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Background: This study aimed to develop and validate a novel angiogenesis-related gene
(ARG) signature and molecular subtypes by bioinformatics analysis.

Materials and Methods: The transcriptome data and clinical data were obtained from
TCGA and ICGC database. We performed consensus clustering analysis to identify angio-
genesis molecular subtypes for ccRCC. Univariate and multivariate Cox regression
analyses were used to develop a novel ARG-related signature as a prognostic biomarker
for ccRCC. Internal and external validation were then performed in TCGA and ICGC cohort,
respectively.

Results: We identified a total of two angiogenesis molecular subtypes of ccRCC. The
overall survival (OS) of subtype 1 ccRCC was significantly decreased compared with that
of subtype 2 ccRCC (P=0.001). These two molecular subtypes have significantly different
tumor microenvironment and immune checkpoint inhibitor sensitivities (P<0.05). Besides,
we developed a novel signature based on three ARGs (including MSX1, TIMPI1 and
JAG2) for subtype 1 ccRCC. The difference in OS between high- and low-risk group was
statistically significant in training cohort (P=0.009), test cohort (P=0.024), the whole type 1
cohort (P<0.001), and validation cohort (P=0.041). The AUC for one-year OS prediction was
0.732, 0.710, 0.725, and 0.645 in training cohort, test cohort, the whole type 1 cohort, and
validation cohort, respectively. Independent prognostic analysis showed that this signature
was an independent predictor for OS of subtype 1 ccRCC (P=0.028914). The power of this
prognostic signature was superior to other signatures reported in previous studies.
Conclusion: We developed and successfully validated a novel ARG signature for predicting
prognosis of subtype 1 ccRCC, which was superior to several previous signatures.
Keywords: clear cell renal cell carcinoma, angiogenesis, molecular subtypes, signature,

prognosis

Introduction

Renal cell carcinoma (RCC) accounts for 90% of adult renal malignancies, and
is regarded as the most lethal urological cancer."” Approximately 70-80% of
cases with RCC was clear cell RCC (ccRCC).*? Tumor heterogeneity leads to
different survival outcomes in ccRCC patients.* At present, there are no con-
sistent molecular subtypes and prognostic molecular characteristics of ccRCC.”
It is urgent to explore effective biomarkers to establish risk stratification method
and molecular subtypes to further investigate the potential molecular mechan-
isms of ccRCC.
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It has been reported that tumor angiogenesis plays a vital
role in the proliferation and metastasis of ccRCC, as well as
antiangiogenic agents.® The expression of vascular endothe-
lial growth factor receptors (VEGFRs) and hypoxia induci-
ble factor (HIF) was significantly increased in ccRCC cells,
which promotes tumor angiogenesis.” In recent years, the
American Food and Drug Administration (FDA) approved
tyrosine kinase inhibitors (TKI), including sorafenib, suniti-
nib, pazopanib etc., as vital anti-cancer targeted drugs by
inhibiting VEGFRs.® TKI targeted therapy might promote
the expression of major histocompatibility complex class
I (MHC-I) and the infiltration of diverse immune cells,
which might contribute to the therapeutic efficacy of
immune checkpoint inhibitors.” Motzer et al'® conducted
an integrated evaluation of 823 advanced RCC patients
and identified seven molecular subsets with distinct angio-
genesis, immune, cell-cycle, metabolism, and stromal pro-
grams. These results would contribute to molecularly
stratifying RCC patients, explaining improved prognosis of
sarcomatoid tumors to immunotherapy versus antiangio-
genics alone, and developing personalized therapies.
Hence, there might be a very promising value to develop
effective risk stratification tools and molecular subtypes for
ccRCC patients by using angiogenesis-related genes
(ARGs). However, to our knowledge, there are no published
studies on developing angiogenesis related molecular sub-
types and prognostic signatures of ccRCC from the perspec-
tive of ARGs.

In this study, we utilized consensus clustering analysis
to identify two angiogenesis molecular subtypes and
explored whether the molecular subtypes were associated
with antitumor immunity. Besides, we developed
a signature based on ARGs for predicting prognosis of
subtype 1 ccRCC by using univariate and multivariate
Cox regression analyses. Internal and external validation
were then performed, and the correlations of the ARG-
based signature with tumor microenvironment, immune
cell infiltration and immunotherapy were investigated in
particular.

Materials and Methods

Data Acquisition and Processing

We downloaded the transcriptome, mutation, copy number
variation and clinical data of ccRCC from TCGA database
There were 539 ccRCC
patients with unabridged transcriptome data, 537 ccRCC

(https://portal.gdc.cancer.gov).

patients with complete clinical data in TCGA database. The

clinical data included age, gender, grade, T stage, N stage,
M stage, and AJCC stage. There was a total of 475 ccRCC
patients with complete clinical data and 91 ccRCC cases with
unabridged transcriptome data in International Cancer
Genome Consortium (ICGC) database (https://dcc.icgc.org/).
After we merged transcriptome and survival information, there

was a total of 90 ccRCC cases with unabridged transcriptome
and survival data simultaneously in ICGC database, and 530
ccRCC cases with unabridged transcriptome and survival data
simultaneously in TCGA database. All these data were com-
bined into a matrix file using Perl language (http://www.perl.
org/). Moreover, gene names of Ensemble IDs were converted
into gene symbols utilizing the Ensemble database (http://asia.
ensembl.org/signature.html).

The Molecular Signatures Database (MSigDB) (https://
www.gsea-msigdb.org/gsea/msigdb) s

regarded as

a collection of annotated gene sets utilizing GSEA soft-
ware. We obtained a total of 36 ARGs from HALLMARK
ANGIOGENESIS gene set (H: hallmark gene sets; sys-
tematic name: M5944) in MSigDB database. All these
ARGs were up-regulated during formation of blood ves-
sels (angiogenesis). The detailed list of these ARGs was
presented in Supplemental Document.

Identification of Angiogenesis-Related

DEGs and Functional Enrichment

The mRNA expression matrix of 36 ARGs in TCGA
cohort was extracted. We utilized the “limma” R package
and Wilcoxon test to filter angiogenesis-related differen-
tially expressed genes (DEARGs) between the normal
samples and ccRCC samples in TCGA cohort. The cut-
off value was false discovery rate (FDR) < 0.05 and log2 |
fold change (FC)| > 1. The Metascape database (http://
metascape.org/) was utilized for functional enrichment
analysis of DEARGs. The mutation status and copy num-
ber variation of these 36 ARGs were also explored using
TCGA data.

Identifying Angiogenesis Molecular
Subtypes Using Consensus Clustering
Analysis

Firstly, univariable Cox regression analysis was used to
screen prognostic DEARGs that were associated with OS
of ccRCC. We then performed consensus clustering ana-
lysis for identifying angiogenesis-related molecular sub-
types of ccRCC based on DEARGs by using R package
Next,

“ConsensusClusterPlus”. we used R package
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“survival” and “survminer” to investigate the association
and OS.

R package “pheatmap” was used to show the association

between angiogenesis molecular subtypes
between angiogenesis molecular subtypes and clinico-
pathologic features (including T stage, N stage, M stage,

AJCC stage, grade, gender, and age).

Development of a Novel
Angiogenesis-Based Prognostic Signature
for Subtype | ccRCC

All ccRCC patients with subtype 1 were randomly
divided into training cohort and test cohort. We then
performed univariate and multivariate Cox regression
analyses in training cohort to establish an angiogen-
esis-based signature for predicting OS in subtype 1
ccRCC. Patients were divided into two groups, high-
risk group and low-risk group, according to median
value of the risk score. Survival analysis and time-
dependent receiver operating characteristic (ROC)
curve were performed to validate the performance of
this angiogenesis-based signature. Univariate and mul-
tivariate independent prognostic analyses were used to
investigate whether the angiogenesis-based prognostic
signature was an independent indicator of OS of
ccRCC.

Internal and External Validation of This

Angiogenesis-Based Prognostic Signature
To perform internal and external validation for this
novel angiogenesis-based prognostic signature, we
calculated risk score for each case by risk formula in
subtype 2 cohort, and ICGC cohort.

Patients in test cohort, subtype 2 cohort, and ICGC

test cohort,

cohort were also divided into two groups, high-risk
group and low-risk group, according to median value
of the risk score.

Survival analysis and time-dependent ROC curve were
also performed to validate the performance of angiogen-
esis-based signature. Moreover, the performance of this
signature was also compared with previous signatures
using ROC curve. The expression heatmap, the distribu-
tion of risk score and survival time of training cohort, test
cohort, whole subtype 1 cohort, and ICGC cohort were
presented using “pheatmap” R package.

Exploration of the Associations of this
Angiogenesis-Related Signature with
Tumor Microenvironment, Immune Cell

Infiltration and Immune Functions

The ESTIMATE algorithm was applied to access tumor
microenvironment (TME) scores while the CIBERSORT
method was utilized to evaluate the score of 22 types of
immune infiltrating cells.'""'* Then, we calculated the infil-
trating score of 22 immune cells using CIBERSORT method
(TME)
ESTIMATE algorithm. The associations of angiogenesis

and tumor microenvironment scores using
molecular subtypes with immune cell infiltration and tumor
microenvironment were explored. Generally, the expression
levels of immune checkpoint gene are closely related to the
sensitivity of immunotherapy. We investigated the associa-
tion of the angiogenesis molecular subtypes with expression
level of PD-L1 gene to predict immunotherapy sensitivity.
P value < 0.05 was considered statistically significant.
Besides, we calculated the infiltrating score of 16
immune cells and the activity of 13 immune-related path-
ways of TCGA cohort using single-sample gene set
enrichment analysis (ssGSEA) in the “gsva” R package.
Then, the associations of the angiogenesis-based signature
with immune cells infiltration and immune-related path-

ways activity were explored.

Validation of Hub Biomarkers in

Multi-Database
Survival analysis based on GEPIA database (http://gepia.
cancer-pku.cn/index.html) was performed to evaluate the

prognostic value of these three hub biomarkers. UALCAN
database (http://ualcan.path.uab.edu/) is a portal for facil-

itating tumor subgroup gene expression and survival ana-
lyses. Expression levels and promoter methylation levels
of hub genes were revealed using UALCAN database.

Results
Angiogenesis-Related DEGs and

Functional Enrichment

The clinicopathologic data of TCGA cohort and ICGC
cohort were demonstrated in Table 1. There was a total of
36 ARGs (Supplemental Document). The mutation status
and copy number variation of these 36 ARGs were pre-
sented in Figure 1A and B. A total of 17 DEARGs were
finally identified, including 3 downregulated genes and 14
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Table | Clinicopathologic Data of TCGA Cohort and ICGC
Cohort

Variables TCGA Cohort ICGC Cohort
Age 60.59+12.14 60.89+£10.41
Gender
Male 346 (64.4%) 279 (58.7%)
Female 191 (35.6%) 196 (41.3%)
Grade
Gl 14 (2.6%) -
G2 230 (42.8%) -
G3 207 (38.5%) -
G4 78 (14.5%) -
Unknown 8 (1.6%) -
AJCC stage
Stage | 269 (50.1%) -
Stage Il 57 (10.6%) -
Stage IlI 125 (23.3%) -
Stage IV 83 (15.4%) -
Unknown 3 (0.6%) -
T stage
Tl 275 (51.2%) 71 (14.9%)
T2 69 (12.8%) 19 (4.0%)
T3 182 (34.0%) 29 (6.2%)
T4 Il (2.0%) 3 (0.6%)
Unknown 0 (0%) 353 (74.3%)
N stage
NO 240 (44.7%) 104 (21.9%)
NI 17 (3.2%) 4 (0.8%)
Unknown 280 (52.1%) 367 (77.3%)
M stage
MO 426 (79.3%) 108 (22.7%)
MI 79 (14.7%) 12 (2.6%)
Unknown 32 (6.0%) 355 (74.7%)
Survival
Yes 367 (68.3%) 333 (70.1%)
No 170 (31.7%) 137 (28.8%)
Unknown 0 (0%) 5 (1.1%)

upregulated genes (Table 2). The results of functional
enrichment analysis of these DEARGs were presented in
Figure 1C and D. These 17 DEARGs were mainly enriched
in extracellular structure organization, response to wound-
ing, response to growth factor, NABA
PROTEOGLYCANS, integrin-mediated signaling pathway,
post-translational protein phosphorylation, platelet degranu-
lation, regulated exocytosis, positive regulation of cytokine
HTLV-I infection,

production, cartilage development,

transmembrane receptor protein serine/threonine kinase sig-
naling pathway, and embryonic morphogenesis.

Identifying Two Angiogenesis Molecular
Subtypes of ccRCC

Univariable Cox regression analysis revealed that there
was a total of nine angiogenesis-related DEGs associated
with OS, including COL5A2, JAG2, LPL, LUM, MSXI,
NRP1, PF4, PRG2, TIMP1. We identified a total of two
angiogenesis molecular subtypes of ccRCC, including 213
cases of subtype 1 and 317 cases of subtype 2 (Figure 2A
and B). The OS of subtype 1 ccRCC was significantly
decreased compared with that of subtype 2 ccRCC
(P=0.001, Figure 2C). The correlation heatmap between
the angiogenesis molecular subtypes and clinicopathologic
features was presented in Figure 2D. As indicated by
heatmap, these two molecular subtypes have significantly
different AJCC stage and T stage.

The expression level of PD-L1 was significantly
decreased in subtype 1 group in comparison with that in
subtype 2 group (P <0.01, Figure 2E). The expression corre-
lation of PD-L1 with these nine angiogenesis-related prog-
nostic DEGs (including COL5A2, JAG2, LPL, LUM,
MSXI1, NRPI1, PF4, PRG2, TIMP1) was demonstrated in
Figure 2F. The results showed that the expression level of
PD-L1 was significantly associated with the expression level
of JAG2 and NRP. The immune score, stromal score, and
ESTIMATE score in subtype 1 group was significantly
increased compared with that in subtype 2 group while the
tumor purity score in subtype 1 group was significantly
decreased compared with that in subtype 2 group (P<0.05,
Figure 3A-D). The infiltrating proportions of naive B cells,
regulatory T cells, MO macrophages, M2 macrophages in
subtype 1 group were significantly increased compared
with that in subtype 2 group while the infiltrating proportions
of CD8 T cells, T follicular helper cells, monocytes, M1
macrophages, resting dendritic cells in subtype 1 group
were significantly decreased compared with that in subtype
2 group (P<0.05, Figure 3E).

Development and Validation of a Novel
Angiogenesis-Based Signature for
Prognosis Prediction of Subtype | ccRCC
There was a total of 213 cases of type 1 ccRCC, including

108 in the training cohort and 105 in test cohort. A total of
90 ccRCC cases in ICGC database were used as an
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Figure | The mutation status (A) and copy number variation (B) of these 36 angiogenesis-related genes (ARGs). Functional enrichment analysis for angiogenesis-related
differentially expressed genes (DEGs) (C). P-value of each gene in the network (D).
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Table 2 Angiogenesis-Related Differentially Expressed Genes

Gene Con Mean Treat Mean Log FC p value FDR

CCND2 4.340177 10.1057 1.219343 1.74E-19 5.40E-19
COL3AI 40.607 102.434 1.334894 1.52E-12 2.63E-12
COL5A2 3.581997 15.52 2.115292 1.72E-28 1.77E-27
FSTLI 21.22534 59.9644 1.498319 6.50E-21 2.24E-20
JAG2 2.023587 7.122343 1.815437 2.89E-27 2.24E-26
LPL 17.25203 7.551958 —1.191844 2.99E-09 4.64E-09
LUM 70.54887 29.06041 —1.279568 4.92E-18 1.27E-17
MSXI 0.802296 2.090821 1.381863 6.37E-24 3.29E-23
NRPI 17.35904 38.94102 1.165604 1.34E-21 5.20E-21
PF4 0.179841 0.383672 1.093149 0.000248 0.000295
PGLYRPI 0.069813 0.178712 1.356058 6.38E-08 9.42E-08
POSTN 7.381967 22.42145 1.602803 1.25E-12 2.28E-12
PRG2 0.007285 0.059074 3.019555 9.85E-22 4.36E-21
SERPINAS 95.05864 4.574467 —4.377142 5.71E-42 1.77E-40
TIMPI 68.26807 272.47 1.996815 5.51E-26 3.41E-25
VCAN 5412514 23.06108 2.091089 6.47E-18 |.54E-17
VEGFA 5.117138 123.7321 4.595739 2.71E-37 4.20E-36

external validation cohort. We performed multivariate Cox
regression analysis to develop a novel angiogenesis-based
signature using three ARGs in training cohort for prog-
nosis prediction of subtype 1 ccRCC. The calculation
formula of risk score is shown as follows: risk score =
0.202457231804962 * MSX1 + 0.000522859217901573 *
TIMP1 - 0.109529744114114 * JAG2 (Table 3).

The difference in OS between high-risk and low-risk
group was statistically significant in training cohort (P =
0.009), test cohort (P = 0.024), whole type 1 cohort (P <
0.001), and ICGC cohort (P = 0.041), respectively. High-risk
score was associated with significantly poor OS in compar-
ison with low-risk score in training cohort, test cohort, whole
type 1 cohort and ICGC cohort, respectively. The area under
ROC curve (AUC) for one year OS prediction was 0.732,
0.710, 0.725 and 0.645 in training cohort, test cohort, whole
type 1 cohort and ICGC cohort, respectively, suggesting the
potential power of this prognostic signature for prognosis
prediction of subtype 1 ccRCC (Figure 4). The expression
heatmap, the distribution of risk score and survival time of
training cohort, test cohort, whole subtype 1 cohort and
ICGC cohort were demonstrated in Figure 5.

Independent Prognostic Analysis and

Comeparison with Previous Models

Univariate and multivariate independent prognostic

analyses showed that this signature was an independent
predictor for subtype 1 ccRCC, indicating the great

performance of this signature (P < 0.05, Table 4). Besides,
the difference in OS between high-risk and low-risk group
of subtype 2 ¢ccRCC in TCGA cohort was also statistically
significant (Figure 6A). The area under ROC curve (AUC)
of our signature for OS prediction was higher in comparison
with YueheGuo’s
JingminZhou’s signature, YueWu’s signature, suggesting

YangSu’s  signature, signature,
that the power of this prognostic signature was superior to
other signatures reported in previous studies (Figure 6B).
Stage III-1V, grade 3—4 and T3-4 were significantly asso-
ciated with higher risk score compared with stage I-II,
grade 1-2 and T1-2, respectively (P < 0.05, Figure 7A—
D). The correlation heatmap among this signature, clinico-
pathologic features, angiogenesis molecular subtypes and
immune score was presented in Figure 7E.

Association of the Angiogenesis-Related
Signature with Immune Cell Infiltration

and Immune Function

We quantified the immune cell infiltration and immune
functions using ssGSEA to further explore the association
of this angiogenesis-based signature with immune status.
Interestingly, the infiltrating proportions of aDCs, macro-
phages, Tth, Thl cells and Th2 cells in high-risk group
were significantly increased compared with that in low-
risk group, while the infiltrating proportions of mast cells
in high-risk group were significantly decreased compared
with that in low-risk group (P<0.05, Figure 8A).
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Table 3 Univariate and Multivariate Cox Regression Analysis

to Develop Angiogenesis-Based Prognostic Signature of Subtype |

ccRCC
Id Univariate Multivariate
HR HR.95L HR.95H p value Coef HR HR.95L HR.95H p value
JAG2 0.89766304 | 0.82171312 | 0.98063291 | 0.01668584 | —0.10952974 | 0.89625551 | 0.82544841 | 0.97313644 | 0.00909464
MSXI 1.21875212 | 1.04633438 | 1.41958131 | 0.01102366 0.20245723 1.22440772 | 1.04546715 | 1.43397548 | 0.0120201 |
NRPI 0.97641604 | 0.95769691 | 0.99550105 | 0.01566984 - - - - -
TIMPI 1.00098684 | 1.00045098 | 1.00152298 | 0.00030583 0.00052286 1.000523 0.9999366| 1.00110972 | 0.08045695

Moreover, the results also showed that patients with high-
risk score have higher scores of immune function or path-
ways than those with low risk, including APC co-inhibi-
tion, CCR, para-inflammation, T cell co-inhibition, T cell
co-stimulation. However, patients with high risk had a
lower score of Type II IFN response than those with low
risk (P<0.05, Figure 8B).

Validation of Hub Biomarkers in

Multi-Database

It was also found that expression levels of MSX1, TIMP1
and JAG2 were significantly increased in ccRCC tissues
compared with that in normal tissues. Using ULCAN
database, we indicated that MSX1 has significantly higher
levels of promoter methylation in ccRCC tissues in com-
parison with that in normal tissue while the promoter
methylation level of JAG2 was significantly lower in
ccRCC tissues compared with that in normal tissue.
However, the promoter methylation level of TIMP1
between ccRCC and normal tissue was not statistically
significant (Figure 9). The survival analysis revealed that
high expression of TIMP1 was significantly associated
with poor OS and disease-free survival (DFS) of ccRCC
patients, while high expression of JAG2 was significantly
associated with higher OS of ccRCC patients. The expres-
sion level of MSX1 was not associated with OS and DFS
of ccRCC patients. The expression level of JAG2 was not
associated with DFS of RCC patients (Figure 10).

Discussion

It has been confirmed that paracrine and autocrine factors
promoting angiogenesis is vital in balancing cell prolifera-
tion, orientation, migration, and elongation, which might
result in micro-vessels’ formation and establishment.'?
Increasing evidence indicates that aberrant angiogenesis
in tumor microenvironment is of great significance in
processes of carcinogenesis, progression, and metastasis

of ccRCC."* However, there is no published study focus-
ing on the correlation of angiogenesis with prognosis
evaluation and molecular subtypes of ccRCC. In this
study, we identified a total of two angiogenesis molecular
subtypes of ccRCC using consensus clustering analysis.
The OS of subtype 1 ccRCC was significantly decreased
compared with that of subtype 2 ccRCC. Further investi-
gation showed that these two molecular subtypes had sig-
The
expression level of PD-L1 was significantly decreased in

nificantly varying tumor microenvironments.

subtype 1 group in comparison with that in subtype 2
group.

Most importantly, we developed a novel prognostic
signature related to angiogenesis for subtype 1 ccRCC.

Cox
analyses revealed that this novel prognostic signature

Univariate and  multivariate regression
was a vital independent predictor for OS of ccRCC.
Internal and external validation indicated the potential
role of this angiogenesis-related signature for subtype 1
ccRCC. There have been several prognostic models

115 constructed a novel

reported previously. Chu et a
seven protein signature for predicting prognosis. Xing
et al utilized glycolysis-related genes to successfully
establish and externally verify a novel signature for pre-
dicting OS of ccRCC.'® Wang et al'” successfully con-
structed a prognostic model for c¢ccRCC based on
apoptosis-related genes, which would help clinicians
make the prognostic assessment. However, there has
been no study developing prognostic signature of
ccRCC from the point of angiogenesis and molecular
subtypes. In this study, we developed a novel angiogen-
esis-related prognostic signature for subtype 1 ccRCC for
the first time. Most importantly, both internal validation
and external validation suggested the satisfactory predic-
tive power of this signature. Furthermore, we interest-
ingly found that the area under ROC curve (AUC) of our
signature for OS prediction was higher in comparison
with YangSu’s signature,'® YuheGuo’s signature,'’
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Figure 4 Internal and external validation of a novel angiogenesis-based prognostic signature in subtype | ccRCC. The survival analysis between high and low risk group and
corresponding area under ROC curve in training cohort (A and B), test cohort (C and D), the whole type | cohort (E and F) and validation cohort (G and H).
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Table 4 Univariate and Multivariate Independent Prognostic Analysis
Id Univariate Multivariate
HR HR.95L HR.95H p value HR HR.95L | HR.95H p value
Age 1.025878 1.002027 1.050297 0.033283 1.038749 1.010446 | 1.067844 0.006992
Gender 1.060589 0.564873 1.99133 0.854789 - - - -
Grade 2.184879 1.469377 3.24879 0.000113 1.289744 0.807333 | 2.060414 0.287082
Stage 1.856183 1.382639 2491913 3.85E-05 0.745365 0.322871 | 1.720718 0491152
T 2.043126 1.426844 2.925591 9.60E-05 1.619668 0.724399 | 3.62138 0.240148
M 3.668943 1.980803 6.7958 3.58E-05 3.90959 1.270714 | 12.02859 0.017417
N 2.678406 1.119347 6.408966 0.02688l 2.932043 1.082763 | 7.939758 0.03431
Risk Score 1.116196 1.05388 1.182196 0.000177 1.076982 1.007657 | 1.151077 0.028914

JingminZhou’s signature,”® YueWu’s signature,?’ sug-

gesting that the power of this prognostic signature
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Figure 6 External validation in subtype 2 ccRCC (A). Comparison of this signature
with previous models (B).

might be superior to other signatures reported in previous
studies. Furthermore, we demonstrated that stage III-1V,
grade 3—4 and T3-4 were significantly associated with
higher risk score compared with stage I-11, grade 1-2 and
T1-2, respectively, and that high and low-risk score
ccRCC patients have significantly varying immune cell
infiltration and immune function.

These three vital ARGs (including MSX1, TIMP1 and
JAG?2), which were used to construct angiogenesis-related
prognostic signature, could be considered as candidate
markers of ccRCC. Dias et al** found that extracellular
vesicle-derived TIMP1 in plasma could be used as an
adverse potential prognostic biomarker of ccRCC.
Armstrong et al*® detected 23 types of angiokines in
ccRCC patients in a randomized open-label Phase I trial,
and found that the expression level of TIMPI1 increased
with progression on everolimus or sunitinib treatment. He
et al** reported that RUNX3 played a vital role in inhibit-
ing ccRCC proliferation and metastasis of cRCC cells by
regulating TIMP1. Yang et al*> considered that IL-8 could
recruit tumor associated neutrophils and induce the expres-
sion of JAG2 in tumor associated neutrophils, which play
an important role in regulating immune evasion microen-
vironment in epithelial ovarian cancer. Hatano et al
revealed that JAG2 overexpression has potential prognos-
tic value in oral squamous cell carcinoma.”® He et al*’
demonstrated that interaction of JAG2 and PRAF2 facil-
itates colorectal carcinoma cells’ migration and invasion
through non-canonical Notch and non-EMT-dependent
pathways. MSX1 could inhibit angiogenesis to suppress
tumorigenesis.”® Son et al*® showed that the interaction of
PIASy and MSX1 mediated the inhibition of tumor angio-

genesis. Yue et al®’

reported that msh homeobox 1
(MSX1) could suppress breast tumorigenesis through

arresting G1/S cell cycle and apoptosis, and the
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Figure 8 Association of this signature with immune cell infiltration (A) and immune functions (B). ***P<0.001; **P<0.01; *P<0.05.

methylation of MSX1 might be regarded as an epigenetic
biomarker for early diagnosis of breast cancer. However,
there has been no study focusing on the role of MSX1 and
JAG2 in ccRCC. In this study, we found that expression
levels of MSX1, TIMP1 and JAG2 were significantly
increased in RCC tissues compared with normal tissues.
High expression of TIMP1 was significantly associated
with poor OS and DFS of c¢ccRCC patients while high
expression of JAG2 was significantly associated with
higher OS of ccRCC patients. Besides, we revealed that

MSX1 has significantly higher levels of promoter

methylation in ccRCC tissues in comparison with normal
tissue, while the promoter methylation level of JAG2 was
significantly lower in ccRCC tissues compared with nor-
mal tissue.

However, we have to acknowledge that several lim-
itations in our study were inescapable. First of all,
retrospective design with limited sample size would
result in selection bias. Larger prospective studies
should be performed for generalizability. Secondly, all
of the work in this study was purely based on bioinfor-
matics analysis and did not achieve any mechanistic
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Figure 9 Validation of mRNA expression levels and promoter methylation of MSXI (A and B), TIMPI (C and D) and JAG2 (E and F) in ULCAN database.
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Figure 10 Correlation of the expression levels of MSXI (A and B), TIMPI (C and D) and JAG2 (E and F) with OS and disease-free survival in GEPIA data.
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explanation. Further in vitro and in vivo experiments
into the underlying mechanism are warranted.

In this study, we identified two angiogenesis-related
molecular subtypes for ccRCC. These two molecular sub-
types have significantly different prognosis, tumor microen-
vironment, and immune checkpoint inhibitor sensitivities.
Besides, we developed and successfully validated a novel
angiogenesis-related gene signature for predicting prognosis
of subtype 1 ccRCC, which was superior to several previous
signatures. The angiogenesis-based molecular subtypes and
prognostic signature would contribute to further understand-
ing of molecular mechanism in ccRCC.
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