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SUMMARY

Analysis of an allelic series in mice revealed that theitx2  ontogeny for the final expansion of the differentiated cell
homeobox gene is required at multiple stages of pituitary types. Pitx1 and Pitx2 have overlapping functions in the

development. It is necessary for initiating expansion of expansion of Rathke’s pouch, revealing the sensitivity of
Rathke’s pouch and maintaining expression of the fetal- pituitary organogenesis to the dosage of the PITX family.
specific transcription factors Hesx1 and Propl At later =~ The model developed for PITX gene function in pituitary

stagesPitx2 is necessary for specification and expansion of development provides a better understanding of the
the gonadotropes andPitl lineage within the ventral and  etiology of Rieger syndrome and may extend to other
caudomedial anterior pituitary. Mechanistically, this is due  PITX-sensitive developmental processes.

to the dependence of several critical lineage-specific

transcription factors, Pitl, Gata2, Egrland Sfl, on a

threshold level of PITX2. The relatedPitx1 gene has a role  Key words:Pitx2, Pitx1, Gata2 Allelic series, Gene dosage, Cell

in hormone gene transcription, and it is important late in  specification, Mouse

INTRODUCTION hernia observed in humans (Jorgenson et al., 1978).
Development of the heart, eyes and teeth is also profoundly
The mammalianPitx gene family consists of three bicoid- disrupted in the mutant mice, and they die by embryonic day
related homeobox genes, each with an important role in th&) 14.5. These features correspond to the heart defects,
development of multiple organs (Gage et al., 1999b). Micabnormalities in the anterior chamber of the eye, and missing
deficient in Pitx1 display severe defects in hindlimb or misplaced teeth in Rieger patients. Analysigix2 null
development and cleft palate formation with additional mildmice established the critical role of PITX2 in the development
pituitary phenotypes (Lanctot et al., 1999b; Szeto et al., 1999)f craniofacial structures, eyes, teeth and multiple organs
Pitx3 deficiency results in microphathalmia, and agenesis ahcluding the pituitary, heart and lungs (Gage et al., 1999a;
the lens and anterior segment structures in aphaKjar{ice  Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999).
(Semina et al., 2000). Mutations RITX2 are one cause Both Pitx1 andPitx2 are expressed at E8.5 in the stomodeal
of Rieger syndrome (RGS) in humans, a phenotypicallyectoderm or oral plate, which gives rise to Rathke’s pouch and,
and genetically heterogeneous, dominant disorder. RGS igtimately, the glandular part of the pituitary gland. Neither
characterized by eye, tooth and umbilical abnormalities, angene is expressed in the adjacent ventral diencephalon, which
occasionally heart defects (Semina et al., 1996). Both dominafarms the infundibular process and neural portion of the
and loss of function mutations have been foundifXx2, pituitary. Pitx1 and Pitx2 are expressed uniformly and
providing evidence that haploinsufficiency is one of theconstitutively in the prospective anterior and intermediate lobes
underlying mechanisms for RGS (Amendt et al., 1998; Flomenf the developing pituitary during the two major waves of cell
et al., 1997; Kozlowski and Walter, 2000; Priston et al., 2001)proliferation and throughout the time that hormone-specific
The phenotype of mice with reducBdx2 function mimics  expression ensues. In additid?i{x1 and Pitx2 transcripts are
Rieger syndrome. Mice heterozygous for a nRitx2") allele  apparently present in all five adult anterior pituitary cell types
have a low frequency of eye and tooth abnormalities, consistefGage and Camper, 1997; Tremblay et al., 1998). Persistent
with RGS. This is suggestive of semi-dominant inheritancexpression oPitx1andPitx2 contrasts with the fetal specificity
with very low penetrance (Gage et al., 1999a). Nullof the critical transcription factotdesx1(also known afkpx,
homozygotes exhibit severe defects in the same organs that @®plandLhx4 (Hermesz et al., 1996; Li et al., 1996; Sornson
mildly affected in Rieger patients (Gage et al., 1999a; Kitamurat al., 1996)The uniform distribution oPitx transcripts in the
et al., 1999; Lin et al., 1999; Lu et al., 1999). Failure of ventrapituitary primordium contrasts with the stratified patterns of
body wall closure in mutant mice correlates with the umbilicakxpression that characterize transcription factors implicated in
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lineage determination such &ata2 steroidogenic factor 1 Colorado, Health Science Center, Denver, CO, USA). This plasmid
(Sflor Nr5al), Egrl andPitl (Dasen et al., 1999; Ingraham was linearized by digestion witBaHI to generate an antisense
et al., 1994; Simmons et al., 1990; Topilko et al., 1998). Thes@obe spanning 365 base pairs (bp) of C-terminal coding sequences
features ofPitx expression and the reduced growth hormoné‘”g 152 L‘grgii“ggigs';:g&égg'og‘;@&%Zgg g%&?]gl:fegr(tzrr‘sard
Ifg/;:élls) c::;dsotrge tﬁéegﬁ;pgtagfggs t(hS;dng)glf_ll_lxNzedr{Zg aandro?:nil 'edical Center, Boston, MA, USA) and Dr Michael Uhler (University
A . o o f Michigan, Ann Arbor, MI, USA), respectively, were subcloned
specification of multiple cell types and function in the pituitary;; PBLUESCRIPT SK (+) (pSK+, Stratagene). and digested with
gland. _ _ _ Hindlll to make antisense probeRitl cDNA in pKS (-) was
Rathke’s pouch formation occurs normallyAitx17-mice,  |inearized withHindIll digestion and used for 672 bp antisense probe
suggesting thaPitx1 is not essential for the initial steps in generation. All riboprobes used in these experiments were generated
pituitary development, or that the loss Bitx1 function is  and labeled with digoxigenin (Roche Molecular Biochemicals), and
compensated bRitx2. Pitx27—mutant embryos have a small some slides were counterstained with nuclear Methyl Green following
Rathke’s pouch in early development that fails to undergéhe manufacturer’s instructions (Vectastain). _
further expansion (Gage et al., 1999a). This suggests thatAnfiseraagainst SF1 and PROP1 were kindly provided by Drs Ken-
PITX2 is required early in the cascade of transcription factor hirou Morohashi (National Institute for Basic Biology, Okazaki,

. P . apan), and Aimee Ryan (Montreal Children’s Hospital Research
that mflut_an_ce prtuitary dgvelopment. The rqle of PITX2 in Ce”lnstitute, Montreal, Canada), respectively. SF1 immunostaining was
fate decisions or specialized cell function could not b

- h erformed on frozen sections with 1:1500 dilution as described
determined because of the absolute requirement for PITX2 W}eviously (Cushman et al., 2001). The LHX3 monoclonal antibody
earlier stages of pituitary development. developed by Thomas Jessell (Columbia University, New York, NY,
We produced a hypomorphic (reduced functiBitx2"®9  USA) was obtained from the Developmental Studies Hybridoma bank
allele ofPitx2 (Gage et al., 1999a). Mice homozygotes for thisdeveloped under the auspices of the NICHD and maintained by The
allele live until postnatal day 1 (P1), much longer than nulUniversity of lowa. PITX2 antibody was provided by Dr Tord Hjalt
homozygotes. This makes it feasible to analyze the effect ¢¢niversity of lowa, lowa City, IA, USA). Epitopes were retrieved by
reducedPitx2 on all aspects of pituitary development and cellPoiling paraffin-embedded sections in 10 mM citrate for 10 minutes.
specification in homozygotes for the reduced function allele>ections were incubated in biotinylated secondary antibodies
Pitx2"€0 The results provide evidence that the dosage of PITX g;ksfeqr;mgﬂnﬁhsgzﬁrﬁh)’kﬁn(stl'E%alsorwel\rﬂeO&mpll'i];'e‘zvgztgf'ng
is critical for expansion of the pituitary primordium and theLaboratories) y
somatotrope and thyrotrope lineages, as well as for activation
of transcription factors required for gonadotropes, the cellransient cell transfection assays
that make luteinizing hormone (LH) and follicle stimulating All expression constructs were made in pCGN2 plasmid provided by
hormone (FSH). In addition, we reveal that pituitaryDr David Gordon. Open reading frames (ORFsPitf2a Pitx2band
development relies not onBitx2 gene dosage but also requires Pitx2c were amplified withPWO polymerase (Roche Molecular
the combined gene dosage Ritx1 and Pitx2. Mechanisms Chemicals) and ligated intdindlll andBanH] sites of p_CGN2Pitx1
similar to the one we present fBitx2 haploinsufficiency in ~ @ndEgrl cDNAs were generated by reverse transcriptase (RT)-PCR
pituitary development are likely to underlie the dosag rom AtT-20 pituitary corticotrope-derived cells (G7 subclone of AtT-

requirement of other organs itx2 and could be pertinent to 0 cells provided by Dr Audrey Seasholtz, Ann Arbor, MI, USA), and

. - - - cloned into pCGN2 expression vector. All clones were confirmed by
understanding the mechanism of other haploinsufficiency)a sequencing. Genomic DNA containing mo@ata2regulatory

disorders. elements was a gift from Dr Masayuki Yamamoto (University of
Tsukuba, Tsukuba, Japan) and Dr Stuart Orkin (Harvard Medical
School, Boston, MA, USA).Not-Ncd fragments containing

MATERIALS AND METHODS approximately —7 kb to +216 bp upstreanGafta2were ligated into
) luciferase reporter plasmid, pGL3 (Promega) (Minegishi et al., 1998).
Animal husbandry Transient cell transfection assays were performed in cell lines

Mice carrying thePitx2"€0 Pitx2- and Pitx1~ alleles were generated representing pregonadotroped;3-1 (kindly provided by Dr Pamela

by gene targeting (Gage et al., 1999a; Lanctot et al., 1999b), and britéllon, University of California at San Diego, La Jolla, CA, USA)

at the University of Michigan. All animals were maintained according(Alarid et al., 1996), and heterologous cells, CV-1. Brietyl, @ cells

to the NIH guidelines for animal care. Genotypes were determined hyere plated in 60 mm plates 1 day before transfection. 48 hours after
polymerase chain reaction (PCR) amplification of genomic DNA fromFugene 6-mediated transfection (Roche Molecular Chemicals), cells

tail biopsies or yolk sacs (Gage et al., 1999a). were harvested for the measurement of luciferase reporter gene
] o o ) ) ) activity (Promega)CMV-fgal construct (Clontech) was cotransfected
Histology, in situ hybridization and immunohistochemistry to normalize the transfection efficiencyud each ofzata2luciferase

Timed pregnancies were produced using sexually mature females. Tbenstruct, PITX2 expression vector a@d1V-Bgal construct were
morning after mating was designated as E0.5. Collected embryos weransfected.

frozen and embedded in OCT (Sakura) and sectioned for in situ

hybridization, or fixed for 2-4 hours in 4% paraformaldehyde in

phosphate-buffered saline (PBS) at room temperature, embedded@ESULTS

paraffin and sectioned for morphology and immunohistochemistry as

described (Cushman et al., 2001). In situ hybridization anq:’itXZ affects pituitary expansion in a dosage

immunohistochemistry for hormone genes and transcription factor, o
were carried out according to standard methods (Cushman et a%(lensmve manner

2001; Gage et al., 1996b). We utilized threePitx2 mutant genotypes to assess the effect

A plasmid containing mousBata2 (mGatad genomic sequences Of varied Pitx2 gene dosage on pituitary gland development:
in pGEM13 was provided by Dr David Gordon (University of Pitx2 null (Pitx2--), Pitx2 compound heterozygot@i¢x2"eo-)



andPitx2 hypomorph Pitx2"¢o/neg (Fig. 1A-C). ThePitx2neo
allele was generated by the standard method of inserting
neomycin resistance cassette (neo) with splicing an
polyadenylation signals into an intron (Meyers et al., 1998
Meyers and Martin, 1999; Nagy et al., 1998). This allelic serie
of Pitx2 mutants is a valuable resource for assessing ger
function because each genotype represents a different level
gene expression (Gage et al., 1999a).
We examined the effect of redudeitix2 dosage on pituitary
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A)E12.5

B) PITX1

C) PITX2 D) PITX1, PITX2

gland morphology at E12.5, a stage at which all genotypes a §i
viable (Fig. 2A). Midsagittal sections of embryos were staine( "

with Hematoxylin and Eosin (Fig. 2E-H). Both PITX1 and
PITX2 are expressed in the anterior lobe and intermediate lok
but not in the posterior lobe at this time point (Lanctot et al.
1999a) (Fig. 2B-D). Although little difference is observed in
the pituitary gland morphology of the prospective anterior lobt
in wild-type mice andPitx2"e°nedamutants (Fig. 2E,FRitx2-~

embryos exhibit profound anterior pituitary hypoplasia (Fig.
2H). An intermediate reduction in the size of Rathke’s pouc
was observed in the compound heterozygd®étx "¢’ Fig.

2G). The reduction in the size of Rathke’s pouch parallels thg;
decrease inPitx2 expression, demonstrating the dosage

sensitivity of the pituitary gland to PITX2. In contrast, the

Fig. 2. Pituitary organ size diminishes with reduced PITX2 dosage.

¥ Diagram of pituitary morphology. INF, infundibulum, the

prospective posterior lobe; INT, intermediate lobe; ANT, anterior
lobe. Immunohistochemical examination shows that the expression
PITX1 (B) and PITX2 (C) overlaps in the anterior lobe and
ermediate lobe, but not in the posterior lobe (D). Histological
examination of E12.5 embryo sagittal sectionRitf2 wild type (E),

infundibulum, or prospective posterior lobe, appears to developjtx2neoineo(F), pitx2neo/~(G) andPitx2-— (H) shows that the size of

normally in allPitx2 genotypes. This is consistent with the lack
of PITX2 expression in this neural ectoderm-derived structur
(Fig. 2C).

Transcription of hormone genes is altered in Pitx2
hypomorphs

Rathke’s pouch decreases asHit&2 level is reduced. Note that the
@itx2e%~embryo has an intermediate pouch size.

nearly absent in Pitx2"®© homozygotes (Fig. 3A-D).
Gonadotropin releasing hormone recepténtfr) is another

The five major cell types in the anterior pituitary gland aregonadotrope marker. This receptor is required for the full
defined by the hormones they produce. We investigated the rad&pansion of this cell type and is normally detected in the
of Pitx2 in the specification of each cell type by assessingentral pituitary where gonadotropes form (Fig. 3E). However,

the expression of their respective hormone genes by in sitanrhr expression

hybridization. P1 embryos fronPitx2"eoneo mice were

is nearly abolished in theitx2neo
homozygotes (Fig. 3F). The deficiency of these three

examined because the five pituitary cell types are fulldifferentiated gonadotrope markers suggests that gonadotrope
differentiated by this time point. The most profound effect ofdevelopment is especially sensitive to reduction in PITX2.

reducedPitx2 dosage was observed in the ventral-most cel
type, the gonadotropes. Botthb and Fshb transcripts are

A) Wild type

a b

B) Neo=hypomorph

H—— b+

C) Null

H—— 1>+

Fig. 1. ThreePitx2 alleles. (A) Genomic organization of tRéx2

locus. Among three expressBidx2 cDNA isoforms,Pitx2aand
Pitx2barise by alternative splicing amitx2cutilizes an alternative
promoter. Arrows above exons indicate transcriptional initiation
sites. (B)Pitx2"¢%is a hypomorphic allele containing a neo resistanc
gene within the intronic site &itx2. (C) Pitx2 null allele results

from the excision of exon 4, which encodes most homeodomain
sequences. Black boxes, coding sequences; gray boxes, non-codin
sequences; &itx2aspecific exon; bRitx2b-specific exon; c,
transcriptional start site éfitx2cisoform; HD, homeodomain.

e

| Both the somatotropes (GH producing cells) and thyrotropes
(TSH producing cells) appear in the caudomedial aspect of the
anterior lobe and are dependent upon the transcription factor
PIT1 (Simmons et al., 1990). The pattern and intensity of
Gh and thyroid stimulating hormone beta-subunishb,
hybridization is moderately reduced Ritx2"¢©homozygotes
compared to normal mice, suggesting that there are fewer fully
differentiated somatotropes and thyrotropes (Fig. 3G,H,K,L).
Growth hormone releasing hormone recept@hrhr, is
required for the GH secretion and expansion of the
somatotrope population (Jansson et al., 1986). Its expression is
also reduced inPitx2neoneo mytants, consistent with the
apparent reduction in the number of somatotropes (Fig. 31,J).
This observation is intriguing in light of the short stature and
reduced growth hormone secretion in some RGS patients.
The first complete hormone to be produced in anterior
pituitary is adrenocorticotropin (ACTH), which is cleaved from
the pro-opiomelanocortin (POMC) precursor protein in
corticotropes.Pomc transcripts appear in both the anterior
pituitary and the intermediate lobe. Neither the pattern nor the
intensity ofPomchybridization is altered substantially at E18-
§1 inPitx2"*°homozygotes relative to wild type (Fig. 3M,N).
This, together with the reduction in thyrotropes and
somatotropes and the absence of gonadotropes, indicates that
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Fig. 3. Expression of pituitary hormone genes is affecte#liix2 hypomorphs. In
situ hybridization using pituitary cell-specific markers was performéttx2"e°
homozygotes and wild-type littermates at P1. The expression of gonadotrope-
specific markerkhb (A,B), Fshb(C,D) andGnrhr (E,F) is almost undetectable in
Pitx2neo/neopituitaries.Gh (G,H), Ghrhr (1,J) andTshb(K,L) in situ hybridization
reveals the reduction in somatotropes and thyrotropes, respectively. POMC-
producing corticotropes appear to develop normalRiik2neoneomice (M,N).

the number of fully differentiated hormone producing cells isfor the activation oPitl and for normal gonadotrope function
decreased differentially along the dorsoventral axis in respong€ushman et al., 2001; Gage et al., 1996a; Tang et al., 1993;

to a reduction irPitx2. Wu et al., 1998). To test whether alterations in the expression
o o ) of these transcription factors account for the reduced

Altered transcription factor expression in Pitx2 thyrotrope and somatotrope numberHitx2"e®necembryos,

hypomorphs immunohistochemistry and in situ hybridization were

Gata2 Egrl, Sfland Pitx1 are thought to be important for performed for PROP1 andPitl, respectively. PROP1
differentiation and/or function of the gonadotropes (Dasen atxpression is not changed dramatically iRitx2"e°
al., 1999; Ingraham et al., 1994; Szeto et al., 1999; Topilko étomozygotes, buRitl expression is clearly reduced (Fig. 4M-
al., 1998). We examined the expression of these transcriptid?). This suggests th&itx2 affects the activation d?itl, and
factors inPitx2"e®neqmice to determine wheth®itx2 affected  the decrease iRitl may be responsible for the reduction in
Lhb andFshbtranscription by influencing expression of thesethyrotropes and somatotropes.
transcription factorsGata2 expression normally initiates at )
E12.5 in the rostral tip of the pituitary primordium (Fig. 4A,B), Pitx2 enhances GataZ2 expression
but it is absent in the ventral and caudomedial aspect dfhe earliest molecular effect of redudeitk2 expression is the
mutant pituitaries at P1 (Fig. 4C,DEgrl transcript and failure of Gata2to be activated in the ventral aspect of the
immunoreactive SF1 are nearly absent compared to wild typdeveloping gland. We established a transient transfection assay
at P1 (Fig. 4E-H). The reduction Egrl and Sflexpression, system to test whetheBata2 expression is dependent on
and the failure oGata2transcripts to expand through the mostPITX2. Two isoforms ofcata2cDNA arise by tissue-specific
ventral portion of the anterior lobe, is consistent with thepromoter usage (Minegishi et al., 1998). The isoform
hypothesis thaPitx2 is essential for activation @ata2 Sfl  containingGata2exon 1G is expressed in the pituitary gland
andEgrl Immunohistochemstry did not reveal any difference(data not shown). We used theupstream sequences (—7kb to
in PITX1 immunoreactivity during embryogenesis (Fig. 41-L). +216bp) of this isoform to generate a reporter construct for
Therefore, reduction in PITX2 dosage specifically affects &ata2 transcription. DNA sequence analysis confirmed the
subset of critical transcription factors. presence of a consensus bicoid binding site at —1242 to —1236
Mutations in pituitary-specific ‘paired’-like homeobox (GenBank accession no. AF448814) (Amendt et al., 1998;
genesProplandPitl, interfere with the development of three Tremblay et al., 1998). PITX2 expression vectors were
pituitary cell types: somatotropes, thyrotropes, and lactotropesssembled for the three known isoforms of PITX2 that are
(the prolactin (PRL) producing cells) (Camper et al., 1990generated by alternative splicing and alternative promoter
Simmons et al., 1990; Sornson et al., 1996). PROP1 is requiredage (Gage et al., 1999b). These three PITX2 proteins have



Pituitary dependence on Pitx2 dosage 333

WT Pitx2"eo/nea WT Pitxoneomee

— . |
Gata2 " | PITXA
o D K

M

# o L )

SF1 e . Pit1

Fig. 4. ReducedPitx2 causes decreased expression of lineage-specific transcription factors. In situ hybridization or immunohistochemistry was
performed to examine the change of transcription factor expresdRitx2ieo/neomice and wild-type littermates at E12.5 and Gata2

expression initiates normally at early stages (A,B), but fails to be maintained (C,D). The expreBgidnBfF) and SF1 (G,H) is nearly
undetectable iRitx2neo/necanimals. PITX1 (I1,J and K,L) and PROP1 (M,N) expression was unchanged in homozygBiesfe?. Pitl in

situ hybridization shows a reduction in the numberitf-producing cells (O,P). No®ata2(A,B), PITX1 (1,J) and PROP1 (M,N) expression

at E12.5. Arrowhead, rostral tip of pituitary gland; the brackets in C-F indicate the ventral and caudomedial aspedctitrihglaitd.

233 common amino acids including the homeodomain anfitx1 and Pitx2 act synergistically in early pituitary
putative C-terminal transactivation domains, but differ in the Ndevelopment
termini. PITX2A, PITX2B and PITX2C have 38, 84 and 91 N-Pitx1 andPitx2 have 97% similarity in the homeodomain, 67%
terminal amino acids, respectively, and PITX2B and PITX2ddentity in the C-terminal putative transactivational domain,
N-terminal sequences share only 28% and 35% amino ac@hd overlapping expression patterns in the pituitary gland (Fig.
sequence similarities compared to PITX2A. Two cell line2D). The pituitary phenotypes d?itx1~~ mice bear some
were used for transfection: a pituitary-deriveei3-1 cell line  similarities to the changes that result from redu&stk2
that expresses all three isoforms of PITX2 and represents presage Pitx17/~ mutants have more corticotropes with fewer
gonadotropes (Gage and Camper, 1997; Gage et al., 1999gdnadotropes and thyrotropes (Szeto et al., 1999), although the
and a heterologous CV-1 cell line derived from monkey kidneyeduction in gonadotropes is very subtle compared to near
fibroblasts. ablation observed iRitx2"e°neamice. The similarities between
PITX2 expression vectors were cotransfected \@tta2  the Pitx17/— and Pitx2ne®"eophenotypes led us to hypothesize
reporter constructs. PITX2B inducdSata? reporter gene that there is functional redundancy betwddtx1 and Pitx2
expression in a statistically significant manneifi3-1 cell  during early pituitary development. We also suspected that
lines P<0.05, Fig. 5A). PITX2B enhanceGata2directed these two transcription factors might act synergistically in
luciferase activity better than other isoformscim3-1 cells, specifying certain cell lineages.
suggesting that different N termini of PITX2 can influence We tested for overlapping functions by generating double
function. All three isoforms of PITX2 showed a statistically mutants carryindgitx1-andPitx2"®°alleles. The progeny of a
significant transactivation of th@ata2reporter gene in CV-1 double heterozygote intercross represented all possible
cells (P<0.05, Fig. 5B). These data clearly demonstrate thagenotypes in the expected Mendelian ratio at E12.5. The oral
Pitx2 is an upstream regulator Gata2 ectoderm invaginated normally in all genotypes, making a
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A) Gata2in aT3-1
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B) Gata2in CV-1
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control basal PITX2a PITX2b PITX2c

control  basal PITX2a PITX2b PITX2¢

Fig. 5. PITX2 enhance&ata2transcription. The fold increasg-#xis) of luciferase

gene activity compared to control (transfection of empty vectors only) is shown.

Three PITX2 isoform expression vectors were individually cotransfectedaith?
luciferase construct intwT3-1 (A) or CV-1 cells (B). PITX2 showed a significant
induction ofGata2luciferase expression in both cell lines (AfB;0.05). Different
PITX2 isoforms may have different transactivation propertieSata2promoter
(A). Asterisk indicates statistically significant induction compared to basal level

to activate Lhx3 transcription. However,
immunoreactive LHX3 was indistinguishable in
Pitx1~/—Pitx2neo/necgnd wild-type mice (Fig. 6E-
H). This indicates that low amounts of PITX2 are
sufficient for LHX3 expression in the absence of
PITX1.

DISCUSSION

Using aPitx2 allelic series we demonstrate that
Pitx2 is required at multiple stages of pituitary
organogenesis and that proftx2 gene dosage
is essential for these procesdeix2 is required
for Rathke’s pouch expansion in early
development, and probably influences this
process through the regulation desx1(RpX

and Propl expression. Mutations ifiRpx and
Propl cause pituitary hypoplasia, and
transcription of both genes is dependent upon
Pitx2 (Dattani and Robinson, 2000; Gage et al.,
direct contact with the ventral diencephalon at E10.5 (data nd©999a; Lin et al.,, 1999). Pituitary gland development
shown). However, Rathke’s pouch failed to expand irprogresses further iRitx2€oneohypomorphs than in mice
Pitx1-/—Pitx2neo/neomice at E12.5 (Fig. 6D), while normal completely deficient inPitx2. Analysis of the hypomorphs
pituitary size and morphology was observed in micerevealed that normal levels of PITX2 are necessary for cell-
homozygous for onlitx1- or Pitx2"®°alleles (Fig. 6B,C). An lineage specification of ventral and caudomedial cell types at
intermediate reduction in pouch size was observed ifater stages of organogenesis. These observations led to a new
Pitx1-—Pitx2neo™* and Pitx1*~;Pitx2neo/neomytants (data not model for pituitary development (Fig. 7).
shown). Thus, these data reveal that pituitary development is The Pitx2"®°hypomaorphic allele has little effect on pituitary
sensitive to the total dosage of tRiéx gene family, and that morphology. Low levels of PITX2 are sufficient féropl
Pitx1 and Pitx2 have overlapping functions during the early expression and the waves of cell proliferation that control
stages of pituitary development. However, pituitaryexpansion of the pouch. Several differentiated cell types are
development in the double mutants does not progress faeduced or absent Ritx2 hypomorphs, however, revealing the
enough to assess the effects on individual cell types. important role ofPitx2 in cell specification. Gonadotropes are
In order to ascertain the molecular basis for this synergistithe most sensitive cell type in the pituitary to reductions in
effect, we considered additional potential target genes whos$itx2. The gonadotrope marketshb, Fshband Gnrhr are
expression might be affected in the double mutants. The LIMxpressed at a low level or completely absent, as are three
homeobox geneLhx3 is expressed early during pituitary critical factors for gonadotrope functioBata2, SflandEgrl.
development, and mice deficient Ithx3 exhibit arrested The dependence of these factordam?2 is consistent with the
pituitary development that is similar ®itx1~—Pitx2"€onec  hypothesis thaPitx2 acts early in the pathway, upstream of
mutants (Sheng et al., 1996). This suggests Ritxtl and  Gata2, SflandEgrlin the specification of gonadotropes (Fig.
Pitx2 might have overlapping functions that are required7). Cell transfection studies demonstrated that PITX2 is a

(transfection of reporter construct only without PITX2 expression véor05).
Results from more than 4 independent experiments were averaged.

Pitx 1+/+, Pitx2+/+ Pitx1-/~;Pitx2+/+ _Pitx1+/+;Pitx2neo/neo

Pitx1-/-:Pitx2neo/neo
B,

s = D

Fig. 6. Pitx1 andPix2 have functional
overlaps in pituitary ontogeny.
Histological examinations of double
mutants carryingitx1- andPitx2"€°
alleles show the normal formation of
Rathke’s pouch in all genotypes (A-
C), but not inPitx1-/~;Pitx2neo/neomjce
at E12.5 (D). Note that Rathke’s pouch
in Pitx1-/—Pitx2"eo/neomice does not
expand (D). Immunoreactive LHX3 is
present all genotypes (E-H).
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Early development Later development mice at P1Thus, the best explanation for the phenotype is that
the PITX2 level inPitx2neoneomytants is not sufficient to
) . . Maior role in initiate or maintain Gata2 expression in the ventral and
lf:fjbr%tion gﬂoﬂghrgﬁag’;m ceIIJIi'n'eage caudomedial regions, which disrupts specification of
specification gonadotropes and thBitl lineage. These observations of
Pitxt Minor role Minor role in dosage-sensitive effects suggest the possibility that a specific
Function mostly compensated hormone threshold of PITX2 must be reached for normal development
by Pitx2 transcription and that the requirements of each cell type are different.
Pitx1 andPitx2 are highly homologous members of tPigx
Pitx2 Pitx1  gene family. Although they have similar temporal and spatial
. v l expression patterns in the pituitary and hindlimb, they also
P’,txz N\ Gata2 AN have unique expression regions (Gage et al., 1999t~
Proposed  (Pitx7) N|Hesx1 . Sf1 |—>|Lhb mice have cleft palate and severe defects in the hindlimb,
Mechanism propt| P | gt |7 whereas Pitx2-deficient mice have severe heart and lung
Lhx3 /1 g defects. In spite of these differences, lossPikl1 function
(Lhx4) pit1 Gh causes a constellation of changes in pituitary hormone
i: transcription (Szeto et al., 1999), which share some similarities

Tshb

with the pituitary phenotype that we observe in mice with
reduced levels oPitx2. Pitxldeficient mice have slightly

Fig. 7. Pitx2 functions at multiple developmental stages. Analysis of

Pitx2-~ mice revealed thaitx2 is required for Rathke’s pouch elevated levels oPomctranscripts (Szeto et al., 1999). The
expansion at early stages of embryogenesis, and studies from expression of shh FshbandLhbwas reduced, and no change
Pitx2neo/neonomozygotes showed thaitx2 is also required for cell was noted inGh expression. Reducelitx2 expression also
lineage specification at later stages of organogenesis, influencing influenced gonadotropes and thyrotropes, but the effect on
expression of downstream transcription factors. In additidtitid gonadotropes was much more profound than that observed in
function in pituitary hormone transcriptioRitx1 acts synergistically  pjtx1 mutants. Another difference is that corticotropes were not
with Pitx2 at an early stage of pituitary development. affected by reduce®itx2 dosage. A role foPitx1 and Pitx2

in gonadotropes was suggested by their ability to indine

gene transcription in cell transfection experiments and
direct transcriptional activator dBata2. This suggests that transgenic studies (Quirk et al., 2001; Tremblay et al., 2000).
normal levels of PITX2 are required for activationGs#ta2in SF1 and EGR1 act synergistically with PITX1 to transactivate
the ventral and caudomedial aspect of the pituitary gland arichb reporter expression (Tremblay and Drouin, 1999;
that GATA2 may be vital for gonadotrope specification. A roleTremblay et al., 1999). Here, we report the dependence of the
for GATA2 in gonadotrope specification was suggested basegbnadotrope transcription factors SF1 and EGRRitd®, and
on the results of dominant negative and ectopic transgergestrong transcriptional effect of PITX2 on the activation of
expression experiments (Dasen et al., 1999). The mod@&8ata2expression (Fig. 5). This indicates that the rol@itt2
proposed that a higher concentration of GATA2 in the ventrah gonadotropes goes well beyond a potential role in
pituitary is important in gonadotrope specification and that &ransactivation oL.hb, and is important for the activation of
ventrodorsal gradient of GATA2 prevelRg1 expression from  several transcription factors critical in gonadotrope cell lineage
expanding from the caudomedial area into the gonadotroppecification.
field. However, we demonstrate that the expression of both Mutations inPropl are responsible for multiple pituitary
Gata2 and Pitl is decreased wheRitx2 is reduced, and hormone deficiencies in mice and humans (Cushman and
the specification of gonadotropes and thyrotropes wa€amper, 2001). BothPropl deficiency and persistent
subsequently affected. These data indicate that the tempordpression oProplinterfere with gonadotrope differentiation
and spatial expression Gfata2andPitl are regulated by more (Cushman et al., 2001; Tang et al., 1993; Wu et al., 1998).
than the concentration gradient and tRéx2 is critically  Thus, appropriately regulaté&foplis critical for gonadotrope
involved in this cell-specification mechanism. development and function. However, no dramatic changes

We considered the possibility that reduced expression oh PROP1 expression were noted Ritx2neo/neo mytants,

pituitary hormones iritx2"e°"edmijce is due to developmental suggesting that the gonadotrope defect®im2neoneomice
delay. This seems unlikely for several reasoR&x2'®®  probably involve other downstream targetak2.
homozygotes activate expressiorGafta2andProplnormally ReducedPitx2 dosage caused decreased expressi@itbf
at E10.5-12.5, and the pituitary volume is nearly normalvhich may be responsible for the reduced number of
at birth. Gata2 expression normally spreads ventrally andthyrotropes and somatotrop&stx2 might also have a role in
caudomedially by E14.5, but there was no detectableanscription of some target genes in these cells, suthhip
expression oGata2in the ventral and caudomedial regions of Gh and Ghrhr (Tremblay et al., 2000). Some Rieger patients
mutants even 5 days later at P1. The patteEgot expression have short stature that is attributable to an inability to secrete
normally changes dynamically along the anterior-posterior axigrowth hormone (GH) in response to insulin (Feingold et al.,
of the glandEgrlexpression is initially highest in the posterior 1969; Polomeno et al.,, 1980; Sadeghi-Nedjad and Senior,
pituitary at E14.5, peaks in the intermediate lobe at the late974). The occasional growth defects in human patients could
stages in development, and is predominately expressed in the caused by lesions in other genes associated with Rieger
anterior lobe in adults (Topilko et al., 1998). Howewsgrl  syndrome (Mears et al., 1998; Phillips et al., 1996). While this
was not expressed in any part of the pituitarieRipf2"eoneo  jssue may be resolved as mutation analysis in Rieger patients
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becomes more complete, the phenotypRin@2'e°Meembryos  Cushman, L. J. and Camper, S. A(2001). Molecular basis of pituitary
clearly revealed a crucial role for PITX2 in somatotrope dysfunction in mouse and humaviamm. Genomé2, 485-494.
development and expression®h andGhrhr. Thus, isolated ~Cushman, L. J., Watkins-Chow, D. E., Brinkmeier, M. L., Raetzman, L.

. . . . . T., Radak, A. L., Lloyd, R. V. and Camper, S. A(2001). PersisteriRropl
GH insufficiency in RGS patients could result from expression delays gonadotrope differentiation and enhances pituitary tumor

haploinsufficiency folPITX2 susceptibility.Hum. Mol. Genetl0, 1141-1153.
Lhx3andLhx4 have overlapping functions in the formation Dasen, J. S., O'Connell, S. M., Flynn, S. E., Treier, M., Gleiberman, A. S.,
of the definitve pouch and expansion of the pituitary Szeto, D. P., Hooshmand, . Aggrawal, A. K. and Rosenfeld, M. G.

. P . (1999). Reciprocal Interactions of Pitl and GATA2 Mediate Signaling
p”mordlum (Sheng et al., 1997; Sheng et al., 1996)' One Gradient-Induced Determination of Pituitary Cell Typ€sll 97, 587-598.

functional allele olLhx3is sufficient for lineage specification, patani, M. T. and Robinson, I. C. (2000). The molecular basis for
but absence of both LHX3 and LHX4 causes arrested developmental disorders of the pituitary gland in n@lim. Genet57, 337-
development of the small pouch rudiment. Reduced dosage of346. _ _
these Lhx genes affects pouch expansion and Iineagge'”gz'd' M., S(:‘.'e“?’ F., Fogels, H. R. and Donaldson, [1969). Rieger's
ification. The examination Bftx1~/—Pitx2neo/necrevealed syndrome Pediatrics44, 564-569. o -
SpQCI _'Ca 1on. _ o . Flomen, R. H., Gorman, P. A, Vatcheva, R., Groet, J., Barisic, |., Ligutic,
a similar functional overlap betweétitx1 and Pitx2 at early I, Sheer, D. and Nizetic, D.(1997). Rieger syndrome locus: a new
stages of pituitary development. While Rathke’s pouch appearsreciprocal translocation t(4;12)(q25;q15) and a deletion del(4)(q25¢27)
to have normal morphology in homozygotes for either allele, bgg‘ break between markers D452945 and DASIL98ed. GeneB4, 191-
i s 1—/— P eo/neo :
pO,UCh formation W_as barely detectablePitx 17~ Pitx2" Gage, P. J., Brinkmeier, M. L., Scarlett, L. M., Knapp, L. T., Camper, S.
mice. Thus, t_he_SE"tX genes act as early upstream regL_JIators A. and Mahon, K. A. (1996a). The Ames dwarf gerd, is required early
in the transcriptional cascade, important for the patterning andin pituitary ontogeny for the extinction Bipxtranscription and initiation of
cell specification processes during pituitary development. lineage specific cell proIlferatlorMIoI._Er_1docr|nol.10, 1570-1581.
Mutations in several homeobox transcription faCtorSGage’ P. J. and Camper, S. A1997). Pituitary homeobox 2, a novel member
- o . . of the bicoid-related family of homeobox genes, is a potential regulator of
required for organ development exhibit semi-dominant anerior structure formatioium. Mol. Genets, 457-464.
inheritance in humans and mice due to haploinsufficiencyage, P. J., Roller, M. L., Saunders, T. L., Scarlett, L. M. and Camper, S.
(G|a3er et al., 1994; Sheng et al., 1997; Smith et al., 2000),A. (1996b). Anterior pituitary _c_ells‘defective in the cell autonomous factor,
Heterozygotes display variable, but less severe, phenotypeéigluqcégrgo cell lineage specification but not expandi@velopmeni22,
than null homozygotes because the presence of one functio ge, P. 3. Suh, H. and Camper, S. £1999a). Dosage requirementRitx2
allele cannot fuIIy_ compensate for the loss of f_unctlon of the for development of multiple orgarBevelopment 26, 4643-4651.
other allele. This indicates that the function of thesesage, P.J. Suh, H. and Camper, S. £1999b). Review: Theicoid-related
transcription factors is sensitive to gene dosage. DeterminingPitx 9$”eJ fam"ly 'C dg‘ée'opyeg“aem”\‘(- Genogleg, 1'9:’7'200J- .
: H H - : aser, |., Jepeal, L., wards, J. G., Young, S. R., Favor, J. an aas,
.the underlylng meChamsmS. of hapIOInsum.ClenCy IS an R. L. (1994). PAX6 gene dosage effect in a family with congenital cataracts,
|mportant_goal for UnderSt_andmg organogenesis. EV'dence _foraniridia, anophthalmia and central nervous system defects [published
several different mechanisms has been collected, includingerratum appears in Nat Genet 1994 Oct;8(2):28a}. Genet7, 463-471.
monoallelic expression an threshol effects on celHermesz, E., Mackem, S. and Mahon, K. A(1996).Rpx: A novel anterior-
p

proIiferation and programmed cell death (Nutt et al.. 1999: restricted homeobox gene progressively activated in the prechordal plate,
N . anterior neural plate, and Rathke’s pouch of the mouse embryo.

Ostrom et al., 2000; van Raamsdonk and Tilghman, 200_0)'DevelopmentL22 4152,

Here we propose the threshold model to explain the underlyinggranam, H. A., Lala, D. S., Ikeda, Y., Luo, X., Shen, W.-H., Nachtigal,
mechanism forPitx2 haploinsufficiency. Lower levels of M. W, Abbud, R., Nilson, J. H. and Parker, K. L.(1994). The nuclear
PITX2 are not sufficient to activate the cascade of transcription receptor steroidogenic factor 1 acts at multiple levels of the reproductive

; ; . ; axis.Genes Dews, 2302-2312.
factors, starting with GATA2, that are critical for cell ImeageJanssom 3. 0., Downs, T. R., Beamer, W. G. and Frohman, L. £1986).

specification and proliferation. Similar dosage effects may Receptor-associated resistance to growth hormone-releasing factor in dwarf

apply in the eyes, teeth, mandible and other structures Litle’ mice. Science232 511-512.

dependent upon PITX2. Jorgenson, R., Levin, L., Cross, H., Yoder, F. and Kelly, T(1978). The
Rieger SyndromeAm. J. Med. Geneg, 307-318.
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