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The control of target gene expression by nuclear
receptors requires the recruitment of multiple cofac-
tors. However, the exact mechanisms by which nuclear
receptor–cofactor interactions result in tissue-specific
gene regulation are unclear. Here we characterize
a novel tissue-specific coactivator for the androgen
receptor (AR), which is identical to a previously
reported protein FHL2/DRAL with unknown function.
In the adult, FHL2 is expressed in the myocardium of
the heart and in the epithelial cells of the prostate,
where it colocalizes with the AR in the nucleus. FHL2
contains a strong, autonomous transactivation function
and binds specifically to the AR in vitro and in vivo.
In an agonist- and AF-2-dependent manner FHL2
selectively increases the transcriptional activity of the
AR, but not that of any other nuclear receptor. In
addition, the transcription of the prostate-specific AR
target gene probasin is coactivated by FHL2. Taken
together, our data demonstrate that FHL2 is the first
LIM-only coactivator of the AR with a unique tissue-
specific expression pattern.
Keywords: androgen/coactivator/LIM-only/nuclear
receptor/transcription

Introduction

Steroid hormone receptors such as the androgen receptor
(AR) constitute a subfamily of the nuclear receptor super-
family of ligand-activated transcription factors that play
important roles in development, differentiation and
homeostasis (Wilson et al., 1991; Cato and Peterzierl,
1998). Members of the steroid receptor family bind as
dimers to palindromic or direct repeat response elements
(Evans, 1988; Beato et al., 1995). They share a common
modular structure and are composed of several domains
that mediate DNA binding, dimerization, ligand binding
and transcriptional activity (Mangelsdorf et al., 1995).
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The ligand binding domain (LBD) performs a number of
functions including ligand binding, transcriptional activa-
tion or repression and contributes to receptor dimerization.
Upon ligand binding several major structural changes are
induced within the LBD of nuclear receptors (Moras and
Gronemeyer, 1998). One obvious difference between the
unliganded (apo)- and liganded (holo)-LBD structures is
a positional reorientation of helix 12 (H12) (Moras and
Gronemeyer, 1998). H12 is indispensable for the transcrip-
tional activation function (AF) of the LBD and harbours
the so-called AF-2 AD core motif (Moras and Gronemeyer,
1998). Like other steroid receptors the AR contains
an additional N-terminal ligand-independent activation
function, the AF-1 (Evans, 1988; Beato et al., 1995).
Recent data show direct interaction between the N- and
the C-terminus of the AR, supporting the requirement of
both the AF-1 and the AF-2 for transcriptional activation
(Jenster et al., 1995; Doesburg et al., 1997; Ikonen
et al., 1997). It is suggested that the ligand-induced
conformational changes of the LBD in concert with
physical interactions with the N-terminus result in the
formation of novel surfaces, which allow direct protein–
protein interactions of the liganded AR with transcriptional
cofactors.

Distinct classes of ligand-dependent transcriptional
cofactors have been described. They include CBP/p300,
the p160 family, pCAF/GCN5 and TRAP/DRIP (Xu et al.,
1999). According to the current model these cofactors are
organized in multi-protein complexes and facilitate the
access of nuclear receptors and the RNA polymerase II
core machinery to their target DNA by chromatin remodel-
ling and histone modification. Most of these coactivator
complexes not only interact with members of the nuclear
receptor family, but also with several other sequence-
specific DNA-binding transcription factors (Xu et al.,
1999). Under various experimental conditions nuclear
receptors are capable of recruiting any of the different
cofactor complexes. However, in vivo, only distinct com-
plexes may be required for selective and tissue-specific
gene activation (Xu et al., 1999). This raises the question
of how target gene selection, and tissue- and development-
specific gene activation are achieved in the organism. One
attractive possibility to regulate transcription in a specific
manner is the restricted expression of cofactors, such as
the cold-inducible PPARγ coactivator PGC-1 (Puigserver
et al., 1998). These tissue-specific cofactors may allow
the recruitment of distinct transcriptional complexes
tethered to DNA via the nuclear receptor, finally resulting
in selective expression of target genes.

During embryogenesis the AR is essential for the
development and differentiation of sexual organs (Jenster,
1999). The development and maintenance of the prostate
require androgens and the AR (Trapman and Brinkmann,
1996; Jenster, 1999). The AR also controls the production
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of proteins that are secreted in the prostatic fluid such as
prostate-specific antigen or probasin (Matuo et al., 1985;
Sinha et al., 1987; Jenster, 1999). In the prostate, the AR
is expressed in the epithelial cells, the secretory cells of
the prostate, which respond to androgens (Aumüller et al.,
1998). Interestingly, the prostate-specific probasin gene is
a selective target gene of the AR, whereas other steroid
hormone receptors such as the glucocorticoid receptor fail
to activate probasin (Claessens et al., 1996). According
to the current model, the AR also plays an important role
in the development of prostate cancer, since growth and
survival of primary prostatic cancer cells are largely
dependent on androgens (Gregory et al., 1998). Con-
sequently, androgen ablation therapies are used clinically
for treating patients with prostate cancer.

Expression of the AR is also detected in many other
tissues, mainly in male sexual organs, but for example
also in liver and cardiac muscle (Schleicher et al., 1989;
Kimura et al., 1993). The physiological function of the
AR in these tissues still needs to be defined in detail.
However, the observation that androgens can mediate
cardiac hypertrophy suggests a role of the AR in heart
function (Marsh et al., 1998).

The receptors for glucocorticoids (GR), progesterone
(PR) and mineralocorticoids (MR) recognize the same
DNA element as the AR (Cato and Peterzierl, 1998). In
situations where ligands for all steroid receptors are
present, differential receptor regulation is necessary to
control target gene expression selectively. This could be
achieved by interaction with specific coregulators. As
demonstrated for most of the other nuclear receptors the
AR interacts with ubiquitously expressed coactivators such
as members of the p160 family or CBP/p300 (Aarnisalo
et al., 1998; Berrevoets et al., 1998). Additional coacti-
vators of the AR have been described. However, for none
of these AR cofactors has a selective interaction with the
AR been demonstrated, and most of these cofactors also
interact with related steroid receptors (Moilanen et al.,
1998; Alen et al., 1999; Fujimoto et al., 1999; Heinlein
et al., 1999; Hsiao and Chang, 1999; Hsiao et al., 1999;
Kang et al., 1999). Therefore, differential regulation of
target genes by the nuclear receptors remains unclear.

Although it is suggested that AR activation requires the
interaction of the N- and C-terminus, all screens for AR
cofactors have been performed with isolated receptor
domains so far. In order to identify AR cofactors that bind
to the surface generated by the interaction of the holo-
LBD together with the N-terminus, we employed a modi-
fied yeast two-hybrid system. As the bait protein we used
a human AR in which the DNA-binding domain (DBD)
was replaced by the Gal4 DBD. We cloned a LIM-only
protein identical to a previously reported protein FHL2/
DRAL with unknown function (Genini et al., 1997; Chan
et al., 1998). Our data show that FHL2 is a selective
agonist-dependent coactivator of the AR, but not of other
nuclear receptors. FHL2 interacts specifically with the AR
in vitro and in vivo. FHL2 harbours a strong, autonomous
transactivation function and selectively increases the tran-
scriptional activity of the AR in an agonist- and AF-2-
dependent manner. FHL2 is therefore the first LIM-only
coactivator for a particular member of the nuclear receptor
family. Expression analysis of FHL2 mRNA shows strong
expression in the ventricles of the heart. Substructure
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Fig. 1. FHL2 interacts with the AR in yeast in an agonist-dependent
manner. (A) Schematic representation of the AGA bait protein and the
FHL2 protein. (B) β-galactosidase activity in yeast expressing AGA
and Gal4AD–FHL2 in the presence or absence of the agonist R1881
or the antagonist CPA (bar 2). Bars 1 and 3 show the negative and
bar 4 shows the positive controls, respectively.

analysis demonstrates FHL2 protein expression in the
myocardium of the heart, as well as in the epithelial cell
layer of the prostate. Moreover, protein expression of the
AR and FHL2 overlaps in the nuclei of these secretory
and androgen-sensitive cells of the prostate. Expression
of FHL2 results in an agonist- and AR-dependent transcrip-
tional coactivation of the prostate-specific AR target gene
probasin, suggesting an important role for the AR–FHL2
complex in prostate function.

Results

Yeast two-hybrid screen

We employed a modified yeast two-hybrid system to
identify proteins that interact with the human AR (Wilson
et al., 1991). As the bait a hybrid protein (AGA) was
used in which the Gal4 DBD replaces the AR DBD
(Figure 1A). This approach was chosen in order to isolate
AR cofactors, which bind to the surface generated by the
interaction of the holo-LBD together with the N-terminus.
The transcriptional activity of the bait protein AGA in
yeast, especially in the yeast strain HF7c that we used for
the two-hybrid assays, is very weak. The screening of a
human prostate library was performed in the presence of
the synthetic AR agonist R1881. We identified a 1.4 kb
cDNA containing an 840 bp open reading frame. The
cDNA encodes a protein of 279 amino acids with a
predicted molecular weight of 32 kDa (Figure 1A).
Sequence similarity searches revealed that it is identical
to the previously reported protein FHL2/DRAL with
unknown function (Genini et al., 1997; Chan et al., 1998).
FHL2 is a LIM-only protein that contains four-and-a-half
LIM domains. LIM domains are defined by double zinc
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finger motifs and mediate protein–protein interactions
(Dawid et al., 1998; Jurata and Gill, 1998).

To quantify the in vivo interaction between FHL2
and the AR in yeast, liquid β-galactosidase assays were
performed (Figure 1B). FHL2 fused to the activation
domain of the yeast transcription factor Gal4 associates
with the AR bait protein AGA in an agonist-dependent
manner, thereby increasing β-galactosidase reporter gene
activity as strongly as the positive control. In the presence
of the antagonist cyproterone acetate (CPA), the AR bait
protein fails to interact with FHL2 (Figure 1B).

Tissue-specific FHL2 mRNA expression

To analyse the expression pattern of FHL2 mRNA,
Northern blot analyses of human and mouse tissues
were performed. Multiple tissue Northern blot analyses of
human fetal RNA show specific expression of FHL2 in
heart (Figure 2A). In addition, Figure 2A shows that FHL2
expression in mouse adult tissues is also restricted to heart
and confirms FHL2 mRNA expression in adult human
heart (Genini et al., 1997; Chan et al., 1998). To investigate
FHL2 expression in human muscle tissues, an expression
analysis of RNA from different adult human striated and
smooth muscle tissues was performed (Figure 2A). FHL2
is exclusively expressed in heart muscle, since no FHL2
signal could be detected in skeletal muscle or in smooth
muscle from different tissues including the stromal smooth
muscle cells of the prostate (Figure 2A). To investigate
further the expression pattern of FHL2 in human heart,
mRNA from explanted human hearts was subjected to
Northern blot analysis. Figure 2B shows that FHL2 is
mainly expressed in the right and left ventricles. A similar
ventricle restricted expression pattern is observed in non-
failing human hearts (data not shown).

To analyse specifically protein expression of FHL2 in
human tissues we generated a monoclonal antibody against
FHL2. The α-FHL2 antibody is highly specific for FHL2
and does not interact with any other LIM domain-con-
taining protein tested (data not shown). In human heart
the α-Flirt antibody detects a protein of 32 kDa, as
exemplified in an extract of the left ventricle (Figure 2C,
lower panel). Notably, in the same heart extract AR
protein is also observed with an α-AR-specific antibody
(Figure 2C, upper panel), demonstrating coexpression of
both proteins in heart. Additional immunohistochemical
analyses show that FHL2 protein is specifically detected
in myofibres of heart myocardium (Figure 2D, a and b).
No FHL2 protein is detected in aorta, endo- or epicardium
(data not shown). Furthermore, in the smooth muscle cells
surrounding the arteriolae FHL2 protein is not expressed
(Figure 2D, a). In the prostate FHL2 protein is detected
in the epithelial cells (Figure 2D, c). In agreement with
our Northern blot data (Figure 2B) FHL2 protein is not
expressed in the stromal smooth muscle cells of the
prostate. Importantly, in the secretory and androgen-
sensitive epithelial cells nuclear FHL2 clearly colocalizes
with nuclear AR immunoreactivity (Figure 2D, c and e).

FHL2 binds selectively to the AR

To analyse whether FHL2 fulfils the characteristics of a
transcriptional coactivator we first investigated the
AR–FHL2 protein–protein interaction. GST pulldown
experiments were performed using GST–FHL2 and vari-
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ous in vitro translated [35S]methionine-labelled nuclear
receptors (Figure 3A). Figure 3A shows that GST–FHL2
binds specifically to the full-length AR but fails to interact
with the control GST protein. Although GST–FHL2 binds
full-length AR both in the absence (data not shown) and
in the presence of ligand, we included agonist in all further
pulldown assays to ensure comparability. GST–FHL2 does
not associate with the most homologous steroid hormone
receptors GR, PR or MR in the presence of their cognate
ligands. FHL2 also fails to associate with receptors of the
retinoic acid receptor/thyroid hormone receptor subfamily
(data not shown). These results indicate that the interaction
between the AR and FHL2 is highly specific for this
particular member of the nuclear receptor superfamily.

Association between the AR and FHL2 is also revealed
by coimmunoprecipitation (Figure 3B). Nuclear extracts
from 293 cells transfected with the AR and Flag-epitope-
tagged FHL2 were immunoprecipitated using α-Flag anti-
body. Western blot analysis shows that the AR–Flag–Flirt
complex is efficiently immunoprecipitated in the presence
of the natural AR agonist dihydrotestosterone (DHT). No
AR was found in immunoprecipitated complexes using
untagged FHL2 (data not shown) or in the absence of
agonist (Figure 3B), demonstrating specificity and agonist
dependence of the AR–FHL2 interaction.

Mapping of the AR and FHL2 interaction domains

To delineate the domains in the AR that mediate the
protein–protein interaction with FHL2 in vitro, GST pull-
down experiments were performed (Figure 4). GST–FHL2
binds full-length AR, but interacts neither with the AR
LBD (AR624–919) nor with the AR1–626, which lacks
the LBD (Alen et al., 1999). This confirms that the
interaction with FHL2 requires the structurally intact AR.
When H12 of the AR LBD, which harbours the activation
function 2 core motif, was deleted (AR∆H12), no inter-
action with FHL2 was observed (Figure 4A). In other
nuclear receptors helix 3 (H3) is part of the coactivator
binding surface (Nolte et al., 1998). To identify specific
amino acids within the H3 region that could potentially
affect interaction with FHL2, we assayed a series of point
mutations in the AR H3 region (Alen et al., 1999). GST–
FHL2 binds to the AR mutants K720A, W718A, A719K
and to the double mutant V715A/V716A (data not shown).
However, FHL2 did not bind the mutant ARL712R
(Figure 4A). These results suggest that the H12 and the
H3 regions of the AR are an important part of the FHL2
interaction surface.

To determine which region of the FHL2 protein binds
to the AR, a series of mutant GST–FHL2 proteins was
tested for their ability to interact with full-length AR
(Figure 4B). Deletion of either the FHL2 N-terminus or
the C-terminal LIM domains 3–4 reduced but did not
abolish the ability of the FHL2 protein to bind to the AR
(Figure 4B). These results suggest that both the N- and
C-terminal LIM domains contribute to the interaction with
the AR.

FHL2 contains an autonomous transcriptional

activation domain

Next, we investigated the transcriptional properties of
FHL2 in transient transfection experiments. Since we
could not observe DNA binding of FHL2 (data not shown),
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Fig. 2. Analysis of FHL2 expression. (A) FHL2 is specifically expressed in the heart. Northern blots of human tissues (fetal, adult and adult muscle)
and adult mouse tissues were probed with FHL2. β-actin was used as an internal control. (B) FHL2 is mainly expressed in the heart ventricles.
Northern blot analysis of mRNA of left and right ventricles (LV, RV) and left and right atria (LA, RA) of an explanted human heart. GAPDH was
used as a control. (C) FHL2 and AR protein expression in human heart. Extract (200 µg) from a left ventricle was analysed in a Western blot.
Controls are shown in lane 2 (10 µg of 293 cell extract transfected with human AR) and lane 3 (100 ng of purified His-tagged FHL2). The upper
panel was decorated with an α-AR antibody, the lower panel with an α-FHL2-specific antibody. (D) Immunohistochemical staining of FHL2 in
cardiac muscle cells (a and b) or FHL2 and AR in prostate epithelium (c–f). Controls are shown in b, d and f. In the heart, FHL2 antibodies stained
specifically myocardial fibres (my), but not vascular smooth muscle cells (sm) (a). Two hematoxilin–eosin stained arteriolae (at) shown in (a) entirely
lack FHL2 immunoreactivity. Both cytoplasmic and nuclear FHL2 immunoreactivity was detected in the secretory epithelium of the prostate (c).
AR immunoreactivity was confined to the nucleus of the secretory epithelium (e). Abbreviations: at, arteriola; br, brain; co, colon; ep, epithelial cells;
ht, heart; kd, kidney; li, liver; lm, lumen; lu, lung; my, myofibres; pan, pancreas; pl, placenta; pr, prostate; skm, skeletal muscle; si, small intestine;
sm, smooth muscle; sp, spleen; st, stomach; str, stroma; te, testis; ut, uterus.

plasmids expressing the Gal4 DBD fused to full-length
FHL2 (Gal–FHL2) were generated and tested in compar-
ison with the known coactivators Gal–TIF2.1 (Voegel
et al., 1996) and Gal–SRC1 (Onate et al., 1998). Figure 5

362

shows that FHL2 tethered to DNA robustly induces the
transcriptional activity of the G5E1b-LUC reporter gene
in various cell lines. Importantly, the activity of Gal–
FHL2 and Gal–TIF2.1 is comparable, whereas Gal-SRC1
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Fig. 3. FHL2 interacts with the AR in vitro and in vivo. (A) Selective
interaction of FHL2 with the AR. GST pulldown assays were
performed with in vitro translated, labelled AR, PR, GR or MR in the
presence of their cognate ligands and GST–FHL2 fusion protein.
GST protein was used as a control. (B) AR coimmunoprecipitates
with FHL2 in the presence of the natural agonist DHT. Nuclear
extracts of 293 cells transfected with AR and Flag-FHL2 were
immunoprecipitated with α-Flag antibody. Ten percent of the extract
used for immunoprecipitation was loaded as input in lanes 1 and 3.
The immunoprecipitate (IP) is loaded in lanes 2 and 4. Western blots
were either decorated with an α-Flag- or an α-AR-specific antibody.

seems to be a weaker activator in the cell lines tested
(Figure 5). Taken together, these data show that FHL2
contains an autonomous transcriptional activation function.

FHL2 acts as a coactivator of AR-dependent

transcription

To examine the potential regulation of the AR by FHL2
on a naturally occurring gene the MMTV promoter was
chosen because the steroid hormone receptors AR, PR,
GR and MR are known to regulate its expression in a
ligand-dependent fashion (Schüle et al., 1990). Accord-
ingly, we cotransfected each of these steroid hormone
receptors together with FHL2 and the MMTV-LUC
reporter gene into 293 cells (Figure 6A). Coexpression of
the AR and FHL2 results in a ligand-dependent coactiva-
tion, which is not promoted in the presence of an AR
antagonist. Importantly, the ligand-dependent transcrip-
tional activity of GR, PR and MR remained unchanged
in the presence of FHL2 (Figure 6A). The same result
was obtained when the coactivation assay was performed
with sub-saturating agonist concentrations for the various
receptors (data not shown). In addition, the transcriptional
activity of all other nuclear receptors tested, for example
ERs, RXR, RAR, TR, VDR, GCNF and RORs, is not
coactivated by FHL2 (data not shown). As expected,
coactivation of AR is AF-2-dependent as demonstrated
by the mutant AR∆H12 (Figure 6A). To compare the
ability of FHL2 to coactivate the AR with the ability of
previously described coactivators we tested TIF2, SRC1a
or SRC1e together with the AR and the MMTV-LUC
reporter gene in 293 cells. Figure 6B shows that similar
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Fig. 4. AR associates with FHL2 in an AF-2-dependent manner.
(A) GST pulldown assays were performed using GST–FHL2 fusion
protein and in vitro translated, labelled AR or AR mutants in the
presence of the agonist R1881. (B) Interaction between the AR and
either GST, GST–FHL2, GST–FHL2(1–162) or GST–FHL2(163–279)
fusion proteins in the presence of the agonist R1881. Numbers above
the scheme indicate the amino acid position.

to the other coactivators FHL2 potently coactivates the
AR in an agonist-dependent manner.

FHL2 coactivates the transcription of the prostate-

specific AR target gene probasin

The promoter of the cellular probasin gene, which is
expressed in the epithelial cells of the prostate, is select-
ively regulated by the AR (Claessens et al., 1996).
Therefore, we tested FHL2 coactivator function on a
probasin reporter (PB-LUC) (Figure 6C). FHL2 enhances
the activity of the AR in the presence of either synthetic
(R1881) or natural (DHT) agonists in CV-1 cells.
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Fig. 5. FHL2 contains an autonomous transactivation function. The Gal–FHL2 fusion protein transactivates the G5E1b-LUC reporter gene in
different cell lines (CV-1, 293 and HL-1). The coactivators Gal–TIF2.1 and Gal–SRC1a were used as controls.

Antagonists such as CPA, however, completely block
transactivation. Taken together, these data clearly demon-
strate that the coactivator function of FHL2 for the AR is
AF-2- and agonist-dependent in different cell types and
promoter environments (Figure 6B and C). The fact that
FHL2 coactivates a well known AR target gene supports
a role of the AR–FHL2 complex in prostate function.

Discussion

Recent studies suggest that tissue-restricted gene expres-
sion can be controlled by tissue-specific coactivators of
transcription factors (Xu et al., 1999). Using a modified
yeast two-hybrid screen we identified a novel tissue-
specific coactivator of the AR. Sequence comparison
showed that it is identical to the previously described
FHL2/DRAL protein of unknown function (Genini et al.,
1997; Chan et al., 1998). FHL2 is a LIM-only protein
that contains four LIM domains and an N-terminal half
LIM domain. LIM domains are characterized by a cysteine-
composed double zinc finger motif: C-X2-C-X16–23-H-X2-
(C/H)-X2-C-X2-C-X16–23-C-X2-(C/H/D) (Jurata and Gill,
1998). LIM domains can mediate protein–protein inter-
action with LIM domain-containing proteins or various
other classes of proteins (Dawid et al., 1998).

FHL2 is a selective coactivator of the AR

We show that FHL2 is a bona fide coactivator of the AR.
FHL2 interacts specifically with the AR in vitro and
in vivo and harbours a strong, autonomous transactivation
function. FHL2 selectively increases the transcriptional
activity of the AR in an agonist- and AF-2-dependent
manner. In yeast, interaction of the AR bait AGA and
FHL2 is strictly dependent on the presence of agonist
and fails in the presence of antagonist (Figure 1B). In
mammalian cells AR–FHL2 interaction is also strictly
agonist-dependent in all assays (Figures 3B and 6A, B).
Despite the fact that the AR and FHL2 interact in a strictly
agonist-dependent manner when tested in vivo, in vitro
binding of recombinant proteins was agonist-independent.
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This may be due to the presence of an as yet unknown
factor in cells that, unless ligand is present, prevents the
agonist-dependent interaction of FHL2 and the AR in vivo.
Our findings are similar to recently published observations
that the interaction of PPARγ and the coactivator PGC-1
(Puigserver et al., 1998) or the interaction of thyroid
receptor β and histone deacetylase 2 (Sasaki et al.,
1999) is agonist-dependent in vivo, yet ligand-independent
in vitro. In synopsis, our data show that FHL2 can bind
AR directly. However, the formal possibility might still
exist that the FHL2 effects on AR are indirect or require
an additional factor.

The structure–function analysis shows that both the N-
and C-terminus of the AR are required for the interaction
with FHL2. Deletion of H12 of the AR, which harbours
the AF-2 AD core motif, eliminates FHL2 binding and
consequently abolishes coactivation. Furthermore, a single
point mutation in the H3 of the AR (ARL712R) also
abrogates FHL2 binding. This AR mutant binds hormone,
although with reduced affinity (Alen et al., 1999). These
observations show that the AR–FHL2 interaction is not
merely dependent on the ability of AR to bind hormone,
but that in the holo-LBD conformation H3 and H12
constitute an important part of the interaction surface.
Although no crystal structure of the AR is available to
date, one might speculate that L712 in H3 is either directly
involved in the AR–FHL2 interaction or, alternatively,
is essential for generating the correct three-dimensional
interaction surface. Obviously, the holo-LBD conformation
is necessary but not sufficient for FHL2 binding and
function. In addition, the AR N-terminus is required to
generate a functional interaction surface, since its deletion
abolishes FHL2 binding. Ubiquitously expressed coacti-
vators such as TIF2 contact the AR LBD with the LXXLL
motif (Berrevoets et al., 1998). Since FHL2 does not
contain an LXXLL motif, it will be interesting to analyse
the AR–FHL2 interface on a structural basis.

FHL2 contains a strong and autonomous transactivation
function. Importantly, the activity of Gal–FHL2 is similar
to Gal–TIF2.1, whereas Gal–SRC1 seems to be a weaker
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Fig. 6. FHL2 is a specific coactivator of the AR. (A) FHL2 coactivates the AR in an agonist- and AF-2-dependent manner. Expression plasmids coding for
AR, AR∆H12, PR, GR or MR were cotransfected with the MMTV-LUC reporter with or without FHL2 in 293 cells. (B) FHL2, TIF2, SRC1e or SRC1a
coactivate the AR to a similar extent in 293 cells. (C) FHL2 functions as a coactivator of the AR-specific probasin-LUC reporter (PB-LUC). AR and
FHL2 were cotransfected as indicated in the presence of two different AR agonists (R1881, DHT) or the antagonist CPA in CV-1 cells.
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activator in the cell lines tested. Since TIF2 and SRC1
are ubiquitously expressed and enhance the transcriptional
activity of several nuclear receptors (Onate et al., 1995;
Voegel et al., 1996), it will be of interest to elucidate
whether FHL2 and other coactivators act in concert or in
different coactivator complexes on the AR. When tested
on different natural promoters such as MMTV or the
AR-specific probasin, FHL2 acts as a coactivator of the
AR in several cell lines. FHL2 selectively enhances
AR-dependent transactivation in an agonist-dependent
manner, but neither stimulates the transcriptional activity
of the related steroid hormone receptors PR, MR, GR nor
that of any other nuclear receptor tested. The exceptional
selectivity of the AR is a unique property of the LIM-only
protein FHL2, since the other described AR coactivators
(ARA54, ARA55, ARA70 and ARA160) show no selectiv-
ity for the AR (Fujimoto et al., 1999; Heinlein et al., 1999;
Hsiao and Chang, 1999; Kang et al., 1999). Therefore, to
our knowledge, FHL2 is the first AR-specific coactivator.

The emerging importance of tissue-specifically
expressed LIM-only proteins is further stressed by ACT,
a four-and-a-half LIM domain-containing coactivator for
CREM/CREB expressed in testis (Fimia et al., 1999). The
LIM-only protein MLP may act as an integrator of
MyoD-, E47- and MEF2-mediated transcription, thereby
controlling myogenesis (Kong et al., 1997). In contrast to
FHL2, the two LIM domain-containing protein MLP does
not contain a transcriptional activation domain (Kong
et al., 1997). Therefore, the functional difference between
LIM-only proteins may depend either on the number or
structure of their LIM domains. LIM-only proteins such
as MLP may either serve as a scaffold to facilitate the
assembly of transcriptional complexes or act themselves
as coactivators participating actively in transactivation, as
demonstrated for FHL2.

FHL2 is expressed in heart myocardium and

prostate epithelial cells

In human fetal tissue FHL2 mRNA expression is only
observed in heart, resembling the adult mRNA expression,
where FHL2 is predominantly expressed in human and
mouse heart (Figure 2A). Although expression of FHL2
was described in skeletal muscle, we could not detect
FHL2 mRNA in skeletal or smooth muscle (Figure 2A),
even when analysing RNA from various muscle tissues.
Moreover, our Northern blot data demonstrate that FHL2
is detected in the heart ventricles (Figure 2B). In addition,
the immunohistochemical analyses show that FHL2
protein expression is restricted to the myocardium
(Figure 2A). In agreement with our Northern blot analyses,
FHL2 protein could be detected neither in smooth muscle
surrounding the arteriolae nor in aorta (Figure 2A; data
not shown). In contrast to the expression of FHL2 in the
myocardium, other related LIM-only family members such
as SLIM1 (Brown et al., 1999) and SmLIM/CRP2 are
expressed in aorta or smooth muscles, respectively (Jain
et al., 1998). MLP/CRP3, another member of the CRP
subfamily of LIM-only proteins, is expressed in striated
muscle and heart (Arber et al., 1994).

Since we isolated FHL2 from a prostate library, we
used an α-FHL2-specific monoclonal antibody to analyse
FHL2 expression in normal human prostate. The immuno-
histochemical analysis shows that FHL2 is expressed in
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the epithelial cells of the prostate, where it overlaps with
nuclear expression of the AR. In stromal smooth muscle
cells of the prostate no FHL2 protein is detected. This is
in agreement with our Northern blot data, where no
FHL2 mRNA is found in prostate smooth muscle cells
(Figure 2B). In summary, our expression data demonstrate
tissue-specific expression of FHL2 in heart myocardium
and prostate epithelial cells.

FHL2 function in heart and prostate

Immunohistochemical studies show that FHL2 protein is
expressed in myocardial cells (Figure 2D). In protein
extracts of human ventricle the presence of the AR and
FHL2 in the same extract is demonstrated (Figure 2C). In
addition, biochemical and molecular analyses showed
expression of the AR in fetal and adult myocardium
(Schleicher et al., 1989; Kimura et al., 1993). However,
little is known about the function of the AR in heart.
Indirect evidence for AR function is suggested by the
observation that androgens can mediate cardiac hyper-
trophy (Marsh et al., 1998). Preliminary data suggest that
FHL2 may play a role in the pathogenesis of human heart
disease, since FHL2 expression is lowered in patients
suffering from dilated cardiomyopathy (data not shown).
Further studies will analyse the function of FHL2 in
physiological and pathological situations of the heart.

The prostate is a male sexual organ where high concen-
trations of androgens such as testosterone or dihydrotes-
tosterone are present. The AR is mainly expressed in the
epithelial cells of the prostate and controls the expression
of several target genes, such as the probasin gene. More-
over, the AR selectively upregulates the probasin gene,
whereas GR and PR fail to do so (Rennie et al., 1993;
Claessens et al., 1996). Our data demonstrate that FHL2
can coactivate the AR-mediated activity of a probasin
reporter in an AR- and agonist-dependent manner
(Figure 6C). Importantly, FHL2 and AR protein expression
in prostate colocalizes in the nuclei of epithelial cells
(Figure 2D, c and e), underlining the potential role of
FHL2 in prostate gene expression.

According to the current model (Jenster, 1999) the AR
is not only essential for normal prostate development, but
is also highly involved in prostate neoplastic transform-
ation. The prevalence of prostate carcinomas increases
with age and is rated among the two leading causes of
death of cancer among men (Landis et al., 1999). Initially,
tumour growth is largely dependent on androgens, but in
later stages most tumours grow androgen-independently
(Gregory et al., 1998). In a subpopulation of prostate
carcinomas mutations and deletions of the AR are
observed, which might account for androgen-independent
tumour growth (Trapman and Brinkmann, 1996; Culig
et al., 1998; McPhaul, 1999). However, no explanation
has been found for the androgen-insensitivity in the vast
majority of prostate tumours, which still express wild-type
AR. One hypothesis to explain this clinically disastrous
phenomenon is an altered composition, structure or regula-
tion of AR–coactivator complexes. Therefore, it will be
interesting to evaluate the role of FHL2 on the AR and
tumour characteristics in these prostate carcinomas.

In summary, FHL2 represents the first tissue-specific
LIM-only coactivator of the AR. In general, coactivators
such as FHL2 may provide a molecular basis for the
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spatial regulation of nuclear receptor function. Our data
also show that FHL2 establishes a new group of tissue-
specific LIM-only coactivators that are selective for one
particular nuclear receptor. Finally, FHL2 might also serve
as an integrator for several signal pathways, thereby
fine-tuning the response to androgens in the heart and
the prostate.

Materials and methods

Plasmids
The yeast expression plasmid pGBT9I-AGA was generated by inserting
the AGA fragment [AR(1–503)-Gal4(1–147)-AR(624–919)] at the SalI–
XhoI sites of pGBT9 (Clontech) lacking the Gal4 DBD. To obtain pCMX–
FHL2, pCMXGal–FHL2, GST–FHL2 and His–FHL2 the corresponding
plasmids were constructed by inserting a PCR amplification product of
the FHL2 cDNA at the BamHI site of pCMX, pCMXGal4DBD (Umesono
et al., 1991), pGEX-5X-2 (Pharmacia) or pRSETC (Invitrogen). For
generating the mutants GST–FHL2(1–162) and GST–FHL2(163–279)
the corresponding fragments were PCR amplified and inserted at the
SmaI–EcoRI sites of pGEX-4T-1 (Pharmacia). pCMX-Flag-FHL2 was
constructed by inserting the Flag epitope (MDYKDDDKDPE-
FPGSEFPGIP) in-frame with the FHL2 cDNA. The AR mutant pSG5-
hAR∆H12(1–892) was generated by PCR cloning of hAR(503–892)
into pSG5hAR digested with KpnI–BglII. pCMXhAR624–919 was
constructed by inserting the AR624–919 fragment at the BamHI–
NheI sites of pCMX-KOZAK-ATG (Greschik et al., 1999). pSG5hAR,
pSG5hAR1-626, pSG5-hARL712R (Alen et al., 1999), pSG5TIF2,
pSG5GalTIF2.1 (Voegel et al., 1996), pABGal147-SRC1 (Onate et al.,
1998), GR (RSVhGR) (Schüle et al., 1990), PR (pSG5hPR) (Misrahi
et al., 1987), MR (RSVhMR) (Arriza et al., 1987), probasin-LUC
(PB-LUC) (Claessens et al., 1996), MMTV-LUC (Schüle et al., 1990)
and Gal5�-E1bTATA-LUC (G5E1b-LUC) (Hagen et al., 1995) were
described previously. To construct pSG6SRC1a and pSG6SCR1e the
corresponding rat cDNA was cloned into pSG6 (L.Klein-Hitpass).
Numbers refer to amino acid positions. Details of cloning are available
upon request.

Yeast
An adult human prostate cDNA library (Clontech) was screened with
the pGBT9I-AGA bait plasmid in HF7c yeast cells as recommended
(Clontech Matchmarker Two-Hybrid System protocol) in the presence
of 10–9 M R1881 and 10 mM 3-aminotriazole. β-galactosidase assays
were performed in the absence or presence of 10–9 M R1881 or 10–7 M
CPA. β-galactosidase units show the mean of three independent assays.

RNA analysis
Northern blots (Clontech) were hybridized with an FHL2 probe according
to the manufacturer’s instructions (Clontech). Total RNA from myocar-
dium was isolated and analysed (Kirfel et al., 1997). FHL2 coding
region was labelled with StripEZ (Ambion) and hybridized as recom-
mended. RNA loading was controlled using β-actin or GAPDH as probe.
Myocardium was obtained from patients undergoing heart transplantation
due to endstage heart failure. The ethical standards of the University of
Freiburg were followed in all procedures.

Cell lines and transfections
293 and CV-1 cells were cultured in Dulbecco’s modified Eagle’s
medium. HL-1 were grown in Ex-Cell 320 medium (Claycomb et al.,
1998). Medium was supplemented with 10% double stripped fetal calf
serum (Schüle et al., 1990). Transient transfection assays were carried
out in 24- or 12-well plates (1 � 105, 9 � 104 or 5 � 104 cells per well
for HL-1, 293 or CV-1, respectively). 293 cells were transfected as
described (Greschik et al., 1999). CV-1 and HL-1 cells were transfected
using DOTAP (Boehringer Mannheim) and Effectene (Qiagen), respect-
ively. The total amount of transfected DNA was kept constant (4 µg for
293, 1.5 µg for CV-1, 250 ng for HL-1) by adding pSG5, pCMX and
pUC18. Reporter plasmids (500 ng), 25 ng of receptor expression
plasmids, 10 ng of Gal-fusion expression plasmids or 200 ng each of
CMX-FHL2, pSG5TIF2, pSG6SRC1a and pSG6SRC1e were transfected
per well in 293 or CV-1 cells. G5E1b-LUC reporter (125 ng) and 10 ng
of Gal-fusion expression plasmids were used in HL-1 transfections.
Luciferase activity was assayed as described (Dörflinger et al., 1999).
All experiments were repeated at least five times.
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GST pulldown assays
Expression of the GST fusion proteins (Pharmacia) and the in vitro
transcription–translation reactions (Promega) were performed according
to the manufacturer’s instructions. GST pulldown assays were performed
as described previously (Dörflinger et al., 1999) using buffer containing
50 mM KCl in the absence or presence of 10–9 M R1881. Ten percent
of the in vitro translated proteins was loaded as input.

Coimmunoprecipitation assays and Western blot analyses
293 cells were transfected with 5 µg of pSG5hAR and either 5 µg of
pCMX-FHL2 or 5 µg of pCMX-Flag-FHL2. Nuclear extracts (Zinck
et al., 1993) were prepared after 1 h incubation with or without 10–7 M
DHT. Following preclearing with a 40 µl 1:1 slurry of GammaBind-
Sepharose (Pharmacia), supernatants were incubated for 2.5 h with M5
α-Flag antibody (Sigma). Beads were washed five times with WB
(10 mM Tris–HCl pH 8.0, 250 mM NaCl, 0.5% NP-40, 0.1 µg/µl bovine
serum albumin, 0.5 mM Pefabloc) in the presence or absence of DHT
and analysed on a 10% SDS gel. Expression and purification of His-FHL2
(Invitrogen) was performed according to the manufacturer’s instructions.
Heart extract analyses were performed as described previously (Fimia
et al., 1999). Western blots were decorated with α-AR 441 (Santa Cruz),
M2 (Sigma) or α-FHL2 (see below) antibodies. Secondary antibody
and chemiluminescence procedures were performed according to the
manufacturer (Amersham).

Immunohistochemistry
A monoclonal antibody α-FHL2 was generated against recombinant full-
length FHL2 in mouse. This antibody reacts specifically with FHL2 in
Western blots and immunohistochemistry. Immunohistochemical stain-
ings were performed using indirect immunoperoxidase and a protocol
for antigen retrieval as described previously (Bocker et al., 1995).
Paraffin-embedded 4 µm tissue slides were pretreated in a microwave
oven twice for 5 min. α-FHL2 mouse monoclonal antibody was
diluted 1:200 and α-AR mouse monoclonal antibody (M3562; Dako,
Copenhagen, Denmark) 1:100. Biotin-linked anti-mouse IgG (1:500;
Dako) was used as the secondary antibody and immunoreactions were
visualized with the ABC complex diluted 1:50 in phosphate-buffered
saline (Vectastain; Boehringer-Ingelheim, Heidelberg, Germany). Nega-
tive controls were performed using equivalent amounts of non-specific
mouse immunoglobulins instead of primary antibodies. Immunohisto-
chemical stainings were counterstained with hematoxilin or hematoxi-
lin–eosin.
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