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Summary

Nucleocytoplasmic transport, a fundamental cellu-
lar process governing the bidirectional movement
of macromolecules between the nucleus and cyto-
plasm, is frequently dysregulated in various malig-
nancies. Central to this intricate machinery are the
importin alpha (Imp a, IPOA, KPNA) isoforms, a
class of adaptor proteins belonging to the karyo-
pherin superfamily. The human genome encodes
seven distinct Impa isoforms, each exhibiting re-
markable functional diversity and substrate speci-
ficity. This report comprehensively reviews their
conserved structural features, the precise molecu-
lar mechanisms underpinning classical nuclear im-
port, and the profound implications of their dysreg-
ulation in cancer pathogenesis.

Aberrant expression, often characterized by ele-
vated levels, and altered subcellular localization of
specific Impa isoforms, such as KPNA2 (Imp a1),
are consistently observed across numerous cancer
types, including hepatocellular carcinoma, breast
cancer, esophageal squamous cell carcinoma, and
non-small cell lung cancer. This dysregulation is di-
rectly correlated with aggressive disease pheno-
types, poor prognosis, and the development of
therapeutic resistance. The underlying pathologi-
cal mechanism involves the mislocalization of criti-
cal tumor suppressors, proto-oncogenes, and pro-
survival proteins, thereby driving key hallmarks of
cancer, including uncontrolled proliferation, eva-
sion of apoptosis, and impaired DNA repair.

The compelling evidence for Impa isoform dysreg-
ulation positions them as highly promising and
emerging therapeutic targets in oncology. Preclini-
cal studies demonstrate that targeted inhibition of
specific Impa isoforms can exert direct anti-cancer
effects by disrupting oncogenic transport path-
ways. Furthermore, these inhibitors hold significant
potential to sensitize drug-resistant tumors to con-
ventional chemotherapies and radiotherapy, ad-
dressing a major clinical challenge. The report de-
tails the molecular mechanisms by which these in-
hibitors operate and reviews the current landscape
of therapeutic agents, including small molecules

like INI-43 and Ivermectin, as well as peptide-
based modulators.

However, the translation of Impa isoform targeting
into successful clinical therapies faces significant
hurdles. A primary challenge lies in developing in-
hibitors with exquisite isoform specificity to mitigate
potential off-target toxicities, given the ubiquitous
and essential nature of nuclear transport in healthy
cells. Lessons learned from other karyopherin in-
hibitors, such as Selinexor, underscore the im-
portance of careful toxicity assessment. Future di-
rections emphasize the need for deeper under-
standing of the upstream regulatory mechanisms
governing Impa dysregulation, the development of
highly selective small molecules, rigorous preclini-
cal and clinical validation of combination therapies,
and biomarker-driven patient selection to optimize
therapeutic outcomes.

Part |. Introduction to Nucleocyto-
plasmic Transport and Karyopherins

The precise regulation of gene expression, cell cy-
cle progression, and signal transduction, all critical
for cellular function, relies fundamentally on the
controlled movement of macromolecules between
the cytoplasm and the nucleus.""¥W This essential
process, known as nucleocytoplasmic transport, is
orchestrated through specialized gateways em-
bedded within the nuclear envelope.

1.1 The Nuclear Pore Complex (NPC) as a Se-
lective Barrier

The nuclear pore complex (NPC) represents a
large, intricate proteinaceous structure that spans
the nuclear envelope, serving as the sole conduit
for bidirectional macromolecular exchange be-
tween the nucleus and cytoplasm.""W This com-
plex functions as a highly selective barrier, distin-
guishing between molecules that can pass freely
and those requiring active transport. While small
molecules, ions, and proteins below approximately
40 kDa can traverse the NPC via passive diffusion,
larger macromolecules necessitate an active,

-2

KaMoZo Biologics, LLC
Nashville, TN, USA
info@kmzbio.com


https://pmc.ncbi.nlm.nih.gov/articles/PMC5988925/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5988925/

KaMoZo

lllllllll

FOR EDUCATIONAL PURPOSES ONLY

signal-mediated transport mechanism.""% This
distinction is paramount for understanding why a
dedicated and highly regulated transport machin-
ery is indispensable for the nuclear localization of
critical regulatory proteins, such as tumor suppres-
sors and oncogenes. The NPC itself is constructed
from a class of proteins called nucleoporins (Nups),
a subset of which contains tandem phenylalanine-
glycine (FG) repeats. These FG-Nups line the cen-
tral transport channel of the pore and engage in
crucial interactions with the soluble transport re-
ceptors, facilitating the selective passage of
cargo."" The NPC's role as a dynamic gate-
keeper, rather than merely a passive filter, under-
scores its profound impact on cellular fate. Any dis-
ruption in this gatekeeping function, such as al-
tered karyopherin expression or activity, can pro-
foundly impact cellular function by mislocalizing
critical regulatory proteins, thereby contributing to
disease states like cancer.

1.2 The Karyopherin Superfamily: Orchestra-
tors of Transport

The Karyopherin family represents the predomi-
nant class of soluble transport receptors responsi-
ble for mediating the shuttling of diverse cargoes
through the NPC.""W This superfamily is broadly
categorized into importins, which facilitate nuclear
import, and exportins, which govern nuclear ex-
port.""W The directionality and efficiency of karyo-
pherin-mediated transport are intricately regulated
by the small Ras-family GTPase, Ran. Ran cycles
between a GTP-bound state (Ran-GTP) and a
GDP-bound state (Ran-GDP), with a crucial asym-
metric distribution across the nuclear envelope:
Ran-GTP is predominantly enriched in the nucleus,
while Ran-GDP is more abundant in the cyto-
plasm.""% This asymmetric gradient of Ran-GTP
provides the essential energy and directionality for
the assembly and disassembly of cargo-receptor
complexes. The central regulatory role of Ran
GTPase means that targeting Ran or its associated
factors could broadly disrupt nuclear transport.
Such a broad-spectrum intervention could poten-
tially impact multiple importin  pathways

simultaneously, offering a wide therapeutic window
in cancer, but also posing a significant challenge
for achieving specificity and avoiding widespread
cellular toxicity.

1.3 The Classical Nuclear Import Pathway: A
Foundational Mechanism

Among the various nuclear transport pathways, the
classical nuclear import pathway is the most exten-
sively characterized mechanism for translocating
proteins containing a Nuclear Localization Signal
(NLS) into the nucleus.""W This pathway relies on
a heterodimeric import receptor composed of two
key subunits: importin alpha (Impa) and importin
beta (ImpB).""Y Within this complex, Impa func-
tions as an adaptor protein, directly recognizing
and binding to the NLS sequence present on the
cargo protein destined for the nucleus.""" Concur-
rently, ImpB mediates the critical interactions with
the nuclear pore complex, facilitating the transloca-
tion of the entire cargo-receptor complex across
the nuclear envelope.""" The distinct roles of Impa
as the cargo-recognition unit and Impf as the NPC-
interaction unit highlight a division of labor that is
fundamental to this pathway. This adaptor role of
importin alpha, which directly binds the NLS on
cargo while Impf interacts with the NPC, positions
Impa as the primary determinant of cargo specific-
ity within the classical import pathway. This func-
tional specialization implies that the diversity of
Impa isoforms is directly linked to the cell's ability
to precisely regulate the nuclear localization of a
vast array of proteins, including those critical for
cancer development.

Part Il. Importin Alpha Isoforms:
Structure, Function, and Specificity

The importin alpha proteins are central to classical
nuclear import, exhibiting a conserved molecular
architecture that belies their remarkable functional
diversity and substrate specificity.

2.1 Molecular Architecture of Importin Alpha
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Importin alpha is a relatively small protein, typically
consisting of three functionally distinct domains
that orchestrate its role in nuclear import.""% The
N-terminal region comprises the Importin-3-Bind-
ing (IBB) domain, which is crucial for its high-affin-
ity interaction with importin beta."" This domain is
rich in basic amino acid residues, structurally simi-
lar to the NLS sequences it helps transport."WWW
This structural similarity is key to an auto-inhibitory
mechanism: in the absence of importin beta, the
IBB domain can fold inward and occupy the NLS
binding sites on importin alpha itself, preventing
premature cargo binding.""V This auto-inhibition
ensures that cargo binding occurs only when the
full import machinery, including importin beta, is
available, explaining why importin alpha alone ex-
hibits a relatively low affinity for NLS sequences,
with affinity significantly increasing when importin
beta is present.""W

The majority of the importin alpha protein is com-
posed of a series of ten tandem armadillo (ARM)
repeats, which stack together to form a character-
istic curved structure.""W' A centralized ARM do-
main, comprising nine of these repeats, is directly
responsible for recognizing and binding to the
basic residues characteristic of NLS sequences
found on cargo proteins.""" This ARM domain
possesses two distinct binding pockets, allowing a
single importin alpha molecule to interact with ei-
ther two monopartite NLS-containing proteins or a
single bipartite NLS protein.""W

At the C-terminus, including the tenth ARM repeat,
lies the exportin CAS binding domain. This domain
mediates the interaction with exportin CAS (Cellu-
lar Apoptosis Susceptibility protein), another kary-
opherin involved in recycling importin alpha from
the nucleus back into the cytoplasm.""¥ This asso-
ciation is dependent on Ran-GTP, which plays a
crucial role in the dissociation and recycling steps
of the import cycle.""" The IBB domain's dual reg-
ulatory function, encompassing both auto-inhibition
of cargo binding and its role in Ran-GTP-mediated
cargo dissociation, reveals it as a critical molecular
switch. This suggests that targeting the IBB do-
main's conformational dynamics could be a potent

strategy to either prevent cargo loading in the cyto-
plasm or force premature cargo release in the nu-
cleus, thereby disrupting oncogenic pathways.

2.2 The Classical Nuclear Import Cycle: A
Step-by-Step Elucidation

The classical nuclear import cycle is a highly regu-
lated, multi-step process that ensures the efficient
and specific translocation of NLS-containing pro-
teins into the nucleus.

e Cargo Binding and Ternary Complex For-
mation: The cycle initiates in the cytoplasm
where free importin alpha, via its ARM repeats,
recognizes and binds to the NLS of a nucleus-
targeted cargo protein. Simultaneously, the IBB
domain of importin alpha associates with an im-
portin beta protein, forming a stable ternary
complex composed of importin alpha, importin
beta, and the NLS-cargo.""V The presence of
importin beta significantly enhances importin
alpha's affinity for NLS-containing cargo, often
by 10-20 fold, shifting binding into the nanomo-
lar range.""W

e Docking to the Nuclear Pore Complex
(NPC): Once formed, the ternary complex is di-
rected to the nuclear envelope, where it binds
to a docking site on the NPC. This interaction
is primarily mediated by importin beta, which
engages with the phenylalanine-glycine (FG)
repeats of nucleoporins lining the NPC chan-
nel."WWW

e Translocation Across the Nuclear Enve-
lope: Importin beta then mediates the energy-
dependent translocation of the entire complex
across the nuclear envelope, likely moving as
a single, cohesive entity through the aqueous
channel of the NPC. "W

e Dissociation in the Nucleus: Upon reaching
the nucleoplasmic side of the NPC, the ternary
complex undergoes dissociation. This crucial
step is triggered by the binding of nuclear-en-
riched Ran-GTP to importin beta. Ran-GTP
binding induces a conformational change in im-
portin beta, leading to the release of the IBB
domain of importin alpha. The released BB
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domain, along with the nucleoporin Nup50 and
the importin alpha-recycling factor CAS, coop-
eratively facilitates the dissociation and deliv-
ery of the NLS-cargo into the nucleus.""V

o Importin Alpha Export: Following cargo re-
lease, free importin alpha must be recycled
back to the cytoplasm to participate in subse-
quent import cycles. This is achieved by form-
ing an export complex with exportin CAS and
Ran-GTP, which then mediates its transport
out of the nucleus."""

¢ Recycling into the Cytoplasm: Once in the
cytoplasm, GTP hydrolysis by Ran-GTP oc-
curs, leading to the dissociation of the export
complex. This releases free importin alpha and
exportin CAS into the cytoplasm, making them
available to initiate another round of nuclear im-
port.WWW

2.3 Diversity and Substrate Specificity of Hu-
man Importin Alpha Isoforms

The human genome encodes seven distinct
isoforms of importin alpha, designated KPNA1
through KPNA7. These isoforms are broadly cate-
gorized into three subfamilies: a1 (comprising Imp
a1 and Imp a8), a2 (Imp a3 and Imp o4), and a3
(Imp a5, Imp a6, and Imp a7).""* Despite sharing
a fundamentally conserved architecture and exhib-
iting striking similarity in amino acid sequence (ap-
proximately 26% identity and 42% conservation),
these isoforms display remarkable substrate spec-
ificity in vivo.""V This specificity is not always rep-
licated in vitro, highlighting the complex interplay of
cellular context and regulatory factors that dictate
their function.""%

The functional diversification of importin alpha has
been a hallmark of evolution in multicellular ani-
mals, paralleling the increasing complexity of cell-
and tissue-specific functions required during devel-
opment and differentiation.""V For instance, the
budding yeast Saccharomyces cerevisiae pos-
sesses only a single importin alpha orthologue,
whereas Drosophila melanogaster has three, and
vertebrates, including humans, have evolved up to

seven distinct isoforms.""" This evolutionary tra-
jectory underscores the critical role of isoform-spe-
cific transport in mediating complex biological pro-
cesses.

A growing body of evidence indicates that numer-
ous cellular and viral cargoes rely on specific im-
portin alpha isoforms for their nuclear transport,
and the nuanced regulatory differences among
these isoforms are still being elucidated.""" For
example, KPNA1 (Imp a5) is known to regulate the
nuclear import of key proteins such as p27, a cy-
clin-dependent kinase inhibitor crucial for cell cycle
control, and lymphoid enhancer factor 1 (LEF1), a
critical co-transcription factor for B-catenin signal-
ing in satellite cells.""" KPNA2 (Imp a1) interacts
with the NLSs of diverse proteins, including DNA
helicase Q1 and SV40 T antigen YY", and is critical
for the nuclear import of Chk2, BRCA1, NBS1, the
Androgen Receptor (AR), p53, and c-Myc, among
other transcription factors.""* KPNA3 and KPNA4
also bind classical NLS motifs and are implicated
in the nuclear import of human cytomegalovirus
UL84 in vitro.""W Furthermore, the canonical form
of NF-kB, a p50—p65 heterodimer, specifically uti-
lizes Impa3 and Impa4 for its nuclear translocation,
likely engaging both major and minor NLS binding
sites to favor the import of the transcriptionally ac-
tive form.W"W The critical antiviral transcription fac-
tor IRF3 has also been reported to selectively use
Impa3 and Impao4, with Impa1 also implicated in
the nuclear transport of IRF3 and NF-kB.""W Imp
a5 (KPNA1) demonstrates specific, high-affinity
binding to certain peptide inhibitors and is involved
in ferrying the transcription factor STAT1 to the nu-
cleus, with intracellular ablation of Impa5 (but not
Impa1) reducing STAT1 nuclear import. "W

The evolutionary advantage of this isoform diversi-
fication, where each isoform exhibits distinct sub-
strate specificities despite structural conservation,
reflects a sophisticated mechanism for fine-tuning
cellular regulation. This functional specialization
presents a unique opportunity for highly targeted
therapeutic interventions in cancer, particularly
where specific isoforms might be aberrantly utilized
or overexpressed to import oncogenic cargo. Con-
versely, this specificity also poses a significant
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challenge for drug development, necessitating in-
hibitors with exquisite isoform selectivity to avoid

broad off-target effects that could compromise cel-
lular homeostasis.

Table 1: Human Importin Alpha Isoforms: Subfamilies, Key Characteristics, and Select Cargo Pro-

teins
Isoform STy | ATReEs Key Structural Fea- Select Phys:olc?glcal Select Vlrall Cargo
Name tures Cargo Proteins Proteins
p27, LEF1, IRF3, NF- Influenza A nucleo-
KPNA1 a3 IPOA5 IBB, 10 ARM repeats KB, STAT1 Sl
Imp a1,
Chk2, BRCA1, NBS1, .
KPNA2 a IPOAT, 1 |BB. 10 ARM repeats | AR, p53, c-Myc, RAC-1, | SV 40 T antigen,
RCHA, DNA helicase Q1 HAdV-CS E1A
SRP1a
Imp a4 Human cytomegalo-
KPNA3 a2 IPOA4 IBB, 10 ARM repeats | NF-kB, IRF3 virus UL84
Imp a3 NF-kB, IRF3, AARS1, Human cytomegalo-
KPNA4 a2 ipoaz | /BB T0ARMrepeats |\ ore s RANBPS virus UL84
Imp a6
KPNAS5 a3 IPOAG IBB, 10 ARM repeats | STAT1
KPNAG6 a3 Imp o7 IBB, 10 ARM repeats | Not specified in sources Not specified in
IPOA7 sources
e Not specified in
KPNA7 a3 IPOA6 IBB, 10 ARM repeats | Not specified in sources sources

2.4 Beyond Nuclear Import: Broader Cellular
Functions

While the classical nuclear import of NLS-contain-
ing proteins constitutes the primary and most ex-
tensively studied function of importin alpha pro-
teins, their roles extend to several other critical cel-
lular processes, underscoring their multifaceted
importance in maintaining cellular integrity and re-
sponse to stress.""W

Importin alphas are abundantly present in develop-
ing gametes, and mutations that lead to functional
alterations in these proteins have been shown to
cause gamete defects and sterility in various ani-
mal models, including Caenorhabditis elegans,
Drosophila melanogaster, and higher order mam-
mals.""V For instance, knockout of importin alpha

encoding genes in bovine models has been ob-
served to prevent the development of fertilized em-
bryos beyond the blastocyst stage, leading to em-
bryonic death and preventing proper embryonic
development. W%

Furthermore, importin alpha has been implicated in
the development of the heat shock response, par-
ticularly in Drosophila embryos.""¥ Interestingly,
importin alpha molecules, specifically KPNA1,
KPNA2, and KPNA3, are found within cytoplasmic
stress granules, and knockdown of KPNA2 has
been shown to delay the formation of these gran-
ules upon exposure to arsenite, suggesting a novel
regulatory role in stress granule assembly."""
Beyond these roles, importin alpha import has
been demonstrated to regulate protease function,
including that of Taspase1, a protease known to
degrade leukemia proteins.""Y This suggests a

-6-

KaMoZo Biologics, LLC
Nashville, TN, USA
info@kmzbio.com


https://en.wikipedia.org/wiki/Importin_%CE%B1
https://en.wikipedia.org/wiki/Importin_%CE%B1
https://en.wikipedia.org/wiki/Importin_%CE%B1
https://en.wikipedia.org/wiki/Importin_%CE%B1
https://www.jstage.jst.go.jp/article/pjab/94/7/94_PJA9407B-01/_html/-char/en
https://en.wikipedia.org/wiki/Importin_%CE%B1

KaMoZo

lllllllll

FOR EDUCATIONAL PURPOSES ONLY

direct link to protein degradation pathways that can
impact cellular integrity and disease progression.
Karyopherins also play significant roles in mitosis
and maintaining chromosomal integrity, functions
that extend beyond their interphase nuclear
transport activities."""

A particularly compelling aspect of importin alpha's
broader function is its critical involvement in viral
pathogen infection. Numerous studies have linked
importin alpha to the recognition and nuclear im-
port of various viral nucleoproteins, including those
from influenza A virus, Simian Immunodeficiency
Virus (SIV), Human Adenovirus (HAdV-C5), HIV-1,
and Dengue virus.""Y These viruses exploit the
host's importin alpha pathway by possessing NLS-
like sequences in their viral proteins, allowing them
to hijack the host's nuclear machinery for replica-
tion and proliferation.""¥ The detailed understand-
ing of how viruses exploit specific importin alpha
interactions for their replication provides a molecu-
lar blueprint for designing inhibitors. The fact that
ivermectin, an Impa/B1 inhibitor, disrupts viral pro-
tein binding to Impa """V offers a validated mecha-
nistic approach that could potentially be adapted
for cancer-specific cargo proteins, highlighting the
value of interdisciplinary research in drug discov-
ery. The existence of "Targeted Alpha Therapy"
wwwiwhich utilizes alpha-emitting radioisotopes
coupled to tumor-selective carrier molecules for
cancer treatment, is a distinct therapeutic modality.
While both "Importin Alpha Isoforms" as targets
and "Targeted Alpha Therapy" involve the term "al-
pha" and are emerging cancer treatments, their un-
derlying mechanisms are entirely different; the for-
mer focuses on protein-protein interactions and nu-
clear transport, while the latter is a form of radio-
therapy. It is crucial to explicitly distinguish these
two concepts to prevent any misinterpretation of
their respective therapeutic approaches.

Taken together, these diverse functions under-
score the absolute cruciality of importin alpha pro-
teins to proper cellular functioning. Mutations or
dysregulation in these proteins can indeed lead to
many disastrous and potentially lethal effects, ex-
tending far beyond simple nuclear import de-
fects.W"W

Part lll. Dysregulation of Importin Al-
pha Isoforms in Cancer Pathogene-
sis

The intricate balance of nucleocytoplasmic
transport is frequently disrupted in cancer, with im-
portin alpha isoforms playing a pivotal role in driv-
ing malignant phenotypes through their aberrant
expression, localization, and specific cargo han-
dling.

3.1 Aberrant Expression and Subcellular Lo-
calization in Malignancy

Numerous studies have consistently linked altered
karyopherin expression, predominantly character-
ized by elevated protein levels, though occasion-
ally lower expression, to cellular transformation
across a wide spectrum of cancer types.""W This
widespread observation suggests a fundamental
reliance of cancer cells on dysregulated nuclear
transport for their sustained growth and survival.
The malfunction of nuclear-cytoplasmic transport
directly leads to changes in both the physiological
levels and the temporal-spatial localization of cru-
cial regulatory macromolecules, including tumor
suppressors and proto-oncogenes.""" This mislo-
calization, whether it involves retaining oncogenes
in the nucleus or sequestering tumor suppressors
in the cytoplasm, profoundly impacts the process
of tumorigenesis and significantly influences the
drug sensitivity of cancer cells.""*V It has been fre-
quently observed that importin alpha proteins, par-
ticularly specific isoforms, tend to accumulate ab-
errantly in the nucleus in various cancer cells, fur-
ther contributing to altered gene expression and
cellular behavior.""* The frequent observation of
elevated karyopherin levels in cancer cells sug-
gests that these cells may develop a dependence
or "addiction" to this dysregulated nuclear transport
machinery to sustain their tumorigenic and in-
creased metabolic needs.""" This dependence
represents a critical therapeutic vulnerability, as
disrupting these pathways could selectively impair
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cancer cell survival while minimizing harm to
healthy cells.

3.2 Isoform-Specific Roles in Carcinogenesis
and Tumor Progression

The functional specialization of importin alpha
isoforms translates into distinct contributions to
various aspects of carcinogenesis and tumor pro-
gression.

e KPNA1 (Importin a5): This isoform plays a
critical role in regulating satellite cell prolifera-
tion and survival by modulating nuclear im-
port. "W Studies have shown that depletion of
KPNA1 can cause satellite cells in uninjured
muscle to prematurely activate, proliferate, and
undergo apoptosis, ultimately leading to satel-
lite cell exhaustion with age.""V This indicates
KPNA1's essential function in maintaining cel-
lular quiescence and controlled proliferation,
and its dysregulation could contribute to uncon-
trolled growth or exhaustion in specific cellular
contexts relevant to cancer. Furthermore,
KPNA1 depletion has been shown to impair the
nuclear localization of key cargo proteins such
as p27, a cyclin-dependent kinase inhibitor cru-
cial for cell cycle control, and lymphoid en-
hancer factor 1 (LEF1), a critical co-transcrip-
tion factor for 3-catenin signaling.""V These di-
rect links underscore KPNA1's involvement in
fundamental pathways frequently dysregulated
in cancer. KPNA1 has also been implicated in
the nuclear transport of the critical innate im-
mune transcription factors IRF3 and NF-kB.""W

e KPNA2 (Importin a1): KPNA2 has emerged
as a significant potential biomarker in multiple
cancer types, with aberrantly high levels fre-
quently associated with adverse patient char-
acteristics and a direct role in carcinogene-
sis.""W In hepatocellular carcinoma (HCC),
KPNAZ2 expression is consistently upregulated
in tumor tissue, negatively correlating with pa-
tient survival time and significantly associated
with aggressive clinical characteristics."""
Functional studies, both in vitro and in vivo,
have demonstrated that knockdown of KPNA2

effectively reduces the migration and prolifera-
tion capacities of HCC cells, while its overex-
pression promotes these malignant character-
istics.""W This provides direct evidence of its
oncogenic role, likely by regulating cell cycle
and DNA replication pathways, as indicated by
gene set enrichment analysis."""

In esophageal squamous cell carcinoma
(ESCC), positive KPNA2 expression shows a
significant association with poor differentiation,
increased tumor depth, lymphatic invasion, ve-
nous invasion, and advanced tumor stage.2 It
is also strongly linked to a higher Ki-67 labeling
index, a marker of cell proliferation, and is iden-
tified as a significant prognostic factor for
poorer overall survival in ESCC patients.2 Sim-
ilarly, in non-small cell lung cancer (NSCLC),
high KPNA2 expression is associated with lym-
phatic invasion, advanced disease stage, and
significantly shorter overall survival and recur-
rence-free survival.26 Experimental knock-
down of KPNA2 suppressed the 3D invasion of
lung cancer spheroids, further supporting its
role in promoting malignancy.26 In breast can-
cer, nuclear protein expression of KPNA2 is
significantly associated with higher tumor
stage, positive lymph node status, higher tumor
grade, negative estrogen and progesterone re-
ceptor status, and a higher Ki-67 labeling in-
dex.2 It has been established as an independ-
ent prognostic factor for poor survival in breast
cancer.2 Beyond its general oncogenic role,
KPNAZ2 is known to be involved in the nuclear
import of DNA helicase Q1 and SV40 T antigen
15 and may also play a role in V(D)J recombi-
nation.15 Consistent with its oncogenic func-
tions, KPNA2 has been observed to accumu-
late in the nucleus in some cancer cells.20
KPNA3 (Importin a4) and KPNA4 (Importin
a3): These isoforms are integral to nuclear pro-
tein import, functioning as adapter proteins for
KPNB1 and binding specifically to both simple
and bipartite NLS motifs."" Both KPNA3 and
KPNA4 have been shown in vitro to mediate
the nuclear import of human cytomegalovirus
UL84 by recognizing a non-classical NLS."*"W
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More critically for cancer, the canonical form of
NF-kB, a p50—p65 heterodimer, specifically in-
teracts with Impa3 and Impa4 for its nuclear
translocation.""V'- These interactions likely in-
volve the binding of NF-kB as heterodimers
that together engage both the major and minor
NLS binding sites on the importin alpha, a strat-
egy that may favor the nuclear import of the
transcriptionally active form of NF-kB.""*Y The
critical antiviral transcription factor IRF3 has
also been reported to selectively use Impa3
and Impa4.""Ww

e KPNA5 (Importin a6): This isoform exhibits
specific, high-affinity binding to certain peptide
inhibitors, such as the N50 peptide.""" KPNAS
is particularly involved in ferrying the transcrip-
tion factor STAT1 to the nucleus. Studies have
demonstrated that intracellular ablation of
Impa5, but not Impa1, significantly reduced
STAT1 nuclear import. """ This highlights its
isoform-specific roles in inflammatory and im-
mune responses, pathways that are frequently
co-opted and dysregulated by cancer cells to
promote their survival and proliferation.

e Other Isoforms (KPNA6, KPNA7, KPNAS8):
While the provided information offers fewer
specific details on KPNAG6, KPNA7, and
KPNAS8, their presence within the human ge-
nome “"Y and the general principle of isoform-
specific cargo binding """ strongly suggest that
these isoforms also play emerging roles in can-
cer that warrant further investigation. KPNA7,
for instance, is encoded by the Karyopherin
Subunit Alpha 7 gene. W'V

The distinct roles of various Impa isoforms in trans-
porting specific tumor suppressors and oncogenes
highlight that different cancers, or even different
subtypes within a cancer, might exploit specific
Impa isoforms. This implies that a "one-size-fits-all"
approach to nuclear transport inhibition may be
less effective, and precision oncology strategies
targeting specific Impa isoforms based on a tu-
mor's molecular profile could yield better therapeu-
tic outcomes. This isoform-specific dysregulation
contributes significantly to the observed heteroge-
neity in cancer.

3.3 Impact on Tumor Suppressors and Onco-
genes

The core mechanism by which importin alpha
dysregulation drives cancer involves the altered
nuclear-cytoplasmic shuttling of key cellular regu-
lators. Defective nuclear transport, mediated by
karyopherins, leads to critical changes in both the
physiological levels and the temporal-spatial loca-
tion of tumor suppressors and proto-onco-
genes.""WW
e Tumor Suppressors:
o BRCA1: KPNA2 has been strongly impli-
cated in the nuclear translocation of BRCA1,
a protein critical for DNA repair and cell cy-
cle checkpoint control, functions that are es-
sential for preventing carcinogenesis."""" Di-
rect interaction between KPNA2 and BRCA1
has been established, and the NLS of
BRCA1 is crucial for its nuclear transloca-
tion.""W Importantly, silencing of KPNA2 has
been shown to inhibit BRCA1 nuclear im-
port, leading to its accumulation in the cyto-
plasm. This mislocalization perturbs
BRCA1-mediated DNA repair processes,
thereby augmenting radiation-induced cell
death in cancer cells.""W
o p53: Earlier reports and a recent study have
confirmed an interaction between KPNA2
and the tumor suppressor p53.""" KPNA2
knockdown has been observed to affect the
expression of p53 downstream targets.""V
However, it is important to note that other
karyopherins have also been found respon-
sible for p53 import, necessitating further de-
tailed study of KPNA2's precise role in p53
translocation and regulation."*"" The nu-
clear transfer of p53 has been shown to trig-
ger autophagy and inhibit the growth of
acute myeloid leukemia (AML) cells, while
cytoplasmic p53 can repress autophagy."""
o Chk2: Chk2, a cell-cycle regulator, is one of
the most prominent cargo proteins translo-
cated by KPNA2. KPNA2 interacts with the
NLS indispensable for Chk2 import, and
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overexpression of KPNA2 correlates with in-
creased nuclear import of Chk2.WWW

NBS1: KPNA2 is also responsible for the im-
port of NBS1, another DNA repair protein
critical in carcinogenesis. Knockdown of
KPNA2 impaired the cellular capability to
form regular nuclear foci in response to DNA
damage, supporting this interaction."""

e Oncogenes/Pro-survival Proteins:

o

Androgen Receptor (AR): KPNA2 plays a
significant role in the nuclear import of the
androgen receptor (AR). The binding of ac-
tive androgen to AR leads to its nuclear im-
port, where it activates the transcription of
a range of target genes. It has been specu-
lated that the high levels of KPNA2 ob-
served in prostate cancer tissue might be
indicative of an increase in AR transloca-
tion, potentially associated with hormone-
refractory prostate cancer."""%

c-Myc: An interaction between KPNA2 and
the oncogene c-Myc has been confirmed,
with an observed overlap between c-Myc
downstream targets and proteins affected
by KPNA2 knockdown."""

XIAP (X-Linked Inhibitor of Apoptosis
Protein): While classically cytoplasmic,
XIAP is associated with breast cancer
chemoresistance and poorer clinical out-
comes when it is mislocalized to the nu-
cleus. XIAP's shuttling from the cytoplasm
to the nucleus has been shown to be de-
pendent on the importins a/B1 classical
pathway.""W

RAC-1: The small Rho-GTPase RAC-1 is
also translocated by KPNA2, potentially
contributing to carcinogenesis through its
functions in cell cycle progression, cellular
adhesion, and migration.""%

STAT1: KPNA1 regulates the constitutive
nuclear import of unphosphorylated
STAT1, and its nuclear content increases
upon mTOR inhibition.""" Imp a5 is also in-
volved in STAT1 nuclear import. "W
NF-kB: The nuclear localization of NF-kB is
typically inhibited by IkB proteins. The

canonical p50-p65 heterodimer of NF-kB
specifically utilizes Impa3 and Impa4 for its
nuclear translocation.""V- Impa1 has also
been implicated in this process.""%

e Post-translational Modifications: Post-trans-
lational modifications also influence importin al-
pha function. The cancer-associated CREB
binding protein (CBP or p300) has been shown
to acetylate KPNA2, while AMP-activated pro-
tein kinase (AMPK) mediates its phosphoryla-
tion and acetylation. These modifications are
believed to be functional, negatively affecting
the translocation of downstream proteins like
HuR.""% Furthermore, DNA damage induced
by ionizing radiation (IR) increases KPNA2 lev-
els through AMPK activation.""W

The observation that mislocalization of antiapop-
totic proteins like XIAP or altered DNA repair mech-
anisms contribute to chemoresistance, and that
targeting importins can overcome this resistance,
reveals a direct causal link between importin alpha
dysregulation and therapeutic failure. This sug-
gests that Impa inhibitors could be developed not
just as monotherapies but primarily as sensitizers
to overcome acquired or intrinsic drug resistance,
particularly in combination with conventional chem-
otherapy or radiotherapy.

3.4 Importin Alpha Isoforms as Diagnostic and
Prognostic Biomarkers

The pervasive dysregulation of karyopherin levels
in cancer has led to a focus on their potential as
novel diagnostic and prognostic factors.""W
KPNAZ2, in particular, has garnered significant at-
tention in this regard. Its expression is consistently
upregulated in hepatocellular carcinoma (HCC)
and negatively associated with patient survival
time, identifying it as a potential diagnostic and
prognostic biomarker for this aggressive can-
cer.""W In esophageal squamous cell carcinoma
(ESCC), positive KPNA2 expression is strongly
correlated with poor differentiation, tumor invasive-
ness, and increased tumor proliferation, establish-
ing it as a significant prognostic factor for poor sur-
vival.""W Similarly, in breast cancer, KPNA2
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expression is linked to higher tumor stage, poorer
survival rates, and has been identified as an inde-
pendent prognostic factor.*"" In non-small cell
lung cancer (NSCLC), high KPNA2 expression is
associated with shorter survival and higher

recurrence rates.""" These findings collectively
highlight the utility of importin alpha isoforms, es-
pecially KPNA2, as valuable indicators for disease
progression and patient outcomes, offering oppor-
tunities for improved patient stratification and per-
sonalized treatment strategies.

Table 2: Dysregulation of Importin Alpha Isoforms in Various Cancers and Their Prognostic Sig-

nificance
Importin Associated Observed Dysregula- | Clinical Correlation/Prognostic K?y Cargt.) Pro-
Alpha Iso- Cancer Type(s) tion Significance teins Implicated
form yp g in Cancer
KPNA1 | Sateliite cell ex- Depletion Ieadg t(? .Satel.llte cell exhaustion Wlt.h age,
. premature activation, impaired muscle regeneration at | p27, LEF1
(Imp a5) | haustion . . :
proliferation, apoptosis | later stages
KPNA2 Hepe.ltocellular Ursieanliion, Noszar Poor survllvaill, aggresswe cllrncal Chk2, BRCAT1,
(Imp a1) Carcinoma Accumulation characteristics, increased migra- | NBS1, AR, p53, c-
P (HCC) tion/proliferation Myc, RAC-1
Esophageal . _
KPNA2 | Squamous Cell . : Poor d|fferent|at|or.1, tumor depth, Not specified in
. Positive expression lymphatic/venous invasion, tumor
(Imp a1) | Carcinoma stage. boor survival sources
(ESCC) ge.p
DNA damage re-
KPNA2 Non-Small Cell Lymphatic invasion, advanced sponse proteins,
(Imp a1) Lung Cancer High expression stage, shorter OS/RFS, higher OCT4-c MYC
P (NSCLC) recurrence pathway mole-
cules
Higher tumor stage, positive
KPNA2 Breast Cancer Nuclear protem. expres- |[lymph node statgs, higher tumor BRCA1, XIAP
(Imp a1) sion, upregulation grade, poor survival, chemo-
resistance, radioresistance
Impat Chemoresistance, poorer clinical
Impab Breast Cancer | Differential expression | outcomes, pronounced sensitivity | XIAP
ImpB1 to importin inhibition
Imoa3 Various (related | Not specified as dysreg- | Implicated in various cancers
Impa4 to NF-kB/IRF3 | ulated, but critical for where NF-kB/IRF3 signaling is NF-kB, IRF3
P signaling) oncogenic cargo import | active

Part IV. Importin Alpha Isoforms as
Emerging Therapeutic Targets in
Cancer

The compelling evidence of importin alpha isoform
dysregulation in cancer pathogenesis establishes
a strong rationale for their therapeutic targeting.
These proteins represent a novel class of emerg-
ing targets with the potential to significantly impact
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cancer treatment strategies.

4.1 Rationale for Targeting Nuclear Transport
in Cancer

Nucleocytoplasmic transport is fundamentally im-
portant for regulating gene expression, cell cycle
progression, and signal transduction, all of which
are hijacked and dysregulated in cancer.""' The
consistent observation that cancer cells frequently
exhibit aberrant nuclear transport, often character-
ized by elevated karyopherin levels, points to a pro-
found dependence or "addiction" to this machinery
for their sustained growth, proliferation, and sur-
vival.Y""W This dependence creates a critical thera-
peutic vulnerability, as disrupting these pathways
could selectively impair cancer cell viability while
potentially minimizing harm to healthy cells. The
development of inhibitors targeting various karyo-
pherin systems, including the CRM1/XPO1 path-
way, Kapp2/TNPO1, the Impa/ heterodimer, and
Impp alone, is actively underway. These inhibitors
are not only valuable tools for elucidating cargo
specificity and cellular mechanisms but are also
being developed as promising targeted therapeutic
agents.""V Targeting importin alpha isoforms of-
fers a dual therapeutic advantage: a direct anti-pro-
liferative/pro-apoptotic effect by disrupting essen-
tial oncogenic transport and a synergistic effect by
sensitizing resistant tumors to conventional
chemotherapies or radiotherapy. This positions im-
portin alpha inhibitors as promising candidates for
combination therapies to overcome drug re-
sistance, which remains a major clinical challenge.

4.2 Molecular Mechanisms of Importin Alpha
Inhibition

Therapeutic strategies aimed at disrupting importin
alpha function typically seek to interfere with its crit-
ical protein-protein interactions or conformational
states essential for the nuclear import cycle.

e Interference with NLS Binding: One primary
mechanism involves inhibitors directly binding
to the NLS binding sites located on the ARM
domain of importin alpha. This competitive

binding prevents the recognition and subse-
quent import of NLS-containing cargo pro-
teins.""W This is the proposed mechanism of
action for ivermectin, which disrupts the inter-
action between importin alpha and viral NLS-
containing proteins.""%

e Disruption of IBB Domain Interactions: In-
hibitors could also target the IBB domain of im-
portin alpha. By preventing its association with
importin beta, these inhibitors could maintain
importin alpha in its auto-inhibited state,
thereby significantly reducing its affinity for
NLS-containing cargo.""V Alternatively, com-
pounds could interfere with the IBB domain's
crucial role in facilitating cargo dissociation
within the nucleus.

e Inhibition of Importin Alpha/Beta Heterodi-
mer Formation/Function: Preventing the sta-
ble formation or proper function of the
Impa/ImpB heterodimer would effectively abro-
gate the classical nuclear import pathway, as
both subunits are essential for cargo recogni-
tion, NPC interaction, and translocation.""¥
INI-43, for instance, is identified as an inhibitor
targeting the importin a/f1 classical path-
way.WWW

e Modulating Recycling: Interfering with the for-
mation or dissociation of the exportin
CAS/Ran-GTP complex could disrupt the effi-
cient recycling of importin alpha from the nu-
cleus back to the cytoplasm. This would effec-
tively trap importin alpha in one compartment,
reducing its availability for subsequent import
cycles and thereby diminishing overall import
efficiency "WV

4.3 Current Landscape of Importin Alpha In-
hibitors

The development of specific inhibitors targeting im-
portin alpha isoforms is an active area of research,
with several promising agents emerging.

e INI-43: This compound has been identified as
a potential inhibitor of the importin a/B1 classi-
cal pathway.""W Pharmacological intervention
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with INI-43 has revealed that the antiapoptotic
protein XIAP, which is classically cytoplasmic,
can shuttle to the nucleus via the importins a/31
classical pathway. This nuclear mislocalization
of XIAP is associated with breast cancer
chemoresistance and poorer clinical out-
comes.""W Crucially, INI-43-mediated inhibi-
tion of importins a/1 has been shown to po-
tentiate the cytotoxic effects of conventional
chemotherapy agents, such as docetaxel and
doxorubicin, in drug-refractory breast cancer
cells.""" These findings strongly suggest that
targeting protein nuclear import via importins a
and B1, particularly when combined with con-
ventional chemotherapy, might offer significant
clinical benefit for drug-resistant tumors."*"W

Ivermectin: An FDA-approved broad-spec-
trum antiparasitic drug, ivermectin has gar-
nered attention for its antiviral properties, which
are attributed to its ability to inhibit the classical
protein nuclear import pathway mediated by
importin-a and -B1.""% Mechanistically, iver-
mectin disrupts the binding of various viral pro-
teins, including HAdV-C5 E1A, HIV-1 inte-
grase, and Dengue virus NS5, to importin-
a.""W Importantly, it achieves this without af-
fecting the interaction between importin-a and
importin-B1, suggesting its primary target is the
NLS-binding pocket on importin alpha.""" Iver-
mectin acts as a broad-spectrum inhibitor of
Impa/B1-mediated nuclear import, with no ob-
served effect on other import pathways, such
as those mediated by importin 1 alone."""
While these preclinical and antiviral properties
are intriguing, it is critical to note that medical
oncologists caution that antiparasitic drugs like
ivermectin are not a substitute for evidence-
based cancer care.""V This highlights the sig-
nificant gap between in vitro mechanistic find-
ings and validated clinical efficacy in oncology.
Peptide-based Inhibitors (e.g., N50 peptide):
The N50 peptide, derived from the NLS of NF-
kB1/p50, forms stable complexes with multiple
importins/karyopherins alpha. However, it dis-
plays specific, high-affinity binding to importin
a5 (Imp a5).""W This peptide was designed to

bind to importin alphas during stimulus-initiated
signaling, thereby limiting the docking of NLS-
bearing signal-regulated transcription factors
(SRTFs), such as STAT1 and NF-kB, and con-
sequently reducing their nuclear import.""%
The observation that Imp a5-deficient mice are
viable and fertile suggests that in vivo targeting
of Imp a5 by nuclear transport modulators
(NTMs) could be well-tolerated, offering a po-
tential path for isoform-specific therapeutic de-
velopment. "W

e Other Small Molecule Inhibitors: Beyond the
aforementioned compounds, the field of small
molecule inhibitors specifically targeting im-
portin alpha proteins is still in its nascent
stages, with very few initial studies reported
compared to more established karyopherin tar-
gets like CRM1/XPO1.""% However, the
broader landscape of small molecule inhibitors
in cancer therapy is rapidly advancing, offering
advantages such as a wide range of targets,
convenient oral bioavailability, and the ability to
penetrate the central nervous system, which
are desirable properties for future importin al-
pha inhibitors.WWW

4.4 Synergistic Effects with Conventional
Therapies

A compelling aspect of targeting importin alpha
isoforms is their potential to act as sensitizers, en-
hancing the efficacy of established cancer treat-
ments. Inhibition of importin alpha, particularly via
the importins a/B1 pathway, has been shown to po-
tentiate the cytotoxic effects of conventional chem-
otherapy agents, such as docetaxel and doxorubi-
cin, in drug-refractory breast cancer cells."" This
suggests a promising strategy to overcome
chemoresistance, a major clinical hurdle that limits
the effectiveness of many anti-cancer drugs.

Furthermore, the inhibition of KPNA2 has been
demonstrated to augment radiation-induced cell
death by perturbing BRCA1-mediated DNA re-
pair.""V Specifically, KPNA2 knockdown leads to
the cytoplasmic accumulation of BRCA1, thereby
disrupting its crucial nuclear function in DNA repair
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and increasing apoptosis in irradiated cancer
cells.""W This positions KPNAZ2 inhibitors as poten-
tial radiosensitizers, offering a strategy to improve
the effectiveness of radiotherapy, especially in ra-
dioresistant tumors. These findings underscore
that importin alpha inhibitors could be developed
not just as monotherapies but primarily as agents

to overcome acquired or intrinsic drug resistance,
particularly in combination with conventional chem-
otherapy or radiotherapy. This dual strategy of di-
rect anti-cancer effects and sensitization to existing
therapies makes importin alpha isoforms particu-
larly attractive as emerging therapeutic targets.

Table 3: Emerging Importin Alpha Inhibitors: Mechanism, Target Isoforms, and Preclinical/Clinical

Status
Inhibitor | Primary Tar- | Mechanism of Ac- | Key Preclinical Find- Associated
. . Current Status
Name get tion ings Cancer Types
Pot.ent|ates cyto- Overcomes chemo-
toxic effects of ) .
Importin a/B1 | chemotherapy by resistance, sensitizes
INI-43 . . drug-refractory breast Breast Cancer | Preclinical
heterodimer modulating XIAP
cancer cells to docet-
nuclear transloca- .
. axel/doxorubicin
tion
Impa-NLS eratis g & Potent antiviral a9t|V|ty FDA-apprgvgd
L . . (HIV-1, Dengue virus, o . for parasitic in-
binding viral proteins to S Viral infections .
. o HAdV-C5), inhibits nu- . fections; contro-
Ivermectin | (broad-spec- | Impa; inhibits : (not a validated .
. clear accumulation of versial/not rec-
trum Impa/B1 | Impa/B1-mediated . cancer therapy)
- : Impa/B1-recognized car- ommended for
inhibitor) nuclear import
goes cancer therapy
Binds NLS binding
Impa5 (high- | pockets, limits Reduces nuclear import | Inflammatory re-
N50 pep- | affinity), other |docking of NLS- of STAT1; Impa5-defi- sponses, poten- Preclinical
tide Impa (lower bearing SRTFs cient mice viable/fertile | tial for cancer
affinity) (e.g., STAT1, NF- [ (suggests tolerability) targeting
KB)
Multiple Mye- Approved for
. . loma, Lympho- .
Single-agent anti-cancer . Multiple Mye-
, . Blocks nuclear ex- S . . mas, Glioblas-
Selinexor | Exportin 1 ort of tUMor SUD- activity in various malig- toma. AML loma, Lympho-
(KPT-330) | (CRM1/XPO1) P . P nancies, sensitizes to ’ ’ mas; numerous
pressor proteins NSCLC, Gas- . .
chemotherapy tric/Esophageal clinical trials
phageal | phase 1111
Cancer

Part V. Challenges, Limitations, and
Future Directions

Despite the compelling potential of importin alpha

isoforms as therapeutic targets in cancer, their clin-
ical translation is accompanied by significant chal-
lenges and limitations that must be rigorously ad-
dressed in future research and development.

5.1 Achieving Isoform Specificity: The Central
Challenge
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A paramount challenge in developing importin al-
pha-targeted therapies lies in achieving exquisite
isoform specificity. While human importin alpha
isoforms demonstrate remarkable functional diver-
sification in vivo, they also share significant struc-
tural and sequence similarity."" This high degree
of homology makes the design of inhibitors that se-
lectively target a single or a desired subset of
isoforms, without affecting others, a formidable
task.""W Lack of such specificity could lead to wide-
spread off-target effects, as importin alpha proteins
are ubiquitously expressed and essential for the
nuclear import of a vast array of proteins critical for
normal cellular function in healthy tissues.""" This
non-specific disruption could result in systemic tox-
icity, severely limiting the therapeutic window. The
N50 peptide's preferential, high-affinity binding to
Impa5, while demonstrating the possibility of iso-
form specificity, also underscores the difficulty in
achieving this across the entire family.""" Further
studies are needed to determine if weaker interac-
tions with other isoforms play significant roles in
mediating nuclear import of other critical proteins,
which could contribute to unwanted side ef-
fects.""W' The core problem is that nuclear
transport is fundamental to all cells, so any broad
inhibition will inevitably lead to systemic toxicity,
making isoform-specific targeting not just an ad-
vantage but a necessity for clinical viability.

5.2 Toxicity Profiles of Karyopherin Inhibitors:
Lessons from Selinexor

The experience gained from the development and
clinical use of other karyopherin inhibitors, particu-
larly Selective Inhibitors of Nuclear Export (SINEs)
like Selinexor (KPT-330) which targets Exportin 1
(CRM1/XPO1), provides crucial insights into the
potential toxicity profiles that importin alpha inhibi-
tors might exhibit."" Selinexor has demonstrated
common dose-dependent adverse events, typically
Grade 1 or 2, including nausea, vomiting, anorexia,
and fatigue, which are generally manageable with
supportive care.""" However, more severe toxici-
ties (Grade 3 or 4) have been reported, such as

anemia, thrombocytopenia, leukopenia, and lym-
phopenia.""* While clinically significant major or-
gan or cumulative toxicities have been rare, and
newer analogs like KPT-8602 are being developed
to improve the toxicity profile YV, these experi-
ences underscore the critical need for meticulous
toxicity assessment and optimization during the
development of importin alpha inhibitors.

Beyond direct cellular toxicity, karyopherin abnor-
malities, including their subcellular mislocalization
and aggregation, have been associated with vari-
ous neurodegenerative diseases such as amyo-
trophic lateral sclerosis (ALS), frontotemporal de-
mentia (FTD), Alzheimer's disease, and synucle-
inopathies like Parkinson's disease.""" This high-
lights the broad physiological importance of these
proteins not only in nuclear transport but also in
maintaining protein homeostasis, as karyopherins
can act as chaperones by shielding aggregation-
prone proteins against misfolding and irreversible
phase ftransition into insoluble aggregates.""V
Therefore, broad inhibition of karyopherins could
potentially disrupt this protective chaperone func-
tion, leading to systemic side effects, including
neurological impacts, if inhibitors lack sufficient iso-
form specificity. The lessons from CRM1/XPO1 in-
hibitors highlight that while karyopherin inhibition
can be therapeutically effective, it comes with a sig-
nificant risk of off-target toxicities due to the ubiqui-
tous and essential nature of nuclear transport. This
mandates that future importin alpha inhibitors must
prioritize exquisite isoform specificity and optimal
dosing schedules to achieve a favorable therapeu-
tic window.

5.3 Development of Novel Small Molecule In-
hibitors

The current landscape of small molecule inhibitors
directly targeting importin alpha isoforms is nas-
cent, with very few initial studies reported.""V
There is a pressing need for accelerated discovery
and development of novel small molecules that are
not only potent but also highly specific for individual
importin alpha isoforms. Such inhibitors must pos-
sess favorable pharmacokinetic properties,
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including oral bioavailability for patient conven-
ience and the ability to penetrate relevant physio-
logical barriers, such as the blood-brain barrier for
the treatment of brain tumors.""*" Advanced com-
putational modeling, high-throughput screening,
and structure-based drug design approaches will
be crucial for optimizing both potency and selectiv-
ity. The success achieved with other targeted ther-
apies, particularly small molecule kinase inhibitors,
provides a strong precedent for the feasibility of
this approach in oncology."""¥ The recognized off-
target effects of some cancer drugs, such as PARP
inhibitors interacting with kinases "%, and the po-
tential for "polypharmacology," where drugs exert
beneficial effects on multiple pathways "V, sug-
gest that future importin alpha inhibitors might be
designed to leverage such multi-target activity,
though the primary focus remains on specificity.

5.4 Understanding the Origin of Dysregulation

A significant knowledge gap exists in the current
understanding of importin alpha dysregulation in
cancer. Most studies on aberrant karyopherin lev-
els in cancer primarily focus on their identification
as diagnostic and prognostic factors.""" However,
detailed investigations into the origin of this dysreg-
ulated expression and protein levels, and the pre-
cise tumorigenic mechanisms resulting from it, are
rare and critically needed.""" A deeper under-
standing of the upstream genetic, epigenetic, or
signaling pathways that lead to aberrant importin
alpha expression and activity in cancer cells could
reveal novel regulatory nodes. Targeting these up-
stream mechanisms might offer an alternative, po-
tentially less direct but more systemic, way to nor-
malize importin alpha function. Such insights could
also provide predictive biomarkers for patient strat-
ification, identifying which tumors are most likely to
respond to importin alpha-targeted therapies
based on their underlying dysregulatory mecha-
nisms. The observation that the origin of dysregu-
lated karyopherin expression is rarely studied rep-
resents a significant knowledge gap. Understand-
ing the upstream genetic, epigenetic, or signaling
pathways that lead to aberrant importin alpha

levels in cancer could uncover novel regulatory
nodes, offering an alternative, potentially less di-
rect but more systemic, way to normalize importin
alpha function, or provide predictive biomarkers for
patient stratification.

5.5 Clinical Translation and Ongoing Research

While clinical trials for other karyopherin inhibitors,
such as CRM1/XPO1 inhibitors like Selinexor, are
ongoing for various malignancies "%, direct clini-
cal trials specifically targeting importin alpha
isoforms are still largely in early preclinical or very
early clinical development.""W Future research
must prioritize rigorous preclinical validation of iso-
form-specific inhibitors, including comprehensive
efficacy testing in diverse in vivo cancer models
that accurately reflect human disease heterogene-
ity. This must be coupled with exhaustive toxicity
profiling, particularly considering potential neuro-
logical or developmental impacts, given the broad
physiological roles of these proteins.

The strong preclinical evidence for synergy with
conventional therapies, such as chemotherapy and
radiotherapy """, indicates that combination strat-
egies, rather than monotherapy, are likely to be the
most impactful clinical application for importin al-
pha inhibitors. These combinations need to be
thoroughly explored in clinical settings. Finally, the
development and validation of robust biomarkers,
such as specific importin alpha isoform expression
levels or patterns of cargo mislocalization, will be
crucial. These biomarkers will enable the identifi-
cation of patient populations most likely to benefit
from importin alpha-targeted therapies, paving the
way for a more personalized and effective ap-
proach to cancer treatment. The consistent syn-
ergy of importin alpha inhibitors with chemotherapy
and radiotherapy suggests that combination strat-
egies, rather than monotherapy, are likely to be the
most impactful clinical application, leveraging their
ability to overcome drug resistance.

Part VI. Conclusion and Recommen-
dations
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6.1 Summary of Key Findings

Importin alpha isoforms are indispensable adaptor
proteins within the classical nuclear import path-
way, exhibiting remarkable substrate specificity
that is crucial for a myriad of cellular functions, ex-
tending beyond mere nuclear transport to encom-
pass development, stress response, and protein
degradation.""V Their dysregulation, particularly
the upregulation and nuclear accumulation of spe-
cific isoforms like KPNAZ2, is a pervasive hallmark
across numerous cancer types, including hepato-
cellular carcinoma, breast cancer, esophageal
squamous cell carcinoma, and non-small cell lung
cancer.""W This aberrant expression consistently
correlates with aggressive disease phenotypes,
poor prognosis, and the development of therapeu-
tic resistance."""

The pathological consequences of this dysregula-
tion manifest as the aberrant nuclear localization of
critical tumor suppressors, such as BRCA1, p53,
Chk2, and NBS1, or the mislocalization and en-
hanced nuclear import of oncogenes and pro-sur-
vival proteins like the Androgen Receptor (AR), c-
Myc, and X-Linked Inhibitor of Apoptosis Protein
(XIAP).""W These alterations directly drive funda-
mental hallmarks of cancer, including uncontrolled
proliferation, evasion of apoptosis, and impaired
DNA repair mechanisms.

The compelling evidence for importin alpha isoform
dysregulation establishes them as highly promising
and emerging therapeutic targets in oncology. Pre-
clinical data robustly demonstrate that targeted in-
hibition of specific importin alpha isoforms can ex-
ert direct anti-cancer effects by disrupting these on-
cogenic transport pathways.""" Furthermore,
these inhibitors hold significant potential to sensi-
tize drug-resistant tumors to conventional chemo-
therapies and radiotherapy, offering a powerful
strategy to overcome acquired or intrinsic thera-
peutic resistance, a major clinical challenge.""V
The molecular mechanisms by which these inhibi-
tors operate, often by interfering with NLS binding

or the importin alpha/beta heterodimer formation,
are being elucidated, with agents like INI-43 and
Ivermectin providing early proof-of-concept. """

6.2 Recommendations for Future Research
and Clinical Development

To translate the promising preclinical findings into
effective clinical therapies, several key recommen-
dations for future research and development are
paramount:

e Deepening Understanding of Isoform-Spe-
cific Cargo Networks: Future research must
prioritize comprehensive proteomic and func-
tional studies to fully map the isoform-specific
cargo repertoire across diverse cancer types
and stages. This will enable the precise identi-
fication of the most relevant importin alpha
isoforms and their oncogenic cargo in specific
malignancies, allowing for highly targeted ther-
apeutic interventions.

e Developing Highly Selective Importin Alpha
Inhibitors: A critical imperative is the discovery
and optimization of novel small molecule inhib-
itors with exquisite isoform specificity. This will
necessitate advanced computational modeling,
high-throughput screening, and structure-
based drug design approaches to minimize off-
target effects and significantly improve the ther-
apeutic index, thereby enhancing safety and ef-
ficacy in patients.

e Conducting Rigorous Preclinical and Clini-
cal Studies: Systematically validating the effi-
cacy and safety of promising importin alpha in-
hibitors in diverse, clinically relevant in vivo
cancer models is essential. This includes com-
prehensive toxicity profiling, paying particular
attention to potential neurological or develop-
mental impacts, given the broad physiological
roles of these proteins.

e Exploring Combination Therapies: Given the
strong preclinical evidence for synergy, future
efforts should focus on designing and testing
rational combination regimens where importin
alpha inhibitors act as sensitizers to enhance
the efficacy of existing chemotherapies,
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radiotherapies, or other targeted agents. This
approach holds particular promise for overcom-
ing drug resistance in recurrent or refractory
cancers.

Investigating Upstream Regulatory Mecha-
nisms: Research into the fundamental causes
of importin alpha dysregulation in cancer is cru-
cial. Understanding the upstream genetic, epi-
genetic, or signaling pathways that lead to ab-
errant importin alpha levels could uncover
novel regulatory nodes, offering alternative
therapeutic targets or providing predictive

biomarkers for patient stratification and person-
alized treatment strategies.

Biomarker-Driven Patient Selection: The de-
velopment and validation of robust biomarkers,
such as specific importin alpha isoform expres-
sion levels or characteristic cargo mislocaliza-
tion patterns, are indispensable. These bi-
omarkers will enable the precise identification
of patient populations most likely to benefit
from importin alpha-targeted therapies, ensur-
ing that these novel treatments are applied in
the most effective and rational manner.
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