Am J Transl Res 2022;14(9):6484-6503
www.ajtr.org /ISSN:1943-8141/AJTR0143910

Original Article

Biological functions of RNA modification

patterns that define tumor microenvironment

and survival outcomes in testicular germ cell tumors

Weijun Tang’, Jinke Qian®, Shilei Qian

Department of Urology, Binhai People’s Hospital, Yancheng 224500, Jiangsu, China. "Equal contributors.
Received May 4, 2022; Accepted August 12, 2022; Epub September 15, 2022; Published September 30, 2022

Abstract: Background: Accumulating evidence has indicated that aberrant RNA modifications are associated with
malignant progression and the immune microenvironment in various tumors. However, the function of RNA modi-
fication regulators in testicular germ cell tumors (TGCTs) remains to be discovered. This study aimed to investigate
the biological functions of RNA modification regulators in testicular germ cell tumors and identify their potential
clinical predictive value. Methods: Expression level of 75 RNA modification regulators was acquired to generate
differential expression patterns. RNA modification regulatory genes were applied to construct a progression-free
survival (PFS) risk model. Meanwhile, three RNA modification clusters were identified using consensus clustering.
Subsequently, the infiltration characteristics of cells in the microenvironment as well as the antitumor drug candi-
dates have been further analyzed. Finally, to further validate our results, we examined the expression and biological
behavior of seven selected RNA modification regulators both in TGCT cell lines and clinical tissues. Results: We col-
lected the differentially expressed regulators of RNA modification. RNA modification risk signature was developed to
stratify the prognosis of TGCT patients. Furthermore, we found significant differences in immune microenvironment
between subgroups. Ultimately, seven selected RNA modification regulators were further verified. Conclusions: We
generated and validated a risk signature related to RNA modification which could accurately predict the relapse risk
in TGCT patients. This risk signature was correlated with immune cells infiltration among tumor microenvironments.
Furthermore, we screened antitumor drug candidates and evaluated the sensitivity and efficacy of class chemo-
therapeutic drugs, which could provide reference for clinical drug use.

Keywords: RNA modification risk signature, testicular germ cell tumor, immune microenvironment, anti-cancer
drugs, bioinformation analysis

Introduction tumors are often considered to be highly treat-
able and curable. Surgery, radiation therapy,
chemotherapy, or stem cell transplantation are
some of the mainstream treatments [1, 6].

Nevertheless, the major clinical challenges in

Testicular germ cell tumors are the most com-
mon solid malignancy among young men aged
from 15 to 40, which accounts for 90% of pri-

mary testicular tumors. They are broadly classi-
fied into two main pathological types, including
seminoma and non-seminoma [1-3]. In detail,
TGCTs can be histologically classified into
seminomas (SEs) or the heterogeneous family
of non-seminomas (NSs), the latter including
embryonal carcinoma (EC), choriocarcinoma
(CH), yolk sac tumor (YST), and teratoma (TE)
subtypes, as well as mixed tumors (comprising
mixtures of several components) [4]. Generally,
non-seminoma’s onset age is much younger
than seminoma’s [5]. Testicular germ cell

this field remain to be overcome. Approximately
15-30% of TGCT patients will relapse after first-
line chemotherapy [7]. Meanwhile, the side
effects of chemotherapy cannot be ignored,
such as cerebrovascular accidents [8]. Th-
erefore, it is crucial to identify effective bio-
markers for early diagnosis, monitoring disease
progression and identifying promising thera-
peutic intervention targets.

So far, over 100 different RNA modification pat-
terns have been reported [9]. The major RNA
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modifications consisted of m1A, m3C, m5C,
m6A, m7G, Nm modification, Pseudouracil (y),
APA modification, and A-lI modification [10].
RNA modification not only affects protein syn-
thesis by modifying mRNA, tRNA and rRNA indi-
rectly, but also affects gene expression through
non-coding RNA directly [11, 12]. Although RNA
modification regulators are not considered to
be the driving genes of cancer, they can regu-
late RNA metabolism and affect the rate of pro-
tein synthesis, and participate in the progres-
sion of the majority tumors [13]. Each RNA
modification is mainly divided into three class-
es: “writer”, “reader” and “eraser”, which is a
Kind of dynamic reversible process. It has been
widely reported that m6A modification includes
“writers” (METTL3, METTL14, WTAP, VIRMA,
RBM15 and ZC3H13), “erasers” (FTO and
ALKBH5), and “readers” (YTHDC1, YTHDC2,
YTHDF1, YTHDF2, YTHDF3, IGF2BP1, IGF2BP2
and IGF2BP3) [14-16]. The regulatory factors
responsible for m5C modification of RNAs
include NSUN1 to NSUN7 and DNA methyl-
transferase-like 2 (DNMT2) [17]. Furthermore,
it has been revealed that some m6A modifica-
tion enzymes are also responsible for the modi-
fication of m1A, such as YTHDF1, YTHDF2 and
YTHDF3 [9]. Gongalves et al. confirmed that the
mO6A regulator VIRMA is involved in tumor pro-
gression, DNA damage response and cisplatin
resistance in germ cell tumors [18]. However,
overwhelming evidence has concentrated on
the influence of single RNA modifications and
lacked integrative analysis towards multifari-
ous RNA modifications. The comprehensive
analysis of multiple RNA modifications in TGCT
remains to be elucidated.

In this study, we aimed to illustrate the correla-
tion and biological function of the RNA modifi-
cations among TGCT patients. We first identi-
fied the differential RNA modification regulators
expression level from TCGA and GTEx data-
base, and respectively assessed among the
types of RNA modifications. We then selected
seven RNA modification regulators to develop a
risk signature to predict progression-free sur-
vival in TGCT patients. Meanwhile, we validated
the specificity and sensitivity of the risk signa-
ture model and estimated its therapeutic and
prognostic value. We revealed that RNA modifi-
cation regulatory factors were associated with
the tumor immune environment and immune
checkpoints response. Finally, we estimated
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the sensitiveness of chemotherapeutic agents
and screened out candidate small molecular
compounds for guiding clinical interventions.

Materials and methods
TGCT patients’ data acquisition

Gene expression matrix (FPKM format), somat-
ic mutation and SCNAs data which contain 165
normal tissues and 156 tumor samples, togeth-
er with matched clinical and survival informa-
tion were downloaded from TCGA and GTEXx
database (Version 8).

PPI network and correlation analysis

STRING database was applied to construct
the protein-protein interaction (PPl) network.
Cytoscape and Metascape website was further
applied to visualize the PPl network. Moreover,
spearman correlation analysis was performed
to evaluate the interaction among these re-
gulators. Consensus clustering analysis was
employed to classify the TGCT samples into dis-
tinct subgroups.

Development and validation of an RNA modifi-
cation-related prognostic signature

To screen out prognostic RNA modification-
related genes, we applied multi-variate cox
analysis to construct a prognostic signature.
The RNA modification-related risk signature
was calculated as follows:

RNA  modification  Risk  Signature =
> (Exp (i) * Coef(i))

Where the Exp(i) and Cofe(i) represent the
expression level of each gene and risk
coefficients.

Kaplan-Meier survival curves were employed
for revealing whether the risk score can differ-
entiate the PFS in TGCT patients. Notably, we
verified the prediction performance and stabili-
ty of this prognostic signature in the testing
cohort and the entire cohort.

Evaluating component of immune cell infiltra-
tion in immune microenvironment

To exhibit the complex components of the

immune cell infiltration landscape, we conduct-
ed several algorithms, including XCELL [19, 20],
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TIMER [21, 22], QUANTISEQ [23, 24], MC-
PCOUNT [25], EPIC [26], CIBERSORT [22, 27]
and CIBERSORT-ABS [28] to estimate the sub-
populations of immunity infiltration scores.
Immune checkpoint-related genes were achi-
eved from Auslander et al. [29].

Prediction of response to potential chemo-
therapy drugs

“pRRophetic” was used to gather information
on estimate half maximal inhibitory concentra-
tion (IC50) of common chemotherapeutic drugs
for patients with testicular germ cell tumor [30].
Meanwhile, Connectivity Map dataset (CMap;
https://clue.io/) was applied to discover poten-
tial small molecular compounds. Finally, these
candidate compounds’ 3D structure tomo-
graphs were acquired from PubChem websi-
te (https://pubchem.ncbi.nim.nih.gov), respec-
tively.

Cell culture and gRT-PCR

The testicular germ cell tumor cells (Tcam-2)
and Human testis cells (Hs 1.Tes) were cultured
in DMEM (Biological Industries, Bl, Israel) which
contained 10% certified fetal bovine serum
(VivaCell, Shanghai, China). Tcam-2 cells were
transfected with control siRNA and siRNA-
ADARB1 using Lipofectamine 3000 (Invitrogen,
Thermo Fisher Scientific, USA).

Total RNA was isolated with Trizol reagent
(Invitrogen, USA). HiScript Il RT SuperMix
(Vazyme, China) was used for cDNA synthesis.
gRT-PCR was performed with SYBR gPCR
Master Mix (Vazyme, China) using LightCycler
480 (LC480) real-time PCR instrument (Roche,
Switzerland). The primers and siRNA oligo used
in this study were listed in Table S1. Relative
MRNA expression level was calculated using
the 224t method and normalized against
B-actin.

Cell proliferation and migration assays

Cell proliferation was measured after 24 h, 48
h, 72 h, and 96 h using Cell Counting Kit-8
(CCK-8, MedChemExpress, China). The absor-
bance was measured following incubation at
37°C for 1 h according to the manufacturer’s
protocols.

For the colony formation assay, pretreated cells
were incubated for 10 days, then fixed in 4%
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paraformaldehyde for 20 min, and stained with
0.1% crystal violet for analysis.

A total of 1.5x10° cells were seeded into the
24-well Transwell chambers with serum-free
medium for the migration assays. Medium con-
taining 20% FBS was added to the bottom
chamber. After incubation at 37°C for 48 hours,
cells were fixed, stained, and captured with
microscope.

Clinical samples and immunohistochemistry
(IHC)

Seminoma clinical tissues were acquired by
radical orchiectomy. All patients involved under-
stood and signed the informed consent. This
research was approved by the Ethics Committee
of Binhai People’s Hospital. IHC staining was
performed by the Department of Pathology,
Binhai People’s Hospital. Briefly, the primary
antibody was incubated as: anti-ADARB1
(Proteintech, 1:200, China).

Statistical analysis

Statistical data were processed by R 4.1.2
software. Then, we filtered out differential
expression genes (DEGs) according to the false
discovery rate (FDR) adjusted P-value <0.05
and log,|fold change| >0.5 between the TGCT
tumor samples and normal samples using
Wilcoxon’s test. The correlation analysis among
RNA modification regulators was carried out by
Spearman correlation analysis. Wilcoxon test
was used to compare the distribution of
immune cells in different risk subgroups. The
chi-square test was performed to evaluate the
association between the risk score and clinico-
pathological parameters. Functional enrich-
ment terms with g-value <0.05 was considered
significantly enriched. Kaplan-Meier survival
analysis was carried out to evaluate survival
predictive performance. The results with two-
side P<0.05 were considered statistically
significant.

Results

Expression and mutation landscape of RNA
modifications regulators in TGCT

Firstly, based on the published reports, a total
of 75 RNA modification regulatory factors and
matched clinical information were enrolled in
this current study [31] (Table 1). After filtration
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Table 1. Summary of RNA adenosine modification regulators

RNA modification types Major regulators

m1A TRMT6, TRMT10C, BMT2, RRP8, TRMT61A, TRMT61B, ALKBH1, ALKBH3, YTHDF1,
YTHDF2, YTHDF3, YTHDC1

m3C METTL2A, METTL2B, METTL6G, METTL8

m5C NSUN2, NSUN3, NSUN4, NSUN5, NSUNG, NSUN7, NOP2, DNMT41, DNMT3A, DNMT3B,
TRDMT1, ALYREF, YBX1, TET2, TET3

m6A METTL3, METTL14, RBM15, RBM15B, METTL16, WTAP, ZC3H13, METTL5, CBLL1,
VIRMA (KIAA1429), ZCCHC4, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRN-
PA2B1, IGF2BP1, IGF2BP2, IGF2BP3, ABCF1, FMR1, PRRC2A, ELAVL1, RBMX, LRPPRC,
ALKBH5, FTO

m7G METTL1, WDR4

Nm modification FTSJ1, TRMT44

Pseudouracil (y) PUS7

APA modification CPSF1, CPSF2, CPSF3, CPSF4, CSTF1, CSTF2, CSTF3, CFl, PCF11, CLP1, NUDT21,

PABPN1

A-l1 modification ADAR, ADARB1, ADARB2

depending on adj. P<0.05 and log,|fold
change| >0.5, a total 53 differential RNA modi-
fication regulators were screened out, of which
38 genes were up-regulated and 15 genes
were down-regulated (Figure 1A). All differently
expressed RNA modification regulators were
listed in Table 2. Cluster heatmap and boxplot
were utilized to visualize the expression profiles
of 53 differential RNA modification regulators,
including m1A, m3C, m5C, m6A, m7G, Nm
modification, Pseudouracil (p), APA modifica-
tion, A-I modification (Figure 1B, 1C). In conclu-
sion, our findings revealed that the expression
levels of most RNA modification regulators
were significantly distinct between tumor tis-
sues and adjacent normal samples (Figure
1A-C).

Additionally, Genetic alteration information of
RNA modification regulators was explored
employing on TCGA-TGCT cohort (Figure S1A)
and cBioPortal database [32] (Eigure S1C) to
discover the potential influence of genetic alter-
ations upon the corresponding gene expres-
sion. The location of CNV alteration of RNA
modification regulators on chromosomes was
shown in Figure S1B. Through the investigation
of CNV frequency, we found that CNV altera-
tions in 75 regulators were prevalent, and the
vast majority were concentrated on the gain in
copy number [21, 33] (Figure S1D). Taken
together, we found that NOP2 and CPSF1 had
the highest genetic alteration and highest fre-
quency of copy number variation.
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Analysis of RNA modification-related signal
pathways

To better understand the functional implication
of 53 differentially expressed RNA modification
regulators, functional enrichment analysis was
performed, respectively. In accordance with the
total DEGs, the association with the biological
process included RNA methyltransferase; cel-
lular components included methyltransferase
complex, and nuclear speck; molecular func-
tion included methylation, RNA modification
and ncRNA processing (Figure 2A, 2B). KEGG
analysis identified enrichment for: mRNA sur-
veillance pathways, MicroRNAs in cancer, and
Spliceosomes (Figure 2C, 2D).

Interaction among RNA modifications regula-
tors and functional enrichment

To better discover the relationship among RNA
modifications regulators, we calculated the
pairwise interaction correlations among 53
RNA modification regulators. We investigated
that the expression of RNA modification regula-
tors was markedly correlated and found that
they share a high correlation in expression level
(Figure 3A). Meanwhile, there was a strong cor-
relation between the transcriptional level of
these genes (Figure 3B). Next, we constructed
PPI network using STRING database and visual-
ized by Cytoscape software (Figure 3C).
Furthermore, we performed cluster analysis via
Metascape website to identify the biological
functions of these distinct RNA modification
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Figure 1. The landscape of expression patterns of RNA modification regulators between TGCT samples and normal
tissues. A. A volcano plot generated with FDR<0.05 and log, | FC|>0.5, using the data of differentially expressed
RNA modification regulators in TGCT downloaded from TCGA and GTEx databases. B. Hierarchical clustering of TGCT
and normal tissues differentially expressing 53 RNA modification regulators. C. The expression of selected 53 RNA
modification regulators between TGCT and normal tissues. Purple represents tumor group and yellow represents
normal tissue group. TCGA, The Cancer Genome Atlas; GTEX, Genotype-Tissue Expression. *, P<0.05; **, P<0.01;

*** P<0.001; ns, no significant.

regulatory factors, which were remarkably
focused on RNA modification, ncRNA process-
ing and metabolism of RNA (Figure 3D).
Ultimately, we extracted four modules using
plug-in MCODE in Cytoscape. The four highest
enrichment sub-modules were illustrated in
Figure 3E. Consequently, crosstalk of RNA
modification patterns may be important for the
generation of different subtypes of individual
TGCT tumors.

Consensus clustering analysis distinguished
three TGCT subtypes

To further validate RNA biological function, we
performed consensus clustering analyses
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based on these differently expressed RNA
modification regulators. Clearly, the most suit-
able k-index was 3, namely. Thus, we distin-
guished a total of 156 samples into three dis-
tinct RNA modification patterns using unsuper-
vised clustering, including Cluster A, B and C
(Figure 4A-C). Moreover, principal component
analysis (PCA) was performed for comparison
of the expression profile (Figure 4D). Next, the
results from GSVA enrichment analyses have
revealed that significantly different pathways
were activated among the three RNA modifica-
tion Cluster. RNA modification cluster B was sig-
nificantly enriched in p53 signaling pathway
and fatty acid metabolism compared with clus-
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Table 2. Fifty-three differentially expressed RNA modification regulator genes were identified from
TGCT patients, including 38 up-regulated genes and 15 down-regulated genes

DEGs Genes

Up-regulated genes

ADARB2, NSUN4, PABPN1, CPSF1, METTL6, YBX1, METTL3, PCF11, HNRNPA2B,

PRRC2A, METTL14, NSUNG, NSUN7, RRP8, DNMT1.

Down-regulated genes CSTF1, CPSF3, METTL16, METTL2A, FTSJ1, CBLL1, METTL1, CLP1, ZC3H13, ABCF1,
NSUN5, LRPPRC, TRMT61B, RBMX, TRMT6, RBM15, ALKBH1, CFl, METTL2B, TET2,
RBM15B, ALYREF, TRMT61A, YTHDF3, YTHDF2, WDR4, NOP2, BMT2, CSTF2, ADAR,
DNMT3A, YTHDF1, TET3, TRMT10C, PUS7, IGF2BP2, IGF2BP1, DNMT3B.

The down-regulated genes were listed from the largest to the smallest of fold changes, and up-regulated genes were listed

from the smallest to largest.

ter A (Figure 4E). Cluster C subgroup was asso-
ciated with galactose and glutathione metabo-
lism compared with cluster B (Figure 4F), while
Cluster C was related to cell cycle pathway; DNA
replication and RNA degradation pathway com-
pared with cluster B (Figure 4G).

To investigate the potential biological process-
es and pathways associated with the molecular
heterogeneity between cluster A-C, we identi-
fied 226 common differential expressed genes
between the three clusters in TGCT, which are
shown in a Venn diagram (Figure 4H). Like RNA
modification clusters, GO term analysis
revealed that several DEGs enriched in mito-
chondrial matrix and regulation of cell cycle pro-
cess (Figure 4l). At the same time, several
oncological KEGG pathway terms, such as cel-
lular response to decrease oxygen levels and
regulation of cell cycle process were enriched
in genes (Figure 4J). The above analysis high-
lighted the cellular biological effects related to
the identified RNA modification pattern.

Generation and validation of RNA modification
prognostic signature

First, complete clinical data, including disease-
free survival information, were extracted from
134 of 156 TGCT patients and randomized into
training and testing subgroups. Multi-variate
cox regression was used to examine the effect
of RNA modification regulators on TGCT PFS.
The risk stratification score of TGCT was devel-
oped with seven selected candidate genes,
including TRMT61A, ALKBH1, METTL2B, AL-
YREF, METTL14, CSTF2 and ADARB1 (Figure
5A). The formula for calculating the risk score
was as follows:

RNA modification risk signature = 0.29506-
3749328832 * TRMT61A + 0.5163217021-
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16629 * ALKBH1 + (-0.579843310502562) *
METTL2B + 0.035642951512925 * ALYREF
+ (-1.04625319354967) * METTL14 +
(-0.352420482662729) * CSTF2 + 1.076-
74658427187 * ADARBL1.

Then, we divided TGCT patients in the training
cohort into high-risk or low-risk groups accord-
ing to the medium risk score calculated above
as the cut-off point, respectively. Kaplan-Meier
survival curves demonstrated that the PFS of
the high-risk group with TGCT was better than
that of the low-risk group (P<0.001, Figure 5B).
The distribution of risk scores for patients in
the training cohort is shown in Figure 5B. The
predictive accuracy of the risk score was evalu-
ated by the area under the curve (AUC) of the
receiver operator characteristic (ROC) and AUC
value of 1-year PFS was 0.911; 2-year was
0.869; 3-year was 0.835; 4-year was 0.881
and 5-year was 0.885 (Figure 5B). The above
results indicate that the risk score can predict
progress-free survival rates in TGCT patients in
the training set, which had good validity.
Notably, Kaplan-Meier survival analysis in the
testing set and entire TGCT set shared similar
results with the training set (P = 0.004 for test-
ing set and P<0.001 for entire set, Figure 5C,
5D).

Prognostic performance and clinicopathologi-
cal relevance

The landscape of corresponding clinicopatho-
logical features and the expression level of
seven RNA modification risk signature compo-
nent genes were shown in Figure 6A. To further
explore the stability and reliability of the risk
score as an independent predictor, clinical
characteristics and risk score were assessed
for the PFS of the patients with TGCT by the uni-
variable and multivariable regression analysis
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Figure 4. Consensus clustering of RNA modification regulators distinguished three subtypes of TGCT. A. Consensus
clustering matrix for the most suitable k = 3. B. Consensus clustering CDF for k = 2 to k = 10. C. Delta area plot
showing the relative change in area under the CDF curve from k = 2 to k = 10. D. PCA plot for comparison of the
transcriptional profile. E-G. GSVA enrichment analyses of cluster A, B and C. H. The Venn diagram showed that 226
common differential expressed genes between the three clusters in TGCT. I. GO enrichment analysis of 226 DEGs.
J. KEGG pathway analysis of 226 DEGs.
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Figure 5. Generation and validation of RNA modi-
ALKBH1 fication prognostic signature. A. The risk score of
TGCT was constructed by selecting seven candi-
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8 METTL14, CSTF2 and ADARB1. B. Kaplan-Meier
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Figure 6. Prognostic performance and clinicopathological relevance. A. A heatmap that revealed the landscape of
corresponding clinicopathological features and the expression level of seven genes. B, C. Cox univariate and multi-
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from Hallmark GSEA analysis.

in the entire set. In the univariate analysis, the
stage (P = 0.046) and this RNA modification
signature (P<0.001, HR: 1.036, 95% Cl: 1.174
to 1.453) were significantly linked with PFS
(Figure 6B). The risk score (P<0.001, HR:
1.302, 95% CI: 1.166 to 1.454) were identified
by multivariable analysis (Figure 6C). Multiple
ROC curves were also constructed for various
clinical variables, with corresponding AUCs cal-
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culated (AUC = 0.808, Figure 6D). Additionally,
to establish a clinically applicable strategy in
TGCT patients, a nomogram was created to
evaluate the probability of the 1-year, 3-year,
and 5-year PFS. The nomogram was produced
by incorporating these 7 independent prognos-
tic predictors, including TNM classification,
age, stage, and risk score (Figure 6E). After
comprehensive assessment of prognostic

Am J Transl Res 2022;14(9):6484-6503
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value, our results indicated that comparing
other clinical characteristics, this risk signature
based on RNA modification had superior prog-
nostic accuracy and sustained sensitivity for
TGCT patients’ PFS (Figure 6F).

Functional enrichment of DEGs

To predict the potential function of this devel-
oped signature, GO, KEGG and GSEA pathway
enrichment analysis, based on differentially
expressed genes between high and low-risk
groups, were carried out. The signature is
enriched in protein digestion and absorption,
extracellular matrix organization and epithelial
mesenchymal transition (EMT) pathways
(Figure 6G, 6H).

Correlation of RNA modification risk signature
with tumor microenvironment characteristic

Given the heterogeneity and complexity of the
tumor immune microenvironment in TGCT
patients, we carried out Cibersoft algorithm to
explore the composition of tumor-infiltrating
immune cells between high and low-risk groups
(Figure 7A). NK cells, M2 macrophages and
mast cells were significantly enriched in the
high-risk group compared to the low-risk group
(Figure 7B). Furthermore, we calculated im-
mune cell infiltration score by utilizing seven
different algorithms, including XCELL [19, 20],
TIMER [21, 22], QUANTISEQ [23, 24], MCP-
COUNT [25], EPIC [26], CIBERSORT [22, 27]
and CIBERSORT-ABS [28]. Spearman correla-
tion analysis between risk score and immune
infiltration revealed that high-risk patients
tended to harbor higher abundance of hemato-
poietic stem cell, monocyte and cancer associ-
ated fibroblast (Figure 7C). Characteristics
related to tumor immune microenvironment
landscape, including the risk score of different
subgroups, are displayed in Figure 7D. In addi-
tion, we compared several major immune
checkpoints gene expression among different
subgroups. We found that TNFRSF8, TNFSF9,
CD200, CD70, ICOSLG and VTCN1 highly ex-
pressed in the high-risk group, while CD244,
TNFRSF25, TMIGD2, CD200R1, TNFSF14, CD-
28, LAG3 and CD160 highly expressed in the
low-risk group (Figure 7E).

Potential therapeutic strategy for TGCT pa-
tients based on risk signature

We compared the response to drugs (IC50)
using R package “pRRophetic” for further eval-
uating the influence of above risk signature for
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predicting drug therapy response. Among six
common TGCT, the drug sensitivity of two
showed a significant difference. High-risk
patients might be more sensitive to Paclitaxel
and Docetaxel, which means patients may ben-
efit from these chemotherapeutic drugs
(P<0.05, Figure 8A). What's more, a CMap
database (https://portals.broadinstitute.org/
cmap) was conducted to screen out candidate
small-molecule drugs [34] showing therapeutic
effects on TGCT patients. Then, six small-mole-
cule drugs were finally selected (Table 3). The
3D structure tomography of these small-mole-
cule drugs (endo-IWR-1, 2-iminobiotin, BRD-
K49367140, emetine, BRD-K95360473 and
BRD-K97118047) was found in the PubChem,
which could provide possible countermeasures
for clinical treatment (Figure 8B). Additionally,
we applied the GDSC database to explore the
predictive sensitivity to anticancer drugs [30].
The results indicated that the most efficient
drugs/small molecules were PHA-793887,
CP466722, BX-912 and NPK76-1I-72-1 (Figure
8C).

Experimental verification of seven RNA modifi-
cation regulators

In order to verify the expression level of seven
prognostic RNA modification regulators in TGCT
cells, we used qRT-PCR analysis to detect
Tcam-2 and Hs 1.Tes cells. Among them,
ADARB1, ALYREF and TRMT61A were upregu-
lated in TCGT tumor cells, while ALKBH1,
CSTF2, METTL14 and METTL2B were downreg-
ulated compared with Hs1Tes normal cells
(Figure 9A). These findings were basically con-
sistent with the results analyzed in TCGA and
GTEx dataset. Here, we chose ADARB1 for fur-
ther research. In 13 seminoma samples from
our institution, the expression level of ADARB1
MmRNA was statistically up-regulated in tumor
tissues than in normal tissues (Figure 9B).
Consistent with our PCR results, we observed
its tissue abundance using IHC (Figure 9C).
Additionally, considering epigenetic alterations,
such as DNA methylation, which may drive can-
cer and influence gene expression level, the
association between DNA methylation and
ADARB1 expression level was explored [35,
36]. We observed four loci of ADARB1 DNA
methylation sites which were significantly asso-
ciated with its expression level in TGCT patients
by Spearman correlation analysis, including
cg06000635 (R = 0.420, P<0.001, Figure
S2A); cg00927699 (R =0.518, P<0.001, Figure

Am J Transl Res 2022;14(9):6484-6503
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Figure 7. Correlation of RNA modification-risk score with tumor immune-infiltrating characteristic. A. The stacked
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groups. C. Spearman correlation between risk score and immune infiltration. D. Characteristics related to tumor im-
mune microenvironment landscape, including the risk score of different subgroups. E. The histogram that compared
several major immune checkpoints gene expression between high-risk group and low-risk group.

S2B); cg09676390 (R =0.572, P<0.001, Figure
S2C) and ¢g27449258 (R = 0.269, P<0.001,
Figure S2D). Ultimately, we investigated
ADARB1 and found that it had a strong positive
correlation with NK cells and mast cells. For
cytotoxic cells, B cells and T cells, however,
there was a negative association with ADARB1
(Figure S2E, S2F). These results suggest that
patients with low ADARB1 expression have
more possibility to develop an immunosuppres-
sive microenvironment. In conclusion, our study
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provides new evidence of ADARB1 transcrip-
tional expression and DNA methylation in TGCT
patients.

Knockdown ADARB1 suppressed seminoma
proliferation and migration

To further investigate the biological function of
ADARB1, we generated ADARB1 knockdown
Tcam-2 cells with small interfering RNA (siRNA).
CCK-8 assays indicated that cell proliferation

Am J Transl Res 2022;14(9):6484-6503
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Table 3. Potential therapeutic small molecular compounds critical posttranscriptional regu-

from connectivity map (CMap) website

lator of gene expression, which

-Log10 could have therapeutic potential

CMap Name MoA qvalue in the future [9, 41]. N6-methy-
endo-IWR-1 PARP inhibitor 15.65 ladenosine  (M6A)  has  been
2-iminobiotin Nitric oxide synthase inhibitor 15.35 f:r?c\:\:anatr?dbpercl)’g:’iies?o;o ;pi]aliﬁ;re
BRD-K49367140 / 051 tumors, including glioblastoma
emetine / 0.51 (GBM), acute myeloid leukemia
BRD-K95360473 / 0.48 (AML) and acute myeloid leukemia
BRD-K97118047 Casein kinase inhibitor 0.45 (AML) [42]. Interestingly, mO6A
alizarin / 0.45 often acts as a double-edged
GW-1929 PPAR receptor agonist/Insulin sensitizer ~ 0.42 sword in different tumor types.
dilazep Adenosine receptor antagonist 0.42 Low m6A level on.ADAM19 en-
alda-1 Aldehyde dehydrogenase activator 0.4 hances its expression, promotes

ability was decreased with knockdown of
ADARB1 (Figure 9D). To determine the long-
term impact of ADARB1 on Tcam-2 cell prolifer-
ation, Colony formation assay was also per-
formed. We observed lower colony-formation
efficiency among knockdown ADARB1 groups
than negative control groups after 10 days
(Figure 9E). Additionally, Transwell migration
assay demonstrated that knockdown of
ADARB1 could decrease cell metastasis ability
remarkably (Figure 9F). Collectively, above find-
ings demonstrated that ADARB1 may act as a
positive regulator of tumor proliferation and
migration among seminoma patients.

Discussion

Testicular germ cell tumor (TGCT) is the most
common subtype of testicular cancers, heavily
affecting the reproductive health of young men
[37]. TGCT accounts for about 1% of male can-
cers. In recent years, the incidence of TGCT has
increased rapidly worldwide, especially among
Caucasian populations [38]. TGCT is highly sen-
sitive to conventional chemotherapy and con-
sidered as a kind of highly curable cancer.
However, the inevitable toxicity of chemothera-
py might cause damage to other organs of the
patient and affect long-term survival [37, 39]. A
total of 10-20% of TCGT patients cannot be
cured by conventional chemotherapy [40]. As a
result, it requires great priority to identify
essential biomarkers that can improve chemo-
therapy sensitivity, overcome cancer drug resis-
tance and improve patient’s outcomes.

Emerging evidence has proven that the dysreg-
ulation of RNA modification has become a
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GSCs growth and finally leads to
tumorigenesis [43]. Conversely,
the enhanced m6A modification of SOCS2 pro-
motes its degradation, which accelerates tumor
progression in HCC [44]. This indicates that the
methylation modification is a complex process,
involving many methylation regulating factors.
Different methylation regulators interact with
each other to perform biological functions.

In this study, we classified seven major types of
RNA modifications and 75 corresponding RNA
regulatory factors. Firstly, we identified genes
related to RNA modifications that are differen-
tially expressed in testicular cancer and normal
tissues. The results showed that most RNA
modification regulators such as NSUN5 and
IGF2BPs were abnormally expressed in TGCT.
Recent studies reported that epigenetic loss of
RNA-methyltransferase NSUN5 in glioma is sig-
nificantly related with long-term survival of glio-
ma patients [45]. Another study found that
mM6A reader IGF2BPs proteins drive RCC tumor-
igenesis and metastasis via enhancing S1PR3
MRNA stabilization [46]. This further illustrated
that these RNA modification regulators may be
involved in the development and prognosis of
testicular germ cell tumors. Performing KEGG
and GO enrichment analysis, we explored the
biological function involved in differentially
expressed RNA modification regulatory factors.
DEGs are mainly concentrated on mRNA sur-
veillance pathways, microRNA in cancer and
cysteine/methionine metabolism. The mRNA
surveillance mechanisms is aimed at checking
the fidelity at each step of mMRNA manufacture
[47]. Incorrect activation and inactivation of
these enriched pathways often lead to tumors.
Next, through multivariate Cox regression, we
established a prognostic risk signature consist-

Am J Transl Res 2022;14(9):6484-6503
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Figure 9. Experimental verification of seven RNA modification regulators. A. gRT-PCR analysis to verify the expres-
sion level of seven prognostic RNA modification regulators in TGCT cells. B. The expression level of ADARB1 among
13 seminoma patients in our cohort. C. IHC revealed upregulated expression of ADARB1 in seminoma patients. D.
CCK-8 assay demonstrated knockdown ADARB1 could inhibit Tcam-2 cells proliferation. E. Colony formation assay
of knockdown ADARB. F. Transwell migration assay for evaluating the migration ability of Tcam-2 cells after silenc-

ing ADARB1.

ing of 7 RNA modification regulatory factors.
TRMT61A, ALKBH1, ALYREF, and ADARB1 were
positively related to risk score while CSTF2,
METTL14 and METTL2B showed contrast cor-
relation. As it is known, TRMT61A acts as a
methylation modification regulator that can
methylate tRNA, loss of which increased death
of glioma cells [48]. ALYREF can bind to m5C
sites in 3’-untranslated (3-UTR) regions of
PKM2 mRNA and promote bladder cancer cell
proliferation by PKM2-mediated glycolysis [49].
Interestingly, it has been reported that CSTF2
regulated the tumorigenic functions in UCB
cells, and enhanced tumor proliferation, migra-
tion, and invasion [50]. However, our study
demonstrated CSTF2 as a negative factor of
risk score and functioned as a protector in
inhibiting tumorigenesis. In conclusion, RNA
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modification regulators may play tumor-specific
roles in different neoplastic process.

Based on these seven genes, we divided 134
TCGT patients into three clusters by Consensus
clustering. To figure out different characteris-
tics between groups, we further compared the
differences in pathways among each cluster
using GSVA analysis. These differential path-
ways were involved in the distinct progression
of the three RNA modification-related subtypes
of TGCT. Some significant differential pathways
could be activated in different TGCT RNA modi-
fication clusters, such as the p53 signaling
pathway and glucometabolic pathway. P53, is a
classical tumor suppressor gene and mutant
p53 proteins can exert oncogenic functions
[51, 52]. Under low energy supply, glycolysis is

Am J Transl Res 2022;14(9):6484-6503
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the primary way to producd energy for main-
taining cancer cell proliferation, which is condu-
cive to tumor invasion [52, 53]. Patients of clus-
ter C may benefit more from drugs targeting
these signaling pathways, rather than from gly-
cosphingolipid biosynthesis pathways.

Furthermore, testicular germ cell tumors can
be characterized as immunological tumors with
large numbers of immune cell infiltrated during
routine pathological evaluation of biopsy sam-
ples from TGCT patients [54-56]. In our study,
we separately analyzed the tumor microenvi-
ronment of immune infiltrating cells, and com-
pared the difference and correlation between
the high- low-risk groups. Notably, the estab-
lishment of predictive biomarkers for check-
point immunotherapy was of great significant of
maximizing therapeutic benefit [57]. Here, we
have elucidated the expression of immune
checkpoints between TGCT patients and
healthy population, which may be helpful for
the personalized cancer immunotherapy. We
compared the response to drugs by calculating
the IC50 value and screened out candidate
small-molecule compounds which may provide
possible solutions for clinical treatment.
Ultimately, we further confirmed ADARB1 was
significantly up-regulated in seminoma patients
both in mMRNA and protein level. Lu et al. has
reported that aberrant expression of ADARB1
facilitates Temozolomide chemoresistance and
immune infiltration in glioblastoma [58].
Nevertheless, the biological function of ADARB1
in TGCT patients remains to be discovered.
Here, we revealed ADARB1 serves as a promis-
ing targetable biomarker for seminoma pro-
gression and provides a potential therapeutic
application for clinical treatment.

Conclusion

We comprehensively analyzed the expression
of various RNA modification regulators in TGCT.
They showed not only great value for prognosis
prediction but are also closely associated with
tumor immune microenvironment and immuno-
therapy. The sensitivity of chemotherapy drugs
and candidate small molecular compounds
were finally identified, which could better guide
clinical medication. We hope the findings of this
study may contribute to further investigation of
the mechanism of these RNA modification reg-
ulators and acquire more clinical benefit in
TGCT patients.
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Table S1. Oligonucleotide sequences used in the present study

Primers Sequences
TRMT61A Forward AGCTTCGTGGCATACGAGG
Reverse CCGATAAGGTCAACTGAGTGC
METTL2B Forward ACCGAATACTGGAGGTTGGC
Reverse ACAGGTCGTGAACAAAGGCA
METTL14 Forward AGTGCCGACAGCATTGGTG
Reverse GGAGCAGAGGTATCATAGGAAGC
CSTF2 Forward CAGCGGTGGATCGTTCTCTAC
Reverse AACAACAGGTCCAACCTCAGA
ALYREF Forward GCAGGCCAAAACAACTTCCC
Reverse AGTTCCTGAATATCGGCGTCT
ALKBH1 Forward AAACTTTTCCGCTTCTACCGTC
Reverse TTTGAGTCCATAGGCTTGCCA
ADARB1 Forward GTGAAGGAAAACCGCAATCTGG
Reverse CAGGAGTGTGTACTGCAAACC
B-actin Forward ATGACTTAGTTGCGTTACACC
Reverse GACTTCCTGTAACAACGCATC
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Figure S1. Landscape of the genetic alterations of RNA modification genes in TGCT patients. (A) 9 of 145 TGCT pa-
tients experienced genetic alterations of RNA modification genes, with a frequency of 6.21%. (B) The location of CNV
alteration of RNA modification genes on chromosomes. (C) The overview mutation landscape of RNA modification
genes in cBioPortal database. (D) The CNV mutation frequency of RNA modification genes. The column represented
the percentage of alteration frequency.

A B ©

Spe.arman Spearman
o oS¢, #°=04 ' o °r=0%8

o
[e ]
1

]
[ ]
]
o
@

1

=)
o
1
o
[e)]
1

(=}
N
1

o
~
¢g00927699 (Beta value)

¢g06000635 (Beta value)

=
N
1
@
N
1

2 3 4 2 3 4
ADARB1 (Log, (TPM+1)) ADARB1 (Log, (TPM+1))

hd OSgearman D » Spearman
® L re0572 r=0.269

e
~
1
o
[or]
1
[ ]
[ ]

o
[+2]
1

=)
(&,

1
o
[+2]

1

0.4

€g27449258 (Beta value)
o
=

cg09676390 (Beta value)

o
N
1

ADARB1 (Log, (TPM+1)) ADARB1 (Log, (TPM+1))

E NK cells _—_ F
Mast cells - _—
NK CDS6bright cells _
Tod 4 —@
Macrophages -

—e
ic - - 0.8
—.
\d
»

ADARB1 ®8 Low ® High

Th2 cells - P value ] I

DC A 075

pDC 0.50
Eosinophils 0.25
Neutrophils 0.00
TFH A

Tem 4

Th17 cells
Th1 cells -

Tem

CD8 T cells
NK CD56&dim cells -
aDC A

T helper cells -
TReg

B cells -

T cells -
Cytotoxic cells

0.6

0.41

Correlation
Q oz
O o4

Oes

Enrichment scores

0.0

[IINTTTTTTTT¢..

T T T
-0.6 -0.4 -02 0.0 02 0.4 0.6
Correlation

Figure S2. DNA methylation and immune cell infiltration of ADARB1 in TGCT patients. (A-D) Correlation analysis of
ADARB1 and different DNA methylation sites, including cg06000635 (A); cg00927699 (B); cg09676390 (C) and
cg27449258 (D). (E) Correlation analysis of ADARB1 and immune cell infiltration among tumor microenvironment.
(F) Different immune cell infiltration characteristics among ADARB1-high and ADARB1-low subgroups.



