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The androgen receptor (AR) is tightly linked to prostate can-
cer, but the mechanisms by which AR transactivation is dysregu-
lated during cancer progression are not fully explored. Dagar et
al. examined AR translocation to the nucleus to identify a link
between heat shock protein 90 (HSP90) and protein kinase A
(PKA). Their findings provide a potential mechanism of the ini-
tiation of AR transactivation and potential targets for develop-
ing and refining treatments for prostate cancer.

Androgens such as dihydrotestosterone bind to the andro-
gen receptor (AR),2 a transcription factor, initiating its transit
to the nucleus, where AR regulates expression of genes involved
in organ development and fertility. Androgens and AR signal-
ing also contribute to the development and progression of pros-
tate cancer. Current prostate cancer treatments, therefore,
involve androgen deprivation therapy, which is effective when
a patient’s cancer depends upon androgen. However, these
patients will eventually develop castration-resistant prostate
cancer (CRPC), in which AR transcriptional activity may
become independent of androgen. Despite many efforts to
investigate AR signaling, we still do not understand all of the
steps involved, limiting efforts to identify treatment strategies
for these vulnerable patients. Dagar et al. (1) now try to connect
known protein–protein interactions, phosphorylation sites,
and activating cofactors into a model for AR activation, to aid in
new directions to tackle CRPC.

The work from Dagar et al. begins with three critical pieces of
information. First, in vitro AR transactivation is stimulated by
cAMP-dependent protein kinase A (PKA) (2). Specifically,
stimulation of PKA activity in androgen-deprived prostate can-
cer cells leads to an increase in nuclear AR protein with con-
comitant induction of AR-driven reporter genes and endoge-
nous prostate-specific antigen (PSA) gene expression (3) by
mechanisms not clearly understood but may involve phosphor-
ylation of MED1 (mediator complex subunit 1) that is essential
for AR transcriptional activity or other targets such as phos-
phorylation of CREB1 (cAMP-responsive element-binding
protein), which is required for its transcriptional activity. Phos-

pho-CREB1 regulates expression of many genes, including AR
(4) and, in combination with androgen, the AR-target gene,
PSA. CREB1 is a driver of survival, cell-cycle, and metabolic
transcription programs and co-localizes with FoxA1 on the cis-
trome in prostate cancer cells (5). Gene expression analyses
reveal that CREB1/FoxA1 target genes are predictive of pros-
tate cancer recurrence. Previous work has also shown that lev-
els of both regulatory (R) and catalytic (C) subunits of PKA are
elevated in prostate cancer, and, for the regulatory subunit,
these elevated levels are significantly related to poor patient
outcome (2, 6), suggesting that a PKA-dependent mechanism
may be highly relevant to cancer progression.

Second, the molecular chaperone heat shock protein 90
(HSP90) plays a critical role in AR signaling. In the absence of
androgen, AR is localized in the cytoplasm in a complex with
HSP90 and other factors. HSP90 interaction stabilizes AR in a
conformation with better affinity for androgen. Once androgen
binds AR, it dissociates from HSP90 and is able to translocate
into the nucleus. Increased levels of HSP90 are detected in pros-
tate cancer cells.

Third, both AR and HSP90 are substrates for PKA phosphor-
ylation: AR at Ser-650 in the hinge region, which is important
for nuclear import and transcriptional activity (7), and HSP90
at Thr-89. Moreover, multiple other molecules are involved in
the initiation of AR transactivation, so whether these pathways
and processes intersect to mediate nuclear translocation of AR,
and whether through a direct or indirect manner, were unclear.

The study from Dagar et al. (1) is a start to providing a link
between PKA signaling, HSP90 function, and AR transactiva-
tion. The authors first confirmed that PKA not only stimulates
AR translocation, but is necessary for robust stimulation, find-
ing a marked difference in an AR-mediated readout in the pres-
ence of the PKA inhibitor H89 or a PKA-directed siRNA
sequence. It has been postulated that PKA could induce trans-
activation of AR by preventing AR interaction with one of its
co-repressors, SMRT (silencing mediator for retinoic acid and
thyroid hormone receptor) (8). However, Dagar et al. observed
that the H89 inhibitor or siRNA inhibited nuclear import of AR,
providing another potential mechanism. The authors then per-
formed co-immunoprecipitation and immunofluorescence
staining experiments with an antibody to AR or HSP90 to con-
firm the interaction between AR and HSP90 in transfected
LNCaP cells in the absence of androgen and the loss of this
interaction in the presence of androgen. Application of H89 or
the PKA-targeted siRNA blocked the dissociation of AR and
HSP90 in the presence of androgen. Finally, the authors wanted
to examine whether phosphorylated HSP90 was involved and
therefore tested a mutant of a phosphorylation site on HSP90.
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When the mutant HSP90 T89A was used, co-localization of
HSP90 mutant and AR was observed in the cytoplasm in the pres-
ence of androgen, and AR transactivation was less compared with
using WT HSP90 in the presence of androgen. The authors con-
clude that these observations were due to the inability of PKA to
phosphorylate HSP90. Moreover, the authors demonstrated that
cells in which PKA phosphorylation of HSP90 was blocked (via the
H89 inhibitor, the PKA-targeted siRNA, or the HSP90 mutant)
showed lower growth rates, providing a possible mechanistic link
to the poor cancer prognosis.

The findings from Dagar and colleagues provide a potential
mechanism of nuclear translocation of AR: PKA activation
leads to phosphorylation at Thr-89 on HSP90, stimulating the
dissociation of the AR–HSP90 complex and allowing nuclear
translocation of AR (Fig. 1). More details need to be investi-
gated to fully elucidate PKA and the complexity of AR nuclear
translocation and transactivation in the context of other essen-
tial components, such as importin, MED1, and CREB1, that are
known to be phosphorylated to regulate nuclear import of
cargo and are involved in transcriptional activity. Drawing
upon transcriptome analyses reveals that only a very small sub-
set (�3%) of genes are commonly regulated by androgen and
the PKA pathways in human prostate cancer cells (9), thereby
suggesting additional mechanisms beyond nuclear transloca-
tion and loss of interaction with a co-repressor to achieve global
changes in androgen-regulated gene expression. Nevertheless,
PKA and HSP90 may be potential candidates for developing
therapeutic targets in combination with AR inhibitors for
CRPC patients.

HSP90 inhibitors have been developed for cancer treat-
ments. In May 2019, at least 48 clinical trials with HSP90 inhib-
itors were listed on the ClinicalTrials database. For prostate
cancer, one trial testing monotherapy (HSP90 inhibitor
AT13387) or combination therapy with an inhibitor of andro-
gen biosynthesis (abiraterone acetate) was carried out. How-
ever, currently, there is no Food and Drug Administration–
approved HSP90 inhibitor for cancer treatments. Moreover,
there are multiple isoforms of HSP90 (e.g. HSP90� and
HSP90�). A novel inhibitor specifically targeting HSP90� was
suggested to show anti-proliferative effect in prostate cancer
(10). Thus, an HSP90 isoform-specific inhibitor may be more
beneficial. Specific inhibition of the entry keys for AR translo-

cation may add a novel approach to the repertoire of therapeu-
tics to block AR transactivation.
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Figure 1. Nuclear translocation and activation of AR through cross-talk with cAMP/PKA signaling. Multiple molecules (unlabeled circles and triangles)
form complexes with AR and associate with AR inactivation or activation. Targeting PKA signaling transduction or the HSP90 chaperone (red T bars) may be
potential therapeutic strategies for CRPC patients. C, catalytic units of PKA, released from the PKA oligomer upon cAMP binding to act on target proteins; P,
phosphorylation; T, androgens; ARE, androgen response element.
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