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Abstract

Objective: The immunophilin cochaperones, FKBP51 and FKBP52, have a modulating effect on steroid hormone
receptors including the androgen receptor (AR). The differential effects seen by these immunophilins can be
attributed to amino acid differences in the proline-rich loop; the proline at position 119 conferring AR potentiation
capacity on FKBP52 and the leucine at this position in FKBP51 diminishing potentiation. FKBP51 can nevertheless
potentiate AR activity in prostate cancer cells leading to accelerated growth. In addition, FKBP51 is regulated by AR,
providing a feed-forward mechanism for FKBP51-mediated AR potentiation. These observations suggest that
development of the FKBP51-L119P mutation in prostate cancer could lead to increased potentiation of AR and a
more aggressive cancer phenotype. We tested this theory by examining the prevalence of FKBP51-L119P in a
cohort of primary prostate tumours of increasing grade.

Methods: A segment of the FKBP51 gene containing the leucine 119 codon was amplified from tumour DNA by
PCR then subjected to digestion with BsmAI, a restriction enzyme having a recognition sequence incorporating the
leucine 119 ‘CTC’ codon and occurring once in the amplicon. A subset of the prostate tumours was also examined
for T > C conversion within the CTC codon by deep sequencing using the ion torrent system.

Results: We were unable to detect the L119P mutation in any of the prostate cancers examined by restriction-
enzyme analysis irrespective of tumour grade. In addition we found no evidence from ion torrent sequencing of early
clonal development of cells with the L119P mutation in a subset of the tumours.

Conclusion: We found no evidence to suggest that the L119P mutation contributes to an increasingly aggressive
prostate cancer phenotype. However, tumour outgrowth favouring this mutation might occur in response to the low
androgen environment and we propose examination for the L119P mutation in castrate-resistant prostate cancer.
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Introduction
The androgen receptor (AR) is the principal target of hormonal

therapies in prostate cancer [1], but current therapies which exploit the
dependence of AR on hormone activation become ineffective in
castrate-resistant prostate cancer (CRPC), despite continued AR
expression and evidence that androgen signalling is often maintained
[2]. The unliganded AR is located primarily in the cytoplasm,
assembled into a hormone-binding competent form with Hsp90
molecular chaperone machinery [3], which then facilitates efficient
translocation of the hormone-bound AR-Hsp90 complex to the
nucleus for transcriptional activation of target genes [4]. The mature
AR complex consists of an Hsp90 dimer, p23 and one of the
immunophilin cochaperones - FK506-binding proteins (FKBPs) 51 or
52 or cyclophilin 40 (CyP40), a binding protein for cyclosporin A
(CsA) [5].

Although FKBP51 and FKBP52 (encoded by the FKBP5 and FKBP4
genes, respectively) share 70% sequence similarity and display similar
domain organisation and structural architecture [4], mouse gene
knockout strategies have revealed FKBP52, but not FKBP51 to be an
important facilitator of steroid receptor activity in general [6-9]. These
regulatory differences arise from FKBP52-mediated increases in
receptor hormone-binding affinity leading to more efficient
transcriptional activity, whereas competitive displacement of FKBP52
by FKBP51 acts to repress hormone binding, resulting in an attenuated
hormonal response [6,7,10-12]. On the other hand, FKBP51 and
FKBP52 are both positive regulators of AR-mediated prostate cancer
cell growth [13-18] and may be targeted by FK506 to inhibit androgen-
induced cell proliferation [13,17]. Furthermore, they may have
relevance to androgen ablation therapy where reduced androgen levels
are still effective in stimulating the receptor [15].

The stimulatory effect of FKBP52 is directed through the AR ligand-
binding domain and recent studies have led to the proposal that a
proline-rich loop, overhanging the FK1 catalytic pocket in FKBP52,
makes specific contact with a region of the AR ligand-binding domain,
most likely the AR BF-3 site, stabilizing a conformation optimal for
high affinity hormone binding and efficient transcriptional activation
[19-23]. Interestingly, the BF-3 surface of AR is known to harbour a
large number of mutations involved in prostate cancer and androgen
insensitivity syndrome [21,23,24]. FKBP52 is much more highly
expressed in prostate cancer cell lines in comparison to normal
prostate epithelial cells [13] and is upregulated in prostate cancer
needle biopsies [14].

The FKBP51 gene is also emerging as a potential target of androgen
signalling in the prostate with elevated levels of this cochaperone being
observed in prostate cancers and FKBP51 overexpression able to
stimulate prostate cancer cell growth [13,17,18]. In addition, FKBP51
was shown to severely affect the efficacy of bicalutamide, an
antiandrogen used in patients undergoing androgen ablation therapy
[18]. Moreover, in studies employing xenograft animal models,
CWR22-R androgen-independent tumours that arose from androgen-
dependent tumours (CWR22) expressed higher levels of FKBP51
[16,25]. FKBP51 expression decreased in the CWR22-R tumours of
mice following androgen-ablation, only for levels to normalize over

time, and to elevate even higher in mice exposed to androgens [16], a
pattern highly suggestive of a direct role for FKBP51 in prostate cancer
growth and progression to the highly invasive androgen-independent
state. These findings, along with additional experimental observations
[26], demonstrate that FKBP51 is an androgen-regulated protein
involved in an auto-regulatory pathway that increases androgen
sensitivity.

The proline-rich loop (FKBP52 sequence: 116AGS119PPKIP124P) is
largely responsible for the functional difference between FKBP52 and
FKBP51 relating to AR potentiation and repression of hormone
binding, respectively [19]. The corresponding FKBP51 sequence
(116AGS119LPKIP124S) differs at residues 119 and 124. However, the
conformational changes in the proline-rich loop of FKBP51/52 that
allow potentiation of AR activity are largely governed by amino acid
residue 119 as proline substitution for Leu119 alone in FKBP51
converts the immunophilin to a potentiator of AR transcriptional
activity mimicking that for FKBP52 [19]. Since the FKBP5 gene
encoding FKBP51 is a highly sensitive AR-regulated gene that is itself
responsive to androgens [16,26] and increases AR activity in prostate
cancer cells [18], such a gain-of-function mutant raises the possibility
that this FKBP51 mutation results in increased androgen
responsiveness, providing a selective growth advantage for affected
prostatic tumours. Furthermore, a FKBP5-ERG fusion and a unique
triple fusion (TMPRSS2-FKBP5-ERG) have been detected in primary
prostate cancer tissue [27] suggesting a role for FKBP51 in prostate
cancer development even prior to the selective pressures imposed by
androgen deprivation therapy.

The aim of this study was to determine the underlying incidence of
the FKBP51 L119P mutation in prostate cancer in a large cohort of
prostate cancer samples of variable grade and to see whether presence
of the mutation correlated with higher tumour grade.

Materials and Methods

Patients, patient samples and tumour grading
Prostate tissues were derived from radical prostatectomy (or biopsy

specimens) from 50 Australian males. Tissue sections from three
archival prostate cancer samples fixed in SolufixTM (each with
matching normal prostate tissue sections) and a further 42 fresh frozen
prostate samples were sourced from the Uropath Pathology
Laboratory, West Leederville, Western Australia. An additional five
fresh frozen tumours with matching normal prostate tissue were
obtained from the Australian Prostate Cancer BioResource (APCB
Victorian node, Monash University, Clayton, Victoria). Tumours were
graded according to the Gleason scoring system [28] and allocated a
pathologic stage according to the TNM system [29]. N-staging of
regional lymph nodes was performed where appropriate. Tumour
grading and pathologic staging of the tumours used in the study are
shown in Table 1.

Informed consent was obtained from all patients for release of their
tissue samples for experimental purposes: for Uropath samples,
through the Hollywood Private Hospital Research Ethics Committee
(approval number HPH128/230) and for APCB samples, through the
Monash University Human Research Ethics Committee (approval
number 1647). Experimental protocols were approved by the Sir
Charles Gairdner Hospital Research Ethics Committee (Approval
number 2009-051) and all experiments were performed in accordance
with the relevant guidelines and regulations.

Citation: Ward BK, Cluning C, Arulpragasam A, Bentel JM, Chandler DC, et al. (2019) Implications of Androgen Receptor Hyperstimulation by
the FKBP51 L119P Mutation: No Evidence for Early Emergence of L119P in Prostate Cancer. J Steroids Horm Sci 10: 197. doi:
10.4172/2157-7536.1000197

Page 2 of 8

J Steroids Horm Sci, an open access journal
2157-7536

Volume 10 • Issue 1 • 1000197



Gleason Score Number of
Samples

Pathological
stage

Number of
Samples

Benign
hypertrophy

1 Benign
hypertrophy

1

High grade
dysplasia

1 High grade
dysplasia

1

3+3=6 2 T2a 2

3+4=7 (4=20%) 3 T2c 10

3+4=7 (4=30%) 1 T2cNO 3

3+4=7 (4=40%) 5 T2cNX 1

4+3=7 (4=60%) 6 T3a 15

4+3=7 (4=70%) 3 T3aNO 9

4+3=7 (4=80%) 8 T3b 3

4+4=8 10 T3bNO 1

4+5=9 9 T3bN1 4

5+4=9 1

Table 1: Tumour grading and pathological staging of the fifty prostate
tumours/prostatic tissues used for assessing the prevalence of the
L119P mutation.

Cell culture
The AR negative cell lines DU145 and PC-3 and the AR positive cell

lines LNCaP, C4-2B (a metastatic derivative of LNCaP), 22RV1 and
PC-3-AR (an AR-transfected derivative of PC-3) were propagated in
DMEM medium containing 5% fetal bovine serum (FBS) (or 10% FBS
in the case of LNCaP cells) and penicillin/streptomycin and incubated
in 5% CO2 at 37°C as described previously [30].

DNA extractions
Fresh frozen samples (15-25 mg of tissue in a partially frozen state)

were sliced using a sterile scalpel blade into thin sections and placed in
an Eppendorf tube on ice. DNA was recovered from the prepared
tissue samples by proteinase K digestion followed by binding and
elution of the DNA from a mini spin column using the QIAamp DNA
Mini Kit (Qiagen, Venlo, Limburg, Netherlands) according to the
manufacturer’s instructions. For the archival material, eight 10 μm
sections were dewaxed in xylene (3 x 30 min) then chloroform (30
min), and rehydrated in absolute ethanol (30 min), 75% ethanol (30
min) and PBS (2 x 30 min) prior to DNA extraction, which was
performed in a similar manner to that for fresh frozen samples except
that proteinase K concentrations were increased 2-3 fold. DNA was
eluted from spin columns with 100 μl or 150 μl of sterile ddH2O for the
archival and fresh frozen tissue samples, respectively. DNA yields
ranged from 1.5-9 ng/μl for the archival tissue to 20-600 ng/μl for the
fresh frozen samples. Cell culture monolayers grown to near
confluency were trypsinised and DNA was extracted from 3 x 106 cells
following proteinase K digestion using the QIAamp DNA Mini Kit.
DNA was eluted with 200 μl of sterile ddH2O yielding concentrations
of 120-376 ng/μl.

PCR and PCR product purification
A 395 bp fragment of the FKBP51 gene containing all of exon 3

including codon 119 (CTC) was amplified from prostate DNA using a
KAPA HiFi PCR kit (Kapa Biosystems, Wilmington, MA, USA) with
intronic forward, 5’-GTAGCACTCTGTCATCTTGTAGC-3’, and
reverse, 5’-GGATCTGATTCTCTATAGCAAGC-3’, primers (Figure 1).

Figure 1: Sequence of the FKBP51 amplified region in relation to
the unique BsmAI restriction enzyme recognition site which
incorporates the CTC triplet encoding leucine 119. The exon 3
component is emboldened with the sequence homologous to the
proline-rich loop of FKBP52 in reduced font and the relevant CTC
codon in italics. The forward and reverse primers used for PCR
amplification of the entire 395 base pair sequence are underlined.
The BsmAI recognition site is aligned with the sequence encoding
the proline-rich homologous region. The primer sequences used for
amplification of the 159 base pair sequence used for Ion Torrent
sequencing are underlined by dashed lines.

Reaction volumes of 25 μl included 1X KAPA HiFi Fidelity buffer, 2
mM MgCl2, 0.3 mM dNTPs, 0.3 μM each primer, 0.5 U KAPA HiFi
DNA polymerase and 10-50 ng template DNA. Cycling conditions
were as follows: 95°C/5 min, 35 cycles of 98°C/20 sec, 60°C/ 15 sec,
72°C/15 sec then 72°C/5 min. For archival samples where PCR product
yields were low, reactions performed in duplicate or triplicate were
combined for analysis. The 395 bp FKBP51 fragment was similarly
amplified from DNA extracted from prostate cancer cell lines using Go
Taq Flexi DNA polymerase (Promega Corp, Madison, WI, USA) with
the above mentioned primers. Reaction volumes of 50 μl included 1X
Go Taq Flexi buffer, 2 mM MgCl2, 0.2 mM dNTPs, 0.4 μM each
primer, 1.5 U polymerase and 250-500 ng template DNA. Cycling
conditions were as follows: 94°C/270 sec, 35 cycles of 94°C/45 sec,
60°C/45 sec, 72°C/1 min then 72°C/10 min. Amplified PCR products
were purified using a QIAquick PCR purification kit (Qiagen)
according to the manufacturer’s instructions, with DNA yields ranging
from 25-75 ng/μl for archival tissues, 75-200 ng/μl for fresh frozen
tumour material and 38-46 ng/μl for cell lines.

Restriction enzyme digestion 
Purified FKBP51 PCR amplicons from prostate cancer cell lines,

prostate tissue and controls were digested with BsmAI (isoschizomers
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Alw26I and BcoDI; New England Biolabs, Ipswich, MA, USA). The
BsmAI restriction enzyme site (GTCTC(N)1/(N)5) is located once in
the 395 bp sequence and encompasses the leucine 119 codon (Figure 1)
with complete digestion generating 250 and 145 bp fragments.
Digestions (20 μl) containing 1X cut smart buffer and 7.5 U BsmAI
enzyme and 300-368 ng DNA (cell lines) or 225-500 ng DNA (prostate
tissue) were incubated at 55°C for 4-6 hours (2 hours for cell lines)
with intermittent mixing and centrifugation to ensure complete
digestion. Reactions were similarly incubated for a further 2-4 hours
following addition of an extra 5 U enzyme and digestion products were
separated in 1.5% agarose gels.

Deep sequencing using the ion torrent system

Patient number Samples Total Reads Nucleotide at T position (% of total reads)

T G C A

70081 (ff) Benign 16342 99.566 0 0.428 0.006

Malignant (GS: 3+3=6) 23532 99.427 0.013 0.532 0.03

70090 (ff) Benign 19294 99.337 0 0.643 0.021

Malignant (GS: 3+3=6) 22131 99.517 0.005 0.465 0.014

70080 (ff) Benign 17476 99.336 0.011 0.635 0.017

Malignant (GS: 4+3=7) 16460 99.453 0 0.529 0.018

70602 (ff) Benign 12301 99.228 0 0.74 0.033

Malignant (GS: 4+4=8) 14785 99.357 0.014 0.582 0.047

70309 (ff) Benign 15569 99.416 0 0.565 0.019

Malignant (GS: 4+5=9) 15228 99.422 0.007 0.565 0.007

2617G (archival) Benign 15591 98.576 0 1.411 0.013

Malignant (GS: 3+4=7) 13234 99.441 0.015 0.529 0.015

2424J (archival) Benign 19016 99.27 0.011 0.694 0.026

Malignant (GS: 4+3=7) 13449 99.546 0 0.446 0.007

2451K (archival) Benign 14408 99.334 0.007 0.659 0

Malignant (GS: 3+4=7) 14245 99.389 0 0.604 0.007

Table 2: Prevalence in benign and malignant prostatic tissue of a T to C change in CTC codon 119 leading to CTC->CCC. ff: fresh frozen; GS:
Gleason score
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A 159 bp fragment of the FKBP51 gene containing codon 
119 was amplified from three archival and five fresh frozen 
prostate cancer DNA samples and their matching normal prostate 
tissue (Table 2) using AmpliTaq Gold 360 DNA polymerase 
(Invitrogen Life Technologies) with the exonic forward primer 5’-C 
ATGAAGAAAGGAGAGATATGCC-3’ and the intronic reverse primer 
5’-CCATTCCTATTGTAGAGCAGATG-3’ (Figure 1). Reactions (25 
μl) contained 1X AmpliTaq Gold 360 DNA buffer, 2 mM MgCl2, 0.2 
mM dNTPs, 0.5 μM each primer, 0.625 U AmpliTaq Gold 360 DNA 

polymerase and 25 ng template DNA. Cycling conditions were as 
follows: 95°C/10 min, 30 cycles of 95°C/30 sec, 55°C/30 sec, 72°C/30 
sec then 72°C/7 min. Ion Torrent sequencing (using the Ion One 
Touch 200 template kit) and bioinformatics analyses were undertaken 
at the Australian Genome Research Facility, Brisbane (University of 
Queensland) and Melbourne (Walter and Eliza Hall Institute) nodes, 
respectively. For ion torrent sequencing, primers were generated in 
which the forward exonic FKBP51 primer above was fused to the Ion 
A adapter sequence as well as to a unique barcode sequence to identify 
each sample. The reverse FKBP51 intronic primer was fused to the Ion 
Torrent specific P1 adapter sequence to create the reverse fusion primer. 
Using the 159 bp amplicons as template and the above-described fusion 
primers, adapter-ligated libraries were amplified onto beads which 
were then centrifuged into wells on a CMOS semiconductor microchip 
[31]. Single nucleotide variant reads were performed using Partek GS 
algorithms (Partek Genomics Suite software: Version - Revision 6.6 
Build 6.13.0731; Copyright 2014 Partek Inc., St Louis, MO, USA). Total 
reads for the 16 samples ranged from 12301-23532 (Table 2) and the 
mean read length ranged from 111-124 base pairs. We examined the 
percentage of total reads assigned to each nucleotide at the middle 
position of the CTC codon (a T to C conversion signifying a leucine to 
proline substitution).



Results

Histopathological analysis of prostate tumours
The prevalence of mutations affecting codon 119 of FKBP51 was

examined in 50 prostate tumour specimens 47 (94%) of which were
from fresh frozen tumour samples with the remainder from archival
formalin-fixed tissue. Forty-six of the samples were medium to high
grade prostate tumours (Gleason scores >7), but there were two low
grade tumours (Gleason score 6) and one sample each of high grade
dysplasia (prostatic intraepithelial neoplasia) and benign prostatic
hyperplasia (Table 1). Of the 48 tumours 46 (96%) were peripheral
zone tumours the majority of which (83%) were associated with
multifocal lower grade peripheral and/or transition zone tumours
which were not assessed. Primary tumour volume ranged from
0.2-12.46 cc (average from 48 samples: 3.77 cc) and the percentage of
tumour in each specimen was estimated to range from 80-100%. The
pathological stage of frank tumors ranged from T2a to T3bN1 (Table
1). Extraprostatic extension of tumours (stage T3a and higher) was
established in 32/50 (64%) of cases. One stage T3a tumour showed
invasion of the left ejaculatory duct, however the left seminal vesicle
was not represented in the tissue for confirmation of its involvement.
Nine cases were stage T3b indicating definite spread to the seminal
vesicles, either directly via the ejaculatory duct or through metastatic
deposits; of these, four exhibited regional lymph node metastasis
(T3bN1). There were no cases of stage IV tumours (spread beyond the
seminal vesicles to other organs), although one tumour classified as
T3a NO showed invasion of bladder neck parenchyma.

Restriction enzyme analysis for the L119P mutation in
prostate samples

Initial analyses using the on-line mutation prediction tool ‘Mutation
Taster’ (www.mutationtaster.org) and examination of the 1000
genomes browser (http://browser.1000genomes.org) indicated that
FKBP5 c.356T>C that converts the CTC codon to CCC is not a
registered disease-causing sequence variant, nor is it an identified
natural polymorphism.

For restriction enzyme analysis we took advantage of a BsmAI
restriction enzyme site that encompasses the leucine 119 codon and is
located once in the 395 bp PCR-generated, FKBP51-exon 3 sequence
(Figure 1). PCR amplification of FKBP51 exon 3 followed by over
digestion with BsmAI did not provide evidence of sequence alterations
affecting the enzyme recognition site in any of the prostate tumour/
prostate biopsy specimens, six prostate cancer cell lines or control
specimens examined, i.e. all samples appeared to digest completely
(Figures 2 and 3). In addition, direct sequence analysis of amplicon cell
line DNA yielded wild type sequence in all cases (results not shown).
Due to the relatively low sensitivity of this method, the findings
indicated that, if present, FKBP51 codon 119 mutations represented a
very small proportion of FKBP51 exon 3 sequence in the tissue or cell
line DNA. In particular, the generation of tumour clones resulting
from early mutational events in the tumours might be difficult to
detect using this method.

Figure 2: No evidence for the presence of the L119P mutation in
BsmAI digests from prostate cancer tumours. Ethidium bromide-
stained 1.5% agarose gel image of PCR-amplified FKBP51 exon 3
DNA from a prostate tumour (Gleason score: 4+3=7) either
undigested (lane 3) or digested with BsmAI (lane 4) and from a
prostate tumour (Gleason score: 4+4=8) either undigested (lane 5)
or digested with BsmAI (lane 6). Control undigested and digested
DNA (extracted from the lymphocytes of a subject without prostate
cancer) is shown in lanes 1 and 2, respectively (two-fold excess
DNA was used for the control to ensure complete digestion). The
image was generated on a ChemiDoc digital imager (BioRad) and is
representative of several gels in which 50 prostate tumour digests
were examined. M=Molecular weight marker with the positions of
100, 300 and 500 base pair (bp) bands indicated.

Figure 3: No evidence for the presence of the L119P mutation in
BsmAI digests from prostate cancer cell lines. Ethidium bromide-
stained 1.5% agarose gel image of PCR-amplified FKBP51 exon 3
DNA from undigested LNCaP prostate cancer cell line (lane 1) and
BsmAI digested LNCaP, DU145, C4-2B, 22RV-1, PC-3 and PC-3-
AR prostate cancer cell lines (lanes 2-7, respectively). The image
was generated on a ChemiDoc digital imager (BioRad).
M=Molecular weight marker with the positions of 100, 300 and 500
base pair (bp) bands indicated.
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Deep sequence analysis for the L119P mutation in prostate
samples

In order to detect possible early development of the L119P mutation
we performed deep sequencing of DNA extracted from eight of the
prostate tumours as well as their matched nonmalignant tissue
controls. This analysis showed that at position 356 of the coding
region, thymine was the predominant nucleotide in all samples scoring
over 99% of total reads in most cases and while cytosine was more
common than either adenine or guanine, it generally represented <1%
of total reads (Table 2). The only exception was the matched benign
prostatic tissue from a patient with a low grade prostate cancer where
cytosine represented 1.4% of total reads. In general, there was no
appreciable difference in the prevalence of cytosine either between
samples when comparing all the malignant or benign tissues or within
a particular patient’s matched samples, when comparing benign and
malignant tissue. In fact, in most cases the benign tissue scored equally
or higher than the corresponding malignant tissue. The overall higher
prevalence of cytosine compared with adenine or guanine at position
356 is unlikely to indicate the presence of a true ‘C’ allele as the
percentage value for ‘C’ is still within the normal error incorporation
rate for ion torrent sequencing and may reflect its position within a
cytosine polymer (Figure 1), homopolymers reportedly leading to a
greater error rate in ion torrent sequencing [32,33]. In summary, these
data do not support the selective clonal development of mutations at
the ‘T’ site in the Leu119 codon in low grade or more advanced
primary prostatic tumours, however the possibility that this mutation
is selected for in CRPC patients in response to a low androgen milieu
remains to be investigated.

Discussion
FKBP51 has the capacity to potentiate AR-mediated prostate cell

growth and the FKBP5 gene is itself androgen regulated [13,16-18,26].
These observations, coupled with experiments demonstrating that the
FKBP51 L119P mutation restores AR potentiation to that
demonstrated by FKBP52 [19], have led to the hypothesis that the
L119P mutation might occur naturally in the evolution of prostate
cancers leading to accentuated potentiation and a more aggressive
prostate cancer phenotype. In order to test the prevalence of this
mutation in prostate cancer we examined approximately 50 prostate
tumours representing a broad range of Gleason score and pathological
staging, as well as several AR-dependent and AR independent prostate
cancer cell lines. Tumour and cell line DNA was examined for the
mutation by conventional means (PCR amplification and restriction
enzyme analysis) in all cases and a subset of the tumours with their
matched normal prostate tissue was also examined by deep
sequencing. In addition, we examined by restriction enzyme analysis a
further 39 prostate cancer samples that, although processed for RNA,
still contained amplifiable amounts of DNA (results not shown); these
tumours also covered a wide range of Gleason score (Gleason 5-9, with
the majority (67%) being Gleason 7) and pathological staging ranging
from T2c-T3bN1. We found no evidence for the presence of the L119P
mutation by restriction enzyme analysis in any of the prostate cancers
including those tumours of higher grade and the prostate cancer cell
lines also did not harbour this mutation. There was no evidence from
deep sequencing of early clonal development of cells with the L119P
mutation in a subset of the tumours. In view of these findings, this
study approach could be extended to examine other potentially
activating mutations in FKBP51, for example in regions of the FK1
domain such as the β3 bulge where sequence divergence between

FKBP51 and FKBP52 leads to conformational changes that favour
FKBP52-mediated AR potentiation [22].

Our study examined only solid, primary prostate tumours following
prostatectomy. Tumours were generally confined to the prostate gland
or had limited extraprostatic extension. Extensive metastatic disease
was not examined, nor was local or metastatic recurrence following
androgen deprivation therapy (ADT) i.e. CRPC. It is possible that the
L119P mutation arises selectively in response to the low androgen
milieu following ADT and therefore would have been missed in this
study. Indeed, recent investigations have demonstrated that >70% of
CRPC cases harbor genetic alterations affecting the AR pathway and
while most of these involve the AR itself, other AR signaling factors
may also be affected [34,35]. Mechanisms by which CRPCs adapt to
the androgen depleted environment have been reviewed by
Ferraldeschi et al [36]. Although most mechanisms focus directly on
the AR or on androgen signalling, alterations in AR cochaperones
might also provide a growth advantage for prostate cancer cells
following ADT. While proposed candidates include p23 and FKBP52
[6,9,13,20,37], it is now clear that FKBP51 may also be important
[16-18], for example FKBP51 is upregulated in LAPC-4 tumours
grown in mice under androgen deprivation and stimulates AR-
mediated transcription and prostate cell growth [18]. Such activity,
coupled with the introduction of an FKBP51 L119P hyperactivating
mutation could provide a highly effective mechanism for the prostate
cancer cell to compensate for the androgen-depleted environment and
underscores the need to investigate the presence of this mutation in
metastatic tumour tissue (eg from bone, lung or lymph nodes) in
patients with CRPC. Finally, since metastatic tumour material is often
difficult to obtain, there is a growing trend to examining circulating
tumour cells (CTCs) for the presence of mutations [38] and this
approach could be adopted to investigate the presence of the L119P
mutation in CRPC patients. Extensive whole exome and/or
transcriptome sequencing of CTCs or, alternatively, re-evaluation of
bioinformatical data already generated [34] may yet reveal the
presence of the L119P mutation in a subset of CRPCs.

Prostate cancer displays extensive genetic heterogeneity. For any
given patient, prostate cancer is frequently multifocal with foci of
disease of separate clonal origin arising independently and
characterized by unique genetic alterations (interfocal heterogeneity).
Even within a particular focus of disease, cancer cells may exhibit
differences in genomic alterations (intrafocal heterogeneity) (reviewed
by Boyd et al [35]). Most of the tumours we examined were multifocal
with only the largest focus selected for genetic analysis. The FKBP51
L119P mutation may therefore have been present in other foci that
were not selected. In addition, it was estimated that samples were
composed of 80-100% tumour tissue leaving the potential for up to
20% of the tissue being stroma. Since only a proportion of the frozen
tissue (approximately 1/10th) was used for DNA extraction it is
possible that the L119P mutation may have been missed if stroma
tissue was largely included or if the primary focus was characterized by
extensive intrafocal heterogeneity. The use of laser capture
microdissection could have aided in the identification of single
prostate tumour cells for use in genetic analysis [39]. The lack of
detection in the prostate cancer cell lines is perhaps not surprising as
other genetic defects have been attributed to their cancer phenotypes
[35,40]; we confirm that the FKBP51 L119P mutation does not
contribute to these cancer phenotypes.

The genetic susceptibility to prostate cancer and the landscape of
genetic alterations in both primary prostate cancer and CRPC have
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been evaluated over recent years with inactivation of tumour
suppressor genes (eg PTEN or TP53), chromosomal rearrangements
(eg ETS oncogene fusions such as TMPRSS2-ERG) and alterations in
AR signaling genes (eg AR, FOXA1, SPOP) amongst the genetic
changes commonly detected [34,35,41-45]. To our knowledge there are
no SNPs or polymorphisms linking prostate cancer susceptibility to the
FKBP5 gene, nor have somatic mutations or gene copy number
alterations been detected in the FKBP5 gene associated with either
primary prostate cancer or CRPC. However, a FKBP5-ERG fusion and
a unique triple fusion (TMPRSS2-FKBP5-ERG) have been uncovered
by next generation transcriptome sequencing of primary prostate
cancer tissue [27] and it was considered that the triple fusion in
particular might confer a growth advantage to the cell in a low
androgen environment. In addition, mutations in the CTNNB1 gene
detected in CRPC [34] may have implications for β-catenin’s
synergistic action with FKBP52 in potentiating hormone-independent
AR signaling [46]. Furthermore, c-Myc, which is commonly amplified
in prostate cancers [35], positively regulates FKBP52 expression [47]
and the progressive loss during prostate cancer progression of the AR
regulatory protein, ID4, potentiates FKBP52-AR interaction, thus
promoting a CRPC phenotype [48]. These observations and a recent
study demonstrating the selective advantage of FKBP4 gene
amplification and/or overexpression in driving castration resistance
[49] provide strong evidence of a role for the FKBP immunophilins in
the development of CRPC.

In summary, we were unable to detect the FKBP51 L119P mutation
in a cohort of primary, predominantly non-invasive, prostate cancers
of variable Gleason score and pathological grade using restriction
enzyme analysis, and deep sequencing of a proportion of the tumours
did not reveal clonal outgrowths containing the mutation. Therefore,
there is no evidence to suggest that the FKBP51 L119P mutation
contributes to the development of a more aggressive prostate cancer
phenotype at least for primary tumours. However, taking advantage of
new technologies facilitating the mutational examination of CTCs,
attention should be drawn to assessing the prevalence of this mutation
in CRPC as the FKBP51 L119P mutation may be particularly
associated with this phenotype as the cell attempts to evade or
overcome the low androgen environment.

Acknowledgements
The authors express their appreciation to the study participants who

kindly donated tissue for this study. We thank Shane Herbert (AGRF,
Perth node) and Beverley Shannon (Uropath) for expert technical
assistance. This research was supported by grants from the Prostate
Cancer Foundation of Australia (grant NCG 4312) and the Sir Charles
Gairdner Hospital Research Fund. The Australian Prostate Cancer
BioResource is supported by the National Health and Medical
Research Council of Australia (Enabling Grant 614296) and by an
infrastructure grant from the Prostate Cancer Foundation of Australia.

References
1. Taplin ME (2007) Drug insight: role of the androgen receptor in the

development and progression of prostate cancer. Nat Clin Pract Oncol 4:
236-244.

2. Attard G, Reid AHM, Olmos D, de Bono JS (2009) Anti-tumor activity
with CYP17 blockade indicates that castration-resistant prostate cancer
frequently remains hormone driven. Cancer Res 69: 4937-4940.

3. Smith DF, Toft DO (2008) The intersection of steroid receptors with
molecular chaperones: observations and questions. Mol Endocrinol 22:
2229-2240.

4. Storer CL, Dickey CA, Galigniana MD, Rein T, Cox MB (2011) FKBP51
and FKBP52 in signaling and disease. Trends Endocrinol Metab 22:
481-490.

5. Ratajczak T, Ward BK, Minchin RF (2003) Immunophilin chaperones in
steroid receptor signalling. Curr Top Med Chem 3:1348-1357.

6. Cheung-Flynn J, Prapapanich V, Cox MB, Riggs DL, Suarez-Quian C, et
al. (2005) Physiological role for the cochaperone FKBP52 in androgen
receptor signaling. Mol Endocrinol 19: 1654-1666.

7. Tranguch S, Cheung-Flynn J, Daikoku T, Prapapanich V, Cox MB, et al.
(2005) Cochaperone immunophilin FKBP52 is critical to uterine
receptivity for embryo implantation. Proc Natl Acad Sci USA 102:
14326-14331.

8. Yang Z, Wolf IM, Chen H, Periyasamy S, Chen Z, et al. (2006) FK506-
binding protein 52 is essential to uterine reproductive physiology
controlled by the progesterone receptor A isoform. Mol Endocrinol 20:
2682-2694.

9. Yong W, Yang Z, Periyasamy S, Chen H, Yucel S, et al. (2007) Essential
role for co-chaperone FKBP52 but not FKBP51 in androgen receptor-
mediated signaling and physiology. J Biol Chem 282: 5026-5036.

10. Denny WB, Valentine DL, Reynolds PD, Smith DF, Scammell JG (2000)
Squirrel monkey immunophilin FKBP51 is a potent inhibitor of
glucocorticoid receptor binding. Endocrinology 141: 4107-4113.

11. Davies TH, Ning Y, Sanchez ER (2002) A new first step in activation of
steroid receptors: hormone-induced switching of FKBP51 and FKBP52
immunophilins. J Biol Chem 277: 4597-4600.

12. Riggs DL, Roberts PJ, Chirillo SC, Cheung-Flynn J, Prapapanich V, et al.
(2003) The Hsp90-binding peptidylprolyl isomerase FKBP52 potentiates
glucocorticoid signaling in vivo. EMBO J 22: 1158-1167.

13. Periyasamy S, Warrier M, Tillekeratne MPM, Shou W, Sanchez ER (2007)
The immunophilin ligands cyclosporin A and FK506 suppress prostate
cancer cell growth by androgen receptor-dependent and -independent
mechanisms. Endocrinology 148: 4716-4726.

14. Lin J, Xu J, Tian H, Gao X, Chen Q, et al. (2007) Identification of
candidate prostate cancer biomarkers in prostate needle biopsy
specimens using proteomic analysis. Int J Cancer 121: 2596-2605.

15. Mostaghel EA, Page ST, Lin DW, Fazli L, Coleman IM, et al. (2007)
Intraprostatic androgens and androgen-regulated gene expression persist
after testosterone suppression: therapeutic implications for castrate-
resistant prostate cancer. Cancer Res 67: 5033-5041.

16. Mousses S, Wagner U, Chen Y, Kim JW, Bubendorf L, et al. (2001) Failure
of hormone therapy in prostate cancer involves systemic restoration of
androgen responsive genes and activation of rapamycin sensitive
signaling. Oncogene 20: 6718-6723.

17. Periyasamy S, Hinds T Jr, Shemshedini L, Shou W, Sanchez ER (2010)
FKBP51 and CyP40 are positive regulators of androgen-dependent
prostate cancer cell growth and the targets of FK506 and cyclosporin A.
Oncogene 29: 1691-1701.

18. Ni L, Yang C, Gioeli D, Frierson H, Toft DO, et al. (2010) FKBP51
promotes assembly of the Hsp90 chaperone complex and regulates
androgen receptor signaling in prostate cancer cells. Mol Cell Biol 30:
1243-1253.

19. Riggs DL, Cox MB, Tardif HL, Hessling M, Buchner J, et al. (2007)
Noncatalytic role of the FKBP52 peptidyl-prolyl isomerase domain in the
regulation of steroid hormone signaling. Mol Cell Biol 27: 8658-8669.

20. De Leon JT, Iwai A, Feau C, Garcia Y, Balsiger HA, et al. (2011) Targeting
the regulation of androgen receptor signaling by the heat shock protein
90 cochaperone FKBP52 in prostate cancer cells. Proc Natl Acad Sci USA
108: 11878-11883.

21. Estebanez-Perpina E, Arnold LA, Nguyen P, Delgado Rodrigues E, Mar E,
et al. (2007) A surface on the androgen receptor that allosterically
regulates coactivator binding. Proc Natl Acad Sci USA 104: 16074-16079.

Citation: Ward BK, Cluning C, Arulpragasam A, Bentel JM, Chandler DC, et al. (2019) Implications of Androgen Receptor Hyperstimulation by
the FKBP51 L119P Mutation: No Evidence for Early Emergence of L119P in Prostate Cancer. J Steroids Horm Sci 10: 197. doi:
10.4172/2157-7536.1000197

Page 7 of 8

J Steroids Horm Sci, an open access journal
2157-7536

Volume 10 • Issue 1 • 1000197



22. Guy NC, Garcia YA, Cox MB (2016) Therapeutic targeting of the FKBP52
co-chaperone in steroid hormone receptor-regulated physiology and
disease. Curr Mol Pharmacol 9: 109-125.

23. Buzon V, Carbo LR, Estruch SB, Fletterick RJ, Estebanez-Perpina E (2012)
A conserved surface on the ligand binding domain of nuclear receptors
for allosteric control. Mol Cell Endocrinol 348: 394-402.

24. Tilley WD, Buchanan G, Hickey TE, Bentel JM (1996) Mutations in the
androgen receptor gene are associated with progression of human
prostate cancer to androgen independence. Clin Cancer Res 2: 277-285.

25. Nagabhushan M, Miller CM, Pretlow TP, Giaconia JM, Edgehouse NL, et
al. (1996) CWR22: the first human prostate cancer xenograft with
strongly androgen-dependent and relapsed strains both in vivo and in
soft agar. Cancer Res 56: 3042-3046.

26. Febbo PG, Lowenberg M, Thorner AR, Brown M, Loda M, et al. (2005)
Androgen mediated regulation and functional implications of FKBP51
expression in prostate cancer. J Urol 173: 1772-1777.

27. Pflueger D, Terry S, Sboner A, Habegger L, Esgueva R, et al. (2011)
Discovery of non-ETS gene fusions in human prostate cancer using next-
generation RNA sequencing. Genome Res 21: 56-67

28. Humphrey PA (2004) Gleason grading and prognostic factors in
carcinoma of the prostate. Mod Pathol 17: 292-306.

29. International Union Against Cancer (2002) In: Sobin LH, Wittekind C,
eds. TNM classification of malignant tumours (UICC), (6th edn); pp.
184-187; Wiley-Liss, New York.

30. Ward BK, Magno AL, Davis EA, Hanyaloglu AC, Stuckey BG, et al.
(2004) Functional deletion of the calcium-sensing receptor in a case of
neonatal severe hyperparathyroidism. J Clin Endocrinol Metab 89:
3721-3730.

31. Merriman B, Ion Torrent R&D Team, Rothberg JM (2012) Progress in ion
torrent semiconductor chip based sequencing. Electrophoresis 33:
3397-3417.

32. Bragg LM, Stone G, Butler MK, Hugenholtz P, Tyson GW (2013) Shining
a light on dark sequencing: characterising errors in ion torrent PGM data.
PLOS Comput Biol 9: e1003031.

33. Song L, Huang W, Kang J, Huang Y, Ren H, et al. (2017) Comparison of
error correction algorithms for ion torrent PGM data: application to
hepatitis B virus. Sci Rep 7: 8106.

34. Robinson D, Van Allen EM, Wu Y, Schultz N, Lonigro RJ, et al. (2015)
Integrative clinical genomics of advanced prostate cancer. Cell 161:
1215-1228.

35. Boyd LK, Mao X, Lu Y (2012) The complexity of prostate cancer: genomic
alterations and heterogeneity. Nat Rev Urol 9: 652-664.

36. Ferraldeschi R, Welti J, Luo J, Attard G, de Bono JS (2015) Targeting the
androgen receptor pathway in castration-resistant prostate cancer:
progresses and prospects. Oncogene 34: 1745-1757.

37. Reebye V, Querol Cano L, Lavery DN, Brooke GN, Powell SM, et al.
(2012) Role of the HSP90-associated cochaperone p23 in enhancing
activity of the androgen receptor and significance for prostate cancer. Mol
Endocrinol 26: 1694-1706.

38. Lohr JG, Adalsteinsson VA, Cibulskis K, Choudhury AD, Rosenberg M,
et al. (2014) Whole-exome sequencing of circulating tumor cells provides
a window into metastatic prostate cancer. Nature Biotechnol 32: 479-484.

39. Gregg JL, Brown KE, Mintz EM, Piontkivska H, Fraizer GC (2010)
Analysis of gene expression in prostate cancer epithelial and interstitial
stromal cells using laser capture microdissection. BMC Cancer 10: 165.

40. Russell PJ, Kingsley EA (2003) Human prostate cancer cell lines. In:
Russell P.J., Jackson P., Kingsley E.A. (eds) Prostate Cancer Methods and
Protocols. Methods Mol Med 81: 21-39.

41. Eeles R, Goh C, Castro E, Bancroft E, Guy M, et al. (2014) The genetic
epidemiology of prostate cancer and its clinical implications. Nat Rev
Urol 11: 18-31.

42. Al Olama AA, Kote-Jarai Z, Berndt SI, Conti DV, Schumacher F, et al.
(2014) A meta-analysis of 87,040 individuals identifies 23 new
susceptibility loci for prostate cancer. Nat Genet 46: 1103-1109.

43. Barbieri CE, Baca SC, Lawrence MS, Demichelis F, Blattner M, et al.
(2012) Exome sequencing identifies recurrent SPOP, FOXA1 and MED12
mutations in prostate cancer. Nat Genet 44: 685-689.

44. Narod SA, Seth A, Nam R (2008) Fusion in the ETS gene family and
prostate cancer. Br J Cancer 99: 847-851.

45. Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, et al.
(2012) The mutational landscape of lethal castration-resistant prostate
cancer. Nature 487: 239-243.

46. Storer Samaniego C, Suh JH, Chattopadhyay A, Olivares K, Guy N, et al.
(2015) The FKBP52 cochaperone acts in synergy with β-catenin to
potentiate androgen receptor signaling. PLoS One 10: e0134015.

47. Bhowal A, Majumder S, Ghosh S, Basu S, Sen D, et al. (2017) Pathway-
based expression profiling of benign prostatic hyperplasia and prostate
cancer delineates an immunophilin molecule associated with cancer
progression. Sci Rep 7: 9763.

48. Joshi JB, Patel D, Morton DJ, Sharma P, Zou J, et al. (2017) Inactivation of
ID4 promotes a CRPC phenotype with constitutive AR activation
through FKBP52. Mol Oncol 11: 337-357.

49. Federer-Gsponer JR, Quintavalle C, Muller DC, Dietsche T, Perrina V, et
al. (2018) Delineation of human prostate cancer evolution identifies
chromothripsis as a polyclonal event and FKBP4 as a potential driver of
castration resistance. J Pathol 245: 74-84.

 

Citation: Ward BK, Cluning C, Arulpragasam A, Bentel JM, Chandler DC, et al. (2019) Implications of Androgen Receptor Hyperstimulation by
the FKBP51 L119P Mutation: No Evidence for Early Emergence of L119P in Prostate Cancer. J Steroids Horm Sci 10: 197. doi:
10.4172/2157-7536.1000197

Page 8 of 8

J Steroids Horm Sci, an open access journal
2157-7536

Volume 10 • Issue 1 • 1000197


	Contents
	Implications of Androgen Receptor Hyperstimulation by the FKBP51 L119P Mutation: No Evidence for Early Emergence of L119P in Prostate Cancer
	Abstract
	Keywords:
	Introduction
	Materials and Methods
	Patients, patient samples and tumour grading
	Cell culture
	DNA extractions
	PCR and PCR product purification
	Restriction enzyme digestion
	Deep sequencing using the ion torrent system

	Results
	Histopathological analysis of prostate tumours
	Restriction enzyme analysis for the L119P mutation in prostate samples
	Deep sequence analysis for the L119P mutation in prostate samples

	Discussion
	Acknowledgements
	References


