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The novel transcriptomic signature s

of angiogenesis predicts clinical outcome,
tumor microenvironment and treatment
response for prostate adenocarcinoma
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Abstract

Angiogenesis plays the critical roles in promoting tumor progression, aggressiveness, and metastasis. Although few
studies have revealed some angiogenesis-related genes (ARGs) could serve as prognosis-related biomarkers for the
prostate cancer (PCa), the integrated role of ARGs has not been systematically studied. The RNA-sequencing data and
clinical information of prostate adenocarcinoma (PRAD) were downloaded from The Cancer Genome Atlas (TCGA)

as discovery dataset. Twenty-three ARGs in total were identified to be correlated with prognosis of PRAD by the
univariate Cox regression analysis, and a 19-ARG signature was further developed with significant correlation with
the disease-free survival (DFS) of PRAD by the least absolute shrinkage and selection operator (LASSO) Cox regres-
sion with tenfold cross-validation. The signature stratified PRAD patients into high- and low-ARGs signature score
groups, and those with high ARGs signature score were associated with significantly poorer outcomes (median DFS:
62.71 months vs unreached, p <0.0001). The predicting ability of ARGs signature was subsequently validated in two
independent cohorts of GSE40272 & PRAD_MSKCC. Notably, the 19-ARG signature outperformed the typical clinical
features or each involved ARG in predicting the DFS of PRAD. Furthermore, a prognostic nomogram was constructed
with three independent prognostic factors, including the ARGs signature, T stage and Gleason score. The predicted
results from the nomogram (C-index=0.799, 95%C| = 0.744-0.854) matched well with the observed outcomes, which
was verified by the calibration curves. The values of area under receiver operating characteristic curve (AUC) for DFS
at 1-, 3-, 5-year for the nomogram were 0.82, 0.83, and 0.83, respectively, indicating the performance of nomogram
model is of reasonably high accuracy and robustness. Moreover, functional enrichment analysis demonstrated the
potential targets of E2F targets, G2M checkpoint pathways, and cell cycle pathways to suppress the PRAD progres-
sion. Of note, the high-risk PRAD patients were more sensitive to immune therapies, but Treg might hinder benefits
from immunotherapies. Additionally, this established tool also could predict response to neoadjuvant androgen
deprivation therapy (ADT) and some chemotherapy drugs, such as cisplatin, paclitaxel, and docetaxel, etc. The novel
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ARGs signature, with prognostic significance, can further promote the application of targeted therapies in different

stratifications of PCa patients.

Keywords: Prostate adenocarcinoma, Angiogenesis, TCGA, Transcriptomic signature, Survival analysis, Nomogram,
Tumor microenvironment, Treatment response prediction, Targeted therapies

Introduction

Prostate adenocarcinoma (PRAD), accounting for 95% of
all prostate cancers (PCa), is a complicated disease threat-
ening the health of men worldwide (Rebello et al. 2021).
As reported, PCa has become the second most common
male malignancy, with a incidence of 29.3/10° and moral-
ity of 7.6/10° worldwide (Feng et al. 2019). Similarly, the
incidence of PCa in China has been rising to over 10/10°
and now ranks the seventh most common male cancer
and tenth leading cause of cancer death (Feng et al. 2019;
Zhu and Ye 2020). With the development of screening
techniques and modern medicine, prostate cancer has a
favorable 5-year survival rate among the common types
of cancers. However, patients with PCa in China are often
diagnosed at locally advanced stage or metastasis stage,
resulting in a high mortality-to-incidence ratio, nearly
50% (Zhu and Ye 2020). Though the 5 year-survival of
patients with localized PCa is over 95%, about half
patients who received radical prostatectomy will expe-
rience biochemical recurrences (Dell'Oglio et al. 1990).
Thus, reliable prognostic biomarkers should be proposed
to improve the clinical management of PCa.

Some risk stratification tools based on gene expres-
sion have been developed, such as Decipher (Spratt et al.
2017), Oncotype Dx Genomic Prostate Score (Eure et al.
2017) and Prolaris (Shore et al. 2016). These tools have
been proved to be associated with disease recurrence
after surgery and/or adjuvant therapy. However, some
of these models did not make contributions to clini-
cal practices (Cucchiara et al. 2018). To our knowledge,
a number of molecular biomarkers have been discov-
ered as well, which are capable of identifying aggressive
subtypes of indolent PCa with higher specificity (Bertoli
et al. 2016; Lam et al. 2020; Faisal and Lotan 2020; Zhuo
et al. 2018). For instance, miRNA prognostic biomarkers,
such as let-7a, miR-141, miR-375 and miR-182, are corre-
lated with lymph node metastasis and clinical staging in
PCa (Bertoli et al. 2016). Moreover, epigenetic biomark-
ers, such as GSTPI and APC, were found to be correlated
with the relapse of PCa (Lam et al. 2020). Next genera-
tion sequencing (NGS) technologies enabled us to have
a deep understanding of the genomic information of PCa
patients, and some genomic alteration signatures have
been applied in diagnosis, prognosis, and clinical thera-
peutics (Faisal and Lotan 2020). Furthermore, increas-
ing transcriptomic data of PCa patients provided deep

insights into molecular mechanisms of tumorigenesis
and progression, and also promoted the development
of molecular biomarkers. For example, the upregulation
of SRPK2 was shown to affect cancer cell proliferation,
migration, cell cycle, and was found to be correlated with
a higher Gleason score, advanced clinical stage, tumor
metastasis and poor prognosis (Zhuo et al. 2018). How-
ever, the prognosis and management of PCa are still
complicated due to the molecular, cellular, and clinical
heterogeneity in PCa (Chen et al. 2021). Therefore, more
rigorous and reliable prognosis prediction models are
urgently needed to stratify the PCa patients and improve
the clinical outcomes.

Angiogenesis is well-known to play critical roles in the
formation of nascent blood vessels, which are mainly
involved in the vascular development and repair of dam-
aged blood vessels (Rajabi and Mousa 2017). Whereas,
pathological blood vessels, unlike normal blood vessels,
are immature and can influence the tumor microenviron-
ment (TME) and promote proliferation and migration
of cancer cells and support tumor progression, invasion
and distant metastasis (Katayama et al. 2019; Carmeliet
and Jain 2000). Thus, pathological angiogenesis is consid-
ered as one of the tumor hallmarks, correlated with poor
prognosis in many cancer types (Ramjiawan et al. 2017).
Nowadays, plenty of ARGs had been identified to be
involved in the development of tumors (Pavlakovic et al.
2001). The overexpression of some certain ARGs, such as
vascular endothelial growth factor A (VEGFA), neuropi-
lin-1 (NRPI) and PlexinA2 (PLXNA?2), were found in PCa
and their overexpression correlated with tumor metasta-
sis and poorer prognosis (Melegh and Oltean 2019; Yin
et al. 2021). In addition, some studies revealed that PCa
progression and metastasis were promoted by other angi-
ogenesis-enhancing factors (Zhao et al. 2021; Strohm-
eyer et al. 2000). These studies focused on the prognostic
value of a single ARG or angiogenesis-related processes,
but the roles of ARGs related to the whole angiogenesis
activity in predicting the prognosis of PCa are not clearly
clarified.

In our study, we investigated the RNA-seq and clinical
features of PRAD samples downloaded from the TCGA,
and 23 angiogenesis-related genes correlated with worse
DFS were identified from the Hallmark Angiogen-
esis gene set (36 ARGs in total). LASSO Cox regression
with tenfold cross-validation further confirmed a novel
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19-ARG signature, which was a predominant prognostic
factor for the DFS of PRAD. Furthermore, a nomogram
based on the ARGs signature was generated to predict
the prognosis of PRAD patients. Finally, the role of the
signature in predicting treatment response was inves-
tigated to explore the potential targeted therapies for
PRAD patients.

Methods and materials

Data resources and selection of angiogenesis-related
genes

The original genomic alternations, mRNA expression
and clinical features of 501 PRAD samples (4/501 PRAD
samples lacking one of these information were excluded,
only 497/501 PRAD samples were included in the follow-
ing analyses) in PRAD cohort (TCGA, Firehose Legacy)
were downloaded via the cbioportal (https://www.cbiop
ortal.org/study/summary?id=prad_tcga) as the discov-
ery dataset (Table 1). GSE40272 dataset, which con-
tains 89 PRAD samples, was downloaded from the GEO
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE40272) as the first validation dataset (Additional
file 7: Table S1), meanwhile, the PRAD_MSKCC cohort,
including a total of 156 PRAD samples with mRNA
expression data and there were 140/156 PRAD samples
with DFS information), retrieved via the cbioportal was

Table 1 Clinical features of 497 PRAD patient samples from the
TCGA

Characteristics Number (%)

Total 497
Age Median (range) 611[41,78]
PSA Median (range) 0.110,323]
Gleason score Primary +secondary
6 45
7 247
8 64
9 137
10 4
T stage T 177
T2 173
T3 53
T4 2
NA 92
N stage NO 345
N1 79
NA 73
M stage MO 455
M1 3
NA 39

PRAD prostate adenocarcinoma, NA not applicable
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regarded as another validation dataset (Additional file 8:
Table S2).

The Angiogenesis-related gene set, including 36 ARGs
in total, were downloaded from Molecular Signatures
Database  (http://www.gsea-msigdb.org/gsea/msigdb/,
MSigDB-Hallmark version 7.4).

Differential expression analysis between PRAD patients
and normal people, and expression and mutation profiles
of ARGs in PRAD

The mRNA expression data in the cohort (containing
500 tumor samples & 51 normal samples), namely GDC
TCGA Prostate Cancer (PRAD) that was collected in the
website of UCSC xena (https://xenabrowser.net/datap
ages/) and could be directly downloaded from the follow-
ing: https://gdc-hub.s3.us-east-1.amazonaws.com/downl
0ad/TCGA-PRAD.htseq_counts.tsv.gz, were retrieved
to explore the differentially expressed ARGs using the
“DeSeq2” package, while |log, (Fold Change) |>1 and
p<0.05 were considered significantly differentially
expressed.

Angiogenesis-related genes data were extracted using
cBioPortal to show the relationship between genetic
alterations (missense, splice, truncating, amplification,
and deep deletion alterations, etc.) and patients’ survival
or between expression alterations and patients’ survival
among these patients from the TCGA-PRAD cohort. The
relatively high or low expression was defined by the cus-
tom parameter (z-score) of cBioPortal, while “z-score >2”
represented the relatively high mRNA expression and
“z-score<— 2”7 represented the relatively low mRNA
expression.

Construction of the angiogenesis-related prognostic
signature and nomogram

The ARGs related to DFS (P <0.05) were identified via a
univariate Cox regression analysis using optimized algo-
rithm. Following least absolute shrinkage and selection
operator (LASSO) Cox regression with tenfold cross-
validation was performed using the “glmnet” package in
R studio (Sauerbrei et al. 2007; Wang et al. 2019). Mul-
tivariate Cox regression analysis was then conducted for
the construction of this ARG signature, and the ARGs
signature score formula was established. ARGs signa-
ture score=Expression level of gene 1 x a;+ Expres-
sion level of gene 2 xa,+Expression level of gene
3 xaz+...+Expression level of gene nxa, where a,
denotes the coefficient for the corresponding gene in this
model. The cutoff value was drawn from median ARGs
signature score to sort the patient samples into high- and
low-ARGs signature score groups. The survival curves
were drawn using the “survival” package in R studio. The
analysis of receiver operating characteristic curve (ROC)
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was demonstrated by the “timeROC” package in R stu-
dio, and the values of area under ROC curve (AUC) for
DES were used to evaluate the ability of ARGs signature
or clinical feature in prognosis prediction.

Underlying ARGs signature, clinical association analy-
sis was subsequently conducted. Moreover, ARGs sig-
nature and clinical features, such as diagnosis age, PSA
(prostate specific antigen) level, Gleason score and T,
N, M stage, were further enrolled in the multivariate
Cox regression analysis to determine the independent
prognostic factors. Based on the independent prognos-
tic factors, the nomogram was constructed via the Cox
regression model by using the “rms” package in R studio
(Chun et al. 2006). Also, the calibration plots were drawn
by the “rms” package in R studio to estimate the accuracy
of predicted DFS by the nomogram.

Genomic alteration and functional enrichment analysis
Then, the genomic alteration profiling between high- and
low-ARGs signature score groups was compared. Initially,
the comparison analysis of mutation count between these
two groups was conducted by using the “violinplot” pack-
age in R studio. Subsequently, the oncoplots were drawn
by using the “maftools” package in R studio to exhibit
genomic alteration landscapes of high- and low-ARGs
signature score groups. The oncogenic genes involved in
the DDR, PI3K, and Wnt signaling pathways were highly
correlated with the development and progression of PCa
(Armenia et al. 2018), thus, genomic alterations in these
three pathways were further investigated in the present
study.

To explore the biological processes involved in the
high- and low-ARGs signature score groups, we used the
“clusterProfiler” package (Yu et al. 2012) in R studio to
perform Hallmark gene set enrichment analysis (http://
www.gsea-msigdb.org/gsea/msigdb/) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG, https://www.kegg.
jp/) pathway enrichment analysis, and all of these analy-
ses were visualized by “ggplot2” and “enrichplot” in R stu-
dio. The threshold was set at an adjusted p-value <0.05.

Evaluation of TME between high- and low-ARGs signature
score groups

Transcriptomic data from the TCGA-PRAD cohort
were used to compare the proportions of infiltration
among 22 types of tumor-infiltrating immune cell by a
deconvolution algorithm (CIBERSORT: Cell type Iden-
tification By Estimating Relative Subsets Of known RNA
Transcripts) between the high- and low-ARGs signature
score groups. Furthermore, immune and stromal scores
illustrating the infiltration status of TME cells were cal-
culated using ESTIMATE (Estimation of STromal and
Immune cells in MAlignant Tumours using Expression
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data) (Yoshihara et al. 2013a). In addition, the expression
levels of immune checkpoint genes, including PD-L1,
PD-1, CTLA4, and TIM3, were compared between the
high- and low-ARGs signature score groups. Moreover,
the relationship between the expression levels of immune
checkpoint genes and ARGs signature score (or signa-
ture-related ARGs) was further investigated by the cor-
relation analysis.

The analyses of endocrine therapy and chemotherapy
responses

The GSE102124 dataset containing 19 primary prostate
cancer samples with the treatment of neoadjuvant ADT
and 3 primary prostate cancer control samples (Sowal-
sky et al. 2018) and the GSE74685 dataset containing 117
castration-resistant prostate cancer (CRPC) samples with
the treatment of luteinizing hormone-releasing hormone
(LHRH) agonist, 19 CRPC samples receiving the orchi-
ectomy treatment, and 13 CRPC control samples (Kumar
et al. 2016) were retrieved from the GEO for the analysis
of the ADT treatment responses.

Meanwhile, data were retrieved from the Genomics of
Drug Sensitivity in Cancer (GDSC, https://www.cance
rrxgene.org/) to determine the difference in the response
to chemotherapy between high or low-ARGs signature
score groups (Yang et al. 2013a; Iorio et al. 2016; Gar-
nett et al. 2012). In the present study, the half-maximal
inhibitory concentration (IC50) was utilized to evaluate
the drug response. Meanwhile, the IC50 of each sample
was estimated between the high- and low-ARGs signa-
ture score groups. Furthermore, mRNA expression data
of docetaxel sensitive and resistant variants of PC3 PCa
cell line from GSE140440 (Schnepp et al. 2020) was fur-
ther employed to testify the predictive role of ARGs in
chemotherapy response.

Immunohistochemistry (IHC) analysis

The protein expression of 19 ARGs involved in the signa-
ture, among TCGA-PRAD samples, was analyzed by IHC
using the available scanned tumor staining from Human
Protein Atlas (HPA) database (https://www.proteinatlas.
org/). The information of IHC staining was determined
and manually adjusted by experts from the HPA data-
base, and ARGs IHC staining was defined and exhibited
as high, medium, low staining or not detected. A total
of 9-12 PRAD samples were enrolled in the analysis of
ARGs IHC staining. In addition, there existed the IHC
staining of 16 ARGs protein expression, except CXCL6,
OLR1, and LPL, retrieved from the HPA database.

Statistical analyses
Chi-square, Fisher test, and Wilcoxon rank test statisti-
cal analyses were performed using R software (v. 3.4.3,
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https://rstudio.com/). A (adjust) p-value<0.05 was con-
sidered statistically significant. A log-rank test was used
to estimate the survival curves between the high- and
low-ARGs signature score groups. A schematic represen-
tation for the design of the present study was shown in
Fig. 1.

Results
Genomic and expression alterations of ARGs in PRAD
patients
Initially, we analyzed the genomic alteration profiling
of ARGs gene set in PRAD patient samples from the
TCGA database, and it was showed that 43% (214/497)
of PRAD patient samples had at least one genomic altera-
tion, including missense, splice, truncating, amplifica-
tion, and/or deep deletion alterations in ARGs (Fig. 2A).
Among those altered genes, STCI was the most prevalent
(17%), while others were altered in 0.4%-16% of patient
samples. However, there was no significant difference
(p=0.791) in the DFS between groups with or without
genetic mutations in ARGs (Fig. 2B).

Then, we explored the expression data of the ARGs
in PRAD patient samples from TCGA. Almost 68%
(336/497) of PRAD patient samples had altered
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expression of ARGs (Fig. 2C). Notably, patient samples
with the altered expression of ARGs had significantly
poorer DFS than that of patient samples without changes
(median DFS: 77.33 months vs unreached, p<0.0001,
Fig. 2D). While the comparison of expression data
between tumor and normal samples showed that 8 out
of 36 ARGs were significantly differentially expressed,
including CCND2, CXCL6, KCNJ8, LPL, SERPINAS,
SLCO2A1, VTN, and APOH (Additional file 9: Table S3).
Interestingly, only APOH was downregulated but other 7
ARGs were upregulated in the tumor samples, compared
to the normal samples.

Construction and evaluation of a novel prognostic
signature for PRAD patients based on the ARGs expression
profiling

The univariate Cox regression analysis was used to iden-
tify the specific association between each individual
ARG gene from the ARGs gene set and the DFS of PRAD
patient samples from the TCGA cohort, and we found a
total of 23 ARGs were significantly correlated with the
DFS of PRAD patients (p<0.05, Fig. 3A). Among these
identified ARGs, the overexpression of 17 ARGs were
associated with poorer DFS of PRAD patients; on the

TCGA: 500 PRAD vs 51 Normal Samples

8/36 Differentically Expressed ARGs

36 ARGs from
Molecular Signatures Database

Expression Alteration Profiling

TCGA PRAD Cobhort: 497 PRAD Samples

Genomic Alteration Profiling

Univariate Cox Regression Analysis

Identification of 23 ARGs Related to DFS

LASSO Cox Regression Analysis

19-ARG Signature Based on the Expression Profiling

Multivariate Cox Regression Analysis

Validation

\4

GSE40272 & MSKCC Cohort

ROC Curvers

Kaplan-Meier Plot

Therapy Response

ARGs Prognosis Score

ROC Curvers ey Kaplan-Meier Plot
Functional Enrichment e e Clinical Features

Nomagram

Calibration Plot

—

ROC Curves

Fig. 1 A flow chart showing a schematic representation for the construction of a novel angiogenesis-related 19-gene signature model
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contrary, the expression of 6 ARGs were related to the
prolonged DEFS in the PRAD patients.

By the LASSO Cox regression analysis, 19 ARGs were
further determined to construct a novel prognostic sig-
nature for PRAD patients (Fig. 3B). The coefficients of
these 19 ARGs were calculated via the multivariate Cox
regression analysis (Table 2), and a median ARGs sig-
nature score was defined as a cutoff value which was
used to divide PRAD patient samples into the high- and
low-ARGs signature score groups. Notably, patients in
the high ARGs signature score group had the signifi-
cantly worse prognosis (median DFS: 62.71 months vs
unreached, p<0.0001, Fig. 3C), compared to those in the
low ARGs signature score group. Moreover, the AUC val-
ues for DFS at 1, 3, and 5 years were 0.77, 0.75 and 0.78,
respectively (Fig. 3D).

In addition, the constructed signature was further veri-
fied in two independent validation cohorts: GSE40272
dataset & PRAD_MSKCC cohort. The Kaplan—Meier
curve for PRAD patients in GSE40272 showed that

patients with high ARGs signature score had the worse
survival (median DFS: 60.30 months vs unreached,
p<0.05, Fig. 3E), in contrast to those with low ARGs sig-
nature score. Besides, the AUC values for DFS at 1, 2, and
3 years were 0.51, 0.61 and 0.65, respectively (Fig. 3F).
In addition, the survival analysis of PRAD patients from
PRAD_MSKCC cohort also demonstrated that patients
in high ARGs signature score group had the poorer
outcomes (median DFS: 55.39 months vs unreached,
p<0.0001, Fig. 3G), and the AUC values for DFS at 1,
3, and 5 years were 0.76, 0.68 and 0.63, respectively
(Fig. 3H).

Association analysis between the ARGs signature

and clinical features

Next, we investigated the clinical features related to
ARGs signature in the TCGA-PRAD cohort. There was
no significant difference in the age at diagnosis between
two groups (median age at diagnosis: 61.02 vs 60.75 years
old, p>0.05, Fig. 4A), but the PSA level (PSA level: 0.1 ng/
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Table 2 Hazard ratios and coefficients of DFS-related ARGs

Gene Hazard ratio 95%Cl Coefficient p-value
VAV2 2.50 1.64-3.80 33924 <0.05
NRP1 241 1.58-3.70 0.5622

PRG2 2.31 151-3.54 1.1902

JAG2 213 1.39-3.27 0.3202

LPL 1.85 1.23-2.80 -0.0801

POSTN 1.77 1.17-2.69 0.3631

FSTLT 1.76 1.17-2.69 0.7902

PF4 1.75 1.14-2.69 0.6997

JAGT 1.75 1.15-2.67 0.2249

COL3AT 1.73 1.14-2.62 0.3681

OLR1 1.65 1.08-2.52 —0.0198

VEGFA 1.58 1.01-2.49 0.1602

VIN 1.56 1.03-2.36 0.0476

ST00A4 1.96 1.17-3.29 0.9752

FGFR1 0.60 0.39-0.92 — 1.1699

LRPAP1 0.59 0.39-0.89 1.1291

CXCLe 057 0.37-0.89 —0.1911

SERPINAS 0.52 0.34-0.78 — 04216

APP 0.46 0.30-0.71 —0.3995

DFS disease-free survival, Cl confidence interval, NA not applicable

mL [0.03, 0.365] vs 0.1 ng/mL [0.03, 0.10], p=0.005) was
significantly higher in the patients with high ARGs signa-
ture score (Fig. 4B).

Gleason score is an extensively used marker for his-
tological grading in PCa, thus, we investigated the dif-
ference in the distribution of Gleason score between
patients with different ARGs signature score. It was
found that more PRAD patients in the high ARGs sig-
nature score group had a high Gleason score (16.94% vs
8.87% in Gleason 8, 42.34% vs 12.91% in Gleason 9, 1.61%
vs 0% in Gleason 10), compared to those in low ARGs
signature score group (p <0.01, Fig. 4C). Further compre-
hensive analyses of clinical stages revealed that patients
with high ARGs signature score were significantly associ-
ated with advanced tumor stages and lymph node inva-
sion. Among these patients with high ARGs signature
score, 14.92% and 25.41% of them had disease of T3 and
N1, respectively (p<0.01, Fig. 4D, E). In contrast, only
6.4% of patients with low ARGs signature score were at
T3 stage and/or N1 stage. No significant difference in dis-
tant metastasis between two groups was observed due to
the limited patients in M1 stage involved in the TCGA
dataset (Fig. 4F). Of note, it was observed that the expres-
sion of common tumor angiogenesis markers of CD34 &
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groups (p=10.005). C Percentage-staked bar plot representing patient distribution with Gleason primary + secondary score between high- and
low-ARGs signature score groups (p <0.001). D Percentage-staked bar plot representing tumor stage (T1/T2/T3/T4/NA) between high- and
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Table 3 The multivariate Cox regression analysis for the ARGs
signature and clinical features

Index Hazar ratio 95%(Cl p-value
ARGs signature score 2.88 2.07-4.00 <0.001
Age 1.00 0.97-1.00 0.820
PSA 1.02 0.98-1.10 0.335
Gleason score 1.54 1.14-2.10 0.005
primary + secondary

T stage 178 1.27-2.50 0.001
N stage 073 041-1.30 0.293

Cl confidence interval

CD105 was higher in high ARGs signature score group,
moreover, ARGs signature score was positively with the
expression of CD34 & CD105 (p<0.001, Additional file 1:
Fig. S1).

Construction of a nomogram

Compared to the representative clinical features, the
ARGs signature score, Gleason score, and T stage were
shown to be the predominant prognostic factors for
PRAD patients by the multivariate Cox regression analy-
sis and the ROC curve analysis (Table 3). The AUC values

for DES at 1, 3, and 5 years showed that the specific-
ity and sensitivity of the 19-ARG signature were higher
than those of clinical features (Fig. 5A—C). Besides, the
ARGs signature outperformed a single ARG involved
in this signature to predict the 1, 3, and 5 years DFS of
PRAD patients (Additional file 2: Fig. S2). Subsequently,
a nomogram based on the ARGs signature score was
established, together with the clinical parameters: T stage
and “Gleason primary score + secondary score” (Fig. 5D).
While the concordance index (C-index) of the nomogram
was 0.799 (95%CI=0.744-0.854). As indicated in the
nomogram, every PRAD patient would have a total score
and the patients with higher total score could have worse
prognosis. In addition, the calibration plots revealed that
the predicted outcomes were basically in agreement with
the observed DFS in the TCGA-PRAD cohort (Fig. 5E).
Meanwhile, the AUC values of 1-, 3-, 5-year DFS for the
nomogram were 0.82, 0.83, and 0.83, respectively, show-
ing that the nomogram had better and more stable pre-
dicting ability (Fig. 5F). Of note, the AUC values of 1-, 2-,
3-year DFS for the nomogram in GSE40272 were 0.59,
0.72, and 0.76, respectively, furthermore, the AUC values
of 1-, 3-, 5-year DFS for the nomogram in the PRAD_
MSKCC cohort also increased to 0.79, 0.74, and 0.68, by
comparison with the performance of ARGs signature in
prognosis prediction (Additional file 3: Fig. S3).
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Enrichment of genomic alterations

As is shown in Fig. 6A, more genomic mutations (muta-
tion count: 35 [4, 6524] vs 34 [2, 104], p<0.01) were pre-
sented in patients from high ARGs signature score group.
Then we deeply investigated the mutation profiles of the
top ten most frequently altered genes in high- and low-
ARGs signature score groups. Obviously, the most preva-
lently altered genes in high ARGs signature score group
were significantly different from those in the low ARGs
signature score group (p<0.05, Fig. 6B, C, Additional
file 10: Table S4). Consequently, the systematic investiga-
tion was further conducted to explore which events were
correlated with the high-risk PRAD patients. Genomic
alterations happened more frequently in the high ARGs
signature score group, and there was a statistically sig-
nificant difference of genomic alterations in a total of 47
altered genes between the high- and low-ARGs signature
score groups (Additional file 11: Table S5). By statistical
analysis, 44 of 47 altered genes, including TP53, PIK3CA
and ALMSI, etc., were significantly enriched in the high
ARGs signature score group (p<0.05, Fig. 6D, Addi-
tional file 11: Table S5), reversely, the low ARGs signature

score group had a significant enrichment of only 3
altered genes, including FLG2, KHDC4 (KIAA0907), and
KRTAP4-6 (p<0.05, Fig. 6D, Additional file 11: Table S5).
For the level of signaling pathway, we found that more
frequently altered pathways of DNA Damage Response
(DDR), PI3K and Wnt were enriched in the high ARGs
signature score group, meanwhile, genes PIK3CA in PI3K
signaling pathway and POLE in DDR signaling pathway
were more frequently altered in the high ARGs signature
score group (p <0.05, Fig. 6E), and the altered genes were
excluded as of the frequency<1%. In addition, the DDR,
PI3K and Wnt pathways were altered in nearly 10.62%,
6.01%, and 6.01% of the PRAD patient samples from the
TCGA-PRAD cohort (Fig. 6F-H).

Functional enrichment analysis

Initially, Hallmark gene set (Additional file 12: Table S6)
and KEGG (Additional file 13: Table S7) enrichment
analysis underlying the expression of signature-related
ARGs revealed that the aberrant regulation of ARGs
expression in PRAD samples was highly correlated with
biological activities of E2F targets, G2M checkpoint, Myc
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targets V1, oxidative phosphorylation, cell cycle, angio-
genesis, Androgen or estrogene response, extracellular
matrix, and immune-related signaling pathways, etc.
Based on the integrative ARGs signature, the Hallmark
gene set enrichment analysis showed that E2F targets,
G2M checkpoint, Myc targets V1, mitotic spindle, allo-
graft rejection, DNA repair, Myc targets V2, interferon
Y response, angiogenesis, epithelial-mesenchymal transi-
tion, inflammatory response, and interferon o response
were highly enriched in the high ARGs signature score
group (adjusted p-value<0.01, Fig. 7A; Additional file 14:
Table S8). And KEGG pathway enrichment analysis

indicated that pathways related to cell cycle, DNA repli-
cation, and spliceosome etc., were abundantly enriched
in the high ARGs signature score group (adjusted
p-value<0.01, Fig. 7B; Additional file 15: Table S9).

The estimate of tumor microenvironment and ARGs
signature-related immune checkpoint gene expression
analysis

The stromal score, immune score and ESTIMATE
score were significantly higher in high ARGs signature
score group (p<0.05, Fig. 8A). Meanwhile, infiltrating
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immune cells were analyzed to describe the immune
profiles in the high- and low-ARGs signature score
groups (Fig. 8B, C). Naive B cells, plasma B cells and
CD4 + memory resting T cells are significantly enriched
in the low ARGs signature score group. On the con-
trary, the high ARGs signature score group had a sig-
nificantly higher abundance of memory B cells, Treg
cells, activated NK cells, and Macrophage M2 (p <0.05,
Fig. 8C). Additionally, the expression of immune check-
point genes was investigated, and which demonstrated
that the expression of PD-1, CTLA4, and TIM3 was
significantly higher in the high ARGs signature score
group (p<0.05, Fig. 8D), however, the expression of
PD-L1 was nearly equivalent between two groups
(p=0.73, Fig. 8D) and was not associated with ARGs
signature score (p=10.96, Fig. 8E). Of note, it was found
that the ARGs signature score had the extremely posi-
tive correlation with the expression of PD-1 (p<0.01),
CTLA4 (p<0.0001), and TIM3 (p<0.0001) (Fig. 8E).
Correlation analysis between each signature-related
ARG and the selected immune checkpoint genes fur-
ther demonstrated that OLRI, COL3AI1, S100A4,
POSTN, LPL, CXCL6, FGFRI, JAG2, and SERPINAS5
were all positively correlated with PD-1, CTLA4, and
TIM3 (p<0.05, Fig. 8F), while APP was negatively cor-
related with CTLA4 and TIM3 but positively correlated
with PD-1 (p <0.05, Fig. 8F).

The evaluation of endocrine therapy and chemotherapy
responses

The endocrine therapy has been one of the standard
treatment strategies to improve the clinical outcomes of
PCa patients. Remarkably, it was found that the ARGs
signature score of the primary prostate cancer patients
from the GSE102124 dataset was significantly downregu-
lated (p=0.0013, Fig. 9) after receiving the conjunction
treatment of leuprolide, abiraterone acetate, and pred-
nisone, which was a neoadjuvant ADT. However, it was
observed that LHRH agonist and orchiectomy treatments
had no influence on the regulation of the ARGs signa-
ture score of CRPC patients from the GSE74685 dataset
(p>0.05, Additional file 4: Fig. S4).

The data from the GDSC database were utilized to pre-
dict the possible responses to some traditional chemo-
therapy drugs in the cancer. It could be observed that
there was a statistically significant difference of IC50
among six chemotherapy drugs between the high- and
low-ARGs signature score groups. Moreover, PRAD
patients with the high ARGs signature score seemed to
be more sensitive to five identified chemotherapy drugs
(cisplatin, paclitaxel, docetaxel, vinblastine and doxoru-
bicin, p <0.05, Fig. 10). Nevertheless, PRAD patients with
low ARGs signature score seemed to be more sensitive
to vinorelbine (Fig. 10). Of note, it was further found in
PC3 PCa cell line from the GSE140440 dataset that high
ARGs signature score group was significantly correlated
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Fig. 8 Tumor microenvironment (TME) in high- and low-ARGs signature score groups in PRAD cohort. A Comparison of the immune score, stromal
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groups. C Comparison of infiltrating immune cells between high- and low-ARGs signature score groups. D Differential expression of immune
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with the sensitivity of docetaxel (p<0.0001, Additional
file 5: Fig. S5). In addition, correlation analysis revealed
that in the high ARGs signature score group not all signa-
ture-related ARGs were associated with sensitivity to the

five identified chemotherapy drugs, while only LRPAPI
was significantly correlated with sensitivity to all these
five chemotherapy drugs and positively correlated with
cisplatin and doxorubicin but negatively correlated with
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paclitaxel, docetaxel, and vinblastine (p <0.05, Additional
file 6: Fig. S6). Whereas, it could be obviously observed
that most ARGs in signature were significantly correlated
with sensitivity to the six identified chemotherapy drugs
(p<0.05, Additional file 6: Fig. S6).
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IHC analysis of ARGs protein expression in human PRAD
samples

Additionally, IHC data were retrieved from the HPA
database to investigate the signature-related ARGs at
protein level. It was found that 4/11, 7/9, 12/12, 11/11,
12/12, 3/11, 7/10, 4/12, 6/11, 11/11, and 2/12 PRAD
samples expressed APP, FGFR1, FSTL1, JAG1, JAG2,
LRPAP1, NRP1, SERPINAS5, VAV2, VEGFA, and VTN,
respectively (Fig. 11A). Of note, it was observed that
PRAD samples had the protein expression of these 11
ARGs all located in the cytoplasm and/or membrane
by the IHC analysis (Fig. 11B). Whereas, COL3A1, PF4,
POSTN, PRG2, and S100A4 were not detected in any
PRAD samples (Fig. 11A&B). Due to the lack of IHC
staining of CXCL6, OLR1, and LPL in PRAD samples, of
which the protein expression was not estimated.

Discussions

Although emerging strategy of anti-angiogenesis has
been validated as an effective treatment for multiple solid
tumors including renal carcinoma, lung cancer and stom-
ach cancer (Schmidt and Carmeliet 2011; Sarkar et al.
2015), unfortunately, it did not exhibit promising clini-
cal efficacy as expected in the PCa. On the other side, the
integrated role of ARGs in predicting the prognosis of
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PCa has been neglected and scarcely studied. The present
study offered a deep insight of the integrated function of
angiogenesis in the prognosis of PCa.

The angiogenesis-related gene set, namely the Hall-
mark_Angiogenesis gene set from Molecular Signatures
Database, was selected to establish the signature. The
hallmark gene set has reduced noise and redundancy, as
well as controlled false discoveries by identifying gene
set overlaps and analyzing coordinate expression (Liber-
zon et al. 2015). We investigated the specific association
between these ARGs and DFS of PRAD and found that
patients with altered expression of ARG(s) were signifi-
cantly correlated with poorer DFS, compared to those
without any alterations. However, no significant differ-
ence was observed in the DFS of groups with or without
ARG genetic mutations. Then, we identified a total of 23
ARGs that significantly correlated with PCa patients’ sur-
vival. In concordance with previous studies which inves-
tigate the ARG solely in prostate cancer, genes including
NRPI (Tse et al. 2017), JAG2 (Kwon et al. 2016), COL5A2
(Ren et al. 2021), POSTN (Cattrini et al. 2018), FSTLI
(Zhao et al. 2019), PF4 (Baselga et al. 2008), JAGI (Terada
et al. 2014), COL3A1 (Angel et al. 2020), VCAN (Asano
et al. 2017), VEGFA (Zhan et al. 2013), SPPI (Pang et al.
2019), VTN (Niu et al. 2016), and S100A4 (Ganaie et al.
2020) were identified as unfavorable prognosis-related
biomarkers in prostate cancer. Meanwhile, the progno-
sis roles of APP (Takayama et al. 2009) and FGFR1 (Yang
et al. 2013b) were controversial with previous studies,
which needed further validation and study. Notably,
genes including PRG2, VAV2, LPL, OLRI, SERPINAS,
CXCL6, LRPA1, and KCNJ8 have not been identified to
be correlated with the prognosis of PCa before, mean-
while, it was also found that CXCL6, KCNJ8, LPL, and
SERPINAS were upregulated in the tumor samples by
comparison with normal samples. Thus, it is worthy to
investigate the specific biologial function of these genes
in the carcinogenesis and development of PCa in the fur-
ther study.

Based on the expression profiling of the ARGs gene set,
the signature (a 19-ARG signature) was developed, which
had the ability to predict the prognosis of PRAD patients.
Meanwhile, the result of clinical association analysis
demonstrated that the higher ARGs signature score indi-
cated the advanced clinical status as well as the higher
expression of clinically used tumor angiogenesis mark-
ers (CD34 & CD105), which could further help clinicians
promote the PRAD management. In addition, a prognos-
tic nomogram based on the combination of ARGs signa-
ture score and two clinical features (Gleason score & T
stage) was established with the high AUC values of 0.82,
0.83, and 0.83 for the DES at 1, 3, and 5 years, respec-
tively, demonstrating more reliable and stable capacity
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of nomogram to predict prognosis of PRAD patients and
which was also verified in other two independent PRAD
patient cohorts, by comparison with the performance of
the ARGs signature solely in prognosis prediction. Thus,
the ARGs signature-based prognostic nomogram was
highly recommended for future clinical applications. Pre-
vious studies had demonstrated the influence of angio-
genesis on tumor growth and progression (Katayama
et al. 2019; Carmeliet and Jain 2000; Ramjiawan et al.
2017; Pavlakovic et al. 2001; Schmidt and Carmeliet 2011;
Baselga et al. 2008; Goos et al. 2016; Sbiera et al. 2017;
Wei et al. 2020; Dunne et al. 2006; Townsend et al. 2019;
Javaherian and Lee 2011; Lin et al. 2003; Maurer et al.
2006; Yang et al. 2020). Moreover, inhibiting angiogenesis
has emerged as an effective therapeutic strategy for most
solid tumors. But past researches of ARGs or angiogen-
esis-related pathways in PCa are limited, most studies
are intrigued by the VEGF-related pathways and develop
new medicines for the VEGF-related targets in PCa (Eis-
ermann and Fraizer 2017; Sarkar et al. 2020). However,
very few novel therapies showed significant improve-
ment on the survival of PCa patients (McKay et al. 2016;
Michaelson et al. 2014; Horti et al. 2009; Tannock et al.
2013). Endocrine therapy is still the common treatment
for advanced PCa patients by far, including ADT and
novel hormone treatments, etc. (Zhu and Ye 2020; Tietz
and Dehm 2020; Mollica et al. 2021). Nevertheless, endo-
crine therapies give rise to CRPC (Eisermann and Fraizer
2017). Whereas, the integrated angiogenesis activity has
been found to be correlated with PRAD progression, thus
the identified 19 ARGs instead of one single ARG could
become the molecularly therapeutic targets for PRAD.
Hallmark gene set analysis and KEGG pathway enrich-
ment analysis showed significant differences in the bio-
logical processes of patients between the high and low
ARGs signature score group. Interestingly, the E2F tar-
gets, G2M checkpoint pathways, and cell cycle pathways
positively correlated with patients in high ARGs signa-
ture score group, and these signaling pathway were all
vital to the tumor progression and metastasis (Lobrich
and Jeggo 2007). For the targeted therapy, cell cycle path-
way inhibitors could be used to improve the prognosis of
PRAD. Besides, the functional analyses further showed
the significant differences of cell metabolism, including
fatty acid metabolism, bile acid metabolism and perox-
ide metabolism/peroxisome, between the high and low
ARGs signature score group. As was reported previously,
the aberrant regulation of fatty acid metabolism, bile acid
metabolism and peroxide metabolism would cause the
accumulation of reactive oxygen species (ROS) and/or
peroxide, leading to the oxidative stress (Sies and Jones
2020). Generally, oxidative eustress promoted the activi-
ties of angiogenesis and cell proliferation, differentiation,
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and migration, but oxidative distress contributed the
inflammation, fibrogenesis, and tumor metastasis (Sies
and Jones 2020; Hayes et al. 2020). Therefore, specific tar-
geted drugs in the regulation of redox signaling pathways
could be suggested for the treatment of PRAD, while
which needs to be further explored. We also investigated
the infiltration of immune cell, and found that patients
in the high ARGs signature score group had significantly
higher ESTIMATE score correlated with the lower tumor
purity (Yoshihara et al. 2013b), but who had significantly
higher immune score as well as higher expression of
immune checkpoint genes, suggesting that the immune
therapies could be more effective for the high-risk
PRAD patients, however, the higher presence of Tregs in
patients with high ARGs signature may hinder them from
benefits from immune checkpoint inhibitors.

As demonstrated, neoadjuvant ADT combining leu-
prolide, abiraterone acetate, and prednisone had the
capacity of diminishing the ARGs signature score,
which predicted the relationship between ARGs and
PCa, suggesting this signature had the potential to
serve as a response-related biomarker (Sowalsky et al.
2018). However, it was also found that LHRH agonists
and orchiectomy exerted no significant difference on
the ARGs signature score in CRPC patients. These dif-
ferences may attribute from the involved patients were
encountered with different status of disease and differ-
ent treatments. On the other hand, the ARGs signa-
ture score could also predict the efficacy of treatments,
which would be of great merit to the management of
PCa. In addition, the chemotherapy was often used in
treating advanced PCa as well. Findings in the evalu-
ation of chemotherapy responses demonstrated that
relatively advanced patients who had the high ARGs
signature score were more suitable to take the treat-
ment with cisplatin, paclitaxel, docetaxel, vinblastine
and doxorubicin, all of which had the ability to inhibit
angiogenesis in prostate tumors (Shankar et al. 2005;
Quesada et al. 2005; Karashima et al. 2002; Kumar
et al. 2005; Reiner 2006). Among them, docetaxel is the
standard care for treating the mCRPC patients, and as
suggested in previous study, it was also recommended
to be early used for metastatic hormone-sensitive PCa
(mHSPC) (Markowski and Carducci 2017). However,
there were few experimental studies demonstrating
whether these 19 ARGs were collectively associated
with sensitivity to the five identified chemo drugs
except studies that docetaxel could markedly suppress
the expression of VEGFA (Zhu et al. 2014), and the
VEGFA-VEGFR?2 signaling pathway could be regulated
when receiving the chemo drugs of cisplatin or pacli-
taxel in prostate cancer (Yun et al. 2021). Therefore, in
the future work it is necessary to figure out if these 19
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ARGs were collectively associated with the sensitivity
to the identified chemotherapy drugs in clinical trials.
The established ARGs signature may have the potential
to distinct the mHSPC patients who may have more
clinical benefit to ADT with docetaxel than ADT alone
or combination with novel hormone treatments, which
merits further validation. Overall, the high ARGs signa-
ture score can indicate the relatively advanced PRAD,
which is of great value for clinicians to make better
decisions for the management of PRAD.

Though we have established a robust and meaningful
tool in PCa based on the ARGs, there were some limita-
tions. Firstly, our study was based on the public database,
thus it would be necessary to further verify these findings
in prospective cohort from our hospital. In addition, the
roles of angiogenesis involved in the progression of PCa
are also needed to be explored in the mouse model and/
or the cell lines.

Conclusions

This is the first reported angiogenesis-related multi-
gene signature in PCa. The present study determined a
19-ARG signature scoring model and a prognostic nom-
ogram, which were very robust, stable and reliable for
predicting the clinic outcomes of PRAD patients. In addi-
tion, this defined 19 ARGs expression could also be pro-
moted as a decision-making tool for selecting treatment
strategy to improve the outcomes of PRAD patients.
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