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Improving the knowledge of disease-causing genes is a unique challenge in human health. Although it is known that genes caus-
ing similar diseases tend to lie close to one another in a network of protein-protein or functional interactions, the identification
of these protein-protein networks is difficult to unravel. Here, we show that Msx1, Snail, Lhx6, Lhx8, Sp3, and Lef1 interact in
vitro and in vivo, revealing the existence of a novel context-specific protein network. These proteins are all expressed in the neu-
ral crest-derived dental mesenchyme and cause tooth agenesis disorder when mutated in mouse and/or human. We also identi-
fied an in vivo direct target for Msx1 function, the cyclin D-dependent kinase (CDK) inhibitor p19”**?, whose transcription is
differentially modulated by the protein network. Considering the important role of p19”*** as a cell cycle regulator, these results
provide evidence for the first time of the unique plasticity of the Msx1-dependent network of proteins in conferring differential
transcriptional output and in controlling the cell cycle through the regulation of a cyclin D-dependent kinase inhibitor. Collec-

tively, these data reveal a novel protein network operating in the neural crest-derived dental mesenchyme that is relevant for

many other areas of developmental and evolutionary biology.

Organogenesis depends upon a well-ordered series of induc-
tive events involving the coordination of the molecular path-
ways that regulate the generation and patterning of specific cell
types. A key question in organogenesis is to identify the mecha-
nisms by which regulatory networks control cell differentiation
and patterning. Transcription factors, for example, control several
developmental processes through the selective regulation of target
genes, although they display broad DNA-binding specificities in
vitro (1). While it is believed that the target gene specificity in vivo
is achieved through context-dependent selective protein interac-
tions, the mechanistic details have proved difficult to unravel.
Tooth development is an excellent context for investigating this
complex problem because of the wealth of information emerging
on the molecular mechanisms that govern tooth development
from studies of model organisms and human mutations (reviewed
in references 2—10, and 11).

Among the different classes of transcription factors, the first
member of the Msx homeodomain family of transcription fac-
tors, Msx1, is shown to be the first major transcriptional regu-
lator of early tooth development (12). MsxI mutant mice ex-
hibit, among other phenotypes, a failure (anodontia) and an
arrest of tooth development at the bud stage, when Msx1 is
required for the expression of several genes, i.e., Bmp4, Lefl,
DIx2, Syndecan-1, Runx2, Fgf3, and p19"**, in the dental mes-
enchyme (13-18). In addition, several loss-of-function muta-
tions in the homologous human MSXI gene cause nonsyn-
dromic or syndromic tooth agenesis, establishing a similar role
for tooth development (19-21).

Despite information about the regulation of MsxI gene expres-
sion during tooth development at the bud stage by epistasis analysis,
the downstream targets of MsxI gene regulation and the molecular
mechanism by which Msx1 protein controls transcriptional regula-
tion during early odontogenesis remain unknown. Several in vitro
studies have provided some insight into the molecular mechanism by
which the Msx gene product exerts its functions in myogenesis and
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other developmental contexts. It has been shown that Msx1 interacts
with different classes of transcription factors and components of the
core transcription complex to modify transcription levels and is usu-
ally associated with transcriptional repression. In avian cell culture
assay, for instance, Pax3 activates the MyoD enhancer gene by bind-
ing to its Pax3 DNA binding sites, while Msx1 blocks transcription by
binding to its cognate binding sites. When Msx1 and Pax3 are coex-
pressed, their protein-protein interaction prevents Pax3 from bind-
ing to its sites in MyoD, thereby repressing the expression of the en-
hancer gene and consequently inhibiting muscle cell differentiation
(22). Even when target promoters lack cognate Msx1 homeodomain-
binding sites, Msx1 is able to repress transcription by associating with
core components of the transcriptional machinery, like TBP and Sp1
(23,24). More recently, it has been shown that Msx1 can interact with
a specific isoform of histone, H1b, and thereby bind to the core en-
hancer element of MyoD, thus inhibiting muscle differentiation
through chromatin remodeling (25). On the other hand, functional
studies of Msx1 gain-of-function mutations suggest that Msx1 is not
invariably a transcriptional repressor. Overexpression of Msx1 in the
mammary epithelium, for example, leads to the upregulation of cy-
clin D1, which prevents the mammary epithelial progenitor cells
from terminal differentiation (26). Even though the authors infer that
Msx1 indirectly upregulates cyclin D1, their work nevertheless opens
the possibility that Msx1 functions as an activator in certain develop-
mental contexts.
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TABLE 1 Transcription factors that interact with Msx1 in vitro and in
vivo at the bud stage of tooth development

Interaction with:

Msx1 Msx2

Site of expression in In In In In
Gene tooth bud vitro vivo vitro vivo
Dix2 Dental mesenchyme + + - -
Pax9 Dental mesenchyme + + - -
Lhx6 Dental mesenchyme + + — -
Lhx8 Dental mesenchyme + + - -
Sna Dental mesenchyme + + - -
Lef-1 Dental mesenchyme - + - -
Sp3 Dental mesenchyme + + + +
Prx1 Dental mesenchyme - - - -
Pitx2 Dental epithelium - - + +

The above-described in vitro studies provide a potential regu-
latory mechanism by which Msx1 exerts its function through in-
teractions with other proteins, but they do not provide informa-
tion on the tooth-specific Msx1-interacting protein network, nor
do they define a function for Msx1 as an activator or repressor in
tooth development. It is well documented that transcription fac-
tors have exquisite specificities in vivo that reflect their selective
regulation of target genes and that their specificity is achieved
through selective, context-dependent protein interactions (27). In
the context of tooth development, for example, potential candi-
dates for the role of an Msx1-interacting partner are other tran-
scription factors that, like Msx1, play a role during early tooth
development (Table 1). Although targeted mouse mutations in
either of two members of the distal-less homeobox gene family,
DIxI and DIx2, have no effect on tooth development, mice com-
pounded for mutations in both DIxI and DIx2 exhibit a selective
absence of upper molars (28-30). Pitx2, a member of the bicoid-
like homeobox transcription factor family, is expressed in the ep-
ithelium of the tooth bud (31). Interestingly, in patients with
Rieger syndrome, which is characterized by skin abnormalities
and missing or small teeth, the PITX2 homeodomain gene is mu-
tated (32). Lefl homozygous mouse mutants exhibit an arrest of
both hair and tooth development, with the latter arrested at the
bud stage (33). Specificity protein 3 (Sp3) is a ubiquitously ex-
pressed protein that belongs to the Sp family of transcription fac-
tors. Sp3 is expressed in both dental epithelium and mesenchyme,
and Sp3 homozygous null mice exhibit a late tooth phenotype,
showing a defective dentine/enamel layer (34). Pax9 homozygous
mouse mutants exhibit a cleft of the secondary palate and an arrest
of tooth development at the bud stage, the same stage at which
tooth development arrests in Msx1, Lefl, and Dix double mutants
(35). The similarity in the tooth phenotype between MsxI mu-
tants and the other mutants in most cases and the overlapping
expression of the genes with Msx! in the tooth bud mesenchyme
raise the possibility that they also interact closely within the mo-
lecular regulatory cascade that operates in this organ.

In this study, the murine tooth bud is used as a model system to
elucidate the Msx1 homeoprotein’s combinatorial interactions
with other proteins and how these interactions modulate the tran-
scription of an Msx1 downstream target gene. We show that Msx1
interacts with 5 new transcription factors, providing for the first
time a molecular network of transcription factors that operate in
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early tooth development. We also show that the cyclin D-depen-
dent kinase (CDK) inhibitor p19™**/ promoter is a direct target of
Msx1 function in vivo and that Msx1 and its interactors differen-
tially regulate, in a dose-dependent manner, the p19"** promoter
activity, promoting either functional synergism or antagonism.

MATERIALS AND METHODS

Msx1 baits for yeast two-hybrid screen. For the yeast two-hybrid screen,
the Matchmaker GAL4 two-hybrid system was used (BD Biosciences
Clontech). Three different baits were constructed by cloning Msx1 frag-
ments into the GAL4 DNA-BD (binding domain) vector pGBKT?7. The
baits were (i) full-length Msx1 (Msx1-FL) (bp 1 to 894), (ii) the N-termi-
nal portion of Msx1 (Msx1-NT) (bp 1 to 705), and (iii) the Msx1 homeo-
domain (Msx1-HD) (bp 466 to 706). The three bait plasmids were trans-
formed into the yeast strain AH109 and tested for self-activation and
viability. Of the three baits, Msx1-FL and Msx1-HD did not activate the
reporter genes and, hence, were considered potential baits for the screen.

Generation and screening of E13.5 tooth cDNA libraries. Tooth ru-
diments were microdissected from wild-type embryonic day 13.5 (E13.5)
embryos. Total RNA was extracted using TRIzol (Invitrogen) according
to the manufacturer’s instructions. Two different cDNA libraries were
constructed either by priming with an oligo(dT) primer or by using BD
Smart cDNA synthesis technology with a random primer. The two forms
of double-stranded cDNAs thus generated were used for recombination
with the GALA activation domain vector pPGADT7-Rec in vivo to generate
a complete GAL4 activation domain (AD) fusion library in yeast. Using
the full-length Msx1 bait (Msx1-FL), the two different libraries were
screened by selecting for triple dropouts (ADE2, HIS3, and MEL1). From
a total of 2 X 10° transformants, 340 colonies were obtained. The size of
the clone library was determined by direct yeast colony PCR using Qia-
gen’s Hot Start PCR mix. The four-cutter digestion analysis using restric-
tion enzyme Haelll was used along with the insert size to classify the
library clones into different classes. Clones with identical profiles were
grouped in the same class. Two to three individual clones from each class
were sequenced using pGADT7 vector-specific primers. The sequence
data from each clone were conceptually translated in the reading frame of
the library vector, and the sequence identity was determined by searching
the mouse genome database at www.ncbi.nlm.nih.gov/blast/Blast.cgi.

Cell culture, transfections, and coimmunoprecipitation assays.
C3H10T1/2 cells (CCL-226; ATCC) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% (vol/vol)
fetal bovine serum at 37°C in a 5% CO, humidified atmosphere. The cells,
in 60-mm dishes, were cotransfected with plasmids encoding DIx2, Lhx6,
Lhx8, Snail, Sp3, or Lefl and pCMV-FLAG-Msx1 or with plasmids en-
coding DIx2, Lhx6, Lhx8, Snail, Sp3, or Lefl and pCMV-Tag2B (Strat-
agene) using FuGene 6 reagent (Roche) according to the manufacturer’s
instructions. After 36 h, C3H10T1/2 cells were lysed in radioimmunopre-
cipitation (RIPA) lysis buffer with protease inhibitors (Roche), and pro-
teins were immunoprecipitated by using EZview red anti-FLAG M2 affin-
ity gel beads (Sigma). For Western blotting of eluted proteins, polyclonal
antibodies were used at a 1:500 dilution of primary antibodies against
transcription factor DIx2, Lhx6, Lhx8, Snail, Sp3, or Lef1 (Santa Cruz) or
a 1:1,000 dilution of mouse anti-FLAG M2 monoclonal antibody (Sigma).
The immunoprecipitated proteins were analyzed by immunoblotting us-
ing ECL Western blotting detection reagent (Fisher). All coimmunopre-
cipitation (co-IP) experiments were independently performed three
times, and representative blots are shown.

GST pulldown assay. Invitrogen’s Gateway cloning technology was
employed to construct Msx1— and Msx2—glutathione S-transferase
(GST) expression plasmids using the vector pDEST-15 (Invitrogen). Us-
ing Msx1 or Msx2 cDNA as the template, a PCR product that spans the
entire Msx1 or Msx2 open reading frame (ORF) was generated and cloned
into the pENTR/D-TOPO vector. Msx1 and Msx2 clones in pENTR/D-
TOPO were sequence verified through the PCR-generated regions prior
to use in the recombination reaction that transfers the DNA to the GST
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expression vector, pDEST-15. The GST-Msx1 and Msx2 fusion con-
structs, as well as the pDEST-15 empty vector that can express just the GST
protein, were transformed into the bacterial strain Escherichia coli
BL21-S1 and maintained in LB plates without NaCl. The GST fusion
proteins were induced at 30°C, using 3 M NaCl. The binding of fusion
protein lysates to glutathione-agarose beads was performed according to
the manufacturer’s instructions (Amersham-Pharmacia). The effective
binding of GST-Msx1 and GST-Msx2 fusion proteins to glutathione-aga-
rose beads was detected by Western blot analysis using an anti-Msx1/
Msx2 antiserum (Hybridoma Bank). Equimolar amounts of GST-Msx1,
GST-Msx2, and GST proteins, as well as glutathione-agarose beads, were
incubated with 2 to 10 pl of **S-labeled proteins in a binding buffer
containing 20 mM Tris-HCI, pH 8.0, 0.2 mM EDTA, pH 8.0, 0.1 M NaCl,
1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.2% NP-40. The binding reactions were carried out at 4°C
for 12 to 16 h. After binding, the beads were washed 3 times with 1 ml of
the buffer with a higher concentration of NP-40 (0.4%). The beads were
resuspended in 25 pl of 1 X SDS loading buffer and boiled for 5 min. The
supernatant was resolved by SDS-PAGE. On completion of electrophore-
sis, the gel was dried under vacuum and subjected to autoradiography.

In vitro transcription/translation reactions. All in vitro transcrip-
tion/translation reactions were carried out using Promega’s TNT coupled
reticulocyte lysate system. Full-length cDNAs of all the genes tested
(DIx2, Lhx6, Lhx8, Lefl, mHox, Pax9, Pitx2, Sna, and Sp3, cloned into
pBluescript-SK, pGEM3zf, or pcDNA3) were used as templates in the in
vitro transcription/translation reactions to generate [*°S]methionine-la-
beled proteins (Amersham Pharmacia). The efficiency of the translation
reaction was determined by SDS-PAGE followed by autoradiography.

Construction of mammalian cell expression vectors. The full-length
Msx1 ORF was cloned into FLAG-tagged mammalian expression vector
2B (Stratagene) or V5 epitope-tagged mammalian expression vector
pcDNA3.1/nV5-DEST (Invitrogen). The DIx2 and Lhx8 ORFs were
cloned into the mammalian expression vector pDEST26 (Invitrogen) that
contains a polyhistidine (6 X His) epitope tag. Full-length Pax9 was cloned
in the FLAG- or Myc-tagged mammalian expression vector pCMV-Ta
(Stratagene). The Lhx6, Sna, and Lefl ORFs were cloned into the Myc-
tagged mammalian expression vector pCMV-Tb (Stratagene). Sp3 was
cloned into pcDNA3.

Immunofluorescence. Primary antibodies against 8 transcription fac-
tors (Msx1, Pax9, DIx2, Snail, Sp3, Lefl, Lhx6, and Lhx8) and secondary
antibodies (goat anti-rabbit IgG-fluoresceinisothiocyanate [FITC] and
rhodamine-conjugated IgGs [IgG-R] goat anti-rabbit IgG-R and bovine
anti-goat IgG-R) were purchased from Santa Cruz. They were used at a
1:200 or 1:400 dilution, respectively. Cells were sequentially stained with
triple labeling to examine their colocalization. First, cells were fixed in 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 8 min at
room temperature, followed by washing in PBS twice. Next, fixed cells
were permeabilized by incubation with 0.2% Triton X-100 in PBS for 5
min. Then, cells were blocked in 10% normal goat serum in PBS for 1 h or
overnight prior to 1 h of incubation with the respective primary antibody
(1:200 dilution in PBS containing 1.5% normal serum). After three
changes of PBS, cells were incubated with FITC or tetramethyl rhodamine
isocyanate (TRITC)-conjugated secondary antibodies (1:400 dilution)
and washed three times with PBS in the dark to avoid photobleaching,
followed by the second round of the sequential staining procedure in the
same manner. Nuclei were counterstained with DRAQS5 at a 1:1,000 dilu-
tion (Cell Signaling). Culture slides with triple labeling were mounted on
coverslips with mounting medium for fluorescence (VectaShield) and
sealed with nail polish. Stained cells were observed and images were cap-
tured with a Leica TCS SP2 laser confocal microscope. All imaging exper-
iments (sequential scanning mode) were performed three times at room
temperature, and representative images are shown.

Coimmunoprecipitation assay for Msx2. Two cell lines, C3H10T1/2
and C2C12, were grown in 60-mm dishes and cotransfected with plasmid
constructs of Pax9, DIx2, Lhx6, Lhx8, Snail, Sp3, or Lefl and pCMV-
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FLAG-Msx2 using TurboFect in vitro transfection reagent (Fermentas).
After 36 h, cells were lysed in 200 .l lysis buffer (20 mM Na-phosphate
buffer, pH 7.4, 100 mM NaCl, 1 mM MgCl,, 1% NP-40, 0.1% SDS, and
Complete protease inhibitor [Roche]) for 30 min on ice. Cell lysates were
centrifuged at 16,000 X g for 15 min, supernatants were transferred to
clean microcentrifuge tubes, and coimmunoprecipitations were per-
formed overnight at 4°C by using anti-FLAG M2 agarose beads (Sigma).
Proteins were washed twice with the lysis buffer, eluted using 3X FLAG
peptide, and analyzed by Western blotting as described previously (36).
For each coimmunoprecipitation assay, at least 0.5 mg of total protein
extract was immunoprecipitated with anti-FLAG agarose (Sigma-
Aldrich) and immunoblotted with individual antibodies against tran-
scription factors Pax9, DIx2, Lhx6, Lhx8, Snail, Sp3, and Lef1. All co-IP
experiments were independently performed three times, and representa-
tive blots are shown.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed with anti-FLAG antibody (clone M2; Sigma) and anti-Msx1
antibody (M0944; Sigma) according to the ChIP assay protocol (Upstate/
Millipore). Briefly, C3H10T1/2 cells transfected with pPCMV-FLAG-Msx1
or untransfected cells were cross-linked with 1% formaldehyde for 5 to 10
min at room temperature, neutralized with glycine (125 mM), and
washed twice with chilled 1X PBS containing Complete protease inhibi-
tor. Cell lysates were sonicated to shear the DNA to 200 to 1,000 bp and
centrifuged at 12,000 X g for 10 min. A small aliquot (10 ml) was saved as
input DNA for later PCR analysis. Chromatins were immunoprecipitated
overnight at 4°C by mild agitation with 5 mg anti-FLAG antibody or 5 mg
anti-Msx1 antibody. For a negative control, the supernatant solutions
were incubated with 5 mg of normal mouse or rabbit IgG. After digestion
with proteinase K for 1 h at 55°C, immunoprecipitated DNAs were puri-
fied by spin column, eluted in 50 ml of elution buffer, and stored at —20°C
until PCR analysis.

PCR amplification and real time-quantitative PCR analysis. To an-
alyze the target regions containing the Msx1 binding site in the proximal
promoter of the p19™VX* gene, the DNA samples were amplified by PCR
that generated ~200-bp PCR products spanning two potential binding
sites using two pairs of primers. The primers for binding site 1 (forward,
5'-TAA AAA GGA GTC AGG CAG TAG TGG-3', and reverse, 5'-TTT
TTC TAC GTT TTT CAA GAT AGG G-3') and site 2 (forward, 5'-CAT
TGA TCC ATC TTT CAG GTT CTA-3', and reverse, 5'-GGC CTG AAA
CTT ATT TGA TCT GTT-3") were synthesized by Integrated DNA Tech-
nologies. The PCR cycle was 94°C for 3 min and 40 cycles of 94°C for 30s,
55°C for 30 s, and 72°C for 45 s, followed by 2 min of incubation at 72°C.
DNA samples were quantified with iQ software, version 3.0, using an
iCycler quantitative PCR (qPCR) system (Bio-Rad) and PerfeCTa SYBR
Green I supermix for iQ (Quanta BioScience). For real-time qPCR anal-
ysis, the cycling parameters were 95°C for 3 min and 45 cycles of 95°C for
155, 55°C for 45 s (to collect and analyze data), followed by a dissociation
stage for the melt curve. Real-time qPCR data analysis was performed by
the percentage-of-input method (Invitrogen).

RESULTS

Msx1 interacts with Lhx6 and Sna in vive. To identify protein
interactors of the Msx1 homeoprotein in vivo, we performed a
yeast two-hybrid screen using the full-length Msx1 homeoprotein
as the bait. We used a tooth cDNA library obtained from micro-
dissected E13.5 mouse tooth buds to restrict our screen to the
tissue and developmental stage of our interest. After analyzing 340
clones, we obtained two clones that corresponded to the ORFs of
the Lhx6 and Sna genes (Fig. 1). From our randomly primed tooth
cDNA library screen, we obtained an Lhx6 clone that included the
two LIM domains and the homeodomain (Fig. 1). Lhx6 belongs to
a distinct subclass of homeobox genes called the LIM homeobox
gene family. The LIM homeodomain proteins (Lhx) contain, in
addition to a classical homeodomain, two cysteine-rich motifs
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FIG 1 A schematic representation of the yeast two-hybrid screen using E13.5
tooth cDNA. Microdissected tooth rudiments from E13.5 embryos were used
to make two ¢cDNA sources, one oligo(dT) primed and the other random
primed. The cDNAs were transformed into the yeast library vector by homol-
ogous recombination. From screening 2 X 10° transformants and analyzing
340 clones, two clones that corresponded to the ORFs of Lhx6 and Sna were
obtained. The Lhx6 clone contained the LIM domains and the homeodomain
shown, in comparison with the full-length ORF. The Sna clone, obtained from
the oligo(dT)-primed library, included the 3’ untranslated region and the
C-terminal zinc fingers.

called LIM domains that mediate protein-protein interactions
(37-39). By using an oligo(dT)-primed cDNA library to perform
the yeast two-hybrid screen, we obtained a clone of Sna that in-
cluded the C-terminal zinc finger region (Fig. 1). Sna is a zinc
finger-containing transcription factor that belongs to the snail
superfamily of genes. The zinc finger motifis known to bind DNA,
as well as to interact with other proteins (40).

To further characterize the interaction of Msx1 with Lhx6 and

Sna, we generated >°S-labeled Lhx6 and Sna proteins in vitro and
bacterially expressed a GST-Msx1 fusion protein. Msx1 interacted
physically with both Lhx6 and Sna (Fig. 2C and D). The interac-
tion was specific to GST-Msx1, since neither GST nor beads
showed a nonspecific interaction when incubated with **S-labeled
Lhx6 or *>S-labeled Sna (Fig. 2).

Transcription factors that play an important role in tooth
development interact with Msx1. Several transcription factors
are known to spatially and temporally overlap with Msx1 during
the bud stage of tooth development and are essential for odonto-
genesis (Table 1). To determine whether this set of transcription
factors may constitute potential Msx1 interactors, along with
Lhx6 and Snail identified from our yeast two-hybrid screen, we
performed, at first, a simple GST pulldown assay between the
Msx1 protein and these transcription factors. We identified a
physical interaction between Msx1 and two different new tran-
scription factors: Lhx8, another member of the Lhx gene family,
and Sp3 (Fig. 2E and F). Known Msx1 interactors, such as DIx2
and Pax9, were used as positive controls (Fig. 2A and B) (41, 42).
In contrast, we did not detect any interaction between GST-Msx1
and Lef1, Pitx2, or Prx1 (data not shown). The latter results are of
particular significance for the following reasons. Functional stud-
ies have shown that Pitx2 mutant mice have a tooth phenotype
very similar to that of MsxI mutant mice; however, the expression
of Pitx2 is restricted to the dental epithelium. Since Msx1 is ex-
pressed exclusively in the dental mesenchyme, the lack of a phys-
ical interaction between GST-Msx1 and **S-labeled Pitx2 empha-
sizes the specificity of Msx1-mediated interactions only with a
subset of transcription factors that are expressed in the dental
mesenchyme. Moreover, we could not identify a physical interac-
tion between Msx1 and either Lefl or Prx1, both of which were
considered ideal candidates for interaction with Msx1, due to their
overlapping expression with Msx1 in the dental mesenchyme and
the similarity in their odontogenic phenotypes. Although these
observations strengthen the specificity of the physical interactions
detected in our GST pulldown assay, they cannot exclude the pos-
sibility of an indirect interaction.

A  3S-DIx2 B 3S-Pax9 C 3S-Lhx6
% " %
n -
= LI o 5 T E g 5 8B F P
2 5 b 8 a 3 9 o 2 $ o b
E ¢ O m £ o 6 ¢ E o O @
—_— o )
D 358-Snail E 3°S-Lhx8 F 38-
g
5 3 [ |EL = = 3 = =
2 8 b 2L EE E BB
£ o6 O £ 0o ¢ o £ ¢ O

FIG 2 Msxl interacts directly with tooth-specific transcription factors in vitro. GST pulldown assays with in vitro-translated, **S-labeled DIx2 (A), Pax9 (B), Lhx6
(C), Snail (D), Lhx8 (E), and Sp3 (F) were performed using the Msx1-GST fusion protein. GST-bound beads and unbound beads were used as controls.
Immobilized proteins were eluted in the SDS buffer, resolved by SDS-PAGE, and visualized by autoradiography.
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B Input P
Lhx6 + + + +

FLAG-Msx1 - + -+

IP: anti-FLAG(Msx1)
IB: anti-Lhx6

IB: anti-FLAG(Msx1)

D P
Lhx8 + + + +
FLAG-Msx1 - + - +

IP: anti-FLAG(Msx1)
IB: anti-Lhx8

IB: anti-FLAG(Msx1)
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Lef1 + + + +
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FIG 3 Msxl1 interacts with tooth-specific transcription factors in vivo. pPCMV-FLAG-Msx1 or control vector (pCMV-FLAG-Tag2B) was coexpressed with
transcription factors DIx2 (A), Lhx6(B), Snail (C), Lhx8 (D), Sp3 (E), and Lefl (F) in C3H10T1/2 cells. After 36 h, cell lysate (20%) of each was taken as the input
sample to verify the level of expression (first and second lanes). All the transcription factors tested were detected only in the presence of FLAG-Msx1 in the
immunoprecipitation samples (fourth lanes) and not in the control samples (third lanes). IP, immunoprecipitation; IB, immunoblotting.

Msx1 protein interactors coimmunoprecipitate with Msx1
in living cells. To investigate whether the interactions we identi-
fied from our yeast two-hybrid screen and GST pulldown assay
could be reproduced in living cells, we performed coimmunopre-
cipitation assays in C3H10T1/2, a pluripotent embryonic mesen-
chymal cell line, and C2C12, a premesenchymal cell line (Fig. 3
and data not shown). We expressed Msx1 exogenously asa FLAG-
tagged fusion protein (Fig. 3), DIx2 and Lhx8 as His-tagged fusion
proteins, and Lhx6, Snail, and Lefl as Myc-tagged fusion proteins
for immunoprecipitation analysis using anti-FLAG antibody.
Western blot analyses detected all of the transcription factors in
the anti-FLAG immunoprecipitates from cells cotransfected with
FLAG-Msx1 (Fig. 3A to F, fourth lanes) but not in those from cells
cotransfected with empty control vector (Fig. 3A to F, third lanes).
As controls, equal protein levels (20%) of each transcription factor
were present in both input samples (Fig. 3A to F, first and second
lanes). In contrast, we were unable to coimmunoprecipitate exog-
enous Pitx2 and/or Prx1 with V5-Msx1 in the C2C12 cell line or
FLAG-Msx1 in the C3H10T1/2 cell line under different condi-
tions (data not shown), further suggesting that Msx1 is unlikely to
interact with these transcription factors physically or in vivo. In
sharp contrast to the results for Prx1 and Pitx2, Lefl is able to
interact with Msx1 in living cells.

We also performed protein colocalization analysis using con-
focal microscopy (Fig. 4). C3H10T1/2 cells were used for the im-
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munofluorescence staining to confirm the endogenous localiza-
tion of Msx1 and its interacting proteins. Endogenous Msx1 was
visualized by green fluorescence (FITC immunostaining), and in-
dividual interacting transcription factors were visualized by red
fluorescence (TRITC immunostaining). The overlay images (Fig.
4, yellow) indicated that all transcription factors tested were en-
dogenously coexpressed in the nuclei of C3H10T1/2 cells.

In sum, by employing several approaches, we identified 5 new
transcription factors that mediate protein-protein interactions
with Msx1, consistent with their functional relationship during
early tooth development. These interactions of Msx1 with Lhx6,
Lhx8, Snail, Sp3, and Lefl are highly specific, since no physical
interaction was observed except for Sp3 with Msx2, the second
member of the Msx family of transcription factors, which shares a
high degree of sequence homology with Msx1 (Table 1 and Fig. 5).
In addition, transcription factors that would be considered candi-
dates for interaction with Msx1 due to their overlapping expres-
sion with Msx1 in the dental mesenchyme (such as Prx1) or their
odontogenic phenotype (such as Pitx2) do not interact with Msx1
either physically or in living cells, further highlighting the speci-
ficity of Msx1’s interactions (Table 1 and data not shown). More-
over, these results also suggest that Msx1 works in concert with
other transcription factors to control gene expression during early
tooth morphogenesis.

Msx1 binds in vivo to the p19 ™%

promoter. How do these
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FIG 4 Endogenous colocalization of Msx1 and interacting transcription fac-
tors in living cells. Msx1 was labeled with FITC-conjugated antibody and the
other transcription factors, at their endogenous levels in C3H10T1/2 cells,
were labeled with TRITC for confocal imaging analysis. DRAQ5 was used to
stain DNA.

interactions mediate the ability of Msx1 to regulate a key down-
stream target gene at the bud stage of tooth development? In the
context of myogenesis, for example, Msx1 functions as a repressor
of a myogenic regulatory gene, the MyoD gene, and it does so in
concert with other proteins, like Pax3, a known activator of MyoD
gene expression (22, 43). In vivo studies indicate that the repres-
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sive activity of Msx1 is mediated by direct binding to a key regu-
latory element in the MyoD promoter known as CER (25). In the
context of tooth development, the downstream direct targets of
MsxI gene regulation remain unknown. The next question, there-
fore, is to identify a key target gene whose activity is directly reg-
ulated by Msx1 and to determine how the Msx1 target promoter is
further regulated by the combinatorial action of Msx1 and Msx1-
interacting protein complex(es) during tooth development.

Previous studies revealed that in the Msx1 knockout mouse,
arrest of tooth development occurs at the bud stage, when Msx1 is
required for the expression of several downstream genes, includ-
ing p19™**_ Tt was shown that loss of MsxI function results in
elevated p19™"**? expression and significant reduction of cell pro-
liferation in the dental mesenchyme (15, 18). These results suggest
that, under physiological conditions, the Msx1 homeoprotein
promotes cell proliferation in the dental mesenchyme by repress-
ing the expression of the CDK inhibitor (p19™**), thus facilitating
cell cycle progression. Computational sequence analysis of the nu-
cleotides in the proximal 1.6 kb of the murine p19™** promoter
region revealed the presence of two fully conserved Msx1 binding
sites 1,464 bp and 1,190 bp upstream from the transcription ini-
tiation site in mouse that are conserved in the human p19™*
promoter as well (UniProbe database, http://thebrain.bwh
.harvard.edu/uniprobe/). Additionally, this promoter sequence
contains putative binding sites for the Msx1-interacting transcrip-
tion factors Snail, Lhx6/8, Pax9, DIx2, Lefl, and Sp3, suggesting
that this sequence may contain an important cis-regulatory ele-
ment regulating the expression of p1”"** in the dental mesen-
chyme (Fig. 6).

To determine whether Msx1 binds to any of these sites and,
therefore, directly regulates p19™**“, in vivo chromatin immuno-
precipitation was performed with either exogenously expressed
Msx1-FLAG or endogenous Msx1. Immunoprecipitated chroma-
tin fragments (IP samples) and nonimmunoprecipitated samples
(1% input) were subjected to PCR and real-time qPCR analysis
using specific primers spanning the two binding sites. PCR ampli-
fications showed that Msx1 binds directly to the conserved motif
(TAAT) in the endogenous promoter of the mouse p19"** gene
(Fig. 7). In each set, the promoter regions were specifically ampli-
fied in samples from C3H10T1/2 cells transfected with pCMV-
Msx1-FLAG (Fig. 7A and C) and from nontransfected
C3H10T1/2 cells (Fig. 7B and D). Furthermore, real-time quanti-
tative PCR indicated a binding preference of Msx1 to site 2 (nu-
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FIG 5 Msx2 interacts with Sp3 only. FLAG-Msx2 was cotransfected with transcription factors (TF) Pax9, DIx2, Lhx6, Lhx8, Snail, Sp3, and Lef1 into C2C12 and
C3H10T1/2 cells. Only Sp3 and not the other Msx1 interactors tested was coimmunoprecipitated with Msx2 both in C2C12 and C3H10T1/2 cells.
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FIG 6 Schematic representation of the transcription factor binding sites in the murine p19™"*** proximal promoter region. All the binding loci are based on
computer analysis and UniProbe database profiling (http://thebrain.bwh.harvard.edu/uniprobe/). Msx1 possesses two binding clusters, labeled 1 (nt 1464) and

2 (nt 1190) in pale blue ovals.

cleotide [nt] 1190) that was 3-fold greater than its affinity for site
1 (nt 1464), with differential association frequency (Fig. 7C and
D). This result demonstrates that Msx1 binds to the proximal
P19 promoter in vivo.

To determine whether the p19”** promoter is repressed or
activated by Msx1, C3H10T1/2 cells were cotransfected with a
pl9-luciferase reporter plasmid and increasing amounts of the
Msx1 expression plasmid (see Fig. 9B, panel i). We found that
transfection of Msx1 alone resulted in repression of the p19-lucif-
erase reporter in a concentration-dependent manner. Consistent
with this, loss of MsxI function in mice results in elevated p19™**/
expression and significant reduction of cell proliferation in the
dental mesenchyme (15, 18). These results suggest that, under
physiological conditions, the Msx1 homeoprotein promotes cell
proliferation in the dental mesenchyme by repressing the expres-
sion of the CDK inhibitor p19™**4, thus facilitating cell cycle pro-
gression.

Thus, we provide clear evidence that Msx1 represses pl
transcriptional activity in vivo and does so by direct binding to
Msx1 recognition sites on the p19"** promoter (Fig. 6 and 7; see
also Fig. 9B, panel i). The p19"**® promoter constitutes an Msx1
target promoter during tooth development.

The interaction between Msx1 and its protein partners pro-
motes either functional antagonism or synergism. To determine
the functional consequences of the Msx1 heterodimeric interac-
tions, we tested the transcriptional activity of Msx1 in the presence
of its interacting partners using transient cotransfection assays
(Fig. 8 and 9). At first, we used C3H10T1/2 cells and a reporter
plasmid encoding a synthetic element containing 3 Msx1-specific
binding sites upstream from the simian virus 40 (SV40) promoter
and a luciferase reporter gene (Fig. 8A). We found that at equimo-
lar concentrations, Msx1 was a potent repressor of this reporter,
while transfection of DIx2, Pax9, Lefl, and Snail resulted in mod-
est or minimal activation of the promoter in a dose-dependent

9ir1k4d
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manner compared with the results for the control (empty expres-
sion plasmid) (Fig. 8B, panelsito iv). The Msx1-mediated repres-
sion, however, was blocked in a concentration-dependent manner
by cotransfection with DIx2, Pax9, Lefl, and Snail, leading to ac-
tivation of the Msx1-dependent promoter (Fig. 8B, panels i to iv).
Interestingly, the ability of these transcription factors to block
repression by Msx1 is more potent than their ability to activate the
promoter when transfected alone.

These results further confirm previous studies showing that
Msx1 acts as a repressor and that DIx2 and Pax9 act as activators
that, upon interaction with Msx1, antagonize and thus alleviate
Msx1 repression in a concentration-dependent manner (41, 42,
44). More importantly, they show that the newly identified Msx1
interactors Lefl and Snail alone did not show any effect on the
transcription of the Msx1-dependent promoter. However, upon
interaction with Msx1, both Lefl and Snail antagonize transcrip-
tional repression by Msx1 in a concentration-dependent manner.

When we performed similar experiments to determine the
transcriptional activity of Msx1 in the presence of Lhx6, Lhx8, and
Sp3, we found that, at equimolar concentrations, transfection of
Lhx6, Lhx8, and Sp3 resulted in potent repression of the Msx1-
dependent promoter (Fig. 8B, panels v to vii). We also found that
the Msx1-mediated repression was further increased in a concen-
tration-dependent manner by cotransfection with Lhx6 and Lhx8
but remained unaffected by cotransfection with Sp3 (Fig. 8B, pan-
els v to vii). These results show that Lhx6 and Lhx8 act synergisti-
cally with Msx1 in controlling transcriptional repression by Msx1.
They also show that, although Sp3 is able to interact with Msx1 in
vitro and in vivo, it is not able to modulate the properties of Msx1-
mediated transcription on the Msx1-dependent promoter in the
absence of any Sp3 binding site.

Msx1 heterodimeric interactions differentially modulate
p19™** transcriptional activity, promoting either functional
antagonism or synergism. Using the artificial promoter contain-
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FIG 7 The p19"™* proximal promoter region is a direct target of Msx1. (A) After chromatin immunoprecipitation, samples from C3H10T1/2 cells transfected
with pCMV-Msx1-FLAG were PCR amplified; the binding region was directly amplified prior to immunoprecipitation (1% Input) and specifically amplified in
the immunoprecipitated sample (anti-FLAG). No amplification was detected in the nonspecific IgG (normal mouse serum IgG)-immunoprecipitated sample
(IgG) due to low background under the exogenous overexpression of Msx1 in cells. (B) After chromatin immunoprecipitation, samples from untransfected
C3H10T1/2 cells were PCR amplified; the binding region was directly amplified prior to immunoprecipitation (1% Input) and specifically amplified in the
immunoprecipitated sample (anti-Msx1). (C and D) Quantitative analysis of Msx1 binding preference from transfected cells (exogenous expression) (C) and
untransfected cells (endogenous expression) (D). In both situations, there was a 3-fold-higher preference of Msx1 for binding site 2 (nt 1190) over binding site

1 (nt 1464) in vivo. M, DNA marker.

ing Msx1 binding sites, we showed that the heterodimeric inter-
actions of Msx1 with its protein partners promote either func-
tional antagonism or synergism, depending on its protein partner.

To determine whether similar functional consequences occur
in the presence of the relevant p19"** promoter in vivo, we tested
the transcriptional activity of the p19"** promoter in the pres-
ence of Msx1 and its interacting partners. We tested them alone
(Fig. 9B, panel i) or in combination using transient cotransfection
assays (Fig. 9, panels ii to viii).

We found that the Msx1-mediated repression was blocked in a
concentration-dependent manner by cotransfection with DIx2,
Pax9, Lefl, and Snail, leading to activation of the p19™** pro-
moter similar to what we observed with the artificial Msx1-depen-
dent promoter (Fig. 9, panelsii to v). These results further confirm
our previous observations that, upon interaction with Msx1, the
Msx1-interacting proteins DIx2, Pax9, Lef1, and Snail antagonize
transcriptional repression by Msx1 (Fig. 8). Of interest, Snail
alone, in contrast to what we observed with the artificial Msx1-
dependent promoter, results in robust transcriptional repression
of the p19"**? promoter. A potential explanation for this differ-
ence comes from previous studies showing that Snail acts as a
repressor on promoters containing Snail binding sites (45). The
P19 promoter contains several Snail binding sites, and in the

3106 mcb.asm.org

absence of Msx1, Snail is free to bind to these sites, resulting in
transcriptional repression of the p19™** promoter (Fig. 6). Upon
interaction with Msx1, however, the repression is relieved, result-
ing in transcriptional activation similar to what we observed with
the artificial Msx1-dependent promoter. It is also of note that the
interaction of Lefl with other homeoproteins, like DIx2 and Pitx2
(46, 47), leads to the synergistic activation of downstream pro-
moters, which in the case of its interaction with Msx1 leads to the
activation of both the artificial and the p19™**® promoter but
through functional antagonism of Msx1 repression (46, 47; this
study).

We also found that the Msx1-mediated repression was further
increased in a concentration-dependent manner by cotransfec-
tion with Lhx8 and Sp3 but remained unaffected by cotransfection
with Lhx6 (Fig. 9B, panels vii, viii, and vi, respectively). These
results show that Lhx8 and Sp3 act synergistically with Msx1 in
controlling the transcriptional repression of p19™*** promoter by
Msx1, whereas Lhx6 is not able to modulate the properties of
Msx1-mediated transcription on the p19"**¢ promoter.

Interestingly, in contrast to what we observed with the artificial
promoter, Sp3 is able to modulate the properties of Msx1-medi-
ated transcription when Sp3 binding sites are present (Fig. 6). The
p19™%* promoter contains several Sp3 binding sites, in addition
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FIG 8 Functional consequences of the interaction of Msx1 with tooth-specific transcription factors for the transcriptional regulation of an artificial Msx1-
dependent promoter. (A) Schematic representation of reporter plasmid containing 3 Msx1 binding sites (3X Msx1). (B) C3H10T1/2 cells were cotransfected
with 1 pg of reporter plasmid containing 3 X Msx1-Luc, along with increasing amounts of expression plasmid Msx1-FLAG (0.25 pg, 0.50 g, 0.75 g, and 1.0
pg). Cells were harvested 24 h after transfection for reporter gene assays. Transcription efficiencies were determined using Renilla luciferase plasmid. For this and
subsequent experiments, the levels of luciferase activity were normalized to Renilla luciferase activity and expressed as fold luciferase activity relative to the level
of luciferase activity from cells transfected with the reporter construct and empty expression plasmid. Effects of DIx2 (i), Pax9 (ii), Lefl (iii), Sna (iv), Lhx6 (v),
Lhx8 (vi), and Sp3 (vii) on Msx1-mediated transcription are shown. One microgram of the 3X Msx1-Luc reporter plasmid was cotransfected with 0.25 pg of
Msx1-FLAG or 0.25 pg of the indicated transcription factor, or increasing amounts of transcription factors were added (0.25 g, 0.50 pg, 0.75 pg, and 1.0 p.g)
along with 0.25 pg of Msx1-FLAG. All the transfection experiments were performed three times, and results are shown as means = standard deviations. Pax9,
DIx2, Sna, and Lefl acted as activators of transcription at the 3X Msx1 promoter in conjugation with Msx1, whereas Lhx8 and Lhx6 with Msx1 resulted in

repression. The repression by Sp3 at the 3X Msx1 promoter did not change in the presence of Msx1.

to its Msx1 binding sites. Therefore, it is plausible that, upon in-
teraction, binding of Sp3 to its recognition site may contribute to
increased repression of the p19™** promoter, implying a syner-
gistic mode of repression.

DISCUSSION
An Msx1-interacting network of transcription factors operates
during early tooth development. Organogenesis is the result of
precise spatial and temporal regulation of genes engaged by
several regulatory circuits. Of the numerous factors involved,
homeodomain-containing transcription factors play a pivotal role
in this process. In this study, we used the tooth as a developmental
context to identify protein interactors of the Msx1 homeoprotein.
We have identified five novel transcription factors, Lhx6, Lhx8,
Lefl, Sp3, and Snail, that mediate protein-protein interactions
with Msx1. Msx1 and these proteins are encoded by genes known
to cause tooth agenesis disorders, so this reveals for the first time
the existence of an Msx1-interacting network of transcription fac-
tors that may operate during early tooth development.

Msx1 homeoprotein interacts with LIM homeodomain pro-
teins and the Sp family of transcription factors to synergistically
repress transcription. Several studies indicate that the LIM do-
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mains of the Lhx proteins function as protein-protein interaction
components that modulate the binding of the LIM homeodomain
to DNA and thereby regulate the overall transcriptional activity of
the Lhx homeoprotein (48-51). In the developing embryo, Lhx6
and Lhx8 are important for the development of the brachial arch,
the basal forebrain, and molar dentition (52, 53). During molar
tooth development, both Lhx6 and Lhx8 are expressed in the den-
tal mesenchyme at the bud stage, and like Msx1 mutant mice,
Lhx6 Lhx8 double mutant mice lack molar teeth due to the failure
of specification of the molar mesenchyme (Table 1) (52). In vitro
studies have shown that Msx1 can physically interact with Lhx2 in
the context of limb development, similar to their Drosophila mela-
nogaster orthologues, muscle segment homeobox (msh) and ap-
terous (ap) (54).

We show that Msx1 interacts with both Lhx6 and Lhx8 at the
molecular level and that this interaction results in the enhanced
repression of a direct Msx1 target promoter, suggesting a syner-
gistic repression model (Fig. 10B). This increase in repression in
the presence of the Msx1-Lhx6 or Msx1-Lhx8 complex could be
due to several possible causes. The Msx1-Lhx complex may pre-
vent the recruitment of a transcriptional activator to the promoter
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FIG 9 Functional consequences of the interaction of Msx1 with tooth-specific transcription factors for the transcriptional regulation of the p19 promoter.
C3H10T1/2 cells were cotransfected with 1 g of pI19-Luc reporter plasmid along with increasing amounts of expression plasmid Msx1-FLAG (0.25 pg, 0.50 g,
0.75 pg, and 1.0 pg). Cells were harvested 24 h after the transfections for reporter gene assays. All the transfection experiments were performed three times, and
the bars indicate the means = standard deviations. Msx1 used alone repressed the p19 promoter. Pax9, DIx2, Lefl, and Snail in conjugation with Msx1 acted as
activators of transcription at the pI9 promoter, whereas Lhx8 and Sp3 used with Msx1 resulted in repression of pI19. The repression by Lhx6 at the p19 promoter
did not change in the presence of Msx1.

or could associate with a corepressor, leading to a transcriptional  plex (49). Similarly, we can hypothesize that Lhx6 or Lhx8 inter-
repression. The latter possibility holds true in the case of a LIM  action with Msx1 results in enhancement of the repression, prob-
protein that interacts with the zinc finger protein Rlim, leading to  ably by recruiting a corepressor.

the recruitment of a Sin3A/histone deacetylase corepressor com- The synergistic repression model is also observed when Msx1

(B)

TAAT

FIG 10 Model for transcriptional consequences of Msx1-dependent combinatorial interactions. (A) Direct repression model: repressor Msx1 may bind a target
promoter region containing the core motif TAAT via the homeodomain to exert repression. (B) Synergistic repression model: corepressor Sp3, Lhx8, or Lhx6 can
interact with Msx1 to enhance repression via functional synergism. (C) Functional antagonism model: activator DIx2, Pax9, or Snail or Lefl via an adaptor
protein can interact with Msx1 to relieve repression, leading to downstream gene activation via functional antagonism.

3108 mcb.asm.org Molecular and Cellular Biology


http://mcb.asm.org

interacts with specificity protein 3 (Sp3), a ubiquitously expressed
protein that belongs to the Sp family of transcription factors. Al-
though structurally all Sp family members exhibit common fea-
tures, like a glutamine-rich domain at the N-terminal region of
the protein that is known to function as an activation domain,
numerous studies indicate that Sp3 functions as a transcriptional
repressor and only occasionally as a weak transcriptional activator
(55-59). In the context of tooth development, we show that Sp3
alone acts as a transcriptional repressor and that the Msx1-Sp3
interaction further leads to increased repression of the p19™**
promoter, implying a synergistic mode of repression.

During tooth development, Sp3 is expressed in both dental
mesenchyme and epithelium, including the tooth bud mesen-
chyme. However, Sp3 homozygous null mice exhibit a late tooth
phenotype, in contrast to the early tooth phenotype observed in
Msx1 null mice, leaving the question of the functional importance
of this interaction open (34). What we show, however, is that Sp3
is the only protein to interact with Msx2, another member of the
Msx transcription factor family that shares high homology with
Msx1. Interestingly, Msx2 homozygous null mice exhibit a late
tooth phenotype, similar to the one observed in Sp3 null mice
(60). The lack of an early tooth phenotype in Sp3 null mice may be
due to functional redundancy with Sp1, another member of the Sp
family. Comparative functional studies of Sp1 and Sp3 indicate
that these proteins are uniformly expressed during development.
Nevertheless, the ratio of Sp1 and Sp3 varies between different cell
types during the course of differentiation or exposure to exoge-
nous stimulus. Actually, this relative difference in the amounts of
Sp1/Sp3 could account for functional redundancy and also for the
differential transcription of several genes, especially given the fact
that both Sp1 and Sp3 can recognize and compete for identical
DNA-binding sites (61-63). In this context, we can speculate that
the amount of Msx1-Sp3 heteromeric complex, together with the
relative amount of Sp1 protein in the cell, could potentially ac-
count for the selective late tooth phenotype in the Sp3 null mice.
Taking into consideration that, like Sp1 and Sp3, Msx1 and Msx2
also show functional redundancy, future studies involving condi-
tional mutants of these genes will further illustrate the functional
relationship and significance of these genes during the early and
late stages of odontogenesis.

Msx1 homeoprotein interacts with Lefl homeodomain pro-
tein and a Snail superfamily zinc finger transcription factor to
activate transcription through functional antagonism of Msx1
repression. The murine Snail (Sna) contains a zinc finger tran-
scription factor that belongs to the Snail superfamily of C2H2-
type zinc finger proteins, and members of this family play a central
role in mesoderm formation, in cell movement processes like ep-
ithelial-mesenchymal transitions, and in the regulation of cell cy-
cle events (64—67). As a transcription factor, Snail is known to act
as a repressor. In Drosophila, for example, Sna mediates protein
interactions with the well-known corepressor protein CtBP (car-
boxy-terminal binding protein) and thereby represses down-
stream target genes (68). In mammals, Snail represses the E-cad-
herin promoter by interacting with the corepressor Sin3A/histone
deacetylase (HDAC1)/HDAC2 complex (45). On the other hand,
Snail induces several genes, such as Slug, Zic5, FoxD3, and Twist;
however, the molecular mechanism governing the activator func-
tion of Snail is still unknown (69).

Until this study, there has been no report of Snail mediating
protein interactions with any homeoprotein. In the context of
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tooth development, we show that Msx1 interacts with Snail at the
molecular level and that this interaction results in the transcrip-
tional activation of a direct Msx1 target promoter through a func-
tional antagonism of Msx1 repression (Fig. 10C). This activation
of transcription in the presence of the Msx1-Snail complex could
be due to several possible causes. One explanation could be that
the Msx1 and Snail interaction could prevent Msx1 binding to the
promoter, resulting in relieving the repressor function of Msx1.
Another possibility to consider is that the Msx1-Snail complex
formation may lead to the recruitment of a transcriptional coacti-
vator, leading to transcriptional activation.

Snail is expressed in the dental mesenchyme at the bud stage;
however, as Snail mutant mice die early in gestation due to severe
gastrulation defects, it is difficult to assess its particular functional
role during tooth development (http://bite-it.helsinki.fi/) (64).
There are studies, however, indicating that Snail plays a role in cell
cycle regulation, where a functional overlap between Msx1 and
Snail may exist. Snail was found to impair cell cycle progression by
repressing cyclin D2 transcription by binding directly to the E-box
sites within the cyclin D2 promoter. Additionally, Sna provides
resistance to cell death induced by developmental cues by activat-
ing the mitogen-activated protein kinase (MAPK) and phospha-
tidylinositol 3-kinase (PI3K) pathways (70). Under physiological
conditions, the Msx1 homeoprotein promotes cell proliferation in
the dental mesenchyme by repressing the expression of the CDK
inhibitor (p19™**9), thus facilitating cell cycle progression (18).
Thus, it is conceivable that, upon interaction with Snail, the re-
pression of the p19™** promoter is relieved, leading to activation
of the promoter and thereby to the potential inhibition of cell
proliferation and cell cycle progression (this study). Based on
these results, we may hypothesize that the combinatorial interac-
tions between Msx1 and Snail might help maintain a stringent
control over cell proliferation and differentiation during early
odontogenesis.

Transcriptional activation of a direct Msx1 target promoter
through functional antagonism of Msx1 repression is also ob-
served when Msx1 interacts with Lefl, another homeodomain
protein. In the developing embryo, Lefl is important for the de-
velopment of hair and tooth (33, 71). During molar tooth devel-
opment, Lef] is expressed in the tooth bud mesenchyme, and LefI
mutant mice exhibit an arrest of tooth development at the bud
stage, like Msx1 mutant mice (Table 1) (33). This activation of
transcription in the presence of the Msx1-Lefl complex could be
due either to prevention of Msx1 binding to the promoter, result-
ing in relieving the repressor function of Msx1, or to the recruit-
ment of a transcriptional coactivator, leading to transcriptional
activation. Previous studies have shown, for example, that when
Lefl physically interacts with another homeobox transcription
factor, DIx2, the Lef1-DIx2 interaction synergistically activates the
Msx2 promoter, whereas Lefl alone has no effect on the Msx2
promoter (46). In a similar manner, when Lefl interacts with
Pitx2, the protein-protein interaction between them results in the
synergistic activation of the Lefl promoter (47). In this study, we
show that Msx1 interacts indirectly with Lefl at the molecular
level and that, although this interaction results in transcriptional
activation of the Msx1 direct target promoter p19™**", it does so
not through synergism but through functional antagonism of
Msx1 repression.

1974 a cell cycle regulator, is a direct target for the Msx1-
dependent protein network. To determine the physiological rel-
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evance of the Msx1 interactions, we have also identified an Msx1
in vivo target, the p19"**? promoter, that serves as a powerful tool
to test how its transcription is regulated by the combinatorial in-
teraction of Msx1 and its partners. We show that, depending on its
partner, MsxlI repression of p19”** is either blocked, leading to
activation, or further enhanced, leading to increased repression in
a concentration-dependent manner. Considering the important
role of p19™** as a cell cycle regulator, these results provide evi-
dence for the first time of the unique plasticity of the Msx1-depen-
dent subnetwork of proteins in conferring differential transcrip-
tional output and in controlling the cell cycle through the
regulation of a cyclin D-dependent kinase inhibitor.

Specifically, a key step of the cell cycle is the strict control of the
G,/S transition. In the early and late G, phase of the cell cycle,
several mitogenic signals lead to the sequential accumulation and
activation of cyclins and cyclin D/E kinases. The assembly of the
cyclin/cyclin D-dependent kinase (CDK) complexes is negatively
regulated by small polypeptides, the CDK inhibitors (CKIs). Thus,
cell cycle progression requires an appropriate balance of positive
and negative regulatory factors, such as cyclins, CDKs, and CDK
inhibitors (CKlIs). These cell cycle regulators must complete each
phase of the cycle and, at the same time, must ensure that phase
transitions are nonreversible. However, the mechanisms involved
in the regulation of this process remain largely unknown.

Some studies have shown that p19"**/ expression is regulated
by transcription factors, such as Egrl that represses p19"**" in
prostate cancer cells, leading to increased cell proliferation (72).
Other studies, however, have shown that p1I 9ink4d is induced by
FOXO during G, arrest, Stat3 in macrophage proliferation inhi-
bition, Sp1 in multiple cell lines treated with HDAC inhibitors,
and AML-1 in megakaryocytes, leading to cell cycle arrest (73-76).
Interestingly, p19"™*¢ is the only member of the INK4 family of
CKIs whose mRNA and protein levels fluctuate periodically dur-
ing the cell cycle, and recently, it has been shown that E2F1 medi-
ates this periodicity (77, 78). It has been shown that E2F1 has both
a proliferative function through the induction of cyclin E and an
antiproliferative function through the induction of p19"**¢, Thus,
the induction of p19™** by E2F1 is an event that takes place dur-
ing cell cycle progression, and this step could be part of a regula-
tory network contributing to the fine-tuning of the cell cycle.

Our data provide evidence that the Msx1 transcription factor
alone represses the CKI p19™** through direct binding to its pro-
moter. When in combination with its interactors, however, and
depending on its interactor, Msx1 might induce cell proliferation
by further repressing p19"**? or arrest cell proliferation by acti-
vating p19™"%*, thus proving an additional mechanism for con-
trolling the G,/S phase of cell cycle progression. Collectively, these
data allows us to speculate that Msx1 through its interactions acts
as a switch to control cell cycle progression and may, like E2F1, be
part of a regulatory network that contributes to the fine-tuning of
the cell cycle progression. In vivo, loss of MsxI function in mice
results in elevated p19™*? expression and significant reduction of
cell proliferation in the dental mesenchyme (15, 18). This suggests
that, under physiological conditions, the Msx1 homeoprotein
promotes cell proliferation in the dental mesenchyme by control-
ling the expression of the CDK inhibitor p19™**/ through a timely,
balanced control of its repression or activation, thus facilitating
cell cycle progression.

In sum, understanding the genetic background of diseases is
critical to medical research, with implications in diagnosis, treat-
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ment, and drug development. Most of the approaches use only
local network information and, thus, are restricted to inferring
only a few gene associations. The network of transcription factors
identified from our analysis plays a critical role during early tooth
development and could facilitate an integrative systems biology
approach to elucidating the cellular networks that contribute to
tooth agenesis, for example. It would be interesting in the future to
provide a global, network-based approach for prioritizing tooth
development genes and inferring protein complex associations.
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