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Purpose: Breast cancer (BC) is the most common malignant tumor in women. Exportin-T (XPOT) which is a member of the
karyopherin -p family has been identified as a prognostic biomarker in various cancers, but its role in BC remains inadequately
understood. This study aims to investigate the clinical characterization and molecular mechanism of XPOT in BC.

Material and Methods: A retrospective RNA-seq data analysis based on a cohort of 966 BC patients from The Cancer Genome
Atlas database (TCGA) and 1904 patients from the Molecular Taxonomy of Breast Cancer International Consortium database was
conducted for analyzing the correlation between XPOT expression and BC clinical pathological features. In addition, small interfering
RNA transfection was used to downregulate XPOT expression in MDA-MB-468/231 cell lines followed by cell proliferation assessed
via Cell Counting Kit-8 assays, meanwhile, BC cell migration and invasion capabilities were measured using Transwell test.
Expression levels of CDK4/6 and key proteins in the PI3K/Akt/mTOR signaling pathway were assessed using Western blotting.
Results: We found that XPOT was enriched in estrogen receptor (ER)-negative, progesterone receptor (PR)-negative, larger tumor
size, and cases with increased lymph node metastasis BC. XPOT was identified as a potential biomarker for the basal subtype of BC
and a prognostic factor for the overall survival of patients with BC. Furthermore, XPOT promoted the proliferation and invasion of BC
cells, likely through activation of the PI3K/AKT/mTOR signaling pathway, which in turn to upregulate cyclin D and CDK4/6 to drive
tumor progression.

Conclusion: Our findings indicate that XPOT overexpression is associated with poor clinical characteristics and poor prognosis
in BC, promoting disease progression by activating PI3K/AKT/mTOR pathway. These findings highlight XPOT as a potential
therapeutic target in BC.
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Introduction
Breast cancer (BC) is the most commonly diagnosed malignant tumor and a leading cause of cancer-related deaths
among females worldwide. In the United States alone, it is projected that in 2024, approximately 313,510 women will be
diagnosed with BC, and 42,780 will die from the disease,' accounting for approximately 32% of all cancer cases. Despite
advances in early screening and comprehensive treatments-including surgery, radiotherapy, chemotherapy, endocrine
therapy, and targeted therapy-have reduced recurrence and metastasis rates, nearly all patients with metastatic BC
eventually succumb to the disease.” Thus, further investigation of the mechanisms underlying BC progression is crucial
for developing new therapeutic targets.

Exportins are a group of karyopherins that mediate the transport of proteins from the nucleus to the cytoplasm and
play a key role in regulating the localization of various crucial cancer-related proteins.’ Dysregulated expression or

mislocalization of karyopherins has been observed in numerous cancers, contributing to sustained cancer cell

Journal of Inflammation Research 2025:18 6467—648| 6467
Received: 16 January 2025 © 2025 Hou et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Accepted: 16 May 2025
Published: 21 May 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-2306-5355
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Hou et al

proliferation, apoptosis resistance, and immune escape.*> Exportin-T (XPOT), a member of the karyopherin -§ family,
functions as a specific export receptor of transfer RNA (tRNA).®” XPOT shuttles between the nucleus and cytoplasm
through nuclear pore complexes by interacting with GTP-bound Ran.® Studies have shown that XPOT promotes tumor
progression in several cancers, including pleural mesothelioma,” hepatocellular carcinoma,'® and promyelocytic
leukemia.'" Despite the growing evidence of XPOT’s oncogenic role, the specific pathways and mechanisms by which
XPOT influences BC progression remain unclear. Thus, elucidating the functional and regulatory mechanisms of XPOT
in BC is of significant importance.

In this study, we used bioinformatic analyses to examine XPOT expression profiles in BC using data from the Cancer
Genome Atlas (TCGA) database'” and the Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) database.'® We investigate the association between XPOT expression and clinicopathological character-
istics, as well as patient survival outcomes in BC. Furthermore, cell-based experiments were conducted to analyze the
molecular mechanisms through which XPOT regulates the PI3K/AKT/mTOR signaling pathway and cell cycle progres-
sion. Collectively, our findings offer novel insights into the role of XPOT in promoting BC progression and suggest that
XPOT could be a promising therapeutic target for BC treatment.

Materials and Methods

Data Resource and Processing

The transcriptomic expression data with corresponding clinicopathologic information were obtained from TCGA (113
normal breast samples and 1109 BC samples) and METABRIC (1904 BC samples). The collected clinicopathologic
information included age, tumor diagnosis, tumor size, lymph node status, estrogen receptor (ER) status, progesterone
receptor (PR) status, human epidermal growth factor receptor 2 (HER2) status, tumor grade, American Joint Committee
on Cancer (AJCC) stage, molecular subtype, and follow-up details. After excluding patients lacking specific molecular
subtype data, 966 TCGA BC patients were used as the training set, and 1904 METABRIC BC patients served as the
validation set. Data filtering was conducted using the “rma” function in the R package (R Studio version 2023.09.1+494,
R version 4.3.1) to remove missing or duplicated entries. Since all patient data were de-identified, Institutional Review
Board approval was exempted from local ethics committee (the Second Hospital of ShanXi Medical University) as per
the committee’s guidelines.

Functional Enrichment Analysis

Genes most relevant to XPOT were uploaded to the Database for Annotation, Visualization, and Integrated Discovery
(DAVID, v6.8). Using the official gene symbol as the identifier and selecting Homo sapiens was selected as species, we
performed Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses.
The top six pathways with significant enrichment (p< 0.05) are presented in this study.

Gene Set Variation Analysis (GSVA)

The gene list for cell division processes and cell cycle regulation was obtained from the AmiGO 2 portal (http://amigo.
geneontology.org/amigo). Functional enrichment scores for each BC sample were calculated using the R environment with

default parameters, and the enrichment results were visualized using the pheatmap package. Pearson correlation analysis was
used to determine the correlation between XPOT expression and gene sets related to cell division and cell cycle regulation.

Gene Set Enrichment Analysis (GSEA)

GSEA was conducted using the GSEA software (version 4.3.2) from the Broad Institute'® to examine associations
between XPOT expression and various biological processes and pathways, following the software’s user guide. RNA-seq
data from TCGA and METABRIC were used, and the gene set h.all.v2023.2.Hs.symbols.gmt” was obtained from the
MSigDB collection.'” Patients were categorized into two BC phenotypes based on XPOT expression levels. Enrichment
significance was determined by normalized enrichment scores (NES) after 1000 permutations, with a gene set considered
significantly enriched when p-value < 0.05 and false discovery rate (FDR) is < 0.25.
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Cell Culture and Transfection

Human BC cell lines, including MDA-MB-468, SK-BR-3, MCF-7, MDA-MB-231, and normal mammary epithelial cell
line MCF-10A were obtained from the ATCC cell bank (https://www.atcc.org/, USA). Cells were cultured in a 5% CO,
incubator at 37°C, with medium changed every 2-3 days. To inhibit XPOT expression, three small interfering RNAs
(siRNAs) targeting XPOT were purchased from RIBOBIO (https://www.ribobio.com/, Guangzhou, China) with
sequences as follows: si-XPOT 1: GGUGUGUGCAGAAGCUCUAGC, si-XPOT 2:
GCACAUUCCAUGUGUACUAUU, si-XPOT 3: GCUGGAGUGCUGAUUGUUAAU. Cells (4~6x105 cells/well)
were inoculated in 6-well plates and cultured transfected with Lipofectamine 2000 (Invitrogen) when cell confluence
reached 50-70%. Transfection efficiency was evaluated by quantitative real-time PCR (qRT-PCR) after 48 hours.

qRT-PCR

Total RNA was extracted from the five cell lines and MDA-MB-468/231 cells transfected with si-XPOT1/2. Reverse
transcription was performed using the reverse transcription kit provided by TOLOBIO (NO. 22112-01) to synthesize
complementary DNA (cDNA). Primer sequences for XPOT were: sense: GTGCAAAAGTTCGGAGCAGG; anti-sense:
GGCTTGTTTCCTTTCTGCCG. GAPDH  primers were used for normalization (forward primer:
TCAAGAAGGTGGTGAAGCAGG and reverse primer: TCAAAGGTGGAGGAGTGGGT). Fluorescence levels were
measured with a NanoDrop ND-800 UV spectrophotometer, and amplification was conducted on an ABI3500 system.

2—AACt

Relative mRNA gene expression levels were calculated using the method, and experiments were performed in

triplicate.

Western Blotting

Total protein was extracted from the aforementioned five cell lines and MDA-MB-468/231 cells transfected with si-
XPOT1/2 using RIPA lysis buffer (Beyotime Technology, Shanghai, China). Samples (20 pg protein) were separated via
SDS-PAGE gel and transferred onto PVDF membranes (Millipore IPVH00010 and ISEQ15150). Membranes were
blocked with 10% nonfat milk and incubated with the primary antibody overnight, followed by secondary antibody
incubation with HRP-linked anti-mouse or anti-rabbit IgG (Jackson, 111-035-003) for 2 hours at room temperature.
Visualization was performed with an ECL detection system (Thermo, NO. NCI5079). Primary antibodies used in our
study are listed in Table S1.

Cell Proliferation Assay

After 48 hours of transfection, MDA-MB-468 (4 x 10° cells/well) and MDA-MB-231 (5 x 10° cells/well) cells were
seeded in 96-well plates with six wells per group. Cell proliferation was assessed at 24, 48, and 72 hours using the Cell
Counting Kit-8 (CCK-8, DOJINDO, Japan) under standard conditions.

Transwell Invasion Assay

Cell migration assays were conducted in a 24-well Transwell inserts with 8 um pore PET membranes. The bottom layer
contained 600 pL of culture median with 20% serum, while the upper layer contained 200 pL serum-free culture median
with 5x10% cells. After 5 hours (MDA-MB-468) or 16 hours (MDA-MB-231), insets were fixed with methanol and
stained with crystal violet. For the invasion assay, Matrigel was applied to the inserts, and the cell number was increased
to 1 x 10° cells/well.

Cell Cycle Analysis

Cells were fixed in 70% ice-cold ethanol at 4°C overnight, washed with PBS, and treated with RNase A (0.1 mg/mL) for
30 minutes at 37°C. After staining with propidium iodide (PI, GeneCodex, NO. CO035), cell cycle distribution was
analyzed using a FACSCalibur flow cytometer (CytoFLEX S).
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Apoptosis Analysis

Cells with the indicated treatments were harvested, washed once with PBS and resuspended in 100 pL binding buffer.
After incubation with Annexin V-FITC and PI (both GeneCodex) at RT for 30 min, apoptosis analysis was conducted on
a FACSCalibur flow cytometer (CytoFLEX S).

Statistical Analyses

Statistical analyses and visualization were conducted using R software and IBM SPSS Statistics (version 25.0). Group
comparisons were made using an unpaired #-test for two groups or one-way ANOVA. Correlations between the two
groups were tested by Pearson correlation analysis. Survival analysis was conducted with Kaplan-Meier curves and Log
rank tests. Significance was set at p < 0.05.

Results
XPOT Expression and its Association with Malignancy in BC

High levels of XPOT expression were found to correlate with specific clinical and pathological traits associated with more
aggressive BC phenotypes. XPOT was highly enriched in tumor tissues compared with normal tissues in TCGA cohort
(Figure S1D). Additionally, XPOT expression was distributed asymmetrically across tumor T stage, N stage, AJCC stage,
age, ER status, PR status, HER?2 status, and molecular subtype in both the TCGA and METABRIC cohorts (Figure 1A and
B). Specifically, XPOT was enriched in ER-negative (Figure 1C) and PR-negative BC cases (Figure 1D) in TCGA cohort,
with similar trends observed in METABRIC cohort (Figure 1G and H). In both datasets, larger tumors and those with more
positive lymph node status also showed higher XPOT expression (Figure 1E, I, F, J). Additionally, XPOT was notably
elevated in METABRIC patients with higher AJCC stages (except stage V), younger age (<55 years), HER2 positivity, and
higher tumor grade (Figure SIE-H). Meanwhile, there was no statistical correlation between XPOT expression and other
clinicopathological characteristics, like AJCC stage (Figure S1A), age (Figure S1B), and HER2 status (Figure S1C) in

TCGA cohort. Overall, these results suggest XPOT enrichment in patients with aggressive BC traits.

XPOT as a Potential Basal Subtype Biomarker and Independent Prognostic Indicator
for BC

Analysis of XPOT expression across BC subtypes indicated a significant enrichment of XPOT in the basal subtype, in
both TCGA and METABRIC datasets (P < 0.001) (Figure 2A and C). XPOT demonstrated good specificity in identifying
the basal subtype, with an area under the curve (AUC) for receiver operating characteristic (ROC) of 71.8% in TCGA
and 74.3% in METABRIC(Figure 2B and D). This suggests that XPOT could serve as a potential biomarker for the basal
subtype and supports its association with more malignant BC cases.

To evaluate the prognostic value of XPOT in BC, we performed Kaplan-Meier survival analysis and Cox proportional
hazards modeling using data from TCGA and METABRIC. Kaplan-Meier analyses demonstrated that high XPOT
expression is associated with poorer overall survival, confirming its prognostic value in both TCGA and METABRIC
datasets (Figure 2E and F). Cox regression analysis identified XPOT as an independent prognostic factor, alongside age,
tumor size, lymph node status, and hormone receptor status, in both the TCGA and METABRIC datasets (Tables 1 and 2).

Role of XPOT in Cell Proliferation and Tumor Progression in BC

To explore the biological functions associated with XPOT, we identified the genes most related to XPOT using Spearman
correlation analysis (|[R| > 0.5, P < 0.05) across the TCGA and METABRIC datasets. The detailed list of these genes is
presented in Tables S2 and S3. GO and KEGG analysis were then performed based on the above gene sets. In the TCGA,
biological processes most associated with XPOT included cell division (Figure S2A). Additionally, the cellular components
most related to XPOT were nucleoplasm, cytosol and nucleus (Figure S2B), while the molecular functions involved protein
binding and ATP binding (Figure S2C). The signaling pathways most associated with XPOT included the cell cycle and
cellular senescence pathways (Figure 3A). The XPOT-related biological processes, cellular components, molecular
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Figure | Association between XPOT and clinicopathological characteristics of BC patients. (A) The landscape of XPOT-related clinicopathological features of BC patients in
TCGA. (B) The landscape of XPOT-related clinicopathological features of BC patients in METABRIC. (C and G) XPOT was significantly increased in ER negative BC patients
in TCGA and METABRIC. The significance of the difference was tested with an unpaired t test. (D and H) XPOT was significantly increased in PR negative BC patients in
TCGA and METABRIC. The significance of the difference was tested with an unpaired t test. (E and I) Compared with T| or tumor size with 0—2cm, XPOT was significantly
increased in larger-tumor size BC patients in TCGA and METABRIC, but not T3 in TCGA and tumor size > 5cm in METABRIC. The significance of the difference was tested
by one-way ANOVA. (F and J) Compared with NO or non-positive node, XPOT was significantly increased in more-positive node BC patients in TCGA and METABRIC, but
not NI and N3 in TCGA. The significance of the difference was tested by one-way ANOVA.
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Figure 2 XPOT is specifically enriched in the basal subtype of BC patients. (A and C) XPOT was enriched in the basal subtype of BC patients in TCGA and METABRIC. The
significance of the difference was tested by one- way ANOVA. (B and D) The receiver-operating characteristic (ROC) curve showed the high-expression specificity of XPOT
in the basal subtype of BC patients in TCGA and METABRIC. Kaplan-Meier analysis of XPOT expression in TCGA (E) and METABRIC (F).

Abbreviations: AUC, the area under the curve.
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Table | Univariate and Multivariate Analysis of Prognostic Parameters in TCGA
Database with Overall Survival (OS)

Variable Univariate Analysis Multivariate Analysis
HR (95% CI) P-value | HR (95% CI) P-value

XPOT expression I.114 (1.053-1.179) | 0.001 1.085 (1.020-1.153) | 0.009
Age 1.036 (1.030—-1.041) | <0.001 1.038 (1.032—-1.044) | <0.001
T (tumor size) 1.642 (1.485-1.817) | <0.001 1.354 (1.219-1.503) | <0.001
N (lymph node status) | 1.540 (1.441-1.646) | <0.001 1.450 (1.355-1.552) | <0.001
ER status 0.848 (0.736-0.976) | 0.022 0.745 (0.624-0.890) | 0.001
PR status 0.788 (0.700-0.887) | <0.001 0.919 (0.798-1.060) | 0.245

Abbreviations: Cl, confidence interval; HR, hazard ratio; ER, estrogen receptor; PR, progesterone receptor.

Table 2 Univariate and multivariate analysis of prognostic parameters in METABRIC
database with overall survival (OS)

Variable Univariate Analysis Multivariate Analysis
HR (95% CI) P-value | HR (95% CI) P-value

XPOT expression 1.319 (1.037-1.677) | 0.024 1.381 (1.057-.804) | 0.018
Age 1.042 (1.027-1.057) | <0.001 1.045 (1.029-1.060) | <0.001
T (tumor size) 1.431 (1.146—-1.788) | 0.002 1.332 (1.058-1.678) | 0.015

N (lymph node status) | 1.525 (1.261-1.845) | <0.001 1.475 (1.201-1.811) | 0.001
ER status 0.627 (0.401-0.979) | 0.040 0.809 (0.430-1.523) | 0.511
PR status 0.670 (0.456-0.984) | 0.041 0.713 (0.409-1.243) | 0.232

Abbreviations: Cl, confidence interval; HR, hazard ratio; ER, estrogen receptor; PR, progesterone receptor.

functions, and signaling pathway identified in METABRIC were consistent with those in TCGA (Figures S2D-F and B).
These findings suggest that XPOT may contribute to tumor progression by promoting cell division and cell cycle regulation.

Dysregulation of the cell cycle is a hallmark of cancer, often leading to uncontrolled cell proliferation. To investigate XPOT’s
role in this process, we examined its impact on key aspects of cell division and cycle regulation. Using the GSVA in the TCGA
and METABRIC dataset, we assessed the enrichment scores for the cell proliferation process. The correlation analysis revealed
a positive association between XPOT expression and cell cycle activity in TCGA (Figure 3C), with similar results observed in
METABRIC (Figure 3D). These results suggest that XPOT plays a role in promoting in cell proliferation in BC.

XPOT was found to play a role in tumor proliferation; therefore, we investigated its relationship with established cell
proliferation marks, including MKI67, CCNB1, CDK4/6, KRAS, PCNA, CCNEI1, and mini-chromosome replication
maintenance 2/6 (MCM2/6), which are involved in the initiation of eukaryotic genome replication,'® in both TCGA and
METABRIC datasets (Figure 3E). XPOT exhibited a strong positive association with these proliferation marks,
contributing to the growth of tumor in BC. Additionally, we selected six cell proliferation-related gene sets, defined
by the Molecular Signatures Database (MSigDB) Hallmark in gene set variant analysis,'> as markers: G2M checkpoint,
E2F target, MYC targets vl, MYC targets v2, Mitotic spindle, and P53 pathway. As illustrated in Figure 3F and G the
XPOT expression showed significantly positive correlations with most of these cell proliferation-related gene sets in both
TCGA and METABRIC. These findings suggest that XPOT may regulates cell cycle through proliferation-related
markers, which serve as critical cell cycle checkpoints that promote tumor progression in BC.
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Figure 3 (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of XPOT in TCGA. (B) KEGG pathway analysis of XPOT in METABRIC. (C and D) The
heatmap showed the expression of XPOT and the enrichment scores of cell proliferation of each patient in TCGA and METABRIC. (E) Pearson correlation between XPOT
and commonly used proliferation markers. (F and G) Correlation matrix of XPOT and proliferation-related gene sets in TCGA and METABRIC. The bottom left numbers in
the graph showed the correlation coefficient, which were demonstrated as the proportion of the pie charts in the upper right region of the graph. The red parts in the graph
represented a positive correlation, while the green parts represented a negative correlation. The correlation was tested by Pearson correlation analysis.

Effect of XPOT on the Proliferation, Migration, and Apoptosis of BC Cells
Given the prognostic significance and tumor proliferation predictive value of XPOT in BC, we further examined its
biological functions in BC cells. Initially, we validated the high expression levels of XPOT in multiple BC cell lines
using qRT-PCR and Western Blot assay (Figure 4A and B). Among these, MDA-MB-468 and MDA-MB-231, which
exhibited the highest XPOT expression, were selected for further experiments. Three different siRNAs targeting XPOT
and a negative control (si-NC) plasmid were then constructed and transfected into these cell lines. The knockdown
efficiency was confirmed by qRT-PCR and Western Blot assay (Figure 4C and D), with si-XPOT-1 (si-1), the highest
effective siRNA, chosen for subsequent experiments.

To assess changes in cell viability, a CCK-8 assay was performed at various time points following transfection. The
results demonstrated a significant reduction in cell proliferation 48 hours after XPOT knockdown (Figure 4E). In
migration assays, the number of cells crossing the membrane was markedly reduced in XPOT knockdown cells

6474 https: Journal of Inflammation Research 2025:18



Hou et al

>
w

N

-
(o]
o
I3
k=P
5
‘@
g XPOT | . - ‘ “ -
a2
3 GAPDH| G a9 @ G
[
>
S F¥ & > AN &
3o ST EES
& F Fy&g 8
& S5 5
S L Q
S S S
Cc MDA-MB-231
5 1. 5 1.2
& 53 E MDA-MB-468 MDA-MB-231
5 k]
50. é 0.8 1.5 1.5
@
¢ 8 £ N
S 13 o o
So. S04 F10 F10 -
[ 2 - e
- E=1 © bl ©
3 s @ ©
& / 200 g g
0. o S5 @
si-NC si-1  si-2  si-3 20. 205
2 + si-NC 2 + si-NC
< + si-XPOT-1 < + si-XPOT-1
D MDA-MB-468 MDA-MB-231 0.0 +—T——1 0.0 +————————
o7 o o oo b T2 o e v
GAPDH GAPDH D Gup e=» e | Time (h) Time (h)
si-NC si-1  si-2  si-3 si-NC si-1  si-2 si-3

-

Si-NC S-XPOT-1
SN

si-XPOT-1
—

LIRS
« s
L3

]
S

=]
S

«
3

B
BNy

MDA-MB-468
S

MDA-MB-231

Relative migration rate (%)
Y
S

Relative migration rate (%)
=
=3

o

siNC s si-NC  si-1

(]

MDA-MB-468
MDA-MB-231

Relative invasion rate (%)
Relative invasion rate (%)

si-NC  si-1
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(Figure 4F). Similarly, invasion assays showed a significant decrease in the number of cells traversing the Matrigel in
both cell lines following XPOT knockdown (Figure 4G).

Flow cytometry analysis of cell cycle distribution revealed that silencing XPOT increased the GO/G1 phase ratio
while reducing the S phase ratio (Figure 5A), indicating that XPOT knockdown prevents cells from progressing from the
GO/G1 to the S phase. Additionally, flow cytometry analysis of apoptosis showed that the percentage of apoptotic cells
was higher in XPOT-silenced cells than in control cells (Figure 5B). These results indicate that XPOT promotes the
proliferation and invasion capacity of BC cells while inhibiting apoptosis in vitro.
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XPOT Upregulates Cyclin D and CDK4/6 by Activating the PI3K/AKT/mTOR Signaling

Pathway to Influence Tumor Progression in BC
To investigate the potential mechanisms by which XPOT may regulate BC development, we performed Gene Set

Enrichment Analysis (GSEA) on Hallmark gene sets in MSigDB. Based on median XPOT expression levels in the
TCGA and METABRIC datasets, patients were divided into high and low XPOT expression groups. The analysis
revealed that the high XPOT expression group was significantly enriched PI3K/AKT/mTOR and MTORCI signaling
(Figure 6A-D). These results indicated an underlying mechanism that XPOT promotes BC progression by activating the
PI3K/AKT/ mTOR signaling pathway.

To further investigate the mechanisms underlying XPOT’s effects, we performed Western blot analysis to evaluate the
expressions of cell cycle-regulating proteins and determine whether XPOT knockdown alters the levels of cell cycle checkpoint
proteins and key components of the PI3K/AKT/mTOR signaling pathway. The results showed that silencing XPOT significantly
reduced the phosphorylation levels of PI3K, AKT, and mTOR compared to control cells (Figure 6E and F), suggesting that
XPOT promotes BC progression by activating the PI3K/AKT/mTOR pathway. Moreover, XPOT knockdown led to a marked
decrease in CDK4, CDKG6, and cyclin D levels, while expression level of the cell cycle-inhibiting protein P27 was upregulated.
The above findings indicate that XPOT could regulate the cell cycle by upregulating CDK4, CDK6, and cyclin D expression and
promote BC progression via the PI3K/AKT/mTOR pathway.

Discussion

BC is the most common malignancy and the leading cause of cancer-related death among women worldwide. Despite
great advances in the diagnosis and treatment, BC relapses in a considerable number of patients, highlighting the urgent
need to identify novel biomarkers with clinical and prognostic relevance. In this study, we focused XPOT, a member of
karyopherin -B. The karyopherin superfamily have been considered as an extremely promising targets for cancer
therapy.'” XPOT itself plays a critical role in the nucleocytoplasmic trafficking of tRNAs, contributing to protein
translation for cell growth and metabolism.”'®

Previous studies have reported that XPOT play important functions in multiple cancers including in pleural
mesothelioma, hepatocellular carcinoma, promyelocytic leukemia, neuroblastoma. For instance, Lin et al reported
significant upregulation of XPOT in hepatocellular carcinoma using data from 95 pairs of TCGA and GEO datasets,
as well as 16 fresh tumor specimens analyzed by qRT-PCR and immunohistochemistry.'® Similarly, research by Pan et al
revealed that XPOT overexpression in neuroblastoma was associated with poor clinical outcomes, including age at
diagnosis >18 months, MYCN amplification, advanced INSS stage, and poor prognosis, suggesting XPOT as
a therapeutic target in this cancer.'’

In BC, Dai et al demonstrated that XPOT overexpression was linked to worse survival outcomes in triple-negative
breast cancer (TNBC), and that inhibition of XPOT suppressed TNBC cell proliferation both in vitro and in vivo,
suggesting that XPOT’s role as an oncogenic gene in TNBC.?® Our findings are consistent with this, as we analyzed
XPOT expression in various BC subtypes using mRNA-seq data from 2870 BC patients in TCGA and METABRIC. Our
results showed that XPOT was enriched in more malignant BC subtypes, particularly in the basal subtype, and was
positively correlated with the cell proliferation based on GO enrichment, functional analysis, and GSVA.

Moreover, we found that XPOT expression closely mirrored that of cell proliferation-related markers and gene sets. GSEA
further revealed that XPOT activates the PI3K/AKT/mTOR signaling pathway to promote BC progression. Functional studies
of BC cells showed that XPOT knockdown inhibited cell proliferation and migration of BC cells, while upregulating cyclin
D and CDK4/6 by activating the PI3K/AKT/mTOR signaling pathway, thus influencing tumor progression. Nuclear transport
receptors have been reported to be associated with cell cycle regulation. This regulation can occur either directly through
interactions with chromatin and the expression of genes involved in cell cycle progression,?' by regulating the nucleocyto-
plasmic distribution of cell cycle-related cargo molecules® or by coordinating cell cycle events.?

Published studies indicated that in liver cancer, XPOT knockdown causes cell cycle arrest in the GO/G1 phase by
downregulating cell cycle regulators such as cyclin-dependent kinase-1 and cyclin A.'® In neuroblastoma, RNA
interference studies demonstrated that XPOT knockdown inhibited cell proliferation and migration.'® Consistent with
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Figure 6 (A-D) Gene Set Enrichment Analysis of XPOT from Hallmark gene sets in TCGA and METABRIC. (E and F) Western blot detected the expressions of cell cycle-
related proteins and PI3K/AKT/mTOR signaling pathway-related proteins in control or XPOT knockdown cells.

these studies, our analysis revealed that XPOT-related genes were enriched in biological functions related to cell division
and cell cycle, as shown by GO, KEGG and GSVA. Moreover, XPOT are positively correlated with critical cell cycle
checkpoints such as CCNB1, CCNE1 and CDK4/6. Furthermore, XPOT inhibition decreased BC cell proliferation,
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migration, and invasion, and promoted apoptosis in vitro. Flow cytometry analysis after XPOT knockdown in MDA-MB
-231 and MDA-MB-468 cells showed a higher proportion of cells in the GO/G1 phase and a lower proportion in the
S phase, indicating cell cycle arrest at the GO/G1 stage.

* and blocking this

The PI3K/AKT/mTOR signaling pathway is frequently dysregulated in human malignancies,”
pathway has emerged as a promising strategy for BC therapy.”*2® Downstream mTOR is a vital protein kinase in this
pathway, regulates the tumor cell growth, proliferative, survival, and angiogenesis.”’ Dysregulation of PI3K/AKT/mTOR
signaling leads to uncontrolled cell proliferation, genomic instability, and metabolic reprogramming all of which promote
tumorigenesis.”® Elevated XPOT has been shown to contribute to chromosome instability and worsen prognosis in BC
patient.”’ However, further studies are needed to fully elucidate the mechanisms by which XPOT enhances BC
malignancy. Our study revealed genes in the PI3K/AKT/mTOR signaling pathway are significantly enriched in the
high XPOT expression group, and that XPOT knockdown reduces PI3K, AKT, and mTOR phosphorylation levels. These
findings suggested that XPOT promotes BC progression by activating the PI3K/AKT/mTOR pathway.

Our study has several limits indeed. First, our analysis was based on publicly available sequencing data, which may
introduce inherent biases. Second, while we demonstrated the involvement of the PI3K/AKT/mTOR pathway in BC
progression, the association between the gene and other well known signaling pathways that were related with BC
development, for instance TP53 and immune invasion related signaling pathways have not been included in the study,
additional tumor-related signaling pathways should be explored to better understand their role in BC development. Third,
follow-up studies involving animal models and clinical samples are needed to validate the findings observed in vitro.

Conclusions

Our study underscores the biological functions and prognostic significance of XPOT in BC. We found that XPOT
overexpression is associated with adverse clinical features, including negative ER/PR status, larger tumor size, and
increased lymph node metastasis, all of which correlate with poor prognosis in BC patients. Mechanistically, XPOT
promotes tumor progression in BC by upregulating cyclin D and CDK4/6 through the activation of the PI3K/AKT/
mTOR signaling pathway. These findings offer valuable insights into the potential of targeting XPOT for BC therapy.
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