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Abstract

In lung and prostate adenocarcinomas, neuroendocrine (NE) transformation to an aggressive
derivative resembling small cell lung cancer (SCLC) is associated with poor prognosis. We
previously described dependency of SCLC on the nuclear transporter exportin 1. Here, we
explored the role of exportin 1 in NE transformation. We observed up-regulated exportin 1 in

lung and prostate pretransformation adenocarcinomas. Exportin 1 was up-regulated after genetic
inactivation of TP53 and RB1 in lung and prostate adenocarcinoma cell lines, accompanied by
increased sensitivity to the exportin 1 inhibitor selinexor in vitro. Exportin 1 inhibition prevented
NE transformation in different TP53/RB1-inactivated prostate adenocarcinoma xenograft models
that acquire NE features upon treatment with the aromatase inhibitor enzalutamide and

extended response to the EGFR inhibitor osimertinib in a lung cancer transformation patient-
derived xenograft (PDX) model exhibiting combined adenocarcinoma/SCLC histology. Ectopic
SOX2 expression restored the enzalutamide-promoted NE phenotype on adenocarcinoma-to-NE
transformation xenograft models despite selinexor treatment. Selinexor sensitized NE-transformed
lung and prostate small cell carcinoma PDXs to standard cytotoxics. Together, these data nominate
exportin 1 inhibition as a potential therapeutic target to constrain lineage plasticity and prevent or
treat NE transformation in lung and prostate adenocarcinoma.

Graphical Abstract
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INTRODUCTION

Histologic transformation to neuroendocrine (NE) derivatives resembling small cell lung
cancer (SCLC) occurs in up to 14% of metastatic epidermal growth factor receptor (EGFR)-
mutant lung adenocarcinomas (LUADS) treated with tyrosine kinase inhibitors (1) and in
more than 20% of metastatic androgen receptor (AR)—dependent prostate adenocarcinomas
(PRADs) treated with enzalutamide (2). Similar NE transformation has been described

in LUADs with alternative genomic contexts and may represent a general mechanism of
acquired resistance to other targeted therapies (3-5). NE-transformed small cell carcinomas
are typically rapidly progressive and treatment refractory, leading to prognoses similar to or
even worse than de novo SCLC (2, 6, 7).

NE transformation is a manifestation of lineage plasticity (3, 4, 8), has been associated

with epigenetic reprogramming (4, 9), and may be facilitated or selected for by exposure to
potent targeted therapies (4, 8, 10). Little is known about the molecular mechanisms driving
transformation, although concurrent mutational inactivation of the tumor protein P53 (7P53)
and retinoblastoma transcriptional corepressor 1 (RB1) tumor suppressor genes is implicated
as a prerequisite for NE transformation (6, 11). Even if patients with adenocarcinoma at
high risk of NE transformation could be identified, to date, no therapies are available
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to effectively constrain plasticity and prevent NE transformation. The identification of
pharmacologically targetable effectors of transformation is an unmet clinical need.

A CRISPR dependency screen and subsequent validation studies identified exportin 1,
encoded by the exportin 1 (XPOI) gene, as a potential therapeutic target in SCLC (12).
Exportin 1 is a nuclear exporter facilitating transport of proteins and mRNAs from the
nucleus to the cytosol (13). Known substrates for exportin 1 include factors implicated

in cancer growth and survival, which prompted development of potent targeted inhibitors,
including selinexor, which demonstrates activity against several hematologic malignancies
and has been approved by the U.S. Food and Drug Administration for clinical use in patients
with refractory multiple myeloma (14). SCLC shows higher exportin 1 expression than any
other tumor type (12), and its inhibition enhances sensitivity to chemotherapeutic agents in
de novo (nontransformed) SCLC (12). Given these data suggesting a selective dependency
of SCLC on exportin 1, we hypothesized that targeting exportin 1 might represent a viable
strategy for constraining NE transformation.

Here, we provide evidence for the role of exportin 1 in NE transformation across

both lung and prostate cancers. We demonstrate in both tumor types that exportin 1
expression is elevated at early stages of NE transformation, that it is induced by 7P53
and RBI inactivation, and that its inhibition by selinexor suppresses NE transformation

in vivo, extending response to targeted therapies. Mechanistic studies demonstrate that
exportin 1 inhibition prevents targeted therapy—induced up-regulation of the SRY-box
transcription factor 2 (SOX2), a transcription factor promoting stemness and implicated in
NE transformation (8). Exogenous SOX2 overexpression rescues NE transformation under
selinexor exposure. Together, these data define a potential therapeutic target to inhibit NE
relapse with a clinically available agent, which will facilitate repurposing of selinexor for
treatment of these patients.

RESULTS

Exportin 1 is up-regulated during NE transformation

To evaluate the potential role of XPOZ1 in NE transformation, we first assessed expression
across a previously published transcriptomic dataset on NE-transforming clinical specimens
(4) including LUADs that never transformed (categorized as “LUAD”); LUADs obtained
from pretransformation or microdissected combined histology cases, thought to be derived
from lineage plasticity (categorized as “T-LUAD”); SCLCs from posttransformation or
microdissected combined histology cases (“T-SCLC”); and de novo SCLCs (“SCLC”).
XPOImRNA expression was elevated in T-LUAD relative to never-transforming LUAD and
in T-SCLC relative to de novo SCLC (Fig. 1A) (4). Determination of exportin 1 protein
abundance by immunohistochemistry (IHC) in an independent cohort of lung cancer clinical
specimens and patient-derived xenografts (PDXs) confirmed increased exportin 1 protein
expression in T-LUADs versus control never-transforming LUADSs and further up-regulation
in T-SCLC, similar to the high amounts in de novo SCLC (Fig. 1B). Although XPO1
MRNA expression was higher in T-SCLC as compared with de novo SCLC (Fig. 1A),
protein abundance of exportin 1 was comparable in these cohorts (Fig. 1B). Leveraging
previously published, publicly available prostate carcinoma clinical specimen datasets (15,
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16), we observed that the presence of NE features was associated with increased XPO1
in PRAD (Fig. 1C) and that NE prostate carcinoma (NEPC) shows increased XPO1
expression relative to PRAD (Fig. 1D). In line with these results, assessment of exportin
1 protein abundance in an independent cohort of prostate cancers also revealed higher
expression in NEPC than PRAD (Fig. 1E). The high expression of XPOI/exportin 1 at
stages temporally proximal to NE transformation is consistent with a hypothesized role in
promoting histologic transformation.

The combination of exportin 1 inhibition and chemotherapy is effective against NE-
transformed carcinomas

We have previously shown that inhibition of exportin 1 sensitizes PDXs derived from

de novo SCLCs to chemotherapeutic agents used in the first- and second-line treatment

of these tumors and that these effects are mediated by suppression of AKT/mammalian
target of rapamycin (mTOR) signaling, a pathway induced after chemotherapy exposure
(12). Recent data highlight some molecular and treatment response differences between de
novo and T-SCLCs (4, 17) and suggest that T-SCLCs retain some molecular features of
their previous LUAD state (4, 11). Thus, we aimed to confirm the capacity of selinexor

to sensitize T-SCLCs and NEPC:s to cisplatin, a key component of first-line treatment of
de novo SCLC, T-SCLC, and NEPC. In vitro synergy assays in cell lines derived from a
T-SCLC PDX (Lx1042) and an NEPC cell line (H660) demonstrated synergistic growth
inhibition between selinexor and cisplatin (Fig. 2A). In vivo treatment of PDXs derived
from a T-SCLC (Lx1042) and an NEPC [LuCAP49 (18)] engrafted subcutaneously in
immunosuppressed nonobese diabetic (NOD).Cg-Prkdcscid 112rgtm1Wijl/SzJ (NSG) mice
confirmed that the combination of selinexor and cisplatin outperformed the combination
of cisplatin and etoposide (Fig. 2B), with treatment/control (T/C) relative volume values
of 14 and 19% (cisplatin + selinexor versus control) and of 27 and 32% (cisplatin +
selinexor versus cisplatin + etoposide) for Lx1042 and LUCAP49, respectively. Similar to
our previous observations of de novo SCLCs (12), these NE-transformed models showed
increased activation of the AKT pathway after cisplatin treatment, which was suppressed by
selinexor (Fig. 2C). These results extend the potential use of selinexor in combination with
chemotherapy from de novo SCLC to T-SCLC and NEPC.

TP53 and RB1 inactivation induce XPO1 expression and sensitivity to exportin 1 inhibition

Our data suggest that exportin 1 up-regulation occurs early in the NE transformation
process, with T-LUADSs showing increased exportin 1 mRNA and protein expression
relative to control never-transforming LUADs (Fig. 1, A and B). One of the hallmarks

of NE transformation is functional inactivation of 7P53and RB1, through either genomic
alterations or protein down-regulation (4, 6, 11). Inactivation of these two tumor suppressors
typically occurs early in the transformation process and might serve as a licensing condition,
necessary but not sufficient for histologic transformation (6, 11). Thus, we wondered
whether loss of 7P53/RB1 function might induce exportin 1 expression. Consistent with
this hypothesis, we observed increased expression of XPOZ mRNA in LUADs and PRADs
across multiple cohorts with concurrent 7P53and RB1 mutations relative to their double
wild-type counterparts (Fig. 3A). Assessment of the potential contribution of loss of each
factor individually was challenging because of the low number of samples showing RB1
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genomic alterations without co-occurring 7P53 mutations (fig. S1A), but the available

data demonstrated an association of 7P53 mutations with increased XPO1 expression
relative to 7P53/RB1-wild-type samples, and double 7P53/RBI-mutated samples showed
the highest XPO1 expression (fig. SLA). To test the contributions of each gene more directly,
we generated 7P53- and/or RBI-genetically inactivated LUAD (H1563, overexpression of
dominant negative TP53 and short hairpin RNA against #B7) and PRAD (22PC, CRISPR-
Cas9 inactivation) isogenic cell lines and assessed exportin 1 mRNA expression and protein
abundance by quantitative polymerase chain reaction (qQPCR) and Western blot, respectively
(Fig. 3, B and C, and fig. S1B). Loss of function of either gene induced exportin 1
expression in both cell lines compared with the control condition, and further up-regulation
was observed in the doubly inactivated lines (Fig. 3, B and C), consistent with the clinical
specimen correlations (Fig. 3A). Assay for transposase-accessible chromatin sequencing
(ATAC-seq) analysis of these TP53/RB1-inactivated cell lines did not reveal increased XPO1
gene accessibility after 7P53/RB1 inactivation (fig. S1C). However, leveraging publicly
available chromatin immunoprecipitation sequencing (ChIP-seq) datasets, we observed that
both TP53 and E2F transcription factor 1 (E2F1), the latter being a primary transcription
factor activated upon RBI inactivation, appeared to bind proximal to the transcriptional
start site of the XPO1 gene in datasets including prostate and lung cancers (Fig. 3D). This
observation led us to the hypothesis that TP53 and E2F1 might be directly regulating XPO1
transcription by binding to the XPO1 gene promoter. To test this, we performed promoter
reporter assays for the XPO1 gene promoter, in isogenic cell lines derived from H1563 and
22PC (Fig. 3E). In both cell lines, inactivation of TP53 led to increased XPO1 promoter
activity, suggesting that TP53 binding could repress XPO1 gene expression. Similarly,
inactivation of RB1 led to increased XPO1 promoter activity, at comparable amounts to
E2F1 overexpression (Fig. 3D and fig. S1D), suggesting that E2F1 might be able to induce
XPO1 gene expression after RB1 inactivation. Concurrent inactivation of TP53 and RB1
further increased XPO1 promoter activity (Fig. 3, A and B). Together, these data suggest that
TP53 might directly repress XPO1 gene expression by directly binding the XPO1 promoter,
whereas E2F1 might be able to directly bind the XPO1 gene promoter to induce XPO1
transcription after RB1 inactivation. In addition, treatment of matched isogenic cell lines,
including an additional PRAD line (LnCap/AR), confirmed increased selinexor sensitivity
in those cell lines with 7P53/RB1 inactivation relative to either wild-type controls (Fig.

3F and fig. S1E) or single gene loss-of-function counterparts (fig. S1F). To study whether
these effects may just be derived from TP53 and RBL1 inactivation causing a more highly
proliferative phenotype in these models, we performed proliferation assays in TP53/RB1-
inactivated cell lines and studied the cell cycle profile in those being treated with selinexor
(fig. S1, G and H). We observed a slight increase in proliferation after inactivation of TP53
and RB1, with no statistically significant shifts in cell cycle profile even at substantially
cytotoxic concentrations of selinexor. Thus, the induced selinexor sensitivity by TP53 and
RB1 inactivation did not appear to be a consequence of substantial cell cycle disruption as
might occur with nonspecific cytotoxics. These results do suggest that loss of TP53 and RB1
activity in LUADs and PRADs induces expression of and greater dependency on exportin 1,
associated with an increase in the therapeutic window for selinexor in this setting.
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Exportin 1 inhibition interferes with NE relapse on targeted therapy

The observed induction of exportin 1 and selinexor sensitivity upon concurrent 7P53/RB1
inactivation in both lung and prostate cancers (Fig. 3, A to F) provided a rationale to
nominate exportin 1 as a potential therapeutic target to prevent NE transformation. To

test this hypothesis, we leveraged previously described prostate NE transformation models
(8), the PRAD cell lines 22PC and LnCap/AR, in which double knockout (DKO) of
TP53and RB1 induces AR-targeted therapy resistance in vivo, together with a loss of
epithelial features and increased NE marker expression (8). We generated xenografts of
using both cell lines in immunocompromised NSG mice, which were then treated with
enzalutamide, selinexor, or their combination by oral gavage after tumors reached around
100 mm? (Fig. 4, A and B). Although initially responsive to enzalutamide (T/C values

of 18% at control arm end point, defining end point for a given treatment group as the

time when group average size would reach 1000 mm? of volume), the DKO 22PC tumors
consistently demonstrated acquired resistance within the first 2 months of treatment (Fig.
4A). These tumors also showed initial sensitivity to selinexor monotherapy (T/C values

of 17% at control arm end point), leading to resistance within a similar time frame to

that observed for enzalutamide monotherapy (Fig. 4A). Combination treatment showed
greater durability of response, approximately doubling time to tumor relapse relative to
either drug alone (Fig. 4A). In the DKO LnCap/AR model, xenografts exhibited immediate
resistance to either enzalutamide or selinexor monotherapies (Fig. 4B), with T/C values of
74 and 63%, respectively, at control arm end point. In this model, again, the combination
of enzalutamide and selinexor exhibited the greatest effectivity at suppressing tumor
growth (T/C value of 31% at control arm end point), doubling the time until relapse as
compared with enzalutamide monotherapy arm (Fig. 4B). The combination treatment did
not show increased toxicity relative to enzalutamide monotherapy as determined by mouse
body weight over time (fig. S2A). Determination of protein expression of NE markers
synaptophysin and chromogranin A by IHC performed on tumors collected at experimental
end point for each of the treatment arms revealed an increased NE cell subpopulation

in enzalutamide-treated versus control tumors in both models (Fig. 4, B to F). This was
consistent with the previously described ability of targeted therapies to induce or select

for the outgrowth of histologically transdifferentiated cells (4, 10). We observed reduced
representation of this cell subset in the selinexor- and combination-treated arms (Fig. 4, B
to F), suggesting that exportin 1 inhibition can inhibit NE transformation. To further dissect
this phenotype, we performed transcriptome sequencing in tumors from all treatment arms
collected at control arm end points for the DKO 22PC model (day 31; Fig. 4A). In line
with the immunohistochemical data, we observed increased expression of the NE markers
ASCL1(P=0.046), CHGA (P=0.039), and SYP (P=0.040) in the enzalutamide-treated
but not selinexor- or combination-treated cohorts (Fig. 4G). In addition to classical NE
marker expression, we observed a transcriptomic profile compatible with NE transformation
in the enzalutamide-treated tumors, characterized by increased expression of (i) HES6 and
DL L 3 markers of Notch signaling down-regulation; (ii) EZHZ, the catalytic component

of the PRC2 complex, an epigenetic remodeling complex involved in lineage plasticity
and histological transformation (4, 9); and (iii) transcription factors previously involved

in NE transformation including ONECUTZ2, FOXN4, and POU3F2 (fig. S2B) (4, 19, 20).
This characteristic transcriptomic signature was suppressed by selinexor in the combination-
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treated tumors, which also exhibited higher maintained expression of AR, AR target genes
such as FKBP5and NDRG1, and luminal markers including KR78and KRT18 (Fig. 4G
and fig. S2B). In addition, we observed that selinexor prevented the acquisition of a basal-
like phenotype, previously described to be potentiated in 7P53/RB1-deficient PRAD after
targeted therapy treatment, in parallel with NE features (fig. S2C) (8), further supporting the
capacity of exportin 1 inhibition to constrain lineage plasticity in this setting.

A parallel model of in vivo LUAD-to-SCLC transformation has not been described.
However, we identified a PDX (MSK_Lx151) derived from an EGFR-mutant mixed
histology tumor, which retained both LUAD and SCLC components in the mouse (Fig. 4H),
potentially representative of an intermediate state of transformation. In this PDX model,
both osimertinib and selinexor demonstrated limited efficacy as single agents, with T/C
values of 73.30 and 57.67%, respectively, at control arm end point (Fig. 41). Again, the
combination of osimertinib and selinexor demonstrated greater efficacy, with a T/C value

of 34.15% at control arm end point and no additional toxicity compared to osimertinib
monotherapy (fig. S2D). No significant differences were observed in the tumors collected

at the end point of each of the treatment arms under study in terms of expression of the
LUAD marker TTF-1 and the NE markers synaptophysin and chromogranin A (fig. S2E),
suggesting that the combination of osimertinib and selinexor may not be able to revert NE
transformation after it has occurred. Together, these results suggest that exportin 1 inhibition
suppresses the acquisition of an NE phenotype in models of NE transformation and that its
combination with targeted therapy might prevent or delay NE relapse in LUADs and PRADs
prone to transformation.

Exportin 1 inhibition blocks SOX2 induction in models of NE transformation

To investigate the mechanisms by which exportin 1 inhibition interferes with NE relapse,
we performed differential gene expression (DEG) and pathway enrichment analyses on
the transcriptomic data from the DKO 22PC transformation model (Fig. 4, A, C, E,

and G). As expected, in the comparison of enzalutamide-treated versus control tumors,
we observed up-regulation of genes in several pathways previously implicated in NE
transformation (3, 4, 21), including those related to epithelial-to-mesenchymal transition,
stemness, PRC2 complex, AKT, and Wnt signaling (Fig. 4J). In comparing combination-
versus enzalutamide-treated tumors, we observed down-regulation of all these pathways
when selinexor was added (Fig. 4K). Leveraging previously published (12) transcriptomic
data on selinexor-treated de novo SCLC cell lines, we observed down-regulation of these
pathways as well (fig. S2F), further supporting the ability of exportin 1 inhibition to interfere
with these NE transformation-related pathways.

SOX2, a transcription factor implicated in maintenance of stem cell capacity, was found

to be essential for NE transformation in a prostate cancer model (8) and is highly
overexpressed in SCLC (5). SOX2expression was induced by enzalutamide in the 7P53/
RBI-inactivated (DKO) 22PC model, and this induction was inhibited by selinexor in the
combination-treated group (Fig. 5A). We observed SOX2 protein up-regulation induced by
single-agent targeted therapy in both the DKO 22PC and Lx151 models, again suppressed
by the addition of selinexor (Fig. 5B). SOX2expression was also down-regulated by
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selinexor in de novo SCLC cell lines (fig. S2G) (12). Up-regulation of SOX2 expression
has been reported as an early event in NE transformation of prostate cancer models

after inactivation of 7P53and RBI (8). Consistent with these preclinical observations,

we also observed up-regulated SOX2 expression in double 7P53/RB1-mutant LUAD and
PRAD clinical specimens relative to their wild-type counterparts (Fig. 5C and fig. S3A).
SOX2 mRNA and protein expression was also elevated in isogenic 7P53/RBI-inactivated
LUAD and PRAD cell lines (Fig. 5D and fig. S3B). This induction was prevented by
selinexor treatment at both mRNA and protein levels (Fig. 5E and fig. S3B). Previous
reports have implicated miR-145 in the down-regulation of SOX2 mediated by XPO1
inhibition (22). We were not able to detect miR-145 expression in any of the lung or
PRAD samples under study. Together, these data supported the hypothesis that exportin 1
inhibition might interfere with NE transformation in 7P53/RB1-deficient adenocarcinomas
by preventing SOX2 up-regulation in early steps of transformation, consistent with a

prior report that ectopic SOX2 suppression prevented induction of NE features in PRAD
models and maintained enzalutamide sensitivity (8). To test this hypothesis, we exogenously
overexpressed SOX2in the DKO PC22 and LnCap/AR NE transformation models and
treated it as previously with enzalutamide, selinexor, or their combination, with the aim

of characterizing changes in NE marker and AR expression in vitro (Fig. 5, F and G). In
the untreated condition, SOX2 ectopic overexpression did not alter expression of either,
suggesting that even if SOX2 is required for NE transformation (8), its sole overexpression
in a 7TP53/RBI1-deficient background may not be enough to induce an NE phenotype. As
observed in vivo, enzalutamide-treated cells exhibited high SOX2 expression, comparable to
the expression induced by ectopic overexpression (Fig. 5G), together with induction of NE
markers and suppression of AR. In the absence of exogenous SOX2 expression, selinexor
was able to prevent enzalutamide-induced NE marker expression and AR suppression, but
these effects were abrogated by expression of exogenous SOX2 (Fig. 5, F and G). However,
SOX2 ectopic overexpression was not able to revert the increased sensitivity to selinexor
reported after inactivation of TP53 and RB1 (Fig. 3F and fig. S3B). We tested whether
overexpression of factors other than SOX2, which our data implicate in NE transformation,
would rescue the NE phenotype inhibited by selinexor in these models. Overexpression of
POU3F2, ONECUT?2, or a constitutively active isoform of AKT (myrAKT) did not revert
selinexor-induced NE marker expression (fig. S3C), suggesting that SOX2 might regulate
NE transformation upstream of any of these factors. These results implicate prevention

of SOX2 induction as a mechanism by which exportin 1 inhibition interferes with NE
transformation.

DISCUSSION

Lineage plasticity facilitating histologic transdifferentiation is increasingly recognized as a
mechanism of tumor evolution across multiple solid tumors—in part because of research
efforts including repeated biopsy after treatment failure to define mechanisms of acquired
resistance. Beyond EGFR- and AR-targeted therapy in lung and PRADs (2, 3), respectively,
NE transformation has been identified in multiple other oncogene-driven settings (4,

23). The development of highly potent and specific inhibitors of oncogenic drivers

across the spectrum of cancer types may increase the frequency of occurrence of such
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histological transdifferentiation. The poor prognoses of patients after NE transformation
across tumor types make defining strategies to constrain or prevent plasticity and to treat NE
transformation more effectively key areas of need. This identification of pharmacologically
tractable targets in these contexts could have a substantial clinical impact.

One of the major hurdles to identify drivers of histologic transdifferentiation has been a
paucity of pre- and posttransformation clinical specimens amenable for molecular analysis.
A continuing limitation is the minimal number of viable, manipulable in vitro or in vivo
models with which to interrogate this phenomenon. Leveraging microdissected LUAD

and SCLC subdomains from combined histology tumors as closely associated putative
intermediate states of transformation, we nominated several genes and pathways as possible
candidates contributing to NE transformation in the lung (4). These included transcription
factors ONECUT2 and POU3F2, members of the AKT signaling pathway, and members

of the PRC2 epigenetic remodeling complex. In addition, all of these were also identified
as putative factors contributing to NE transformation in the prostate (3, 21, 24, 25). These
parallel results suggested to us that shared mechanisms promote lineage plasticity across
disease types, increasing the likelihood that discoveries in one tumor type may have broader
implications.

We have previously studied the exportin 1 dependence of de novo SCLC tumors,
demonstrating in multiple models that exportin 1 inhibition can increase the durability of
chemotherapy response (12). Here, we first sought to assess whether the effects of exportin
1 inhibition observed in de novo SCLCs could be extended to T-SCLC and NEPC. Similar
to de novo SCLC, we observed exportin 1 up-regulation in NE transdifferentiating clinical
specimens from patients with both lung and prostate cancer, highlighting the parallelisms
between NE tumors of different origin (26). Although de novo and T-SCLCs do show

some divergent molecular profiles (4, 17), with T-SCLCs retaining features of their parental
adenocarcinoma state, such as decreased neuronal differentiation and increased Notch
signaling (4, 11), we observed consistent combinatorial efficacy of selinexor and cisplatin in
both T-SCLC and NEPC PDX models. This combination outperformed that of cisplatin and
etoposide, a standard first-line clinical regimen for these tumors.

Defining more durably effective treatments for transformed NE carcinomas is of immediate
clinical relevance, but preventing emergence of these aggressive cancer derivatives

could have even greater clinical impact. Exportin 1 up-regulation was observed in
pretransformation LUAD carrying concomitant 7P53and RB1 inactivation (fig. S4). Loss of
these two key tumor suppressors is not sufficient to drive full NE transdifferentiation (6, 11)
but defines patient subsets in both lung and prostate cancer at high risk of transformation (6)
and with reduced durations of response to targeted therapy (6, 27). Linking the mutational
context to the target, 7P53and RBI inactivation drove exportin 1 up-regulation and induced
increased sensitivity to the exportin 1 inhibitor selinexor.

The mechanisms contributing to the apparent increased dependence of NE tumors on
nuclear transport by exportin 1 have not been determined. Exportin 1 might promote
efficient transport of transcripts controlling cell cycle regulatory and DNA damage repair
pathways, on which tumor cells are increasingly dependent after loss of 7P53and

Sci Transl Med. Author manuscript; available in PMC 2024 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Quintanal-Villalonga et al. Page 11

RB1 (13). In line with this hypothesis, our transcriptomic data in 7P53/RB1-inactivated
adenocarcinoma models show down-regulation of cell cycle and DNA damage repair genes
upon treatment with selinexor. However, given the broad relevance of nuclear transport,
other essential pathways may also be affected. Further investigation will be required to
elucidate mechanisms by which 7P53/RBI-inactivated tumors become more sensitive to
exportin 1 inhibition.

Selinexor was able to suppress enzalutamide-triggered NE transformation in vivo in an
adenocarcinoma-to-NE transformation prostate cancer model. In our prostate and lung
models, selinexor down-regulates key transcription factors linked to the NE phenotype,
including POU3F2 and ONECUT?2 (4), and gene expression for pathways implicated in
NE transdifferentiation, including AKT signaling and the PRC2 complex (3, 21, 24).

The relative importance of these several effects is likely to vary in different contexts.
Nonetheless, mechanistically, the capacity of selinexor to interfere with NE transformation
was associated with its ability to down-regulate expression of SOXZ, as seen in different
models in both lung and prostate contexts (fig. S4), and ectopic SOXZ2 overexpression
restored the NE phenotype suppressed by selinexor in a prostate model of transformation.
These results support exportin 1 inhibition leading to SOX2 down-regulation as a
mechanism constraining lineage plasticity and abrogating NE transformation in these
models.

Our study has some limitations. The potential benefits of selinexor in constraining lineage
plasticity need to be weighed against known toxicities of this agent. In a prior phase 2

study of selinexor in patients with metastatic prostate cancer, selinexor dosed at 65 mg/m?
twice weekly was associated with significant anorexia, nausea, and fatigue, requiring dose
reduction to 60 mg of flat dosing twice weekly (28). However, the latter regimen was
tolerable and demonstrated improved progression-free survival over placebo in a subsequent
randomized phase 3 study of 285 patients with dedifferentiated liposarcoma (29). Neither
trial involved patient selection by predictive biomarkers: Our study may help to inform
future targeted clinical trials of selinexor. Another limitation of the current work is that the
transformed small cell carcinoma models used in the present study show limited sensitivity
to chemotherapy, even at maximally tolerated chemotherapy doses. These results do not
fully model clinical observations, where such tumors typically show at least transient
response to treatment (3, 7). Furthermore, the number of PDXs tested was limited because of
the scarcity of such models. Although our data are in line with the results from our group on
de novo SCLC PDXs (12), these results should be interpreted with caution.

In summary, the results presented here nominate exportin 1 as a therapeutic target to inhibit
NE transformation in patients with adenocarcinomas at high risk of NE transformation and
to augment the efficacy of standard chemotherapy against NE tumors after transformation.
The clinical availability of potent and safe exportin 1 inhibitors could facilitate clinical
translation of these findings in an increasingly relevant disease context in which the
currently available therapeutic options are generally few and ineffective.
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MATERIALS AND METHODS

Study design

Cell lines

The purpose of this study was to evaluate the potential efficacy of therapeutic targeting

of exportin 1 (XPO1) at preventing NE transformation and to investigate the underlying
mechanism of action. Exportin 1 expression was analyzed in clinical specimens analyzed
at the mRNA and protein level, and isogenic cell lines were generated to study how early
molecular alterations in the transformation process affect exportin 1 expression. Different
preclinical xenograft models of NE transformation were treated in vivo with exportin

1 inhibitors in combination with targeted therapy or chemotherapy to assess efficacy at
controlling tumor growth. End points for each treatment group were defined as the time
when group average size would reach 1000 mm?3 of volume. Where specified, tumors
were harvested, and the expression of NE and other markers of interest was assessed. All
experiments were randomized and blinded where possible. Sample sizes were determined
on the basis of expected effect sizes from pilot experiments. In general, group sizes of five
or more mice were used. Differences in tumor growth were tested using Student’s #test
(two-tailed), correcting for multiple measurements. All in vitro experiments were run at least
in biological triplicates each including technical triplicates.

H1563 (CRL-5875) and H660 (CRL-5813) were purchased from the American Type Culture
Collection (ATCC). LnCap/AR and 22PC cell lines were shared by the Sawyers laboratory
at Memorial Sloan Kettering Cancer Center (MSKCC) and maintained as previously
described [RPMI 1640 + 10% fetal bovine serum + 1% L-glutamine (Corning, no. 10—
041-CM) + 1% sodium pyruvate (Sigma-Aldrich, no. S8636-100ML), with the addition of
0.1 nM dihydrotestosterone (Sigma-Aldrich, no. 521-18-6) for 22PC] (8). Cell lines were
authenticated through the short tandem repeats (STR) characterization method and regularly
tested for mycoplasma (Universal Mycoplasma Detection Kit, no. 30-1012K, ATCC). All
experiments were performed in low-passage cells. All cell lines were cultured according to
ATCC guidelines or as previously described (8). 7P53/RBI1-deficient PRAD cell lines were
generated as previously described (8), with CRISPR-Cas9 technology. The CRISPR-Cas9
lentiviral vectors used to inactivate 7P53and RBI genes were pLKO5.sgR-NA.EFS.tRFP
(Addgene, no. 57823) and lentiCRISPR v2 (Addgene, no. 52961), which were transduced
into Cas9-expressing cell lines. 7P53/RB1-deficient LUAD cell lines were generated by
lentiviral transduction of a construct expressing a dominant negative TP53 isoform and a
short hairpin RNA against R8I produced from the FU-CYW vector that was previously
described (21) and shared by O. Witte. Other lentiviral overexpression plasmids used in this
work included SOX2 (EX-T2547-Lv105-B), POU3F2 (EX-A3238-Lv151), and ONECUT2
(EX-Z4476-Lv151)—all purchased from Genecopoeia.

Cell cycle assays

Cell cycle was studied by flow cytometry. Cells were seeded in six-well plates and treated
for 4 days with selinexor at the indicated doses. At day 4, cells were washed with
phosphate-buffered saline (PBS, Lonza) and fixed in 70% ethanol for a maximum period
of 1 week at 4°C. Next, cells were washed twice with PBS (Lonza) and incubated with
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FxCycle propidium iodide/ribonuclease (RNase) staining solution (Invitrogen) for 1 hour at
room temperature. Cell cycle was determined using a BD LSRFortessa cell analyzer (BD
Bioscience), and cell cycle phases were determined using FlowJo software v10.

Monotherapy cytotoxicity assay and in vitro treatments

Cytotoxic assays were performed as described in (30), with a total of 1500 cells per well
seeded in 96-well plates and treated with the drugs/doses described for 96 hours. Viability
was assessed with the CellTiter-Glo 2.0 Assay (Promega, G9242) as indicated by the
manufacturer and normalized to the untreated control wells.

Synergy assays

Cells were seeded in 96-well plates (1500 cells per well) and treated with the interval of
concentrations of cisplatin or selinexor for 5 days. Then, cell viability was assessed with
CellTiter-Glo 2.0 Assay (Promega, G9242) and normalized to the untreated wells. Synergy
was calculated using the zero interaction potency (ZIP) method using the SynergyFinder
web application (2.0) (31).

Promoter reporter assays

A promoter reporter clone for the human XPO1 gene (HPRM44900-LvPG04, Genecopoeia)
was used in combination with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-
positive control clone (GAPDH-LVvPG04, Genecopoeia) and a negative control clone (NEG-
LvPGO04, Genecopoeia). Such clones were purchased in a lentiviral vector (LvPGO04).
Lentiviral particles were produced and used to infect isogenic cell lines of interest, as
described previously (12), through concurrent transfection of human embryonic kidney 293T
cells (ATCC, no. CRL-1573) with a 3:2:1 ratio of lentiviral plasmid:psPAX2:pMD2.G and
JetPrime transfection reagent (Polyplus, no. 114-15) at a 2:1 JetPrime:DNA ratio. Medium
was changed 24 hours after transfection, and viral supernatants were collected 72 hours
after transfection. Viral supernatants were syringe-filtered with a 0.45-um polyvinylidene
difluoride filter (Millipore, no. SLHVM33RS) and concentrated approximately 20-fold
with a Lenti-X concentrator (Takara Bio, no. 631232) according to the manufacturer’s
protocol. Promoter reporter assays were performed as specified by the manufacturer

using the Secrete-Pair Gaussia luciferase dual and single luminescence assay kits (LF032,
Genecopoeia), where signal from constitutively secreted alkaline phosphatase activity was
used to normalized XPO1 promoter—dependent Gaussia luciferase activity.

Immunoblot

Protein extraction and Western blot were performed as previously described (32) from
frozen cell pellets or flash-frozen tumor samples using radioimmunoprecipitation assay lysis
buffer with 1x HALT protease inhibitor cocktail (Thermo Fisher Scientific, no. 78446).

Cell pellets were resuspended in five volumes of cold lysis buffer and incubated on

ice for 30 min. Lysates were clarified by centrifugation at 20,000¢g for 10 min at 4°C.
Antibodies for Western blotting included XPO1 (no. 46249, Cell Signaling Technology),
pAKT (no. 4060, Cell Signaling Technology), pPRAS40 (no. 13175, Cell Signaling
Technology), chromogranin A (no. ab85554, Abcam), synaptophysin (no. 36406, Cell
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Signaling Technology), CD56 (no. 99746, Cell Signaling Technology), AR (no. 5153, Cell
Signaling Technology), POU3F2 (no. 12137, Cell Signaling Technology), ONECUT2 (no.
ab28466, Abcam), vinculin (no. 13901, Cell Signaling Technology), and tubulin (no. 3873,
Cell Signaling Technology). Quantifications were performed with Image Studio software
(version 3.1, Li-Cor). Antibodies used for IHC included exportin 1 (no. 611833 from

BD), synaptophysin (Dako, no. A0010), and chromogranin A (Dako, no. A0430). IHC
was performed on formalin-fixed paraffin-embedded (FFPE) tissue from resected tumor
samples obtained from patients with de novo and transforming LUAD, SCLC, PRAD,

and NEPC. For immunohistochemical staining, slides were deparaffinized and steamed
for 45 min in Target Retrieval Solution (Dako). Immunocomplexes were detected using
PV Poly-horseradish peroxidase anti-mouse immunoglobulin G (Leica Microsystems, no.
PV6114) followed by a Tyr-amide Signal Amplification (TSA) biotin amplification step
(PerkinElmer) with 3,3’-diaminobenzidine (DAB) as the chromogen. Tissue sections were
counterstained with hematoxylin, and slides were digitized on a Ventana DP 200 slide
scanner (Roche). Expression was scored in a blinded manner by pathologists, whereby the
optical density level (“0” for no brown color, “1” for faint and fine brown chromogen
deposition, “2” for intermediate chromogen deposition, and “3” for prominent chromogen
deposition) was multiplied by the percentage of cells at each staining level, resulting in a
total H-score range of 0 to 300. All study participants had provided signed informed consent
for biospecimen analyses under Institutional Review Board—approved protocols (nos. 14—
209 and 14-091).

In vivo treatments

Four to ten female (22PC, PDXs) or male (LnCap/AR) 6-week-old NOD.Cg-Prkdc<scid>
112rg<tm1Wijl>/SzJ (NSG) mice (PDXs) or female 6-week-old athymic nude mice (cell

line xenografts) were subcutaneously engrafted per treatment arm and until tumors reached
100 to 150 mm3, At that point, mice were randomized into groups and treated with either
vehicle, cisplatin [2 mg/kg intraperitoneally (i.p.) once per week], etoposide [3 mg/kg,

i.p., quaque die (QD) x3], selinexor [10 mg/kg per os (p.0.), QDx3], enzalutamide (10
mg/Kkg, p.o., QDx5), osimertinib (25 mg/kg, p.o., QDx5), or the combinations of cisplatin +
etoposide, cisplatin + selinexor, enzalutamide + selinexor, or osimertinib + selinexor at the
previously mentioned doses. Mice weights and tumor volumes were measured twice a week,
and mice were euthanized when tumors reached a humane end point (volume, 1000 mm3).
The number of mice per treatment arm was selected according to previous experience with
the models and response to treatments. Blinding was not performed. All animal experiments
were approved by the MSKCC Animal Care and Use Committee (no. 13-07-007).

RNA extraction

Frozen tissues or cell pellets were weighed and homogenized in RLT, and nucleic acids were
extracted using the AllPrep DNA/RNA Mini Kit (QIAGEN, no. 80204) according to the
manufacturer’s instructions. RNA was eluted in nuclease-free water.

RNA-seq alignment and quantification

Transcript abundances were quantified using RNA-seq reads by Salmon v1.1.0 (33). Raw
reads of RNA-seq were mapped to 25-mer indexed hg38 genome. In addition to default
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settings, mapping validation (--validatemappings), bootstrapping with 30 resamplings (--
numBootstraps), sequence-specific bias correction (--seqBias), coverage bias correction (--
posBias), and GC bias correction (--gcBias) were also enabled. Transcripts were mapped

to genes based on Ensembl 92 (34), normalized by size factor at gene level. Subsequently,
the differential gene expression was evaluated on Salmon output files using Sleuth v0.30.0
(35) in gene mode. A Wald test was performed on differential gene expressions. Genes were
marked as significantly differentially expressed if the false discovery rates, g, calculated
using the Benjamini-Hochberg method, were less than 0.05, and B (Sleuth-based estimation
of log, fold change) > 0.58, which is approximately equivalent to a log, fold change of 1.5.

Publicly available RNA-seq dataset analyses

Public datasets leveraged in the present manuscript accessible through chioportal.com
include Abida et a/. (16), LUAD the Cancer Genome Atlas (TCGA) PanCancer, LUAD
OncoSG, Nat Gen 2020, and PRAD TCGA PanCancer. The dataset from (36) can be
accessed at the Gene Expression Omnibus portal (GSE104786). The public sets were
divided into four groups according to their mutation status of TP53 and RB1: TP53WT/
RBIWT, TP53MT/RBIWT, TP53WT/RB1MT, and TP53MT/RB1MT. RNA-seq expression
distribution of XPO1, SOX2, and CDC7 was presented in box plots for the above four
groups of samples. RNA-seq expression values were downloaded through cBioPortal.

1 Data type 1, RSEM: The expression quantification for LUAD (OncoSG, Nat
Genet 2020) is in RSEM (RNA-seq by expectation-maximization), which has
been normalized using DESeq2 v.1.16.1 followed by log transformation, whereas
that for PRAD (TCGA, PanCancer) is in batch-normalized RSEM then followed
by log transformation.

2. Data type 2, RSEM zscore: Log-transformed mRNA expression zscores
compared with the expression distribution of all samples were downloaded for
both LUAD [OncoSG, Nat Genet 2020, (37)] and PRAD (TCGA, PanCancer)
(38). The pairwise comparisons of mean expressions were conducted among
the four previously mentioned groups and evaluated by Wilcoxon test. [Using
traditional RNA-seq DEG approaches to evaluate DE Pvalue by the limma
pipeline, we applied linear modeling on the normalized and log-transformed
RSEM values, which are assumed to be normally distributed using limma
(v3.28.14) (39). The coefficients and SEs were then estimated for each pair
of contrast from the linear model. Empirical Bayes statistics for differential
expressions was carried out to evaluate the significance value.]

The expression values of XPO1 and SOX2 were correlated in scatter plots for the
seven previously mentioned cohorts. RNA-seq expression values were downloaded through
cBioPortal.

1 Data type 1, RSEM: The expression values are in RSEM, which has been using
DESeq2 v.1.16.1 normalization, LUAD [OncoSG, Nat Genet 2020, (37)], or
batch-normalized followed by log transformation.
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2. Data type 2, RSEM Zzscore: Log-transformed mRNA expression zscores
compared with the expression distribution of all samples were downloaded. The
expression correlations were evaluated by Pearson (Spearman).

Pathway enrichment analyses

Gene set enrichment analysis (40) was conducted on the full sets of differential gene
expression output from the previously mentioned comparisons. Genes were ranked by P
value scores computed as —logyg (Pvalue) * (B). The annotations of gene set taken from
the Molecular Signatures Database [MSigDB v7.0.1, (40, 41)] of gene set enrichment were
evaluated using permutation test, and the P value was adjusted by the Benjamini-Hochberg
procedure. Any enriched gene sets with adjusted P value < 0.1 were regarded as significant.
This analysis was conducted using ClusterProfiler R package v3.18.1 (42). Some enriched
gene sets of interests were selected, and their pathway annotations were concatenated
manually to remove redundancy and achieve high generality. When the pathway terms
were merged, median enrichment score was taken as the new group enrichment score, P
values were aggregated using Fisher’s method from the Aggregation R package (43), and
core enrichment of genes was collapsed. The consolidated gene set enrichments were then
presented in dot plots.

ATAC sequencing

The reads were trimmed for both quality and Illumina adaptor sequences using

trim_galore v0.4.4 (https://github.com/FelixKrueger/TrimGalore) in the pair-end mode.
Then, the raw reads were aligned to human assembly hg38 using bowtie2 v2.3.4 (44)

using the default parameters. Aligned reads with the same start site and orientation

were removed using the Picard tool (https://broadinstitute.github.io/picard/). Enriched
regions in individual samples were called using MACS2 (45) and then filtered against
genomic “blacklisted” regions (http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/
hg38-human/hg38.blacklist.bed.gz ). The filtered peaks within 500 base pairs were merged
to create a union of peak atlas. Raw read counts were tabulated over this peak atlas using
featureCounts v1.6.0 (46). The read counts were then normalized with DESeq2. The read
density profile in the format of bigwig file for each sample was created using the BED-Tools
suite (https://bedtools.readthedocs.io) with the normalization factor from DESeq2 (47). All
bigwig genome tracks on XPO1 gene region were generated using pyGenomeTracks v3.5
(48).

Reverse transcription gPCR

Retrotranscription was performed with the Superscript IV VILO kit (Thermo Fisher
Scientific, no. 11756050) following the manufacturer’s instructions. The following
TagMan (Thermo Fisher Scientific) probes were used: CHGA (Hs00900370_m1),
INSM1 (Hs00357871_s1) and ASCL 1 (Hs00269932_m1), XPOI (Hs00185645_m1),
SOX2(Hs04234836_s1), and UBC (Hs00824723 _m1). Data were analyzed as previously
described (30).
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Clinical samples

All study participants had provided signed informed consent for biospecimen analyses under
an Institutional Review Board—approved protocol. Metastatic prostate cancer samples were
collected as part of the Prostate Cancer Donor Program at the University of Washington.
Tissue microarrays sampling PRAD and NEPC FFPE tissues were used in this study.

Statistical analyses

Comparisons between two groups were performed using paired or unpaired two-tailed
Student’s ttest, as indicated in the figure legends. A Pvalue < 0.05 was considered
statistically significant (*/£< 0.05, **P< 0.01, and ***P< 0.001). NVindicates the number
of biological replicates; all bars within the graphs represent mean values; and the error bars
represent SEMs or SD, as indicated in the figure legends. All in vitro experiments were
replicated a minimum of three times (biological replicates). All Western blots have been
replicated a minimum of two times (biological replicates). Please refer to previous sections
for detailed statistical analyses of the bioinformatic data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Exportin 1isup-regulated during NE transformation in lung and prostate tumors.
Exportin 1 mRNA expression (4) (A) and protein (B) abundance in lung cancer clinical

specimens, categorized as control never-transformed adenocarcinomas (LUAD, RNA n=11,
protein 7= 46), transforming adenocarcinomas (T-LUAD, RNA =11, protein n=10),
small cell carcinomas (T-SCLC, RNA 7= 11, protein 7= 20), and control de novo small cell
carcinomas (SCLC, RNA n= 16, protein n= 32). For (B), H-score medians and SDs (right)
and representative immunohistochemistry (IHC) images (left) are shown. (C) Exportin 1
mRNA expression in prostate adenocarcinoma (PRAD) tumors with (7= 22) or without (7=
210) NE features [data from Abida et a/. (16)]. (D) Exportin 1 mRNA expression in PRADs
(n=8) and small cell NE prostate cancer (NEPC) (n=9) [data from Tzelepi et al. (15)].

(E) Exportin 1 protein expression in PRAD (7= 21) and NEPC (/7= 15) clinical specimens,
as assessed by IHC. H-score medians and SD (right) and representative images (left) are
shown. *P< 0.05, **P< 0.01, and ***P< 0.001. TPM, transcripts per million.
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Fig. 2. Exportin linhibition sensitizes NE-transformed lung and prostate cancersto
chemother apy.

(A) In vitro synergy assays in Lx1042 (T-SCLC, left) and H660 (NEPC, right) cell lines of
the combination of selinexor and cisplatin with average synergy score displayed, as assessed
by zero interaction potency (ZIP) and calculated using SynergyFinder. A representative plot
is shown. (B) In vivo treatments of Lx1042 (T-SCLC) and LUCAP49 (NEPC) PDXs to
compare the efficacy of the combination of cisplatin and selinexor versus that of cisplatin
and etoposide. Four to eight female 6-week-old NOD.Cg-Prkdc<scid> 112rg<tm1Wjl>/SzJ
(NSG) mice (PDXs) were subcutaneously engrafted per treatment arm and were grown until
tumors reached 100 to 150 mm3, At that point, mice were randomized into groups and
treated with either vehicle (7= 8), cisplatin (2 mg/kg, i.p., once per week, 7= 4 for Lx1042
and n =5 for LUCAP49), etoposide (3 mg/kg, i.p., QDx3, n= 4 for Lx1042 and n=5 for
LuCAP49), selinexor (10 mg/kg, p.o., QDx3, 7= 4 for Lx1042 and n =5 for LUuCAP49),

or the combinations of cisplatin + etoposide (/7= 8) or cisplatin + selinexor (1= 8). Mice
weights and tumor volumes were measured twice a week, and mice were euthanized when
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tumors reached a humane end point (volume, 1000 mm3). P values were calculated using
the Student’s ftest (unpaired, heterogeneous variances, and two-tailed). (C) Representative
Western blot images showing activation of the AKT/mTOR pathway in tumors derived from
(B). ***P< 0.001.
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Fig. 3. Loss of TP53/RB1 function induces exportin 1 expression and sensitivity to selinexor.
(A) XPO1 mRNA expression in LUAD clinical specimens categorized by 7P53/RB1 status.

Data obtained from LUAD TCGA [PanCancer, n= 237 wild type (wt), 33 mutated],
LUAD OncoSG (OncoSG, Nat Genetics 2020, 7= 109 wt, 6 mutated), and PRAD TCGA
(PanCancer, n= 367 wt, 6 mutated) (15, 16). (B) XPOI mRNA expression in isogenic
H1563 (LUAD) and 22PC (PRAD) cell lines with or without induced loss of function of
7P53and/or RB1 by short hairpin RNA against RB1 and dominant negative TP53 gene
overexpression (H1563) or CRISPR-Cas9 knock out (22PC). (C) Western blot showing

Sci Transl Med. Author manuscript; available in PMC 2024 January 10.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Quintanal-Villalonga et al. Page 26

exportin 1 protein abundance in isogenic H1563 (LUAD) and 22PC (PRAD) cell lines

with or without induced loss of function of 7P53and/or RB1 (left; see Materials and
Methods) and Western blot quantification (n7= 2, right). A representative Western blot image
is shown. (D) Binding score for TP53 and E2F1 in the transcription start site (TSS) of

the XPO1 gene in different experimental settings including specimens from lung, prostate,
and other sites. Data obtained from the Signaling Pathways Project (ChlIP-seq Atlas). (E)
Barplot exhibiting data from XPOZ1 gene promoter reporter assays in isogenic H1563
(LUAD) and 22PC (PRAD) cell lines with or without induced loss of function of 7P53
and/or RB, or with E2F1 overexpression. Normalized luciferase activity of a representative
biological replicate is shown. (F) Barplot showing a representative biological replicate of an
experiment assessing viability of control and 7P53/RB1-inactivated H1563 (LUAD), 22PC,
and LnCap/AR (PRAD) cells treated with 5 nM selinexor. Each of the conditions shown was
normalized to their respective untreated condition and represented as a normalized viability
percentage. For (B) and (C), Pvalues were calculated using the Student’s #test (unpaired,
heterogeneous variances, and two-tailed). *£< 0.05; **P< 0.01; ***£ < 0.001; ns, not
significant.
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Fig. 4. Exportin linhibition interfereswith NE transformation.
In vivo treatment of cell line xenografts for 7P53/RB1 DKO 22PC (A) and LnCap/AR (B)

PRAD cells with enzalutamide, selinexor, or their combination. Five to 10 female (22PC)
or male (LnCap/AR) 6-week-old athymic nude mice were subcutaneously engrafted per
treatment arm and grown until tumors reached 100 to 150 mm3. At that point, mice were
randomized into groups and treated with either vehicle (7= 7 for 22PC and n= 4 for
LnCap/AR), selinexor (10 mg/kg, p.o., QDx3, n=7 for 22PC and n = 4 for LnCap/AR),
enzalutamide (10 mg/kg, p.o., QDx5, n= 7 for 22PC and n= 5 for LnCap/AR), or the
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combinations of enzalutamide + selinexor at the previously mentioned doses (7= 9 for
22PC and n =5 for LnCap/AR). Mice weights and tumor volumes were measured twice

a week, and mice were euthanized when tumors reached a humane end point (volume,

1000 mm3). Tumor volumes are shown as normalized volume in arbitrary units (au). Each
tumor was normalized to its volume at day 0 of treatment. Representative IHC images

for synaptophysin (SYP) and chromogranin A (CHGA) staining in DKO 22PC (C) and
LnCap/AR (D) tumors. Quantification of SYP- or CHGA-positive cells, normalized to tissue
area, in immunohistochemical tissue stains in DKO 22PC (n=6, 5, 4, and 4 tumors for
control, selinexor-, enzalutamide, and combo-treated arms, respectively) (E) and LnCap/AR
(n=5,5, 6, and 6 randomly selected tissue pieces for control, selinexor-, enzalutamide,

and combo-treated arms, respectively) (F) tumors. Positive cells were counted, tissue

area (viable tumor area) was estimated using the SketchAndCalc online app (https://
sketchandcalc.com/), and positive-stained cells were normalized by estimated area. (G)
RNA-seq data from tumors from (A) collected at control arm experimental end point (day
31), showing mRNA expression for genes of interest, involved in NE transformation, divided
by treatment arm (n= 4, 3, 3, and 3 tumors for the control, enzalutamide-, selinexor-,

and combo-treated tumors). mRNA expression values are shown as TPM. (H) H&E and
IHC staining for markers of interest for the EGFR-mutant combined NSCLC/SCLC PDX
tumor MSK_Lx151. (1) In vivo treatment of the MSK_Lx151 PDX with vehicle (7= 5),
osimertinib (n7=5), selinexor (7= 5), or their combination (7= 5). Five to 10 female
6-week-old NOD.Cg-Prkdc<scid> 112rg<tm1Wjl>/SzJ (NSG) mice were subcutaneously
engrafted per treatment arm and grown until tumors reached 100 to 150 mm3. At that point,
mice were randomized into groups and treated with either vehicle, selinexor (10 mg/kg, p.o.
QDx3), enzalutamide (10 mg/kg, p.o. QDx5), osimertinib (25 mg/kg, p.o. QDx5), or the
combination of osimertinib + selinexor at the previously mentioned doses. Mice weights
and tumor volumes were measured twice a week, and mice were euthanized when tumors
reached a humane end point (volume, 1000 mm3). Tumor volumes are shown as normalized
volume in arbitrary units (au). Each tumor was normalized to its volume at day 0 of
treatment. Pathway enrichment analysis on DEGs from enzalutamide versus control (J) and
combination versus enzalutamide (K) conditions in the transcriptomic data from 7P53/RB1
DKO 22PC xenografts treated in vivo and collected at control arm experimental end point
(day 31). Categorized pathways of interest, previously involved in NE transformation (3,

4), are shown. For (A), (C), (D), and (E), Pvalues were calculated using the Student’s ¢
test (unpaired, heterogeneous variances, and two-tailed). *£< 0.05, **P< 0.01, and ***P<
0.001.
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Fig. 5. Exportin 1inhibition down-regulates SOX2 expression, hindering the acquisition of NE
features.
(A) SOXZmRNA expression in tumors divided by treatment condition. mMRNA expression

values are shown as TPM (=4, 3, 3, and 3 tumors for the control, enzalutamide-,
selinexor-, and combo-treated tumors, respectively). (B) Western blot showing SOX2 protein
expression of 7P53/RB1 DKO 22PC and Lx151 models treated in vivo (1= 3 per treatment
condition). Five to 10 female 6-week-old NOD.Cg-Prkdc<scid> l12rg<tm1Wjl>/SzJ

(NSG) mice (Lx151) or female 6-week-old athymic nude mice (22PC xenografts) were
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subcutaneously engrafted per treatment arm and grown until tumors reached 100 to 150
mm3. At that point, mice were randomized into groups and treated with either vehicle (7= 7
for 22PC and n=5 for Lx151) selinexor (10 mg/kg, p.o., QDx3, n=7 for 22PC, and n=5
for Lx151), enzalutamide (for 22PC, 10 mg/kg, p.o., QDx5, n=7), osimertinib (for Lx151,
25 mg/kg, p.o., QDx5, n=5), or the combinations of enzalutamide + selinexor (22PC, n

= 9) or osimertinib + selinexor (Lx151, 7= 5) at the previously mentioned doses. Mice
weights and tumor volumes were measured twice a week, and mice were euthanized when
tumors reached a humane end point (volume, 1000 mm3). (C) SOX2 mRNA expression in
LUAD clinical specimens, categorized by their 7P53/RB1 status. P values are shown. Data
obtained from LUAD TCGA (PanCancer, /7= 237 wt and 33 mutated), LUAD OncoSG
(OncoSG, Nat Genetics 2020, 7= 109 wt and mutated), and PRAD TCGA (PanCancer,
n=107 wt and 19 mutated) (15, 16). See also fig. S3. (D) Western blot showing SOX2
protein abundance in isogenic control and 7P53-and/or RB1-inactivated H1563 (LUAD) and
22PC (PRAD) cell lines. (E) SOX2 protein abundance in control and 7P53/RBI-inactivated
H1563 (LUAD), 22PC, and LnCap/AR (PRAD) cell lines treated with selinexor (5 nM) for
4 days. ASCL1, CHGA, and INSM1 mRNA expression (F) and SOX2, CHGA, NCAML1,
SYP, and AR protein abundance (G) in DKO 22PC cells treated with enzalutamide (150
nM), selinexor (5 nM), or their combination for 4 days. For Western blots and mRNA

plots, representative images are shown. Pvalues were calculated using the Student’s #test
(unpaired, heterogeneous variances, and two-tailed). *£< 0.05, and ***P< 0.001.
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