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Abstract

Ccdl, a DIX domain containing Zebrafish protein involved in neural patterning, is a positive regulator of the Wnt signaling pathway.
DIXDCI1, the human homolog of Ccdl, has two predominant isoforms. The short form (s-DIXDC1) has a similar amino acid sequence
compared with Ccdl, while the long form (I-DIXDC1) contains an extra N-terminal sequence containing a calponin-homology (CH)
domain, suggesting additional interaction with actin that we have performed detailed analysis in this report. We show that mRNA
expression of both DIXDC1 isoforms can be detected in various adult tissues by Northern blot analysis and is most abundant in cardiac
and skeletal muscles. Both endogenous and ectopically expressed I-DIXDCI, but not s-DIXDCI, in cultured mammalian cells is local-
ized to actin stress fibers at the filament ends in focal adhesion plaques. More importantly, I-DIXDCI1 can directly bind to filamentous
actin both in vitro and in vivo and the binding is mediated via a novel actin-binding domain (ABD) from amino acid 127 to 300. Thus, our
data provide the first evidence that 1-DIXDCI1 may act as a novel branching component in the Wnt signaling pathway targeting both

B-catenin—-TCF complex for gene expression and cytoskeleton for regulating dynamics of actin filaments.

© 2006 Elsevier Inc. All rights reserved.
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Actin cytoskeleton is essential for intracellular trans-
port, cell motility, and morphology change. Dynamics of
actin filaments are regulated in vivo by a plethora of
actin-binding proteins (ABPs). ABPs can be classified into
several functional groups [1], including monomer-binding
proteins [2], filament-depolymerizing proteins [3], filament
end-binding proteins [4], filament severing proteins [5], fil-
ament cross-linking proteins [6], filament stabilizing pro-
teins [7], and motor proteins [8]. ABPs interact with
monomeric actin (G-actin) or filamentous actin (F-actin)
via actin-binding domains (ABDs). Most ABDs can be
grouped into a few conserved families [9], one of which is
called calponin-homology domain (CH domain). Not all
proteins containing CH domains can actually bind actin
and in most cases, a tandem repeat of CH domains is
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required to form a complete and functional ABD [10].
Unique actin-binding motifs also exist in some ABPs
[11-14]. The DIX (DAX) is a key domain responsible for
the interaction between Dvl and actin, and it targets Dvl
to actin and vesicular membranes [13]. This unique struc-
tural and functional domain is present in Axins (Axinl
and Axin2) and Dvls (Dvl-1, DvI-2, and Dvl-3), all of
which are Wnt signaling pathway components [13,15,16].
The DIX domain in the Wnt signaling pathway is involved
in both homo-oligomerization and hetero-oligomerization
among Axins and Dvls in forming the multiprotein com-
plex of APC, GSK-3, and B-cateinin to regulate T-cell-fac-
tor (TCF) signaling [17].

DIXDCI1 is the human homolog of Ccdl, a recently
identified novel DIX domain containing protein in Zebra-
fish [18,19]. It is a positive regulator in the Wnt signaling
pathway functioning downstream of Wnt and upstream
of Axin. Ccdl also contains a coiled-coil domain (MTH
domain) besides the DIX domain [20]. Like Dvl, full-length
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Ccdl activates T-cell-factor (TCF) signaling in a TCF
reporter assay. However, deletion of either the MTH
domain or the DIX domain abolished TCF activation.
Overexpression of Ccdl has been shown to reduce eye size
and forebrain in zebrafish, and this phenotype is similar to
those caused by overexpression of Wnt8 and its receptor in
the same organism [18]. However, how Ccd1 positively reg-
ulates Wnt signaling and why overexpression of Ccd1 dere-
gulates zebrafish neural patterning is not known. DIXDCI
protein has also been implicated as an inhibitor of Dvl- and
Axin-mediated activation of the c-Jun N-terminal kinase
(JNK) pathway [21]. Similar to TCF activation, both
DIX and MTH domains of DIXDCI1 are required for
JNK activation through distinct mechanisms, indicating
that DIXDC1 may play diverse roles in not only axis for-
mation and neural patterning during embryonic develop-
ment but also normal cell growth and differentiation.

We recently reported the identification of frameshift
mutations in the A XIN2 gene in more than 25% of colorec-
tal cancers (CRC) with microsatellite instability (MSI) [22].
In an effort to understand why mutant AXIN2, which is
completely depleted of its C-terminal DIX domain, is asso-
ciated with CRC tumorigenesis, we isolated several pro-
teins that interact with this C-terminal region of Axin2
and one of which is DIXDCI. We found that human DIX-
DCI1 exists in different isoforms and one of the predomi-
nant isoforms is the long form (I-DIXDCI1, GenBank
Accession No. DQ642016), which has an extra N-terminal
sequence containing a CH domain compared with Ccdl. In
this study, we report that in fact I-DIXDCI is a bona fide
ABP at filament ends and identification of a novel ABD
within its N-terminus. We suggest that I-DIXDCI is a cyto-
skeletal-associated protein that may be involved in modu-
lating dynamics of actin filaments.

Materials and methods

Northern blotting, 5' RACE, and RT-PCR. MTN blot was purchased
from BD Clontech. The 1.1 kb cDNA probe for detecting both human
[-DIXDCI and s-DIXDCI mRNA at the same time was amplified by PCR
using the following primer pair: 5'cccgaggaacaactgattat3’/5'aagcagecaggg
agtgacc3’. A 595 bp Nhel-Apal DNA fragment encoding N-terminus of
I-DIXDC1 was used to detect /-DIXDCI mRNA only. A specific cDNA
probe for s-DIXDCI of 406 bp was generated by PCR using a primer pair
within its exon 1 absent in -DIXDCI: 5'ccagtgggagatgggttgagatgec3’/
S’cttgegteccteccatggtec3’. The human B-actin ¢cDNA control was pur-
chased from Clontech. All the probes were labeled using Megaprime DNA
Labeling Kit (Amersham) to more than 70% incorporation efficiency and
directly used in hybridization at 2-4 x 10° cpm/ml without purification.
The hybridization was performed in aqueous buffer at 68 °C overnight and
washed with high stringency. The 5’ RACE was performed using total
RNA isolated from HCT116 cell line and 5 RACE System (Invitrogen).
The primers used in the 5 RACE are 5'tcaggcaggctageattgttc3’,
S’ccagtaagttcectegggtcald’, and 5'gettcactgetggectettette3’. RT-PCR was
performed using total RNA isolated from various cell lines and tissues as
templates and Superscript™ II First-Strand Synthesis System for RT-PCR
(Invitrogen).

Generation and purification of rabbit polyclonal antibody. Polypeptide
from 567 to 589 amino acids of DIXDCI1 was synthesized and conju-
gated to KLH at the Protein Core Facility at Mayo Clinic. Immuni-
zation of rabbits was completed and sera collected at Rockland

Immunochemicals Inc. The polyclonal antibody (coded as AD2) was
affinity-purified using the SulfoLink Kit (Pierce) according to manu-
facturer’s instructions.

Cell culture, DNA expression constructs, and transient transfection.
Saos-2 cells were cultured in McCoy5A medium supplemented with 15%
FBS. Hela, 293T, HCT116, and all other cell lines mentioned in the paper
were cultured according to ATCC recommendations. FLAG-tagged
1-DIXDCI, s-DIXDCI, I-DIXDCI (ACH), I-DIXDCI (AMTH), I-DIX-
DCI1 (ADIX), HA- and Myc-tagged 1-DIXDC1 were expressed in vector
pCMV-tag2A (Stratagene). EGFP-FLAG-I-DIXDCI fusion protein was
expressed in pEGFP-C1 vector (Clontech). Transient transfections were
performed either in 100-mm dishes or 7-mm HTC slides (Cell-line) using
FuGENE 6 (Roche) as the transfection reagent according to manufac-
turer’s instructions.

Western blot analysis, immunostaining, and immunoprecipitation. To
immunoprecipitate the ectopically expressed protein, whole cell lysates
were obtained using Beach lysis buffer: 50 mM Tris—-HCI, pH 8.0, 150 mM
NaCl, 15 mM MgCl,, 5SmM EDTA, 1% NP-40, and protease inhibitor
cocktail (Roche). After centrifugation at 15,000g at 4 °C for 15 min, the
pellets were redissolved in Puri lysis buffer: 50 mM Tris-HCI, pH 8.0,
150 mM NacCl, 15mM MgCl,, 5mM EDTA, 1% SDS with protease
inhibitor cocktail, and subsequently 1:10 diluted with Beach lysis buffer.
The diluted samples were then incubated with Easy-View gel conjugated
with M2 antibody (Sigma) to pull down FLAG-tagged DIXDCI as
described by the manufacturer. The precipitated protein was resolved on
4-15% SDS-PAGE gels, transferred onto PVDF membrane (Bio-Rad) for
Western blot analysis using the indicated antibodies, and visualized by
ECL (Amersham).

Co-immunoprecipitation of Myc-I-DIXDC1 and f-actin was per-
formed using the Immunoprecipitation Kit-Protein A (Roche) according
to manufacturer’s instructions. Briefly, HeLa cells transfected with Myc-I-
DIXDCI were lysed in lysis buffer (50 mM Tris-HCI, pH 7.5; 150 mM
NaCl, 1% NP40, 0.5% sodium deoxycholate, and complete protease
inhibitor cocktail) and immunoprecipitated with monoclonal anti-Myc
antibody (9E10, Roche). Samples were washed four times with lysis buffer,
eluted with Laemmli buffer, and resolved on SDS-PAGE. Immunoblot
was performed with mouse monoclonal antibody against B-actin (AC-15,
Sigma). Similarly, endogenous DIXDCI was immunoprecipitated by
rabbit anti-DIXDCI antibody AD2.

For the immunostaining of the endogenous or epitope-tagged
DIXDCI, cells were fixed with 3% paraformaldehyde in 1x PBS and
permeabilized with 0.2% Triton X-100 at room temperature for 5 min. The
cells were then blocked in 3% milk in Ix PBS and stained with primary
antibodies. The antibodies used in primary staining are rabbit polyclonal
antibody anti-DIXDCI1 (AD2), mouse monoclonal antibody anti-FLAG
(M2), anti-vinculin (hVIN-1), anti-Myc(9E10), and anti-HA (12CA5).
Alexa Fluor 488 and 594 phalloidin, Alexa Fluor 594 goat anti-rabbit IgG
antibody, Alexa Fluor 488, 594, and 680 goat anti-mouse IgG antibodies
(Molecular Probes) were used in the secondary staining. The indirect
immunofluorescence was visualized and recorded on a Carl Zeiss Confocal
Laser Scanning Microscope LSMS510.

Solubility and F-actin cosedimentation assays. For solubility assays,
293T cells were lysed in ice-cold lysis buffer: 50 mM Tris—HCI, 150 mM
NacCl, 2.5 mM MgCl,, 1 mM EDTA, and 1% NP-40 supplemented with
protease inhibitor. The lysates were incubated on ice for 30 min, vortexed
occasionally, and then centrifuged at 15,000g and 4 °C for 15 min. Frac-
tions of supernatant and pellets were collected and redissolved in Laemmli
sample buffer for SDS-PAGE. The proteins were detected by Western blot
using anti-FLAG (M2) antibody.

For F-actin cosedimentation assays, FLAG-I-DIXDC1 bound to
Easy-View gel was eluted using 100 mM glycine, pH 2.5, and neutralized
with 1 M Tris-HCI, pH 9.6. GST-fusion protein of DIXDCI was eluted
from glutathione beads using 10 mM glutathione at pH 8.0. All the pro-
tein was then prespun at 100,000g at 4 °C for 30 min and the supernatant
was used in the cosedimentation experiments based on manufacturer’s
protocol (Cytoskeleton, Denver, CO). Cosedimenting proteins were
resolved on SDS-PAGE gels and visualized either by Coomassie blue
staining or Western blot.
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Interfering siRNA knockdown. Depletion of DIXDC1 was achieved via
plasmid-based siRNA knockdown approach. The hairpin siRNA inserts
were prepared by annealing two oligos and cloned into pSilencer 3.1-H1
(Ambion) via BamHI and HindIIl sites. The top and bottom strand
sequences of DIXDCI siRNA#1 are 5'-GATCCAGAGCGAGTCCATT
ATAACTTCAAGAGAGTTATAATGGACTCGCTCTTTTTTTG
GAAA-3" and 5-AGCTTTTCCAAAAAAAGAGCGAGTCCATT
ATAACTCTCTTGAAGTTATAATGGACTCGCTCTG-3’, and the
sequences of siRNA#2 are 5'-GATCCGGATGCCTTGCAGCAGA
GATTCAAGAGATCTCTGCTGCAAGGCATCCTTTTTTGGAA
A-3" and 5-AGCTTTTCCAAAAAAGGATGCCTTGCAGCAGAGA
TCTCTTGAATCTCTGCTGCAAGGCATCCG-3'. The HeLa cells were
transfected for two consecutive times using the knockdown constructs via
electroporation with an interval of 24 h and subjected to Western blot
analysis 3 days after first transfection.

Results

Identification, tissue distribution, and alternative spliced
forms of human DIXDCI

We previously cloned the 4 XIN2 gene and showed that
this gene is mutated in more than 25% of colorectal cancer
(CRC) with microsatellite instability (MSI) and mutant
Axin2 activates TCF activity, a hallmark of cancer devel-
opment [16,22]. To determine why deletion of C-terminus
of Axin2 is associated with tumorigenesis in CRC, we iden-
tified several AXIN2 C-terminal-binding proteins using
AXIN?2 (aa 655-843) as a bait in a yeast two-hybrid screen
and one of the identified clones had the same sequence as
DIXDCI1 (data not shown). Northern blot analysis with
a 1.1 kb DIXDCI probe, corresponding to the C-terminal
half of the open reading frame (ORF) of the gene, showed
DIXDCI to be ubiquitously expressed. Expression of
DIXDCI was much more abundant in cardiac and skeletal
muscles (Fig. 1A, panel C). At least four spliced variants of
DIXDCI mRNA ranging in sizes from 5.1, 5.8, 6.3, and
6.8 kb were detected. Three different spliced products are
present in cardiac and skeletal muscles (5.1, 6.3, and
6.8 kb), two in kidney and pancreas (5.8 and 6.3 kb), and
all the other tissues have a common form (6.3 kb in brain,
liver, lung, and placenta). We then performed 5’ RACE to
investigate the 5 UTR of different forms of DIXDCI
mRNA from different tissues (cardiac and skeletal muscles,
pancreas and colon tissues) and cultured cell lines (HeLa
and HCT116). Two major forms with differential transcrip-
tion initiation sites were identified encoding one long and
one short protein product that we termed as 1-DIXDCI1
(GenBank Accession No. DQ642016) and s-DIXDCI1
(DIXDCI1 isoform b, [21]), respectively (Fig. 1B). The short
form is a homolog of zebrafish Ccd1 while I-DIXDCI has
an extra N-terminal segment of 211 amino acids containing
a calponin-homology (CH) domain (aa 21-128). We fur-
ther confirmed the aforementioned results by RT-PCR
analysis using unique primers for [-DIXDCI or s-DIXDCI
(data not shown) and by Northern blot analysis using two
different DNA probes specific for -DIXDCI and s-DIX-
DCI (Fig. 1A, panels A and B). The 6.3 kb band shown
in all tissues in panel C appears to represent the -DIXDCI,
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Fig. 1. DIXDCI protein exists as two predominant isoforms. (A) Tissue
distribution of human DIXDCI poly(A)" RNA by Northern blot analysis.
The cDNA probes used in the Northern blot analysis were synthesized as
described in Materials and methods. Lane 1, heart; lane 2, brain; lane 3,
placenta; lane 4, lung; lane 5, liver; lane 6, skeletal muscle; lane 7, kidney,
and lane 8, pancreas. Panel A, all DIXDC!I isoforms; panel B, I-DIXDCI;
panel C, s-DIXDCI; and D, human B-actin. (B) Domain structures of
I-DIXDCI1 and s-DIXDCI proteins. CH, MTH, and DIX domains are
shown.

while the 5.1 kb band which is abundant in cardiac and
skeletal muscles is s-DIXDCI.

During the preparation for this manuscript, Shiomi
et al. reported the identification of various spliced forms
for mouse Ccdl [19]. Based on amino acid sequence simi-
larities, 1- and s-DIXDC1 corresponds to mouse ABL and
BaL isoforms, the two predominant isoforms expressed
in multiple mouse tissues, respectively. More importantly,
Ccd1ABL, the mouse homolog of 1-DIXDCI, is predomi-
nantly expressed in various stages of mouse embryos indi-
cating a potential role of this protein during early
development.

Distinct pattern of subcellular localization of I- and
s-DIXDCI

The CH and DIX domains present in DIXDCI1 have
been previously studied in other proteins and demonstrated
to target actin-binding [10,13]. We used an indirect immu-
nofluorescence technique to determine whether endoge-
nous DIXDCI is also associated with cytoskeleton in
mammalian cells. A rabbit polyclonal antibody coded
AD?2 against polypeptide epitope aa 567-589 in DIXDCI
was generated and affinity-purified. The antibody was first
tested by Western blot analysis of 293T cells with ectopic
expression of FLAG-tagged 1- and s-DIXDCI1. As shown
in Fig. 2A, antibody AD2 could recognize both proteins
in the whole cell lysate. We then used AD2 for immunofiu-
orescence staining of endogenous DIXDCI1 in Hela cells
and Alexa Fluor 488 phalloidin to simultaneously visualize
F-actin. Other than cytoplasmic staining presumed as
s-DIXDCI1, AD?2 clearly stains the ends of actin stress
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Fig. 2. Subcellular localization of endogenous and exogenous I-DIXDCI at F-actin. (A) Western blot analysis of expression of FLAG-I-DIXDCI1 and
FLAG-s-DIXDCI in 293T cells. Whole cell lysates of FLAG-1-DIXDCI1 and FLAG-s-DIXDC1 were analyzed using purified rabbit polyclonal antibody
AD?2 (lanes 1 and 2). Triton-soluble (lanes 3 and 5) and Triton-insoluble (lanes 4 and 6) fractions of FLAG-1-DIXDC1 (lanes 3 and 4) and FLAG-s-
DIXDCI (lanes 5 and 6) were analyzed using mouse monoclonal anti-FLAG antibody M2. Three close bands were present for FLAG-s-DIXDCI that
might be due to post-translational modification such as phosphorylation. (B) The endogenous DIXDCI in HeLa cells was stained with primary antibody
AD?2 and secondary Alexa Fluor 594 goat anti-rabbit IgG antibody (a—c). The ectopic expressed I-DIXDCI1 was stained by anti-FLAG (M2) and Alexa
Fluor 594 goat anti-mouse IgG antibodies in HeLa cells 24 h after being transfected with pCMV-tag2A-FLAG-1-DIXDC1 (d—f). Saos-2 cells with
expression of EGFP-FLAG-I-DIXDCI were treated with 1 pM Latrunculin A for 4 h before immunostaining (g-i). F-actin was labeled by Alexa Fluor
488 (a,d) or Alexa Fluor 594 phalloidin (g) and the nuclear DNA was stained by Hoechst dye. The images were taken on an LSMS510 laser scanning
microscope. The size bar (a) is 5 um for all the images. (C) Western blot analysis of siRNA knockdown of -DIXDCI protein in HeLa cells. Lane 1, vector
alone; 2, siRNA#1; 3, shARNA#2. (D) Significant reduction of I-DIXDCI1 at the ends of filamentous actin in HeLa cells with siRNA knockdown. HeLa
cells were transfected with shRNA#1 and immunostained by AD2 and Alexa Fluor 594 goat anti-rabbit IgG antibodies. HeLa cells transfected with

pSilencer vector alone were used as controls. The size bar is 10 pm.

fibers proximal to the cellular membrane within the adhe-
sion plaques (Fig. 2B, a—c). The same results were obtained
using AD2 antibody to stain a variety of cell lines including
DU145, HeLa, MCF7, SkBr3, Saos-2, and HCT116 (data
not shown). The cellular localization of ectopic DIXDCI
was also determined by staining Saos-2 cells expressing
FLAG-I-DIXDC1 with anti-FLAG antibody (M2)
(Fig. 2B, d-f). In Saos-2 cells with low level expression,
FLAG-I-DIXDCI1 was initially seen at the ends of the
stress fibers adjacent to cellular membranes resembling that
observed for endogenous DIXDCI. In Saos2 cells with
high-level expression, however, the staining of FLAG-I-
DIXDCI1 extended to all actin filaments. This pattern
was also visualized in Saos-2 cells expressing EGFP-
FLAG-I-DIXDCI1 fusion protein (data not shown). In
HeLa and 293 cells, ectopic expression of I-DIXDCI in
each individual cell is always very strong so that all actin

filaments are positively stained (data not shown). Specific-
ity of the immunostaining was further confirmed when the
synthesized polypeptide 567-589 was used to successfully
block the positive staining of 1-DIXDC1 by AD2 (data
not shown). Cellular distribution of EGFP-I-DIXDCI in
Saos2 cells was dramatically affected by Latrunculin A
treatment that depolymerized actin cytoskeleton (Fig. 2B,
g-i). Four hours after the addition of Latrunculin A, actin
filaments were disrupted and EGFP-FLAG-1-DIXDCI1
formed cytoplasmic aggregates close to the nucleus. Some
of the aggregates still colocalized with actin suggesting that
I-DIXDCI1 remained physically associated with actin
monomers.

The specificity of -DIXDCI1 staining at the F-actin tips
was further confirmed by immunostaining analysis using
hairpin siRNA targeting the coding region of DIXDCI.
We developed two shRNAs cloned into pSilencer 3.1-H1
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that were able to reduce ectopic expression of 1-DIXDC1
by over 90% (data not shown). We then tested the effective-
ness of these two siRNAs to deplete expression of endoge-
nous I-DIXDCI1 in HeLa cells by Western blot analysis. As
shown in Fig. 2C, 3 days after the expression of both shR-
NAs, endogenous I-DIXDCI1 was significantly reduced by
at least 90% estimated by densitometry analysis. In the sub-
sequent immunostaining experiment with siIRNA#]1, stain-
ing of I-DIXDCI at the ends of actin filaments in HeLa
cells was also eliminated (Fig. 2D). Therefore, 1-DIXDC1
associates with actin cytoskeleton preferably at the ends
of the filaments.

Since focal adhesions are specialized structures formed
at the ends of filamentous actin, we used an anti-vinculin
antibody (hVIN1) as a marker to see if [-DIXDCI resides
in these cellular assemblies. As expected, AD2 recognized
endogenous DIXDCI1 that colocalized with vinculin at
focal adhesion plaques in Saos-2 cells (Fig. 3A-D). Similar
to endogenous DIXDCI, the ectopically expressed FLAG-
I-DIXDCI1 and EGFP-I-DIXDCI also overlapped with
vinculin staining at the tips of F-actin (data not shown).
Thus, both endogenous and exogenous 1-DIXDCI colocal-
ize with vinculin in the focal adhesion complex. A higher
magnification image of triple staining of DIXDCI, vincu-
lin, and F-actin at focal adhesions reveals a subtle differ-
ence in spatial distribution of DIXDCI1 and vinculin
relative to F-actin (Fig. 3E-H). In most cases, 1-DIXDC1
colocalized exactly with the ends of F-actin while staining
of vinculin often extended from the tips of F-actin towards
the edge of membrane. Since we were unable to co-immu-
noprecipitate vinculin with both exogenous and endoge-
nous I-DIXDCI1 in our experiments, the partial overlap
of I-DIXDCI and vinculin indicates that I-DIXDCI may
not directly bind to vinculin within focal adhesion
complexes.

DIXDC1 F-actin

.

Direct interaction of I-DIXDCI with actin filaments in vitro
and in vivo

Association of [-DIXDCIl with actin was further
revealed by co-immunoprecipitation of these two proteins.
B-Actin could be immunoprecipitated with ectopically
expressed Myc-I-DIXDCI indicating that they associate
with each other directly or indirectly in a protein complex
(Fig. 4A). Furthermore, endogenous actin could also co-
immunoprecipitate with endogenous DIXDCI using AD2
antibody (Fig. 4B, panels A and B). Other than actin, myo-
sin could also be pulled down together with DIXDCI
(Fig. 4B, panel C). To determine whether DIXDCI1 directly
binds to F-actin, we performed F-actin cosedimentation
assay using immunoprecipitated FLAG-1-DIXDCI1 and
bacterially expressed GST-1-DIXDCI1. Like o-actinin,
FLAG-I-DIXDC1 cosedimented with purified F-actin,
whereas the control BSA did not (Fig. 4C). The same held
true for GST-1-DIXDCI, indicating that the cosedimenta-
tion resulted from a direct interaction between I-DIXDCI1
and F-actin. Next we studied the kinetics of F-actin-bind-
ing by varying the concentrations of GST-1-DIXDCI1 and
calculated the binding constant Ky and saturation concen-
tration B, by means of non-linear regression analysis
(Fig. 4D). K4 of GST-I-DIXDCI bound to actin filaments
is 0.03 uM, indicating a very strong and tight binding. The
value of By is 0.025 uM, suggesting that 1 molecule of
GST-1-DIXDC1 bound per 200 molecules of actin mono-
mers (Fig. 4D).

A novel actin-binding domain from amino acid 127-300
targets I-DIXDCI to actin filaments

To determine the exact ABD in I-DIXDCI1, we per-
formed cosedimentation assays using various GST-tagged

Vinculin

Merged

Fig. 3. Colocalization of I-DIXDCI and vinculin at focal adhesion complex. The endogenous I-DIXDCI was stained with primary antibody AD2 and
Alexa Fluor 594 goat anti-rabbit IgG antibody (A,E). Actin filaments were labeled with Alexa Fluor 488 phalloidin (B,F). The endogenous vinculin was
stained using the mouse monoclonal antibody hVIN-1 and Alexa Fluor 680 goat anti-mouse antibody (C,G) and the nuclear DNA was stained by Hoechst
dye. The merged images (D,H) showed partial overlap of I-DIXDCI and vinculin staining at the ends of F-actin. The size bar is 5 and 2 pm for the upper

and lower panels, respectively.
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Fig. 4. Direct interaction of I-DIXDC1 with F-actin. (A) Co-immunoprecipitation of exogenous I-DIXDC1 with B-actin. The ectopic Myc-l-DIXDC1 was
immunoprecipitated with mouse monoclonal anti-Myc (9E10), resolved by SDS-PAGE electrophoresis, and analyzed by Western blot analysis using
mouse monoclonal anti-actin antibody. (B) Co-immunoprecipitation of endogenous 1-DIXDC1 with B-actin and myosin. AD2 was used to
immunoprecipitate I-DIXDCI and actin and myosin were detected by mouse monoclonal anti-actin and rabbit anti-myosin (anti-myosin IIB (nonmuscle),
Sigma) antibodies. (C) In vitro binding of recombinant I-DIXDCI to F-actin. FLAG-I-DIXDCI expressed in 293T cells was purified as described in the
Materials and methods. GST-I-DIXDC1 was expressed in bacterial strain BL21 (DE3) and purified using the glutathione agarose beads. Binding of
purified FLAG-1-DIXDC1 and GST-1-DIXDCI were performed based on the manufacturer’s instructions. BSA, a—actinin and GST were used as negative
and positive controls, respectively. Actin, BSA, a-actinin, GST were stained by Commassie brilliant blue. FLAG-I-DIXDCI and GST-1-DIXDC1 were
shown by Western blot. (D) Kinetics of binding of GST-I-DIXDCI to F-actin in vitro. Varied amounts of GST-I-DIXDC1 was incubated and then
cosedimented with 5 uM F-actin. The amount of GST-I-DIXDC1 in supernatant and actin pellet was determined by Western blot and used to generate Ky

and By, values through non-linear regression analysis.

I-DIXDCI1 deletion constructs. These analyses revealed
that, to our surprise, a segment of amino acid from
127 to 300 between the CH and MTH domain is respon-
sible for cosedimentation of GST-I-DIXDC1 with poly-
merized actin (Fig. 5A). We next expressed these
variants with FLAG epitopes in 293T cells to test which
variant could co-immunoprecipitate with endogenous
actin. As shown in Fig. 5B, consistent with co-sedimen-
tation results, all the variants containing the ABD
domain (I-DIXDC1, ACH, AMTH, ADIX, and ABD)
could precipitate actin while the variants lacking the
domain (s-DIXDCI1, AABD, and negative control) could
not. The subcellular localization of these variants was
further analyzed by indirect immunofluorescence. As
shown in Fig. 5C, the ABD domain only (aa 127-300)
could bind strongly to actin filaments (Fig. 5C, a-c).
In contrast, s-DIXDCI lacking the stretch of amino acid
1-219 present in I-DIXDCI1 was in cytoplasm and did
not associate with F-actin at all (Fig. 5C, d—f). The same
held true for 1-DIXDC1 with the ABD domain deleted
(Fig. 5C, g-i). As it was also expected, deletion of the
CH domain did not alter F-actin-binding by 1-DIXDCI1

(Fig. 5C, j-1). Although 1-DIXDC1 with deletion of
MTH or DIX domains showed a much more diffused
staining pattern with a major portion of the expressed
protein spreading all over the cytoplasm and concentrat-
ed in microspikes at the cell membranes, these variants
still retained the ability to bind to actin stress fibers
(Fig. 5C, m-r). Based on these data we conclude that
tight and direct interaction of 1-DIXDC1 with actin
filaments is via a novel ABD from amino acid 127-300
in I-DIXDCI1 (DIXDCI1-ABD).

Discussion

In this study, we have provided strong evidence that
I-DIXDCI is an F-actin-binding protein. First, we showed
colocalization of both endogenous and exogenous 1-DIX-
DCI1 with phalloidin-labeled actin filaments in all cell lines
hitherto tested. It seemed in most cases that I-DIXDCT1 is
preferably associated with both ends of actin filaments.
Second, we achieved co-immunoprecipitation of endoge-
nous 1-DIXDCI1 with actin in vivo and we demonstrated
cosedimentation of FLAG-1-DIXDC1 and GST-I-DIX-
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Fig. 5. Localization of a novel actin-binding domain (ABD) in I-DIXDCI. (A) Different regions of I-DIXDC1 were expressed as GST fusion proteins,
purified and cosedimented with F-actin. Distribution of these GST fusion proteins in supernatant and pellet was examined by SDS-PAGE and Coomassie
blue staining. (B) Co-immunoprecipitation of FLAG-tagged I-DIXDCI variants with actin. Lane 1, mock; 2, -DIXDCI; 3, s-DIXDCI; 4, -DIXDCI1-
ACH; 5, I-DIXDCI-AMTH,; 6, I-DIXDCI1-ADIX; 7, I-DIXDCI1-ABD; 8, I-DIXDC1-AABD. (C) In vivo association of FLAG-1-DIXDC1 with F-actin is
mediated via the same ABD. Saos-2 cells were transfected with various constructs expressing FLAG-tagged wild-type and mutant 1-DIXDCI protein and
immunostained with anti-FLAG (M2) and Alexa Fluor 594 goat anti-mouse IgG antibodies. Actin filaments were stained with Alexa Fluor 488 phalloidin.

The size bar (a) is 10 um for all images.

DCI1 with F-actin in vitro. Third, we defined a novel motif
DIXDCI1-ABD (aa 127-300) required for actin-binding.
Capelluto et al. have shown that DIX domain in DvI2
could target the Wnt signaling protein to F-actin-binding
[13]. Although DIX-deleted 1-DIXDC1 was diffusely
distributed in the cell, it still colocalized with phalloidin-la-
beled actin fibers (Fig. 5C, p-r) and it could still co-immu-
noprecipitate or co-sediment with actin (Fig. SA and B).
Moreover, FLAG-s-DIXDC1 with DIX domain did not
colocalize with F-actin in vivo (Fig. 5C, d—f) and could
not co-immunoprecipitate or cosediment with actin

(Fig. 5A and B). These data strongly indicate that F-actin
binding of I-DIXDCI is not mediated via its DIX domain.
Our data also showed that the single CH domain in I-DIX-
DCI1 (aa 21-126) is not an ABD for I-DIXDC1, which is in
agreement with current hypothesis that only CH domains
in tandem repeat can actually bind to actin [10]. In conclu-
sion, DIXDC1-ABD is sufficient and necessary for I-DIX-
DC1 to interact with F-actin both in vitro and in vivo.
DIXDCI1-ABD bears no significant sequence similarities
to any conserved or unique ABDs that have been identified
in various ABPs [1,11-14]. Thus, further refinement of the
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domain and delineation of those amino acids that are cru-
cial for F-actin-binding remain to be investigated.

F-actin-binding capability and subcellular localization
at focal adhesions of I-DIXDCI are reminiscent of another
Wnt signaling pathway protein Dvl [13,23]. Full-length Dvl
protein activates canonical Wnt signaling and stabilizes
cytosolic B-catenin by translocating to the membranous
structures [17]. In the planar cell polarity (PCP) pathway,
Dvl regulates cytoskeletal reorganization and cell morpho-
genesis by targeting to the actin stress fibers and focal
adhesion plaques [13]. DvI-2 also mediates Wnt3a-induced
cell motility and spreading that requires RhoA activation
[24]. Recently, it has been shown that Dvl can heterodimer-
ize with Ccdl via their DIX domains [18]. In our experi-
ments, 1-DIXDCI1 could also bind to Dvl2 via its DIX
domain and these two proteins could colocalize to actin
stress fibers when overexpressed (data not shown). These
data implicate that I-DIXDC1 and Dvl may act in associa-
tion at the same branching site in both canonical and non-
canonical pathways [19]. However, there are apparent
structural, as well as functional, differences between these
two signaling proteins. First, although they both have an
evolutionarily conserved DIX domain, the functional
implications of their DIX domains are different. Other than
homo- and hetero-dimerization, Dvl DIX is responsible for
binding to actin stress fibers and vesicular membranes
while 1I-DIXDC1 associates with F-actin via its novel
actin-binding motif. Second, Dvl has a well-characterized
PDZ domain that binds to Frizzled receptor, Dapper,
and Frodo mediating canonical Wnt signaling [25]; on
the other hand, however, MTH and DIX domains are
required for TCF activity of mouse Dixdcl in the presence
of Dvl [19] and human DIXDCI in our own luciferase
reporter gene assays (data not shown). Third, in non-
canonical Wnt pathway, Dvl regulates JNK signaling path-
way essentially via its DEP domain [25]. However, it has
recently been shown that coiled-coil DIX1 (s-DIXDCI)
inhibits JNK pathway activation mediated by Axinl and
Dvl2 protein [21]. Therefore, future studies should focus
on dissecting the diverse and unique roles of DIXDCI, in
association with Dvl, in both canonical and non-canonical
Wnt signaling pathways.
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