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ARTICLE INFO ABSTRACT

Keywords: Prostate cancer (PCa) currently ranks second in male tumor mortality. Targeting immune checkpoint in tumor as
Prostate cancer immunotherapy is a new direction for tumor treatment. However, targeting PD-1/PD-L1 and CTLA4 to treat PCa
ELAVL1 has poor immunotherapeutic efficacy because PCa is known as a cold tumor. Understanding the mechanism of
ir;l\rogen receptor immunosuppression in PCa can promote the use of immunotherapy to treat PCa. ELAVL1 is highly expressed in

many tumors, participates in almost all tumor biological activities and is an oncogene. ELAVL] is also involved in
the development and differentiation of T and B lymphocytes. However, the relationship between ELAVL1 and
tumor immunity has not yet been reported. In recent years, ELAVL1 has been shown to regulate downstream
targets in an m6A -dependent manner. PD-L1 has been shown to have m6A sites in multiple tumors that are
regulated by m6A. In this study, ELAVL1 was highly expressed in PCa, and PCa with high ELAVL1 expression is
immunosuppressive. Knocking down ELAVL1 reduced PD-L1 expression in PCa. Moreover, PD-L1 was shown to
have an m6A site, and its m6A level was upregulated in PCa. ELAVL1 interacts with PD-L1 mRNA and promotes
PD-L1 RNA stability via m6A, ultimately inhibiting the infiltration of CD4-positive T cells. In addition, androgen
receptor (AR) was shown to be regulated with ELAVL1, and knocking down AR could also affect the expression of
PD-L1. Therefore, ELAVL1 can directly or indirectly regulate the expression of PD-L1, thereby affecting the
infiltration of CD4-positive T cells in PCa and ultimately leading to immune suppression.

Tumor immune

Introduction mortality has become the second leading cause of cancer-related mor-
tality in males [2]. Although there are currently many treatment

Prostate cancer (PCa) is a common tumor among elderly men, and it methods for PCa, including radical prostatectomy, radiotherapy,
has become the second most common tumor in the world [1]. PCa androgen deprivation therapy, chemotherapy, and androgen receptor
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antagonists, tumor recurrence or progression to castration-resistant
prostate cancer (CRPC) cannot be ignored. The progression to CRPC
significantly increases the mortality rate of PCa, which is attributed to
drug tolerance [3]. In recent years, tumor immunotherapy has opened
up a new era in the treatment of tumors, providing a new means for
cancer treatment. However, PCa immunotherapy often fails to achieve a
satisfactory prognosis [4,5], and improving the results is critical for PCa
immunotherapy.

PCa is considered a cold tumor due to its poor response to immune
checkpoint inhibitors, including PD-1/PD-L1 and CTLA4 [6-8]. Accu-
mulating evidence has shown that the tumor microenvironment of PCa
is immunosuppressive, and the tumor itself has low immunogenicity [5,
9]. Further research has shown that the levels of antigen expression
genes and antigen processing- and presentation-related genes are low, in
PCa and there is a lack of recruitment and activation of cytotoxic T cells
[10,11]. In addition, the infiltration of CD8+ T cells in PCa is very low
[12]. These factors have led to the poor response of PCa to tumor
immunotherapy. Reversing the immunosuppressive environment of PCa
is critical to improving the effectiveness of tumor immunotherapy.

The reason why these hot tumors can respond to immunotherapy is
because their growth depends on immune checkpoints, such as PD-L1
[13]. PD-L1 was the earliest discovered classic immune checkpoint,
and inhibitors targeting PD-L1 have shown satisfactory therapeutic ef-
fects against multiple tumors [14-16]. Several studies have shown that
inhibiting the expression of PD-L1 can promote the infiltration of im-
mune cells in tumors, including bladder cancer and intrahepatic chol-
angiocarcinoma, and play a role in immune killing [17-19]. In recent
years, the m6A modification has been found on PD-L1 mRNA and is
regulated by the methylase METTL3, demethylase ALKBH5, and
methylation binding protein YTHDF1 [17,18,20]. PD-L1 mRNA is
regulated by altering RNA metabolic processes via m6A, including RNA
stability [17,18]. Therefore, knocking down or overexpressing these
mo6A regulators will affect the tumor immune status.

The embryonic lethal abnormal vision (ELAV) family are RNA
binding proteins, and ELAVLI is known as human antigen R protein and
is widely expressed in tissues including the small intestine, spleen, and
ovaries [21]. Previous studies have confirmed that ELAVL1 is highly
expressed in multiple tumors, promotes tumor occurrence and pro-
gression, and is associated with various tumor biological activities,
including proliferation, migration, invasion, apoptosis, cell cycle pro-
gression, chemotherapy resistance, and radiation resistance [22,23].
ELAVL1-mediated regulation of downstream targets relies on regulating
RNA stability and translation [24-26]. Recently, ELAVL1 was shown to
be an m6A binding protein that relies on m6A to regulate the RNA
stability and translation of downstream targets [27-29]. In tumors,
ELAVL1 has been shown to regulate tumor immunity [30-32]. More-
over, ELAVL1 relies on m6A to regulate downstream targets such as
CMTM6 and MIR155HG to indirectly regulate the expression of PD-L1
[32,33]. However, it has not been reported whether ELAVL1 is related
to PD-L1 in PCa or the relationship between ELAVL1 and PCa.

In this study, we found that ELAVL1 was highly expressed in PCa,
and high expression of ELAVL1 in PCa was associated with tumor
immunosuppression. Further research showed that PD-L1 was highly
expressed in PCa cells and was regulated by m6A. ELAVL1 regulated the
stability of PD-L1 mRNA in an m6A-dependent manner, which further
affected the infiltration of CD4-positive T cells. Additionally, ELAVL1
expression was regulated upstream by androgen receptor (AR), but AR
was also regulated by ELAVL1, and there was a mutual regulatory effect
between AR and ELAVL1, which synergistically regulated the expression
of PD-L1.

Materials and methods
Cell lines and experimental animals

The normal human prostate epithelial cell line RWPE-1 (GNHu37),
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human PCa cell line LNCaP (SCSP-5021), 22RV1 cells (SCSP-5022), PC-
3 cells (TCHu158), VCaP cells (TCHu220), and the mouse PCa cell line
RM-1 (TCM14) were purchased from the National Collection of
Authenticated Cell Cultures (Shanghai, China). The human PCa cell line
DU145 (1101HUM-PUMCO000006) was purchased from the National
Infrastructure of Cell Line Resource (Beijing, China). RWPE-1 cells were
cultured in PEpiCM (ScienCell, # 4411), and LNCaP cells were cultured
in RPMI 1640 (BasalMedia, # L210KJ) containing 10 % FBS (NEW-
ZERUM, # FBS-S500) supplemented with 0.2 % L-glutamine (Basal-
Media, # S210JV) and sodium pyruvate (BasalMedia, S410JV). 22RV1,
PC-3, DU145, and RM-1 cells were cultured in RPMI 1640 (BasalMedia,
# L210KJ) containing 10 % FBS (NEWZERUM, # FBS-S500), and VCaP
cells were cultured in DMEM (BasalMedia, # L110KJ) containing 10 %
FBS (NEWZERUM, # FBS-S500). Eight-week-old wild-type C57BL/6
mice were purchased from Vital River. All animal experiments and
euthanasia were approved and performed in accordance with the
guidelines of the Ethics Committee of Gongli Hospital of Shanghai
Pudong New Area.

Antibodies and primers for RT-qPCR

In this study, all antibodies are listed in Table S1 in supplementary
file 1. The primers for RT-qPCR are listed in Table S2 in supplementary
file 1.

Immunohistochemical staining (IHC)

Tissue was fixed with 4 % paraformaldehyde (PFA) (Sigma,
#158127), embedded in paraffin and sliced. Sections or PCa tissue chips
(HProA150PG02) purchased from Shanghai Outdo Biotech Co., Ltd
(Shanghai, China) were dewaxed with xylene and rinsed sequentially
with 100 %, 95 %, and 75 % ethanol. Then, the sections were heated in
citric acid at 95°C for 10 min for antigen retrieval. Subsequently,
endogenous catalase was blocked by treatment with 3 % hydrogen
peroxide at room temperature for 10 min. The sections were then
incubated with primary antibodies, followed by horseradish peroxidase-
labeled secondary antibodies. Finally, the sections were stained with
diaminobenzidine and counterstained with hematoxylin.

Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted with TRIzol reagent according to the in-
structions of the manufacturer (Invitrogen, #15596026) and reverse-
transcribed into cDNA using ReverTra Ace qPCR RT master mix with
gDNA remover (Toyobo, #fsq-301), and RT-qPCR was performed using
Thunderbird SYBR qPCR mix (Toyobo, #qps-201).

Western blotting

Total protein was extracted, and an appropriate amount of denatured
protein was separated by electrophoresis and electrically transferred to a
membrane. After the membrane was incubated with 5 % blocking so-
lution for 1 h, primary antibodies against each protein of interest were
added and incubated with the membrane overnight at 4°C. Then, the
appropriate secondary antibodies were added and incubated with the
membrane at room temperature for 1 h or overnight at 4°C. Finally, the
membrane was visualized with an enhanced chemiluminescence reagent
(Tanon, #180-501).

RNA immunoprecipitation (RIP)-qPCR

RIP was performed as previously reported [34]. Briefly, the cells
were collected and lysed with nondenaturing lysis buffer on ice for 30
min. After centrifugation, the supernatant was collected, and the protein
was quantified with a bicinchoninic assay kit (Genstar, #RE162-05)
according to the manufacturer’s instructions. An appropriate amount of
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supernatant was mixed with the primary antibody and incubated at 4°C
for 6 h. Then, an appropriate amount of BSA-blocked protein A/G
magnetic beads (Thermo Scientific, #26162) was added to the previous
mixture, which included the primary antibody and supernatant, and
incubated at 4°C overnight. After being washed twice with low-salt Tris
buffer and high-salt buffer, the magnetic beads were resuspended in lysis
buffer, and an appropriate amount of the sample was used for Western
blotting to verify the IP efficiency. The remaining magnetic beads were
collected, and the proteins were eluted with protein K buffer at 55°C for
30 min. The precipitated RNA was collected with an RNeasy MinElute®
cleanup kit (Qiagen, #74204). The precipitated RNA was reverse tran-
scribed into cDNA using ReverTra Ace qPCR RT master mix with gDNA
remover (Toyobo, #fsq-301), and qPCR was performed with Thunder-
bird SYBR qPCR mix (Toyobo, #qps-201). Relative mRNA levels were
calculated as follows: 2" (CtIP-CtIgG), and then Student’s t test was used
to analyze significant differences between the groups.

Small interfering RNA (siRNA) and plasmid transfection and lentivirus
infection

siRNA transfection was performed using an RFect transfection kit
(Changzhou Bio-generating Biotechnology, #11012) according to the
manufacturer’s protocols. Plasmid transfection was performed by Lip-
ofectamine™ 3000 reagent (Invitrogen, L3000001). In this study, all
sequence of siRNA and shRNA are listed in Table S3 in supplementary
file 1.

To construct the RM-1 cell line with constitutive knockdown of
ELAVL1, lentiviruses expressing the empty vector (EV) and shELAVL1
were purchased from WZ Biosciences Inc. (Shandong, China). RM-1 cells
were transduced with the lentiviruses and selected via the limited
dilution assay.

Bioinformatic analysis of m6A-seq data

GSE147885, which includes RWPE-1 and LNCaP m6A-seq data, was
obtained from the GEO database. The exomePeak R package was used to
identify m6A peaks in each sample, and HOMER software was used to
determine the conserved motifs within these regions. Furthermore, we
divided the 3'UTR, coding sequence region (CDS), and 5'UTR regions of
the longest transcript of each gene into 100 equally sized bins to char-
acterize the distribution patterns of m6A peaks. The percentage of m6A
peaks in each bin was calculated to represent the occupancy of m6A
along with the transcripts. Differentially methylated regions (DMRs)
were further identified using exomePeak software.

mCA immunoprecipitation (MeRIP)-qPCR

Total RNA was extracted by using TRIzol reagent according to the
instructions of the manufacturer (Invitrogen, #15596026). Total RNA
(20 pg) was fragmented into 100~200 nt fragments using RNA frag-
mentation agents (Thermo Fisher, #AM8740). The fragmented RNA was
incubated with anti-m6A antibodies at 4°C for 4 h, and Dynabeads™
Protein A was added for immunoprecipitation (Thermo Fisher,
#10002D) at 4°C for 2 h. The beads were washed five times with IPP
buffer (150 mM NacCl, 0.1 % NP-40, 10 mM Tris-HCl, pH 7.4), and the
immunoprecipitated RNA was recovered by elution with m6A nucleo-
tides followed by ethanol precipitation and then reverse-transcribed into
cDNA using ReverTra Ace qPCR RT master mix with gDNA remover
(Toyobo, #fsq-301). qPCR was performed using Thunderbird SYBR
gPCR mix (Toyobo, #qps-201).

Dual-luciferase reporter assay
Based on the m6A sequencing data from GSE147885 and our bio-

informatics results, m6A-enriched regions in PD-L1 were selected. The
DNA fragment corresponding to the region was ordered from Tsingke
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Biotechnology Co., Ltd. (Shanghai, China), and the predicted m6A sites
were replaced with T. Wild-type and mutated fragments were inserted
downstream of firefly luciferase in the pGL3-promoter vector.

For the dual-luciferase reporter assay, 1,900 ng of wild-type or
mutant plasmids and 100 ng of pRL-TK were cotransfected into cells in a
6-well plate. After 48 h, luciferase activity was measured by using a
Dual-Luciferase Reporter Assay System (Beyotime Biotechnology,
#RGO088S).

RNA stability assay

RNA stability assay was performed as previously reported [35].
Twenty-four hours after siRNA transfection, the cells were trypsinized
and seeded into 6-well plates. After 24 h of incubation, actinomycin D
(Sigma, #A9415) was added to each well at a final concentration of 5
pg/mL. After O h, 1 h, 2 h and 3 h, the cells were harvested and subjected
to RT-qPCR to quantitatively analyze the target genes. The 18S gene
was used as a negative control. The degradation rate of RNA was
calculated using the following equation:

Nt/NO = e — kt.
In vivo study

All animal experiments were conducted according to NIH guidelines
and were approved by the Ethics Committees of Gongli Hospital of
Shanghai Pudong New Area. Mouse prostate cancer cell line RM-1
(3x 106) with constitutive knockdown of ELAVL1 or control cells were
subcutaneously injected into the back of 4-week-old male C57BL/6
mice. The shELAVL1 group and the control group had six mice each.
After two weeks, the tumors were collected and weighed.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 soft-
ware. The data are reported as the mean + SD, and p values were
calculated using two-tailed Student’s t test; p < 0.05 was considered
statistically significant.

Details of other bioinformatics methods are provided in the Sup-
plementary file 1.

Results

ELAVL1 is highly expressed in PCa and is associated with tumor
progression

Accumulating evidence has confirmed that ELAVL1 promotes the
occurrence and development of tumors as an oncogene [22,23]. In the
Human Protein Atlas database, high expression of ELAVLI is present in
most tumors, and in PCa and glioma, it is present in almost all patients
(Fig. 1a). In the TCGA PCa database and Human Protein Atlas data-
base, ELAVL1 expression level in tumors is significantly higher than that
in adjacent normal tissues (Fig. 1b-c). In the paired samples, ELAVLI
expression in most PCa samples was higher than that in adjacent normal
tissues (Fig. 1d). As the Gleason score of PCa increases, ELAVLI
expression gradually increases (Fig. 1e), as does the T stage (Fig. 1f),
suggesting that high expression of ELAVL1 in PCa is closely related to
tumor progression. To verify these results, a PCa tissue chip containing
95 PCa samples was used. Total ELAVL1 expression in PCa was signifi-
cantly higher than that in adjacent normal tissues (Fig. 1g-h). In addi-
tion, it has reported that compared to that in normal tissues, ELAVL1
expression in the cytoplasm of cancer cells was significantly increased,
and ELAVL1 expression in the cytoplasm was related to the occurrence
and progression of tumors [36]. In this study, we found that ELAVL1
expression in the cytoplasm of cancer cells was significantly higher than
that in adjacent normal tissues. However, there was no difference in



Z. Cai et al.

a

Neoplasia 57 (2024) 101049

1001
i D]
IS
2
€150
Q
®
& 254
g < < <D < < < S < < < s < < < < <
) é\‘?* g ¢ & L L L L L L L L P @'b L & & & @’b
SR N S S S S S SO S S U S S S S S S
D oF aF F W F & F P FadF P FFE T T F P
P P L F @ S L@ RO S EF LSS
X & & & Q@ S & &P & W S & N & X
S & § RS S A P P T S
T & NN & & ° & >
o Q ' O
@ >
@
b o e
:‘(:l vy - — Cg
+ +
.5 i) ':f_’ s :) .5 L v
DE T i = »c -
83 83T 83+
§3o 587 IS 53 &
39T 53 33° B
-~ N - N Q = INeY e i
2 S5E S
> ] © -~ >
zEo > E ZEnw
T 5is 9o
w e o cw w e+~
J o S N
ge B g3
Tumor Normal Tumor Normal T GS6GS7 GS8 GS9
f ) 9 h i
= ANl 40071 . Normal + Tumor 4007 + N i e
(= ol
K=l ﬂ [Te} E Sk
25 < S 3004 . 3001 s
O o v« 3 >
o
g ° b K o oo wx D L
332 i 5 . e 5 s "
i g = 1 ) 8 2004 -y T P g 200 addha Mgt e—
o5 ~. ’ . 00g00 :I‘: a4 % Py
Ito x = ¢ T oA X s o - e
S o i yrvery § v v vage—,
mge 2 e TEELE N m¥ =
S > — o Gt B I D NS e Mt T
D o [ e A Lo MG e 0 s oo
K= Jpug 0 N I B . [
T T2 T3 T4 C N C&N Normal Tumor
k |
400+ 400 o Overall Survival
p for trend <0.001 p for trend <0.001 Ty
£ € o W -
[%2} (2} &
& 3004 L] © 3004 D TO
S = 2
_g . a _g = v E(D e
50
5 200+ et % 5 200{ - ool SRS # = a ELAVLA1
s} s} €5 | = High
o o summsn o o asa . 8 - Low |
8 1 S 100 o
3 00+ eoee aa . 3 g o Wmm—AAA MMM VY . fo Log-rank
7 — o aain ; A S
I ccos mmmmmmm  aaa . T N v . o | p=0.022
e =l
T g T T 0d—r o r T T 50 40 80 R0 1001201
GS6 GS7 GS8 GS9 G1 G2 G3 G4 OG5 0 2040 6h9|0?1(t)h100120140
m
31 ok
% sk —
3 21
X
€ —
()
=R —
5 1
()
I

RWPE-1 PC-3 DU145 LNCaP

Fig. 1. ELAVL1 expression in PCa. a Rate of high ELAVL1 expression in different cancers in the Human Protein Atlas database. b ELAVL1 expression in PCa and
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nuclear ELAVL1 expression between tumors and adjacent tissues
(Fig. 1h). In adjacent normal tissues, nuclear expression of ELAVL1 was
significantly higher than that in the cytoplasm. However, the expression
level of ELAVLI in the cytoplasm of tumors was similar to that in the
nucleus (Fig. 1i), indicating that ELAVL1 expression in the cytoplasm is
related to the occurrence and development of tumors. Further analysis
showed that the expression of ELAVL1 in the cytoplasm was positively
correlated with the Gleason score and grade (Fig. 1j-k). The higher the
expression level of ELAVL1 in the cytoplasm, the higher the malignancy
of PCa. ELAVL1 promotes tumor progression. Indeed, survival analysis
confirmed that PCa patients with high ELAVL1 levels had poorer prog-
nosis (Fig. 11). Subsequently, we confirmed that in addition to DU145
cells, ELAVL1 mRNA levels were higher in LNCaP and PC-3 cells than in
normal prostate epithelial RWPE-1 cells (Fig. 1m). In summary, our
results suggest that cytoplasmic ELAVL1 is highly expressed in PCa and
is associated with tumor progression.

Given the high expression of ELAVLI in PCa, we examined the rea-
sons for the increase in ELAVL1 expression at the DNA level. In the
TCGA-PCa dataset, we compared the copy number variations in ELAVL1
between normal tissues and PCa, and the results showed that there were
more ELAVLI copy number variations, including the loss or amplifica-
tion, in tumors than in normal tissues (Fig. 2a-b). Moreover, the loss of
ELAVL1 copy numbers led to lower expression levels than normal, while
amplification increased ELAVLI expression (Fig. 2b). The expression of
ELAVL1 was positively correlated with copy number (Fig. 2c). We
further analyzed the methylation levels of CpG sites on the ELAVL1 gene,
and the results showed that there were significant differences in
methylation levels on five CpG sites between tumors and normal tissue
(Fig. 2d). Among them, the methylation level on ¢g19590914 was
positively correlated with the expression level of the ELAVL1 gene
(Fig. 2e).

ELAVLI1 is associated with tumor variant characteristics in PCa

To further clarify the differences between high ELAVL1 and low
ELAVLI expression in PCa, the TCGA PCa data was divided into the high
ELAVLI and low ELAVLI1 groups based on median ELAVL1 expression,
and differential expression analysis was performed (Fig. 2f). GO analysis
showed that the upregulated genes were mainly enriched in subsets
related to RNA metabolism, while the downregulated genes were mainly
enriched in tumor immunity (Fig. 2g). KEGG showed that HuR, which is
also known as ELAVL1, is an important regulator of the IL17 signaling
pathway, which is an important immune-related signaling pathway
(Fig. S1). Then, the relationship of ELAVL1 with tumor immunity was
further examined. Research has shown that microsatellite instability,
copy number variation, tumor mutation burden, and tumor neoantigen
load are closely related to tumor immunity and immunotherapy sensi-
tivity [35,37-40]. In this study, focal and broad deletions of copy
numbers were significantly higher in the high ELAVL1 group than in the
low ELAVL1 group (Fig. 2h). The high ELAVL1 group had more total
mutations and showed a positive correlation with total mutations
(Fig. 2i). However, there was no difference in the number of tumor
neoantigens between the high and low ELAVL1 groups (Fig. 2j). In
addition, mismatch repair genes related to microsatellite instability,
including MLH1, MSH2, MSH6, PMS2, and EPCAM, were significantly
correlated with ELAVL1 expression (Fig. 2k). However, there was no
difference in microsatellite instability scores between the high and low
ELAVL1 groups (Fig. 21). This finding indicates that the occurrence of
microsatellite instability in PCa is very low.

High ELAVL1 is associated with immune suppression in PCa

To further clarify the relationship between ELAVL1 and tumor im-
munity, gene set enrichment analysis (GSEA) was applied to the DEGs
between the high and low ELAVL1 groups. The results showed that
signaling pathways related to immunity were enriched in the low
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ELAVL1 group (Fig. 3a). The heatmap shows that immune cells in the
low ELAVLI group were active, while immune cells in the high ELAVL1
group were suppressive (Fig. 3b). Infiltration of most types of immune
cells in the high ELAVL1 group was significantly lower than that in the
low ELAVLI group (Fig. 3c). Multiple immune-related scores, including
the immune score, stromal score, IMPRES, MIAS, and GEP, were
significantly lower in the high ELAVL1 group than in the low ELAVL1
group, and there was a negative correlation between ELAVL]1 expression
and these scores (Fig. 3d-h). Correlation analysis further showed that
ELAVL1 was negatively correlated with most immune cells and the
recruitment of immune cells (Fig. 3i). The CXCL family is associated
with immune cell recruitment. We further analyzed the correlation be-
tween ELAVL1 and 12 molecules in the CXCL family, and the results
showed that except for CXCL9, CXCL10, CXCL11, and CXCL14, ELAVL1
showed a significant negative correlation with most CXCL molecules
(Fig. §2), indicating that high ELAVL1 expression inhibited immune cell
recruitment.

Relationship between ELAVLI1 and immune regulators

In the tumor immune microenvironment, various immune regulators
mediate tumor immunity. We further analyzed the correlation between
the expression of ELAVL1 and various immune regulators and found that
the expression levels of many immune regulators were related to
ELAVL1 expression (Fig. 4a). Among these immune regulators, five
important regulators were selected, including PD-1, PD-L1, CTLA4,
CD276, and LAG3. These 5 immune regulators strongly correlated with
immune scores (Fig. 4b). Except for PD-1, there were significant dif-
ferences in the expression levels of the other four molecules between the
high and low ELAVL1 groups (Fig. 4c). Correlation analysis showed that
ELAVL1 was correlated with these five regulators and had the highest
correlation with PD-L1 expression (Fig. S3a). However, only CD276 was
associated with the prognosis of PCa (Fig. 4d). Subsequently, we con-
ducted subgroup analysis based on the expression level of ELAVL1. The
results showed that in the high and low ELAVL1 groups, except for
CD276, none of the other regulators had affected the prognosis within
the group (Fig. S3b). Next, we further predicted the effects on the
response to immune therapy based on the expression of these immune
regulators, and the results showed that only ELAVL1 and PD-L1 had an
impact on the effect of immune therapy (Fig. 4e). The immunotherapy
response rate was lower in the high ELAVL1 group than the low ELAVL1
group, while the treatment response rate was higher in the presence of
high PD-L1 expression than low PD-L1 expression. Unlike the other four
immune regulators, PD-L1 is mainly present in tumor cells, and ELAVL1
is also expressed in tumor cells. Therefore, we selected PD-L1 as the
downstream target of ELAVL1 for subsequent research.

ELAVLI1 regulates PD-L1 mRNA stability in an m6A-dependent manner

Considering the high expression of ELAVL1 in hormone-sensitive
PCa rather than hormone-resistant PCa (our unpublished data), we
selected LNCaP and VCaP cells for subsequent experiments. We detected
ELAVL1 and PD-L1 levels in different PCa cell lines, including normal
prostate epithelial RWPE-1 cells and AR-positive and hormone-sensitive
LNCaP and VCaP cells. Western blotting showed that ELAVL1 and PD-L1
were highly expressed in the AR-positive PCa cell lines LNCaP and VCaP
(Fig. 5a). ELAVL1 is a classic RNA binding protein. Considering the
correlation between ELAVL1 and PD-L1 expression in TCGA PCa data,
we validated above the results in PCa tissue chip and ELAVL1 indeed
positively correlated with PD-L1(Fig. S4). Next, we examined the
interaction between ELAVL1 and PD-L1 mRNA and found that ELAVL1
could bind to PD-L1 mRNA (Fig. 5b). After knocking down ELAVL1, the
mRNA and protein levels of PD-L1 were significantly reduced (Fig. 5c-
d). In recent years, ELAVL1 has been shown to be an m6A binding
protein that regulates RNA metabolism through m6A4, including trans-
lation and stability [27-29]. Next, we found that compared to that in
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Fig. 2. ELAVL1 alterations and tumor variants at the DNA level. a ELAVL1 copy numbers in PCa and adjacent normal prostate tissue. b ELAVL1 expression in
different copy number variants of ELAVL1 in PCa. ¢ Correlation between ELAVL1 expression and copy number. d DNA methylation levels at different CpG sites of PCa
and adjacent normal prostate tissue. e Correlation between ELAVL1 expression and methylation levels at different CpG sites of PCa. f Volcano plot showing dif-
ferential expression analysis between the low and high ELAVL1 groups from TCGA-PARD data. g GO analysis of differentially expressed genes. h Distribution of focal
and broad copy number alterations of ELAVL1 between the low and high ELAVL1 groups. i-j Comparison of total mutation (i) and neoantigen (j) counts between the
low and high ELAVL1 groups (upper panel) and correlation between ELAVL1 expression and total mutation and neoantigen counts (lower panel). k Correlation
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Fig. 3. Relationship between ELAVL1 and tumor immunity. a GSEA of immune-related signaling pathways between the low and high ELAVL1 groups. b Heatmap
showing the distribution of immune cells in the low and high ELAVL1 groups. ¢ Comparison of infiltrating immune cells in the low and high ELAVL1 groups. d-h
Comparison of immune-related scores between the low and high ELAVL1 groups (upper panel) and correlation between ELAVL1 expression and immune-related
scores (lower panel), including the immune score (d), stromal score (e), IMPRES (f), MIAS (g) and GEP (h). i Correlation between ELAVL1 expression and the
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Fig. 5. ELAVL1 regulates PD-L1 via m6A. a Western blot analysis of ELAVL1 and PD-L1 in the different PCa cell lines. b RIP showing the interaction between
ELAVL1 and PD-L1 mRNA. c¢-d PD-L1 expression was determined by RT-qPCR (c) and Western blotting (d) after ELAVL1 was silenced. e IgV showing PD-L1 m6A
peaks. f MeRIP-qPCR analysis of PD-L1 m6A levels. g PD-L1 m6A levels were determined after silencing METTL3 by MeRIP-qPCR. h Diagram showing the strategy of
the m6A mutation. i Relative luciferase activities of PD-L1 with wild-type or mutated m6A sites after being transfected into PCa cells. Firefly luciferase activity was
measured and normalized to Renilla luciferase activity. j Relative luciferase activities of PD-L1 with wild-type or mutated m6A sites were determined after METTL3
was silenced. k RIP showing the interaction change between ELAVL1 and PD-L1 mRNA after METTL3 was silenced. 1 Relative luciferase activities of PD-L1 with wild-
type or mutated m6A sites were determined after ELAVLI was silenced. m RNA stability assay to determine the effects of ELAVL1 knockdown on the half-lives (t1/2)
of PD-L1. n Western blot analysis of ELAVL1 expression in RM-1 cells with stable silencing of ELAVL1. o-p Detection of the volume (o) and weight (p) of RM-1 tumors
after ELAVLLI silencing. q-t IHC analysis of the expression of PD-L1 (q) and infiltration of CD4 (r)-, CD8 (s)- and GZMB (t)-positive cells in RM-1 tumors. *p < 0.05,
i*p < 0.01, ***p < 0.0001, ****p < 0.00001.

RWPE-1 cells, PD-L1 had two m6A peaks in LNCaP cells, including peak level of peak 1 on PD-L1 (Fig. 5g). Subsequently, based on the m6A
1 and peak 2 (Fig. 5e, Table S1). MeRIP-qPCR confirmed that the m6A conserved sequence DRACH (D=A, G or U; R=A or G; H=A, C or U), we

level of peak 1 in LNCaP cells was significantly increased, while that of constructed a PD-L1 mutant using a point mutation of A to T on the m6A
peak 2 was significantly reduced (Fig. 5f). Given that ELAVL1 bound to conserved sequence on Peak 1 and performed a luciferase assay
mRNA via m6A, peak 1 was selected for subsequent analysis. After (Fig. 5h). The results showed a decrease in the fluorescence activity of

knocking down METTL3, we found a significant decrease in the m6A the PD-L1 mutant in LNCaP and VCaP cells (Fig. 5i). Moreover, knocking

a N b c d
@Q{"Q’gdg 12 Pearson r =-0.295 [ %]
& \,%Q 0>) ik sk H*H R H*+
BT TR S 0@ =3 5% 53
pactn [@me] 8 T 33 3 3%
X [0
g? = = oL T ol d
ELAVLY = ] 5 < 33 B o n Db B
ocn[ ] : o
T GAPDH
5100105110115120 ¥ 0.0- lll Ees  UeE
ELAVL1 expression LNCaP  VCaP LNCaP  VCaP
e T8 5 f g
¢ ¢
333 353 :
NC shELAVL1 Pearson r = 0.409
-— - - - - 25 =9
AR[& \ ] ~ : = 56 p = 2:7E-23
(2]
GAPDH A FR
R [0
52
~I
ELAVL1 & 3
o g
GAPDH 0 ..
5 7 9 11 13
LNCaP VCaP AR expression
. . k
h i i Responder
3 1.5 <Ip v True False /MNQ Pty
> - earson r = -0. ELAVL1 ELavLt X A
- Zrran iy S1 p="7.9E-03 - "
z o S =) % £
X 1.0 oS T b
E o o D-L1 mRNA
5 a | % PCa Cell lbecav
a g2 ~
L 0.5+ 2 g’ 2 ’
_g £ ‘% S po1\l \Klllmg
© - N
* 0.0- 5 7 9 11 13 A T | T
LNCaP VCaP h AR eXpreSSiOn Deactivating \ /, Active

log2(normalized counts + 1)

Fig. 6. ELAVL1 regulating PD-L1 expression via AR. a Western analysis of ELAVL1 and AR expression in the different PCa cell lines. b Correlation between
ELAVL1 and AR according to the TCGA-PRAD data. c-d AR expression was detected by RT-qPCR (c) and Western blotting (d) after ELAVLI was silenced. e PD-L1 and
ELAVL1 expression was detected by Western blotting (e) after AR was silenced. f IHC analysis of the expression of AR in RM-1 tumors. g Correlation between PD-L1
and AR according to the TCGA-PRAD data. h PD-L1 expression was detected by RT-qPCR after AR was silenced. i Correlation between the immune score and AR
according to the TCGA-PRAD data. j Predicted immunotherapy response rates according to AR from the TIDE database. k Diagram showing that the interaction
between AR and ELAVL]1 regulates PD-L1 mRNA stability to disrupt the infiltration of CD4-positive T cells in prostate cancer. *p < 0.05, **p < 0.01, ***p < 0.0001,
**kxp < 0.00001.
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down METTL3 in LNCaP and VCaP cells significantly reduced the
luciferase activity of PD-L1-WT, while PD-L1-Mut did not (Fig. 5j). It
suggested that the presence of m6A on PD-L1 mRNA in peak 1. After
knocking down METTL3 resulting in decreased m6A in PD-L1, it is found
that interaction between ELAVL1 and PD-LI mRNA wad reduced by
RIP-qPCR assay (Fig. 5k). And knocking down ELAVL1 significantly
reduced the luciferase activity of PD-L1-WT, while PD-L1-Mut did not
(Fig. 51). It suggested that ELAVL1 interacted with PD-L1 mRNA via
m6A. Previous results showed that knocking down ELAVL1 decreased
the level of PD-L1 mRNA (Fig. 5¢), which we hypothesize may be related
to the regulation of mRNA stability by ELAVL1. The RNA stability assay
showed that knocking down ELAVLI significantly decreased the stabil-
ity of PD-L1 mRNA (Fig. 5m). These results indicate that ELAVLI reg-
ulates the stability of PD-L1 mRNA in an m6A-dependent manner.

ELAVLI1 regulates PD-L1 expression in PCa cells, thereby affecting the
infiltration of CD4-positive T cells

Next, we established a stable mouse prostate cancer RM-1 cell line
with ELAVLI knockdown (Fig. 5n). Then, RM-1 with silencing ELAVL1
was injected in the back of normal C57 mice for tumor formation. After
14 days of tumor growth, knocking down ELAVLI significantly reduced
the volume and weight of the tumors (Fig. 50-p). Inmunohistochemistry
confirmed that knocking down ELAVLI significantly reduced the
expression of PD-L1 in the tumors (Fig. 5q). PD-L1 is associated with T-
cell inhibition. In this study, knocking down ELAVLI significantly
increased the number of CD4-positive T cells (Fig. 5r), while the number
of CD8-positive T cells, cytotoxic T cells, or natural killer cells was not
significantly changed, although there was an increase (Fig. 5s-t). These
results indicate that ELAVL1 inhibits the infiltration of CD4-positive T
cells by promoting the expression of PD-L1.

ELAVL1 inhibits tumor immunity via AR

As shown in Fig. 5a and e, ELAVLI regulates PD-L1, which is highly
expressed in AR-positive PCa cells. We hypothesize that the expression
of ELAVLI is influenced by AR. Western blotting showed a significant
increase in ELAVL1 expression in LNCaP and VCaP cells compared to
RWPE-1 cells, similar to AR. The higher the AR expression, the higher
the ELAVL1 expression (Fig. 6a). The expression of AR and ELAVL1 may
be positively correlated in hormone-sensitive PCa. However, in the
TCGA-PCa dataset, there was a negative correlation between ELAVLI
and AR (Fig. 6b), which may be related to the high expression of ELAVL1
in the tumor microenvironment. Subsequently, we further explored the
regulatory relationship between ELAVL1 and AR. After knocking down
ELAVL1, we found a significant decrease in the mRNA and protein
expression of AR (Fig. 6¢-d). However, after knocking down AR, ELAVL1
remains no change in LNCaP and VCaP cells (Fig. 6e). In RM-1 tumors,
there was a decrease trend in AR expression after ELAVL1 knockdown,
although there was no significant difference (Fig. 6f). Above results
indicated that AR is an downstream target of ELAVL1. Next, we asked
whether AR also regulates PD-L1 mRNA. Correlation analysis showed a
positive correlation between AR and PD-L1 (Fig. 6g), and it showed a
significant decrease in PD-L1 mRNA and protein expression after
knocking down AR (Fig. 6e, h). We also furtherly examined the rela-
tionship between AR and tumor immunity in PCa. Gene set variation
analysis (GSVA) showed that high expression of AR increased the infil-
tration of activated dendritic cells, eosinophils, neutrophils, and
reserved memory CD4 cells and decreased the infiltration of fibroblasts,
M2 macrophages, plasma cells, and regulatory T cells (Fig. S5). Corre-
lation analysis showed a negative correlation between AR expression
and the immune score (Fig. 6i). Finally, in PCa patients with high AR
expression, the predicted immunotherapeutic effect as significantly
higher than that in patients with low AR expression (Fig. 6j), which as
attributed to the fact that high expression of AR led to high expression of
PD-L1, thereby exerting an effect on PD-L1 inhibitors.
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Discussion

ELAVLI is a classic RNA binding protein that has been shown to be
dysregulated in multiple tumors [22,23]. Accumulating evidence has
shown that ELAVL1 is involved in multiple aspects of tumor biology,
including proliferation, cell cycle progression, invasion, migration, and
apoptosis [22,23]. In addition, ELAVL1 has also been shown to be
associated with chemotherapy resistance and radiotherapy resistance
[41-43]. In PCa, it has shown that ELAVL] is highly expressed and
associated with tumor development through COX2 [44]. In this study,
we further confirmed that ELAVL1 was increased in PCa and that
ELAVL1 was positively associated with tumor grade, Gleason score, and
T stage. Tumor immunity in the tumor microenvironment is a new di-
rection for treating tumors. It has also been reported that ELAVL1 is
crucial for the development and differentiation of T and B cells [30]. The
relationship between ELAVL1 and immune function in the tumor
microenvironment needs to be explored. PCa is a type of tumor that
responds poorly to immunotherapy [6-8]. In this study, we found a close
relationship between high expression of ELAVLI and immune suppres-
sion in PCa. ELAVL1 is involved in the expression and regulation of
many immune regulators in PCa, which may be an important molecular
mechanism by which ELAVLI regulates tumor immunity. Among these
immune regulators, CTLA4, CD276, and LAG3 have been confirmed to
have a close relationship with PCa immunity and are new targets for
future PCa immunotherapy [45-47]. Therefore, ELAVL1 may be a
promising target, and inhibiting ELAVL1 expression has the potential to
enhance the immune activity of PCa.

The m6A modification is the most abundant chemical modification
of mRNA in mammals [48]. It is known that an imbalance in m6A and
m6A regulator expression is an important factor leading to the occur-
rence and development of multiple tumors and is involved in regulating
the biological aspects of multiple tumors, similar to ELAVL1 [49]. In
addition, m6A is involved in the functional regulation of tumor immu-
nity [50]. The methyltransferase METTL3 can remodel the tumor
microenvironment to improve the tumor immunotherapy response [51].
METTL3 also plays a role in inducing anti-PD-1 immunotherapy re-
sponses in thyroid cancer [52]. METTL16 mediates immune invasion in
colorectal cancer [19]. The m6A binding protein YTHDF1 inhibits CD8
positive T-cell-mediated antitumor immunity in PCa [20]. These studies
indicate that changes in RNA m6A occur in tumor immune regulators,
thereby regulating tumor immunity. In PCa, there is a lack of under-
standing of m6A levels in immune regulators. In our study, we found the
presence of m6A sites on some immune regulators and significant im-
balances in m6A levels. Changes in m6A levels on these immune regu-
lators indicate a close relationship between the immune level of PCa and
m6A. Targeting m6A will be an important strategy for improving the
immune response of PCa.

PD-L1 is a widely recognized immune checkpoint protein that is
highly expressed in many tumors [53]. Blocking the PD-1/PD-L1
signaling pathway has shown good therapeutic efficacy in many tu-
mors [54]. However, the immunotherapeutic response of some tumors,
including PCa, is not ideal [6-8]. Therefore, understanding the regula-
tory mechanism of PD-L1 expression will further improve the immu-
notherapeutic response of these tumors. Previous studies have reported
that the expression of PD-L1 is regulated at the genomic, transcriptional,
posttranscriptional, and posttranslational levels [55]. In recent years,
m6A, which is a posttranscriptional modification, has been shown to
participate in the expression and regulation of PD-L1 in tumors,
including bladder cancer, cholangiocarcinoma, hepatocellular carci-
noma, and cervical cancer [17-19]. However, it has not been reported
whether PD-L1 is regulated by m6A in PCa. In this study, we reported for
the first time that PD-L1 was modified by m6A in PCa. Previous studies
have confirmed that m6A occurs near the stop codon of PD-L1 [17-19].
However, in this study, m6A modification of PD-L1 occurred in the CDS
region in PCa. It was found that ELAVL1, which is an m6A binding
protein, relies on m6A to regulate the mRNA stability of PD-L1. The
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regulation of PD-L1 mRNA stability by ELAVL1 through m6A may be an
important regulatory mechanism of ELAVL1-mediated immunosup-
pression in PCa. However, we did not examine whether there are other
m6A readers that regulate the stability of PDL1 in an m6A-dependent
manner. In previous studies, some m6A readers such as IGF2BP2,
YTHDEF3, and YTHDF1 have been found to be involved in the stability of
PDL1 mRNA in tumors, thereby interfering with tumor immunity
[56-58]. In prostate cancer, it has also reported that YTHDF1 inhibits the
anti-tumor immunity of CD8 positive T cells through PDL1 via m6A[59].
In theory, there is competitive regulation among different m6A readers
that regulate PD-L1 stability. However, there have been previous reports
that ELAVL1 exerted a synergistic regulatory effect on mRNA by binding
to other m6A readers such as YTHDC1 and IGF2BP1[27,60]. In prostate
cancer, whether ELAVL1 competitively regulates the stability of PD-L1
with other m6A readers or synergistically regulates it requires further
assays.

AR is an important transcription factor that drives the development
of PCa [61]. It has found that AR is related to tumor immunity [62]. In
PCa, activation of the AR signaling pathway is also found in
tumor-associated macrophages [63]. Antagonizing AR can reverse the
immunosuppressive state of PCa [64]. In bladder cancer, AR was shown
to promote tumor immune escape by inhibiting the expression of PD-L1
[65]. Whether AR regulates tumor immunity through PD-L1 in PCa has
not yet been reported. In this study, we confirmed that AR could posi-
tively regulate the expression of PD-L1 and was also regulated by
ELAVL1.Therefore, the regulation of PD-L1 by AR in PCa may occur
through ELAVL1, while there was a direct regulatory relationship be-
tween ELAVL1 and PD-L1.

In this study, we found that ELAVL1 was highly expressed and
associated with immune suppression in PCa. ELAVL1 regulates the RNA
stability of PD-L1 through m6A, thereby regulating the infiltration of
CD4-positive T cells, ultimately leading to immunosuppression in PCa.
Further research also showed that AR positively regulated the expres-
sion of PD-L1, which was related to tumor immunosuppression and also
was regulated by ELAVLI1. This study confirms the important role of
ELAVL1 in maintaining immune suppression in PCa. Targeted inhibition
of ELAVLI is expected to provide hope for reversing immune suppres-
sion in PCa and improving the response to immune therapy.

Conclusions

In this study, we have found that high expressed ELAVL1 in PCa was
related to tumor immunosuprression by regulating PD-L1 mRNA sta-
bility to inhibit CD4-positive T cells infilration and PD-L1 expression
also was regulated by ELAVL1 via AR.

Abbreviation
AR Androgen receptor
CDS Coding sequence region
CRPC Castration-resistant prostate cancer
DMR Differentially methylated region
ELAV Embryonic lethal abnormal vision
EV Empty vector
GSEA Gene set enrichment analysis
GSVA Gene set variation analysis
IHC Immunohistochemical staining
MeRIP m6A immunoprecipitation
PCa Prostate cancer
RT-qPCR Real-time quantitative polymerase chain reaction
RIP RNA immunoprecipitation
siRNA Small interfering RNA
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