www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Comprehensive systems biology
analysis reveals splicing factor
contributions to cutaneous
melanoma progression

Shuting Zhu¥*, Rui Zhu?*, Yanna Wang?, Junru Zhu?, Yifan Zong?, Liucun Zhu® &
Wenna Guo*™

Cutaneous melanoma (CM) is an aggressive skin cancer with high metastatic potential and poor
prognosis. Splicing factors, which regulate pre-mRNA alternative splicing (AS) events, have been
suggested as potential therapeutic targets in CM. The objective of this study was to identify
candidate splicing factors involved in CM through a systems biology approach and to elucidate
their roles in CM progression. 390 AS events associated with patient survival were identified

using bivariate Cox regression and receiver operating characteristic (ROC) analyses. 121 splicing
factors significantly associated with patient prognosis were screened by univariate Cox regression
analysis. A bipartite association network between AS events and splicing factors was constructed
using Spearman correlation analysis. Based on the network topology, five candidate splice factors
were identified. Among them, U2SURP, a poorly characterized serine/arginine-rich protein family
member, was selected for further analysis in CM. Results indicated that U2SURP gene expression
was significantly negatively correlated with the Immune Infiltration Score, the infiltration levels

of dendritic cells, gamma-delta T cells, natural killer (NK) cells, and cytotoxic cells, as well as the
expression of the immune checkpoint gene PD-1, suggesting that U2SURP may serve as a potential
target for CM immunotherapy. Experimental validation showed that U2ZSURP mRNA and protein
were overexpressed in CM cells, and silencing of U2SURP using siRNA significantly reduced CM cell
survival, proliferation and migration. Furthermore, single-cell functional analysis showed that U2SURP
gene expression was positively correlated with CM cell proliferation and differentiation. This study
systematically identified candidate splicing factors involved in CM and provided new insights into
the role of U2SURP in CM progression. These findings contribute to a deeper understanding of the
pathogenesis of CM and establish new approaches for identifying splicing-related cancer therapeutic
targets.
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Cutaneous melanoma (CM) is one of the most lethal forms of skin cancer, accounting for approximately 75% of
skin cancer-related deaths!. In recent years, CM has become one of the malignancies with the fastest-growing
incidence®. CM is characterized by high aggressiveness, early metastasis, and poor prognosis®. Especially in
advanced stages, the five-year survival rate of stage IV patients is only 4.6%*°. Despite the availability of various
clinical treatment options, most patients are diagnosed at middle or late stages, leading to missed opportunities
for effective intervention and overall poor outcomes®. Thus, there is an urgent need to explore new molecular
mechanisms and potential therapeutic targets for CM to improve treatment strategies and patient prognosis.
Alternative splicing (AS) is a fundamental and widespread regulatory mechanism of gene expression,
with aberrant AS often being a hallmark of cancer development’. Dysregulated AS has been closely linked to
tumorigenesis, progression, metastatic potential, and treatment resistance®. Splicing factors play crucial roles
in recognizing pre-mRNA splice sites and assembling the spliceosome’. Increasing evidence suggests that
splicing factors regulate AS events, thereby driving cancer development and progression across multiple cancer
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types'®. For example, mutations in splicing factor 3b subunit 1 (SF3B1), one of the most commonly mutated
RNA splicing factors in uveal melanoma, lead to aberrant splicing of the BRD9 gene, which in turn affects cell
proliferation and apoptosis'!. Overexpression of serine and arginine-rich splicing factor 3 (SRSF3) has been
shown to inhibit renal cell carcinoma progression by regulating the AS of Sp4 transcription factor (SP4)'2. U2
snRNP-associated SURP motif-containing protein (U2SURP), a poorly defined member of the serine/arginine
rich protein family, which is notably upregulated in triple-negative breast cancer (TNBC) and is associated
with poor prognosis, promotes TNBC progression by regulating alternative splicing of SAT1'. Knockdown
of U2SURP expression inhibited the proliferation, migration and invasion of esophageal carcinoma cells'. For
CM, the splicing factor PHD finger protein 5A (PHF5A) is upregulated in most CM cell lines, and is closely
related to the ERK signaling pathway. Knockdown of PHF5A affects splicing defects in tumor-related genes,
inhibits proliferation and promotes apoptosis in CM cell lines'®. The oncoprotein SRSF1 regulates circMYC
expression, which impacts melanoma cell proliferation'®. Additionally, U2 small nuclear RNA auxiliary factor
2 (U2AF2) has been implicated in the AS of CD44v8-10, which influences melanoma metastasis'’. Given the
important role of splicing factors, we hypothesized that there are more splicing factors that play important doing
roles in CM to be discovered. The investigation of abnormal AS events and their regulatory splicing factors may
offer novel insights into tumorigenesis and lay a foundation for drug target identification and clinical therapeutic
interventions.

In recent years, Cox regression analysis has been widely used for the identification of AS events, splicing
factors!®2%, and the prediction of cancer prognosis??2. However, biological processes are complex, and more
synergistic interactions between genes play a role in organisms, affecting cancer development and patient
prognosis. Traditional univariate Cox regression analysis focuses on individual genes or AS events, while some
AS events that have a low correlation with patient survival time but show a significant survival correlation when
combined with other events may be overlooked?.

In this study, we adopted a systems biology approach to identify CM candidate splicing factors at the whole
transcriptome level. Bivariate Cox regression analysis combined with ROC analysis was first applied to identify
AS events associated with patient survival. Subsequently, an association network between splicing factors and AS
events was constructed using Spearman correlation analysis, and candidate splicing factors were identified based
on degree centrality ranking. The roles of the candidate splicing factors in CM were evaluated through literature
review and experimental validation, demonstrating the reliability and accuracy of the screening approach. Finally,
U2SURP was selected for further analysis in CM through molecular biology and cell biology experiments. This
study aims to provide new perspectives and methods for investigating the molecular mechanisms underlying
tumorigenesis, and provided new insights into the role of U2SURP in CM.

Results

Clinical Characteristics of the CM Cohort

Data from the TCGA database were used to analyze 98 cutaneous melanoma (CM) patient samples, which
included patient survival data and AS events to identify splicing events associated with CM survival. The cohort
comprised 58 male and 40 female patients, with a median age of 63 years. The mortality rate was 21.89%,
highlighting the high lethality of CM. According to the American Joint Committee on Cancer (AJCC) staging
criteria, 2 patients (2.04%) were in stage I, 62 (63.26%) in stage II, 27 (27.55%) in stage III, and 3 (3.06%) in stage
IV. The clinical information of CM cohort from TCGA dataset is summarized in supplemental Table S1.

Screening of AS events based on Cox regression and ROC analysis

A total of 70,084 AS events related to CM were retrieved from the TCGASpliceSeq database. After excluding
events with “null” PSI values and those with variance below 0.001, 8486 AS events were retained. Likelihood
ratio testing and proportional hazards (ph) assumption testing were conducted using Cox regression, followed
by ROC analysis, resulting in 808 two-factor combination models. The flow chart for screening candidate
splicing factors was shown in supplemental Figure S1. From these, 390 AS events were selected for further
analysis (supplemental Table S2).

Screening of splicing factors with Cox regression analysis and association network

A total of 404 splicing factors were initially identified (supplemental Table S3). Using Cox proportional hazards
regression analysis, 121 splicing factors were found to be significantly associated with patient prognosis (likelihood
ratio test p <0.05, proportional hazards model assumption test p >0.05). Spearman correlation analysis between
AS events and these splicing factors (p <0.05) revealed 6577 significant correlation pairs. Spearman correlation
is a measure of the strength of the monotonic relationship between two variables, that is, the extent to which
they keep pace with a tendency to become larger or smaller. Based on these correlations, an association network
linking AS events and splicing factors was constructed (Fig. 1). From this network, the top five splicing factors
were identified by degree centrality as candidate factors for further study (Table 1). Meanwhile, we selected 60%
of the samples and carried out 100 analyses using the bootstrap method to construct a bipartite graph correlation
network of splicing factors with AS events and calculate the degree centrality of splicing factors. The degree
centrality of the five candidate splicing factors in the bootstrap analysis is shown in supplemental Figure S2.

Characterization of Candidate Splicing Factors

The role of the five candidate splicing factors in CM was investigated through univariate Cox proportional hazards
regression analysis, which revealed significant associations (p <0.05) between these splicing factors and patient
survival (Fig. 2A). To validate their expression levels, two independent datasets (GSE15605 and GSE46517) were
analyzed (Fig. 2B, C). The raw data of GSE15605 and GSE46517 were shown in the supplemental Table S4 and
Table S5. Compared to normal skin tissues, MATR3, SRSF10, and U2SURP genes were found to be significantly
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Fig. 1. Screen of candidate splicing factors based on bipartite graph correlation network. (A) Diagram of the
association network between top five splicing factors and AS events. The red circle represents the splicing
factor and other colored circles represent AS events. Green represents degree 1 for AS events, light blue
represents degree 2, blue represents degree 3, light purple represents degree 4, and purple represents degree 5.
(B) Degree centrality of top five candidate splicing factors.

Rank | Ensemble ID Symbol name | Degree | Function

1 ENSG00000015479 | MATR3 90 Encodes a nuclear matrix protein, stabilizes certain messenger RNA species?*?®

2 ENSG00000188529 | SRSF10 89 Member of the SR family of proteins, involved in constitutive and regulated RNA splicing?®

3 ENSG00000134186 | PRPF38B 87 Enables RNA binding activity. Involved in mRNA splicing via spliceosome?”

4 ENSG00000172262 | ZNF131 87 Regulate gene transcription and translation processes, as well as cytokine production and immune system process®®
5 ENSG00000163714 | U2SURP 86 Enables RNA binding activity. Involved in RNA processing?

Table 1. The information of five candidate splicing factors.

overexpressed in tumor tissues, while PRPF38B showed elevated expression specifically in the GSE15605 dataset
(p<0.05). Literature evidence indicates the involvement of these five splicing factors in cancer development.
MATR3 encodes a nuclear matrix protein, which is proposed to stabilize certain messenger RNA species*»%.
MATR3 is overexpressed in malignant melanoma, and its knockdown inhibits CM cell proliferation both in vitro
and in vivo, induces G1 phase arrest, and increases apoptosis*’. SRSF10 is a member of the SR family of proteins,
which are involved in constitutive and regulated RNA splicing®®. SRSF10 has been implicated in multiple cancers,
including liver, colorectal, and glioma®!-33. PRPF38B enables RNA binding activity, and participates in mRNA
splicing as a splicing factor?’, which plays significant roles in gastric** and ovarian cancers**. ZNF131 is predicted
to regulate gene transcription and translation processes, as well as cytokine production and immune system
process®®. Activation of ZNF131 has been reported to regulate the expression of APEX1, thereby promoting the
proliferation and migration of CM cells*®. U2SURP, a key component of the spliceosome™’, that enables RNA
binding activity and participates in RNA processing®, is notably upregulated in TNBC and is associated with
poor prognosis'®. Considering that U2SURP gene has the highest significance (p=0.002) with patient survival
among the five splicing factors, and its biological function and regulatory mechanism in CM remain unexplored,
we selected U2SURP gene for further study through molecular biology and cell biology experiments.

Functional analysis of candidate splicing factors U2SURP

Given that U2SURP is a splicing factor that may have a broad impact in general on splicing, the 86 U2SURP-
related AS events were analyzed (supplemental Table S6). The correlation between U2SURP and AS events was
shown in supplemental Figure S3. These AS events correspond to 65 genes. Gene Ontology (GO) pathway analysis
showed that these genes are significantly enriched in protein binding, positive regulation of gluconeogenesis,
negative regulation of cell growth (Fig. 3A). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
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Fig. 2. Characterization of five candidate splicing factors. (A) Results of univariate Cox regression analysis of
candidate splicing factors. (B) Expression of five splicing factors in the GSE15605 dataset. (C) Expression of
candidate splicing factors in the GSE46517 dataset. *p <0.05, **p <0.01, ***p <0.001, ***p <0.0001.
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Fig. 3. Functional enrichment analysis of genes corresponding to U2SURP-related AS events. (A) GO
enrichment analysis of genes. (B) KEGG enrichment analysis of genes.

analyses revealed that these genes are mainly involved in metabolic pathways, protein processing in endoplasmic
reticulum, fatty acid metabolism, PPAR signaling pathway (Fig. 3B). These results suggested that U2SURP may
affect the splicing of these genes, which in turn affects the regulation of cellular metabolism, protein processing,
and cell growth control.

Tumor-infiltrating immune cells are potential biomarkers for cancer and may aid in the development of
novel diagnostic and therapeutic strategies®. To explore the association between U2SURP gene and immune
cell infiltration, U2SURP gene expression levels were analyzed alongside immune cell infiltration scores. Results
indicated that U2SURP gene expression was significantly negatively correlated with the immune infiltration
score (Spearman’ =-0.254, FDR = 1.31E-07), as well as with the infiltration levels of dendritic cells, gamma delta
T cells, natural killer (NK) cells, and cytotoxic cells. In contrast, U2SURP gene expression showed a significant
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positive correlation with the infiltration of iTreg, CD8 naive, and CD4 naive cells (Fig. 4A). Additionally, U2SURP
gene was negatively correlated with immune checkpoint gene (ICG) PD-1 (Spearmanr=-0.13, p<0.01), and
positively correlated with PD-L1 (Spearmanr=0.13, p<0.01) and PD-L2 (Spearmanr=0.14, p<0.01). It is
speculated that U2SURP gene may regulate the activity of immune system by inhibiting or activating these
genes and enhance anti-tumor immune response (p <0.05) (Fig. 4B). These findings suggest that U2SURP gene
may serve as a potential target for tumor immunotherapy.

To elucidate the potential role of U2SURP gene in CM, its function was assessed at the single-cell level using
CancerSEA tool. The analysis revealed that U2SURP gene expression was positively associated with key cellular
processes, including cell cycle progression, proliferation, differentiation, stemness, and DNA damage (Fig. 5).
These results suggest that U2SURP gene may enhance proliferation and differentiation of CM cells and play a
role in the development of CM.

To further clarify the role of U2SURP gene in various biological pathways, Pearson correlation analysis was
performed to identify genes significantly associated with U2SURP gene expression in CM, resulting in 2343
genes (r=0.6). GO and KEGG enrichment analyses were subsequently conducted. GO analysis showed that
U2SURP-associated genes were mainly enriched in processes such as RNA binding, RNA splicing, transcription
regulation by RNA polymerase II, and protein ubiquitination, supporting its role as a splicing factor (Fig. 6A).
KEGG analysis indicated significant enrichment in the spliceosome, RNA transport, p53 signaling, mTOR
signaling, and the PD-L1/PD-1 checkpoint pathway (Fig. 6B). Previous studies have highlighted similar
pathways; for example, Li et al. demonstrated that WDR74 regulates melanoma initiation and metastasis via the
RPL5-MDM2-p53 pathway™, while Qi et al. found that Sanggenon G inhibits melanoma invasion and migration
by targeting the FAK/PI3K/AKT/mTOR pathway*’. These findings imply that U2SURP-associated genes may
play critical roles in CM progression.

Expression levels of U2SURP in the CM cell lines

The expression of U2SURP gene in CM was further examined utilizing quantitative Real-Time PCR (qRT-PCR)
and Western blot analyses. Compared to normal human melanocytes (PIG1), U2SURP mRNA and protein levels
were significantly elevated in CM cells (A2058, A375, SK-MEL-2) (p <0.05) (Fig. 7). The raw data of qRT-PCR in
cells were shown in the supplemental Table S7. The Western blot analyses results of three biological replicates are
shown in supplemental Figure S4. These results suggest that U2SURP gene may contribute to CM pathogenesis
through its overexpression.

Knockdown of U2SURP inhibits the proliferation and migration of CM cells

To determine the role of mRNA gene in CM progression, three siRNA sequences targeting U2SURP mRNA were
designed for specific knockdown. The two most effective sequences, along with a non-targeting control (siNC),
were transfected into A375 cells to assess the impact of U2SURP mRNA knockdown on cell proliferation,
migration, and colony formation. QRT-PCR analysis confirmed that targeted transfection of siU2SURP could
significantly reduce U2SURP mRNA expression compared with control group (Fig. 8A). The raw data of qRT-
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Fig. 4. The Correlation of U2SURP expression with the level of immune cell infiltration and ICGs expression
in CM. (A) Correlation analysis of U2SURP gene and the immune cell infiltration in CM. (B) Correlation
analysis of U2SURP gene and ICGs PD-1, PD-L1, PD-L2, CTLA4 in CM.
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EXP0071 by CancerSEA tools. (A) Correlation between U2SURP gene expression and cell proliferation
functional status in CM. (B) Functional correlation analysis of U2SURP gene expression with cell stemness and
cell cycle in CM. (C) Functional correlation analysis of U2SURP gene expression with differentiation and DNA

damage in CM. * p<0.05, ** p<0.01.
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Fig. 7. U2SURP gene expression level in CM cell lines. (A) The expression of U2SURP mRNA in PIG1 and
CM cell lines was detected by qRT-PCR. (B) The expression of U2SURP protein in PIG1 and CM cell lines
was detected by Western blot. (C) U2SURP protein gray analysis statistical map. **p <0.01, ***p <0.001,
*p < 0.0001. Biological replicates: n=3.

PCR in A375 cell were shown in the supplemental Table S8. The CCK8 assay revealed that U2SURP mRNA
knockdown significantly decreased A375 cell viability (Fig. 8B). Further evaluation through EdU (Fig. 8C)
and colony formation (Fig. 8D) assays showed that U2SURP mRNA knockdown substantially impaired cell
proliferation and colony formation abilities in A375 cells. Similarly, Transwell assays demonstrated a marked
reduction in cell migratory capacity following U2SURP mRNA silencing (Fig. 8E). These results indicate
that U2SURP gene is essential for the proliferation and migration of CM cells, highlighting its potential as a
therapeutic target in CM treatment.

Discussion

Cutaneous melanoma (CM) is a highly aggressive form of cancers*!. Alternative splicing (AS) is a key molecular
feature of cancers, and its dysregulation is often a hallmark of tumorigenesis. As a crucial mechanism of post-
transcriptional regulation, RNA splicing plays a fundamental role in various biological processes*>*3. AS is
governed by splicing factors that bind to cis-elements in pre-mRNA, and their dysregulated expression contributes
significantly to cancer progression®*. For instance, several splicing factors are overexpressed in cancer and
promote tumor growth. Wang et al. reported that BUD31, a spliceosome component, is overexpressed in ovarian
cancer, promoting exon inclusion in BCL2L12 and enhancing tumorigenesis*. Similarly, Liu et al. demonstrated
that PQBP1 overexpression promotes tumor progression by facilitating BAX exon skipping, leading to reduced
apoptosis in ovarian cancer?®. Despite the established relevance of splicing mechanisms, many aspects of these
processes and their role in CM remain poorly understood. A deeper exploration of oncogenic AS events and
related splicing factors could offer novel therapeutic targets for cancer. However, the existing literature mostly
focuses on individual splicing factors*>*. In this study, a whole-transcriptome level systems biology approach
was used to identify and characterize candidate splicing factors involved in CM. By taking a whole transcriptome
approach, we are able to capture a more comprehensive view of the splicing factor landscape in relation to CM.
This allows us to potentially identify a broader range of splicing events and factors that may be involved in CM.
Five critical splicing factors were identified, among which U2SURP gene was selected for further investigation in
CM. Our findings, for the first time, demonstrated U2SURP gene overexpression in CM and confirmed its role
in promoting CM cell proliferation and migration.

Here bivariate Cox regression combined with ROC analysis was used to screen the survival-associated AS
events. Compared to the traditional univariate Cox regression, this method took into account the potential
synergistic effects among factors rather than independent effects. It could screen the AS events that were ignored
by the traditional univariate Cox regression. Also, it was able to discover new factors from another perspective,
which had not been found by traditional methods. Meanwhile, splicing factors were screened based on a bipartite
graphical association network of AS events and splicing factors. Although the correlation network is still unable
to completely characterize the regulatory pathway, splicing factors can be screened out based on the fact that
the more important the position of a node in the network, the higher the possibility of its significant influence.
Literature evidence confirmed the involvement of these splicing factors in various cancers. For U2SURP gene,
86 AS events were found to be significantly associated with U2SURP gene (supplemental Figure S3). Among
them, the 4th exon-skipping in PARPBP was found to promote the proliferation, migration and invasion of
ovarian cancer cells, and inhibit cell apoptosis*’. Meanwhile, U2SURP gene can regulate the alternative splicing
of UPF3A, generate the full-length subtype of UPF3A, and participate in the occurrence of colorectal cancer?.
The loss of U2SURP leads to the formation of the intron-3 retained SAT1 isoform, which in turn promotes the
carcinogenic properties of TNBC cells'®. Although the relationship between U2SURP and AS events and their
role in CM still need to be further verified by experiments, it still suggests that U2SURP may play an important
role in CM. Further experimental validation demonstrated that both mRNA and protein levels of U2SURP were
significantly upregulated in CM. Silencing U2SURP led to reduced survival, proliferation, and migration of CM
cells. The effect of U2SURP on the proliferation and migration of CM cells may be related to the regulation of
alternative splicing of cell-cycle genes by U2SURP*® and the influence of U2SURP on the lactylation level, as well
as the interaction with immune cells in tumor microenvironment'*. Single-cell analysis also indicated positive
correlations between U2SURP gene and cell cycle, differentiation, and proliferation in CM. These results validate
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Fig. 8. The siU2SURP inhibited the proliferation and migration of A375 cells. (A) The effect of siU2SURP on
the expression of U2SURP mRNA in A375 cells was detected by qRT-PCR. (B) CCK8 assay was used to detect
the effect of siU2SURP on the survival of A375 cells. (C) The effect of siU2SURP on the proliferation of A375
cells was detected by EdU. (D) Clone formation assay was used to detect the effect of siU2SURP on A375 cell
cloning. (E) The effect of siU2SURP on the migration of A375 cells was detected by Transwell assay. *p <0.05,
©p <0.01, ¥**p <0.0001.

the accuracy and efficacy of the screening approach employed in this study. Moreover, the screening strategy
used here is not limited to CM, and can be extended to explore splicing factors in other types of cancers, and
its applicability is not restricted to the screening of splicing factors, can also be utilized to screen for regulatory
factors such as transcription factors, miRNAs or IncRNAs.

The tumor immune microenvironment, which contains numerous components inﬂuencing immune
responses, plays a pivotal role in cancer progression and patient prognosis®. We investigated the relationship
between U2SURP gene expression and immune cell infiltration, and found a significant correlation between
the U2SURP gene and the infiltration levels of CD8 + T cells, macrophages, neutrophils, iTreg, CD8 naive cells,
and CD4 naive cells. Study has shown that tumor-specific cytotoxic effectors derived from naive CD8+T cells
are a potential means of overcoming TGF-f immunosuppression in the tumor microenvironment®!. Also,
regulating the mutual communication between naive CD4 T cells and M0 macrophages may improve the
immunosuppressive microenvironment of cervical cancer and prevent immune escape®2. This suggests that the
U2SURP gene may contribute to the immune escape of CM tumor cells. Moreover, U2SURP gene expression
was positively correlated with immune score in CM. Immune scores have been reported as indicators of patient
survival, recurrence, metastasis, and response to immunotherapy®?. In recent years, more and more studies have
reported that immune checkpoint genes are involved in the development of a variety of cancers®»*. Here, we
found that U2SURP gene is significantly correlated with the immune checkpoint genes PD-1, PD-L1 and PD-L2
in CM. PD-1 is an inhibitor of T cell proliferation and function and plays a critical role in immune tolerance®.
PD-1 immune checkpoint blockade has significant clinical benefits for CM patients>’. High expression of PD-L1
in tumor cells is one of the important reasons for drug resistance of PD-L1 inhibitors®®. U2SURP may evade the
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attack of the immune system by decreasing the expression of PD-1, or by promoting the aberrant activation of
certain signaling pathways in CM cells, resulting in decreased PD-1 expression and increased PD-L1 expression
in CM. In addition, U2-related genes were significantly enriched in p53 signal, mTOR signal and PD-L1/
PD-1 checkpoint pathway. The mTOR signaling pathway plays an important role in cell growth, metabolism
and immune regulation?’. U2SURP may affect the metabolic status and function of immune cells by regulating
mTOR signaling, and then influence the tumor immune response. These results provide a new direction for the
identification of potential CM immunotherapeutic targets. In future, we will further explore the relationship
between U2SURP and immune checkpoint genes through experiments, as well as the influence on the biological
function of CM cells.

With the rapid development of biotechnology, CITE-Seq technology plays an important role in the biomedical
field because of its ability to analyze cell populations in fine detail®. In the future, we can use this technology
to analyze CM samples to detect tumor cells and a variety of different immune cells infiltrating tumor tissues,
and conduct in-depth analysis of tumor heterogeneity, which will promote the progress of immunotherapy to
a certain extent. In addition, in recent years, the rapid development of spatial omics has provided an important
solution to the problem of spatial structural characteristics related to the prognosis and treatment sensitivity of
cancer patients®>®!. DBIT-based spatial 3D technology can be used to further investigate how splicing factors
regulate the functions of tumor cells and immune cells in specific spatial environments, which helps to reveal the
role of splicing factors in tumorigenesis and development from the spatial dimension, and provides new ideas
for improving patient prognosis.

Although this study has verified the effect of U2SURP gene on the biological function of CM cells, there are
still some limitations. First, we performed functional experiments on just one cell line and stayed with in vitro
experimental studies only. In vitro models may not fully replicate the complex in vivo environment. For example,
in vitro models lack the interaction with the immune system, stromal cells, and the complex physiological and
biochemical gradients present in living organisms. This may lead to differences in the observed effects of U2SURP
on CM compared to what would be seen in vivo. Second, the expression and role of U2SURP in a true clinical
cohort has not been confirmed. Again, the upstream regulators, as well as downstream AS events and pathways
of U2SURP gene in CM still need to be further investigated. Finally, the role of U2SURP gene in guiding disease
perception and clinical practice needs to be further explored. In the future, we will focus on the in-depth study
of the oncogenic mechanism of U2SURP gene on CM by conducting tumor-carrying experiments in nude mice
to enhance the credibility of the experimental results. We will also utilize the latest technologies, such as CITE-
Seq and DBIT-based spatial 3D technology, to further study the mechanism of U2SURP gene on larger sample
sets and clinical samples, so as to provide new research directions and theoretical basis for the treatment of CM
patients.

Conclusions

In summary, this study used systems biology methods combined with molecular cell biology experiments to
identify candidate splicing factors associated with CM, revealing a previously unrecognized role of U2SURP in
CM, suggesting that it may be a potential therapeutic target for CM. Although it is necessary to further explore
the role and mechanism of U2SURP gene in CM on larger sample sets and in vivo studies, this study provides a
reliable method for screening AS events and splicing factors in different cancer types, and lays a foundation for
further research on the mechanism of tumor-related AS events and splicing factors.

Materials and methods
Data collection and preprocessing
Alternative splicing (AS) event data for cutaneous melanoma (CM) were retrieved from the TCGA SpliceSeq
database®?, including AS event types, exon locations, corresponding gene names, and Percent Spliced In (PSI)
values for different samples. The PSI value, ranging from 0 to 1, quantifies the proportion of transcripts resulting
from a specific AS pattern. Considering that we intended to analyze survival-related AS events, we selected AS
data from 98 patients and 1 normal samples that contained survival information. Each sample contained a total
0f 70,084 AS events, including seven types: exon skipping (ES), intron retention (RI), alternative promoter (AP),
alternative terminator (AT), alternative donor site (AD), alternative acceptor site (AA), and reciprocal exon
(ME). Considering the reliability of the data, AS events with with “null” PSI values were excluded because a null
PSI may imply that the event was not detected in the sample with missing cargo data. In addition, AS events with
a variance of PSI values <0.001 were also removed as it indicates that the variable does not vary much across
conditions and may not be biologically significant. A total of 8486 candidate AS events were obtained for further
analysis.

Splicing factors associated with CM were identified using the SpliceAid2 database®® and relevant literature®?.
Expression data for splicing factors were obtained from the TCGA-SKCM dataset and normalized using
log2(FPKM + 1).

Screening method for AS events

The Cox proportional hazards regression was performed on all possible pairs of AS events using the “survival”
package in R, and the ph assumption was tested. Combinations with a likelihood ratio test p-value<0.01 and a
ph test p-value>0.05 were selected. Subsequently, ROC curves were used to evaluate the predictive capability of
the selected two-factor combinations for CM patient survival. Combinations with an area under the ROC curve
(AUC) > 0.85 were retained, and the corresponding AS events were extracted for further analysis.
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Probing methods for candidate splicing factors

Univariate Cox proportional hazards regression analysis was conducted to identify splicing factors significantly
associated with survival (likelihood ratio test p<0.05, ph assumption test p>0.05). The Spearman correlation
coefficients between AS events and splicing factors were calculated using the PSI values of AS events and the
expression levels of the selected splicing factors. Based on significant correlations (p <0.05), an association
network was constructed to represent the relationships between AS events and splicing factors. The top five
splicing factors with the highest degree centrality®® were identified as candidate splicing factors. Degree centrality
is recognized as one of the most intuitive measures of node centrality. The higher the degree centrality of the
node, the more important that node is likely to be in the network. By focusing on splicing factors with high
degree centrality, we are essentially identifying those factors that are highly interconnected within the network
and that may have a broad influence on the splicing events. In biological terms, a high degree centrality for a
splicing factor implies that it is likely to be involved in multiple regulatory pathways related to splicing.

Validation of candidate splicing factors

To validate the accuracy and reliability of the candidate splicing factor selection, their functions and mechanisms
were further investigated. The association between splicing factors and patient survival was re-evaluated using
univariate Cox regression analysis. Independent Gene Expression Omnibus (GEO) datasets (GSE15605% and
GSE46517%) (https://www.ncbi.nlm.nih.gov/geo/) were used to assess differences in the expression levels of
splicing factors. A literature review was conducted to determine the relationship between candidate splicing
factors and cancer, with a focus on U2SURP gene, whose function has not been experimentally confirmed.
The correlation between U2SURP gene and immune cell infiltration was analyzed using the Gene Set Cancer
Analysis (GSCA) database®®. While its association with immune checkpoint genes was examined via Spearman
correlation analysis. The functional role of U2SURP gene in cancer cells at the single-cell level was explored using
the Cancer Single-Cell State Atlas (CancerSEA, http://biu.edu.cn/CancerSEA/). CancerSEA is the pioneering
resource that investigates the comprehensive functional states of cancer cells at a single-cell level®. The relevance
between U2SURP gene expression level and functional states in MEL-EXP0071 was obtained. Co-expressed
genes with U2SURP gene in CM (Pearson r>0.6) were identified through expression correlation analysis, and
GO and KEGG enrichment analyses were performed on these genes using the “ClusterProfiler” R package.
Finally, the impact of U2SURP gene on CM was verified through cellular experiments.

Cell culture

The PIG1 and A375 cell lines were obtained from EK-Bioscience Inc. (Shanghai, China), while A2058 and SK-
MEL-2 cell lines were purchased from iCell Bioscience Inc. (Shanghai, China). Cells were cultured in high-
glucose medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
Cultures were maintained in a humidified incubator at 37 °C with 5% CO,, and passaged every 3-4 days to
ensure healthy growth and prevent over confluence.

Cell transfection

Three siRNA sequences targeting U2SURP mRNA and a negative control sequence were designed and synthesized
by Junji Biotechnology (Suzhou, China) (Table 2). A375 cells were transfected with siRNAs targeting U2SURP
to downregulate its expression. The efficiency of U2SURP mRNA knockdown was assessed using qRT-PCR,
and the two most effective siRNAs were selected for further experiments. Cells were divided into two groups:
the negative control group (transfected with siNC) and the treatment group (transfected with siU2SURP).
Transfection conditions were as follows: Dilute Lip8000 (5 pl) with 125 pl pure medium and mix well, dilute
siRNA (3 ul) with 125 pl pure medium and mix well, mix the two well and leave for 20 min. After 24-48 h post-
transfection, the culture medium was discarded, and cells were collected for subsequent experiments.

gRT-PCR and Western blot analysis

Total RNA was extracted using Solarbio reagents (Solarbio, China) according to the manufacturer’s protocol.
Complementary DNA (cDNA) was synthesized using the Kermey cDNA Reverse Transcription Kit (Kermey,
Zhengzhou, China). QRT-PCR was performed on the LightCycler 480 II system (Roche, Switzerland) with the

siRNA and primers | Sequences

’-3’CGAUCAGAGCGUUCAGAAATT
>-5’UUUCUGAACGCUCUGAUCGTT

’-3’GGCUGUUACAACUUCUAAATT
’-5’UUUAGAAGUUGUAACAGCCTT

5
3
5
3
5-3GGGAGAUUCUCCAACUAAATT
3
5
3

hU2SURP si#1

hU2SURP si#2

hU2SURP si#3 5 UUUAGUUGGAGAAUCUCCCTT

’-3’UUCUCCGAACGUGUCACGUATAT

hU2SURP siNC - $ACGUGACACGUUCGGAGAAdTAT

UaSURP F: 5-GAGACAAGTGTATGGCAGTC-3'
R: 5-TTCTTCTACAGGCTTGAGGT-3'

GAPDH E: 5 TCGGAGTCAACGGATTTGGT-3’
R: 5-TTCCCGTTCTCAGCCTTGAC-3’

Table 2. The sequences of siRNA and primers.
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Constituent Volume
2xSYBR Green qPCR Premix | 5 pl
Forward Primer (100 uM) 02ul
Reverse Primer (100 uM) 0.2ul
cDNA 1l
RNase Free dH,0 up to10pl

Table 3. qRT-PCR Reaction system.

2xSYBR Green qPCR Premix (Kermey, Zhengzhou, China) (Table 3). GAPDH was used as an internal control
for normalization.

The qRT-PCR reaction system was prepared and added into 384-well plates, with 3 multiple holes set in each
group, and then the plate membrane was sealed and centrifuged at 2000 rpm for 1 min. At the same time, qRT-
PCR self-test was turned on, and the plate was put into the 384-well plate after the self-test. qRT-PCR reaction
conditions were as follows: 95 °C for 30 s; 40 cycles (95 “C for 5 s; 60 “C for 30 s, read fluorescence); the reaction
conditions for the lysis curve were: 95 C for 15 s (Ramp Rate 4.4 °C/s), 60 °C for 60 s (Ramp Rate 2.2 °C/s),
and 95 °C for 15 s (Ramp Rate 0.11 °C/s) for 1 cycle. The qRT-PCR reaction was performed according to the set
program. At the end of the reaction, the corresponding Cp values were derived according to the solubilization
and amplification curves, and then the relative expression of U2SURP mRNA was detected by 2"24CT analysis.

Total protein was extracted from cells using RIPA lysis buffer (RIPA lysate: protease inhibitor=100:1)
(Solarbio, China), followed by Western blot analysis to detect U2SURP protein levels. Antibody dilution ratio:
Beta-tubulin 1: 10,000 (Hangzhou HuaAn Biotechnology Company, item No. ET1602-4), U2SURP 1: 4000
(Proteintech, item No. 21399-1-AP). The bands were visualized and analyzed using the Azure C300 Imaging
System (Azure, USA). Finally, Western blot analysis of protein band gray values with Image J.

Cell Counting Kit 8 (CCK8) assay

The CCK8 assay was used to assess cell proliferation. Cells were seeded in 96-well plates at a density of 3000
cells per well, with three replicates per group. At 24, 48, and 72 h post-transfection, fresh medium containing
10% CCKS8 reagent was added to each well. Plates were incubated for 2 h, after which absorbance at 450 nm was
measured using a microplate reader to determine cell viability.

EdU assay

Cells were seeded in 96-well plates at a density of 15,000 cells per well and incubated at 37 °C with 5% CO,
for 2 days. EAU staining was performed according to the manufacturer’s instructions, and stained cells were
observed and imaged using a fluorescence inverted microscope.

Transwell migration assay

Migration assays were conducted using 24-well plates. Each well received 600 pL of high-glucose medium
supplemented with 20% FBS. A total of 20,000 cells were seeded into Transwell chambers containing 200 uL
of serum-free cell suspension. After 48 h of incubation, cells were washed twice, fixed with fixative for 40 min,
and rinsed with phosphate-buffered saline (PBS). Cells were then stained with 0.1% crystal violet, rinsed, and
gently removed from the top surface of the membrane. Migrated cells were observed and photographed using
an inverted microscope.

Cell colony formation assay

Cells were seeded in 6-well plates at a density of 1000 cells per well and incubated for 2 weeks. After incubation,
cells were washed with PBS and fixed with universal tissue fixative (Servicebio, China) for 40 min. Colonies were
stained with 0.1% crystal violet, washed with PBS, and imaged. Colony counting was performed using Image]
software.

Statistical analysis

In this experiment, Prism8 (GraphPad software) was used for statistical analysis and mapping t test was used to
analyze the statistical difference between the two groups. One-way ANOVA was used to analyze the differences
between the three groups and more than three groups. The protein gray scale was analyzed by Image J software.
p <0.05 is considered significant. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

Data availability

The data used in this publication have been deposited in TCGA and NCBI’'s Gene Expression Omnibus and
are accessible through TCGA SpliceSeq database [35] and GEO Series accession number GSE15605 [39] and
GSE46517 [40]. The data sets analyzed in this study can be obtained by contacting the corresponding authors.
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