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During cardiac development, the T-box transcription factor Tbx5 displays dynamic changes in localization
from strictly nuclear to both nuclear and cytoplasmic to exclusively cytoplasmic along the actin cytoskeleton
in cells coexpressing its binding protein LMP4. Although nuclear localization signals (NLSs) have been
described, the mechanism by which Tbx5 exits the nucleus remained elusive. Here, we describe for Thx5 a
nuclear export signal (NES) that is recognized by the CRM1 export protein. Site-directed mutagenesis of a
critical amino acid(s) within this sequence determined the functionality of this NES. Confocal localization
studies and luciferase transcriptional reporter assays with NES mutant Thx5 forms demonstrated retention in
the nucleus, regardless of the presence of LMP4. Coimmunoprecipitation and pharmacological interference
studies demonstrated a direct interaction between ThxS and CRMI1, revealing that Tbx5 is using the CRM1
pathway for nuclear export. In addition to Thx5, we identified NESs in all T-box proteins and demonstrated
interaction of the family members Tbx3 and Brachyury with the CRM1 exporter, suggesting general signifi-
cance. This first demonstration of evolutionarily conserved NESs in all T-box proteins in conjunction with
NLSs indicates a primordial function of T-box proteins to dynamically shuttle between nuclear and cytoplasmic

compartments of the cell.

In vertebrates, the T-box proteins Tbx5 and Tbx4 have im-
portant functions in the specification, initiation, and outgrowth
of the fore- and hindlimbs, respectively (37, 47). Similar to its
role in the forelimb, 7bx5 appears to be the earliest determi-
nant of vertebrate heart growth, and it has apparent functions
in a variety of cardiac lineages and structures (10, 43). Loss-
of-function experiments with mice (12) and mutant analyses of
fish (20) have further established a dual developmental role for
Tbx5 in the heart and limbs. Mutations in human 7BX5 cause
Holt-Oram syndrome (HOS), an autosomal dominant condi-
tion involving malformations of the arms, as well as cardiac
atrial and ventricular septal defects (7, 11, 36, 41).

Guided by their protein structures, Tbx5 and related T-box
family members are thought to function as transcription fac-
tors. Several Tbx genes are implicated to function upstream or
downstream of fibroblast growth factor (FGF) signal transduc-
tion, suggesting that growth control by Tbx genes could be a
more general conserved function in a variety of developing
organs (43). Experimental evidence indicates that Tbx5 regu-
lates the expression of Fgf10 and Wnt2b genes, thereby con-
trolling cell proliferation during limb development (37). In
addition, Tbx5 interacts with other proteins to form functional
complexes. For instance, the DNA-binding domain of the Tbx5
protein can interact with those of the heart-specific transcrip-
tion factors Nkx2.5 and Gata4, and the transcription factor

* Corresponding author. Mailing address: Department of Pediatrics,
Northwestern University Feinberg School of Medicine, CMRC, 2300
Children’s Plaza, Box #204, Chicago, IL 60614. Phone: (773) 755-6391.
Fax: (773) 755-6385. E-mail: hgsimon@northwestern.edu.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

¥ Published ahead of print on 26 December 2007.

1553

complexes act in a cooperative manner to regulate target gene
activities (10).

In contrast to the N-terminal DNA-binding domain, LMP4,
a PDZ-LIM protein, has been identified by our laboratory as
specifically interacting with the C-terminal transactivation do-
mains of Tbx5 and Tbx4, suggesting a different functional role
for these transcription factors (30). PDZ-LIM family proteins
are proposed to mediate protein association with the cytoskel-
eton and with proteins involved in signal transduction cascades
that regulate cell lineage specification and organ development
(6, 16, 17, 29). In transfected cells, coexpression of the cyto-
plasmic LMP4 induces the relocalization of Tbx5 from the
nucleus to the cytoplasm, where the Tbx5-LMP4 complex as-
sociates with the actin cytoskeleton (30). In the presence of
LMP4, TbxS5 shuttles dynamically between the nucleus and the
cytoplasm, thus allowing LMP4 to regulate the nuclear avail-
ability of Tbx5 and in turn modulate the transcriptional activity
of the protein (13).

Work with chicken primary epicardial cells revealed that
endogenous Tbx5 and LMP4 subcellular localization changes
in response to differentiation stimuli (13). While the nature of
the signal remains elusive, these in vitro differentiation studies
provided the first indications that Tbx5 subcellular localization
is not dependent solely on the presence of LMP4 within the
cell but, rather, on a regulated event. In vivo studies of Tbx5
and LMP4 protein expression during chicken embryonic heart
development confirmed this hypothesis (9). The two proteins
were dynamically expressed both temporally and spatially in
the developing heart. In coexpressing cells, Tbx5 localization
was strictly nuclear, nuclear and cytoplasmic, or strictly cyto-
plasmic, depending on the developmental stage and individual
cardiac cell lineage. Cytoplasmic localization of the Tbx5-
LMP4 complex was also demonstrated for the developing
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chicken wing; however, the ratio of nuclear to cytoplasmic
distribution of Tbx5 varied in different regions of the limb.
These in vivo observations for multiple tissues would indicate
a more general functional role for nuclear and cytoplasmic
TbxS5 distribution. Furthermore, the dynamic localization of
Tbx5 in these tissues during chicken development reveals a
striking correlation with the tissues affected in humans diag-
nosed with HOS. Taken together, these results strongly em-
phasize the importance of appropriate subcellular localization
of the protein during developmental processes.

Nuclear localization signals (NLSs) were initially identified
for human TBXS. An analysis of selected fragments of the
C-terminal region of TBXS identified a NLS within the trans-
activation domain (NLS2) (51). Work with a series of N- and
C-terminal deletion constructs and single-amino-acid substitu-
tions revealed a second NLS in the DNA-binding domain
(NLS1) (15). From these studies, it remained unclear, how-
ever, to what extent the critical residues within each given NLS
are important for function and whether the two NLS motifs
have a synergistic effect on nuclear localization.

The identification of NLS motifs within Tbx5 provided only a
partial insight into how the protein shuttles across the nuclear
membrane. In the present study, we describe the identification of
a putative nuclear export signal (NES) in the DNA-binding do-
main of Tbx5, a core of hydrophobic amino acids that appear to
be evolutionarily conserved in all T-box protein family members.
Site-directed mutagenesis of this NES and pharmacological inter-
ference studies in combination with confocal imaging and coim-
munoprecipitation demonstrated that Tbx5 uses this NES for
binding to the export protein CRM1 in order to relocate from the
nucleus to cytoplasmic sites. The current work provides a deeper
understanding of the molecular machinery that enables dynamic
nuclear/cytoplasmic shuttling of the Tbx5 transcription factor.
Our findings suggest that Tbx5 is using a mechanism for protein
relocalization that evolved early in the generation of the T-box
protein family, thus setting a new paradigm for nuclear and cy-
toplasmic functions of potentially many T-box proteins during
developmental processes.

MATERIALS AND METHODS

Plasmid constructs and mutagenesis. Full-length chicken LMP4 was cloned
into a pcDNA3.1 expression vector containing a C-terminal Myc tag. LMP4 was
also recombined as an N-terminal fusion into a modified HcRed-C1 expression
vector suitable for the Gateway recombination system (Invitrogen). Full-length
chicken Tbx5, Tbx3, and Brachyury were cloned into pPDONR/Zeo entry vectors
suitable for subsequent Gateway recombination reactions as an N-terminal fu-
sion into Gateway-modified enhanced green fluorescent protein (EGFP)-C1 or
hemagglutinin (HA)-C1 expression vectors. A modification of a PCR-based
site-directed mutagenesis method (1, 18) was used to generate the Tbx5 NES
mutants. Briefly, nonoverlapping oligonucleotides incorporating the desired mu-
tation(s) were designed to amplify the sequence outward, generating a double-
stranded linear product using Pfu Turbo DNA polymerase (Stratagene). The
ends of the PCR products were phosphorylated with T4 kinase (New England
BioLabs) for 30 min at 37°C followed by heat inactivation for 20 min at 65°C. The
parental methylated template plasmids were digested with DpnlI at 37°C for 1 h.
The products were purified using a QIAquick PCR purification kit (Qiagen), and
an aliquot was used in a ligation reaction that was electroporated into DH10B
cells. Mutant plasmids were extracted and verified by restriction digest and DNA
sequencing. The resulting Tbx5 NES mutant pDONR/Zeo constructs were then
recombined into the modified EGFP-C1 and HA-C1 expression vectors. The
following primers were used to generate the Tbx5 NES point mutants: Tbx5
L152P, 5'-TCTGGAAGGAAACCGGCTGCCTC-3'; Tbx5 L152V, 5'-TCTGG
AAGGAAACCACCTGCCTC-3'); Tbx5 L152A, 5'-TCTGGAAGGAAACCGC
CTGCCTC-3"); and the multiple Tbx5 NES mutant F155A/L158A/L160A, 5'-C
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TGGGCGGAAACCAACTGCCTCATC-3'. Each of these Tbx5 NES mutant
primers were paired with 5'-AGCTTAAGCTCACCAACAACCACCT-3" for
the respective mutagenesis reactions. To generate the Tbx5 NES L160A point
mutant, the following primer pair was used: 5'-AGCTTAAGGCCACCAACAA
CCACCT-3" and 5'-TCTGGAAGGAAACCAACTGCCTCAT-3'. To generate
the Tbx5 mutNES mutant, the following primer pair was used: 5'-AAGGCCA
AGGCCACCAACAACCACCTTGAC-3' and 5'-CTGGGCGGAAACCGCCT
GCCTCATACCGTG-3'. To generate the Tbx5 NLS mutants, the following
primers were used: mutNLS1, 5'-ATGTTTCCCAGCTACAAAGTGGGGGTC
ACTGGAC-3' and 5'-ACCCCCTCCAGCCCCTGTTATGATCATCTCCG-3';
mutNLS2, 5'-ACCACCGAGCATCCCTACGGTGGGCCCTACATGG-3" and
5'-GGAACATTCCTCATCTTTTCCCCCGGTGCAGTG-3'. To generate the
Tbx5 mutNLS1+2 mutant form, both of the individual NLS mutant plasmids
were digested with BglIT and EcoRV (New England BioLabs) in order to replace
the NLS2 in Tbx5 mutNLS1 with the respective mutated form of Tbx5 mutNLS2.
All three mutant Tbx5 NLS constructs were then used for subsequent recombi-
nation into the Gateway-modified EGFP-C1 expression vector.

Cell culture, transfection, and pharmacological inhibitors. COS-7 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Cells were transfected using Li-
pofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. For
CRMI1 inhibition studies, the cells were incubated in leptomycin B (LC Labo-
ratories) overnight at the indicated concentrations followed by processing for
confocal microscopy as described below.

Confocal microscopy. Transfected COS-7 cells were fixed in 4% paraformalde-
hyde followed by a brief wash with phosphate-buffered saline (PBS). Confocal
microscopy was performed using a 510 Meta system (Carl Zeiss Microlmaging, Inc.)
equipped with a Plan Apochromat 63X objective/1.4 numerical aperture oil differ-
ential interference contrast lens. Images were processed by using Photoshop CS2
(Adobe).

Luciferase reporter assays. For reporter assays, COS-7 cells were grown in
12-well culture dishes and transfected with 300 ng of atrial natriuretic factor
(ANF)-luciferase reporter plasmid (12, 13), 10 ng of Renilla luciferase plasmid, 25
ng of Tbx5 expression plasmids, and 100 ng of LMP4 expression plasmid. The
total amount of DNA transfected was held at 1 pg. Transfected cells were
cultured for 36 h before lysis. Luciferase activity was measured by using a
Dual-Luciferase assay system (Promega), and samples were read with a Lumat
LB 9501 instrument (Bethold). All reporter assays were performed in triplicate,
and the collected data from independent experiments were normalized to the
Renilla luciferase activity. In order to compare values from independent exper-
iments, the activation for wild-type Tbx5 alone was set at 100% and was used to
standardize the experimental values from other data sets.

Immunoprecipitation and immunoblotting. COS-7 cells were grown to 80 to
90% confluence in 60-mm culture dishes and transfected with the described
plasmids. A modification of the coimmunoprecipitation protocol from Rastogi et
al. (44) was used. Forty-eight hours posttransfection, the medium was aspirated
and the cells were scraped using 1 ml of cold PBS, collected, and centrifuged at
3,000 rpm for 2 min. The cells were washed three more times with cold PBS,
resuspended in 150 wl of M2 buffer (20 mM Tris [pH 7.6], 0.5% NP-40, 250 mM
NaCl, 3 mM EGTA, 3 mM EDTA, and protease inhibitor cocktail [Sigma-
Aldrich]) and incubated with rocking at 4°C for 30 min followed by centrifuga-
tion at 14,000 rpm for 15 min. The supernatants were transferred to new tubes,
and after the addition of 5 ul of anti-CRM1 (H-300; Santa Cruz Biotechnology),
the samples were incubated with rocking at 4°C for 1 h. To each tube, 100 pl of
immunoprecipitation buffer (20 mM HEPES [pH 7.9], 40 mM KCl, 1 mM MgCl,,
0.1 mM EGTA, 0.1 mM EDTA, 0.1 mM dithiothreitol, 0.1 mM NaF, 0.1 mM
Na;VO,, 0.5% NP-40, 3 mg/ml bovine serum albumin) and 15 pl of protein G
Sepharose for Fast Flow (Amersham Bioscience) were added with further rock-
ing at 4°C for 1 h. The reaction was transferred to a Zeba Spin column (Pierce)
and centrifuged at 5,000 rpm for 2 min followed by five washes with the immu-
noprecipitation buffer. The protein was eluted from the Sepharose beads by
adding 30 pl of sodium dodecyl sulfate (SDS) buffer, boiling for 5 min, and
centrifuging at maximum speed for 2 min. The protein samples were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE), electrotransferred to nitrocel-
lulose membranes, and immunoblotted with the indicated antibodies (anti-
CRM1, H-300; Santa Cruz Biotechnology; anti-HA, HA-7; Sigma-Aldrich).
Anti-mouse or anti-rabbit horseradish peroxidase-linked secondary antibodies
were used with SuperSignal West Femto reagents (Pierce) to visualize the im-
munoreactive protein bands on film.

Three-dimensional cellular reconstruction. COS-7 cells transfected with
EGFP-Tbx5 and HcRed-LMP4 were fixed and imaged using confocal micros-
copy as described above, and optical sections were collected for the entire
thickness of the cell. The three-dimensional rendering of the cell and QuickTime
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FIG. 1. Tbx5 protein NLS sequences. (A) Schematic representation of the chicken Tbx5 protein (GenBank/EBI Data Bank number
NP_989504) with the N-terminal DNA-binding domain and the C-terminal transactivation domain. The two NLS sequences are indicated and
consist of amino acids 78 to 90 in the DNA-binding domain (NLS1) and amino acids 325 to 340 in the transactivation domain (NLS2).
(B) Subcellular localization of Tbx5 NLS mutants. COS-7 cells were transfected with expression vectors encoding the indicated EGFP-Tbx5 fusion
proteins. After transient expression, cells were fixed and imaged using a Zeiss 510 Meta scanning confocal microscope with a Plan Apochromat
63X objective/1.4 numerical aperture oil differential interference contrast lens. TbxS is detected in the nuclei of transfected cells, whereas all three
of the Tbx5 NLS mutant forms reveal robust distribution of the protein in the cytoplasm as well as in the nuclei. White scale bar = 20 pm.

movie making was done using Velocity 4.0.1 software (Improvision; Image Pro-
cessing & Vision Company, Ltd.).

Protein structural modeling. Tbx5 three-dimensional protein structural model-
ing was done using NCBI's Molecular Modeling Database by utilizing the human
TBX3 crystal structure (Protein Data Bank ID 1H6F) as a template. The resulting
structure was developed using Cn3D, NCBI'’s three-dimensional structure viewing
software, and the resulting image was processed with Photoshop CS2 (Adobe).

RESULTS

Role of NLS motifs in Tbx5 subcellular localization. In
agreement with its assumed role as transcription factor, Tbx5
had been detected in the nuclei of transfected cells, and this

subcellular localization is a function of a bipartite pair of NLSs
(15, 44). NLS1 is located in the N-terminal DNA-binding do-
main, whereas NLS2 is found in the C-terminal transactivation
domain (Fig. 1A). The two NLS motifs in Tbx5 were identified
through the generation of deletion constructs, with critical
amino acids identified by generating point mutants and mon-
itoring the subcellular localization of these mutated forms
within cells as EGFP fusions (15, 51). Here, we extended these
investigations by generating mutations of all of the identified
critical amino acids within each NLS sequence (Tbx5 mutNLS1
or mutNLS2) and both NLS sequences in combination (Tbx5
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FIG. 2. T-box protein NES sequences. (A) Schematic representa-
tion of the chicken Tbx5 protein with the N-terminal DNA-binding
domain and the C-terminal transactivation domain. The two NLS
sequences are indicated, and the NES sequence indicated in the DNA-
binding domain consists of amino acids 152 to 160. (B) Alignment of
putative NES sequences in Tbx family members. The NES consensus
sequence was derived from proteins that utilize the CRM1 nuclear
export pathway, where ® represents hydrophobic residues (L, I, F, V,
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mutNLS1+2) (see Fig. 3). Wild-type Tbx5 or NLS mutant
Tbx5 constructs were expressed in COS-7 cells as EGFP fusion
proteins, and subcellular localization was assessed. When ex-
pressed in COS-7 cells, wild-type Tbx5 displayed a strictly
nuclear localization (Fig. 1B). In contrast, the individual NLS
mutant constructs revealed significant cytoplasmic distribution
of Tbx5. However, in addition to cytoplasmic Tbx5, some de-
gree of nuclear localization persisted as well (Fig. 1B). In the
double NLS mutant, Tbx5 protein localized to the cytoplasm
and nucleus, a result comparable to that for the single mutants
(Fig. 1B). Although each NLS alone can localize Tbx5 to the
nucleus, both NLSs are required for efficient and complete
localization of Tbx5 to the nucleus.

Identification of an NES motif in the Tbx5 transcription
factor. In contrast, our previous work demonstrated that Tbx5
and Tbx4 could assume a cytoplasmic actin-associated distri-
bution in a complex with LMP4 (9, 13). The mechanism and
the proteins involved in this nuclear/cytoplasmic shuttling,
however, remained unknown. Many proteins that translocate
out of the nucleus contain a leucine-rich NES with the con-
sensus motif ®-(X), ;-P-(X),_5-®-X-P, where P represents
hydrophobic residues (L, I, F, V, M, P) and X represents any
amino acid (22, 34). This conserved NES has been reported to
be the target for binding by the nuclear exporting protein
CRM1 (19, 42). We analyzed the Tbx5 protein for such a
sequence motif and identified a putative NES (,5,LVSFQKL
KL, ¢0) in the N-terminal DNA-binding domain between NLS1
and NLS2 (Fig. 2A). Having discovered the presence of an
NES in Tbx5, we wondered whether this sequence motif was
conserved among all members of the T-box protein family. An
identical amino acid sequence was indeed present in Tbx4 (Fig.
2B), and in this context we note that Tbx4, similar to Tbx5, can
also interact with LMP4 and colocalize in the cytoplasm at the
actin cytoskeleton (30). Evolutionarily, the next closest pair of
T-box proteins are Tbx2 and Tbx3, which together with the
previous proteins define the Tbx2/3/4/5 subfamily. Tbx2 and
Tbx3 share three of the four critical amino acids within the
conserved NES motif. They diverge, however, in the initial
position, and instead of a leucine, they have a proline and a

M, P) and X represents any amino acid. The two primordial amphioxus
family members Tbx2/3 and Tbx4/5 are followed by the derived cog-
nate subfamily members Tbx2, -3, -4, and -5 in vertebrates. Other
mouse Tbx family members are subsequently listed. Conserved resi-
dues are highlighted. Of note, the chicken Tbx5 used in this study has
an NES amino acid sequence identical to that of the mouse. The
GenBank/EBI Data Bank numbers for the sequences used are: Amph
Tbx2/3, AF262563; Amph Tbx4/5, AF262564; Tbx1, P70323; Tbx2,
NP_033350; Tbx3, NP_035665; Tbx4, NP_035666; Tbx5, NP_035667;
Tbx6, P70327; Tbx10, Q810F8; Tbx13, AAC40116; Tbx14, AAC40115;
Tbx15, O70306; Tbx18, Q9EPZ6; Tbx19, NP_114394; Tbx20,
NP_919239; Tbx21, Q9JKDS; Tbx22, Q8K402; Brachyury, NP_033335;
Tbr-1, NP_033348; Tbr-2, BAA83416; Eomesodermin, EDL09251; T-
bet, AAF61242; Tpit, AAK27153; TBLYM, AAF00056. (C) COS-7
cells transfected with HA-TbxS, HA-Tbx3, or HA-Brachyury expres-
sion constructs and protein lysates were generated for coimmunopre-
cipitation (IP) analysis. To verify expression of the proteins, an aliquot
of lysate was used for Western blotting (WB) with antibodies against
the HA tag. The remaining lysates were utilized for the coimmuno-
precipitation reactions with antibodies against CRM1. All three T-box
proteins do coimmunoprecipitate with CRM1.
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Construct Name Sequence of Interest

Tbhx5 NLS1 K AGRRMFPS YKV Ko

Thbx5 mutNLS1 786G AGGGMFPS YKV Go

Thbx5 NLS2 3236 RKEEECSTTDHP Y K Kz
Tbx5 mutNLS2 3266 G KEEECSTTDHPY G G3aso
Tbx5 mutNLS1+2 *contains both NLS mutations

Thx5 NES 152L VS F Q K L K Lieo

Tbx5 mutNES 152A V.S A Q K A K Aie0

Thbx5 F155A/L158A/L160A 152L VS A Q K A K Aieo

Thx5 L160A 152 V.S F Q K L K Aieo

Thx5 L152P 152P VS F Q K L K Lieo

Tbx5 L152V 152V VS F Q K L K Lieo

Tbx5 L152A 152A VS F Q K L K Lieo

FIG. 3. Wild-type and mutagenized Tbx5 expression constructs.
Listed by name are the wild-type or mutagenized (mut) Tbx5 expres-
sion constructs used in these experiments. The positional amino acid
sequence of interest for each is denoted by numbering the first and last
amino acid within a given sequence.

valine, respectively (Fig. 2B). Going beyond the Tbx2/3/4/5
subfamily and including all T-box family members currently
described for the mouse, we noticed the same theme: while the
C-terminal three critical residues are well conserved, the N-
terminal initial position is occupied by a range of amino acids,
including L, P, V, I, M, E, and F. Thus, it appears that T-box
proteins in general, in addition to NLS motifs, also contain a
conserved NES motif.

As this core NES motif is present in all T-box protein family
members, we wondered if they are capable of interacting with
the CRM1 export protein. In addition to Tbx5, we selected a
close family member, Tbx3, and a more distantly related T-box
protein, Brachyury, for subsequent studies. To demonstrate
physical interaction with CRM1, HA-tagged full-length T-box
protein expression plasmids were transfected into COS-7 cells
to determine if they would coimmunoprecipitate with CRM1
from cell lysates. Recombinant protein expression was verified
by SDS-PAGE and Western blotting of the input lysate with an
HA-tagged antibody (Fig. 2C). The remaining lysate was sub-
jected to immunoprecipitation with the CRM1 antibody fol-
lowed by Western blotting with the HA-tagged antibody. Tbx5,
Tbx3, and Brachyury were all coimmunoprecipitated with
CRM1 (Fig. 20), indicating that T-box proteins in general can
interact with the CRM1 exporter and suggesting that they are
capable of nuclear/cytoplasmic shuttling.

Protein-protein interaction between Thx5 and CRM1. Hav-
ing demonstrated that several members of the T-box family can
bind to CRM1, we used Tbx5 as a model to investigate this
interaction in more detail. To determine the core amino acids
required for a physical interaction between Tbx5 and CRM1,
COS-7 cells were transfected with expression plasmids contain-
ing HA-tagged wild-type and mutated forms to determine if
they would coimmunoprecipitate with CRM1 from cell lysates.
Equal protein levels before the immunoprecipitations were
verified by SDS-PAGE and Western blots of the input cell
lysate with antibodies against either CRM1 or the HA tag (see
Fig. 4A). The remainder of the lysate was then subjected to
immunoprecipitation with the CRMI1 antibody. In order to
detect coimmunoprecipitated Tbx5, a Western blot was per-
formed using HA-tagged antibodies. The wild-type form of
Tbx5 revealed a coimmunoprecipitate with CRM1, whereas
the Tbx5 mutNES protein with all four critical NES residues
exchanged with alanines did not bind to CRM1 (see Fig. 4A).
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Replacing the C-terminal NES residues with alanines (Fig. 3)
similarly prevented the mutagenized protein from interacting
with CRM1 (Fig. 4A). Surprisingly, single-amino-acid NES
mutants in either the terminal or the initial position (Fig. 3)
retained their ability to complex with CRM1 (Fig. 4A). In
addition, an exchange of the initial leucine in the NES with
either alanine or residues found in Tbx2, Tbx3, or Brachyury
has no negative effect on binding the exporter protein. Thus,
our work with wild-type and mutant forms of Tbx5 identifies a
combination of three hydrophobic amino acids within the four-
position NES to be essential for interaction with CRM1. Fur-
thermore, the data suggest that apparently all T-box proteins
contain a CRM1-interacting NES motif.

The identification of a putative NES motif within Tbx5 was
based on a consensus amino acid sequence found in proteins
that utilize the CRM1 pathway for nuclear export (22, 34). The
mutagenesis experiments demonstrated that these residues are
important for Tbx5-CRM1 binding, but they did not conclu-
sively indicate that Tbx5 is using the CRM1 export pathway. In
order to directly demonstrate that Tbx5 utilizes the CRM1
pathway, we employed a specific inhibitor of CRM1-mediated
nuclear export, leptomycin B (50). This inhibitor specifically
interferes with the binding of the NES with CRM1 (31, 32).
COS-7 cells were cotransfected with EGFP-Tbx5 and HcRed-
LMP4 expression constructs and then treated with increasing
concentrations (1 to 100 nM) of leptomycin B overnight. In
order to obtain statistically significant values, cells (n = 85 to
95 cells per concentration used) from two independent exper-
iments were counted and scored for the number of cells ex-
pressing cytoplasmic Tbx5 in the presence of LMP4. Even at
the lowest concentration (1 nM) used, we observed an approx-
imately 95% decrease in the number of cells with cytoplasmic
Tbx5 (Fig. 4B). A representative set of imaged cells at 0 nM
(control) and 1 nM leptomycin B are shown in Fig. 4C, dem-
onstrating that in the presence of leptomycin B, Tbx5 protein
cannot leave the nucleus (Fig. 4C). The ability of the pharma-
cological inhibitor leptomycin B to prevent nuclear export of
Tbx5 in context with the NES mutagenesis data indicates that
T-box transcription factors are utilizing the CRM1 pathway for
nuclear export.

We wondered whether LMP4 would be part of the transport
complex, temporarily entering the nucleus. Previous biochem-
ical cell fractionation and coimmunoprecipitation experiments
did not reveal any nuclear localization of LMP4 (13). However,
here we confirmed an exclusive cytoplasmic distribution for
LMP4 at the single-cell level by using a three-dimensional
reconstruction of cells transfected with EGFP-Tbx5 and
HcRed-LMP4 (see Movie S1 in the supplemental material).

Role of NES motif in Thx5 subcellular localization. Consis-
tent with our previous work (9, 13, 30), wild-type Tbx5 revealed
strictly nuclear localization when expressed alone, but in the
presence of LMP4, it was also distributed in the cytoplasm as
a complex with LMP4 along the actin cytoskeleton (Fig. 5SA).
In order to investigate if the identified putative NES in Tbx5
was functional for export, the four critical amino acid residues
in the conserved motif were replaced by alanines (Fig. 3). As
with the NLS mutants, all of the NES mutant constructs were
designed as EGFP fusions, but this time were coexpressed in
COS-7 cells with an HcRed-LMP4 expression construct. Sub-
stitution of all the critical amino acids in the NES (mutNES)
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with alanines completely blocked the localization of Tbx5 to
cytoplasmic sites (Fig. 5A). In support of the CRM1 coimmu-
noprecipitation results (Fig. 4A), the F155A/L158A/L160A
mutant that did not bind CRM1 also did not localize outside of
the nucleus (Fig. 5A). Interestingly, the apparent block of
cytoplasmic localization of Tbx5 in the presence of LMP4 was
recapitulated in each of the single point mutants (Fig. 5A) (see
Fig. S1 in the supplemental material), even though they are
capable of interaction with CRM1 (Fig. 4A). In order to verify
that these observations were statistically significant, cells (n =
85 to 95 per construct) from two independent experiments
were counted and scored for the number of cells expressing
cytoplasmic Tbx5 in the presence of LMP4. The percentage of
cotransfected cells with cytoplasmic Tbx5 dropped from 100%
for wild-type Tbx5 to less than 10% for each of the NES
mutants (Fig. 5B). In summary, these data suggest that Tbx5
contains two functional NLS motifs and, in addition, a novel
NES motif that is responsible for the shuttling of the protein
out of the nucleus.

Consequences of subcellular localization on TbxS transcrip-
tional activity. The function of Tbx5 as a transcription factor
has been established in the developing limb and heart (12, 23).
In the mouse, the heart-specific ANF and the limb-specific
Fgfl0 genes have been shown to be immediate downstream
targets of Tbx5 (2, 12). Previous work from our group using
ANF and Fgf10 promoter-luciferase reporter constructs dem-
onstrated that Tbx5 transcriptional activity is modulated by
LMP4. Altering the subcellular localization of Tbx5 out of the
nucleus by LMP4 repressed the transcription factor’s activity in
a dose-dependent manner (13). We employed this sensitive
luciferase reporter assay in combination with the Tbx5 NES
mutants to independently determine if Tbx5 transcriptional
activity would change in the presence of LMP4. COS-7 cells
were transfected with the ANF-luciferase reporter and LMP4
and/or Tbx5 expression plasmids. In order to compare data sets
from various experiments, the activation of luciferase activity
for wild-type Tbx5 alone was set at 100% and was used to
standardize the other experimental values. Consistent with
previous findings (13), coexpression of Tbx5 and LMP4 re-
sulted in a decrease in Tbx5 transcriptional activity by approx-
imately 60% (Fig. 6A). Of note, all of the Tbx5 NES mutants
tested exhibited reduced transcriptional activity in this reporter
assay. However, there was no statistically significant change in
activation between the mutant Tbx5-transfected and mutant
Tbx5-LMP4-cotransfected samples (Fig. 6A). These findings
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are in agreement with the protein localization data in Fig. 5
and confirm that the Tbx5 NES mutants do not leave the
nucleus.

The data from the transcriptional reporter assays revealed
decreases in the overall activation of transcription to various
degrees, depending on the individual NES mutant form used.
All of the constructs were found to yield similar levels of
translated protein in COS-7 cells (Fig. 4A and data not shown).
In order to gain a better understanding of the cause of this
activity drop, we determined the position of the mutagenized
residues within the three-dimensional structure of the protein.
Structural data on Tbx5 have not been published. However,
given the high degree of conservation within the DNA-binding
domain of T-box proteins, we used the human TBX3 crystal
structure information (14) to model the conformation of the
Tbx5 DNA-binding domain, which contains the NES motif.
Three-dimensional modeling of the amino acid residues in the
NES suggests that this site is positioned on the surface of the
protein, making it available for interaction with other proteins,
including those involved in nuclear export (Fig. 6B). Further-
more, the NES motif lies in close proximity to amino acid
residues that are thought to be involved in DNA binding
(K159, N162, and N163) (14, 39), homodimerization of the
protein (P139 through T144) (14, 39), and HOS disease man-
ifestation (G80, P139, and G169) (26). Therefore, the observed
overall decrease in transcriptional activity of the Tbx5 NES
mutants is most likely due to less-efficient DNA binding or
protein dimerization.

The data presented here provide evidence supporting the
notion that TbxS cytoplasmic relocalization in the presence of
LMP4 utilizes the CRM1 nuclear export pathway and that this
process is dependent on the identified NES sequence present
in the DNA-binding domain of the transcription factor. In
addition to Tbx5, the data show that all T-box proteins contain
an NES motif, are capable of interaction with CRMI, and
potentially could shuttle between nuclear and cytoplasmic
sites. In summary, new information presented in this study
allowed an integration of previous and current findings into a
new working model for Tbx5 nuclear-cytoplasmic shuttling as
described in Fig. 7.

DISCUSSION

The interaction and complex formation of the Tbx5 tran-
scription factor with the PDZ-LIM domain protein LMP4 lead

FIG. 4. Interaction of Tbx5 and CRM1. (A) COS-7 cells were transfected with HA-Tbx5 wild-type or NES mutant expression constructs, and
protein lysates were generated for coimmunoprecipitation (IP) analysis. To verify expression of the proteins, an aliquot of lysate was used for
Western blotting (WB) with antibodies against CRM1 or the HA tag. The remaining lysates were utilized for the coimmunoprecipitation reactions
with antibodies against CRM1. Wild-type Tbx5 and the Tbx5 NES single-amino-acid substitution mutants do coimmunoprecipitate with CRM1,
whereas the Tbx5 mutNES and F155A/L158A/L160A proteins do not. (B) COS-7 cells were cotransfected with HcRed-LMP4 and wild-type
EGFP-Tbx5 expression vectors and incubated overnight with or without the CRM1 inhibitor leptomycin B at the indicated concentrations. After
transient expression, cells were fixed and imaged using a Zeiss 510 Meta scanning confocal microscope with a Plan Apochromat 63X objective/1.4
numerical aperture oil differential interference contrast lens. Cells coexpressing HcRed-LMP4 and EGFP-Tbx5 were counted, and the percentage
with Tbx5 in the cytoplasm was determined. The graph represents two sets of independent experiments in which 85 to 95 cells were counted for
each concentration of leptomycin B used. A >95% decrease in the percentage of cells with Tbx5 in the cytoplasm was observed after inhibitor
treatment. Error bars represent the standard errors of the means for the given experiments. (C) COS-7 cells were cotransfected with HcRed-LMP4
and wild-type EGFP-Tbx5 expression vectors. Representative images of a cell receiving no leptomycin B treatment (Control) compared to a cell
treated with leptomycin B (1 nM) are shown. The left column shows the localization of the EGFP-Tbx5 protein, the middle column shows the
localization of the HcRed-LMP4 protein, and the right column shows both proteins together in a merged image. White scale bar = 20 pm.
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to a change in Tbx5’s subcellular localization from exclusively
nuclear to a cytoplasmic distribution along the actin cytoskel-
eton (30). The exit of Tbx5 from the nucleus interferes with
expression of downstream genes, demonstrating that LMP4
can modulate Tbx5 transcriptional activity (13). During heart
and limb development in the chicken, Tbx5 is dynamically
expressed in nuclear and/or cytoplasmic compartments (9).
These findings indicate complex regulation of Tbx5 shuttling
into and out of the nucleus and subsequent retention of the
protein at specific subcellular locations.

In this study, we sought to gain a better understanding of the
mechanisms facilitating Tbx5 transport across the nuclear en-
velope. Although two NLS motifs in Tbx5 had been recently
identified, nuclear import was investigated with single-amino-
acid point mutants and protein truncation constructs in one or
the other NLS (15, 51). We confirmed and extended these
studies demonstrating that NLS1 and NLS2 have a synergistic
relationship and that both NLS motifs are essential for efficient
nuclear localization. Surprisingly, but in agreement with the
other studies, we could not achieve an exclusive cytoplasmic
localization, even when both NLS1 and NLS2 were mu-
tagenized. This result may suggest that additional, yet-un-
known sites or mechanisms are involved in nuclear localiza-
tion.

In order to explain Tbx5 nuclear export, we wondered if the
CRM1-dependent nuclear export pathway utilized by other
shuttling proteins is also employed by T-box proteins (38, 42).
CRML1 is known to recognize and bind a conserved NES motif
of four mostly large hydrophobic amino acids, thereby target-
ing the respective protein for nuclear export (38, 42). Our
analysis of T-box amino acid sequences revealed that all known
T-box protein family members contain the hydrophobic amino
acid NES core motif. The CRM1 binding studies with Tbx5
and two additional protein family members experimentally
confirmed that T-box proteins use the CRM1 pathway for
nuclear export. The two closest family members, TbxS and
Tbx4, share an identical NES motif within the DNA-binding
domain. Interestingly, the evolutionarily more-divergent family
members Tbx2 and Tbx3 (3) share the core NES but contain a
proline and a valine, respectively, in place of the initial leucine.
In this context, it was of interest to compare the data with those
for the cephalochordate amphioxus, which has been used to
track the gene structure changes of T-box genes in evolution
(45). While in this species Tbx2/3 and Tbx4/5 gene clusters
have formed from a primordial Tbx2/3/4/5 gene, this two-gene

shows the localization of the HcRed-LMP4 protein, and the right
column shows both proteins together in a merged image. When ex-
pressed alone, wild-type Tbx5 is detected only in the nuclei, while when
coexpressed with LMP4, wild-type Tbx5 is detected in both the nuclei
and colocalized with LMP4 in the cytoplasm. All of the Tbx5 NES
mutants remain localized in the nucleus even in the presence of LMP4.
White scale bar = 20 pm. (B) To quantify the localization observed in
panel A, COS-7 cells expressing both HcRed-LMP4 and EGFP-Tbx5
were counted, and the percentage with Tbx5 in the cytoplasm was
determined. The graph represents two sets of independent experi-
ments in which 85 to 95 cells were counted for each Tbx5 construct
used. The error bars represent the standard errors of the means for the
given experiments.
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FIG. 6. Tbx5 subcellular localization and transcriptional activity. (A) Transcriptional activity of Tbx5 NES mutants. COS-7 cells were trans-
fected with the ANF-luciferase reporter and 25 ng of EGFP-Tbx5 wild-type or NES mutant expression plasmids with or without 100 ng of the
LMP4-Myc expression plasmid. Changes in luciferase reporter expression are indicated as activation normalized against Renilla signal. The
activation for wild-type Tbx5 alone was set at 100% and was used to standardize the other experimental values. A 60% decrease in activation is
observed for wild-type Tbx5 in the presence of LMP4, while the values for the Tbx5 NES mutants do not significantly change when LMP4 is
present. Representative data from independent experiments performed in triplicate are shown; the error bars represent the standard errors of the
means. (B) Three-dimensional representation of the Tbx5 DNA-binding domain based on human TBX3 crystal structure coordinates. The Tbx5
is modeled as a dimer (blue and magenta) positioned on DNA (brown and green helix). The identified NES motif is depicted in yellow (white
arrows). Regions of Tbx5 important for protein-DNA interaction, protein-protein interaction, and HOS manifestation are indicated with the red
circles.
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FIG. 7. Model for Tbx5 relocalization between nuclear and cytoplasmic compartments. Tbx5 can interact with CRM1 to be exported across the
nuclear membrane into the cytoplasm, where the proteins dissociate. CRM1 will return to the nucleus while Tbx5 is now free to interact with LMP4
and localize to the actin cytoskeleton. Tbx5 is also then able to return to the nucleus in order to regulate target gene activity, completing the

dynamic shuttling between the two cellular compartments.

cluster had not been further extended to individual Tbx2, -3, -4,
and -5 genes as seen for vertebrates. We identified an NES
motif in amphioxus Tbx2/3 and Tbx4/5 with a threonine and a
valine in the initial position, respectively, suggesting that all
T-box proteins are shuttling proteins and that the particular
NES sequence in vertebrate Tbx5 and Tbx4 was acquired later
in evolution when new functional roles were adopted.

The other T-box protein family members use a diverse but
limited range of hydrophobic residues in the initial NES posi-
tion. Tbx1, -10, and -13 have an isoleucine, while Tbx2, -6, and
Brachyury (T) have a proline in this position. Of note, the
T-box protein Tbr-1 with a glutamic acid in the initial position
in the cytoplasm of adult rodent brain cells has been described
previously (24). In addition, recent work on Brachyury during
mouse gastrulation described the protein in various embryonic
and extraembryonic tissues as localizing predominantly to the
cytoplasm (25), and based on experiments presented in this
report, as also being capable of interacting with the CRM1
exporter. Thus, it is probable that T-box proteins with various
NES motifs can utilize the CRM1 pathway for nuclear export;
however, the mechanism of cytoplasmic retention for these
proteins is still unknown.

We find in the T-box protein family a higher level of con-
served amino acids with predominantly leucines or phenylala-
nines in the more C-terminal NES positions compared to the
initial position that reveals a wider range of amino acid op-
tions. Using Tbx5 as a model, we investigated the functional
role of the various NES core amino acids with regard to the
extent to which they contribute to CRM1 binding. This was of
interest since almost all previous studies mutagenized the four
critical positions as a whole but did not evaluate individual
point mutations. A set of systematic point mutations of the
Tbx5 NES revealed the importance of particularly the three
C-terminal positions for binding of CRM1. While we found the

first position dispensable for interaction, the C-terminal posi-
tions of the NES appeared sufficient for binding to the export
protein. This is in line with the observation that for NES
activity in other shuttling proteins, the residues in the C-ter-
minal position are more susceptible to mutation than those in
the N-terminal position (33, 49). Replacing the initial leucine
of Tbx5 with alanines or residues found in Tbx2, Tbx3, or
Brachyury did not change the ability of the mutagenized pro-
tein to interact with CRM1. This result is consistent with our
finding that full-length Tbx3 and Brachyury recombinant pro-
teins can also bind to the CRM1 export protein. Interestingly,
when we kept the N-terminal NES motif in Tbx5 as the wild
type and mutagenized only the last position of the NES core,
the ability to interact with CRM1 was retained. Thus, while
four amino acids had been described to be critical for NES
function, our experiments demonstrate that three of the hy-
drophobic core residues are sufficient for effective CRM1 bind-
ing. A robust protein interaction may be constrained by the
three-dimensional surface features and therefore relies on a
combinatorial and synergistic effect of the individual NES core
residues with the target site on the exporter protein. Moreover,
this interaction undoubtedly influences the formation of the
export protein complex with the other proteins necessary for
complete and efficient shuttling out of the nucleus. Besides
sequence pattern, accessibility and flexibility appear to be ad-
ditional important properties of NESs (35). In this context, it
may be no coincidence that in the T-box transcription factors,
the NES is integrated in the DNA-binding domain, a desig-
nated site for DNA and protein interactions.

Our studies demonstrated that the identified NES is respon-
sible for CRM1-mediated nuclear export of Tbx5. This export
activity is abolished by treatment with leptomycin B or site-
directed mutagenesis of critical amino acids within the NES
motif. Moreover, LMP4-mediated regulation of Tbx5 tran-
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scriptional activity is no longer functional when nuclear export
is blocked. Replacement of just the initial leucine of the NES
motif sequence does not interfere with CRM1 binding; how-
ever, it is sufficient to prevent cytoplasmic retention of Tbx5 as
a complex with LMP4 and actin. Thus, the initial residue of the
NES may be involved in the specific recognition of the cyto-
plasmic interacting protein LMP4. In this context, we recall
that Tbx4 shares the identical NES sequence with Tbx5, inter-
acts also with LMP4, and is retained in the cytoplasm.
Brachyury, on the other hand, has a quite different NES, in-
cluding a proline in the initial position but, as we have dem-
onstrated, it does bind the CRM1 export protein and, as re-
ported by others, it also localizes to cytoplasmic sites (25). In
contrast to Tbx5 and Tbx4, for Brachyury and other T-box
proteins the respective cytoplasmic interacting proteins are not
yet known. It would not be surprising if there is a defined group
of cytoplasmic proteins targeted for binding by individual T-
box family members with unique NES sequences. Their iden-
tification will facilitate a deeper and more general understand-
ing of T-box protein nuclear export and cytoplasmic retention
and function.

In addition, specific residues in T-box proteins may be in-
volved in posttranslational modifications and therefore con-
tribute to the regulation of the subcellular localization of the
protein. For example, phosphorylation has been shown to play
a role in the nuclear export of several proteins that contain a
CRM1-dependent NES sequence motif (27, 28, 40). It is there-
fore conceivable that regulated phosphorylation of T-box pro-
teins may be involved in fine-tuning the protein’s localization
and its overall activity. Nuclear import and export sequences
are important regulators of the subcellular localization of pro-
teins. Thus, they provide new opportunities to manipulate the
subcellular distribution of T-box proteins in vivo in order to
investigate the resulting functional consequences on develop-
ment, work that is ongoing in our laboratory.

The human disorder HOS is caused by mutations in 7TBX3,
leading to skeletal and cardiac malformations. The majority of
mutations critical for disease manifestation are considered to
result in early protein terminations and haploinsufficiency (8).
However, chromosome 12q2 duplications, which lead to in-
creased TBX5 dosage, have also been reported to cause HOS
(21, 48). These results suggest that a balanced level of Tbx5
protein in the cell is critical for its function, as under- and
overexpression result in similar phenotypes. Tbx5 contains
functional NLS and NES motifs, and the protein dynamically
shuttles between nuclear and cytoplasmic sites (13). Our mod-
eling studies revealed that amino acids linked with HOS man-
ifestation are in close proximity to the NES, facing the inner
surface of the protein dimer. It is therefore possible that con-
formational changes induced by these point mutations may
also affect the NES interaction with proteins important for
nuclear export. Thus, disease manifestation in HOS is poten-
tially caused by compromised regulation of the subcellular
location of TBXS, in addition to altered transcriptional activ-
ity, and therefore affects protein function in both nuclear and
cytoplasmic cell compartments. We note a highly related NES
motif in Tbx1, making this family member also a candidate for
changing its localization between the nucleus and cytoplasm.
In humans, TBX1 is linked to DiGeorge syndrome, a disease
with phenotypes ranging from cardiac malformations, facial
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dismorphogenesis, and cleft palate to hypoplasia of the thymus
and parathyroid glands (4, 5, 46), all attributed to disruption of
TBX1 transcriptional activity. Based on sequence homology in
the putative NES, it is possible that TBX1 may have additional
functions through other, yet-unidentified binding partners, fa-
cilitating shuttling and distribution of the protein in the cyto-
plasm. As suggested for TBXS, alternative explanations for the
observed disease phenotypes may rely on functions different
from transcriptional regulation. The NES appears to be an
evolutionarily highly conserved motif in T-box proteins. Con-
sequently, we expect to see protein family members with dis-
tribution patterns and functions inside and outside the nucleus,
calling for a paradigm shift of how we interpret T-box protein
function. Our efforts to understand how this dynamic protein
shuttling is regulated at the cell and tissue levels may also
provide new insights into the signaling pathways that control
the T-box protein subcellular localization and function.
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