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Abstract

Background The androgen receptor (AR) is a drug target used to inhibit AR and prostate cancer (PCa) growth. Sur-
prisingly, treatment with supraphysiological androgen level (SAL), used in bipolar androgen therapy, inhibits growth
of PCa suggesting a tumor-suppressive activity by SAL. SAL was shown to induce cellular senescence in PCa.

Methods RNA-seq and transcriptome analysis, ChIP-seq, human 3D PCa spheroids, mouse xenografted castration-
resistant PCa, knockdown and overexpression, Co-immunoprecipitation (Co-IP), translocation analysis, immune detec-
tion, gRT-PCR, protein—protein interaction modelling.

Results Here, mice xenografts with castration-resistant PCa tumors show that SAL inhibits cancer growth in vivo sug-
gesting that SAL activates a tumor-suppressive mechanism. RNA-seq and ChIP-seq revealed the clock gene BHLHE40
is a novel direct AR target. Compared to adjacent human prostate tissues, the expression of BHLHE40 is reduced

in PCa tumors and associated with reduced survival. Knockdown suggests that BHLHE40 mediates SAL-induced
cellular senescence including tumor spheroids. Interestingly, a large overlap of differentially expressed gene sets

was identified between BHLHE40 and SAL leading to the identification of four classes of SAL-BHLHE4Q transcriptome
landscapes. Co-IP and modelling suggest binding of BHLHE40 to AR and their co-translocation into nucleus by SAL
treatment. Further, RNA-seq and ChIP-seq analysis indicate that the atypical tumor suppressive cyclin G2 emerged

as a novel downstream target of BHLHE40 and a mediator of SAl-induced cellular senescence.

Conclusions The data provide evidence of the tumor suppressive activity of SAL and a novel signaling by the AR-
BHLHE40-CCNG2 axis for androgen-induced cellular senescence, linking circadian rhythm factor to androgen signal-
ing as a novel tumor suppressive pathway.

Keywords Androgen receptor, Androgen-induced cellular senescence, Clock gene, Prostate cancer, Bipolar androgen
therapy

Background
Prostate cancer (PCa) is a highly age-associated disease
ranking among top cancer-related death in men [1]. The
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in combination with AR antagonists [3] is commonly
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used to block AR activity to slow tumor growth. How-
ever, tumors often become resistant but the AR remains
a critical factor for tumor proliferation also for CRPC [4].

Notably, there seems to be a paradox in how PCa cells
respond to androgen levels. Treatment with supraphysi-
ological androgen levels (SAL) also inhibits PCa growth,
especially for cells that grow in low androgen environ-
ments [5]. This observation has led to clinical trials
involving bipolar androgen therapy (BAT), which uses
cycles of SAL combined with androgen deprivation cur-
rently in phase II TRANSFORMER and RESTORE tri-
als for patients with CRPC [6-8]. SAL used in BAT is
effective in inhibiting PCa cell growth, suggesting that
SAL may induce a tumor-suppressive program [9]. We
previously showed that SAL induces cellular senescence
in adherent 2D and in 3D spheroids as well as in tissues
derived from prostatectomies [10]. The SAL induced
phosphorylation of AKT and activation of AKT signal-
ing was shown to mediate in part SAL-induced cellular
senescence in both human CSPC and CRPC tumor cell
lines [5, 11].

Our transcriptome data of both C4-2 and LNCaP cell
lines [11, 12] showed induction of BHLHE40 by SAL.
BHLHE40, Basic Helix Loop Helix e40, also known
as Differentially Expressed in Chondrocytes protein
1 (DEC1), has been shown as a biomarker of cellular
senescence [13—15] and has been implicated in thyroid
hormone-induced cellular senescence in PCa [16]. Inter-
estingly, BHLHE40 was shown to act as a clock gene
[17-19]. In the brain in the suprachiasmatic nuclei, the
expression of BHLHE40 is under control of light [20].
However, the role of this clock gene in cancer is under-
investigated although changes of circadian rhythm has
been associated with cancer [21].

However, the role of BHLHE40 in SAL-induced cellu-
lar senescence in prostate cancer is poorly understood.
The functional role of BHLHE40 in SAL-induced cellular
senescence in PCa by modulating BHLHE40 expression
levels through knockdown (KD) and overexpression (OE)
experiments in both CSPC LNCaP and the CRPC C4-2
cell lines were analyzed suggesting that BHLHE4O is part
of SAL-induced cell senescence program. RNA-seq anal-
ysis of C4-2 BHLHE40 KD cells treated with or without
SAL identified a large overlap of differentially expressed
genes (DEGs) between SAL transcriptome and BHLHE40
that could be clustered in four transcriptome landscapes.
The atypical cyclin CCNG2 (Cyclin G2) acting as a tumor
suppressor [22], is identified here as a novel downstream
direct target gene of both BHLHE40 and AR by ChIP-seq
and RNA-seq to mediate SAL-induced cellular senes-
cence and linking clock genes with tumor suppression.
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Methods

Cell culture and treatments

The LNCaP cell line, representing a castration-sensitive
prostate cancer model, was acquired from Protopopov
et al. in 2004 [23]. The C4-2 cell line, exhibiting castra-
tion-resistant characteristics in prostate cancer, was
obtained from Thalmann et al. in 2007 [24]. As previously
described, LNCaP and C4-2 cells were cultured in RPMI
and DMEM media, respectively, at 37 °C in a humidified
incubator with 5% CO2 [5]. 1nM R1881 (Merck; Ger-
many; R0908), was defined previously serving as SAL [5],
or 0.1% DMSO (ROTH; Germany; 4720.1) as a solvent
control was used for cell treatments.

Transfections of siRNA, shRNA-vector and overexpression
of BHLHE40

To modulate BHLHE40 expression levels in order to
investigate the role of BHLHE40 in cellular senescence
induction by SAL, C4-2 and LNCaP cell lines were sub-
jected to knockdown by shRNA, siRNA, or overexpres-
sion. For shBHLHE40 KD plasmid construction, the
backbone EZ-Tet-pLKO-Puro plasmid was obtained
from Addgene (#85,966). shRNA targeting BHLHE40
with the following sequence (5GCCCTGCAGAGTGGT
TTACAAZ3’) was inserted into the backbone. Scrambled
plasmid was obtained from Addgene (#47,541) as a non-
targeting control. For overexpression of BHLHE40, the
c¢DNA sequence of BHLHE40 was purchased from Euro-
fins Genomics. pCDH-CMV-puro, was used to insert the
BHLHE40 cDNA. The JetPrime reagent from PolyPlus
Co (PolyPlus; France; 101,000,015), was utilized as per
the manufacturer’s instructions. Transfection experi-
ments were conducted 48 h (h) before treating cells with
SAL or DMSO. si-mediated knockdown was performed
in both cell lines by using ON-TARGETplus Human
BHLHE40 siRNA with the AAAGAGACGUGACCG
GAUU’ sequence (Dharmacon; USA; 1L.-010318—-00-0010)
with a final concentration of 25 nM. As a negative con-
trol, ON-TARGETplus nontargeting control siRNA with
the ‘UGGUUUACAUGUUGUGUGA’ sequence (Dhar-
macon; USA; D-001810—-04-20) was used. Moreover, for
CCNG2 KD ON-TARGETplus Human CCNG2 siRNA
with the ‘CAUGAUGUGAUCCGGAUUA’ sequence was
used (Dharmacon; USA; L-003217-00-0010). siRNAs
were transfected by the DharmaFECT reagent (Dharma-
con; USA; T-2003-02) according to the manufacturer’s
protocol. Transfection was performed 24 h prior SAL or
DMSO treatments.

Senescence-associated beta galactosidase activity
(SA-B-Gal) assays

For SA B-Gal activity, 50,000 cells for both C4-2 and
LNCaP cell lines were seeded per well in a 6-well plate.
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The staining was performed as described previously [5].
Briefly, cells were washed with 1xXPBS prior fixation by
1% glutardialdehyde for 5 min 72 h post treatments. For
the next step, cells were washed with 1xPBS and incu-
bated at 37 °C in SA P-gal staining solution. Staining
solution contains 40 mM citric acid/sodium phosphate
buffer (pH 6.0), 1 mg/ml X-gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside), 5 mM potassium ferro-
cyanide, 5 mM potassium ferricyanide, 150 mM sodium
chloride, 2 mM magnesium chloride.

Growth assays

Crystal violet was used to stain cells according to pre-
viously described protocol [25]. In short, 3 days after
treatments, C4-2 and LNCaP cells were fixed with 1%
glutaraldehyde and stained with 0.1% crystal violet to
measure the cell population. Stained cells were washed
with Sorenson’s solution which contains 0.9%, w/v tri-
sodium citrate, 2% HCI, 40% ethanol and water. Absorb-
ance was measured at 590 nm.

mRNA isolation and qRT-PCR

RNA was isolated from the cells using RNA-solv reagent
(omega; USA; R6830) according to the manufacture’s pro-
tocol. In brief, cell suspension was collected in a 1.5 ml
Eppendorf tube. After adding RNA-solv and chloroform
and through mixing, centrifugation was performed for
phase separation. RNA was precipitated by isopropanol
and centrifugation. RNA concentration was measured
by Nanodrop ND-1000 Spectrophotometer. 2 pg RNA
was converted to cDNA using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems; Lithu-
ania; 4,368,814), the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad; USA; 1,725,271), gene specific prim-
ers, and Bio-Rad CFX Duet Real Time PCR machine. All
primers used are listed in Supplemental Table S1. Plots
represent the Mean of the expression levels and error
bars represent SEM.

Protein isolation and Western blot

Cells were lysed in 80 pl lysis buffer (20 mM Tris—HCl
pH 8.0, 100 mM NaCl, 1 mM EDTA, 1% NP-40 and
1% Tergitol, 50 mM NaF, 100 pM Naz;VO,, 10 mM
B-Glycerophosphate) and centrifuged at 12000 x g/4 °C
for 10 min to obtain the cell extracts. Quantification of
the protein concentration was performed with Nanodrop
ND-1000 Spectrophotometer. Subsequently, 30 pg pro-
tein extract was loaded for Western blot and anti-beta
Actin antibody served as loading control. Cell lysates
were separated by 12% SDS-PAGE then proteins were
transferred to PVDF membranes. Skim milk was used to
block membranes then membranes were incubated with
primary antibodies. The detection was performed by
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ImageQuantTM LAS 4000 (GE Healthcare Bio-Sciences
AB). Quantification of bands was performed with the
LabImage D1 software. All used antibodies are listed in
Supplemental Table S2.

Tumor spheroid generation, senescence activity staining
and immunofluorescent assays

3D spheroids of C4-2 cells with and without BHLHE40
knockdown were generated according to previous pro-
tocol [10, 26]. In short, 1000 cells per well were seeded
in 96-well ultralow attachment plates (PerkinElmer). The
cells were centrifuged 3 times at 300 rpm for 3 min at
room temperature (RT), plate was incubated at 37 °C, 5%
CO, to form a spheroid. After 24 h of seeding, spheroids
were treated for 6 days with SAL or DMSO. Cell culture
medium was refreshed every 3 days. On day 6, spheroids
were fixed with 4% PFA for 20 min at RT following fixa-
tion, 3 times washing with 1 X PBS (pH 6) was performed.
spheroids were incubated with SA-B-Gal staining solu-
tion overnight at 37 °C. Next day spheroids were washed
with 1 X PBS, paraffin-embedded and dehydrated in Xylol
for 10 min, 100% EtOH, 96% EtOH, 70% EtOH each for
5 min. All steps were repeated twice. Afterwards heat-
induced antigen retrieval in a steamer was performed for
20 min in a 1 X citrate buffer. The slides were then washed
with 1XPBS and permeabilization was performed with
0.2% Triton X100 for 10 min. Slices were used for the
imaging by brightfield microscope CellObserverZ1 (Carl
Zeiss). For Ki-67 staining, spheroid slices were permea-
bilized and incubated for 1 h at RT in 5% normal goat
serum (NGS) (Biozol; Germany; ENG9010-10) for block-
ing and incubated with primary anti-Ki67 antibody over-
night. The next day, spheroids were washed 3 times with
1XxPBS each for 10 min then, secondary anti-rabbit IgG
Alexa 546 antibody was used for 1 h at RT in the dark.
Washing steps were performed, and DAPI (Life Tech-
nologies; USA; H3569) solution (1 pg/ml in 1xPBS)
was used for nuclei staining for 10 min. After one time
washing with 1XPBS for 10 min, the spheroid slices
were covered with Fluoromount-G® (SouthernBiotech;
USA; 0100-01) and coverslips. Images were captured
with the confocal laser scanning microscope (Carl Zeiss
LSM 880). For immunofluorescence of BHLHE40, 15,000
LNCaP and C4-2 cells were seeded in Chambered Boro-
silicate Cover glass from Lab-Tek. Next day cells were
treated with SAL or DMSO for 3 days. After seeding for
3 days. After 3 times washing cells with 1 X PBS and per-
meabilization with 0.2% Triton X100 for 10 min, cells
were washed again with 1XPBS and same as spheroid
slices, cells were incubated 1 h at RT with NGS. All fol-
lowing steps were according to steps mentioned above.
Antibodies are listed in Supplemental Table S2.
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Ex vivo prostatectomy sample treatment

The ex vivo treatment of PCa samples from patients
with radical prostatectomies was described previously
with ethical approval (Reg.-Nr.. 2019-1502) [11, 27].
All the patients gave informed consent, and all were
informed about the purpose of the study and conform
to the Declaration of Helsinki. One prostatectomy sam-
ple was used from each patient. samples were treated
for 48 h by DMSO or R1881. RNA was extracted same
as the protocol mentioned in the RNA isolation section.
For RT-qPCR, two technical replicates for each sample
were performed. Expression levels were normalized to
housekeeping genes, alpha-Tubulin and TBP. Sequence
of the primers are mentioned in Supplemental Table S1.
Gleason scores of prostatectomy samples are listed in
Table S3.

Mouse xenograft experiments

Animal experiments were approved by the Thiiringer
Landesamt fiir Lebensmittelsicherheit und Verbrauch-
erschutz, Germany (Reg.-Nr.. UKJ-23-013). C4-2 cell
suspension (10° cells per 50 ul 1xPBS) was mixed 1:1
with Matrigel (CORNING; USA; 356,231) and injected
subcutaneously (s.c.) into both flanks of the intact (non-
castrated) nude mice (8-week-old male athymic nude
mice, Janvier Labs, France). After the tumors reached a
size of approximately 80 mm?, vehicle (0.5% Tween 80)
or dihydrotestosterone (DHT, 50 mg/kg) corresponding
SAL (AbMol BioScience; USA; M6033) was s.c injected
daily. Tumor size was measured every 48 h using a cali-
per (tumor volume= (lengthx width?)x0.52). Two-way
ANOVA was used for statistical analysis. Mice were
weighted every other day and sacrificed when tumor size
reached a size of approximately 800 mm? or if weight loss
exceeded 20% of initial weight or injection reached to
5 weeks. Tumors were frozen in liquid nitrogen and RNA
was extracted from tumors same as previously men-
tioned protocol [11].

RNA-Seq and data analysis

For transcriptome analyses total RNA was isolated from
C4-2 cells with and without BHLHE40 KD cells treated
with and without SAL treatment, for 72 h in three inde-
pendent biological replicates, using the mentioned
protocol in section mRNA isolation and qRT-PCR. Sam-
ples were sent for paired-end sequencing to macrogen
Europe. Samples quality check was performed using
FastQC version 0.11.5. Adapters were trimmed from
both ends by using Skewer version 0.2.1 [28] in Linux
(Ubuntu). hg38 (BSgenome.Hsapiens.UCSC.hg38) as
a reference genome was used for alignment. Alignment
was performed by using the QuasR package and using
Rhisat2 aligner algorithm. Read counting was carried
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out by using GenomicAlignments package. Normaliza-
tion was performed by using DESeq2 package. Two rep-
licates with confirmed regulation of known BHLHE40
target genes by knockdown were used for further analy-
sis. GSEA (Gene set enrichment analysis) was performed
using GSEA (RRID:SCR_003199) [29]. Pathway analysis
was performed by using PathFindR and ClusterProfiler
packages [30-32]. The motif analysis for ChIP-seq data
was performed via HOMER (RRID:SCR_010881).

AR ChIP-Seq was analyzed for finding AR bind-
ing sites under DHT treatment corresponding to SAL
and overlapping genes between AR and RNA-Seq data
from BHLHE40 Knockdown cells [33]. BHLHE40 ChIP-
Seq was used for analysis to identify genome-wide
BHLHE40 chromatin binding sites [34]. Two RNA-Seq
datasets were used to analyze the expression level of
BHLHE40 in prostatectomy samples compared to adja-
cent tumors [35, 36].

Prediction of transcription factor binding site

and identifying gene network connection

The promoter sequence of target gene was downloaded
from UCSC Genome Browser (RRID:SCR_005780) [37]
and the JASPAR (RRID:SCR_003030) [38] was used
to predict binding sites of BHLHE40 in the promoter
of target gene. The cytoHubba (RRID:SCR 017677)
from Cytoscape (RRID:SCR_003032), and the STRING
(RRID:SCR_005223) [39] were utilized to explore the
established network connections between BHLHE40 and
CCNG2.

Co-immunoprecipitation assays

Co-immunoprecipitation (Co-IP) experiments were per-
formed as described previously [40]. Briefly, a specific
antibody against BHLHE40 or normal rabbit IgG as a
negative control was incubated with protein A magnetic
beads. After extensive washing of beads, cell extracts
from C4-2 and LNCaP cells were incubated with the
antibody-loaded beads for 2 h at 4 °C. After washing
steps, beads were resuspended in SDS buffer and boiled
at 99 °C. SDS buffer containing precipitated protein
complex was loaded to 12% SDS-PAGE for detection by
Western blotting. Antibodies used with concentrations
are listed in Supplemental Table S2.

Protein—protein interaction modeling

Protein structure prediction for BHLHE40 and AR ligand
binding domain with hinge region were performed by
I-TASSER (RRID:SCR_014627) [41]. The C-score, a
measure of confidence in the model, ranged from [-5,2].
A higher score indicates a higher confidence in the model.
Also, the TM score > 0.5 indicates correct topology, while
TM<0.17 represents random similarity in the predicted



Heidari Horestani et al. J Exp Clin Cancer Res (2024) 43:174

model [42-44]. Also, protein structure of AR-LBD
domain with SAL was downloaded from RCSB Protein
Data Bank (PDB ID 1E3G) as a positive control. Dock-
ing was performed via PatchDock (RRID:SCR_017589)
[45] and ClusPro (RRID:SCR_018248) [46]. Visu-
alization was performed in PyMOL version 1.8.0.0
(RRID:SCR_000305).

Statistical analysis
The two-tailed student t-test was used for the compari-
son of the mean values between two groups and two-
way ANOVA was used for multiple comparisons in the
GraphPad Prism version 8.0 (RRID:SCR_000306).

All statistics represent the Mean of values and error
bars represent SEM. For multiple comparisons, the post-
hoc (Tukey) test was used.

Results

SAL induces cellular senescence and BHLHE40 KD reduces it
Transcriptome analyses of SAL treated PCa cells [11,
12] revealed induction of BHLHE40 mRNA encod-
ing BHLHE40/DEC1. The induction of BHLHE40 was
confirmed by qRT-PCR in both LNCaP and C4-2 cell
lines treated with SAL or DMSO as the solvent control
(Fig. 1A). AR ChIP-Seq data from DHT treated C4-2 cells
at SAL suggests a direct binding of AR to the downstream
of the BHLHE40 gene (Supplemental Fig. S1A). Sequence
analysis of the peak revealed the existence of several
binding sites for ARE and ARE half-sites [47] within this
peak suggesting that BHLHE40 gene is a novel direct AR
upregulated target gene by androgen. Since SAL induces
cellular senescence in both C4-2 and LNCaP PCa cell
lines [5], induction of senescence and growth inhibition
were analyzed in C4-2 xenografted mice model treated
with SAL or vehicle. Measuring the tumor sizes reveals
significant reduction of tumor growth (Fig. 1B). Ana-
lyzing the Ki67 as a proliferation marker confirmed the
reduction of growth by a smaller number of positive
cells for Ki67 in SAL treated tumors in compared to
vehicle (Fig. 1C and D). Moreover, analyzing the senes-
cence associated beta-galactosidase activity (SA b-Gal)
by brightfield microscopy imaging suggests induction
of cellular senescence in SAL treated tumors compared
to vehicle (Fig. 1C) suggesting that the in vivo results
confirm the inhibitory effect of SAL on growth and its
induction of cellular senescence in vitro [11]. To analyze
whether BHLHE40 mediates SAL-induced cellular senes-
cence knockdown (KD) experiments were performed in
both C4-2 and LNCaP cell lines. The SA b-Gal activity
results suggest that SAL-induced senescence levels were
significantly reduced in BHLHE40 KD of both cell lines
(Fig. 1E, F, S1B, S1C) indicating that BHLHE40 mediates
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in part cellular senescence in both PCa cell lines induced
by SAL. The BHLHE40 KD was verified at mRNA and
protein levels (Fig. 1G-J ) and by induced expression of
BHLHE41 mRNA, which is a BHLHE4O0 repressed direct
target gene [48] (Fig. S1G, S1H) confirming a functional
KD of BHLHE40. Accordingly, the senescence marker
p15™NK% is increased by SAL and decreased by KD of
BHLHE40 under SAL treatment. The cell cycle inhibitor
p21WAFVCiPL ywhich also consider as a cellular senescence
marker [49], was induced slightly by SAL, which is in line
with previous findings [5] and reduced by BHLHE40 KD
in both cell lines (Fig. 11, J). These findings collectively
indicate that SAL induces cellular senescence, which
is in part mediated through BHLHE40. Intriguingly,
BHLHE40 KD reduces the SAL-inhibited cell growth in
both cell lines and also in control-treated LNCaP cells
suggesting that BHLHE40 regulates cell proliferation
by another pathway in addition to cellular senescence
(Fig. 1K-N) without signs of apoptosis (Fig. S2A, S2B).
These findings indicate that BHLHE40 regulates growth
and cellular senescence induced by SAL in both cell
lines and suggests a novel AR- BHLHE40 axis to control
androgen-induced cellular senescence.

BHLHE40 KD induces phosphorylation of AKT and p70S6K
The AKT pathway has been identified as a critical path-
way in controlling pro-survival signaling SAL-induced
cellular senescence in PCa and it was observed that SAL
enhances phosphorylation of AKT at serine-473 [11].
Interestingly however, the KD of BHLHE40 rather fur-
ther enhances p-AKT levels and p-p70S6K as a down-
stream factor of AKT although cellular senescence
levels are decreased by the KD (Fig. 10, P) suggesting
that BHLHE4O rather inhibits the AKT signaling, which
may be one tumor suppressive pathway mediated by
BHLHEA40. Thus, these findings suggest that BHLHE40
inhibits AKT phosphorylation and its downstream sign-
aling in PCa cells.

The KD of BHLHE40 does not seem to modulate
AR protein level and the expression of AR target genes
(Fig. 10, P, Fig. S1D-F). This indicates that BHLHE40
may only weakly regulate AR transcriptional signaling.
Our previous RNA-seq data, using the AKT inhibitor
AKTij, indicate a slight induction of BHLHE40 in C4-2
cell (Fig. S2C, S2D) [11] indicating that AKT signaling
inhibits BHLHE40 expression likely in an indirect man-
ner as a potential feed-back loop.

Collectively, the obtained data suggest in addition to
the well-established p-AKT signaling, the existence of
another signaling pathway that mediates SAL-induced
cellular senescence by BHLHE40 indicating an alterna-
tive AKT pathway for SAL-induced cellular senescence.
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Fig. 1 The knockdown of BHLHE40 reduces SAL-induced cellular
senescence. A qRT-PCR of SAL treated LNCaP and C4-2 cells
detecting the change of expression by SAL (n=3) normalized to two
house-keeping genes (a-Tubulin and TBP). SAL induces BHLHE40

in both cell lines. B Tumor size analysis of C4-2 xenografted mice
reveals reduction in the tumor growth by SAL using DHT (50 mg/

kg) (n=5) compared to vehicle (n=4) using two-way ANOVA.

C Depicting the Ki67 positive cells and SA 3-Gal activity. IF staining
applied to detect the Ki67 positive cells in C4-2 mice-xenografted
tumors. In SAl-treated tumors, the number of positive cells

is reduced. Samples without anti-Ki67 serve as a negative control.
Also, senescence level is induced by SAL (n=5) compared to vehicle
(n=4). D Quantification of Ki67 positive cells per area was measured
by using ImageJ software. E and F BHLHE40 KD was performed

in both cell lines and subsequently treated with SAL 72 h prior the SA
[3-Gal activity detection (n=3) SAL induces cellular senescence

and BHLHE40 KD reduces it. G and H gRT-PCR of BHLHE40 KD cells
treated with SAL or DMSO. Knockdown significantly reduces BHLHE40
in both cell lines. I and J Western blots of extracts from treated

cells (n=3) detecting changes of p15™K“® and p21WAF/CPT [y SAL
and BHLHE40 KD. B-Actin serves as the loading control. Numbers
below the bands indicate changes in intensities normalized to that of
B-Actin. K and L Crystal violet staining after 72 h treatment analyzing
growth of SAL-treated and BHLHE40 KD in both cell lines. M and N
Growth curve analyzing growth of SAL-treated and BHLHE40 KD

in both cell lines with day 0 set arbitrarily as 1 (n=3). O and P Western
blot of treated cells with SAL and BHLHE40 KD. AR is not affected

by BHLHE40 KD. Phosphorylation of AKT and p7056K are induced

by BHLHE40 KD and SAL. The ratio of p-AKT versus AKT and p70S6K
versus p-p70SeK are indicated in grey. P value < 0.0001 = ****,

0.001 =*** <0.01 =**,<0.05=*, ns=non-significant

BHLHEA40 KD reduces cellular senescence of multicellular
CRPC 3D tumor spheroid model

The 3D tumor spheroid model system is considered to
reflect better the complexity of a tumor compared to
2D adherent culture [50]. 3D spheroids were generated
from parental C4-2 and BHLHE40 KD cells using ultra-
low attachment plates as described previously [12]. Con-
firming the findings from the 2D cultures, SAL reduces
spheroid volumes (Fig. 2A). The BHLHE40 KD resulted
in a further reduction of spheroid size in SAL-treated
samples (Fig. 2A, B). SA b-Gal activity of the tumor sphe-
roid slices shows an increase in staining by SAL that is
reversed in the BHLHE40 KD spheroids (Fig. 2B). Immu-
nofluorescence of Ki67, as a marker of proliferation sug-
gests more Ki67 stained cells in control treated spheroid
slices compared to SAL-treated ones, which is consist-
ent with the higher levels of senescent cells observed in
SAL treated samples (Fig. 2C, D). Image] software was
used for quantification of Ki67 images. BHLHE40 KD
spheroids resulted in fewer Ki67-positive cells compared
to control DMSO samples, with a further reduction
observed under SAL treatment in BHLHE40 KD samples
(Fig. 2C, D). These findings are in accordance with the
results from the 2D adherent cultures providing further
evidence that BHLHE40 KD reduces cellular senescence
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Fig. 2 BHLHE40 KD reduces cellular senescence and Ki67 growth marker in 3D tumor spheroid model. A Tumor volume analysis in C4-2 cell

line revealed reduction in the growth of tumor spheroids by SAL and further reduction by BHLHE40 KD (n=2 independent biological replicates
with each 10 technical replicates). B Depicting the size of tumor spheroids and activity of senescence-associated beta-galactosidase (SA B-Gal).
Senescence level is induced by SAL treatment and reduced after BHLHE40 KD (n=2). C Immunofluorescence staining applied to detect the Ki67
positive cells in spheroids. In SAL treated spheroids, the number of positive cells for Ki67 is reduced and more reduction is detected by BHLHE40
KD. Samples without primary anti-Ki67 antibody serve as a negative control (n=2). D Quantification of Ki67 positive cells was measured by using
Imagel software. P value <0.01 =**,<0.05=* ns=non-significant
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Fig. 3 SAL induces BHLHE40 expression and BHLHE40 RNA-seq
shows strong overlap to AR and BHLHE40 ChIP-seq. A gRT-PCR

of ex-vivo SAL-treated prostatectomy samples shows higher
expression of BHLHE40 compared to paired DMSO. BBHLHE40
mRNA was analyzed with gRT-PCR in C4-2 mice xenografts treated
with SAL. Significant induction of BHLHE40 is measured in tumors
treated with SAL (n=5) compared to the vehicle (n=4). CRNA-Seq
data from prostatectomy patients compared to adjacent tumor
revealed low level of BHLHE40 in tumors. D Kaplan Meier survival
plot showed low level of BHLHE4O0 is associated with the less survival
in prostate cancer. E Volcano plot shows log2FC of samples treated
with SAL vs. DMSO. F Volcano plot of BHLHE40 KD at SAL vs. control
at SAL. G GSEA analysis depicts negative association of BHLHE40
KD at SAL with cellular senescence pathway compared to control
samples at SAL ('KS'is BHLHE40 KD at SAL and ‘CS'is control at SAL).
H Heatmap plot shows the direction of pathways between BHLHE40
KD at SAL and SAL-treated control (log2FC). I and J Transcriptome
analysis of DEGs and overlaps between up- and downregulated
genes by SAL and BHLHE40 at SAL. I Venn diagram depicts overlap
between SAL treated genes and BHLHE40 KD up-regulated genes
at SAL. a. SAL up-regulated, b. BHLHE40 KD induced genes at SAL

¢. SAL down-regulated. J a. SAL up-regulated, b. Suppressed genes
by BHLHE40 KD at SAL c. SAL down-regulated. K Venn diagram
indicates overlap genes between BHLHE40 KD at SAL samples

with AR ChiP-seq in C4-2 cells. L Venn diagram depicts common
genes between BHLHE40 KD at SAL with BHLHE40 ChIP-seq data

in Hela-S3 cell line. M Pathway analysis performed by R Package

for BHLHE40 KD RNA-Seq and BHLHE40 ChlIP-seq overlap genes. P
value<0.01=**

in PCa cells also in 3D spheroids without enhancing
growth. The lack of growth induction may be explained
by the involvement of BHLHE40 in other cellular mecha-
nisms, such as different types of cellular dormancy [51].

Ex vivo SAL-treated prostatectomy samples

and SAL-treated-CRPC mouse xenografts induce

the expression of BHLHE40

To analyze the androgen-controlled expression of
BHLHE40 in native tissues, samples from radical pros-
tatectomy were subjected to ex vivo treatment with
either DMSO or SAL for two days. The results revealed
an increase in the BHLHE40 mRNA in some of the sam-
ples treated with SAL (Table S3 and Fig. 3A). Moreover,
BHLHE40 mRNA was investigated in C4-2 xenograft
mice model treated with either SAL or vehicle. Data
show induction of BHLHE40 mRNA in the tumors
of SAL-treated mice (Fig. 3B). In addition, BHLHE40
expression was compared between tumor and adja-
cent samples derived from two distinct GEO datasets.
BHLHE40 mRNA is significantly diminished in PCa sam-
ples compared to adjacent tumor tissues (Fig. 3C) sup-
porting the notion that BHLHE40 has tumor suppressor
function. These findings are further corroborated by the
Kaplan—Meier survival plot for BHLHE40 in PCa derived
from the TCGA database with low BHLHE40 expression
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Table 1 Pathway-log2FC of KD BHLHE40 SAL vs. Control SAL

p-value
Regulation of expression of SLITs and ROBOs 4.78E-28
Signaling by ROBO receptors 3.84E-27
RHOA GTPase cycle 1.67E-18
VEGFA-VEGFR2 Pathway 4.78E-05
Signaling by WNT 4.87E-05
p53-Dependent G1 DNA Damage Response 0.000218
DNA Repair 3.89E-19
Cellular Senescence 2.93E-05
Signaling by NOTCH1 in Cancer 0.000195
Oncogene Induced Senescence 3.95E-06

linked to reduced survival (Fig. 3D). Collectively, these
data propose that BHLHE40 is upregulated by SAL in
2D, 3D spheroids, ex vivo and in vivo, and that BHLHE40
mediates androgen-induced cellular senescence, which
serves as a tumor suppressor pathway in PCa.

Transcriptome landscape of BHLHE40 and pathway
analysis indicates a large overlap to androgen
transcriptome

Volcano plots of RNA-seq analyses of C4-2 BHLHE40
KD cells treated with DMSO or SAL visualize the over-
all fold change in gene expression levels by SAL-treated
and the BHLHE40 KD (Fig. 3E, F, and Fig. S3). Gene Set
Enrichment Analysis (GSEA) of SAL-treated BHLHE40
KD samples versus their related control show a nega-
tive association of BHLHE40 KD with the cellular senes-
cence pathway confirming a positive regulation of
cellular senescence by BHLHE4O (Fig. 3G). Pathway anal-
yses uncovered several interesting pathways related to
cellular senescence, cell cycle regulation, circadian clock,
DNA repair, and PI3K/AKT signaling in cancer (Fig. 3H
and Table 1). Comparing the expression levels of genes
in BHLHE40 KD SAL-treated samples with those of
their paired controls revealed a reduction in the ‘cellular
senescence, an induction in the ‘PI3K/AKT signaling in
cancer, and a reduction in the ‘circadian clock’ pathways
(Fig. 3H).

Given that SAL induces the expression of BHLHE40
and that the BHLHE40 KD reduces the senescence level
in PCa cell lines, transcriptome data were analyzed and
classified into subsets of genes dependent on their up- or
downregulation to identify specific AR-BHLHE40 tran-
scriptome landscapes and specific regulated pathways by
these two transcription factors. To achieve this, upregu-
lated DEGs from the BHLHE40 KD SAL-treated samples
were separated from the downregulated and each set was
separately analyzed for their overlap with the DEGs of
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Table 2 Pathways-log2FC of common genes between “b"and “c”

inFig. 3|
p-value

Signaling by WNT 2.09E-09
PIP3 activates AKT signaling 5.05E-09
Negative regulation of the PI3K/AKT network 4.30E-08
Mitotic G2-G2/M phases 5.36E-07
Cell cycle checkpoint 4.03E-06
Circadian Clock 6.27E-06
PI3K/AKT Signaling in Cancer 9.56E-06
Senescence-Associated Secretory Phenotype (SASP) 0.017897
FOXO-mediated transcription 0.002727

Table 3 Pathways-log2FC of common genes between “a”and “b”

inFig.3J

p-value
DNA Double Strand Break Response 3.20E-12
Recruitment and ATM-mediated phosphorylation of repair 2.48E-12
and signaling proteins at DNA double strand breaks
Processing of DNA double-strand break ends 1.55E-10
DNA Repair 5.11E-11
Oncogene Induced Senescence 9.18E-06
DNA Damage/Telomere Stress Induced Senescence 0.000214
Cellular senescence 1.30E-11
G2/M Checkpoints 1.44E-11
FOXO-mediated transcription 2.83E-06

SAL-treatment. The Venn diagram depicts approximately
6300 differentially upregulated genes in BHLHE40 KD
at SAL that were common with DEGs in SAL-induced
samples. Only about 800 genes were upregulated, being
unique to BHLHE40 KD SAL-treated samples (Fig. 3I).
This suggests a large overlap of genes that are regulated
by BHLHE40 and are co-regulated by SAL. The same
analysis was performed for the downregulated gene set.
Similarly, a large number of DEGs were common but
only nearly 140 genes were downregulated and specific
to BHLHE40 (Fig. 3]). Taking together, we identified four
sets of genes being co-regulated by BHLHE40 and AR.

Pathway analysis was performed for common genes
between BHLHE40 KD up-regulated and SAL down-
regulated from Fig. 31. Also, for BHLHE40 KD down-reg-
ulated and SAL up-regulated overlap genes from Fig. 3].
Notably, several pathways associated with cellular senes-
cence emerged (Tables 2 and 3).

The FOXO-mediated transcription pathway is note-
worthy as it appeared in both sets of common factors,
albeit with different gene sets. This pathway is linked to
cell cycle arrest, quiescence, growth, and stress resistance
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Table 4 Pathways-common genes between ChIP-seq of AR with
BHLHE40 KD SAL-treated RNA-seq
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Table 5 Pathways-common genes between ChIP-seq of
BHLHE40 with BHLHE40 KD SAL-treated RNA-seq

p-value p-value
PI3K/AKT Signaling in Cancer 3.50E-15 RHO GTPase cycle 2.93E-11
DNA Repair 2.66E-14 Signaling by ROBO receptors 8.18E-06
FOXO-mediated transcription 5.09E-13 Regulation of expression of SLITs and ROBOs 1.65E-05
Signaling by VEGF 4.76E-12 VEGFA-VEGFR2 Pathway 0.000101
Circadian Clock 8.64E-12 Transcriptional regulation by RUNX2 0.000453
Signaling by WNT 4.57E-09 Signaling by WNT 0.000984
Signaling by NOTCH 1.90E-08 FOXO-mediated transcription 4.20E-07
Oncogenic MAPK signaling 3.83E-08 p53-Dependent G1 DNA Damage Response 0.00703
Cellular Senescence 1.99E-07 DNA Repair 0.014108
Senescence-Associated Secretory Phenotype (SASP) 0.002897

of cells [52-54]. In addition, specific sets of genes for
BHLHE40 KD from Fig. 3I and ] were analyzed for path-
ways. Most of the known BHLHE40-involved pathways
were identified, such as the circadian clock and epithe-
lial-mesenchymal transition (Fig. S4, Table S4).

Based on the large DEG overlap at SAL between
BHLHE40 and AR we analyzed the coregulation of
BHLHE40 with direct AR target genes. The overlap of
genes from publicly available AR ChIP-seq data of SAL-
treated C4-2 cells with our transcriptome obtained
by SAL-treated BHLHE40 KD samples was examined
(Fig. 3K). It emerged specific pathways such as cellular
senescence as well as the FOXO-mediated transcription
pathway (Table 4 and Fig. S5A, B).

Given that the FOXO-mediated transcription pathway
was identified in many subsets of the analysis, Cyclin G2
(CCNQ@G2), a salient gene in this pathway was selected for
further analysis. In contrast to other cyclins, CCNG2 lev-
els are higher in cycle-arrested cells and mediates growth
inhibitory in cancer [22, 55, 56]. Bioinformatic analysis
predicts that BHLHE40 has a high score binding site in
the close promoter region of the CCNG2 gene (Fig. 4A,
S6A). BHLHE40 ChIP-seq data from HeLa cells was
obtained from GEO to validate this prediction. The anal-
ysis suggests a specific binding site that aligns perfectly

(See figure on next page.)

with the prediction model for BHLHE40 within the
promoter region of the CCNG2 gene (Fig. 4B). Interest-
ingly, BHLHE4O is recruited to its own gene. Moreover,
AR ChIP-seq data from SAL treated C4-2 cells suggests a
direct binding of AR to the upstream of the CCNG2 gene
(Fig. S6B) suggesting that CCNG2 gene is also a novel
direct AR upregulated target gene and transcriptionally
co-regulated by BHLHE4O0.

Furthermore, pathway analysis of common genes
between available BHLHE40 ChIP-seq data and our
BHLHE40 KD SAL-treated transcriptome (Fig. 3L)
yielded cell cycle regulation, DNA repair, and inter-
estingly the FOXO-mediated transcription pathway
(Fig. 3M and Table 5).

Moreover, the cytoHubba from Cytoscape, and the
STRING were utilized to explore the established network
connections between BHLHE40 and CCNG?2, along with
several cellular senescence markers (Fig. S7) [57-59]. The
data suggest that BHLHE40 and CCNG2 are connected
to each other in multiple ways and also to factors that
regulate chromatin organization and cell cycle. Nota-
bly, the analysis indicates close interaction with cellular
senescence markers and the potent cell cycle inhibitors
p15INKdb 1 gINKda oy o1 WAFL/CipL,

Fig. 4 SAL induces CCNG2 expression and BHLHE40 directly binds to CCNG2 gene and mediates cellular senescence. A Motif binding site

prediction analysis depicts BHLHE40 binding in the close promoter region of CCNG2 genes. B IGV software was used to visualize BHLHE40 binding
site in the promoter of CCNG2. BHLHE40 ChlIP-seq confirmed motif binding site prediction analysis. C Efficiency of CCNG2 KD evaluated by gRT-PCR
(n=3). D SAL induces cellular senescence and KD of CCNG2 reduces that induction in C4-2 cell line (n=3). E crystal violet staining to analyze growth
of SAL treated and CCNG2 KD in C4-2 cell line (n=3). F gRT-PCR of C4-2 tumor xenografts from mice treated with SAL (n=5) indicates significant
induction of CCNG2 mRNA compared to vehicle (n=4). G gRT-PCR of SAL ex-vivo treated prostatectomy samples reveals induction in the expression
level of CCNG2. H Kaplan Meier survival plot showed less survival with low level of CCNG2 in prostate cancer. | BHLHE40 KD reduces mRNA

level of CCNG2 in C4-2 cell line revealed by gRT-PCR (n=3). JBHLHE40 mRNA is reduced by CCNG2 KD in C4-2 cell line (n=3). KCCNG2 KD

reduces BHLHE40 protein, also SAL induction of p21"AT/CP1 is reduced by CCNG2 KD in C4-2 cells (n=3). L mRNA level of CDKN2B, as a marker

of senescence, is reduced by CCNG2 KD in C4-2 cells measured by gRT-PCR. M Changes of AKT and p70S6K phosphorylation by CCNG2 KD. The
ratio of p-AKT versus AKT and p70S6K versus p-p70S6K are indicated in grey. P value 0.001 =***<0.01=**<0.05="
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CCNG2 KD decreases cellular senescence
under the influence of SAL treatment
Based on the bioinformatic predictions and the regula-
tion of CCNG2 by BHLHE40 and AR, the hypothesis was
that CCNG?2 is part of the SAL-induced cellular senes-
cence. Knockdown of CCNG2 by siRNA indicates that
SAL enhances CCNG2 mRNA expression (Fig. 4C) and
reduces the SAL-induced cellular senescence (Fig. 4D,
S8A). This suggests that CCNG2 mediates SAL-induced
cellular senescence being in line with enhanced growth
for CCNG2 KD-treated SAL samples (Fig. 4E, S8B). Also,
in the C4-2 xenograft tumors and ex vivo treated pros-
tatectomy samples the expression level of CCNG2 was
induced by SAL (Fig. 4F, G). Further, the Kaplan—Meier
survival plot for CCNG2 in prostate cancer suggests that
low CCNG2 expression is linked with diminished survival
rates in PCa over time (Fig. 4H) suggesting that CCNG2 is
part of a tumor suppressive program induced by SAL.
Since the KD of BHLHE40 significantly reduces the
CCNG2 mRNA (Fig. 4I) it suggests that BHLHE40 up-
regulates CCNG2 expression and the atypical CCNG2
is part of the BHLHE40 tumor suppressive pathway. Vice
versa, the CCNG2 KD leads to a significant reduction in
the expression of BHLHE40 mRNA and protein (Fig. 4],
K). These data suggest a reciprocal control loop between
BHLHE40 and CCNG2. Accordingly, the decrease in cel-
lular senescence by CCNG2 KD is associated with decline
in CDKN2B (Fig. 4L). The induction of p21WAFVCPL y
SAL was reversed after CCNG2 KD (Fig. 4K) supporting
that CCNG2 regulates cellular senescence. In accordance
with the results of BHLHE40 KD in the C4-2 cell line, the
phosphorylation of AKT at S473 was strongly induced after
CCNG2 KD but no changes were detected in the phospho-
p70S6K (Fig. 4M). This indicates that CCNG2 represses
p-AKT level and further confirms that the regulation of cel-
lular senescence is not only mediated by p-AKT levels but
rather through an alternative pathway. Collectively, these
data indicate that CCNG2 and BHLHE40 act in tandem to
promote cellular senescence in the AR signaling.

BHLHEA40 overexpression enhances cellular senescence

in CSPC and CRPC

The functionality of BHLHE40 overexpression plas-
mid (OE-BHLHE40) was shown by the repression of

(See figure on next page.)
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BHLHE41 mRNA (Fig. 5E, H), induction of CCNG2
expression, which is consistent with the reduction of
CCNG2 by BHLHE40 KD (Fig. 5F) and induction of
senescent cell level (Fig. 5A, C, and S9A).

Surprisingly, for both KD and overexpression scenar-
ios, a reduction in growth was observed (Fig. 5B, D, and
S9B). These data suggest that not only does BHLHE40
act in the regulation of cellular senescence, but it might
also play a role in other mechanisms in PCa cells includ-
ing dormancy. Protein levels of p15™ % and p21WAF1/Cipl
were increased in BHLHE40-overexpressed cells (Fig. 5G,
I). These data confirm the SA b-Gal activity assay. Con-
cerning BHLHE40-overexpression analysis of phospho-
rylation of AKT and p70S6K suggests that induction
of p-levels of both kinases by SAL are reduced (Fig. 5],
S10). Thus, these data confirm the induction of AKT and
p70S6K phosphorylation by BHLHE40 KD suggesting
that the BHLHE40 mediated cellular senescence espe-
cially under SAL treatment is associated with a pathway
that leads to suppression of AKT and p70S6K phospho-
rylation and thus provides a novel AKT-alternative path-
way to control cellular senescence in PCa.

Co-immunoprecipitation (Co-IP) assays revealed
interaction between AR and BHLHE40 in both CSPC
and CRPC cell lines
To investigate the potential interaction between endog-
enous BHLHE40 and the endogenous AR, Co-IP experi-
ments were conducted with endogenous factors on both
cell lines. BHLHE40 was detected in the immunoprecipi-
tated AR and vice versa, under both DMSO or SAL treat-
ments, indicating a protein—protein complex of AR with
BHLHE40 (Fig. 6A). Additionally, immunofluorescence
staining was performed to view the intracellular localiza-
tion of BHLHE40 with and without androgen treatment
(Fig. 6B, C and S11A, B). Interestingly, the data suggest
that SAL promotes the translocation of BHLHE40 into
the nucleus suggesting a co-translocation of AR and
BHLHE40 by SAL. As BHLHE40 is a transcription fac-
tor, this translocation potentially regulates downstream
targets through genomic regulation.

Based on this, we hypothesized that the reads obtained
by AR-ChIP-seq also contain bHLH motifs. Interest-
ingly, motif analysis for AR ChIP-seq data of C4-2 cells

Fig. 5 BHLHEA40 overexpression induces cellular senescence. A and C Senescence assay shows further induction in cellular senescence

by overexpression of BHLHE40 in both C4-2 and LNCaP cell lines (n=3). B and D Crystal violet staining to analyze the growth of BHLHE40
overexpressed cells in both cell lines (n=3). EBHLHE41 mRNA level measured by qRT-PCR in C4-2 cell line (n=3). FCCNG2 mRNA level measured

by qRT-PCR in C4-2 cell line (n=3). G Western blot of treated C4-2 cells shows induction in p15 N® and p21 WAFI/CIPY after BHLHE40 overexpression
(n=3). HBHLHE41 mRNA level measured by qRT-PCR in LNCaP cell line (n=3). I Western blot of treated LNCaP cells reveals induction in p15 N0
and p21 WAFICIPT after BHLHE40 overexpression (n=3). J phosphorylation of AKT and p70S6K are backed to basal level after overexpression

of BHLHE40. The ratio of p-AKT versus AKT and p7056K versus p-p70SéK are indicated in grey. P value <0.0001 =**** 0.001 =*** <0.01 =**,<0.05=*
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treated with SAL revealed many AR binding sites that
also contain a bHLH motif in reads. Focusing on genes,
it revealed around 2400 genes with both AR and bHLH
binding sites, which may explain the observed large over-
lap of DEGs between these two transcription factors sup-
porting our hypothesis. With pathway analysis of this
gene set, the pathways of Circadian rhythm, Heme sign-
aling, BMAL1-Clock activates circadian gene expression,
and cellular senescence emerged (Table S5). This suggests
a link between androgen signaling and circadian rhythm
and cellular senescence.

To assess potential interactions between AR and
BHLHE40, protein structure predictions and protein—
protein docking modeling were conducted for the AR-
DBD-hinge-LBD region with BHLHE40 protein. The 3D
AR-DBD-hinge-LBD region prediction is depicted in
(Fig. 6D, S12A), while the BHLHE40 structure and the
region interacting with DNA, along with the involved
amino acids, are illustrated in (Fig. 6E). Both AR and
BHLHE4O0 structures exhibit high confidence scores and
topology with a strong score for AR DBD-hinge-LBD and
BHLHE40. The docking predictions show a high score for
the interaction between AR and BHLHE40-bound DNA
(Fig. 6F, S12B). The modeling suggests AR interacts with
BHLHE40 through its ligand binding domain and that
DNA binding domains of both proteins are positioned
near each other.

Discussion

Interestingly, the AR has oncogenic and tumor suppres-
sive activity [60]. It has been observed that supraphysi-
ological androgen levels exhibit inhibitory effects on
tumor growth, especially in PCa cells that thrive in low
androgen environments [5]. In addition, our SAL treated
C4-2 xenografted mice results show the inhibitory effect
of SAL on tumor growth. These data suggest that SAL
triggers tumor suppressive program of the AR. Of note,
the AR is also a tumor suppressive in AR and estrogen
receptor positive breast cancer cells [61]. Mechanisti-
cally, in PCa the AR regulates target genes that control
cell cycle such as SPOP or LRIG [62, 63] or interacts with
tumor suppressors [40]. Also, the tumor suppressor pRb

(See figure on next page.)
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mediates growth inhibition by SAL and sensitizes CRPC
to SAL treatment [33] being in line with previous obser-
vations by Gao et al. [64].

As a cellular response it was shown that SAL induces
cellular senescence in an AR dependent manner in both
CSPC and CRPC. Senescence induction by SAL was
confirmed in ex vivo treated human prostatectomy sam-
ples [3, 11] and in our C4-2 xenograft mice experiments.
Cellular senescence is characterized by a stable arrest of
cells. It is known that senescence cells exhibit the senes-
cence-associated secretory phenotype with secretion of
cytokines and chemokines. Interestingly, recently it was
shown that BAT induces pro-inflammatory changes of
gene expression and that BAT treatment augments anti-
tumor immune responses associated with beneficial clin-
ical response of patients [65].

The detailed molecular pathway of AR mediated cel-
lular senescence remains open. Our data suggest that
BHLHE40 mediates SAL-induced cellular senescence.
BHLHEA4O0 is a member of the circadian gene family and
is responsible for regulating circadian rhythms [66, 67]
and functions as a transcription regulator [68]. However,
the role of BHLHE40 in PCa remained underexplored.

Our data further indicate that BHLHE40 gene is a
direct target of AR, which is upregulated by SAL and that
BHLHEA4O0 protein interacts with AR directly or indirectly
in both CSPC and CRPC cell lines. Protein structure pre-
dictions suggest rather a direct AR-BHLHE40 interaction
with a high score between the LBD of AR and BHLHE40
supported by the co-translocation of BHLHE40 to the
nucleus by SAL. This finding may explain the large over-
lap of genes with the SAL transcriptome landscape. The
KD of BHLHEA40 has no detectable effect on AR protein
level as well as no significant changes in the mRNA level
of SAL-induced direct AR target genes indicating that the
AR at SAL rather regulates BHLHE40 target genes. In
line with this, GSEA indicates that the KD of BHLHE40
only slightly changes the hallmark of androgen response
genes (data not shown). These observations suggest that
the impact of BHLHE4O0 to co-regulate AR target genes
is minor but may be specific for a particular AR sign-
aling pathway. The transcriptome data analyses also

Fig. 6 BHLHE40 interacts with AR and SAL induces BHLHE40 translocation to the nucleus. A Co-Immunoprecipitation assay for both AR

and BHLHE40 confirms interaction between AR and BHLHE40 in both cell lines (n=2). B Immunofluorescent staining indicates an increase

in the translocation of BHLHE40 to the nucleus after SAL treatment in C4-2 cell line (n=2). DAPI was used to stain nucleus and wheat germ
agglutinin (WGA) was used to detect cell membrane. CQuantification of the integrated density of BHLHE40 in the nucleus. D AR DBD-hinge-LBD
region prediction model. The AR-DBD domain from amino acids (556 — 623) showed in pink, hinge region from amino acids (624 - 665) depicted
in pale cyan and AR-LBD domain consider from amino acids (666 — 919) is with wheat color. C-Score=-0.20, TM- Score=0.69 -/+0.12 (E) BHLHE40
prediction model is shown in light blue color. Interaction of BHLHE40 with DNA was evaluated by docking. BHLHE40 binds DNA from the area
containing amino acids (384-412). C-Score =-1.10, TM- Score =0.58 -/ +0.14 and docking score: 8354, ACE: -540.31. F BHLHE40-AR interaction

prediction was performed by docking. Docking score: 15,216, ACE: -539.63
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suggest that only a subset of AR function, that is the SAL-
induced cellular senescence, is mediated by BHLHE40.
Thus, it seems that BHLHE40 mediates only a specific
AR controlled pathway to induce SAL-mediated cellular
senescence.

In esophageal cancer it was shown that BHLHE40 can
induce cellular senescence [68]. Of note, thyroid hor-
mone-induced cellular senescence is mediated in part
by BHLHE40 [16]. However, the mechanisms through
which BHLHE40 mediates cellular senescence remains
unclear. Our data propound that SAL-induces BHLHE40
activity to mediate SAL-induced cellular senescence in
2D and 3D cell cultures. Previous studies have shown
that SAL activates the AKT pathway leading to increased
phosphorylation of AKT that mediates in part cellular
senescence [5, 11]. However, BHLHE40 KD and overex-
pression experiments suggest that BHLHE4O is a medi-
ator of cellular senescence with rather inhibiting the
phosphorylation of AKT. This implies that BHLHE40
mediates SAL-induced cellular senescence through a
novel, alternative AKT pathway.

One potential pathway identified here is that CCNG2
as part of the FOXO-mediated transcription pathway,
which is linked to one of the AR pathways in PCa [69,
70]. CCNG2, is an unconventional cyclin which partly
through p21WAF/CIPL pegatively regulates the cell cycle
[71], was found to be a gene in the FOXO-mediated tran-
scription pathway in our BHLHE40 KD RNA-seq. It is
known that CCNG2 represses AKT phosphorylation and
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activation, and vice versa [22, 72]. Our data show that
KD of CCNG2 using siRNA induces phosphorylation
of AKT, like the effect of BHLHE40 KD, supporting the
evidence of a novel AKT alternative pathway to medi-
ate SAL-induced cellular senescence. Moreover, there
appears to be a reciprocal regulation between CCNG2
and BHLHE40, as CCNG2 KD reduces the level of
BHLHEA40.

BHLHEA40 is known as a circadian rhythm factor and
circadian repressor [73]. Interestingly, many genes regu-
lating circadian rhythm are aberrantly expressed in can-
cer [74]. Although the role of circadian rhythm in PCa
risk is unclear, there is some evidence that individuals
who suffer from sleep disorders or worknight shift are at
a higher risk of developing PCa, which is suggested to be
linked to c-Myc expression [21]. Recently, it was shown
that epigenetic activity reprograms circadian rhythm
associated with androgen-independent PCa [75]. We
show here that BHLHE40 is downregulated in PCa tumor
samples and low expression is linked to lower survival
of PCa patients. This suggests that either BHLHE40 has
independently of regulating circadian rhythm a tumor
suppressive function or alternatively, that a proper cir-
cadian rhythm is part of a tumor suppressive program
in cancer. Our data demonstrate that AR and BHLHE40
interact in a protein complex and co-translocate to the
nucleus. In line with this, bioinformatic analyses of AR
ChIP-seq suggests that many AR binding sites in chro-
matin contain bHLH binding motifs. Notably, genes
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Fig. 7 BHLHE40 mediates cellular senescence via novel tumor suppressive axis androgen receptor-BHLHE40-Cyclin G2. The figure was generated

in Biorender and modified
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containing those motifs are in pathways regulating cir-
cadian rhythm. Thus, this study offers a link between
androgen signaling and circadian rhythm.

One tumor suppressive pathway by BHLHE40 iden-
tified here is the regulation of cellular senescence and
evidence of other types of dormancy [51]. The findings
from our BHLHE40 study suggest that BHLHE40 medi-
ates SAL-induced cellular senescence in PCa cell lines
through the regulation of CCNG2. In fact, SAL leads to
upregulation of BHLHE40 mRNA and protein. BHLHE40
interacts with AR and mediates cellular senescence.
Cyclin G2 is a positive downstream target of BHLHE40
to mediate cellular senescence proposing a novel AR-
BHLHE40-CyclinG2 axis.

Conclusions

Androgen treatment used in bipolar androgen ther-
apy induces both the expression and translocation of
BHLHE40 into the nucleus. BHLHE40 encoding DEC1
mediates cellular senescence by its direct target gene
CCNG@G2, that encodes the atypical and tumor sup-
pressive Cyclin G2, as a novel tumor suppressive axis
encompassing androgen receptor-BHLHE40-Cyclin
G2 in order to mediate cellular senescence in PCa cells
(Fig. 7).

Abbreviations

AR Androgen receptor

BAT Bipolar androgen therapy

BHLHE40  Basic helix loop helix e40

CCNG2 Cyclin G2

CSPC Castration sensitive prostate cancer
CRPC Castration resistant prostate cancer
DEG Differentially expressed genes
GSEA Gene set enrichment analysis

SAL Supraphysiological androgen level
Co-IP Co-immunoprecipitation

KD Knockdown

OE Overexpression

s.C Subcutaneously

SAB-Gal  Senescence-associated beta galactosidase

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-024-03097-6.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
We are grateful to Katrin Schindler for excellent technical support.

Authors’ contributions

M.H.H. and AB wrote the draft and revised it. AB designed and supervised the
study. M.H.H. and G.AR. performed the experiment and data collection. M.H.H.
analyzed the data. All the authors read and approved the submitted version.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was
supported by the German Academic Exchange Service (DAAD; Deutscher

Page 17 of 19

Akademischer Austauschdienst) (to M.H.H.; GAR), Jena University Hospital (to
A.B)), and the Deutsche Krebshilfe (German Cancer Aid # 70113814 to A.B.).

Availability of data and materials

The AR ChiP-Seq dataset analyzed during the current study is available in the
Gene Expression Omnibus (GEO) with accession number GSE179684. The
BHLHE40 ChIP-Seq dataset analyzed during the current study is available in
the GEO with accession number GSE137848. The prostatectomy samples
RNA-Seq datasets analyzed during the current study are available in the GEO
accession number GSE89223 and GSE179321.The RNA-seq data generated in
this study are available in GEO with accession number GSE262117.The Venn
diagram’s gene lists from this study are listed in supplementary excel file. All R
script codes used during this study are available in the supplementary data.

Declarations

Competing interests
The authors declare they have no conflict of interest.

Received: 19 April 2024 Accepted: 8 June 2024
Published online: 20 June 2024

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA: a
cancer j clin. 2023;73(1):17-48.

2. Aurilio G, Cimadamore A, Mazzucchelli R, Lopez-Beltran A, Verri E, Scar-
pelli M, et al. Androgen receptor signaling pathway in prostate cancer:
from genetics to clinical applications. Cells. 2020;9(12):2653.

3. Kallenbach J, Atri Roozbahani G, Heidari Horestani M, Baniahmad A.
Distinct mechanisms mediating therapy-induced cellular senescence in
prostate cancer. Cell Biosci. 2022;12(1):1-17.

4. Feng Q, He B. Androgen receptor signaling in the development of
castration-resistant prostate cancer. Front Oncol. 2019;9:858.

5. Roediger J, Hessenkemper W, Bartsch S, Manvelyan M, Huettner SS, Liehr
T, et al. Supraphysiological androgen levels induce cellular senescence in
human prostate cancer cells through the Src-Akt pathway. Mol Cancer.
2014;13(1):1-15.

6. Isaacs JT, Brennen WN, Denmeade SR. Serial bipolar androgen therapy
(SBAT) using cyclic supraphysiologic testosterone (STP) to treat meta-
static castration-resistant prostate cancer (mCRPC). Ann Trans| Med.
2019;7(Suppl 8):5311.

7. Denmeade SR, Wang H, Agarwal N, Smith DC, Schweizer MT, Stein
MN, et al. TRANSFORMER: a randomized phase Il study comparing
bipolar androgen therapy versus enzalutamide in asymptomatic men
with castration-resistant metastatic prostate cancer. J Clin Oncol.
2021;39(12):1371.

8. Markowski MC, Wang H, Sullivan R, Rifkind I, Sinibaldi V, Schweizer MT,
et al. A multicohort open-label phase Il trial of bipolar androgen therapy
in men with metastatic castration-resistant prostate cancer (RESTORE): a
comparison of post-abiraterone versus post-enzalutamide cohorts. Eur
Urol. 2021;79(5):692-9.

9. SenalA, Wang H, Rifkind |, Ngomba N, Isaacs JT, Luo J, et al. Bipolar
androgen therapy sensitizes castration-resistant prostate cancer to subse-
quent androgen receptor ablative therapy. Eur J Cancer. 2021;144:302-9.

10. Bartsch S, Mirzakhani K, Neubert L, Stenzel A, Ehsani M, Esmaeili M, et al.
Antithetic hTERT regulation by androgens in prostate cancer cells: h\TERT
inhibition is mediated by the INGT and ING2 tumor suppressors. Cancers.
2021;13(16):4025.

11. Mirzakhani K, Kallenbach J, Rasa SMM, Ribaudo F, Ungelenk M, Ehsani
M, et al. The androgen receptor—IncRNASAT 1-AKT-p15 axis mediates
androgen-induced cellular senescence in prostate cancer cells. Onco-
gene. 2022;41(7):943-59.

12. Ehsani M, Bartsch S, Rasa SMM, Dittmann J, Pungsrinont T, Neubert L,
et al. The natural compound atraric acid suppresses androgen-regulated
neo-angiogenesis of castration-resistant prostate cancer through angi-
opoietin 2. Oncogene. 2022;41(23):3263-77.


https://doi.org/10.1186/s13046-024-03097-6
https://doi.org/10.1186/s13046-024-03097-6

Heidari Horestani et al. J Exp Clin Cancer Res

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

(2024) 43:174

. de Jesus BB, Blasco MA. Assessing cell and organ senescence biomarkers.

Circ Res. 2012;111(1):97-109.

. Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M, et al.

Senescence in premalignant tumours. Nature. 2005;436(7051):642.

. Kim BC, Yoo HJ, Lee HC, Kang K-A, Jung SH, Lee H-J, et al. Evaluation of

premature senescence and senescence biomarkers in carcinoma cells
and xenograft mice exposed to single or fractionated irradiation. Oncol
Rep. 2014;31(5):2229-35.

. Kotolloshi R, Mirzakhani K, Ahlburg J, Kraft F, Pungsrinont T, Baniahmad

A. Thyroid hormone induces cellular senescence in prostate cancer cells
through induction of DEC1. J Steroid Biochem Mol Biol. 2020;201: 105689.

. Honma S, Kawamoto T, Takagi Y, Fujimoto K, Sato F, Noshiro M, et al. Dec1

and Dec2 are regulators of the mammalian molecular clock. Nature.
2002;419(6909):841-4.

. Nakashima A, Kawamoto T, Honda KK, Ueshima T, Noshiro M, Iwata T,

et al. DECT modulates the circadian phase of clock gene expression. Mol
Cell Biol. 2008;28(12):4080-92.

. Ono D, Honma K-I, Schmal C, Takumi T, Kawamoto T, Fujimoto K, et al.

CHRONO and DEC1/DEC2 compensate for lack of CRY1/CRY2 in expres-
sion of coherent circadian rhythm but not in generation of circadian
oscillation in the neonatal mouse SCN. Sci Rep. 2021;11(1):19240.

Butler MP, Honma S, Fukumoto T, Kawamoto T, Fujimoto K, Noshiro M,

et al. and Dec2 expression is disrupted in the suprachiasmatic nuclei of
Clock mutant mice. J Biol Rhythms. 2004;19(2):126-34.

Kaakour D, Fortin B, Masri S, Rezazadeh A. Circadian Clock Dysregula-
tion and Prostate Cancer: A Molecular and Clinical Overview. Clin Med
Insights Oncol. 2023;17:11795549231211521.

Zhang D,Wang C, Li Z, LiY, Dai D, Han K, et al. CCNG2 overexpression
mediated by AKT inhibits tumor cell proliferation in human astrocytoma
cells. Front Neurol. 2018;9:255.

Protopopov Al, Li J, Winberg G, Gizatullin RZ, Kashuba VI, Klein G, et al.
Human cell lines engineered for tetracycline-regulated expression of
tumor suppressor candidate genes from a frequently affected chromo-
somal region, 3p21.The Journal of Gene Medicine: A cross-disciplinary
journal for research on the science of gene transfer and its clinical appli-
cations. 2002;4(4):397-406.

Thalmann GN, Anezinis PE, Chang S-M, Zhau HE, Kim EE, Hopwood

VL, et al. Androgen-independent cancer progression and bone
metastasis in the LNCaP model of human prostate cancer. Can Res.
1994,54(10):2577-81.

Jansson KH, Lynch JE, Lepori-Bui N, Czymmek KJ, Duncan RL, Sikes RA.
Overexpression of the VSSC-associated CAM, beta-2, enhances LNCaP cell
metastasis associated behavior. Prostate. 2012;72(10):1080-92.

Gupta S, Pungsrinont T, Zenata O, Neubert L, Vrzal R, Baniahmad A. Inter-
leukin-23 Represses the Level of Cell Senescence Induced by the Andro-
gen Receptor Antagonists Enzalutamide and Darolutamide in Castration-
Resistant Prostate Cancer Cells. Horm Cancer. 2020;11(3-4):182-90.
Hessenkemper W, Roediger J, Bartsch S, Houtsmuller AB, van Royen ME,
Petersen |, et al. A natural androgen receptor antagonist induces cellular
senescence in prostate cancer cells. Mol Endocrinol. 2014;28(11):1831-40.
Jiang H, Lei R, Ding S-W, Zhu S. Skewer: a fast and accurate adapter trim-
mer for next-generation sequencing paired-end reads. BMC Bioinformat-
ics. 2014;15:1-12.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc Natl Acad Sci.
2005;102(43):15545-50.

Ulgen E, Ozisik O, Sezerman OU. pathfindR: an R package for comprehen-
sive identification of enriched pathways in omics data through active
subnetworks. Front Genet. 2019;10:858.

Wu T, HUE, XuS, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A uni-
versal enrichment tool for interpreting omics data. Innovation (Camb).
2021,2(3):100141.

Yu G, Wang L-G, Han Y, He Q-Y. ClusterProfiler: an R package for compar-
ing biological themes among gene clusters. Omics: A J Integ Biol.
2012;16(5):284-7.

Han W, Liu M, Han D, Toure AA, Li M, Besschetnova A, et al. Exploiting the
tumor-suppressive activity of the androgen receptor by CDK4/6 inhibi-
tion in castration-resistant prostate cancer. Mol Ther. 2022;30(4):1628-44.
Hu G, Dong X, Gong S, Song Y, Hutchins AP, Yao H. Systematic screen-
ing of CTCF binding partners identifies that BHLHE40 regulates CTCF

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

58.

Page 18 of 19

genome-wide distribution and long-range chromatin interactions.
Nucleic Acids Res. 2020;48(17):9606-20.

Nikitina AS, Sharova El, Danilenko SA, Butusova TB, Vasiliev AO, Govorov
AV, et al. el RNA biomarkers of prostate cancer revealed by RNA-seq
analysis of formalin-fixed samples obtained from Russian patients. Onco-
target. 2017,8(20):32990.

Luo G, Li G,Wan Z, Zhang Y, Liu D, Guo Y. circITGA7 Acts as a miR-
370-3p sponge to suppress the proliferation of prostate cancer. J Oncol.
2021;2021:8060389.

Karolchik D HA, Furey TS, Roskin KM, Sugnet CW, Haussler D, Kent WJ.
The UCSC Table Browser data retrieval tool 2004. Available from:https://
genome.ucsc.edu/. Cited 2004 Jan, 2004

Sandelin A AW, Engstrom P, Wasserman WW, Lenhard B. JASPAR: an open-
access database for eukaryotic transcription factor binding profiles 2004.
Available from:https://jaspar.genereg.net. Cited 2004 Jan, 2004

Damian Szklarczyk AF, Stefan Wyder, Kristoffer Forslund, Davide Heller,
Jaime Huerta-Cepas, Milan Simonovic, Alexander Roth, Alberto Santos,
Kalliopi P Tsafou, Michael Kuhn, Peer Bork, Lars J Jensen, Christian von
Mering. STRING v10: protein-protein interaction networks, integrated
over the tree of life 2015. Available from:https://string.embl.de/. Cited
2015 Jan, 2015

Esmaeili M, Jennek S, Ludwig S, Klitzsch A, Kraft F, Melle C, et al. The
tumor suppressor ING1b is a novel corepressor for the androgen receptor
and induces cellular senescence in prostate cancer cells. J Mol Cell Biol.
2016;8(3):207-20.

I-TASSER protein structurer and function predictions 2008. Available
from:https://zhanglab.ccnb.med.umich.edu/I-TASSER/. Cited 2008

Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: protein
structure and function prediction. Nat Methods. 2015;12(1):7-8.

Roy A, Kucukural A, Zhang Y. I-TASSER: a unified platform for automated
protein structure and function prediction. Nat Protoc. 2010;5(4):725-38.
Zhang Y. I-TASSER server for protein 3D structure prediction. BMC Bioin-
formatics. 2008;9:1-8.

PATCHDOCK-Molecular Docking Algorithm Based on Shape Complemen-
tarity Principles 2002. Available from:https://bioinfo3d.cs.tau.ac.il/Patch
Dock/. Cited 2002

ClusPro- protein-Protein docking 2013. Available from:https://cluspro.bu.
edu/. Cited 2013

Augello MA, Chen X, Liu D, Lin K, Hakansson A, Sjostrom M, et al. Canoni-
cal AREs are tumor suppressive regulatory elements in the prostate.
bioRxiv. 2024:2024.02. 23.581466.

Li'Y, Xie M, Song X, Gragen S, Sachdeva K, Wan Y, et al. DEC1 negatively
regulates the expression of DEC2 through binding to the E-box in the
proximal promoter. J Biol Chem. 2003;278(19):16899-907.

Idda ML, McClusky WG, Lodde V, Munk R, Abdelmohsen K, Rossi M,

et al. Survey of senescent cell markers with age in human tissues. Aging
(Albany NY). 2020;12(5):4052.

Mosaad E, Chambers K, Futrega K, Clements J, Doran MR. Using high
throughput microtissue culture to study the difference in prostate cancer
cell behavior and drug response in 2D and 3D co-cultures. BMC Cancer.
2018;18(1):1-11.

DelucaVJ, Saleh T. Insights into the role of senescence in tumor
dormancy: mechanisms and applications. Cancer Metastasis Rev.
2023;42(1):19-35.

Farhan M, Wang H, Gaur U, Little PJ, Xu J, Zheng W. FOXO signaling path-
ways as therapeutic targets in cancer. Int J Biol Sci. 2017;13(7):815.

Salih DA, Brunet A. FoxO transcription factors in the maintenance of cel-
lular homeostasis during aging. Curr Opin Cell Biol. 2008;20(2):126-36.
Jiramongkol Y, Lam EW-F. FOXO transcription factor family in cancer and
metastasis. Cancer Metast Rev. 2020;39:681-709.

Sun G, Hu W, Cui D, Zhang J. reased expression of CCNG2 is significantly
linked to the malignant transformation of gastric carcinoma. Tumor Biol-
0gy. 2014;35:2631-9.

Hasegawa S, Nagano H, Konno M, Eguchi H, Tomokuni A, Tomimaru Y,

et al. Cyclin G2: A novel independent prognostic marker in pancreatic
cancer. Oncol Lett. 2015;10(5):2986-90.

. Chin C-H, Chen S-H, Wu H-H, Ho C-W, Ko M-T, Lin C-Y. cytoHubba: iden-

tifying hub objects and sub-networks from complex interactome. BMC
Syst Biol. 2014;8(4):1-7.

Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P,
et al. The GeneMANIA prediction server: biological network integration


https://genome.ucsc.edu/
https://genome.ucsc.edu/
https://jaspar.genereg.net
https://string.embl.de/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://bioinfo3d.cs.tau.ac.il/PatchDock/
https://bioinfo3d.cs.tau.ac.il/PatchDock/
https://cluspro.bu.edu/
https://cluspro.bu.edu/

Heidari Horestani et al. J Exp Clin Cancer Res (2024) 43:174

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

for gene prioritization and predicting gene function. Nucleic acids res.
2010;38(suppl_2):W214-20.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13(11):2498-504.

Niu Y, Altuwaijri S, Lai K-P, Wu C-T, Ricke WA, Messing EM, et al. Androgen
receptor is a tumor suppressor and proliferator in prostate cancer. Proc
Natl Acad Sci. 2008;105(34):12182-7.

Hickey TE, Selth LA, Chia KM, Laven-Law G, Milioli HH, Roden D, et al. The
androgen receptor is a tumor suppressor in estrogen receptor—positive
breast cancer. Nat Med. 2021;27(2):310-20.

Geng C, Rajapakshe K, Shah SS, Shou J, Eedunuri VK, Foley C, et al. Andro-
gen receptor is the key transcriptional mediator of the tumor suppressor
SPOP in prostate cancer. Can Res. 2014;74(19):5631-43.

Li Q, Liu B, Chao H-P JiY, Lu Y, Mehmood R, et al. LRIGT1 is a pleiotropic
androgen receptor-regulated feedback tumor suppressor in prostate
cancer. Nat Commun. 2019;10(1):5494.

Gao S, Gao Y, He HH, Han D, Han W, Avery A, et al. Androgen receptor
tumor suppressor function is mediated by recruitment of retinoblastoma
protein. Cell Rep. 2016;17(4):966-76.

Markowski MC, Taplin M-E, Aggarwal R, Sena LA, Wang H, Qi H, et al.
Bipolar androgen therapy plus nivolumab for patients with metastatic
castration-resistant prostate cancer: the COMBAT phase Il trial. Nat Com-
mun. 2024;15(1):14.

Sato F, Kawamoto T, Fujimoto K, Noshiro M, Honda KK, Honma S, et al.
Functional analysis of the basic helix-loop-helix transcription factor
DECT in circadian regulation: Interaction with BMAL1. Eur J Biochem.
2004,271(22):4409-19.

Gréchez-Cassiau A, Panda S, Lacoche S, Teboul M, Azmi S, Laudet V, et al.
The transcriptional repressor STRA13 regulates a subset of peripheral
circadian outputs. J Biol Chem. 2004;279(2):1141-50.

Qian'Y, Zhang J, Yan B, Chen X. DEC1, a basic helix-loop-helix transcription
factor and a novel target gene of the p53 family, mediates p53-depend-
ent premature senescence. J Biol Chem. 2008;283(5):2896-905.
Zhao Y, Tindall DJ, Huang H. Modulation of androgen receptor by FOXA1
and FOXOT1 factors in prostate cancer. Int J Biol Sci. 2014;10(6):614.

Ma Q, Fu W, Li P, Nicosia SV, Jenster G, Zhang X, et al. FoxO1 mediates
PTEN suppression of androgen receptor N-and C-terminal interactions
and coactivator recruitment. Mol Endocrinol. 2009;23(2):213-25.

Sun G, Zhang J, Hu W. CCNG2 expression is downregulated in colorectal
carcinoma and its clinical significance. Tumor Biology. 2014;35:3339-46.
Le X-F, Arachchige-Don AS, Mao W, Horne MC, Bast RC Jr. Roles of
human epidermal growth factor receptor 2, c-jun NH2-terminal kinase,
phosphoinositide 3-kinase, and p70 S6 kinase pathways in regulation

of cyclin G2 expression in human breast cancer cells. Mol Cancer Ther.
2007,6(11):2843-57.

Sato F, Kohsaka A, Bhawal UK, Muragaki Y. Potential roles of Dec and
Bmall genes in interconnecting circadian clock and energy metabolism.
Int J Mol Sci. 2018;19(3):781.

Ye Y, Xiang Y, Ozguc FM, Kim Y, Liu C-J, Park PK, et al. The genomic
landscape and pharmacogenomic interactions of clock genes in cancer
chronotherapy. Cell syst. 2018;6(3):314-28.e2.

Linder S, Hoogstraat M, Stelloo S, Eickhoff N, Schuurman K, de Barros H,
et al. Drug-induced epigenomic plasticity reprograms circadian rhythm
regulation to drive prostate cancer toward androgen independence.
Cancer Discov. 2022;12(9):2074-97.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19



	The clock gene BHLHE40 and atypical CCNG2 control androgen-induced cellular senescence as a novel tumor suppressive pathway in prostate cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell culture and treatments
	Transfections of siRNA, shRNA-vector and overexpression of BHLHE40
	Senescence-associated beta galactosidase activity (SA-β-Gal) assays
	Growth assays
	mRNA isolation and qRT-PCR
	Protein isolation and Western blot
	Tumor spheroid generation, senescence activity staining and immunofluorescent assays
	Ex vivo prostatectomy sample treatment
	Mouse xenograft experiments
	RNA-Seq and data analysis
	Prediction of transcription factor binding site and identifying gene network connection
	Co-immunoprecipitation assays
	Protein–protein interaction modeling
	Statistical analysis

	Results
	SAL induces cellular senescence and BHLHE40 KD reduces it
	BHLHE40 KD induces phosphorylation of AKT and p70S6K
	BHLHE40 KD reduces cellular senescence of multicellular CRPC 3D tumor spheroid model
	Ex vivo SAL-treated prostatectomy samples and SAL-treated-CRPC mouse xenografts induce the expression of BHLHE40
	Transcriptome landscape of BHLHE40 and pathway analysis indicates a large overlap to androgen transcriptome
	CCNG2 KD decreases cellular senescence under the influence of SAL treatment
	BHLHE40 overexpression enhances cellular senescence in CSPC and CRPC
	Co-immunoprecipitation (Co-IP) assays revealed interaction between AR and BHLHE40 in both CSPC and CRPC cell lines

	Discussion
	Conclusions
	Acknowledgements
	References


