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A novel biguanide-derivative promotes NEDD4-mediated 
FGFR1 ubiquitination through BMI1 to overcome osimertinib 
resistance in NSCLC
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ABSTRACT	 Objective: Osimertinib (OSI) therapy, a cornerstone in treating non-small cell lung cancer (NSCLC), has been severely limited by 
rapidly developing acquired resistance. Inhibition of bypass activation using a combination strategy holds promise in overcoming 
this resistance. Biguanides, with excellent anti-tumor effects, have recently attracted much attention for this potential. The current 
study investigated whether novel biguanide compounds developed by our team could overcome OSI resistance and the underlying 
mechanisms were explored.
Methods: A comprehensive screening assay using OSI-resistant cells identified the optimal combination of biguanide compounds 
with OSI. Proteomics, co-immunoprecipitation mass spectrometry, RNA sequencing, and homologous recombination assays were 
used to elucidate the molecular mechanisms underlying combination therapy. NSCLC tumor tissues, especially OSI-resistant tissues, 
obtained from our clinic were used to assess the correlations between key proteins and OSI resistance.
Results: SMK-010, a highly potent biguanide compound, effectively overcame OSI resistance in vitro and in vivo. Mechanistical 
studies showed that BMI1/FGFR1 pathway activation is responsible for OSI resistance. Specifically, silencing BMI1 promoted 
NEDD4-mediated FGFR1 ubiquitination and proteasomal degradation, whereas SMK-010 treatment induced FGFR1 lysosomal 
degradation. This reduction in FGFR1 levels impaired homologous recombination, increased DNA damage, and surmounted OSI 
resistance. Analysis of clinical samples revealed overexpression of BMI1 and FGFR1 in NSCLC tissues and represented potential 
biomarkers for OSI resistance.
Conclusions: These findings highlight the crucial role of the BMI1/FGFR1 axis in OSI resistance and provide a rational basis for the 
future clinical application of the biguanide, SMK-010, in combination with OSI.
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Introduction

Non-small cell lung cancer (NSCLC) constitutes > 85% of all 
lung cancer malignancies1, ranking as the second most prev-
alent cancer globally and demonstrating the highest mortality 
rate among all cancer types2. The development of epidermal 
growth factor receptor tyrosine kinase inhibitors (EGFR-
TKIs) has revolutionized NSCLC treatment by targeting acti-
vating EGFR mutations3,4. As a pioneering third-generation 
EGFR-TKI, osimertinib (OSI) has become the first-line treat-
ment for EGFR-mutant NSCLC, as evidenced by its status as 
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second highest-grossing drug in the 2023 AstraZeneca finan-
cial report5. Nevertheless, the emergence of acquired resist-
ance to OSI poses a significant clinical challenge with limited 
therapeutic options currently available for resistant patients6-8. 
Mechanistically, bypass pathway activation has been identi-
fied as a predominant driver of OSI resistance9,10, suggesting 
that dual targeting of EGFR-driven oncogenic signaling and 
compensatory pathways represents a promising therapeutic 
strategy11.

FGFR1 tyrosine kinase has important roles in lung carcino-
genesis12,13 with accumulating evidence implicating upreg-
ulation in OSI resistance. For example, Terp et  al. reported 
elevated FGFR1 expression and consequent AKT activation 

in OSI-resistant cell lines14. While therapeutic targeting 
of FGFR signaling has shown promise, clinical translation 
faces challenges. Specifically, multitarget TKIs have off-tar-
get effects15,16, whereas selective FGFR inhibitors encoun-
ter dose-limiting hyperphosphatemia17. These limitations 
highlight the critical need for novel agents capable of effec-
tively suppressing FGFR-mediated resistance with improved 
safety profiles. The antitumor potential of biguanides has 
recently attracted great attention. Studies have shown that 
biguanides enhance the efficacy of chemotherapy or targeted 
therapy to prevent tumor relapse by targeting tumor hetero-
geneity. Growing numbers of clinical trials are investigating 
the antitumor potential of biguanides, such as metformin 

Background

Conclusion

Osimertinib (OSI) therapy has been severely limited by rapidly developed acquired resistance. 
Inhibition of bypass activation by combination strategy could be a promising strategy to overcome this resistance.
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Study flowchart  Part I involved a comprehensive screening assay using OSI-resistant cells to identify the optimal combination of biguanide 
compounds with OSI. Part II outlined the mechanisms underlying the SMK-010 and OSI combination utilizing proteomics, Co-IP-MS, RNA 
sequencing, and HR assays. Part III examined the in vivo anti-tumor effects of combining SMK-010 with OSI using an OSI-resistant cell-derived 
xenograft model. Part IV analyzed BMI1 and FGFR1 expression in clinical tissue samples, particularly in paired samples from OSI-resistant 
patients. This study showed that the SMK-010 and OSI combination could represent a promising therapeutic strategy for overcoming OSI 
resistance in NSCLC patients and warrants further clinical investigation. OSI, osimertinib; Co-IP-MS, co-immunoprecipitation mass spectrom-
etry; HR, homologous recombination.
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and phenformin, primarily in combination treatments18-21. 
However, metformin-based regimens have not achieved clin-
ical approval for cancer therapy, which is potentially attribut-
able to insufficient tumoricidal concentrations following oral 
administration. Our research team pioneered the rational 
design of biguanide derivatives through intermediate mod-
ification strategies22. Most recently, Bridges et  al. analyzed 
the structural basis of biguanide drugs, widening approaches 
for rational derivative design23. Our novel derivatives were 
shown to have potent antiproliferative effects against wild-
type EGFR NSCLC cells24. In the current study these com-
pounds also exhibited remarkable anti-proliferative activity in 
EGFR-mutant NSCLC cells, showing IC50 values three orders 
of magnitude lower than metformin. Systematic screening 
the combined effects of these derivatives with OSI revealed 
that SMK-010 synergizes significantly with OSI. Further pro-
teomic profiling identified significant FGFR1 downregula-
tion in SMK-010-treated cells.

In this study SMK-010 was shown to effectively restore OSI 
sensitivity in resistant models in vitro and in vivo. How SMK-
010 overcame OSI resistance via ubiquitinating FGFR1 was 
elucidated through comprehensive mechanistic studies.

Materials and methods

Cell culture and reagents

H1975P (L858R/T790M mutation) and HCC827P (exon 19 
deletion) cells, along with their OSI-resistant cells (H1975R 
and HCC827R), were cultured in RPMI-1640 supplemented 
with 10% fetal bovine serum (FBS) in a humidified 5% CO2 
incubator at 37°C. H1975P and H1975R cells were gener-
ously provided by Professor Yang Shanghai Chest Hospital, 
Shanghai Jiaotong University School of Medicine, (Shanghai, 
China). HCC827P and HCC827R cells were kindly provided 
by Professor Fan The Second Xiangya Hospital, Central South 
University, (Changsha, Hunan, China). The method for estab-
lishing H1975R and HCC827R cells was adopted from a pre-
vious report25. Briefly, H1975R and HCC827R cell lines were 
developed from parental H1975 and HCC827 cells by treating 
the cells with gradient-increasing concentrations of OSI for 
72 h with a recovery period between pulses. The initial OSI 
concentration was equal to the IC50 for the respective paren-
tal cells after treatment by OSI. Surviving cells were allowed 
to recover and proliferate to ~80% confluence before the next 
pulse with OSI concentrations ranging from 0.2–10 μM. The 

H1975R and HCC827R cell lines were successfully established 
after 6 months of gradient screening.

All biguanide derivatives were synthesized and structur-
ally verified by nuclear magnetic resonance and LC/MS26,27. 
PTC-209, PD173074, and OSI were purchased from Selleck 
Chemicals (Houston, TX, USA).

Cell viability assay

Cell viability was determined using the methyl thiazolyl tetra-
zolium (MTT) assay, as previously described28. The combi-
nation index (CI) for drug synergism was calculated using 
CompuSyn software (CompuSyn, Inc. Paramus, NJ, USA).

Clonogenic growth assay

Cells were seeded in 24-well plates at a density of 2.0 × 103 cells 
per well. The cells were treated with the indicated compounds 
after 12 h and cultured for 6‒8 d. The cells were then washed 
with PBS, fixed with 4% paraformaldehyde, and stained with 
0.1% crystal violet. The colonies were visually examined. 
Absorbance was measured at 550 nm using a microplate 
reader (Biotek, Winooski, Vermont, USA). Data were normal-
ized to the control group.

Transwell assay

Tumor cell migration was evaluated using Transwell cham-
bers (Corning, New York, USA). Approximately 4 × 104 cells 
in 200 μL of serum-free medium were seeded into the upper 
chambers, while the lower chambers contained 700 μL of 
medium supplemented with 10% serum as a chemoattractant. 
Following incubation for 24 h, non-migrated cells on the upper 
side of the membrane were gently removed with cotton wool. 
Migrated cells on the lower side of the membrane were fixed 
with 4% paraformaldehyde, stained with 0.1% crystal violet, 
and quantified. Five random fields (200× magnification) were 
counted per chamber and the average values were calculated. 
Data are presented as the mean ± standard error from three 
independent experiments.

Western blotting

Protein extracts were separated by SDS‒PAGE and trans-
ferred onto PVDF membranes. The membranes were then 
incubated with primary antibodies (Table S2), then probed 
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with peroxidase-conjugated anti-mouse (Signalway Antibody, 
College Park, Maryland, USA) or anti-rabbit secondary anti-
bodies (Cell Signaling Technology, Danvers, Massachusetts, 
USA). The antigen‒antibody reaction was visualized using a 
ChemiDoc system (Bio-Rad, Hercules, CA, USA). The band 
intensities on the blots were quantified using ImageJ software.

Transfection of siRNAs or plasmid

siRNAs, negative control (siCtrl) siRNAs, or human BMI1 gene 
ORF cDNA clone expression plasmid (RiboBio, Guangzhou, 
China) were transfected into cells via Lipofectamine 6,000 
transfection reagent (Invitrogen, Eugene, OR, USA) according 
to the manufacturer’s instructions. The specific silencing or 
overexpression effect was confirmed by western blot analysis. 
The sequences of the utilized siRNAs are provided in Table S3.

Immunoprecipitation (IP)

Briefly, total proteins were extracted and quantified. A 
total of 1,000 μg of protein was incubated with 10 μg of 
anti-BMI1 (Abcam, Cambridge, UK), anti-FGFR1 (Cell 
Signaling Technology), or anti-IgG antibodies (Cell Signaling 
Technology) for 12 h at 4°C. Immune complexes were captured 
using Protein A/G beads (company, Santa Cruz, Dallas, Texas, 
USA). The beads were washed, eluted in sample buffer, and 
boiled for 10 min at 100°C. The immune complexes underwent 
western blot analysis. Anti-IgG was used as a negative control.

RNA isolation and quantitative reverse 
transcription PCR

RNA was extracted using TRIzol reagent (company, 
Invitrogen, Eugene, OR, USA). The procedure for subsequent 
RT‒qPCR analysis was performed as described previously28. 
The sequences of primers are listed in Table S4.

Immunofluorescence (IF)

Cells were plated on coverslips in 12-well plates and cul-
tured overnight to allow cell adherence. After different 
treatments cells were fixed with 4% paraformaldehyde, 
permeabilized with 0.1% Triton X-100, and incubated with 
primary antibodies overnight at 4°C. The cells were washed 

with PBS, incubated with DyLight 549- or Alexa Fluor 488- 
labeled secondary antibodies (Proteintech, Chicago, Illinois, 
USA) for 60 min at room temperature, and counterstained 
with DAPI (company, Beyotime, Shanghai, China). Finally, 
images were captured using an Olympus FV3000 confocal 
microscope (Olympus, Tokyo, Japan).

Homologous recombination (HR) assay

Cells (3 × 105/well) were transfected with the HR reporter plas-
mid, pDRGFP (AddGene, Watertown, Massachusetts, USA) in 
6-well plates. The following day, cells were transfected with the 
Sce-I-expressing plasmid (pCBASce-I; AddGene,Watertown, 
Massachusetts, USA). The cells were treated with SMK-010 
and OSI alone or in combination immediately after transfec-
tion. The cells were collected and analyzed by flow cytometry 
50–60 h post-transfection. Relative HR capacity was calculated 
as the ratio of the percentage of GFP-positive Sce-I-transfected 
cells-to-the percentage of basal GFP-positive cells in the mock 
control.

Cell line-derived xenograft models

All animal studies were pre-approved by the Ethics Committee 
of Hunan Normal University (D2023004) and performed in 
accordance with the Guide for the Care and Use of Laboratory 
Animals. Female BALB/c nude mice (4–6 weeks old weigh-
ing 18–20 g) were purchased from Hunan Slack Jingda 
Experimental Animal Company (Hunan, China). Mice were 
housed and maintained under specific pathogen-free condi-
tions. Suspensions of H1975R cells (0.2 mL in 50% Matrigel; 
BD Biosciences, San Jose, California, USA) were injected sub-
cutaneously into the flanks of the mice. When tumors reached 
an average volume of 100 mm3, tumor-bearing mice (n = 5 per 
group) were randomly assigned to receive vehicle [OSI (5 mg/
kg/day, oral gavage), SMK-010 [6 mg/kg/day, intraperitoneal 
injection], or OSI + SMK-010. Tumor volume (V = length × 
width2/2) and body weight were measured every other day. 
Mice were euthanized when tumor size reached 1,000–1,500 
mm3. Investigators were not blinded to group allocation dur-
ing the experiment or outcome assessment.

Immunohistochemistry (IHC)

Human tissue samples for this study were obtained from 
the Second Xiangya Hospital of Central South University 
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with approval from the Ethics Review Committee (Scientific 
Research Ethics Committee, No. K021/2021) and informed 
consent from participating patients. IHC was performed as 
described previously28. BMI1 and FGFR1 staining intensities 
were scored as 0 (negative), 1 (weak), 2 (medium), or 3 (strong). 
Staining percentages were graded as follows: 4 (76%–100%); 3 
(51%–75%); 2 (26%–50%); 1 (1%–25%); and 0 (0%). Staining 
score was calculated as the intensity score × percentage score.

RNA-seq

RNA-seq analysis was performed by BGI Co., Ltd. (Shenzhen, 
China). Briefly, total RNA was extracted using TRIzol reagent 
and RNA with high purity and integrity was used for RNA-seq. 
The library was constructed using Optimal Dual-mode mRNA 
Library Prep Kit (BGI-Shenzhen, China) and sequenced using 
G400/T7/T10 platform (BGI-Shenzhen, China). The RNA-seq 
data were aligned with HISAT (2.0.4). The R-DESeq2 pack-
age was used to analyze differentially expressed genes (DEGs). 
Analysis of the RNA-seq data was performed via the Dr. Tom 
System developed by BGI (https://biosys.bgi.com).

IP‒MS

IP‒MS and analyses were conducted by Genechem Co., Ltd. 
(Shanghai, China). Briefly, antigen–antibody complexes 
immobilized on magnetic beads were collected. After enzy-
matic digestion and peptide desalting, the eluted peptides were 
collected for liquid chromatography‒mass spectrometry anal-
yses using a Q Exactive mass spectrometer (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA).

Proteomic analysis

H1975R cells were seeded in 75 cm2 flasks and treated with 
SMK-010 for 24 h. The cells were then washed twice with PBS 
and collected. Label-free quantitative proteomics and bioinfor-
matics analyses were performed by Beijing Protein Innovation 
Co., Ltd. (Beijing, China). Each group was tested in triplicate. 
R software was used to analyze and plot the data.

Statistical analysis

Statistical analyses were performed using SPSS (version 
20.0; IBM, city, IL, USA) and GraphPad Prism 9.0 software 

(GraphPad, Inc., San Diego, California, USA). Data are pre-
sented as the mean ± standard error from three independent 
experiments. Differences between groups were analyzed 
using a Student’s t-test (unpaired for independent groups) 
or one-way ANOVA followed by Tukey’s honestly significant 
difference (HSD) test, as appropriate based on the homo-
geneity of variance. A P  < 0.05 was considered statistically 
significant.

Results

SMK-010 treatment overcomes OSI resistance

Two pairs of NSCLC parental (H1975P and HCC827P) and 
OSI-resistant (H1975R and HCC827R) cell lines were selected 
as experimental models. Drug resistance was confirmed by 
higher IC50 values (> 20-fold) in resistant cells compared to 
parental cells (H1975P: 0.295 μM vs. H1975R: 6.447 μM; 
HCC827P: 0.212 μM vs. HCC827R: 5.315 μM; Figure 1A). 
Clonogenic assays showed that 0.5 μM OSI effectively sup-
pressed parental cell colony formation (P < 0.001) but had 
minimal effect on resistant cells (Figure 1B, C). Western blot-
ting revealed decreased E-cadherin and increased N-cadherin 
and vimentin expression in OSI-resistant cells, indicating 
the acquisition of epithelial‒mesenchymal transition (EMT) 
characteristics (Figure 1D). Furthermore, Transwell assays 
confirmed significantly increased migratory capacity in OSI-
resistant cells compared to parental cells (Figure 1E).

The anti-proliferative activities of the top 10 derivatives 
with OSI were evaluated to identify the optimal combination 
of OSI with biguanide derivatives (Table 1). H1975R cells were 
treated with OSI ± each compound (2 μM) and cell viability 
was compared between the combination and monotherapy 
groups. As shown in Figure 1G, SMK-010 emerged as the 
most potent synergistic agent with OSI (CI values in Table S1). 
Subsequent clonogenic assays demonstrated that 2 μM SMK-
010 effectively eradicated OSI-tolerant persisters, reducing 
colony formation by 74% in H1975R and 58% in HCC827R 
cells (P < 0.01 vs. OSI monotherapy; Figure 1H, I). Migration 
assays further revealed synergistic effects of the combination 
treatments, achieving 84% inhibition compared to 50% with 
OSI alone (P < 0.05; Figure 1J, K). Taken together, the find-
ings demonstrated that the combination of SMK-010 and OSI 
synergistically inhibited NSCLC cell proliferation, colony for-
mation, and migration.

https://biosys.bgi.com)
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Figure 1  SMK-010 treatment overcomes OSI resistance. (A) The MTT assay determined the IC50 of OSI in NSCLC cells (H1975P and HCC827P 
cells; OSI-resistant H1975R and HCC827R cells). (B, C) Colony formation (B) and quantification (C) analysis of OSI treatment in NSCLC cells. The 
bars represent the mean ± S.D. of triplicates (****P < 0.0001 for the differences between 0.5 μM OSI and Ctrl in parental cells; ns represents 
non-significant differences between 0.5 μM OSI and Ctrl in OSI-resistant cells by ANOVA with Tukey’s honestly significant difference test for 
multiple comparisons). (D) Western blot analysis of protein levels in parental and OSI-resistant cells. (E) The Transwell assay detected cell 
migration in NSCLC cells (scale bar, 25 μm). (F, G) Cell proliferation analysis of the OSI and biguanide derivatives combination in H1975R cells 
and the calculated combination index (CI). (H, I) Colony formation and quantification analysis of SMK-010 (2 μM), OSI (2 μM) alone, or the 
combination in OSI-resistant cells. The bars represent the mean ± S.D. of triplicates (***P < 0.001 for the differences between the OSI and OSI 
+ SMK-010 groups in H1975R cells; **P < 0.01 for the differences between the OSI and OSI + SMK-010 groups in HCC827R cells by unpaired 
t test). (J, K) The Transwell assay (scale bar, 25 μm) and quantification analysis of SMK-010 (2 μM), OSI (2 μM) alone, or combination in OSI-
resistant cells. The bars represent the mean ± S.D. of triplicates (*P < 0.05 for the differences between the OSI and OSI + SMK-010 groups in 
H1975R cells; ***P < 0.001 for the differences between the OSI and OSI + SMK-010 groups in HCC827R cells by unpaired t-test).
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SMK-010 treatment selectively downregulated 
FGFR1

Proteomic analysis was performed on H1975R cells treated 
with 6 μM SMK-010 for 24 h to determine the mechanism 
underlying the synergistic effect between SMK-010 and OSI. 
We identified 393 differentially expressed proteins (a ratio ≥ 
1.2 or ≤ 0.83; P < 0.05), including 166 downregulated proteins 
(Figure 2A). Analysis of the top 20 downregulated proteins 
integrated with RNA-seq data of parental and OSI-resistant 
cells from GEO datasets showed that the FGFR1 mRNA levels 
(UniProt ID, P11362) were > 15-fold higher in resistant cells 
than parental cells. Given the approximately 50% reduction 
in FGFR1 protein by proteomics, we selected FGFR1 pro-
tein for further investigation in resistant cell lines (Figure 
2B, C). Western blot validation confirmed dose-dependent 
FGFR1 suppression in both resistant cell lines (H1975R: 49% 
reduction; HCC827R: 42% reduction; P < 0.001; Figure 2D). 
Additionally, the effects of SMK-010 on EGFR, platelet-de-
rived growth factor receptor beta (PDGFRβ), and type 1 
insulin-like growth factor receptor (IGF1R) levels were evalu-
ated but no significant changes in the levels of these receptors 
were detected (Figure S1A). Because AKT and extracellular 
regulated protein kinases 1/2 (ERK1/2) are key downstream 
effectors of FGFR1, the phosphorylated levels of these proteins 

were assessed. Consistent with our expectations, exposure to 
SMK-010 for 24 h reduced the phosphorylation levels of AKT 
(p-AKT, 42% inhibition) and ERK1/2 (p-ERK1/2, 30% inhibi-
tion; P < 0.01; Figure S1B). These findings provided compel-
ling evidence for the inhibitory effects of SMK-010 on FGFR1 
signaling in NSCLC.

OSI treatment increases FGFR1 and BMI1 
protein levels

The role of FGFR1 in OSI resistance was investigated. Basal 
FGFR1 protein levels were significantly higher in OSI-
resistant cells than parental cells (Figure 3A). Furthermore, 
OSI treatment (2 μM, 24 h) upregulated FGFR1 by 1.5-fold 
(P < 0.01; Figure 3B). FGFR1 is usually located in the cell 
membrane and cytoplasm. Whether OSI treatment affects 
the distribution of the FGFR1 protein was also examined. 
Nuclear‒cytoplasmic separation and immunofluorescence 
results showed that OSI treatment promoted FGFR1 nuclear 
translocation, increasing nuclear FGFR1 by approximately 
80% (P < 0.001; Figure 3C, D). Co-IP-MS was performed for 
FGFR1 to determine the proteins that interact with FGFR1 in 
OSI-resistant cells, which identified BMI1 as a novel FGFR1 
interactor (Figure 3E, chromatogram shown in Figure S2). 
This interaction was validated by Co-IP and laser confocal 
microscopy, confirming FGFR1-BMI1 colocalization in the 
cytoplasm (Figure 3F, G). BMI1 has been reported to be an 
oncoprotein that promotes cancer progression and metasta-
sis29,30. However, the role of BMI1 in OSI resistance has not 
been established. Comparison of the basal levels of BMI1 in 
parental and OSI-resistant cells revealed significant increases 
in BMI1 expression in OSI-resistant cells (Figure 3H). OSI 
treatment augmented BMI1expression in a dose-dependent 
manner (2 μM OSI: 2.0-fold increase; P < 0.01; Figure 3I). 
Subcellular analysis showed that OSI increased cytoplasmic 
(1.3-fold) and nuclear (1.5-fold) BMI1 pools (P < 0.05; Figure 
3J). Confocal immunofluorescence analysis demonstrated 
OSI treatment enhanced the colocalization of FGFR1 and 
BMI1 in the cytoplasm and nucleus in resistant cells (Figure 
3K). However, OSI (4 μM) had a limited effect on p-AKT (P = 
0.16) and upregulated p-ERK1/2 levels (t = 24 h: Ctrl = 1.30:1, 
P < 0.05) in resistant cells (Figure S3). Taken together, these 
findings suggested that OSI treatment activates BMI1 and 
FGFR1 and enhances nuclear colocalization, which contrib-
ute to resistance in NSCLC.

Table 1  IC50 of metformin and its derivatives in parental and 
osimertinib-resistant NSCLC cells

Compounds H1975P (IC50 μM) H1975R (IC50 μM)

Metformin 3,479 ± 513 3,057 ± 826

Phenformin 65.893 ± 4.6 22.919 ± 2.8

Proguanil 38.322 ± 1.3 35.756 ± 0.98

SMK-001 7.872 ± 0.91 7.159 ± 1.0

SMK-002 7.613 ± 0.77 6.825 ± 0.54

SMK-003 4.675 ± 0.39 3.100 ± 0.41

SMK-004 6.391 ± 0.90 5.686 ± 0.86

SMK-005 3.032 ± 0.56 2.219 ± 0.43

SMK-006 6.138 ± 0.87 4.946 ± 0.49

SMK-007 4.508 ± 0.74 4.242 ± 0.35

SMK-008 5.030 ± 0.96 3.967 ± 0.66

SMK-009 4.542 ± 0.54 7.722 ± 0.81

SMK-010 4.316 ± 0.39 3.471 ± 0.24
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BMI1 stabilizes FGFR1 via inhibition of 
NEDD4-mediated ubiquitination and 
inhibition of either BMI1 or FGFR1 recovers 
sensitivity to OSI

Given the consistent OSI-induced changes in BMI1 and 
FGFR1, the potential regulatory relationship was investigated. 
BMI1 and FGFR1 were silenced. As shown in Figure 4A, 
silencing BMI1 dramatically reduced the FGFR1 protein level. 
In contrast, silencing FGFR1 had no effect on BMI1 protein 
expression, establishing a unidirectional regulatory relation-
ship. Consistently, overexpressing BMI1 increased the FGFR1 
protein level (Figure 4B). Interestingly, BMI1 knockdown did 
not downregulate FGFR1 mRNA and FGFR1 knockdown did 
not affect the BMI1 mRNA level (Figure 4C). These findings 
implied that post-translational modifications are involved 
in the regulation of FGFR1 by BMI1. BMI1 was depleted in 

H1975R cells to validate this conclusion and H1975R cells 
were treated with cycloheximide (CHX), a well-known inhib-
itor of de novo protein synthesis. The FGFR1 protein half-life 
was subsequently measured. Remarkably, depletion of BMI1 
shortened the half-life of FGFRI (P < 0.05, Figure 4D, E). It 
is well-known that there are two distinctive protein degrada-
tion pathways (the ubiquitin proteasome pathway and the lys-
osomal proteolysis-mediated pathway)31. The commercially 
available proteasome and lysosomal inhibitors allow a rapid 
analysis of the possible contributions of each pathway. MG132, 
a proteasome inhibitor, but not chloroquine (CQ), a lysosomal 
inhibitor, rescued silencing BMI1-induced FGFR1 downregu-
lation (Figure 4F). This finding suggested that after silencing 
BMI1, FGFR1 undergoes degradation in a ubiquitin–proteas-
ome-dependent manner.

How BMI1 stabilizes the FGFR1 protein was investigated. 
The E3 ubiquitin ligases, CBL and NEDD4, are reported to 
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be involved in regulating the stability of the FGFR1 protein. 
CBL has been shown to play a role in FGFR1 ubiquitination 
through binding to FRS2 via Grb232. NEDD4 belongs to the 
HECT-type E3 ubiquitin ligase family and is responsible for 
recognizing specific substrates and mediating ubiquitination. 
NEDD4 was reported to bind directly to and ubiquitylate 
FGFR1. These findings led to investigating if CBL or NEDD4 
was involved in silencing BMI1-induced FGFR1 degrada-
tion. Therefore, CBL and NEDD4 were knocked down using 
siRNA. Then, the effects of silencing CBL or NEDD4 on 
silencing BMI1-induced FGFR1 downregulation were deter-
mined33,34. As shown in Figure 4G and H, silencing NEDD4 
rescued FGFR1 downregulation induced by BMI1 depletion, 
whereas CBL depletion had no effect on the FGFR1 protein 
level (Figure S4). Furthermore, co-IP assays demonstrated that 
NEDD4 silencing significantly inhibited BMI1 depletion-in-
duced FGFR1 ubiquitination (Figure 4I). Taken together, 
these results suggested that NEDD4 is required for depletion 
of BMI1 to mediate FGFR1 proteasome degradation.

Given the BMI1-FGFR1 regulatory hierarchy, pharmaco-
logic targeting of this axis was determined in OSI-resistant 
NSCLC models. BMI1 suppression via siRNA enhanced OSI 
sensitivity (Figure 4J). Pharmacologic inhibition with PTC-
209 (a BMI1 specific inhibitor) demonstrated single-agent 
activity (28% growth inhibition at 1 μM) and synergis-
tic effects when combined with OSI (CI < 0.65 in H1975R 
cells, Figure 4K–M; CI < 0.8 in HCC827R cells, Figure 4N). 
Clonogenic assays confirmed these findings, showing 56%–
75% reduction in resistant cell colony formation with com-
bination treatment (Figure 4N, O). Parallel studies targeting 
FGFR1 yielded complementary results. Silencing FGFR1 
enhanced OSI efficacy (Figure 4P) and co-treatment with 
the FGFR1 inhibitor, PD173074, achieved synergistic growth 
inhibition in both resistant cell models (CI < 0.8, Figure 4Q–
S). This combination effectively suppressed colony formation 

by 56%–79% across resistant models (Figure 4T, U). These 
data suggested that inhibiting the BMI1 or FGFR1 signaling 
pathway may be an effective strategy to increase the antitumor 
activity of OSI in resistant cells.

SMK-010 treatment inhibits BMI1 and 
accelerates FGFR1 lysosomal degradation

Because SMK-010 inhibits FGFR1 signaling, the effect on 
BMI1 was further investigated. Western blot analysis showed 
that 24 h of treatment with 6 μM SMK-010 downregulated 
BMI1 (Figure 5A). RT‒qPCR results revealed that the FGFR1 
transcript level was not affected by SMK-010 (Figure 5B), 
suggesting that SMK-010 modulates the post-translational 
modification of FGFR1 protein. Next, how SMK-010 trig-
gers the degradation of FGFR1 was determined. As shown 
in Figure 5C and D, SMK-010 shortened the half-life of 
FGFR1. Interestingly, CQ rescued SMK-010-induced FGFR1 
downregulation unlike MG132, suggesting that FGFR1 is 
degraded in lysosomes upon SMK-010 treatment (Figure 
5E, F). Finally, whether FGFR1 degradation is mediated by 
ubiquitinases was determined. A comparison of the effects of 
silencing NEDD4 or CBL on FGFR1 downregulation induced 
by SMK-010 treatment revealed that silencing NEDD4 weak-
ened FGFR1 downregulation induced by SMK-010 treatment, 
whereas silencing CBL had no significant effect on this pro-
cess (Figure 5G, H). Together with the results of the FGFR1 
Co-IP and ubiquitination assays (Figure 5I), SMK-010 was 
shown to inhibit BMI1 and promote FGFR1 degradation via 
lysosomal pathways. Whether SMK-010 treatment promoted 
FGFR1 degradation after inhibition of BMI1 was determined. 
Interestingly, silencing BMI1 weakened the decrease in 
FGFR1 expression induced by SMK-010 treatment (Figure 5J, 
K), suggesting that SMK-010 promotes the ubiquitination of 
FGFR1 through BMI1.

Figure 3  OSI treatment increases levels of FGFR1 and BMI1 protein. (A) Western blot analysis of FGFR1 in parental and OSI-resistant cells. 
(B) Western blot analysis of FGFR1 expression upon OSI treatment. (C) Nuclear-plasmic separation and Western blot analysis of FGFR1 in the 
nucleus and cytoplasm upon OSI treatment. (D) Immunofluorescence (IF) detection of FGFR1 expression and localization upon OSI treatment 
(scale bar, 15 μm). (E) Immunoprecipitation mass spectrometry (IP-MS) analysis of FGFR1-interacting proteins in H1975R cells. (F) Co-IP and 
western blot analysis of the binding between FGFR1 and BMI1. (G) IF detection of BMI1 and FGFR1 localization (scale bar, 15 μm). (H) Western 
blot analysis of BMI1 expression in parental and OSI-resistant cells. (I) Western blot analysis of BMI1 expression upon OSI treatment. (J) 
Nuclear-plasmic separation and western blot analysis of BMI1 in the nucleus and cytoplasm upon OSI treatment. (K) IF detection of BMI1 and 
FGFR1 expression and localizations upon OSI treatment (scale bar, 15 μm).
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Figure 4  BMI1 stabilizes FGFR1 via inhibition of NEDD4-mediated ubiquitination and inhibition of BMI1 or FGFR1 recovers sensitivity to OSI. 
(A) Western blot analysis of BMI1 and FGFR1 upon silencing BMI1 or FGFR1. (B) Western blot analysis of BMI1 and FGFR1 upon overexpression 
of BMI1. (C) RT-qPCR analysis of BMI1 and FGFR1 mRNA levels upon silencing BMI1 or FGFR1. The bars represent the mean ± S.D. of triplicates 
(****P < 0.0001 for the differences in the BMI1 mRNA level between the siCtrl and siBMI1 groups and in the FGFR1 mRNA level between the 
siCtrl and siFGFR1 groups; ns represents non-significant differences in the FGFR1 mRNA level between the siCtrl and siBMI1 groups and in 
the BMI1 mRNA level between the siCtrl and siFGFR1 groups, as determined by ANOVA with Tukey’s honestly significant difference test for 
multiple comparisons). (D, E) Western blot (D) and quantification (E) analysis of silencing BMI1 on the FGFR1 half-life. The bars represent the 
mean ± S.D. of triplicates (**P < 0.01 for the difference between siCtrl at 1 h; *P < 0.05 for the difference between siCtrl at 2 and 4 h determined 
by ANOVA with Tukey’s honestly significant difference test for multiple comparisons). (F) Western blot analysis of MG132 and CQ effects on 
silencing the BMI1-mediated FGFR1 decrease. (G-I) Western blot and quantification analysis of silencing NEDD4 effect on silencing BMI1-
mediated FGFR1 ubiquitin degradation. The bars represent the mean ± S.D. of triplicates (*P < 0.05 for the differences in FGFR1 expression 
between the siCtrl and siBMI1 groups and between the siBMI1 and siBMI1 + siNEDD4 groups; ns represents non-significant differences in 
FGFR1 expression between the siNEDD4 and siBMI1 + siNEDD4 groups as determined by an unpaired t-test). (J) The MTT assay detected 
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SMK-010 treatment attenuates OSI-induced 
upregulation of BMI1 and FGFR1 to inhibit 
HR

The synergistic effect of combining OSI with SMK-010 was 
attributed to sustained inhibition of the FGFR1 pathway. As 
shown in Figure 6A and B, SMK-010 treatment effectively 
reduced the OSI-induced increase in BMI1 and FGFR1 pro-
tein levels.

RNA-seq analysis was performed after BMI1 or FGFR1 
knockdown in resistant cells to better understand the func-
tions of BMI1 in OSI resistance in NSCLC. Upregulation of 
1,559 genes occurred, whereas 1,475 genes were downregu-
lated by knockdown of BMI1 (Figure S5A), suggesting that 
BMI1 functions as a transcriptional activator along with the 
well-known transcriptional repression role in cancer. While 
42.4% of the FGFR1-regulated genes were also regulated by 
BMI1, only 28.4% of the BMI1-regulated genes overlapped 
with FGFR1 regulation (Figures 6C and S5B), suggesting an 
independent role for BMI1 in addition to regulating FGFR1. 
KEGG pathway analysis of BMI1 knockdown DEGs revealed 
enrichment in the cell cycle, microRNAs in cancer, pathways 
in cancer, focal adhesion, and DNA replication. Additionally, 
classic signaling pathways involved in cancer development, 
such as the Hippo, Notch, and MAPK signaling pathways, 
were also enriched (Figure 6D). FGFR1 knockdown DEGs 
were enriched in DNA replication, cell cycle regulation, the 

Fanconi anemia pathway, pathways associated with cancer, 
and HR. Furthermore, the FGFR-PI3K-Akt and MAPK 
downstream signaling pathways were also enriched (Figure 
6E). KEGG pathway analysis of commonly DEGs upon BMI1 
or FGFR1 knockdown revealed enrichment in DNA damage 
repair pathways, including HR, mismatch repair, and base 
excision repair (Figure 6F). Knocking down BMI1 or FGFR1 
significantly downregulated 11 HR-related genes (Figure 
6G). RT-qPCR validation confirmed decreased mRNA levels 
of five representative HR-related genes (RAD51, RAD54L, 
XRCC2, XRCC3, and BLM) upon BMI1 or FGFR1 knock-
down in H1975R cells (Figure 6H). Collectively, these 
RNA-seq analyses strongly suggested that BMI1 or FGFR1 
knockdown impaired homologous recombination repair 
(HRR).

Next, the effects of SMK-010 and OSI on HR in resistant 
cells were investigated. As shown in Figure 6I, treatment 
with 4 μM OSI alone increased HR activity, whereas treat-
ment with 6 μM SMK-010 alone suppressed HR activity. 
Notably, the combination of SMK-010 with OSI restored HR 
to baseline levels. To assess DNA damage status, p-H2AX 
expression was evaluated using immunofluorescence. As 
shown in Figure 6J, OSI alone increased p-H2AX expression 
and this increase was augmented when OSI was combined 
with SMK-010. These findings suggested that SMK-010 
enhances DNA damage by decreasing HR, thereby overcom-
ing resistance to OSI.

the effect of silencing BMI1 on sensitivity to OSI. The bars represent the mean ± S.D. of triplicates (****P < 0.0001 and *P < 0.05 for the dif-
ferences between siBMI1-OSI and siCtrl-OSI groups by ANOVA with Tukey’s honestly significant difference test for multiple comparisons). 
(K) The MTT assay detected cell proliferation upon PTC-209 treatment. (L) Cell proliferation analysis of the OSI and PTC-209 combination in 
H1975R cells and the calculated CI. The bars represent the mean ± S.D. of triplicates [**P < 0.01 for the differences between the OSI and OSI 
+ PTC (1 μM) groups by an unpaired t-test]. (M) Cell proliferation analysis of the OSI and PTC-209 combination in HCC827R cells and the 
calculated CI. The bars represent the mean ± S.D. of triplicates [**P < 0.01 for the differences between the OSI and OSI + PTC (2 μM) groups 
by an unpaired t-test]. (N, O) Colony formation (O) and quantification (P) analysis of OSI (2 μM), PTC-209 (1 μM) alone, or the combination in 
OSI-resistant cells. The bars represent the mean ± S.D. of triplicates (**P < 0.01 for the differences between the OSI and OSI + PTC-209 groups 
by an unpaired t-test). (P) The MTT assay detected the effect of silencing FGFR1 on sensitivity to OSI. The bars represent the mean ± S.D. of 
triplicates (*P < 0.05 for the differences between the siFGFR1-OSI and siCtrl-OSI groups by ANOVA with Tukey’s honestly significant difference 
test for multiple comparisons). (Q) MTT assay detected the cell proliferation upon PD173074 treatment. (R) Cell proliferation analysis of the 
OSI and PD173074 combination in H1975R cells and the calculated CI. The bars represent the mean ± S.D. of triplicates [****P < 0.0001 for the 
differences between the OSI and OSI + PD173074 (4 μM) groups by an unpaired t-test]. (S) Cell proliferation analysis of the OSI and PD173074 
combination in HCC827R cells and the calculated CI. The bars represent the mean ± S.D. of triplicates [****P < 0.0001 for the differences 
between the OSI and OSI + PD173074 (4 μM) groups by an unpaired t-test]. (T, U) Colony formation (T) and quantification (U) analysis of OSI 
(2 μM), PD173074 (2 μM) alone, or the combination in OSI-resistant cells. The bars represent the mean ± S.D. of triplicates (**P < 0.01 for the 
differences between the OSI and OSI + PD173074 groups by an unpaired t-test).
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Figure 5  Continued



1396� Peng et al. SMK-010 overcomes osimertinib resistance

Figure 5  SMK-010 treatment inhibits BMI1 and accelerates FGFR1 lysosomal degradation. (A) Western blot analysis of BMI1 expression upon 
SMK-010 treatment. (B) RT-qPCR analysis of FGFR1 mRNA levels upon SMK-010 treatment. The bars represent the mean ± S.D. of triplicates 
(ns represents non-significant differences between the Ctrl and SMK-010 groups by an unpaired t-test). (C, D) Western blot (C) and quan-
tification (D) analyses of SMK-010 on the FGFR1 half-life. The bars represent the mean ± S.D. of triplicates (*P < 0.05 and **P < 0.01 for the 
differences between the CHX and CHX + SMK-010 groups as determined by ANOVA with Tukey’s honestly significant difference test for mul-
tiple comparisons). (E, F) Western blot and quantification analyses of MG132 and CQ effects on the SMK-010-mediated FGFR1 decrease. The 
bars represent the mean ± S.D. of triplicates (****P < 0.0001 for the differences in FGFR1 expression between the Ctrl and SMK-010 groups; ns 
represents non-significant differences in FGFR1 expression between the Ctrl and CQ + SMK-010 groups by an unpaired t-test). (G, H) Western 
blot and quantification analyses of silencing NEDD4 or CBL effect on the SMK-010-mediated FGFR1 decrease. The bars represent the mean 
± S.D. of triplicates (*P < 0.05 for the differences in FGFR1 expression between the siCtrl and siCtrl-SMK-010 groups and between the siCBL 
and SMK-010 + siCBL groups; ns represents non-significant differences in FGFR1 expression between the siNEDD4 and siNEDD4 + SMK-010 
groups by an unpaired t-test). (I) Co-IP and western blot analysis of FGFR1 ubiquitin degradation upon SMK-010 treatment. (J, K) Western 
blot and quantification analyses of effect of silencing BMI1 on the SMK-010-mediated FGFR1 decrease. The bars represent the mean ± S.D. of 
triplicates (**P < 0.01 for the differences in FGFR1 expression between the siCtrl and siCtrl-SMK-010 groups; *P < 0.05 for the differences in 
FGFR1 expression between the siBMI1 and siBMI1-SMK-010 groups by an unpaired t-test).

SMK-010 treatment effectively impedes OSI 
resistance in vivo

Finally, the antitumor effects of SMK-010 and OSI were 
assessed using an H1975R cell line-derived xenograft model. 
Mice were treated daily with vehicle, OSI, SMK-010, or OSI 
+ SMK-010 from day 14–29. OSI alone had limited effects on 
suppressing tumor growth with an inhibition rate of approx-
imately 40%. In contrast, SMK-010 alone potently inhibited 
tumor growth with an inhibition rate up to 55%. The combina-
tion of OSI and SMK-010 strongly suppressed H1975R tumor 
growth with an inhibition rate exceeding 80% (Figure 7A, B). 
These findings were consistent with tumor weight assessment 
(Figure S6A). No significant adverse events, including weight 
loss, were observed during these treatments (Figure S6B). 
Hematoxylin and eosin (HE) staining with glutamic pyruvic 
transaminase (ALT) and glutamic oxaloacetic transaminase 
(AST) assays (H1975R: normal vs. OSI + SMK-010, P = 0.1258; 
Figure 7C, D) further confirmed that SMK-010 alone or 
SMK-010 combined with OSI did not induce noticeable liver 
or kidney toxicity in nude mice. Finally, western blot analysis 
of tumors revealed that the combination of SMK-010 and OSI 
weakened OSI-induced increases in BMI1 and FGFR1 in vivo 
(Figure 7E).

These data suggested that SMK-010 significantly enhances 
OSI sensitivity and overcomes acquired resistance to OSI, 
which provides a strong rationale for exploring this combina-
tion in the clinic in the future.

High BMI1 and FGFR1 expression are 
correlated with poor prognosis and OSI 
resistance in NSCLC patient tissues

To explore the clinical significance of BMI1 expression in 
NSCLC, 21 surgical samples from NSCLC patients were ana-
lyzed. Compared to adjacent tissues, BMI1 was highly expressed 
in cancer tissues from 14 patients (66.7%). Figure 8A and B 
show representative IHC and western blot results, respectively, 
for samples with high BMI1 expression in cancer tissues. 
Figure 8C shows that BMI1 was significantly higher in can-
cer tissues (P = 0.0092). Next, the relationship between BMI1 
expression and the prognosis of NSCLC patients in the public 
database was evaluated. As shown in Figure 8D, Kaplan-Meier 
analysis revealed that high BMI1 expression was correlated 
with shorter overall survival among NSCLC patients.

Next, the correlation between BMI1 expression and OSI 
resistance was determined in 16 paired EGFR-mutated NSCLC 
tissues before and after relapse. The results revealed that BMI1 
levels were elevated in one-half of the resistant cases [8/16 
(50%)], decreased in a minority of the resistant cases [1/16 
(6.25%)], and remained unchanged in the remaining resistant 
cases [7/16 (43.75%)] compared to corresponding baseline 
counterpart tissues (Figure 8E). Figure 8F shows IHC images 
of three representative OSI-resistant lung tissues stained with 
BMI1 before and after treatment. Quantitative analysis of the 
IHC results revealed that BMI1 levels were significantly ele-
vated in OSI-resistant patients (P = 0.0397; Figure 8G). Taken 
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Figure 6  SMK-010 treatment attenuates OSI-induced upregulation of BMI1 and FGFR1 to inhibit HR. (A, B) Western blot and quantification 
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BMI1 expression between the Ctrl and OSI + SMK-010 groups as determined by an unpaired t-test). (C) Venn diagram analysis of common 
differentially expressed genes (DEGs) upon silencing BMI1 or FGFR1 (|log 2FC| ≥ 1, P < 0.05). (D) KEGG pathway enrichment analysis of DEGs 
upon silencing BMI1. (E) KEGG pathway enrichment analysis of DEGs upon silencing FGFR1. (F) KEGG pathway enrichment analysis of common 
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The bars represent the mean ± S.D. of triplicates (****P < 0.0001, ***P < 0.001, and *P < 0.05 for the differences between the siCtrl and siBMI1 
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determined by an unpaired t-test). (J) IF analysis of p-H2AX upon SMK-010, OSI alone, or the combination (scale bar, 10 μm).
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represent the mean ± S.D. of triplicates. (E) Western blot analysis of FGFR1 and BMI1 expression in tumor tissues of mice.

together, these results provided evidence that overexpression 
of BMI1 may serve as a potential biomarker of a poor progno-
sis and the development of OSI resistance.

FGFR1 expression was investigated. As shown in Figure 8H, 
FGFR1 was highly expressed in cancer tissues from 3 patients 
(14.3%) compared to adjacent tissues. Surprisingly, BMI1 
was also highly expressed in these cancer tissues. FGFR1 lev-
els were elevated in 6 of the resistant patients [6/16 (37.5%)], 
decreased in a minor portion of the resistant patients [2/16 
(12.5%)], and remained unchanged in the remaining resistant 
patients [8/16 (50%); Figure 8I] compared to the correspond-
ing baseline counterpart tissues. Interestingly, among the 6 
OSI-resistant tissues highly expressing FGFR1, 4 also highly 
expressed BMI1. Figure 8J shows IHC images of three rep-
resentative OSI-resistant lung tissue specimens stained with 
FGFR1 before and after treatment. Kaplan‒Meier survival 

analysis revealed that high FGFR1 expression was correlated 
with shorter overall survival in NSCLC patients (Figure 8K).

In summary, high levels of BMI1 and FGFR1 expression are 
closely associated with resistance to OSI, offering guidance for 
future precision strategies for overcoming such resistance.

Discussion

OSI has emerged as the standard therapy for advanced EGFR-
mutated NSCLC. However, the development of resistance 
severely limits the clinical benefit. While several studies have 
explored the molecular mechanisms underlying OSI resistance, 
the resistance mechanisms in approximately 50% of patients 
remain elusive35,36. In this study a novel role for BMI1 in OSI 
resistance was shown. Compelling evidence was provided indi-
cating that BMI1 regulates FGFR1 and stabilizes FGFR1 by 
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Figure 9  A schematic illustration of the proposed mechanism through which SMK-010 overcomes osimertinib resistance in NSCLC cells. 
Osimertinib treatment induces expression of B-cell-specific Moloney murine leukemia virus insertion site 1 (BMI1). The high expression of 
BMI1 can stabilize and activate fibroblast growth factor receptor 1 (FGFR1) by competitively binding to FGFR1 with NEDD4. Subsequently, 
activated FGFR1 translocates into the nucleus, promoting homologous recombination (HR), which contributes to increased osimertinib resist-
ance. The novel biguanide-derivative, SMK-010, inhibits BMI1 and enhances NEDD4-mediated ubiquitination and degradation of FGFR1 in 
lysosomes, thereby reducing FGFR1 nuclear translocation. Consequently, combination of SMK-010 and osimertinib mitigates osimertinib-in-
duced activation of the BMI1/FGFR1 axis and HR and ultimately reverses osimertinib resistance.

Figure 8  BMI1 expression positively correlated with poor prognosis and OSI resistance in patient tissues. (A) Hematoxylin and eosin (H&E) 
staining and immunohistochemistry (IHC) analysis of BMI1 expression in the cancer and adjacent tissues of NSCLC patients (scale bar, 50 μm). 
(B) Western blot analysis of BMI1 expression in cancer and adjacent tissues of patients with NSCLC. (C) Quantitative analysis of BMI1 expres-
sion (n = 21). The bars represent the mean ± S.D. of triplicates (**P < 0.01 for the differences in BMI1 expression between the T and N groups 
by an unpaired t-test). (D) IHC and H score analysis of BMI1 expression in cancer tissues before and after OSI resistance in 16 NSCLC patients. 
(E) Quantitative analysis of BMI1 expression (n = 16). The bars represent the mean ± S.D. of triplicates (*P < 0.05 for the differences in BMI1 
expression between the after and before treatment groups by an unpaired t-test). (F) IHC images of three pairs of representative OSI-resistant 
patient lung tissues stained with BMI1 before and after treatment (scale bar, 100 μm). (G) The correlation between BMI1 expression and sur-
vival in patients with NSCLC from Kaplan-Meier Plotter was analyzed. (H) Western blot analysis showed that FGFR1 expression was increased 
in 3 of 21 patients with NSCLC. (I) IHC and H score analysis of FGFR1 expression in cancer tissues before and after OSI resistance in 16 NSCLC 
patients. (J) IHC images of three pairs of representative OSI-resistant patient lung tissues stained with FGFR1 before and after treatment (scale 
bar, 100 μm). (K) The correlation between FGFR1 expression and survival in patients with NSCLC from Kaplan-Meier Plotter was analyzed.

inhibiting NEDD4-mediated ubiquitination. OSI treatment 
elevated BMI1 and FGFR1 protein levels and enhanced nuclear 
co-localization, contributing to OSI resistance in NSCLC. 
Importantly, silencing BMI1 or the BMI1 downstream protein, 
FGFR1, reversed this resistance. Furthermore, elevated BMI1 
and FGFR1 levels in OSI-resistant cells and paired clinical 

specimens suggested that the BMI1/FGFR1 axis may serve as a 
potential biomarker for OSI resistance in NSCLC.

BMI1, a core component of polycomb repressive complex 
1, is crucial for maintaining cell self-renewal and prolifer-
ation37,38. BMI1 is overexpressed in NSCLC and inhibiting 
BMI1 reverses lung cancer39. BMI1 functions primarily as a 
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transcriptional repressor40-42. However, contrary to previous 
findings, the current study revealed that BMI1 does not reg-
ulate FGFR1 at the transcriptional level. Instead, BMI1 was 
shown to stabilize FGFR1 by preventing NEDD4-mediated 
proteasomal degradation. FGFR1, a prototypical receptor 
tyrosine kinase, has been implicated in EGFR-TKI resistance 
with prior studies focusing on downstream signaling path-
ways. For example, FGFR1 activates the AKT/mTOR pathway 
to induce resistance to gefitinib43. OSI had a limited effect on 
p-AKT and upregulated p-ERK1/2 in resistant cells, implying 
FGFR1 bypass activation. However, factors modulating FGFR1 
have rarely been explored. In this study a specific interaction 
was noted between BMI1 and FGFR1 and BMI1 was shown to 
regulate FGFR1 post-translation, providing new perspectives 
on the BMI1/FGFR1 axis in OSI resistance.

Understanding resistance mechanisms is critical for devel-
oping advanced therapies to overcome OSI resistance. In this 
study siRNA technology was used to target BMI1 or FGFR1, 
which restored NSCLC cell sensitivity to OSI. Moreover, com-
bining BMI1- or FGFR1-specific inhibitors with OSI demon-
strated significant synergy. Our laboratory has been dedicated 
to developing novel biguanide drugs to combat OSI resistance 
using intermediate derivatization methods22. A novel bigua-
nide, SMK-010, was identified through screening which syn-
ergized with OSI in in vitro and in vivo models. Proteomic 
analysis revealed that SMK-010 significantly decreased 
FGFR1. Interestingly, further studies revealed that SMK-010 
inhibits BMI1 and accelerates FGFR1 lysosomal degradation. 
Silencing BMI1 or SMK-010 treatment resulted in distinctive 
FGFR1 degradation pathways. These findings suggested that 
developing degraders that induce ubiquitylation-mediated 
FGFR1 degradation may be a breakthrough in improving the 
efficacy and safety of FGFR1-targeted therapies.

The mechanisms underlying BMI1 or FGFR1 depletion 
were studied despite the inhibitory effects of SMK-010 on 
phosphorylation of AKT and ERK1/2, downstream effectors of 
the FGFR1 signaling pathway. RNA-seq analysis revealed that 
silencing BMI1 resulted in a greater number of DEGs com-
pared to silencing FGFR1, indicating that BMI1 may regulate 
additional signaling pathways beyond FGFR1. Notably, HR was 
enriched among the co-differentiated genes following BMI1 
or FGFR1 silencing. HR accurately restores double-strand 
breaks (DSBs) using intact homologous sequences44. Tumor 
cells with proficient HR have been shown to develop resist-
ance to chemotherapy, radiotherapy, and PARP inhibitors45,46. 
In the present study, OSI was shown to increase HR capacity, 

while combination treatment with SMK-010 restored HR 
levels in resistant cells. Additionally, both OSI and SMK-010 
alone induced DNA damage and the combination enhanced 
DNA damage in resistant cells. These results suggested that 
SMK-010 suppresses HR activity and enhances DNA damage, 
thereby reversing OSI resistance.

In summary, this study revealed a novel mechanism by 
which BMI1 regulates FGFR1 to facilitate OSI resistance. 
Additionally, a new biguanide derivative, SMK-010, has been 
shown to overcome OSI resistance by inhibiting the BMI1/
FGFR1 signaling pathway. Specifically, this is the first study to 
establish a link between BMI1 expression and OSI resistance 
in NSCLC. BMI1 stabilized FGFR1 by inhibiting NEDD4-
mediated ubiquitination. Importantly, SMK-010 inhib-
ited BMI1, degraded FGFR1, and attenuated OSI-induced 
increases in BMI1, FGFR1, and HR, thus overcoming OSI 
resistance (Figure 9). This research emphasizes that com-
bining SMK-010 with OSI could be a promising therapy for 
overcoming resistance to OSI in NSCLC patients. Further 
clinical investigations are warranted to develop novel thera-
peutic strategies using SMK-010 to overcome resistance to 
OSI in EGFR-mutated NSCLC patients. Potential challenges, 
such as human systemic toxicity and safety profiling, pharma-
cokinetics and pharmacodynamics, drug delivery, drug-drug 
interactions, and clinical trial design should be considered for 
further studies.
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