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ABSTRACT

Background: Pancreatic adenocarcinoma (PAAD) represents a highly fatal form of cancer. The 5-year survival rate for patients
with this disease is only around 10%. A significant hurdle in its management is the absence of characteristic early-stage
symptoms. As a result, a large majority of pancreatic cancer patients are diagnosed when the disease has reached an advanced
stage or has metastasized. Consequently, taking measures to suppress the occurrence of metastasis in pancreatic cancer can
bring about a substantial improvement in patients’ survival rates and overall prognosis. SKIL, known to promote cancer
progression, is implicated in cell proliferation, epithelial-mesenchymal transition (EMT), and metastasis, but its specific
function in pancreatic cancer remains unclear.

Methods: We investigated the effects of SKIL on the proliferation, apoptosis, and metastasis of pancreatic cancer cells. Through
ChIP-seq, we identified the SKIL downstream target gene and further explored the mechanism by which SKIL regulates the
metastasis of pancreatic cancer cells through functional experiments and Western blot.

Results: A high level of SKIL expression is associated with an unfavorable prognosis in PAAD; it promotes cell migration and
EMT. Through ChIP-seq analysis, we identified that SKIL inhibits TSPYL2, a nuclear protein regulating the TGF-3 pathway by
binding to the TGFB1 promoter. Further studies carried out by us confirmed that SKIL modulates the TGF-f pathway via
TSPYL2, facilitating EMT and metastasis in pancreatic cancer cells, independent of Smad4.

Conclusions: These findings reveal a novel regulatory mechanism involving SKIL, TSPYL2, and the TGF-f8 pathway, offering
new therapeutic targets for PAAD.

Abbreviations: ChIP, chromatin immunoprecipitation; EMT, epithelial-mesenchymal transition; PAAD, pancreatic adenocarcinoma; SKIL, Ski-like protein; TCGA, The Cancer Genome Atlas;
TGF-, transforming growth factor-beta; TSPYL2, testis-specific Y-like protein 2.
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1 | Introduction

Pancreatic adenocarcinoma (PAAD), which is regarded as a
particularly disheartening malignancy, typically shows a 5-year
survival rate that is about 10%. It became the 6th major factor
resulting in cancer-associated deaths in 2022, representing 5%
of the total cancer fatalities worldwide [1]. Localization of
pancreatic cancers typically presents no symptoms at the early
stage, resulting in over 80% of patients being diagnosed at an
advanced or metastatic stage. Consequently, surgical interven-
tion becomes impossible. Owing to inherent chemo resistance
and immune resistance, treatment approaches like combined
chemotherapy, molecular-targeted medications, and immune
checkpoint inhibitors also yield limited effectiveness [2]. Given
the comparatively intricate mechanism governing metastasis, at
present, there are still no efficient predictive biomarkers or
targeted inhibitory strategies for the invasion and metastasis of
PAAD. As a result, exploring the crucial molecular mechanisms
of proliferation, invasion, and metastasis has become an
immediate necessity to boost the treatment effectiveness of
PAAD. This is of great practical significance for improving the
prognosis of patients with PAAD.

SKIL, also known as Ski-like protein, which belongs to the Ski
oncoprotein family, has been found to be involved in the
development of various cancer types [3-6]. Earlier research has
shown that SKIL might play a role in crucial processes.
including cell proliferation, epithelial-mesenchymal transition
(EMT), and metastasis [7]. EMT is essential for cancer metas-
tasis, as it enables epithelial cells to acquire mesenchymal
characteristics, enhancing their motility and invasiveness [8].
Emerging evidence increasingly indicates that SKIL may serve
as a pivotal regulator of EMT in oncogenesis by interacting with
key signaling pathways. Notably, NFAT and SKIL-encoded
protein SnoN have been shown to cooperatively mediate TGF-{3-
triggered EMT progression in metastatic breast cancer cell
models [9]. Surprisingly, xenotransplantation of breast cancer
cells with low SnoN expression led to heightened metastasis to
the bone and lung, while tumor development was notably
stunted [6]. However, its specific function in pancreatic cancer
remains unclear.

The TGF-£ signaling pathway is a well-established promoter of
EMT and cancer metastasis [10]. In PAAD, aberrant TGF-f
signaling correlates with disease progression and poor clinical
outcomes, indicating that it could serve as a therapeutic target
[11]. Some studies have demonstrated that SnoN binds to
Smad4, thereby disrupting the formation of the Smad com-
plexes and subsequently suppressing the TGF-f signaling
pathway [12]. However, other research has shown that knock-
ing down endogenous SKIL in MvlLu cells inhibits TGF-{-
induced transcription, but this does not occur in HeLa or Ha-
CaT cells [13]. This suggests that SKIL exerts different regula-
tory effects on the TGF-f pathway, which may depend on the
specific cellular context. Smad4 is frequently lost in most pan-
creatic cancers, and the regulatory role of SKIL on TGF-§ in
both wild-type and Smad4-deficient pancreatic cancer cells
remains to be further elucidated.

In addition, TSPYL2 (testis-specific Y-like protein 2), alterna-
tively termed cell division antigen-1 (CDA1), a nuclear protein,

was initially identified as a potential target of TGF-f1 [14]. A
previous study has reported that overexpression of TSPYL2
inhibits HeLa cell growth and colony formation [15]. TSPYL2
shows reduced expression in mouse primary tumors and
human tumors, while its overexpression in human lung cancer
and breast cancer cell lines suppresses cellular growth and
migration potential [16]. Additionally, TSPYL2 exerts tumor-
suppressive effects in thyroid cancer by participating in inter-
actions with SIRT1 and inhibiting the SIRT1/AKT pathway
[17]. These findings suggest a broad role of TSPYL2 as a tumor
suppressor in various cancers, though its role in PAAD is not
well characterized [18].

In this study, we demonstrate that SKIL is overexpressed in
PAAD and correlates strongly with a poor prognosis. High
expression of SKIL promotes pancreatic cancer cell prolifera-
tion by inhibiting apoptosis, while simultaneously enhancing
the migration and invasion of cells induced by EMT. Mecha-
nistically, SKIL facilitates TGF- signaling by downregulating
TSPYL2, thereby further promoting EMT and tumor metasta-
sis. In summary, this study presents a comprehensive inves-
tigation into the role of SKIL in PAAD, highlighting its value
as a potential metastasis biomarker.

2 | Materials and Methods

2.1 | Cell Lines and Transfection

The pancreatic cancer cell lines BxPC-3 and SW1990 were pro-
cured from the American Type Culture Collection (ATCC).
Meanwhile, the JF305 cell line and the normal pancreatic epi-
thelial cell line CCC-HPE-2 were bought from the National
Infrastructure of Cell Line Resource (Beijing, China). These cells
were then cultured in Dulbecco's Modified Eagle's Medium
(DMEM). The medium was supplemented with 10% fetal bovine
serum (FBS) and 1% of an antibiotic solution consisting of 100 U/
mL penicillin and 100 mg/mL streptomycin. All cultures were
maintained under standardized incubation parameters (37°C, 5%
C0,/95% air mixture) within a humidity-regulated tri-gas incu-
bator system. All experimental procedures were conducted using
cells that had been verified to be mycoplasma-free.

Cell transfection to knock down SKIL and specific small inter-
fering RNAs (siRNAs) targeting SKIL were transfected into
BxPC-3 and SW1990 cells using transfection reagent Lipo-
fectamine RNAIMAX (Invitrogen/Thermo Fisher Scientific,
Cat# 13778030) according to the manufacturer's instructions.
Knockdown efficiency was validated by Western blot and
quantitative real-time PCR (RT-qPCR). Similar methods were
applied for TSPYL2 knockdown experiments in BxPC-3 and
SW1990 cells. TSPYL2 overexpression plasmids were obtained
from miaolingbio (Wuhan, China). Lipofectamine 3000
(L3000001; Thermo Fisher Scientific) was used for the trans-
fection of the TSPYL2 overexpression plasmid.

2.2 | Viral Production and Transduction

For lentivirus generation, 2.1 ug of the SKIL lentiviral plasmid
(miaoling, Wuhan, China) was cotransfected with 1.5 pug of the
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psPAX2 plasmid and 0.6 ug of the pMD2.G plasmid. The
transfection process was carried out in HEK293T cells using the
Neofect™ DNA transfection reagent (TF20121201; Neofect,
Beijing, China) at a concentration of 1 uL/mL for the purpose of
packaging. 72h after transfection, the viruses were collected.
The lentivirus-containing medium was gathered, pooled, and
clarified via centrifugation at 300 g for 10 min at 4°C. JF305 and
SW1990 cells were then transduced with the lentivirus. For
stable infection selection, the cells were cultured in 2 ug/mL
puromycin (Life Technologies, Waltham, MA, USA) for 2 days.
RT-qPCR and Western blot analyses were used to confirm the
selection.

2.3 | Cell Viability Assay

The viability of cells was evaluated via the Cell Counting
Kit-8 (CCK-8) assay (MAO0218; Meilunbio, Dalian, China). The
experimental procedure strictly adhered to the guidelines provided
by the manufacturer. Cells were plated into 96-well plates at a
density of 1500 cells per well. Over a period of 6 consecutive days,
the CCK-8 reagent was added to the wells every 24 h, strictly
following the guidelines provided. Subsequently, the absorbance at
a wavelength of 450 nm was measured using a microplate reader
(Bio-Rad Laboratories; Hercules, CA, USA). Regarding the colony
formation assays, cells were initially seeded at a low density into
6-well plates. After 12 days, colonies were fixed with methanol,
stained with crystal violet, and then counted.

2.4 | Apoptosis Analysis

Apoptosis was quantified using an Annexin V-FITC/PI apo-
ptosis detection kit (AD10 ; Dojindo, Kumamoto, Japan) in
combination with flow cytometric analysis. In brief, cells were
collected, washed with PBS, and the pre-prepared 1 X Annexin
V Binding Solution was added to prepare a cell suspension with
a final concentration of 1 X 106 cells/mL; the volume of the cell
suspension had to be no less than 500 puL. 100 uL of the above
cell suspension was added to a new flow tube. Then, 5uL of
Annexin V, FITC conjugate, and 5 uL of PI Solution were ad-
ded. Incubation of the cells was performed in the absence of
light. After that, the apoptosis results were detected using a flow
cytometer (Beckman Coulter), and the data were analyzed and
plotted using FlowJo v10 (FlowJo LLC) software.

2.5 | Transwell Assay

12 h before the experiment, the serum was removed from the
culture medium, and the abilities of invasion and metastasis of
the cells were assessed using transwell inserts with an 8-um
pore size (Corning Inc, Corning, NY, USA). With the migration
assay initiated by seeding cells in serum-free medium in the
upper chamber and adding FBS-supplemented medium below,
after 24h of incubation, the cells were fixed, stained, and
counted. The cell invasion assays were conducted using the
same procedure as that described above, with the exception that
70 uL of Matrigel (diluted 1:8; Corning Inc., Corning, NY, USA)
was applied to pre-coat the upper chamber of the wells.

2.6 | RNA Extraction and Quantitative Real-
Time PCR

Total RNA was isolated using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA), and cDNA was
prepared from RNA (500ng) using the PrimeScript RT
Reagent Kit (TaKaRa; Tokyo, Japan) according to the
manufacturer's instructions. Quantitative real-time PCR
was conducted using the SYBR® Premix Ex Taq™ (TaKaRa)
on an ABI V7 system (Applied Biosystems; Indianapolis,
IN, USA).

2.7 | Western Blot Analysis

Total protein was extracted from the cells using a lysis buffer
containing 1 M Tris-HCI (pH 6.8), 80% glycerol, and 10% SDS.
Protein levels were quantified using the BCA protein assay
kit (Beyotime Biotech, Nantong, China). Protein samples of
equivalent amounts were subjected to SDS-PAGE and were
thereafter transposed onto PVDF membranes. The mem-
branes were impeded with 5% nonfat milk and incubated
in a 4°C environment throughout the night with primary
antibodies against SnoN (Proteintech: 1:1000), CDAl
(Proteintech: 1:1000), E-cadherin (CST: 1:1000), Vimentin
(Proteintech:  1:20000), Snail (Proteintech: 1:1000),
Bax (Abclonal: 1:2000), Bcl-2 (Proteintech: 1:2000), p-Smad2/
3 (Affinity: 1:1000), Smad2/3 (Affinity: 1:1000), TGF-f1
(Abcam: 1:5000), and f-actin (ABconal: 1:5000). After
washing, the membranes were incubated with HRP-linked
secondary antibodies (Zsbio: 1:10,000) and detection was
performed using enhanced chemiluminescence.

2.8 | Chromatin Immunoprecipitation
Sequencing (ChIP-Seq)

ChIP analysis was conducted using a ChIP assay kit (17-295;
Millipore, USA) according to the protocol provided. Cells
were treated with formaldehyde for crosslinking, followed by
cell lysis and chromatin fragmentation through sonication.
An anti-SnoN antibody was used to immunoprecipitate
SnoN-bound DNA. Purified DNA was sequenced and ana-
lyzed to identify SKIL-regulated genes using R version 4.3.3
(Vienna, Austria).

2.9 | The Cancer Genome Atlas (TCGA) Data
Analysis

RNA sequencing data along with clinical details for pancreatic
cancer patients were retrieved from The Cancer Genome Atlas
(TCGA) repository. Kaplan-Meier survival analysis and log-
rank tests were used to compare survival curves. Correlation
analysis was performed using GEPIA2 [19].

2.10 | Clinical Samples

Samples of 10 pancreatic adenocarcinoma patients were
collected from the Cancer Hospital Chinese Academy of
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Medical Science. Following approval from the Ethics Com- 3 | Results
mittee of the Cancer Hospital Chinese Academy of Medical
Sciences (approval number: 21/509-3180), and after obtaining 3.1 | SKIL Expression Is Upregulated in

informed consent from all patients, the samples were
collected.

211 | Statistical Analysis

Each experiment was performed independently at least three
times, with the results presented as mean + standard deviation
(SD). Statistical significance was assessed using Student's ¢-test
or one-way ANOVA for comparisons involving multiple groups.
A p-value<0.05 was considered statistically significant.
Analyses were conducted using GraphPad Prism 10 (GraphPad,
La Jolla, CA).

Pancreatic Cancer and Correlates With a Poor
Prognosis

To explore SKIL expression across various tumors, we utilized
data from the TCGA database, analyzing RNA-sequencing
profiles across multiple cancer types. A pan-cancer analysis
revealed significantly elevated SKIL expression in tumor tissues
than in normal tissues (Figure 1a). In PAAD specifically, SKIL
expression was significantly higher in tumor tissues (n =179)
than in adjacent normal tissues (n=171) (Figure 1b). This
suggests that SKIL is overexpressed in pancreatic cancer. To
assess the clinical relevance of SKIL expression, we performed
Kaplan-Meier survival analyses. Our results showed that high

(a) (b)
6
209 ® SERE SEEE SH SRR SEEE | SENE AEES SHEE 4 KEEE SESE NS SS8E KRS S8 KEEE L SEES SENE 4 SEEE SRS S SHES SRS REEE S4EE SENE | Sees sees ~
154 T s
. z
g s+ Grouy
1494464 ¢ 9669+ p9¢¢99¢9q¢ - £
4] - g
~10 :l 3
-15 o
B S~ B B s S S B e B s SIS S P S S S S P S S RO S S S R S @
FIPEFISEL LS LTI LSS LS FEFFELERP P L ELSL o 27
NN S oV 9 N 1N o o ¥ o oV oV a0 oV oV oF o oY T Y T 07 oY @F T oV oF Y Y S 3
TSP AR SV P L i i P LA i AP AN i P N IPTANP LR ]
AP P RSP S i M P AP PP D S ORI A IR G Ol NPV S SR S g w B
R ECE S E S S S S S S S S E T K S LSS E !
&ee\&o &o chéy & & "é"’() 4& & (S* covoév Q@ & IS S o &c < va & v" \yﬁ‘ Rl
e@ (/OY
0+
PAAD
(num(T)=179; num(N)=171)
(c) Overall Survival (d) Disease Free Survival (e)
7 =
1.0 iy —— Low SKIL Group 1.0 4 —— Low SKIL Group F value = 4.24
— High SKIL Group — High SKIL Group Pr(>F) = 0.00644
Logrank p=0.029 Logrank p=0.0018 6 -
08 HR(high)=1.9 08 HR(high)=2
- P(HR)=0.033 - p(HR)=0.0021
[ n(high)=45 © n(high)=89 5 -
; n(low)=45 ; n(low)=89
< 06 < 06+
3 >
7] 7] 4 4
S 0.4 o S 0.4 - 3
& &
0.2 | —t 0.2 - 2
0.0 0.0 14
T T T T T T T T T T T T
0 20 40 60 80 0 20 40 60 80
Months Months Stage| Stagell Stagelll Stage IV
-
® © o . =
4
£ 150 R o p X g [ree
% - 0013‘ QC) Q\,\Q ,5003 e 1
2 o’ o & & -
<
> -
2 100 o 4
o SKIL 77 kDa c
3 =
g 2
9 5o S 21
@ o
2 B-actin g
ki 45 kDa 2
€ o ',: o0-!
- a9 o Y o
8 > N o £ & & S
& & & Q.,,e & & &«
& & N N Y L2
& ©
FIGURE 1 | SKIL expression and prognostic significance in pancreatic cancer. (a) SKIL expression across various cancer types, with higher levels

observed in tumor tissues (red) compared to normal tissues (blue). (b) Boxplot compares SKIL expression in PAAD tumor tissues (n =179) and
adjacent normal tissues (n = 171), showing significantly elevated levels in tumor tissues. (c) Kaplan-Meier survival analysis indicates worse overall
survival in PAAD patients with high SKIL expression. (d) Kaplan-Meier analysis demonstrates significantly reduced disease-free survival in PAAD
patients with elevated SKIL expression. (e) Violin plot reveals progressively higher SKIL expression with advancing PAAD disease stages (I-IV).
(f, g) RT-qPCR and Western blot analysis show increased SKIL expression in pancreatic cancer cell lines (BXPC-3, SW1990, JF305) compared to a
normal pancreatic epithelial cell line (CCC-HPE-2). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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SKIL expression is associated with worse overall survival (OS)
in PAAD patients (Figure 1c). Furthermore, disease-free sur-
vival (DFS) analysis revealed that patients with elevated SKIL
expression experienced shorter DFS, highlighting a correlation
between high SKIL levels and poor clinical outcomes
(Figure 1d). Analysis of SKIL expression at different disease
stages demonstrated a positive association between SKIL levels
and disease progression, with the highest expression observed
in stage IV tumors (Figure 1e). These findings suggest that SKIL
expression increases as pancreatic cancer advances, potentially
contributing to tumor progression.

Next, we examined SKIL expression in various pancreatic
cancer cell lines and a normal pancreatic epithelial cell line
(CCC-HPE-2). RT-gPCR and Western blot analysis indicated
significantly lower SKIL expression in normal pancreatic epi-
thelial cells, while SKIL was markedly elevated in pancreatic
cancer cell lines such as BxPC-3, SW1990, and JF305
(Figure 1f,g). These data collectively suggest that SKIL is con-
sistently upregulated in both PAAD tissues and cell lines, sup-
porting its role as a potential biomarker for pancreatic cancer
progression and poor prognosis.

3.2 | SKIL Facilitates Pancreatic Cancer Cell
Proliferation by Suppressing Apoptosis

To explore the role of SKIL in promoting pancreatic cancer cell
growth, we performed knockdown and overexpression experi-
ments in different pancreatic cancer cell lines. Western blot
and Rt-qPCR confirmed effective SKIL knockdown in BxPC-3
and SW1990 cells (Figure 2a) and overexpression in JF305 and
SW1990 cells (Figure 2b). CCK8 assays demonstrated that SKIL
knockdown significantly reduced cell viability, whereas SKIL
overexpression enhanced it (Figure 2c,d). Colony formation
assays further supported these findings, showing that SKIL
knockdown resulted in fewer colonies in BxPC-3 and SW1990
cells (Figure 2e), while SKIL overexpression increased colony
formation in JF305 and SW1990 cells (Figure 2f). These results
suggest that SKIL plays a pivotal role in promoting pancreatic
cancer cell proliferation.

We also explored the mechanism of SKIL's effect on apoptosis.
Flow cytometry revealed that SKIL knockdown significantly
increased apoptosis in BxPC-3 cells (Figure 2g), which was
further confirmed by the Western blot showing increased Bax
(pro-apoptotic protein) and decreased Bcl-2 (anti-apoptotic
protein) levels (Figure 2h). Together, these findings indicate
that SKIL promotes pancreatic cancer cell growth by inhibiting
apoptosis.

3.3 | SKIL Enhances Migration and Invasion in
PAAD, Also Triggering EMT

To investigate whether SKIL contributes to the metastatic
potential of PAAD cells, we performed migration and invasion
assays. Transwell assays demonstrated that SKIL knockdown
significantly reduced migration and invasion in BxPC-3 and
SW1990 cells (Figure 3a,b), while SKIL overexpression enhanced

these abilities in JF305 and SW1990 cells (Figure 3c,d). Wound
healing assays further confirmed SKIL's role in promoting cell
migration, as SKIL knockdown reduced wound closure rates,
whereas overexpression increased them (Figure 3e,f).

Given that EMT holds a crucial and central position in the
processes of tumor invasion and metastasis, we examined EMT
marker expression following SKIL knockdown or over-
expression. Western blot analysis showed that SKIL knockdown
increased the epithelial marker E-cadherin and decreased the
mesenchymal markers vimentin and Snail, indicating an inhi-
bition of EMT (Figure 3g). In contrast, SKIL overexpression led
to reduced E-cadherin and increased Vimentin and Snail ex-
pression, consistent with EMT induction (Figure 3h). These
outcomes imply that SKIL expedites the migratory and invasive
capabilities of PAAD via the instigation of the EMT.

3.4 | SKIL Regulates the Transcriptional
Repression of TSPYL2

To elucidate the mechanisms through which SKIL promotes
PAAD cell migration, we performed chromatin immuno-
precipitation sequencing (ChIP-seq) to identify SKIL-regulated
genes. 5085 regions were identified in the targets (peak position
in up 5000 bp) through ChIP-seq (Figure 4a). Then, we con-
ducted prognostic and correlative analyses, ultimately identi-
fying TSPYL2 as a pivotal candidate gene (Figure 4b). TSPYL2
shows downregulated expression in pancreatic cancer and is
significantly associated with unfavorable prognosis in pancre-
atic cancer (Figure 4c-e). Notably, analysis of the TCGA data
shows a significant negative correlation between TSPYL2 and
SKIL expression in pancreatic cancer (Figure 4f). Moreover, we
collected tumor tissues from 10 pancreatic cancer patients for
immunohistochemical staining of SKIL and TSPYL2 proteins.
The results showed that there was a significant negative cor-
relation between the expression levels of SKIL and TSPYL2
proteins (Figure 4gh). Further validation via Western blot
established the regulatory effect of SKIL in TSPYL2, where
knockdown of SKIL results in elevated expression of TSPYL2,
whereas overexpression of SKIL suppressed TSPYL2 expression
(Figure 4i-k).

3.5 | SKIL Promote Pancreatic Cancer Cell
Migration Through the Downregulation of TSPYL2

TSPYL2 plays tumor-suppressive roles in various cancers
[16, 20-22]. Many investigations have demonstrated that
TSPYL2 exerts an inhibitory effect on the activity of the cyclin
B-CDK1 complex [21], and high expression of TSPYL2 sup-
presses the proliferation and migration of lung cancer cells
[16]. However, the role of TSPYL2 in pancreatic cancer
remains unclear. To investigate whether TSPYL2 plays a role
in pancreatic cancer metastasis, we overexpressed and
knocked down TSPYL2 in BxPC-3 and SW1990 cells
(Figure 5a,b). Transwell assays elucidated that the silencing of
TSPYL2 conspicuously increased the migratory capacity of
PAAD cells, while overexpression inhibited migration
(Figure 5c,d). Western blot experiments revealed that TSPYL2
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knockdown reduced the expression of E-cadherin and
increased the expression of Vimentin and Snail, promoting
the EMT process, whereas TSPYL2 overexpression suppressed
EMT (Figure 5e).

Rescue experiments were performed to determine if SKIL
regulates PAAD migration through TSPYL2. Western blot
results showed that silencing TSPYL2 in SKIL-knockdown cells
reversed the EMT marker changes and restored cell migration
(Figure 5f,g). Conversely, overexpression of TSPYL2 in SKIL-
overexpressing cells inhibited migration (Figure 5h). These
findings demonstrate that SKIL promotes PAAD cell migration
by downregulating TSPYL2, thereby inducing EMT.

3.6 | SKIL Induces EMT in PAAD Cells by
Downregulating TSPYL2 and Activating the TGF-§
Signaling Pathway

Preceding investigations have implied that TSPYL?2 is capable
of binding to the promoter domains of the TGFBI gene [23].
To explore whether TSPYL2 influences the TGF- pathway in
PAAD cells, we performed Western blot analysis, which
revealed that TSPYL2 knockdown activated TGF-f signaling,
increasing Smad2/3 phosphorylation and TGF-31 expression.
Conversely, overexpression of TSPYL2 inhibited TGF-§ sig-
naling, reducing Smad2/3 phosphorylation and TGF-£1 levels
(Figure 6a, Figure Sla). Meanwhile, The TCGA analysis
revealed that TGF-B1 expression significantly increased in
advanced pancreatic cancer (Figure 6b). Kaplan-Meier eva-
luation demonstrated that increased expression of TGFBI
correlated with lower survival rates in PAAD patients
(Figure 6¢). To explore the interaction between SKIL and the
TGF- pathway, we assessed the impact of SKIL knockdown
and overexpression on TGF-f signaling in PAAD. Western
blot analysis revealed that silencing SKIL reduced both
Smad2/3 phosphorylation and TGF-1 expression, whereas
SKIL overexpression led to an increase in both (Figure 6d,
Figure S1b). These findings suggest that elevated SKIL ex-
pression may promote PAAD progression through the TGF-
pathway.

The TGF-B pathway plays a crucial role in EMT induction,
and we further investigated whether SKIL mediates EMT in
PAAD cells through the regulation of TGF-§ signaling. The
results showed that treatment of SKIL-knockdown cells with
recombinant TGF-f1 restored EMT and migration, while
treatment with the TGF-f inhibitor LY2109761 in SKIL-
overexpressing cells reversed EMT induction and reduced
migration (Figure 6e-h). These results provide functional

evidence that the TGF-$ pathway is a critical mediator of
SKIL-induced EMT.

Additionally, we investigated whether SKIL influences TGF-8
signaling through the suppression of TSPYL2. Western blot
results showed that simultaneous knockdown of TSPYL2 in
SKIL-silenced cells reversed the reduction in Smad2/3 phos-
phorylation and TGF-f1 levels caused by SKIL knockdown
(Figure 6i). These findings confirm that SKIL promotes EMT
and cell migration by suppressing TSPYL2, thereby activating
the TGF-@ signaling pathway.

4 | Discussion

Pancreatic cancer is a highly malignant tumor characterized
by strong invasiveness and poor prognosis [1, 24]. Due to the
lack of typical early symptoms, most pancreatic cancer pa-
tients are diagnosed at an advanced stage or with metastasis.
Therefore, inhibiting the incidence of metastasis in pancre-
atic cancer can significantly improve patient survival and
prognosis [2]. Cancer metastasis is the leading cause of
cancer-related deaths, and EMT is a key mechanism of cancer
metastasis. EMT transforms epithelial cells into more inva-
sive mesenchymal cells, which is considered a hallmark of
pancreatic cancer metastasis [25-27]. Identification of targets
related to EMT is an effective strategy to enhance the survival
rate of pancreatic cancer patients.

SKIL is an oncogenic and tumor-suppressive molecule with a
dual role [6, 28, 29]. At present, its most extensively docu-
mented function pertains to the regulation of the TGF-§ sig-
naling pathway. The SKIL-encoded protein SnoN engages
R-Smad (Smad2/3) through its N-terminal domain and co-
Smad (Smad4) via the SAND-like region. The competitive
binding of SnoN and R-Smad to Smad4 disrupts the assembly of
functional heteromeric Smad complexes, thereby impeding the
transcriptional activation of TGF-§ target genes by Smad com-
plexes [12, 30]. This mechanism underscores SKIL's designation
as a negative regulator of the TGF-f§ pathway. Downregulation
of SnoN augments TGF-§-induced EMT in A549 and MDA-MB-
231 cell lines [6]. Nonetheless, a burgeoning body of evidence
indicates that SKIL's regulatory impact on the TGF-f pathway is
multifarious. Walldén et al. [31] propose that SnoN does not
dismantle the formation of heteromeric Smad complexes;
instead, it fortifies the Smad3-Smad4 complex. In another
investigation, knockdown of endogenous SKIL in the lung
epithelial cell line MvlLu curtailed TGF-f-induced transcrip-
tion, contradicting the characterization of SKIL functions as an
inhibitory modulator within the TGF-f signaling pathway [13].

FIGURE 6 |

SKIL induces EMT in PAAD cells by downregulating TSPYL2 and activating the TGF-£ signaling pathway. (a) Western blot shows

the effect of TSPYL2 on the TGF-3 pathway. (b) Levels of TGF-f1 protein at different stages of pancreatic cancer progression. (c) Elevated expression

of TGFBI has been implicated in dismal prognoses within the context of pancreatic cancer. (d) Western blot shows the effect of SKIL on the TGF-8

pathway. (e) Treatment with TGF-f receptor type I/II inhibitors reverses the activation of EMT and TGF-B-related molecules induced by SKIL

overexpression. (f) Treatment with TGF-$ recombinant protein restores the suppression of EMT- and TGF-B-related molecules caused by SKIL

knockdown. (g) Treatment with TGF-$ recombinant protein restores the impaired cell migration capability caused by SKIL knockdown.
(h) Treatment with the TGF-£ receptor inhibitors reverses the enhanced cell migration capability induced by SKIL overexpression. (i) Knockdown of
TSPYL2 following SKIL knockdown in BxPC-3 and SW1990 cells restores the inhibition of the TGF- pathway caused by SKIL knockdown.

#p < 0,01, ¥**p < 0.001, ****p < 0.0001.
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Overall, these studies suggest that the regulatory effects of SKIL
on the TGF-f pathway are cell context-dependent, contingent
on the specific cellular environment.

In our study, we utilized Smad4 wild-type cells SW1990 and
JF305, as well as Smad4-deficient cells BxPC-3, to simulate a
broader spectrum of scenarios, aligning more closely with the
clinical reality where Smad4 is inactivated in 60% of pancreatic
cancers [32]. However, we observed that high expression of SKIL
promoted pancreatic cancer cell migration and EMT in both
Smad4 wild-type and Smad4-deficient cells. This led us to
hypothesize that SKIL-induced EMT and cell migration in pan-
creatic cancer cells are independent of the Smad-TGF-§ pathway.
Given that SKIL functions as a transcriptional co-factor [33], we
used ChIP-seq to identify SKIL's downstream target genes, dis-
covering that SKIL instigates the EMT and metastatic dissemi-
nation in pancreatic cancer cells via the downregulation of
TSPYL2 expression. Interestingly, the most extensively studied
function of TSPYL2 remains its regulation of the TGF-@ pathway,
as TSPYL2 has been found to directly bind to the promoter region
of the TGFBI gene [33]. Further investigations confirmed that in
pancreatic cancer cells, SKIL regulates the TGF- pathway by
modulating TSPYL2, independent of Smad4.

However, this study has certain limitations: the regulatory sites of
SKIL on TSPYL2 have not yet been confirmed, and the research
lacks in vivo experiments to further substantiate the findings. Fut-
ure studies will address these gaps and provide further validation.

5 | Conclusion

In summary, we have identified a novel mechanism by which
SKIL regulates the TGF-§ pathway and induces EMT and
metastasis in pancreatic cancer cells, providing new insights
into the relationship among SKIL, TSPYL2, and the TGF-8
pathway, and holds great potential for therapeutic applications.
On the one hand, SKIL plays a crucial role in promoting the
migration and EMT of pancreatic cancer cells, so it is a prom-
ising therapeutic target. One potential approach is to develop
small-molecule inhibitors that specifically target SKIL. These
inhibitors can disrupt the binding of SKIL to its downstream
targets (such as TSPYL2), thereby blocking the SKIL-induced
downregulation of TSPYL2 and the subsequent activation of the
TGF-f pathway. On the other hand, since SKIL regulates the
TGF- pathway by modulating TSPYL2, restoring the expres-
sion of TSPYL2 may be a therapeutic strategy. Small-molecule
activators of TSPYL2 can be developed to inhibit the TGF-§
pathway and further suppress the EMT and metastasis of pan-
creatic cancer cells.
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