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Abstract: Objective: Necroptosis, a type of programmed necrotic cell death, has been implicated in cancer biology 
and therapeutics. Improved risk stratification is required for prostate carcinoma in individuals. In view of the impor-
tance of necroptosis, this work proposed a necroptosis-based genetic model for recurrence prediction, and clarified 
its characteristics. Methods: A least absolute shrinkage and selection operator (LASSO) regression analysis was 
conducted based upon transcriptome data of necroptosis genes with clinical information in the Cancer Genome 
Atlas (TCGA) prostate carcinoma samples, which were externally verified in the GSE116918 cohort. Somatic muta-
tion was characterized by Maftools method. The drug sensitivity was estimated via OncoPredict algorithm. T-cell in-
flammation score and tumor mutational burden (TMB) score were computed for inferring immunotherapy response. 
CIBERSORT was adopted for scoring the infiltration of immune cell compositions. Results: The necroptosis gene 
model was defined, composed of BCL2, BCL2L11, BNIP3, CASP8, CYLD, HDAC9, IDH2, IPMK, MYC, PLK1, TNF, 
TNFRSF1A, and TSC1. Considering external verification, this model effectively predicted recurrence-free survival, 
notably within one year (area under the curve (AUC) = 0.841, 0.706, 0.776, and 0.893 in the discovery, verification, 
total and external independent sets, respectively). Patients who had a risk score > median value were defined as 
high risk, while those who had risk score ≤ median value were defined as low risk. Older age, more advanced T, N, 
M stage, shorter disease-free survival, and more recurred/progressed statuses were found in high-risk patients (all 
P<0.05). Moreover, the signature independently predicted patient recurrence (P<0.05). High-risk specimens had 
more frequent somatic mutation, especially of TP53, BSN, APC, TRANK1, DNAH9, and SALL1 (all P<0.05). The het-
erogeneity in sensitivity to small-molecule compounds was investigated in low- and high-risk patients. Also, high-risk 
individuals responded better to immunotherapy (P<0.05). Conclusion: Altogether, the necroptosis gene signature 
may effectively predict prostatic carcinoma recurrence and therapeutic responses, but its clinical feasibility must 
be verified.
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Introduction

Prostate carcinoma remains a leading cause of 
cancer-related death in men [1]. This malignan-
cy differs from other epithelial tumor types, 
which lacks recognizable histologic subtypes 
[2]. Nearly all patients have acinar type, but 
prostatic carcinoma exhibits much inter- and 
intratumoral heterogeneity and is variable in 

disease severity [3]. Localized patients can 
receive surgical resection or radiotherapy. 
Nonetheless, the recurrence rate following  
therapy remains high (25%-35%) [4]. In advanc- 
ed stages, prostatic carcinoma can spread to 
distinct parts of the body, especially the bones 
[5]. Androgen deprivation therapy remains the 
standard therapeutic regimen for recurrent 
patients, but prostatic carcinoma cells accom-
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modate to androgen deprivation and convert 
into aggressive status [6]. Hence, accurate 
recurrence prediction is urgently required.

Necroptosis is a regulated necrotic cell death 
modality, that can be activated in a caspase-
driven manner [7]. This death is triggered by 
RIP1, RIP3, MLKL, etc., and accompanied by 
the release of damage-associated molecular 
patterns and cytokines, thus driving the proin-
flammatory response [8]. Necroptosis exerts 
crucial physiologic functions in development 
and tissue homeostasis, and its deregulation 
results in varieties of pathologic conditions  
[9]. Recent studies have unveiled the implica-
tions of necroptosis in prostatic carcinoma. For 
instance, PIK1 suppression can results in 
necroptosis of androgen-insensitive prostatic 
carcinoma cells [10]. Up-regulated RIP3 attenu-
ates prostatic carcinoma progression through 
activating RIP3/MLKL signaling and inducing 
necroptosis [11]. SIRT3/6 accelerates prosta- 
tic carcinoma progression through inhibition  
of the necroptosis-driven innate immune res- 
ponse [12]. Shikonin lowers growth of docetax-
el-resistant prostatic carcinoma cells primarily 
through necroptosis [13]. Necroptosis acts as 
an alternative pattern of programmed cell 
death that overcomes apoptosis resistance, 
and it can drive and improve antitumor immu-
nity in cancer therapeutics [14]. Thus, accumu-
lating evidence has suggested the use of tar-
geting necroptosis as a therapeutic regimen for 
prostatic carcinoma [14]. Altogether, this study 
established a necroptosis-based gene signa-
ture for prediction of prostatic carcinoma recur-
rence, that might assist with designing thera-
peutic intervention.

Materials and methods

Transcriptome profiling acquirement and pre-
processing

Transcriptome data of 499 prostatic carcino- 
ma and 52 normal specimens were gathered 
from the Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov/). In ad- 
dition, clinical data were obtained. Utilizing 
edgeR package [15], normalization of counted 
data into CPM was implemented. The GSE- 
116918 cohort comprising microarray expres-
sion matrix and recurrence-free survival infor-
mation of 248 prostate carcinoma patients 
was acquired from the Gene Expression 

Omnibus (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE116918) on the GPL- 
25318 platform, which was adopted as the 
external verification set [16]. Supplementary 
Table 1 lists the clinical features of prostatic 
carcinoma patients in the TCGA and GSE- 
116918 cohorts. Necroptosis genes were col-
lected from previous research, as listed in 
Supplementary Table 2.

Differential expression analysis

Genes with aberrant expression were selected 
in prostate carcinoma versus controls by use of 
edgeR package. The threshold values were set 
as q-value <0.05 and |log2fold change (FC)| 
>1.

Functional annotation analysis

The enrichment of aberrantly expressed genes 
on Gene Ontology (GO) was conducted through 
Clusterprofiler package [17]. GO terms are com-
posed of biological processes, cellular compo-
nents, and molecular functions. Additionally, 
enriched Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways were analyzed. 
False discovery rate <0.05 was utilized as the 
cutoff value.

Least absolute shrinkage and selection opera-
tor (LASSO) regression analysis

The stratification of TCGA prostatic carcinoma 
cases into discovery and verification sets was 
carried out following a ratio of 1:1. Necroptosis 
genes were incorporated into the LASSO analy-
sis by use of glmnet package [18]. Under the 
minimum lambda, genes with coefficient ≠0 
were chosen for the model construction. With 
predict.cv.glmnet function, risk score was com-
puted. Patients in each set were stratified into 
low- or high-risk groups. Kaplan-Meier curves 
of recurrence-free survival were then plotted 
with Survival package. The estimation of sur-
vival difference was implemented utilizing log-
rank test. Prognostic influence was appraised 
with receiver operator characteristic curve 
(ROC) utilizing pROC package. The GSE116918 
cohort was adopted for proving the replicability 
of the model. Clinical traits were compared 
between low- and high-risk patients. Uni- and 
multivariate-Cox regression analysis was uti-
lized for appraising independence in recurrence 
prediction.

http://www.ajtr.org/files/ajtr0149664suppltab1.xlsx
http://www.ajtr.org/files/ajtr0149664suppltab1.xlsx
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Gene set enrichment analysis (GSEA)

GSEA analytical approach [19] was utilized for 
investigating the relevant GO and KEGG path-
ways of the prognostic signature based upon 
the reference gene set that was obtained from 
the Molecular Signature Database [20]. P<0.05 
was set as the enrichment criterion.

Analysis of somatic mutations

Somatic variant data (MAF files) of prostatic 
carcinoma specimens from TCGA were ana-
lyzed and visualized by use of Maftools pack-
age [21].

Drug sensitivity estimation

Drug sensitivity data of anti-tumor compounds 
across tumor cell lines were collected from the 
Drug Sensitivity in Cancer database v2 [22], 
and were estimated by use of oncoPredict 
package [23].

Immunotherapeutic response prediction

T-cell inflammation score was computed follow-
ing the weighted sum of the standardized  
transcript levels of eighteen genes (CCL5, 
CD27, CD274, CD276, CD8A, CMKLR1, CXCL9, 
CXCR6, HLA-DQA1, HLA-DRB1, HLA-E, IDO1, 
LAG3, NKG7, PDCD1LG2, PSMB10, STAT1, and 
TIGIT) as described [24]. In addition, Tumor 
Immune Dysfunction and Exclusion (TIDE) was 
scored based upon immune escape mecha-
nisms composed of inducing T cell dysfunction 
in tumors with highly infiltrative cytotoxic T lym-
phocytes and preventing T cell infiltration in 
tumors with lowly infiltrative cytotoxic T lympho-
cytes [25].

Immune infiltration quantification

The infiltration levels of immune cell composi-
tions were scored, and compared between 
groups by employing CIBERSORT [26] that com-
bined support vector regression with known 
expression profiles from purified leukocyte sub-
populations. Correlations between immune cell 
compositions were then estimated.

Statistical analysis

All the analyses were achieved through R plat-
form (version 3.6.1). Continuous variables were 
compared between groups with Wilcoxon test, 

while chi-square test was utilized for analyzing 
categorical data. Correlation analysis between 
variables was conducted utilizing Pearson’s or 
Spearman’s test. P<0.05 indicated signifi- 
cance.

Results

Identification of aberrantly expressed necrop-
tosis genes and their biological functions in 
prostatic carcinoma

In comparison to 52 control tissues, 720 gen- 
es presented significant up-regulation in 499 
prostatic carcinoma specimens, with 1258 dis-
playing down-regulation under the threshold of 
q-value <0.05 and |log2FC| >1 (Figure 1A, 1B; 
Supplementary Tables 3, 4). Figure 1C and 
Table 1 illustrate the top 20 up- and down-reg-
ulated genes, respectively. Among aberrantly 
expressed genes, there were seven necropto-
sis genes. The expression of BCL2, CD40, 
GATA3, ID1, and TLR3 was markedly lower in 
prostatic carcinoma versus controls, with high-
er expression of CDKN2A and PLK1 (Figure 
1D). Biological significance of the aberrantly 
expressed genes was further probed. It was 
found that the development processes of the 
nervous system, organism, tissues, and cells 
were enriched (Figure 1E). The genes were in 
relation to plasma membrane components  
and transmembrane transporter activity (Figure 
1F, 1G). In addition, a marked enrichment of 
tumorigenic pathways (calcium signaling path-
way, metabolic pathways, neuroactive ligand-
receptor interaction, pathways in carcinoma, 
PI3K-Akt signaling pathway) was found (Figure 
1H), indicative of the involvement of aberrantly 
expressed genes in prostatic carcinoma.

Definition of a necroptosis gene signature for 
prostatic carcinoma recurrence

A few necroptosis genes were linked with pros-
tatic carcinoma survival (Table 2). Necroptosis 
genes were included in the LASSO analysis. In 
accordance with a ratio of 1:1, we randomly 
stratified TCGA prostate carcinoma cases into 
discovery (n = 236) and verification sets (n = 
236). As illustrated in Figure 2A, the minimum 
lambda value was 0.0214. Thirteen gen- 
es with coefficient ≠0 were selected for  
generating the LASSO signature (Figure  
2B). The formula included: risk score = 
(-0.025232796) * BCL2 + 0.351117088 * 

http://www.ajtr.org/files/ajtr0149664suppltab3.xlsx
http://www.ajtr.org/files/ajtr0149664suppltab4.xlsx
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Figure 1. Analysis of aberrantly expressed necroptosis genes in prostate carcinoma. A. Volcano diagram of genes 
with down- (blue) or up-regulation (red) in tumors relative to normal specimens. B. Heatmap illustrating the tran-
script levels of genes with differential expression in tumors as well as normal tissues. C. The top 20 aberrantly 
expressed genes. D. The differential expression of necroptosis genes in prostate carcinoma relative to controls. 
***P<0.001. E. Upset plot of the biological processes enriched by aberrantly expressed genes. F, G. Circle plots de-
picting the cellular components and molecular functions. H. Circle plot illustrating the enriched Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways.

Table 1. The top 20 up- and down-regulated genes in prostate carcinoma versus controls
Gene name log2FC FC p-value q-value Cancer Normal
DEFA5 8.3716973 331.23178 6.979E-16 5.566E-15 3.491291 -4.880406
DEFA6 6.9898642 127.10388 2.616E-15 1.968E-14 1.7706689 -5.219195
SPZ1 6.3292789 80.408658 6.687E-16 5.348E-15 1.3217759 -5.007503
LIPF 6.0753631 67.432077 1.619E-11 7.903E-11 3.0604344 -3.014929
ANKRD30A 5.3176818 39.882441 3.784E-16 3.114E-15 0.7031271 -4.614555
PNMA5 5.1795183 36.240181 1.473E-12 8.092E-12 1.3770636 -3.802455
SLC45A2 5.1385819 35.226321 5.98E-29 1.676E-27 3.1640713 -1.974511
GC 4.9466627 30.838543 3.721E-13 2.205E-12 0.9274863 -4.019176
SPINK1 4.4416511 21.730525 1.382E-12 7.625E-12 4.8492353 0.4075842
ALB 4.3659141 20.619167 9.664E-17 8.488E-16 3.2312734 -1.134641
PDIA2 4.1799858 18.125964 6.159E-20 7.499E-19 2.1584193 -2.021567
B3GNT6 4.1044857 17.201777 4.861E-14 3.159E-13 3.6464064 -0.458079
NKX2-3 4.0901944 17.032218 2.356E-40 1.412E-38 1.0904984 -2.999696
CDC20B 4.0030346 16.03369 1.366E-11 6.72E-11 1.6551842 -2.34785
ETV4 3.7857493 13.7919 2.508E-10 1.063E-09 5.7510335 1.9652842
COL2A1 3.7756977 13.696142 4.322E-11 2.013E-10 6.2793698 2.5036721
SRARP 3.7330024 13.296756 3.431E-14 2.265E-13 4.3412256 0.6082232
ANGPTL3 3.7013382 13.008099 2.102E-15 1.597E-14 1.4463782 -2.25496
CST2 3.5121391 11.409306 8.107E-13 4.605E-12 4.1760578 0.6639187
ZNF560 3.4570438 10.981809 3.565E-12 1.877E-11 1.0242267 -2.432817
SEMG1 -9.775117 0.0011413 9.63E-130 2.53E-127 4.9716303 14.746747
PAEP -9.676455 0.0012221 0 0 -2.946652 6.7298034
SEMG2 -9.506544 0.0013748 1.58E-141 4.75E-139 4.2088356 13.71538
AQP2 -9.228468 0.0016671 3.31E-239 2.32E-236 -1.36544 7.8630279
PATE4 -9.02154 0.0019242 4.91E-265 4.26E-262 -2.409024 6.6125164
EDDM3A -8.933127 0.0020458 0 0 -4.631233 4.3018942
PATE1 -8.526312 0.0027122 1.2E-160 4.8E-158 -0.760548 7.7657641
CRISP1 -8.343793 0.003078 0 0 -3.366585 4.9772082
TMEM114 -8.209693 0.0033778 0 0 -4.320851 3.8888416
CLDN2 -7.843457 0.004354 5.87E-277 6.19E-274 -1.277043 6.5664131
POU3F3 -7.60356 0.0051416 6.05E-216 3.57E-213 -2.827124 4.7764359
SPINK2 -7.341461 0.006166 1.84E-264 1.51E-261 -1.338484 6.0029769
PIP -7.336798 0.0061859 2.07E-170 9.23E-168 2.4785514 9.8153489
EDDM3B -7.203837 0.0067831 0 0 -5.211152 1.9926848
SERPINA5 -6.770752 0.009158 0 0 0.9116439 7.6823955
EMX2 -6.718795 0.0094938 0 0 -1.192677 5.5261177
GRXCR1 -6.270399 0.0129545 1.25E-242 9.7E-240 -4.519545 1.7508538
SLC13A2 -6.179377 0.0137982 3.09E-175 1.42E-172 -1.922498 4.2568799
HOXB8 -6.137611 0.0142035 1.36E-270 1.33E-267 -1.873949 4.2636623
SPINT3 -6.121831 0.0143597 0 0 -4.882775 1.239056
Abbreviations: FC, fold change.
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BCL2L11 + 0.109512296 * BNIP3 + 
0.167468742 * CASP8 + (-0.503197016)  
* CYLD + 0.211246262 * HDAC9 + 
(-0.648970979) * IDH2 + (-0.41842532) * 
IPMK + 0.059209364 * MYC + 0.361009384 
* PLK1 + (-0.118982206) * TNF + 
(-0.05462146) * TNFRSF1A + 0.101005098 * 
TSC1. Among the selected genes, PLK1, 
CASP8, TSC1, and BCL2L11 acted as risk  
factors of recurrence-free survival, with TNF- 
RSF1A as a protective factor (Figure 2C). The 
risk score of each TCGA prostatic carcinoma 
case was computed (Figure 2D). The heteroge-
neous expression of the selected necroptosis 

genes was investigated across prostatic carci-
noma (Figure 2E). In Figure 2F, BCL2L11, 
BNIP3, CASP8, IDH2, IPMK, MYC, PLK1, and 
TSC1 exhibited up-regulation in tumors relative 
to control specimens, with down-regulation of 
BCL2, CYLD, HDAC9, and TNFRSF1A. Patients 
in the discovery set were classified into low-  
or high-risk groups. Specifically, patients who 
had risk score > median value were defined as 
high risk, while those who had risk score  
≤ median value were defined as low risk. In 
Figure 2G, shorter recurrence-free survival was 
investigated in high-risk individuals. The predic-
tive ability of the signature was also appraised. 

Table 2. Univariate-cox regression results on necroptosis genes with prostate carcinoma survival
Gene name p-value Hazard ratio Gene name p-value Hazard ratio
APP 0.08067 0.796726 MAP3K7 0.498697 1.189729
ATRX 0.274205 1.220549 MAPK8 0.339893 1.320766
AXL 0.620242 1.0731 MLKL 0.960695 0.992092
BACH2 0.424107 1.106446 MPG 0.322789 0.729869
BCL2 0.731386 0.958756 MYC 0.032669 1.324089
BCL2L11 0.027728 1.702859 MYCN 0.004015 1.406327
BNIP3 0.318348 1.279589 OTULIN 0.650664 1.143524
BRAF 0.180501 1.322169 PANX1 0.773615 1.07353
CASP8 0.005524 1.84963 PLK1 1.22E-07 1.748096
CD40 0.339445 0.892521 RIPK1 0.122613 0.578499
CDKN2A 0.074661 1.211883 RIPK3 0.240079 1.161234
CFLAR 0.076539 1.743226 RNF31 0.068092 1.469021
CYLD 0.945546 1.016303 SIRT1 0.71625 1.07426
DDX58 0.181327 1.249631 SIRT2 0.906193 0.955716
DIABLO 0.082751 1.720238 SIRT3 0.34527 1.46611
DNMT1 0.003007 2.127006 SLC39A7 0.070014 0.672013
EGFR 0.950282 1.010029 SPATA2 0.760849 1.10469
FADD 0.060086 1.838069 SQSTM1 0.725369 0.9054
FAS 0.799665 0.964879 STAT3 0.154647 0.735785
FASLG 0.949446 1.006383 STUB1 0.571166 1.170124
FLT3 0.191404 1.137832 TARDBP 0.462717 1.525783
GATA3 0.369248 0.936172 TERT 0.372757 1.085314
HAT1 0.93094 0.977497 TLR3 0.963372 1.005153
HDAC9 0.166299 1.124826 TNF 0.540372 0.942796
HSP90AA1 0.814506 1.064178 TNFRSF1A 0.029867 0.528562
HSPA4 0.39442 1.333352 TNFRSF1B 0.710441 1.055717
ID1 0.523155 0.945459 TNFRSF21 0.696004 0.946894
IDH1 0.806092 0.958549 TNFSF10 0.029587 0.736547
IDH2 0.093432 0.656898 TRAF2 0.066766 1.687172
IPMK 0.979017 1.004829 TRIM11 0.077609 1.689431
ITPK1 0.951148 0.984725 TSC1 0.009475 2.159937
KLF9 0.312095 0.823053 USP22 0.304253 1.283789
LEF1 0.368861 1.098597 ZBP1 0.123232 1.149527
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Figure 2. Definition of a necroptosis gene signature for 
prostatic carcinoma recurrence. A. Least absolute shrink-
age and selection operator (LASSO) coefficient profiling. 
B. Partial likelihood deviance under distinct lambda val-
ues. C. Univariate-Cox regression results on the selected 
genes with prostatic carcinoma recurrence-free survival. 
D. Risk score distribution. E. The transcript level of the 
selected genes along the increasing risk score. F. Com-
paring the gene expression in prostatic carcinoma versus 
controls. *P<0.05; ***P<0.001; ns: P>0.05. G. Recur-
rence-free survival probability of low- and high-risk pa-
tients in the discovery set. H. Receiver operator charac-
teristic curves (ROCs) at 1-, 3- or 5-year recurrence-free 
survival in the discovery set.
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The area under the curve (AUC) values at one-, 
three- and five-year survival were 0.841, 0.742, 
and 0.654, respectively (all P<0.0001) (Figure 
2H). This proved that the signature modestly 
predicted prostatic carcinoma recurrence.

Verification of the necroptosis gene signature 
for recurrence prediction

Validation of the prognostic implications of the 
necroptosis gene signature was then conduct-
ed. As expected, high-risk patients had the 
worse recurrence-free survival relative to those 
with low risk in the verification set (Figure 3A), 
with >0.60 AUC values (all P<0.0001) (Figure 
3B). Similar findings were observed in the total 
set (Figure 3C, 3D). The replicability was pro- 
ven in the GSE116918 cohort (Figure 3E, 3F). 
Notably, the necroptosis gene signature pos-
sessed the highest accuracy in prediction of 
recurrence within one year.

Clinical trait relevance of the necroptosis gene 
signature and its predictive independence

The heterogeneous clinical traits were investi-
gated in low- and high-risk prostatic carcinoma. 

High-risk cases had an older age (Figure 4A). 
Higher proportions of advanced T, N, and M 
stages were found in the high-risk group (Figure 
4B-D). It was also observed that there were 
more metastatic lymph nodes in high-risk 
cases (Figure 4E). In addition, those with high 
risk had a shorter disease-free survival (DFS) 
as well as higher ratio of recurred/progressed 
status (Figure 4F, 4G). Through the integra- 
tion of uni- and multivariate-Cox regression 
methods, a necroptosis gene signature inde-
pendently predicted recurrence-free survival 
(Figure 4H, 4I).

Biologic functions underlying the necroptosis 
prognostic model

Sister chromatid segregation, mitotic sister 
chromatid segregation, and chromosome con-
densation presented higher enrichment in 
high-risk prostatic carcinoma, with lower enrich-
ment of cellular response to zinc ion, detoxifica-
tion of copper ion, and stress response to metal 
ion (Figure 5A). In Figure 5B, cohesion com-
plex, condensed nuclear chromosome kineto-
chore, and condensed nuclear chromosome, 
and centromeric region were highly enriched in 

Figure 3. Verification of the necroptosis gene signature for recurrence prediction. A. Recurrence-free survival of low- 
or high-risk patients in the verification set. B. Receiver operator characteristic curves (ROCs) in the verification set. 
C. Recurrence-free survival curves of two groups in the total set. D. ROCs in the total set. E. External verification of 
survival difference between groups in the GSE116918 cohort. F. ROCs in the GSE116918 cohort.
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Figure 4. Clinical trait relevance of the necroptosis gene signature and its predictive independence. A-G. The heterogeneity in clinical data in low- and high-risk 
prostatic carcinoma. *P<0.05; **P<0.01; ***P<0.001. H, I. Uni- and multivariate-Cox regression results on the necroptosis gene signature and clinical variables with 
recurrence-free survival.
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high-risk cases, with the lowly enriched striated 
muscle thin filaments, dystrophin-associated 
glycoprotein complex, and cation-transport- 
ing ATPase complex. Additionally, the higher 
enrichment of single-stranded DNA helicase 
activity, DNA polymerase binding, and ubiqui-
tin-protein transferase regulator activity was 
investigated in high-risk specimens, with a 
lower enrichment of structural constituent of 
muscle, glutathione transferase activity, and 
tropomyosin binding (Figure 5C). Fanconi ane-
mia pathway, homologous recombination, and 
mismatch repair presented a notable activa-
tion in high-risk specimens (Figure 5D). Mean- 
while, the enrichment of viral protein interac-
tion with cytokine and cytokine receptor, aldo-
sterone-regulated sodium reabsorption, and 
graft-versus-host disease was investigated in 
low-risk cases.

Somatic mutation heterogeneity in low- versus 
high-risk prostatic  carcinoma

Tumor mutational burden (TMB) exhibited a 
higher score in high- relative to low-risk speci-
mens (Figure 6A, 6B). Somatic mutation fre-
quencies were investigated. Overall, the high-
risk group occurred the higher mutation (Figure 
6C, 6D). Notably, TP53, BSN, APC, TRANK1, 
DNAH9, and SALL1 owned higher mutated fre-
quencies in high-risk cases, with lower mutated 
frequencies of PDZRN3, and TRIO (Figure 6E). 
In addition, higher mutation co-occurrence was 
investigated in high- versus low-risk prostatic 
carcinoma (Figure 6F, 6G).

Heterogeneous treatment responses in low- 
relative to high-risk patients

High-risk patients had a higher sensitivity to 
AZD2014, AZD5438, AZD6482, AZD8186, 
Entospletinib, ERK_2440, ERK_6604, GNE-
317, IRAK4_4710, JAK1_8709, KU-55933, 
Obatoclax Mesylate, PD0325901, Sapitinib, 
SCH772984, Selumetinib, Trametinib, and WZ- 
4003, with a lower sensitivity to Sepantro- 
nium bromide, UMI-77, Vorinostat, and WIKI4 
(Figure 7A, 7B). Through considering the higher 
T-cell inflammation score (Figure 7C) as well as 
lower TIDE score (Figure 7D, 7E), low-risk indi-

viduals had a higher chance to respond to 
immunotherapy.

Immune infiltration heterogeneity across low- 
and high-risk prostatic carcinoma

With CIBERSORT, we scored the infiltration of 
22 immune cell compositions across prostatic 
carcinoma (Figure 8A). M2 and M1 macro-
phages possessed higher infiltration in high- 
versus low-risk prostatic carcinoma (Figure  
8B, 8C). In addition, a lower infiltration of acti-
vated dendritic cells, neutrophils, activated 
mast cells, monocytes, plasma cells, and CD4 
memory resting T cells was found in the high-
risk group. It was also noted that there were 
close relationships between immune cell com-
positions (Figure 8D).

Discussion

This work defined a necroptosis-based prog-
nostic signature composed of BCL2, BCL2L11, 
BNIP3, CASP8, CYLD, HDAC9, IDH2, IPMK, 
MYC, PLK1, TNF, TNFRSF1A, and TSC1, that 
can effectively and independently predict recur-
rence of prostatic carcinoma patients, espe-
cially within one year. Also, high-risk individuals 
exhibited older age, more advanced T, N, M 
stage, shorter disease-free survival and more 
recurred/progressed status. Previously, Li et al. 
constructed a necroptosis-related prognostic 
model composed of ALOX15, BCL2, IFNA1, 
PYGL and TLR3 for prostatic adenocarcinoma 
patients [27].

Tumorigenic pathways (Fanconi anemia path-
way, homologous recombination, and mis-
match repair) presented increased activity in 
high-risk cases, thus potentially worsening 
prostate carcinoma survival. In addition, we 
observed that higher somatic mutations 
occurred in high-risk individuals, notably highly 
mutated TP53, BSN, APC, TRANK1, DNAH9, 
and SALL1.

Prostatic carcinoma is a heterogeneous malig-
nancy, but the current treatment is not based 
upon molecular stratification. High-risk pa- 
tients were sensitive to AZD2014, AZD5438, 

Figure 5. Biologic functions underlying the necroptosis prognostic model. (A-D) Gene set enrichment analysis (GSEA) 
illustrating the (A) biologic processes, (B) cellular components, and (C) molecular functions along with (D) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways with the enrichment variations between low- and high-risk 
prostatic carcinoma.
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Figure 6. Somatic mutation heterogeneity in low- versus high-risk prostatic carcinoma. (A) Tumor mutational burden (TMB) distribution across prostatic carcinoma 
specimens. (B) Comparing TMB score in low- relative to high-risk cases. (C, D) Somatic mutation frequencies and classifications in the two groups. (E) Comparing 
the frequencies of mutated genes between groups. (F, G) Co-occurrence and mutual exclusion of mutated genes in (F) high- and (G) low-risk specimens. *P<0.05; 
**P<0.01; ***P<0.001; ns: P>0.05.
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AZD6482, AZD8186, Entospletinib, ERK_ 
2440, ERK_6604, GNE-317, IRAK4_4710, 
JAK1_8709, KU-55933, Obatoclax Mesylate, 
PD0325901, Sapitinib, SCH772984, Selume- 
tinib, Trametinib, and WZ4003. In addition, 
those with low risk exhibited increased sen- 
sitivity to Sepantronium bromide, UMI-77, 
Vorinostat, and WIKI4. Prior research has dem-
onstrated the anti-prostatic carcinoma pro- 
perties of most compounds. AZD2014, a 
mTORC1/2 dual inhibitor, exerts a potent anti-
tumor function in docetaxel-sensitive and 
-resistant castration-resistant prostate carci-
noma [30]. Suppression of PI3Kβ pathway by 
AZD8186 mitigates growth of PTEN-deficient 
prostatic carcinoma solely or combined with 
docetaxel [31]. A phase I cohort showed that 
AZD8186 monotherapy, a selective PI3Kβ 
inhibitor, has antitumor activity in advanced 
solid tumors [32]. KU-55933, an ATM inhibitor, 
triggers apoptosis and mitigates motility 
through blocking GLUT1-induced glucose 
uptake in aggressive malignant cells [33]. 
Sepantronium bromide, a small molecule sur-
vivin suppressant, has time-dependent anti-
tumor activity [34]. Vorinostat in combination 
with bortezomib synergistically result in ubiqui-
tinated protein accumulation in prostatic carci-
noma [35]. Vorinostat combined with DACA 
exhibit antitumor activity against hormone-
refractory metastatic prostate carcinoma by 
dually mitigating histone deacetylase and 
topoisomerase I [36]. Prostatic carcinoma is 
immunologically “cold” and mostly has resis-
tance to immunotherapy owing to low tumor-
infiltrating T cells [37]. Clinical trials have  
proven that Nivolumab in combination with 
Ipilimumab can effectively treat metastatic 
castration-resistant prostatic carcinoma [38]. 
Based upon higher T-cell inflamed score and 
lower TIDE score, low-risk individuals possi- 
bly responded to immunotherapy. The necrop-
tosis-based gene signature we propose might 
assist to select appropriate immunotherapeu-
tic options.

High-risk prostatic carcinoma patients exhibit-
ed increased infiltration of M2 and M1 macro-
phages, with reduced infiltration of activated 

dendritic cells, neutrophils, activated mast 
cells, monocytes, plasma cells, and CD4 mem-
ory resting T cells. M2 macrophages associate 
with tumor extension and metastases in local-
ized and metastatic prostatic carcinoma [39], 
and facilitate angiogenesis through VEGF-
dependent signaling [40]. Prior research unveils 
that M2 macrophages are capable of inferring 
with biochemical recurrence of localized pros-
tatic carcinoma following radical prostatectomy 
[41]. Activated dendritic cells correlate with  
prolonged survival duration [42], and a phase I/
II trial showed an excellent effect of dendritic 
cell-based immunotherapy for patients with ris-
ing prostate-specific antigen following primary 
prostatectomy or salvage radiotherapy [43]. A 
increased neutrophil-to-lymphocyte ratio corre-
lates with shorter overall survival for metastatic 
patients who received chemotherapy or not 
[44]. Reduced intratumoral mast cells are in 
relation to an increased risk of prostatic carci-
noma recurrence [45]. Black men die more 
usually from prostatic carcinoma, and an 
increased plasma cell infiltrate is linked with 
recurrence-free survival after surgical resec-
tion [46]. Combining prior research, the hetero-
geneous infiltration of immune cells contribut-
ed to the different recurrence outcomes of 
prostatic carcinoma.

Although previous studies have established 
several genetic signatures for prediction of 
prostatic carcinoma recurrence, as far as we 
know, there is still a lack of necroptosis-based 
signatures. Our study possibly fills that gap. 
However, the shortcomings of this study should 
be pointed out. First, although we proved the 
potential of a necroptosis-based prognostic 
model in recurrence prediction, prospective 
cohorts are required. Moreover, the role of the 
signature in prediction of immunotherapy 
response must be confirmed in immunotherapy 
cohorts.

Conclusion

Collectively, the necroptosis-based genetic sig-
nature comprising BCL2, BCL2L11, BNIP3, 
CASP8, CYLD, HDAC9, IDH2, IPMK, MYC, PLK1, 

Figure 7. Heterogeneous treatment responses in low- relative to high-risk patients. A. Differences in drug sensitivity 
in high- versus low-risk prostatic carcinoma. B. Comparing the drug responses between groups. C. T-cell inflamed 
score across low- or high-risk cases. D. Tumor Immune Dysfunction and Exclusion (TIDE) score difference between 
groups. E. The ratios of immunotherapy responders in the two groups. **P<0.01; ***P<0.001.
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Figure 8. Immune infiltration heterogeneity across low- and high-risk prostatic carcinoma. A. Landscape of the abundance of immune cell components across pros-
tatic carcinoma. B, C. Comparing the immune infiltration between low- and high-risk cases. D. Interactions between immune cell compositions. *P<0.05; **P<0.01; 
***P<0.001.
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TNF, TNFRSF1A, and TSC1 exhibited efficacy in 
prediction of prostatic carcinoma recurrence 
and treatment response. Despite this, its clini-
cal feasibility must be verified in our future 
research.
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