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Transcription factors of the CREB family control the expression of a large number of genes in response to
various signaling pathways. Regulation mediated by members of the CREB family has been linked to various
physiological functions. Classically, activation by CREB is known to occur upon phosphorylation at an essen-
tial regulatory site (Ser133 in CREB) and the subsequent interaction with the ubiquitous coactivator CREB-
binding protein (CBP). However, the mechanism by which selectivity is achieved in the identification of target
genes, as well as the routes adopted to ensure tissue-specific activation, remains unrecognized. We have
recently described the first tissue-specific coactivator of CREB family transcription factors, ACT (activator of
CREM in testis). ACT is a LIM-only protein which associates with CREM in male germ cells and provides
an activation function which is independent of phosphorylation and CBP. Here we characterize a family of
LIM-only proteins which share common structural organization with ACT. These are referred to as four-and-
a-half-LIM-domain (FHL) proteins and display tissue-specific and developmentally regulated expression. FHL
proteins display different degrees of intrinsic activation potential. They provide powerful activation function to
both CREB and CREM when coexpressed either in yeast or in mammalian cells, specific combinations eliciting
selective activation. Deletion analysis of the ACT protein shows that the activation function depends on
specific arrangements of the LIM domains, which are essential for both transactivation and interaction
properties. This study uncovers the existence of a family of tissue-specific coactivators that operate through
novel, CBP-independent routes to elicit transcriptional activation by CREB and CREM. The future identifi-
cation of additional partners of FHL proteins is likely to reveal unappreciated aspects of tissue-specific

transcriptional regulation.

Transcription factors of the CREB family are involved in the
regulation of gene expression in response to a number of
signaling pathways (15). Proteins issued from CREB and
CREM genes play central roles in many physiological pro-
cesses, including memory and long-term potentiation, circa-
dian rhythms, pituitary function, and spermatogenesis (17, 54).

CREB and CREM belong to the basic domain-leucine zip-
per (bZip) class of proteins. These factors bind, as homo- or
heterodimers, to a DNA sequence known as the cyclic AMP-
responsive element, which is present in the regulatory region of
various target genes (40, 54). The N-terminal half of CREB
and CREM contains a modular activation domain (AD) that is
divided into two independent regions (28, 34, 49). The first
region comprises two glutamine-rich domains, Q1 and Q2.
These flank a second region, called the phosphorylation box
(17), also known as the kinase-inducible domain (28), which
contains a cluster of sites phosphorylated by various kinases
that regulate the transactivation potential of these proteins
(15).

Various proteins are known to physically associate with the
CREB and CREM AD. The Q2 domain constitutively interacts
with the TATA-binding protein-associated factor TAF130, a sub-
unit of the TFIID complex (21). The phosphorylation box is
required for binding to the large proteins CREB-binding pro-
tein (CBP) and p300 (1, 4, 11, 32, 37). CBP and p300 are
ubiquitously expressed coactivators that function by interacting
with basal transcription factors, such as TFIIB (32), TATA-
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binding protein (60), and RNA helicase A (44), and/or by
modifying the chromatin state through their histone acetyl-
transferase activity (5, 47). Interaction with CBP and/or p300
requires the phosphorylation of a specific serine residue (Ser133
in CREB and Ser117 in CREM) (48, 51), which can be trig-
gered by a variety of kinases, such as cyclic AMP-dependent
kinase A (29), mitogen-activated p90™* (16, 66), stress-regulat-
ed mitogen-activated protein kinase-activated protein kinase 2
(61), and mitogen- and stress-activated kinases (14). Thus,
proteins of the CREB family operate as nuclear targets of a
number of converging transduction pathways and are impli-
cated in multiple cellular responses.

Although modulation of CREB activity by specific transduc-
tion pathways has been extensively studied, little is known
about the selectivity code by which proteins of the CREB
family regulate the expression of different sets of genes in
response to specific external stimuli. One intriguing possibility
is that the interaction with specific cofactors may lead to the
formation of different transcriptional complexes with diverse
promoter specificities. Thus, the use of different coactivators
could lead to tissue-specific CREB- and CREM-mediated
transcription.

Recently, we have reported that CREM transcriptional ac-
tivity can be stimulated by interaction with a tissue-specific
coactivator, activator of CREM in testis (ACT) (22, 23). ACT
is a factor belonging to the class of LIM-only (LMO) proteins
with a characteristic organization of four and a half LIM do-
mains (FHL). These are structural motifs composed of two
adjacent zinc fingers that are known to be involved in protein-
protein interaction (56). ACT expression is testis specific and
temporally coordinated with CREM during germ cell differ-
entiation. Upon binding to the CREM AD, ACT powerfully
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FIG. 1. Sequence comparison of FHL proteins. (A) Full-length protein se-
quences (except for ceF25h5.1A) of FHL proteins from different species were
aligned using the CLUSTAL X program (63). The amino acid one-letter code is
used. The sequences have been divided into three groups. The character back-
ground of the amino acid one-letter code is red (FHL1 and FHLA4), blue (FHL3),
or yellow (FHL2 and ACT), respectively, to highlight sequence conservation
(80% identity) within a group. Conservation between any two groups is shown by
color combination coding: combination of groups 1 and 2, violet (blue and red);
groups 1 and 3, orange (yellow and red); and groups 2 and 3, green (blue and
yellow). Identical residues in the alignment are shown as white characters with a
black background. Similarly, conserved residues (80% identity) in the alignment
are shown with a grey background. In addition, for overall 80% residue conser-
vation, if amino acids within a group show conservation higher than 80%, the
amino acid one-letter code is given the group’s specific color. Abbreviations: m,
mouse; 1, rat; h, human; a, Amphioxus; ce, C. elegans. (B) Unrooted tree deduced
from an alignment of the different LIM domain sequences within any given
murine FHL gene. The unrooted tree was created using the neighbor-joining
method. The numbers in the interior branches are bootstrap values for 1,000
resamplings.

LIM3

stimulates CREM transcriptional activity in a phosphorylation-
and CBP-independent manner (23).

In this study, we show that ACT shares a high degree of
similarity with a group of proteins which constitute a novel
family of transcriptional coactivators. These are members of
the FHL protein family, which are defined by their character-
istic secondary arrangement of LIM domains. Two family
members, FHL1 (SLIM1) and FHL3 (SLIM2), were initially
identified by their expression in skeletal muscle (36, 41). FHL2
(DRAL, SLIM3) was isolated as a gene whose expression is
down-regulated in rthabdomyosarcoma cells (9, 25). Another
member of the family, FHL4, which is expressed only in the
testis (42), has been described more recently.

Here we present a comparative analysis of the various FHL
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proteins with respect to their expression profile, association
potential, and functional properties. These ACT-like proteins
differ from each other both in terms of transactivation capa-
bility and specificity of interaction with members of the CREB
family. We also show that the members of the FHL family are
able to form homo- and heterocomplexes but that a specific
combination code exists. Furthermore, we provide evidence
that both the activation and protein-protein interaction prop-
erties of these factors depend on specific arrangements of the
individual LIM domains.

MATERIALS AND METHODS

Yeast plasmid constructions. FHL1 and FHL4 cDNAs, obtained by PCR from
a mouse embryo cDNA library, and FHL2 and FHL3 cDNAs, obtained by PCR
from a human heart cDNA library, were cloned into pGBT9 and pGADA424
vectors. pPGBT-CREM, pGBT-ACT, and pGAD-ACT have been described (23).
The CREB AD was subcloned from the plasmid pG4CREBALZ (43) into the
pGBT9 vector. The Spl AD (amino acids [aa] 132 to 485) was obtained by PCR
from the plasmid pSP1-778C (12) and cloned into the pGBT9 plasmid. LMO-2,
muscle LIM protein (MLP), and LIM domain binding factor (LDB) open read-
ing frames (ORFs) were obtained by PCR from a mouse embryo cDNA library
and cloned into the pGAD424 vector (LMO-2 and MLP) or a pGBT9 plasmid
(LDB). ACT mutants were obtained by PCR using the Quikchange site-directed
mutagenesis kit (Stratagene). ACT ALIM1/2 mutant lacks aa 2 to 36; ALIM1, aa
37 to 97; ALIM2, aa 98 to 158; ALIM3, aa 159 to 217; ALIM4, aa 218 to 284;
ALIM3,4, aa 159 to 284; ALIM2,3.4, aa 98 to 284; and ALIM1/2-1, aa 2 to 97. All
constructs were verified by sequencing.

Yeast analysis. Yeast transformation and the B-galactosidase assay were per-
formed in Y190 yeast strain, as described in the Clontech Matchmaker two-
hybrid system protocol. B-Galactosidase activity was calculated in Miller units,
and results are means of three to four independent experiments. For Western
analysis, 8 ml of mid-log-phase cultures was harvested by centrifugation, resus-
pended in 200 wl of Laemmli buffer, and boiled for 10 min. Glass beads were
added to the lysates, vortexed for 5 min, and centrifuged to remove insoluble
material. Western blot analysis was performed as previously described (19). Gal4
fusion proteins were detected with anti-Gal4 DNA-binding domain (Gal4DBD)
and anti-Gal4AD monoclonal antibodies (Santa Cruz Biotechnology).

RNA analysis. Total RNA was extracted from mouse tissues as previously
described (10) and analyzed by RNase protection (24). To score for the expres-
sion of different FHL genes, internal fragments from murine FHL cDNAs
(FHLI, from +27 to +384; FHL2, from +564 to +839; FHL3, from +615 to
+835; FHLA4, from +277 to +719) were subcloned into pBluescript SK(—). RNA
probes were prepared using an in vitro transcription kit (Promega). ACT and
CREM riboprobes were already described (23, 39). In all RNase protection
analyses, transfer RNA was used as a control for nonspecific protection. A mouse
B-actin riboprobe was used as an internal control to monitor the loading of equal
amounts of RNA (fragment from +193 to +331 of the mouse coding sequence).

In situ hybridization analysis was performed as described (38). ACT and FHL4
antisense riboprobes were prepared as described for RNase protection. For
control of nonspecific hybridization, consecutive sections were hybridized with
ACT and the FHL4 sense RNA probe (not shown).

Transfections and reporter gene assay. COS cells, maintained in Dulbecco
modified Eagle medium with 5% fetal calf serum, were transfected by the
calcium phosphate coprecipitation technique (53). In each sample, the total
amount of expression vector DNA was kept constant by the addition of pJQ7.
Chloramphenicol acetyltransferase (CAT) and luciferase activity was assayed as
described (24); 0.1 pg of a CMVB-gal plasmid was included in each transfection
to monitor for transfection efficiency. The c-fos-CAT (FC8-CAT [55]), pCycA-
Luc (19), pG4CREB, and pG4CREB-Ala133 (18) plasmids have been described.
pJQ7-FHL expression plasmids were obtained by subcloning FHL ORFs into the
pJQ7 plasmid. pGal4Luc contains five Gal4 binding sites upstream from the
herpes thymidine kinase promoter region (=109 to +52), cloned in the pGL2
basic vector (Promega).

Coimmunoprecipitation assays. The FHL expression vector pCS2Myc-FHLs
was constructed by inserting FHL ORFs into the pCS2Myc plasmid (52). COS
cells were transfected with 10 wg of each plasmid and harvested after 48 h in 1
ml of EBC (50 mM Tris-HCI [pH 8.0], 170 mM NaCl, 0.5% NP-40, 50 mM NaF)
containing 1 mM phenylmethylsulfonyl fluoride and 10 pg of aprotinin and
leupeptin per ml each. Lysates were incubated at 4°C for 3 h with 10 ul of
anti-GAL4DBD monoclonal antibody. The beads were washed four times in
NETN (10 mM Tris-HCI [pH 8.0], 250 mM NaCl, 5 mM EDTA, 0.5% NP-40).
Western blot analysis of immunocomplexes was performed by using anti-myc
(9E10) and anti-CREB (New England Biolabs) antibodies.

RESULTS

FHL: a family of LIM-only proteins. We have recently re-
ported the isolation of ACT, an LMO that is expressed exclu-
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sively in spermatids (23). Databank searches for sequence sim-
ilarity revealed that ACT has a high degree of homology with
a previously identified group of proteins (Fig. 1A), which in-
cludes FHL1 (also known as SLIM1), FHL2 (DRAL/SLIM3),
FHL3 (SLIM2), and FHLA4 (9, 25, 36, 41, 42). Members of this
family are characterized by a specific arrangement of LIM
motifs, being composed of four and a half LIM domains, with
the half-domain always located in the N terminal. Among these
proteins, FHL2 is the most similar to ACT, showing 60%
identity and 80% similarity at the amino acid level, followed by
FHL3 with 68% similarity and FHL1 and FHL4 with 62%. The
homology between these proteins and ACT is distributed
throughout the whole sequence (Fig. 1A), although selected
stretches show a higher degree of identity (indicated by orange,
green, grey, and black boxes) (Fig. 1A legend). Apart from the
cysteine and histidine residues within the zinc fingers of the
LIM domains required for the interaction with the Zn>* ions,
other amino acids are highly conserved (black and grey boxes),
which may also be involved in determining the structural con-
formation of repeated LIM domains. Alignment of the differ-
ent LIM domain sequences within any given FHL gene reveals
no strong sequence conservation (Fig. 1B). However, compar-
ison of individual LIM domains at equivalent positions among
the different FHL proteins demonstrates significant homology
within each group (Fig. 1B). These results are consistent with
the hypothesis that the FHL gene family is derived by dupli-
cation from a single ancestral gene during evolution. From this
analysis, it is also interesting to note that the first half-domain
and the third LIM domain are significantly less conserved in
ACT with respect to FHL2 and FHL3, which may suggest a
possible specialized function for these domains. The presence

FIG. 2. Expression of FHL genes. (A) Ten micrograms of total RNA from
the indicated mouse tissues was analyzed by RNase protection assay by using
specific riboprobes as described in Materials and Methods. (B) ACT and FHL4
mRNA expression in adult mouse testis sections by in situ hybridization. (C)
Expression of ACT, FHL4, and CREM during testis development. RNAs were
extracted from testes of mice at different ages (as indicated), and 10 pg was
analyzed by RNase protection assay, using ACT-, FHL4-, and CREM-specific
riboprobes. A B-actin riboprobe was used as an internal control.

of FHL2 homologues in Amphioxus (57) and in Caenorhabditis
elegans underscores the evolutionary conservation of this fam-
ily.

A hallmark of FHL proteins: tissue-specific expression. On
the basis of previous reports suggesting that FHL genes show
tissue-specific expression patterns (25, 36, 42), we decided to
compare quantitatively their expression levels in a variety of
mouse tissues. Given the high sequence similarity shared by
FHL genes, we measured their expression by RNase protection
analysis due to the high sensitivity and specificity of this assay.
All FHL genes were expressed in a tissue-specific manner,
although with distinct patterns. FHL2 and FHL3 were domi-
nantly expressed in the heart and in skeletal muscle, respec-
tively (Fig. 2A). Low but detectable levels of FHL?2 transcript
were also detected in the ovary, testis, and adrenal and pitu-
itary glands, while FHL3 was also expressed in the ovary,
spleen, and adrenal glands. FHL4 was exclusively expressed in
the testis. FHL1 was the only member of the family displaying
a wider range of expression, its transcript being present at high
levels in the heart, muscle, ovary, kidney, lung, and brain.

The highly similar expression profiles of ACT and FHLA, as
well as the crucial effect exerted by ACT on CREM activation
function (23), prompted us to analyze in further detail FHL4
expression during spermatogenesis. In situ hybridization anal-
ysis of testis sections revealed that FHL4 expression was spe-
cific to the seminiferous tubules, while no signal was detected
in the interstitial spaces (Fig. 2B). However, in contrast to
ACT, whose expression is restricted to certain tubule sections
corresponding to specific differentiation stages, FHL4 expres-
sion appeared to be more generalized and present in almost all
the tubule sections analyzed. Thus, while ACT expression par-
allels the well-characterized pattern of CREM (23), FHL4
expression appears to be less specific to stages of differentia-
tion. The different temporal appearance of FHL4 and ACT
transcripts was also observed during germ cell differentiation.
During the first wave of spermatogenesis, germ cells are syn-
chronized in their development and the timing of appearance
of the different cell types is well characterized (46). RNase
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protection analysis of RNA prepared from 1- to 4-week-old
mouse testis demonstrates that FHL4 expression was already
detectable at the end of the 3rd week (Fig. 2C). This period
corresponds during testis development to the accumulation of
spermatocyte cells (46). In contrast, ACT expression was de-
tectable only at the end of the 4th week, when spermatid cells
accumulate in the tubule cell population. These results dem-
onstrate that FHL4 is expressed earlier than ACT during male
germ cell development. In conclusion, the expression of FHL
proteins is regulated in a tissue- and development-specific
manner.

FHL proteins have different intrinsic activation potentials.
Unlike previously described LMO proteins, ACT was found to
contain a powerful AD that stimulates transcription in both
yeast and mammalian cells (23). To elucidate whether this
property is shared by the other members of the FHL family, we
fused FHL ORFs to Gal4DBD to generate chimeric FHL
proteins provided with an autonomous DNA-binding capabil-
ity. These constructs were used to test directly the transactiva-
tion potential of FHL proteins upon expression in yeast. As
shown in Fig. 3A, FHL3 strongly stimulated transcription of a
B-galactosidase reporter gene, being even more powerful than
ACT; this indicates the presence of an autonomous AD within
this protein. A significantly less pronounced, but reproducible,
stimulation of transcription was observed with FHL2 and
FHL4. However, no induction of 3-galactosidase activity was
detected with FHL1. Western blot analysis of protein extracts
prepared from the transformed yeast cells showed that the
differences in the transactivation capability were not due to
different stability or expression levels of the proteins, as shown
in Fig. 3A (top). These results are of interest, as they reveal
that the only FHL protein with activation capacity comparable
to that of ACT is FHL3, although sequence similarity between
the two proteins is not particularly high (Fig. 1B). Instead,
FHL2, which displays the highest degree of homology with
ACT, has a weaker activation potential. These results suggest
that a major determinant for activation potential may reside in
the relative organization of the LIM domains.

In order to further characterize the transcriptional activity of
the various FHL proteins, we decided to assess which LIM
domain was responsible for the transactivation property. With
this aim, we generated a number of mutant ACT proteins and
analyzed their activity in Gal4DBD fusions (Fig. 3B). The
results of this analysis indicate that various LIM domains con-
tribute differentially to the ACT transactivation function. The
N-terminal half-domain and the first and third LIM domains
appear to be important for the activation function, as deletion
of each of these domains strongly reduced the activity of the
protein. In contrast, a minor role seems to be played by the
second and fourth LIM domains, since mutants lacking each of
these domains were only slightly impaired in their ability to
stimulate transcription. However, none of these deletions leads
to a complete inactivation of the protein, indicating that full
activity requires contribution of all domains. Analysis of mu-
tants with deletion of multiple LIM domains confirmed this
conclusion. Indeed, deletion of the two C-terminal LIM do-
mains severely impaired but did not completely abolish the
capacity of ACT to stimulate transcription, while mutants lack-
ing either the first domain and the N-terminal LIM half-do-
main or the last three LIM motifs were totally inactive. Thus,
a specific combination of LIM domains appears to be respon-
sible for full transcriptional activity.

Although ACT and FHL2 present the highest level of ho-
mology within the whole family (Fig. 1A), they display a strik-
ing difference in activation potential (Fig. 3A). This functional
diversity prompted us to map the critical residues in these
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FIG. 3. Transactivating properties of FHL proteins. (A) Y190 yeast cells,
bearing the Gall upstream activation sequence-lacZ reporter gene, were trans-
formed with Gal4DBD-FHL expression vectors and analyzed for B-galactosidase
activity. Fold activation was calculated with respect to the B-galactosidase activity
obtained when yeast cells were cotransformed with the pGBT9 empty vector
(bottom). Expression levels of FHL proteins were determined by Western blot
analysis using an anti-Gal4DBD antibody (top). (B) Analysis of the transactivat-
ing properties of ACT mutant proteins. (Upper left) Schematic representation of
the ACT deletion mutants used in the transactivation assay. LIM domains are
indicated by black boxes, and numbers refer to their relative position within the
protein. All ACT mutants are fused to the Gal4DBD. (Lower left) Western blot
analysis of extracts prepared from the transformed yeast using an anti-Gal4DBD
antibody. (Right) B-Galactosidase activity of yeast transformed with the indi-
cated constructs. The fold activation value obtained with wild-type ACT was
defined as 100. (C) Analysis of the transactivating property of a chimeric ACT-
FHL2 protein. ACT protein, in which the sequence aa 195 to 200 was replaced
with the corresponding amino acids of FHL2, was fused to the Gal4DBD (top)
and analyzed by transactivation assay in yeast (bottom). -Galactosidase activity
was calculated in Miller units. C, control.

proteins responsible for the observed differences. We tested
a chimeric ACT-FHL2 protein designed on the basis of the
alignment analysis (Fig. 1). We replaced the aa 195-to-200
sequence within the third LIM domain of the ACT protein
with the corresponding region of FHL2. This sequence was
chosen because it appeared to be the most divergent stretch
between the two proteins. Indeed, this region is negatively
charged in ACT, while the corresponding domain in FHL2
is rich in basic residues. Moreover, this region maps within
the third LIM domain of ACT, which appears important for
its transactivating function. The chimeric protein (ACT>
QLSGQR) (Fig. 3C) was fused to the Gal4DBD and analyzed
in a transactivation assay in yeast. Surprisingly, the substitution
did not alter the activation capability of ACT (Fig. 3C), sug-
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-Sp1, Gal4AD-FHL fusion proteins show no significant induction of B-galactosidase activity (data not shown).

gesting that this region is not responsible for the different
transactivation potentials of ACT and FHL2. This result con-
firms the conclusions of the deletion analysis (Fig. 3B), indi-
cating that activation potential requires a specific combination
of LIM domains.

Differential and selective interaction of FHL proteins with
CREB and CREM. We have previously shown that ACT is able
to bind to CREM and CREB and modulate their transcrip-
tional activity (23). The high sequence similarity shared by all
FHL proteins (Fig. 1) prompted us to investigate their inter-
action with the ADs of CREB and CREM. FHL proteins,
fused to Gal4AD, were analyzed, in a yeast two-hybrid assay,
for their ability to interact with the ADs of CREM and CREB
fused to the Gal4DBD (Fig. 4A). In the same assay we also
tested two other LMO proteins, LMO-2 and MLP, which show
only a limited homology with the FHL group of proteins but
are nevertheless known to interact with other transcription
factors, such as GATAL, TALI, and MyoD (31, 64). The spe-
cific association and coactivation function exerted by ACT are
confirmed in the present assay (Fig. 4B). Indeed, ACT was the
only protein which bound efficiently to the CREM AD. A
weaker but significant interaction was observed between FHL2
and CREM. No detectable interaction was observed with the
other LMO factors. Strikingly, different results are obtained
with CREB. In this case, FHL2 and FHL3 strongly interacted
with CREB, with an affinity higher than that of ACT (Fig. 4C).
This result is particularly remarkable, considering the very high
homology known to exist between the ADs of CREB and
CREM (15). Noteworthy is also the case of FHL2, which
displays the highest homology with ACT within the FHL family
(Fig. 1) yet functions as a powerful coactivator of CREB but
not of CREM.

In order to further establish the specificity of the interactions
observed, we tested the ability of ACT, FHL2, and FHL3 to
bind to Spl, a transcription factor which, like CREB and
CREM, bears a glutamine-rich AD (12), although this shows
no significant homology with CREB and CREM ADs. No
binding between any of the FHL proteins and Spl was de-
tected (Fig. 4D), demonstrating the selectivity of the interac-

tion between FHL and the distinct members of the CREB
family.

FHL proteins form homo- and heterocomplexes. Many LMO
proteins have recently been observed to act as dimers (13).
Given the coexpression of certain FHL proteins, we wondered
whether they were able to interact with each other. The dimer-
ization between LMO proteins is believed to occur either by
direct interaction between specific LIM domains or indirectly
by association with the LDB/NLI protein (13). In the latter
case, LDB is able to recruit two LMO proteins to the same
complex through the formation of homodimers. To elucidate
whether association can occur also among members of the
FHL family, we first tested their ability to form homocom-
plexes and to bind to LDB in a two-hybrid assay. We found
that ACT, FHL2, and FHL3 were able to interact with them-
selves, although to different degrees, while FHL1 and FHL4
apparently lack the ability for homologous interaction (Fig.
5A). Importantly, no interaction was detected between any of
the FHL proteins and LDB (data not shown). The ability to
form heterocomplexes was then tested by analyzing different
combinations of FHL proteins. Table 1 shows that a specificity

TABLE 1. Heteroassociation properties of FHL proteins®

Induction values obtained with Gal4dDBD constructs:

Gal4AD vector

ACT FHL1 FHL2 FHL3 FHLA4
ACT ot
FHL1 - -
FHL2 ++ - o
FHL3 + - o +
FHL4 + - - - +

“Y190 yeast cells were transformed with the Gal4dDBD-FHL expression vec-
tors in the presence or absence of the Gal4AD-FHL expression vectors and
analyzed for B-galactosidase activity. Fold activation is calculated as a ratio of the
value obtained with the Gal4DBD constructs in the presence of the Gal4AD
fusions to the value measured with DBD fusions alone. Abbreviations: +, in-
duction values between 2 and 3; ++, values between 5 and 10; +++, values
between 20 and 40; —, no induction. Data are means from three independent
transfections, with variations not exceeding 10%.
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FIG. 5. Association properties of FHL proteins. (A) Y190 yeast cells were
transformed with Gal4DBD-FHL expression vectors in the presence or absence
of the corresponding Gal4AD-FHL expression vectors and analyzed for B-ga-
lactosidase activity. (B) ACT mutants described for Fig. 3B were expressed in
Y190 yeast cells in the presence or absence of the Gal4AD-ACT expression
plasmid. Fold activation is reported as a ratio of the value obtained with the
Gal4DBD constructs in the presence of the Gal4AD-ACT fusion to the value
measured with DBD fusions alone. Note that the apparently higher values
obtained for some mutants with respect to ACT reflect the lower transactivation
levels of the mutants when expressed alone, as compared to expression with ACT
(Fig. 3B).

code in the intermolecular interactions exists between different
members of the FHL family. For example, FHL2 associated
efficiently only with FHL3 and ACT, while FHL4 was able to
interact only with ACT. As already observed for the homo-
association analysis, FHL1 showed no apparent interaction
property.

To gain further insights into the mechanism by which FHL
proteins interact with themselves, we decided to analyze the
role of the different LIM domains in mediating intermolecular
interactions. To this aim, we assessed the ability of various
ACT mutants carrying deletions of single LIM domains to
interact with the wild-type ACT protein. Strikingly, most mu-
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tations had very little effect on interaction with ACT. Deletion
of the second LIM domain was the only mutation that drasti-
cally reduced the ability of ACT to interact with itself (Fig. 5B),
indicating that this specific LIM domain is necessary for the
association function.

FHL proteins differentially modulate CRE-dependent tran-
scription in mammalian cells. The interaction between CREB
and the different FHL proteins was further investigated by
coimmunoprecipitation experiments after ectopic expression
in mammalian cells. COS cells were cotransfected with a Gal4-
CREB expression vector in combination with different Myc-
tagged FHL expression vectors. Protein extracts were sub-
jected to immunoprecipitation using an anti-Gal4 antibody.
Western blot analysis using the anti-Myc antibody revealed
that FHL2, FHL3, and ACT efficiently associate with CREB in
the immunoprecipitated complexes from cotransfected cells
(Fig. 6A). No FHL1 and FHLA4 proteins were coimmunopre-
cipitated by the anti-Gal4 antibody, thus paralleling the situa-
tion observed in yeast cells.

Next, we wished to test whether the distinct ability of the
FHL proteins to bind CREB might result in differential mod-
ulation of its transcriptional activity. Using a Gal4-based re-
porter, CREB-mediated activation was strongly enhanced by
ACT and FHL3 and to a lesser extent by FHL2 (Fig. 6B).
These results are consistent with the ability to bind to CREB
displayed by the various FHL proteins. Importantly, FHL2 and
FHL3 do not require phosphorylation of CREB at Ser133 to
exert their effect, as already demonstrated for ACT (23). In-
deed, stimulation of CREB activity was also observed in the
presence of a CREB mutant bearing a Ser—Ala substitution at
position 133, which prevents phosphorylation at this site (29)
and association with CBP (11).

CREB is known to regulate the expression of a large number
of genes in a variety of physiological contexts. Two important
targets of CREB-mediated regulation are the c-fos and the
cyclin A genes. In the c-fos promoter, a CRE sequence located
at position —60 is important for directing expression of the
c-fos gene in response to a variety of extracellular stimuli (26,
30, 55, 58). In the cyclin A promoter, a CRE site at position
—380 is involved in inducing expression of the gene during the
G,-to-S transition of the cell cycle (19, 33, 65, 67). We wished
to assess whether the FHL proteins may modulate the tran-
scriptional activity of these CRE-containing promoters by in-
teracting with CREB. We observed that FHL3, ACT, and
FHL2 readily enhanced the transcription of reporter genes
driven by the c-fos and cyclin A promoters (Fig. 6C and D).
Taken together, these results indicate that two other members
of the FHL family, with expression patterns different from
those of ACT, may also function as coactivators of CRE-
mediated transcription in mammalian cells.

DISCUSSION

An increasing body of evidence points to the involvement of
some LMO proteins in transcription regulation (13). One in-
teresting example is LMO-2, an LMO protein required for
erythropoietic differentiation, which binds to and regulates the
activity of the GATA-1 and TAL-1 transcription factors (50).
Another example is the LMO MLP, an important regulator of
muscle differentiation, which is able to interact with and mod-
ulate the function of MyoD (2, 3, 31). Recently, we have shown
that the transcriptional activity of CREM is stimulated by
interaction with ACT, an LMO expressed exclusively in male
germ cells (23). ACT bears some unique features: it contains
an intrinsic AD and stimulates CREM activity in a phospho-
rylation-independent manner, thus providing an alternative to
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FIG. 6. FHL2 and FHL3 function as CREB coactivators in mammalian cells.
(A) FHL2 and FHL3 coimmunoprecipitate with CREB in vivo. COS cells were
cotransfected with pSVGal4DBD-CREB (Gal4-CREB) and pCS2Myc-tagged
FHL expression vectors. Cells were harvested 48 h after transfection, and lysates
were subjected to immunoprecipitation with an anti-Gal4DBD antibody. Whole
extracts (left) and immunocomplexes (right) were analyzed by Western blotting
using both anti-CREB and anti-Myc antibodies as indicated. (B) FHL2 and
FHL3 stimulate CREB-mediated transcription. COS cells were transfected with
1 pg of a pGal4-luciferase reporter plasmid and 0.5 pg of pSVGal4DBD-CREB
(Gal4-CREB) or pSVGal4DBD-CREB133Ala (Gal4-CREB133) expression vec-
tors in the presence or absence of 5 pg of the pPCMV-FHL expression vectors.
Luciferase activity was determined 24 h after transfection, and the value obtained
in the absence of FHL expression vectors was defined as 1. No significant
variation of luciferase activity was observed in the absence of Gal4-CREB (not
shown). (C and D) Cyclin A and c-fos promoters are activated by FHL2, FHL3,
and ACT. The cyclin A promoter (—1050 to +241) fused to the luciferase gene
(C) and the c-fos promoter (also known as FC8; from —220 to +42) fused to the
CAT gene (D) were transfected in the presence or absence of 5 pg of the
pCMV-FHL expression vectors. Fold activations were calculated as shown in
panel B.
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the classical scenario. Here, we provide evidence that CREB
transcriptional activity can also be modulated by the interac-
tion with different LMO proteins expressed in a tissue-specific
manner.

ACT shares the same structural organization and a high
degree of sequence homology with a group of proteins consti-
tuted by FHL1, FHL2, FHL3, and FHLA4. The hallmark of the
FHL proteins is the presence of four LIM domains and a LIM
half-motif located at the amino terminus of the protein. Our
comparative analysis shows that the similarity among the FHL
proteins is distributed throughout the sequence and suggests
that these genes originated from a common ancestor by gene
duplication. This is also supported by the fact that the order of
the different homologous LIM domains is conserved.

The different FHL genes show distinct patterns of expres-
sion. FHL2 and FHL3 are expressed at high levels in the heart
and muscle, respectively. Similar to that for ACT, FHL4 ex-
pression seems to be exclusively restricted to the testis, even
though the FHLA4 transcript appears earlier than ACT during
germ cell differentiation. FHLI is expressed in a broader range
of tissues, such as the muscle, heart, kidney, lung, brain, and
ovary. However, it has recently been shown that diverse iso-
forms of the FHLI1 protein, containing different numbers of
LIM domains, can be generated by alternative splicing (8, 35,
62). This raises the possibility that different isoforms of FHL1
might have a more restricted expression pattern.

ACT represents the first example of a tissue-specific coacti-
vator involved in the regulation of CRE-dependent transcrip-
tion. Here, we show that two other FHL proteins, FHL2 and
FHL3, share this property with ACT. However, remarkable
differences exist among these factors with respect to their rel-
ative affinity for CREB and CREM. Interestingly, this different
specificity seems to correlate with their respective expression
patterns. Thus, ACT is able to bind to both CREM and CREB
ADs but shows a higher affinity for CREM, which is coex-
pressed at high levels in spermatid cells. FHL2 and FHL3,
which interact specifically with CREB, are expressed mainly in
the heart and skeletal muscle, respectively, where CREB is
more abundant than the activator CREM (data not shown).
Another level of complexity is provided by the fact that CREB
and CREM can form heterodimers with each other (54). Thus,
it remains to be verified whether FHL proteins might have a
different affinity for the heterodimers with respect to CREB
and CREM homodimers.

Recently, it has been reported that FHL2 binds to the an-
drogen receptor and modulates its transcriptional activity (43).
These findings strongly support the hypothesis that FHL pro-
teins may constitute a family of coregulators involved in the
modulation of tissue-specific gene expression by integrating
the activity of different transcription factors.

FHL1 and FHL4 do not show a strong interaction with
members of the CREB family, indicating that this property is
not a common feature of FHL proteins. Our observations
suggest that, despite their structural similarity, different mem-
bers of the FHL family have evolved specialized functions in
vivo. Therefore, it is possible that FHL1 and FHL4 might
regulate the activity of other transcription factors. Indeed, it
has been recently demonstrated that a splicing isoform of
FHL1, containing only the first two and a half LIM domains,
can interact and negatively regulate the activity of RBP-J, a
transcription factor involved in the Notch signaling pathway
(62). Taken together, these results indicate that the various
FHL proteins may be involved in the formation of different
specific transcriptional complexes.

Besides the ability to interact with members of the CREB
family, we have found that some FHL proteins are able to form
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homo- or heterocomplexes. For example, ACT and FHL2
strongly homoassociate and interact with each other. More-
over, ACT binds to FHL3 and FHLA4, though to a lesser extent
than does FHL?2. Given the observed coexpression of some of
the FHL proteins, these results raise the possibility that other
FHL proteins may be recruited by indirect interaction to form
complexes with CREB or CREM at the promoter level.

Additional evidence that different members of FHL have
evolved specialized functions emerges from analysis of their
transcriptional activation properties. ACT and FHL3 have a
strong AD and FHL2 and FHLA4 stimulate transcription at
intermediate levels, while FHL1 apparently lacks any transac-
tivation property. Given the high similarity of FHL2 and ACT
(Fig. 1), it is noteworthy to underscore the observed difference
in their transactivation capability. Indeed, the results obtained
with the FHL2-ACT chimeric protein suggest that the activa-
tion capability depends on the specific assembly of a number of
structural determinants. In addition, we have also found that
the chimeric protein is able to interact with CREM with an
affinity similar to that of ACT (data not shown). Therefore, a
fine mutational analysis will be required to identify the struc-
tural motifs that confer activation specificity and protein-pro-
tein interaction selectivity to ACT and FHL2. Although our
results suggest that only certain FHL proteins are involved in
stimulating transcription, it remains to be verified whether the
transcriptional properties of other proteins may only be appar-
ent in a more physiological context. Possibly, some FHL pro-
teins may need to interact with other specific cofactors in order
to exert transcriptional activity.

In parallel with the comparative analysis of the various FHL
proteins, deletion studies of the ACT protein were performed
in order to identify functional domains. ACT mutants carrying
deletions of individual LIM domains were tested in transacti-
vation and interaction assays. The results from this analysis
suggest that the transactivation property of ACT resides in a
combination of different LIM domains, the half-domain and
first and third domains being required for an efficient tran-
scriptional activation. In contrast, ACT’s ability to interact with
itself depends mostly on the presence of the second LIM do-
main. These results, in combination with the reported charac-
terization of ACT-CREM interaction, clearly indicate that dif-
ferent LIM domains are responsible for specific functions of
the protein. According to the evidence that LIM domains
mediate protein-protein interactions, our results suggest that
the different LIM domains within the FHL proteins represent
specific surfaces for different functional interactions. Crystal-
lography studies will help to elucidate how the organization of
the LIM domains within the three-dimensional structure of the
protein allows multiple interactions to take place.

CREB and CREM have important roles in the regulation of
proliferation and differentiation in different cellular systems.
For example, the expression of a number of early-response or
cell cycle genes is regulated by CRE sequences present in their
promoter regions (40, 54). CREB and CREM are involved in
the regulatory processes linked to the differentiation of various
cell types, as shown by gene targeting or expression of domi-
nant-negative mutants in transgenic mice (6, 7, 45, 59). Here
we show that FHL2, FHL3, and ACT could be directly in-
volved in these differentiation programs, as they are able to
stimulate the activity of the CRE-containing c-fos and cyclin A
promoters upon interaction with CREB and CREM. Little is
known about the role of CREB or CREM in the development
and physiology of skeletal muscle or the heart, the tissues
where FHL2 and FHL3 are more abundantly expressed. It
has been shown that CREB phosphorylation is induced in
cardiac cells after beta-adrenergic stimulation (27). Interest-
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ingly, transgenic mice bearing a dominant negative isoform of
CREB develop dilated cardiomyopathy, implicating a role for
CREB in the regulation of cardiac myocyte function (20).

We propose that in specific cellular systems, CREB or
CREM activity might be modulated by the interaction with
tissue-specific cofactors of the FHL family. The presence of
these coactivators provides a further level of regulation of
CREM and CREB activity, in addition to phosphorylation and
association with CBP. We anticipate that the activity of several
other transcription factors will be found to be modulated by
FHL proteins. An important future goal will be to elucidate
whether the presence of distinct FHL proteins, in a specific
tissue, is required for the activation of selected subsets of
genes.
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