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The novel indomethacin derivative CZ-212-3 exerts antitumor
effects on castration-resistant prostate cancer by degrading
androgen receptor and its variants
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Androgen receptor (AR) serves as a main therapeutic target for prostate cancer (PCa). However, resistance to anti-androgen therapy
(SAT) inevitably occurs. Indomethacin is a nonsteroidal anti-inflammatory drug that exhibits activity against prostate cancer.
Recently, we designed and synthesized a series of new indomethacin derivatives (CZ compounds) via Pd (ll)-catalyzed synthesis of
substituted N-benzoylindole. In this study, we evaluated the antitumor effect of these novel indomethacin derivatives in castration-
resistant prostate cancer (CRPC). Upon employing CCK-8 cell viability assays and colony formation assays, we found that these
derivatives had high efficacy against CRPC tumor growth in vitro. Among these derivatives, CZ-212-3 exhibited the most potent
efficacy against CRPC cell survival and on apoptosis induction. Mechanistically, CZ-212-3 significantly suppressed the expression of
AR target gene networks by degrading AR and its variants. Consistently, CZ-212-3 significantly inhibited tumor growth in CRPC cell
line-based xenograft and PDX models in vivo. Taken together, the data show that the indomethacin derivative CZ-212-3
significantly inhibited CRPC tumor growth by degrading AR and its variants and could be a promising agent for CRPC therapy.
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INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer-
related death and the most common malignancy among men
globally [1, 2]. The main clinically approved therapeutic options
include surgery, radiation, androgen deprivation therapy (ADT),
androgen receptor (AR)-targeted therapy and chemotherapy/
immunotherapy [3]. After exposure to ADT, most PCa tumors
inevitably develop into castrated-resistant prostate cancer (CRPC)
[4-7], a deadly form of the disease. Two recently approved
second-generation AR-targeting drugs, enzalutamide (ENZ) and
abiraterone acetate (ABI), represent breakthroughs in CRPC
treatment and show benefit in some patients [8]. Although
initially effective, most tumors develop resistance to these drugs
and progress to incurable diseases [9]. Therefore, there is an
urgent need to explore new therapeutic strategies and develop
specific agents for CRPC treatment.

Since AR plays a pivotal role in CRPC tumor growth and
progression, current therapeutics mostly target the androgen-AR
axis by either inhibiting AR activation (e.g., ENZ) or blocking
androgen production (e.g., ABI). Numerous studies have demon-
strated that de novo and acquired resistance are mainly caused by

the generation of active AR mutations and variants [10]. Most AR
variants are constitutively active and not responsive to anti-
androgen therapies due to the lack of a functional ligand binding
domain (LBD) [10, 11]. Therefore, agents against the AR LBD
cannot fundamentally address the aforementioned therapeutic
resistance, and developing agents to degrade AR and its variants
may be an ideal strategy for CRPC therapy.

The FDA-approved nonsteroidal anti-inflammatory drug (NSAID)
indomethacin, a cyclooxygenase inhibitor, is widely used to treat
arthritis, gout, bursitis, and tendonitis to relieve pain, fever, joint
stiffness, etc. [12]. Previous studies suggest that indomethacin
exerts antitumor effects on multiple types of cancers [13, 14].
Indomethacin effectively inhibits growth and induces apoptosis in
gastric cancer cells by impairing mitochondrial function [15].
Indomethacin also increases the response of colon cancer cells to
the chemotherapy drug cisplatin and of melanoma cells to tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) [16, 17].
Recent studies show that indomethacin suppresses the growth of
prostate cancer cells both in vitro and in vivo by inhibiting AKR1C3
[18]. However, the efficacy of indomethacin against CRPC tumor
growth appears limited [13, 18].
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In this study, we observed that our designed and synthesized
new indomethacin derivatives have high efficacy in reducing
CRPC cell survival. CZ-212-3, the most potent derivative,
significantly suppressed CRPC tumor cell growth both in vivo
and in vitro by degrading AR and its variants. Thus, our findings
suggest that the indomethacin derivative CZ-212-3 is as a
promising agent for CRPC therapy.

MATERIALS AND METHODS

Synthesis and characterization of CZ compounds

CZ compounds were synthesized according to the reaction scheme
shown in our previous research and were characterized by nuclear
magnetic resonance (NMR) and mass spectrometry [19].

Reagents and antibodies

Enzalutamide was synthesized by WuXi AppTec. MG132, CHX and
indomethacin were purchased from Selleck (Houston, Texas, USA).
c-Myc (#18583), cleaved caspase-7 (#9491), GAPDH (#8884), PARP
(#9532), p21 (#2947), ubiquitin (P4D1) (#3936) and AR-V7 (#68492)
antibodies were purchased from Cell Signaling Technology
(Boston, USA). Cyclin E (sc-247), p53 (sc-126), Ki67 (sc-23900)
and AR (sc-7305) antibodies were purchased from Santa Cruz (CA,
USA). AR (#06-680) antibody was purchased from Millipore (MMAS,
USA). H3K27ac (ab4729) antibody was purchased from Abcam
(Camb, UK).

Cell lines and cell culture

The human prostate cancer cell lines C42B, 22Rv1, C42B/ENZ,
VCaP-CRPC, LNCaP, and Hela were originally obtained from
American Type Culture Collection (ATCC). All cells were cultured
in RPMI-1640, except VCaP-CRPC, VCaP-CRPC, and Hela cells,
which were cultured in DMEM (Gibco). All media were supple-
mented with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin-streptomycin (10,000 U/mL, Life Technologies). All cells
were cultured in a humidified atmosphere consisting of 5% CO,
at 37°C.

Cell viability, proliferation, and apoptosis assays

C42B (2x10° cells/well), C42B/ENZ (3x10° cells/well), 22Rv1 (2x10°
cells/well), and VCaP-CRPC (5x10° cells/well) cells were plated in
96-well plates and treated with CZ compounds, indomethacin or
vehicle control (dimethyl sulfoxide, DMSO, Sigma), and cell
viability was determined at 96 h after plating with CCK-8 (Cell
Counting Kit-8, Selleck, US). In addition, cell proliferation was
measured by Cell-Titer GLO (Promega). For the apoptosis assay,
caspase—3/7 activity was determined by using a luminescent
caspase-Glo 3/7 assay kit (Promega Corporation, Madison, US)
following the manufacturer’s instructions. All experimental points
were set up in triplicate or sextuplicate as biological replicates,
and the entire experiment was repeated three times.

Colony formation assay

The colony formation assay was performed as described
previously [1, 20]. In detail, C42B (1x10® cells/well) and 22Rv1
(1x10° cells/well) cells were plated in 6-well plates, allowed to
adhere for at least 24 h, and then treated with CZ compounds at
different concentrations for an additional 14 days at 37 °C in 5%
CO; to allow colony formation. Colonies were washed in cold PBS,
fixed in 4% paraformaldehyde for 20 min and then stained with
0.1% crystal violet solution. The number of colonies was counted
after the cells were washed with PBS 3 times. The above assays
were repeated three times.

Western blotting analysis

Western blot assays were performed as previously described [21].
After treatment with CZ compounds for the designated duration,
cells were collected. The cells or tumor tissues were submerged in
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lysis buffer on ice for 30 min and then centrifuged at 4 °C for 15
min. Protein concentrations were quantified with the BCA protein
assay (#23225, Thermo, US). Approximately 40 pg of protein in the
whole-cell lysates was loaded in 8%-15% polyacrylamide gels,
subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) for 90 min, and transferred to a polyvinyli-
dene fluoride (PVDF) membrane for 2 h. The membranes were
blocked for 1 h at room temperature, incubated with appropriate
primary antibody overnight, and probed with secondary antibody
for 1h at room temperature. Protein bands were detected by a
ChemiDoc Molecular Imager system according to the operation
protocol [22].

Flow cytometric analyses

C42B cells (1.5x10° cells/well) were seeded in 6-well plates,
allowed to adhere for at least 24 h, and then treated with CZ
compounds at different concentrations. The cells were digested
by trypsin without EDTA and then collected after centrifugation at
4°C. Cells were rinsed with prechilled PBS twice and then fixed in
70% ethanol overnight at 4 °C. The cells were washed with cold
PBS two times and stained with RNase A solution (BD Bioscience)
and propidium iodide (BD Bioscience) in 1x Annexin V binding
buffer (BD Bioscience) for 30 min, following the manufacturer’s
instructions. The above assays were repeated three times. Flow
cytometric analysis was performed on a Beckman-Coulter
Cytomics FC500 (Beckman).

Quantitative real-time PCR

Total RNA was collected from cells cultured in 6-well plates, and
cDNA was prepared, amplified and measured in the presence of
SYBR Green as described previously [23]. In detail, melting curve
analysis was performed, and the fluorescence values were
recorded. The experiments were repeated three times and the
data are presented as values + s.d. (SD). The sequences of the PCR
analysis primers are listed in Supplementary Table 1.

RNA-sequence data analysis

C42B cells were treated with control or CZ-212-3 (0.5, 1 uM) for
24 h before RNA extraction. The concentration and quality of
total RNA samples were first detected using an Agilent 2100
Bioanalyzer. A total amount of 1ug of RNA was prepared for
RNA-seq libraries using an lllumina Tru-Seq RNA Sample according
to the manufacturer’s instructions. GSEA and Gene Ontology (GO)
enrichment analysis were performed as described previously [24].

Luciferase reporter constructs and reporter-gene assay
Reporter-gene assays and transient transfection were performed
as described previously [25]. A gene reporter assay was performed
by transfecting HelLa cells with pcDNA-hAR, PGI3-5XARE and TK-RL
plasmids. HeLa cells were seeded in 96-well plates, allowed to
adhere for at least 24 h, and then transfected with plasmids as
indicated using Lipofectamine 2000 (Thermo Fisher, US). At 24 h
after transfection, cells were treated with control or CZ
compounds for another 24 h. Then, TK-RL and luciferase were
detected with a luciferase assay substrate (Promega, US). All
transfections were conducted in triplicate, and the experiments
were repeated at least three times.

Immunohistochemistry (IHC)

Tumor tissue harvested from the PDX model mice was fixed in 4%
paraformaldehyde and embedded in paraffin. Tissue slices (5-um
thickness) were incubated with Ki67 antibody at 4 °C overnight
and then stained with the secondary antibody according to
previous experiments [26].

ChIP-gPCR analysis

ChIP-gPCR analysis was performed as described previously [27].
The sequences of the PCR primers used in the ChIP assays are

Acta Pharmacologica Sinica (2021) 0:1-9



listed in Supplementary Table 1. ChIP-qPCR was performed with
each experimental point in triplicate, and all experiments were
repeated three times.

Enzyme preparation and inhibition assays

Human recombinant AKR1C3 was prepared as described pre-
viously [28] and was used to reduce 9,10-phenanthrenequinone
(PQ) in the presence of the coenzyme NADPH in vitro. Compounds
were dissolved separately in DMSO and then diluted with 100
mmol/L potassium phosphate buffer (pH =6.0) to final concen-
trations of 0-20 uM. Then, 93 uL of the compound solution
containing 0.15 mM NADPH and 8.0 uM PQ was added to the 96-
well plate. After preincubation for a specified time, 6 uL of AKR1C3
(0.33 uM) was added to each well, and the plates were shaken for
a few seconds. The cells were incubated for another 10 min. The
ICso value of enzyme activity was detected as described previously
[28].

Xenograft tumor models

Four-week-old male athymic nu/nu mice were purchased from
GemPharmatech (Nanjing, China). To establish xenograft tumors,
22Rv1 cells (2x10°) were suspended in 100 pL of PBS and Matrigel
(1:1) and injected subcutaneously into the flank spine region on
both sides of mice. When the volume of the tumor was ~100 mm?,
the animals were randomly divided into two groups, and each
group had seven or more animals according to the power
calculation (http://www.biomath.info/power/) [29, 30]. The mice
were intraperitoneally (i.p.) injected with control or CZ-212-3 5
times per week. The body weight of the mice and tumor volume
were monitored every 2 days. The volume of the tumor was
detected with calipers and calculated with the equation V=m X
(lengthxwidth?)/6.

PDX model of prostate cancer

The patient-derived xenograft (PDX) model of prostate cancer
(TM00298) was obtained from Hong-Wu Chen Laboratory. Four-
week-old male NOD-SCID mice were subcutaneously injected with
10 mm? minced tumor fragments. When the volume of the tumor
was ~100 mm?>, the animals were randomly divided into three
groups: CZ-212-3 (50 mg/kg), ENZ (20 mg/kg), or vehicle; the mice
were injected intraperitoneally (i.p.) 5 times per week (n = 6). At
the end of the experiment, mice were sacrificed under euthanasia
using a method approved by the animal ethics committee, and
the tumors were collected, imaged, weighed and analyzed via
hematoxylin and eosin (H&E) staining or Western blotting [31]. The
tumor tissue, liver, lung and testes of mice were fixed in 4%
paraformaldehyde before paraffin embedding. The samples were
sliced into 5 um sections and then stained with H&E. Histological
features of the selected tissues and organs were observed under a
microscope.

Statistical analysis

Cell culture-based experiments were conducted at least three
times. As indicated, the experimental points were set up in
triplicate or sextuplicate. All in vitro data are presented as the
mean = SD from three independent experiments, and in vivo data
are presented as the mean £ SEM. Differences between groups
were analyzed using two-tailed Student’s t test to compare the
means. P < 0.05 was considered to be statistically significant.

RESULTS

Design and optimization of indomethacin derivatives for
advanced prostate cancer

We recently designed and synthesized a series of new indo-
methacin analogs (CZ compounds) [19]. Their molecular structures
were shown in Fig. 1a. We used the prostate cancer cell line C42B
to investigate the antitumor effects of different CZ compounds on
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prostate cancer. As shown in Fig. 1a, compounds CZ-199-1, CZ-
212-2 and CZ-212-3 exhibited the most potent anti-CRPC activity.
Structure-activity relationship (SAR) studies revealed that the
activity of indomethacin and its derivatives is dependent on
the core indole moiety, which exerts antitumor effects on multiple
types of cancers [13]. Among the derivatives, those with the same
substitution of R, (CZ-217-2, 218-3, 221-3, 231-1, and 212-2) and
replacement of R; with OCH; showed stronger activity than
derivatives with other electron-donating groups, such as com-
pound CZ-212-2 (Fig. 1). On the other hand, when the R; group
was OCHg, we changed the R, of CZ-212-2 (ICsq = 1.254 uM) from
a Cl group to an F group to obtain compound CZ-212-3 (ICso =
1.088 pM), which shows potent cytotoxicity against advanced PCa
cells and is very similar to CZ-212-2.

CZ-212-3 inhibits CRPC cell survival by inducing apoptosis and G2
phase arrest of the cell cycle

We then examined the antitumor effect of CZ compounds in
different prostate cancer cell lines. Our results showed that CZ
compounds CZ-199-1, CZ-212-2, and CZ-212-3 strongly inhibited
the viability of PCa cells in a dose-dependent manner, and the
potency (indicated by the ICs, value, ~1 uM) was enhanced ~20-
fold compared to that of indomethacin (ICsq > 20 uM). CZ-212-3
displayed the highest efficacy (Fig. 2a and Supplementary Fig. S1a-
S1b). We also found that CZ compounds could effectively induce
apoptosis of PCa cells, as indicated by upregulated Caspase-3/7
(Cas3/7) activities and higher protein levels of cleaved PARP1 and
cleaved Caspase7 (Fig. 2b-c). Next, we sought to determine
whether CZ compounds could inhibit PCa cell proliferation by
arresting the cell cycle. Flow cytometry analysis demonstrated that
CZ compounds resulted in cell cycle arrest at G2/M phase with a
corresponding decrease in the percentages of cells in G1 and S
phases. Consistently, Western blot analyses showed that CZ
compounds increased the expression of the G2-related genes p53
and p21 (Fig. 2d-e). Furthermore, CZ compounds decreased the
colony-forming ability of CRPC cells in a dose-dependent manner
(Fig. 2f and Supplementary Fig. S1c). These data suggested that CZ
compounds inhibit CRPC cell survival by inducing apoptosis and
G2 cell cycle arrest in vitro.

CZ-212-3 controls the AR-dependent gene programs

To investigate the underlying mechanism by which CZ com-
pounds inhibit CRPC cell survival, we performed RNA-seq on the
transcriptomes of C42B cells treated with the most potent
compound, CZ-212-3. Since AR plays a pivotal role in CRPC tumor

N N N\ No.(References'®) R1 R2 Cc42B
R ~N ICso (uM)

= C7-217-2 (2m) H 4F >20

o) \ ’\/R1 CZ-218-3 (20) 4-Cl 4F >20

C7-221-3 (2p) 4-CHs 4F 19.15

€7-229-1 (1) 3F 4-CHy >20

CZ-231-1 (2n) 2-CH, 4-F 4F >20

CZ-237-1 21) 3-F 2-CHs >20

C7-237-3 (25) 5 4-CHy >20

CZ-137-1 (2¢) 3-Cl H 5226

CZ7-137-2 (29) 4-CH; H 7.924

C7-121 2a) 5 5 7.976

CZ7-199-1 (2h) 4-0CH; H 125

C7-212-2 29) 4-0CH; 4F 1254

CZ-212-3 (2r) 4-OCHs 4-Cl 1.088

Enzalutamide 28

Indomethacin >20

Fig. 1 Design and optimization of indomethacin derivatives for
advanced prostate cancer. Structure of indomethacin derivatives
and their half-maximum inhibitory concentration (ICso) values on
CRPC C42B cell survival.
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Fig.2 CZ-212-3 inhibits CRPC cell survival by inducing apoptosis and cell cycle arrest at G2 phase. a Cell viability as measured by Cell-Titer
GLO (Promega) of CRPC cells treated with the indicated concentrations of indomethacin, CZ-199-1, CZ-212-2, or CZ-212-3 for 4 days.
b Apoptosis as detected by Caspase-3/7 (Cas3/7) activities in C42B cells treated with vehicle or the indicated CZ compounds for 24 h.
c Immunoblotting analysis of the indicated proteins in C42B cells treated with vehicle or the indicated CZ compounds for 24 h. d C42B cells
were exposed to vehicle or the indicated concentrations of CZ-212-3 for 24 h. Then, the cells were harvested, and cell cycle arrest was
analyzed by flow cytometry. e Immunoblotting analysis of the indicated proteins in C42B cells treated with vehicle or the indicated CZ
compounds for 24 h. f C42B and 22Rv1 cells were treated with vehicle or the indicated concentrations of CZ-199-1, CZ-212-2, or CZ-212-3 for
14 days, after which colony formation was assessed. **P < 0.01, ***P < 0.001; Student’s t test, n = 3. All data above are shown as the mean £ SD.

cell growth, we first examined the effect of CZ-212-3 on the AR
pathway and found that CZ-212-3 strongly inhibited AR-induced
gene expression and increased AR-suppressed gene expression
(Fig. 3a). Gene set enrichment analysis (GSEA) also showed that
CZ-212-3 robustly disrupted AR target gene programs (Supple-
mentary Fig. S2a). In addition, our qRT-PCR results verified that CZ-
212-3 strongly inhibited the expression of AR target genes such as
KLK2, KLK3, ANCCA, FKBP5 and NKX3.1 but had a minimal effect
on AR mRNA expression (Fig. 3b). We then determined whether
CZ-212-3 suppressed gene expression by directly affecting AR
binding to the regulatory sites of target genes. The results showed
that CZ-212-3 strongly reduced the occupancy of AR and
transcriptional activation-linked histone marker H3K27ac on
KLK3 enhancer regions (Fig. 3c). In line with its effects on AR
programs, CZ-212-3 also effectively suppressed the expression of
androgen-induced genes related to cell proliferation and survival
(Fig. 3d).
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To provide further evidence that CZ-212-3 reduced CRPC cell
viability by inhibiting AR activity, we also investigated the effect of
compound CZ-212-3 on cell proliferation in C42B cells transfected
with AR siRNA and showed that AR silencing blocked the
inhibitory effect of CZ-212-3 on cell viability (Supplementary
Fig. S2b). Furthermore, qRT-PCR experiments showed that AR
silencing could block the inhibitory effect of CZ-212-3 on the
expression of AR target genes (Supplementary Fig. S2c). Taken
together, our results strongly suggested that CZ-212-3 inhibits
CRPC cell survival by downregulating the AR-dependent gene
program.

CZ-212-3 promotes the degradation of AR and its variants through
the proteasome pathway

Since the above results showed that CZ compounds could
effectively suppress AR function, we next examined whether CZ-
212-3 controlled AR activity and/or expression. Employing an
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Fig.3 CZ-212-3 controls AR-dependent gene activity. a Heat map displaying the fold changes in gene expression in C42B cells treated with
CZ-212-3 (0.5, 1 uM) for 24 h, compared to vehicle (DMSO) as detected by RNA-seq. Androgen-responsive AR activity signature genes that
showed altered expression are displayed. b gRT-PCR analysis of the indicated genes in C42B cells treated with vehicle or CZ-212-3 (0.5 uM) for
24 h. ¢ Genome browser display of AR-binding events on the promoter and enhancer of the KLK3 gene based on data from a previous ChlIP-
seq analysis (GSE72714) (upper). ChIP-gPCR analysis of relative AR or histone modifications at the KLK3 gene promoter and enhancer in C42B
cells treated with vehicle, 1 uM CZ-212-3 or 20 uM ENZ for 24 h (bottom). d Heat map of differences in the expression of genes involved in cell
proliferation and survival in C42B cells treated with the indicated concentrations of CZ compounds for 24 h. Gene expression profiling was
performed with RNA sequencing. Data are shown as the mean + SD, **P < 0.01, ***P < 0.001; Student’s t test, n = 3.

AR-driven KLK3 enhancer luciferase reporter system, we found
that CZ-212-3 strongly suppressed the activity of endogenous AR
(Fig. 4a and b, Supplementary Fig. S3a), and the results of the
immunoblotting analysis showed that CZ compounds strongly
suppressed the expression of AR, its variants and its target gene c-
Myc in C42B and 22Rv1 cells (Fig. 4c and d). In contrast,
indomethacin did not affect the expression of AR or c-Myc
(Supplementary Fig. S3b). Since CZ-212-3 did not significantly
change the mRNA level of AR (Fig. 3b), we investigated whether
CZ compounds affected AR expression at the posttranslational
level. C42B cells were treated with the protein synthesis inhibitor
cycloheximide (CHX) in the presence or absence of CZ-212-3.
Immunoblotting results showed that AR protein levels were
significantly decreased in cells treated with CHX and CZ-212-3
compared with cells treated with CHX alone (Fig. 4e), which
indicated that CZ-212-3 reduced AR expression through degrada-
tion. We then tested whether CZ compounds inhibited the
expression of AR and its variants through the proteasome
pathway. Our results showed that treatment with the proteasome
inhibitor MG132 could effectively rescue the downregulation of
AR, AR variants and c-Myc induced by CZ-212-3 in C42B and
22Rv1 cells (Fig. 4e). We then performed molecular docking to
demonstrate whether CZ-212-3 could bind to the AR ligand
binding domain to induce degradation of AR protein. As shown in
Supplementary Fig. S3c, CZ-212-3 can tightly bind to AR via strong
hydrogen bonds with residues ARG752 and ASN705 and m-m
interactions with PHE764 in the active site. Our immunoblotting
assay demonstrated that CZ-212-3 did not induce AR degradation
via ubiquitination (Supplementary Fig. S3d), which suggested that
CZ-212-3 induced AR degradation via other degradation
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pathways, such as the lysosomal and caspase pathways. These
data collectively supported the notion that CZ compounds
promote the degradation of AR and its variants through the
proteasome pathway.

CZ-212-3 inhibits prostate cancer tumor growth in vivo

We next examined the antitumor effect of CZ compounds on
prostate cancer in vivo. Mice bearing 22Rv1 xenograft tumors
were treated with CZ-212-3 or vehicle via intraperitoneal injection
5 times per week. Our results showed that CZ-212-3 significantly
inhibited tumor growth and decreased tumor weight without
affecting mouse body weight (Fig. 5a, b and Supplementary
Fig. S4a-S4b). We then employed a patient-derived prostate
cancer xenograft model (PDX) to examine the efficacy of CZ-212-3
in @ more clinical-like setting. The results showed that CZ-212-3
significantly reduced tumor volume and tumor weight compared
with those in the vehicle control group in the PDX model
(Fig. 5¢, f). Tumor sections analyzed by immunohistochemistry
with a Ki67 antibody showed that CZ-212-3 strongly inhibited PCa
cell proliferation (Fig. 5g). H&E staining showed no obvious
histologic change in testes or livers of mice treated with CZ-212-3
(Supplementary Fig. S4c). In xenograft tumors, in line with our
above in vitro data, we observed the same reduction in the
expression of AR, AR variants and c-Myc and the induction of the
apoptosis markers cleaved PARP1 and cleaved caspase-7 upon CZ-
212-3 treatment (Fig. 5h). In addition, ChIP analysis revealed that
CZ-212-3 significantly reduced AR binding at the enhancer region
of the AR target gene PSA (Fig. 5i). Taken together, these data
show that CZ-212-3 inhibits prostate cancer tumor growth in vivo
by suppressing the AR signaling pathway.
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Fig. 4 CZ-212-3 promotes the degradation of AR protein through the proteasome pathway. a ARE-guided gene reporter assays with HelLa
cells showing the effects of pcDNA-hAR on PGI3-5xARE-luc activation. b ARE-guided gene reporter assays with 22Rv1 cells showing the effects
of CZ-212-3 on AR activation. The fold change indicated the activities of AR under the influence of CZ-212-3 compared to those in response to
control treatment. ¢ Immunoblotting analysis of AR (full length) and c-Myc in C42B cells treated with vehicle, CZ-212-2, or CZ-212-3 at the
indicated concentrations for 24 h. d Immunoblotting analysis of AR (full length), AR-V7 (variants) and c-Myc in 22Rv1 cells treated with vehicle,
CZ-212-2, or CZ-212-3 at the indicated concentrations for 24 h. e Immunoblotting analysis of AR and c-Myc in C42B cells treated with
cycloheximide (CHX) and the indicated concentrations of CZ-212-3 for various lengths of time (left). Immunoblotting analysis of AR and c-Myc
in C42B and 22Rv1 cells treated with various concentrations of CZ-212-3 with or without MG132 (10 pM) for 24 h (right). The data are shown as

the mean + SD. *P < 0.05, **P < 0.01, n= 3.

DISCUSSION
Currently approved therapeutics that target the anti-androgen-AR
axis, such as enzalutamide and abiraterone, represent a break-
through for CRPC therapy. However, this class of drugs could not
overcome resistance induced by AR mutations and variants. The
majority of clinical trials have indicated that AR variants (AR-V7)
confer resistance to and result in poorer outcomes in CRPC
patients with AR-targeting therapies [32]. Developing agents that
promote the protein degradation of AR and its variants or block
their expression were suggested as two ideal CRPC therapeutic
strategies. Here, we discovered and characterized a series of novel
indomethacin-derived compounds that degrade AR, which could
efficiently inhibit CRPC tumor cell growth both in vivo and in vitro.
AR and AR variants, such as AR gene amplification, AR mutation,
changes in AR auxiliary regulatory factors, activation of other
nonsteroidal substances and other signaling pathways for AR, play
critical roles in CRPC, and the generation of AR variants is involved
in the occurrence of CRPC [33]. Inhibiting AR decreases cell
proliferation and ultimately inhibits cancer growth. Currently,
targeted therapies only focuses on AR activity, and there is no
drug therapy for AR variations. For example, clinical studies of
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patients with advanced PCa demonstrated that AR-V7 expression
is one of the most common variants in PCa samples [34]. Higher
expression of AR-V7 was reported to be associated with resistance
to enzalutamide and abiraterone and with progression of CRPC in
primary tumors [35]. Therefore, it remains a great challenge to
overcome drug resistance in advanced PCa. USP14 stabilizes
MDM?2 via direct degradation in PCa after treatment with small-
molecule inhibitors [36]. Recently, with the discovery of AR-V7 and
agents targeting the AR N-terminal domain (NTD), DNA binding of
AR and degradation of AR protein have increased [37, 38]. Thus,
protein degradation may be a potential therapeutic strategy [39].

Indomethacin is widely used to relieve pain, fever and
inflammation with good tolerance and safety [12]. Indomethacin
could effectively inhibit gastric cancer cell growth and induce
apoptosis through impaired mitochondrial function[15]. Indo-
methacin also increased the colon cancer cell response to the
chemotherapy drug cisplatin and the melanoma cancer cell
response to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-induced apoptosis [16, 17]. Recent studies sug-
gested that indomethacin, acting as an AKR1C3 inhibitor, exerted
an anti-CRPC effect by suppressing androgen synthesis and AR
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Fig. 5 CZ-212-3 inhibits prostate cancer tumor growth in vivo. a Effects of the indicated treatments (CZ-212-3, 50 mg/kg, i.p. (n=10)) or
vehicle (n = 8) five times per week on the growth of 22Rv1 xenografts. Treatment started when the 22Rv1 tumor volume reached ~50 mm?;
the mean tumor volume + SEM is shown. Significance was calculated using Student’s t test, **P < 0.01. b The weights of 22Rv1 tumors from
mice treated with CZ-212-3 (50 mg/kg, i.p., 5 times a week, n = 10) or vehicle (n = 8 mice per group) for 16 days. The mean tumor weight +
SEM is shown. Student’s t test, **P < 0.01. ¢ Effects of CZ-212-3 (50 mg/kg, i.p., 5 times a week), ENZ (20 mg/kg, i.p., 5 times a week), and vehicle
on the growth of PCa TM00298 PDX xenografts (n = 6 mice per group). The mean tumor volume + SEM is shown. Significance was calculated
using Student’s t test, ***P < 0.001. d Effects of CZ-212-3 (50 mg/kg, i.p., 5 times a week), ENZ (20 mg/kg, i.p., 5 times a week), and vehicle on the
growth of PCa TM00298 PDX xenografts (n = 6 mice per group). Representative tumor images are shown. e The weights of PCa TM00298 PDX
tumors from mice treated with CZ-212-3 (50 mg/kg, i.p., 5 times a week), ENZ (20 mg/kg, i.p., 5 times a week) or vehicle (n = 6 mice per group).
The mean tumor weight + SEM is shown. Student’s t test, ***P < 0.001. f Body weight of mice from different treatment groups described in
Fig. 5¢ is shown during the 36-day treatment period (presented as the mean * SEM, n = 6). g Representative photographs of 22Rv1 xenografts
from mice treated i.p. with vehicle or 50 mg/kg CZ-212-3 with corresponding IHC for Ki67. Scale bar was 100 pm (left). Representative
immunohistochemistry (IHC) quantification of Ki67 positivity in PCa TM00298 PDX tumors (right). Data represent the mean + SEM. Significance
was calculated using Student’s t test, where ***P < 0.001. h Western blot of 22Rv1 xenograft tumors after 16-day of treatment with vehicle or
CZ-212-3 as described in Fig. 5c. Cell lysate for each lane was obtained from homogenized tumor tissues randomly combined from three mice
in the vehicle, CZ-212-3 and ENZ groups. i ChIP-qPCR analysis of relative AR bound at the KLK2/KLK3 promoter and enhancer regions in PCa
TM00298 PDX tumors described in Fig. 5c. Cell lysate for each lane was obtained from homogenized tumor tissues randomly combined from
three mice from the vehicle and CZ-212-3 groups. Student’s t test, *P <0.05, n = 3.

activation [18]. Indomethacin and enzalutamide for CRPC treat- anti-CRPC agents. Meanwhile, indomethacin potently inhibited
ment have been investigated in ongoing clinical trials. However, the activity of AKR1C3, while CZ-212-3 had a weak inhibitory effect
the efficacy of indomethacin on CRPC cell survival is limited, and on AKR1C3 activity (Supplementary Fig. S5a), which suggested
the development of novel and more potent indomethacin that indomethacin and CZ-212-3 exhibit anti-CRPC activity via
derivatives is needed. different mechanisms. Our further studies demonstrated that CZ-

In the present study, we created a series of new indomethacin 212-3 could bind to and degrade AR and AR variant proteins in
derivatives that exhibit stronger inhibition of CRPC cell survival CRPC cells. We also demonstrated that CZ-212-3 reduced AR
than indomethacin does. CZ-212-3 is one of the most effective binding to its target loci and the abundance of the local activating
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histone mark H3K27ac. CZ-212-3 potently repressed the growth of
CRPC cells in vitro and in vivo via inhibition of AR signaling. Since
our studies showed that CZ-212-3 degrades the protein of both AR
and AR variants in CRPC cells, this compound may provide
therapeutic advantages over antiandrogen- and AR-FL-targeted
treatments, particularly in CRPC tumors with high levels of AR
splice variants. In conclusion, our results collectively indicate that
the indomethacin derivative CZ-212-3 might significantly inhibit
CRPC tumor growth by degrading AR and its variants and serve as
a promising agent for CRPC therapy.
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