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Abstract: Objectives: To investigate the mechanisms by which mesenchymal stem cells (MSCs) contribute to erlotinib 
resistance in non-small cell lung cancer (NSCLC). Methods: HCC827 NSCLC cells were treated with MSC-conditioned 
medium (MSC-CM). Cell viability and apoptosis were evaluated using MTT assays and flow cytometry, respectively. 
Protein and mRNA expression levels were assessed by western blotting and quantitative real-time PCR. For in vivo 
validation, a xenograft model was established by co-injecting HCC827 cells and MSCs into NOD/SCID mice. Results: 
MSC-CM significantly increased cell viability and reduced apoptosis in HCC827 cells following erlotinib treatment, 
indicating enhanced drug resistance. Mechanistically, MSC-secreted hepatocyte growth factor (HGF) activated AKT 
and ERK1/2 phosphorylation, thereby bypassing EGFR inhibition by erlotinib. Neutralization of HGF restored erlo-
tinib sensitivity in MSC-CM-treated HCC827 cells. Furthermore, osteopontin (OPN) was transcriptionally upregulated 
and acted as a resistance enhancer. Inhibition of OPN attenuated MSC-CM-mediated resistance. In vivo, tumors 
derived from co-injected MSCs and HCC827 cells exhibited significantly greater volume and weight after erlotinib 
treatment compared to control tumors. Conclusions: This study identifies a novel MSC-mediated resistance mecha-
nism in which MSC-derived HGF activates compensatory AKT/ERK1/2 signaling, circumventing EGFR blockade by 
erlotinib. Concurrent upregulation of OPN in NSCLC cells forms a synergistic survival axis under erlotinib pressure. 
These findings suggest that targeting MSC-derived HGF and tumor-derived OPN may offer promising strategies to 
overcome erlotinib resistance in NSCLC.
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Introduction

Lung cancer remains the leading cause of can-
cer-related mortality worldwide, accounting for 
approximately 1.3 million deaths annually [1]. 
Histologically, it is classified into two major sub-
types: non-small cell lung cancer (NSCLC) and 
small cell lung cancer (SCLC), with NSCLC com-
prising over 80% of cases and representing the 
primary contributor to lung cancer mortality [2, 
3]. Although surgical resection and radiothera-
py are curative options for early-stage NSCLC, 
most patients are diagnosed at advanced stag-
es, where systemic chemotherapy becomes 
the standard treatment [4-6]. 

Activating somatic mutations in the epidermal 
growth factor receptor (EGFR) gene, accompa-
nied by overexpression of mutant EGFR protein, 
are key oncogenic drivers in approximately 30% 
of NSCLC cases, making EGFR a critical thera-
peutic target [7-9]. First-generation EGFR tyro-
sine kinase inhibitors (TKIs), such as erlotinib 
and gefitinib, have demonstrated substantial 
efficacy in NSCLC patients harboring well-char-
acterized EGFR-activating mutations, including 
the L858R point mutation and exon 19 dele-
tions [10, 11]. Erlotinib functions by competi-
tively binding to the ATP-binding site of EGFR, 
thereby inhibiting its tyrosine kinase activity 
and downstream AKT and ERK1/2 signaling 
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cascades, ultimately inducing apoptosis in 
NSCLC cells [12].

However, acquired resistance to erlotinib typi-
cally emerges within 12 months of treatment, 
severely limiting its long-term clinical benefit 
[13]. Resistance mechanisms generally fall  
into three categories: (1) the EGFR T790M sec-
ondary mutation, which accounts for ~60%  
of resistant cases and reduces drug binding 
affinity; (2) epithelial-mesenchymal transition, 
which promotes cellular plasticity and EGFR-
independent survival; and (3) stromal interac-
tions within the tumor microenvironment that 
activate bypass pathways such as AKT and 
ERK1/2 [14-16].

Mesenchymal stem cells (MSCs), originally 
identified in bone marrow as multipotent stro-
mal progenitors, possess differentiation poten-
tial toward osteoblasts, adipocytes, and epithe-
lial cells under specific conditions [17]. Beyond 
their regenerative capacity, MSCs contribute  
to tumor progression by enhancing prolifera-
tion, modulating immune responses, promoting 
metastasis, and facilitating drug resistance. 
Notably, MSCs migrate to tumor sites and influ-
ence the microenvironment through secretion 
of cytokines and exosomes [18, 19]. Previous 
studies have shown that MSCs promote erlo-
tinib resistance in NSCLC by secreting leptin 
and insulin-like growth factor-binding protein 2 
(IGFBP2) [20], and they are also known to 
secrete hepatocyte growth factor (HGF), a key 
modulator of cancer progression [21, 22]. 
However, the specific role of MSC-derived HGF 
in mediating acquired resistance to erlotinib in 
EGFR-mutant NSCLC remains unclear.

In this study, we systematically investigated the 
paracrine effects of MSCs on erlotinib resis-
tance using EGFR-mutant HCC827 NSCLC 
cells. We found that MSC-conditioned medium 
(MSC-CM) significantly increased cell viability 
and reduced apoptosis in erlotinib-treated 
HCC827 cells. Mechanistically, MSC-derived 
HGF activated MET receptor signaling, leading 
to phosphorylation of AKT (Ser473) and ERK1/2 
(Thr202/Tyr204). This activation promoted 
transcription of the spp1 gene and enhanced 
secretion of osteopontin (OPN), establishing a 
compensatory HGF/OPN signaling loop that 
bypassed EGFR inhibition. Neutralization of 
HGF with a blocking antibody significantly 
restored erlotinib sensitivity. In vivo, xenograft 
models confirmed that MSC co-injection led to 

increased tumor growth under erlotinib treat- 
ment.

These findings reveal a novel MSC-mediated 
resistance mechanism in NSCLC involving 
paracrine activation of the HGF-AKT/ERK1/2-
OPN axis. Targeting MSC-related secretomes, 
particularly HGF and OPN, may offer a promis-
ing strategy to overcome erlotinib resistance in 
EGFR-mutant NSCLC.

Materials and methods

EGFR-mutated NSCLC cell line

The EGFR-mutated NSCLC cell line HCC827, 
harboring an exon 19 deletion in the EGFR 
gene, was obtained from the Cell Bank of the 
Shanghai Institutes for Biological Sciences, 
Chinese Academy of Sciences (China). Cells 
were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS; BI, 
Israel).

Identification of MSCs

MSCs were purchased from Cyagen Bioscien- 
ces (Guangzhou, China) and cultured in MSCM 
medium (ScienCell, San Diego, CA, USA) sup-
plemented with 10% FBS at 37°C in a humidi-
fied incubator with 5% CO2. Morphology was 
assessed under an AX80 optical microscope 
(Olympus, Tokyo, Japan).

MSCs were characterized by flow cytometry 
using surface markers CD73, CD166, CD29, 
CD44, CD34, CD45, and HLA-DR. Cells were 
stained with phycoerythrin (PE)-conjugated pri-
mary antibodies against these markers, along 
with an isotype control (Cyagen), followed by 
PE-labeled secondary antibodies (Cyagen). 
Data were analyzed using a BD Biosciences 
flow cytometer.

For osteogenic differentiation, MSCs were cul-
tured in osteogenic induction medium (Cyagen) 
for two weeks, fixed with 4% paraformaldehyde, 
stained with Alizarin Red S, and visualized 
microscopically. For adipogenic differentiation, 
MSCs were cultured in adipogenic induction 
medium (Cyagen), followed by fixation and 
staining with Oil Red O.

Preparation of MSC-CM

MSCs (1×106) were seeded in a 10-cm dish 
with MSCM and cultured for 24 h. After washing 
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twice with PBS, cells were incubated with 15 
mL RPMI-1640 medium without FBS for an 
additional 24 h. The medium was collected, fil-
tered through a 0.22 μm sterile filter, and 
stored at -80°C for further use.

MTT assay

HCC827 cells (5×103) were seeded in 24-well 
plates and incubated with or without MSC-CM 
supplemented with 10% FBS for 24 h, followed 
by treatment with erlotinib (0.01-0.11 μM; 
Toronto Research Chemicals, Canada) for  
72 h. MTT (0.5 mg/mL) was added and incu-
bated for 4 h. Formazan crystals were solubi-
lized with DMSO, and absorbance was mea-
sured at 490 nm using a Victor X microplate 
reader (PerkinElmer).

Cell apoptosis analysis

HCC827 cells (1×105) were pretreated with or 
without MSC-CM for 24 h and then exposed to 
0.05 μM erlotinib for 48 h. After collection and 
PBS wash, cells were stained with 4 μL Annexin 
V-FITC and 2 μL propidium iodide in 200 μL 
binding buffer (BestBio, Beijing, China) and 
analyzed by flow cytometry (BD Biosciences, 
NJ, USA).

Western blotting

HCC827 cells (1×105) were cultured with or 
without MSC-CM and treated with 0.01, 0.05, 
or 0.09 μM erlotinib for 48 h. Cells were lysed 
using RIPA buffer (Solarbio, China), and pro-
teins were extracted by centrifugation (12,000 
rpm, 10 min, 4°C). Equal amounts of protein (5 
μg) were separated by 12% SDS-PAGE and 
transferred to PVDF membranes (Millipore, 
USA). Membranes were probed with the fol- 
lowing primary antibodies: p-EGFR (#48576), 

Quantitative real-time PCR

Total RNA from MSCs and HCC827 cells was 
extracted using an RNAprep Pure Cell Kit 
(TIANGEN, Beijing, China), and cDNA synthesis 
was conducted using the EasyScript Reverse 
Transcriptase Kit (TAKARA, Kyoto, Japan). qPCR 
was performed on a CFX96 Real-Time PCR 
System (Bio-Rad, USA) using SYBR® Premix Ex 
Taq™ II (TAKARA). Cycling conditions: 95°C for 
3 min, followed by 40 cycles of 95°C for 15 s, 
60°C for 30 s, and 72°C for 30 s. Gene expres-
sion levels of HGF, fibroblast growth factor 2 
(FGF2), and OPN were normalized to GAPDH 
using the 2∆∆CT method. Primer sequences are 
listed in Table 1.

ELISA assay

MSCs and HCC827 cells were cultured in 
serum-free RPMI-1640 medium for 24 h. The 
supernatants were collected, and HGF concen-
trations were measured using an ELISA kit 
(Jianglai Biotechnology, China), according to the 
manufacturer’s instructions.

Gene chip assay

HCC827 cells (1×105) were incubated with 
RPMI-1640 or MSC-CM (supplemented with 
10% FBS) for 48 h. Total RNA was extracted, 
and mRNA expression profiling was performed 
using the Affymetrix PrimeView Human Gene 
Expression Array (CapitalBio, Beijing, China). 
Briefly, 100 ng of RNA per sample was reverse-
transcribed, and biotin-labeled cRNA was syn-
thesized and hybridized. The arrays were pro-
cessed using the Affymetrix Fluidics Station 
450 and scanned with a GeneChip Scanner 
3000 7G. Data were normalized with the 
Robust Multiarray Average (RMA) algorithm. 
Differentially expressed genes were identified 

Table 1. Sequences of the primers
Gene name Primer
spp1 Forward primer (5’-3’): ATGATTCTCACCAGTCTGA

Reverse primer (5’-3’): TGTGGGGACAACTGGAGTG
HGF Forward primer (5’-3’): TCAGTATCCTCACGAGCAT

Reverse primer (5’-3’): CTCGGATGTTTGGATCAGT
FGF2 Forward primer (5’-3’): AGCTACAACTTCAAGCAGAA

Reverse primer (5’-3’): CACATTTAGAAGCCAGTAAT
GAPDH Forward primer (5’-3’): GGGCTCTCCAGAACATCAT

Reverse primer (5’-3’): GGGACACGGAAGGCCATGC

EGFR (#4267), p-AKT (#4060), AKT 
(#4691), p-ERK1/2 (#8544), ERK1/2 
(#4695) (Cell Signaling Techno- 
logy, USA); HGF (ab178395), OPN 
(ab8448) (Abcam, China); GAPDH 
(10494-1-AP, Proteintech, Beijing, 
China). HRP-conjugated secondary 
antibodies (ZB-2301, ZSGB-Bio, Bei- 
jing, China) were used, and detec- 
tion was performed using an en- 
hanced chemiluminescence reagent 
(Millipore).
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based on fold change and false discovery rate 
thresholds.

Xenograft experiments

Eight-week-old female NOD/SCID mice (n=16, 
~22 g each) were purchased from Vital River 
(Beijing, China). All procedures were conducted 
in specific pathogen-free conditions following 
GB/T 35892-2018 guidelines and approved by 
the Animal Ethics Committee of Lanzhou 
University (approval no. LZUSBMS-EAAC-2018- 
008).

Mice were randomized into four groups (n=4 
each): HCC827 alone, HCC827 + erlotinib, 
MSCs alone, and HCC827 + MSCs + erlotinib. 
Cells (1×106 HCC827, MSCs, or both) were sub-
cutaneously injected into the flanks. When 
tumors reached ~80 mm3, erlotinib (25 mg/kg/
day) was administered orally every three days 
for 28 days. Mice were anesthetized with 5% 
isoflurane (RWD, Shenzhen, China) and eutha-

nized via cervical dislocation. Tumor volume 
was calculated as (length × width2)/2 and mea-
sured weekly. Final tumor weights were record-
ed at sacrifice.

Statistical analysis

Data were presented as mean ± standard  
deviation (SD) based on three independent 
experiments. Statistical analyses were con-
ducted using one-way ANOVA, with significance 
set at P<0.05. Variances were assessed with 
Post-hoc Test (Least Significant Difference). 
SPSS13.0 was used for data analysis.

Results

Characterization and identification of MSCs

The morphology and phenotypic markers of 
MSCs were analyzed. MSCs exhibited a uniform 
spindle-shaped morphology and adhered to the 
culture surface (Figure 1A). Alizarin Red S stain-

Figure 1. Characterization and identification of MSCs. A. Morphologic features of MSCs observed by light microscopy 
(×100). B. Osteogenic differentiation of MSCs assessed by Alizarin Red S staining (×100). C. Adipogenic differen-
tiation of MSCs assessed by Oil Red O staining (×400). D. Surface marker expression of MSCs analyzed by flow 
cytometry. E. Quantitative real-time PCR analysis of HGF and FGF2 mRNA expression in MSCs and HCC827 cells. 
**P<0.01. F. ELISA measurement of HGF protein levels secreted by MSCs and HCC827 cells. **P<0.01. MSCs: 
mesenchymal stem cells.
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ing (Figure 1B) and Oil Red O staining (Figure 
1C) confirmed their capacity for osteogenic and 
adipogenic differentiation under specific induc-
tion. Flow cytometry showed that MSCs were 
positive for CD73, CD166, CD29, and CD44, 
but negative for CD34, CD45, and HLA-DR 
(Figure 1D), consistent with established MSC 
phenotypes [23].

MSCs are known to constitutively secrete HGF 
and FGF2 [24, 25]. Real-time quantitative PCR 
revealed significantly higher mRNA levels of 
HGF in MSCs compared to HCC827 cells, while 
FGF2 mRNA levels were similar in both cell 
types (Figure 1E). ELISA confirmed a higher 
level of HGF secretion in MSCs than in HCC827 
cells (Figure 1F).

MSC-CM enhances erlotinib resistance in 
HCC827 cells

To assess the effect of MSCs on erlotinib  
sensitivity, HCC827 cells were cultured in  
MSC-CM and treated with varying concentra-
tions of erlotinib. Cell viability assays showed 
that MSC-CM significantly enhanced the sur-
vival of HCC827 cells under erlotinib treatment 
compared to RPMI-1640 controls (P<0.001) 
(Figure 2A). Flow cytometry revealed that  
erlotinib-induced apoptosis was markedly re- 
duced in MSC-CM-treated cells compared to 
controls (P<0.01) (Figure 2B and 2C), suggest-
ing that MSC-CM confers partial resistance to 
erlotinib.

MSCs-secreted HGF induces AKT and ERK1/2 
activation, mediating erlotinib resistance

EGFR activation typically triggers downstream 
c-MET phosphorylation and activates the  
PI3K-AKT and MAPK-ERK1/2 signaling path-
ways, contributing to chemoresistance [26, 
27]. To investigate these signaling events,  
we examined the phosphorylation status of 
EGFR (Tyr1068), AKT (Ser473), and ERK1/2 
(Thr202/Tyr204) in HCC827 cells cultured in 
RPMI-1640 versus MSC-CM following erlotinib 
treatment.

Western blot analysis revealed increased phos-
phorylation of AKT and ERK1/2 in MSC-CM-
treated cells compared to RPMI-1640 controls 
(both P<0.05, Figure 3A-D). In both conditions, 
EGFR phosphorylation was significantly redu- 
ced upon 0.05 μM erlotinib treatment (P<0.01), 
confirming its inhibitory effect on EGFR. In 
RPMI-1640 conditions, AKT phosphorylation 
decreased with increasing erlotinib concentra-
tion, while in MSC-CM, AKT remained activated 
despite treatment, indicating EGFR-indepen- 
dent AKT activation. Similarly, ERK1/2 phos-
phorylation was consistently higher in MSC-
CM-treated cells under all erlotinib concen- 
trations.

HGF directly engages its transmembrane c- 
Met receptor on cancer cells to activate the 
AKT-ERK1/2 signaling cascade, thus inducing 
cancer cells to develop resistance to chemo-

Figure 2. MSC-CM enhances erlotinib resistance in HCC827 cells. A. HCC827 cells cultured in either RPMI-1640 or 
MSC-CM were treated with increasing concentrations of erlotinib for 72 h. Cell viability was assessed using the MTT 
assay. ***P<0.001 vs. RPMI-1640 group. B. HCC827 cells cultured in RPMI-1640 or MSC-CM were treated with 
0.05 μM erlotinib for 48 h, followed by apoptosis analysis via flow cytometry. C. Quantification of apoptotic rates in 
each group. **P<0.01 vs. RPMI-1640 group. MSC-CM: Mesenchymal stem cell-conditioned medium.
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therapy [28, 29]. To validate HGF’s role in this 
pathway, HCC827 cells were treated with MSC-
CM in the presence of an HGF polyclonal anti-
body (HGF-pAb). Phosphorylation levels of AKT 

(P<0.001) and ERK1/2 (P<0.01) were markedly 
reduced after HGF neutralization (Figure 3E  
and 3F), confirming HGF as the upstream 
activator.

Figure 3. MSC-secreted HGF t induces AKT and ERK1/2 activation, mediating erlotinib resistance. A. HCC827 cells 
cultured in RPMI-1640 or MSC-CM were treated with varying concentrations of erlotinib for 36 h. The levels of 
phosphorylated EGFR (p-EGFR), STAT3 (p-STAT3), AKT (p-AKT), and ERK1/2 (p-ERK1/2) were detected by western 
blotting. B-D. Quantification of p-EGFR, p-AKT, and p-ERK1/2 expression. *P<0.05, **P<0.01, ***P<0.001. E. 
MSC-CM-cultured HCC827 cells were treated with 20 ng/mL HGF neutralizing antibody for 24 h, followed by west-
ern blotting to assess p-AKT and p-ERK1/2 levels. F. Quantification of p-AKT and p-ERK1/2 levels in each group. 
**P<0.01, ***P<0.001. G. MSC-CM-cultured HCC827 cells were treated with increasing concentrations of erlo-
tinib with or without 20 ng/mL HGF antibody for 72 h. Cell viability was measured using the MTT assay. *P<0.05, 
**P<0.01, ***P<0.001 vs. HGF Ab (-) group. H. MSC-CM-cultured HCC827 cells were treated with 0.05 μM erlotinib 
with or without 20 ng/mL HGF antibody for 48 h. Apoptosis was analyzed by flow cytometry. I. Quantification of 
apoptotic rates. **P<0.01. MSC-CM: Mesenchymal stem cell-conditioned medium, HGF: hepatocyte growth factor.
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Co-treatment with erlotinib and HGF-pAb signifi-
cantly reduced the viability of MSC-CM-treated 
HCC827 cells (P<0.05) (Figure 3G) and syner-
gistically enhanced apoptosis, as demonstrat-
ed by flow cytometry (P<0.01) (Figure 3H and 
3I).

MSC-CM induces expression of SPP1 in 
HCC827 cells

To further investigate the molecular mecha-
nisms underlying MSC-induced resistance, we 
performed transcriptomic profiling with a micro-
array in HCC827 cells cultured in RPMI-1640 
versus MSC-CM. A total of 452 differentially 
expressed genes were identified, including 312 
upregulated and 140 downregulated tran-
scripts. The heatmap illustrates clustering of 
differentially expressed genes (Figure 4A), and 

the top 20 are listed in Table 2. KEGG pathway 
analysis revealed enrichment in the PI3K-AKT 
and MAPK signaling pathways (Figure 4B).

Notably, among the top seven upregulated 
genes, two paralogs of SPP1 (encoding OPN) 
were identified as associated with therapy 
resistance (Figure 4C). qPCR confirmed signifi-
cantly elevated OPN mRNA levels (P<0.01) in 
MSC-CM-treated HCC827 cells compared to 
controls (Figure 4D).

To determine whether OPN contributes to erlo-
tinib resistance, HCC827 cells were treated 
with erlotinib in combination with an anti-OPN 
antibody. Co-treatment significantly reduced 
cell viability in MSC-CM-cultured cells (P<0.05, 
Figure 4E). Flow cytometry analysis showed 
that anti-OPN antibody enhanced erlotinib-

Figure 4. MSC-CM upregulates the drug resistance-associated gene SPP1 in HCC827 cells. A. Heatmap of differ-
entially expressed genes between MSC-CM and RPMI-1640-cultured HCC827 cells. B. KEGG pathway enrichment 
analysis of differentially expressed genes presented as a bubble plot. C. Volcano plot of differentially expressed 
genes. D. Relative OPN mRNA expression levels in the two groups. **P<0.01. E. MSC-CM-cultured HCC827 cells 
were treated with varying concentrations of erlotinib with or without 20 ng/mL OPN neutralizing antibody for 72 h. 
Cell viability was measured by MTT assay. *P<0.05, **P<0.01, ***P<0.001 vs. OPN Ab (-). F. MSC-CM-cultured 
HCC827 cells were treated with 0.05 μM erlotinib with or without 20 ng/mL OPN antibody for 48 h, and apoptosis 
was assessed by flow cytometry. G. Quantification of apoptotic rates in each group. *P<0.05. MSC-CM: Mesenchy-
mal stem cell-conditioned medium, OPN: osteopontin.



MSCs promote erlotinib resistance of NSCLC

4959	 Am J Transl Res 2025;17(7):4952-4963

induced apoptosis by 2.3-fold (P<0.05) (Figure 
4F and 4G), supporting a functional role for 
OPN in resistance.

MSC-induced erlotinib resistance in HCC827 
cells in vivo

To validate the in vitro findings, a xenograft 
model was used to evaluate MSC-mediated 
erlotinib resistance in vivo. Tumor volume and 
weight were significantly reduced in mice treat-
ed with erlotinib compared to untreated 
HCC827 controls (both P<0.05, Figure 5A-C). 
However, in mice co-injected with MSCs and 
HCC827 cells, erlotinib treatment resulted in 
significantly larger tumor volume (P<0.05) and 
weight (P<0.01) compared to the erlotinib-only 
group. Notably, no tumors formed in the MSC-
only group.

Discussion

Mesenchymal stem cells (MSCs) can migrate to 
various tumor types and act as facilitators of 
tumor progression by promoting metastasis, 
enhancing angiogenesis, and inducing immu-
nosuppression [30, 31]. In addition, MSCs have 

been shown to contribute to acquired chemore-
sistance in multiple malignancies through stro-
mal-tumor interactions mediated by cytokines 
and exosomes [32-34]. However, the role of 
MSCs in conferring resistance to erlotinib in 
NSCLC remains underexplored. In this study, 
we conducted both in vitro and in vivo experi-
ments to investigate the effects of MSCs on 
erlotinib resistance in the EGFR-mutant NSCLC 
cell line HCC827.

MSCs secrete a range of cytokines and exo-
somes that influence tumor drug responses 
[18]. We hypothesized that MSCs could pro-
mote chemoresistance in HCC827 cells by 
cytokine-mediated mechanisms. To test this, 
HCC827 cells were cultured in MSC-CM, and 
their response to erlotinib was compared with 
cells cultured in standard RPMI-1640 medium. 
HCC827 cells in MSC-CM exhibited increased 
viability and reduced apoptosis upon erlotinib 
treatment, indicating that MSC-derived soluble 
factors confer cytoprotection through paracrine 
signaling. Among the cytokines implicated in 
tumor-associated resistance, HGF is known to 
be secreted by MSCs and other cell types [35, 
36]. Our data demonstrate that MSCs promote 

Table 2. List of top 20 upregulated and top 20 downregulated genes in HCC827 cells cultured with 
MSC-conditioned medium versus RPMI-1640, ranked by fold change
No. Gene Symbol Fold Change q-value (%) Gene Symbol Fold Change q-value (%)
1 SPP1 14.6524 0 NABP1 0.4979 3.3337449
2 CEACAM6 8.4068 0 NAMPT 0.4973 0.0738251
3 TSPAN8 5.1575 0 SPIRE1 0.4968 0.0146381
4 FGFBP1 4.9372 0 ETV5 0.4963 0
5 HPGD 4.7348 0 CASP4 0.496 0
6 ERP27 4.7102 0 AARS 0.4954 0
7 CFI 4.5289 0 TCEA1 0.4951 0
8 ARL6IP1 4.3651 0 GTPBP2 0.495 0.0583879
9 METTL7A 4.3611 0 UBE2H 0.4942 0.0583879
10 TMEM27 4.0607 0 ETS1 0.4935 0
11 FGB 3.9558 0.03921903 PGBD5 0.4915 0
12 STS 3.9556 0 PTPDC1 0.4914 0.5062998
13 RNF128 3.8785 0 TXNIP 0.4897 0.5653746
14 SLC30A1 3.7497 0 C1S 0.4881 0
15 CYP26A1 3.5758 0 FOSL1 0.4877 0
16 ST8SIA4 3.457 0 PHLDB2 0.4866 0.8944021
17 DPP4 3.4515 0 C3 0.4862 0
18 AQP3 3.2729 0 SLC7A11 0.4853 0
19 ALCAM 3.2547 0 MAP1LC3B 0.4848 0.0287065
20 HMMR 3.2302 0 CREB5 0.4844 0
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erlotinib resistance in NSCLC cells via HGF 
secretion, consistent with prior findings that 
HGF mediates resistance to EGFR-TKIs in 
NSCLC cell lines [37].

To explore the underlying mechanism, we 
focused on EGFR downstream signaling. In 
HCC827 cells, mutant EGFR is constitutively 
active and drives the PI3K-AKT and MAPK-
ERK1/2 signaling pathways [27, 38]. We found 
that MSC-CM significantly increased the phos-
phorylation of AKT and ERK1/2, even in the 
absence of erlotinib. Upon erlotinib treatment, 
AKT and ERK1/2 phosphorylation remained 
elevated in MSC-CM-treated cells compared to 
controls, suggesting that MSC-derived factors 
bypass EGFR blockade and directly activate 
survival pathways.

Given that both HGF and FGF have been impli-
cated in drug resistance in NSCLC [39, 40], and 
that HGF in particular activates the PI3K-AKT 
axis [41], we compared HGF mRNA expression 
in MSCs and HCC827 cells. MSCs exhibited sig-
nificantly higher HGF expression. To directly 
assess the role of HGF, MSC-CM was pretreat-
ed with a neutralizing anti-HGF antibody. This 
intervention suppressed AKT and ERK1/2 
phosphorylation and decreased cell viability 
while increasing apoptosis, demonstrating that 
HGF is a critical mediator of MSC-induced re- 
sistance. These findings indicate that MSC-
derived HGF activates AKT/ERK1/2 signaling in 

HCC827 cells, overriding erlotinib’s inhibitory 
effects on the EGFR pathway.

To further delineate the molecular basis of this 
resistance, we performed transcriptomic analy-
sis of HCC827 cells cultured in RPMI-1640  
versus MSC-CM. A total of 452 differentially 
expressed genes were identified, with 312 
upregulated and 140 downregulated. Among 
the top upregulated genes was SPP1, encoding 
OPN, a secreted matrix glycoprotein involved in 
tumor growth, metastasis, and chemoresis-
tance [42, 43]. Previous studies have shown 
that HGF can induce SPP1 expression through 
the PI3K-AKT pathway [44]. Consistent with 
this, MSC-CM significantly increased OPN 
mRNA expression in HCC827 cells, suggesting 
that HGF/AKT signaling mediates SPP1 upregu-
lation. Neutralization of OPN with a specific 
antibody restored sensitivity to erlotinib, as evi-
denced by reduced viability and increased 
apoptosis in MSC-CM-treated HCC827 cells. 
These results suggest that OPN is a down-
stream effector of the HGF-AKT/ERK1/2 axis, 
contributing to erlotinib resistance.

We further validated these findings in vivo using 
a xenograft model. MSCs alone did not form 
tumors, confirming their non-tumorigenic phe-
notype in NOD/SCID mice. Instead of systemic 
injection, MSCs were co-injected subcutane-
ously with HCC827 cells to establish a local 
tumor microenvironment and avoid systemic 

Figure 5. MSCs promoted erlotinib resistance of 
HCC827 cells in vivo. A. NOD-SCID mice were sub-
cutaneously injected with HCC827 cells mixed with 
or without MSCs and orally administrated with Er-
lotinib. Volumes of subcutaneous tumors in each 
group were shown. n=4, *P<0.05 and **P<0.01, 
compared with Erlotinib-treated HCC827 group; 
#P<0.05 and ##P<0.01, compared to HCC827 group. 
B. Weight of tumors in each group, **P<0.01. C. 
Gross morphology of tumors in each group is shown.
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degradation of HGF. Erlotinib treatment signifi-
cantly inhibited tumor growth in the HCC827-
only group, reducing both tumor volume and 
weight. However, co-injection of MSCs with 
HCC827 cells led to substantial attenuation of 
erlotinib efficacy, confirming that MSCs medi-
ate erlotinib resistance in vivo. Notably, no 
tumors developed in the MSC-only group, con-
firming the stromal, rather than oncogenic, role 
of MSCs in this context.

In conclusion, our findings reveal a novel mech-
anism of MSC-induced erlotinib resistance in 
NSCLC. MSCs establish a paracrine HGF/OPN 
axis that activates AKT/ERK1/2 phosphoryla-
tion and upregulates SPP1 expression, thereby 
bypassing EGFR-dependent signaling and pro-
moting drug resistance in HCC827 cells. These 
results highlight the MSC secretome as a key 
contributor to acquired resistance and suggest 
that targeting the HGF-OPN axis may offer a 
new therapeutic strategy for overcoming EGFR-
TKI resistance in NSCLC.
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