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Cell Proliferation through Wnt/beta-Catenin Signaling
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Abstract

Dact proteins belong to the Dapper/Frodo protein family and function as cytoplasmic attenuators in Wnt and TGFf(3
signaling. Previous studies show that Dact1 is a potent Wnt signaling inhibitor by promoting degradation of -catenin. We
report a new mechanism for Dact2 function as an inhibitor of the canonical Wnt signaling pathway by interacting with
PITX2. PITX2 is a downstream transcription factor in Wnt/B-catenin signaling, and PITX2 synergizes with Lef-1 to activate
downstream genes. Immunohistochemistry verified the expression of Dact2 in the tooth epithelium, which correlated with
Pitx2 epithelial expression. Dact2 loss of function and PITX2 gain of function studies reveal a feedback mechanism for
controlling Dact2 expression. Pitx2 endogenously activates Dact2 expression and Dact2 feeds back to repress Pitx2
transcriptional activity. A Topflash reporter system was employed showing PITX2 activation of Wnt signaling, which is
attenuated by Dact2. Transient transfections demonstrate the inhibitory effect of Dact2 on critical dental epithelial
differentiation factors during tooth development. Dact2 significantly inhibits PITX2 activation of the DIx2 and amelogenin
promoters. Multiple lines of evidence conclude the inhibition is achieved by the physical interaction between Dact2 and
Pitx2 proteins. The loss of function of Dact2 also reveals increased cell proliferation due to up-regulated Wnt downstream
genes, cyclinD1 and cyclinD2. In summary, we have identified a novel role for Dact2 as an inhibitor of the canonical Wnt
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pathway in embryonic tooth development through its regulation of cell proliferation and differentiation.
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Introduction

The mouse tooth is an advantageous model to study organo-
genesis by analyzing molecular signaling networks that regulate
cell differentiation and proliferation. The importance of signaling
pathways including Wnts in the reciprocal interactions between
oral epithelium and mesenchyme were proved in previous studies
[1,2]. The outer and inner dental epithelia are derived from oral
epithelium, and are gradually differentiated into ameloblasts along
the posterior-anterior axis. Several transcription factors including
Pitx2, DIx2, FoxJ1 and amelogenin (Amelx) have hierarchical
expression during tooth development [3]. Together with the
upstream signaling pathways, these mechanisms play critical roles
in the dental crown and root formation [4]. As reported
previously, Pitx2 is one of the earliest transcription markers
observed during tooth development, and it is specifically restricted
to the epithelium of the developing tooth. Pitx2 is regulated by the
Wnt/B-catenin pathway and functions in the pathway by
recruiting and independently interacting with Lef-1 and B-catenin
to synergistically activate target genes, and many of these target
genes are critical for tooth development [5,6].

Dacts are intracellular proteins that can bind to many factors in
both cytoplasmic and nuclear compartments. All members of the
Dact family have N-terminal leucine zipper domains and C-
terminal PDZ binding motifs [7,8]. The orthologs of mouse Dact
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family members in xenopus, zebrafish and human are highly
conserved in terms of gene structures. Studies have shown the
conservation is also prominent at the functional level. In Xenopus
laevis, xDact binds to Dvl through its C terminal PDZ binding
motif [7], and targets B-catenin for destruction by the APC, Axin,
and Gsk3o complex leading to down-regulation of B-catenin
responsive genes. In zebrafish, Dact]l negatively regulates both
canonical Wnt pathway and planar cell polarity (PCP) pathway
(also known as non-canonical Wnt pathway) [9]. But Dact2 in
zebrafish represses the PCP pathway [10] and TGFB/Nodal
pathway [11]. Mouse Dactl degrades Dvl and antagonizes -
catenin dependent Wnt signaling in the same way as xDact in
Xenopus [9]. Mouse Dactl functions in the similar way as xDact
by antagonizing the Wnt/B-catenin signaling, and intensively
involved in the PCP pathway [12]. On the other hand, mouse
Dact2 antagonizes TGFp signaling [13], as well as Wnt/ B-catenin
signaling. However, mouse Dact2 inhibits Wnt/B-catenin signal-
ing in a distinct manner from Dactl. Dact2 doesn’t directly alter
the level of B-catenin [14].

Wnt proteins belong to a family of ligands that are able to
activate a receptor mediated signaling pathway [15,16,17]. Wnt
signaling acting through the cytoplasmic scaffold protein dishev-
elled (Dvl) stabilizes B-catenin allowing it to enter the nucleus
where it interacts with Pitx2 and Lef-1 to regulate gene expression
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Figure 1. Dact2 expression in dental and oral epithelia. (A-F) Endogenous Dact2 protein was stained using a Dact2 antibody and secondary
FITC conjugated antibody and nuclei were stained by DAPI on wild type mouse embryos. (A) E12.5 upper molar tooth germ, (B) E14.5 upper molar
tooth germ, (C) E16.5 oral epithelium, (D) E12.5 lower molar tooth germ, (E) E14.5 lower molar tooth germ, and (F) E16.5 first lower molar all shows
epithelial expression of Dact2. (G and H) molar germs at E14.5 stained without Dact2 primary antibody as negative controls. (I) LacZ staining with
eosin counter staining on E14.5 Pitx2®*X Rosa26™~ mice showed Pitx2 highly expressed cell linages in the upper molar bud, indicating overlapping
expression of Dact2 with Pitx2 at the same developmental stages. White dotted lines indicate the mesenchyme-epithelium boundaries. Scale bar

represents 100 um.
doi:10.1371/journal.pone.0054868.9001

[6,18,19]. Studies showed that Wnt/ B-catenin signaling was highly
conserved, and the precise control of Wnt signaling is required for
normal tooth development. Inhibition of the Wnt/B-catenin
pathway led to differentiation arrest of the dental epithelial cells
and multiple other dental development defects [20,21].

Studies on craniofacial and tooth development identified Dact2
as an important factor that is highly expressed in the dental
epithelium and epithelial cells. Dact2 also has been shown to
interact with various factors, including PKC, Dvl3, B-catenin and
Lef-1, and Dact2 can form hetero/homo dimers with all three
Dact family members. However, the molecular mechanisms of
Dact2 function are still poorly understood. Dact2 is a substrate of
kinases but whether the phosphorylation of Dact2 has any
alteration of cellular function is unknown [22]. Dact2 mRNA
localization has also been shown to be restricted in the dental
epithelia including the cervical loops (stem cell niche) [23].

Because PITX2 interacts with B-catenin and Lef-1 to regulate
gene expression we asked if Dact2 interacted with PITX2 to
modulate PITX2 transcriptional activity. Furthermore, we
hypothesized that Dact2 regulated B-catenin activity in the dental
epithelium and subsequently tooth development. The Dact2 null
mice were analyzed for tooth developmental, cell proliferation
and/or differentiation defects. These studies reveal a role for
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Dact?2 in modulating Wnt/B-catenin signaling activity through
PITX2.

Materials and Methods

Histology and fluorescent immunohistochemistry

All animals were housed in the Program of Animal Resources of
the Institute of Biosciences and Technology, and were handled in
accordance with the principles and procedure of the Guide for the
Care and Use of Laboratory Animals. The Texas A&M Health
Science Center, Institutional Animal Care and Use Committee
approved all experimental procedures. The Dact2 null mice
(NM_172826) were obtained from the Texas Institute for
Genomic Medicine and the Dact2 gene was inactivated using the
gene trap insertion method. The insertion completely inactivated
the Dact2 gene and no Dact2 protein was produced in the mutant
mice. Murine embryos were used for histology and fluorescent
immunohistochemistry (FIHC). Samples were fixed in 4% para-
formaldehyde, dehydrated and embedded in paraffin wax.
Sections were cut (7 pm) and stained with Hematoxylin and
Eosin. Sections for immunohistochemistry were rehydrated and
treated with 10 mM Sodium Citrate solution for 15 min at a slow
boiling state for antigen retrieval. Subsequently sections were
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Figure 2. Endogenous Pitx2 binds to a conservative region on the Dact2 promoter. (A) Schematic of Dact2 10 kb promoter with six PITX2
binding motifs (TAATCC) indicated by arrowheads. The red arrowhead indicates the site verified by ChIP assay. The location of the sense primer and
the antisense primer are shown for amplification of the immunoprecipitated chromatin. Blue arrowheads are putative binding sites with less
conservation. The white arrowhead indicate a non-conserved Pitx2 binding motif that we tested in ChIP experiment as negative control shown in
Figure S3. (B) Endogenous ChIP assay was performed in LS-8 cells. Lane 1 contains the PCR marker. Lane 2 shows the Dact2 primers-only control.
Lane 3 is the immunoprecipitation using normal rabbit IgG and Dact2 primers. Lane 4 is the Pitx2 immunoprecipitated chromatin amplified using the
specific Dact2 promoter primers. Lane 5 is the chromatin input amplified using the Dact2 primers. Lane 6 shows the Msx2 promoter primers-only
control. Lane 7 is the immunoprecipitation using normal rabbit IgG and Msx2 primers. Lane 8 is the Pitx2 immunoprecipitated chromatin amplified
using the specific Msx2 promoter primers. Lane 9 is the chromatin input amplified using the Msx2 primers. The amplified region of Msx2 promoter is
—632 to —359 bp relative to transcription start site. All PCR products were sequenced to confirm their identity. (C) The PITX2 binding element on
mouse Dact2 promoter verified by ChIP was mapped to a highly conserved (>70%) region among Mouse, Human, Chimpanzee, Rhesus macaque and

Rat. The blue box indicates the PCR amplified region on Dact2 promoter in (B).

doi:10.1371/journal.pone.0054868.9002

incubated with 10% goat serum-PBST for 30 min at the room
temperature, followed by overnight incubation with specific
primary antibody at dilution of 1:500 at 4°C. After the incubation
the slides were treated with FITC labeled secondary antibody
(Invitrogen) at a concentration of 1:300 for 30 min. Each antibody
incubation was followed by 3-6 PBST (phosphate-buffered saline
with tween) washes. B-catenin antibody was purchased from Santa
Cruz Biotechnology. Nuclear counter staining was performed
using a DAPI containing mounting solution after the final wash
(Vector Laboratories).

Fluorescent immunocytochemistry

Cells were seeded on microscope glass cover slips in 60 mm
dishes 24 h prior to fixation. Fixation was done by incubating the
cover slips in ice-cold acetone for 5 min at 4°C. Fixed cells were
washed with PBST for 5 min twice. Subsequently the cover slips
were incubated in 10% normal goat serum-PBST 30 min at room
temperature, and then in specific primary antibodies at 4°C. After
overnight incubation, cells were rinsed by PBST for 3 times, 5 min
each. Then the cells were incubated with FITC labeled secondary
antibody for 30 min at 37°C. Finally the cells were washed with
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PBST for 3 times, 5 min each, and counter stained by DAPI
containing mounting solution.

Expression and reporter constructs

Expression plasmids containing the cytomegalovirus (CMV)
promoter linked to the PITX2A c¢cDNA were constructed in
pcDNA-3.1-MycHisC  (Invitrogen) [18,24,25]. B-catenin S37A
expression plasmid has been previously described [6]. Mouse Dact2
cDNA (NM_172826) was cloned and constructed into pcDNA-
3.1-MycHisC (Invitrogen) backbone, under control of the CMV
promoter. DIx2 and amelogenin promoters in pTK-Luc have been
previously described [3,4]. 10 kb Dact2 promoter was cloned in
pTK-Luc plasmid. The 66 bp Dact2 enhancer reporter was
constructed by cloning a 66 bp DNA segment of Dact2 promoter
containing the Pitx2 binding site at (—6172 to —6106 bp) into
minimal TK-Luc reporter in tandem. Mutant reporter was
constructed with the same tandem flanking promoter sequence,
except the Pitx2 binding motif GGATTA (—6142 to —6136 bp)
was mutated into scrambled motif AGTTCG. All constructs were
confirmed by DNA sequencing. All plasmids were double-banded
CsClI purified.
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Figure 3. PITX2 activates Dact2 expression. (A) CHO cells were co-transfected with CMV-PITX2A expression plasmids and luciferase reporter
driven by Dact2 10 kb promoter. Empty CMV-PITX2A expression plasmids were transfected in parallel as a negative control. All transfections included
the SV-40-B-galactosidase reporter to control the transfection efficiency. Cells were incubated for 24 hrs and then assayed for luciferase and (-
galactosidase activities. (B) Luciferase reporters driven by a duplicated 66 bp DNA segment of Dact2 promoter flanking the Pitx2 binding site in
Fig. 2A at (—6172 to —6106) was co-transfected with or without CMV-PITX2A overexpression plasmid in CHO cells. A similar reporter with the
mutated Pitx2 binding motif was transfected in parallel as control. All luciferase activities are shown as mean-fold activation compared with the Dact2
promoter plasmid co-transfected with empty CMV expression plasmid (+=SEM from five independent experiments). (C) E14.5 Embryos from Pitx2 ™"~
Pitx2 transgenic and wild type mice were harvested to generate MEF cells. These MEFs were lysed and analyzed by Western blots to show
endogenous Dact2 expression levels. GAPDH expression was probed as loading controls. Protein band intensities were quantified and shown as

relative value =SEM.
doi:10.1371/journal.pone.0054868.g003

Cell culture, transient transfections, luciferase and f3-

galactosidase assays

MDPC, LS-8 cells [26], CHO cells and HEK293FT cells were
cultured in DMEM supplemented with 5% FBS, 5% BGS and
penicillin/streptomycin and transfected by electroporation. Cells
were fed and seeded in 60 mm dishes 24 hours prior of
transfection. Cells were resuspended in PBS and mixed with
2.5 pg of expression plasmids, 5 pg of reporter plasmid and 0.2 pg
of SV-40 B-galactosidase plasmid. Electroporation was performed
at 380 v and 950 pF (Gene Pulser XL, Bio-Rad). Transfected cells
were incubated for 24 h (unless otherwise indicated) in 60 mm
culture dishes and fed with 10% FBS and DMEM and then lysed
and assayed for reporter activities as well as protein content by
Bradford assay (Bio-Rad). Luciferase level was measured using the
luciferase assay kit (Promega). B-galactosidase was measured using
the Galacto-Light Plus reagents (Tropix Inc.). All luciferase
activities were normalized to B-galactosidase activity.
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Western blot assays

Approximately 15 pg of transfected cell lysates were analyzed in
Western blots. Following SDS gel electrophoresis, the proteins
were transferred to PVDF filters (Millipore), immunoblotted and
detected wusing specific antibodies and ECL reagents (GE
HealthCare). Endogenous Dact2 expression was detected with
polyclonal rabbit antibody (ProSci, Inc.) GAPDH was detected
with polyclonal mouse antibody (Millipore). B-tubulin  was
detected by polyclonal rabbit antibody (Santa Cruz Biotechnolo-
gy). Myc tag was detected by polyclonal mouse antibody
(Invitrogen). Quantification of band intensity was performed by
ImageMeter software (Flashscript.biz). Intensity of each band was
normalized with corresponding loading control (i.e. GAPDH), and
then converted as relative fold value of the intensity of protein of
interest in the first lane of the blot. ZSEM were calculated based
on at least 3 different blots.
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Figure 4. Dact2 attenuates PITX2 transcription activity. (A) CHO cells were transfected with CMV-PITX2A, CMV-Dact2 and luciferase reporter
driven by Amelx 2.2 kb promoter. Empty CMV expression plasmids were transfected in parallel as a negative control. (B) CHO cells were transfected
with combinations of CMV-PITX2A, CMV-f-catenin, CMV-Dact2 and luciferase reporter driven by DIx2 3.2 kb promoter. Empty CMV expression
plasmids were transfected in parallel as a negative control. The titration gradient of transfected Dact2 expression plasmids are from 0.5 pg to 8 pg in
2-fold increment. The luciferase activities were normalized by co-transfected p-galactosidase and *=SEM was from five independent experiments. (C)
DIx2 was transfected instead of PITX2A to show Dact2 attenuation is specific to PITX2 transcription activity. All luciferase activities were normalized by
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co-transfected f-galactosidase and *=SEM were from at least three independent experiments. (D) Dact2and PITX2A transfected CHO cells were lysed
and analyzed by Western blot, probing for transfected PITX2A. B-catenin expression is shown by Western blot in transfected cells. B-tublin was

probed as loading control.
doi:10.1371/journal.pone.0054868.9004

Chromatin Immunoprecipitation (ChIP) assay

The ChIP assays were performed as previously described using
the ChIP Assay Kit (Upstate) with the following modifications
[6,27]. LS-8 cells were plated in 60 mm dishes and fed 24 h prior
to the experiment, harvested and plated in 60 mm dishes. Cells
were cross-linked with 1% formaldehyde for 10 min at 37°C. All
PCR reactions were done with an annealing temperature of 58°C.
Specific primers for amplifying the Pitx2 binding site in the Dact2
promoter were as follow: sense: 5'- ACTAACGGGAGCCCT-
GACAT -3 and antisense: 5 -GGAGGCATTTTTCT-
CAATGG-3'. All the PCR products were evaluated on a 2%
agarose gel in TBE for expected size (292 bp) and confirmed by
sequencing. As controls the primers were used without chromatin,
normal rabbit IgG was used replacing the specific primary
antibody to reveal non-specific immunoprecipitation of the
chromatin. The primers for amplifying the Msy2 promoter were
as follow: sense: 5" -AAGGGAGAAAGGGTAGAG- 3’ and
antisense: 5’ -CCCGCCTGAGAATGTTGG-3'. The expected
product size was 273 bp. The primers for amplifying the non-
conserved binding motif at -3719 bp on Dact2 promoter were as
follow: 5" -CCTCTGGAAGCAGGAGAGTG- 3’ and antisense:
5" -CACTCTCCTGCTTCCAGAGG-3'. The expected product
size was 236 bp. The primary antibody used in this assay was
polyclonal rabbit Pitx2 antibody (Capra Science). Evolutional
conservation analysis was performed using online tool (http://
ecrbrowser.dcode.org/), [28].

Immunoprecipitation Assay

LLS-8 oral epithelial cells were used to demonstrate endogenous
Dact2 and Pitx2 interaction. Cells were harvested and disrupted
by repeated aspiration through a 25-gauge needle. Cellular debris
was pelleted at 4°C. An aliquot of lysate was saved for analysis as
input control. The supernatant was transferred to a fresh 1.5-ml
microcentrifuge tube on ice and precleared using the mouse IgG.
Precleared lysate was incubated with protein A/G-agarose beads
for 1-2 h at 4°C. After a brief centrifugation, supernatant was
transferred to a new tube, and immunoprecipitation was
performed with rabbit Pitx2 antibody (Capra Science). The

Lef-1 PITX2A Dact2

supernatant was incubated with protein A/G-agarose beads at
4°C for overnight. Immunoprecipitates were collected by briefl
centrifugation and washed 3 times with PBS and resuspended in
15 pl of HyO and 3 pl of 6X SDS loading dye. Samples were
boiled for 5 min and resolved on a 12% polyacrylamide gel.
Western blotting was performed with anti-Dact? antibody and
HRP-conjugated antibody to detect immunoprecipitated proteins.

GST Pulldown Assays

GST-PITX2A-FL (full length), GST-PITX2A-HD (homeodo-
main), GST-PITX2A-NA38 and GST-PITX2A-C173 fusion
proteins were expressed in bacteria, purified and immobilized on
Glutathione-Sepharose beads. Protein binding beads were sus-
pended in binding buffer (20 mM HEPES, pH 7.5, 5% glycerol,
50 mM NaCl, | mM EDTA, 1 mM DTT with 1% milk and
400 pg/ml ethidium bromide). Purified bacterial expressed Dact2
proteins were added to 10-30 pg of immobilized GST fusion
proteins in a total volume of 100 pl and incubated for 30 min at
4°C. The beads were pelleted and washed 5 times with 200 pl of
binding buffer. The bound proteins were eluted by boiling in SDS
sample buffer and separated on a 12% SDS-polyacrylamide gel.
Immunoblotting detected Dact2 protein using Dact2 antibody
(ProSci) and ECL reagents from GE Healthcare.

Cell proliferation assays

MEF cells were harvested from E13.5 littermates and subjected
to cell proliferation assay before passage 3. 1.5x10° cells of each
line were seeded in 60 mm plates on day 0. Cells were then
trypsinized and counted after 24, 48, 72 and 96 hours by a Coulter
71 cell counter (Beckman Coulter, Inc). Experiments were run in
4 replicates.

Real-time PCR assays

RNA extraction was performed using RNeasy Mini kit from
Qiagen. RT-PCRs were performed using iScript Select cDNA
synthesis kit from BioRad. Real-time PCRs were performed using
iQ SYBR Green Supermix kit, and all Ct values were normalized
by B-actin level. Both isoforms of endogenous Dactl were

Il TOPFlash
" FOPFlash

n=5, p < 0.05

80

Fold Activation

Figure 5. Dact2 is a potent inhibitor of Wnt/f-catenin signaling. 293FT cells were transfected with CMV-Lef-1, CMV-PITX2A, CMV-Dact2
overexpression plasmids and TOPFlash reporters. In parallel experiments FOPFlash reporter were transfected as negative control. All luciferase
activities were normalized by co-transfected B-galactosidase and =SEM were from five independent experiments.

doi:10.1371/journal.pone.0054868.g005
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Figure 6. Dact2 protein localizes to the cytoplasm and nuclear compartments in LS-8 cells. Endogenous immunofluorescence staining on
LS-8 cells was performed. (A) Dact2 protein was probed by Dact2 primary antibody and labeled with FITC. (B) Nuclei were stained by DAPI. (C)
Merged signals of FITC and DAPI. (D, E and F) Single cell was viewed under 100X objective. (G, H and I) Parallel experiments using normal rabbit IgG
as mock primary antibody to show secondary antibody specificity. All scale bars represent 25 pm.

doi:10.1371/journal.pone.0054868.9006

measured using forward (5'- AGCCTCGTGCAGAAGAAAAC -
3") and reverse (5'- CAGAGCCAACCTCTTGCTTT -3)
primers.  Dact2 was measured using forward (5'-
GGCTGACGGGCATGTTC -3')  and  reverse  (5'-
CCCCACGTCAGCTGGAA -3') primers. Dact3 was measured
using forward (5'- GAGCTGAGACCTGCTCATCC -3") and
reverse (5'- GAGCTGAGACCTGCTCATCC -3') primers.
Primers to measure Ccnd2 were forward (5'- GTTCTGCA-
GAACCTGTTGAC -3") and reverse (5'-
ACAGCTTCTCCTTTTGCTGG -3'). Primers for Cendl and
c-Myc were previously described [29]. All PCR products were
examined by melt curves and sequenced.

RNA interference

Short-hairpin (sh) RNA plasmids carrying sequence targets on
the Dact2 mRNA, 5'-TGGATGTGAGCAGGTCTTCTT-3" was
used to transfect LS-8 cells to specifically knock down Dact2
mRNA. This shRNA sequence was previously described and
proven effective [14]. Control shRNA was targeting firefly
luciferase and did not match any mouse cDNA (by a BLAST
search). Transfection of cells was performed using 5 pg plasmid
per 1x10° cells, and cultured for 48 hours before harvesting.

Statistical Analysis

Two-tailed unpaired Student’s t test was used to determine the
difference between two sets of values. Error bars were expressed as
mean * SE. All experiments were repeated at least thrice.

Ethics Statement

All animals were housed at the Institute of Biosciences and
Technology under the care of the Program of Animal Resources,

PLOS ONE | www.plosone.org

and were handled in accordance with the principles and procedure
of the Guide for the Care and Use of Laboratory Animals. All
experimental procedures were approved by the Texas A&M
Health Science Center, Institutional Animal Care and Use
Committee. Protocol number 09001, mouse models for tooth
development.

Results

Dact2 is expressed in the dental epithelium

To characterize factors in dental development, we extracted
tooth germ total RNA from epithelium and mesenchyme of PO
wild type mice and genomic microarrays were employed to
distinguish epithelial from mesenchyme specific factors. Several
epithelial markers such as Pitx2 and Enamlin (Enam) were highly
expressed in dental epithelium, and mesenchyme markers such as
Bmp2 and Pax9 were highly expressed in dental mesenchyme.
Interestingly, the expression of Dact2 was significantly higher (4.45
fold) in dental epithelium compared to mesenchyme (Fig. SIA).
Western blots confirmed endogenous Dact2 expression in the
dental epithelial-like L.S-8 cell line, in contrast with the mesen-
chyme odontoblast-like MDPC: cells (Iig. S1B). A previous report
revealed 3 members of the Dact gene family have correlated
expression pattern in various tissues, and they form homo/hetero
dimers among each other [22]. To determine whether Dact! and
Dact3 are co-expressed in the dental epithelium, we extracted
RNA from LS-8 cells and found Dact? and Dact! have high
expression levels, while Dact3 transcripts are barely detectable
(Fig. S1C). In-situ studies have shown abundant Dact2 transcripts
restricted in both incisor and molar epithelia, but Dact! and Dact3
transcripts are present in the mesenchyme [23]. Dact! and Dact3
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Figure 7. Dact2 and Pitx2 physically interact. (A) LS-8 cells were used for endogenous immunoprecipitation assays. Western Blots shows the
high expression levels of Dact2 and Pitx2A in the 10 times diluted input LS-8 cell lysate. The right lane of the IP Western Blot shows Dact2 protein
pulled down by Pitx2 antibody. Left lane shows the parallel IP performed using normal rabbit IgG as negative control. (B) Schematics of the gene
structures of PITX2A truncations used in GST pull down assay. (C) Coomassie blue staining of the purified PITX2A truncated proteins fused with GST
tag (bands with the correct sizes marked by *). (D) Dact2 Western blot of the GST pull-down assay. Dact2 pure protein was incubated with different
truncated PITX2A in lane 1, 3, 5 and 7. Incubation of corresponding truncated PITX2A only controls were in lane 2, 4, 6 and 8. Lane 9 contains 10%
Dact2 pure protein input. Results indicated Dact2 binds PITX2A through the homeodomain.

doi:10.1371/journal.pone.0054868.9007
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Figure 8. Knock down of Dact2 activates endogenous Pitx2 target genes. (A) Knocking down of endogenous Dact2 in LS-8 cells by shRNA
was shown by Western Blot. Negative control shRNA transfected cells show no change. GAPDH was probed as loading controls. Protein band
intensities were quantified and shown as relative value =SEM. (B) mRNAs were extracted from LS-8 cells transfected with Dact2 shRNA or NC shRNA,
and subjected to RT-PCRs and real-time PCRs. Relative expression levels of DIx2 and Amelx were analyzed and correlated with Dact2 expression level.
All Real-time PCRs were performed in triplicates and repeated six times.

doi:10.1371/journal.pone.0054868.9008
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Figure 9. Dact2 down-regulates Wnt responsive proliferation markers. (A) MEF cells from Dact2™”~, Dact2”~ and Dact2"* embryos were
lysed and analyzed by Western blots. GAPDH was probed as loading controls. Protein band intensities were quantified and shown as relative value
+SEM. (B) mRNAs extracted from MEF cells were subjected to RT-PCRs and real-time PCRs. Specific primers for proliferation markers Ccnd1, Ccnd2 and
¢c-Myc were used in the real-time PCRs to evaluate the relative expression level of these proliferation markers. All real-time PCRs were performed in

triplicates and repeated five times.
doi:10.1371/journal.pone.0054868.g009

are highly expressed in the dental mesenchyme MDPC cells
(Fig. S1C).

To demonstrate Dact?2 expression during odontogenesis, we
performed immunohistochemistry using sagittal sections of EI2.5,
E14.5 and E16.5 upper and lower molars and oral epithelium.
Fluorescent immunochemical staining was performed on a series
of sections across the whole tooth germ to avoid positional bias and
secondary antibody only staining was performed in parallel to
ensure antibody specificity. Dact2 protein was specifically ex-
pressed in the dental epithelium and adjacent oral epithelium
during incisor and molar development, consistent with the in situ
hybridization results in previous reports (Fig. 1A-H) [8,23].

Dact2 expression correlates with Pitx2

Since Dact2 expression was observed in the dental epithelium,
we asked whether it correlates with the expression of Pitx2. Pitx2 is
one of the earliest transcription factors to initiate tooth formation,
and strongly interacts with B-catenin to synergistically activate
Wnt downstream genes [6]. Epithelial specific Pitx2 expression
was observed at E14.5 using the Pitx2”"*Rosa26"~mouse (Fig. 11
and Fig. S2), and was previously shown by IHC [30]. These data
demonstrate that Pitx2 and Dact2 are co-expressed in the dental
epithelium during development. We next asked if Dact2 was part
of the Wnt/Pitx2 transcriptional activator mechanism.
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Figure 10. Dact2 represses cell proliferation. (A) 96-hour cell proliferation assays were performed with Dact2™”~, Dact2”~ and Dact2"* MEF
cells at passage 3. All cell counting were performed in triplicate. (B) Microscopic photos of seeded MEF cells at the beginning and end of the

proliferation assay.
doi:10.1371/journal.pone.0054868.g010
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Figure 11. p-catenin cellular localization is changed in the dental epithelium of Dact2 null mice. (A and E) E18.5 WT and Dact2™’~ lower
incisors were examined by immunohistochemistry for B-catenin expression. Boxed region were examined under higher magnification. (B and F)
Detailed views of the labial dental epithelium were shown. B-catenin was labeled with FITC. (C and G) Nuclei were stained with DAPI. (D and H)
Merged signals of FITC and DAPI are shown. Arrowheads indicate the differentially localized B-catenin. MES, mesenchyme; OD, odontoblasts; AB,

ameloblast; SI, stratum intermedium.
doi:10.1371/journal.pone.0054868.9011

PITX2 activates Dact2 expression

We analyzed the sequence of the 5’ flanking region of the Dact2
gene and found several potential Pitx2 binding sites. After an
evolutional conservation screening a putative binding site at -
6142 bp was found with a high degree of conservation among
mouse, rat, human and chimp (Fig. 2A, C). Chromatin
immunoprecipitation (ChIP) assays performed in LS-8 cells
demonstrate endogenous Pitx2 binding to this site on the Dact2
promoter (Fig. 2B). A set of primers flanking this Pitx2 binding site
(GGATAA) were able to amplify the Dact2 promoter from
chromatin input (Fig. 2B, lane 5), as well as from the Pitx2
immunoprecipitated chromatin (lane 4), demonstrating Pitx2
specifically binds to the element in the Dact2 promoter. A PCR
with DNA pulled down by normal IgG was examined as a negative

control (Fig. 2B, lane 3). Since Pitx2 does not regulate Msx2,
a negative control experiment was done in parallel using the same
ChIP DNA pulled down by Pitx2 antibody and control IgG to
amplify Msx2 promoter region with specific Msx2 primers. (Fig. 2B,
lane 8). In addition, we performed another control experiment by
testing a Dact2 promoter fragment containing a putative binding
site (—3753 to —3517 bp) with no significant conservation
(Fig. S3A). The result shows no enrichment in Pitx2 antibody
pull down DNA (Fig. S3B).

To verity whether this binding is functional, we performed
transient co-transfection in cells with PITX2 expression and
a luciferase expression plasmid driven by the 10 kb Dact2
promoter. Cells transfected with PITX2 activated the Dact?
promoter about 8-fold (Fig. 3A). A 66 bp DNA segment of Dact2
promoter containing the PI'TX2 binding site in Fig. 2A at (—6172

N

Cell Proliferation

Wnt/PITX2
target genes

Figure 12. Model for the mechanism of Dact2. Dact2 is a direct downstream target gene of Pitx2 and Wnt signaling. Dact2 negatively feeds
back and represses the transcriptional activity of Pitx2, and in turn inhibits Wnt/B-catenin signaling responsive proliferation. Dact2 also inhibits Wnt

signaling responsive cell proliferation.
doi:10.1371/journal.pone.0054868.9g012
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to —6106 bp) was cloned into TK-Luc reporter in tandem. A
similar reporter was constructed with the same tandem flanking
promoter sequence, except the binding motif GGATTA (—6142
to —6136) in this reporter was mutated into scrambled motif
AGTTCG. Luciferase assays in Fig. 3B conducted on CHO cells
transfected with PITX2A and each of these two reporters showed
a loss of PITX2 activation when the binding motif was mutated
(Fig. 3B).

Furthermore, endogenous Dact2 expression was increased in
PITX2C transgenic mouse embryonic fibroblast (MEF) cells
compared to wild type MEF cells (Fig. 3C). Furthermore, Dact2
expression was very low in Pitx2 knockout MEF cells. These data
strongly suggest that endogenous Pitx2 activates Dact2 expres-
sion.

Dact2 represses PITX2 transcriptional activity

To understand the function of Dact2, cell transfections were
performed with Dact2 and PITX2 over expression plasmids and
luciferase reporter constructs under the control of DIx2 and
amelogenin promoters. DIx2 is an ameloblast differentiation
marker under Pitx2 regulation in the transcriptional hierarchy of
tooth development [3,31]. Amelogenin (Amelx) is a structural
protein that contributes to the enamel formation during the late
stage of tooth development, which is also under transcriptional
control of Pitx2. The luciferase reporters driven by Amelx and
DIx2 promoters were analyzed for Dact2 function. PITX2A
activates the Amelx promoter at ~22-fold and Dact2 alone does
not activate the Amelx promoter in transfected cells (Fig. 4A).
However, Dact2 represses PITX2 activation of the Amelx
promoter, from 22-fold to 14-fold activation (Fig. 4A).

Because Dact? is involved in Wnt/ B-catenin signaling we asked
if Dact2 repression of PITX2 transcriptional activity was
modulated by B-catenin. PITX2 and B-catenin interact to increase
the activity of PITX2 and co-expression of both activate the DIx2
promoter at 30-fold whereas co-expression of Dact2 and B-catenin
did not activate the DIx2 promoter in LS-8 cells (Fig. 4B). The
Dact2 expression plasmid was titrated against constant amounts of
PITX2 and B-catenin plasmids (2.5 pg) and the DIx2 reporter
(5 pg). As the Dact2 plasmid concentration was increased from
0.5 pg, 1 pg, 2 pg, 4 pg and 8 g, this correlated with increased
repression of PITX2 transcriptional activity in the presence of -
catenin (Fig. 4B). Dose dependent inhibitory effect of Dact2 also
exists when P-catenin is not ectopically expressed. Thus, Dact2
inhibition of PITX2 is not B-catenin dependent and is not affected
by the interaction between B-catenin and PITX2. Dact2 does not
repress DIx2 activation of the DIx2 promoter indicating that the
repression by Dact2 is specific to PITX2 (Fig. 4C).

To rule out the possibility that PITX2 was degraded after over
expression of Dact2, Western blots were performed using PITX2A
and Dact2 co-transfected LS-8 cells. Transfected PITX2A levels
remained constant with different amounts of transfected Dact2
(transfected PITX2 was observed using the Myc antibody, top
blot, Fig. 4D). B-catenin over expression is shown by Western blot
(Fig. 4D).

Dact2 is a potent modulator of Wnt/B-catenin signaling

Pitx2 interacts with P-catenin and Lefl independently and
synergistically activates the target genes of Wnt/B-catenin
signaling by recruiting B-catenin and Lef-] to the same transcrip-
tional activation complex [5,6]. We employed the Topflash
reporter plasmid, which is a widely used indicator of Wnt/ -
catenin signal transduction to determine the role of Dact2 in
regulating Wnt/B-catenin activation of transcription. The Top-
flash reporter contains the luciferase gene driven by multiple
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TCF/LEF binding sites and the Fopflash plasmid contains point
mutations in the TCF/LEF binding sites, which abolish binding of
Lef-1 and was used as a negative control. Transfected Lef-1
(2.5 pg) activated the Topflash reporter (5 pg) by about 8-fold, and
transfected Dact2 (2.5 pg) strongly repressed this activation (Fig. 5).
Co-transfection of PITX2A and Lef-1 activated Topflash at 90-
fold and addition of Dact? repressed this activation to ~60-fold
(Fig. 5). Dact2 expression repressed the PITX2 and Lef-1
synergistic activation of Topflash by 30%. These results indicate
that Dact2 represses the activation of tooth development factors
and the Wnt/B-catenin pathway in general by interfering with
PITX?2 and Lef-1 transcriptional activity.

This repression by Dact2 can be rescued in a dose dependent
manner by introducing Dact2 shRNA (Fig. S4A). This result
verifies that repression of Topflash is specificity due to Dact2
function. We noticed the mild activation on Fopflash by over-
expressing Dact2. But this activation cannot be reversed by

introducing Dact2 shRNA (Fig. S4B).

Dact2 is both cytoplasmic and nuclear localized and co-
localizes with Pitx2 in the nucleus

The Dactl protein shuttles between the nucleus and cytoplasm
[32]. Because Dact2 and Dactl proteins have high homology,
Dact2 may also have this property. We performed endogenous
immunofluorescence staining on LS-8 cells. Dact2 labeled with
FITC appears in both nuclear and cytoplasm compartments in
discrete loci (Fig. 6A-F). Evidence from Xenopus showed xDact
proteins are present in both cytoplasm and nuclear compartments
[7]. An IgG mock control staining was used in parallel to
demonstrate the specificity of Dact2 staining (Fig. 6G—I). LS-8 cells
transfected with Dact2 shRNA were also stained for Dact2
protein. Compared to non-transfected LS-8 cells (Fig. S5A) and
LS-8 cells transfected with scrambled shRNA (NC shRNA)
(Fig. S5B), the overall level of Dact2 expression was significantly
reduced by Dact2 shRNA (Fig. S5C), demonstrating the specificity
of Dact2 staining.

LS-8 cells express both Dact2 and Pitx2 and we used LS-8 cells
to conduct endogenous immunoprecipitation assays. We were able
to successfully pull down Dact2 proteins in the whole cell lysate by
using a PITX2 antibody, compared to the IgG mock negative
control (Fig. 7A).

A GST-pull down assay was used to confirm the PITX2-Dact2
interaction. Dact2 protein and immobilized GST-PITX2A fusion
proteins were expressed in bacteria purified and used in the pull-
down assays. Schematics showed the gene structures of PITX2A
truncations (Fig. 7B). A coomassie blue staining of the purified
GST-PITX2A proteins is shown (bands with the correct sizes
marked by asterisk) (Fig. 7C). Dact2 bound to immobilized GST-
PITX2-Full length, GST-PITX2-homeodomain, GST-PITX2-
NA38 but not GST-PITX2- C173. Protein incubations without
Dact2 were done as negative controls (Fig. 7D). This pull-down
result suggests that Dact2 binds PITX2A through the home-
odomain. Collectively, the above evidence demonstrates that
Dact?2 and Pitx2 co-localize in the cell, and physically interact
under physiological conditions and in vitro. Pitx2, Lef-1 and B-
catenin are associated as a complex when activating downstream
gene expression [6]. A recent study employed IP assays to prove
that Dact2 protein interacts with B-catenin and Lef-1 [22]. These
data demonstrate that Dact2 is a part of the Pitx2- Lef-1- B-
catenin complex and that Dact2 represses PITX2 transcriptional
activity through a direct physical interaction.
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Dact2 knock down increases endogenous gene
expression

To further investigate the effect of Dact2 on repressing the
transcriptional hierarchy during tooth development, we generated
shRNA expression plasmids to specifically knock down endoge-
nous Dact? in dental epithelial cells and evaluate gene expression.
The shRNA expression plasmids were transfected in LS-8 cells
and Dact2 protein detected by Western blot. A decreased level of
endogenous Dact2 was seen compared to the mock shRNA
transfected cells (Fig. 8A). As we expected, higher Dix2 and Amelx
mRNA levels were observed with decreased Dact2 (Fig. 8B). As
a control the shRNA to Dact2 inhibited Dact?2 expression
approximately 60% compared to controls (Fig. 8B). The 20%
decrease in gene regulation seen in Dlx2 and Amelx could
potentially be higher if Dact2 was completely absence. These
data suggest that Dact2 acts as a differentiation repressor in tooth
epithelia by regulating DIx2 and Amelx expression through a Wnt/
B-catenin/Pitx?2 pathway.

Dact2 represses cell proliferation

We analyzed the Dact2 null mice and only subtle phenotypes
were observed, which was consistent with a previous study [13].
We isolated MEF cells from E13.5 littermate embryos with
genotypes of Dact2”’~, Dact2"’~ and wild type. Dact2 protein
was detected by Western blot in wild type MEFs and both the
Dact?’~ and Dact?” '~ isolated MEFs showed reduced or
undetectable Dact2 expression, respectively (Fig. 9A). Cyclin-
D1 (Cendl), Cyclin-D2 (Cend2) and c-Myc are direct down-
stream target genes of the Wnt/B-catenin pathway [33,34,35,36].
We evaluated these genes in MEFs by real-time PCR, and their
mRNA levels were significantly down regulated, with the
exception of c-Myc (Fig. 9B). As shown before, Cyclin-D1 and
Cyclin-D2 were identified as downstream genes of Pitx2 [36].
Thus, activation of cyclin-D1 and cyclin-D2 by Pitx2 were
subject to the inhibition by Dact2.

A series of cell proliferation assays were performed and the
proliferation rates of MEF cells were negatively correlated with
Dact? expression levels. The deletion of Dact? in MEF cells
significantly increased the proliferation rates of these cells
compared to wild type MEF cells (Fig. 10A). The cells plated on
culture dishes and grown for 1 and 5 days are shown (Fig. 10B).
These data indicated that Dact2 serves as a repressor of cell
proliferation.

Dact2 regulates B-catenin localization in the dental
epithelium

Analyses of B-catenin localization in E18.5 wild type and
Dact2” "~ tooth germs shows B-catenin expression throughout the
lower incisor dental epithelium from the cervical loops (Cl) (stem
cell niche) to the differentiated ameloblast (Am) cells at the apical
tip of the growing incisor (Fig. 11A, E). Interestingly, B-catenin
nuclear localization is reduced in the Dact2 null differentiated
ameloblast (Am) cells (Fig. 11F) compared to wild type (Fig. 11B).
B-catenin is redistributed to the apical and basal regions of the
polarized ameloblasts cells deficient in Dact2. B-catenin is
concentrated at the apical and basal ends of the polarized
ameloblasts and increased in the stratum intermedium (SI) in the
Dact2 null E18.5 incisors (Fig. 11F). These data suggest that Dact2
regulates f-catenin cytoplasmic and nuclear distribution in
differentiated ameloblast cells. Interestingly, the levels of B-catenin
are unchanged in the cervical loops of the Dact2 null mice
compared to wild type embryos (data not shown).
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Discussion

The Dact proteins appear to stabilize [-catenin through
unknown mechanisms and can act as inhibitors or activators of
Wnt/B-catenin signaling [7,37,38]. In Zebrafish Dact2 (Dpr2) is
expressed on the dorsal side of the embryo and is required for
morphogenetic movements during gastrulation [10,11]. Dact2
(Dpr2) expression in Zebrafish is regulated by B-catenin signaling
and inhibits Nodal signaling during morphogenesis [10,11].
Xenopus Dpr binds to Dsh and stabilizes the B-catenin degrada-
tion pathway, which results in the degradation of soluble -
catenin. The loss of soluble B-catenin inhibits the activation of
downstream B-catenin dependent target genes [7]. The inhibition
of Dpr activates P-catenin responsive genes [7]. Xenopus Dpr
phosphorylation promotes Wnt/B-catenin signaling activity and
the unphosphorylated form inhibits Wnt/B-catenin activity [39].
Thus, phosphorylation of Dact proteins regulates their activity
and Wnt/B-catenin signaling. Furthermore, mammalian Dactl
inhibits the binding of Lef-1 with B-catenin and promotes the
interaction of Lef-1 with histone deacetylase (HDACI) a co-
repressor [9,38].

Dact2 null mice have been previously reported and similar to
our analyses the embryos developed normally and grew to
adulthood without obvious phenotypic defects [13]. Dact2 was
shown to inhibit TGF signaling in both mice and zebrafish
[13,40]. The Dact2 null mice revealed a specific effect in the
epidermal keratinocytes and a role in wound healing [13]. Dact2
appears to inhibit re-epithelialization by modulating TGFf
signaling [13]. Our study provides new mechanisms for Dact2
through its interaction with the Pitx2 transcription factor.

Dact2 expression and regulation by Pitx2

Dact2 expression has been shown during tooth development and
Dact2 transcripts are restricted to the dental epithelium [8,23].
Dact? expression was observed throughout tooth development in
the dental epithelium from E11.5 to P2. Dact? expression was
detected in cells of the epithelial enamel organ including the
stellate reticulum, stratum intermedium and cervical loop (stem
cell niche) as well as the inner and outer dental epithelium [23].
Interestingly, Dact2 transcripts are downregulated in differentiated
ameloblasts and completely lost by P8 in the tooth germ [23].
However, the mechanism of Dact2 during tooth development was
not addressed and in this report we reveal new molecular
mechanisms for Dact2 during tooth morphogenesis.

The transcriptional regulation of Dact2 was reported to be
through a Wnt/B-catenin pathway but the direct activation was
unknown. We demonstrate that Pitx2 directly regulates endoge-
nous Dact2 expression. Pitx2 interacts with many transcription
factors to regulate gene expression [3,5]. Dact2 represses Pitx2
transcriptional activation of genes involved in both early (DIx2 and
FoxJ1) and late (amelogenin) tooth development. We show that
this repression is independent of the interaction of Pitx2 with B-
catenin. Thus, Dact2 expression is activated by Pitx2 and feeds
back to repress Pitx2 transcriptional activity. It was previously
shown that Dact2 inhibits Lef-1 interaction with [-catenin,
however, Dact2 does not appear to inhibit the interaction of
Pitx2 with B-catenin or Lef-1, but modulates their synergistic
transcriptional activities.

Dact2 interacts with Pitx2

Dact2 is both nuclear and cytoplasm localized in the cell and
colocalizes with Pitx2 in the nucleus. Dact2 binds to Pitx2
directly and knockdown of Dact2 expression results in an
increase in Pitx2 target gene expression. Our data demonstrate
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that Dact2 regulates gene expression during tooth development
by a direct interaction with Pitx2. This regulation of gene
expression appears to be linked with Wnt/B-catenin signaling
through B-catenin interactions with Lef-1 and Pitx2. From our
studies and previous reports it is clear that Dact? is interacting
directly with transcription factors as well as regulating the
function of soluble B-catenin in the cell.

Dact2 regulates cell proliferation and B-catenin
localization

We demonstrate that Dact2 represses cell proliferation and
these data are similar to the report of decreased Dact2 expression
causing a re-epithelialization during wound healing [13]. These
cell processes are linked to P-catenin and cyclin D1 and D2
expression and we show that Dact2 represses both cyclin D1 and
D2. Analyses of P-catenin expression and cellular localization
during lower incisor development revealed a redistribution of -
catenin in Dact? null differentiated ameloblast cells. In the
differentiated ameloblast cells Dact2 allows for B-catenin accu-
mulation in the nuclei and membrane components. Without
Dact2, B-catenin is localized to the apical and basal ends of the
ameloblasts as well as the stratum intermedium. Dact2 appears to
be required for the nuclear localization of B-catenin in these
differentiated cells to allow for its interaction with Pitx2 and Lef-1
transcription factors. This would be required to activate gene
expression during late tooth morphogenesis.

The model we proposed contains a negative auto-regulation
loop, in which Dact2 represses the activation of its own promoter
through inhibiting Pitx2 transcriptional activity. Since both Pitx2
and Dact2 are highly conserved between mouse and zebrafish, this
mechanism provides an explanation for the morpholino knock-
down experiments conducted in zebrafish resulting a possible
negative auto-regulation of zebrafish Dact2 [11].

It was well established that excessive Wnt signaling leads to
supernumery teeth formation, while insufficient Wnt signaling
leads to arrest of early tooth development [20,41,42,43,44].
Without the inhibition of Dact2 on Wnt/B-catenin signaling in
Dact2™’™ mouse, a supernumery teeth phenotype was expected.
Although consistent with the previous study [13], it is surprising
that Dact2” "~ mice don’t exhibit any significant phenotype in the
craniofacial region. This may be due to the functional redundancy
within Dact paralogs, especially when Dactl and Dact2 are both
highly expressed in the dental epithelium. Although Dactl and
Dact2 both are able to inhibit Wnt/ B-catenin signaling, the direct
targets of inhibitor interaction are divergent. Dvl proteins are
targeted by Dactl and reside in the Wnt/B-catenin pathway at
a higher hierarchy, which means the regulation of Wnt target gene
expression is in a macro scale. However, Pitx2 is targeted by Dact2
and acts as an effector downstream of the Wnt/ 3-catenin pathway,
which means Dact?2 regulates a narrower spectrum of Wnt target
genes in a more precise manner (Fig. 12). These data indicate
Dact? plays a role in Wnt signaling regulation as a “fine tune”
mechanism,; while Dactl serves an “on and off”” switch. This is
a possible reason for the lack of a severe developmental phenotype
in Dact2” " mice.

Supporting Information

Figure S1 Dact2 expressed in dental and oral epithelia.
(A) Microarray analyses of epithelial and mesenchyme compart-
ments of P1 mouse incisors. Shown is a heat map of mRNA
expression. Dact2 gene is highly expressed in the tooth epithelium.
Known epithelial and mesenchymal markers are shown in the
bottom as controls. (B) Western blots showed that endogenous
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Dact2 protein highly expresses in the LS-8 cells, which is an oral
epithelial cell line. In contrast, no detectable expression was seen
in the MDPC cells, an odontoblast-like cell line. (C). Real-time
PCRs were performed with LS-8 cells and MDPC cells to show
the relative expression of three Dact family genes. Expression levels
of Dact genes were normalized to B-actin across two cell lines. All
real-time PCRs were performed in triplicates and repeated at five
times.

(TIF)

Figure S2 Dact2 expression pattern overlaps with Pitx2
during tooth development. (A) LacZ staining with eosin
counter staining on E14.5 Pitx2 “/* Rosa26™~ mice lower incisor
germ. (B) Immunohistochemistry showed endogenous Dact2
protein stained by FITC conjugated antibody in E14.5 lower
incisor germ. Nuclei were stained by DAPI. White dotted lines
indicate the mesenchyme-epithelium boundaries of incisor germs.
Scale bar represents 100 pm.

(TIF)

Figure S3 Nonconserved Pitx2 binding motif in the
Dact2 promoter does not bind Pitx2. (A) Schematic of the
location of the nonconserved binding site on Dact2 10 kb promoter
at —3719 bp indicated by a white arrowhead. The location of the
sense primer (—3753 bp) and the antisense primer (—3517 bp) are
shown for amplification of the immunoprecipitated chromatin. (B)
DNA from endogenous ChIP assay performed in Figure 2 was
used to evaluate the enrichment of this nonconserved binding
motif. Lane 5 contains the PCR marker. Lane 1 shows the Dact2
primers-only control. Lane 2 is the amplified fragment from
immunoprecipitation using normal rabbit immunoglobulin G.
Lane 3 is Pitx2 antibody immunoprecipitated chromatin amplified
using the specific Dact2 promoter primers. Lane 4 is the chromatin
input amplified using the Dact2 primers. Missing band in lane 3
indicate this putative binding site is not functional. All PCR
products were sequenced to confirm their identity.

(TIF)

Figure S4 Dact2 shRNA rescues Dact2 inhibition of the
TOPFlash reporter. (A) Combinations of CMV-Lefl, CMV-
PITX24, CMV-Dact?2 and Dact2 shRNA were co-transfected in
CHO cells with TOPflash reporter. ++ indicate double dosage of
transfected Dact2 shRNA plasmid. (B) FOPflash reporter were
transfected instead of TOPflash with combinations of CMV-LefI,
CMV-Dact? and Dact2 shRNA. No shRNA rescuing effect was
seen in the results, indicating FOPflash activation was not specific
due to Dact2 overexpression. All luciferase activities are shown as
mean-fold activation compared with the reporter plasmid co-
transfected with empty CMV expression plasmid (= SEM from
five independent experiments).

(TIF)

Figure S5 shRNA knocks down Dact2 protein in LS-8
cells. (A) Dact2 protein was probed by Dact2 primary antibody
and labeled with FITC in non-transfected LS-8 cells. (B) Similar
level of Dact2 protein staining was seen in NC-shRNA transfected
LS-8 cells. (C) Dact2 protein staining was significantly lower in
Dact2 shRNA transfected LS-8 cells. Results support efficiency of
Dact2 shRNA, as well as the specificity of Dact2 antibody in
immunocytostaining experiments shown in Fig. 1 and Fig. 6. All
cells were counter staining with DAPI to show nuclei. Scale bars
represent 50 pm.

(TTF)
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