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Abstract

Loss of AT-interacting domain-rich protein 1A (ARID1A) frequently occurs in human
malignancies including lung cancer. The biological consequence of ARID1A mutation
in lung cancer is not fully understood. This study was designed to determine the ef-
fect of ARID1A-depleted lung cancer cells on fibroblast activation. Conditioned media
was collected from ARID1A-depleted lung cancer cells and employed to treat lung
fibroblasts. The proliferation and migration of lung fibroblasts were investigated. The
secretory genes were profiled in lung cancer cells upon ARID1A knockdown. Antibody-
based neutralization was utilized to confirm their role in mediating the cross-talk be-
tween lung cancer cells and fibroblasts. NOD-SCID-IL2RgammaC-null (NSG) mice
received tumor tissues from patients with ARID1A-mutated lung cancer to estab-
lish patient-derived xenograft (PDX) models. Notably, ARID1A-depleted lung cancer
cells promoted the proliferation and migration of lung fibroblasts. Mechanistically,
ARID1A depletion augmented the expression and secretion of prolyl 4-hydroxylase
beta (P4HB) in lung cancer cells, which induced the activation of lung fibroblasts
through the p-catenin signaling pathway. P4AHB-activated lung fibroblasts promoted
the proliferation, invasion, and chemoresistance in lung cancer cells. Neutralizing
P4HB hampered the tumor growth and increased cisplatin cytotoxic efficacy in two
PDX models. Serum P4HB levels were higher in ARID1A-mutated lung cancer patients
than in healthy controls. Moreover, increased serum levels of P4AHB were significantly
associated with lung cancer metastasis. Together, our work indicates a pivotal role
for PAHB in orchestrating the cross-talk between ARID1A-mutated cancer cells and
cancer-associated fibroblasts during lung cancer progression. PAHB may represent a

promising target for improving lung cancer treatment.
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1 | INTRODUCTION

Lung cancer is one of the most lethal malignancies, with a 5years
overall survival rate of less than 20%.! Whole-genome sequencing
studies have revealed the mutational landscape of lung cancer and
shed light on cancer development and progression.? AT-interacting
domain-rich protein 1A (ARID1A) gene is found to be frequently mu-
tated in multiple human cancers including lung cancer.®® The muta-
tions in ARID1A are mainly distributed throughout the coding region,
resulting in a premature stop codon or frameshifts.® Thus, inactivat-
ing ARID1A mutations often cause loss of ARID1A protein expres-
sion. As a key component of the switch/sucrose non-fermentable
(SWI/SNF) complex, ARID1A functions as an epigenetic regulator to
promote or repress gene trans4:ription.4 In lung cancer, mutational
inactivation of ARID1A promotes cancer cell proliferation and inva-
sion and correlates with a poor prognosis.® Loss of ARIDIA in lung
adenocarcinoma can facilitate tumorigenesis by enhancing glycoly-
sis.> These studies indicate that ARID1A mutation is a driving factor
for lung cancer progression.

Cancer-associated fibroblasts (CAFs) are a key element of the
tumor microenvironment (TME). The cross-talk between cancer
cells and CAFs is indispensable for cancer development and progres-
sion.””? Cancer cells are capable of secreting lactate to drive CAF
activation, which in turn promotes tumorigenesis.9 Colorectal can-
cer cells can release HSPC111 to modulate lipid metabolism in CAFs,
consequently promoting liver metastasis.® In lung cancer, CAFs can
orchestrate various aspects of cancer biology, including prolifera-
tion, migration, invasion, epithelial-mesenchymal transition (EMT),
and chemoresistance.’°*2 Hence, understanding the reciprocal in-
teractions between cancer cells and CAFs is of importance in devel-
oping effective therapeutic approaches for lung cancer.

Prolyl 4-hydroxylase beta (P4HB, also known as PDIA1) is a
member of the protein disulfide isomerase (PDI) family. PDIs con-
sist of multiple thioredoxin-like domains and can catalyze disulfide
formation and isomerization in target proteins localized in the endo-
plasmic reticulum, thus modulating protein homeostasis.*® Previous
studies have linked P4HB to cancer progression.**° It is aberrantly
expressed in a variety of human cancers such as esophageal can-
cer,14 liver cancer,15 and lung cancer.'® Knockdown of P4HB atten-
uates the migration, invasion, and chemoresistance of liver cancer
cells.’ In bladder cancer, silencing of P4HB increases the chemo-
sensitivity to gemcitabine.r” However, the function of P4HB in lung
cancer is still unclear.

It has been documented that ARID1A loss in cancer cells leads
to remodeling of the immunosuppressive microenvironment.*81?
Mutation of ARID1A impairs T cell tumor infiltration and contributes
to immune evasion.!® These findings encourage us to hypothesize
that ARID1A-mutated cancer cells might regulate the activation of
CAFs and establish a favorable niche for cancer progression. In the
present study, we demonstrate that ARID1A-depleted lung cancer
cells can promote lung fibroblast activation through secretion of
P4HB. The P4HB-activated lung fibroblasts support a more aggres-
sive phenotype in lung cancer cells.

2 | MATERIALS AND METHODS

2.1 | Cellculture

A549 and H1299 lung cancer cells were cultured in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS; Invitrogen). MRC5 human lung fibroblasts were
purchased from the American Type Culture Collection and cultured
in Eagle's Minimum Essential Medium supplemented with 10% FBS
(Sigma-Aldrich). Isolation of primary human lung fibroblasts was per-
formed as described previously.?° Briefly, fresh normal lung tissues
adjacent to lung carcinoma tissues were obtained during surgery and
minced to pieces. Then the tissue fragments were digested using
0.1% type | collagenase (Sigma-Aldrich) at 37°C. The mixture was
cultured in DMEM/F12 with 10% FBS for 48h, and the unattached
cells were removed. The adherent cells were collected as primary
lung fibroblasts.

2.2 | ARID1A short hairpin RNAs (shRNAs),
CTNNB1 small interfering RNAs (siRNAs), and
transfection

Two independent ARID1A shRNAs were cloned into the pLKO.1 puro
vector, with the target sequences as follows: shARID1A#1: 5-TAATG
CCTTGCCCAATGCCAA-3’; shARID1A#2: 5-ACATGACCTATAAT
TATGCCA-3'. The ARID1A shRNAs were transfected into lung can-
cer cells using Lipofectamine 3000 (Invitrogen). Medium containing
puromycin was used for selection of cells carrying ARID1A shRNAs.
The sequences of the siRNAs used were as follows: siCTNNB1: 5'-
GGAUGUUCACAACCGAAUULtt-3’; siP4HB#1: 5-CAGGACGGUCA
UUGAUUACLtt-3’; siP4HB#2: 5-AAGAUGAACUGUAAUACGCtt-3'.
The siRNAs were transfected using Lipofectamine 3000 at a final

concentration of 40nM.

2.3 | Quantitative real-time PCR
(gRT-PCR) analysis

Total RNA was isolated using the TRIzol reagent (Invitrogen)
and converted to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Invitrogen). Quantitative PCR reactions were done
using the SYBR green reagent (Invitrogen) on an ABI Prism 7000HT
sequence detection system. The PCR primer sequences are shown
as follows:

ARID1A forward 5-CCTGAAGAACTCGAACGGGAA-3’, ARID1A
reverse 5-TCCGCCATGTTGTTGGTGG-3’; a-SMA forward 5
TTACTACTGCTGAGCGTGAGATT-3', a-SMA reverse 5-CTTCT
CAAGGGAGGATGAGGATG-3'; FAP forward 5-CCAGAATGTTT
CGGTCCTGT-3, FAP reverse 5-CGAAATGGCATCATAGCTGA-3;
P4HB forward 5-CTCGACAAAGATGGGGTTGT-3’, P4HB reverse 5'-
GCAAGAACAGCAGGATGTGA-3’; GAPDH forward 5-GGAGCGAG
ATCCCTCCAAAAT-3', GAPDH reverse 5-GGCTGTTGTCATACTTC



HUANG ET AL.

= 441
Cancer Science XIS ane

TCATGG-3". Gene expression was determined after normalization
to GAPDH.

2.4 | qRT-PCR array

gRT-PCR array was used to profile the expression of 84 genes
that have the potential to encode secretory proteins and are in-
volved in cancer progression. Briefly, cDNAs reverse transcribed
from RNA samples were mixed with PCR master mix and subjected
to gRT-PCR analysis. The relative mRNA expression levels were
determined after normalization against five endogenous control

genes.

2.5 | Western blot analysis

Whole-cell lysis was performed in radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitors (Beyotime
Biotechnology). Equal amounts of protein were separated in so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Membranes were
blocked in 5% fat-free milk and incubated overnight at 4°C with
primary antibodies against ARID1A (Cell Signaling Technology),
P4HB (Abcam), nonphospho (active) p-catenin (Cell Signaling
Technology), p-catenin (Cell Signaling Technology), and GAPDH
(Cell Signaling Technology). After washing, the membranes
were incubated with appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling Technology). The
protein signals were probed using enhanced chemiluminescence
reagents (Cell Signaling Technology).

2.6 | Preparation of conditioned medium
To prepare conditioned medium, 2x10° cells were cultured in
serum-free medium for 24 h. The conditioned medium was collected,

centrifuged, and filtered through a 0.22-um filter before use.

2.7 | Enzyme-linked immunosorbent assay (ELISA)

P4HB concentrations in the conditioned medium of cancer cells
were measured using a commercially available ELISA kit according to

the manufacturer's instructions (Abcam).
2.8 | Exogenous P4HB and anti-PH4B neutralizing
antibody treatment

For P4HB treatment, MRC5 cells were exposed to different concen-

trations of recombinant P4HB protein (R&D Systems) and examined

for proliferation and migration. For neutralization of P4HB, a spe-
cific anti-P4HB antibody (10 ng/mL; Abcam) was added to the condi-

tioned medium of cancer cells.

2.9 | Top/Fop-Flash luciferase reporter assay

To assess the B-catenin-dependent transcriptional activity, TOP/
FOP-Flash luciferase reporter assay was performed as previously
described.?! Briefly, the Top-Flash or Fop-Flash reporter and pTK-
RL plasmids were cotransfected into MRC5 cells and treated with
different concentrations of PAHB. After 24 h, the cells were lysed
and tested for firefly and Renilla luciferase activities using the Dual-
Luciferase Reporter Assay System (Promega). The Top/Fop ratio was

calculated.

2.10 | Cell proliferation assay

For cell proliferation assay, 1x10° cells were seeded on 96-well
plates and exposed to conditioned media. Cell viability was assessed
every 24 h for up to 96 h using the MTT Cell Proliferation Kit (Sigma-
Aldrich). The optical density of the formazan solutions was meas-
ured at a wavelength of 570nm.

2.11 | Ethynyldeoxyuridine (EdU)
incorporation assay

Proliferating cells were detected using the EdU Cell Proliferation
Kit (Beyotime Biotechnology) according to the manufacturer's
protocol. Briefly, cancer cells were seeded on the coverslips in
24-well plates and exposed to the conditioned medium of MRC5
cells for 24h. The cells were incubated with 10pM EdU for 2h
and subjected to fixation, permeabilization, and staining for EdU.
Nuclei were counterstained with Hoechst 33342 (Beyotime
Biotechnology).

2.12 | Colony formation assay
Cancer cells were seeded on six-well plates (500 cells per well) and
treated with the conditioned medium of MRC5 cells for 10-14 days.

The colonies formed by cancer cells were counted.

2.13 | Transwell migration and invasion assay

For migration assays, 2x 10* MRC5 cells in serum-free medium
were plated into the upper chamber of a Transwell with poly-
carbonate filters. For invasion assays, 5% 10 cancer cells in

serum-free medium were plated into the upper chamber with
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Matrigel-coated inserts. The medium containing 10% FBS was
added to the lower chamber. After 24 h, the cells that migrated
to or invaded the lower chamber were stained with crystal violet

and counted.

2.14 | Invitro cytotoxicity assay

Cancer cells were treated with different concentrations of cisplatin
(Sigma-Aldrich) for 72h in the presence of MRC5 conditioned me-
dium. Cell viability was determined using the MTT method.

2.15 | Analysis of PAHB concentrations in
serum samples

Serum samples from 70 healthy individuals (50 males and 20
females, median age of 58years) and 90 patients with ARID1A-
mutated lung cancer (67 males and 23 females, median age of
57 years) were obtained. Among the lung cancer patients, 37 had
metastatic disease. Serum P4HB concentrations were quantified
by ELISA.

2.16 | Patient-derived xenograft (PDX)
mouse models

For generation of PDX models,?? freshly resected tumor tissues
were obtained from two patients with ARID1A-mutated lung can-
cer and minced to ~2mm? tissue fragments. The two lung cancer
patients did not receive any anticancer treatment before surgery.
The tissue fragments were implanted subcutaneously in recipient
male NOD-SCID-IL2RgammaC-null (NSG) mice (5weeks old). When
the xenograft tumors reached approximately 200mm®, the mice
were randomly divided into four groups: the control group was in-
jected with phosphate-buffered saline (PBS), the anti-P4HB group
was injected intraperitoneally with anti-P4HB (100pg; once every
4days for 16 days), the cisplatin group was injected intraperitoneally
with cisplatin (5mg/kg; twice per week for 2weeks), and the anti-
P4HB +cisplatin group was injected intraperitoneally with anti-
P4HB (100 pg; once every 4days for 16 days) and cisplatin (5mg/kg;
twice per week for 2weeks). Each group had five mice. The tumor
volume was measured by caliper, and tumor growth curves were

compared.

2.17 | Histological and
immunohistochemical analysis

The xenograft tumor tissues were fixed in 4% paraformaldehyde for
48h, dehydrated, and embedded in paraffin. Deparaffined sections
(4 pm thickness) were stained using the Masson's Trichrome Stain Kit
according to the manufacturer's protocol (Solarbio). After staining,
the tissue sections were examined under a microscope. For immuno-
histochemical analysis, the sections were deparaffinized and treated
with 3% hydrogen peroxide to eliminate endogenous peroxidase
activity. The sections were then incubated with primary antibodies
against a-SMA, Ki-67, TTF1, and PD-L1 (Cell Signaling Technology)
for 2h, followed by appropriate secondary antibodies for 1h. The
sections were washed and incubated in 3,3’-diaminobenzidine solu-
tion for 5min. The sections were counterstained with hematoxylin

before microscopic examination.

2.18 | Statistical analysis

All results are expressed as mean +standard deviation. The statisti-
cal differences between the groups were determined by Student's
t-test or one-way ANOVA and Tukey's post hoc test. A value of
p<0.05 was considered to be statistically significant.

3 | RESULTS

3.1 | ARID1A-depleted lung cancer cells promote
lung fibroblast activation

The ARID1A gene is frequently mutated in patients with lung ad-
enocarcinoma, and loss of ARID1A predicts poor prognosis.6 Animal
studies have indicated the role of ARID1A inactivation in initiating
metabolic reprogramming to drive lung tumorigenesis and progres-
sion.®> Given the fact that ARIDIA loss in cancer cells can remodel
the TME,*®% we asked whether ARID1A-depleted lung cancer cells
have an impact on lung fibroblast activation. To address this, we
knocked down ARID1A expression in both A549 and H1299 lung
cancer cells using lentiviral vectors expressing ARID1A-targeting
shRNAs. Relative to the scrambled control cells, the mRNA level of
ARID1A was reduced by over 70% in the ARID1A shRNA-transfected
cells (Figure 1A). Western blot analysis confirmed the decreased
protein level of ARID1A in the ARIDIA shRNA-transfected cells

FIGURE 1 ARID1A-depleted lung cancer cells promote lung fibroblast activation. (A) gRT-PCR analysis of ARID1IA mRNA levels in A549
and H1299 lung cancer cells transfected with control shRNA (shCtrl) or ARID1A-targeting shRNAs (shARID1A#1 and #2). *p <0.05 compared
with the shCtrl group. (B) Western blot analysis of ARID1A protein levels in the cells treated as in (A). (C) Analysis of the proliferation of
MRCS5 cells exposed to the conditioned medium (CM) of A549 (left) and H1299 (right) cells transfected with indicated shRNAs. *p <0.05. (D)
Representative images of the migration of MRC5 cells treated as in (C) using Transwell assays. Bar graphs (right) show the results from three
independent experiments. *p <0.05 compared with the shCtrl group. (E,F) Analysis of a-SMA and FAP mRNA levels in MRC5 cells (E) and
primary lung fibroblasts (F) exposed to the conditioned medium of lung cancer cells transfected with indicated shRNAs. *p <0.05 compared

with the shCtrl group.
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(Figure 1B). Next, the conditioned media of ARID1A-depleted lung
cancer cells were harvested and used to treat MRC5 lung fibro-
blasts. Intriguingly, exposure to the conditioned media of ARID1A-
depleted lung cancer cells led to an increase in the proliferation and
migration of MRC5 cells (Figure 1C,D). Examination of CAF markers
a-SMA and FAP demonstrated that treatment with the conditioned
media of ARID1A-depleted lung cancer cells enhanced the expres-
sion of a-SMA and FAP in MRC5 cells (Figure 1E). Similarly, both a-
SMA and FAP were induced in primary lung fibroblasts in response
to the conditioned media of ARID1A-depleted lung cancer cells
(Figure 1F). Taken together, these findings suggest that ARID1A loss
renders lung cancer cells with an enhanced ability to stimulate lung
fibroblast activation.

3.2 | P4HB upregulation upon ARID1A deficiency
promotes lung fibroblast activation

To understand how ARID1A loss in lung cancer cells leads to the acti-
vation of lung fibroblasts, we conducted PCR array assays to profile
84 cancer-related mRNAs with the potential to encode secretory pro-
teins. We found that upon ARID1A depletion, 17 were significantly
regulated (Figure 2A). Among them, only P4HB expression was con-
sistently upregulated in both the A549 and H1299 cells, which was
corroborated by qRT-PCR and Western blot analyses (Figure 2B,C).
Analysis of the conditioned media of ARID1A-depleted lung cancer
cells further indicated that ARID1A silencing augmented the release
of P4HB to the extracellular microenvironment (Figure 2D). Hence,
P4HB is upregulated in response to ARID1A deficiency.

Next, we investigated the role of P4AHB in the cross-talk between
lung cancer cells and lung fibroblasts. To this end, we blocked the
activity of P4HB in the conditioned media of ARID1A-depleted lung
cancer cells using a specific PAHB neutralizing antibody. Notably,
the neutralization of P4HB impaired the stimulation of MRC5 cell
proliferation and migration by the conditioned media from ARID1A-
depleted lung cancer cells (Figure 2E-G). Moreover, the effect of
the conditioned media from ARID1A-depleted lung cancer cells on
o-SMA and FAP expression in MRC5 cells was reversed by the neu-
tralization of P4HB (Figure 2H,l). We also performed P4HB knock-
down experiments in ARID1A-depleted lung cancer cells. As shown
in Figure S1, depletion of P4HB rescued the effects of the condi-
tioned media of ARID1A-depleted lung cancer cells on MRC5 cell
proliferation and migration. Taken together, these findings suggest
that ARID1A-depleted lung cancer cells direct lung fibroblast activa-
tion through the release of P4HB.

3.3 | P4HB-mediated phenotype in lung fibroblasts
involves activation of the $-catenin signaling pathway

To further interrogate the role of PAHB in promoting lung fibro-
blast activation, we treated MRC5 fibroblasts with different con-
centrations of P4HB. We observed that exogenous P4HB caused a
concentration-dependent upregulation of a-SMA and FAP in MRC5
cells (Figure 3A). The proliferation and migration of MRC5 cells was
potentiated in the presence of exogenous P4HB (Figure 3B,C).

Previous studies have reported the involvement of -catenin sig-
naling in the induction of CAFs.2*?* Hence, we checked the effect of
exogenous P4HB on the activation of p-catenin in lung fibroblasts.
Interestingly, exposure to P4HB increased the levels of nonphos-
phorylated (active) p-catenin and enhanced B-catenin-dependent
transcriptional activity (Figure 3D,E). Most importantly, knockdown
of p-catenin attenuated the promotion of MRC5 cell proliferation
and migration by exogenous P4HB (Figure 3F-H). Overall, these
data indicate that the p-catenin signaling pathway is involved in
P4HB-induced lung fibroblast activation.

3.4 | P4HB-activated lung fibroblasts can
enhance the aggressive property of lung cancer cells

Next, we determined the effect of PAHB-activated lung fibroblasts
on lung cancer cells. MRC5 cells were treated with exogenous P4HB,
and the conditioned media were collected. When A549 and H1299
lung cancer cells were exposed to the conditioned media from
P4HB-activated MRC5 cells, their cell proliferation, colony forma-
tion, and invasion abilities were increased (Figure 4A-D). Moreover,
treatment with the conditioned media from P4HB-activated MRC5
cells conferred cisplatin resistance to lung cancer cells (Figure 4E).
These results suggest that PAHB-activated lung fibroblasts contrib-
ute to lung cancer progression and chemoresistance.

3.5 | Treatment of ARID1A-mutated lung cancer
PDXs with anti-P4HB restrains tumor growth and
increases chemosensitivity

Next, we checked whether neutralizing P4HB could yield therapeu-
tic effects against lung cancer. To this end, we established ARID1A-
mutated lung cancer PDXs in NSG mice. Like the corresponding
primary tumors, the PDX tumors showed positive immunostaining for

TTF1, a lung adenocarcinoma marker and PD-L1, a transmembrane

FIGURE 2 P4HB upregulation upon ARID1A deficiency promotes lung fibroblast activation. (A) Heatmap displays fold change of
differentially expressed mRNAs detected by PCR array analysis in cancer cells transfected with indicated shRNAs. P4HB in red square was
consistently upregulated in both the A549 and H1299 cells. (B,C) PAHB expression levels detected by gRT-PCR (B) and Western blot (C)
analyses. *p<0.05. (D) Quantification of the concentration of P4AHB in the conditioned media of lung cancer cells transfected with indicated
shRNAs. *p <0.05. (E,F) Addition of anti-P4HB antibody blocked the stimulation of MRC5 cell proliferation by the conditioned media from
ARID1A-depleted lung cancer cells. *p <0.05. (G) Analysis of MRC5 cell migration after indicated treatments using Transwell migration assay.
*p<0.05. (H,]) Analysis of a-SMA and FAP mRNA expression in MRC5 cells after indicated treatments. *p <0.05.
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ligand for immune checkpoint receptor PD1 (Figure 5A). The re- two PDX models, administration of the anti-P4HB neutralizing an-

sults showed that the PDX tumors preserved the histological char- tibody yielded a significant tumor growth inhibition (Figure 5B,C).

acteristics and immune phenotype of the primary tumors. In the Histological analysis confirmed a significant reduction of the CAF

FIGURE 4 P4HB-activated lung fibroblasts can enhance the aggressive property of lung cancer cells. (A) Analysis of the proliferation

of A549 and H1299 cells exposed to the conditioned media from P4HB-activated MRC5 cells or control cells. *p <0.05 compared with

the control group. (B) EAU incorporation assay in A549 and H1299 cells exposed to the conditioned media from P4HB-activated MRC5

cells. Representative images (left) show EdU-positive cells (red). Scale bar=50uM. *p <0.05 compared with the control group. (C) Colony
formation assay in A549 and H1299 cells exposed to the conditioned media from P4HB-activated MRC5 cells or control cells. Left,
representative images from three independent experiments. *p <0.05 compared with the control group. (D) Transwell invasion assay in A549
and H1299 cells exposed to the conditioned media from P4HB-activated MRC5 cells or control cells. Left, representative images from three
independent experiments. *p <0.05 compared with the control group. (E) A549 and H1299 cells were exposed to the conditioned media
from P4HB-activated MRCS5 cells or control cells and treated with different concentrations of cisplatin. The cell viability was measured 72h
after treatment. *p <0.05 compared with the control group.
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FIGURE 5 Treatment of ARID1A-
mutated lung cancer patient-

derived xenografts (PDXs) with
anti-P4HB restrains tumor growth

and increases chemosensitivity. (A)
Immunohistochemical analysis of TTF1
and PD-L1 expression in two PDX
models and their corresponding primary
tumors (PTs). Scale bar=100pM. (B,C)
Analysis of the therapeutic effects

of anti-P4HB neutralizing antibody

alone or in combination with cisplatin

on two ARID1A-mutated lung cancer
PDX models in NSG mice (five mice per
group). *p <0.05. (D) Masson's trichrome
staining of tumor sections from two PDX
models after indicated treatments. Scale
bar=100puM. (E,F) Immunohistochemical
staining for (E) «a-SMA and (F) Ki-67 in
tumor sections from two PDX models
after indicated treatments. Scale
bar=100pM. (G) Quantification of
Masson's trichrome-positive area (n=5).
*p<0.05. (H,l) Quantification of (H) a-SMA
and (1) Ki-67 staining in tumor sections
(n=5). *p<0.05.
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population (Figure 5D,E,G,H) and Ki-67-positive proliferating tumor
cells (Figure 5F,l) in the anti-P4HB group relative to the control
group. Moreover, combined treatment with anti-P4HB antibody and
cisplatin caused an enhancement of the growth suppression and
CAF reduction in the ARID1A-mutated PDXs (Figure 5B-1). These re-
sults suggest that blocking P4AHB activity may represent an effective
therapeutic strategy against ARID1A-mutated lung cancer.

3.6 | Clinical significance of serum P4HB in
lung cancer

Compared with healthy controls, patients with ARID1A-mutated
lung cancer had significantly higher concentrations of serum P4HB
(Figure 6A). Moreover, serum P4HB levels were significantly associ-
ated with metastasis in patients with ARID1A-mutated lung cancer
(Figure 6B). These results suggest that serum P4HB may serve as a
biomarker for lung cancer progression.

4 | DISCUSSION

In this study, we demonstrate that ARID1A-depleted lung cancer cells
can stimulate the activation of lung fibroblasts, probably through se-
cretion of inductive factors to the extracellular microenvironment.
Exposure to the conditioned media from ARID1A-depleted lung can-
cer cells induces a CAF-like phenotype in lung fibroblasts, upregu-
lating CAF markers and increasing cell proliferation and migration.
Reciprocal interactions between ARID1A-mutated cancer cells and
immune cells in the TME have been reported.'®? ARID1A-deficient
cancer cells result in activation of NF-kxB signaling and consequen-
tial promotion of polymorphonuclear myeloid-derived suppressor

cell chemotaxis, which contributes to immune evasion.'? Our results

(A)
41 P<0.0001

FIGURE 6 Clinical significance of
serum P4HB in lung cancer. (A) Serum

Serum P4HB (ng/mL)
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highlight the ability of ARID1A-deficient cancer cells to trigger the
activation of CAFs. Therefore, ARID1A loss may enable lung cancer
cells to shape the TME, which supports tumor progression.

Our data further show that P4HB expression is significantly
increased in lung cancer cells upon ARID1A loss. As an epigenetic
regulator, ARID1A can modulate downstream gene transcription
through multiple mechanisms including chromatin remodeling, his-
tone modification, and alteration of DNA methylation status.?>%¢
As the P4HB transcript level was found to be elevated in ARID1A-
deficient lung cancer cells, we suggest that the upregulation of
P4HB may be the consequence of ARID1A loss-mediated epigene-
tic regulation. Overexpression of P4HB frequently occurs in human
cancers.'1® P4AHB can orchestrate different cancer cell behaviors,
including EMT, chemoresistance, tumorigenesis, proliferation, and
invasion.1>1%2728 Of note, PAHB can be secreted to the extracellular
space. For example, it has been reported that P4AHB is externalized
by endothelial cells, consequently contributing to thrombosis and
vascular remodeling.?’ Besides nonmalignant cells, our results show
that ARID1A-deficient cancer cells can secrete P4AHB to the extra-
cellular space. Moreover, P4AHB shows the ability to promote the
activation of lung fibroblasts. When P4HB in the conditioned media
from ARID1A-deficient lung cancer cells was blocked by the PAHB
neutralizing antibody, the promotion of lung fibroblast activation by
ARID1A-deficient lung cancer cells was impaired. Hence, we propose
that extracellular PAHB may mediate the cross-talk between lung
cancer cells and CAFs (Figure 6C).

Mechanistical studies reveal that P4HB induces lung fibro-
blast activation through the p-catenin signaling pathway. Exposure
to P4HB results in the activation of B-catenin signaling in lung fi-
broblasts. Moreover, knockdown of p-catenin antagonizes P4HB-
Our
dependence on the f-catenin signaling pathway for P4AHB-induced

induced lung fibroblast activation. results indicate the

lung fibroblast activation. This is consistent with a previous study

P4HB levels in patients with ARID1A-
mutated lung cancer and healthy controls.
(B) Serum P4HB levels in ARID1A-
mutated lung cancer patients with or
without metastatic disease. (C) Model ©)
for the cross-talk between ARID1A-
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where P4HB can regulate the p-catenin/Snail pathway in liver cancer
cells.r® However, it remains to be clarified how P4HB in the TME of
lung cancer signals to lung fibroblasts and drives the activation of
the p-catenin signaling pathway.

Many studies have reported that CAFs support cancer pro-
gression by modulating cancer cell proliferation, migration, inva-
sion, EMT, and chemoresistance.'®*? Our results suggest that the
P4HB-activated lung fibroblasts resemble functionally CAFs. When
lung cancer cells were treated with the conditioned media from
P4HB-activated lung fibroblasts, they acquired a more aggressive
phenotype. Overall, P4AHB plays a crucial role in driving lung can-
cer progression. In agreement with these in vitro findings, clinical
studies show that serum P4HB levels are increased in patients with
ARID1A-mutated lung cancer and associated with metastasis. The
prognostic significance of P4HB has been observed in several other
malignancies including glioma and clear cell renal cell carcinoma.®%3!
Thus, serum P4HB may have the potential as a biomarker in lung
cancer management.

Cancer-associated fibroblasts are regarded as a potential ther-
apeutic target for cancer treatment, because of the cross-talk be-
tween CAFs and cancer cells.3?%3 Targeting CAFs has been found
to improve therapeutic resistance in human cancers.>*%> Our data
show the therapeutic potential of targeting P4HB in the treatment
of ARID1A-mutated lung cancer. In particular, administration of the
anti-P4HB neutralizing antibody restrained the growth of ARID1A-
mutated lung cancer PDXs in NSG mice. Moreover, blocking PAHB
potentiated the cytotoxic effect of cisplatin on the ARID1A-mutated
PDXs. Our results provide a rationale for targeting the cross-talk be-
tween cancer cells and CAFs in the treatment of ARID1A-mutated
lung cancer.

In summary, our data show that P4HB is upregulated in lung
cancer cells upon ARID1A depletion and mediates the reciprocal in-
teractions between lung cancer cells and CAFs. Serum P4HB holds
promise as a useful biomarker for ARID1A-mutated lung cancer. Our
findings underscore the importance of extracellular P4HB in lung
cancer progression. Neutralizing P4HB represents a potential thera-

peutic approach for lung cancer.
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