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The ROS1 tyrosine kinase inhibitor (TKI) crizotinib has shown dramatic effects in
patients with non-small cell lung cancer (NSCLC) harboring ROS1 fusion genes. How-
ever, patients inevitably develop resistance to this agent. Therefore, a new treatment
strategy is required for lung tumors with ROS1 fusion genes. In the present study, lung
cancer cell lines, HCC78 harboring SLC34A2-ROS1 and ABC-20 harboring CD74-ROS1,
were used as cell line-based resistance models. Crizotinib-resistant HCC78R cells were
established from HCC78. We comprehensively screened the resistant cells using a
phosphor-receptor tyrosine kinase array and RNA sequence analysis by next-generation
sequencing. HCC78R cells showed upregulation of HB-EGF and activation of epidermal
growth factor receptor (EGFR) phosphorylation and the EGFR signaling pathway.
Recombinant HB-EGF or EGF rendered HCC78 cells or ABC-20 cells resistant to crizo-
tinib. RNA sequence analysis by next-generation sequencing revealed the upregulation
of AXL in HCC78R cells. HCC78R cells showed marked sensitivity to EGFR-TKI or anti-
EGFR antibody treatment in vitro. Combinations of an AXL inhibitor, cabozantinib or
gilteritinib, and an EGFR-TKI were more effective against HCC78R cells than monother-
apy with an EGFR-TKI or AXL inhibitor. The combination of cabozantinib and gefitinib
effectively inhibited the growth of HCC78R tumors in an in vivo xenograft model of
NOG mice. The results of this study indicated that HB-EGF/EGFR and AXL play roles in
crizotinib resistance in lung cancers harboring ROS1 fusions. The combination of
cabozantinib and EGFR-TKI may represent a useful alternative treatment strategy for
patients with advanced NSCLC harboring ROS1 fusion genes.
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1 | INTRODUCTION

The discovery of oncogenic driver genes and corresponding targeted
drugs has changed the clinical treatment of non-small cell lung can-
cer (NSCLC) over the past 15 years.l‘3 Fusions in c-ros oncogene 1
(ROS1) have been identified in approximately 1%-2% of patients.>*
ALK tyrosine kinase inhibitors (TKI, including crizotinib), which have
been approved for clinical use, showed inhibitory activity against
ROS1 because ROS1 and ALK protein share 49% amino acid
sequence identity in their kinase domains.”> The MET/ALK/ROS1 inhi-
bitor crizotinib has been approved for clinical use as an inhibitor of
ROS1 in several countries because it confers excellent benefits and
shows acceptable tolerance in patients with ROS1 fusion-positive
lung cancer.®” Similar to other oncoprotein inhibitors, however, lung
tumors with ROS1 fusion genes inevitably acquire resistance to
crizotinib, and further improvements in treatment strategies are,
thus, required.®

Many groups have explored the resistance mechanisms in lung
tumors with ROS1 fusion genes in attempts to develop new treat-
ment strategies. Similar to the mechanisms of resistance in lung can-
cers with ALK fusion genes, secondary mutations in the ROS1 kinase
domain (eg, G2032R, S1986Y, S1986F, D2033N or L2155S) have
been reported.g'11 However, the resistance mechanisms of ROS1
inhibitors have not been fully clarified in NSCLC harboring ROS1
fusion genes.

To develop a new treatment strategy for lung cancer patients
with ROS1 fusion, we investigated the mechanisms of resistance to
crizotinib using HCC78 cells harboring the SLC34A2-ROS1 fusion
gene and the newly established lung cancer cell line, ABC-20 harbor-
ing the CD74-ROS1 fusion gene. Our analyses indicated that HB-
EGF/epidermal growth factor receptor (EGFR) and AXL were attribu-
table to the acquired resistance to crizotinib, and the combination of
cabozantinib and gefitinib showed beneficial effects in crizotinib-

resistant cell lines both in vitro and in vivo.

2 | MATERIALS AND METHODS

2.1 | Cell culture and establishment of a crizotinib-
resistant cell line

HCC78 cells harboring the SLC34A2-ROS1 fusion gene were kindly
provided by Dr William Pao (Vanderbilt University, Nashville, TN,
USA). ABC-20 cells were established in our laboratory from pleural
effusion obtained from a Japanese male former smoker who had
lung adenocarcinoma harboring the CD74-ROS1 fusion gene. The
experiment regarding ABC-20 cells was approved by the Institu-
tional Review Board of Okayama University Hospital. Written
informed consent was obtained from the patient. PC-9 cells harbor-
ing EGFR 19 del E746_A750 were purchased from the European
Collection of Cell Cultures (Salisbury, UK). 293T cells were pur-
chased from the RIKEN Cell Bank (lbaragi, Japan). Cells were cul-
tured in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% heat-inactivated FBS and 1% penicillin/

streptomycin in a tissue culture incubator at 37°C with 5% CO,.
To establish a crizotinib-resistant cell line, HCC78 cells were trea-
ted with gradually increasing concentrations of crizotinib, starting at
.2 umol/L (lower than the ICsq of HCC78 cells). After 4 months, the
cells grew in the presence of 2 pmol/L crizotinib and were desig-
nated as HCC78R cells. HCC78R cells were maintained in culture
medium containing 1 pmol/L crizotinib. The resistant cell lines were
tested using the PowerPlex 16 STR System (Promega Corporation,
Madison, WI, USA).

2.2 | Reagents and antibodies

Crizotinib, ceritinib, brigatinib, cabozantinib and afatinib were pur-
chased from Selleck Chemicals (Houston, TX, USA); gefitinib and
cetuximab were purchased from Eveleth (Eveleth, MN, USA); erloti-
nib was purchased from Chemie Tek (Indianapolis, IN, USA); lorla-
tinib was purchased from Toronto Research Chemicals (Toronto, ON,
Canada; and gilteritinib was purchased from Cayman Chemical (Ann
Arbor, Ml, USA). Recombinant HB-EGF, EGF, FGF and IGF were pur-
chased from R&D Systems (Minneapolis, MN, USA).

Antibodies against ROS1, phospho-specific (p) ROS1 (Tyr2274),
EGFR, pEGFR (Tyr1068), mitogen-activated protein kinase (MAPK),
pMAPK (Thr202/Tyr204), AKT, pAKT (Ser473), AXL and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), and HRP-conjugated
antirabbit antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA).

2.3 | MTT assay

Growth inhibition was determined using a modified MTT assay.'?
Cells were plated on 96-well plates at a density of 2000-4000
cells per well and continuously exposed to each drug for
96 hours. Absorbance values were expressed as percentages rela-
tive to those of untreated cells. The drug concentration required
to inhibit the growth of tumor cells by 50% (ICso) was used to
evaluate the effect of the drug. Each assay was performed in trip-

licate or more.

2.4 | Immunoblotting analysis and phosphor-
receptor tyrosine kinase array

Cells and frozen tissue were lysed in radioimmunoprecipitation
assay buffer (1% Triton X-100, .1% SDS, 50 mmol/L Tris-HCl, pH
7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 10 mmol/
L p-glycerophosphate, 10 mmol/L NaF, 1 mmol/L sodium ortho-
vanadate) containing protease inhibitor tablets (Roche Applied
Sciences, Penzberg, Germany). Proteins were separated by SDS-
PAGE, transferred onto nitrocellulose membranes, and probed with
the appropriate antibodies followed by detection with Enhanced
Chemiluminescence Plus (GE Healthcare Biosciences, Pittsburgh,
PA, USA). A Phospho-Receptor Tyrosine Kinase Array Kit
(ARY002; R&D Systems) was used according to the manufacturer's

instructions.
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2.5 | ELISA

HB-EGF levels were determined by Human HB-EGF DuoSet ELISA

(R&D Systems) according to the manufacturer's instructions.

2.6 | Fluorescence in situ hybridization

FISH was performed on formalin-fixed, paraffin-embedded samples
using a custom ROS1 break-apart probe set in the laboratory of SRL
(Tokyo, Japan).!® The probe set hybridizes with the neighboring 5’
telomeric (RP11-48A22, labeled with SpectrumGreen) and 3’
centromeric (RP11-1036C2, labeled with SpectrumOrange) sequence
of ROS1. Cases with >15% split signals in cells were defined as
FISH-positive.

2.7 | Quantitative RT-PCR

RNA samples were prepared using an RNeasy Mini kit (Qiagen, Venlo,
The Netherlands) according to the manufacturer's protocol, and cDNA
was synthesized using SuperScript Il reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). Quantitative PCR was performed using TagMan
Gene Expression Assays (Applied Biosystems, Foster City, CA, USA)
with an ABI 5700 sequence detection system (Applied Biosystems)
according to the manufacturer's protocol. Primers and probes used
for each gene were as follows: HB-EGF, Hs00181813_m1; EGEF,
Hs01099999_m1; transforming growth factor-alpha (TGF-),
Hs00608187_m1; epiregulin (EREG), Hs00914313_m1; amphiregulin
(AR), Hs00950669_m1; and GAPDH, Hs99999905_m1. The relative

expression of the target gene to GAPDH expression was calculated.

2.8 | Peptide nucleic acid-locked nucleic acid PCR
clamp assay

Peptide nucleic acid (PNA)-locked nucleic acid (LNA) PCR clamp
assay for EGFR-activating mutations was performed by LS| Medience
(Tokyo, Japan).!* The assay detects the following types of EGFR
mutations: EGFR exon18 (G719C, G719S, G719A), EGFR exon19
(E746-A750del, L747-A750del T751S, L747-S752del P753S, L747-
E749del A750P, L747-S752del E746V, S752-175%9del), EGFR exon21
(L858R, L861Q) and EGFR exon20 (T790M).

2.9 | siRNA experiments

siRNA oligos targeted toward AXL, and negative control oligos
(Dharmacon, Lafayette, CO, USA) were used at a concentration of
10 nmol/L and were transfected into cells with Lipofectamine RNAi-
max according to the manufacturer's protocol (Invitrogen).

2.10 | Targeted RNA sequencing

RNA was extracted from each cell line using an RNeasy Mini Kit
(Qiagen) according to the manufacturer's protocol. Aliquots of

1500 pg of genomic RNA per cell line were used for targeted
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RNA sequence analysis using a SureSelect RNA Human Kinome Kit
(Agilent Technologies, Santa Clara, CA, USA), which targets 612
genes, including 517 protein kinases. Sequencing was performed
using the MiSeq Sequencing System with a V2 Reagent Kit (lllu-
mina, San Diego, CA, USA). Sequencing data were analyzed using
the CLC Genomics Workbench (CLC Bio, Aarhus, Denmark). RNA
samples of each cell line were analyzed 4 times, and the results

were averaged.

2.11 | Xenograft model

Female NOD.Cg-Prkdcc9||278™M15ue; jic mice (6 weeks of age) were
purchased from the Central Institute for Experimental Animals
(Kawasaki, Japan). All mice were provided with sterilized food and
water and were housed in a barrier facility under a 12-hour light/
dark cycle. Cells (1 x 107) were injected subcutaneously into the
back flanks of the mice. Four weeks after injection, the mice were
randomly assigned to groups (3-5 mice per group) and treated with
vehicle (p.o.), crizotinib monotherapy (p.o., 100 mg/kg/d), gefitinib
monotherapy (p.o., 5 mg/kg/d), cabozantinib monotherapy (p.o.,
30 mg/kg/d), or gefitinib/cabozantinib combination therapy (p.o.,
5/30 mg/kg/d). These agents were administered once a day, 5 times
a week by gavage. Tumor volume (width? x length/2) was deter-
mined every other day. The administration period for each agent
was 21 days, and animals were followed up for an additional
28 days. All experiments involving animals were performed with the
approval of the Institutional Animal Care and Research Advisory
Committee of the Department of Animal Resources, Okayama

University Advanced Science Research.

2.12 | Statistical analysis

All experiments were performed 3 times, and statistical analyses
were performed using STATA software (ver. 13; StataCorp, College
Station, TX, USA). Group differences were compared using a 2-tailed
unpaired t test. In the box plots, the center line is the median and
whiskers show minimum to maximum values. In all analyses, P < .05

was considered to indicate statistical significance.

3 | RESULTS

3.1 | Epidermal growth factor receptor activation in
crizotinib-resistant HCC78R cells

To explore the mechanisms of resistance, we used HCC78 cells
harboring the SLC34A2-ROS1 fusion gene as a cell line-based resis-
tance model. Crizotinib inhibited the proliferation of HCC78 cells at
the nanomolar level, and the compound consistently inhibited the
phosphorylation of ROS1 protein or the downstream signaling pro-
tein in parental HCC78 cells (Figures 1A,D). Resistant cell lines were
established from HCC78 cells by continuous exposure to crizotinib
for 4 months and were then designated as HCC78R (Figures 1A and
S1A). FISH analysis indicated that the resistant cells maintained
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FIGURE 1 Establishment of the crizotinib-resistant cell line, HCC78R. A, Cell proliferation assay of HCC78 and HCC78R cells treated with
the indicated concentrations of crizotinib. Error bars: SD. All experiments were performed in triplicate. B, FISH analysis of ROS1 fusion gene in
HCC78 and HCC78R cells. Red probes hybridized to the 5’ region of ROS1 and green probes to the 3’ region. In the presence of ROS1
rearrangement, the 2 colors are observed separately. HCC78R cells maintained ROS1 fusion genes (98% ROS1 fusion FISH positive) to the
same extent as the parental HCC78 cells (94% ROS1 fusion FISH positive) C, Detection of SLC34A2-ROS1. Complementary DNA (cDNA)
derived from PC-9 (negative control), HCC78 and HCC78R were examined by PCR. D,F. Immunoblots and phospho-receptor tyrosine kinase
(RTK) arrays in HCC78 and HCC78R cells. These cells were cultured in normal medium for 4 d, after which both types of cells were exposed
to .5 pmol/L crizotinib for 6 h. E, Cell proliferation assay of HCC78 and HCC78R cells treated with the indicated concentrations of ALK/ROS1
inhibitors, ceritinib, alectinib, brigatinib and lorlatinib. Error bars: SD. All experiments were performed in triplicate

ROS1 fusion genes to the same extent as the parental HCC78 cells
(Figure 1B). However, the RNA expression of ROS1 decreased in
HCC78R cells (Figures 1C and S1C). The expression of ROS1 protein
also decreased in HCC78R cells compared with that in the parental
HCC78 cells (Figure 1D).

Next, we assessed the effect of next-generation ALK inhibitors,
including ceritinib, brigatinib, alectinib and lorlatinib, on each of the
cell lines in vitro. With the exception of alectinib, all the inhibitors
inhibited the growth of parental HCC78 cells at the nanomolar level,

while these compounds showed limited effects in HCC78R cells (Fig-
ures 1E, S4A and Table 1). The ALK/EGFR inhibitor brigatinib exhib-
ited a inhibitory effect
(Figure 1E, Table 1). None of the HCC78R cell lines possessed
acquired resistance mutations, such as ROS1 S1986Y, S1986F,
D2033N or G2032R, in the ROS1 kinase domain®*? (Figures S1D,
S5A and B). Morphological examination yielded no obvious evidence

relatively good in the resistant cells

of epithelial-mesenchymal transition and western blotting experi-
ments confirmed that the expression patterns of E-cadherin and
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TABLE 1 ICs5o values on HCC78 and HCC78R cells

1Cso (umol/L) values + SD

Drug HCC78 HCC78R
Crizotinib 066 + .045 >1.0
Ceritinib 162 + .042 >1.0
Alectinib >1.0 >1.0
Brigatinib .098 + .069 525 + 112
Lorlatinib <01 >1.0

The antiproliferative effects were evaluated using the MTT assay. Data
are presented as the mean * SD from 3 independent experiments.

vimentin were similar between parental HCC78 and HCC78R cells
(Figure S1B).

Subsequently, we comprehensively assessed the phosphorylation
of receptor tyrosine kinases (RTK) in HCC78 cells and HCC78R cells
using an RTK array. The results indicated that EGFR phosphorylation
was relatively well maintained in HCC78R cells under conditions of
crizotinib exposure compared with phosphorylation in the parental
HCC78 cells (Figures 1F and S1E). The levels of ERBB2 and MET
phosphorylation markedly decreased in HCC78R cells compared with
that in parental HCC78 cells. In contrast, phosphorylation of AXL
increased in HCC78R cells compared with that in parental HCC78 cells
(Figures 1F and S1E). Western blotting analysis showed that phospho-
rylation of EGFR and the downstream signaling protein, ERK1/2, were
maintained in HCC78R cells under crizotinib exposure (Figure 1D).
Taken together, these observations suggested that EGFR or AXL may

play a role in the mechanism of resistance in HCC78R cells.

3.2 | Effects of epidermal growth factor receptor
inhibitors in HCC78R

We performed an MTT assay using the EGFR-TKI (gefitinib) in
HCC78R cells to examine whether activation of EGFR is responsible
for crizotinib resistance. Gefitinib monotherapy had little effect on cell
proliferation but co-treatment with gefitinib and crizotinib showed a
superior effect of inhibiting the proliferation of parental HCC78 cells
(Figure S4B). The results indicated that the EGFR pathway played an
important role in intrinsic sensitivity to crizotinib in HCC78 cells. This
was consistent with previous reports.*>*¢ In contrast to parental
HCC78 cells, crizotinib showed no inhibitory effect (Figure 1A), but
gefitinib inhibited the proliferation of HCC78R cells (ICso * SD:
136 £ .022 pmol/L) (Figure 2A). Next, we assessed the effects of
EGFR-TKI on the EGFR signaling pathway in each cell line. Phosphory-
lation of EGFR and its downstream signaling protein, ERK1/2, was not
suppressed in HCC78R cells treated with crizotinib, while these signal-
ing pathways were suppressed upon gefitinib exposure (Figure 2B).
Adding gefitinib to crizotinib monotherapy showed a great inhibitory
effect on the proliferation of HCC78R cells (Figure S4C). In contrast,
combination therapy with gefitinib plus crizotinib was not superior to
gefitinib monotherapy with regard to the proliferation of HCC78R
(Figure 2C). These results suggested that the resistant HCC78R cells

were no longer addicted to the oncogenic ROS1 fusion protein but
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were instead addicted to EGFR. To confirm the effect of EGFR-TKI,
we performed the same experiments using other EGFR-TKI, erlotinib
and afatinib. As expected, similar results were observed with both of
these agents in HCC78R cells (Figures S2A,B). Third, we examined the
inhibitory effect of the anti-EGFR antibody cetuximab, in vitro. Inter-
estingly, cetuximab inhibited the proliferation of resistant cell lines to
a significantly greater extent than that of the parental cells in vitro
(mean ICsg + SD > 20 pg/mL for HCC78 cells and 11.2 + 1.33 pg/mL
for HCC78R cells (Figure 2D). Western blotting analysis showed that
1 or 5 pg/mL of cetuximab inhibited the phosphorylation of EGFR and
its downstream signaling proteins (Figure 2E). Taken together, these
observations suggested that the EGFR signaling pathway played an

important role in the mechanism of resistance in HCC78R cells.

3.3 | Heparin-binding epidermal growth factor-like
growth factor/epidermal growth factor receptor axis
signaling confers resistance to crizotinib in lung
cancer cells harboring ROS1 fusion genes

Next, we investigated the mechanisms of EGFR activation in
HCC78R cells. The level of EGFR protein expression was not signifi-
cantly increased in HCC78R cells (Figure 1D). Activated EGFR muta-
tions were not detected by PNA-LNA-PCR clamp assay'* in
HCC78R cells (data not shown). Therefore, we assessed the level of
EGFR ligand gene expression in HCC78R cells. We screened for gene
expression of EGFR ligands, such as epidermal growth factor recep-
tor (EGF), heparin-binding EGF-like growth factor (HB-EGF), trans-
(TGF-a), epiregulin (EREG) and
amphiregulin (AR) by RT-PCR in HCC78 cells and HCC78R cells.
Interestingly, the expression level of HB-EGF was 2.5-fold higher in
HCC78R cells than in HCC78 cells, whereas the other ligands
showed similar expression levels in both HCC78R and HCC78 cells
(Figure 3A). Consistent with the results of RT-PCR analyses, the

forming growth factor-alpha

expression of HB-EGF protein in the medium from culture dishes of
HCC78R cells was approximately 10 times that of the parental
HCC78 cells (Figure 3B). As expected, adding recombinant HB-EGF
to the culture medium significantly reduced the inhibitory effect of
crizotinib on the proliferation of parental HCC78 cells (Figure 3C).
Western blotting analysis indicated that the expression of total
EGFR protein decreased, but the phosphorylation of EGFR and its
downstream signaling protein, ERK1/2, was maintained under crizo-
tinib exposure by the addition of HB-EGF to HCC78 cells (Fig-
ure 3D). We also examined the effect of the conditioned medium
prepared by mixing equal parts fresh medium and the supernatant of
HCC78R cells. As expected, the conditioned medium rendered the
parental HCC78 cells resistant to crizotinib in vitro (Figure S3E). In
addition, we investigated the impact of other growth factors on the
sensitivity of HCC78 cells to crizotinib. Consistent with the results
for HB-EGF (Figure 3C), EGF (100 ng/mL) stimulation rendered
HCC78 cells resistant to crizotinib in vitro (Figure S3A). Similar to
the effects of HB-EGF, EGF maintained phosphorylation of EGFR
and ERK1/2 in HCC78 treated with crizotinib (Figure S3B). In con-
trast to the results for EGFR ligand, neither insulin-like growth factor
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(IGF) nor fibroblast growth factor (FGF) rescued the proliferation of
HCC78 cells during crizotinib exposure (Figure S3F). Finally, another
lung cancer cell line, ABC-20, harboring the CD74-ROS1 fusion gene
(Figure S3C) was investigated to reconfirm the roles of HB-EGF and
EGF. Similar to HCC78, HB-EGF, or EGF, stimulation rendered ABC-
20 cells resistant to crizotinib (Figures 3E and S3D), and the phos-
phorylation of both EGFR and ERK1/2 was maintained in ABC-20
cells under crizotinib treatment (Figure 3F).

3.4 | AXL upregulation and resistance to crizotinib
in HCC78R cells

To explore the mechanisms of resistance in more detail, we per-
formed RNA-targeted sequence analysis using next-generation
sequencing in HCC78 and HCC78R cells. The samples were

collected from dishes in which HCC78 cells (n = 4) or HCC78R cells
(n = 4) were independently cultured. The mRNA expression level of
612 human kinome genes and kinase-related genes was comprehen-
sively compared (Figure 4A). The raw data are shown in Table S1.
The mRNA expression of 9 genes, PLK1 and 2, PBK, AURKA, AURKB,
TTK, CDK1, NEK2 and AXL, showed changes of more than 8-fold
between HCC78 and HCC78R cells (Figure 4A). In contrast, the
mRNA levels of KDR, INSR, SBK1, EPHA4 and TNIK decreased 8-fold
between the cell lines (Figure S6). Among these genes, we focused
on AXL, because the read frequency of AXL was among the highest
and phosphorylation of AXL was increased in HCC78R (Figures 1F
and S1E). Consistent with the NGS data, western blotting analysis
showed that expression of the AXL protein significantly increased
(Figure 4B). The effects of 2 clinically relevant AXL inhibitors,'”
cabozantinib!® and gilteritinib,'* were assessed in HCC78R cells.
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Compared with the effects of the EGFR-TKI gefitinib, the effects of
cabozantinib and gilteritinib were relatively limited in HCC78R cells
(Figure 5A).

cabozantinib showed an antagonistic effect. In contrast, the combi-

Furthermore, the combination of crizotinib with
nation of gefitinib with cabozantinib or gilteritinib inhibited cell pro-
liferation to a significantly greater extent than gefitinib monotherapy
(Figure 5A). Consistent with these observations, combination therapy
more strongly inhibited phosphorylation of ERK1/2 than monother-
apy (Figure 5B). In addition, we assessed the effect of combining
gefitinib with knockdown of AXL using siRNA. As expected, the com-
bination showed a superior inhibitory effect on cell proliferation than
AXL inhibition alone in HCC78R cells (Figure S7). Finally, we exam-
ined the effects of combination therapy in vivo. The effects of gefi-
tinib, cabozantinib and combination treatment with gefitinib and
cabozantinib were assessed in xenograft mouse tumors of HCC78R
cells. The xenograft tumors were treated with vehicle (control), crizo-
tinib (100 mg/kg), gefitinib (5 mg/kg), cabozantinib (30 mg/kg) or a
combination of gefitinib (5 mg/kg) and cabozantinib (30 mg/kg).
Xenograft tumors treated with vehicle or crizotinib showed similar
growth (Figure 5C), while cabozantinib showed a moderate effect on

tumor growth in vivo. In contrast, gefitinib led to a significant inhibi-
tion of tumors in the mice. Combination therapy with gefitinib and
cabozantinib also showed a better inhibitory effect than each of the
monotherapies alone in mouse tumors bearing HCC78R cells,
although this effect was not statistically significant (Figure 5C). No
differences in body weight were observed among any of the mouse
groups (Figure 5C).

4 | DISCUSSION

The development of resistance to targeted therapy is critical for
patients with lung cancers harboring driver oncogenes. We demon-
strated that HB-EGF/EGFR and AXL play roles in the mechanism of
resistance of lung cancers harboring ROS1 fusions treated with crizo-
tinib. Using a cell line-based model, we also found that dual inhibi-
tion of EGFR and AXL has the potential to overcome crizotinib
resistance in vitro and in vivo. These findings could be clinically rele-
vant, as EGFR inhibitors and AXL inhibitors®” have been approved
for clinical use, and the efficacy and safety of combination therapy



KATO EeT AL.

EERWATSE Cancer Science

(A)

PLK1 |

|
P2 |
AaxL [ T
Pk |
____ AURKA | T
AURKB | T
TK [ T
cokl [
NEk2 [
Busls [
0 1 2 3 4 5
log2 (RPKMgegistant/ RPKMp,enial)
FIGURE 4 AXL upregulation in
HCC78R cells. A, Heat map of targeted
RNA sequencing analysis of 612 kinase
and kinase-related genes from parental and
(&) o HCC78 HCC78R resistant cells. RNA samples for each cell
Crizotinib line were analyzed in 4 independent
0.5 I—lmOl/L = + = + experiments. The gene expression profile
—_— of HCC78R cells was compared with that
= AXL | " ! - of HCC78 cells. The top 10 upregulated
genes are listed. B, Immunoblots of HCC78
GAPDH — and HCC78R cells. These cells were

High Il Bl Low

Expression

Parental Resistant

with cabozantinib and erlotinib have been reported in clinical tri-
als.2021
Up to 50% of lung tumors harboring ROS1 fusion genes treated
with crizotinib develop a secondary mutation, ROS1 G2032R, in the
kinase domain.® Several next-generation ROS1 inhibitors have been
developed for patients with lung cancers harboring ROS1 fusion
genes.22 Preclinical studies showed that lorlatinib, foretinib and
cabozantinib can inhibit drug resistance.2*>2> The MET/VEGFR2/RET/
ROS1/AXL inhibitor, cabozantinib, has already been approved for use
in patients with advanced renal cell carcinoma, and clinical trials have
been conducted for lung cancer with RET gene fusion?® or ROS1
fusion genes (NCT01639508). Therefore, cabozantinib could be a
clinically relevant drug to overcome crizotinib resistance in lung can-
cers containing ROS1 fusion genes.

In addition to acquired mutations in the ROS1 kinase domain,
activation of bypass track signaling, such as the EGFR, HER2, KIT,
B-catenin or BRAF pathways, was reported as a mechanism of
resistance against crizotinib.”?”3° Several preclinical studies, includ-
ing our study, showed that stimulation of EGFR by EGF or HB-
EGF resulted in resistance in multiple lung cancer cell lines harbor-
ing ROS1 fusions; ie, HCC78 with SLC34A2-ROS1, CUTO-2, and
ABC-20 with CD74-ROS1. In addition, a recent preclinical study
showed that inhibiting oncogenic fusion proteins, such as ALK,
ROS1 and RET, induced a shift in the adaptor protein, GRB2, from
the fusion oncoprotein to EGFR, resulting in activation of bypass

cultured in normal medium for 4 d, after
which both cell types were exposed to
crizotinib at .5 pmol/L for 6 h

track EGFR signaling.® We also showed that IGF and FGF did not
affect crizotinib sensitivity in HCC78 cells (Figure S3F). Therefore,
the EGFR pathway may be especially important for persister cells
to survive drug exposure in lung cancer cells harboring ROS1 fusion
genes.

In this study, we found that the AXL RNA expression level signif-
icantly increased in crizotinib-resistant HCC78R cells. AXL is thought
to play a role in acquired resistance to oncoprotein inhibitors,31 32
but its role regarding crizotinib resistance has not yet been reported.
We examined the effects of 2 clinically relevant AXL inhibitors in
HCC78R cells. Monotherapy with AXL inhibitors showed only mod-
erate effects, but combining AXL inhibitors with EGFR-TKI resulted
in a superior inhibitory effect compared with monotherapies. This
suggested that AXL plays some role, in concert with EGFR, in resis-
tance to crizotinib.

“Oncogene swap” has been reported as a resistance mechanism
in lung cancer with EGFR mutations.3* In this situation, the activation
of other oncogenes acts not as a “bypass”, but rather as a “main”
oncoprotein. In our study, HCC78R cells maintained ROS1 fusion
genes (Figure 1C) but their RNA or protein expression decreased in
HCC78R cells due to unknown mechanisms compared with that in
parental HCC78R cells (Figures 1D, S1C and Table S1). Furthermore,
the dependency on ROS1 protein seems to be almost lost (Fig-
ures 1A, 2C and S4C). Taken together, “oncogene swap” may have
occurred in HCC78R cells.
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Alternative treatment strategies are required to improve the
management of lung tumors harboring ROS1 fusion genes. Consider-
ing the rarity of these lesions, it is difficult to compare each of the
ROS1 inhibitors, and, therefore, a preclinical study may be useful to
develop a rationale for new treatment strategies. Although it is nec-
essary to consider the limitations of this study, in which we used
only a cell line-based model and performed no clinical sample analy-
sis, our preclinical observations could provide a rationale for the
development of a new treatment strategy for lung cancer with ROS1
fusion genes. Given the importance of the EGFR pathway and the
inhibitory profile of cabozantinib, which can inhibit not only AXL but
also wild-type ROS1 and ROS1 G2032R, combination treatment with
cabozantinib and EGFR-TKI may be a reasonable option for lung can-
cers with ROS1 fusion genes. The clinical assessment of this combi-
nation therapy is worth considering for patients with lung cancers

harboring ROS1 fusion genes.
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