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Abstract
Objective The bromodomain and extra-terminal (BET) family of proteins provides a scaffolding platform for the recruit-
ment and tethering of transcription factors to acetylated chromatin, thereby modulating gene expression. In this study, we 
evaluated the efficacy of the BET-inhibitor PFI-1 to diminish AR/AR-V7 signaling and proliferation in castration-resistant 
prostate cancer cells.
Methods Prostate-specific antigen and androgen receptor (AR) protein were quantified by means of two commercial ELISAs. 
Transactivation of the AR, AR-V7 and Q641X was determined by reporter gene assays. Cell proliferation was measured 
using a colorimetric MTT-assay.
Results PFI-1 dose-dependently inhibited transactivation of full-length AR (non- mutated, i.e., wild-type or point-mutated/
promiscuous forms) without affecting their cellular protein levels. Moreover, PFI-1 was active against C-terminally truncated 
constitutively active ARs like AR-V7 and Q641X. Prostate cancer cells exhibiting a transcriptionally active AR-signaling 
complex (LNCaP, 22Rv1) were more susceptible to the growth-inhibitory effects than the AR-negative PC-3 cells.
Conclusion The quinazolinone PFI-1 is a highly efficient inhibitor of AR-signaling-competent prostate cancer cells in vitro. 
PFI-1 could serve as a lead compound for the development of new therapeutics able to block AR/AR-V7 signaling in advanced 
prostate cancer.
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Introduction

Treatment of castration-resistant prostate cancer (CRPC) has 
dramatically changed over the past decade with the approval 
of new endocrine treatments such as abiraterone, enzaluta-
mide or apalutamide (ARN-509, approval US only). Unfor-
tunately, not all patients respond to second-generation thera-
pies and neither abiraterone nor enzalutamide/apalutamide is 
curative. One mechanism enabling CRPC cells to escape the 
effects of endocrine treatments is the synthesis of constitu-
tively active C-terminally truncated androgen receptor (AR) 
molecules lacking the entire or vast parts of their ligand/
hormone binding domain (LBD) (Fig. 1). These AR forms, 
termed hereafter AR∆LBDs, are almost exclusively prod-
ucts of alternative splicing (AR-Vs); however, AR∆LBDs 
originating from some rare nonsense mutations have been 
described (Q641X, Q784*) [1–3]. Devoid of a LBD, all 
AR∆LBDs are unable to bind and respond to androgens or 
antiandrogens. With the emergence of AR∆LBDs in late 
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stage prostate cancer (PCa), conventional endocrine thera-
pies targeting androgen synthesis and/or androgen binding 
are prone to fail. To overcome the limitations of current 
endocrine therapies, there is an urgent need to identify new 
additional targets within the AR/AR-V-signaling network. 
There is experimental evidence that members of the bro-
modomain and extra-terminal (BET) family of proteins, the 
bromodomain-containing proteins (BRD), might be such 
targets [4, 5]. All members of the mammalian BRD-family, 
namely BRD2, BRD3, BRD4 and the testis-specific BRDT, 
share a common functional architecture comprising evolu-
tionarily highly conserved protein modules such as two tan-
dem bromodomains (BD1 and BD2) and an extra-terminal 
(ET) protein–protein interaction domain [6]. BRD-proteins 
recognize acetylated lysine residues in histones and other 
proteins by means of their BDs; the ET domain fulfills a 
regulatory function by recruiting specific effector proteins 
[7]. In summary, BRD-proteins are chromatin-binding adap-
tors that provide a tissue-specific scaffolding platform for the 
recruitment and tethering of active transcriptional complexes 
to acetylated histones and chromatin, and thus they control 
the expression of lineage-specific genes that are linked to 
cell cycle progression [6, 8]. Consistently, BRD-proteins 
were shown to modulate AR and c-MYC transcriptional 
activity in PCa cells [4, 9]. Although BRD2, 3 and 4 can 
physically interact with the AR, there is evidence that BRD4 
is the preferred AR-interaction partner in PCa cells [4]. In 
line with these findings, a BRD-binding site was recently 
mapped to amino acids 140–160 of the amino-terminal/N-
terminal domain of the AR (NTD, Fig. 1) [4]. As the NTD 
is essential for AR- and AR∆LBD transcriptional activity, 
inhibition of BRD-proteins presents a formidable oppor-
tunity to inhibit signaling of full-length AR (wild-type or 

point-mutated promiscuous forms) and AR∆LBDs (splice 
variants and nonsense mutants) (Fig. 1). In consequence, 
we analyzed the effects of the BRD2/BRD4-inhibitor PFI-1, 
a novel, highly selective acetyl-lysine mimetic [10, 11] on 
proliferation and transcriptional activity of AR, AR-V7 and 
Q641X in human PCa cell lines.

Materials and methods

Chemicals and plasmids

The BET-inhibitor PFI-1 targeting BRD4/BRD2 was pur-
chased from Selleck Chemicals, Biozol, Eching, Germany. 
Expression constructs for wild-type AR, the AR splice 
variant AR-V7 and the AR nonsense mutant Q641X (for-
merly Q640X [1, 2]) were generous gifts from Dr. Jocelyn 
Céraline, Université de Strasbourg, Strasbourg, France. The 
reporter gene plasmid pARE2x-luc for the detection of AR/
AR∆LBD-activity was provided by Prof. Zoran Culig, Inns-
bruck, Austria. All other chemicals/compounds, if not speci-
fied, were products of Sigma-Aldrich GmbH, Taufkirchen, 
Germany.

Cell culture

PC-3, 22Rv1 and LNCaP cells were purchased from the 
American Type Culture Collection, Manassas, VA, USA. 
Cells were routinely grown in RPMI-1640, 10% fetal bovine 
serum (FBS) and antibiotics (Gibco, Thermo Fischer Sci-
entific, Dreieich, Germany) [12]. Steroid-free FBS used 
in reporter gene assays was provided by BioWest, Nuaillé, 
France.

Fig. 1  Androgen receptor variants in prostate cancer:  ARFL, full-
length AR; Q641X, truncated AR nonsense mutant; AR-V7, most 
prevalent androgen receptor splice variant. Functional regions of the 
AR: NTD/TAD, N-terminal domain/transactivation domain; DBD, 
DNA binding domain; HR, hinge region; CTD/LBD, C-terminal 

domain/ligand binding domain; CE3, AR-V7 specific C-terminus 
encoded by cryptic exon 3; BRD, BET protein binding to the AR-
N-terminus between amino acids (aa) 140–160. *H875Y, *T878A, 
point mutations in the AR-LBD of 22Rv1 and LNCaP, respectively; 
*Q641X, nonsense mutation leading to stop a codon in the HR
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Enzyme‑linked immunosorbent assays for AR 
and PSA

Expression of full-length AR proteins was measured using 
the  PathScan® Total Androgen Receptor Sandwich ELISA 
(Cell Signaling Technology, New England Biolabs GmbH, 
Frankfurt a.M., Germany). Prostate-specific antigen (PSA) 
levels in the cell culture supernatant of LNCaP cells 
were determined by means of a human kallikrein 3/PSA 
 Quantikine® ELISA Kit, (Bio-Techne GmbH, Wiesbaden, 
Germany). Both assays were performed according to the 
manufacturer’s instructions.

Luciferase reporter gene assay

Reporter gene assays with plasmids coding for AR, AR-V7 
and Q641X were performed as recently described [13, 14]. 
Luciferase reporter gene activities were measured on a 
 TriStar2 S LB 942 luminometer (Berthold Technologies) 
using a Dual-Luciferase Reporter Assay (Promega GmbH, 
Mannheim, Germany).

Proliferation assay

Cell proliferation of PCa cells was determined by means 
of a colorimetric MTT-assay as originally described by 
Mosmann et al. [15].

Results

The BET‑inhibitor PFI‑1 diminishes ligand‑activated 
signaling of full‑length AR in prostate cancer cells

As compared to untreated controls, PFI-1 diminished the 
levels of PSA secreted into the supernatant of LNCaP 
cells already after 24 h. The decrease of PSA was sig-
nificant at a PFI-1 concentration of 10 µM (PSA decrease 
69%, p < 0.003). PFI-1 concentrations > 20 µM did not 
further decrease the PSA-levels (data not shown). The 
ability of PFI-1 to impair AR transcriptional activity was 
furthermore confirmed in androgen-stimulated 22Rv1 
cells transfected with a reporter gene construct (Fig. 1S). 
Downregulation of PSA following PFI-1 treatment was 
not paralleled by a reduction of AR protein in LNCaP 
cells (Fig. 2). Interestingly, 5 µM PFI-1 induced a sta-
tistically significant increase of AR levels as compared 
to PFI-1 untreated controls (increase 43%, p < 0.05). By 
contrast, PFI-1 concentrations ≥ 10 µM were unable to 
significantly reduce/increase AR levels (expressed in % 

untreated controls ± sdev (SD): 10 µM PFI-1, 93 ± 7%, 
p > 0.05; 20 µM PFI-1, 91 ± 10%, p > 0.05).

PFI‑1 impairs signaling of wild‑type AR, AR‑V7 
and Q641X in prostate cancer cells

The ability of PFI-1 to inhibit constitutive transcriptional 
activity of AR∆LBDs was tested in PC-3 cells transfected 
with AR-V7 and Q641X using a reporter gene assay. PC-3 
cells transfected with a wild-type AR were subsequently 
treated with PFI-1 and DHT (10 nM) and served as con-
trols. As seen in Fig. 3, PFI-1 dose-dependently dimin-
ished the transcriptional activities of AR, AR-V7 and 
Q641X. The constitutive activity of AR-V7 and Q641X 
was more affected by PFI-1 than the androgen-induced 
activity of the wild-type AR. Transactivation of AR-V7 
and Q641X was already significantly inhibited by 23 and 
58% at PFI-1 concentrations of 2.5 and 5 µM, respectively 

Fig. 2  Effects of PFI-1 on PSA-protein expression (top): prostate-spe-
cific antigen secreted into the supernatant of LNCaP cells stimulated 
with 10 nM DHT for 24 h. Data represent one representative experi-
ment of four run in triplicates. Results are expressed in % of PFI-1 
untreated controls (100%) ± standard deviation (SD); **p < 0.05. 
Effects of PFI-1 on AR-protein levels (bottom): AR measured in 
LNCaP cell lysates grown in the presence of physiological levels of 
androgens. Data represent the mean of six independent experiments 
run in triplicate. Results are expressed as % of PFI-1 untreated con-
trols (100%) ± SD, *p < 0.03
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(p < 0.004, and p < 0.02). PFI-1 concentrations ≥ 10 µM 
reduced the transactivation of all AR types (reduction of 
transcriptional activities: ARwt: 34% at 10 µM, 39% at 
20 µM, p < 0.02; Q641X: 64% at 10 µM, 79% at 20 µM, 
p < 0004 and AR-V7: 55 and 63% at 10 and 20  µM, 
p < 0.004).

Anti‑proliferative effects of PF‑1 are more 
pronounced in AR‑positive prostate cancer cells

The fact that PFI-1 suppressed the transactivation of all AR 
forms prompted us to analyze its effects on the proliferation 
of LNCaP (AR+), 22Rv1 (AR+ , AR-V7+) and PC-3 (AR−) 
grown in the presence of physiological levels of androgens. 
Cell proliferation was determined by means of a colorimet-
ric MTT-assay after 24 h. As shown in Fig. 4, LNCaP and 
22Rv1 cells were more susceptible to the inhibitory effects 
of PFI-1 than PC-3 cells, suggesting that the anti-prolifer-
ative properties of PFI-1 are linked to its inhibitory effects 
on the AR transcriptional machinery. A statistically signifi-
cant increase of cell death was furthermore confirmed in 
LNCaP and 22Rv1 cells using trypan blue dye exclusion 
assay (Fig. 2S).

Discussion

As prostate cancer depends on androgens for growth and 
survival, androgen depletion and blockade of androgen bind-
ing to its cognate receptor have been the mainstay of hor-
monal treatment for over six decades [16]. Unfortunately, 
the benefits of endocrine therapies are only transitory and 
the disease almost invariably recurs as CRPC, characterized 
by an intra-tumorous reactivation of AR signaling despite 
castrate levels of circulating testosterone. The molecular 
mechanisms leading to aberrant AR activity in CRPC cells 
include AR amplification/overexpression, gain of func-
tion mutants broadening AR ligand specificity, activation 
or enhancement of AR signaling by growth factors and 

Fig. 3  Effects of PFI-1 on AR and AR∆LBD signaling: Plasmids cod-
ing for wild-type AR (AR), AR-V7 or Q641X (nonsense mutant) 
were co-transfected with the reporter gene constructs pARE2X-luc 
(AR activity) and pRL-TK (transfection efficiency) in PC-3 cells. 
Cells transfected with AR-V7 or Q641X were grown in the absence 
of androgens with increasing concentrations of PFI-1, and cells har-
boring the wild-type AR were additionally stimulated with 10  nM 
DHT for 24 h. Data represent one representative experiment of four 
run in triplicates. Results are expressed in % of PFI-1 untreated con-
trols (100%) ± SD. AR (top): *p < 0.02; AR-V7 (middle): *p < 0.02, 
**p < 0.004; Q641X (bottom): **p < 0.004

Fig. 4  LNCaP (AR+), 22Rv1 (AR+ , AR-V7+) and PC-3 (AR−) 
were grown for 24  h in the presence or absence of increasing con-
centrations of PFI-1 (0–20 µM). Cell proliferation was measured by 
means of an MTT-assay. The results are expressed in % of untreated 
controls set at 100%
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cytokines, intra-tumorous androgen synthesis as well as syn-
thesis of C-terminally truncated, constitutively active ARs 
[17, 18]. Devoid of a functional LBD, these AR∆LBDs (AR-
Vs, Q641X, Q784*) are unable to bind androgens/antian-
drogens and pose a major threat to LBD-directed therapies 
[1–3]. To inhibit aberrant AR or AR∆LBD signaling, small 
molecule inhibitors targeting functional domains involved 
in transactivation (NTD/TAD) or DNA binding (DBD) of 
the AR (Fig. 1) are currently being developed [19, 20]. All 
of these agents hold promise, but are still in the early stages 
of development [21, 22].

Steroid receptors like the AR but also AR∆LBDs rely 
on a huge network of cooperating molecules to enact their 
signaling effects on the cell. In consequence, AR co-factor-
directed inhibitors could lead to an inhibition or disruption 
of the AR/AR∆LBD-signaling network [23, 24]. Recently, 
members of the BET family of proteins, namely BRD2, 3 
and 4, have been identified as AR-interacting proteins [4]. 
BET proteins provide a scaffolding platform for the recruit-
ment and tethering of active transcriptional complexes to 
acetylated histones and chromatin. BET inhibitors such as 
JQ1 or I-BET762 act through competitive binding to the 
bromodomain (BD) pocket, thereby blocking the acetyl-
lysine recognition motif of BET proteins. These inhibitors 
are highly effective modulators of the c-MYC-signaling 
complex in a broad spectrum of different neoplasms [25]. 
The identification of BRD4, as part of the AR-transcrip-
tional complex opens a new alternative to disable AR and/or 
AR∆LBD signaling in CRPC using specific BET inhibitors 
[4, 5, 26, 27].

The BET-inhibitor PFI-1 is a highly selective cell-
permeable acetyl-mimetic targeting the bromodomains of 
BRD2/BRD4. Unlike the most common BET inhibitors, 
the triazolodiazepines JQ1, I-BET762 and OTX015, the 
quinazolinone PFI-1 was designed to serve as a lead com-
pound for a new group of BET inhibitors [10, 28]. The pre-
sent study demonstrates that PFI-1 is able to suppress AR/
AR∆LBD signaling and proliferation in human PCa cell 
lines at concentrations previously shown to inhibit leuke-
mia cells in vitro [11]. In LNCaP cells, PFI-1 diminished 
the amount of PSA secreted into the cell culture supernatant 
in a dose-dependent manner. The ability of PFI-1 to impair 
DHT-stimulated AR activity was furthermore confirmed in 
22Rv1 cells using a reporter gene assay. The observation 
that PFI-1 suppresses AR-dependent reporter gene activity 
suggests that the decrease of secreted PSA into the super-
natant of LNCaP cells is due to an inhibition of the AR 
transcriptional machinery rather than a direct effect of PFI-1 
on PSA secretion. Downregulation of PSA following PFI-1 
treatment was not paralleled by a reduction of AR-protein 
levels in LNCaP cells. To our surprise 5 µM PFI-1 increased 
the amount of AR protein in LNCaP, whereas concentra-
tions ≥ 10 µM were unable to significantly reduce/increase 

cellular AR-protein levels. Although various BET inhibi-
tors attenuate AR transcriptional activity, their effect on 
AR-protein levels remains controversial [4, 5, 9]. To date, 
there is no clear explanation for the differential modulation 
of endogenous AR-protein levels by different BET inhibitors 
in PCa cells. The conflicting experimental data could be due 
to different cellular models (LNCaP, 22Rv1, VCaP) or incu-
bation times used in the studies [4, 5]. Although LNCaP and 
22Rv1 are widely used for the study of AR signaling, both 
cell lines harbor androgen-inducible but point-mutated full-
length ARs  (ART878A,  ARH875Y) that can be activated by a 
variety of steroid hormones including antiandrogens (Fig. 1). 
Only VCaP express a wild-type AR but co-express (like 
22Rv1) AR-V7. Due to the diversity of AR forms expressed 
in the experimental models, it is tempting to speculate that 
PFI-1-mediated regulation of full-length ARs could depend 
on the cellular context. Moreover, the chemical structures 
of the BET inhibitors as well as their mechanisms of action 
(acetyl-lysine mimetics: JQ1, I-BET762, ABBY-074 or BET 
degrader: AR-V771) may be responsible for off-target effects 
being, at least in part, responsible for the conflicting results 
[4, 5, 9, 26, 27]. The selective blockade of AR-V7, Q641X 
and wild-type AR by PFI-1 was analyzed in a reporter gene 
assay. PFI-1 dose-dependently inhibited the transactivation 
of all receptor variants in a dose-dependent manner. Inter-
estingly, in reporter gene assays, the constitutive activity 
of AR-V7 and Q641X was more affected by PFI-1 than the 
androgen-stimulated transactivation of AR wild type. The 
reason for this discrepancy remains unknown. The acetyl-
lysine mimetic PFI-1 primarily blocks the recognition of 
acetylated histones by BET proteins like BRD4. One might 
object that reporter gene assays are not suitable for the study 
of BET inhibitors, as plasmid DNA including that of the 
reporter constructs is not bound to histones. However, there 
is experimental evidence from HEK 293 cells that plasmid 
DNA is packed into nucleosomes within 24 h after transfec-
tion [29]. Although BD1 and BD2 interact with acetylated 
chromatin, they also interact with non-histone proteins like 
the AR [4]. BRD4 is involved in the recruitment of transcrip-
tional regulatory complexes to chromatin through various 
protein recognition modules such as BD1, BD2 and the ET 
domain. Inhibition of the acetyl-lysine binding pocket in the 
BD1 (and to a lesser extend of BD2) by the BET inhibitor 
JQ1 was recently shown to disrupt AR–BRD4 interaction. 
Interestingly, this leads to an inhibition of AR signaling 
independent of BRD4’s ability to bind acetylated histones 
[4].

In addition to its anti-AR effects, the anti-proliferative 
effects of PFI-1 were more pronounced in AR-positive PCa 
cells (LNCaP, 22Rv1) as compared to AR-negative PCa cells 
(PC-3). This finding is in agreement with a previous study, 
analyzing the effects of the BET inhibitor JQ1 on the pro-
liferation of various PCa cells [4]. Interestingly, the robust 
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inhibition of PSA in LNCaP cells (64–67%) did not translate 
into a comparable reduction of cell proliferation (24–26%). 
Although the reason for this discrepancy remains unknown, 
the fact that PSA expression does not necessarily correlate 
with PCa cell growth has also been described for bicaluta-
mide, cyproterone acetate or goserelin [30].

The ability of PFI-1 to inhibit transactivation of full-
length ARs (AR,  ART878A,  ARH875Y), AR-V7, and Q641X, 
as well as its distinct anti-proliferative properties in AR/AR-
V7-positive cells, highlights the importance of BET proteins 
in normal and aberrant AR signaling in PCa cells. Besides 
their anti-AR activity, BET inhibitors were also shown to 
enhance or restore enzalutamide sensitivity in CRPC cells 
[31, 32]. Given the fact that most BET inhibitors have been 
proven to be safe with manageable reversible toxicity in 
clinical trials, BET inhibitors are promising candidates for 
future therapies of advanced PCa [33]. To maximize the 
potential of BET inhibition, future studies should focus on 
the development of new compounds and/or synergistic com-
bination therapies that may ultimately be able to address 
CRPC for which currently only few therapeutic options exist.
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