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ABSTRACT
Lhx1 encodes a LIM homeobox transcription factor that is expressed
in the primitive streak, mesoderm and anterior mesendoderm of the
mouse embryo. Using a conditional Lhx1 flox mutation and three
different Cre deleters, we demonstrated that LHX1 is required in the
anterior mesendoderm, but not in the mesoderm, for formation of the
head. LHX1 enables the morphogenetic movement of cells that
accompanies the formation of the anterior mesendoderm, in part
through regulation of Pcdh7 expression. LHX1 also regulates, in the
anterior mesendoderm, the transcription of genes encoding negative
regulators of WNT signalling, such as Dkk1, Hesx1, Cer1 and Gsc.
Embryos carrying mutations in Pcdh7, generated using CRISPR-
Cas9 technology, and embryos without Lhx1 function specifically
in the anterior mesendoderm displayed head defects that
partially phenocopied the truncation defects of Lhx1-null mutants.
Therefore, disruption of Lhx1-dependent movement of the anterior
mesendoderm cells and failure to modulate WNT signalling
both resulted in the truncation of head structures. Compound
mutants of Lhx1, Dkk1 and Ctnnb1 show an enhanced head
truncation phenotype, pointing to a functional link between LHX1
transcriptional activity and the regulation of WNT signalling.
Collectively, these results provide comprehensive insight into the
context-specific function of LHX1 in head formation: LHX1 enables
the formation of the anterior mesendoderm that is instrumental for
mediating the inductive interaction with the anterior neuroectoderm
and LHX1 also regulates the expression of factors in the signalling
cascade that modulate the level of WNT activity.
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INTRODUCTION
WNT activity is important for regulating cell proliferation,
differentiation and polarity (van Amerongen and Nusse, 2009),
and for the anterior-posterior patterning of vertebrate embryos
(Kiecker and Niehrs, 2001; Petersen and Reddien, 2009; Hikasa and
Sokol, 2013). In the mouse, formation of the embryonic head
requires stringent control of the level of WNT signalling during
early postimplantation development (Fossat et al., 2011b, 2012;

Arkell et al., 2013). Elevated WNT signalling is incompatible with
anterior development. In Six3-deficient mutants, ectopic expression
of Wnt1 is associated with the truncation of forebrain structures
(Lagutin et al., 2003). In embryos lacking Dkk1, which encodes a
secreted WNT antagonist, the region of the head rostral to the
midbrain is truncated (Mukhopadhyay et al., 2001). DKK1 forms a
complex with LRP6-KREMEN1, which sequesters the WNT co-
receptor LRP6, preventing the formation of a functional frizzled-
LRP receptor complex for signal transduction via β-catenin, thereby
blocking WNT signalling (Zorn, 2001). Point mutations of Lrp6
and Ctnnb1 (which encodes β-catenin), which result in gain of
function of the co-receptor and the transducer, respectively, are
associated with head truncation (Fossat et al., 2011b). The
interaction between Dkk1, Lrp6 and Ctnnb1 mutations (Fossat
et al., 2011b) points to a crucial role of WNT/β-catenin signalling in
head development and that elevated WNT activity underpins the
failure to form the embryonic head.

Consistent with the concept that suppression of WNT signalling
activity is required for head morphogenesis, the expression of
several WNT inhibitors (Dkk1, Cer1, Sfrp1 and Sfrp5) is
regionalised to anterior germ layer tissues, whereas the expression
of ligands (Wnt3,Wnt3a andWnt5) is principally in posterior tissues
(Mukhopadhyay et al., 2003; Kemp et al., 2005; Petersen and
Reddien, 2009). Before gastrulation, cells of the extra-embryonic
anterior visceral endoderm (AVE) express WNT inhibitors (Pfister
et al., 2007). During gastrulation, the AVE is replaced by a mixed
population of cells called the anterior mesendoderm (AME) that
comprises the axial mesendoderm and the definitive endoderm. The
AME, like the AVE, produces WNT inhibitors and is instrumental
in inducing and maintaining the anterior characteristics of the
neuroectoderm during the morphogenesis of head structures
(Camus et al., 2000).

Lhx1 (also known as Lim1) encodes a LIM homeobox
transcription factor. Loss of Lhx1 function results in head
truncation (Shawlot and Behringer, 1995) that phenocopies loss
of Dkk1 function. Chimera studies show that normal head
development requires Lhx1 function in both the AVE and the
epiblast (Shawlot et al., 1999). Cre-mediated ablation of Lhx1
specifically in epiblast-derived tissues also produces a head
truncation phenotype (Kwan and Behringer, 2002; Tanaka et al.,
2010), but the developmental process underpinning the mutant
phenotype has not been investigated and it is not known whether
Lhx1 is required specifically in either the mesoderm or the AME,
which are both derived from the epiblast. LHX1 forms a complex
with LDB1 and SSBP3 (also known as SSDP1) that regulates the
expression of target genes (Hobert and Westphal, 2000;
Enkhmandakh et al., 2006). Like Lhx1−/− embryos, Ldb1−/− and
Ssbp3−/− embryos also display truncation of head structuresReceived 9 December 2014; Accepted 19 April 2015

1Embryology Unit, Children’s Medical Research Institute, Westmead, New South
Wales 2145, Australia. 2Discipline of Medicine, Sydney Medical School, University
of Sydney, Sydney, NewSouthWales 2006, Australia. 3Department of Genetics, MD
Anderson Cancer Center, University of Texas, Houston, TX 77005, USA.
*Present address: School of Life Sciences, The Chinese University of Hong Kong,
Hong Kong SAR, China.
‡These authors contributed equally to this work

§Author for correspondence (nfossat@cmri.org.au)

2069

© 2015. Published by The Company of Biologists Ltd | Development (2015) 142, 2069-2079 doi:10.1242/dev.120907

D
E
V
E
LO

P
M

E
N
T



(Mukhopadhyay et al., 2003; Nishioka et al., 2005). In Ldb1
mutants, the expression of genes that encode WNT inhibitors
(Frzb, Sfrp1, Sfrp2, Cer1 and Dkk1) is reduced; and in Ssbp3
mutants, Dkk1 expression is lost from the prechordal plate
(Mukhopadhyay et al., 2003; Nishioka et al., 2005). These
findings suggest that elevated WNT signalling might be
contributing to the truncation of anterior structures in embryos
that have lost Lhx1-related function.
In the present study, we show that loss of Lhx1 in the epiblast

results in a failure to form the AME. Head formation is affected in
these mutants, which may be due to the lack of expression of WNT
antagonists that are normally expressed in the AME. By inactivating
Lhx1 in the AME after it is formed, we show that these mutants
also display head truncation, which is accompanied by a failure to
activate the expression of Lhx1 downstream genes, including the
WNT antagonists. Genetic interaction studies provide further
evidence that LHX1 activity intersects with the WNT/β-catenin
signalling pathway. Our findings have revealed the context-specific
functions of LHX1 in the formation of the AME and in the
transcriptional regulation of genes encodingWNT antagonists in the
AME. In both modes of action, LHX1 engages with the modulation
of WNT signalling activity, which influences the formation of the
embryonic head.

RESULTS
Loss of Lhx1 activity in the epiblast causes head truncation
Before gastrulation, Lhx1 is expressed in the extra-embryonic AVE
(supplementary material Fig. S1). During gastrulation, Lhx1
expression is initially detected in the proximal-posterior epiblast
where the primitive streak will form, and subsequently in the
nascent mesoderm and the AME (supplementary material Fig. S1).
Lhx1 expression is not detected in the ectoderm (supplementary
material Fig. S1).

To investigate the tissue-specific requirement of Lhx1 in the
epiblast and its derivatives, we studied the phenotype of embryos
in which Lhx1 activity was ablated in the epiblast by Meox2-Cre
activity (Lhx1flox/−;Meox2+/Cre, hereafter Lhx1-epiCKO embryo).
In mid-streak stage mutant embryos, Lhx1 expression was
maintained in the AVE (Fig. 1A) but was drastically reduced in
the mesoderm. In early-bud stage Lhx1-epiCKO embryos, Lhx1
expression was completely lost from the mesoderm and the AME
(Fig. 1A). At gastrulation, Lhx1-epiCKO embryos were similar in
size and morphology to controls (Fig. 1A) and formed a primitive
streak (that expressed T; Fig. 1B). However, little or no expression
of Otx2 was detected in the anterior ectoderm (Fig. 1B), indicating
a loss of anterior neural tissue potency (Iwafuchi-Doi et al., 2012).
Marker analysis of E8.5 Lhx1-epiCKO embryos revealed the loss

Fig. 1. Conditional ablation of Lhx1 activity in Lhx1-epiCKOmouse embryos. (A) Lhx1 expression in early-streak (ES), mid-streak (MS) and early-bud (EB)
stage control embryos and the loss of expression in epiblast-derived tissues of Lhx1-epiCKO embryos. (B) Normal expression of T in the primitive streak and
reduced expression of Otx2 in the anterior neuroectoderm of E7.75 head-fold (HF) stage Lhx1-epiCKO embryos. (C) Expression of Six3, Hesx1 and Fgf8
(forebrain markers), En1 (midbrain marker), En1 and Fgf8 (mid-hindbrain junction markers) and Gbx2 and Krox20 (hindbrain markers) in E8.5 (5- to 8-somite)
control and Lhx1-epiCKO embryos. The schematic summarises the expression pattern of the markers (colour-coded by gene name). (D) The head truncation
phenotype of E9.5 Lhx1-epiCKO embryos. All panels show a lateral view with anterior to the left. ant, anterior; pos, posterior; prx, proximal; dis, distal; AVE,
anterior visceral endoderm; M, mesoderm; PS, primitive streak; AME, anterior mesendoderm. Scale bars: 100 µm.
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of the precursor of the dorsal and ventral forebrain (indicated by
Six3, Hesx1, Fgf8 expression), the midbrain (En1) and the mid-
hindbrain junction (En1, Fgf8), whereas that of the hindbrain
[Gbx2, Krox20 (also known as Egr2)] was relatively intact
(Fig. 1C). At E9.5, the Lhx1-epiCKO embryos displayed a fully
penetrant head truncation phenotype (Fig. 1D; supplementary
material Table S1).

Loss of Lhx1 disrupts the formation of anterior midline
tissues
In the anterior region of Lhx1-epiCKO embryos at E7.5-E7.75,
before the manifestation of the abnormal head phenotype, the
expression of Dkk1, Hesx1, Cer1 and Gsc was lost or reduced
(Fig. 2A). Although cells expressing Nog, Chrd and Foxa2 were
present in the node and in the midline tissue immediately anterior to

Fig. 2. Development of anterior midline tissues in Lhx1-epiCKO embryos. (A) Expression of Dkk1, Hesx1, Cer1, Gsc, Nog, Chrd, Foxa2 and Shh in E7.75-
E8.0 control and Lhx1-epiCKO embryos at the following stages: early-bud (EB), head-fold (HF); late head-fold (LHF); neural groove (NG); late-bud (LB); no-bud
(0B); one-somite (1S); two-somite (2S). ForShh expression, the plane of the transverse sections shown in i and ii is marked on the lateral view of thewhole-mount
specimen. The boxed regions in i and ii are magnified in iii and iv. (B) Dye-labelled endoderm cells overlying the anterior (A, red fluorescence) and posterior (P,
green fluorescence) segments of the primitive streak of mid-streak stage control and Lhx1-epiCKO embryos at t=0 h (the time the cells were labelled) and the
distribution of labelled cells of the same embryos after 24 h of in vitro culture (t=+24 h). Arrowheads indicate the site of anteriormost migration of the endoderm
cells originating from cells overlying the anterior segment of the primitive streak (the presumptive AME progenitor). (C) Confocal image of no-bud stage control
embryo showing incorporation of the FOXA2-expressing (red in the nucleus) cells into the endoderm (E-cadherin, green on the cell membrane). By contrast,
the bulk of FOXA2-expressing cells were retained in the primitive streak of Lhx1-epiCKO embryos. Nuclei are stained by DAPI (blue). The boxed regions are
magnified in i and ii. All panels show a lateral view of whole-mount specimens and sections with anterior to the left, except for the en face views in A. Scale bars:
100 µm in A (except iii,iv) and B; 50 µm in Aiii,iv and C.
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the node of the gastrula stage embryo, Foxa2 and Shh expression
was missing from the rostral tissues of the early-somite stage
embryo (Fig. 2A). No Shh-expressing cells were present in the
midline beneath the floor plate of the neural folds (Fig. 2Ai-iv).
These findings suggest that Lhx1-deficient cells might be unable to
form the AME.
To further investigate this possibility, we labelled the endoderm

overlying the anterior segment of the primitive streak of the mid-
streak stage embryo, where the precursors of the AME initially
reside following recruitment from the epiblast (Tam et al., 2007)
(Fig. 2B). After 24 h of in vitro culture, the labelled cells in control
embryos (n=8) were distributed along the full extent of the anterior-
posterior axis, whereas their counterparts in Lhx1-epiCKO
embryos (n=7) failed to extend anteriorly but remained in the
posterior region of the embryo (Fig. 2B). During gastrulation, the
axial mesendoderm and the definitive endoderm are formed by
recruiting Foxa2-expressing cells from the epiblast, which then
transit through the primitive streak and expand after integration into
the endoderm layer to populate the AME (Fig. 2C; n=5) (Burtscher
and Lickert, 2009; Viotti et al., 2014). In Lhx1-epiCKO mutants the
endoderm contained a sparse population of FOXA2-positive cells,
while the bulk of the FOXA2-positive cells remained in the
primitive streak (Fig. 2C; n=5). The absence of Shh- and Foxa2-
expressing axial mesendoderm in Lhx1-epiCKO embryos might
therefore be a consequence of the impaired morphogenetic
movement of the Lhx1-deficient AME progenitor cells.
In Xenopus embryos, knockdown of XLim1 (the Lhx1 orthologue)

leads to a headless phenotype that is accompanied bya lackof anterior
extension of the chordamesoderm (the equivalent of the axial
mesendoderm of the mouse). This morphogenetic defect can be
rescued by expressing XPapc, a protocadherin in the planar cell
polarity pathway, which promotes anterior extension of the XLim1-
deficient chordamesoderm tissue (Hukriede et al., 2003). In the
mouse embryo,Pcdh8 (the orthologue ofXPapc) is expressed only in
the mesoderm (supplementary material Fig. S2C) (Hukriede et al.,
2003) and, although it is downregulated in the Lhx1-null mutant
(Hukriede et al., 2003), loss of Pcdh8 function has no impact on head
development (Yamamoto et al., 2000). We therefore examined the
possibility that, in mouse, LHX1 controls the expression of other
protocadherins that may be required for head formation.
Pcdh8 belongs to the Pcdhδ family, which has nine members

(Morishita and Yagi, 2007). It also has two putative paralogues,
Pcdh12 and Pcdh20 (Flicek et al., 2013). Expression of all of these
Pcdh genes was detectable by RT-PCR in E7.75 mouse embryos
(supplementary material Fig. S2A). In P19 embryonal carcinoma
cells that were transfected with constructs encoding LHX1 alone or
in combination with the two co-factors, LDB1 and SSBP3, only
Pcdh7, Pcdh8 and Pcdh19 were activated by LHX1 or LHX1 plus
its co-factors as compared with control transfections (Fig. 3A;
supplementary material Fig. S2B).
We next investigated the expression of these Pcdh genes in

embryos. During gastrulation, Pcdh7 is expressed, like Lhx1, in the
mesoderm and the AME (Fig. 3B), but Pcdh19 and Pcdh8 are
expressed only in the mesoderm (supplementary material Fig. S2C).
Focusing on Pcdh7, we found that its expression was reduced in
Lhx1-epiCKO embryos (Fig. 3C). We identified two regions in the
Pcdh7 locus that are conserved between mouse and human and
contain LHX1 recognition motifs (YTAATNN; where Y is C or T
and NN is TA, TG, CA, GG or GA) (Mochizuki et al., 2000; Sudou
et al., 2012; Yasuoka et al., 2014); they were localised ∼0.2 kb
upstream (−0.2R) and ∼8.5 kb downstream (+8.5R) of the Pcdh7
START codon (Fig. 3D; supplementary material Fig. S3).

Chromatin immunoprecipitation (ChIP)-qPCR analysis was
performed with an anti-HA antibody on P19 cells that were
transfected with a plasmid expressing HA-tagged wild-type (LHX1-
HA) or HA-tagged mutant (LHX1Δ-HA, lacking DNA- and
protein-binding domains) LHX1 protein. Both −0.2R and +8.5R
regions were bound by LHX1 but not LHX1Δ (Fig. 3E).
Furthermore, both regions could mediate the activation of a
luciferase reporter by LHX1, but not LHX1Δ (Fig. 3F).

We then tested the functional requirement for Pcdh7 in
embryonic development. Using CRISPR-Cas9 editing (Ran et al.,
2013), two independent embryonic stem cell (ESC) clones, each
harbouring frameshift mutations immediately downstream of the
START codon on both alleles of Pcdh7 (supplementary material
Fig. S4), were generated. Chimeric embryos were produced by
introducing these ESC clones into 8-cell host embryos expressing a
Rosa26-lacZ transgene, which allowed an unequivocal assessment
of the contribution of the lacZ-negative ESCs to the embryo proper
(see Materials and Methods; Fig. 3G). E9.5 chimeras that were
composed almost entirely of mutant ESCs displayed a reduced
forebrain and an open neural tube (Fig. 3G; Pcdh7−14/−2 n=3,
Pcdh7+1/−2 n=4). This phenotype was not observed in control
chimeras generated with the parental ESC line (Fig. 3G; wild type
n=3). In 7/9 E7.75 embryos generated with the mutant ESCs, a
shorter Shh-positive midline structure was formed than in stage-
matched control embryos (n=5) (Fig. 3H). Altogether, these results
suggest that the reduction of Pcdh7 expression in Lhx1-epiCKO
embryos might contribute to the defect in AME formation and the
head truncation phenotype.

Lhx1 function is required in the AME for head formation
In gastrula stage embryos, Lhx1 is expressed in the mesoderm and
the AME (supplementary material Fig. S1). To study the
requirement for Lhx1 in these two tissues, we generated mutant
embryos in which Lhx1 was ablated either in the mesoderm or the
AME. To inactivate Lhx1 flox in the mesoderm, we used a Cre
recombinase that is expressed from the Mesp1 locus (Saga et al.,
1999). Mesoderm cells that expressMesp1-Cre have been shown to
contribute extensively to the cranial mesenchyme (Saga et al., 1999;
Bildsoe et al., 2013). In the mesoderm conditional mutant (Lhx1flox/−;
Mesp1+/Cre, hereafter Lhx1-mesCKO) embryos, Lhx1 expression
was detected initially in the nascent mesoderm adjacent to the
primitive streak (supplementary material Fig. S5A, LS) but was lost
in the fully formed mesoderm, whereas expression was retained in
the AME (supplementary material Fig. S5A, OB, EB-LB). Despite
the loss of Lhx1 expression in the mesoderm, Lhx1-mesCKO
embryos were morphologically indistinguishable from controls
(supplementary material Fig. S5B), suggesting that Lhx1 function in
the mesoderm is unlikely to be crucial for head development.

To assess the function of Lhx1 in the AME, the Lhx1 flox
allele was ablated by tamoxifen-activated MerCreMer (mcm)
recombinase expressed from the Foxa2 locus (Park et al., 2008).
Foxa2 is expressed in the AME and the endoderm, but not the
mesoderm (Burtscher and Lickert, 2009). Expression of the lacZ
reporter in tamoxifen-treated Foxa2+/mcm;Rosa26+/R26R embryos
showed that MerCreMer was activated widely in the endoderm layer
of the embryo, which encompassed the Lhx1-expressing
AME tissues (Fig. 4A) (Park et al., 2008; Ip et al., 2014). When
Lhx1flox/flox mice were crossed with Lhx1+/−;Foxa2+/mcm mice or
Lhx1+/−;Foxa2mcm/mcm mice, embryos of four genotypes (Lhx1+/flox;
Foxa2+/+, Lhx1flox/−;Foxa2+/+, Lhx1+/flox;Foxa2+/mcm, Lhx1flox/−;
Foxa2+/mcm) were obtained. Twenty-eight hours after injection at
E6.5, Lhx1 expression was markedly reduced or absent in the AME
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of tamoxifen-treated Lhx1flox/−;Foxa2+/mcm (Lhx1-ameCKO)
embryos, as compared with mock-treated (vehicle only) Lhx1flox/−;
Foxa2+/mcm or tamoxifen-treated Lhx1flox/−;Foxa2+/+ controls
(Fig. 4B). At E9.5, 90% of the Lhx1-ameCKO embryos
displayed some degree of head truncation (Fig. 4C,D;
supplementary material Table S2). The expression of forebrain
markers was lost or reduced in the Lhx1-ameCKO embryos

(Fig. 4E). These results highlight an essential role for Lhx1 in the
AME for head formation.

We next examined the AME of the Lhx1-ameCKO embryos. In
contrast to Lhx1-epiCKO embryos, the Lhx1-ameCKO embryos
formed an Shh-expressing midline structure similar to the anterior
midline of control embryos (Fig. 4F). However, in situ hybridisation
showed that the expression of Dkk1, Hesx1, Cer1 and Gsc was

Fig. 3. Pcdh7 and head formation. (A) Expression of Pcdh7 (relative to β-actin) analysed by RT-qPCR in P19 cells transfected with different combinations of
vectors expressing a mock protein, Lhx1, Ldb1+Ssbp3 and Lhx1+Ldb1+Ssbp3. (B) Lhx1 and Pcdh7 show overlapping expression in themesoderm and the AME
(asterisk) in mid-streak (MS) and no-bud (0B) stage embryos. (C) Pcdh7 expression was reduced in Lhx1-epiCKO embryos. LS, late-streak stage. (D) Genomic
structure of the mouse Pcdh7 locus. Coordinates are indicated relative to the START codon. Grey boxes, exons; orange lines, the conserved regions analysed in
E and F; green circles, LHX1 recognition motifs. (E) qPCR of Pcdh7 regions −0.2R and +8.5R and a region not bound by LHX1 (non target) following
immunoprecipitation with an anti-HA antibody from P19 cells that were co-transfected with Ldb1+Ssbp3+Lhx1-HA or Ldb1+Ssbp3+Lhx1Δ-HA expression
vectors. Results are normalised to qPCR results of input samples. (F) Firefly luciferase activity (relative toRenilla luciferase) in P19 cells co-transfected with pGL3
vector (empty) or containing the Pcdh7 −0.2R or the Pcdh7 +8.5R region, a Renilla expression vector and different combinations of vectors expressing a mock
protein, Lhx1Δ or Lhx1. (G) ESCs (lacZ-negative)↔Rosa26 (lacZ-positive) chimeras at E9.5. Chimeras with a predominant contribution of lacZ-negative mutant
cells (Pcdh7−14/−2 orPcdh7+1/−2 clones) to the embryo proper showed reduced head size, an open neural tube (dorsal view of the head region in insets) and were
missing forebrain structure. Chimeras with a predominant contribution of lacZ-negative wild-type cells developed a normal head. (H) E7.75 chimeras generated
with Pcdh7 mutant cells have a shorter Shh-expressing midline structure than chimeras generated with wild-type ESCs. Bottom panels are en face views of the
embryo. NG, neural-groove stage; HF, head-fold stage. (A,E,F) Data are presented as the mean±s.e. of n=3 independent experiments for each condition of
transfection. *P<0.05, **P<0.01, ***P<0.001, no significant difference (ns) by t-test. All panels show a lateral view with anterior to the left, except for the insets in
G and the en face views in H. Scale bars: 100 µm.
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reduced in the mutant embryos (Fig. 5A), which was confirmed by
RT-qPCR analysis (Fig. 5B). Furthermore, we showed that Lhx1
expression, in combination with Ldb1 and Ssbp3, could activate
these four genes in P19 cells (Fig. 5C).
Hesx1 is a known LHX1 target in mouse. LHX1 binds the

dTAAT and pTAAT elements (referred to hereafter as the dp region)
of theHesx1 locus (Fig. 5D) (Chou et al., 2006). As expected, ChIP-
PCR in P19 cells using the anti-HA antibody and the LHX1-HA
expression constructs confirmed the binding of LHX1 to the dp
region of the Hesx1 locus (Fig. 5E). Cer1 and Gsc have also been
reported to be directly regulated by XLIM1 in Xenopus, which binds
to a region referred to as U1 (Sudou et al., 2012). The U1 region of
Gsc is conserved in mouse and is also recognised by LHX1
(Fig. 5D,E; supplementary material Fig. S6A). However, no
equivalent of the U1 region of Xenopus Cer1 (Sudou et al., 2012)
was found in mouse. Instead, we showed that LHX1 could bind to a
conserved region of the Cer1 locus containing LHX1 recognition
motifs located ∼4 kb (+4R) after the START codon (Fig. 5D,E;
supplementary material Fig. S6B).

Whether Dkk1 is a direct downstream target of LHX1 has not
previously been investigated. A conserved region of the mouse
Dkk1 locus, referred to as H1, has been shown to be necessary for
the control of Dkk1 expression (Kimura-Yoshida et al., 2005). This
region is bound by another homeobox transcription factor, OTX2
(Kimura-Yoshida et al., 2005; Ip et al., 2014), which can directly
interact with LHX1 to activate target genes involved in head
formation (Nakano et al., 2000; Yasuoka et al., 2014). We analysed
the H1 region of Dkk1 and found two putative LHX1 recognition
motifs, one localised at the distal (dH1) end and one at the proximal
end (Fig. 5D; supplementary material Fig. S6C). Our results showed
that LHX1 binds to dH1 but not to the proximal region in H1
(Fig. 5E; data not shown). LHX1Δ did not bind to any of the target
sequences in the four genes tested (Fig. 5E). We further analysed the
interaction of LHX1 with Dkk1 and showed that the dH1 region can
mediate the activation of luciferase reporter by LHX1 or LHX1+
LDB1+SSBP3 but not LHX1Δ (Fig. 5F). Furthermore, a point
mutation in the LHX1 recognition motif in dH1 abolished its trans-
activating function (Fig. 5G).

Fig. 4. Conditional ablation of Lhx1 in the AME. (A) X-Gal-positive cells in the AME of Foxa2+/mcm;Rosa26+/R26R embryos 32±2 h after tamoxifen treatment at
E6.5. LHF, late head-fold stage. (B) Expression of Lhx1 in Lhx1flox/−;Foxa2+/+ and Lhx1flox/−;Foxa2+/mcm embryos 28±2 h after injection of tamoxifen or vehicle
only (mock) at E6.5. 0B, no-bud stage; LB, late-bud stage. (C) Headmorphology of E9.5 Lhx1flox/−;Foxa2+/+ and Lhx1flox/−;Foxa2+/mcm embryos after tamoxifen or
mock injection at E6.5. Severe head truncation (bottom right panel) was observed only in tamoxifen-treated Lhx1flox/−;Foxa2+/mcm (Lhx1-ameCKO) embryos.
(D) The distribution of embryos of the different genotypes (x-axis) to the five head phenotype categories based on the size of the forebrain and midbrain: I, normal
size; II, slight reduction (≤25%); III, strong reduction (26-75% reduction); IV, tissue remnant (>75% reduction); V, tissues absent. The number of embryos scored
for each genotype is given in parentheses. (E) Expression of Fgf8 and Six3 (telencephalon markers), Tcf4 (diencephalon marker) and Fgf8 (mid-hindbrain
junction marker) in E9.5 mock and tamoxifen-treated Lhx1flox/−;Foxa2+/mcm embryos. (F) Presence of Shh-expressing tissues in the anterior midline of Lhx1flox/−;
Foxa2+/mcm embryos 32±2 h after mock or tamoxifen treatment at E6.5. HF, head-fold stage. All panels showa lateral viewwith anterior to the left, except for the en
face views in A and F. Scale bars: 100 µm.
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Altogether, these results suggest that LHX1 is required in the
AME for head formation, where it may directly regulate the
transcription of Dkk1, Hesx1, Cer1 and Gsc.

Elevated WNT signalling activity contributes to the head
phenotype in Lhx1 mutants
Lhx1-epiCKO and Lhx1-ameCKO embryos displayed head defects
similar to those of embryos affected by an excess of WNT/β-catenin
signalling activity (Figs 1 and 4) (Mukhopadhyay et al., 2001;
Lewis et al., 2008; Fossat et al., 2011b). In both conditional mutants,
loss of Lhx1 results in the reduced expression of genes encoding
WNT antagonists (Figs 2 and 5). This finding points to a potential
gain of WNT activity in the Lhx1 mutants. Using the BATGal lacZ
transgene, which is a reporter of WNT activity (Maretto et al.,
2003), and by measuring the expression of two direct WNT targets
(Axin2 and Lef1) by RT-qPCR, we showed that both the reporter and
the target genes are significantly upregulated in the anterior tissues
of the Lhx1-epiCKO embryo (Fig. 6A,B). A similar, albeit not
statistically significant, trend was observed for the target genes in
Lhx1-ameCKO embryos (Fig. 6C). This is likely to be related to the
incomplete penetrance of the abnormal head phenotype in these
mutants (Fig. 4D; supplementary material Table S2), a conjecture
that is compatible with our previous finding that the degree of head

truncation is correlated with the extent of elevation of WNT activity
(Fossat et al., 2011b).

To test whether enhanced WNT signalling underlies the Lhx1
mutant phenotype, we examined the phenotypic effect of an
increase of WNT signalling in conjunction with reduced Lhx1
activity in compound mutant embryos. Ctnnb1 encodes β-catenin,
which is the key transcriptional mediator for the activity of the
WNT/β-catenin signalling cascade (Petersen and Reddien, 2009).
The Ctnnb1 batface (Bfc) gain-of-function allele is associated
with an excess of WNT/β-catenin signalling activity and the
homozygous Bfc mutant embryo displays a headless phenotype
(Fossat et al., 2011b). To determine whether the effect of Lhx1 loss
is enhanced by an increase ofWNT/β-catenin signalling activity, we
examined the phenotype of embryos heterozygous for the Lhx1-null
allele and the Ctnnb1 Bfc allele. We found that 71% of Lhx1+/−;
Ctnnb1Bfc/+ compound mutant embryos displayed various degrees
of head defect, whereas only 19% of Lhx1+/− embryos and 24% of
Ctnnb1Bfc/+ embryos were affected (Fig. 6D; supplementary
material Fig. S7A and Table S3).

We also tested whether the increase in WNT signalling due to the
inactivation of one allele of Dkk1 (Mukhopadhyay et al., 2001)
could also enhance the head truncation phenotype of Lhx1 mutant
embryos. We found that 74% of Dkk1+/−;Lhx1+/− compound

Fig. 5. The expression of genes associatedwith theAME ismodulated by LHX1. (A) In situ hybridisation ofDkk1,Hesx1,Cer1 andGsc in neural-groove (NG)
to head-fold (HF) stage control (Lhx1flox/−;Foxa2+/mcm mock treated or Lhx1flox/+;Foxa2+/mcm tamoxifen treated) and Lhx1-ameCKO (Lhx1flox/−;Foxa2+/mcm

tamoxifen treated) embryos collected 32±2 h after mock or tamoxifen treatment at E6.5. Lateral views with anterior to the left. Scale bars: 100 µm. (B) RT-qPCR
analysis of the expression ofDkk1, Hesx1, Cer1 andGsc (relative to β-actin) in the anterior germ layer tissues of neural-groove to head-fold stage control (Lhx1flox/−;
Foxa2+/+ or Lhx1flox/+;Foxa2+/mcm) and Lhx1-ameCKO (Lhx1flox/−;Foxa2+/mcm) embryos collected 32±2 h after tamoxifen treatment at E6.5. (C) RT-qPCR analysis
of the expression of Dkk1, Hesx1, Cer1 and Gsc (relative to β-actin) in P19 cells transfected with different combinations of vectors expressing a mock protein,
Lhx1, Ldb1+Ssbp3 and Lhx1+Ldb1+Ssbp3. (D) Genomic structure of themouseDkk1,Hesx1,Cer1 andGsc loci. Coordinates are indicated relative to the START
codon. Grey boxes, exons; orange lines, the conserved regions analysed in E-G; green circles, LHX1 recognition motifs; dH1 and H1, Dkk1 distal H1 region and
H1 region; dp,Hesx1 dTAATand pTAAT containing region; +4R, conserved region ofCer1; U1, conserved region ofGsc. (E) ChIP-PCR analysis of the conserved
regions shown in D following transfection of P19 cells with plasmids expressing Ldb1+Ssbp3+Lhx1-HA or Ldb1+Ssbp3+Lhx1Δ-HA, and PCR detection of the
target sequence in input and anti-HA (α-HA) immunoprecipitated chromatin. (F,G) Firefly luciferase activity (relative to Renilla luciferase) in P19 cells transfected
with pGL3-promoter plasmid containing theDkk1 dH1 region (F) or theDkk1 dH1 region with mutated LHX1 recognition motif (G), aRenilla luciferase expression
vector and different combinations of vectors expressing a mock protein, Lhx1Δ, Lhx1, Ldb1 and/or Ssbp3. Data represent the mean±s.e. of n=5 independent
embryos of each genotype (B) or n=3 independent experiments for each condition of transfection (C,F,G). *P<0.05, **P<0.01, ***P<0.001, no significant
difference (ns) by t-test.
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heterozygous embryos displayed abnormal head morphology,
compared with 9% of Lhx1+/− embryos and 0% of Dkk1+/−

embryos (Fig. 6E; supplementary material Fig. S7B,C and
Table S4). At E7.75, Axin2 expression was significantly elevated
in the anterior region of the Dkk1+/−;Lhx1+/− embryos as compared
with wild type (supplementary material Fig. S7D). We also
generated compound Lhx1+/flox;Dkk1+/−;Meox2+/Cre embryos by
crossing Lhx1flox/flox mice and Dkk1+/−;Meox2+/Cre mice. In these
mutants, the flox allele of Lhx1 is ablated only in the epiblast-
derived tissues that are also heterozygous for the Dkk1-null allele.
They displayed a higher frequency of head truncation compared
with the single-heterozygous embryos (supplementary material
Fig. S7E,F and Table S5). The enhancement of the head phenotype
might therefore be due to the additive effects of elevated WNT
signalling caused by reduced Lhx1 activity and exacerbated by a
further increase in signalling activity in Dkk1+/− epiblast
derivatives. Taken together, these results support the proposition
that an increase in WNT signalling activity underpins the head
truncation phenotype of Lhx1 loss-of-function embryos.

DISCUSSION
Our study has provided several novel insights into the role of LHX1 in
head morphogenesis. We have demonstrated that LHX1 acts upstream
in the WNT pathway by regulating genes encoding factors that
negatively modulate the level of signalling activity. We have also
shown that LHX1 is required for the formation of the anterior midline
tissues in which these WNT-modulating factors are expressed.
Therefore, the loss of Lhx1 function leads to a reduction in WNT
antagonistic activity, possibly via a direct effect on the transcriptional
regulation of the target genes and an indirect effect resulting from the
loss of tissues expressing the downstream genes (Fig. 7).
The tissue requirement of Lhx1 for head formation during

gastrulation has been studied in mouse chimeras (Shawlot et al.,
1999). In that study, chimeras with an Lhx1−/− visceral endoderm
and a wild-type epiblast displayed head defects similar to Lhx1−/−

embryos, which is consistent with an essential requirement of Lhx1
in the visceral endoderm for head formation (Shimono and
Behringer, 2003). Complementary chimeras with wild-type

visceral endoderm and Lhx1−/− epiblast (Lhx1−/−↔+/+ chimeras)
have head defects resembling those of Lhx1-epiCKO embryos
(Shawlot et al., 1999; Kwan and Behringer, 2002; the present
study). However, the formation of the AME was not specifically
addressed in the Lhx1−/−↔+/+ chimeras (Shawlot et al., 1999). Our
study on the formation of the AME was prompted by the
observations that XLim1 is necessary for the formation of the
equivalent structure in Xenopus and that Lhx1−/− anterior primitive
streak tissue displays impaired tissue extension activity when
transplanted into a wild-type host (Hukriede et al., 2003). We have
shown that no midline structure resembling the AME is present in
Lhx1-epiCKO embryos. Although Foxa2-, Nog- and Chrd-
expressing progenitors of the AME are specified despite the loss
of Lhx1 from their precursors in the epiblast, these progenitor cells
do not participate effectively in the morphogenetic movements that
accompany the formation of the AME. The loss of Lhx1 function
might have affected the morphogenetic capacity of the Foxa2-
expressing AME progenitors. This phenotype could be partly
explained by the downregulation of Pcdh7, a potential LHX1
transcriptional target. Pcdh7 is co-expressed with Lhx1, its
expression is reduced in Lhx1-epiCKO mutants and Pcdh7-
deficient embryos display head and AME defects. This
demonstrates a novel requirement for Lhx1 in the formation of the
AME that might be mediated by PCDH7 (Fig. 7). In Xenopus, the
orthologue of Pcdh7 has been shown to play a role in cell adhesion
and ectodermal cell sorting (Bradley et al., 1998; Rashid et al.,
2006). Human PCDH7 is involved in the regulation of cell shape
and cell adhesion (Yoshida, 2003) and inactivation of PCDH7
inhibits breast cancer cell migration and invasion (Li et al., 2013).
Furthermore, Xenopus embryos in which Pcdh7 expression is
disrupted display defective neural tube closure (Rashid et al., 2006),
a phenotype also observed in Pcdh7 mutant mouse embryos.

Previous attempts to study the role of Lhx1 in the AME have
analysed the anterior tissue of Lhx1−/− embryos (Shawlot et al., 1999;
Shimono and Behringer, 1999). However, the findings of our present
study show that the AME is absent in the anterior tissue of the embryo
when Lhx1 is inactivated in the epiblast (which contains the
progenitors of the AME), suggesting that the AME was not part of

Fig. 6. Interaction of Lhx1 activity and WNT signalling. (A) Expression of BATGal lacZ reporter in E7.5 and E8.5 Lhx1-epiCKO embryos. (B,C) RT-qPCR
expression analysis of the WNT targets Axin2 and Lef1 (relative to β-actin) in the anterior germ layer tissues of E7.75 early-bud to head-fold stage (B) control
(Lhx1+/flox;Meox2+/Cre) and Lhx1-epiCKO (Lhx1flox/−;Meox2+/Cre) embryos and (C) control (Lhx1flox/−;Foxa2+/+ or Lhx1flox/+;Foxa2+/mcm) and Lhx1-ameCKO
(Lhx1flox/−;Foxa2+/mcm) embryos collected 32±2 h after tamoxifen treatment at E6.5. Data represent themean±s.e. of n=3 independent pools of five embryos each
(B) or n=5 individual embryos (C) analysed for each genotype. *P<0.05, **P<0.01, by t-test. (D) Head morphology of E9.5 wild-type, Lhx1+/−, Ctnnb1Bfc/+ and
compound heterozygous Lhx1+/−;Ctnnb1Bfc/+ embryos. (E) Head morphology of E9.5 wild-type, Lhx1+/−, Dkk1+/− and compound heterozygous Lhx1+/−;Dkk1+/−

embryos. All panels show a lateral view with anterior to the left. Scale bars: 100 µm.
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the tissue fragment analysed previously. In the presentwork, theAME
does form in Lhx1-ameCKO embryos and the loss of Lhx1 in this
tissue results in the development of an abnormal head. This
demonstrates, for the first time, a requirement for Lhx1 in the AME.
Loss of Lhx1 in the AME results in the downregulation of genes that
encode WNT signalling antagonists, such as Dkk1, Hesx1, Cer1 and
Gsc.Hesx1 is a direct target ofLHX1 (Chouet al., 2006) andHesx1−/−

embryos display a truncated head that is associated with an increase in
WNT signalling (Martinez-Barbera et al., 2000; Andoniadou et al.,
2007, 2011). The Hesx1 mutant phenotype is rescued by β-catenin
inactivation and exacerbated by the deletion of Tcf7l1 (also known as
Tcf3), a negative regulator ofWNTactivity (Andoniadou et al., 2011).
In Xenopus,Cer1 andGsc are bound and activated by XLM1 (Sudou
et al., 2012). Xenopus Cer1 encodes a secreted factor that antagonises
WNT signalling (Piccolo et al., 1999). In mouse, Cer1 activity
maintains the neural characteristics of the anterior ectoderm (Shawlot
et al., 2000). We have previously demonstrated that Gsc activity is
required for patterning the forebrain (Camus et al., 2000). A reduction
of bothDkk1 andGsc in the mouse embryo results in head truncation
(Lewis et al., 2007), presumably owing to increased WNT signalling
activity in the compound mutant with reduced activity of the
antagonist and repressor ofWNT ligand expression (Yao andKessler,

2001). Results of RT-qPCR andChIP-PCR show that LHX1 can bind
to a newly identified regulatory region inCer1, andDkk1 is likely tobe
a novel transcriptional target of LHX1 that acts in concert with LDB1
and SSBP3 (Mukhopadhyay et al., 2003; Nishioka et al., 2005;
Enkhmandakh et al., 2006). Dkk1−/− embryos fail to develop a head
due to an excess of WNT3 signalling (Lewis et al., 2008) and Dkk1
and Lhx1 mutations interact synergistically to enhance head
truncation. Loss of WNT antagonists, and Dkk1 in particular, is
therefore acausative factorof head truncation inLhx1mutants (Fig. 7).

Our study has shown that LHX1 enables the morphogenetic cell
movements that are instrumental in the formation of the AME, which
is the source of factors that fine-tune the level of WNT signalling
activity (Arkell and Tam, 2012; Fossat et al., 2012; Arkell et al.,
2013). In theAME, LHX1 function intersects with theWNTpathway
via transcriptional control of modulators of WNT signalling activity.
LHX1 binds to a regulatory region of Dkk1 that also interacts with
another transcription factor, OTX2 (Kimura-Yoshida et al., 2005; Ip
et al., 2014), and OTX2 and LHX1 are part of the same activator
complex (Nakano et al., 2000; Yasuoka et al., 2014). OTX2 can
directly regulate Cer1 and Gsc in Xenopus (Sudou et al., 2012;
Yasuoka et al., 2014) andHesx1 in chicken (Spieler et al., 2004).Lhx1
is also a target of OTX2 and its expression in the AME is regulated by
OTX2 (Ip et al., 2014). Together, our findings reveal an upstream
function of LHX1, which may act in conjunction with OTX2, in
regulating the expression of genes that encode secreted molecules
(e.g. Dkk1, Cer1) and transcription factors (e.g. Gsc, Hesx1) that are
involved in the modulation of WNT/β-catenin signalling (Fig. 7).

MATERIALS AND METHODS
Mouse strains, genotyping and crosses
Lhx1flox/flox and Lhx1+/− (Kwan and Behringer, 2002), Meox2+/Cre

(Tallquist and Soriano, 2000), Mesp1+/Cre (Saga et al., 1999), Foxa2+/mcm

(Park et al., 2008), Rosa26+/R26R (Soriano, 1999), CMV-Cre (Schwenk
et al., 1995), BATGal (Maretto et al., 2003), Ctnnb1Bfc/+ (Fossat et al.,
2011b) and Dkk1+/− (Mukhopadhyay et al., 2001) mice were used.
Genotyping by PCR followed established protocols and was performed on
DNA extracted from tail tissues of newborn or the yolk sac of embryos.
Breeding strategies for the production of mutants are outlined in
supplementary material Tables S1-S5. Animal experimentation was
approved by the Animal Ethics Committee of the Children’s Medical
Research Institute and the Children’s Hospital at Westmead.

Generation of Pcdh7 mutant chimeric embryos using the
CRISPR-Cas9 technology
Oligonucleotides 5′-CACCGCCAAGCAGCTGCTCCGGTAC and 5′-AAA-
CGTACCGGAGCAGCTGCTTGGCwere cloned into the pSpCas9(BB)-2A-
GFP (PX458) plasmid [Addgene plasmid #48138 (Ran et al., 2013)], a gift
from Feng Zhang, to express the sgRNA targeted to ∼100 bp downstream of
the START codon of Pcdh7 (supplementary material Fig. S3A). PX458 also
expresses Cas9 and GFP. The plasmid was nucleofected into R1-129 ESCs.
GFP-positive clones were isolated and analysed for mutation of the Pcdh7
locus. Two clones with biallelic frameshift mutations (Pcdh7−14/−2 and
Pcdh7+1/−2; supplementary material Fig. S3B) and the parental R1-129 ESC
linewere used to generate chimeras. Eleven to thirteen ESCswere injected into
the eight-cell Rosa26 embryo (lacZ expression from the Rosa26 locus;
obtained by crossing Rosa26+/R26R mice with CMV-Cre mice) according to
standard protocols. Embryoswere collected between 5 and 7 days after transfer
to pseudopregnant mice and stained with X-Gal (for E9.5 embryos).

Embryo collection, staging, head morphology analysis and
tamoxifen injection
Embryos were collected at the required gestational age or at specific time
points after tamoxifen or mock treatment. Embryos were staged by
morphology (Downs and Davies, 1993) or somite number. The morphology
of E8.5-E10.5 mutant embryos was compared with stage-matched control

Fig. 7. The input of LHX1 function to WNT signalling in head formation.
LHX1, in conjunction with co-factors LDB1 and SSBP3, and potentially OTX2,
activates genes in the AME, which encode secreted molecules (Dkk1, Cer1)
and transcription factors (Gsc, Hesx1) that negatively modulate (antagonise)
the level of WNT signalling activity for head formation. Gsc has been
demonstrated to directly repress the expression of XWnt8. OTX2 has been
shown to directly regulate the transcription of Lhx1. LHX1 also regulates the
expression of Pcdh7, a protocadherin that may be involved in the
morphogenetic activity of FOXA2-expressing cells during the formation of the
AME. The functional relationship of Pcdh7 with WNT signalling is presently
unknown.
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embryos with specific attention to embryo and head size, number of somites
and morphology of the head. Embryos were assigned to one of five categories
based on the size of the forebrain and midbrain (see Fig. 4D). Tamoxifen
(Sigma-Aldrich) was administered to pregnant mice by intraperitoneal
injection of 1 mg (100 µl of 10 mg/ml in canola oil) per 20 g body weight.
For the mock control, an equivalent volume of canola oil was administered.

In situ hybridisation, immunostaining, X-Gal staining and
histology
These followed standard protocols; details are provided in the supplementary
Materials and Methods.

Cell labelling and embryo culture experiments
Embryos were collected at mid-streak stage. Cells in the endoderm layer
associated with the anterior and the posterior segment of the primitive streak
were labelled with CM-DiI and DiO (Molecular Probes), respectively (Fossat
et al., 2011a). Embryos were cultured in vitro for 24 h (Fossat et al., 2011a).
Embryoswere imagedunder bright-field and fluorescent light (merged image)
using a Leica SP5 confocal microscope before and after culture.

Cell transfection assays for RT-qPCR and ChIP-PCR
P19 cells were transfected with different combinations of pGFP, a mock
plasmid, pLhx1-HA, pLhx1Δ-HA, pLdb1 and/or pSsbp3 in equimolar
quantity (see supplementary Materials and Methods for details) and sorted
by flow cytometry using a BD FACS Aria III cell sorter.

Molecular cloning and luciferase assay
The generation of expression vectors and plasmids for the luciferase assay is
described in the supplementary Materials and Methods. P19 cells were
transfected with pGL3-promoter (empty or containing a genomic region), a
pRL vector and different combinations of mock plasmid, pLhx1-HA,
pLhx1Δ-HA, pLdb1 and/or pSsbp3 in equimolar quantity (see
supplementary Materials and Methods for details). The luciferase assay
was performed as described previously (Ip et al., 2014).

Sampling for RT-qPCR analysis
The following were sampled for RT-qPCR analysis: 15 Lhx1-epiCKO
(Lhx1flox/−;Meox2+/Cre) and 15 control (Lhx1+/flox;Meox2+/Cre) stage-
matched (early-bud to head-fold) E7.75 embryos; five Lhx1-ameCKO
(Lhx1flox/−;Foxa2+/mcm) and five control (Lhx1flox/−;Foxa2+/+ or Lhx1flox/+;
Foxa2+/mcm) stage-matched (neural groove to head-fold) E7.75 embryos
32±2 h after tamoxifen injection at E6.5; five Lhx1+/−;Dkk1+/−, three
Lhx1+/−, five Dkk1+/− and five wild-type stage-matched (early-bud to head-
fold) E7.75 embryos. Each embryo was bisected longitudinally to isolate
anterior germ layer tissues for analysis.

For cell experiments, flow-sorted GFP-expressing cells were collected in
triplicate for each condition of transfection.

RNA isolation and RT-qPCR conditions are described in the
supplementary Materials and Methods.

ChIP-PCR analysis
The EZ-Magna ChIP Kit (Millipore) was used (see supplementaryMaterials
and Methods for details). For Pcdh7, a previously established ChIP-qPCR
protocol was used (Ip et al., 2014). Primer sequences were as published (Ip
et al., 2014) or are listed in supplementary material Table S6.
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SUPPLEMENTARY MATERIALS AND METHODS 

In situ hybridization, Immunostaining, X‐Gal staining and histology 

In  situ hybridization analysis of gene expression was performed using a protocol and digoxigenin‐

UTP  cRNA  probes  that were  previously  described  (Tam  and  Steiner,  1999; Hukriede  et  al.,  2003; 

Fossat et al., 2007; Lewis et al., 2007; Fossat et al., 2011). Riboprobes  for Pcdh7 and Pcdh19 were 

synthesized with T7 polymerase using  fragments amplified by PCR  from cDNA of mouse embryoid 

bodies  with  the  following  primers:  Pcdh7:  5'‐CCCACTCACCCAGGATATA  and  5'‐

ATCGTAATACGACTCACTATAGGGGTACTCGGAGCAGTGATCT;  Pcdh19:  5'‐CCACCAAGCCTTCTATATCT 

and 5'‐ATCGTAATACGACTCACTATAGGGCACAACTGAATTTGCCTCTG. 

Wholemount  immunostaining  adapted  from  (Burtscher  and  Lickert,  2009)  was  performed  using 

primary  antibodies  against  FOXA2  (1:1000;  SC‐6554;  Santa  Cruz  Biotechnology)  and  E‐Cadherin 

(1:300; 13‐1900; Invitrogen). Embryo were also stained with DAPI (1:1000) and imaged (in separate 

channels) with a Leica SP5 confocal microscope. 

X‐Gal  staining was performed as previously described  (Lewis et al., 2007; Fossat et al., 2011). For 

histology,  stained  embryos were  embedded  in  paraffin wax,  sectioned  and  counter‐stained with 

nuclear fast‐red (Tam and Steiner, 1999; Lewis et al., 2007).  

At least 3 specimens of each genotype were analysed for each staining. 

Molecular cloning 

The  following mouse coding sequences were amplified by PCR  from E7.5 embryos cDNA using  the 

primers described below and cloned between the SalI and NotI sites of the pCMV‐SPORT6 plasmid 

(Invitrogen) (Ldb1, Ssbp3) or between the SalI and XbaI sites of a pCMV‐SPORT6 plasmid containing a 

HA  tag  coding  sequence  (primers  5'‐CTAGATACCCATACGACGTTCCAGACTACGCTTAGC  and  5'‐

TCGAGCTAAGCGTAGTCTGGAACGTCGTATGGGTAT cloned between the XbaI and XhoI sites) (Lhx1 and 
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Lhx1Δ):  (i)  Ldb1:  5'‐GATCGTCGACACCATGCTGGATCGGGATGTGG  and  5'‐GATCGCGGCCGCTACTTAT 

CGTCGTCATCCTTGTAATCCTGGGAAGCCTGTGACGTG;  (ii) Ssbp3: 5'‐GATCGTCGACACCATGTTTGCCAAA 

GGCAAAGG  and  5'‐GATCGCGGCCGCTACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCC 

ACGCTCATCGTCATGCTC; (iii) Lhx1: 5'‐GATCGTCGACACCATGGTGCACTGTGCGGGC and 5'‐GATCTCTAG 

ACCACACGGCTGCCTCGTT;  (iv)  Lhx1Δ  (Last  ~500  bp  of mouse  Lhx1  coding  sequences  that  do  not 

contain  the DNA  and  the  protein  binding  domains):  5'‐GATCGTCGACACCATGAAACAGCTAAGCGCG 

CTAG and 5'‐GATCTCTAGACCACACGGCTGCCTCGTT. 

Vectors for luciferase assay: Genomic regions were amplified by PCR from mouse genomic DNA with 

primers described below and cloned into the XhoI site or between the NheI and the KpnI sites of the 

pGL3‐promoter plasmid (Promega): (i) Pcdh7 ‐0.2R: 5’‐ATCGGGTACCGCGGCTGAGAATCCAAACTT and 

5'‐ATCGGCTAGCTCCTGCTTCTTCCGAAAGTT;  (ii) Pcdh7  +8.5R: 5'‐ATCGCTCGAGGCACTAGTTAGTGGGA 

GAAA  and  5'‐ATCGCTCGAGACACTCAACCACAATGCTGA;  (iii)  Wild  type  or  (iv)  mutated  dH1:  5'‐

ATCGCTCGAGCGAGGTTTGATTTGGGATCA  and  5'‐ATCGCTCGAGCACATGAGATCAAAGTGGCT.  In  the 

case of mutated dH1 where LHX1 binding site YTAATNN (Mochizuki et al., 2000; Sudou et al., 2012; 

Yasuoka  et  al., 2014)  is mutated  into  YGCGCNN,  fragment was  amplified  from  two PCR products 

pooled and previously amplified with primers set 5'‐ATCGCTCGAGCGAGGTTTGATTTGGGATCA and 5'‐

CTTTCTCGCGCGTGTTTCATATCGCTGAGCA  and primers  set 5'‐TGAAACACGCGCGAGAAAGCCGGGAGC 

TAAG and 5'‐ATCGCTCGAGCACATGAGATCAAAGTGGCT.  

The sequence of the cloned fragments was verified by Sanger sequencing. 

Cell transfection assays for RT‐PCR and ChIP‐PCR 

Embryonal  carcinoma P19  cells  (in 10‐cm dish) were  transfected using  Fugene 6  (Roche) with:  (i)  

pGFP (pNF‐5; (Fossat et al., 2014)) (1 µg) + mock plasmid (9 µg), (ii) pGFP (1 µg) + pLhx1‐HA (3 µg) + 

mock plasmid (6 µg), (iii) pGFP (1 µg) + pLdb1 (3 µg) + pSsbp3 (3 µg) + mock plasmid (3 µg), (iv) pGFP 

(1 µg) + pLhx1‐HA  (3 µg) + pLdb1  (3 µg) + pSsbp3  (3 µg) or  (v) pGFP  (1 µg) + pLhx1Δ‐HA  (3 µg) + 
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pLdb1 (3 µg) + pSsbp3 (3 µg). The mock plasmid is a pCMV‐SPORT6 expressing a non‐functional form 

of  RBM47  that  does  not  have  any  activity  on  head  formation  (Fossat  et  al.,  2014).  24  h  after 

transfection, GFP‐expressing cells were sorted by flow cytometry and snap‐frozen for storage until 

further  analysis.  Samples  for  ChIP‐PCR  analysis  were  treated  with  paraformaldehyde  (for  cross‐

linking) prior to storage. 

Luciferase assay 

Embryonal carcinoma P19 cells (in 1.5 cm well) were transfected using Fugene 6 (Roche) with pGL3‐

promoter  only  or  pGL3‐promoter  containing  either  Pcdh7  ‐0.2R,  Pcdh7  +8.5R, Dkk1  dH1  or Dkk1 

mutated dH1 (0.25 µg) and (i) mock plasmid (0.75 µg), (ii) mock plasmid (0.50 µg) + pLhx1‐HA (0.25 

µg), (iii) mock plasmid (0.50 µg) + pLhx1Δ‐HA (0.25 µg), (iv) mock plasmid (0.25 µg) + pLdb1 (0.25 µg) 

+ pSsbp3  (0.25 µg) or  (v) pLdb1  (0.25 µg) + pSsbp3  (0.25 µg) + pLhx1‐HA  (0.25 µg). Cells were co‐

transfected with pRL  renilla  luciferase  reporter vector  (25 ng; Promega). Cells were collected 24 h 

after transfection, and luciferase assay was performed as described before (Ip et al., 2014) on three 

independent samples  from each  transfection experiment. Firefly  luciferase activity was normalised 

against renilla luciferase activity.  

RNA isolation and RT‐qPCR 

For  the  Lhx1‐epiCKO  study,  three  independent  pools  of  five  anterior  fragments  of mutant  and 

control  E7.75  embryos  were  analysed  independently.  For  the  Lhx1‐ameCKO  and  the  Lhx1;Dkk1 

study,  anterior  fragments  of  the  E7.75  embryos  (three  or  five  per  genotype)  were  analysed 

independently. For cell experiments, each replicate of flow‐sorted GFP‐expressing cells was analysed 

independently.  Total  RNA  was  extracted  using  the  RNeasy  Micro  Kit  (Qiagen).  cDNAs  were 

synthesized from 5‐10 ng (individual embryos), 30‐40 ng (pooled embryo fragments) or 100 ng (GFP 

cells) of  total RNA using  the Superscript  III First Strand System  (Invitrogen). Quantitative PCR was 
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performed  in  technical  triplicate  and  normalised  against  β‐Actin  using  protocol  and  primers 

described before (Fossat et al., 2011) or listed in Supplementary Table S6A. 

ChIP‐PCR analysis 

Cells were cross‐linked with 37% formaldehyde and sonicated to generate genomic DNA fragments 

of 200 to 1000 bp sizes. 20 l of the fragmented chromatin was collected for the input. 50 l (about 

one  third of  the  chromatin obtained  from 250000  cells) was  incubated with  rabbit polyclonal HA 

antibody  (Santa Cruz,  sc‐805) overnight  at 4°C with  constant  rotation. Cross‐linking was  reversed 

with protease K treatment (10 g/L) at 62°C overnight. Immuno‐precipitated chromatin and input 

DNA were extracted in 20 l water using phenol‐chloroform purification protocol. PCR reaction was 

performed on 1 l of DNA sample using Biomix Red (Bioline) Taq polymerase. Conditions were the 

same for all the PCRs:  94°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds for 35 cycles. 
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SUPPLEMENTARY FIGURES 

 

 

 

Figure S1. Lhx1 expression pattern. (A) Lhx1 whole mount in situ hybridization of wild type embryos 

at pre‐streak  (PS), early‐streak  (ES), mid‐streak  (MS),  late‐streak  (LS), no‐bud  (OB), early‐bud  (EB), 

late‐bud (LB) and neural‐groove  (NG) stages. (B) Histology of no‐bud (OB), early‐bud (EB),  late‐bud 

(LB)  and  neural‐groove  (NG)  embryos  shown  part  A.  Plane  of  sectioning  is  indicated  in  A.  AL, 

allantois; AME,  anterior mesendoderm; ANE,  anterior  neurectoderm;  ant,  anterior; AVE,  anterior 

visceral endoderm; dis, distal; E, endoderm; LM,  lateral mesoderm; M, mesoderm; pos, posterior; 

prx, proximal; PS, primitive streak. Scale bars: 100 µm. 
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Figure S2. Expression of the Pcdh genes. (A) Expression of Pcdh gene family members (Pcdh‐1, ‐7, ‐8, 

‐9,  ‐10,  ‐11x,  ‐12,  ‐17,  ‐18,  ‐19 and  ‐20) relative to β‐Actin  in E7.75 mouse embryo analysed by RT‐

PCR. (B) Expression of Pcdh genes (relative to β‐Actin) analyzed by RT‐qPCR in P19 cells transfected 

with different  combinations of vectors expressing a mock protein,  Lhx1,  Ldb1 and/or Ssbp3. Data 

represent  the mean  ±  standard  errors  of  N  =  3  independent  experiments  for  each  condition  of 

transfection. P‐value (*) < 0.05 and not significant (ns) by t‐test. (C) Expression of Pcdh8 and Pcdh19 

in the mesoderm but not in the anterior mesendoderm of the mid‐streak (MS) and no‐bud (0B) stage 

embryo. Lateral view of specimens with anterior to the left. Scale bars: 100 µm. 
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Figure S3. Mouse Pcdh7  ‐0.2R and +8.5R  regions.  (A) Genomic  information of  the Pcdh7  locus  in 

sense  orientation  (UCSC  genomic  browser).  Thick  blue  boxes  indicate  coding  sequences  and  thin 

blue boxes indicate untranslated regions. Placental mammal base‐wise conservation (Placental Cons) 
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histogram  shows  the  result  of  multiple  sequence  alignment  for  60  vertebrate  species.  The 

conservation  score was measured  by  phyloP.  The  blue  bar  indicates  positive  score  in which  the 

regions are conserved, whereas regions with negative score in red indicate are not conserved. Gray 

scale density plot display pairwise  alignments  for  each  species  (Rat, Rabbit, Human, Chimp, Dog, 

Tree Shrew, Cat, Dog, X tropicalis, Zebrafish). Gray scales with darker values indicate higher level of 

overall conservation scored by phastCons. The green box delineates the conserved genomic location 

covering the ‐0.2R and the +8.5R regions. (B) Basewise sequence alignment of the mouse (‐981 to ‐

203 bp upstream of START codon) and the human (‐979 to ‐210bp upstream of START codon) Pcdh7 

‐0.2R  region.  (C) Basewise  sequence alignment of  the mouse  (+8549  to +8919 bp downstream of 

START codon) and the human (+8891 to +9261bp downstream of START codon) Pcdh7 +8.5R region. 

Sequences of  the primers used  for ChIP‐qPCR and  luciferase  (Luc.) assay are highlighted  in purple. 

Fw, forward primer; Rv, reverse primer. Sequences highlighted in green are LHX1 recognition motifs. 
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Figure S4. Mutant Pcdh7 alleles generated by CRISPR‐Cas9 editing.  (A) Genome  structure of  the 

Pcdh7  locus.  Exons  (grey  boxes),  splicing  pattern  (grey  lines),  START  codon,  STOP  codon  and  the 

scale are  indicated. Between dashed  lines  is a detailed view of  the  region downstream  the START 

codon (ATG; highlighted in red) showing the sequence recognised by the sgRNA (highlighted in pink) 

used  for  experiment  and  the  immediately  adjacent  PAM  sequence  (highlighted  in  yellow).  (B,  C) 

Mutant  Pcdh7  alleles  of  two  independent  ES  cells  clones  obtained  and  used  for  the  chimera 

experiments:  (B) Clone Pcdh7‐14/‐2: allele #1, 14 bp deletion; allele #2, 2 bp deletion, and  (C) clone 

Pcdh7+1/‐2: allele #1, 1 bp  insertion; allele #2, 2 bp deletion. Sanger sequencing chromatograms are 
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shown for each allele. The clones have been selected for the chimera experiments based on the fact 

that they have bi‐allelic frame shift mutations of the open reading frame of the coding sequence of 

Pcdh7. 

 

 

 

 

 

Figure  S5.  Conditional  deletion  of  Lhx1  in  the mesoderm.  (A) Detection  of  Lhx1  RNA  by whole 

mount  in  situ hybridization  in  late‐streak  (LS), no‐bud  (0B), early‐  to  late‐bud  (EB‐LB)  control and 

Lhx1‐/flox;Mesp1Cre  (Lhx1‐mesCKO)  embryos.  Transverse  sections  of  0B‐stage  Lhx1‐mesCKO  embryo 

shows  the  loss of  Lhx1 expression  in  the mesoderm, but expression was  retained  in  the  anterior 

mesendoderm  (dashed  line) and  the nascent mesenchyme  in  the primitive streak.  (B) E9.5 control 

and  Lhx1‐mesCKO  embryos  showing  similar morphology.  Lateral  view of whole‐mount  specimens 

and sections with anterior side to the left. The cross between Lhx1flox/flox and Lhx1+/‐;Mesp1+/Cre mice 

generated embryos of  four genotypes, which were present  in a  ratio consistent  to  the Mendelian 

distribution (N = 21, 3  litters: Lhx1+/flox;Mesp1+/+: 33%,   Lhx1+/flox;Mesp1+/Cre: 24%,   Lhx1flox/‐;Mesp1+/+: 

14% and Lhx1flox/‐;Mesp1+/Cre: 29%). Scale bars: 100 µm. 
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Figure  S6. Mouse Gsc U1,  Cer1  +4R  and Dkk1 H1  regions.  (A)  Top: Genomic  information  of  the 

mouse Gsc  locus  in  antisense orientation  (UCSC  genomic browser). The  green box delineates  the 

conserved genomic  location covering the U1 region. Bottom: Base‐wise sequence alignment of the 

mouse  (‐618  to  ‐363 bp upstream of  START  codon)  and  the human  (‐560  to  ‐331bp upstream of 

START  codon)  U1  region.  (B)  Top:  Genomic  information  of  the  mouse  Cer1  locus  in  antisense 

orientation  (UCSC  genomic  browser).  The  green  box  delineates  the  conserved  genomic  location 

covering the +4R region. Bottom: Base‐wise sequence alignment of the mouse (+3912 to +4155 bp 

downstream of START codon) and the human (+4270 to +4513bp downstream of START codon) +4R 
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region.  (C)  Top:  Genomic  information  of  the mouse  Dkk1  locus  in  antisense  orientation  (UCSC 

genomic browser). The green box delineates the conserved genomic location covering the H1 region. 

Bottom: Base‐wise sequence alignment of the mouse (‐1237 to  ‐518 bp upstream of START codon) 

and  the  human  (‐1204  to  ‐512bp  upstream  of  START  codon)  H1  region  {Kimura‐Yoshida,  2005 

#281}.Thick  blue  boxes  indicate  coding  sequences  and  narrow  blue  boxes  indicate  untranslated 

regions. Placental mammal basewise  conservation  (Placental Cons) histogram  shows  the  result of 

multiple sequence alignment for 60 vertebrate species. The conservation score was determined by 

phyloP.  The  blue  bar  indicates  positive  score  for  the  conserved  regions,  whereas  unconserved 

regions are marked with negative score  in red. Gray scale density plot displays pairwise alignments 

for each species (Rat, Rabbit, Human, Chimp, Dog, Tree Shrew, Cat, Dog, X tropicalis, Zebrafish). Gray 

scales  with  darker  values  indicate  higher  level  of  overall  conservation  scored  by  phastCons. 

Sequences  of  the  primers  used  for  ChIP‐PCR  and  luciferase  assay  are  highlighted  in  purple.  Fw, 

forward primer; Rv, reverse primer. Sequences highlighted in green are LHX1 recognition motifs. 
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Figure S7. Genetic interaction of Lhx1 activity and WNT signalling. (A, B, F) Histograms representing 

the  distribution  of  the  embryos  of  the  different  genotypes  (X‐axis)  to  the  five  head  phenotype 

categories  (colour‐coded  on  the  right).  The  categories  are  based  on  the  size  of  the  fore‐  and 

midbrain: [I] Normal size, [II] slight reduction (≤25%), [III] strong reduction (26‐75% reduction), [IV] 

tissue remnant (>75% reduction), [V] tissues absent. The height of the bar indicates the percentage 

of embryos of each phenotype category. The number of embryos scored for each genotype is given 
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in parentheses. (C) Absence of Fgf8 expression and reduced domains of expression of Six3 and Hesx1 

in  the  anterior  brain  parts  of  E8.5  Lhx1+/‐;Dkk1+/‐  embryos  (bottom  panels),  compared  with  the 

expression of the same markers  in the wild type embryos (top panels). (D) RT‐qPCR analysis of the 

expression of the WNT target Axin2 (relative to β‐Actin)  in the anterior germ  layer tissues of E7.75 

early‐bud  to head‐fold stage Lhx1+/‐;Dkk1+/‐, Lhx1+/‐, Dkk1+/‐ and wild‐type embryos. Data represent 

the mean ± standard errors of N = 5 embryos analysed for each genotype, except N = 3 for Lhx1+/‐ 

embryos. P‐value < 0.01 (**), no significant difference (ns) by t‐test. (E) Truncated head phenotype 

of Lhx1+/flox;Dkk1+/‐;Meox2+/Cre E9.5 mutant embryos. Lateral view of specimens with anterior side to 

the left, except for en face views. Scale bars: 100 µm. 
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Table S1. Phenotypic analysis of Lhx1‐epiCKO mutant embryos. 
 
Frequency of abnormal head phenotype for E8.5‐E10.5 embryos generated from crosses between 
Lhx1flox/flox and Lhx1+/‐;Meox2+/Cre mice. 
 

Number of embryos (number showing head abnormality) 

Genotype  Lhx1+/flox  Lhx1‐/flox  Lhx1+/flox;Meox2+/Cre  Lhx1‐/flox;Meox2+/Cre 

  41 (0)  25 (0)  32 (1)  38 (38) 

% with head 
defects 

0%  0%  3.1%  100% 

All the Lhx1‐/flox;Meox2+/Cre mutant embryos displayed category V head defects. 
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Table S2. Phenotypic analysis of Lhx1‐ameCKO mutant embryos. 
 
A.  Frequency  of  abnormal  head  phenotype  for  E9.5  embryos  generated  from  crosses  between 
Lhx1flox/flox  and  Lhx1+/‐;Foxa2+/mcm  or  Lhx1+/‐;Foxa2mcm/mcm  mice  injected  with  oil  only  (Mock)  or 
tamoxifen (Tam). 
 

Number of embryos (number showing head abnormality) 

Genotype  Lhx1+/flox;Foxa2+/+  Lhx1+/flox;Foxa2+/mcm  Lhx1flox/‐;Foxa2+/+  Lhx1flox/‐;Foxa2+/mcm  

Injection  Mock  Tam  Mock  Tam  Mock  Tam  Mock  Tam 

  3 (0)  3 (0)  13 (4)  10 (2)  3 (0)  4 (1)  14 (2)  10 (9) 

% with 
head 
defects 

0%  0%  31%  20%  0%  25%  14%  90% 

 
B.  Categories of the head phenotype of Lhx1flox/‐;Foxa2+/mcm embryos. 
 

   
Number of embryos per head phenotype category 

Number of 
embryo (%) 
with head 
defect 

Phenotype category  I  II  III  IV  V   

Genotype             

Lhx1flox/‐;Foxa2+/mcm 
Mock 

12  1  1  0  0  2 (14%) 

Lhx1flox/‐;Foxa2+/mcm 
Tam 

1  3  3  1  2  9 (90%)  

P<0.01 by χ2 test for the distribution of the embryos across the phenotype categories between the 
two treatment groups.  
Affected embryos of the other genotypes (see part A) displayed category II phenotype. 
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Table S3. Phenotypic analysis for genetic interaction of Lhx1 and Ctnnb1. 
 
A. Frequency of abnormal head phenotype for E9.5 embryos generated from crosses between 
Lhx1+/‐ and Ctnnb1Bfc/+ mice. 
 

Number of embryos (number showing head abnormality) 

Genotype  Lhx1+/+;Ctnnb1+/+  Lhx1+/‐;Ctnnb1+/+  Lhx1+/+;Ctnnb1Bfc/+  Lhx1+/‐;Ctnnb1Bfc/+ 

  20 (0)  21 (4)  17 (4)  17 (12) 

% with head 
defects 

0%  19%  24%  71% 

 
B. Categories of head phenotype. 
 

   
Number of embryos per head phenotype category 

Number of 
embryo (%) 
with head 
defect 

Phenotype 
category 

I  II  III  IV  V   

Genotype             

Lhx1+/+;Ctnnb1+/+  20  0  0  0  0  0 (0%) 

Lhx1+/‐;Ctnnb1+/+  17  2  2  0  0  4 (19%)* 

Lhx1+/+;Ctnnb1Bfc/+  13  3  1  0  0  4 (24%)ᵻ 

Lhx1+/‐;Ctnnb1Bfc/+  5  1  10  1  0  12 (71%)*ᵻ 

*P<0.01 by χ2‐test for difference in the distribution of the embryos across the phenotype categories 
between Lhx1+/‐;Ctnnb1Bfc/+ embryos and Lhx1+/‐;Ctnnb1+/+ embryos. 
ᵻP<0.01 by χ2‐test for difference in the distribution of the embryos across the phenotype categories 
between Lhx1+/‐;Ctnnb1Bfc/+ embryos and Lhx1+/+;Ctnnb1Bfc/+ embryos. 
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Table S4. Phenotypic analysis for genetic interaction of Lhx1 and Dkk1. 
 
A. Frequency of abnormal head phenotype for E8.5‐E9.5 embryos generated from intercross of 
Lhx1+/‐;Dkk1+/‐ mice. 
 

Number of embryos (number showing head abnormality) 

Genotype  Lhx1+/+;Dkk1+/+   Lhx1+/‐;Dkk1+/+   Lhx1+/+;Dkk1+/‐   Lhx1+/‐;Dkk1+/‐  

  6(0)  11 (1)  5 (0)  19 (14) 

% with head 
defects 

0%  9%  0%  74% 

All Lhx1+/+; Dkk1‐/‐, Lhx1‐/‐; Dkk1+/+, Lhx1‐/+; Dkk1‐/‐, Lhx1‐/‐; Dkk1+/‐ and Lhx1‐/‐; Dkk1‐/‐ embryos also 
generated in this cross displayed defect as Lhx1 or Dkk1 homozygous null embryos (data not shown). 
 
B. Categories of head phenotype. 
  

   
Number of embryos per head phenotype category 

Number of 
embryo (%) 
with head 
defect 

Phenotype 
category 

I  II  III  IV  V   

Genotype             

Lhx1+/+;Dkk1+/+  6  0  0  0  0  0 (0%) 

Lhx1+/‐;Dkk1+/+  10  1  0  0  0  1 (9%)* 

Lhx1+/+;Dkk1+/‐  5  0  0  0  0  0 (0%)ᵻ 

Lhx1+/‐;Dkk1+/‐  5  6  6  2  0  14 (74%)*ᵻ 

*P<0.01 by χ2‐test for difference in the distribution of the embryos across the phenotype categories 
between Lhx1+/‐;Dkk1+/‐ and Lhx1+/‐;Dkk1+/+ embryos. 
ᵻP<0.05 by χ2‐test for difference in the distribution of the embryos across the phenotype categories 
between Lhx1+/‐;Dkk1+/‐ and Lhx1+/+;Dkk1+/‐ embryos. 
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Table S5. Phenotypic analysis for genetic interaction of Lhx1 and Dkk1 in the epiblast. 
 
A. Frequency of abnormal head phenotype for E8.5‐E10.5 embryos generated from crosses between 
Lhx1flox/flox and Dkk1+/‐;Meox2+/Cre mice.  
 

Number of embryos (number showing head abnormality) 

Genotype  Lhx1+/flox;Dkk1+/+ 
Lhx1+/flox;Dkk1+/+

;Meox2+/Cre 
Lhx1+/flox;Dkk1+/‐ 

Lhx1+/flox;Dkk1+/‐

;Meox2+/Cre 

  34 (0)  33 (0)  32 (3)  25 (12) 

% with head 
defects 

0%  0%  9.5%  48% 

 
B. Categories of head phenotype.  
 

   
 

Number of embryos per head phenotype category 

Number of 
embryo (%) 
with head 
defect 

Phenotype category  I  II  III  IV  V   

Genotype             

Lhx1+/flox;Dkk1+/+  34  0  0  0  0  0 (0%) 

Lhx1+/flox;Dkk1+/+;Meox2+/Cre  33  0  0  0  0  0 (0%)* 

Lhx1+/flox;Dkk1+/‐  29  3  0  0  0  3 (9.5%)ᵻ 

Lhx1+/flox;Dkk1+/‐;Meox2+/Cre  13  8  3  1  0  12 (48%)*ᵻ 

*P<0.001 by χ2‐test for difference in the distribution of the embryos across the phenotype categories 
between Lhx1+/flox;Dkk1+/‐;Meox2+/Cre and Lhx1+/flox;Dkk1+/+;Meox2+/Cre embryos. 
ᵻP<0.01 by χ2‐test for difference in the distribution of the embryos across the phenotype categories 
between Lhx1+/flox;Dkk1+/‐;Meox2+/Cre and Lhx1+/flox;Dkk1+/‐ embryos. 
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Table S6. Sequences of primers for RT‐PCR and ChIP‐PCR. 
 
A. RT‐PCR Primers. 
 

Gene  Sense primer  Antisense primer 

Pcdh1  5'‐GCTTCGTGTCACTGTGCTT  5'‐GTGTTTCGGTCTAGTCGCA 

Pcdh7  5'‐CCTGTACATAGAGGAGAACA  5'‐AGCTACTACTGTCCTGACAT 

Pcdh8  5'‐TTCAATGACAGTGACTCGGA  5'‐GAAGGTTGACATCTGGGCT 

Pcdh9  5'‐CAGGAAAGCTGCAGTGACA  5'‐ACATCTCTGTAGCTTCAGCT 

Pcdh9  5'‐TTCAGATCACTTCAGTGCCT  5'‐TCGAATGTGGAAACTGGTAG 

Pcdh10  5'‐CCAGGAAGCTGACATAGTAA  5'‐AAGGGACAAAAGAAGGCATC 

Pcdh11x  5'‐ACTCGGCTATAAACTCTCGA  5'‐TTGAACAATCAGTTGGGGCA 

Pcdh12  5'‐TCAATGGCAAAGTGTCTCCT  5'‐TTATTTCCTCGGTGGTTTGG 

Pcdh17  5'‐CAGTGACCAAGACACTAACA  5'‐ATCAGAATGACCAAGCACTC 

Pcdh18  5'‐ATTCAGTGACCTCTTCCTCA  5'‐TTGCTTCTGTAGTCAGAGGA 

Pcdh19  5'‐CACTATGATCTTCGTGGCAA  5'‐TGTCTTGCTCCTCACTATTG 

Pcdh20  5'‐CCAGTATGTGACCCTAAACA  5'‐AACTGCGGAGCATTGTCATT 

Hesx1  5’‐AGCATTTTAGGACTGGACCA  5’‐ATGAAGTCTCACTGGGAAGA 

Cer1  5'‐GCATCGGTTCATGTTCAGAA  5'‐GAACTGCATTTGCCAAAGCA 

Gsc  5’‐ TGGAGAACCTCTTCCAGGA  5’‐ AGGATCGCTTCTGTCGTCT 

Lef1  5'‐AACTGGCATCCCTCATCCA  5'‐GCTACGACATTCGCTCTCA 

 
B. ChIP‐PCR primers. 
 

Region  Sense primer  Antisense primer 

Pcdh7 ‐0.2R  5'‐TAGCAGTAAGGACTAACGCT  5'‐TCCTGCTTCTTCCGAAAGTT 

Pcdh7  +8.5R  5'‐GCACTAGTTAGTGGGAGAAA  5'‐ACACTCAACCACAATGCTGA 

Dkk1 dH1  5'‐CGAGGTTTGATTTGGGATCA  5'‐CACATGAGATCAAAGTGGCT 

Hesx1 dp  5'‐CGTTCTGCTTAGGAGAGATA  5'‐CCTTGTAGCTTTGCTGACTA 

Gsc U1  5'‐TTAACGGCGGCAGGACAAT  5'‐CCTTTGGGTGGTGTGGAAT 

Cer1 +4R  5'‐TGATATCCCAGCTGGTCAAT  5’‐AGAGCAAGCCAGAAGTTTGA 

Non target  5'‐TGTTCCCGGAAGTGGTTAAT  5'‐CTCTTATTGGGTACTCCTGA 
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