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Abstract

White button mushroom (WBM) (Agaricus bisporus) is a potential prostate cancer (PCa)
chemopreventative and therapeutic agent. Our clinical phase | trial of WBM powder in patients
with biochemically recurrent PCa indicated that WBM intake reduced the circulating levels of
prostate-specific antigen (PSA). We hypothesized that WBM exerts its effects on PCa through

the androgen receptor (AR) signaling axis. Therefore, we conducted a reverse translational study
with androgen-dependent PCa cell lines (LNCaP and VVCaP) and patient-derived-xenografts (PDX)
from a prostate tumor (TM00298). In both LNCaP and VCaP cells, western blots and gRT-PCR
assays indicated that WBM extract (6~30 mg/mL) suppressed DHT-induced PSA expression

and cell proliferation in a dose-dependent manner. Immunofluorescence analysis of AR revealed
that WBM extract interrupted the AR nuclear-cytoplasmic distribution. PSA promotor-luciferase
assay suggested that WBM extract inhibited DHT-induced luciferase activity. RNA-Seq on WBM-
treated LNCaP cells confirmed that WBM treatment suppressed the androgen response pathways
and cell-cycle control pathways. Our PDX showed that oral intake of WBM extract (200 mg/kg/
day) suppressed tumor growth and decreased PSA levels in both tumors and serum. In the

present study, we also identified a conjugated linoleic acid isomer (CLA-9Z11E) as a strong

AR antagonist by performing LanthaScreen™ TR-FRET AR Coactivator Interaction Assays. The
inhibitory effect of CLA-9Z11E (IC50: 350 nM) was nearly two times stronger than the known
AR antagonist, cyproterone acetate (IC50: 672 nM). The information gained from this study
improves the overall understanding of how WBM may contribute to the prevention and treatment
of PCa.
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1, Introduction

Prostate cancer (PCa) is the second most frequent cancer and the fifth leading cause of
cancer death in men worldwide [1]. Almost all PCas begin in an androgen-dependent state,
where androgens and androgen receptor (AR) signaling are the hallmarks of oncogenesis
and disease progression because they promote PCa cell proliferation and survival [2]. Thus,
for primary local treatment, androgen deprivation therapy (ADT) is usually used as the first
line of treatment [3]. This approach has been successful in achieving tumor regression

and reduction in the tumor marker, prostate specific antigen (PSA). Even with ADT,
approximately 35% of patients eventually develop a rise in PSA, and a smaller proportion
go on to develop metastatic disease. These recurrent cancers cannot be cured and since
treatment options are limited, ADT is continued in most cases [4]. However, the associated
side effects of ADT are potentially significant, and the benefits for asymptomatic patients
are unclear. For these patients, an intervention with minimal toxicities needs to be developed

[5].

Both epidemiological [6] and clinical studies [7, 8] suggest that fungi-derived molecules
may play a significant role in PCa prevention, reducing the risk of recurrence, and
therapy. In many cultures, fungi are used medicinally in traditional herbal medicine.
Several mushroom species have been shown to exhibit anticancer effects both in vitro
and /n vivo, including triggering cytostatic and/or cytotoxic effects in prostate, colon,

and breast cancer [9]. White button mushroom (WBM, Agaricus bisporus) is the most
common and budget-friendly, edible mushroom in North America. Our laboratory pioneered
the preclinical and clinical studies of WBM on both breast cancer and prostate cancer.

[7, 10~12]. We have shown that WBM extract significantly inhibits PCa cell growth by
inducing cytotoxicity both 7 vitroand in vivo [12]. Based on the preclinical observations,
our team at City of Hope conducted the first single-arm clinical phase I trial of WBM
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powder in 36 patients with biochemically recurrent PCa. In this trial, we evaluated the
feasibility, toxicity, and biological activity of prolonged therapy with WBM powder. Two
patients exhibited a complete response, with a reduction of PSA to undetectable levels,

and two other patients experienced partial clinical and PSA responses. Thirteen patients
had some reduction in PSA from the baseline. However, in the patients with a significant
or modest PSA reduction, serum testosterone levels remained in the non-castrated range.
PSA decrease was not correlated with changes in serum androgens, such as testosterone,
dihydrotestosterone (DHT), or dehydroepiandrosterone (DHEA). These findings indicated
that therapy with WBM appears to impact PSA levels without interfering with pre-receptor
steroidogenesis [7].

Serum PSA is a marker used to assist in the initial and recurrent diagnosis of PCa [13]. It
also serves as a surrogate endpoint marker for pharmacological strategies, such as ADT [14].
PSA is expressed and secreted by normal, hyperplastic, and cancerous prostatic epithelia.
PSA has been extensively studied as a model androgen-responsive gene because within the
enhancer and promoter region of the PSA gene, there are both strong consensus androgen-
responsive elements (AREs) and weak non-consensus ARES. The synergistic binding of
androgen-bound AR to those regions likely accounts for its typical and strong androgen-
dependent transactivation [15]. Thus, the consistently expressed and secreted PSA in PCa
reflects AR transcriptional activity in cancer cells. The decline in PSA levels, in response to
therapeutic agents, is caused either by tumor cell death or by decreasing AR-stimulated PSA
production in surviving tumor cells [16].

The objective of the present study was to investigate the mechanism of WBM extract on
PSA production in androgen-dependent tumor cells. We conducted this bedside-to-bench
reverse translational study to confirm our clinical trial observations at both the /n vitro

and /n vivo levels. Androgen-dependent PCa cell lines (LNCaP and VVCaP) [17] and a
patient-derived-xenograft (PDX) tumor with AR and PSA expression (TM00298) [18] were
used.

2, Materials and Methods

2.1 Production of Mushroom Extract

The mushroom extract was prepared via hot water extraction as previously described [12].
Briefly, 6 g of freeze-dried WBM powder was boiled in 1L hot water for 3 hours. The
broth was centrifuged at 3000 g for 30 minutes, twice, to collect the fraction of supernatant.
The liquid fraction was rotor-evaporated to dryness and then re-dissolved in 1 mL of hot
water to produce a 6X mushroom extract. Therefore, the concentration of 6X WBM extract
originated from 6 g dried WBM powder/mL (6 mg/uL). 60 g of fresh mushrooms can
generate 6 g of dried WBM powder.

2.2 Cell Culture and Chemical Regents

Androgen-dependent PCa cell lines (LNCaP and VVCaP), an androgen-independent PCa cell
line (PC3), and a human non-cancerous prostate cell line (RWPE-1) were obtained from the
American Type Culture Collection (ATCC). LNCaP, VCaP, and PC3 cells were maintained

J Nutr Biochem. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WANG et al.

Page 4

in ATCC-formulated Dulbecco's Modified Eagle's Medium/DMEM (ATCC, Rockville, MD)
with 10% fetal bovine serum (FBS, Omega Scientific, Tarzana, CA) and 1% penicillin/
streptomycin (Fisher Scientific, Chino, CA) at 37°C with 5% CO,. RWPE-1 was grown

in keratinocyte serum-free medium with bovine pituitary extract and human recombinant
epidermal growth factor (Fisher Scientific, Chino, CA) at 37°C with 5% CO». The genetic
integrity of these cell lines was confirmed by DNA fingerprinting short-tandem repeat (STR)
analysis at City of Hope’s Integrative Genomic Core.

For the /in vitro experiments, cells were grown in DMEM with 10% charcoal-dextran
stripped FBS (Omega Scientific, Tarzana, CA) with WBM extract or chemical reagents.
DHT (>99% pure, Sigma Aldrich, St. Louis, MO), enzalutamide (Enza) (Selleckchem,
Houston, TX), and conjugated (9Z,11E) linoleic acid (CLA-9Z11E) (Sigma Aldrich, St.
Louis, MO) were applied at the concentrations indicated in our studies as described below.

2.3 Cell Viability and Cell Proliferation Assay

Cells were cultured in hormone-deprived medium for two days and then seeded at 3x103
cells/100 uL in a 96-well plate. 24 hours post-seeding, the cells were treated with different
concentrations of mushroom extract (1 pL/mL~20 puL/mL) [12] or enzalutamide (5 uM)
supplied with or without 1 nM DHT, as seen in typical, physiological concentrations in
older men [19]. Cell viability was measured by CellTiter 96® AQueous MTS Reagent
(Promega, Madison, WI), which determined the reduction of the MTS tetrazolium
compound by metabolically active cells. Cell proliferation was measured by CyQuant NF
Cell Proliferation reagent (Thermo-Fisher, Grand Island, NY), which determined the cellular
DNA content.

2.4 Western Blot Analysis

Cells were treated as indicated conditions for 48h and harvested to extract total cellular
protein with RIPA Buffer (Abcam, Cambridge, MA). Protein concentration was quantified
by BCA Protein Assay Kit (Thermo-Fisher, Grand Island, NY) and resolved in 10%
SDS-PAGE, and then transferred onto a PVDF blotting membrane (Amersham Bioscience,
Marlborough, MA). Primary antibodies of AR (D6F11), PSA (D6B1), Bcl-2 (D55G8), Bcl-
xI (54H6), Bax (D2E11), Cleaved Caspase-3 (5A1E), GAPDH (14C10), Nucleolin (D4C70)
(Cell Signaling Technology, Danvers, MA), and HRP-conjugated secondary anti-rabbit
antibody (Sigma Aldrich, St. Louis, MO) were used at their recommended concentrations by
their respective manufacturers.

2.5 Quantitative Real-time PCR

Total RNA was extracted from cultured cells using the RNeasy Mini kit (QIAGEN,
Germantown, Maryland) and then used to synthesize complementary DNA (cCDNA)

with SuperScript IV VILO Master Mix (Thermo-Fisher, Grand Island, NY). gPCR was
performed using CFX Connect Real-Time System (Bio-Rad, Hercules, California) with
PerfeCTa SYBR Green FastMix (Quantabio, Beverly, Massachusetts). The primers used in
the gPCR were obtained from Primer Bank (https://pga.mgh.harvard.edu/primerbank). The
target gene messenger RNA (mRNA) level was normalized to GAPDH expression.
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2.6 Nuclear-cytoplasmic Separation

Cells were treated as indicated conditions for 48h. The cytoplasmic and nuclear fractions
were obtained using the Nuclear Extract Kit (Active Motif, Carlsbad, CA) according to the
manufacturer's protocol. The AR expression levels in cytoplasmic and nuclear fractions were
detected and quantified by western blot analysis.

2.7 Immunofluorescence Staining

Cells were grown on Lab-Tek® Chamber Slide (Sigma Aldrich, St. Louis, MO). After

the indicated treatment for 48h, cells were fixed in pre-chilled acetone/methanol (1:1) and
rehydrated with PBS. The slide was blocked with Antibody Diluent (Agilent, S302283-2),
then incubated with an anti-AR antibody (D6F11, Cell Signaling Technology, Danvers,
MA), followed by incubation with the secondary antibody Mach 2 Rabbit HRP-polymer
diluted 1:2 (Biocare Medical, RHRP520L) in Van Gogh Diluent (Biocare Medical,
PD902L). Tyramine Signal Amplification (TSA) fluorophores were used as the substrate to
the HRP-conjugated antibody (FP1497001KT, Perkin- Elmer, San Jose, California). Slides
were mounted using VECTASHIELD® Antifade Mounting Media with DAPI (Vector,
Burlingame, CA). Representative images were captured at 20X and 100X, with scale bar
of 100 um and 20 pum, respectively, on EVOS™ FL Auto Imaging System.

2.8 AR Reporter Luciferase Assay

The cells were transiently co-transfected with an androgen-dependent PSA promoter-firefly
luciferase reporter plasmid (50 ng) and pRL-TK-Luciferase plasmid (50 ng) using X-
tremeGENE™ HP DNA Transfection Reagent (Sigma Aldrich, St. Louis, MO). Then, they
were treated by indicated concentrations of WBM extract, enzalutamide, or CLA-9Z11E,
with or without DHT supplementation (1 nM). The Dual-Luciferase Assay Kit (Promega,
Madison, WI) was used to measure luciferase activity, which was read using a microplate
luminometer (Molecular Device, San Jose, CA). Readings were normalized to Renilla
luciferase activity by a pRL-TK-Luciferase plasmid. PSA promoter-firefly luciferase
reporter plasmid was obtained from Dr. Jeremy Jones at Beckman Research Institute of
City of Hope [20].

2.9 Androgen Receptor Coactivator Screen Assay

Through gas chromatography analysis, we previously identified a conjugated linoleic acid
isomer 97, 11E (CLA-9Z11E) as an active component in WBM extract (an average of
45.7% of the total fatty acid from WBM) [11] and showed that CLA-9Z11E inhibited
LNCaP cell proliferation in a dose-dependent manner [12]. To measure the potency of
CLA-9Z11E against AR, we conducted Thermo-Fisher LanthaScreen™ TR-FRET Nuclear
Receptor Coregulator Interaction Assays, which determined the ligand dose-dependency for
the recruitment of coregulator peptides to nuclear receptor. Ten-point titrations ranging from
5nM to 100 uM were applied to generate a dose-response curve in both the agonist and
antagonist models. A more detailed protocol can be found on the Thermo-Fisher website.
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2.10 Total PSA Measurement

Cell culture media and/or serum samples from animal experiments were collected to detect
total PSA concentration. Total PSA (human) ELISA kit (Enzo, Farmingdale, NY) was
applied according to the manufacturer’s protocol.

2.11 RNA-Seq and Data Analysis

LNCaP cells were treated by 1 nM DHT, with or without WBM extract (3 uL/mL), for
48h. Total RNA was extracted from three sets of treated cells using the RNeasy Mini kit
(QIAGEN, Germantown, Maryland). Total RNA extract was sequenced by the Integrative
Genomics Core at City of Hope. RNA-Seq raw data was submitted to Gene Expression
Omnibus (GEO) with a GEO accession number of GSE160723. Gene Set Enrichment
Analysis (GSEA) was used to process sequencing, map sequence reads, and analyze
systems-level pathways. KEGG-pathway was generated by Pathview Web [21]

To evaluate the androgen-responsive genes affected by mushroom treatment, the RNA-Seq
dataset derived from mushroom extract (3 uL/mL, 48h)-treated LNCaP cells was cross-
analyzed with the other two transcriptional datasets, which were generated from DHT (1
nM, 48h)-treated LNCaP cells [22] and enzalutamide (10 uM, 48h)-treated LNCaP cells
[23]. Datasets were downloaded from GEO. The overlapping genes from these three datasets
were displayed using a Venn diagram from Venny 2-1-

2.12 Animal Experiments

PCa patient-derived xenograft/PDX tumor (TM00298) (The Jackson Laboratory
Sacramento, CA) was a primary prostatic adenocarcinoma from a 71-year old patient,
which was characterized as an androgen-responsive tumor by strong AR expression

and enzalutamide responsiveness [18]. Tumor fragments (3 mm?3) were subcutaneously
implanted into 6~8-week-old recipient NSG male intact mice (average body weight of 30
g). Tumor volumes averaged 400 mm3 after 30 days. The mice were randomly divided
into 3 groups (2 mice in control (Ctrl), 2 mice in enzalutamide (Enza), and 5 mice in

6X mushroom (WBM)) with indicated treatments for 6 days. The Ctrl group was gavaged
with 100 puL PBS with 1% carboxymethyl cellulose daily, while the other two groups were
gavaged with 300 pug/mice/day enzalutamide (at a dose of 10 mg/kg) or 6 mg/mice/day 6X
mushroom extract (at a dose of 200 mg/kg/day) in 100 uL PBS with 1% carboxymethyl
cellulose, respectively. Tumor volume was recorded daily. Body weight was monitored
daily as an indicator of the mice's overall health. At the end of 6 days of treatment,

mice were euthanized and their blood samples were collected. Xenograft tumors were
removed, weighed, and stored for RNA extraction or histological analysis. Liver, kidney, and
reproductive organs (prostate gland and testes) were also collected to assess target organ
toxicity.

Eight-week-old male intact C57BL mice (The Jackson Laboratory, Sacramento, CA) were
used for the evaluation of WBM-mediated toxicity /n vivo. The mice were randomly divided
into 3 groups (3 mice in Ctrl, 3 mice in Enza, and 4 mice in WBM) with the same treatments
as performed on the PDX tumor-implanted NSG mice. The analyses included body/organ
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weight measurements, histological analyses of the prostate glands, and quantification of
hepatotoxic/nephrotoxic markers, as well as a skeletal muscle marker.

2.13 Immunohistochemistry and Histopathological Analysis

Hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) on formalin-fixed
tumor tissues were performed by the Pathology Core at City of Hope. Antibodies used in
IHC included: AR (SP107, Sigma-Aldrich), PSA (M0750, DAKO), p63 (M7317, DAKO),
and Ki-67 (MIB-1, DAKO). Slides were reviewed first at 10X magnification to identify
areas of positive staining, followed by confirmation and quantification at 20X magnification.
IHC staining was scored by QuPath software (version 0.2). The immunoreactivity of AR
was reported as H score (0~300) by combining the nuclear proportion score (percentage of
positive cells) and the intensity of staining (none/0, mild/1, moderate/2, and strong/3). Ki67
and PSA were reported by their percentage of positive cells. Representative images were
acquired at magnifications of 10X, 20X, and 40X with scale bar of 400 um, 200 um, and 100
um, respectively, using an Olympus BX46 microscope with a DP27 camera.

2.14 Statistical Methods and Data Analysis

Results are shown as meanszstandard deviation (SD). All statistical analyses were
performed using GraphPad Prism software (version 8.0). The significance of the differences
between mean values was determined by multiple Student's £tests. P-values <0.05 (*
p<0.05, **p<0.01, ***p<0.001) were considered statistically significant and all tests were
two-tailed. Benjamini and Hochberg’s method was used to compute the adjusted p-value and
control the false discovery rate (FDR) for RNA-Seq analysis.

3. Results

3.1 WBM Extract Decreases AR Expression and PSA Production in Androgen-dependent

PCa Cells

The objective of the present study was to investigate the mechanism of WBM extract on
AR-dependent PSA production in viable tumor cells. Our previous study reported that WBM
extract induced apoptosis in PCa cells (LNCaP and PC3) at a concentration of 20 uL/mL
[12]. Thus, we performed a cell viability assay and checked for apoptosis markers on
LNCaP, VCaP, PC3, and RWPE-1 cells at varying concentrations of WBM extract (1~20
uL/mL) for 48h, with or without DHT supplementation (1 nM). The results showed that
at a high concentration (20 uL/mL), WBM exhibited a cytotoxic effect on all PCa cell
lines, except for the human non-cancerous prostate cell line (RWPE-1) (Supplementary
Figure 1A and 1B). However, at low concentrations (1~5 pL/mL), androgen-dependent
PCa cell lines (LNCaP and VVCaP) were more sensitive to WBM when DHT was present
(Supplementary Figure 1A). The western blot from LNCaP cells further indicated that

in the presence of DHT and at a concentration of 10 uL/mL of WBM, anti-apoptotic
markers (Bcl-2/XL) significantly decreased and, the pro-apoptotic marker (Bax) and
cleaved-caspases 3 increased. (Supplementary Figure 1C). We interpreted that WBM
exhibited mild cytotoxicity at a low dose (1~5 uL/mL) in androgen-responsive PCa cells.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 01.
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LNCaP and VVCaP cells were then treated with WBM extract (1~5 uL/mL) or enzalutamide
(5 UM) in the presence of DHT (1 nM). The results showed that WBM extract induced a
dose-dependent, anti-proliferative effect by decreasing cellular DNA content (Figures 1A
and 1B) and secreted PSA levels (Figures 1C and 1D). The latter results were confirmed

at the protein level by western blot (Figures 1E and 1F) and at the gene expression level

by gRT-PCR (Figures 1G and 1H). The cellular level of AR (MRNA and protein) was also
evaluated in both cell lines under WBM treatment. The results indicated that the cellular
level of AR was reduced in both LNCaP cells (Figures 1E and 1G) and VVCaP cells, with a
stronger effect in VCaP cells (Figures 1F and 1H).

3.2 WBM Extract Interrupts AR Nuclear-cytoplasmic Distribution and Transactivation in
Androgen-dependent PCa Cells

Nuclear-cytoplasmic relocation is an important prerequisite for activated AR to enter

the nucleus and bind to multiple AREs [24]. Thus, the effect of WBM on AR nuclear-
cytoplasmic distribution was assessed by immunofluorescence. As shown in Figure 2A
(LNCaP) and Figure 2B (VCaP), AR was found predominantly in the nucleus of DHT-
treated cells. While on the contrary, in the absence of DHT, the majority of AR was present
in the cytosol of the cells [24]. However, when cells were treated with both DHT and
WBM extract, the nuclear localization of AR was reduced in a dose-responsive manner.
Enzalutamide, an AR antagonist which is known to inhibit DHT binding to the AR, nuclear
translocation of the AR, DNA binding, and coactivator recruitment [25], was used as a
reference control (Figures 2A and 2B).

To confirm the above patterns of the subcellular distribution of the AR, the nuclear and
cytoplasmic fractions of LNCaP (Figure 2C) and VVCaP (Figure 2E) cells were analyzed
by western blot. WBM treatment resulted in a reduction of AR protein both in the nuclear
and cytoplasmic fractions for both cell lines. However, AR levels in the nuclear fractions
decreased more than those in the cytoplasmic fractions following WBM treatment. These
results agree with the observations made by immunofluorescence staining.

Relocation of AR into the nucleus leads to transactivation via AREs. To examine the effect
of WBM on DHT-induced AR transactivation [26], LNCaP (Figure 2D) and VVCaP (Figure
2F) cells were transfected with PSA promotor-luciferase reporter plasmid which contained
AREs in the promoter region. While DHT (1 nM), alone, significantly induced luciferase
activity, such induction was inhibited by WBM extract in a dose-dependent manner,
suggesting that WBM extract inhibited DHT-induced AR transactivation. As a reference
control, the luciferase activity did not change when we performed an ARE reporter assay
on LNCaP and VCaP cells with WBM alone (without DHT supplement) (Supplementary
Figure 2A and 2B). This confirmed that treatment of WBM extract alone does not affect
the luciferase activity and that the chemical(s) in WBM extract behave as AR antagonist(s).
With these findings, we conclude that WBM extract treatment interrupts AR expression,
nuclear-cytoplasmic distribution, and transactivation in androgen-dependent PCa cells.

J Nutr Biochem. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WANG et al. Page 9

3.3 WBM Extract Suppresses the Expression of AR Responsive Genes

To confirm the antagonistic effects of WBM extract on AR signaling, LNCaP cells were
treated with 1 nM DHT, with or without WBM extract (3 uL/mL), for 48h in triplicates,
and total RNA was isolated and sequenced (Supplementary Figure 3A). There were 155 up-
regulated genes (Fold-change = 2, p<0.05) versus 185 down-regulated genes (Fold-change
< 0.5, p<0.05). The clustering of differentially expressed genes was visualized using a

heat map (Figure 3A). Among them, KL K3 (the gene encode PSA) was ranked as the

most down-regulated gene (down-regulated 2.6 folds by WBM extract versus without
WBM extract) (Supplementary Figure 3B). To identify the key pathways related to WBM
treatment, GSEA-Hallmarks analysis was performed on the differentially expressed genes.
As shown in Figure 3B, the most significantly down-regulated pathways were related to
androgen response and cell proliferation (hallmarks of E2F target, G2M checkpoint, and
mitotic spindle formation). Such observations were cross-validated by the GSEA-KEGG
analysis. As shown in Supplementary Figure 3C, WBM treatment suppressed cell cycle
division genes including: cyclins, cell division cycles, origin recognition complex (ORC),
and mini-chromosome maintenance (MCM). On the other hand, WBM up-regulated genes
were associated with the P53 pathway, apoptosis, xenobiotic metabolism, as well as immune
function regulated pathways, such as reactive oxygen species and TNFa-NFxB pathway
(Figure 3B).

We further evaluated these regulated genes by performing a Venn Diagram Analysis that
showed the overlapping genes in WBM-treated LNCaP (3 uL/mL WBM with 1 nM DHT,
48h), DHT-treated LNCaP (1 nM DHT, 48h, GSE11428), and enzalutamide-treated LNCaP
(10 uM enzalutamide with 1 nM DHT, 48h, GSE110905) (Figure 3C). As shown in Figure
3D, there were 39 common genes among the 3 datasets. The GSEA-Hallmark analysis on
those genes indicated that the most significant hallmarks were cell-cycle control pathways
and androgen response pathways. To validate the RNA-Seq results generated from LNCaP
cells treated with WBM, the expression levels of several androgen-regulated genes (from
the 39 common genes in Figure 3D; PSA, CCNAZ, CCNBZ2, CCND1, CCNEZ, TOP2) were
measured in LNCaP and VVCaP cells (Figure 3E and F) by qRT-PCR. Those genes were
effectively down-regulated in the presence of WBM extract.

3.4 CLA-9Z11E in WBM Extract Inhibits AR Coactivator Interaction and PSA Expression

We previously identified CLA-9Z11E as an active component in WBM extract [11].

It inhibited LNCaP cell proliferation in a dose-dependent manner [12]. Thermo-Fisher
LanthaScreen™ TR-FRET Nuclear Receptor Coregulator Interaction Assays revealed

that CLA-9Z11E exerted a strong antagonist potency against the recruitment of an AR
coactivator peptide to the AR (Figure 4A). The inhibitory effect of CLA-9Z11E (IC50:
350 nM) was nearly two times stronger than the known AR antagonist, cyproterone acetate
(IC50: 672 nM). CLA-9Z11E did not exhibit AR agonist activity (Figure 4B).

To confirm the antagonist potency of CLA-9Z11E to attenuate DHT-induced transcriptional
activity of the AR, a PSA promotor-luciferase reporter assay was performed. PSA promotor-
luciferase reporter plasmid was transfected into LNCaP (Figure 4C) and VCaP (Figure 4D)
cells, followed by treatment with different concentrations of CLA-9Z11E (10~500 uM).

J Nutr Biochem. Author manuscript; available in PMC 2022 March 01.
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The DHT-induced luciferase activity was interrupted by CLA-9Z11E in a dose-dependent
manner. The inhibitory effects of CLA-9Z11E on AR and PSA expression were measured in
both LNCaP (Figure 4E) and VVCaP (Figure 4F) cells using qRT-PCR. The mRNA of PSA
was repressed in the presence of CLA-9Z11E, further confirming the antagonist potency

of CLA-9Z11E to attenuate DHT-induced PSA expression, while the levels of AR mRNA
were maintained. These results indicate that CLA-9Z11E is an active molecule that can
down-regulate AR activity. Considering the hydrophobic property of CLA-9Z11E, higher
concentrations of CLA-9Z11E were needed in cell culture studies than in the direct binding
assays using AR protein (Figure 4A).

3.5 WBM Extract Suppresses PDX Tumor Growth and PSA Expression

Our in vitro studies suggested that WBM affects the AR signaling axis. TM00298 is a PDX
model characterized as an androgen-responsive tumor by strong expression of AR, PSA,
and responsiveness to enzalutamide [18]. We used this mouse model to examine the effects
of WBM extract (Figure 5A). We observed the trend that oral intake of WBM extract or
enzalutamide suppressed tumor growth (Figure 5B) and weight (Figure 5C), as compared
to our control. Serum PSA declined in WBM or enzalutamide-treated mice (Figure 5E).
This observation was further confirmed at the PSA protein level by IHC (Figure 5D) and
at the gene expression level by gRT-PCR (Figure 5F). However, AR expression (H-Score)
in tumors was not affected by WBM (Figures 5D and 5F). We learned from the in vitro
studies that WBM also exerts anti-proliferative potency. The expression of Ki67 and DNA
topoisomerase 2a (TOP2A), an enzyme that controls the topologic states of DNA during
transcription, was strongly suppressed by WBM or enzalutamide. (Figure 5D and 5F).

More importantly, the weight of the prostate gland under WBM treatment slightly decreased
when compared to the prostate glands in either the control or enzalutamide-treated mice
(Figure 5G). A follow-up histological study indicated that WBM treatment induced prostatic
acinar atrophy by reducing the size and number of AR-positive complex acini in the anterior
region of the prostate gland (Figure 5H). The complex acini were composed of columnar
epithelial cells and displayed typical cribriform or papillary partners in the anterior part

of a normal prostate gland [27]. When we evaluated the WBM treatment-induced prostate
glandular atrophy in C57BL mice, we observed a similar histological change, as seen
previously in the NSG mice (Supplementary Figure 5A). In benign human prostate glands,
enzalutamide has been reported to induce glandular atrophy with ruptured atrophic acini,
and prominent basal cells, after long-term exposure [28]. Such observations were also
reported in rat, dog, and mice under long-term (4~16 weeks) enzalutamide intake [29].

Our findings on mushroom extract, in conjunction with other researchers on enzalutamide,
support that the /n vivo activity of mushroom chemicals resembles enzalutamide. In
addition, we evaluated the basal cells (p63*) in the atrophic glands of C57BL mice by IHC.
Due to the acinar atrophy, we observed an overall decrease in the number of p63 positive
basal cells. Although this reduction does not define atrophic changes, it provides insight on
the compositional changes within the complex acini. (Supplementary Figure 5B).

The body weights and major organs’ weights (liver, kidney, testes) (Supplementary Figure
4A~D) did not change in WBM-treated NSG mice. To further determine whether the intake
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of mushroom extract causes severe organ toxicity, we performed additional experiments
using C57BL mice with WBM treatment, identical to the experiments on NSG mice.

Our results indicated that WBM extract did not exert generalized organ toxicity. As

shown in Supplementary Figure 4E~F, overall body weight and skeletal muscle weight
did not change upon WBM or enzalutamide treatment for 12 days in C57BL mice.

We isolated the skeletal muscle from C57BL mice and checked the expression level

of insulin growth factor-1 (IGF1), an AR targeting gene that regulates skeletal muscle
growth [30]. Enzalutamide suppressed IGF1 expression in skeletal muscle, while WBM
displayed mild suppression on IGF1 (Supplementary Figure 4G). We collected fresh livers
and kidneys and checked for hepatotoxic markers (aspartate aminotransferase/AST and
alanine aminotransferase/ALT) [31] and nephrotoxic markers (kidney injury molecule-1/
KIM-1) [32] by gRT-PCR. As shown in Supplementary Figure 4H, the results revealed
that WBM did not exhibit hepatotoxicity and nephrotoxicity. Our previous clinical phase

| trial, that evaluated the potential toxicity of WBM in humans, revealed minimal side
effects that included hepatotoxicity and muscle pain, most of which were limited to grade 1
classification [7].

4. Discussion

Our clinical phase | trial indicated that in patients with biochemically recurrent PCa, intake
of WBM affects PSA levels without correlation to the levels of circulating androgens

[7]. We hypothesized that WBM extract and its active molecules therein act on PSA
expression through the AR signaling axis. In this reverse translational study, we used
androgen-dependent PCa cell lines, LNCaP and VVCaP, as /n vitro models, which express AR
and PSA, both at the mRNA and protein levels [17]. Meanwhile, the TM00298 PDX was
used as an /n vivo model [18], which has a strong expression on the AR signaling pathway
and clinical reflection. Traditionally, preclinical PCa /n vivo models were generated by cell
line-derived xenografts [33]. Recently, PDX models are the replacements for overcoming
limitations associated with cell lines and for obtaining a more accurate reflection of clinical
responses in patients [34]. Enzalutamide is used to treat PCa and acts by inhibiting AR
signaling at multiple steps in the pathway [25]. Thus, enzalutamide was used in our
experiments as a reference control for the responsiveness of AR signaling. The decline

in PSA levels in response to therapeutic agents is caused either by tumor cell death or by
decreasing AR-stimulated PSA production in surviving tumor cells [16]. The objective of
the present study was to investigate the mechanism of WBM extract on AR-induced PSA
production in viable tumor cells.

Our previous study has reported that WBM extract induced DNA fragmentation and
apoptosis in PCa cells (LNCaP and PC3) at a high concentration [12]. We learned that

the decline in PSA levels in response to therapeutic agents was caused either by tumor
cell death or by decreasing AR-stimulated PSA production in surviving tumor cells [14,
16]. One objective of the present study was to investigate the mechanism of WBM extract
on AR-induced PSA production in viable tumor cells. To determine the dose range of
WBM for the /n vitro study, we performed a MTS cell viability assay and checked for
apoptosis markers. As shown in Supplementary Figure 1A and B, for androgen-dependent
PCa Cells (LNCaP and VVCaP), cell viability started to decline at 5 uL/mL in the
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presence of DHT. The western blot from LNCaP cells (Supplementary Figure 1C) also
indicated that in the presence of DHT and at a concentration of 10 uL/mL of WBM,
anti-apoptotic markers (Bcl-2/XL) significantly decreased and, the pro-apoptotic marker
(Bax) and cleaved-caspases 3 increased. Therefore, our /n vitro experiments were performed
at a low concentration (1~5 pL/mL) such that WBM displayed mild apoptotic effects on the
androgen-dependent PCa cells.

The present study also demonstrated that WBM induced a dose-dependent, anti-proliferative
effect at a low concentration range (1~5 pL/mL) that maintained viable cells (Figure 1A and
B). Results from RNA-Seq further supported the anti-proliferative phenotype that the most
significantly down-regulated pathways by WBM were related to cell proliferation and cell
cycle division (hallmarks of E2F target, G2M checkpoint, and mitotic spindle formation).
The transcription of key genes related to cell cycle division and DNA replication, named as
CCNAZ, CCNB2, CCND1, CCNEZ, TOPZ, were measured by gRT-PCR in both LNCaP
and VCaP cells (Figure 3). /n vivo studies with our PDX model also illustrated that

oral intake of WBM extract suppressed tumor growth by inhibiting cell proliferation, as
measured by Ki67 with IHC and 7OPZ2gene expression by gRT-PCR. AR acts as a master
regulator of cell cycle transition by directly controlling multiple gatekeepers in G1-S and
G2-M phases [35]. Androgen directly induces the expression of cyclin D via Rb-E2F

axis in early G1 events [36] and regulates the assembly of the pre-replication complex
(pre-RC) by origin recognition complex (ORC), cell division cycle 6 homolog (Cdc6),

and minichromosome maintenance (MCM) in the middle G1 phase [37]. Thus, acting as

a licensing factor for DNA replication in the S phase [38]. In contrast to D-type cyclins,
cyclin E, cyclin A, and cyclin B were also regulated by AR, which triggered mitotic exit
and completion of the cell cycle [39]. Interestingly, as shown in Supplementary Figure 3C,
WBM suppressed cell cycle division genes including different types of cyclins, cell division
cycles, ORC, and MCM. Collectively, these results confirm that WBM extract affects PCa
by interrupting AR-dependent cell cycle division and DNA replication. Moreover, research
has discovered that cell cycle feedback may regulate AR activity, either at the transcriptional
or post-transcriptional level, because the AR locus is under Rb/E2F1 control. Suppression
of E2F1 would lead to the deregulation of AR expression [35, 39]. Such regulation may
explain our observation that WBM extract suppressed AR expression at the transcriptional
levels in VCaP cells (Figure 1H). Indeed, the AR level in VVCaP is higher than in other PCa
cell lines, including LNCaP. Therefore, VCaP cells may respond more sensitively towards
anti-androgen agents than other cell lines [40].

We previously identified CLA-9Z11E by gas chromatography analysis as an active
component in WBM extract [11] and showed that CLA-9Z11E inhibited LNCaP cell
proliferation in a dose-dependent manner [12]. Others have also reported in LNCaP cells
that CLA-9Z11E exhibited potent anti-androgenic effects by suppressing PSA expression
[41]. In the present study, we extended these studies by performing LanthaScreen™ TR-
FRET AR Coactivator Interaction Assays for a direct interaction of CLA-9Z11E with

AR. TR-FRET-based assays were developed using the LanthaScreen™ panel of fluorescein-
labeled coregulator peptides to investigate conformational changes of AR upon ligand
binding, either by determining the affinity of the ligand-bound receptor for different
coregulator peptides or by identifying additional agonists or antagonists via displacement
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or recruitment of a specific coregulator peptide [42]. We report here that CLA-9Z11E exerts
a strong antagonist potency against AR coactivator via direct protein-protein interaction
assay (Figure 4). Even though the IC50 of CLA-9Z11E towards AR-coactivator interaction
was determined to be as low as 350 nM, the biological effective dose in cells was as

high as 100 uM [12, 41]. Cellular intake and transport of long-chain fatty acids across
cellular membranes do not occur by simple diffusion, but rather by membrane protein
associated translocases. Thus, it may require a high supply concentration to reach the
desired intracellular aqueous concentration [43]. CLA has shown various health-promoting
benefits including anti-oxidation, anti-inflammation, anti-carcinogenesis, et al [44]. Some
CLA isomers have been identified to exert anti-cancer potency such as CLA-9Z11E and
CLA-10E12Z [45, 46]. To our best knowledge, this is the first direct biochemical evidence
of CLA-9Z11E that demonstrates its antagonist potency against AR. We further confirmed
the antagonist potency of CLA-9Z11E by AR reporter luciferase assay and PSA expression
by gRT-PCR; all those results support that CLA-9Z11E can act as an AR antagonist.
However, in considering that WBM extract is a mixture of multiple components, we cannot
rule out the possibility that additional chemicals beside CLA-9Z11E in WBM extract may
potentially deregulate AR activity at different levels.

For the /in vivo study, we fed 6X WBM extract at a dose of the extract originating from 200
mg WBM powder/kg/day (average body weight of mice is 30 g, equal to 6 mg/mice/day).
The 6X WBM extract was originated from 6 g freeze-dried WBM powder in 1mL water
(6mg/uL). Oral intake of WBM extract (200 mg/kg/day) significantly suppressed the growth
of the PDX tumor, with declined levels of serum and tissue PSA. The expression of Ki67
and DNA topoisomerase 2a (TOP2A) was also strongly suppressed by WBM (Figure 5).
For adult men with an average body weight of 80 kg, the estimated daily WBM powder
intake would be 16 g/day. In our clinical phase I trial, we examined 6 dosages of WBM
powder pellet, beginning with 4 g/d to 14 g/d [11].

In terms of the concentration of CLA-9Z11E in WBM extract, our previous study, via
GS-MS analysis, identified CLA-9Z11E in active WBM fractions as an average of 45.7% of
total fatty acid [12]. The inhibitory concentration of CLA-9Z11E on AR activity in LNCaP
and VCaP cells is above 100 uM, equal to 28.045 mg/L (MW of CLA-9Z11E is 280.45
g/M). It has been estimated that the lipid content in WBM is 0.34 g/100 g [47], equal to 2 ug
lipid content/6 mg powder (generated from 60 mg WBM). For the /n vitro study, 1 pL/mL
of 6X WBM extract contains 6 mg of dry WBM. Therefore, an extract from 6 mg dry WBM
powder was used in our /n vitro experiment. While it is difficult to directly quantify how
much CLA-9Z11E is present in 2 pg of lipid, we can assume that its level would be much
lower than 28 pug. Such analysis suggests that additional chemicals in WBM can suppress
AR activity, and that they have yet to be defined.

In conclusion, through carefully designed /in vitro and in vivo experiments, we showed that
WBM intake affects PCa by interfering with the AR signaling axis. We also showed the
antagonistic effect of the WBM component, CLA-9Z11E. The information gained from this
study improves the overall understanding of how WBM may contribute to the prevention
and treatment of PCa and serves as an important scientific basis for a phase 2 clinical trial
using WBM on PCa.
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AR androgen receptor

ADT androgen deprivation therapy
ARE androgen response element
ATCC American Type Culture Collection
CCNA2 Cyclin A2

CCNB2 Cyclin B2

CCND1 Cyclin D1

CCNE2 Cyclin E2

CLA-9Z711E conjugated (92, 11E)-linoleic acid
Ctrl control

DHT dihydrotestosterone

DHEA dehydroepiandrosterone

DMEM Dulbecco's Modified Eagle's Medium
Enza enzalutamide

FDR false discovery rate

H&E hematoxylin and eosin

IHC immunohistochemistry

IF immunofluorescence

GEO Gene Expression Omnibus

GSEA Gene Set Enrichment Analysis
KEGG Kyoto Encyclopedia of Genes and Genomes
MCM mini-chromosome maintenance
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ORC origin recognition complex
PCa Prostate Cancer

PSA prostate-specific antigens
PDXs patient-derived xenografts
RNA-Seq RNA Sequencing

STR short-tandem repeat
TOP2A DNA topoisomerase 2a
WBM white button mushroom
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Highlights
. White button mushroom (WBM) extract inhibits androgen receptor (AR)
activity
. WBM extract suppresses androgen responsive genes’ expression and

androgen dependent cell cycle progression

. WBM intake suppresses AR positive patient derived xenograft (PDX)
prostatic tumor growth in mice

. Conjugated-Linoleic Acid isomer (CLA-9Z11E) is an active component in
WBM that acts as an AR antagonist
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Figure 1. WBM extract causes a dose-dependent decrease in cell proliferation, cellular AR, and
PSA levels.

Cells were treated with the mushroom extract (WBM, 1 pL/mL~5 uL/mL) or enzalutamide
(Enza, 5 pM) supplied with 1 nM DH for 12~48h. The proliferation of A) LNCaP and

B) VCaP cells was measured by the CyQuant NF Cell Proliferation reagent. The PSA
production in the culture medium of C) LNCaP and D) VCaP cells was detected by PSA
(human) ELISA kit. Total protein of AR and PSA in E) LNCaP and F) VCaP cells was
detected by western blot, and mRNA of AR and PSA in G) LNCaP and H) VCaP cells

was quantified by gRT-PCR. The results are mean + standard deviation of three independent
experiments, p values were determined by multiple Student’s #tests. *p<0.05, **p<0.01,
***n<0.001. ns. No significant difference.
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Figure 2. WBM extract interrupts AR expression, AR nuclear-cytoplasmic distribution, and
transactivation.

Cells were treated with the mushroom extract (WBM, 1 pL/mL~5 puL/mL) or enzalutamide
(Enza, 5 uM) supplied with 1 nM DHT for 48h. The AR cellular localization in A) LNCaP
and B) VCaP cells was determined by immunofluorescence staining. Magnification at 20X
and 100X with a scale bar of 100 um and 20 pm, respectively. The protein amount of AR
in the cytoplasmic and nuclear fractions of C) LNCaP and E) VCaP cells was determined
by western blot. GAPDH and nucleolin were used as the cytoplasmic and nuclear loading
controls, respectively. The AR reporter activity in D) LNCaP and F) VCaP cells was
determined by PSA promoter-Luciferase assay. **p<0.01. ns. No significant difference.
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Figure 3. WBM extract suppresses the expression of AR responsive genes.
LNCaP cells were treated with 1 nM DHT, with or without 6X mushroom extract (3 pL/

mL), for 48h. Total RNA was sequenced. A) Significant regulated genes between Ctrl (1
nM DHT, 3 samples) versus Treatment (1 nM DHT and WBM extract, 3 samples) were
demonstrated by a heat map. There were 155 up-regulated genes (Cluster A, Fold-change
> 2, p<0.05) versus 185 down-regulated genes (Cluster B, Fold-change < 0.5, p<0.05).

B) Identification of pathways was analyzed by Gene Set Enrichment Analysis (GSEA)
with hallmarks of datasets. False discovery rate (FDR) was <0.01, Number of significant
genes (NES) >40. C) Three RNA-Seq datasets derived from LNCaP cells with treatments
of mushroom extract (3 pL/mL WBM with 1 nM DHT, 48h), enzalutamide (10 uM Enza
with 1 nM DHT, 48h,) and DHT (1 nM DHT, 48h) were applied to enrich AR responsive
genes. D) Venn Diagram Analysis demonstrated the distribution of the number of genes in
three datasets. There were 39 common genes among 3 datasets. Top 5 GSEA-Hallmarks of
39 genes (p<0.05, FDR<0.25). Key Genes involved in Top5 hallmarks were quantified by
gRT-PCR in LNCaP E) and VVCaP F) cells.
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Figure 4. CLA-9Z11E inhibits AR coactivator interaction and PSA expression.
AR Coactivator Interaction Assay in A) antagonist and B) agonist models were performed to

test the ability of CLA-9Z11E to affect coactivator peptide recruitment and binding to AR.
Cyproterone acetate (IC50: 672 nM) was used as a positive control for the antagonist assay
and R1881, a synthetic AR agonist, was used for the agonist assay. Data are expressed as
mean + standard deviation of duplicate assays. LNCaP and VVCaP cells were treated by 1 nM
DHT with CLA-9Z11E (10 uM~500 uM) for 48h. AR reporter activity in C) LNCaP and D)
VCaP cells was determined by PSA promoter-luciferase assay. The mRNA levels of AR and
PSA in E) LNCaP and F) VCaP cells was quantified by gRT-PCR. The results are expressed
as mean + standard deviation of three independent experiments, p values were determined
by multiple Student's t-tests. *p<0.05, **p<0.01, ***p<0.001. ns. No significant difference.
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Figure 5. Intake of WBM extract suppresses PDX tumor growth and PSA expression.
A) Male 678-week-old NSG mice bearing PCa PDX fragments were gavaged with WBM

extract (6 mg/mice/day, 5 mice in WBM group), enzalutamide (300 ug/mice/day, 2 mice in
Enza group) or PBS (2 mice in Ctrl group) for 6 days. B) The tumor volume in mm3 is
represented by individual values in each group by different colors. C) Tumor xenografts in
each group are illustrated and tumor weights are represented by individual values in each
group by different colors. D) Hematoxylin and eosin (H&E) and immunohistochemistry
(IHC) staining of AR, PSA, and Ki67 on formalin-fixed tumor tissues in each group.

The IHC staining was scored (upper panel) by the QuPath software (version 0.2).
Immunoreactivity of AR was reported as H score (upper left panel). Ki67 and PSA were
reported by their percentage of positive cells (upper right panels). Scale bar of representative
images is 40X by 100 um. E) The mRNA level of AR, PSA, and TOPZin tumor fragments
of each group was quantified by gRT-PCR. F) The PSA concentrations in serum were
detected by PSA (human) ELISA kit. G) The prostate gland weight in each group is
presented as a mediantstandard error for the mean. H) Hematoxylin and eosin (H&E) and
immunohistochemistry (IHC) of AR staining on the formalin-fixed prostate gland in each
group. The AR-positive complex acini in anterior prostate gland are shown. Scale bar for
10X and 40X, with scale bar of 400 um and 100 pum, respectively. p values were determined
by multiple Student's t-tests. *p<0.05, **p<0.01, ***p<0.001. ns. No significant difference.
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