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Sonic hedgehog (SHH) signaling plays a pivotal role in 2 different
phases during brain development. Early SHH signaling derived
from the prechordal plate (PrCP) triggers secondary Shh induction in
the forebrain, which overlies the PrCP, and the induced SHH signaling,
in turn, directs late neuronal differentiation of the forebrain. Conse-
quently, Shh regulation in the PrCP is crucial for initiation of forebrain
development. However, no enhancer that regulates prechordal Shh
expression has yet been found. Here, we identified a prechordal en-
hancer, named SBE7, in the vicinity of a cluster of known forebrain
enhancers for Shh. This enhancer also directs Shh expression in the
ventral midline of the forebrain, which receives the prechordal SHH
signal. Thus, the identified enhancer acts not only for the initiation of
Shh regulation in the PrCP but also for subsequent Shh induction in
the forebrain. Indeed, removal of the enhancer from the mouse ge-
nome markedly down-regulated the expression of Shh in the rostral
domains of the axial mesoderm and in the ventral midline of the
forebrain and hypothalamus in the mouse embryo, and caused a
craniofacial abnormality similar to human holoprosencephaly (HPE).
These findings demonstrate that SHH signaling mediated by the
newly identified enhancer is essential for development and growth
of the ventral midline of the forebrain and hypothalamus. Under-
standing of the Shh regulation governed by this prechordal and brain
enhancer provides an insight into the mechanism underlying cranio-
facial morphogenesis and the etiology of HPE.
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An early event of organization of the vertebrate central ner-
vous system is the inductive action of the axial mesoderm on

differentiation of the neural ectoderm (1, 2). An anterior part of
the axial mesoderm referred to as the prechordal plate (PrCP) is
crucial for formation of the forebrain (3–5), which consists of 2
subdivisions, the telencephalon and diencephalon. Sonic hedgehog
(SHH) is a major signaling molecule that promotes regionalization
of the embryonic brain along the anteroposterior axis (6–8) as well
as the dorsoventral axis (9–12). Shh is expressed throughout the
axial mesoderm, including the PrCP and the notochord. Surgical
removal of the PrCP from chick, mouse, and amphibian embryos
revealed that prechordal Shh expression is necessary for differen-
tiation and growth of the forebrain, suggesting that the PrCP is an
early organizing center for brain development (4, 13–15). SHH
protein produced in the PrCP is secreted dorsally to induce Shh
expression in the ventral midline of the forebrain (6). Transition of
the signal from the prechordal SHH to the neuronal secondary
source of SHH is an essential event in the cascade of brain for-
mation (6, 13).
Six brain enhancers for Shh, named SBE1 to SBE6, have been

identified in the genomic region spanning the Shh and Lmbr1
coding sequences (7, 16–19). Two of these, SBE1 and SBE5,
located in an intron of Shh and Lmbr1, direct Shh expression in
the ventral midline of the posterior forebrain and midbrain, re-
spectively (18, 20). A screen for enhancers upstream of the Shh

coding sequence uncovered a cluster of forebrain enhancers,
SBE2, SBE3, and SBE4. When a transgenic LacZ reporter is
flanked by SBE2 and SBE3, the enhancers drive reporter expression
in the anterior diencephalon and the anterior portion of the tel-
encephalon, respectively, while SBE4 drives the transgenic reporter
expression in both diencephalon and telencephalon (17). These
nested expressions driven by the 3 forebrain enhancers recapitulate
the endogenous expression of Shh in the forebrain (17). Although
the enhancers that direct neuronal Shh expression in telencephalon
and diencephalon have been identified, and some of the upstream
transcription factors (TFs) for these enhancers have been eluci-
dated (21, 22), the entire spatiotemporal regulation of Shh is not yet
fully understood. In particular, enhancer(s) that regulate Shh ex-
pression in the axial mesoderm including the PrCP remain to be
elucidated. Recent genome-wide screenings around the Shh locus
suggested the presence of 4 notochord enhancers in the vicinity of
the known forebrain enhancers and in more-upstream regions of
the Shh locus (23).
In the present study, we identified a forebrain enhancer in the

vicinity of the forebrain enhancer cluster, and named it SBE7. It
directs Shh expression not only in the ventral midline of the
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forebrain but also in the PrCP. When SBE7 was eliminated from
the mouse genome, Shh expression in both the anterior forebrain
and the PrCP was significantly reduced. As a consequence, the
mutant embryos exhibited severe malformation of diencephalon-
derived brain structures such as the hypothalamus and the mid-
line structure of the forebrain, which are similar to a mild form of
human holoprosencephaly (HPE) (24). Our results showed that the
identified enhancer is essential to induce Shh expression in the
PrCP, and, in turn, to induce secondary Shh expression in the rostral
and ventral midline of the forebrain overlying the PrCP, and that
SBE7-mediated SHH signaling from the PrCP is crucial for devel-
opment of the rostral and midline structures of the forebrain and
hypothalamus.

Results
A Brain Enhancer in the Shh Regulatory Region. The University of
California, Santa Cruz (UCSC) public database provides epigenetic
information on active enhancer markers (http://genome.ucsc.edu/)
(25, 26). Chromatin immunoprecipitation sequencing (ChIP-seq)
data for the mouse embryonic brain at E14.5 using histone
H3K4me1 and H3K27ac antibodies revealed crowded signal peaks
in a region between the Rnf32 and Shh coding sequences (Fig. 1A);
this region overlaps a forebrain enhancer cluster of Shh (Fig. 1 A
and B). Three known forebrain enhancers, SBE2, SBE3, and SBE4,
which are known to act in the early brain around E10.5 (17), still
keep active marks even in the later brain. In addition to these
known forebrain enhancers, some regions carrying active chromatin
marks were observed within the cluster. Their sequences also
showed evolutionary conservation among vertebrates (Fig. 1B). We
cloned regions with the 4 highest signal peaks of the histone mark
H3K4me1 at E14.5, and evaluated regulatory activity of these se-
quences in transgenic mice carrying a LacZ reporter flanked by
each of the 4 regions. Reporter expression was not specifically ob-
served in the E10.5 brain of transgenic mice with regions e1, e3, or
e4 (Fig. 1 C, E, and F), although e4 drove reporter expression in the
lung and surrounding epithelial tissues (Fig. 1F and SI Appendix,

Fig. S1 A–H). When we generated the e4 deletion mutant using the
CRISPR-Cas9 system (SI Appendix, Fig. S1 I–L), homozygotes of
the e4 deletion mutant were viable and did not show any significant
outward signs of morphological defects.
In contrast, e2 drove strong transgenic reporter expression on

the ventral side of the embryonic brain at E10.5 (Fig. 1D). The
regulatory activity of e2 overlaps equally with that of SBE2 in the
rostral diencephalon and with those of SBE1 and SBE5
in the caudal diencephalon and midbrain (Fig. 1G) (17, 18). In
sections of the forebrain, the e2-driven expression was observed in
the ventral midline immediately caudal to the infundibulum (Fig.
1H). Although the expression of endogenous Shh and the reporter
expression driven by SBE2 are known to form bilateral stripes ad-
jacent to the ventral midline of diencephalon (17), the e2-driven
expression remained at the ventral midline and did not fully re-
capitulate the endogenous Shh expression (SI Appendix, Fig. S2).
The LacZ reporter signal of e2 was also observed in the axial me-
soderm, and the tail mesoderm where Shh is not normally expressed.
Thus, it appeared that the e2 region residing in the forebrain

enhancer cluster contains enhancer activity for the axial meso-
derm as well as for the ventral forebrain. We named e2 Shh brain
enhancer 7 (SBE7). Since the active histone mark profile was
obtained from the whole brain of later-stage embryos at E14.5,
genomic regions within the forebrain enhancer cluster may have
a potential to regulate the expression of Shh at E10.5.

SBE7 Drives Reporter Expression in the Axial Mesoderm Including the
Prechordal Plate. Shh expression in the PrCP is essential to induce
Shh in the ventral midline of the forebrain (4, 6, 13). To de-
termine whether SBE7 acts to initiate Shh expression in the
forebrain, we tested its regulatory activity at different embryonic
stages in comparison with that of SBE2. At E9.0, SBE7 drove
reporter expression in the notochord, PrCP, and ventral di-
encephalon, whereas SBE2 did not drive expression in the axial
mesoderm (Fig. 2 A and B). Regulatory activity of SBE7 was
observed in both axial mesoderm and diencephalon at E8.5 (Fig. 2

Fig. 1. Identification of a forebrain enhancer. (A) Genomic locations of the 6 known forebrain enhancers in the Shh regulatory region. SBE1 and SBE5 are
intronic enhancers in the Shh and Lmbr1 genes, respectively. The other 4 enhancers are located in the intergenic region. (B) ChIP-seq data on the embryonic brain
at E14.5 with anti-H3K27ac and anti-H3K4me1 antibodies uploaded in the UCSC genome browser. Several signal peaks were found upstream of the Shh locus.
(Lower) 6 plots showing an enlarged view of the cluster harboring 3 forebrain enhancers, shaded in 2 first (Upper) plots. (Bottom) 4 plots showing phyloge-
netically conserved regions detected by Phylop and PhastCons. (C–G) Transgenic reporter expression driven by e1, e2, e3, e4, and SBE2 genome fragments at E10.5.
The number of LacZ-positive embryos among the total number of embryos carrying a transgene is indicated (Bottom Right). (H) A sagittal section of the e2
transgenic brain. Di, diencephalon; Mb, midbrain; Nc, notochord; Lu, lung; Us, upper stomach; Rp, Rathke’s pouch; I, infundibulum. (Scale bar, 0.5 mm.)
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C and F). In contrast, no reproducible expression of LacZ was
observed in the SBE2-LacZ transgenic mouse at the same stage,
suggesting that SBE2 begins to direct endogenous Shh expression
after E8.5 (SI Appendix, Fig. S3). Given that SBE7 drives reporter
expression at early stages in the mouse embryo, we investigated
expression at earlier embryonic stages. From the early bud stage
(E7.5) to the late head fold stage (E7.75), reporter expression
driven by SBE7 was observed in the caudal axial mesoderm and
node (Fig. 2 D–H). Moreover, 2 of the LacZ-positive embryos
showed the prechordal expression of LacZ. The SBE7 regulatory
activity recapitulated the endogenous expression at early stages (27).

SBE7 Is Essential for Shh Expression in the Prechordal Plate and
Ventral Midline of the Forebrain. To directly examine the role of
SBE7 in Shh regulation and forebrain development, we first
eliminated SBE7 alone from the mouse genome using the
CRISPR-Cas9 system (Fig. 3A and SI Appendix, Fig. S4A), and
established 2 SBE7 deletion mouse lines (Δ7). Endogenous Shh
expression was detected in both the PrCP and the ventral midline
of the forebrain of wild-type embryos at E8.5 (Fig. 3 B and D). In
the Δ7 homozygote, Shh expression clearly diminished in the

PrCP and the overlying neuroepithelium, suggesting that SBE7 is
essential as a prechordal enhancer for Shh expression (Fig. 3 C
and E). To elucidate the demarcation of Shh regulation between
SBE7 and other forebrain enhancers including SBE2, we further
generated 2 mouse lines with deletions in the genomic region
around the forebrain enhancer cluster. One line, named ΔFC,
had a 120-kb deletion including all of the forebrain enhancers,
and the other, named Δ234, had a 118-kb deletion encompassing
SBE2, SBE3, and SBE4, but retained SBE7 (Fig. 3A and SI
Appendix, Fig. S4 B and C). The Δ7 and ΔFC homozygous em-
bryos showed abrogation of Shh expression in the telencephalon
and the rostral diencephalon (Fig. 3 G and H). These 2 deletion
mutant lines retained endogenous Shh expression in the ventral
midbrain and the caudal diencephalon including the zona limitans
intrathalamica (ZLI), although SBE7 can drive reporter expression
in these regions. Although Δ234 embryos also showed a down-
regulation of Shh in the telencephalon, a detectable level of the
Shh expression was shown in the rostral diencephalon (Fig. 3I and
SI Appendix, Fig. S5 B and D).

Elimination of SBE7 Causes Severe Morphological Defects in the
Ventral Midline of the Forebrain. Homozygotes of Δ7 died within
2 d after birth (SI Appendix, Table S1), whereas heterozygotes of Δ7
were viable and did not show any outward abnormalities. To es-
tablish whether down-regulation of Shh in the forebrain impacts
normal brain formation, we performed a 3D morphological analysis
of E16.5 mouse brains using X-ray microcomputed tomography
(micro-CT). A 3D reconstruction of micro-CT images revealed that
homozygotes of Δ7 andΔFC showed facial hypoplasia with reduced
binocular distance, nostril obstruction, loss of philtrum, and cleft lip
(Fig. 4 and SI Appendix, Fig. S6). These phenotypes are typical
midline defects observed in HPE. In contrast, facial structures of the
Δ234 mouse were virtually normal at E16.5.
Virtual sections of the CT images revealed that brains of the

Δ7 and ΔFC homozygotes had expanded third and lateral ven-
tricles, with deformation of the septum and the midline of the
hypothalamus (Fig. 4 and SI Appendix, Fig. S7 A and B). Fur-
thermore, we observed absence or hypoplasia of the olfactory
bulb and the pituitary gland in both mutants. In facial organs, the
Δ7 and ΔFC homozygous embryos showed a thin nasal septum, a
short nasal cavity, and abnormally shaped eyes with absence
of the optic chiasma. These phenotypes were variable in the Δ7
homozygous embryo (SI Appendix, Table S2). Three out of 8 Δ7
homozygous embryos showed the severe phenotype, nearly equiv-
alent to that of the ΔFC homozygous embryo. The remaining 5
showed no abnormality in the brain septum, the lateral ventricles,
the nasal septum, or the olfactory bulb (SI Appendix, Table S2). In
contrast, Δ234 homozygous embryos showed little abnormality in
the brain and facial structures, but their third ventricle was slightly
expanded (Fig. 4 and SI Appendix, Fig. S7C and Table S2).
Since the Δ234 homozygote was viable after birth and showed

far less severe abnormality in craniofacial development at E16.5,
we further analyzed the phenotype of adult Δ234 mice (n = 3)
(SI Appendix, Fig. S8). The Δ234 homozygote had a significantly
smaller body size than the heterozygote and wild-type mouse at
1 mo of age (SI Appendix, Fig. S8A). Micro-CT analysis revealed
that the Δ234 homozygote has a hypoplastic pituitary gland and a
bent nasal septum (SI Appendix, Fig. S8 B and C), but no visible
defects in the septum, olfactory bulb, eyes, or optic chiasma (SI
Appendix, Fig. S8 B and C). Therefore, one or a combination of
the 3 enhancers, SBE2, SBE3, and SBE4 (or perhaps some un-
known regulatory element residing within the 118-kb deletion),
probably provides the Shh regulation required for pituitary and
nasal development.

SIX3 Is Not Required for SBE7-Mediated Shh Regulation in the PrCP or
the Hypothalamus. It is known from previous studies that SIX3,
SOX2, and SOX3 are upstream TFs of the Shh expression

Fig. 2. Regulatory activity mediated by SBE7. (A and B) Comparison of re-
porter expression driven by SBE7 (n = 10/13) and SBE2 at E9.0 (n = 4/6). (C–H)
LacZ reporter expression driven by SBE7 at early embryonic stages. (C) Dorsal
and (F) lateral views of SBE7-driven reporter expression at E8.5 (n = 3/6). (D
and E) Frontal and (G and H) lateral views of reporter expression driven by
SBE7 from E7.5 (early bud stage) to E7.75 (late head fold stage). Five out of
11 embryos show a detectable reporter expression. Two show LacZ expres-
sion in the PrCP (D and G; open arrowhead) and the other 3 do not (E and H;
open arrowhead). Am, axial mesoderm; Ne, neuroepithelium; Nd, node.
(Scale bars, 0.2 mm.)
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through SBE2 binding (21, 22). Inactivation of Six3 results in a
failure to activate Shh expression in the ventral forebrain, and
consequently causes HPE (28). To test the possibility that SIX3
and SOX2 and SOX3 also regulates SBE7 activity, we first
searched for potential TF-binding sites in the SBE7 sequence by
using the JASPAR database (29). We could not find typical
SIX3-binding sites but found 3 potential sites for SIX1 and SIX2
and one binding site for SOX2 and SOX3 (SI Appendix, Fig.
S9A). We introduced a dysfunctional mutation into all 3 poten-
tial SIX-binding sites or the SOX2 and SOX3 binding site, re-
spectively. Transgenic reporter assays revealed that the SBE7-
driven reporter expression was not affected by mutations in these
binding sites (SI Appendix, Fig. S9 A and B). In addition, the Six3
expression level was unchanged in the Δ7 homozygote embryo
(SI Appendix, Fig. S9C). SBE7 is unlikely regulated by direct
binding of SIX3, and thereby may not be involved in the feedback
regulation between Shh and Six3 in the forebrain (SI Appendix, Fig.
S10). To functionally dissect SBE7, we generated 2 deletion con-
structs of SBE7 and carried out transgenic reporter assay (SI Ap-
pendix, Fig. S9A). A 514-bp SBE7 construct drove reporter
expression similar to that driven by the full-length SBE7 (SI Ap-
pendix, Fig. S9B), whereas a 486-bp SBE7 construct did not show
specific expression in the forebrain (SI Appendix, Fig. S9B). The
result suggested that a 190-bp fragment at the right side of the
514-bp SBE7 construct, which contains an evolutionary conserved

sequence block across mammals (SI Appendix, Fig. S9A), is required
for regulatory activity in the forebrain. To understand interactions
between SBE7 and HPE- and SOD-causative genes other than Six3,
Sox2, and Sox3, we sought potential TF-binding sites for ZIC2,
TGIF, HESX1, and OTX2 within the 190 bp. Although a binding
site for HESX1 was found in the 190 bp, abolishment of the binding
site by introducing a mutation did not influence the reporter ex-
pression in transgenic mice (SI Appendix, Fig. S9 A and B).

Discussion
SBE7 Is an Enhancer That Regulates Shh Expression in the Diencephalon,
Mesencephalon, and Prechordal Plate. SBE7 is located within the
forebrain enhancer cluster, and turns out to possess a broad regu-
latory activity from the diencephalon to mesencephalon (SI Ap-
pendix, Fig. S11). We note that SBE7 directs Shh expression in the
PrCP, which is the most anterior tip of the axial mesoderm, as well
as in the diencephalon. A deletion of SBE7 strikingly diminished
Shh expression in the PrCP, but not in the notochord; this indicates
that SBE7 is indispensable for Shh regulation in the PrCP, and that
there is another enhancer for Shh expression in the notochord. SHH
protein produced in the PrCP is secreted dorsally and induces an
Shh-expressing cell population at the rostral and ventral midline of
the neuroepithelium (6, 13, 30). This induced cell population acts as
the secondary signaling center for forebrain organization. Indeed, the
single deletion of SBE7 resulted in abrogation of Shh expression in

Fig. 3. Mutant genomes with 3 types of deletion around the forebrain enhancer cluster. (A) Diagrams of the mutant genomes with deletion of 1.5 kb
encompassing SBE7 (Δ7), a 120-kb region harboring the whole forebrain enhancer cluster (ΔFC), and a 118-kb region excluding SBE7 from the 120-kb region
(Δ234). (B–E) Whole-mount in situ hybridization with an Shh riboprobe in the (B and D) wild-type (WT) and (C and E) Δ7 homozygous embryo at E8.5. D and E
are enlargements of B and C, respectively. Filled arrowheads in D indicate Shh expression in the rostral tip of the Di and PrCP. Open arrowheads in E depict
boundaries of loss of Shh expression in the rostral tip of Di and also PrCP. (F–I) Shh expression in a lateral view of the E10.5 wild type and homozygotes of the
3 types of deletion. Arrow indicates the diencephalic region where Shh is normally expressed. (Scale bars, 0.5 mm.)
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the midline of the diencephalon overlying the PrCP, leading to
marked morphological defects in the ventral midline of the forebrain,
and eventually developmental anomalies of the hypothalamus.
In contrast to the phenotype of SBE7 deficiency, the brain of

Δ234 exhibited far less severe morphological anomalies (Fig. 4).
Likewise, it is known that a mutant with a deletion of SBE1,
which directs Shh expression in the mesencephalon and in the
posterior diencephalon including ZLI, shows no obvious defects
in brain formation, although Shh was down-regulated in a part of
the mesencephalon and diencephalon (20). Loss of SBE1 may be
compensated by one or more redundant enhancers including
SBE5 (18). Taking these observations together, it appears that
the forebrain enhancers including SBE7 have redundant Shh-
regulating activity. Notably, SBE7 is necessary for the normal
expression of Shh in the ventral diencephalon. It is possible that
the SHH protein produced by SBE7 in the PrCP, the first

signaling center, is indispensable for induction of Shh in the
forebrain. Alternatively, SBE7 may also play a pivotal role in
induction of Shh in the forebrain cooperating with SBE2. In the
present study, we could not dissect the enhancer function of
SBE7 into the prechordal- and diencephalic-specific activity. The
necessity of diencephalic function of SBE7 for the normal brain
development is still unclear.

SBE7 Deficiency Models Semilobar-Type HPE. Abrogation of Shh
expression in the PrCP and the overlying diencephalon caused
morphological defects in the midline brain and facial structures,
including the hypothalamus, septum, optic chiasma, pituitary,
olfactory bulb, and nasal septum (Fig. 4 and SI Appendix, Fig.
S6), which are also observed in HPE (3, 13) and partially in
septooptic dysplasia (SOD) (31). HPE is a midline defect with
incomplete separation of the brain hemispheres, and is classified
into alobar, semilobar, and lobar types according to the degree of
severity. In the alobar type, there is no brain division at all, with
one eye, a tubular nose, and cleft lip. The most serious symptom
is known as cyclopia (3, 4). Many genetic factors are involved in
the onset of HPE. Mutations in SHH, ZIC2, TGIF, and SIX3 are
listed as genetic causalities of HPE (32–36). It is well known that
Six3 regulates Shh expression through its direct binding to one of
the forebrain enhancers, SBE2 (21). The common features of
SOD are abnormal structures along the midline of the brain,
optic nerve, pituitary, septum pellucidum, and corpus callosum
(31, 37). Mutations of HESX1, OTX2, SOX2, and SOX3 are
known to cause SOD (38). Mouse mutants generated by condi-
tional gene targeting with Cre drivers of Foxb1 (39), Nkx2.1 (40),
and SBE2 (22) displayed abrogated Shh expression specifically in
the ventral midline of the rostral diencephalon, including the
hypothalamus primordium, while leaving Shh expression in the
PrCP intact (41, 42). All of these mutants showed defects in
growth of the hypothalamus and in specification of the basal
portion of the forebrain (43). Notably, the mutant mouse lacking
Shh expression by SBE2-mediated Cre recombination is repor-
ted as a model of SOD, in which Shh regulation by the SoxB1
family members Sox2 and Sox3 is impaired specifically in the
ventral diencephalon (22). The homozygous SBE7 deletion
mutant shows cleft lip, orbital hypotelorism (narrow space be-
tween the eyes), and no philtrum, in addition to defects in the
pituitary, optic nerve, and midline forebrain that are commonly
found in SOD. It is most likely that Shh down-regulation in the
ventral midline of the forebrain is at least one of the common
etiologies of HPE and SOD. Considering the broader spectrum
of the SOD model and SBE7-deficient mice, the phenotypic
difference between HPE and SOD may be due to a spatiotem-
poral difference in Shh down-regulation: Early and prechordal
down-regulation is responsible for the incomplete separation of
the 2 cerebral hemispheres in HPE, and late and diencephalic
down-regulation is responsible for the hypothalamic and midline
forebrain defects in SOD. Taking all of these observations into
account, it is appropriate to classify the phenotype observed in
the SBE7-deficient mutant as semilobar-type HPE (24, 44). It
will be intriguing to test whether familial semilobar-type HPE
patients have mutations in their SBE7 sequences.
Homozygotes of Δ7 lost Shh expression in the PrCP and the

overlying diencephalon (Fig. 3), and Δ7 and ΔFC homozygotes
develop semilobar-type HPE, but not alobar-type HPE (Fig. 4).
This result is not consistent with a previous report that about half
of the mice whose PrCP was surgically removed developed alobar-
type HPE (13). Large phenotypic variability is a marked feature of
HPE and mouse models of HPE. Multiple genetic factors are in-
volved in HPE pathogenesis, and different genetic backgrounds in
human patients and mouse mutant lines may explain the penetrance
of HPE and its phenotypic variability (24, 35). Several Six3 condi-
tional mouse mutants exhibited semilobar-type HPE in the genetic
background of C57BL/6 strain, but a far more severe form of HPE

Fig. 4. Micro-CT images of mutant embryos with deleted forebrain en-
hancers. A facial view of 3D reconstruction of micro-CT images of E16.5
embryos (Top). Virtual sections of 3D reconstructed heads are aligned in
rows with Roman numerals to the left. Positions of vertical and horizontal
sections are illustrated by dotted lines with corresponding Roman numerals
in the diagrams (Bottom); 3v, third ventricle; Ey, eye; Ht, hypothalamus; Lv,
lateral ventricle; Ns, nasal septum; Ob, olfactory bulb; Oc, optic chiasma; Pg,
pituitary gland; Ph, philtrum; Sp, septum pellucidum. (Scale bars, 1.0 mm.)
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was observed in embryos with mixed genetic backgrounds (28).
Given that the genetic background of Δ7 and ΔFC is C57BL/6,
even more severe phenotypes may be seen when the deletion is
placed in a mixed genetic background. Alternatively, the PrCP may
provide a signaling molecule other than SHH that is required for
normal forebrain and facial development. For instance, BMP7 se-
creted from the PrCP is involved in positioning of the hypothalamus
along the anteroposterior axis in the diencephalon, in combination
with SHH signaling (6, 45). Therefore, it is possible that another
unknown factor(s) is responsible for proper development of the
ventral midline of the rostral diencephalon. Notably, the Δ7 ho-
mozygote retains Shh expression in the notochord, suggesting at
least one other enhancer to regulate the Shh expression in the axial
mesoderm posterior to the PrCP. Thus, we cannot rule out the
possibility that an unknown enhancer has activity to regulate the
Shh expression at the anterior or posterior tip of the PrCP, which is
necessary for normal development of the ventral midline of the
rostral diencephalon.

Context-Dependent Regulation of Shh by Brain Enhancers. Six3
knockout mice show down-regulation of Shh in the ventral di-
encephalon and human HPE-like defects in the brain (21, 28).
Considering that SHH signaling is necessary for the maintenance
of Six3 expression, there is a positive feedback loop between Shh
and Six3 that is crucial for normal development of the hypo-
thalamus (28). Shh expression in the diencephalon is down-
regulated in a compound mutant of Sox2 and Sox3 (22), whereas
the Shh expression is up-regulated by deficiency of Tbx3, which is a
negative regulator for Sox2 (46). A ChIP study revealed that SOX2
binds to a Six3 forebrain enhancer located upstream of the Six3
locus (47). Furthermore, compound knockout of Sox2 and Sox3
markedly down-regulated Six3 expression in the diencephalon (47).
These findings suggest that SOX2 and SOX3 are TFs to link the
feedback loop between Shh and Six3. Since SIX3 and SOX2 bind
directly to SBE2 (21, 22), SBE2 is a key mediator of Shh regulation
by SIX3 and SOXs in the diencephalon. During brain development,
the expression domain of Shh at the midline of ventral brain becomes

bilateral at E10.5 onward (17). T-box TFs are involved in lateraliza-
tion of the medial Shh expression through direct binding to SFPE2,
which is an intronic brain enhancer of Shh, or are involved in blocking
SOX2 activity to suppress the Shh expression at the ventral midline
(46, 48). In this study, we did not find any evidence that SIX3 or SOX
proteins act as TFs in the regulation of Shh through SBE7 in fore-
brain development. In fact, SBE7 itself did not reproduce the later-
alized expression of Shh, probably due to the absence of functional
SOX2 binding sites within the sequence. Therefore, our results in-
dicate that Shh expression in the forebrain is regulated in 2 distinct
contexts, one mediated by SBE2 and SFPE2 and the other by SBE7.
SBE7 mainly contributes to the early prechordal expression of Shh
and the subsequent induction of neural Shh at the midline of fore-
brain. SBE2 plays a central role in the diencephalic expression of Shh,
especially in the mediolateral transition of Shh to form bilateral
stripes at later stages, which is necessary for the growth and differ-
entiation of bilateral hypothalamic areas (17, 21, 22, 46). The 2modes
of enhancer function may act in a coordinated fashion for regulatory
dynamics of Shh in the mouse forebrain.

Materials and Methods
The sequences of SBE7 and e4 were ascribed to DNA Data Bank of Japan with
Accession Numbers LC461025 and LC461026, respectively. An extended de-
scription of the materials and methods is presented in SI Appendix, SI Ma-
terials and Methods.

Animal experiments in this study were performed in accordance with the
approved guidelines by the Animal Care and Use Committee of National
Institute of Genetics (NIG).
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