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Pitx1 is a Bicoid-related homeodomain factor that exhibits preferential expression in the hindlimb, as well as
expression in the developing anterior pituitary gland and first branchial arch. Here, we report that Pitx1
gene-deleted mice exhibit striking abnormalities in morphogenesis and growth of the hindlimb, resulting in a
limb that exhibits structural changes in tibia and fibula as well as patterning alterations in patella and
proximal tarsus, to more closely resemble the corresponding forelimb structures. Deletion of the Pitx1 locus
results in decreased distal expression of the hindlimb-specific marker, the T-box factor, Thx4. On the basis of
similar expression patterns in chick, targeted misexpression of chick Pitx1 in the developing wing bud causes
the resulting limb to assume altered digit number and morphogenesis, with Thx4 induction. We hypothesize
that Pitx1 serves to critically modulate morphogenesis, growth, and potential patterning of a specific hindlimb

region, serving as a component of the morphological and growth distinctions in forelimb and hindlimb

identity. Pitx1 gene-deleted mice also exhibit reciprocal abnormalities of two ventral and one dorsal anterior
pituitary cell types, presumably on the basis of its synergistic functions with other transcription factors, and
defects in the derivatives of the first branchial arch, including cleft palate, suggesting a proliferative defect in

these organs analogous to that observed in the hindlimb.
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The role of homeodomain factors in early and late devel-
opment is genetically well established (Gehring et al.
1994; Scott 1997), with factors of the Hox gene cluster
exhibiting specific domains of expression not only along
the anterior—posterior axis but also in the developing ap-
pendages (Krumlauf 1994; Maconochie et al. 1996). For
example, the most posterior members of the vertebrate,
Hox a and Hox d gene clusters are expressed in a fashion
that presage the subdivision of the limb along the ante-
rior, posterior, and proximodistal axes (Dollé et al. 1989;
Izpisua-Belmonte et al. 1991; Yokouchi et al. 1991; Nel-
son et al. 1996). In this paper we investigate the function
of a member of a second family of homeodomain factors
that exert critical regulatory roles during development,
the bicoid-related family of homeobox genes, which in-
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cludes goosecoid (gsc), Otx1, and Otx2. Goosecoid in
vertebrates, Orthodenticle in Drosophila, and the verte-
brate homologs Otx1 and Otx2 are critical in determi-
nation of head structures (Cho et al. 1991; Simeone et al.
1992, 1993). Deletion of Otx1 results in loss of all head
structures (Acampora et al. 1998), whereas forebrain and
midbrain regions are deleted in Otx2™/~ mice (Acampora
et al. 1995, 1996, 1998; Ang et al. 1996; Rhinn et al.
1998). Recently, a search for factors interacting with the
pituitary-specific transcription factor Pit-1 (Szeto et al.
1996), or for interactions with a cis-acting element in the
POMC promoter (Lamonerie et al. 1996), led to the clon-
ing of a novel member of this bicoid-related gene family,
P-Otx/Ptx1. The human homolog, Backfoot, was found
in a screen for novel homeodomain factors (Shang et al.
1997). This factor, now referred to as Pitx1l, has been
shown to be expressed in the pituitary gland (Lamonerie
et al. 1996; Szeto et al. 1996), in the first branchial arch,
and its derivatives, and in the lateral mesenchyme and
developing hindlimb, but only at very low levels in fore-
limb (Szeto et al. 1996; Lanctot et al. 1997; Shang et al.
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1997). Although considerable insight has been obtained
in the molecular basis underlying the establishment of
the different limb axes (Johnson and Tabin 1997; Martin
1998; Schwabe et al. 1998), the intriguing question of the
molecular mechanisms that underlie distinctions be-
tween forelimb and hindlimb are less well studied.

Pitx1 is one of the few known transcription factors
that exhibit a striking hindlimb/forelimb difference in
their expression. Its preferential expression in the hind-
limb suggests that this transcription factor may exert a
critical role in distinguishing hindlimb from forelimb
identity. Two other genes, members of the T-box family
(Tbx) of transcriptional activators, exhibit differential
expression in limbs. Thx4 is expressed primarily in the
developing hindlimb, whereas Tbx5 is initially selec-
tively expressed in the forelimb, although Tbx5 later ex-
hibits some expression in the hindlimb (Chapman et al.
1996; Gibson-Brown et al. 1996; Li et al. 1997).

Pitx1 is also expressed in the pituitary throughout its
development (Lamoneier et al. 1996; Szeto et al. 1996),
being uniformly expressed in oral ectoderm during the
period of exclusion of Sonic hedgehog (Shh) from the
invaginating Rathke’s pouch (Treier et al. 1998), as well
as dorsal-ventral Fgf8 gradient (Erickson et al. 1998; Ta-
kuma et al. 1998; Treier et al. 1998). Pitx1 expression
continues during the subsequent ventral-dorsal emer-
gence of distinct cell types including gonadotropes, ex-
pressing luteinizing hormone B, and follicle-stimulating
hormone B (LHB, FSHP); thyrotropes, expressing thyroid-
stimulating hormone B, (TSHp); somatotropes, express-
ing growth hormone (GH); lactotropes, expressing pro-
lactin; and corticotropes, producing adrenocorticotropic
hormone (ACTH). Early in pituitary development, Pitx1
is coexpressed with a second, highly related gene, Pitx2/
RIEG (Semina et al. 1996; Gage and Camper 1997),
which was initially identified by positional cloning of
the gene responsible for the Rieger Syndrome in humans.
This autosomal dominant disease is characterized by an-
terior chamber ocular abnormalities, dental hypoplasia,
mild craniofacial dysmorphism, and occasionally de-
creased levels of growth hormone. Pitx2 is asymmetri-
cally expressed in lateral plate mesoderm and appears to
exert critical roles in left-right situs (Logan et al. 1998a;
Meno et al. 1998; Piedra et al. 1998; Ryan et al. 1998; St.
Amand et al. 1998; Yoshioka et al. 1998).

In this paper we report evidence, on the basis of gene
deletion in mice, that Pitx1 exerts critical roles in the
hindlimb, pituitary, and first branchial arch develop-
ment. The most striking phenomena in the Pitx1 gene-
deleted mouse are alterations of specific skeletal struc-
tures within a specific region of the hindlimb, which
assume many morphological and growth features of the
corresponding bones in the forelimb, suggesting they are
dependent on Pitx1 expression in hindlimb mesenchy-
mal populations. Misexpression of Pitx1 in the chicken
wing bud further supports the role of Pitx1 in limb
growth and morphogenesis. Further, Pitx1, probably on
the basis of its synergistic actions with other transcrip-
tion factors, is important for proliferation and differen-
tiated function of specific pituitary cell phenotypes, as
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well as for closure of the palate and mandibular devel-
opment.

Results

Deletion of the Pitx1 genomic locus

Pitx1 and the highly-related gene Ptx2/RIEG referred to
as Pitx2, which is linked to a human genetic disease
(Semina et al. 1996) and to determination of left-right
situs (Logan et al. 1998a; Meno et al. 1998; Piedra et al.
1998; Ryan et al. 1998; St. Amand et al. 1998; Yoshioka
et al. 1998) are expressed from mouse embryonic day 7
(E7) onward, in distinct, yet highly overlapping patterns
(e.g., Fig.1A) (Szeto et al. 1996; Gage and Camper 1997;
Lanctot et al. 1997; Shang et al. 1997). Both Pitx1 and
Pitx2 are robustly expressed in early development in spe-
cific mesenchymal populations and in the ectodermal
primordium of the pituitary gland and derivatives of the
first branchial arch (Fig. 1A). Most strikingly, Pitx1 is
selectively expressed in the mesenchyme of the develop-
ing hindlimb bud (Fig. 1B), where it is initially detected
in the lateral plate mesenchyme at the level at which the
hindlimb will emerge (E9-E10) (Szeto et al. 1996; Shang
et al. 1997; Lanctot et al. 1997). Pitx1 transcripts are
detected by whole mount in situ hybridization by E10.5-
E11, and Pitx1 remains robustly and widely expressed in
the hindlimb mesenchyme through E12.5-E13.5. At
later stages, Pitx1 transcripts are absent in the centers of
chondrogenesis, becoming confined to the perichondral
regions and soft tissues of the hindlimb. Loss of Pitx1
transcripts occurs in a proximal to distal fashion in the
developing limb (Fig. 1B; data not shown). Pitx1 is ex-
pressed in a very restricted fashion and only at later
stages in the forelimb (Fig. 1B,D).

In contrast, Pitx2 is expressed in the population of
mesenchymal cells that migrate from the somite into
both limb buds and eventually will differentiate into the
limb musculature (Fig. 1B). Pitx1 transcripts are tran-
siently present in the pelvis (data not shown) and ulti-
mately expressed in the most distal of the overlapping
domains at the end of the long bones that express para-
thyroid hormone related peptide (PTHrP), parathyroid
hormone receptor (PTHR) and Indian hedgehog (lhh)
(Lanske et al. 1996; Vortkamp et al. 1996). Pitx1 mesen-
chymal expression overlaps with that of a member of the
Thx of transcriptional activators, Tbx4, and is later lo-
calized in the long bones (Fig. 1B). Tbx4 provides a
marker exhibiting hindlimb, but not forelimb, expres-
sion (Gibson-Brown et al. 1996), until late in develop-
ment. In contrast, a second member of the family, Tbx5,
is initially selectively expressed in forelimb, but later is
also detected in the hindlimb (Chapman et al. 1996; Gib-
son-Brown et al. 1996; Li et al. 1997). Both Pitx1 and
Pitx2 are also transiently expressed late in development
in a few restricted regions of forelimb, and subsequently
decline to practically undetectable levels in the mature
limbs (Fig. 1B; data not shown). Pitx1 appears to be se-
lectively expressed in the olfactory pit, submandibular
gland, ventral body wall mesenchyme, and Pitx1 and
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Figure 1. Pitx1 and Pitx2 expression patterns and
targeted disruption of the Pitx1 locus. (A) Expres-
sion of Pitx1 and Pitx2 analyzed by in situ hybrid-
ization. The distinct and overlapping expression
patterns of Pitx1 and Pitx2 Rathke’s pouch (RP)
(E10.5) and branchial arch structures (E13.5) (T)
tooth; (To) tongue; (M) mandible; salivary gland
(SG); (E17.5) and pituitary gland (P). (B) Expression
of Pitx1, Pitx2, and Thx4. Pitx1 is highly expressed
in early limb bud, decreasing distally by E12.5;
there is a differential expression of Pitx1, in the
sheath and growth plate of the long bones, whereas
Pitx2 is expressed in muscle (arrow). Note the simi-

Rathke's
pouch

branchial
arch

=
lar, limited expression of Pitx1 and Pitx2 in fore- .-‘55§
limb. Pitx1 is robustly expressed in the developing -“g__m
hindlimb (arrows, top), throughout development
with serial restriction from proximal, and then dis- e I
tal regions (second panel), finally in a pattern in E%
perichondral regions, at the end of long bones, EE‘

whereas Pitx2 is selectively expressed in muscle
(arrow) as well as transiently in developing pelvis
(not shown), Hind (hindlimb) and Fore (forelimb).
Pitx1 expression overlaps with the Thx4 expression
in limb development, and is shown in the perichon-
dral region and growth plate of the femur (PO, bot-
tom right). (C) Targeted deletion of the Pitx1 geno-
mic locus. Schematic representation of the Pitx1
locus (top), the targeting vector (middle), and the
Pitx1l targeted allele (bottom). White and black
boxes represent exons and introns, respectively,
and restriction enzymes: Hindlll (H); EcoRl (E).
Analysis of transfected ES cells by genomic South-
ern blot analysis with the 5’-external probe A iden-
tifies a 11-kb Hindlll fragment in the mutant allele
and a 15-kb Hindlll fragment in the wild-type al-
lele. A 3'-external probe B was used to identify a
2.5-kb Hindlll fragment in the mutant allele, while
hybridizing to the 11-kb Hindlll fragment in the
wild-type mouse (not shown). Homozygous and
heterozygous mice were identified by Southern blot
analysis with probes A and B. (D) The normal Pitx1
expression patterns analyzed by whole-mount lacZ
staining at E10-E12.5. (R) Rathke’s pouch; (NM) na-
sal mesenchyme; (BA) branchial arch; (U) umbilical
cord; (Hind) hindlimb.
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Pitx2 exhibit distinct expression patterns in the gastro-
intestinal tract and urogenital sinus (Fig. 1A; data not
shown).

To examine the potential roles of Pitx1 in develop-
ment of the hindlimb and other tissues in which it is
developmentally expressed, a targeting vector was de-
signed to delete virtually the entire coding sequence re-
gion, except for the amino-terminal sequence 80 amino
acids to which lacZ was fused in-frame (Fig. 1C). This
targeting construct was used to obtain homologous re-
combinants in ES cells, which were injected into blasto-
cysts to generate chimeric mice. Gene-deleted murine
lines were generated by appropriate breeding, and ho-
mologous recombination was confirmed by genomic
Southern blot analysis with both 5’- and 3’-specific
probes (Fig. 1C), as well as lack of Pitx1 transcripts in the
first branchial arch, Rathke’s pouch, and hindlimb (data
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not shown). In these mice, Pitx1-directed lacZ expres-
sion is identical to the characteristic distribution of en-
dogenous Pitx1 transcripts (e.g., Fig. 1D). Pitx1™/~ mice,
which die immediately or shortly after birth, and are
born at levels statistically slightly below expected Men-
delian ratios (C20 per 100 births). This could be explained
by the finding that a small subset of null mice exhibit
embryonic lethality after E11.5.

Pitx1 role in hindlimb morphogenesis

Although most distinctions between the mammalian
hindlimb and forelimb are morphological, including
joint articulations, shape, and size of radius/ulna versus
tibia/fibula, there are apparently patterning differences
that are evolutionarily conserved in mammals that in-
clude the patella in the hindlimb, and a particular proxi-



mal element of the forelimb carpus, referred to as the
pisiform element, which is not present in the hindlimb
tarsus (Romer 1986). Thus, the pisiform is a characteris-
tic forelimb-specific structure arising from a specific
condensation center. The hindlimb of Pitx1™/~ mice is
significantly shorter than in wild-type littermates (Fig.
2A). Examination of the skeletal structure reveals that
the long bones of the hindlimb, including the femur,
tibia, and fibula are altered in length, width, and overall
structure (Figs. 2B and 3A). The size of the pelvis, a struc-
ture in which Pitx1 is also transiently expressed, is also
remarkably reduced (Fig. 2B). However, the overall struc-
ture of pelvis and femur in Pitx1™/~ mice appears to re-
tain the morphological features of the wild-type coun-
terparts. In contrast, the tibia and fibula of the distal
hindlimb in Pitx1™/~ mice both exhibit striking alter-
ations in morphology, relative size, and shape. This in-
cludes alterations in the cnemial crest of the tibia
(Romer 1986), altered angles of articulation of fibula both
proximally and distally, and a striking alteration in rela-
tive size and diameters of tibia and fibula. Thus, the tibia
and fibula of the Pitx1™/~ hindlimb are now morphologi-
cally more similar, although not identical, to the radius
and ulna of the forelimb, exhibiting equivalent cross sec-
tional diameters (Fig. 3A). Further, the patella is now
absent (Fig. 2B) and there is a loss of the Zucker nodes
(Fig. 3C), both characteristic features of the hindlimb
(Fig. 3C).

There is also a striking alteration in the tarsal struc-
ture of the ankle (Fig. 3B), with the appearance of an
additional proximal tarsal element that appears analo-
gous to the pisiform, which is an evolutionarily con-
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Figure 2. Morphological alterations of Pitx1*/* and Pitx1™/~
mice at different stages of development. (A) Pitx1*/* and
Pitx1™/~ mice at E17.5; and E15.5 skeletal structures. Note the
foreshortening of the mandible (solid arrowhead) and altered
hindlimb (open arrowhead). (B) Details of skeletal structures of
hindlimb and forelimb of Pitx1*/* and Pitx1™/~ mice at P0O. The
Forelimb (Fore) is unaltered, Pelvis (P) is abnormal with particu-
lar loss of the femur (F). The hindlimb (Hind) is altered in overall
length and size. The patella (P) is absent (open arrowhead).
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Figure 3. Analysis of the structural components of hindlimb
development of Pitx1*/* and Pitx1™/~ at PO. (A) Skeletal struc-
tures of the tibia (T) and fibula (F) in PO Pitx1*/* and Pitx1™/~
mice. There is alteration in size of the femur, whereas the
growth and relative size of the tibia and fibula (solid arrow-
heads) now more closely resembles the morphological resem-
blance of the relationship between radius (R) and ulna (U) of the
forelimb. (B) Tarsal development of the Pitx1*/* and Pitx1™/~
mice. Note the normal development of the Zucker nodes (open
arrowhead) and calcaneous (C) in Pitx1*/* mouse. The hindlimb
(Hind) proximal tarsus of the Pitx1™/~ mouse now contains an
element that resembles the pisiform (P) seen in forelimb (Fore)
carpus development of Pitx1*/* littermate, with a very small
calcaneous. (C) The development of the hindlimb distal com-
ponents of Pitx1*/* and Pitx1™/~ mice at PO. Digit morphology is
not reproducibly altered. Zucker nodes (open arrowhead) are
absent in the hindlimb (Hind) of the Pitx1™/~ mouse.

served characteristic element in the mammalian fore-
limb carpus (Romer 1986). However, the adjacent proxi-
mal tarsus does not assume a carpal-like morphology. In
parallel, there is a marked alteration in morphology and
size of the calcaneus, no longer characteristic of the
wild-type hindlimb structure. The distal tarsus of the
Pitx1™/~ mouse is not clearly distinct from the tarsus of
the wild-type littermates. Whereas the size of digits is
somewhat smaller, there do not appear to be clear struc-
tural alterations; consistent with the similarity of the
forelimb and hindlimb digits in the wild-type mouse.
Together, these alterations in morphology and bone pat-
terning properties of the distal hindlimb of the Pitx1™/~
mouse, cause it to have bone structures, including the
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tibia/fibula, patella, and the appearance of a pisiform el-
ement-like structure in the proximal tarsus, that are
quite distinct from that of the wild-type hindlimb. The
mutant hindlimb has assumed several morphological
features that highly resemble those of the corresponding
structures in the forelimb.

The regions of the cartilaginous growth plates, in
which neither Pitx1 nor Pitx2 are expressed, appear to be
normally maintained. In the Pitx1™/~ mice, expression of
the hindlimb-specific marker gene, Thx4, is reduced
compared with normal, and is more strikingly reduced in
the hindlimb region in which the morphological alter-
ations are most dramatic, as shown both by in situ hy-
bridization of sectioned embryos and whole-mount
staining (Fig. 4A,B). No alterations in the Thx5 expres-
sion pattern are observed (Fig. 4A). Because Pitx1 expres-
sion patterns correspond to structures adjacent to the
growth plates, we evaluated expression Ihh, PTHR, and
PTHTrP, and found no alterations in their expression (data
not shown). No effects are observed on genes that are
normally expressed at similar levels in hindlimb and
forelimb including Wnt5a, Fgf8, Bmp4, gsc, Hoxd10,
d11, or d13 expression (data not shown).

To determine the effects of Pitx1 gene deletion on the
population of mesenchyme that normally expresses
Pitx1, we examined lacZ expression in these mice. Sur-
prisingly, lacZ expression is slightly diminished in the
proximal developing mesenchyme (E11.5) compared
with the levels in Pitx1*/~ mouse, and is reproducibly
diminished in anterior, distal mesenchyme, as deter-
mined by the linear portion of limb in which lacZ stain-
ing can be detected (Fig. 4C,D). We therefore suggest that
a population of Pitx1-expressing mesenchyme promotes

Figure 4. In situ hybridization and whole-
mount analysis of limbs in Pitx1*/* and
Pitx1™/~ mice. (A) In situ hybridization analy-
sis of markers known to be expressed during
limb development. Thx4 expression is dimin-
ished distally, and no alteration in Thx5 or
Hoxd12 expression is noted in the hindlimb
[Tbx5 (H)] or forelimb [Tbx5 (F)]. The expres-
sion of Hoxd12, PTHrP, PTHR, and lhh are
also similar in */* and =/~ hindlimb at E12.5
and PO (data not shown). (B) The expression
patterns of Pitx1 and Tbx4 in the hindlimb
by whole-mount in situ hybridization at
E10.5. The Tbx4 expression overlaps with
that of Pitx1 in the hindlimb of Pitx1*/* mice
and is reduced in the hindlimb of Pitx1™/~
mice. (C) Whole-mount lacZ staining analy-
sis. lacZ (marker of targeted gene) expression
is present in the mandibular structures (open
arrow) and is subtly but reproducibly re-
stricted in an anterior/distal portion of the
hindlimb (Hind) of Pitx1™/~ mice (solid arrow
in the bracket). (D) In situ hybridization
analysis of Pitx1 and lacZ expression in hind-
limb at E11.5, showing anterior/distal re-
striction of Pitx1/lacZ expression, consistent
with findings in the whole-mount LacZ
staining (C).

A
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a Pitx1-dependent hindlimb-specific morphogenesis pro-
gram, modulating growth and exerting specific effects on
the tibia, fibula, patella, and tarsal morphology of ankle.

Effects of cPitx1 misexpression

On the basis of the apparent requirement for Pitx1 to
achieve certain hindlimb-specific characteristics, it be-
came of particular interest to investigate whether ex-
pressing Pitx1 in forelimb would modify its developmen-
tal program. A chick Pitx1 (cPitx1) cDNA was isolated,
encoding a protein 80% identical to murine Pitx1, as has
been recently reported (Logan et al. 1998b; Lanctot et al.
1997). The cPitx1 gene is expressed in a very similar
pattern to the murine Pitx1. Initially, cPitx1 transcripts
are present almost exclusively in the limb bud that will
develop into the leg but not in the limb bud that will give
rise to the wing (Fig. 5A). As in the mouse, cPitx1 is first
detected in the lateral plate mesoderm before the limb
bud emerges and as limb outgrowth proceeds, cPitx1 is
expressed throughout the entire limb mesenchyme (Fig.
5A). With progressive development of the limb bud,
cPitx1 becomes differentially expressed. Between stages
23 and 30, cPitx1 transcripts are gradually excluded from
the most proximal aspect of the developing limb bud and
the adjacent flank. By stage 25, cPitx1 transcripts begin
to disappear from the distal region of the developing leg
in which the digits are beginning to form, although low
levels are observed in the interdigit region (Fig. 5A).
Chick Pitx1 transcripts start to be weakly detected in the
developing wing at stage 26 outside of the prechondro-
genic regions. Chick Pitx1 transcripts are never detected
in the limb ectoderm nor in the apical ectodermal ridge.

B  Pitx1 Thx4 Thx4
e+ ++ —f-
.+ p 3
C LacZ LacZ
+— -
e13.5

limb bud
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Figure 5. (A) Expression of cPitx1 in the de-
veloping chick hindlimb. Whole-mount and
radioactive in situ hybridizations at different
stages of hindlimb development. cPitx1 tran-
scripts start to be detected in the presump-
tive leg bud cells. At later stages, transcripts
are detected throughout the hindlimb bud
cells until stage 24 where they start to dis-
appear from the condensing cartilage (panels
4-8). The bottom right panel shows the tran-
sient expression of cPitx1 in the pelvis. (B)
As seen by the ectopic patches (top) or
broader expression (bottom) of Thx4, retrovi-
ral infection of cPitx1 in the presumptive
wing cells can, later on, induce the expres-
sion of the hindlimb-specific gene, Thx4. (C)
Misexpression of cPitx1l perturbs the out-
growth and patterning of the chick wing.
Shown are whole-mount and skeletal prepa-
rations of control, and not injected, chick
wing and leg. The chick wing has three digits
of variable length, is covered by feathers, and
displays a characteristic downward flexure at
the wrist level. Instead, the chick leg is
straight in its most distal part, not covered
by feathers but by small scales, and has three
digits of similar length and an additional

small four digits located toward the back of the foot. Ectopic expression of cPitx1 in the wing transforms the curvature of the wing
into an almost straight position, increases the size of digit 2 (open arrowhead) and induces the formation of a fourth digit (solid
arrowhead). All of these changes in growth and patterning, together with the disappearance of feathers from the distal side of the wing,
induce the infected wing to resemble a leg. Some of the infected embryos showed alterations in the size and morphology of the radius
and ulna (solid arrow). (D,E) Results of a second experiment, to illustrate the range of phenotypic variations.

This expression pattern as well as cell-grafting experi-
ments led Logan et al. (1998b) to hypothesize that Pitx1
could be involved in specifying chick leg identity. If
cPitx1 is involved in encoding limb identity, its expres-
sion should be stable when leg tissue is grafted into wing
tissue. When small pieces of leg mesoderm grafts are
implanted beneath the apical ectodermal ridge of host
wing buds, the original cPitx1 expression is retained (Lo-
gan et al. 1998b).

On the basis of the hypothesis that the wing also con-
tains the population of mesenchymal cells that would, if
they expressed Pitx1, modulate a leg-like pattern, the
retrovirus encoding full-length Pitx1 was injected into
the forelimb bud. Misexpression of Pitx1 in the develop-
ing forelimb causes several morphological changes in the
wing that are noticeably more striking at the distal as-
pect of the limb (Fig. 5E). One of the unique features of
the chick wing is the posterior flexure of the most distal
segment, the autopod, with respect to the middle seg-
ment, the zeugopod. This flexure is not observed in the
leg in which the distal elements are placed in a straight
orientation. Fifty-seven percent of the Pitx1l-infected
wings show a loss in the downward flexure of the wrist
joint, thus giving them a leg-like appearance. When the
skeletal pattern was examined, we observed a striking
change in the relative size of the infected wing digits.
The three wild-type wing digits have a variable length,
with digit IV being the longest and Il the shortest (Fig.
5C-E). In the leg, on the contrary, digits Il, Ill, and 1V are

very similar in length. In addition, the leg has an extra
smaller digit positioned toward the back of the foot. In
61% of the Pitx1 infected wings, we observed an increase
in the size of digit Il (Fig. 5C-E). In addition, an extra
short digit appeared at the anterior side of the infected
wings in 58% of the cases (Fig. 5C-E). This uniformity in
digit length, as well as the appearance of an extra digit,
has some resemblance to the digital patterning of the leg.
The fact that only minimal abnormalities in the zeu-
gopodal segment were observed after Pitx1l misexpres-
sion, is likely to reflect a loss in developmental plasticity
by the time the Pitx1 virus is active in the regions fated
to become the adult chick radius and ulna. The most
distal cells of the limb bud, which will give rise to the
digits, are, however, heavily infected by stage 20, a stage
in which they are still plastic and competent to change
cell fate (data not shown). This could explain the fact
that the wing alterations are mainly restricted to the
distal part of the limb. Finally, another effect of Pitx1
misexpression was on the integument. The distal part of
the chick wing, contrary to the leg, is normally covered
by feathers. In 38% of the injected wings, we observed a
reduction in the number of distal feathers, suggesting
that Pitx1 could act as a suppressor of feather formation
during the developing leg integument.

In situ hybridization for various markers expressed
during normal limb development in both leg and wing
buds (including Shh, Bmp2, Bmp4, Hoxd11, or Hoxd13)
showed no changes in their expression pattern. The limb
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alterations were preceded by ectopic patches of expres-
sion of the hindlimb-specific Tbx4 gene (15% of the in-
jected limbs) (Fig. 5B). However, no change is observed
for the forelimb-specific Tbx5 gene (data not shown).
Taken together, these results suggest that overexpres-
sion of Pitx1 induces cell proliferation of a certain popu-
lation of wing mesenchyme cells, complementing the
lack of proliferation and morphological alterations ob-
served after ablation of Pitx1 in the mouse.

Role of Pitx1 in pituitary and branchial
arch development

Consistent with the pattern of Pitx1 gene expression, the
Pitx1™/~ mice also exhibit developmental defects in the
anterior pituitary gland. Throughout the entire period in
which cell phenotypes are established during pituitary
organogenesis, Pitx1 is continuously expressed. All
known early events, including invagination of the Rath-
ke’s pouch, exclusion of Shh from invaginating epithe-
lium, activation of Fgf8, P-Lim, Msx-1, Lhx3, aGSU,
Bmp2, the ventral marker Isl-1 (Treier et al. 1998) and
Prop-1 on E12.5 and Pit-1 on E13.5, (Sornson et al. 1996)
are normally maintained (Fig. 6A; data not shown).
Analysis of expression of the trophic hormones that are
characteristic of the differentiated pituitary cell types at
E15.5 through postpartum day 0 (PO) indicates a selective
decrease in the most ventral cell type populations. Ex-
amination of thyroid-stimulating hormone B (TSHB), lu-
teinizing hormone B (LHRB), follicle stimulating hormone
B (FSHB), and the common glycoprotein « subunit
(aGSU) expression suggests that both the number of go-
nadotropes and thyrotropes, as well as the level of LHB
and TSHp transcripts and protein within the individual
cells, are diminished (Fig. 6B,C; data not shown). Inter-
estingly, the level of TSHp transcripts is most severely
reduced in the rostral tip thyrotrope population, which
does not require Pit-1 for TSHpB gene activation (Lin et al.
1994). Growth hormone expression in somatotropes ap-
pears unchanged (Fig. 6B,C), whereas the number and
expression levels of the POMC gene in the intermediate
lobe melanotropes appears normal between E15.5 and
PO. There is a consistent increase in the levels of both
number of, and ACTH transcripts and peptide levels in
the anterior pituitary corticotropes (Fig. 6B,C).
Development of the palate and derivatives of the first
branchial arch are invariably severely affected in Pitx1™/~
mice (Fig. 7), probably accounting for the early postnatal
death of the homozygous null mice. In addition to cleft
palate (Fig. 7A), the distal mandible and the tongue are
significantly foreshortened, the ventral sublingual mes-
enchyme is hypoplastic, and the submandibular gland
does not form (Fig. 7B). However, the spatial relation-
ships between most of the components of lower jaw and
mouth are apparently normally maintained. The expres-
sion of a number of markers expressed early in the first
branchial arch, including Msx1, Msx2, gsc, Shh, Bmp2/4,
Wnt5a, and Pitx2, are unaltered in Pitx1l gene-deleted
mice (Fig. 7B; data not shown). The craniofacial defects
in Pitx1™/~ mice, are particularly intriguing in light of
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Figure 6. Effects of Pitx1 deletion on development of the an-
terior pituitary gland. (A) Effects of Pitx1 gene deletion on P-
Lim, Prop-1, «GSU, and Isl-1 expression in the pituitary gland.
No differences were observed in the expression of these factors
in Pitx1™/~ embryos as compared with that of the wild-type at
E12.5. (B,C) Pitx1 gene deletion alters expression of ventral pi-
tuitary-specific cell types at PO in mice analyzed by in situ
hybridization (B) or by immunohistochemical analysis at E17.5
(C). The expression of TSHB, FSHB, and LHB are markedly de-
creased, with some reduction of aGSU. Note particularly the
loss of TSHPB in the rostral tip (arrow). Pitx2 and growth hor-
mone (GH) gene expression are unchanged. POMC transcripts
and ACTH immuno activity in anterior lobe are consistently
increased. Because of saturation of the film with the POMC
probe, the region is artificially black in a portion of the inter-
mediate lobe (asterisk, B). Note that ACTH staining is similar
on wild-type and ™/~ glands in the intermediate lobe (1), while
clearly increased in the anterior lobe (A) (C).

the observation that the human Pitx1 gene maps to 5931
(Crawford et al. 1997), which the investigators suggest
could indicate that mutant Pitx1 alleles might be respon-
sible for a subset of patients with Treacher-Collins syn-
drome (Rogers 1964; Fazen et al. 1967; McDonald and
Gorski 1993).

Discussion

On the basis of these data, the bicoid-related gene, Pitx1,
appears to be a critical transcriptional component of
limb development, as well as exerting roles in develop-
ment of a derivative of the midline stomadeum, the an-
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Figure 7. Effects of Pitx1 gene deletion on mandible, palate,
and submandibular gland development at E17.5 and PO. (A)
Marked reduction in size of mandible analyzed by skeletal
staining (top) and failure of palatal closure (see brackets) ana-
lyzed by scanning electron microscopy in the Pitx1™~ mouse
(bottom). (B) Mandibular expression of Pitx1 and lacZ as a
marker in Pitx1*/* and Pitx1™/~ mice, respectively at E11.5.
Markers of mandibular development analyzed at E11.5 and
E12.5 by in situ hybridization included gsc, Shh, and Wnt5a.
Submandibular gland (SG) development in Pitx1*/~ and Pitx1™/~
mice at E17.5 marked by the lacZ probe. (To) tongue; (M) man-
dible.

terior pituitary, and on derivatives of the first branchial
arch. Our data suggest a model in which expression of
Pitx1 in hindlimb mesenchyme is required for correct
hindlimb morphogenesis and growth, particularly in the
region encompassing the tibia, fibula, patella, and proxi-
mal tarsus. Thus, in the absence of Pitx1, tibia and fibula
are morphologically more similar to the forelimb radius
and ulna, and evolutionarily conserved hindlimb pat-
terning features are altered. These include loss of the
hindlimb-specific patella and Zucker’s nodes, and ap-
pearance of a potential pisiform-like element, an evolu-
tionary-conserved characteristic of the forelimb carpus,
in the proximal tarsus, with altered growth and morphol-
ogy of the calcaneus, but without clear alterations in
other elements of the proximal tarsus. Because both of
these morphological and potential patterning features
are well-recognized aspects of the distinction between

Role of Pitx1 in mammalian development

forelimb and hindlimb, we suggest that the presence of
Pitx1 is required for a transcriptional program required
for the characteristic growth and morphological alter-
ations that are a component of the distinctions between
hindlimb and forelimb. The molecular basis of this mor-
phological change in the Pitx1™/~ mouse hindlimb could
reflect either altered patterning, and/or altered forma-
tion of, or response to, an anterior—posterior growth gra-
dient in the limb bud, resulting in normalization of the
size of the tibia and fibula, loss of the patella and Zuck-
er’s nodes, and altered proximal tarsus. Consistent with
this model, targeted misexpression of Pitxl in the
chicken wing bud causes distinct proliferative alter-
ations of the digits, as well as altered morphological fea-
tures, suggesting that the appropriate population of mes-
enchyme is present in both limbs to mediate Pitx1-de-
pendent morphological and proliferative alterations. The
presence of Pitx1 therefore appears to be required for a
transcriptional program required for the characteristic
growth and morphological alterations that are a compo-
nent of the distinctions between hindlimb and forelimb.
It is therefore tempting to speculate that Pitx1 exerts
either a patterning function or/and dictates the forma-
tion of the response to an anterior—posterior gradient-
mediating proliferation in the limb bud.

Another family of genes that have been suggested as
being involved in determining identity are the Thx fam-
ily (Chapman et al. 1996; Gibson-Brown et al. 1998; Isaac
et al. 1998; Logan et al. 1998b, Ohuchi et al. 1998), with
Tbx4 specifically expressed in the hindlimb. Expression
of Thx4 in the Pitx1™/~ hindlimb is clearly diminished,
especially in its distal aspect. Expression of Thx4 is also
induced in the chick forelimb after Pitx1 misexpression.
These results suggest that Pitx1 is epistatic to at least a
portion of the Tbhx4 program and required for the remain-
der of the gene inductions for segmental morphogenesis
and patterning in a hindlimb-specific fashion. In the ab-
sence of Pitx1, the forelimb-specific gene Thx5 is not
induced in the hindlimb: This may account for a portion
of the distinctions that remain between the hindlimb of
the Pitx1™/~ mouse and the wild-type forelimb.

The actions of Pitx1 in pituitary development may
provide several clues to the molecular basis of its actions
in limb development. In pituitary, any potential early
roles of Pitx1 may be redundant with those of Pitx2/
RIEG (Crawford et al. 1997), as there is no defect in early
pituitary organogenesis; however, there is a consistent,
late, pituitary developmental phenotype, which involves
decreased proliferation and levels of distal target gene
expression in two ventral pituitary cell types—gonado-
tropes and thyrotropes—and an element of a distal cell
type, the corticotrope, expressing ACTH, in which Pitx1
protein is expressed (Lamonerie et al. 1996). On the basis
of identification of synergistic interactions between
Pitx1 and other transcription factors (Szeto et al. 1996;
Tremblay et al. 1998), it is likely that a major aspect of
the phenotype reflects the synergistic role of Pitx1 in
target gene induction. Furthermore, as there are likely to
be proliferative roles of the Fgf8, Shh, Bmp, and Wnt
signaling factors in these cell types (Treier et al. 1998),
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Pitx1 may alter sensitivity to critical trophic factors in a
cell-autonomous fashion, and may exert similar effects
in the limb. A similar explanation is likely to account for
Pitx1 effects in closure of the palatal bone structure.
Thus, in the affected targets, Pitx1 could alter expression
of, or response to, trophic factors thereby exerting its
effects on growth, as well as morphology. In this regard,
the mechanism of Pitx1 actions may be analogous in the
various affected target organs.

On the basis of our in vivo data, we speculate that the
growth, and morphogenetic roles of Pitx1 in hindlimb
actually contribute a critical component of the differen-
tial hindlimb and forelimb developmental programs that
generate limb identity.

Materials and methods

Generation of Pitx1-gene-deleted mice

A mouse Pitx1l genomic clone was isolated from a J1 129/Sv
mouse genomic library with the complete Pitx1 cDNA probe.
The 5’-flanking region comprising a 4.0-kb EcoR1-HindlIl frag-
ment and a 3.0-kb Pmll 3’-flanking fragment were subcloned
into the corresponding cloning sites of the lacZ/neomycin con-
taining vector, in which expression of lacZ is driven by the
Pitx1 promoter and a neomycin gene is driven by the mouse
phosphoglycerate kinase (PGK) promoter (Bermingham et al.
1996). The targeting vector was completed by subcloning into
PGK-thymidine kinase plasmid. The entire homeodomain and
virtually all of the 3’-coding region is replaced by the lacZz/
neomycin gene. The R1 cell line was cultured in DMEM high
glucose medium containing 15% FCS and supplemented with
leukemia inhibitory factor (LIF). Targeting vector DNA was lin-
earized (12 pg) and electroporated into 2 x 107 ES cells in 0.8 ml
of electroporation buffer at 250 V and 500 puF with a Genepulser.
Cells were grown for 7-9 days in 150 pg/ml G418 and 2 mm
Gancyclovir and 500 double drug-selected clones were grown
for an additional 3 days. Cell lines that had undergone homolo-
gous recombination were identified with the 5’ external (1.0 kb)
probe that hybridizes to a 15-kb HindIll wild-type Pitx1 locus
fragment and a 11-kb Hindlll fragment in the Pitx1™/~ allele. A
3’ internal (0.5 kb) probe, which recognizes a 2.5-kb Hindlll
fragment in both wild-type and Pitx1™/~ allele, was used to iden-
tify homologous recombination in the 3'-flanking region. Three
ES cell lines, that met the requirement for homologous recom-
bination at the Pitx1 locus, were microinjected into C57BL/6
blastocysts that were then transferred to pseudopregnant fe-
males. Chimeric male mice were backcrossed to C57BL/6 fe-
males and germ-line transmission was scored by the presence of
the agouti coat color. Heterozygotes and homozygotes were
identified by Southern blot analysis (Bermingham et al. 1996).
Three lines were generated and analyzed.

In situ hybridization, whole-mount hybridization, lacZ
staining, immunohistochemistry, and differential
bone/cartilage staining

Isolation, fixation, and hybridization with *°S-labeled antisense
RNA probes and exposure were performed as described previ-
ously (Ryan et al. 1998; Simmons et al. 1989). Chick embryos
were staged according to Hamburger and Hamilton (1951).
Whole-mount in situ hybridization of chick embryos and sec-
tioning was performed as described (Ryan et al. 1998). After
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fixation, whole-mount in situ hybridization was performed on
mouse embryos, which were dehydrated with methanol and
treated with hydrogen peroxide and proteinase K. Transcripts
were then detected with AP-conjugated DIG antibodies and
stained with NBT/BCIP. Whole-mount lacZ staining was per-
formed in the presence of 1 mg/ml X-gal substrate. Immuno-
histochemistry was done on 5/7-mm-thick paraffin sections
stained by indirect immunoperoxidase method. Peroxidase ac-
tivity was visualized with DAB/metal enhancer (Pierce, Rock-
ford, Il). Sections were counterstained with methyl green and
mounted in Permount (Fisher). Antibodies were obtained and
used diluted as follows: ACTH (Chemicon, Temecula, CA) 1:
1000; GH and TSHB (DAKO, Carpinteria, CA) 1:1000; aGSU
(National Hormone and Pituitary Program) 1:1000. Anti-rabbit
horseradish  peroxidase-conjugated antibodies were from
Chemicon and used at a 1:500 dilution. For bone and cartilage
staining, embryos were isolated by cesarean section and the
abdomens of embryos were immediately cut open prior to being
placed into 95% ethanol for 24 hr. After embryos were skinned
and eviscerated, they were fixed in 95% ethanol for 72 hr, and
placed in 0.3% Alcian Blue/0.1% Alizarin Red S staining solu-
tion for at least 72 hr. After staining, each embryo was washed
in tap water to remove excess dye, and then placed in 0.75%
potassium hydroxide solution for maceration. After 24 hr, the
embryos were cleared by successive washes in 20% and 50%
glycerin solution.

Retroviral infection

The replication competent retroviral vectors RCASBP(A)-con-
taining cDNAs encoding full-length cPitx1 were generated as
described (Ryan et al. 1998). Chicken embryos (Maclntrye Poul-
try, San Diego) were infected by injecting virus into the pre-
sumptive wing region at stages 10-12 (Hamburger and Hamil-
ton staging table). After appropriate periods of incubation, chick
embryos were fixed in 4% paraformaldehyde overnight, dehy-
drated in methanol, evaluated under a dissecting microscope,
and stored at —20°C prior to in situ hybridization.
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