by FastQC. The filtered reads were then mapped to the UCSC hg19
reference genome using HISAT2 (v2.1.0). Fragments per kilobase of
exon per million mapped reads values were calculated using Cufflinks
(v2.2.1). Significant genes (P < 0.05) were extracted by Cuffdiff. The
RNA sequencing data were deposited in the DDBJ database under the
accession number DRA008306.

In vivo chemoresistance assay
Seven-week-old nude BALB/c mice were used for in vivo chemore-

sistance experiments. The mice were injected intraperitoneally with
NUGC3 human cells (5 � 106). CAF-EVs (10 mg in 100 mL PBS/
mouse), ANXA6-depleted CAF-EVs (10 mg in 100 mL PBS/mouse),
cisplatin (1.5 mg/kg), and the FAK (15 mg/kg) and YAP inhibitors
(50 mg/kg) were also injected intraperitoneally into the mice. The
protocol used is described in Fig. 7A and H and Supplementary
Fig. S10. The mice were euthanized 2 days after the final injection,
and the intraperitoneal tumors were then removed and weighed. The
doses of these inhibitors were based on previous reports (18–20). All
animal studies were conducted using protocols approved by Kuma-
moto University Institutional Animal Care and Use Committee.

Human samples
Primary gastric cancer tissues were obtained from 335 patients with

gastric cancer at pathologic stage I, II, III, or IV who underwent
definitive gastrectomy and received chemotherapy before/after pallia-
tive surgery or biopsy at Kumamoto University Hospital from April
2005 to December 2016. Primary CAFs were established from patients
with gastric cancer who underwent gastrectomy at Kumamoto Uni-
versity Hospital and Saiseikai Kumamoto Hospital from 2013 to 2019.

Study approval
This research was approved by the Medical Ethics Committee of

Kumamoto University (Kumamoto, Japan) and Saiseikai Kumamoto
Hospital. Written informed consent to participate in this study was
obtained from all the patients.

Statistical analysis
All the experiments were performed in triplicate, and the data shown

are representative of consistent results. The data are presented as the
means � SEs of the means. The Mann–Whitney U test was used to
compare continuous variables between two groups. Categorical variables
were compared using the x2 test. Kaplan–Meier curves and the gener-
alizedWilcoxon testwereused to evaluate the statistical significanceof the
differences. For the statistical analyses, we used JMP (version 9, SAS
Institute) and SAS software (version 9.1, SAS Institute) with the assump-
tions required for the respective tests. Statistical significancewas indicated
if the P values were lower than 0.05, and all the data met the assumptions
regarding distribution and variance in the statistical test used.

Results
CAFs enhance the tubular network formation and subsequent
drug resistance of gastric cancer cells in the ECM

To quantify the amount of CAFs in gastric cancer tissues, resected
tissues from 335 patients with gastric cancer were subjected do IHC
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staining using an antibody specific for alpha-smooth muscle actin
(aSMA). According to the proportion of aSMA-positive stroma, the
patients were divided into the CAF-low or CAF-high groups (Fig. 1A).
We subsequently assessed the relationship between gastric cancer

patient survival and the amount of CAFs by Kaplan–Meier analysis.
Patients with gastric cancer harboring CAF-high tumors exhibited
significantly shorter overall survival (P ¼ 0.023; Fig. 1B). Moreover,
patients with stage IV gastric cancer with CAF-high tumors who

Figure 1.

CAFs promote the tubular network formation and subsequent drug resistance of gastric cancer cells in the ECM. A, Representative IHC staining of aSMA and
quantification of aSMA-positive cells. Scale bars, 200 mm. B,Overall survival curves of all patients with gastric cancer based on their aSMA status. C,Overall survival
curves of patients with stage IV gastric cancer treated with chemotherapy based on their aSMA status. D, Morphology of gastric cancer cells (AGS and NUGC3)
cultured with normal medium (CTRL)/CAF-CM in ECM-coated plates. Scale bars, 200 mm. E, Viability of gastric cancer cells treated with cisplatin or paclitaxel for
24 hours and then cultured with normal medium (CTRL)/CAF-CM in ECM-coated plates. F, Representative image showing the incorporation of fluorophore-
conjugated cisplatin and paclitaxel in gastric cancer cells in the ECM. The column graph shows the quantification of stained cells. Scale bars, 100 mm. G, Apoptosis
assay of gastric cancer cells treated with cisplatin for 24 hours and then cultured with normal medium (CTRL) or CAF-CM in the ECM. The cells were stained with
Annexin V and 7-aminoactinomycin D (7-AAD). n.s., not significant; �� , P < 0.01; ��� , P < 0.001.
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received chemotherapy had remarkably shorter overall survival
(P ¼ 0.038; Fig. 1C).

On the basis of these results, we first hypothesized that CAFs in
the tumor stroma are involved in mediating the drug resistance of
gastric cancer cells. To test this hypothesis, the sensitivity to
cisplatin and paclitaxel was examined in AGS and NUGC3 cells
treated with conditioned medium (CM) from CAFs (CAF-CM).
AGS and NUGC3 cells treated with CAF-CM on normal culture
plates showed no morphologic changes, and neither cell line exhi-
bited resistance to cisplatin or paclitaxel (Supplementary Fig. S1A
and S1B). However, gastric cancer cells treated with CAF-CM
exhibited tubular network formation within a few hours of culture
on plates coated with Matrigel (Fig. 1D; Supplementary movies S1
and S2). Tubular network formation is thought to be associated with
the invasive characteristics of cancer cells (21, 22). Notably, gastric
cancer cells forming tubular networks in the ECM exhibited marked
resistance to cisplatin and paclitaxel (Fig. 1E). However, AGS and
NUGC3 cells treated with GC-CM did not show morphologic
changes in the ECM or resistance to cisplatin and paclitaxel
(Supplementary Fig. S1C and S1D).

To address the mechanism of drug resistance in gastric cancer
cells treated with CAF-CM, the incorporation of fluorescence-
conjugated cisplatin and paclitaxel into gastric cancer cells in the
ECM was tested. No difference in cisplatin and paclitaxel incor-
poration was found between untreated gastric cancer cells and
gastric cancer cells treated with CAF-CM (Fig. 1F). We then
predicted that gastric cancer cells in the ECM treated with CAF-
CM would exhibit slow cycling according to a cell-cycle analysis
because anticancer drugs such as cisplatin and paclitaxel mainly
target rapidly proliferating cancer cells (23). However, the results
from a cell-cycle analysis revealed that the proportion of prolif-
erating gastric cancer cells in the ECM treated with CAF-CM was
higher than that in the control group (Supplementary Fig. S2A).
Moreover, we examined apoptosis in gastric cancer cells treated
with or without CAF-CM after cisplatin treatment. Notably,
among all the groups, the highest proportion of viable gastric
cancer cells in the ECM was detected after treatment with CAF-
CM (Fig. 1G). A Western blotting analysis also revealed gastric
cancer cells treated with CAF-CM in the ECM exhibited increased
Bcl-2 expression and decreased cleaved caspase-3 and cleaved
PARP expression (Supplementary Fig. S2B). These results indicate
that the apoptosis of CAF-CM–treated gastric cancer cells in
the ECM is inhibited through the activation of antiapoptotic
signaling.

EVs in CAF-CM strongly induce tubular network formation and
drug resistance in gastric cancer cells in the ECM

Because gastric cancer cells treated with CAF-CM acquire drug
resistance in the ECM, we conducted RNA sequencing to identify
unique molecular patterns in gastric cancer cells in the ECM 3 and
24 hours after CAF-CM treatment and compared these patterns
with those in gastric cancer cells without CAF-CM treatment. We
found that 944, 516, and 657 genes were differentially expressed
after 3 hours, after 24 hours, and after both 3 and 24 hours
compared with their expression in the control group (Supplemen-
tary Fig. S3A–S3D). Moreover, a gene ontology (GO) analysis of the
2,117 differentially expressed genes revealed the particular upre-
gulation of ECM-related and plasma membrane–related genes
(Fig. 2A). A network analysis confirmed the activation of the ECM
and integrin-binding signaling (Fig. 2B). On the basis of the results
from these analyses and previous findings that EVs affect the surface

receptors in target cells (24), we presumed that CAF-EVs might be
involved in network formation and drug resistance. Thus, we
extracted CAF-EVs by ultracentrifugation, and AGS and NUGC3
cells were treated with CAF-CM, CAF-EVs, or CAF-CM superna-
tant (Fig. 2C and D). Notably, gastric cancer cells treated with
CAF-EVs exhibited network formation and cisplatin resistance,
whereas AGS and NUGC3 cells treated with EV-depleted CAF-CM
supernatant exhibited almost no network formation (Fig. 2E, F, and
K). In addition, we blocked the secretion of CAF-EVs by GW4869
treatment, and the AGS and NUGC3 cells treated with CAF-EVs
from GW4869-treated CAFs exhibited almost no network for-
mation (Fig. 2G–J). These findings suggest that EVs contained in
CAF-CM play a central role in network formation and drug resist-
ance in gastric cancer cells.

Annexin A6 in CAF-EVs has important functions in tubular
network formation and drug resistance

EVs are composed of membrane proteins, intracellular pro-
teins, miRNAs, and DNAs and transport these factors to other
cells (25). The EVs used in our experiments were characterized by
transmission electron microscopy, nanoparticle tracking analysis,
and Western blotting analysis of conventional EV markers, in
accordance to previous studies (Supplementary Fig. S4A–S4C;
refs. 26, 27). Because the network formation of gastric cancer cells
in the ECM was rapidly induced within 3 hours of treatment with
CAF-EVs, we hypothesized that certain proteins play a role in this
phenomenon. Thus, we conducted a comprehensive proteomic
analysis using GC-EVs or CAF-EVs and identified proteins that
are highly expressed in CAF-EVs but not GC-EVs (Fig. 3A). We
then conducted a loss-of-function study using ANXA6, CD44,
COL12A1, or TUBA1A siRNA to identify a potential mediator
involved in the network formation of gastric cancer cells in the
ECM (Supplementary Fig. S5A–S5D). We demonstrated that
the network formation of gastric cancer cells was not affected
by CD44-, COL12A1-, or TUBA1A-depleted EVs (Supplementary
Fig. S5E). We further silenced ANXA6 in CAFs using two siRNAs
and treated AGS and NUGC3 cells with EVs isolated from control
siRNA- or ANXA6 siRNA-transfected CAFs. Strikingly, ANXA6-
depleted EVs diminished both the network formation and cisplatin
resistance of gastric cancer cells in the ECM (Fig. 3B–D; Supple-
mentary Fig. S5E), although no difference in the number of EVs
isolated from CAFs transfected with control siRNA and the
ANXA6 siRNAs was found (Fig. 3E). Similar to its expression in
isolated CAFs, Annexin A6 was specifically expressed in aSMA-
positive CAFs in the tumor stroma of human gastric cancer tissue
(Fig. 3F). These findings suggest that Annexin A6 in CAF-EVs
plays a critical role in the network formation and drug resistance in
gastric cancer cells in the ECM and that its functional role is active
in both gastric cancer tissues and isolated CAFs.

Annexin A6 in CAF-EVs is transferred into gastric cancer
cells, where it stabilizes b1 integrin at the gastric cancer
cell surface

According to the results from the network analysis of the RNA
sequencing data, integrin-binding signaling was activated in gastric
cancer cells in the ECM treated with CAF-CM. Integrins comprise a
large family of heterodimeric cell surface receptors that play a central
role in the interactions between cells and theECM(28). In addition, the
b1 integrin subunit can bind to 12 different integrin a chains of the
integrin family (29) and has been shown to play important roles in a
variety of cells in the tumor microenvironment (30) and in mediating
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Figure 2.

CAF-EVs induce tubular network formation and drug resistance in gastric cancer cells in the ECM. A and B, Integrated analysis of upregulated and downregulated
genes. These genes were identified from the RNA sequencing data as genes that were upregulated and downregulated by 2.0-fold in gastric cancer cells after 3 and
24 hours ofCAF-CM treatment. TopGO terms associatedwith cellular component (A) andnetwork analysis (B) identified fromRNA sequencing data of gastric cancer
cells after 3 and 24 hours of CAF-CM treatment. C, Protocol for evaluating the network formation of gastric cancer cells in the ECM after treatment with CAF-CM (a),
enrichment of CAF-EVs by ultracentrifugation (b), and collection of CM supernatant after CAF-EV enrichment (c).D,Numbers and size distributions of CAF-EVs and
the supernatant obtained usingNanoSight.E andF,Morphology (E) and quantification (F) of network formation of gastric cancer cells after the treatments detailed in
a, b, and c. Scale bars, 500 mm. G, Protocol used for evaluating the network formation of gastric cancer cells in the ECM after treatment with CAF-EVs (d) and
GW4869-treated CAF-EVs (e). H, Numbers and size distributions of CAF-EVs and the supernatant obtained using NanoSight. I and J, Morphology (I) and
quantification (J) of the network formation of gastric cancer cells after the treatments detailed in d and e. Scale bars, 500 mm. K, Viability of gastric cancer cells
treated with cisplatin for 24 hours and then cultured with normal medium (CTRL) or CAF-EVs. �� , P < 0.01; ��� , P < 0.001.
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the invasion and migration of gastric cancer cells (12). We therefore
focused on b1 integrin and first examined the expression of b1 integrin
and Annexin A6 in gastric cancer cells and CAFs. Western blotting
analysis revealed that b1 integrin is expressed at a higher level in CAFs
than in gastric cancer cells and that Annexin A6 is specifically
expressed in CAFs but not gastric cancer cells (Fig. 4A). Subsequently,
we examined ITGB1 mRNA expression and b1 integrin protein
expression in three experimental replicates of AGS cells treated with
CAF-EVs by qRT-PCR and Western blotting analysis, respectively.
Although no differences in ITGB1 mRNA expression was found
between the control and CAF-EVs groups (Fig. 4B), b1 integrin
protein expression was markedly higher in the AGS and NUGC3 cells
treated with CAF-EVs (Fig. 4C; Supplementary Fig. S6A). Moreover,
we extracted cell membrane proteins and showed that CAF-EV
treatment significantly increased the expression of b1 integrin at the
surface of AGS cells (Fig. 4D). However, there is still a possibility that

newly synthesized and trafficking pools of b1 integrin are contained in
the extracted plasma membrane proteins. Because cell surface b1
integrin is determined by the amount of the integrin a subunit (30),
we examined the expression of integrina subunits and showed that the
expression of integrin a1, 2, 3, 6, and 7 was significantly increased in
AGS cells treated with CAF-EVs in the ECM (Supplementary
Fig. S6B).We also examined the expression ofb1 integrin andAnnexin
A6 in AGS cells treated with CAF-EVs in the ECM by immunoflu-
orescence analysis and found that the expression of b1 integrin at the
surface was markedly increased in Annexin A6–incorporated AGS
cells after CAF-EV treatment compared with their expression in
control medium (Fig. 4E). Although there is a possibility that cyto-
plasmic expression of b1 integrin shows the localization in endosomes,
we confirmed the colocalization of b1 integrin and EpCAM as a cell
surface marker that strengthens b1 integrin stabilization at the cell
surface (Fig. 4F).

Figure 3.

Annexin A6 in CAF-EVs is involved in tubular network formation and drug resistance. A, Heatmap showing specific proteins expressed at higher levels in CAF-EVs
than in GC-EVs. B–D,Morphology (B), network formation (C), and viability (D) of gastric cancer cells after treatment with CAF-EVs transfected with ANXA6 siRNAs
(#1 or #2) relative to that obtained after treatment with CAFs transfected with control siRNA. Scale bars, 500 mm. E, Numbers and size distributions of CAF-EVs
transfectedwithANXA6 siRNAs (#1 or #2) and control siRNA determined usingNanoSight. F,Representative hematoxylin and eosin (H&E) and immunofluorescence
staining for Annexin A6 and aSMA, respectively; the nucleus was stained with DAPI (top). The merging of Annexin A6 and AE1/AE3 staining with DAPI nuclear
staining is shown in the bottom panel. Scale bars: white, 200 mm; yellow, 30 mm. � , P < 0.05, �� , P < 0.01; ��� , P < 0.001.
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Figure 4.

Annexin A6 in CAF-EVs is taken up by gastric cancer cells, where it stabilizes b1 integrin at the gastric cancer cell surface. A, The expression of b1 integrin and
Annexin A6 in gastric cancer cell lines (AGS) and CAFs was evaluated by Western blotting analysis. B and C, The ITGB1 and b1 integrin expression levels in a
gastric cancer cell line treated with CAF-EVs were determined by qRT-PCR (B) and Western blotting analysis (C). D, Expression levels and quantification of b1
integrin, EpCAM, and HSP70 among the extracted plasma membrane proteins (MP) and cytosolic proteins (CP) from gastric cancer cells after culture with
normal medium (CTRL) or CAF-EVs. (Continued on the following page.)
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Plasma membrane proteins expressed on EVs are transferred to
target cells through membrane fusion (24). On the basis of this
evidence, we investigated two possibilities, namely, that b1 integrin
on CAF-EVs is transferred into gastric cancer cells via membrane
fusion between CAF-EVs and gastric cancer cells and that b1 integrin
at the cell surface of gastric cancer cells is stabilized via CAF-EV
incorporation into gastric cancer cells. To investigate these hypotheses,
we silenced ITGB1 in CAFs or AGS cells using two siRNAs (Supple-
mentary Fig. S7A and S7B), and AGS cells were treated with EVs.
Although EVs from ITGB1-silenced CAFs did not decrease the
network formation and cisplatin resistance of gastric cancer cells in
the ECM (Fig. 4G), ITGB1-silenced gastric cancer cells treated with
CAF-EVs exhibited both decreased network formation and cisplatin
resistance in the ECM (Fig. 4H). These results suggest that the CAF-
EV–induced increase in cell surface b1 integrin expression in gastric
cancer cells is critical for gastric cancer cell network formation and
drug resistance in the ECM.

Annexin A6 stabilizes b1 integrin at the gastric cancer cell
surface and subsequently enhances drug resistance

Annexin A6 and b1 integrin have been found to be important in
gastric cancer cell network formation in the ECM; thus, we predicted
that Annexin A6 and b1 integrin interact with one another. We first
examined ITGB1 mRNA expression and protein expression in
ANXA6-silenced CAFs. Although no differences in ITGB1 mRNA
expression was found between CAFs transfected with control siRNA
and those transfected with the ANXA6 siRNAs (Supplementary
Fig. S8), b1 integrin protein expression was markedly lower in CAFs
transfected with the ANXA6 siRNAs than in CAFs transfected with
control siRNA (Fig. 5A). In contrast, Annexin A6 protein expression
in CAFs transfected with ITGB1 siRNAs was not affected (Fig. 5B).
Moreover, we performed a protein stability assay using the protein
synthesis inhibitor cycloheximide (CHX) to investigate the effect of
Annexin A6 expression on the levels of b1 integrin in CAFs. After
treatment with CHX, the levels of b1 integrin in CAFs transfected with
ANXA6 siRNAs exhibited more rapid and significant decreases com-
paredwith the levels inCAFs transfectedwith control siRNA (Fig. 5C).
Furthermore, flow cytometry and immunofluorescence analyses
revealed that the cell surface expression of b1 integrin was lower in
gastric cancer cells treated withANXA6-depleted EVs (Fig. 5D and E).
In contrast, to determine whether increased Annexin A6 expression
affects cell surface b1 integrin expression, network formation, and
drug resistance, we constructed an ANXA6 expression vector and
confirmed the expression of Annexin A6 in AGS cells with either the
control or ANXA6 vector (Fig. 5F). Flow cytometry and immunoflu-
orescence analyses revealed the recovery of b1 integrin expression on
the surface of ANXA6-overexpressing AGS cells treated with ANXA6-
depleted EVs (Fig. 5G–I). In addition, ANXA6-overexpressing AGS
cells regained their network formation and drug resistance capabilities
following treatment with ANXA6-depleted EVs (Fig. 5G, J, and K).
These findings strongly support the notion that b1 integrin expression

at the surface of gastric cancer cells in the ECM is enhanced byAnnexin
A6 in CAF-EVs.

Integrin-FAK signaling plays critical roles in tubular network
formation in the ECM and drug resistance in gastric cancer cells
treated with CAF-EVs

FAK, a cytoplasmic tyrosine kinase, is a keymediator of intracellular
signaling upon the integrin-mediated adhesion of cells to the ECMand
is an upstream regulator of PI3K-AKT signaling that transduces an b1
integrin viability signal in the ECM (31).Moreover, emerging evidence
shows that the Hippo pathway is a potent mediator of integrin
signaling (32, 33). Because signaling pathways downstream of integrin
are regulated by protein–protein interactions, we further performed a
comprehensive proteomic analysis of gastric cancer cells treated with
and without CAF-CM as well as RNA sequencing. Differentially
expressed genes related to focal adhesion and the PI3K-AKT and
Hippo signaling pathways were identified in gastric cancer cells treated
with CAF-CM according to a pathway analysis of the comprehensive
transcriptomics and proteomics data (Fig. 6A). A Western blotting
analysis revealed that the phosphorylation of FAK and AKT and the
level of YAP were increased in AGS cells treated with CAF-EVs
compared with those in untreated cells (Fig. 6B), and an immuno-
fluorescence analysis showed the nuclear translocation of YAP in AGS
cells treated with CAF-EVs (Supplementary Fig. S9). Moreover, the
activation of this signaling pathway by CAF-EVs was attenuated in
AGS cells treated with ANXA6-depleted EVs (Fig. 6C). We subse-
quently used respective inhibitors and found that the activation was
effectively blocked by an FAK inhibitor (Fig. 6D–F). Notably,
CAF-EVs induced network formation and subsequent cisplatin resis-
tance of AGS cells in the ECM, and these effects were strongly
attenuated by the FAK inhibitor (Fig. 6G and H). Similarly, the YAP
inhibitor verteporfin markedly reduced the network formation and
drug resistance of AGS cells treated with CAF-EVs (Fig. 6I and J),
whereas an AKT inhibitor slightly attenuated these phenomena
(Fig. 6K and L). These findings indicate that integrin-FAK signaling
and subsequent YAP activation play a critical role in network forma-
tion in the ECM and drug resistance of gastric cancer cells treated with
CAF-EVs.

FAK and YAP inhibitors markedly attenuate drug resistance
enhanced by CAF-EVs in a peritoneal metastasis mouse model

To verify the significance of CAF-EVs in gastric cancer drug
resistance in an in vivo model, NUGC3 cells were injected into the
peritoneal cavities of nude mice. The mice were subsequently treated
with PBS, cisplatin, CAF-EVs, or cisplatin plus CAF-EVs according to
the protocol shown in Fig. 7A. Cisplatin treatment significantly
reduced the growth of peritoneal tumors, whereas treatment with
cisplatin plus CAF-EVs did not exert an antitumor effect (Fig. 7B
andC), which suggests that CAF-EVs play a role in the drug resistance
of gastric cancer cells in vivo as well as in vitro. Moreover, TUNEL
revealed significantly fewer apoptotic tumor cells in mice treated with

(Continued.) E, Immunofluorescence staining for b1 integrin and Annexin A6 and DAPI nuclear staining in gastric cancer cells (top) and gastric cancer cells
treated with CAF-EVs (bottom). The column graph shows the quantification of cell surface b1 integrin-positive gastric cancer cells. Scale bars, 20 mm. F,
Immunofluorescence staining for b1 integrin and EpCAM and DAPI nuclear staining in gastric cancer cells (top) and gastric cancer cells treated with CAF-EVs
(bottom). The arrows highlight the colocalization between b1 integrin and EpCAM at the cell surface. Scale bars, 20 mm. G, Protocol, morphology, and
quantification of network formation and viability of gastric cancer cells after treatment with CAF-EVs transfected with ITGB1 siRNAs (#1 or #2) relative to those
found after treatment with CAFs transfected with control siRNA. Scale bars, 500 mm. H, Protocol, morphology, and quantification of the network formation
and viability of gastric cancer cells transfected with ITGB1 siRNAs (#1 or #2) and treated with CAF-EVs relative to those of gastric cancer cells transfected with
control siRNA. Scale bars, 500 mm. n.s., not significant; � , P < 0.05, ���, P < 0.001.
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Figure 5.

Annexin A6 stabilizes b1 integrin at the gastric cancer cell surface and enhances drug resistance. A, The expression of b1 integrin and Annexin A6 in CAFs
transfected with ANXA6 siRNAs (#1 or #2) relative to that in CAFs transfected with control siRNA was evaluated by Western blotting analysis. B, The
expression of b1 integrin and Annexin A6 in CAFs transfected with ITGB1 siRNAs (#1 or #2) relative to that in CAFs transfected with control siRNA
was evaluated by Western blotting analysis. C, The left panels show an immunoblot analysis of b1 integrin and b-actin in CAFs stably expressing control or
Annexin A6 siRNAs and exposed to CHX (40 mg/mL) for the indicated times. (Continued on the following page.)
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cisplatin plus CAF-EVs than in those treated with only cisplatin
(Fig. 7D and E). Importantly, cisplatin treatment significantly reduced
the growth of peritoneal tumors in mice treated withANXA6-depleted
EVs compared with those belonging to the control siRNA group
(Fig. 7F and G; Supplementary Fig. S10). These results indicate the
significance of Annexin A6 in CAF-EVs for the induction of drug
resistance in vivo.

We then examined whether FAK and YAP inhibitors could
attenuate the cisplatin resistance of gastric cancer cells mediated
by CAF-EVs. The antitumor effect of cisplatin was recovered by
additional treatment with the FAK and YAP inhibitors, which
suggests that the FAK-YAP signaling pathway plays a critical role
in the drug resistance of peritoneal tumors enhanced by CAF-EVs
(Fig. 7H and I).

Discussion
Patients with gastric cancer with a high stromal content, as deter-

mined by either gene expression analysis or histopathologic evalua-
tion, exhibit poor prognoses (34). CAFs are a major component of the
tumor stroma and secrete various soluble factors that have been
associated with tumor progression and drug resistance (11). In accor-
dance with the results from previous studies, CAF-high tumors were
significantly correlated with poor gastric cancer patient prognosis.
Moreover, patients with stage IV gastric cancer with CAF-high tumors
who received chemotherapy also exhibited markedly poor prognoses.
Here, we provide molecular evidence demonstrating that a large
number of CAFs leads to poor gastric cancer patient prognosis by
enhancing drug resistance. Gastric cancer cells in the ECMtreatedwith
CAF-EVs exhibited network formation due to b1 integrin stabilization
and subsequent drug resistance, and CAF-EVs enhanced the drug
resistance of gastric cancer cells in a peritoneal metastasis mouse
model.

The communication between cancer cells and the stroma is
facilitated by EVs (35–37). EVs, which have a diameter of 100–
1,000 nm, are formed and released by budding from the plasma
membranes of several types of cells (38). These vesicles expose
membrane proteins at their surface and contain various types of
cytosolic proteins and biomolecules (25). Because CAF-EVs were
found to induce rapid morphologic changes in gastric cancer cells in
the ECM in this study, we conducted a comprehensive proteomic
analysis using isolated EVs and identified Annexin A6 as a specific
protein in CAF-EVs. Annexin A6, a member of a conserved
superfamily of Ca2þ-dependent phospholipid-binding proteins, is
highly expressed and a potential prognostic marker in several types
of malignancies, such as acute lymphoblastic leukemia and cervical
cancer (39, 40). Moreover, the roles of Annexin A6 in cancer cell
migration have been investigated, and multiple scaffolding func-

tions have been identified (41, 42). In contrast, the expression of
Annexin A6, which modulates EGFR signaling, is often down-
regulated in various types of cancers (43, 44). Because the available
evidence regarding the functional role of Annexin A6 is based on
experiments using cancer cells, the significance of Annexin A6 in
the tumor microenvironment remains unknown. A recent study
provided compelling evidence showing that Annexin A6-positive
EVs support pancreatic ductal adenocarcinoma aggressiveness
through the Annexin A6/low density lipoprotein receptor–related
protein 1/thrombospondin1 complex and that Annexin A6–positive
EVs in serum are a potential biomarker for the pancreatic ductal
adenocarcinoma grade (27). In addition, we demonstrated that
Annexin A6 in CAF-EVs stabilizes b1 integrin expression at the
cell surface of gastric cancer cells in the ECM, which results in drug
resistance in gastric cancer cells through the activation of FAK-YAP
signaling. In contrast, another annexin family member, Annexin
A2, enhances the internalization of cell surface b1 integrin in
intestinal epithelial cells (45). Our present findings provide a
rationale for the cancer-promoting function of Annexin A6 carried
by CAF-EVs from the tumor microenvironment and identify the
FAK-YAP signaling pathway as a critical intracellular signaling
pathway for the drug resistance of gastric cancer cells in the ECM.

The Hippo pathway controls the organ size in a diverse group of
species, and Hippo pathway deregulation can induce tumors in
model organisms and is observed in a wide range of human
carcinomas, including lung, colorectal, ovarian, and liver can-
cer (46). In addition, various components of the Hippo pathway,
such as TAZ and YAP, are involved in drug resistance during cancer
treatment (47). A bioinformatic analysis of uveal melanoma
revealed that FAK regulates YAP activation through MOB1 phos-
phorylation and that FAK inhibition represses the transcriptional
activity of YAP (48). Furthermore, we found that b1 integrin on the
surface of gastric cancer cells was stabilized by Annexin A6 in CAF-
EVs and observed subsequent FAK-YAP activation in gastric cancer
cells in the ECM treated with CAF-EVs. These findings suggest that
outside-in signaling activated by the binding of integrins to the
ECM is activated by Annexin A6 in CAF-EVs and that this
activation leads to FAK-YAP activation and the induction of drug
resistance in gastric cancer cells in the ECM.

In conclusion, Annexin A6 in EVs derived from CAFs stabilizes b1
integrin at the plasma membrane of gastric cancer cells in the ECM.
Subsequently, phosphorylated FAK leads to AKT activation and YAP
accumulation, which results in the network formation of gastric cancer
cells in the ECM and their substantial drug resistance (Fig. 7J).
Moreover, blockade by an FAK or a YAP inhibitor but not an AKT
inhibitor effectively inhibited the drug resistance of gastric cancer cells.
The findings of this study provide evidence demonstrating that FAK-
YAP signaling activated by Annexin A6 in CAF-EVs from the tumor

(Continued.) In the right panels, the mean values � SDs from three independent experiments for the b1 integrin-to-b-actin band intensity ratio relative to the
corresponding value at time zero (0) are shown. D, The expression of b1 integrin at the gastric cancer cell membrane after treatment with CAF-EVs transfected
with ANXA6 siRNAs relative to that after treatment with CAFs transfected with control siRNA was determined by flow cytometry. E, Immunofluorescence
staining for b1 integrin and Annexin A6 and DAPI nuclear staining in gastric cancer cells after treatment with CAF-EVs transfected with control siRNA (top) and
ANXA6 siRNAs (bottom). The column graph shows the quantification of cell surface b1 integrin-positive cells. Scale bars, 20 mm. F, Immunoblot analysis of
Annexin A6 in gastric cancer cells transfected with control vector and an ANXA6 overexpression vector. The expression of b-actin was similarly analyzed as a
loading control. G, Experimental protocol. H, b1 integrin expression at the gastric cancer cell membrane was determined by flow cytometry. Immunoflu-
orescence staining for b1 integrin and Annexin A6 combined with DAPI staining. Arrows, cell surface b1 integrin–positive cells; arrowheads, cell surface b1
integrin-negative cells. Scale bars, 10 mm. I and J, Morphology (I) and quantification of network formation (J). Scale bars, 500 mm (J). K, Gastric cancer cell
viability after treatment with CAF-EVs transfected with ANXA6 siRNAs relative to that after treatment with CAFs transfected with control siRNA. n.s., not
significant; �� , P < 0.01; ��� , P < 0.001.
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Figure 6.

FAK and YAP inhibitors reduce tubular network formation/drug resistance of gastric cancer cells enhanced by CAF-EVs in the ECM. A, Pathway analysis of RNA
sequencing and proteomics data from gastric cancer cells after CAF-CM treatment (RNA sequencing, 3 and 24 hours; proteomics, 24 hours). B and C,Western blots
showing the indicated proteins in gastric cancer cells with/without CAF-EVs (B) with siCTRL- or siANXA6-transfected CAF-EVs (C). The column graphs show the
quantification of p-FAK-to-FAK, YAP-to-b-actin, and p-AKT-to-AKT band intensity ratio, respectively (C). D–F, Western blots showing p-FAK and total
FAK expression in gastric cancer cells treated with/without 10 mmol/L FAK inhibitor and CAF-EVs (D), YAP expression in gastric cancer cells treated with/without
10mmol/L FAK inhibitor/1mmol/LYAP inhibitor andCAF-EVs (E), andp-AKT andAKTexpression in gastric cancer cells treatedwith/without 10mmol/LFAK inhibitor/
2 mmol/L AKT inhibitor and CAF-EVs (F). G, Morphology and network formation of gastric cancer cells after treatment with CAF-EVs and the FAK inhibitor
(10mmol/L). Scale bars, 500mm.H,Gastric cancer cell viability after treatmentwith CAF-EVs and the FAK inhibitor (10mmol/L). I,Morphology and network formation
of gastric cancer cells after treatment with CAF-EVs and the YAP inhibitor (1mmol/L). Scale bars, 500 mm. J,Gastric cancer cell viability after treatmentwith CAF-EVs
and the YAP inhibitor (1 mmol/L). K,Morphology and network formation of gastric cancer cells after treatment with CAF-EVs and the AKT inhibitor (2 mmol/L). Scale
bars, 500 mm. L, Gastric cancer cell viability after treatment with CAF-EVs and the AKT inhibitor (2 mmol/L). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 7.

FAK and YAP inhibitors markedly attenuate drug resistance enhanced by CAF-EVs in a mouse model of peritoneal metastasis. A–C, NUGC3 orthotopic xenografts
were injected intraperitoneally intomice. After 28 days, themicewere injected intraperitoneally with PBS (n¼ 12), PBS/cisplatin (n¼ 10), CAF-EVs (n¼ 9), and CAF-
EVs/cisplatin (n¼ 9) for 5 days. Two days after injection, the mice were euthanized, and the tumors were dissected and weighed (A). B, Images showing peritoneal
metastasis. Scale bars, 5 mm. C, Tumor weights. D and E, Representative hematoxylin and eosin (H&E) and TUNEL staining of peritoneal tumors from mice (D) and
quantification of TUNEL-positive cells (E). Scale bars, hematoxylin and eosin, 100 mm; TUNEL, 50 mm. F and G, NUGC3 orthotopic xenografts were injected
intraperitoneally in mice. After 21 days, siCTRL-transfected CAF-EVs/cisplatin (n ¼ 8) and siANXA6-transfected CAF-EVs/cisplatin (n ¼ 8) were injected
intraperitoneally for 5 days. Two days after injection, the mice were euthanized, and their tumors were dissected and weighed. F, Images showing peritoneal
metastasis. Scale bars, 5 mm. G, Tumor weights. H and I, NUGC3 orthotopic xenografts were injected intraperitoneally in mice. H, After 21 days, CAF-EVs/cisplatin/
PBS (n ¼ 7), CAF-EVs/cisplatin/FAK inhibitor (n ¼ 10), and CAF-EVs/cisplatin/YAP inhibitor (n ¼ 9) were injected intraperitoneally for 5 days. Two days after
injection, the mice were euthanized, and their tumors were dissected and weighed. I, Images showing peritoneal metastasis and tumor weights. Scale bars, 5 mm.
J, Proposed model of the relationship between CAFs and gastric cancer cells in the ECM. Arrowheads, peritoneal tumors. n.s., not significant; �, P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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stroma is a novel target for combination therapy with currently
available anticancer drugs.
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