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Abstract: This mini-review covers the classical model of androgen receptor (AR) nucleocytoplasmic trafficking and 
provides an overview of new data that updates the existing paradigm. The classical model of androgen receptor 
trafficking involves AR translocating to the nucleus in the presence of androgens and subsequently being exported 
back to the cytoplasm following the withdrawal of androgens. New data challenges and updates the fate of nuclear 
AR. In the updated model, the AR can be imported into the nucleus in the absence of androgens and nuclear AR 
is degraded, not exported. Further, androgens can enhance AR nuclear import and inhibit AR degradation in the 
nucleus; androgen withdrawal causes nuclear AR degradation, but not export. Enhanced androgen-independent 
AR nuclear localization and AR nuclear stability may be a hallmark of castration-resistant prostate cancer (CRPC). 
Further characterization of AR trafficking may aid in the development of new therapies for patients with CRPC.
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Introduction

This mini-review is in dedication to the con- 
tributions Dr. Leland Chung has made to pros-
tate cancer research. One of many contribu-
tions from Dr. Chung was the development of 
the castration-resistant prostate cancer (CR- 
PC) cell line C4-2 [1], which was instrumental  
in studying and updating the model of andro-
gen receptor (AR) nucleocytoplasmic traffick- 
ing and will continue to be an important model 
to developing therapies that treat CRPC. This 
article will review the classical model of AR  
trafficking and explain how new data challeng-
es and updates the classical paradigm.

Defining the mechanisms of AR nucleocyto- 
plasmic trafficking is fundamentally important 
and clinically relevant. AR functions as a tran-
scription factor to regulate the development 
and growth of the prostate [2] as well as the 
growth and progression of prostate cancer [3]. 
Since transcription only occurs in the nucleus, 
one mechanism to control AR activity would be 
to regulate AR levels in the nucleus. For exam-

ple, nucleocytoplasmic shuttling of the AR  
could influence AR level and activity in the 
nucleus and therefore may be a promising tar-
get to inhibit AR.

The classical model of AR trafficking

As a member of the nuclear hormone receptor 
family, the AR has several major functional 
domains, the N-terminal domain (NTD), DNA 
binding domain (DBD), hinge region (H), and  
the ligand binding domain (LBD) [4, 5] (Figure 
1). Similar to other steroid receptors, AR  
signaling and trafficking is primarily regulated 
by the highly selective binding of its ligands 
(Figure 2, Left panel) [6]. Unliganded AR is 
largely localized in the cytoplasm, while ligand-
ed AR is localized in the nucleus [7, 8]. AR in  
the cytoplasm interacts with chaperone pro-
teins such as heat shock proteins HSP40, 
HSP70, and HSP90 to maintain a conforma- 
tion that allows for high affinity ligand binding 
[9]. Ligand binding induces a conformation 
change of the LBD causing the dissociation of 
these heat shock proteins and initiation of AR 
nuclear translocation [10].
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Due to the large size of the AR (~110 KDa), AR 
requires active transport to cross the nuclear 
pore complex [11]. Prior work has suggested 
that the AR and other steroid receptors such  
as the glucocorticoid receptor (GR) contain  
two nuclear localization signals, a bipartite 
nuclear localization signal in the DBDH region 
(NLS) (Figure 1), and a signal in the LBD region 
(NLS2) [12-14]. When AR is unliganded, a  
nuclear import receptor known as importin 7 
shields the NLS and prevents nuclear localiza-
tion. Conversely, ligand binding promotes the 
exchange of importin 7 for karyopherin alpha 
which permits nuclear localization [15]. Alth- 
ough prior literature suggests that the pres-
ence of ligand and the NLS is a prerequisite  
for nuclear localization of AR, AR in CRPC cells 
localizes in the nucleus in the absence of 
androgens [16, 17]. In CRPC cells this andro-
gen-independent nuclear localization appears 
to require HSP90, although the mechanism is 
not well understood [18, 19].

While the nuclear import of AR is relatively well 
understood, the fate of AR after nuclear trans-
location is not. Studies show that, in the pres-
ence of protein synthesis inhibitor cyclohexi-
mide, ligand withdrawal caused a shift from  
AR being predominantly in the nucleus to the 
cytoplasm [20, 21]. Since cycloheximide in- 
hibited the production of new cytoplasmic AR 
[22], this finding was interpreted as the export 
of nuclear AR back to the cytoplasm upon 
ligand withdrawal. AR export was thought to  
be either directly or indirectly impacted by 
ligand and this hypothesis led to the discovery 
of a potential nuclear export signal (NESAR) in 
the LBD of AR [23]. The NESAR is active in the 
absence of ligand and appears to be a neces-
sary region for AR cytoplasmic localization  
[23]. Although the NESAR was identified as a 
potential nuclear export signal, the mecha- 
nism for this export was not well understood 

NESAR action showed that NESAR significantly 
enhanced AR degradation and polyubiquitina-
tion [25]. Proteasome inhibitor MG132 enhan- 
ced the level of GFP-NESAR, indicating that  
GFP-NESAR is rapidly degraded via proteasomal 
pathway. Treatment with MG132 also increas- 
ed the level of GFP-LBD but did not affect the 
level of GFP-ΔNESAR-LBD [26]. These results 
suggested that the NESAR is an important re- 
gion influencing AR degradation. Since NESAR 
regulates both subcellular localization and  
degradation of AR, it was hypothesized that 
NESAR promotes cytoplasmic localization th- 
rough enhancing AR degradation in the nucle-
us. This hypothesis was supported by the ob- 
servation that proteasomal inhibition did not 
affect the localization of AR constructs lacking 
the NESAR but caused a shift toward the nucle-
us in constructs containing NESAR [26]. These 
observations suggested that the apparent AR 
cytoplasmic localization following androgen 
withdrawal was due to rapid AR nuclear degra-
dation instead of nuclear export, calling into 
question the paradigm of NESAR acting as an 
export signal. As such, we propose renaming 
the NESAR as a nuclear degradation signal 
(NDSAR) and we will use NDSAR in the subse-
quent text (Figure 1).

Since the NDSAR is in the LBD of AR and is regu-
lated by androgen [23], this led to exploration 
of the fate of nuclear AR following androgen 
withdrawal. A pulse-chase method [27] demon-
strated pulse-labeled nuclear GFP-AR was not 
detectable in the cytoplasm in the absence or 
presence of proteosome inhibition following 
androgen withdrawal. MG132 treatment pre-
vented degradation of the pulse labeled GFP-
AR but caused no export of the pulse-labeled 
GFP-AR to the cytoplasm [26]. Taken together, 
these results indicated that pulse-labeled GFP-
AR was degraded in the nucleus, not exported, 
and that MG132 was sufficient to stop nuclear 

Figure 1. The N-terminal domain (NTD), DNA binding domain (DBD), hinge 
region (H), and ligand binding domain (LBD) are the four major functional 
domains of the androgen receptor (AR). The nuclear localization signal (NLS) 
and the nuclear degradation signal (NDS) regulate AR nuclear import and 
degradation and are localized in the DBDH region and the LBD region re-
spectively.

and does not appear to in- 
volve known cellular export 
machinery [24].

The updated model of AR 
trafficking

New evidence regarding AR 
trafficking has challenged the 
existing paradigm of nuclear 
export of the AR. Investiga- 
tion into the mechanisms of 
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degradation. Moreover, pulse-labeled GFP-AR 
was more resistant to degradation in CRPC cell 
line C4-2 [26] indicating increased stability of 
nuclear AR in CRPC cells in the absence of 
androgens. These results were further con-
firmed by testing endogenous AR. These find-
ings are not compatible with the existing para-
digm of AR nuclear export and further suggest 
that nuclear AR is instead degraded.

Consistent with nuclear AR degradation, west-
ern blot analysis of nuclear and cytoplasmic 
fractions revealed that AR polyubiquitination 
occurred in the nucleus of AR, and that CRPC 
AR polyubiquitination occurred less than hor-
mone sensitive prostate cancer [26]. MDM2  
is an important E3 ligase that catalyzes AR 
polyubiquitination [28], so we first investigated 
the role of MDM2 in AR polyubiquitination in 
the nucleus. The E3 ligase MDM2 was pre- 
dominantly localized in the cytoplasm but  
could be imported to the nucleus in the pres-
ence of DHT. Furthermore, co-immunoprecipi-
tation showed that MDM2 was bound to AR in 
the nucleus, but not the cytoplasm [26]. Also, 
MDM2 siRNA transfection increased the am- 
ount of nuclear AR and inhibited polyubiqui- 
tination. Taken together, these results indicate 
that MDM2 is an important E3 ligase regu- 
lating nuclear AR polyubiquitination. Further 
study of MDM2 and other E3 ligases such as 
SKP2 [29] and CHIP [30] could aid in under-
standing the regulation of AR nuclear degra- 
dation.

Since unliganded AR was rapidly degraded in 
the nucleus, this revealed the possibility that 
androgen independent nuclear localization of 
AR occurs but is not normally detectable due  
to its rapid degradation. Androgen-insensitive 
GFP-ARL859F is incapable of binding to andro- 
gen [31], and was utilized to explore androgen-
independent nuclear localization. Androgens 
did not induce nuclear import of GFP-ARL859F. 
However, in the presence of MG132, GFP-
ARL859F was observed in the nucleus [26]. This 
finding demonstrated that while androgens  
can promote nuclear localization of AR, AR can 
be imported into the nucleus independent of 
androgens. CRPC and non-CRPC cells appear- 
ed to have similar AR nuclear import rates, but 
CRPC cells exhibited slower nuclear degrada-
tion rates. This difference in degradation rates 
may be partially explained by the downregulat-
ed levels of AR E3 ligase MDM2 in CRPC cells 
[26]. MDM2 catalyzes AR polyubiquitination 
[32] that selectively occurs in the nucleus, so a 
downregulation in MDM2 could lead to slower 
nuclear degradation. More work is needed to 
understand the mechanism of import for unli-
ganded AR and to understand the increased 
nuclear stability of AR in CRPC.

Conclusions

In the updated model of AR trafficking (Figure 
2, Right panel), AR is not exported from the 
nucleus and recycled as previously thought. 
Instead, AR is polyubiquitinated and degraded 

Figure 2. The classical model (left) and the updated model (right) of AR trafficking. In the classical model, newly 
synthesized AR in the cytoplasm is complexed with heat shock proteins (HSP) and undergoes the following steps: 
(1) DHT binding dissociates HSP from AR, (2) liganded AR undergoes nuclear import, (3) androgen depletion causes 
DHT dissociation from AR, and (4) ligand-free AR is exported. In the updated model, steps 1-3 are identical to the 
steps in the classical model. However, in step 4, ligand-free AR in the nucleus is degraded, instead of being ex-
ported. Ligand-free AR can also be imported, in step 2’, possibly via its nuclear import signal NL1, and then quickly 
degraded in the nucleus.
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in the nucleus in the absence of androgens  
[26] (Figure 2, Right panel). This degradation  
is regulated by the NDSAR, which was initially 
thought to function as an export signal [23,  
25]. AR import occurs in the absence of andro-
gens, but unliganded AR is rapidly degraded. 
This degradation occurs more slowly in CRPC 
cells than in hormone sensitive prostate can- 
cer cells and provides a mechanism for the 
increased stability of AR in CRPC. The progres-
sion of CRPC is largely AR dependent [33], and 
nuclear AR stabilization is particularly impor-
tant in CRPC cells that are hypersensitive  
to low levels of androgens [17]. Thus, under-
standing the mechanisms regulating AR nucle-
ar level and stability is important for develop- 
ing novel therapies targeting AR to treat CRPC. 
AR nuclear import and degradation are two 
potential mechanisms regulating AR level in  
the nucleus. Since NDSAR regulates nuclear AR 
degradation, it may play an important role in 
regulating AR level and stability in the nucleus 
of prostate cancer cells, including CRPC cells. 
Future studies should continue to characterize 
the underlying mechanisms that regulate AR 
nuclear import and degradation.
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