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PD-L1 promotes tumor growth and progression by
activating WIP and β-catenin signaling pathways
and predicts poor prognosis in lung cancer
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Silei Sui1, Yuqing Xiong3, Fengzhou Li1, Jianjun Lu4, Wei Guo1, Guangyu Luo2 and Wuguo Deng2

Abstract
PD-L1 is overexpressed in tumor cells and contributes to cancer immunoevasion. However, the role of the tumor cell-
intrinsic PD-L1 in cancers remains unknown. Here we show that PD-L1 regulates lung cancer growth and progression
by targeting the WIP and β-catenin signaling. Overexpression of PD-L1 promotes tumor cell growth, migration and
invasion in lung cancer cells, whereas PD-L1 knockdown has the opposite effects. We have also identified WIP as a
new downstream target of PD-L1 in lung cancer. PD-L1 positively modulates the expression of WIP. Knockdown of WIP
also inhibits cell viability and colony formation, whereas PD-L1 overexpression can reverse this inhibition effects. In
addition, PD-L1 can upregulate β-catenin by inhibiting its degradation through PI3K/Akt signaling pathway. Moreover,
we show that in lung cancer cells β-catenin can bind to the WIP promoter and activate its transcription, which can be
promoted by PD-L1 overexpression. The in vivo experiments in a human lung cancer mouse model have also
confirmed the PD-L1-mediated promotion of tumor growth and progression through activating the WIP and
β-catenin pathways. Furthermore, we demonstrate that PD-L1 expression is positively correlated with WIP in tumor
tissues of human adenocarcinoma patients and the high expression of PD-L1 and WIP predicts poor prognosis.
Collectively, our results provide new insights into understanding the pro-tumorigenic role of PD-L1 and its regulatory
mechanism on WIP in lung cancer, and suggest that the PD-L1/Akt/β-catenin/WIP signaling axis may be a potential
therapeutic target for lung cancers.

Introduction
Lung cancer is one of the most common and aggressive

cancers with the highest incidence and lethality1. At
present, the treatment strategies for lung cancer include
chemotherapy, radiotherapy, molecular targeting therapy,
and immunotherapy. However, chemotherapy and

radiotherapy have limited efficacy2, and molecular tar-
geting therapy and immunotherapy are in progress3,4.
More and more studies have shown that tumor-induced

immune suppression is responsible not only for tumor
progression5–7, but also for inhibition of anti-tumor
treatment8. One of the major immune evasion mole-
cules is programmed death-ligand 1 (PD-L1, CD274),
which can inhibit the activation of T cells9. Previous
studies have shown that PD-L1 plays an important role in
pregnancy maintenance. PD-L1 blockage can increase
fetal resorption and Tfr cells but does not affect Tfh/Tfr
ratio and B-cell maturation during allogeneic preg-
nancy10,11. PD-L1 is also associated with tumor growth
and progression. It is highly expressed in various cancers,
such as melanoma, non-small cell lung cancer (NSCLC),
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renal cell carcinoma, hand and neck cancer, breast cancer,
pancreatic cancer, and ovarian cancer12–17. More studies
about tumor-intrinsic role of PD-L1 in promoting cancer
initiation, metastasis, development, and chemo, or radio-
therapy resistance are now emerging18–21. However, the
role of PD-L1 in regulating lung cancer growth and pro-
gression and its underlying mechanism remains unclear.
WIP is known as WIPF1 (WASP-interacting protein

family member 1), which has been reported to form WIP/
WASp complex for immune response and take part in
cancer invasion and metastasis22,23. WIP controls tumor
growth through stabilization of the YAP/TAZ complex
via forming the endocytic/endosomal system in glioma24.
WIP also promotes PDAC cell invasion, metastasis and
predicts poor prognosis in PDAC patients25. In addition,
it has shown that WIP induces EMT in lung cancer A549
cells by regulating RhoA26. However, the function of WIP
and its mechanism of action in lung cancer have not been
elucidated.
In this study, we investigated the role of PD-L1 in the

regulation of cell proliferation, migration, invasion, and
tumor growth in lung cancer cells and mouse model. We
also discovered and identified the downstream targets of
PD-L1, and showed that PD-L1 functioned as a tumor-
promoting factor mainly through regulating the PI3K/
Akt, Erk, EMT, β-catenin, and targeting the WIP signaling
pathways in lung cancer. We also analyzed the tran-
scriptional regulation of WIP and identified its role in the
PD-L1-mediated lung cancer growth. Moreover, we
assessed the correlation of PD-L1 and WIP expression
and their clinical significance in lung cancer patients.
Taken together, our findings have demonstrated that PD-
L1 regulates tumor growth and progression by targeting
the WIP and β-catenin signaling pathways.

Materials and methods
Cell lines and cell culture
Human NSCLC cell lines H1299, A549, H460, H358,

HCC827, H322, and HLF cell were purchased from
American Type Culture Collection (ATCC). HLF was
cultured in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum. H1299, A549,
H460, H358, and H322 were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum. All
referred cell lines were cultured in a humidified incubator
containing 5% CO2 at 37 °C.

Plasmid construction and stable PD-L1 overexpression
The pmCherry C1 human WIP plasmid was purchased

from Addgene (#29573). To generate the pcDNA3.1-
β-catenin plasmid, we amplified the full-length β-catenin
gene by RT-PCR from H1299 cell cDNA and cloned it
into pcDNA3.1 vector (V790, invitrogen, USA). To gen-
erate the WIP gene promoter-driven luciferase reporter

plasmid, the WIP gene upstream sequences (−1691 to
+28, −266 to +28) were cloned into PGL3-basic plasmid
(Promega, Madison, WI, USA) respectively. The pLX304-
Blast V5-PD-L1 plasmid and Empty Vector (#OHS6895,
Thermo, USA) were transfected into HEK-293T cells with
lenti-HIV expression packaging kit (LT001, GeneCopoeia,
Guangzhou, China) to produce lentivirus. At 48 h after
transfection, lentivirus was used to transduct H1299 and
A549 cells. After 72 h, 1 µg/ml or 8 µg/ml Blastcidin S was
used for selecting drug-resistant cells.

siRNAs and shRNAs
The siRNA (shRNA) sequences used in this study are as

follows:
PD-L1 siRNA-1, 5′-GGCACAUCCUCCAAAUGAATT-

3′ and PD-L1 siRNA-2, 5′-GAAGCAAAGUGAUACACA
UTT-3′; WIP siRNA-1, 5′-CCAAGACCCAUUCAAU
CAATT-3′ and WIP siRNA-2, 5′-GGAUCCAACCGAAG
AGAAATT-3′; β-catenin siRNA, 5′-GGACACAGCAGCA
AUUUGUTT-3′; All siRNAs were synthesized by Gene-
Pharma (GenePharma, Suzhou, China). PD-L1 shRNA #4,
5′-TGAAGAAAGATGGAGTCAA-3′ and PD-L1 shRNA
#5, 5′-GTAGCAATATGACAATTGA-3′; WIP shRNA #3,
5′-CCAAAAGTTATCCCAGCAA-3. The pGIPZ lenti-
viral shRNA vector was used to express all shRNAs in
H460 cells.

RT-PCR
Total RNA was extracted using the Trizol reagent

(15596-026; Invitrogen, USA). The cDNAs were synthe-
sized using TransScript One-Step gDNA Removal and
cDNA synthesis SuperMix (Transgene, Beijing, China).
The primer sequences were as follows: PD-L1 forward, 5′-
GCTGTTGAAGGACCAGCTCT-3′ and PD-L1 reverse,
5′-TGGAGGATGTGCCAGAGGTA-3′; CTNNB1 for-
ward, 5′-ATGACTCGAGCTCAGAGGGT-3′ and CTN
NB1 reverse, 5′-ATTGCACGTGTGGCAAGTTC-3′;
WIP forward, 5′-CCCTCCTCCTCCTCAGAACA-3′ and
WIP reverse, 5′-ATTCCGCTGTGGGAGTCTTG-3′;
GAPDH forward, 5′-AATCCCATCACCATCTTCC-3′
and GAPDH reverse, 5′-CATCACGCCACAGTTTCC-3′.

Antibodies and western blot
The anti-PD-L1 (ab121545) was purchased from Abcam

(Cambridge, MA, USA). The anti-p-S6 (S235/236)(4858T),
anti-β-catenin (8480S), anti-Akt (4691S), anti-p-Akt
(T308)(13038T), anti-p-PDK1 (Ser241)(3438T), anti-p-
GSK3β (9323S), anti-p-P70S6K (T389) (9234T), anti-
OCT4 (2750S), anti-pErk (4370S), anti-Erk (4695S),
anti-CyclinD1 (2978S), anti-p-YAP (13008T), anti-
Claudin-1 (13255T), and anti-Histone H3 (4499S) were
purchased from Cell Signaling Technology (Danvers, MA,
USA). The anti-WIP (sc-271113), anti-β-catenin (sc-
7963), anti-MMP-9 (sc-21733), and anti-PCNA
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(sc-25280) were purchased from Santa Cruz (Santa Cruz,
CA, USA). The anti-actin (20536-1-AP), anti-GAPDH
(10494-1-AP), anti-ki67 (19972-1-AP), anti-E-cadherin
(20874-1-AP), anti-N-cadherin (22018-1-AP), anti-CD44
(15675-1-AP), anti-Bax (50599-2-lg), anti-Bcl-2 (12789-1-
AP), and anti-YAP (13584-1-AP) were purchased from
Proteintech (Wuhan, China). The protein bands were
detected by ECL according to the manufacturer’s
instructions.

Dual-luciferase assay
The WIP promoters were amplified using H460 gDNA

as template and cloned into the pGL3-basic vector. H1299
cells were seeded in six-well plates. One the next day, the
cell were transfected with Empty Vector or pcDNA3.1-
β-catenin plasmid. After 24 h, WIP promoter-driven
luciferase plasmids and pRL-TK were also co-
transfected into the above cells. Afterb 24 h, cells were
harvested. Luciferase activity was measured using the
dual-luciferase reporter assay system (E1910, Promega).

MTT assay
Cells plated in 96 well plates were transfected with

plasmid or siRNAs. After 48 h, 10% MTT (5mg/ml) were
added to the cells with continuous culture for 4 h.The OD
value was measured at 492 nm.

Colony formation assay
Cells infected by lentivirus contain Empty/PLX304-

Blast-V5-PD-L1 or scramble/specific shRNAs were tryp-
sinized into single cell and seeded in 6-well plates (1000
cells/well) with continuous culture for 10–14 days. Then
the cells were washed with PBS and fixed with the buffer
(Methanol: Glacial Acetic Acid: Water= 1:1:8) for 10 min,
and stained with 0.1% crystal violet for 15 min. After wash
with PBS, cell colonies that contained more than 50 cells
were counted and photographed.

Wound-healing assay
Cells were seeded in six-well plate and grown to

70–80% confluence. Then the cells were transfected with
PD-L1 or WIP siRNAs for 24 h and scraped in a straight
line to create a “scratch”. The wound gaps were photp-
graphed at different intervals and quantified the migration
rate of the cells.

Transwell invasion assay
The transwell invasion assay was performed using 24-

well chemotaxis chambers (Corning, CA, USA,
Cat#:3422). The upper chambers were coated with a
mixture of serum-free medium and Matrigel (6:1; BD
Biosciences, cat#:356234). The cells were washed twice
with PBS and resuspended in 100 µl serum-free medium
then added into upper chamber. The lower chambers

were filled with 500 µl medium containing 20% FBS. After
incubated at 37 °C for 48 h or 72 h, the cells located at the
underside of the chamber were washed twice with PBS,
fixed with 4% paraformaldehyde for 10min and stained
with 0.1% crystal violet for 15 min, then washed three
times with PBS and dried off. Images of the cells were
recorded by invert microscope and the invasiveness of
cells was calculated by total number of cells in three
randomly selected fields.

ChIP assay
PD-L1 stable overexpression H1299 cells were trans-

fected with β-catenin siRNA. After 48 h transfecteion,
cells in 10-cm dishes were fixed with 1% formaldehyde for
10min at RT, then 10% 1.25M glycine was added into the
medium to end the crosslink. The cells were washed with
cold PBS for three times and then scraped and harvested
in PBS containing 0.5 mM PMSF, 1 mM Na3VO4, 0.1 mM
DTT,1 mM Leuptin, 2.5 mM β-glycerophosphate, 0.5M
NaF. Wash the cells with PBSI for three times. The cell
pellets were resuspended with 500 µl IP buffer (SDS buf-
fer: Triton Dilution buffer= 2:1) and sonicated five times
for 5 s with 7 s pause each time, then centrifuged at
14,000 × g for 20 min at 4 °C and transferred the super-
natants into a new tube. Twenty-five microliters protein
A/G agarose beads (Santa Cruz Biotechnology) were
mixed with 1 mg total proteins and rotated for 30min at
4 °C. After centrifugation for 15min at full speed, the
chromatin supernatant was immunoprecipitated over-
night with 2 µg antibodies against β-catenin(Santa Cruz
Biotechnology) or anti-mouse IgG. Then 45 µl protein A/
G agarose beads were added into the mixture and rotated
for 8 h at 4 °C. The pellets were washed for 5 min with the
following buffers: Mixed wash buffer twice, Buffer 500
twice, Licl/detergent wash buffer twice, and TE buffer
twice. The beads were reversely cross-linked by heating at
65 °C overnight in 1% SDS, 0.1M NaHCO3 buffer. After
brief centrifuge, the supernatant was digested with 250 µl
proteinase K solution at 37 °C for 2 h. DNA was finally
extracted by phenol/chloroform/Isoamyl alcohol extrac-
tions and used as DNA templates to amplify the specific
WIP promoter region. The primers used for PCR was as
follow: Forward primer, 5′-TCTCCCTTCCCCCTTCA
G-3′; Reverse primer, 5′-TCTCGAGTTCCCCTGCTG
TC-3′.

DNA pulldown assay
Four hundred micrograms nuclear proteins were mixed

with 0.8 µg double-strand biotinylated WIP promoter
probe and 50 µl streptavidin agarose beads in 400 µl
prepared PBSI buffer containing 0.5 mM PMSF, 1 mM
Na3VO4, 0.1 mM DTT, 1 mM Leuptin, 2.5 mM
β-glycerophosphate, 0.5M NaF, then gently rotated at RT
overnight. The supernatant was discarded and the beads
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were washed with 300 µl PBSI five times. The pellet was
resuspended with 40 µl 1× loading buffer and boiled at
100 °C for 10min. The supernatant was analyzed by
western blot.

Patient tissue preparation and tissue microarray assay
Hmuan lung adenocarcinoma tissues from six patients

were obtained at the First Affiliated Hospital of Dalian
Medical University from January to December 2015
according to the 8th Edition International Union Against
Cancer/American Joint Committee on Cancer TNM
classification. Patients who received chemotherapy or
radiotherapy prior to the operation were excluded. The
study was approved by the Medical Ethical Committees of
the First Affiliated Hospital of Dalian Medical University.
All patients were informed of the study. The human lung
adenocarcinoma tissue microarrays were purchased from
Outdu Biotech Company (Shanghai, China) containing 92
lung adenocarcinoma tissues and paired normal lung
tissues (cat# HLugA180Su03), all the clinicopathological
information can be downloaded from website (Http://
www.superchip.com.cn). The protein expression levels of
PD-L1 and WIP were detected by IHC assay and analyzed
according to the staining level of tissue microarrays.

Immunohistochemistry staining
The tissue were fixed by 4% paraformaldehyde, washed

with PBS three times, transferred to 70% ethanol and then
embedded in paraffin according to standard procedures.
After dewaxed with graded ethanol solution and antigen
retrieval, the tissue was stained using Streptavidin Per-
oxidase IHC assay kit (SP-9000, ZSGB-Bio, China). The
antibodies against PD-L1 (Abcam, dilution 1:200),
β-catenin (Santa Cruze, dilution 1:50), WIP (Santa Cruze,
dilution 1:50), p-S6 (CST, 1:200), PCNA (Proteintech
dilution 1:50), and Ki67 (Proteintech, dilution 1:50) were
used. Immunostaining was evaluated by two pulmonary
pathologists using a blind protocol design. For each spe-
cimen, the total score of PD-L1 and WIP expression was
calculated as staining intensity (negative staining: 0 point;
weak staining: 1 point; moderate staining: 2 point; and
strong staining: 3 point) multiplied by the point of the
percentage of stained cells (positive cells ≤ 25% of
the cells: 1 point; 26–50% of the cells: 2 point; 51–75% of
the cells: three point; ≥75% of the cells: 4 point). The
positive controls of PD-L1 and WIP were set up according
to lung cancer from the protein-atlas website (Http://
www.proteinatlas.org).

In vivo xenograft mouse model
All animal experiments were performed according to

the animal licence protocol approval by Animal Care and
Ethics Committee of Dalian Medical University. The 5
week-old male BALB/c-nude mice were purchased from

Beijing Vital River Laboratory Animal Technology. For
xenograft tumor formation, the mice were randomly
divided into four or three groups (n= 6), EV+NC, EV+
shWIP, PD-L1+NC, PD-L1+ shWIP or shCtrl, PD-L1
sh4, PD-L1 sh5. Each mouse was subcutaneously injected
with 1 × 107 cells in 200 µl PBS. Tumor volume was
measured after 10 days after injection. The tumor volume
was calculated as V= (width2 × length)/2 and the data was
recorded every 2 days within 10 days. Mice were sacrificed
and tumors were taken from mice for weighting and
photographing, partial tissues were transferred to liquid
nitrogen immediately and lysed for western blot, other
tissues were fixed in 10% formalin for IHC assay.

Statistical analysis
Each experiment was done three times and the results

were presented as the mean ± SE. Student’s t test was used
to compare two independent groups of data. The corre-
lation between PD-L1 and WIP expression was evaluated
by Pearson Chi-squared test. P < 0.05 was considerate to
be significant.

Results
PD-L1 regulates lung cancer cell growth in vitro and in vivo
PD-L1 plays an important role in tumor immune eva-

sion. To investigate the tumor-intrinsic role of PD-L1 and
its underlying mechanisms, we examined the effect of PD-
L1 on lung cancer cell growth in vitro and in vivo. We first
detected PD-L1 mRNA and protein levels in human lung
fibroblast (HLF) cell lines and six NSCLC cell lines
(H1299, A549, H460, H358, HCC827, and H322) by RT-
PCR (Fig. 1a) and western blot (Fig. 1b). PD-L1 was lowly
expressed in fibroblasts, H1299, A549, and H322 cell
lines, but highly expressed in H460, H358, and HCC827
cell lines. We then knocked down PD-L1 expression in
H460 and H358 cells by PD-L1 specific siRNAs and
overexpressed PD-L1 in H1299 and A549 cells (Supple-
mentary Fig. S1A). The results showed that PD-L1
knockdown significantly inhibited colony formation and
cell viability in H460 and H358 cells, while PD-L1 over-
expression increased colony formation and cell viability in
H1299 and A549 cells (Fig. 1c, Supplementary Fig. S1B).
Next, we confirmed the pro-tumorigenic role of PD-L1

in human NSCLC in vivo. We generated the stable PD-L1
shRNA knockdown H460 cells and tested the effect of
PD-L1 knockdown on tumor growth in immunocopro-
mised BALB/c-nude mice. Compared with the shRNA
control group, knockdown of PD-L1 by shRNA (sh4 or
sh5) markedly suppressed tumor growth in mice admi-
nistrated with stable PD-L1 knockdown H460 cells,
resulting in significant reductions in tumor size, weight
and volume (Fig. 1d–g). Western blot and immunohis-
tochemical assay showed that PD-L1 was knocked down
by specific shRNA (Supplementary Fig. S1C, D).
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These results demonstrate that PD-L1 played an intrinsic
role in regulating tumor formation and progression.
It has been reported that PD-L1 expression was

response to EMT/CSC-like phenotypes in bladder cancer
cells and breast cancer stem cells (CSCs)27,28. To inves-
tigate if PD-L1 was involved in tumor stemness character
and cell apoptosis, we overexpressed and knocked down
PD-L1 in lung cancer cells, and found that PD-L1 over-
expression or knockdown did not affect the expression of
the CSC-related markers (CD44, OCT4) or the apoptosis-
related molecules (Bax and Bcl-2) (Supplementary
Fig. S2A).

PD-L1 promotes lung cancer cell migration and invasion
via EMT signaling
PD-L1 promotes EMT in esophageal cancer13. We next

analyzed the effect of PD-L1 on NSCLC cell migration
and invasion, and showed that knockdown of PD-L1 by
siRNAs significantly inhibited cell migration and invasion
compared with the siRNA control in H460 and H358 cells
(Fig. 2a, c), whereas overexpression of PD-L1 promoted
cell migration and invasion (Fig. 2b, d). To further verify
the role of PD-L1 in regulating cell migration and inva-
sion, we evaluated the effect of PD-L1 on the EMT sig-
naling, and found that PD-L1 effectively modulated the
expression of the EMT-related molecules. Knockdown of
PD-L1 suppressed the expression of N-cadherin, Vimen-
tin, MMP-9 and Claudin-1 but upregulated E-cadherin
expression in lung cancer cells (Fig. 2e). In contrast, PD-
L1 overexpression upregulated the expression of N-cad-
herin, Vimentin, MMP-9, Claudin-1 but inhibited E-
cadherin expression (Fig. 2e). These results indicated that
PD-L1 promoted lung cancer cell migration and invasion
by targeting EMT signaling.

WIP is a downstream target of PD-L1 in lung cancer cells
To further elucidate the underlying molecular

mechanism of PD-L1 in regulating lung cancer tumor
growth and progression, we performed RNA-sequencing
assay in PD-L1-knocked down cells (Fig. 3a). PD-L1
knockdown significantly regulated the expression of 69
genes in both H460 and H358 cells (Fig. 3b). Further-
more, heat-map analysis demonstrated that PD-L1
knockdown inhibited 11 genes and upregulated 1 gene
(Fig. 3c). We then confirmed the effect of PD-L1 on the
expression of these genes in H460 and H358 cells by RT-
PCR, and found that WIP was regulated most sig-
nificantly by PD-L1 knockdown (Fig. 3d). KEGG analysis
also showed that these genes were enriched in actin
cytoskeleton pathway, which included WIP (Fig. 3e).
Moreover, we further verified the regulation of PD-L1 on
WIP expression in H460 and H1299 cells. The results
showed that PD-L1 knockdown inhibited WIP expression
at both mRNA and protein levels, whereas PD-L1

overexpression promoted WIP expression (Fig. 3f, g).
These results indicate that WIP is a downstream target of
PD-L1 in lung cancer.

PD-L1 activates the PI3K/Akt signaling pathway by
stabilizing β-catenin
PD-L1 has been shown to augment phosphorylation of

S6 ribosomal protein by activating mTOR signaling in
melanoma29. To determine whether PD-L1 in lung cancer
had a similar function, we analyzed the expression of p-S6
and p-P70S6K. We found that treatment of the PI3K
inhibitor LY294002 abrogated the PD-L1-mediated
upregulation of S6 phosphorylation (p-S6). PD-L1 over-
expression also increased the level of p-Akt (T308) (Fig.
4a). In addition, we showed that mTOR inhibitor rapa-
mycin and MEK1/2 inhibitor U0126 could reverse the
PD-L1-mediated upregulation in p-S6 expression (Sup-
plementary Fig. S3A, B). To further conform the role of
PI3K/AKT and Erk-signaling pathway in PD-L1 mediated
proliferation in lung cancer cells, LY294002 and U0126
were used to pretreated H1299 and H358 cells, and fol-
lowed by transfection with PD-L1 overexpression plasmid
or PD-L1 specific siRNA.LY294002, significantly inhibited
lung cancer cell proliferation, whereas inhibitor pretreat-
ment followed by PD-L1 overexpression or knockdown
did not obviously alter the proliferative promotion or
inhibition in lung cancer cells, indicating the essential role
of PI3K/AKT in lung cancer proliferation (Fig. 4b). The
same studies were used in MEK1/2 inhibitor, U0126 and
PD-L1 overexpression or siRNA combinational treatment
did not change the cell growth and invasion inhibition,
compared with U0126 treatment alone (Supplementary
Fig. S3C, D). These results showed that the regulation of
lung cancer cells growth mediated by PD-L1 was partially
activated via PI3K/AKT/mTOR and ERK pathway.
Considering the crosstalk between PI3K/Akt and

GSK3β, we next investigated the effect of PD-L1 on p-
GSK3β (Ser9) and β-catenin. We found that PD-L1
overexpression increased β-catenin protein levels by
promoting phosphorylation of GSK3β at the Serine 9
(inactive form of GSK3β), which could increase protein
stability (Fig. 4c), while the level of β-catenin mRNA was
not changed (Supplementary Fig. S4A). These results
indicated a post-transcription regulation of PD-L1 on
β-catenin.

PD-L1 promotes the binding of β-catenin on the WIP
promoter
We next determined whether β-catenin bound to the

WIP gene promoter and regulated WIP transcription in
lung cancer cells. The sequence upstream of the WIP
gene was analyzed using ALGGEN-PROMO database
(Http://alggen.lsi.upc.edu). We found that the WIP gene
promoter had potential LEF/TCF-binding sites
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(Supplementary Fig. S4B). Moreover, luciferase reporter
gene assay showed that overexpression of β-catenin acti-
vated the WIP promoter activity in H1299 cells (Fig. 4d).

To further test whether β-catenin bound to the WIP
promoter, a biotinylated WIP promoter probe was syn-
thesized and pulldown assay was performed. As shown in

Fig. 3 WIP is a downstream molecule of PD-L1. a PD-L1 was knocked down by siRNA in H460 and H358 cells. (b) Overlap of changed genes
affected by PD-L1 siRNA silencing in H460 and H358 lung cancer cells. c Heatmap showing the subset of 12 genes identified in H460 and H358
NSCLC cells followed by PD-L1 silencing. d The regulation of gene expression by PD-L1 was analyzed by RT-PCR assay in H460 and H358 cells. e KEGG
analysis showed that genes were enriched in the actin cytoskeleton pathway. f, g The expression of WIP was detected by RT-PCR and western blot.
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Fig. 4e, the binding of β-catenin on the WIP promoter was
observed. Overexpression of PD-L1 increased the binding
activity of β-catenin on the WIP promoter, while PD-L1
knockdown led to remarkable decrease of this binding.
Moreover, chromatin immunoprecipitation (ChIP) assay
also validated the binding of β-catenin on the WIP gene
promoter and the PD-L1-induced promotion of the
binding in H1299 cells (Fig. 4f).

The PD-L1-mediated promotion of cell growth is partially
dependent on the WIP signaling
We have showed that PD-L1 could transactiviate WIP.

We then evaluated the function of WIP in regulating cell
growth. As shown in Fig. 5a, b, WIP knockdown by its
specific siRNAs significantly suppressed cell viability and
colony formation. To investigate the relationship between
PD-L1 and WIP, we performed the rescue experiments by
overexpressing PD-L1 but knocking down WIP in H1299
cells, and knocking down PD-L1 but overexpressing WIP
in H358 cells. As shown in Fig. 5c and Supplementary Fig.
S5, WIP knockdown did not affect PD-L1 expression in
H1299 cells, but PD-L1 overexpression rescued the WIP
siRNA-mediated inhibition of WIP in H1299 cells. Con-
versely, PD-L1 knockdown suppressed WIP expression,
but WIP overexpression did not changed PD-L1 expres-
sion level in H358 cells. These results indicated that WIP
is a downstream target of PD-L1.To further determine
whether PD-L1 promoted cell proliferation through WIP
in lung cancer cells, As expected, PD-L1 overexpression
significantly reversed the WIP knockdown-mediated
inhibitions of cell proliferation and colony formation
(Fig. 5d, e), indicating that PD-L1 promoted lung cell
growth partially via WIP signaling.
It has been well established that WIP drives tumor

progression by stabilizing the YAP/TAZ complex, we
speculated that PD-L1 may have effects on YAP in
NSCLC cells. As expected, PD-L1 overexpression inhib-
ited the expression of p-YAP but not total YAP. More-
over, PD-L1 overexpression or knockdown also increased
or decreased the expression of the β-catenin targeting
gene CyclinD1 (Supplementary Fig. S4C). To further
validate the effect of PD-L1 on p-YAP, we performed IF
assay. The result showed that PD-L1 promoted the
translocation of YAP into nucleus (Supplementary
Fig. S4D).

PD-L1 promotes tumor growth via upregulating WIP in
human lung cancer mouse model
To verify the regulation of PD-L1/WIP signaling on

lung cancer growth, we also investigated the effect of PD-
L1 on tumor growth in a human lung cancer mouse
model. We implanted the human A549 cell lines into
BALB/c-nude mice to generate human lung cancer
xenografts. We first established the A549 cell lines with

stable PD-L1 overexpression, or the cells with stable PD-
L1 overexpression and WIP shRNA knockdown. After
2 weeks injection of the A549 cells with different
expression of PD-L1 and WIP, mice were sacrificed and
tumor weight and volume were evaluated. The results
showed that overexpression of PD-L1 significantly pro-
moted tumor growth, whereas knockdown of WIP
reduced tumor growth (Fig. 6a–d). Western blot analysis
for tumor tissues showed that PD-L1 overexpression
increased expression of β-catenin, WIP and p-S6 (Fig. 6e).
Moreover, the immunohistochemical analysis of tumor
tissues similarly revealed that PD-L1 overexpression
increased the expression of β-catenin, WIP and p-S6 (Fig.
6f). These in vivo data confirmed that PD-L1-mediated
tumor growth was realized through the WIP signaling in
lung cancer.

PD-L1 is positively correlated with WIP expression in
human lung adenocarcinoma tissues and predicts poor
prognosis
We evaluated the expression of PD-L1 and WIP in

human lung adenocarcinoma tissues (T) and paired
adjacent normal tissues (N). As shown in Fig. 7a, the
expression of PD-L1 and WIP was higher in patient tumor
tissues (T) than adjacent normal tissues (N). We also
analyzed the clinical significance of PD-L1 and WIP in 92
patients with lung adenocarcinoma based on tissue
microarray. The immunohistochemistry staining of PD-
L1 and WIP also showed high expression of PD-L1 and
WIP in lung adenocarcinoma tumor tissues compared
with the adjacent normal tissues (Fig. 7b). The positive
correlation between PD-L1 and WIP expression in human
lung adenocarcinoma tissues were observed (p= 0.001,
r= 0.346) (Fig. 7c). Furthermore, the analysis of the
clinocopathological data demonstrated that the expres-
sion of WIP was highly associated with lung tumor dif-
ferentiation (p= 0.01) and TNM stage (p= 0.049) (Fig.
7d). The patients with high expression of PD-L1 and WIP
had short survival time compared with those with low
expression of PD-L1 and WIP (p= 0.017 and 0.008,
respectively) (Fig. 7e, f). These results showed again the
pro-tumorigenic function of the PD-L1 and WIP in
human lung cancer progression (Fig. 8).

Discussion
PD-L1 functions as an oncogene in several cancer types,

including gastric cancer7, osteosarcoma8, esophageal
cancer13, and ovarian cancer12,21. In our study, we found
that PD-L1 promotes lung cancer cells proliferation,
migration and invasion by activating PI3K/Akt/mTOR
and Erk pathway. However, as a membrane and cyto-
plasma protein, how PD-L1 regulates the downstream
signaling in cancers has not been fully understood. It has
been reported that in melanoma PD-1 and PD-L1
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interaction triggers ITIM and ITSM cytosolic loci of PD-1
to recruit phosphatases SHP-1 and SHP-2, which induces
dephosphorylation of TCR in T cells, whereas promotes
activation of pro-tumorigenic pathways in melanoma29.
Furthermore, SHP-2 can positively regulate RTK signal
transduction in glioma genesis30,31. NTRK1 (Neuro-
trophic Receptor Tyrosine Kinase 1), one of family
member of RTKs, is downregulated by PD-L1 knockdown
in our study. Whether the activation of PI3K/Akt pathway
by PD-L1 is NTRK1 dependent should be further eval-
uated, and whether PD-1 and PD-L1 interaction is
necessary for PD-L1 signaling transduction remains
unclear.
Cell migration and invasion can be regulated by various

factors. In our study, we have shown that PD-L1 promotes
lung cancer cell migration and invasion by regulating
EMT signaling. A previous study has reported that
stathmin-1 can regulate trophoblast invasion. Decreased
stathmin-1 expression inhibits trophoblast proliferation
and invasion and is associated with recurrent mis-
carriage32. In addition, it has shown that TGF-β/smad
pathway involves in tumor invasion and progression33,34.
The activation of microRNA-520h–associated TGF-β1/c-
Myb/Smad7 axis promotes epithelial ovarian cancer
progression33. TGFβ can induce EMT by downregulating
epithelial markers and upregulating mesenchymal mar-
kers35. However, whether TGF-β signaling is implicated in
the PD-L1 mediated lung cancer invasion should be fur-
ther clarified. The integrin/Erk pathway has been reported
widely in both tumor invasion and pregnancy develop-
ment. EIF5A1 promotes trophoblast migration and inva-
sion via ARAF-mediated activation of the integrin/Erk
signaling pathway36. In our study, we have also demon-
strated that the Erk signaling plays an essential role in the
PD-L1-mediated lung cancer proliferative promotion and
invasion (Supplementary Fig. S3C, D). Furthermore, our
analysis for RNA-Seq data also showed that the Ras/Erk
signaling molecules were enriched in the negative control
group compared with the PD-L1 siRNA-treated group
(data not shown).
LncRNA HOX transcript antisense RNA (HOTAIR) is

associated with cell invasion and tumorigenesis. Previous
research have demonstrated that upregulation of PUM1
expression in preeclampsia decreases trophoblast invasion
by negatively regulating the expression of the lncRNA

HOTAIR37, and elevated tristetraprolin impairs tropho-
blast invasion in women with recurrent miscarriage by
destabilization of HOTAIR38. Although HOTAIR has
been shown to reduce in recurrent miscarriage, it elevates
in brain metastasis and is positively correlated with poor
prognosis in lung cancer39. Considering that HOTAIR
can silence miR-34a40 and miR-34a inhibits PD-L1
expression in lung cancer41, the relationship between
HOTAIR and PD-L1 needs be further investigated in lung
cancer metastasis.
Our study also proved that PD-L1 promotes lung cancer

cell proliferation at least partially through WIP both
in vitro and in vivo. We could not exclude the possibility
that other PD-L1 target genes also contributes to NSCLC
cell growth. It has been reported that WIP mainly involves
in actin cytoskeleton organization and polymerization
that are required for the EMT42. However, how WIP
affects NSCLC cells migration and invasion should be
evaluated. Also, it would be significant to further deter-
mine whether PD-L1 and WIP promote metastasis of
NSCLC in vivo.
The Hippo pathway and its regulation of YAP/TAZ are

found to regulate organ size, tissue growth43 and cancer
development44. This pathway is regulated principally by
actin polymerization, which directly affects YAP/TAZ
mediated transcription45. WIP also plays an essential role
in actin skeleton organization. In our study, we found that
PD-L1 negatively regulate the phosphorylation of YAP
and promotes YAP nuclear translocation. Whether PD-L1
affects other proteins in Hippo pathway and WIP parti-
cipates in this regulation should be further investigated.
We have proposed a model about the regulation of PD-

L1 on lung cancer growth by activating Akt/mTOR and
Erk pathway (Fig. 4c and Supplementary Fig. S3C). Our
results showed that inhibition of PI3K/Akt, mTOR, and
Erk pathway attenuates exogenous overexpression of PD-
L1 (Fig. 4a, Supplementary Fig. S3A, B). This is consistent
with the results that PD-L1 expression can be regulated
via the PI3K/Akt and or Ras/MAPK pathways in different
tumor cell types46–48.
Finally, we analyzed the expression of PD-L1 and WIP

in human lung adenocarcinoma patients and mouse
xenografts, we found that PD-L1 was mainly expressed in
cytoplasm in 92 human lung adenocarcinoma tissues,
which was not consistent with results of lung

(see figure on previous page)
Fig. 5 The PD-L1 mediated cell growth promotion is partially dependent on WIP. a, b H460 and H358 cells were transfected with WIP siRNAs.
After 48 h, cell viability and colony numbers were analyzed by MTT and colony formation assays. c H1299 cells were transfected with PD-L1-OE and
WIP siRNAs, and H358 cells were transfected with PD-L1 siRNAs and WIP-OE plasmid. After 48 h, the expression of PD-L1, WIP, and GAPDH were
detected by western blot. d, e H1299 cells were treated with PD-L1-OE and WIP siRNAs, and H358 cells were treated with PD-L1 siRNA and WIP-OE
plasmid. After 48 h, cell viability and colony numbers were analyzed by MTT and colony formation assays. For a, b, d, e, the data represent the mean
± SD of three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001.
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adenocarcinoma tissues that PD-L1 expressed in both
membrane and cytoplasm49. In our data, only six patients
were expressed in both cytoplasm and membrane (data
not shown). In all mouse xenografts, PD-L1 was expressed
in cytoplasm. Our work also revealed that PD-L1

expression was highly correlated to WIP expression in
92 human lung adenocarcinoma patients. High expression
of both PD-L1 and WIP in human lung adenocarcinoma
was associated with patient poor survival, which was
consistent with previous study in other types of
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Fig. 6 PD-L1 promotes tumor growth by upregulating WIP in human lung cancer mouse model. a The morphology of tumor xenografts from
each mouse was photographed. b, c The mouse of each group was sacrificed, the tumor weight and tumor volume were measured. d Tumor
diameters of each nude mouse from different group were measured at a regular interval of 2 days after 9 days of injection. Tumor volume=
(Width2 × length)/2. e The expression level of PD-L1, β-catenin, WIP, and p-S6 within tumor xenografts in each group of nude mice were detected.
f The expression of PD-L1, β-catenin, WIP, p-S6, and Ki67 in tumor tissues was detected by immunohistochemistry staining. N= 6 mice/group. Scale
bars= 50 μm. Original magnification: ×40. The level of significance was indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
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malignancy, such as esophageal cancer13, breast cancer19,
and pancreatic ductal adenocarcinoma26.
In conclusion, we have revealed a new oncoprotein

expression profile of WIP in NSCLC and demonstrated
that PD-L1 regulated proliferation and migration of
NSCLC cells via Akt-β-catenin-WIP axis. Our results
provide new insights into understanding the pro-
tumorigenic role of PD-L1 and its regulatory mechan-
ism on WIP in lung cancer, and suggest that the PD-L1/
Akt/β-catenin/WIP signaling axis may be a potential
therapeutic target for lung cancers.

Acknowledgements
This work was supported by the funds from the National Natural Science
Foundation of China (81772975, 81703904, 81672273, 81772925, and
81972569).

Author details
1Institute of Cancer Stem Cells & The First Affiliated Hospital, Dalian Medical
University, Dalian, China. 2Sun Yat-sen University Cancer Center, State Key
Laboratory of Oncology in South China, Collaborative Innovation Center of
Cancer Medicine, Guangzhou, China. 3Vagelos College of Physicians and
Surgeons, Columbia University, New York, NY, USA. 4The First Affiliated
Hospital, Sun Yat-sen University, Guangzhou, China

Conflict of interest
The authors declare that they have no conflict of interest.

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

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-2701-z).

Received: 24 February 2020 Revised: 10 June 2020 Accepted: 14 June 2020

References
1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2019. CA: a cancer J.

clinicians 69, 7–34 (2019).
2. Ohe, Y. et al. Long-term follow-up of patients with unresectable locally

advanced non-small cell lung cancer treated with chemoradiotherapy: a
retrospective analysis of the data from the Japan Clinical Oncology Group
trials (JCOG0003A). Cancer Sci. 94, 729–734 (2003).

3. Yasumoto, K., Hanagiri, T. & Takenoyama, M. Lung cancer-associated tumor
antigens and the present status of immunotherapy against non-small-cell
lung cancer. Gen. Thorac. Cardiovasc. Surg. 57, 449–457 (2009).

4. Hirsch, F. R. et al. Lung cancer: current therapies and new targeted treatments.
Lancet 389, 299–311 (2017).

5. Song, X., Liu, J., Lu, Y., Jin, H. & Huang, D. Overexpression of B7-H1 correlates
with malignant cell proliferation in pancreatic cancer. Oncol. Rep. 31,
1191–1198 (2014).

6. Abiko, K. et al. IFN-gamma from lymphocytes induces PD-L1 expression
and promotes progression of ovarian cancer. Br. J. Cancer 112,
1501–1509 (2015).

7. Li, J. et al. Knockdown of PD-L1 in Human Gastric Cancer Cells Inhibits Tumor
Progression and Improves the Cytotoxic Sensitivity to CIK Therapy. Cell Physiol.
Biochem 41, 907–920 (2017).

8. Liao, Y. et al. Targeting programmed cell death ligand 1 by CRISPR/Cas9 in
osteosarcoma cells. Oncotarget 8, 30276–30287 (2017).

9. Chen, L. & Han, X. Anti-PD-1/PD-L1 therapy of human cancer: past, present,
and future. J. Clin. Investig. 125, 3384–3391 (2015).

10. Zeng, W. et al. PDL1 blockage increases fetal resorption and Tfr cells but does
not affect Tfh/Tfr ratio and B-cell maturation during allogeneic pregnancy. Cell
Death Dis. 11, 119 (2020).

11. Zeng, W. et al. Characterization of T follicular helper cells in allogeneic normal
pregnancy and PDL1 blockage-induced abortion. Sci. Rep. 6, 36560 (2016).

12. Gupta, H. B. et al. Tumor cell-intrinsic PD-L1 promotes tumor-initiating cell
generation and functions in melanoma and ovarian cancer. Signal Transduct.
Target. Ther. 1. https://doi.org/10.1038/sigtrans.2016.30 (2016).

13. Chen, L. et al. PD-L1 expression promotes epithelial to mesenchymal transition
in human esophageal cancer. Cell Physiol. Biochem. 42, 2267–2280 (2017).

14. Li, Y. et al. B7-H3 promotes gastric cancer cell migration and invasion.
Oncotarget 8, 71725–71735 (2017).

15. Dai, W., Shen, G., Qiu, J., Zhao, X. & Gao, Q. Aberrant expression of B7-H3 in
gastric adenocarcinoma promotes cancer cell metastasis. Oncol. Rep. 32,
2086–2092 (2014).

16. Kraft, S., Fernandez-Figueras, M. T., Richarz, N. A., Flaherty, K. T. & Hoang, M. P.
PDL1 expression in desmoplastic melanoma is associated with tumor
aggressiveness and progression. J. Am. Acad. Dermatol. 77, 534–542 (2017).

17. Lyford-Pike, S. et al. Evidence for a role of the PD-1:PD-L1 pathway in immune
resistance of HPV-associated head and neck squamous cell carcinoma. Cancer
Res. 73, 1733–1741 (2013).

18. Thompson, R. H. et al. Costimulatory B7-H1 in renal cell carcinoma patients:
indicator of tumor aggressiveness and potential therapeutic target. Proc. Natl
Acad. Sci. USA 101, 17174–17179 (2004).

19. Muenst, S. et al. Expression of programmed death ligand 1 (PD-L1) is asso-
ciated with poor prognosis in human breast cancer. Breast Cancer Res. Treat.
146, 15–24 (2014).

20. Nomi, T. et al. Clinical significance and therapeutic potential of the pro-
grammed death-1 ligand/programmed death-1 pathway in human pan-
creatic cancer. Clin. Cancer Res. 13, 2151–2157 (2007).

21. Hamanishi, J. et al. Programmed cell death 1 ligand 1 and tumor-infiltrating
CD8+ T lymphocytes are prognostic factors of human ovarian cancer. Proc.
Natl Acad. Sci. USA 104, 3360–3365 (2007).

22. Stevenson, R. P., Veltman, D. & Machesky, L. M. Actin-bundling proteins in
cancer progression at a glance. J. Cell Sci. 125, 1073–1079 (2012).

23. Noy, E., Fried, S., Matalon, O. & Barda-Saad, M. WIP remodeling actin behind
the scenes: how WIP reshapes immune and other functions. Int J. Mol. Sci. 13,
7629–7647 (2012).

Fig. 8 Schematic diagram illustrating the mechanism of PD-L1
involves in regulating lung cancer growth and progression. PD-
L1 promotes p-S6 expression through PI3K/AKT/mTOR pathway, and
also upregulates β-catenin expression by increasing phosphorylation
of GSK3β (inactive form Ser9). β-Catenin binds to the WIP promoter
and activates its expression in lung cancer cells.

Yu et al. Cell Death and Disease          (2020) 11:506 Page 15 of 16

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-2701-z
https://doi.org/10.1038/s41419-020-2701-z
https://doi.org/10.1038/sigtrans.2016.30


24. Gargini, R. et al. WIP drives tumor progression through YAP/TAZ-dependent
autonomous cell growth. Cell Rep. 17, 1962–1977 (2016).

25. Pan, Y. et al. WIPF1 antagonizes the tumor suppressive effect of miR-141/200c
and is associated with poor survival in patients with PDAC. J. Exp. Clin. Cancer
Res. 37, 167 (2018).

26. Salvi, A. & Thanabalu, T. WIP promotes in-vitro invasion ability, anchorage
independent growth and EMT progression of A549 lung adenocarcinoma
cells by regulating RhoA levels. Biochem. Biophys. Res. Commun. 482,
1353–1359 (2017).

27. Jinesh, G. G., Manyam, G. C., Mmeje, C. O., Baggerly, K. A. & Kamat, A. M. Surface
PD-L1, E-cadherin, CD24, and VEGFR2 as markers of epithelial cancer stem cells
associated with rapid tumorigenesis. Sci. Rep. 7, 9602 (2017).

28. Almozyan, S. et al. PD-L1 promotes OCT4 and Nanog expression in breast
cancer stem cells by sustaining PI3K/AKT pathway activation. Int. J. Cancer 141,
1402–1412 (2017).

29. Kleffel, S. et al. Melanoma cell-intrinsic PD-1 receptor functions promote tumor
growth. Cell 162, 1242–1256 (2015).

30. Ostman, A., Hellberg, C. & Bohmer, F. D. Protein-tyrosine phosphatases and
cancer. Nat. Rev. Cancer 6, 307–320 (2006).

31. Liu, K. W. et al. SHP-2/PTPN11 mediates gliomagenesis driven by PDGFRA and
INK4A/ARF aberrations in mice and humans. J. Clin. Investig. 121, 905–917 (2011).

32. Tian, F. J. et al. Decreased stathmin-1 expression inhibits trophoblast pro-
liferation and invasion and is associated with recurrent miscarriage. Am. J.
Pathol. 185, 2709–2721 (2015).

33. Zhang, J. et al. The activation of microRNA-520h-associated TGF-beta1/c-Myb/
Smad7 axis promotes epithelial ovarian cancer progression. Cell Death Dis. 9,
884 (2018).

34. Lin, R. L. & Zhao, L. J. Mechanistic basis and clinical relevance of the role of
transforming growth factor-beta in cancer. Cancer Biol. Med. 12, 385–393 (2015).

35. Gonzalez, D. M. & Medici, D. Signaling mechanisms of the epithelial-
mesenchymal transition. Sci. Signal. 7, re8 (2014).

36. Zhang, J. et al. EIF5A1 promotes trophoblast migration and invasion via ARAF-
mediated activation of the integrin/ERK signaling pathway. Cell Death Dis. 9,
926 (2018).

37. Zhang, Y. et al. Upregulation of PUM1 expression in preeclampsia impairs
trophoblast invasion by negatively regulating the expression of the lncRNA
HOTAIR. Mol. Ther. 28, 631–641 (2020).

38. Tian, F. J. et al. Elevated tristetraprolin impairs trophoblast invasion in women
with recurrent miscarriage by destabilization of HOTAIR.Mol. Ther. Nucleic Acids
12, 600–609 (2018).

39. Nakagawa, T. et al. Large noncoding RNA HOTAIR enhances aggressive bio-
logical behavior and is associated with short disease-free survival in human
non-small cell lung cancer. Biochem. Biophys. Res. Commun. 436, 319–324
(2013).

40. Liu, Y. W. et al. LincHOTAIR epigenetically silences miR34a by binding to PRC2
to promote the epithelial-to-mesenchymal transition in human gastric cancer.
Cell Death Dis. 6, e1802 (2015).

41. Cortez, M. A. et al. PDL1 Regulation by p53 via miR-34. J. Natl Cancer Inst. 108.
https://doi.org/10.1093/jnci/djv303 (2016).

42. Donnelly, S. K., Weisswange, I., Zettl, M. & Way, M. WIP provides an essential link
between Nck and N-WASP during Arp2/3-dependent actin polymerization.
Curr. Biol. 23, 999–1006 (2013).

43. Hong, W. & Guan, K. L. The YAP and TAZ transcription co-activators: key
downstream effectors of the mammalian Hippo pathway. Semin. Cell Dev. Biol.
23, 785–793 (2012).

44. Harvey, K. F., Zhang, X. & Thomas, D. M. The Hippo pathway and human
cancer. Nat. Rev. Cancer 13, 246–257 (2013).

45. Piccolo, S., Dupont, S. & Cordenonsi, M. The biology of YAP/TAZ:
hippo signaling and beyond. Physiol. Rev. 94, 1287–1312
(2014).

46. Okita, R. et al. PD-L1 overexpression is partially regulated by EGFR/
HER2 signaling and associated with poor prognosis in patients with
non-small-cell lung cancer. Cancer Immunol. Immunother. 66,
865–876 (2017).

47. Chen, N. et al. KRAS mutation-induced upregulation of PD-L1 mediates
immune escape in human lung adenocarcinoma. Cancer Immunol. Immun-
other. 66, 1175–1187 (2017).

48. Coelho, M. A. et al. Oncogenic RAS signaling promotes tumor
immunoresistance by stabilizing PD-L1 mRNA. Immunity 47,
1083–1099 e1086 (2017).

49. Mu, C. Y., Huang, J. A., Chen, Y., Chen, C. & Zhang, X. G. High expression of PD-
L1 in lung cancer may contribute to poor prognosis and tumor cells immune
escape through suppressing tumor infiltrating dendritic cells maturation. Med.
Oncol. 28, 682–688 (2011).

Yu et al. Cell Death and Disease          (2020) 11:506 Page 16 of 16

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1093/jnci/djv303

	PD-L1 promotes tumor growth and progression by activating WIP and &#x003B2;nobreak-nobreakcatenin signaling pathways and predicts poor prognosis in lung cancer
	Introduction
	Materials and methods
	Cell lines and cell culture
	Plasmid construction and stable PD-L1 overexpression
	siRNAs and shRNAs
	RT-PCR
	Antibodies and western blot
	Dual-luciferase assay
	MTT assay
	Colony formation assay
	Wound-healing assay
	Transwell invasion assay
	ChIP assay
	DNA pulldown assay
	Patient tissue preparation and tissue microarray assay
	Immunohistochemistry staining
	In vivo xenograft mouse model
	Statistical analysis

	Results
	PD-L1 regulates lung cancer cell growth in�vitro and in�vivo
	PD-L1 promotes lung cancer cell migration and invasion via EMT signaling
	WIP is a downstream target of PD-L1 in lung cancer cells
	PD-L1 activates the PI3K/Akt signaling pathway by stabilizing &#x003B2;nobreak-nobreakcatenin
	PD-L1 promotes the binding of &#x003B2;nobreak-nobreakcatenin on the WIP promoter
	The PD-L1-mediated promotion of cell growth is partially dependent on the WIP signaling
	PD-L1 promotes tumor growth via upregulating WIP in human lung cancer mouse model
	PD-L1 is positively correlated with WIP expression in human lung adenocarcinoma tissues and predicts poor prognosis

	Discussion
	Acknowledgements




