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SUMMARY: Androgens play a key role in the regulation of the normal prostate as well as in the promotion and progression of
prostate cancer. Recently, an oncogenic serine/threonine kinase, Pim-1, was reported to be overexpressed in prostate cancer.
To elucidate whether Pim-1 is capable of modulating androgen signaling, we studied the effects of Pim-1 on androgen receptor
(AR)-dependent transcription. Under transient transfection conditions, Pim-1 attenuated transcriptional activity of AR in a
dose-dependent fashion in PC-3, HeLa, and COS-1 cells, whereas a kinase-negative mutant of Pim-1, Pim-1(K67M), showed no
repressive activity. In contrast, ectopic expression of Pim-1 did not influence the activity of endogenous AR in LNCaP cells. This
was, however, not a result of the T877A mutation present in AR of LNCaP cells, because that AR mutant was repressed by Pim-1
as efficiently as wild-type AR when expressed in PC-3 prostate cancer cells. Pim-1 inhibited AR mutants devoid of the
ligand-binding domain or the core amino-terminal transactivation function but failed to influence the DNA binding of AR. Because
we found no evidence for phosphorylation of AR by Pim-1 or for direct interaction between these proteins, Pim-1 is likely to
influence AR activity via an indirect mechanism, possibly involving phosphorylation of a coregulator and/or a component of the
transcription machinery. Overexpression of Pim-1 may thus attenuate androgen response during progression of prostate cancer
in a cell context-dependent fashion. (Lab Invest 2003, 83:1301–1309).

A ndrogen receptor (AR) mediates the effects of the
two male sex steroids, testosterone (T) and 5�-

dihydrotestosterone, that are critical in the develop-
ment and maintenance of the male sexual character-
istics. Defective AR function and signaling cause a
wide spectrum of androgen insensitivity disorders and
are involved in the pathogenesis of prostate cancer
(CaP) (Abate-Shen and Shen, 2000), which is the most
common malignancy among men in Western societ-
ies. AR is a member of the steroid receptor family, a
subgroup of the nuclear receptor superfamily. Like all
nuclear receptors, the AR protein has a conserved
modular structure comprising a nonconserved amino-
terminal domain (NTD), a highly conserved DNA-
binding domain, and a ligand-binding domain (LBD).
Within the AR NTD resides the hormone-independent
transcription activation function 1 (AF1) (Beato et al,
1995; Gelmann, 2002; Moras and Gronemeyer, 1998;
Palvimo et al, 1993). The AF1 in conjunction with the

conserved NTD FXXLF and WXXLF motifs (He et al,
2000) form, in part, the interaction interface of the NTD
with the hormone-dependent activation function 2
(AF2) located in the carboxyl-terminal LBD (Moilanen
et al, 1997). Unlike many other steroid receptors, the
AF2 of AR is transcriptionally weak (Ikonen et al, 1997;
Moilanen et al, 1997). However, the ligand-dependent
amino- and carboxyl-terminal interaction is needed for
optimal AR function. Upon binding the androgens T
or 5�-dihydrotestosterone, AR acquires a new con-
formational state and translocates to the nucleus
where it interacts with specific DNA elements (an-
drogen response elements; AREs), coregulators (co-
activators and corepressors), and basal transcription
machinery (Gelmann, 2002; Quigley et al, 1995).
Disturbances in AR functionality owing to receptor

mutations or altered coregulator interactions seem to
be linked to the pathogenesis of hormone-dependent
and hormone-independent CaP (Abate-Shen and
Shen, 2000; Arnold and Isaacs, 2002; Craft et al,
1999). Gene expression profiling with microarray tech-
niques recently indicated that Pim-1, a 33-kDa serine/
threonine kinase, is overexpressed in half of CaPs,
whereas very low levels of expression were seen in
most benign prostatic samples (Dhanasekaran et al,
2001). The pim-1 gene was originally identified as a
locus frequently activated by proviral insertion of the
Moloney murine leukemia virus (Cuypers et al, 1984).
Since then pim-1 has been implicated in cytokine-
dependent signal transduction of hematopoietic cells
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and in development of lymphoid and myeloid malig-
nancies (Amson et al, 1989; Buckley et al, 1995;
Dautry et al, 1988; Domen et al, 1993; Lilly et al, 1992).
Studies with transgenic mice have revealed that pim-1
can efficiently cooperate with myc family oncogenes
in production of lymphomas (Möröy et al, 1991; van
Lohuizen et al, 1989). Similar synergism may also play
a role in such CaP cells, where expression of both pim-1
and c-myc genes are simultaneously up-regulated (Dha-
nasekaran et al, 2001).
Normally, pim-1 is highly expressed in hematopoi-

etic tissues and testes (Amson et al, 1989; Sorrentino
et al, 1988), but during embryogenesis it can be
detected also outside of the immune system in several
types of epithelia as well as in the central nervous
system (Eichmann et al, 2000). Although the precise
functions of Pim-1 have remained largely unknown,
evidence is accumulating that Pim-1 can stimulate
activities of several transcription factors, such as
c-Myb (Leverson et al, 1998) and NFATc1 (Rainio et al,
2002), and protect hematopoietic cells from certain
types of apoptosis (Lilly et al, 1999; Möröy et al, 1993).
In addition, Pim-1 has been reported to phosphorylate
proteins such as Cdc25A phosphatase, p21 cell
cycle inhibitor, and the nuclear mitotic apparatus
protein (Bhattacharya et al, 2002; Mochizuki et al,
1999; Wang et al, 2002), suggesting that Pim-1 may
also play a role in progression through the cell cycle.
In this work, we have examined whether ectopic
expression of Pim-1 affects AR-dependent transcrip-
tion in CaP cells.

Results

Regulation of AR-Dependent Transcription by Pim-1

To study whether ectopic expression of Pim-1 influ-
ences the activity of AR, we cotransfected human
PC-3 cells, a cancer cell line devoid of endogenous
AR, with expression vectors encoding human AR and
wild-type Pim-1 or a kinase-deficient Pim-1(K67M)
mutant together with an AR-responsive probasin
promoter-driven luciferase (LUC) reporter, pPB(�285/
�32)-LUC. Increasing amounts of wild-type Pim-1
brought about a marked and dose-dependent de-
crease in AR-dependent transcription, whereas the
kinase-deficient Pim-1(K67M) mutant enhanced
slightly, but reproducibly, AR-mediated transcription
(Fig. 1A). Similar results were obtained with other
AR-responsive reporters, such as pARE2tk-LUC and
pARE4tk-LUC (Figs. 3 and 5). In addition, the function
of an AR expression vector driven by the CMV promoter
(pCMV-hAR) instead of the SV40 promoter (pSG5-hAR;
Fig. 1A) was repressed by Pim-1 in a similar fashion (data
not shown), indicating that transrepression was not a
result of the SV40-driven expression vector. Moreover,
the expression of an internal control gene, CMV
promoter-driven �-galactosidase (pCMV�), was not in-
fluenced by Pim-1, implying that the repressive effects of
Pim-1 on AR-dependent transcription were not caused
by general transcriptional squelching. Neither were they
a result of reduced AR protein levels, because ectopic

expression of both Pim-1 and Pim-1(K67M) only slightly
decreased the amount of immunoreactive AR protein in
PC-3 cells (Fig. 1B, upper left panel). An immunoblot
analysis of Pim-1 and Pim-1(K67M) of the same samples
revealed that Pim-1 was slightly less expressed than
Pim-1(K67M) (Fig. 1B, lower left panel). Pim-1 inhibited
AR-dependent transcription also in COS-1 and HeLa
cells (Fig. 1C). In contrast, Pim-1 had no effect on
transcriptional activity of endogenous AR in LNCaP cells
(Fig. 1D), whereas Pim-1(K67M) slightly attenuated AR-
dependent transcription. To verify that the lack of repres-
sion was not a result of the mutated AR expressed in
LNCaP cells (Veldscholte et al, 1990), the T877A muta-
tion was recreated into the AR expression plasmid
(pSG5-hART877A) and transfected together with
pPB(�285/�32)-LUC and increasing amounts of Pim-1
into PC-3 and COS-1 cells. Pim-1 repressed the tran-
scriptional activity of hART877A as efficiently as that of
wild-type AR in both PC-3 cells and COS-1 cells (Fig. 1E
and not shown), indicating that the ability of Pim-1 to
modulate AR activity is dependent on the cellular
context. We compared levels of endogenous Pim-1
protein in PC-3, LNCaP, and COS-1 cells by immuno-
blotting whole cell extracts using an antibody specific
for Pim-1. Compared with PC-3 cells ectopically ex-
pressing Pim-1, the endogenous level of Pim-1 protein
was much lower in both PC-3 and COS-1 cells and
barely detectable in LNCaP cells (Fig. 1B, right panel).

Ability of Pim-1 to Phosphorylate AR and the Influence of
the AR Mutations S213A and S791A

The suggested consensus sequence for Pim-1 target
sites, (R/K)3XS/T (Friedmann et al, 1992), is similar to
that of Akt/protein kinase B (Akt/PKB; Alessi et al,
1996). Interestingly, Akt/PKB has recently been re-
ported to phosphorylate AR at S213 and S791 and
thereby down-regulate the function of the receptor
(Lin et al, 2001). To examine whether Pim-1 repressed
AR activity by direct phosphorylation, we expressed
FLAG-tagged AR in COS-1 cells, immunopurified it
with an anti-FLAG antibody, and subjected it to in vitro
phosphorylation assays with either wild-type Pim-1 or
the K67M mutant that were expressed as glutathione-
S-transferase (GST) fusions and purified from Esche-
richia coli. As shown in Figure 2A, wild-type Pim-1
efficiently autophosphorylated itself, but no AR-
specific phosphorylation products could be detected,
indicating that AR is not a direct substrate for Pim-1.
Despite the negative results of the in vitro phospho-

rylation of AR by Pim-1, we examined nevertheless
whether sites S213 and S791 mediate transcriptional
repression by Pim-1. We created an AR double mutant
by substituting both S213 and S791 to alanine and
investigated transcriptional activity of the mutant with
increasing amounts of coexpressed Pim-1 in PC-3
cells. As shown in Figure 2B, the activity of AR mutant
S213A/S791A was slightly higher than that of the
wild-type AR, but its sensitivity to Pim-1 did not differ
from that of wild-type receptor (Fig. 2B). Moreover, the
expression level of the mutant protein was equal to
that of wild-type AR (Fig. 2C). Comparable results
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were obtained in COS-1 cells (not shown). These
results argue against the possibility that the Pim-1
kinase activity-dependent repression of AR function
involves phosphorylation of AR at serines 213 and
791.

Effect of Pim-1 on AR Activation Functions and DNA
Binding

To identify the AR domain(s) targeted by Pim-1, we
studied Pim-1–mediated repression with a panel of rat
AR deletion mutants. In agreement with our previous
report (Ikonen et al, 1997), the activity of rAR�641-
902, with the entire LBD deleted, was independent of
androgen and similar to that of wild-type rAR in the
presence of androgen (Fig. 3). Upon coexpression of
Pim-1, transactivation by rAR�641-902 was attenu-
ated to a degree comparable to that of wild-type rAR,
whereas Pim-1(K67M) had no major effect. Further
truncation of the hinge region (�619-902) resulted in a
higher receptor activity, but this receptor form was
also repressed by Pim-1, indicating that the AR LBD or
hinge region are not required for the attenuation to
occur. Deletion of the amino acids 212-295 or 256-
295, encompassing the rAR AF1 core domain (Ikonen
et al, 1997; Palvimo et al, 1993), significantly reduced
the transcriptional activity of the receptor. However,
the low activity of the mutants was still repressed by
coexpressed Pim-1. Furthermore, coexpression of a
steroid receptor coactivator, GRIP1, that interacts
with both the AF1 and LBD of AR (Alen et al, 1999;
Thompson et al, 2001) did not rescue the repressive
effect of Pim-1 on AR (not shown). These results
suggest that the Pim-1–mediated repression of AR
does not involve direct interaction of the kinase with
the LBD or the AF1 of AR. We also performed coim-
munoprecipitation experiments in COS-1 cells trans-
fected with FLAG epitope-tagged Pim-1 and AR. Cell
extracts were immunoprecipitated with anti-FLAG an-
tibody, and the precipitated proteins were immuno-
blotted with anti-AR antibody. These experiments
revealed no evidence for a direct Pim-1–AR interaction
(not shown).

Figure 1.
Effect of overexpressed Pim-1 on androgen receptor (AR)-dependent transcription. A,
PC-3 cells were transfected with the expression vectors encoding human AR
(pSG5-hAR) (20 ng) along with pPB(�285/�32)-LUC (200 ng), CMV promoter-
driven �-galactosidase (pCMV�) (50 ng), and indicated amounts (ng) of pcDNA3-
Pim-1 or pcDNA3-Pim-1(K67M). The total amount of DNA per well was kept constant
by adding empty pcDNA3 when appropriate. Twenty-four hours after transfection, the
cells received freshmedium containing either 100 nM testosterone (T) or vehicle for the
subsequent 30 hours as indicated. Luciferase (LUC) activities of the cell extracts were
adjusted to transfection efficiencies according to �-galactosidase activities. The activity

of AR without Pim-1 or Pim-1(K67M) in the presence of 100 nM T is set as 100.
The mean � SD values from two independent experiments performed in
triplicates are shown. B (upper left panel), Immunoblot analysis of AR protein
in PC-3 cells cotransfected with 100 ng of Pim-1 or Pim-1(K67M). Protein
samples from reporter gene assay lysates (pooled from triplicate wells) were
separated on a 12% SDS-PAGE gel and immunoblotted with the anti-AR K333
antibody. Pim-1 and Pim-1(K67M) expression of the same samples was
confirmed by reprobing the membrane with the anti-Pim-1 19F7 antibody
(lower left panel). B (right panel), Immunoblot analysis of endogenous Pim-1
in PC-3, LNCaP, and COS-1 cells. Protein samples from whole cell lysates were
separated on a 12% SDS-PAGE gel (100 �g protein/lane) and immunoblotted
with the anti-Pim-1 19F7 antibody. The arrowheads depict the positions of
endogenously expressed Pim-1. All immunoblottings were repeated twice with
essentially identical results. C, Essentially the same experiment as in A, except
that COS-1 cells were transfected with 2 ng of AR expression vector and HeLa
cells were transfected with 10 ng of AR vector. D, The same experiment as in
A, except that LNCaP cells replaced PC-3 cells and pSG5-hAR was replaced by
empty pSG5 vector. E, The same experiment as in A, except that PC-3 cells
were transfected with the expression vectors encoding full-length wild-type AR
or AR mutant pSG5-hAR T877A.

Pim-1 Represses AR Activity
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We next investigated whether the apparent repres-
sion of AR activity by Pim-1 was a result of impaired
DNA-binding activity of AR. AR was coexpressed in
COS-1 cells with increasing amounts of Pim-1 or
Pim-1(K67M), and whole cell extracts were analyzed
by electrophoretic mobility shift assay. In agreement
with our previous results (Thompson et al, 2001), only
minimal binding of AR to DNA was detectable in the
absence of androgen in the culture medium, whereas
extracts derived from cells grown in the presence of

testosterone displayed strong AR–DNA complex for-
mation (Fig. 4). However, the DNA-binding activity of
AR was not influenced by the presence of either Pim-1
or Pim-1(K67M).

Influence of Pim-1 on Other Steroid Receptors

We further examined whether the repression by Pim-1
was specific for AR, or a more general phenomenon,
by comparing transcriptional activities of glucocorti-
coid receptor (GR) and progesterone receptor (PR) in
the presence and absence of ectopically expressed
Pim-1 or Pim-1(K67M). As shown in Figure 5A, the
activity of GR was attenuated by coexpressed Pim-1,
although the kinase was less repressive than with AR.
Interestingly, overexpression of Pim-1 did not mark-
edly influence the activity of PR (Fig. 5A). Comparable
results were seen in COS-1 cells (not shown). We also
tested the effect of Pim-1 on estrogen receptor �
(ER�) using the ERE2TATA-LUC reporter in PC-3 cells.
Again, the activity of ER� was inhibited by wild-type
Pim-1 but not by the kinase-deficient Pim-1 mutant
(Fig. 5B). Collectively, these data suggest that Pim-1
interferes with transcriptional mechanism(s) shared by
many steroid receptors.

Discussion

The growth and maintenance of normal prostate is
dependent on androgen stimulation. Disturbances in
the androgen-signaling pathway may contribute to the
development of CaP. Androgen ablation therapy usu-
ally achieves significant clinical responses during the
early stages of the disease. Unfortunately, under the
selective pressure of androgen withdrawal, androgen-
dependent CaP can progress to an androgen-
independent stage. The mechanism for the change in
hormone dependency is not understood, and the
change results almost invariably in a more aggressive
and untreatable form of the disease (Arnold and
Isaacs, 2002).
To improve CaP therapy, it is necessary to identify

the critical molecular differences between benign and
malignant prostate cells. Dhanasekaran et al (2001)
screened benign prostatic hyperplasia, local CaP, and
metastatic, hormone-refractory CaP specimens for
expression of genes that may distinguish CaP. They
showed that there is no or only weak expression of
Pim-1 in most benign prostate samples, whereas
about half of the metastatic CaP samples showed
moderate to strong expression. Surprisingly little is
known about the function of Pim-1. Recent studies
have provided evidence that Pim-1 is involved in the
pathogenesis of lymphoid or myeloid malignancies by
promoting cell proliferation and/or survival (Amson et
al, 1989; Lilly et al, 1999; Möröy et al, 1993; Nosaka et
al, 1999; Shirogane et al, 1999).
In this work, we have investigated the potential of

Pim-1 to influence AR function in CaP and other
mammalian cell lines. Our data demonstrate that ec-
topic expression of Pim-1 has a cell type-dependent
effect on AR. In PC-3 cells, a prostate cell line lacking

Figure 2.
In vitro phosphorylation analysis of AR by Pim-1. A, AR was immunopurified
from COS-1 cells transfected with pcDNA-FLAG-hAR using a monoclonal
anti-FLAG antibody and subjected to in vitro phosphorylation assays with
glutathione-S-transferase (GST)–Pim-1 or GST–Pim-1(K67M). Empty pcDNA-
FLAG was transfected for preparation of control immunoprecipitates (– lanes).
An arrow depicts the autophosphorylated GST-Pim-1. B, The influence of the
AR mutations S213A and S791A on Pim-1–mediated repression. PC-3 cells
were transfected with the expression vectors encoding wild-type (WT) human
AR (open bars) or AR S213A/S791A (closed bars) expression vectors (20 ng)
along with pPB(�285/�32)-LUC (200 ng), pCMV� (50 ng), and indicated
amounts (ng) of Pim-1 or Pim-1(K67M). Twenty-four hours after transfection,
the cells received fresh medium containing either 100 nM T or vehicle as
indicated for the subsequent 30 hours. The activity of wild-type AR without
Pim-1 or Pim-1(K67M) in the presence of 100 nM T is set as 100. The mean
� SD values from two independent experiments performed in triplicates are
shown. C, Immunoblot analysis of WT AR or double mutant (DM) AR
S213A/S791A coexpressed with either Pim-1 (100 ng) or Pim-1(K67M) (100
ng). Protein samples were pooled from triplicate wells of reporter gene assays
and immunoblotted with the anti-AR K333 antibody. The experiment was
repeated twice with essentially identical results.
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endogenous AR, Pim-1 down-regulated the function
of ectopically expressed AR in a dose-dependent
fashion. This phenomenon was also observed in
COS-1 and HeLa cells. In contrast, Pim-1 did not
attenuate AR function in LNCaP cells, a cell line that
contains endogenous AR with the T877A point muta-
tion. However, the function of the AR mutant T877A
was repressed by Pim-1 when expressed in PC-3 and

COS-1 cells, indicating that the point mutation per se
does not explain the lack of Pim-1–mediated attenu-
ation of AR function in LNCaP cells. Because we
observed that both PC-3 and LNCaP cells express
only very low amounts of endogenous Pim-1 protein,
the distinct responses of these CaP cells to ectopically
expressed Pim-1 are likely to derive from other factors
in their cellular context.
The repressive effects of Pim-1 on AR activity in

PC-3, HeLa, and COS-1 cells were strictly dependent
on its kinase activity, because the kinase-deficient
Pim-1(K67M) mutant had minimal stimulatory or no
effect on AR-dependent transcription. Pim-1 proteins
can oligomerize with each other (Rainio et al, 2002),
and the Pim-1 mutant may therefore compete with the
endogenous Pim-1 by sequestering it into inactive
complexes. The phosphorylation consensus site of
Pim-1 (Friedmann et al, 1992) resembles that of an-
other Ser/Thr kinase, Akt/PKB (Alessi et al, 1996),
which has also been implicated in the regulation of AR
function (Lin et al, 2001). It was proposed that Akt/
PKB phosphorylates AR at serine residues 213 and
791 and thereby causes attenuation of receptor activ-
ity. However, contradicting results also exist, in that
Akt/PKB has also been shown to activate AR function
(Manin et al, 2002; Wen et al, 2000). We mutated both
the postulated Akt/PKB phosphorylation sites of AR to
alanines, but the double mutant still responded to
Pim-1 in a fashion comparable to wild-type AR, argu-
ing against the serine residues 213 and 791 being
involved in the repression of AR function by Pim-1.
Moreover, AR was not phosphorylated by the kinase in
vitro.

Figure 3.
Effect of Pim-1 on AR deletion mutants. The amino acids deleted from rat AR
are shown for each mutant, with the numbers depicting the first and last
residues deleted. Functional activities of the wild-type and mutant AR proteins
in the absence (open bars) or presence of coexpressed Pim-1 (hatched bars)
or Pim-1(K67M) (closed bars) were tested by cotransfecting the receptor
expression vector (20 ng) with pARE4tk-LUC (200 ng), pCMV� (50 ng), and
either 25 ng of Pim-1 or Pim-1(K67M) into PC-3 cells. All transfections
contained equal amounts of DNA. Twenty-four hours after transfection, the
cells received fresh medium containing either 100 nM T or vehicle as indicated
for the subsequent 30 hours. The activity of wild-type AR without Pim-1 or
Pim-1(K67M) in the presence of 100 nM T is set as 100. The mean � SD values
from two independent experiments performed as triplicates are shown.

Figure 4.
Influence of Pim-1 on AR DNA binding. Equal amounts of whole cell extracts
(10 �g protein) from COS-1 cells transfected on 6-well dishes with 0.5 �g of
AR and indicated amounts of Pim-1 or Pim-1(K67M) in the presence of 100 nM
testosterone (�T) or vehicle (�T) were incubated for 60 minutes with
32P-labeled C3(1)-ARE at 22° C. Protein-DNA complexes were resolved on a
4% nondenaturing polyacrylamide gel and detected by autoradiography. An
arrowhead depicts the positions of specific androgen receptor–androgen
response element (AR–ARE) complexes and F refers to free probe. The
experiment was repeated twice with essentially identical results.

Figure 5.
Influence of Pim-1 on other steroid receptors. A, PC-3 cells were transfected
with the expression vectors encoding either AR (20 ng), glucocorticoid
receptor (GR) (20 ng), or progesterone receptor (PR) (20 ng) along with
pARE4tk-LUC (200 ng) and pCMV� (50 ng) and coexpressed with either empty
pcDNA3 vector (open bars), 25 ng of Pim-1 (hatched bars), or 25 ng of
Pim-1(K67M) (closed bars). All transfections contained equal amounts of DNA.
Twenty-four hours after transfection, the cells received fresh medium contain-
ing either 100 nM of respective hormone (dexamethasone for GR and
progesterone for PR) or vehicle as indicated for the subsequent 30 hours. LUC
activities of the cell extracts were adjusted according to �-galactosidase
activities. The activity of wild-type AR without Pim-1 in the presence of 100 nM
T is set as 100. The mean � SD values from two independent experiments
performed in triplicates are shown. B, PC-3 cells were transfected with the
expression vectors encoding wild-type human estrogen receptor � (pSG5-
ER�) (20 ng) along with pERE2TATA-LUC (200 ng), pCMV� (50 ng) and either
empty vector (open bars) or indicated amounts (ng) of Pim-1 (hatched bars)
or Pim-1(K67M) (closed bars). Twenty-four hours after transfection, the cells
received fresh medium containing either 100 nM estradiol (E2) or vehicle as
indicated for the subsequent 30 hours. The activity of ER� without Pim-1 or
Pim-1(K67M) in the presence of 100 nM E2 is set as 100. The mean � SD

values from two independent experiments are shown.
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In our search for other molecular mechanisms un-
derlying Pim-1–mediated attenuation of AR activity,
we ruled out simple explanations such as altered
receptor expression or DNA binding. Moreover, no
direct interaction between Pim-1 and AR was seen in
coimmunoprecipitation experiments, and ectopic ex-
pression of Pim-1 did not alter the subcellular local-
ization of AR (not shown). The finding that LBD-
deleted AR was also repressed by Pim-1 indicates
that the hormone-binding function of AR is not in-
volved. Neither was the intact AR AF1 needed for
repression by Pim-1. Pim-1 was also capable of
attenuating GR- and ER�-dependent transcription,
suggesting that it regulates a component shared by
many steroid receptors in transcriptional regulation.
Collectively, our data suggest that Pim-1 abrogates

AR function via an indirect mechanism, probably by
phosphorylating some protein(s) involved in transcrip-
tional control or regulation of chromatin. Pim-1 has
recently been demonstrated to interact with proteins
such as heterochromatin protein 1 (Koike et al, 2000)
and the transcriptional coactivator p100 (Leverson et
al, 1998). Although heterochromatin protein 1 is part of
a larger protein complex suggested to be stabilized by
Pim-1 during mitosis (Bhattacharya et al, 2002), p100
has been shown to cooperate with Pim-1 to enhance
the activity of the c-Myb transcription factor (Leverson
et al, 1998). Pim-1 can also stimulate activities of other
transcription factors such as NFATc1 (Rainio et al,
2002), possibly by facilitating recruitment of additional
coactivators. The cell context-dependent repression
of AR function by Pim-1 in CaP cell lines, together with
the observation that this kinase is overexpressed in
about one-half of CaP specimens, indicates that
Pim-1 may contribute to the function of AR during the
progression of CaP. Our inability to detect Pim-1
protein in metastasis-derived LNCaP cells is in line
with decreased expression of the Pim-1 gene in CaPs
being associated with poor prognosis (Dhanasekaran
et al, 2001). In view of this, Pim-1 may be one of the
determinants governing the transition of CaP from an
androgen-dependent to an androgen-independent
state. However, to better understand the role of Pim-1
in this context, cell models (with identical genetic
backgrounds) mimicking the situation before and after
transformation to the androgen-independent state
need to be developed. Likewise, the physiologic sub-
strates of this kinase should be identified and mech-
anisms controlling its catalytic activity clarified.

Materials and Methods

Plasmids

Plasmids encoding full-length human AR, pSG5-hAR
and pCMV-hAR, have been described (Adeyemo et al,
1993; Simental et al, 1991). pSG5-hER� and pSG5-
hPR1 encoding human ER� and human PR1 were
gifts from Benita Katzenellenbogen (University of Illi-
nois) and Pierre Chambon (INSERM, Illkirch, France),
respectively. pSG5-hGR that encodes full-length hu-
man GR has been described (Moilanen et al, 1998). AR

mutant T877A (Veldscholte et al, 1990) was incorpo-
rated into pSG5-hAR using PCR techniques. pSG5-
hAR S213A/S791A was created by combining the
single AR point mutations S213A (Wen et al, 2000) and
S791A (Wen et al, 2000) by digesting pSG5-hAR
S213A with KpnI and BamH1 and ligating back a
corresponding restriction fragment from pSG5-hAR
S791A. Overlap PCR was used to create the mutant
S213A, and PCR fragments were digested with AflII
and Eco47III and ligated into a corresponding restric-
tion site in pSG5-hAR. The mutants S791A and T877A
were created using the QuickChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, California). The
primer sequences are available upon request. Muta-
tion incorporation was confirmed by sequencing both
strands using the Pharmacia ALFexpress DNA se-
quencing system (Amersham Biosciences, Bucking-
hamshire, United Kingdom). pcDNA-FLAG-hAR
(Poukka et al, 2000), pcDNA3-Pim-1, pcDNA3-Pim-
1(K67M) (a kinase-inactive mutant), pCMV-Pim-1-
FLAG, pGEX-2T-Pim-1, and pGEX-2T-Pim-1(K67M)
have been described (Leverson et al, 1998; Rainio et
al, 2002). pPB(�285/�32)-LUC containing nucleo-
tides �285 to �32 of the rat probasin promoter driving
the firefly LUC coding region; pARE2tk-LUC and
pARE4tk-LUC containing two or four androgen re-
sponse elements, respectively, inserted before thymi-
dine kinase promoter; and pERE2TATA-LUC contain-
ing two estrogen response elements in front of
minimal TATA sequence have been described (Aarni-
salo et al, 1998; Karvonen et al, 1997; Moilanen et al,
1998; Palvimo et al, 1996). pCMV� (�-galactosidase
expression vector) used as an internal control for
transfection efficiency was from BD Biosciences Clon-
tech (Palo Alto, California).

Cell Culture and Transfections

PC-3 cells [from American Type Culture Collection
(ATCC), Manassas, ATCC, Virginia] were maintained in
Nutrient Mixture F-12 (HAM) containing penicillin (25
U/ml), streptomycin (25 U/ml), and 7% fetal bovine
serum and supplemented with L-glutamine (250 mg/L).
Transfections were performed using FuGENE 6 re-
agent (Roche Molecular Biochemicals, Mannheim,
Germany) according to the manufacturer’s instruc-
tions. In brief, 60 � 103 PC-3 cells were seeded on
12-well plates 48 hours before transfection. Two hun-
dred nanograms of reporter plasmid, 50 ng of pCMV�,
20 ng of AR, and indicated amounts of Pim-1 expres-
sion constructs were transfected. Twenty-four hours
after transfection, the cells received fresh medium
containing 7% charcoal-stripped fetal bovine serum
and 100 nM testosterone (T) or vehicle as indicated.
After a 30-hour culture, the cells were harvested, lysed
in reporter lysis buffer (Promega, Madison, Wiscon-
sin), and the LUC and �-galactosidase activities were
assayed as described (Ikonen et al, 1997). LNCaP
cells (from ATCC) were plated 48 hours before trans-
fection at a density of 65 � 103 cells/well on 12-well
plates. Throughout the experiment the cells were
maintained in RPMI 1640 medium containing penicillin
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(25 U/ml), streptomycin (25 U/ml), and 10% fetal
bovine serum and supplemented with L-glutamine (2
mM). Twenty-four hours after transfection, the medium
was supplemented with either 100 nM T or vehicle as
indicated. After a 30-hour culture, the cells were
harvested, lysed in reporter lysis buffer, and LUC and
�-galactosidase activities were measured. COS-1
cells (ATCC) were maintained and transfected with
200 ng of reporter plasmid, 50 ng of pCMV�, 2 ng of
AR, and indicated amounts of Pim-1 expression con-
structs as described (Thompson et al, 2001). HeLa
cells (ATCC) were maintained and transfected with
200 ng of reporter plasmid, 50 ng of pCMV�, 10 ng of
AR, and indicated amounts of Pim-1 expression con-
structs as described (Poukka et al, 2000).

Immunoblot Analysis, Electrophoretic Mobility Shift
Assay, Coimmunoprecipitation, and In Vitro
Phosphorylation Assay

Immunoblotting, preparation of whole cell extracts,
and electrophoretic mobility shift assay were per-
formed as previously described (Thompson et al,
2001) from cells expressing pCMV-hAR, pcDNA3-
Pim-1, and pcDNA3-Pim-1(K67M). Coimmunoprecipi-
tation assay with FLAG-tagged Pim-1 was performed
essentially as described (Kotaja et al, 2002). Briefly,
COS-1 cells were collected in PBS, and cell extracts
were prepared in radioimmunoprecipitation assay 2
buffer [50 nM Tris-HCl (pH 7.8), 150 nM NaCl, 5 mM

EDTA, 15 mM MgCl2, 0.5% Nonidet P-40, 0.3% Triton
X-100, 1 mM dithiothreitol, 1:200-diluted protease in-
hibitor cocktail, and 10 mM N-ethylmaleimide]. Immu-
noprecipitation with a mouse M2 anti-FLAG mAb
(Sigma-Aldrich) was performed as previously de-
scribed (Moilanen et al, 1998). Bound proteins were
released in concentrated SDS sample buffer, resolved
by SDS-PAGE, and immunoblotted as described
(Thompson et al, 2001), using antibodies specific for
AR (Karvonen et al, 1997) or Pim-1 (19F7; Santa Cruz).
In vitro phosphorylation assays were performed es-
sentially as described (Rainio et al, 2002). Briefly,
FLAG-tagged proteins were expressed in COS-1 cells
(106) that were seeded on 10-cm plates 24 hours
before transfection. Five micrograms of FLAG-hAR or
empty FLAG vector were transfected using the Fu-
GENE 6 reagent according to the manufacturer’s
instructions. Twenty-four hours after transfection, the
cells received fresh DMEM containing penicillin (25
U/ml), streptomycin (25 U/ml), and 10% fetal bovine
serum. Cells were cultured for a further 30 hours
before being collected in PBS and then lysed in
radioimmunoprecipitation assay 2 buffer. Aliquots
(250 �g) of proteins were immunoprecipitated as
described above and washed three times with PBS to
remove detergents. The immunoprecipitates were
then subjected to in vitro kinase assays with bacteri-
ally expressed wild-type or the K67M mutant of GST-
Pim-1 fusion protein (Rainio et al, 2002). Equal expres-
sion levels of GST fusion proteins were confirmed by
Coomassie staining after gel electrophoresis and
those of immunoprecipitates by immunoblotting of

parallel samples. Confirmation of FLAG-hAR expres-
sion was performed by immunoblotting the cell lysates
with an anti-FLAG M2 antibody.
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