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Small cell lung cancer (SCLC) is a fast-growing and malignant
cancer that responds well to chemotherapy; however, the sur-
vival rate is less than 15% after 2 years of diagnosis. Therefore,
novel therapeutic agents for treating SCLC patients need to be
evaluated. This study aims to identify the therapeutic targets
based on the comprehensive genomic profiling of SCLC pa-
tients. Among the molecular-profiled SCLC samples obtained
using targeted sequencing, the array-based comparative
genomic hybridization (array CGH) identified focal insulin re-
ceptor substrate 2 (IRS2) amplification in the SCLC patients.
IRS2 amplification was confirmed in 5% of 73 SCLC patients.
To determine whether IRS2 amplification could act as a thera-
peutic target, we generated a patient-derived xenograft (PDX)
model and subsequently screened 43 targeted agents using the
PDX-derived cells (PDCs). Ceritinib significantly inhibited the
cell growth and impaired the tumor sphere formation in IRS2-
expressing PDCs. Its effects were confirmed in various in vitro
assays and were further validated in the mouse xenograft
models. In this study, we present that IRS2 amplification
and/or expression serve as preclinical implications for a novel
therapeutic target in SCLC progression. Furthermore, we sug-
gest that insulin-like growth factor-1 (IGF-1) receptor inhibi-
tor-based therapy could be used for treating SCLC with IRS2
amplification.
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INTRODUCTION
Small cell lung cancer (SCLC) mainly arises in heavy smokers and
has been characterized with rapid growth and early spread.1–3

SCLC accounts for approximately 15% of lung cancer, and chemo-
therapy is currently the standard treatment; however, a recurrence
occurs in most cases, and with eventually a 7%, 5-year survival.2–4

To date, there have been increased efforts to understand the biological
characteristics of SCLC and to excavate therapeutic targets based on
the molecular signatures.2,5 Previous studies applying sequencing in
SCLC tumor specimens have reported that SCLC genomes exhibit
considerable mutation rates and genomic instability, and in the
majority of the tumors, they present universal inactivation of tumor
protein p53 (TP53) (75%–90% of cases), the retinoblastoma gene
(retinoblastoma 1 [RB1], ~65%), and amplification of the MYC
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family genes.6–9 However, no drug has revealed therapeutic efficacy
and survival benefit in patients with the corresponding mutations.1

Accordingly, the targeted treatment in SCLC offers to improve the
efficacy of standard chemotherapy and chemoradiotherapy by con-
current administration or to use it after failure of the standard
treatment.5

Insulin receptor substrate 1 (IRS1) and IRS2 proteins are the most
prominent signal transmitters from either the insulin-like growth
factor-1 receptor (IGF-1R) or the insulin receptor, and this
pathway activates the phosphatidylinositol 3-kinase (PI3K)-AKT
pathway, thus leading to cell proliferation and inhibition of
programmed cell death.10,11 Hence, molecules within the IGF-1
signaling pathway are the potential therapeutic targets in cancer.
Although, in the preclinical in vitro study, blockade of the IGF-
1R inhibits the growth and malignancy of tumor into a valid
targeted therapy, a single treatment with the IGF-1R inhibitor
failed to demonstrate the clinical benefits for the overall survival
(OS) of patients in several clinical trials.12 Targeted therapies
for the IGF-1R pathway have a low clinical response rate in the
unselected patients; however, IGF-1R still remains a rational target
for a certain tumor.13 Therefore, the strategies combining a
therapeutic inhibitor in the IGF-1R pathway with chemotherapy
could be useful for treating selected subtypes with a predictive
biomarker.
thors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Most insulin/IGF1 signaling in the lungs converges into intracellular
IRS1/2 adaptor proteins before diverging to the downstream signals,
including PI3K, AKT, and mTOR, which are regulated by complex
signaling networks.14 IRS1/2 mediates mitogenic and antiapoptotic
signaling from IGF-1R and insulin receptor (IR) and other oncopro-
teins. IRS1 plays a crucial role in cancer cell proliferation, its expres-
sion is increased in various human malignancies, and its upregulation
mediates resistance to the anticancer drugs. IRS2 is associated with
cancer cell motility and metastasis.15 Concomitant ablation of Irs1/
Irs2 in the genetically engineered mouse lung model with conditional
Kras activation and p53 loss strongly suppresses the tumor initiation
and extends tumor latency, due to decreased amino acid uptake
resulting from suppressed growth factor signaling in the tumor
cells.14 These findings provide evidence that IRS1/2 is required for
KRAS mutant lung cancer formation, and targeting of the IGF-1R
signaling pathway could be a valuable therapeutic strategy in treating
KRAS mutant non-SCLC (NSCLC).14 Huang et al.16 reported that
IRS2 copy number gain harboring the KRAS or BRAFmutation could
potentially be considered as a predictive biomarker in response to the
IGF-1R/IR inhibitor in colorectal cancer harboring the KRAS or
BRAF mutation.

Here, we generated patient-derived xenografts (PDXs) from SCLC
obtained via brain metastasis and analyzed genomic profiling. Thus,
we identified the IRS2 amplification and evaluated its potency as a
therapeutic target by drug screening and proved that ceritinib
decreased the in vitro cell proliferation and in vivo tumor growth in
IRS2-expressing cells. These preclinical data imply that IRS2 amplifi-
cation or expression (or both) could be a therapeutic biomarker and
that ceritinib could prove to be a therapeutic agent for SCLC patients.

RESULTS
Identification of Aberrant IRS2 Expressions in SCLC Patient

A 61-year-old male patient subjected to chest computed tomgraphy
(CT) presented a 5.8-cm-sized mass in the left lower lobe of the
lung with multiple enlarged ipsilateral mediastinal and hilar lymph
nodes during diagnosis. The patient was diagnosed with an SCLC
with limited stage and received etoposide and paclitaxel-based
chemotherapy with concurrent radiation therapy. The patient
achieved complete remission on follow-up imaging studies after
completing the scheduled treatment. After 2 years, the malignant tu-
mor cells morphologically consistent with the SCLC were identified
by the pericardial fluid. Palliative chemotherapy based on irinotecan
and carboplatin was administered, and a second complete remission
was recorded after the therapy. After another 2 years, the brain mag-
netic resonance imaging (MRI) revealed a huge metastatic lesion on
the right parietal lobe (Figure 1A). The tumor was removed, followed
by whole body radiation therapy. To identify an origin for the meta-
static tumor, it was stained with lung cancer markers, including thy-
roid transcription factor 1 (TTF1), p63, and CD56, and presented
strong positive staining for TTF1 and CD56, which are used as
markers in diagnosing SCLC (Figure S1A). To investigate the target
for personalized cancer therapy from this case (694T), a PDX model
was established with a metastatic small-cell carcinoma sample ob-
tained from brain metastasis, and the PDX-derived tumor cells
were subjected to in vitro assays.

To validate the genetic similarity of 694T parental tumors, PDX tu-
mors, and PDX-derived cells (PDCs), comparative genomic hybridi-
zation (CGH) analysis was performed (Figure 1B). The results
revealed that, by copy number analysis, the focal amplification of
known oncogene loci,MYCL1, was carried out, and a novel chromo-
somal region was amplified on the chromosomes 1p34.2 and 13q33
(Figure 1B; Figure S1). MYC family genes were frequently detected
in SCLC17 and amplified in the 1p34.2 region of 694T parental tu-
mors, PDX tumors, and PDCs (Figure S1B). A novel chromosomal
amplification was illustrated on 13q33 loci in the 694T-PDX and
parental SCLC tumor (Figure 1C). Within this 13q33 amplicon,
myosin XVI (MYO16), collagen type IV alpha 1 chain (COL4A1),
and IRS2 were localized. Amplification of MYO16 or COL4A1 in
the initiation and progression of tumors remains unknown. IRS2 trig-
gers the driver oncogene on 13q34 in colorectal cancer,18 and we hy-
pothesized that IRS2 copy number gain among the three genes has an
oncogenic role in SCLC progression. The IRS2 was highly expressed
in the 694T-PDX and parental tumor (Figure 1D). To further
investigate how the tumor signaling pathway was regulated by IRS2
overexpression, we performed microarray experiments with all sam-
ples (Figure 2A). The result indicated that highly expressed molecules
such as IGFBP-2, AKT1, and mTOR were associated with the IGF-1R
signaling pathway, and no significant differences were observed in the
expression pattern among the samples. These results were confirmed
by western blotting using the PDX of the 694T patient. The tumor ex-
pressed the increased phosphorylation of AKT, compared with the
033T sample, which has no IRS2 amplification and/or expression as
a negative control (Figure 1E). With these data taken together, we
concluded that IRS2 copy number amplification leads to abnormal
expression of IRS2 and induces activation of AKT.

Frequency and Clinical Significance with IRS2 Copy Number

Alterations in SCLC

In order to assess the population of IRS2 focal amplifications in SCLC,
we conducted immunohistochemistry (IHC) analysis in 73 randomly
selected SCLC patients. The IHC test score of 0–3 measures the
amount of IRS2 expression in the tumor cells, a score of 0–1 was
considered as a negative, and a score of 2 or higher was regarded as
a positive sample (Figure 2B). IRS2 was positively expressed in
32.9% (n = 24) in 73 stained samples, and IRS2 amplifications were
determined in the available 77 SCLC samples using qRT-PCR (Fig-
ure 2C). Interestingly, the focal amplification with IRS2 high copy
number 10 or higher occurred in four cases (Figure 2C). Our obser-
vation was similar to the frequency that was previously reported in
SCLC.6 To investigate the clinical implications of IRS2 gain/amplifi-
cation in cancer progression, we analyzed the SCLC dataset that is
publicly available via the cBioPortal for Cancer Genomics (http://
www.cbioportal.org/msk-impact). IRS2 amplification was detected
in 2.44% (n = 2) of 82 SCLC cases (Figure 2D). The clinical character-
istics of the SCLC patients by IRS2 expression are listed in Table 1.
In the chi-square analysis, the IRS2 expression in the females was
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Figure 1. Expression of IRS2 with Copy Number Amplification in SCLC Primary Tumor and PDX Models

(A) Brain MRI revealed a hugemetastatic lesion on the right parietal lobe in the 694T patient. (B) Genetic features of the patient-derived tumors were recapitulated by PDX and

PDC counterparts, using aCGH. (C) IRS2 was amplified in the patient-derived tumors and PDX samples. (D) Histological comparison between the patient tumor sample and

PDX tumor. The representative areas of each patient tumor sample and the corresponding PDXs were stained with hematoxylin and eosin (H&E) and IRS2 antibodies. IRS2

immunohistochemical staining revealed distinctive expression patterns both in the 694T patient-derived tissue and PDX tumor samples. Magnification, 400�. Scale bars,

100 mm. (E) IRS2, phosphorylated AKT, AKT, and b-actin as a loading control were analyzed using western blot in 649T patient tumor. Patient 033T samples were used as

negative controls.
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significantly higher (p = 0.0313), and significant differences were
observed in IRS2 expression in the nonsmoker group, regardless of
gender (p = 0.0374). No significant difference was observed during
survival between the two groups (p = 0.9264); however, although
few cases provide statistical meaning, four patients with IRS2 ampli-
fication have shown improved progression-free survival (PFS),
compared to patients without IRS2 amplification and/or expression
(data not shown).

Ceritinib Inhibits the Cell Proliferation via IRS2-PI3K Axis

To explore the applications of targeted anticancer therapeutics in
IRS2-expressing tumor, we performed a preclinical drug screening,
and the half maximal inhibitory concentration (IC50) values for target
agents were obtained from the PDCs in the in vitro sphere culture
conditions (Figure 3A; Table S1). According to the previously re-
ported results,19 the cells are considered as resistant to an agent
when the IC50 of that agent is greater than 1,000 nmol/L. The prolif-
eration of 694T cells was not affected by the epidermal growth factor
receptor (EGFR) inhibitors, such as erlotinib (IC50 = 3,118 nmol/L)
and gefitinib (IC50 = 1,562 nmol/L); however, PDCs with IRS2 ampli-
fication, such as LDK378 (ceritinib) (IC50 = 0.413) and NVP-
190 Molecular Therapy: Oncolytics Vol. 16 March 2020
AEW541 (IC50 = 0.218), responded to the IGF-1R inhibitor treatment
(Figure 3A; Table S1). Additionally, AZD2014 (IC50 = 282 nmol/L)
and dactolisib (IC50 = 90 nmol/L), the PI3K/mTOR inhibitors, were
effective against 643T PDCs (Table S1). Treatment with ceritinib at
0.5 mM decreases the in vitro sphere-forming capacity and prolifera-
tion by abolishing the phosphorylation of AKT, a downstream
signaling component of IGF-1R in 694T PDCs (Figure 3B). To
confirm the effect of ceritinib in IRS2-expressing cancer progression,
IRS2 was transduced into HCC33 and H1299 lung cancer cells that
do not express IRS2, followed by treatment with ceritinib at doses
of 0.1–5 mM (Figures 3C and 3D). Overexpression of IRS2 increased
AKT phosphorylation, and IRS2-expressing cells decreased the
proliferation and phosphorylation of AKT when they were treated
with ceritinib (Figures 3C and 3D). These results demonstrate that
ceritinib decreases the IRS2-overexpressing cell growth via inhibition
of AKT activation.

Ceritinib Inhibits the Tumor Growth via IRS2-PI3K Axis

We attempted to confirm the ceritinib effect using cell lines with
high-level expression of endogenous IRS2. Based on the Cancer Cell
Line Encyclopedia (CCLE) Cell Line Gene Expression Profiles dataset,



Figure 2. Gene Expression Profiling and Frequency

with IRS2 Amplification in SCLC

(A) The heatmap presents the status of 1,221 gene expres-

sions in the microarray analysis of 694T patient-tumor, PDX,

and PDC samples, and the top 20 significantly expressed

genes across all samples are illustrated. (B) IRS2 expression

in 73 paraffin-embedded SCLC tissues (400�). The samples

are stained with IRS2 antibodies and scored according to the

levels of expression. A score of 2 or higher was regarded as

positive. Scale bars, 100 mm. (C) IRS2 copy number ampli-

fication is analyzed using quantitative PCR (qPCR). A boxplot

represents the mean value of the IRS2 copy number in the

group, and the red dot represents the IRS2 copy number in

694T patient tissue. Experiments were performed in tripli-

cate. (D) IRS2 amplification was detected in 2.44% (n = 2) of

82 SCLC cases. The analysis of focal amplifications in the

SCLC dataset is publicly available through the cBioPortal for

Cancer Genomics (n = 82).
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we selected an A375P cell line that considerably expresses IRS2 rela-
tive to other cell lines (https://portals.broadinstitute.org/ccle/page?
gene=IRS2). To investigate the effects of IRS2 depletion on A375P
cell growth, the cells were treated with small interfering RNA (siRNA).
Downregulation of IRS2 expression by siRNA led to A375P cell
growth inhibition and AKT phosphorylation (Figure 4A). To further
validate whether treatment with ceritinib affected the A375P cell
growth, cells were treated with ceritinib and were analyzed as pre-
sented in Figure 4B. Cells treated with ceritinib revealed decreased
proliferation and AKT phosphorylation in a dose-dependent manner
(Figure 4B). To evaluate the in vivo efficacy of ceritinib, A375P cells
were subcutaneously injected into the flanks of nude mice on day 1,
and the tumor growth was monitored. After 10 days, the tumor-
bearing mice were treated with ceritinib (20 or 50 mg/kg) on every
other day for 17 days, and the tumor size was measured. As expected,
marked tumor regression was observed in the treatment groups, and
the mice treated with ceritinib at 50 mg/kg led to more effective tumor
regressions (Figure 4C). The tumors were stained with IRS2 and phos-
pho-AKT (Ser473) antibodies to evaluate the expression and activa-
tion of these molecules. IRS2 was highly expressed and increased
AKT phosphorylation in A375P tumors; however, these tumors,
Molecu
when treated with 50 mg/kg ceritinib, hindered
IRS2 expression and decreased AKT phosphoryla-
tion, compared with the control group (Figure 4D).
These results demonstrate that ceritinib leads
to the inhibition of IRS2-overexpressing tumor
growth by inactivation of AKT through depletion
of IRS2.

DISCUSSION
PDXs are used as a prominent cancer model sys-
tem, as they are presumed to faithfully represent
the genomic features of primary tumors. Here,
we established histopathologically and genomi-
cally homologous PDX models of metastatic tu-
mor from SCLC and found a patient with aberrant IRS2 amplifica-
tions. In this study, we elucidated that IRS2 amplification could be
a target of response to the IGF-1R pathway inhibitors and demon-
strated this via preclinical in vitro and in vivo assays. Ceritinib, an
ALK/IGF-1R dual-inhibitor agent, had inhibitory effects on the pro-
liferation of tumor cells with IRS2 amplification, and this result was
confirmed in the xenograft model. From these findings, we suggest
that IRS2 amplification and/or expression could be a predictive
biomarker of response to the IGF-1R inhibitor-based therapy in
SCLC progression.

The SCLC genome exhibits extremely high mutation rates and har-
bors inactivated RB1 and TP53.6 To comprehensively determine the
genomic features of the tumor in the 694T patient with brain metas-
tases from SCLC, we conducted CGH arrays and targeted sequencing
using the CancerSCANpanel, which includes the whole exomes of 375
cancer-related genes and the intronic regions of 23 genes. Our patient
genome presented the somatic mutations of TP53, PDGFRB,ARID1A,
PTCH1, and JAK3 genes but not RB1, which were well conserved in
the multiple passages (Figure S2A); however, these mutations do
not occur recurrently in the cosmic database as driver mutations.
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Table 1. Clinicopathological Characteristics of 73 SCLC Patients

Characteristic Positive (n = 26) Negative (n = 47) p

Age (in Years)

Median (and range) 67 (51–87) 68 (33–82)

Sex, n (and %)

Male 18 (69.2%) 42 (89.4%) 0.0313

Female 8 (30.8%) 5 (10.6%)

Stage, n (and %)

Limited disease 10 (38.5%) 15 (32.0%) 0.6316

Extended disease 14 (53.8%) 27 (57.4%)

ND 2 (7.7%) 5 (10.6%)

Smoking History, n (and %)

Smokers (currently and former) 21 (80.8%) 45 (95.8%) 0.0374

Never smokers 5 (19.2%) 2 (4.2%)

Chemotherapy, n (and %)

Etoposide + cisplatin (EP) 10 (38.5%) 22 (46.8%)

EP + IC (irinotecan + carboplatin) 7 (26.9%) 6 (12.8%) 0.3702

Others 7 (26.9%) 12 (25.5%)

No chemotherapy 2 (13.9%) 7 (14.9%)

Radiotherapy, n (and %)

Yes 8 (30.8%) 17 (36.2%) 0.6415

No 18 (69.2%) 30 (63.8%)

Recurrence, n (and %)

No 19 (73.1) 31 (67.4%) 0.5306

Yes 7 (26.1%) 16 (34.0%)

Local 2/7 (28.6%) 1/16 (6.2%)

Distance 5/7 (71.4%) 15/16 (93.8%)

OS, n (and %)

Death 11 (42.3%) 21 (44.7%) 0.9264

Alive 13 (50.0%) 26 (55.3%)

ND* 2 (7.7%)

ND, no data; OS, overall survival.
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Additionally, within the chromosomal regions 1p34.2 and 13q34,
MYCL1 and IRS2 revealed significant focal co-amplification. To
date, amplification of MYCL in SCLC is one of the common alter-
ations including TP53 and RB mutations, and recently reported
studies have shown that MYCL is not a major driver oncogene but
has a cooperative role in accelerating SCLC tumor growth.20–22 IRS2
enhances glucose metabolism and promotes migration, invasion,
and metastasis in various type of tumors.16,18,23–26 However, it is
not well known for clinical outcomes of the IRS2 expression in lung
cancer progression, so we focused on IRS2 amplification and conduct-
ed various experiments to validate whether IRS2 amplification and/or
expression is a therapeutic biomarker in metastatic SCLC.

IRS2 is known as a candidate driver oncogene on 13q34 in colorectal
cancer.18 IRS2 copy number gain and/or expression was observed to
192 Molecular Therapy: Oncolytics Vol. 16 March 2020
be sensitive to the IGF-1R/IR inhibitor and could be used as a predic-
tive biomarker in response to the IGF-1R/IR inhibitor, such as KRAS
and BRAFmutational status in colorectal cancer cell lines.16 Recently,
another study also has suggested that IRS1 and IRS2 are required
for KRASmutant lung cancer formation, and they may be therapeutic
targets in patients withKRASmutant lung cancer.14 Therefore, despite
the presence of MYCL1 amplification, we elucidated that IRS2 would
be a reliable biomarker for treatment in this patient via in vitro assays
and an in vivo xenograft model. To further investigate for clinical out-
comes of IRS2 amplification and/or expression in lung cancer, we
demonstrated the frequency of IRS2 amplification and/or expression
in 73 SCLC patients and determined the clinicopathological features
of the patients with or without IRS2 expression. As presented in Table
1, IRS2 expression is statistically significantly higher in females and
nonsmokers. Interestingly, our 694T patient has a good prognosis after
treatment, unlike other SCLC patients, despite having a smoking his-
tory. These findings have led us to investigate the PFS of SCLC patients
with IRS2 amplification and/or expression; however, we were unable to
analyze the clinical significance including PFS or OS, due to the lack of
clinical information and limitations of the sample size. In our cohort,
female patients with IRS2-overexpressing SCLC showed a tendency
toward a longer PFS, but no statistical significance was observed
(data not shown). Collectively, we suggest that IRS2 amplification
has been detected at a low frequency in SCLC but may be a subtype
biomarker to predict the treatment benefit.

To assess the possibility for targeted therapy, we carried out in vitro
experiments using PDCs and cancer cell lines with or without IRS2
expression (Figure 3). We demonstrated that the cells overexpressing
IRS2 increased the growth via PI3K/AKT pathways and that this
growth was inhibited by ceritinib treatment. Ceritinib (LDK378, No-
vartis Pharmaceuticals) binds to the tyrosine kinase receptors and in-
hibits ALK, IGF-1R, insulin receptor (InsR), and ROS1 on the cell
surface. By binding to these receptors, ceritinib suppresses ALK
phosphorylation as well as the downstream PI3K/AKT, MEK/ERK,
and mTOR signaling pathways and blocked the cell proliferation
in NSCLCs.27 Hence, the genomic profile in a 694T patient was
identified by array-based comparative genomic hybridization
(aCGH), and no amplification was observed in the ALK gene (Fig-
ure S2B). This supports the statement that IRS2 amplification and/
or overexpression could be a potential target in treatment of ceritinib.
This was confirmed in that the cell growth with endogenously high
expression of IRS2 was inhibited with treatment of ceritinib or IRS2
repression by siRNAs, and tumor volume finally decreased in IRS2-
expressing xenografts with ceritinib treatment (Figure 4). As shown
in Figure 4D, AKT have shown moderate expression pattern in
IRS2-expressing xenograft tumors and the expression has been
weak by ceritinib treatment. Therefore, these results suggest that cer-
itinib could represent a suitable treatment option in patients with
IRS2 amplification and/or expression.

Although IRS2 amplification and/or expression is a feature of some
but not all human SCLC, our finding demonstrates that patients
with IRS2 amplification and/or expression could be a selected group



Figure 3. Growth Inhibition with Ceritinib in IRS2-Expressing Cells

(A) Proliferation of 694T cells was found to be decreased by IGF1 inhibitors LDK378 (red arrow) and AEW541 using an in vitro drug sensitivity assay. 694T PDCs were cultured

from the established 694T patient xenograft tumors in serum-free sphere culture conditions and were plated into 386-well cell-culture plates and treated with drug can-

didates, with improved therapeutic and safety profiles in lung cancer, for 6 days. Drug efficacy was evaluated as a mean of area under concentration-response curve (AUC),

and x represents drugs with a Z score less than�1.5. Detailed responses of PDCs to drugs are shown in Table S1. NVP-AEW541 is an IGF-IR inhibitor with a median IC50 of

0.21 mM. (B) Treatment with ceritinib inhibited cell proliferation through AKT inactivation and significantly impaired sphere formation. 694T cells were cultured from day 5

onward with or without ceritinib. On day 5, phase-contrast microscopic images were visualized, and optical density assays to determine cell proliferation were performed

(bottom left). Representative immunoblots of the indicated proteins in lysates of 694T cells treated with ceritinib were obtained (bottom right). 694T cells treated with ceritinib

showed a reduction in phosphorylated AKT and IRS2 expression. Experiments were performed in triplicate. Magnification, 200�. Scale bar, 100 mm. Treatment with ceritinib

impaired cell proliferation in IRS2-expressing (C) HCC33 and (D) H1299 cell lines. Cells expressing IRS2-expressing vector. Cells expressing IRS2 were treated with different

concentrations of ceritinib in the range of 0.1–5000 nM for 72 h, images were obtained, and the absorbance was measured at 490 nm. Means ± SD from three independent

experiments. IRS2 and phosphorylated AKT were analyzed using western blot in the cells with or without IRS2 expression. Magnification, 200�. Scale bar, 100 mm. (D) Cell

growth was analyzed as a percentage to the control. Experiments were performed in triplicate. Means ± SD from three independent experiments.
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for a targeted therapy and unique vulnerability to IGF-1R pathway in-
hibitors such as ceritinib, suggesting a repositioning of ceritinib as a
therapeutic approach based on the genomic profile in SCLC.

MATERIALS AND METHODS
Patient Tissue Samples

This study and all the experimental procedures were approved by the
Samsung Medical Center (Seoul, Korea) Institutional Review Board,
and written informed consents were obtained from all participants
(no. 2010-04-004). Tumors were classified as SCLCs, based on the
World Health Organization (WHO) criteria. Patients were catego-
rized as nonsmokers (<100 cigarettes in their lifetime) or chain
smokers (R100 cigarettes in their lifetime) based on their smoking
status. SCLC histological subtypes and stages were classified accord-
ing to WHO criteria28 and the American Joint Committee on Cancer
staging system,29 respectively. Surgical specimens were divided into
three parts, for implantation into immunodeficient mice, DNA/
RNA extraction, and pathologic assessment, within 6 h after surgery.
Nonmalignant normal lung tissue samples were collected from
the far margins of the lung resections, which were grossly and micro-
scopically negative for the tumor tissue. Lung tissue samples were
minced with scalpels into 1-mm pieces and were then enzymatically
disaggregated to create single-cell suspensions by incubating them
with 1 mg/mL collagenase P (Roche Genentech, San Francisco, CA,
USA) and 0.1 mg/mL DNase I (Applied Biosystems, Foster City,
CA, USA) in RPMI 1640 medium with 10% fetal calf serum (FCS)
for 16 h, with constant stirring. Each well of a 6-well culture plate
(Corning, Corning, NY, USA) was inoculated with 100 � 103 viable
cells in 4 mL RPMI 1640 medium with 10% FCS.

Primary In Vitro Short-Term Culture

Xenograft tumor specimenswere dissociated into single cells according
to a previously published protocol.16 Dissociated cells were cultured
in Neurobasal medium-A, supplemented with N2 (�1/2; Life
Molecular Therapy: Oncolytics Vol. 16 March 2020 193
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Figure 4. Tumor Growth Inhibition with Ceritinib in Xenograft Model

(A) Treatment of A375P cells with IRS2 siRNA (#1 and #2) results in reduced activation of phospho-AKT (Ser473). GAPDH levels serve as control. OD, optical density. (B)

Treatment with ceritinib impaired the cell proliferation in A375P cells. Cells were treated with or without ceritinib in the indicated doses for 72 h, and the expression levels of

IRS2, phospho-AKT, AKT, and GAPDH were determined by western blotting. Cell proliferation was quantitatively evaluated by WST assay. Means ± SD from three inde-

pendent experiments. (C) A total of 15 nude mice were subcutaneously inoculated with A375P cells (z5� 106) in the right flank. After 10 days, the tumor-bearing mice were

treated with ceritinib (20 or 50 mg/kg) on every other day for 17 days; changes in tumor volume over time following the treatment are indicated (red arrow). Data points

represent the mean ± SD of tumor volumes from each group (n = 5). (D) Representative images of IRS2 and phosphorylated AKT (Ser473) staining in mice xenografts from

each group. Magnification, 400�. Scale bars, 100 mm.
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Technologies, Carlsbad, CA, USA), B27 (�1/2; GIBCO), basic fibro-
blast growth factor (bFGF; 25 ng/mL; R&D Systems, Minneapolis,
MN, USA), epidermal growth factor (EGF) (25 ng/mL; R&D Systems,
Minneapolis, MN, USA), neuregulin 1 (NRG; 10 ng/mL; R&D Sys-
tems, Minneapolis, MN, USA), and IGF1 (100 ng/mL; R&D Systems,
Minneapolis, MN, USA). Growth factors were supplemented every
3 days. When spheres appeared in the suspension culture, they were
dissociated using StemPro Accutase (Life Technologies, Carlsbad,
CA, USA) and reseeded in the suspension culture medium. Cells
were grown in complete medium and were treated with inhibitors
1 day after seeding. Five days later, the surviving cells were quantified
by WST-1 staining (Roche Genentech, San Francisco, CA, USA).

Cell Lines

The H1299, A375P, and NCI-HCC33 cell lines were obtained from
the Korean Cell Line Bank (KCLB; Seoul, Korea), and maintained
in RPMI 1640 medium supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific, Grand Island, NY, USA) at 37�C in 5%
CO2. All of the cell lines used were authenticated by short tandem
repeat (STR) profiling before a new series of experiments began
and were preserved in the culture for no more than 3 months.

Histological Examination and IHC

Hematoxylin and eosin (H&E) staining was performed on all paraffin
blocks with the tissue samples obtained from both patients and PDXs.
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The anti-IRS2 (Abcam, Cambridge, MA, USA, EPR904(2)) and anti-
phospho-AKT (Cell Signaling Technology, 3787) antibodies were used
for IRS2 and p-AKT immunohistochemical staining. The sections
(3 mm) were deparaffinized and rehydrated, and antigen retrieval
was performed in a citrate buffer (pH 6.1) at 95�C for 40 min. Diami-
nobenzidine was used as the chromogen. The sections were counter-
stained with hematoxylin. The BenchMark XT IHC/ISH staining
instrument (Ventana Medical Systems, Tucson, AZ, USA) was uti-
lized. IRS2-expressing cancer tissues were used as positive controls.

aCGH

The aCGHdetected genetic variations, including deletions and duplica-
tions, using the Agilent HumanWhole Genome CGH 8� 60 Kmicro-
array (Agilent Technologies, Santa Clara, CA, USA). Test and reference
DNA samples were labeled by random priming with either Cyanine 3
labeled analog of deoxyuridine triphosphate (dUTP) or Cy5-dUTP us-
ing the Agilent Genomic DNA Labeling Kit PLUS (Agilent Technolo-
gies). All slides were scanned on an Agilent DNA microarray scanner.
Data were obtained using Agilent Feature Extraction Software 9 (Agi-
lent Technologies), which was used to analyze the ADM-2 statistical
algorithms with 6.0 sensitivity thresholds, as described previously.19

Genetic Alteration Analysis Using the Cancer Panel

The Cancer Panel is a targeted next-generation sequencing assay that
was developed, validated, and provided by the Samsung Genome
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Institute (Samsung Medical Center, Seoul, Korea). It includes all
exons from 381 cancer-related genes and 31 introns from five genes
recurrently rearranged in cancer. Using the Illumina HiSeq 2500
(San Diego, CA, USA), the captured libraries underwent paired-end
high-depth sequencing (target > 800� coverage). Data were analyzed
using an automated bioinformatics pipeline designed to detect
various genetic alterations, including single-nucleotide variations, in-
sertions and deletions, gene amplifications and deletions, and gene
fusions.

Quantitative Polymerase Chain Reaction (qPCR)

Genomic DNA was isolated from Formalin-Fixed Paraffin-
Embedded (FFPE) tumor specimens, and IRS2 andMYCL copy num-
ber amplification was performed by the PRISM 7900HT Fast Real-
Time PCR System (Applied Biosystems). All qPCR reactions were
performed in triplicate using the SYBR Green method. The PCR con-
ditions were: preheating at 50�C for 2 min; 95�C for 10 min; 40 cycles
at 95�C for 15 s, and 60�C for 1 min. IRS2 copy numbers were calcu-
lated from a standard curve constructed from normal DNA amplifi-
cation in comparison to ALB, located at 4q11-q13, and normalized to
the normal tissue genomic DNA. Finally, the number of amplification
for IRS2 was calculated as follows: copy number of the target gene
(IRS2)/copy number of the reference gene (ALB). Primers for IRS2
and MYCL copy number analysis were the following: IRS2 forward,
50-F CTTTAGTTGGCTGGCTCTGG-30; IRS2 reverse, 50-GTTGTC
TGCTCCTGCGAATAG-30; MYCL forward, 50-GGGTCTGCCT
TTT GTTCTTATCT-30; MYCL reverse, 50-AAAGGAGGGGACAT
TAGCAAG-30; ALB forward, 50-TGAAACATACGTTCCCAAAG
AGTTT-30; ALB reverse, 50-CTCTCCTTCTCAGAAA GTGTGCA
TAT-30. PCR products were purified using a PCR purification kit
and directly sequenced by standard procedures using forward and
reverse primers.

Microarray Experiments

Two patients (designated as 033 T and 694 T and PDXs 033 T and 694
T) were investigated, and a complete case set comprised a primary tu-
mor sample and corresponding xenografts. Total RNA was extracted
from the patient tissues and xenografts containing >80% tumor cell
content. Extracted RNA was hybridized to Agilent 60 K expression
microarrays, according to the manufacturer’s instructions.

In Vitro Drug Sensitivity Assay

Primary cultures of PDX cells in the serum-free sphere culture condi-
tions were seeded in 384-well plates, at 500 cells per well. Two hours
after plating, the cells were treated with a drug library in 3-fold and
10-point serial dilutions (n = 3, for each condition). Cells were incu-
bated for 6 days at 37�C, in a 5% CO2 humidified incubator, and the
cell viability was analyzed using an adenosine triphosphate moni-
toring system based on firefly luciferase (ATPlite 1step; PerkinElmer,
Waltham, MA, USA). The drug library comprised 43 targeted agents
that were included in the clinical guidelines or the present clinical tri-
als for the treatment of lung cancer (Table S1). All drugs were pur-
chased from Selleckchem (Houston, TX, USA). The drugs were stored
and diluted according to the manufacturer’s instructions. The tested
concentrations for each drug were empirically derived in order to
investigate a clinically relevant spectrum of drug activities. IC50 values
were calculated as an average of triplicate experiments using S+ Chip
Analyzer (Samsung Electro-Mechanics, Suwon, Korea). In order to
investigate the effects of the treatment with targeted agents, signal
transduction assays were performed.

Western Blotting

IRS2 high-expressing cells were transfected with short hairpin RNA
(shRNA) against control sequence, and IRS2 low-expressing cells
were transiently transfected with IRS2 for 48–72 h, followed by
treatment with or without ceritinib for 48–72 h at different concentra-
tions. Cells were then harvested for whole cell lysates with RIPA
buffer (50 mM HEPES [pH 7.5], 0.1% SDS, 1% NP-40, 0.5% sodium
deoxycholate, 150 mM NaCl, 50 mM NaF, 1 mM Na2VO4, 1 mM ni-
trophenylphosphate, and protease inhibitors). Immunoblotting was
performed with the following antibodies: phospho-AKT (Ser473;
Cell Signaling Technology, 9271), AKT (Cell Signaling Technology,
9272), GAPDH (Santa Cruz Biotechnology, sc-25,778), b-actin (Santa
Cruz Biotechnology, sc-47778), and IRS2 (Cell Signaling Technology,
3089S).

Xenograft Mouse Models

Nude mice (Orient Bio, Sungnam, Korea) were used for in vivo
studies and were cared for in accordance with the guidelines approved
by the Samsung Biomedical Research Institute (protocol No. H-A9–
003) and the Institute of Laboratory Animal Resources Guide. 8-
week-old female mice were injected subcutaneously with 5 million
A375P cells together with Matrigel. Once tumors reached an average
volume of 100 mm3, mice were randomized to the different treatment
cohorts; that is, they were randomized to receive ceritinib (20 or
50 mg/kg body weight per os (p.o.) daily for 17 days) or vehicle con-
trol (n = 5 for LDK-378, 20 mg or 50 mg; n = 5 for vehicle control).
Mice were observed daily throughout the treatment period for signs of
morbidity and/or mortality. Tumors were measured twice weekly us-
ing calipers, and tumor volume was calculated using the formula:
length � width2 � 0.52. Body weight was also assessed twice weekly.
The p values were determined with the Wilcoxon rank-sum test.

Statistical Analysis

The Mann-Whitney U and chi-square tests were used to evaluate the
differences between groups in both in vitro and in vivo assays. All sta-
tistical experiments were two sided, and p values < 0.05 were consid-
ered as statistically significant. SPSS software (v.17.0; Chicago, IL,
USA) was used for all statistical analyses.
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