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Abstract
Osimertinib resistance is a key obstacle to the long-term efficacy of epidermal growth factor receptor
(EGFR)-targeted therapy in non-small cell lung cancer (NSCLC). This study identified circCAMSAP1
(hsa_circ_0001900), a circular RNA (circRNA), as a key driver of acquired resistance. Functionally,
circCAMSAP1 promotes proliferation, migration, invasion, and drug resistance in vitro and tumor growth
in vivo. CircCAMSAP1 is upregulated in drug-resistant NSCLC cells and promotes cell survival by
enhancing autophagic flux. Mechanistically, circCAMSAP1 prevents ubiquitination and proteasomal
degradation of HSPA1A by disrupting the interaction between heat shock protein family A (Hsp70)
member 1A (HSPA1A) and Smad-specific E3 ubiquitin protein ligase 1 (SMURF1). HSPA1A, a member of
the HSP70 family, restores osimertinib sensitivity by targeting HSPA1A in vitro and in vivo by its allosteric
inhibitor, JG-231. In addition, we found that the RNA-binding protein HnRNPA1 promotes the biogenesis
of circCAMSAP1 by recognizing intron flanking motifs. Our study reveals a previously unrecognized
mechanism of drug resistance involving circRNA-mediated regulation of protein homeostasis targeting
the HnRNPA1/circCAMSAP1/SMURF1/HSPA1A axis, elucidating the mechanism of action of
circCAMSAP1 in NSCLC tumorigenesis and EGFR-TKI resistance, providing a new target for NSCLC
resistance therapy.

INTRODUCTION
Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases and
remains the leading cause of cancer-related deaths worldwide[1]. Activating mutations in the epidermal
growth factor receptor (EGFR) gene define a molecular subtype of NSCLC that is initially sensitive to
EGFR tyrosine kinase inhibitors (TKIs). The third-generation EGFR-TKI, osimertinib, has become the
standard of care for patients with sensitizing EGFR mutations or T790M resistance mutations due to its
superior efficacy and central nervous system penetration[2]. However, despite initial clinical benefits, the
inevitable development of acquired resistance severely limits the long-term effectiveness of osimertinib
therapy[3].

Multiple mechanisms of osimertinib resistance have been identified, including secondary EGFR
mutations, bypass signaling activation, phenotypic transformation, and changes in drug metabolism[4].
However, in a substantial proportion of cases, the underlying causes of resistance remain undefined,
suggesting the existence of non-genetic, epigenetic, or post-transcriptional mechanisms that facilitate
tumor adaptation under drug pressure. Recent studies have pointed to circular RNAs (circRNAs)—a class
of covalently closed non-coding RNAs—as emerging regulators in cancer biology[5]. Due to their high
stability and tissue specificity, circRNAs have been implicated in various oncogenic processes[6], such as
proliferation, metastasis, immune evasion, and therapy resistance[7–9]. However, their role in mediating
resistance to third-generation EGFR-TKIs remains largely unexplored.
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In addition to post-transcriptional functions, the upstream biogenesis of circRNAs is increasingly
recognized to be tightly regulated by RNA-binding proteins (RBPs) and alternative splicing factors[10].
Several splicing factors—including Quaking (QKI), HNRNPA1, and RBM20—have been shown to bind
intronic complementary sequences and promote back-splicing through intron pairing or exon skipping
mechanisms[11, 12]. For instance, QKI enhances circRNA formation by bridging flanking introns, and its

knockout suppresses linear transcript production while altering > 17% of cardiac circRNAs[13]. Likewise,
splicing factors such as ESRP1 facilitate specific circRNA isoform production through regulation of
alternative exon inclusion[10]. The involvement of EMT-related splicing regulators suggests a mechanistic
link between splicing plasticity and circRNA-mediated tumor adaptation under stress conditions[14, 15].
Beyond their role as miRNA sponges, circRNAs have also been shown to regulate protein ubiquitination
and autophagic flux through direct interaction with key regulatory proteins. For example, circFOXO3
forms a ternary complex with MDM2 and p53 to promote MDM2-mediated ubiquitination and
degradation of p53, thereby influencing cell cycle and apoptosis pathways[16]. Similarly, circEIF4G3 plays
a tumor inhibitory role in gastric cancer by promoting TRIM25-mediated ubiquitination of δ-catenin
degradation[17]. On the autophagy front, circRNAs such as circHIPK3 accelerate autophagy by
modulating ATG gene expression through miRNA sponging[18], and circCDYL has been reported to

enhance autophagic flux via the miR-1275-ATG7/ULK1 axis in breast cancer cells[19]. Since both
ubiquitin-mediated degradation and enhanced autophagy are established resilience mechanisms under
drug-induced stress, circRNAs capable of modulating these pathways emerge as plausible non-genetic
drivers of therapeutic resistance.

However, their role in mediating resistance to third-generation EGFR-TKIs remains largely unexplored.
Whether circRNAs directly influence osimertinib resistance by regulating ubiquitin-mediated degradation
or autophagic response remains unknown, representing a critical gap in our understanding of post-
transcriptional mechanisms of drug adaptation. In this study, we sought to systematically investigate the
circRNA landscape associated with osimertinib resistance in NSCLC. Through transcriptome-wide
circRNA profiling of resistant and parental NSCLC cell lines, we identified circCAMSAP1 as an
upregulated candidate in resistant cells. Functional assays demonstrated that circCAMSAP1 promotes
resistance by enhancing cell survival and autophagy. Mechanistically, we discovered that circCAMSAP1
directly binds to the heat shock proteins HSPA1A, preventing its degradation by the E3 ubiquitin ligase
SMURF1 and thereby stabilizing its expression. Furthermore, we identified the splicing factor HnRNPA1
as a key driver of circCAMSAP1 biogenesis through binding to flanking intronic sequences.

In this study,Our findings reveal a previously unrecognized
HnRNPA1/CircCAMSAP1/SMURF1/HSPA1Asignaling axis that facilitates osimertinib resistance through
regulation of protein stability and autophagic activity. These insights not only expand our understanding
of circRNA function beyond canonical ceRNA mechanisms but also identify potential therapeutic targets
to overcome EGFR-TKI resistance in NSCLC.

RESULTS
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CircCAMSAP1 is identified as a highly upregulated circular RNA in osimertinib-resistant NSCLC cells

Increasing evidence has indicated the involvement of circRNAs in various cancer-related processes. To
investigate circRNAs that may mediate osimertinib resistance in NSCLC, we first progressively
stimulated parental cell lines (PC9 and H1975) with long-term low-concentration osimertinib until stable
osimertinib-resistant NSCLC cell lines (PC9/OR and H1975/OR) were screened. We then measured the
cell IC50 values by the WST-1 assay, confirming the resistance of these two cell lines to osimertinib
(Fig. 1A). Our results show that two osimertinib-resistant cell lines are not sensitive to osimertinib
compared to parental cell lines and exhibit faster growth rates under osimertinib treatment
(Supplementary Figures S1A-B). Next, we performed circRNA next-generation sequencing on PC9 and
PC9/OR cells, as they showed the most significant differences between parental and drug-resistant cells,
and identified 8 significantly upregulated circRNAs in PC9/OR cells (fold change of > 2 and p-value of < 
0.05) compared to parental cells (Fig. 1B). We focused on circCAMSAP1 (hsa_circ_0001900)due to its
potential functional relevance in drug resistance. As a circRNA derived from the CAMSAP1 gene family,
which is involved in cytoskeletal organization and cellular stability, circCAMSAP1 may contribute to
mechanisms underlying cancer cell adaptation. However, its role in NSCLC remains unexplored,
highlighting the need for further investigation. To further confirm the circular nature and biogenesis of
circCAMSAP1, we analyzed its genomic origin and circular junction. CircCAMSAP1 is derived from exon
2 and exon 3 of the CAMSAP1 gene located on chromosome 9. Sanger sequencing validated the head-
to-tail splicing junction generated by back-splicing, consistent with the formation of a circular RNA
(Fig. 1C).To distinguish circCAMSAP1 from its linear transcript, we performed RNase R digestion assays
in PC9/OR and H1975/OR cells. RNase R selectively digests linear RNAs, while circular RNAs are
resistant due to their closed-loop structure. As expected, CAMSAP1 mRNA levels were markedly reduced
following RNase R treatment, whereas circCAMSAP1 levels remained stable, indicating strong resistance
to exonuclease degradation (Fig. 1D). These findings confirmed that circCAMSAP1 exists in a circular
configuration. To validate this further, we conducted PCR using divergent primers specific to
circCAMSAP1 and convergent primers for linear CAMSAP1 and GAPDH on both complementary DNA
(cDNA) and genomic DNA (gDNA) templates. The divergent primers amplified circCAMSAP1 only in
cDNA, but not in gDNA, while linear CAMSAP1 and GAPDH were detected in both templates (Fig. 1E).
These results further support the back-splicing origin of circCAMSAP1 and exclude the possibility of
genomic DNA contamination or rearrangement.To explore the potential mechanism of action of
circCAMSAP1, we examined its subcellular localization. Nuclear and cytoplasmic RNA fractions were
isolated from PC9/OR and H1975/OR cells. Quantitative RT-qPCR analysis revealed that circCAMSAP1
was predominantly localized in the cytoplasm, whereas U6 mRNA and GAPDH mRNA were mainly
distributed in the nucleus and cytoplasm, respectively (Fig. 1F). The cytoplasmic enrichment of
circCAMSAP1 suggests it may function through post-transcriptional mechanisms, potentially by acting
as a microRNA sponge or interacting with RNA-binding proteins.

CircCAMSAP1 promotes proliferation, migration, invasion, and osimertinib resistance in NSCLC cells
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In order to investigate the potential role of circCAMSAP1 in mediating osimertinib resistance, we first
examined its expression levels in both parental and resistant NSCLC cell lines. Quantitative RT-qPCR
analysis revealed that circCAMSAP1 was significantly upregulated in both PC9/OR and H1975/OR cells
compared to their respective parental lines (Fig. 2A), suggesting an association with acquired
resistance.To explore its functional relevance, we designed two independent siRNAs (sicircCAMSAP1-1
and sicircCAMSAP1-2) targeting the back-splice junction of circCAMSAP1 and efficiently knocked down
circCAMSAP1 expression in PC9/OR and H1975/OR cells without affecting the linear CAMSAP1
transcript (Fig. 2b). We further evaluated the impact of circCAMSAP1 knockdown on the long-term
proliferative capacity of resistant cells using colony formation assays. CircCAMSAP1 knockdown
significantly impaired the cloning ability of PC9/OR and H1975/OR cells (Fig. 2C). Next, we assessed the
effect of circCAMSAP1 knockdown on cell viability. WST-1 assays showed that circCAMSAP1
knockdown significantly suppressed the proliferation of both PC9/OR and H1975/OR cells over time
(Fig. 2D). In addition, dose-response analysis showed that circCAMSAP1 depletion significantly
increased the sensitivity of resistant cells to osimertinib, as evidenced by a decrease in IC₅₀ values in
both cell lines (Fig. 2E), suggesting that circCAMSAP1 contributes to drug resistance, which reinforces
its role in promoting resistance-associated survival and growth. As drug-resistant cancer cells often
exhibit enhanced migratory and invasive potential, we performed transwell migration and invasion
assays. The results showed that circCAMSAP1 knockdown substantially reduced both migration and
invasion in PC9/OR and H1975/OR cells (Fig. 2F), this suggests that circCAMSAP1 may facilitate
metastatic traits in osimertinib-resistant NSCLC. In conclusion, these results indicate that circCAMSAP1
promotes proliferation, invasion, migration, and osimertinib resistance in NSCLC cells.

CircCAMSAP1 facilitates tumor growth and resistance to osimertinib in vivo

To verify the relevance of circCAMSAP1 in mediating osimertinib resistance in vivo, a mouse xenograft
model was established using PC9/OR cells transfected with shCtrl or shcircCAMSAP1 lentivirus (see
Fig. 3A for a visual representation of this process). After tumor cell implantation, mice were treated with
intraperitoneal injections of DMSO or osimertinib (Osi) for three weeks. Tumor growth and treatment
response were monitored in four experimental groups: shCtrl + DMSO, shCtrl + Osi, shcircCAMSAP1 + 
DMSO, and shcircCAMSAP1 + Osi. Tumor-bearing mice were sacrificed at the endpoint, and gross
morphology and tumor size suggest that circCAMSAP1 knockdown significantly enhances osimertinib
sensitivity. Mice in the shcircCAMSAP1 + Osi group exhibit significantly smaller tumors compared to the
control group (see Fig. 3B-C). Tumor growth curves showed that depletion of circCAMSAP1 alone
modestly inhibited tumor growth, while circCAMSAP1 knockdown in combination with osimertinib
significantly inhibited tumor progression (Fig. 3D). Consistent with these observations, the final tumor
volume and tumor weight were significantly reduced in the shcircCAMSAP1 + Osi group compared to
other treatment groups (Fig. 3E-F), suggesting that circCAMSAP1 knockdown enhanced the anti-tumor
efficacy of osimertinib in vivo. To further explore the molecular basis of this enhanced sensitivity, tumor
sections were subjected to immunohistochemical staining (IHC). Ki-67 staining showed a significant
decrease in proliferative activity in the shcircCAMSAP1 + Osi group, as well as a significant decrease in
the expression of the downstream target protein HSPA1A in this group (Fig. 3G). These findings
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prompted us to further investigate the downstream mechanisms of circCAMSAP1-mediated osimertinib
resistance.

CircCAMSAP1 facilitates autophagic activity in resistant NSCLC cells

To further investigate the underlying mechanism by which circCAMSAP1 promotes osimertinib
resistance, we tested whether circCAMSAP1 is involved in autophagy, a process known to affect drug
sensitivity in cancer cells. Western blot analysis showed that silencing circCAMSAP1 in PC9/OR and
H1975/OR cells resulted in a significant accumulation of p62 and a decrease in LC3B-II levels,
suggesting impaired autophagy flow (Fig. 4A-B). These observations suggest that circCAMSAP1 has a
positive regulatory effect on autophagy in drug-resistant NSCLC cells. To distinguish between the
possibility that the reduction of LC3B-II is due to reduced autophagosome formation or an enhanced
degradation process, we treated the cells in question with chloroquine (CQ), a drug that acts as an
autophagy inhibitor and is able to block lysosomal degradation. In the presence of CQ, LC3B-II levels
were restored after circCAMSAP1 knockdown, suggesting that the reduction in LC3B-II observed in the
absence of CQ was due to autophagic flow retardation rather than decreased autophagosome synthesis
( Fig. 4C-D). To further validate these observations, a tandem mRFP-GFP-LC3 reporter system was used
in drug-resistant NSCLC cells to monitor autophagosome and autophagolysosome formation. In
untreated cells, circCAMSAP1 knockdown resulted in only red (autophagolysosome) spots and a
significant reduction in total LC3 spots, indicating inhibition of the autophagic process. After CQ
treatment, the accumulation of yellow spots (GFP and RFP combined) was observed in all groups, but
significantly less in cells in the circCAMSAP1 knockdown group, further confirming the reduction of
autophagic flux (Fig. 4E and Supplementary Figure S2A). Similarly, transmission electron microscopy
(TEM) results further showed that circCAMSAP1 knockdown reduced the number of autophagosomes in
drug-resistant NSCLC cells compared to the control group, while the number of autophagosomes in all
groups increased after CQ treatment, suggesting that chloroquine inhibited the degradation process of
autophagosomes(Fig. 4F). The observed knockdown of circCAMSAP1 has been shown to hinder the
autophagy process, which may therefore enhance the sensitivity of cells to the effects of the drug.

CircCAMSAP1 binds to HSPA1A and enhances its expression to sustain resistance and autophagy

To further elucidate the molecular mechanisms by which circCAMSAP1 functions, RNA pull-down
experiments were performed using biotinylated circCAMSAP1-specific probes, followed by SDS-PAGE
and mass spectrometry analysis (Fig. 5A). Among the enriched proteins, HSPA1A was identified as a
major binding candidate (Fig. 5B-C), suggesting a potential interaction between circCAMSAP1 and
HSPA1A. To verify this interaction, we performed RNA immunoprecipitation (RIP) experiments using anti-
HSPA1A antibodies. Subsequent PCR and RT-qPCR analyses confirmed that circCAMSAP1 was
significantly enriched in HSPA1A immunoprecipitates compared to the IgG control, while no linear
CAMSAP1 mRNA was detected (Fig. 5D-E), confirming the specificity of the interaction. To further
investigate the expression of HSPA1A in osimertinib-resistant NSCLC cells, Western blotting and RT-
qPCR analysis showed that HSPA1A was significantly upregulated in PC9/OR and H1975/OR cells
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compared to its parental cell line (Supplementary Figure S3A-B). Next, we examined the functional
relevance of HSPA1A in circCAMSAP1-mediated drug resistance. First, we constructed a cell model of
stable overexpression of HSPA1A using lentiviral vectors and detected it by western blotting and RT-
qPCR analysis, and the expression level of overexpressed HSPA1A was significantly increased compared
to the blank control group, indicating that the overexpression model was successfully constructed
(Supplementary Figure S3C-D). Next, the WST-1 assay further revealed that overexpression of HSPA1A
promoted osimertinib resistance in NSCLC cells (Supplementary Figure S3E-F). Colony formation
experiments showed that overexpression of HSPA1A significantly increased the cloning ability of NSCLC
cells (Supplementary Figure S3G-H). At the same time, overexpression of HSPA1A was observed by
Western blotting to reduce the level of the autophagic substrate p62 protein and increase the level of the
autophagosome formation marker LC3B protein, suggesting that it promotes autophagy (Supplementary
Figure S3I-J). To further investigate the regulatory relationship between circCAMSAP1 and HSPA1A,
colony formation experiments showed that clone formation of circCAMSAP1 alone inhibited clonal
formation in PC9/OR and H1975/OR cells, and HSPA1A overexpression significantly restored this
inhibition (Fig. 5F). Subsequent knockdown of circulation alone resulted CAMSAP1 reduced osimertinib
IC50 in PC9/OR and H1975/OR cells, while overexpression of HSPA1A partially rescued the sensitive
phenotype, manifested by an increase in IC50 values (Fig. 5G-H). These results suggest that HSPA1A
acts downstream of circCAMSAP1, promoting osimertinib resistance. In addition, Western blotting
showed that circCAMSAP1 knockdown inhibited HSPA1A protein levels, while p62 increased and LC3B-II
decreased, suggesting inhibition of autophagy. Importantly, HSPA1A overexpression reverses these
autophagy changes, further supporting its functional involvement (Fig. 5I-J). Taken together, these
findings suggest that circCAMSAP1 partially promotes osimertinib resistance and autophagy in NSCLC
cells by directly interacting with HSPA1A and regulating HSPA1A expression.

CircCAMSAP1 stabilizes HSPA1A protein by blocking SMURF1-mediated ubiquitination

To investigate how circCAMSAP1 regulates HSPA1A protein levels, we first examined the effect of
circCAMSAP1 knockdown on HSPA1A expression. Western blotting showed that circCAMSAP1
knockdown significantly reduced HSPA1A protein levels (Fig. 6A), while RT-qPCR showed no significant
change in HSPA1A mRNA levels (Supplementary Figure S4A). This also suggests that transcriptional
levels may not be involved in the decrease in HSPA1A protein levels, suggesting that circCAMSAP1 may
regulate HSPA1A stability through post-translational modifications (PTMs). To further validate our
hypothesis and determine whether the reduction in HSPA1A is due to altered protein stability, we treated
cells with cycloheximide (CHX) to inhibit protein synthesis and monitor HSPA1A degradation over time.
The results showed that knockdown of circCAMSAP1 significantly reduced the half-life of HSPA1A
protein, suggesting that circCAMSAP1 stabilized HSPA1A at post-translational levels (Fig. 6B). Next, we
evaluated whether circCAMSAP1 knockdown affects HSPA1A degradation via the ubiquitin-proteasome
pathway. Treatment with the proteasome inhibitor MG132 rescued HSPA1A protein levels after
circCAMSAP1 knockdown (Fig. 6C), suggesting that circCAMSAP1 prevented proteasomal degradation
of HSPA1A. We then performed co-immunoprecipitation of HSPA1A followed by ubiquitin
immunoblotting, and circCAMSAP1 knockdown significantly enhanced the ubiquitination of HSPA1A
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protein and its proteasome-mediated degradation compared to the negative control group (Fig. 6D),
supporting the idea that circCAMSAP1 stabilizes HSPA1A expression by inhibiting its ubiquitination.
Using the silico prediction tool Ubibroswer (http://ubibrowser.bio-it.cn/ubibrowser/home/index), we
identified SMURF1, a known E3 ubiquitin ligase, as a potential regulator of HSPA1A (Supplementary
Figure S4B). Western blotting showed that circCAMSAP1 knockdown resulted in an increase in SMURF1
protein levels (Supplementary Figure S4C), however, RT-qPCR showed no significant change in mRNA
levels of SMURF1 (Supplementary Figure S4D). To validate the interaction of circCAMSAP1 with
SMURF1, we performed RIP experiments with anti-SMURF1 antibodies, and subsequent RT-qPCR
analysis showed that circCAMSAP1 was significantly enriched in SMURF1 immunoprecipitates
compared to IgG controls (Fig. 6E). In addition, Western blotting showed that knockdown of SMURF1
resulted in a significant increase in HSPA1A protein levels and a decrease in SMURF1 own protein levels
(Fig. 6F). RT-qPCR analysis showed that SMURF1 knockdown did not alter the mRNA levels of HSPA1A,
while its own mRNA levels decreased (Supplementary Figure S4E-F), suggesting that SMURF1 mediates
HSPA1A degradation downstream of circCAMSAP1. To further confirm this regulatory axis, we assessed
the level of ubiquitination of HSPA1A in SMURF1-depleting cells. Co-immunoprecipitation results
showed that SMURF1 significantly reduced the ubiquitination level of HSPA1A (Supplementary Figure
S4G), supporting its role as an E3 ligase responsible for HSPA1A proteasome degradation. In addition,
co-immunoprecipitation assays further confirmed the interaction between SMURF1 and HSPA1A
(Fig. 6G). Next, co-immunofluorescence experiments were performed to evaluate the localization of
HSPA1A and SMURF1, which showed that these two molecules were primarily colocalized in the
cytoplasm of PC9/OR cells, and circCAMSAP1 knockdown promoted the colocalization of HSPA1A and
SMURF1 (Supplementary Fig. 6H). Interestingly, co-immunocoprecipitation results showed that
circCAMSAP1 knockdown enhanced the binding between SMURF1 and HSPA1A (Fig. 6H), suggesting
that circCAMSAP1 may protect HSPA1A from degradation by interfering with SMURF1-HSPA1A
interactions. Notably, circCAMSAP1 knockdown-mediated ubiquitination degradation of HSPA1A is
dependent on SMURF1, as siSMURF1 was found to salvage circCAMSAP1-knockdown HSPA1A
ubiquitination levels after co-transfection with sicircCAMSAP1 (Fig. 6I). Taken together, these findings
reveal a novel regulatory mechanism: circCAMSAP1 enhances the stability of HSPA1A by preventing
SMURF1-mediated ubiquitination and proteasomal degradation, thereby promoting osimertinib
resistance in NSCLC cells.

The allosteric inhibitor JG231 reverses osimertinib resistance in lung adenocarcinoma in vitro and in vivo

To validate the functional importance of HSPA1A in mediating osimertinib resistance, we used the
allosteric inhibitor JG-231 and evaluated its effects on drug-resistant NSCLC cells in vitro and in vivo.
Treatment with JG-231 alone significantly inhibits the viability of PC9/OR and H1975/OR cells in a dose-
dependent manner. Of particular note was the significant reduction in cell viability with the combination
of osimertinib and JG-231 compared to osimertinib alone (Fig. 7A). The combination index (CI) values
were calculated using compuSyn software to determine whether the combination produced synergistic
cytotoxicity and CI values were found to be less than 1.0 in both PC9/OR and H1975/OR cell lines,
indicating a synergistic antitumor effect (Fig. 7B). Next, we found that JG-231 treatment impaired the
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colony-forming capacity of PC9/OR and H1975/OR cells in vitro, with the most pronounced inhibition at 4
µM concentrations (Fig. 7C). In addition, Western blotting showed that JG-231 potently inhibited HSPA1A
expression in two drug-resistant cell lines, accompanied by an increase in p62 and a decrease in LC3B-II,
suggesting that autophagy was inhibited in a dose-dependent manner, supporting its targeting activity
(Fig. 7D). In vivo, the therapeutic potential of JG-231 was further evaluated using a PC9/OR-derived
xenograft model. Treatment of mice with JG-231 in combination with osimertinib resulted in significantly
slower tumor growth compared to monotherapy or control (Fig. 7E-F. The final tumor volume and tumor
weight were significantly reduced in the combination group (Fig. 7G-H), and IHC of tumor tissue sections
showed a significant reduction in the expression of the target protein HSPA1A in the JG-231 versus
osimertinib group, confirming that inhibition of HSPA1A enhances anti-tumor efficacy in overcoming
osimertinib resistance(Fig. 7I). These findings highlight HSPA1A as a key functional mediator of
circCAMSAP1-induced resistance and demonstrate that JG-231 resensitizes drug-resistant NSCLC cells
to osimertinib in vitro and in vivo by targeting HSPA1A.

HnRNPA1 promotes the biogenesis of circCAMSAP1

To investigate the upstream regulatory mechanisms of circCAMSAP1 upregulation in osimertinib-
resistant NSCLC cells, we performed bioinformatics predictions (http://rbpmap.technion.ac.il/). Among
the candidates, Western blotting and RT-qPCR showed that expression of HnRNPA1 was significantly
upregulated in drug-resistant NSCLC cell lines compared to its parent cell lines (Fig. 8A). We further
engineered two independent siRNAs targeting HnRNPA1 (siHnRNPA1-1 and siHnRNPA1-2), and Western
blotting and RT-qPCR showed potent knockdown of HnRNPA1 expression in drug-resistant NSCLC cells
(Supplementary Figure S5A-D). A series of experiments were performed to evaluate the role of HnRNPA1
in regulating circCAMSAP1 biosynthesis. Specifically, knockdown of HnRNPA1 resulted in a significant
reduction in mRNA levels of circCAMSAP1, but did not affect the mRNA levels of linear CAMSAP1
transcripts, suggesting that HnRNPA1 regulates circCAMSAP1 expression (Fig. 8B). Splicing factors
have been reported to drive circRNA cyclization by specifically recognizing and binding sequences in
circRNA flanking introns[20]. In previous reports, HnRNPA1 can interact with these potential binding sites,
TGGGGT and TAGAGA[21]. To determine the critical role of HnRNPA1-binding specific sequences of
flanking introns in circCAMSAP1 circularization. Two potential HnRNPA1 binding sites were identified,
one upstream of the circCAMSAP1 reverse splice site and the other downstream of the circCAMSAP1
site (Fig. 8C), and then wild-type and mutant circCAMSAP1 minigenes (minigenes) were designed for RIP
experiments, and the results showed that HnRNPA1 specifically binds to wild-type binding sites for
flanking introns, with no binding to the mutation sites observed (Fig. 8D). To functionally verify the
importance of these binding sites, drug-resistant NSCLC cells were infected with or without minigene
constructs (wild-type and various mutants) following HnRNPA1 knockdown, and RT-qPCR results
showed that HnRNPA1 knockdown significantly reduced circCAMSAP1 production in transfected wild-
type circCAMSAP1 mini-gene and single-site mutation (a-mut or b-mut) cells, however, in transfected
two-site mutations (a/ b-mut), HnRNPA1 knockdown had minimal effect on circCAMSAP1 production,
suggesting that both loci are required to promote efficient circCAMSAP1 biosynthesis (Fig. 8E). The
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proposed working model is shown in Figure (Fig. 8F). In drug-resistant NSCLC cells, HnRNPA1 promotes
circCAMSAP1 cyclization. circCAMSAP1 then promotes autophagy and cell survival by interacting with
HSPA1A and stabilizing HSPA1A expression by inhibiting SMURF1-mediated HSPA1A ubiquitination and
degradation. JG-231, an allosteric inhibitor targeting HSPA1A, has been shown to reverse this resistance
phenotype, supporting the hypothesis that the circCAMSAP1-HSPA1A axis is a target for osimertinib
resistance therapy in NSCLC.

DISCUSSION
The third-generation EGFR tyrosine kinase inhibitor (EGFR-TKI), osimertinib, has emerged as the
standard first-line treatment for patients with NSCLC harboring activating EGFR mutations[22]. However,
the clinical benefits of osimertinib are inevitably limited by the development of acquired resistance[23]].
Although multiple mechanisms of resistance have been described, including secondary EGFR mutations,
activation of bypass signals, and histologic transformation[24, 25], these alterations account for only a
subset of cases. This suggests that additional non-genetic mechanisms, particularly at the post-
transcriptional and protein homeostatic levels, may play a key role in tumor adaptation[26]]. In recent
years, circular RNAs (circRNAs), a class of stable and cell-type-specific noncoding RNAs, have emerged
as important regulators in cancer biology[27, 28]. However, their potential role in osimertinib resistance
remains largely unexplored.

In this study, we performed circRNA sequencing in osimertinib-sensitive and -resistant NSCLC cell lines
and identified circCAMSAP1 (hsa_circ_0001900) as a significantly upregulated circRNA in resistant cells.
Functionally, circCAMSAP1 promoted resistance by enhancing cell proliferation, migration, clonogenicity,
and tumor growth in vitro and in vivo, while silencing circCAMSAP1 markedly restored sensitivity to
osimertinib. Mechanistically, we demonstrated that circCAMSAP1 directly binds to HSPA1A, a key
molecular chaperone, and prevents its interaction with the E3 ubiquitin ligase SMURF1, thereby inhibiting
HSPA1A ubiquitination and stabilizing its protein expression. Stabilized HSPA1A, in turn, enhances
autophagic flux and promotes cell survival under drug pressure. Furthermore, we identified HnRNPA1 as
the splicing factor responsible for circCAMSAP1 biogenesis, as it binds to flanking intronic sequences
and facilitates back-splicing. These findings collectively establish a novel
HnRNPA1/circCAMSAP1/SMURF1/HSPA1Aaxis that links alternative splicing, circRNA function, protein
stability, and autophagy-driven resistance.

Our findings offer mechanistic insights that extend beyond the conventional understanding of circRNA
biology. While previous studies have predominantly focused on circRNAs acting as miRNA sponges or
regulators of transcription[27, 29], our work demonstrates that circRNAs can function by modulating
protein homeostasis through interference with ubiquitin-mediated degradation. This non-canonical mode
of action significantly expands the functional repertoire of circRNAs[28] Moreover, although HSPA1A has
been implicated in cellular stress responses and therapeutic resistance[30, 31], its post-translational
regulation by circRNAs has not been previously described. The multilevel integration of splicing control,
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noncoding RNA function, proteostasis modulation, and autophagy regulation revealed in this study
underscores the complexity of non-genetic resistance mechanisms and highlights the importance of
cross-talk between RNA and protein regulatory layers[32].

Despite the strength of our findings, several important limitations should be acknowledged. First, our
study was primarily conducted in established NSCLC cell lines and mouse xenograft models. While these
systems offer reproducible platforms for mechanistic interrogation, they may not fully recapitulate the
complexity of the human tumor microenvironment, including stromal interactions, immune modulation,
and spatial heterogeneity of resistance[33]. Thus, validation of the HnRNPA1/circCAMSAP1/HSPA1A axis
in patient-derived organoids or clinical biopsy specimens will be essential to determine its clinical
relevance and biomarker potential[33]. Second, our mechanistic focus on HSPA1A does not exclude the
possibility that circCAMSAP1 may bind to other proteins or RNA species. Although RNA pull-down and
RIP assays showed specificity for HSPA1A, mass spectrometry identified additional candidates that may
contribute to the resistance phenotype through parallel or compensatory pathways[34]. A more
comprehensive dissection of the circCAMSAP1-centered interactome is needed to uncover potential co-
factors or context-specific regulators.

Third, although our data support that SMURF1 is the primary E3 ubiquitin ligase responsible for HSPA1A
degradation, we cannot exclude the possibility that other E3 ligases or deubiquitinating enzymes (DUBs)
may also participate in this process, particularly under therapeutic stress. The regulation of proteostasis
—a dynamic balance between protein synthesis, folding, trafficking, and degradation—is governed by a
highly interconnected network of over 600 E3 ligases and nearly 100 DUBs, many of which exhibit
redundancy and stress-responsive regulation[35, 36]. In response to drug pressure, cells can rewire these
networks to adapt to proteotoxic stress, potentially compensating for SMURF1 function or reversing
HSPA1A ubiquitination through alternate enzymes[37]. Moreover, proteostasis is not limited to ubiquitin–
proteasome machinery but also involves molecular chaperones (e.g., Hsp70) and selective autophagy
pathways such as chaperone-assisted selective autophagy (CASA) and chaperone-mediated autophagy
(CMA)[38]. Therefore, it is plausible that circCAMSAP1 modulates a broader protein quality control
network, not solely by interacting with SMURF1, but potentially by influencing additional E3 ubiquitin
ligases, deubiquitinases (DUBs), or chaperone–co-chaperone complexes. For example, CHIP/STUB1
functions as both an E3 ligase and Hsp70 co-chaperone, linking protein folding to degradation pathways
via ubiquitination and even autophagy[39]. BAG family proteins, such as BAG‑1 and BAG‑3, assist in
delivering chaperone-bound substrates to the proteasome or autophagosome, working in concert with
CHIP[40, 41]. UCHL5, a common DUB present at the proteasome, can deubiquitinate substrates to fine-
tune degradation signals[42]. Therefore, circCAMSAP1 may act directly – by scaffolding or sequestering
these proteins; or indirectly – by altering partner or DUB activity. Future work should systematically
assess whether circCAMSAP1 also coordinates components such as CHIP/STUB1, UCHL5, or BAG
family cochaperones that may promote osimertinib resistance through parallel or synergistic
mechanisms of protein homeostasis[43].
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Fourth, although autophagy was clearly modulated in our model, the downstream consequences of
circCAMSAP1-mediated autophagy enhancement remain partially defined. Whether this autophagy is
primarily cytoprotective, pro-survival, or contributes to metabolic adaptation under TKI treatment
warrants further exploration[44]. Additionally, the interaction between autophagy and apoptotic signaling
in this context remains unclear. Autophagy and apoptosis are two fundamental but intricately connected
stress-response pathways[45]. In many cancer types, autophagy acts as a survival mechanism under drug
pressure by maintaining cellular energy homeostasis, mitigating oxidative stress, and delaying apoptotic
onset[46]. However, depending on the cellular context, autophagy may also shift from a protective to a
cytotoxic role, or even act as a prerequisite for apoptosis[47]. Crosstalk between these pathways is often
mediated by shared molecular players such as Bcl-2 family proteins, p62/SQSTM1, Beclin-1, and ATG
proteins, which can serve dual roles in promoting or inhibiting apoptotic progression depending on post-
translational modifications and binding partners[48].

In our model, it remains unknown whether circCAMSAP1-induced autophagy enhances cell survival by
preventing apoptosis, or alternatively primes cells for death by regulating pro-apoptotic signaling
thresholds. Moreover, it is possible that circCAMSAP1 may regulate the expression or stability of key
nodal regulators at the intersection of autophagy and apoptosis—such as Bcl-2, BAX, or caspase-8—
through mechanisms beyond HSPA1A modulation. A more detailed temporal and functional dissection
of circCAMSAP1-mediated autophagy–apoptosis dynamics will be necessary to understand whether
autophagy serves as a resistance mechanism or a vulnerability that could be therapeutically
exploited[49–51].

Finally, the therapeutic feasibility of targeting circCAMSAP1 or its RNA–protein interface remains to be
tested in a preclinical pharmacological context. While our use of the HSPA1A inhibitor JG231 provides
proof-of-concept that this pathway is druggable, specific RNA-based therapeutics—such as ASOs,
CRISPR/Cas13-based tools, or RNA aptamers—need to be developed and optimized to target
circCAMSAP1 selectively in vivo[52–54]. Future research may focus on several directions. First,
determining whether circCAMSAP1 is detectable in patient blood or exosomes could inform its potential
utility as a liquid biopsy biomarker for osimertinib resistance[55]. Second, targeting circCAMSAP1 or its
interaction interface with HSPA1A using antisense oligonucleotides or small molecules could represent
a novel therapeutic strategy. Third, systematic investigation of other circRNA–protein interactions
involved in ubiquitination pathways could uncover broader regulatory paradigms in drug resistance.

CONCLUSION
In conclusion, our study identified circCAMSAP1 as a circular RNA that plays a key role in promoting
osimertinib resistance in NSCLC. We demonstrate that circCAMSAP1 functions by binding to HSPA1A
(Heat Shock Protein Family A (Hsp70) Member 1A) HSPA1A, thereby preventing its SMURF1-mediated
ubiquitination and proteasome degradation. This stabilization enhances autophagic flux and promotes
cancer cell survival under therapeutic pressure. Furthermore, we uncover HnRNPA1 as the upstream
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splicing factor that drives CircCAMSAP1 biogenesis via intronic motif recognition, linking alternative
splicing regulation to resistance mechanisms. Importantly, the allosteric inhibitor JG-231 targeting
HSPA1A successfully reversed circCAMSAP1-induced resistance in vitro and in vivo, highlighting its
potential as a therapeutic vulnerability.

Our findings establish a novel HnRNPA1/CircCAMSAP1/SMURF1/HSPA1A axis that integrates post-
transcriptional and post-translational regulation in the context of drug resistance. These insights not only
broaden our understanding of the functional repertoire of circRNAs beyond canonical miRNA sponging
but also point to RNA–protein interactions as viable targets for overcoming EGFR-TKI resistance. Future
studies investigating the clinical relevance of CircCAMSAP1 and its potential as a circulating biomarker
may further pave the way for precision therapeutics in EGFR-mutant NSCLC.

MATERIALS AND METHODS
Cell lines and culture conditions

Human NSCLC cell lines PC9 and H1975 were obtained from [source or ATCC]. Cells were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin at
37°C in a humidified incubator with 5% CO₂. To establish osimertinib-resistant cell lines (PC9/OR and
H1975/OR), the parental cell lines (PC9 and H1975) were continuously exposed to progressively
increasing concentrations of osimertinib-containing medium for a prolonged period until stable resistant
cell lines (PC9/OR and H1975/OR) were selected, and osimertinib was used to maintain the drug
resistance of the PC9/OR and H1975/OR cells, all of which were cultured in a humidified incubator at
37°C with 5% CO₂.

CircRNA sequencing and data analysis

Total RNA from PC9 and PC9/OR cells was extracted using TRIzol reagent (Invitrogen) and subjected to
ribosomal RNA depletion. Libraries were constructed using a circRNA sequencing protocol and
sequenced on the Illumina platform. Differentially expressed circRNAs were identified based on fold
change > 2 and p < 0.05. Back-splice junctions were confirmed by Sanger sequencing.

RNase R treatment and RT-qPCR

Total RNA was treated with RNase R (3 U/µg, Epicentre) for 30 min at 37°C to enrich circular RNAs.
Reverse transcription was performed using random hexamers and PrimeScript RT Kit (Takara).
Quantitative PCR was performed using SYBR Green Master Mix (Thermo Fisher). GAPDH was used as
internal control. Divergent primers were used to amplify circCAMSAP1, and convergent primers for linear
CAMSAP1.

Nuclear and cytoplasmic RNA fractionation
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Cytoplasmic and nuclear RNA fractions were isolated using the PARIS Kit (Invitrogen) according to the
manufacturer’s instructions. Enrichment of circCAMSAP1 was determined by RT-qPCR, with U6 and
GAPDH serving as nuclear and cytoplasmic controls, respectively.

siRNA and plasmid transfection

Small interfering RNAs (siRNAs) targeting circCAMSAP1, SMURF1, and HnRNPA1 were synthesized by
Suzhou Genepharma Co., Ltd. Transfections were performed using Lipofectamine RNAiMAX or
Lipofectamine 3000 (Invitrogen). The full-length sequence of HSPA1A was inserted into the GV492
lentiviral vector for stable overexpression, which was supplied by Shanghai Genechem Co., Ltd. Cells
were harvested 48–72 h post-transfection for analysis.

Cell viability and colony formation assays

Cell viability was assessed usingWST-1 Cell Proliferation and Cytotoxicity Assay Kit ). Cells were seeded
in 96-well plates and treated with osimertinib for 24–48 h. Absorbance was measured at 450 nm. For
colony formation, 500 cells/well were seeded in 6-well plates, cultured for 10–14 days, fixed with 4%
paraformaldehyde, and stained with crystal violet.

Migration and invasion assays

Cell migration and invasion assays were performed using Transwell chambers (8 µm pore size, Corning),
with or without Matrigel coating. Cells (1×10⁵) were seeded in serum-free medium in the upper chamber,
and after 24–48 h, they were fixed with 4% paraformaldehyde, stained with crystal violet, and counted
under the microscope.

mRFP-GFP-LC3 autophagy reporter assay

Cells were transfected with mRFP-GFP-LC3 plasmid and observed using confocal microscopy (Leica).
Autophagic flux was evaluated based on the ratio of yellow (autophagosomes) to red (autolysosomes)
puncta.

Western blotting and co-immunoprecipitation

Proteins were extracted using RIPA buffer with protease inhibitors. Antibodies against HSPA1A, LC3B,
p62, SMURF1, GAPDH, and ubiquitin were used. For ubiquitination assays, cells were treated with MG132
(10 µM) for 6 h. Co-immunoprecipitation (co-IP) was performed using Protein A/G magnetic beads and
target-specific antibodies.

RNA-pulldown assay and liquid chromatography-tandem mass spectrometry (LC–MS/MS)

The biotinylated circCAMSAP1 probe and RNA pulldown kit was provided by Guangzhou BerSinBio. The
probe is conjugated to magnetic beads and incubated with a cellular protein extract according to the
manufacturer's protocol, followed by protein molecule specific binding to the RNA probe. After adequate
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elution, RNA probe-protein complexes are obtained. Finally, the protein type is identified using western
blotting or mass spectrometry.

RNA immunoprecipitation (RIP)

The RIP kit is provided by Guangzhou BerSinBio. Immunoprecipitation was performed using anti-
HSPA1A, anti-SMURF1, and anti-HnRNPA1 antibodies to obtain RNA-protein complexes and protein-
bound RNA was purified according to the manufacturer's protocol. Finally, co-precipitated RNA is
detected using PCR or RT-qPCR.

In vivo xenograft model

Four-week-old female BALB/c nude mice are injected subcutaneously with PC9/OR cells stably
expressing sh-circCAMSAP1 or control vehicle. Mice were treated with DMSO or osimertinib (5
mg/kg/day) by intraperitoneal injection. Tumor volume is measured every 3 days and is calculated as: V
= (L×W²)/2. Mice are sacrificed after 4 weeks; Tumors are excised for IHC and protein immunoassays.
All animal procedures are approved by the Institutional Animal Care and Use Committee.

Immunohistochemistry (IHC)

The tumor tissue was fixed with 4% paraformaldehyde, embedded in paraffin, and subsequently tissue
sectioned. and stained with antibodies against Ki-67 and HSPA1A. Then, we use a microscope to take
pictures.

Statistical analysis
Data are presented as mean ± SD. Statistical comparisons were performed using two-tailed Student’s t-
test or one-way ANOVA with Bonferroni correction. P < 0.05 was considered statistically significant.
Graphs were generated using GraphPad Prism.
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Figure 1

CircCAMSAP1 is identified as a highly upregulated circular RNA in osimertinib-resistant NSCLC cells. A
Schematic diagram of the construction of osimertinib-resistant PC9/OR and H1975/OR cells for lung
adenocarcinoma. B Cluster heat map of 8 significantly upregulated and 14 downregulated circRNAs in
parental cells (PC9) and drug-resistant cells (PC9/OR) by high-throughput sequencing analysis of
circRNAs, with an expression level of >2.0 and a p-value of <0.05, indicating a statistically significant
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difference.C Schematic diagram of the genomic location and splicing pattern of CircCAMSAP1, with
Sanger sequencing confirming the splice junction site.D Semi-quantitative RT-PCR was used to verify the
expression of divergent primers (circCAMSAP1) and convergent primers (CAMSAP1) in cDNA and gDNA,
with GAPDH as an internal control.E Expression of circCAMSAP1 and CAMSAP1 in PC9/OR and
H1975/OR cell lines was detected by RT-qPCR with or without RNAse R digestion.F Cytoplasmic-nuclear
separation assay to detect the subcellular localization of circCAMSAP1 in PC9/OR and H1975/OR cells.
GAPDH as a cytoplasmic internal control and U1 as a nuclear internal control. ** P<0.01,*** P<0.001,ns
difference was not significant
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Figure 2

CircCAMSAP1 promotes proliferation, migration, invasion, and osimertinib resistance in NSCLC cells. A
RT-qPCR analysis was used to detect the expression of circCAMSAP1 in osimertinib-sensitive cell lines
(PC9 and H1975) and drug-resistant cell lines (PC9/OR and H1975/OR). B RT-qPCR analysis of the
knockout efficiency of circCAMSAP1 transfected with sicircCAMSAP1 in PC9/OR and H1975/OR cells; C
To evaluate the clonal formation capacity of PC9/OR and H1975/OR cells after knockdown of
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circCAMSAP1 by colony formation assay; D Proliferation ability of PC9/OR and H1975/OR cells after
circCAMSAP1 knockdown was detected by WST-1 assay. E Knockdown of circCAMSAP1 in different
doses of osimertinib treatment to assess PC9/OR and H1975/OR cell viability; F To evaluate the invasion
and migration capacity of PC9/OR and H1975/OR cells after knockdown of circCAMSAP1 by transwell
assay. * P�0.05，** P�0.01，*** P�0.001

Figure 3
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CircCAMSAP1 facilitates tumor growth and resistance to osimertinib in vivo. A Schematic diagram of
subcutaneous tumor formation in BALB/c nude mice (4- to 6-week-old females) with knockdown of
circCAMSAP1 in PC9/OR cells. B-C BALB/c nude mice were subcutaneously inoculated with shCtrl and
shcircCAMSAP1 cells of PC9/OR, treated with DMSO or osimertinib (5mg/kg/alternate day), and mice
were euthanized by cervical dislocation method, and the mouse was euthetically infused with
subcutaneous tumor images (n=5). D Tumor volume was measured and xenograft tumor growth curves
were plotted. E Tumor volume measured after 28 days of treatment (n=5). F Tumor weight measured
after 28 days of treatment (n=5). g Immunohistochemistry to detect the expression of Ki-67 and HSPA1A
in xenograft tumors in different treatment groups. * P<0.05, ** P<0.01, *** P<0.001, ns difference is not
significant
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Figure 4

CircCAMSAP1 facilitates autophagic activity in resistant NSCLC cells. A-B The expression of autophagy-
related proteins in PC9/OR and H1975/OR cells after knockdown of circCAMSAP1 was detected by
Western blotting. C-D Autophagy-associated protein expression in PC9/OR and H1975/OR cells with or
without CQ treatment after knockdown of circCAMSAP1 was detected by Western blotting. E
Representative image of autophagosomes of H1975/OR cells transfected with RFP-GFP-LC3 lentivirus

Page 25/33



after knockdown of circCAMSAP1 detected by confocal microscopy with or without CQ treatment. F
Autophagosomes of H1975/OR cells that knock down circCAMSAP1 were examined with transmission
electron microscopy (TEM), with or without CQ treatment in the cells, and the autophagosomes are
indicated by red arrows. * P�0.05，** P�0.01

Figure 5
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CircCAMSAP1 binds to HSPA1A and enhances its expression to sustain resistance and autophagy. A
Schematic diagram of RNA pulldown and mass spectrometry to detect the potential effects of
circCAMSAP1 on circCAMSAP1; B Silver-stained image of the SDS-PAGE gel, showing the isolation of
circCAMSAP1/protein complexes from RNA pulldown experiments in PC9/OR cells, with red boxes
highlighting specific protein bands enriched by circCAMSAP1 probes in RNA pulldown complexes
compared to Lazc probes; C Identification of HSPA1A protein-specific peptides by mass spectrometry
and Western blotting after RPD to confirm the interaction between circCAMSAP1 and HSPA1A; D-E RIP
and semi-quantitative RT-qPCR assays showed verification of interactions between HSPA1A and
circCAMSAP1 using anti-HSPA1A antibodies; F To assess the clonal forming capacity of PC9/OR and
H1975/OR cells after knockdown of circCAMSAP1 and/or overexpression of HSPA1A by colony
formation assays; G-H assessed PC9/OR and H1975/OR cell viability by knocking down circCAMSAP1
and/or overexpressing HSPA1A in different doses of osimertinib treatment; I-J Detection of autophagy-
related protein expression in PC9/OR and H1975/OR cells after knockdown of circCAMSAP1 and/or
overexpression of HSPA1A by Western blotting. * P�0.01
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Figure 6

CircCAMSAP1 stabilizes HSPA1A protein by blocking SMURF1-mediated ubiquitination. A Western
blotting to detect the effect of knockdown of circCAMSAP1 on the expression level of HSPA1A protein. B
HSPA1A protein stability was detected by western blot by Western blot after knockdown of
circCAMSAP1 and treated with actinomycone (CHX) at different time points. C After knocking down
circCAMSAP1, the proteasome inhibitor MG132 (10 μM) was used for 6 hours, and the HSPA1A protein
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level was detected by Western blotting. D After knockdown of circCAMSAP1, PC9/OR cells were treated
with MG-132 (10 μM) to detect the level of ubiquitination modification of HSPA1A protein by
immunoprecipitation (Co-IP) assay. E RIP and RT-qPCR assays showed that the interaction between
SMURF1 and circCAMSAP1 was verified using anti-SMURF1 antibodies. F Detection of the effect of
knockdown of SMURF1 on the expression levels of SMURF1 and HSPA1A proteins by Western blotting. G
Co-immunoprecipitation (Co-IP) assay to detect the interaction between SMURF1 and HSPA1A. H Co-
immunoprecipitation (Co-IP) assay detected that knockdown of circCAMSAP1 promotes the interaction
between SMURF1 and HSPA1A. I After co-transfection of sicircCAMSAP1 and siSMURF1, the level of
ubiquitination modification of HSPA1A protein was detected by immunoprecipitation (Co-IP) assay after
treatment of PC9/OR cells with MG-132 (10 μM). * P�0.05
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Figure 7

The allosteric inhibitor JG231 reverses osimertinib resistance in lung adenocarcinoma in vitro and in
vivo. A Evaluate PC9/OR and H1975/OR cell viability by WST-1 method in different doses of JG231 and
osimertinib treatment. B Combined index (CI) of osimertinib and JG231 combination therapy for 24
hours. C Treatment of PC9/OR and H1975/OR cells with escalating concentrations of JG231 (0, 1, 2, 4
μM) for 24 h, and the clonal formation capacity of cells was evaluated by colony formation assay. D
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Protein levels and autophagy-related protein expression of HSPA1A were detected by Western blot in
PC9/OR and H1975/OR cells treated with JG231 (0, 1, 2, 4μM) at increasing concentrations for 24 h. E
BALB/c nude mice were subcutaneously inoculated with PC9/OR cells with DMSO, osimertinib
(5mg/kg/next day), JG231 (4mg/kg/i.P.) After treatment, mice were euthanized by cervical dislocation
method, and the subcutaneous tumor image of the mice (n=3). F Tumor volume was measured and the
growth curve of xenograft tumors was drawn. G Tumor volume was measured after 28 days of treatment
(n=3). H. Tumor weight measured after 28 days of treatment (n=3). I Immunohistochemistry to detect
the expression of HSPA1A in xenograft tumors in different treatment groups. * P<0.05, ** P<0.01, ns ns
There was no significant difference

Page 31/33



Figure 8

HnRNPA1 promotes the biogenesis of circCAMSAP1. A Western blot and RT-qPCR analysis were used to
detect the expression of HnRNPA1 in osimertinib-sensitive cell lines (PC9 and H1975) and drug-resistant
cell lines (PC9/OR and H1975/OR). B Effect of knockdown of HnRNPA1 on circCAMSAP1 and linear
CAMSAP1 mRNA levels detected by RT-qPCR analysis. C Schematic diagram of the circCAMSAP1
minigene with two wild-type (WT) or mutant (Mut) HnRNPA1 binding sites. D RIP analysis of HnRNPA1-
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binding wild-type (WT) or mutant (Mut) circCAMSAP1 minigenes using anti-HnRNPA1 antibodies. E RT-
qPCR analysis of circCAMSAP1 after co-transfection with siHnRNPA1 or siCtrl and wild-type (WT) or
various mutant (Mut) circCAMSAP1 minigenes. F Schematic diagram of the
HnRNPA1/circCAMSAP1/SMURF1/HSPA1A signaling pathway inducing autophagy to promote
osimertinib resistance in lung adenocarcinoma. * P<0.05, ** P<0.01, ns difference was not significant
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