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ABSTRACT

Background The molecular characteristics of prostate
cancer (PCa) cells and the immunosuppressive bone tumor
microenvironment (TME) contribute to the limitations of
immune checkpoint therapy (ICT). Identifying subgroups
of patients with PCa for ICT remains a challenge. Herein,
we report that basic helix-loop-helix family member 22
(BHLHE22) is upregulated in bone metastatic PCa and
drives an immunosuppressive bone TME.

Methods In this study, the function of BHLHE22 in

PCa bone metastases was clarified. We performed
immunohistochemical (IHC) staining of primary and

bone metastatic PCa samples, and assessed the ability

to promote bone metastasis in vivo and in vitro. Then,

the role of BHLHE22 in bone TME was determined by
immunofluorescence (IF), flow cytometry, and bioinformatic
analyses. RNA sequencing, cytokine array, western
blotting, IF, IHC, and flow cytometry were used to identify
the key mediators. Subsequently, the role of BHLHE22 in
gene regulation was confirmed using luciferase reporter,
chromatin immunoprecipitation assay, DNA pulldown, co-
immunoprecipitation, and animal experiments. Xenograft
bone metastasis mouse models were used to assess
whether the strategy of immunosuppressive neutrophils
and monocytes neutralization by targeting protein arginine
methyltransferase 5 (PRMT5)/colony stimulating factor

2 (CSF2) could improve the efficacy of ICT. Animals

were randomly assigned to treatment or control groups.
Moreover, we performed IHC and correlation analyses

to identify whether BHLHE22 could act as a potential
biomarker for ICT combination therapies in bone
metastatic PCa.

Results Tumorous BHLHE22 mediates the high
expression of CSF2, resulting in the infiltration of
immunosuppressive neutrophils and monocytes

and a prolonged immunocompromised T-cell status.
Mechanistically, BHLHE22 binds to the CSF2 promoter
and recruits PRMTS, forming a transcriptional complex.
PRMTS5 epigenetically activates CSF2 expression. In a
tumor-bearing mouse model, ICT resistance of Bhlhe22*
tumors could be overcome by inhibition of Csf2 and
Prmt5.

Conclusions These results reveal the immunosuppressive
mechanism of tumorous BHLHE22 and provide a potential
ICT combination therapy for patients with BHLHE22* PCa.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Bone metastatic prostate cancer (PCa) has tradition-
ally been considered an ‘immune desert’, resulting
in poor immune checkpoint therapy (ICT) responses.

= Immunosuppressive myeloid cells are recognized
to play an important role in immune evasion of PCa
cells.

WHAT THIS STUDY ADDS

= Targeting basic helix-loop-helix family member e22
(BHLHE22)-dependent immunosuppressive neutro-
phils and monocytes infiltration reduces immune
checkpoint therapy (ICT) resistance and provides a
potential combination therapy for patients with bone
metastatic PCa.

= BHLHE22 serve as a novel biomarker to select the
appropriate patients with bone metastatic PCa for
ICT.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Therapeutic inhibition of colony stimulating factor 2
or protein arginine methyltransferase 5, combined
with anti-programmed cell death 1 therapy, could
be explored as effective treatment regimens for pa-
tients with BHLHE22" PCa.

INTRODUCTION

Bone is the most common site of distant
metastasis in advanced prostate cancer
(PCa).! Within the bone tumor microen-
vironment (TME), unique bone marrow
niches and myeloid cells contribute to metas-
tasis, colonization, dormancy, activation, and
immune escape.” Over past decades, the
diagnosis rate for advanced PCa has increased
from 3.9% to 8.2%.> Up to 90% of patients
with advanced PCa have bone metastases.®’
There are limited therapeutic interventions
for advanced PCa, including androgen depri-
vation therapy (ADT), biological targeted
therapy, and bone targeted drug therapy, and
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ultimately, PCa undergoes bone metastatic progression to
become a lethal disease.*™!

Immune checkpoint therapy (ICT) has been proven to
be effective against multiple solid tumors.'* ¥ However,
bone metastatic PCa has traditionally been considered an
‘immune desert’, resulting in poor ICT responses.'* '* In
a phase III trial of ipilimumab (NCT01057810), patients
with bone metastasis responded poorly compared with
those without bone metastasis.'® Recently, a phase III clin-
ical trial of atezolizumab (NCT03016312) demonstrated
that the primary endpoint of improved overall survival
was not met in unselected patients with metastatic PCa."”
To further analyze potential biomarkers, CXCL9, TAP1,
PTEN status, PD-L1, and CD8 expression levels predicted
longer progression-free survival.'” There is an urgent
need to accelerate precision medicine for patients with
bone metastatic PCa, including a validated selection
procedure to identify subgroups of patients who might
benefit from ICT.

BHLHEZ22 is a member of the basic helix-loop-helix
(bHLH) transcription factor superfamily.'® Peak expres-
sion of bHLH family member €22 (BHLHE22) was asso-
ciated with the transformational progression of advanced
PCa cells.' However, the function of tumorous BHLHE22
in bone metastatic PCa is unknown. In this study, we
found that BHLHE22 was highly expressed in the bone
metastases of patients with PCa. The tumorous BHLHE22-
protein arginine methyltransferase 5 (PRMT5) transcrip-
tional complex induces the expression and secretion
of colony stimulating factor 2 (GCSF2), resulting in the
increase of tumor-infiltrating immunosuppressive neutro-
phils and monocytes. The exhaustion of CD4" T and CD8"
T cells triggered by immature neutrophils and monocytes
created an immunosuppressive bone TME. Treatment
of tumorous Bhlhe22-expressing mice with the Csf2 or
Prmtb antagonists decreased tumor-infiltrating immu-
nosuppressive neutrophils and monocytes, relieved the
associated immunosuppressive phenotype, and enhanced
the ICT response rate. Thus, our study revealed that the
BHLHE22 expression level is a predictor for ICT efficacy,
and revealed a prospective therapy for bone metastatic
PCa.

MATERIALS AND METHODS
The complete experimental protocols are described in
the online supplemental material.

RESULTS

BHLHE22 is upregulated in PCa tissues with bone metastasis
and is further increased in metastatic bone tissues

To investigate the potential role of BHLHE22 in PCa
metastasis, we examined the clinical significance of
BHLHEZ22 expression in 222 PCa specimens using immu-
nohistochemical (IHC) staining. We found a significant
increase of BHLHE22 expression in primary PCa with
bone metastasis (PCa/BM) compared with primary PCa

without bone metastasis (PCa/nBM), and it was further
upregulated in BM tissues (figure 1A). Then, we analyzed
the human PCa expression profile GSE77930 and found
that BHLHE22 expression was significantly upregulated
in metastatic bone tissues in contrast to that in primary
PCa and other viscera metastatic sites (figure 1B). Further
analysis based on The Cancer Genome Atlas (TCGA-
PRAD) data set revealed that BHLHE22 expression was
markedly increased in PCa/BM compared with that in
PCa/nBM (figure 1C). Moreover, Kaplan-Meier analyses
based on TCGA-PRAD demonstrated that high BHLHE22
expression predicted shorter disease-free survival
(figure 1D). Consistently, upregulated BHLHE22 expres-
sion predicted poor clinicopathological features (online
supplemental table S1) and shorter overall and BM-free
survival (figure 1E,F). Collectively, these results suggested
that the high expression of BHLHE22 correlates to BM
and poor prognosis in patients with PCa.

BHLHE22 promotes BM in an immune-associated manner

To explore the biological function of BHLHE22 in
PCa, we constructed a BM mouse model by left cardiac
ventricle (LCV) injection of luciferase-labeled PCa cells.
Bone metastases were monitored using bioluminescent
imaging (BLI) in vivo. Bhlhe22 overexpression in RM-1
cells significantly promoted tumor BM in syngeneic
C57BL/6] mice (figure 1G), but not in immunodeficient
BALB/c nude mice (online supplemental figure 1A,B).
Simultaneously, in immunodeficient BALB/c nude mice,
there was no significant difference in BM after BHLHE22
overexpression in PC-3 cells (online supplemental figure
1C,D). Then, the BM was confirmed by H&E and the
osteolytic lesions were quantified using micro-CT scan
(figure 1H,I). Micro-CT analysis showed that BHLHE22
contributed to a larger osteolytic bone lesion area
(figure 1J,K). Survival analysis demonstrated that over-
expression of BHLHEZ22 predicted shorter overall and
BM-free survival (figure 1L.,M). Additionally, we evaluated
the role of BHLHEZ22 in vitro. Transwell migration/inva-
sion assays indicated no significant difference between
BHLHEZ22 overexpression and vector cells (online supple-
mental figure 1E,F). Taken together, BHLHE22 drives a
disparate BM phenotype between immunocompetentand
immunodeficient mice. Consistently, BHLHE22 caused
phenotypic differences between in vivo and in vitro assays.
Hence, we hypothesized that the differential effects on
BM status by BHLHE22 might be caused by its effects on
the tumorous bone immune microenvironment.

To assess these effects, we performed a gene set
enrichment analysis (GSEA) of the TCGA-PRAD data
sets according to BHLHE22 expression to identify its
regulated signaling pathways. Patients were stratified by
low (bottom 50% quantile) and high (top 50% quan-
tile) BHLHE22 expression. Interestingly, the GSEA
analysis showed that negative regulation of immune
response and negative regulation of interferon (IFN)-y
production pathways were activated in BHLHE22high
patients (online supplemental figure 1G). In addition,

2

Yin C, et al. J Immunother Cancer 2023;11:€005532. doi:10.1136/jitc-2022-005532


https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532
https://dx.doi.org/10.1136/jitc-2022-005532

a Open access

A PCa/nB PCa/BM ~ BM B GSE77930
AR S = b PR S B o] 4.5 ok
P S, P i e 2 . *okk c -
| f B ; 159 ° .
! i : N *kk o _ a0 @ |
w s .o o
N R : T A s Pl (3
I 3 i a¥ ;L. LR e e
Wil a¥ et is | e T I 10 S . g I3
I | @ * ~ o 35 s
= 100um S g e
I & mm -
@ 2 57 odtee & 30
E= f= 3
c £ ! 0 I v v v
< | ‘E 0--- ) "9\ @\ 'L"\ '0) (\”'\\ B
& AL i Z
—_— Qc;o\“ o(@\(\ o \@\‘\ 0(@\“ ‘\&\oe(b\‘\
PCa/inBM PCa/BM BM S R
n=132 n=60 n=30 & Rty
’bbbe‘
¥
C TCGA D TCGA E F
1.0 *x — 100 100 100
c o X ®
o s S g
%~ 0.8 . S s £ 80 & 804
o+ s © B =
$g 2 E §<
£ o6 3 S 60 S 601
o o 504 3 e3>
3= . ® Bhlhe22-Low o BHLHE22-Low 82 BHLHE22-Low
Tg 047 & n=411 = 409 ;=03 82 409 n-03
£ $ 95| Bhihe22-High 5 BHLHE22-High o ® BHLHE22-High
[V 0.2 [ g n=90 > 20 n=92 c 204 n=92
@ P <0.001 o P =0.007 K3 P =0.005
(=] =2. ©Cl1,1.30 - 3. =2. ©Cl,1.37 to 5. HR =2.29 (95%Cl,1.33 to 3.97
. HR =2.221 (95%CI,1.30 - 3.79) HR =2.65 (95%CI,1.37 to 5.15) ( s )
0.0- 0 — T T T T 1 0 T T T T 1 0 — T T T T 1
PCa/nBM PCa/BM 0 30 60 90 120 150 180 0 20 40 60 80 100 120 0 20 40 60 80 100 120
n=80  n=10 Time (months) Time (months) Time (months)
*okok Kk
" 15
& L]
E 6 < 10
5 £ %
8 84 E $
[ = S °
(J © @ 59 o0
> 22 =
8| O, i
0 0 I%=
Vector Bhlhe22 Vector Bhlhe22
RM-1 intracardiac injection RM-1 intracardiac injection
100+ 100+
= $
~ £ 80 & 80
S : '
S 60 2T 6o
< g EE
= > 40 Vector T 2 40 Vector
[11] g n=10 32 n=10
Bhihe22 Bhihe22
6 20 n=10 § 20 n=10
P =0.001 P = 0.004
T T T 1 0 T T T 1
\ 0 15 30 45 60 0 5 10 15 20
- Days post-injection Days post-injection
5min 30day ve postinl vs postl

Figure 1 BHLHE22 is upregulated in PCa with bone metastasis and promotes bone metastasis. (A) Representative images
and quantification of immunohistochemical staining of BHLHE22 expression in human PCa/nBM (n=132), PCa/BM (n=60) and
BM (n=30). T, tumor; B, bone tissue. Bars, 100 um and 50 um. *p<0.05, **p<0.001; one-way analysis of variance (ANOVA).

(B) BHLHE22 expression in metastatic bone tissues, primary prostate, and other viscera metastatic sites from GSE77930.
***p<0.001; one-way ANOVA. (C) BHLHE22 expression in PCa/nBM and PCa/BM from the TCGA-PRAD data set. “*p<0.01;
Mann-Whitney test. (D) Kaplan-Meier analysis of disease-free survival curves in the TCGA-PRAD data set stratified by low

and high BHLHE22 expression. The cut-off value was selected based on ROC curve. p<0.001; log-rank test. (E) Kaplan-Meier
analysis of overall survival curves of patients with PCa stratified by low (bottom 50% quantile) and high (top 50% quantile)
BHLHE22 expression. p=0.007; log-rank test. (F) Kaplan-Meier analysis of bone metastasis-free survival curves of patients
with PCa stratified by low (bottom 50% quantile) and high (top 50% quantile) BHLHE22 expression. p=0.005; log-rank test.

(G) Representative BLI signal of bone metastasis of left cardiac ventricle-injected C57BL/6J mice. (H) Representative micro-CT
images of bone lesions (arrows indicate osteolytic lesions) and trabecular sections. Bars, 1 mm. (l) H&E-stained sections of the
posterior limbs (T, tumor; N, the adjacent non-tumor tissues). Bars, 200 um and 50 um. (J) Quantification of osteolytic areas.
***p<0.001; t-test. (K) Quantification of bone parameters. BV/TV, bone/tissue volume ratio. “*p<0.001; t-test. (L and M) Kaplan-
Meier analysis of overall (L) and bone metastasis-free (M) survivals. p=0.001 (L) and p=0.004 (M); log-rank test. BHLHE22, basic
helix-loop-helix family member e22; ROC, Receiver operating characteristic; BLI, bioluminescent imaging; PCa/BM, PCa with
bone metastasis; PCa/nBM, PCa without bone metastasis; PCa, prostate cancer; TCGA, The Cancer Genome Atlas.
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RNA transcriptome sequencing (RNA-seq) analysis was
performed on three paired PC-3-BHLHE22 and PC-3-
Vector cells. GSEA analysis of the RNA-seq data showed
that negative regulation of immune response and nega-
tive regulation of T cell-mediated immunity pathways were
activated in PC-3-BHLHE22 cells (online supplemental
figure 1G). Gene Ontology analysis revealed that an
immune response gene signature was the top enrichment
term (online supplemental figure 1H). Moreover, the
cell cycle and DNA replication gene signatures were also
enriched. Therefore, we examined whether BHLHE22
overexpression affected cell proliferation. Interestingly,
our results showed that cell viability increased after
BHLHE22 overexpression in PC-3 cells, whereas RM-1
cells were not affected (online supplemental figure 11-K).
The above results suggested that BHLHE22 functions in
an immunity-associated manner to promote BM.

BHLHE22 drives an immunosuppressive TME in BM

To determine whether and how BHLHEZ22 affects the
PCa bone immune microenvironment, we investigated
the infiltration of immunosuppressive myeloid cells,
including immature neutrophils and monocytes, and
CDS8" T cells in our PCa specimens. Immunosuppressive
myeloid cells were defined as the CD33" cells in human
tissue samples.” Immunosuppressive neutrophils and
monocytes were defined as the CD11b*Grl” cells, which
can be further classified into CD11b'Ly6C°Ly6G" (neutro-
phils) and CD11b'Ly6C"Ly6G™ (monocytes).”! Tissue
immunofluorescence (IF) of CD33, CD8, BHLHE22, and
4’,6-diamidino-2-phenylindole staining were performed
in PCa/BM and BM tissues (figure 2A,B). The results
suggested that the BHLHE22-high group had more
CD33" cells infiltration than the BHLHE22-low group
in PCa/BM and BM tissues. The BHLHE22-low group
had higher CD8" T-cell infiltration than the BHLHE22-
high group (figure 2D,E). Then, we examined tumor-
infiltrating CD11b'Gr-1" cells, and CD4" T and CD8’
T cells in C57BL/6] mice bone marrow samples that
were LCV-injected with RM-1-Bhlhe22 and RM-1-Vector
cells. The RM-1-Bhlhe22 group had markedly increased
CD11b'Gr-1" cells infiltration and decreased CD4" T and
CD8" T-cell infiltration in bone marrow compared with
that in the RM-1-Vector group (figure 2C,F).

To further confirm the effects of BHLHE22 in the
bone TME, the BM bone marrow samples of C57BL/6]
mice LCV-injected with RM-1-Vector or RM-1-Bhlhe22
cells were collected simultaneously and subjected to
immune profiling using flow cytometry. The propor-
tions of CD45" 7AAD" cells and CD3'CD11b cells in the
RM-1-Bhlhe22 and the RM-1-Vector groups were compa-
rable (p=0.803and p=0.835; online supplemental figure
2A,B). The relative proportions of CD11b'Gr-1" cells,
including monocytes and neutrophils, CD4" T, CD8"
T, v/8 T cells, regulatory T (Tregs), M1 and M2 macro-
phages, and natural killer (NK) cells in CD45"7AAD™ cells
were evaluated. Consistently, the RM-1-Bhlhe22 group
showed notably increased CD11b"Gr-1" cells infiltration,

specifically monocytes, and decreased CD4" T and CD8" T
cells infiltration compared with those in the RM-1-Vector
group (figure 2G-J]). However, no significant difference
was observed in the percentage of /8 T cells, Tregs, M1
and M2 macrophages, and NK cells (online supplemental
figure 2C-F). Furthermore, key immune function-related
factors were investigated, including arginase-1 (Arg-1),
IFN-y, and programmed cell death 1 (PD-1). The RM-1-
Bhlhe22 group exhibited a higher proportion of Arg-
1"Gr-1" cells (figure 2G,H) and PD-1'CD8" T cells, and
lower percentages of IFN-y'CD8" T cells (figure 2L,K). In
addition, to examine whether these CD11b'Gr-1" cells
are indeed functional immunosuppressive myeloid cells,
we performed a standard T-cell co-culture proliferation-
suppression assay. Isolated CDI11b'Gr-1" cells were
co-cultured with CD8" T cells in varying proportions:
CD11b'Gr-1" cells strongly suppressed CD3 and CD28
antibody-induced T-cell proliferation and activation
after 4 days of co-culture (figure 2L,M). We performed
another CD11b'Gr-1" cells depletion assay in vivo. When
the RM-1-Bhlhe22 group was treated with anti-Gr-1 anti-
bodies, the percentage of CD11b'Gr-1" cells decreased
significantly and the percentage of CD4" T and CD8" T
cells increased significantly (online supplemental figure
2G). The exhaustion of CD4" T and CD8" T cells trig-
gered by CD11b"Gr-1" cells was reversed by the depletion.
Collectively, we concluded that CD11b'Gr-1" cells induced
by BHLHE22-high PCa cells drive an immunosuppressive
TME by exhausting T cells.

BHLHE22 controls immunosuppressive neutrophils and
monocytes recruitment and CSF2 serves as a key mediator
Next, we determined how the differences in immune
profiling occurred. The crosstalk between cancer cells
and tumor-infiltrating immune cells is often mediated by
direct cell-cell interaction and secretory factors, such as
cytokines and chemokines.” Thus, we analyzed our RNA-
seq data sets from RM-1-Bhlhe22 and PC-3-BHLHE22
cells compared with vector cells, respectively. We identi-
fied 103 co-upregulated genes and 37 co-downregulated
genes (fold-change >1.5) (online supplemental figure
3A). Surprisingly, CSF2 was the only secretory factor
gene that was co-upregulated in RM-1-Bhlhe22 and PC-3-
BHLHE22 cells (figure 3A).

The cytokine array analysis showed that RM-1-Bhlhe22
cells secreted a higher amount of Csf2 than RM-1-Vector
cells (figure 3B). Western blotting demonstrated higher
Csf2 levels in the RM-1-Bhlhe22 group (including cell
lines and BM tissues of C57BL/6] mice) (figure 3C,D).
The relationship between Csf2 expression and immune
cell infiltration, including immunosuppressive myeloid
cells (Gr-17, SI00A9"), CD4" T and CD8" T cells, was
detected in LCV-injected C57BL/6] mice BM tumor
samples. The Bhlhe22 overexpression group had higher
Gr-1" and S100A9" cells counts, and lower CD4" T and
CD8" T cells counts per high-power field (HPF; 400x),
and higher GCsf2 levels compared with those in the
vector group (figure 3E-H). Correlation analysis of
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Figure 2 BHLHE22 drives an immunosuppressive tumor microenvironment in bone metastasis. (A and B) Representative IF
staining images of BHLHE22 expression and the infiltration of CD33* cells and CD8* T cells in PCa/BM (A) and BM (B) tissues.
Samples were stratified by low (bottom 50% quantile) and high (top 50% quantile) BHLHE22 expression. Bars, 50 ym.
(C) Representative IF staining images of Bhlhe22 expression and the infiltration of CD4* T and CD8" T cells, and Gr-1* cells in
LCV-injected mouse bone marrow. Bars, 50 um. (D and E) Quantification of CD33* cells and CD8" T cells per high-power field in
human PCa/BM (D) and BM (E). *p<0.05, *p<0.01, **p<0.001; t-test. (F) Quantification of CD4* T and CD8" T cells, and Gr-1*
cells per high-power field in LCV-injected mice bone marrow. **p<0.01, ***p<0.001; t-test. (G) Flow cytometry showing numbers
of CD11b*Gr-1* cells, CD11b*Ly6C"Ly6G™ (monocytes), CD11b*Ly6C"°Ly6G* (neutrophils), and Gr-1*Arg-1* cells in LCV-mice
bone marrow. (H) Quantification of tumor-infiltrating CD11b*Gr-1* cells, monocytes, neutrophils, and Arg-1*Gr-1* cells. *p<0.05,
***p<0.001; t-test. (I) Flow cytometry showing numbers of CD4* T, CD8" T, PD-1*CD8* T, and IFN-y*CD8* T cells in LCV-mice
bone marrow. (J and K) Quantification of tumor-infiltrating CD4* T cells, CD8" T cells (J), PD-1*CD8* T cells, and IFN-y*CD8*
T cells (K). *p<0.05, **p<0.01, **p<0.001; t-test. (L and M) Representative CFSE flow-cytometry histograms and summarized
results showing CD8" T-cell proliferation induced by isolated CD11b*Gr-1* cells from Bhlhe22* BM mouse samples. ***p<0.001;
t-test. Arg-1, arginase-1; BHLHE22, basic helix-loop-helix family member e22; BM, bone metastasis; CFSE, carboxyfluorescein
succinimidyl ester; HPF, high-power field; IF, immunofluorescence; IFN, interferon; LCV, left cardiac ventricle; PCa/BM, PCa with
bone metastasis; PCa, prostate cancer; PD-1, programmed cell death 1.
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Csf2" and Gr-17 cells showed that Csf2 expression posi- proliferation marker indicated that Bhlhe22-induced
tively correlated with Gr-1" cells infiltration (r=0.645, tumor-infiltrating CD11b'Gr-1" cells facilitate BM
p<0.001; figure 3H). Positive staining for the Ki-67  outgrowth in mice (figure 3I and online supplemental
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Figure 3 BHLHE22 controls immunosuppressive neutrophils and monocytes recruitment and CSF2 serves as a key mediator.
(A) Volcano plot showing differentially expressed genes of BHLHE22 overexpression versus Vector in RM-1 and PC-3 cells
(fold-change >1.5). (B) Cytokine array examining the supernatants of RM-1-Vector and RM-1-Bhlhe22. (C) Western blotting
analysis of Csf2 in cell lines. (D) Western blotting analysis of Csf2 in bone metastasis mouse tumor tissues. (E) Representative
immunofluorescence staining images of Bhlhe22, Csf2, Gr-1, and quantification of Csf2 expression in LCV-injected mouse
bone marrow. Bars, 50 um. (F) IHC results showing Bhlhe22, Csf2, and CD4" T (CD4), CD8* T (CD8), immunosuppressive
myeloid cells (Gr-1 and S100A9) infiltration in LCV-injected mouse bone marrow. Bars, 50 um. (G) IHC results showing numbers
of positive cells per high-power field. *p<0.05, **p<0.01, **p<0.001; t-test. (H) Spearman correlation analysis between Csf2*
and Gr-1* cells. (I) Representative pseudo-color plots of CD11b*Gr-1* cells, and IHC results of Ki-67 staining in the indicated
groups with or without the depletion using anti-Gr-1 antibodies. Histogram analysis of the Ki-67 staining score. ns, not
significant. **p<0.01. t-test. (J) In vivo CD11b*Gr-1* cells infiltration analysis. ns, not significant. *p<0.05, **p<0.01, **p<0.001;
one-way analysis of variance (ANOVA). (K) Co-culture assays showing in vitro CD11b*Gr-1" cells expansion. ns, not significant.
***p<0.001; one-way ANOVA. BHLHE22, basic helix-loop-helix family member e22; CFSE, carboxyfluorescein succinimidyl
ester; CSF2, colony stimulating factor 2; HPF, high-power field; IHC, immunohistochemical; LCV, left cardiac ventricle.
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figure 3B). Interestingly, in the TCGA-PRAD tumor data
sets, BHLHEZ22 expression correlated positively with CSF2
expression (r=0.230, p<0.001; online supplemental figure
3C). Therefore, we hypothesized that CSF2 might be a key
mediator in the immunosuppressive bone TME induced
by BHLHE22" PCa.

Next, in vivo and in vitro studies were conducted to eval-
uate the treatment efficacy of CSF2 neutralization. For the
in vivo CD11b'Gr-1" cells infiltration analysis, C57BL/6]
mice were LCV-injected with RM-1-Vector or RM-1-
Bhlhe22 cells. Then, we treated non-tumor-bearing mice
with recombinant murine Csf2 (isotype IgGs as control).
LCV-injected mice were treated with anti-CSF2 antibody
(isotype IgGs as control). BMs were monitored using BLI
and osteolytic lesions were quantified using micro-CT
scan. Previous studies have shown that CSF2 promotes
osteoclastogenesis.”> Hence, osteoclasts were evaluated
by tartrate-resistant acid phosphatase (TRAP) staining
(online supplemental figure 3D-F). At 30 days post-
injection, bone marrow was collected for flow cytometry
analysis. Similar to the non-tumor-bearing group treated
with Csf2, tumorous Bhlhe22 overexpression strongly
promoted CDI11b'Gr-1" cells infiltration. However,
anti-CSF2 antibodies significantly inhibited CD11b"Gr-1"
cells infiltration (figure 3J). For the in vitro CD11b"Gr-1"
cells expansion analysis, CD11b"Gr-1" cells were isolated
and labeled with carboxyfluorescein succinimidyl ester
(CFSE). Isolated CD11b*Gr-1" cells were co-cultured with
RM-1-Vector or RM-1-Bhlhe22 cells. Non-co-cultured
CD11b"Gr-1" cells were used as the vehicle group. Then,
we treated non-co-cultured cells with recombinant murine
Csf2 (isotype IgGs as control). Co-cultured cells were
treated with anti-CSF2 antibody (isotype IgGs as control).
After 5 days of incubation, similar to the Csf2 group,
CFSE assays demonstrated that tumorous Bhlhe22 overex-
pression strongly promoted CD11b"Gr-1" cells expansion.
Nevertheless, anti-CSF2 antibodies significantly inhibited
CD11b"Gr-1" cells expansion (figure 3K). Moreover, the
proportions of Ki-67°CD11b'Gr-1" cells were analyzed.
The results showed that tumorous Bhlhe22 overexpres-
sion significantly promoted and anti-CSF2 significantly
inhibited CD11b"Gr-1" cells proliferation (online supple-
mental figure 3G). Therefore, we concluded that CSF?2 is
the key mediator of BHLHE22-induced immune profile
changes.

BHLHE22 and PRMT5 form a transcriptional complex and
transcriptionally activate CSF2

BHLHEZ22 is a transcription factor; therefore, we sought
to determine whether CSF2 is transcriptionally regulated
by BHLHE22. A luciferase reporter assay revealed that
BHLHEZ22 increased the activity of the CSI2 promoter
in RM-1-Bhlhe22 and PC-3-BHLHE22 cells (figure 4A).
To determine whether BHLHE22 binds to the CSF2
promoter, a chromatin immunoprecipitation (ChIP) assay
with anti-BHLHE22 antibodies was performed, in which
the CSF2 promoter was pulled down from RM-1-Bhlhe22
and PC-3-BHLHE22 cell lysates, and verified using PCR

(online supplemental figure 4A-C). In addition, based
on the JASPAR* and CIS-BP® databases, we compared
the human and mouse BHLHE22 binding motifs in the
CSF2 promoter, and found the same BHLHEZ22 binding
motifs in both organisms (online supplemental figure
4D).

BHLHEZ22 usually forms a transcriptional complex that
works together to govern cell fate decisions in a variety of
tissues.”® Hence, we wondered whether BHLHE22 tran-
scriptionally regulated CSF2 expression in cooperation
with other proteins. To identify the potential protein—
protein interactions, a co-immunoprecipitation (co-IP)
assay was carried out. The eluate and the differentially
abundant bands were analyzed using mass spectrometry
(MS). The MS results identified enrichment of 10 poten-
tial transcriptional cofactors (figure 4B). Meanwhile, to
further confirm the BHLHE22 binding sites (BBSs) and
the key cofactors, we analyzed data in JASPAR and found
six high-confidence BBSs corresponding to the promoter
region of Csf2 (online supplemental figure 4E). Subse-
quently, we designed four 50-150bp 5" biotin-labeled
DNA probes containing the predicted BBS in the center
(online supplemental table S2). We coupled the DNA
probes to magnetic beads and used uncoupled beads
as the negative control. DNA pulldown assays revealed
that the same differentially expressed band was found
in Csf2 promoter region P1 and P1-4 between 60 and
75kDa, but not in P2, P3, and P4 (figure 4C). There-
fore, we considered that region Pl might be respon-
sible for Bhlhe22 binding. Further analysis of the DNA
probe eluates using western blotting revealed that Prmtb
was pulled down by probes P1 and P1-4 (online supple-
mental figure 4F). Moreover, colocalization of Bhlhe22
and Prmtb in the nucleus was also shown using cellular IF
staining (figure 4D). To further verify whether Bhlhe22
bound to the P1 region of the Csf2 promoter to activate
gene transcription, we constructed three Csf2 luciferase
promoter vectors: pGL4-FL-BBS (full length BBS), pGL4-
P1-BBS-Wt (wild-type P1 region), or pGL4-P1-BBS-Mut
(mutated BBS) (online supplemental table S3). Then, we
transfected them into RM-1-Bhlhe22 cells and HEK293T
cells (HEK293T cells were additionally co-transfected
with the Bhlhe22 expression plasmid). Luciferase anal-
ysis demonstrated that mutation of the P1 region signifi-
cantly decreased Csf2 promoter activity (figure 4E). To
further identify the interaction between Bhlhe22 and
Prmt5, we performed endogenous and exogenous recip-
rocal immunoprecipitation (IP) assays. Strikingly, both
IP assays revealed that Bhlhe22 interacted with Prmtb
(figure 4F,G).

Next, we addressed how the transcriptional complex
binds to the target gene and the specific binding patterns
of Bhlhe22 and Prmtb in the transcriptional complex.
First, we examined the Prmt5 expression level of the
vector control and the Bhlhe22 overexpression groups in
RM-1 and PC-3 cell lines; however, there was no signifi-
cant difference between these two groups (online supple-
mental figure 4G). Therefore, we considered that Bhlhe22
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Figure 4 BHLHE22 and PRMT5 form a transcriptional complex and transcriptionally activate CSF2. (A) CSF2 promoter activity
measured by dual-luciferase reporter assay in RM-1 and PC-3 cells transduced with lentiviruses harboring control vector or
BHLHE22 overexpression. ***p<0.001; one-way analysis of variance (ANOVA). (B) Co-immunoprecipitation assay and mass
spectrometry (MS) analysis were performed to detect Bhlhe22-interacting cofactors. A red arrow indicates Prmt5. (C) DNA
pulldown assays to detect proteins interacting with the Csf2 promoter. A red arrow indicates Prmt5. (D) Immunofluorescence
staining of Bhlhe22 and Prmt5 to examine their colonization. Bars, 25um. (E) Csf2 promoter activity measured by dual-
luciferase reporter assay in HEK293T (exogenous, containing Bhlhe22 expression vector) and RM-1-Bhlhe22 (endogenous)
cells transduced with pGL4-FL-BBS, pGL4-P1-BBS-WT, or pGL4-P1-BBS-mutation. **p<0.001. one-way ANOVA. (F) IP
assays determining the interaction between Bhlhe22 and Prmt5 in RM-1 cells. (G) IP assays were performed in HEK293 T cells
transduced with Flag-Bhlhe22 and HA-Prmt5 constructs. (H) ChIP-gPCR analysis of Bhlhe22 and Prmt5 enrichment on the Csf2
promoter in RM-1-Vector (Bhihe22™/Prmt5*), RM-1-Bhlhe22 (Bhlhe22*/Prmt5*), and RM-1-Bhlhe22-Prmt5-sh (Bhlhe22*/Prmt5°)
cells. Model diagram shown below. ***p<0.001; one-way ANOVA. (I) Western blotting analysis of symmetrically methylated
H4R3, H3R2, and H3R8 in the indicated cells. (J) ChIP-gPCR analysis of symmetrically methylated H4R3, H3R2, and H3R8
enrichment on the Csf2 promoter in RM-1-Bhlhe22 and RM-1-Bhlhe22-Prmt5-sh cells. **p<0.001; t-test. (K) ChIP-gPCR
analysis of symmetrically methylated H4R3, H3R2, and H3R8 enrichment on the Csf2 promoter in RM-1-Bhlhe22 and RM-1-
Bhlhe22 plus GSK591 cells. ***p<0.001; t-test. (L) In vivo CD11b*Gr-1" cells infiltration analysis. **p<0.001; one-way ANOVA.
(M) Co-culture assays showing in vitro CD11b*Gr-1" cells expansion. ***p<0.001. one-way ANOVA. BHLHE22, basic helix-loop-
helix family member e22; CFSE, carboxyfluorescein succinimidyl ester; ChIP, chromatin immunoprecipitation; CSF2, colony
stimulating factor 2; DAPI, 4’,6-diamidino-2-phenylindole; IP, immunoprecipitation; PRMT5, protein arginine methyltransferase 5;
gPCR, quantitative PCR.
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might not regulate Prmt5 expression. ChIP-quantitative
PCR (qPCR) was performed using three kinds of RM-1
cell lines, including RM-1-Vector (Bhlhe22 /Prmt5"),
RM-1-Bhlhe22 (Bhlhe22'/Prmt5") and RM-1-Bhlhe22-
Prmtb5-sh (Bhlhe22*/Prmt5”). We found that Prmtb could
not bind to the Csf2 promoter in RM-1-Vector cells. In
contrast, Bhlhe22 showed similar binding ability to
the Csf2 promoter when ChIP-qPCR was performed
using RM-1-Bhlhe22 and RM-1-Bhlhe22-Prmt5-sh cells.
However, Prmt5 displayed a strong binding ability to
the Csf2 promoter in RM-1-Bhlhe22 cells (figure 4H).
In the absence of Bhlhe22, Prmtb could not bind to
the Csf2 promoter (figure 4H, as the model diagram
presented below). Thus, Prmt5’s ability to bind the Csf2
promoter depends on Bhlhe22. These results revealed
that BHLHE22 binds to the CSF2 promoter and recruits
PRMT5 to form a transcriptional complex that activates
CSF2 transcription.

PRMTS5 epigenetically activates CSF2 expression
PRMT5 has been reported to act as an epigenetic modi-
fier that regulates gene expression by methylating
histones. Moreover, PRMT5 functions in transcriptional
activation or repression via symmetric dimethylation
of diverse histones.”” ® We examined the Csf2 expres-
sion level by western blotting and quantitative real-time
reverse transcription PCR (qRT-PCR) after knockdown
of Prmt5 in RM-1-Bhlhe22 cells. Prmt5 knockdown
induced a significant decrease in Csf2 expression (online
supplemental figure 4H). We also examined the level
of various symmetrically methylated histones, such as
H4R3, H3R2, and H3R8. Remarkably, Prmt5 knockdown
induced a reduction of H4R3me2a and H3R2me2s levels
(figure 4I). Previous studies suggested that dimethylation
of H4R3 (H4R3me2a) and H3R2 (H3R2me2s) could
activate gene transcription in cancer.”” * Subsequently,
to determine whether Prmtb could directly methylate
the H4R3 and H3R2 around the Csf2 promoter region,
several ChIP assays were performed in RM-1-Bhlhe22
cells. Prmt5 knockdown decreased the enrichment of
both H4R3me2a and H3R2me2s on the Csf2 promoter,
supporting the view that the Csf2 promoter is a dimethyl-
ation target of Prmt5 (figure 4]). Furthermore, treatment
with the Prmtb inhibitor, GSK591, significantly reduced
Csf2 expression in RM-1-Bhlhe22 cells (online supple-
mental figure 4I). Consistently, GSK591 significantly
decreased the enrichment of H4R3me2a and H3R2me2s
on the Csf2 promoter in RM-1-Bhlhe22 cells (figure 4K).
To assess the effects of Prmtd on immunosuppressive
neutrophils and monocytes infiltration, in vivo and in
vitro studies were conducted to estimate the treatment
efficacy of the Prmtb inhibitor. The Prmt5 inhibitor
GSK3326595 was used in vivo and GSK591 was used in
vitro. For the in vivo CD11b"Gr-1" cells infiltration anal-
ysis, C57BL/6] mice were LCV-injected with RM-1-Vector
or RM-1-Bhlhe22 or RM-1-Bhlhe22-Prmt5-sh cells (plus
isotype IgGs). An additional group of RM-1-Bhlhe22
was treated with GSK3326595. BMs were monitored

using BLI and osteolytic lesions were quantified using
micro-CT scan. Meanwhile, TRAP*-osteoclasts were eval-
uated by TRAP staining (online supplemental figure
4]-L). At 30 days post-injection, the BM bone marrow
was collected for flow cytometry analysis. Tumorous
Bhlhe22 overexpression strongly promoted CD11b'Gr-1"
cells infiltration. However, Prmt5 knockdown and Prmtb
inhibitor GSK3326595 treatment significantly inhib-
ited CD11b"Gr-1" cells infiltration (figure 4L). In vitro,
isolated mouse CDI11b'Gr-1" cells were CFSE-labeled
and co-cultured with RM-1-Vector or RM-1-Bhlhe22 or
RM-1-Bhlhe22-Prmt5-sh cells (plus isotype IgGs). An
additional co-culture group of RM-1-Bhlhe22 was treated
with GSKb591. At 5 days of incubation, CFSE assays showed
that tumorous Bhlhe22 overexpression strongly promoted
CD11b'Gr-1" cells expansion. However, Prm¢5 knockdown
and Prmtb inhibitor GSK591 treatment significantly inhib-
ited CD11b"Gr-1" cells expansion (figure 4M). Moreover,
tumorous Bhlhe22 overexpression significantly promotes
and GSK591 significantly inhibited CD11b'Gr-1" cells
proliferation (online supplemental figure 4M,N). Collec-
tively, these results suggested that PRMT5 epigenetically
activates CSF2 expression and PRMT5 inhibition could
reduce CD11b'Gr-1" cells infiltration.

CSF2 neutralization and ICT combination therapies effectively

inhibit tumor-infiltrating immunosuppressive neutrophils and

monocytes and BM in vivo

To explore the degree of resistance to PD-1 treatment
caused by tumorous Bhihe22 overexpression, C57BL/6]
BM mouse model was established using RM-1-Vector
and RM-1-Bhlhe22 cells. Then, we treated RM-1-Vector
group and RM-1-Bhlhe22 group with anti-PD-1 anti-
bodies (isotype IgGs as control) (online supplemental
figure 5A). Treatment with PD-1 alone could reduce
the BM incidence and mortality of the Vector group.
However, no significant improvement was observed in
the Bhlhe22 group (online supplemental figure 5B-D).
Interestingly, in vivo, we found tumorous Bhilhe22 overex-
pression promoted osteoclasts formation. Anti-CSF2 and
anti-Prmt5 significantly decreased the number of TRAP”
osteoclasts (online supplemental figure 3F,4L). To clarify
BHLHE22 as a potential target for ICT therapy and
exclude the effect of osteoclastogenesis, we performed an
osteoclast inhibition experiment using zoledronic acid
(online supplemental figure 5E). After osteoclasts inhibi-
tion, tumorous Bhlhe22 overexpression could still signifi-
cantly promote BM and osteolysis (online supplemental
figure 5F,G). Thus, tumorous BHLHE22-induced dysreg-
ulation of the immune-microenvironment was the main
driver in prostate cancer-derived bone metastases.

The expansion of intratumoral CD4" T cells and the
activation of cytotoxic CD8" T cells determine the thera-
peutic efficacy of ICT.* The immunosuppressive micro-
environment driven by CD11b'Gr-1" cell is one of the
main reasons for the poor response of bone metastatic
PCa to ICT, which prompted us to investigate whether
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the inhibition of the BHLHE22/PRMTb5/CSF2 pathway
could improve the ICT response.

First, we tested our hypotheses in the C57BL/6] BM
mouse model LCV-injected with RM-1-Bhlhe22 cells.
Three days post-injection, we began treating mice with
anti-CSF2 and/or anti-PD-1 antibodies (with isotype IgGs
as a control) (figure 5A). BMs were monitored using BLI,
and BM lesions were measured using micro-CT scan and
TRAP staining (figure 5B,C).

The experiment was terminated at 70 days, and the inci-
dence of BM was assessed. As to BM incidence, anti-CSF2
or anti-PD-1 antibodies alone showed no significant
difference with the control. However, anti-CSF2 and anti-
PD-1 combination therapy inhibited the occurrence of
BM most effectively among all groups (figure 5D). Even
so, in contrast to the rapidly progressing control group,
treatment with anti-CSF2 or anti-PD-1 antibodies alone
slowed down tumor progression and reduced the BM
lesion area (figure 5E-G). Strikingly, among all treatment
groups, the combination treatment group most effec-
tively slowed down tumor progression and reduced the
BM lesion area (figure 5E-G). Positive staining for the
Ki-67 proliferation marker suggested that the combina-
tion treatment exerted potent tumor-growth retardation
in mice (online supplemental figure 5H). Survival anal-
ysis demonstrated that the combination treatment group
significantly prolonged the overall and BM-free survival
(figure 5HI).

Subsequently, we further detected the infiltration of
immunosuppressive neutrophils and monocytes, and T
cells in the bone marrow using flow cytometry (figure 5]).
Compared with the control group, anti-CSF2 alone
decreased CD11b'Gr-1" cell infiltration, and increased
CD4" and CDS8" T-cell infiltration, but could not promote
the expansion of IFN-Y'CD8" T cells (figure 5K-M).
Anti-PD-1 alone promoted the expansion of IFN-y'CD8"
T cells, but showed no significant effect on the infil-
tration of CD11b'Gr-1" cells, CD4" and CD8" T cells
(figure 5K-M). Notably, the combined treatment signifi-
cantly decreased CD11b'Gr-1" cell infiltration, increased
CD4" and CD8" Twell infiltration, and promoted the
expansion of IFN-y'CD8" T cells (figure 5K-M). Collec-
tively, these results indicated that combination of
anti-CSF2 and anti-PD-1 antibodies effectively enhance
the therapeutic efficacy of ICT for BHLHE22" PCa by

relieving immunosuppression.

The PRMTS5 inhibitor combined with ICT effectively inhibits
tumor-infiltrating immunosuppressive neutrophils and
monocytes and BM in vivo

Although CSF2 is a prospective therapeutic target for
diverse cancers,” ' there is no validated CSF2 antag-
onists for clinical treatment. The PRMTb) inhibitor,
GSK3326595, an oral PRMT5 inhibitor in a phase II clin-
ical trial, enhances the response of cold (unresponsive)
tumors to ICT.** Therefore, we further investigated the
efficacy of GSK3326595 and ICT combination therapy.

PRMT5 inhibition significantly reduced the CSF2
expression and alleviated the immunosuppressive bone
TME. Thus, we further explored whether the PRMTbH
inhibitor combined with ICT could improve the effi-
cacy of ICT. Three days post-injection, we began treating
mice with GSK3326595 and/or anti-PD-1 antibodies
(with isotype IgGs as a control) (figure 6A). BMs were
monitored by BLI, and BM lesions were measured using
micro-CT scan and TRAP staining (figure 6B,C).

The experiment was terminated at 70 days. In terms
of BM incidence, GSK3326595 treatment alone showed
no significant difference with the control. However, the
combination treatment of GSK3326595 and anti-PD-1
effectively inhibited the occurrence of BM (figure 6D).
GSK3326595 treatment alone slightly slowed down tumor
progression and reduced the BM lesion area, similar to
anti-PD-1 treatment alone (figure 6E-G). Impressively,
the combination treatment most effectively slowed down
tumor progression and reduced the BM lesion area
(figure 6E-G). Ki-67 staining revealed that GSK3326595
plus anti-PD-1 combination treatment significantly inhib-
ited the proliferation of tumor cells in BM lesions (online
supplemental figure 5I). Survival analysis demonstrated
that the combination treatment significantly prolonged
the overall and BM-free survival (figure 6H1). Flow cytom-
etry demonstrated that GSK3326595 treatment decreased
CD11b'Gr-1" cells infiltration and increased CD4" and
CD8" T-ell infiltration (figure 6J]-M). GSK3326595
combined with anti-PD-1 promoted the expansion of
IFN-y'CD8" T cells (figure 6]-M). These results suggested
that the combination of GSK3326595 and anti-PD-1 would
effectively enhance the response of BHLHE22" PCa to
ICT by relieving immunosuppression.

Potential role for BHLHE22 as a biomarker for ICT combination
therapy in bone metastatic PCa

To assess the potential relevance of the BHLHE22/
PRMT5/CSF2 axis and immune cell infiltration in
human bone metastatic PCa, we examined the expres-
sion levels of BHLHE22, PRMT5, and CSF2 in our BM
tissues using IHC (figure 7A). BHLHE22 staining was
negative in 26.7% of BM samples, weak in 20% of BM
samples, moderate in 23.3% of BM samples, and strong in
30% of BM samples (online supplemental figure 6A,B).
Evidence indicates that PRMTbH is upregulated in PCa
and acts as an oncogene for PCa cell growth.”® Consis-
tently, PRMT5 generally showed positive staining in BM
tissues. Nevertheless, there was no significant difference
in PRMT5 staining between the BHLHE22-low group
and BHLHEZ22-high group (online supplemental figure
6C). Meanwhile, androgen receptor (AR) and neuroen-
docrine (NE) status were assessed to determine its distri-
bution (online supplemental figure 6D,E and online
supplemental table S1). Significantly, compared with that
in the BHLHE22-low group, the BHLHE22-high group
had higher CD33" cells counts, lower CD4" T and CD8"
T cells infiltration per HPF(400x), and higher CSF2
expression (figure 7B,C). Positive staining for the Ki-67
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Figure 5 CSF2 neutralization and immune checkpoint therapy combination therapies effectively inhibit tumor-infiltrating
immunosuppressive neutrophils and monocytes and bone metastasis in vivo. (A) The schedule of combination treatment in mice
LCV-injected with RM-1-Bhlhe22 cells. The mice were treated with I1gGs, anti-CSF2, anti-PD-1, or anti-PD-1 combined with
anti-CSF2 (all n=10), beginning at day 3 post-injection. (B) Representative bioluminescent imaging signal of bone metastasis of
LCV-injected C57BL/6J mice. (C) Representative micro-CT (arrows indicate osteolytic lesions. Bars, 1 mm), H&E (T, tumor; N,
the adjacent non-tumor tissues. Bars, 200 um and 50 um) and TRAP (Bars, 50 um) images of bone lesions. (D) Incidence of bone
metastasis detected in the indicated groups. ***p<0.001; 42 test. (E) Quantification of osteolytic areas in the indicated groups.
ns, not significant. *p<0.05, **p<0.001; one-way analysis of variance (ANOVA). (F) Quantification of bone parameters. BV/TV,
bone/tissue volume ratio. ns, not significant. **p<0.01, **p<0.001; one-way ANOVA. (G) Quantification of TRAP*-osteoclastsin
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tumor-infiltrating immunosuppressive neutrophils and monocytes and bone metastasis in vivo. (A) The schedule of combination
treatment in mice LCV- injected with RM-1-Bhlhe22 cells. The mice were treated with IgGs, GSK3326595, anti-PD-1, or anti-
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bone lesions. (D) Incidence of bone metastasis in the indicated groups. **p<0.001; 42 test. (E) Quantification of osteolytic areas
in the indicated groups. ns, not significant. *p<0.05, ***p<0.001; one-way analysis of variance (ANOVA). (F) Quantification of
bone parameters. BV/TV, bone/tissue volume ratio. ns, not significant. **p<0.01, **p<0.001; one-way ANOVA. (G) Quantification
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Figure 7 Potential role for BHLHE22 as a biomarker for immune checkpoint therapy combination therapies in bone metastatic
PCa. (A) IHC results showing BHLHE22, CSF2, Ki-67 expression, and CD4" T (CD4), CD8" T (CD8), CD33" cells infiltration in BM

samples from patients with PCa (n=30). Bars, 50 um. (B) IHC results showing numbers of positive cells per high-power fields.
*p<0.05, *p<0.01, **p<0.001; t-test. (C and D) Histogram analysis of the staining score of CSF2 (C) and Ki-67 (D). **p<0.01,
***p<0.001; t-test. (E) to H) Spearman correlation analysis of numbers of CD4* T cells (E), CD8* T cells (F), CD33" cells (G) and
CSF2 expression (H) with BHLHE22 expression, respectively. () Schematic diagram of BHLHE22" PCa cells driving an
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proliferation marker suggested that BHLHE22 facilitated
BM outgrowth in its unique bone TME (figure 7D). In
addition, correlation analysis revealed that BHLHE22
correlated negatively with CD4" (r=-0.585, p<0.001;
figure 7E) and CD8" T-wcell infiltration (r=-0.593,
p<0.001; figure 7F), but positively with CD33" cells infil-
tration (r=0.688, p<0.001; figure 7G) and CSF2 expres-
sion (r=0.678, p<0.001; figure 7H). Overall, our findings
revealed the molecular mechanism responsible for
the immunosuppressive bone TME and associated BM
driven by the BHLHE22/PRMT5/CSF2 pathway in PCa
(figure 7I). Targeting PRMT5/CSF2 combined with anti-
PD-1 is a potential therapy for patients with BHLHE22"
PCa.

DISCUSSION

The bone TME is a unique microenvironment conducive
to the colonization, activation and growth of metastatic
tumor cells.” Substantial evidence indicates that distur-
bance of normal bone homeostasis by tumor-derived
factors forms an immunosuppressive microenvironment
within the bone that favors disseminated tumor cells
evading immune recognition and destruction.” ** In

this process, immunosuppressive myeloid cells are recog-
nized to play an important role in immune evasion of
PCa cells.” *® Our study revealed that BHLHE22 drives
an immunosuppressive bone TME by recruiting immu-
nosuppressive neutrophils and monocytes, resulting in
the increased expression and secretion of CSF2. Tumor-
infiltrating immunosuppressive neutrophils and mono-
cytes induce the formation of an immunosuppressive
bone TME by exhausting CD4" T and CD8" T cells, which
contributes to PCa cell BM. Mechanistically, BHLHE22
interacts with PRMT5 to form a transcriptional complex
that epigenetically activates CSF2 expression. More impor-
tantly, we demonstrated that BHLHE22 could serve as a
novel biomarker to select the appropriate patients with
bone metastatic PCa for ICT, and proposed a potential
therapy to inhibit BM in patients with PCa.

BHLHEZ22 is a member of the bHLH transcription
factor superfamily with highly specificity for DNA binding
and tissue-specific expression.'® The superfamily consists
of BHLHE22, BHLHE23, and OLIG1-3."® BHLHE2?2
is widely expressed in pancreatic and neuronal cells,
and is associated with neurodevelopment.*” ** Interest-
ingly, BHLHE22 was reported to be increased to a peak
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in terminal neuroendocrine prostate cancer (NEPC)
and is linked to cell fate specification.'” Mechanisti-
cally, previous studies considered that BHLHE22 acts
as a transcriptional repressor in the form of a dimeriza-
tion complex. Meanwhile, BHLHE22 was believed to be
unable to bind to DNA.*”” However, subsequent studies
showed that Bhlhe22 could bind specifically to DNA
and recruit Prdm8 to mediate transcriptional repres-
sion.” Our results demonstrated that BHLHE22 plays
an important role in PCa BM. BHLHE2? is specifically
upregulated in metastatic PCa bone tissues, and respon-
sible for the enhancement of bone metastatic ability in
PCa. Using co-IP assays and MS analysis, we found that
Prmtb interacts with Bhlhe22, but not with other bHLH
family members. IF and IP assays proved the colocal-
ization and interaction of Bhlhe22 and Prmt5 in RM-1-
Bhlhe22 cells. Luciferase reporter assays and ChIP-qPCR
indicated that Bhlhe22 transcriptionally activated Csf2
expression. DNA pulldown and luciferase reporter assays
with the mutated P1 verified that Bhlhe22 bound to the
P1 region (sequence sites: 5-CAAATATGCC-3") of the
Csf2 promoter. Moreover, ChIP-qPCR suggested that
Bhlhe22 and Prmtb could bind to the Csf2 promoter.
Prmit5 knockdown inhibited the binding of Prmt5 to the
Csf2 promoter, but had no influence on Bhlhe22 binding.
By contrast, lack of Bhlhe22 expression strongly inhib-
ited the binding of Prmtb to the Csf2 promoter. Thus, we
considered that BHLHE22 had DNA binding ability and
its transcriptional activity might depend on PRMT5 as the
cofactor.

PRMT5 function as an epigenetic activator or repressor
toregulate gene expression through methylating histones,
and is broadly expressed in PCa.”” * The biological effects
of PRMT5 methylation depend on its diverse catalytic
substrates. H4R3, H3R2, and H3RS8 are the most common
catalytic substrates of PRMT5 in PCa.*® * Dimethylated
histones H4R3me2s, H3R2me2a, and H3R8me2s are
associated with transcriptional repression. In contrast,
dimethylated histones H4R3me2a, H3R2me2s, and
H3R8me2a are commonly associated with transcriptional
activation.”” # % % Deng et al reported that PRMT5 was
recruited to the AR promoter via its interaction with SP1
in PCa, resulting in epigenetic activation of AR expres-
sion.”” Similarly, Beketova et al reported that PRMT5
cooperated with pICln and transcriptionally activated
ARin PCa.*' In this study, western blotting and qRT-PCR
indicated that Prmt5 knockdown decreased Csf2 expres-
sion. Meanwhile, the expression levels of H4R3me2a and
H3R2me?2s decreased significantly. Moreover, ChIP-qPCR
suggested that the Csf2 promoter could be precipitated
using anti-H4R3me2a and anti-H3R2me2s antibodies in
RM-1-Bhlhe22 cells, but not in RM-1-Bhlhe22-Prmtb-sh
cells. In vivo and in vitro experiments showed that the
transcriptional activation of Csf2was neutralized by Prmit5
knockdown and Prmt5 antagonists (GSK3326595 and
GSK591). Collectively, our study clarified that PRMT5 is
part of the BHLHEZ22 transcriptional complex that epige-
netically activates CSF2 expression.

First-line ADT is the main treatment for patients with
PCa.** However, the majority of advanced PCa will even-
tually progress to metastatic castration-resistant prostate
cancer (mCRPC).* % RM-1 cells are AR-negative mCRPC
cell lines without NE traits (double-negative prostate
cancer),” and their identification contributed to our
understanding of the origin and therapeutic vulnerabil-
ities of these cancers.”” RNA-seq and qRT-PCR confirmed
that wild-type RM-1 cell line lack Bhlhe22 expression.
Thus, we overexpressed Bhlhe22 in RM-1 cell line.
BHLHEZ22 was functionally linked to the progression and
differentiation of PCa cells." Similarly, enzalutamide-
treated LNCaP cells had a higher level of BHLHE22 than
untreated cells, and the highest expression was observed
in NEPC cells (NCI-H660).* Hence, it remains to be
further determined whether BHLHEZ22 is a downstream
gene controlled by the AR signaling pathway.

Bone metastatic PCa is characterized by an immuno-
suppressive TME, resulting in a limited ICT response rate
of 5%."" A recent clinical study designed specifically for
patients with bone metastases reported that post-ICT eval-
uation of the bone microenvironment revealed transcrip-
tional upregulation in myeloid and neutrophil immune
subset signatures and increased expression of inhibitory
immune checkpoints.*® Strategies to alleviate immuno-
suppression mediated by immunosuppressive cell popu-
lations and secretory cytokines/chemokines might be
effective in patients with bone metastatic PCa. Moreover,
the essential steps include promoting the priming and
activation of T cells, attracting and maintaining T-cell
responses in tumor tissue, and establishing an immune-
promoting TME.*

Myeloid-derived suppressor cells (MDSCs) have
proven to be the cornerstone of the immunosuppressive
TME, favoring immune escape and immunotherapy-
resistance.” Theoretically, MDSCs are a heterogenous
population of bone marrow-derived immature myeloid
cells, including immunosuppressive neutrophils and
monocytes. Although the pervasive use of the MDSC
concept in tumor-immune research, the concept itself
still implies the uncertainty of cellular identity.*’ Mech-
anistically, MDSCs express high levels of immunosup-
pressive factors, such as Arg-1 and inducible nitric oxide
synthase, which lead to T-ell proliferation arrest.”’
Monocytic (M)-MDSCs produce higher amounts of Arg-1
and have stronger immunosuppressive competence than
polymorphonuclear-MDSCs.”” °' Previous studies have
shown that the accumulation of MDSCs responds to
chronic inflammation (including CSF1, CSF2, CSF3, and
vascular endothelial growth factors (VEGFs)). Tumor-
derived inflammatory factors trigger and maintain the
prosperous state of MDSCs.” *® Ribechini et al demon-
strated that myeloid cells expressing CSF2 were required
for the conversion to M-MDSCs.” Consistent with these
observations, CSF2 was identified as the critical mediator
in our study.

The protumorigenic effects of immunosuppressive
myeloid cells were dependent on dysfunction of adaptive
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immune system and exhaustion of cytotoxic T lympho-
cytes. Further analyses confirmed that BHLHE22 expres-
sion level correlated positively with tumor-infiltrating
immunosuppressive neutrophils and monocytes and
negatively with tumor-infiltrating CD4" T and CD8" T
cells. Meanwhile, CD11b'Gr-1" cells expansion resulted
in decreased levels of tumor-infiltrating IFN-y'CD8" T
cells and increased levels of tumor-infiltrating PD-1°CD8"
T cells. CD11b'Gr-1" cells depletion assays suggested that
the exhaustion of T cells could be reversed. Moreover,
flow cytometry demonstrated that the CD11b'Gr-1" cells
with high amounts of Arg-1 were the main ‘protectors’
of BHLHE22" PCa cells, especially immunosuppressive
monocytes.

To improve the response rate of ICT, various combined
regimens have been examined in preclinical studies. The
inhibition of pY696-EZH2 with an Src inhibitor enhanced
the therapeutic efficacy of ICT in deterring brain metas-
tases by decreasing the numbers of immunosuppres-
sive neutrophils.”” A CXCR2 inhibitor significantly
enhanced the immune response and prolonged survival
in ICT-resistant colorectal cancer driven by MDSCs.”® ETS
homologous factor (EHF) induced the accumulation of
MDSCs via pancreatic tumor-derived transforming growth
factor-B and CSF2, reducing the beneficial effect of I[CT.”’
In terms of PCa treatment, the inhibition of CSF1, IL-6,
PI3Ko,/B, and CXCR2 relieved MDSC-mediated immu-
nosuppression and significantly enhanced the antitumor
effects of ICT.”* Eradicating CD11b"Gr-1" cells could
improve the efficacy of cancer immunotherapy. In our
study, we examined the efficacy of combination treatment
of anti-CSF2 plus anti-PD-1 and GSK3326595 plus anti-
PD-1, respectively. Overall and BM-free survival were both
significantly increased by the two combination regimens.
Flow cytometry analysis demonstrated that the infiltration
of CD11b"Gr-1" cells decreased significantly; however, the
infiltration of CD4" T and CD8" T cells increased signifi-
cantly. Meanwhile, a transition from an immunosup-
pressed to immunoactivated phenotype was exhibited in
CD8" T cells. Moreover, BHLHE22 correlated positively
with the number of CD33" cells and CSF2 expression,
and correlated negatively with the number of CD4" T and
CD8" T cells in PCa tissue samples. Thus, these results
highlighted a novel strategy for patient selection and
treatment to reduce ICT resistance in bone metastatic
PCa.

In summary, we clarified the immunosuppressive
mechanism of tumorous BHLHE22 in bone metastatic
PCa. BHLHEZ22 coupled with PRMT5 forms a transcrip-
tional complex that epigenetically activates CSF2 expres-
sion, which is the critical suppressive cytokine involved
in the accumulation of immunosuppressive neutrophils
and monocytes. Tumorous BHLHE22 is a promising
biomarker for patient selection to enhance the efficacy
of anti-PD-1 therapy. The combination of anti-CSF2/
anti-PRMT5 and anti-PD-1 represent prospective ther-
apies for patients with PCa with BHLHE22" and bone
metastases.
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