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Abstract

Systemic modalities are crucial in the management of disseminated malignan-

cies and liquid tumours. However, patient responses and tolerability to treat-

ment are generally poor and those that enter remission often return with

refractory disease. Combination therapies provide a methodology to overcome

chemoresistance mechanisms and address dose-limiting toxicities. A deeper

understanding of tumorigenic processes at the molecular level has brought a

targeted therapy approach to the forefront of cancer research, and novel cancer

biomarkers are being identified at a rapid rate, with some showing potential
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therapeutic benefits. The Karyopherin superfamily of proteins is soluble recep-

tors that mediate nucleocytoplasmic shuttling of proteins and RNAs, and

recently, nuclear transport receptors have been recognized as novel anticancer

targets. Inhibitors against nuclear export have been approved for clinical use

against certain cancer types, whereas inhibitors against nuclear import are in

preclinical stages of investigation. Mechanistically, targeting nucleocytoplas-

mic shuttling has shown to abrogate oncogenic signalling and restore tumour

suppressor functions through nuclear sequestration of relevant proteins and

mRNAs. Hence, nuclear transport inhibitors display broad spectrum antican-

cer activity and harbour potential to engage in synergistic interactions with a

wide array of cytotoxic agents and other targeted agents. This review is

focussed on the most researched nuclear transport receptors in the context of

cancer, XPO1 and KPNB1, and highlights how inhibitors targeting these recep-

tors can enhance the therapeutic efficacy of standard of care therapies and

novel targeted agents in a combination therapy approach. Furthermore, an

updated review on the therapeutic targeting of lesser characterized karyo-

pherin proteins is provided and resistance to clinically approved nuclear export

inhibitors is discussed.
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1 | INTRODUCTION

The diverse nature of cancer pathogenesis has led to dif-
ferent treatment modalities with varying degrees of effi-
cacy. Local modalities include surgery and radiation
whereas systemic treatment options include conventional
chemotherapies, targeted therapies, and immunother-
apies. Conventional chemotherapies mediate their anti-
cancer effects by disrupting fundamental cellular
processes, such as DNA replication, and therefore fre-
quently associate with side effects due to their inability to
distinguish between cancer cells and naturally prolifera-
tive non-cancer cells. On the other hand, targeted agents
inhibit specific cancer-sustaining pathways that healthy
cells are less reliant on for survival, and thus are pre-
dicted to display an improved tolerability profile. How-
ever, dose-limiting toxicities as well as high instances of
chemoresistance severely compromise the efficacy of sys-
temic treatment methods in a clinical setting. As a result,
combination regimens involving more than one thera-
peutic agent are commonly favoured over monotherapies;
extensive research is looking into the joint effects of dif-
ferent conventional and targeted therapies that collec-
tively disrupt multiple cancer-related pathways as a
means of counteracting chemoresistance mechanisms
that hinder the efficacy of standard if care therapies or
novel targeted agents.1 When a synergistic or additive

relationship is observed, this allows for the lowering of
dosage requirements while achieving the desired thera-
peutic outcome, thereby minimizing the severity and fre-
quency of adverse events.2

Modern biotechnological advances have accelerated
the biomarker discovery process and facilitated the
expansion of the targeted therapy field.3 In recent years,
nuclear transport receptors have captured attention as
novel therapeutic targets in a broad range of cancer
types.4 Spatiotemporal localization of proteins and RNAs
is carefully regulated by the nuclear transport system to
maintain a homeostatic balance and normal cellular
function. The karyopherin superfamily of proteins
orchestrate this process as import receptors (importins),
export receptors (exportins) and bidirectional transport
receptors (transportins). Dysregulation of nuclear trans-
port receptors through modulations in their expression
levels or subcellular localization alters the compartmen-
talization of tumour suppressors and key mediators of
oncogenic signalling, often driving tumorigenesis.5 While
approximately 26 karyopherin proteins have been
recorded to date, this review is centred around the most
comprehensively researched nuclear transport receptors,
namely exportin 1 (XPO1) and Karyopherin-β1 (KPNB1),
for which inhibitors have already been developed.4 This
review will highlight both the success of targeting XPO1
and address the limitations of current clinically approved
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inhibitors. Additionally, the preclinical anticancer effi-
cacy of KPNB1 inhibition will be discussed. However, the
main focus of the review will be directed towards the sig-
nificant potentiating effects of nuclear export/import dis-
ruption when combined with existing chemotherapeutic
drugs or experimental anti-neoplastic agents, thereby
supporting the notion that combination regimens are typ-
ically favourable over single agent treatments.

2 | THE NUCLEAR TRANSPORT
SYSTEM

The nuclear membrane distinguishes the nucleus from
the cytoplasm and allows for controlled spatiotemporal
localization of proteins and RNAs, which is critical to cel-
lular function. Nucleocytoplasmic transport of such mac-
romolecules is tightly regulated by the nuclear transport
machinery. Nuclear pore complexes (NPCs), which perfo-
rate the nuclear membrane, function as gatekeepers that
carefully mediate the active shuttling of substrates larger
than 40 kDa between the nucleus and cytoplasm.6 The
karyopherin superfamily of proteins are the key orches-
trators of the nuclear transport process and can be fur-
ther divided into the karyopherin-β and karyopherin-α
subfamilies. Karyopherin-β subtypes represent the solu-
ble nuclear import receptors (importins), nuclear export
receptors (exportins) and bidirectional transport recep-
tors (transportins). Karyopherin-α subtypes function as
adaptors that recognize and bind cytoplasmic cargoes
bearing a nuclear localization signal (NLS) in the classi-
cal nuclear import pathway.7 Once associated with its
cognate cargo, the adaptors recruit karyopherin-β1
(KPNB1), which interacts with the phenylalanine-glycine
repeats of nucleoporins, the functional components of
the NPC, thereby facilitating nuclear membrane translo-
cation.8 Upon entry into the nucleus, RanGTP, a small
Ras-like GTPase, displaces the adaptor, resulting in
KPNβ1/KPNα dissociation and cargo release.8 KPNB1/
RanGTP is recycled back into the cytoplasm where
RanGTP is hydrolyzed to RanGDP by RanGTPase Acti-
vating protein 1 (RanGAP1), thereby releasing KPNB1
for the next round of transport.9 Alternatively, KPNB1
may import cytoplasmic cargoes independent of an adap-
tor in the nonclassical pathway. The nuclear export pro-
cess transpires analogously; in association with RanGTP,
an exportin cooperatively binds the NES of its cognate
cargo and interactions with the NPC enable access into
the cytoplasm where RanGTP hydrolysis by RanGAP1
stimulates cargo release. The regulator of chromatin con-
densation 1 (RCC1) is a chromatin-associated guanine
exchange factor which, in concert with cytoplasmic Ran-
GAP1, functions to maintain a RanGTP/GDP gradient

across the nuclear membrane.10 High levels of nuclear
RanGTP in contrast to an enrichment of RanGDP in the
cytoplasm provides directionality to the energy-
dependent nuclear transport process.

Outside of interphase, karyopherin proteins take on
alternate functions in coordinating mitotic division.
KPNB1, in concert with NLS-binding adaptor proteins,
acts as a global negative regulator of mitosis by prevent-
ing premature nuclear envelope breakdown and reforma-
tion, mitotic spindle-assembly, chromosomal segregation,
and mitotic completion and exit.11–13 For example, the
spatio-temporal control of spindle assembly factors relies
on their sequestration by KPNB1 in cytoplasmic regions;
only upon interaction with RanGTP, which forms a con-
centrated cloud around mitotic chromosomes, will the
factors be released to initiate spindle assembly.14,15 Trans-
portin 1 (TNPO1) functions analogously to KPNB1 and
engage with various spindle assembly factors indepen-
dent of Karyopherin-family members.16,17 Contrastingly,
XPO1 interacts with RanGTP and recruits protein com-
plexes to the appropriate cellular structure; for instance,
upon binding RanGTP, XPO1 localizes pericentrin and
y-TURC complexes to developing centrosomes and initi-
ates the nucleation of spindle microtubules.18–20 In medi-
ating the opposing mitotic functions of KPNB1, an
additional layer of nuclear receptor regulation is
required. Phosphorylation of XPO1 serine 391 by
CDK1-cyclin B promotes the transfer of sequestered
RanBP1 from KPNB1 to XPO1, thereby facilitating
RanBP1 localization to kinetochores, an event which is
crucial for kinetochore function after chromosomal
attachment.21,22 Although the mitotic roles of XPO1 are
poorly characterized relative to those of KPNB1, recent
literature by Nord et al. illustrates that XPO1, in concert
with Exportin 5 and Exportin T, has similar inhibitory
effects on major mitotic events, such as membrane fusion
and nuclear pore formation via interactions with various
nucleoporins and RanGTP-dependent mechanism.23

Nuclear receptors globally control the distribution of
proteins across the nuclear membrane. Given the extent
to which spatiotemporal localization dictates the activity
of both receptor and cargo, it is not surprising that aber-
rant functioning of the nuclear transport machinery is
associated with pathogenic disease states, such as cancer.

3 | NUCLEAR TRANSPORT
DYSREGULATION IN CANCER

Many of the karyopherin family members are dysregu-
lated in cancer, most frequently in the form of elevated
expression evident from studies comparing tumour sam-
ples to normal adjacent tissues.4,24–28 Upregulation of
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karyopherin proteins has been associated with enhanced
transport efficiency, which is thought to benefit tumour
cells via promoting oncogenic signalling and sustaining
the high metabolic and proliferative demands of the can-
cer phenotype.29 However, karyopherin proteins are also
known to perform tumour suppressor functions; Impor-
tin 11 (IPO11) mediates the nuclear entry of monoubiqui-
tinated PTEN, thereby protecting the tumour suppressor
against proteasomal degradation in the cytoplasm.30 The
role of IPO11 in regulating PTEN function is further sup-
ported by genomics studies indicating frequent gene dele-
tions of Ipo11 across a broad range of solid tumours,
which was shown to correlate with reduced PTEN
expression levels in prostate cancer cell lines.30 Con-
versely, elevated expression of IPO11 has also been
observed in non-invasive bladder cancer and predicts
poor prognosis.31 Thus, the functional relevance of
nuclear receptors in cancer may often be tumour-type
specific.

Additionally, the mislocalization of nuclear receptors
also comes with oncogenic consequences. In ovarian can-
cer, AKT-mediated phosphorylation of Chromosome sus-
ceptibility like 1 (CSE1L) stimulates its accumulation in
the nucleus, where it performs its function as a KPNA
recycler.32 CSE1L depletion enhances cisplatin cytotoxic-
ity in ovarian cancer cells, however, malignancies with
predominantly cytoplasmic CSE1L show no evidence of
sensitization.32

During mitosis, nuclear transport receptors (NTRs)
take on alternate functions to collectively coordinate all
stages of mitotic division.16 Much like the nuclear trans-
port pathway, NTRs rely on the RanGTP system to direct
the spatial arrangement of NLS/NES-bearing cargoes,
including mitotic spindle factors, components of the
chromosomal passenger complex and nucleoporins, such
that they are associated with the appropriate cellular
structure at the correct stage of cell division. In the
absence of this regulatory mechanism, the integrity of
subsequent daughter cell genomes is under considerable
threat. siRNA knockdown and synthetic overexpression
of KPNB1 gives rise to mitotic defects, including chromo-
somal mis-segregation.33 Verrico et al. corroborated this
finding and demonstrated that KPNB1 overexpression in
HeLa cells overrides the inhibitory effects of RanGTP and
leads to prolonged sequestration of spindle assembly fac-
tors.34 For example, HURP is typically released from
KPNB1 to associate with the positive poles of growing (M
+) microtubule polymers so as to stabilize microtubule-
kinetochore interactions. However, KPNB1 overexpres-
sion destabilizes microtubule structures by instead targets
HURP to M-regions where it remains in contact with
dynein-bound-KPNB1. Furthermore, E517K/G point
mutations in XPO1 that are enriched in specific blood

cancers similarly gives rise to mitotic defects and G2/M
arrest when introduced into transformed embryonic kid-
ney cells (HEK293).35,36 Therefore, nuclear receptor dys-
function favours the onset of genomic instability, an
enabling hallmark of cancer.37 This feature may prove to
be a caveat that impacts the longevity of tumour
responses to nuclear transport inhibitors. Nuclear import
inhibitors have not shown to induce genotoxic stress.
However, treatment with XPO1 inhibitor, Selinexor, has
shown to elicit DNA damage and chromosomal defects;
over time these may contribute towards elevated intratu-
moral heterogeneity and the selection of clones with
inherited mutational aberrations that confer resistance to
Selinexor.38 This phenomenon is observed in tumours
treated with conventional genotoxic chemotherapeu-
tics.39,40 As such, the impact of Selinexor on the tumour
mutational burdens of treated tumours is warranted.

Current literature focuses more specifically on the
tumorigenic contributions of karyopherin proteins in
the context of their nuclear transport functions. Due to
their altered expression in cancer, Karyopherin proteins
show great promise as novel diagnostic and prognostic
tools as well as candidate therapeutic targets. The
remainder of the review focuses on the tumour promot-
ing functions of XPO1 and KPNB1, the clinical and pre-
clinical success of small inhibitors designed to target
these receptors, and their potential in novel combination
regimens. Additionally, recent literature implicating the
lesser characterized NTRs in cancer will be highlighted
and preliminary insights into their potential therapeutic
benefits will be addressed.

4 | EXPORTIN 1/CHROMATIN
MAINTENANCE PROTEIN 1 (XPO1/
CRM1) AND ITS ROLE IN CANCER

The substantial exportome of XPO1 comprises >1,000
human cargo proteins involved in a broad spectrum of
biological functions, including, autophagy, peroxisome
biogenesis, ribosome maturation, translation, and mRNA
degradation.41,42 From a tumorigenic perspective, XPO1
shuttles the vast majority of major tumour suppressor
proteins (p53, p21, p27, pRb, FOXO proteins, BRCA1 and
IκB), several drug targets (topoisomerase IIα and BCR-
ABL), and various oncogenic signal transducers, (STAT6
and Survivin).18,43–50 As such, enhanced nuclear exclu-
sion of these proteins by upregulated XPO1 promotes
cancer development. In addition to protein export, XPO1
transports various RNA species to the cytoplasm, and in
doing so regulates ribosome assembly, mRNA splicing
and cytoplasmic access of tRNAs and microRNAs.51–53

Interestingly, XPO1 interacts with various mRNA-
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binding chaperones, including HuR, LRPPRC, NXF3,
and elF4E, and in doing so facilitates the nuclear exit and
translation of subsets of mRNA encoding oncogenes.54

For example, c-MYC, Cyclin B1, Cyclin D1, MCl-1, Bc-l2,
and PIM1 are shuttled by elF4E in concert with XPO1
and the accumulation of cytoplasmic elF4E-associated
mRNAs stimulates the synthesis of proteins that promote
tumour cell proliferation, survival and
chemoresistance.55–57

XPO1 is overexpressed in a broad range of cancer sub-
types, where high mRNA or protein levels are observed
in more advanced disease states and predict poor patient
prognosis.58–69 Upregulation of XPO1 at the mRNA level
is partially attributed to enhanced activity of the tran-
scription factors, Sp1 and NFY, in both transformed
human fibroblasts and cervical cancer.70 Additionally,
p53 interactions with NFY result in Xpo1 promoter
repression in response to DNA damage; a substantial pro-
portion of tumours are p53-deficient and abrogation of
this negative regulatory mechanism likely contributes
towards enhanced XPO1 levels in cancer cells under gen-
otoxic stress.70 In the context of colorectal cancer,
Golomb et al. 2012 corroborate this notion and further
suggest that c-Myc engages in positive regulatory func-
tions that give rise to upregulated XPO1 and Importin
7 levels so as to facilitate the nucleo-cytoplasmic shut-
tling of proteins and RNAs involved in ribosomal biogen-
esis.71 At the genomic level, genetic aberrations are
reported at very low frequencies in XPO1 upregulated
tumours,72 with the exception of subsets of chronic lym-
phoid leukaemia patients harbouring specific chromo-
somal translocations (2p+) and subsequent amplification
of Xpo1.73 However, further investigation is warranted to
uncover mechanism behind ubiquitous XPO1 upregula-
tion in cancer and delineate tumour specific mechanisms,
which are evident in select blood cancer subtypes.36,72

In addition to XPO1 upregulation, recurrent patterns
of somatic missense mutations have also been observed
across various tumours types, largely of haematopoietic
origin.74–77 However, the functional relevance of these
mutations in cancer has only recently been elucidated.
Glu517 is positioned within the hydrophobic NES-
binding pocket of XPO1; its alteration from a negatively-
charged glutamic acid residue to a positively charged
lysine or glycine residue (E517K/G) is positively selected
for in various cancers, most notably in B-cell malignan-
cies. E517K/G modifies the affinity of XPO1 for its
cargoes in a sequence-specific manner; cargoes harbour-
ing negatively charged residues C-terminal to their NES
sequences are preferentially exported over those with
positively charged C-termini.36 Taylor et al., 2019 demon-
strated that the genetic knock-in of E517K in haemato-
poietic lineages of transgenic mice is sufficient to initiate

malignant transformation and drive the development of
disease which accurately recapitulates human chronic
lymphoid leukaemia.36 This phenomenon presents a
novel model of tumorigenesis whereby the global disrup-
tion of protein localization across the nuclear membrane
constitutes a primary driver of cancer development.

5 | KARYOPHERIN Β1 (KPNB1)
AND ITS ROLE IN CANCER

While XPO1 is a nuclear exporter of cargoes,
Karyopherin-β1 (KPNB1) is a universal vector of nuclear
import that interacts with various adaptors formerly
bound to cognate cargoes harbouring classical NLS
sequences. Alternatively, nuclear entry occurs via direct
interactions with KPNB1 in the non-classical pathway.
Many KPNB1 cargoes are central mediators of oncogene-
sis which, in part, is a consequence of their abnormal cel-
lular localization. Such cargoes include signal
transducers (STAT3, Smad3), growth factor receptors
(EGFR, Erb2, c-MET, GR), and transcription factors
(Snail, NFκB, AP-1, NFAT, c-MYC).78–83 Collectively,
KPNB1 cargoes have the potential to promote malignant
transformation and the acquisition of many proposed
cancer hallmarks.37

Van der Watt et al., 2011 demonstrated that KPNA2
and KPNB1 overexpression is predominantly mediated
by E2F1, which is commonly dysregulated almost all
human cancers owing to defects in the CDK-RB-E2F
axis.84–86 Thus, it is not surprising that KPNB1 upregu-
lation is observed across a multiplicity of cancer types
and is associated with progressive disease and poor
prognosis.87–92 Interestingly, E2F1 is a KPNB1 cargo
that sustains proliferative behaviour in chronic myeloid
leukaemia; siRNA depletion of KPNB1 reduced the
nuclear localization and transcriptional activity of E2F1,
thereby impairing cancer cell proliferation and viabil-
ity.93 In addition to enhanced nuclear activity of cognate
cargoes, alternate functions of KPNB1 in cancer were
uncovered by siRNA knockdown studies in various
tumour model systems. Zhu et al., 2018 showed that
KPNB1 is essential in balancing the nucleocytoplasmic
distribution of proteins at an amenable level. KPNB1
depletion disrupted proteostasis and triggered the
unfolded protein stress response which resulted in sig-
nificant apoptotic death in glioblastoma multiforme cell
culture models.94

Due to their altered expression in cancer, karyopherin
proteins show great promise both as novel diagnostic and
prognostic tools, and in some instances represent novel
candidate anti-cancer targets. XPO1 and KPNB1 will be
discussed in more detail below and recent evidence that
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has uncovered oncogenic roles of the lesser characterized
nuclear transport receptors will be highlighted.

6 | THERAPEUTIC TARGETING OF
NUCLEAR TRANSPORT RECEPTORS

The frequent overexpression of XPO1 and KPNB1 in can-
cer implicates these proteins as potential therapeutic tar-
gets; this notion is further substantiated by siRNA
knockdown studies that demonstrate the essentiality of
heightened XPO1 and KPNB1 expression on tumour cell
survival. Importantly, siRNA depletion of both of these
receptors has limited effects on normal cell viability.59

An advantage of the therapeutic targeting of proteins
like XPO1 and KPNB1 is that, unlike in the case of many
other targeted therapies, a mutated target is not required,
hence the spectrum of cancers that can be treated is
much broader. Furthermore, disrupting nucleo-
cytoplasmic transport mediated by these receptors has
the potential to interfere with a plethora of tumorigenic
signalling pathways. Thus, the pleiotropic effects of this
anticancer approach confer a major advantage when
compared to agents that are designed to target a single
pathway. Intriguingly, it is important to note that there
are instances where targeting both the import or export
of carcinogenic cargoes has similar anti-cancer effects,
explaining anti-tumour activity of XPO1 and KPNB1
inhibitors in the same cancer subtypes.92,93,95–98 For
example, the NFκB group of transcription factors are
involved in transmitting pro-survival, anti-apoptotic, and
inflammatory signal that contribute towards tumour
development and chemoresistance.99,100 Nuclear import
impediment of KPNB1 prevents the nuclear accumula-
tion of active p60/p65 heterodimers, resulting chemosen-
sitizing effects that were attributed to reduced NFκB
transcriptional activity in cervical cancer.101 Further-
more, nuclear export impediment of XPO1 permits the
nuclear accumulation of tumour suppressor, IκB, which
sequesters and inhibits the transcriptional activity of
NFκB in various solid and liquid tumours.45,96,102,103

7 | THERAPEUTIC TARGETING
OF XPO1

Therapeutic targeting of XPO1 is an attractive, broad
spectrum anticancer approach.

Mechanistically, XPO1 inhibition promotes the
nuclear retention and restores the functional activity of
tumour suppressor proteins or targets tumorigenic signal-
ling events by blocking oncoprotein synthesis. For nearly
two decades, a wealth of XPO1-targeted inhibitors have

been developed and a select few are currently under clini-
cal investigation.104

Leptomycin B (LMB), a natural anti-fungal com-
pound, was the first XPO1 inhibitor to be discovered and
clinically tested. However, high levels of toxicity and lim-
ited therapeutic efficacy instead directed LMB towards an
investigatory role in uncovering the biological function of
XPO1 in eukaryotic cells.105 LMB irreversibly binds and
modifies the Cysteine 528 (Cys528) residue which is posi-
tioned within the NES-binding pocket of XPO1, thereby
prohibiting XPO1-cargo interactions and hindering
nuclear export.106 A plethora of natural and synthetic
small molecules, which adopt a similar mode of inhibi-
tion as LMB, have since been tested for preclinical anti-
cancer activity.107 In 2012, Karyopharm Therapeutics
adopted a novel computation-based molecular modelling
strategy to develop the SINE (selective inhibitors of
nuclear export) series of highly potent and orally bio-
available small molecules that modify Cys528 in a slowly
reversible manner, resulting in transient XPO1 inhibition
in normal cells and a significantly improved therapeutic
window.108 A summary of current XPO1 inhibitors is
shown in Table 1.

KPT-330 (Selinexor) is the most clinically advanced
SINE compound and first nuclear export inhibitor to reach
FDA approval for several applications, including com-
bined treatment with dexamethasone in relapsed or refrac-
tory multiple myeloma and diffuse B cell lymphoma
patients who have received at least one prior therapy.109

Selinexor is being investigated in a plethora of clinical tri-
als involving both solid tumours and haematological
malignancies as a single agent or in combination with
other anticancer agents.110 Early clinical studies involving
Selinexor as a single agent have demonstrated promising
response rates in patients with liposarcoma, endometrial
carcinoma, and glioma.111 However, the prospect of
improving therapeutic efficacy, especially in solid tumours,
and avoiding future instances of chemoresistance has war-
ranted the combinatorial testing of Selinexor with both
standard of care backbone therapies and targeted chemo-
therapeutic drugs in order to realize the full benefit of this
first-in-class inhibitor in a clinical setting.112 Importantly,
while the broad spectrum potentiating effects of Selinexor
with other anti-cancer agents is promising, resistance to
SINE compounds and dose-limiting toxicities also exist as
major limitations in the clinic.

8 | XPO1 INHIBITORS IN
COMBINATION REGIMENS

Apart from its obvious use in combination with inhibitors
of independent upregulated or mutated gene targets, such
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as the PI3K/mTOR inhibitor GSK2126458 (omipalisib),
the main reason for its success in pre-clinical co-
treatment protocols is its ability to overcome drug resis-
tance mechanisms.113 Resistance to mainstay anti-cancer
agents often arises as a result of: (i) the activation of alter-
nate growth or survival pathways; (ii) the mis-
localization of drug targets; and (iii) in the context of
DNA-damage agents (DDAs), the upregulation of DNA
repair enzymes and mending of drug-induced lesions.
XPO1 inhibition has been shown to overcome these vari-
ous resistance mechanisms in both preclinical and clini-
cal settings. Of course, XPO1 inhibitors are not agnostic
to the development of drug resistance, and current litera-
ture is focusing on delineating these mechanisms to ratio-
nalise the initiation of clinical studies involving XPO1
inhibition as a combination therapy approach.

8.1 | Attenuating growth and survival
pathways

Upregulation of anti-apoptotic Bc-l2 family members is
one mechanism tumour cells may adopt to evade apopto-
tic cell death.114 ABT199 (Venetoclax) is a small molecule
inhibitor of Bc-l2 that is active in various haematological

malignancies. However, the therapeutic efficacy of Vene-
toclax is often limited by enhanced expression of alter-
nate Bc-l2 members, such as Mcl-1.115 Additionally,
tumour heterogeneity further limits Venetoclax sensitiv-
ity as subsets of malignant cells instead rely on elevated
Bcl-XL or Mcl-1 levels for apoptotic tolerance.116 Seli-
nexor transcriptionally downregulates and inhibits the
activity of Mcl-1, thereby synergistically enhancing Vene-
toclax cytotoxicity in preclinical and patient-derived
xenograft models of AML and DLBCL.117 This combina-
tion regimen is being tested in ongoing phase I clinical
trials in MM, AML, DLBCL and non-Hodgkin Lym-
phoma patients.118 Recently, another mechanism of
enhanced Venetoclax activity by XPO1 inhibitor, Elta-
nexor, a second generation SINE, relates to the nuclear
accumulation of Bcl-2. Nuclear Bcl-2 has shown to block
DNA repair; this effect was synergistically enhanced by
SINE-induced DNA damage and downregulation of DNA
repair genes, which will be discussed later on.38,119 Simi-
larly, Selinexor synergizes with ABT263 (Navitoclax), a
dual Bcl-2/Bcl-XL inhibitor, in pre-clinical glioblastoma
models. However, this novel treatment strategy is yet to
be investigated in a clinical setting.120

The ERK MAPK pathway is constitutively active in a
broad range of cancer types, including KRAS-mutated

TABLE 1 Inhibitors of XPO1-dependent nuclear export.

Inhibitor Preclinical/clinical anticancer activity Compound type

Leptomycin B (irreversibly binds
XPO1 Cys528)

Phase I clinical trial in advanced solid tumours
(terminated early due to dose-limiting
toxicities)105

Natural compound (antibiotic, antifungal
agent)

KPT-330 (Selinexor) (reversibly
binds XPO1 Cys528)

>100 ongoing phase I/II/III clinical trials
(monotherapy or combination therapy) in solid
and haematological malignancies110

FDA-approved for the following applications219:
• Combination treatment with dexamethasone in

relapsed/refractory multiple myeloma (RRMM)
patients who have received at least one prior
therapy

• Combination treatment with dexamethasone
and bortezomib in RRMM patients who have
received at least one prior therapy

• As a single agent in relapsed or refractory
diffuse B cell lymphoma patients

Small molecule

KPT-8602 (Eltanexor) (reversibly
binds XPO1 Cys528)

Ongoing phase I/II clinical trials (monotherapy or
combination therapy) for patients with relapsed
or refractory multiple myeloma, metastatic
colorectal cancer, metastatic castration resistant
prostate cancer and high-risk myelodysplastic
syndrome220

Second generation SINE (poor blood
brain barrier penetrability; predicted
improvement in tolerability profile)162

CBS9106 (Felezonexor) (reversibly
binds XPO1 Cys528; targets XPO1
for proteasomal degradation221)

Ongoing phase I trial (single agent) for patients
with advanced solid tumours222

Small molecule
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non-small cell lung cancer (NSCLC). Recently, sotorasib
was granted FDA-approval for the treatment of NSCLC
tumour harbouring the KRAS G12C mutation; however,
patients frequently develop resistance to the KRAS inhib-
itor over time.121 Co-targeting of XPO1 and KRAS G12C
resulted in synergistically enhanced growth impediment
in sotorasib resistant and sensitive cell lines and
enhanced the survival of murine xenografted mice
models when compared to monotherapy. Mechanisti-
cally, the observed synergism was explained by Selinexor-
mediated nuclear accumulation of pRB and attenuated
NFκB signalling in vitro and in vivo.122 Another related
survival pathway in NSCLC, that is often upregulated
after chemotherapy treatment and responsible for driving
drug resistance, is the PI3K/Akt/mTOR pathway.123 The
authors validated that the attenuation of hyperactive Akt
signalling was a core mechanism behind Selinexor-
induced sensitization to cisplatin and irinotecan across
several independent patient-derived xenograft tumours
and cell culture models with diverse genetic
backgrounds.124

IκB is a tumour suppressive XPO1 cargo that seques-
ters the classical NFκB complex (p60/p65 heterodimer)
in the cytoplasm, thereby blocking its transcriptional
activity.125,126 Signals that activate the NFκB pathway
do so via phosphorylation and subsequent proteasomal
degradation of IκB, an event which can be blocked by
proteosome inhibitors (PIs).127 Nuclear retention of IκB
similarly inhibits NFκB transcriptional activity; how-
ever, tumour cells with high basal NFκB activity and
diminished accumulation of nuclear IκB following
XPO1 inhibition demonstrated reduced sensitivity to
Selinexor.128 Hence, the combination of Selinexor with
PIs such as bortezomib, carfilzomib or ixazombin,
results in a synergistic cytotoxic effects in sarcoma cell
lines refractory to PIs, SINEs or both drug classes. Com-
bination treatment associates with the enrichment of
p65 subunits in nuclear fractions of IκB immunoprecipi-
tants and a significant reduction in DNA-binding and
transcriptional activity of NFκB.102 Enhanced cytotoxic-
ity was also observed in vivo with a 15%, 50% and 76%
reduction in tumour growth compared to vehicle control
when Selinexor-resistant fibrosarcoma murine xenograft
tumours were treated with bortezomib, Selinexor and
combination therapy respectively.102 Synergistic drug
interactions were similarly observed in multiple mye-
loma patient samples and cell lines with acquired PI
resistance as well as Selinexor resistant diffuse large
B-cell lymphoma models.96,129 The BOSTON clinical
trial compared a mainstay multiple myeloma regimen,
bortezomib with low dose dexamethasone, in the pres-
ence or absence of Selinexor. Results from the trial led
to FDA-approval of the combination in relapsed or

refractory multiple myeloma patients who have received
at least one prior therapy.130 The addition of Selinexor
allowed for a 40% and 25% reduction in bortezomib and
dexamethasone dosing respectively while maintaining
the desired therapeutic effect. This translated to a nota-
ble reduction in the frequency and severity of adverse
events, including peripheral neuropathy, a dose-limiting
toxicity of bortezomib.

8.2 | Drug target re-localization

The relocalization of drug targets or drug effector pro-
teins is another leading cause of drug resistance. For
example, acquired resistance to cytotoxic agents that tar-
get Topoisomerase IIα (TopIIα) arises from its nuclear
exclusion by overactive XPO1.131 Concomitant treat-
ment of Selinexor with anthracyclines, such as idarubi-
cin and doxorubicin, overcomes this de novo resistance
mechanism in acute myeloid leukaemia and multiple
myeloma respectively.48,131,132 XPO1 inhibition pro-
motes nuclear localization of TopIIα such that it can
interact with tumour cell DNA, leading to the genera-
tion of double-stranded breaks and apoptotic cell death
in the presence of TopIIα inhibitors. In the context of
AML, drug potentiation by Selinexor is also attributed
to the downregulation of DNA repair enzymes, Chk1
and Rad51, which resulted in impaired homologous
repair capabilities and increased double-stranded DNA
damage.131 Combined treatment with Selinexor, dexa-
methasone, and liposomal doxorubicin was investigated
in a Phase I/II clinical trial in relapsed and refractory
multiple myeloma patients; unfortunately, the regimen
did not improve overall response rates or provide sur-
vival benefits when compared so Selinexor and dexa-
methasone alone. Phase 1b clinical investigation of
Selinexor and doxorubicin in advanced sarcoma patients
has been completed and results are currently pending
(NCT03042819).

Chronic myeloid leukaemia (CML), is characterized
by aberrant BCR-ABL signalling which requires its cyto-
plasmic localization. Interestingly, combinatorial treat-
ment of Selinexor with Imatinib, a BCR-ABL-targeted
tyrosine kinase inhibitor, resulted in enhanced cytotoxic-
ity in CML cell lines and imatinib-resistant murine xeno-
graft models.97 Interestingly, the nuclear localization of
BCR-ABL is impaired under normal condition, however
treatment with Imatinib stimulates nuclear entry of the
oncogenic protein, which has shown to have pro-
apoptotic effects.47 Hence, the chemosensitizing impact
of Selinexor combination treatment may in part be
explained by sustained nuclear activity of BCR-ABL upon
XPO1 inhibition.133
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8.3 | DNA damage repair responses

Finally, a commonly observed acquired chemoresistance
mechanism in response to chemotherapies that mediate
their cytotoxicity through DNA damage is the upregula-
tion of DNA damage repair (DDR) pathways, and
increased efficiency in the mending of drug-induced
lesions.134 Selinexor downregulates critical DDR genes,
thereby sensitizing cancer cell lines and murine xenograft
tumours to DNA damage-based chemotherapy.135,136

Various classes of DNA-damaging agents (DDAs)
induce different types of lesions which rely on distinct
repair mechanisms for rectification. Selinexor targets all
five major DDR pathways at mRNA and protein levels;
this explains the observation that DDA potentiation is
apparent across different drug classes.46,48,131,137,138 For
example, Turner et al., 2020 showed synergistic interac-
tion between Selinexor and Melphalan, an alkylating
agent.139 The authors proposed that this was attributed to
reduced DNA repair mediated by Selinexor. Additionally,
gemcitabine (Gem), a frontline pancreatic cancer drug
and nucleoside analogue which generates double-
stranded DNA breaks (repaired by the HR pathway), dis-
plays enhanced activity in combination with Selinexor.135

In a pancreatic cancer model system, Gem treatment
alone upregulated Chk1, a critical component of HR
repair and surveyor of DNA damage. However, in combi-
nation with Selinexor, HR components, including Chk1,
were attenuated, resulting in increased Gem-induced
DNA damage and enhanced levels of apoptotic cell death
in vitro and in vivo.137 It was also recently shown that
the synergistic anti-leukaemic interaction between Bcl-2
inhibitor Venetoclax and Selinexor, discussed earlier, is
not only mediated by Mcl-1, but also due to inhibition of
DNA repair, as the authors showed downregulation
of various DNA repair proteins including c-Myc, Chk1,
Wee1, Rad51 and RRM2.38 Interestingly, Selinexor treat-
ment in combination with AZD-6738, an inhibitor of the
ATM/ATR-Chk1/2 axis itself, results in enhanced antitu-
mour effects in p53-mutant models of colorectal
cancer.140

Importantly, pairing the appropriate DDA with
tumours of a specific molecular background, such as
BRCA-deficient triple negative breast cancers (TNBC)
with PARP inhibitors (PARPi), results in cytotoxic effects
by means of synthetic lethality. Preclinical data suggested
that TNBC cell lines were responsive to PARP inhibition
irrespective of BRCA status.141 However, it is unclear
whether this finding translates in a clinical setting. In
order to expand PARPi-targeted therapy beyond BRCA-
deficient tumours, researchers are exploring combination
therapies involving PARPi with other targeted therapies
that disrupt overlapping DNA repair pathways. Marijon

et al., 2021 showed that Selinexor interacts synergistically
with Olaparib in TNBC cell lines and murine xenograft
models with wildtype or mutated BRCA1.142 Currently,
Selinexor and second generation PARP inhibitor, Tala-
zorib, are being investigated in a phase I/II clinical trial
as a combination therapy for TNBC patients independent
of BRCA status.143 It is important to note that inhibition
of DDR is not the only mechanism behind such drug syn-
ergy. Nuclear retention of tumour suppressor proteins,
such as FOXO3a, and depletion of oncogenic survivin
play comparable roles in the potentiation of Selinexor in
DNA-damage based chemotherapy. Several ongoing
phase I/II clinical trials are investigating the combined
effects of Selinexor with various DDAs in both solid
tumours and haematopoietic malignancies.110

Given that c-MYC is known to regulate various DDR
components, including Rad51, Chk1, BRCA1/2 and, it Is
likely that the broad spectrum sensitizing effects of Seli-
nexor with genotoxic chemotherapy are in part due to
the Selinexor-induced downregulation of c-MYC at the
mRNA and protein level.131,139,144–146 Interestingly,
HDAC inhibitor, azacitidine, has also shown to reduce
c-MYC mRNA expression in AML cell lines; combined
treatment with Selinexor resulted in synergistically atten-
uated c-MYC expression levels and enhanced anti-
leukaemic effects that were partially dependent on the
elF4E/c-MYC/XPO1 axis.147

9 | SINE RESISTANCE

Nuclear export inhibitor are not impervious to the con-
ventional limitations of targeted therapies; hence, to
improve their overall clinical benefit, biomarkers that
confer resistance to Selinexor specifically are being
actively investigated.

Upon generating a SINE resistant fibrosarcoma cell
line, Crochiere et al. illustrated that compromised drug-
target interaction, increased drug efflux, and mutational
changes in XPO1 were not mediators of SINE compound
resistance.128 Rather, an impaired nuclear accumulation
of TSPs has shown to be a prominent feature in resistant
cell models.96,128,148 Additionally, the transcriptional
response elicited by drug treatment was similar across
resistant and sensitive cell lines, however the magnitude
of the expressional changes were attenuated in the resis-
tor phenotype. Microarray analysis revealed that alter-
ations in several key pathways downstream of XPO1
inhibition relating to apoptosis, inflammation, and cell
adhesion, collectively associate with SINE resistance.128

As such, targeted modulation of nodes within these path-
ways represents a plausible resolution for tumour cell
resensitization.
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In searching for intrinsic resistance mechanisms,
Emdal et al. conducted an extensive phosphoproteomics
study that sought to uncover differential dependencies of
AML ex vivo blasts and cell lines on signalling cascades
that may influence Selinexor sensitivity. Results indicated
that cytoplasmic FOXO3a sequestration due to hyperac-
tive PI3K/Akt/mTOR signalling was a prominent resis-
tance marker.148 Combined treatment with Akt inhibitor,
MK-2206, enhanced Selinexor efficacy in ex vivo non-
responder blasts as well as resistant AML cell lines.148

Interestingly, Lin et al. corroborate this finding and show
that enhanced Akt activity was due to Selinexor-mediated
upregulation of the purinergic receptor, P2RY2.149 Akt
inhibitor, ipatasetib, potentiates the anti-leuekmic activ-
ity of Selinexor in syngeneic murine xenografts and AML
cell lines.149

The second flagged phosphorylation event identified
by Emdal et al. implicated p53 functionality as a critical
mediator of Selinexor sensitivity. Phosphorylation events
that are known to enhance p53 activity, such as phospho-
S315 in p53 or phospho-S116 in MDM2, were enriched in
responder patient samples and sensitive cell lines.148 Fur-
thermore, combined treatment with MDM2 inhibitor,
nutlin-2, resulted in synergistic anti-leukaemic effects in
responsive blasts and cell lines.148 Similarly, MDM2 inhi-
bition enhanced Selinexor cytotoxicity in both neuroblas-
toma and ovarian cancer cell models and upregulated
expression of p53 by HDAC inhibitor, tuconidostat,
improved responsiveness of TNBC cell lines to Selinexor
in a p53-dependent manner.150–152 Conflicting evidence
implicating p53 as a predictor of Selinexor sensitivity sug-
gests that differential in vitro and in vivo responsiveness
is likely dependent on cancer subtype. For example, in
DLBCL, AML, dedifferentiated liposarcoma, cholangio-
carcinoma, and gastric cancer, p53 status has been associ-
ated with more pronounced Selinexor cytotoxicity.148,153–
157 Whereas, in other tumours, such as NSCLC, ovarian,
and mesothelioma, Selinexor is active independent of p53
mutational status.98,158,159 Importantly, restored Selinexor
sensitivity can be achieved in p53-defective tumours; for
example, combined treatment with pan-RAF inhibitor,
TAK-580, elevated FOXO3a levels in the nucleus while
accumulating phospho-FOX3a in the cytoplasm.155 As a
result, cytoplasmic Bim expression synergistically
enhanced the levels of apoptotic cell death in MM cell
models and relapsed and refractory MM patient samples
that all harboured p53 deficiencies.155 Additionally, an
analysis of 30 DBCLC cell lines revealed that Selinexor's
mean IC50 value (concentration at which 50% cell kill is
achieved) was significantly higher in heterozygous
mutant p53 cell lines relative to wildtype.154 However,
combined treatment with c-MYC inhibitor, BET
(INCB057643) overcame Selinexor resistance; this effect

was only observed in cell lines with the mutant p53
HGBCL-DH phenotype which is characterized by high
Bcl-2 and c-MYC expression.154

Nuclear export inhibition has emerged as a promising
novel drug class, with Selinexor already shifting the treat-
ment paradigm for advanced haematological malignan-
cies.160,161 However, there is still an unmet clinical need
for rational drug combinations that can improve patient
response rates and lessen the frequency of severe adverse
events associated with Selinexor treatment. Alternatively,
new generation SINE compounds with more favourable
therapeutic indices will be beneficial. Eltanexor is under-
going phase I clinical investigation as a single agent in
several advanced solid tumours and haematological
malignancies after demonstrating reduced blood brain
barrier penetrability and in vivo toxicity.162,163 Improved
therapeutic efficacy may also be achieved through a pre-
cision oncology approach. According to ClinicalTrials.
gov, >100 Selinexor-based trials are underway or have
been completed; future patient stratification relies on the
systematic analysis of retrospective trial data and
the identification of predictive molecular signatures that
might accurately select for single- and combination treat-
ment responsive tumours. Researchers are already identi-
fying such biomarkers; recently, Restrepo et al.
uncovered and validated a three-gene signature that pre-
dicts the depth and duration of multiple myeloma patient
responses to Selinexor-based therapy.164 Interestingly,
analysis of clinical trial data from the STORM study iden-
tified heightened E2F1 expression and its impaired
nuclear sequestration as a biomarker or Selinexor resis-
tance.165 Investigation into other biomarkers, such as p53
functionality, and further validation of these signatures
in solid tumours and haematopoietic malignancies is
merited.

10 | THERAPEUTIC TARGETING
OF KPNB1

The pre-clinical and clinical success of targeting XPO1, as
well as the broad-spectrum overexpression of KPNB1 in
cancer, prompted the development of inhibitors against
nuclear import. Although in its infancy, therapeutic tar-
geting of KPNB1 shows great promise, with several small
molecule inhibitors already demonstrating preclinical
anticancer activity.166

KPNB1 overexpression is observed in progressive dis-
ease and validates the concept of tumour cell ‘addiction’,
whereby cancer cells display an enhanced reliance on the
nuclear receptor relative to normal counterparts.59 Spe-
cific inhibition of KPNB1 has the potential to globally
disrupt oncogenic nuclear import as both classical and
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TABLE 2 Inhibitors of KPNB1/KPNA- and KPNB1-dependent nuclear import.

Inhibitor Target
Preclinical/clinical anticancer
activity Compound type

Karyostatin 1A168 Disrupts RanGTP binding to
KPNB1

Blocked nuclear entry of NFAT
cancer cell lines

Small molecule

Importazole169 Disrupts RanGTP binding to
KPNB1

Blocked nuclear entry of NFKB p65
and c-MYC in cancer cell lines

Antiproliferative and pro-
apoptotic effects in multiple
myeloma, chronic myeloid
leukaemia, prostate,
melanoma, ovarian,
glioblastoma, and breast
cancer cell lines

Slowed tumour growth in mouse
xenograft models of
melanoma, prostate cancer,
and ovarian cancer87,92–95,195

Small molecule

Ivermectin170 Binds IMPA and inhibits
KPNB1-KPNA-mediated
import

KPNB1-dependent anti-
proliferative and pro-apoptotic
effects in epithelial ovarian
carcinoma and chronic myeloid
leukaemia cell lines95,223

Blocked nuclear import of HIF-
1a, thereby downregulating
hypoxia-induced tumorigenic
transcriptional responses224

Natural compound (antibiotic,
antiparasitic agent)

2-Aminothiazole
derivative compound 1

Potently binds KPNB1 (Kd:
�20 nM); inhibits classical and
non-classical import
pathways172

Blocks nuclear entry of Erb2,
EGFR and STAT3 in several
cancer cell lines

Anti-proliferative (G2/M arrest)
and pro-apoptotic effects in
cancer cell lines171

Small molecule

2-Aminothiazole
derivative compound 6

Blocked tumour growth in
murine xenograft model of
pancreatic cancer173

Small molecule

INI-43174 Designed to target overlapping
RanGTP and IMPA2 binding
site of KPNB1

Blocked nuclear entry of AP-1,
NFAT and NFKB in cancer cell
lines

Anti-proliferative (G2/M arrest)
and pro-apoptotic effects in
breast, cervical and
oesophageal cancer cell lines;
inhibits motility and invasive
potential of cervical cancer
cells5

Slowed tumour growth in
cervical and oesophageal
murine xenograft models

Small molecule

INI-60175 Designed to target the
overlapping RanGTP and
KPNA2 binding site of KPNB1

Anti-proliferative (G1/S arrest)
and pro-apoptotic effects in
cervical and oesophageal
cancer cell lines.

Slowed tumour growth in
oesophageal murine xenograft
model

Small molecule
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nonclassical pathways may be targeted. Furthermore,
nuclear impediment can lead to the inhibition of lineage-
defining transcription factors in small cell lung cancer,
highlighting its potential as an anti-cancer approach.167

Hintersteiner et al., 2010 described the first inhibitor
of KPNB1-mediated import, Karyostatin 1A, which is
thought to disrupt interactions between RanGTP and
KPNB1, thereby prohibiting KPNB1/KPNA/cargo dissoci-
ation in the nucleus and blocking classical nuclear
import.168 A FRET-based high throughput screen for
compounds that similarly interrupt RanGTP binding to
KPNB1 identified Importazole, a small molecule with
antiproliferative and pro-apoptotic activity in chronic
myeloid leukaemia, multiple myeloma, prostate, and
breast cancer cell lines, but not normal counter-
parts.87,89,93,169 Mechanistically, this was explained by the
nuclear exclusion of nuclear factor-κB (NFκB) and
c-MYC, consequent of KPNB1 inhibition. Additionally,
intravenous administration of Importazole significantly
slowed the growth of xenografted tumours in a murine
prostate cancer model.87 Ivermectin is an FDA-approved
antiparasitic, but also displays anti-tumour properties
with broad mechanisms of action that appear to be
cancer-type dependent.170 Ivermectin blocked prolifera-
tion and induced apoptosis in epithelial ovarian cancer
cell lines; the anti-cancer effects were KPNB-1 dependent
and associated with enhanced expression of p27, p21 and
pro-apoptotic Bax.95 Compound 1 is a 2-aminothiazole
derivative that was discovered in a phenotypic screen for
small molecules with potent anticancer activity; a
proteomics-based target deconvolution study revealed
compound 1 as an inhibitor of KPNB1.95 Although dem-
onstrating anticancer effects in vitro, the chemotherapeu-
tic efficacy of compound 1 was negligible in vivo and
prompted lead optimization studies, from which com-
pound 6 was developed and shown to notably block pros-
tate tumour growth in murine xenograft models.171,172

An in silico, structure-based screen identified a series of
small molecule inhibitors that target the overlapping
RanGTP/KPNA2-binding site of KPNB1.173 INI-43 most
potently inhibited nuclear entry and transcriptional activ-
ity of NFAT, AP-1 and NFκB, all representative cargoes
of KPNB1/KPNA-mediated import. INI-43 induced G2/M
cell cycle arrest and apoptotic death in breast, cervical
and oesophageal cancer cell lines; importantly, these
effects were absent in normal counterparts treated with
the same dose as that for the cancer cell lines and coun-
teracted by ectopic KPNB1.174 In vivo antitumour activity
of INI-43 was confirmed in murine xenograft models for
oesophageal and cervical cancer, as well as in specific
small cell lung cancer PDX models; hence this small mol-
ecule shows therapeutic potential as a novel inhibitor of
nuclear import.167 Interestingly, INI-43 targets other

aspects of cancer cell biology; the migratory and invasive
capacity of cervical cancer cell lines is impeded by INI-43
treatment, which can be explained by downregulation of
NFκB and AP-1 target genes.5 INI-60 was identified in
the same virtual screen and demonstrated similar anti-
cancer activity in cervical and oesophageal cell lines,
however oesophageal and not cervical xenograft tumours
were responsive to INI-60 treatment.175 A summary of
current KPNB1 inhibitors is shown in Table 2.

11 | KPNB1 INHIBITORS IN
COMBINATION REGIMENS

While the development of nuclear import inhibitors is in
its infancy and investigations into their anticancer effects
are limited to preclinical models, preliminary evidence
suggests that the efficacy of available chemotherapeutic
agents can be augmented when concomitantly targeting
relevant nuclear import pathways.

INI-43 pre-treatment sensitized HPV-positive cervical
cancer cell lines to cisplatin through the stabilization of
functional p53 and attenuation of NFκB signalling via its
cytoplasmic retention.101 p53 stabilization led to the
upregulation of cell cycle inhibitor, p21, and downregula-
tion of potent anti-apoptotic factor, Mcl-1. NFκB is a key
mediator of cisplatin resistance; subsequent to cisplatin
treatment, several transcriptional targets, including
Cyclin D1 and c-MYC, are upregulated to participate in
DNA repair and survival responses respectively. XIAP
directly inhibits caspase-3 and -7, thus prohibiting apo-
ptotic induction and promoting tumour cell sur-
vival.99,176–179 INI-43 pre-treatment reduced the
expression of the aforementioned NFκB targets, thereby
enhancing platinum-induced DNA damage and shifting
the balance towards a pro-apoptotic cellular state, result-
ing in synergistic apoptotic tumour cell death.101

Additionally, upregulation of the PI3K/AKT/mTOR
pathway promotes NSCLC cell survival in response to cis-
platin challenge; siRNA knockdown of KPNB1 sensitized
NSCLC cell lines to cisplatin treatment, partially via
downregulation of PI3K/AKT signalling.180,181 Given that
KPNB1 was shown to interact directly with PI3K, the
authors speculate that a positive feedback mechanism
constitutively stimulates the PI3K/AKT/E2F1/KPNB1
axis to promote NSLC proliferation and resistance to che-
motherapy. However, further investigation into this
mechanism and other potential contributors is
warranted.

Imatinib is a frontline targeted therapy tailored for the
treatment of chronic myeloid leukaemia, however
responses to the tyrosine kinase inhibitor are highly vari-
able and often short-lived.182 KPNB1 and KPNA2 are
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overexpressed in CML and contribute towards malignant
progression; Importazole (IPZ) treatment lowered expres-
sion levels of c-MYC, NFκB, E2F1 and BCR-ABL, resulting
in G2/M arrest and enhanced induction of apoptosis in
CML cell lines.93 IPZ sensitized resistant CML cells to ima-
tinib, resulting in significant anti-proliferative and pro-
apoptotic effects. The mechanisms behind the observed
sensitization were not fully explored, however, they are
likely related to the inhibitory effects of IPZ on BCR-ABL
expression. Interestingly, the imatinib resistant cell line
responded more favourably to both KPNB1 inhibition and
combined treatment. A recent study by Rodriquez-Bravo
et al., illustrated that heightened expression of nucleo-
porin, POM121, enhanced the nuclear import efficiency of
KPNB1 in prostate cancer cell models.183 Targeted KPNB1
inhibition with IPZ demonstrated significant anti-cancer
effects in vitro and single-agent IPZ or combined treat-
ment with docetaxel or mitoxantrone synergistically
blocked tumour growth and improved survival outcomes
in patient-derived murine xenograft models.183 Immuno-
histological staining revealed that single agent IPZ and
combined treatment with standard of care chemotherapies
reduced the nuclear accumulation of tumorigenic KPNB1
cargoes, namely the androgen receptor (AR), GATA6,
NFκB and c-Myc. Interestingly, POM12 upregulation is
evident in other tumour types, including oral squamous
cell carcinoma, laryngeal cancer, gastric cancer, and colo-
rectal cancer and heightened expression is predictive of
poor prognosis.184–187 Thus, it is possible that facilitated
KPNB1 translocation by POM12 partially contributes to
the imatinib resistant phenotype in CML, making the
POM121/KPNB1 axis a promising novel therapeutic
approach in CML and prostate cancer.93

Zhu et al. illustrated a novel mechanism by which
KPNB1 inhibition exerts its anti-tumour effects.94 In glio-
blastoma multiform models (GBM), shRNA knockdown
of KPNB1 and treatment with Importazole (IPZ) results
in the accumulation KPNB1 cargoes and subsequent
cytosolic protein overload which in turn triggers the
unfolded-protein response (UPR) and several cellular
mechanisms to mediate the clearance of abnormally
localized proteins.188 Alternatively, sustained ER stress
by ‘protein overload’ results in apoptotic cell death in
GBM cell lines.94 Resistance against this cell death mech-
anism involves the activation the of autophagy-lyso-
somal- and the ubiquitin-proteasomal-degradation
pathways.189,190 Combined treatment of IPZ and protea-
some inhibitor, MG132, or lysosome inhibitors, Bafilomy-
cin A1 and chloroquine, results in enhanced apoptosis in
GBM models.94 Another pathway triggered by perturbed
proteostasis is the PERK branch, which regulates the bal-
ance of anti- and pro-apoptotic factors; sustained

activation of this pathway results Mcl-1 inactivation by
Puma and Noxa and subsequent apoptotic cell
death.188,191,192 ABT-263 is a dual Bcl-2/Bcl-XL inhibitor
that displays strong dose-limiting toxicities in treated
GBM patients, mainly due to the reliance of platelet sur-
vival on Bcl-XL.193 However, monotherapy with Bcl-2
inhibition is ineffective due to the development of heter-
ogenous tumour populations that show differential
dependencies on Bcl-2 and Bcl-XL for apoptotic eva-
sion.194 Combined treatment of the dual inhibitor, ABT-
263, with IPZ resulted in synergistically enhanced apo-
ptotic effects in GBM cellular models. Hence, this
approach permits the lowering of individual drug doses
and holds potential as a novel GBM treatment regimen
given the synthetic lethal effects of UPR-mediated Mc-l1
inactivation by KPNB1 inhibition and dual targeting of
Bcl-2/Bcl-XL with ABT-263.

KPNB1 overexpression is closely linked with disease
progression and worsened prognostic outcomes in mela-
noma patients.195 Cellular melanoma models display
reduced tumorgenicity and metastatic potential following
KPNB1 knockdown, whereas synthetic overexpression
amplifies the carcinogenic function of KPNB1 and
enhances the aggressive melanoma phenotype.195 Ras-
GTPase-activating protein SH3-binding protein
1 (G3BP1) is a multifunctional RNA-binding protein that
is involved in stress granule formation.196 G3BP1 is upre-
gulated in various cancers, including melanoma, and is
known to contribute towards disease progression and
chemoresistance.197 Interestingly, KPNB1 was shown to
interact with G3BP1 and stabilize its protein levels via
reduced ubiquitination; however, genetic knockdown of
KPNB1 had opposing effects. Furthermore, genetic inhi-
bition of G3BP1 demonstrates anti-melanoma effects
in vitro and negates the survival advantage incurred by
KPNB1 overexpression.195 It is possible that the nuclear
exclusion of cargoes following KPNB1 genetic inhibition
initiates the ubiquitination and subsequent degradation
of various cytoplasmic proteins, including G3BP1, to
retain a proteostatic balance; in melanoma this gives rise
to anti-cancer activity as well as enhanced cell line and
murine xenograft sensitivity to cisplatin.94,195 However,
further investigation into the oncogenic functions of both
G3BP1 and KPNB1 in melanoma is warranted.

12 | OTHER NUCLEAR
TRANSPORT RECEPTORS IN
CANCER

Over the past decade, almost all members of Karyopherin
superfamily have been implicated in cancer
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development.4,25,43 While previous reviews by van der
Watt et al. (2016) and Catagay and Chook (2018) cover
the carcinogenic roles of the majority of the nuclear
receptors, this review will give insights into more recent
literature that implicates the remaining receptors in
tumour development and will report on instances of
enhanced chemosensitivity upon their inhibition.

Karyohperin-ß2, otherwise known as Transportin
1 (TNPO1) predominantly facilitates RNA processing and
gene transcription via the nuclear import of various
RNA-binding proteins.198 TNPO1 is overexpressed and
associates with poor prognosis in cervical and ovarian
cancer and genetic silencing significantly reduced cancer
cell line viability in ARID1A-deficient cell lines.24

ARID1A is a critical component of the SWI/SNF complex
and its homologue, ARID1B, represents a vulnerability
point for synthetic lethal targeting in ARID1A-deficient
cancers.199 Further investigation uncovered ARID1B as a
cargo of TNPO1; hence, genetic knockdown of the trans-
port receptor blocked nuclear entry of ARIDB1 resulting
in anti-proliferative and pro-apoptotic effects that were
functionally related to reduced chromatin accessibility of
AP-1 transcription factors to the promoters of genes
involved in PI3K and TGF-ß signalling pathways.24

Both Transportin 2 and Importin 4 are highly
expressed and predict poor long-term survival in gastric
cancer. SiRNA knockdown reduced tumour cell prolifera-
tion, colony formation and migration abilities and
increased apoptosis in vitro.26,27

Karyopherin-α1 (KPNA1) expression is elevated in
colon cancer and tracks with disease progression. Colon
cancer cell proliferation, migration, colony formation
and in vivo xenograft tumour growth was impaired by
KPNA1 genetic knockout and enhanced by overexpres-
sion of the import protein. Further functional analysis
revealed that the observed tumorigenic properties were
due to enhanced nuclear import of NF-KB by KPNA1.200

Interestingly, pro-tumorigenic roles of KPNA1 have also
been reported in and glioblastoma.201 TRIM59 is a ubi-
quitination ligase that targets tumour suppressive
macroH2A1 for proteasomal degradation in the nucleus,
leading to increased STAT3 signalling. However,
nuclear entry of TRIM59 is mediated by KPNA1 in
response to aberrant EGFR activity and genetic knock-
down of KPNA1 abrogated the tumorigenic effects of
this signalling axis. Conversely, cervical cancer tumours
expressing low KPNA1 associates with progressive dis-
ease and synthetic upregulation of KPNA1 led to
reduced proliferation of HeLa cells due to the nuclear
accumulation of IRF3.202 Further investigation into the
tumour suppressive effects of both IRF3 and KPNA1 are
warranted.

13 | COMBINATORIAL
TARGETING OF OTHER NUCLEAR
TRANSPORT RECEPTORS

Although in its infancy, there is an emergence of litera-
ture that supports the notion of targeting lesser character-
ized NTRs as a mechanism of overcoming resistance to
standard of care chemotherapies or novel targeted agents.
Current studies employ siRNA knockdown techniques as
well as the use of mimetic peptides that competitively
bind the NLS/NES sites of specific NTRs.

Importin 4 is upregulated in cervical cancer and asso-
ciates with progressive disease and poor prognosis. How-
ever, genetic knockdown of the importin provides little
therapeutic benefit as a single agent approach. On the
other hand, Cisplatin-induced upregulation of DNA
repair protein, PRKDC, is dependent on the nuclear
import of transcription factor, CEBPD, by importin
4. Hence, shRNA knockdown of importin 4 led to cyto-
plasmic retention of CEPBD, downregulation of PRKDC
and enhanced sensitivity of SiHa cells to cisplatin in vitro
and in vivo.203

BQ is a splice variant of NCOR2 that interacts with
the transcription factor to form a co-repressor complex in
ER-positive breast cancer; high nuclear BQ expression is
associated with Tamoxifen resistance partially due to the
transcriptional upregulation of HIF1a.204–206 Recent
evidence implicates HIF-1a-mediated metabolic re-
programming of breast cancer tumours as a critical con-
tributor to Tamoxifen resistance.207,208 Knockout of
KPNA1 abrogates the nuclear accumulation of BQ,
resulting in reduced HIF1a activity and sensitization of
Tamoxifen-resistant xenograft tumours to the standard
of care therapy.205

The RAF/RAS/MEK/ERK pathway is frequently
hyperactive in many cancers, including melanoma, due
to constitutive mutations in different components of the
cascade.209 As such, inhibitors targeting various nodes in
this pathway have been developed; Vemurafenib (BRAF
inhibitor) and Trametinib (MEK1 inhibitor) demonstrate
improved overall survival in BRAF V600E mutant mela-
noma patients.210,211 However, these patients frequently
return with recurrent and refractory disease.211,212 The
onset of acquired chemoresistance and generally poor
pan-cancer efficacy of these inhibitors has been linked to
the drug-induced inactivation of negative feedback loops
that are mediated by cytosolic ERK1/2.213–215 Abrogating
this intrinsic feedback mechanism results in an elevated
signalling flux that overwhelms pharmacological BRAF/
MEK inhibition during single agent treatment.212,213 In
some cases, tumour cells can develop a reliance on alter-
native MAPK pathways, such as PI3K/AKT, which then
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renders the treatment ineffective.214 Interestingly, the
ERK cascade culminates at the shuttling of ERK1/2 into
the nucleus by Importin 7 (IPO7) where it activates pro-
liferative transcription factors; inhibition with the IPO7
NTS-derived phosphomimetic peptide (EPE) blocks the
nuclear entry and activity of ERK1/2 and results in
potent anti-cancer effects in NRAS, BRAF, and NR1 mel-
anoma cell lines, including those that are resistant to
clinically approved BRAF and MEK1 inhibitors.216–218

Intriguingly, EPE treatment was shown to outperform
Vemurafenib in vivo; the phosphomimetic peptide eradi-
cated murine BRAF V006E xenograft tumours, hindered
the development of recurrent disease, and demonstrated
a more favourable therapeutic index.216,217 Although
resistance to EPE was observed across various mutational
backgrounds, combined treatment of EPE with Trameti-
nib results in synergistic anti-proliferative and pro-
apoptotic effects in NRAS mutant melanoma cell lines
that are both responsive or resistant to each single
agent.217,218 This was in part due to restored nuclear
exclusion of ERK1/2 in combination treated cells versus
single agents as well as retained cytosolic ERK1/2 activ-
ity, evident by increased phosphorylation of cytosolic tar-
gets in combination treated cells versus monotherapy.218

Further investigation into the combined effects of EPE
with MEK1 inhibition in ERK-addicted melanoma cell
lines harbouring other mutational defects is warranted.

14 | CONCLUSION

Cancer is a global health crisis that calls for novel inter-
ventions, including anti-neoplastic agents that disrupt
tumour-addictive molecular pathways. Recent studies
identified the Karyopherin superfamily of proteins as
novel cancer biomarkers, which led to the concept of
nuclear transport inhibition as an anticancer approach.
However, the clinical benefits of such targeted agents
are threatened by the current limitations associated with
cancer chemotherapy, namely chemoresistance and
dose-limiting toxicities. Therefore, nuclear transport
inhibitors should be considered in the context of combi-
nation therapies. Furthermore, the notion of utilizing
nuclear transport inhibitors to improve the therapeutic
efficacy of other cancer agents, namely standard of care
chemotherapies or novel targeted drugs, is supported by
the existing body of literature, particularly with regards
to XPO1 inhibition. Results from ongoing clinical trials
investigating Selinexor in combination regimens will
shed light on tumour-specific chemoresistance mecha-
nisms associated with SINE compounds and potentially
broaden their application to patient tumours of various
solid tissue and haematological origin. Of similar

importance is the identification of molecular signatures
that stratify responsive and non-responsive tumours,
thereby improving the clinical benefits of Selinexor,
both in combination and as a single agent treatment. On
the other hand, the development of potent nuclear
import inhibitors is proving more challenging. Impor-
tantly, rigorous investigation into potential chemoresis-
tance mechanisms associated with KPNB1 inhibition or
instances of synergistic interactions with other anti-
cancer agents will be hugely beneficial in promoting
existing nuclear import inhibitors towards clinical
approval. Overall, a wealth of possibility lies ahead for
the targeting of nuclear transport receptors as an anti-
neoplastic therapeutic intervention and potent inhibi-
tors against the remaining karyopherin family members
will be beneficial in uncovering their biological func-
tions in both healthy cells and various pathologies,
including cancer. As normal cells rely on nuclear trans-
port for normal function, which explains the unfavour-
able toxicity profile of Selinexor in select patients,
combination therapies will be a useful in lowering drug
doses to a point where normal cells are less affected and
adverse events are hopefully mitigated. Disrupting
receptors that transport a smaller spectrum of cargoes,
relative to XPO1 and KPNB1, or designing inhibitors
such that specific cargoes are targeted may also pave the
way towards novel anti-cancer regimens with more
favourable tolerability and improved clinical outcomes.
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