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Treating HepG2 cells with MG132 for 4 h to inhibit
roteasomal activity increased androgen receptor im-
unoreactivity in two major bands with molecular
eights of 102 and 110 kDa by 77% each (P < 0.05).
G132 treatment also increased the overall level of

olyubiquitinated proteins between 66 and 220 kDa by
40% (P < 0.05). Antiubiquitin immunoreactivity comi-
rating with the androgen receptor bands was also
ncreased by MG132 treatment. Two other proteasome
nhibitors, lactacystin and epoxomycin, caused simi-
ar increases in the androgen receptor in HepG2 cells.
roteosome-inhibition studies conducted in LNCaP
ells also showed that the two major androgen recep-
or bands with molecular weights of 102 and 110 kDa
ere increased by 85 and 115%, respectively (P < 0.05

or both) by MG132 treatment. Overall levels of poly-
biquitinated proteins with molecular weights between
6 and 220 kDa increased 365%. Ubiquitin immunore-
ctivity comigrating with the androgen receptor
ands was also significantly increased. Thus inhibit-
ng proteasomes in two human androgen-responsive
ell lines increases endogenous androgen receptor lev-
ls as well as androgen receptor-associated ubiquitin-
odified immunoreactivity. The regulation of steady-

tate levels of endogenous androgen receptor by
roteasomal degradation could be involved in its
apid turnover in the absence of ligand and would
rovide a mechanism for limiting androgen responses.
PEST sequence similar to one in the vitamin D re-

eptor is present in the hinge region of all known
ammalian androgen receptors, suggesting that it
ay function in proteasome-mediated androgen re-

eptor turnover. © 2000 Academic Press

Key Words: ubiquitination; MG132; GSK3b; PEST;
-catenin; androgen receptor; proteasome; HepG2;
NCaP.

It is clear that endogenous unoccupied androgen re-
eptors are labile (1–3), and that their level can be
egulated post-transcriptionally in several tissues and
144006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
RNA level (4, 5). The synthesis and maturation of
teroid hormone receptors involves the binding of a
ariety of chaperones that promote proper folding and
rafficking. The mature unliganded apo-androgen re-
eptor remains bound to several chaperone proteins
hat apparently hold it in a conformation that permits
igh-affinity ligand binding (6, 7). When androgens
ind to the receptor they stabilize it, decreasing the
urnover about 6-fold (1, 3). The binding of ligand al-
ers the androgen receptor’s interaction with chaper-
nes and accessory proteins, and enhances its ability to
ctivate androgen-responsive gene expression (8–11).
The LNCaP human prostate cell line has been ex-

ensively studied as a model for androgen-responsive
rostate cancer. The liver is another organ which is an
mportant target of androgen action, as well as being a
ite of androgen metabolism. The HepG2 human hep-
ablastoma cell line maintains many features of hepa-
ocytes: it expresses immunoreactive androgen recep-
or and can respond to androgen (12, 13). Since the
ndrogen receptor displays rapid turnover in many
uman cells (1, 4), we looked for evidence of proteaso-
al involvement in its metabolism in these two

ndrogen-responsive human cell lines. We found that
he proteasome inhibitor MG132 increases androgen
eceptor immunoreactivity detected with a C-terminal
ntibody on Western blots of whole cell lysates from
oth cell lines. Recent evidence for ubiquitin-mediated
roteasomal degradation has been presented for the
strogen receptor, the vitamin D receptor and the
hicken progesterone receptor (14–18), so our findings
n the androgen receptor in two human cells suggest
hat proteasome-dependent degradation may play a
ommon role in steroid hormone receptor metabolism.
Further, we note that all known mammalian andro-

en receptors contain a strong PEST (proline-,
lutamate-, serine-, and threonine-rich) sequence (19)
ocated in the hinge region (Table 1). The presence of a
imilar PEST element in the hinge-ligand-binding do-
ain of vitamin D receptor suggests that this degra-
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ation motif may be involved in regulating the steady-
tate ubiquitin-mediated turnover of steroid hormone
eceptors in vivo.

ETHODS

Cell culture/reagents. HepG2 cells were obtained from ATCC
Rockville, MD, passage 77) and initially expanded in Minimum
ssential Media (MEM, Eagle) with 10% Fetal Bovine Serum (FBS,
tlanta Biologicals, Atlanta, GA), 2 mM L-glutamine, Earle’s buff-
red salt solution, 1.5 g/L sodium bicarbonate, 0.1 mM non-essential
mino acids, 1 mM sodium pyruvate, and 100 mg/penicillin/
treptomycin at 37°C and 5% CO2. Cells were then divided and
rown in 6-well plates in MEM/5% FBS to ;80% confluency (2–3
ays). LNCaP cells, also obtained from ATCC (passage 22) were
nitially cultured in T-25 flasks in RPMI-1640 medium with 300 mg
-glutamine and 25 mM HEPES (pH 7.2), 1 mM pyruvate, 10% FBS
nd 100 mg/penicillin/streptomycin at 37°C and 5% CO2. These cells
ere then divided and grown in 6-well dishes in RPMI-1640 medium
ntil they reached 60–70% confluency. Both cell types were then
reated with 20 mM N-carboxybenzyl-L-leucinyl-leucinyl-L-leucinal
MG132, Biomol, Plymouth Meeting, PA) in ethanol (0.05% final
oncentration), or mock-treated with vehicle alone in fresh MEM/5%
BS (or RPMI/10% FBS for LNCaP cells) at 37°C for 4 h. Cells were
insed with phosphate-buffered saline (PBS) and then scraped with

rubber policeman into high salt buffer (300 mM NaCl, 20 mM
EPES, 5 mM magnesium acetate, 5 mM potassium acetate, 1 mM
DTA, 1 mM NaF, 1 mM Na3VO4, 0.4 mM PMSF, 0.4 mM leupeptin,
mM N-ethylmaleimide, 1% Triton X-100, 1% NP-40). After homog-

nizing with 10–15 strokes of a Dounce homogenizer, the homoge-
ate was briefly vortexed, incubated on ice for 20 min, then clarified
y centrifugation at 10,000g for 10 min at 4°C.

Antibodies. Rabbit polyclonal antibody to the unique 21 amino
cid peptide sequence at the C-terminal of the androgen receptor was
btained from Santa Cruz Biotechnology (#sc815, Santa Cruz, CA),
nti-ubiquitin antibody was from Sigma (St. Louis, MO), and mono-
lonal antibody to b-catenin was obtained from Transduction Labo-
atories (#C19220, Lexington, KY).

SDS–PAGE and Western blotting. Protein concentrations in the
amples were determined with bicinchoninic acid (Pierce, Rockford,
L) using BSA as a standard. Samples were boiled in SDS–PAGE
ample buffer (final concentrations 62.5 mM Tris–Cl, pH 6.8, 2%
DS, 10% glycerol, 5% 2-mercaptoethanol), briefly centrifuged, and
0 mg supernatant protein/lane was separated on SDS–
olyacrylamide gels (10%), using a mini Protean II tank system
Bio-Rad, Hercules, CA). Samples and molecular weight markers
e.g., Sigma 6H) were transferred to 0.45-mm pore size PVDF mem-
rane (Immobilon P, Millipore, Bedford, MA) in transfer buffer
0.025 M Tris, pH 8.3, 0.192 M glycine, 20% methanol) using a mini

pecies PEST sequence PEST scorea

uman KLQEEGEA SSTTSP* TEETTQKb 18.31
abbit KLQEEGES SSASSP* TEDTTQK 17.92
at KLQEEGEN SSAGSP* TEDPSQK 13.84
ouse KLQEEGEN SNAGSP* TEDPSQK 11.73

a As detailed in Ref. (19).
b ProSwiss sequence P10275, P49699, P15207, and P19091, re-

pectively.
* Consensus proline-directed GSK3b phosphorylation motif; S in-

icates the location of Ser 650 in the human receptor as numbered in
ef. (2).
145
stablished by Ponceau-staining the membranes in 10% methanol.
ris-buffered saline with 0.1% Tween 20 (TBS-T) was used for all

ncubations and washes. Blots were blocked for 1 h at 20°C with 5%
SA (for anti-androgen receptor), or with 5% membrane blocking
gent from Bio-Rad (for anti-ubiquitin and anti-b-catenin), and then
ncubated with the appropriate primary antibody for 1 h or overnight
t 4°C (for anti-ubiquitin). The blots were washed three times for 15
in in TBS-T after each incubation step. Immunoreactive bands
ere visualized using a secondary antibody conjugated to alkaline
hosphatase, and detected using enhanced chemifluorescence (ECF)
ccording to the manufacturer’s instructions (Amersham Life Sci-
nce, Buckinghamshire, England). Immunoreactivity, measured in
rbitrary fluorescence units, was quantified with a STORM imaging
ystem (Molecular Dynamics, Sunnyvale, CA) using ImageQuant
oftware (Version 5.0). For photographic presentation of the immu-
oreactivity of the androgen receptor and ubiquitin in the LNCaP
ells, blots were also probed with HRP-conjugated secondary anti-
ody, using enhanced chemiluminescent (ECL; Amersham Life Sci-
nces) and exposed to X-ray films which were then scanned with a
ersonal Densitometer (Molecular Dynamics, Sunnyvale, CA). Re-
ults are expressed as means 6 1 SEM, and the statistical signifi-
ance of differences was determined by analysis of variance
ANOVA, StatView 1 Graphics, Abacus Version 1.03). Before re-
robing blots with a second antibody, they were washed in methanol
or 30 min to remove fluorophore, then the previous antibody was
tripped by incubation in 0.2 N NaOH for 30 min.

ESULTS

esponse of Androgen Receptor and Polyubiquitinated
Protein Levels to MG132: In HepG2 Cells

Treatment with the proteasome inhibitor MG132 for
h resulted in a significant increase in the levels of the

wo major androgen receptor bands detected in HepG2
ell extracts (Fig. 1). Both the ;102 and ;110 kDa
olecular weight immunoreactive androgen receptor

ands present in HepG2 cell lysates increased by 77%
n 5 6, P , 0.05) following MG132 (Fig. 1A). MG132
lso increased slower-migrating higher molecular
eight androgen receptor immunoreactive bands that

un above the androgen receptor bands, a finding con-
istent with the endogenous androgen receptor being
olyubiquitinated. Thus inhibition of the proteasome
n HepG2 cells increases the level of the androgen
eceptor protein as well as the level of higher molecular
eight immunoreactive androgen receptor bands, find-

ngs consistent with polyubiquitination of the andro-
en receptor and proteasome mediated degradation.
After stripping, the blot was reprobed with anti-

biquitin antibody. MG132 increased the overall level
f ubiquitinated protein running between 66 and 220
Da by 140% (from 4.9 to 11.8 fluorescence units, n 5
, P , 0.05) (Fig. 1B). To confirm these findings,
dditional experiments were conducted in HepG2 cells
sing lactacystin and epoxomycin, two other proteaso-
al inhibitors which also caused similar increases in

he level of the androgen receptor and higher molecu-
ar weight immunoreactive androgen receptor bands
not shown).
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n LNCaP Cells

The LNCaP cells displayed two major immunoreac-
ive androgen receptor bands with mobilities similar to
he androgen receptor bands detected in HepG2 cells
bove and in LNCaP cells (11). However, when com-
ared side-by-side with HepG2 cell homogenates on
he same blot, the relative levels of the two androgen
eceptor bands were much greater in LNCaP cells
not shown). Despite the higher steady-state level in
NCaP cells, the proteasome inhibitor MG132 signifi-
antly increased the levels of both immunoreactive an-
rogen receptor bands (Fig. 2A). The ;102 kDa band
ncreased by 85% (from 5.5 to 10.3 fluorescence units;

5 3, P , 0.05) while the ;110 kDa band increased
y 115% (from 5.6 to 12.0 fluorescence units, n 5 3,
, 0.05) (Fig. 2A). Slower-migrating immunoreactive

ands also were detected after MG132 treatment (Fig.
A), again resembling the findings in HepG2 cells.
After stripping the LNCaP blot, it was reprobed with

nti-ubiquitin. MG132 treatment resulted in a 365%
n 5 3, P , 0.05) increase in the level of polyubiq-
itinated proteins running between 66 and 220 kDa

FIG. 1. Responses of androgen receptor and polyubiquitinated pr
otal homogenates (50 mg total protein) from HepG2 cells treated for
ere separated by 10% SDS–PAGE, and probed with anti-androg
ntibody labeled with alkaline phosphatase and ECF substrate (Ame
) are shown. The relative mobility of molecular weight (MW) stan
Bottom) Graph of androgen receptor levels. Immunoreactivity in the
ix samples in each group were quantified using the ImageQuant (Mo
expressed in arbitrary fluorescence units) are shown 61 standard er
hown in A was reprobed using anti-ubiquitin. (Bottom) Graph of p
roteins from 66 and to 220 kDa are plotted 61 standard error. *P
146
Fig. 2B). A prominent ubiquitinated band with the
ame mobility as the ;110 kDa androgen receptor
ncreased after MG132 treatment of LNCaP cells.

Thus the results obtained in LNCaP cells closely
esemble those obtained in HepG2 cells, and collec-
ively they indicate that endogenous androgen receptor
n two human androgen responsive cell lines are ubi-
uitinated and degraded via the proteasome.

G132 Stabilizes Endogenous Levels of b-Catenin
in HepG2 and LNCaP Cells

As an independent means of assessing proteasomal
nhibition, we also measured the response of b-catenin
o MG132 in both cells lines (20–23). As shown in Fig.
, wild-type b-catenin increased by 81% following
G132 treatment (P , 0.01, n 5 6) in HepG2 cells

Fig. 3A) and by 84% (P , 0.05, n 5 3) in LNCaP cells
Fig. 3B). HepG2 cells also coexpress an endogenous

utant isoform, which lacks the GSK3b phosphoryla-
ion site required for proteasome-mediated degrada-
ion of b-catenin. The level of the mutant b-catenin
soform is ;3-fold higher than the wild type in the

in in HepG2 cells to MG132. (A) Western blot of androgen receptor.
h with 0.05% ethanol (controls) or MG132 (20 mM in 0.05% ethanol)
receptor. Immunoreactive bands were detected with a secondary

am Life Sciences). Two representative samples from each group (n 5
ds corresponding to 205, 116, and 97 kDa (Sigma 6H) are shown.
02 kDa band (hatched bar) and ;110 kDa band (solid bar) from the

ular Dynamics, Inc., Sunnyvale, CA). Mean androgen receptor levels
. *P , 0.05. (B) Western blot of polyubiquitinated protein. The blot
biquitinated protein levels. The overall mean immunoreactivity in

0.05.
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ontrol HepG2 homogenates, but unlike the wild type,
he level of the mutant did not change as a result of
G132 treatment (Fig. 3A, graph). We note that
G132 caused slower-running bands to appear above

he wild-type b-catenin present in both cell types (Figs.
A and 3B), consistent with monoubiquitination of this
soform.

ISCUSSION

Our finding that MG132 increases androgen receptor
mmunoreactivity in both HepG2 and LNCaP cells is
onsistent with recent reports that estrogen, progester-
ne and vitamin D receptors are also degraded via the
roteasome (14–18). MG132 treatment also increased
he amount of ubiquitinated protein comigrating with
ndrogen receptor immunoreactive bands. Continuous
egradation of the unliganded androgen receptor via
he proteasome would provide cells with the means to
imit the size and duration of their response to andro-
en, yet newly synthesized unliganded receptors would
lways be readily available to transactivate gene ex-
ression in response to hormone.

FIG. 2. Responses of androgen receptor and polyubiquitinated pr
otal homogenates (50 mg total protein) from LNCaP cells treated
eparated by 10% SDS–PAGE and immunoreactive androgen recepto
roup (n 5 3) are shown. (Bottom) Graph of androgen receptor levels
solid bar) forms of the androgen receptor from 3 samples from each
olyubiquitinated protein. The blot shown in A was reprobed using
evels. The overall mean immunoreactivity in protein migrating bet
147
The heat shock proteins/chaperones Hsp90, 70 and
6 interact with the androgen receptor (7, 8), and their
resence affects the receptor’s hormone-binding affin-
ty (6, 7). The binding of inducible Hsp72 to unfolded
roteins is thought to be nonspecific, but its binding to
he androgen receptor may be facilitated via more spe-
ific interactions of the receptor with co-chaperones
ike DnaJ (Hsp40), which also promotes the proper
olding and transactivating function of the androgen
eceptor (24). Parenthetically, mutant androgen recep-
ors with expansion of the poly-Q region are found in
atients with spinal bulbar muscular atrophy, and ap-
ear to result in increased accumulation of the receptor
long with ubiquitin and Hsp72 in the nuclei of motor
eurons (25). Taken with the data presented in this
eport, it is possible that the normal degradation of the
ndrogen receptor via the proteosome is blocked by the
xpansion of this poly-Q stability sequence, resulting
n misfolding and/or enhanced interaction with Hsp72,
o form aggregates (25). Conversely, a shortened
oly-Q stability region is found in the androgen recep-
ors of some prostate cancers, and has been implicated
n the oncogenic process (26).

in in LNCaP cells to MG132. (A) Western blot of androgen receptor.
4 h with 0.05% ethanol or MG132 (20 mM in 0.05% ethanol) were
ands were detected as above. Two representative samples from each
ean immunoreactivity in the ;102 kDa (hatched bar) and ;110 kDa
oup of 61 standard error is shown. *P , 0.05. (B) Western blot of
ti-ubiquitin antibody. (Bottom) Graph of polyubiquitinated protein
n 66 and 220 kDa 61 standard error is shown. *P , 0.05.
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Phosphorylation promotes ubiquitination and pro-
easomal degradation of a number of transcription fac-
ors. Phosphorylation via a constitutively active serine
inase, GSK3b, regulates the turnover of a number of
ranscription factors, including c-jun, c-myb, c-myc,
REB, NFAT, and the heat shock factor HSF1 (23, 27).
he androgen receptor and b-catenin are two tran-
cription factors which also contain GSK3b phosphor-
lation motifs, and our data suggest that a common
echanism might be involved in triggering the ubiq-
itination and degradation of both these proteins.
hosphorylation of the GSK3b motif has been shown to
egulate the levels of IkB as well as b-catenin in other
ells (20–22, 28). Our data confirm and extend these
tudies by demonstrating the importance of the GSK3b
hosphorylation site in the ubiquitin-proteasome me-
iated turnover of b-catenin, since blocking the protea-
ome with MG132 increases the level of only the wild-
ype b-catenin isoform but not the mutant isoform
resent in HepG2 cells.
Many potential phosphorylation sites are present in

he androgen receptor (9, 29–31), but only two serine
esidues have actually been shown to display increased
hosphorylation following receptor activation by an-
rogen, and this has been attributed to the stabilizing
ffect that hormone binding has on the degradation of
he receptor (1–4).

FIG. 3. Responses of b-catenin in HepG2 and LNCaP cells to MG
B) cells shown in Figs. 1A and 2A were reprobed with anti-b-cateni
ands of b-catenin (thin arrows). The normal mobility of the wild-ty
soform only present in HepG2 cells is indicated with an open arro
mmunoreactivity present in the wild-type isoform (solid bars) and in
escribed in the legend to Fig. 1B (n 5 6 for each group of HepG2 c
148
The in vivo effects of mutating Ser-Pro sequences to
la-Pro have been studied at four different sites in the
ndrogen receptor (Ser 81, Ser 94, Ser 424 and Ser 650:
umbering as in Ref. 2). Only the mutation of the Ser
50 affected the receptor’s transcriptional activity in
ransiently transfected COS cells (2). Ser 650 was orig-
nally identified as one of four potential sites for
SK3b-dependent phosphorylation based on the sub-

trate requirement of a pair of Ser residues separated
y three amino acids (Ser-X-X-X-Ser(PO4)) (30). How-
ver, GSK3b is also a proline-directed kinase (23, 27)
nd of these four potential GSK3b sites (Ser 318, 422,
50, and 777), only Ser 650 is directly neighbored by a
ownstream proline residue, and it is the major site
hosphorylated in the C-terminal region of the recep-
or in vivo (2, 31). Phosphorylation of a serine residue
ituated next to a proline residue causes a major
hange in the protein backbone (32), and alters its
usceptibility to proline-specific proteases (33). Since
er 650/Pro 651 is located in the androgen receptor’s
inge region, changes in the phosphorylation of this
ite could influence not only the receptor’s conforma-
ion and its ligand-binding transactivating activity (2,
, 11, 31), but could also influence its normal turnover
y changing its interactions with several proteins
nown to be involved in protein ubiquitination that
ind at or near the hinge region. These include SNURF

. (A) Western blots of b-catenin. The blots of HepG2 (A) and LNCaP
nd overexposed to enhance the visibility of minor slower-migrating
isoform of b-catenin is indicated with solid arrows, and the mutant
(Bottom) Graph of b-catenin responses to MG132. Mean b-catenin
e mutant present only in HepG2 cells (open bars) was quantified as
, *P , 0.01 and n 5 3 for each group of LNCaP cells, *P , 0.05).
132
n a
pe
w.

th
ells
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rotein ligase E6-AP (35), UBC9 (ubiquitin-conju-
ating enzyme 9) (36) and DnaJ (24). SNURF has been
hown to bind between aa 624–644 in the hinge region
f the androgen receptor, and it coregulates androgen
eceptor dependent transcription (34). SNURF con-
ains a RING finger which could facilitate ubiquitin
igation by various E2 ligases (37). Although UBC9 can
acilitate the conjugation of ubiquitin to proteins (38),
t preferentially conjugates the ubiquitin homologue
UMO-1 to lysine residues to which ubiquitin could
therwise be attached (39). Future studies will help
efine the functional role of these protein interactions
n relation to androgen receptor turnover in the ab-
ence and presence of ligand.
The GSK3b phosphorylation motif at Ser 650 (2) is

entered within a high-scoring PEST motif (19) that is
volutionarily conserved, displaying a high degree of
dentity in the four published mammalian androgen
eceptor sequences (Table 1). This PEST element is
nly found in mammalian androgen receptors and not
n amphibia or fish, suggesting that this sequence
volved later in evolution. PEST motifs are found in a
umber of labile signaling proteins whose turnover is
egulated via phosphorylation and ubiquitin-mediated
roteasomal degradation (19), and potential PEST se-
uences have also been identified in the vitamin D and
rogesterone receptor (14, 15). The PEST sequence in
he vitamin D receptor is also near its hinge/ligand
inding domain, and the binding of vitamin D inhibits
he degradation of this receptor (14), as reported for
he androgen receptor in LNCaP cells (4). Treating
epG2 cells with DHT did increase androgen receptor

evels but did not alter the overall level of polyubiquiti-
ated protein (Sheflin and Spaulding, unpublished
ata). The DHT-mediated increase in androgen recep-
or was less dramatic than the increase produced by
G132, whereas in the case of the vitamin D receptor,

he ligand inhibited the degradation of its receptor to a
reater extent than did MG132 (14). It will be impor-
ant to determine how PEST sequences function in the
roteasomal degradation of these signal transduction
ranscription factors in relation to the stability of the
ormone receptor upon binding of its cognate ligand.
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