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Abstract

Neuroblastoma accounts for 15% of cancer-related deaths in children, highlighting an unmet need for novel therapies. Selinexor is a
small molecule inhibitor of XPO1. XPO1 shuffles cargo proteins with a nuclear export sequence from the nucleus to the cytosol, many
of which are essential for cancer growth and cell maintenance. We systematically tested the effect of selinexor against neuroblastoma
cells in vitro and in vivo and used an advanced proteomic and phosphoproteomic screening approach to interrogate unknown
mechanisms of action. We found that selinexor induced its cytotoxic effects in neuroblastoma through the predominantly nuclear
accumulation of p53 and global activation of apoptosis pathways. Selinexor also induced p53 phosphorylation at site S315, which is
one initiating step for p53 degradation. Since this phosphorylation step is undertaken mostly by aurora kinase A (AURKA), we used
the clinically available AURKA inhibitor, alisertib, and found p53-mediated lethality could be further augmented in three orthotopic
xenograft mouse models. These findings suggest a potential therapeutic benefit using selinexor and alisertib to synergistically increase

p53-mediated cytotoxicity of high-risk neuroblastoma.
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Introduction

Neuroblastoma (NB) is the most common extra-cranial solid tumor of
childhood."* Half of all newly diagnosed patients present with high-risk
disease, which may be associated with amplification of MYCN or unbalanced
11q (loss of heterozygosity), markers of poor prognosis.” Despite therapeutic
advances in recent years, only 50% of high-risk patients achieve long-term
remission using intensive multimodal therapy, which is accompanied by
significant long-term morbidity, highlighting the need for new therapeutic
approaches.*

* Corresponding authors at: 10 Center Drive, Bethesda, MD, 20892, USA.

E-mail addresses: hongharosa.nguyen@nih.gov (R. Nguyen), thiclec@nih.gov (C.J.
Thiele).
* Conflict of interest statement: The authors declare no conflict of interest.
Received 15 January 2022; received in revised form 6 February 2022; accepted 8 February
2022

© 2022 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
https://doi.org/10.1016/j.ne0.2022.100776

Selinexor is a first-in-class orally bioavailable small molecule inhibitor
of nuclear export (SINE) that inhibits Exportin 1 (XPO1) through slowly
reversible covalent bond formation with XPO1’s hydrophobic groove.’
XPOL is an essential regulator of many nuclear cargo proteins with leucine-
rich nuclear export sequences and is required for their transport into the
cytosol. Over 300 XPO1-dependent cargo proteins have been identified
thus far, including many transcription factors, oncoproteins, and cell cycle
regulators.® By binding to the hydrophobic groove of XPO1, selinexor
prevents the formation of a temporary cargo protein complex.’ and leads to
degradation of XPO1’

As single agents are rarely active in clinical trials, we sought to
rationally approach potential selinexor drug combinations by exploring in
an unbiased manner, mechanisms responsible for selinexor’s activity in NB.
With significant improvements of mass spectrometry (MS)-based proteomic
technologies in recent years, unbiased proteomic profiling has become a
mainstream approach for exploring molecular mechanisms.® Given the large
number of XPO1-targets, we applied an advanced tandem mass tag (TMT)-
liquid chromatography (LC)/LC-MS/MS based pipeline for deep whole-
cell proteomic and phospho-proteomic analyses to identify critical target
proteins and pathways that elucidate mechanisms mediating selinexor’s effects
in NB. The identification of mechanisms mediating selinexor’s activity
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may reveal pathways and support trials with more rationally designed drug
combinations.

In MYCN-amplified and wild-type (WT) NB, we found that treatment
with selinexor induced an accumulation of nuclear p53, which was directly
associated with increased cell death. The activity of selinexor was attenuated
in p53-mutant, or -null NB cells. Further, nuclear accumulation of p53
occurred with an increased phosphorylation (P) status at site S315. This
site is implicated in p53 degradation and homeostasis.” As aurora kinase A
(AURKA) phosphorylates p53 at this specific site,” we sought to investigate
potential cytotoxic synergy by combining selinexor with the aurora kinase A
(AURKA) inhibitor, alisertib. Combined agents significantly increased tumor
cell death in vitro and in three MYCN-amplified and -WT orthotopic NB
xenograft models compared to single-agent therapy. Given the known toxicity
profiles and potential therapeutic benefits, we propose clinical testing of
selinexor and alisertib in children with high-risk NB.

Methods

Tumor cells

All cell lines used in this study were obtained from the cell line bank of the
Pediatric Oncology Branch of the National Cancer Institute. Their identity
was genetically verified by short tandem repeat (STR) analysis and they were
routinely tested and found to be negative for mycoplasma by polymerase
chain reaction (PCR; ATCC). The molecular properties of these lines are
summarized in Supplementary Table 1. NB cell lines were maintained in
RPMI 1640 medium (Lonza) supplemented with 10% heat-inactivated fetal
bovine serum (Atlanta Biologicals), 100 IU/mL of penicillin, 100 pg/mL of
streptomycin, and 2 mM of L-glutamine (all Gibco media). After thawing,
the cells were grown in culture for at least three passages and then used
for experiments for up to two months. For repeat experiments, cells were
retrieved from the same cryobatch.

The patient-derived xenograft (PDX) lines, SJNBL012407_X1 and
SJNBLO013762_X1, were provided by the Children’s Solid Tumor Network
and grown orthotopically in CD1-FoxnI™ immunodeficient mice (NCI
CCR Animal Resource Program/NCI testing Program; Frederick, MD).
Their molecular features are shown in Supplementary Table 1. MYCN
amplification was confirmed by fluorescence i situ hybridization (data not
shown).

Generation of luciferase-expressing tumor lines

Stable luciferase (luc)-expressing cells were generated by lentiviral
transduction. IMR-5-luc-GFP cells were selected with 0.5 ug/mL of
puromycin (Thermo Fisher Scientific) and subsequently cryopreserved with
>60% enrichment for transduced cells. PDX cells were transduced with
freshly prepared concentrated lentivirus particles and rested for 24 hours
in full RPMI medium and on Matrigel-coated plates (Corning Inc.) before
injection into mice. After one passage in mice, tumors were processed into
a single-cell suspension and cryopreserved when comprising a population of
>60% of transduced cells

Transient transfections

Transient transfections were performed as previously described.'” A set
of four ON-TARGETplus siRNAs targeting XPO!I and negative control
siRNAs were obtained from Horizon (Cat. # LQ-003030-00-000) and
transiently transfected into IMR-5 cells using the Nucleofector with solution
L and program C-005 (Amaxa Biosystems). The knockdown efficiency
was tested by reverse transcription (RT) quantitative PCR (qPCR) and
immunoblotting. The impact of XPOI knockdown on cell viability was

quantified by conducting longitudinal confluence assays with the Incucyte
system (Sartorius).

Drug compounds

The drug compounds used in this study were commercially obtained
(i.e., selinexor from Selleckchem; temozolomide [TMZ] and alisertib from
MedChemExpress) and resuspended as per the manufacturer’s instructions
for in vitro and in vivo use.

Animals and orthotopic tumor cell injections

Animals were housed under pathogen-free conditions. All animal studies
were approved by the Institutional Animal Care and Use Committee of the
National Cancer Institute (protocol number: PB-023-2). Under anesthesia
with isoflurane, CD1-FoxnI™ immunodeficient mice were positioned in a
lateral right recumbent position. A 1.0 cm transverse cutaneous incision
was made at the height of the spleen and carefully dissected down. Upon
penetration of the peritoneum, the spleen was lifted cranially to visualize the
left adrenal gland. PDX cells were resuspended as a single-cell solution in
Matrigel to allow the injection of 1.0e6 cells in 20 uL into the periadrenal
fat pad.'" The PDX lines grew orthotopically within 3-4 weeks from the
implantation date.

In vitro drug assays

NB cells were dissociated into a single-cell suspension and grown in
culture in 96-well flat-bottom plates (Corning Inc.) at 37°C in 5% CO,
incubators for 24 hours prior to the experiment. Plating densities were
optimized for each cell line. The respective compound was added to culture
wells for the duration of 72 hours. The CellTiter-Glo luminescent cell
viability assay (Promega) was used according to manufacturer instructions
to quantify cytotoxicity. A plate reader (SpectraMax M3) measured the
luminescence in relative light units (RLU). Cytotoxicity was calculated with

the following formula: ce/l death (%) =1 — RIELUUM

The Compusyn software was used to calculate synergism for drug
combinations.'? Synergism was defined as a combination index (CI) <1, an
additive effect as CI = 1, and antagonism as >1.

mtreated

Protein isolation and immunoblotting

For assessment of protein levels, cells were lysed using RIPA buffer
supplemented with Halt™ protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific). The protein concentration was determined by
using the Bradford dye reagent protein assay (Bio-Rad Laboratories). For
nuclear and cytosolic separation, we used the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). Cell lysates
in SDS-containing buffer were denatured for 10 minutes, and 10 pg of
total protein was resolved by 4-20% SDS-PAGE and electroblotted onto
a polyvinylidene difluoride membrane. Primary antibodies as listed in
Supplementary Table 2 were incubated overnight at 4°C in 5% BSA in Tris-
buffered saline containing 0.1% Tween-20 (TBST) and 0.02% sodium azide.
Secondary antibodies were incubated for 1 hour at room temperature in
5% non-fat dry milk in TBST. Protein bands were detected using a goat
anti-rabbit or -mouse IgG-HRP conjugated secondary antibody (200 pg/ml;
Santa Cruz Biotechnology) and the SuperSignal™ West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific), visualized by enhanced
chemiluminescence (Bio-Rad Laboratories). Quantification was performed
with the Image] software.
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Real-time PCR

Total mRNA was extracted using the RNeasy Plus Mini Kit (Qiagen)
as per the manufacturer’s protocol. cDNA was generated with the High-
Capacity RNA-to-cDNA™ kit (Thermo Fisher Scientific). The quantitative
measurements of expression levels were conducted in technical triplicates
with the Bio-Rad CFX Touch Real-time (RT) PCR detection system. Primer
sequences are shown in Supplementary Table 3.

Pharmacodynamic analysis

Tumor-bearing mice were treated with oral selinexor (15 mg/kg) for three
consecutive days to reach steady state drug levels. Six hours after the last
dose, tumors were isolated, and protein or RNA were extracted from the
tumors as described above. Transcriptomic changes in BIRC5 and XPOI
and changes in the protein level of survivin and XPO1 were determined for
pharmacodynamic assessment.

In vivo drug testing

We confirmed that tumor-bearing mice with bioluminescence signals
>10e7 p/ s/cm?/sr form small tumors. Thus, we screened, enrolled, and
randomized animals based on their bioluminescence signal to receive vehicle
(group 1); selinexor 15 mg/kg orally once on day 1 and 3 of each week for
3 weeks (group 2); alisertib 10 mg/kg orally twice daily for 7 days (group 3);
TMZ 16.5 mg/kg orally once daily for 5 days (group 4); or the combinations
of selinexor with alisertib (group 5); or selinexor with TMZ (group 6).
Each group comprised 5 animals. Three orthotopic tumor models (i.e., SH-
SY5Y, IMR5, and SJNBL012407_X1) were tested. The mice received one
therapy cycle lasting 3 weeks, mimicking clinical administration schedules.
Weekly bioluminescence imaging was conducted to monitor tumor growth.
Based on the kinetic curve for each tumor model, animals were injected with
3mg of luciferin (Perkins Elmer) intra-peritoneally and imaged 6 minutes
after luciferin injection with an acquisition time of 1 minute. Imaging
data was processed using the Living Image Software (Perkins Elmer). We
waited one additional week after the completion of the therapy cycle before
terminating the experiment to reveal residual tumor which might have been
undetectable immediately after completion of therapy but would have grown
to a detectable size during that time.

Proteomic analysis

Proteomic and phosphoproteomic profiling were carried out via an
advanced TMT-LC/LC-MS/MS platform as in previous studies.'*'® Briefly,
around 8 million cells per sample were lysed in 0.5 mL of lysis buffer
(50 mM HEPES, pH 8.5, 8 M urea, 0.5% sodium deoxycholate,
and 1 x PhosStop Phosphatase Inhibitor cocktail) at 4°C."” Protein
concentration was measured by BCA assay (Thermo Fisher). Cell lysates
were first digested by Lys-C (100:1, w/w) for 2 hours, followed by an
overnight trypsin digestion (50:1, w/w) at room temperature.”’ Peptides
were desalted, labeled with TMT16-plex reagents, and pooled together
in equal amounts."” Pooled peptides were then fractionated by basic
pH reverse-phase liquid chromatography and concatenated to a total of
40 fractions. Ninety-five percent of each fraction was used for TiO,-
based phosphopeptide enrichment, and the remaining 5% was used for
whole proteome analysis.”’** Each fraction was then sequentially loaded
on an acidic pH reverse phase LC-MS/MS instrument for proteomic or
phosphoproteomic analysis (Q Exactive HE, Thermo Scientific).”’ Acquired
data were analyzed by JUMP software suites for protein and phosphopeptide
identification and quantification.”**® A target-decoy base FDR <1% and
quantification quality control steps were applied for identification and quality
control as previously described.***¢

RNA-sequencing (seq) analysis

Total RNA was extracted from IMRS5 control siRNAs and siXPO1 cells
cultured in full RPMI medium for 72 hours following transfection. Total
RNA was also obtained from IMRS5 cells cultured in 0.1uM of selinexor or
dimethyl sulfoxide (DMSO) for 24 hours. Total RNA was isolated with the
RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s instructions.
Strand-specific whole transcriptome sequencing libraries were prepared using
the TruSeq® Stranded Total RNA LT Library Prep Kit (Illumina) by following
the manufacturer’s procedure. RNA-seq libraries were sequenced on the
Mlumina HiSeq 2500 (paired-end reads). The Fastq files were processed
using Partek Flow. First, the raw reads were aligned using STAR. Then,
the aligned reads were quantified to the annotation model through Partek
E/M. Reads were normalized using the DESeq2 package and then subjected
to statistical analysis using ANOVA. Biological significance of differentially
expressed genes was assessed by conducting a gene-set enrichment analysis
(GSEA) (http://www.broadinstitute.org/gsea/index.jsp) using the hallmark
gene set and Ingenuity Pathway Analysis (IPA; QIAGEN Inc., hteps:
/Iwww.qiagenbioinformatics.com/products/ingenuity- pathway-analysis). By
default, a false-discovery rate (FDR) <0.25 was regarded as significant in
GSEA and <0.05 in IPA. Heatmaps and principal component analysis
(PCA) of RNA-seq results were generated using the pheatmap and factoextra
packages in R version 1.4.1106.

The R2 database was used for analysis of publicly available expression data

(URL: http://r2.amc.nl).
Statistical analyses

The type of statistical analysis is specified in each section of the manuscript
when presented. Statistical analyses were performed using the software
GraphPad Prism 9. Representative experiments have been repeated at 2-3
times.

Availability of data

Raw data collected from the RNA-seq analysis was deposited at NCBI
GEO (GSE178937) and raw proteomic data that support the findings of
this study was deposited at ProteomeXchange (PXD026454). Downloading
access is available upon request directly addressed to the corresponding
author.

Results

In vitro sensitivity of NB cells to selinexor is associated with wild-type
TP53 status

We used publicly available datasets to assess the expression levels of XPO1
in NB compared to other healthy tissues and pediatric cancers. Using the R2
database, we found that XPOI transcripts were significantly more abundant
in NB (GSE16254) than in healthy tissues of the adrenal gland (GSE3526,
GSE7307, and GSE8514) and human neural crest (GSE14340) (p = 3.0e-
35; Figure 1A), which represent both ends of the spectrum of differentiation.
Within the Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) cohort, we noted that XPO! expression was highest
in NB compared to other pediatric hematologic malignancies and abdominal
solid tumors (Figure 1B). Among a cohort of children with neuroblastoma,””
patients with high XPOI levels had inferior event-free survival (EFS;
Figure 1C) and overall survival (OS; Figure 1D) compared to those with low
XPOI levels (expression cutoff: 13,893), indicating a prognostic significance
of XPO1 in NB. This prognostic significance also applied to children with
neuroblastoma and MYCN-WT status (Supplementary Fig. 1), suggesting
that pharmacologic inhibition of XPO1 may be a therapeutic strategy.
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Figure 1. Expression of XPO1 in NB. (A) Comparison of XPO! levels in normal adrenal gland (AG), neural crest (NC), and NB show significantly higher
levels in NB (P = 3.0e-35; one-way ANOVA). (B) Analysis of XPO1 expression demonstrate higher expression levels in NB compared to acute lymphoblastic
(ALL) and acute myeloid leukemia (AML), rhabdoid tumor (RT), or Wilms™ tumor (WT; P < 0.001; Kruskal-Wallis test). (C) (D) Survival analysis of

649 patients with NB published by Kocak ez 2/? by their XPOI expression. Using an express

ion cutoff of 13,893, patients fare worse if they have high

XPOI expression levels. Log-rank test with Bonferroni correction. (E) Drug sensitivity assays with 7 human and one murine NB line (NSX-2). Intermediate

responders are marked in blue and good responders in red; mean values and standard deviation o

shown. The graphs in subpanel C and D were generated using the r2 platform (https://hgserverl.

f technical triplicates. One set of two biological replicates is
amc.nl/cgi-bin/r2/main.cgi).
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To assess the effect of pharmacologic XPO1 inhibition in vitro, we
conducted drug sensitivity assays with selinexor against seven human and
one murine NB cell lines (Figure 1E). We observed half maximal effective
concentration (EC50) values ranging from 23.4-365.8nM (Supplementary
Fig. 2), categorizing the cell lines as good (median EC50=28.7nM)
and intermediate responders (median EC50=133.5nM). While MYCN-
amplified cell lines were represented in both response groups, all intermediate
responders harbored a 753 mutation while good responders had 7P53-WT
status (Supplementary Table 1). These observations indicate that selinexor
induces a decrease in XPO1 protein levels with an associated increased
mortality of NB cells i7 vitro. Moreover, the efficacy of selinexor was superior
in cell lines exhibiting 7P53-WT over those with a mutant 7P53 status.

Proteomic analysis identifies the p53 pathway as a vulnerable rarget
Jfollowing selinexor exposure

To develop a more rational strategy for novel drug combinations with
selinexor, we decided to gain a better understanding of the therapeutic
vulnerabilities evoked by selinexor treatment of NB cells. Given the large
number of XPO1-targets, we chose to apply an unbiased approach of whole-
cell proteomic and phospho-proteomic analysis to identify new modes of
action by which selinexor exerts its effects in NB cells. We tested one MYCN-
amplified (KCNR) and one MYCN-WT NB cell line (SH-SY5Y) and two
MYCN-amplified PDXs (SJNBL012407_X1 and SJNBL013762_X1). We
analyzed the whole proteome and phosphoproteome in control cells and
after 1, 3, and 9 hours of selinexor exposure in vitro. In total, 11,174
unique proteins were identified in the screen. We noted the largest differential
changes in the whole proteome at the 9-hour time point compared to baseline.
Selinexor caused an enrichment of p53 (Figure 2A).

The deep phosphoproteomic analysis yielded a total of 46,755
phosphopeptides. The most significant site-specific phosphorylation changes
were noted when the 9-hour timepoint was compared to 3 hours (Figure 2B)
or baseline (Figure 2C). In both datasets, phosphorylation of p53 at the S315
residue appeared as top hits.

We validated our proteomic findings by performing immunoblotting
of cytosolic and nuclear protein fractions in KCNR and SH-SY5Y cells
(Figure 2D). Our results demonstrated a mild cytosolic but much greater
nuclear accumulation of p53 and an increased phosphorylation of p53 at site
S315 in the nucleus after 9 hours of exposure to selinexor treatment, which
was consistent with the mass spectrometry data. Our results suggest that the
inhibition of XPO1 leads to an increase of p53 predominantly in the nucleus.
The enrichment of p53 is associated with an increased phosphorylation at site
S315, which is a known initiating step to degrade p53.”

Transcriptomic changes induced by selinexor in NB cells

To characterize the global transcriptomic consequences of XPO1
inhibition, we performed RNA-seq in the MYCN-amplified IMR-5 cells
with knockdown of XPO1. We chose two siRNAs with very good (#10) and
intermediate (#12) knockdown efliciency and cellular growth suppression
(#12; Figure 3A and B). Cells transfected with siXPO1 #10 and #12 exhibited
markedly increased levels of p53 and decreased levels of another XPO1 target,
survivin (Figure 3C, Supplementary Fig. 3). However, only siXPO1 #10
showed an increase in phosphorylation at site S315. We extracted RNA
from transfected cells at 72 hours and compared their transcriptome to
cells transfected with control siRNA or non-transfected cells treated with
selinexor or DMSO. PCA analysis of the bulk RNA-seq data showed that
the cells with XPO1I knockdown using siXPO1 #10 and selinexor treatment
clustered distinctly from cells treated with control siRNA or DMSO
(Figure 3D). Cells treated with siXPO1 #12 clustered more similarly with
siCTRL than the other treatment groups, consistent with their moderate
knockdown efficiency compared to #10. We examined differentially expressed

genes by comparing selinexor-treated cells with their DMSO controls
(Figure 3E) and XPO1 siRNA transfected cells with their respective controls
(Figure 3E Supplementary Fig. 4). Conducting a GSEA, we found genes
encoding MYCN targets were significantly downregulated with XPO1
suppression by selinexor (normalized enrichment score [NES] = -2.7;
nominal P = <0.001) or XPOI knockdown (NES = 2.2; nominal
P = <0.001). Genes associated with apoptosis (NES = 1.3; nominal
P = 0.032) or the p53 pathway, such as MDM2, PLK2, BAX, DRAM1 and
BBC3, were significantly enriched (NES = 2.7; nominal P = <0.001) with
selinexor treatment and with the knockdown of XPOI (NES = 2.2; nominal
P = <0.001; Supplementary Fig. 5 and 6). All GSEA results are summarized
in Supplementary Table 4 (siRNA) and 5 (selinexor treatment).

IPA showed that 49 differentially expressed genes in the XPOI knockdown
cells mapped to the p53 pathway (49/98 [50%]; z-score = 1.15; P = 3.36e-
10; Supplementary Table 6 and 7). Genes associated with the canonical
TGF-B (41/96 [43%]; z-score = 3.89; P = 2.00e-6), autophagy (84/213
[39%]; z-score =5.46; P = 1.40e-9), and NGF pathway (48/118 [41%];
z-score =6.56; P = 1.54¢-9) were also significantly enriched. Similarly,
differentially expressed genes after selinexor treatment mapped to the
kinetochore metaphase pathway (81/105 [77%]; z-score =-3.73; P = 1.10e-
22), nucleotide excision repair (70/103 [68%]; z-score =-2.36; P = 6.83e-
15), and the p53 pathway (54/98 [55%]; z-score = 1.58; P = 4.27¢-7).

Mirroring the PCA plot, heatmaps generated for both XPO1-targeted
methods revealed overlapping differential expression patterns for siXPO1 #10
and selinexor treatment, while controls and siXPO1 #12 shared a common
signature (Figure 3G). Altogether the transcriptomic analysis of XPOI
knockdown and selinexor-treated cells demonstrated the global activation
of the apoptosis/p53 pathways. These molecular alterations are conceivably
responsible for the observed cytotoxic effects of NB cells herein. Importantly,
in this MYCN-amplified cell line pharmacologic inhibition also altered the
expression of MYCN targets.

Pharmacologic augmentation of p53-mediated lethality in NB

Given that selinexor increases p53 levels predominantly in the nucleus
and causes an activation of the apoptosis/p53 pathways, we sought to increase
the cytotoxic effect of selinexor by combining it with an AURKA inhibition.
The p53-S315 phosphorylation is induced by kinases, particularly AURKA.
In the literature, phosphorylation of site S315 has been described as one
of the initiating steps of p53 degradation.” We reasoned that preventing
this phosphorylation step could lead to a more effective selinexor-induced
inhibition of cell growth.

We conducted the selinexor and alisertib synergy screen with 7P53-
WT and —mutant as well as MYCN-amplified and -WT cell lines. A visual
representation of cell death at 72 hours is shown as a heatmap in Figure 4A. In
the heatmap, alisertib in combination with selinexor shows cytotoxic activity
across 7P53-WT neuroblastoma cells regardless of MYCN status. 7P53-
mutant cell lines showed barely any sensitivity to the drug treatment. To
corroborate these visual findings, we calculated the combination index (CI)
across several drug ratios and cell lines used (Figure 4B). Synergy is present
when the CI is <1, an additive effect when the CI ~1, and antagonism
with a CI >1. We detected synergy in 12 drug ratios and antagonism in
19 conditions, which predominantly comprised 7P53-mutant NB lines.
Although, we also noted CI < 1 (synergy) for SK-N-BE2C (MYCN-amplified
and 7P53 mutant) in all ratios except 4:1, the levels of measured cell death
were much lower compared to the other sensitive cell lines (see heatmap).
TP53-WT SH-SY5Y (MYCN single copy) showed limited to no synergy but
high levels of cell death, predominantly due to high sensitivity of this line to
alisertib (EC50 = 13nM).

We next examined the protein changes in KCNR and SH-SY5Y cells
when treated with single-agent selinexor or alisertib or a combination of both
for 24 hours (Figure 4C). Compared with controls, selinexor treatment and
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Figure 2. Proteomic and phosphoproteomic analysis of NB cells treated with selinexor. The proteomic analysis was conducted with 2 different cell lines (i.c.,
SH-SY5Y, KCNR) and 2 PDXs (i.e., SINBL012407_X1 and SJNBL013762_X1). (A) The proteomics data of all PDXs and cell lines were combined for
the analysis. Differentially expressed proteins at 9 hours after selinexor therapy compared to baseline are shown. Gene names in red mark p53, p53 targets,
and XPOLI. The light blue area marks less than 1.2-fold changes in protein expression; Student’s t-test. Combined data for all four cell lines and PDXs are
visualized as a volcano plot, comparing the phosphoproteomic changes at (B) 9 hours to 3 hours and (C) 9 hours to baseline. The red dot marks the peptide
with site-specific phosphorylation of p53 at the S315 residue; Student’s t-test. Immunoblotting of (D) cytosolic and nuclear proteins after 9-hour exposure to

selinexor in SH-SY5Y and KCNR.

dual inhibition of XPO1 and AURKA caused an increase in nuclear p53
(Figure 4D). The combination induced lower p-p53 S315 levels compared
to single-agent therapy in the MYCN-WT line SH-SY5Y but not in the
MYCN-amplified line KCNR. Cleaved caspase 3 (cCASP3) as a fraction of
total caspase 3 (tCASP3) was also markedly elevated with the combination
(KCNR) and with single-agent alisertib or dual inhibition (SH-SY5Y). Both
drugs down-regulated MYCN protein levels in the cytosol of the MYCN-
amplified cell line KCNR.

Altogether, these experiments demonstrate that the combination of
selinexor with alisertib causes synergistic cytotoxicity iz vitro in a variety of
NB cell lines with 7P53-WT status and is agnostic of the MYCN status. At 24
hours after combination treatment, nuclear p53 and cCASP3 levels increase,
while the addition of alisertib inhibits the phosphorylation of site S315 in
one of the two cell lines.

Dual inbibition of XPOI and AURKA induces regression of NB in an
orthotopic mouse model

We evaluated the preclinical activity of selinexor combined with
alisertib in one MYCN-WT (SH-SY5Y) and two MYCN-amplified
preclinical xenograft models with established orthotopic NB (IMR-5 and
SJNBL012407_X1). We chose these cell lines because we have thoroughly
characterized their orthotopic growth behavior iz vivo. We confirmed target
inhibition for selinexor (Supplementary Fig. 7). We performed a head-to-

head comparison of this combination with selinexor and TMZ, which is
a clinically accepted regimen and a possible consideration for NB given
that some backbones of second-line therapies include TMZ.?** In the
experiment with SH-SY5Y, we only compared selinexor and alisertib as single-
agent therapy or combination. Animals were randomized according to their
bioluminescence signal and received therapy with one treatment cycle of: 1.
Vehicle (VEH); 2. Selinexor twice weekly for 3 weeks (SEL); 3. TMZ for 5
days (TMZ); 4. Alisertib twice daily for 7 days (ALI); or the combinations 5.
Selinexor and TMZ (SEL+TMZ); or 6. Selinexor and alisertib (SEL+ALI;
Figure 5A). All drug schedules are according to clinical NB regimens.”®?" We
waited one additional week after the completion of the therapy cycle before
terminating the experiment to reveal residual tumor which might have been
undetectable immediately after completion of therapy but would have grown
to a detectable size during that time.

The combination therapy with alisertib and selinexor induced the
most tumor regression in SH-SY5Y-bearing mice (Figure 5B). In IMR-5
tumor—bearing mice, longitudinal imaging revealed the largest decline in
bioluminescence signal in response to therapy with SEL4+ALI compared
with the remaining groups (Figure 5C, Friedman test, 2 = 0.001). Tumor
sizes (Figure 5D) and tumor weights (Figure 5E) were consistent with this
observation. Animals that were implanted with the PDX, SJNBL012407_X1,
had a less impressive response detected with bioluminescence imaging
(Figure 5F), though more significant changes in tumor sizes (Figure 5G) and
weights (Figure 5H). Animals across all groups had maintained or increased
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Figure 3. Bulk RNA-seq analysis of XPOI knockdown and selinexor-treated IMR-5 cells. (A) XPO! levels were significantly depressed in transfected cells. The
best knockdown efficiency was seen with siXPO1 #10; mean and standard deviation of technical triplicates; **** P <0.001; one-way ANOVA with Tuckey’s
post hoc test. (B) Growth behavior of IMR-5 cells transfected with siXPO1. The siXPO1 #10 showed the most significant decreased growth starting at 72
hours after transfection. *<0.05, **<0.01 (C) Densiometric quantification of whole cell protein levels in IMR-5 cells after XPO1 knockdown. Signals were
first normalized to GAPDH, then further normalized to control samples (siCTRL). (D) PCA using RNA-seq data of XPO1I knockdown and selinexor-treated
cells (n=3 per group). Volcano plot of differentially expressed genes comparing drug-treated samples with DMSO (E) and XPOI knockdown cells with siRNA
controls (F); Student’s t-test. (G) Heatmaps of gene sets identified by GSEA of drug treated and XPO1 knockdown cells.

weights and did not exhibit any signs of overt toxicity, thus indicative
of a well-tolerated regimen (Supplementary Fig. 8). Taken together, we
demonstrated i7 vivo that the novel combination of selinexor with alisertib
induced tumor regression in three orthotopic NB xenograft models.

Discussion

NB is a deadly solid tumor of childhood for which there is an unmet
need for novel therapies. Selinexor is a pharmacologic XPO1 inhibitor
that has shown therapeutic benefits in the treatment of adult cancers.”’*
Though regarded as a targeted agent, there are more than 300 proteins that
are dependent on XPO1 for their nuclear export and therefore potentially
implicated in selinexor’s mechanism of action.® We used unbiased proteomic
and phosphoproteomic analyses to identify critical target proteins and
pathways that illuminated mechanisms mediating selinexor’s effects in NB.
We found that selinexor increases predominantly the nuclear retention of
p53 in NB cells and induces apoptotic pathways, evident by increased cleaved
caspase 3 levels. Analysis of the phosphoproteome associated with selinexor
treatment revealed the concomitant phosphorylation of p53 at site S315,
which is an initiating step for p53 degradation.” Our synergy screen with p53-
targeting agents revealed that AURKA showed synergy with selinexor and

prevents the phosphorylation of p53, thereby, increasing the total p53 levels
in some of the tested cell lines. This combination showed significant efficacy
in three orthotopic NB xenograft models, suggesting potential therapeutic
benefit in children with high-risk NB.

Several mechanisms of action of selinexor have been previously reported
in NB. For example, reports have suggested that selinexor acts in NB by
decreasing the level of survivin, thereby activating the apoptosis pathway.**
In another more recent study, selinexor was used in combination with
bortezomib, a proteasome inhibitor. The authors of this study showed that
selinexor increases the intracellular nuclear retention of IkB and bortezomib
prevents its degradation. The cytotoxic activity of this combination was
further mediated through inhibition of the NF-kB pathway by IkB and led
to cell-cycle arrest and apoptosis.”® Mitra et al. have studied the subcellular
distribution of p53 and the role that NBAT1 and XPO1 play in this context.
They demonstrated that low levels of NBAT'1 are associated with high levels
of XPO1, which in turn skews the distribution of p53 towards the cytoplasm,
highjacking p53 tumor suppressor gene pathways.”® Using the IMR-32 cell
line, they demonstrated that p53 is predominantly expressed in the cytosol,
but nuclear expression can be restored by treating cells or mice with selinexor.
Our study supports these findings, demonstrating predominantly nuclear
accumulation of p53 and a global activation of the apoptosis pathways. These
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Figure 4. Targeting the p53 pathway by using pharmacologic combinations. (A) Heatmap of combination cytotoxicity assays. Red indicates cell death and blue
cell viability. Selinexor concentrations ranged from 0.05-0.114M, and alisertib was serially diluted from 0.2uM. After 72 hours of drug treatment, the extent
of cell death was assessed with the CellTiterGlo assay and plotted as a heatmap; one representative set of biological duplicates is shown; each drug condition
in triplicates. (B) Combination indices (Cls) of different drug ratios of selinexor and alisertib. Dots that aggregate in the red shaded area have a CI <1 and
are defined to be synergistic. Red symbols mark 7P53-WT and black symbols 7P53-mutant cell lines. (C) Immunoblotting of nuclear and cytosolic p53,
apoptosis-related proteins, and MYCN in KCNR and SH-SY5Y cells treated with single-agent or a combination of selinexor and alisertib. (D) Densiometric
quantification of Western blot protein bands. The protein of interest is indicated in the Y-axis legend.

molecular alterations are conceivably responsible for the observed cytotoxic
effects of NB cells herein and provide a mechanistic underpinning that
harmonizes previously reported findings.

Our in vitro data demonstrate that 7P53-mutant cells are more resistant to
selinexor than WT-7P53 cells. T7P53 mutations are in fact quite rare in newly
diagnosed NB with approximately 2% detection compared to adult cancers®”
but do increase anywhere from 15-50% in relapsed/refractory NB. Despite
this, the majority of relapsed/refractory NB remain WT-7P53, indicating a
substantial portion of relapsed/refractory patients that may benefit from such
a therapeutic approach.’® Our studies would warrant molecular analysis of
this gene as criteria for study enrollment.

Analysis of the selinexor-stimulated phosphoproteome revealed increases
in p53-S315 phosphorylation. fr vivo data have been conflicting as
phosphorylation at this site was shown to be both significant and dispensable
for the function of p53.%”* Phosphorylation at this site can occur following
genotoxic and endoplasmic reticulum stress but also during cell-cycle
progression.*!** In addition, p53-S315 phosphorylation has been postulated
to occur as one initiating step of p53 degradation.” The phosphorylation at
site $315 is undertaken by several kinases, including cyclin-dependent kinases
and glycogen synthase kinase-38.*"*> However, the main kinase implicated
in this process is AURKA.? Given the importance of p53 levels in selinexor
treatment, we reasoned that combining selinexor with alisertib, an AURKA
inhibitor, would lead to higher p53 levels and toxicity. Our studies clearly
confirmed this hypothesis and show that alisertib synergizes with selinexor
to increase NB cell death 7z vitro and improve tumor growth control in
three orthotopic PDX models with established NB in vivo. Nevertheless,
our mechanistic studies show that these cytotoxic effects correspond with

a decrease in p-p53 S315 and reflexive increase in total nuclear p53 only
in some of the treated cell lines, suggesting that other pathways may be
involved in cell lines that do respond but fail to show respective molecular
changes.

Alisertib was first recognized as a possible drug candidate in NB

44 .45 .
"% Tt has since been

owing to its ability to stabilize MYC proteins.
promoted in clinical development for NB* and has demonstrated both
tolerability® and efficacy.’ Patients with tumors harboring both MYCN
amplification and AURKA expression particularly benefitted from the
therapy, though the finding was only detailed in three patients. Paradoxically,
results from the phase II study of alisertib combined with irinotecan and
temozolomide demonstrated inferior progression-free survival in patients
with MYCN amplification.’® The authors of this study hypothesized that
a contributory factor was that this cohort was more heavily pre-treated
than the phase I cohort. We propose that the potential therapeutic benefit
of selinexor combined with alisertib may apply to a broader cohort of
children with high-risk NB. Future studies in relapsed disease models could
reveal whether and for how long these tumors remain sensitive to the
combination.

In the MYCN-amplified cell line KCNR, we showed that single
or combination therapy decreased cytosolic MYCN levels. We observed
selinexor-induced cytotoxicity against both MYCN-WT and -amplified NB
cells, which suggests that the sensitivity to selinexor is agnostic of the MYCN
status. Furthermore, when examining the interdependency of the MYCN
status and XPO1 expression for patient outcome, we found that survival
was predicted by XPO! levels but not affected when we compared MYCN-
amplified with WT tumors. Thus, we hypothesize that the effect on the
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Figure 5. Comparison of selinexor with alisertib versus selinexor with TMZ in tumor-bearing mice. (A) Therapy regimen used to treat mice with orthotopic
IMR-5 or SJNBL012407_X1. Each therapy group and tumor contain 5 mice. (B) Photographs and plotted weights of SH-SY5Y tumors retrieved from mice
after therapy on day 28; number of treated animals shown in the X-axis labels. (C) Longitudinal bioluminescence signals during therapy for mice engrafted
with IMR-5. Each line represents one animal, and grey lines are control mice (n=>5 per group). (D) Tumors at the end of treatment and (E) corresponding
tumor weight. Significant tumor weights have a P value of <0.05 (Friedman test). (F) Bioluminescence signals, (G) tumor images, and (H) weight graphs for

mice engrafted with SYNBL012407_X1 (n=5 per group).

MYCN targets is an additive effect to induce cytotoxicity in NB cells. This
suggests that patients with either MYCN-amplified or -WT tumors may
benefit from XPO1 inhibition.

We have modeled our animal study according to a regimen that we foresee
administering to patients with relapsed/refractory NB and WT-7P53 status.
Both agents tested herein, selinexor and alisertib, are commercially available
and their therapeutic indices and toxicities have been well documented,
which would facilitate the expeditious movement into patient trials. The
most frequent grade 3 and 4 toxicities observed in children who received
single-agent alisertib were thrombocytopenia (21%), leukopenia (33%),

and neutropenia (52%).?” Selinexor was primarily associated with grade
3 and 4 hyponatremia in a pediatric trial,"® though several adult studies
have found thrombocytopenia in treated patients.”” Thus, we anticipate
thrombocytopenia as one of the shared toxicities caused by our combination.
This assumption is corroborated by preclinical work that has shown severe
thrombocytopenia in AURKA™! mice.”® In addition, selinexor inhibits the
nuclear export of STAT3, which is part of the thrombopoietin pathway that
leads to a maturational arrest of megakaryocytes from progenitor cells causing
thrombocytopenia.’’ Though alisertib is a selective inhibitor of AURKA, it
has low affinity to AURKB.’?> The described toxicities with alisertib were
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primarily attributed to AURKB and could be avoided by using more selective
inhibitor of AURKA.

In a clinical trial, we would propose a regimen where alisertib is
administered at 45 mg/m? using oral solution as daily doses for 7 days
selinexor at a starting dose of 45 mg/m? per dose orally on days 1, 3, 8, 10,
22, and 24 escalated to 55 and 70 mg/ m? according to a rolling-six ciesign.48

Altogether, this study uncovered a milieu of relevant targetable pathways,
most notably those of the p53 pathway by which selinexor can induce
cytotoxicity in NB. Furthermore, synergism can be mediated through the
inhibition of AURKA to further suppress tumor growth in relevant preclinical
models. As such, translational studies are warranted to ascertain clinical
efficacy for pediatric patients with high-risk disease.
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