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The handedness of visceral organs is conserved among vertebrates and is regulated by asymmetric signals relayed by
molecules such as Shh, Nodal and activin. The gene Pitx2 is expressed in the left lateral plate mesoderm and,

subsequently, in the left heart and gut of mouse, chick and Xenopus embryos. Misexpression of Shh and Nodal induces
Pitx2 expression, whereas inhibition of activin signalling blocks it. Misexpression of Pitx2 alters the relative position
of organs and the direction of body rotation in chick and Xenopus embryos. Changes in Pitx2 expression are evident in
mouse mutants with laterality defects. Thus, Pitx2 seems to serve as a critical downstream transcription target that

mediates left-right asymmetry in vertebrates.

The vertebrate body exhibits bilateral symmetry externally whereas
the internal organs display significant left—right asymmetry. During
organogenesis, the unpaired organs of the chest and abdomen begin
development in the midline and then lateralize, with the first morpho-
logical markers of left—right asymmetry being the right-sided looping
of the developing heart. A second sign of asymmetry is then mani-
fested by the rotation of the body in amniote embryos. Virtually all
visceral organs ultimately show left—right asymmetry, either with
respect to their location in the body cavity or by morphological
differences on one side versus the other. The left—right asymmetries of
internal organ placement are invariant within a given species and have
been conserved throughout evolution. Normal organ placement is
termed situs solitus, and the mirror-image arrangement is situs
inversus. Other defects of situs are partial (heterotaxy) or complete
(isomerism) loss of asymmetry. Left—right axis malformations in
humans are phenotypically variable and genetically heterogeneous'”.
Generally, individuals with complete situs inversus do not suffer
severe clinical consequences, whereas heterotaxia and isomerism are
associated with moderate-to-severe physiological complications™.
As the establishment of correct left—right asymmetry is critical for
survival, the mechanisms governing initiation and maintenance of
these asymmetries should be tightly regulated and evolutionarily
conserved. Several models have been proposed to account for these
asymmetries (reviewed in refs 5-7). In chick, there is a signalling
cascade involving members of the TGF-B superfamily, namely
activin-BB and Nodal, the activin receptor RITA (cAct-RIIA) and
Sonic hedgehog (Shh), all of which are asymmetrically expressed
with respect to the left-right axis®’. Activin-BB, present asymme-
trically on the right side of stage 3—5+ embryos®', is thought to
induce local expression of cAct-RIIA*', which in turn represses the
bilaterally symmetrical Shh expression in Hensen’s node on the
right®’. This leads to left-sided expression of Shk and induction of
nodal in the left lateral plate mesoderm®. Misexpression of activin or
Shh disrupts the normal expression pattern of nodal and rando-
mizes heart looping. In Xenopus, inappropriate expression of the
TGF-B family member Vg-1 inverts nodal expression and results in
situs inversus'""2. In contrast to the chicken model, targeted gene
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deletion of Shh, activin-BB, follistatin or Act-RIIA in mice does not
alter the left—right orientation of the heart or of the internal organs,
calling into question their role in left—right patterning in the
mouse” . Mice null for Act-RIIB, which is not asymmetrically
expressed in chick or mouse, exhibit defects in left—right asymme-
tries, including isomerisms'®, suggesting that Act-RIIB is a critical
component of the left—right pathway in mouse.

Of the many molecules that have been implicated in left—right
signalling during vertebrate embryogenesis, only Nodal exhibits a
clear correlation between its expression in the lateral plate meso-
derm and visceral situs'®?. In inv/inv mice, where virtually all
animals exhibit situs inversus, nodal is expressed only in the right
lateral plate mesoderm'**. In iv mice, where left—right development
is randomized, all four possible patterns of nodal expression are
observed: left, right, bilateral and absent® (see also ref. 21). nodal
expression is bilateral in Fused toes” and no turning” mice, which
also have randomized left—right asymmetries. Altering the normal
nodal expression pattern in the left lateral plate mesoderm in
Xenopus and chick is also associated with changes in left—right
development®'"**~*%, Thus, Nodal appears to be a conserved factor
in the cascade that establishes left—right asymmetry in all verte-
brates. The observations that nodal expression reliably predicts situs
and that loss of Act-RIIB function leads to defects in situs suggests
that these factors function in a common signalling pathway.

Although progress has been made in understanding early events
in the determination of left—right asymmetry, much is yet to be
learned about how multiple extracellular signals are transduced,
propagated and maintained, ultimately leading to visceral asym-
metry. Transcription factors are good candidates for mediating
these processes. However, relatively little is known of their role in
this process, and only three have been implicated in the left—right
asymmetry pathway. HNF-33 may have a role because it is
transiently asymmetrically expressed in the chick® and because
HNF-38"", nodal"”"* double-heterozygous mice express lacZ bilat-
erally in the lateral plate mesoderm and have defects in the positioning
of the viscera and heart, and random embryonic rotation®. The
zinc-finger gene Snail-Related (¢SnR) which is initially expressed
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bilaterally in the presumptive anterior cardiac mesoderm before
becoming significantly more intense on the right, is downregulated
by ectopic expression of Shh on the right, and perturbed by ectopic
activin on the left. Antisense experiments designed to disrupt ¢SnR
translation reverse heart looping®. Finally, the homeodomain factor
Nkx2.5 appears to regulate the asymmetric expression of the basic
helix—loop—helix (bHLH) factors dHAND and eHAND, which are
required for correct heart looping and morphogenesis®?.

Here we investigate the role of the bicoid-related homeodomain
transcription factor Pitx2 in determining left—right asymmetry in
chick, Xenopus and mouse. The human homologue of Pitx2, RIEG,
was originally described as the gene for Rieger syndrome®, an
autosomal dominant human disorder characterized by ocular
anterior chamber anomalies, dental hypoplasia, mild craniofacial
dysmorphism and umbilical stump abnormalities, together with
occasional defects in cardiac, limb and pituitary development. Our
results indicate that Pitx2 may turn on the gene network responsible
for the morphological events that result in left—right asymmetries in
vertebrates. Whereas umbilical and cardiac phenotypes may suggest
a link between Pitx2 and heart and gut development, the lack of
alteration in organ situs in individuals affected with Rieger syn-
drome may be due to the presence of the wild-type allele. In chick,
Xenopus and mouse, Pitx2 expression is on the left side of the
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Figure 1 Pitx2 is expressed asymmetrically in the lateral plate mesoderm, heart
and gut. In this and other figures, Pitx2 is referred to by its old name Ptx2. a-i,
Dorsal views; j-x, ventral views. Where views are dorsal, the left side of the
embryo corresponds to the reader’s left; for ventral views, the left side of the
embryo corresponds to the reader’s right. a, Nodal is expressed in a small medial
domain immediately lateral and posterior to the node and in the adjacent region of
the left lateral plate mesoderm (arrow). b, At stage 8~ nodal expression in the left
lateral plate mesoderm (arrow) extends posteriorly. ¢, Nodal is expressed
throughoutthe left lateral plate mesoderm (arrow) at stage 8'. Expression ofnodal
is also seen in the head mesenchyme. d, At stage 97, a strong region of nodal
expressionis detected in the posterior region of the left lateral plate mesoderm. e,
Stage-7 embryo, showing the symmetrical expression of Pitx2 in the head
mesenchyme (arrows). f, g, Dorsal views of stage 8”to 9" embryos showing Pitx2
expression in the head mesenchyme and the left lateral plate mesoderm
(arrows). h, i, Transverse sections (i) through stage 9 embryo shown in h: the
level at which the sections 1, 2 and 3 were obtained is indicated in h. i(2), Pitx2
expression is symmetrically detected in the head mesenchyme; in i(2), Pitx2
expression is detected in both the lateral plate mesoderm and endoderm on the
left (arrow) but only in the endoderm on the right (arrowhead). j, Stage 10 embryo.
Pitx2 is expressed on the left side of the heart tube (white arrow) and left vitelline
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embryo in the lateral plate mesoderm; it then continues to be
expressed asymmetrically in several organs that are asymmetric with
respect to the left—right axis of the embryo. Pitx2 expression in the
left lateral plate mesoderm is preceded by Shh and nodal, and we
find that Pitx2 expression can be induced by both Shh and Nodal,
suggesting that it is downstream of these signalling molecules. In
mutant mice with laterality defects, Pitx2 expression correlates with
changes of visceral situs, paralleling the expression of nodal. Inhibition
of signalling through a dominant-negative activin type-II receptor
also alters Pitx2 expression. Finally, ectopic expression of Pitx2 in the
right lateral plate mesoderm results in isomerism, or in reversed
looping of the heart and gut and reversed body rotation in chick and
Xenopus embryos. Our results indicate that Pitx2 may interpret and
subsequently execute the left—right developmental program dic-
tated by upstream signalling molecules and they identify Pitx2 as the
first evolutionarily conserved transcription factor in the left—right
pathway to control embryonic handedness in vertebrates.

Asymmetric expression during embryogenesis
Chick and Xenopus Pitx2 (mammalian homologues RIEG”, Pitx2
(ref. 31), PotxIx2 (ref. 32), and Apr-1 (ref. 33)) were isolated by

screening chick and Xenopus complementary DNA libraries with the
murine P-OTX cDNA clone®*. The overall identities for these Pitx2
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vein (black arrow). k, Stage 12 embryo. Pitx2 is expressed on the left (black arrow),
but not on the right (white arrow) side of the looping heart tube. I, m, Transverse
section of the embryos shown in j and k, respectively, showing the expression of
Pitx2 in the left heart tube before looping (arrow in 1) and in the left side of the
epimyocardium (arrow in m) during heart looping. n, Stage 19 embryo. Pitx2
expression is present on the left side (white arrow) but not the right side (black
arrow) of the developing gut and crop. o, p, Transverse sections of the same
embryo showing asymmetric Pitx2 expression on the left side of the developing
gut (arrows). Bilateral expression is observed in the somites (arrowheads) and at
the proximal aspects of the developing hindlimb in p. g, Stage 21 embryo. Pitx2
mRNA is detected in the left portion of the caeca (arrow) but not on the right. This
is also seen in the transverse section in r (arrow). s, Ventral view of stage 25
embryo. Pitx2 is expressed in the heart ventricle (left arrow) and in the gizzard
(rightarrow). u, Stage 22 embryo, showing stronger Pitx2 expression on the left of
the second branchial arch (black arrow). v, Stage 24 embryo with Pitx2 expression
in the eye, somites and limb muscle. w, x, In stage 26 Xenopus embryos, Pitx2 is
expressed bilaterally in the eye and cement gland. Expression of Pitx2 occurs in
the left lateral plate mesoderm (w, arrow) but not in the right lateral plate
mesoderm (X, arrow).
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homologues are: 98% mouse versus human, 97% chicken versus
mouse, 96% chicken versus human, and 89% Xenopus versus
chicken, mouse or human (see Supplementary Information for
amino-acid sequence alignment).

Whole-mount in situ hybridization was used to reveal the
temporal and spatial expression of Pitx2 messenger RNA during
chick embryogenesis. Pitx2 mRNA is first detected in the head
mesenchyme without apparent left—right asymmetry at stage 7
(Fig. le). At stage 87, Pitx2 expression is maintained in the head
mesenchyme and appears in a small region of the left lateral plate
mesoderm (Fig. 1f). By stage 8", Pitx2 mRNA can be detected along
the entire left side of the lateral plate mesoderm (Fig. 1g) and this
expression pattern remains relatively unchanged through to stage 10
(Fig. 1h, i). The onset of Pitx2 expression in the left lateral plate
mesoderm appears to be later than that of Nodal, which is also
expressed in the left lateral plate mesoderm between stages 7—10
(Fig. la—d). At stage 10 Pitx2 is expressed in the developing
left heart tube, and later on in the left heart once it starts to loop
(Fig. 1j-m, and data not shown). At stage 22, expression in the
second branchial arch is stronger on the left side (Fig. 1u). Asym-
metric Pitx2 expression is also observed in the developing gut, caeca,
gizzard and intestine between stages 19 and 25 (Fig. 1n—t). Bilat-
erally symmetrical expression of Pitx2 in the somites is first
apparent at stage 19 and intensifies as development proceeds
(Fig. 1p, v). By stage 22, Pitx2 is expressed in the mesenchymal
cells that migrate into the limb buds and give rise to the limb
muscles (Fig. 1v, and data not shown).

The spatial expression of Pitx2 mRNA in Xenopus and mouse was
also investigated using whole-mount in situ hybridization. In
Xenopus, asymmetric expression of Pitx2 is observed first at stage
24, becoming more intense as development proceeds in the left
lateral plate mesoderm (Fig. 1w, x). At later stages, and as in the
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chick, Pitx2 is expressed on the left half of the heart tube at stage 30
and on the left side of the developing intestine at stage 42 (data not
shown). A similar asymmetric pattern in the lateral plate mesoderm
is seen in the mouse embryo (see Fig. 4). During heart development,
Pitx2 transcripts are detected in the left half of the linear heart tube
(six somite embryo) and later on, at heart looping, in the left side of
the ventrical, outflow tract and atrium. During the looping of the
gastrointenstinal tract, Pitx2 is expressed on the left side of the linear
gut tube in the six-somite embryo and on the left side of the
stomach (E11-E16) and caeca (E14—E16) (data not shown).

Two observations suggest a role for Pitx2 in generating left—right
asymmetries. First, the asymmetric expression of Pitx2 in the left
lateral plate mesoderm of chick, Xenopus and mouse is preceded by
the appearance of nodal transcripts in the same region®'"***.
Second, in contrast to transient expression of nodal, Pitx2 expres-
sion is maintained on the left side during organogenesis of the heart
and the gastrointestinal tract. These results indicate that Pitx2
expression may be regulated by signalling molecules previously
shown to participate in determining left—right asymmetry, such as
Shh and Nodal.

Shh and Nodal induce Pitx2

To test this possibility, we ectopically expressed Shh and nodal in the
right lateral plate mesoderm of stage-4—6 chick embryos by infec-
tion in ovo with a replication-competent avian retrovirus containing
either Shh or nodal cDNAs. To assay the reliability of in ovo infection, a
replication-competent retrovirus expressing green fluorescent protein
(GFP) was injected to the right of the node at stage 4 and the extent of
viral infection was visualized at stages 8—12. Although many embryos
showed a variable level of infection (about half of the injected embryos
were poorly infected), about 25% of the injected blastoderms showed
strong GFP expression on the right side of the embryo (data not

Figure 2 Pitx2 is downstream of Sonic
hedgehog and Nodal. Whole-mount in situ
hybridization of chick (a-1) and Xenopus (m,
n) embryos; ventral views. a, Normal Pitx2
expression in the head mesenchyme and in
the left lateral plate mesoderm (arrow).
Embryos infected in the right lateral plate
mesoderm with RCAS-Shh (b) or RCAS-\ital-
nodal (c¢) exhibit bilateral Pitx2 expression in
the lateral plate mesoderm (red and white
arrows indicate endogenous and ectopic
expression respectively). Expression of
Pitx2 is not altered in embryos infected with
the zinc-finger protein Snail-Related (d). e-h,
Transverse sections through the flank of
embryos shown in a-d, respectively. White
arrows indicate ectopic expression. (Red
arrows indicate endogenous expression.) i,
Expression of nodal in left lateral plate
mesoderm of a wild-type embryo. j, Expres-
sion of nodal is unchanged in an embryo
infected with RCAS-Pitx2 (arrow). k, Expres-
sion of ¢SnR in the right lateral plate
mesoderm of an uninfected embryo
(arrow). I, Expression of cSnR is unaffected
in embryos infected with RCAS-Pitx2. m,
Pitx2 is not expressed in right lateral plate
mesoderm of a Xenopus embryo injected
with CMV-Bgal. n, Pitx2 expression in the

Rl

” g & right lateral plate mesoderm of a Xenopus
nolgal prObe g?xqzl \ﬁ:ﬂge H prObe N 2 p.r0be embryo injected with Xnr-1 (white arrow).
wi type Wpe A= VIrus R— — L in the right top portion of the panels
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indicates the orientation of the embryo, R
being right and L being left.

547




articles

shown). In addition, infection in ovo does not result in the
artefactual changes in situs often seen in vitro (see below and ref. 8).

Shh and nodal injected embryos were fixed between stages 8—12
and expression of Pitx2 was assessed using whole-mount in situ
hybridization. Ectopic expression of Shh or nodal caused bilateral
expression of Pitx2 in the lateral plate mesoderm (Fig. 2a—c, e—g).
We also tested the effect of misexpressing the zinc-finger gene Snail-
Related, ¢SnR, which is required for correct sidedness of heart
looping”. However, misexpression of cSnR in the early chick
embryo did not affect the expression of Pitx2 (Fig. 2d, h).

Similar experiments to determine the ability of Nodal to induce
Pitx2 expression were also done in Xenopus. Plasmids expressing Xnr-1
under the control of the strong cytomegalovirus (CMV) promoter
were microinjected into one blastomere of the 4-cell embryo and
assayed for Pitx2 expression at stage 24—26. 86% of the injected
embryos that showed exclusive expression of the lineage tracer on
the right side exhibited ectopic expression of Pitx2 on the right side
(Fig. 2m, n; see Methods for the number of embryos injected).

To investigate the genetic hierarchy between Shh, nodal and Pitx2,
we misexpressed Pitx2 in the right lateral plate chick mesoderm.
There were no detectable changes in Shh, nodal or ¢SnR expression
(Fig. 2i—1 and data not shown). Microinjection of Pitx2 mRNA into
Xenopus embryos did not affect Xnr-1 expression either (data not
shown). These results suggest that Pitx2 is downstream of Shh and
Nodal, and perhaps in a parallel pathway to that of cSnR-1.

Pitx2, organ asymmetry and body rotation

The asymmetric expression of Pitx2 in the left lateral plate meso-
derm, and the observation that its expression can be induced in
right lateral plate mesoderm in response to ectopic expression of
Shh and nodal in this region, indicate that Pitx2 may be one of the
downstream effectors in the signalling pathway leading to left—right
asymmetry. We therefore infected the right lateral plate mesoderm
in stage-4—6 chick embryos with an RCAS retroviral vector contain-
ing full-length Pitx2 and scored embryos for changes in heart
morphology at stages 11-13. About half of the injected embryos
were truncated with respect to their anterior—posterior axis and had
a relatively normal heart whose location was shifted towards the
head region. The remaining embryos appeared grossly normal and
~55% of these embryos had defects in heart situs (Fig. 3). Most of
the affected embryos (~70%) had a bilaterally symmetrical heart
(isomerism) that was centrally located with respect to the left—right
axis (Fig. 3a, b, e), about 25% had reversed heart looping (Fig. 3a, c,
d, f), and occasionally double hearts were found (data not shown).
Misexpression of GFP did not induce reversal of heart looping or
heart isomerisms.

When embryos injected with Pitx2 at stage 4 were left to develop
further, about 12% of the embryos showed a reversal in the direction
of embryonic rotation (the embryo turned to the left instead of
turning to the right as normal; data not shown). This result suggests
that the stronger expression of Pitx2 on the left side of the body might
be relevant at later stages in specifying the direction of body rotation.
Similar results regarding the regulation of Pitx2 by nodal and Shh, as
well as its ability to induce heart isomerism and reversal of heart
looping and body rotation, have been obtained independently”.

Microinjection of Pitx2 mRNA into a two-cell Xenopus embryo
showed that, as in the chicken, Pitx2 overexpression causes alterations
in left—right asymmetry (Fig. 3g, h). The predominant phenotype
observed was heterotaxy, with the heart being more frequently
reversed than the direction of gut coiling, although a few embryos
with complete situs inversus were obtained (see Fig. 3h, for example).

Altered Pitx2 expression iniv and inv mice

Studies of nodal expression in iv and inv mutant mice have shown
that the incidence of situs inversus is ~50 and 100%, respectively. In
contrast to wild-type mice, the expression of nodal in inv/inv mice is
always in the right lateral plate mesoderm'*”. In iv/iv embryos, the
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expression of nodal is occasionally in the left lateral plate mesoderm,
but more often its pattern of expression is altered, being expressed
for example only on the right, bilaterally, or not at all in the lateral
plate mesoderm™. If Pitx2 is an important factor in the left-right
pathway and acts downstream of Nodal, its expression in these
mouse mutants should parallel the observed patterns of nodal
expression, which is what we found. In the embryos from an

r
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Figure 3 Ectopic expression of Pitx2 affects left-right asymmetry of the heart and
the gut. All embryos are shown from the ventral side. a, Wild-type stage 12 chick
embryo with normal rightward heart looping (arrow). b, Stage 13 chick embryo
infected with RCAS-Pitx2 in the right lateral plate mesoderm at stage 4, showing a
bilaterally symmetrical heart. Note the midline location of the bilaterally
symmetrical heart with no bias towards the left or right side of the embryo. ¢,
Stage 13 chick embryo that was infected with RCAS-Pitx2 in right lateral plate
mesoderm at stage 4 showing leftward heart looping (arrows). d, e, f, Higher
magnification at stage 13 of Pitx2 virus-infected hearts. d, Control embryo; heart
looping is to the right. e, Pitx2 infected embryo; bilaterally symmetrical heart
without a defined looping towards either the left or right side of the embryo. f,
Pitx2 infected embryo; heart looping is to the left. g, Wild-type stage 45 Xenopus
embryo with rightward looping heart and a counterclockwise coiled gut. h, Stage
45 Xenopus embryo that was injected with Pitx2 at the 4-cell stage, with leftward
heart looping and a clockwise coiled gut.

NATURE|VOL 394 |6 AUGUST 1998




inv/ + X inv/+ cross, Pitx2 was expressed only in the right lateral
plate mesoderm in 4/17 mice, which is the expected number of inv/
inv embryos from such a cross (Fig. 4b). In iv/iv embryos, expres-
sion of Pitx2 in the lateral plate mesoderm was random (Fig. 4c—f):
in 20% (3/15) of them, Pitx2 was expressed in the left lateral plate
mesoderm, as in the wild type (Fig. 4a, c); in 20% (3/15), there was
no Pitx2 expression in the lateral plate mesoderm (Fig. 4d); in 20%
(3/15), Pitx2 expression was in the right lateral plate mesoderm
(Fig. 4e); and in the remaining 40% (6/15), Pitx2 was expressed
bilaterally (Fig. 4f).

Effect of dominant-negative ActRlIl on Pitx2

In the chick, activin-BB affects left—right asymmetries®”. The action
of activin is effected by the asymmetric distribution of targets,
presumably activin receptors. In mice, only deletion of activin
receptor IIB results in defects in the left—right axis™'*"'"*. Injection
of a dominant-negative form of the type II activin receptor in
Xenopus altered cardiac looping and Xnr-1 expression when injected
on the left side of 16-cell embryos, presumably by interfering with
normal Vg-1 signalling'.

To examine the relation between activin type II receptors, Pitx2
expression, and visceral situs, we used a soluble dominant-negative
receptor, ActRII-ECD, which contains the entire extracellular
ligand-binding domain of the type II receptor and binds to activin
with an affinity comparable to that of the intact receptor®® (Fig. 5).
When present in molar excess, this construct should therefore block
activin signalling. Beads coated with ActRII-ECD (0.5mgml™")
were implanted into the left or right side of Hensen’s node, or
immediately above it at stage 4—5 in New culture'®”. When beads
were implanted away from the node in either the right or left
presumptive lateral plate mesoderm, about 30% of the embryos
showed reversal of heart looping or bilateral hearts (Fig. 6g). The
frequency of reversed heart looping and/or isomerism was higher
when beads were placed in the midline (45%). As previously
observed, control beads showed a 15% reversal of heart looping®.
Implanting the dominant-negative activin receptor type II beads
had no effect on Shh (n = 24) expression, regardless of which side
they were implanted on (data not shown), although they could
induce nodal and Pitx2 expression bilaterally in the lateral plate

inv/inv

Ipm

iv/iv iv/iv

Figure 4 Expression of Pitx2 is altered in iv and inv mice. Whole-mount in situ
hybridization of 8.0d.p.c. mouse embryos with Pitx2. a, Pitx2 is expressed in the
head-fold (hf) and left lateral plate mesoderm (lpm) in the wild-type mouse
embryo. b, Ininv/inv mice, Pitx2 expression is observed in the head-fold and right
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mesoderm (Fig. 6a—e). In a few embryos, Pitx2 was not detected in
either the left or the right lateral plate mesoderm, and in one
embryo, Pitx2 was expressed only in the right and not in the left
lateral plate mesoderm (Fig. 6b). Taken together with the results of
nodal misexpression and Pitx2 expression in mutant mice, these
results place Pitx2 downstream of the left—right asymmetry pathway
initiated by several members of the TGF-f superfamily.

Conservation of mechanism of L-R asymmetry

As the TGF-B superfamily appears to be important in left—right
patterning in several vertebrate species, we propose that these
signalling molecules induce a specific transcription factor(s) that
is critical for mediating left—right patterning information. We have
presented evidence that Pitx2 functions as the transcriptional medi-
ator of left—right situs, being required and sufficient to induce the
remainder of the downstream program needed to establish morpho-
logical asymmetries along this axis. Induction of Pitx2 can be linked
to signalling molecules critical for left—right patterning.

In the chick, asymmetric expression of activin-BB on the right
side of the node between stages 3 and 5" is the first molecular marker
of left-right asymmetry’. The sequence of events probably involves
activin-BB functioning through cAct-RIIB to activate cActRIIA
expression on the right side of Hensen’s node, leading to down-
regulation of Shh on the right side of the node. The asymmetric
expression of Shh on the left side of the node at stage 4 leads to the
induction, in the left lateral plate mesoderm, of nodal, the second
member of the TGF-B superfamily that regulates left—right asym-
metry decisions in the chick®. Shh signalling is both necessary and
sufficient for nodal induction in the chick®. In contrast to the chick
model, targeted gene deletions of Shh, activin-BB and the activin
receptor ITA in the mouse have no apparent effect on visceral
situs™'*''7 Although apparent differences between species may
indicate that some components of the molecular machinery respon-
sible for establishing left—right differences are not conserved®, we
suggest that this reflects functional redundancies and that the basic
flow of regulatory events is highly conserved among vertebrates.

Nodal shows absolute conservation of expression in all vertebrate
species that we have examined. Left-sided expression of nodal in the
lateral plate mesoderm appears to be a prerequisite for establishing

ReL ¢ ResL
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lateral plate mesoderm. c-f, Four different expression patterns of Pitx2 in iv/iv
mice: Pitx2 in head-fold and left lateral plate mesoderm (c); Pitx2 in head-fold but
absent in lateral plate mesoderm (d); Ptx2 in head-fold and in right lateral plate
mesoderm (e); and, bilateral expression in the lateral plate mesoderm (f).
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Figure 5 ActRII-ECD binds activin. Non denaturing gel demonstrating the binding
of activin and deglycosylated ActRII-ECD. Deglycosylation does not significantly
affect the binding affinity. Lanes contain (from left): 1 ng activin, 1 wg activin mixed
with 3 ng ActRII-ECD, and 3 pg ActRII-ECD; staining was with Coomassie blue.
Arrows indicate protein bands.

the normally invariant pattern of left-right asymmetries. Any
variation from this normal nodal expression pattern, be it bilateral,
absent, or only on the opposite (right) side, has a dramatic effect on
the situs of the internal organs®'******, In mice, two closely related
members of the TGF-B family, Lefty-1 and Lefty-2, are expressed in
the left ventral midline of the gastrulating embryo and in the left
lateral plate mesoderm, respectively*'. Lefty-1 and 2 expression in v,
inv, Ft and no turning mice parallel nodal expression*****"*2, Abla-
tion of Lefty-1 in the mouse causes bilateral expression of nodal®,
suggesting that Lefty-1 signalling participates in the mechanism that
normally confines nodal expression to the left lateral plate meso-
derm.

Our results in the chick using a dominant-negative activin type I
receptor agree with the results of targeted gene deletion in the
mouse>'*"® and from Xenopus microinjection''. The extracellular

domain of the activin type II receptor used as a dominant-negative
receptor in our experiments contains the entire ligand-binding
domain of the type II activin receptor and can presumably interfere

with molecules that normally bind to IIA or IIB type receptors. An
explanation of our data from the chick, in which there is bilateral
nodal expression after applying this dominant-negative ActRII
construct, is that Lefty-1 signalling has been blocked in the chick,
allowing the spread of nodal expression. The defects in heart situs in
the chick could result from the bilateral expression of nodal;
interference with Nodal function, or both. Taken together, our
results indicate that Nodal, and perhaps Lefty or another similar
factor, are key conserved signalling molecules that are required for
establishing left—right asymmetry during embryogenesis. We sug-
gest that, although there are apparent differences in the expression
of some regulatory genes among model systems, the central
mechanism for regulating left—right asymmetry has been widely
conserved in vertebrate evolution.

We also suggest that Pitx2 is the central induced effector of the
programme mediating left—right patterning. In chick, Xenopus and
mouse, Pitx2 expression is first observed on the left side of the
embryo in the lateral plate mesoderm. In the chick, Pitx2 expression
in the left lateral plate mesoderm at stage 8 occurs several hours after
asymmetric Shh expression in the node at stage 4" and nodal
expression in the left lateral plate mesoderm at stage 7. In mice
with situs inversus, Pitx2 expression parallels that of nodal, and in
the chick and frog, misexpression of nodal (or Shh) induces ectopic
Pitx2 expression. Interference with signalling by TGF-B family
members using the dominant-negative activin type II receptor
alters Pitx2 expression and situs. In agreement with its predicted
function, ectopic expression of Pitx2 in the right side of the embryo
affects left—right asymmetry of the heart and gut and reverses the
direction of embryonic turning, resulting in phenotypes similar to
those associated with Shh and nodal misexpression.

Although the different signalling molecules described here are
transiently expressed and disappear before morphological asymme-
tries are visible, Pitx2 expression is initiated at the onset of
organogenesis and is maintained throughout embryogenesis.
Pitx2 is asymmetrically expressed both in the left lateral plate
mesoderm, which appears to be the source of the inducing signal
directing the morphological movements that give rise to left—right
asymmetries, and in the lateral plate mesoderm derivatives that
respond to these migration-inducing signals. The left—right instruc-
tive role of Pitx2 is not restricted to the heart but is also required for
correct situs of the gut and body rotation. Thus, to our knowledge,
Pitx2 is the first transcription factor demonstrated to regulate left—
right asymmetry along the body axis, suggesting that Pitx2 is an

Figure 6 A dominant negative activin receptor alters expression of noda/ and
Pitx2 and causes reversal of heart looping. All embryos are shown from the
ventral side. a, Wild-type Pitx2 expression. b, Ectopic Pitx2 expression on the right
lateral plate mesoderm (arrow) of an embryo with ActRII-ECD bead (arrowhead)
implanted on the right side at stage 4. Note the absence of Pitx2 expression on the
leftside. ¢, Pitx2 expression in head-folds and bilaterally in lateral plate mesoderm
(arrows) of an embryo with ActRII-ECD bead implanted on the right side at stage 4.
d, Wild-type expression of nodal in the left lateral plate mesoderm (arrow). e,
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Embryo in which an ActRII-ECD bead (arrow head) had been implanted on the
right side at stage 4, showing ectopic nodal expression in the right lateral plate
mesoderm (arrow). f, Normal rightward looping of the heart (arrow) in an embryo
in which a control bead (arrowhead) had been implanted on the right side at stage
4. g, Leftward looping of heart (arrow) in an embryo in which a ActRII-ECD bead
(arrowhead) had been implanted on the right side at stage 4. R— —L in the right
top portion of the panels indicates the orientation of the embryo, R being rightand
L being left.
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evolutionarily conserved downstream effector of the signalling
cascade that establishes asymmetries along the entire left—right
axis in vertebrates. O
Methods

cDNA cloning and in situ hybridization. Stage 22—24 chick limb bud and
stage 26 Xenopus cDNA libraries were screened at reduced stringency with full-
length mouse P-OTX”. cDNAs were sequenced on both strands and the
sequences deposited in Genbank (AF077092 and AF077767). Whole-mount
in situ hybridization and sectioning of chick embryos (staged according to ref.
44) were done as described®. Antisense probes for Xpitx2 and cSnR spanned the
entire ORF, cPitx2 the homeodomain and C terminus; Nodal®, Shh* and Xnr-1
(ref. 40) were produced as described”’.

Retroviral infection. RCASBP(A) retrovirus stocks were produced* contain-
ing full-length cPitx2, Shh or ¢SnR or mature chick Nodal fused with the BMP-
4 proregion®. Embryos were infected by right-side blastoderm injection at
stages 4—6 (ref. 49).

Construction and microinjection of CDG-Xnr-1 and CDG-XPtx2. The
protein-coding regions of Xnr-1 or XPitx2 were PCR-amplified from a Xenopus
gastrula library® (Xnr-1) or cDNA (XPitx2) and cloned into pCDG1 (ref. 51):
100 pg, plus 20 pg of CS2-B-gal lineage tracer, were microinjected into one
blastomere of 4-cell albino embryos. Fixation was at stage 24-26, and was
followed by B-galactosidase staining®’.

Surviving plasmid-injected embryos (63) were scored according to the
location of the lineage tracer: 23 showed exclusive expression on the leftand 21/
23 (91%) had normal left Pitx2 staining, whereas 2/23 (9%) had bilateral Pitx2
expression. 21/63 showed exclusive expression of the lineage tracer on the right;
3/21 (14%) showed normal left expression of Pitx2, 12/21 (57%) showed
bilateral Pitx2 expression and 6/21 (29%) showed reversed right expression of
Pitx2. 19/63 could not be scored owing to bilateral or absent lineage tracer
expression. All 58 embryos injected with (3-gal alone showed normal Pitx2
expression.

Sense mRNA for microinjection was prepared as described”. Pitx2 mRNA

was injected into pigmented embryos for phenotypic or albino embryos for in
situ analysis. For phenotypic analysis, embryos were fixed at stage 45, stained
with the MF-20 antibody" and analysed by light or confocal laser scanning
microscopy. In situ hybridization was done as described"’.
Protein purification and bead implantation. Chick embryos were grown in
vitro essentially as described” but with modifications'’. The entire extracellular
ligand-binding domain (ActRII-ECD; residues 1-116) of rat activin type II
receptor was overexpressed in Pichia pastoris”. The protein was purified by
nickel-affinity chromatography, followed by ion-exchange and size chromato-
graphy, and was shown to be monomeric in solution by analytical
ultracentrifugation”. ActR-ECD was deglycosylated by endoglycosidase H
(Glyko) and bound to activin (gift from W. W. Vale) with a dissociation
constant of ~10 nM. Affigel blue beads were soaked for 1 h with ActRII-ECD
protein (0.5 mgml™") and implanted between the hypoblast and epiblast to the
right, left or in the midline of stage 4 embryos.
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