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Abstract 

The occurrence and progression of skin cutaneous melanoma (SKCM) is strongly associated with immune cells 
infiltrating the tumor microenvironment (TME). This study examined the expression, prognosis, and immune rel-
evance of SIGLEC9 in SKCM using multiple online databases. Analysis of the GEPIA2 and Ualcan databases revealed 
that SIGLEC9 is highly expressed in SKCM, and patients with high SIGLEC9 expression had improved overall survival 
(OS). Furthermore, the mutation rate of SIGLEC9 in SKCM patients was found to be 5.41%, the highest observed. The 
expression of SIGLEC9 was positively correlated with macrophages, neutrophils and B cells, CD8 + T cells, CD4 + T cells, 
and dendritic cells, according to TIMER. Based on TCGA-SKCM data, we verified that high SIGLEC9 expression is closely 
associated with a good prognosis for SKCM patients, including overall survival, progression-free interval, and disease-
specific survival. This positive prognosis could be due to the infiltration of immune cells into the TME. Addition-
ally, our analysis of single-cell transcriptome data revealed that SIGLEC9 not only played a role in the normal skin 
immune microenvironment, but is also highly expressed in immune cell subpopulations of SKCM patients, regulating 
the immune response to tumors. Our findings suggest that the close association between SIGLEC9 and SKCM progno-
sis is primarily mediated by its effect on the tumor immune microenvironment.
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Introduction
Skin cutaneous melanoma (SKCM) is a malignancy that 
commonly presents as a tumor, characterized by the 
active proliferation of tumor cells, evasion of immune 
surveillance, and an increased likelihood of both recur-
rence and metastasis [1, 2]. Cancer development is heav-
ily influenced by the intricate interplay between tumors, 
stroma, and the immune system. SKCM is distinguished 
by its high mutation burden, neoantigen load, and diverse 
immune infiltration patterns [3, 4]. The use of immuno-
therapy checkpoint inhibitors targeting PD-1, CTLA-4, 
and PD-L1 has become more prevalent in SKCM treat-
ment, resulting in significant enhancements in both sur-
vival rates and quality of life [5, 6].

SKCM is strongly linked to immune response genes and 
tumor-associated genes, which play a critical role in its 
onset and progression [7]. The Tumor microenvironment 
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(TME) consists of a diverse interplay between cell types, 
such as fibroblasts, endothelial cells, and immune cells, as 
well as extracellular components like cytokines, growth 
factors, and hormones, which collectively regulate 
the occurrence, development, and metastasis of many 
tumors, including SKCM [8]. Among the diverse cellu-
lar components of the TME, immune cells are the most 
abundant non-tumor cells, including innate immune 
cells like tumor-associated macrophages and neutrophils, 
antigen-presenting cells examples of innate immune 
cells include dendritic cells, while T cells and B cells are 
examples of acquired immune cells [9, 10]. The dynamic 
interaction between infiltrating immune cells in the TME 
and tumor cells, as well as other cell types, significantly 
impacts tumor progression [11, 12]. Thus, targeting 
immune cells within the TME holds promising potential 
as a strategy for cancer treatment.

Changes in the surface glycosylation patterns of malig-
nant tumor cells, which are present on both immune 
regulatory cells and tumor cells, can potentially impact 
tumor immunity by directly interfering with the interac-
tion between lectins (glycan-binding proteins) on their 
surfaces [13, 14]. One noteworthy point is that while 
normal T cells have low expression of the SIGLEC family, 
T cells that infiltrate tumor cells in the TME show high 
expression of SIGLEC9. Additionally, inhibitory receptors 
such as PD-1 are also expressed in this pattern. Target-
ing SIGLEC9 has the potential to enhance the anti-tumor 
immune response. Furthermore, a study reveals a signifi-
cant positive association between SIGLEC9 expression 
and CD8 + T cells, as well as CD4 + memory activated T 
cells within the TME [15]. SIGLEC9 is currently recog-
nized to have a close association with the tumor immune 
microenvironment and has the potential to impact 
the prognosis of various tumors. Targeting SIGLEC9 
has been demonstrated to modulate the function of 
immune cells that infiltrate the TME, thereby influenc-
ing tumor invasion, metastasis, and immune metabo-
lism [16–19]. Moreover, studies on SKCM have revealed 
that SIGLEC9 can also regulate the anti-tumor effects of 
effector memory CD8 + T cells [20, 21]. However, there 
is insufficient research on the mechanisms underlying 
the role of SIGLEC9 in the development of SKCM and 
its interaction with immune cells that infiltrate the TME. 
Additionally, the comprehensive interactions and under-
lying molecular mechanisms involving immune cells 
and immune checkpoints in relation to SIGLEC9 remain 
unclear.

This study integrates data from various online public 
databases and examines the prognostic significance and 
immune infiltration role of SIGLEC9 in SKCM patients 
by utilizing SKCM bulk RNA and The Cancer Genome 
Atlas (TCGA) database’s clinical data. Our objective was 

to examine the expression of SIGLEC9 at the single-cell 
level in cells of normal skin and SKCM to provide a refer-
ence for targeted therapy of SKCM.

Materials and methods
GEPIA2 database
GEPIA2 (http://​gepia2.​cancer-​pku.​cn/#​index, accessed 
on 16 Jan 2024) is an improved version of GEPIA, which 
integrates 461 SKCM patient tissue samples and 1 nor-
mal skin sample from TCGA database, along with 557 
normal skin samples sourced from the Genotype-Tissue 
Expression Project (GTEx) database, to provide a more 
comprehensive analysis of gene expression across dif-
ferent cancer types. Follow the standard operating pro-
cedures [22] to analyze the discrepancies in SIGLEC9 
expression levels between SKCM and normal skin tissue, 
and evaluate the impact of SIGLEC9 expression on both 
overall survival (OS) and disease free survival (DFS).

Ualcan database
By integrating TCGA transcriptomics and patient clini-
cal information, the Ualcan database (http://​ualcan.​path.​
uab.​edu/​index.​html, accessed on 16 Jan 2024) provides 
researchers with the ability to analyze gene expression 
levels, compare the expression differences between can-
cerous and normal tissue samples, and evaluate their 
association with clinical outcomes [23]. We consulted 
the Ualcan database manual to confirm the correla-
tion between SIGLEC9 expression and the OS of SKCM 
patients.

Data retrieval and analysis
We retrieved SKCM transcriptome and clinical data 
from TCGA database and excluded the data that had 
zero follow-up time or incomplete clinical information 
( accessed on 30 December 2023). We employed the R 
package ’survival’ (version 4.1.3) to stratify patients into 
high and low SIGLEC9 expression groups by dividing 
them based on the median value of SIGLEC9 expression. 
Subsequently, we compared their OS, progression-free 
interval (PFI), disease-specific survival (DSS), and pro-
gression-free survival (PFS) outcomes. For PFI, the event 
is tumor-specific death, excluding other causes of death, 
which may be more relevant for cancer research. In con-
trast, PFS includes deaths from other causes without dis-
tinction. We utilized the “pheatmap” package to compare 
the differentially expressed genes between the high and 
low expression groups, followed by functional analysis of 
these genes using Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways. We 
conducted GSEA using the “c2.cp.kegg.v7.4.symbols.
gmt” gene set, and created a visualization of the top five 
KEGG pathways enriched in the high expression group. 

http://gepia2.cancer-pku.cn/#index
http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
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To analyze the differences in clinical indicators between 
the high and low expression groups, we utilized “limma” 
and “ComplexHeatmap” and performed both univari-
ate and multivariate COX analyses to determine the 
prognostic risk factors. We used the “ggplot2”, “ggpubr”, 
“ggExtra”, “circlize”, and “corrplot” packages to analyze 
and visualize the genes co-expressed with SIGLEC9. 
Using the “estimate” and “reshape2” packages, we 
assessed the TME and obtain StromalScore, ImmuneS-
core, and ESTIMATEScore, then compared the resulting 
gene expression differences and created visualizations. 
We used CIBERSORT to calculate immune cell infiltra-
tion scores for each sample, compared the expression 
levels of immune cells between groups with high and low 
SIGLEC9 expression, and examined the potential cor-
relation between immune cell expression and SIGLEC9 
gene expression. We planned to retrieve immune check-
point genes and examined how they related to SIGLEC9 
gene expression. Additionally, we downloaded immuno-
therapy scoring files from The Cancer Immunome Atlas 
(TCIA, https://​tcia.​at/) to investigate potential disparities 
in SIGLEC9 expression in the context of immunotherapy.

TIMER database
The TIMER database is a comprehensive platform 
designed for the systematic investigation of immune 
infiltration in various cancer types. It can be accessed 
at https://​cistr​ome.​shiny​apps.​io/​timer/ and was last 
accessed on 16 Jan 2024. The database utilizes the TIMER 
deconvolution method to determine the presence of 
six distinct immune cell types and present the results 
through high-quality graphics. This allows for a compre-
hensive analysis of tumor immunology, clinical traits, and 
genomic properties [24]. We Examined the immune cell 
infiltration in SKCM, including B cells, CD8 + T cells, 
CD4 + T cells, macrophages, neutrophils, and dendritic 
cells, using the TIMER database to explore the relation-
ship between SIGLEC9 expression and immune cell 
infiltration.

Examining the expression of SIGLEC9 in different cell 
subpopulations of normal skin and SKCM at the single‑cell 
level
We used the Human Protein Atlas (HPA) [25] at https://​
www.​prote​inatl​as.​org/ (accessed on 16 Jan 2024) to 
investigate the relationship between SIGLEC9 expres-
sion and the single-cell microenvironment in normal 
skin. The TISCH database (http://​tisch.​comp-​genom​ics.​
org/, accessed on 16 Jan 2024) is a scRNA-seq database 
that specifically focuses on the TME, compiling single-
cell transcriptome data from high-quality tumor datasets 
[26]. At the single-cell level, TISCH provides detailed 
cell type annotation, enabling the investigation of the 

TME across various cancer types and the investigation 
of SIGLEC9 expression in cell subpopulations within the 
SKCM TME. Additionally, the HPA database was utilized 
to investigate the protein expression of SIGLEC9 in both 
normal skin tissues and SKCM patients.

Results
High levels of SIGLEC9 expression are observed in SKCM, 
and its upregulation is linked to improved patient 
prognosis
Our analysis using the GEPIA2 database indicated that 
the expression of SIGLEC9 was significantly higher in 
SKCM tumor tissue compared to normal skin tissue 
(P < 0.05, Fig.  1A). Specifically, differences in SIGLEC9 
expression were observed across different stages, with 
gradual increases from Stage II, III, and IV, but still lower 
than in Stage I, with significant differences (F = 5.95, 
Pr = 0.000117 < 0.05, Fig.  1B). Subsequent Kaplan–Meier 
survival analysis revealed that patients with high expres-
sion of the SIGLEC9 gene had a relatively better OS 
(P = 0.007 < 0.05, Fig.  1C), however, DFS did not exhibit 
any statistically significant distinctions (P = 0.22 > 0.05, 
Fig. 1D). The Ualcan database also divided samples into 
UCP2 high expression group (with TPM value higher 
than the upper quartile of UCP2 expression) and low/
medium expression group (with TPM value lower than 
the upper quartile of UCP2 expression), and found 
that high expression of UCP2 was associated with bet-
ter prognosis (P = 0.0018 < 0.05, Fig.  1E). The SKCM 
data downloaded from the TCGA database were also 
divided into high and low expression groups based on 
the median value of SIGLEC9 expression. Patients with 
high expression of SIGLEC9 had better OS (P < 0.001), 
PFI (P = 0.028), and DSS (P < 0.001), but there was no 
significant difference in PFS (P = 0.061 > 0.05) (Fig.  1F-
I). In addition, we observed a light brown staining of 
the SIGLEC9 protein in normal skin tissue, whereas 
in SKCM tissue, a dark brown staining was detected 
(Fig.  2). We discovered that the SIGLEC9 protein has a 
complex three-dimensional structure (Fig. 3A), and that 
the SIGLEC9 gene has the highest mutation frequency 
in SKCM, reaching 5.41% (Fig. 3B). These mutations pri-
marily affect the Immunoglobulin V-set domain (V-set), 
Immunoglobulin domain (151–216) (Ig-3), and Immuno-
globulin domain (260–335) (Ig-3) regions (Fig. 3C).

Examining the correlation between clinical indicators 
and SIGLEC9 expression in patients through statistical 
analysis
Univariate and multivariate Cox regression analy-
ses demonstrated that SIGLEC9 is a protective fac-
tor for the prognosis of SKCM patients, with hazard 
ratio (HR) values of 0.582 (95% confidence interval [CI] 

https://tcia.at/
https://cistrome.shinyapps.io/timer/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
http://tisch.comp-genomics.org/
http://tisch.comp-genomics.org/
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0.446–0.761, P < 0.001) and 0.644 (95% CI 0.493–0.840, 
P = 0.001), respectively (Fig.  4A-B). Investigating the 
correlation between SIGLEC9 expression and clinical 
indicators in SKCM revealed a statistically significant 
association between higher expression levels of SIGLEC9 
and age ≤ 65  years (P = 0.016 < 0.05) and T1-2 stage 
tumors (P = 0.00017 < 0.05). However, SIGLEC9 expres-
sion showed no significant difference among SKCM 
patients with different genders (P = 0.24), stages (stage1-2 
vs. stage3-4, P = 0.34), lymph node status (N0 vs. N1, 
P = 0.44), or metastasis status (M0 vs. M1, P = 0.54) 
(Fig.  4C). After combining clinical data and SIGLEC9 
expression, we developed a predictive nomogram model 
for the prognosis of SKCM patients at 1, 3, and 5 years 
(Fig. 5A). Calibration analysis revealed that the predicted 
probabilities and observed probabilities of patient out-
comes at 1, 3, and 5  years were well-matched, indicat-
ing that our nomogram model could be used to predict 

the prognosis of SKCM patients (Fig. 5B). Subsequently, 
we performed a subgroup analysis and observed that 
high SIGLEC9 expression was associated with a better 
OS than low expression in both female (P = 0.032) and 
male patients (P < 0.001, Fig.  5C). As there were rela-
tively few patients over 65 years old and in the M1 stage, 
OS analysis was not conducted. We found that high 
SIGLEC9 expression was associated with a better prog-
nosis in patients aged ≥ 65 years (P < 0.001, Fig. 5D) and 
in the M0 stage (P < 0.001, Fig.  5E). Similarly, we found 
that high SIGLEC9 expression was associated with better 
OS in the N0 (P = 0.014) and N1-3 subgroups (P = 0.003, 
Fig. 5F), Stage 1–2 (P = 0.013) and Stage 3–4 subgroups 
(P = 0.002, Fig.  5G), and T1-2(P = 0.008) and T3-4 sub-
groups (P = 0.009, Fig. 5H).

Fig. 1  Exploring the significance of SIGLEC9 expression in SKCM and its implications for prognosis. A Examining the expression characteristics 
of both normal and cancerous SKCM tissues through GEPIA2 analysis (* P < 0.05). B The expression patterns of SIGLEC9 across different 
stages, as depicted in GEPIA2. C-D Analyzing the impact of high and low SIGLEC9 expression levels on SKCM patient OS and DFS using data 
from the GEPIA2 database. E Analyzing the impact of high and low SIGLEC9 expression levels on SKCM patient and OS using data from the Ualcan 
database. F-I Using TCGA data and Kaplan–Meier survival curves to explore the relationship between SIGLEC9 expression levels and OS, PFI, DSS, 
and PFS in SKCM
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Analysis of genes co‑expressed with SIGLEC9 in SKCM
Based on our analysis, we have identified genes that 
show both positive and negative regulation with 
SIGLEC9 (Fig.  6A). Specifically, the genes that exhib-
iting negative regulation include ADGRA3, MTURN, 
CLBA1, SNHG8, and ESRP1. The circular plot reveals 
that genes that exhibiting positive regulation with 
SIGLEC9 are predominantly HAVCR2 (R = 0.92, 
P < 0.001), LAIR1 (R = 0.93, P < 0.001), LILRB4 (R = 0.91, 
P < 0.001), LRRC25 (R = 0.94, P < 0.001), PILRA 
(R = 0.92, P < 0.001), and SIGLEC7 (R = 0.92, P < 0.001) 
(Fig. 6B-G).

Functional analysis of differentially expressed genes 
in SIGLEC9‑based groups
After dividing SKCM patients into high and low expres-
sion groups based on the median expression level of 
SIGLEC9, we identified genes with significantly differ-
ent expression levels between the two groups (Fig. 7A). 
Furthermore, GSEA analysis showed that immune-
related pathways were enriched in the high expression 
group of SIGLEC9, with the Chemokine signaling path-
way, Cytokine-cytokine receptor interaction, Hemat-
opoietic cell lineage, and primary immunodeficiency 
being the most significant pathways (Fig.  7B). GO 
analysis revealed that the high expression group of 
SIGLEC9 was closely associated with immune-related 
biological processes, cellular components, and molec-
ular functions (Fig.  7C). The KEGG analysis showed 
that the majority of differentially expressed genes 

were involved in immune-related pathways, including 
Cytokine-cytokine receptor interaction, Chemokine 
signaling pathway, Cell adhesion molecules, Antigen 
processing and presentation, Natural killer cell medi-
ated cytotoxicity, and Th17 cell differentiation (Fig. 7D).

Verification of the close association between SIGLEC9 
and TME immunity using bulk RNA
The computation of immune cell abundance in the 
TMEt indicated a higher score for T cells CD8, T cells 
CD4 memory activated, T cells regulatory (Tregs), NK 
cells resting, Monocyte, and Macrophages M1 in the 
high SIGLEC9 expression group, whereas Macrophages 
M0 had a lower score in the same group (all P < 0.05, 
Fig.  8A). Subsequently, the investigation into the corre-
lation between SIGLEC9 and immune cells revealed that 
SIGLEC9 expression levels were positively correlated 
with T cells CD8 (R = 0.4, P = 1.9E-10), T cells CD4 mem-
ory activated (R = 0.32, P = 4E-07), Monocyte (R = 0.27, 
P = 3.1E-05), Macrophages M1 (R = 0.2, P = 0.0017), and 
Dendritic cells resting (R = 0.17, P = 0.01), and negatively 
correlated with Macrophages M0 (R = -0.32, P = 7.5E-
07) (Fig.  8B-C). Following validation using the TIMER 
database, positive correlations were observed between 
SIGLEC9 expression and various immune cells, including 
B cells (R = 0.249, P = 9.84E-08), CD8 + T cells (R = 0.509, 
P = 2.76E-30), CD4 + T cells (R = 0.334, P = 4.57E-13), 
macrophages (R = 0.628, P = 5.43E-51), neutrophils 
(R = 0.68, P = 1.11E-62), and dendritic cells (R = 0.763, 
P = 3.45E-86) (all P < 0.001, Fig. 8D).

Fig. 2  The expression of the SIGLEC9 protein in normal skin and SKCM tissue, as shown by scale bars, with lengths of 100 μm, 50 μm, and 25 μm 
from left to right
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Correlation analysis of SIGLEC9 with immune checkpoints 
and immune therapy in SKCM
After analyzing the data, a significant positive cor-
relation was found between immune checkpoint 
gene expression and SIGLEC9. The strongest correla-
tions were observed with LAIR1 (R = 0.928), HAVCR2 
(R = 0.918), CD86 (R = 0.895), LGALS9 (R = 0.748), 
PDCD1LG2 (R = 0.743), LAG3 (R = 0.734), TNFRSF9 
(R = 0.728), CD80 (R = 0.726), PDCD1 (R = 0.716), TIGIT 
(R = 0.713), CD27 (R = 0.702), and CTLA4 (R = 0.406) 
(all P < 0.001, Fig.  9A). Upon analysis of the immune 
therapy data, it was discovered that the difference in 
immune therapy between high and low SIGLEC9 expres-
sion groups in IPS_CTLA4_Neg_PD1_Neg (P = 0.2) 
and IPS_CTLA4_Pos_PD1_Neg (P = 0.31) was not sig-
nificant. However, a difference in immune therapy was 
observed between high and low SIGLEC9 expression 

groups in IPS_CTLA4_Neg_PD1_Pos (P = 1.4E-13) 
and IPS_CTLA4_Pos_PD1_Pos (P < 2.22E-16) groups. 
Additionally, patients with high SIGLEC9 expression 
demonstrated higher immune scores (Fig. 9B). Upon ana-
lyzing score differences in the TME, it was discovered 
that patients with high expression of SIGLEC9 had higher 
StromalScore, ImmuneScore, and ESTIMATEScore com-
pared to those with low expression (*** P < 0.001, Fig. 9C).

The single‑cell RNA transcriptome analysis has verified 
that immune cells within normal skin and SKCM exhibit 
primarily high expression of SIGLEC9
At the single-cell level, our ongoing investigation is 
focused on examining the correlation between immune 
cells and the expression of SIGLEC9. The predomi-
nant expression of SIGLEC9 in Langerhans cells located 
within certain subpopulations of cells in normal skin 

Fig. 3  The three-dimensional structure of SIGLEC9 protein and the status of gene mutations. A Three-dimensional structure of the SIGLEC9 protein. 
B Pan-cancer analysis of mutations in the SIGLEC9 gene. C Location of mutations in SIGLEC9 
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Fig. 4  SIGLEC9 expression and its association with clinical parameters in patients. A Univariate Cox analysis evaluating prognostic factors in SKCM. 
B Multivariate Cox analysis evaluating factors in SKCM. (C)SIGLEC9 expression in relation to clinical indicators

(See figure on next page.)
Fig. 5  Prognostic analysis of SKCM patients. A Nomogram for predicting prognosis. B Calibration curves for the Nomogram. C OS curves for female 
and male patients with high and low expression of SIGLEC9. D OS curves for ≥ 65 years with high and low expression of SIGLEC9. E OS curves for M0 
patients with high and low expression of SIGLEC9. F OS curves for N0 and N1-3 patients with high and low expression of SIGLEC9. G OS curves 
for Stage 1–2 and Stage 3–4 patients with high and low expression of SIGLEC9. H OS curves for T1-2 and T3-4 patients with high and low expression 
of SIGLEC9 
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Fig. 5  (See legend on previous page.)
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tissue was discovered through HPA analysis, indicat-
ing its involvement in the development of the immune 
microenvironment of normal skin (Fig.  10). In the fol-
lowing section, we will delve into the expression pattern 
of the SIGLEC9 subpopulation in the single-cell SKCM 
TME. Our analysis of the TISCH database has revealed 
that SIGLEC9 expression is predominantly high in mono-
cyte macrophages across the GSE115978, GSE120575, 
GSE123139, GSE139249, and GSE72056 datasets. Inter-
estingly, the GSE123139 and GSE139249 databases also 
exhibit a marked upregulation of SIGLEC9 expression in 
dendritic cells, as highlighted in Fig. 11.

Subgroup analysis of SIGLEC9
Using the "ConsensusClusterPlus" R package, we cat-
egorized SKCM patients into two clusters (C1 and C2, 
Fig. 12A). Our analysis of patient survival indicated that 
C2 had significantly different outcomes compared to 
C1 in terms of OS (P < 0.001, Fig.  12B), DSS (P < 0.001, 
Fig.  12C), and PFI (P = 0.018, Fig.  12D). Subgroup 
analysis showed that both male (P < 0.001) and female 
(P = 0.025) patients in the C2 had better prognoses than 
those in the C1 (Fig. 13A). However, due to the relatively 
small number of patients over 65  years old and those 
in the M1 stage, survival analysis was not conducted. 
In the study, it was discovered that the C2 had a better 
prognosis for patients aged ≥ 65 (P < 0.001, Fig. 13B) and 
in M0 stage (P < 0.001, Fig. 13C). Additionally, subgroup 

analysis of N0 (P < 0.001) and N1-3 (P = 0.007, Fig. 13D), 
Stage 1–2 (P < 0.001) and Stage 3–4 (P = 0.003, Fig. 13E), 
T1-2 (P = 0.002) and T3-4 (P = 0.018, Fig.  13F) also 
showed that patients in the C2 had significantly better 
prognoses than those in the C1. Furthermore, an analy-
sis was carried out on the relationship between clustering 
and immunity. It was found that there were extensive dif-
ferences in immune checkpoints (Fig. 14A) and immune 
cells infiltrating the TME (Fig. 14B) between the C1 and 
C2 clusters, with the C2 having significantly higher levels 
than the C1.

Discussion
Our study has identified high levels of SIGLEC9 expres-
sion in SKCM patients, with those exhibiting high 
expression displaying superior OS, PFI, and DSS com-
pared to those with low expression, although no advan-
tage was observed in DFS and PFS. Additionally, we have 
found that SIGLEC9 is closely associated with immune 
infiltration in the SKCM TME, and functional analy-
sis has revealed a strong correlation between high levels 
of SIGLEC9 expression and immune-related biological 
functions. Furthermore, our findings at the single-cell 
level have confirmed that SIGLEC9 is not only highly 
expressed in immune cells of normal skin but also pre-
sent in certain immune cells of the SKCM single-cell 
subpopulation, demonstrating significant high expres-
sion. Our study thus concludes that SIGLEC9 is closely 

Fig. 6  Co-expression analysis of genes with SIGLEC9. A Circular visualization tool for analyzing co-expressed genes. B-G Scatter plot visualizing 
the positive correlation between SIGLEC9 and its co-expressed genes
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linked to the TME of SKCM. We divided SKCM patients 
into C1 and C2 clusters, where C2 had higher levels of 
immune checkpoints and immune cell infiltration, and 
showed significantly different outcomes compared to C1 
in terms of OS, DSS, and PFI.

In the immune microenvironment of SKCM, various 
types of TILs are present, including macrophages, den-
dritic cells, T cells, B cells, and natural killer cells [27]. 
These TILs play crucial roles in immune regulation and 
tumor progression within the local microenvironment of 
SKCM, making them a potential targets for SKCM treat-
ment [1, 28]. This study also discovered a significant posi-
tive association between SIGLEC9 expression and several 
immune cell types, including CD8 + T cells, CD4 + T 
cells, T Tregs, resting NK cells, Monocytes, and M1 Mac-
rophages, in the SKCM TME. Based on our previous 
findings showing that high SIGLEC9 expression is associ-
ated with a better clinical prognosis, we hypothesize that 
SIGLEC9-positive patients have a TME rich in immune 
responses that inhibit tumors progression. This suggests 
that SIGLEC9 plays a crucial regulatory role in the SKCM 
TME. Targeting SIGLEC9 in the TME may enhance the 

tumor immune response and improve patient prognosis, 
making it a promising therapeutic target for SKCM.

Currently, it has been shown through in  vitro experi-
ments that recombinant SIGLEC9 has the potential to 
treat SKCM by inducing cytotoxic effects and promoting 
the apoptosis of tumor cells. These findings underscore 
the therapeutic benefits of recombinant SIGLEC9 in 
SKCM [20, 21]. SIGLEC9 has been shown to initiate the 
degradation of FAK and related molecules, thereby reg-
ulating cancer cell adhesion dynamics. This mechanism 
may enable cancer cells to evade immune surveillance 
via SIGLEC9 [18, 29, 30]. Additionally, studies have indi-
cated that the interaction between MUC1 and SIGLEC9 
on monocytes/macrophages within the tumor can induce 
the TAM phenotype. This phenotype is characterized 
by the suppression of CD8 + T cell proliferation and an 
increase in the expression of scavenger receptor CD163, 
mannose receptor CD206, and immune checkpoint 
ligand PD-L1, thereby influencing the tumor’s immune 
microenvironment [31].

However, when SIGLEC9 binds to activating antibod-
ies, it enhances the immune response. As an immune 

Fig. 7  Analysis of gene expression differences and functions between SIGLEC9 groups. A Visualization of gene expression differences between high 
and low SIGLEC9 expression groups using a heat-map. B Functional analysis of differentially expressed genes using GSEA. C Functional analysis 
of differentially expressed genes using GO. D Functional analysis of differentially expressed genes using KEGG
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Fig. 8  Investigation of the immune correlation between SIGLEC9 and the TME. A Analysis of the relative abundance of immune cells 
between the high and low SIGLEC9 expression groups. (* P < 0.05, ** P < 0.01, *** P < 0.001). B Correlation analysis of immune cells with SIGLEC9 
expression. C Validation of the association between SIGLEC9 expression and immune cells using the TIMER database



Page 12 of 16Yang et al. Diagnostic Pathology          (2024) 19:112 

checkpoint and inhibitory receptor, SIGLEC9 holds 
promise for developing antibodies that target vari-
ous immune regulations in cancer immunotherapy 
[16]. Recent research has shown that the activation of 

LINC01004-SPI1 axis by tumor-associated macrophages 
in esophageal squamous cell carcinoma can induce the 
transcriptional activation of SIGLEC9, leading to immu-
nosuppression and radioresistance [32]. Conversely, 

Fig. 9  Analysis of SIGLEC9 with immune checkpoints and immune therapy. A The heatmap illustrates the correlation between immune 
checkpoint genes and SIGLEC9 expression, where darker shades of red indicate a stronger correlation. B Analysis of differences in immune 
therapy among patients with different levels of SIGLEC9 expression. C Analysis of differences in StromalScore, ImmuneScore, and ESTIMATEScore 
between high and low SIGLEC9 expression groups in the TME (*** P < 0.001)

Fig. 10  The expression profile of SIGLEC9 in various subpopulations of single cells present in the normal skin was be explored
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Fig. 11  The expression profile of SIGLEC9 in various subpopulations of single cells present in SKCM was be explored

Fig. 12  Cluster analysis of SIGLEC9. A The consensus matrices of the clusters. B Kaplan–Meier survival curve of OS between C1 and C2. C Kaplan–
Meier survival curve of DSS between C1 and C2. D Kaplan–Meier survival curve of PFI between C1 and C2
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some experts have a different perspective, suggesting 
that individuals with high expression of SIGLEC9 in 
glioma may have a worse prognosis than those with low 
expression. This is attributed to the ability of SIGLEC9 
to regulate myeloid-derived suppressor cells and neu-
trophils, enhance the expression of immune checkpoint 
genes, influence the TME, and promote tumor growth, 
metastasis, and resistance to glioblastoma therapies [17]. 
Targeting the SKCM Siglec-9 axis in SKCM may release 
the CD8 + T cell subset within the tumor and limit T 
cell activation within the TME [20] Moreover, a strong 

association was observed between SIGLEC9 expression 
and immune checkpoints including LAIR1, HAVCR2, 
CD86, LGALS9, PDCD1LG2, LAG3, TNFRSF9, PDCD1, 
and CTLA4, among patients with high SIGLEC9 expres-
sion. Additionally, these patients showed a more favora-
ble response to immunotherapy targeting SKCM immune 
checkpoints.

Analyzing the TME of SKCM and the correlation 
and regulatory mechanisms of genes at the single-cell 
level is crucial for advancing the precision medicine 
[28, 33]. Therefore, this study examined the expression 

Fig. 13  Analysis of prognostic subgroups in SKCM. A OS curves for female and male patients in C1 and C2 clusters. B OS curves for age ≥ 65 years 
patients in C1 and C2 clusters. C OS curves for M0 patients in C1 and C2 clusters. D OS curves for N0 and N1-3 patients in C1 and C2 clusters. E OS 
curves for Stage 1–2 and Stage 3–4 patients in C1 and C2 clusters. F OS curves for T1-2 and T3-4 patients in C1 and C2 clusters
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of the SIGLEC9 gene in single cells from normal skin 
and found that it was predominantly highly expressed 
in Langhans immune cells, indicating that SIGLEC9 
mainly participates in the construction of the nor-
mal skin TME. In multiple SKCM single-cell libraries, 
SIGLEC9 was primarily highly expressed in monocyte 
macrophages and dendritic cells of the TME, indicating 
that SIGLEC9 may be an essential factor in maintaining 
and regulating the SKCM TME.

This study aims to design relevant experiments to 
validate the specific immune-related regulatory mecha-
nism of SIGLEC9 in the TME of SKCM. The research 

discovered that SIGLEC9 is highly expressed in cancer-
ous tissue and that SKCM patients with high expres-
sion have a better prognosis. By integrating multiple 
databases, the study confirmed that SIGLEC9 plays an 
immune regulatory role in the TME at both the over-
all tissue transcriptome level and single-cell transcrip-
tome level, providing a promising therapeutic target for 
SKCM immunotherapy.
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