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Coordination and information exchange among the various organelles ensure the precise and
orderly functioning of eukaryotic cells. Interaction between the cytoplasm and nucleoplasm is
crucial for many physiological processes. Macromolecular protein transport into the nucleus
requires assistance from the nuclear transport system. These proteins typically contain a nuclear
localisation sequence that guides them to enter the nucleus. Understanding the mechanism of
nuclear import of macromolecular proteins is important for comprehending cellular processes.
Investigation of disease-related alterations can facilitate the development of novel therapeutic
strategies and provide additional evidence for clinical trials. This review provides an overview
of the proteins involved in nuclear transport and the mechanisms underlying macromolecular

protein transport.
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Eukaryotic cells are characterised by the presence of a
complete nucleus enclosed by a double nuclear mem-
brane and well-defined organelles that ensure the spa-
tial segregation of nuclear DNA replication, gene tran-
scription and protein translation. This structure confers
a potent mechanism for regulating gene expression in
eukaryotes.! After their synthesis in the cytoplasm,
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proteins are selectively and efficiently transported to
distinctlocations where they perform their physiologic-
al functions. Karyophilic proteins, including transcrip-
tion factors, replication factors, DNA repair factors and
cell-cycle regulators, require nuclear entry to execute
their functions.? The nuclear envelope (NE), as a nat-
ural selective barrier, separates the nucleus from other
organelles and the cytoplasm. The nuclear pore complex
(NPC), located on the nuclear membrane, regulates mo-
lecular transport between the nucleus and cytoplasm.
The transport mechanism used by the NPC depends on
the size of the substrate transported: while small mole-
cules diffuse passively through the NPC, larger proteins
require active transport by the nuclear transport system
(NTS) to enter the nucleus.? Karyophilic proteins typic-
ally possess a conserved amino acid sequence, known as
the nuclear localisation sequence (NLS), that functions
as a recognition site for protein nuclear import.*
Recent studies on the nuclear transport of NLS-
containing proteins have been conducted in the field
of oral and maxillofacial diseases.>® PTHrP exerts its
effects via intracrine/paracrine signalling or by enter-
ing the nucleus. Deletion of the PTHrP NLS leads to
dental and mandibular dysplasia in mice and is as-
sociated with the p27 pathway.’ IGFBP2 upregulates
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ZEB1 expression in an NF-kB (p65)-dependent manner,
thereby promoting epithelial-mesenchymal transition
(EMT) in salivary adenoid cystic carcinoma. Mutations
in the IGFBP2 NLS effectively prevent EMT and reduce
lung and liver metastasis.® Based on these findings,
NLS-mediated protein nuclear transport plays a cru-
cial role in the occurrence and progression of oral and
maxillofacial diseases via various proteases, cytokines
and signalling pathways. The investigation of protein
nuclear import processes offers potential targets for
treating oral and maxillofacial diseases. The present
review advances this by focusing on proteins involved
in the NTS and elucidates the mechanisms underlying
karyophilic protein transport.

NTS

The NTS, which plays an important role in the nucleo-
cytoplasmic translocation of macromolecular proteins,
encompasses the NPC and nuclear transport receptors
(NTRs).” The NPC is a large macromolecular assembly
that spans the NE, forming a central transport channel
with an outer diameter of ~1,200 A, an inner diameter of
~425 A and a height of ~800 A. This structure regulates
nucleocytoplasmic transport and mediates protein traf-
ficking.®3 The NPC comprises > 30 nucleoporins (NUPs),
which can be divided into three groups based on their
functions: transmembrane proteins, which anchor the
NPC to the NE; scaffold proteins, which constitute the
inner and outer rings of the NPC; and phenylalanine-
glycine (FG) NUPs (FG-NUPs), characterised by their
abundant hydrophobic FG repeats. FG-NUPs, intrinsi-
cally disordered proteins that comprise approximately
one-third of all NUPs, play an important role in precisely
mediating cargo protein transport; during nucleocyto-
plasmic translocation, they exclude nonspecific macro-
molecular substances from the NPC’s central transport
channel, forming a dynamic selective barrier.12811
Based on their structural and functional differences,
NTRs can be separated into the Karyopherin a and 8
families.?* Karyopherin a, also known as importin q,
recognises and connects importin $ with cargo pro-
teins.»!12 In mammalian cells, the importin a family
comprises six members that are capable of recognising
and binding cargo proteins; however, within the NPC,
importin a lacks a shuttle function, and importin f is
required to help translocate cargo proteins into the
nucleus.>1%14 In eukaryotes, the karyopherin B family
serves as a ubiquitous NTR; at least 20 distinct isoforms,
responsible for most intracellular trafficking between
the nucleus and cytoplasm, have been identified in
human cells. The karyopherin B family includes the
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importin $ proteins, which are composed of 11 mem-
bers that function specifically as import receptors.!*
Most importin f members can bind directly to the NLS
and carry it into the nucleus, where they then release
the cargo protein.1#+16

Importin a has three key domains, the first of which
is the central domain, comprising ten Armadillo (ARM)
repeats, each 42 to 43 amino acids in length. This
domain is responsible for recognising the cargo protein
NLS.41317 The cargo protein binds to two sites in the
ARM repeat sequence: the major NLS binding site (ARM
repeat sequences 2 to 4) and the minor NLS binding site
(ARM repeat sequences 6 to 8).13

Second, at its N-terminus, importin a contains the
importin  binding domain (IBB), which can bind
to importin B1.12 The IBB, containing an NLS-like
sequence, can occupy the NLS binding site in the
absence of importin B; this capability is thought to exert
an autoinhibitory effect. This autoinhibition effectively
prevents importin B from binding to an empty importin
a, thus ensuring that nuclear transport is not blocked.
The autoinhibitory domain competitively occupies the
NLS binding site, facilitating the release of the NLS
cargo upon transport to the nucleus.!6-18

The third domain is the C-terminal domain of impor-
tin a, which binds to the nuclear export receptor (cel-
lular apoptosis susceptibility protein [CAS]). CAS has a
similar structure to importin B, facilitating importin
export of a into the cytoplasm (Table 1).%17:19,20

Importin B comprises tandem huntingtin, elonga-
tion factor 3, A subunit of PP2A, and TOR (HEAT)
repeats arranged in a superhelix or ring-like structure
to form binding sites for importin a, FG-NUPs and Ran-
GTP.1521,22 By altering its own conformation, importin
B can provide binding sites for protein-protein interac-
tions (Table 1).23

In the karyophilic protein transport cycle, molecular
recognition depends crucially on precise spatial and
temporal regulation.'® The binding and release of cargo
proteins by the NTR is regulated by the small GTPase
Ran. Upon binding to importin 3, Ran-GTP triggers the
dissociation of the cargo protein from the transport
complex. Ran, characterised by an N-terminal globular
domain and C-terminal extension structure, partici-
pates in various nuclear processes, including maintain-
ing nuclear architecture, facilitating protein import,
regulating mRNA processing and export, and control-
ling cell cycle progression.®2425 Ran occurs as Ran-GDP
and Ran-GTP on both sides of the nuclear membrane.
The N-terminal globular domain of Ran binds to GTP
and facilitates its hydrolysis. Its C-terminal extension
structure features a unique acidic tail that binds to its
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Table 1 Structural characterisation of NTRs.

Armadillo (ARM) repeats Recognizes the cargo proteins NLS

Importina | Importin B binding (IBB) domain Acts as a competitive inhibitor to regulate cNLS-cargo binding by importin 81
C-terminal domain of importin a Binds to the export receptor CAS

Importin 3 | HEAT repeats Forms binding sites with importin a, FG-NUPs, Ran-GTP

FG-NUP, phenylalanine-glycine (FG) nucleoporins (FG-NUPS); HEAT, huntingtin, elongation factor 3, A subunit of PP2A and TOR.

Table 2 Sequence features of cargo proteins with the NLS.

Monopartite cNLS

oNLS K-K/R-X-K/R PKKKRRV
Bipartite cNLS (K/R)(K/R)X10-12(K/R)3/5 KRPAATKKAGQAKKKK
. FGNYNNQSSNFGPMKGGNFGGRSSGPY
s PY-NLS R/K/H-X2-5-P-Y or R/K/H-X2-5-P-® motif RSGGNHRRNGRGGRGGYNRRNNGYHPY
ne IK-NLS K-V/I-X-KX1-2-K /H/R None
RS-repeat NLS None None
Cryptic NLS None None
Other types of NLS Putative NLS None None

cNLS, classical NLS; ncNLS, nonclassical NLS; IK-NLS, isoleucine-lysine NLS; PY-NLS, proline-tyrosine NLS; RS-NLS, arginine-serine

NLS.

N-terminus when it is bound to GDP, thereby stabilis-
ing the structure of Ran-GDP.'® Ran-GTP is hydrolysed
to Ran-GDP by the RAN GTPase-activating protein
(RanGAP) and RAN-binding protein-1 (RanBP-1), and
can be converted back to Ran-GTP via interactions
with the guanine nucleotide exchange factor for Ran
(RanGEF). These key regulators exhibit a non-uniform
distribution within cells, with RanGAP concentrated
in the cytoplasm and RanGEF enriched in the nucle-
us, resulting in the accumulation of Ran-GTP in the
nucleus and enrichment of Ran-GDP in the cytoplasm.
The concentration gradient on either side of the NPC is
important for directional nuclear transport.?1%,22,24-26

Molecular mechanism of protein nuclear trans-
port

Karyophilic proteins require not only the NTS, but also
the NLS. The latter can be located anywhere within a
karyophilic protein; upon recognition and binding by
NTRs, this complex is transported into the nucleus.?’

Classification of NLSs

Since the discovery of the first NLS in the 1980s (the
T-antigen of simian vacuolating virus 40, SV40 TAg),
an NLS classification system has gradually been devel-
oped.»%20:27 Based on their residue composition, NLSs
are currently classified into one of three types: classical
(cNLS), nonclassical (ncNLS) or other.*
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Classical NLSs

Classical NLSs contain one (monopartite) or two (bipar-
tite) clusters of basic amino acids rich in positively
charged lysine and arginine. A monopartite cNLS com-
prises 4 to 8 amino acids and has a consensus sequence
of K-K/R-X-K/R, where X can be any residue. A repre-
sentative example is the SV40-TAg cNLS PKKKRRV. A
bipartite cNLS comprises two clusters of basic amino
acids separated by a 10 to 12 residue linker region; the
consensus sequence is (K/R)(K/R)X10-12(K/R)3/5, where
X10-12 is a linker of 10 to 12 residues and (K/R)3/s refers
to three basic residues within five consecutive residues.
The prototypical bipartite NLS is the Xenopus nucleo-
plasmin NLS (KRPAATKKAGQAKKKK) (Table 2).2%20

Nonclassical NLSs

For many proteins that lack distinct amino acid clus-
tering, the structural characterisation of the NLS has
not yet been clearly defined. Such NLSs are considered
nonclassical. The most extensively researched ncNLSs,
the proline-tyrosine (PY)-NLS, exhibits sequence diver-
sity.1* It comprises a loose N-terminal hydrophobic or
basic motifs and a C-terminal R/K/H-X>_5-P-Y or R/K/H-
X2-5-P-® motif (where @ refers to hydrophobic, H to his-
tidine, P to proline and Y to tyrosine, and X2-5 is any
sequence of 2-5 residues).!*?8:2° PY-NLSs can be divided
into two subclasses, depending on the composition of
their N-terminal motifs: hydrophobic PY (hPY)-NLSs,

41



Sun et al

containing ®G/A/S®® motifs (where ® refers to a hydro-
phobic residue), and basic PY (bPY)-NLSs, which are
enriched with basic residues.!#?° hnRNPA1 and Hrpl
are representative PY-NLSs, with the sequences FGNYN-
NQSSNFGPMKGGNFGGRSSGPY and RSGGNHRRNGRG-
GRGGYNRRNNGYHPY, respectively.* Isoleucine-lysine
(IK)-NLS, another ncNLS, has the consensus sequence
K-V/I-X-K-X1-2-K /H/R. TNPO3-binding arginine-serine
repeat NLS (RS-repeat NLS), is another type of ncNLS
(Table 2).%° Further research into these NLSs is required.

Other NLSs

Other specialised forms of NLS have been identified.
These include cryptic NLSs, which occur in some pro-
teins that do not bind to NTRs. However, upon specific
signalling stimulation, these protein structures can
undergo transformation and expose their NLS for entry
into the nucleus.*3* Some NLSs predicted by software
exhibit a characteristic NLS amino acid sequence com-
position (Table 2). Upon verification, some exhibited a
nuclear-localisation function, whereas others did not
and were therefore classified as putative NLSs.*3! This
indicates that, despite the regularity of the NLS, there
remain uncertainties that require investigation and
investment.

Mechanisms of nuclear transport

Nuclear transport of proteins with a CNLS

Importin a and B1 participate in the cNLS-mediated
nuclear protein import.*121332 The ARM domain of
importin a initially recognises and binds to the cNLS of
the cargo protein. Monopartite cNLSs bind to the major
NLS-binding site, whereas bipartite cNLSs interact with
both major and minor NLS binding sites.!® The IBB
domain of importin a then interacts with importin 1,
forming a trimeric complex (cargo-importin a-importin
B1) that localises to the NE.1%20 Finally, the importin f1
in this complex binds to FG-NUPs, facilitating translo-
cation of the trimeric complex into the nucleus.'® Dur-
ing cargo-protein transport into the nucleus, nuclear
RanGTP binds to importin 1, inducing conformational
change and elongation of its superhelical structure.
This leads to the dissociation between importin a and
importin B1, releasing the IBB domain, which in turn
competitively binds to importin a and promotes cargo-
protein dissociation. NUPs such as Nup50 also facili-
tate the dissociation of the cargo proteins that remain
in the nucleus.®1%1833 Importin B1-RanGTP dimers
are transported directly back to the cytoplasm, while
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importin a is exported from the nucleus with the assis-
tance of RanGTP and the nuclear export receptor CAS.
Aided by RanBP1, cytoplasmic RanGAP catalyses the
conversion of RanGTP to RanGDP, causing the disas-
sociation of the importin $1-RanGTP dimer and the
CAS-RanGTP-importin a complex, freeing the importin
1 and importin a to participate in subsequent nuclear
import cycles. RanGDP in the cytoplasm is transported
back to the nucleus via its carrier nuclear transport fac-
tor-2 (NTF2), replenishing the nucleoplasmic RanGTP
and maintaining the RanGTP-RanGDP concentration
gradient (Fig 1).13,16,34

Nuclear transport of proteins with an ncNLS

Most of the ncNLS-mediated nuclear transport proteins
are imported via importin 3.1%16 Many karyophilic pro-
teins lack classical monopartite and bipartite NLSs,
necessitating other modes of transport into the nucle-
us. The mechanism of nuclear entry of PY-NLS-carrying
proteins has been well investigated. PY-NLS, the best
characterised substrate of importin 2, is directly rec-
ognised by importin B2. Various PY-NLS-containing
proteins, including hnRNPA1; hnRNP D, hnRNP M and
HCC1, have been identified as importin 32 cargo pro-
teins. Although the sequence identity of importin 32
and 1 is only 24%, the have almost the same structure:
while their RanGTP-binding domains are highly similar,
they differ substantially in their cargo-protein binding
positions.?®

Importin $2 can bind directly to cargo proteins in the
absence of importin.*3> Two major NLS-binding sites
have been identified within importin 2. The first, Site
A, corresponds to H8-H13 and exhibits a high affinity
for PY-NLS; it plays an indispensable role in recogni-
tion. The second, Site B, corresponds to H14-H20 and
exhibits a lower affinity for PY-NLS.*® The interac-
tion between Site B and the NLS governs the overall
binding affinity of importin $2.3¢ PY-NLS has three
important epitopes involved in importin B2 binding.%”
Epitope 1 corresponds to the N-terminal hydrophobic/
basic motif, epitope 2 to the positively charged residue
of the C-terminal R/K/H-X,.5-P-Y motif, and epitope
3 to the proline-tyrosine dipeptide of the C-terminal
R/K/ H-X,.5-P-Y motif.3” Site A of importin 32 interacts
with epitopes 2 and 3, whereas Site B interacts with
epitope 1.%

Initially, importin B2 binds to PY-NLS via its
C-terminal arch: first, Site A binds to the C-terminal
R/K/H-X2-5-P-Y motif, triggering structural rearrange-
ment at H13-H14 and inducing Site B to bind to
epitope 1. Importin 2 exhibits biochemical proper-
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Fig1 Nuclear transport guided by a
classical NLS (cNLS). The cargo pro-
tein containing a cNLS binds to impor-
tin a, which is subsequently recognised
and bound by importin B1 to form the
cNLS cargo-importin a-importin 1
complex. After the complex enters
the nucleus, RanGTP binds to importin
B1, resulting in the dissociation of the
complex. Upon dissociation, importin a
exits the nucleus with the help of CAS
and RanGTP, enters the cytoplasm, and
is incorporated there. The importin
B1-RanGTP complex is then returned
to the cytoplasm for the next round of
transportation.

ties that enable it to interact with FG-NUPs and pass
through NPC-selective barriers, ultimately entering
the nucleus.?>% The abundant RanGTP in the nucleus
then binds to importin B2-transported cargo proteins,
triggering the dissociation of the cargo protein. The
complex first disassociates from Site B, and the cargo
protein is completely released once Site A has disas-
sociated.?® Importin B2-RanGTP then moves towards
and through the NPC. On the cytoplasmic surface of
the NPC, RanGTP undergoes hydrolysis and dissociates
from importin $2 upon binding to RanBP and RanGAP.
The components are thus released into the cytoplasm
for subsequent import cycles (Fig 2).%°

IK-NLS and RS-NLS, other ncNLSs, are recognised
and bound by Kap121 of the Karyopherin § family and
by transportin 3, respectively?’; however, these trans-
port mechanisms require further study.

Therapeutic application of NLSs

Construction of a therapeutic system

Construction of a nuclear-targeted therapy system
Compared to conventional radiotherapy and chemo-
therapy, targeted therapy is a safer and more efficient

form of cancer treatment, targeting pathogenic cellu-
lar and molecular targets precisely. As a result, there
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have been rapid advances in the development of drug-
delivery systems.3® Drug-delivery systems targeting the
nucleus have become a research hotspot because the
nucleus is the prime target for multiple cancer-targeting
drugs. Barrabés et al®® assembled a peptide NLS-BN3
drug-carrier system capable of nuclear-targeted deliv-
ery of metal-based chemotherapeutic drugs; the use
of the NLS-BN3 peptide enhanced targeting efficiency
towards gastrin-releasing peptide receptor (GRPR)-over-
expressing tumour cells, resulting in increased nuclear
accumulation and improved cytotoxic effectiveness.

Nanoparticle (NP)-based delivery systems can inter-
act with biomolecules and access previously inacces-
sible parts of the body, thereby expanding the possibil-
ities for disease detection and treatment.*%4? Larger
NPs (> 40 nm) require active NLS-assisted transport to
pass through the NPC. The main components of NLS
peptide nano-drug carrier systems include the NLS
peptide; the basic nanomaterials skeleton; antitumour
substances (chemotherapy drugs, nucleic acids and
photosensitisers); and other substances, such as other
drugs that can treat tumours.*® For instance, Ozcelik
and Pratx** developed a targeted therapy system using
arginylglycylaspartic acid (RGD) peptide-gold NPs
modified with the NLS peptide (CGYGPKKKRKVGG);
this modification resulted in an increased number of
nuclear-targeting gold NPs, thus enhancing the radio-
sensitivity of A549 cells, inhibiting their proliferation,
and inducing cell death.
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Fig2 Nuclear transport guided by a proline-
tyrosine NLS (PY-NLS). Importin B2 binds to the
PY-NLS via its C-terminal arch, passes through
selective nuclear pore complex (NPC) barriers
and enters the nucleus. Once in the nucleus,
RanGTP binds to the importin B2-cargo pro-
tein complex, triggering dissociation of the
cargo protein. Subsequently, the importin
B2-RanGTP complex approaches and moves
through the NPC. On the cytoplasmic surface
of the NPC, RanGTP undergoes hydrolysis and
dissociates from importin B2 upon binding to
RanBP and RanGAP.

Generating novel antimicrobial peptides

Since the 1940s, the emergence of antibiotic resist-
ance has posed a worldwide challenge, necessitating
the design of improved antimicrobial peptides.* The
physicochemical parameters of cell-penetrating pep-
tides and antimicrobial peptides overlap, resulting in
shared functional characteristics between these pep-
tide groups. Budagavi and Chugh*® fused an NLS with a
latarcin-derived peptide (LDP); the LDP-NLS effectively
mitigated the cytotoxicity of LDP towards HeLa cells,
demonstrated significantly enhanced cellular pene-
tration of methicillin-resistant Staphylococcus aureus
(MRSA) and successfully inhibited intracellular MRSA
infection by entering HeLa cells.

Gene therapy

The nucleus serves as a regulatory centre for cellular
genetics activity and metabolism, and many diseases
are associated with disordered gene expression. Conse-
quently, gene therapy has attracted significant attention
for the treatment of both acquired and inherited diseas-
es, rendering the nucleus a prominent target for gene
therapy. Gene delivery vectors can be classed as viral or
non-viral: while viral vectors are highly efficient, their
application is limited by problems such as endogenous
viral recombination, carcinogenesis and unexpected
immune responses; and although non-viral gene vec-
tors are safer, their nuclear delivery efficiency remains
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low.2%#7 The incorporation of NLS peptides into non-
viral gene delivery systems can significantly enhance
their nuclear translocation efficiency, thus augmenting
their therapeutic efficacy via diverse systems.
Tarvirdipour et al*’ synthesised an NLS multi-com-
partment micelles (MCMs) nano-nonviral vector system
integrating the minimal NLS (KRKR) into the hydro-
philic domain of a peptide backbone carrying a syn-
thetic DNA oligomer (antisense oligonucleotide [ASO]).
In MCF-7 cancer cells, this NLS-mediated nuclear trans-
location machinery improved the nuclear incorporation
efficiency of ASO, thus reducing the expression of BCL-
2, which is closely associated with solid tumour growth.

Nuclear localisation probes

Alterations in nuclear metabolism

The nucleus is a metabolic centre in which the biochem-
ical reactions primarily involve biosynthesis of metabo-
lites that modulate gene expression.*® Hydrogen per-
oxide, the foremost indicator of oxidative stress and a
crucial mediator in signal transduction, is indispensable
role in biological systems. Reactive oxygen species (ROS)
generated by abnormal concentrations of hydrogen per-
oxide can damage cellular structures or biomolecules
including proteins, liposomes and DNA. Such damage is
closely associated with aging, Alzheimer’s disease and
cancer. As such, it is crucial to monitor the changes in
hydrogen peroxide levels in cells and tissues.*
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Wen et al*® developed a multifunctional ratiometric
hydrogen peroxide fluorescent probe (NP1). Given
the pivotal role of oxidative DNA damage in tumour
initiation, NP1 contains a NLS peptide (VQRKRQKLMP-
NH2) that acts as a transmembrane molecular car-
rier, facilitating nuclear delivery of the probe to detect
DNA-proximal hydrogen peroxide. In HeLa cells, this
peptide-based probe effectively localised in the nucleus
and achieved quantitative detection of nuclear hydro-
gen peroxide.

Subcellular localisation of macromolecular sub-
stances

Monitoring dynamic changes in nuclear proteins in liv-
ing cells and correlating them with changes in cellular
behaviour could enhance understanding of the mechan-
isms and outcomes of cellular invasion behaviour.

For living cells, Sun et al®® developed a Companion-
Probe & Race (CPR) platform capable of real-time
detection of nuclear proteins and simultaneous guiding
and tracking of cell behaviours such as migration. The
CPR platform comprises an intracellular probe region
containing two peptide complexes for binding to target
proteins, and each complex includes an NLS peptide to
guide nuclear entry. This platform was used to validate
the expression of the nuclear protein MDM2 and its
impact on the migratory behavior of tumour cell lines
and primary clinical cells.

The NLS has also been applied in other subcellular
localisation probes, such as APEX2-NLS, which detects
the nuclear localisation of RNA. These probes offer a
potent and versatile approach for exploring the spatial
environment and function of macromolecules.°!

Conclusion

NLS-mediated nuclear import of karyophilic proteins
is crucial for maintaining cellular functionality. Abnor-
malities in NLSs can disrupt nuclear transport, result-
ing in aberrant protein localisation, which is closely
associated with disease occurrence and progression.
A comprehensive understanding of NLS-mediated pro-
tein nuclear-import mechanisms will provide valuable
therapeutic strategies in the future.
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