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Abstract The Transforming acidic coiled coil (TACC)
proteins play a conserved role in normal development and
tumorigenesis through interactions with multiple com-
plexes involved in transcription, translation, and centroso-
mal dynamics. However, despite significant work on the
function of TACC3 in the control of centrosomal
mechanics, relatively little functional data is known about
the family’s founding member, TACC1. From a continued
analysis of clones isolated by an unbiased yeast two-
hybrid assay, we now show direct physical interactions
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between the TACC1 and the FHL (Four and a Half LIM-
only) family of proteins. The authenticity of these
interactions was validated both in vitro and in cellular
systems. The FHLs exhibit diverse biological roles such
as the regulation of the actin cytoskeleton and are
promiscuous coregulators for several transcription factors.
The interaction of the endogenous TACC-FHL proteins is
primarily localized to the nucleus. However, similar to
FHL2, overexpression of TACC1A in HEK293 is able to
sequester serum activated ERK to the cytoplasm. This has
the effect of reducing the serum induced transcriptional
response of the c-fos and c-jun genes. The observation
that TACCs can interact with the FHLs and alter their
serum induced activities raises the possibility that the
TACCs participate in crosstalk between cell signaling
pathways important for cancer development and tumor
progression. The transforming acidic coiled coil genes are
known to be important prognostic indicators for breast,
ovarian and lung cancer. In this manuscript, we identify a
novel interaction between the TACCs and the FHL protein
family. This interaction has an affect on ERK and may in
part explain the wvariable associations and changes in
subcellular locations of each family with specific subtypes
of malignancy.

Keywords Crosstalk - ERK - FHL3 - Breast and ovarian
cancer - Subcellular location - TACC1

Abbreviations and gene nomenclature

ARNT arylhydrocarbon nuclear translocator
KLF3 kruppel like factor 3 (basic)
ceTAC Caenorhabditis elegans TACC
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ch-TOG colonic and hepatic tumor over expressed

CBP CREB binding protein

CREB cAMP response element binding protein

DAPI 4',6'-diamidino-2-phenylindole hydrochloride

FHL four and a half LIM-only

FOGI1 Friend of GATA 1

GATALI GATA binding protein 1

GST glutathione-S-transferase

LIM Lin-11, Isl-1, Mec-3. Zinc-binding

lin15A abnormal cell LINeage family member 15A

lin36 abnormal cell LINeage family member 36

LSm-7 U6 snRNA-associated Sm-like protein

MBD2 methyl-CpG binding protein 2

MCM7 minichromosome maintenance protein 7

pCAF p300/CBP-associated factor

PLZF promyelocytic leukemia zinc finger protein

PCR polymerase chain reaction

SEAP secreted alkaline phosphatase

SWI/SNF  switching/sucrose nonfermenting factor

TACC transforming acidic coiled coil

THAP Thanatos associated protein

YEATS4  YNK7/ENL/AF-9 and TFIIF small subunit
domain containing 4

ZNF638 zinc finger protein 638

Introduction

Previously, we described the cloning and genomic structure
of the three human transforming acidic coiled-coil (TACC)
genes (Lauffart et al. 2003; Still et al. 1999a,b). These
genes encode proteins that are highly acidic and contain the
evolutionary conserved 200 amino-acid TACC domain
(Still et al. 2004). Based on a number of studies, TACCs
are functionally linked to the processes of cell division and
differentiation (Gergely et al. 2000b; Piekorz et al. 2002;
Sadek et al. 2000). In addition, the exact role of the TACCs
in tumorigenesis is currently under scrutiny, with clear links
between loss of TACC protein expression in the pathogen-
esis of breast and ovarian tumors (Conte et al. 2002;
Jacquemier et al. 2005; Lauffart et al. 2005), and
upregulation or changes in splice variant expression in
other cancers (Line et al. 2002; Stewart et al. 2004).
Interestingly, loss of TACC2 and TACC3 may be of clinical
prognostic value in breast tumors (Jacquemier et al. 2005).
In contrast, microarray analysis has revealed that TACC3
mRNA increases during the transition of breast cancer from
preinvasive ductal carcinoma in situ to invasive ductal
carcinoma (Ma et al. 2003), suggesting that TACC3 imparts
a proliferative advantage to a subset of breast cancers. A
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similar dichotomy was noted for ovarian cancer, where one
study showed that the TACC3 protein is lost or mislocal-
ized in the majority of ovarian tumors (Lauffart et al. 2005),
while two smaller studies using Serial Analysis of Gene
Expression suggested that some ovarian tumors exhibit
increased TACC3 mRNA expression, and that this may be
linked to chemoresistance (L’Esperance et al. 2006; Peters
et al. 2005). Furthermore the retention of TACC1 observed
in some ovarian tumors (Lauffart et al. 2005; Partheen et al.
2006) was recently linked to a more favorable prognosis
(Partheen et al. 2006).

It is unclear whether the observed differences in TACC
expression in these studies reflect the method of detection
i.e. protein versus RNA, or more subtle tumor- or tissue-
specific effects. In cell culture, the human TACCs are
variably distributed within the interphase cell, although
they primarily concentrate in the nucleus (Gergely et al.
2000a). Nuclear accumulation of TACC3 and TACCI
occurs in specific tissues during normal mouse develop-
ment (Aitola et al. 2003; Lauffart et al. 2006; Sadek et al.
2003). Recently, we determined that the in vivo subcellular
localization of TACC3 can be aberrant in ovarian tumors
compared to normal ovarian surface epithelium (Lauffart
et al. 2005). This also occurs during lung tumorigenesis
(Jung et al. 2006). Although the mechanism underlying this
nuclear to cytoplasmic relocation is currently unknown, it
seems plausible that some of these observed differences
may be dependent on the bioavailability of as yet
uncharacterized TACC binding factors.

The list of known TACC interacting factors has been
growing, and can be divided into two broad categories:
(1) proteins with roles in centrosome/mitotic spindle
dynamics, and (2) proteins involved in regulating gene
expression (reviewed in Still et al. 2004). The subcellular
distribution of the TACCs reflects these interactions, and
the possibility that they may serve as signaling intermedi-
ates or scaffold/adaptor proteins in the cytosol and the
nucleus. Indeed, TACC2 is known to migrate to the
nucleus of microvascular endothelial cells upon stimula-
tion with erythropoietin, implicating TACC2 in erythro-
poietin signaling (Pu et al. 2001). Furthermore, one of the
first functional interactions defined for a TACC protein,
mouse TACC3, was as a coregulator of arylhydrocarbon
nuclear translocator 1 (ARNTI1) in the transcriptional
response to polyaromatic hydrocarbons and hypoxia (Sadek
et al. 2000). We now present further evidence for the
involvement of the TACCs in diverse protein complexes,
by describing their direct physical association with mem-
bers of the FHL (Four and a Half LIM-only) family of
proteins. This raises the possibility that TACCs and FHLs
participate in interconnected pathways that contribute to
tumorigenesis.
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Materials and methods

Yeast two-hybrid analysis and elucidation of protein
binding domains of FHL and TACC proteins

The yeast two-hybrid methodology used to screen a
Matchmaker human mammary epithelial ¢cDNA library
with a pASTACCI1 bait plasmid, and controls to assess
validity of initial positive clones was reported in Lauffart et
al. (Lauffart et al. 2002). Construction of full length and
subclones of TACCI1, TACC2 and TACC3 in the glutathi-
one-S-transferase expression vector pGEX5X2 were previ-
ously described (Gangisetty et al. 2004). Subclones of
FHL3 and FHL2 were generated by the polymerase chain
reaction (PCR) (primer sequences available on request)
from full length LM.A.G.E clones 2964682 and 5501154
and cloned into pET28c (Novagen, Madison WI, USA). In
vitro expression and binding assays were performed as
detailed in (Lauffart et al. 2003).

Coimmunoprecipitation and immunoblotting

Commercial antibodies were obtained from the following
companies, x-TACC antibodies were as previously de-
scribed (Gangisetty et al. 2004), rabbit «-FHL2 (#BL455)
from Bethyl laboratories Inc, Montgomery TX, USA,
chicken IgY «-FHL3 (#A22332F) and rabbit «-IgY
conjugated microbeads (RAY beads) #RAY-Microbeads
from Genway, San Diego, CA, normal IgG and «-rabbit-
horseradish peroxidase conjugates were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA, and normal
chicken IgY and o-chicken horseradish peroxidase from
Jackson laboratories, USA. Human embryonic kidney 293
(HEK293) cells were washed with ice-cold 1xPBS, and
nuclear extract prepared according to the protocol of
Schreiber et al. (1989), and diluted 1:2 in 50 mM Tris-HCI
pH 7.4/0.5% v/v Nonidet-NP40 to reduce the salt concen-
tration to 130 mM. Coimmunoprecipitation with FHL2 was
carried out as described in (Gangisetty et al. 2004). For
coimmunoprecipitation with FHL 3, 500 pg of the diluted
nuclear extract was precleared with 10 pul of RAY beads for
30 min. The extract was centrifuged for 5 min at 4,000 g at
4°C, and the cleared supernatant incubated with primary
antibody (5 pg) or matched IgY control (5 ng) overnight at
4°C. Ten microliters of RAY beads was then added and
immunoprecipitation allowed to proceed for an additional
hour at 4°C. Immune complexes were pelleted by centrifu-
gation (1,000 g, 5 min at 4°C), washed three times with
binding buffer, and immunoprecipitated proteins eluted by
boiling with 2x Laemmli buffer (125 mM Tris-HCI
(pH6.8 at 25°C), 4% w/v SDS, 20% v/v glycerol, 10%v/v
[3-mercaptoethanol, 0.004% w/v bromophenol blue). Cell

lysates and eluted complexes were separated by 8% w/v
SDS-PAGE and immunoblotted with respective antibodies
as described in (Lauffart et al. 2002).

Indirect immunofluorescence

Cells were prepared as previously documented (Lauffart
et al. 2002). Cells on coverslips were incubated with the
«-TACCI1 goat polyclonal antibody (Santa Cruz) together
with either «-FHL2 or «-FHL3 antibody for 1 h at room
temperature. The coverslips were washed with PBS
(3 x 5 min) and incubated with a mixture of FITC-x-goat
IgG (to detect TACC1) and rhodamine red-X-conjugated
a-rabbit IgG (for FHL2) or rhodamine red-X-conjugated
«-chicken IgY (for FHL3) for 30 min. Finally, the cover-
slips were washed first with PBS containing DAPI (4',6'-
diamidino-2-phenylindole hydrochloride) (1 pg/ml) and
then twice with PBS, mounted with AquaPolyMount
(Polysciences Inc., Warrington, PA) and examined at 60x
magnification (oil). Secondary antibodies were obtained
from Jackson Laboratories.

Transcriptional assay using the Secreted Alkaline
Phosphatase (SEAP) assay system

The test plasmid or vector control (0.5 pg) was transfected
simultaneously with the SEAP-reporter (0.5 pg) and pSV-
BGAL (0.5 ng) plasmids into HEK293 using Lipofectamine
2000 (Invitrogen, Carlsbad, USA). After 48 h in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum, media was collected and assayed for SEAP activity
using the Great EscaPe SEAP chemiluminescence detection
kit (Clontech, USA) and the chemiluminescent signal
detected using a Zylux MPL2 microplate luminometer.
Activity was normalized with respect to [3-galactosidase
and cellular protein. Fold activation was determined relative
to the normalized vector control. Individual experiments
were conducted in triplicate and verified for reproducibility
in three independent experiments. Differences between the
vector transfected and each test plasmid were analyzed using
one way ANOVA followed by Dunnett’s Multiple Compar-
ison Post Test (Graphpad Prism Version 3.0, Graphpad Prism
Software Inc.).

Serum starvation experiments

HEK293 stably expressing full length TACC1, FHL2 and
FHL3, fused to the C-terminus of EGFP were generated as
previously described in (Lauffart et al. 2002). Serum starvation
experiments were carried out essentially as described in
(Purcell et al. 2004). Cytoplasmic and nuclear extracts were
prepared according to the protocol of Schreiber et al.
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Fig. 1 In vitro mapping of the TACCI-FHL3 binding domain.
a Diagram and summary of deletion constructs for FHL3 binding
domain mapping. Extents of the constructs are defined by the
reference protein sequence NP 004459. The original clones (M29,
M42 and M56) identified by yeast two-hybrid spanned amino acids
6280 of the FHL3 protein. Subclones were obtained by PCR based
cloning from full length LM.A.G.E. clone 2964682. b Interaction of
TACC1 with FHL3 constructs by GST pull down. Lane numbering
corresponds to the numbered FHL3 construct in (a). Top panel:
Autoradiograph of 12% SDS polyacrylamide gels with in vitro
translated FHL3 construct pulled down with GST-TACC1 (T) or
GST (G). I: 10% input of FHL3 protein; Bottom two panels represent

(Schreiber et al. 1989). Antibodies used for immunoblots
were as follows: «-CREB (#238461, Calbiochem, San
Diego, CA), a-pCREB (#9198, Cell Signaling Technology,
Danvers, MA), «-ERK (#06-182 Upstate Biotechnology,
Lake Placid, NY), o-pERK1/2 (#9101, Cell Signaling
Technology), o-pp90RSK (#9341, Cell Signaling Tech-
nology), o-ptubulin (sc-9104, Santa Cruz) and «-Ku70
(#611893, BD Transduction Laboratories San Diego, CA).
Immunoblots were performed using standard techniques
(Gangisetty et al. 2004). RNA extraction and semi-quantita-
tive rt-PCR was performed as noted in (Lauffart et al. 2006).
Intron spanning primers were designed to specifically amplify
c-fos and c-jun transcripts (primers available on request).

Results

We have previously documented the initial results from a
yeast two hybrid based screening of an adult mammary
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Coomassie blue stained gels of the pull down experiment, verifying
loading of the GST fusion proteins. ¢ GST pull down assays between
FHL and TACC family members: Top panel: Autoradiograph of 12%
w/v SDS polyacrylamide gel with in vitro translated FHL1-3
constructs pulled down with GST-TACC1 aa596-ter (T1), GST-
TACC2s (T2) aa2-ter, GST-TACC3 aall6-ter (T3) or GST (G).
I: 10% input of in vitro translated FHL construct. Bottom two panels
represent Coomassie blue stained gels of pull down experiment
showing loading of GST-TACC proteins and GST. cDNAs
corresponding to full length FHL1, FHL2, and FHL3 were subcloned
into pcDNA3. Binding assays were then performed as described
previously with stringent washing (23)

epithelial cDNA library (Clontech, Delaware USA) with the
full length TACC1 open reading frame (Lauffart et al. 2002).
Thirty eight independent positive clones were isolated after
the stringent two-stage screening process. In addition, to
identifying YEATS4 (GAS41) (Lauffart et al. 2002), ch-
TOG (Lauffart et al. 2002), and LSm-7 (confirming the
report of Conte et al. 2002), sequence analysis revealed that
three independent clones, M29, M42, and M56 corre-
sponded to amino acids 6280 of the Four and a Half
LIM-only protein, FHL3 (Refseq: NP_004459). FHL3
belongs to a subfamily of LIM-only containing proteins
with the characteristic four and one half repeats of the
double zinc-finger LIM motif [CX,CX;—3HX,(C/H)
X,CX,CX53CX5(C/H/D)]. To confirm and further refine
the binding site of TACC1 on FHL3, smaller fragments of
FHL3 were cloned from the full length FHL3 L.M.A.G.E
clone 2964682 into pET28c. The choice of regions to clone
and primers used were based on those previously reported
(Li et al. 2001b; Samson et al. 2004; Turner et al. 2003), and
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Fig. 2 Subcellular and functional interactions between members of
the TACC and FHL families in HEK293. a Indirect immunofluores-
cent detection of endogenous TACC1 and FHL2/3 in the nucleus of
HEK?293. Indirect immunofluorescence using the TACC1 antibody
and a FITC-labeled secondary antibody (green) shows that TACCI is
predominantly localized to the nucleus of HEK293. FHL2 and FHL3
(red) show expression in the nucleus and cytoplasm of HEK293.
Colocalization of TACC1 and FHL2/3 is revealed by the yellow/green
signal in the nuclei of the cells, caused by the imposition of the green
TACCI] signal on the red FHL2/3 signal. Nuclei were counterstained
with DAPIL. b HEK293 nuclear extracts were immunoprecipitated with
antibodies to native FHL2, and FHL3, or normal species specific IgG,
and immunoblots incubated with each «-TACC antibody. The «-FHL
antibodies specifically immunoprecipitate the native TACC1, TACC2s
and TACC3 proteins in HEK293. Nuc nuclear extract, /P immuno-
precipitating antibody, WB western blot antibody. ¢ TACCs and FHLs
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therefore known to be able to form functional interactions
with previously identified binding factors. Each in vitro
translated subfragment was tested for its ability to bind to a
full length glutathione-S-transferase (GST)-TACCI1 fusion
protein, as described in (Lauffart et al. 2003), and under
conditions similar to those used to examine interactions of
other FHL partners (Li et al. 2001b; Samson et al. 2004;
Turner et al. 2003). TACC1 was found to specifically bind
to FHL3 constructs containing LIM domain region 1, but
not those constructs lacking this domain (Fig. 1b). The
corresponding LIM domain 1 of FHL2 was similarly found
to bind TACCI1 (data not shown). This explains why the
original FHL3 yeast two hybrid clones isolated by TACCI
were relatively full length (aa 6-280).

Together with FHL1 and 2, FHL3 forms a distinct
subfamily of highly related and conserved LIM-domain
proteins that are important regulators of cell determi-
nation, differentiation, remodeling of the cytoskeleton and

C
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function as CREB coactivators in human cells. FHLs and TACCs
coactivate the transcription from a cAMP response element attached to
secreted alkaline phosphatase. Fold activation is supplied above the
appropriate column compared to the SEAP reporter in the presence of
the vector control plasmid. *p < 0.05, **p < 0.01. d Sustained
activation of CREB in the absence of serum in TACC1, FHL2 and
FHL3 overexpressing cell lines. HEK293 were stably transfected with
TACCI1A, FHL2 or FHL3 fused to the C-terminus of EGFP (EGTI,
EGFHL2 and EGFHL3 respectively). These cell lines were grown for
24 h in the presence or absence of serum and whole cell protein
extracts prepared in the presence of sodium orthovanadate. HEK293
cells transfected with EGT1 or EGFHL2 demonstrated a higher
sustained level of CREB activation in the absence of serum, compared
to GFP vector- or EGFHL3-transfected cells. 3-Tubulin demonstrated
equivalent loading of cell extracts

pathological functions such as oncogenesis (Johannessen
et al. 2006). Similarly, the TACCs form a distinct subfamily
of coiled coil proteins (Still et al. 2004). Thus, we next
determined whether the interaction between TACC1 and
FHL3 was unique, or whether each of these proteins could
interact with members of the other family through con-
served domains within each protein. Figure lc clearly
establishes a conserved interaction between the TACC
domain of TACCl and each FHL member. Our data
confirms a previously unsubstantiated report of an interac-
tion between FHL2 and TACCI1 quoted in a recent review
on FHL2 (Table 2 of Johannessen et al. 2006). In addition,
both TACC2 and TACC3 exhibited binding to FHL2 and 3,
but showed no significant binding to FHL1. Under these in
vitro conditions, FHL3 appears to interact more strongly
with the TACCs compared to any other FHL. The
interaction between TACC2 and FHL3 appears to be
particularly strong, as indicated by the amount of FHL3
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Fig. 3 Effect of TACC1 and FHLs on pERK activation and nuclear
sequestration. a The HEK293 stable transfectants were grown for 24 h
in the presence or absence of serum and whole cell protein extracts
prepared in the presence of sodium orthovanadate. HEK293 cells
transfected with EGT1 or EGFHL2 demonstrated a higher sustained
level of ERK activation in the absence of serum, compared to GFP
vector- or EGFHL3-transfected cells. GFP, EGTl and EGFHL3
demonstrated normal induction of pERK in response to 24 h serum
stimulation. (3-Tubulin demonstrated equivalent loading of cell
extracts. b TACC1 and FHL2 have opposing effects on pERK
activation and relocalization. Each stable cell line was transfected
with increasing levels of TACC1 or FHL2 plasmid (from lefi to right
per cell line: 0 pg, 0.5 ug, 1.0 pg). EGFP was used to control for
effects of DNA concentration and any effect of the GFP moiety.
Cytoplasmic and nuclear extracts were prepared as described in
Schreiber et al. (1989). 3-Tubulin and Ku70 were monitored to ensure
equivalent loading of cytoplasmic and nuclear extracts respectively

bound to the GST-TACC?2. It should be noted however that
this interaction may be multivalent, as FHL3 can also
homodimerize (Fimia et al. 2000). Significantly, FHL1 and
FHL2/3 exhibit differential binding to the TACCs in a
similar manner to their interactions with proteins such as
the «7p1 integrin receptor (Wixler et al. 2000), and the
CREB (Fimia et al. 2000) and PLZF transcription factors
(McLoughlin et al. 2002). Further evidence for in vivo
interactions was indicated in coimmunoprecipitation experi-
ments with commercial antibodies individually raised
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against native FHL2 and FHL3. In HEK293, endogenous
TACCI1 predominantly localizes to the nucleus with FHL2
and FHL3 (Fig. 2a), and both endogenous proteins can co-
immunoprecipitate each endogenous TACC family member
from this nuclear compartment (Fig. 2b). It is already
known that the subcellular localization of each member of
the FHL and TACC families is regulated in a temporal and
tissue specific manner (Aitola et al. 2003; Lauffart et al.
2006; Li et al. 2001a; Martin et al. 2002; Muller et al. 2002;
Sadek et al. 2003). Thus, this suggests a significant
potential for selective and combinatorial interactions
amongst FHL and TACC family members.

As presented above, the TACCs have the ability to bind
to human members of the FHL family. Through the double
zinc finger LIM motifs, FHLs engage in a wide range of
protein—protein interactions, regulating the functions of
cytoskeletal proteins (Coghill et al. 2003), enzymes (Lange
et al. 2002) and transcription factors (Martin et al. 2002;
McLoughlin et al. 2002; Turner et al. 2003). Similar to
TACC3 (Garriga-Canut and Orkin 2004; Sadek et al. 2000),
the first functions ascribed to the FHLs were as nuclear
regulators through interactions with MCM7 (Chan et al.
2000), ZNF638 (Ng et al. 2002), and CREB (Fimia et al.
2000). In the latter case, the FHLs coactivate the basal
activity of promoters containing cAMP response elements
(CRE) by approximately two to fivefold, depending on the
FHL family member, the promoter examined and the cell
line used (Fimia et al. 2000). We have already shown that
human TACCs can complex with nuclear chromatin
remodeling enzymes and histone acetyltransferases required
for CREB transcriptional activity, such as pCAF, and CBP
(Gangisetty et al. 2004), interactions which have since been
observed by other authors (Angrisano et al. 2006). As the
endogenous FHL-TACC interaction was restricted to the
nucleus of HEK293, we next determined whether the
TACCs could act as independent CREB coregulators, in a
similar manner to FHL2 and FHL3. Thus, we transiently
transfected HEK293 with a CRE-responsive promoter
attached to the secreted alkaline phosphatase (SEAP)
reporter gene (CRE-SEAP from Clontech, Delaware
USA). In this system, the basal activity of this promoter
was activated between 1.7 and 2.2 fold for TACCIA,
TACC2s and TACC3, significantly more than the 1.6 fold
and 1.2 fold activation observed for FHL2 and FHL3
respectively (Fig. 2¢). To our knowledge, this is the first
time any stimulatory, transcriptional activity has been
attributed to TACC1A and TACC2s.

Overexpression of the TACCIA isoform in mouse
tissue and cell lines results in an increased activation of
ERK, by an as yet uncharacterized mechanism (Cully et al.
2005). Similarly, FHL2 has been implicated in ERK
signaling as overexpression of this protein inhibits ERK
nuclear-cytoplasmic shuttling (Purcell et al. 2004). The
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Fig. 4 Effects of TACCI,
FHL2 and FHL3 on serum
induced redistribution of pERK
and transcriptional activity. a
Stable cell lines were starved of
serum, treated with cyclohexi-
mide (Chx) to block de novo
protein synthesis and then stim-
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interaction of TACC1 with FHL2 suggested that TACCI1
and FHL2 could play an overlapping role in ERK
regulation during tumorigenesis. To address this hypothesis,
we established a series of HEK293 cell lines overexpress-
ing TACC1A, FHL2 and FHL3 fused to the C-terminus of
EGFP (EGT1, EGFHL2 and EGFHLS3 respectively). Previ-
ously published data suggests that the EGFP moiety does
not interfere with the functional interactions of either of the
attached TACC1 or FHL protein (Garriga-Canut and Orkin
2004; Gergely et al. 2000a; Li et al. 2001b). These cell lines
were grown for 24 h in the presence or absence of serum
and whole cell protein extracts assayed to determine
whether phosphorylation of serum activated proteins CREB
and ERK was altered by the overexpressed proteins. In this
system, both TACC1 and FHL2 demonstrated a higher
sustained level of phosphorylation of CREB and ERK in
the absence of serum, compared to vector- or FHL3-
transfected cells (Figs. 2d and 3a respectively).

Overexpression of FHL2 impacts ERK signaling by
sequestration of phospho-ERK (pERK) to the cytoplasm of
activated cells (Purcell et al. 2004). We next determined
whether overexpression of TACCIlA, similar to that
observed in tumors, also acted to impede transport of
pERK to the nucleus. This was investigated in two ways.
First, we determined if overexpression of TACC1, FHL2 or
FHL3 increased cytoplasmic sequestration of pERK
(Fig. 3b). Each stable cell line was transfected with varying
levels of TACC1 or FHL2 plasmid. EGFP was used to
control for effects of DNA concentration and any effect of
the GFP moiety. Noticeably, in EGT1-293, ERK phosphor-
ylation increased as FHL2 levels were raised. Conversely,
EGTI1 inhibited FHL2-mediated activation and nuclear
accumulation of ERK in the EGFHL2 cell line. Noticeably
TACCI increased phosphorylation and nuclear localization
of ERK in FHL3 overexpressing HEK293 cells (Fig. 3b),
suggesting that TACCIA function may be modified
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depending upon the relative levels of FHL2 to FHL3. Next,
we determined the distribution of pERK in cells activated
with serum, following the methodology of Morlon and
Sassone-Corsi (Morlon and Sassone-Corsi 2003). Stable
cell lines were starved of serum, treated with cycloheximide
to block de novo protein synthesis and then stimulated with
20% serum for 4 h. As shown in Fig. 4a, normal activation
and nuclear accumulation of ERK was noted in EGFP-293.
However, pERK failed to accumulate in the nuclei of serum
stimulated TACC1A overexpressing cells. This cytoplasmic
accumulation appeared to be due to a defect in pERK
shuttling into the nucleus as opposed to increased nuclear
export because treatment with Ratjadone A, an inhibitor of
the nuclear-cytoplasmic export system failed to increase
nuclear accumulation of pERK. Notably, in EGFHL2-293,
ERK activation was observed in the absence of serum,
although little nuclear accumulation was noted. Serum
stimulation subsequently increased nuclear localization
(Fig. 4a). Interestingly, in the EGFHL3 cell line maximal
nuclear accumulation of pERK was noted upon stimulation
with UV light, or in the presence of Ratjadone A.

Activation of ERK is known to impact several different
downstream signaling molecules (Roux and Blenis 2004).
p90RSK is a direct cytoplasmic substrate for pERK.
Notably, an increase in pP90RSK phosphorylation was noted
in EGFHL2 and in FHL2 transfected EGT1-293 (Fig. 3b).
However, we failed to observe any alteration in nuclear
accumulation of pp90RSK in any HEK293 cell line (data
not shown). Ultimately serum stimulation of ERK results in
the activation of early serum response genes c-fos and
c-jun, both of which are also targets for FHL2 (Reviewed in
Johannessen et al. 2006). Stable cell lines overexpressing
FHL2 and FHL3 showed comparable serum-induced
transcription of the endogenous c-fos and c-jun genes. On
the other hand, overexpression of TACCIA not only
inhibited serum-induced transcription of c-fos, but also
reduced the induction of c-jun that can occur in the
presence of cycloheximide (Fig. 4b) (Rao and Mufson
1993). Thus altered expression of TACCI1, depending on
the level of other effectors, such as the FHLs, may
determine the temporal and spatial response of tumor cells
to ERK activation.

Discussion

In this report, we have identified a novel interaction
between TACC1 and FHL3 during stringent screening of
a yeast two-hybrid cDNA library. Using GST pull down of
in vitro purified proteins we were able to map the
interaction domains to the coiled coil of TACCI and the
region encompassing the first LIM domain of FHL3. We
further expanded this analysis to analyze the other members
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of the TACC and FHL families and clearly demonstrated
differential interactions between TACC and FHL family
members.

A growing number of protein of diverse functions are
known to interact with TACC proteins in Drosophila,
Xenopus and humans (Still et al. 2004). Proteomic analysis
has shown that the Caenorhabditis elegans ceTAC protein
binds to the recently defined evolutionary conserved THAP
zinc finger motif of 1in36 and lin15A (Clouaire et al. 2005;
Roussigne et al. 2003; Walhout et al. 2000). Furthermore,
Simpson et al. (2004) recently reported that a small
negatively charged C-terminal region of the TACC domain
mediates the direct interaction of TACC3 with zinc finger
domain 3 of FOGI1. Thus, the LIM domain of the FHLs
represents the third type of zinc finger to specifically
interact with the TACC domain.

By interactions mediated via the LIM domains, members
of the FHL family have been implicated in diverse cellular
roles, including transcriptional regulation. FHL2 and FHL3
can act as transcriptional coactivators and corepressors for
several transcription factors (Labalette et al. 2004; Turner et
al. 2003). As the endogenous TACC-FHL interaction is
localized to the nuclear compartment, we next examined
whether, TACCs could also act as direct or indirect
transcriptional coregulators of CREB. Indeed, we demon-
strated that each TACC protein could upregulate transcrip-
tion from a CRE-response element in a similar fashion to
FHL2 and FHL3 (Fig. 2). Previously, TACC3 had been
identified as a coregulator for three different transcription
factors (ARNT1, KLF3 and FOG1) and is known to bind
and recruit pCAF to promoter-bound MBD2 (Angrisano
et al. 2006; Gangisetty et al. 2004; Garriga-Canut and
Orkin 2004; Sadek et al. 2000; Simpson et al. 2004).
Although TACCI1 and TACC2 can bind components of the
SWI/SNF complex and histone acetyltransferase complexes
in the nucleus (Gangisetty et al. 2004; Lauffart et al. 2002),
this is the first time that TACC1A and TACC2s have been
shown to have any transcriptional stimulatory activity.

Targeted overexpression of the human TACCI1A isoform
to the mouse mammary gland promotes mammary tumor-
igenesis (Cully et al. 2005). This is linked to increased
levels of phospho-AKT and pERK in whole cell extracts
derived from the mammary tissue, suggesting that the
oncogenic properties of TACC1A may be mediated through
Ras and PI-3K pathways (Cully et al. 2005). The results
presented in this manuscript have further elucidated one
potential mechanism for this effect. We demonstrate that
exogenous TACCI1A can maintain higher levels of pERK
during a 24 h period of serum starvation, relative to a
normal cell control. However, a second and more potent
effect was noted with the failure of pERK to accumulate in
the nucleus of TACCI1A overexpressing cells (Figs. 3b, 4a).
When these cells were then stimulated with serum for 4 h,
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increased activation of pERK was noted in the cytosol, but
pERK still failed to migrate to the nucleus. Intriguingly,
FHL2 increased pERK activation and translocation to the
nucleus in TACCIA overexpressing HEK293 cells. This
appears contrary to the observation that FHL2 binds to
pERK and inhibits its accumulation in the nucleus of
cardiomyocytes (Purcell et al. 2004), and may suggest that
these affects may be dependent on cellular origin. TACC1A
overexpression also had opposing effects in HEK293 cells
overexpressing FHL2 or FHL3 (Fig. 3). Increasing
TACCIA in EGFHL2 cells resulted in a gradual decrease
in ERK activation. Conversely, in EGFHL3-293, TACCIA
increased ERK phosphorylation and translocation to the
nucleus in a dose dependent manner. This could suggest
that the FHLs differentially modify TACC1A behavior and
its effects on the MAPK pathway.

Accumulation of pERK in the cytoplasm could be
predicted to have multiple effects. First, it could potentially
increase phosphorylation of ERK cytosolic substrates, such
as p90RSK. Secondly, the decreased nuclear import of
pERK could decrease phosphorylation of ERK nuclear
targets with an associated alteration in downstream gene
regulation. We only observed increased p90RSK phosphor-
ylation when FHL2 induced activation of ERK, an effect that
TACC]1 inhibited in EGFHL2 cells. However, we did note
that serum failed to activate the early serum response genes
c-fos and c-jun within a 4 h window of serum stimulation in
EGT1A-293 cells compared to the robust activation of these
genes in control, EGFHL2- and EGFHL3-293 cells. This
indicates that alterations in the expression and subcellular
localization of TACCIA could affect cellular responses to
external stimuli via perturbation of spatio-temporal dynam-
ics of the MAPK pathway at the level of pERK. However, it
should be noted that conclusions on the normal activity of
endogenous TACCs must take into account the localization
of the endogenous protein in the normal three-dimensional
architecture of the tissue in the organism.

In summary, the findings presented here, together with
those from previous studies, clearly indicate that the TACCs
are a multifunctional family of proteins. Identifying inter-
actions with the tissue-specific and developmentally regulat-
ed FHL proteins has now further increased the complexity of
TACC function. This latter family has diverse biological roles
in cell signaling pathways, actin cytoskeletal dynamics and
transcriptional regulation in a variety of tissues. The potential
combinatorial interactions between different TACCs and
FHLs, together with hetero- and homodimerization within
each family raise the possibility of dynamic associations that
could have profound effects on cellular metabolism. Thus,
one of the roles of the endogenous FHL-TACC interaction
could be to temporally or spatially regulate specific, though
currently unidentified, promoters during cell growth and
differentiation. Indeed, both TACC1 and TACC3 are ideally

suited to perform such regulatory roles as they are dynam-
ically expressed during embryogenesis (Aitola et al. 2003;
Lauffart et al. 2006; Sadek et al. 2003). For instance, besides
the functional overlap between FHL2/3 and TACCI in the
ERK signaling pathway, both TACC3 and FHL3 have been
implicated as modifiers of coregulators of the GATAIl
transcription factor (Simpson et al. 2004; Turner et al.
2003). In fact, similar to the alteration in subcellular
localization of pERK induced by overexpression of
TACCI1A, overexpression of TACC3 inhibits FOG1-medi-
ated repression of GATAIl-dependent transcription in a
dose-dependent manner, by relocating FOG1 to the cyto-
plasm (Simpson et al. 2004). Thus, even minor changes in
the expression or localization of these proteins may provide
a mechanism of fine-tuning spatio-temporal responses to
external stimuli. Our observations could also explain the
variable associations of each family of proteins with specific
subtypes of malignancy and the changes noted in their
subcellular location in tumors compared to the normal tissue
(Gabriel et al. 2004, 2006; Genini et al. 1997; Lauffart et al.
2005; Wei et al. 2003). This suggests that the relative
protein expression levels of each TACC and FHL family
member should also be considered when assessing their
roles in tumor biology and cancer risk.
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