The ALK inhibitors, alectinib and ceritinib, induce ALK-independent and STAT3-
dependent glioblastoma cell death
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Abstract:

Glioblastoma (GBM) is the most common, but extremely malignant, brain tumor; thus, the

development of novel therapeutic strategies for GBMs is imperative. Many tyrosine kinase inhibitors

(TKIs) have been approved for various cancers, yet none has demonstrated clinical benefit against

GBM. Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase (RTK) that is confirmed only

during the embryonic development period in humans. In addition, various ALK gene alterations are

known to act as powerful oncogenes and therapeutic targets in various tumors. The antitumor activity

of various TKIs was tested against four human GBM cell lines (U87MG, LN229, GSC23, and

MGGI152), which expressed substantially low ALK levels; second-generation ALK inhibitors,

alectinib and ceritinib, effectively induced GBM cell death. In addition, treatment with either alectinib

or ceritinib modulated the activation of various molecules downstream of RTK signaling and induced

caspase-dependent/independent cell death mainly by inhibiting signal transducer and activator of

transcription 3 activation in human GBM cells. In addition, alectinib and ceritinib also showed

antitumor activity against a U§7MG cell line with acquired temozolomide resistance. Finally, oral

administration of alectinib and ceritinib prolonged the survival of mice harboring intracerebral glioma

xenografts compared to controls. These results suggested that treatment with the second-generation

ALK inhibitors, alectinib and ceritinib, might serve as potent therapeutic strategies against GBM.
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1. Introduction

Glioblastoma (GBM) is the most common, but extremely malignant, brain tumor'. With the

current standard treatment, maximal safe tumor resection followed by chemoradiotherapy with

temozolomide (TMZ) against the residual tumor, the recurrence of GBMs is inevitable in most cases;

the median overall survival is less than two years?, and this poor prognosis has not been significantl
y poor prog g y

improved. In the past decades, many tyrosine kinase inhibitors (TKIs) targeting specific receptor

tyrosine kinases (RTKs) have been approved for various cancers®, and in recent years, some TKIs have

been investigated for the development of a novel therapeutic strategy for GBM. However, no TKI has

demonstrated clinical benefit so far*.

Anaplastic lymphoma kinase (ALK) is an RTK that was initially discovered as a fusion

nucleophosmin (NPM)-ALK gene in anaplastic large-cell lymphoma (ALCL)’. Under normal

conditions, human ALK expression is confirmed only during the embryonic development period, and

its physiological function is unclear, as ALK knockout mice do not exhibit any morphological defect

or infertility® 7. Recent studies have revealed a variety of ALK alterations, such as oncogenic fusion®

%, activating point mutation'®, and wild type gene amplification'' that act as powerful oncogenes in

various tumors. Importantly, together with the characteristic that normal wild-type ALK is not

expressed in adult humans, as mentioned above, these ALK mutations are also suggested as potent

tumor-specific therapeutic targets, and ALK inhibitors have been approved and used for clinical



treatment'2, The second-generation ALK inhibitor alectinib, which has been approved for the
treatment of advanced ALK-positive non-small-cell lung carcinoma (NSCLC) in 2015, is known to
block ALK activity with high specificity'*. In the study of EML4-ALK positive NSCLC and NPM-
ALK positive ALCL, treatment with alectinib subsequently constrains the activation of signal
transducer and activator of transcription 3 (STAT3) and protein kinase B (AKT) in these cells and
suppresses cell growth'. In another study investigating the safety and activity of alectinib against
brain metastasis of NSCLC, 52% of patients experience partial response according to response
assessment criteria of the RECIST version 1.1'%. Ceritinib is another second-generation ALK inhibitor
that was approved for the treatment of ALK-positive NSCLC in 2014. As a feature of ceritinib, this
agent is orally available and possesses high selectivity against ALK, 20-fold more than the first-
generation ALK inhibitor, crizotinib'®. In addition, a multicenter phase II trial also revealed a 45%
objective intracranial response in brain metastases cases upon RECIST version 1.1 assessment'®.

In this study, the effects of various TKIs against GBM cell lines were investigated. Among
them, it was found that second-generation ALK inhibitors, alectinib and ceritinib, effectively induced
GBM cell death. Therefore, their antitumor activities were further studied against multiple human
GBM cells in vitro and in vivo. Alectinib and ceritinib effectively induced cell death in established and

patient-derived human GBM cell lines, even without ALK expression and activation. In addition,

alterations of the multiple RTK downstream signaling pathways were observed by alectinib or ceritinib



treatment against GBM cells. Furthermore, Alectinib and ceritinib exhibited antitumor efficacy against

TMZ-resistant GBM cells. Finally, alectinib and ceritinib prolonged survival in an intracranial

xenograft mouse model using US7MG GBM cells. These results suggest the possibility of second-

generation ALK inhibitors as novel GBM therapeutic reagents.



2. Material and Methods

2.1. Reagents and Antibodies

Reagents and antibodies used in this study are described in the Supplementary Materials and

Methods.

2.2. Cell culture

Details of cell lines, culture media formulation, and culture conditions are described in the

Supplementary Materials and Methods.

2.3. Cell death assay

Cellular nuclei stained with 100 mmol/L Hoechst 33342 and 4.0 mg/mL propidium iodide

(PI; Thermo Fisher Scientific, Waltham, USA) were counted using a fluorescence microscope (IX81-

ZDC-DSU; Olympus, Tokyo, Japan), three independent times. At least 500 cells per sample were

examined to calculate the ratio of Pl-positive dead cells from the Hoechst-positive total number of

cells.

2.4. Cell proliferation and cytotoxicity assay



Cell proliferation and cytotoxicity assays were performed using the Cell Counting Kit 8

(CCK-8, Do Jindo Molecular Technologies, Tokyo, Japan). The cells were cultured in 96-well plates

overnight and incubated with various concentrations of the compounds for 48 h. The assays were

performed three independent times, following the manufacturer’s protocol.

2.5. RNA isolation, cDNA synthesis, and quantitative real-time PCR

Details of RNA isolation, cDNA synthesis, and quantitative real-time PCR analysis are

described in the Supplementary Materials and Methods.

2.6. Immunoblot analysis

Immunoblot analysis details are described in the Supplementary Materials and Methods.

2.7. Small interfering RNA (siRNA)-mediated gene knockdown

siRNA-mediated gene knockdown was performed by transfection of 20 nmol/L of Stealth

Select RNAi (Thermo Fisher Scientific) using the Lipofectamine RNAiIMAX Transfection Reagent

(#13778075, Invitrogen, Carlsbad, USA). Details of siRNAs used in this study are described in the

Supplementary Materials and Methods.



2.8. Animals and tumor models

Female BALB/c nu/nu athymic mice (specific-pathogen-free/virus-antibody-free, six

weeks old) were obtained from Charles River Japan (Tokyo, Japan). Intracranial xenografts were

generated by stereotactically implanting U87MG cells (1 x 10° cells in 2 uL. PBS) or GSC23 cells

(1 x 10’ cells in 2 uL PBS) into the right cerebral hemisphere using a Hamilton syringe and a

stereotactic micro-injector (Narishige, Tokyo, Japan) at a depth of 3.0 mm. Control vehicle or

ALK inhibitor (ceritinib or alectinib) was administered to mice via oral gavage for 14 consecutive

days. For the oral injections, alectinib was dissolved in 0.02 N HCI, 10% DMSO, 10% Cremophr

EL, 15% PEG400, and 15% hydroxypropyl-beta-cyclodextrin, while ceritinib was dissolved in

0.5% methylcellulose 400, 0.5% Tween 80. Mice were maintained in 14 h light/10 h dark cycles

by animal husbandry staff with no more than five mice per cage; experimental animals were

housed together. Animals were monitored until neurological signs, including hunched posture and

weight loss, were observed, at which point they were sacrificed. Survival was plotted using

Kaplan—Meier curves with statistical analysis via a log-rank test. All animal studies were

conducted under the protocols approved by the Committee for Ethics of Animal Experimentation

of the National Cancer Center, and the experiments were carried out in accordance with the

Guidelines for Animal Experiments.



2.9. Statistical analysis

The cytotoxicity of various TKIs, including alectinib and ceritinib, for the different cell lines

obtained from the in vitro dye-exclusion method were compared using 2-way analysis of variance

(ANOVA). A comparison of cell death with or without the pan-caspase inhibitor, Z-VAD-FMK,

obtained from the in vivo dye-exclusion method, was performed using ANOVA. Results of in vivo

survival assays were compared using the log-rank test. A P value < 0.05 was considered significantly

different. All analyses were performed using GraphPad Prism 9 software (GraphPad Software, San

Diego, CA, USA).



3. Results

3.1. The ALK inhibitors, alectinib and ceritinib, specifically induced human GBM cell death

First, to investigate the cytotoxic effects of TKIs in GBM cells, U87MG and LN229 human

GBM cell lines were treated with the six single-targeted TKIs with different RTKs (erlotinib

[epidermal growth factor receptor (EGFR) inhibitor], AG1478 [EGFR/phosphatidylinositol 4-kinase

alpha inhibitor], linsitinib [insulin like growth factor 1 receptor (IGF1R)/insulin receptor (InsR)

inhibitor], imatinib [platelet-derived growth factor receptor (PDGFR)/breakpoint cluster region- ABL

protooncogene 1 (BCR-ABL)/c-Kit inhibitor], and two ALK inhibitors [alectinib and ceritinib]). After

48 h of treatment, cell death was quantified as described in the Materials and Methods. Among these

TKIs, only alectinib and ceritinib effectively induced cell death in both U§7MG and LN229 cells

(Figure 1). These results suggested specific antitumor effects of the ALK inhibitors in GBM cells

among various TKIs.

3.2. The second-generation ALK inhibitors, alectinib and ceritinib, inhibited the proliferation of

human GBM cell lines

Next, the effects of the second-generation ALK inhibitors, alectinib and ceritinib, against

four human GBM cell lines (including two additional patient-derived human GBM cell lines (GSC23

and MGG152)) were investigated to further generalize the antitumor effects of ALK inhibitors against



human GBM cells. The effects of both alectinib and ceritinib on cellular proliferation of these four

cell lines were assessed using the CCK-8 assay. Both alectinib and ceritinib inhibited the proliferation

of all four GBM cell lines in a dose-dependent manner after 48 h of treatment (Figure 2). In addition,

the ICsp values of ceritinib were consistently lower than those of alectinib, suggesting ceritinib's higher

antitumor efficacy against GBM cells. Collectively, these data demonstrated the antitumor effects of

ALK inhibitors against GBM cells.

3.3. ALK expression in human GBM cells was substantially low

Previous studies have reported that ALK expression levels in GBM cell lines are generally

low!”!°, Therefore, the question was asked how ALK was expressed and activated in the GBM cells

used in this study. To determine this, ALK mRNA and protein levels in the four GBM cell lines used

in the above experiments were investigated. Quantitative PCR demonstrated moderate ALK mRNA

expression in US7MG cells compared to Nagai cells, a neuroblastoma cell line harboring amplified

wild-type ALK with addiction, used as a positive control in this study. However, in the other cell lines,

ALK mRNA expression was substantially lower than that in U§7MG and Nagai cells (Figure 3A). In

addition, immunoblot analysis demonstrated that ALK protein expression was detectable in US7MG

cells at a weak level, but was almost undetectable in the other three cell lines compared to Nagai cells

(Figure 3B). Further, tyrosine phosphorylation of the ALK kinase domain, recognized as an activation



barometer of ALK, was not confirmed in any of the four GBM cell lines, whereas this event was

observed in Nagai cells and blocked by alectinib or ceritinib treatment (Figure 3B). These results

suggested that alectinib and ceritinib might induce cell death in the four GBM cell lines via ALK

expression/activity-independent machinery.

3.4. Alectinib and ceritinib induced caspase-dependent/independent cell death in human GBM cells

The above data prompted the exploration of how alectinib and ceritinib induced GBM cell

death. Hence, the type of GBM cell death induced by alectinib or ceritinib treatment was next

investigated. After treatment of the four GBM cell lines with the indicated dose of alectinib and

ceritinib for 48 h, cell death of these cells was assayed using the dye-exclusion method. As shown in

Figure 4A, alectinib and ceritinib effectively induce cell death in a dose-dependent manner, and

ceritinib shows higher cytotoxicity than alectinib in all four cell types. In addition, alectinib did not

induce cell death in normal fibroblasts and astrocyte cells (data not shown). Next, to clarify what kind

of cell death was induced in GBM cells by alectinib and ceritinib, the involvement of apoptosis, one

of the representative programmed cell death machinery, was investigated. Lysates of the four GBM

cells used in Figure 4A were analyzed by immunoblotting 48 h after alectinib and ceritinib treatment.

The cleavage of poly ADP-ribose polymerase (PARP), a well-established marker of ongoing

apoptosis®, is observed in a dose-dependent manner of alectinib or ceritinib treatment in all four cell



types with a few exceptions (Figure 4B). In addition, to further confirm the involvement of apoptosis

in alectinib or ceritinib-induced GBM cell death, US7MG and LN229 cells were treated with alectinib

or ceritinib in the presence or absence of pan-caspase inhibitor zZVAD-FMK (z-VAD) treatment and

subjected to cell death and immunoblotting assays. Whereas the co-treatment of alectinib or ceritinib

with z-VAD almost completely suppressed cleavage of PARP induced by alectinib or ceritinib, it only

partially blocked alectinib or ceritinib-induced cell death in both cell lines (Figure 4C). Furthermore,

in LN229 and GSC23 cells, treatment with higher concentrations of alectinib or ceritinib did not result

in a further increase of PARP cleavage (Figure 4B). These results suggested that non-apoptotic cell

death signaling, as well as caspase-dependent apoptosis cascades, might be activated in GBM cells

treated with alectinib or ceritinib.

3.5. Alectinib or ceritinib modulated the activation of various molecules downstream of RTK signaling

and induced cell death mainly by suppressing STAT3 activation in human GBM cells

Because caspase-dependent/independent GBM cell death triggered by alectinib and ceritinib

was revealed, the molecular mechanism regulating this event was next investigated. On this occasion,

it was hypothesized that alectinib and ceritinib might induce GBM cell death by other RTKSs rather

than their original target, ALK. Therefore, the representative downstream signaling pathways, which

are common to RTKs, namely, STAT3, PI3K/Akt, and MAPK-ERK1/2-mediated pathways were



investigated. In US7MG, LN229, and GSC23 cells, alectinib induced dose-dependent suppression of

the tyrosine phosphorylation of STAT3 and activation of the tyrosine phosphorylation of Janus kinase

2 (JAK2), which induces tyrosine phosphorylation of STAT3 (Figure 5A). Conversely, MGG152 cells

upregulated STAT3 phosphorylation following alectinib treatment. At this time, the tyrosine

phosphorylation of JAK2 was not confirmed in MGG152 cells. In all GBM cells, ceritinib

downregulated phosphorylation of Akt (Ser473) and ERK1/2 (Thr202/Tyr204), the activation

barometer of each molecule, in addition to altered tyrosine phosphorylation of STAT3 and JAK2

(Figure 5B). Taken together, despite the lack of ALK activation, treatment with alectinib or ceritinib

suppressed RTK downstream signaling in GBM cells.

Moreover, the association between the above downstream signaling and cell death was also evaluated.

The phosphorylation of STAT3, AKT, and ERK1/2 was independently inhibited by their specific

inhibitors, stattic (a STAT3 inhibitor), LY-294002, and trametinib (Figure 5C). Treatment with 10 uM

stattic exhibited high levels of cell death. In contrast, LY-294002 and trametinib did not induce similar

amounts of cell death in U87MG cells as that of alectinib or ceritinib (Figure 5D). In addition, the

concomitant treatment with ceritinib and various inhibitors did not demonstrate additional effects

(Figure S1). These results suggested that cell death induced by ceritinib originated from the

suppression of RTK signaling pathways, especially STAT3 suppression.



3.6. ALK, IGF1R, or InsR knockdown by siRNA did not induce cell death

Because of the similarity of the kinase domain structure to each other, even single-targeted

TKIs also block the activity of other tyrosine kinases when higher doses are used®'">. Therefore, it

was hypothesized that alectinib or ceritinib also affected other tyrosine kinases, thereby inducing GBM

cell death. Indeed, although the efficiency is approximately 80-fold lower than that of ALK, ceritinib

also possesses enzymatic affinities and inhibitory effects on IGFIR and InsR, which belong to the

insulin receptor superfamily, as well as ALK?*. Alectinib also suppresses RTK rearranged during

transfection (RET), although the expression and activation of RET were undetected in all GBM cell

lines used in the study (data not shown). Therefore, whether IGF1R or InsR knockdown induces GBM

cell death was tested. To determine this, IGF1R, InsR, and ALK were individually knocked down in

U8TMG cells, and the induction of cell death was assayed. As shown in Figure 6, each siRNA

effectively suppresses the expression of IGF1R, InsR, or ALK, 48 h after treatment with each siRNA.

However, none of these siRNAs triggered U87MG cell death (Figure 6), suggesting that alectinib and

ceritinib might induce GBM cell death independently of their known targets.

3.7. Alectinib and ceritinib induced cell death in a TMZ-resistant GBM cell line

As mentioned in the introduction, the relapse of GBM cases by acquisition of resistance

against current standard therapy is a major problem, and the identification of a novel therapy against



these relapsed GBM cases is an urgent necessity. Based on the established results in this study, it was

presumed that the off-target activity of alectinib or ceritinib might induce GBM cell death by inhibiting

the activation of RTK downstream mediators. This cytotoxic mechanism is considered to be distinct

from that of TMZ, an alkylating agent that is currently used for standard therapy of GBMs worldwide?.

Thus, the antitumor effects of alectinib and ceritinib against GBMs with acquired TMZ resistance

were investigated. The in vitro model of GBM cells with acquired TMZ resistance was established

using US7MG cells (U87MG-R), and then US7MG-R cells were treated with various doses of alectinib

and ceritinib. Alectinib or ceritinib (10 uM) effectively induced cell death in US7MG-R cells, whereas

TMZ did not induce cell death in U§7MG-R cells at a significantly high concentration (400 uM)

(Figure 7). These results suggest that alectinib and ceritinib are potential candidates as novel

therapeutic agents against GBM cases that relapse after standard therapy.

3.8. Orally administrated alectinib and ceritinib significantly prolonged the survival of mice with

intracerebral glioma xenografts

Finally, whether alectinib and ceritinib exerted antitumor effects in animal GBM

models was investigated using systemic administration. The intracranial GBM model using BALB/c

nu/nu athymic mice was established by intracranial inoculation of U87MG or GSC23 cells, and control

vehicle or the indicated dose of ALK inhibitors were orally administrated to these mice once a day for



14 consecutive days, as described in the Materials and Methods. Ceritinib (50 mg/kg) or alectinib (60
mg/kg) significantly prolonged the survival of mice harboring intracerebral US7MG or GSC23

xenografts, respectively (Figure 8). Thus, the antitumor efficacy of alectinib and ceritinib in an animal

brain tumor model was confirmed.



4. Discussion

1719 and these reports are

ALK expression levels in GBM cell lines are generally very low
consistent with the current results. In addition, in the clinical database, ALK mutations in GBM cases
are rare events that only occur in 1% of patients with GBM?. Therefore, the possibility of using ALK
inhibitors as therapeutic agents for GBM has not been fully investigated. This study demonstrated
their versatile potential for the first time.

Although the precise mechanism of cell death was not fully elucidated, alectinib and
ceritinib suppressed the common RTK downstream signals, including STAT3 activation, independent
of ALK activity and induced GBM cell death in this system. Because a previous report demonstrated
that STAT3 is constitutively activated in GBM, whose inhibition suppresses proliferation and induces

26.27.28 the suppression of STAT3 activity plays a crucial role in alectinib- or

apoptosis of GBM cells
ceritinib-induced GBM cell death.
As the sequence of the ATP-binding domain of RTKs is conserved to some extent?!, TKIs

222 and off-target TKI activities

often face difficulties retaining their specificities and selectivities
have been previously reported. One example is imatinib, which originally targets BCR-ABL, ¢-KIT,
and PDGFR, and also induces apoptosis in cells from patients with chronic lymphocytic leukemia

lacking its original targets in clinically achievable concentrations®’. In addition, AMN107 (nilotinib)

targeting BCR-ABL, c-KIT, and PDGFR arrests cell proliferation and induces apoptosis in B-



lymphocytic cell lines lacking BCR-ABL, ¢c-KIT, and PDGFR expression®”. In line with this evidence,

the off-target activity of crizotinib, a potent inhibitor of ALK and MET, has been previously reported;

the (R)-enantiomer of crizotinib is a kinase inhibitor, whereas the major target of the (S)-enantiomer

of crizotinib is the MutT homolog 1 enzyme®', which prevents the generation of point mutations
g y p g p

caused by the incorporation of oxidized nucleotides into genomic DNA***. Even though neither

alectinib nor ceritinib has recognized enantiomers exhibiting unexpected functions, further studies

exploring the chemical characteristics or the metabolites of alectinib and ceritinib are warranted.

The comparably high ICso values of alectinib and ceritinib also indicate their off-target

activities against GBM cells. The determined ICso values of alectinib and ceritinib for GBM cell lines

were higher than those of other cell lines previously reported. For example, the ICso values of alectinib

for NSCLC cell lines harboring the ALK G1269A mutation and EML4-ALK fusion are 33.1 and 53

nM, respectively'® *>. Compared to these results, GBM cell lines require a considerably higher

concentration of the ALK inhibitor to inhibit their proliferation. However, past pharmacokinetic

studies revealed that the maximal plasma concentrations of alectinib and ceritinib at clinically

recommended doses reach 1.4 and 1.8 uM>®%37, respectively. Based on these findings, the ICso values

of alectinib and ceritinib for GBM cell lines, especially patient-derived serum-free cultured cells, are

considered to be clinically relevant.

It was noteworthy that alectinib and ceritinib exhibited antitumor activity against GBM cells



with acquired resistance against TMZ. Since the efficacy of concurrent and adjuvant treatment in adult

GBM patients has been demonstrated since 2005, TMZ is the current, most widely applied

chemotherapeutic agent first-line treatment for GBMs?. However, GBMs often gain resistance against

TMZ after continuous treatment and relapse rapidly thereafter’®, and there is no effective therapy

against these relapsed GBMs. Consequently, recurrent GBMs acquire TMZ resistance, and GBM

treatment becomes even more challenging. In this study, alectinib and ceritinib demonstrated

antitumor potency in TMZ-resistant GBM cells. This result expands the possibility that ALK inhibitors

are promising chemotherapeutic agents for patients with recurrent or TMZ-resistant GBM.

Lastly, in the in vivo study, treatment with 50 mg/kg ceritinib prolonged the survival of mice

harboring intracerebral xenografts of US7MG cells, and 60 mg/kg alectinib demonstrated its efficacy

against the xenografts of GSC23 cells with statistical significance. In this study, fixed doses of ALK

inhibitors were administered for a limited period. A higher dose or longer period of ALK inhibitors

might further prolong the survival of mice xenograft models. These in vivo results suggest that ALK

inhibitors are promising therapeutic agents against GBM.

In conclusion, it was demonstrated that the second-generation ALK inhibitors, alectinib and

ceritinib, were efficacious against GBM cells even without aberrant ALK expression. Although the

precise mechanism was not fully determined, these results strongly suggested that alectinib and

ceritinib induced GBM cell death by off-target activity. Additionally, they demonstrated their



antitumor efficacy against TMZ-resistant GBM cells in vifro and in vivo in an intracranial GBM

xenograft model. Thus, second-generation ALK inhibitors are a promising and novel therapeutic agent

for patients with GBM, including recurrent or TMZ-resistant GBM.
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6. Figure legends

FIGURE 1

The second-generation anaplastic lymphoma kinase (ALK) inhibitors, alectinib and ceritinib,
specifically induce glioblastoma (GBM) cell death.

Human GBM cell lines, U87MG and LN229, have been treated with DMSO (vehicle) or indicated
doses of erlotinib (epidermal growth factor receptor [EGFR] inhibitor), AG1478
(EGFR/phosphatidylinositol 4-kinase alpha [PI4KA] inhibitor), linsitinib (insulin like growth factor 1
receptor [IGF-1R]/insulin receptor [InsR] inhibitor), imatinib (breakpoint cluster region-ABL
protooncogene 1 [BCR-ABL]/c-Kit/platelet-derived growth factor receptor [PDGFR] inhibitor), or
alectinib (ALK/rearranged during transfection [RET] inhibitor), or ceritinib (ALK inhibitor). After 48

h, the mortality rate of these cells is determined using a dye exclusion assay.

FIGURE 2

Alectinib and ceritinib inhibit the proliferation of human glioblastoma (GBM) cell lines.
U87MG and LN229 cells (established human GBM cell lines) and GSC23 and MGG152 cells (patient-
derived human GBM cell lines) are treated with vehicle (DMSO) or the indicated dose of alectinib or

ceritinib. After 48 h, the relative ratio of viable cell numbers of the treated cells is determined using a



Cell Counting Kit 8 (CCK-8) assay.

FIGURE 3

Expression levels of anaplastic lymphoma kinase (ALK) in glioblastoma (GBM) cells are

extremely low.

A. ALK mRNA expression levels in indicated GBM cell lines (U87MG, LN229, GSC23, and

MGG152) and Nagai cells, a human neuroblastoma cell line harboring amplified wild-type ALK, as

determined using quantitative PCR analysis. GAPDH mRNA expression serves as the amount of RNA

loaded in each sample. B. The indicated GBM cell lines and Nagai cells are treated with vehicle

(DMSO), alectinib (3 uM), or ceritinib (3 pM). After 4 h, cell lysates are analyzed by immunoblotting

using the indicated primary antibodies. Antibody against GAPDH is used to confirm the amount of

protein loaded in each sample.

FIGURE 4

Alectinib and ceritinib induce caspase-dependent/independent cell death in glioblastoma (GBM)

cells.

A. Indicated GBM cells and Nagai cells are treated with vehicle (DMSO) or the indicated dose of

alectinib or ceritinib for 48 h. The cell death rate is determined by dye exclusion assay. *p < 0.05,



*¥*%kp < 0.001, ****p < 0.0001. B. Indicated GBM cells are treated with vehicle (DMSO) or the

indicated dose of alectinib or ceritinib. After 48 h, cell lysates are analyzed by immunoblotting using

the indicated primary antibodies, as in Figure 3B. C. U§7MG and LN229 are treated with alectinib (7

uM for US7MG and 5 uM for LN229) and ceritinib (5 uM for U87MG and LN229) in the presence

or absence of pretreatment with pan-caspase inhibitor z-VAD-FMK (100 uM) for 3 h. After 48 h, cell

death rate is determined by dye exclusion assay (left). Cell lysates of equally treated cells are analyzed

by immunoblotting using the indicated primary antibodies, as in Figure 3B. *p < 0.05, **p < 0.01,

**%p <0.001.

FIGURE 5

Alectinib and ceritinib modulate the activation of the various molecules downstream of receptor

tyrosine kinase (RTK) signaling.

A. Indicated glioblastoma (GBM) cells are treated with the indicated dose of alectinib. After 4 h, cell

lysates are analyzed by immunoblotting using the indicated primary antibodies, as in Figure 3B. B.

Indicated GBM cells are treated with the indicated dose of ceritinib. After 4 h, cell lysates are analyzed

by immunoblotting using the indicated primary antibodies, as in Figure 3B. C. U§7MG cells are

treated as in Figure SA. After 48 h, cell lysates are analyzed by immunoblotting using the indicated

primary antibodies, as in Figure 3B. D. US7MG cells are treated with the indicated dose of Stattic (a



signal transducer and activator of transcription 3 [STAT3] inhibitor), LY29644 (a PI3K inhibitor), or

Trametinib (a MEK inhibitor). After 48 h, the cell death rate is determined using a dye exclusion assay.

FIGURE 6

Knockdown of anaplastic lymphoma kinase (ALK), insulin like growth factor 1 receptor

(IGF1R), or insulin receptor (InsR) by siRNA does not induce cell death.

A. UBTMG cells are transfected with the indicated siRNAs. After 48 h, cell death rate is determined

using a dye exclusion assay. B. U87MG cells are treated as in Figure 6A. After 48 h, cell lysates are

analyzed by immunoblotting using the indicated primary antibodies. Data from the anti-GAPDH

antibody serves as a protein loading control.

FIGURE 7

Alectinib and ceritinib effectively induce cell death even against glioblastoma (GBM) cells with

acquired temozolomide (TMZ) resistance.

U87MG cell clones with acquired TMZ resistance are treated with the indicated doses of alectinib,

ceritinib, or TMZ. After 48 h, cell death is determined by dye exclusion assay. ****p < 0.0001.

FIGURE 8



Oral administration of alectinib or ceritinib prolonged the survival of mice with intracerebral

glioblastoma (GBM) xenografts.

A. U87MG intracranial xenograft-bearing mice are treated with either alectinib or ceritinib for 14

consecutive days (days 4—17). Survival data of each treated mouse are presented in a Kaplan—-Meier

curve. *p <0.05.

B. GSC23 intracranial xenograft-bearing mice are treated with either 60 mg/kg alectinib or ceritinib

for 14 consecutive days (days 4—17). Survival data of each treated mouse are presented in a Kaplan—

Meier curve. *p < 0.05.
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8. Supplementary materials and methods

1. Reagents and Antibodies

Alectinib (CH5424802) and Ceritinib (LDK378) were purchased from Cayman Chemical (Ann Arbor,
USA) and Selleck Chemicals (Houston, USA), respectively. Z-VAD-FMK was purchased from
Peptide Institute (Japan). The rabbit ALK antibody was raised and purified as previously described'®.
The antibodies against phospho-ALK (Tyr 6104, #3341), alpha-Tubulin (#2125), Claeved-PARP
(#5625), GAPDH (#3683), Phospho-STAT3 (#9131), STAT3 (#9139), Phospho-JAK2 (#3776), JAK2
(#3230), phospho-Akt (#9271), Akt (#9272), Phospho-p44/42 MAPK (Erk1/2, #4370), p44/42 MAPK
(ERK1/2, #4695), IGF-1 receptor beta (#3027), and insulin receptor beta (#23413) were purchased
from Cell Signaling Technology (Danver, USA).

2. Cell culture

Human glioma cell lines U§7MG (provided by Prof. Collins, University of Cambridge, UK), LN229
(generously provided by Dr. Tamura, Tokyo Medical and Dental University with permission from Prof.
Nagane, Kyorin University, Japan), and human neuroblastoma cell line Nagai (provided by
Carcinogenesis Division, National Cancer Center Research Institute, Japan) were cultured in RPMI-
1640 medium (C11875500BT, Gibco, Waltham, USA) supplemented with 10% fetal bovine serum
(FBS; biowest, Am Staad, Germany) and penicillin-streptomycin (1%, P433, Sigma-Aldrich, St. Louis,
USA). Human glioblastoma patient-derived cells, GSC23 (generously provided by Professor Furnari,
Ludwig Institute for Cancer Research, USA) was cultured in serum-free DMEM/F12 1:1 medium
(#11320-082, Invitrogen, Carlsbad, USA) with B27 supplement without Vitamine A (1%, #12587-010,
Invitrogen), EGF (20 ng/ml, AF-100-15, PeproTech Inc., Rocky Hill, USA), FGF (20 ng/ml, AF-100-
18B, PeproTech Inc.), Glutamax (0.5mM, #35050061, Gibco), 45% Glucose (0.15%, G8769, Sigma-
Aldrich) and 7.5% NaHCO3 (0.17%, S8761, Sigma-Aldrich). MGG152 (generously provided by Dr.
Wakimoto, Massachusetts General Hospital, USA) was cultured in serum-free Neurobasal medium
(#21103049, Gibco) with B27 supplement without Vitamine A (1%, #12587-010, Invitrogen), EGF
(20 ng/ml, AF-100-15, PeproTech Inc.), FGF (20 ng/ml, AF-100-18B, PeproTech Inc.), Glutamax
(0.5mM, #35050061, Gibco), N-2 Supplement (0.25%, #17502048, Gibco), Heparin Solution (5001U,
#07980, STEMCELL, Vancouver, Canada) and penicillin-streptomycin (1%, P4333, Sigma-Aldrich).
TMZ-resistant clones of US7MG cells (US7MG-R) were established based on the protocol previously
we used with minor modification'’. In detail, U87MG cells were culture for one year under continuous
TMZ treatment (100uM, dissolved in DMSO; T2744, Tokyo Chemical Industry, Tokyo, Japan).
U87MG-R was cultured without TMZ for one week before assay to avoid the effects of TMZ treatment.
These cell lines were maintained by the serial passage at 37°C in a humidified atmosphere containing

5% COa.



3. RNA isolation, cDNA synthesis, and Quantitative real-time PCR

Total RNA was isolated from cells using QIAzol lysis reagent (108-95-2, QIAGEN, Hiden,
Germany) and the miRNeasy 360 Mini Kit (#217004, QLAGEN) according to the manufacturer’s
instructions. The concentration and purity of RNA were quantified by NanoDrop (Thermo
Scientific). 500 ng of total RNA was reverse transcribed to cDNA using SuperScript III Reverse
Transcriptase (Thermo Scientific) with random hexamers. Quantitative real-time PCR (qPCR)
was carried out using CFX96 Touch Real-Time PCR detection system (Bio-Rad, Hercules, USA)
in 96 well microtiter plates. Amplification mixture consisted of SYBR Green master mix
(Fermentas, Waltham, USA), 100 nM forward (5’-GACCTCCTCCATCAGTGACC-3’) and
reverse (5’- CACCTGGCCTTCATACACCT-3’) primers (Sigma Aldrich) and 24ng cDNA
template. Amplification was carried out with an initial denaturation step at 95°C for 20 s followed
by 40 cycles of denaturation at 95°C for 20 s, and primer annealing and extension at 60°C for 30
s. Upon completion of the cycling steps, a melt curve analysis was carried out to confirm the lack
of primer dimers. The geometric mean of housekeeping gene GAPDH was used as an internal
control to normalize the variability in expression level. All reactions were run in duplicate, and

the mean was used for further calculations.
4. Immunoblot analysis

Cells were collected and lysed in Laemmuli’s cell lysis buffer (62.5mM Tris-HCI, pH 6.8; 2%
SDS; 10% Glycerol) containing 2% (v/v) phosphatase inhibitor cocktail (#07575-51, nacalai
tesque, Kyoto, Japan) and 2% (v/v) protease inhibitor cocktail (#25955-11, nacalai tesque).
Sonicated the cell suspension with Vibra-Cell VC 130 (Sonic & Materials, Inc., Newtown, USA)
for 40 s, and kept on ice. The Pierce BCA protein assay kit (Thermo Scientific) was utilized for
the determination of protein concentration. Equal amounts of protein samples (50ug) were mixed
with SDS Laemmli loading buffer, boiled for 10min, and subjected to SDS-PAGE. The separated
proteins were electrophoretically transferred to Immobilon-P membranes (Millipore, Burlington,
USA). After blocking in Blocking One (#03953-95, Nacalai Tesque), the membranes were
incubated independently with an appropriate primary antibody. After incubated with appropriate
secondary bodies, the bands were detected using Signal Enhancer HIKARI for Western Blotting
and ELISA (#02270-81, Nacalai Tesque) and documented using an Amersham Imager 600 (GE
Healthcare, Chicago, USA).

5. siRNA

Stealth RNAi siRNA Negative Control GC Duplex #3 (Thermo Fisher Scientific) was used as the
negative control siRNA. The siRNAs targeting ALK or insulin-like growth factor 1 (IGF1R) or insulin



receptor (InsR) were as follows.

ALK #1 (sense): 5'-GGGACUGGUCAUAGCUCCUUGGAAU-3'
ALK #2 (sense): 5'-CCGAUAUGGUCUGGAGUGCAGCUUU-3'
IGF1R #1 (sense): 5'-UCUUCAAGGGCAAUUUGCUCAUUAA-3'
IGF1R #2 (sense): 5'-CCUGUGAAAGUGACGUCCUGCAUUU-3’
IR #1 (sense): 5'-AGGCAACAAUCUGGCAGCUGAGCUA-3’

IR #2 (sense): 5'-UCGAAGGACACUUGCAGAUACUCUU-3’





