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Androgen receptor inclusions acquire GRP78/BiP to
ameliorate androgen-induced protein misfolding
stress in embryonic stem cells

Y-C Yang1,2,3,9, H-C Fu1,2,4,9, B-L Hsiao2,5,9, G Sobue6, H Adachi6, F-J Huang4, Y-D Hsuuw7, K-T Wei2, C Chang8, K-E Huang2,4

and H-Y Kang*,1,2,5

Commitment of differentiating embryonic stem cells (ESCs) toward the various lineages is influenced by many factors, including
androgens. However, the mechanisms underlying proteotoxic stress conferred by androgen receptor (AR) actions on embryonic
cell fate remains unclear. Here we show that mouse ESCs display stress-related cellular phenotypes in response to androgens
during early phase of differentiation. Androgen induced a significant increase in the percentage of ESCs and embryoid bodies
with the intranuclear and juxtanuclear AR inclusions, which were colocalized with the E3 ubiquitin ligase, C terminus of Hsc70-
interacting protein. Caspase-3 activity corresponded with AR expression, was enhanced in cells engaged more differentiation
phenotypes. Androgen-mediated accumulation of AR aggregates exacerbated endoplasmic reticulum (ER) stress and rendered
ESCs susceptible to apoptosis. Increasing expression levels of the ER chaperones, GRP78/BiP and GRP94, as well as ER stress
markers, such as ATF6, phosphorylated PERK, GADD153/CHOP and spliced XBP-1 mRNA, were dramatically elevated in ESCs
overexpressing AR. We found that androgen induced GRP78/BiP to dissociate from ATF6, and act as an AR-interacting protein,
which was recruited into AR inclusions in ESCs. GRP78/BiP was also colocalized with AR inclusions in the cells of spinal bulbar
muscular atrophy transgenic mouse model. Overexpression of GRP78/BiP suppressed ubiquitination of AR aggregates and
ameliorated the misfolded AR-mediated cytopathology in ESCs, whereas knockdown of GRP78/BiP increased the accumulation
of AR aggregates and significantly higher levels of caspase-3 activity and cell apoptosis. These results generate novel insight
into how ESCs respond to stress induced by misfolded AR proteins and identify GRP78/BiP as a novel regulator of the AR protein
quality control.
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The embryonic stem cells (ESCs) have been established as
sources to study a variety of endocrine systems, towing to
their pluripotent ability to produce a seemingly unlimited
supply of specific lineage of cell types, amenability to genetic
engineering manipulations and broad developmental
potential.1 Previously, we reported that high levels of
androgen receptor (AR) were expressed in the inner cell
mass (ICM) compared with the levels found in blastocysts and
its expression level was stage-dependently increased during
mouse ES cell differentiation.2 However, how ESCs respond
to androgens, and functionality of the AR at the earliest stages
of embryogenesis remains unclear.
From sex differentiation during embryogenesis to the

onset and the maintenance of reproductive capacity in
sexual maturity, androgen signaling is required for proper

development and function. In rats3 and mice,4 excess of
testosterone (T) or other androgens can cause infanticide,
reduced litter size or low pup viability.5 In regard to human,
enhanced ovarian androgen secretion is also associated with
embryo degeneration.6 Functional AR requires interaction
with a wide variety of cellular proteins that facilitate AR
conformation, nuclear localization, DNA binding and inter-
action with the basal transcriptional machinery to induce
expression of androgen-responsive AR-target genes.7–9

Abnormal conformation changes of the AR proteins, which
alter its ability to bind androgens and coregulators, or maintain
proper protein folding, lead to the formation of aggregated
inclusions.10

The presence of misfolded proteins elicits cellular
responses, which include an endoplasmic reticulum (ER)
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stress to induce the glucose-regulated proteins, such as
GRP78/BiP and GRP94, and protect cells against the toxic
buildup of misfolded proteins.11 However, accumulation of
misfolded proteins in excessive amounts overwhelms the
‘cellular quality control’ system and impairs the protective
mechanisms designed to promote correct folding and degrade
faulty proteins, ultimately leading to organelle dysfunction and
cell death. Previous studies showed that GRP78� /�
embryos did not hatch from the zona pellucida in vitro, failed
to grow in culture, and exhibited proliferation defects and a
massive increase in apoptosis in the ICM,12 suggesting
GRP78/BiP is required for cell proliferation and protecting
the ICM from apoptosis.
Here, we present a novel insight in which AR proteins in

ESCs form nuclear aggregated inclusions in response to
androgen treatment, leading to exacerbated ER stress and
cell death with apoptotic features during ESCs differentiation.
We also identified GRP78/BiP is colocalized with AR
inclusions in both ESCs and a mouse model of spinal
bulbar muscular atrophy (SBMA). GRP78/BiP acts as an
AR-associated protein to suppress ubiquitination of AR
aggregates, and required for amelioration of androgen-
mediated cytopathology of ESCs.

Results

Misfolded AR proteins inclusions are induced by
differentiation or androgens in ESCs. To investigate the
expression and localization of AR protein in different stages
of ESCs, the ESCs and embryoid body (EB) culture systems
were first treated with or without androgens for 3 days.
Immunofluorescences staining revealed the AR protein
inclusions are increased in EBs compared with ESCs, with
or without dihydrotestosterone (DHT) treatment (Figure 1a).
A significant increase in the percentage and size of intranuclear
and juxtanuclear AR inclusions was detected in the DHT-
treated EBs and different ESCs (Figure 1a and Supplementary
Table 1). Western blot (WB) analysis further demonstrated
aggregation of AR with the high molecular weight was retained
nearby the stacking gel (Figure 1b). Increasing AR aggregation
associated with decreasing expression of Oct3/4, a stem cell
marker for pluripotency of ESCs, was more prevalent in EBs,
compared with ESCs, and addition of DHT enhanced the
expression level of AR aggregates but not expression of Oct3/
4 in ESCs (Figure 1b). AR aggregation and ubiquitin-
proteasome components have been detected in the poly-
glutamine (polyQ) protein inclusion complex of SBMA disease
models.13–15 Accordingly, we performed immunofluores-
cence studies to determine whether any of these proteins
are sequestered into DHT-induced inclusions. Indeed,
ubiquitins and C terminus of Hsc70-interacting protein
(CHIP), a U-box-type E3 ubiquitin ligase, were colocalized
with AR inclusions induced by DHT (Figure 1c), possibly
associated with ubiquitinated misfolded AR proteins.

AR is upregulated and required for apoptosis upon
induction of ESC differentiation. Caspase cleavage is
essential for apoptosis induced by AR aggregates in SBMA
disease models.16,17 To gain an insight into the roles of AR
inclusions during ESC differentiation, caspase-3 activity and

AR expression were assessed with different ESC status.
Caspase-3 activity corresponded with AR expression, was
enhanced in the presence of DHT and this parallel was most
evident in cells engaged more differentiation phenotypes
(Figure 2a). Similarly, sustained caspase-3 activity and AR
expression levels were both increased in a time-dependent
manner, which was more evident in differentiated
ESCs, compared with their undifferentiated counterparts
(Figure 2b). To investigate the roles of androgen/AR in
apoptosis activation of ESCs, ESC clones stably expressing
either shAR or control short hairpin RNA (shRNA; shLuc)
were first established (Figure 2c) and treated with DHT, T or
nilutamide (N). WB analysis showed that the expression level
of both AR monomers and aggregates were significantly
decreased by shAR in EBs and ESCs. The procaspase-3
level was significantly increased and processed to its active
form for caspase-3 activation in DHT- and T-treated ESCs
with control shRNA, but remained largely unchanged in
ESCs with AR knockdown (Figure 2d). N exerted an
alleviative effect on androgen/AR-mediated caspase activa-
tion in ESCs (Figure 2d). PARP, a caspase-3 substrate, was
also cleaved in control ESCs with the highest caspase-3
activities, but not AR knockdown ESCs (Figure 2d). We also
detected a considerable decrease in the procaspase-12 level
in both DHT- and T-treated ESCs transfected with control
shRNA, but not those with AR knockdown (Figure 2d). To
determine whether AR contributes to mediate apoptosis
activation in ESC differentiation, TUNEL staining was used to
compare apoptosis between ESCs and EBs stably expres-
sing shAR or control shRNA. Consistent with caspase
activation data, EBs contained more apoptotic cells than
ESCs, and knockdown of AR expression significantly
decreased in cell death in both ESCs and EBs (Figure 2e).
Although neither the expression levels of stem cell self-
renewal markers, such as Nanog, GDF-3 and Oct3/4, nor the
members of Bcl-2 protein family were altered in ESCs stably
overexpressing AR, overexpression of AR increased
the expression of cyclin-dependent kinase inhibitors, p21
and p27, but decreased cyclin D1 and E expression
(Supplementary Figure S1a) and promotion of ESCs
apoptosis (Supplementary Figure S1b). To confirm andro-
gen/AR apoptotic effects on mESCs ex vivo, we collected
mouse blastocysts, the origin of ESCs, and incubated them
with DHT. TUNEL and bisbenzimide staining assays were
employed to analyze the index of nuclear labeling. The
number of cells of mouse blastocysts displaying fragmented
nuclei and positive TUNEL staining were increased upon
DHT treatment (Table 1).

Activation of the UPR-signaling cascade by androgens/
AR in ESCs. Unfolded protein response (UPR) is a key
switch of ER stress responses, which eventually triggers
apoptosis if homeostasis of protein folding cannot be re-
established.18 We initially examined the upstream factors
that sense ER stress in ESCs and EBs in response to DHT
treatment, with a view to elucidating the mechanism of
androgen-induced apoptosis. As activation of ATF6, PERK
and IRE1 acts as ER-proximal UPR signal transducers, we
first monitored the liberation of the cleaved ATF6 cytosolic
fragment, ATF6f, and accumulation of phosphorylated PERK
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and XBP-1s (the form of XBP-1 derived from its spliced
mRNA). WB analysis showed that ATF6f, phosphorylated
PERK and XBP-1s were extensively processed to their active
forms in EBs, but remained largely unaffected in ESCs
(Figure 3a). We further determined whether androgen/AR
had acquired means of promoting UPR activation under ER
stress, by adding DHT to ESCs stably expressing AR, and
comparing the expression levels of the active forms of UPR
signaling proteins with those in parental ESCs. DHT induced
an increase in the levels of ATF6f, phosphorylated PERK and
spliced XBP-1 proteins in ESCs stably expressing AR
(ESCs-FLAG-AR), compared with parental ESCs (ESCs-
FLAG; Figure 3b). Tunicamycin (TM), an agent that elicits ER
stress by blocking N-linked glycosylation, also stimulated AR
protein expression and promoted aggregation of wild-type
AR (Figures 3a and b). To ascertain the activation status of
IRE1 after ER stress, we examined XBP-1 mRNA splicing in
parental ESCs-FLAG and ESCs-FLAG-AR. We observed the
expression of spliced XBP-1 mRNA was strongly induced in

ESCs-FLAG-AR, in comparison with ESCs-FLAG (Figure 3c).
Similarly, the mRNA levels of Chop, a transcription factor
induced by ATF4, ATF6 and XBP-1 to promote cell death
in response to impaired ER stress,19 was significantly higher
in ESCs-FLAG-AR than that in parental ESCs-FLAG. This
DHT-mediated increase in spliced XBP-1 and Chop mRNA
was time-dependent, displaying a higher fold increase with
longer induction times (Figures 3c and d). Results also show
that expression levels of the ER chaperones, GRP78/BiP and
GRP94, were dramatically elevated in differentiated EBs and
ESCs in response to DHT (Figures 3b and c).

GRP78 Interacts With AR as a coregulator in ESCs.
AR-interacting proteins have been characterized as
transcriptional coregulators.9,20 However, the influence of
AR-interacting proteins on AR misfolding and aggregation in
response to cellular stress is poorly understood. To identify
the androgen-dependent interacting proteins in the misfolded
AR protein complex, we initially applied the yeast-two hybrid
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system to screen for potential proteins that interact with the
misfolded AR complex under the influence of androgen
treatment. Surprisingly, GRP78/BiP was associated with AR

in the presence of DHT and T at concentrations 41 nM,
but not other steroids examined, including 17-b-estradiol,
hydroxyflutamide and 17-hydroxy-11-dehydrocorticosterone
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(Supplementary Figure S2a). To examine the possibility that
DHT promotes in vivo interactions between AR and GRP78/
BiP, ESCs were treated with DHT, and immunoprecipitation
experiments performed, followed by WB. As shown in
Figure 4a, the endogenous AR-GRP78/BiP-associated protein
complex was immunoprecipitated, in the presence of DHT.
Similar results were obtained upon transfection with AR-
expressing plasmids, further confirming that AR is capable of
interacting with GRP78/BiP (Figure 4b). A mammalian two-
hybrid system with the luciferase reporter gene assay was
further confirmed androgen-dependent interactions between
AR and GRP78/BiP in the presence of DHT or T
(Supplementary Figure S2a). It is known that dissociation of
GRP78/BiP from ATF6 is essential for proteolytic activation of
ATF6 cleavage in response to ER stress.21 To determine
whether DHT-induced interactions between GRP78/BiP and
AR affect GRP78/BiP-ATF6 protein complex, ESCs transiently
expressing 3xFLAG-tagged full-length ATF6 and AR were
treated with or without DHT, and coimmunoprecipitation assays
were performed to exam the interactions between GRP78/BiP
and ATF6. As shown in Figure 4c, full-length ATF6 coimmu-
noprecipitated with GRP78/BiP in the absence of DHT, while
treatment with 10nM DHT for 72h led to significant suppres-
sion of this interaction and increased the cleaved form of ATF6.
Our data collectively suggest that DHT-AR is involved in the
regulation of ATF6 activation by binding to GRP78/BiP, which
then dissociates from ATF6, allowing its proteolytic activation.

GRP78 is a component of nuclear AR Inclusions in both
ESCs and muscle cells from SBMA transgenic mice.
Next, we examined the localization of GRP78/BiP associated
with AR inclusions. ESCs and EBs were treated with DHT
for 72 h and subjected to immunofluorescence staining of
GRP78/BiP and AR. Both AR and GRP78/BiP were
dispersed in the cytoplasm and nucleus in the absence
of DHT. The addition of DHT resulted in recruitment of
GRP78/BiP to intranuclear inclusions of AR in both ESCs
and EBs, as illustrated by the speckled staining pattern

(Figure 4d). To further confirm the direct interaction between
GRP78/BiP and AR, ESCs were co-transfected with GFP-AR
and DsRed-GRP78/BiP expression plasmids in the presence
of DHT treatment. GFP-AR formed nuclear inclusions and
colocalized with DsRed-GRP78/BiP in response to DHT
(Supplementary Figure S3). It has been reported that the
heat-shock protein (Hsp)70 and Hsp40 chaperone family
members act together to suppress aggregation of misfolded
AR proteins.22 GRP78/BiP has also been shown to select
misfolded protein substrates with these co-chaperones.23

To confirm whether these molecular chaperones are
associated with AR in ESCs, coimmunoprecipitation assays
were performed in ESCs treated with DHT. In agreement
with the previous studies, AR was found to reciprocally
coimmunoprecipitated with Hsp70, Hsp40 and GRP78
(Supplementary Figure S2b). In addition, we also discovered
that GRP94, a member of the Hsp90 family and GRP78/BiP
co-chaperone, was also recruited into nuclear inclusions in
both ESCs and EBs in the presence of DHT, and interacted
with AR (Supplementary Figures S2c–d). To further extend
our observation, we investigated whether GRP78 also exists
in polyQ-expanded AR inclusion complex, which is the
hallmark observed in the cells of SBMA transgenic mouse
model.24 In agreement with previous studies,24 a significant
increase in the percentage of cells with AR inclusions was
observed in the AR-97Q mice, compared with the AR-24Q
mice (Figures 4e and f). Double-immunofluorescence stain-
ing with anti-GRP78 and anti-polyQ antibodies revealed that
intense staining of GRP78 in prominent inclusion bodies was
detected in cells of both AR-24Q and AR-97Q mice, and a
higher percentage of cells with the GRP78 and AR was
colocalized in the intranuclear and juxtanuclear protein
inclusions in the skeletal muscle fibers of the AR-97Q mice
(Figures 4g and h).

GRP78 overexpression suppresses ubiquitination of AR
aggregates and inhibits the androgen/AR-mediated ESC
death. Molecular chaperones have been shown to interact
with targeting misfolded AR proteins for ubiquitin-dependent
pathways.15 To investigate whether GRP78/BiP modulate
the ubiquitination of AR aggregates, we manipulated GRP78/
BiP expression and compared the ubiquitination of AR
aggregates. In vivo ubiquitination assays showed that DHT
induced both poly-and mono-ubiquitination of AR, whereas
this ubiquitination was significantly abolished in the ESCs
overexpressing GRP78/BiP (Figure 5a upper panel). Further-
more, immunoblotting revealed that overexpression of
GRP78/BiP led to significantly reduce AR aggregation in
the ESCs-FLAG-AR cells with DHT treatment (Figure 5b
bottom panel), whereas knockdown of GRP78/BiP in
parental ESCs increased the accumulation of AR aggregates
(Figure 5b). We also performed filter trap assays to
quantitatively analyze the effects of GRP78/BiP overexpres-
sion on levels of both the large molecular aggregated and
soluble forms of AR. Large aggregated AR complexes
trapped by the cellulose acetate (CA) membrane were
markedly reduced in the DHT-treated cells overexpressing
GRP78/BiP, whereas levels of soluble monomeric AR protein
trapped by the nitrocellulose (NC) membrane were
only slightly reduced (Figure 5c). We further investigated

Table 1 Nuclear labeling index in androgen-pretreated blastocysts

Nuclear labeling index in outgrowths of androgen-pretreated
blastocysts at 72h

Control blastocysts DHT-pretreated
blastocysts

n ICM TE n ICM TE

Fragmented nuclei
cells

50 2.2±1.3 1.2±0.7 50 7.6±1.8 1.0±0.8*

TUNEL-
positive cells

50 7.5±1.9 2.0±1.3 50 20±3.4 5.3±1.0*

Abbreviations: ICM, inner cell mass; n, number of outgrowths in each group; TE,
trophectoderm.
DHT pretreatment promoted apoptosis in blastocysts, appearing either as
fragmented nuclei observedwith the bisbenzimide trihydrochloride stain or DNA
stand breaks, detected using TUNEL staining.
Data are presented as means±S.D.
The differences between the control and DHT-treated groups were analyzed
with one-way ANOVA.
Results are given as the mean of labeled nuclei per outgrowth±S.D.
*Po0.05 compared with the corresponding control value.
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whether GRP78/BiP overexpression affected AR inclusions
formation. As shown in Figure 5d, overexpression of GRP78/
BiP significantly decreased percentage of AR inclusions, and

conversely, GRP78/BiP knockdown led to an increased
percentage of AR inclusions. To determine whether GRP78/
BiP regulates androgen/AR-induced apoptosis of ESCs,
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antibodies, followed by immunoblotting with anti-GRP78/BiP antibodies. (c) Decreasing association of GRP78/BiP with ATF6 in DHT-treated AR-expressing cells was
detected via immunoprecipitation with anti- GRP78/BiP or anti-ATF6 antibodies and immunoblotting with anti- GRP78/BiP or anti-ATF6, respectively. (d) Nuclear AR inclusions
colocalized with GRP78/BiP in DHT-treated ESCs and EBs. Scale bars: (ES) 10mM; (EB) 50mM. Immunofluorescence in muscle (e and f) sections from AR-24Q and AR-97Q
mice revealed a marked increase in nuclear inclusions number of the AR-97Q mice compared with the AR-24Q mice. The boxed area shown at high-magnification images of
the regions is a group of cells in an adjacent section, immunolabeled for AR and GRP78 (inset). Intense staining of PolyQ with small aggregates was frequently seen in the AR-
97Q mice, whereas staining was infrequently in the AR-24Q mice. (g) Colocalization of AR inclusions and GRP78 in muscle cells of the AR-24Q and AR-97Q mice by double
immunofluorescence staining. The extent of colocalization of GRP78 and polyQ AR was higher in the cells of muscle from AR-97Q than AR-24Q mice. The quantification of the
colocalization was performed by using the colocalization finder plugin of ImageJ. The index of colocalization corresponds to the mean of the Pearson’s coefficient. (h) The
histograms show the density of polyQþ /GRP78þ cells is significantly higher than polyQ-/GRP78þ , polyQþ /GRP78� cells from both AR-24Q mice and AR-97Q mice,
and a higher density in polyQþ /GRP78þ cells in muscle of the AR-97Q mice compared with the AR-24Q mice. Scale bars: (low-magnification image) 100mM; (high-
magnification image) 10mM. (n¼ 4, mean±S.D., *Po0.05, ANOVA)
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ESCs-FLAG-AR and parental ESCs were examined in
response to overexpression or knockdown of GRP78/BiP
(Figures 6a and b). TUNEL and caspase-3 activity assays
revealed that knockdown of GRP78/BiP induced significantly
higher levels of caspase-3 activity, and apoptosis were
observed in ESCs-FLAG-AR and parental ESCs. Impor-
tantly, DHT-induced caspase-3 activity and cell death in
ESCs-FLAG-AR was significantly alleviated by the reintro-
duction of GRP78/BiP (Figures 6a and b).

Discussion

The health and destiny of the cell is inextricably linked to
protein quality control. Protein homeostasis is a highly
complex network of molecular interactions that balances
protein biosynthesis, folding, translocation, assembly/disas-
sembly and clearance.25 Here, we propose the model
depicted in Figure 6c, which shows that misfolded AR proteins
can be induced because of physiological fluctuations

- + - +

IP
:a

nt
i-G

R
P

78
IP

:a
nt

i-F
LA

G

Blot:ATF6
(Full-Length)

- + + +
- - 48 72

+ + + +

- - +

24Q 97Q 0

- +

*

24Q

D
en

di
ty

(n
um

be
rs

/m
m

sq
)

97Q

PolyQ-/GRP78+

PolyQ+/GRP78-

PolyQ+/GRP78+

600

500

400

300

200

100

A
R

/G
R

P
78

C
ol

oc
al

iz
at

io
n 

In
de

x

0.7

0.6

0.5

0.4

0.3

0.1

0.2

DHT

ESCs

AR

GRP78

MERGE

EtOH DHT EtOH DHT

ESCs EBs

AR GRP78 DAPI AR GRP78 DAPI

24Q

97Q

0
24Q 97Q

*
97Q

A
R

/G
R

P
78

C
ol

oc
al

iz
at

io
n 

In
de

x 0.8

0.6

0.4

0.2

GRP78DAPI AR merge

Blot:AR

Blot:GRP78

Blot:AR

Blot:GRP78

ARARIP:IgG

IP
:Ig

G

GRP78

GRP78

DHT

pSG5 pSG5-AR
DHT

Blot:AR

Blot:GRP78

Blot:AR

Blot:GRP78

IP:AR

IP:IgG

Blot:GRP78

Blot:ATF6
(Full-Length)

Blot:ATF6
(cleavage)

Blot:GRP78

3xFLAG-ATF6
pSG5-AR

DHT

GRP78 alleviates androgen/AR-mediated stress in ESCs
Y-C Yang et al

7

Cell Death and Disease



(differentiation) or stress disturbance (androgens stimuli), and
activate the ER stress to promote the expression of GRP78
through activation of ATF6 and XBP-1. The misfolded AR
proteins are recognized and bound by GRP78, which may
allow for the refolding of misfolded AR protein. However, if the
misfolded AR proteins continue accumulation, it will form the
toxic aggregates and eventually elicit an imbalance in home-
ostasis on the flux of misfolded AR proteins to result in
deleterious consequences in ESCs.
Moreover, accumulation of aggregated AR inclusions and

activation of the ER stress response observed in ESCs and
EBs with androgen treatment bears a striking resemblance to
those of several cell culture models of SMBA, which require
overexpression of the expanded polyQ tracts in mutant AR
proteins to form insoluble aggregates that are proteotoxic to
cultured cells.22,26,27 These similarities in cytopathology
between SBMA and our ESC model are surprising, because
the length of polyQ tracts in the human AR gene is

polymorphic, whereas the intrinsic mouse AR gene is not
polymorphic and contains only 20 glutamine repeats, which
the length of polyQ tracts is within the normal range
(Supplementary Table S2), as verified by sequencing in several
mouse ESCs. These results raise the intriguing question of how
an endogenous protein with a non-expanded polyQ tract, such
as AR, which typically promotes anabolic responses, can form
aggregated inclusions in ESCs. We present evidence that
activation of ER stress and downstream signaling pathways
coincides with increasing AR protein expression in ESCs,
which is possibly not an incidental phenomenon, but instead an
active player in the early stages of mouse ESC differentiation.
This may occur under perturbation of ER homeostasis or
overloading of protein folding stimuli, such as androgens, which
act as an effective stress signal to exhaust prosurvival efforts,
encourage protein misfolding in ESCs that contains ER as a
minimal structure in undifferentiated stages, but dramatically
expands in differentiated stages.28
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For each ‘polyQ disease’ protein, including ataxin-1,29,30

a-synuclein31 and tau,32 overexpression of the corresponding
wild-type proteins induces a cytopathological phenotype
similar to that of the mutant allele. Moreover, overexpression
of wild-type AR in muscle replicates polyQ disease in mouse
models of SBMA,33,34 suggesting that an expanded polyQ

tract is not the only determining factor, and expression levels
of specific proteins and unique cellular contexts may also be
important factors of toxicity. Our finding that high levels of
wild-type AR induced by differentiation and/or DHT treatment
in mouse ESCs mimic the effects of expanded polyQ AR
raises a number of intriguing open questions; for instance, the
issues of whether the pluripotency and differentiation of ESCs
is affected by DHT treatment. We found DHT suppressed the
myogenic differentiation (Supplementary Figure S4) but the
expression levels of stem cell pluripotency markers were
unaltered, stably overexpressing AR in the present of DHT
(Figure 1b and Supplementary Figure S1a). Another interes-
ting question is whether all endogenous proteins associated
with polyQ motifs trigger protein misfolding and ER stress-
induced cell death in ESCs similar to that of AR. In viewing of
our and other results, although AR proteins with polyQ motifs
are conformationally aggregation-prone proteins, ESCs could
be poorly adapted to ER stress only if the concentration of
chaperones is titrated out as a result of association with
accumulating protein aggregation by stress signals, such as
androgens. Although ours is the first cell model to show that
endogenous AR proteins with unexpanded polyQ tracts forms
aggregated inclusions in ESCs comparable to those caused
by the mutant disease proteins, whether human ES or iPS cell
models might display similar misfolding protein phenotypes
remains to be clarified.
The recent discovery that GRP78/BiP, a typical ER luminal

chaperone and member of the Hsp70 family, can be
alternatively expressed on the nucleus35–38 to interact with
histone 3 and expanded polyQ Huntingtin aggregates,37,39

represents a paradigm shift in its biological function. However,
the role of GRP78/BiP tracking from the ER to nucleus is not
well understood. On the basis of our results, we propose that
when AR protein misfolding occurs to induce ER stress,
GRP78/BiP is released from ATF6 in the ER, translocates into
the nucleus and binds to nuclear AR aggregates in response
to DHT treatment as an AR coregulator to exert cytoprotective
function of chaperones. This could be a critical step for ESCs
survival, as nuclear accumulation of misfolded proteins is
most likely due to the lack or insufficiency of a secondary
degradation mechanism within nuclei, and this accumulation
of mutant protein is toxic to cells. Overexpression of the
chaperones Hsp70 and Hsp40 suppresses aggregate forma-
tion and apoptosis in cultured neuronal cells,22,27 and
ameliorates the phenotypes of the SBMA transgenic mouse
model by reducing nuclear localized-mutant AR protein.40

Furthermore, the association of amyloid precursor protein
with GRP78/BiP and overexpression of GRP78/BiP leads to
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FLAG in response to DHT treatment. The number of TUNEL-positive cells was
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suppression of b-amyloid peptide production in an Alzhei-
mer’s disease model.41 In agreement with these reports, our
experiments showed that overexpression of GRP78/BiP
results in suppression of AR protein ubiquitination and
aggregation, and conversely, GRP78/BiP knockdown
enhances AR aggregate formation, along with increasing
levels of apoptosis via caspase-3 activation in ESCs. In
addition, GRP78/BiP was also colocalized with AR inclusions
in the cells of SBMA transgenic mouse model. Together, we
propose that GRP78/BiP is a critical mediator, which
ameliorates the adverse effects of misfolded AR proteins
and has cytoprotective roles in ESCs. In addition, these
results also raise the important question as to whether ER
molecular chaperones such as GRP78/BiP may function to
suppress polyQ protein aggregation and cell death in SBMA
disease. GRP78/BiP has been shown to select misfolded
protein substrates with co-chaperones by recognizing the
hydrophobic regions of the polypeptides that are usually
exposed on the surface of unassembled proteins andmaintain
these proteins in their soluble conformations, preventing
aggregation.23 In this regard, small molecular compounds
have been described, which selectively induce GRP78/BiP
expression without triggering the production of other UPR
genes for neurodegenerative disease.42 Further studies are
warranted to enhance GRP78/BiP function, promote the
solubility or refolding of polyQ aggregates and reduce cellular
pathology without conferring toxicity, thus presenting new
therapeutic strategies of misfolded polyQ protein-related
diseases.

Materials and Methods
Reagents and antibodies. The following reagents and primary antibodies
were used: DHT, T, TM (Sigma Chemical, St. Louis, MO, USA), N ; (Tocris,
Bristol, UK), AR (N20, 1 : 400 dilution; Santa Cruz, Dallas, TX, USA), OCT3/4
(H134, 1 : 200; Santa Cruz), ubiquitin (P4D1, 1 : 100; Santa Cruz), CHIP (C10,
1 : 500; Santa Cruz), Hsp70 (K20, 1 : 1000; Santa Cruz), Hsp40 (SPA-400,
1 : 5000; Stressgen, Victoria, BC, Canada), b-tubulin (I19, D10, 1 : 1000; Santa
Cruz), pro-caspase 12 (N20, 1 : 200; Santa Cruz), caspase 3 (L18, 1 : 200; Santa
Cruz), PARP (number 9542, 1 : 500; Cell Signaling, Boston, MA, USA), GRP78/
BiP (N20, 1 : 500; Santa Cruz), phospho-PERK (Thr980, 16F8, 1 : 400; Cell
Signaling), FLAG (M2, 1 : 1000; Sigma), XBP-1 (M-186, 1 : 500; Santa Cruz),
ATF-6a (H280, 1 : 200; Santa Cruz), PolyQ(1C2) (MAB1574, 1 : 3000; Millipore,
Billerica, MA, USA) MyoD (Sc-304, 1 : 10000; Santa Cruz), MyoHC (Sc-58797,
1 : 3000; Santa Cruz). pcDNA3-FLAG-AR and pSG5-AR have been described
previously.2 pCMV-3xFLAG-ATF6 was obtained from Dr. Ron Prywes and pCMV6-
XL5-GRP78/BiP was purchased from Origene (Rockville, MD, USA). RNAi reagents
were acquired from the National RNAi Core Facility at the Institute of Molecular
Biology/Genomic Research Center, Academia Sinica, Taiwan.

Mouse ESC cell culture and differentiation. Mouse ES-D3 cell lines
(ATCC, number CRL11632) were maintained on a feeder layer of mitomycin-C-
arrested STO fibroblasts (ATCC, number CRL1503) in DMEM (Invitrogen, catalog
number10829-018, Grand Island, NY, USA) containing 15% ES-qualified FBS
(Innovative Research, Novi, MI, USA, catalog number IFBF-H), as described
previously.2 To initiate EB formation, colonies were detached from the feeder layer
with collagenase (Sigma, catalog number C-9263), re-incubated in medium
without leukemia inhibitory factor (LIF; Esgro, Millipore, catalog number
ESG1107), and cell clusters plated on feeder cell-free ultra-low attachment
dishes. After 5 days, EBs were transferred to adherent, 0.1% gelatin type
A (Sigma, catalog number G1890)-coated tissue culture dishes in media
containing 10% charcoal-treated FBS, 1 nM DHT or T (Sigma, A8380 and T1500),
and harvested 3 days later for further analysis. For nonlineage-directed
differentiation, EBs were cultured on Matrigel BD Biosciences (San Jose, CA,
USA) in nonconditioned ES medium.

Apoptosis assay. The in situ cell death detection kit (Roche Pharmaceu-
ticals, Nutley, NJ, USA catalog number 11 684 817 910) was used to identify
apoptotic cells, according to the manufacturer’s instructions. Caspase-3 activity
was measured using a caspase-3 colorimetric activity assay kit (Chemicon
Temecula, CA, USA, catalog number APT165), with Ac-DEVD-pNA as the
substrate. The colorimetric reaction was developed and measured at 405 nm on a
microtiter plate reader.

Immunocytochemistry. Cells were fixed in 4% paraformaldehyde or 1 : 1
acetone/methanol for 20min at room temperature, followed by rinsing with PBS.
Nonspecific labeling was blocked, and cells permeabilized with 5% normal goat
serum and/or 5% normal donkey serum, containing 0.2% Triton X-100 in PBS for
30min at room temperature. Cells were rinsed with PBS, and incubated with
primary antibodies for 1 h at room temperature or overnight at 4 1C. Next, cells
were labeled with the appropriate fluorescent-tagged secondary antibodies. Slides
were mounted with mounting medium containing 4,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA, USA) to label nuclei, sealed, and confocal
images acquired with a Nikon C1 Laser Scanning Confocal microscope (Nikon
instrument Inc., Melville, NY, USA). AR inclusions were counted in 100 nuclei,
those positively stained with AR immunogenicity were counted, and measured on
five areas on each of the three coverslips, using Image Pro Plus software (Media
Cybernetics, Inc., Rockville, MD, USA). Quantitative colocalization was analyzed
with the colocalization finder plugin of the Fiji image processing package based on
ImageJ (US National Institutes of Health, Bethesda, MD, USA).43

Protein isolation and WB analysis. Cells were isolated, suspended in
1% Triton X-100 lysis buffer supplemented with 1% protease inhibitor cocktail
(Sigma) and centrifuged at 16 060� g for 10min at 4 1C. Protein aliquots
(10–20mg) were electrophoresed on a 10% SDS gel, transferred to a NC
membrane and probed with the primary antibody for the indicated protein, followed
by the application of horseradish peroxidase-conjugated secondary antiserum
(Amersham, NJ, USA). Proteins were visualized using the ECL Plus kit
(Amersham) and quantified with Bio-Rad Quantity One software (Hercules, CA,
USA). As a control, the membrane was stripped and re-probed for b-tubulin.

Immunoprecipitation. Cells were rinsed once in ice-cold PBS and lysed in
1% Triton X-100 IP buffer (20mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 10% glycerol, 1 mM EDTA and a protease inhibitor cocktail). After rotating
for 1 h at 4 1C, extracts were cleared by centrifugation at 13 000� g for 10min at
4 1C. AR, GRP78/BiP and ATF6 were immunoprecipitated with anti-FLAG M2
(1 : 200), anti-AR monoclonal (1 : 200) and anti-GRP78/BiP (1 : 100) antibodies,
respectively, plus 20ml of 50% protein A Sepharose in IP buffer. Immunopre-
cipitates were washed three times with IP buffer, and the proteins resolved using
SDS-PAGE. Proteins were transferred to NC membranes, and probed with the
respective primary and horseradish peroxidase-conjugated secondary antibodies.
The blots were visualized with ECL Plus reagents, according to the manufacturer’s
instructions.

RNA Interference and viral infection. For lentiviral shRNA infection,
293T cells were co-transfected with AR, GRP78 or GFP shRNA in pLKO.1-vector
with packing plasmids (pCMV-DR8.91) and envelope plasmid (VSV-G), using
Lipofectamine 2000 reagent (Life Technologies, Carlsbad, CA, USA), according to
the manufacturer’s instructions. AR-lentiviral shRNA (50-CCGCCGACATTAAAGA
CATTT-30), GRP78-lentiviral shRNA-1 (50-CCGTACATTCAAGTTGATATT-30),
GRP78-lentiviral shRNA-2 (50-CCCTTACACTTGGTATTGAAA-30) and Luc shRNA
(50-TCACAGAATCGTCGTATGCAG-30) were co-transfected with packing plas-
mids into 293T cells for 2 days, and virus particles containing AR, GRP78 or Luc
shRNA used to infect ESCs to eliminate AR and GRP78 expression. All infected
cells were cultured in medium containing the appropriate antibiotics.

Yeast and mammalian two-hybrid assays: The yeast two-hybrid assay
was performed according to a previous report.20 Briefly, a pACT2 cDNA library
consisting of a GAL4 activation domain (a.a. 768–881) fused with the mouse
cDNA library was transformed into Y190 yeast cells with the GAL4 DNA-binding
domain (DBD; a.a. 1–147). Transformants were selected for growth on nutrition
selection plates (-histidine, -leucine and -tryptophan) containing different
concentrations of DHT. Colonies were additionally filter assayed for
b-galactosidase activity. DNA from positive clones was recovered from yeast,
amplified in E. coli and confirmed by sequencing. In the mammalian two-hybrid
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assay, GRP78/BiP was fused with the GAL4 DBD in the pCMX expression vector
and AR with the VP16 activation domain to generate pCMX-GAL4-GRP78/BiP and
VP16-AR constructs, respectively. These plasmids and the pG5-luc reporter
construct were transiently transfected into COS-1 cells, and luciferase activity
measured, as described above.

RNA isolation and quantitative real-time PCR. Cells were lysed, total
RNA collected (RNeasy, Qiagen, Hilden, Germany) and reverse transcription
performed using the SuperScript-RT system (Invitrogen). Quantitative real-time
PCR analyses using the comparative CT method were performed on an ABI
PRISM 7700 Sequence Detector System, using the SYBR Green PCR Master Mix
kit (Applied Biosystems, Foster City, CA, USA), as described previously.20 The
primer sequences for murine CHOP used were: 50-GCGACAGAGCCAGAATAA
CAGC-30 and 50-TTCTGCTTTCAGGTGTGGTGGT-30; MyoD: 50-CCC,CGG,CGG,
CAG,AAT,GGC,TAC,G-30 and: 50-GGT,CTG,GGT,TCC,CTG,TTC,TGT,GT-30;
MeoX-1: 50-TGG,CCT,ATG,CAG,AAT,CCA,TTC,C-30 and 50-GAG,ATC,TGA,
GCT,GCG,CAT, GTG-30; Pax3: 50-TTT,CAC,CTC,AGG,TAA,TGG,GAC,T-30 and
50-GAA,CGT,CCA,AGG,CTT,ACT,TTG,T-30; Myogenin: 50-TTA,CGG,GAG,AAA,
ACT,CAC,GGC-30 and 50-GGG,TCC,AAC,TTG,TCC,AGA,ATG,C-30.

RT-PCR analysis of Xbp-1 splicing. Xbp-1 cDNA bearing the intron
target of IRE1a ribonuclease was employed as a template for amplification.
The primers used for PCR, 50-TTACGGGAGAAAACTCACGGC-30 and
50-GGGTCCAACTTGTCCAGAATGC-30, were specific for murine Xbp-1. The
PCR conditions were as follows: 95 1C for 5 min, 95 1C for 1 min, 58 1C for 30 s,
72 1C for 30 s and 72 1C for 5 min, with 35 cycles of amplification. A 289-bp
amplicon was generated from unspliced Xbp-1 and a 263-bp amplicon from
spliced Xbp-1. PCR products were resolved on a 2.5% agarose/1� TAE gel.
As reported previously, a minor hybrid amplicon species consisting of unspliced
Xbp-1 annealed to spliced Xbp-1 was additionally generated, and appeared above
the unspliced amplicon.44 Spliced Xbp-1 mRNA was quantified as a percentage of
total Xbp-1 mRNA, using ImageQuant software (Amersham).

Double-immunofluorescence staining. Skeletal muscle tissues from
AR 24Q and AR97Q mice15 were collected, post-fixed overnight in 10%
phosphate-buffered formalin and processed for paraffin embedding. Sections
(6mm thick) of the above tissues were deparaffinized, dehydrated with alcohol and
pretreated with microwave oven heating for 10min in 10mM citrate buffer at pH
6.0, and then in formic acid for 5 min at room temperature. For double-
immunofluorescence staining of the skeletal muscle tissues, sections were blocked
with 5% normal goat serum and then sequentially incubated with anti-GRP78
antibody and anti-polyQ antibody at 4 1C overnight. The sections were then
incubated with Alexa 488-conjugated goat anti-rabbit IgG and Alexa 568-
conjugated goat anti-mouse IgG (1 : 500; Invitrogen) for 8 h at 4 1C. The stained
sections were examined and photographed with a fluorescence microscope (Nikon
E800). For assessment of 1C2-positive cells in muscle, the number of 1C2-positive
cells was calculated from counts of 500 fibers in randomly selected areas of
individual mice and expressed as the number per millimeter.2 The quantitative
data of six individual mice were expressed as means±S.D.

Filter-trap assay. AR aggregate filter-trap assay was measured according to
previous studies.45 Cells were lysed by 0.1% SDS and the protein aliquots
corresponding to 200mg of protein were filtered through 0.2mm CA membrane
and 0.45mm NC membrane, as described above. Membranes were blocked with
blocking buffers, and captured aggregates were detected by immunoblotting with
AR or GRP78 antibody; proteins were visualized using the ECL Plus kit
(Amersham). The total protein load was normalized to the volume of the soluble
fraction.

Ubiquitination assay. In vivo ubiquitination assays were performed as
described previously.46 In brief, ESCs were manipulated as the study design and
harvested by denatured buffer (6 M guanidine HCl, 0.1 M Na2HPO4/NaH2PO4,
10mM imidazole), followed by nickel bead purification and IB analysis. Proteins
were eluted in SDS sample buffer, subjected to SDS-PAGE, transferred to NC
membrane and immunoblotted with antibody.

Statistical analysis. All values are presented as means±S.D. of replicate
samples (n¼ 3–6, depending on the experiment), and experiments were repeated
a minimum of three times. Differences between the two groups were assessed

using the unpaired two-tailed Student’s t test or among more than two groups with
ANOVA. Tukey’s test was used as a post-hoc analysis in ANOVA for assessing
the significance of pairwise group comparisons. In all statistical comparisons,
Po0.05 was defined as significant. The SPSS statistics software (version 10.0;
IBM Corporation, Armonk, NY, USA) was used for all calculations.
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