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Objective: GW4869 is an exosomal inhibitor. It is necessary to delay the occurrence of gefitinib resistance during non-small-cell lung
cancer (NSCLC) treatment. This study aimed to investigate the anti-tumor effects of GW4869 on epithelial-mesenchymal transition
(EMT) and expression of extracellular heat shock protein 90a (eHSP90a) that contributes to acquired resisitance. Our study provides
a new sight into the treatment of EGFR-mutated NSCLC.

Materials and Methods: We performed western blotting to detect levels of EMT and eHSP90a. Wound healing and transwell assays
were performed to evaluate the behavioral dynamics of EMT. A nude mouse model of HCC827 was established in vivo.

Results: GW4869 inhibited the expression of eHSP90a, EMT, invasion and migration abilities of HCC827 and PC9. GW4869
enhanced sensitivity to gefitinib in BALB/c nude mice bearing tumors of HCC827.

Conclusion: These studies suggest that GW4869 can inhibit EMT and extracellular HSP90a, providing new strategies for enhancing
gefitinib sensitivity in NSCLC.
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Introduction

Lung cancer is the second most commonly diagnosed cancer with an estimated 2.2 million new cancer cases and
1.8 million deaths per year." Histologically, 85% of lung cancer cases are classified as non-small-cell lung cancer
(NSCLC). In Asia, approximately 50% of NSCLC patients harbor mutations in the epidermal growth factor receptor
(EGFR),2 mainly in exons 18, 19, and 21.

Gefitinib has been approved as a first-line treatment for patients with NSCLC with EGFR mutations.® The initial
treatment effect of EGFR-tyrosine kinase inhibitors (EGFR-TKIs) is satisfactory; however, the majority of patients
eventually demonstrate disease progression due to the development of acquired resistance to TKI.*° Therefore,
additional treatment options are needed to address the development of acquired resistance to gefitinib in later
patients.

GW4869 is a cell-permeable symmetrical dihydroimidazolamide compound that can be used as an effective, specific,
and noncompetitive inhibitor of membrane-neutral sphingomyelinase (nSMase2), which prevents ceramide-modulated
inward budding of multivesicular bodies (MVBs) and subsequent release of exosomes from MVBs.” GW4869 has been
reported to reduce exosome release and is often used as an exosome inhibitor to suppress the increase in exosome
secretion in response to gefitinib and chemoresistance in colorectal, pancreatic, and ovarian cancer cells.®> GW4869 may
be a helpful strategy to overcome the antagonistic effects via inhibition of exosome and miRNA secretion when EGFR-
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TKIs and chemotherapeutic agents are co-administered.'® However, the mechanisms underlying its anti-tumor and
antiresistance effects are not fully understood.

Epithelial-mesenchymal transition (EMT) is a vital process that drives the development of drug resistance in
NSCLC."" Previous studies have shown that tumor cells with EMT are more likely to develop drug resistance.'? In
addition to secondary mutations in EGFR or EGFR amplifications, EMT is also one of the main resistance mechanisms to
EGFR-TKIs, with alterations in EMT gene signatures and specific markers of the mesenchymal phenotype.'* During the
EMT process, epithelial cells lose their adhesion capacity and acquire mesenchymal features as well as increased
behavioral-dynamic abilities of migration and invasion,'* represented by the downregulation of E-cadherin and upregu-
lation of vimentin and N-cadherin.'> Exosomes also play a critical role in EMT and tumor metastasis.'® Therefore, it was
not difficult to envision how GW4869 influences the progression of cancer.

Heat shock protein 90a (HSP90a) is a highly conserved molecular chaperone that mediates the stability of protein structures
by participating in the correct folding of the target protein and ensuring its normal physiological function.Structurally, HSP90
comes in two main sub-types, HSP90a and HSP90PB.'” In addition to being localized intracellularly, HSP90a: can be excreted into
the extracellular environment, called extracellular HSP90a (eHSP900:), in tumor cells.'® Extracellular HSP90 (eHSP90) is
secreted by exosomes and may be a useful target for tumor therapy.'*~° Cell motility and invasion have been found to be induced
by eHSP90 in several cancer cell lines and preclinical models.?' Studies have revealed that the sensitivity of cancer cells to HSP90
inhibitors is due to the inhibition of eHSP90 rather than intracellular HSP90. Only the group of “eHSP90-dependent” cancer cells
is sensitive to HSP90 inhibitors owing to the utilization of eHSP90 in motility, invasion, and metastasis.”> Notably, it has been
shown that heat shock proteins (HSPs) and vesicles were co-released and HSPs served as mediators of resistance-associated
secretory phenotype (RASP).? Heat Shock Protein-rich extracellular vesicles (EVs) can promote cancer progression by
enhancing EMT, migration, invasion, heterogeneity, metastasis, drug resistance, and angiogenesis in cancer cells.”> Co-release
of EVs and eHSP90 from high oral metastatic cancer and castration-resistant prostate cancer cells induce tumorigenicity and
EMT;24 however, in addition to inhibiting exosome secretion, the effects of GW4869 on HSP90a expression and EMT in
gefitinib-sensitive NSCLC cells remain unclear.

Therefore, we investigated whether GW4869 could inhibit EMT and eHSP90a in gefitinib-sensitive NSCLC cells.

Materials and Methods

Cell Lines and Reagents

HCCB827 (EGFR exon 19 deletions) was obtained from American Type Culture Collection (USA). PC9 (EGFR exon 19
deletions) was from the Guangdong Lung Cancer Institute (China). Gefitinib (ZD1839) and GW4869 (S7609) were
purchased from Selleck Chemicals (Houston, TX, USA). Recombinant transforming growth factor-p1 (TGF-p1) was
purchased from R&D Systems (Minneapolis, MN, USA). Human recombinant HSP90a (hrHSP90a) was obtained from
StressMarq Biosciences, Inc. (Victoria, BC, Canada).

Western Blot

Protein lysate supernatants from the radioimmunoprecipitation assay (RIPA) were collected and mixed with SDS-PAGE loading
buffer. Total proteins in the loading buffer were separated on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore Sigma, USA). The membrane was blocked with 5% nonfat dried milk in Tris-buffered saline and
polysorbate 20 (TBST) and probed with antibodies against HSP90a, E-cadherin, N-cadherin (Cell Signaling Technology,
Danvers, MA, USA), vimentin (Abcam, Cambridge, UK), and -actin (Proteintech, Chicago, IL, USA).

Wound Healing Assay

Cells were seeded at an optimal density (5x10°/mL) in a six-well cell culture plate and incubated for 24 h to 80%
confluency. A 200 pL pipette tip was used to create a gap in the cell monolayer in each well. The monolayer was washed
with the culture medium to remove cell debris, and the cells were allowed to migrate for 24 h. Each gap is measured
using an optical microscope. The ratio of the gap size after 24 h to the gap size at baseline was treated as the relative
migration rate and analyzed using ImageJ software.
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Transwell Invasion Assay

Matrigel (Corning, USA) was melted at 4°C and diluted in the growth medium at a ratio of 1:8. Diluted matrigel was then added to
coat the upper surface of the Transwell chambers (Corning, USA) at 30 uL per well. Cells (7 x 10*/mL) were seeded on the coated
membrane, and the chambers were placed into a Costar Transwell chamber plate containing growth medium. After 24 h, cells on
the upper side of the membrane were removed prior to staining. The Transwell chambers were removed, and the medium was
discarded. The chambers were washed twice with PBS and pre-cooled to 4°C. PBS was discarded, and the chambers were placed
in 4% paraformaldehyde for 20 min and then washed twice with PBS. Cells on the submembrane surface were stained with 0.1%
crystal violet. Cells were counted in three randomly selected fields and images were obtained under a microscope at 10x
magnification. The number of cells that passed through the membrane was calculated.

Xenograft Model

BALB/C nude mice (male, 15-20 g, 46 weeks old) were purchased from the Laboratory Animal Center, Southern Medical
University, and housed in a specific specific-pathogen-free (SPF) facility. Mice were kept on a 12 h light/dark cycle in an
atmosphere of 40—70% humidity and an average temperature of approximately 24°C. All animal experiments in this study
complied with the Animal Research Reporting of In Vivo Experiments (ARRIVE) guidelines 40, as well as were approved by the
Ethics Committee of Nanfang Hospital (Guangdong, China) (Medical Ethics No. NFEC-2019-065) and carried out under the
rules of Laboratory animals and animal experiments of Nanfang Hospital of Southern Medical University. HCC827 cells (5%10%
mL) were subcutaneously injected into the left flanks of the mice. After the tumor size reached 50 mm?®, the mice were randomly
divided into three groups (n =5 each): (1) the control group (treated with 0.5% CMC-Na, which was used as a vehicle for GW4869
and gefitinib); (2) Gefitinib (20 mg/kg); (3) combined GW4869 (12 pg/g) + gefitinib (20 mg/kg) group. The mice received all the
aforementioned drugs intragastrically (i.g.) once a day. On day 28 the mice were sacrificed. Blood samples were obtained from the
eyes of the mice. Immunohistochemistry (IHC) was performed on tumor tissues to assess the levels of E-cadherin and vimentin.

Statistical Analysis

All data analyses were performed independently using GraphPad Prism software (version 5.0; GraphPad Software,
USA). All data are expressed as the mean + standard deviation (SD). One-way ANOVA—Newman—Keults test was used
to determine the statistical significance. Statistical significance was set at P < 0.05.

Results

GW4869 Suppressed the Expression of eHSP90a and EMT Induced by TGF-f1

To study the effects of GW4869, cells were treated with GW4869. With increasing concentrations of GW4869, we found
that the expression of eHSP90a decreased significantly compared with the control group (P<0.05) when the GW4869
concentration was 1 nM both in HCC827 and PC9 (Figure 1), accompanied by an increase in E-cadherin and a decrease
in N-cadherin and vimentin (P<0.05). Meanwhile, being co-treated with TGF-1 of 40 ng/mL and GW4869 (1nM), we
found that GW4869 inhibited the TGF-B1-induced increase in eHSP90a, and reversed the EMT process induced by TGF-
B1 in HCC827. Such pheonomenon was also observed in PC9. (Figure 2). These results suggest that the exosome
inhibitor GW4869 inhibits eHSP90o and EMT in TGF-B1-stimulated cells.

GWA4869 Inhibited Migration and Invasion in TGF-B1-Stimulated NSCLC Cells

To further study the role of GW4869 on EMT, we showed that the cell mobility of TGF-B1 treatment combined with
GW4869 (28.33+0.98%) was lower than TGF-B1 treatment (59.04+0.99%) alone through wound healing assay in
HCC827. Also in PC9, the migration rate of GW4869 and TGF-B1 group (15.19+£1.06%) was lower than the group pf
TGF-B1 (46.48+2.00%). These results suggested that GW4869 can inhibit the migration stimulated by TGF-f1
(Figure 3). The transwell assay showed that the cell invasion number of GW4869 group (13.33+1.52) was significantly
lower than that in the control (18.66+1.52) in HCCS827, while the cell invasion number of TGF-f1 combined with
GW4869 group (3543.00) was significantly lower than that in the TGF-B1 alone group (50.66+8.14). As well, the cell
invasion number of TGF-f1 combined with the GW4869 group (65.33+4.61) was significantly lower than that of TGF-
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Figure | eHSP90a and EMT markers were dose-dependent on GW4869. Expression of eHSP900, E-cadherin, N-cadherin and vimentin in HCC827 and PC9 after GW4869
treatment was detected by WB. *P<0.05 vs control.
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Figure 2 GW4869 reduce the expression of eHSP90o and EMT biomarkers in concentration manner. Expression of eHSP90a, E-cadherin, N-cadherin and vimentin in
HCCB827 and PC9 after the treatment of GW4869 and TGF-f1 was detected by WB.*P < 0.05 vs control.

B1 alone group (80.66+7.02) in PC9. These indicate that GW4869 can inhibit the migration (Figure 3A and B) and
invasion (Figure 3C) of TGF-B 1-stimulated NSCLC cells. Taken together, GW4869 inhibited the migration and
invasion of TGF-B 1-stimulated NSCLC cells.
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Figure 3 GW4869 inhibited migration and invasion abilities induced by TGF-B1. (A and B) Migration rates in HCC827 and PC9 after TGF-B|+GW4869 treatment were

measured by wound healing assays (magnification: X 10; scale bar: 5 um). *P < 0.05. (C) Invasion rates in HCC827 and PC9 after TGF-B1+GW4869 treatment were measured
by Transwell assays (magnification: X |0; scale bar: 5 pm). *P < 0.05.

GWA4869 Leads to Additional Antitumor Effect via EMT and eHSP90a in vivo

To further evaluate the effects of GW4869 on the EMT and eHSP9a expression, we performed an in vivo study. The
HCCS827 cells were subcutaneously injected into BALB/c nude mice. After the tumor size reached approximately
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50 mm?, the mice were divided into three groups: control, gefitinib, gefitinib+GW4869 (Figure 4A). By day 28, there was
a significant reduction in tumor size in the groups treated with gefitinib and gefitinib+GW4869.Tumor size in the
GW4869 + gefitinib group was the smallest (Figure 4B). The gefitinib + GW4869 group had the lowest serum HSP90a
level among the three groups (Figure 4C). The same trend was observed for tumor weight (Figure 4D). IHC analysis also
showed that the expression of N-cadherin was significantly lower in the gefitinib+GW4869 group than in the single-drug
group, whereas E-cadherin expression showed the opposite pattern and was calculated using IHC scores (Figure 4E). To
summarize, these results suggest that the combination of gefitinib and GW4869 enhances the anti-tumor effect in vivo.
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Figure 4 GW4869 enhances gefitinib sensitivity in vivo. (A) Representative pictures of xenograft tumors were shown. (B) The tumor volumes were measured at the day 28.
*P <0.05, vs gefitinib. (C) The concentration of HSP90a in the serum of mice was detected by ELISA. *P <0.05. (D) Tumor weight derived from mice was measured at day 28.
(E) The expression of E-cadherin and vimentin were analyzed by immunohistochemistry (magnification: x40; scale bar: 20 pm) and the IHC-SCORES of E-cadherin and
vimentin was shown. *P <0.05.
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Discussion

EGFR-TKIs have been administered for years and have been reported to improve response rates, time-to-progression,
and overall survival. Unfortunately, patients with EGFR-mutant lung cancer develop disease progression after a median
of 10—14 months of treatment with EGFR-TKI.® Drug resistance can be divided into two conditions: one is primary drug
resistance, which is not sensitive to molecular targeted drug therapy, and considers more radiotherapy and chemotherapy;
the other one is acquired drug resistance, which is initially sensitive to molecular targeted drugs for more than one month,
but drug resistance appears during the treatment. The mechanisms of acquired drug resistance are complicated and can be
divided into three categories: Changes in EGFR (T790M mutation), activation of alternative bypass (MET-amplification)
or downstream pathways, and changes in the phenotype(EMT).?> Emerging evidence suggests that EMT is associated
with acquired resistance to EGFR-TKIs in EGFR-mutation NSCLC.*®

Currently, EMT is considered a key candidate for drug discovery against tumors. Cyclin-dependent kinase 7 (CDK7)
inhibitors play a role in EMT-mediated EGFR-TKI resistance in NSCLC.?” A diphenyl urea derivative (DUD) inhibited
lung cancer cell migration by reversing EMT via Wnt/B-catenin and PI3K/Akt signaling and decreasing MMPs.”® EMT
endows tumor cells with the ability to invade, migrate, and resist. Wound healing and transwell assays showed that the
invasion and migration of the TGF-B1-induced EMT model were inhibited by GW4869. These results also suggest that
GW4869 hampers tumor invasion and migration, which may have a potential effect on EGFR-mutated invasion and
migration. We treated nude mice with gefitinib and GW4869 and preliminarily concluded that GW4869 plays an
additional role in inhibiting tumor growth. This inhibition of tumor growth may be explained by a reduction in the
level of eHSP90a and an altered expression of EMT proteins.

Even though HSP90a has two subtypes include HSP90a and HSP90B. Knocking out HSP90p cells can not survive
and HSP90a not, so we focus on HSP90o, especially eHSP90a.?’ eHSP90 is secreted by exosomes and co-released with
exosomes.”” Inhibition of eHSP90 release may overcome EMT-mediated resistance to EGFR-TKIs. GW4869 is often
used to block exosome production and inhibit exosome release while it has been found to reverse gefitinib resistance and
even overcome the antagonistic effects of co-administration of cisplatin in NSCLC; however, its mechanism remains to
be further studied.>® Moreover, HSP90 membrane-deforming ability promotes exosome release in vitro and in vivo,
whereas eHSP90- and HSP90-rich EVs function in the process of EMT.!' Of note, GW4869 inhibits EMT in lung cancer
cells induced by cancer-associated fibroblasts (CAFs).*! In addition, the combination of GW4869 and PD-L1 antibody
has the potential to improve the clinical antitumor efficacy.*” Therefore, we tested whether eHSP90a. could be involved in
EMT, invasion, and migration by inhibiting exosome release with GW4869. We found that both eHSP90a. and EMT
protein markers were regulated by GW4869 in a dose-dependent manner. GW4869 inhibited TGF-B1-induced eHSP90a
expression and EMT protein markers, and suppressed TGF-B1-induced cell invasion and migration. Altogether, the
exosome inhibitor GW4869 inhibited the expression of eHSP90a, EMT, and invasion and migration of HCC827 and PC9
cells, suggesting that GW4869 may block the release of eHSP90a and reverse tumor invasion and migration caused by
EMT in gefitinib-sensitive cells.

Exosomes can promote the occurrence and development of tumors, so inhibiting the biosynthesis and secretion of
exosomes can restrain the occurrence of tumor. GW4869 is one of the exosomes that inhibit biogenesis of exosomes and also
is the first reported noncompetitive nSMase2 inhibitor. It is worth noting that ceramides are widely considered to be a lipid
tumor suppressor gene. nSMase2 simultaneously inhibits cell proliferation and drug-resistant cancers.>*~* Compared to other
exosome inhibitors, GW4869 is the most widely used in tumor research, including breast cancer, prostate cancer, melanoma,
and glioma. Studies have shown that the nano unit is composed of GW4869 and the ferroptosis inducer, Fe**. It can inhibit
the secretion of tumor-derived exosomes and weaken the immunosuppression induced by exosome PD-L1, thus sensitizing
anti-PD-L1 therapy efficacy.’ >’ In addition to GW4869, several other nSMase2 inhibitors have clinical potential, such as
2,6-dimethoxy4-(5-phenyl-4-thiophen-2-yl-1H-imidazol-2-yl)-phenol(DPTIP).**>° Screening of exosomes can be decreased
by sulfasalazine to restrain bortezomib resistance in multiple myeloma.** Therefore, exosomes may play a role in drug
resistance in tumors. At the same time, studies have shown that exosomes inhibitors dimethyl carbamide urea (DMA), which
significantly reduces the secretion of eHSP90. It has been shown that eHSP90o. and EMT promote tumor development.*! In
our experiments, gefitinib had a very good anti-tumor effect. The tumor volume and weight of GW4869 combined with
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gefitinib were smaller than those in the gefitinib alone group, suggesting that GW4869 may have a synergistic effect on
gefitinib. GW4869 is an inhibitor of multiple vesicle components. Probably to improve tumor cell sensitivity to gefitinib by
inhibiting eHSP90a and EMT. However, no study has investigated whether GW4869 reduces eHSP90a expression and EMT.
In this study, we found that GW4869 reduced the expression of eHSP900, which was accompanied by upregulation of
E-cadherin and downregulation of vimentin. In addition, GW4869 was found to enhance the antitumor effects in combination
with gefitinib in vivo. GW4869 has the potential to block the progression of gefitinib-resistant NSCLC. However, the
mechanism underlying the GW4869 inhibits of eHSP90a release remains unclear. Whether GW4869 combined with gefitinib
benefits patients with gefitinib-resistant NSCLC requires further investigation.

Therefore, we evaluated the anti-tumor effect of the exosome inhibitor GW4869 in gefitinib-sensitive NSCLC. We
found that GW4869 can inhibit EMT, cell invasion, and migration and has an additional benefit in combination with
gefitinib, which may provide a new idea for acquired resistance management in EGFR mutation-positive NSCLC.

Conclusions

In conclusion, our results demonstrated that GW4869 can inhibit EMT and eHSP90a. in gefitinib-sensitive NSCLC cells.
Thus, these findings may provide new strategies for delaying the development of acquired resistance to gefitinib, and
a novel application of the exosome inhibitor GW4869 in NSCLC.
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