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Abstract: Finding biomarkers for immunotherapy is an urgent issue in cancer treatment. Cellular retinoic acid-binding

protein 2 (CRABP2) is a controversial factor in the occurrence and development of human tumors. However, there is

limited research on the relationship between CRABP2 and immunotherapy response. This study found that negative

correlations of CRABP2 and immune checkpoint markers (PD-1, PD-L1, and CTLA-4) were observed in breast

invasive carcinoma (BRCA), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD) and testicular

germ cell tumors (TGCT). In particular, in SKCM patients who were treated with PD-1 inhibitors, high levels of

CRABP2 predicted poor prognosis. Additionally, CRABP2 expression was elevated in cancer-associated fibroblasts

(CAFs) at the single-cell level. The expression of CRABP2 was positively correlated with markers of CAFs, such as

MFAP5, PDPN, ITGA11, PDGFRα/β and THY1 in SKCM. To validate the tumor-promoting effect of CRABP2 in

vivo, SKCM xenograft mice models with CRABP2 overexpression have been constructed. These models showed an

increase in tumor weight and volume. Enrichment analysis indicated that CRABP2 may be involved in immune-

related pathways of SKCM, such as extracellular matrix (ECM) receptor interaction and epithelial-mesenchymal

transition (EMT). The study suggests that CRABP2 may regulate immunotherapy in SKCM patients by influencing

infiltration of CAFs. In conclusion, this study provides new insights into the role of CRABP2 in immunotherapy

response. The findings suggest that CRABP2 may be a promising biomarker for PD-1 inhibitors in SKCM patients.

Further research is needed to confirm these findings and to explore the clinical implications of CRABP2 in

immunotherapy.

Introduction

Immunotherapy, basing on the principle of overcoming
tumor immune escape and boosting the immune response,
brings comprehensive innovation to the field of tumor
therapy [1,2]. The most representative category of
immunotherapy is immune checkpoint inhibitors (ICIs),
which have become the most widely used immunotherapy
in clinical practice [3,4]. Abnormal upregulation of immune
checkpoint molecules in tumors inhibits T cell signaling,
while ICIs acts as monoclonal antibodies to obstruct above
pathway and resume T-cell-mediated recognition and
clearance for tumor cells [5]. The targets of ICIs are

concentrated in cytotoxic T lymphocyte-associated antigen-4
(CTLA-4), programmed cell death-1 (PD-1), and
programmed death ligand-1 (PD-L1) [6]. CTLA-4 is
expressed on T cells and helps to regulate the immune
response by sending a signal to T cells to stop attacking cells
that are not infected with a virus or bacteria [7]. PD-1 is
expressed on T cells and helps to regulate the immune
response by sending a signal to T cells to stop attacking cells
that are already infected with a virus or bacteria [8]. PD-L1
is expressed on tumor cells, and it can bind to PD-1 on T
cells, which sends a signal to the T cell to stop attacking the
tumor cell [9]. Despite the revolutionary success of
immunotherapy in tumor treatment, some patients still
exhibit innate or acquired resistance to ICIs, exhibiting no
response or even resistance [10]. Therefore, finding
biomarkers to distinguish between patients with and without
response to ICIs, thereby improving the clinical response
rate of ICIs, is an urgent and important issue.
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Melanoma is one of the most common malignant
tumors, which is highly invasive and tends to metastasize
early [11]. The response of melanoma to chemotherapy has
been generally poor for a long time, while the introduction
of immunotherapy and targeted therapy in the past decade
has completely changed the treatment situation of
melanoma [12]. Following the first clinically used ICI, the
CTLA-4 inhibitor ipilimumab, has been approved for the
treatment of advanced melanoma, PD-1 inhibitors and PD-
L1 inhibitors have also been shown to significantly prolong
survival of melanoma [13,14]. Although the successful
clinical application of numerous ICIs has completely
changed the treatment of melanoma, only about half of the
patients showed lasting clinical benefits [15]. For patients
with melanoma, reliable biomarkers for predicting response
to immunotherapy and new targets for overcoming drug
resistance are still urgently needed to overcome immune
resistance more effectively.

The tumor microenvironment (TME) has been
confirmed to be closely related to the occurrence,
progression and metastasis of tumors, significantly affecting
the diagnosis, survival outcome and sensitivity to clinical
treatment of tumors [16]. Stromal cells in TME, namely
cancer-associated fibroblasts (CAFs), are the core role of
TME in solid tumors and can secrete a variety of cytokines
and metabolites, thus promoting tumor cell proliferation,
angiogenesis, invasion, metastasis, and extracellular matrix
(ECM) remodeling [17–19]. In addition, CAFs affects
susceptibility of tumor to chemotherapy and immuno-
therapy by forming osmotic barriers and regulating immune
responses [20]. CAFs influence the antitumor activity of T
cells and promote immune escape by inducing the
overexpression of ligands in immune checkpoint molecules
such as PD-L1 and PD-L2 in its own cells and other cells in
TME [21]. Some specific CAFs subtypes have also been
found to express inflammatory factors and immuno-
suppressive factors as IL-33 and CXCL14, and affect the
ICI efficacy in melanoma, renal cancer, and bladder
cancer [22].

Cellular retinoic acid-binding protein 2 (CRABP2) is a
significant part of the retinoic acid (RA) signaling pathway,
and its function is mainly to regulate the transcription of
downstream genes by transporting RA to combine with the
retinoic acid receptor (RAR) in the nucleus [23]. Abnormal
gene expression of CRABP2 has been observed in various
tumors and may play an important role in regulating
proliferation, apoptosis, invasion, metastasis and other
activities of tumor cells [24]. The CRABP2 gene may serve
as an inhibitory or promoting factor in the occurrence and
development of different tumors, while its specific function
and mechanism still need further study [25–30].
Considering the controversial role of CRABP2 in different
tumors, our previous pan-cancer analysis supported an
association between high CRABP2 expression and adverse
outcomes in breast, lung, and ovarian cancers, and the high
level of CRABP2 promotes docetaxel resistance in breast
cancer [31].

There is currently limited research on the relationship
between CRABP2 gene and immunity. The ImmPort Shared
Data database (https://www.immport.org/home) includes

CRABP2 as an immune related gene, and CRABP2 has been
identified as a tumor mutation burden (TMB)-related
immune gene for melanoma [32,33]. In melanoma, the
expression level of CRABP2 in the high-TMB group was
significantly higher than that in the low-TMB group, and
was associated with poor prognosis. And the copy number
variation (CNVs) of CRABP2 gene can inhibit the immune
infiltration level of B cell, T Cell, macrophage, neutrophil
and dendritic cell [33]. Since the role of CRABP2 gene in
tumor immunotherapy has not been elucidated, we
conducted a correlation analysis between the expression of
CRABP2 and the efficacy of immunotherapy. Through
bioinformatics analysis, we found that the level of CRABP2
may be related to the response of melanoma to PD-1 and
may become a new target to improve the efficacy of
immunotherapy by influencing immune infiltration of CAFs.

Materials and Methods

Expression of CRABP2 in tumor cells and tissues
The differences of CRABP2 expression between normal and
tumor cell lines were compared in the GENT2 platform
(http://gent2.appex.kr/gent2/), basing on gene expression
profiles across cancer experiments from GPL570 platform
[34]. In addition, the GEPIA2.0 website was utilized to
compare the differences in CRABP2 expression between
tumor and normal tissue in the TCGA and GTEx databases,
and the cutoff value of |log2 (Fold Change)| defaults to 1
(http://gepia2.cancer-pku.cn/#analysis) [35].

Correlation between the expression levels of CRABP2 and
checkpoint molecules
A comprehensive correlation analysis between expression of
CRABP2 and expression of checkpoint molecules, including
PD-1 (PDCD1 gene), PD-L1 (CD274 gene) and CTLA-4
(CTLA4 gene), in tumors of TCGA database were executed
by the “Gene_Corr” module of the TIMER2.0 website
(http://timer.comp-genomics.org/), and the results were
presented by a heat map [36]. Similarly, the correlation
between CRABP2 and checkpoint molecules in various
tumors from TCGA was also identified using Spearman
methods in the Xiantao tool (https://www.xiantao.love/) [37].

Effect of CRABP2 level on prognosis and response of ICIs in
tumor
The “Immunotherapy” module of the Kaplan-Meier Plotter
(https://kmplot.com/analysis/) [38] was used to analyze the
effects of CRABP2 expression on overall survival (OS) and
progression-free survival (PFS) of tumor patients treated
with ICIs. The tumor types included bladder carcinoma,
esophageal adenocarcinoma, glioblastoma, hepatocellular
carcinoma, head and neck squamous cell carcinoma,
melanoma, lung cancer and urothelial tumor. In addition,
the Receiver Operating Characteristic (ROC) test in the
“Immunotherapy of clinical samples” module of the ROC
plotter website (https://www.rocplot.org/cells) [39] was
employed to formalize the association between CRABP2
levels and the response to ICIs in sixteen common tumors.
All patients receiving three different ICIs were grouped into
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responders and non-responders basing on the calculated
response in the ROC plotter website. A web portal of tumor
immunotherapy gene expression resource named TIGER
(http://tiger.canceromics.org/) [40] also provided infor-
mation on the prognosis of patients and drug responses to
ICIs in various tumors from different data sources.

Immune infiltrates analysis
The single-cell RNA-seq data from the TISCH2 website
(http://tisch.comp-genomics.org) [41] were employed to
examine the CRABP2 expression in the TME of tumor
treated with immunotherapy. Moreover, the ESTIMATE
algorithm was used to estimate the ratio of immune
components and matrix components of TME in tumor
samples, with ImmunoScore, StromalScore and
ESTIMATEScore as the results. These three scores were
positively correlated with the proportion of immune cell, the
proportion of stromal cells and the sum of the two [42].
Associations between CRABP2 expression and estimated
StromalScore in TCGA dataset and multiple GEO datasets
were obtained from the “Cell infiltration” module of the
BEST website (https://rookieutopia.com/).

The EPIC, MCPCOUNTER and TIDE algorithms
provided by the “Immune_Gene” module of the TIMER2
website were applied to predict the relationship with
expression of CRABP2 in TCGA tumor and the infiltration
of CAFs. In addition, the Spearman correlation coefficient
between the expression of CRABP2 and the expression of
typical phenotypic markers of CAFs were calculated using
the Xiantao tool and GEPIA2 tool.

Cell cultures and transfection
Human melanoma cell line A375 was acquired from the
Cancer Research Institute of Central South University,
Changsha, Hunan, China and cultured in RPMI-1640
medium (BasalMedia, Shanghai, China) comprising 1%
penicillin-streptomycin (Gibco, Waltham, MA, USA) and
10% fetal bovine serum (Gibco, Waltham, MA, USA). The
environment of incubator was maintained at 37°C and 5%
CO2. Human complementary DNA (cDNA) plasmids of
CRABP2 and control plasmids were obtained from Sangon
Biotech Co., Ltd., Shanghai, China. The plasmids were
transfected into A375 cells with Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA).

Western blot
The specific method of western blot was consistent with our
previous research [31]. Cell lysates were prepared using
RIPA lysis buffer (Bimake, Houston, Texas, USA), and the
proteins in cell lysates were separated using 10% SDS–
PAGE and transferred into PVDF membranes (Millipore,
Billerica, MA, USA). After being blocked with skimmed dry
milk, PVDF membranes were incubated overnight with
primary antibodies of CRABP2 (Proteintech, Chicago,
Illinois, USA) and β-Actin (Santa Cruz, Dallas, Texas, USA).
Later, Immobilon Western chemiluminescent reagents
(Millipore, billerica, MA, USA) were used to detect proteins
on the membranes.

Animal experimentation
The animal experiments in this study were approved by the
Animal Experimental Ethics Committee of Central South
University, Changsha, Hunan, China (Approval number:
CSU-2023-0202). The 4-week-old female BALB/C-nu/nu
mice were randomly divided into 2 groups with 5 mice per
group. Mice were injected subcutaneously with A375 cells
(2 × 105) and their body weight was recorded daily. After 7
days from cell injection, the tumor volume was monitored
every day with vernier calipers, calculating as V = (L × W2)/2
(V, volume; L, length; W, width). After 7 days of observation,
the mice were euthanized and subcutaneous tumor tissues
were collected.

Functional enrichment analysis
The gene set enrichment analysis (GSEA) of CRABP2-related
genes was carried out using the Xiantao tool to determine the
potential signaling pathway of CRABP2 participated in the
regulation of melanoma. Furthermore, for melanoma treated
with immunotherapy, the TISCH2 website also enriched
signal pathway of up-regulated and down-regulated gene-
sets derived from the Kyoto Encyclopedia of Genes and
Genomes Pathway-based Enrichment Analysis (KEGG).

Statistical analysis
SPSS 23.0 was applied for data analysis and GraphPad Prism 8
was conducted for data charting. Student’s t-test was
performed to compare the mean equality of two
independent samples. For all results, *p < 0.05; **p < 0.01;
***p < 0.001.

Results

Associations of CRABP2 expression and checkpoint molecules
in tumors
The associations of mRNA expression between CRABP2 and
three immune checkpoint molecules (PDCD1, CD274 and
CTLA4) were examined in 33 different tumor types from
the TCGA database using the TIMER2.0 and Xiantao tools.
As shown in Fig. 1A, the correlation between CRABP2 and
checkpoint molecules in all tumor types were displayed in a
heat map. Further validation through the TIMER2.0 and
Xiantao tool indicated that there were significant negative
correlations in both online tools between CRABP2 and three
checkpoint molecules in breast invasive carcinoma (BRCA),
skin cutaneous melanoma (SKCM), stomach adeno-
carcinoma (STAD) and testicular germ cell tumors (TGCT)
(Figs. 1B–1M). On the contrary, both tools suggested that
the above molecules were significantly positively correlated
in liver hepatocellular carcinoma (LIHC), lung adeno-
carcinoma (LUAD), prostate adenocarcinoma (PRAD) and
uveal melanoma (UVM) (Suppl. Fig. S1).

Prognostic value and efficacy prediction of CRABP2 in
immunotherapy treatment
The Kaplan-Meier plotter website was used to analyze the
relationship between the expression level of CRABP2 and
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prognosis in tumor patients receiving ICIs. It was found that
for all patients and melanoma patients receiving PD-1
inhibitors included in the website, higher level of CRABP2

predicted adverse OS and PFS (Figs. 2A–2D). Moreover, an
association between higher expression of CRABP2 and poor
OS was observed in glioblastoma, but there was no

FIGURE 1. Associations of CRABP2 expression with checkpoint molecules in human tumors. (A) Associations of mRNA expression between
CRABP2 and three immune checkpoint molecules (PDCD1, CD274 and CTLA4) in TCGA tumor that analyzed by TIMER2.0. (B–M)
Associations of mRNA expression between CRABP2 and three immune checkpoint molecules (PDCD1, CD274 and CTLA4) in breast
invasive carcinoma (BRCA) (B–D), skin cutaneous melanoma (SKCM) (E–G), stomach adenocarcinoma (STAD) (H–J) and testicular
germ cell tumors (TGCT) (K–M) that analyzed by Xiantao.
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significant difference in PFS (Figs. 2E and 2F). For patients
receiving PD-L1 inhibitors, a significant association was
observed between low level of CRABP2 and poor PFS in all

patients and esophageal adenocarcinoma patients, but no
association with OS was found. No significant correlation
between CRABP2 and prognosis was observed in patients

FIGURE 2. Prognostic value and efficacy prediction of CRABP2 in immunotherapy. Relationship between the expression level of CRABP2 and
prognosis in all tumor patients (A and B), melanoma patients (C and D) and glioblastoma patients (E and F) receiving PD-1 inhibitors which
analyzed by Kaplan-Meier plotter. Expression level of CRABP2 in PD-1 non-responder group and PD-1 responder group in both all tumor
patients (G) and melanoma patients (I) that analyzed by ROC plotter. AUC value of sensitivity prediction for PD-1 inhibitors basing on
CRABP2 for all tumor patients (H) and melanoma patients (J). (K) Expression level of CRABP2 in non-responder group and responder
group of melanoma patients accepted immunotherapy that analyzed by TIGER. (L) Relationship between the expression level of CRABP2
and prognosis in melanoma patients receiving immunotherapy which analyzed by TIGER.
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receiving CTLA-4 inhibitors, regardless of overall or specific
tumor types (Suppl. Fig. S2).

To explore the potential predictive significance of
CRABP2 in response to immunotherapy, the ROC plotter
was used to analyze the correlation between the expression
of CRABP2 and the sensitivity of three ICIs in tumors. The
results showed that in all tumor types and melanoma
patients accepted anti-PD-1 therapy, the expression of
CRABP2 was significantly increased in nonresponsive group
(all tumor type: p = 0.000, Fig. 2G, ROC curve in Fig. 2H;
melanoma: p = 0.007, Fig. 2I, ROC curve in Fig. 2J). The
ROC curves showed that the values of area under the curve
(AUC) predicted by CRABP2 for the sensitivity of PD-1
inhibitors in all tumor types and melanoma were 0.615 and
0.584. No significant differences of sensitivity were found in
tumor patients receiving PD-L1 inhibitors and CTLA4
inhibitors. In addition, in a transcriptome dataset from the
TIGER website that included melanoma patients receiving
PD-1 inhibitors or receiving PD-1 inhibitors combined with
CTLA4 inhibitors [43], expression of CRABP2 was
significantly higher in the non-responder group, and high
level of CRABP2 gene suggested poor survival probability
(Figs. 2K and 2L). Based on the above results of CRABP2
on the prediction of efficacy and prognosis in
immunotherapy, we found that in melanoma, the high
expression of CRABP2 may be related to the
downregulation of checkpoint molecules, contributing to
non-response and poor-prognosis to PD-1 treatment.

The influence of CRABP2 on immune infiltration in SKCM
We attempted to explore the mechanism by which CRABP2
affects the efficacy of PD-1 inhibitors in melanoma at the
single-cell level. Single cell RNA-seq data of advanced
melanoma patients with good response to PD-1 inhibitors

in GSE134388 dataset were analyzed on TISCH2 website
[44]. Umap format was used to display immune cells,
stromal cells, and specific cell types including CD8 T cell,
DC cell, endothelial cell, fibroblasts cell, etc. (Figs. 3A and
3B). Umap and violin plot were used to explore the immune
characteristics of CRABP2 gene in melanoma which
responded well to PD-1 inhibitors. It was found that the
expression of CRABP2 in fibroblasts was significantly
increased (Figs. 3C and 3D). Subsequently, three different
algorithms on the TIMER2 website were used to
demonstrate the effect of CRABP2 on CAFs infiltration in
TCGA tumor, indicating a positive correlation between
CRABP2 and CAFs infiltration in SKCM (spearman’s R:
0.481–0.545, p < 0.05) (Fig. 3E).

Significant positive correlations between CRABP2
expression and estimated StromalScore were observed in
SKCM from TCGA data sets and nine GEO data sets. The
correlation coefficients were greater than 0.3 in six GEO
data sets (Figs. 4A–4F), while the correlation coefficients of
other data sets were greater than 0.2 (Suppl. Fig. S3). Then,
two tools, Xiantao and GEPIA2.0, were used to analyze the
correlation between CRABP2 and typical phenotypic
markers of CAFs in SKCM samples of TCGA, (such as FAP,
ACTA2, MFAP5, COL11A1, Tenascin-C, PDPN, ITGA11,
NG2, CXCL12, S100A4, PDGFRα/β, POSTN, CD74, THY1,
Vimentin and other markers) [45–48]. Among them, both
calculations showed that FAP, ACTA2, MFAP5, COL11A1,
Tenascin-C, PDPN, ITGA11, S100A4, PDGFRα/β, POSTN,
THY1 molecules were significantly positively correlated with
CRABP2 in SKCM. Especially for MFAP5, PDPN, ITGA11,
PDGFRα/β, THY1, the correlation coefficients were all
greater than 0.3 (Figs. 4G–4L). The above results suggested
that CRABP2 may be related to immune infiltration of
CAFs in patients with SKCM.

FIGURE 3. The influence of CRABP2 on immune infiltration in SKCM. (A and B) The immune cells, stromal cells, and specific cell types at the
single-cell level of advanced melanoma patients with good response to PD-1 inhibitors which were analyzed on TISCH2. Umap (C) and violin
plot (D) to explore the immune characteristics of CRABP2 gene in melanoma which responded well to PD-1 inhibitors which were analyzed on
TISCH2. (E) Correlation analysis between CRABP2 and cancer-associated fibroblasts (CAFs) across different cancers in TCGA.
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CRABP2 accelerated tumor growth in SKCM in vivo
By investigating the CRABP2 levels in cell lines and tissues of
melanoma using GENT2 and GEPIA2 tool, we found that the
CRABP2 expression in normal samples was significantly
higher than that in tumor-cell lines and tissues (Suppl.
Fig. S4). Therefore, to verify the relationship of CRABP2
and the prognosis of melanoma patients, we tested the
tumo-rigenicity of melanoma cells with overexpression of
CRABP2 in vivo. Following overexpression of cDNA
plasmids of CRABP2 in A375 melanoma cells (Fig. 5A),
melanoma cells were injected into BALB/C-nu/nu mice to
create subcutaneous melanoma models. As shown in Figs.
5B–5E, compared to the control group, the mice models
derived from melanoma cells with CRABP2 overexpression
had significantly increased tumor weight and volume, while
the body weight of mice did not have a significant difference.

Role of CRABP2 in CAFs from SKCM
To explore the potential signaling pathway of CRABP2
involved in immune regulation of SKCM, relevant genes
obtained from the differential analysis of CRABP2 gene
were used to conduct GSEA. The epithelial-mesenchymal
transition (EMT) pathway had the highest enrichment score
in GSEA, suggesting that CRABP2 tend to participate in the
control of EMT in SKCM (Fig. 6A). We previously observed

high expression of CRABP2 in fibroblasts during single-cell
analysis of SKCM, and then conducted KEGG pathway
analysis using single-cell data provided by the TISCH2
website. The results showed that significant upregulation of
ECM-receptor interaction was observed in fibroblasts from
SKCM patients who responded well to PD-1 inhibitors
(Fig. 6B). On the contrary, multiple pathways, including
allograft rejection, antigen processing and presentation,
autoimmune thyroid disease, cell adhesion molecules
(CAMs), graft vs. host disease, leishmania infection,
ribosome, type1 diabetes mellitus, and viral myocarditis,
were downregulated in fibroblasts (Fig. 6C).

Discussion

Considering the limited research on CRABP2 and tumor
immunity, we attempted to apply bioinformatics analysis to
explore the potential significance of CRABP2 for tumor
immunotherapy. After repeated validation in different tools,
we noted that the expression of CRABP2 in BRCA, SKCM,
STAD and TGCT was significantly negatively correlated
with the level of immune checkpoint molecules. Our
previous studies have found that the expression of CRABP2
in BRCA was significantly higher than that in adjacent
normal tissues, indicating an association to poor clinical

FIGURE 4. Relationship between CRABP2 expression level and infiltration of CAFs in SKCM. Correlation between CRABP2 expression and
estimated StromalScore in SKCM from GES99898 (A), GSE53118 (B), GSE54467 (C), GSE65904 (D), GSE19293 (E) and GSE22153 (F) which
analyzed by BEST. (G–L) Correlation analyses between CRABP2 and the CAFs markers including MFAP5, THY1, PDGFRα/β, ITGA11 and
PDPN by Xiantao.
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outcome and docetaxel resistance [31]. CRABP2 was
identified as a TMB-related gene in SKCM, and the
significance of CRABP2 for tumor prognosis was attempted
to analyze from two immune-related aspects: TMB and
immune infiltration [33]. In STAD, CRABP2 was highly
expressed under TET1-mediated DNA hydroxymethylation,
which was correlated with poor OS and promoted
oxaliplatin resistance [48]. There is currently no research
focusing on the role of CRABP2 in TGCT. Based on our
findings and previous research reports, we have found that
CRABP2 may be associated with the prognosis of multiple
tumors, particularly affecting the immunotherapeutic
efficacy and immune infiltration of SKCM.

Under the circumstances, we found that patients with
higher levels of CRABP2 in SKCM treated with PD-1
inhibitors predicted poor prognosis, and the expression of
CRABP2 was significantly elevated in SKCM patients who
did not respond to PD-1 inhibitor treatment. The above
results indicated the potential of CRABP2 in predicting the
efficacy of PD-1 inhibitors in SKCM. All trans retinoic acid
(ATRA) had the ability to activate innate and adaptive
immunity, and signaling pathways mediated by retinoic acid
and RAR were involved in immune-modulatory response of
skin [49]. Our findings were like previous research reports
in which the expression level of CRABP2 was significantly
increased in the high-TMB group compared to the low-
TMB group, and high level of CRABP2 was associated with
adverse survival outcomes in SKCM patients [33]. In
addition, CRABP2 was also differentially expressed as an
immune related gene in clear cell renal cell carcinoma and
was associated with poor prognosis. In the risk score model
constructed with participation of CRABP2, it was found that
the unfavorable-risk group had higher immune infiltration
(CD8 T cell, Treg cell and NK cell) and higher expression of

immune response suppressors (PD-1, CTLA4, TNFRSF9,
TIGIT and LAG3) [50].

For SKCM, we also found a significant positive
correlation between the expression of CRABP2 and
StromalScore, which represents stromal cells, in different
data sets of TCGA and GEO. Single-cell analysis of SKCM
patients responding to PD-1 inhibitors suggested a
significant increase of CRABP2 level in fibroblasts. The
immune infiltration analysis of stromal cells in TME also
showed a positive association between CRABP2 and CAFs
infiltration in SKCM. Moreover, it was found that CRABP2
was significantly positively correlated with typical
phenotypic markers of CAFs in SKCM, such as MFAP5,
PDPN, ITGA11, PDGFRα/β and THY1. The results of
animal experiments had also demonstrated that CRABP2
overexpression promoted tumorigenesis of melanoma, and
the underlying mechanism was worthy of further
verification in mouse models. It was reported that through
immunohistochemical staining and immunofluorescence
assay, it was found that fibroblasts in skin samples expressed
CRABP2 [51]. Previous studies have observed a correlation
between the expression of CAFs and CRABP2 in pancreatic
ductal adenocarcinoma (PDAC), where the two transporters
of ATRA, fatty acid binding protein 5 (FABP5) and
CRABP2, always appear in a high FABP5: CRABP2 ratio in
quiescent fibroblasts. When the pancreatic stellate cells
(PSC) transformed into CAFs (activated fibroblasts) after
RA deficiency, Hughes et al. observed that the level of
CRABP2 and FABP5 in both PSC and CAFs were
significantly lower than that in quiescent fibroblasts [30].

The results of pathway enrichment suggested that the
potential signaling pathways of CRABP2 involved in
immune regulation of SKCM were concentrated in EMT
and ECM-receptor interaction. CRABP2 has been reported

FIGURE 5. CRABP2 accelerated tumor growth of SKCM in BALB/C-nu/nu mice. (A) After transfection with control plasmids or cDNA
plasmids of CRABP2 in A375 cells, the protein level of CRABP2 were detected by western blot. (B) Tumors isolated from the skin of mice
were photographed. (C) The tumors of each category were weighed and compared, respectively. (D) The tumor volumes were calculated
according to the time interval of tumor cell injection, and the calculation formula was V = (L × W2)/2 (V, volume; L, length; W, width).
(E) The weights of mice were recorded according to the time interval of tumor cell injection. * p < 0.05; **p < 0.01.
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to promote EMT of tumor cells in different tumors. In thyroid
cancer cells, the expression of CRABP2 was upregulated by
LINC01816, thus promoting EMT of tumor [52]. In non-
small cell lung cancer cells, inhibition of CRABP2 may
inhibited the NF-κB pathway, leading to a decrease in EMT
of tumor cells [53]. In ER negative breast cancer cells,
CRABP2 induced downregulation of Hippo pathway to
promote EMT, but in ER positive breast cancer cells,
CRABP2 had opposite effect on EMT [26]. Moreover,
CRABP2 had been observed in serous ovarian cancer cells
to enhance TRIM16 methylation through upregulation of
EZH2, resulting in enhanced EMT effect [54]. The current
mainstream idea is that CAFs promoted tumor invasion by
releasing transforming growth factor-β (TGFβ) to activate
EMT in tumor cells [55,56]. It is also observed in breast
cancer cells that IL-32 secreted by CAFs activated p38

MAPK signaling to promote EMT [57]. At present, no
correlation between CRABP2 and ECM had been reported.
The main role of CAFs in the changes of ECM was to
promote the synthesis and release of a large number of
ECM proteins, and affect the remodeling of ECM [58,59].
Therefore, combined with our research findings, we
proposed that CRABP2 may affect immune infiltration of
CAFs in SKCM by regulating EMT and ECM, thereby
affecting the efficacy of immunotherapy in SKCM.

This study unveils a novel perspective on the
involvement and importance of CRABP2 in tumor
immunotherapy, particularly highlighting its role in
controlling the infiltration of CAFs and the immune
response in SKCM. Our profound examination for impact
of CRABP2 on immunotherapy revolutionizes its potential
as a biomarker for immunotherapy. However, the study was

FIGURE 6. The effects of CRABP2 in regulating CAFs in SKCM. (A) GSEA analysis of CRABP2-related genes for SKCM in TCGA which
conducted in Xiantao. (B and C) KEGG pathway analysis in SKCM patients who responded well to PD-1 inhibitors provided by TISCH2.
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somewhat constrained by its reliance on bioinformatics
analysis, thereby limiting the confirmation of precise
regulatory pathways for CRABP2 in the immunotherapy of
SKCM. Subsequent investigations will further delve into this
aspect to enhance our understanding.

Conclusion

This study unveiled a negative association between expression
of CRABP2 and expressions of immune checkpoint markers
in SKCM. Especially in SKCM patients treated with PD-1
inhibitors, a notable increase in CRABP2 expression was
observed and associated with poor prognostic outcomes.
Responders to PD-1 inhibitors displayed heightened levels
of CRABP2 in their fibroblasts. Additionally, CRABP2 was
found to promote tumor growth in SKCM xenograft mice
and positively correlate with infiltration and marker of
CAFs in SKCM. CRABP2 may also influence immune
regulation in SKCM through its influence on EMT and
ECM. These finding contributes to understanding the
potential of CRABP2 as a biomarker for PD-1 inhibitors.
This study suggests that CRABP2 has the potential to
impact the sensitivity to PD-1 inhibitors by modulating
CAFs infiltration, offering a new target for improving the
efficacy and responsiveness of PD-1 inhibitors in SKCM
patients. The methods utilized in this study chiefly relied on
bioinformatics analysis, thus future research should
complement these findings with additional experimental
data to elucidate the specific regulatory pathways governing
the immune efficacy and CAFs infiltration mediated by
CRABP2 in SKCM.
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