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Background: Malignant rhabdoid tumors (MRT) and Wilms tumors (WT) are rare and 

aggressive renal tumors of infants and young children comprising ~ 5% of all pediatric cancers. 

MRT are among the most genomically stable cancers and although WT are genomically 

heterogeneous, both generally lack therapeutically targetable genetic mutations.

Methods: Comparative protein activity analysis of MRT (n=68) and WT (n=132) across TCGA 

and TARGET cohorts, using metaVIPER, revealed elevated Exportin 1 (XPO1) inferred activity. 

In vitro studies were performed on a panel of MRT and WT cell lines evaluating effects on 

proliferation and cell cycle progression following treatment with the selective XPO1 inhibitor 

selinexor. In vivo anti-tumor activity was assessed in patient-derived xenograft (PDX) models of 

MRT and WT.

Findings: metaVIPER analysis identified markedly aberrant activation of XPO1 in MRT and WT 

compared to other tumor types. All MRT and most WT cell lines demonstrated baseline, aberrant 

XPO1 activity with in vitro sensitivity to selinexor via cell cycle arrest and induction of apoptosis. 

In vivo, XPO1 inhibitors significantly abrogated tumor growth in PDX models, inducing effective 

disease control with sustained treatment. Corroborating human relevance, we present a case report 

of a child with multiply relapsed WT with prolonged disease control on selinexor.

Conclusions: We report on a novel systems biology-based, a comparative framework to 

identify non-genetically encoded vulnerabilities in genomically quiescent pediatric cancers. 

These results have provided preclinical rationale for investigation of XPO1 inhibitors in an 

upcoming investigator-initiated clinical trial of selinexor in children with MRT and WT and offer 

opportunities for exploration of inferred XPO1 activity as a potential predictive biomarker for 

response.

Funding: CureSearch for Children’s Cancer, Alan B. Slifka Foundation, NIH (U01 CA217858, 

S10 OD012351, and S10 OD021764), Michael’s Miracle Cure, Hyundai Hope on Wheels, 

Cannonball Kids Cancer, Conquer Cancer the ASCO Foundation, Cycle for Survival, Paulie 

Strong Foundation, and the Grayson Fund.

In Brief (eTOC blurb)

Coutinho et. al. describe a novel systems biology approach using tumor gene expression data that 

can effectively identify non-genetically encoded vulnerabilities in pediatric renal tumors. Results 

from a case report and preclinical models demonstrate significant anti-tumor effects of XPO1 

inhibition, supporting its investigation in an upcoming clinical trial.

Graphical Abstract
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INTRODUCTION

Genomic landscape studies across the spectrum of pediatric cancers have demonstrated 

relatively low frequencies of somatic mutations compared to adult cancers 1–6. With 

the increasing implementation and use of next-generation sequencing of patient tumors 

to inform diagnostics, prognosis, and therapeutic management, the identification of 

“druggable” targets for pediatric cancers has been variable (31 – 61% with actionable 

alterations) leaving a significant proportion of pediatric patients in need of therapeutic 

options, particularly in patients with rarer subtypes or relapsed/refractory disease 7–11.

Pediatric renal tumors comprise 5% of all childhood cancers with significant heterogeneity 

across tumor types 12. Wilms tumor (WT) is the most common childhood kidney tumor, 

with favorable and unfavorable (anaplastic) histologic variants. The genomic landscape of 

WT demonstrates significant heterogeneity and a lack of recurrent alterations in established 

targets 5. Additionally, single nucleotide polymorphisms (SNPs) involved in DNA repair 

may also play a role in Wilms tumor susceptibility and risk13. TP53 mutations occur 

in approximately half of high-risk diffusely anaplastic WT, and in a small subset of non-
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anaplastic WT with associated poor clinical outcomes 5,14–17. In addition, most WT exhibit 

broad chromosomal gains and losses with loss of heterozygosity (LOH) in 1p and 16q, 

or gain of 1q representing high-risk groups that benefit from augmented chemotherapy 
18–21. Although the majority of children with this tumor will ultimately be cured, more 

than a quarter of patients will be left with severe long-term side effects, and outcomes are 

substantially worse for patients with high-risk disease, including anaplastic TP53 mutant 

tumors as well as those with high-risk cytogenetic findings 22. Indeed, approximately 1/3 of 

diffusely anaplastic stage IV WT patients remain uncured despite intensive multimodality 

therapy 15,16,23.

Malignant rhabdoid tumors (MRT) are rare and highly aggressive tumors most commonly 

occurring in the kidney (termed MRT of the kidney) and brain (termed atypical teratoid 

rhabdoid tumor, ATRT), but may also occur in soft tissues throughout the body. The peak 

incidence of MRT is in infancy, with a median age of 11 months at diagnosis 24. Despite 

multimodal therapy, outcomes remain poor with overall 4-year survival of 23.2%, and 

only 8.8% in patients younger than six months 25. MRT are characterized by bi-allelic 

loss-of-function of SMARCB1 with consequent loss of SMARCB1/INI1 protein expression 

in tumor cells 26. SMARCB1 is a highly conserved tumor suppressor which forms a 

core element of the SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeling 

complex. When defective, SWI/SNF leads to deregulation and aberrant activation of several 

oncogenic programs including increased cell cycling via cyclin D/CDK4/6, sonic hedgehog 

and Wnt/β-catenin signaling pathway activation, as well as aberrant epigenetic silencing 

mediated by the PRC2 catalytic subunit EZH2 26,27. Furthermore, MRT are one of the most 

genomically stable of all pediatric cancers with a mutation rate of only 0.084 per megabase, 

and is 10 to 50-fold lower than most adult tumors 28.

Both genetic and epigenetic alterations, in combination with complex networks that regulate 

gene expression and post-translational modifications, contribute to dysregulated protein 

activity 29. The Virtual Inference of Protein-activity by Enriched Regulon analysis (VIPER) 

algorithm provides an accurate and highly reproducible measurement of protein activity in 

cancer, at the individual tumor level 30,31, by leveraging the tissue-specific transcriptional 

targets of a protein as a highly multiplexed gene reporter assay. VIPER has been extensively 

validated in several contexts and has been shown to compare favorably with antibody-

based measurements 32. Specifically, it has been applied to identify: 1) candidate ‘Master 

Regulators’ (MRs) whose aberrant activity is critical to tumor viability and growth in vivo 
33,34,35, 2) regulatory proteins whose differential activity associates with tumor subtype and 

outcome 36, metastatic state 37, treatment sensitivity 35, and mechanisms of resistance 38, 

and 3) drugs/combinations that disrupt the regulatory proteins responsible for a tumor’s 

homeostatic state providing predictions of drug sensitivity 35,39,40.

Given the relatively low frequency of identifiable actionable somatic mutations in many 

childhood cancers, we employed a mutation-agnostic, network-based methodology to 

identify candidate non-oncogene dependencies. Specifically, we used metaVIPER—an 

extension of the VIPER algorithm—to analyze whole transcriptome profiles from the 

Therapeutically Applicable Research To Generate Effective Treatments (TARGET) database 

to identify druggable proteins that were aberrantly activated in MRT and WT pediatric 
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malignancies compared to all other childhood and adult cancers 41. The analysis identified 

the nuclear export protein Exportin 1 (XPO1) as among the most aberrantly activated 

proteins in virtually all MRT and in a significant proportion of WT, compared to other 

tumor types. XPO1’s core function involves mediating nuclear export of proteins and RNA 
42. Increased efflux of tumor suppressor proteins, as facilitated by XPO1, is believed to 

contribute to its oncogenic role43. Selinexor, a specific XPO1 inhibitor and member of 

the emerging class of orally bioavailable selective inhibitors of nuclear export (SINE), 

has shown preclinical efficacy in several hematologic and solid malignancies and is FDA-

approved for the treatment of multiple myeloma and relapsed/refractory diffuse large B-cell 

lymphoma (DLBCL) 44. Given the consistent aberrant XPO1 activity observed following 

metaVIPER analysis of MRT and WT cohorts, we hypothesize that XPO1 may represent 

a dependency and novel therapeutic target in these malignancies. An ongoing early phase 

pediatric clinical trial of the selective XPO1 inhibitor selinexor (NCT02323880) prompted 

our evaluation of its anti-tumor activity using a panel of MRT and WT cell line and patient-

derived xenograft (PDX) models 45,46. As WT rarely metastasize to the central nervous 

system (only 0.5–0.6% of cases), the activity of a next-generation XPO1 inhibitor, eltanexor, 

with reduced CNS penetration to improve tolerability for this class of agents, was also 

evaluated 47–49.

RESULTS

Increased XPO1 Activity in MRT and WT

The VIPER algorithm is a computational systems biology approach to infer protein activity 

from whole transcriptomic data. VIPER leverages cancer type-specific gene regulatory 

networks, such as those constructed by ARACNe (Algorithm for the Reconstruction 

of Accurate Cellular Networks), with sample-specific gene expression signatures. The 

differential transcriptional activity of a protein is measured based on the differential 

expression of its transcriptional targets, akin to a highly multiplexed gene reporter assay 

(Fig. 1A) 30,31,50. To address the issue of rare/orphan malignancies with an insufficient 

number of samples to generate an accurate ARACNe network, we developed metaVIPER 
41, which extends VIPER by effectively integrating the analysis across all available cancer 

networks.

Given the paucity of samples in MRT and WT cohorts, we used metaVIPER analysis to 

measure the differential transcriptional activity of 180 proteins identified as ‘druggable’ in 

the DrugBank database 51, using aggregated gene expression profile data available in the 

TARGET and TCGA databases. Notably, analysis of 39 cancer cohorts identified MRT and 

WT among the top 4 cancer types in which XPO1 displays the most significant aberrant 

activity across the analyzed cohorts (Fig. 1B). Indeed, 89% of MRT (61 of 68 samples 

with FDR p-value < 0.01) and 97% of WT (128 of 132 samples with FDR p-value < 0.01) 

presented aberrant XPO1 activation. The median rank of XPO1 activity in MRT samples is 

6, making it the third most aberrantly activated druggable protein, behind TOP2A and TTK 

(Fig. 1C). We validated these findings in an independent cohort of patients (n=14) whose 

tumors have been molecularly profiled at our institution (13 WT; 1 MRT). MetaVIPER 

Coutinho et al. Page 5

Med (N Y). Author manuscript; available in PMC 2023 November 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT02323880


analysis on this MSKCC cohort confirms that XPO1 is highly activated, recapitulating the 

results from our analysis of TARGET cases (Fig. 1B).

Unlike most other tumor cohorts, where XPO1 activity was distributed over a wide range 

of values, aberrant XPO1 activity in MRT was relatively uniform (interquartile range (IQR) 

for normalized enrichment score (NES): 4.59 to 6.08). Similarly, and despite its genomic 

heterogeneity, WT also exhibited even higher XPO1 activity compared to most other 

tumors (IQR for NES: 6.43 to 7.85), with a median rank of 3, making it the second most 

significantly activated druggable protein in WT, behind TOP2A (Fig. 1D). Ultimately, while 

TOP2A and TTK were identified as being top-ranked proteins, in addition to XPO1, we 

note that drugs targeting TOP2A include the cytotoxic chemotherapeutic agents etoposide 

and doxorubicin which are frequently incorporated into front-line regimens for WT and 

MRT. Hence, these agents are unlikely to be used in relapsed/salvage settings. While small 

molecule inhibitors exist for TTK, none have entered into the adult or pediatric clinical trial 

space. In contrast, XPO1 inhibitors are currently being explored in pediatric clinical trials of 

relapsed/refractory solid tumors, motivating our investigation into this molecular target.

To gain insight into whether genetic disruption of the SWI/SNF complex is associated with 

aberrant XPO1 activity, we performed co-segregation analysis between genomic events (i.e., 

somatic single nucleotide variants (SNVs) and copy number variants (CNV)) and XPO1 

activity using 33 cancer cohorts in TCGA (N=8,348 tumors). Across this pan-cancer atlas, 

XPO1 activity was found to co-segregate with SNVs (p=0.00016) and deletions (p=0.00052) 

in genes encoding the SWI/SNF complex subunits (Fig. S1A). Notably, XPO1 activation 

occurs in association with mutations in SWI/SNF complex “core” subunits, including 

SMARCB1, and the AT-rich DNA binding subunits ARID1A and B, but not with accessory 

subunits 52, suggesting that a broader correlation exists between loss of SWI/SNF function 

and increased XPO1 activity.

MRT and WT cell lines demonstrate XPO1 activation and sensitivity to selinexor

To experimentally validate our in silico findings, we initially performed metaVIPER analysis 

using whole transcriptomic data obtained from a panel of MRT cell lines to determine if 

existing models recapitulate the signature of high inferred XPO1 activity in comparison 

to reference cell lines profiled in the Cancer Cell Line Encyclopedia (CCLE). Analysis of 

aggregated RNAseq data from 9 MRT cell lines sequenced by our group confirms high 

XPO1 activity signature (Fig. S1B), mirroring results from our analysis of patient tumors 

(Fig. 1B and 1C, Fig. S1C). Analysis of WT cell lines could not be performed given the lack 

of RNA-seq profiles available in the CCLE. Protein expression of XPO1 was evaluated in 

MRT and WT cell lines and found to be variably expressed (Fig. S2A, S2B).

To evaluate the cellular consequences of XPO1 inhibition, a panel of MRT (n=4) and WT 

cell lines (n=4) were treated with the selective XPO1 inhibitor selinexor. A reduction in 

cellular viability was uniformly observed across the panel of MRT and WT cell lines tested 

demonstrating differential sensitivity of MRT and WT cells following selinexor treatment 

when compared to non-tumor lines (Fig. 2A, Suppl. Table 1). The median IC50 for cell lines 

following 72 hour treatment with selinexor was 102 nM (IQR 75 – 137 nM) for WT (n 

= 4), 142 nM (IQR 128 – 181 nM) for MRT (n = 4), and 766 nM (IQR 406 nM – 1.17 
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μM) for ATRT (n = 3). Non-tumor cell lines BJ and RPE had comparatively higher IC50 

values of 48 μM and 16.5 μM respectively. For comparison, multiple myeloma for which 

selinexor has been granted FDA approval had a median IC50 of 165 nM across 12 cell lines 
53. Additionally, pharmacokinetic studies of selinexor have shown that the FDA-approved 

dose of 80 mg twice a week achieves a peak plasma concentration of 1–1.5 μM suggesting 

that the observed in vitro sensitivity to selinexor in MRT and WT cell lines are within a 

clinically achievable range 45,46.

Selinexor inhibits XPO1 activity and induces cell cycle arrest and apoptosis

To examine the effects of selinexor treatment on XPO1 inferred activity, a subset of MRT 

cells were treated with either vehicle (DMSO) or a sublethal concentration of selinexor 

(30 nM) followed by post-perturbation RNAseq profiling and differential protein activity 

analysis by metaVIPER to evaluate the pharmacodynamic efficacy of XPO1 inhibition. 

Our results demonstrate that selinexor treatment was effective in reversing XPO1 activity 

when evaluated at 6 and 24 hours. Based on NES, there was a decrease in inferred XPO1 

activity at 24 hours in both G401 (p=0.013) and KPMRT-NS (p=0.033) cell lines, as 

well as a decrease in inferred activity in KPMRT-NS at 6 hours (p=0.0004) (Fig. 2B). 

Additionally, the reduction in XPO1 inferred activity was associated with a compensatory 

increase in XPO1 mRNA expression (Fig. S3A). In order to survey “cancer hallmark” 

pathways affected by selinexor treatment, pathway enrichment analysis was performed 

on the differential protein activity signature which shows marked downregulation in 

pathways involving cell cycle progression and proliferation (E2F targets, MYC targets, G2M 

checkpoint) (Fig. 2C).

Selinexor treatment of MRT and WT cell lines in vitro resulted in apoptosis and cell cycle 

arrest at the G1/S transition (Fig. 2D and E, Fig. S3C and E). Indeed G1/S phase arrest 

and apoptosis were associated with decreases in RB1 phosphorylation and induction of 

cleaved PARP (Fig. 2F). Evaluation of protein expression following selinexor treatment 

in WT and MRT cell lines showed variable changes in XPO1 and in tumor suppressors/

cell cycle mediators such as p53, p27, and p21. (Fig. S3B). In the MRT cell line G401, 

while there do not appear to be significant changes in nuclear XPO1 and p21 levels with 

selinexor treatment, we observe loss of XPO1 and accumulation of p21 in the cytoplasmic 

fraction (Fig. S3B). In addition, there is an increase in nuclear p53 associated with selinexor 

treatment, but no significant changes in levels of c-Myc. In contrast, selinexor treatment of 

the Wilms tumor cell line WiT49 results in a decrease in nuclear XPO1 levels and a marginal 

increase in p21, but no appreciable changes in p27, p53 or c-Myc (Fig. S3B). No significant 

changes in nuclear γ-H2AX in either MRT or WT cell lines are seen (data not shown) 

suggesting that cell cycle arrest and apoptosis induction following selinexor monotherapy is 

unlikely associated with DNA damage response.

Effects of selinexor treatment in xenograft models of MRT and WT

To assess the in vivo activity of selinexor in MRT and WT, established cell line-

derived xenograft (CDX) and patient-derived xenograft (PDX) models were generated for 

therapeutic studies. Initial studies using an MRT CDX model (G401) showed significant 

tumor growth inhibition (TGI= 71%) (p=4e−4) (Fig. 3A). Mutational analysis performed 
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using MSK-IMPACT54 revealed that most cell lines, including G401, harbor mutations 

in TP53, which are uncommonly observed in rhabdoid patient tumors (Supplemental 

Table 2). Therefore, additional studies were conducted using two MRT PDX models. 

MSKMRT-14531 was generated from biopsy tissue of an 8 month-old girl with MRT and a 

hepatic primary. MSKMRT-31222 was generated from primary tumor tissue obtained from 

the resection of a pelvic soft tissue mass in a 16 year-old female with treatment-refractory 

MRT. Genomic characterization of each model confirmed homozygous deletion of 22q11.23 

involving SMARCB1 with consequent loss of INI1 expression, but no mutations in TP53 
(Supplemental Table 2).

Selinexor treatment of the two MRT PDX models demonstrated significant anti-tumor 

activity over 4 weeks of treatment with selinexor (Fig. 3B,C). However, abrogation of tumor 

growth was dependent upon sustained treatment. Compared to conventional chemotherapy 

(ifosfamide/etoposide) response, selinexor treatment is able to exert similar responses as 

observed in an MRT PDX model (Fig. S4A).

Similar to in vitro treatment of MRT cell lines, analysis of MSKMRT-14531 PDX tumors 

collected after 3 days of selinexor treatment showed a decrease in XPO1 and loss of 

phosphorylated RB1 (Fig. 3D) consistent with the anti-proliferative responses observed 

in vitro. Additionally, there are increases in p53, p27 and p21 levels which are more 

pronounced in MSKMRT-14531 which exhibited tumor regression with selinexor treatment. 

In contrast, only marginal changes in levels of XPO1, phosphorylated RB1 (RB1-pSer780), 

p27 and p21 are observed in MSKMRT-31222 which, in comparison to MSKMRT-14531, 

showed tumor stabilization on selinexor treatment (Fig 3E). Expression of p53 could not 

be detected in MSKMRT-31222 despite the lack of identifiable mutations in TP53 with 

genomic profiling of the PDX model. Immunohistochemical analysis of MSKMRT-31222 

treated tumors showed significantly decreased Ki67 staining and induction of caspase 3 (Fig. 

3F,G) consistent with the anti-proliferative effect of selinexor. However, the observed effects 

were reliant upon sustained treatment.

Effects of XPO1 inhibition in Wilms Tumor Models

The in vivo activity of selinexor, and the next-generation XPO1 inhibitor eltanexor, was 

evaluated across a panel of WT PDXs representing a diverse cohort of high-risk cases, 

including both favorable and anaplastic histologies (Fig. 4A,B). We found that eltanexor 

was equally tolerated in treated mice in spite of a more sustained dose schedule (5 daily 

doses weekly with eltanexor compared to 3 doses weekly with selinexor) (Fig. S5A,B). 

Treatment with either selinexor or eltanexor significantly decreased tumor growth compared 

to vehicle controls (p=0.003, p=0.004 respectively, Mann-Whitney). There is no significant 

difference between selinexor or eltanexor treated models (p=0.31, Mann-Whitney). There 

is also a significant effect on disease control in treated models (p<1e−4, log-rank) with 

no significant difference observed between either XPO1 inhibitor (p=0.13). Notably, WT 

models harboring high-risk biological features, including anaplasia and TP53 mutation, 

demonstrate significant tumor regression with either XPO1 inhibitor in contrast to disease 

stabilization observed in three favorable histology WT models (Fig. S4B).
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XPO1 inhibitor therapy in Wilms tumor – a case report

Based upon the promising preclinical data from this study, a child with relapsed and 

subsequently progressive Wilms tumor was placed on selinexor monotherapy (Fig. 5). The 

patient originally presented with an unresectable large unilateral renal mass and underwent 

six weeks of standard chemotherapy (DD4A; vincristine, dactinomycin, and doxorubicin). 

The patient subsequently underwent a unilateral complete nephrectomy followed by flank 

radiation therapy. While the tumor demonstrated favorable histology, it exhibited the 

high-risk feature of blastemal predominance prompting augmentation of systemic therapy 

(Regimen M; vincristine, dactinomycin, doxorubicin, cyclophosphamide, and etoposide) as 

per AREN0533 (NCT00379340). Complete remission was achieved after initial therapy, but 

the tumor relapsed just over 1 year off therapy, presenting with a massive intra-abdominal 

tumor with diffuse peritoneal implants and pulmonary nodules. Although there was an initial 

response to salvage chemotherapy (topotecan, cyclophosphamide, doxorubicin, vincristine, 

ifosfamide, carboplatin, etoposide), the patient was found to have multiple progressive 

abdominal lesions after 6 months of therapy. He underwent an R1 resection of numerous 

peritoneal implants followed by whole lung and abdominal radiation. The patient’s tumor 

was submitted for FoundationOne® genomic profiling, which demonstrated a BRCA1 

rearrangement in intron 18. At that point, the patient’s medical team and family felt that 

additional systemic conventional chemotherapy would provide little benefit. Based upon 

the promising preclinical data presented in this report, the patient was transitioned to 

selinexor monotherapy via the Karyopharm Expanded Access Program 55. The patient 

remains disease-free now 14 months after initiation of selinexor with excellent performance 

status.

DISCUSSION

There is no current standard approach for the treatment of recurrent or progressive disease 

in MRT, WT, and other pediatric solid tumors. In pediatrics, this challenge is compounded 

by the general lack of targetable somatic alterations. The current approach of identifying 

and matching “actionable” mutations with molecularly-targeted drugs (e.g., NCI-MATCH) 

has resulted in modest preliminary results 56. Furthermore, while the FDA has approved 

over 120 targeted antineoplastic drugs over the past two decades, there are only 15 unique 

genomic alterations linked as companion diagnostics to these drugs 44. Hence, application 

of novel analytical approaches that can interrogate the molecular landscape of pediatric 

malignancies for non-genetically encoded “druggable” targets may offer a novel and unique 

opportunity to identify candidate therapies for high-risk pediatric cancers. We report on the 

application of a novel in silico approach that identified the nuclear export protein XPO1 as a 

non-oncogene vulnerability in MRT and WT.

The application of VIPER analysis, a novel systems biology approach for inferring protein 

activity from whole transcriptomic sequencing data, has been successfully validated across 

a spectrum of adult solid tumors 32,34,36,37,41,57–60. To address the challenge of identifying 

druggable targets in pediatric tumors, we describe how a related approach, metaVIPER, 

can be employed for identifying molecular vulnerabilities in pediatric cancers despite the 

absence of “actionable” mutations. metaVIPER infers the relative activity of over 6,000 
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proteins, including ~400 currently druggable proteins. This allows for the identification not 

only of proteins that are directly activated by a genomic alteration, but also of proteins that 

become highly activated as the result of a complex interplay of expression, protein-protein 

interactions, and post-translational modifications. The primary output of VIPER/metaVIPER 

analysis is a rank order list of “Master Regulator” (MR) proteins that represent critical nodes 

that are essential for maintaining the homeostatic state of any given tumor. Hence, targeted 

inhibition of any MR, or collection of MRs, can disrupt and ultimately collapse the MR 

architecture of the tumor cell resulting in cell death. Critically, the approach presented in 

this manuscript has been implemented in a NY and CA Departments of Health approved, 

CLIA compliant test (OncoTarget) 61, thus supporting its use in the design of clinical 

trials targeting proteins identified as aberrantly activated in patients. As such, this approach 

constitutes a direct mutation-agnostic extension of the oncogene addiction paradigm 62.

The studies presented detail the identification of XPO1 as a consistent and highly activated 

MR protein in MRT and WT, leading to the hypothesis that direct inhibition of XPO1 

activity may represent a molecular vulnerability in these tumors. Interestingly, metaVIPER 

is able to identify proteins with markedly aberrant activation even when differences are 

not readily apparent in protein abundance, and indeed, we observe that XPO1 activity does 

not necessarily correlate with increased protein expression levels across MRT and WT. 

Evaluation of XPO1 as a viable therapeutic target in MRT and WT was achieved by the 

treatment of MRT and WT cell line and PDX models with selective inhibitors of XPO1, 

selinexor and eltanexor. We demonstrate that MRT and WT cells are sensitive to XPO1 

inhibition, which induces cell cycle arrest at G1/S phase and consequently apoptosis. These 

results are similar to responses described in other cancers following selinexor treatment 
63–66. The observed G1/S phase arrest appears to be mediated through RB1, with loss of 

phospho-RB1 consistently observed in selinexor-treated MRT and WT models.

It has been proposed that the dysregulation of p53 and c-MYC may mediate aberrant 

XPO1 activity67, and that XPO1 inhibitors exert their anti-tumor effect through nuclear 

sequestration of cargo proteins, including several critical tumor suppressors 68–71. However, 

we do not consistently observe nuclear accumulation of specific tumor suppressor proteins 

in either MRT or WT models after selinexor treatment. Further, while we identify a marked 

decrease in XPO1 activity via the application of metaVIPER to short-term selinexor treated 

samples, we have not discovered a clear signal of down or upregulation in the activity of 

these critical cargo proteins. Akin to the challenge of precisely understanding how specific 

genomic alterations lead to the development of MRT (SMARCB1) and WT (aneuploidy), 

we suspect that there are multiple overlapping, context-specific mechanisms by which XPO1 

inhibitors have activity in these tumors.

Both selinexor and eltanexor induced impressive anti-tumor effects in MRT and WT 

PDX models, but the effects observed require sustained treatment and can range from 

tumor regression to stable disease, suggesting that combinatorial therapies may be needed 

to enhance and sustain treatment responses in some patients. Additional studies will be 

needed to determine the extent to which epigenetic subtypes of MRT72 and histological and 

mutation-based subtypes of WT, modulate treatment response to XPO1 inhibition and may 

guide the development of combination strategies. Pre-clinical studies of acute myelogenous 
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leukemia (AML) suggest selinexor may help overcome resistance to topoisomerase II 

inhibitors, as increased nuclear retention of topoisomerase II is observed following XPO1 

inhibition 73. As TOP2A is identified by metaVIPER analysis to be the most activated 

protein across the TARGET MRT and WT cohorts and as the topoisomerase II inhibitors 

etoposide and doxorubicin are standard agents used for MRT and WT, combining these 

with XPO1 inhibition would be a sensible strategy. Furthermore, sequential treatment with 

selinexor following administration of DNA damaging agents shows enhanced cytotoxicity, 

as opposed to the reverse order or concurrent treatment, in preclinical models of AML and 

multiple myeloma, presenting an additional therapeutic strategy to explore 74. Combination 

strategies incorporating chemotherapy75,76, CDK4/6 inhibitors which may further enhance 

XPO1 inhibition induced G1/S phase arrest in RB1-wildtype tumors77, and proteasome 

inhibitors78,79 have biological relevance in MRT and WT, but will require further preclinical 

validation. As a future direction, we would like to study tumor samples at the time of 

acquired resistance to help elucidate 1) whether XPO1 activity continues to be suppressed 

by the drug in spite of resistance (i.e. on vs. off-target resistance); and 2) other acquired 

protein activity changes associated with resistance that potentially could be targeted 

synergistically. Ultimately, combination strategies will need to balance synergistic activity 

with manageable toxicity.

Selinexor has demonstrated efficacy in patients with refractory hematologic malignancies, 

as well as those with advanced or metastatic solid tumors 45,46,80. It is currently being 

evaluated in adult trials for the treatment of a range of cancers including AML, sarcoma, 

and other solid tumors, and received FDA accelerated approval for the treatment of multiple 

myeloma and diffuse large B-cell lymphoma (DLBCL) 44. Notably, our analysis showed 

that AML, DLBCL, and multiple myeloma also have high XPO1 activity, though not 

as uniformly high as in MRT or WT, supporting the idea that XPO1 activation may 

predict response to selinexor. In a multiple myeloma trial of selinexor and dexamethasone, 

metaVIPER was used with a linear discriminant analysis classifier that identified a four-

protein classifier with high predictive performance of patient response to selinexor 81. In 

contrast, the use of differential gene expression data did not produce an effective classifier 

suggesting the potential application of metaVIPER analysis for biomarker identification in 

other cancers. Currently, three pediatric clinical trials have evaluated the safety and efficacy 

of selinexor in children (NCT02323880, NCT04898894, NCT02091245) 82–84. Data from 

these studies have informed the development of future clinical trials exploring the activity of 

XPO1 inhibition in patients with MRT and WT.

Eltanexor (KPT-8602) is a derivative of selinexor, but with 30-fold less CNS penetration 

resulting in an improved tolerability profile and allows for more sustained dosing 49. 

Indeed, preclinical studies demonstrate that this decreased CNS penetration may lead to an 

improved toxicity profile and improved anti-tumor activity 49. We evaluated eltanexor across 

a panel of WT PDX models demonstrating anti-tumor activity similar to that observed 

with selinexor. Additionally, eltanexor was equally tolerated in treated mice in spite of 

a more sustained dose schedule. The first-in-human study of eltanexor, “Study of the 

safety, tolerability, and efficacy of KPT-8602 in patients with relapsed/refractory cancer 

indications” (NCT02649790) is now completed, although no studies in children have opened 

to date.
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In conclusion, we identify XPO1 as an aberrantly activated protein in MRT and WT and 

provide preliminary evidence that it is a viable non-genetically encoded therapeutic target. 

These findings demonstrate the value of metaVIPER analysis in tumors lacking actionable 

oncogenic alterations to identify potential therapeutic targets and biomarkers of response 

and XPO1 inhibition as a promising therapeutic strategy for the treatment of MRT, WT, 

and other pediatric tumors. An investigator-initiated trial of selinexor for children and young 

adults with advanced MRT and WT is in final stages of trial initiation to evaluate the clinical 

benefit of this strategy.

LIMITATIONS OF STUDY

While VIPER and metaVIPER overcome the high technical and biological variation of 

RNA-based analyses by providing accurate and highly reproducible inference of protein 

activity, there remain certain limitations in the clinical setting. Stromal infiltration may 

dilute or even introduce false signals when evaluating for dependencies in the tumor cell 

compartment, a concern that is currently only partly mitigated through histopathologic 

selection of biopsy specimens for high tumor cellularity. Further, temporal and spatial tumor 

heterogeneity may require sequential biopsies and sampling of multiple metastatic sites to 

determine if inferred vulnerabilities are conserved before choosing optimal therapies.

While FoundationOne® CDx genomic testing was performed on the tumor tissue from the 

WT case report, additional germline testing and sequential cell-free DNA (cfDNA) analyses, 

which may have further informed our understanding of the benefit of selinexor, were not 

performed. Current WT clinical guidelines recommend germline testing only for children 

with physical findings consistent with a WT predisposition condition85, which our patient 

did not exhibit. At this time, we do not know if certain germline variants correspond to 

XPO1 activation. Likewise, careful analysis of sequential cfDNA samples could potentially 

inform of genomic alterations and clonal selection corresponding to selinexor response or 

predating frank resistance.

Despite the promising anti-tumor effects observed in MRT and WT models, the precise 

mechanism of action of selinexor in these tumor types requires further definition. Proteins 

implicated as contributing to selinexor’s mechanism of action in other tumor types - 

especially tumor suppressors and cell cycle mediators, such as p53, p21, p27, and c-Myc 

– have not been shown to be consistently affected following treatment with selinexor in 

our studies. Furthermore, in vivo activity of selinexor in CDX and PDX models require 

sustained treatment to induce disease control suggesting that identification of selinexor 

combination therapies may be key to inducing durable treatment responses.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact Filemon S. Dela Cruz 

(delacrf1@mskcc.org).
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Materials availability—This study did not generate new unique reagents.

Data and code availability—Oncotarget predictions and RNA-seq data have been 

deposited at Figshare and Gene Expression Omnibus (GEO), respectively, and are publicly 

available as of the date of publication. Accession numbers are listed in the key resources 

table.

This study did not generate any new codes.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human samples—Informed and signed consent to publish the data was obtained and 

archived for the research performed and publication of the results, including the case 

report. Memorial Sloan Kettering Cancer Center (MSKCC) patients were enrolled onto 

the MSKCC targeted gene sequencing research study (Genomic profiling in cancer patients; 

NCT01775072) with approval from the MSKCC Institutional Review Board under protocol 

IRB# 12–245, #06–107, and #17–387. For xenografts generated at Columbia University 

Medical Center, patient consent was obtained for clinical sequencing at Columbia University 

Medical Center (CUMC) through the Precision in Pediatric Sequencing Program (PIPseq) 

and PDX tumor mouse model generation under the CUMC Institutional Review Board 

(IRB)-approved protocol AAAN8404.

Xenograft models—All animal studies were performed in accordance with institutional 

guidelines and under an approved protocol from the CUMC Institutional Animal Care and 

Use Committee (Protocol AAAF5850) or the MSKCC Institutional Animal Care and Use 

Committee (#16–08-011).

The patient-derived xenograft (PDX) models were developed by transplanting a 2 mm 

fragment from a patient’s biopsy specimen into the flank of 8 – 10 week old NOD 

(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) SCID gamma (NSG) mice to generate the passage 

0 (P0) generation. Tumors were serially propagated and expanded from the PDX P0 

generation for therapeutic studies. The G401 cell line xenograft models were developed 

by injecting 2 million G401 cells into the flank of NSG mice.

Cell line models—Rhabdoid cell line G401 (ECACC Cat# 87042204, 

RRID:CVCL_0270) was obtained from the American Type Culture Collection (ATCC). 

Rhabdoid cell lines KP-MRT-AN (RRID:CVCL_7049), KP-MRT-NS (RRID:CVCL_7050), 

and KP-MRT-YM (RRID:CVCL_7052) were obtained courtesy of Dr. H. Hosoi 86–89. The 

ATRT cell line CHLA-266 (RRID:CVCL_M149) was obtained from the COG cell line 

repository. WiT49 and COGW408 were provided courtesy of Dr. Herman Yeger (Toronto, 

Canada) and Dr. C. Patrick Reynolds (Lubbock, TX, United States) respectively. Dr. Brigitte 

Royer-Pokora (Dusseldorf, Germany) provided the Wilms1 and Wilms10 cell lines. BT12, 

BT16, BJ, and RPE cell lines were provided by Dr. Alex Kentsis (New York City, NY, 

United States). RH-30, TC-71, and 786–0 were obtained from ATCC. Cell lines were 
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authenticated using STR profiling. Rhabdoid tumor cell lines were cultured in DMEM 

with 10% FBS and 1% Antibiotic-Antimycotic (Thermo Fisher Scientific). COGW408 was 

cultured in IMDM with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin. WiT49, 

Wilms1, and Wilms10 were grown in DMEM-F12 with 10% FBS, 1% L-glutamine, and 1% 

penicillin/streptomycin. All cells were tested for Mycoplasma 90.

METHOD DETAILS

Cell viability assay—Cells (250 −2,000 cells/well) were seeded in 384-well plates and 

after 24 hours were incubated with selinexor (Selleckchem) for 72 hours. The viability of 

the cells was determined using CellTiter-Glo Luminescent Cell Viability Assay (Promega) 

according to the manufacturer’s recommendations. IC50 concentrations were determined 

using GraphPad Prism Software Version 7.0.

Cell cycle analysis—Cells (300,000 cells/well) were seeded in 6-well plates. MRT and 

WT cells were treated with 400 nM and 100 nM Selinexor, respectively, for 48 hours. Cells 

were then fixed in 70% ethanol, washed, and stained in PBS 1X containing 50 μg/ml RNase 

H (Sigma Aldrich) and 50 μg/ml propidium iodide (PI) (Sigma Aldrich), followed by flow 

cytometric analysis.

Apoptosis assay—Cells were seeded in 384-well plated with with either DMSO or 200 

nM selinexor for 48 hours. Apoptosis of cells was determined using Caspase-Glo 3/7 Assay 

(Promega) according to the manufacturer’s recommendations.

Immunoblotting—Cells treated with Selinexor for 48h and PDX tumor samples were 

resuspended in either RIPA Buffer with SDS 1% (Sigma Aldrich) to extract whole 

protein or Nuclear Extraction Kit (Abcam) to obtain proteins from cytosolic and nuclear 

fractions. Protein concentrations were determined using the Pierce BCA Protein Assay 

Kit (Thermofisher) according to manufacturer’s recommendations. The isolated protein 

samples were separated on 4–12% SDS-PAGE gels and were subsequently transferred to a 

nitrocellulose membrane using the iBlot Gel Transfer Device and iBlot Gel Transfer Stacks 

(Thermo Scientific). Membranes were stained with the antibodies listed in Key Resources 

Table.

In vivo study—Tumor growth was measured biweekly using calipers. Treatments were 

started when flank tumors achieved a tumor volume (TV) of ~ 100 mm3 (TV = width2 

* length/2). PDX models were dosed with selinexor by oral gavage three times a week 

(Monday, Wednesday, Friday) at a dose of 15 mg/kg. Eltanexor treatment was 15 mg/kg by 

oral gavage five times per week. Tumors were collected and fragments were either fixed in 

10% formalin for histologic analysis or snap frozen in liquid nitrogen for subsequent DNA, 

RNA, and protein isolation and analyses.

Immunofluorescence—Immunofluorescence staining was performed in the Molecular 

Cytology Core Facility of MSKCC using the Discovery XT processor (Ventana Medical 

Systems). The tissue sections were deparaffinized with EZPrep buffer (Ventana Medical 

Systems), and antigen retrieval was performed with CC1 buffer (Ventana Medical Systems). 
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Sections were blocked for 30 minutes with Background Buster solution (Innovex), followed 

by avidin-biotin blocking for 8 minutes (Ventana Medical Systems). Sections were incubated 

with human-specific anti-Ki67 (DAKO, cat# M7240) or human specific anti-ClCaspase3 

(CST, cat# 9661), followed by a 60 minutes incubation with biotinylated horse anti-mouse 

IgG (Vector labs, cat# MKB-22258) or biotinylated goat anti-rabbit (Vector Labs, cat# 

PK6101) respectively. The detection was performed with Streptavidin-HRP D (part of 

DABMap kit, Ventana Medical Systems), followed by incubation with Tyramide Alexa 

Fluor 568 (Invitrogen) prepared according to manufacturer’s instructions with predetermined 

dilutions. After staining, all slides were counterstained with DAPI (Sigma Aldrich) for 10 

min and cover-slipped with Mowiol (Sigma Aldrich).

Nucleic acid extraction, clinical sequencing, and analysis—DNA from frozen 

tissue or paraffin embedded tissue was extracted using the QIAGEN QIAamp Tissue Kit (for 

tissue samples) on the QIAcube system. RNA was extracted using the QIAGEN RNeasy Kit 

(fresh frozen tissue). All slides were evaluated by a pathologist to ensure that a minimum 

of 50 % viable tumor was present for subsequent extraction and analyses. Whole exome 

sequencing (WES) was performed using the Agilent SureSelectXT All Exon V5 + UTRs 

capture kit for library generation, and sequenced on the HiSeq 2500 System (Illumina), 

using paired-end 100 cycle × 2 sequencing. RNA was sequenced using the TruSeq Stranded 

Total RNA LT Sample Prep Kit (Illumina), with 100 cycles × 2 paired-end sequencing 

on the HiSeq 2500. DNA sequencing reads were de-multiplexed and converted to FASTQ 

files using CASAVA from Illumina. Following mapping and variant calling of both tumor 

and normal samples by NextGENe, resulting variants were subject to filtering. Variants in 

normal DNA were passed through a “reference range filter” of cancer predisposition genes, 

genes relevant to pharmacogenomics, and variants relevant to patient care; a “reportable 

range filter” which includes COSMIC variants in the patient’s mutation report file and 

variants in genes on the list of ACMG (American College of Medical Genetics and 

Genomics) recommendations for reporting of secondary findings; as well as a frequency 

filter. Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets 

(MSK-IMPACT) testing was performed as described previously 54.

MetaVIPER Analysis—All regulatory networks used for metaVIPER analysis were 

reverse engineered by ARACNe 50. Twenty four core TCGA RNA-Seq derived networks are 

publicly available in the R Bioconductor package aracne.networks. In the case of signaling 

proteins, ARACNe detects maximum information path targets to define its set of “indirectly 

regulated” target genes.

After standard read alignment of RNA-Seq data by STAR 91 to the GRCh38 reference 

genome build and summarization of expression quantities at the gene count level, gene 

expression was normalized by variance stabilization. The stabilization parameters are stored 

from a single run of the Variance Stabilizing Transformation (VST), as implemented in 

the DESeq2 package 92, across all TCGA and TARGET samples and these parameters are 

then applied to individual samples. In the case of novel samples, post-normalization gene 

expression profiles are compared between the novel samples and tissue-relevant samples 

from TCGA/TARGET through methods such as principal component analysis and t-SNE 

Coutinho et al. Page 15

Med (N Y). Author manuscript; available in PMC 2023 November 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to confirm the absence of any significant batch effects that may be attributed to instrument/

library-specific biases. In the case of cell line samples, an analogous procedure is performed 

through the initial application of VST to all CCLE samples.

For the purposes of computing differential protein activity of TARGET MRT, a gene 

expression signature (GES) was computed between each MRT versus a pan-cancer reference 

group that includes gene expression profiles of 11,289 tumors belonging to 33 cancer 

types, followed by application of the analytic Rank-based enrichment analysis (aREA) using 

each of the available networks 30,31,41. As VIPER is a rank based enrichment method, 

GES’s are generated through a double-rank transformation process. First, the normalized 

expression of each gene in the sample is ranked relative to the distribution of the expression 

of this gene across all TCGA and TARGET samples. Expression distributions for all 

genes have been fitted to a spline-model to ensure comparable ranks. Next, genes within 

a sample are ranked based on their relative expressions. Following generation of a GES, 

aREA tests for a global shift in the positions of a regulatory protein’s target genes in the 

rank-sorted GES and is an extension of other efforts at computationally efficient method to 

approximate GSEA 30,93. aREA uses the mean of the rank-transformed positions as the test 

statistic (enrichment score). The enrichment score is computed first by a 1-tail approach, 

rank-transforming the absolute values of the GES and secondly by a 2-tail approach, where 

positions of the repressed target genes (as inferred in the network) are inverted in the 

gene expression signature before computing the enrichment score. The contribution of each 

target gene to the enrichment score is also weighted based on the regulator-target gene 

mutual information computed by ARACNe. In the final step of aREA, in the case of single 

sample analysis, statistical significance for the enrichment score is computed by an analytic 

approach that approximates shuffling the genes in the signature at random, outputting a 

normalized enrichment score (NES). Gene shuffling is approximated as follows: according 

to the central limit theorem, the mean of a sufficiently large number of independent random 

variables is normally distributed. We ensure a mean of zero and variance equal to one for the 

enrichment score under the null hypothesis by applying a quantile transformation based on 

the normal distribution to the rank-transformed GES before computing the enrichment score. 

Then, under the null hypothesis, the enrichment score will be normally distributed with 

mean of zero and variance n−1, where n is the regulon size, which is further scaled to the 

standard variable. In the single sample analysis, aREA cannot directly account for biological 

correlation between the expression of various genes in the given biological context, and 

so conservative NES/p-value thresholds are empirically used with the assumption that 

this approach underestimates the p-value. In the final step of metaVIPER analysis, NES’s 

generated by the application of VIPER using each of the available networks are integrated 

at the individual regulatory protein level by a weighted average, with greater absolute NES’s 

contributing a greater weight to the final integrated score to maximize the contribution of 

signal over noise, as benchmarked in 41. As noted, alternative methods including a simple 

average of NES scores appear to provide an almost equivalent result.

Similarly, metaVIPER was used to infer differential protein activity between samples from 

each of four selinexor treated MRT/ATRT cell lines and corresponding DMSO treated 

controls. As these experiments were done in replicate, the GES is computed through gene-

wise modified student t-test between condition and control.
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Pathway analysis on the Selinexor induced integrated differential protein activity signature 

in MRT/ATRT cell lines was performed with ‘Cancer Hallmark’, ‘Gene Ontology’, and 

‘Oncogenic Signature’ gene sets provided in the Broad MSigDB collections 94. Pathway 

enrichment analysis was performed by using the single-tail aREA method described above 

as a rapid approximation to the KS-test used in GSEA, inputting the pathway genes and the 

sorted differential protein activity signature. Unlike other statistical tests used for pathway 

enrichment analysis, such as the Fisher’s exact test on a thresholded list of differentially 

expressed genes or the repeated application of the Kolmogorov-Smirnov test in classical 

GSEA, aREA does not require the arbitrary binarization into significant/non-significant hits 

for target genes in the signature but takes into account their relative position in the signature.

Co-Segregation Analysis of XPO1 Activity—In order to identify potential genomic 

events that causally or incidentally associate with increased XPO1 activity, a co-segregation 

analysis was performed to determine somatic events that are enriched in tumors that are 

inferred to have high XPO1 activity by metaVIPER across 33 TCGA cancer type cohorts. 

Publicly available somatic SNV and CNV (GISTIC) calls from the Broad TCGA Genome 

Data Analysis Center (GDAC) Firehose were downloaded in order to perform this analysis. 

Enrichment analysis by aREA was performed by arranging tumors in order of lowest to 

highest XPO1 activity; a null model derived from enrichment analysis of each genomic 

event with all proteins that metaVIPER infers activity on was developed to estimate the 

statistical significance of the co-segregation. Analogously, the co-segregation analysis was 

performed between increased XPO1 activity and the activity of about 411 other ‘druggable’ 

proteins in both the TARGET malignant rhabdoid tumors dataset and the TCGA datasets 

to develop hypotheses on biologically relevant protein interactions and potential synergistic 

drug combinations to treat tumors with elevated XPO1 activity.

Quantification and Statistical Analysis—For MetaVIPER analysis, enrichment scores 

are first computed for the targets of each protein in the GES for each network independently, 

using aREA. Each enrichment score is computed using a two-tailed approach. The absolute 

value of the GES for the positively regulated target genes are rank transformed, and 

the signatures are then inverted to compute enrichment of the repressed target genes. 

The enrichment score is a weighted average based on targets’ ranks in the signature, 

and the protein-target gene mutual information assignments in the network, with stronger 

interactions contributing more heavily to the score. Subsequently, statistical significance 

for the enrichment score is computed by an analytic approach. Under the null hypothesis, 

the enrichment score is normally distributed with mean of zero and variance proportional 

to 1/(n−1), where n is the number of targets, scaled to the standard variable. This 

approximates shuffling the genes in the signature at random, outputting a normalized 

enrichment score (NES). While aREA cannot directly account for biological correlation 

between the expression of various genes (i.e. covariance) in the given biological context, 

a very conservative NES/p-value threshold is empirically used with the assumption that 

this approach underestimates the p-value. In the final step of metaVIPER analysis, NES’s 

generated using each of the available networks are integrated at the individual protein level 

by a weighted Stouffer’s Z-score method, with greater absolute NES’s contributing a greater 

weight to the final integrated NES score for the protein, as benchmarked in 41.
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Statistical analyses and visualizations of in vitro and in vivo experiments were performed 

using GraphPad Prism 9. IC50 values obtained from dose-response assays were compared 

across cell lines using the Kruskal-Wallis test. Pairwise comparisons were made using 

Dunn’s test, and multiplicity adjusted p-values were reported. XPO1 activity was analyzed 

using the same methodology. Cell cycle analyses comparing average relative fractions 

of cells in different stages treated with vehicle against Selinexor were run using several 

unpaired t-tests. A multiple testing correction to maintain a false discovery rate of 0.01 was 

implemented using a two-stage step up procedure. Differences in relative tumor volume, 

measured as a change from baseline, were evaluated in various PDX models using a 

Mann-Whitney U test. The Kruskal-Wallis test was used to compare Ki67 and caspase 

measurements through IHC. Overall disease control probabilities were estimated using 

Kaplan-Meier analysis. The global test for differences in disease control across treatment 

arms, as well as individual comparisons of survival curves, were carried out using a log-rank 

test. Waterfall plots were produced to visualize differences in relative tumor volume across 

treatment arms, and differences were evaluated using unpaired t-tests. Statistical significance 

was defined as p values < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• A network-based algorithm identifies molecular vulnerabilities in pediatric 

tumors

• Pediatric renal tumors exhibit aberrant activation of Exportin 1 (XPO1)

• Inhibiting XPO1 in pediatric renal tumor models induces cell cycle arrest and 

apoptosis

• Selinexor has antitumor effect in PDX models and leads to disease control in 

a patient
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CONTEXT AND SIGNIFICANCE

We need new tools to identify “druggable” targets in pediatric cancers, since they have 

a lower frequency of somatic mutations compared to adult cancers. Here, the authors 

apply a mutation-independent methodology to identify abnormally activated proteins in 

pediatric renal cancers with low tumor mutational frequency. In silico analysis identified 

XPO1 as consistently activated, and its inhibition with the drug Selinexor reduced tumor 

proliferation in vitro and in vivo in relevant preclinical models. Corroborating human 

relevance, the authors present the case report of a child with multiply relapsed Wilms 

tumor with prolonged disease control following treatment with selinexor. These findings 

support further clinical investigation of XPO1 inhibition for pediatric renal tumors and 

provide a novel approach to identifying therapeutic targets for other pediatric cancers.
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Figure 1: 
MetaVIPER inference of XPO1 activity in rhabdoid tumors and Wilms tumor cell lines. 

A) MetaVIPER analysis schema. Biopsy specimens undergo histopathologic review and 

cores with ≥ 70% tumor cellularity are reserved for RNAseq. A differential gene expression 

signature (GES) is computed by comparing the relative expression of each gene with a 

pan-cancer reference. Gene regulatory networks, e.g. interactomes generated by ARACNe 

from TCGA cancer cohorts, independently interrogate the GES by enrichment analysis, 

generating an NES score for each protein representing its transcriptional regulatory activity. 
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The final activity score for each protein is computed by Fisher’s integration of the NES 

values derived using each network independently. B) Boxplots representing the distribution 

of metaVIPER inferred XPO1 activity for 33 TCGA tumor cohorts, 3 TARGET pediatric 

tumor cohorts (MRT, WT, and osteosarcoma), one neuroendocrine tumor cohort, and two 

MSK cohorts (WT and MRT). The median and interquartile range for NES values is 

represented by each box for the respective tumor cohort. NES values from enrichment 

analysis are comparable to Z-scores, with higher scores representing increased activity. 

C) Boxplots representing metaVIPER prediction rank for each of the top 30 ‘druggable’ 

proteins for MRT in TARGET (n=68). D) Boxplot of inferred activity for each of the top 30 

proteins predicted for Wilms tumor in TARGET (n=132). XPO1 is a significantly activated 

protein in both MRT and WT. Boxplots representing the top 30 ‘druggable’ proteins in WT 

demonstrate the distribution of the rank of the protein in the 132 samples. XPO1 ranks as 

the third most frequently activated druggable protein in MRT and the second most frequently 

activated druggable protein in WT.

Abbreviations: TCGA, The Cancer Genome Atlas; TARGET, Therapeutically Applicable 

Research to Generate Effective Treatments; NES, normalized enrichment score; MRT, 

malignant rhabdoid tumors; WT, Wilms tumors.
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Figure 2: 
Pharmacodynamic analysis of selinexor treatment in WT and MRT cell lines A) Comparison 

of sensitivity to selinexor in Wilms, MRT, ATRT, and non-tumor cell lines (BJ and RPE) 

following 72 hours of treatment. B) Change in XPO1 activity (NES), as computed by 

metaVIPER, in two rhabdoid cell lines at baseline and after treatment with selinexor (30 

nM) for 6 and 24 hours versus baseline. Significant decreases are observed in G401 at 

24 hours (p=0.013, estimated from enrichment analysis) and in KPMRT-NS at 6 hours 

(p=0.0004) and 24 hours (p=0.033). C) “Cancer hallmark” pathway enrichment analysis 

Coutinho et al. Page 28

Med (N Y). Author manuscript; available in PMC 2023 November 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on the differential protein activity signature following treatment of MRT cell lines. D) 
Cell cycle analysis across MRT and WT cell lines treated with 100 nM (WT) or 400 nM 

(MRT) selinexor for 48 hours demonstrates G1/S phase arrest. E) Relative caspase activity 

induction following treatment of MRT, WT and non-MRT/WT cell lines following 48 hours 

of treatment with selinexor. (F) Decrease in phosphorylated Rb and induction of cleaved 

PARP following selinexor treatment coincide with cell cycle arrest and apoptosis in MRT 

and WT cell lines. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 3: 
In vivo activity of selinexor in MRT xenografts. A) Tumor response in G401 xenograft 

(n= 8 per arm) treated with vehicle or selinexor for 21 days. Error bars: standard error of 

mean (SEM). B) and C) Tumor responses in MRT patient-derived xenograft (PDX) models 

(n=8/arm) treated with selinexor for 28 days. Error bars: SEM. D-E) Pharmacodynamic 

assessment of XPO1 and proliferative markers in MRT PDX models treated with selinexor. 

F) Immunohistochemical analysis of proliferation (Ki67) and G) apoptosis induction 
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(caspase 3) in an MRT PDX model treated with selinexor (through Day 25) and following 

withdrawal of treatment.
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Figure 4: 
Wilms tumor PDX models show in vivo sensitivity to selinexor and eltanexor. A) Waterfall 

plot summarizing anti-tumor activity across a panel of Wilms tumor PDX models. Solid 

color bars denote models with favorable histology and textured bars denote anaplastic 

histology. Significant differences observed in either selinexor (p=0.003, Mann-Whitney) 

or eltanexor treated animals (p=0.004) compared to vehicle treatment, but no difference 

between selinexor or eltanexor treatment (p=0.31). B) Treatment with either selinexor or 

eltanexor results in significant disease control across a panel of WT PDX models (p<1e−4, 

log-rank). No significant differences were observed between selinexor- or eltanexor-treated 

cohorts (p=0.13).

PD – progressive disease; SD – stable disease; PR – partial response; CR – complete 

response.

Coutinho et al. Page 32

Med (N Y). Author manuscript; available in PMC 2023 November 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Treatment timeline of a pediatric patient with relapsed Wilms tumor treated with selinexor. 

Red arrows indicate peritoneal implants on MRI performed at relapse and CT performed 

at time of disease progression. At present, patient has no evidence of disease on selinexor 

monotherapy.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CRM1 antibody (XPO1); 1:1000 Abcam Cat# ab24189, RRID: AB 2257217

SNF5 antibody [EPR6966]; 1:1000 Abcam Cat# ab126734, RRID: AB 11127897

gamma H2A.X (pS139) antibody [9F3]; 1:1000 Abcam Cat# ab26350, RRID: AB 470861

p53 (7F5) Rabbit mAb antibody; 1:1000 CST Cat# 2527, RRID: AB 10695803

Rb (4H1) Mouse mAb antibody; 1:2000 CST Cat# 9309, RRID: AB 823629

Phospho-Rb (Ser780) antibody; 1:1000 CST Cat# 9307, RRID: AB 330015

p21 Waf1/Cip1 (12D1) antibody; 1:1000 CST Cat# 2947, RRID: AB 823586

p27 Kip1 (D37H1) mAb antibody; 1:1000 CST Cat# 3688, RRID: AB 2077836

Cleaved PARP (Asp214) (D64E10) antibody; 
1:1000

CST Cat# 5625, RRID: AB 10699459

c-Myc (D84C12) mAb antibody; 1:1000 CST Cat# 5605, RRID: AB 1903938

Anti-β-Actin antibody; 1:5000 Sigma-Aldrich Cat# A5441, RRID: AB 476744

Anti-α-Tubulin antibody; 1:1000 Sigma-Aldrich Cat# T9026, RRID: AB 477593

IRDye 680RD Donkey anti-Mouse IgG antibody; 
1:5000

LI-COR Biosciences Cat# 926-68072, RRID: AB 10953628

IRDye 800CW Donkey anti-Rabbit IgG antibody; 
1:15000

LI-COR Biosciences Cat# 926-32213, RRID: AB 621848

Monoclonal Mouse Anti-Human Ki-67 Antigen; 
1:150

Agilent Cat# M7240, RRID: AB 2142367

Cleaved Caspase-3 (Asp175) antibody; 1:1000 CST Cat# 9661, RRID: AB 2341188

Biotinylated horse anti-mouse IgG; 1:50 Vector Labs Cat# MKB-22258

Biotinylated goat anti-rabbit; 1:50 Vector Labs Cat# PK6101

Tyramide Alexa Fluor 568 Invitrogen Cat# T20949

DAPI Sigma Aldrich Cat# D9542

Mowiol Sigma Aldrich Cat# 81381

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium (DMEM) ThermoFisher Scientific Cat# 12491015

DMEM/F-12 ThermoFisher Scientific Cat# 11320033

Iscove’s Modification of DMEM (IMDM) Corning Cat# 10-016

Fetal Bovine Serum (FBS) Corning Cat# 35-010

Antibiotic-Antimycotic (100X) ThermoFisher Scientific Cat# 15240062

L-Glutamine (200 mM) ThermoFisher Scientific Cat# 25030081

Selinexor Selleckchem Cat# S7252

Eltanexor Selleckchem Cat# S8397

Ethanol Merck Cat# 100983

Phosphate Buffered Saline Gibco Cat# 10010023

Ribonuclease H (RNase H) Sigma-Aldrich Cat# 10786357001

Propidium iodide Sigma-Aldrich Cat# P4170
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REAGENT or RESOURCE SOURCE IDENTIFIER

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650

RIPA Buffer Sigma-Aldrich Cat# R0278

Pierc BCA Protein Assay Kit Thermofisher Scientific Cat# 23225

Formalin solution, neutral buffered, 10% Sigma-Aldrich Cat# HT501128

EZ Prep Concentrate Ventana Cat# 950-102

ULTRA Cell Conditioning (CC1) Ventana Cat# 950-224

Background Buster Innovex Cat# NB306

Critical commercial assays

CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat# G7572

Caspase-Glo® 3/7 Assay Promega Cat# G8091

Nuclear Extraction Kit Abcam Cat# ab113474

NuPAGE™ 4 to 12%, Bis-Tris, 1.0-1.5 mm, Mini 
Protein Gels

Invitrogen Cat# NP0321BOX

QIAGEN QIAamp Tissue Kit Qiagen Cat# 51404

RNeasy Micro Kit Qiagen Cat# 74004

Agilent SureSelectXT All Exon V5 + UTRs Agilent Cat# 5191-7408

TruSeq Stranded Total RNA LT Sample Prep Kit Illumina Cat# 20020596

Deposited data

RNA-seq data from cell lines and used for 
perturbation screen

Gene Expression Omnibus (GEO) GEO Accession: GSE198000

Oncotarget predictions Figshare https://figshare.com/sZ3213cfaf6b2a2aeb7783

Experimental models: Cell lines

786-O ATCC Cat# CRL-1932

BJ Dr. Alex Kentsis; MSKCC N/A

BT12 Dr. Alex Kentsis; MSKCC N/A

BT16 Dr. Alex Kentsis; MSKCC N/A

CHLA-266 COG cell line repository RRID: CVCL_M149

COGW408 Dr. C. Patrick Reynolds; Texas Tech 
University

N/A

G401 ATCC Cat# 87042204, RRID: CVCL 0270

KP-MRT-AN Dr. Hajime Hosoi’s; Kyoto 
Prefectural University of Medicine

N/A

KP-MRT-NS Dr. Hajime Hosoi’s; Kyoto 
Prefectural University of Medicine

N/A

KP-MRT-YM Dr. Hajime Hosoi’s; Kyoto 
Prefectural University of Medicine

N/A

RH-30 ATCC CVCL 0041

RPE Dr. Alex Kentsis; MSKCC N/A

TC-71 ATCC CVCL 2213

Wilms 1 Dr. Brigitte Royer-Pokora; Heinrich-
Heine-University

N/A

Wilms 10 Dr. Brigitte Royer-Pokora; Heinrich-
Heine-University

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

WiT49 Dr. Herman Yeger; University of 
Toronto

N/A

Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ The Jackson Laboratory Cat# 005557; RRID: IMSR_JAX: 005557

Software and algorithms

Prism Software Version 9 GraphPad N/A
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