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Abstract

Analysis of the radiation-induced translatome of glioblastoma stem-like cells (GSCs) identified an 

interacting network in which XPO1 serves as a major hub protein. To determine whether this 

nuclear export protein provides a target for radiosensitization, we defined the effects of the 

clinically relevant XPO1 inhibitor Selinexor on the radiosensitivity of glioblastoma cells. As 

determined by clonogenic survival analysis, Selinexor enhanced the radiosensitivity of GSCs but 

not normal fibroblast cell lines. Based on γH2AX foci and neutral comet analyses, Selinexor 

inhibited the repair of radiation-induced DNA double strand breaks in GSCs suggesting that the 

Selinexor-induced radiosensitization is mediated by an inhibition of DNA repair. Consistent with a 

role for XPO1 in the nuclear to cytoplasm export of rRNA, Selinexor reduced 5S and 18S rRNA 

nuclear export in GSCs, which was accompanied by a decrease in gene translation efficiency, as 

determined from polysome profiles, as well as in protein synthesis. In contrast, rRNA nuclear 

export and protein synthesis were not reduced in normal cells treated with Selinexor. Orthotopic 

xenografts initiated from a GSC line were then used to define the in vivo response to Selinexor and 

radiation. Treatment of mice bearing orthotopic xenografts with Selinexor decreased tumor 

translational efficiency as determined from polysome profiles. Although Selinexor treatment alone 

had no effect on the survival of mice with brain tumors, it significantly enhanced the radiation-

induced prolongation of survival. These results indicate that Selinexor enhances the 

radiosensitivity of glioblastoma cells and suggest that this effect involves a global inhibition of 

gene translation.
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Introduction

Radiotherapy continues to be a primary treatment modality for glioblastomas (GBMs). 

Although the delivery of radiation significantly contributes to the prolongation of patient 

survival, even in combination with surgery and chemotherapy, the median survival of 
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patients with GBM remains poor with the majority succumbing to disease within 16 months 

of diagnosis (1,2). Despite considerable migratory and invasive potential, pathological and 

imaging analyses have established that GBMs typically recur within the initial radiation 

treatment volume (3). This pattern of local failure indicates that GBM cells in situ are 

extremely radioresistant. Moreover, local recurrence suggests that the effectiveness of GBM 

therapy would benefit from the addition of a radiosensitizing agent. Towards this end, 

defining the molecular processes that mediate cellular radioresponse should provide a 

foundation for designing target based strategies that enhance GBM therapeutic response.

Genes whose expression is modified after irradiation have long been considered as a 

potential source of molecular targets for radiosensitization. Identifying such radiation-

inducible genes has traditionally involved the analysis of total cellular mRNA, which defines 

the radiation-induced transcriptome. However, the poor correlation between the radiation-

induced mRNAs and their corresponding proteins complicates the application of this 

approach to target identification (4). In contrast, analysis of polysome-bound mRNA 

bypasses the post-transcriptional events regulating gene expression to identify genes 

undergoing translation, which defines the radiation-induced translatome (5–7). Comparisons 

of the transcriptomes and translatomes from irradiated cells revealed few commonly affected 

genes, indicative of independent regulatory mechanisms. Moreover, in contrast to changes in 

the transcriptome, a strong correlation was detected between the mRNAs whose translational 

activity is affected by radiation and the expression of the corresponding proteins. These 

results suggested that analysis of radiation-induced translatomes may provide unique 

information regarding the molecules that regulate cellular radioresponse.

To generate insight into the processes mediating the radioresponse of GBMs and to provide 

a potential source of molecular targets for radiosensitization, we recently used polysome 

gene expression profiling to define the radiation-induced translatomes for a panel of human 

GBM stem-like cell (GSC) lines (7). Functional analysis of the radiation-induced 

translatomes identified components of the DNA Damage Response, consistent with a role 

for translational control in cellular radioresponse, as well as other functions not typically 

associated with radioresponse such as cap-dependent translation and Golgi function. We 

have continued to mine the GSC radiation-induced translatomes for genes associated with 

networks and processes that may be of functional significance with respect to 

radiosensitivity. Along these lines and as described herein, a network has been identified that 

regulates nucleus to cytoplasm transport. A major hub in this network is XPO1 (also referred 

to as CRM1), a critical nuclear transport receptor mediating the export of a subset of RNAs 

(8) as well as over 200 proteins (9,10), of which a number have implications in cancer 

biology. With respect to the potential of XPO1 to serve as a target for cancer treatment, 

small molecule inhibitors have recently been developed that specifically target XPO1 (11) 

with Selinexor (KPT-330) being the first to undergo clinical evaluation (12).

Selinexor was initially reported to have no effect on the radiosensitivity of primary GBM 

cell lines in vitro (13). However, in that study the evaluation of in vitro radiosensitivity was 

limited to measuring cell proliferation at 3 days after irradiation. More recently, a clonogenic 

assay was used to show that Selinexor enhanced the radiosensitivity of colorectal cancer cell 

lines (14). In the study described here, clonogenic analysis indicated that Selinexor enhanced 
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the radiosensitivity of GSC lines in vitro. Furthermore, this XPO1 inhibitor enhanced the 

radioresponse of orthotopic xenografts initiated from a GSC line. In both model systems, 

radiosensitization was associated with a decrease in general translational efficiency. These 

results suggest that Selinexor delivered in combination with radiotherapy may improve the 

effectiveness of GBM treatment.

Materials and Methods

Ingenuity Pathway Analysis

Microarray data previously described (7), available through GEO Series accession number 

GSE74084 was submitted to Ingenuity Pathway Analysis (QIAGEN, Redwood City,) for 

network analyses with IPA default settings and a p-value ≤ 0.01 using pathway builder to 

visualize associations within a network.

Cell lines and treatments

Glioblastoma stem-like cell (GSC) lines NSC11 (provided by Dr. Frederick Lang, MD 

Anderson Cancer Center) and 0923, obtained from Neuro-Oncology Branch, NCI (15), were 

maintained as neurospheres in stem cell medium as described (7). CD133+ NSC11 (16,17) 

and CD15+ 0923 (18,19) cells were isolated from neurosphere cultures by FACS and used as 

a source for the described experiments. The CD133+ and CD15+ cell cultures met the 

criteria for tumor stem-like cells (16, 18). For use in an experiment, neurosphere cultures 

were disaggregated into single cells as described (17) and seeded onto poly-L-ornithine 

(Invitrogen)/laminin (Sigma) or for clonogenic assays, onto poly-L-lysine (Invitrogen) 

coated tissue culture plates. Under these conditions, single cell GSCs attach and proliferate 

maintaining their CD133+ or CD15+ expression and stem-like characteristics (20,21). 

NSC11 and 0923 cells were revived every 2 months from frozen stocks made after receiving 

cell lines and were most recently authenticated in May 2015, by STR analysis (Idexx 

Laboratories). U251 (glioblastoma) cells were obtained from the Division of Cancer 

Treatment and Diagnosis (DCTD) Tumor Repository, National Cancer Institute (NCI) and 

grown in DMEM/10% FBS. MRC5 and MRC9 (normal lung fibroblasts) were obtained 

from American Type Culture Collection and maintained in minimum essential medium with 

10% FBS. Human astrocytes (ScienCell) were cultured according to company’s protocol. 

All cells were cultured for less than 2 months after resuscitation from frozen stocks. Cell 

cultures were irradiated using a 320kV X-ray machine (Precision X Ray Inc.) at a dose rate 

of 2.3Gy/min; control cultures were mock irradiated. Selinexor (obtained from DCTD) was 

dissolved in dimethyl sulfoxide (DMSO) and used at 1μM based on previous studies (13,14).

Clonogenic Survival Assay

To evaluate radiosensitivity cells were plated at clonal density in six-well plates (cell 

numbers ranging from 25 to 8000 cells per well depending on cell line or radiation dose) and 

irradiated the next day. 10 to 18d after irradiation, plates were stained with 0.5% crystal 

violet, the number of colonies determined, and the surviving fractions were calculated. 

Radiation survival curves were generated after normalizing for the cytotoxicity induced by 

Selinexor.
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Analysis of DNA damage

Visualization of γH2AX foci was performed as previously described (7). The neutral comet 

assay was performed using a commercially available kit according to the manufacturer’s 

instruction (Trevigen) and as described (16). Digital fluorescent images were analyzed with 

TriTek CometScore® (22). Data are expressed as % damage remaining in which the Olive 

tail moment from cultures irradiated on ice and collected immediately after irradiation was 

set to 100% damage, with the remaining times post-irradiation normalized accordingly. All 

time points were corrected for Selinexor or vehicle treatment alone by subtracting the Olive 

tail moment of sham irradiated vehicle or Selinexor treated samples. At least 50 cells per 

condition were measured.

Protein Synthesis Assay

Cells were plated in 24-well tissue culture plates in their respective media at a density of 3 × 

104 cells per well and used in an experiment the next day. After treatment, media was 

removed and fresh media added containing O-propargyl-puromycin (OPP). After 0.5h, OPP 

detection and normalization to cell number was performed according to manufacturer 

instructions (Click-iT™ Plus OPP Alexa Fluor™ 488 Protein Synthesis Assay Kit, 

ThermoFisher).

Real-time RT-PCR

Total RNA was isolated from cytoplasmic and nuclear fractions using the PARIS™ Kit 

(ThermoFisher) according to manufacturer’s protocol. Complementary first-strand DNA was 

generated using the Applied Biosystems High-Capacity RNA-to-cDNA Kit. TaqMan assays 

for the specified genes (Applied Biosystems, ThermoFisher, 5S, Hs03682751_gH; 18S, 

Hs99999901_s1, ACTB, Hs99999903_m1), were used and PCR was performed using 

TaqMan RT-PCR kits (Applied Biosystems, ThermoFisher), according to the manufacturer’s 

protocol. Relative fold changes in each fraction were determined by the ΔΔCt method using 

β-Actin as an internal control.

Orthotopic xenografts

CD133+ NSC11 cells (105) that had been engineered to express luciferase and GFP were 

orthotopically implanted into the right striatum of 6-week-old athymic female nude mice 

(NCr nu/nu; NCI Animal Production Program, Frederick, MD) as previously described (23). 

Bioluminescent imaging (BLI) and local irradiation were performed as described (16). On 

Day 24 post-implantation, mice were randomized according to the BLI signal into the four 

groups (7 mice/group), with treatments initiated the next day. Selinexor was dissolved in 

0.6% Plasdone PVP K-29/32/0.6% Poloxamer Pluronic F-68 in sterile water (24). For 

irradiation, mice were anesthetized using a cocktail of ketamine/xylazine/acepromazine and 

placed in well-ventilated Plexi glass jigs with shielding of critical normal structures as 

described (20). Radiation was delivered using an XRad 320 X-irradiator (Precision X-Ray, 

Inc) at 320kV x-ray and a dose rate of 2.9Gy/min. Mice were monitored every day until the 

onset of neurologic symptoms (morbidity). GraphPad Prism 7, (GraphPad Software) was 

used to generate Kaplan–Meier survival curves, to calculate log-rank values, and to 
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determine one-way AVOVA of median survivals. All experiments were performed as 

approved by the principles and procedures in the NIH Guide for Care and Use of Animals.

Polysome Profiling

The procedure for polysome profiling of cells grown in vitro was performed as previously 

described (7). For polysome profiles from orthotopic NSC11 xenografts, mice were 

euthanized by CO2 inhalation, brains rapidly removed and placed in PBS containing 

100mg/mL cycloheximide. Tumors were then isolated based on GFP fluorescence under a 

stereoscope and flash frozen in liquid nitrogen. Approximately 20 mg of tumor was 

homogenized using a polytron in 0.9mL of lysis buffer (10mM Tris-HCl at pH 7.5, 150mM 

NaCl, 5mM MgCl2, 500 U/mL RNAsin [Promega]) supplemented to a final concentration of 

1% deoxycholate and 1% Triton X-100 and left on ice for 10 minutes. Nuclei were removed 

by centrifugation (12,000g, 5min, at 4°C), and the supernatant was added to 500mL of 

extraction buffer (0.2M Tris-HCl at pH 7.5, 0.3M NaCl), 150 mg/mL cycloheximide, and 

650 mg/mL heparin), and centrifuged (12,000g, 5min, at 4°C) to remove mitochondria and 

membranous debris. The supernatant was layered onto a 10mL linear sucrose gradient 

(10%–50% sucrose) [adapted from (25)] and centrifuged in a SW41Ti rotor (Beckman) at 

35,000 × g for 3h at 4°C. Polysome profiles were then generated as described (7). 

Translational Efficiency (TE) was defined from a polysome profile as the area under the 

curve corresponding to polysome-bound RNA divided by the area corresponding to 

monosome-bound RNA plus polysome-bound RNA (26).

Results

As part of a previous study investigating the role of translational control of gene expression 

in cellular radioresponse, we defined the radiation-induced translatome of the GSC line 

NSC11 (7). Functional analyses of this translatome identified gene sets associated with the 

cellular processes of DNA Damage Response, cap-dependent translation, Golgi function and 
mitochondrial oxidative phosphorylation (7). Further interrogation of the NSC11 radiation-

induced translatome using Ingenuity Pathway Analysis (IPA) revealed an additional network 

associated with nuclear-cytoplasmic transport, which includes the GTPase RAN and its 

regulatory molecules as well as other molecules involved in nuclear export (Figure 1). The 

radiation-induced increase in the translational activity of these genes suggested that nuclear 

transport plays a role in determining the radiosensitivity of NSC11 cells. Of significance, 

although not in the radiation-induced translatome (i.e., its translation was not affected by 

radiation), a hub molecule in this network is the critical nuclear export receptor XPO1 (27).

To test the hypothesis that nuclear export serves as a target for radiosensitization, NSC11 

cells were treated with the combination of radiation and the XPO1 antagonist Selinexor and 

subjected to clonogenic survival analysis (Figure 2). Specifically, cells were plated at 

clonogenic density, allowed to attach overnight and Selinexor (1μM) added to culture media 

1h before irradiation. 24h post-irradiation, cultures were rinsed and fresh, drug-free media 

was added with colonies determined 14 days later. As shown in Figure 2A, Selinexor 

enhanced NSC11 radiosensitivity with a dose enhancement factor (DEF) at a surviving 

fraction of 0.1 of 1.46. To determine whether the radiosensitization was unique to NSC11 
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cells, the same Selinexor/radiation treatment protocol was evaluated using the GSC line 

0923. Exposure of the 0923 cells to Selinexor also resulted in an increase in radiosensitivity 

(DEF of 1.39). Selinexor treatment alone reduced the surviving fraction in NSC11 and 0923 

cells (0.25 ± 0.01 and 0.68 ± 0.04, respectively), which was normalized in the combination 

experiments. These data indicate that Selinexor enhances the radiosensitivity of GSCs. The 

same Selinexor treatment protocol was also evaluated using the long established GBM cell 

line U251 (Figure 2C). The XPO1 inhibitor enhanced the radiosensitivity of U251 cells with 

a DEF of 1.63 (determined at a surviving fraction of 0.15); treatment with Selinexor alone 

reduced survival to 0.27 ± 0.03. These data indicate that Selinexor-induced 

radiosensitization is not limited to GSCs.

To gain insight into the mechanism through which Selinexor enhances GBM radiosensitivity, 

we focused on the GSC lines NSC11 and 0923. A previous study reported that the 

Selinexor-mediated radiosensitization of a rectal cancer cell line was due to an increase in 

apoptosis (14). Accordingly, apoptosis was evaluated in NSC11 and 0923 cells at 24h after 

5Gy either with or without a 1h pre-treatment with Selinexor (1μM) (Figure S1). Consistent 

with previous results (23), radiation had no effect on apoptosis in either GSC line. Selinexor 

alone also did not affect the percentage of apoptotic cells; the combination of Selinexor and 

radiation had no effect of apoptosis as compared to vehicle treated cells. To further 

investigate the mechanism of Selinexor-induced radiosensitization, DSB repair was 

evaluated using γH2AX foci and neutral comet analyses. The level of radiation-induced 

DSBs corresponds to the number of γH2AX foci induced per cell whereas γH2AX dispersal 

correlates with DSB repair (28,29). Following the same protocol used in the clonogenic 

survival experiments, Selinexor (1μM) was added to culture media 1h before irradiation 

(2Gy) and γH2AX nuclear foci determined at times out to 24 hours (Figure 3A, Figure S2). 

No difference in foci levels was detected between control (vehicle) and Selinexor-treated 

cells up to 6h after irradiation, suggesting that Selinexor has no effect on the initial levels of 

radiation-induced DSBs. However, at 24h after irradiation, the number of γH2AX foci 

remaining was significantly greater in the Selinexor-treated cells than in control cells. The 

persistence of γH2AX foci in irradiated cells that were treated with Selinexor suggests an 

inhibition of DNA DSB repair. For the neutral comet assay, Selinexor was added to culture 

media 1h before exposure to 10Gy and cells collected for analysis at times out to 24h after 

irradiation (Figure 3B, Figure S2). For both cell lines, Selinexor treatment significantly 

slowed the repair of radiation-induced DSBs, which was detectable by 6h. The DSBs 

remaining at 24h reflect residual radiation-induced damage, which was increased in 

Selinexor-treated cells, and is consistent with an increase in radiation-induced cell death. 

Thus, data generated from the γH2AX and neutral comet assays suggest that Selinexor-

induced radiosensitization involves the inhibition of DSB repair.

In addition to the export of a variety of proteins, XPO1 mediates the nuclear export of rRNA 

(30). To determine whether Selinexor affects rRNA nuclear export in the GSC lines, we used 

the approach of Castello et al (31) to quantitate the relative nuclear-cytoplasmic distribution 

of 5S and 18S rRNA (Figure 4A). Exposure of NSC11 and 0923 cells to Selinexor resulted 

in a decrease in cytoplasmic 5S and 18S rRNA and an increase in the rRNAs in the nucleus, 

consistent with an inhibition of nuclear rRNA export (31). These results suggest that 

Selinexor inhibits ribosomal biogenesis in the GSCs and may thus reduce gene translation. 
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Of note, Tabe et al reported that in lymphoma cell lines the XPO1 inhibitor KPT185 reduced 

the nuclear export of 50 ribosomal proteins suggesting an inhibition of ribosomal biogenesis 

(32). As an initial estimation of gene translation, translational efficiency (TE) was 

determined from polysome profiles generated from NSC11 and 0923 GSCs as a function of 

time after addition of Selinexor to the culture media. Representative profiles are shown in 

Figure 4B along with the TE values (the ratio of polysome-bound RNA to monosome-bound 

plus polysome-bound RNA (26)) from 3 independent experiments. The polysome fraction in 

both GSC lines was reduced beginning 1–6h after Selinexor treatment corresponding to a 

significant decrease in TE, which was further reduced after 24h of drug exposure. These 

results suggest that Selinexor disrupts gene translation. Of note, radiation was previously 

shown to have no effect on the polysome profile of NSC11 cells (33). Because the decrease 

in translational efficiency as calculated from polysome profiles suggest a corresponding 

decrease in protein synthesis, the O-propargyl-puromycin (OPP) assay was used to directly 

measure nascent protein production after Selinexor treatment (Figure 4C). Consistent with 

the polysome profiles, protein synthesis in NSC11 and 0923 cells was significantly reduced 

as early as 1h after Selinexor addition reaching a maximum reduction at 24h and 6h in 

NSC11 and 0923, respectively, levels comparable to cycloheximide treatment, which was 

used as a positive control. These data suggest that the Selinexor-mediated reduction in rRNA 

nuclear export leads to an inhibition of overall gene translation accompanied by the expected 

decrease in protein synthesis.

The clinical potential of a putative radiosensitizing agent will, in part, depend on its effects 

on the radiosensitivity of normal cells. Thus, the radiosensitivity of two normal fibroblast 

cell lines with and without Selinexor treatments were determined using the clonogenic 

survival assay. Following the same protocol used on tumor cells, MRC5 and MRC9 were 

plated to clonogenic density, allowed to attach overnight and treated with Selinexor (1μM) 

1h before irradiation. 24h after irradiation cultures were rinsed and fresh, drug-free media 

added with colonies determined 15–18 days later. As shown in figure 5A, Selinexor had no 

effect on the radiosensitivity of MRC5 cells and appeared to slightly reduce the 

radiosensitivity of MRC9 cells. Selinexor exposure alone reduced the surviving fraction in 

both MRC5 and MRC9 to 0.26±0.06 and 0.27±0.02, respectively. Along with the lack of 

radiosensitization, no change in protein synthesis was detected in the fibroblasts out to 24h 

of Selinexor exposure (Figure 5B). As a normal cell that is more directly relevant to CNS 

radioresponse, human astrocytes were also evaluated. Although normal astrocytes do not 

form colonies, which eliminates clonogenic survival analysis, protein synthesis can be 

measured. As for normal fibroblasts, Selinexor treatment out to 24h had no effect on protein 

synthesis in astrocytes. Thus, in contrast to the GBM cell lines, Selinexor had no effect on 

protein synthesis in the normal cells evaluated. Analysis of 5S and 18S rRNA nuclear-

cytoplasmic distribution after Selinexor treatment of the normal cell lines is shown in Figure 

5C. Selinexor treatment of MRC5 cells induced a slight, but significant decrease in both 

cytoplasmic and nuclear 18S; no significant changes in 5S were detected. In MRC9 and 

astrocytes no significant changes were detected in 5S or 18S nuclear-cytoplasmic 

distribution after Selinexor exposure. Importantly, the absence of an increase in nuclear 5S 

and 18S rRNA suggests that rRNA export was not inhibited by Selinexor in these normal 

cells. The tumor cell selectivity of Selinexor with respect to the inhibition of rRNA export 
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and protein synthesis as well as radiosensitization may involve XPO1 protein expression. As 

shown (Figure S3), XPO1 expression is greater in the 3 GBM cell lines as compared to the 

normal cells. It has been previously reported that, although Selinexor inhibits XPO1 activity 

(11), it has no effect on the XPO1 expression level in GBM cells (13).

Finally, to evaluate the potential of Selinexor to enhance GBM radiosensitivity under in vivo 

conditions, we used orthotopic xenografts initiated from NSC11 cells. In vitro results 

suggested that protein synthesis provides a marker of Selinexor radiosensitizing activity. 

Whereas it is not possible to directly measure protein synthesis in brain tumors using the 

OPP assay, polysome profiles can be generated and translational efficiency (TE) determined. 

Towards this end, mice bearing NSC11 brain tumors (40days post-implantation) were 

treated with a single dose of Selinexor (20mg/kg); tumors were collected at times out to 48h 

and polysome profiles generated from individual tumors. Representative profiles are shown 

in figure 6A along with the TEs (mean ± SEM) generated from 3 mice. As reflected by the 

reduction in polysome fraction, TE was decreased by 1h after Selinexor administration 

reaching a maximum reduction by approximately 24h, which appeared to begin to recover 

towards untreated levels at 48h. These results indicate that Selinexor penetrates the blood-

brain barrier and suggests that it targets the same processes within the tumor as detected in 

vitro. Based on the time course of the TE decrease, a protocol was designed to test the 

antitumor effectiveness the Selinexor/radiation combination. At 24 days after intracerebral 

implant mice were randomized according to BLI signal into 4 groups: vehicle (control), 

radiation (2Gy), Selinexor (20 mg/kg), and Selinexor plus radiation. Radiation was delivered 

daily for 5 days (5×2Gy) with Selinexor delivered on days 1, 3, and 5, 1h prior to local 

irradiation. Mice were followed until the initial onset of morbidity and survival curves 

generated. Selinexor treatment of mice alone had no significant effect on survival as 

compared to vehicle; radiation alone resulted in a significant increase in survival (Figure 

6B). The survival of mice receiving the combination protocol was significantly increased as 

compared with control and, importantly, as compared with radiation alone. The median 

survival times for the treatment groups are shown in the boxplots in Figure 6C. Whereas the 

median survival after Selinexor was not significantly different from vehicle, radiation alone 

increased median survival by 9 days and the combination by 18 days versus vehicle, 

indicating that the combination protocol increased tumor radiosensitivity with an apparent 

DEF of 2. Of note, no excessive weight loss was detected in mice receiving Selinexor/

radiation combination protocol (Figure S4). Thus, these data suggest that Selinexor inhibits 

gene translation in orthotopic brain tumors and enhances their radiosensitivity.

Discussion

The data presented here indicate that the XPO1 inhibitor Selinexor enhances the 

radiosensitivity of GBM cells. These results are in contrast to the report by Green et al (13), 

who initially proposed the use on XPO1 inhibitors for the treatment of GBM. In their study, 

the evaluation of in vitro radiosensitivity of primary GBM cell lines was limited to 

measuring cell proliferation in a 96-well format 3days after completion of fractionated 

irradiation. Whether the conflicting results can be attributed to different cell lines and/or 

experimental analysis of radiosensitivity (short-term proliferation versus clonogenicity) is 

unclear. However, in a more recent study Ferreiro-Neira et al, using a clonogenic assay 
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reported that Selinexor enhances the in vitro radiosensitivity of colorectal tumor cells (14). 

Given that clonogenic analysis is the gold standard for defining radiosensitivity, it appears 

that Selinexor does have radiosensitizing activity, which is not restricted to a specific tumor 

cell type.

The anti-cancer actions of Selinexor have been generally attributed to a reduction in the 

nucleus to cytoplasm transport of critical tumor suppressor and/or oncogenic proteins 

(10,27,34,35). With respect to the Selinexor-mediated radiosensitization of colorectal tumor 

cells, the mechanism proposed involved the prevention of survivin export into the cytoplasm, 

which resulted in an increase in apoptotic cell death (14). For GSCs, no change in apoptosis 

after Selinexor, irradiation or the combination was detected suggesting that proteins 

regulating apoptosis are not involved in their radiosensitization and suggests an additional 

mechanism for radiosensitization of GSCs. Given the number of proteins transported by 

XPO1, Selinexor could enhance radiosensitivity through a number of independent 

mechanisms in a cell type dependent manner. However, because XPO1 regulates nuclear 

export of ribosomal RNA (36) as well as ribosomal proteins (32,37), its inhibition would 

likely affect the general process of gene translation. Supporting this hypothesis, Selinexor 

was shown here to inhibit rRNA nuclear export in the GSC lines. Moreover, translational 

efficiency, indicative of mRNA undergoing active translation (26), was reduced after 

Selinexor treatment of glioma cells grown in vitro and as orthotopic xenografts. Of note, 

consistent with an inhibition of rRNA nuclear export, in each set of polysome profiles 

Selinexor treatment resulted in a slight decrease in the 40S and/or 60S monosome peaks 

along with the reduction in polysomes suggesting a decrease in cytoplasmic rRNA. 

Importantly, the Selinexor-mediated inhibition of translation in vitro was validated by the 

OPP incorporation assay, which directly measures protein synthesis. We have previously 

reported that inhibiting translation via reducing mTOR activity (23,38) and eIF4E levels (39) 

enhanced tumor cell radiosensitivity and inhibited DSB repair. The results presented here 

suggest that the inhibition of translation plays a role in the Selinexor-induced 

radiosensitization of GBM cells.

Consistent with a role for translation inhibition in mediating Selinexor-induced 

radiosensitization of tumor cells, the XPO1 inhibitor had no effect on protein synthesis in 

normal cell lines. However, whereas Selinexor had no effect on protein synthesis in normal 

cells, it did induce a significant level of cytotoxicity, which was similar to that induced in 

tumor cells. This suggests that the radiosensitization and cytotoxicity that result from XPO1 

inhibition occur via different mechanisms. Alternatively, this may also reflect the 

dysregulation of translation (32) and/or nuclear-cytoplasmic transport (10,12,24,27) in tumor 

cells. Along these lines, XPO1 is overexpressed in GBM (40,41), which is consistent with 

the data herein showing that XPO1 protein levels are greater in the GBM cell lines as 

compared to normal fibroblasts and astrocytes. Regardless of the mechanisms involved, the 

data suggest that whereas the cytotoxicity induced by Selinexor is not limited to tumor cells, 

this XPO1 inhibitor induces tumor selective radiosensitization.

In the initial preclinical study of Selinexor as a potential GBM treatment, Green et al 

reported pharmacokinetics indicative of penetrating the blood-brain barrier and showed 

reduced XPO1 protein levels in brain tumor xenografts (13). Moreover, they showed that for 
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mice bearing orthotopic GBM xenografts, a Selinexar treatment protocol of 3× week until 

morbidity resulted in a significant prolongation of survival as compared to vehicle-treated 

animals. Using polysome profiling, we showed that a single dose of Selinexor inhibits 

translation in orthotopic brain tumors, which was detectable at 1h and continued for 24h 

before beginning to return to control at 48h. When Selinexor was given every other day for 

only a week no effect on animal survival was detected. This lack of an effect as compared to 

the previous report is likely due to the relatively short Selinexar treatment period. However, 

this same Selinexor treatment protocol, which was designed to maintain the translation 

inhibition over the 5day fractionated irradiation schedule, resulted in a significant increase in 

the radiation-induced prolongation of animal survival, indicative of in vivo 

radiosensitization. Thus, given that Selinexor is already in clinical trials, these data suggest 

that delivery of this XPO1 inhibitor in combination with radiotherapy may improve GBM 

treatment response.
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Figure 1. 
IPA network of genes in the radiation-induced translatome of NSC11 cells involved in 

nuclear export. Genes up-regulated are in pink (intensity of color is descriptive of the level 

of up-regulation).
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Figure 2. 
Effect of Selinexor on the in vitro radiosensitivity of GBM cells. A) NSC11 B) 0923 and C) 
U251 cells. Selinexor (1μM) or vehicle (DMSO) were added to culture media 1h before 

irradiation; 24h later media was replaced with fresh, drug-free media and colonies 

determined after 10–14 days. Dose enhancement factors (DEFs) were calculated at a 

surviving fraction of 0.1 or for U251 at 0.15. Values represent the mean ± SEM of 3 

independent experiments. * p < 0.05, Student’s t-test (Selinexor vs. Vehicle).
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Figure 3. 
Influence of Selinexor on radiation-induced DNA damage in NSC11 and 0923 cells. A) 
γH2AX foci analysis. Selinexor (1μM) was added to cultures 1h prior to irradiation (2Gy) 

and cells collected at the designated time points for γH2AX foci analysis. γH2AX foci were 

counted in 25 cells per experiment without knowledge of the treatment. For unirradiated 

groups, vehicle or Selinexor exposure was for 24h. Values represent the mean ± SEM of 3 

independent experiments. B) Neutral comet assay. Cells were irradiated (10Gy) and 

analyzed at times out to 24h. Data are expressed as percent damage remaining in which the 

tail moment immediately after radiation corresponds to 100% damage. Values represent the 

mean ± SEM of 3 independent experiments. * p < 0.05, Student’s t-test (Selinexor vs. 

Vehicle).
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Figure 4. 
rRNA nuclear export, translational efficiency and protein synthesis in GSCs treated with 

Selinexor. A) rRNA nuclear-cytoplasmic distribution after Selinexor treatment of NSC11 

and 0923 cells. Cultures were exposed to vehicle or Selinexor (1μM, 24h) and the levels of 

5S and 18S rRNA transcripts in cytoplasmic and nuclear fractions determined. Values were 

normalized to β-Actin mRNA in each compartment with vehicle-treated cells set to 1.0 

(dashed line) for calculation of fold-change. Values represent the mean ± SEM of 3 

independent experiments. B) Representative polysome profiles of NSC11 (top) and 0923 

(bottom) cells as a function of time after Selinexor (1μM) addition to media. Translational 

efficiency (TE) values represent the mean ± SEM of 3 independent experiments. C) Protein 

synthesis as measured by OPP incorporation as a function of time after Selinexor (1μM) 

addition to media for NSC11 (left) and 0923 (right). Cycloheximide (CHX, 0.25μM, 4h) was 

used as a positive control for protein synthesis inhibition. Values represent the mean ± SEM 

of 3 independent experiments. * p < 0.05, Student’s t-test (Selinexor vs. Vehicle).
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Figure 5. 
The effect of Selinexor on normal cell the radiosensitivity, protein synthesis and rRNA 

nuclear export. A) Radiosensitivity of normal cell lines MRC5 (left) and MRC9 (right). 

Selinexor (1μM) or vehicle (DMSO) were added to culture media 1h before irradiation; 24h 

later fresh, drug-free media was added and colonies determined 14 days later. B) Protein 

synthesis as measured by OPP incorporation as a function of time after Selinexor (1μM) 

addition to media for MRC5 (left), MRC9 (middle), and astrocytes (right). Cycloheximide 

(CHX, 0.25 μM, 4h) was used as a positive control for protein synthesis inhibition. C) rRNA 

nuclear-cytoplasmic distribution after Selinexor treatment of MRC5, MRC9, and astrocytes. 

Cells were exposed to vehicle or Selinexor (1μM, 24h) and the levels of 5S and 18S rRNA 

transcripts in cytoplasmic and nuclear compartments were determined. Values were 

normalized to β-Actin mRNA and vehicle-treated cells set to 1.0 (dashed line) for 

calculation of fold-change. All values represent the mean ± SEM of 3 independent 

experiments. * p < 0.05, Student’s t-test (Selinexor vs. Vehicle).
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Figure 6. 
The effect of Selinexor on (A) translational efficiency and (B, C) radioresponse of NSC11-

initiated orthotopic xenograft. (A) Mice bearing orthotopic xenografts (40 days after 

implant, before the onset of morbidity) were treated with vehicle or Selinexor (20mg/kg) by 

oral gavage. Tumors were collected at the indicated timepoints and polysome profiles 

generated. Representative profiles from each treatment group are shown; Translational 

efficiency (TE) values represent the mean ± SEM of 3 mice. Student’s t-test, * p≤0.05, 

Student’s t-test, Selinexor v. Vehicle. (B) At 24 days after orthotopic implant, mice were 

randomized and treatment initiated the following day as described in text (IR= 5×2Gy). 

Kaplan–Meier survival curves were generated with log-rank analysis for comparison. (C) 

Box plot graph of median survival of each treatment group, * p < 0.05, by Dunnett’s 

multiple comparison test.
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