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Abstract

Background: S-Phase kinase associated protein 2 (SKP2) is a key regulator of the cell cycle and proliferation linked to cancer develop-
ment. Our recent study has revealed that knocking out Skp2 in a mouse model significantly activates anti-tumor immunity. Although
several studies have examined SKP2 in relation to the tumor immune microenvironment using public datasets, a comprehensive
pan-cancer evaluation that integrates multi-omics layers and in vivo validation has remained limited.

Methods: In this study, we integrated multi-omics data from diverse public datasets to comprehensively analyze SKP2 expression
characteristics and its relationship to tumor immunity across pan-cancer. A multiplex immunofluorescence assay was performed on
tumors from Skp2 knockout and Skp2-intact mouse models for validation.

Results: Our findings indicate that SKP2 is overexpressed in various cancer types, leading to poor prognosis. Single-cell transcriptomic
analyses further revealed that SKP2 is predominantly expressed in malignant and immune cells. Notably, a multiplex immunofluo-
rescence assay on tumors from Skp2 knockout and Skp2-intact mouse models and pan-cancer data unveiled a correlation between
SKP2 and the “immune-cold” microenvironment, which, possibly linked to the weakened antigen presentation, reduced secretion
of chemokines in SKP2-overexpressing cancers. Additionally, we observed that SKP2 overexpression predicts worse immunotherapy
efficacy.

Conclusion: Our findings provide novel insights into the role of SKP2 in regulating the tumor immune microenvironment, suggesting
targeting SKP2 as a promising strategy to enhance immunotherapy efficacy in pan-cancer settings.
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Introduction urgent need to explore biomarkers associated with tumor prog-

Cancer remains a leading cause of death globally, with an esti-
mated 20 million new cases alongside 9.7 million deaths in 2022,
imposing significant economic and social burdens worldwide and
hindering improvements in human life expectancy [1]. While the
count of cancer survivors is on the rise in developed nations, pri-
marily due to advancements in early prevention and treatment
methods, the mortality rate among cancer patients globally con-
tinues to exhibit a notable upward trend [2]. In recent years, there
has been increasing recognition of the role of immunotherapy in
cancer treatment [3, 4]. These therapies are gradually becoming
established as a standard treatment modality, alongside conven-
tional approaches like radiotherapy and chemotherapy [5]. How-
ever, despite the success of immune checkpoint inhibitors (ICIs) in
treating certain cancer patients, only a small subset of individuals
have benefited from immunotherapy thus far [6, 7]. Immunother-
apy resistance poses a significant obstacle to the development and
clinical application of these treatments [8]. Therefore, there is an

nosis and the efficacy of immunotherapy, as well as to develop
sensitizers to enhance its effectiveness.

The SKP2 gene encodes S-phase kinase associated protein 2
(SKP2), which functions as a substrate-recruiting subunit of the
SCF-Skp2 E3 ligase complex, providing specificity for particu-
lar protein substrates [9, 10]. Previous research has indicated
that SKP2 primarily functions through the NUCKS1-SKP2-p27/p21
axis to regulate the cell cycle transition from G0/G1 phase to S
phase [11]. In various types of cancer, SKP2 overexpression leads
to the degradation of p27/p21, resulting in cell cycle dysregula-
tion and promoting cell proliferation [12, 13]. In addition, SKP2
targets various tumor suppressor proteins such as p21, FOXO1,
and p130, as well as oncogenic proteins including Akt, YAP, and
Twist [9, 14, 15]. By modulating the abundance or function of
these proteins, SKP2 participates in multiple cellular processes,
including apoptosis, DNA damage repair, and cell differentiation
[10].
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Figure 1. Flow chart summarizing the study design and principal results, integrating bulk and single-cell transcriptomics, genomic alterations,
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While prior studies, including some of our own, have linked
SKP2 to immune regulation in selected contexts [16-18], an in-
tegrated pan-cancer analysis spanning bulk and single-cell tran-
scriptomes, genomic alterations, cellular and acellular tumor im-
mune microenvironment (TIME) components, and in vivo vali-
dation has been lacking. Here, we systematically address this
gap and relate SKP2 to immunotherapy outcomes across cohorts.
Using an integrated multi-omics approach, we show that ele-
vated SKP2 is broadly associated with an immune-cold TIME
across solid tumors, identify a negative association between
SKP2 expression and immunotherapy outcomes across multi-
ple ICIs treatment cohorts, and validate the inhibitory effect of
Skp2 on the tumor immune microenvironment in Skp2-knockout
osteosarcoma models via multiplex immunofluorescence (mIF)

(Fig. 1).

Methods

Gene expression analysis

SKP2 mRNA expression profiles and clinical data from 33 can-
cer types and corresponding paracancer and normal samples
were downloaded from The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) databases. R software (v 4.0.2)
was used for data analysis, and the R package “ggplot2” (v 3.3.3)
was applied for visualization. Wilcoxon tests were used to analyze
significant differences. The Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/) was used to evaluate the pro-
tein expression differences of SKP2. The subcellular locations of
SKP2 were visualized using GeneCards (https://www.genecards.
org/).

Survival prognosis analysis

Cox’s proportional hazards regression model and Kaplan-Meier
analysis were employed to analyze the relationship between SKP2
expression and prognosis by SangerBox [19]. The results of uni-
variate Cox regression were visualized by “forest plot”. R pack-
ages “survival” (v 3.2-7) and “survminer” (v 0.4.9) were used to
draw the survival curve. R package “maxstat’ (v 0.7-25) was
utilized to locate the optimal cut-off point of SKP2 expression
levels.

Single-cell analysis of SKP2

The Tumor Immune Single-cell Hub (TISCH) database (http://
tisch.comp-genomics.org/home/) was employed to quantify the
expression level of SKP2 in different cell types. The functional sta-
tus of SKP2 in several cancer types at the single cell level was eval-
uated by CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/). It
contains 14 tumor-related cellular functions of 41900 single can-
cer cells from 25 cancers.

Genetic alteration analysis

cBioPortal (https://www.cbioportal.org/) is a website that can an-
alyze tumor genomic characteristics [20]. The mutation type, al-
teration frequency, and copy number alteration of SKP2 across all
tumors were analyzed in “Cancer Types Summary”. The mutated
site information of SKP2 was explored in “Mutations”. Moreover,
we obtained information from this website on whether SKP2 was
amplified and whether TP53/RB1 was mutated for each sample,
and further analyzed the differences in SKP2 expression between
subgroups.
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Co-expressed genes and enrichment analysis of
SKP2

GeneMANIA (http://genemania.org/) is a website that can explore
gene interactions and functions and identify co-expressed genes
[21]. A total of 20 genes co-expressed with SKP2 were obtained
through GeneMANIA. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment were performed using
the “clusterProfiler” (v 3.14.3) and “org.Hs.eg.db” (v 3.10.0) package
[22]. The results are presented using the “ggplot2” (v 3.3.3) R pack-
age. P value < 0.05 was considered to be statistically significant.

Relationship between SKP2 expression and
immunity

To evaluate the relationship between SKP2 expression and TIME,
the ImmuneScore of each patient in each tumor was calculated
using the R package “ESTIMATE” (v 1.0.13) [23]. Further, Pear-
son’s correlation coefficient of SKP2 expression and ImmuneScore
in each tumor was calculated using the corrtest function of
the R package psych (v 2.1.6). The TISIDB database (http://cis.
hku.hk/TISIDB/) is an online tool that can evaluate the interac-
tion between cancer and the immune system [24]. The correla-
tions between SKP2 expression and molecular or immune sub-
types of different cancer types were explored via the TISIDB
database.

Establishment of mouse models

Osx1-Cre, Rb1!19¥/1ox Trp53l0%/1o% and Skp2~/~ mice have been pre-
viously characterized [25-27]. All experimental mice were main-
tained on hybrid backgrounds, including FVB, C57BL6]J, and 129Sv.
Initially, Rb1°1°* mice were bred with Trp53'°/1°% mice to generate
Trp53!o¥/lox; Rb1lo¥/1ox offspring, which were subsequently crossed
with Osx1-Cre mice to produce Osx1-Cre; Trp53!0x/lox; Rpqlox/lox
mice. Skp2~/~ mice were then bred with Osx1-Cre; Trp531o%/1o%;
Rb11°1°% mice to generate Osx1-Cre; Rb19¥/19%; Trp53lox/lox: gkpo—/~
progeny. All animals were housed under pathogen-free conditions
at the Beijing Key Laboratory for Musculoskeletal Tumors animal
facility. The experimental procedures were reviewed and approved
by the Ethics Committee of Peking University People’s Hosptial
(2024PHB432-001), following established guidelines for ethical an-
imal care. All methods are reported in accordance with Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.
Tumor diameters were measured every 3 days using a caliper,
and relative tumor volume was determined using the formula:
(length x width?) x 0.526. Tumors were excised once their volume
reached ~500 mm?.

mlIF

To validate the relationship between SKP2 expression and im-
munity, an mIF staining assay was conducted on osteosarcoma
tissues derived from three Skp2 knockout and three control
mouse models. The transgenic mouse models used in this study
have been detailed in our earlier publication [16]. Multiplex im-
munofluorescent staining was performed utilizing the PANO 7-
plex IHC kit (cat 0004 100 100; Panovue, Beijing, China). The fol-
lowing antibodies were utilized: F4-80 (clone D2S9R, rabbit mon-
oclonal antibody, 1:200, #70076; CST), PDL1 (clone D5V3B, rabbit
monoclonal antibody, 1:100, #64 988; CST), CD8A (clone D4W2Z,
rabbit monoclonal antibody, 1:100, #98941; CST), granzyme B
(clone ESV2L, rabbit monoclonal antibody, 1:100, #44 153; CST),
CD3 (clone SP162, rabbit monoclonal antibody, 1:100, ab135372;
Abcam), and PD1 (clone D7D5W, rabbit monoclonal antibody,
1:100, #84 651; CST). These antibodies were applied sequentially,
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followed by incubation with a horseradish peroxidase-conjugated
secondary antibody and subsequent tyramine signal amplifica-
tion. After each tyramide signal amplification (TSA) operation,
the slides underwent microwave treatment. Subsequently, nuclei
were stained with 4’-6'-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) after all human antigens had been labeled. Whole-slide
fluorescent imaging was conducted using an Olympus VS200
(Olympus Germany) with an Olympus UPLXAPO 20x objective
lens. The resulting whole-slide fluorescence images were ana-
lyzed using QuPath software.

SKP2 expression and immunotherapy response

Tumor mutation burden (TMB) and microsatellite instability (MSI)
were obtained from the TCGA database. Correlation analysis be-
tween SKP2 expression and TMB or MSI was conducted using
Spearman’s method. The TIDE website (http://tide.dfci.harvard.
edu) was used to analyze the prognostic KM curves of high-
and low-expression groups of SKP2 in different immunotherapy
cohorts.

Results
Overexpression of SKP2 in human pan-cancers

We initiated our analysis by examining SKP2 mRNA expression in
both tumor and normal tissues across 33 different cancer types.
The abbreviations and full names of these cancer types are pro-
vided in the Abbreviations section below. Unpaired analysis was
conducted by combining TCGA and GTEx transcriptome datasets.
The results revealed a significant upregulation of SKP2 expression
in tumor tissues across the majority of cancers (26 out of 33), in-
cluding ACC, BLCA, BRCA, CHOL, COAD, DLBC, ESCA, GBM, HNSC,
KIRC, KIRP, LGG, LIHC, LUAD, LUSC, MESO, OV, PAAD, PCPG, READ,
SARC, SKCM, STAD, TGCT, THYM, UCEG, and UCS. Conversely, SKP2
exhibited a significant downregulation in a subset of cancers (4
out of 33), including KICH, LAML, PRAD, and THCA. Despite inte-
grating data from both TCGA and GTEx databases, significance P-
values could not be calculated for several cancer types, including
MESO, SARC, and UVM, due to the limited number of normal sam-
ples available (Fig. 2A). Paired analysis using TCGA data yielded
trends consistent with unpaired analysis, with the exception that
the differences in PAAD and PRAD were no longer statistically sig-
nificant (Fig. 2B).

Subsequently, we extended our analysis to the protein level
by utilizing the HPA database to investigate the expression dis-
parities of SKP2 between tumor and normal tissues across vari-
ous cancer types. Immunohistochemistry results showed a higher
staining intensity of SKP2 in tumor tissues compared to their cor-
responding normal tissues across many cancers, mainly including
BRCA, COAD, UCEC, LIHC, PAAD, PRAD, STAD, THCA, lung cancer,
and renal cancer (Fig. 2C). Finally, a cellular distribution diagram
sourced from GeneCards revealed that SKP2 is predominantly lo-
calized in the nucleus and cytosol, with minimal presence in or-
ganelles and the extracellular region (Fig. 2D). In summary, the
collective findings indicate that SKP2 is frequently overexpressed
across cancers, highlighting its potential clinical significance and
warranting further exploration.

Elevated expression of SKP2 is associated with
unfavorable prognosis

To elucidate the correlation between SKP2 expression and clinical
outcomes, we conducted comprehensive investigations into the
prognostic significance of SKP2 across various cancer types using

univariate Cox regression and Kaplan-Meier analysis. Initially, our
analysis focused on the association between SKP2 expression and
disease-specific survival (DSS), revealing a correlation between
high SKP2 expression and poor DSS in GBMLGG, LGG, KIPAN, KICH,
ACC, KIRP, MESO, LIHC, SKCM, and PRAD (Fig. 3A). Subsequently,
to further stratify patients based on SKP2 expression levels, we
categorized them into high- and low-expression groups using the
optimal cut-off of SKP2 expression. Kaplan-Meier analysis vali-
dated that higher SKP2 expression was associated with poor DSS
in GBMLGG, LGG, ACC, KIPAN, KICH, and KIRP (Fig. 3B).

Regarding progression-free interval (PFI), our univariate Cox re-
gression analysis demonstrated a significant correlation between
elevated SKP2 expression and poor PFI in GBMLGG, LGG, ACC,
KIPAN, KICH, KIRP, LIHC, MESO, and UVM (Fig. 3C). The subse-
quent Kaplan-Meier analysis revealed that the SKP2-high group
exhibited worse PFI in GRBMLGG, LGG, ACC, KIPAN, KICH, and KIRP,
aligning with the observed trends in DSS (Fig. 3D). Collectively,
these findings suggest that elevated expression of SKP2 is closely
associated with an unfavorable prognosis, highlighting its po-
tential significance in the occurrence and progression of various
cancers.

Single-cell transcriptome analysis revealed
diverse SKP2 expression patterns

For a comprehensive exploration of SKP2 expression in diverse
cell types, we conducted single-cell transcriptome analyses across
multiple cancer datasets, investigating its levels in various cell
subtypes. Generally, SKP2 exhibited the highest expression in ma-
lignant cells; however, intriguingly, we observed moderate expres-
sion of SKP2 in specific immune cell types, particularly in cer-
tain subtypes of T cells and monocytes/macrophages (Fig. 4A).
Despite these commonalities, the expression patterns of SKP2
still varied across different cancers (Fig. 4B-F). For example, in
HNSC and NPC, SKP2 was expressed at its highest levels in
malignant cells. Additionally, monocytes/macrophages and cer-
tain T cell subtypes, such as proliferating T cells, CD8 T cells,
and exhausted CD8 T cells, also exhibited moderate levels of
SKP2 expression. Similarly, in CRC and NSCLC, T cells, partic-
ularly proliferating T cells, were found to exhibit a moderate
to high level of SKP2 expression. However, in SCLC, while ma-
lignant cells displayed high levels of SKP2 expression, mono-
cytes/macrophages and T cells showed nearly undetectable levels
of SKP2 expression. These findings contribute further insights into
the single-cell expression profile of SKP2, suggesting that beyond
its role in tumorigenesis, SKP2 may also be associated with tumor
immunity.

Genetic alterations impact SKP2 expression

Given the significant impact of genetic variations on gene expres-
sion levels, we further explored the genetic alterations of SKP2
across various cancers using TCGA datasets through the cBioPor-
tal platform. Genetic alterations in SKP2 were identified across
multiple cancer types, with the highest frequencies observed in
NSCLC, BLCA, and ESCA at 9.59%, 8.27%, and 7.56%, respectively.
However, no SKP2 mutations were observed in eight other cancer
types, including LAML, CHOL, and THCA. Furthermore, among all
types of genetic alterations, amplification was the most prevalent,
followed by mutation and deep deletion for SKP2 (Fig. 5A). Addi-
tionally, we delved into the somatic mutation landscape of SKP2
across various cancers. The overall somatic mutation frequency
of SKP2 across various cancers is 0.6%, with a total of 59 muta-
tion sites identified. Missense mutations are predominant, with
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Figure 3. Prognostic significance of SKP2 expression in pan-cancer. (A) Forest plots show the correlation between SKP2 expression and DSS in different
cancers. (B) Kaplan-Meier curves for a patient’s DSS classified by different expression levels of SKP2 in GBMLGG, LGG, KIPAN, KICH, ACC, and KIRP. (C)
Forest plots show the correlation between SKP2 expression and progression-free interval (PFI) in different cancers. (D) Kaplan-Meier curves for a
patient’s progression-free interval classified by different expression levels of SKP2 in GBMLGG, LGG, KIPAN, KICH, ACC, and KIRP.
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Figure 4. Single-cell expression of SKP2 from the TISCH database. (A) SKP2 expression of various cell types in different cancers. (B-F) Single-cell profile

and SKP2 expression in CRC, HNSC, NPC, NSCLC, and SCLC.

the mutations at the N229Kfs*8 and R182C sites exhibiting the
highest frequencies (Fig. 5B).

Given that amplification is the predominant alteration type of
SKP2, we conducted an analysis of the effect of SKP2 amplifica-
tion on its expression levels across various cancers. The findings
indicated that SKP2 amplification led to an elevation in the mRNA
expression levels of SKP2 (Fig. 5C). Furthermore, as common tu-
mor suppressor genes, TP53 and RB1 are closely associated with
the regulation of the cell cycle, and previous literature has re-
ported their potential interaction with SKP2 [10, 28, 29]. Our find-
ings suggest that genetic alterations in TP53 and RB1 can also up-
regulate SKP2 expression (Fig. 5D). Finally, to demonstrate the in-
dependent effect of SKP2 amplification on enhancing SKP2 expres-
sion, patients were grouped based on the presence or absence of
genetic alterations in SKP2 and TP53/RB1. The results consistently
showed higher SKP2 expression levels irrespective of TP53/RB1 al-
teration status, indicating that SKP2 amplification promoted SKP2
expression independently of TP53/RB1 status (Fig. SE). In sum-
mary, the above findings indicate that amplification of SKP2 is
widely present across various cancers and independently affect
its expression level.

Functional enrichment analysis revealed the
biological characteristics of SKP2

Using GeneMANIA, we identified 20 SKP2-associated genes
connected by physical interaction, co-expression, or co-
localization, enriched for ubiquitination and cell-cycle functions
(supplementary Fig. 1A, see online supplementary material).
GO analysis highlighted mitotic processes (organelle fission,
nuclear division, chromosome segregation), structures (spindle,
chromosomal/centromeric regions, condensed chromosome),
and activities (tubulin/microtubule binding, ATPase/motor ac-
tivity). KEGG pathways included cell cycle, cellular senescence,
progesterone-mediated oocyte maturation, p53 signaling, and
DNA replication (supplementary Fig. 1B). Together, these data
implicate SKP2 in mitosis/proliferation and suggest roles in
senescence and p53 signaling relevant to tumorigenesis.

At the single-cell level, correlating SKP2 in malignant cells with
14 functional states across cancers showed positive associations
with angiogenesis and proliferation, and negative associations
with apoptosis, DNA damage, epithelial-mesenchymal transition
(EMT), and invasion; no consistent links were seen with hypoxia,
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using the cBioPortal database. (B) Mutation type, number, and site of SKP2 across protein domains. (C) SKP2 mRNA expression level in groups with or
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metastasis, quiescence, or stemness. Associations with inflam-
mation, cell cycle, DNA repair, and differentiation varied by tu-
mor type—e.g. SKP2 correlated positively with cell cycle/DNA re-
pair and negatively with inflammation/differentiation in LUAD,
whereas the opposite pattern appeared in RB (supplementary Fig.
1C). Overall, these findings reinforce SKP2’s connection to cell-
cycle/mitotic programs and support its contribution to tumor ini-
tiation and progression through effects on proliferation, senes-
cence/p53 signaling, inflammation, and DNA-damage repair.

SKP2 expression correlates with the TIME

Previous studies have confirmed the significant role of the TIME in
tumor initiation, growth, invasion, and metastasis. However, the
associations between SKP2 and specific TIME features have not
been systematically characterized across cancers. In the afore-
mentioned functional enrichment analysis, SKP2 was found to be
associated with ubiquitination, cell proliferation, signaling path-
way regulation, and anti-apoptosis, which has been reported in
previous studies. Interestingly, our analysis revealed a negative
correlation between SKP2 and inflammation across various can-
cer types, suggesting its potential role in suppressing the TIME
(supplementary Fig. 1C).

To comprehensively elucidate the relationship between SKP2
expression and the cellular and acellular components of the TIME,
we assessed the correlation between SKP2 expression and Im-
muneScore calculated by ESTIMATE across various cancer types.
The results revealed a negative correlation between SKP2 expres-
sion levels and ImmuneScore in most tumors, including BLCA,
CESC, SARC, OV, HNSC, and SKCM, whereas only a minority of
tumors, such as KIRC and LGG, showed a positive correlation
(Fig. 6A). Subsequently, we further analyzed the correlation be-
tween SKP2 expression and the infiltration levels of various im-
mune cell subsets in the TIME. The results revealed a nega-
tive correlation between SKP2 expression and the infiltration lev-
els of most immune cells, including CD8+ T cells, natural killer
(NK) cells, natural killer T (NKT) cells, and gamma delta (Tgd)
T cells, which play crucial roles in tumor immune surveillance
and cytotoxicity. Conversely, SKP2 expression exhibited a signif-
icant positive correlation with activated CD4+ T cells and Th2
cells, which mediate processes involved in tumor immune evasion
(Fig. 6B). Finally, we investigated the relationship between SKP2
expression and the acellular components in the TIME, including
MHC molecules, chemokines, and their receptors. The results indi-
cated that SKP2 expression levels were negatively correlated with
the expression levels of major histocompatibility complex (MHC)
molecules and chemokines across various cancer types (Fig. 6C
and D). However, there was some heterogeneity observed in the
correlation between SKP2 expression and the expression levels of
chemokine receptors across different tumor types. For instance,
negative correlations were found between SKP2 expression and
the expression levels of chemokine receptors in ACC, ESCA, LUSC,
READ, SARC, and STAD, while low to moderate positive correla-
tions were observed in KIRC, PAAD, and PRAD (Fig. 6E).

To validate the effect of SKP2 on the TIME, immunofluores-
cence staining assay of multiple immune markers was con-
ducted on osteosarcoma tissues derived from three Skp2 knock-
out (“TKQ”: Osx1-Cre; Rb1!o¥/1ox; p53lox/lox: Skpo_/) and three con-
trol transgenic (“DKQ”: Osx1-Cre; Rb1'9%/1o%; p53lo¥/lox) mouse mod-
els. The transgenic mouse models used in this study have been
detailed in our earlier publication [16]. As showed in Fig. 7, the os-
teosarcoma tissue-derived Skp2-intact mouse models showed an
“immune-cold” microenvironment, while the Skp2 knockout os-

teosarcoma showed increasing immune cell infiltration, including
macrophages (F4-80+), T cells (CD3+), CD8+ T cells (CD8A+), cy-
totoxic T cells (CD8A+, granzyme B+), NK cells (CD8A-, granzyme
B+), and exhausted T cells (CD8A+, PD-1+) (Fig. 7A-C). Taken
together, these data support a pan-cancer association between
higher SKP2 expression and immune-cold features of the TIME,
while in vivo validation was performed in an osteosarcoma model;
tumor-type-specific exceptions are noted (e.g. KIRC and LGG).
Overall, the pattern is consistent with the hypothesis that SKP2 in-
hibition could enhance responses to immunotherapy in selected
contexts.

SKP2 overexpression predicted poor response to
immunotherapy

Given the potential immunomodulatory role of SKP2, we con-
ducted further analyses to explore the relationship between SKP2
expression levels and the efficacy of immunotherapy. Previous re-
search suggests that TMB and MSI can predict the efficacy of im-
munotherapy. Therefore, we initially analyzed the correlation be-
tween SKP2 expression levels and TMB as well as MSI. We observed
a positive correlation between SKP2 expression and MSI in CESC,
LUAD, COAD, COADREAD, STES, SARC, STAD, OV, and BLCA. Con-
versely, a negative correlation was found in DLBC, HNSC, KIPAN,
and GBMLGG (Fig. 8A, left panel). Regarding TMB, positive correla-
tions between SKP2 expression and TMB were observed in several
cancer types, including GBMLGG, LGG, LUAD, COAD, COADREAD,
BRCA, STES, SARC, KIPAN, STAD, PRAD, LUSC, PAAD, BLCA, and
ACC. Conversely, negative correlations were found only in THYM
and THCA (Fig. 8A, right panel).

Furthermore, we utilized Kaplan-Meier analysis to explore
the direct relationship between SKP2 expression levels and im-
munotherapeutic responses across eight datasets based on im-
mune checkpoint inhibitors. Based on the findings, elevated lev-
els of SKP2 were significantly correlated with poor immunother-
apeutic responses in three melanoma datasets; while in three
other melanoma datasets, patients with higher SKP2 expression
also exhibited a trend towards worse overall survival, albeit with-
out statistical significance. On the other hand, in two renal can-
cer datasets, elevated expression of SKP2 appears to be associated
with better clinical outcomes. This aligns precisely with our ear-
lier finding that SKP2 correlates positively with the immune infil-
tration level in a subset of tumors represented by KIRC (Fig. 8B).

In summary, these results not only suggest that high expression
of SKP2 is associated with immunotherapy resistance across most
cancers but also indicate that SKP2 can be used as a biomarker
to predict the efficacy of immunotherapy. This once again under-
scores the potential of SKP2 inhibitors to enhance the effective-
ness of immunotherapy.

Discussion

In this study, we integrated multi-omics data from several large
public databases to comprehensively investigate SKP2 at the pan-
cancer level. We aimed to evaluate the role of SKP2 in tumorige-
nesis and its prognostic significance, particularly its relationship
with the immune microenvironment and immunotherapeutic ef-
ficacy. We observed that SKP2 is overexpressed in the majority of
cancer types, and its increased expression is closely associated
with poor clinical outcomes. We further discovered that the ele-
vated expression of SKP2 can be attributed to both the amplifi-
cation of the SKP2 gene and genomic alterations involving tumor
suppressor genes TP53/RB1. Notably, our pan-cancer analysis re-
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Figure 7. mIF of osteosarcoma tissues derived from Skp2 knockout and control transgenic mouse models. (A) Example of whole sections output from

Skp2 knockout osteosarcoma (left) and control osteosarcoma (right) using mlF staining technology. DAPI, F4-80, granzyme B, CD3, PD-L1, PD-1, and CD8

staining, with the colors indicated, are shown on a whole section, with magnified insets from a representative donor. Scale bars, 1 mm and 100 um. (B)

Multiplex immunofluorescence staining showing F4-80 (celestial blue), granzyme B (green), CD3 (yellow) PD-L1 (red), PD-1 (purple), and CD8 (orange) of
osteosarcoma sections from representative Skp2 knockout and control transgenic mouse models as indicated. Scale bars, 100 um. (C) Summary plot of

various immune cell abundances from Skp2 knockout (n = 3) and control transgenic (n = 3) mouse models. P-values < 0.05 are considered to be
statistically significant.
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Figure 8. SKP2 expression and immunotherapy response. (A) Correlation of SKP2 expression with MSI and TMB. (B) Kaplan-Meier survival curves for

SKP2 high- and low-expression groups across multiple immune checkpoint inhibitor (ICI) treatment cohorts.
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vealed an inhibitory role of SKP2 in the TIME, further supported
by increased immune cell infiltration observed in Skp2 knockout
transgenic mouse models using mIF staining. In addition, we iden-
tified a negative correlation between SKP2 expression and the ef-
ficacy of immunotherapy. These results demonstrate the broad
oncogenic roles of SKP2 in pan-cancer, revealing its association
with the TIME and immunotherapy responses, and suggesting its
potential as both a prognostic biomarker and a therapeutic target
for immunotherapy.

The overexpression of SKP2 and its correlation with clinical out-
comes have been reported in numerous studies across various
cancer types, including breast cancer [30, 31], esophageal can-
cer [32], gastric cancer [33], non-small cell lung carcinoma [34,
35], lymphoma [36], melanoma [37], oral squamous carcinoma
[13], and prostate cancer [38]. However, most of these early stud-
les drew conclusions using only a single modality of data, typ-
ically mRNA or protein-level data, with relatively small sample
sizes and significant heterogeneity across different studies. Fur-
thermore, these studies focused on SKP2 expression patterns in
a restricted number of cancer types, whereas systematic pan-
cancer investigations integrating multi-omics data remain lim-
ited. In this study, we integrated multi-omics datasets from sev-
eral large public resources to comprehensively investigate the ex-
pression of SKP2 and its correlation with prognosis in pan-cancer
at both mRNA and protein levels, utilizing a large sample size. Our
findings revealed that SKP2 is overexpressed in the majority of
cancer types, consistent with previous reports. Additionally, ele-
vated SKP2 expression was found to be negatively correlated with
the prognosis of various cancers. In summary, our findings extend
previous research conclusions, confirming the oncogenic charac-
teristics of SKP2 and elucidating its broad roles in tumorigenesis
across various tissue types.

SKP2 is overexpressed in the majority of cancer types, and its
increased expression is closely associated with poor clinical out-
comes. We further explored the underlying causes of SKP2 overex-
pression in tumors. Several previous studies have indicated that
certain transcription factors, oncogenic pathways, or transcrip-
tional repressors may regulate the expression of SKP2 [39-41]. In
contrast to these studies, our research delves into the potential
reasons for SKP2 overexpression in tumors across various cancer
types from a genomic perspective. Firstly, we observed that ampli-
fication is the predominant type of genomic alteration affecting
SKP2, and this amplification significantly elevates the expression
level of SKP2. Additionally, given the close association between
the common tumor suppressor genes TP53 and RB1 and cell cycle
regulation [10, 28, 29], we further investigated the regulatory im-
pact of genomic alterations in TP53 and RB1 on SKP2 expression.
The findings revealed that genomic alterations in TP53 and RB1
can also contribute to the overexpression of SKP2. Lastly, to mit-
igate potential confounding factors, we stratified the study pop-
ulation and found that SKP2 amplification could independently
increase SKP2 expression regardless of TP53/RB1 mutation status.
These findings not only enrich the spectrum of oncogenic variants
of SKP2 but also offer novel insights for further investigating the
mechanisms by which SKP2 mediates tumorigenesis.

In recent years, TIME has emerged as a crucial determinant
influencing carcinogenesis, cancer progression, and treatment
responses across numerous studies [42, 43]. However, despite
some prior studies suggesting potential links between SKP2 and
the TIME, its role has not yet been systematically characterized
[44-46]. Our recent study performed bulk RNA-seq on tumors
from Skp2 knockout mice compared to Skp2-intact controls, and
reported significantly higher infiltration of immune cells, reveal-
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ing the inhibitory role of Skp2 in the TIME of osteosarcoma for the
first time [16]. In this study, we systematically investigated the
relationship between SKP2 expression and the TIME, as well as
the efficacy of immunotherapy, across various cancer types. Ini-
tially, when analyzing the expression distribution of SKP2 at the
single-cell level, we found SKP2 expression not only in tumor cells
but also in certain immune cell subtypes such as macrophages
and proliferating T cells. Furthermore, the results from the func-
tional enrichment analysis of SKP2-related genes suggested that
SKP2 might be associated with the inflammatory state of cancer, in
addition to previously reported pathways such as ubiquitination
and cell proliferation. The above evidence strongly suggests that
SKP2 may play a role in regulating the TIME. Therefore, we pro-
ceeded to investigate the correlation between SKP2 and the cellu-
lar and acellular components of the TIME across various cancer
types. The results showed a significant negative correlation be-
tween SKP2 expression and immune infiltration, revealing a po-
tential but extensive inhibitory role of SKP2 in the TIME. This phe-
nomenon was validated by the increasing tumor immune cell in-
filtration in Skp2 knockout transgenic mouse models based on mIF
staining. Finally, we observed a significant negative correlation be-
tween SKP2 expression levels and the efficacy of immunotherapy,
further highlighting its value as a biomarker for immunothera-
peutic effectiveness.

Mechanistically, it is widely recognized that dysregulation of
the cell cycle and increased proliferation may lead to a higher ac-
cumulation of somatic mutations and microsatellite destabiliza-
tion [47-50]. In our study, the positive correlation between SKP2
expression and MSI as well as TMB in most cancer types veri-
fied this hypothesis, which is also supported by similar results
in breast cancer and melanoma [51, 52]. Drawing upon previous
studies, tumors with higher TMB or MSI are associated with an
increased presence of tumor neoantigens [53]. Upon presentation
and recognition, these novel antigens can trigger higher immune
infiltration levels and anti-tumor immune responses [54]. Surpris-
ingly, we discovered a negative correlation between SKP2 expres-
sion and immune infiltration levels. Our results suggest that ele-
vated SKP2 levels may induce widespread downregulation of MHC
and chemoattractant cytokine ligand (CCL) molecules, along with
their receptors, inhibiting antigen presentation and impeding the
activation of immune cells responsible for tumor killing [55, 56].
Additionally, SKP2 can activate certain immunosuppressive cells
in cancer, such as activated CD4+ T cells and Th2 cells, ultimately
leading to the formation of an immune-cold TIME [57]. Thus, by
upregulating cell proliferation and mediating the formation of an
immune-cold TIME, SKP2 overexpression promotes the malignant
phenotypes of cancers and drives immune evasion, ultimately re-
sulting in a worse prognosis and reduced efficacy of immunother-
apy. Last but not least, building upon our previous research and
the findings presented above, we reasonably speculate that in-
hibiting SKP2 could potentially transform “immune-cold” tumors
into “immune-hot” tumors, rendering them more susceptible to
concurrent or subsequent immunotherapy treatments (e.g. im-
mune checkpoint blockade (ICB)), thereby eliciting objective an-
titumor responses [58-60]. Indeed, small-molecule inhibitors of
SKP2, such as C1, SMIPO0O1, and SMIP004, have been discovered
to elevate p27 expression, induce cell cycle arrest, hinder colony
formation in soft agar, and exhibit selective cytotoxicity in can-
cer cells [61-64]. However, whether these inhibitors can serve as
sensitizers for immunotherapy requires further investigation.

Despite the general trend of SKP2 overexpression correlating
with immune-cold TIME and poor prognosis across most can-
cers, exceptions were noted in KIRC and LGG. In these cancers,
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SKP2 overexpression correlated with enhanced immune infiltra-
tion and potentially more favorable clinical outcomes. This sug-
gests that the relationship between SKP2 and the TIME can be
modulated by cancer-specific genetic and immune landscape fac-
tors. In KIRC, SKP2 overexpression correlates with increased im-
mune infiltration, possibly due to the unique molecular features
of KIRC, including frequent mutations in the Von Hippel-Lindau
(VHL) gene, which lead to hypoxia-inducible-factor (HIF) accumu-
lation and the activation of immune pathways [65, 66]. These fac-
tors likely promote immune cell recruitment, including CD8+ T
cells and NK cells, and may enhance immune surveillance in tu-
mors with high SKP2 expression. Similarly, in LGG, SKP2 overex-
pression was associated with immune cell infiltration, likely re-
flecting the immune-active nature of low-grade gliomas in their
early-stage tumors; SKP2 might facilitate immune responses by
modulating immune cell interactions, a role that is distinct from
the immune-suppressive actions observed in higher-grade tumors
[67]. These exceptions in KIRC and LGG underscore the complex-
ity of SKP2’s role in regulating the TIME. Future studies should
investigate how SKP2 interacts with other molecular and immune
factors in these cancers, as these findings may inform therapeutic
strategies targeting SKP2 to enhance immune responses.

There are several limitations to the study. First, most associ-
ations reported here are correlational; although the Skp2 knock-
out osteosarcoma model provides supportive evidence, causality
across tumor types remains to be established. To address this, we
propose in vitro studies perturbing SKP2 in human tumor mod-
els to assess effects on immune-cell abundance, activation, and
function, and to elucidate underlying mechanisms, as well as in
vivo studies testing whether SKP2 inhibition, alone or in combina-
tion with immune checkpoint inhibitors, improves antitumor effi-
cacy in solid tumors. Second, despite multi-database integration,
certain tumor types (e.g. MESO, SARC, UVM) remain underpow-
ered and will benefit from larger cohorts. Third, reliance on public
datasets can introduce systematic biases (batch effects, cohort se-
lection, treatment heterogeneity), despite harmonization. Finally,
the clinical utility of SKP2 as an immunotherapy biomarker—and
the therapeutic potential of SKP2-targeting strategies—requires
prospective validation in biomarker-driven trials.

Across cancers, SKP2 is frequently overexpressed and is asso-
ciated with copy-number gain and the TP53/RB1 context. Its ex-
pression links cell-cycle activation to an immune-cold TIME and
is broadly consistent with poorer prognosis, while recognizing that
effects may vary by tumor type. These findings support SKP2 as a
biomarker to guide risk stratification and immunotherapy deci-
sions and as a therapeutic target, either alone or in combination
with checkpoint blockade in biomarker-selected patients. Future
work should establish whether SKP2 causally induces an immune-
cold microenvironmentin experimental models, clarify the under-
lying mechanisms, and evaluate SKP2-directed strategies in well-
designed clinical trials.
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