Guetal. BMC Cancer ~ (2024) 24:420 BMC Cancer
https://doi.org/10.1186/512885-024-12107-x

L : ®
The vasculogenic mimicry related signature =
predicts the prognosis and immunotherapy
response in renal clear cell carcinoma
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Abstract

Background Clear cell carcinoma of the kidney is a common urological malignancy characterized by poor

patient prognosis and treatment outcomes. Modulation of vasculogenic mimicry in tumor cells alters the tumor
microenvironment and the influx of tumor-infiltrating lymphocytes, and the combination of its inducers and immune
checkpoint inhibitors plays a synergistic role in enhancing antitumor effects.

Methods We downloaded the data from renal clear cell carcinoma samples and vasculogenic mimicry-related genes
to establish a new vasculogenic mimicry-related index (VMRI) using a machine learning approach. Based on VMR,
patients with renal clear cell carcinoma were divided into high VMRI and low VMRI groups, and patients’ prognosis,
clinical features, tumor immune microenvironment, chemotherapeutic response, and immunotherapeutic response
were systematically analyzed. Finally, the function of CDH5 was explored in renal clear cell carcinoma cells.

Results VMRI can be used for prognostic and immunotherapy efficacy prediction in a variety of cancers, which
consists of four vasculogenic mimicry-related genes (CDH5, MMP9, MAPK1, and MMP13), is a reliable predictor of
survival and grade in patients with clear cell carcinoma of the kidney and has been validated in multiple external
datasets. We found that the high VMRI group presented higher levels of immune cell infiltration, which was validated
by pathological sections. We performed molecular docking prediction of vasculogenic mimicry core target proteins
and identified natural small molecule drugs with the highest affinity for the target protein. Knockdown of CDH5
inhibited the proliferation and migration of renal clear cell carcinoma.

Conclusions The VMRI identified in this study allows for accurate prognosis assessment of patients with renal clear

cell carcinoma and identification of patient populations that will benefit from immunotherapy, providing valuable
insights for future precision treatment of patients with renal clear cell carcinoma.

Keywords Clear cell renal cell carcinoma, Vasculogenic mimicry, Prognosis, Immunotherapy efficacy, Molecular
docking, CDH5
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Background

Renal cell carcinoma (RCC) is the commonest and dead-
liest urologic malignancy. Clear cell renal carcinoma
(ccRCC) is the most common histologic subtype of
renal cell carcinoma, accounting for 70-75%of all cases
[1, 2]. Metastases are present in approximately 50% of
patients with localized RCC and less than 14% of these
patients have a five-year survival rate [3]. Renal cell car-
cinoma responds poorly to conventional radiotherapy
and chemotherapy, so surgery remains the most effec-
tive treatment for RCC [4]. Immune checkpoint inhibitor
(ICI)-based immunotherapy has emerged as a promising
therapeutic approach for the treatment of various can-
cers by mediating the regeneration of depleted T cells
and thus killing tumor cells. Although ICI therapy is the
standard of care for advanced renal cancer, only a small
proportion of patients derive long-term and significant
clinical benefit from ICI therapy [4, 5]. Therefore, there is
an urgent need to develop biomarkers that predict prog-
nosis and better ICI therapy stratification in patients with
renal cell carcinoma.

Angiogenesis is an important hallmark of renal clear
cell carcinoma and is strongly associated with malig-
nant disease progression and poor treatment outcome
in ccRCC cell tumors [6]. Several current treatments
for ccRCC primarily target the proliferation of vascu-
lar endothelial cells (ECs) within the tumor [7, 8]. How-
ever, a large number of preclinical and clinical studies
have shown that malignant tumor progression occurs
after antiangiogenic therapy, suggesting that there may
be another potential mechanism for angiogenesis that
bypasses the formation of vascular endothelial cells
during tumor progression [9]. Vasculogenic mimicry
is closely related to the immune microenvironment in
tumor development [10]. Recent studies have shown that
angiogenic mimicry (VM), another vasculature system in
which tumor cells mediate angiogenesis, plays a key role
in the progression of ccRCC, and that targeted blockade
of VM in tumors may be a novel anti-angiogenic thera-
peutic strategy for ccRCC [11, 12].

In this study, we collected vasculogenic mimicry-
related genes from PubMed literature and ccRCC
patients based on these genes. The vasculogenic mim-
icry-related index (VMRI) was established based on four
vasculogenic mimicry-related genes using a machine
learning algorithm. Afterwards, we further evaluated
the relationship between VMRI and ccRCC patients’
prognosis, clinical traits, tumor immune microenviron-
ment, immunotherapy and drug treatment efficacy, and
the results were comprehensively validated in multiple
ways. We also identified natural small molecules with
high affinity for CDH5, MMP9, MAPK1 and MMP13
by molecular docking method. Finally, the function of
CDHS5 in ccRCC was verified in vitro.
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Materials and methods

Obtaining data from patients with renal clear cell
carcinoma and identifying vasculogenic mimicry-related
genes

We extracted 42 vasculogenic mimicry-related genes
(Table S1) in PubMed publications including review
articles [13—-17]. Expression profiling data, correspond-
ing clinical information, and pathologic sections of
532 patients with renal clear cell carcinoma were then
downloaded from The Cancer Genome Atlas (TCGA)
(https://portal.gdc.cancer.gov/) database. Data from
the GSE15641, GSE36895, and GSE53757 cohorts were
obtained from the Gene Expression Omnibus (GEO)
(https://cancergenome.nih.gov/) database as well as
clinical data from 91 patients with renal clear cell car-
cinoma were downloaded as an external validation set
from the ICGC database (https://dcc.icgc.org/) [18]. We
also downloaded the IMvigor210 immunotherapy data
cohort, a set of expression profiling data and correspond-
ing clinical information for a group of patients with uro-
epithelial cancer treated with an anti-PD-Llantibody
(atezolizumab) (http://research-pub.gene.com/IMvigor-
210CoreBiologies) [19].

Construction and validation of a vasculogenic mimicry
related index and histological validation at the protein
level

The cox proportional-hazards model a semiparametric
regression model that simultaneously examines the rela-
tionship between multiple risk factors and the occur-
rence and timing of event outcomes, thereby overcoming
the shortcomings of the single-factor limitation in simple
survival analysis.

We first collected vasculogenic mimicry-related genes,
followed by differential expression and prognostic analy-
ses between renal clear cell carcinoma tumor tissues and
normal tissues, and finally the vasculogenic mimicry-
related index (VMRI) was derived using multifactorial
cox regression analysis. The VMRI of each renal clear
cell carcinoma patient was obtained according to the
following formula: vasculogenic mimicry related index
(VMRI)=Coef(Genel) x Expr(Genel)+Coef(Gene2) x
Expr(Gene2) +... + Coef(Genen) X Expr(Genen), in which
Expr(Genen) represents the expression of a particular
gene and Coef(Genen) is the coefficient obtained from
multifactor Cox analysis of genes. GSE15641, GSE36895,
GSE53757 and ICGC cohorts were subjected to elimina-
tion of batch effects and combined as an external valida-
tion cohort. We further searched the CPTAC database
(https://pdc.cancer.gov/pdc/) and the Human Protein
Atlas database (https://www.proteinatlas.org/) [20] and
obtained the results of CDH5, MMP9, MAPK1 and
MMP13 expression levels at the protein level and verified
by immunohistochemical staining smears.
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Gene set enrichment analysis (GSEA) and immune
infiltration analysis

We downloaded the enriched pathway gene sets from
the MSigDb database (https://www.gsea-msigdb.org/
gsea/msigdb/). The R package “clusterProfiler” was used
to evaluate the major enriched pathways in the Clus-
ter 1 (C1), Cluster 2 (C2) and high VMRI groups, and
the HALLMARK, c5GO and c2KEGG gene sets were
set as the enriched gene sets, and the filtering condi-
tions were|NES| > 1, nominal p-value<0.05. value <0.05.
Tumor purity, stromal score, immune score and ESTI-
MATE score were calculated for each renal clear cell
carcinoma patient using the “ESTIMATE” package in
the R program [21]. We used the Single Sample Gene Set
Enrichment Analysis (ssGSEA) algorithm to study the
immune microenvironment analysis based on different
immune cell types between the high/low VMRI groups.
Additionally XCELL and CIBERSORT software were
used to analyze the association of VMRI with the level of
immune cell infiltration. Pathology section lymphocyte
scores were graded and described tumor inflammation
using a semi-quantitative scoring system (0-5). 0—1 was
classified as low immune cell infiltration, 2—3 as moder-
ate immune cell infiltration, and 4-5 as high immune cell
infiltration.

Analysis of immunotherapy response

We obtained Tumor Immune Dysfunction and Rejection
(TIDE) algorithm scores for pan-cancer from the TIDE
database (http://tide.dfci.harvard.edu/) [22] to assess
the response to immunotherapy in patients with clear
cell carcinoma of the kidney. High TIDE scores tend to
be associated with poorer response to immunotherapy
and a higher likelihood of immune escape. In addition,
we performed VMRI constructs on pan-cancer patients
thereby predicting the predictive value of VMRI for
immunotherapy in pan-cancer. We further downloaded
the IPS scoring (Immunophenotype score, the higher
the score the better the therapeutic response to immune
checkpoint (PD-1 and CTLA4) inhibitors) in renal clear
cell carcinoma from the TCIA database (https://tcia.
at/home) [23], and in turn analyzed its association with
VMRY], and these results were used to assess the predic-
tive value of VMRI for the therapeutic effects of common
immune checkpoints. Finally, we also extracted clinical
information from the IMvigor210 dataset of 348 patients
with uroepithelial carcinoma who received anti-PD-L1
immunotherapy (atezolizumab) to assess the difference
in high/low VMRI between the anti-PD-L1 immunother-
apy groups (responding or non-responding) [19].

Molecular docking simulation
Molecular docking is a bioinformatics-based simulation
method that evaluates interactions between molecules
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and predicts their binding modes and affinities using a
computerized platform. We used Schrodinger software
to screen small molecule drugs that bind to target target
proteins and performed molecular docking simulations.
We downloaded the protein structures of the target tar-
gets (CDH5-3PPE, MMP9-5UE4, MAPK1-7NQQ, and
MMP13-5UWL) from the PDB database, and collected
11,335 natural small molecule drugs from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/). We set
Use PROPKA pH to 7.0 and energy minimization of pro-
tein structures, Precision to standard precision, and sim-
ulated the binding poses of CDH5, MMP9, MAPK1, and
MMP13 with small molecule drugs by the Glide module
in Schrodinger software.

Cell culture and small interfering RNA (siRNA) transfection
sequences

We purchased and used the human renal clear cell car-
cinoma cell lines 769-P and 786-O from the Shanghai
Cell Bank of the Chinese Academy of Sciences. 769-P
and 786-0 cells were cultured in adherent wall culture in
medium containing 5% fetal bovine serum. The cells were
cultured at 37 °C with 5% carbon dioxide.

We designed siRNA for CDHS5 to silence CDH5 expres-
sion in human renal clear cell carcinoma cell lines 769-P
and 786-0 cells to investigate the role of CDHS5 in renal
clear cell carcinoma. Inoculate 769-P and 786-O cells in
each well of a 6-well plate and put 2.5 ml of antibiotic-
free growth medium into each well. When the cell fusion
reached about 70%, the above medium was removed,
1.5 ml of fresh serum-free growth medium was added,
and siRNA and lipo3000 RNAi mix was prepared. Add
100 pmole of siRNA to 250 pL of serum-free growth
medium and mix gently. lipo3000 RNAi was mixed before
use, and 5 pL of lipo3000 RNAi was added to 250 pL of
growth medium for dilution and incubated for 5 min at
room temperature; mix the diluted siRNA and lipo3000
RNAI and incubate for 20 min at room temperature. Add
the mixture to 6-well plates inoculated with 769-P and
786-0 cells, change the medium containing serum and
incubate the cells for 48 h to analyze the effect of siRNA
silencing. The siRNA targeting CDH5 was purchased
from Sigma. qPCR was performed at the mRNA level to
detect the silencing effect of CDH5. RNA extraction was
performed after sample collection to remove impurities
from the sample, sample lysis, purification and removal
of DNA, proteins and other impurities, pre-denaturation:
95°C, 5 min; cycling reaction: 95°C, 30s; 55°C, 30s; 72°C,
30s; 40 cycles. The primers used for qPCR analysis were
as follows: CDH5 forward:5'-TCACCTTCTGCGAGGA
TATGG-3', reverse: 5'- GAGTTGAGCACCGACACAT
C-3.
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https://www.gsea-msigdb.org/gsea/msigdb/
http://tide.dfci.harvard.edu/
https://tcia.at/home
https://tcia.at/home
https://pubchem.ncbi.nlm.nih.gov/

Gu et al. BMC Cancer (2024) 24:420

Cell counting kit-8 (CCK8) cell activity assay and plate
cloning assay

CCK8 and plate cloning were used to determine the
cell proliferation ability. In the CCK8 assay, take the
cells in logarithmic growth state and formulate to add
about 2x10* cells/100ul per well, 100 ul per well, into a
96-well cell culture plate. Add 10 ul of CCK-8 solution
to the 96-well cell culture plate and incubate at 37 °C for
0.5-4 h. Absorbance was detected using a single wave-
length of 450 nm. For plate cloning experiments, cells in
the logarithmic growth phase were trypsin digested and
resuspended in complete medium (basal medium+10%
fetal bovine serum) into cell suspension and counting.
Each experimental group was inoculated in 6-well plate
culture plates, and the incubation was continued up to
14 days, with fluid change and observation of cell status
every 3 days in the middle. After cloning completion, the
cells were photographed under a microscope and then
washed once with PBS. Each well was fixed by adding 1
mL of 4% paraformaldehyde for 30-60 min and washed
once with PBS. The images were detected using a fluores-
cence microscope. Each experiment was repeated three
times.

Cell migration capacity assay

Transwell and Wound-healing experiments were per-
formed to determine the cell invasion capacity. For
Transwell experiments, 769-P and 786-O cells were first
starved for 24 h to remove the effect of serum. Cells with
80% confluence were taken for digestion and centrifuged,
and the cells were resuspended. FBS medium was added
to the lower chamber of the 24-well plate. Then the small
chamber of Transwell was placed in the 24-well plate
with forceps, and cell suspension was added to the upper
chamber of Transwell in each well, and fixed staining
was performed after 24 h of incubation. The cells were
stained with crystal violet for 10 min, and after appro-
priate air-drying, the cells were observed and counted in
selected fields under the microscope. For wound-healing
experiments, a marker pen was used to draw horizontal
lines evenly, about every 1 c¢m, across the wells on the
back of a 6-well plate with a straightedge. The 769-P and
786-O cells were added to the wells, and the next day,
the lines were drawn with the tip of the gun compared
to the straightedge. The cells were washed three times
with PBS and then cultured in a 37 °C, 5% CO2 incubator.
Samples were taken at 48 h using an inverted microscope
to observe the migration of cells at a specific location
and photographed. Each experiment was repeated three
times.

The Kaplan-Meier method
The Kaplan-Meier curve, also known as the survival
curve, is a commonly used method of survival analysis,
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which analyzes the effect of a single factor on survival,
and is used to estimate the survival rate of a patient and
to draw survival curves. The survival curve is a continu-
ous step curve drawn with survival time as the horizontal
axis and survival rate as the vertical axis to illustrate the
relationship between survival time and survival rate.

Statistical analysis

The Wilcoxon and Kruskal-Wallis tests were employed to
compare two or more groups. p-values<0.05 were con-
sidered statistically significant. All statistical analyses
were performed by R. Image ] and GraphPad software
were used for experimental data processing and plotting.

Results

Identification of vasculogenic mimicry-related subtypes in
renal clear cell carcinoma

We analyzed renal clear cell carcinoma patients based
on 42 vascular survival mimicry-related genes collected
from PubMed. The results showed that ccRCC patients
could be well divided into two clusters, which both had
good internal consistency and stability (Fig. 1A, Figure
S1). PCA analysis showed that renal clear cell carcinoma
patients could be well divided into two clusters (Fig. 1B).
The survival curve results showed that Cluster2 had a
poorer prognosis compared with Clusterl (Fig. 1C). In
clinical characterization, the two clusters differed in gen-
der, grading, presence of lymph node metastasis, M (dis-
tant organ metastasis) and patient survival (2<0.05), and
significantly in tumor grading and survival (2<0.001).
Cluster 2 had a significantly higher proportion of males,
high grading, presence of lymph node metastasis, M1
(metastasis to distant organs) and death compared to
patients with renal clear cell carcinoma in Cluster 1
(Fig. 1D). We then investigated the enriched pathways
between the two clusters by gene set enrichment analy-
sis, which showed that Cluster2 was enriched in the path-
ways Hypoxia, Inflammatory response, Ecm receptor
interaction and Cytokine activity (Fig. 1E-G).

We further analyzed the differences in the tumor
immune microenvironment between the two clusters.
Firstly, the results by ESITIMATE algorithm showed
that Cluster2 patients had lower tumor purity and higher
ESITIMATE scores, immune scores and stromal scores
compared to Clusterl (Fig. 1H). Subsequent analysis by
ssGSEA revealed that most of the immune cell infiltration
levels and immune functions were significantly higher
in Cluster2 patients than in Clusterl patients (Fig. 1I).
We further analyzed common immune checkpoints and
found that the expression levels of most immune check-
points were significantly higher in Cluster2 patients than
in Clusterl patients (Fig. 1J).
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Fig. 1 Identification of vasculogenic mimicry-related isoforms. (A) Clustering heat map of ccRCC divided into two clusters. PCA analysis (B), survival
curves (C) and clinical shapes (D) were analyzed between the two clusters. Heatmaps of enrichment in HALLMARK pathway (E), KEGG (F) and GO (G)
pathway enrichment between the two clusters were identified by enrichment analysis. (H) Tumor purity, ESITIMATE score, immune score and stroma
score between the two clusters. (I) Comparison of differences in immune function and immune cell infiltration levels between the two clusters by ssGSEA.
(J) Analysis of common immune checkpoint differences between the two clusters. Note * p < 0.05, **p <0.01, **p < 0.001

Vasculogenic mimicry related index and columnar plot
construction

After differential and prognostic screening of VM genes,
we identified four VM-related genes with independent
prognostic value by multifactorial Cox regression analy-
sis and thus constructed with vasculogenic mimicry-
related VMRI The coefficients of the four genes for the
construction of the VMRI are shown in Table S2. We
analyzed the survival status of the patients with high/
low VMRI in the TCGA cohort by means of the KM
survival curve. The results showed that patients in the
high VMRI group had a worse prognosis compared to
the low VMRI group (Fig. 2A). We also externally vali-
dated the above results by collecting survival informa-
tion of ccRCC patients through the ICGC database, and
in the consistency, patients in the high VMRI group had
a worse prognosis (Fig. 2B). The results of univariate and

multivariate regression analyses showed that age, grade,
stage and VMRI were independent risk factors for ccRCC
patients (Fig. 2C-D). To further validate the clinical sig-
nificance of VMRI, we analyzed the associations between
VMRI and different clinical traits, and found that VMRI
was significantly associated with clustering, gender, grad-
ing, M, the presence of lymph node enlargement, and
patient status (p<0.05) (Fig. 2E). We also compared the
differences in VMRI between the different clinical traits
mentioned above, and showed that VMRI was higher in
patients with Cluster2, male, high grade, M1, lymph node
enlargement, and deceased, suggesting that the higher
the patient’s VMRI, the more advanced the tumor was
(Fig. 2F). We constructed nomograph for predicting the
prognosis of patients with ccRCC based on age, stage,
and VMRI of patients with renal clear cell carcinoma
(Fig. 2G). The calibration curves showed that the 1-,
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Fig. 2 Vasculogenic mimicry related index predicts prognosis in patients with renal clear cell carcinoma. (A) Survival curve of high/low VMRI group in
TCGA cohort. (B) Survival curves of high/low VMRI group in ICGC cohort. (C, D) Univariate and multivariate regression analysis. (E) Differences in clinical
traits between high/low VMRI groups. (F) Differences in VMRI between clinical traits. (G) Column line graphs based on age, staging, and VMRI. (H) Calibra-
tion curves for 1-, 3-,and 5-year overall survival. Note * p <0.05, **p <0.01, ***p <0.001

3- and 5-year column line plots exhibited good predic-
tive accuracy compared with the reference line (Fig. 2H).
These results suggest that VMRI can accurately and reli-
ably predict the survival outcome of patients with renal
clear cell carcinoma.

Vasculogenic mimicry-related index predicts pan-cancer
prognosis

To further investigate the value of VMRI in prognostic
prediction of other cancer patients, we used the above
modeling formula for VMRI to calculate VMRI in other
cancer patients and plotted the KM survival curves
for high/low VMRI groups. For Overall Survival (OS),
patientsin the high VMRI group had a poorer progno-
sis in GBM, KIRC, and PCPG, while patients in the low
VMRI group had a poorer prognosis in BRCA, LAML,
LUSC, and SKCM (Fig. 3A). For Disease Specific Survival
(DSS), patients in the high VMRI group had a poor prog-
nosis compared to patients in the low CMRI group in
GBM, KIRC, PCPG and PRAD (Fig. 3B). For Disease Free
Interval (DFI), patients in LUAD and UCEC had a poor

prognosis in the high VMRI group compared to patients
in the low VMRI group (Fig. 3C). For Progression Free
Interval (PFI), patients in the high VMRI group had a
poor prognosis compared with patients in the low CMRI
group in KICH, KIRC and UCEC. And in UVM, patients
in the low VMRI group had a poor prognosis (Fig. 3D).

A study of the correlation between VMRI and the tumor
microenvironment

The ESITIMATE algorithm revealed that patients in the
high VMRI group had lower tumor purity and higher
ESITIMATE scores, immune scores, and stromal scores
compared with patients in the low VMRI group (Fig. 4A).
GSEA enrichment analysis showed that patients in the
high VMRI group had higher B_CELL_MEDIATED
IMMUNITY, T _CELL_ MEDIATED_IMMUNITY
and NATURAL_KILLER _CELL_ACTIVATION_IN_
IMMUNE_RESPONSE were significantly enriched
(Fig. 4B). ssGSEA analysis showed that compared
to the low VMRI group, patients in the high VMRI
group had higher levels of immune cell infiltration and
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immune-related functions and pathways (Fig. 4C). We
also found a correlation between VMRI and different
immune cell infiltration by XCELL and CIBERSORT
software (Fig. 4D). All of these results indicated that
patients in the high VMRI group had higher levels of
immune infiltration than those in the low VMRI group.
We verified the accuracy of the above results by means
of pathological sections of patients with renal clear cell
carcinoma, and we found that high levels of immune cell

infiltration were present in the tissues of patients in the
high VMRI group (TCGA-AK-3426, TCGA-B0-4699,
and TCGA-BP-4804) (Fig. 4E-G). Whereas, the level of
immune cell infiltration was low in patients in the low
CMRI group (TCGA-BP-4975, TCGA-B4-5844 and
TCGA-CZ-4859) (Fig. 4H-J).
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Association of VMRI with immunotherapy efficacy

We first analyzed the differences in common immune
immunostimulatory
immunosuppressive genes, between high/low VMRI
subgroups, which resulted in most of the immune

checkpoints,  including

and

checkpoints being significantly overexpressed in the

high VMRI group, such as PDCD1 and CTLA4; how-
ever, CD274 was highly overexpressed in the low VMRI
group (Fig. 5A-B). We then assessed immunogenicity by
immunophenotypic core (IPS) scoring to predict patient
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response to immune checkpoint blockade (anti-PD1 and/
or anti-CTLA4), with higher IPS scores indicating bet-
ter predicted immunotherapy outcomes. We found that
anti-PD1, anti-CTLA4 and anti-PD1-CTLA4 combina-
tion therapy was more effective in the low VMRI group
(Fig. 5C). Lower TIDE scores in patients were associated
with a greater likelihood of benefit from immunotherapy
and longer survival [22]. Patients in the low VMRI group
had lower TIDE scores and Dysfunction and higher Mic-
rosatellite instability (MSI) and Exclusion compared to
patients in the high VMRI group, suggesting better effi-
cacy of immune checkpoint blockade therapy in this
group (Fig. 5D). Subsequent validation of the VMRI for
predicting immunotherapy efficacy by external immu-
notherapy datasets showed that patients in the immuno-
therapy-responsive group in the Imvigor210 (anti-PD-L1)
cohort had significantly lower VMRI values than patients
in the non-responsive group, and that patients in the low
VMRI group had a higher prognosis (Fig. 5E-F). We also
applied the VMRI score to a pan-cancer study to evalu-
ate its value in predicting immunotherapy outcomes in
other cancers. It was found that VMRI was able to pre-
dict immunotherapy outcomes not only in renal clear
cell carcinoma, but also in a wide range of cancers. For
example, in BLCA, CESC, HNSC, KIRP, LIHC, LUSC,
PRAD, THCA, THYM, and UCEC, patients in the low
VMRI group may have higher immunotherapy outcomes,
but in STAD, patients in the high VMRI group may have
higher immunotherapy outcomes (Fig. 5G-H). Finally,
we analyzed the association between immuno-efficacy-
related genes and with PCDI and showed that VMRI was
significantly negatively associated with positive immuno-
efficacy-related genes (DDR1, DDR2, KRAS, NRAS, and
PBRM1), while it was significantly positively associated
with negative immuno-efficacy-related genes (ALK and
STK11) (Fig. 5I). All these results indicated that VMRI
could better predict the immunotherapy effect and the
low VMRI group responded better to immunotherapy.

Small molecule drug candidate prediction for core target
proteins

We obtained protein structures of CDH5, MAPKI,
MMP9, and MMP13 from the PDB database for molec-
ular docking with natural small molecule compounds.
The former four small molecules with the highest bind-
ing affinity to the CDH5 binding pocket (Crassifogenin
C, Episappanol, Gnetuhainin D and Sappanone B)
(Fig. 6A-D). The former four small molecules with the
highest binding affinity to the MAPK1 binding pocket
(Isolappaol C, Leonoside F, Licorice Glycoside B and Lit-
torachalcone) (Fig. 6E-H). The former four small mol-
ecules with the highest binding potency to the MMP9
binding pocket (Olivacine, Picrasidine I, Sagecouma-
rin, and Thalifaretine) (Fig. 6I-L). The former four small
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molecules (Andalasin A, Dracunculifoside B, Glan-
sreginin B and Monocaffeyltartaric Acid) with the high-
est binding potency to the MMPI13 binding pocket
(Fig. 6M-P). We have also collected and organized links
to web sites corresponding to specific information on the
above small molecule compounds (Table S3). For exam-
ple Crassifogenin C forms hydrogen bonds with CDH5
amino acid residues Arg-6, Ser-88, Pro86 and Thr-25,
where Arg-6, Pro86 and Thr-25 act as hydrogen bond
acceptors and Ser-88 acts as a hydrogen bond donor.
Sagecoumarin forms hydrogen bonds with MMP9 amino
acid residues Arg-56, Arg- 106 and Ala-191 to form
hydrogen bonds, wherein Arg-56, Arg-106 and Ala-191
act as hydrogen bond acceptors.

Constructing VMRI gene expression and
immunohistochemistry

We first analyzed the mRNA expression levels of the four
genes (CDH5, MMP9, MAPK1, and MMP13) construct-
ing VMRI in normal kidney tissues and ccRCC by TCGA
and GTEx combined data. The results showed that the
mRNA expression levels of the above four genes were
significantly higher in tumor tissues than in normal tis-
sues (Fig. 7A). After that, we analyzed the protein expres-
sion levels of CDH5, MMP9 and MAPK1 in normal
kidney tissues and ccRCC by CPTAC database, MMP13
for included in CPTAC database, and the protein expres-
sion levels of CDH5, MMP9 and MAPK1 were signifi-
cantly higher than that in normal tissues in tumor tissues
(Fig. 7B). We validated the above mRNA expression
levels by GEO external datasets (GSE15641, GSE36895
and GSE53757) and the results were consistent i.e., the
mRNA expression levels of CDH5, MMP9, MAPKI1 and
MMP13 were significantly higher in tumor tissues than
in normal tissues (Fig. 7C-E). Finally, we also obtained
immunohistochemical staining results of CDH5, MMP9,
MAPK1 and MMP13 in renal normal tissues and renal
clear cell carcinoma to verify the above results (Fig. 7F).

Knockdown of CDH5 inhibits the proliferation and
migration of renal clear cell carcinoma cells

The silencing effect of CDH5 was detected by QPCR, and
si-CDH5 could effectively knock down the expression
of CDH5 (Fig. 8A). CCKS8, plate cloning, Transwell and
Wound-healing experiments were performed on 769-P
and 786-0O cells transfected with si-CDHS5, respectively.
the results of CCK8 experiments showed that the prolif-
eration ability of 769-P and 786-O cells in the si-CDH5
group was significantly lower than that in the NC group
at 24, 48, and 72 h (Fig. 8B-C). The results of plate cloning
assay also indicated that the proliferation ability of 769-P
and 786-0 cells after knockdown of CDH5 was signifi-
cantly lower than that of NC group (Fig. 8D-E).Transwell
assay showed that the cell migration ability of 769-P and
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Fig. 6 Molecular docking pose. Screening of candidate small molecules for target proteins using molecular docking. The figure shows the docking
poses of the CDH5 active pocket with Crassifogenin C (A), Episappanol (B), Gnetuhainin D (C), and Sappanone B (D). the MAPK1 active pocket with
Isolappaol C (E), Leonoside F (F), Licorice Glycoside B (G), and Littorachalcone (H) in docking poses.MMP9 active pocket with Olivacine (1), Picrasidine |
(), Sagecoumarin (K), and Thalifaretine (L) in docking poses.MMP13 active pocket with Andalasin A (M), Dracunculifoside B (N), Glansreginin B (O) and
Monocaffeyltartaric Acid (P) in docking poses
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786-0 cells was significantly reduced after knockdown of
CDH5 (Fig. 8F-G).Wound-healing assay showed that at
48 h later, the migration ability of 769-P and 786-O cells
in the si-CDH5 group was significantly lower than that in
the NC group (Fig. 8H-I).

Discussion

Many studies have shown that targeting tumor angio-
genesis is an important anti-cancer therapeutic strat-
egy [17, 24-26]. Highly invasive cancer cells can meet

their own energy demands and thus form vascular-like
channels through deformation and extracellular matrix
remodeling, a process known as vasculogenic mim-
icry. Therefore, exploring the mechanism and function
of vasculogenic mimicry will provide some important
insights for future cancer therapy [27-29]. The ability of
a tumor to occur and develop is closely related to the fact
that it can alter the tumor microenvironment in which
it resides to help it evade immune surveillance [30]. In
order to clarify the relationship between VMRI and the
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tumor microenvironment of renal clear cell carcinoma.
We found that VMRI could differentiate the sensitivity
of renal clear cell carcinoma to common chemothera-
peutic agents and targeted drugs. The VMRI can assess
the efficacy of immunotherapy and chemotherapeutic
drugs in ccRCC patients, which can provide a great help
for the future treatment of patients with renal clear cell
carcinoma.

Vasculogenic mimicry related index (VMRI) is com-
posed of four vasculogenic mimicry related genes includ-
ing CDH5, MMP9, MAPK1, and MMP13. A current
study demonstrated that Cadherin (CDH5) is expressed
in glioblastoma cells and induces vasculogenic mim-
icry under hypoxic conditions [31]. Matrix metallopro-
tein 9 (MMP9) and matrix metalloprotein 13 (MMP13)
belong to the family of metalloproteinases that degrade
the extracellular matrix. MMP9 and MMP13 have been
reported to play crucial roles in the regulation of tumor

vasculogenic mimicry [32-34].Mitogen- Activated
Protein Kinase 1 (MAPK1) is a key signaling hub that
integrates extracellular signals and plays an important
regulatory role in tumor cell proliferation, differentiation,
senescence, and drug resistance, and is of wide interest in
a variety of diseases [35, 36].

As another application of VMRI efficacy prediction,
we demonstrated the feasibility of a structure-based
approach to find candidate small molecule drugs that
can target core proteins. Among the top four small mol-
ecule drugs with the highest affinity for CDH5, Sappa-
none B, a 3-Benzylchroman derivatives, has been shown
to synergize with aminoglycosides in its killing effect on
methicillin-resistant Staphylococcus aureus [37]. Litto-
rachalcone with high affinity for MAPK1 is derived from
Verbena littoralis and can be used to enhance neuronal
synapse growth [38]. Olivacine has the highest affinity
for the MMP9 docking pocket, and Olivacine-mediated
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lysosomal cytosol sputum plays a key role in drug resis-
tance in cancer cells [39]. Although the specific mecha-
nisms of these candidate small molecule compounds
have yet to be explored in depth, our findings suggest
that they have great potential in vasculogenic mimicry in
renal clear cell carcinoma.

There are some limitations to this study; first, the data
for our analysis were obtained from public databases,
which may have led to some case selection bias in case
selection. In addition, although we collected several
external datasets to validate the conclusions obtained in
this study, it is still necessary to collect a large amount of
clinical case data to further validate the accuracy of the
results. Finally, further in vivo and in vitro experiments
are needed to validate the specific mechanisms and func-
tions of CDH5, MMP9, MAPK1, and MMP13 in ccRCC
vasculogenic mimicry.

Conclusion

In this study, we constructed a Vasculogenic mimicry
related index (VMRI) based on four vasculogenic mim-
icry related genes (CDH5, MMP9, MAPK1 and MMP13).
We found that VMRI can be used as a marker for renal
clear cell carcinoma staging and can effectively predict
the prognosis and immunotherapy outcome of patients
with renal clear cell carcinoma, which was validated by
an external dataset. In addition, we identified natural
small molecule drugs that can target vasculogenic mim-
icry-related core target proteins by molecular docking,
and finally, we verified that CDH5 promotes the prolif-
eration and invasion of renal clear cell carcinoma by in
vitro experiments. In summary, we analyzed the multi-
faceted comprehensive analysis of renal clear cell carci-
noma based on VMRI constructed from vasculogenic
mimicry-related genes, and we found that VMRI could
effectively predict the prognosis and immunotherapy
effect of renal clear cell carcinoma patients and validate
it by external datasets. We also identified new prognostic
and therapeutic biomarkers for ccRCC as well as targeted
small molecule drugs from an vasculogenic mimicry
perspective, which provides reliable clues for future
precision treatment of renal clear cell carcinoma. In an
era when immunotherapy holds great promise for can-
cer treatment, VMRI provides guiding value for clinical
diagnosis and individualized comprehensive treatment of
renal clear cell carcinoma.

Abbreviations

TCGA The Cancer Genome Atlas

GEO Gene Expression Omnibus

BCa Bladder cancer

GTEx Genotype-Tissue Expression Program
VMRI Vasculogenic mimicry related index
ROC Receiver Operating Characteristic
PD-1 Programmed cell death 1

PD-L1 Programmed cell death 1 ligand 1
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CTLA4 Cytotoxic T-lymphocyte-associated protein 4

ICB Immune checkpoint blockade

[oN) Overall survival

ROC Receiver Operation Characteristic

NES Normalized enrichment score

T™B Tumor mutation burden

IC50 Half maximal inhibitory concentration

GDSC Genomics of Drug Sensitivity in Cancer

PPI Protein—protein interaction

KM Kaplan-Meier

ssGSEA  Single-sample gene set enrichment analysis

TIDE Tumor immune dysfunction and exclusion

GSEA Gene set enrichment analysis

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

LAG3 Lymphocyte Activating 3

PFS Progression-free survival

DSS Disease-free survival

TP53 Tumor Protein P53

ACC Adrenocortical carcinoma

BLCA Bladder Urothelial Carcinoma, BRCA:Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical
adenocarcinoma

CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma

ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and Neck squamous cell carcinoma

KICH Kidney Chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma

LAML Acute Myeloid Leukemia

LGG Brain Lower Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

oV Ovarian serous cystadenocarcinoma

PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma
PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin Cutaneous Melanoma

STAD Stomach adenocarcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma

THYM Thymoma

UCEC Uterine Corpus Endometrial Carcinoma
ucs Uterine Carcinosarcoma

UvMm Uveal Melanoma
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