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ABSTRACT: PKC phosphorylation regulates PITX2 DNA binding and transcriptional activity. Mutation of
individual PKC sites demonstrates the functional regulation of PITX2 through phosphorylation.
Immunoprecipitation of PITX2 and a PITX2 PKC mutant protein reveal specific in vivo phosphorylation
by PKC in transfected cells. The transcriptional activity of PITX2 is negatively regulated by N-terminal
phosphorylation and positively regulated by C-terminal phosphorylation. We demonstrate a mechanism
of increased PITX2 transcriptional activation through protein interactions facilitated by phosphorylation
of the PITX2 C-terminal tail. Phosphorylation of the PITX2 C terminus enhances the interaction with
cellular factors. In corroboration with the PITX2 PKC functional studies, a newly identified C-terminal
PITX2mutation associated with Axenfeld-Rieger syndrome (ARS) demonstrates reduced phosphorylation.
This mutation (PITX2 ∆T1261) creates a frameshift mutation in codon 227 resulting in 11 novel amino
acids downstream followed by premature truncation of the protein. Three PKC sites in the C-terminal tail
and OAR domain are deleted, which results in decreased transcriptional activation. PITX2∆T1261 is
unable to interact with a cellular factor to synergistically activate transcription and demonstrates the first
link of ARS with defective PITX2 protein interactions. Gene expression profiling of homozygousPitx2
mutant mouse tissue reveals decreasedDlx2 expression as a potential molecular basis for developmental
defects associated with ARS patients. Overall, phosphorylation imparts another level of regulation to the
activity of the PITX2 homeodomain protein during development.

Pitx2, a paired-like homeodomain gene, is expressed in
the brain, heart, pituitary, mandibular and maxillary regions,
eye, and umbilicus and is required for normal embryonic
development (1-13). Many genes have been identified that
are regulated by PITX2 (14-23). Previous results reveal both
promoter and cell dependent activation by the three major
PITX2 isoforms (24). The recent identification of a fourth
PITX2 isoform (PITX2D) expressed only in humans acts to
repress the activity of the other PITX2 isoforms and adds
another level of regulation to the transcriptional activity of
PITX2 (24). In the human brain, craniofacial region, and
pituitary, which express all PITX2 isoforms (Hjalt, personal
communication), the interactions between PITX2 isoforms
would provide a mechanism to tightly regulate gene expres-
sion. Dimerization between PITX2 isoforms can either inhibit

or synergistically activate gene expression (18, 20, 24, 25).
Thus, the levels and combinations of PITX2 isoform expres-
sion would contribute to the dosage-response model proposed
for pituitary and other organ development (11, 26, 27).
Because Axenfeld-Rieger syndrome (ARS)1 is a haploin-
sufficiency disorder associated withPITX2 mutations, re-
duced levels ofPITX2 expression are causative for the
phenotypes observed in these patients (28, 29). However,
other mechanisms likely contribute to the transcriptional
regulation of gene expression by PITX2 during development.

One of these mechanisms includes protein phosphoryla-
tion. Protein phosphorylation can induce rapid modulation
of transcriptional activity, providing three main levels of
regulation. Phosphorylation can affect the DNA binding
activity of transcription factors, their subcellular localization,
or their interaction with the transcription machinery (30-
34). Among the kinases that control these processes, PKC
plays an important role in the transduction of growth factor
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signals that lead to either positive or negative changes in
gene expression, cell growth, and differentiation.

There are twelve isozymes of PKC in mammalian tis-
sues: conventional PKC members,R, âI, âII, andγ isoforms
(activated by calcium, acidic phospholipid, diacylglycerol
(DAG), and phorbol esters), novel PKC isoforms,δ, ε, η,
and θ (activated by DAG, and acidic phospholipid), and
atypical PKCs,ι/λ, ú, andµ (35-41). PKC isoforms exhibit
small differences in their dependencies on lipid cofactors
and overlapping substrate specificities; however, a major
distinguishing feature of PKC isoforms is their distinct tissue
and cellular localization (42, 43). The specific substrate
sequence motifs of the PKC isozymes have been analyzed
using synthetic peptides and known protein sequences (43,
44). Comparison of the ten PKC sites in PITX2A correlates
with sites predicted for the classical PKCR, âI, âII, and γ
isoforms (43, 44). Furthermore, the tissue distributions of
these isoforms correlate withPitx2 expression.

We have focused on the PITX2A isoform to demonstrate
specific phosphorylation by PKC. The DNA binding and
transcriptional activities of the PITX2A isoform have been
extensively studied and is important in development (1, 15).
PITX2A is phosphorylated through ten consensus PKC sites;
3 sites are located within the N-terminus, 2 sites are within
the homeodomain, and 5 sites are located in the C-terminus.
The functional activity of each phosphorylation site is
revealed through mutation of the individual PITX2A PKC
sites. PITX2A N-terminal phosphorylation acts to inhibit its
transcriptional activity while C-terminal phosphorylation
increases transcriptional activity. C-Terminal phosphorylation
facilitates transcriptional synergy with the Pit-1 home-
odomain protein. Furthermore, we provide a molecular basis
for a new and novel C-terminalPITX2 mutation through
disrupted phosphorylation and protein interactions as a cause
for the developmental defects seen in this ARS patient (45).
This is the first report of ARS developmental defects caused
by defective PITX2 protein interactions.

In addition, our tissue expression studies reveal thatDlx2
expression is down regulated inPitx2 mutant mice. We
demonstrate through our in vitro and in vivo studies that
Dlx2 is regulated by PITX2, which is modulated by PKC
phosphorylation, and these data provide support for the
transcriptional influences of Pitx2 onDlx2 expression in the
mouse embryo during development.

MATERIALS AND METHODS

Expression and Reporter Constructs.Expression plasmids
containing the cytomegalovirus (CMV) promoter linked to
thePITX2ADNA were constructed in pcDNA 3.1 MycHisC
(Invitrogen) (15, 18). Specific PITX2A point mutations to
generate the PKC site mutations were made using the two-
step megaprimer PCR technique (15). To make plasmid
PITX2A PKC∆9-10, which has point mutations at position
258 (serine to alanine) and position 237 (serine to glycine),
a sense primer (5′-CTGGCCGGCCTAAGACTGAAA-3′)
and antisense primer withHinDIII site (5′-CCCATTAA-
GCTTCACGGGCCGGTCCACTGCATACTGGCAAGCAC-
TCAGGTTGGCGGCCGGTTTCTG-3′) were used in the
first PCR reaction. The specific base mutations are under-
lined. The megaprimer was purified and used as the antisense
primer for the second step. The megaprimer was combined

with a sense primer containing aBamHI site (5′-CGG-
GATCCCGCCGATAACGGGGAAATGGAG-3′). The PCR
product was digested withBamHI and HinDIII and ligated
into the pcDNA 3.1 MycHisC vector and is in frame with
the Myc and His epitopes. This plasmid was used as a
template to make PITX2A PKC∆8-10. The first PCR
reaction contained the sense primer (5′-TCGAGCCTGGC-
CGGCCTGGCGTGTAAC-3′), which changed the threonine
at position 230 to an alanine (base change is underlined)
and the antisense primer containing aHinDIII site (5′-
CCCATTAAGCTTCACGGGCCGGTCCACTGCATACT-
3′) was used to make the megaprimer. The second step
contained the megaprimer and the previous sense primer.
This plasmid (PITX2A PKC∆8-10) was used as a template
to make PITX2A PKC∆6-10. The first PCR reaction
contained the sense primer (5′-AAGGGCCTTGCATCCGC-
CTCCCTAGCCACCAAGAGC-3′), which changed the thre-
onine at position 139 to an alanine and the serine at position
144 to an alanine (base change is underlined), and the
previousHinDIII antisense primer. The megaprimer was used
with theBamHI sense primer to generate the complete PCR
product. This clone termed PITX2A PKC∆6-10 has all
five C-terminal PKC sites mutated. This plasmid was used
as a template to make PITX2A PKC∆5-10. The first PCR
reaction contained the antisense primer (5′-TTCTTCGCGT-
GTGGCCATGTCCGG-3′), which changes the serine at
position 67 to an alanine (base change underlined), and the
previousBamHI sense primer. The megaprimer was com-
bined with theHinDIII antisense primer to generate the full-
length PCR product and cloned into the vector. To make
PITX2A PKC ∆5 the same procedure was performed only
using wild-type PITX2A as the template DNA. This plasmid
has only the central homeodomain PKC site #5 mutated. To
make plasmid PITX2A PKC∆1-2, which has the first two
N-terminal PKC sites mutated, the sense primer withBamHI
site (5′-GCGGGATCCCGAACGGGGAAATGGAGAC-
CAACTGCCGCAAACTGGTGGCGGCGTGTCTGCAATT-
AGAGAAAGATAAAGGCCAGCAG-3′) was used and
changes the serine at position 10 to an alanine and the serine
at position 20 to a glycine (base changes are underlined).
The antisense primer was theHinDIII primer described
above, and the template was wild-type PITX2A. This plasmid
(PITX2A PKC ∆1-2) was used as the template to make
plasmid PITX2A PKC ∆1-4. The first PCR reaction
contained the antisense primer (5′-AAAGTGAGCCCGCT-
GCCGCCTTTGCCGCTTCTTCTTAGCCGGGTC-3′), which
changes the serine at position 34 to an alanine and the
threonine at position 44 to an alanine (base changes are
underlined), and theBamHI sense primer. The megaprimer
was then used as a sense primer with theHinDIII antisense
primer to generate the full-length PCR product. This clone
(PITX2A PKC ∆1-4) was used as the template to make
PITX2A PKC ∆1-5. The first PCR reaction contained the
BamHI sense primer and the PKC∆5 antisense primer to
make the megaprimer, which was used as the sense primer
in the second step. The megaprimer was combined with the
HinDIII antisense primer to generate the full-length product.
To make plasmids PITX2A PKC∆1-4, 6-10, and PITX2A
PKC ∆1-10, combinations of the appropriate megaprimers
and templates were used. All PCR reactions were performed
as previously described (15). The prolactin and Dlx2
promoter luciferase plasmids have been previously described
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(18, 20). To make the C-terminal mutation termed PITX2A
∆T1261, the sense primer (5′-TCCTCCGTATGTTATAGG-
GACACG-3′) and antisense primer (5′-CGTGTCCCTATAA-
CATACGGAGGA-3′) were used with the mutagenesis kit
protocol. All constructs were confirmed by DNA sequencing.
A CMV â-galactosidase reporter plasmid (Clontech) was
cotransfected in all experiments as a control for transfection
efficiency.

Western Blot Assays.Expression of transiently expressed
PITX2 proteins was demonstrated using the PITX2 antibody
(19). Approximately 10µg of transfected cell lysates was
analyzed in Western blots. Following SDS gel electrophore-
sis, the proteins were transferred to PVDF filters (Millipore),
immunoblotted, and detected using PITX2 antibody P2R10
and ECL reagents from Amersham.

Cell Culture, Transient Transfections, Luciferase, and
â-Galactosidase Assays.CHO, LS-8, GH3, and HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% or 10% fetal bovine serum
(FBS) and penicillin/streptomycin in 60 mm dishes and
transfected by electroporation. CHO and HeLa cells were
mixed with 2.5µg of expression plasmids, 5µg of reporter
plasmid, and 0.5µg of CMV â-galactosidase plasmid plated
in 60 mm culture dishes and fed with 5% FBS and DMEM.
Electroporation of CHO cells was at 360 V and 950
microfarads (µF) (Bio-Rad); cells were fed 24 h prior to
transfection. HeLa cells were transfected by electroporation
at 220 V and 950µF, and cells were fed 24 h prior to
transfection. Phorbol 12-myristate 13-acetate (PMA) activa-
tion of PKC was performed after transfection by adding 50
ng/mL to the culture medium. Bisindolylmaleimide (BIM)
inhibition of PMA stimulation was performed after trans-
fection by adding BIM (100 nM) immediately after trans-
fection followed by PMA treatment. PKI (Promega) inhibi-
tion of PKC activity was performed after transfection by
adding PKI (50µM) immediately after transfection. Trans-
fected cells were incubated for 24 h, then lysed, and assayed
for reporter activities and protein content by Bradford assay
(BioRad). Luciferase was measured using reagents from
Promega.â-Galactosidase was measured using the Galacto-
Light Plus reagents (Tropix Inc.). All luciferase activities
were normalized toâ-galactosidase activity.

Expression and Purification of GST-PITX2A Fusion
Proteins. The humanPITX2A, PITX2Amutations, PKC
mutations, and deletion constructs were PCR amplified from
cDNA clones as described (15, 18). The PITX2A PCR
products were cloned into the pGex6P2 GST vector (Am-
ersham Pharmacia Biotech) as previously described (15, 18).
The plasmids were transformed into BL21 cells. Protein was
isolated as described (15). PITX2A proteins were cleaved
from the GST moiety using 80 units of PreScission Protease
(Pharmacia Biotech) per mL of glutathione Sepharose.
Purified proteins used in the binding assays have been
previously described or reported in this manuscript (18). The
cleaved proteins were analyzed on SDS polyacrylamide gels
by silver stain or Coomassie blue stain and quantitated by
the Bradford protein assay (BioRad). All stained gels were
directly quantitated using image analysis programs.

Electrophoretic Mobility Shift Assay (EMSA) and Nuclear
Extract Preparation.Complementary oligonucleotides con-
taining aDlx2 bicoidsite with flanking partialBamHI ends
were annealed and filled with Klenow polymerase to generate

32P-labeled probes for EMSAs, as described (20). Standard
binding assays were performed as previously described (18).
Either 80 or 160 ng samples of the bacterial expressed and
purified PITX2A proteins were used in the assays. The
samples were electrophoresed, visualized, and quantitated
as described previously, except quantitation of dried gels was
performed on the Molecular Dynamics STORM Phospho-
Imager (15).

Nuclear extracts (NE) were prepared from GH3, LS-8, and
CHO cells using the mini extract protocol as previously
described (46, 47). Nuclear extracts were dialyzed against
50 mM NaCl with 2 changes of dialysis buffer.

Kinase Assays.PITX2A, PITX2A mutant, and PITX2A
truncated protein concentrations were normalized to 0.5µg
of PITX2A to ensure equal protein concentrations and
account for the size differences between truncated proteins
and number of protein molecules. Samples were incubated
in kinase buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 5
mM MgCl2, 4 mM DTT), kinase (protein kinase A, PKA,
Boehringer Mannheim, Indianapolis, IN; casein kinase II,
CKII; or protein kinase C, PKC, Promega, Madison, WI),
andγ-32P-ATP (Amersham Pharmacia, Piscataway, NJ) for
30 min at 30°C. Proteins were then separated by electro-
phoresis on a 12.5% polyacrylamide or tricine gel. Gels were
exposed to imaging film (Kodak X-OMAT AR) and to a
Phosphor screen for quantitation on the Storm 860 Phos-
phorimager system (Molecular Dynamics, Amersham Phar-
macia, Piscataway, NJ). Kinase assays were also performed
with 33 mM heparin sulfate and 1µM bisindolylmaleimide
(BIM, Sigma, St.Louis, MO) known inhibitors of casein
kinase II and protein kinase C, respectively.

Endogenous Kinase Assays.PITX2A GST-fusion proteins
on glutathione Sepharose 4B beads (Amersham Pharmacia)
were incubated with nuclear extracts (∼10 µg) in place of
the commercially available kinases, at 37°C for 30 min.
Inhibitors were used to determine specific kinase activity.
Beads were washed 4× with 100 µL kinase buffer and
reconstituted in kinase buffer. Proteins were separated on a
12.5% SDS polyacrylamide gel. Analysis was evaluated on
imaging film and by phosphorimaging.

Isolation of Mouse Tissue and RT-PCR Assays.Timed
pregnancies were establish between adult male and female
Pitx2+/- mice (generation N6-7) and embryos harvested,
after cervical dislocation, into cold PBS (pH 7.4). The
morning of plug identification was designated as embryonic
day 0.5. E12.5 embryos were harvested, amniotic sacs were
collected, and DNA was isolated and processed for geno-
typing using previously described PCR primers and condi-
tions (48). Face tissues were removed by manually separating
the nasal, maxillary, and mandibular prominences from more
caudal and dorsal structures. Fresh tissues were homogenized
and processed for RNA using Trizol (Invitrogen). Total RNA
was isolated as previously described (46).

Reverse transcription was preformed using 1µg of total
RNA, random primers, and AMV RT (Takara Mirus Bio)
in a total volume of 20µL. The reaction mixture was
incubated at 42°C for 50 min. Products were analyzed on
an agarose gel, and bands were isolated and sequenced to
confirm their identity.

Real-time PCR was carried out using a Smart Cycler
thermal cycler (Cepheid, Sunnyvale, CA). Separate cDNA
reactions are used for each RNA preparation analyzed. Each
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PCR reaction contains the appropriate components, and
SYBR Green I (Epicenter Technologies). PCR cycling
conditions were 94°C for 1 min, 60°C for 2 min, and 72
°C for 2 min. Optical data is collected during the annealing
step. A melting curve was generated at the end of every run
to ensure product uniformity. All primers were tested using
standard RT-PCR protocols and the products sequenced to
ensure and confirm their specificity. TheDlx2 primers were
previously described, and standardâ-actin primers were used
in the PCR reactions (49, 50)

Optical data was exported from the Cepheid Smart Cycler
as comma separated values files (*.csv) and imported into
MS Excel. A Visual Basic Excel macro was used that
facilitates determination and conversion of the appropriate
Smart Cycler optics data to a logarithmic format for
subsequent analysis (51). Ct values were obtained from 3
separate experiments, and theDlx2 expression values were
normalized toâ-actin values for each preparation. The
normalized values from thePitx2 homozygous mouse were
compared to the wild-type mouse. The differences in Ct
values are shown as fold-decrease in transcript levels (51).

Immunoprecipation Assays.CHO cells were transfected
with 5 µg of either PITX2A, PITX2A PKC∆1-10, or empty
expression vector and cultured in DMEM without phosphate
containing 1% calf serum andL-glutamine (cellgro, Medi-
atech, Inc.). After 48 h, cells were labeled by addition of
0.6 mCi/mL32P-orthophosphate (Perkin-Elmer) for 6 h, with
or without 100 nM BIM or 50 ng/mL PMA. Duplicate
transfections were performed without addition of labeled
phosphate. Cell monolayers were washed with ice cold PBS
and incubated with RIPA buffer (without deoxycholate)
containing protease inhibitor cocktail and phosphatase inhibi-
tor cocktail (Sigma Chemical Co.) at 4°C for 10 min. Cells
were harvested and lysed by passing through a 22 gauge
needle, and cell debris was removed by centrifugation. The
lysate was precleared with normal rabbit IgG antisera and
Protein A/G Agarose (Santa Cruz). Lysate was incubated
with PITX2 antisera for 2 h followed by addition of Protein
A/G Agarose overnight at 4°C. Beads were pelleted and
proteins solubilized using SDS loading buffer, boiled and
resolved on a 10% polyacrylamide gel. Gel was exposed to
film to determine phosphorylation of proteins by incorpora-
tion of labeled phosphate. A Western blot was performed
on duplicate immunoprecipitation samples that were not
labeled to confirm protein expression.

RESULTS

Phosphorylation of PITX2A by Protein Kinase C.Analysis
of the PITX2A protein revealed 10 consensus protein kinase
C (PKC) sites located throughout the protein (Figure 1A).
These are designated as PKC sites 1-10 starting at the N
terminus of PITX2A; complete sites are PKC #1, residues
7-10 (Ser10); PKC #2, residues 17-20 (Ser20); PKC #3,
residues 34-36 (Ser34); PKC #4, residues 41-44 (Thr44);
PKC #5, residues 67-69 (Ser67); PKC #6, residues 136-
139 (Thr139); PKC #7, residues 144-146 (Ser144); PKC #8,
residues 228-230 (Thr230); PKC #9, residues 237-239
(Ser237); and PKC #10, residues 255-258 (Ser258). We asked
if three serine/threonine kinases, PKC, CKII, and PKA, could
phosphorylate PITX2A. PITX2A protein (0.5µg) purified
from bacteria as previously described (15) was incubated

with CKII, PKA, or PKC. Specific phosphorylation of
PITX2A occurred with PKC and some residual phosphoryl-
ation by CKII and no phosphorylation of PITX2A by PKA
(Figure 1B). There are two consensus CKII sites in PITX2A
located at residues 34-31 and 66-69. These sites appear to
be phosphorylated at low levels using pure CKII preparations
(Figure 1B). As a control, the protein kinases used in these
experiments were incubated with specific peptide substrates
to demonstrate that each kinase was active. The neurogran
peptide (10 ng), a substrate for PKC, kemptide peptide (10
ng), a substrate for PKA, and CKII peptide (10 ng), a
substrate for CKII, were phosphorylated by their respective
kinases (data not shown). Thus, the lack of PITX2A
phosphorylation by PKA and reduced phosphorylation by
CKII was not due to inactive kinase preparations. The
specific activities of all kinases were calculated, and units
were adjusted to ensure that equal amounts (specific activities
transfer 10 pmol/min of phosphate) of the kinases were added
to each reaction.

PITX2A Is Phosphorylated by Endogenous PKC.To
determine if PITX2A was phosphorylated by endogenous
PKC, nuclear extracts were prepared from GH3, LS-8, and

FIGURE 1: PITX2A phosphorylation by protein kinase C. (A)
Schematic of the consensus PKC sites within the PITX2A home-
odomain protein. Two sites are located in the homeodomain and
are boxed out. The PKC consensus sites are shown within the
protein by the amino acid numbers in bold. One site in the C
terminus is located within the OAR domain; a 14 residue conserved
region (striped box). The new C-terminal ARS mutation is shown
where the T base is deleted at nucleotide 1261, which creates a
stop codon within the OAR domain (striped box) of the PITX2A
C-terminal tail. The lysine residue required for DNA binding in
the third helix is underlined. (B) Identification of PKC as the serine/
threonine kinase that phosphorylates PITX2A. Bacterial expressed
and purified PITX2A (0.5µg) was incubated with either casein
kinase II (CKII), γ-32P-ATP alone, protein kinase A (PKA), or
protein kinase C (PKC) and analyzed on an SDS polyacrylamide
gel. The gels were exposed to film for 30 min to obtain the
autoradiographs. Molecular weight markers are indicated on the
side.
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CHO cells. The GH3 cell line represents a pituitary cell line,
LS-8 was derived from mouse molar epithelium, and both
have been shown to endogenously express PITX2 (3, 20).
GST-PITX2A fusion protein was immobilized to glutathione
Sepharose beads and incubated with nuclear extracts under
phosphorylation conditions; after incubation the beads were
washed (4 times with kinase buffer) and protein was resolved
on a polyacrylamide gel and exposed to film. PITX2A was
phosphorylated by endogenous kinase activity from GH3
nuclear extracts (Figure 2A). Phosphorylation by endogenous
PKC was also observed using LS-8 nuclear extracts and CHO
nuclear extracts (data not shown). Heparin (Hep), which
specifically inhibits CKII activity, and BIM, which inhibits
PKC activity, were used to demonstrate that PKC was
responsible for the endogenous kinase activity. Addition of
heparin to the nuclear extracts did not inhibit PITX2A
phosphorylation, indicating that endogenous CKII activity

is not phosphorylating PITX2A. Therefore, the low level of
CKII phosphorylation observed in Figure 1B using pure CKII
appears to be an artifact. However, BIM addition inhibited
over 90% of PITX2A phosphorylation by nuclear extracts,
indicating specific phosphorylation by PKC (Figure 2A).

To demonstrate in vivo phosphorylation of PITX2A, CHO
cells were transfected with PITX2A and PITX2A PKC∆1-
10, which has all 10 PKC sites mutated by changing serines
or threonines to alanines or glycines. Cells were labeled by
the addition of32P-orthophosphate and lysed, and protein
was immunoprecipitated using PITX2 affinity purified an-
tisera. PITX2A was phosphorylated and immunoprecipitated,
and duplicate transfection experiments in the presence of
BIM, a PKC inhibitor, inhibited endogenous PKC phospho-
rylation of PITX2A (Figure 2B). Furthermore, the specificity
of PITX2A phosphorylation by PKC is shown through the
absence of a labeled PITX2A PKC∆1-10 immunoprecipi-

FIGURE 2: Endogenous PKC phosphorylates PITX2A. (A) GST-PITX2A was expressed in bacteria, purified, and immobilized on glutathione
sepharose beads. Immobilized GST-PITX2A (∼1 µg) was incubated with GH3 nuclear extract (NE),γ-32P-ATP, and kinase buffer in the
presence or absence of PKC inhibitors and the phosphorylated proteins resolved on a 10% SDS gel. As a control, GST-PITX2A was
assayed in the presence ofγ32P-ATP but without NE. In the presence of NE the GST-PITX2A protein was efficiently phosphorylated and
addition of heparin (HEP), a specific inhibitor of CKII, had no effect on PITX2A phosphorylation. However, addition of BIM, a specific
inhibitor of PKC, inhibited PITX2A phosphorylation by the NE. The arrow points to the phosphorylated GST-PITX2A protein. All gels
were stained with Coomassie blue to visualize the GST-PITX2A protein and confirm the corresponding phosphorylated band. (B) In vivo
phosphorylation of PITX2A detected by immunoprecipitation of32P labeled PITX2A. CHO cells transfected with either PITX2A, PITX2A
PKC ∆1-10, or empty expression vector were labeled with32P-orthophosphate and lysed and the expressed proteins immunoprecipitated
using PITX2 affinity purified antisera. BIM was added to duplicate samples to specifically inhibit PKC activity. Immunoprecipitation of
cells transfected with empty expression vector (mock) did not reveal a protein corresponding to the size of PITX2A. Labeled PITX2A was
immunoprecipitated (arrow points to labeled PITX2) indicating that it was phosphorylated and the duplicate experiment in the presence of
BIM inhibited PITX2 phosphorylation in the cell. The PITX2A PKC∆1-10 mutant protein was not labeled. Immunoprecipitated samples
were resolved on a 10% SDS gel and exposed to film to visualize the32P-labeled PITX2A protein. (C) CHO cells were transfected with
PITX2 and the protein immunoprecipitated as in B; however, PMA was added to the cell cultures. (D) Immunoprecipitation of nonlabeled
proteins expressed in transfected CHO cells. Duplicate transfections were performed as in B without addition of32P-orthophosphate. Cells
were lysed, and immunoprecipitated proteins were detected by Western blot. PITX2A and PITX2A PKC∆1-10 were expressed and
immunoprecipitated demonstrating equal expression of both proteins. Purified PITX2A (200 ng) was run on the gel as a positive control.
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tated protein (Figure 2B). As a control, CHO cells were
transfected with empty vector (mock) (Figure 2B).

A second immunoprecipitation experiment was performed
to demonstrate that PKC stimulation by PMA did not
phosphorylate the PITX2 PKC∆1-10 mutant. Addition of
PMA did not result in phosphorylation of the PKC∆1-10
mutant protein (Figure 2C).

To control for transfection and immunoprecipitation ef-
ficency, duplicate unlabeled transfected CHO cells were
immunoprecipitated using the PITX2 antibody and the
expressed immunoprecipitated proteins were visualized by
Western blot immunochemistry (Figure 2D). The Western
blot is shown overexposed to reveal all bands in this blot.
Therefore, the lack of PITX2A PKC∆1-10 phosphorylation
was not due to decreased expression in the transfected cells
or defective immunoprecipitation.

Mutational Analysis of the Ten PITX2A PKC Sites.To
demonstrate site specific PITX2A phosphorylation by PKC,
specific mutations were made changing serine/threonine
residues to alanines or glycines in the consensus PKC
phosphorylation sites. Mutation of the first two (numbering
starting at N terminus as 1) N-terminal PKC sites (PITX2A
PKC ∆1-2) resulted in∼20% reduction in phosphorylation
compared to wild type, and subsequent mutation of the first
4 PKC sites (PITX2A PKC∆1-4) resulted in a 60%
decrease in PITX2A phosphorylation compared to wild type
(Figure 3A,C). Mutation of the first five PKC sites in
PITX2A PKC ∆1-5 protein resulted in a further decrease
in phosphorylation compared to wild type (Figure 3A,C).
When all PKC sites were mutated except for PKC site #5,
Ser67 (PITX2A PKC ∆1-4, 6-10), a small amount of
phosphorylation was observed due to the presence of the #5
PKC site (Figure 3A,C). As expected, mutation of the last 6
PKC sites (PITX2A PKC∆5-10) resulted in 85% decreased
phosphorylation compared to wild type (Figure 3A,C). A
corresponding increase in PITX2A phosphorylation occurred
when the last 5 (PITX2A PKC∆6-10) or 3 PKC sites were
mutated (PITX2A PKC∆8-10), respectively, compared to
PITX2A PKC∆5-10 (Figure 3A,C). When all 10 PKC sites
were mutated (PITX2A PKC∆1-10), we observed a
complete loss of phosphorylation by PKC (Figure 3A,C). A
silver stained protein gel is shown to confirm relative protein
concentrations of each protein used in the assays (Figure 3B).
All protein preparations were quantitated and normalized to
wild type (using image analysis programs) to ensure that
equal amounts of proteins were used in all kinase assays.

In addition, purified PITX2A C-terminal, C-terminal
truncated, and homeodomain peptides were prepared from
bacteria and tested for phosphorylation by PKC. The
complete C-terminal tail peptide (PITX2 C173, containing
6-10 PKC sites) and the last 78 and 39 amino acid peptides
(PITX2 C78, containing 8-10 PKC sites and PITX2 C39,
containing 9-10 PKC sites) were all rapidly phosphorylated
by PKC. The homeodomain peptide was also phosphorylated
by PKC (data not shown). The phosphorylation of several
C-terminal truncated proteins were compared to wild-type
PITX2A. Deletion of the last 39 (PKC 9-10 sites) and 78
(PKC 8-10 sites) residues resulted in a loss of phosphory-
lation compared to wild type (data not shown).

Phosphorylation of the C-terminal proteins, homeodomain
peptide, and C-terminal truncated proteins (which contain
the N-terminal PKC sites) (data not shown) further confirm

that the PKC sites are functional and phosphorylated by PKC.
While each individual PKC site was not assayed indepen-
dently, the combination of specific mutations of two or more
sites combined with our analysis of truncated and deleted
PITX2A proteins revealed that the PKC sites within the
N-terminus, homeodomain, and C-terminus are phosphory-
lated. Furthermore, while conservative mutations were made,
we cannot rule out that these mutations may impart a
conformational change in the protein. These effects could
result in differential phosphorylation of specific residues
when several sites are mutated. This may explain small
differences in phosphorylation observed between different
sets of mutants.

PITX2A PKC Mutant Proteins Retain Their DNA Binding
ActiVity. In order to analyze the PITX2A PKC mutants in

FIGURE 3: Mutational analysis of the ten PITX2 PKC sites. (A)
PITX2A (0.5 µg) and PITX2A PKC site mutants (0.5µg) were
phosphorylated by PKC and resolved on an SDS gel. The
numbering of the PKC sites begins at the N terminus with number
1. Specific serines or threonines were substituted with either an
alanine or glycine (see text for complete details). (B) A silver stained
gel of the PITX2A and PKC mutant proteins used in the assay.
The stained gels were quantitated and all protein concentrations
normalized to wild type to ensure that equal protein amounts were
added to the kinase reactions. (C) Quantitation of the phosphorylated
PITX2A PKC mutant proteins and comparison to the PITX2A
phosphorylated protein. The percent activities vs PITX2A are shown
(( SEM from three independent experiments).

PITX2 Phosphorylation Biochemistry, Vol. 44, No. 10, 20053947



transfection assays, it was essential to determine their DNA
binding properties. All PKC mutant proteins (80 ng) bound
DNA similarly to wild type (data not shown).

PKC Stimulation Increased PITX2A Transcriptional ActiV-
ity. The activities of the minimalDlx2 promoter (Dlx2-200-
luc), which contains only the TAATAA box and 200 bp of
5′ flanking sequences, were compared to the activities of
the full-length promoter (Dlx2-3276-luc) containing upstream
regulatory elements. Transfection of CHO cells with Dlx2-
3276-luc and PITX2A resulted in 8-fold activation of this
full-length promoter (Figure 4). As a control, PITX2A
minimally activated the minimal Dlx2-200-luc promoter
(Figure 4).

Addition of PMA (a phorbol ester and specific stimulator
of PKC activity) to PITX2A transfected CHO cells increased
the activation of the Dlx2-3276-luc reporter from 8-fold to
∼20-fold (Figure 4). PMA alone (without PITX2A expres-
sion) did not activate the Dlx2-3276-luc promoter compared
to controls without PMA (Figure 4). These data demonstrate
the specificity of PMA in activating only PITX2A activity
and not a nonspecific effect on theDlx2 promoter. The
minimal Dlx2-200-luc reporter was not further activated in
the presence of PITX2A and addition of PMA (Figure 4).
PMA alone had no effect on activation of the minimalDlx2
promoter (Figure 4). Furthermore, the concentration of PMA
used in these experiments does not have a generalized effect
on transcription and is specific for PITX2A transcriptional
activation.

To address the specificity of PKC stimulated phosphory-
lation and transcriptional activity of PITX2A by PMA, BIM
(100 nM) was added to PITX2A transfected CHO cells prior
to addition of PMA. BIM completely inhibited the transcrip-
tional activity of PITX2A stimulated by PMA (Figure 4).

Furthermore, BIM treatment had no effect on CHO cells
transfected with Dlx2-200-luc (Figure 4). Additionally, PKI,
a peptide PKC inhibitor, was used, and we received similar
results (data not shown).

Western blot analysis was performed using 10µg of
transfected cell lysates to demonstrate expression of PITX2A
protein (data not shown). We have previously shown
PITX2A protein expression in transfected CHO cells (20).

Dlx2 Expression Is Down Regulated in the Pitx2 Mutant
Mouse.We have previously reported that PITX2 specifically
activates theDlx2 promoter (20, 24). However, to demon-
strate in vivo regulation ofDlx2 expression byPitx2, we
performed expression profiling studies onPitx2 mutant
mouse tissues.Dlx2 is expressed in the dental epithelium
and craniofacial region of mouse embryos (52-55). Pitx2
and Dlx2 are coexpressed in the dental epithelium during
tooth development, and we isolated face tissue containing
the dental epithelium to determine levels ofDlx2 transcripts.
Analysis of Pitx2-/- mutant mice reveal for the first time
decreasedDlx2 transcripts from E14.5 face tissue compared
to wild-type embryos. Total RNA was extracted and used
to detect Dlx2 and â-actin gene expression. RT-PCR
experiments demonstrate a reduction inDlx2 expression from
the Pitx2 mutant mice (Figure 5A). To more definitively
demonstrate reducedDlx2 expression in thePitx2 mutant
mice, quantitative RT-PCR experiments were performed
using total RNA isolated from the face tissues. Comparison
of the Ct values between wild-type and mutant mice revealed
a 2.3-fold decrease inDlx2 transcripts in the mutant mice
(Figure 5B). Samples were analyzed from 3 separate mice
and 3 separate RNA samples, andDlx2 transcripts were
normalized toâ-actin transcripts to control for RNA prepara-
tions. Melting curves were analyzed for each experiment to
ensure that specific products were produced. These data
reveal a potential link betweenPitx2 andDlx2 expression.

N-Terminal and C-Terminal Phosphorylation Modulates
PITX2A Transcriptional ActiVity. Because a functional basis
for the N terminus of PITX2A has not been identified, we
asked if N-terminal phosphorylation affected PITX2A activ-
ity. CHO cells were cotransfected with the Dlx2-3276-luc
promoter and PITX2A PKC mutations to determine their
effect on transactivation. PITX2A PKC∆1-2 (11-fold
activation) and PITX2A PKC∆1-4 (16-fold activation)
demonstrate increased transcriptional activation of theDlx2
promoter compared to wild type (Figure 6A). N-Terminal
phosphorylation appears to inhibit PITX2A transcriptional
activity, since mutation of these sites results in increased
activity.

The role of C-terminal phosphorylation is revealed by
specific mutations of the C-terminal tail PKC sites. PITX2A
PKC ∆6-10 (4-fold activation) and PITX2A PKC∆8-10
(5-fold activation) demonstrated decreased activity, compared
to wild type (Figure 6A). These C-terminal PKC mutations
reveal that phosphorylation of the PITX2A C-terminal tail
is required for maximal transcriptional activity. These data
reveal differences in the activities of the N-terminal and
C-terminal regions through phosphorylation events. As
expected, mutation of all ten PKC sites (PITX2A PKC∆1-
10) resulted in decreased PITX2A transcriptional activity at
4-fold compared to 8-fold for wild type (Figure 6A).

Transfected CHO cell lysates were assayed for PITX2A
PKC mutant expression by Western blot analysis to dem-

FIGURE 4: PKC stimulation increases transcriptional activation by
PITX2A. CHO cells were transfected with 5µg of either the Dlx2-
3276 or Dlx2-200 luciferase reporter genes. The cells were
cotransfected with 2.5µg of either theCMV-PITX2or the CMV
plasmid withoutPITX2 (vector control). CHO cell lysates trans-
fected with empty vector were used as a control to demonstrate
lack of endogenous PITX2 protein in CHO cells. PMA (50 ng/
mL) and BIM (100 nM) were added immediately after transfection,
and 24 h later cells were harvested and assayed for luciferase and
â-galactosidase activities. As a control BIM and PMA were added
to cells transfected with the reporter plasmids and empty expression
vector. To control for transfection efficiency, all transfections
included the CMVâ-galactosidase reporter. Cells were incubated
for 24 h and then assayed for luciferase andâ-galactosidase
activities. The activities are shown as mean fold activation compared
to the Dlx2 promoter plasmids withoutPITX2 expression and
normalized toâ-galactosidase activity (( SEM from six indepen-
dent experiments). The meanDlx2 promoter luciferase activity with
PITX2 expression was approximately 80000 light units per 15µg
of protein, and theâ-galactosidase activity was about 70000 light
units per 15µg of protein.
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onstrate that differences in transcriptional activities were not
due to unequal expression or protein degradation in these

cells (Figure 6B). All mutant proteins are equally expressed
and are not degraded as shown in Figure 6B.

PKC Stimulation ActiVates PITX2A N-Terminal PKC
Mutants but not C-Terminal PKC Mutants.We next asked
if stimulated N-terminal and/or C-terminal PITX2 phospho-
rylation affected its activity. PMA induced PKC activity in
transfected CHO cells increased PITX2A transcriptional
activation of theDlx2 promoter from 8-fold to 20-fold
(Figure 7). The PITX2A PKC∆1-4 mutant is further
stimulated by PMA addition to transfected CHO cells from
16-fold to 27-fold activation of theDlx2 promoter (Figure
7). Therefore, decreased phosphorylation of the PITX2A
N-terminal sites results in an increase in transcriptional
activity and/or increased C-terminal phosphorylation stimu-
lated PITX2 activity. PMA addition did not increase the
transcriptional activity of the PITX2A PKC∆6-10 or the
PKC ∆8-10 mutant, which may suggest that N-terminal
phosphorylation is inhibitory to PITX2A activity (Figure 7).
Thus, phosphorylation of the C-terminal tail enhances
transcriptional activation and N-terminal phosphorylation is
inhibitory to PITX2A activity. PMA addition had no effect
on the PITX2A PKC∆1-10 mutant as expected (Figure
7).

PITX2A C-Terminal Phosphorylation Facilitates Protein
Interactions.To provide a functional mechanism for PITX2A
phosphorylation by PKC, we asked if phosphorylation
affected its interaction with the pituitary POU homeodomain
protein, Pit-1. We have previously shown a direct interaction
between Pit-1 and the PITX2 C-terminal tail (18). Cotrans-
fection of CHO cells with theprolactin promoter and
PITX2A demonstrate a 6-fold activation of this promoter
(Figure 8). Pit-1 activates theprolactin promoter at 4-fold,
and cotransfection of PITX2A and Pit-1 yielded a 38-fold
synergistic activation of theprolactin promoter (Figure 8).
Therefore, to determine if phosphorylation of the PITX2A
C-terminal tail was required for this synergistic activation,
Pit-1 was cotransfected with the PITX2A PKC mutations.
PITX2A PKC ∆1-10 transactivates theprolactin promoter
at only 2-fold, or a 3-fold decrease compared to wild type
(Figure 8). Cotransfection of Pit-1 with PITX2A PKC∆1-
10 did not result in synergism, only additive activation of
<10-fold (Figure 8). The PITX2A C-terminal PKC mutants,
PITX2A PKC ∆6-10 and∆8-10, yielded decreased activa-
tion of the prolactin promoter compared to wild type (3-
fold activation), and cotransfection with Pit-1 did not result
in synergistic activation of theprolactin promoter by either
PKC C-terminal mutant (15-fold activation) (Figure 8).
However, the N-terminal PKC mutant, PITX2A PKC∆1-
4, increased the activation of theprolactin promoter com-
pared to wild type at 15-fold (Figure 8). PITX2A PKC∆1-4
cotransfection with Pit-1 yielded a synergistic activation at
38-fold, similar to wild type (Figure 8). These data indicate
that PITX2 C-terminal phosphorylation enhances Pit-1
interaction and synergistic activation of theprolactin pro-
moter.

Reduced Phosphorylation of a PITX2 C-Terminal ARS
Mutation. A new C-terminal PITX2A mutation associated
with ARS results in the deletion of a T nucleotide at position
1261 of PITX2A (Figure 1A). Deletion of this T creates a
new reading frame change in the 3′ end of the C-terminal
tail. Starting at residue 226, the reading frame is changed
and a premature stop codon is created 12 codons downstream

FIGURE 5: Dlx2 expression is down regulated inPitx2-/- homozy-
gous mice. (A) Total RNA was isolated from E14.5 wild-type and
Pitx2-/- mouse facial tissue containing nasal, maxillary, and
mandibular prominences. RT-PCR was performed with 1µg of
RNA from both mice usingDlx2 andâ-actinspecific primers.Dlx2
expression is reduced in the mutant mouse tissue. All bands were
sequenced to confirm their identity. (B) Quantitative RT-PCR
demonstrates a specific decrease inDlx2 transcripts in the mutant
mouse. Real-time RT-PCR was performed with 2µg of RNA and
the same primers as in A, and melting curves were analyzed after
each run to ensure the quality of the product. Total RNA was
analyzed from 3 separate mice (both wild type and mutant), and
Ct values were calculated andDlx2 transcript levels normalized to
â-actin. The normalized differences in Ct values are expressed as
fold reduction (51).

FIGURE 6: Phosphorylation modulates the N- and C-terminal
transcriptional activity of PITX2A. (A) CHO cells were transfected
as described in Figure 4. The activities are shown as mean fold
activation compared to theDlx2 promoter plasmid withoutPITX2
expression and normalized toâ-galactosidase activity (( SEM from
six independent experiments). (B) Western blot of transfected CHO
cell lysates (10µg) using the PITX2 (P2R10) antibody and ECL
reagents from Amersham.
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(Figure 1A). Thus, this mutant protein (PITX2A∆T1261)
is only 237 amino acids compared to 271 for PITX2A and
completely disrupts the PITX2A C-terminal OAR domain.
This mutation removes 3 PKC sites and results in decreased
phosphorylation compared to wild type (Figure 9). This
would be expected and is similar to PITX2A PKC∆8-10
phosphorylation.

Impaired Transcriptional ActiVation by the ARS PITX2A
Mutant. We asked if the new ARS mutation would affect
DNA binding activity. The C-terminal PITX2A∆T1261
mutant protein bound DNA similarly to wild-type protein
(Figure 10A). Transfection of the PITX2A∆T1261 mutation
revealed a 2-fold decrease in activation of theDlx2 promoter
compared to wild type (4-fold activation compared to 8-fold
activation, respectively) (Figure 10B). Furthermore, this
mutant was not stimulated by addition of PMA to transfected
cells (Figure 10B). Thus, deletion of the C-terminal PKC
sites and the corresponding residues removes its ability to
be activated by PKC phosphorylation. This naturally occur-
ring PITX2 mutation corroborates the data from the PITX2A
PKC ∆8-10 mutant. The PITX2A∆T1261 mutation dis-
rupts the OAR domain, which may adversely affect tran-
scriptional activation by PITX2, independent of phospho-

FIGURE 7: PMA stimulated phosphorylation differentially regulates PITX2A PKC mutant transcriptional activities. CHO cells were transfected
as in Figure 4 with and without PMA (50 ng/mL) addition. The activities are shown as mean fold activation compared to theDlx2 promoter
plasmid withoutPITX2expression (( PMA addition) and normalized toâ-galactosidase activity (( SEM from five independent experiments).

FIGURE 8: PITX2A C-terminal phosphorylation facilitates transcriptional synergy with the Pit-1 homeodomain protein. CHO cells were
transfected with the prolactin 2.5-luciferase reporter plasmid and cotransfected with PITX2A, PITX2A PKC mutations, or the parental
CMV expression plasmid without PITX2A (-) with and without 2.5µg of Pit-1 (18). All transfection assays were performed as described
in Figure 4. The activities are shown as mean fold activation compared with the prolactin promoter plasmid without PITX2A or Pit-1
expression and normalized toâ-galactosidase activity (( SE from four independent experiments).

FIGURE 9: Reduced phosphorylation of the PITX2A∆T1261
mutant protein. PITX2 and PITX2A∆T1261 proteins were
expressed in bacteria, isolated, and phosphorylated by PKC.
Phosphorylated proteins (0.5µg) were resolved on a 12.5% SDS
polyacrylamide gel and analyzed by autoradiography and phos-
phorimaging. The autophosphorylated PKC subunit is indicated at
the top of the gel, and asterisks at the bottom of the gel indicate
the smaller phosphorylated PITX2 proteins. All protein preparations
were quantitated and normalized to wild type (using image analysis
programs) to ensure that equal amounts of proteins were used in
all kinase assays.
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rylation. Further experiments are required to differentiate the
effects of C-terminal phosphorylation and the OAR domain
in regulating PITX2 activity. However, this mutation does
provide a new mechanism for the developmental defects in
ARS patients through a C-terminal mutation that affects
phosphorylation and reduces PITX2 activity.

Transfected CHO cell lysates were assayed for PITX2A
and PITX2A mutant expression by Western blot analysis to
demonstrate that differences in transcriptional activities were
not due to unequal expression or protein degradation in these
cells (Figure 10C).

Disrupted PITX2 Protein Interactions as a Molecular
Basis for ARS.To provide a functional mechanism for the
PITX2A ∆T1261 mutation, we asked if it affected the
interaction with the pituitary POU homeodomain protein,
Pit-1. As shown previously, Pit-1 activates thepro-
lactin promoter at 4-fold, and cotransfection of PITX2A
and Pit-1 yielded a 38-fold synergistic activation of the
prolactin promoter in CHO cells (Figure 11).PITX2A
∆T1261 was unable to interact with Pit-1 to synergistic-
ally activate the prolactin promoter (Figure 11). This
mutation provides a functional analysis of PITX2 phospho-
rylation and protein interactions in regulating normal human
development. Furthermore, these data corroborate a role for

the PITX2 C-terminal tail in regulating protein interactions
(18).

DISCUSSION

Protein Kinase C Phosphorylates PITX2.It has previously
been shown that protein interactions can occur through the
C-terminal tail of PITX2. Phosphorylation of PITX2 facili-
tates dimer formation and suggests that dimers may enhance
transcriptional activation (56). Thus, PITX2 dimerization
appears important for transactivation. We are investigating
the posttranscriptional modulation of PITX2, and in this
report we provide a functional mechanism for the role of
phosphorylation in regulating these interactions. Phospho-
rylation of proteins can promote dimer formation, which may
be a mechanism for increasing transcription activity. It has
been shown that phosphorylation of the Nkx2.5 homeo-
domain protein by casein kinase II increases DNA binding
and facilitates the formation of homodimers (57). PITX2
isoforms can form heterodimers to synergistically regulate
gene expression (24). PITX2A PKC site mutations specifi-
cally demonstrate phosphorylation by PKC. PITX2 phos-
phorylation was demonstrated using nuclear extracts, im-
munoprecipitation experiments, and treatment of transfected
cells with specific PKC inhibitors. The functional signifi-

FIGURE 10: PKC stimulation does not increase the transcriptional activity of the ARS PITX2A∆T1261 protein. (A) EMSA of PITX2A
and ARS PITX2A mutant protein (80 ng) incubated with theDlx2 bicoid sequence (5′TAATCC3′) as the radioactive probe. The location
of bound and free probe is indicated. (B) CHO cells were transfected as previously described, with and without PMA addition (56). The
activities are shown as mean fold activation compared to theDlx2 promoter plasmid withoutPITX2expression (( PMA) and normalized
to â-galactosidase activity (( SEM from four independent experiments). (C) Protein expression was confirmed by Western blot analysis
of transfected cell lysates.

FIGURE 11: PITX2A ∆T1261 cannot synergize with the Pit-1 homeodomain protein. CHO cells were transfected with the prolactin 2.5-
luciferase reporter plasmid and cotransfected with PITX2A, PITX2A∆T1261 mutation, or the parental CMV expression plasmid without
PITX2A (-) with and without 2.5µg of Pit-1 (18). All transfection assays were performed as previously described (56). The activities are
shown as mean fold activation compared with the prolactin promoter plasmid without PITX2A or Pit-1 expression and normalized to
â-galactosidase activity (( SE from four independent experiments).
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cance of PITX2 phosphorylation was shown through specific
PITX2 PKC mutants, a naturally occurring PITX2 ARS
mutant, and interaction of a protein known to bind the PITX2
C-terminal tail (18). PITX2 phosphorylation appears to play
a role in regulating the interaction and dimer formation
between PITX2 isoforms.

The three major PITX2 isoforms (A, B, and C) contain
dissimilar N-terminal domains (24, 29). The role of these
different N termini has not yet been determined; however,
these data suggest that N-terminal phosphorylation may
inhibit PITX2A transcriptional activity. We have reported
differences in PITX2 isoform transcriptional activities that
are cell dependent, which would indicate that factors
differentially interact with the N termini of each isoform (24).
PITX2A and PITX2C activate theDlx2 promoter, while
PITX2B is inactive conversely; PITX2B activates thepro-
lactin promoter at higher levels than PITX2A or PITX2C
(24). The N-terminal regions of each isoform contain differ-
ent PKC sites; PITX2A has 3, PITX2B has 5, and PITX2C
has 3. We speculate that increased phosphorylation of the
PITX2B isoform may reduce its activity, as reported with
theDlx2 promoter. This mechanism would seem likely since
phosphorylation of the PITX2A N-terminus inhibits its
activity. Furthermore, the reduced transcriptional activity of
the C-terminal PKC mutants (PITX2A PKC∆6-10 and
PKC ∆8-10) may be due to N-terminal phosphorylation
inhibiting their activity. However, PITX2B activation of the
prolactin promoter may indicate a mechanism where N-
terminal phosphorylation could activate its transcriptional
activity in a promoter dependent fashion. Because PKC
isoforms are tissue specific and levels of their expression
vary in these tissues, this could provide a mechanism for
the different PITX2 isoform transcriptional activities ob-
served in multiple cell lines and with different promoter
constructs.

The stoichiometry of PITX2 phosphorylation has not been
determined, and in this report we make no claims to the
regulation of PITX2 phosphorylation through mechanisms
of cooperative phosphorylation. Phosphorylation of one site
might influence phosphorylation at other sites, and mutation
of specific PKC sites could affect phosphorylation at other
sites.

PITX2 C-Terminal Phosphorylation Facilitates Protein
Interactions and Transcriptional ActiVity. We have shown
that PITX2 C-terminal phosphorylation regulates the syn-
ergistic activation ofprolactin expression in concert with
Pit-1. A model was proposed where Pit-1 binding to the
PITX2 C-terminal tail opened up the C-terminal tail and
relieved the inhibitory effect of its interaction with the N
terminus (18). This model has been validated by several
laboratories that have also reported the inhibitory nature of
the PITX2 C-terminal tail (22, 58). Addition of phosphates
to the PITX2A protein would change its conformation and
presumably allow for increased protein interactions. The
model suggests that intramolecular folding of the full-length
PITX2 protein brings the C-terminal tail in direct contact
with the N-terminal domain (18). This folding interferes with
DNA binding by the homeodomain. However, addition of
phosphate groups to PITX2 may relieve this intramolecular
folding and interaction of the C-terminal tail with the N
terminus. In support of this we have shown that PITX2
phosphorylation increases DNA binding and transcriptional

activity (ref56and this report). N-Terminal phosphorylation
decreases transcriptional activity, and C-terminal tail phos-
phorylation increases PITX2A transcriptional activity through
mechanisms that may involve intramolecular folding and/or
protein interactions. Pit-1 binding to PITX2 may result in a
conformational change of the C-terminal tail that unmasks
the homeodomain and a potential transactivation domain
(18). In the wild-type PITX2 protein, phosphorylation of the
C-terminal tail presumably allows for factor interactions and
increased transcriptional activity. We demonstrate a role for
PITX2 phosphorylation and synergistic activation ofpro-
lactin in concert with Pit-1. PKC phosphorylation of the
PITX2 C-terminal tail appears to facilitate a Pit-1 interaction
and results in increased DNA binding activity and synergistic
transcriptional activity.

Pit-1 phosphorylation regulates protein interactions as has
been reported for its interaction with the ETS-1 protein (59).
A Pit-1/ETS-1 interaction can synergistically activate the
prolactin promoter (60). Pit-1 phosphorylation may affect
its interaction with PITX2, and while the Pit-1 homeodomain
was identified as an interaction site for ETS-1, the region
that interacts with PITX2 is unknown.

To further demonstrate that the PITX2 C-terminal tail
regulates its transcriptional activity, we tested a naturally
occurring PITX2 C-terminal mutation associated with ARS.
This mutation defines a role for PITX2 protein interactions
in regulating normal human development. This is the most
distal C-terminal mutation reported and results in a small
deletion of the PITX2 C-terminal tail, including the OAR
domain. This mutation corroborates our earlier studies
demonstrating a role for this part of the PITX2 C-terminal
tail in modulating its activity through a direct interaction with
Pit-1 (18). PITX2 transcriptional regulation may be controlled
through a similar mechanism involving other cellular proteins
during development.

PKC plays a major role in tooth development and is
expressed throughout tooth morphogenesis (61). However,
a role for PKC in regulating transcription factors and gene
expression during tooth development has not been shown.
Genetic and epigenetic studies have shown thatPitx2 is
required for tooth development and is expressed at the earliest
stages of tooth development (12, 13, 48, 62, 63). Further-
more, ARS patients withPITX2mutations present clinically
with dental anomalies (1, 29). In this report we have shown
that PKC phosphorylation of PITX2 increasesDlx2 expres-
sion. This would provide a mechanism to control the
temporal and spatial expression ofDlx2 during tooth
development. In support of this model we are profiling gene
expression inPitx2-/- homozygous mice and demonstrate
the reduction ofDlx expression in face tissue from these
mice. The face tissue contains the maxillary and mandibular
prominences which coexpressPitx2andDlx2 at E14.5. These
combined results suggest a potential role for PKC in
regulatingDlx2 expression through the phosphorylation of
PITX2.

Previous studies on PKC have identified twelve different
isomers, which share a similar catalytic domain but differ
in their regulatory domains (64-67). The expression of these
PKC isoforms is often tissue as well as differentiation stage
specific (68). The identity of the PKC isomer involved in
the modulation of PITX2 activity remains to be investigated.
Because PITX2 is expressed throughout embryonic develop-
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ment in several tissues, the regulated phosphorylation of
PITX2 represents an important control point in its activation
of target genes. PITX2 phosphorylation provides a mecha-
nism for regulating the spatial and temporal expression of
select genes during development.
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