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A B S T R A C T   

Gain-of-function Kirsten rat sarcoma viral oncogene homolog (KRAS) mutations occur in 25% of lung adeno-
carcinomas, and these tumors are challenging to treat. Some preclinical work, largely based on cell lines, sug-
gested KRASmut lung cancers are especially dependent on the nuclear export protein exportin-1 (XPO1), while 
other work supports XPO1 being a broader cancer dependency. To investigate the sensitivity of KRASmut lung 
cancers to XPO1 inhibition in models that more closely match clinical tumors, we treated 10 independently 
established lung cancer patient-derived tumor xenografts (PDXs) with the clinical XPO1 inhibitor, Selinexor. 
Monotherapy with Selinexor reduced tumor growth in all KRASmut PDXs, which included 4 different codon 
mutations, and was more effective than the clinical MEK1/2 inhibitor, Trametinib. Selinexor was equally 
effective in KRASG12C and KRASG12D tumors, with TP53 mutations being a biomarker for a weaker drug response. 
By mining genome-wide dropout datasets, we identified XPO1 as a universal cancer cell dependency and 
confirmed this functionally in two KRASWT PDX models harboring kinase drivers. However, targeted kinase 
inhibitors were more effective than Selinexor in these models. Our findings support continued investigation of 
XPO1 inhibitors in KRASmut lung adenocarcinoma, regardless of the codon alteration.   

Introduction 

Lung cancer is the leading cause of cancer-related deaths worldwide 
[1,2], and the most common form is adenocarcinoma (LUAD) [2], the 
predominant form of non-small cell lung cancer (NSCLC). Several 
prominent molecular alterations have been identified in LUAD, 
including Kirsten rat sarcoma viral oncogene homolog (KRAS) point 
mutations in 20–25% of tumors [3,4]. Patients harboring KRAS-mutant 
tumors have historically been treated with standard-of-care chemo-
therapy, radiotherapy, and surgery [5]. However, inhibitors highly 
specific to KRASG12C have recently been developed and are currently in 
clinical trials [6,7] (NCT03600883; NCT03785249). One such inhibitor, 
Sotorasib, has just been approved for advanced stage NSCLC patients 
with KRASG12C-mutated tumors that have failed prior chemotherapy [8, 
9]. Unfortunately, KRASG12C mutations only comprise 40% of the total 
KRAS mutations in LUAD [10]. These G12C-specific inhibitors would be 

ineffective for the majority of the KRAS-mutant (KRASmut) LUAD patient 
population [6,7]. In addition, there is already evidence that patients 
treated with KRASG12C-specific inhibitors can acquire resistance muta-
tions over time [11,12]. Thus, a great deal of research effort continues to 
focus on developing small-molecule inhibitors targeting pan-KRAS 
downstream effectors or uncovering pan-KRAS synthetic lethalities. 
Both approaches are hoped to identify therapeutic strategies that would 
be effective against all KRAS-point mutated tumors, regardless of their 
KRAS amino acid change. 

Several KRAS synthetic lethal targets have been identified through 
short hairpin/interfering RNA (shRNA/siRNA) and clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated 
(Cas)9 screens [13]. Stemming from an siRNA screen, one group re-
ported that the nuclear export protein, exportin-1 (XPO1), is a druggable 
vulnerability with enriched specificity for KRASmut NSCLC [14]. All 
eukaryotic cells require nuclear-cytoplasmic transport for normal 
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functioning [15], and nuclear macromolecule export is orchestrated by 
the karyopherin family of proteins, which includes XPO1 [16]. There are 
over 350 cargoes which possess nuclear export signals, which XPO1 may 
transport from the nuclear to cytoplasmic compartments, including 
many tumor suppressors [17]. XPO1 inhibition leads to nuclear accu-
mulation of many of these cargoes via slowly reversible binding to the 
cargo-binding groove in XPO1 [18]. Nuclear export may be exploited by 
multiple cancers as part of a general malignancy mechanism, as XPO1 is 
overexpressed in a number of cancers [19], and its overexpression in 
immortalized human bronchial epithelial cells or baby hamster kidney 
fibroblasts causes malignant transformation and alterations in cargo 
localization [20,21]. In the siRNA study which identified XPO1 as a 
druggability in KRASmut NSCLC, they observed a greater sensitivity to 
XPO1 inhibition in KRASmut rather than KRASWT LUAD cancer cells. 
However, this finding was largely based on cell line data and contrasts 
with other cell line work, which described sensitivity of KRASWT NSCLC 
cells both in vitro and in vivo [22,23]. Furthermore, additional work in 
other cancer types found the antitumor activity of XPO1 inhibitors to be 
independent of TP53 and RAS mutation status [24]. 

XPO1 inhibitors are currently in over 80 clinical trials covering a 
wide array of different cancers with varying frequencies of KRAS mu-
tations and have been approved for relapsed/refractory multiple 
myeloma [25] and relapsed/refractory diffuse large B-cell lymphoma 
[26]. As very little work has been done to assess the effectiveness of 
XPO1 inhibitors towards KRASmut NSCLC in a more clinically relevant 
setting, we conducted an in vivo study with 10 independently established 
patient tumor-derived xenograft (PDX) models that retain the major 
histological and molecular features of patient disease [27,28]. We 
treated these models with Selinexor, an XPO1 inhibitor with clinical 
approval for two blood cancers [25,26]. Additionally, we compared the 
effectiveness of Selinexor to Trametinib, a mitogen-activated protein 
kinase kinase 1/2 (MEK1/2) inhibitor that is under investigation for 
KRASmut advanced stage NSCLC [29,30] (NCT02642042, 
NCT03704688). We now report that Selinexor is indeed effective in 
KRASmut NSCLC, with all 10 models showing a response, including those 
with non-G12C codon alterations. We further show that Selinexor is 
more effective than Trametinib and we provide evidence for XPO1 being 
a broader cancer target, regardless of KRAS mutation status. However, 
we did find that TP53 mutation status was associated with a weaker 
response to Selinexor. Our findings provide a compelling preclinical 
rationale to continue to study XPO1 inhibitors for the treatment of 
KRASmut NSCLC. 

Materials and methods 

Lung cancer PDX models 

PDX models were established from resected LUAD as previously 
described and using the protocols approved by the Research Ethics 
Board (REB 09-0510-T) and Animal Care Committee (AUP#743) at the 
University Health Network [27,28]. To assure model authenticity, short 
tandem repeat DNA fingerprinting analysis was conducted to verify PDX 
passages to their matched patient tumor/normal reference using a 16 
loci, 32-read AmpFLSTR™ Identifiler™ PCR Amplification Kit (Thermo 
Fisher Scientific, Waltham, MA). All models used in these experiments 
were passages 4-6. 

PDX treatment protocol 

Models were grown from cryopreserved PDX tumor tissue. Frag-
ments were thawed, washed with fresh media, mixed with 0.1% 
Matrigel at 4 ◦C (BD Biosciences, San Jose, CA), and subcutaneously 
implanted into one to three 6 to 8-week-old male non-obese diabetic 
severe combined immunodeficient (NOD/SCID) mice. Once donor tu-
mors grew and reached the humane endpoint of 1.5cm in diameter as 
defined in the Animal Care Committee (AUP#743), mice were 

euthanized, and tumors were harvested and cut into 3 mm pieces for 
serial expansion into treatment arms. Once tumors reached an average 
size of 150–250 mm [3], mice were assigned into three treatment arms 
based on their tumor volumes using a stratified randomization process 
for equal distribution of tumor sizes. 

Selinexor (CAS 1393477–72–9), Trametinib (CAS 871700–17–3), 
erlotinib (CAS 183321–74–6), crizotinib (CAS 877399-52-5) were pur-
chased from UHN Shanghai (Shanghai, China). All drugs were certified 
to be at least 98% pure. Trametinib (1mg/kg) was dissolved in 0.5% 
hydroxypropyl methylcellulose and 0.2% tween80 in sterile dH2O; 
Selinexor (10mg/kg) [14, 23] was dissolved in 0.6% pluronic F-68 (w/v) 
and 0.6% PVP K29/32 (w/v) in sterile dH2O; Erlotinib (50mg/kg) was 
dissolved in 6% captisol in sterile dH2O; Crizotinib (50mg/kg) was 
diluted in 0.5% hydroxypropyl methylcellulose and 0.4% tween80 in 
sterile dH2O. All drugs were orally administered by gavage. For chronic 
dosing, Trametinib, erlotinib and crizotinib were administered five 
times per week; Selinexor was administered 3 times per week (Monday, 
Wednesday, Friday). For acute dosing, Selinexor was administered once, 
and tumors were collected at 0, 24, 72 h post drug administration. Mice 
were weighed every day of treatment and tumor volumes measured 
twice per week using digital calipers. 

Drug treatment was withheld from mice if their body weights fell 
15% below that of the body weight at the time of treatment initiation, 
and only continued once weight was regained. Time to regain weight 
was noticeably longer in the Selinexor treatment group than that of 
Trametinib and vehicle groups. However, most mice treated with Seli-
nexor whose weight fell below the 15% threshold only missed one or two 
doses in a 30-day dosing period (~12 doses total). Therefore, the dosing 
on average ranged between 2,3x/week for Selinexor. 

DNA profiling and somatic mutation calling 

The gSYNCTM DNA Extraction Kit (Geneaid, New Taipei City, 
Taiwan) was used to extract DNA from PDX models and their matched 
patient adjacent normal lung tissue, as per manufacturer’s instructions. 
Library enrichment was performed using the Agilent SureSelect Human 
All Exon 50Mb + Cosmic capture kits (Santa Clara, CA). Paired-end 
sequence reads were generated using the Illumina HiSeq 2500 platform. 
Mouse stromal reads were filtered out by using Xenome(v1.0.1) [31] to 
align these reads to NOD/SCID mouse DNA. The remaining reads were 
aligned to the human reference genome (hg19) using Burrows-Wheeler 
Aligner (v0.7.12) [32]. Quality control, indexing, marking duplicates, 
indel local realignment, base quality score recalibration, and further 
data processing were performed using a standard Genome Analysis 
Toolkit (GATK) pipeline (v3.4) [33], samtools (v1.2) [34] and Picard 
(v1.140) (https://broadinstitute.github.io/picard/). Mutect v1.1.15 and 
Varscan v2.3.8 were used to call somatic mutation SNVs and indels, 
respectively. Samples without matched normal tissue underwent addi-
tional filtering using dbSNP138, ExAC03 and ESP6500. The calls were 
annotated using ANNOVAR [35]. Mutations were considered oncogenic 
or likely oncogenic according to PolyPhen-2 [36]. 

KRAS mutation verification 

KRAS mutations called from PDX whole exome sequencing data were 
verified by Sanger sequencing. DNA was incubated with KRAS-specific 
primers (F: 5’-CATTTCGGACTGGGAGCGA-3’; R: 5’- AAA-
GAAAGCCCTCCCCAGT-3’) and underwent polymerase chain reaction 
using Taq polymerase (Lucigen, Middleton, WI) in a Biometra T3 ther-
mocycler (Analytik Jena, Jena, Germany) (15 cycles: 94 ◦C 10m; 94 ◦C 
30s; 57 ◦C 45s; 72 ◦C 45s. 20 cycles: 94 ◦C 30s; 50 ◦C 30s; 72 ◦C 45s. 
72 ◦C 10m. Lower to 4 ◦C). Post-PCR amplicons were run on a 1% 
agarose gel and analyzed under UV light. Good amplicons were cleaned 
using ExoSAP-IT (Affymetrix, Santa Clara, CA) (37 ◦C 20m. 80 ◦C 15m. 
Lower to 4 ◦C) and were sent to be Sanger sequenced with KRAS-specific 
primers (F: 5’- CGCGGCGCAGGCACTGAA-3’; R: 5’- 
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TCGAGAATATCCAAGAGAGAGGT-3’). Mutations and mutant allele 
frequency were confirmed from forward and reverse sequences. 

Immunoblot analysis 

PDX tumor tissues were snap frozen, banked in liquid nitrogen, then 
homogenized in RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO) sup-
plemented with PMSF, Na3VO4, and cOmplete, mini, EDTA-free prote-
ase inhibitor cocktail tablets (Roche, Basel, Switzerland). Protein 
concentration was determined using a Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific, Waltham, MA) as per manufacturer’s in-
structions, in 96-well plates as triplicates. Samples had RIPA lysis buffer 
and 4X Laemmli sample buffer (Bio-Rad, Hercules, CA) added to them, 
then were boiled at 95◦C for 5 min to denature protein. Protein was 
electrophoresed on a 4% to 20% mini-PROTEAN TGX gel (Bio-Rad, 
Hercules, CA) and transferred onto nitrocellulose membrane using a 
Trans-blot Turbo transfer machine (Bio-Rad, Hercules, CA). Membranes 
were blocked in 5% skim milk (Bio-Rad, Hercules, CA) in 1x TBST for 
1hr at RT on a rocking table. The membranes were cut to isolate specific 
areas of the blots and incubated overnight at 4◦C with monoclonal anti- 
XPO1 (1:1000, #46249 Cell Signaling Technology, Danvers, MA), anti- 
KRAS (1:200, #sc-030 Santa Cruz Biotechnology, Dallas, TX), anti- 
MEK1/2 (1:2000, #9122 Cell Signaling Technology, Danvers, MA), 
anti-pERK1/2 T202/Y204 (1:2000, #4370 Cell Signaling Technology, 
Danvers, MA), anti-ERK1/2 (1:2000, #4695 Cell Signaling Technology, 
Danvers, MA), and anti-β-Actin (1:2000, #A1978 Sigma-Aldrich, St. 
Louis, MO). All primary antibodies were diluted in 1x TBST with 5% 
bovine serum albumin (Wisent, Saint-Bruno, Canada). Membranes were 
washed with 1x TBST three times for 5 min at RT and later incubated 
with secondary anti-rabbit IgG HRP-linked antibody (1:10000, #7074 
Cell Signaling Technology, Danvers, MA) or anti-mouse IgG HRP-linked 
antibody (1:10000, #7076 Cell Signaling Technology, Danvers, MA) 
dissolved in 5% skim milk for 1 h at RT. Membranes were washed with 
1x TBST three times for 10 min at RT. Protein was visualized by Clarity 
ECL (Bio-Rad, Hercules, CA) and medical-grade X-ray film (Carestream, 
Rochester, NY). 

DepMap analysis 

CRISPR/Cas9 20Q4 and RNAi DEMETER2 v6 gene dependency data 
were downloaded from https://depmap.org/portal/ with files titled 
Achilles_gene_dependency.csv and D2_Achilles_gene_dep_scores.csv, 
respectively. CRISPR/Cas9 and RNAi data on XPO1 was available for 
808 [37] and 597 [38] cancer cell lines, respectively. Data was compiled 
and input into Graphpad Prism 5.01. RNAi data for one NSCLC cell line 
was omitted from NSCLC KRASWT/KRASmut categories, as KRAS muta-
tion status was unknown. Our NSCLC category did not include small-cell 
lung cancer, cases with unknown lung cancer pathologies, or 
mesotheliomas. 

Statistical analyses 

To quantify the difference in treatment effects, log linear mixed ef-
fects models [39] of tumor size were generated using R version 3.6.2 for 
each patient sample. Models include week, treatment, and a week/-
treatment interaction as main effects, as well as a random intercept and 
growth rate for each mouse Eq. (1). We reported the predicted change in 
weekly growth rates for treatment compared to the vehicle and associ-
ated p-value, which were adjusted for multiple comparisons using the 
false discovery rate approach. For example, a value of 0.9 would indicate 
the tumors given the treatment are growing at a rate of 0.9 times the rate 
of a tumors treated with a vehicle. Aggregate treatment effects across all 
patients were generated utilizing the same approach as per patient with 
the addition of a random patient intercept, and growth rate. To assess 
the treatment effect in the G12D and G12C KRAS codon alterations, the 
alteration type, and interactions with day, treatment, and day/treatment 

were included in model. The same approach was used to assess the TP53 
mutations. P-values for Achilles data were generated using the 
Mann-Whitney test. P < 0.05 was considered to be statistically signifi-
cant. For all figures, * = p < 0.05; ** = p < 0.01; *** = p < 0.005; **** =
p < 0.001. 

log(tumor volume)ij = β0 + β1weekij + β2 × Treatmentij + β3Treatmentij

× weekij + bi0 + bi1weekij + εij

(1)  

where 

bi0 ∼ N
(
0, τ0

2)

bi1 ∼ N
(
0, τ2

1

)

εij ∼ N
(
0, σ2)

Where β0 is the average log tumor volume at time zero of the control 
group, β1 is the average logged growth rate for the control, β2 is the 
difference in log tumor volume at time zero for the treated vs control β3 
is the log difference in growth rates for treated vs control, bi0 is mouse 
specific log volume at time zero, and bi1 is mouse specific log growth. τ0 

represents the variation in starting tumor volume across mice, τ1 

represent the tumor growth variation across mice, and σ2 is the variation 
within mice. 

Results 

KRAS-mutant lung cancer PDX models 

We previously reported establishment of a large number of PDXs 
from resected tumors of NSCLC patients [27,28]. Models that main-
tained tumorigenicity beyond passage three were considered stable and 
were profiled by whole-exome sequencing (WES) and for copy number 
variations. Among these PDX models, 27 harbored KRAS 
non-synonymous mutations. Ten models that cover the spectrum of the 
most common KRAS alterations found in the LUAD patient-population, 
including KRAS G12C, G12D, G12V, and G13C [40], were selected for 
further study and their KRAS mutations were verified by Sanger 
sequencing (Supplementary Table S1). These models were also anno-
tated for STK11 and TP53 alterations, as it has been suggested that tu-
mors with alterations in these genes in conjunction with KRAS 
mutations may define subgroups of tumors with distinct sensitivities to 
various therapeutic agents [41,42] (Fig. 1A, Supplementary Table S1). 
Western blotting confirmed expression of KRAS, XPO1, and MEK1/2 in 
these models (Fig. 1B, Supplementary Fig. S1). 

Selinexor suppresses growth of KRAS-mutant lung cancer PDXs 

To investigate the potential anti-tumor effects of the XPO1 inhibitor 
Selinexor, and the MEK1/2 inhibitor Trametinib, on KRAS-mutant- 
driven lung cancer, the 10 PDX models were used in 3-arm studies that 
included vehicle and each of the two drugs. By inputting tumor mea-
surements into log linear mixed effects models [39], we predicted the 
growth rates of these tumors (Figs. 2, 3A). When pooling data from all 
mice for all PDX models, Selinexor was found to reduce the overall 
weekly growth rate of KRAS-mutant-driven lung cancer by a factor of 
0.73 or 27% (Fig. 3B, Supplementary Table S2). Considering that tumors 
grow exponentially, this effect on weekly growth rate translates to a 
much greater effect than 27% over time (Supplementary Table S2). We 
examined the potential effect of Selinexor on ERK activation in 8 models 
and found no evidence for impairment (Supplementary Fig. S2), sug-
gesting Selinexor acts on a parallel pathway that cooperates with KRAS, 
but may not be under its direct control. 

The overall growth suppression of KRASmut lung cancer by Selinexor 
was not due to selective effects on specific KRASmut models, but instead, 
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reflected significant growth suppression of each of the 10 tested PDX 
models (Fig. 3A, C). Across these models, weekly tumor growth rates 
were reduced by a factor of 0.87 to 0.42 (13%–58%) (Fig. 3C, Supple-
mentary Table S3). The most common codon alterations in our cohort, 
G12C and G12D, did not show differences in Selinexor responses be-
tween each other (Fig. 4A). However, TP53WT tumors responded better 
to Selinexor than TP53mut tumors (Fig. 4B). 

Selinexor is more effective than Trametinib in KRAS-mutant lung cancer 
PDXs 

Trametinib reduced the overall weekly growth rate of KRAS-mutant- 
driven lung cancer by 0.84 (16%) (Fig. 3B, Supplementary Table S2), 
which was 11% less effective than Selinexor (Supplementary Table S2). 
In addition, one of the 10 individual models, PHLC151, did not respond 
to Trametinib (Fig. 3A, C, Supplementary Table S3) and for 7 models, 
the response to Trametinib was significantly inferior to that of Selinexor 
(Trametinib 7%–43% faster growing than Selinexor) (Table 1). In no 
instance was the response to Trametinib greater than to Selinexor 
(Table 1). There was no significant difference in Trametinib response 
between lung cancers harboring KRASG12C versus KRASG12D mutations 
or depending on TP53 mutation status (Fig. 4). 

Selinexor and Trametinib monotherapy cause stable disease and rarely 
induce tumor regression 

With one exception, Selinexor and Trametinib generally slowed 

tumor growth, rather than caused tumor regression (Fig. 3A). For Seli-
nexor, treatment of 7 models resulted in weekly tumor growth rates 
close to 1.0, which indicates cessation of growth and is the equivalent of 
stable disease, while treatment of one model, PHLC116, reduced the 
weekly growth rate below 1.0, leading to tumor regression (Fig. 3A). By 
contrast, while Trametinib significantly slowed tumor growth across 9/ 
10 models relative to vehicle, a weekly growth rate close to 1.0 was only 
achieved with one of those nine models (PHLC110) and no treated 
model showed tumor regression (Fig. 3A). 

XPO1 is a common essential cancer gene 

The sensitivity of all 10 tested KRASmut lung cancer PDXs to Seli-
nexor could reflect a specific and greater dependency of KRAS-driven 
lung cancers on XPO1 activity, as suggested by some work [14], or could 
reflect a general dependency of cancer growth on XPO1, regardless of 
KRAS mutation status, as suggested by other studies [22–24]. To 
distinguish between these possibilities, we examined gene level data on 
XPO1 dependency across hundreds of cancer cell lines, as determined by 
CRISPR/Cas9 knockout or shRNA knockdown. In a genome-wide 
CRISPR/Cas9 dropout screen conducted in 808 cancer cell lines (Can-
cer Dependency Map Project) [37], XPO1 was found to be a dependency 
in at least 90% of the cell lines, falling into the classification of “common 
essential gene”. Consistent with XPO1 being a common essential gene, 
we found no difference in the gene dependency score when comparing 
cell lines with and without KRAS mutations (Fig. 5A). Similarly, the 
XPO1 gene dependency score was not different when specifically 

Fig. 1. Characterization of LUAD PDXs. (A) Oncoprint of KRAS, TP53, and STK11 alterations in the KRASmut PDX cohort. Mutations that were considered oncogenic 
or likely oncogenic according to PolyPhen-2 [36] were included, in addition to genetic amplifications and deep deletions. (B) Western blot of baseline expression of 
drug targets in LUAD PDXs used for drug screening. 
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comparing KRASmut vs KRASWT NSCLC cell lines (Fig. 5A). Furthermore, 
the same results were obtained when examining the effect of knocking 
down XPO1 levels by shRNA in 597 cell lines [38]. In neither the overall 
dataset nor the data pertaining specifically to NSCLC, was the gene effect 
different between KRASmut vs KRASWT cell lines (Fig. 5B). These genetic 
data support the majority of the targeted preclinical studies that found 

that XPO1 is a broad dependency across multiple cancer types [22–24, 
43–45]. 

Fig. 2. Growth rates and predicted growth rates of 
Selinexor and Trametinib treated KRASmut mice. Mice 
were treated with Trametinib (1mg/kg) 5x/week, 
Selinexor (10mg/kg) [14,23] 3x/week. Data are sepa-
rated by the individual independently established 
KRASmut PDX models. PHLC116: n = 5/arm; PHLC119: 
n = 5/arm; PHLC235: n = 5/arm; PHLC151: n =
2/Trametinib, n = 3/vehicle, Selinexor; PHLC239: n =
5/arm; PHLC256: n = 5/arm; PHLC344: n = 4/arm; 
PHLC110: n = 5/arm; PHLC314: n = 5/arm; PHLC426: 
n = 5/arm. Faded dashed lines in the background are 
the measured tumor growth patterns of individual 
mice. Dark lines represent predicted growth curves 
generated from the log linear mixed effects models 
[39]. KRAS mutation is indicated, along with preva-
lence of STK11/TP53 mutations.   
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Fig. 3. Weekly growth rate comparisons between different KRASmut PDXs treated with either Selinexor or Trametinib. (A) Weekly growth rates predicted by the log 
linear mixed effects models [39] are plotted for each treatment of every model. Values > 1.00 represent tumor growth; values < 1.00 represent tumor shrinkage. 
KRAS, TP53 andSTK11 mutation status is indicated. (B) Overall responses of pooled KRASmut models to either Selinexor or Trametinib. Day 0 was the start of 
treatment. Faded lines in the background are the measured growth data from individual mice, and dark lines represent the predicted weekly growth curve for each 
treatment. Overall, vehicle (n = 47), Trametinib (n = 46), Selinexor (n = 47) are plotted here. The p-values are comparing growth rate of treatments to vehicle using a 
log linear mixed effects model: * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ****= p < 0.001. (C) Predicted weekly change in growth rates for treatment compared 
to vehicle, where the vehicle growth rate was normalized to a value of 1.00. Results are from log linear mixed effects models [39]. KRAS, TP53 andSTK11 mutation 
status is indicated. Plots are presented with confidence intervals and FDR adjusted p-values: * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ****= p < 0.001. 

Fig. 4. Comparisons of Selinexor and Trameti-
nib effectiveness depending on KRAS codon and 
TP53 alterations. (A, B) Predicted weekly 
change in growth rates for treatment compared 
to vehicle, where vehicle was normalized to 
equal a weekly growth rate of 1. Results are 
from a log linear mixed effects model testing the 
interaction between treatment, weekly growth 
rate, and KRAS codon or TP53 mutation [39]. 
(A) Comparison of predicted weekly growth 
rates after treatment with either Selinexor or 
Trametinib depending on presence of G12C (n 
= 4) or G12D (n = 3) codon alterations. There 
was no significant difference for either Seli-
nexor (p = 0.15) or Trametinib (p = 0.52). (B) 
Comparison of predicted weekly growth rates 
after treatment with either Selinexor or Tra-
metinib depending on TP53WT (n = 6) or 
TP53mut (n = 4) status. Predicted weekly 
change in growth rates for treatment compared 
to vehicle, where vehicle was normalized to 
equal a weekly growth rate of 1. There was no 
significant difference in the effect of Trametinib 

(p = 0.34), but Selinexor decreased the rate of growth significantly more in TP53WT compared to TP53mut models (p = 0.04).   
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Selinexor inhibits growth of lung cancers driven by oncogenic kinases, but 
not as effectively as targeted kinase inhibitors 

To further investigate whether KRASmut lung cancer PDX sensitivity 
to Selinexor reflects a general cancer dependency on XPO1 rather than a 
specific and greater dependency of KRAS-driven cancers, we also tested 
Selinexor in non-KRAS-driven lung cancer PDXs (Supplementary 
Fig. S3). PHLC137 and PHLC148 are lung cancer PDX models that 
harbor activating oncogenic EGFR mutations [46]. However, while 
PHLC137 is driven by mutant EGFR, PHLC148 is driven by a 
co-occurring amplification of the MET receptor tyrosine kinase [46]. 
Relative to the control vehicle, Selinexor comparably reduced the 
growth rates of these tumors by a factor of 0.87–0.80 (13–20%) (Fig. 6A, 
B, Supplementary Table S3), which was in the range of Selinexor effects 
observed in the KRASmut lung cancer PDXs (Fig. 3C, Supplementary 
Table S3). In fact, treatment of PHLC148 resulted in stable disease 
(weekly growth rate of 1.0, Fig. 6C), as seen in most of the KRASmut lung 
cancer PDXs (Fig. 3A). However, the approved targeted inhibitors for 
the EGFR and MET, erlotinib and crizotinib, respectively, were much 
more effective than Selinexor in these models, causing tumor regression 
to the point of the tumors becoming non-palpable (Fig. 6, Table 1, 
Supplementary Table S3). 

Discussion 

KRAS-mutant-driven lung cancers have generally been treated with 
platinum-based therapy [5,47]. Unfortunately, the five-year survival is 
poor [48], and only recently, has a targeted therapy become available 
for patients that specifically have KRASG12C-mutated tumors [8,9]. 
Thus, additional therapeutic strategies are still needed for KRASmut lung 
cancers, especially those harboring non-G12C mutations [6,7]. Using 
cell lines, a genetically engineered mouse model, and a single human 
lung cancer PDX, one study proposed that the XPO1 nuclear exporter is a 
specific vulnerability in KRAS-mutant-driven lung cancers [14]. This 
notion was further supported by the finding that pancreatic ductal car-
cinoma cell lines, PDXs, and patients, where KRAS mutations are com-
mon, also show sensitivity to Selinexor, either alone or in conjunction 

with chemotherapy [49]. However, other preclinical studies have 
highlighted XPO1 as a broader vulnerability across multiple cancer 
types [22–24,43–45]. To better approximate the sensitivity of clinical 
lung cancer to XPO1 inhibition, we tested the sensitivity of ten KRASmut 

LUAD PDXs to Selinexor, an XPO1 inhibitor under clinical investigation 
for numerous cancers [25,26,50]. These PDX models generally recapit-
ulate the genetic and phenotypic properties of their matched patient 
tumors with high fidelity [27,28,46], and thus, are considered reliable 
models of clinical disease. In addition, we compared the activity of 
Selinexor to that of a clinical MEK1/2 inhibitor, Trametinib, which is 
being investigated for the treatment of KRASmut lung cancer [29,30] 
(NCT02642042, NCT03704688). 

Selinexor caused significant reductions in tumor growth rates of 
every tested KRASmut PDX model. Extended drug exposure led to 
maintenance of the initial tumor growth curve trajectory, suggesting 
sustained activity of the drug with our dosing regimen over periods 
lasting longer than 30 days, which was not previously documented in 
other mouse studies of Selinexor for lung cancer [14,22,23]. Overall, 
80% of the models had at least stable disease, and one model regressed 
on Selinexor. We observed antitumor effectiveness across all tested 
KRAS codon alterations, including G12C, G12D, G12V, and G13C, which 
collectively span ~90% cases of KRASmut lung cancer [10]. Although 
there is evidence for some of these mutant KRAS proteins having distinct 
signaling properties and conferring different sensitivities to certain 
chemotherapeutics [51,52], our findings suggest that XPO1 is required 
for all mutant KRAS function, which is also consistent with XPO1 being 
broadly required for growth of cancer cells, in general. Trametinib 
significantly slowed tumor growth in 90% of the models, but respon-
siveness was inferior to that of Selinexor. With Trametinib, only one 
model achieved stable disease and no model showed regression. 

We also investigated whether TP53 co-mutation impacted respon-
siveness to Selinexor. Somatic TP53 mutations are observed in 50% of 
LUAD [53,54] and prior work found that certain co-mutations, including 
in TP53, could subset KRASmut LUAD into distinct biological groups 
[41]. Moreover, TP53 co-mutation has sometimes been associated with 
differential sensitivity to certain therapies when compared to KRAS-
mut/TP53WT cancer cells. For example, TP53 co-mutation increases 

Table 1 
Weekly overall growth rates of treatment arms versus Selinexor (normalized to a value of 1.00) based on log linear mixed effects models, and predicted tumor size at 
day 7, 14, and 21 if tumor treatment started at 200mm.  

Model KRAS mutations 
(Whole exome Seq) 

Treatment Growth rate versus 
Selinexor (95% CI) 

Adjusted p- 
value 

Day 7 average tumor 
volume (mm3) 

Day 14 average tumor 
volume (mm3) 

Day 21 average tumor 
volume (mm3) 

All KRASmut 

overall  
Trametinib 1.145(1.097,1.195) < 0.001 250.8 314.5 394.3 

PHLC116 G12D Trametinib 1.431(1.267,1.616) < 0.001 257.9 332.7 429 
G12D Selinexor - - 180.2 162.4 146.4 

PHLC119 G12D Trametinib 1.138(1.101,1.176) < 0.001 243.9 297.4 362.6 
G12D Selinexor - - 214.4 229.7 246.2 

PHLC235 G12D Trametinib 1.061(0.931,1.209) 0.4 301.6 455 686.2 
G12D Selinexor - - 284.4 404.4 575.1 

PHLC151 G12C Trametinib 1.064(0.949,1.193) 0.32 219.5 241 264.6 
G12C Selinexor - - 206.3 212.9 219.6 

PHLC239 G12C Trametinib 1.188(1.125,1.255) < 0.001 240.2 288.4 346.3 
G12C Selinexor - - 202.1 204.3 206.4 

PHLC256 G12C Trametinib 1.207(1.123,1.297) < 0.001 280.4 393 550.9 
G12C Selinexor - - 232.2 269.7 313.2 

PHLC344 G12C Trametinib 1.07(1.006,1.139) 0.041 230 264.5 304.1 
G12C Selinexor - - 214.8 230.8 247.9 

PHLC110 G12V Trametinib 1.058(1.004,1.116) 0.041 212.4 225.6 239.7 
G12V Selinexor - - 200.7 201.4 202.1 

PHLC314 G13C Trametinib 1.036(0.906,1.185) 0.61 293.2 429.7 629.9 
G13C Selinexor - - 283 400.5 566.7 

PHLC426 G13C Trametinib 1.126(1.067,1.189) < 0.001 239.7 287.4 344.5 
G13C Selinexor - - 212.8 226.5 241 

PHLC137 WT Erlotinib 0.506(0.446,0.573) < 0.001 114.9 66 37.9 
WT Selinexor - - 227.2 258.1 293.2 

PHLC148 WT Crizotinib 0.649(0.585,0.721) < 0.001 127 80.6 51.2 
WT Selinexor - - 195.9 191.8 187.8  
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sensitivity to anti-PD-1 therapy [42] but reduces sensitivity to adjuvant 
platinum-based chemotherapy [54]. In our KRASmut lung cancer PDX 
cohort, we found that TP53 co-mutation was significantly associated 
with a weaker response to Selinexor (relative to control vehicle), as 
compared to TP53WT tumors. By contrast, we did not detect any differ-
ential sensitivity between TP53mut and TP53WT tumors to Trametinib. 
Increased sensitivity of TP53WT cells to XPO1 inhibition relative to 
TP53mut cells has also been reported in other cancer types, even in those 
that do not have KRAS mutations such as mantle cell lymphoma [45]. 
One possible mechanistic explanation for the increased sensitivity of 
TP53WT tumors to XPO1 inhibition regardless of the driver could involve 
XPO1 regulation of TP53 trafficking and TP53’s ability to trigger cell 
cycle arrest. XPO1 inhibitors have been shown to promote nuclear 
accumulation and activation of TP53, which in turn may increase TP73 
and TP21 levels to cause cell cycle arrest [55]. However, given that all 
our TP53mut lung cancer PDXs still had significant responses to Seli-
nexor, XPO1 inhibitors must have additional modes of action to slow 
tumor growth besides promoting activation of TP53. 

Since our finding that all ten KRASmut lung cancer PDXs responded to 
Selinexor could be consistent with either XPO1 being a specific de-
pendency for KRASmut cancer cells, or a broadly acting dependency 
across many types of cancers, we examined genetic dependency of 
hundreds of different cancer cell lines on XPO1. This analysis was con-
ducted by mining publicly available data from genome-wide shRNA and 
CRISPR/Cas9 dropout screenings [37,38]. From these data, we found 
that both among all cancers and specifically among lung cancer, there 
was no difference in the XPO1 dependency score between KRASmut and 

KRASWT cells, with nearly all cell lines being dependent on XPO1, 
leading to its classification as a common essential cancer gene. To spe-
cifically address the essentiality of XPO1 to KRASWT lung cancer cells in 
the context of PDX experiments, we also treated two wild-type KRAS 
lung cancer PDXs with Selinexor. These models were driven either by 
EGFR or MET alterations [46]. Selinexor was similarly effective in these 
models as in the KRASmut models, also being able to generate situations 
close to stable disease or weak regression. However, in both models, 
approved tyrosine kinase inhibitors generated superior responses. 
Notably, the MET-amplified, EGFR-TKI-resistant NCI-H1993 LUAD cell 
line [56] was reported to be somewhat resistant to Selinexor in vitro, 
with the drug being unable to induce caspase-dependent apoptosis [14]. 
By contrast, Selinexor induced weak regression in our EGFR-TKI-r-
esistant/MET-amplified lung cancer PDX. This difference in respon-
siveness to Selinexor could reflect subtly different modulation of the 
drug response between in vitro and in vivo settings, as the genetic 
studies indicate the vast majority of cancer cells growing in vitro are still 
dependent on XPO1. Overall, both our PDX experiments and our genetic 
analyses support XPO1 inhibitors having anti-cancer effects in KRASmut 

and KRASWT cancer cells. These pan-cancer effects could be manifested 
due to distinct or common mechanisms. In addition to TP53 activation, 
XPO1 inhibition has also been suggested to promote killing in certain 
cancer cells such as those harboring KRAS mutations through nuclear 
accumulation of IκBα, which can inhibit NF-κB signaling [14]. However, 
since the export of over 350 cargoes could be dysregulated upon XPO1 
inhibition [17], nuclear accumulation of any number of individual or 
combinations of cargoes could contribute to the broad anti-cancer 

Fig. 5. XPO1 gene dependency across different 
cancer cell lines. (A) Box and whisker plots of 
the probabilities of cancer cell line XPO1 ge-
netic dependency from CRISPR/Cas9 knockout 
screens, compiled from the Achilles Project 
20Q4 [37]. Values were estimated previously 
and shifted and scaled per cell line so a score of 
0 represents 0% dependence on the gene of 
interest per cell line; a score of 1 represents 
100% dependence on the gene of interest per 
cell line [37]. XPO1 dependency scores of 
KRASWT and KRASmut NSCLC cell lines (p =
0.27) or all cell lines overall (not restricted to 
NSCLC) (p = 0.066) were not significantly 
different. (B) Box and whisker plots of the 
probabilities of cancer cell line XPO1 genetic 
dependencies from RNAi knockdown screens, 
compiled from the Achilles Project [38]. Values 
were estimated previously, with a lower value 
representing a greater dependence on XPO1 for 
survival, although no scale was explicitly 
defined [38]. XPO1 dependency scores of 
KRASWT and KRASmut NSCLC cell lines (p =
0.58) or all cell lines overall (not restricted to 
NSCLC) (p = 0.43) were not significantly 
different. Mann-Whitney tests were used to 
compare means of each group. Tukey whiskers 
are plotted. NS = not significant.   
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effects of XPO1 inhibitors. 
Selinexor is currently approved for relapsed/refractory multiple 

myeloma [25], which has a high frequency of KRAS mutation [57], and 
relapsed/refractory diffuse large B-cell lymphoma [26], where KRAS 
mutations are not common [58,59]. There are many ongoing clinical 
trials of XPO1 inhibitors, including two in NSCLC with Selinexor in 
combination with docetaxel (NCT04256707 and NCT03095612). Our 
data support continued trials of Selinexor in NSCLC, including both 
KRASWT and KRASmut subsets, without having to discriminate between 
the mutant KRAS alteration. Importantly, Selinexor could be an option 
for patients harboring non-G12C KRAS mutations. However, our results 
also suggest that Selinexor is unlikely to surpass promising and approved 
targeted therapies for non-KRAS-mutated NSCLC (e.g. EGFR mutations, 
ALK fusions, MET amplification), making the drug better suited for 
cancers without readily targetable driver alterations or for salvage 
therapy, and especially for patients with wild-type TP53. Although 
Selinexor is currently being investigated in combination with a standard 
of care chemotherapy, docetaxel, it may be challenging to adjust dosing 
to minimize toxicity. Over one-third of relapsed/refractory multiple 
myeloma patients treated with Selinexor experienced neutropenia 
(NCT02336815), a common toxicity also associated with docetaxel [60, 
61]. Thus, it may be worthwhile to also consider combining Selinexor 
with alternative treatments such as immunotherapy, where in a pre-
clinical model of melanoma, Selinexor was shown to increase responses 
to several checkpoint inhibitors [62]. This combination may be espe-
cially beneficial for KRAS/TP53 double mutant NSCLC, which is thought 
to benefit from immunotherapy [41,42]. Other intriguing combinations 
could include Selinexor and KRASG12C inhibitors, as both preclinical and 
clinical trial studies indicate G12C inhibitor monotherapy can lead to 
emergence of resistant subpopulations of cancer cells [6,7,11,12,63]. 
This combination has recently been observed to reduce proliferation of 
MiaPaCa-2 pancreatic ductal adenocarcinoma and NCI-H2122 NSCLC 

cell lines, and disintegration of their respective spheroids [64]. 
In conclusion, Selinexor remains an intriguing drug for continued 

investigation in NSCLC. 
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