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Early reports showed that androgen receptor (AR)
NH2- and COOH-terminal (N-C) interaction was im-
portant for full AR function. However, the influence
of these interactions on the AR in vivo effects re-
mains unclear. Here we tested some AR-associ-
ated peptides and coregulators to determine their
influences on AR N-C interaction, AR transactiva-
tion, and AR coregulator function. The results
showed that AR coactivators such as ARA70N, gel-
solin, ARA54, and SRC-1 can enhance AR transac-
tivation but showed differential influences on the
N-C interaction. In contrast, AR corepressors
ARA67 and Rad9 can suppress AR transactivation,
with ARA67 enhancing and Rad9 suppressing AR
N-C interaction. Furthermore, liganded AR C ter-
minus-associated peptides can block AR N-C in-

teraction, but only selective peptides can block AR
transactivation and coregulator function. We
found all the tested peptides can suppress pros-
tate cancer LNCaP cell growth at different levels
in the presence of 5�-dihydrotestosterone, but
only the tested FXXLF-containing peptides, not
FXXMF-containing peptides, can suppress prostate
cancer CWR22R cell growth. Together, these results
suggest that the effects of AR N-C interactions
may not always correlate with similar effects on
AR-mediated transactivation and/or AR-mediated
cell growth. Therefore, drugs designed by target-
ing AR N-C interaction as a therapeutic interven-
tion for prostate cancer treatment may face unpre-
dictable in vivo effects. (Molecular Endocrinology
19: 350–361, 2005)

ANDROGEN-ANDROGEN RECEPTOR (AR) medi-
ates a wide spectrum of physiological and devel-

opmental states and is important in prostate cancer
progression (1–3). AR is a transcriptional factor that
belongs to the nuclear receptor superfamily (4–7), con-
taining a conserved NH2- (N-) terminal functional do-
main, a DNA binding domain (DBD), a hinge region,
and a COOH- (C-) terminal ligand binding domain
(LBD) (8, 9). Before binding to its natural ligands, tes-

tosterone and 5�-dihydrotestosterone (DHT), AR may
form a complex with chaperones such as heat shock
proteins 70 and 90 that are located mainly in the
cytosol (10). After ligand binding, AR dissociates from
chaperones, phosphorylates, and translocates into the
nucleus. AR then binds to DNA response elements on
target gene promoters as a dimer and recruits some
selective type I coregulators to enhance target gene
transcription (11, 12).

NH2- and COOH-termini (N-C) on the AR can bind to
each other in the presence of a ligand, which may play
an important role for full AR function via influencing
dimerization, slowing down ligand dissociation from
the LBD, and AR degradation (13, 14). Disruption of AR
N-C interactions has been linked to androgen-insen-
sitive syndrome (15, 16). These N-C interactions can
be a tool to differentiate between androgens and an-
tiandrogens (17). The activation function-2 (AF-2) in
the C terminus of nuclear receptors is important for
recruiting LXXLL (where L is leucine and X is any amino
acid) motifs in coregulators to assist transcription (17–
19). Two LXXLL-like (F/W)XXLF (where F is phenylal-
anine, L is leucine, W is tryptophan, and X is any amino
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acid) motifs, which are important for AR N-C interac-
tions, exist in the AR N terminus. The FXXLF motif of
AR can compete with the LXXLL motif of a coregulator
to bind to the AR AF-2 hydrophobic groove (20, 21).
This FXXLF motif can also influence AR-heat shock
protein 90 interaction but will not influence AR ligand
binding or interference between AR and DNA re-
sponse elements (22). In AR-associated proteins such
as ARA70 (23), ARA55 (24), ARA54 (25), FHL2 (26), and
Rad9 (27), the FXXLF motif is important in coregulator
functions, and could mediate interactions between AR
and those coregulators. Using phage display tech-
niques, we also found that (F/W)XXL(F/W) and FXXLY
motifs exist in AR C terminus associated proteins (22).
Electrostatic modulation around the FXXLF motif and
hydrophobic forces in the C-terminal of the motif can
assist peptide binding to the AF-2 of liganded AR (22,
28). Some short peptides containing these motifs can
block AR N-C interactions and selective peptides can
block AR transactivation (22).

The relationship between AR N-C interactions and
AR transactivation was equivocal; and whether the
influence of AR N-C interaction can totally translate
into AR transactivation and/or in vivo cell growth re-
mains unclear. Here we provide the evidence to dis-
sect the possible linkages among AR N-C interactions,
AR transactivation, AR coregulator function, and pros-
tate cancer cell growth.

RESULTS

AR Coregulators Had Different Effects on AR N-C
Interactions, which May Not Always Correlate
with Their Coregulator Function

Using a yeast two-hybrid technique with AR N termi-
nus or AR C terminus as bait, we were able to isolate
several AR coregulators, such as ARA70 (full length)
and ARA70N (amino acids 1�401) (23), gelsolin (29),
ARA54 (25), ARA67 (30), and Rad9 (27). Some of these
AR coregulators contain a FXXLF motif, which is im-
portant for AR N-C and AR-coregulator interactions.
We tested all these coregulators plus SRC-1 (31) on
AR N-C interactions in a mammalian two-hybrid assay
system. As shown in Fig. 1A, ARA70 and ARA54 have
no effect, Rad9 can block, and SRC-1 can enhance AR
N-C interactions in both COS-1 and PC-3 cell lines.
Surprisingly, ARA70N can strongly block and ARA67
can enhance AR N-C interactions in both COS-1 and
PC-3 cell lines, and gelsolin can suppress AR N-C
interactions in the COS-1 cell line but has no effect in
the PC-3 cell. ARA70N can suppress AR N-C interac-
tion in titration dose study. We further tested whether
the effects of these AR coregulators on AR N-C inter-
actions can translate their influences to AR transacti-
vation. As shown in Fig. 2A, AR coactivators ARA70,
ARA70N, gelsolin, ARA54, and SRC-1 can enhance
AR transactivation, and AR corepressors ARA67 and
Rad9 can suppress AR transactivation in both COS-1

and PC-3 cell lines. In both Rad9 and SRC-1, effects
on AR N-C interactions correlate with their coregulator
functions. However, both coactivators ARA70 and
ARA54, which contain a FXXLF motif that may play
important roles for coregulator-AR interactions, show
little effect on AR N-C interactions. Furthermore, AR
coactivator ARA70N and gelsolin can suppress, and
corepressor ARA67 can enhance, AR N-C interac-
tions, which do not correlate with their coregulator
functions. Most of these tendencies can also be seen
in LNCaP cell, with either mouse mammary tumor
virus (MMTV)-luciferase (LUC) or prostate-specific an-
tigen (PSA)-LUC reporter gene assays except for
ARA54 (Fig. 2B). We checked the tested AR coregu-
lator expression level in COS-1 and PC-3 cells and
showed all of them can be expressed in these two cell
lines at different amounts (Fig. 1B). Together, these
data suggested that under the same cell condition,
such as in COS-1 and PC-3 cells, AR coregulators can
have different effects on AR N-C interactions, which
may not always correlate with their coregulator
functions.

With Combinations of Some AR Coregulators, AR
Transactivation Was Further Enhanced in
Contrast to the Effects on AR N-C Interaction

The function of AR can be modulated by different
coregulators through various mechanisms. We had
tested the effects of individual coregulator on AR N-C
interactions, as shown in Figs. 1 and 2, and Table 1. Of
primary interest was the type of relationship between
AR N-C interactions and AR transactivation with com-
binations of various coregulators. We tested ARA70N,
which functions as a strong AR coregulator, in com-
bination with other AR coregulators. As shown in Fig.
3A and Table 1, the combination of two AR N-C block-
ers (ARA70N and gelsolin), or one blocker and ARA54,
which showed little effect on AR N-C interaction, could
further enhance AR transactivation. Both AR corepres-
sors (ARA67 and Rad9) can suppress ARA70N co-
regulator function and AR coactivator SRC-1 can fur-
ther enhance AR transactivation. Similar tendencies
can also be seen in LNCaP with either MMTV-LUC or
PSA-LUC reporter assay (Fig. 3B). These results sug-
gested that the effect of AR coregulator on AR N-C
interactions in some conditions may conflict with their
effects on AR transactivation.

AR C Terminus-Associated Peptides Can
Suppress AR N-C Interaction, which Does Not
Correlate with the Degree of Suppression on
AR Transactivation

Using phage display, we were able to screen out sev-
eral AR C terminus-associated peptides containing
FXXLF or FXXLF-like motifs (22). Because the FXXLF
motif of the AR N terminus is important for the AR N-C

Hsu et al. • AR-Mediated Transactivation and Cell Growth Mol Endocrinol, February 2005, 19(2):350–361 351

 on February 1, 2005 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


Fig. 1. AR Coregulators Had Different Effects on AR N-C Interaction
A, Several FXXLF motif-containing AR coregulators such as ARA70, ARA70N (amino acids 1�401), ARA54, and Rad9 and other

AR coregulators, gelsolin, ARA67, and SRC-1 were chosen to test their effects on AR N-C interaction in the mammalian
two-hybrid assay. In COS-1 and PC-3 cell lines, 70 ng pCMX-GAL4-DBD-hAR-C, 70 ng VP16 or VP16-hAR-N, 250 ng reporter
plasmid pG5-LUC, 0.5 ng SV40-Renilla LUC, 250, 500, or 700 ng pSG5 constructed with the AR coregulators, and pSG5 were
added to total 1090.5 ng were transfected with a Superfect kit in 24-well plates. After 2 h transfection, the medium was replaced.
After 16 h, ethanol or 10 nM DHT was added for another 16 h. A dual LUC assay system was used. *, ARA67 was transfected with
a calcium phosphate precipitation method (56). B, The expression of coregulators was detected by Western blotting. COS-1 and
PC-3 cells were seeded and transfected as described in Materials and Methods. After 24 h, cell lysates were harvested, and 100
�g proteins were separated on SDS-PAGE. Expression of coregulators was detected by anticoregulators antibody. Control is a
nonspecific band or actin.
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interactions, we were interested to examine whether
these motif-containing peptides could block AR N-C
interactions. As shown in Fig. 4 and Table 2, the tested
peptides can block AR N-C interaction very efficiently
in COS-1 and PC-3 cell lines in a modified AR N-C
interaction assay. Because AR N-C interactions may
play important roles in the full function of AR, we
further tested whether these AR N-C interaction-
blocking peptides can influence AR transactivation. As
shown in Fig. 5 and Table 2, most of the tested pep-
tides can suppress AR transactivation in most tested
cell lines but are not so effective compared with their
effects on AR N-C interaction.

Selective AR C Terminus-Associated Peptides,
which Contain FXXLF or FXXLF-Like Motifs, Can
Influence ARA70N Coregulator Function

Both the AR N terminus and some AR coregulators
use the FXXLF motif to interact with the AR C terminus
AF-2. We tested the effect of some AR C terminus-
associated peptides containing FXXLF or FXXLF-like
motifs on ARA70N coregulator function. As shown in
Fig. 6, most of the tested peptides can partially sup-
press ARA70N coregulator function, but to different
degrees in tested cell lines. Although tested peptides
and ARA70N can individually suppress AR N-C inter-

Table 1. Effects of Individual Coregulator on AR-NC Interactions, AR/AR-ARA70N Transactivation

Coregulator,
Cell Line

AR N-C Interaction AR Transactivation AR-ARA7ON Transactivation

COS-1 PC-3 COS-1 PC-3
LNCaP

COS-1 PC-3
LNCaP

MMTV-LUC PSA-LUC MMTV-LUC PSA-LUC

1. ARA70FL 3 3 1 1 3
2. ARA70N 2 2 1 1 1
3. Gelsolin 2 3 1 3 1 1 3
4. ARA54 3 3 1 3 3 1 1
5. ARA67 1 1 2 2 2 2 2
6. RAD9 2 2 2 2 2 2 2
7. SRC1 1 1 1 1 1 1 1

1, Enhance; 2, suppress; 3, little or no effect.

Fig. 2. The Effects of AR Coregulators on AR N-C Interaction May Not Always Correlate with AR Coregulator Function
The same AR coregulators in Fig. 1 were tested for effects on AR transactivation. A, Seventy nanograms of pSG5-hAR, 250,

500, or 700 ng pSG5-AR coregulators, 250 ng MMTV-LUC, and 0.5 ng SV40-Renilla LUC, and additional pSG5 to total 1020.5
ng plasmid in individual wells were transfected into COS-1 and PC-3 cell lines in 24-well plates. B, Seven hundred nanograms
of pSG5 or pSG5-AR coregulators, 250 ng MMTV-LUC or PSA-LUC, and 0.5 ng SV40-Renilla LUC were transfected into LNCaP
cell line in 24-well plates. After 2 h transfection, the medium was replaced. After 16 h, ethanol or 10 nM DHT was added for another
16 h. A dual LUC assay was performed. Results are mean � SD of at least three independent assays.
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actions (Figs. 1 and 4), in combination they can en-
hance AR transactivation. Together, their effects on
AR N-C interactions do not directly translate to effects
on transactivation.

AR N-C Interaction Blocking Peptides Have
Different Effects on Prostate Cancer Cell Growth

From Figs. 4–6, we found AR C terminus-associated
peptides could suppress AR N-C interaction very ef-
ficiently but had different effects on AR transactiva-
tion. It was interesting to know whether the effects of
these peptides on AR transactivation could correlate
with their effects on AR-mediated cell growth. We
chose four peptides with different effects on AR trans-
activation, two FXXLF-containing peptides, nos. 3–18
and B310, and two FXXMF-containing peptides, C421
and C312. We synthesized these peptides by conju-
gating a fragment of transactivating regulatory protein
of human immunodeficiency virus type 1 (TAT), which
aids the peptide in entering the cytosol, to test their
effects on the prostate cancer LNCaP and CWR22R
cell lines, both containing endogenous AR. The con-
jugated peptides achieved good penetration into the
tested cells as shown in Fig. 7B. As shown in Fig. 7A,
all the tested peptides including TAT alone could sup-
press LNCaP cell growth but the FXXLF-containing
peptides, nos. 3–18 and B310 had better suppression
effect. Surprisingly, only those two FXXLF-containing

peptides can suppress CWR22R cell growth in the pres-
ence of DHT. Together, these data suggest the suppres-
sion of AR N-C interactions may not always correlate
with the suppression of AR transactivation or the inhibi-
tion of AR-mediated cell growth.

DISCUSSION

AR N-C Interaction Is Unique and Important for
Full Function of AR

AR N-C interactions are unique in nuclear receptors
and may play important roles in influencing the full
function of AR via the following mechanisms: receptor
dimerization, stabilization of a ligand in the LBD ligand
binding pocket, and retardation of AR degradation (13,
32). Compared with other steroid hormone receptors
such as the estrogen receptor (33, 34), AR has a longer
N terminus with stronger activation function-1 and
weaker AF-2 in the C terminus (12). Although the AF-2
in liganded AR can recruit LXXLL motif-containing co-
regulators to help transactivation (20), it can also bind
with the AR N-terminal FXXLF motif to allow the N
terminus to recruit other coregulators to the liganded
AR complex. SRC-1 has been found to use its LXXLL
motif to interact with the liganded AR C terminus, but
its glutamine-rich area to interact with the AR N ter-
minus. Interestingly, the AR N terminus-SRC-1 inter-

Fig. 3. With Combinations of Some AR Coregulators, AR Transactivation Was Further Enhanced Compared with Their Effects
on AR N-C Interaction

The AR coregulators from Fig. 1 were tested for coregulator function in combination with ARA70N. A, In COS-1 and PC-3 cell
lines, 30 ng pSG5-hAR, 70 ng pSG5 or pSG5-ARA70N, 250 ng MMTV-LUC, and 0.5 ng SV40-Renilla LUC were transfected in
24-well plates, with addition of 700 ng pSG5 or pSG5-AR coregulators to individual wells. B, in LNCaP cell line, 350 ng pSG5 or
pSG5-ARA70N, 700 ng pSG5 or pSG5-AR coregulators, 250 ng MMTV-LUC or PSA-LUC, and 0.5 ng SV40-Renilla LUC were
transfected into 24-well plates. After 2 h transfection, the medium was replaced. After 16 h, ethanol or 10 nM DHT was added for
another 16 h. A dual-LUC assay was used. Results are mean � SD of at least three independent assays.
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Table 2. Tested Peptides Can Block AR N-C Interaction, AR/AR-ARA70N Transactivation, and Cell Growth

Peptide, Cell Line

AR N-C Interaction AR Transactivation AR-ARA70N
Transactivation Cell Growth

COS-1 PC-3 COS-1 PC-3
LNCaP CWR22R

COS-1 PC-3
LNCaP LNCaP CWR22R

1. Nos. 3–18 2 2 2 2 2
2. C421 2 2 2 2 3
3. C312 2 2 2 2 3
4. B310 2 2 2 2 2
5. C317 2 2 2
6. HF-26 2 2 2
7. A310 2 2 2

2, Suppress; 3, little or no effect.

Fig. 4. AR C Terminus-Associated Peptides Can Suppress AR N-C Interactions
Three FXXLF motif-containing peptides, two FXXMF-motif containing peptides, and two FXX(H/Y)Y motif-containing peptides

(where F is phenylalanine, H is histidine, M is methionine, X is any amino acid, and Y is tyrosine), from liganded AR C
terminus-associated peptides were tested for effects on AR N-C interaction in a modified AR N-C interaction assay (39). Seventy
nanograms of pCDNA3-flag-hAR-N (amino acids 1–506) combined with 70 ng pCDNA3-hAR-C (amino acids 556–919), 250 ng
MMTV-LUC, 0.5 ng SV40-Renilla LUC, and 700 ng GAL4-DBD-peptide plasmids were transfected into COS-1 or PC-3 cell lines
in 24-well plates, with GAL4-DBD added to individual wells to make equal amounts of plasmid in every well. After 2 h transfection,
the medium was replaced. After 16 h, ethanol or 10 nM DHT was added for another 16 h. Results are mean � SD of at least three
independent assays.
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action, but not the LXXLL motif-AR C terminus inter-
action, was important for AR transactivation (35). As
shown in Fig. 1, the microenvironments in the individ-
ual cell line may influence AR N-C interactions. These
results suggest that the effects of AR-associated pro-
teins/peptides on AR N-C interactions may not always
correlate with their effects on AR transactivation, co-
regulators’ function, or AR-mediated cell growth.

AR-Associated Proteins/Peptides Influence AR
Transactivation by Multiple Mechanisms

Some reasonable explanations as to why AR N-C in-
teraction effects may not always translate into similar
effects on AR transactivation could include the follow-
ing. First, coactivator ARA70N not only has a strong
functional domain that can enhance AR transactiva-
tion (23, 36) but also contains one FXXLF motif (amino
acids 323�327), which can compete with the AR-N-
terminal FXXLF motif to bind the AR-C-terminal AF-2
domain (22, 37, 38). This competition may result in the

blockage of AR N-C interactions. Second, gelsolin can
interact with the AR-DBD-LBD via its C terminus in a
ligand-dependent manner but cannot interact with AR
N terminus that may block AR N-C interaction. Gelso-
lin, like another actin-binding protein, filamin, may fa-
cilitate AR nuclear translocation and enhance AR
transactivation (29). Third, ARA67 can interact with
both N- and C-termini of the AR, which may then be
able to hold AR N-C together to enhance AR N-C
interaction. On the other hand, ARA67 may also be
able to interrupt AR cytoplasmic-nuclear shuttling,
which can result in the suppression of AR transactiva-
tion (30). Fourth, the AR C terminus may have weaker
binding affinity with its associated peptides than the
AR dimer with two intact AR molecules. Although
these peptides can block AR N-C interactions, they
may not block AR transactivation (22, 39). Fifth, al-
though bound to the AR C terminus, some associated
peptides may block N-C interactions; however, the
bound complex may then convert the whole AR mol-

Fig. 5. The Effects of AR C Terminus-Associated Peptides on Suppression of AR N-C Interaction Did Not Always Correlate with
the Degree of AR Transactivation Suppression

The same peptides from Fig. 4 were tested for effects on AR transactivation. A, Seventy nanograms of pSG5-hAR, 250 ng
MMTV-LUC, and 0.5 ng SV40-Renilla LUC were transfected into COS-1 and PC-3 cell lines in 24-well plates, with the addition
of 700 ng GAL4-DBD or GAL4-DBD-peptides to individual wells. B, Two hundred fifty nanograms of MMTV-LUC or PSA-LUC,
0.5 ng SV40-Renilla LUC, and 700 ng GAL4-DBD or GAL4-DBD-peptides were transfected into LNCaP and CWR22R cell lines
in 24-well plates. After 2 h transfection, the medium was replaced. After 16 h, ethanol or 10 nM DHT was added for another 16 h.
A dual-LUC assay was used. Results are mean � SD of at least three independent assays.
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ecule to a different active form to recruit more coregu-
lators to enhance AR transactivation (39).

The Effect of AR-Associated Proteins/Peptides
on AR N-C Interaction May Not Always Correlate
with Their Effects on AR-Mediated Cell Growth

Furthermore, influencing AR N-C interactions may also
not directly translate into AR-mediated cell growth due
to the following conditions. First, the influence of AR
N-C interactions may not always correspond to similar
effects with potential reasons mentioned above. Sec-
ond, AR can go through protein-protein interactions to
inhibit the function of some transcription factors, such
as nuclear factor �B, Ets-1, and cAMP-responsive
element binding protein (40–42), which may influence
cell growth. Third, in LNCaP cells, low concentrations
of DHT can stimulate cell growth, whereas high con-
centrations of DHT can enhance PSA expression (43).
Fourth, in different culture conditions, AR may turn on
the expression of different target genes (44). Fifth, the
microenvironments in the individual cell may influence
different AR roles in each cell. For example, in LNCaP
cells, enhancing AR transactivation through the addi-
tion of androgens can enhance cell growth (45), how-
ever, in a bone metastasis, prostate cell line PC-3
stably transfected with AR, such as the PC-AR2 cell
line, employing the same method of enhancing AR

transactivation will induce apoptosis (46, 47). Further-
more, in another prostate cancer CWR22R line that
contains endogenous AR, addition of androgen may
produce only marginal cell growth enhancement (48,
49). The AR in CWR22R cells was found to have a
duplication of exon 3, which encodes the second zinc
finger of the DBD, which responded very well to an-
drogen in AR target gene reporter assays, but could
not express PSA (49). In androgen-refractory prostate
cancer cells with endogenous AR, disruption of AR
function may inhibit cell growth (50). Recently, one
report used the antiprogestin RU486, which produces
a weak AR agonist effect, as a prototype drug to test
some side chain modifications. They found that some
RU486 derivatives can block AR N-C interactions, and
enhance or have no effect on AR transactivation but
can stimulate prostate cancer LNCaP cell proliferation
(51). These results strongly indicate that AR N-C inter-
actions may not always correspond with AR-mediated
transactivation and cell growth. Moreover, using coc-
rystallization of AR DBD with AR response elements,
Shaffer et al. (52) found that two AR DBD monomers
form a dimer in a head-to-head pattern on AR re-
sponse elements, which contradicts the antiparallel
arrangement of AR monomers in AR N-C interactions
(53). These controversial data further raise questions
about the roles of antiparallel AR N-C interaction in the
AR in vivo roles. The reason why the tested FXXLF-

Fig. 6. AR C Terminus-Associated Peptides, which Contain FXXLF or FXXLF-like Motifs, Can Influence ARA70N Coregulator
Function

The same AR C terminus-associated peptides from Fig. 4 were tested for effects on ARA70 coregulator function. A, In COS-1
and PC-3 cell lines, 30 ng pSG5-hAR, 70 ng pSG5-ARA70N, 250 ng MMTV-LUC, and 0.5 ng SV40-Renilla LUC were transfected
in 24-well plates, with addition of 700 ng GAL4-DBD or GAL4-DBD-peptides to individual wells. B, In LNCaP cell line, 350 ng pSG5
or pSG5-ARA70N, 700 ng GAL4-DBD or GAL4-DBD-peptides, 250 ng MMTV-LUC or PSA-LUC, and 0.5 ng SV40-Renilla LUC
were transfected in 24-well plates. After 2 h transfection, the medium was replaced. After 16 h, ethanol or 10 nM DHT was added
for another 16 h. A dual-LUC assay was used. Results are mean � SD of at least three independent assays.
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Fig. 7. FXXLF or FXXLF-Like Motif-Containing Peptides Had Different Effects on Prostate Cancer Cell Growth
A, Four peptides, nos. 3–18 and B310 with the FXXLF motif and C421 and C312 with the FXXMF motif, conjugated with TAT,

were synthesized. Prostate cancer LNCaP or CWR22R at 5 � 104 cells were seeded in 24-well plates and treated with ethanol,
1 nM DHT, 1 nM DHT with 20 �M TAT, or 1 nM DHT with 20 �M TAT peptide on d 2, 4, and 6. At each time point, 50 �l of 1 mg/ml
MTT solution was added to each well containing 500 �l medium with 3 h incubation and 500 �l of isopropyl alcohol was added
to dissolve the converted dye. The absorbance of each well was measured at 570 and 650 nm using a DU 640B spectropho-
tometer (Beckman) according to the manufacturer’s protocol. B, LNCaP and CWR22R cells were seeded on chamber slides for
24 h. Cells were treated with 1 �M TAT peptides for 16 h. After washing with PBS, cells were fixed and mounted. The uptake of
peptides in cells was detected under fluorescence microscope. Fluorescein signal indicates peptides uptake and 4,6-diamidino-
2-phenylindole (DAPI) signal indicates cell nucleus.
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containing peptides had better suppression effect on
LNCaP and CWR22R cells growth than FXXMF-con-
taining peptides were unknown. Nevertheless, these
suppression effects all indicate AR N-C interaction did
not correlate well with AR function.

It is therefore unpredictable to assume in vivo/phys-
iological AR function solely based on the assay of AR
N-C interactions, even though these interactions may
play some roles for full AR function in vitro. Drug
designs based on the modulation of AR N-C interac-
tions may not have equivalent influence on in vivo AR
function. To successfully screen drugs to battle an-
drogen/AR-related diseases such as prostate cancer,
further examinations of AR physiological functions
through in vivo interventions are necessary.

Materials and Methods

Materials and Plasmids

DHT and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma (St. Louis, MO).
Green monkey kidney fibroblast COS-1 and human prostate
cancer cell lines, PC-3 and LNCaP, were purchased from
ATCC. Prostate cancer CWR22R cell line was a gift from Dr.
Franky Chan of Hong Kong University. Peptides were syn-
thesized by Alpha Diagnostics International and purified by
HPLC to greater than 95% purity and confirmed by mass
spectrometry analysis. The peptide sequences are as fol-
lows: fragment of TAT, fluorescein-GGGYGRKKRRQRRRG;
TAT nos. 3–18, fluorescein-GGGYGRKKRRQRRRG-NTNA-
FSRLF-YPS; TAT-C421, fluorescein-GGGYGRKKRRQRRRG-
TPH-FAKMF-HTPS; TAT-C312, fluorescein-GGGYGRKKRRQ-
RRRG-TPTS-FKNMF-QRS; TAT-B310, fluorescein-GGGYG
RKKRRQRRRG-SPTPH-FTRLF-HY. All peptides were dis-
solved in water. pSG5-AR, pSG5-ARA70N (ARA70 N terminus,
amino acids 1�401), pSG5-ARA70 (23), pSG5-gelsolin (29),
pSG5-ARA54 (25), pCDNA3-RAD9 (27), pSG5-ARA67, pSG5-
SRC1, pCMX-GAL4-AR-C, pGL3-PSA6.0-LUC (PSA-LUC) (30),
and pCMX-GAL4-peptides (22) were constructed as described
in our previous publication. PCR was used to construct AR-N
(amino acids 1–506) via BamHI/KpnI to pCDNA3-flag and
pCMX-VP16 vectors and AR-C (amino acids 556–919) via
BamHI/XbaI into pCDNA3.

Mammalian Two-Hybrid Assay

For the LUC assay, 250 ng pG5-LUC reporter gene plasmid,
0.5 ng simian virus 40 (SV40)-Renilla LUC internal control
plasmid, 700 ng coregulator in pSG5 or pCDNA3 vector, 70
ng pCMX-GAL4-AR-C, and 70 ng VP16-AR-N were trans-
fected into COS-1 and PC-3 cells with Superfect kit (QIA-
GEN, Valencia, CA). After 2 h transfection, the medium was
replaced. After 16 h, ethanol or 10 nM DHT were added to the
wells for another 16 h. The dual LUC reporter assay system
(Turner Designs, Sunnyvale, CA) was employed to measure
LUC activity.

Transfection and Reporter Gene Assay

COS-1 and PC-3 cell line were grown in DMEM containing
10% fetal calf serum and LNCaP and CWR22R cell lines were
maintained in RPMI-1640 (Invitrogen Life Technologies,
Carlsbad, CA) with 10% fetal calf serum. For transfection, the
cells were plated in 24-well dishes and plasmids with 20�70

ng pSG5-AR, 0�70 ng pSG5-ARA70N, 700 ng pSG5-
coregulator, 250 ng MMTV-LUC or PSA-LUC, and 0.5 ng
SV40-Renilla LUC internal control plasmid were transfected
by Superfect kit as described previously. pSG5 vector was
added to make plasmid amounts equal for each transfection.
After 2 h transfection, the medium was replaced. After 16 h
incubation, the cells were treated with ethanol or 10 nM DHT
for another 16 h and then harvested for the dual LUC assay.
The MMTV-LUC reporter gene and PSA-LUC was used to
measure AR transcriptional activity, and a SV40-Renilla LUC
plasmid (Promega, Madison, WI) was used as an internal
control. The dual-LUC reporter assay system (Turner De-
signs) was employed to measure the LUC activity.

Cell Growth Assay

Cell growth was measured by MTT assay (54). Cells were
plated at 5 � 104 cells/well in 24-well plates and incubated
with or without 1 nM DHT and 20 �M peptide for 2–6 d. At
each time period, 50 �l of 1 mg/ml MTT solution was added
to each well containing 500 �l medium with 3 h incubation
and 500 �l isopropyl alcohol was added to dissolve the
converted dye. The absorbance of each well was measured
at 570 and 650 nm by using a DU 640B spectrophotometer
(Beckman, Fullerton, CA) according to the manufacturer’s
protocol. Values in the figure are the means � SD of OD570-
OD650 from at least three independent wells of cells.

Fluorescence Microscopy

LNCaP and CWR22R cells were seeded on two-well Lab Tek
Chamber slides (Nalge Nunc International, Rochester, NY) in
RPMI-1640 with 10% CD-FBS for 18 h before being treated
with 1 �M TAT peptides. After treatment with TAT peptides for
16 h, cells were fixed in fixation solution (3% formaldehyde
and 10% sucrose in PBS) and were then washed, mounted
with VECTASHIELD mounting medium with 4,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA), and
photographed under 400-fold magnification with a fluores-
cence microscope.

Western Blot Analysis

COS-1 and PC-3 cells were seeded on a 100-mm dish 1 d
before transfection. Cells were transfected with 10 �g pSG5-
coregulators by Superfect or 30 �g pSG5-ARA67 by calcium
phosphate precipitation method. After 24 h, total cell lysates
were prepared by lysing cells in ice-cold RIPA buffer (1%
Igepal CA-630, 0.5% sodium deoxycholate, and 0.1% so-
dium dodecyl sulfate in PBS). The lysates were clarified by
centrifugation. The protein concentration of the supernatant
was evaluated with the Bio-Rad Laboratories (Hercules, CA)
reagent kit. From each sample, 100 �g proteins were sepa-
rated by 6 or 10% SDS-PAGE and transferred to nitrocellu-
lose membranes. The membranes were blocked in TBST [10
mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.05% Tween 20] con-
taining 5% nonfat dry milk for 1 h at room temperature.
Primary antibodies, anti-ARA70 (CC70 3), anti-ARA54 (N-17)
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), antigelsolin
(GS-2C4) (Sigma), anti-ARA67 (mAb26/37) (55), anti-RAD9
(M-389) (Santa Cruz), anti-SRC-1 (C-20) (Santa Cruz), and
antiactin (I-19) (Santa Cruz), were added and incubated at 4
C overnight. The alkaline phosphatase-conjugated second-
ary antibodies (Santa Cruz) in TBST were added and incu-
bated for 1 h at room temperature. The membranes were
washed three times in TBST, and the immunoreactive bands
were visualized by alkaline phosphatase activity with the
5-bromo-4-chloro-3-indolylphosphate-nitro blue tetrazolium
phosphatase substrate (Bio-Rad Laboratories).

Hsu et al. • AR-Mediated Transactivation and Cell Growth Mol Endocrinol, February 2005, 19(2):350–361 359

 on February 1, 2005 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


Acknowledgments

We thank Dr. Yueh-Chiang Hu for critically reading the
manuscript, Karen L. Wolf and Carol Lin for proofreading, and
members in Dr. Chang’s laboratory for technical support.

Received May 6, 2004. Accepted October 19, 2004.
Address all correspondence and requests for reprints to:

Chawnshang Chang, The George H. Whipple Laboratory for
Cancer Research, Departments of Pathology, Urology, Radi-
ation Oncology, and the Cancer Center, University of Roch-
ester Medical Center, Rochester, New York 14642. E-mail:
chang@URMC.rochester.edu.

This work was supported by National Institutes of Health
Grant DK 60948, by the George Whipple Professorship Endow-
ment, and by National Science Council Grant NMRPG3104,
Taiwan, ROC.

REFERENCES

1. Roy AK, Lavrovsky Y, Song CS, Chen S, Jung MH, Velu
NK, Bi BY, Chatterjee B 1999 Regulation of androgen
action. Vitam Horm 55:309–352

2. McLachlan RI, Wreford NG, O’Donnell L, de Kretser DM,
Robertson DM 1996 The endocrine regulation of
spermatogenesis: independent roles for testosterone
and FSH. J Endocrinol 148:1–9

3. Keller ET, Ershler WB, Chang C 1996 The androgen
receptor: a mediator of diverse responses. Front Biosci
1:d59–d71

4. Chang CS, Kokontis J, Liao ST 1988 Molecular cloning of
human and rat complementary DNA encoding androgen
receptors. Science 240:324–326

5. Chang CS, Kokontis J, Liao ST 1988 Structural analysis
of complementary DNA and amino acid sequences of
human and rat androgen receptors. Proc Natl Acad Sci
USA 85:7211–7215

6. Lubahn DB, Joseph DR, Sullivan PM, Willard HF, French
FS, Wilson EM 1988 Cloning of human androgen recep-
tor complementary DNA and localization to the X chro-
mosome. Science 240:327–330

7. Trapman J, Klaassen P, Kuiper GG, van der Korput JA,
Faber PW, van Rooij HC, Geurts van Kessel A, Voorhorst
MM, Mulder E, Brinkmann AO 1988 Cloning, structure
and expression of a cDNA encoding the human androgen
receptor. Biochem Biophys Res Commun 153:241–248

8. Lee DK, Chang C 2003 Molecular communication be-
tween androgen receptor and general transcription ma-
chinery. J Steroid Biochem Mol Biol 84:41–49

9. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P,
Schutz G, Umesono K, Blumberg B, Kastner P, Mark M,
Chambon P, Evans R 1995 The nuclear receptor
superfamily: the second decade. Cell 83:835–839

10. Bohen SP, Kralli A, Yamamoto KR 1995 Hold ’em and
fold ’em: chaperones and signal transduction. Science
268:1303–1304

11. Chang C, Saltzman A, Yeh S, Young W, Keller E, Lee HJ,
Wang C, Mizokami A 1995 Androgen receptor: an over-
view. Crit Rev Eukaryot Gene Expr 5:97–125

12. Heinlein CA, Chang C 2002 Androgen receptor (AR)
coregulators: an overview. Endocr Rev 23:175–200

13. Zhou ZX, Lane MV, Kemppainen JA, French FS, Wilson
EM 1995 Specificity of ligand-dependent androgen re-
ceptor stabilization: receptor domain interactions influ-
ence ligand dissociation and receptor stability. Mol En-
docrinol 9:208–218

14. He B, Kemppainen JA, Voegel JJ, Gronemeyer H, Wilson
EM 1999 Activation function 2 in the human androgen

receptor ligand binding domain mediates interdomain
communication with the NH(2)-terminal domain. J Biol
Chem 274:37219–37225

15. Thompson J, Saatcioglu F, Janne OA, Palvimo JJ 2001
Disrupted amino- and carboxyl-terminal interactions of
the androgen receptor are linked to androgen insensitiv-
ity. Mol Endocrinol 15:923–935

16. Ghali SA, Gottlieb B, Lumbroso R, Beitel LK, Elhaji Y, Wu
J, Pinsky L, Trifiro MA 2003 The use of androgen receptor
amino/carboxyl-terminal interaction assays to investi-
gate androgen receptor gene mutations in subjects with
varying degrees of androgen insensitivity. J Clin Endo-
crinol Metab 88:2185–2193

17. Kemppainen JA, Langley E, Wong CI, Bobseine K, Kelce
WR, Wilson EM 1999 Distinguishing androgen receptor
agonists and antagonists: distinct mechanisms of acti-
vation by medroxyprogesterone acetate and dihydrotes-
tosterone. Mol Endocrinol 13:440–454

18. Heery DM, Kalkhoven E, Hoare S, Parker MG 1997 A
signature motif in transcriptional co-activators mediates
binding to nuclear receptors. Nature 387:733–736

19. Torchia J, Rose DW, Inostroza J, Kamei Y, Westin S,
Glass CK, Rosenfeld MG 1997 The transcriptional co-
activator p/CIP binds CBP and mediates nuclear-recep-
tor function. Nature 387:677–684

20. He B, Kemppainen JA, Wilson EM 2000 FXXLF and
WXXLF sequences mediate the NH2-terminal interaction
with the ligand binding domain of the androgen receptor.
J Biol Chem 275:22986–22994

21. He B, Bowen NT, Minges JT, Wilson EM 2001 Androgen-
induced NH2- and COOH-terminal interaction inhibits
p160 coactivator recruitment by activation function 2.
J Biol Chem 276:42293–42301

22. Hsu CL, Chen YL, Yeh S, Ting HJ, Hu YC, Lin H, Wang
X, Chang C 2003 The use of phage display technique for
the isolation of androgen receptor interacting peptides
with (F/W)XXL(F/W) and FXXLY new signature motifs.
J Biol Chem 278:23691–23698

23. Yeh S, Chang C 1996 Cloning and characterization of a
specific coactivator, ARA70, for the androgen receptor in
human prostate cells. Proc Natl Acad Sci USA 93:
5517–5521

24. Fujimoto N, Yeh S, Kang HY, Inui S, Chang HC, Mizokami
A, Chang C 1999 Cloning and characterization of andro-
gen receptor coactivator, ARA55, in human prostate.
J Biol Chem 274:8316–8321

25. Kang HY, Yeh S, Fujimoto N, Chang C 1999 Cloning and
characterization of human prostate coactivator ARA54, a
novel protein that associates with the androgen receptor.
J Biol Chem 274:8570–8576

26. Muller JM, Isele U, Metzger E, Rempel A, Moser M,
Pscherer A, Breyer T, Holubarsch C, Buettner R, Schule
R 2000 FHL2, a novel tissue-specific coactivator of the
androgen receptor. EMBO J 19:359–369

27. Wang L, Hsu CL, Ni J, Wang PH, Yeh S, Keng P, Chang
C 2004 Human checkpoint protein hRad9 functions as a
negative coregulator to repress androgen receptor trans-
activation in prostate cancer cells. Mol Cell Biol 24:
2202–2213

28. He B, Wilson EM 2003 Electrostatic modulation in steroid
receptor recruitment of LXXLL and FXXLF motifs. Mol
Cell Biol 23:2135–2150

29. Nishimura K, Ting HJ, Harada Y, Tokizane T, Nonomura
N, Kang HY, Chang HC, Yeh S, Miyamoto H, Shin M,
Aozasa K, Okuyama A, Chang C 2003 Modulation of
androgen receptor transactivation by gelsolin: a newly
identified androgen receptor coregulator. Cancer Res
63:4888–4894

30. Zhang Y, Yang Y, Yeh S, Chang C 2004 ARA67/PAT1
functions as a repressor to suppress androgen receptor
transactivation. Mol Cell Biol 24:1044–1057

360 Mol Endocrinol, February 2005, 19(2):350–361 Hsu et al. • AR-Mediated Transactivation and Cell Growth

 on February 1, 2005 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


31. Onate SA, Tsai SY, Tsai MJ, O’Malley BW 1995 Sequence
and characterization of a coactivator for the steroid hor-
mone receptor superfamily. Science 270:1354–1357

32. Wong CI, Zhou ZX, Sar M, Wilson EM 1993 Steroid
requirement for androgen receptor dimerization and DNA
binding. Modulation by intramolecular interactions be-
tween the NH2-terminal and steroid-binding domains.
J Biol Chem 268:19004–19012

33. Freedman LP 1999 Increasing the complexity of coacti-
vation in nuclear receptor signaling. Cell 97:5–8

34. Wurtz JM, Bourguet W, Renaud JP, Vivat V, Chambon P,
Moras D, Gronemeyer H 1996 A canonical structure for
the ligand-binding domain of nuclear receptors. Nat
Struct Biol 3:87–94

35. Bevan CL, Hoare S, Claessens F, Heery DM, Parker MG
1999 The AF1 and AF2 domains of the androgen recep-
tor interact with distinct regions of SRC1. Mol Cell Biol
19:8383–8392

36. Hu YC, Yeh S, Yeh SD, Sampson ER, Huang J, Li P, Hsu
CL, Ting HJ, Lin HK, Wang L, Kim E, Ni J, Chang C 2004
Functional domain and motif analyses of androgen re-
ceptor coregulator ARA70 and its differential expression
in prostate cancer. J Biol Chem 279:33438–33446

37. Zhou ZX, He B, Hall SH, Wilson EM, French FS 2002
Domain interactions between coregulator ARA(70) and
the androgen receptor (AR). Mol Endocrinol 16:287–300

38. He B, Minges JT, Lee LW, Wilson EM 2002 The FXXLF
motif mediates androgen receptor-specific interactions
with coregulators. J Biol Chem 277:10226–10235

39. Chang CY, McDonnell DP 2002 Evaluation of ligand-
dependent changes in AR structure using peptide
probes. Mol Endocrinol 16:647–660

40. Palvimo JJ, Reinikainen P, Ikonen T, Kallio PJ, Moilanen
A, Janne OA 1996 Mutual transcriptional interference
between RelA and androgen receptor. J Biol Chem 271:
24151–24156

41. Schneikert J, Peterziel H, Defossez PA, Klocker H,
Launoit Y, Cato AC 1996 Androgen receptor-Ets protein
interaction is a novel mechanism for steroid hormone-
mediated down-modulation of matrix metalloproteinase
expression. J Biol Chem 271:23907–23913

42. Aarnisalo P, Palvimo JJ, Janne OA 1998 CREB-binding
protein in androgen receptor-mediated signaling. Proc
Natl Acad Sci USA 95:2122–2127

43. Lee C, Sutkowski DM, Sensibar JA, Zelner D, Kim I, Amsel
I, Shaw N, Prins GS, Kozlowski JM 1995 Regulation of
proliferation and production of prostate-specific antigen in
androgen-sensitive prostatic cancer cells, LNCaP, by dihy-
drotestosterone. Endocrinology 136:796–803

44. Lin MF, Lee MS, Garcia-Arenas R, Lin FF 2000 Differen-
tial responsiveness of prostatic acid phosphatase and

prostate-specific antigen mRNA to androgen in prostate
cancer cells. Cell Biol Int 24:681–689

45. Horoszewicz JS, Leong SS, Chu TM, Wajsman ZL, Fried-
man M, Papsidero L, Kim U, Chai LS, Kakati S, Arya SK,
Sandberg AA 1980 The LNCaP cell line—a new model for
studies on human prostatic carcinoma. Prog Clin Biol
Res 37:115–132

46. Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones
LW 1979 Establishment and characterization of a human
prostatic carcinoma cell line (PC-3). Invest Urol 17:16–23

47. Yuan S, Trachtenberg J, Mills GB, Brown TJ, Xu F, Keat-
ing A 1993 Androgen-induced inhibition of cell prolifera-
tion in an androgen-insensitive prostate cancer cell line
(PC-3) transfected with a human androgen receptor
complementary DNA. Cancer Res 53:1304–1311

48. Chen CT, Gan Y, Au JL, Wientjes MG 1998 Androgen-
dependent and -independent human prostate xenograft
tumors as models for drug activity evaluation. Cancer
Res 58:2777–2783

49. Tepper CG, Boucher DL, Ryan PE, Ma AH, Xia L, Lee LF,
Pretlow TG, Kung HJ 2002 Characterization of a novel
androgen receptor mutation in a relapsed CWR22 pros-
tate cancer xenograft and cell line. Cancer Res 62:
6606–6614

50. Zegarra-Moro OL, Schmidt LJ, Huang H, Tindall DJ 2002
Disruption of androgen receptor function inhibits prolif-
eration of androgen-refractory prostate cancer cells.
Cancer Res 62:1008–1013

51. Sathya G, Chang CY, Kazmin D, Cook CE, McDonnell DP
2003 Pharmacological uncoupling of androgen receptor-
mediated prostate cancer cell proliferation and prostate-
specific antigen secretion. Cancer Res 63:8029–8036

52. Shaffer PL, Jivan A, Dollins DE, Claessens F, Gewirth DT
2004 Structural basis of androgen receptor binding to
selective androgen response elements. Proc Natl Acad
Sci USA 101:4758–4763

53. Langley E, Kemppainen JA, Wilson EM 1998 Intermolec-
ular NH2-/carboxyl-terminal interactions in androgen re-
ceptor dimerization revealed by mutations that cause
androgen insensitivity. J Biol Chem 273:92–101

54. Mosmann T 1983 Rapid colorimetric assay for cellular
growth and survival: application to proliferation and cy-
totoxicity assays. J Immunol Methods 65:55–63

55. Gao Y, Pimplikar SW 2001 The �-secretase-cleaved C-
terminal fragment of amyloid precursor protein mediates
signaling to the nucleus. Proc Natl Acad Sci USA 98:
14979–14984

56. Pan HJ, Uno H, Inui S, Fulmer NO, Chang C 1999 Roles
of testosterone in the growth of keratinocytes through
bald frontal dermal papilla cells. Endocrine 11:321–327

Molecular Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost
professional society serving the endocrine community.

Hsu et al. • AR-Mediated Transactivation and Cell Growth Mol Endocrinol, February 2005, 19(2):350–361 361

 on February 1, 2005 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org

