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A B S T R A C T

We previously reported that combined therapy with epidermal growth factor receptor tyrosine kinase inhibitor
(EGFR-TKI) osimertinib and AXL inhibitor ONO-7475 is effective in preventing the survival of drug-tolerant cells
in high-AXL-expressing EGFR-mutated non-small cell lung cancer (NSCLC) cells. Nevertheless, certain residual
cells are anticipated to eventually develop acquired resistance to this combination therapy. In this study, we
attempted to establish a multidrug combination therapy from the first-line setting to overcome resistance to this
combination therapy in high-AXL-expressing EGFR-mutated NSCLC. siRNA screening assay showed that fibro-
blast growth factor receptor 1 (FGFR1) knockdown induced pronounced inhibition of cell viability in the pres-
ence of the osimertinib–ONO-7475 combination, which activates FGFR1 by upregulating FGF2 via the c-Myc
pathway. Cell-based assays showed that triple therapy with osimertinib, ONO-7475, and the FGFR inhibitor
BGJ398 significantly increased apoptosis by increasing expression of proapoptotic factor Bim and reduced cell
viability compared with that observed for the osimertinib–ONO-7475 therapy. Xenograft models showed that
triple therapy considerably suppressed tumor regrowth. A novel therapeutic strategy of additional initial FGFR1
inhibition may be highly effective in suppressing the emergence of osimertinib- and ONO-7475-resistant cells.

1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide
[1]. Epidermal growth factor receptor (EGFR) mutations are major
driver gene mutations in non-small cell lung cancer (NSCLC) and are
associated with a high risk of distant metastasis and poor prognosis
[2–4]. Monotherapy with the third-generation EGFR tyrosine kinase
inhibitor (EGFR-TKI) osimertinib exhibited a high overall response rate,
leading to overall survival (OS) benefit in patients with advanced

EGFR-mutated NSCLC compared with those administered the
first-generation EGFR-TKI monotherapy. However, approximately 20 %
of patients with advanced EGFR-mutated NSCLC did not achieve clinical
response to osimertinib. Furthermore, even among patients who ach-
ieved clinical response, >30 % experienced tumor recurrence within 1
year, implying that eventual tumor recurrence is inevitable [5]. Various
underlying mechanisms, including hepatocyte growth factor over-
expression and BCL2-like 11 deletion polymorphisms, may cause pri-
mary resistance to EGFR-TKIs [6,7].
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Drug-tolerant (DT) cells are a small subset of tumor cells that are in a
reversible tolerant state acquired in response to initial drug exposure.
The maintenance of DT cells is the foundation for the development of
acquired resistance to targeted therapy [8,9]. We previously reported
that AXL, which is a member of the TYRO3, AXL, and MERTK family of
receptor tyrosine kinases, maintained a survival signal as adaptive
resistance when EGFR-mutated NSCLC cells with high AXL expression
were exposed to an EGFR-TKI. Additionally, EGFR-TKI and AXL inhib-
itor combination inhibited the proliferation of these cells predominantly
by modulating AKT activity [10,11]. Moreover, patients with
high-AXL-expressing EGFR-mutated NSCLC accounted for 26.1 % of the
cases and had shorter progression-free survival after osimertinib therapy
in comparison with those with low-AXL-expressing tumors [12]. Based
on these studies, a clinical trial is ongoing to evaluate the safety and
efficacy of combining osimertinib with the AXL inhibitor ONO-7475 for
treating patients with untreated advanced EGFR-mutated NSCLC in
Japan (jRCT2051210045). However, even with this treatment combi-
nation, acquired resistance was expected to develop eventually in clin-
ical settings [11]. Thus, the development of therapeutic strategies for
eradicating tumor cells or achieving long-term remission is needed for
patients with high-AXL-expressing EGFR-mutated NSCLC.

A phase III trial in patients with BRAF-mutated colorectal cancer
showed that an initial triple combination therapy with EGFR, BRAF, and
MEK inhibitors significantly prolonged OS compared with that achieved
with a standard therapy [13]. In recent years, combination therapy for
EGFR-mutated NSCLC with three or more molecular targeted agents,
including EGFR inhibitors, has been a potentially promising therapeutic
strategy for preventing the development of acquired resistance [14,15].

In this study, we aimed to determine whether an initial combination
therapy with multiple agents, including osimertinib and ONO-7475,
would be a promising therapeutic approach for high-AXL-expressing
EGFR-mutated NSCLC. We show that the activation of fibroblast
growth factor receptor 1 (FGFR1) through the upregulation of FGF2
activates ERK signaling and maintains the survival of tumor cells
exposed to osimertinib and ONO-7475 by suppressing the expression of
the proapoptotic factor Bim. The triple combination therapy with osi-
mertinib, ONO-7475, and the FGFR inhibitor BGJ398 remarkably re-
duces cell viability, inhibits the emergence of DT cells, and prevents
tumor regrowth in cell-derived xenograft (CDX) models.

2. Materials and methods

2.1. Cell culture and reagents

In this study, 12 human EGFR-mutated NSCLC cell lines were used.
H1650, HCC827, and HCC4006 cells were purchased from the American
Type Culture Collection (Manassas, VA); PC-9 cells were purchased from
RIKEN Cell Bank (Ibaraki, Japan). PC-9GXR cells containing deletions in
EGFR exon 19 and T790M mutation were established at Kanazawa
University from PC-9 cell xenograft tumors in nude mice that had ac-
quired resistance to the first-generation EGFR-TKI gefitinib [10].
PC-9DR1 and PC-9DR2 cells containing deletions in EGFR exon 19 and
T790M mutation were established at Kyoto Prefectural University of
Medicine from PC-9 cell xenograft tumors in severe combined immu-
nodeficient (SCID) mice that had acquired resistance to the
second-generation EGFR-TKI dacomitinib [16]. H1975 cells containing
EGFR-L858R/T790M double mutations were provided by Dr. Yoshitaka
Sekido (Aichi Cancer Center Research Institute, Aichi, Japan) and Dr.
John D. Minna (University of Texas Southwestern Medical Center,
Dallas, TX). HCC4011 and H3255 cells were provided by Dr. David P.
Carbone (Ohio State University Comprehensive Cancer Center, Colum-
bus, OH). The patient-derived cell line KPP-03 with an EGFR-L858R
mutation was established from tumor cells in pleural effusion [17].
The patient-derived cell line G719S-GR with an EGFR-G719S mutation
was established from malignant pleural effusion of a patient whose
tumor developed acquired resistance to gefitinib treatment [18]. The

cells were maintained in RPMI 1640 medium with 10 % fetal bovine
serum (FBS) and 1 % penicillin/streptomycin under a 5 % CO2 atmo-
sphere at 37 ◦C. All cells were passaged for <3 months and tested for
mycoplasma using aMycoAlert Mycoplasma Detection Kit (Lonza, Basel,
Switzerland). Osimertinib (third-generation EGFR-TKI), BGJ398
(pan-FGFR inhibitor), buparlisib (PI3K inhibitor), PD173074 (pan-FGFR
inhibitor), pemigatinib (pan-FGFR inhibitor), and trametinib (MEK in-
hibitor) were obtained from Selleck Chemicals (Houston, TX).
ONO-7475 was supplied by Ono Pharmaceutical Co., Ltd (Osaka,
Japan). Recombinant FGF2 was obtained from R&D Systems (Minne-
apolis, MN).

Additional methods are included in Supplementary Methods.

3. Results

3.1. FGFR1 knockdown sensitizes EGFR-mutated NSCLC cells to
osimertinib + ONO-7475

We tested 12 EGFR-mutated NSCLC cell lines and divided them based
on high or low levels of AXL expression (Supplementary Fig. 1A). The
IC50 of osimertinib was significantly higher in cells with higher AXL
expression than in those with lower AXL expression (Supplementary
Figs. 1B and 1C). To overcome insensitivity to osimertinib, we examined
the potency of its combination with ONO-7475 on the viability of high-
AXL-expressing EGFR-mutated NSCLC cell lines. H1650 cells exhibited
the lowest sensitivity to the osimertinib + ONO-7475 combination in
cell viability assay, which is consistent with the findings from both
short- and long-term exposure in in vitromodels (Fig. 1A, B, and 1C). To
identify therapeutic targets that enhance osimertinib + ONO-7475 ef-
ficacy, we conducted a synthetic lethality screening using an siRNA li-
brary by targeting human receptor tyrosine kinases in H1650 cells. The
INSR- and FGFR1-targeting siRNAs were associated with the highest and
second-highest suppression of cell viability in H1650 cells, respectively,
in the presence of osimertinib + ONO-7475 (Fig. 1D). The downstream
effects of INSR signaling are vital for glucose homeostasis in many cell
types. It was deemed unsuitable as a candidate molecule for combina-
tion therapy because of the potential for serious adverse events associ-
ated with its control and removed from the list of candidates. We focused
on FGFR1 as a therapeutic target owing to its significant potential for
clinical applicability. Among the FGFR family members, FGFR3 is
important for tolerance to EGFR-TKIs in EGFR-mutated NSCLC cells
[19]. Cell viability assay using specific siRNAs targeting each FGFR
member to determine the FGFR family member essential for the survival
of high-AXL-expressing EGFR-mutated NSCLC cells exposed to osi-
mertinib + ONO-7475 showed that FGFR1 knockdown in both PC-9 and
H1650 cells resulted in a more pronounced enhancement of the effect of
osimertinib + ONO-7475 on cell viability compared with that observed
after FGFR2 or FGFR3 knockdown. Thus, FGFR1 plays crucial roles in
the tolerance of high-AXL-expressing EGFR-mutated NSCLC cells to
osimertinib + ONO-7475 (Fig. 1E and Supplementary Fig. 2). To further
validate the effects of FGFR1 knockdown, we transfected PC-9,
PC-9GXR, and H1650 cells with FGFR1-specific siRNAs and cultured
them with or without osimertinib + ONO-7475. Over 7 days, FGFR1
knockdown enhanced the inhibitory effects of osimertinib + ONO-7475
on cell viability (Fig. 1F and Supplementary Fig. 2). FGFR1-specific
siRNAs in combination with osimertinib + ONO-7475 suppressed ERK
phosphorylation compared with that observed in cells treated with a
control siRNA and osimertinib + ONO-7475 combination (Fig. 1G). In
contrast, FGFR1-specific siRNAs and osimertinib + ONO-7475 did not
exert any additional effect on AKT phosphorylation compared with that
observed for control siRNA and osimertinib + ONO-7475. To elucidate
the signaling pathways involved in ensuring the survival of
high-AXL-expressing EGFR-mutated NSCLC cells exposed to osimertinib
+ ONO-7475, we investigated the effect of downstream molecules on
cell viability in PC-9 and H1650 cells. The MEK inhibitor trametinib
exerted additional effects when administered osimertinib + ONO-7475
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than that of the PI3K inhibitor buparlisib, indicating the involvement of
the MEK/ERK pathway but not that of the PI3K/AKT pathway in
ensuring the survival of high-AXL-expressing EGFR-mutated NSCLC
cells exposed to osimertinib + ONO-7475 (Supplementary Figs. 3A and
3B). We further evaluated whether osimertinib + ONO-7475 treatment
induces feedback ERK activation. The osimertinib + ONO-7475
treatment-induced decrease in ERK phosphorylation in PC-9 and H1650
cells started to recover on day 3 and day 2, respectively (Supplementary
Fig. 4). These results indicated that FGFR1 knockdown might result in
the suppression of the ERK signaling, which sensitizes
high-AXL-expressing EGFR-mutated NSCLC cells to osimertinib +

ONO-7475.

3.2. FGFR inhibitors augment osimertinib + ONO-7475 combination
treatment efficacy in EGFR-mutant NSCLC cells

We evaluated whether FGFR inhibitors increased the sensitivity of
high-AXL-expressing EGFR-mutated NSCLC cell lines to osimertinib +

ONO-7475. Notably, pan-FGFR inhibitors (BGJ398, pemigatinib, and
PD173074) with osimertinib + ONO-7475 suppressed the proliferation
of the high-AXL-expressing residual PC-9, PC9GXR, H1650, and H1975
cells over an extended duration (Fig. 2A and B, and Supplementary
Fig. 5). Western blotting after FGFR1 immunoprecipitation confirmed
that BGJ398 inhibited FGFR1 phosphorylation (Supplementary Fig. 6).
Osimertinib + ONO-7475 + BGJ398 triple combination therapy for 4
and 48 h produced notable inhibition of ERK phosphorylation than that
observed after treatment with osimertinib + ONO-7475 (Fig. 2C and D).
These results indicated that combined treatment with FGFR inhibitors
may increase cell sensitivity to osimertinib + ONO-7475 primarily by
modulating the ERK activity and reducing the viability of high-AXL-
expressing EGFR-mutated NSCLC cells.

Migration assay in PC-9 and H1650 cells showed that the triple
combination therapy significantly reduced the number of migrating cells
compared with that observed after osimertinib + ONO-7475 treatment,
indicating that osimertinib + ONO-7475 + BGJ398 therapy may sup-
press motility in high-AXL-expressing EGFR-mutated NSCLC cells
(Fig. 2E and F).

3.3. FGF2 upregulation via c-myc induces resistance in EGFR-mutated
NSCLC cells to osimertinib + ONO-7475

Real-time polymerase chain reaction (PCR) array analysis to evaluate
the effect of osimertinib + ONO-7475 treatment on autocrine FGFR
ligand production showed that FGF2 was the most upregulated among
all detected FGFR ligands after osimertinib + ONO-7475 treatment
(Fig. 3A). Real-time PCR and western blotting analyses showed that
osimertinib + ONO-7475 treatment upregulated FGF2 expression in PC-
9 cells at both mRNA and protein levels (Supplementary Figure 7 and
Fig. 3B). Recombinant FGF2 stimulation promoted FGFR1

phosphorylation, as evidenced by western blotting analysis after FGFR1
immunoprecipitation (Supplementary Fig. 8). Investigating FGF2
involvement in cell tolerance to osimertinib + ONO-7475 showed that
FGF2 knockdown enhanced the inhibitory effects of osimertinib+ONO-
7475 on cell viability in PC-9 and H1650 cells (Fig. 3C). Western blotting
analysis showed that treatment with FGF2-specific siRNA + osimertinib
+ ONO-7475 induced higher suppression of ERK phosphorylation than
that observed with control siRNA + osimertinib + ONO-7475 (Fig. 3D).
Examining the effect of recombinant FGF2 stimulation on PC-9 and
H1650 cell sensitivity to osimertinib + ONO-7475 showed that recom-
binant FGF2 reduced the sensitivity to osimertinib + ONO-7475,
whereas the pan-FGFR-inhibitor BGJ398 restored the sensitivity of these
cells to osimertinib + ONO-7475 in the presence of recombinant FGF2
(Supplementary Fig. 9A). Western blotting analysis showed that re-
combinant FGF2 stimulation induced ERK phosphorylation in cells
treated with osimertinib + ONO-7475, whereas BGJ398 inhibited the
recombinant FGF2-induced phosphorylation compared with that
observed after osimertinib + ONO-7475 treatment (Supplementary
Fig. 9B). In addition to binding to FGFR1, FGF2 also binds to the other
FGFR family members, which are the targets of pan-FGFR inhibitors
[20]. To confirm that recombinant FGF2 stimulation reduced cell
sensitivity to osimertinib + ONO-7475 through FGFR1 activation, we
evaluated the effects of FGFR1, FGFR2, or FGFR3 knockdown on cell
viability in recombinant FGF2-stimulated cells. In contrast to that
observed after FGFR1 knockdown, FGFR2 or FGFR3 knockdown did not
reduce recombinant FGF2-induced tolerance of PC-9 cells to osimertinib
+ ONO-7475 (Supplementary Fig. 10). Thus, FGF2 induces resistance to
osimertinib + ONO-7475 in high-AXL-expressing EGFR-mutated NSCLC
cells primarily through FGFR1 activation.

Next, we sought to clarify the mechanisms underlying osimertinib +

ONO-7475 treatment upregulated FGF2 expression in PC-9 cells. FGF2 is
a crucial factor required for maintaining the undifferentiated state in
embryonic stem cells and induced pluripotent stem cells [21]. Osi-
mertinib + ONO-7475 + BGJ398 triple combination therapy signifi-
cantly suppressed colony formation on soft agar, which is an indicator of
cancer stemness [22], compared with that observed after osimertinib +

ONO-7475 treatment (Fig. 3E). Therefore, we hypothesized that the
stemness regulators modulate the FGF2-FGFR1 activation signal. We
screened for changes in stemness regulator expression levels and verified
that only c-Myc expression significantly increased after osimertinib +

ONO-7475 treatment (Fig. 3F). To investigate c-Myc involvement in
FGF2 upregulation, we examined the effects of c-Myc knockdown using
a specific siRNA in PC-9 cells. c-Myc knockdown suppressed FGF2
upregulation on mRNA and protein levels in osimertinib +

ONO-7475-treated cells (Fig. 3G and Supplementary Fig. 11A). Addi-
tionally, it enhanced the inhibitory effects of osimertinib plus ONO-7475
on cell viability (Fig. 3H). Conversely, c-Myc overexpression in PC-9
cells induced FGF2 upregulation at mRNA and protein levels in the
presence or absence of osimertinib + ONO-7475 (Fig. 3I and

Fig. 1. FGFR1 knockdown sensitizes EGFR-mutated NSCLC cells to osimertinib plus ONO-7475
A High-AXL-expressing EGFR-mutated NSCLC cell lines were treated with DMSO or a combination of osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) for 4
days. Cell viability was determined using the MTT assay. Cell viability percentage for each cell line against control when treated with the combination therapy is
shown. Black, dark gray, and light gray bars indicate approximately 60 %, 40–60 %, and 40 % cell viability, respectively. B H1650 cells were treated with DMSO,
osimertinib (100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, or a combination of these drugs for the indicated time durations. The drugs were replenished every
72 h. The cell counts were assessed using the MTT assay. C H1650 cells were treated with DMSO, osimertinib (100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, or
a combination of these drugs for 9 days. The drugs were replenished every 72 h. The cells were stained with crystal violet. D H1650 cells were transfected with a
scrambled control siRNA or 56 receptor tyrosine kinase (RTK)-specific siRNAs. After 24 h of transfection, the cells were incubated with osimertinib (100 nmol/L) plus
ONO-7475 (100 nmol/L) for 72 h. The percentage cell viability for each RTK-specific siRNA against that of the scrambled control siRNA was assessed using the MTT
assay. E PC-9 and H1650 cells were transfected with a scrambled control siRNA, FGFR1-specific siRNA (#2), FGFR2-specific siRNA, or FGFR3-specific siRNA. After
24 h of transfection, the cells were incubated with DMSO or a combination of osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) for 72 h. Cell viability was
determined using the MTT assay. *P < 0.05, **P < 0.005. F PC-9, PC-9GXR, and H1650 cells were transfected with a scrambled control siRNA or FGFR1-specific
siRNAs (#1 and #2). After 24 h of transfection, the cells were incubated with DMSO or a combination of osimertinib (100 nmol/L) and ONO-7475 (100 nmol/
L) for 7 days. The drugs were replenished every 72 h. The cell viability was determined using the MTT assay. *P < 0.05. G PC-9, PC-9GXR, and H1650 cells were
transfected with a scrambled control siRNA or FGFR1-specific siRNAs (#1 and #2). After 24 h of transfection, the cells were incubated with DMSO or a combination
of osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) for 24 h. The cells were lysed, and the indicated proteins were detected using the western blotting assay.
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Supplementary Fig. 11B). Additionally, c-Myc overexpression reduced
the inhibitory effects of osimertinib + ONO-7475 on cell viability,
whereas BGJ398 restored the cell sensitivity to osimertinib+ONO-7475
(Fig. 3J). Thus, c-Myc accelerates the adaptive resistance of cells to
osimertinib + ONO-7475 by at least partly promoting the FGF2-related
pathway.

3.4. BGJ398 enhances apoptosis via Bim upregulation in EGFR-mutated
NSCLC cells

We examined the mechanisms underlying the efficacy of osimertinib
+ ONO-7475 + BGJ398 triple combination therapy in inducing
apoptosis in PC-9 and H1650 cells. Flow cytometry analysis showed that
the apoptotic cell percentage was higher after osimertinib + ONO-7475
+ BGJ398 treatment than after osimertinib alone and osimertinib +

ONO-7475 treatments (Fig. 4A and Supplementary Fig. 12). Addition-
ally, osimertinib + ONO-7475 + BGJ398 treatment enhanced Bim
accumulation compared with that induced by osimertinib alone or osi-
mertinib + ONO-7475 treatments (Fig. 4B). Bim was knocked down
using a specific siRNA to investigate its significance in apoptosis in-
duction by the triple combination therapy (Supplementary Fig. 13). Bim
knockdown showed results consistent with those of flow cytometry
analysis; osimertinib + ONO-7475 + BGJ398 significantly increased
caspase-3/7 activity compared with that of osimertinib alone or osi-
mertinib + ONO-7475 treatments, whereas Bim knockdown notably
mitigated this increase (Fig. 4C). Thus, osimertinib + ONO-7475 +

BGJ398 increased Bim expression and induced apoptosis (Fig. 4D).

3.5. BGJ398 suppresses the emergence and maintenance of cells tolerant
to osimertinib + ONO-7475

We examined the role of FGFR signaling in the maintenance of DT
cells exposed to osimertinib+ ONO-7475. We isolated DT cells from PC-
9 and H1650 cells after exposing them to high doses of osimertinib (3.0
μmol/L) plus ONO-7475 (1.0 μmol/L) for 9 days [11].

To confirm that the drug tolerance of DT cells is reversible, we
cultured these cells under a drug-free condition for 15 days (DF cells)
(Fig. 5A). Compared with that of the parental or DF cells, a large pro-
portion of PC-9 and H1650 DT cells was in the G1 phase of the cell cycle
(Fig. 5B). The growth rate of these cells was slower than that of the
parental or DF cells (Supplementary Fig. 14) [8]. As expected, the cell
viability assay showed that these DT cells were resistant to osimertinib
alone or osimertinib + ONO-7475 treatments compared with that of
their parental counterparts. In contrast, treatment with BGJ398 alone
decreased DT cell viability but not that of the parental and DF cells
(Fig. 5C). The DT cells exhibited increased FGFR1 levels compared with
that in the parental cells. In contrast, FGF2 was only upregulated in
PC-9DT cells but not in H1650DT cells compared with that observed in
the respective parent counterparts (Fig. 5D). Although osimertinib alone
and osimertinib + ONO-7475 treatments did not inhibit ERK phos-
phorylation, BGJ398 suppressed its phosphorylation in DT cells
(Fig. 5E). Thus, activated FGFR1 played a critical role in the emergence
and the maintenance of DT cells exposed to osimertinib + ONO-7475
and that FGFR inhibitors may suppress DT cell formation in combination
with osimertinib + ONO-7475.

3.6. Osimertinib + ONO-7475 + BGJ398 triple combination therapy
prevents cell line-derived xenograft tumor regrowth

We evaluated the effects of the osimertinib + ONO-7475 + BGJ398
in CDXmodels. Mice were continuously administered osimertinib alone,
ONO-7475 alone, BGJ398 alone, osimertinib plus ONO-7475, or the
triple combination. Treatment with osimertinib alone or osimertinib +

ONO-7475 caused tumor regression within 1 week but tumor regrowth
occurred within 2 weeks. In contrast, osimertinib + ONO-7475 +

BGJ398 treatment caused tumor regression compared with that in the
osimertinib alone or osimertinib + ONO-7475 treatment groups, and
tumor size were maintained for 6 and 8 weeks in H1650 cells and PC-9
cells, respectively (Fig. 6A and B). The number of Ki67-positive prolif-
erating tumor cells was significantly lower in both H1650 and PC-9
tumors treated with osimertinib + ONO-7475 + BGJ398 than in those
treated with osimertinib alone or osimertinib + ONO-7475 (Fig. 6C, D,
6E, and 6F). Additionally, TUNEL-positive tumor cell proportion
significantly increased in both H1650 and PC-9 tumors after osimertinib
+ONO-7475+ BGJ398 therapy than in tumors treated with osimertinib
alone or osimertinib+ONO-7475 (Fig. 6C, D, 6G, and 6H). These results
were consistent with cell line-based analysis results. Osimertinib +

ONO-7475 + BGJ398 treatment reduced phosphorylated ERK levels in
H1650 cell-derived tumors and induced the expression of Bim and
cleaved PARP compared with that observed after osimertinib alone or
osimertinib + ONO-7475 treatments (Fig. 6I). No apparent adverse ef-
fects including weight loss were observed during these treatments in
both H1650 and PC-9 tumors (Supplementary Fig. 15). Thus, osimerti-
nib + ONO-7475 + BGJ398 therapy was safe and may potentially pre-
vent tumor regrowth in high-AXL-expressing EGFR-mutated NSCLC
tumors by inhibiting cell proliferation and promoting apoptosis.

4. Discussion

Clinical application of EGFR-TKIs remarkably improves patient
prognosis in EGFR-mutated NSCLC. However, the response duration to
EGFR-TKI treatment remains limited because of adaptive resistance
mechanisms, leading to the development of acquired resistance.
Therefore, better initial treatment strategies using EGFR-TKIs are
desired to further improve patient prognosis in EGFR-mutated NSCLC.
Currently, various initial combination treatments with EGFR-TKIs are
being developed for preclinical studies in EGFR-mutated lung cancer
[10,15,19,23–25]. We previously reported that a combination therapy
targeting EGFR and AXL, which is currently under development for
clinical application, is a promising therapeutic strategy for
high-AXL-expressing EGFR-mutated NSCLC. However, it may be further
enhanced by improving disease control [10,11]. In this study, we have
elucidated the mechanism underlying adaptive resistance to (EGFR-TKI)
osimertinib and (AXL inhibitor) ONO-7475 combination therapy and
demonstrated the promising potential of the triple combination therapy
targeting EGFR, AXL, and FGFR in high-AXL-expressing EGFR-mutated
NSCLC. Both AXL and FGFR family members confer drug resistance in
driver oncogene-positive cancer cells, including EGFR-mutated NSCLC
[10,11,19,25–28]. This is the first study to suggest the potential clinical
utility of this triple combination in cancer treatment.

PI3K/Akt/mTOR and Ras/Raf/MEK/ERK pathways are crucial for

Fig. 2. FGFR inhibitors augment the efficacy of osimertinib plus ONO-7475 combination treatment in EGFR-mutant NSCLC cells
A PC-9, PC-9GXR, H1650, and H1975 cells were treated with DMSO, osimertinib (100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, BGJ398 (1.0 μmol/L) alone,
osimertinib and ONO-7475, or all the three drugs for 9 days. The drugs were replenished every 72 h. The cells were stained with crystal violet. B PC-9, PC-9GXR,
H1650, and H1975 cells were treated with DMSO, osimertinib (100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, BGJ398 (1.0 μmol/L) alone, osimertinib and
ONO-7475, or all three drugs for the indicated time durations. The drugs were replenished every 72 h. The cell counts were assessed using the MTT assay. *P < 0.05.
C, D PC-9 and H1650 cells were incubated with DMSO, osimertinib (100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, BGJ398 (1.0 μmol/L) alone, osimertinib and
ONO-7475, or all three drugs for 4 h (C) and 48 h (D). The indicated proteins were detected using the western blotting assay. E, F PC-9 and H1650 cells were treated
with DMSO, osimertinib (100 nmol/L) alone, osimertinib and ONO-7475 (100 nmol/L), or osimertinib, ONO-7475, and BGJ398 (1.0 μmol/L) combination for 24 h.
Representative Giemsa staining images (Scale bar, 200 μm). (E) Mean percentage of four evaluated areas divided by the cell viability as determined using the MTT
assay (F). *P < 0.05.
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cancer cell survival and proliferation [29]. The addition of AXL inhibi-
tion predominantly contributed to cell viability suppression by inhibit-
ing AKT signaling in high-AXL-expressing EGFR-mutated NSCLC cells
treated with EGFR-TKIs [10]. Importantly, prolonged exposure to this
combination therapy resulted in the reinvigoration of ERK signaling due
to the reactivation of FGFR. In contrast, the triple combination therapy
targeting EGFR, AXL, and FGFR effectively suppressed both ERK and
AKT signaling in high-AXL-expressing EGFR-mutated NSCLC, suggesting
that co-inhibition of AXL and FGFR1 may potentially eliminate crucial
cell survival signals associated with adaptive tolerance of
high-AXL-expressing EGFR-mutated NSCLC cells to osimertinib.

Several initial combinations of multiple kinase inhibitors for specific
tumor populations have garnered attention as therapeutic strategies
aimed at eradicating lung cancer cells [14,15]. The efficacy and safety of
the pan-FGFR inhibitor BGJ398 in patients with unresectable locally
advanced or metastatic cholangiocarcinoma with an FGFR2 fusion or
other rearrangement was verified in a phase II clinical trial. BGJ398 has
been approved by the United States Food and Drug Administration [30].
In this study, experiments using CDX models indicated the potential
efficacy and safety of the osimertinib + ONO-7475 + BGJ398 for pa-
tients with EGFR-mutated NSCLC. However, its clinical application for
treating patients with lung cancer needs to be further evaluated.

We elucidated the mechanisms underlying adaptive resistance
through the activation of the FGF2-FGFR1 pathway in EGFR-mutated
NSCLC treated with a combination of osimertinib and ONO-7475. The
FGF2-FGFR1 pathway is a promising therapeutic target for melanoma
and gastrointestinal stromal tumors [31,32]. In EGFR-mutated NSCLC,
activation of this pathway induces intrinsic and acquired resistance to
EGFR-TKIs [25,33–35]. Moreover, FGFR1 overexpression decreases
EGFR-mutated NSCLC cell sensitivity to EGFR-TKIs but increases that to
FGFR inhibitors [36]. In DT cell experiments, FGFR1 activation played a
crucial role in the emergence of EGFR-mutated NSCLC cells tolerance to
the osimertinib + ONO-7475 combination, suggesting that therapeutic
intervention led to the survival of the cell population characterized by
relatively higher dependence on FGFR1 signaling as a mechanism for
drug tolerance.

c-Myc forms heterodimers with its partner protein, MAX, and regu-
lates the expression of various genes associated with cell behavior,
including proliferation, differentiation, and apoptosis [37]. It plays a
pivotal role in tumorigenesis and is amplified in various tumors [38].
c-Myc promotes FGF2 expression via miR-15-16 repression in tumor
cells exposed to hypoxia [39]. In this study, c-Myc suppression signifi-
cantly inhibited FGF2 upregulation induced by the osimertinib +

ONO-7475, whereas its overexpression significantly upregulated FGF2
expression. Thus, c-Myc plays an important role in establishing adaptive
resistance in EGFR-mutated NSCLC by activating FGF2-FGFR1-ERK
signaling. However, the mechanism underlying c-Myc upregulation

after treatment with osimertinib + ONO-7475 has not been elucidated,
which is a limitation of this study.

Bim upregulation is pivotal in EGFR-TKI-induced apoptosis of EGFR-
mutated NSCLC cells [40]. Bim expression is regulated predominantly
by its ERK-dependent phosphorylation at Ser69 [41–43]. In this study,
the addition of an FGFR inhibitor promoted apoptosis of EGFR-mutated
NSCLC cells by promoting Bim accumulation by suppressing ERK
phosphorylation.

In summary, adaptive resistance of high-AXL-expressing EGFR-
mutated NSCLC to osimertinib + ONO-7475 relies on FGF2-FGFR1-ERK
pathway activation. Importantly, osimertinib + ONO-7475 + BGJ398
triple combination therapy effectively suppressed the survival of high-
AXL-expressing EGFR-mutated NSCLC cells by enhancing apoptosis via
Bim upregulation and elicited antitumor effects by reducing cell
migration. These results indicate that osimertinib + ONO-7475 +

BGJ398 may potentially improve outcomes in EGFR-mutated NSCLC.
Future studies are warranted in clinical settings to assess the safety and
efficacy of this combination therapy for patients with EGFR-mutated
NSCLC.
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Fig. 3. FGF2 upregulation via c-Myc induces EGFR-mutated NSCLC cell resistance to osimertinib plus ONO-7475
A PC-9 cells were incubated with osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) combination for 96 h, and the expression of FGFR ligands was analyzed
using TaqMan™ arrays. ND, not detected. B PC-9 cells were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) combination for 96 h,
and the indicated proteins were detected using the western blotting assay. C PC-9 and H1650 cells were transfected with a scrambled control siRNA or an FGF2-
specific siRNA. After 24 h of transfection, the cells were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) combination for 96 h.
Cell viability was determined using the MTT assay. *P < 0.05. D PC-9 and H1650 cells were transfected with a scrambled control siRNA or FGF2-specific siRNA. After
24 h of transfection, the cells were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) combination for 96 h, and the indicated proteins
were detected using the western blotting assay. E PC-9 cells were seeded on soft agar for colony formation and were treated with DMSO, osimertinib (100 nmol/L)
and ONO-7475 (100 nmol/L) combination, or osimertinib, ONO-7475, and BGJ398 (1.0 μmol/L) combination for 14 days. Representative images (Scale bar, 50 μm)
and mean colony number in 10 evaluated areas. *P < 0.05. F PC-9 cells were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L)
combination for 96 h, and the indicated proteins were detected using the western blotting assay. G PC-9 cells were transfected with a scrambled control siRNA or
MYC-specific siRNA. After 24 h of transfection, the cells were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) combination for 96 h,
and the FGF2 mRNA levels were measured using the qPCR assay. *P < 0.05. H PC-9 cells were transfected with a scrambled control siRNA or MYC-specific siRNA.
After 24 h of transfection, the cells were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L) combination for 96 h. Cell viability was
determined using the MTT assay. *P < 0.05. I PC-9 cells and PC-9 cells overexpressing c-Myc were incubated with DMSO or osimertinib (100 nmol/L) and ONO-7475
(100 nmol/L) combination for 96 h, and the FGF2 mRNA levels were measured using the qPCR assay. *P < 0.05. J PC-9 cells (1 × 104 cells) and PC-9 cells
overexpressing c-Myc (1 × 104 cells) were treated with DMSO, osimertinib (100 nmol/L) and ONO-7475 (100 nmol/L), or osimertinib, ONO-7475, and BGJ398 (1.0
μmol/L) combination for 9 days. The drugs were replenished every 72 h. The cells were then stained with crystal violet.
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Fig. 4. FGFR inhibitor BGJ398 enhances apoptosis via Bim upregulation in EGFR-mutated NSCLC cells
A PC-9 and H1650 cells were incubated with DMSO, osimertinib (100 nmol/L) alone, osimertinib and ONO-7475 (100 nmol/L) combination, or osimertinib, ONO-
7475, and BGJ398 (1.0 μmol/L) combination for 48 h. Cell apoptosis was analyzed using flow cytometry. The percentages of apoptotic cells are shown. *P < 0.05. B
PC-9 and H1650 cells were incubated with DMSO, osimertinib (100 nmol/L) alone, osimertinib and ONO-7475 (100 nmol/L) combination, or osimertinib, ONO-
7475, and BGJ398 (1.0 μmol/L) combination for 72 h. The indicated proteins were detected using the western blotting assay. C PC-9 and H1650 cells were
transfected with a scrambled control siRNA or Bim-specific siRNA. After 24 h of transfection, the cells were incubated with DMSO, osimertinib (100 nmol/L) alone,
osimertinib and ONO-7475 (100 nmol/L) combination, or osimertinib, ONO-7475, and BGJ398 (1.0 μmol/L) combination for 48 h. Caspase-3/7 activity was
measured. *P < 0.05, **P < 0.005. D Schematic of the adaptive drug tolerance mechanisms, including activation of FGF2-FGFR1-ERK signaling via c-Myc and
avoiding cell apoptosis through Bim degradation in EGFR-mutated NSCLC cells.
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Fig. 5. FGFR inhibitor BGJ398 suppresses emergence and maintenance of cell tolerance to osimertinib plus ONO-7475
A PC-9 and H1650 cells were left untreated (left) or treated with osimertinib (3.0 μmol/L) plus ONO-7475 (1.0 μmol/L) for 9 days (Drug-tolerant (DT) cells; middle).
DT cells were incubated with drug-free medium for 15 days (Drug-free (DF) cells; right). B The cell cycle of parent, DT, and DF cells was analyzed using flow
cytometry. The percentages of cell populations in the various cell-cycle phases are shown. *P < 0.05. C Parent, DT, and DF cells were treated with DMSO, osimertinib
(100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, BGJ398 (1.0 μmol/L) alone, osimertinib and ONO-7475 combination, or all three drugs for 96 h. Cell viability
was assessed using the MTT assay. *P < 0.05. D Indicated protein levels in parent and DT cells were determined using the western blotting assay. E DT cells were
incubated with DMSO, osimertinib (100 nmol/L) alone, ONO-7475 (100 nmol/L) alone, BGJ398 (1.0 μmol/L) alone, osimertinib and ONO-7475 combination, or all
three drugs for 24 h. Indicated protein levels were detected using the western blotting assay.
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