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KEY WORDS Abstract  Stroma surrounding the tumor cells plays crucial roles for tumor progression. However, little
is known about the factors that maintain the symbiosis between stroma and tumor cells. In this study, we

Esophageal squamous cell . . . .
phagea’ squamou found that the transcriptional regulator-signal transducer and activator of transcription 3 (Stat3) was

Caiir:rlizrsr:i’iate d frequently activated in cancer-associated fibroblasts (CAFs), which was a potent facilitator of tumor ma-

fibroblasts: lignancy, and formed forward feedback loop with platelet-activating factor receptor (PAFR) both in CAFs
PAFR; and tumor cells. Importantly, PAFR/Stat3 axis connected intercellular signaling crosstalk between CAFs
Stat3; and cancer cells and drove mutual transcriptional programming of these two types of cells. Two central
G-protein-coupled Stat3-related cytokine signaling molecules-interleukin 6 (IL-6) and IL-11 played the critical role in the

receptor; process of PAFR/Stat3 axis-mediated communication between tumor and CAFs. Pharmacological inhibi-
JAK2; tion of PAFR and Stat3 activities effectively reduced tumor progression using CAFs/tumor co-culture
it?l xenograft model. Our study reveals that PAFR/Stat3 axis enhances the interaction between tumor and
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its associated stroma and suggests that targeting this axis can be an effective therapeutic strategy against
tumor malignancy.
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1. Introduction

Cancer-associated fibroblasts (CAFs), the activated fibroblasts,
constitute the major stromal components in many types of ma-
lignancies, especially epithelial-derived cancers'”. Accumulating
evidences suggest that CAFs are the master regulator of many
diverse stromal programs and cancer cell signaling pathways
through producing various cytokines, chemokines to create a
permissive track for tumor malignancy™. Especially, CAFs can
promote malignant progression of tumor via inducing prolifera-
tion, migration, lymph node metastasis, or chemoresistance of
tumor cells’ ®. Some stromal expression molecules, including
hydrogen peroxid-inducible clone 5 (HIC-5)°, Twist1'®, or nuclear
factor-kB (NF—KB)I ! can facilitate the tumor-promoting function
of CAFs and serve as diagnostic markers for solid tumors. How-
ever, the precise cellular and molecular mechanisms that connect
intercellular communications between stroma and cancer cells and
resultantly reinforce mutual reprogramming of these two types of
cells are still largely unknown.

Among various tumor-promoting transcriptional factors,
signal transducer and activator of transcription 3 (Stat3) is
ubiquitously expressed and activated by various stresses, such as
cytokines, chemokines, and several growth factors'> '*. Intra-
tumoral Stat3 activation has been shown to play a fundamental
role in tumor initiation and progression. Depletion of Stat3
markedly reduces growth, metastasis, angiogenesis, and other
important tumor related phenotypes'> . In clinical analyses,
activation of Stat3 is strongly related to disease progression in
mammary, colorectal, lung cancer, and so on'®!819 Stat3 is also
activated in the cellular components of tumor microenvironment.
Stromal Stat3 promotes tumour cell survival and angiogenesis via
modulating various cytokines production [for example, inter-
leukin 6 (IL-6), epidermal growth factor (EGF), transforming
growth factor 8 (TGF-g8) and vascular endothelial growth factor
(VEGF)]??'. Mechanistically, Stat3 is recruited, phosphorylated
by Janus kinases (JAKs) to translocate into the nucleus and
promotes the transcription of various essential tumor-promoting
genes expression’”. The activation of Stat3 is under the stimu-
lation of the signaling from proinflammatory cytokines, espe-
cially IL-6 and its family members, such as IL-11, and multiple
coordinated signaling proteins, including G protein-coupled re-
ceptors (GPCRs), Toll-like receptors (TLRs). Stat3 and its related
cytokines or signaling proteins form a tightly regulated feed-
forward feedback loop that takes Stat3 as the core to induce
the malignancy of tumor cells.

It is curious that whether activated stromal Stat3 plays a
complementary, and perhaps equally important role, in educating
the stroma to a protumorigenic state. Platelet-activating factor
receptor (PAFR), a G-protein-coupled receptor (GPCR) hyper-
activated in ESCC cells, has been reported to tightly correlate with
the activation of intratumoral signaling pathways and esophageal
squamous cell carcinoma (ESCC) malignancy®. However, the
possible molecular mechanisms of Stat3/PAFR axis-mediated
signaling crosstalk between cancer and stromal cells, as well as
its potential therapeutic implications are needed further explored.

2. Methods

2.1.  Antibodies and reagents

The exact information of antibodies and reagents was listed in
Supporting Information Table S1.

2.2.  Cell lines and transfection

The human ESCC cell lines-KYSE410, KYSE150 (generously
provided by Dr. Shemada of Kyoto University, Japan) were
cultured in complete Roswell Park Memorial Institute (RPMI)
1640 medium. Human primary ESCC cells and their paired CAFs
were purchased from CHI Scientific, Inc. (Jiangyin, China). All
cells were confirmed to be mycoplasma-free and maintained at
37 °C in a humidified 5% CO, incubator.

For knockdown experiments, short hairpin (sh) ribonucleic
acid (RNA) targeting human PAFR and Stat3 were used. The
exact information of shRNA sequence was shown in Supporting
Information Table S2. shRNAs were transfected using Lipofect-
amine 2000 into ESCC cells with 60% confluence following the
manufacturer’s protocol. Transfection mix solution was replaced
by RIPM 1640 containing 1 pg/mL puromycin for selection after
48 h. Stable cell line pcDNA3.1-Flag-PAFR D289A plasmid was
stably transfected into indicated ESCC cells, and transfection
efficacy was evaluated using immunoblotting.

2.3. Chromatin immunoprecipitation (ChIP)-on-chip

Primary ESCC cells and paired CAFs were crosslinked using 1%
formaldehyde for 10 min. Cells were put into lysis buffer after
washed with cold phosphate-buffered saline solution (PBS). Nu-
clear extracts were collected and chromatin fragments were ob-
tained using ultrasonicator. Then, sonicated chromatin was
resuspended in immunoprecipitation (IP) buffer and incubated
with 10 pg ChIP grade pStat3 Tyr’®® antibody overnight at 4 °C
30 pL of protein A/G beads were incubated with this IP for 4 h.
After washed four times, the DNA was then recovered by
reversing the crosslinks, and purified by Qiagen purification kit.
An unenriched sample of deoxyribonucleic acid (DNA) was
treated in a similar manner to serve as input. NimbleGen ChIP-
on-chip protocol (Nimblegen Systems, Inc., Madison, WI, USA)
was performed for promoter sequence. The reference sequence
human promoter array contained 2.7 kb sequence with 2.2 kb
representative of the proximal promoter region and 500 bp of the
5" terminal coding sequence (from National Center for Biotech-
nology Information Build 36; HG18). Arrays were hybridized and
scanned using Agilent Scanner G2505C. Raw data were extracted
as. txt files by Agilent Feature Extraction software (version
11.0.1.1) and deposited at the Gene Expression Omnibus (GEO)
database with an accession number GSE194415.
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2.4.  Microarray analysis

Total RNA of KYSEI150 cells and CAFs was extracted using
mirVana™ RNA isolation kit (Invitrogen, Cat# AM1561). Ob-
tained RNA (0.5 ng) was used for synthesis of Cyanine-3 (Cy3)-
labeled cRNA using the One-Color Low RNA Input Linear
Amplification PLUS kit (Agilent). Then RNAeasy column was
used for purification (Qiagen). Dye incorporation and cRNA yield
were checked with the NanoDrop ND-2000 spectrophotometer.
Microarray was conducted using Agilent SurePrint G3 Human
Gene Expression v3 (8 x 60 K). The hybridized arrays were
scanned with the Agilent Scanner G2505C microarray scanner,
and the data was extracted and normalized using Agilent Feature
Extraction software (version 10.7.1.1). Further data analysis was
performed using Agilent GeneSpring software (version 13.1). The
accession number of microarray data in the GEO database was
GSE194414.

2.5.  Patient information, tissue specimens and
immunohistochemistry (IHC)

Tissue specimens were obtained from patients with ESCC,
gastric and colon cancers. Our study was approved by the insti-
tutional Review Board of Peking University Cancer Hospital
(Beijing, China). For IHC assay, the tissue slides were depar-
affinized and antigens were retrieved in high pressure for 15 min
with 10 umol/L Tris-EDTA buffer (pH 9.0). Tissue slides were
incubated with the diluted primary antibodies (PAFR antibody
was diluted at 1:500, pStat3 Tyr’% antibody was diluted at 1:100,
a-SMA antibody was diluted at 1:3000) at 4 °C overnight. The
slides were then washed and incubated with the secondary anti-
body and stained by DAB substrate, counterstained with hema-
toxylin, dehydrated and counted. The staining of PAFR and
pStat3 Tyr’® in tissues was scored by the formula: the percent-
ages of positive cells (including: score 0, no positive cells; score
1, <10% positive cells; score 2, 10%—35% positive cells; score
3, 35%—75% positive cells; and score 4, >75% positive
cells) x the staining intensity (including: score 1, no staining;
score 2, light yellow staining; score 3, yellow brown staining; and
score 4, brown staining), scored as 0 to 16. Samples with a
staining score >8 were considered as high expression and sam-
ples with a staining score <8 were defined as low expression.

2.6. Xenograft studies

To evaluate the effect of PAFR/Stat3 axis between KYSE410 or
KYSE150 cells and CAFs on tumor growth, the indicated tumor
cells, PAFR shRNA, or Stat3 shRNA cells and the indicated CAFs
were co-injected subcutaneously into the flank of each animal
(n = S/group). The groups were as follows: tumor cells-shRNA
vector alone, tumor cells-shRNA vector + CAFs-shRNA vector,
CAFs-PAFR shRNA, or Stat3 shRNA, respectively; tumor cells-
PAFR shRNA alone, or +CAFs-shRNA vector, +Stat3 shRNA,
respectively; tumor cells-Stat3 shRNA alone, or +CAFs-shRNA
vector, +PAFR shRNA, respectively.

For evaluating the effect of PAF/PAFR inhibitor-etizolam and
Stat3 inhibitor- S3I-201 on tumor growth, tumor cells and CAFs
were co-inoculated subcutaneously into the right flank of each
animal (n = 5/group). When tumors reached approximately
80—100 mm®, treatments were initiated. The drug therapy was
performed with following categories (n = 5/group): etizolam low

or high dose (1 mg/kg/day or 10 mg/kg/day, daily oral gavage)
alone, S31-201 (25 mg/kg, daily oral gavage), low or high dose of
etizolam combined with S3I-201. Animals were randomized to
receive the above treatments. The inhibitory efficiency of each
agent alone or their combination was examined for approximately
26 days. Tumor sizes were calculated by Eq. (1):

Tumor size (mm®) = (Length x Width?) x 0.5 D

Animal handling and procedures were ethically approved by
the Animal Center, Peking University Cancer Hospital (Beijing,
China).

2.7.  Statistical analysis

The detailed information about statistic and methods is indicated
in figure captions, main text or methods. The measurements of all
statistical values were performed using Graphpad Prism 7.0
(GraphPad Software Inc., La Jolla, CA, USA), unless otherwise
described in the figure legends or methods. Error bars in the ex-
periments indicate standard deviation (SD) for a minimum of three
independent experiments.

Other methods were provided in “Supporting Information”
section.

3. Results

3.1.  Stat3 is activated in CAFs surrounding tumor cells

The activated form of Stat3-pStat3 Tyr'® is overexpressed in the
nuclear of tumor cells and associated with tumor malignant pro-
gression. To evaluate whether Stat3 is activated in tumor micro-
environment (TME), we used IHC assay to observe the staining
intensity of pStat3 Tyr’® in the nuclei of tumor-associated stroma
within clinical epithelial-derived gastrointestinal cancer samples,
including ESCC, gastric, colorectal, and rectal cancers. Stromal
cells exist in the interstitial spaces of cancer tissues. Tumor-adjacent
normal tissues were used for comparison in where invariably low or
negative nuclear pStat3 Tyr’® was staining. However, stromal cells
frequently present remarkable nuclear pStat3 Tyr’* staining in
close proximity to tumor cells (Fig. 1A—D).

«a-Smooth muscle actin (a-SMA), often as a marker for CAFs,
however, is not exist in normal fibroblasts>**>. We stained tumor
sections for pStat3 Tyr’®® and a-SMA using sequential slides. We
found that most of the pStat3 Tyr’® positive stromal cells coex-
isted with a-SMA (Fig. 1A—D). Furthermore, strong stromal
pStat3 Tyr’® expression was positively correlated with advanced-
stage, higher-grade tumor status and lymph node status of cancer
patients (Fig. 1E—H). Interestingly, results of Fig. IE—H reveal
that the expression of stromal pStat3 and proximity tumor pStat3
were tightly associated. Cancer patients were then divided into 4
groups based on stromal/tumor pStat3 expression levels. The
stromal pStat3 Tyr’® (high)/tumor pStat3 Tyr’ (high) group had
the shortest overall survival times, compared with other three
groups (Fig. IE—H).

3.2.  Stat3 regulates PAFR expression both in tumor and CAFs

To explore the functional relationship between tumor and CAFs
and to investigate whether this connection is under the control of
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Stat3, we analyzed the genome-wide transcriptional targets of
pStat3 Tyr’® both in three paired ESCC cells and CAFs extracted
from ESCC tissues through ChIP-on-chip method (Fig. 2A and
Supporting Information Table S3).

Following ChIP, pStat3 Tyr’®-associated DNAs were ampli-
fied using nonbiased conditions, labeled, and hybridized to an
oligonucleotide array covering 2.7 kb (—2.2 kb to +0.5 kb with
respect to transcription start sites) of annotated transcripts in the
NCBI database. The data from pStat3-binding DNAs both in
primary ESCC cells and CAFs were then analyzed for the iden-
tification of common targets, or cotargets. The identified cotargets
were as follows: cell growth and invasion-related molecules
(CDK2AP1, DPYSL2, EVPLL, FAMI13IA, HOXAII, HRAS,
PLXNAI, PTTGIIP, RHOA, STMN2, VILI, EPPKI, EPSSL2,
FAM168B, FHADI, ITSN2, TMEM40), ion channel (ASICI,
FXYD2, KCNHS5, KCNJ1I), protein kinase (AXL, CAMKK?2,

A

CDK2AP1, DPYSL2, EVPLL, FAM131A, B

MKNK?2), G-protein-coupled receptor (GPR55, PAFR), cytokine
signaling (CXCLI, HBEGF, IL6, IL11, IL7R), stress-induced
protein (HSPAIA, HSPAIL, HSPA4L), metabolism (ATP6VI,
CPTIC, HMGCS1, OSBPL2), transcriptional activity (DDX51,
EIF3J, LHX3, POLR2H, ZIC2), or stemness-related (E2F6,
CPEBI) molecules. The detailed results of the ChIP-on-chip ex-
periments were summarized in Supporting Information Table S3.
Among these detectable promoters, PAFR was consistently found
to be one of the most abundant Stat3-binding promoters.
Furthermore, quantitative ChIP (Fig. 2B), real-time polymerase
chain reaction (PCR) (Fig. 2C) and immunoblotting (Fig. 2D)
assays suggested that inhibition of Stat3 by either stable knock-
down of Stat3 or treatment with 25 pmol/L Stat3 inhibitor (S31-
201) effectively reduced PAFR expression at both transcriptional
and posttranscriptional levels in ESCC (including primary ESCC
cells and ESCC cell lines-KYSE410, and KYSE150) and CAFs.
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Stat3 activity in tumors and CAFs promotes PAFR expression. (A) Protocol of ChIP-on-Chip assay. Representative promoters and

pathways were illustrated. Representative pathways and related promoters were illustrated. (B) ChIP assay showing that pStat3 Tyr’* binding to
the PAFR promoter both in the indicated primary ESCC cells and ESCC cell lines-KYSE410 and KYSE150 and CAFs treated with control solvent
and 25 umol/L Stat3 inhibitor-S31-201. Data are shown as mean + SD (n = 3, **P < 0.01, ***P < 0.001, by two-tailed unpaired Student’s #-
test). (C, D) Real-time PCR (C) and immunoblotting (D) showing that the expression of PAFR mRNA (C) or protein (D) both in the indicated
primary ESCC cells and ESCC cell lines-KYSE410 and KYSE150 and CAFs treated with shRNA control vector and Stat3 shRNAs, or control
solvent and 25 pmol/L Stat3 inhibitor-S31-201. Data in bar graph are shown as mean + SD (n = 3, **P < 0.01, ***P < 0.001, by two-tailed

unpaired Student’s 7-test).



PAFR/Stat3 facilitates ESCC malignancy

699

These results indicate that Stat3 activity regulates PAFR abun-
dance in both tumor cells and CAFs. We also assessed whether
inhibition of Stat3 activity suppressed the transcriptional expres-
sion of some representative, including CPTIC, IL11, HBEGF,
OSBPL2, IL7R, ZIC2, CAMKK?2, IL6, AXL, and RHOA using real-
time PCR, and found that 25 pmol/L S31-201 effectively inhibited
the expression of molecules in KYSE410, or KYSE150 cells and
CAFs (Supporting Information Fig. STA—S1J).

Overexpression of PAFR was significantly correlated with
higher clinical stage of ESCC patients”’. We identified the positive
correlation between PAFR and pStat3 Tyr'® in gastrointestinal
cancers and their stroma (Supporting Information Fig.
S2A—S2H). The patients with strong coexpression of PAFR and
pStat3 Tyr’® in gastrointestinal cancers, or stroma had shortest
overall survival times according to Kaplan—Meier analysis
(Supporting Information Fig. S3A—S3D). Interestingly, PAFR or
pStat3 Tyr’% expression in tumors was positively correlated with
either pStat3 or PAFR expression in CAFs, respectively (Fig.
S2A—S2H). The stromal pStat3/tumor PAFR or tumor pStat3/
stromal PAFR group could also be used to effectively predict the
survival of patients (Fig. S3A—S3D).

3.3.  AFR induces Stat3 activity involving the formation of
tyrosine kinase 2 (Tyk2)/Janus kinase 2 (JAK2) heterodimer
complex

Our previous study has demonstrated that the level of PAF was
higher in ESCC tumors than adjacent normal tissues>. In present
study, we evaluated the concentration of PAF in KYSE410,
KYSE150 cells and CAFs using enzyme linked immunosorbent
assay (ELISA), and found that PAF was highly secreted from
these cells (Supporting Information Fig. S4). We found that PAF/
PAFR axis could stimulate Stat3 in ESCC cells®. To deeply
clarify how PAF/PAFR axis activated Stat3 signaling, we analyzed
the activity changes of JAK2 (the upstream tyrosine kinase of
Stat3) and Stat3 in indicated ESCC control cells or ESCC cells
treated with 100 nmol/L. PAF, or condition medium (CM) from
CAFs. JAK?2 or Stat3 activity was markedly increased following
100 nmol/L PAF or CAFs CM treatment in indicated ESCC cells
(Fig. 3A—C, Supporting Information Fig. S5A and S5B). How-
ever, depletion of PAFR or the antagonist of PAF-WEB2086
(50 pmol/L) effectively blocked PAF and CAFs-stimulated
JAK?2 or Stat3 activity in ESCC cells (Fig. 3A—C, Fig. S5A and
S5B).

PAFR associates with the Tyk2/JAK2 heterodimer complex
in a PAF-regulated manner in COS-7 cells”>*’. Tyk2 activates
JAK?2 via forming Tyk2/JAK?2 protein complex in myeloprolif-
erative neoplasms (MPN)?®. However, the existence of PAFR/
Tyk2/JAK2 protein complex and the role of PAFR on Tyk2-
activated JAK2 in solid tumor cells are unclear. We next
examined the physical association between PAFR/Tyk2/JAK2
complex, and found that PAFR co-existed in the same protein
complex with Tyk2 and JAK2 under the stimulation of
100 nmol/L. PAF or CAFs CM (Fig. 3D). Immunoprecipitation
assays showed that 50 pmol/L WEB2086 disrupted the forma-
tion of PAFR/Tyk2/JAK?2 protein complex or JAK?2 activation in
this complex induced by 100 nmol/L PAF or CAFs CM
(Fig. 3D). Results of Fig. 3E revealed that PAFR shRNA blocked
the formation of Tyk2/JAK2 complex and the activation of JAK2
in this protein complex. Furthermore, PAFR D289A mutant,
which inhibits PAFR to couple to G-proteins, was used to
evaluate whether the formation of Tyk2/JAK2 heterodimer

complex is dependent on the PAFR-activated small G-proteins.
Our results indicate that PAFR D289A mutant had no effect on
the formation of Tyk2/JAK2 heterodimer complex and JAK2
activation (Fig. 3F and G). Additionally, PAF or CAFs CM-
activated Stat3 could be inhibited by JAK2 inhib-
itors—ruxolitinib or fedratinib (Fig. 3H). Taken together, above
results demonstrate that PAFR formed complex with Tyk2 and
JAK2 to activate JAK2/Stat3 pathway in tumor cells. Further-
more, CM from KYSE410 or KYSE150 cells and 100 nmol/L
PAF promoted the assembly of PAFR/Tyk2/JAK2 complex in
CAFs (Supporting Information Fig. S6).

3.4.  Reciprocal regulation of PAFR/Stat3 signaling between
tumor and CAFs

To determine whether PAFR in tumor cells affected PAFR/Stat3
axis in CAFs, we compared PAFR and pStat3 abundance in CAFs
treated with the CM from PAFR-positive control or PAFR-
depleted tumor cells (Fig. 4A). CAFs were treated with the CM
from PAFR-depleted ESCC cells as compared with that from
PAFR-positive control ESCC cells, and our results found that
PAFR-positive KYSE410 or KYSE150 cells could induce the
expression of PAFR and the activation of Stat3 in CAFs, whereas
PAFR-depleted ESCC cells not (Fig. 4B). We then evaluated
whether the upregulation of PAFR from tumor cells to CAFs was
Stat3-dependent. The CM from PAFR-positive tumor cells upre-
gulate PAFR expression in Stat3-positive but not in Stat3-
knockdown CAFs (Fig. 4B). However, the CM from PAFR-
knockdown tumor cells produced no significant effects on PAFR
expression in CAFs with or without Stat3 (Fig. 4B). These results
suggest that PAFR-positive tumor cells could regulate Stat3-
dependent PAFR expression in CAFs.

Reciprocally, KYSE410 or KYSE150 cells growing in CM
from PAFR-positive control CAFs showed enhanced PAFR and
pStat3 expression compared with tumor cells cultured alone
(Fig. 4C and D). However, the CM from PAFR-depleted CAFs
could not effectively induce the activation of PAFR and Stat3 in
tumor cells, indicating that CAFs harboring high level of PAFR
can also regulate PAFR and pStat3 abundance in tumor cells
(Fig. 4D). Correspondingly, PAFR-positive CAFs could effec-
tively upregulate the NF-«kB activity in ESCC cells, broadening
the PAFR-activated signaling pathways under the TME milieu
(Fig. 4E).

We further examined whether abundant PAFR expression in
tumor cells would contribute to the secretion of Stat3-related
cytokines-IL-6 or IL-11 from CAFs (Fig. 4F). Results of Fig. 4G
demonstrate that CM from PAFR-positive ESCC cells enhanced
the secretion of IL-6 and IL-11 from CAFs, both of which were
Stat3-dependent. In addition, Fig. 4H reveals that IL-6, or IL-11
neutralizing antibody (Ab) inhibited the indicated ESCC cells
CM-induced PAFR and pStat3 expression in CAFs.

The secretion of IL-6 and IL-11 was upregulated from
KYSE410 and KYSEI150 cells cultured with the CM
from control CAFs, but not with that of PAFR-depleted CAFs
(Supporting Information Fig. S7). Moreover, CM from PAFR-
positive CAFs treatment effectively promoted the secretion of
IL-6 and IL-11 in control ESCC cells, but not in Stat3-depleted
ESCC cells (Fig. S7). Furthermore, adding IL-6, or IL-11 Ab
to in vitro culture of tumor cells reduced CAFs-mediated
PAFR and pStat3 abundance in ESCC cells, indicating that
cytokines are the major mediator of PAFR/Stat3 signaling
(Fig. 4D).
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Figure 3 PAFR induces Stat3 activity involving the formation of Tyk2/JAK2 heterodimer complex. (A) Silencing PAFR in two specific
shRNA-transduced stable ESCC cell lines analyzed by immunoblotting (right panel). GAPDH was used as a loading control. (B, C) The indicated
ESCC cells were treated with 100 nmol/L. PAF, or CM from CAFs. The JAK2 (B) or Stat3 (C) activity was assayed by JAK2 or Stat3 activation
quantitative ELISA. Data are shown as mean = SD (n = 5, ***P < 0.001, by two-tailed unpaired Student’s ¢-test). (D) Immunoprecipitation
assay revealed that 100 nmol/L PAF or CM from CAFs more effectively increased PAFR interacted with JAK2 and Tyk2 (upper panel) or the
activation of JAK2 (Tyr'%71998) in Tyk2/JAK2 complex (lower panel) both in KYSE410 and KYSE150 cells. PAF antagonist WEB2086
(50 umol/L) significantly disrupted the interaction between PAFR and JAK2 or Tyk2, or the activation of JAK2 (Tyr'®”1%%%) in Tyk2/JAK2
complex in KYSE410 or KYSE150 cells alone or treated with 100 nmol/L PAF or CM from CAFs. (E) Transfection of PAFR shRNA into the
indicated ESCC cells effectively disrupted the interaction between PAFR and JAK2 or Tyk2, or the activation of JAK2 (Tyr'%°7/1998) in Tyk2/JAK2
complex of ESCC cells treated with 100 nmol/L PAF or CM from CAFs. (F) PAFR D289A plasmid transfected into KYSE410 and
KYSE150 cells and immunoblotting was applied for evaluating the transfection efficacy. GAPDH was used as a loading control. (G) Transfection
of PAFR D289A plasmid into the indicated ESCC cells did not disrupt the interaction between Tyk2 and JAK2 and block the activation of JAK2
(Tyr'%71908y in Tyk2/JAK2 complex. (H) JAK2 inhibitors (5 pmol/L ruxolitinib, 5 pmol/L fedratinib) effectively inhibited 100 nmol/L PAF or
CM from CAFs-activated JAK2/Stat3 signaling in KYSE410 and KYSE150 cells. Data in bar graph are shown as mean £ SD (n = 5,
%P < 0.001, by two-tailed unpaired Student’s z-test).
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Figure4 Reciprocal regulation of PAFR and Stat3 between ESCC and CAFs. (A) Protocol of immunoblotting assay. (B) Immunoblotting showing
that the expression of pStat3 Tyr’*, Stat3, or PAFR in CAFs harbored with StRNA control vector or Stat3 shRNA incubated in the presence or absence
of the CM from KYSE410 or KYSE150 cells transfected with shRNA control vector or PAFR shRNA. (C) Protocol of immunoblotting and NF-«B
activity assay. (D) Immunoblotting showing that the expression of pStat3 Tyr705 , Stat3, or PAFR in KYSE410 or KYSE150 cells harbored with shRNA
control vector or Stat3 shRNA incubated in the presence or absence of the CM from CAFs transfected with shRNA control vector or PAFR shRNA. (E)
NF-«B p65 transcription factor activity assay indicating that NF-«B activity in KYSE410, KYSE150 alone or in the presence of the CM from CAFs
transfected with shRNA control vector or PAFR shRNA. Data are shown as mean + SD (n = 6, ***P < 0.001, by two-tailed unpaired Student’s ¢-test).
(F) Protocol of ELISA. (G) ELISA showing that the secreted-IL-6 or IL-11 in the supernatant of CAFs harbored with shRNA control vector or Stat3
shRNA incubated with/without the CM from KYSE410 and KYSE150 cells transfected with shRNA control vector or PAFR shRNA. Data are shown
asmean =+ SD (n = 3, **P < 0.01, ***P < 0.001, ns. represents no significant difference, by two-tailed unpaired Student’s z-test). (H) Immunoblotting
showing that the expression of pStat3 Tyr’®, Stat3, or PAFR in CAFs treated with CM from the indicated ESCC cells alone or in the presence of IL-6,
or IL-11 neutralizing antibody (10 pg/mL). (I) Inmunoblotting showing that the expression of pStat3 Tyr’*, Stat3, or PAFR in KYSE410, KYSE150,
alone or in the presence of CAFs CM co-treated with control solvent, IL-6, or IL-11 neutralizing antibody (10 pg/mL).
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3.5.  PAFR/Stat3 signaling in tumor cells and CAFs coordinately using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
promotes tumor progression (4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay in vitro. As

shown in Fig. 5A and B, ESCC cells cultured with the CM from
We further evaluated the contribution of PAFR/Stat3 crosstalk be- CAFs displayed stronger growth ability compared with ESCC cells
tween ESCC and CAFs to the malignant proliferation of ESCC cells alone. However, ESCC cells cultured with the CM from Stat3 or
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Figure 5 Crosstalk of PAFR/Stat3 signaling between ESCC cells and CAFs promotes tumor malignancy in vitro. (A) Protocol of cellular
assays. (B) MTS assay indicating that KYSE410, KYSE150 cells or their Stat3, or PAFR shRNA counterpart cells were incubated with the CM
from control CAFs, Stat3, or PAFR shRNA CAFs, respectively for 4 days. Data are shown as mean & SD (n = 6, ***P < 0.001, ns. represents no
significant difference, by two-tailed unpaired Student’s #-test). (C) Colony formation assay indicating that KYSE410, KYSE150, or their Stat3, or
PAFR shRNA counterpart cells were incubated with the CM from control CAFs, Stat3, or PAFR shRNA CAFs, respectively for 10 days. (D)
Quantitation of colony formation in (C). Data in bar graph are shown as mean £ SD (n = 3, **P < 0.01, ***P < 0.001, ns. represents no
significant difference, by two-tailed unpaired Student’s #-test). (E) Soft agar assay. KYSE410, KYSE150 cells or their Stat3, or PAFR shRNA
counterpart cells were incubated with the CM from control CAFs, Stat3, or PAFR shRNA CAFs, respectively, for 8 days. Data in bar graph are
shown as mean + SD (n = 5, ***P < 0.001, ns. represents no significant difference, by two-tailed unpaired Student’s #-test). (F) Schematic of
invasion assay. (G) Transwell assay indicating that KYSE410, KYSE150, or their Stat3, or PAFR shRNA counterpart cells (upper chamber) were
plated alone or cocultured with control CAFs, CAFs Stat3, or PAFR shRNA (lower chamber) in Transwell apparatus with 8 pm pore size for 16 h.
Data are shown as mean £+ SD (n = 5, ***P < 0.001, ns. represents no significant difference, by two-tailed unpaired Student’s #-test).
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PAFR-depleted CAFs could not enhance the growth ability
compared with ESCC cells alone. Furthermore, PAFR or Stat3
depletion substantially suppressed proliferation of ESCC cells. The
CM from CAFs, Stat3, or PAFR-depleted CAFs could not enhance
the proliferation of PAFR, or Stat3-depleted ESCC cells. Similar
results were also obtained in anchorage-dependent or independent
colony formation assay (Fig. SC—E).

Boyden chambers were applied to examine the invasion of
ESCC cells by plating them on matrigel-coated inserts with CAFs
in the lower wells (Fig. 5F). As shown in Fig. 5G, control CAFs
effectively enhanced the invasiveness of the indicated ESCC cells
compared with ESCC cells alone, whereas not the Stat3, or PAFR-
depleted CAFs. PAFR or Stat3 depletion effectively inhibited the
invasion of ESCC cells compared with control ESCC cells
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Figure 6 PAFR/Stat3 axis drives mutual transcriptional programming of ESCC cells and CAFs. (A) Schematic showing that control, Stat3 or
PAFR shRNA KYSE150 cells (lower chamber) co-cultured with control, Stat3 or PAFR shRNA CAFs (upper chamber) in Transwell apparatus
with 0.4 pm pore size for 24 h. RNA was extracted from the indicated KYSE150 cells and subjected to microarray assay. (B) Heatmap repre-
senting upregulated expression of genes (fold change >2) of KYSE150 cells cocultured with indicated CAFs vs. KYSE150 cells alone. The
expression of these upregulated genes was not significantly activated (fold change <2) in KYSE150 cells co-cultured with Stat3 or PAFR shRNA
CAFs. (C) Heatmap representing downregulated expression of genes (fold change >2) of PAFR or Stat3 shRNA KYSEI50 cells vs. control
shRNA KYSE150 cells. The expression of these downregulated genes was not significantly activated (fold change <2) in PAFR or Stat3 shRNA
KYSE150 cells co-cultured with CAFs. (D) Schematic showing that control, Stat3 or PAFR shRNA CAFs (lower chamber) co-cultured with
indicated KYSE150 cells (upper chamber) in Transwell apparatus with 0.4 pm pore size for 24 h. (E) Heatmap representing downregulated
expression of genes (fold change >2) of PAFR or Stat3 shRNA CAFs vs. control shRNA CAFs. The expression of these downregulated genes was
not significantly activated (fold change <2) in PAFR or Stat3 shRNA CAFs co-cultured with KYSE150 cells.
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Figure 7  Crosstalk of PAFR/Stat3 signaling between ESCC cells and CAFs promotes tumor malignancy in vivo. (A) ESCC and CAFs co-
injection xenograft model. (B, C) Tumor volume of mice bearing KYSE410 (B), KYSE150 (C) tumors or their Stat3, or PAFR shRNA coun-
terpart tumors alone or co-injection with CAFs, CAFs Stat3, or PAFR shRNA cells in 26 days. Data are shown as mean + SD (n = 5, *P < 0.05,
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(Fig. 5G). Furthermore, control CAFs, Stat3, or PAFR-depleted
CAFs co-cultured with ESCC cells could not enhance the inva-
sion of PAFR, or Stat3-depleted ESCC cells (Fig. 5G).

3.6. Stromal PAFR/Stat3 axis drives a transcriptional program
in tumor cells that promotes malignant phenotypes

Co-culture system (Transwell apparatus with 0.4 pm pore size)
was used to evaluate the effect of CAFs on the expression of
tumor-promoting-related genes in ESCC cells, the upper chamber
was plated with CAFs, and the lower chamber was cultured with
KYSE150 cells (Fig. 6A). The RNA of KYSE150 cells was
extracted and hybridized it to gene expression arrays. The
expression of genes altered by > 2-fold was considered signifi-
cant, and the enriched upregulation gene set was mainly related to
cytokine signaling, chemokine signaling, invasion and metastasis
signaling, proliferation signaling, and inflammation signaling
(Fig. 6B and Supporting Information Table S4). However, PAFR
or Stat3 knockdown CAFs could not significantly upregulate the
control CAFs-stimulated gene expression in KYSE150 cells,
compared to KYSE150 cells alone (Fig. 6B and Supporting In-
formation Tables S5 and S6).

Depletion of PAFR or Stat3 in KYSE150 cells was observed to
effectively inhibit the expression of genes involved in cell cycle
signaling, proliferation signaling, invasion and metastasis
signaling, metabolism, cytokine signaling, and DNA repair
signaling, compared with KYSE150 cells alone (Fig. 6C, and
Supporting Information Tables S7 and S8). Importantly, CAFs
could not significantly upregulate the expression of above PAFR or
Stat3 depletion-inhibited genes in ESCC cells (Fig. 6C, Supporting
Information Tables S9 and S10). Thus, in fibroblasts, PAFR/Stat3
axis stimulates a transcriptional program likely to promote tumor
progression via stimulating the expression of intratumoral PAFR/
Stat3 pathway-controlled tumor malignant genes.

3.7.  Stromal PAFR/Stat3 signaling drives a transcriptional
program in CAFs that supports malignant cells

We further investigated how co-culture with ESCC cells affects
PAFR/Stat3 axis-dependent gene expression in stromal fibroblasts.
We collected the CAFs cells from the lower chamber of Transwell
apparatus with 0.4 um pore size, extracted RNA, and hybridized it
to gene expression arrays. The upper chamber of Transwell
apparatus was plated with KYSE150 cells (Fig. 6D). Co-culture
with ESCC cells upregulated a series cluster of genes in CAFs,
involved in cytokine signaling, chemokine signaling, invasion and
metastasis signaling, metabolism and growth (Supporting Infor-
mation Table S11).

Co-downregulated genes in PAFR or Stat3-depleted CAFs
were included cell cycle signaling, proliferation signaling, and
cytokine signaling, compared with CAFs alone (Fig. 6E, and

Supporting Information Tables S12 and S13). Importantly,
KYSE150 cells co-culture could not upregulate the expression of
above downregulated genes in PAFR or Stat3-depleted CAFs,
respectively compared with these two CAFs alone (Fig. OE,
Supporting Information Tables S14 and S15). Thus, stromal fi-
broblasts respond to ESCC cells in a manner that supports tumor
malignancy, whereas depletion of PAFR/Stat3 axis in CAFs does
not support for ESCC malignant progression.

3.8.  PAFR/Stat3 crosstalk between tumor and CAF's contributes
to the malignant progression of tumor in vivo

To further determine whether PAFR/Stat3 crosstalk between
ESCC and CAFs contributes to the malignant progression of
ESCC in vivo, we co-implanted KYSE410 or KYSE150 cells
subcutaneously into mice with PAFR/Stat3-positive control or
PAFR/Stat3-knockdown CAFs (Fig. 7A). CAFs effectively
induced tumor growth of ESCC compared with ESCC tumor alone
(Fig. 7B and C, Supporting Information Fig. S8A and S8B).
However, without PAFR/Stat3 axis in CAFs, ESCC tumor failed
to grow compared with ESCC cells co-injected with control CAFs.
Furthermore, PAFR-depleted ESCC tumors grew slower than
control ESCC tumors, and CAFs could not effectively facilitate
the growth of PAFR-depleted ESCC tumors. Similarly, Stat3-
depleted ESCC tumors grew slower than control ESCC tumors
even co-injected with CAFs. The malignant progression of ESCC
tumors was also reflected by the proliferative (Ki67 index),
angiogenetic (platelet endothelial cell adhesion molecule 1;
PECAMI1/CD31 expression), or lymphangiogenetic (lymphatic
vessel endothelial hyaluronic acid receptor 1 (LYVE1) expression)
marker (Fig. 7D—F). Our data indicate that the mutual regulation
of PAFR and Stat3 between tumor cells and CAFs that synergis-
tically induce tumor malignancy.

3.9. PAFR and Stat3 inhibitors synergize in suppressing tumor
growth in vivo

It was crucial to investigate whether the synergistic inhibition of
PAFR/Stat3 axis between tumor and CAFs could produce tumor-
suppressing effect. ESCC tumor cells were co-injected with CAFs
subcutaneously into the right flank of nude mice. When tumors
reached approximately 80—100 mm?®, mice were treated with
Stat3 inhibitor—S3I-201 (25 mg/kg, daily oral gavage), PAF/
PAFR inhibitor—etizolam (1 or 10 mg/kg/day, daily oral gavage),
and S3I-201 plus etizolam (two combination groups: 25 mg/kg/
day S3I-201 plus 1 mg/kg/day etizolam, and 25 mg/kg/day S3I-
201 plus 10 mg/kg/day etizolam, respectively) (Fig. 7G). Our
results demonstrate that the cotreatment of S31-201 and etizolam
caused a considerably decreased tumor volume in comparison
with both low and high doses of each agent alone (Fig. 7H and I,
Supporting Information Fig. S8C and S8D). Furthermore,

*#*P < 0.01, ¥**P < 0.001, ns. represents no significant difference, by two-tailed unpaired Student’s #-test). (D—F) Ki-67 (D), CD31 (E), LYVEI1
(F) index was used to quantitatively analyze the proliferative ability, angiogenesis, lymph vessel formation of xenografted tumors. Data are shown
asmean + SD (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, ns. represents no significant difference, by two-tailed unpaired Student’s z-test). (G)
ESCC and CAFs co-injection xenograft model with different drugs treatment. (H, I) Tumor volume of mice bearing KYSE410 (H) or KYSE150
(I) co-injection with CAFs treated with lower (1 mg/kg/day, daily oral gavage) or higher (10 mg/kg/day, daily oral gavage) dose of etizolam
(PAFR inhibitor), Stat3 inhibitor-S31-201 (25 mg/kg/day, daily oral gavage) alone or their combination in 26 days. Data are shown as
mean £+ SD (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, by two-tailed unpaired Student’s #-test). (J—L) The expression of Ki-67 (J), CD31 (K),
LYVELI (L) was applied to analyze the proliferative ability, angiogenesis, lymph vessel formation of xenografted tumors using ELISA. Data are
shown as mean £ SD (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, by two-tailed unpaired Student’s #-test).
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combination of S3I-201 and etizolam effectively inhibited the
expression of Ki67, CD31 and LYVEl in ESCC tumors
(Fig. 7J—-L).

We assessed the serum level of IL-6 and IL-11 in ESCC/CAFs
coinjection mouse model, and found that co-injection CAFs with
KYSE410 or KYSE150 cells could effectively upregulate the
serum concentration of IL-6 and IL-11, compared with KYSE410
or KYSE150 cells alone (Supporting Information Fig. S9A and
S9B). Importantly, Inhibition of PAFR/Stat3 axis by the combi-
nation of etizolam and S31-201 effectively decreased the serum
level of IL-6 and IL-11 in ESCC cells/CAFs coinjection mouse
model (Supporting Information Fig. SOC and S9D).

4. Discussion

The mechanism of symbiotic relationship between tumor and
stroma are complicated. In the present study, we demonstrated that
Stat3 played a key role in facilitating the stroma from a tumor-
repressive environment to a supportive one by transcriptional
reprogramming. The activated stromal Stat3 was tightly correlated
with poor outcome in human gastrointestinal cancers, including
ESCC, gastric, colorectal, and rectal cancers. Using high-
throughput screening we found that several promoters were co-
empowered by Stat3 both in tumor cells and CAFs. These mole-
cules were involved in cell growth and invasion, metabolism,
transcriptional activity, ion channel, protein kinase, stemness,
cytokine signaling or stress-induced proteins, suggesting that
cancer cells and stromal cells may possibly produce the similar
biological effect to maintain the symbiotic status between tumor
and stroma under the microenvironmental stress. Among these
detected promoters, we focused on the PAFR gene promoter, a
critical molecule was hyperactivated in these gastrointestinal
cancers according to our previous study®®, and showed that the
significantly clinical correlation between pStat3 and PAFR in
tumor cells and stromal CAFs. Taken together, our study high-
lights that PAFR/Stat3 signaling may possibly be the driving force
to facilitate the communication between tumor cells and stroma.
Further mechanical investigations on the other Stat3-regulated
promoters are critical for our understanding of the interaction
between tumor and stroma.

Stat3 supports the malignant of tumor cells in a multitude of
ways, including cell cycle, DNA repair, metabolism, and pro-
liferation”® *?, especially interacting with GPCRs and various
tyrosine kinases to induce tumor progression® ~°. Qur previous
work has entirely focused on tumor autonomous PAFR-related
signaling pathways>. In the present study, we reveal that the
stromal PAFR/Stat3 axis facilitated pathways that are also benefit
to the malignancy, including angiogenesis, ECM organization,
adhesion, and migration. Combination with the results that PAFR/
Stat3 axis-regulated transcriptional program in tumor cells, our
data suggest that stromal Stat3 facilitates a reciprocal symbiosis
between stroma and cancer cells, and the coordination of Stat3
between tumor cells and stroma fuels the malignant state. Mech-
anistically, the crosstalk of PAFR/Stat3 signaling between tumor
cells and CAFs was also observed and can be, at least partly,
mediated by Stat3-dependent IL-6 and IL-11 secretion. On ac-
count of directly upregulating PAFR expression, the activated
Stat3 was modulated by these two defined cytokines, exerted an
effect on tumor cells and CAFs to respond to PAF. Taken together,
these findings indicate that activated-PAFR/Stat3 axis between
tumor and CAFs can act in positive feedback loops to induce a

reciprocal communication between tumor and stroma. This sym-
biotic relationship between CAFs and cancer cells instructs a
tumor/microenvironment ecosystem that facilitates malignant
progression of cancer.

Our previous study reported that the important inflammation-
associated transcriptional factor-NF-«B can also actively form
feed-forward activation loop with PAFR in ESCC cells”*. Here, we
found that the expression status of PAFR in CAFs could also
determine the activity of NF-xB in ESCC cells, indicating that
stromal PAFR signaling can also regulate the PAFR-controlled
pathways in ESCC cells. Maintenance of NF-«kB activity in tu-
mors requires persistent Stat3 activation, which prolongs NF-«xB
nuclear retention and interfere with NF-kB nuclear export®*%.
Correspondingly, CAFs can upregulate various NF-xB-related
molecules in tumor cells, whereas not the PAFR and Stat3-depleted
CAFs. Therefore, our study highlights that PAFR/Stat3 axis in both
tumor cells and CAFs can master two inflammatory factors and
may synergistically mediate cancer-related inflammation.

It appears that GPCRs can utilize tyrosine kinases to exert their
cellular effects®™*°. Therefore, we further attempted to demon-
strate the tyrosine kinases—JAKs-related mechanism of PAFR-
activated Stat3. Our results show that PAFR, independent of its
coupled small G proteins, formed protein complex with Tyk2/
JAK?2 under the stimulation of PAF or CAFs, indicating that the
physiological importance of PAFR on the activation of JAK2/Stat3
signaling under the microenvironment stress. Formation of Tyk2/
JAK2 heterodimerization can induce the resistance of MPN cells
to JAK2 inhibitors®®. However, the biological significance of
Tyk2/JAK2 in solid tumors is still unclear. Present study confirms
that the existence of Tyk2/JAK2 heterodimerization in solid tumor
and further shows that PAFR is the critical initiator for facilitating
the formation of this heterodimerization. Taken together, our re-
sults demonstrate that PAFR/Tyk2/JAK?2 heterodimerization can
promote the activation of JAK2/Stat3 signaling and provide a
novel mechanism of oncogenic driver-mediated assembly of Tyk2/
JAK?2 protein complex under microenvironmental stress.

Furthermore, different from other oncogenic receptors, GPCRs
can seemingly not be self-activated. Its functional activation re-
quires the presence of ligand*'**>. Meanwhile, the expression of
PAFR is the rate-limiting factor in the activation of PAF/PAFR
cascade by virtue of the kinetics of PAF and PAFR binding fea-
tures an extremely slow off-rate. Correspondingly, regulation of
PAFR levels in both tumor and CAFs cells can also regulate the
Stat3 activity in other cells, further indicating that cancer cells and
their microenvironments can effectively rewire and reprogram the
signaling pathways to coordinate to induce tumor progression.
According to these believes, the synergistic interaction between
etizolam, a specific PAF/PAFR antagonist with anti-anxiety ac-
tivity and classical Stat3 inhibitor-S31-201, were observed on
tumor growth in vivo with tumor cocultured with CAFs xenograft
model. We used lower doses of etizolam and S31-201 to demon-
strate synergy for particular co-culture of tumor and its micro-
environment model in xenograft model, and observed a dramatic
grow-inhibitory effect on tumors when lower doses of etizolam
and S31-201 were combined compared with each agent alone even
at their higher dose combination. Correspondingly, these results
strengthen the possibility of adding agents that are comparatively
nontoxic to the specific pathway inhibitors to the treatment of
solid tumors. The hyperexpression of PAFR both in ESCC and
stroma has significant diagnostic implication. Evaluation of PAFR
expression in both ESCC cells and stroma may assist to guide
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Proposed model of coinhibition of PAFR and Stat3 axis suppresses ESCC malignancy. PAFR/Stat3 axis mediates the crosstalk of

signaling pathways between CAFs and tumor cells, and drives similar downstream signaling networks in transcription. IL-6 and IL-11 play key
roles in PAFR/Stat3 axis-mediated crosstalk between tumors and CAFs. Coinhibition of PAFR and Stat3 activities effectively blocked the

progression of tumor.

treatment choices in different stages of ESCC, where currently
there are no reliable biomarkers for judging the malignant
extent™. Our findings indicate that PAFR activated both in stroma
and ESCC cells provide opportunity for exploring co-owned
biomarkers in tumor and TME that not relying solely on the tar-
geting of mutated intratumoral molecules.

5. Conclusions

Our findings suggest that PAFR-mediated tumor microenviron-
ment modulation and tumor malignant progression is at least in
part mediated by Stat3. Many tumor-promoting cytokines not only
activate Stat3 but also interacts with PAF/PAFR axis, and PAF/
PAFR/Stat3 in turn promotes the production of these cytokines,
thus linking Stat3 signaling directly with the PAF/PAFR axis in
the tumor microenvironment milieu. Their co-regulation in both
tumor cells and stromal cells may have profound biological and
therapeutic implications for cancer and other inflammatory dis-
eases (Fig. 8).
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