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Abstract: This study investigated the role of anlotinib in restoring osimertinib sensitivity in EGFR-mutant non-small 
cell lung cancer (NSCLC) by targeting the Wnt/β-catenin/YAP signaling and PD-L1 expression. Using osimertinib-re-
sistant HCC827 cells with high PD-L1 expression, a stable PD-L1 knockdown line (Sh-PD-L1) was generated through 
lentiviral vectors. Resistance was induced by stepwise exposure to osimertinib, and the two constructed resistant 
cell lines were named OR (osimertinib-resistant) and Sh-PD-L1-OR (PD-L1 knockdown osimertinib-resistant) cell 
lines. Functional assays, including wound healing, Transwell, and MTT, along with Western blot analysis, were con-
ducted in both cell and animal models. Sh-PD-L1 significantly reduced PD-L1 and EGFR expression (P < 0.001), 
decreased cell viability, and lowered IC50 values compared to parental cells (P < 0.001). In OR, PD-L1 expression 
was elevated, and PD-L1 knockdown in the Sh-PD-L1-OR group reduced both PD-L1 and EGFR levels (P < 0.001), 
enhanced YAP inhibition, and reversed Wnt/β-catenin signaling activation (P < 0.05). Anlotinib treatment reduced 
cell viability, migration, and invasion, with enhanced effects in the Sh-PD-L1-OR group (P < 0.001). It decreased 
p-EGFR, PD-L1, and YAP expression while activating GSK3β and reducing β-catenin phosphorylation (P < 0.05). In 
vivo, anlotinib reduced tumor growth in Sh-PD-L1-OR models (P < 0.01), with decreased expression of EGFR, PD-L1, 
YAP, and β-catenin. These findings suggest that high PD-L1 expression promotes osimertinib resistance through ac-
tivation of YAP and Wnt/β-catenin, and that anlotinib combined with osimertinib can reverse resistance by restoring 
GSK3β activity, activating the Hippo pathway, and inhibiting β-catenin signaling.
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Introduction

Lung cancer remains one of the leading causes 
of mortality worldwide, with non-small cell lung 
cancer (NSCLC) accounting for approximately 
85% of all cases [1, 2]. Despite advances in 
treatment, the overall survival rate remains 
low, particularly among patients diagnosed at 
advanced stages [3, 4]. Currently, surgery, che-
motherapy, and radiotherapy are the primary 
therapeutic options for NSCLC, while targeted 
therapies have gained prominence for patients 
with specific mutations [2]. Among these, third-

generation epidermal growth factor receptor 
(EGFR) tyrosine kinase inhibitors (TKIs), such as 
osimertinib (AZD9291), have replaced first-gen-
eration EGFR-TKIs (gefitinib and erlotinib) as the 
standard first-line treatment for metastatic 
EGFR-mutant NSCLC [5, 6]. However, the emer-
gence of acquired resistance to EGFR-TKIs 
remains a major barrier to effective treatment. 
Known mechanisms of resistance include the 
T790M mutation in the EGFR gene, which 
impairs the binding of third-generation EGFR-
TKIs, MET amplification, and additional EGFR 
mutations [5, 6]. Additionally, epithelial-to-mes-
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enchymal transition (EMT) and the activation of 
bypass signaling pathways, such as the PI3K/
AKT, MAPK, and Wnt/β-catenin pathways, have 
also been implicated in resistance [7]. Despite 
the development of next-generation EGFR-TKIs 
like osimertinib, overcoming resistance contin-
ues to present a significant clinical challenge, 
and new therapeutic strategies are urgently 
needed.

The relationship between EGFR signaling and 
the PD-L1/PD-1 axis has been explored, with 
studies showing that mutant EGFR signaling 
can enhance PD-L1 expression in cancer cells 
[8, 9]. Increased PD-L1 expression has been 
observed in lung cancer samples from EGFR-
mutant patients [10, 11]. Our findings demon-
strated that PD-L1 expression levels signifi-
cantly impacted progression-free survival (PFS) 
[12]. Specifically, patients with strong PD-L1 
expression (≥ 50%) had a significantly shorter 
median PFS compared to those with weak 
PD-L1 expression, although PD-L1 negativity 
was not associated with a poor prognosis [12]. 
This study suggests that higher PD-L1 expres-
sion in tumor cells may contribute to earlier pro-
gression and worse outcomes in EGFR-mutant 
NSCLC patients treated with third-generation 
EGFR-TKIs. However, the molecular mediator 
linking EGFR signaling to PD-L1 remains 
unclear.

Overexpression of PD-L1 has been associated 
with increased cell proliferation and chemo-
therapy resistance, independent of PD-1 and 
cytotoxic T cells [11, 13]. In this context of res- 
istance, immunotherapy targeting immune che- 
ckpoints, such as PD-L1/PD-1, has recently ga- 
rnered significant attention [2, 14, 15]. Unlike 
traditional chemotherapy, which primarily tar-
gets cancer cells, immunotherapy influences 
the tumor microenvironment, including immune 
cells, offering a potential treatment option for 
patients with chemoresistant lung cancer [16]. 
However, in NSCLC patients treated with anti-
PD-1/PD-L1 immune checkpoint inhibitors (ICI), 
the incidence of grade 3 and higher toxicity 
ranges from 7-13% [17], although the incidence 
of adverse reactions remains considerably 
lower than that associated with chemotherapy 
[18]. Despite these advancements, significant 
limitations remain in all of these treatment 
strategies, often due to drug resistance, low 
efficacy, or severe side effects, which result in 
poor outcomes for patients with NSCLC.

Anlotinib (AL3818) is an oral multitargeted re- 
ceptor TKI that targets several receptors, in- 
cluding vascular endothelial growth factor re- 
ceptor (VEGFR), platelet-derived growth factor 
receptor (PDGFR), fibroblast growth factor re- 
ceptor (FGFR), c-Kit, c-MET, and Ret [19-21]. 
The ALTER 0303 randomized phase III clinical 
trial showed that anlotinib significantly improv- 
ed PFS and overall survival (OS) in 439 Chinese 
patients with advanced NSCLC, leading to its 
approval as a third-line treatment option for 
these patients in China [21]. Moreover, combin-
ing anlotinib with other therapeutic modalities 
has shown enhanced anticancer efficacy com-
pared to monotherapy [22, 23]. Combination 
treatments, including chemotherapy, immuno-
therapy, and radiotherapy, have yielded impro- 
ved outcomes [24-27]. Specifically, anlotinib 
combined with gefitinib has been reported to 
produce synergistic antitumor effects [28]. Stu- 
dies on the combination of osimertinib and an- 
lotinib to overcome drug resistance have sh- 
own that the two drugs can restore the sensitiv-
ity of resistant NSCLC cells and xenografts to 
osimertinib by inhibiting AXL phosphorylation 
and disrupting the c-MET/MYC/AXL axis [29]. 
Notably, anlotinib combined with PD-1 blocker 
enhanced the immune microenvironment and 
significantly inhibited tumor growth, showing 
superior efficacy compared to treatment alone 
[2]. Anlotinib enhances the tumor immune mi- 
croenvironment by promoting CD8+ T cell domi-
nance, with CCL5-mediated recruitment of 
CD8+ T cells playing a crucial role [2].

Although previous studies have highlighted the 
potential of combining anlotinib with EGFR-TKIs 
to overcome resistance, the mechanisms un- 
derlying this combination, particularly in rela-
tion to PD-L1 expression and its modulation, 
remain unclear. This study aims to investigate 
how anlotinib restores osimertinib sensitivity  
in EGFR-mutant NSCLC by inhibiting key signal-
ing pathways and modulating PD-L1 expres-
sion. Understanding these mechanisms will 
provide insights into novel therapeutic strate-
gies to overcome acquired resistance in ad- 
vanced NSCLC, potentially improving patient 
outcomes and offering a more effective treat-
ment approach.

Methods

Cell lines

In our previous research, we found that 54% of 
NSCLC patients had exon 19 deletions in EGFR, 
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while 46% had the exon 21 L858R mutation, 
with 65.33% of patients undergoing osimer-
tinib treatment [12]. The wild-type cell line 
H1993 and A549, along with the EGFR-mutant 
cell lines H1975 (T790M and L858R mutation) 
and HCC827 (exon 19 deletion), were obtained 
from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and the Institute of 
Biochemistry and Cell Biology, Chinese Aca- 
demy of Sciences (Shanghai, China), respec-
tively. The H1993, PC-9, H1975, and HCC827 
cell lines were cultured in RPMI 1640 medium 
(Thermo Fisher, 11875093), supplemented wi- 
th 10% fetal bovine serum (FBS; Thermo Fisher, 
16000044), 100 μg/mL penicillin (Thermo Fi- 
sher, 15140122), and 0.1 mg/mL streptomy-
cin, and maintained in a 37°C incubator with a 
5% CO2 atmosphere.

Stable transfection

To establish a PD-L1 knockdown stable cell 
line, two DNA fragments corresponding to 
PD-L1 shRNA-1 (5’-GCATTTGCTGAACGCATTTA- 
C-3’) and PD-L1 shRNA-2 (5’-CGAATTACTGTG- 
AAAGTCAAT-3’) were cloned into the lentiviral 
vector pGLV2-U6-Puro (GenePharma, Shanghai, 
China), which contains BamHI and EcoRI res- 
triction sites. A control shRNA sequence was 
used as a negative control. The PD-L1 kno- 
ckdown construct (Sh-PD-L1) or the control 
vector was co-transfected with packaging plas-
mids into 293T cells using Lipofectamine 2000 
(Invitrogen, 11668027). After 48 h, lentivirus 
particles were harvested, filtered through a 
0.45 μm PVDF filter, and used to infect target 
cells. Infected cells were cultured for an addi-
tional 48 h and subsequently subjected to pu- 
romycin (Sigma-Aldrich, P8833) selection at 
concentrations ranging from 0.4 μg/mL to 2 
μg/mL. PD-L1 knockdown efficiency was con-
firmed by RNA and protein analyses.

To construct a stable GSK3β overexpression 
cell line in OR (osimertinib-resistant) cells, the 
GSK3β coding sequence was cloned into the 
pLVX-IRES-Neo vector and transfected into hu- 
man embryonic kidney 293T cells along with 
packaging plasmids using Lipofectamine 2000. 
The empty vector was used as a negative con-
trol. The cells were incubated in DMEM (Thermo 
Fisher, 11995073) supplemented with 10% 
FBS in a humidified 5% CO2 incubator at 37°C 
for 48 h. After incubation, the lentiviral super-

natant was collected and used to infect OR 
cells. Two days post-infection, stable cells were 
selected with 400 μg/mL G418 (Amresco, So- 
lon, 97223).

Osimertinib resistance induction

Osimertinib (10 Μm; Selleck Chemicals, S7788) 
was dissolved in DMSO, ensuring that the final 
DMSO (Sigma-Aldrich, D8418) concentration in 
both the drug-treated and control media was 
less than 1%. HCC827 cells were seeded at a 
density of approximately 1×106 cells per well 
and treated with 5 μM osimertinib for 24 h. 
Once the cells reached 80-90% confluence, the 
osimertinib concentration gradually increased 
in subsequent rounds of treatment, and the 
exposure time was extended to 72 h. The final 
osimertinib concentration was 10 μM. This pro-
cess continued for several weeks, during which 
the cells were cultured in medium containing 
5-10 μM osimertinib for a total of 5 weeks. 
After 5 weeks, total RNA was extracted, and 
PD-L1 gene expression was detected by flow 
cytometry, while PD-L1 and EGFR protein ex- 
pression were assessed by western blot (WB). 
This method was used to establish both OR 
(osimertinib-resistant) and Sh-PD-L1-OR (PD-
L1 knockdown osimertinib-resistant) cell lines.

Wound healing assay

HCC827 cells were seeded in 6-well plates until 
reaching 80-90% confluence. A straight scratch 
was made using a 200 μL pipette tip. Images 
were captured at 0, 24, 48 and 72 h to assess 
cell migration rates.

Transwell migration and invasion assays

Migration and invasion abilities of the cells 
were assessed using 24-well Transwell cham-
bers (Corning, USA). For the migration assay, 
5×104 cells were seeded into the upper cham-
ber, with 0.4 mL of serum-free medium in the 
upper compartment. The lower chamber was 
filled with 0.6 mL of medium containing 20% 
FBS. After incubating for 24 h at 37°C, cells 
were fixed with methanol for 15 min and stain- 
ed with 0.1% crystal violet (Sigma-Aldrich, USA) 
for 30 min. The stained cells were washed with 
water, and the membrane was mounted on a 
glass slide for microscopic analysis. The experi-
ment was performed in triplicate.
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For the invasion assay, the upper chamber  
and insert of the 24-well Transwell system 
(Corning, USA) were coated with Matrigel (BD 
Biosciences, 354234) at a 1:7 dilution ratio 
prior to cell seeding. After allowing the Matrigel 
to solidify at 37°C for 2 h, approximately 6×104 
cells (transfected group) and 10×104 cells (con-
trol group) were seeded in the upper chamber, 
and the lower chamber was filled with medium 
containing 20% FBS as a chemoattractant. The 
cells were incubated for 24 h at 37°C. After 
incubation, the non-invasive cells on the upper 
surface of the membrane were gently removed 
with a cotton swab. The invasive cells on the 
lower surface of the membrane were fixed with 
4% paraformaldehyde for 20 min, followed by 
staining with hematoxylin for 10 min. Invasive 
cell numbers were counted by randomly select-
ing five high-power fields (200× magnification) 
under a light microscope. The experiment was 
performed in triplicate.

MTT assay for cell viability

HCC827 cells were seeded at 2×103 cells per 
well in 96-well plates. After 24 h, cells were 
treated with varying concentrations of osimer-
tinib (0-15 μM) for 96 h. Post-treatment, the 
cells were washed with PBS, and 20 μL of MTT 
(5 mg/mL) was added to each well, followed by 
a 4-hour incubation at 37°C. Dimethyl sulfoxide 
(DMSO, 150 μL) was added to dissolve forma-
zan crystals, and absorbance was measured at 
570 nm. Cell viability was calculated relative to 
control, and IC50 values were determined 
using non-linear regression analysis.

Apoptosis analysis

Apoptosis was assessed in four groups of 
HCC827 cells using 7-AAD staining in combina-
tion with Annexin V-FITC. Cells were incubated 
with Annexin V-FITC and 7-AAD (Yeasen, 403- 
11ES50) according to the manufacturer’s pro-
tocol to differentiate early apoptotic, late apop-
totic, and necrotic cells. Apoptosis was evalu-
ated by flow cytometry on a BD FACSCalibur 
flow cytometer. For each group, the percentage 
of early apoptotic (Annexin V-FITC positive, 
7-AAD negative) and late apoptotic (Annexin 
V-FITC positive, 7-AAD positive) populations 
were quantified. Cell viability was assessed by 
7-AAD staining (7-AAD positive cells) to distin-
guish necrotic cells. Data was collected and 
analyzed using FlowJo software (Tree Star, Inc.) 

to determine the apoptosis rate in each group, 
comparing pre- and post-resistance conditions. 
Statistical analysis was performed to evaluate 
the significance of apoptosis changes between 
the treatment groups.

Xenograft models

All experimental animals were obtained from 
the Beijing Vital River Laboratory Animal Tech- 
nology Co., Ltd. (Beijing, China) and housed un- 
der specific pathogen-free conditions (22 ± 
2°C, 55 ± 10% humidity, 12-h light/dark cycle) 
with ad libitum access to food and water. Male 
BALB/c nude mice (4-6 weeks old) were subcu-
taneously injected with 5×106 HCC827/OR or 
PD-L1 knockdown cells suspended in PBS.

Mice were randomly divided into four groups (n 
= 5 per group) once tumors reached 70-100 
mm3: (1) NC (HCC827), (2) OR (3) Sh-PD-L1, 
and (4) Sh-PD-L1-OR. Mice received daily ga- 
vage of control (1% DMSO), anlotinib (1.5 mg/
kg) therapy for 16 days. Tumor volumes were 
calculated as V = L×W2/2, and on day 21, mice 
were euthanized under deep anaesthesia using 
an intraperitoneal injection of sodium pento-
barbital (150 mg/kg), followed by cervical dislo-
cation to confirm death, for tissue collection 
and metastasis assessment.

Immunohistochemistry (IHC)

Tumor sections were deparaffinized, rehydrat-
ed, and subjected to antigen retrieval using 
citrate buffer (pH 6.0). Sections were incubated 
overnight at 4°C with primary antibodies aga- 
inst PD-L1 and β-catenin (1:400). DAB was 
used for visualization, and hematoxylin was 
applied for counterstaining. Staining intensity 
and the percentage of positively stained cells 
were scored to evaluate protein expression.

Hematoxylin and Eosin (H&E) staining

Tissue sections were deparaffinized, rehydrat-
ed, and stained with hematoxylin for 5 min. 
After differentiation with acid alcohol, sections 
were blued with ammonia water, counterstain- 
ed with eosin, dehydrated, and mounted for 
microscopic evaluation.

Western blot analysis

Total protein was extracted from HCC827 cells 
treated with or without osimertinib (0 μM, 1 μM, 
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or 10 μM) for 48 h. Proteins were quantified 
using the BCA assay, separated via SDS-PAGE, 
and transferred to PVDF membranes. Mem- 
branes were incubated with primary antibodies 
against EGFR, phosphorylated EGFR, PD-L1, 
and β-catenin, followed by HRP-conjugated se- 
condary antibodies. Bands were visualized us- 
ing ECL reagents and quantified with imaging 
software, normalized to β-actin levels.

Co-immunoprecipitation (CO-IP) of protein-
protein interactions

For the detection of protein-protein interac-
tions, OR cells and sh-PD-L1 cells were trans-
fected with or without HA-β-catenin, Flag-YAP2, 
and Flag-TAZ. Cells were seeded at 25% conflu-
ence (Day 0) and transfected with siRNA for 8 
hours or DNA for 24 hours, followed by medium 
replacement. After 48 h (Day 3), cells were har-
vested. Cells were lysed in a buffer containing 
20 mM HEPES (pH 7.8), 400 mM KCl, 5 mM 
EDTA, 0.4% NP40, 5% glycerol, and protease 
and phosphatase inhibitors, followed by sonica-
tion. The lysates were clarified by centrifuga-
tion. For immunoprecipitation, the extracts 
were diluted in binding buffer (20 mM HEPES, 
pH 7.8, 100 mM NaCl, 5% glycerol, 2.5 mM 
MgCl2, 1% Triton X-100, 0.5% NP40) and incu-
bated overnight at 4°C with anti-HA antibody 
(Sigma), anti-Flag antibody (Sigma), or anti-
tubulin antibody (Santa Cruz). The immunocom-
plexes were then bound to protein G-agarose 
beads. After washing four times with cold bind-
ing buffer, the immune complexes were resus-
pended in SDS sample buffer and analyzed by 
SDS-PAGE and WB.

For IgG IP and α-YAP IP, the lysates were immu-
noprecipitated with either control rabbit IgG or 
anti-YAP antibody (Santa Cruz, sc-101199), fol-
lowed by detection of β-catenin (α-β-catenin) 
and YAP (α-YAP) by WB.

To assess the role of phosphorylation in YAP 
signaling, cells were treated with or without 
HA-GSK3β (Purchased from Baosai Biotech). 
The phosphorylation levels of YAP were detect-
ed by WB using the following antibodies: anti-
HA (α-HA), anti-phospho-YAP (Ser127) (α-pYAP), 
and anti-YAP (α-YAP). The analysis was per-
formed to evaluate changes in YAP phosphory-
lation status upon treatment. For pulldown 
assays, cells were lysed and subjected to pull-
down using GST or GST-β-catenin. The interac-

tion between phosphorylated YAP and β-catenin 
was evaluated by detecting the following pro-
teins: anti-pYAP (Ser127) (α-pYAP), anti-GST 
(α-GST), and anti-GST-β-catenin (α-GST-β-ca- 
tenin) through WB. The pulldown efficiency and 
binding interactions were determined by com-
paring the expression levels of these proteins.

For phospho-specific assays, cells were treat- 
ed with or without HA-GSK3β and lysed in the 
same buffer as above. For immunoprecipita-
tion, the lysates were incubated with anti-HA 
(Sigma), anti-Flag (Sigma), or anti-Myc (Santa 
Cruz, 9E10 sc-40) resin for 4 h at 4°C. 
Immunocomplexes were washed three times 
with cold binding buffer, resuspended in SDS 
sample buffer, and analyzed by SDS-PAGE and 
WB.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from tumor tissues 
and HCC827 cells using the Bio-Rad RNA ex- 
traction kit, following the manufacturer’s proto-
col. RNA purity and concentration were mea-
sured at 260/280 nm using a spectrophotom-
eter. cDNA was synthesized from 2 μg of total 
RNA using the iScript cDNA Synthesis Kit. qRT-
PCR was performed with SYBR Green Supermix 
on a CFX Connect RT-PCR system using specific 
primers for EGFR, PD-L1, β-catenin, E-cadherin, 
N-cadherin, Vimentin and β-actin (Table 1). 

For the qRT-PCR reaction, the total reaction vol-
ume was 20 μL, containing 10 μL of SYBR 
Green Supermix, 0.4 μL of forward primer (10 
μM), 0.4 μL of reverse primer (10 μM), 1 μL of 
cDNA template, and 8.2 μL of nuclease-free 
water. The amplification was carried out with an 
initial denaturation at 95°C for 2-3 min, fol-
lowed by 40 cycles of 95°C for 10-15 s and 
60°C for 30-45 s. A melt curve analysis was 
performed from 65°C to 95°C in increments of 
0.5°C to confirm primer specificity. Gene 
expression was normalized to β-actin using the 
2-ΔΔCt method. Each sample was analyzed in 
triplicate.

Reagents

Anlotinib, an investigational drug under study 
for its potential to reverse osimertinib resis-
tance, was provided by Chia Tai Tianqing Pha- 
rmaceutical Co., Ltd. (Jiangsu, China). IWR-1-
endo, a Wnt signaling inhibitor used in the 



Anlotinib overcomes osimertinib resistance

296	 Am J Cancer Res 2026;16(1):291-313

Table 1. qRT-PCR primer sequences for target genes
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)
EGFR AACACCCTGGTGTGTGGAAGTACG TCGTTGGACAGCCTTCAAGACC
PD-L1 CCTACTGGCATTTGCTGAACGCAT ACCATAGCTGATCATGCAGCGGTA
β-catenin TCCTGAGGAAGAGGATGTGGAT CCTCTGAGCTCGAGTCATTGC
E-cadherin ACCATTAACAGGAACACAGG CAGTCACTTTCAGTGTGGTG
N-cadherin TTGAGCCTGAAGCCAACCTT TGTAGGTGGCCACTGTGCTTAC
Vimentin CGCCAACTACATCGACAAGGTGC CTGGTCCACCTGCCGGCGCAG
β-actin TCCTGTGGCATCCACGAAACT GAAGCATTTGCGGTGGACGAT

study, induces Axin2 protein levels and pro-
motes beta-catenin phosphorylation by stabiliz-
ing the Axin skeleton destruction complex, pur-
chased from Selleckchem (S7086, Houston, 
TX, USA). XAV939 is a small molecule inhibitor 
that selectively inhibits tankyrase 1 and 2 
(TNKS 1/2) activity, purchased from Sigma-
Aldrich (Catalog No. X3004). TRULI, a LAST 
pathway inhibitor, was purchased from Med- 
ChemExpress (HY-138489, Monmouth Junc- 
tion, NJ, USA). Verteporfin, a YAP/TEAD signal-
ing pathway inhibitor, was purchased from 
Sigma-Aldrich (SML0534, St. Louis, MO, USA). 
EGF Recombinant Protein, used as an EGF ago-
nist in the study, was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide 
(DMSO) was used to dissolve these drugs, and 
the resulting solutions were stored at -20°C 
until further use in experimental procedures.

The following primary antibodies were used for 
WB and IHC: anti-EGFR (Bio-Techne, AF1280, 
RRID: AB_354717), anti-p-EGFR (Y1068) (R&D 
Systems, MAB3570), anti-PD-L1 (Proteintech, 
66248-1-Ig), anti-β-catenin (Santa Cruz Bio- 
technology, sc-7963), anti-YAP (Cell Signaling 
Technology, #14074), anti-p-YAP (Ser127) (CST, 
#13008), anti-β-actin (CST, #4970), anti-LATS1 
(CST, #3477), anti-p-LATS1 (Ser909) (CST, 
#9157), anti-MOB1 (CST, #33863), anti-p-
MOB1 (CST, #8699), Anti-rabbit IgG (HRP) (CST, 
#7074)

Statistical analysis

All experiments were performed in indepen-
dent triplicates. Quantitative data are expre- 
ssed as mean ± standard deviation (SD). Sta- 
tistical analyses were executed using GraphPad 
Prism 10.4.2 software. Comparisons between 
two groups were performed using the Student’s 
t-Test. For comparisons among multiple groups, 
one-way analysis of variance (ANOVA) was em- 

ployed, followed by Tukey’s post hoc test for 
pairwise comparisons. For data analyzed acro- 
ss multiple time points, repeated measures 
ANOVA was utilized with Bonferroni’s post hoc 
adjustment. A P-value of less than 0.05 was 
defined as statistically significant (*P < 0.05, 
**P < 0.01, ***P < 0.001).

Results

Impact of PD-L1 knockdown on EGFR signaling 
and osimertinib resistance

In our study, compared to the parental wild-
type cell lines H1993 and A549, the mRNA  
levels of PD-L1 were significantly higher in the 
HCC827 (exon 19 del) and H1975 (T790M, 
L858R) cell lines (Figure 1A, All P < 0.001). We 
selected the PD-L1 high-expressing HCC827 
cell line as a control group for further analysis, 
consistent with previous studies. To simulate 
the clinical scenario of low PD-L1 expression, 
we knocked down PD-L1 in the HCC827 cells. 
The experimental groups included NC (HCC827 
control), Sh-PD-L1 (PD-L1 knockdown), and two 
osimertinib-resistant groups (OR and Sh-PD-
L1-OR). Compared to the NC group, the Sh- 
PD-L1 group resulted in a significant reduction 
in both mRNA and protein expression levels of 
PD-L1 (Figure 1B and 1D, P < 0.001). Surp- 
risingly, following PD-L1 knockdown, the mRNA 
and protein expression levels of EGFR were 
also significantly decreased (Figure 1C and 1D, 
P < 0.001).

The cell viability and IC50 values of all four 
groups were assessed using the MTT assay 
(Figure 1E and 1F). To establish osimertinib re- 
sistance, we exposed HCC827 cells to increas-
ing concentrations of osimertinib over five 
weeks. The results showed that at 10 μM, 
HCC827 cells began to acquire resistance, with 
increased cell viability and IC50 values com-
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pared to parental cells (P < 0.001, Figure 1G). 
The Sh-PD-L1 group showed reduced viability, 
suggesting that PD-L1 knockdown enhances 
survival in osimertinib. Interestingly, the Sh-PD-
L1-OR exhibited a significant reduction in PD-L1 
expression and a substantially lower IC50 value 
compared to the OR group (5.53 μM vs 12.35 
μM, P < 0.001, Figure 1H).

Morphological changes, particularly the pheno-
typic transition (EMT), were observed and 
linked to acquired drug resistance [29]. High 
magnification microscopy was used to examine 
the morphological changes in HCC827 cells 
and their osimertinib-resistant derivatives. As 
shown in Figure 1I, the parental HCC827 cells 
maintained a typical epithelial morphology, 

Figure 1. Impact of PD-L1 knockdown on EGFR signaling, osimertinib resistance, and EMT marker expression in 
HCC827 cells. A-D. PCR and Western blot showed the mRNA levels of PD-L1 and EGFR (epidermal growth factor 
receptor) in cells of each group. E-G. MTT was used to determine the cell survival rate, cell viability and IC50 value of 
cells in each group before and after drug resistance. H. Schematic diagram of cell resistance induced by osimertinib 
(5-10 μM, 5 weeks). I. Observe the morphological differences before and after drug resistance in each group under 
the microscope (Scale Bar: 100 μm; original magnification, ×200). J-L. mRNA expressions of E-cadherin, N-cadherin 
and Vimentin. *P < 0.05, **P < 0.01, ***P < 0.001.
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whereas the Sh-PD-L1 cells exhibited a more 
rounded and compact appearance. The OR ce- 
lls were notably larger than their parental HC- 
C827 counterparts, exhibiting fibroblast-like 
morphology, elongated spindle shapes, and an 
increased number of cells. In contrast to the OR 
group, the Sh-PD-L1-OR group showed signifi-
cantly fewer cells, although typical spindle-sha- 
ped fibroblastic morphology was also observed 
following resistance induction. 

Resistance-related markers showed that, com-
pared to the NC group, the mRNA expression 
levels of E-cadherin were significantly increased 
in the Sh-PD-L1 group (P < 0.001), while the lev-
els of N-cadherin and Vimentin were signifi-
cantly reduced (both P < 0.05). Conversely, the 
OR group exhibited a significant increase in 
N-cadherin and Vimentin mRNA levels, with a 
marked decrease in E-cadherin expression (P < 
0.001, Figure 1J-L). Notably, the Sh-PD-L1-OR 
group exhibited relatively lower expression of 
N-cadherin and Vimentin compared to the OR 
group, further supporting the hypothesis that 
the suppression of PD-L1 expression may miti-
gate resistance by modulating EMT-related 
marker expression.

PD-L1 upregulation promotes migratory, inva-
sive, and anti-apoptotic phenotypes in osimer-
tinib resistant cells

Cell migration before and after resistance was 
assessed using the Transwell assay (Figure 
2A). Compared to the NC group, the Sh-PD-L1 
group was significantly reduced migration (P < 
0.01), whereas the OR group showed a marked 
increase in migration (P < 0.001). Notably, the 
Sh-PD-L1-OR group demonstrated a substan-
tial decrease in migration compared to the OR 
group (P < 0.001), suggesting that PD-L1 plays 
a role in promoting migration in osimertinib-
resistant cells. Similarly, the Transwell invasion 
assay revealed that the Sh-PD-L1 group exhib-
ited significantly reduced invasiveness com-
pared to the NC group (P < 0.05), while the OR 
group displayed a significant increase in inva-
siveness (P < 0.01, Figure 2B). Importantly, the 
Sh-PD-L1-OR group showed reduced invasive-
ness compared to the OR group (P < 0.05), indi-
cating that PD-L1 knockdown inhibits the inva-
sion potential of osimertinib-resistant cells.

Apoptosis before and after resistance was ass- 
essed by Annexin V/PI flow cytometry (Figure 

2C). Compared to the NC group, the Sh-PD-L1 
group showed a significant increase in both 
early and late apoptosis rates (P < 0.001). In 
resistant cells, both groups exhibited notable 
resistance to osimertinib-induced cell death 
compared to pre-resistance conditions (P < 
0.001, P < 0.01), indicating the development of 
acquired resistance. In contrast, the Sh-PD-L1-
OR group demonstrated significantly increased 
apoptosis (P < 0.001), indicating that PD-L1 kn- 
ockdown may help restore the sensitivity of 
resistant cells to osimertinib.

Dynamic regulation of PD-L1 and EGFR in 
osimertinib resistance

To investigate the potential relationship bet- 
ween PD-L1 and EGFR in the context of osimer-
tinib resistance, we first analyzed the TCGA 
COAD dataset via the GEPIA database. A signifi-
cant correlation was observed between the 
expression levels of PD-L1 (CD274) and EGFR 
(Figure 3A, log2-transformed TPM values, P = 
0.034), suggesting that these two molecules 
might be co-regulated in the development of 
resistance to osimertinib. 

To induce resistance in the OR group, osimer-
tinib was administered at concentrations of 
5-10 μM over a period of approximately five 
weeks. As osimertinib concentration increased, 
sustained EGFR-TKI treatment led to signifi-
cantly higher PD-L1 levels in the NC group com-
pared to the Sh-PD-L1 group (Figure 3B). 
Further PCR analysis revealed that as osimer-
tinib concentrations increased, EGFR mRNA 
expression was significantly elevated in both 
the OR and Sh-PD-L1-OR groups compared to 
the NC group (P < 0.001 for both, Figure 3C). 
WB analysis revealed elevated EGFR and 
p-EGFR levels in the OR cells, particularly at 
higher osimertinib concentrations (1 μM and 
10 μM), indicating activated EGFR signal- 
ing linked to resistance (Figure 3D). Similarly, 
PD-L1 and p-PD-L1 expression were upregulat-
ed in the OR cells, suggesting PD-L1’s involve-
ment in maintaining resistance. Importantly, 
PD-L1 knockdown in the Sh-PD-L1-OR group 
significantly reduced both PD-L1 and EGFR 
expression, underscoring their reciprocal regu-
lation. These findings imply that PD-L1 may 
modulate EGFR expression via phosphoryla-
tion, activating downstream survival pathways 
that contribute to osimertinib resistance. The 
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Figure 2. The functional changes of cells in each group before and after drug resistance. A and B. Transwell mi-
gration assays were used to evaluate the migration and invasion abilities of cells in each group before and after 
osimertinib resistance (Scale Bar: 100 μm; original magnification, ×200). C. Annexin V/PI flow cytometry was used 
to analyze the apoptosis rate of cells in each group before and after osimertinib resistance. *P < 0.05, **P < 0.01, 
***P < 0.001.

Figure 3. Each cell resistance before and after PD-L1 and the change of the EGFR gene and protein levels. (A) 
CD274 (PD-L1) and correlation analysis of EGFR. PCR analysis of PD-L1 and EGFR mRNA expression in osimertinib-
resistant cells in groups (B) and (C) at different concentrations. (D) Western blot was used to analyze the protein 
expressions of p-EGFR, total EGFR, p-PD-L1 and PD-L1 in each group before and after drug resistance (1, 3, and 5 
represent the addition of 0, 1, and 10 μM of osimertinib to NC respectively, and 2, 4, and 6 represent the addition 
of 0, 1, and 10 μM of osimertinib to Sh-PD-L1 respectively. The left cohort is before drug resistance, and the right 
one is after drug resistance). *P < 0.05, **P < 0.01, ***P < 0.001.

mechanistic link between PD-L1 and EGFR is 
likely mediated by the activation of downstream 
signaling pathways that modulate tumor cell 
survival and drug resistanc [30, 31].

The role of PD-L1 in modulating YAP activation 
and hippo pathway dysregulation in osimer-
tinib-resistant cells

PD-L1 may directly regulate YAP transcription 
and its downstream signaling activity. Com- 
pared to the NC group, both YAP expression 
and phosphorylation levels were both upregu-
lated in the OR group, consistent with elevat- 
ed PD-L1 expression (Figure 4A). Additionally, 
the expression of Hippo pathway-related pro-
teins LATS1 and MOB1 was elevated in the OR 
group compared to pre-resistance, although 
their phosphorylation levels were reduced. The- 

se results suggest that PD-L1 upregulation in 
drug-resistant cells may suppress downstream 
Hippo signaling by inhibiting LATS1/2 activity. 
This inhibition promotes YAP nuclear transloca-
tion and enhances its transcriptional activity. 

In contrast, in the Sh-PD-L1-OR group, LATS1 
and MOB1 expression levels were decreased, 
while their phosphorylation levels were elev- 
ated. Compared to the Sh-PD-L1 group, the 
Sh-PD-L1-OR group showed increased phos-
phorylation levels of LATS1 and MOB1, with no 
significant change in their dephosphorylation 
status. In summary, PD-L1 knockdown revers- 
ed these effects, indicating that PD-L1-induced 
drug resistance regulates Hippo signaling by 
modulating the phosphorylation status of its 
components.
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Figure 4. HCC827 resistance induces the closure of the Hippo pathway and the activation of the Wnt/β-catenin 
pathway. A. YAP Expression and Phosphorylation in NC (Negative control) and Sh-PD-L1 Groups (PD-L1 knockdown). 
Western blot analysis of YAP/MOB1/LATS1/2 pathway-related proteins was performed to assess changes in the 
expression and phosphorylation of YAP (1 and 2 represent NC and Sh-PD-L1 groups, respectively). B. EGF Stimula-
tion Induces YAP Activation in OR (osimertinib-resistant) and Sh-PD-L1-OR (PD-L1 knockdown osimertinib-resistant) 
Groups (1 and 2 represent OR and Sh-PD-L1-OR groups, respectively). C. Wnt/β-Catenin Pathway Activation and 
Its Effect on PD-L1 Expression in Resistant Cells (1 NC group; 2 TGF agonist; 3 Wnt inhibitor; 4 β-catenin nuclear 
translocation inhibitors). D. YAP Inhibition Results in the Downregulation of the Hippo Pathway and the Upregulation 
of the Wnt/β-Catenin Pathway (1 and 2 represent OR and Sh-PD-L1-OR groups, respectively).

EGF stimulation promotes the transcription  
and protein expression of PD-L1 [32]. It was ob- 
served that the protein expressions of PD-L1 
and P-EGFR in the two drug resistant groups 
increased upon EGF treatment (Figure 4B). EGF 
activation resulted in increased phosphoryla-
tion levels of EGFR, YAP, LATS1, and MOB1, wi- 
th the OR group showing higher levels than the 
Sh-PD-L1 group. After the addition of Verte- 
porfin, the Sh-PD-L1-OR group displayed a 
more significant reduction in YAP expression 

compared to the OR group. Although the expres-
sion of LATS1 in the OR group remained un- 
changed, its phosphorylation level decreased, 
and MOB1 dephosphorylation was also re- 
duced. In contrast, the Sh-PD-L1-OR group ex- 
hibited a more pronounced inhibition of do- 
wnstream signaling proteins. Interestingly, Ver- 
teporfin not only significantly reduced YAP ex- 
pression and phosphorylation in the OR group 
but also notably decreased the expression and 
phosphorylation of EGFR. Similarly, following 
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TRULI treatment, all downstream signals were 
inhibited, except for EGFR expression.

In conclusion, PD-L1 upregulation in drug-resis-
tant cells suppresses Hippo signaling, promot-
ing YAP activation and nuclear translocation. 
EGF stimulation further amplifies this effect  
by increasing the phosphorylation of EGFR  
and downstream proteins, including YAP, LATS1, 
and MOB1. Knockdown of PD-L1 or inhibition of 
YAP with Verteporfin reverses this activation, 
reactivating Hippo signaling and inhibiting YAP 
transcriptional activity. These findings provide 
potential therapeutic targets for overcoming 
drug resistance.

PD-L1 enhances Wnt/β-catenin signaling 
through β-catenin phosphorylation and nucle-
ar translocation in osimertinib resistance

In the OR group, EGFR mutations activate the 
Wnt signaling pathway, resulting in the phos-
phorylation and nuclear translocation of Ser- 
552-β-catenin, which subsequently increases 
PD-L1 expression (Figure 4C). Importantly, in- 
hibiting PD-L1 expression reduces Wnt-induced 
phosphorylation of β-catenin at Ser552 while 
enhancing the activity of the non-phosphorylat-
ed form of β-catenin. PD-L1 upregulation en- 
hances Wnt/β-catenin signaling by increasing 
β-catenin phosphorylation and stabilization, 
thus contributing to drug resistance.

As expected, in the OR group, TGF stimulation 
led to increased phosphorylation of p-EGFR at 
Y1068, which in turn enhanced the transcrip-
tional activity of β-catenin (both total and active 
forms) and activated the downstream Wnt/β-
catenin signaling pathway. In both resistant cell 
groups, treatment with XAV939 and IWR-1-
endo inhibitor significantly reduced β-catenin 
stability and S552 phosphorylation. However, 
no significant change in Ser552 phosphoryla-
tion was observed in the Sh-PD-L1-OR group. 
These findings suggest that Wnt/β-catenin sig-
naling pathway transduction is positively corre-
lated with PD-L1 expression. High PD-L1 exp- 
ression enhances the activity of YAP and β-ca- 
tenin by upregulating their transcriptional activ-
ity, total expression, and nuclear translocation, 
while reduced PD-L1 expression impedes this 
pathway.

In the OR group, YAP inhibition resulted in a 
decrease in phosphorylated YAP (Ser127) and 

total YAP expression, while the expression of 
LATS1 was reduced, and the phosphorylation 
of LATS1 (Ser909) remained unchanged (Figure 
4D). Wnt signaling was upregulated, with in- 
creased levels of β-catenin and phosphorylat-
ed β-catenin (Ser552). In the Sh-PD-L1-OR gr- 
oup, YAP inhibition further decreased both YAP 
and phospho-YAP (Ser127) levels. Wnt silenc-
ing significantly reduced both β-catenin and 
phosphorylated β-catenin levels. In summary, 
the experiment demonstrates that both YAP 
inhibition and Wnt silencing affect the regula-
tion of YAP, LATS1, and β-catenin signaling pa- 
thways, with PD-L1 playing a crucial role in 
resistance-induced interactions within this 
pathway.

PD-L1 mediates the interaction between YAP 
and β-catenin in the drug resistance process

Endogenous immunoprecipitation (IP) results 
demonstrated that β-catenin co-precipitated 
with endogenous YAP, indicating a stable pro-
tein-protein interaction between the two within 
the cell (Figure 5A). Following the induction of 
resistance, CO-IP analysis revealed a signifi-
cant enhancement in the interaction between 
β-catenin and YAP in the OR group, with the for-
mation of the YAP/TAZ complex (Figure 5B). In 
contrast, Sh-PD-L1-OR cells exhibited a marked 
reduction in the resistance-induced interaction 
between β-catenin and YAP.

GSK3β is a critical regulator involved in multi-
ple cell signaling pathways, including the Hippo 
and Wnt/β-catenin pathways, both of which 
play essential roles in cell growth, differentia-
tion, and tumorigenesis [33]. Modulation of 
GSK3β activity has been implicated in resis-
tance mechanisms in non-small cell lung can-
cer (NSCLC), particularly in the context of osi- 
mertinib treatment [34]. In the OR group, PD-L1 
upregulation inhibits GSK3β activation, as indi-
cated by increased p-GSK3β (Ser9) and de- 
creased p-GSK3β (Tyr216) levels (Figure 5C). In 
contrast, in the Sh-PD-L1-OR group, PD-L1 
knockdown leads to increased phosphorylation 
of GSK3β at Tyr216, indicating enhanced acti-
vation of GSK3β, while phosphorylation at Ser9 
decreased, suggesting reactivation of GSK3β. 
These findings suggest that PD-L1 upregulation 
inhibits GSK3β activity in resistant cells, while 
PD-L1 knockdown restores its activation. 
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Figure 5. PD-L1 mediates the interaction between YAP and β-Catenin in drug resistance process. A. Co-precipitation 
of endogenous YAP and β-catenin. B. CO-IP detection of the interaction between YAP and β-catenin proteins after 
drug resistance. C. Expression of GSK3β protein (1 and 2 represent OR and Sh-PD-L1-OR groups, respectively). D. 
Phosphorylation and pulldown experiments after overexpression of β-catenin.

Furthermore, overexpression of GSK3β signifi-
cantly increased the phosphorylation of YAP 
(S127) and β-catenin (Figure 5D). Pulldown 
assays demonstrated that the interaction 
between GSK3β and β-catenin was strength-
ened with the increased phosphorylation of 
YAP at Ser127.

Anlotinib resensitizes osimertinib-resistant 
cells by inhibiting the YAP/β-catenin pathway 
and enhances antitumor activity

After 72 h of treatment, osimertinib-resistant 
cells with both high and low PD-L1 expression 
exhibited a more compact, epithelial-like mor-
phology upon anlotinib treatment. The Sh-PD-
L1-OR group showed a more marked reduction 
in mesenchymal-like features, indicating partial 
reversal of EMT (Figure 6A and 6B). MTT assay 
results (Figure 6C) confirmed that anlotinib sig-
nificantly decreased the viability of these cells, 
with a more pronounced effect in the Sh-PD-L1-
OR group (P < 0.001). Anlotinib also notably 
reduced cell migration in the OR group (P < 
0.05, Figure 6E), and when combined with 
PD-L1 knockdown, this effect was further en- 
hanced (P < 0.01, Figure 6D). Additionally, anlo-

tinib treatment reduced colony formation in OR 
cells, and PD-L1 knockdown further diminished 
invasion (P < 0.01, Figure 6F). Anlotinib treat-
ment also significantly induced apoptosis in the 
OR cells, with the Sh-PD-L1-OR group showing 
a greater increase in apoptotic cells (P < 0.05, 
Figure 6G). These findings suggest that anlo-
tinib effectively inhibits migration, invasion, 
and resistance to apoptosis in osimertinib-
resistant cells. The effect was further potenti-
ated by low PD-L1 expression, mimicking clini-
cal conditions with PD-L1 low-expression 
tumors.

Anlotinib treatment decreased the expression 
of p-EGFR and PD-L1 in OR cells, with the 
Sh-PD-L1-OR group showing more substantial 
reductions (Figure 6H). Notably, anlotinib treat-
ment led to a decrease in YAP dephosphoryla-
tion and phosphorylation levels in the OR group 
(Figure 6I). While the downstream protein 
MOB1 showed no change in expression, its 
phosphorylation increased, and the expression 
of LAST protein decreased, with its phosphory-
lation rising. Additionally, the phosphorylation 
level of β-catenin (ps552) increased in the OR 
group, indicating enhanced Wnt signaling, while 
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Figure 6. Anlotinib restores osimertinib sensitivity in resistant cells by inhibiting the YAP/β-catenin axis, synergisti-
cally enhancing antitumor effects in vitro. A. Osimertinib-resistant cells with high and low PD-L1 expression were 
treated with 3 μM osimertinib (maintaining resistance), 1 μM anlotinib (treatment), or both for 72 h. B. Cell morphol-
ogy was observed under a microscope (Scale Bar: 100 μm; original magnification, ×200). C. Cell viability was mea-
sured using the MTT assay. D, E. Migration rates and cell migration capacity at different time points were assessed 
using scratch and transwell assays (Scale Bar: 100 μm; original magnification, ×200). F. Colony formation assays 
were conducted to evaluate cell invasion ability (Scale Bar: 100 μm; original magnification, ×200). G. Apoptosis was 
detected by Annexin V-FITC/7-AAD. H and I. Western blotting was performed to assess the expression of p-EGFR, 
EGFR, p-PD-L1, PD-L1, and proteins related to the YAP and Wnt signaling pathways (1 and 2 represent the OR group 
and the Sh-PD-L1-OR group respectively). *P < 0.05, **P < 0.01, ***P < 0.001.
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its phosphorylation was significantly reduced in 
the Sh-PD-L1-OR group. β-catenin expression 
was higher in the OR group compared to the 
Sh-PD-L1-OR group. Activation of GSK3β was 
linked to phosphorylation at Ser9 and Tyr216, 
and after anlotinib treatment, GSK3β activa-
tion in the OR group was significantly increased, 
with reduced p-GSK3β (Ser9) and increased 
p-GSK3β (Tyr216) levels. In Sh-PD-L1-OR cells, 
anlotinib treatment further decreased β-catenin 
expression, likely due to increased GSK3β exp- 
ression (Figure 6I). Furthermore, anlotinib sig-
nificantly promoted the phosphorylation of YAP 
(Ser127) in Sh-PD-L1-OR cells, thereby activat-
ing the Hippo pathway.

These results suggest that anlotinib can restore 
osimertinib sensitivity in NSCLC by inhibiting 
Wnt signaling and activating the Hippo path-
way. Moreover, low PD-L1 expression may en- 
hance anlotinib’s therapeutic efficacy in over-
coming resistance.

Synergistic antitumor effect of anlotinib combi-
nation therapy with PD-L1 inhibition

The experimental timeline outlines the in vivo 
treatment protocol, where mice were treated 
with Anlotinib or PBS for 21 days, with tumor 
growth monitored at multiple time points 
(Figure 7A). After 21 days of treatment, tumors 
in the Anlotinib-treated group were significantly 
smaller than those in the OR group (Figure 7B, 
7C). Specifically, the Sh-PD-L1-OR group dem-
onstrated slower tumor growth and weight 
increase from Day 5 to Day 21, compared to 
the OR group (both P < 0.001, Figure 7D, 7E). 
Additionally, a significant reduction in tumor 
weight was observed in the Sh-PD-L1-OR group 
(P < 0.01, Figure 7B).

Tumor sections stained with HE revealed mor-
phological changes, indicating reduced tumor 
cell proliferation and increased cell death in the 
combination treatment group compared to sin-
gle treatments (Figure 7F). IHC for EGFR and 
PD-L1 confirmed significant reductions in the 
expression of these proteins in the tumors, sug-
gesting effective inhibition of both EGFR and 
PD-L1 pathways. IHC analysis of YAP expres-
sion further demonstrated that Anlotinib treat-
ment significantly downregulated YAP in tumor 
tissues (Figure 7G). Similarly, β-catenin expres-
sion was markedly decreased in tumors treated 
with Anlotinib. In line with in vitro results, the 

combined treatment with PD-L1 inhibition 
interfered with the YAP/β-catenin axis, further 
inhibiting tumor growth.

Discussion

Previous studies have demonstrated that EGFR 
activating mutations in HCC827 cells are close-
ly linked to the upregulation of PD-L1 expres-
sion, and that EGFR-TKIs can significantly 
reduce PD-L1 expressio [32]. In our previous 
research, we found that among patients with 
EGFR mutations, 54% had exon 19 deletions, 
while 46% exhibited the exon 21 L858R muta-
tion [12]. 150 patients were assessed for 
PD-L1 expression, of which 89 (59.33%) were 
negative (TPS < 1%), 42 (28%) had weak expres-
sion (1-49%), and 19 (12.66%) had strong 
expression (≥ 50%). Of these, 65.33% were 
treated with osimertinib, and 34.66% received 
aumolertinib. Based on these findings, we 
selected the HCC827 cell line, which exhibits 
high PD-L1 expression, as the control group 
and performed PD-L1 knockdown. Subsequent 
drug resistance studies revealed that the down-
regulation of PD-L1 significantly reduced both 
PD-L1 and EGFR expression, thereby enhanc-
ing the sensitivity of osimertinib-resistant cells 
to treatment. We observed morphological 
changes consistent with EMT in the osimer-
tinib-resistant cells. Resistance-related mark-
ers, such as N-cadherin and Vimentin, were 
significantly upregulated in both the OR and 
Sh-PD-L1-OR groups, while E-cadherin expres-
sion was reduced. Notably, PD-L1 knockdown 
in the Sh-PD-L1-OR group led to a decrease in 
N-cadherin and Vimentin expression compared 
to the OR group, suggesting that PD-L1 plays a 
critical role in regulating the EMT process asso-
ciated with the acquisition of resistance. These 
results are consistent with previous studies, 
which indicate that PD-L1 contributes to resis-
tance by promoting EMT and enhancing cell 
migration and invasion [29].

YAP, a downstream target of the Hippo signal-
ing pathway, is overexpressed in various can-
cers, including lung cancer, breast cancer, 
colorectal cancer, and oral cancer, with YAP/
TAZ being recognized as oncogenic factors [35-
38]. Increased YAP expression is observed in 
66.3% of NSCLC samples, correlating signifi-
cantly with staging and lymph node metastasis 
[35, 39]. To explore the role of PD-L1 in regulat-
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ing the YAP and Hippo pathways, we examined 
their interplay in the context of PD-L1 overex-
pression. The Hippo pathway involves MST1/2 
kinases, LATS1/2 kinases, and adaptor pro-
teins Sav and MOB1 [40]. When activated, 
MST1/2 phosphorylates LATS1/2 and MOB1, 
forming the LATS/MOB1 complex, which in turn 
phosphorylates and inactivates YAP [41]. In the 
OR group, PD-L1 upregulation enhanced YAP 
phosphorylation and nuclear translocation, 
thereby increasing YAP transcriptional activity. 
Concurrently, expression of Hippo pathway pro-
teins LATS1 and MOB1 was elevated, but their 
phosphorylation levels were reduced, indicat-
ing inhibition of LATS1/2 complex activity. This 
inhibition activated YAP signaling, promoting its 
nuclear translocation and enhancing transcrip-
tional function. PD-L1 knockdown in the Sh-PD-
L1-OR group reversed these effects, evidenced 
by increased phosphorylation of LATS1 and 
MOB1, resulting in reduced YAP activation.

Moreover, EGFR TKI treatment has been shown 
to increase nuclear β-catenin (both total and 
active forms) and reduce phosphorylated 
β-catenin (inactive form) [33]. In resistance, 
increased phosphorylated β-catenin suggests 
a decrease in its stable form. Additionally, Wnt 
signaling has been reported to trans-activate 
EGFR in other cancers, with a significant posi-
tive correlation observed between activated 
EGFR mutations and nuclear β-catenin accu-

mulation in primary NSCLC. In the OR group, 
EGFR mutations activated Wnt signaling, result-
ing in β-catenin phosphorylation at Ser552 and 
its nuclear translocation, which in turn enhan- 
ced PD-L1 expression. Inhibition of PD-L1 exp- 
ression significantly reduced β-catenin phos-
phorylation at Ser552, while enhancing non-
phosphorylated β-catenin activity. These find-
ings suggest that PD-L1 upregulation stabilizes 
β-catenin, promoting its phosphorylation and 
activating the Wnt/β-catenin signaling path-
way, thereby contributing to resistance. Fur- 
thermore, TGF-induced phosphorylation of EG- 
FR at Y1068 augmented β-catenin transcrip-
tional activity, further activating downstream 
Wnt signaling. This was confirmed using XAV- 
939 and IWR-1-endo inhibitors, which reduced 
β-catenin stability and phosphorylation at 
Ser552 in both resistant cell groups. 

The role of EGFR-induced PD-L1 upregulation in 
regulating YAP and Hippo signaling pathways 
after drug resistance remains unclear. Previous 
studies have shown that YAP is a target of the 
Wnt signaling pathway, with GSK3β acting as a 
key regulator linking the Hippo and Wnt/β-ca- 
tenin pathways [42, 43]. To explore whether 
EGFR-induced PD-L1 upregulation regulates 
YAP through GSK3β and Wnt pathways, we us- 
ed XAV-939 to reverse the effects of PD-L1 
upregulation on YAP, LATS1, and MOB1. In the 
low PD-L1 expression group, XAV-939 signifi-

Figure 7. Antitumor effect of combined anlotinib treatment in PD-L1 high and low expression mouse models. A. 
Schematic diagram of the vivo experimental procedure. B. Macroscopic appearance of tumors after 21 days of 
treatment (n = 5). C. Body weight measurements were taken starting from Day 5, with monitoring every three days. 
The body weight growth curve over the 21-day period is shown. D. On Day 22, mice were euthanized, and tumors 
were harvested. The tumor weights were recorded following 21 days of treatment (n = 5). E. Tumor volume was 
measured starting on Day 5, and tumor volume growth curves were plotted over time, with measurements taken ev-
ery three days. F, G. Hematoxylin and eosin (H&E) staining alongside immunohistochemical (IHC) analysis of EGFR, 
PD-L1, YAP, and β-catenin expression in tumor tissues from different treatment groups (Scale Bar: 50 μm; original 
magnification, ×200). G. Includes a semi-quantitative analysis of the positive cell percentages for each marker, 
demonstrating the relative expression levels across groups. s.c., subcutaneous injection. *P < 0.05, **P < 0.01, 
***P < 0.001.
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cantly decreased YAP and LATS expression, sug- 
gesting that PD-L1 regulates YAP through 
GSK3β and Wnt pathways. The YAP inhibitor 
Vitipofen also reversed PD-L1-induced Wnt and 
β-catenin upregulation, with reduced β-catenin 
and Wnt levels in the low PD-L1 expression 
group. These results indicate that EGFR-indu- 
ced PD-L1 upregulation regulates YAP and its 
downstream targets by modulating GSK3β and 
Wnt signaling, contributing to resistance.

Anlotinib, a multi-target tyrosine kinase inhibi-
tor, has demonstrated efficacy in NSCLC by in- 
hibiting angiogenesis through targeting c-MET, 
MYC, and AXL. Recent studies have shown that 
anlotinib can reverse osimertinib resistance in 
EGFR T790M-mutant NSCLC cells by inhibiting 
the c-MET/MYC/AXL axis, enhancing osimer-
tinib efficacy [29]. Clinical trials have indicated 
that combining anlotinib with osimertinib pro-
vides significant therapeutic benefits with a 
manageable safety profile, making it a promis-
ing option to overcome resistance in NSCLC 
[44-46]. Moreover, the combination of anlotinib 
and PD-L1 inhibitors has shown potential by 
enhancing the immune response and inhibiting 
angiogenesis [47-50]. Notably, low-dose anlo-
tinib combined with PD-1 blockade effectively 
inhibits tumor growth and enhances immune 
cell infiltration with fewer side effects compa- 
red to high doses [51]. Previous studies have 
demonstrated that anlotinib combined with 
anti-PD-1/PD-L1 therapy shows promising effi-
cacy and tolerability in EGFR-TKI-resistant 
NSCLC patients, with encouraging response 
rates and manageable safety profiles, highlight-
ing its potential as a therapeutic option for 
overcoming resistance in these patients [52]. 
However, the underlying mechanisms remain to 
be fully elucidated.

This study found that anlotinib combined with 
osimertinib and PD-L1 inhibition restored the 
sensitivity of drug-resistant NSCLC cells to 
osimertinib. Anlotinib treatment reversed mes-
enchymal-like morphology, reduced cell viabili-
ty, migration, and invasion, and increased apo- 
ptosis, with greater effects observed in the 
Sh-PD-L1-OR group. Mechanistically, anlotinib 
inhibited the YAP/β-catenin signaling axis, de- 
creased YAP phosphorylation and β-catenin 
stability, and activated the Hippo pathway, as 
evidenced by increased GSK3β phosphoryla-
tion. In vivo, the combination therapy reduced 
tumor growth and weight, with decreased 

expression of EGFR, PD-L1, YAP, and β-catenin. 
These results highlight the therapeutic poten-
tial of combining anlotinib with osimertinib and 
PD-L1 inhibition to overcome drug resistance in 
NSCLC. In summary, our findings suggest that 
EGFR-induced PD-L1 upregulation not only 
modulates tumor cell-intrinsic resistance me- 
chanisms but also interacts with anlotinib’s 
therapeutic action, highlighting a potential syn-
ergistic effect. Beyond its established anti-
angiogenic effects, anlotinib has been shown 
to modulate the tumor immune microenviron-
ment, promoting immune cell infiltration and 
reducing PD-L1 expression, thus reprogram-
ming immunosuppressive niches [53]. This 
immune-modulatory effect is likely synergistic 
with its inhibition of the YAP/β-catenin axis, a 
key resistance pathway in NSCLC. Our data 
indicate that anlotinib promotes GSK3β activa-
tion and stabilizes the Hippo pathway, leading 
to the inhibition of YAP activity and reduced 
β-catenin stability, which together counteract 
the resistance phenotype [54-56]. These find-
ings suggest that combining anlotinib with 
EGFR inhibitors, such as osimertinib, and PD-L1 
inhibitors could provide a multi-pronged appro- 
ach to overcoming resistance in NSCLC. Future 
studies should explore the clinical validation  
of these mechanisms and investigate poten- 
tial biomarkers for patient-specific treatment 
strategies.

The relationship between PD-L1 and EGFR 
expression in EGFR-mutant NSCLC is complex 
and context-dependent. In experimental mod-
els of EGFR-TKI resistance, EGFR signaling acti-
vation often leads to PD-L1 upregulation, sug-
gesting a positive correlation between these 
two molecules. However, clinical data, such as 
those from the TCGA database, reveal a nega-
tive correlation, indicating that the interaction 
between PD-L1 and EGFR expression may be 
influenced by factors like tumor heterogeneity 
or immune evasion mechanisms. These dis-
crepancies highlight the need for further clini-
cal validation, as our study lacks patient-
derived models and clinical data, which limits 
the direct applicability of our findings. While the 
Co-IP and pharmacological inhibition experi-
ments suggest an interaction and functional 
correlation between PD-L1 and GSK3β/Wnt/
Hippo signaling, definitive proof of direct regula-
tion of GSK3β activity by PD-L1 would require 
more direct assays, such as in vitro kinase 
assays. We acknowledge this limitation and 
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suggest that future research, including the use 
of PD-L1 mutants and kinase assays, will be 
necessary to establish the direct regulatory 
mechanism. Future research should focus on 
validating these mechanisms in clinical set-
tings and exploring biomarkers that could help 
in patient stratification for more personalized 
treatments. 

Conclusion

This study underscores the pivotal role of PD-L1 
in mediating osimertinib resistance in EGFR-
mutant NSCLC. EGFR-induced PD-L1 upre- 
gulation modulates both the Hippo/YAP and 
Wnt/β-catenin pathways, promoting resistance 
(Figure 8). PD-L1 upregulation inhibits the 
Hippo pathway, leading to increased YAP nucle-
ar translocation and activity, while also enhanc-
ing β-catenin phosphorylation and nuclear 
accumulation, thereby activating the Wnt/β-
catenin pathway. Knockdown of PD-L1 disrupts 
these signaling cascades, reactivating the Hi- 
ppo pathway, reducing YAP activity, and inhibit-
ing β-catenin phosphorylation and transloca-
tion. This results in significantly decreased cell 

viability, migration, invasion, and increased 
apoptosis, indicating that PD-L1 inhibition can 
delay or reverse resistance. Treatment with 
anlotinib, a multikinase inhibitor, resensitized 
resistant cells by targeting both YAP and 
β-catenin signaling, reducing cell aggressive-
ness and enhancing apoptosis. Combined with 
PD-L1 knockdown, anlotinib further amplified 
these effects, suggesting a synergistic action 
in overcoming drug resistance. These findings 
establish PD-L1 as a key modulator of EGFR-
driven resistance through the Hippo/YAP and 
Wnt/β-catenin pathways.
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