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The nuclear export protein XPO'1
— from biology to targeted therapy

Asfar S. Azmi®», Mohammed H. Uddin

therapies and biomarkers of response.

Progressive evolution has created highly complex eukar-
yotes with a number of subcellular compartments that
perform specific functions'”. Eukaryotic cells protect
their chromosomes by limiting the access of different
signalling proteins and transcription factors largely via
the nuclear envelope. The nuclear pore complex (NPC),
which has a multisubunit structure, is embedded in the
nuclear envelope® and is capable of translocating hun-
dreds of macromolecules per minute in both directions®.
Smaller molecules (<40kDa) can enter and exit the
nucleus through the NPC by simple diffusion; however,
larger proteins, RNAs and other biological moieties
require energy-dependent active transport mediated by
specialized carriers®, with the help of the GTPase Ran
(Ras-related nuclear protein, also known as RanGTP)°.
A substantial majority of proteins with the specialized
function of nuclear transport are members of the kary-
opherin family. Importins and exportins are two major
subfamilies of karyopherin. Thus far, more than ten dis-
tinct importins and seven distinct exportins have been
identified”*. Four of these importins and one exportin
(XPOL1) function through the recognition of specific sig-
nals, comprising positively charged nuclear localization
signals (NLSs) and a leucine-rich hydrophobic nuclear
export signal (NES), respectively (Supplementary infor-
mation)*’. Among exportins, only XPOL1 is responsi-
ble for the transportation of NES-containing nuclear
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Abstract | Exportin 1 (XPO1), also known as chromosome region maintenance protein 1, plays a
crucialrole in maintaining cellular homeostasis via the regulated export of a range of cargoes,
including proteins and several classes of RNAs, from the nucleus to the cytoplasm. Dysregulation
of this protein plays a pivotal role in the development of various solid and haematological
malignancies. Furthermore, XPO1 is associated with resistance to several standard-of-care
therapies, including chemotherapies and targeted therapies, making it an attractive target of
novel cancer therapies. Over the years, a number of selective inhibitors of nuclear export have
been developed. However, only selinexor has been clinically validated. The novel mechanism

of action of XPO1 inhibitors implies a different toxicity profile to that of other agents and has
proved challenging in certain settings. Nonetheless, data from clinical trials have led to the
approval of the XPO1 inhibitor selinexor (plus dexamethasone) as a fifth-line therapy for patients
with multiple myeloma and as a monotherapy for patients with relapsed and/or refractory
diffuse large B cell lymphoma. In this Review, we summarize the progress and challenges in the
development of nuclear export inhibitors and discuss the potential of emerging combination

proteins such as p53, RB1 and p27° (FIG. 1). XPOLl is
overexpressed in patients with cancer, including in those
with pancreatic, gastric, prostate and colorectal cancers,
and such overexpression is associated with disease pro-
gression, treatment resistance, and inferior overall sur-
vival (OS) or progression-free survival (PFS)’~'. These
observations indicate that XPO1 holds considerable
value as a therapeutic target in patients with cancer
(Supplementary Fig. 1). In this Review, we provide
an overview of the mechanisms of nuclear export and
how these relate to the clinical experience with XPO1
inhibitors in patients with cancer.

Nuclear import and export

Over the past few decades, research has generated a
substantial body of information on the mechanisms
of nuclear transport. Besides recognition of trans-
port receptors and signals (NLS/NES), the character-
ization of the Ran energy gradient system (FIC. 2) has
greatly improved our understanding of how signalling
proteins are transported between the nucleus and the
cytoplasm (termed nucleocytoplasmic shuttling). The
NLS/NES signal of the transported protein binds to
a specific karyopherin, which then binds to the NPC, a
cylindrical ~125,000kDa protein complex that consists
of 500-1,000 molecules comprising 30 different types
nucleoporins (Nups)'*~'°. At the end of the translocation
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Key points

* The nuclear export protein exportin 1 (XPO1) is crucial for the maintenance of cellular
homeostasis as it mediates the transport of >200 proteins, many of which are tumour
suppressors, from the nucleus to the cytoplasm, making XPO1 a promising target for

cancer therapy.

¢ Early XPO1 inhibitors achieved limited success owing to toxicities, although more
selective inhibitors of XPO1 have been developed, with promising results. This
advance has led to the FDA approval of selinexor as a fifth-line therapy for multiple
myeloma and as a third-line therapy for diffuse large B cell lymphoma.

e Early signs of therapeutic activity of selinexor have been demonstrated in patients
with lymphoma, glioblastoma and other solid tumours in which conventional
therapies have been unsuccessful.

* No predictive biomarkers of a response to selinexor have been recognized thus far,
which obstructs the further development of this agent and its related compounds.

e Clinical and preclinical investigations are assessing combinations of selinexor with
standard-of-care therapies, including other targeted agents, in an attempt to
overcome acquired resistance and to improve the therapeutic outcomes.

process, the karyopherin-cargo complex is dissociated
in a Ran-dependent manner®.

A total of seven exportins mediate the export of
nuclear biomolecules (Supplementary information),
of which XPOL1 is the most widely characterized".
XPOI1 belongs to the importin-f superfamily of
karyopherins'®’ and can export at least 221 NES-
containing proteins plus a subset of nuclear RNAs
into the cytoplasm?"*2. The conserved hydrophobic
NES present on the cargo molecules are recognized by
XPO1"*** (Supplementary Fig. 2). Proteins contain-
ing a NES (such as cap-binding proteins 20 and 80) are
capable of mediating XPO1-mediated export of mRNAs
and small-nuclear RNA*, although this process might
also require other adapter proteins”. Once translocated,
XPOL facilitates the cytoplasmic localization of regula-
tory proteins, including the tumour suppressors p53,
CDK1, adenomatous polyposis coli (APC), BRCA1 and
BRCAZ2, survivin, nucleophosmin and members of the
forkhead box family of transcription factors (FIG. 3)*%°.

XPO1 as a therapeutic target

Nuclear import and export are strictly controlled by
karyopherins, thus highlighting the importance of
these proteins as therapeutic targets in various diseases,
including cancer. Cancer cells are postulated to be
more vulnerable to the inhibition of nuclear transport
compared to their non-malignant counterparts owing
largely to their higher rates of cellular proliferation and
metabolism?”%®. Hence, the inhibition of nuclear trans-
port, alone or together with standard-of-care therapies,
might be a promising approach for the treatment of
patients with advanced-stage malignancies”. Despite
the widespread use of nuclear import inhibitors, such
as importazole, INI-43 and ivermectin, in the deter-
mination and targeting of nuclear cargo proteins in
preclinical research, none of these agents has been
introduced in clinical trials. The development of spe-
cific inhibitors of importins is challenging, and many
attempts are still in their infancy”. By contrast, the
development of exportin inhibitors has evolved at a
rapid pace. The inhibition of nuclear export was orig-
inally investigated preclinically using antibiotics such

as leptomycin B*, anguinomycins**' and ratjadones®.

However, these agents were gradually superseded by
small-molecule exportin inhibitors such as promiscu-
ous natural agents, including goniothalamin, valtrate
or curcumin®-**, or agents of synthetic origin such as
the selective XPO1 inhibitors selinexor, eltanexor, ver-
dinexor and felezonexor’**. A comprehensive summary
of the pharmacology of nuclear export inhibitors has
been provided elsewhere®*.

The first specific XPO1 inhibitor, leptomycin B, was
discovered in the 1990s by Nishi et al.”. This antibiotic
binds covalently to the cysteine 528 residue (Cys528) of
XPOI and is an irreversible inhibitor of the interactions
between XPO1 and NES. Owing to its strong specific-
ity for XPOI, leptomycin B was tested in phase I trials
involving patients with treatment-refractory cancers;
however, these trials were discontinued owing to the
emergence of serious systemic toxicities, including nau-
sea and vomiting, profound anorexia and malaise, even at
low doses*!. These toxicities were attributed to the pres-
ence of a long polyketide chain with an a,f-unsaturated
lactone ring that binds to the Cys528 residue of the
NES-binding domain of XPO1. During this interac-
tion, three basic residues of XPO1 are able to medi-
ate the hydrolysis of the lactone ring of leptomycin B,
which prevents the de-conjugation of leptomycin B from
Cys528 of XPO1, thus irreversibly blocking nuclear
export both in malignant and non-malignant cells and
resulting in severe toxicities””. Consequently, a number
of leptomycin B analogues were developed, including
leptomycin A, anguinomycin A/B/C/D and ratjadones
A/C, although these have all thus far shown only limited
therapeutic potential*>****. Felezonexor has been shown
to inhibit nuclear export by covalently binding to Cys528
as well as by inducing the degradation of XPO1. The deg-
radation of XPO1 is conferred by neddylation (a form
of post-translational modification involving covalent
labelling with the ubiquitin-like protein NEDD8) medi-
ated by the cullin-RING ligase. Unlike leptomycin B,
felezonexor is a reversible inhibitor of XPO1, and there-
fore fewer adverse events are anticipated. A phase I
dose-escalation study involving this agent is currently
ongoing (NCT02667873) and is expected to be completed
in 2021 (REFS**).

After the early failures with leptomycin B and related
compounds, researchers used consensus-induced fit
docking (cIFD) structure-based drug development
approaches to minimize the number of interaction
points in the XPO1 binding pocket*. This strategy
paved the way for the development of a newer class of
small-molecule XPO1 inhibitors, known as selective
inhibitor of nuclear export (SINE) compounds*~*,
including KPT-185, KPT-251, KPT-276, selinexor,
eltanexor and verdinexor, all of which are orally bio-
available, highly selective XPO1 inhibitors*>*"-*,
Similar to leptomycin B, these inhibitors covalently
interact with Cys528 in the NES-binding pocket of
XPO1. However, hydrolysable enone groups of SINE
compounds bind to regions located far from the basic
residues of XPO1, making these agents slowly reversi-
ble inhibitors, which contributes to their better tolerance
in vivo** (Supplementary Table 1). For example, 40-60%
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Fig. 1| Schematic representation of XPO1-mediated nuclear export. In the nucleus,
regulator of chromosome condensation 1 (RCC1; also known as Ran guanine exchange
factor (RanGEF)) interacts with chromatin and the nucleotide exchange activity of this
protein leads to increased levels of RanGTP, via conversion of RanGDP into RanGTP™".

In the process of nuclear export: RanGTP binds to exportin 1 (XPO1) causing the opening
of the nuclear export signal (NES) binding site through conformational changes (1).

The leucine-rich NES domain of the cargo protein binds within the hydrophobic groove
of XPO1, which contains the NES binding site. RanGTP and the cargo protein then bind
to XPO1, thus forming a stable ternary complex, resulting in activation and subsequent
conformational alterations (detailed in Supplementary Fig. 2). The activated complex
then binds to a nucleoporin complex located at the nuclear pore complex** followed by
export into the cytoplasm (2). Once outside the nucleus, the GTPase-activating protein
RanGAP, in combination with co-stimulatory elements such as E3 SUMO-protein ligases
1/2 (also known as Ran-binding protein 1/2 (RanBP1/2))**, interacts with the XPO1-cargo—
RanGTP complex, causing structural alterations and the removal of RanGTP (3). RanGTP-
unbound XPO1 then returns to its original autoinhibitory position followed by release of
the cargo'®. In the cytoplasm, RanGAP and RanBP1/2 are able to hydrolyse RanGTP into
RanGDP", subsequently maintaining a high cytoplasmic concentration of RanGDP. Upon
cargo release, XPO1 then shuttles back into the nucleus (4)'°.

O

Nuclear pore
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of the inhibition and conjugation activity of KPT-185 is
reversed after 24 hours™. Thus, SINE compounds bind
to XPOL1 for a sufficient length of time to induce cancer
cell death while also permitting a level of nuclear export
that enables the continued function or at least survival of
non-malignant cells™. This approach, using selinexor, has
received FDA approval for two malignancies — multiple
myeloma (MM) and, more recently, diffuse large B-cell
lymphoma (DLBCL) — based on data from several clinical
trials™> (TABLE 1).

Role of XPOL1 in drug resistance

Drug resistance is a persistent problem in patients with
cancer and is arguably the foremost obstacle to cure.
In most patients, an initial response to one or more
chemotherapies and/or targeted therapies typically
fails within months to years owing to the development
of resistance via several diverse mechanisms™. A num-
ber of mechanisms have been identified that are either
partially or completely responsible for drug resistance.
Findings from the past decade have demonstrated that
XPOL plays a key role in the development of anticancer
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drug resistance (FIG. 4). Research involving breast cancer
cell lines demonstrates that XPO1 is intricately linked
with the export of several drug targets, tumour sup-
pressors and proteins with roles in cell-cycle regulation.
For example, disproportionate XPO1-mediated export
of BRCALI has been shown to inhibit therapy induced
apoptosis in these cells**. XPO1 has also been shown to
export tumour suppressor proteins, such as APC and
P53 in colon cancer and in other cancer types, and the
oncogenic fusion protein BCR-ABL1 in chronic mye-
logenous leukaemia cells”~. Thus, XPO1 inhibition is
a mechanistically unique strategy that has the potential
to overcome several forms of anticancer drug resist-
ance, especially following the development of SINE
compounds that have been evaluated in several clinical
trials and lack the tolerability issues associated with lep-
tomycin B and related compounds®'-**. A more-specific
approach, involving the use of antibodies designed to
inhibit the interactions between NES and potential
cargo proteins, also seems promising, although only
limited investigations have been performed in this area
thus far®’. However, resistance can also develop against
SINE compounds. Current evidence suggests that, in
ovarian cancer, SINE resistance involves neuregulin 1
(NRG1) and HER3 (REF*’) and that resistance to these
compounds might be cancer-type specific.

Protein mislocalization

Aberrant nuclear or cytoplasmic localization of spe-
cific proteins can affect tumour invasiveness, the pro-
pensity to form metastases, disease recurrence and
therapy resistance, all of which can influence patient
outcomes® "', For example, the cytoplasmic localiza-
tion of BRCAL1 is independently associated with disease
recurrence or lung metastasis in patients with sporadic
low-grade, basal-like breast cancer who are >40 years of
age and is associated with both survival duration and
tumour grade””””. Thus, patients with elevated cytosolic
BRCAL levels might have an increased risk of develop-
ing metastatic disease. Similarly, nuclear localization
of HER2 has been demonstrated as a mechanism of
trastuzumab resistance in breast cancer’, and nuclear
localization of the Hippo pathway effector protein
Yes-associated protein (YAP) is implicated in the recur-
rence of cholangiocarcinoma’™. Likewise, an abnormal
source of nuclear glycogen synthase kinase 3b (GSK3b)
has been shown to drive the growth of acute myeloid
leukaemia (AML) cells as well as resistance to chemo-
therapy, in part owing to increased nuclear localization
of the NF-«B subunit p65 (REF.").

The mislocalization of tumour suppressor proteins
might have tumour-promoting effects and is crucial for
a response to certain therapies. For example, the cyto-
plasmic retention of cyclin-dependent kinase inhibitor
1B (CDKN1B, also known as p27¥'*"), which is usually
located in the nucleus, is associated with tumorigenic-
ity in various cancers. In a mechanistic study, mutant
CDKNI1B with loss of NLS function was found to accu-
mulate in the cytosol, resulting in greater cancer cell
motility, survival and tumorigenicity in MCF7 breast
cancer cells owing to the downregulation of RhoA and
activation of the AKT signalling pathway’'. Similarly, the
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Fig. 2 | Gradient of RanGTP across the nuclear
membrane. The GTP-binding nuclear protein Ran is a small
G protein with an important role in determining the 3D
conformation of exportin 1 (XPO1). Ran regulators (such
as RanGAP) located in different subcellular compartments
maintain a RanGTP-RanGDP gradient. Such a gradient

is essential for the proper maintenance of the balance
between the import and export of biomolecules, enabling
the positioning of mitotic spindles and assembly of the
nuclear envelope, among other processes'’!. The nucleus
is enriched with RanGTP largely owing to the presence of
regulator of chromosome condensation 1 (RCC1), which
converts RanGDP to RanGTP by catalysing nucleotide
exchange, whereas, in the cytoplasm, RanGAP converts
RanGTP to RanGDP by promoting dephosphorylation of
the bound GTP, resulting in the accumulation of RanGDP.

cytoplasmic expression of maspin (a tumour suppressor)
is associated with an unfavourable prognosis in patients
with soft-tissue sarcomas® and ovarian carcinoma’ as
well as with disease recurrence and metastasis in those
with squamous cell carcinoma of the larynx’”*.

p63, a member of the p53 family of tumour-
suppressive transcription factors, is usually located in the
nucleus, which is essential for the tumour-suppressive
role of this protein. Aberrant cytoplasmic expression of
p63 is associated with increased mortality in men with
prostate cancer in both univariable and multivariable
analyses”. p63 is strongly expressed in the nuclei of
basal non-malignant prostate cancer cells, whereas cyto-
plasmic localization predominates following neoplastic
transformation®. Similarly, cytoplasmic p63 immuno-
reactivity was associated with shorter OS durations in a
cohort of 92 patients with lung adenocarcinomas”.

The cytoplasmic expression of survivin, a member of
the inhibitor of apoptosis family, is also associated with
a poor prognosis in patients with pancreatic cancer®
and in those with other forms of cancer®. The nuclear
expression of survivin is associated with a favourable
prognosis in patients with gastric® or transitional-cell
carcinoma®; conversely, the overexpression of nuclear
survivin is associated with a poor prognosis in patients
with mantle-cell lymphoma (MCL)* or oesophageal
squamous cell carcinoma®. Further investigations of
the importance of the location of survivin and other
tumour-suppressor proteins, with larger sample sizes

and longer follow-up durations, are needed and should
be requisite. Nonetheless, the available data indicate the
potential utility of subcellular localization of tumour
suppressors or other key proteins as biomarkers of
prognosis and/or treatment outcome.

Overcoming drug resistance

Drug resistance in many cancers involves chemical inac-
tivation via drug metabolism, altered DNA repair, acti-
vation of drug-efflux systems, modification of the drug
target and/or targets, and intracellular mislocalization
of either drug targets, tumour suppressors or proteins
associated with cellular proliferation, among many other
mechanisms®. Excessive nuclear export can contrib-
ute to the development of both cancer and treatment
resistance®. In this section, we discuss data from the
various studies in which SINE compounds were found
to overcome drug resistance.

Bortezomib resistance. The proteasome inhibitor
bortezomib, in combination with lenalidomide and
dexamethasone, is an FDA-approved first-line therapy
for MM. Acquired resistance to bortezomib is a com-
mon occurrence in patients with this malignancy. In an
attempt to decipher the mechanism of resistance in
patients with MM, investigators used isobaric tag-based
and label-free quantitative proteomic approaches and
identified a total of 112 differentially expressed proteins,
including substantially increased expression of XPO1.
Bioinformatics analyses revealed a strong cluster of dif-
ferentially expressed proteins associated with XPO1,
including structural maintenance of chromosomes
1A (SMC1A), regulator of chromosome condensation
2 (RCC2), chromosome segregation 1 (CSE1), nucleo-
porin 88 (NUP88), nucleoporin 50 (NUP50), translo-
cated promoter region (TPR), heat shock protein family
A member 14 (HSPA14), dynein light chain LC8-type 1
(DYNLLI1), RAD21 cohesin complex component
(RAD?21) and Ran binding protein 2 (RanBP2)*. Further
in vitro investigations of protein function confirmed the
role of XPOI overexpression in the emergence of borte-
zomib resistance®. SMC1A overexpression is associated
with radioresistance in men with prostate cancer and
can promote the emergence of a stemness phenotype®.
The overexpression of RCC2 has been shown to block
apoptosis and enhance drug resistance in cervical, breast
and lung cancer cells in vitro®. The nucleoporin NUP88
recruits cytoplasmic XPO1 to the NPC and supports the
recycling of XPOLI to the nucleus for the next round of
export”. The depletion of TPR can negatively regulate
XPO1-mediated nuclear export and can cause nuclear
accumulation of p53, suggesting enhanced export of
TSP or of other proteins when TPR is overexpressed”.
Therefore, the inhibition of XPO1 is highly likely to
affect the function of such proteins and might play a role
in increasing drug sensitivity.

Hypoxia has been shown to promote tumour devel-
opment and resistance to anticancer drugs, including
resistance to bortezomib in MM. The inhibition of XPO1
with selinexor has been demonstrated to reduce cell sur-
vival, promote apoptosis and re-sensitize MM cells to
bortezomib both in normoxic and hypoxic conditions
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in experimental models’. Investigators in this study
observed a delay in tumour development and progres-
sion as well as prolonged survival in mouse xenograft
models of MM exposed to selinexor plus bortezomib
compared with bortezomib alone, and to a lesser extent
in mice that were exposed to selinexor alone relative to
controls’.

Anthracycline resistance. For several decades, head and
neck squamous cell carcinoma (HNSCC) mortality has
remained stable at ~40%°>"*, which can, at least in part,
be attributed to the development of drug resistance’”".
Patients with HNSCC are mostly diagnosed with locore-
gionally advanced disease, and >50% have disease
recurrence within 3 years following chemoradiotherapy
and/or surgery”. Data published in 2018 indicate that
>80% of patients with HNSCCs have cytoplasmic mis-
localization of the transcription factor E2F7, which

REVIEWS

enables the transcription of proteins that confer resist-
ance to anthracyclines™. These investigators confirmed
that E2F7 is subject to XPO1-mediated nuclear export
and demonstrated that mislocalization of E2F7 causes
de-repression of sphingosine kinase 1 (SPHK1I), leading
to anthracycline resistance. Partial reversal of anthracy-
cline resistance was demonstrated in HNSCC xenograft
models exposed to selinexor plus doxorubicin®.

MM is generally recognized as an incurable malig-
nancy despite the availability of multiple advanced
therapies, including proteasome inhibitors, immuno-
modulatory agents, histone deacetylase inhibitors and
anti-CD38 antibodies’. Data from several studies’>"’
indicate that selinexor is able to overcome acquired
resistance to doxorubicin in vitro, in mouse xenograft
models and in biopsy material obtained from patients. In
one study, the combination of selinexor plus liposomal
doxorubicin inhibited the binding of topoisomerase 2A
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Fig. 3 | XPO1 mediated nuclear export and mechanisms of oncogenesis. The main physiological function of exportin 1
(XPO1) is the export of proteins and small nuclear RNAs from the nucleus to the cytoplasm. XPO1 overexpression leads

to greater levels of export of several important cargoes. These cargoes include a number of proteins that are crucial for
physiological cellular processes, including tumour-suppressor proteins (such as RB1, p53, adenomatous polyposis coli
(APC), forkhead box proteins and others), growth regulators (such as p21, cyclin B1 or D1 and Ras-specific guanine
nucleotide-releasing factor 1), anti-apoptotic proteins (such as nucleophosmin) and proteins involved in autophagy

(such as beclin 1 and yes-associated protein 1 (YAP1))?3:2440203

. Tumour-suppressor proteins, such as RB1, p53, APC and

others, induce oncogenesis by enabling the avoidance of apoptosis. In this scenario, the cell-cycle checkpoints typically
remain active owing to the export of p21, p27 and other proteins. Insulin-like growth factor 2 mRNA-binding protein 1
export inhibits the mitochondrial accumulation of elF5A and promotes cell survival'’?. XPO1-mediated export of the
autophagy-related proteins beclin 1, YAP1 and centrin is aided by phosphorylated STK38, resulting in the promotion

of cellular survival’®®. Nuclear export of nucleophosmin (NPM1) along with the interacting transcription factor PU.1
(NPM1-PU.1) inhibits monocyte differentiation, potentially resulting in the development of acute myeloid leukaemia?*.

SINE, selective inhibitor of nuclear export.
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Table 1| Selected completed clinical trials involving selinexor in patients with haematological malignancies

Study Patient
characteristics
Multiple myeloma
NCT01607892 81 patients with R/R
Phase | MM (median 6 prior
lines of therapy)
NCT02199665 21 patients with R/R
MM (median 4 (2-10)
Phase | ST
prior lines of therapy)
STORM | 79 patients with R/R
MM (median 7 prior
fzss] lines of therapy)
STORMII 122 patients with R/R
MM (median 7 prior
e ] lines of therapy)
BOSTON 402 patients with R/R
MM (1-3 prior lines of
Phase Il

therapy)

Diffuse large B cell lymphoma

NCT01607892
Phase |

SADAL
Phase Il

79 patients with
R/RNHL, including
43 with R/R DLBCL
(median 4 prior lines
of therapy)

127 patients with R/R

DLBCL (2-5 prior lines

of therapy)

Acute myeloid leukaemia

NCT01607892
Phase |

95 patients with
R/R AML; >50% had
received 3 or more
prior therapies

Treatments

Dose escalation: selinexor
3-60mg/m?; dose expansion:
selinexor 45 mg/m? or 60 mg/m?
plus 20 mg dexamethasone

Dose escalation:

selinexor 30-60 mg/m?

plus 20/27-20/36 mg/m?
carfilzomib; dose expansion:
selinexor 60 mg/m? plus
carfilzomib 20/27 mg/m? plus
20mg dexamethasone

Selinexor 80 mg plus
dexamethasone 20 mg twice
weekly (6 doses) as part of a
28-day cycle; patients meeting
laboratory criteria continued
for up to 8 doses (no weeks off
therapy)

Selinexor 80 mg plus
dexamethasone 20 mg twice
weekly as part of a 28-day
cycle

Selinexor 100 mg once weekly
plus 1.3 mg/m? bortezomib
and 20 mg dexamethasone
twice weekly (SVd) vs 1.3 mg/m?
bortezomib and 20mg
dexamethasone twice weekly
(Vd)

Dose escalation: 3-80 mg/m?
selinexor; dose expansion:
selinexor 35 mg/m? or 60 mg/m?

Selinexor 60 mg twice weekly
until disease progression

Dose escalation: 3-70 mg/m?
selinexor twice weekly as

part of a 28-day cycle; dose
expansion: selinexor 40 mg/m?

Outcomes

ORR 4%, CBR 21% in

patients receiving selinexor
monotherapy; ORR 25%, CBR
33% in patients receiving
selinexor plus dexamethasone

ORR 38%, CBR 67% in patients
after completion of cycle 1;
median PFS 3.7 months;
median OS 22.4 months

ORR 21% (quad-refractory
(21%), penta-refractory (20%));
median DOR 5 months; median
PFS 2.3 months; median

0OS 9.3 months

ORR 26%; median DOR
4.4 months; median PFS 3.7;
median OS 8.8 months

ORRs 76.4% vs 62.3%,
P=0.0012; median PFS 13.9 vs
9.5 months, HR 0.70, P=0.0066;
median OS not reached vs

25 months, P=0.28, in the SVd
vs Vd groups, respectively

ORR 31% (32% for DLBCL) and
CBR 61% (51% for DLBCL) in
patients receiving selinexor
monotherapy

ORR 28% and DCR 37%,
including CRs in 12% and PRs

in 17%; median PFS 2.6 months;

median OS 9.1 months; median
DOR 23.0 months and

4.4 months for patients with
CRs and PRs, respectively

ORR 14% and DCR 69%;
median PFS 1.7 months;
median OS 2.7 months;
median PFS and OS 5.1 and
9.7 months among responders,
respectively

Treatment-related adverse
events

SAEsin 61% of patients
receiving selinexor and in
39% receiving selinexor
plus dexamethasone; 1
treatment-related death

SAEs included
upper-respiratory tract
infections (14%), urinary tract
infections (9%) and mastoid
osteomyelitis (9%); treatment
discontinued owing to
toxicities in 2 patients

19 patients had a total of

22 SAEs; common grade

>3 adverse events included
thrombocytopenia (59%),
anaemia (28%), neutropenia
(23%), hyponatraemia (22%),
leukopenia (15%) and fatigue
(15%); fatal intracranial
bleeding in 1 patient

SAEsin 63% of patients,
including pneumonia (11%)
and sepsis (9%); common grade
>3 adverse events included
thrombocytopenia (59%),
anaemia (44%), hyponatraemia
(22%) and neutropenia (21%);

2 treatment-related deaths
reported

Common grade >3

adverse events included
thrombocytopenia (35.9% vs
15.2%), fatigue (11.3% vs 0.5%)
and nausea (7.7% vs 0%) in the
SVd vs Vd groups, respectively

11 were potentially
selinexor-related SAEs at doses
between 30 and 70 mg/m?;
common grade >3 adverse
events (in all patients) included
thrombocytopenia (47%),
neutropenia (32%) and anaemia
(27%)

48% of patients had SAEs
including pyrexia (7.1%),

pneumonia (4.7%), sepsis (4.7%),

fatigue (3.9%), anaemia (3.1%),
cardiac failure (3.1%), febrile
neutropenia (3.1%); common
grade 3—4 adverse events
included thrombocytopenia
(45.7%), neutropenia (24.4%)
and anaemia (22.1%)

15 SAEs were deemed
possibly related to selinexor,
of which 2 were fatal; grade
3—4 adverse events included
thrombocytopenia (19%),
anaemia (15%), fatigue (14%)
and neutropenia (13%)

Ref.

140

62

142

147

63

154
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Table 1 (cont.) | Selected completed clinical trials involving selinexor in patients with haematological malignancies

Study

Patient
characteristics

Acute myeloid leukaemia (cont.)

NCT02573363
Phase |

NCT02530476
Phase Ib

SELHEM
Phase |

NCT02093403
Phase |

12 patients with
newly diagnosed AML
and 8 with R/R AML

14 patients with R/R
AML harbouring
FLT3-ITD or
FLT3-D835 mutations
(median 3 prior lines
of therapy)

18 patients <24 years
of age with R/R acute
leukaemias (15 with
AML)

20 patients >60 years
of age with R/R AML
plus 5 with newly
diagnosed AML; 30%
had received >3 prior

Treatments

Dose escalation: 60 mg
(~35mg/m?) in 3 and 80mg
(~50mg/m?)in 17 patients;
selinexor was administered
with cytarabine (2-3 g/m?) and
mitoxantrone (20-30 mg/m?)

Dose-escalation: sorafenib
400 mg twice daily plus
selinexor 40 mg, 60 mg and
80mg twice weekly

Dose escalation: selinexor
30-70mg/m? twice weekly
as part of a 28-day cycle;
fludarabine (30 mg/m? and
cytarabine (2 g/m?) were
administered on days 15-19

Dose escalation: selinexor
23-55mg/m? plus decitabine
20mg/m* dose expansion:
selinexor 60 mg/m? plus
decitabine 20 mg/m?

Outcomes

ORR 70%, including CRs in
50%, projected 1-year survival
69%;recommended phase |l
dose 80 mg twice weekly

Incomplete CRin 29%; blast
reduction (>50%) in 14%;
55% of patients with FLT3
inhibitor-refractory AML
responded to treatment

47% of patients had a CR
with or without blood count
recovery

ORR 40% including CRs in 20%,
incomplete CR in 4% and MLFS
in 8%

Treatment-related adverse
events

SAEs occurred in 30% of the
patients, including 1 fatal
event; common grade 3
adverse events included febrile
neutropenia (70%), bacteraemia
(25%) and pneumonia (20%)

NR

Common grade 3—4 adverse
events included hyponatraemia
(66.6%), hypokalaemia (55.6%)
and febrile neutropenia
(55.6%); 2 patients had
treatment-related reversible
cerebellar toxicities at 70 mg/m?
selinexor

SAEs observed in 84% including
1 selinexor- associated death;
common grade >3 toxicities
included asymptomatic
hyponatraemia (68%), febrile

Ref.

61

195

196

lines of therapy

neutropenia (44%), sepsis (44%),
hypophosphatemia (36%) and
pneumonia (28%)

AML, acute myeloid leukaemia; CBR, clinical benefit rate; CR, complete response; DCR, disease control rate; DLBCL, diffuse large B cell ymphoma; DOR, duration of
response; HR, hazard ratio; MLFS, morphologic leukaemia-free state; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; NR, not reported; ORR, overall response
rate; OS, overall survival; PFS, progression-free survival; PR, partial response; R/R, relapsed and/or refractory; SAEs, serious adverse events; SD, stable disease.

to XPO1, thus preventing nuclear export and resulting
in apoptosis in CD138-positive and light chain-positive
multidrug-resistant MM cells, without affecting
CD138-negative and light chain-negative non-malignant
bone marrow cells™. This combination also increased the
extent of DNA damage in parental and therapy-resistant
MM cells. These studies revealed a level of synergy
between selinexor and liposomal doxorubicin® and with
doxorubicin, bortezomib or carfilzomib® that warrants
further clinical evaluation in patients with MM.

Ibrutinib resistance. The Bruton tyrosine kinase (BTK)
inhibitor ibrutinib, which inhibits B cell receptor (BCR)
signalling, is an FDA-approved, second-line therapy for
patients with MCL; nonetheless, disease relapse is nearly
universal in patients receiving this agent. The cytoplas-
mic localization of proteins with a role in NF-«B sig-
nalling is associated with ibrutinib resistance, which is
reversed by selinexor in cell-line models of MCL* and
cells derived from patients with chronic lymphocytic
leukaemia (CLL)”. In an immunocytochemical analy-
sis of MCL cell lines, selinexor was shown to mediate
nuclear retention of IkB as well as of the NF-kB subunits
p65 and p50 and to negatively regulate NF-kB activity,
suggesting that selinexor could have antitumour activity
in MCL®. This study further confirmed that cells with
IkB retained within the nucleus have a greater degree
of apoptosis. These findings are consistent with those of
other studies in which selinexor causes nuclear retention

of IxB in sarcoma and MM cell lines as well as in primary
MM tumour cells'**'". Despite these findings, more
research is needed to validate the activity of NF-«B sig-
nalling inhibition as the predominant mechanism of the

antitumour activity of selinexor in MCL".

Gefitinib resistance. Despite most patients with EGFR-
mutant non-small-cell lung cancer initially having a
response to gefitinib, virtually all develop acquired
resistance, with a median duration of response of
10-14 months'*>'®. A putative mechanism of resist-
ance to gefitinib in patients with EGFR-mutant non-
small-cell lung cancer involves the elevated expression
of the DEAD box RNA helicase DDX17. This helicase
disassociates E-cadherin/B-catenin complexes, causing
nuclear translocation of B-catenin'”. Consequently,
[-catenin enhances the transcription of several target
genes associated with resistance to EGFR inhibitors,
including axin and cyclin D1. Interestingly, two NLS
and four NES sequences have been identified in DDX17
(REF.'. The presence of NLS and NES in DDX17 ena-
bles nucleocytoplasmic shuttling; however, this protein is
usually retained within the nucleus'”. This RNA helicase
is exported to the cytoplasm via an XPO1-dependent
nuclear export mechanism, where it promotes dissoci-
ation of the E-cadherin/B-catenin complex, resulting
in increased nuclear localization of B-catenin. These
investigators confirmed the involvement of the NLS
and NES regions by incorporating mutations at several
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Fig. 4| The role of XPO1 in acquired drug resistance. Excessive nuclear export is a factor in both the initiation and
progression of cancer and is associated with resistance to chemotherapy. Enhanced exportin 1 (XPO1) activity results in
the cytoplasmic retention of tumour-suppressor proteins (TSPs) such as p53. The mislocalization of such proteins leads to
their functional inactivation and, consequently, to acquired therapy resistance. XPO1 overexpression can also promote
export of the transcription elongation factor E2F7 in certain cancer types, such as head and neck squamous cell carcinoma,
which can lead to anthracycline resistance owing to the inhibition of SphK2 in the cytoplasm’®. Similarly, increased export

of probable ATP-dependent RNA helicase DDX17 and topoisomerase 2a (TOP2A) can confer resistance to gefitinib or
doxorubicin, respectively®*®. Nuclear export of important members of the NF-kB signalling pathway, such as inhibitors
of NF-kB (IkB), p65 and p50, can activate this pathway and lead to the development of ibrutinib resistance®. Resistance

to platinum compounds is also associated with nuclear export via XPO1. A mechanistic study showed that galectin 3 in
the cytoplasm regulates B-catenin and induces resistance to platinum-based drugs. The export of nuclear galectin 3 to the
cytoplasm enhances such regulation and subsequently promotes resistance to platinum-based compounds. **20>2%,
Nuclear export of p53, protein phosphatase 2A (PP2A) and others are also associated with resistance to tyrosine-kinase
inhibitors, especially to imatinib or the novel PI3K inhibitor CYH33 (REFS®*%?).

locations in the NLS/NES sequences that interfere with
importin and exportin binding. A reduction in gefitinib
resistance was observed in both NLS/NES-mutated and
DDX17-mutated PC9 cells compared with wild-type
controls'”. These results suggest that nuclear import and
export could play a role in the regulation of sensitivity
to gefitinib. Importin inhibitors are currently not clini-
cally available; however, inhibition of the nuclear export
of DDX17 and, potentially, of several other DEAD-box
RNA helicases (DDX3, DDX25 and DDX48)! can be
achieved using SINE compounds, providing an inter-
esting avenue for the exploration of novel strategies
designed to overcome gefitinib resistance. Although no
data are currently available, this strategy could potentially
also be applied to resistance to other EGFR TKIs.

Lenvatinib resistance. Lenvatinib, a TKI with multiple
targets, is superior to placebo in patients with radio-
active iodine (*'I)-refractory thyroid cancer (median
PFS 18.3 versus 3.6 months). Despite most patients

having an initial response (overall response rate (ORR)
64.8%), many become refractory to lenvatinib and
have few effective treatment options following disease
recurrence'””. The inhibition of XPO1 with selinexor
or eltanexor has been demonstrated to sensitize 8505C
thyroid cancer cells (a lenvatinib-resistant cell line)
to lenvatinib in vitro. Similar antitumour effects were
observed with this combination in mouse xenograft
models created using subcutaneous injections of this
cell line. These results indicate an actionable therapeutic
approach that has the potential to overcome lenvatinib
resistance in patients with lenvatinib-refractory thyroid
cancer'”.

Other TKIs. The development of acquired resistance to
PI3Ka inhibitors limits the effectiveness of these agents
in patients with PIK3CA-mutant hormone receptor-
positive, HER2-negative metastatic breast cancer.
Acquired resistance to the PI3Ka inhibitor alpelisib
occurs owing to the loss of PTEN and activation of
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mTOR, CDK4/6 or the kinase Pim1 (REFS!®-!2), Data
from in vitro studies indicate that the inhibition of XPO1
can lead to nuclear localization of CCAAT-enhancer-
binding protein-f, resulting in CDK4 degradation and
cell-cycle arrest'"”. Another PI3Ka inhibitor, CyH33, has
demonstrated a manageable safety profile, linear phar-
macokinetics and some antitumour activity in a phase I
clinical trial''*"*; however, the effectiveness is likely to
be limited by acquired resistance, albeit with different
mechanisms to those of resistance to alpelisib''®. CyH33
has been shown to maintain the activation of several
oncogenic signalling pathways, including mTORCI,
KRAS and E2F, independent of PI3K signalling in PI3K
inhibitor-resistant MCF7R cells. Interestingly, the inhi-
bition of XPO1 with selinexor overcomes such acquired
resistance in CyH33-resistant breast cancer cell lines,
principally by promoting the retention of p53 within
the nucleus and leading to cell-cycle arrest''®.

Fusion of the genes encoding septin 9 and ABLI
(SEPT9-ABLI) suppresses p53 expression, resulting
in imatinib resistance in a small subset of several hae-
matological malignancies, including chronic myeloid
leukaemia (CML) and acute lymphocytic leukaemia.
Data from several studies confirm that the combination
of selinexor with imatinib effectively overcomes this
resistance mechanism in mouse xenograft models''”'*%.
This combination affects several key oncogenic signal-
ling proteins, including nuclear retention of p53, NF-kB
1A (NF-kB1A), protein phosphatase 2A (PP2A) and the
nuclear proto-oncogene SET'".

Platinum resistance. Platinum-based chemother-
apy remains in widespread clinical use. However, the
development of platinum resistance is virtually inev-
itable and leads to disease recurrence in patients with
several types of solid tumours. For example, women
with platinum-resistant ovarian cancer typically have a
median PFS duration of around 6 months and a median
OS of approximately 16 months even with further
treatment, following disease progression on platinum-
based chemotherapy'"”. The increased expression of
proteins with a role in DNA repair is one of the most
important mechanisms of resistance to platinum-based
chemotherapy'*’. SINE compounds can reduce the
expression of many of these proteins in vitro, includ-
ing CHEK1, MLH1, MSH2, RAD51 and PMS2 (REF?)).
The underlying mechanism of this effect is currently
unknown; however, binding of MYC to the RAD51
and CHEKI promoters is substantially reduced by
selinexor, and the effect might explain the reductions
in the expression of proteins involved in DNA repair
observed with selinexor'?. XPO1 overexpression is
associated with platinum resistance and inferior out-
comes in patients with ovarian cancer'”. In this study,
targeted inhibition of XPO1 with either selinexor or
KPT-185 was shown to inhibit cellular proliferation and
platinum resistance, both in platinum-resistant ovarian
carcinoma cell lines and in mouse xenograft models.
XPO1 inhibition was also found to induce the nuclear
accumulation of ERK1/2, IkBa and p65 (NF-kB), thus
resulting in the inhibition of NF-«B signalling and of
tumour growth in these models. Clinically, among
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seven patients who received selinexor in this study, two
of five evaluable patients had stable disease and one
had a partial response; importantly, selinexor was well
tolerated by all patients'’. Common grade 1/2 adverse
events included nausea (in all seven patients), fatigue
(in six) and vomiting (in five). Grade 3 adverse events
included thrombocytopenia, hyponatraemia and weight
loss, all of which were observed in one patient only. No
grade 4 adverse events were reported. These observa-
tions indicate that the inhibition of XPO1 is clinically
feasible and might overcome platinum resistance. The
B-galactosidase-binding protein galectin 3 has been
linked with cisplatin resistance in BCR-ABL1-positive
CML and acute lymphocytic leukaemia'**'**. This pro-
tein regulates the (-catenin signalling pathway through
GSK-3p phosphorylation'* and is modulated by XPO1
(REF.'*); accordingly, the inhibition of XPO1 can restore
apoptotic cell death in cisplatin-resistant cells by
retaining galectin 3 in the nucleus®.

Gemcitabine resistance. Gemcitabine-based chemo-
therapy is a standard-of-care treatment for patients
with pancreatic ductal adenocarcinoma (PDAC).
Nevertheless, chemoresistance often limits the effi-
cacy of this drug or regimen, and median OS outcomes
typically remain at <1 year in cohorts of patients with
metastatic disease'**'*’. Data from preclinical studies
indicate that XPOLI inhibition might overcome gem-
citabine resistance. The combination of selinexor plus
gemcitabine has been shown to synergistically inhibit
the growth of MIA PaCa-2 pancreatic and L3.6pl
metastatic pancreatic cancer cell lines in vitro in both
anchorage-dependent and anchorage-independent cul-
ture conditions'*. Anchorage-independent growth is
one of the defining characteristics of cancer stem cells
(CSCs) and is associated with drug resistance’*'. PDACs
have been shown to harbour such resistant CSC popu-
lations. Indeed, selinexor in combination with gemcit-
abine and nab-paclitaxel has been shown to disintegrate
CSC spheroids in vitro and to inhibit tumour growth
in patient-derived xenograft models'*. Similar syner-
gistic effects were achieved with selinexor plus gem-
citabine in mouse orthotopic models of PDAC'*. An
analysis of the mechanisms of these effects confirms the
well-recognized effects of selinexor, inclduing nuclear
accumulation of p27¥™®, depletion of the anti-apoptotic
protein survivin, reduced accumulation of DNA repair
proteins and the induction of apotosis'*. In a phase Ib
trial involving patients with metastatic PDAC, the com-
bination of gemcitabine, nab-paclitaxel and selinexor led
to stable disease in two of nine patients and to partial
responses in a further two, one of which continued for
16 months'*. Building on these findings, a phase II clinical
trial is currently ongoing (NCT02178436).

XPO1 inhibitors in patients with cancer

Selinexor has shown promising antitumour activity
in patients with heavily pre-treated haematological
malignancies®™>>'9*13-13% (TABLE 1). Furthermore, the
safety and efficacy of selinexor have been assessed in
several clinical trials in a variety of settings, including
early phase trials involving patients with advanced-stage
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solid tumours (TABLE 2). A number of clinical trials with
selinexor are currently ongoing (Supplementary Table 2).

Multiple myeloma

Standard-of-care therapeutic agents for patients with
MM are categorized into three main classes, proteas-
ome inhibitors (such as bortezomib and carfilzomib),

immunomodulatory drugs (such as lenalidomide and
pomalidomide) and CD38-targeting monoclonal anti-
bodies (such as daratumumab). Almost all patients
with MM will ultimately develop resistance to each
of these agents. Thus, an urgent need exists for new
MM therapeutics with a mechanism of action that
is fundamentally different to that of the current

Table 2 | Selected completed clinical trials involving selinexor in patients with solid tumours

Study

NCT01607905
Phase |

NCT01896505
Phase Ib

NCT02215161
Phase Il

NCT02402764
Phase Il

SENTINEL trial
Phase |

NCT02025985
Phase Il

NCT02078349
Phase |

NCT01986348
Phase Il

Patient
characteristics

157 patients with
advanced-stage solid
tumours

54 patients with
advanced-stage
refractory bone or
soft-tissue sarcomas

14 patients with
metastatic CRPC
refractory to
abiraterone and/or
enzalutamide

10 patients with
metastatic TNBC;
(median 2 prior lines
of chemotherapy)

10 patients with
metastatic CRC

114 patients

with ovarian (66),
endometrial (23) or
cervical (25) cancer;
(median of 6, 2 and

3 prior lines of therapy,
respectively)

18 patients of Asian
ethnicity with
advanced-stage solid
cancers

76 patients with
recurrent glioblastoma;
(median of 2 prior lines
of therapy)

Treatments

Dose escalation:
3-85mg/m? selinexor

Selinexor 30 mg/m?in
19 patients in cohort 1;
or 50mg/m?in

17 patients and 60mg in
18 patients in cohort 2

Selinexor 65 mg/m? or
60 mg twice weekly

Selinexor 60 mg twice
weekly

Selinexor 20mg or
40 mg plus mFOLFOX6

Selinexor at 35 or

50 mg/m? twice weekly
or 50mg/m? once
weekly

Dose escalation:

50 mg/m? selinexor
once weekly, 40 mg/m?
twice weekly and

20 mg/m? thrice weekly

Selinexor 50 mg/m? or
60 mg twice weekly,
or 80 mg once weekly;
patients eligible for
surgery received up
to 3 doses of selinexor
before surgery

Outcomes

PRs in 4% of patients, a further
17% had SD for 24 months;

1 patient had a CR; RP2D and
MTD determined as 35 mg/m?
and 65 mg/m? selinexor twice
weekly, respectively

ORR 0%; SD in 58% of patients
(SD =4 months in 33%); food
intake had no effect on most
pharmacokinetic parameters

64% of patients had a reduction
in serum PSA levels; out of
8 patients with measurable
disease, 2 had a PR and 4 had SD

No objective responses; CBR
30%; median PFS and OS
0.92 months and 6.0 months,
respectively

No clinical outcomes measured
owing to limited treatment
exposure

DCR 30%, 35% and 24%, PRs in
8%, 9% and 4%, median PFS 2.6,
2.8 and 1.4 months, median OS
7.3,7.0 and 5.0 months in patients
with ovarian, endometrial and
cervical cancers, respectively

Out of 13 evaluable patients,
2 had PRs, 8 had SD

6-month PFS 9.7%, 11.4% and
15.1%, ORRs 8.3%, 7.1% and
10.0%, median OS 9.0, 8.4 and
9.5 months among patientsin
the 50mg/m? 60 mg and 80 mg
groups, respectively

Treatment-related adverse
events

Most frequent grade 3—4 adverse
events included thrombocytopenia
(16%), fatigue (15%) and
hyponatraemia (13%)

Drug-related SAEs reported in

9 patients; common grade

>3 adverse events included

fatigue (12.9%), anaemia (9.7%),
lymphopenia (9.7%), leukopenia
(9.7%) and thrombocytopenia (7.7%)

SAEs were deemed unrelated to
selinexor in 36%; grade 3—4 adverse
events included anaemia (21.4%),
nausea (14.3%) and vomiting
(14.3%); this trial was terminated
owing to an unacceptable risk to
benefit ratio

One patient had possibly
treatment-related encephalopathy;
grade 3 adverse events included
fatigue, platelet count reductions
and dyspnoea (allin 1 patient); this
trial was terminated owing to a
failure to achieve the pre-planned
response rate

DLTs occurred in the first 4 patients
receiving 40 mg selinexor, resulting
in a reduction to the 20mg dose;
common adverse events included
nausea (80%), diarrhoea (70%),
vomiting (60%) and fatigue (60%)

20 treatment-associated SAEs,
including nausea, vomiting or
decreased appetite (7 events);
hyponatraemia (2 events); anaemia,
discomfort, blurred vision, cataract
and cognitive disorder (all 1 event)

No DLTs observed; however, the
40mg/m? dosing schedule was
discontinued owing to persistent
grade =2 adverse events, including
fatigue (50%), hyponatraemia (50%)
and anorexia (17%)

Common adverse events
included nausea (42-60%),
leukopenia (7-43%), fatigue
(43-71%), neutropenia (14-33%),
decreased appetite (27-71%) and
thrombocytopenia (23-67%)

CBR, clinical benefit rate; CR, complete responses; CRC, colorectal cancer; CRPC, castration-resistant prostate cancer; DCR, disease control rate;
DLTs, dose-limiting toxicities; mFOLFOX6, 5-fluorouracil, leucovorin and oxaliplatin; MTD, maximum-tolerated dose; ORR, overall response rate; OS, overall survival;

Ref.

161

197

198

199

200

201

202

PFS, progression-free survival; PR, partial responses; PSA, prostate-specific antigen; RP2D, recommended phase Il dose; SAEs, serious adverse events; SD, stable
disease; TNBC, triple-negative breast cancer.
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standard-of-care therapies. In this regard, targeting
nuclear export with selinexor is considered a prom-
ising therapeutic approach. The safety and efficacy of
selinexor monotherapy in patients with MM was ini-
tially evaluated in a phase I study'*’. As a single agent,
efficacy was modest, with a 4% ORR and 21% clinical
benefit rate. However, the administration of selinexor in
combination with dexamethasone in a dose-expansion
phase of this study greatly increased the ORR to 50%,
with 46% of patients having a reduction in MM -related
immunoglobulin levels. The most common grade 1-2
adverse events were non-haematological, including nau-
sea (75%), fatigue (70%) and anorexia (64%), whereas
grade 3—4 adverse events were predominantly haemato-
logical, including thrombocytopenia (45%)'*. Data
from the STORM trial confirmed the effectiveness of
selinexor (80 mg) in combination with low-dose dexa-
methasone (20 mg). Among 79 eligible patients, 48 were
deemed refractory to four previous treatments (includ-
ing bortezomib, carfilzomib, lenalidomide and poma-
lidomide), and 31 were also refractory to anti-CD38
antibodies (such as daratumumab). The median PFS and
OS durations were 2.3 and 9.3 months, respectively,
and the ORR was 21%. Interestingly, the ORR among a
subset of 17 patients with cytogenetically high-risk dis-
ease, including t(4;14), t(14;16) and del(17p), was 35%.
The most frequent grade >3 adverse events included
thrombocytopenia (59%), anaemia (28%), neutropenia
(23%), hyponatraemia (22%), leukopenia (15%) and
fatigue (15%)'*". The second part of the STORM trial,
which included 123 patients who received a median of
seven prior line of therapies and with MM refractory to
at least one immunomodulatory drug, one proteasome
inhibitor, daratumumab, glucocorticoids and to their last
treatment, revealed a partial response or better in 26%
of patients. Moreover, a minimal or better response was
achieved in 39% of patients, with median PFS and OS
durations of 3.7 months and 8.6 months, respectively.
Common haematological grade >3 adverse events
included thrombocytopenia (57%), anaemia (44%)
and neutropenia (21%). Common non-haematological
adverse events of grade >3 included fatigue (25%) and
hyponatraemia (22%). More than half of all patients
had at least one clinically serious adverse event (63%),
including pneumonia (in 11%) and sepsis (in 9%).
These adverse events resulted in treatment discontin-
uation in 18% of patients. Two deaths were reported to
be associated with either selinexor or dexamethasone.
These high frequencies of adverse events and clinically
serious adverse events partly reflect that the inclusion
criteria for this study stipulated the enrolment of heavily
pre-treated patients, including those with reduced renal
function, thrombocytopenia and neutropenia'*’. In
July 2019, selinexor plus low-dose dexamethasone was
eventually granted accelerated FDA approval for patients
with MM refractory to at least four prior lines of therapy
based on these findings'*'~'’. Furthermore, the EMA is
currently considering selinexor plus low-dose dexa-
methasone as a candidate for accelerated assessment'*’.
The accelerated approval of selinexor by the FDA was
delayed owing to concerns regarding the single-arm,
open-label study design of the STORM trial, which made
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determining the clinical activity of selinexor difficult in
the context of the high risk of adverse events and a lack
of robust single-agent activity'**. The final decision to
grant accelerated approval was based on a prespecified
subgroup analysis of efficacy and safety in 83 patients
whose disease was refractory to bortezomib, carfilzomib,
lenalidomide, pomalidomide and daratumumab'*.
Owing to the novel mechanism of action, consid-
erable research interest exists in combining selinexor,
and potentially other SINE compounds, with existing
standard-of-care therapies. Among many other strate-
gies, a phase I/II trial designed to determine a recom-
mended phase IT dose of selinexor in combination with
liposomal doxorubicin and dexamethasone in patients
with relapsed and/or refractory MM is currently ongo-
ing (NCT02186834). Selinexor has also been tested
in combination with carfilzomib and dexamethasone in
a phase I trial (NCT02199665) involving patients with
relapsed and/or refractory MM, revealing a recom-
mended phase II dose of selinexor 60 mg, carfilzomib
20/27 mg/m? and dexamethasone 20 mg (REF.%). The
most frequent treatment-associated grade >3 adverse
events were thrombocytopenia (71%), anaemia (33%),
lymphopenia (33%), neutropenia (33%) and infections
(24%). The 21 patients in this cohort had a median PFS
duration of 3.7 months and a median OS duration of
22.4 months®. However, a phase II trial (NCT02628704)
involving this combination in the same setting has been
withdrawn for reasons that are currently not specified.
A similar combination is being tested in several trials,
albeit with the irreversible proteasome inhibitor car-
filzomib replaced with the reversible inhibitor borte-
zomib. Data from a phase Ib/II study demonstrate a
median PFS duration of 9 months with an ORR of 63%
in patients receiving selinexor plus low doses of borte-
zomib and dexamethasone'*. Half of all patients had
at least one grade 23 adverse event, including throm-
bocytopenia (50%), neutropenia (26%) and anaemia
(19%). Non-haematological grade >3 adverse events
included fatigue (14%), diarrhoea (7%) and nausea
(5%)'*. Preliminary data from an ongoing phase III
study involving the same combination (NCT03110562)
indicate that selinexor plus bortezomib and dexameth-
asone significantly improves median PFS duration
(13.9 versus 9.5 months, HR 0.70; P=0.0066) and ORR
(76.4% versus 62.3%; P=0.0012) compared with borte-
zomib plus dexamethasone. Grade 3-4 adverse events
included thrombocytopenia (35.9% versus 15.2%),
fatigue (11.3% versus 0.5%) and nausea (7.7% versus
0%)'". Patients with relapsed and/or refractory MM
receiving pomalidomide plus low-dose dexamethasone
had a reported ORR of 31% in a phase III trial'*. In a
separate, single-arm phase II trial involving patients
with more heavily pre-treated disease, the addition of
selinexor to this regimen resulted in an ORR of 58% with
a similar haematological adverse event profile to other
cohorts, including grade >3 neutropenia (54%), throm-
bocytopenia (33%), anaemia (29%) and leukopenia
(15%), and fewer non-haematological grade >3 events,
including fatigue (10%) and vomiting (2%)'*. The
adverse event profile of selinexor has now been estab-
lished. Patients receiving this agent consistently have
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reductions in platelet count (thrombocytopenia) and
neutrophil count (neutropenia) over the first treatment
cycle, and the severity of these adverse events typically
peaks at between 28 and 42 days after starting treatment.
The gastrointestinal adverse effects of selinexor, includ-
ing nausea, vomiting and diarrhoea, also typically occur
within 2 weeks of commencing treatment. Other com-
mon adverse effects include fatigue, decreased appetite,
weight loss and hyponatraemia. These adverse effects are
usually reversible with supportive care. A comprehensive
description of the safety profile of selinexor in patients
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with MM is provided elsewhere'*’.

Non-Hodgkin lymphoma

The improved outcomes observed with brentuximab
vedotin and anti-PD-L1 antibodies in patients with
Hodgkin lymphoma'*'*> have not been replicated in
patients with non-Hodgkin lymphoma (NHL), thus
highlighting a need for novel therapies. A phase I trial
involving 70 patients with NHL of a range of subtypes,
including 41 with DLBCL, revealed a disease control
rate of 51% and an ORR of 32%. Encouragingly, three
of the four patients with double-hit DLBCL featuring
MYC-BCL2 translocations, which usually confer a
worse prognosis, had objective responses, including one
complete response'”’. Among all patients with NHL in
this trial, the most frequent grade 3-4 haematological
adverse events were thrombocytopenia (47%), neutro-
penia (32%) and anaemia (27%), which might be asso-
ciated with baseline cytopenias prior to starting therapy
in a subset of patients, including reduced platelet (15%)
and neutrophil (13%) counts. Non-haematological
grade 3 adverse events included fatigue (11%) and
hyponatraemia (10%)"*.

Data from the phase ITb SADAL study demonstrated
durable clinical benefit in patients with DLBCL who
received selinexor monotherapy®. Among 127 patients
with heavily pre-treated DLBCL (median of two prior
lines of therapy), the ORR was 28%, including com-
plete responses in 12%. At a median follow-up duration
of 14.7 months, patients had a median PFS duration of
2.6 months and a median OS duration of 9.1 months.
Patients with stable disease had a median OS dura-
tion of 18.3 months, and median OS was not reached
in patients with a partial response or better. The most
common grade 3-4 adverse events were thrombocyto-
penia (46%), neutropenia (24%), anaemia (22%), fatigue
(11%), hyponatraemia (8%) and nausea (6%), and these
were typically reversible with standard supportive care
and/or dose modifications. The most common clinically
serious adverse events were pyrexia (7%), pneumonia
(5%) and sepsis (5%). No treatment-associated deaths
were reported. Based on data from this single-arm study;,
in June 2020, the FDA granted accelerated approval of
selinexor for adult patients with relapsed and/or refrac-
tory DLBCL who had previously received at least two
lines of systemic therapy®’.

The efficacy and safety of selinexor in combination
with rituximab and cyclophosphamide, hydroxydauno-
rubicin, vincristine and prednisone chemotherapy
(R-CHOP) is being assessed in a phase II trial that is
currently recruiting patients (NCT03147885). Other

combinations under ongoing evaluation in patients
with DLBCL include rituximab plus gemcitabine, dex-
amethasone and cisplatin, with or without selinexor
(NCT04442022), and selinexor plus venetoclax in
patients with one of several high-risk haematological
malignancies, including DLBCL (NCT03955783).

Acute myeloid leukaemia

The safety and tolerability of selinexor monotherapy was
established in a phase I dose-escalation study involving
95 patients with relapsed and/or refractory AML (who
had received a median of three prior lines of therapy)'*.
The ORR among 81 evaluable patients was 14%. At the
molecular level, upregulation of p53 and downregula-
tion of oncogenic fms-like tyrosine kinase 3 (FLT3) and
KIT was observed'*. Selinexor has also been tested in
combination with existing standard-of-care therapies
for AML in an attempt to achieve synergistic effects.
The safety and efficacy of selinexor plus idarubicin and
cytarabine was assessed in adult patients with relapsed
and/or refractory AML in a phase II clinical trial.
A lower cytarabine dose (100 mg/m? on days 1-7) was
employed to enable better evaluations of the effect of
selinexor’*>'*, Selinexor was administered at two dif-
ferent doses (40 mg/m? twice weekly for 4 weeks or
60 mg/m? twice weekly for 3 weeks) in cohorts 1 and 2,
respectively. Out of 42 patients, a total of 20 across both
cohorts had a complete response with or without com-
plete blood count recovery. The ORRs in cohort 1 and
2 were 55.6% and 33.3%, respectively, with median OS
durations of 12.6 months and 8.0 months. Common
grade >3 adverse events observed in cohorts 1 and 2
included diarrhoea (55.6% and 40.0%), fatigue (14.8%
and 13.3%), sepsis (25.9% and 20.0%), decreased platelet
count (70.4% and 46.7%), decreased neutrophil count
(44.4% and 40.0%), hyponatraemia (7.4% and 13.3%)
and anaemia (70.4% and 33.3%). One treatment-related
death occurred in cohort 2. Despite limitations in sam-
ple size, the addition of selinexor to chemotherapy at
a flat dose of 60 mg twice-weekly for 3 weeks seems
feasible in patients with AML"">'**. The combination
of selinexor with fludarabine and cytarabine has also
been evaluated in a small-cohort, dose-escalation study
involving patients <24 years of age with relapsed and/or
refractory acute leukaemias (including 15 patients with
AML). Patients received 30, 40, 55 and 70 mg/m? doses
of selinexor twice weekly and were able to tolerate a
dose of <55mg/m?. Two out of five patients had cere-
bellar toxicities at the 70 mg/m? dose of selinexor, in one
patient without receiving fludarabine and cytarabine.
This study demonstrated a favourable ORR (47% among
15 evaluable patients) in young patients with acute
leukaemias'’. The most common non-haematological
grade 3 adverse events observed in these patients was
asymptomatic hyponatraemia (in 12 patients)'”’. This
study justifies further clinical evaluation of selinexor in
young patients with acute leukaemias.

Interestingly, eltanexor, a second-generation SINE
compound, has effects on tumour burden and survival
similar to those of selinexor in mouse models of CML
and AML, and is likely to be better tolerated owing to
substantially reduced levels of central nervous system
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penetration'?>'**"'%_ Eltanexor is currently being tested in
patients with relapsed and/or refractory MM, colorectal
cancer, castration-resistant prostate cancer or high-risk
myelodysplastic syndrome (NCT02649790).

Solid tumours
Besides haematological malignancies, selinexor has
also been tested in patients with solid tumours (TABLE 2).
A phase Ib study involving patients with advanced-stage,
treatment-refractory sarcoma revealed a reccommended
phase II dose of 60 mg (administered twice a week for
3 weeks followed by a 1-week break). No objective
responses to selinexor were observed among 52 evalu-
able patients, although 23% had stable disease lasting
>4 months'®'. The safety and preliminary efficacy of
selinexor has also been assessed in a large-cohort phase I
trial involving 189 patients with various advanced-stage
solid tumours, including colorectal, prostate, pancre-
atic, ovarian, and lung cancers and melanoma. The
investigators concluded that selinexor is safe and well
tolerated at a recommended phase II dose of 35 mg/m?
administered twice weekly. One patient out of 45 had
dose-limiting nausea, vomiting and fatigue at this dose.
The most frequent grade 3-4 adverse events at doses
of 240 mg/m* were thrombocytopenia (17%), fatigue
(15%) and hyponatraemia (13%). Among 157 patients
evaluable for efficacy, one had a complete response, six
had partial responses (ORR 4%) and a further 27 (17%) had
stable disease lasting 24 months'*”'*>'®*_ In general,
selinexor monotherapy seems to be adequately tolerated
in patients with solid tumours, although more conclusive
data on efficacy are currently awaited*>*"!*"1¢4165,
Selinexor at 65 mg/m?, twice weekly is the maxi-
mum tolerated dose in patients with solid tumours;
however, the recommended phase II dose in patients
with solid tumours is 35 mg/m? on the same sched-
ule owing to tolerability issues'’’. The most frequent
treatment-associated adverse events were grade 1-2 nau-
sea, vomiting, anorexia and fatigue. Common grade 3-4
adverse events included thrombocytopenia (in 16% of
patients), fatigue (in 15%) and hyponatraemia (in 13%).
However, in patients with advanced-stage, soft-tissue
or bone sarcomas, 60 mg selinexor administered on a
3-weeks-on, 1-week-off schedule was found to be well
tolerated'®’. At least 10% of patients had treatment-
related adverse events; common grade 3 adverse events
included fatigue, diarrhoea, thrombocytopenia and
neutropenia, whereas one patient had grade 4 anaemia.
All adverse events were manageable with supportive
care. Furthermore, data from this trial demonstrate that
administration with food increases the peak plasma
selinexor concentration by approximately 15-20%; how-
ever, this increase seemed to have no substantial effects
on other pharmacokinetic parameters'®’.

Novel biomarker strategies

XPO1 alterations

XPOL1 expression is positively correlated with an unfa-
vourable prognosis in patients with MM. Specifically,
XPO1 overexpression seems to be linked with borte-
zomib resistance and shorter survival'®. In addition,
emerging evidence suggests that the XPO1®"'X mutation,
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resulting in missense substitution, has an important
role in several oncogenic processes across various
types of cancers'*®'*". The exact functional relevance
of this mutation is incompletely understood, although
mutations in this location might alter the hydropho-
bic NES-binding groove of XPO1. Such changes might
affect the open-closed equilibrium, the shape of the
groove and the binding affinity for NESs, resulting in
alterations in the binding preferences of XPOL1 for cer-
tain nuclear export cargoes'*. In a mechanistic study,
Garcia-Santisteban et al. demonstrated that this muta-
tion slightly increases the binding affinity of XPO1 for
NESs with a more negatively charged C-terminal end,
without affecting the export activity of XPO1 (REF.'®).
Nonetheless, data published in June 2020 revealed
mitotic defects in homozygous E571K-mutant cell
lines'®”. However, cells lines with or without this mutation
have similar responses to SINE compounds, suggesting
an unaltered sensitivity to XPO1 inhibitors'*.

XPOI®'¥ has been detected in several differ-
ent haematological malignancies, including primary
mediastinal DLBCL, classical Hodgkin lymphoma,
primary mediastinal B cell lymphoma, mediastinal
grey-zone lymphoma and oesophageal squamous cell
carcinoma'**'’. Importantly, this alteration is detecta-
ble using molecular methods such as digital PCR and
next-generation sequencing, either in tumour biopsy
samples or in blood-derived, cell-free DNA, and can
be used to determine the presence of minimal resid-
ual disease'**. A retrospective study has revealed that
XPOI®7¥ can be detected in about 25% of patients with
classical Hodgkin lymphoma. The presence of this var-
iant in cell-free DNA at completion of therapy seems
to be associated with a shorter PFS duration and has
potential as a prognostic biomarker. However, prospec-
tive investigations involving large cohorts of patients
are currently unavailable but will be essential in deter-
mining the clinical applicability of this approach in
comparison with PET imaging'**'"°. XPOI*"'* might
also be relevant to other forms of lymphoma. For exam-
ple, primary bone marrow lymphoma has a distinct
molecular signature with detectable XPOI*"" in about
50% of patients. Furthermore, this alteration is associ-
ated with a shorter PFS duration, suggesting a need for
treatment escalation'**. Similar prognostic associations
of XPOI1¥7'X have been reported in patients with CLL,
albeit in a much lower percentage of patients**'”', and
might also be applicable for other cancers.

Non-coding RNA regulation

miRNA biogenesis requires epigenetic processing, with
one of the main steps being the export of nuclear
pre-miRNAs'”%. Pre-miRNAs are known to be an XPO1
export cargo'”>'”. Specifically, the 5,7’-methylguanine-
capped class of pre-miRNAs are recognized by the
Cap binding complex, which guides the export of
these pre-miRNAs via the phosphorylated adaptor for
RNA export-XPO1 signalling pathway, rather than via
XPO5 (REF.'7?). Whenever pre-miRNA complexes are
present in the cytoplasm, RanGTP is converted into
RanGDP, enabling exportins to release the pre-miRNA.
The inhibition of nuclear export is thus speculated
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to be an effective cancer treatment approach owing to
the retention of pre-miRNAs within the nucleus. This
effect might reduce the inhibitory miRNA-mediated
regulation of several tumour suppressors (such as p53,
P27 and members of the forkhead box family of tran-
scription factors), leading to the inhibition of cell growth,
cell-cycle arrest and/or the initiation of apoptotic signal-
ling pathways. miRNAs have an important physiological
role in maintaining homeostasis in non-malignant cells;
nonetheless, therapeutic targeting of their nuclear export
(by XPO1/5 inhibitors), resulting in global retention
of miRNAs, could be catastrophic for malignant cells.
Genetic aberrations in malignant cells can lead to the
aberrant expression of tumour suppressors such as p53,
FOXO and p27, which are under the control of miRNAs,
and can lead to excessive proliferation. Thus, the nuclear
retention of pre-miRNAs using specific inhibitors can
disrupt the control of tumour suppressors or other
molecules with a role in cellular surveillance and might
suppress tumorigenesis'”>. Interestingly, XPO1 expres-
sion has been shown to be under epigenetic control and
is suppressed by miR-30, resulting in cell death that is
reversed by methylation of this microRNA in preclinical
models of PDAC'.

Data published in 2017 indicate that the miRNAs
miR-145, miR-34 and let-7 are mechanistically asso-
ciated with XPO1 expression in PDAC cells'””. This
study confirmed that the upregulation of miR-145 by
selinexor inhibits PDAC cell growth and migration.
Mechanistically, selinexor downregulates several miR-
145 target genes, including matrix metallopeptidase 1
(MMP1), membrane-type MMP (MT-MMP), EGFR,
MYC, sex determining region Y-box 2 (SOX2) and
p21 (RACL1) activated kinase 4 (PAK4), resulting an
increase in miR-145 (REF.'”). Moreover, XPO1-mediated
upregulation of oncogenic miR-33b-3p has been
observed in two gastric cancer cell lines'”*. XPO1 is
also able to regulate the nucleocytoplasmic transport
of primary miRNAs in quiescent primary human
fibroblasts, in which XPO5 levels remain very low. The
quiescence-induced primary miRNAs are modified with
a 2,2,7-trimethylguanosine-cap, the proteins of which
are then able to bind with XPO1 and have an essential
role in miRNA biogenesis through nucleocytoplasmic
transport'”. Furthermore, the sequencing of non-coding
RNAs has revealed that, besides miRNA, XPO1 is also
involved in the regulation of piwi-interacting RNA'%.
Collectively, these studies demonstrate that the regula-
tion of non-coding RNAs can be associated with XPO1
or XPO5 and that the genetic variants of these proteins,
such as XPO5M!''*T, might be attractive prognostic mark-
ers in various cancer types'® and should warrant further
clinical investigation.

New and emerging combinations

Evidence is emerging on the synergistic effects of
selinexor in patients with MM. Selinexor plus dexa-
methasone has received accelerated FDA approval as a
fifth-line therapy for patients with MM. Furthermore,
other combinations with platinum-based therapies
(such as cisplatin and carboplatin) and taxanes (such
as paclitaxel) are currently under clinical investigation

(NCT04442022 and NCT02419495). In patients with
AML, aberrant cytoplasmic localization of topoisomer-
ase 2a (an established XPO1 cargo protein) is associated
with resistance to topoisomerase inhibitors. Two topoi-
somerase 2o inhibitors — idarubicin and daunorubicin
— have been demonstrated to synergistically inhibit the
growth of AML cells and blasts in vitro and of mouse
xenografts in vivo when applied in combination with
selinexor'*’. Besides selinexor, another SINE com-
pound (KPT-185) has been shown to synergize with the
MDM2 inhibitor nutlin 3a in both p53-wild-type and
p53-mutant cell lines and in primary cells derived from
patients with AML"*"'. In addition to ubiquitin ligase
activity, hypermethylation owing to increased DNA
methyltransferase activity is often also associated with
AML, reflecting the silencing of tumour-suppressor
genes. Decitabine, a hypomethylating agent, has been
shown to promote the re-expression of genes that are
silenced during myeloid differentiation and seems to be
effective in some patients with AML'®. In vitro inves-
tigations involving AML cell lines and primary blasts
demonstrate that the in vitro effectiveness of decitabine is
substantially enhanced when combined with selinexor'®.
The anti-leukaemia action of this combination has also
been validated in vivo in a mouse model of AML'*>"*,
Furthermore, genome-wide pooled CRISPR-based
knockout screening identified XPO1 as a key target that
might help to overcome resistance to FLT3 inhibitors in
patients with AML. This study demonstrated synergy
between selinexor and midostaurin or gilteritinib in
AML cell lines and patient-derived cells'®.

The efficacy of ibrutinib is reduced substantially by
the on-target mutation BTK“*3'S. Selinexor has been
shown to synergistically re-sensitize ibrutinib-resistant
patient-derived primary CLL cells”. Similar synergistic
effects were found in a mouse model where c57b cells
were engrafted with CD19*CD5" leukaemia derived
from the ibrutinib-resistant Eu-TCL1 murine model”.
These preclinical data suggest that selinexor can bypass
ibrutinib resistance caused by BTK“*!S (REFS°*'*%). NF-kB
signalling has been shown to upregulate BTK expres-
sion. Thus, selinexor is able to indirectly reduce BTK
expression through nuclear retention of IxB, leading
to the inhibition of NF-kB!**. Moreover, the C481S
mutation does not entirely abolish the ability of ibru-
tinib to bind with BTK; rather, this alteration renders
ibrutinib a reversible inhibitor'®. Therefore, partial
inhibition of BTK by ibrutinib in combination with the
indirect downregulation of BTK expression by selinexor
synergistically promotes tumour cell death'*.

Selinexor has also been shown to synergize with
dexamethasone and everolimus in preclinical models
of lymphoma. Mechanistically, this combination affects
several cell survival signalling pathways, including
NF-kB and mTOR signalling'*. Selinexor and eltanexor
have also been shown to synergize with the BCL-2 inhib-
itor venetoclax in double hit lymphoma cell lines and
patient-derived xenografts harbouring MYC and BCL2
alterations'*®. Similarly, the combination of selinexor
with bortezomib is able to overcome resistance to protea-
some inhibitors in cell line models, mouse models and in
patient-derived cells owing to the synergistic inhibition
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of IkBa and p65 phosphorylation''®. Inhibiting phospho-
rylation protects IkBa from proteasomal degradation
and enables anti-inflammatory activity against MM'%'%%,
A similar mechanism is evident in the synergistic inter-
actions between the XPO1 inhibitor S109 and irradiation
observed in glioblastoma cell lines'®".

Selinexor has shown antitumour effects in experi-
mental models of melanoma and colon cancer in com-
bination with immune-checkpoint inhibitors'®*. Dual
inhibition of XPO1 and PD-1 or its ligand (PD-L1)
using selinexor and an immune-checkpoint inhibitor,
respectively, was evaluated in syngeneic mouse models
of melanoma and colon cancer. This combination not
only showed the usefulness of this combination in terms
of tumour suppression but also indicated substantial
immunomodulatory functions, including changes in the
types of immune cells of certain phenotypes such as nat-
ural killer cells and activated T cells. These observations
merit further clinical investigation of the combination
of XPO1 inhibition and anti-PD-1/PD-L1 antibodies'**.
Selinexor might also synergize with the Bcl-xL inhibitor
A-1331852 and induces apoptotic cell death in several
cancer cell lines, including A549, HeLa, U87, U118 and
U251, through the impairment of ribosomal RNA pro-
cessing and the resultant abnormal synthesis of MCL1

protein'®.

Conclusions

Owing to the central role of XPO1 in nuclear export,
which is associated with the ability to modulate most of
the hallmarks of cancer” and the unique characteristics
of this protein relative to other cancer drug targets, sev-
eral XPO1 inhibitors have been synthesized and tested
in several clinical settings. The antitumour activity of
selinexor has been demonstrated in patients with lym-
phoid malignancies, resulting in the FDA accelerated
approval of this agent, in combination with dexameth-
asone, as a fifth-line therapy for patients with MM. In
June 2020, a second accelerated approval was granted
for the treatment of patients with refractory DLBCL fol-
lowing disease progression on two prior lines of therapy.
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Promising levels of antitumour activity have also been
demonstrated in preclinical models of other haematolog-
ical malignancies and solid tumours, thus affirming the
need for further testing of these agents. Despite certain
concerns regarding the balance between efficacy and
safety, XPO1 inhibition is nonetheless a promising strat-
egy and will likely be more effective in combination with
various agents, including gemcitabine, anthracyclines,
mTOR inhibitors, ibrutinib or immune-checkpoint
inhibitors. SINE compounds in combination with other
targeted therapies or cytotoxic agents can overcome
several forms of acquired resistance to standard-of-care
therapies. The potentiation of the antitumour activity of
various agents by XPO1 inhibitors is evident in preclinical
models and numerous trials are currently under way.

Some challenges to the further clinical implementa-
tion of XPO1 inhibitors continue to exist. XPO1 inter-
acts physically with hundreds of proteins'”’ and could
export potentially thousands, as revealed by deep pro-
teomic analysis'' indicating that XPO1 plays a central
role in a broad interaction network. In addition, the
ability to export multiple classes of RNA makes XPOI a
hub protein for interactions between the proteome and
transcriptome. Analysing such huge networks using
traditional approaches is not feasible and requires the
use of high-throughput computational approaches.
Furthermore, to guide the design of future clinical
trials intended to test synergistic effects in patients
with drug-resistant cancers, high-throughput screen-
ing of potential combination therapies along with
CRISPR-based, genome-wide library screening is an
urgent necessity'*>"'?*. Furthermore, additional studies
designed to identify possible biomarkers are desirable
and could enable the identification of patients with
tumours that are particularly sensitive to XPO1 inhibi-
tion. The role of several types of RNA, along with the
emergence of XPOI*"'* and, potentially, other muta-
tions in plasma cell-free DNA, offers important hints
for future biomarker discovery.
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