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Introduction

The compartmentalization of the eukaryotic cell
into a nucleus and cytoplasm is a fundamental evo-
lutionary innovation that necessitates a highly reg-
ulated system for trafficking macromolecules be-
tween these two domains. This process, known as
nucleocytoplasmic transport, is essential for a vast
array of cellular functions, including gene expres-
sion, signal transduction, cell cycle progression,
and the maintenance of cellular homeostasis."*"V
The bidirectional movement of proteins and RNA
through the nuclear pore complexes (NPCs) em-
bedded in the nuclear envelope is not a passive
process; it is a signal-dependent and energy-re-
quiring cascade mediated by a superfamily of
transport receptors known as karyopherins.WWW
These receptors recognize specific transport sig-
nals on their cargo molecules and facilitate their
passage across the nuclear boundary.

Within this superfamily, the importin a family of pro-
teins serves a critical and specialized function in
the classical nuclear import pathway. "W Rather
than directly interacting with the NPC, importin a
proteins act as adaptors. Their primary role is to
recognize and bind to cargo proteins that bear a
classical nuclear localization signal (NLS), a short
sequence of basic amino acids that acts as a pass-
port for nuclear entry.""¥ Once bound to the cargo,
importin a recruits a second protein, importin 31,
which then mediates the docking and translocation
of the entire complex through the NPC.""W The ex-
istence of multiple importin a isoforms in mam-
mals—seven in humans—suggests a layer of func-
tional specificity and diversification, allowing for the
differential regulation of cargo transport in various
cell types and physiological states.""""

This report focuses on one such member, Karyo-
pherin Subunit Alpha 6 (KPNAG), which is also
widely known as importin subunit alpha-7 or
IPOA7.Y"Y As a member of the a1l subfamily,
KPNAG is broadly expressed across many tissues,
yet emerging evidence reveals that it possesses
distinct and often non-redundant functions that set
it apart from its paralogs.""" While it participates in

the canonical import of numerous cellular proteins,
it has also been identified as a key player in a sur-
prising range of pathological and physiological pro-
cesses.

The central thesis of this analysis is that while
KPNAG is implicated in a wide spectrum of health
conditions, its roles in viral pathogenesis and the
regulation of fundamental cellular homeosta-
sis—specifically the oxidative stress response and
fertility—are the most significant and mechanisti-
cally well-defined. This report will provide an ex-
haustive, evidence-based exploration of KPNAG,
beginning with its fundamental molecular biology.
It will then delve into a detailed mechanistic analy-
sis of its critical involvement in viral lifecycles, its
complex and context-dependent functions in onco-
genesis, and its emerging connections to neuro-
degenerative proteinopathies. By juxtaposing
these pathological roles with its essential, non-re-
dundant functions in normal physiology, this review
aims to construct a comprehensive understanding
of KPNAG6 and ultimately determine where its im-
pact on human health and disease is most pro-
found.

l. The Molecular and Cellular Biol-
ogy of KPNAG6

A thorough understanding of KPNAG's role in
health and disease must be grounded in its funda-
mental molecular characteristics, from its genetic
locus and expression patterns to its precise struc-
tural architecture and its canonical mechanism of
action within the cell's transport machinery.

1.1 Gene, Expression, and Protein Struc-
ture

Gene and Aliases

The protein importin subunit alpha-7 is encoded by
the KPNA6 gene in humans, which is located on
the short arm of chromosome 1 at position
1p35.2.""W The gene is known by several aliases,
including karyopherin subunit alpha 6, importin a7,
and IPOA7.W"W 1t is important to note the potential
for confusion in the literature, as it is sometimes er-
roneously referred to as KPNA7, which is the
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official symbol for a different isoform, importin
a8.""W For clarity, this report will use the official
gene symbol KPNA6 and the common protein
name importin a7.

Expression Profile

KPNAG exhibits a wide expression profile across
numerous human tissues, which is indicative of a
broad and fundamental physiological role.""W
Large-scale transcriptomic databases such as The
Cancer Genome Atlas (TCGA) and the Human
Protein Atlas (HPA) classify its expression as hav-
ing low tissue specificity, as it is detected in nearly
all tissues analyzed.""W Despite this ubiquitous
presence, certain tissues show particularly notable
expression, including the testes, brain, liver,
spleen, lung, buccal mucosa, skeletal muscle, and
oocytes.""W This broad but varied expression pat-
tern hints at both housekeeping functions and spe-
cialized roles within specific cellular contexts.

Structural Architecture

The KPNAG protein, like other members of its fam-
ily, possesses a highly conserved structural archi-
tecture comprising three key functional regions that
work in concert to mediate cargo recognition and
transport.WWwW

e Importin B-Binding (IBB) Domain: Located at
the N-terminus, the IBB domain is a stretch of
approximately 40-50 amino acids that is abso-
lutely essential for nuclear import.""V Its primary
function is to bind importin 1 (KPNB1), the car-
rier molecule that engages with the nuclear pore
complex. The IBB domain also serves a crucial
autoinhibitory function. In the absence of im-
portin 31, the IBB domain folds back and steri-
cally occludes the NLS-binding sites on the
same KPNA6 molecule, preventing premature
or unregulated binding to cargo proteins in the
cytoplasm."WW This ensures that cargo is only
engaged when the full transport machinery is
ready to assemble. The functional importance of
this domain is highlighted by studies in mice
where a specific deletion of the IBB domain in
Kpna6 leads to severe defects in spermatogen-
esis. "W

e Armadillo (ARM) Repeats: The central core of
the KPNAG protein is composed of a series of
10 tandem armadillo (ARM) repeats.""V These
repeats fold together to form an elongated,
curved solenoid-like structure. This structure
creates a continuous helical surface groove,
which contains two distinct binding sites for
NLS-containing cargo: a major site that binds
simple (monopartite) NLS sequences and a mi-
nor site that, together with the major site, ac-
commodates bipartite NLS sequences.""" The
interaction with the NLS is mediated by highly
conserved tryptophan and asparagine residues
within the ARM repeats, which form critical con-
tacts with the basic residues of the cargo's
NLS.""W While the overall structure is con-
served across importin a isoforms, subtle varia-
tions in the sequence and geometry of this
groove are thought to be the basis for their dif-
ferential cargo specificity. WWW

e C-Terminal Region: The short, hydrophilic C-
terminus of the protein contains a binding site
for the nuclear export factor CAS (Cellular Apop-
tosis Susceptibility protein), also known as ex-
portin-2.""W This interaction is essential for the
recycling phase of the import cycle, where CAS,
in conjunction with the small GTPase Ran, me-
diates the export of cargo-free KPNAG6 from the
nucleus back to the cytoplasm for subsequent
rounds of import.WWW

Structural studies, including the 2.5 A resolution
crystal structure of human importin a7, have pro-
vided valuable insights. These studies suggest
that, unlike some other transport receptors, KPNAG
does not undergo large-scale conformational
changes upon binding to its cargo.""" This relative
rigidity implies that its specificity for certain cargo
proteins is determined by the pre-existing chemical
and steric landscape of its NLS-binding groove.
This structural fine-tuning, rather than induced fit,
is a key determinant of its unique biological func-
tions and its selective exploitation by various path-
ogens.

1.2 The Canonical Nuclear Import Mecha-
nism
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KPNAG functions as the central adaptor in the clas-
sical pathway for importing proteins into the nu-
cleus. This process can be understood as a highly
orchestrated, multi-step cycle.""W

e Cargo Recognition and Complex Formation:
The cycle begins in the cytoplasm, where
KPNAG identifies and binds directly to a protein

destined for the nucleus via the cargo's NLS mo-
tif. www

¢ Recruitment of Importin 1: The importin (31
carrier protein (KPNB1) then binds to the N-ter-
minal IBB domain of the KPNAG-cargo complex.
This binding event is critical as it displaces the
autoinhibitory IBB domain from the NLS-binding
groove, stabilizing the cargo interaction and
forming a stable, import-competent trimeric
complex (Cargo-KPNAG-KPNB1)."WW

e Docking and Translocation: KPNB1 is the
component that interacts with the nuclear pore
complex. It mediates the docking of the trimeric
complex to the cytoplasmic filaments of the NPC
by binding to specific nucleoporins rich in phe-
nylalanine-glycine (FG) repeats.""" Following
docking, the entire complex is actively translo-
cated through the central channel of the NPC in
an energy-dependent process.""W

¢ Nuclear Dissociation and Cargo Release:
Upon arrival in the nucleoplasm, the complex
encounters a high concentration of the small
GTPase Ran in its GTP-bound state (Ran-
GTP). Ran-GTP binds directly to KPNB1, induc-
ing a conformational change that causes it to re-
lease the KPNAG-cargo dimer.Y"W The release
from KPNB1 allows the autoinhibitory IBB do-
main of KPNAG to re-engage with its own NLS-
binding site, which competes with and displaces
the cargo protein, leading to its final release into
the nucleoplasm where it can perform its func-
tion.WWW

e Receptor Recycling: The now cargo-free
KPNAG is recognized by the export receptor
CAS. In the presence of Ran-GTP, CAS forms
a complex with KPNA6 and mediates its
transport back out to the cytoplasm. Simultane-
ously, the KPNB1-Ran-GTP complex is also

exported. In the cytoplasm, GTP hydrolysis on
Ran (triggered by Ran-GAP) leads to the disso-
ciation of these export complexes, releasing
KPNAG6 and KPNB1 to initiate another round of

import.WWW

This asymmetric distribution of Ran-GTP (high in
the nucleus, low in the cytoplasm) provides the di-
rectionality and energy for the entire transport cy-
cle.

1.3 Non-Canonical and Non-Transport
Functions

While the role of KPNAG6 as an NLS adaptor is its
canonical function, it is increasingly clear that im-
portin a proteins are multifunctional and can en-
gage in activities beyond simple transport.V"V
These non-canonical roles can include acting as
cytoplasmic anchors to prevent a protein's nuclear
entry, participating in protein degradation path-
ways, or serving as structural scaffolds for the as-
sembly of larger protein complexes.""V A promi-
nent example, which will be detailed in Section 2,
is the essential, non-transport scaffolding role that
KPNAG plays in maintaining the activity of the influ-
enza virus polymerase complex in the nucleus.""W
This functional versatility is a recurring theme and
is central to understanding the diverse ways in
which KPNAG contributes to both health and dis-
ease.

The high degree of sequence homology among the
seven human importin a isoforms, ranging from
42% to 86%, presents a biological puzzle: if they
are so similar, what accounts for their distinct, often
non-redundant, physiological functions?.""% For
instance, the absolute requirement for Kpna6 in
mouse fertility cannot be compensated for by other,
highly similar isoforms.""W The resolution to this
puzzle appears to lie not in their broad similarities
but in their subtle structural and chemical differ-
ences. The cargo-binding groove, formed by the
ARM repeats, is not identical across isoforms. Mi-
nor variations in amino acid sequence, particularly
in the linker regions between the ARM repeats, cre-
ate unique topographies and charge distribu-
tions.""W This is exemplified by the finding that se-
quence variations in the RxxR motifs between
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importin a3 and importin a7 (KPNAG) directly affect
the binding affinity for the influenza A virus PB2
polymerase subunit, a key factor in host adapta-
tion.""W Furthermore, the crystal structure of
KPNAG6 suggests a relatively rigid conformation
that does not undergo significant induced fit upon
cargo binding.""" This implies that functional spec-
ificity is hard-wired into its structure. In essence,

each importin a isoform presents a slightly different
"lock," and various cellular and viral proteins have
evolved to fit the specific "key" of one isoform over
others. This principle of structural nuance dictating
functional specificity is fundamental to understand-
ing why a particular virus, such as SARS-CoV-2,
would evolve to specifically target KPNAG to block
IRF3 transport, or why the Keap1 protein relies on
KPNAG for its nuclear import.WWW

Table 1: Key Protein Cargo and Interactors of KPNAG

Cargo/Interactor BlOIO‘(,]',caI Process/ Outcome of Interaction Ref.
Condition
Oxidative Stress Re- Mediates nuclear import of Keap1 to repress
Keap1 . Www
sponse Nrf2 activity.
Mediates nuclear import of the PHB2 tumor
PHB2 (Prohibitin 2) Breast Cancer suppressor; this is blocked by the oncopro- www
tein BIG3.
Bound by viral M protein, which inhibits
IRFS3 (Interferon Regulatory SARS-CoV-2 Infection | KPNAG6-mediated nuclear import of IRF3, www
Factor 3) . . .
suppressing the innate immune response.
Glucocorticoid Receptor (GR) Systemic Stress Re- Functions as a nuclear import receptor for o
sponse GR.
LRRK2 (Leucine-rich repeat . . Identified as a substrate of the LRRK2 ki-
, Parkinson's Disease www
kinase 2) nase.
s S Parkinson's Disease May mgdlate nuclear import of sumoylated a- -
synuclein.
ST/_\T'? (Signal trans_dl_lcer and Cytokine Signaling Binds to STAT3 upon cytokine stimulation. www
activator of transcription 3)
Influenza A Virus Rep- Acts as a scaffold, forming a complex with
ANP32A/B o P~ | ANP32A/B and the viral polymerase to main- | www
lication o o
tain its activity.
Influenza vVRNP I.nflu.enza A Virus Rep- | Interacts with the V|ral. ribonucleoprotein com- -
lication plex as part of a functional scaffold.
. Prototype Foamy Virus | Mediates nuclear import of the essential viral
Bel1 (PFV Transactivator) (PFV) Replication transactivator Bel1. e
PRRSV nsp18 PRRSV Replication Requwed for the nuclear.translocatlon of the o
viral non-structural protein nsp1.
HIV-1 Proteins (Rev, IN, MA) HIV-1 Replication Interact.s with mulltlple HIV-1 proteins to facili- -
tate their nuclear import.
Ebolavirus VP24 Ebolavirus Infection Interacts with the viral protein VP24. www
Acts as the import receptor for the transcrip-
HNF1A MODY Diabetes tion factor HNF1A; mutations in HNF1A's WWW
NLS impair this interaction.
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II. KPNAG6 as a Central Mediator in
Viral Pathogenesis

One of the most significant and extensively docu-
mented roles for KPNAG is its exploitation by a re-
markably diverse array of human and animal vi-
ruses. Pathogens from distinct viral families have
independently evolved sophisticated strategies to
hijack, manipulate, and subvert the function of
KPNAG to facilitate nearly every stage of their
lifecycle, from genome replication and protein
transport to the evasion of host innate immun-
ity. "W The recurring targeting of KPNAG6 under-
scores its central position as a critical host cell
factor for viral success.

2.1 A Finely Tuned Cofactor in Influenza A
Virus Replication

The role of KPNAG in the lifecycle of Influenza A
Virus (IAV) is particularly striking and reveals a
highly unusual regulatory mechanism. Research
has demonstrated a "Goldilocks" principle, where
both the absence of KPNAG (via knockout) and its
excess (via overexpression) are detrimental to the
virus, leading to the inhibition of viral polymerase
activity and a subsequent reduction in viral repli-
cation.""W This indicates that the virus requires a
precise, optimal concentration of KPNAG to func-
tion efficiently.

The mechanism underlying this requirement is a
fascinating example of a non-transport function.
Instead of merely acting as an import adapter,
KPNAG serves as an essential structural cofactor
or scaffold within the nucleus.""¥ It physically in-
teracts with both the host restriction/support factor
ANP32A/B and the viral ribonucleoprotein (vRNP)
complex, which consists of the viral polymerase
subunits (PB2, PB1, PA) and the nucleoprotein
(NP).""W The formation of this ternary KPNAG-
ANP32-vRNP complex is crucial for maintaining
the stability and activity of the viral polymerase,
which is responsible for transcribing and replicat-
ing the viral genome. "YW

Critically, this scaffolding function is independent
of KPNAG's canonical role in nuclear import.

Experiments have shown that overexpression of
KPNAG6 mutants lacking the NLS-binding domain
can still inhibit polymerase activity."""¥ This sug-
gests a model of competitive binding: KPNA6 and
ANP32 both interact with the vRNP. At optimal
levels, KPNAG stabilizes the functional ANP32-
VRNP interaction. However, when KPNAG is in ex-
cess, it outcompetes ANP32 for binding to the
VRNP, leading to the displacement of ANP32 and
the collapse of the active polymerase com-
plex.""W This delicate balance highlights a highly
evolved viral dependency. Furthermore, the differ-
ential utilization of various importin-a isoforms, in-
cluding importin a7 (KPNAG), has been shown to
be a key determinant of IAV host tropism, influ-
encing the ability of avian viruses to adapt to and
replicate efficiently in mammalian hosts.""%

2.2 A Proviral Host Factor for Cytoplasmic
RNA Viruses: The Case of PRRSV and
ZIKV

In a seemingly paradoxical finding, KPNAG, a pro-
tein whose canonical function is nuclear import,
has been identified as an essential host factor for
the replication of purely cytoplasmic positive-
sense single-stranded RNA (+ssRNA) viruses, in-
cluding Porcine Reproductive and Respiratory
Syndrome Virus (PRRSV) and Zika Virus
(ZIKV).""W This discovery revealed a novel strat-
egy of viral manipulation.

Studies have shown that infection with these vi-
ruses leads to a significant elevation of the
KPNAG protein level within the host cell.""Y This
increase is not due to enhanced gene transcrip-
tion, as KPNA6 mRNA levels remain stable. In-
stead, the viruses actively manipulate host cell
machinery to extend the half-life of the KPNAG
protein.""W They achieve this by inhibiting the
ubiquitin-proteasome system's ability to degrade
KPNAG, effectively shielding it from destruc-
tion.""W Specific viral proteins, such as PRRSV
non-structural protein 12 (nsp12), have been iden-
tified as being responsible for this stabilizing ef-
fect."WWW

The functional consequence of this virally induced
KPNAG accumulation is to facilitate a critical,
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transient nuclear journey for a specific viral pro-
tein. In the case of PRRSV, the stabilized KPNAG6
is required for the nuclear translocation of the viral
protein nsp1B.""W Although the virus completes
its replication cycle in the cytoplasm, this tempo-
rary localization of nsp1f to the nucleus is essen-
tial for a successful infection. Consequently,
knocking out the KPNAG6 gene completely blocks
this nuclear import step and severely cripples viral
replication."" This profound dependency on a
host nuclear transport factor for the lifecycle of a
cytoplasmic virus makes KPNAG a highly attrac-
tive candidate for the development of host-di-
rected antiviral therapies. A therapeutic agent that
modulates KPNAG function could potentially be ef-
fective against PRRSV, ZIKV, and other +ssRNA
viruses that may have evolved to exploit this
same pathway.""W

2.3 Subversion of Innate Immunity: The
Role in SARS-CoV-2 Infection

The battle between a virus and its host is often
decided by the virus's ability to evade the innate
immune system. Recent research has uncovered
a direct role for KPNAG in the immune evasion
strategy of SARS-CoV-2, the virus responsible for
COVID-19. The virus employs KPNAG to sup-
press the host's primary antiviral defense: the
type | interferon (IFN-I) response.

The mechanism is remarkably direct. The SARS-
CoV-2 Membrane (M) protein, a key structural
component of the virion, has been shown to phys-
ically bind to KPNAG6 within the host cell. """ This
interaction serves a specific inhibitory purpose. It
physically impedes the ability of KPNAG to import
one of its critical immune cargos: Interferon Regu-
latory Factor 3 (IRF3).""W IRF3 is a master tran-
scription factor that, upon activation by viral sens-
ing pathways, must translocate to the nucleus to
switch on the genes for IFN-I and other antiviral
proteins. By binding to KPNAG, the viral M protein
acts as a roadblock, preventing IRF3 from reach-
ing its nuclear targets. This effectively attenuates
the entire IFN-I signaling cascade at its source, al-
lowing the virus to replicate more freely, particu-
larly in the crucial early stages of infection before

the adaptive immune response is mounted. This
represents a clear case of direct antagonism of
host immunity that is entirely dependent on the hi-
jacking of KPNAG.

2.4 Broader Roles in Viral Hijacking

The exploitation of KPNAG is not limited to the vi-
ruses detailed above; it appears to be a common
theme in virology.

e Prototype Foamy Virus (PFV): This retrovirus
provides a more "classical" example of hijack-
ing. Its essential transactivator protein, Bel1,
which is required for viral gene expression and
replication, utilizes a panel of importin a
isoforms, including KPNA1, KPNAG, and
KPNA?7, for its efficient import into the nu-
cleus. V"W

e Human Immunodeficiency Virus (HIV-1):
KPNAG is deeply integrated into the HIV-1 nu-
clear import strategy. It has been reported to
interact with multiple key viral proteins, includ-
ing the Rev protein (which mediates viral RNA
export), the Integrase protein (which inserts the
viral genome into the host DNA), and the Ma-
trix protein (part of the pre-integration com-
plex).""W This suggests that KPNAG is a versa-
tile and crucial partner for HIV-1 at several
stages of its nuclear lifecycle.

e Other Viruses: The list of interactors continues
to grow, with studies reporting interactions be-
tween KPNAG6 and ebolavirus protein VP24, as
well as proteins from human parainfluenza vi-
rus type 2.WWw

The sheer diversity of viruses—spanning RNA
and DNA genomes, with nuclear and cytoplasmic
replication cycles—that have evolved to depend
on KPNAG is remarkable. This evolutionary con-
vergence points to KPNAG6 being more than just a
generic transporter. It is a versatile host cell node,
a "Swiss Army Knife" that viruses can exploit for a
variety of purposes. Influenza uses it as a non-
transport scaffold.""W ZIKV and PRRSV manipu-
late its stability to enable a necessary nuclear
step for an otherwise cytoplasmic lifecycle. """
SARS-CoV-2 targets it to actively block a key
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immune signaling pathway.""¥ HIV-1 and PFV
use it for the more conventional nuclear import of
their essential proteins."“* This functional versa-
tility arises from unique structural features that
make it particularly amenable to these diverse
manipulation strategies. From a therapeutic
standpoint, this centrality is highly significant. It
positions KPNAG as a high-value, host-directed
target for broad-spectrum antiviral drugs. A single
inhibitor that disrupts KPNAG6 function could po-
tentially be effective against multiple, unrelated vi-
ruses that all rely on this common host factor, al-
beit through different mechanisms.""W

lll. The Complex and Context-De-
pendent Role of KPNAG6 in Cancer

The integrity of the nucleocytoplasmic transport
system is paramount for normal cell function, and
its disruption is increasingly recognized as an en-
abling characteristic of cancer."Y"W Aberrant
transport can lead to the mislocalization of critical
cellular regulators, such as the sequestration of
tumor suppressor proteins in the cytoplasm or the
inappropriate accumulation of oncoproteins in the
nucleus. Members of the karyopherin family are
frequently dysregulated in malignancy, often
through mechanisms like gene amplification,
which can fuel the increased proliferative and
metabolic demands of cancer cells.""W While data
suggests that the KPNAG6 gene itself has a rela-
tively low rate of direct genetic alteration com-
pared to other karyopherins (e.g., 1.9% in one
pan-cancer analysis), its functional role in several
cancers, particularly breast cancer, is significant
and mechanistically complex.""W

3.1 A Mechanistic Nexus in Breast Cancer:
A Dichotomous Role

The role of KPNAG in breast cancer is not
straightforward; evidence points to a dichotomous
function where it can be both tumor-suppressive
and pro-proliferative, depending on the specific
molecular context.

e A Tumor-Suppressive Function: A well-de-
fined mechanism positions KPNAG as part of a

tumor-suppressive pathway. KPNAG, along
with its close relatives KPNA1 and KPNADS5, is
responsible for mediating the estrogen-depend-
ent nuclear import of Prohibitin 2 (PHB2).""W
PHB2 is a known tumor suppressor that, within
the nucleus, interacts with the estrogen recep-
tor alpha (ERa) to regulate gene expression.
The nuclear localization of PHB2 is therefore
critical for its tumor-suppressive activity. This
pathway is actively antagonized by the onco-
protein BIG3. BIG3 binds directly to PHB2 in
the cytoplasm, physically occluding the binding
site for the KPNA proteins. This action se-
questers the PHB2 tumor suppressor in the cy-
toplasm, preventing its nuclear entry and pro-
moting a cancer phenotype """ In this specific
context, the transport activity of KPNAG is
clearly tumor-suppressive, and the inhibition of
this activity by an oncoprotein is a pro-tumor-
igenic event.

e A Pro-Proliferative Function: Juxtaposing
this, other studies report that the binding re-
gions of KPNA1, KPNA5, and KPNAG can di-
rectly promote the proliferation of breast cancer
cells.""W This suggests that KPNA6 may also
be responsible for transporting pro-proliferative
or oncogenic cargo into the nucleus, and that
its overall effect on cell growth is the net result
of these opposing activities.

e Recurrent Mutations: Adding another layer of
complexity, genome-wide analyses have identi-
fied KPNAG6 as a candidate cancer gene in
breast cancer due to the presence of recurrent
somatic mutations in tumor samples.""W These
mutations, such as p.F48L in the IBB domain
and p.L179V and p.R319S in the ARM repeat
domains, would almost certainly alter the pro-
tein's transport function, either by affecting its
interaction with importin 31 or by changing its
affinity for specific cargo proteins.""¥ The func-
tional consequences of these specific muta-
tions, however, remain to be fully character-
ized.

3.2 KPNAG6 in Lung Adenocarcinoma
(LUAD) and Other Cancers
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The dysregulation of KPNA family members is a
common feature across many malignancies.""" In
lung adenocarcinoma (LUAD), a common subtype
of non-small cell lung cancer, KPNAG6 has been
found to be highly expressed in tumor tissue com-
pared to adjacent normal tissue.""“" While high
expression of other family members, notably
KPNA2 and KPNA4, has been clearly associated
with poor overall survival in LUAD patients, the
specific independent prognostic value of KPNAG
remains to be definitively established from the
available data.""V Beyond the lung, reports have
also noted the upregulation of KPNAG in chronic
myeloid leukemia "W and its likely involvement in
the broader dysregulation of the transport machin-
ery observed in gastric and hepatocellular carci-
nomas.""W

3.3 Evaluating KPNAG6 as a Therapeutic
Target in Oncology

The complex and often contradictory roles of
KPNAG present a significant challenge for its de-
velopment as a therapeutic target in cancer. The
primary hurdle is specificity."" An inhibitor de-
signed to block KPNAG might inadvertently disrupt
its tumor-suppressive functions, such as the im-
port of PHB2, potentially worsening the disease in
certain contexts. Furthermore, due to the high de-
gree of structural homology among the importin a
isoforms, designing a small molecule that is highly
selective for KPNAG over the other six members
is a formidable pharmaceutical challenge """
Non-specific inhibition could lead to significant off-
target effects and toxicity.

Despite these challenges, the concept of targeting
the nuclear transport machinery remains attrac-
tive. Many cancer cells appear to develop a state
of "addiction" to their overactive transport systems
to sustain the high rates of proliferation and me-
tabolism necessary for tumor growth.""W This de-
pendency could represent a key vulnerability.
However, realizing this potential will require a
much deeper understanding of the specific cargo
proteins and pathways that are dependent on
KPNAG in different cancer types, allowing for a
more rational and targeted therapeutic approach.

The seemingly contradictory roles of KPNAG in
cancer, particularly in breast cancer where it is im-
plicated in both tumor suppression and prolifera-
tion, can be reconciled by considering the "Cargo
Context" hypothesis. A transport protein like
KPNAG is not inherently "good" or "bad"; its cellu-
lar function is defined by the collective identity and
activity of the proteins it transports. KPNAG has a
wide array of cargo proteins, some of which are
likely tumor suppressors (e.g., PHB2) and others
which may be oncoproteins or factors that drive
cell cycle progression. The net effect of KPNAG
expression in a given cancer cell is therefore the
sum of the altered transport of its entire portfolio
of cargos. In an estrogen receptor-positive breast
cancer cell, for example, the estrogen-PHB2-ERa
signaling axis may be a dominant pathway. In this
context, the import of PHB2 by KPNAG is a critical
tumor-suppressive function. However, in a differ-
ent breast cancer subtype driven by an alternative
oncogenic pathway, the most critical cargo trans-
ported by KPNAG might be a different protein, per-
haps one that promotes proliferation. This would
explain why its activity could be seen as pro-tu-
morigenic in that context. This hypothesis implies
that the role of KPNAG in cancer is not monolithic
but is instead highly dependent on the specific
molecular subtype and driving mutations of the tu-
mor. Consequently, any therapeutic strategy tar-
geting KPNAG6 cannot be a one-size-fits-all ap-
proach and would necessitate a personalized
strategy based on a deep understanding of the
key KPNAG-dependent pathways active in an indi-
vidual patient's tumor.

IV. Emerging Roles in Neurodegen-
erative Proteinopathies

The field of neurodegeneration research is in-
creasingly focused on the link between defective
nucleocytoplasmic transport and the pathogenesis
of proteinopathies—diseases characterized by the
mislocalization and aggregation of specific pro-
teins, such as tau in Alzheimer's disease and o-
synuclein in Parkinson's disease.""W Karyopher-
ins are positioned at the nexus of this problem.
They not only act as gatekeepers that control the
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proper subcellular localization of proteins but can
also function as molecular chaperones, shielding
aggregation-prone proteins from misfolding.""W
Therefore, the dysregulation of karyopherins like
KPNAG can be both a cause and a consequence
of the protein aggregation cascade, potentially
triggering or accelerating the progression of these
devastating diseases.

4.1 Alzheimer's Disease (AD)

A key finding linking KPNAG to Alzheimer's dis-
ease is the observation that its expression is sig-
nificantly upregulated in the brains of AD pa-
tients.""W This is not just a general increase; the
upregulation has been specifically identified in as-
sociation with small non-coding RNAs (sncRNAs),
a class of molecules known to be dysregulated in
AD and to play roles in gene expression, splicing,
and translation.""W

While the precise mechanism connecting these
observations is still under investigation, a plausi-
ble hypothesis can be constructed. The upregula-
tion of KPNAG could be a compensatory cellular
response to the immense stress characteristic of
the AD brain, such as the chronic oxidative stress
and neuroinflammation that drive pathology.""W
As KPNAG is a key regulator of the oxidative
stress response (via Keap1/Nrf2), its increased
expression may be an attempt to restore redox
homeostasis. However, this sustained upregula-
tion could become maladaptive. Altered levels of
KPNAG could, in turn, disrupt the delicate balance
of nuclear transport for other critical cargos, in-
cluding RNA-binding proteins or factors involved
in the processing and function of the very
sncRNAs it is associated with. This could create a
vicious feedback loop, linking a primary pathologi-
cal insult (stress) to a secondary defect in nucleo-
cytoplasmic transport, which then contributes to
the known RNA dysregulation that exacerbates
AD pathology.W"W

4.2 Parkinson's Disease (PD) and Synucle-
inopathies

The connection between KPNAG and Parkinson's
disease is even more direct and mechanistically

compelling. A critical finding is that KPNAG is a di-
rect substrate of Leucine-rich repeat kinase 2
(LRRK2).""W This is highly significant because
pathogenic mutations in the LRRK2 gene are one
of the most common genetic causes of both famil-
ial and sporadic PD, and these mutations charac-
teristically lead to the hyperactivation of LRRK2's
kinase function.""¥ This strongly implies that in in-
dividuals with LRRK2-driven PD, KPNAG is likely
to be aberrantly hyperphosphorylated, an event
that would almost certainly alter its transport activ-
ity or cargo specificity.

This finding is further linked to the core pathology
of PD through a second line of evidence. Studies
suggest that KPNAG may be involved in mediating
the nuclear transport of a-synuclein, the protein
that misfolds and aggregates to form Lewy bod-
ies, the pathological hallmark of PD.""W Specifi-
cally, post-translationally modified (sumoylated) o-
synuclein may be a cargo for KPNAG-mediated
import.WWw

These points can be integrated into a cohesive
pathogenic model, a "pathogenic triad," that di-
rectly links a key genetic driver of PD to its central
pathological protein via KPNAG.""Y In this model,
(1) a pathogenic mutation leads to hyperactive
LRRK2, which (2) aberrantly phosphorylates
KPNAG, which in turn (3) alters the nucleocyto-
plasmic transport of a-synuclein, contributing to its
mislocalization, aggregation, and subsequent
neurotoxicity. This positions KPNAG6 not as a pas-
sive bystander but as a crucial intermediary that
translates genetic risk into the protein pathology
that defines the disease.

The evidence from both Alzheimer's and Parkin-
son's disease suggests that KPNAG is emerging
as a critical molecular node in the landscape of
neurodegeneration. It appears to function as a
transducer, converting upstream signals—
whether a specific genetic risk like an LRRK2 mu-
tation or a more general cellular stress state like
that in AD—into the downstream consequences of
protein mislocalization and aggregation. The nu-
clear transport system, where KPNAG resides, sits
at the physical and functional interface between
the cell's genetic information in the nucleus and
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the sites of protein synthesis, folding, and degra-
dation in the cytoplasm. The data showing that
KPNAG is directly downstream of a major PD
gene (LRRK2) and potentially upstream of the lo-
calization of the core pathological protein (a-synu-
clein) highlights its central role in this pathogenic
cascade. This realization opens up a novel and
promising therapeutic avenue. Targeting the nu-
cleocytoplasmic transport system, and perhaps
KPNAG specifically, could represent a new strat-
egy for modifying the course of these currently in-
tractable neurodegenerative diseases."""

V. Essential Physiological Functions
of KPNAG

The involvement of KPNAG in a wide range of dis-
eases is not arbitrary; it is a direct consequence of
its critical and often non-redundant roles in funda-
mental physiological processes. To understand
why its dysregulation is so impactful, it is essential
to first appreciate its functions in a healthy state.

5.1 A Master Regulator of Cellular Redox
Homeostasis

One of the most clearly defined physiological
roles of KPNAG is its function as a key negative
regulator of the cellular antioxidant response. "YW
This response is governed by the transcription
factor Nrf2 (NF-E2-Related Factor 2), which is
considered a master regulator of redox homeosta-
sis. In response to oxidative stress, Nrf2 translo-
cates to the nucleus and activates the transcrip-
tion of a battery of protective genes that encode
antioxidants and detoxification enzymes. """
While the activation of this pathway is crucial for
cell survival, its timely termination is equally im-
portant to prevent an overzealous response and
restore cellular balance. KPNAG plays the role of
this essential "off switch." It accomplishes this by
mediating the specific nuclear import of Keap1
(Kelch-Like ECH-Associated Protein 1), the pri-
mary negative regulator of Nrf2. """ Once im-
ported into the nucleus by KPNAG, Keap1 targets
Nrf2 for ubiquitin-mediated degradation and also
facilitates its export back to the cytoplasm.""W

This action effectively shuts down the Nrf2-driven
gene expression program, allowing the cell to re-
turn to its basal state. The functional significance
of this feedback loop is profound. Experimental
knockdown of KPNA6 slows the nuclear import of
Keap1, which in turn enhances and prolongs the
Nrf2-mediated adaptive response, leading to in-
creased cellular protection against oxidative
stress.""W This fundamental role in maintaining
cellular redox balance has broad implications for
conditions associated with oxidative stress, in-
cluding aging, cancer, and neurodegenerative dis-
orders.

5.2 A Non-Redundant Role in Fertility and
Early Development

Perhaps the most striking evidence for the physio-
logical importance of KPNAG comes from studies
demonstrating its absolute and non-redundant re-
quirement for reproduction.""V Unlike some other
importin a isoforms that can compensate for one
another, the functions of KPNAG in the reproduc-
tive system are unique and essential.

e Male Infertility: In male mice, the genetic dele-
tion of Kpna6 results in complete infertility. This
is caused by severe disruptions in spermato-
genesis, the process of sperm production.""%
The absence of Kpna6 leads to defects in both
the developing germ cells and the supportive
Sertoli cells, culminating in oligozoospermia (a
severely low sperm count).""* This demon-
strates that KPNAG transports one or more
cargo proteins that are indispensable for the
proper development and maturation of sperm.

e Female Infertility and Early Development:
The requirement for KPNAG is equally critical in
females. Female mice lacking Kpna6 are also
infertile. However, the defect occurs at the ear-
liest possible stage of life. The absence of ma-
ternal KPNAG protein in the oocyte leads to a
complete block in zygotic genome activation
(ZGA) following fertilization.""V ZGA is the cru-
cial moment when the developmental program
switches from being controlled by maternal
RNAs and proteins stored in the egg to being
controlled by the embryo's own newly formed
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genome. The failure of this process results in
embryonic arrest and death. This finding estab-
lishes KPNAG as a critical maternal effect
gene, a class of genes whose products are
supplied by the mother to the egg to direct the
initial stages of development."""

5.3 Modulating the Glucocorticoid Stress
Response

KPNAG also participates in the body's systemic
response to stress. It has been identified, along
with importin 7 and importin 8, as a nuclear import
receptor for the glucocorticoid receptor (GR).""W
The GR is a powerful transcription factor that me-
diates the effects of glucocorticoid hormones (like
cortisol), which are central to regulating metabo-
lism, inflammation, and the physiological re-
sponse to stress. A particularly interesting aspect
of this interaction is the finding that KPNAG6 can
bind to the GR even in the absence of the activat-
ing hormone.""% This suggests that the ultimate
control of GR's nuclear localization is regulated at
a step downstream of the initial binding to its im-
port receptor, adding a layer of complexity to this
crucial signaling pathway.

The diverse physiological roles of KPNAG are not
a disparate collection of functions but rather paint
a coherent picture of a protein that serves as a
fundamental "Gatekeeper of Homeostasis." Its
role in the Keap1/Nrf2 pathway is about maintain-
ing cellular equilibrium in the face of constant in-
ternal and external oxidative challenges.""" Its
role in fertility is about maintaining the equilibrium
and continuation of the species at the organismal
level. "W Its role in GR import is about restoring
physiological equilibrium in response to systemic
stress."YWW This perspective underscores the pro-
found physiological significance of KPNAG. Its
non-redundant functions in these core homeo-
static processes provide the essential baseline
against which its pathological roles can be under-
stood. It is precisely the disruption or subversion
of these fundamental "gatekeeping" functions that
underlies its significant involvement in a wide
range of human diseases.

VI. Synthesis and Conclusion: A
Comparative Analysis of KPNAG6's
Significance

This report has detailed the multifaceted roles of
KPNAG across a spectrum of physiological and
pathological conditions. To directly address the
question of where its role is most significant, a
comparative analysis is required, weighing the
strength of the evidence, the depth of mechanistic
understanding, and the overall impact on the con-
dition in question.

6.1 Identifying the Most Significant Roles:
A Weighed Analysis

The evidence presented supports the conclusion
that KPNAG has two co-equal pillars of signifi-
cance, one in the realm of pathology and one in

physiology.

e Pillar 1 (Pathology): Viral Pathogenesis. The
role of KPNAG in viral disease is arguably its
most significant contribution to pathology. The
evidence for its involvement is extensive, ro-
bust, and mechanistically diverse, spanning
multiple major human and animal pathogens.
Viruses have convergently evolved to target
KPNAG in a variety of ways: as a non-transport
scaffold for the influenza polymerase "V, as a
stability-controlled shuttle for PRRSV and ZIKV
proteins "%, and as a tool to directly antago-
nize the innate immune response during
SARS-CoV-2 infection.""W This repeated, mul-
tifaceted hijacking by clinically important vi-
ruses underscores its central importance as a
host factor that dictates the outcome of infec-
tion. The depth of mechanistic insight in this
area is unparalleled compared to its other
pathological roles.

e Pillar 2 (Physiology): Fertility and Redox
Homeostasis. From a physiological stand-
point, the most significant roles of KPNAG are
its functions in ensuring reproductive success
and maintaining cellular redox balance. Its role
in fertility is absolute; its absence leads to com-
plete sterility in both males and females
through distinct, non-redundant
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mechanisms.""W This is not a subtle modula-
tion but a definitive requirement for the continu-
ation of the species. Similarly, its role as the
specific importer for Keap1 places it as a linch-
pin in the Nrf2 antioxidant response pathway, a
fundamental cellular defense system whose
dysregulation underlies many chronic diseases
and the aging process itself. Y'YV These are not
merely supportive functions but are core, indis-
pensable contributions to organismal and cellu-
lar health.

Contextualizing Cancer and Neurodegener-
ation. The roles of KPNAG in cancer and neu-
rodegeneration are undoubtedly significant and
are areas of intense research. However, based

on current evidence, they are less definitively
characterized than the roles described above.
In these conditions, KPNAG often appears as
one of several dysregulated karyopherins, and
its function is highly complex and context-de-
pendent (e.g., the dichotomous role in breast
cancer).""W In neurodegeneration, its connec-
tion to LRRK2 and a-synuclein is mechanisti-
cally compelling but still emerging. """ There-
fore, while its involvement is critical, it is cur-
rently best understood as a key participant
within a broader network of dysfunctional
transport, rather than the singular, indispensa-
ble factor seen in fertility or the central node
targeted by a host of viruses.

Table 2: Summary of KPNAG6's Role Across Major Health Conditions

Health . . Net Effect on Significance of
Condition Primary Mechanism of KPNAG Pathology Evidence Ref.
Influenza A Non-transport scaffolding of viral poly- | Pro-viral (at opti- Very Hiah _—
Infection merase via ANP32A/B. mal levels). y 9
ZIKV/PRRSV Viral-induced stab.lllzatlon of KPNAG . .

. to enable nuclear import of a key viral | Pro-viral. High www
Infection .

protein (nsp1p).

SARS-CoV-2 Hijacked by viral M protein to block Pro-viral / Im- High _—
Infection nuclear import of IRF3. mune Evasive. 9

Context-dependent: Imports PHB2 tu- | Context-depend-
L . . Moderate but
mor suppressor; also implicated in ent (Anti-tumor / www

Breast Cancer Complex
promoting proliferation. Pro-proliferative). P

Substrate of PD-linked LRRK2; up-
regulated in AD; may transport a-
synuclein.

Emerging but
Mechanistically www
Compelling

Neurodegener-

ative Disease Pro-pathogenic.

Essential for spermatogenesis (male) Very High / Defini-

Infertility and zygotic genome activation (fe- Causal. tive www
male).
Oxidative Medllates nuclear |mp9ﬂ 9f Keap1 to Essential for Ho- .
terminate the Nrf2 antioxidant re- . Very High www
Stress meostasis.

sponse.

across different disease contexts.

o Biomarker Potential: The potential of KPNAG
as a diagnostic or prognostic biomarker is still
emerging. In cancer, particularly LUAD, its

6.2 KPNAG6 as a Potential Biomarker and
Therapeutic Target

The clinical utility of KPNAG is an area of active
exploration, with its potential varying significantly
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overexpression is noted, but its independent
value as a prognostic marker, separate from
other KPNAs, requires further validation.""V Its
utility as a standalone diagnostic tool for any
condition is not yet established."""

e Therapeutic Potential (Virology): KPNAG
represents a very strong candidate for the de-
velopment of host-directed antiviral therapeu-
tics. Because multiple, unrelated viruses de-
pend on it for their replication, a small molecule
inhibitor of KPNAG6 could function as a broad-
spectrum antiviral agent.""W This approach has
the added benefit of being less susceptible to
the development of viral resistance compared
to drugs that target viral proteins directly.

e Therapeutic Potential (Other Diseases): The
therapeutic landscape is more complex in other
conditions. In cancer, the dual and context-de-
pendent roles of KPNAG6 make direct inhibition
a risky strategy that could have unintended
pro-tumorigenic effects.""V In neurodegenera-
tion, modulating KPNAG activity is a promising
concept, but a deeper mechanistic understand-
ing is required before this can be translated
into a viable therapy.""W Finally, the concept of
a partial, controlled inhibition of KPNAG to tran-
siently boost the protective Nrf2 antioxidant re-
sponse is therapeutically intriguing for diseases
of oxidative stress, but presents a formidable
challenge in terms of dosing and safety.

6.3 Future Research Directions

To fully realize the clinical potential of KPNAG and
to deepen our understanding of its complex biol-
ogy, several key areas of research must be priori-
tized.

e Unraveling the Cancer Dichotomy: There is
a critical need for studies designed to resolve
the contradictory roles of KPNAG in breast and
other cancers. This will require unbiased, pro-
teomic approaches to identify the complete
spectrum of KPNAG cargo proteins (the "cargo-
ome") in different cancer subtypes, which will

clarify whether it is transporting primarily tumor
suppressors or oncoproteins in a given context.

e Elucidating Neurodegenerative Mecha-
nisms: The mechanistic links in neurodegener-
ation must be solidified. It is crucial to deter-
mine precisely how LRRK2-mediated phos-
phorylation affects KPNAG transport function in
PD models and to uncover the functional con-
sequences of the association between upregu-
lated KPNAG6 and sncRNAs in AD.

e Developing Specific Inhibitors: The single
greatest barrier to the therapeutic targeting of
KPNAG is the lack of selective inhibitors. A ma-
jor effort in medicinal chemistry is required to
develop small molecules that can distinguish
KPNAG from the other six highly homologous
human importin a isoforms. The development
of such tools would be transformative, enabling
its therapeutic potential to be explored safely
and effectively in preclinical models.

e Defining the Full "Cargo-ome": Beyond any
single disease, a systematic and comprehen-
sive identification of all KPNAG cargo proteins
across various cell types and physiological
states is essential. This foundational
knowledge is required to fully grasp the func-
tional complexity of this critical transport recep-
tor and to predict the full range of conse-
quences of its modulation.

In conclusion, Karyopherin Subunit Alpha 6 is far
more than a simple housekeeping protein. It is a
sophisticated molecular machine that sits at the
crossroads of cellular homeostasis and disease.
Its profound and non-redundant roles in fertility
and the oxidative stress response establish its
fundamental importance to health, while its central
and multifaceted role as a target of viral manipula-
tion highlights its significance in pathology. As re-
search continues to unravel its complexities,
KPNAG will undoubtedly remain a key protein of
interest in the search for novel therapeutic strate-
gies against a wide range of human ailments.
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