UC Irvine
UC Irvine Previously Published Works

Title
Impact of XPO1 mutations on survival outcomes in metastatic non-small cell lung cancer
(NSCLC).

Permalink
https://escholarship.org/uc/item/5nc0j2rx

Authors

Nagasaka, Misako
Asad, Mohammad

Al Hallak, Mohammed

Publication Date
2021-10-01

DOI
10.1016/j.lungcan.2021.08.010

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5nc0j2rx
https://escholarship.org/uc/item/5nc0j2rx#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Lung Cancer. Author manuscript; available in PMC 2022 October 01.

-, HHS Public Access
«

Published in final edited form as:
Lung Cancer. 2021 October ; 160: 92-98. doi:10.1016/j.lungcan.2021.08.010.

Impact of XPO1 mutations on survival outcomes in metastatic
non-small cell lung cancer (NSCLC)

Misako Nagasaka®12, Mohammad Fahad B. Asadl, Mohammed Najeeb Al Hallak!, Md
Hafiz Uddinl, Ammar Sukaril, Yasmine Baca®, Joanne Xiu3, Dan Magee3, Hirva Mamdani?,
Dipesh Upretyl, Chul Kim4, Bing Xia®, Stephen V. Liu4, Jorge J. Nieva®, Gilberto Lopes®,
Gerold Beplerl, Hossein Borghaei’, Michael J. Demeure®?, Luis E. Raez10, Patrick C. Mall,

Sonam Puril2 Wolfgang Michael Korn3, Asfar S. Azmil*

DDepartment of Oncology, Wayne State University School of Medicine, Karmanos Cancer
Institute, Detroit, MI, USA

2)Division of Neurology, Department of Internal Medicine, St. Marianna University School of
Medicine, Kawasaki, Kanagawa, JAPAN

S)Caris Life Sciences, Phoenix, AZ

4Georgetown University, Washington, DC

5)USC Norris Comprehensive Cancer Center, Los Angeles, CA

8University of Miami Miller School of Medicine, Miami, FL

JFox Chase Cancer Center, Philadelphia, PA

8Hoag Family Cancer Institute, Newport Beach, CA

9Translational Genomics Research Institute, Phoenix, AZ

10Memorial Cancer Institute/Florida International University, Miami, FL

pPenn State Cancer Institute, Penn State Health Milton S. Hershey Medical Center, Hershey, PA

12Huntsman Cancer Institute at the University of Utah, Salt Lake City, UT

Abstract

Background: Nuclear protein transport is essential in guiding the traffic of important proteins
and RNAs between the nucleus and cytoplasm. Export of proteins from the nucleus is mostly
regulated by Exportin 1 (XPO1). In cancer, XPOL1 is almost universally hyperactive and can
promote the export of important tumor suppressors to the cytoplasm. Currently, there are no
studies evaluating XPO1 amplifications and mutations in NSCLC and the impact on outcomes.
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Methods: Tumor samples were analyzed using next-generation sequencing (NGS) (NextSeq,
592 Genes), immunohistochemistry (IHC), and whole transcriptome sequencing (WTS, NovaSeq)
(Caris Life Sciences, Phoenix, AZ). Survival was extracted from insurance claims data and
calculated from time of tissue collection to last contact using Kaplan-Meier estimate.

Results: Among 18,218 NSCLC tumors sequenced, 26 harbored XPO1 mutations and 24 had
amplifications. XPO1 mutant tumors were more likely to have high TMB (79% vs. 52%, p =
0.007) and less likely to have high PD-L1 (32% vs. 68%, p = 0.03). KRAS co-mutations were seen
in 19% (n = 5) and EGFR co-mutations were rare (n = 2). Among the 17,449 NSCLC tumors with
clinical data, there were 24 XPO1 mutant. Comparison of survival between XPO1 mutant and WT
showed a negative association with a hazard ratio (HR) of 1.932 (95% CI: 1.144- 3.264 p = 0.012).
XPO1 amplification was not associated with survival.

Conclusions: XPO1 pathogenic mutations were associated with a poor survival in NSCLC.
Although XPO1 mutations are rare in NSCLC, further studies to assess its associations with
treatment responses are warranted.

Keywords
NSCLC; Nuclear Protein Transport; XPO1; NGS; Tumor Mutational Burden

Background:

Nuclear protein transport is an essential process guiding the organized trafficking of
important proteins and some RNA between the nucleus and cytoplasm of the cell.

Such transport mediated spatial distribution is essential for proper protein function.! Any
entity larger than 40 kDa moves between the nucleus and cytoplasm with the help of
specialized transporters belonging to the karyopherin family.2 The import of proteins from
the cytoplasm to the nucleus is governed by importins that recognize the nuclear localization
signal in the cargo.® On the other hand, the export of proteins that contain a nuclear export
signal (NES) from the nucleus is almost exclusively regulated by exportin 1 (XPO1), also
known as chromosome region maintenance 1 (CRM1). XPOL1 recognizes a NES in the cargo
protein, and this process is facilitated by guanine exchange factors.* Hundreds of cellular
proteins have been identified to carry XPO1 recognizable NES® € while most of the NES are
yet to be identified in over a thousand potential XPO1 cargos.’

XPO1 functions as the sole exporter of several tumor suppressor proteins and cell cycle
regulators. Studies have shown that in cancer, hyperactive XPO1 causes unusual export of
important tumor suppressors including p53, RB1, p21€iP1 and p27XIP! to the cytoplasm
leading to their functional inactivation.8 ® For example, the mislocalization of p27XIP1 also
known as cyclin- dependent kinase inhibitor 1B has been associated with tumor promotion
in MCF7 breast cancer cells via RhoA suppression and AKT signaling activation.10
Overexpression of XPOL1 can be observed in patients with cancers and can be associated
with disease progression, therapy resistance, and shorter overall survival (OS) or progression
free survival (PFS).11
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Earlier studies have shown that mutation in XPO1 (XPO1E571) appears to be a recurrent
phenomenon in hematological malignancies.12 Missense substitution mutations have crucial
roles in several steps of oncogenesis in various cancer types.13 14 These mutations can
cause an alteration in XPO1 in the hydrophobic NES-binding groove, leading to preferential
recognition of NESs that contain more negatively charged C-terminal ends as well as
mitotic defects.13 1516 The presence of XPO1E571K mytation in cell- free DNA appears

to be associated with a shorter PFS in patients with classical Hodgkin lymphoma.1?
Overexpression of XPO1 is also common in hematologic malignancies. The XPO1E571
mutation can act as “oncogenic driver”, possibly through the modulation of NFAT and
NFAT-related signaling pathways in chronic lymphocytic leukemia, 18 19

XPO1 is often overexpressed in multiple myeloma and correlates with increased bone
disease and shorter survival.29 XPO1 is also overexpressed in diffuse large B cell lymphoma
(DLBCL) and is known to correlate with worse prognosis.2!

XPO1 is aberrantly amplified in NSCLC and such amplification has been linked to poor
overall survival (0S).22 While the aberrant amplification of XPO1 is well recognized,
the underlying mechanism for such amplification is not known.2 23 XPO1 amplification
has been associated with drug resistance resulting from export of drug targets such as
topoisomerase 1124 and galectin-3. 2

Data on the impact of XPO1 mutations and amplifications on NSCLC clinical outcomes

and therapy resistance is limited. In this study, we retrospectively analyzed de-identified
pathological and molecular information from 18,218 NSCLC samples that underwent NGS
with Caris Life Sciences to describe the prevalence of XPO1 mutations and amplifications in
NSCLC. Tumor mutational burden (TMB) as well as PD-L1 expression were also assessed.

Tissue samples:

Consecutive NSCLC tumors were analyzed by Caris Life Sciences (Phoenix, AZ) as part of
routine comprehensive molecular profiling. Prior to molecular testing, tumor enrichment was
achieved by harvesting targeted tissue using manual microdissection techniques.

Next generation sequencing (NGS):

NGS was performed on genomic DNA isolated from formalin-fixed paraffin-embedded
(FFPE) tumor samples using the NextSeq platform (Illumina, Inc., San Diego, CA). A
custom-designed SureSelect XT assay was used to enrich 592 whole-gene targets (Agilent
Technologies, Santa Clara, CA). All variants were detected with > 99% confidence based on
allele frequency and amplicon coverage, with an average sequencing depth of coverage

of > 500X and an analytic sensitivity of 5%. The full list of genes assayed can be

found elsewhere.26 The copy number alteration (CNA) of each exon was determined by
calculating the average depth of the sample along with the sequencing depth of each exon
and comparing this calculated result to a pre-calibrated value and copy number of 6.0 or
higher was considered amplification. TMB was measured (592 genes and 1.4 megabases
[MB] sequenced per tumor) by counting all non-synonymous missense mutations found per
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tumor that had not been previously described as germline alterations. The threshold to define
TMB-high was greater than or equal to 10 mutations/MB.

Immunohistochemistry (IHC):

IHC was performed on full FFPE sections of glass slides. Slides were stained using
automated staining techniques, per the manufacturer’s instructions, and were optimized
and validated per CLIA/CAOQ and ISO requirements. For PD-L1 IHC, the primary PD-L1
antibody clone was 22c3 (Dako). Tumor Proportion Score (TPS) was measured, which is
the percentage of viable tumor cells showing partial or complete membrane staining at any
intensity. The tumor was considered positive if TPS = 1% (high PD-L1 expression if TPS =
50%).

Gene fusion detection:

Gene fusions were detected by RNA sequencing using either the ArcherDx fusion assay
(Archer FusionPlex Solid Tumor panel) or whole transcriptome sequencing assay (lllumina
NovaSeq platform (lllumina, Inc., San Diego, CA). Variants of genes were pre-determined
for their cancer-related and clinical significance interpreted by board-certified molecular
geneticists and categorized as pathogenic (P), presumed pathogenic (PP), variant of
unknown significance (VUS), presumed benign (PB), or benign (B), according to ACMG
(American College of Medical Genetics and Genomics) standards.2’

Survival analysis:

Survival analysis was performed using real-world evidence from insurance claims data
and calculated from time of tissue collection to last contact using Kaplan-Meier survival
analysis. Statistical significance was determined using chi-square and Wilcoxon rank sum
test and adjusted for multiple comparisons.

Ethics statement:

Results:

This study was conducted in accordance with guidelines of the Declaration of Helsinki,
Belmont report, and U.S. Common rule. In keeping with 45 CFR 46.101(b) (4), this study
was performed utilizing retrospective, deidentified clinical data. Therefore, this study was
considered IRB exempt and no patient consent was necessary from the subjects.

XPO1 genomic landscape in NSCLC:

Among 18,218 NSCLC tumors sequenced, 26 (0.14%) harbored XPO1 mutations. The most
common protein changes were at E571K (n =4) and Q626X (n =3) followed by one each of
19 different mutations as shown in Figure 1A. Table 1 shows the baseline demographics of
patients based on XPOL1 status of mutated, amplified and wild type. There was no significant
gender or age prevalence between different XPO1 statuses.

In the XPO1 mutant cohort, 79.2% (n=19) were considered TMB-high with a cutoff of =10
mutations/megabase and 31.6% (N=6) were PD-L1 positive (22c3 antibody with TPS cutoff
=1). When comparing XPO1 mutant tumors to wild type, XPO1 mutant tumors showed a
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significantly higher median TMB (17.5 mt/Mb vs 10.0 mt/Mb) than wild type tumors. In the
analyzed cohort, 24 tumors had XPO1 amplifications. XPO1 amplifications were mutually
exclusive of XPO1 mutations.

In the XPO1 amplified cohort, 52.2% were TMB-high with a cutoff of =10 and 68.2%

were PD-L1 positive (22¢3 antibody with TPS cutoff =1). No significant difference was
observed in TMB values for XPO1 amplified vs non-amplified tumors. XPO1 mutant tumors
were more likely to be TMB high (79.2% vs. 51.8%, p = 0.007) and less likely to have

high PD-L1 (31.6% vs. 56.3%, p = 0.03) when compared to XPO1 wild type tumors,
whereas such correlations were not observed between XPO1 amplified versus XPO1 wild
type tumors (Table 2).

Co-mutation analysis:

Among XPO1 mutated tumors, TP53 was the most common concurrent mutations with 80%
(n =20 out of n= 25 tested for TP53). STK11 was the second most common co-alteration
seen at 26.9% (n =7 out of n =26 tested for STK11). Also demonstrated were KRAS
mutations in 19% (n = 5). EGFR mutations were rare (n = 2), and no targetable fusions

were seen (Figure 1B). Among XPO1 amplified tumors, most tumors were positive for TP53
at 95.7% (n =22 out of n =23 tested for TP53). The second most common co-alterations
were CDKN2A and NFE2L2, both seen in 16.7% (n =4 out of n =24 tested). Comparative
analysis on common co-occurring alterations based on XPOL1 status is shown in Figure 2 and
Supplementary Table 1.

Real-world analysis:

Among the 17,449 NSCLC tumors with clinical data, there were 24 XPO1 mutant tumors
with no histology imbalance observed in mutant vs. wild type (WT). Baseline characteristics
of histology, sex and age for both XPO1 mutant as well as wild type are shown in Figure 3
and Supplementary Table 2. Comparison of OS in the NSCLC group between XPO1 mutant
and WT showed a negative association with a hazard ratio (HR) of 1.932 (95% CI: 1.144-
3.264 p = 0.012) as shown in Figure 3. XPO1 amplification was not associated with survival.

Comparing the OS within the subgroup with confirmed adenocarcinoma histology (9,973
XPO1 WT and 14 XPO1 mutant) showed a similar negative correlation in survival with a
HR of 2.156 (95% CI: 1.027- 4.525 P = 0.037) as shown in Supplementary Figure 1.

As harboring a driver alteration could improve the prognosis, we did an additional analysis
evaluating the outcomes of XPO1 WT excluding driver alterations (ALK fusions, RET
fusions, ROS1 fusions, BRAF mutations, NTRK 1/2/3 fusions, MET amplifications, NRG1
fusions, HER2 mutations and EGFR mutations). Comparison of OS in the NSCLC group
between XPO1 mutant and WT excluding driver alterations continued to show a negative
association with a hazard ratio (HR) of 1.837 (95% CI: 1.087-3.104, p = 0.021) as shown
in the Supplementary Figure 2. Similar negative correlation in survival was seen with a

HR of 1.997 when the analysis was performed in those with adenocarcinoma histology
(Supplementary Figure 3).
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Discussion:

This is the first study identifying the mutation spectrum in XPO1 in NSCLC. In our study,
we did not observe any overlap of XPO1 mutations and amplification. Both mutations and
amplification were rare occurrence, and there were no significant gender or age prevalence
between different XPO1 status (mutated, amplified or wild type).

In our study, a negative association in OS was found with those with XPO1 mutant
tumors when compared to WT in both the NSCLC cohort as well as the adenocarcinoma
cohort. As previously shown in a cohort of 92 lung adenocarcinoma patients, cytoplasmic
immunoreactivity of p63 protein, a member of the p53 tumor suppressor family, was
associated with shorter 0S.28 |t is speculated that mutations in XPO1 may lead to
dysregulated export of these important tumor suppressor proteins into the cytoplasm,
resulting in tumorigenesis and disease progression. Tumors with XPO1E571 mutation have
been shown to display genetic and epigenetic modulations in cancer cells,18 which may
result in resistance to chemotherapeutic drugs.

After the early failures with irreversible XPO1 inhibitors such as leptomycin B, consensus-
induced fit docking (cIFD) approaches have since led to the development a novel class

of reversible XPO1 inhibitors known as selective inhibitor of nuclear export (SINE).29 30
SINE compound such as selinexor (XPOVIO) and related agents verdinexor can efficiently
block XPO1 mediated nuclear export thereby re-aligning the tumor suppressor in the correct
compartment leading to restoration of their function. Selinexor has been evaluated in several
phase I, I, 111 studies and received FDA approval for penta-refractory multiple myeloma3!
and diffuse large B cell lymphoma. 11 XPO1 blockade in multiple myeloma and DLBCL

is thought to re-establish the effects of multiple tumor suppressor proteins by forcing

their nuclear retention, and potentially reversing chemotherapy resistance.32 It has been
demonstrated that SINE compounds exert its inhibitory activity to the cells irrespective of
their mutational status,!3 which is also evident from SINE-bound XPO1 crystal structures.18

Earlier studies have shown that SINE can block lung tumor growth in NSCLC cell lines

and xenografts, both alone and with cisplatin33 or targeted agents such as Bcl-xL inhibitor
A-133185234 and PARP inhibitor BMN673.3% One efficient approach when considering
combination therapy would be to target genomic co-alterations. In our study, although TP53
was the most common concurrent genomic mutation found with XPO1 mutated patients,

we also found KRAS mutations (19%) and EGFR mutations (8%). Interestingly, in a
multigenomic screen of 4,725 biological processes in 106 human NSCLC cell lines, the
nuclear transport machinery was found as the sole process-level discriminator of statistical
significance exhibiting synthetic-lethal interactions in KRAS-driven cancers.36 Indeed, there
is an ongoing phase I/11 study to evaluate the efficacy of selinexor in combination with
docetaxel for patients with previously treated KRAS mutant NSCLC (NCT03095612).
XPO1 is also thought to be involved in EGFR TKI resistance. The involvement of XPO1 in
gefitinib resistance has been speculated to be due to the presence of four NES signals in the
DEAD box DNA helicase DDX17 protein.3” Importantly, SINE have shown efficacy against
EGFR inhibitor resistant NSCLC cell lines.38 These proof-of-concept studies indicate that
XPO1 alone and in combination could be a valid therapeutic target for NSCLC.

Lung Cancer. Author manuscript; available in PMC 2022 October 01.
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Although our study demonstrated that XPO1 mutant NSCLC tumors were more likely to be
TMB high (79.2% vs. 51.8%, p = 0.007) when compared to XPO1 wild type tumors, the
efficacy of immunotherapy is unclear in this setting, especially as XPO1 mutant tumors were
less likely to have high PD-L1 (31.6% vs. 56.3%, p = 0.03) when compared to XPO1 wild
type tumors.

The prevalence of XPO1 mutations were relatively low in this large cohort. This study
utilized real-world evidence data that lack some elements of clinical history and outcomes
were inferred based on time from tissue collection to date of last contact. NGS was
performed at varying time points during the course of the disease and treatments. Therefore,
we were unable to distinguish if XPO1 alterations were baseline characteristics prior to

any treatment or actually reflects acquired resistance. Additionally, these studies could

have certainly benefitted by IHC validation of XPO1 over-expression in NSCLC tissue.
Nevertheless, an independent group has shown higher expression XPO1 in 10 lung tumor
tissues from smokers and 10 matched tumor-adjacent histologically normal lung tissues and
in TMA on a testing set of 59 lung tumor tissues and their matched adjacent histologically
normal tissues3®.

Despite these limitations, we were able to determine the characteristics of XPO1

alterations in NSCLC. Further studies to investigate the underlying biological and molecular
mechanism to account for the association of XPO1 mutations with negative clinical survival
outcomes would be warranted. Finally, more detailed examination of the clinical effects of
other co-existing mutations along with XPOL1 alterations is eagerly awaited.

Conclusions:

Presence of XPO1 pathogenic mutations was associated with a poor OS in both the

entire NSCLC cohort and the adenocarcinoma subgroup. Further studies of this negative
association at the molecular level along with effect of other co-existing mutations may lead
to development of novel treatment strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. In cancer, hyperactive XPO1 promotes the export of important tumor
SUpPressors.

. Among 18,218 NSCLC tumors, 26 harbored XPO1 mutations and 24 had
amplifications.

. XPO1 mutant tumors were more likely to have high TMB.
. KRAS co-mutations were seen in 19%.

. XPO1 pathogenic mutations were associated with a poor survival in NSCLC.
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Figure 1A.
Pie chart of XPO1 pathogenic mutational distribution. Figure 1B. Oncoprint for the top

concurrent mutations in XPO1 mutant tumors.
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Figure 2.
Comparative analysis on common co-occurring alterations based on XPOL1 status.
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Figure 3.
Clinical outcome data on XPO1 in NSCLC.
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Table 1.

Baseline demographics based on XPO1 status.

XPO1 Status  Male (N) Avgage Male Female (N) Avgage Female  Total
Mutated 12 69.3 14 70.9 26
Amplified 11 69.9 13 74.5 24
Wild Type 9109 68.3 9059 67.7 18168
Total 9132 68.3 9086 67.7 18218
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