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Specification of the left-right (L-R) axis in the vertebrate embryo requires transfer of positional information
from the node to the periphery, resulting in asymmetric gene expression in the lateral plate mesoderm. We
show that this activation of L-R lateral asymmetry requires the evolutionarily conserved activity of members
of the EGF-CFC family of extracellular factors. Targeted disruption of murine Cryptic results in L-R laterality
defects including randomization of abdominal situs, hyposplenia, and pulmonary right isomerism, as well as
randomized embryo turning and cardiac looping. Similarly, zebrafish one-eyed pinhead (0oep) mutants that
have been rescued partially by mRNA injection display heterotaxia, including randomization of heart looping
and pancreas location. In both Cryptic and oep mutant embryos, L-R asymmetric expression of
Nodal/cyclops, Lefty2/antivin, and Pitx2 does not occur in the lateral plate mesoderm, while in Cryptic
mutants Lefty1 expression is absent from the prospective floor plate. Notably, L-R asymmetric expression of
Nodal at the lateral edges of the node is still observed in Cryptic mutants, indicating that L-R specification
has occurred in the node but not the lateral plate. Combined with the previous finding that oep is required for
nodal signaling in zebrafish, we propose that a signaling pathway mediated by Nodal and EGF-CFC activities
is essential for transfer of L-R positional information from the node.
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Of the three major body axes, the left-right (L-R) axis is
the last to be determined during vertebrate embryogen-
esis. The initial specification of the L-R axis is likely to
begin during late stages of gastrulation, but tissue-spe-
cific manifestations of morphological L-R asymmetry
become apparent much later in development, through-
out organogenesis into the late fetal period (for review,
see Ramsdell and Yost 1998; Beddington and Robertson
1999). In all vertebrates, the first overt appearance of L-R
asymmetry occurs during early somitogenesis, with an
initial rightward bending of the linear heart tube that
presages the direction of cardiac looping. In the mouse,
another early sign of laterality is the direction of embry-
onic turning that inverts the three primary germ layers
of the embryo. Most morphological L-R asymmetry
arises at later stages of organogenesis, when unilateral
tissues such as the stomach are positioned on one side,
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or when bilateral paired tissues such as the lung form
asymmetrically. Defects in this process of L-R specifica-
tion can lead to highly pleiotropic effects, including L-R
reversals of organ position (inverted situs), mirror image
symmetry of bilaterally asymmetric tissues (isomerism),
and/or random and independent occurrence of laterality
defects in different tissues (heterotaxia).

Recent molecular genetic studies performed in chick,
frog, zebrafish, and mouse systems have shown that tis-
sue-specific laterality decisions are mediated by a path-
way of regulatory genes that acts during gastrulation and
early postgastrulation stages of embryogenesis. These
studies have led to a conceptual pathway for L-R axis
determination, in which an initial event that breaks L-R
symmetry is believed to occur in or around the embry-
onic node and its derivatives. The resulting L-R posi-
tional information is transferred outward to the lateral
plate mesoderm, where it is interpreted to generate the
situs of individual tissues (for review, see Harvey 1998;
Ramsdell and Yost 1998; Beddington and Robertson
1999; King and Brown 1999). Notably, several members
of this regulatory pathway are themselves expressed in a
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L-R asymmetric pattern on the left side of the embryo, in
particular the left lateral plate mesoderm.

Several genes in the L-R pathway have roles that ap-
pear evolutionarily conserved among vertebrates, includ-
ing Nodal (Levin et al. 1995; Collignon et al. 1996; Lowe
et al. 1996; Lustig et al. 1996; Lohr et al. 1997; Sampath
et al. 1997; Rebagliati et al. 1998) and Lefty2 (Meno et al.
1996,1997; Bisgrove et al. 1999; Thisse and Thisse 1999),
which encode distant members of the transforming
growth factorp (TGF-B) superfamily, and are asymmetri-
cally expressed in the left lateral plate mesoderm. An-
other conserved asymmetrically expressed gene is the
Pitx2 homeobox gene, which has been proposed to rep-
resent a primary regulator of tissue-specific L-R lateral-
ity because it is expressed on the left side of many tissues
(Logan et al. 1998; Piedra et al. 1998; Ryan et al. 1998;
Yoshioka et al. 1998; Campione et al. 1999). In contrast,
there are several apparent differences between vertebrate
systems that have complicated our understanding of the
L-R pathway. For example, many genes that display tran-
sient asymmetry of expression in the chick are not asym-
metrically expressed in the mouse, including activin BB,
activin receptor IIA, and Sonic hedgehog (shh) (Harvey
1998; Ramsdell and Yost 1998; Beddington and Robert-
son 1999).

We show that L-R axis formation requires the evolu-
tionarily conserved activity of members of the EGF-CFC
gene family. The EGF-CFC family is comprised of mam-
malian Cryptic and Cripto, frog FRL-1, and zebrafish
one-eyed pinhead (oep) and encodes extracellular pro-
teins containing a divergent EGF-like motif and a novel
cysteine-rich CFC motif (Shen et al. 1997; Zhang et al.
1998). We find that targeted disruption of mouse Cryptic
results in L-R laterality defects including randomization
of abdominal situs, pulmonary right isomerism, and vas-
cular heterotaxia, as well as randomized embryo turning
and cardiac looping. In parallel studies, we show that
partial rescue of oep mutant embryos by oep mRNA in-
jection results in randomization of the direction of heart
looping and location of the pancreas, revealing that loss
of oep function leads to heterotaxia. Notably, in both
Cryptic and oep mutant embryos, L-R asymmetric gene
expression does not occur in the lateral plate mesoderm.
Based on recent studies indicating that EGF-CFC pro-
teins act as essential cofactors for Nodal (Gritsman et al.
1999), we propose that a signaling pathway mediated by
Nodal and EGF-CFC proteins is required for activation
of L-R asymmetric gene expression in the lateral plate
mesoderm.

Results
Targeted disruption of Cryptic

Previous mutational analyses have revealed that oep and
Cripto have essential requirements prior to gastrulation
(Schier et al. 1997; Ding et al. 1998; Gritsman et al.
1999), but it has been unclear if the later expression of
EGF-CFC genes reflects a role in postgastrulation pro-
cesses. In particular, oep is expressed in the lateral plate
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mesoderm and forebrain during early somitogenesis
(Zhang et al. 1998), and Cryptic is expressed in the lateral
plate mesoderm, node, notochordal plate, and prospec-
tive floor plate from head-fold stages through approxi-
mately the six to eight somite stage (Shen et al. 1997).
The expression of oep and Cryptic is symmetric in the
lateral plate and precedes the asymmetric expression of
genes such as Nodal/cyclops, Lefty2/antivin and Pitx2.

To determine the biological function of Cryptic, we
performed targeted gene disruption. The Cryptic target-
ing construct should result in a null mutation, because it
deleted most of the third exon and the entire fourth and
fifth exons of the gene, which encode two-thirds of the
mature protein including the central EGF and CFC mo-
tifs (Fig. la—c). In addition, a second targeting construct
that deleted the entire Cryptic coding region resulted in
the identical homozygous mutant phenotype (Y.-T. Yan,
S.M. Price, and M.M. Shen, unpubl.). Homozygosity for
the targeted Cryptic mutation resulted in neonatal le-
thality in the first 2 weeks after birth, apparently be-
cause of cardiac defects (see below); to date, only five
homozygotes (from >90) have survived past weaning.
Our initial indication of a phenotypic defect in L-R lat-
erality was that many newborn Cryptic homozygotes
displayed a milk spot (corresponding to the stomach) on
their right side, instead of the left (Fig. 1d).

L-R laterality defects in Cryptic mutant mice

To examine the L-R laterality defects of Cryptic homo-
zygous mutant mice, we analyzed their gross anatomy at
18.5 days post coitum (dpc) and at neonatal stages (PO-
P7) (Table 1). We found that Cryptic homozygotes dis-
played numerous laterality defects, including hetero-
taxia, randomization of organ situs, and isomerism of
bilaterally asymmetric tissues. Thus, within the ab-
dominal cavity, approximately half of the homozygotes
(n =22/49) displayed inverted situs of visceral organs in-
cluding the stomach, spleen, and pancreas (Fig. 2a,b). In
contrast, all homozygous animals displayed asplenia or
severe hyposplenia (Fig. 2c—e); a significant proportion of
homozygotes also displayed abnormal lobation or mid-
line positioning of the liver (Table 1).

In the thoracic cavity, we found that all homozygotes
showed right pulmonary isomerism (Fig. 2f,g); this phe-
notype is correlated frequently with hyposplenia in hu-
man patients with laterality defects (Kosaki and Casey
1998). Moreover, approximately half of the homozygotes
(n = 24/50) displayed dextrocardia (cardiac apex pointing
to the right) or mesocardia (pointing to the middle), as
opposed to the normal levocardia (Fig. 2h—j). Regardless
of cardiac situs, nearly all homozygotes displayed cardiac
abnormalities, most notably transposition of the great
arteries (Fig. 2k,1), as well as severe atrial septal defects
(Fig. 2m-o). Finally, we observed numerous random and
uncorrelated laterality defects within the vasculature,
consistent with heterotaxia (Table 1). For example, the
azygos vein could be located on the left side (as it is in
the wild type), on the right, or bilaterally (Fig. 2p-r).

The L-R laterality defects observed in neonatal Cryptic



e L} L2 ] A ]

EGF-CFC genes in left-right axis formation

Wl bypa Bacun

Figure 1. Targeted disruption of Cryptic.
(a) Homologous recombination with the
targeting vector results in deletion of ex-
ons 4 and 5, as well as most of exon 3;
exons are shown as boxes, with the coding
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homozygotes were paralleled by phenotypic defects ob-
served in early embryogenesis. At 8.5-9.5 dpc, Cryptic
homozygous embryos were indistinguishable from their
wild-type littermates except for randomization of car-
diac looping and embryo turning (n = 21/45), with these
two phenotypes highly correlated (Fig. 2s-u). Because
Cryptic is expressed in the notochordal plate and pro-
spective floor plate, and laterality defects are frequently
associated with node and notochord defects (e.g., Danos
and Yost 1996; Dufort et al. 1998; King et al. 1998; Mel-
loy et al. 1998), we investigated potential axial midline
defects by skeletal staining of homozygous neonates
(n = 6), histological sections at 10.5 dpc (n =3), and in
situ hybridization with Shh, followed by sectioning
(n =3). No evidence for axial midline defects was ob-
served (data not shown).

Absence of lateral L-R asymmetric gene expression in
Cryptic mutant embryos

To determine the basis for L-R patterning defects in
Cryptic mutants, we performed in situ hybridization on
gastrulation and early somite-stage embryos (up to 10
somites), using probes for Nodal, Leftyl, Lefty2, and
Pitx2, which are asymmetrically expressed at these
stages. First, we examined expression of Leftyl and
Lefty2, which are asymmetrically expressed at 2-10
somites in the left prospective floor plate and left lateral
plate mesoderm, respectively (Meno et al. 1997,
1998)(Fig. 3a,b,e,f). We found that Cryptic homozygous
embryos lacked all expression of Leftyl (n=12) and
Lefty2 (n = 9) at these stages (Fig. 3c,d,g h); however, an
earlier phase of symmetric Lefty2 expression in newly
formed mesoderm during primitive streak stages was un-

Table 1. Phenotype of Cryptic homozygous mice

Phenotype Number of mutant/total (%)

Abdominal tissues

Visceral situs 22/49 inverted (45%)

Spleen 49/49 asplenic/hyposplenic
(100%)
Liver 11/27 abnormal (41 %)

Abdominal vasculature
Branching of inferior vena cava
Position of renal veins

16/25 abnormal (64 %)
4/19 left anterior (21 %)

Thoracic tissues

Cardiac apex 18/50 dextrocardia, 6/50
mesocardia (48%)

14/16 septal defects (88%);
11/11 transposition of
great arteries (100%)

23/34 right isomerism, 1/34

Cardiac malformation

Atrial shape

left (71%)

Lung bronchi 50/50 bilateral eparterial
(100%)

Lung lobes 50/50 right isomerism
(100%)

Thoracic vasculature

Aorta relative to pulmonary
artery

Aortic arching

Position of azygos vein

44/50 aorta ventral, 5/50
adjacent (98%)

12/29 right (41%)

5/30 right, 6/30 bilateral

(37%)
4/33 left, 19/33 bilateral
(70%)

Position of inferior vena cava

Phenotypes were scored in mice at 18.5 dpc (n = 6) and in neo-
nates at <1 week of age (n = 44). Not all phenotypes were scored
in each mouse. Unless indicated otherwise in the text, the oc-
currences of these phenotypes were not noticeably correlated
with each other.
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Figure 2. L-R laterality defects in Cryptic null mutants. (a-r) Ventral views of neonatal mice; in all panels, left (L) and right (R) are
as indicated. Abdominal cavity of wild type (a) and mutant (b) with inverted situs and hyposplenia. Stomach and spleen from wild type
(c), mutant with normal situs (d), and mutant with inverted abdominal situs (e). Heart and lung lobes of wild type (f) and mutant (g)
with right pulmonary isomerism. Heart positions of wild type with normal levocardia (h), and mutants with mesocardia (i) and
dextrocardia (j); note correlation with altered size of the atrial chambers. High-power view of cardiac arterial relationships. In the wild
type (k), the aorta is dorsal to the pulmonary artery and connects to the left ventricle; in the mutant (I), the aorta is ventral and
connects to the right ventricle, as shown following injection of blue dye into the right ventricle, consistent with transposition of the
great arteries. Sections through hearts of wild type (m), and two mutants (n,0) that show an atrial septal defect. Position of the azygos
vein and direction of aortic arching. In the wild type (p), the azygos vein is located on the left, and the aorta arches leftward; in the
mutant (g), the azygos vein crosses over to the right and the aorta arches rightward; in the mutant (z), there is a bilateral azygos vein
while the aorta arches leftward. (s) Lateral views of 8.5-dpc embryos, showing altered direction of embryo turning in the mutant. (¢,u)
Ventral views of 10-somite-stage embryos, with arrows indicating direction of cardiac looping in the wild type (t) and Cryptic mutant
(a). (al) accessory lobe; (ao) aorta; (asd) atrial septal defect; (az) azygos vein; (cl) caudal lobe; (crl) cranial lobe; (ht) heart; (la) left atrium;
(1i) Liver; (11) left lung; (1v) left ventricle; (ml) medial lobe; (pa) pulmonary artery; (ra) right atrium; (rv) right ventricle; (sp) spleen; (st)
stomach; (tb) tailbud.

affected (data not shown). Next, we examined expression
of the homeobox gene Pitx2, which is found symmetri-
cally in Rathke’s pouch and asymmetrically in the left
lateral plate mesoderm and left foregut endoderm from
six to eight somites continuing through 9.5 dpc (Ryan et
al. 1998; Yoshioka et al. 1998) (Fig. 3i,j). In Cryptic mu-
tants at 8.5 and 9.5 dpc (n = 16), Pitx2 expression was
still observed in Rathke’s pouch but not in the asymmet-
ric domains (Fig. 3k,1).

Finally, we examined expression of Nodal, which is
found at the lateral boundaries of the node at head-fold
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and early somite stages, with a transient phase of L-R
asymmetry at four to eight somites, and in the left lateral
plate mesoderm at approximately two to eight somites
(Collignon et al. 1996; Lowe et al. 1996) (Fig. 3m,n). In
Cryptic mutants (n = 41), Nodal expression was observed
at the lateral boundaries of the node but was never de-
tected in the lateral plate mesoderm (Fig. 30,p). Notably,
the markedly asymmetric expression of Nodal at the
edges of the node at four to eight somites was still ob-
served in the Cryptic mutant embryos (n = 29; Fig. 3q-s).
Thus, our in situ hybridization results indicate that L-R
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laterality has been initiated within the node but not in
the lateral plate mesoderm.

Heterotaxia in oep mutant fish

To determine if the function of EGF-CFC genes in L-R
determination is conserved in vertebrates, we studied
the role of the zebrafish oep gene. Previous studies have
shown that oep is required for formation of mesoderm,

EGF-CFC genes in left-right axis formation

Figure 3. Expression of L-R pathway genes in Cryptic ho-
mozygous mutant embryos. (a-p) Lateral and frontal views
of early somite stage mouse embryos following whole-
mount in situ hybridization. Left (L) and right (R) are as
shown, and the position of the node is indicated by an ar-
rowhead. Expression of Lefty1 is detected in the prospective
floor plate of wild type (a,b) but not mutant embryos (c,d).
Expression of Lefty?2 is detected in the left lateral plate me-
soderm and weakly in the prospective floor plate of wild type
(e,f) but not Cryptic homozygotes (g,h). Pitx2 expression is
observed symmetrically in Rathke’s pouch in both wild type
(I,j) and mutant (k,I) embryos, but asymmetric expression in
the left lateral plate mesoderm is observed only in the wild
type. Nodal expression is detected in the node of both wild-
type (m,n) and mutant (o,p) embryos; left lateral plate ex-
pression is observed only in the wild type. High-power cau-
dal views of the node in wild-type (g) and Cryptic homozy-
gote (r) show asymmetric expression of Nodal. (s) Graphical
representation of Nodal in situ hybridization results. The
numbers of wild-type and Cryptic mutant embryos analyzed
with the indicated Nodal expression patterns are graphed
according to somite stage. (Ipm) lateral plate mesoderm; (nd)
node; (pfp) prospective floor plate; (rp) Rathke’s pouch.

endoderm, prechordal plate, and ventral neuroectoderm,
correlating with the expression of oep in the progenitors
of these cell types (Schier et al. 1997; Zhang et al. 1998;
Gritsman et al. 1999). During somitogenesis, oep is also
expressed in the left and right lateral plate, where pro-
genitors of the heart and other organs are located in wild-
type embryos (Serbedzija et al. 1998; Zhang et al. 1998).
The potential role of oep in these territories cannot be
analyzed in oep mutants, because mutant embryos lack
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Figure 4. Heart looping and location of the pancreas in oep
mutants. Ventral (a,c,e) and dorsal views (b,d,f) of embryos upon
immunohistochemistry with MF20 antibody (Bader et al. 1982)
and RNA in situ hybridization with insulin probe (Milewski et
al. 1998); anterior is up. (a,b) Wild-type embryo; (c,d and ¢,f) two
examples of maternal-zygotic oep mutant embryos rescued by
injection of oep mRNA. Note the normal development of eyes
and trunk muscle (d,f) in rescued embryos [maternal-zygotic
oep mutants show cyclopia and absence of trunk muscle (Grits-
man et al. 1999)]. The arrow indicates heart looping from the
atrium (weaker staining, posteriorly) to the ventricle (stronger
staining, anteriorly); note right looping in a and left looping in
¢ and e. The arrowhead indicates position of pancreas on right
(b,d) or left (f) side. We note that the direction of cardiac looping
in rescued mutants did not significantly affect their survival to
adulthood [50/70 (71%) of right-looping embryos, 46/53 (87 %)
of left-looping embryos, and 2/6 (33%) of nonlooping embryos
survived].

endodermal derivatives and heart (Schier et al. 1997,
Gritsman et al. 1999). To circumvent this limitation, we
examined the phenotype of maternal-zygotic oep
(MZoep) embryos whose early defects were rescued by
oep mRNA injection (Fig. 4). Injected mRNA is present
throughout gastrulation (data not shown) and is suffi-
cient to completely rescue the formation of endoderm,
mesoderm, axial midline, and ventral neuroectoderm
(Fig. 4c—f), but is apparently insufficient to complement
the loss of oep activity at later stages. Using morphologi-
cal criteria and marker gene expression, we found that
heart and pancreas form, but that the direction of heart
looping and the location of the pancreas are randomized
with respect to the L-R axis of the embryo (Fig. 4c;
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Table 2). More than 81% (48/59) of oep mutant embryos
that display abnormal heart asymmetry during embryo-
genesis survive to adulthood, demonstrating that mRNA
injection rescues the development and function of all
essential organs. Notably, there was no correlation be-
tween abnormal heart asymmetry and the location of the
pancreas, revealing that loss of oep function leads to het-
erotaxia.

Absence of L-R asymmetric gene expression
in oep mutants

To determine the onset of the L-R patterning defect in
oep mutants, we performed in situ hybridization on so-
mite-stage embryos using probes for cyclops, antivin (a
member of the lefty family), and pitx2, which are all
asymmetrically expressed in the lateral plate mesoderm
(Rebagliati et al. 1998; Campione et al. 1999; Thisse and
Thisse 1999). Analogous to Cryptic mouse mutants, we
never detected the normal asymmetric expression of
these markers, despite wild-type expression in other re-
gions of the embryo (Fig. 5) . Importantly, asymmetric
expression is not initiated, revealing a role for oep in the
induction of lateral plate asymmetry.

Discussion
Our comparative mutational analyses have shown that

homozygous Cryptic null mutant mice and partially res-

Table 2. Direction of heart looping and location of pancreas
in wild-type and oep mutants

Genotype: oep/+ (+/+ female x —/- male)
Injected mRNA: lacZ
Total no. embryos: 96

Heart (MF20)
Pancreas (insulin) L M R
R 83 (86.5%) 2(2.1%) 0O 81 (84.3%)
M 6(6.2%) 0 4(4.2%) 2(2.1%)
L 7(7.3%) 4(4.2%) 0 3(3.1%)
Genotype: oep/+ (+/+ female x —/- male)
Injected mRNA: oep
Total no. embryos: 108

Heart (MF20)
Pancreas (insulin) L M R
R 90 (83.3%) 6(55%)  3(2.8%)  81(75.0%)
M 4(3.7%) 2(1.9%) 0 2(1.9%)
L 14 (13.0%) 9(8.3%) O 5 (4.6%)
Genotype: oep/oep (-/- female x —/- male)
Injected mRNA: oep
Total no. embryos: 106

Heart (MF20)
Pancreas (insulin) L M R
R 48 (45.3%) 20 (18.9%) 1(0.9%) 27 (25.5%)
M 7 (6.6%) 2(1.9%) 1(0.9%) 4(3.8%)
L 51 (48.1%) 26 (24.5%) 1(0.9%) 24 (22.7%)
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cued oep mutant fish both display highly penetrant L-R
heterotaxia defects. Notably, in Cryptic as well as oep
mutant embryos, Nodal, Lefty2/antivin, and Pitx2 are
not expressed in the lateral plate mesoderm, indicating
that EGF-CFC activity is essential for asymmetric gene
expression in the lateral mesoderm. Taken together, our
findings with oep mutant fish are analogous to those for
Cryptic mutant mice, and establish an evolutionarily
conserved requirement for EGF-CFC genes in the estab-
lishment of L-R asymmetry in vertebrates. Interestingly,
this evolutionary conservation of EGF-CFC activity in
the L-R pathway markedly contrasts with the apparent
non-conserved roles of Fgf8 and Shh in the mouse and
chick (Meyers and Martin 1999).

Essential function of EGF-CFC genes in L-R
axis specification

Our results can be readily integrated with a general path-
way for L-R axis determination in which initial L-R sym-
metry is broken in or around the node, and subsequent
L-R positional information is transferred to the lateral
plate mesoderm (Levin et al. 1995; Logan et al. 1998;
Pagan-Westphal and Tabin 1998; Beddington and Robert-
son 1999). Given the requirement of oep activity for
nodal signaling in zebrafish and the functional conser-
vation of EGF-CFC proteins (Gritsman et al. 1999), we
propose that Cryptic and oep are essential for Nodal sig-
naling in L-R axis specification. Our findings indicate
that EGF-CFC activity is required prior to the activation
of L-R asymmetric gene expression in the periphery and
may be involved in events downstream from an initial
process that breaks L-R symmetry.

Specifically, our results are consistent with two pos-
sible models for EGF-CFC function in L-R axis forma-

EGF-CFC genes in left-right axis formation

Figure 5. Expression of L-R pathway genes in oep mutant
embryos. Dorsal view (anterior to the left) of 22-somite-
stage (a—d) and 24-somite-stage (e,f) embryos following
L whole-mount in situ hybridization with pitx2 (a,b), cy-
clops (c,d), or antivin (e,f). Normal expression in the left
R lateral plate is only detected in wild-type (a,c, oep/+ em-
bryo injected with oep mRNA; e, oep/+ embryo injected
with lacZ mRNA) but not in maternal-zygotic oep mu-
tants whose early patterning defects were rescued by oep
mRNA injection (b, n = 58 embryos analyzed between 14-
and 24-somite stages; d, n = 67; f, n = 44). Note the normal
L  expression of pitx2 in the spinal cord (b).

tion (Fig. 6). In the first model, Cryptic/oep would be
required in the lateral plate mesoderm to mediate the
response to an asymmetric ‘left’-determining signal ema-
nating from the node (Fig. 6a,b). This signal might cor-
respond to Nodal itself, as we have shown previously
that EGF-CFC proteins are required for cells to respond
to Nodal signals (Gritsman et al. 1999). In this scenario,
Nodal signaling from the node or its derivatives cannot
be received due to the absence of EGF-CFC activity in
the lateral plate.

In the second model for EGF-CFC function, Cryptic/
oep would be required at an earlier stage in the node or
its derivatives for the generation or propagation of an
asymmetric signal, which could either correspond to
Nodal itself or be dependent on Nodal signaling (Fig. 6¢c).
Defects in axial midline structures often result in L-R
laterality defects and alterations in asymmetric gene ex-
pression, as seen for mouse mutations in no turning,
HNEF-3B, Brachyury, and SIL (Dufort et al. 1998; King et
al. 1998; Melloy et al. 1998; Izraeli et al. 1999) and for
zebrafish mutations in no tail or floating head (Danos
and Yost 1996; Chen et al. 1997). Although there are no
apparent structural defects in the node or its derivatives
in Cryptic and partially rescued oep mutants, absence of
EGF-CFC activity might result in a block in Nodal sig-
naling in the axial midline, indirectly leading to defects
in the lateral plate (Fig. 6¢). Of course, these models are
not mutually exclusive, and Cryptic/oep may act in both
the node and lateral plate. In either case, EGF-CFC ac-
tivity would play an essential role in transferring L-R
positional information from the node to the periphery,
resulting in asymmetric Nodal and Lefty2/antivin ex-
pression in the lateral plate mesoderm, asymmetric
Leftyl expression in the mouse floor plate, and subse-
quent asymmetric Pitx2 expression, ultimately leading
to specification of individual organ situs.

GENES & DEVELOPMENT 2533



Yan et al.

lid typa EGE-CRE rubsnl EQF-CFG muimni
e IHr|f.ﬁ Bagiy [F] maia Fagra Lok L ! gy I
s —— iy - gl et ~ [
froaty  |rmmipe] —— " e o sty - —r
1
4
Lty
T
Srmiat

EGF-CFCaxpression /¢ NodalEGF-CFC co-expression

(7]

frogmam
Foaag plar

:l_”..
Pl

L ¢

B Modal expression

Figure 6. Schematic model for EGF-CFC function in L-R axis formation. (a) In wild-type embryos, a asymmetric signal emanating
from the node activates expression of Nodal/cyclops and Lefty2/antivin in the left lateral plate mesoderm, as well as Lefty1 in the left
prospective floor plate, leading to subsequent activation of Pitx2 and specification of organ situs. The node-derived signal could
correspond to Nodal itself or to a hypothesized factor downstream of Shh signaling that conveys L-R positional information in the
chick (Pagan-Westphal and Tabin 1998). (b) In this model, the response to the asymmetric node-derived signal is mediated by
Cryptic/oep, which is symmetrically expressed in the lateral plate mesoderm. In the absence of EGF-CFC activity, the lateral plate
and prospective floor plate do not respond to the node-derived signal, and asymmetric gene expression fails to occur, resulting in
subsequent L-R laterality defects. (c) Here, Cryptic/oep is required to mediate a Nodal activity that is downstream of an initial L-R
symmetry-breaking event in or around the node. As a consequence, L-R laterality is specified around the node but fails to be propagated

to the lateral plate mesoderm.

Cryptic mutants as a model for right isomerism/
asplenia syndrome

In humans, the proper L-R situs of the visceral tissues is
critical for their morphogenesis and/or physiological
function, particularly in the cardiovascular system. In
particular, children born with severe heterotaxia gener-
ally die shortly after birth, usually due to severe cardiac
defects. In many cases, laterality defects in humans that
result in heterotaxia can be classified into two primary
categories: right isomerism associated with asplenia/hy-
posplenia and, conversely, left isomerism associated
with polysplenia (Goldstein et al. 1998; Kosaki and Ca-
sey 1998). Our studies show that Cryptic mutant mice
recapitulate many features of the right isomerism/asple-
nia syndrome, suggesting that the Cryptic mutant mice
may represent a model for a major category of human
L-R laterality defects.

Interaction of EGF-CFC genes with the Nodal
signaling pathway

In contrast to the phenotype reported here for oep, mu-
tations in the zebrafish nodal gene cyclops do not result
in a significant incidence of heart looping defects (Chen
et al. 1997). These differing laterality phenotypes of oep
versus cyclops mutants may be due to redundant func-
tions of zebrafish nodal-related genes in L-R axis deter-
mination. Moreover, a direct requirement for mouse
Nodal in L-R patterning has also been difficult to estab-
lish, due to the early embryonic lethality of Nodal mu-
tants, which precludes analysis of later defects. None-
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theless, the L-R phenotypes of Cryptic and oep mutants,
together with the phenotypes of Nodal'/~; HNF-3B*/~
and Nodal*/~; Smad2*/~ mutants (Collignon et al. 1996;
Nomura and Li 1998), strongly suggest that Nodal sig-
nals are essential for L-R axis specification.

Although the Nodal signaling pathway has not been
analyzed at the biochemical level, loss- and gain-of-func-
tion studies in mouse, frog, and fish suggest that during
gastrulation Nodal signals may act via activin-like recep-
tors (Hemmati-Brivanlou and Melton 1992; Armes and
Smith 1997; Chang et al. 1997; New et al. 1997; Oh and
Li 1997; Gu et al. 1998; Gritsman et al. 1999; Meno et al.
1999) and the transcription factor Smad2 (Baker and Har-
land 1996; Graff et al. 1996, Nomura and Li 1998;
Waldrip et al. 1998; Weinstein et al. 1998). During germ-
layer formation, Nodal signaling has also been shown to
be dependent on EGF-CFC activity (Gritsman et al.
1999 and to be antagonized by members of the Lefty
family (Bisgrove et al. 1999; Meno et al. 1999; Thisse and
Thisse 1999). Therefore, it is thought that during gastru-
lation, Nodal signals are dependent on EGF-CFC pro-
teins to activate activin-like receptors and Smad2, lead-
ing to the induction of Lefty genes and the attenuation of
Nodal signaling.

Comparison of the L-R phenotypes of Cryptic and oep
mutants with the defects found in Leftyl and ActRIIB
mutant mice extends this model to L-R axis determina-
tion, raising the possibility that EGF-CFC proteins act
universally as essential cofactors for Nodal signaling.
First, mice lacking Leftyl (Meno et al. 1998) frequently
display left pulmonary isomerism and bilateral expres-
sion of Nodal, Lefty2, and Pitx2. In contrast, Cryptic



mutants display right pulmonary isomerism and lack
asymmetric gene expression in the lateral plate meso-
derm. These opposing phenotypes support the notion
that Leftyl acts by antagonizing EGF-CFC dependent
Nodal activity during L-R determination. Secondly, the
phenotype of Cryptic mutants superficially resembles
that of ActRIIB mutant mice, which display right pul-
monary isomerism and severe cardiac defects (Oh and Li
1997). Moreover, although Smad2 homozygotes display
early embryonic lethality due to defective specification
of the anteroposterior (AP) axis (Nomura and Li 1998;
Waldrip et al. 1998; Weinstein et al. 1998), a significant
percentage of Nodal*/~; Smad2*/~ compound heterozy-
gotes display L-R laterality defects (Nomura and Li
1998), which are similar to those of Cryptic mutants.
The greater severity of the laterality defects in Cryptic
mice relative to those of ActRIIB mutants may reflect
the ability of Nodal in conjunction with EGF-CFC pro-
teins to signal through a type II receptor that is partially
redundant with ActRIIB, perhaps ActRIIA (also known
as ActRII). In summary, these findings indicate that
Nodal signaling during L-R development is mediated by
EGF-CFC proteins, activin receptors, and Smad2.

Conservation of EGF-CFC function in embryonic
axis formation

The phenotypes of Cripto and Cryptic mutations in mice
bear remarkable similarity to those of mutant zebrafish
with different timing of oep activity. Specifically, com-
plete removal of both maternal and zygotic oep activity
(MZoep mutants) results in loss of head and trunk me-
soderm, endoderm, and an incorrectly positioned AP axis
(Gritsman et al. 1999), a phenotype similar to that of
Cripto mutant mice (Ding et al. 1998). Conversely, res-
toration of early oep activity to MZoep embryos by oep
mRNA injection rescues these defects, but the insuffi-
cient persistence of injected mRNA results in a subse-
quent L-R laterality defect that strongly resembles the
phenotype of Cryptic mutants. Taken together, our re-
sults indicate that a Nodal and EGF-CFC signaling path-
way is essential for both the AP and L-R axes in verte-
brates, with the dual role for oep in both processes in fish
being divided between the related genes Cripto and
Cryptic in mice.

Materials and methods

Gene targeting

A murine Cryptic cDNA was used to screen a NFIXII library
constructed from 129Sv/] genomic DNA (Stratagene), resulting
in the isolation of a 21-kb genomic clone containing the entire
coding region. To construct a targeting vector for Cryptic, a
3.5-kb Xbal-Smal 5' flank was subcloned into the Xbal-Smal
sites of pTKLNL (Mortensen 1999), followed by subcloning of a
5.0-kb Smal-Nhel 3’ flank, such that the PGK-neo and PGK-tk
cassettes are in the opposite transcriptional orientation to Cryp-
tic. Targeting was performed using TC1 ES cells (Deng et al.
1996), with targeted clones obtained at a frequency of 5% (4/88);

EGF-CFC genes in left-right axis formation

ES cell culture and blastocyst injection were performed as de-
scribed previously (Ding et al. 1998). Chimeric males obtained
following blastocyst injection were bred with Black Swiss fe-
males (Taconic), and germ-line transmission was obtained from
one targeted ES clone; two independent lines were also derived
using a different targeting vector (Y.-T. Yan, S.M. Price, and
M.M. Shen, unpubl.). These targeted Cryptic mutations have
been maintained through backcrossing with outbred Black
Swiss mice; the phenotype appears similar in each line. In ad-
dition, the homozygous phenotype appears similar in a hybrid
129/SvEvTac-C57BL/6] strain background.

Mouse genotyping and phenotypic analysis

Genotyping was performed by Southern blotting or by PCR us-
ing genomic DNA prepared from tails or embryonic visceral
yolk sac. Primers for genotyping were as follows: for wild-type
Cryptic, 5'GGAGATGGTGCCAGAGAAGTCAGC3'  and
5'AATAGGCAGGGCACACGCAGAAAC3’; for neo, 5'CT-
GCCGCGCTGTTCTCCTCTTCCT3’ and 5’ACACCCAGCC-
GGCCACAGTCG3'. The presence of cardiac septal defects and
transposition of the great arteries was scored by injection of
bromphenol blue dye into the right ventricle (Oh and Li 1997),
and ventriculoarterial alignment was confirmed by histological
sectioning. Cardiac histology was performed by hematoxylin-
eosin staining of paraffin sections, with attention given to L-R
orientation of sections. Whole-mount in situ hybridization to
mouse embryos was performed as described (Ding et al. 1998),
using probes for murine Lefty1 (Meno et al. 1997), Lefty2 (Meno
et al. 1997), Nodal (Lowe et al. 1996), and Pitx2 (Lanctet et al.
1999).

Zebrafish genetics and phenotypic analysis

Homozygous oep'®®”/oep'?®” adults were obtained by rescue of

homozygous oep'#®” /oep'?>” embryos with oep mRNA (Zhang et
al. 1998; Gritsman et al. 1999). To rescue the early patterning
defects of oep mutants, maternal-zygotic oep'?°”/oep'*®” em-
bryos were injected with 25-50 pg of oep mRNA at the one- to
four- cell stage. Heart looping was scored in live embryos and by
immunohistochemistry using the MF20 antibody (Bader et al.
1982) that recognizes a myosin heavy chain. Embryos were then
processed for in situ hybridization using an insulin antisense
RNA probe (Milewski et al. 1998). Whole-mount in situ hybrid-
ization for cyclops, antivin, and Pitx2 was performed as de-
scribed (Zhang et al. 1998). Zebrafish pitx2 was cloned by
screening of a cDNA library (kindly provided by B. Appel and J.
Eisen, University of Oregon, Eugene) with a PCR-amplified
pitx2 homeobox probe (R.D. Burdine; A.F. Schier, and W.S. Tal-
bot, GenBank accession nos. AF156905 and AF156906).
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