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ABSTRACT: Nucleocytoplasmic transport (NCT) regulates the spatial distribution of proteins and RNA between the
nucleus and cytoplasm. NCT dysregulation can mislocalize tumor suppressors, DNA-repair factors, transcription
factors, and drug targets in cancer. In this review, we conceptualize NCT-dependent protein mislocalization as a
spatial regulatory framework for anticancer drug resistance, rather than as a catalogue of transport components. We
systematically discuss how nuclear pore complex (NPC) remodeling, transport-receptor imbalance, post-translational
modification (PTM)-regulated cargo routing, signaling-NCT crosstalk, nuclear localization signal/nuclear export
signal (NLS/NES) alterations, and tumor microenvironmental pressures jointly drive aberrant nucleocytoplasmic
distribution. These processes can further regulate apoptosis, DNA-damage repair, oncogenic transcription, oxidative
stress adaptation and drug-target accessibility, which ultimately promote drug tolerance and therapeutic resistance.
We further distinguish clinically validated mechanisms from preclinical phenotypes and correlative observations.
At present, the most advanced therapeutic evidence mainly supports exportin 1/chromosome region maintenance 1
(XPO1/CRM1) inhibition, particularly selinexor in selected hematologic malignancies; in contrast, strategies targeting
the NPC, importins, PTM pathways, microenvironmental cues, or localization signals remain largely investigational.
By integrating mechanistic, preclinical, translational, and clinical evidence, this review aims to synthesize current
evidence on NCT-dependent protein mislocalization as a resistance-relevant axis and to highlight the need for
cargo-specific biomarkers and rational combination strategies to translate this biology into anticancer therapy.

KEYWORDS: Nucleocytoplasmic transport; nuclear pore complex; transport receptors; anticancer drug resistance;
post-translational modifications; tumor microenvironment; nuclear localization signal mutations; nuclear export
signal mutations

1 Introduction

Nucleocytoplasmic transport (NCT) controls the selective distribution of proteins and RNA between
the nucleus and cytoplasm through the nuclear pore complex (NPC), karyopherins, Ran-GTPase cycling,
and cargo-specific nuclear localization or export signals [1,2]. In cancer, this spatial control can be rewired
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causing tumor suppressors such as p53 [3], breast cancer susceptibility gene 1 (BRCA1) [4], and fork-
head box O (FOXO) family proteins [5], oncogenic transcription factors such as nuclear factor kappa B
(NF-kB) [6], and drug targets such as epidermal growth factor receptor (EGFR) [7] to undergo altered
localization or trafficking, leading to diminished apoptosis, enhanced DNA-damage tolerance, and multidrug
resistance [8,9].

Importantly, NCT is not an isolated transport process. It is dynamically regulated by post-translational
modifications (PTMs) [10,11], oncogenic signaling cascades [10], and microenvironmental stresses, including
hypoxia [12,13], nutrient starvation [14], inflammation [15], and mechanical stress [16]. These upstream
inputs can expose or mask nuclear localization signal (NLS) and nuclear export signal (NES) motifs, alter
transport-receptor engagement, and produce adaptive localization states during therapy [17].

Clinically, inhibition of nuclear export via exportin 1/chromosome region maintenance 1 (XPO1/CRM1)
blockade, exemplified by Selinexor [18], the first-in-class selective inhibitor of nuclear export (SINE), has
established NCT as a druggable axis in hematologic malignancies [19]. Evidence in solid tumors, including
hepatocellular carcinoma (HCC)- and Kirsten rat sarcoma viral oncogene homolog (KRAS)-driven contexts,
remains more heterogeneous and often preclinical or early clinical [20,21]. Therefore, clinical translation
requires careful attention to tumor type, toxicity, cargo dependency, and predictive biomarkers [22,23].

Here, we synthesize NCT-associated protein mislocalization as a spatial regulatory framework linking
aberrant cargo distribution to therapy response, rather than as a catalogue of transport components. We first
trace how NPC remodeling, transport-receptor imbalance, PTM-regulated cargo routing, signaling crosstalk,
localization-signal alterations, and tumor microenvironment (TME) pressures converge on aberrant nuclear-
cytoplasmic distribution. We then distinguish clinically validated findings from preclinical and correlative
evidence, with particular attention to the greater clinical maturity of XPO1 inhibition compared with
other emerging NCT-directed strategies. By integrating mechanistic studies, preclinical models, clinical
associations, and therapeutic trials, this review highlights both the mechanistic logic and the translational
limits of targeting NCT in refractory cancers.

2 Historical Evolution of NCT Research: From Nuclear Transport Signals to Therapy Response

The modern concept of nucleocytoplasmic transport emerged from efforts to understand how selected
proteins enter the nucleus rather than passively equilibrating across the nuclear envelope. A landmark
step was the identification of the simian virus 40 (5V40) large T-antigen nuclear localization signal (NLS),
which demonstrated that a short amino-acid sequence could be sufficient to direct a cytoplasmic protein
into the nucleus, establishing localization signals as experimentally tractable determinants of subcellular
distribution [24]. Subsequent identification of importin alpha/importin beta and the Ran-GTPase cycle
defined the core machinery that interprets these signals and gives nuclear transport its directionality [25,26].

A second shift linked transport machinery to cancer-relevant cargo localization. CRM1/XPO1 was
identified as a receptor for leucine-rich nuclear export signals, making nuclear export a defined receptor-
mediated process rather than nonspecific leakage through the NPC [27]. This discovery later became
especially relevant to oncology because many XPO1 cargoes include tumor suppressors, cell-cycle regulators,
and stress-response proteins whose cytoplasmic displacement can weaken anticancer responses [28]. In
parallel, studies of p53, BRCA1, and related regulators showed that altered subcellular localization can
impair tumor-suppressive transcriptional programs or DNA-repair functions even when the protein is not
simply absent [29,30]. These findings transformed protein mislocalization from a descriptive phenotype
into a mechanistic route by which cancer cells may alter therapy response.
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The current phase is increasingly translational and systems oriented. XPO1 inhibition, especially
selinexor, has provided the clearest clinical proof that NCT can be pharmacologically targeted, with
strongest evidence in selected hematologic malignancies [22,23]. However, recent work has shifted attention
toward cargo-specific dependency, solid-tumor resistance, noncanonical XPO1 functions, and NPC- or
nucleoporin-centered mechanisms involving chromatin regulation, nuclear mechanics, and selective-barrier
dynamics [2,31-34]. Thus, NCT research has progressed from localization signals and transport machinery
to cancer-associated cargo mislocalization and context-specific therapeutic targeting, which is the organizing
logic of this review.

3 NCT Drives Resistance
3.1 NPC Dysfunction

During interphase, the NPC serves as a selective transport interface that helps maintain compartment-
specific distribution of proteins and RNA between the nucleus and cytoplasm [35]. In cancer, remodeling
of NPC composition, permeability, or chromatin-associated functions can shift cargo selectivity, allowing
oncogenic factors to accumulate in the nucleus while tumor suppressors or DNA-repair regulators become
mislocalized [36].

Malignancy-associated NPC changes first reshape the influx of survival-adaptive transcription fac-
tors. In prostate cancer, POM121 enhances NPC-mediated, importin-{3-dependent nuclear import of E2F
transcription factor 1 (E2F1), MYC proto-oncogene (MYC), and androgen receptor (AR), thereby reinforc-
ing transcriptional programs that support tumor progression and resistance-associated phenotypes [37].
A related mechanism has been described in squamous malignancies, where the NUP62-KPNB1-ANp63
axis sustains nuclear import of ANp63«, represses the pro-apoptotic factor p53 upregulated modulator of
apoptosis (PUMA), and promotes radioresistance [38].

NPC dysfunction can also impair nuclear retention or appropriate redistribution of tumor suppressors
and DNA-repair mediators. Nucleoporin 153 (NUP153), for example, supports p53-binding protein 1
(53BP1) nuclear retention/import in daughter-cell nuclei; its loss compromises DNA double-strand break
repair and alters clonogenic survival after ionizing radiation [39]. In neuroblastoma, the TSPYL5-G3BP1-
RanBP2 axis links the NPC-associated factor Ran-binding protein 2/nucleoporin 358 (RanBP2/NUP358) to
p53 SUMOylation, accelerated p53 nuclear export, reduced nuclear transcriptional activity, and cisplatin
resistance [40].

Beyond classical pore-mediated import and export, nucleoporin-associated oncogenic programs
may arise through chromatin-linked rewiring of transport junctions. In acute myeloid leukemia (AML),
DEK::NUP214 behaves as an XPO1-dependent transcriptional activator at FOXC1 and HOXA/B regulatory
loci, creating a chromatin-linked dependency coupled to therapeutic vulnerability [41]. In T-cell acute lym-
phoblastic leukemia (T-ALL), chromatin-bound CRM1 recruits SET::NUP214 to HOX clusters and enforces
aberrant HOX transcriptional programs associated with corticosteroid and chemotherapy resistance [42].
In metastatic prostate cancer, off-pore sSPOM121 cooperates with SMARCAS at promoter-associated nu-
clear condensates to amplify (3-catenin-centered transcriptional circuits, promoting therapy resistance and
immune evasion [43].

Beyond these established routes, phase-separation properties of nucleoporins have emerged as a
potential integrative layer of NPC dysfunction. Phenylalanine-glycine-rich (FG)-nucleoporins form a
selective permeability barrier within the NPC central channel, and their phase behavior can influence how
macromolecules and transport receptors partition through the pore [44]. In hematologic malignancy models,
this concept also connects with chromatin-linked nucleoporin dysfunction, as nucleoporin 98 (NUP98)
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fusion proteins have been shown to form phase-separated condensates that drive aberrant chromatin
looping, leukemogenic transcriptional programs, and malignant transformation [45,46]. However, direct
evidence linking FG-nucleoporin phase behavior to therapy resistance remains limited. We therefore discuss
liquid-liquid phase separation (LLPS)-related NPC dysfunction as an emerging hypothesis that may connect
pore selectivity, chromatin-associated nucleoporin functions, and stress-induced cargo mislocalization, but
requires cancer-specific functional validation.

Collectively, these examples show that NPC dysfunction contributes to resistance-associated phe-
notypes through at least three routes: altered transcription-factor influx, defective tumor-suppressor or
DNA-repair cargo localization, and chromatin-linked transport rewiring. LLPS-related nucleoporin biology
further expands this framework by suggesting how NPC selective permeability and chromatin-associated
nucleoporin functions may be coupled to cancer-relevant transcriptional states, although direct evidence
connecting this layer to therapy resistance remains limited. The strongest mechanistic evidence comes
from defined cargo-specific models, whereas the broader clinical value of NPC alterations will require
tumor-type-specific validation and biomarker development (Table 1 & Fig. 1).

Table 1: Nuclear pore complex (NPC) dysfunction contributes to therapy resistance through distinct mechanis-

tic routes.
Mechanisti NPC C - C Path
echanistic ompo argo/Pathway Cancer Type/Model Mechanism of Resistance Ref.
Category nent(s)/Factor Affected
E2F1, MYC, AR Prostate cancer (cell NPC-mediated nuclear import
) POM121 (importin-3 - lines, PDX, mouse enhances oncogenic transcription [37]
Increased influx of dependent) models) programs and tumor progression
survival-adaptive
transcription factors AN . o Facilitates ANp63 nuclear entry,
NUP62 po3a (importin-f5 HNSCC (SCC models) suppresses PUMA, supports [38]
dependent) : .
radioresistance
Loss impairs nuclear
tenti i t of 53BP1 i
NUP153 53BP1 Human cell models reten 10n/1mp0.r ° n [39]
. daughter nuclei, suppresses DSB
Nuclear retention >
defects of tumor repau
Suppressors RanBP2 (NUP358), . Promotes p53 SUMOylation and
TSPYL5-G3BP1 ps3 (SUMleaFlon Neuroblastoma nuclear export, diminishing nuclear [40]
mediated ejection) o
apparatus P53 activity
DEK:NUP214 behaves as an
XPO1-dependent transcriptional
DEK:NUP214, XPO1 FOXCl(an‘d HOXA/B AML activator at FQXCI anld HOXA/B [41]
transcriptional loci regulatory loci, establishing a
chromatin-linked dependency
coupled to therapeutic vulnerability
Chromatin-bound CRM1 recruits
Chromatin-linked » SET::NUP214 to HOX clusters,
transport junction SET:NUP214, HOX transcriptional T-ALL enforc@g ‘aberrant HOX ‘ [42]
rewiring CRM1/XPO1 program transcriptional programs associated
with corticosteroid and
chemotherapy resistance
sPOM121 cooperates with
SMARCAS at promoter-associated
ooz, B e el
SMARCA5 . P cancer . P
circuitry programs, thereby promoting

therapy resistance and immune
evasion

Abbreviations: NPC, nuclear pore complex; DSB, DNA double-strand break; HNSCC, head and neck squamous cell carcinoma;

AML, acute myeloid leukemia; T-ALL, T-cell acute lymphoblastic leukemia.
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3.2 Transport Receptor Dysregulation

Export and import transport receptors are principal exponents of NCT, and dysregulation of those
receptors is another widespread mode of resistance [1,31]. More specifically, the export carrier XPO1/CRM1
has emerged as a chief mediator [47,48]. Overexpression of XPO1 results in aberrant cytoplasmic exclusion
of tumor suppressors such as p53 [49], and FOXO [50], effectively silencing their transcriptional agendas
and bringing about drug resistance [32,51,52].

NCT drives therapeutic resistance

) NPC Dysfunction ) Transport Receptor Dysregulation PTM-driven Relocalization

(1

e o XPO1/CRM1 P = @ @
Altered pore @ Varied (exportin) KPN:”;:");P°4' Cargo S

in high levels o (importins) @
oy e increase export ° g
.2 ;/. Oncogenes | | °fcardo ' o o Increaseimport @
st s ONCOgenic nuclear (eg : ERK of cargo Prd @
‘W accumulation ** YAP) cagor® © © < H ‘ : Y\ NL

.
~

/_\4 O!\‘ j}]l

(FOXO)
P53 P -

Tumor supp! &=
NPC mislocalization - °

eyl Altered Nuclear
@ Signaling-NCT Crosstalk Import/Export
(U Specific signalinB . . R TN
(WNT/B-catenin factor activation ; — A WYM
i FOXO/p53 ) Cytoplasm \ Adaptive/transcriptionél b
\ / Specific p
NF-kB E— Transcription factor
4 activation N . .
NRF2 — @ NLS/NES Mutations @ Microenvironments stress
S / Wild: f
ERK s / ld-type 0? .
\ y Cont:r)]ltlreydar::.éclear SA EPA . o [0=0)
Hippo/YAP ) —> transcripti ! —
\ J ptional 8 mut 7 \\ g
STAT3 \ responses VDL@N { vpI @ N —> .' ° @) Inﬁammz;tory
Accumulation of ! Altered nuclear import/ ECM mechanical/
import/export cargo: export cargo Hypoxia stiffening  chemical
OUTCOME: ADAPTIVE PROTEIN RELOCALIZATION- SURVIVAL SIGNALING-THERAPY RESISTANCE
/ .%\ Adaptive /{ﬁ‘ % Survival Signaling - Therapy
.S Protein ——> l X 1 (up.-regulated —— F— 9 @ @ Resistance
<_&/ ‘s Relocalization survival factors) amil
P/ > [@®) fod
S [ - Ce
@ @&

Figure 1: NCT dysregulation shapes anticancer drug-resistance phenotypes. Aberrant NCT can influence therapy
response through six interconnected mechanisms. (1) NPC dysfunction: remodeling of the nuclear pore complex
(NPC) alters pore permeability, resulting in nuclear accumulation of oncogenic factors and mislocalization of tumor
suppressors. (2) Transport receptor dysregulation: abnormal activity of exportins and importins enhances nuclear
export or import of resistance-related cargoes, thereby sustaining pro-survival signaling. (3) PTM-driven relocalization:
post-translational modifications modulate the exposure of nuclear localization or export signals and reprogram
cargo trafficking between the nucleus and cytoplasm. (4) Signaling-NCT crosstalk: oncogenic signaling pathways
hijack NCT to control the localization and transcriptional activity of key downstream effectors. (5) NLS/NES
mutations: alterations in nuclear localization or export motifs redirect subcellular trafficking and reshape drug
responses. (6) Microenvironmental stress: hypoxia, extracellular matrix stiffening, and inflammatory, mechanical, or
chemical stress induce adaptive protein relocalization through NCT dysregulation. Collectively, these mechanisms
converge on adaptive protein relocalization, enhanced survival signaling, impaired apoptosis, and resistance-associated
phenotypes, with clinical strength varying by cargo, tumor type, and therapeutic context. The figure was prepared
using BioRender.com.
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Importins are also involved. For instance, importin o/(3-dependent nuclear entry of survival inhibitors
such as X-linked inhibitor of apoptosis protein (XIAP) underlies resistant phenotypes, and suppression
of importin «/f3 reduces survival under drug pressure [53]. Moreover, in castration-resistant prostate
cancer, importin-31-dependent nuclear import of androgen receptor-V7 (AR-V7) and related drivers sus-
tains ligand-independent AR signaling, thereby contributing to enzalutamide resistance [54]. Similarly, in
cervical cancer, karyopherin subunit beta 1 (KPNB1)/importin (31-mediated nuclear import contributes to
cisplatin resistance by restraining p53 stabilization and activation while facilitating NF-«kB nuclear translo-
cation [55]. Consistently, aberrant importin (31-dependent nuclear influx represents a mechanistically
relevant contributor to chemoresistance, highlighting dysregulated nuclear import as a resistance-promoting
pathway [56]. Furthermore, importin-4 (IPO4) promotes cisplatin resistance in cervical cancer by convey-
ing CCAAT/enhancer-binding protein delta (CEBPD) to the nucleus, whereby CEBPD activates protein
kinase, DNA-activated, catalytic subunit (PRKDC; DNA-dependent protein kinase catalytic subunit, DNA-
PKcs)-mediated DNA repair, opening up the potential of targeting nuclear influx pathways to overcome
chemotherapy resistance [57]. Finally, importin-7-dependent nuclear influx of AR and its counterpart
counterpart ubiquitin-specific peptidase 22 (USP22) retains AR-dependent transcription in breast cancer,
reducing AR antagonist efficacy [58]. Key pathways are presented in Table 2 & Fig. 1.

Table 2: Representative exportin/importin receptor-mediated mechanisms of anticancer drug resistance.

Exportin/Importin Cargo/Target Cancer Type/Model Mechanism of Resistance Ref.

XPO1 overexpression drives aberrant

cytoplasmic sequestration of tumor

suppressors such as p53 and FOXO, thereby [47-52]
silencing their transcriptional programs and

Multiple cancers/pan-cancer

XPO1/CRM1 p53, FOXO
context

promoting drug resistance.

Importin «/f3-dependent nuclear import of
Importin o¢/3 XIAP Drug-stressed cancer models ~ XIAP supports cell survival under therapeutic [53]
stress and underlies resistant phenotypes.

Importin- 3 1-dependent nuclear import of
Castration-resistant prostate ~ AR-V7 and related drivers sustains
cancer ligand-independent AR signaling, thereby
contributing to enzalutamide resistance.

AR-V7 and related AR drivers [54]

KPNB1/importin [31-mediated nuclear import
promotes cisplatin resistance by restraining
p53 stabilization and activation while
facilitating NF-«kB nuclear translocation.

Importin-B31 (KPNB1) p53, NF-kB Cervical cancer [55]

Aberrant importin 3 1-dependent nuclear
influx represents a general

Multiple oncogenic cargos Multiple models . . .
resistance-promoting pathway and contributes

[56]

to chemoresistance.

IPO4-mediated nuclear translocation of CEBPD
Importin-4 (IPO4) CEBPD-PRKDC (DNA-PKcs) axis  Cervical cancer activates PRKDC-mediated DNA repair, [57]
thereby promoting cisplatin resistance.

Importin-7-dependent nuclear import of AR
and USP22 sustains AR-dependent
transcription and reduces the efficacy of AR
antagonists.

Abbreviations: NCT, nucleocytoplasmic transport; XPO1/CRM1, exportin 1; XIAP, X-linked inhibitor of apoptosis protein; AR-
V7, androgen receptor splice variant 7; KPNB1, karyopherin (31; NF-kB, nuclear factor kappa-B; IPO4, importin-4; CEBPD,
CCAAT/enhancer-binding protein delta; PRKDC/DNA-PKcs, DNA-dependent protein kinase catalytic subunit; USP22, ubiquitin-
specific peptidase 22; AR, androgen receptor.

Importin-7 (IPO7) AR, USP22 Breast cancer [58]
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3.3 Post-Translational Modifications (PTMs)

Post-translational modifications (PTMs) have important effects on protein activity and localization,
influencing NCT and therefore drug resistance [17]. In this section, PTMs are discussed as molecular
switches that directly alter cargo trafficking by exposing or masking NLS/NES motifs, changing cargo
affinity for importins or exportins, or modifying nuclear/cytoplasmic retention. Because many PTMs
are induced by oncogenic or stress-activated signaling, this section focuses on the modification-level
mechanism, whereas pathway-level crosstalk is discussed in Section 3.4.

3.3.1 Methylation

Methylation has been identified as a dynamic regulator of NCT with potential relevance to therapy
response. By changing the localization, stability, or interaction partners of modified substrates, methylation
can alter nuclear retention, import, or export and thereby reshape the activity of oncogenic effectors, tumor
suppressors, and transcription factors [59,60].

One of the representative direct mechanisms is PRMT6-mediated methylation of p21 at Argl56,
augmenting its cytoplasmic localization, abolishing its nuclear cell-cycle checkpoint activity, and hence
rendering cancer cells tolerant to drugs [61]. It defines a bona fide pathway from localization alteration by
methylation to resistance to drugs.

Recent advances extend the paradigm to oncogenic transcriptional regulators. More recently, methyla-
tion of Yes-associated protein (YAP) at Arg124 by protein arginine methyltransferase 1 (PRMT1) was shown
to generate a positive feedback loop with the methionine transporter solute carrier family 43 member 2
(SLC43A2) and thus maintain YAP activity and resistance to anticancer drugs [62]. This example supports
methylation-directed relocalization as a resistance-relevant NCT mechanism.

3.3.2 Phosphorylation

Phosphorylation has emerged as a critical post-translational switch governing subcellular localization
and therapy response [63,64]. For instance, tyrosine phosphorylation of signal transducer and activator of
transcription 3 (STAT3) results in its nuclear translocation and transcriptional activation of survival genes,
maintaining chemoresistance and radioresistance in many cancers [63]. In colorectal cancer, BRAF-mediated
phosphorylation of KIAA1429 drives its cytoplasmic redistribution, stabilizing frizzled class receptor 7
(FZD7) and activating Wingless/INT-1 (WNT) signaling to induce oxaliplatin resistance [65]. In ovarian
cancer, NIMA-related kinase 6 (NEK6) phosphorylates FOXO3 at Ser7, preventing nuclear entry, stabilizing
c-MYC signaling, and conferring platinum resistance [66]. Similarly, Janus kinase 1 (JAK1)-mediated
phosphorylation of toll-like receptor 3 (TLR3) at Ser155 enhances its importin-a5-dependent nuclear
import, driving c-MYC-linked chemoresistance and metastasis [67]. Expanding this paradigm, p38 mitogen-
activated protein kinase (p38-MAPK) phosphorylates glutamate-cysteine ligase modifier subunit (GCLM)
at Thr17 in colorectal cancer, promoting importin-«5 interaction, nuclear accumulation, and platinum
resistance through NF-kB-repressing factor (NKRF) regulation [68]. In triple-negative breast cancer, cyclin-
dependent kinase 2 (CDK2)-dependent phosphorylation facilitates tripartite motif-containing protein 32
(TRIM32) nuclear entry, stabilizing nuclear pSTAT3 and driving radioresistance [69]. Additional examples
further highlight this mechanism: in epidermal growth factor receptor (EGFR)-mutant non-small cell lung
cancer (NSCLC), p21-activated kinase 2 (PAK2) phosphorylates 3-catenin to promote nuclear accumulation
and osimertinib resistance [70]; in ovarian cancer, PDZ-binding kinase (PBK) phosphorylates tripartite
motif-containing protein 37 (TRIM37), inducing NF-kB activation and poly(ADP-ribose) polymerase (PARP)
inhibitor resistance [71]. In hormone receptor-positive breast cancer, serum/glucocorticoid-regulated kinase
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3 (SGK3) phosphorylates glycogen synthase kinase 3 beta (GSK3f3) and 3-catenin, reinforcing nuclear f3-
catenin enrichment and resistance to phosphoinositide 3-kinase alpha (PI3K«) inhibitors, which is reversed
by SGK3 blockade [72]. These illustrative cases indicate that phosphorylation is an active modulator of
NCT and highlight its role in chemoresistance phenotype determination.

3.3.3 SUMOylation

Small ubiquitin-like modifier (SUMO)ylation is crucial for protein localization and stability, thus
influencing therapeutic response [73]. Aberrant SUMOylation may alter subcellular partitioning of tar-
get proteins, leading to acquired drug resistance. An example is incubation with the TOP1 inhibitor
camptothecin, resulting in SUMOylation of Topoisomerase I (TOP1) that alters its partitioning between nu-
cleoplasm and nucleoli to influence availability of TOP1 and confer acquired resistance to camptothecin [74].
Secondly, in cholangiocarcinoma, hyper-SUMOylation of p27°Kip1 enhances its export from the nucleus and
retention in cytoplasm, impairing its cell-cycle inhibitory activity and promoting cisplatin resistance [75].
Similarly, in pancreatic ductal adenocarcinoma (PDAC), cancer-associated fibroblast—derived circBIRC6
enhances SUMOylation of X-ray repair cross-complementing protein 4 (XRCC4) at K115, promoting its
chromatin recruitment and nuclear accumulation, which strengthens non-homologous end joining (NHE])
repair and drives oxaliplatin resistance; genetic disruption of XRCC4 SUMOylation (K115R) or pharmaco-
logical inhibition with 2-D08 re-sensitizes tumors to platinum and further synergizes with PARP inhibitors
in xenograft models [76]. These results demonstrate that SUMO-regulated protein trafficking is a significant
modality of chemotherapy evasion.

3.3.4 Ubiquitination

Ubiquitination dynamically modulates protein stability and trafficking, thereby influencing therapy
response [77]. Recent studies have uncovered mechanisms by which ubiquitination-dependent relocalization
of oncogenic regulators feeds directly into therapy resistance. In glioma, the tripartite motif-containing
protein 25 (TRIM25) E3 ligase promotes Kelch-like ECH-associated protein 1 (Keap1) ubiquitination, thereby
enhancing erythroid 2-related factor 2 (NRF2) nuclear import/retention and activating antioxidant programs
that support temozolomide resistance [78]. This finding points out ubiquitination as an essential post-
translational switch that remodels the subcellular localization of key effectors and provides an adaptive
foundation for drug resistance.

3.3.5 Glycosylation

Glycosylation, particularly N-glycosylation, is important for the localization and activity of
chemoresistance-conferring membrane proteins [79,80]. In docetaxel-resistant Michigan Cancer Foundation-
7/adriamycin-resistant (MCF7-ADR) breast cancer cells, ribophorin II (RPN2)-dependent glycoslation of
P-glycoprotein (P-gp) is required for its correct membrane localization. RPN2 silencing reduces P-gp
glycosylation and membrane expression, restoring docetaxel sensitivity in vitro and in vivo [81]. In addition,
O-GlcNAc transferase (OGT)-mediated O-GlcNAcylation of microphthalmia-associated transcription factor
(MITF) at S49 within its NLS enhances its binding to importin o«/f, thereby promoting MITF nuclear
translocation and contributing to Cyclin-dependent kinases 4 and 6 (CDK4/6) inhibitor resistance in breast
cancer [82]. These findings illustrate how glycosylation-induced subcellular localization changes can
contribute to chemoresistance.
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3.3.6 Acetylation

Acetylation has emerged as a direct modulator of nucleocytoplasmic transport with important therapy-
response implications. One representative example is that of N-acetyltransferase 10 (NAT10)-dependent
acetylation of ATP-citrate lyase (ACLY) at lysine 468, which promotes ACLY nuclear translocation under
chemotherapeutic stress. Nuclear ACLY increases nuclear acetyl-CoA synthesis, thereby supporting histone
acetylation and gene transcription of drug-resistance genes such as cytochrome P450 family 2 subfamily
C member 9 (CYP2C9) and phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1). Functionally, this
pathway confers heightened chemoresistance in hepatocellular carcinoma models [83]. This example
establishes a causal link from acetylation-dependent subcellular relocalization to drug resistance, and
positions acetylation not only as a modulator of both metabolism and NCT-dependent therapy response.

PTM:s constitute a dynamic regulatory layer that connects NCT with drug resistance, all above mecha-
nisms have shown in the Table 3 & Fig. 1. Evidence shows that PTMs such as methylation, phosphorylation,
SUMOylation, ubiquitination, acetylation, and glycosylation can reset nuclear import, export, or retention
of central regulators, including transcription factors, tumor suppressors, and DNA-repair proteins [84].
From a translational standpoint, PTMs create both vulnerabilities and therapeutic opportunities. Inhibitors
of PRMTs [85], HDACs [86], or PARP enzymes [87] are approved entities for clinical use or are being
evaluated in clinical trials, but their implications for NCT-dependent resistance remain insufficiently char-
acterized [17]. Key gaps include tumor-type specificity, PTM crosstalk, and predictive biomarkers that
identify patients most likely to benefit from NCT-directed combinations.

Table 3: PTM-mediated regulation of nucleocytoplasmic transport and therapy resistance.

PTM Type Protein/Target Modification & NCT Effect Cancer Context Ref.

PRMT6-mediated methylation at Arg156

romotes cytoplasmic relocalization of p21,
p21 P yiop P Cancer cells [61]

abolishing its nuclear cell-cycle checkpoint

Methylation activity and thereby conferring drug tolerance.

PRMT1-mediated methylation at Arg124
sustains YAP activity through
YAP relocalization-associated positive feedback with ~ Cancer [62]
SLC43A2, thereby promoting resistance to
anticancer drugs.

Tyrosine phosphorylation induces STAT3
STATS nuclear translocati'on Z'll’l'd activation of survival Multiple cancers [63]
genes, thereby maintaining chemo- and

radioresistance.

BRAF-mediated phosphorylation drives
cytoplasmic redistribution of KIAA1429,
stabilizing FZD7 and activating WNT signaling
Phosphorylation to promote oxaliplatin resistance.

KIAA1429 Colorectal cancer [65]

NEK6-mediated phosphorylation at Ser7
FOXO03 prevents FOXO3 nuclear entry, stabilizes c-MYC ~ Ovarian cancer [66]
signaling, and confers platinum resistance.

JAK1-mediated phosphorylation at Ser155
enhances importin-«5-dependent nuclear
import of TLR3, driving c-MYC-linked
chemoresistance and metastasis.

TLR3 Cancer [67]
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Table 3: Cont.

PTM Type Protein/Target Modification & NCT Effect Cancer Context Ref.

p38-MAPK-mediated phosphorylation at Thr17

promotes importin-x5 interaction and nuclear
GCLM Colorectal cancer [68]

accumulation of GCLM, contributing to
platinum resistance through NKRF regulation.

CDK2-dependent phosphorylation facilitates
TRIM32 TRIM32 nuclear entry and stabilizes nuclear
pSTATS3, thereby driving radioresistance.

Triple-negative breast
[69]
cancer

PAK2-mediated phosphorylation promotes
[3-catenin nuclear accumulation of 3-catenin and EGFR-mutant NSCLC [70]
contributes to osimertinib resistance.

PBK-mediated phosphorylation induces NF-kB

TRIM37 activation and promotes PARP inhibitor Ovarian cancer [71]
resistance.
SGK3-mediated phosphorylation reinforces Hormone

GSK3[3/[3-catenin nuclear (3-catenin enrichment, thereby receptor-positive breast [72]
promoting resistance to PI3K« inhibitors. cancer

Camptothecin-induced SUMOylation alters

TOP1 partitioning between nucleoplasm and
TOP1 Cancer cells [74]

nucleoli, reducing effective TOP1 availability

and conferring acquired resistance.

Hyper-SUMOylation enhances nuclear export

d cytopl ic retenti f p27°Kip1,
SUMOylation p27°Kip1 tcm C,y,OP 'asrnlc reten 1'0n f) 'p P . Cholangiocarcinoma [75]
impairing its cell-cycle inhibitory function and

promoting cisplatin resistance.

circBIRC6-driven SUMOylation of XRCC4 at

K115 promotes chromatin recruitment and
XRCC4 PDAC [76]

nuclear accumulation of XRCC4, strengthening
NHE] repair and driving oxaliplatin resistance.

TRIM25-mediated ubiquitination of Keap1

enhances nuclear import/retention of NRF2,
Ubiquitination Keap1/NRF2 P Glioma [78]

activating antioxidant programs and promoting
temozolomide resistance.

RPN2-dependent N-glycosylation is required for .
L Docetaxel-resistant
proper membrane localization of P-gp; loss of

breast cancer [81]

(MCF7-ADR)

P-
&P this modification reduces membrane expression

Glycosylation and restores docetaxel sensitivity.

O-GlcNAcylation at Ser49 within the NLS
MITF enhances importin /{3 binding and promotes Breast cancer [82]
MITF nuclear localization.

NAT10-dependent acetylation of ACLY at

Lys468 promotes its nuclear translocation under

. . X . Hepatocellular

Acetylation ACLY chemotherapeutic stress, increasing nuclear . [83]
carcinoma

acetyl-CoA production, histone acetylation, and

expression of drug-resistance genes.

Abbreviations: PTM, post-translational modification; NCT, nucleocytoplasmic transport; CRM1, chromosome region maintenance
1/exportin 1; YAP, Yes-associated protein; STAT3, signal transducer and activator of transcription 3; NSCLC, non-small cell lung
cancer; TOP1, topoisomerase I; NHE], non-homologous end joining; PDAC, pancreatic ductal adenocarcinoma; NRF2, nuclear
factor erythroid 2-related factor 2; EMT, epithelial-mesenchymal transition; P-gp, P-glycoprotein; MITF, microphthalmia-associated
transcription factor; ACLY, ATP-citrate lyase.
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3.4 Signaling Pathways and NCT Crosstalk in Resistance

Whereas Section 3.3 focuses on PTMs as molecular switches for individual cargo trafficking, this
section discusses signaling pathways as broader regulatory contexts that coordinate NCT changes across
multiple cargoes and resistance phenotypes.

Stress-response and DNA-damage pathways provide one major entry point into this crosstalk. In the
TLR3-JAK1 axis, JAK1-dependent nuclear redistribution of TLR3 links stress signaling to c-MYC-associated
chemoresistance and metastatic phenotypes [67]. In the extracellular signal-regulated kinase (ERK)-RFNG
O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase (RENG) axis, ERK-dependent RFNG nuclear
translocation through the karyopherin subunit alpha 1/karyopherin subunit beta 1 (KPNA1/KPNB1) import
pathway suppresses p53 activity and contributes to oxaliplatin resistance [88]. These examples illustrate
how stress-linked kinase signaling can convert a localization change into altered apoptosis, repair, and
chemotherapy response.

Survival and inflammatory pathways show a similar dependence on transcription-factor residency.
In WNT/[3-catenin signaling, 3-catenin nuclear enrichment reinforces drug-tolerant transcriptional pro-
grams in BRAFV600E-mutant colorectal cancer, EGFR-mutant non-small cell lung cancer and PI3K«x
inhibitor-resistant breast cancer models [65,70,72]. In the PI3K-AKT-FOXO axis, AKT-dependent FOXO
nuclear exclusion limits FOXO-mediated apoptosis and cell-cycle checkpoint transcription, thereby shaping
chemotherapy response [89,90]. NF-kB signaling illustrates how nuclear localization of either pathway
regulators or upstream modulators can sustain resistant transcriptional output. In the PBK-TRIM37-NF-«xB
axis, PBK-driven TRIM37 nuclear translocation activates NF-«B signaling and promotes PARP inhibitor
resistance in ovarian cancer [71]. In a therapeutically opposite direction, XPO1 inhibition can retain IkBa
in the nucleus, suppress NF-kB signaling, and cooperate with proteasome inhibition [91]. In IL-6/STAT3
signaling, cytokine-induced p-STAT?3 nuclear translocation drives an IL-6R/STAT3/miR-204 feedback loop
that promotes cisplatin resistance in epithelial ovarian cancer cells [92].

Developmental, metabolic, and microenvironment-responsive pathways further illustrate how signal-
ing inputs are translated into NCT-dependent resistance phenotypes. In Hippo/YAP signaling, regulated
YAP/TAZ nuclear trafficking supports oncogenic transcriptional output; SOX9-driven YAP nuclear entry in
hepatocellular carcinoma and hypoxia/HIF-1x-driven YAP nuclear entry can protect cancer cells from DNA-
damage-induced apoptosis [93-95]. In NRF2-mediated redox signaling, nuclear NRF2 activity reinforces
antioxidant defense and stress-adapted drug tolerance [78].

Together, these pathway-level patterns support NCT-mediated signaling rewiring as a convergent
route to resistance-associated phenotypes. Importantly, the evidence strength varies by pathway: some
mechanisms directly link a defined signaling event to cargo relocalization and drug response, whereas others
remain pathway-level associations that require rescue experiments and clinical validation. Representative
signaling-NCT axes are summarized in Table S1 & Fig. 1.

3.5 NLS/NES Mutations as an Evolutionary Strategy for Drug Resistance

Beyond post-translational regulation, a subset of somatic or engineered mutations that directly alter
nuclear localization (NLS) or export signal (NES) motifs have been shown to reprogram subcellular routing
and reshape therapeutic responses. In lung cancer, hotspot substitutions within the putative NES of EGFR
(L747S/P) impair nuclear export and promote nuclear accumulation of EGFR, which in turn attenuates
sensitivity to multiple EGFR tyrosine kinase inhibitors in vitro and in xenograft models [96].

Similarly, in etoposide-resistant small-cell lung cancer, a C-terminal truncation of Topoisomerase
IIx (TOP2A) eliminates its tripartite NLS, driving cytoplasmic mislocalization that constitutes a distinct
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mechanism of resistance to topoisomerase II-targeted drugs [97]. Conversely, point mutations disrupt-
ing the NES of Survivin (BIRC5) abrogate CRM1-mediated export and trap the protein in the nucleus,
thereby diminishing its anti-apoptotic activity and sensitizing tumor cells to radiation and temozolomide
treatment [98]. Experimental ANLS constructs of p27°Kip1 produce cytoplasmic enrichment of the cyclin-
dependent kinase inhibitor, blunting apoptosis and conferring tolerance to HER-family-targeted therapies
in breast-cancer models [99]. Finally, studies employing engineered BRCA1 variants with forced nuclear
localization (NLS-BRCA1) or cytoplasmic anchoring (NES-BRCA1) demonstrate that subcellular distribution
alone can reprogram DNA-repair competence and modulate responsiveness to platinum compounds and
PARP inhibitors [30].

Collectively, these examples provide direct mechanistic proof that sequence-level alterations of
NLS/NES elements can redefine the intracellular routing of key regulators and thereby dictate drug sensi-
tivity or resistance (Table S2 & Fig. 1).

3.6 Microenvironmental Pressures and NCT-Dependent Resistance

Accumulating evidence demonstrates that distinct TME cues can reprogram therapy responses by
reshaping the NCT of key regulators. Among these stressors, hypoxia is the most extensively characterized.
In hepatocellular carcinoma, hypoxic exposure drives YAP nuclear translocation and activation, thereby
conferring resistance to SN38 [100]. Similarly, hypoxia-induced Twistl expression promotes nuclear
accumulation of EGFR and DNA-PKcs, enhancing DNA-repair capacity and radioresistance in cervical
cancer, whereas blockade of this pathway re-sensitizes tumors to irradiation [101]. In colorectal cancer,
hypoxia-triggered miR-675-5p expression stabilizes (3-catenin nuclear localization, leading to 5-fluorouracil
resistance [102]. In breast-cancer models, low oxygen activates nuclear NRF2 signaling, strengthening
antioxidant defenses and reducing cisplatin efficacy [103].

Beyond oxygen deprivation, mechanical stiffening of the extracellular matrix (ECM) constitutes another
potent TME determinant. Increased matrix rigidity induces nuclear enrichment of YAP/TAZ (and [3-catenin)
and promotes doxorubicin resistance in three-dimensional breast-cancer cultures, while similar stiffness-
dependent nuclear YAP activation underlies gemcitabine tolerance in pancreatic-cancer models [104,105].
These findings indicate that physical properties of the TME can influence therapy response by altering the
nuclear residency of mechanosensitive transcriptional regulators.

By contrast, lactate-rich or hypoxic milieus can trigger atypical nuclear trafficking events, such as
GPR81 nuclear import, representing a nascent but intriguing form of TME-NCT interplay [106]. Because
direct evidence linking lactate/GPR81 nuclear transport to therapy resistance remains limited, this axis is
best presented as an emerging TME-NCT mechanism with resistance relevance still requiring validation.

Collectively, these findings establish a unifying model in which microenvironmental stresses, whether
chemical, mechanical, or inflammatory, drive adaptive protein relocalization through NCT dysregulation,
thereby enforcing drug-resistant phenotypes and unveiling actionable vulnerabilities within the nuclear-
cytoplasmic transport machinery. Hypoxia-driven examples currently provide the strongest direct links
between TME cues, NCT changes, and drug or radiation resistance, whereas stiffness- and lactate-associated
mechanisms expand the framework to physical and metabolic TME inputs. Representative studies delineat-
ing the link between specific TME pressures, NCT alterations, and therapy resistance are systematically
summarized in Table S3 & Fig. 1.
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4 Therapeutic Targeting of NCT-Mediated Resistance

The mechanistic links described above suggest several therapeutic entry points, but these strategies

differ markedly in translational maturity. XPO1 inhibition currently provides the strongest clinical validation,

whereas importin targeting, NPC-directed intervention, PTM or signaling modulation, microenvironmental

normalization, and localization-signal correction remain largely investigational or preclinical. Accordingly,

this section evaluates NCT-targeted strategies according to both their intervention level and the maturity

of supporting evidence.

Comprehensive research establishes that therapies targeting at different levels of the NCT machinery

can restore chemosensitivity by reshaping the subcellular trafficking of resistance-related proteins [107].

These therapies can be stratified into six classes: direct targeting of transport receptors, direct targeting of

NPC structure, indirect modulation through post-translational modifications, indirect modulation through

signaling pathways, microenvironmental targeting, and genetic repair of localization determinants. Details

are summarized in Table 4 & Fig. 2.

Therapeutic targeting of NCT-mediated resistance

Core concept: Targeting nucleocytoplasmic trafficking (NCT) restores drug sensitivity by reshaping subcellular localization
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Figure 2: Therapeutic targeting of NCT-mediated resistance. The schematic illustrates six major therapeutic strategies

designed to restore drug sensitivity in cancer cells by reshaping the subcellular localization of resistance-related

proteins. (1) Targeting the NPC structure: Modulating nuclear pore complex (NPC) integrity and permeability to regulate
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the nuclear residency of DNA repair and survival factors. (2) Direct targeting of transport receptors: Utilizing specific
inhibitors against overexpressed importins or exportins (e.g., XPO1, KPNB1) to rebalance nuclear import/export
dynamics. (3) Targeting signaling pathway-NCT crosstalk: Applying targeted kinase inhibitors to disrupt oncogenic
signaling cascades (e.g., RAS/ERK, PI3K/AKT) that drive the mislocalization of specific transcription factors. (4)
Indirect targeting through the microenvironment: Normalizing tumor microenvironmental stresses, such as hypoxia
and acidosis, to reverse adaptive resistance driven by altered NCT. (5) Indirect targeting through PTMs: Modulating
targeted PTMs (phosphorylation, methylation, SUMOylation, ubiquitination, and acetylation) that regulate the
exposure of NLS/NES motifs to normalize protein trafficking. (6) Genetic correction of localization signals: Utilizing
genome-editing tools (e.g., CRISPR) to alter NLS/NES motifs, serving as a proof-of-concept strategy for reprogramming
nuclear-cytoplasmic distribution. Final Outcome: Cumulatively, these synergistic interventions promote the nuclear
retention of tumor suppressors (e.g., p53), attenuate the nuclear accumulation of oncogenes (e.g., ERK, YAP), impair
DNA repair adaptations, and increase apoptosis, ultimately leading to the resensitization of cancer cells to therapy.

The figure was prepared using BioRender.com.

4.1 Targeting the NPC Structure

Beyond importins and exportins, nucleoporins themselves are assuming therapeutic node status.
Building on prior evidence that NPC integrity governs the nuclear import of DNA-repair mediators such
as 53BP1 [39] (see Section 3.1), subsequent functional studies have shown that nucleoporin dysregulation
broadly influences DNA repair capacity and treatment outcomes across cancer types. In the clinic, high
NUP153 expression has correlated with poor prognosis and reduced chemotherapy susceptiblitiy for various
cancers [108]. In vitro disruption of NPC assembly selectively killed actively cycling tumor cells, further
underscoring the therapeutic potential of selectively perturbing nuclear pore integrity [109]. Recent
mechanistic work has expanded this concept to NPC functional permeability. In breast-cancer models,
mechanical modulation of the nuclear envelope—via cytoskeletal tension and lamin—-NPC coupling—was
shown to alter pore gating and enhance nuclear accumulation of doxorubicin, restoring drug efficacy in
previously resistant cells [33].

As direct evidence relating NPC rescue through drug resistance reversal still remains to be found,
these studies consequently suggest that structural integrity of NPC dictates the nuclear residency of DNA
repair and viability factors and hence therapeutic outcome.

Accordingly, NPC-directed intervention should currently be framed as an emerging preclinical concept
rather than as a clinically validated resistance-reversal strategy; in this area, the key unmet need is to connect
specific NPC alterations to drug response through functional rescue experiments and biomarker-defined
tumor subsets [33,109].

Consistent with this view, accumulating clinical evidence indicates that NPC dysfunction actively
drives aggressive malignant phenotypes rather than merely accompanying tumor progression. At present,
no drugs directly act upon NPC structure per se. Drug advances instead stem from indirect interventions,
most remarkably nuclear export inhibitors such as selinexor [110], which has been approved for multiple
myeloma and has also been shown to restore chemosensitivity in preclinically relevant models. Looking
ahead, it will be important to define the heterogeneity and functional consequences of NPC alterations
across tumor contexts. Recent mechanistic evidence [111] linking nucleoporin dysregulation to aggressive
tumor phenotypes further supports a cautious but actionable perspective: NPC-directed intervention
remains preclinical, but tumor-context-specific nucleoporin alterations may help define biomarker-selected
vulnerabilities for future therapeutic development.
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4.2 Direct Targeting of Transport Receptors

Previous studies have already demonstrated that direct inhibition of import receptors such as Importin-
4 [57] and Importin-31 [55] can restore cisplatin sensitivity in cervical-cancer models by reprogramming
the nuclear—cytoplasmic trafficking of DNA-repair and stress-response factors (see Section 3.2).

Beyond these classical import receptors, recent evidence implicates Importin-7 (IPO7) as another
actionable determinant of drug resistance [112]. In nasopharyngeal carcinoma, circIPO7 facilitates the
nuclear import of Y-box-binding protein 1 (YBX1) via IPO7, promoting fibroblast growth factor receptor
1 (FGFR1)- and neurotrophic receptor tyrosine kinase 1 (NTRK1)-driven transcriptional programs and
cisplatin resistance. Genetic silencing of circIPO7 or pharmacologic blockade of IPO7 prevented YBX1
nuclear accumulation and restored chemosensitivity in both cell lines and xenografts.

Direct inhibition of nuclear export by XPO1/CRM1 blocking is the most clinically advanced strategy to
target NCT. Selinexor, first-in-class SINE inhibitor, recovers nuclear retention of tumor suppressive proteins
such as p53, retinoblastoma protein (RB), and FOXO, thereby resensitizing refractory cancer cells. For
example, in multiple myeloma, Wang et al. showed that Lipin1 is accumulated into nucleus upon XPO1
inhibition, suppressing sterol regulatory element-binding protein (SREBP)-dependent lipogenesis and resen-
sitizing MM cells to selinexor [113]. As another example, in relapsed/refractory T-lymphoblastic leukemia
model, Meng et al. showed that XPO1 inhibitor selinexor plus decitabine yields their synergistic increase of
cytotoxicity by tumor suppressive protein nuclear retention [114]. More recently, selinexor has also been
shown to overcome radioresistance in esophageal squamous-cell carcinoma by blocking XPO1-dependent
export of p53, leading to augmented DNA-damage—induced apoptosis and radiosensitization [115].

Beyond single-receptor targeting, novel small molecules are emerging that concurrently inhibit multiple
importins to reprogram nuclear trafficking networks. A recent study showed that the sphingosine analog SH-
BC-893 directly binds Importin-f31, transportin 1 (TNPO1), importin 5 (IPO5), and IPO7, thereby preventing
nuclear import of YAP, MYC, and NF-kB and restoring therapeutic sensitivity in resistant models [116].

These works hint at the following generalizable principle: in selected contexts, inhibiting dysregulated
import or export receptors can restore nuclear residence of tumor suppressors or pro-apoptotic proteins
and thereby resensitize cancer cells to therapy. Receptor targeting is therapeutically attractive because
small-molecule inhibitors are available, but clinical translation requires tumor-specific cargo dependency,
toxicity management, and biomarker-guided patient selection.

4.3 Targeting Signaling Pathways and NCT Crosstalk

One critical therapeutic aspect entails crosstalk between oncogenic signal transduction and NCT such
that signal-driven protein localization changes lead to resistance [117].

PI3K-AKT-FOXO pathway: A recent example comes from AML, where phosphoproteomic and
spatial-proteomic analyses of primary patient samples identified activated AKT-FOXO3 signaling as a
resistance mechanism to selinexor. Mechanistically, AKT inhibition with MK-2206 promoted FOXO3 nuclear
translocation and cooperated with selinexor to suppress AML cell proliferation, indicating that restoring
the nuclear localization of a signaling-regulated tumor suppressor can enhance the response to nuclear
export blockade [118]. Similarly, in multidrug-resistant NSCLC, targeting the PI3K-AKT-FOXO pathway
with the dual PI3K/mechanistic target of rapamycin (mTOR) inhibitor DHW-221 reversed Akt-dependent
FOXO3a cytoplasmic mislocalization, promoted FOXO3a nuclear translocation, and thereby contributed to
Taxol resistance reversal in A549/Taxol cells and xenograft models [119].

NF-kB pathway: In uterine leiomyosarcoma models, selinexor caused nuclear retention of nuclear
retention of inhibitor of NF-kB alpha (IkB-c), reduced NF-«B nuclear translocation, and sensitized tumors
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to eribulin chemotherapy [120]. Moreover, in triple-negative breast cancer (TNBC), Paulson et al. showed
treatment leads to increased nuclear retention of NF-kB inhibitor alpha (NFKBIA), leading to NF-kB
signaling suppression (such as G2/M checkpoint genes and E2F/Myc targets down-regulation), and NFKBIA
knock-down decreases substantially selinexor sensitivity [121].

p53-DNA repair pathway: Selinexor increased radiosensitivity in esophageal carcinoma through
accumulation of p53 in the nucleus and inhibition of DNA repair protein function, thus expanding radiation
response [115].

In combination, these results underscore NCT’s intersection with principal cascades—PI3K-AKT-
FOXO, NF-kB, and p53-DNA repair. These examples support these axes as rational combination contexts
for NCT-directed therapy, but they should still be framed mainly as preclinical or ex vivo evidence rather
than as clinically mature strategies comparable to approved XPO1-directed regimens.

4.4 Indirect Targeting through PTMs

PTMs usually determine concealment/exposure of NLS or NES and therefore alter subcellular local-
ization of critical proteins and determine drug responses [1]. As discussed in preceding sections, several
phosphorylation-driven examples have demonstrated that modulation of PTM-dependent nuclear im-
port or export can effectively reverse resistance. For instance, in colorectal cancer, platinum-induced
p38 MAPK activation phosphorylates GCLM at Thr17 to promote importin-a5-mediated nuclear import
and oxaliplatin tolerance, whereas depletion of GCLM re-sensitizes resistant cells to chemotherapy [68]
(see Section 3.3.2). Beyond phosphorylation, cisplatin-induced 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (PFKFB3) K472 acetylation disrupts an NLS-associated importin-«5 interaction, prevents
PFKFB3 nuclear translocation, and promotes cytoplasmic glycolytic activity that protects cancer cells
from cisplatin-induced apoptosis; enforced nuclear localization abolishes this protection, supporting a
causal link between PTM-regulated localization and drug response [122]. PTMs as upstream molecular
switches that fine-tune nucleocytoplasmic transport and offer actionable leverage points for overcoming
resistance-associated phenotypes.

Among PTM-directed strategies, methylation-regulating enzymes such as PRMTs and SET-domain
proteins represent potential therapeutic targets [123]. Some of the PRMT-specific small-molecule inhibitors
are in preclinical or early clinical trials [124], and restoring drug sensitivity by normalizing aberrant protein
localization is an exciting possibility [125]. However, daunting challenges remain delineating tumor-type
specificity of methylation-regulated NCT events, untangling their interactions with other post-translational
modifications, and identification of predictive biomarkers to classify patients likely to benefit [126]. Closure
of these gaps will be important to achieving methylation-NCT biology’s promise of actionable means of
bypassing resistance.

4.5 Indirect Targeting through Microenvironment

Tumor resistance can also arise from adaptive changes in the microenvironment, such as hypoxia,
acidosis, and lactate accumulation [127]. Targeting these stress conditions offers an indirect yet effective
approach to restore drug sensitivity.

Therapeutic targeting of microenvironment-induced resistance remains best supported for specific
stress pathways rather than for NCT reversal as a general class. In esophagus and colorectal cancer, hypoxia-
inducible factor 1 alpha (HIF-1«) inhibition by small molecule agents, like PX-478, increased substantially
the efficacy of oxaliplatin or cisplatin, and it reduced tumor burden in vivo [128-130].
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Acidic tumor microenvironments can repress mMTORC1 inhibitor activity; oral alkalinisation by sodium
bicarbonate elevated intratumoral pH and increased therapeutic efficiency in mouse models [131]. Hypoxia
induces HIF-1o-dependent carbonic anhydrase IX (CAIX) expression, which supports extracellular acidosis
and helps tumor cells tolerate microenvironmental stress [132]. In gastric cancer, CAIX expression was
higher in patients who failed to respond to perioperative chemotherapy, and drug-resistant gastric cancer
cells showed increased CAIX expression; inhibition of CAIX with SLC-0111 re-sensitized resistant cells
to 5-fluorouracil, taxane-derived agents, and platinum-based drugs [133]. In immunotherapy models,
CAIX inhibition also enhanced immune-checkpoint blockade by reducing acidic TME-associated immune
suppression and improving antitumor T helper 1 (Th1) responses [134].

Additionally, lactate metabolism represents another therapeutic microenvironmental axis: Pharmaco-
logical inhibition of the lactate transporter lactate transporter monocarboxylate transporter 1 (MCT1) by
AZD3965 suppressed tumor growth in diffuse large B-cell lymphoma and Burkitt lymphoma and showed
synergy in combination with doxorubicin or rituximab [135].

Collectively, these studies demonstrate that normalizing hypoxia, acidosis, or lactate accumulation
can re-sensitize refractory tumors, although direct in vivo evidence linking microenvironment-induced
nuclear-cytoplasmic mislocalization to resistance reversal remains to be established.

4.6 Genetic Correction of Localization Signals

The process of directly editing nuclear localization signals (NLS) or nuclear export signals (NES) to
reprogram protein subcellular localization is recent, but systematic therapeutic editing or correction of
these motifs remains an emerging proof-of-concept strategy. As an illustration, one recent paper found and
edited a NES motif in EGFR (aa 736-749); mutation at this position impaired nuclear export and resulted in
elevated nuclear accumulation of EGFR, which corresponded to heterogeneous therapeutic responses to
tyrosine kinase inhibitor [96]. In a parallel manner, functional studies of breakpoint cluster region-Abelson
(BCR-ABL) demonstrated that mutation or deletions reestablishing function of latent NLS elements elevated
partial nuclear localization of an oncoprotein [136]. Moreover, motif-based and deep-learning-enabled
NLS prediction [137], curated NES-containing CRM1 cargo databases [138], activity-based NES prediction
tools [139], and proteome-wide screens for cancer mutations that disrupt NES function [140] have provided
a foundation for identifying localization-signal-regulated cargoes and prioritizing candidate NLS/NES
alterations for functional validation.

These studies provide proof-of-concept that genetic editing of localization motifs can reprogram
nuclear—cytoplasmic distribution of key proteins, yet direct evidence showing restoration of drug sensi-
tivity after NLS/NES correction remains lacking. Future integration of CRISPR or prime-editing models
with localization and drug-response assays may clarify whether such targeted correction can overcome
chemoresistance.

Table 4: Representative strategies for targeting NCT-associated resistance phenotypes.

NCT-Based Reversal Resensitization

Therapeutic Class  Target/Intervention . Cancer Context Ref.
Mechanism Outcome

Nuclear envelope Mechanical modulation of the Restores
NPC struc- . .
. mechanics; nuclear envelope alters NPC Breast cancer doxorubicin efficacy
ture/permeability . . . . [33]
. lamin-NPC gating and enhances nuclear models in previously
modulation

coupling accumulation of doxorubicin resistant cells
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Class echanism Outcome
Investigational;
PRMT/SET- Potentially normalizes localization-based
. . . : [123-
domain enzyme methylation-regulated NCT Multiple cancers resistance reversal 126]
inhibition events remains to be
validated
I is-
Attenuates hypoxia-driven ?:’:fril/scf;aiilslatin
Indirect targeti HIF-1x inhibition  resistance programs Esophageal and }Zfﬁcac an dp [128-
ndirect targeting (e.g., PX-478) associated with maladaptive colorectal cancer Y 130]
through microen- nuclear sienalin reduces tumor
vironment & & burden in vivo
Re-sensitizes
resistant cells to
. 5-FU,
Gastric cancer .
Normalizes and taxane-derived
CAIX inhibition acidosis-associated resistance ~ immunotherapy- agents, and [131-
- i - 134
(SLC-0111) states downstream of hypoxia  responsive tumor platlnu@ based 34
models drugs; improves
checkpoint
blockade in
models
Suppresses tumor
T: 1 - h
MCT1 inhibition argets .actate de'pem'ient DLBCL and growt : and .
(AZD3965) metabolic adaptation linked to Burkitt lymphoma synergizes with [135]
resistant tumor states doxorubicin or
rituximab
Genetic Rebrograms Proof-of-concept
correction of nulc)lezi‘—cytoplasmic only; direct
localization Editing of A . restoration of [96
distribut f k t b EGFR, BCR-ABL ’
determinants NLS/NES motifs ccl)srrr:zcririoqoocali?;tli):r)l s by ’ drug sensitivity 136]
(proof-of- determinints remains to be
concept) demonstrated

Abbreviations: NCT, nucleocytoplasmic transport; NPC, nuclear pore complex; KPNB1, karyopherin subunit beta 1; IPO4, importin-
4; IPO7, importin-7; YBX1, Y-box-binding protein 1; FGFR1, fibroblast growth factor receptor 1; NTRK1, neurotrophic receptor
tyrosine kinase 1; XPO1/CRM1, exportin 1; RB, retinoblastoma protein; FOXO, forkhead box O; SREBP, sterol regulatory element-
binding protein; PI3K6, phosphoinositide 3-kinase delta; IkB-ot/NFKBIA, NF-kB inhibitor alpha; TNPO1, transportin 1; MYC, MYC
proto-oncogene; NF-kB, nuclear factor kappa B; GCLM, glutamate-cysteine ligase modifier subunit; HIF-1x, hypoxia-inducible
factor 1 alpha; CAIX, carbonic anhydrase IX; HNSCC, head and neck squamous cell carcinoma; MCT1, monocarboxylate transporter
1; DLBCL, diffuse large B-cell lymphoma; DNA-PKcs/PRKDC, DNA-dependent protein kinase catalytic subunit; NLS, nuclear
localization signal; NES, nuclear export signal; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; PRMT, protein
arginine methyltransferase; mTOR, mechanistic target of rapamycin; 5-FU, 5-fluorouracil.

5 Clinical Trials

Among NCT-targeted strategies, XPO1/CRMI1 inhibition has the most mature clinical evidence. Se-
linexor was the first-in-class selective inhibitor of nuclear export (SINE) to receive regulatory approval, and
its strongest activity has been observed in hematologic malignancies such as relapsed/refractory multiple
myeloma (MM) and diffuse large B-cell lymphoma (DLBCL) [141]. In the STORM trial (NCT02336815) [22],
selinexor plus dexamethasone produced an objective response rate (ORR) of approximately 26% in triple-
class refractory MM was achieved through combining selinexor dexamethasone, otherwise poor-prognosis
disease. The BOSTON trial (NCT03110562) also demonstrated that weekly selinexor combined with borte-
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zomib and dexamethasone significantly improved progression-free survival (13.9 vs. 9.5 months), supporting
regulatory approval in MM [23]. More recent MM studies have extended this combination logic to anti-CD38
antibody- and carfilzomib-containing regimens: the phase II GEM-SELIBORDARA study (NCT03589222)
evaluated selinexor with daratumumab, bortezomib, and dexamethasone, and a phase I study (NCT02199665)
supported the feasibility of selinexor with weekly carfilzomib and dexamethasone in relapsed/refractory
MM [110,142]. The SADAL trial (NCT02227251) in DLBCL also demonstrated durable responses to single-
agent selinexor in selected patients [143]. Selinexor is being evaluated with ruxolitinib in the phase III
SENTRY trial [144] (NCT04562389) for myelofibrosis, and selinexor with venetoclax (NCT03955783) has
also shown clinical activity in relapsed/refractory acute myeloid leukemia [145], highlighting the ongoing
expansion of XPO1-directed therapy beyond multiple myeloma and lymphoma.

In comparison, solid tumor outcomes have been modest. In the first-in-human advanced solid tumor
study NCT01896505 [146], selinexor produced mostly stable disease with occasional partial responses,
while anorexia and fatigue were common. In pediatric/adolescent recurrent or refractory solid and CNS
tumors (NCT02323880) [147], objective responses were rare, although dosing parameters were established.
In recurrent glioblastoma (NCT01986348) [148], selinexor monotherapy produced infrequent objective
responses, although tumor reduction and disease stabilization were observed in some patients. More recent
solid-tumor studies reinforce this mixed picture: the GEMS-001 phase II study (NCT02069730) [149] in
recurrent or metastatic salivary gland tumors reported limited single-agent antitumor activity despite
tumor reduction in some patients; similarly, in a phase Ib study of selinexor combined with standard
chemotherapy in advanced or metastatic solid tumors (NCT02419495) [150], disease control was observed in
some patients, but objective activity remained limited. By contrast, a phase I/II study (NCT03095612) [151]
of selinexor plus docetaxel in previously treated KRAS-mutant NSCLC suggested manageable safety and
activity in selected molecular contexts, with outcomes differing by TP53 status. These findings support
the view that rational combinations and biomarker-guided selection may be required outside hematologic
contexts. These differences may reflect tumor-intrinsic cargo dependencies, microenvironmental barriers,
compensatory signaling, and drug tolerability, although the relative contribution of each factor remains
context dependent [31].

The clinical use of SINE therapy is also constrained by toxicity and resistance [110,147]. Common
clinically important adverse events include thrombocytopenia, fatigue, anorexia, nausea, and other toxicities
that often require dose modification or supportive care [110,142]. Resistance to XPO1 inhibition also requires
explicit consideration. Mutation of the XPO1 Cys528 drug-binding residue has been reported as a mechanism
of resistance to selective inhibitors of nuclear export, providing a direct example of intrinsic or acquired
resistance to NCT-targeted therapy [152,153]. Functionally, resistance can also arise from compensatory
survival signaling, including NF-«B activity, which helps explain why combinations with proteasome
inhibitors, DNA-damaging agents, PI3K-pathway inhibitors, or other context-specific therapies are being
explored rather than relying on export blockade alone [118].

In response to this, new agents remain actively in development. Eltanexor, a second-generation
selective inhibitor of nuclear export (SINE), is designed to retain antitumor activity while improving
tolerability relative to selinexor, particularly by reducing central nervous system toxicity. Clinical activity
has been greatest in hematologic malignancies. In NCT02649790 [154], eltanexor monotherapy in higher-
risk myelodysplastic syndrome (MDS) refractory to hypomethylating agents yielded an overall response
rate (ORR) of approximately 53%, marrow complete remissions (mCR) in nearly half of patients, and a
median overall survival (OS) of approximately 9.9 months. A phase I study in refractory/relapsed multiple
myeloma confirmed safety and disease stabilization in a subset of patients [155]. Combination strategies are
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also under active investigation: NCT06399640 [156] evaluates eltanexor in combination with venetoclax in
refractory/relapsed MDS. Notably, although NCT02649790 [154] included expansion arms in solid tumors
(e.g., metastatic colorectal cancer and mCRPC), published data to date have not manifested strong efficacy
signals, suggesting a translational pattern like selinexor: stronger activity in hematologic malignancies but
limited evidence in solid tumors.

KPT-9274, also known as padnarsertib, is a potentially first-in-class, orally bioavailable dual inhibitor
of PAK4 (p21-activated kinase 4) and NAMPT (nicotinamide phosphoribosyltransferase) [157]. PAK4 con-
tributes to cytoskeletal dynamics, nuclear signal transduction, and therapy-resistant phenotypes, whereas
NAMPT is the rate-limiting enzyme of the nicotinamide adenine dinucleotide (NAD") salvage pathway
that supports tumor metabolism. As an inhibitor of both axes simultaneously, KPT-9274 disrupts both
oncogenic signal transduction and tumor cell support of metabolism [157,158]. Preclinical studies sup-
ported its clinical translation by showing that KPT-9274 suppresses PAK4/NAMPT-dependent oncogenic
signaling, metabolic support, drug resistance, and stemness-associated phenotypes in pancreatic ductal
adenocarcinoma models, and can sensitize pancreatic neuroendocrine tumor models to everolimus through
effects on rapamycin-insensitive companion of mTOR/mammalian target of rapamycin complex 2 (RIC-
TOR/mTORC?2) and [3-catenin signaling [159,160]. Recently, the first-in-human phase I study KCP-9274-901
(NCT02702492) [157] evaluated KPT-9274 alone, with niacin, or with nivolumab in patients with advanced
solid malignancies. A total of 60 patients were enrolled, including 50 patients in the dose-escalation parts
and 10 patients in the nivolumab-combination part. The maximum tolerated dose was not reached in the
single-agent/niacin dose-escalation cohorts, whereas the combination cohort established a tolerated dose
of KPT-9274 with nivolumab. The most frequently reported treatment-emergent adverse events included
anemia, arthralgia, and fatigue. Importantly, enrollment was halted prematurely because no observable
clinical efficacy was detected across the study parts, indicating that KPT-9274 remains an early-stage,
investigational strategy rather than a clinically validated NCT-directed therapy [157]. Together, KPT-9274
illustrates an indirect approach to modulating signaling and metabolic programs across the nucleus and
cytoplasm and remains less clinically mature than direct XPO1 inhibition. The complete collection of NCT
trials, including experimental combination trials, appears in Table 5.

In aggregate, clinical data support a staged interpretation of NCT-directed therapy: XPO1 inhibition is
clinically validated in selected hematologic malignancies; XPO1-based combinations in solid tumors remain
investigational; second-generation SINEs and indirect NCT modulators such as KPT-9274 are still in clinical
testing; and most NPC-, importin-, PTM-, microenvironment-, or localization-signal-directed interventions
remain preclinical or proof-of-concept. Future trials should therefore incorporate biomarker-guided patient
selection, cargo-localization readouts, and separate reporting for hematologic versus solid tumor settings.

Table 5: Registered Clinical Trials of NCT-targeted therapies.

Cancer Development/Evidence

NCT No. Type/Population Phase/Design Intervention Status/Notes Tumor Setting Stage Ref.

Completed; ORR .. . .
NCT02336815 Triple-class Ph2 Selinexor + ~26%, approval- Hematologic Chrilcalll)_l Vahditie:ll’ b [22]
(STORM) refractory MM dexamethasone supporting MM malignancy approvar-supporting phase

: II evidence
evidence
Completed; PFS
Selinexor + benefit . . .

NCT03110562 RRMM (1-3 . ' Hematologic Clinically validated; phase .
(BOSTON) prior lines) Ph3, RCT bortezomib approval malignancy III evidence (23]

dexamethasone supporting MM
evidence
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Table 5: Cont.
NCT No. Cancer . Phase/Design  Intervention Status/Notes Tumor Setting Development/Evidence Ref.
Type/Population Stage
Selinexor + Active, not
NCT03589222 recruiting; . -
G ome e S emdogc ettowpheetl
SELIBORDARA) combination gnancy
dexamethasone .
evidence
Completed;
Selinexor + feasibility and
NCT02199665 R/R MM Phi carfilzomib + dose—ﬁndmg for Hematologlc Earl'y clinical combination [142]
carfilzomib- malignancy testing
dexamethasone .
containing
regimen
Active, not . . X
NCT02227251 R/R DLBCL Ph2, Selinexor recruiting; ORR Hematologic aChr:lgjel\ll}_lszahii;e:’ hase [143]
(SADAL) single-arm monotherapy ~28% in selected malignancy IIp fvi dence PP &P
patients
Active, not
S recruiting; .
NCT04562389 JAK mhlblto? Ph3 study Selinexor + study-design Hematologic Qng01pg [?hase m
treatment-naive . o . . investigational [144]
(SENTRY) ) design ruxolitinib evidence, not malignancy o
myelofibrosis combination
mature efficacy
evidence
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Relapsed/refractory Selinexor + clinical activity Hematologic Investigational early
NCT03955783 AML Phib venetoclax reported in R/R malignancy clinical combination [143]
AML
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Advanced Ph1/phase IB . § R
NCT01896505 refractory bone or dose Selinexor sa fgty/PK %n.d Solid tumor Early clinical; completed [146]
: . monotherapy limited activity phase I/IB
soft-tissue sarcoma expansion .
in sarcoma
Pediatric/adolescent g;l.nﬁp(lieetgg;e d
NCT02323880 recurrent or Phi Selinexor obiective ? Solid/CNS Early clinical dose-findin [147]
(ADVL1414) refractory solid monotherapy J tumor Y S
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. objective
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glioblastoma monotherapy solid/CNS tumor evidence
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in some patients
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NCT02069730 metastatic salivary ~ basket study; containing single-agent Solid tumor EXP oratory solid-tumor [149]
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Table 5: Cont.

Cancer Development/Evidence

NCT No. Type/Population Phase/Design  Intervention Status/Notes Tumor Setting Stage Ref.
Recruiting;
rational
NCT06399640 R/RMDS and AML.  Phi Eltanexor + combination Hematologlc OngO}ng §arly 'cllmcal [156]
venetoclax strategy under malignancy combination trial
active
evaluation
Terminated;
tolerable dosing,
NCT02702492 Advanced solid KPT- disease Mixed; mainly g1 clinical; indirect
(PANAMA) malignancies or Ph1 9274/padnarsertib stabilization in solid-tumor NCT-modulating strategy [157]
NHL some patients, enrollment
limited objective
efficacy

Abbreviations: NCT, nucleocytoplasmic transport; MM, multiple myeloma; DLBCL, diffuse large B-cell lymphoma; CNS, central
nervous system; MDS, myelodysplastic syndromes; NHL, non-Hodgkin lymphoma; ORR, objective response rate; PFS, progression-
free survival; mCR, marrow complete remission; OS, overall survival; XPO1, exportin 1; PAK4, p21-activated kinase 4; NAMPT,
nicotinamide phosphoribosyltransferase; R/R, relapsed/refractory; HR-MDS, higher-risk myelodysplastic syndrome; mCRC,
metastatic colorectal cancer; mCRPC, metastatic castration-resistant prostate cancer; SVd, selinexor, bortezomib and dexamethasone;
PK, pharmacokinetics.

6 Challenges and Future Directions

NCT-targeted therapies have shown the clearest benefit in selected hematologic malignancies and in
refractory settings. However, several barriers must be addressed before NCT modulation can be broadly
applied as an oncology strategy. The next phase of the field should move from pathway-wide inhibition
toward cargo-specific biomarkers, rational combinations, and tumor-context-aware dosing strategies.

6.1 Tumor Selectivity of NCT Inhibition

XPO1 and nuclear pore proteins are also expressed in normal cells; therefore, systemic inhibition can
cause adverse effects in the nervous system and in bone marrow. Future therapeutic strategies should
preferentially focus on those tumors whose survival depends heavily on certain exported proteins, such as
NF-kB regulators or DNA-repair proteins, thereby widening the therapeutic window between malignant
and normal tissues.

6.2 Potential Resistance Mechanisms

Emerging evidence suggests tumors may adapt through mutation in XPO1, activation of compensatory
transport pathways, or alterations in cargo proteins. These mechanisms support the need for next-generation
inhibitors, intermittent or toxicity-adapted dosing, and rational combination strategies targeting the
dominant cargo dependencies within specific tumor contexts.

6.3 NCT Cargo Profiles as Biomarkers

Different tumors rely on different exported cargo sets; some depend on DNA-repair factors, while
others require metabolic enzymes or transcriptional regulators. Proteomics or single-cell level visualization
of such cargo profiles can help predict patient response and track treatment impacts.

6.4 Synergy with Inmunotherapy

NCT inhibitors may promote the nuclear retention of tumor suppressors and attenuate immunosup-
pressive signaling, thereby reshaping the tumor microenvironment. These effects provide a rationale for
combining NCT-targeted therapies with immune checkpoint inhibitors or cell-based immunotherapies such
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as CAR-T cells, but these strategies require careful validation because immunological consequences may
differ substantially between hematologic malignancies and solid tumors.

In summary, improving tumor selectivity, preventing resistance, identifying predictive biomarkers,
and defining rational immune combinations represent key future directions for NCT inhibitor research.
Progress in these areas will determine whether NCT-directed drugs remain salvage therapies or become
integrated components of targeted cancer treatment.

Acknowledgement: ChatGPT 5.5 (OpenAl, San Francisco, CA, USA) was used only for language polishing, wording
refinement, and organization of revised text. No Al tool was used to generate scientific data, perform literature
verification, draw conclusions, or make authorship-level contributions. All Al-assisted content was critically reviewed
and approved by the authors, who take full responsibility for the final manuscript.

Funding Statement: This work was supported by the Talent Program of Chongqing (Grant No. cstc2024rcih-
bgzxm0162 to Dongling Zou and YXGD202403 to Haixia Wang).

Author Contributions: The authors confirm contribution to the paper as follows: study conception and design:
Haixia Wang and Dongling Zou; literature search and data collection: Xueping Zhu, Misi He, and Ling Wang; analysis
and interpretation of the literature: Xueping Zhu, Misi He, Ling Wang, Rui Su, Lin Zhong and Ting Guo; draft
manuscript preparation: Xueping Zhu, Misi He, and Ling Wang; critical revision of the manuscript: Rui Su, Haixia
Wang, and Dongling Zou; supervision: Haixia Wang and Dongling Zou. All authors reviewed and approved the final
version of the manuscript.

Availability of Data and Materials: Data sharing not applicable to this article as no new datasets were generated
in this study. All data analyzed and summarized from published literature are included in this published article (and
its supplementary information files).

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

Supplementary Materials: The supplementary material is available online at https://www.techscience.com/doi/10
.32604/0r.2026.083902/s1. Table S1: NCT-signaling crosstalk driving therapy resistance. Table S2: Representative

examples of NLS/NES mutations that alter protein localization and modulate anticancer drug responses. Table S3:
Representative studies linking TME pressures to NCT-dependent therapeutic resistance.

Abbreviations

5-FU 5-fluorouracil

53BP1 p53-binding protein 1
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ANOVA analysis of variance

AR androgen receptor

AR-V7 androgen receptor splice variant 7
BCR-ABL breakpoint cluster region-Abelson
BRCA1 breast cancer susceptibility gene 1
CAIX carbonic anhydrase IX
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CDK2 cyclin-dependent kinase 2
CDK4/6 Cyclin-dependent kinases 4 and 6

CEBPD CCAAT/enhancer-binding protein delta
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CLL
CNS
CRM1
CYP2C9
DD-LPS
DLBCL
DNA-PKcs
DSB
E2F1
ECM
EGFR
EMT
ERK
FDA

FG
FGFR1
FOXO
FZD7
GBM
GCLM
GPR81/HCAR1
GSK3p3
HIF-1x
HMA
HNSCC
HR
HR-MDS
IkB-o¢
IPO4
IPO7
JAK1
Keap1
KPNA1
KPNB1
KRAS
LLPS
MAPK
MCF7-ADR
mCR
mCRC
mCRPC
MCT1
MDS
MITF
MM
MTD
mTOR
MYC
NAD+
NAMPT
NCT
NEK6
NES
NF-kB
NFKBIA

chronic lymphocytic leukemia

central nervous system

chromosome region maintenance 1, also known as exportin 1
cytochrome P450 family 2 subfamily C member 9
dedifferentiated liposarcoma

diffuse large B-cell lymphoma
DNA-dependent protein kinase catalytic subunit
DNA double-strand break

E2F transcription factor 1

extracellular matrix

epidermal growth factor receptor
epithelial-mesenchymal transition
extracellular signal-regulated kinase

Food and Drug Administration
phenylalanine-glycine-rich

fibroblast growth factor receptor 1

forkhead box O

frizzled class receptor 7

glioblastoma

glutamate-cysteine ligase modifier subunit
hydroxycarboxylic acid receptor 1

glycogen synthase kinase 3 beta
hypoxia-inducible factor 1 alpha
hypomethylating agent

head and neck squamous cell carcinoma
hazard ratio

higher-risk myelodysplastic syndrome

NF-kB inhibitor alpha

importin-4

importin-7

Janus kinase 1

Kelch-like ECH-associated protein 1
karyopherin subunit alpha 1

karyopherin subunit beta 1

Kirsten rat sarcoma viral oncogene homolog
liquid-liquid phase separation
mitogen-activated protein kinase

Michigan Cancer Foundation-7/adriamycin-resistant
marrow complete remission

metastatic colorectal cancer

metastatic castration-resistant prostate cancer
monocarboxylate transporter 1
myelodysplastic syndromes
microphthalmia-associated transcription factor
multiple myeloma

maximum tolerated dose

mechanistic target of rapamycin

MYC proto-oncogene

nicotinamide adenine dinucleotide
nicotinamide phosphoribosyltransferase
nucleocytoplasmic transport

NIMA-related kinase 6

nuclear export signal

nuclear factor kappa B

NF-kB inhibitor alpha
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NHE]
NHL
NKRF
NLS
NPC
NRF2
NSCLC
NUP153
NUP358
NUP98
OGT
ORR

oS

P-gp
PAK2
PAK4
PARP
PBK
PDAC
PFKFB3
PFS
PI3K«x
PI3Kb&
PIK3R1
PK

PR
PRKDC

PRMT
PTM
PUMA
R/R
RB
RCT
RFNG
RICTOR
RPN2
RRMM
RT

SD
SEM
SGK3
SINE
SN38
SREBP
STAT3
SUMO
SV40
Svd
T-ALL
TAZ
TLR3
TME
TMZ
TNBC

non-homologous end joining

non-Hodgkin lymphoma

NF-kB-repressing factor

nuclear localization signal

nuclear pore complex

nuclear factor erythroid 2-related factor 2
non-small cell lung cancer

nucleoporin 153

nucleoporin 358

nucleoporin 98

O-GlcNAc transferase

objective response rate

overall survival

P-glycoprotein

p21-activated kinase 2

p21-activated kinase 4

poly(ADP-ribose) polymerase

PDZ-binding kinase

pancreatic ductal adenocarcinoma
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
progression-free survival

phosphoinositide 3-kinase alpha
phosphoinositide 3-kinase delta
phosphoinositide-3-kinase regulatory subunit 1
pharmacokinetics

partial response

protein-coding gene symbol for DNA-dependent protein kinase cat-
alytic subunit

protein arginine methyltransferase
post-translational modification

p53 upregulated modulator of apoptosis
relapsed/refractory

retinoblastoma protein

randomized controlled trial

RFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase
rapamycin-insensitive companion of mTOR
ribophorin II

relapsed/refractory multiple myeloma
radiotherapy

standard deviation

standard error of the mean
serum/glucocorticoid-regulated kinase 3
selective inhibitor of nuclear export
7-ethyl-10-hydroxycamptothecin

sterol regulatory element-binding protein
signal transducer and activator of transcription 3
small ubiquitin-like modifier

simian virus 40

selinexor, bortezomib and dexamethasone
T-cell acute lymphoblastic leukemia
transcriptional coactivator with PDZ-binding motif
toll-like receptor 3

tumor microenvironment

temozolomide

triple-negative breast cancer
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TNPO1 transportin 1

TOP1 topoisomerase I

TP53 tumor protein p53

TRIM25 tripartite motif-containing protein 25

TRIM32 tripartite motif-containing protein 32

TRIM37 tripartite motif-containing protein 37

USP22 ubiquitin-specific peptidase 22

vd bortezomib and dexamethasone

WNT Wingless/INT-1

XIAP X-linked inhibitor of apoptosis protein

XPO1 exportin 1

XRCC4 X-ray repair cross-complementing protein 4

YAP Yes-associated protein

YBX1 Y-box-binding protein 1
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