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Abstract
Immune microenvironment could affect the biological progress in prostate cancer 
(PCa) through N6 methyl adenosine (m6A) methylation. The purpose of this study was 
to investigate the crosstalk between m6A methylation and immune microenvironment 
and explore potential biomarkers to improve the immunotherapeutic response. Firstly, 
according to 11 differentially expressed m6A genes between normal and tumor sam-
ples, PCa patients were divided into immune microenvironment subtype 1 (IMS1) and 
IMS2 based on m6A gene profiles extracted from The Cancer Genome Atlas (TCGA) 
database. IMS2 showed an immune “cold” phenotype with worse prognoses, and 
HNRNPC was identified as the biomarker of IMS2 by the protein-protein interaction 
network. Furthermore, through bioinformatics analyses and in vitro experiments, we 
found that HNRNPC-high patients showed a suppressive immune-infiltrating tumor 
microenvironment with a higher infiltration of regulatory T (Treg) cells. Finally, we 
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1  |  INTRODUC TION

Prostate cancer (PCa) is a common malignancy in men.1,2 Despite 
the rapid response to androgen deprivation therapy, most PCa pa-
tients eventually progress to fatal metastatic castration-resistant 
PCa (mCRPC).3,4 Recently, immune checkpoint inhibitors (ICIs) have 
become choices for progressive PCa.5,6 Although immunotherapy 
has proven to be an effective and important new strategy for the 
management of PCa patients, only a few patients benefit from im-
munotherapy.7–10 This phenomenon may be attributed to the varied 
heterogeneity of the immune microenvironment among individu-
als.11,12 Therefore, it is important to further explore the regulatory 
mechanisms of the tumor immune microenvironment to optimize 
the management of immunotherapy.

N6-methyladenosine (m6A) is the most common post-
transcriptional modification of mRNA and mediates more than 60% 
of RNA methylation.13,14 The abnormal methylation level of m6A 
is closely related to stem cell differentiation and the immune re-
sponse, which plays an important role in the progression of various 
cancers.15–18 The abundance of m6A methylation modification in tu-
mors mainly depends on the expression of methylation regulators, 
including methyltransferases (“writers”) and demethylases (“eras-
ers”) in cells, while binding proteins (“readers”) perform a series of 
biological functions by binding to the methylation sites of m6A.19

In a previous study, Thorsson et al identified six “immune sub-
types”: wound-healing, IFN-γ–dominant, inflammatory, lymphocyte-
depleted, immunologically quiet, and TGF-β–dominant, which play 
different characters of immune features.20 Currently, several meth-
ods have emerged to characterize the immune tumor microenvi-
ronment (TME) for the assessment of total lymphocytic infiltrates, 
including immune gene expression signatures, such as immunogenic 
cell death (ICD) and immune checkpoint (ICP) genes, neoantigen pre-
diction, T cell receptor (TCR) and B cell receptor (BCR) repertoire 
inference, and somatic DNA alterations.21–23 These methods and 
strategies provide a new basis for our research into the immune mi-
croenvironment of PCa.

In this study, we systematically evaluated the expression profile 
of m6A methylation regulators in PCa to improve the risk stratifica-
tion of prognosis and promote therapeutic decision-making in PCa. 

The relationship between m6A regulatory factors and immune cell 
infiltration was analyzed in silico and verified in vitro. Our study at-
tempted to illustrate the m6A methylation regulatory mechanism 
and the prostate tumor immune microenvironment status of PCa, 
thus providing a basis for improving immunotherapy strategies in 
PCa.

2  |  MATERIAL S AND METHODS

2.1  |  Data processing

Figure  1 shows a flowchart of this study. The mRNA expression 
profiles and related clinical data were collected from The Cancer 
Genome Atlas (TCGA) data portal and Gene Expression Omnibus 
(GEO) datasets (GSE70768, GSE32571, GSE60329, GSE46602). The 
mRNA expression data were transformed to values in transcripts per 
million (TPM). A total of 23 m6A genes were integrated from several 
studies, as shown in Figure  S1. The single-cell transcriptome data 
were extracted from GEO dataset: GSE141445 including 13 sam-
ples, 12 primary samples, and 1 metastatic sample.

2.2  |  Differentially expressed m6A genes 
(DEMGs) and cluster analysis

We used Wilcoxon rank sum test to perform the differential expres-
sion analyses. M6A genes that met the criterion of false discovery 
rate (FDR) <0.05 between tumor and normal samples were identi-
fied as DEMGs. Based on the expression level of DEMGs, patients 
were then separated into subgroups using unsupervised clustering 
(named immune microenvironment subtypes [IMSs] subsequently).

Differences in the clinical characteristics of patients between 
IMSs were measured, including clinical M stage, pathological T 
stage, pathological N stage, Gleason score, and biochemical recur-
rence (BCR). In addition, we investigated the differences in tumor 
purity and immune scores between clusters. Next, we calculated the 
ssGSEA score of immunostimulatory and inhibitory states using gene 
lists collected from previous studies, which are provided in Table S1.
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cocultured transfected PCa cells with peripheral blood mononuclear cells (PBMC) and 
verified that HNRNPC inhibits tumor immunity by elevating the activation of Treg cells 
and suppression of effector CD8 T cell. In conclusion, we identified a “cold” immune 
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the immune microenvironment through targeting HNRNPC may be a potential thera-
peutic option for advanced PCa.
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2.3  |  Identifying the immune landscape of 
IMS clusters

First, we counted the proportion of C1-C6 immune subtypes in 
the two IMSs. Considering that immune infiltration was related 
to “measures of DNA damage,” we compared several measures of 
DNA damage, including fraction alteration, number of segments, 
aneuploidy score (AS), homologous recombination defects (HRD), 
and intratumor heterogeneity (ITH) between IMSs. Next, a com-
parison was performed of the genome changes, including silent/
nonsilent mutation, indel neoantigens, and SNV neoantigen counts. 
Differences in BCR and TCR diversity between clusters were also 
measured using the Shannon index. All data used were obtained 
from Thorsson et al20 Finally, we compared the expression levels of 
ICD and ICP genes between the two IMSs.

Furthermore, whole-exome sequencing (WES) from TCGA data-
base data was used to calculate the tumor mutation burden (TMB) score 
in PCa with exons uniformly counted as 40 M regions and to describe 
the mutation spectrum of two clusters to search for specific mutations.

2.4  |  Correlations of DEMGs with immune 
microenvironment

We performed correlation analyses of DEMGs with immune 
score and tumor purity to identify genes related to the immune 

microenvironment (named immune-related genes [IRGs]). Genes 
with expression levels negatively correlated with immune score and 
positively correlated with tumor purity were determined as IRGs. 
To assess the outcome of immunotherapy for IMSs, we compared 
the expression of the following marker genes, which have been 
proven to affect immunotherapy in different ways: CD274 (PD-L1),21 
CXCL9,24 MEX3B,25 HAVCR2 (TIM3),22 CTLA4, and CD38.26

2.5  |  Identification of hub genes

The STRING database (https://strin​g-db.org/) and Cytoscape soft-
ware were used to establish a protein-protein interaction (PPI) net-
work with a minimum required interaction score of 0.40 to evaluate 
the interactions between proteins coded by IRGs and immune mod-
ules, including the major histocompatibility complex (MHC) module, 
receptor module, chemokine module, immunostimulatory module, 
and immunoinhibitory module. IRGs that interacted with immune 
modules were identified as hub genes.

2.6  |  Validation of hub genes through in 
silico analyses

First, GEO datasets (GSE70768, GSE32571, GSE60329, and 
GSE46602) were applied to validate the correlations between IRGs 

F I G U R E  1  Flow chart of this study

Identification of m6A dependent immune 
microenvironment subtypes (IMSs)

• Differentially expressed m6A genes 
(DEMGs): FDR < 0.05;

• Unsupervised clustering;
• Immune score and tumor purity analyses.

TCGA PRAD database and 23 m6A genes

IMSs exhibited different immune status

• Genomic level: measures of DNA damage, 
mutation burden, etc.;

• Transcriptome level: differentially expressed 
ICD and ICP genes.

Identification of HNRNPC as the hub gene classifying 
IMSs

• Immune related DEMGs (IRGs);
• PPI network: interaction between IRGs and 

immune modules.

HNRNPC expression associated with PCa immune 
microenvironment

• Immune relationship analyses of HNRNPC: 
validation in GEO datasets;

• Immunocytes abundance assessment;
• Association of HNRNPC with clinical status

HNRNPC inhibits tumor immunity by elevating Treg 
cells abundance thus aggravating PCa 

• Knockdown of HNRNPC in vitro;
• Malignant phenotype of PCa cells;
• Co-culture PCa cells with CD4+ or CD8+ T 

cells.

• TME identification in single-cell transcriptome.

https://string-db.org/
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and the immune microenvironment. Second, we analyzed the cor-
relation between the expression of hub genes and MEX3B, which 
can downregulate HLA-A expression on the surface of tumor cells, 
thereby rendering the tumor cells unable to be recognized and 
killed by T cells.25 Next, tumor patients were separated into a high-
expression group and a low-expression group according to the median 
hub gene expression levels; differences in the abundance of immune 
cells between the two groups were measured. Finally, based on TCGA 
database, we compared the differences in the expression levels of 
hub genes between different clinical conditions. Kaplan-Meier (K-M) 
plots were developed to perform survival analysis of hub genes.

2.7  |  Single-cell transcriptome data analyses

The single-cell transcriptome data were preprocessed using the 
“Seurat” package. Well-established markers for each cell type of 
PCa, integrated with the automatic cell annotation tool “SingleR,”27 
were applied to annotate the cell types, dividing the cells into lumi-
nal epithelial cells (AR), basal epithelial cells (TP63), T cells (CD3E), B 
cells (CD19), fibroblasts (MYL9), mast cells (KIT), monocytes (CD14), 
and endothelial cells (CD34). We calculated percentages of cell 
types among samples and analyzed their correlation with HNRNPC-
positive cell rate. “ProjecTIL” was used to parse human scRNA-seq T 
cell data in the context of murine TIL profiles.28 We then compared 
the difference of T cell subgroup composition between HNRNPC-
positive and -negative cells.

We used “CellChat” R package to study cell-cell communication.29 
The samples were divided into positive and negative groups accord-
ing to whether the positive rate of HNRNPC was greater than 70%. 
We compared the strength of interaction among different cell types.

2.8  |  Cell lines and cell culture

Prostate cancer cells (C4-2B, LNCaP, DU145, and PC3) and normal 
human prostate epithelial cells (RWPE-1) were purchased from the 
American Type Culture Collection (ATCC). All cells were tested and 
confirmed to be free of mycoplasma contamination before use. C4-
2B cells were cultured in DMEM/F12 (4:1). LNCaP cells were cul-
tured in RPMI-1640. DU145 cells were cultured in MEM. PC3 cells 
were cultured in the F-12 K medium. RWPE-1 cells were cultured in 
keratinocyte serum-free medium (K-SFM). All media were provided 
by Gibco and were treated with 10% FBS and 100 U/mL penicillin/
streptomycin in a 5% CO2 incubator.

2.9  |  Cell transfection

Three specific shRNAs targeting HNRNPC and scrambled shRNA 
were synthesized by GenePharma. Cells were seeded in six-well 
plates at a density of 8 × 106 cells/well, and the plates were placed at 
37°C with 5% CO2. When cell confluence reached 70%, transfections 

were performed using the Lipofectamine 3000 kit (Invitrogen) ac-
cording to the manufacturer's instructions.

2.10  |  Quantitative real-time PCR (RT-qPCR)

Cells were seeded in six-well plates at a density of 1.5 × 106 cells/well 
and incubated for 24 hours. Total RNA was extracted from the cells 
using TRIzol® reagent (Invitrogen), and the extracted RNA was reverse-
transcribed into cDNA using the ReverTra Ace qPCR RT Kit (Toyobo). 
Quantitative PCR was performed using SYBR® qPCR Mix (Toyobo) 
based on the 2−ΔΔCt method. GAPDH and U6 were used as the endog-
enous control genes. All experiments were performed in triplicates.

2.11  |  Cell-counting kit-8 (CCK-8) assays

Cell viability was determined using a CCK-8 kit (Beyotime Institute of 
Biotechnology), following the manufacturer's instructions. The cells 
(2 × 104 cells/well) were seeded in a 96-well plate. After cell growth 
for 12, 24, 48, or 72 hours, 10 μL of CCK-8 solution was added to 
each well. Two hours later, absorbance was measured at 450 nm using 
a microplate reader. All experiments were performed in triplicates.

2.12  |  EdU assays

The cells were cultured in 24-well plates until 70% confluence. After 
10 μL EdU solution was added and 2 hours incubation, the cells were 
fixed with 4% paraformaldehyde. After washing, a Click-iTR EdU kit 
was used to detect EdU. The nuclei were stained with DAPI and the 
cells were observed using a fluorescence microscope (Olympus). All 
experiments were performed in triplicates.

2.13  |  TUNEL assays

Cells were grown in 24-well plates until 70% confluence. Cultured 
cells were fixed with 4% paraformaldehyde and permeabilized with 
0.25% Triton-X 100. TUNEL assays were performed according to 
the manufacturer's instructions (Roche). Briefly, cells were first in-
cubated in a terminal deoxynucleotidyl transferase (TdT) reaction 
cocktail, followed by treatment with a Click-iT reaction cocktail. 
Nuclei were stained with DAPI. The cells were observed and imaged 
using a fluorescence microscope (Olympus). All experiments were 
performed in triplicates.

2.14  |  Flow cytometry analysis

Cells (2 × 106) were seeded into each well of a six-well plate and in-
cubated for 24 hours. To assess apoptosis, cells were harvested after 
transfection for flow cytometry analysis. Briefly, after double-staining 
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with an Annexin V-FITC/PI apoptosis kit (Multi Sciences), apoptosis 
was determined using a flow cytometer (BD). The apoptotic cells were 
gated as Annexin V-FITC+PI+ and Annexin V-FITC+PI−. The apoptosis 
rate was defined as the percentage of apoptotic cells in total cells. Flow 
cytometric analysis was performed to determine the percentage of 
Treg cells. The cocultured peripheral blood mononuclear cells (PBMCs) 
were digested with 0.25% trypsin and washed with PBS containing 
0.5% (w/v) bovine serum albumin (BSA). Lymphocytes in PBMCs were 
gated by forward scattering (FSC) and lateral scattering (SSC). CD4+ T 
cells were gated by CD3 and CD4 staining. Isolated CD4+ T cells were 
then incubated with FITC-conjugated anti-CD25 and anti-CD127 anti-
bodies.30 All experiments were performed in triplicates.

2.15  |  Transwell assays

After transfection, 2 × 105 cells were seeded into each well of the 
upper transwell chamber (8 pm pore size, Corning). A medium con-
taining 10% FBS was added to the lower chamber. After incubation 
for 24 hours, cells on the upper side of the upper chamber were 
wiped off, and cells on the lower side of the upper chamber were 
fixed with 4% paraformaldehyde and stained with 5% crystal vio-
let for 5 minutes. Finally, stained cells were counted under a micro-
scope in five random visual fields. All experiments were performed 
in triplicates.

2.16  |  Wound-healing assays

Cells were seeded into six-well plates (2 × 106/well) and incubated 
for 24 hours. Wounds were created by passing a plastic tip across the 
monolayer cells. The time of wound infliction was considered to be 
0 hours, and wound closure was photographed 24 hours later using a 
microscope. All experiments were performed in triplicates.

2.17  |  Coculture of PBMCs and PCa cells

Peripheral blood mononuclear cells obtained from Procell (Wuhan) 
were cultured for 72 hours for activation in RPMI-1640 medium 
(Hyclone; GE Healthcare) with 10% FCS (Gibco; Thermo Fisher 
Scientific, Inc.), 2 mm  l-glutamine, 0.5% streptomycin and penicil-
lin, 25 mm HEPES, 3 μG/mL anti-CD28 antibody, 1 μG/mL anti-CD3 
antibody, and 100 u/mL IL-2. PCa cells (PC3 or DU145) with or with-
out HNRNPC interference were cocultured indirectly with activated 
PBMCs in six-well transwell coculture plates (0.4 μm polyester film) 
for 48 hours, where PBMCs cells were planted in the upper layer and 
PCa cells were plated in the lower layer.

2.18  |  Statistical analyses

All analyses were performed using R software (version 4.0.5). 
Differences between groups were evaluated using Wilcoxon 

rank-sum tests for continuous data and Fisher's exact tests for cat-
egorical variables. Pearson's test was used for the correlation analy-
sis. The R package “ConsensusClusterPlus” was used for unsupervised 
clustering. ssGSEA scores were calculated using the “GSVA” package. 
K-M plots were constructed using the K-M “survival” package. The 
immune score and the tumor purity were calculated with the “es-
timate” package based on gene expression levels. CIBERSORT and 
ImmuCellAI (http://bioin​fo.life.hust.edu.cn/ImmuC​ellAI) were used 
to calculate the infiltration score, assess the response to immuno-
therapy, and estimate the abundance of immune cells. All analyses 
were two-sided, and statistical significance was set at p < 0.05.

3  |  RESULTS

3.1  |  Identification of m6A-dependent IMSs

We extracted the m6A regulatory gene (shown in Figure S1) expres-
sion profile data of 52 normal and 395 tumor tissues from TCGA. 
Eleven m6A genes were found to be differentially distributed be-
tween PCa and normal tissues with an FDR < 0.05, including RBM15B, 
IGF2BP2, FMR1, HNRNPA2B1, HNRNPC, METTL3, ZC3H13, YTHDF1, 
FTO, YTHDF2, and ALKBH5 (Figure 2A). Using unsupervised cluster-
ing based on 11 identified enzymes, PCa patients were separated 
into two clusters with different molecular and immune characteris-
tics (Figure 2B). The baseline characteristics of the 203 group1 and 
292 group2 patients are shown in Table S2. After excluding individu-
als with missing values, the heatmap is shown in Figure 2C, which 
shows the distributions of tumor stage, BCR condition, Gleason 
score, m6A gene expression, tumor purity, and immune score be-
tween subgroups. Group2 exhibited an abundance enrichment of 
m6A genes. Furthermore, patients in group2 had higher tumor pu-
rity and lower immune scores (Figure 2D,E). Therefore, we named 
the two subgroups immune microenvironment subtype 1 (IMS1) and 
IMS2 in the further study. Additionally, we found that patients with 
IMS2 had a more advanced tumor condition and poorer prognosis 
than those with IMS1 (Figure 2C,G,H). More importantly, IMS1 sam-
ples showed significantly higher scores for both stimulatory and in-
hibitory immune responses than IMS2 samples (pall < 0.05, Figure 2F), 
indicating that IMS1 is an immune “hot” phenotype, while IMS2 is an 
immune “cold” phenotype. All above mentioned suggested that the 
enrichment of m6A gene may affect the reprogramming of tumor 
immune microenvironment, thus leading to different prognoses and 
survival outcomes.

3.2  |  IMSs exhibited different immune status on 
genomic and transcriptome levels

The measures of DNA damage, including altered fraction, AS, HRD, 
ITH, and number of segments, were all significantly stronger in IMS2 
than in IMS1, which represents a poorer prognosis of tumor pa-
tients (pall < 0.05, Figure 3A–E). The mutation rates were also found 
to be significantly different between IMSs (pall < 0.05, Figure 3F,G). 

http://bioinfo.life.hust.edu.cn/ImmuCellAI
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Further comparison of the mutation spectra revealed several high-
frequency mutations. For example, LRP1B and RYR2 were spe-
cifically mutated in IMS1, while SPTA1, ATM, and CSMD3 were 
mutated in IMS2 (Figure S2A,B). Notable difference was not found 
in the percentage of immune subtypes (C1-C4), neoantigen counts 
(both Indel and SNV), BCR/TCR diversity, and TMB between IMSs 
(Figures S3 and S4A).

The expression of most ICD and ICP genes varied significantly 
between IMSs (Figure S3D,E), indicating a difference in the tumor 
immune status. Most importantly, well-established immunotherapy 
markers showed obvious differences. CD274 (PD-L1),21 T-cell im-
munoglobulin mucin-3 (TIM-3),22 and CTLA4,23 which represent the 
most effective predictive biomarkers for checkpoint inhibitor–based 
immunotherapy, were expressed at higher levels in IMS2 (pall < 0.05, 
Figure  S2C). CXCL9, the ligand of CXCR3, was also expressed at 
higher levels in IMS2 cells (Figure S2C, p = 1.94 × 10−9). CXCL9 has 
been identified as a biomarker for sensitivity to PD-1 blockade, 
and augmenting the intratumoral function of this CXCR3-CXCL9 
chemokine system could improve clinical outcomes.24 MEX3B was 
also significantly higher in IMS2 cells (p = 2.7 × 10−14), which can in-
hibit the killing effect by preventing T cells from recognizing tumor 
cells.25 Furthermore, tumors treated with PD-1/PD-L1–blocking 
antibodies developed drug resistance through the upregulation of 
CD38,26 which showed higher expression in IMS1 (p = 5.43 × 10–3, 
Figure S2C).

3.3  |  Identification of HNRNPC as the hub gene 
classifying IMSs

To investigate the crosstalk between m6A modification and the 
immune microenvironment, we analyzed the immune correlation 
of 11 DEMGs. Correlation analysis identified six IRGs, HNRNPC, 
HNRNPA2B1, YTHDF1, YTHDF2, METTL3, and RBM15B, whose 
expression levels were significantly negatively correlated with the 
immune score (R  =  −0.19, −0.18, −0.15, −0.13, −0.28, and −0.23, 
respectively; p  =  2.4 × 10−5, 5.3 × 10−5, 7.2 × 10−4, 4.0 × 10−3, 
1.8 × 10−10, and 1.6 × 10−7, respectively; Figure 3H and Figure S4B–
F) and positively correlated with tumor purity (R  =  0.20, 0.19, 
0.17, 0.16, 0.29, and 0.23, respectively; p = 4.8 × 10−6, 2.5 × 10−5, 
1.3 × 10−4, 2.6 × 10−4, 4.0 × 10−11, and 1.3 × 10−7, respectively; 
Figure  S4G–L), suggesting that these genes may be associated 
with a low degree of immune invasion and tumor progression 
(Figure  S5). In addition, PPI network analysis was performed to 
identify hub regulatory factors. As HNRNPC was associated with 

the most nodes, it was identified as a hub gene, which also showed 
association with the MHC module simultaneously (Figure 3I). The 
PPI network with the immunoinhibitory and immunostimulatory 
modules also confirmed the immune correlation of m6A regulatory 
factors (Figure S6). HNRNPC was also significantly upregulated in 
IMS2 (Figure 2C); therefore, we noted it as the representative clas-
sifying IMS in further studies.

3.4  |  HNRNPC expression associated with PCa 
immune microenvironment

To investigate the effect of the hub m6A regulator HNRNPC on the 
tumor immune microenvironment of PCa, four GEO datasets were 
used for validation. Consistent results were obtained for the differ-
ent datasets. In the GSE46602, GSE32571, and GSE60329 data-
sets, HNRNPC showed a negative correlation with immune score, 
but a positive correlation with tumor purity (Figure S7). In dataset 
GSE70768 with the largest sample size, the same result was ob-
tained with statistical significance (R = −0.20 and 0.24, respectively; 
p = 5.3 × 10−3 and 5.9 × 10−4, respectively; Figure S7A). Additionally, 
the expression level of HNRNPC was negatively correlated with the 
infiltration score (R = −0.34; p = 8.7 × 10−7; Figure S7C). Meanwhile, 
we found that the expression of HNPNPC was significantly corre-
lated with MEX3B (R = 0.40, p < 2.2 × 10−16; Figure 3J). Finally, the 
correlation between HNRNPC and the immune cells was investigated. 
A high abundance of natural regulatory T cells (nTreg), induced regu-
latory T cells (iTreg), T helper 1 cells (Th1), central memory cells, and 
monocytes could be identified in the HNRNPC low-expression group 
(pall < 0.05, Figure 4A). Overexpression of Treg cells is likely to be the 
reason for the tumor's immunosuppressive status. Meanwhile, the 
abundance of exhausted cells, natural killer T cells (NKT), and natural 
killer cells (NK) was significantly lower in the high-expression group 
(pall < 0.05, Figure 4A). To verify the relationship between HNRNPC 
expression and abundant of Treg, cytotoxic T cells, we performed a 
correlation analysis in the TCGA-PRAD cohort, finding that the ex-
pression of HNRNPC was significantly positively correlated with Treg 
(iTreg and nTreg) scores, and negatively with cytotoxic T cell scores 
(R = 0.1, 0.31 and 0.11, respectively, p = 2.2 × 10−2, 1.1 × 10−12 and 
1.1 × 10−2, respectively; Figure  4B–D). Furthermore, HNRNPC was 
highly expressed in progressive PCa, such as higher pathologic T 
stage, higher pathologic N stage, and high Gleason score (Figure 4E–
H) in the TCGA PRAD dataset. In addition, the OS of patients with 
high HNRNPC expression was poorer than that of patients with low 
expression (Figure 4I).

F I G U R E  2  DEMGs and cluster analysis. A, The bar plot of 11 DEMGs. B, Unsupervised clustering of PCa patients from TCGA PRAD 
dataset. C, The heatmap plot of differences in the clinical M stage, pathologic T stage, pathologic N stage, Gleason score, incidence of 
biochemical recurrence (BCR), tumor purity, and immune score between two clusters. D, E, Differences in the tumor purity and the immune 
score between two clusters. F, Differences in the state of tumor immune microenvironment, including stimulatory (left) and inhibitory (right) 
immune scores, between two clusters. G, Kaplan-Meier plot of the comparison in the overall survival between two clusters. H, The number 
of patients in different clusters stratified by survival years. *p < 0.05; **p < 0.01; ***p < 0.001. DEMGs, differentially expressed m6A genes; 
PCa, prostate cancer; PRAD, prostate adenocarcinoma; TCGA, The Cancer Genome Atlas
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F I G U R E  3  Immune landscape of immune microenvironment subtype (IMS) clusters. A-E, Measures of DNA damage, fraction altered, 
number of segments, aneuploidy score (AS), homologous recombination defects (HRD), intratumor heterogeneity (ITH), between clusters. 
F, G, silent and nonsilent mutation rate of IMS clusters. H, Correlation between the expression level of HNRNPC and immune score in TCGA 
database. I, Protein-protein interaction (PPI) network of the interactions between immune-related genes (IRGs) and major histocompatibility 
complex (MHC) module. J, Correlations of HNRNPC expression with MEX3B expression in TCGA database

(A)

(E)

(I) (J)

(F) (G) (H)

(B) (C) (D)



1838  |    CHENG et al.

3.5  |  Treg proportion in HNRNPC-positive cells 
was significantly higher than in negative cells on the 
single-cell level

To accurately map T cell status on the single-cell level, we de-
scribed the single-cell transcriptome atlas of PCa. First, after data 
preprocessing, we obtained a total of 36,424 cells (Figure 5A,B and 
Figure S8A). We annotated nine cell types: luminal cells (AR), T cells 
(KRT3E), B cells (MS4A1), mast cells (KIT), monocytic cells (CD14), 
endothelial (CD34), fibroblast (ACAT2), basal (KRT19), and other 
epithelial cells (Figure S8B). Furthermore, we analyzed the correla-
tion between the proportion of each cell type and HNRNPC-positive 
cell rate, the result showed that HNRNPC-positive cell rate was 
significantly positively correlated with epithelium cells, and nega-
tively with T cells (Figure 5E). Through subanalyses on T cells, we 
got nine clusters including CD4_NaiveLike, CD8_EarlyActive, CD8_
EffectorMemory, CD8_NaiveLike, CD8_Tex, CD8_Tpex, Tfh, Th1, 
and Treg. According to the expression of HNRNPC, we separated the 
cells into HNRNPC-positive and -negative cells. The proportion of 
Treg cells in positive cells was much higher than that in HNRNPC-
negative cells. Furthermore, the number of naïve CD8 T cells and 
active CD8 T cells was lower in HNRNPC-positive cells, which indi-
cates that cells with high expression of HNRNPC were in a state of 
immunosuppression (Figure 5D–F).

Furthermore, we explored specific cell-cell communication in 
positive samples. According to the cutoff value of the positive rate 
of 70%, we divided 13 samples into two groups: positive group (five 
samples) and negative group (eight samples) (Figure S9A). The dif-
ferentially enriched interaction between cell types is shown in the 
heatmap, which indicated that the cell-cell interaction in the posi-
tive group was stronger than that in the negative group, especially 
between T cells and other cells (Figure S9B). Then, different signal 
flow analyses implied that a large number of signal flows were ac-
tivated in the positive group, including SPP1, TGF-β, which were 
associated with immunosuppression (Figure S9C). Finally, we discov-
ered ligand-receptor interaction specifically in the HNRNPC-positive 
group. The epithelial cells in the HNRNPC-positive group inter-
acted with other types of cells through such ligand-receptor pairs: 
MIF-(CD74+CXCR4) and MIF-(CD74+CD44) with T cells; VEGFR-
PDGFA (a tumor angiogenesis related interaction), and NAMPT-
(ITGA5+ITGB1) (an immunosuppression-associated interaction) with 
endothelial cells, and JAG1-NOTCH3 and PDGFA-PDGFRB (two 
pairs associated with pericytes and formation of tumor-associated 
fibroblasts) with fibroblast (Figure S9D).

3.6  |  Knockdown of HNRNPC inhibited the 
proliferation and migration ability of PCa cell in vitro

We performed PCR analysis to confirm the expression levels of 
HNRNPC in PCa cell lines. Compared with the normal prostate epi-
thelial cell line RWPE-1, four PCa cell lines (C4-2B, Lncap, DU145, 
and PC3) showed elevated HNRNPC expression (Figure  6A). To 

evaluate the oncogenic effect of HNRNPC in vitro, DU145 and PC3 
cells with the highest HNRNPC levels were stably transfected with 
an shRNA targeting HNRNPC, whereas cells transfected with a 
scrambled vector were used as a negative control. Using shRNAs, 
the expression of HNRNPC was successfully knocked down in two 
PCa cell lines (DU145 and PC3) (Figure  6B, Figure  S10A). Among 
the shRNAs, shRNA-1 and shRNA-2 were used for functional assays 
with the highest knockdown efficiency. We investigated the effect 
of HNRNPC on PCa cell proliferation. CCK-8 assay demonstrated 
that knockdown of HNRNPC significantly decreased the prolifera-
tive ability of DU145 and PC3 cells (Figure 6C, Figure S10B). These 
results were further confirmed by EdU incorporation assays in both 
DU145 and PC3 cells (Figure 6D, Figure S10C). These results indi-
cated that HNRNPC is required for PCa cell proliferation in vitro. 
Furthermore, we evaluated the effect of HNRNPC knockdown on 
apoptosis of PCa cells using TUNEL staining and flow cytometry. Our 
results showed that the apoptosis level of PCa cells was significantly 
decreased by HNRNPC downregulation (Figure 6 E-F, Figure S10D,E). 
Transwell and wound-healing assays were performed to detect the 
effects of HNRNPC on the migration and invasion of PCa cells. The 
results showed that HNRNPC could also promote malignancy in PCa 
cells, as evidenced by the decreased migration and invasion ability 
in DU145 and PC3 cells after knockdown of HNRNPC (Figure  6G, 
Figure S10F,G).

3.7  |  HNRNPC inhibits tumor immunity 
by elevating the activation of Treg cells and 
suppression of CD8 cells

The above immune correlation analysis suggested that HNRNPC could 
mediate the activation of Treg cells. To determine whether HNRNPC-
mediated PCa cells induced activation of Tregs, we cocultured trans-
fected PCa cells with PBMC T cells (Figure 7A). The expression of the 
Treg markers (CD25+CD127−) was significantly decreased in PBMC 
cells incubated with HNRNPC-knockdown PCa cells compared with 
that in the NC group (Figure 7B,C), indicating the activation of Treg 
cells in HNRNPC low-expression tumors. Furthermore, the number 
of effector CD8 T cells (CD8+CD107a+IFN-γ+) was significantly 
increased in PBMC cells incubated with HNRNPC-knockdown PCa 
cells compared with that in the NC group (Figure 7D,E), representing 
the suppression of CD8 cells.

4  |  DISCUSSION

Prostate cancer is a heterogeneous disease with different ethnic 
characteristics that originates from prostatic epithelial cells.31,32 
Targeting the immunosuppressive mechanism in the TME has revo-
lutionized cancer treatment, while clinical trials have shown minimal 
efficacy in patients with PCa. M6A methylation is the most com-
mon form of mRNA modification and plays a pivotal role in post-
transcriptional regulation. Studies showed that METTL3 and 
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YTHDF2 promote PCa migration and invasion by mediating m6A 
modification,33,34 suggesting that m6A regulates the occurrence and 
development of PCa in a unique way. Furthermore, studies evaluated 
the m6A regulation patterns of PCa and correlated these modifica-
tion patterns with the tumor immune microenvironment character-
istics.35,36 Although these studies coanalyzed m6A methylation and 
the TME of PCa, they did not discuss the underlying mechanism of 
tumor immune status.

In our study, the expression patterns, prognostic values, and 
effects on the TME of m6A regulators in PCa were demonstrated. 
Subsequently, we identified two subtypes of PCa (IMS1 and IMS2) 
by consensus clustering of m6A regulatory factors. IMS1/IMS2 

subtypes have different prognoses and clinicopathological fea-
tures in PCa patients, which are closely related to immune scores 
and immune cell infiltration. The prognosis of IMS1 patients was 
significantly better than that of patients with IMS2, which may 
be related to higher immune infiltration. This was consistent with 
previous findings that patients with high immune scores had supe-
rior survival compared with those with low immune scores.37 As 
most m6A regulators were highly expressed in IMS2 cells, it was 
suggested that the abundance of m6A modification may remodel 
the tumor immune microenvironment, leading to an immune “cold” 
phenotype. At the same time, IMS2 had a higher proportion of 
DNA damage, such as HRD and ITH. Wang et al showed that a 

F I G U R E  4  Validation of the correlation between HNRNPC and immune microenvironment. A, Differences in the abundance of immune 
cells between the high-expression group and low-expression group (separated according to the median of HNRNPC expression level in 
GSE70768). *p < 0.05. B-D, Correlations between HNRNPC expression and iTreg (B), nTreg (C), and cytotoxic T cells score (D). E-H, Expression 
difference of HNRNPC between tumor patients with different pathologic T stages (E), biochemical recurrence condition (F), pathologic N 
stage (G), and Gleason score (H). I, Kaplan-Meier plot of the comparison in the overall survival between HNRNPC high-expression patients 
and low-expression patients. TCGA, The Cancer Genome Atlas; PRAD, prostate adenocarcinoma

F I G U R E  5  Comparison of Treg 
proportion in HNRNPC-positive cells and 
-negative cells on the single-cell level. 
A, The tSNE clustering visualization of 
single-cell RNA sequencing of prostate 
cancer. B, The tSNE plots of cells from 
patients with cells colored based on 
the cell types. C, Well-known markers 
of eight cell types. D, The fold change 
of T cell subset composition of positive 
and negative cells. E, The tSNE plot of 
T cells colored by subtype and HNRNPC 
expression.
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F I G U R E  6  Knockdown of HNRNPC-promoted cell apoptosis inhibited the cell proliferation and migration of prostate cancer (PCa) cells. 
A, Relative expression of HNRNPC in human prostate epithelial cell line RWPE-1 and PCa cell lines. B, qRT-PCR analyses of HNRNPC mRNA 
in DU145 cells treated with negative control (NC) or HNRNPC shRNAs. C, D, CCK-8 assays and EdU incorporation assays for DU145 cells 
treated with negative control (NC) or HNRNPC shRNAs. E, F, TUNEL assays and flow-cytometric analysis for DU145 cells treated with NC or 
HNRNPC shRNAs. G, Transwell assays and wound-healing assays for DU145 cells

(A)

(D)

(F) (G)

(E)

(B) (C)



1842  |    CHENG et al.

F I G U R E  7  Coculture of peripheral blood mononuclear cells (PBMCs) and prostate cancer (PCa) cells. A, The sketch of the coculture 
system. B, C, The expression of Treg markers (CD25+CD127−) after coculture-transfected PC3 cells and DU145 cell. D, E, The expression of 
effector CD8 T cell markers (CD8+CD107a+INF-γ+) after coculture-transfected PC3 cells and DU145 cell
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higher HRD score was associated with poor clinical outcomes in 
PRAD.38 Several studies have found that ITH can be a prognostic 
factor for solid tumors, as it diminishes the immune response.39,40 
Consistently, the mutation spectrum showed that TP53 and ATM 
comutations especially occurred in IMS2, which has implications 
as a biomarker for guiding ICI treatment. TP53 and ATM comu-
tation was associated with better OS than a single mutation and 
no mutation among patients with any cancer.41 Most importantly, 
IMS2 showed higher expression of PD-L1 and CXCL9, which are 
all biomarkers of sensitivity to PD-1 blockade therapy.42 At the 
same time, IMS2 cells showed lower expression of CD38, which 
represented low resistance to anti-PD-1 immunotherapy.26 These 
results suggest that the IMS2 group probably responded to PD-1 
blockade therapy. However, other ICPs including TIM3 and CTLA4 
were also significantly highly expressed in IMS2, which means that 
the inhibitory immune microenvironment of this group of patients 
may not be activated by pure antiPD-1/PD-L1 therapy. HNRNPC, 
a m6A reader, was identified as the hub gene interacting with 
HLA-A, HLA-B, and B2M. We found MEX3B, which was proved to 
mediate resistance to cancer immunotherapy by downregulating 
HLA-A expression, showed higher expression in IMS2. Moreover, 
HNRNPC could regulate the m6A modification of HLA-A, HLA-B, 
and B2M (shown in the RM2Target and RMBase databases43,44), 
and a previous study showed that B2M mutations are closely re-
lated to the abundance of Treg cells, which might lead to an im-
munosuppression.45 In conclusion, a novel immunotherapeutic 
strategy based on the identification of IMS2 patients might greatly 
benefit their survival.

We identified HNRNPC as a hub gene that interacts with m6A 
methylation via immune processes and can effectively classify IMSs. 
Some studies found an association between HNRNPC and tumor 
progression,46–48 as well as immune cell infiltration.49 However, 
which immune cells can be regulated by HNRNPC, thus remodeling 
the TME is still unclear.

Our results suggest that HNRNPCs promote the activation of 
Treg cells. Immunosuppression in the TME, mediated by Tregs, is 
the main mechanism of tumor immune escape, which is associated 
with poor prognosis.50 On the single-cell level, we described the 
tumor immune microenvironment, especially the T cell subset. The 
rate of HNRNPC positive cells was significantly positively correlated 
with the proportion of epithelial cells and negatively correlated with 
the proportion of T cells. More importantly, the proportion of Treg 
cells in positive cells is higher, which represented a state of immu-
nosuppression, consistent with our findings in the bulk RNA-seq 
dataset. Observing the flow of communication signals between 
cells, we found that SPP1 and TGF-β signal flows were activated 
in the positive group, which indicates immunosuppression in sev-
eral cancers.51–54 Furthermore, the epithelial cells in the positive 
group mainly interact with T cells through MIF-(CD74+CXCR4) and 
MIF-(CD74+CD44), which can mediate the formation of an immu-
nosuppressive microenvironment caused by tumor hypoxia.55 Our 
study indicated that HNRNPC can promote the infiltration of Tregs 

by coculture of PBMCs and PCa cells, which may be a potential 
mechanism by which HNRNPC promotes PCa progression through 
inhibiting T cell activity. Therefore, we suspected that HNRNPC 
could promote the infiltration of Tregs and T cell exhaustion to re-
shape the immunosuppressive microenvironment and promote the 
progression of PCa.

Our study has several limitations. First, our results were con-
firmed in both TCGA and GEO databases. Owing to the lack of 
sufficient in-house data, the results were not externally verified. 
Therefore, it is necessary to validate these results in a multicenter 
cohort. In addition, our results showed that HNRNPC cells pro-
moted Treg cell activation and suppression of effector CD8 T cells. 
However, the regulatory mechanism of m6A methylation needs to 
be further elucidated to improve precise immunotherapy of PCa.

Our findings provide new insights into the m6A-TME interplay 
in PCa progression and present a potential target. We identified 
a “cold” immune phenotype in progressed PCa, and m6A reader 
HNRNPC regulating the abundance of Treg cells may be the mech-
anism of m6A methylation–mediated response to anti-CTLA-4. 
Multiple immunosuppressive phenotypes suggested that single 
checkpoint inhibitor is likely to produce drug resistance. Therefore, 
activation of the immune microenvironment through targeting up-
stream m6A regulators may be a potential therapeutic option for 
advanced PCa.
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