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ABSTRACT

Reactivation of the androgen receptor signaling pathway in the emasculated environment is the main reason for
the occurrence of castration-resistant prostate cancer (CRPC). The immunophilin FKBP51, as a co-chaperone
protein, together with Hsp90 help the correct folding of AR. Rapamycin is a known small-molecule inhibitor
of FKBP51, but its effect on the FKBP51/AR signaling pathway is not clear. In this study, the interaction
mechanism between FKBP51 and rapamycin was investigated using steady-state fluorescence quenching, X-ray
crystallization, MTT assay, and qRT-PCR. Steady-state fluorescence quenching assay showed that rapamycin
could interact with FKBP51. The crystal of the rapamycin-FKBP51 complex indicated that rapamycin occupies
the hydrophobic binding pocket of FK1 domain which is vital for AR activity. The residues involving rapamycin
binding are mainly hydrophobic and may overlap with the AR interaction site. Further assays showed that
rapamycin could inhibit the androgen-dependent growth of human prostate cancer cells by down-regulating the
expression levels of AR activated downstream genes. Taken together, our study demonstrates that rapamycin
suppresses AR signaling pathway by interfering with the interaction between AR and FKBP51. The results of this
study not only can provide useful information about the interaction mechanism between rapamycin and FKBP51,
but also can provide new clues for the treatment of prostate cancer and castration-resistant prostate cancer.

1. Introduction

various mechanisms, including the amplification of AR gene [9], the
variable mutation of AR [10], co-activator and co-repressor modifica-

Prostate cancer (PCa) is the most common malignant tumor of the
urinary system. The morbidity and mortality of PCa in male malig-
nancies rank second and fifth in the world, respectively [1]. In 2015,
there were about 60,300 new PCa patients in China and 26,600 deaths
[2]. At present, the treatment of PCa, from surgical resection to standard
endocrine therapy and radiotherapy, is only effective for early patients.
However, the treatment for metastatic PCa and castration-resistant
prostate cancer are not ideal [3]. The high recurrence rate after
castration treatment is an important clinical feature of PCa which is also
a hot but difficult issue to conquer [4,5].

Studies have shown that although CRPC appears to be resistant to
androgen withdrawal, its progression is usually still dependent on AR
[6-8]. The activation of AR after castration is associated with multiple
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tions [11], as well as aberrant activation/post-translational modification
[12]. In addition, altered steroidogenesis [13], AR splice variants, and
signal transduction abnormalities of AR coactivators can also lead to
CRPC progression [14-16]. How to inhibit or block the activation of AR
in the androgen withdrawal environment is the key to the treatment of
CRPC.

The three approved second-generation AR targeting agents, abir-
aterone, enzalutamide and apalutamide, effectively target AR signaling.
Although they can prolong survival, they are ineffective for AR splice
variants, acquired resistance to these three drugs will continue to
develop mCRPC [17-19]. In addition, there are development of agents
that target the AR axis [20,21], however, these new therapeutics only
prolong median overall survival a few additional months. The
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FK506-binding protein 51 (FKBP51) is a key regulator of endocrine
stress responses in mammals. Recently numerous interaction partners of
FKBP51 have been described [22]. The immunophilin FKBP51 and
FKBP52 act as synergistic chaperone (co-chaperone), together with
Hsp90 help correct folding of AR, which are necessary for AR activation
[23-25]. It has been reported that FKBP51 promoted the activity of AR
and enhanced the ability of AR to bind androgens, leading to upregu-
lation expression of downstream genes and finally promote proliferation
of prostate cancer cells [26,27]. Moreover, Shang et al. [28] demon-
strated that FKBP51 is regulated by AR-V7 and interacts with the AKT
signaling pathway and NF-kB signaling to inhibit apoptosis of prostate
cancer cells which finally promote the formation of CRPC. Therefore,
inhibition of FKBP51 may reduce the activation of AR and the growth of
prostate cancer cells, which is of great significance for the targeted
treatment of CRPC.

Rapamycin is a macrolide isolated from the bacterium Streptomyces
Hygroscopicus and is clinically used for the treatment of organ transplant
rejection and autoimmune diseases. It can inhibit the intracellular re-
ceptor FKBP12 and the mammalian target of rapamycin (mTOR), which
causes cell cycle to arrest in the G1 phase. The anti-cancer effects of
rapamycin have been shown in several cancers including hematologic
malignancies, breast cancer, rhabdomyosarcoma, and non-small cell
lung cancer [29-32]. Besides, rapamycin is effective in inhibiting the
growth of hormone-dependent and hormone-independent prostate
cancer cells [33-37]. The current research on rapamycin is mainly
focused on the PI3K/AKT/mTOR signaling pathway [38,39], however
the effect of rapamycin on the FKBP51/AR signaling pathway is still
unknown.

The primary objective of this experiment is to investigate the effect of
rapamycin on AR signaling pathway under androgen-dependent condi-
tions and to determine whether the effect of rapamycin on AR is medi-
ated by FKBP51 protein. The observations of this study will provide new
mechanism for rapamycin in anti-tumor researches which would pave
the way for further research on clinical research of CRPC.

2. Materials and methods
2.1. Reagents and antibodies

Rapamycin was purchased from Selleck Ltd., which was dissolved in
dimethyl sulfoxide (DMSO) to form a 5 mM stock solution, and aliquots
were stored at —20 °C. 4, 5 o-dihydrotestosterone (DHT) (Sigma-
Aldrich) was dissolved in ethanol. Fetal bovine serum (FBS), antibiotics
and RPMI 1640 medium were purchased from Gibco (Carlsbad, CA,
United States). RIPA lysis buffer and antibodies of AR, FKBP51, PSA, and
GAPDH were purchased from Sigma Chemical Co (St. Louis, MO, USA).
Fluorescein-conjugated goat anti-rabbit secondary antibody was pro-
duced from Abcam (ab50887, Abcam, Cambridge, UK).

2.2. Cell culture

The human prostate cancer cells of LNCaP and 22Rv1l were pur-
chased from the American Type Culture Collection (ATCC) and cultured
in RPMI 1640 medium supplemented with 10% FBS, 100 U/ml penicillin
and 100 mg/ml streptomycin. All the cells were cultured at 37 °C in a
humidified atmosphere containing 5% COx.

2.3. MTT assay

LNCaP and 22Rv1 cells were each planted at a density of 5 x 10° cells
per well in a 96-well plate and cultured overnight for cell adhesion. 1 nM
dihydrotestosterone (DHT) and different concentrations (5 nM, 10 nM,
20 nM, 50 nM and 100 nM) of rapamycin were applied as treatment for
another 24 h and 48 h. DMSO treatment served as vehicle control. Every
dosage was repeated three times and at least three independent exper-
iments were performed. Subsequently, 0.5 mg/ml MTT reagent (Sigma-
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Aldrich) was added to each well and incubated at 37 °C for another 4 h,
and then the dark blue crystals were dissolved with 100 ml DMSO.
Absorbance was measured at a wavelength of 490 nm with the BioRad
microplate reader. The percentages obtained from the absorbance of the
treated cells divided by the absorbance of untreated cells were presented
as the cell viabilities.

2.4. Endogenous expression of androgen-activated genes

The LNCaP cells grown to the logarithmic phase were subcultured
into culture dishes and divided into four groups: blank control with
DMSO added, DHT-added, 30 nM rapamycin+1 nM DHT, and 30 nM
rapamycin +10 nM DHT. After attached, the cells were starved for 12 h
in a serum-free RPMI 1640 medium. After rapamycin of 30 nM was
added for 2 h, 1 nM DHT and 10 nM DHT were added respectively to the
cells for 12 h. The same volume of culture medium was added to the
blank control group, and 10 nM DHT was added to the DHT control
group.

Total RNA was extracted using Trizol. cDNA was synthesized and
amplified using the Transcript First-Strand ¢cDNA Synthesis SuperMix
(TaKaRa Biotechnology, Dalian, China) in accordance with the manu-
facturer’s protocol. The real-time quantitative reverse transcription PCR
(qRT-PCR) was performed by SYBR Premix Ex TapTM II (TaKaRa
Biotechnology, Dalian, China) and the assay was carried out in triplicate
on a CFX96™ Real-Time system (Bio-Rad, Hercules, CA). The designs of
primer sequences referred our previous work [27]. All reactions were
performed in triplicate.

2.5. Western blot

LNCaP cells were plated in 10-cm dishes at 1 x 10° cells/dish in
RPMI 1640 medium. After 24 h, the cells were treated with 1.0 nM DHT
and different concentrations (1 nM, 5 nM, 10 nM) of rapamycin for 24 h.
Preparation of whole-cell protein lysates for western blot analysis was
conducted as follows. After treatment, cells were lysed for at least 30
min and then centrifuged at 14,000xg for 10 min at 4 °C, and the su-
pernatant was collected. Protein concentrations were determined by
Bio-Rad Protein Assay kit (Bio-Rad, Philadelphia, PA, United States).
Then, equal amounts of total protein of each sample was resuspended in
loading buffer and denatured for 5 min at 100 °C. The total protein (30
pg) of each sample was separated by 10% SDS-PAGE and then trans-
ferred to PVDF membranes (Millipore, United States). After blocking
with 5% non-fat dry milk in 1 x TBST for 1 h at room temperature, the
membranes were incubated overnight with different primary antibodies
[AR, FKBP51, PSA, and GAPDH] at 4 °C. After washing the membranes
in TBST five times (5 min per time), horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (1: 1000 dilution) were added at room
temperature for 2 h. Proteins were detected using a ChemiDoc XRS
imaging system and GAPDH was used as the loading control.

2.6. Cloning, expression, and purification of the FK1 domain of FKBP51

The FK1 domain of FKBP51 was expressed and purified as previously
described [27]. Namely the sequence encoding FK1 domain was
codon-optimized, synthesized and cloned into a pET28b-derived vector.
Using heat-shock, the plasmid was transformed into Escherichia coli BL21
(DE3) competent cells. Then the cells were allowed to grow to an optical
density (ODggp nm) between 0.6 and 0.8 in LB medium containing 50
pg/ml  kanamycin at 37 °C, 220 rpm. 0.2 mM
isopropyl-1-thiogalactopyranoside (IPTG) was added to induce protein
expression at 16 °C for 20 h. After centrifugation at 6000g for 30 min,
the pellet was resuspended in 20 mM Tris-HCl pH 6.0 and the bacterial
cells were disrupted through sonication. After centrifuged at 12,000 g
for 30 min, the supernatant was loaded onto a Hitrap SP-Bestarose FF
column (GE Healthcare) equilibrated with 20 mM Tris-HCI, pH 6.0. The
FK1 protein was eluted with a NaCl gradient ranging from 20 mM to 500
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mM and loaded onto a HiLoadTM 16/60 SuperdexTM 200 column (GE
Healthcare) equilibrated with 20 mM Tris-HCI pH 8.0, 100 mM NaCl.
The purified FK1 domain was finally concentrated to 50 mg/ml,
flash-frozen in liquid nitrogen and stored —80 °C for further usage.

2.7. Steady-state fluorescence quenching assay

The intrinsic fluorescence of the FK1 protein was monitored to
investigate the interaction between the FK1 domain of FKBP51 and
rapamycin. The FK1 protein with a final concentration of 20 uM was
titrated with 100 pM rapamycin in the buffer of 100 mM NacCl, 20 mM
Tris pH 8.0. At 295 nm excitation, the emission fluorescence in range of
310-400 nm was collected using a PerkinElmer LS 55 fluorescence
spectrometer.

2.8. Crystallization and data collection

Protein crystallization was carried out by using the vapor-diffusion
method at 16 °C. To set up the crystallization trials, 90 ul FKBP51 (30
mg/ml) was mixed with 10 pl rapamycin (10 mM), and the crystalliza-
tion condition is 30% PEG 3350, 0.2 M NH4 acetate and 0.1 M HEPES pH
7.5. Crystals appeared in 1 day and grew to full size within 3-7 days. For
data collection, the crystal was transferred to the cryoprotectant con-
sisting of 50% saturated sucrose. X-ray data were collected using a
Q315r CCD detector (ADSC) at the beamline BL17U1 at Shanghai Syn-
chrotron Radiation Facility (SSRF) and processed using the HKL-2000
program [40].

2.9. Structure determination

The structure of FK1 was determined by the molecular replacement
method with MOLREP [41] using the FKBP51 structure (PDB code 305R
[42]) as the search model. The model was first refined by the REFMAC5
program [43] and rebuilt interactively in the program COOT [44] by
using the op-weighted electron density maps. The B-factors were then
refined anisotropically by using the program phenix.refine [45]. One
rapamycin molecule was added in the final model and the final model
was validated with the programs MOLPROBITY [46] and PROCHECK
[47]. The structure figures were prepared with the program PyMOL
[48]. The sequence alignment was performed by using the programs
MultAlin [49] and ESPript [50].
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3. Results
3.1. Interaction between rapamycin and FKBP51

The major functional domain of FKBP51, namely the FK1 domain,
was purified in our previous work [27]. To study whether rapamycin can
interact with FKBP51, a steady-state fluorescence quenching assay was
carried out and the result is displayed in Fig. 1. As structural analysis
reveals there is only one tryptophan residue located at the bottom of the
FK1 binding pocket (W90 in Fig. 1a), the excitation wavelength of 295
nm was used in this study to selectively excite the tryptophan residue
only. As seen in Fig. 1b, the FK1 protein itself has strong fluorescence
intensity (red curve). When 100 pM rapamycin was added to the FK1
solution, the initial fluorescence was strongly quenched (green curve)
indicating a direct interaction between the binding pocket of FK1 and
rapamycin. In the titration, the fluorescence of rapamycin alone was also
monitored to eliminate interference come from the ligand (blue curve).
The result indicates that rapamycin binds to the active pocket of FK1
which may interfere with the local chemical environment of W90.

3.2. Protein-ligand interactions

The structure of the determined FK1 domain is comprised of a
twisted five-stranded anti-parallel p-sheet wrapping around a short
a-helix (Fig. 2). The newly crystallized FK1 structure is aligned well with
the pre-resolved FK1 structure (grey cartoon in Fig. 2b, PDB code:
305R). In addition, the binding partner rapamycin shares a very similar
binding pose to that observed for the ligand FK506 (tacrolimus)
embedding in the FK1 region and occupying the active sites (Fig. 2a and
c). Remarkably, the macrolide moiety of rapamycin and FK506 locate in
the same direction with the cyclohexane motif protruding outside the
binding pocket. Binding of rapamycin to FK1 is rather rigid and doesn’t
induce significant conformational changes in the FK506 binding pocket
(Figs. 2b and 3). The piperidine group of rapamycin sits face-to-face with
the side chain of the residue W90 in the binding pocket. This is
corroborated with the results of our fluorescence quenching assay that
rapamycin joins the vicinity of the W90 and quenches the inherent
fluorescence of the only tryptophan residue in the FK1 domain. Rapa-
mycin binding to FK1 forms several hydrogen bond interactions with the
backbone atoms of the surrounding D68, G84, Q85, 187 and Y113 resi-
dues which would contribute favorably to the binding process. Apart

A1

kel

b Sl

Fig. 1. Steady-state fluoresce quenching assay. a. The binding pocket of FK1 with the W90 residue shown in yellow sticks. b. Fluorescence emission spectra of
FKBP51 and rapamycin resulting from excitation at 295 nm. The fluorescence intensity spectra of the FK1 domain (20 pM) and rapamycin (100 pM) alone are shown
in red and purple, respectively. The green curve represents the fluorescence intensity spectra of 20 pM FK1 titrated with 100 pM rapamycin. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The interaction between FK1 domain of
FKBP51 and rapamycin. a. Binding pocket of
rapamycin (yellow sticks) on FK1 domain (cartoon
representation). b. Superposition of the binding
poses of rapamycin (magenta) and tacrolimus
(grey) in the FK1 domain. c. The binding interac-
tion between rapamycin and FK1 with those resi-
dues contributing to the binding shown in magenta
sticks. d. Surface representation of the FK1 domain
with rapamycin shown in yellow sticks. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

Tacrolimus

Fig. 3. The chemical structures of rapamycin and tacrolimus.

from the hydrogen bond interactions, hydrophobic interactions from
residues such as F67, F77, V86, S118, F130 also contribute greatly to the
components binding.

3.3. Rapamycin inhibits AR signaling

As AR-mediated signaling is essential for the proliferation of prostate

cancer cells, androgen-dependent cells LNCaP and androgen responsive
cells 22Rv1 were used as vitro models to investigate whether targeting
FKBP51 could inhibit AR signaling. As can be seen in Fig. 4, both 22Rv1
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and LNCaP cells growth were obviously inhibited when treated with
rapamycin. The androgen-dependent (with 1 nM DHT supplied) prolif-
eration of two cell lines was inhibited with a concentration-dependent
manner.

Treating LNCaP cells with 100 nM rapamycin for 24 h (Fig. 4a) and
48 h (Fig. 4b) resulted in about 40% and 50% growth inhibition,
respectively. For 22Rv1 cells, the growth inhibition rates were ~15%
and ~30% when treated for 24 h and 48 h, respectively. The MTT assay
suggested that the occupation of the FK1 domain with rapamycin may
suppress the androgen-induced growth of prostate cancer cells via
inhibiting AR signaling.

To determine the inhibition level of AR-activated gene transcription
in the presence of rapamycin, a quantitative real-time PCR was per-
formed. The results showed that in the presence of DHT, rapamycin
inhibited the expression of AR and FKBP51 as well as the expression of
downstream genes KLK2 and TMPRSS2, which are regulated by AR
(Fig. 5). Among them, the mRNA expressions of KLK2 and TMPRSS2
were significantly down-regulated while the expression level of AR
indicated no significance.

To further examine the inhibition effect of rapamycin on protein, we
examined the protein expression of PSA, AR, and FKBP51 using western
blot. LNCaP cells were incubated with different concentrations of
rapamycin in the presence of 1 nM DHT. After 24 h, the proteins were
extracted to detect with western blot analysis, GAPDH used as control.
The results showed that different concentrations of rapamycin inhibited
the expression of PSA protein under DHT conditions (Fig. 6). However,
rapamycin did not induce influence on the protein expression of AR and
FKBP51. Overall, we speculate that rapamycin may inhibit the activity
of AR without influence the protein expression.

4. Discussion

In this work, the interaction between rapamycin and the FK1 domain
of FKBP51 was investigated. Rapamycin that could interact with the FK1
domain of FKBP51 was identified by fluorescence quenching assay.
Structure of the rapamycin-FK1 complex revealed that rapamycin oc-
cupies a hydrophobic pocket of FKBP51 which is important for AR ac-
tivity. Structural analysis indicated that rapamycin is stably bound to the
FKBP51 pocket and the hotspot residues involved in rapamycin binding
are mainly hydrophobic which may overlap with the AR interaction
sites. Although there have been some reports on the role of FKBP51 and
AR in the literature, there is no unified conclusion on whether FKBP51
has an enhancement effect on AR [51-53].

The structure of the binary complex we obtained is basically the
same as that of Marz et al., which is a ternary complex of the FK1 domain
of FKBP51, the FRB domain of mTOR, and rapamycin [54]. The rapa-
mycin poses in the active pockets of the binary and ternary complexes
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were identical, but the loop region of the protein was different, and the
two loop regions were closer together in the binary complex than in the
ternary complex.

We further showed that rapamycin inhibited the androgen-
dependent growth of the prostate cancer cells and down-regulated the
expression levels of AR activated genes. This reveals another possible
signaling pathway for rapamycin in prostate cancer cells, which inhibits
the growth of prostate cancer cells via the AR signaling pathway.
However, the role of FKBP51 in AR signalling appears controversially, as
both positive and negative modulatory effects of FKBP51 on activity of
AR have been reported [55,56]. Overall, our studies demonstrate that
rapamycin suppresses the AR signaling pathway by interacting with
FKBP51, providing a new mechanism of rapamycin in prostate cancer
therapy. In addition, rapamycin may act as a bridge connecting the
mTOR signaling pathway and the AR signaling pathway and further
research is needed to verify whether these two signaling pathways have
cross-interaction. This provides a new mechanism for rapamycin in
anti-tumor, paving the way for further research on clinical research of
castration-resistant prostate cancer.

Although preclinical studies have shown that rapamycin analogues
can inhibit the formation of prostatic epithelioma in mice [57], with
good efficacy in the treatment of metastatic renal cell carcinoma and
pancreatic neuroendocrine tumors at cell level, the application of
rapamycin analogues in the treatment of men with CRPC did not cause
significant improvements in clinical symptoms, serum PSA levels, and
time to disease progression [58-60]. We will continue to study the
relevant mechanisms to understand why the clinical application of
rapamycin is not effective as that at the cell level in our future study.

For androgen-independent AR activation, enzalutamide and abir-
aterone may become ineffective. However, the clinical application of
two more beneficial drugs, docetaxel and cabazitaxel, are limited due to
severe adverse effects and drug resistance. In the last few years, several
new agents for treatment of mCRPC have shown survival benefits in the
clinical, including sipuleucel-T, Radium-223, denosumab, and
bisphosphonates. Currently, novel treatments such as immunothera-
peutics, therapies targeting other oncogenic and genomic pathways,
particularly PARP inhibitors and PD-1 inhibitors, are under clinical
investigation [61]. It may be a good choice of prostate cancer treatment
to develop the appropriate individualized therapy, which will improve
clinical outcomes, and prevent unfavorable side effects and costly
therapies. In-depth understanding of the action mechanism of FKBP51
inhibitor on AR pathway will help improve the treatment efficacy of AR
pathway.
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