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ARTICLE INFO ABSTRACT

Keywords: Pancreatic cancer (PC) is a highly aggressive malignancy with limited therapeutic options and poor prognosis.
N“dCLz. NudC-like protein 2 (NudCL2), a molecular cochaperone of HSP90, has been implicated in various cellular
:Eg;‘:i;lc cancer (PC) processes; however, its role in pancreatic cancer remains poorly understood. In this study, we report that NudCL2

expression is significantly downregulated in PC tissues and is correlated with poor patient survival. The results of
functional assays revealed that NudCL2 knockdown enhances cell invasion and migration in vitro and promotes
lung and liver metastases in vivo. Further analysis revealed solute carrier family 7 member 11 (SLC7A11) as a key
downstream effector that was upregulated upon NudCL2 depletion. Suppression of SLC7A11 reversed the in-
crease in cell motility induced by NudCL2 depletion. Mechanistically, our findings suggest that NudCL2 regulates
the transcriptional activity of SLC7A11 and that the NudCL2/SLC7A11 axis may suppress cell motility by
inhibiting the epithelial-mesenchymal transition (EMT) pathway. Collectively, these results highlight the
important role of NudCL2 in PC progression through the modulation of EMT via SLC7A11, providing valuable
insights into its potential as both a therapeutic target and a prognostic biomarker.

EMT

motility, invasiveness, and resistance to apoptosis [6,7]. EMT is char-

A acterized by the downregulation of epithelial markers such as E-cad-

1. Introduction herin (also known as CDH1) and zonula occludens-1 (ZO-1) and the
upregulation of mesenchymal markers such as N-cadherin (CDH2) and
vimentin, accompanied by a morphological shift toward a
spindle-shaped fibroblast type with increased motility and invasive
potential. This process is regulated by transcription factors such as Snail,
Twist, and ZEB and by signaling pathways such as the TGF-p, Wnt,

Pancreatic cancer (PC), primarily pancreatic ductal adenocarcinoma
(PDAC), is among the most aggressive malignancies and has a dismal
prognosis [1-3]. Owing to its deep anatomical location and lack of early
clinical symptoms, most patients are diagnosed at advanced stages with
d.lstant meFastas1s [4]. Only 10.—15 % of patients are ?hgl]f)le for poten- Notch, and NF-xB pathways [8-12]. However, the molecular mecha-
tially (l:uratlve surgery, yet the risk of recurrence remains high even after nisms driving EMT in PC remain poorly understood.
resection [5]. Although numerous molecular drivers of PC have been NudC-like protein 2 (NudCL2), a member of the nuclear distribution
1dent11.ﬁed, .effectlve therapeutic tflr.gets are Stl.ll lacklng.. . protein C (NudC) family, was initially identified by our team as a mo-

Epithelial- mesenchymal transition (EMT) is a key biological process lecular cochaperone of heat shock protein 90 (HSP90). Our studies

in which epithelial cells undergo loss of polarity and disruption of cell- demonstrated that NudCL2 plays important roles in several cell
cell adhesion and acquire mesenchymal features that enhance cellular
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Abbreviations
PC pancreatic cancer

NudCL2 NudC-like protein 2

HSP90  heat shock protein 90

EMT epithelial-mesenchymal transition
SLC7A11 solute carrier family 7 member 11

biological processes, namely, cell cycle regulation, migration, and cil-
iogenesis [13-18]. NudCL2 regulates centriole duplication and sister
chromatid cohesion by stabilizing HERC2 (HECT and RLD
domain-containing E3 ubiquitin protein ligase 2) and cohesin subunits
and by maintaining cytokinesis via the regulator of chromosome
condensation 2 (RCC2) [13-15]. Furthermore, NudCL2 is involved in
cell migration regulation through the stabilization of LIS1 (lissencephaly
1) and myosin-9 [16,17]. NudCL2 also functions as an autophagy re-
ceptor, mediating the selective degradation of the mother
centriole-capping protein CP110 to promote ciliogenesis [18]. Despite
its diverse cellular functions, the role of NudCL2 in human disease,
particularly in cancer, remains largely uncharacterized.

In this study, we provide evidence that NudCL2 plays a critical role in
PC. Our data revealed that the expression of NudCL2 is significantly
downregulated in PC tissues and that this downregulation is correlated
with advanced disease progression and poor patient outcomes.
Furthermore, we demonstrated that NudCL2 functions as a negative
regulator of EMT by inhibiting SLC7A11 expression, thereby suppress-
ing cell motility and metastasis. These findings not only elucidate the
molecular mechanisms underlying PC but also underscore the potential
of NudCL2 as a promising therapeutic target and prognostic biomarker.

2. Materials and methods
2.1. Cell culture

PANC-1 and PaTu8988t cells were obtained from Procell (Wuhan,
China), and the STR test was performed by Procell. The cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM) containing
10 % FBS (Excell) at 37 °C in 5 % CO..

2.2. Human specimens

The cohort tissue array was purchased from Shanghai Biochip. The
cohort contains 76 paired of tumor and non-tumor issues, and additional
6 tumor issues. The study was approved by the ethics committee of
Shanghai Outdo Biotech Company (YB M-05-01).

2.3. Mice

All procedures involving in mice were approved by the Institutional
Animal Care and Use Committee of Zhejiang University (ZJU20250025).
NSG mice (5-6 weeks) bred in specific pathogen-free facilities were used
for the indicated studies and divided into different groups randomly.

2.4. siRNAs and shRNA

All small interfering RNAs (siRNAs) were synthesized by Gene
Pharma. The sequences of the sense strands of the siRNA duplexes are as
follows:

NudCL2-1: 5-ACCUUGAGAAAUAACUGCUTT-3.

NudCL2-2: 5-CAAGGGCAAACUCUUUGAUTT-3.

SLC7A11-1: 5-CCAGAUAUGCAUCGUCCUUTT-3.

SLC7A11-2: 5-CCAGGUGGUUUAGAAUAAUTT-3.

To stably knockdown NudCL2, siNudCL2-2 oligo was inserted into
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the pLKO.1vector. The virus was produced in HEK293T cells by Tsingke
Biotechnology (Beijing, China).

2.5. Antibodies

For western blotting analysis, we employed primary antibodies
against NudCL2 (1:1,000, 21205-1-AP, Proteintech), E-cadherin
(1:1,000, 10681-1-AP, Proteintech), ZO-1 (1:1,000, 33-9100, Thermo
Fisher), p-actin (1:2,000, 60004-1 Ig, Proteintech), Vimentin (1:1,000,
10960-1-AP, Proteintech), EDIL3 (1:1,000, sc-293337, Santa cruz),
SLC7A11 (1:1,000, FO517, Selleck), ALDH3B1 (1:1,000, BD-PT0190,
Biodragon).

For immunofluorescence experiments, we used the following pri-
mary antibodies: F-actin (1:200, P1951, Sigma), ZO-1 (1:200, 33-9100,
Thermo Fisher), Vimentin (1:200, 10960-1-AP, Proteintech).

2.6. Quantitative real-time RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen, USA) and
reversed by PrimeScript RT Reagent Kit (Vazyme) according to the
manufacturer’s protocol. Quantitative RT-PCR analyses were performed
using ROCHE LightCycler®480 System (Rotor gene 6000 Software,
Sydney, Australia) with HiScript Q RT SuperMix (Vazyme). All of the
reactions were performed at least three times. U6 was used as an internal
control. The primers used to amplify the target genes were as follows:

NudCL2: Forward: 5-ATCTTTACGGCAGGAGCTGG-3;

Reverse: 5-CTGGTAGCTGCAGCGGTATG-3;

SLC7A11: Forward: 5-TCTCCAAAGGAGGTTACCTGC-3,

Reverse: 5-AGACTCCCCTCAGTAAAGTGAC-3;

pre-SLC7A11: Forward: 5-ATTCAGACCAAAGGAGGCAGTT-3,

Reverse: 5- ACATGACATGCATGTGTCTAACC-3;

U6: Forward: 5-CTCGCTTCGGCAGCACA-3,

Reverse: 5- AACGCTTCACGAATTTGCGT-3.

2.7. Western blotting

Immunoblotting was performed using standard protocols. Briefly,
cells were washed with PBS and lysed in ice-cold TBSN buffer (20 mM
Tris [pH 8.0], 150 mM NaCl, 0.5 % Nonidet P-40, 5 mM EGTA, 1.5 mM
EDTA, 0.5 mM Na3V04, 20 mM p-nitrophenyl phosphate) containing a
protease inhibitor cocktail (Selleck, B14002). After 10 min of incubation
on ice, lysates were centrifuged at 12,000 rpm for 10 min at 4 °C to
remove insoluble material. The resulting supernatants were mixed with
SDS loading buffer and denatured by boiling at 95 °C for 10 min. Protein
samples were separated by SDS-PAGE using 8 %, 10 %, or 12 % poly-
acrylamide gels as appropriate, then transferred to PVDF membranes
(Millipore). Membranes were blocked with 5 % BSA in TBST for 1 h at
room temperature followed by incubation with primary antibodies and
subsequently with HRP-conjugated secondary antibodies (Cell Signaling
Technology). Protein bands were detected using a chemiluminescent
immunoassay analyzer (Bio-Rad).

2.8. Immunofluorescence (IF)

For IF in Fig. 7, Patu8988t cells were seeded on coverslips. When the
cells reached 80-90 % confluency, they were washed with PBS and then
fixed with 4 % paraformaldehyde for 30 min at room temperature. The
coverslips were washed three times with PBST solution (1 x PBS and 0.1
% Triton X-100) for 5 min each time followed by incubation with 3 %
BSA solution (1x PBS, 0.1 % Triton X-100 and 3 % BSA) for 30 min. Cells
were incubated with primary antibodies diluted in 3 % BSA solution
(1:200) as indicated in the text, for 2 h at room temperature or overnight
at 4 °C. Then, cells were washed by PBST three times for 5 min, followed
by incubation with Alexa Fluor 555 and Alexa Fluor 488-conjugated
secondary antibodies diluted in 3 % BSA solution (1:200) at room
temperature for 1 h. The mounted coverslips were analyzed by confocal
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Fig. 1. NudCL2 is downregulated in pancreatic cancer tissues and associated with poor survival (A) Representative immunohistochemical staining images of
NudCL2 in PC and paired adjacent normal samples from the tissue microarray are presented. The left panel represents normal paired pancreatic tissue, while the right
panel depicts pancreatic cancer tissue. (B) The statistical analysis of H-scores of NudCL2 derived from the immunohistochemical analysis of the tissue array is
presented. The cohort contains 76 pairs of matched tissues and an additional 6 tumor tissues. (C) The H-scores of NudCL2 obtained from the immunohistochemical
results in the paired tissue array are shown. (D) The Kaplan-Meier method was used to evaluate the correlation between NudCL2 protein expression levels and
patient survival in patients with PC. Statistical significance was determined using the log-rank (Mantel-Cox) test. P < 0.05. (E) Multivariable risk factor analyses of
the cohort. All the bars correspond to 95 % confidence intervals (ClIs). HR = hazard ratio. (F) H-scores from the immunohistochemical tissue of normal and PC
patients with different tumor stages are shown. The data in B, C, and F are presented as the means + SDs. Student’s t-test, **P < 0.01, ****P < 0.0001.
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Table 1

Multivariable analyses were performed using Chi-square statistical analysis
based on NudCL2 expression and clinical characteristics, including gender, age,
pathological grade, T stage, N stage, and M stage.

NudCL2 Feature Low High Chi-square P-value

Gender male 31 12 0.053 0.817
female 29 10

Age <65 27 14 2.236 0.135
>65 33 8

Pathological grade Gl 12 8 2.506 0.286
G2 37 10
G3 11 4

T T1 14 12 7.703 0.021
T2 26 7
T3 20 3
T4 0 0

N NO 33 14 0.491 0.484
N1 27 8
N2 0 0
N3 0 0

M MO 56 21 0.127 0.722
M1 4 1

fluorescence microscopy with an oil immersion x63 objective (Zeiss,
LSM800, USA).

2.9. Animal model

For intravenously metastasis assays, 1 x 10° PaTu8988t cells stably
expressing shCtrl or shNudCL2 were resuspended with 100 pL PBS and
injected into NSG mice through tail vein, 10 mice were randomly
divided into two groups (n = 5). Obvious weight loss in mice was used as
the endpoint for experiments. For orthotopic pancreatic cancer im-
plantation model of pancreatic cancer, 3 x 10° PaTu8988t cells stably
expressing shCtrl or shNudCL2 were mixed with matrix gel and injected
into the pancreas through surgery. Each group contains 4 random NSG
mice (5-6 weeks). The mice were bred in SPF environment for 21 days
and euthanized. For intrasplenic injection model, 5 x 10°> PaTu8988t
cells stably expressing shCtrl or shNudCL2 were resuspended with 50 pL
PBS injected into spleen of NSG mice (5-6 weeks) by surgery (n = 4).
These studies were approved by the ethics committee of Zhejiang
University.

2.10. Cell scratch assay

Patu8988t cells treated with Ctrl or NudCL2 siRNAs were cultured in
6-well plates and allowed to grow to 80 %-90 % density. Then a white
pipette tip was used to make a vertical scratch in the culture well, and
the cells were washed with PBS solution three times to remove free cells.
The cells were then starved of serum in fresh medium to minimize the
influence of cell proliferation on the results of the experiment. Images of
the scratched area were taken at different time points such as 0 h and 24
h (a small circle is marked on the bottom of the plate with a marker pen
to ensure that the same point is captured in each image). The experiment
was repeated at least 3 biological replicates, and 1 time of representative
result is shown in the figures.

2.11. Migration and invasion assays

For the migration assay, cells were harvested, centrifuged, and
resuspended in serum-free medium. A total of 30,000 cells were taken,
and diluted with 200 pL serum-free medium. Then the diluted cells and
added to the upper chamber of the transwell plate. In the lower chamber
of the transwell, 800 pL of medium supplemented with 10 % serum was
added to ensure contact between the medium and the bottom of the
upper chamber. For invasion assay, 50 pL of 5 % gelatin was added into
the upper chamber The assembly was placed in a 5 % CO5 incubator at
37 °C for 36 h or 48 h, the upper chamber of transwell plate for 2 h
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before adding the diluted cells. About incubation for 24 h, the upper
chamber was removed, stained with crystal violet, and the cells on the
upper chamber that had not migrated were carefully wiped off with a
cotton swab. The cells that had migrated to the back side were observed
and recorded, and photographs were taken. Each experiment was
repeated at least 3 biological replicates, and 1 time of representative
result is shown in the figures.

2.12. RNA sequencing

Ctrl or NudCL2-deficient Patu8988t cells were harvested and total
RNA was extracted. An mRNA sequencing library was subsequently
prepared using the T7 amplification platform (Novogene). Sequencing
and bioinformatics analyses were performed by Majorbio (Shanghai,
China). HISAT2 was employed to align the filtered reads to the human
reference genome. The mapping results, stored in BAM format, were
quantified using the feature Counts function from the Rsubread package
in R. Although the counting process utilized human genome annotations
for comparison, downstream analyses were exclusively performed on
human data. Differential gene expression analysis was carried out using
DESeq2, with a threshold of Log2 (fold change) > 1 applied to identify
significantly altered genes. The resulting gene list was further curated
through an integrative approach, combining with literature review and
functional annotation (known or predicted) via UniProt. The mRNA
sequencing data generated in this study are publicly available when
published in the Sequence Read Archive (SRA) database at
PRJINA1300627.

2.13. Luciferase reporter assay

For SLC7A11-promoter activity assay, the upstream —2000~50 bp of
the promoter of SLC7A11 was conducted into PGL3 vector. Patu8988t
cells treated with Ctrl or NudCL2 siRNAs were co-transfected with pGL3
basic/pGL3-SLC7A11 promoter and TK-renilla vector for 24 h. Lucif-
erase assays were measured using Dual-Luciferase Reporter System
(Promega, Fitchburg, WI, USA) according to the manufacturer’s proto-
col. The transfection efficiency data were normalized by comparing
Firefly luciferase activity to that of Renilla luciferase. All assays were
independently conducted in triplicate.

2.14. mRNA and protein stability assay

Patu8988t cells transfected with the indicated siRNAs were treated
with actinomycin D (MCE, China, 10 pg/mL) to block subsequent RNA
synthesis, or Cycloheximide (CHX, MCE, China, 100 pg/mL) to inhibit
protein synthesis. Cells were collected at specified time points, and total
RNA or protein was extracted. The residual mRNA levels of SLC7A11 in
each group were quantified using quantitative RT-PCR, and the protein
level were detected by western blot. The RNA or protein levels at each
time point were normalized relative to the level measured at the initial
time point (0 h). Each assay was performed independently in triplicate.

2.15. Statistics

Data are representative of at least three independent experiments.
GraphPad Prism 8.3 software was used to perform statistical analysis.
Means and standard deviations (SD) were calculated and shown in the
graphs. Student’s t-test was used to determine statistically significant
differences between two groups. The Kaplan-Meier method was applied
to analyze the correlation between the expression levels of NudCL2
protein and the survival status of patients with pancreatic cancer. Forest
plots depicting the results of the multivariate analysis of prognostic
factors associated with overall survival were constructed based on a
multivariate Cox proportional hazards regression model. Patients were
stratified into high-expression and low-expression groups according to
an optimal cutoff value, which was determined using a previously
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Fig. 2. NudCL2 knockdown promotes metastases of PC cells in vivo (A) Western blots of NudCL2 expression in shCtrl and shNudCL2 Patu8988t cells. (B) shCtrl and
shNudCL2 PaTu8988t cells were intravenously injected into NSG mice (n = 5). (C) Representative bioluminescence images are presented. (D) Quantification analyses
of bioluminescent images of metastases are shown. (E) Representative H&E images of lung metastases (black narrows). Scale bar, 250 pm. (F) Statistical analyses of
the number of metastatic nodules in the lung are shown. (G) shCtrl or shNudCL2 Patu8988t cells were injected into the spleen of NSG mice (n = 4) for 21 days. (H)
Representative bioluminescent images of metastasis in the shCtrl and shNudCl2 groups. (I) Quantification analyses of bioluminescent images of liver metastases are
shown. (J) Representative H&E images of liver metastases (black narrows) are shown. Scale bars, 250 pm. (K) Statistical analyses of the number of metastatic nodules
are shown. (L) shCtrl or shNudCL2 Patu8988t cells were injected in situ into the pancreas of NSG mice (n = 4) for 21 days. (M, O) Bioluminescent images of mouse
lungs (M) and livers (O). (N, P) Statistical analyses of bioluminescent images of mouse lungs (N) and livers (P). All the data are shown as the means + SDs. Student’s
t-test, *P < 0.05, **P < 0.01, ***P < 0.001. B, G, and L were created with BioRender.com.
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Fig. 3. Knockdown of NudCL2 enhances the aggressiveness of pancreatic cancer cells (A-G) PaTu8988t cells were transfected with Ctrl and NudCL2 siRNAs
and subjected to invasion and migration assays and wound healing assays. The levels of NudCL2 protein were detected by western blot (A). Representative images of
the invasion (B) and migration (D) assays and data analyses (C, E) are shown. Scale bar, 200 pm. Representative images (F) of the wound healing assay and data
analyses (G) are shown. (H-N) PANC1 cells treated with Ctrl and NudCL2 siRNAs were subjected to invasion and migration assays. NudCL2 protein levels were
detected by western blot (H). Representative images of the invasion (I) and migration (K) assays and data analyses (J, L) are shown. Representative images (M) of the
wound healing assay and data analyses (N) are shown. The data are shown as the means + SDs. Student’s t-test, **P < 0.01, ***P < 0.001.

established algorithm. The Chi-square statistical test was used to significance.
determine the associations between NudCL2 expression and clinico-
pathological parameters. Two-way Anova was employed to analysis
RNA and protein stability of SLC7A11. *P < 0.05 indicates statistical
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Fig. 4. Identification of SLC7A11 as a downstream target of NudCL2 (A) Patu8988t cancer cells were transfected with Ctrl or NudCL2 siRNAs for 48 h, followed by
mRNA sequencing. A heatmap was generated to display genes that were differentially expressed between NudCL2-depleted cells and control cells. (B) The GO-cellular
components of the siCtrl, siNudCL2-1, and siNudCL2-1 groups are presented. (C) KEGG enrichment analysis of siCtrl, siNudCL2-1, and siNudCL2-1. (D) Venn diagram
showing the overlapping mRNAs in Patu8988t cells treated with NudCL2 siRNAs (Log, FC > 1.8). (E) List of mRNAs whose expression changed in NudCL2-depleted
Patu8988t cells. The data are presented as the fold change in peak intensity (siNudCL2-1/siCtrl) (F) Western blots of the indicated proteins in Patu8988t cells treated
with NudCL2 siRNAs. The gray values were measured with ImageJ. The data are presented as the means + SDs. Student’s t-test, **P < 0.01; ns, no significance.
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Fig. 5. NudCL2 knockdown increases the transcriptional activity of SLC7A11 (A) Patu8988t cells treated with NudCL2 siRNAs or Ctrl siRNA were subjected to RT-
PCR. (B) Patu8988t cells were treated with NudCL2 siRNAs for 48 h. The remaining SLC7A11 mRNAs were analyzed by quantitative RT-PCR at the indicated time
points after actinomycin D treatment. Two-way ANOVA. (C) Dual-luciferase reporter assay showing the effects of NudCL2 depletion on relative SLC7A11 promoter
(—2000bp ~50bp) activity in the Patu8988t cells. (D) Quantitative RT-PCR analysis of precursor SLC7A11 mRNA expression in Patu8988t cells with Ctrl or NudCL2
depletion. Data from three independent experiments (A, C, D) are shown as the means + SDs. Student’s t-test, *P < 0.05, **P < 0.01, ****P < 0.0001. (E) Patu8988t
cells transfected with NudCL2 siRNAs were treated with cycloheximide for the indicated times and subjected to western blot analysis. (F) Quantitative data from three
i‘ndependent experiments of (E) are shown as the means + SDs. Two-way ANOVA; ns, no significance.

<

3. Results

3.1. NudCL2 is downregulated in pancreatic cancer and associated with
poor prognosis

To assess the clinical relevance of NudCL2 in pancreatic cancer, we
performed immunohistochemical staining on tissue microarrays con-
taining pancreatic cancer tissues and matched adjacent noncancerous
tissues. H-score analysis revealed a significant reduction in NudCL2
protein levels in tumor tissues, with 69.73 % (53/76) of cases showing
downregulation compared with adjacent normal tissues (Fig. 1A-C). H-
score analysis revealed a significant reduction in NudCL2 protein levels
in tumor tissues, with 69.73 % (53/76) of cases showing downregulation
compared with matched adjacent normal tissues (Fig. 1C). Furthermore,
survival analysis indicated that low NudCL2 expression was significantly
associated with lower overall survival (Fig. 1D). Multivariate Cox
regression analysis demonstrated that low NudCL2 expression served as
an independent negative prognostic factor for predicting the clinical
outcomes of pancreatic cancer patients (Fig. 1E).

We further classified 82 pancreatic cancer samples into high (n = 22)
and low (n = 60) NudCL2 expression groups and evaluated their cor-
relations with clinicopathological features. Low NudCL2 expression was
significantly associated with greater invasion depth (T stage) (Table 1).
Notably, a significant reduction in NudCL2 protein levels occurred as
early as the T1 stage, with consistently low levels maintained through
the T2 and T3 stages (Fig. 1F). These data suggest that NudCL2 down-
regulation is associated with tumor progression and poor prognosis in
pancreatic cancer.

3.2. Depletion of NudCL2 enhances the metastasis potential and
migratory capacity of PC cells

To investigate the role of NudCL2 in pancreatic cancer metastasis, we
conducted a series of in vivo and in vitro experiments. In a tail vein
metastasis model, compared with control mice (shCtrl), mice injected
with NudCL2-depleted PaTu8988t cells (shNudCL2) exhibited signifi-
cantly greater metastatic burdens in the lungs and liver, as confirmed by
gross morphology and histological analysis (Fig. 2A-F). Additionally, to
assess liver-tropic metastatic behavior via hematogenous dissemination,
we employed an intrasplenic injection model. Again, mice injected with
NudCL2-deficient cells exhibited a significantly higher metastatic
burden in the liver, as measured by imaging, histology, and nodule
quantification (Fig. 2G-K). These data indicate NudCL2 plays an
important role in pancreatic cancer metastases. To more accurately
recapitulate spontaneous pancreatic cancer metastases, we conducted
an orthotopic pancreatic cancer implantation model, wherein Patu8988t
cells stably expressing either control shRNA or shRNA targeting NudCL2
were injected directly into the pancreas of immunodeficient NSG mice.
After 21 days, bioluminescence imaging analysis revealed that NudCL2-
depleted tumors exhibited markedly enhanced metastases to both the
lung and liver compared to controls, supporting a key role for NudCL2 in
suppressing systemic spread from the primary site (Fig. 2L-P).

To further explore the underlying cellular mechanisms, we assessed
the impact of NudCL2 knockdown on cell behavior. Transwell invasion
assays revealed that depletion of NudCL2 markedly increased the
invasive capacity of both PANC-1 and PaTu8988t cells (Fig. 3A-C, H-J).
Similarly, wound healing and migration assays revealed enhanced
migratory ability in NudCL2-deficient cells (Fig. 3D-G, K-N). These

results collectively demonstrate that NudCL2 functions as a negative
regulator of pancreatic cancer metastasis by suppressing cell invasion
and migration.

3.3. SLC7A11 is a downstream target of NudCL2 in PC cells

To further elucidate the functional role of NudCL2 in PC, we per-
formed RNA sequencing analysis on PaTu8988t cells transfected with
siCtrl, siNudCL2-1, or siNudCL2-2. A total of 340 differentially
expressed genes (|fold change| > 2, P < 0.05) were consistently altered
in both NudCL2 knockdown groups compared with the control group, as
shown in the heatmap (Fig. 4A). Gene Ontology (GO) enrichment
analysis and KEGG pathway analyses revealed that NudCL2 depletion
affected multiple pathways associated with cell motility (Fig. 4B and C),
such as Notch signaling, ECM-receptor interaction, focal adhesion, and
TGF-f signaling [11,19-22]. These findings suggest that NudCL2 plays a
regulatory role in genes involved in cellular motility.

To identify the key downstream targets of NudCL2, we conducted a
systematic screen for overlapping upregulated mRNAs (Log; fold change
>1.8) in the two independent knockdown groups and identified 28
genes whose expression was consistently upregulated (Fig. 4D). Among
these candidates, ALDH3B1, SLC7A11, and EDIL3 have been previously
reported to be associated with pancreatic cancer progression [23-27].
Further western blot analysis revealed that only SLC7Al1 protein
expression was significantly elevated following NudCL2 knockdown
(Fig. 4E and F), suggesting that SLC7A11 may be a prominent down-
stream target of NudCL2 in PC cells.

3.4. NudCL2 knockdown increases the transcriptional activity of
SLC7A11

To investigate the regulatory mechanism of NudCL2 on SLC7A11
expression, we conducted a series of additional experiments to deter-
mine whether NudCL2 regulates SLC7A11 expression at the transcrip-
tional, posttranscriptional, or protein level. Using RT-PCR, we first
confirmed that SLC7A11 mRNA levels were significantly increased
following NudCL2 knockdown. These findings were consistent with our
RNA-seq data (Fig. 5A). To determine whether NudCL2 affects the sta-
bility of SLC7A11 mRNA, we treated Patu8988t cells with actinomycin D
to inhibit transcription and measured the remaining mRNA over time.
The results revealed that NudCL2 depletion had no effect on SLC7A11
mRNA degradation kinetics, suggesting that NudCL2 does not regulate
the RNA stability of SLC7A11 (Fig. 5B). We then assessed the promoter
activity of SLC7A11 using a dual-luciferase assay involving the —2000 to
+50 bp upstream regulatory region. NudCL2 knockdown significantly
increased SLC7A11 promoter activity (Fig. 5C), indicating transcrip-
tional regulation. RT-PCR targeting precursor SLC7AI11 transcripts
further confirmed the increase in transcription upon NudCL2 knock-
down (Fig. 5D). Finally, we examined whether NudCL2 affects SLC7A11
protein stability using cycloheximide (CHX) chase assays. Western
blotting revealed no difference in SLC7A11 degradation rates over time
upon NudCL2 knockdown (Fig. 5E and F). Collectively, these results
demonstrate that NudCL2 primarily affects SLC7A11 expression at the
transcriptional level rather than through RNA or protein stability.
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Fig. 6. Downregulation of SLC7A11 expression in NudCL2-depleted cancer cells attenuates increased cell motility (A, B) Patu8988t cells treated with NudCL2 siRNAs
were subjected to invasion assays. Representative images (A) and statistical data (B) are shown. (C, D) Patu8988t cells transfected with NudCL2 siRNAs were
subjected to a migration assay. Representative images (A) and statistical data (B) are presented. Scale bar, 200 pm. (E) Western blots of Patu8988t cells treated with
the indicated siRNAs. Data are presented as the means + SDs; Student’s t-test, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3.5. NudCL2 regulates pancreatic cancer cell migration and invasion via NudCL2-depleted pancreatic cancer cells. The downregulation of

SLC7A11 SLC7A11 expression significantly reduced cell invasion and migration,

effectively reversing the enhanced migratory and invasive abilities

SLC7A11 is known to be upregulated in pancreatic cancer and is induced by NudCL2 knockdown (Fig. 6). These findings suggest that

associated with poor patient survival [24]. To determine whether SLC7A11 may be a critical downstream effector of NudCL2 in regulating
SLC7A11 affects NudCL2-driven phenotypes, we assessed its role in the motility of PC cells.
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Fig. 7. Depletion of NudCL2 promotes EMT in pancreatic cancer cells by upregulating SLC7A11 expression (A) GSEA results revealing significant enrichment of the
epithelial mesenchymal transition in siNudCL2-2 and siCtrl Patu8988t cells. (B) Representative images showing the cell shape of a colony formed by Patu8988t cells
treated with NudCL2 siRNAs. (C) Representative confocal microscopy images of Patu8988t cells treated with NudCL2 siRNAs. F-actin was stained with Fluor-555
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3.6. NudCL2 plays a vital role in the EMT process in pancreatic cancer
cells by upregulating SLC7A11 expression

Previous studies have shown that SLC7A11 contributes to EMT and
metastasis in multiple cancer types, including hepatocellular carcinoma,
lung cancer, glioblastoma, and pituitary neuroendocrine tumors [25,26,
28,29]. Our KEGG pathway analysis further revealed the involvement of
EMT-related pathways, such as TGF-p and Notch signaling, in
NudCL2-deficient cells (Fig. 4C). Additionally, gene set enrichment
analysis (GSEA) confirmed that NudCL2 knockdown enhances the EMT
process (Fig. 7A). Morphologically, NudCL2-depleted cells exhibited
hallmark features of EMT [30,31], including a transition from a
cobblestone-like epithelial morphology to an elongated, spindle-shaped
mesenchymal phenotype, accompanied by loss of cell-cell junctions and
cell polarity (Fig. 7B and C).

Western blotting and immunofluorescence revealed that NudCL2
knockdown resulted in decreased expression of epithelial markers (E-
cadherin and ZO-1) and a concomitant increase in the expression of the
mesenchymal marker vimentin (Fig. 7D-F), indicating the activation of
EMT. To determine whether this effect is mediated by SLC7A11, we
performed rescue experiments. The downregulation of SLC7Al11
expression effectively reversed the EMT phenotype, restored epithelial
marker expression and mitigated the mesenchymal traits induced by
NudCL2 depletion (Fig. 7G-J). Collectively, these results suggest that
NudCL2 inhibits EMT in pancreatic cancer cells at least in part by
downregulating SLC7A11 expression.

4. Discussion

In this study, we identified NudCL2 as a previously unrecognized
suppressor of PC metastasis. Our findings demonstrate that NudCL2 is
significantly downregulated in PC tissues and is associated with poor
patient survival. Functional assays revealed that NudCL2 depletion en-
hances the invasive and migratory capacity of pancreatic cancer cells in
vitro and promotes lung and liver metastases in vivo, supporting its role
as a negative regulator of tumor progression.

Mechanistically, we identified SLC7A11 as a key downstream
effector of NudCL2. Transcriptomic analysis revealed that NudCL2
knockdown significantly upregulated SLC7A11, a cystine/glutamate
antiporter previously implicated in tumor progression and redox ho-
meostasis [32]. Consistent with its oncogenic potential, SLC7A11
silencing reversed the increased migratory and invasive phenotypes
induced by NudCL2 loss. Notably, rescue experiments further confirmed
that SLC7A11 mediates the EMT process driven by NudCL2 depletion, as
indicated by changes in cellular morphology and the expression of ca-
nonical EMT markers. Our further studies indicated that NudCL2 sup-
presses SLC7A11 expression mainly at the transcriptional level (Fig. 5).
The regulatory mechanism by which NudCL2 influences the transcrip-
tional regulation of SLC7A11 remains to be further elucidated in future
studies.

RNA sequencing analysis revealed 28 target genes in NudCL2
knockdown cells. Among these candidates, the protein-coding genes
ALDH3B1, SLC7A11, and EDIL3, as well as the long noncoding RNA
WTAPP1, have been previously associated with the progression of
pancreatic cancer [23-27,33]. According to our findings, SLC7A11 was
identified as a key downstream effector of NudCL2. Nevertheless, the
involvement of other factors in NudCL2-mediated metastasis could not
be entirely ruled out. Among these factors, several regulators have been
reported to play important roles in other cancers, such as CCN5 (breast
cancer) [34], TNS3 (kidney tumors) [35], SEMAS3E (gastric cancer) [36]
STXBP6 (non-small cell lung cancer) [37], KCTD4 (esophageal cancer)
[38], FGF14 (colorectal cancer) [39], VEPH1 (ovarian cancer) [40],
KCNB1 (esophageal squamous cell carcinoma) [41], SYT1 (bladder
cancer) [42], ZNF267 (hepatocellular carcinoma) [43], PRKN (breast
cancer) [44], SAMDOL (gastric cancer) [45], SERPINB7 (non-small cell
lung cancer) [46], and MAP2 (lung squamous cell carcinoma) [47].
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However, the biological functions of ARL14EPL, ZFP2, ZNF469,
GUCY1B2, RSPH1, ZNF702P, BANK1, CALHM4, and LYRM9 in human
cancers have not been extensively studied. Although these factors were
not found to be involved in the progression of PC, whether these factors
are regulated by NudCL2 and participate in NudCL2-mediated metas-
tases in PC still needs to be explored in the future.

These findings also support a novel link between NudCL2 and EMT, a
well-established mechanism contributing to pancreatic cancer metas-
tasis. We observed that NudCL2 knockdown induces EMT-like
morphological changes, downregulates the expression of epithelial
markers (E-cadherin and ZO-1), and upregulates the expression of the
mesenchymal marker vimentin. Importantly, silencing SLC7A11 in
NudCL2-deficient cells partially restored epithelial characteristics, sug-
gesting that NudCL2 suppresses EMT through the negative regulation of
SLC7A11.

Although NudCL2 has been previously implicated in diverse cellular
processes, such as chromosome segregation, cytokinesis, and cilio-
genesis [13-18], its role in cancer has remained poorly understood. Our
findings extend the functional repertoire of NudCL2 and provide the first
evidence of its involvement in pancreatic cancer progression. Further-
more, the identification of the NudCL2-SLC7A11 axis highlights a po-
tential mechanism through which NudCL2 inhibits EMT and metastasis.
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