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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 AxenfeldRieger syndrome (ARS) demonstrates reduced phosphorylation.
This mutation PITX2 AT126)) 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. RITXZB1 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 homozygix2

mutant mouse tissue reveals decred3b@ 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 pairedlike homeodomain gene, is expressed in or synergistically activate gene expressias, (20, 24, 25).
the brain, heart, pituitary, mandibular and maxillary regions, Thus, the levels and combinations of PITX2 isoform expres-
eye, and umbilicus and is required for normal embryonic sion would contribute to the dosage-response model proposed
developmentl—13). Many genes have been identified that for pituitary and other organ developmeritl( 26, 27).
are regulated by PITX21@—23). Previous results reveal both  Because AxenfeldRieger syndrome (ARS)s a haploin-
promoter and cell dependent activation by the three major sufficiency disorder associated witPlITX2 mutations, re-
PITX2 isoforms 4). The recent identification of a fourth duced levels ofPITX2 expression are causative for the
PITX2isoform PITX2D) expressed only in humans acts to phenotypes observed in these patier@8 @9). However,
repress the activity of the other PITX2 isoforms and adds other mechanisms likely contribute to the transcriptional
another level of regulation to the transcriptional activity of regulation of gene expression by PITX2 during development.
PITX2 (24). In the human brain, craniofacial region, and  One of these mechanisms includes protein phosphoryla-
pituitary, which express all PITX2 isoforms (Hjalt, personal tion, Protein phosphorylation can induce rapid modulation
communication), the interactions between PITX2 isoforms of transcriptional activity, providing three main levels of

would provide a mechanism to tightly regulate gene expres- regulation. Phosphorylation can affect the DNA binding
sion. Dimerization between PITX2 isoforms can either inhibit activity of transcription factors, their subcellular localization,

. . or their interaction with the transcription machineB0{
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signals that lead to either positive or negative changes inwith a sense primer containing BanH! site (5-CGG-

gene expression, cell growth, and differentiation. GATCCCGCCGATAACGGGGAAATGGAG-3. The PCR
There are twelve isozymes of PKC in mammalian tis- Product was digested witBanHI and HinDlII and ligated
sues: conventional PKC membeus I, I, andy isoforms into the pcDNA 3.1 MycHisC vector and is in frame with

(activated by calcium, acidic phospholipid, diacylglycerol the Myc and His epitopes. This plasmid was used as a
(DAG), and phorbol esters), novel PKC isofornds,e, 7, template to make PITX2A PKQ8-10. The first PCR
and 6 (activated by DAG, and acidic phospholipid), and reaction contained the sense primerTEGAGCCTGGC-
atypical PKCsy//, &, andu (35—41). PKC isoforms exhibit =~ CGGCCTGGCGTGTAAC-3, which changed the threonine
small differences in their dependencies on lipid cofactors at position 230 to an alanine (base change is underlined)
and overlapping substrate specificities; however, a major and the antisense primer containingHnDIIl site (5'-
distinguishing feature of PKC isoforms is their distinct tissue CCCATTAAGCTTCACGGGCCGGTCCACTGCATACT-
and cellular localization42, 43). The specific substrate 3) was used to make the megaprimer. The second step
sequence motifs of the PKC isozymes have been analyzedcontained the megaprimer and the previous sense primer.
using synthetic peptides and known protein sequer¢®s ( This plasmid (PITX2A PKCA8—10) was used as a template
44). Comparison of the ten PKC sites in PITX2A correlates t0 make PITX2A PKCA6—10. The first PCR reaction
with sites predicted for the classical PKG A, I, and y contained the sense primer-BAGGGCCTTGCATCCGC-
isoforms @3, 44). Furthermore, the tissue distributions of CTCCCTAGCCACCAAGAGC-3, which changed the thre-
these isoforms correlate witRitx2 expression. onine at position 139 to an alanine and the serine at position

We have focused on the PITX2A isoform to demonstrate 144 to an alanine (base change is underlined), and the
specific phosphorylation by PKC. The DNA binding and pr_eV|ousH|nDIII ant|sens¢ primer. The megaprimer was used
transcriptional activities of the PITX2A isoform have been With theBamHI sense primer to generate the complete PCR
extensively studied and is important in developmdnt.). product. This clone termed PITX2A PK@6—-10 has all
PITX2A is phosphorylated through ten consensus PKC sites; fiveé C-terminal PKC sites mutated. This plasmid was used
3 sites are located within the N-terminus, 2 sites are within S @ template to make PITX2A PK&-10. The first PCR

the homeodomain, and 5 sites are located in the C-terminus.féaction contained the antisense primefT5CTTCGCGT-

The functional activity of each phosphorylation site is GTGGCCATGTCCGG-3, which changes the serine at
revealed through mutation of the individual PITX2A PKC Position 67 to an alanine (base change underlined), and the
sites. PITX2A N-terminal phosphorylation acts to inhibitits PreviousBamHl sense primer. The megaprimer was com-
transcriptional activity while C-terminal phosphorylation bined with theHinDIIl antisense primer to generate the full-
increases transcriptional activity. C-Terminal phosphorylation 1€ngth PCR product and cloned into the vector. To make
facilitates transcriptional synergy with the Pit-1 home- PITX2A PKC AS the same procedure was performed only
odomain protein. Furthermore, we provide a molecular basis USing wild-type PITX2A as the template DNA. This plasmid
for a new and novel C-termindITX2 mutation through has only the_central homeodomain PKC site #5 m_utated. To
disrupted phosphorylation and protein interactions as a causén@ke plasmid PITX2A PK@1-2, which has the first two

for the developmental defects seen in this ARS patiégt ( N-terminal PKC sites mutated, the sense primer BiimH|
This is the first report of ARS developmental defects caused Ste (8-GCGGGATCCCGAACGGGGAAATGGAGAC-

by defective PITX2 protein interactions. CAACTGCCGCAAACTGGTGGCGGCGTGTCTGCAATT-
AGAGAAAGATAAAGGCCAGCAG-3') was used and

expression is down regulated Ritx2 mutant mice. We changes the serine at position 10 to an alanine and the serine
demonstrate through our in vitro and in vivo studies that at position 20 to a glycine (bas_e chang_es are und_erlmed).
DIx2 is regulated by PITX2, which is modulated by PKC Tge ant|s§rt1§etpr|mle: was thﬁnDlll SH.T(E'& d_ﬁ?_crlt?ed id
phosphorylation, and these data provide support for the 820Ve, and the template was wild-type - LIS plasmi

. . . P (PITX2A PKC A1-2) was used as the template to make
:L%TJS‘SC;?;:QS;n;tjr?:gzse%%;ﬁedﬂxz expression in the plasmid PITX2A PKC Al1—4. The first PCR reaction

contained the antisense primef-AAGTGAGCCCGCT-
MATERIALS AND METHODS GCCGCCTTTGCCGCTTCTTCTTAGCCGGGTC}3which
changes the serine at position 34 to an alanine and the
Expression and Reporter Construdexpression plasmids  threonine at position 44 to an alanine (base changes are
containing the cytomegalovirus (CMV) promoter linked to underlined), and th8anHI| sense primer. The megaprimer
the PITX2ADNA were constructed in pcDNA 3.1 MycHisC  was then used as a sense primer withkieDIll antisense
(Invitrogen) @5, 18). Specific PITX2A point mutations to  primer to generate the full-length PCR product. This clone
generate the PKC site mutations were made using the two-(PITX2A PKC Al1—4) was used as the template to make
step megaprimer PCR techniqu&5. To make plasmid PITX2A PKC A1-5. The first PCR reaction contained the
PITX2A PKC A9—10, which has point mutations at position BanHI sense primer and the PK&5 antisense primer to
258 (serine to alanine) and position 237 (serine to glycine), make the megaprimer, which was used as the sense primer
a sense primer (BCTGGCCGGCCTAAGACTGAAA-3) in the second step. The megaprimer was combined with the
and antisense primer withHlinDIll site (5-CCCATTAA- HinDIll antisense primer to generate the full-length product.
GCTTCACGGGCCGGTCCACTGCATACTGGCAAGCAC-  To make plasmids PITX2A PK@1—-4, 6-10, and PITX2A
TCAGGTTGGCGGCCGGTTTCTG-B were used in the  PKCA1-10, combinations of the appropriate megaprimers
first PCR reaction. The specific base mutations are under-and templates were used. All PCR reactions were performed
lined. The megaprimer was purified and used as the antisenses previously described1%). The prolactin and DIx2
primer for the second step. The megaprimer was combinedpromoter luciferase plasmids have been previously described

In addition, our tissue expression studies reveal Bia2
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(18, 20). To make the C-terminal mutation termed PITX2A 3?P-labeled probes for EMSAs, as describ2€)( Standard
AT1261, the sense primer'{bCCTCCGTATGTTATAGG- binding assays were performed as previously describ&d (
GACACG-3) and antisense primer' (€ GTGTCCCTATAA- Either 80 or 160 ng samples of the bacterial expressed and
CATACGGAGGA-3) were used with the mutagenesis kit purified PITX2A proteins were used in the assays. The
protocol. All constructs were confirmed by DNA sequencing. samples were electrophoresed, visualized, and quantitated
A CMV p-galactosidase reporter plasmid (Clontech) was as described previously, except quantitation of dried gels was
cotransfected in all experiments as a control for transfection performed on the Molecular Dynamics STORM Phospho-
efficiency. Imager (5).

Western Blot Assay&xpression of transiently expressed Nuclear extracts (NE) were prepared from GH3, LS-8, and
PITX2 proteins was demonstrated using the PITX2 antibody CHO cells using the mini extract protocol as previously
(19). Approximately 10ug of transfected cell lysates was described 46, 47). Nuclear extracts were dialyzed against
analyzed in Western blots. Following SDS gel electrophore- 50 mM NaCl with 2 changes of dialysis buffer.
sis, the proteins were transferred to PVDF filters (Millipore), Kinase AssaysPITX2A, PITX2A mutant, and PITX2A
immunoblotted, and detected using PITX2 antibody P2R10 truncated protein concentrations were normalized tqu@.5
and ECL reagents from Amersham. of PITX2A to ensure equal protein concentrations and

Cell Culture, Transient Transfections, Luciferase, and account for the size differences between truncated proteins
p-Galactosidase Assay€HO, LS-8, GH3, and HeLa cells  and number of protein molecules. Samples were incubated
were cultured in Dulbecco’s modified Eagle’s medium in kinase buffer (50 mM Tris-Cl pH 8.0, 100 mM NacCl, 5
(DMEM) supplemented with 5% or 10% fetal bovine serum mM MgCl,, 4 mM DTT), kinase (protein kinase A, PKA,
(FBS) and penicillin/streptomycin in 60 mm dishes and Boehringer Mannheim, Indianapolis, IN; casein kinase I,
transfected by electroporation. CHO and HelLa cells were CKII; or protein kinase C, PKC, Promega, Madison, WI),
mixed with 2.5ug of expression plasmids, /5 of reporter andy-*?P-ATP (Amersham Pharmacia, Piscataway, NJ) for
plasmid, and 0.xg of CMV S-galactosidase plasmid plated 30 min at 30°C. Proteins were then separated by electro-
in 60 mm culture dishes and fed with 5% FBS and DMEM. phoresis on a 12.5% polyacrylamide or tricine gel. Gels were
Electroporation of CHO cells was at 360 V and 950 exposed to imaging film (Kodak X-OMAT AR) and to a
microfarads gF) (Bio-Rad); cells were fed 24 h prior to  Phosphor screen for quantitation on the Storm 860 Phos-
transfection. HelLa cells were transfected by electroporation phorimager system (Molecular Dynamics, Amersham Phar-
at 220 V and 950uF, and cells were fed 24 h prior to macia, Piscataway, NJ). Kinase assays were also performed
transfection. Phorbol 12-myristate 13-acetate (PMA) activa- with 33 mM heparin sulfate andAM bisindolylmaleimide
tion of PKC was performed after transfection by adding 50 (BIM, Sigma, St.Louis, MO) known inhibitors of casein
ng/mL to the culture medium. Bisindolylmaleimide (BIM) kinase Il and protein kinase C, respectively.
inhibition of PMA stimulation was performed after trans- Endogenous Kinase AssaiidTX2A GST-fusion proteins
fection by adding BIM (100 nM) immediately after trans- on glutathione Sepharose 4B beads (Amersham Pharmacia)
fection followed by PMA treatment. PKI (Promega) inhibi- were incubated with nuclear extracts10 u«g) in place of
tion of PKC activity was performed after transfection by the commercially available kinases, at 32 for 30 min.
adding PKI (50uM) immediately after transfection. Trans- Inhibitors were used to determine specific kinase activity.
fected cells were incubated for 24 h, then lysed, and assayedBeads were washedx4 with 100 uL kinase buffer and
for reporter activities and protein content by Bradford assay reconstituted in kinase buffer. Proteins were separated on a
(BioRad). Luciferase was measured using reagents from12.5% SDS polyacrylamide gel. Analysis was evaluated on
Promegapg-Galactosidase was measured using the Galacto-imaging film and by phosphorimaging.

Light Plus reagents (Tropix Inc.). All luciferase activities Isolation of Mouse Tissue and RT-PCR Assaymed
were normalized tg@-galactosidase activity. pregnancies were establish between adult male and female
Expression and Purification of GST-PITX2A Fusion Pitx2™~ mice (generation N67) and embryos harvested,

Proteins. The humanPITX2A, PITX2Amutations, PKC after cervical dislocation, into cold PBS (pH 7.4). The
mutations, and deletion constructs were PCR amplified from morning of plug identification was designated as embryonic
cDNA clones as describedl%, 18). The PITX2A PCR day 0.5. E12.5 embryos were harvested, amniotic sacs were
products were cloned into the pGex6P2 GST vector (Am- collected, and DNA was isolated and processed for geno-
ersham Pharmacia Biotech) as previously describhgdl@). typing using previously described PCR primers and condi-
The plasmids were transformed into BL21 cells. Protein was tions @8). Face tissues were removed by manually separating
isolated as described§). PITX2A proteins were cleaved the nasal, maxillary, and mandibular prominences from more
from the GST moiety using 80 units of PreScission Protease caudal and dorsal structures. Fresh tissues were homogenized
(Pharmacia Biotech) per mL of glutathione Sepharose. and processed for RNA using Trizol (Invitrogen). Total RNA
Purified proteins used in the binding assays have beenwas isolated as previously describeb)

previously described or reported in this manuscri®(The Reverse transcription was preformed usingdlof total
cleaved proteins were analyzed on SDS polyacrylamide gelsRNA, random primers, and AMV RT (Takara Mirus Bio)

by silver stain or Coomassie blue stain and quantitated byin a total volume of 20uL. The reaction mixture was
the Bradford protein assay (BioRad). All stained gels were incubated at 42C for 50 min. Products were analyzed on

directly quantitated using image analysis programs. an agarose gel, and bands were isolated and sequenced to
Electrophoretic Mobility Shift Assay (EMSA) and Nuclear confirm their identity.
Extract PreparationComplementary oligonucleotides con- Real-time PCR was carried out using a Smart Cycler

taining aDIx2 bicoid site with flanking partiaBarmH| ends thermal cycler (Cepheid, Sunnyvale, CA). Separate cDNA
were annealed and filled with Klenow polymerase to generate reactions are used for each RNA preparation analyzed. Each
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PCR reaction contains the appropriate components, anda, helix 1 helix 2 helix 3/4
SYBR Green | (Epicenter Technologies). PCR cycling Ofecra}rTS QOLGREATF GR TR, TERRVRER MRS
conditions were 94C for 1 min, 60°C for 2 min, and 72 4 #5 e
°C for 2 min. Optical data is collected during the annealing Homeodomain 1261
step. A melting curve was generated at the end of every runprxza N | ¢
to ensure product uniformity. All primers were tested using 42777520
standard RT-PCR protocols and the products sequenced tc 400361301 M8 -248-20| B30, £50=230
ensure and confirm their specificity. TI#x2 primers were #111=1035554-36 7-244=146 (39 2375239
previously described, and standgractin primers were used o
in the PCR reactions49, 50) B. \bo‘;*_c,qg &
Optical data was exported from the Cepheid Smart Cycler g"‘,x o

; . ; ) v

as comma separated values files (*.csv) and imported into Qs\-qs'rq@%&

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 analysi®1). Ct values were obtained from 3 PKC—»| &
separate experiments, and 2 expression values were

normalized tof-actin values for each preparation. The g

normalized values from theitx2 homozygous mouse were 50

compared to the wild-type mouse. The differences in Ct PKA —> e

values are shown as fold-decrease in transcript lezds ( -40
Immunoprecipation Assay&HO cells were transfected pmca—> 4

with 5 ug of either PITX2A, PITX2A PKCA1—-10, or empty 3

expression vector and cultured in DMEM without phosphate -25

containing 1% calf serum andglutamine (cellgro, Medi-  Fgure 1: PITX2A phosphorylation by protein kinase C. (A)

atech, Inc.). After 48 h, cells were labeled by addition of Schematic of the consensus PKC sites within the PITX2A home-
0.6 mCi/mL3%P-orthophosphate (Perkin-Elmer) for 6 h, with odomain protein. Two sites are located in the homeodomain and
or without 100 nM BIM or 50 ng/mL PMA. Duplicate are boxed out. The PKC consensus sites are shown within the
. . protein by the amino acid numbers in bold. One site in the C
transfections were performed without add't,'on, of labeled terminus is located within the OAR domain; a 14 residue conserved
phosphate. Cell monolayers were washed with ice cold PBSyegion (striped box). The new C-terminal ARS mutation is shown
and incubated with RIPA buffer (without deoxycholate) where the T base is deleted at nucleotide 1261, which creates a
containing protease inhibitor cocktail and phosphatase inhibi- Stop codon within the OAR domain (striped box) of the PITX2A

Qi ; ; C-terminal tail. The lysine residue required for DNA binding in
tor cocktail (Sigma Chemical Co.) at™ for 10 min. Cells ¢ Sird bl is underlined. (B) Identification of PKC as the serine/

were harvested and lysed by passing through a 22 gauggpreonine kinase that phosphorylates PITX2A. Bacterial expressed
needle, and cell debris was removed by centrifugation. The and purified PITX2A (0.5ug) was incubated with either casein
lysate was precleared with normal rabbit IgG antisera and kinase Il (CKIl), y-32P-ATP alone, protein kinase A (PKA), or
Protein A/G Agarose (Santa Cruz). Lysate was incubated pr?te+”h klnasle C (PKC) and gntalyfz_led or aS%SD.S ?olya;)irylartnr:de

: : e : gel. € gels were expose O Thm Tor min to0 obtain e
with PITX2 antlsera_foz h followed by addition of Protein autoradiographs. Molecular weight markers are indicated on the
AIG Agarose overnight at 4C. Beads were pelleted and  gjge.
proteins solubilized using SDS loading buffer, boiled and . . )

with CKIl, PKA, or PKC. Specific phosphorylation of

resolved on a 10% polyacrylamide gel. Gel was exposed to . )
film to determine phosphorylation of proteins by incorpora- P!TX2A occurred with PKC and some residual phosphoryl-

tion of labeled phosphate. A Western blot was performed &tion by CKil and no phosphorylation of PITX2A by PKA

on duplicate immunoprecipitation samples that were not (Figure 1B). There are two consensus CKIl sites in PITX2A
labeled to confirm protein expression. located at residues 3481 and 66-69. These sites appear to

be phosphorylated at low levels using pure CKIl preparations
RESULTS (Figure 1B). As a control, the protein kinases used in these
experiments were incubated with specific peptide substrates
Phosphorylation of PITX2A by Protein Kinase&halysis to demonstrate that each kinase was active. The neurogran
of the PITX2A protein revealed 10 consensus protein kinase peptide (10 ng), a substrate for PKC, kemptide peptide (10
C (PKC) sites located throughout the protein (Figure 1A). ng), a substrate for PKA, and CKII peptide (10 ng), a
These are designated as PKC sitesl@ starting at the N substrate for CKIl, were phosphorylated by their respective
terminus of PITX2A; complete sites are PKC #1, residues kinases (data not shown). Thus, the lack of PITX2A
7—10 (Set?); PKC #2, residues 1720 (Sef?); PKC #3, phosphorylation by PKA and reduced phosphorylation by
residues 3436 (Sef); PKC #4, residues 4144 (Thr¥; CKIl was not due to inactive kinase preparations. The
PKC #5, residues 6769 (Sef’); PKC #6, residues 136 specific activities of all kinases were calculated, and units
139 (Thi*39); PKC #7, residues 144146 (Set*); PKC #8, were adjusted to ensure that equal amounts (specific activities
residues 228230 (Thr39); PKC #9, residues 237239 transfer 10 pmol/min of phosphate) of the kinases were added
(Ser®’); and PKC #10, residues 25258 (Set>®). We asked  to each reaction.
if three serine/threonine kinases, PKC, CKIl, and PKA, could  PITX2A Is Phosphorylated by Endogenous PKIh
phosphorylate PITX2A. PITX2A protein (0.69) purified determine if PITX2A was phosphorylated by endogenous
from bacteria as previously describetbl was incubated  PKC, nuclear extracts were prepared from GH3, LS-8, and



3946 Biochemistry, Vol. 44, No. 10, 2005 Espinoza et al.

&
Q“&. i
A. Q{S Q;\“\ e QQ?’ '\0
v&v &v &v & ‘!\00 dﬂ, Q{h
’dﬂ/ ad'?" G ’d__’b —-»> g
6‘ c} S8 :
B E ] .
— e <« ,\'\0 & &2 Q,QQ
. > Q@ dj}»
R
s
B N & sl
x ,L p p -
& <‘ & %
> -

Ficure 2: Endogenous PKC phosphorylates PITX2A. (A) GST-PITX2A was expressed in bacteria, purified, and immobilized on glutathione
sepharose beads. Immobilized GST-PITX2Al(«g) was incubated with GH3 nuclear extract (NE)3?P-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)gfP-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 CKIll, 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 immunoprecipitatior?%f labeled PITX2A. CHO cells transfected with either PITX2A, PITX2A

PKC A1-10, or empty expression vector were labeled WiP-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 PK&L—10 mutant protein was not labeled. Immunoprecipitated samples
were resolved on a 10% SDS gel and exposed to film to visualizéfhtabeled 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 ad#@entbbphosphate. Cells

were lysed, and immunoprecipitated proteins were detected by Western blot. PITX2A and PITX2APKID were expressed and
immunoprecipitated demonstrating equal expression of both proteins. Purified PITX2A (200 ng) was run on the gel as a positive control.

CHO cells. The GH3 cell line represents a pituitary cell line, is not phosphorylating PITX2A. Therefore, the low level of
LS-8 was derived from mouse molar epithelium, and both CKII phosphorylation observed in Figure 1B using pure CKiII
have been shown to endogenously express PITX2Q). appears to be an artifact. However, BIM addition inhibited
GST-PITX2A fusion protein was immobilized to glutathione over 90% of PITX2A phosphorylation by nuclear extracts,
Sepharose beads and incubated with nuclear extracts undeindicating specific phosphorylation by PKC (Figure 2A).
phosphorylation conditions; after incubation the beads were To demonstrate in vivo phosphorylation of PITX2A, CHO
washed (4 times with kinase buffer) and protein was resolved cells were transfected with PITX2A and PITX2A PKC—

on a polyacrylamide gel and exposed to film. PITX2A was 10, which has all 10 PKC sites mutated by changing serines
phosphorylated by endogenous kinase activity from GH3 or threonines to alanines or glycines. Cells were labeled by
nuclear extracts (Figure 2A). Phosphorylation by endogenousthe addition of*?P-orthophosphate and lysed, and protein
PKC was also observed using LS-8 nuclear extracts and CHOwas immunoprecipitated using PITX2 affinity purified an-
nuclear extracts (data not shown). Heparin (Hep), which tisera. PITX2A was phosphorylated and immunoprecipitated,
specifically inhibits CKII activity, and BIM, which inhibits ~ and duplicate transfection experiments in the presence of
PKC activity, were used to demonstrate that PKC was BIM, a PKC inhibitor, inhibited endogenous PKC phospho-
responsible for the endogenous kinase activity. Addition of rylation of PITX2A (Figure 2B). Furthermore, the specificity
heparin to the nuclear extracts did not inhibit PITX2A of PITX2A phosphorylation by PKC is shown through the
phosphorylation, indicating that endogenous CKII activity absence of a labeled PITX2A PK&L—10 immunoprecipi-
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tated protein (Figure 2B). As a control, CHO cells were 9
transfected with empty vector (mock) (Figure 2B). A. a (% B D B g D
A second immunoprecipitation experiment was performed & FOl T
X . . &£ x & F & &
to demonstrate that PKC stimulation by PMA did not A W aF qF A T ¥ aF o)
phosphorylate the PITX2 PK@1—10 mutant. Addition of &E §5é§<§r FELEE
PMA did not result in phosphorylation of the PK&L—-10
mutant protein (Figure 2C).
To control for transfection and immunoprecipitation ef- PKC — - - - - -
ficency, duplicate unlabeled transfected CHO cells were 00
immunoprecipitated using the PITX2 antibody and the
expressed immunoprecipitated proteins were visualized by
Western blot immunochemistry (Figure 2D). The Western 40-
blot is shown overexposed to reveal all bands in this blot. phosphorylated
Therefore, the lack of PITX2A PK@1—10 phosphorylation R S . ,. - vee
was not due to decreased expression in the transfected cell: 25
or defective immunoprecipitation. 0
Mutational Analysis of the Ten PITX2A PKC Sitda B 0E JE o ST el g e
) - : : F & o¥ v ¥ FF Y
demonstrate site specific PITX2A phosphorylation by PKC, <{\q\} RO S SN A SN
- . X ) ; EFF & EFEE
specific mutations were made changing serine/threonine - : =3 ;
residues to glanl_nes or glycmes in tlhe consensus !DKC QQMHiH‘“
phosphorylation sites. Mutation of the first two (numbering ' - A
starting at N terminus as 1) N-terminal PKC sites (PITX2A
PKC A1—-2) resulted inr~20% reduction in phosphorylation C.

50-

Silver stained gel of puri}ied proteins used in assay

compared to wild type, and subsequent mutation of the first 100

4 PKC sites (PITX2A PKCA1-4) resulted in a 60%

decrease in PITX2A phosphorylation compared to wild type 80

(Figure 3A,C). Mutation of the first five PKC sites in u_,§

PITX2A PKC A1-5 protein resulted in a further decrease 2 % 60+

in phosphorylation compared to wild type (Figure 3A,C). §_g

When all PKC sites were mutated except for PKC site #5, & & 40

Sef’” (PITX2A PKC Al—4, 6-10), a small amount of T

phosphorylation was observed due to the presence of the #& 20

PKC site (Figure 3A,C). As expected, mutation of the last 6 i i i
PKC sites (PITX2A PKCA5—10) resulted in 85% decreased o+ H B B H H NN =
phosphorylation compared to wild type (Figure 3A,C). A e O e s S
corresponding increase in PITX2A phosphorylation occurred 6-10

when the last 5 (PITX2A PK@6—10) or 3 PKC sites were ~ FIGURE 3: Mutational analysis of the ten PITX2 PKC sites. (A)
_ : PITX2A (0.5 ug) and PITX2A PKC site mutants (0/&g) were
mutated (PITX2A PKCA_S 10), respectively, compare(_j to phosphorylated by PKC and resolved on an SDS gel. The
PITX2A PKC A5—10 (Figure 3A,C). When all 10 PKC sites  ympering of the PKC sites begins at the N terminus with number
were mutated (PITX2A PKCA1-10), we observed a 1. Specific serines or threonines were substituted with either an
complete loss of phosphorylation by PKC (Figure 3A,C). A alanine or glycine (see text for complete details). (B) A silver stained
silver stained protein gel is shown to confirm relative protein 9€! of the PITX2A and PKC mutant proteins used in the assay.

. - . . The stained gels were quantitated and all protein concentrations
concentrations of each protein used in the assays (Figure SB)normalized to wild type to ensure that equal protein amounts were

All protein preparations were quantitated and normalized to added to the kinase reactions. (C) Quantitation of the phosphorylated
wild type (using image analysis programs) to ensure that PITX2A PKC mutant proteins and comparison to the PITX2A
equal amounts of proteins were used in all kinase assaysphosphorylated protein. The percent activities vs PITX2A are shown
In addition, purified PITX2A C-terminal, C-terminal (* SEM from three independent experiments).
truncated, and homeodomain peptides were prepared fronmthat the PKC sites are functional and phosphorylated by PKC.
bacteria and tested for phosphorylation by PKC. The While each individual PKC site was not assayed indepen-
complete C-terminal tail peptide (PITX2 C173, containing dently, the combination of specific mutations of two or more
6—10 PKC sites) and the last 78 and 39 amino acid peptidessites combined with our analysis of truncated and deleted
(PITX2 C78, containing 810 PKC sites and PITX2 C39, PITX2A proteins revealed that the PKC sites within the
containing 9-10 PKC sites) were all rapidly phosphorylated N-terminus, homeodomain, and C-terminus are phosphory-
by PKC. The homeodomain peptide was also phosphorylatediated. Furthermore, while conservative mutations were made,
by PKC (data not shown). The phosphorylation of several we cannot rule out that these mutations may impart a
C-terminal truncated proteins were compared to wild-type conformational change in the protein. These effects could
PITX2A. Deletion of the last 39 (PKC-910 sites) and 78  result in differential phosphorylation of specific residues
(PKC 8-10 sites) residues resulted in a loss of phosphory- when several sites are mutated. This may explain small
lation compared to wild type (data not shown). differences in phosphorylation observed between different
Phosphorylation of the C-terminal proteins, homeodomain sets of mutants.
peptide, and C-terminal truncated proteins (which contain  PITX2A PKC Mutant Proteins Retain Their DNA Binding
the N-terminal PKC sites) (data not shown) further confirm Activity. In order to analyze the PITX2A PKC mutants in
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Ficure 4: PKC stimulation increases transcriptional activation by
PITX2A. CHO cells were transfected with&y of either the DIx2-
3276 or DIx2-200 luciferase reporter genes. The cells were
cotransfected with 2.xg of either theCMV-PITX2or the CMV
plasmid withoutPITX2 (vector control). CHO cell lysates trans-
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Furthermore, BIM treatment had no effect on CHO cells
transfected with DIx2-200-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 A® of
transfected cell lysates to demonstrate expression of PITX2A
protein (data not shown). We have previously shown
PITX2A protein expression in transfected CHO celR§)(

DIx2 Expression Is Down Regulated in the Pitx2 Mutant
Mouse We have previously reported that PITX2 specifically
activates theDIx2 promoter R0, 24). However, to demon-
strate in vivo regulation oDIx2 expression byPitx2, we
performed expression profiling studies ditx2 mutant
mouse tissuedDIx2 is expressed in the dental epithelium
and craniofacial region of mouse embry&2<{55). Pitx2

fected with empty vector were used as a control to demonstrate gnd DIx2 are coexpressed in the dental epithelium during

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 an
pB-galactosidase activities. As a control BIM and PMA were added

tooth development, and we isolated face tissue containing

dhe dental epithelium to determine levelsik2 transcripts.

Analysis of Pitx2/~ mutant mice reveal for the first time

to cells transfected with the reporter plasmids and empty expressiondecrease®Ix2 transcripts from E14.5 face tissue compared

vector. To control for transfection efficiency, all transfections
included the CMVp-galactosidase reporter. Cells were incubated
for 24 h and then assayed for luciferase ghdalactosidase
activities. The activities are shown as mean fold activation compared
to the DIx2 promoter plasmids withouPITX2 expression and
normalized tg3-galactosidase activityt{ SEM from six indepen-
dent experiments). The me®Mx2 promoter luciferase activity with
PITX2 expression was approximately 80000 light units pep@5

of protein, and the-galactosidase activity was about 70000 light
units per 15ug of protein.

to wild-type embryos. Total RNA was extracted and used
to detect DIx2 and f-actin gene expression. RT-PCR
experiments demonstrate a reductioir2 expression from
the Pitx2 mutant mice (Figure 5A). To more definitively
demonstrate reducelIx2 expression in thdPitx2 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 iBIx2 transcripts in the mutant mice

transfection assays, it was essential to determine their DNA (Figure 5B). Samples were analyzed from 3 separate mice

binding properties. All PKC mutant proteins (80 ng) bound
DNA similarly to wild type (data not shown).

PKC Stimulation Increased PITX2A Transcriptional Aeti
ity. The activities of the minimabDIx2 promoter (DIx2-200-
luc), which contains only the TAATAA box and 200 bp of
5 flanking sequences, were compared to the activities of
the full-length promoter (DIx2-3276-luc) containing upstream
regulatory elements. Transfection of CHO cells with DIx2-
3276-luc and PITX2A resulted in 8-fold activation of this
full-length promoter (Figure 4). As a control, PITX2A
minimally activated the minimal DIx2-200-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 DIx2-3276-luc reporter from 8-fold to
~20-fold (Figure 4). PMA alone (without PITX2A expres-
sion) did not activate the DIx2-3276-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 tHeIx2 promoter. The
minimal DIx2-200-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 mininzik?2
promoter (Figure 4). Furthermore, the concentration of PMA

and 3 separate RNA samples, abtk2 transcripts were
normalized tg3-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 betwednitx2 and DIx2 expression.

N-Terminal and C-Terminal Phosphorylation Modulates
PITX2A Transcriptional Actiity. 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 DIx2-3276-luc
promoter and PITX2A PKC mutations to determine their
effect on transactivation. PITX2A PK@Q1-2 (11-fold
activation) and PITX2A PKCA1—4 (16-fold activation)
demonstrate increased transcriptional activation oih@
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 A6—10 (4-fold activation) and PITX2A PK@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

used in these experiments does not have a generalized effeds required for maximal transcriptional activity. These data

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).

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 PK1—

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

PKC Stimulation Actiates PITX2A N-Terminal PKC
Mutants but not C-Terminal PKC Mutanté/e 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 theDIx2 promoter from 8-fold to 20-fold
(Figure 7). The PITX2A PKCA1l—4 mutant is further
stimulated by PMA addition to transfected CHO cells from
16-fold to 27-fold activation of thé®Ix2 promoter (Figure

B. 7). Therefore, decreased phosphorylation of the PITX2A
N-terminal sites results in an increase in transcriptional

Relative Abundance of DIx2 transcripts activity and/or increased C-terminal phosphorylation stimu-
normalized to B-actin transcripts lated PITX2 activity. PMA addition did not increase the

transcriptional activity of the PITX2A PK@6—10 or the

Pitx2 null mutant mouse PKC A8—10 mutant, which may suggest that N-terminal

face tissue DIx2 phosphorylation is inhibitory to PITX2A activity (Figure 7).
compared to Thus, phosphorylation of the C-terminal tail enhances
wildtype . transcriptional activation and N-terminal phosphorylation is

R*=0.44 inhibitory to PITX2A activity. PMA addition had no effect

EAACT 2.3 +/- 0.06 on the PITX2A PKCA1-10 mutant as expected (Figure

(expressed as fold reduction) 7). ) ) N ]
N=3 PITX2A C-Terminal Phosphorylation Facilitates Protein

Interactions.To provide a functional mechanism for PITX2A
FicURE 5: DIx2 expression is down regulated Ritx2~/~ homozy- phospho_rylgtlon by PK.C’ we .as.,ked i phosphorylatloln
gous mice. (A) Total RNA was isolated from E14.5 wild-type and affected its interaction with the pituitary POU homeodomain
Pitx2~ mouse facial tissue containing nasal, maxillary, and protein, Pit-1. We have previously shown a direct interaction
mandibular prominences. RT-PCR was performed withglof between Pit-1 and the PITX2 C-terminal tallgj. Cotrans-
RNA from both mice usindpIx2 andS-actin specific primersDIx2 fection of CHO cells with theprolactin promoter and

expression is reduced in the mutant mouse tissue. All bands were ) At ;
sequenced to confirm their identity. (B) Quantitative RT-PCR PITX2A demonstrate a 6-fold activation of this promoter

demonstrates a specific decreas®Ir2 transcripts in the mutant  (Figure 8). Pit-1 activates therolactin promoter at 4-fold,
mouse. Real-time RT-PCR was performed witag2of RNA and and cotransfection of PITX2A and Pit-1 yielded a 38-fold
the same primers as in A, and melting curves were analyzed aftersynergistic activation of therolactin promoter (Figure 8).
each run to ensure the quality of the product. Total RNA was Therefore, to determine if phosphorylation of the PITX2A

analyzed from 3 separate mice (both wild type and mutant), and : - . . o R
Ct values were calculated alix2 transcript levels normalized to ~ C-t€rminal tail was required for this synergistic activation,

B-actin. The normalized differences in Ct values are expressed as Pit-1 was cotransfected with the PITX2A PKC mutations.

fold reduction B1). PITX2A PKC A1—10 transactivates tharolactin promoter
A at only 2-fold, or a 3-fold decrease compared to wild type
' PiTx2A I (Figure 8). Cotransfection of Pit-1 with PITX2A PK&1—

22 :: : | 10 did not result in synergism, only additive activation of
-+ I

Luc : <10-fold (Figure 8). The PITX2A C-terminal PKC mutants,
::i :§:§ '=| PITX2A PKC A6—10 andA8—10, yielded decreased activa-
PKC a1-10 tion of the prolactin promoter compared to wild type (3-
‘m fold activation), and cotransfection with Pit-1 did not result
0 : 10 e 20 25 30 in synergistic activation of thprolactin promoter by either
FOLD ACTIVATION PKC C-terminal mutant (15-fold activation) (Figure 8).
. 5 & However, the N-terminal PKC mutant, PITX2A PK&L—
Ty S ¥« & 4, increased the activation of tipgolactin promoter com-
& & & & & & F& pared to wild type at 15-fold (Figure 8). PITX2A PK&1—4
cotransfection with Pit-1 yielded a synergistic activation at
- - - — 38-fold, similar to wild type (Figure 8). These data indicate
FiGURE 6: Phosphorylation modulates the N- and C-terminal that PITX2 C-terminal phosphorylation enhances Pit-1
transcriptional activity of PITX2A. (A) CHO cells were transfected  interaction and synergistic activation of tpeolactin pro-
as described in Figure 4. The activities are shown as mean fold moter.

activation compared to thelx2 promoter plasmid withouPITX2 Reduced Phosphorylation of a PITX2 C-Terminal ARS

expression and normalized fegalactosidase activity{ SEM from . ) - ; .
six independent experiments). (B) Western blot of transfected CHO Mutation. A new C-terminal PITX2A mutation associated

cell lysates (1Qug) using the PITX2 (P2R10) antibody and ECL  With ARS results in the deletiorfa T nucleotide at position
reagents from Amersham. 1261 of PITX2A (Figure 1A). Deletion of this T creates a

new reading frame change in the éhd of the C-terminal
onstrate that differences in transcriptional activities were not tail. Starting at residue 226, the reading frame is changed
due to unequal expression or protein degradation in theseand a premature stop codon is created 12 codons downstream
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Ficure 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 comparddlix@ fremoter
plasmid withoutPITX2expression£ PMA addition) and normalized {8-galactosidase activity{ SEM from five independent experiments).
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Ficure 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 2.5:g 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 fbgalactosidase activity{ SE from four independent experiments).

(Figure 1A). Thus, this mutant protein (PITX2AT1261)
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 PK&3—10
phosphorylation.

Impaired Transcriptional Actiation by the ARS PITX2A
Mutant. We asked if the new ARS mutation would affect
DNA binding activity. The C-terminal PITX2AAT1261
mutant protein bound DNA similarly to wild-type protein
(Figure 10A). Transfection of the PITX2AT1261 mutation
revealed a 2-fold decrease in activation of g2 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
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Ficure 9: Reduced phosphorylation of the PITX2AT1261
mutant protein. PITX2 and PITX2AAT1261 proteins were
expressed in bacteria, isolated, and phosphorylated by PKC.
Phosphorylated proteins (0:f) were resolved on a 12.5% SDS

sites and the corresponding residues removes its ability topolyacrylamide gel and analyzed by autoradiography and phos-

be activated by PKC phosphorylation. This naturally occur-
ring PITX2 mutation corroborates the data from the PITX2A
PKC A8—10 mutant. The PITX2AAT1261 mutation dis-

rupts the OAR domain, which may adversely affect tran-
scriptional activation by PITX2, independent of phospho-

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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activity of the ARS PITXPR261 protein. (A) EMSA of PITX2A
idsequence (FAATCC3) 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 &litidre (
activities are shown as mean fold activation compared t@®ik& promoter plasmid withouPITX2 expression£ PMA) and normalized

to -galactosidase activity{ SEM from four independent experime
of transfected cell lysates.

nts). (C) Protein expression was confirmed by Western blot analysis
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Ficure 11: PITX2A AT1261 cannot synergize with the Pit-1 homeodomain protein. CHO cells were transfected with the prolactin 2.5-
luciferase reporter plasmid and cotransfected with PITX2A, PITXYRL261 mutation, or the parental CMV expression plasmid without
PITX2A (—) with and without 2.5:g of Pit-1 (18). All transfection assays were performed as previously descri®dThe activities are

shown as mean fold activation compared with the prolactin promoter plasmid without PITX2A or Pit-1 expression and normalized to

pB-galactosidase activityt{ SE from four independent experiments).

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

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

DISCUSSION

Protein Kinase C Phosphorylates PITXRhas 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 activation5g). Thus, PITX2 dimerization

not due to unequal expression or protein degradation in theseappears important for transactivation. We are investigating

cells (Figure 10C).

Disrupted PITX2 Protein Interactions as a Molecular
Basis for ARSTo provide a functional mechanism for the
PITX2A AT1261 mutation, we asked if it affected the
interaction with the pituitary POU homeodomain protein,
Pit-1. As shown previously, Pit-1 activates thwo-
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
AT1261was unable to interact with Pit-1 to synergistic-
ally activate theprolactin promoter (Figure 11). This
mutation provides a functional analysis of PITX2 phospho-
rylation and protein interactions in regulating normal human

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 Il increases DNA binding
and facilitates the formation of homodimers7). PITX2
isoforms can form heterodimers to synergistically regulate
gene expressior2d). 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

development. Furthermore, these data corroborate a role forcells with specific PKC inhibitors. The functional signifi-
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cance of PITX2 phosphorylation was shown through specific activity (ref56 and this report). N-Terminal phosphorylation

PITX2 PKC mutants, a naturally occurring PITX2 ARS
mutant, and interaction of a protein known to bind the PITX2
C-terminal tail (L8). 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 domains2d, 29). The role of these
different N termini has not yet been determined; however,

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

these data suggest that N-terminal phosphorylation mayincreased transcriptional activity. We demonstrate a role for

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 isoforia4).
PITX2A and PITX2C activate th®Ix2 promoter, while
PITX2B is inactive conversely; PITX2B activates theo-
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

PITX2 phosphorylation and synergistic activation mb-
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 prot&i#) (
A Pit-1/ETS-1 interaction can synergistically activate the
prolactin promoter 60). Pit-1 phosphorylation may affect

has 3. We speculate that increased phosphorylation of theits interaction with PITX2, and while the Pit-1 homeodomain

PITX2B isoform may reduce its activity, as reported with
the DIx2 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 PK@6—10 and
PKC A8-10) 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

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

activity in a promoter dependent fashion. Because PKC domain. This mutation corroborates our earlier studies
isoforms are tissue specific and levels of their expression demonstrating a role for this part of the PITX2 C-terminal
vary in these tissues, this could provide a mechanism for tail in modulating its activity through a direct interaction with

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

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

determined, and in this report we make no claims to the expressed throughout tooth morphogene8iy. (However,

regulation of PITX2 phosphorylation through mechanisms a role for PKC in regulating transcription factors and gene
of cooperative phosphorylation. Phosphorylation of one site expression during tooth development has not been shown.
might influence phosphorylation at other sites, and mutation Genetic and epigenetic studies have shown a2 is
of specific PKC sites could affect phosphorylation at other required for tooth development and is expressed at the earliest
sites. stages of tooth developmeritZ 13, 48, 62, 63). Further-
PITX2 C-Terminal Phosphorylation Facilitates Protein more, ARS patients witRITX2mutations present clinically
Interactions and Transcriptional Aclity. We have shown  with dental anomaliesl( 29). In this report we have shown
that PITX2 C-terminal phosphorylation regulates the syn- that PKC phosphorylation of PITX2 increadek?2 expres-
ergistic activation ofprolactin expression in concert with ~ sion. This would provide a mechanism to control the
Pit-1. A model was proposed where Pit-1 binding to the temporal and spatial expression @flx2 during tooth
PITX2 C-terminal tail opened up the C-terminal tail and development. In support of this model we are profiling gene
relieved the inhibitory effect of its interaction with the N expression inPitx2~~ homozygous mice and demonstrate
terminus (8). This model has been validated by several the reduction ofDIx expression in face tissue from these
laboratories that have also reported the inhibitory nature of mice. The face tissue contains the maxillary and mandibular
the PITX2 C-terminal tail 22, 58). Addition of phosphates = prominences which coexpreBg&x2 andDIx2 at E14.5. These
to the PITX2A protein would change its conformation and combined results suggest a potential role for PKC in
presumably allow for increased protein interactions. The regulatingDIx2 expression through the phosphorylation of
model suggests that intramolecular folding of the full-length PITX2.
PITX2 protein brings the C-terminal tail in direct contact Previous studies on PKC have identified twelve different

with the N-terminal domain1(8). This folding interferes with
DNA binding by the homeodomain. However, addition of

isomers, which share a similar catalytic domain but differ
in their regulatory domain$@—67). The expression of these

phosphate groups to PITX2 may relieve this intramolecular PKC isoforms is often tissue as well as differentiation stage

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

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.

ACKNOWLEDGMENT

We thank Lesley Kaufman for excellent technical as-
sistance and Dr. Tord A. Hjalt (University of Lund, Lund,
Sweden) for reagents and helpful discussions.

REFERENCES

1. Semina, E. V., Reiter, R., Leysens, N. J., Alward, L. M., Small,
K. W., Datson, N. A,, Siegel-Bartelt, J., Bierke-Nelson, D., Bitoun,
P., Zabel, B. U., Carey, J. C., and Murray, J. C. (1996) Cloning
and characterization of a novel bicoid-related homeobox transcrip-
tion factor gene, RIEG, involved in Rieger syndroriiat. Genet.

14, 392—399.

2. Mucchielli, M., Martinez, S., Pattyn, A., Goridis, C., and Brunet,
J. (1996) OtIx2, an Otx-Related Homeobox Gene Expressed in
the Pituitary Gland and in a Restricted Pattern in the Forebrain,
Mol. Cell. Neurosci. 8258-271.

3. Gage, P. J., and Camper, S. A. (1997) Pituitary homeobox 2, a
novel member of the bicoid-related family of homeobox genes,
is a potential regulator of anterior structure formatidom. Mol.
Genet. §457-464.

4. Campione, M., Steinbeisser, H., Schweickert, A., Deissler, K., van
Bebber, F., Lowe, L. A., Nowotschin, S., Viebahn, C., Haffter,
P., and Kuehn, M. R., Blum, M. (1999) The homeobox gene
Pitx2: mediator of asymmetric left-right signaling in vertebrate
heart and gut loopingDevelopment 1261225-1234.

5. Yoshioka, H., Meno, C., Koshiba, K., Sugihara, M., Itoh, H.,
Ishimaru, Y., Inoue, T., Ohuchi, H., Semina, E. V., Murray, J.
C., Hamada, H., and Noji, S. (1998itx2, a Bicoid-Type
Homeobox Gene, Is Involved in a Lefty-Signaling Pathway in
Determination of Left-Right AsymmetnCell 94, 299-305.

6. Semina, E. V., Reiter, R. S., and Murray, J. C. (1997) Isolation
of a new homeobox gene belonging to the Pitx/Rieg family:
expression during lens development and mapping to the aphakia
region on mouse chromosome 19um. Mol. Genet. 62109~
2116.

7. Logan, M., Pagan-Westphal, S. M., Smith, D. M., Paganessi, L.,
and Tabin, C. J. (1998) The Transcription Factor Pitx2 Mediates
Situs-Specific Morphogenesis in Response to Left-Right Asym-
metric SignalsCell 94, 307-317.

8. Piedra, M. E., Icardo, J. M., Albajar, M., Rodriguez-Rey, J. C.,
and Ros, M. A. (1998pitx2 Participates in the Late Phase of the
Pathway Controlling Left-Right Asymmetrgell 94, 319-324.

9. Ryan, A. K., Blumberg, B., Rodriguez-Esteban, C., Yonei-Tamura,

S., Tamura, K., Tsukui, T., de la Pena, J., Sabbagh, W.,

Greenwald, J., Choe, S., Norris, D. P., Robertson, E. J., Evans,

R. M., Rosenfeld, M. G., and Belmonte, J. C. I. (1998) Pitx2

determines left-right asymmetry of internal organs in vertebrates,

Nature 394 545-551.

St.Amand, T. R., Ra, J., Zhang, Y., Hu, Y., Baber, S. I., Qiu, M.,

and Chen, Y. P. (1998) Cloning and Expression Pattern of Chicken

Pitx22 A New Component in the SHH Signaling Pathway

Controlling Embryonic Heart Loopinggiochem. Biophys. Res.

Commun. 24,7100-105.

10.

11.

of Pitx2 for development of multiple organBevelopment 126

4643-4651.

Lu, M., Pressman, C., Dyer, R., Johnson, R. L., and Martin, J. F.

(1999) Function of Rieger syndrome gene in left-right asymmetry

and craniofacial developmentature 401 276-278.

Lin, C. R., Kioussi, C., O’'Connell, S., Briata, P., Szeto, D., Liu,

F., Izpisua-Belmonte, J. C., and Rosenfeld, M. G. (1999) Pitx2

regulates lung asymmetry, cardiac positioning and pituitary and

tooth morphogenesidJature 401 279-282.

Szeto, D. P., Ryan, A. K., O’'Connell, S. M., and Rosenfeld, M.

G. (1996) P-OTX: A PIT-1-interacting homeodomain factor

expressed during anterior pituitary gland developnierdc. Natl.

Acad. Sci. U.S.A. 93/706-7710.

15. Amendt, B. A., Sutherland, L. B., Semina, E., and Russo, A. F.
(1998) The Molecular Basis of Rieger Syndrome: Analysis of

12.

13.

14.

Gage, P. J., Suh, H., and Camper, S. A. (1999) Dosage requirement 31.

Biochemistry, Vol. 44, No. 10, 2005953

Pitx2 Homeodomain Protein Activities]). Biol. Chem. 273
20066-20072.

16. Tremblay, J. J., Lanctot, C., and Drouin, J. (1998) The pan-Pituitary

Activator of Transcription, Ptx1 (Pituitary Homeobox 1), Acts in

Synergy with SF-1 and Pitl and Is an Upstream Regulator of the

Lim-Homeodomain Gene Lim3/Lhx3/ol. Endocrinol. 12428—

441.

Tremblay, J. J., and Drouin, J. (1999) Egr-1 is a downstream

effector of GnRH and synergizes by direct interaction with Ptx1

and Sf-1 to enhance luteinizing hormone beta gene transcription,

Mol. Cell. Biol. 19 25672576.

.Amendt, B. A., Sutherland, L. B., and Russo, A. F. (1999)
Multifunctional Role of the Pitx2 Homeodomain Protein C-
Terminal Tail,Mol. Cell. Biol. 19 7001-7010.

. Hjalt, T. A., Semina, E. V., Amendt, B. A., and Murray, J. C.
(2000) The Pitx2 Protein in Mouse DevelopmebDéy. Dyn. 218
195-200.

. Green, P. D., Hjalt, T. A, Kirk, D. E., Sutherland, L. B., Thomas,
B. L., Sharpe, P. T., Snead, M. L., Murray, J. C., Russo, A. F.,
and Amendt, B. A. (2001) Antagonistic Regulation of DIx2
Expression by PITX2 and Msx2: Implications for Tooth Develop-
ment,Gene Expression, 265-281.

. Quirk, C. C., Lozada, K. L., Keri, R. A., and Nilson, J. H. (2001)
A Single Pitx1 Binding Site Is Essential for Activity of the LH-
(beta) Promoter in Transgenic Miclol. Endocrinol. 15 734—

746.

. Kioussi, C., Briata, P., Baek, S. H., Rose, D. W., Hamblet, N. S.,
Herman, T., Ohgi, K. A., Lin, C., Gleiberman, A., Wang, J.,
Brault, V., Ruiz-Lozano, P., Nguyen, H. D., Kemler, R., Glass,
C. K., Wynshaw-Boris, A., and Rosenfeld, M. G. (2002) Identi-
fication of a Wnt/Dvlf3-catenin-Pitx2 Pathway Mediating Cell-
Type-Specific Proliferation during Developme@tell 111, 673—

685.

. Ganga, M., Espinoza, H. M., Cox, C. J., Morton, L., Hjalt, T. A.,
Lee, Y., and Amendt, B. A. (2003) PITX2 Isoform-specific
Regulation of Atrial Natriuretic Factor Expression: Synergism
and Repression with Nkx2.3, Biol. Chem. 2782243722445,

24. Cox, C. J., Espinoza, H. M., McWilliams, B., Chappell, K.,
Morton, L., Hjalt, T. A., Semina, E. V., and Amendt, B. A. (2002)
Differential Regulation of Gene Expression by PITX2 Isoforms,
J. Biol. Chem. 2772500%-25010.

5. Saadi, I., Kuburas, A., Engle, J. J., and Russo, A. F. (2003)

Dominant Negative Dimerization of a Mutant Homeodomain
Protein in Axenfeld-Rieger Syndromiglol. Cell. Biol. 23 1968~
1982.

. Liu, C., Liu, W., Lu, M., Brown, N. A., and Martin, J. F. (2001)
Regulation of left-right asymmetry by thresholds of Pitx2c activity,
Development 1282039-2048.

. Liu, W., Selever, J., Lu, M. F., and Martin, J. F. (2003) Genetic

dissection ofPitx2 in craniofacial development uncovers new

functions in branchial arch morphogenesis, late aspects of tooth

morphogenesis and cell migratiddevelopment 1306375-6385.

Semina, E. V., Reiter, R. S., and Murray, J. C. (1998) A new

human homeobox gene OG12X is a member of the most

conserved homeobox gene family and is expressed during heart

development in mousdjum. Mol. Genet. 7415-422.

Amendt, B. A., and Semina, E. V., Alward, W. L. M. (2000)
Rieger Syndrome: A Clinical, Molecular and Biochemical

Analysis, Cell. Mol. Life Sci. 57 1652-1666.

30. Coqueret, O., Berube, G., and Nepveu, A. (1996) DNA Binding

by Cut Homeodomain Proteins Is Down-modulated by Protein

Kinase C,J. Biol. Chem. 27124862-24868.

Karin, M. (1994) Signal transduction from the cell surface to the

nucleus through the phosphorylation of transcription factousy.

Opin. Cell Biol. § 415-424.

Arias, J., Alberts, A. S., Brindle, P., Claret, F. X., Smeal, T., Karin,

M., Feramisco, J., and Montminy, M. (1994) Activation of cAMP

and mitogen responsive genes relies on a common nuclear factor,

Nature 370 226-229.

Kwok, R. P., Lundblad, J. R., Chrivia, J. C., Richards, J. P.,

Bachinger, H. P., Brennan, R. G., Roberts, S. G., Green, M. R.,

and Goodman, R. H. (1994) Nuclear protein CBP is a coactivator

for the transcription factor CREB\ature 370 223-226.

Kidd, S. (1992) Characterization of the Drosophila cactus locus

and analysis of interactions between cactus and dorsal proteins,

Cell 71, 623-635.

Hug, H., and Sarre, T. F. (1993) Protein kinase C isoenzymes:

divergence in signal transductioBjochem. J. 291329-343.

17.

N

28.

29.

32.

33.

34.

35.



3954 Biochemistry, Vol. 44, No. 10, 2005

36. Nishizuka, Y. (1992) Intracellular signaling by hydrolysis of
phospholipids and activation of protein kinase $Zience 258
607—614.

Selbie, L. A., Schmitz-Peiffer, C., Sheng, Y., and Biden, T. J.
(1993) Molecular cloning and characterization of PKC iota, an
atypical isoform of protein kinase C derived from insulin-secreting
cells,J. Biol. Chem. 26824296-24302.

Akimoto, K., Mizuno, K., Osada, S., Hirai, S., Tanuma, S., Suzuki,
K., and Ohno, S. (1994) A new member of the third class in the
protein kinase C family, PKC lambda, expressed dominantly in
an undifferentiated mouse embryonal carcinoma cell line and also
in many tissues and celld, Biol. Chem. 26912677 12683.
Dekker, L. V., and Parker, P. J. (1994) Protein kinas@ Question

of specificity, Trends Biochem. Sci. 193—77.

Toker, A., Meyer, M., Reddy, K. K., Falck, J. R., Aneja, S., Parra,
A., Burns, D. J., Ballas, L. M., and Cantley, L. C. (1994)
Activation of protein kinase C family members by the novel
polyphosphoinositides Ptdins-3,4-P2 and PtdIns-3,4,5-F8ipl.
Chem. 26932358-32367.

37.

38.

39.
40.

41.
Pfizenmaier, K. (1994) PKCu is a novel, atypical member of the
protein kinase C family)). Biol. Chem. 2696140-6148.

Wetsel, W. C., Khan, W. A., Merchenthaler, I., Rivera, H.,
Halpern, A. E., Phung, H. M., Negro-Vilar, A., and Hannun, Y.
A. (1992) Tissue and Cellular Distribution of the Extended Family
of Protein Kinase C Isoenzymey, Cell Biol. 117 121—-133.
Nishikawa, K., Toker, A., Johannes, F.-J., Songyang, Z., and
Cantley, L. C. (1997) Determination of the Specific Substrate
Sequence Motifs of Protein Kinase C Isozymé&sBiol. Chem.
272 952-960.

Pearson, R. B., and Kemp, B. E. (1991) Protein Kinase Phospho-
rylation Site Sequences and Consensus Specificity Motifs: Tabu-
lations, Methods Enzymol. 20@2—79.

Brooks, B. P., Moroi, S. E., Downs, C. A., Wiltse, S., Othman,
M. 1., Semina, E. V., and Richards, J. E. (2004) A Novel Mutation
in the PITX2 Gene in a Family with Axenfeld-Rieger Syndrome,
Ophthalmic Genetigsan press.

Amendt, B. A., Hesslein, D., Chang, L.-J., and Stoltzfus, C. M.
(1994) Presence of negative and positive cis-acting RNA splicing
elements within and flanking the first tat coding exon of the human
immunodeficiency virus type Mol. Cell. Biol. 14 3960-3970.
Amendt, B. A., and Stoltzfus, C. M. (1995a) Presence of exon
splicing silencers within human immunodeficiency virus type 1
tat exon 2 andat-rev exon 3: Evidence for inhibition mediated
by cellular factorsMol. Cell. Biol. 15 4606-4615.

Gage, P. J., Suh, H., and Camper, S. A. (1999a) The bicoid-related
Pitx gene family in developmentlamm. Genome 1A97—-200.
Bulfone, A., Kim, H.-J., Puelles, L., Porteus, M. H., Grippo, J.
F., and Rubenstein, J. L. R. (1993) The mol$e 2 (Tes-) gene

is expressed in spatially restricted domains of the forebrain, face
and limbs in midgestation mouse embrybtech. De. 40, 129—

140.

Qiu, M., Bulfone, A., Ghattas, I., Meneses, J. J., Christensen, L.,
Sharpe, P. T., Presley, R., Pedersen, R. A., and Rubenstein, J. L.
R. (1997) Role of the DIx Homeobox Genes in Proximodistal
Patterning of the Branchial Arches: Mutations of DIx-1, DIx-2,
and DIx-1 and -2 Alter Morphogenesis of Proximal Skeletal and
Soft Tissue Structures Derived from the First and Second Arches,
Dev. Biol. 185 165-184.

Marino, J., Cook, P., and Miller, K. S. (2003) Accurate and
statistically verified quantification of relative mMRNA abundances
using SYBR Green | and real-time RT-PCRJmmunol. Methods
283 291-306.

Qiu, M., Bulfone, A., Martinez, S., Meneses, J. J., Shimamura,
K., Pedersen, R. A., and Rubenstein, J. L. R. (1995) Null mutation
of DIx-2 results in abnormal morphogenesis of proximal first and
second branchial arch derivatives and abnormal differentiation in
the forebrainGenes De. 9, 2523-2538.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Johannes, F. J., Prestle, J., Eis, S., Oberhagemann, P., and

53.

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

66.

67.

68.

Espinoza et al.

Robinson, G. W., and Mahon, K. A. (1994) Differential and
overlapping expression domains of DIx-2 and DIx-3 suggest
distinct roles for Distal-less homeobox genes in craniofacial
developmentMech. De. 48, 199-215.

Thomas, B. L., Porteus, M. H., Rubenstein, J. L., and Sharpe, P.
T. (1995) The spatial localization of DIx-2 during tooth develop-
ment,Connect. Tissue Res. ,327—34.

Thomas, B. L., Liu, J. K., Rubenstein, J. L. R., and Sharpe, P. T.
(2000) Independent regulation of DIx2 expression in the epithelium
and mesenchyme of the first branchial arBlevelopment 127
217-224.

Espinoza, H. M., Cox, C. J., Semina, E. V., and Amendt, B. A.
(2002) A molecular basis for differential developmental anomalies
in Axenfeld-Rieger syndromé{um. Mol. Genet. 1,1743-753.
Kasahara, H., and lzumo, S. (1999) Identification of the In Vivo
Casein Kinase Il Phosphorylation Site within the Homeodomain
of the Cardiac Tissue-Specifying Homeobox Gene Product Csx/
Nkx2.5, Mol. Cell. Biol. 19 526-536.

Smidt, M. P., Cox, J. J., van Schaick, H. S. A., Coolen, M.,
Schepers, J., van der Kleij, A. M., and Burbach, J. P. H. (2000)
Analysis of Three Ptx2 Splice Variants on Transcriptional Activity
and Differential Expression Pattern in the Brain,Neurochem.
75, 1818-1825.

Augustijn, K. D., Duval, D. L., Wechselberger, R., Kaptein, R.,
Gutierrez-Hartmann, A., and van der Vliet, P. C. (2002) Structural
characterization of the PIT-1/ETS-1 interaction: PIT-1 phospho-
rylation regulates PIT-1/ETS-1 bindinBNAS 9912657-12662.
Bradford, A. P., Brodsky, K. S., Diamond, S. E., Kuhn, L. C.,
Liu, Y., and Gutierrez-Hartmann, A. (2000) The Pit-1 home-
odomain and beta-domain interact with Ets-1 and modulate
activation of the rat prolactin promotek, Biol. Chem. 2753100~
3106.

. Bawden, J. W., Rozell, B., Wurtz, T., Fouda, N., and Hammar-

strom, L. (1994) Distribution of Protein Kinase Ca and Accumula-
tion of Extracellular Ca During Early Dentin and Enamel
Formation,J. Dent. Res. 731429-1436.

Mucchielli, M.-L., Mitsiadis, T. A., Raffo, S., Brunet, J.-F., Proust,
J.-P., and Goridis, C. (1997) Mouse OtIx2/RIEG Expression in
the Odontogenic Epithelium Precedes Tooth Initiation and Re-
quires Mesenchyme-Derived Signals for Its Maintenaride;.
Biol. 189 275-284.

St. Amand, T. R., Zhang, Y., Semina, E. V., Zhao, X., Hu, Y.,
Nguyen, L., Murray, J. C., and Chen, Y. (2000) Antagonistic
Signals between BMP4 and FGF8 Define the Expression of Pitx1
and Pitx2 in Mouse Tooth-Forming Anlageev. Biol. 217, 323~
332.

Mischak, H., Pierce, J. H., Goodnight, J., Kazanietz, M. G.,
Blumberg, P. M., and Mushinski, J. F. (1993) Phorbol ester-
induced myeloid differentiation is mediated by protein kinase
C-alpha and -delta and not by protein kinase C-beta I, -epsilon,
-zeta, and -eta]. Biol. Chem. 26820116-20115.

Nakamura, S., and Nishizuka, Y. (1994) Lipid mediators and
protein kinase C activation for the intracellular signaling network,
J. Biochem (Tokyo) 115.029-1034.

Nakanishi, H., and Exton, J. H. (1992) Purification and charac-
terization of the zeta isoform of protein kinase C from bovine
kidney, J. Biol. Chem. 26,71634716354.

Goodnight, J. A., Mischak, H., Kolch, W., and Mushinski, J. F.
(2995) Immunocytochemical localization of eight protein kinase
C isozymes overexpressed in NIH 3T3 fibroblasts. Isoform-
specific association with microfilaments, Golgi, endoplasmic
reticulum, and nuclear and cell membran&sBiol. Chem. 270
9991-10001.

Goodnight, J., Mischak, H., and Mushinski, J. F. (1994) Selective
involvement of protein kinase C isozymes in differentiation and
neoplastic transformatiofdv. Cancer Res. §4159-209.

BI1048362X



