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similarity than MFCS1-3 (Fig. 1A,B), and is an ortholog of a
human-fugu conserved sequence called SHH1, which has been
reported by another group (Goode et al., 2005; Woolfe et al., 2005).
Mammal Reptile Conserved Sequence 1 (MRCS1) is conserved
among mammals, chicken and lizard, but not in Xenopus and teleost
fishes. Mammal Amphibian Conserved Sequence 1 (MACSI1) is
conserved among mammals, chicken, lizard and Xenopus, and has
very weak similarity to a short sequence in the medaka genome (Fig.
1B). MACSI is a partial cDNA fragment previously registered as
AKO043126 in the FANTOM data set (Carninci and Hayashizaki,
1999) and is located in intron 8 of Rnf32, a gene with unknown
function.

Thus, in total there are six CNCSs presently known to reside in
the 600 to 900 kb region upstream of the Sh# transcriptional start site
(Fig. 1). Notably, the order and orientation of these CNCSs relative
to direction of Shh transcription are conserved across evolutionarily
distant species.

Transgenic reporter assay of the CNCSs

To test the function of the newly identified CNCSs, we carried out
transgenic assays by examining [3-galactosidase activity in mouse
embryos carrying a ~1 kb mouse genomic sequence containing the
five different CNCSs linked to the lacZ reporter gene. We first
examined reporter gene expression in whole-mount transgenic
embryos at embryonic day (E) 9.0-15.5. As summarized in Table 1,
MFCS3, MFCS4, MRCS1 and MACSI directed reproducible
tissue-specific reporter gene expression, whereas MFCS2 did not
show tissue-specific expression. MFCS3 drives lacZ expression in
the brain and motor neurons at EI1.5 (see Fig. S2 in the

Fig. 1. Location of CNCSs in the interval
between the Shh-coding sequence and
Lmbr1. (A) The genomes of five evolutionarily
distant species: mouse (chr5), human (chr7),
chicken (chr2), Xenopus (chr28) and medaka
(chr20). The scale is in kb and is expanded to 2.5-
fold in the chicken and Xenopus genomes, and
10-fold in the medaka genome compared with
the mammalian genomes. To compare the relative
positions of the CNCSs, MFCS1 was right-aligned
at the same position for all species. The colored
ovals indicate the locations of MRCS1 (blue),
MFCS3 (orange), MFCS4 (red), MACS1T (green),
MFCS2 (purple) and MFCS1 (yellow). Putative
medaka MACS1 is depicted with a white oval
rimmed with green. (B) VISTA plots of the six
CNCSs. Mouse CNCSs are compared with the
homologs of the human, cow, opossum, platypus,
chicken, lizard, Xenopus, fugu and medaka
CNCSs. Constraints used are a 100 bp window
length and 70% conservation level.

supplementary material), whereas the other three CNCSs (MFCS4,
MRCS1 and MACSI1) drive expression in different epithelial
linings.

MRCS1 drives strong lacZ expression in the epithelia of the
incisor and molar teeth at E12.5 (Fig. 2A,B) and weak expression in
the lingual papillae (Fig. 2B). At E13.5, lacZ signal appears in the
whisker buds, tooth primordia, the rugae of the hard palate (Fig. 2C).
Expression in the fungiform papilla of the anterior tongue also
becomes more prominent at this stage (Fig. 2D). Expression in these
domains continues at least until the palatal structure is established at
E15.5 (Fig. 2E-G). At E14.5-15.5, the reporter signals were also
detected in the hair and nail buds (Fig. 2E).

In the MFCS4 transgenic mice, very weak signal was detected in
the oral epithelium at E11.0 (data not shown). At E11.5, weak and
transient signal was detected in the dental germ (Fig. 2H). Strong
expression was observed in the pituitary fossa region and in the
tympanic tube and recess (Fig. 2H). In the lower facial area,

Table 1. lacZ reporter expression directed by CNCSs in transgenic
mice

Number of embryos with specific
reporter expression/
total number of embryos examined

MFCS2 MFCS3  MFCS4 MRCS1T  MACST
Motor neuron - 10/13 - - -
Tooth, lingual papilla - - - 9/10 -
Epiglottis, soft palate - - 18/20 - -
Lung, urogenital organ - - - - 7/10
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MRCS1

MFCS4

punctuate expression was detected on the tongue surface, but not in
the fungiform papillae (inset in Fig. 2H). lacZ expression persists in
these regions until E13.5 (Fig. 21,J). Notably, signal was detected in
the palatal shelves of the soft palate, but not in the anterior half of
the palate or in the hard palate (Fig. 2I), where MRCS1 drives
reporter expression (Fig. 2C,F). Strong expression was detected in
the epiglottis and arytenoid swelling at E13.5 (Fig. 2J), which are
essential for respiratory and swallowing functions. At E15.0, palatal
formation is completed and signal was observed in the midline of
the soft palate (Fig. 2K), but was decreased in the epiglottis and

MACS1

Fig. 2. lacZ reporter expression driven by MRCS1 and
MFCS4 in transgenic mouse embryos. (A-G) Reporter
signal in MRCS1 transgenic embryos. X-gal staining is
detected in the dental placode of the maxilla (A) and
mandible (B) at E12.5. Signal is also detected in the
fungiform papillae (B), whisker buds, teeth, palatal rugae
and fungiform papillae (C,D) at E13.5. At E15.5,
expression is detected in the whisker, hair and nail buds
(E); teeth, primary palate and palatal rugae (F); molar teeth
and fungiform papillae (G). (H-M) Reporter signal in
MFCS4 transgenic embryos. (H) At E11.5, transient signal
is detected in the dental placode, and intense signal
around the pituitary fossa, the tympanic tube and recess.
Punctate signal is detected on the tongue surface (inset in
H). (I) At E13.5, expression is detected in the soft palatal
edge and tympanic tube in the skull base. (J) Strong signal
is detected in the epiglottis and arytenoid swelling. (K,L) At
E15.0, expression is observed in the midline of the soft
palate (K), but the intensity of the signal is depressed in
the epiglottis and arytenoid swelling (L). (M) A mid-sagittal
section of an E13.5 embryo shows reporter signal in the
epithelia of the tongue, epiglottis, arytenoid swelling and
dorsal pharyngeal wall. a, arytenoid swelling; d, dental
placode; e, epiglottis; it, incisor tooth; fp, fungiform
papillae; mt, molar tooth; n, nail bud; pf, pituitary fossa;
pp, primary palate; r, palatal rugae; s, soft palate; t,
tongue; tr, trachea; tt, tympanic tube; w, whisker bud.

arytenoid swelling (Fig. 2L). Histological analysis showed that
MFCS4-driven expression is restricted to the epithelial lining (Fig.
2M).

MACSI drives lacZ reporter expression in the gut endoderm and
caudal region at E9.0 (Fig. 3A). At E9.5, intense signal marks the
region where the future respiratory tube will evaginate from the
primitive gut (Fig. 3B). As shown in the sagittal section, signal was
detected throughout the continuous lining of the gut endoderm at
E9.5 (Fig. 3C). At E10.5, signal was observed in the gut and cloaca
(Fig. 3D), as well as the primary lung buds (Fig. 3E). At E10.5,

Fig. 3. MACS1-driven lacZ reporter expression in
transgenic embryos. (A) lacZ reporter expression is
observed throughout the entire gut tube at E9.0. (B) The
condensed signal is observed in the tracheal diverticulum at
E9.5. (C) A mid-sagittal section at E9.5 shows that signal is
confined to the epithelial lining of the endoderm. (D) At
E10.5, strong caudal expression disappears and signal is
detected in the gut endoderm and cloaca. (E) Clear signal is
detected in the primary lung buds. (F) A mid-sagittal section
of an E10.5 embryo shows reporter signal in the epithelia of
the ventral pharyngeal wall, laryngotracheal tube and
cloaca. (G,H) At E11.5, reporter signal is widely observed in
the laryngotracheal tube, lung, gut (G) and genital tubercle
(H). () A mid-sagittal section of an E12.5 embryo shows
strong signal in the epithelia of the laryngotracheal tube
and lung. ¢, cloaca; g, gut; gt, genital tubercle; |, lung; Ib,
lung bud; It, larybgotracheal tube; s, stomach; td, tracheal
diverticulum.
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Fig. 4. Shh is expressed in the epithelial linings along the anterop

osterior axis. (A-H) Endogenous Shh and Ptch1 expression in sagittal

(A,B,E,F) and cross (C,D,G,H) sections of wild-type embryos. At E13.5, Shh expression is widely detected in the epithelia of the teeth, palatal shelf,
lingual papillae, epiglottis, arytenoid swelling, pharyngeal wall, lung, gut and urogenital tract (A,C). Ptch1 expression is mainly detected in the
mesenchyme adjacent to the Shh-expressing epithelia (B,D). (E-L) Magnified images in the pharyngeal apparatus. Shh expression is detected in the
epithelia of the epiglottis, arytenoid swelling and laryngotracheal tube (E,G). Ptch1 expression is mainly observed in the mesenchyme adjacent to
the Shh-expressing epithelia (F,H). (I-L) Reporter expression in MFCS4 and MACS1 transgenic embryos. MFCS4 reporter expression (1,K) partially

overlapped with MACS1-driven expression (J,L) in the epithelia of the arytenoid swelling. (M

tandem array of MFCS4 and MACS1. The linked sequence drives the sig

) Reporter expression in the transgenic mice with a
nal in both expression domains by MFCS4 and MACS1. a, arytenoid

swelling; b, bladder; e, epiglottis; it, incisor tooth; in, intestine; |, lung; la, laryngeal aditus; Ip, lingual papillae; It, laryngotracheal tube; mt, molar

tooth; n, nasal septum; p, pharynx; ps, palatal shelf; t, tongue; tr, trache

intense signal was apparent in the epithelia of the laryngo-tracheal
tube and cloaca. At E11.5, strong expression was observed in the
laryngotracheal tube, lung, gut (Fig. 3G) and genital tubercle (Fig.
3H). A mid-sagittal section confirmed the intense signal in the
epithelia of the laryngotracheal tube, lung, digestive tube and
urogenital tract (Fig. 3I; data not shown) at E12.5. Thus, MACS1
strictly specifies the expression in the epithelia of the respiratory and
digestive tubes, which are derived from the primitive gut endoderm.

Comparison of /lacZ reporter expression with
endogenous Shh expression in the epithelial
linings

We observed endogenous expression of Shh and its downstream
gene Ptchl, and compared it with /acZ reporter expression (Fig. 4).
Endogenous Shh expression is observed in the epithelia of the tooth
primordia, lingual papillae, palate, epiglottis, arytenoid swelling,
lung, gut and urogenital tracts at E12.5-13.5 (Fig. 4A,C,E,G),
whereas Ptchl endogenous expression is mainly observed in the
mesenchyme of the tooth primordia, tongue, epiglottis, arytenoid
swelling, lung and gut at these stages (Fig. 4B,D,F,H). As described
above, the reporter signals driven by MRCS1, MFCS4 and MACS1
are confined to the epithelial linings (Fig. 2M; Fig. 3C,FI), and
mirror the endogenous Shh expression domains. Even though the
MFCS4 and MACS1 expression domains partially overlap at their
borders in the arytenoid swelling (Fig. 41-L), they are distinct, with
MFCS4 driving expression in the epiglottis (Fig. 2M; Fig. 41) and
MACSI driving expression in the laryngotracheal tube (Fig. 4J,L).
The MFCS4 and MACSI tandem construct drives reporter

a; u, urethra; uc, umbilical cord.

expression throughout the pharyngeal apparatus and the respiratory
and digestive tubes (Fig. 2M; Fig. 31; Fig. 4M). Thus, these three
CNCSs appear to contain enhancers that together recapitulate the
endogenous pattern of Sh/ expression in the epithelial linings.

Generation of MFCS4 KO mouse mutant

To examine whether the CNCSs act as functional elements in vivo,
we performed gene targeting, focusing on MFCS4. Following the
same strategy used to generate MFCS1 knockout mice (Sagai et al.,
2005), we replaced a ~1 kb genomic region, including MFCS4 with
a neo cassette. We successfully generated two lines of germline
chimeras, then, heterozygotes (AMFCS4/+) were intercrossed to
generate homozygous mutants (AMFCS4/AMFCS4) (Table 2).
AMFCS4/AMFCS4 mice were present at E18.5 and early postnatal
stages, but all of them died within a few days of birth (Table 2).
Although AMFCS4/+ mice are viable and grossly indistinguishable
from wild-type mice, many AMFCS4/AMFCS4 neonates have

Table 2. Viability of MFCS4 KO mouse mutants
Number of mice with MFCS4 genotype

Age ++ +- —/-
E18.5 22 40 11
PO 6 (1)* 10 8 (4)*
P1 15 28 12 (10)*
P2 4 10 5 (5)*
1-2 months 37 71 0

*In parentheses is the number of mice that died on the day.
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Fig. 5. Phenotypes of AMFCS4/AMFCS4 mice. (A) Many AMFCS4/AMFCS4 mice had a dilated belly (asterisk). (B) A AMFCS4/AMFCS4 neonate
whose stomach is not filled with milk (asterisk) (B). (C-M) Phenotypes of embryos at £18.5. (C) Wild-type oro- and naso-pharyngeal junction, upper
right. The epiglottis and arytenoid are clearly recognizable. (D,E) Lower aspect of the hard and soft palates, and the naso-pharyngeal opening. In
wild-type mice, the hard palate (hp, double arrow) and soft palate (sp, double arrow) are well formed (D). In AMFCS4/AMFCS4 mice, the palates are
fused at the midline. The hard palate is formed normally, but the soft palate terminates prematurely. As a consequence, the naso-pharyngeal
opening in AMFCS4/AMFCS4 mice is misaligned to the anterior side (E). (F-1) Views of the dorsal aspect of the tongue and the oro-pharyngeal
opening. (G,l) Magnified images of the oro-pharyngeal opening. In AMFCS4/AMFCS4 mice, the tongue is misshapen (H) compared with wild-type
(F), the epiglottis and arytenoid are hypoplastic () compared with wild-type (G). (J,K) Ventral view of the skull. Mutant animals have minor
morphological anomalies in the basisphenoid and basioccipital bones, and have a hole in the spheno-occipital synchondrosis just inferior to the
pituitary (K). (L,M) Dorsal views of the laryngeal cartilages. In mutant animals, the hyoid bone is malformed and the thyroid cartilage appeared to be
hypoplastic (M). (N,0) Mid-sagittal sections of the oral and pharyngeal structures of heterozygous and homozygous mutant animals at E18.5. In
AMFCS4/+ mice, the posterior edge of the soft palate extends alongside the posterior pharyngeal wall and is situated close to the epiglottis. The
epiglottis and arytenoid are well formed (N). By contrast, in AMFCS4/AMFCS4 mice, the soft palate terminates prematurely, and the posterior
tongue, epiglottis and arytenoid are severely deformed. The cross-sectional diameter of the body of the hyoid bone is decreased (thinner), and the
bone and cartilage beneath the pituitary gland show morphological abnormalities (O). Red outline indicates the affected area in the
AMFCS4/AMFCS4 mutant. a, arytenoid; bo, basioccipital bone; bs, basisphenoid; cc, cricoid cartilage; e, epiglottis; es, esophagus; hb, hyoid bone;
hp, hard palate; it, incisor tooth; m, mandible; p, palate; pg, pituitary gland; sp, soft palate; t, tongue; tc, thyroid cartilage; tr, tracheae.

bloated bellies, which might be caused by air accumulation in the
stomach and bowels (Fig. 5A), and their stomachs are always devoid
of milk (Fig. 5B). The tongue, soft palate, epiglottis and arytenoid
comprise the pharyngeal apparatus, which is essential for respiration
and swallowing (Fig. 5C,D,F,G). In the AMFCS4/AMFCS4 mice,
truncation of the soft palate (Fig. SE), loss or reduced size of the
epiglottis and hypotrophy of the arytenoid (Fig. SH,I), and tongue
deformation (Fig. 5H) are observed. Moreover, deletion of MFCS4
appears to result in minor morphological abnormalities of the
basisphenoid and basioccipital bones, as is visible from a ventral
view of the skull (Fig. 5J,K). The cartilage between these bones,
which is probably the pituitary fossa region that closes after
formation of the pituitary, has a hole (marked with the broken white

line in Fig. 5K). The AMFCS4/AMFCS4 mice display defects in the
hyoid bone and thyroid cartilage (Fig. 5L,M). Although there is
variability in the severity of the defects, the major phenotype was
completely penetrant, with abnormalities observed in the
aforementioned structures in all the AMFCS4/AMFCS4 mice
examined (n=17).

Histological analysis of the sagittal sections showed that the
AMFCS4/AMFCS4 embryos have deformed posterior tongues,
hypoplasia of the hyoid cartilage, loss of the epiglottis, hypoplasia
of the arytenoid and shortening of the soft palate (Fig. 5O), which
eventually resulted in atypical junctions between the nasopharynx
and oropharynx. The posterior tongue edge, including hyoid bone
and thyroid cartilage was deformed (Fig. 5M,0), and the base of
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Fig. 6. MFCS4 is a cis-acting regulator of Shh. (A-D) Shh expression in wild-type and AMFCS4/AMFCS4 embryos. (A) In wild-type embryos, Shh
expression is detected in the epiglottis and arytenoid swelling at E13.5. (B) In AMFCS4/AMFCS4 embryos, Shh expression is lost in both structures.
(C,D) Section in situ hybridization for Shh in wild-type and AMFCS4/AMFCS4 embryos at E13.0. (C) In wild-type embryos, Shh signal is broadly
detected in the pharyngeal epithelium. (D) In AMFCS4/AMFCS4 embryos, Shh expression is downregulated in the epithelium of the pharyngeal wall,
which is the future oro-pharynx area, and expression almost completely disappears in the epithelium of the epiglottis, the thyroid duct and the
arytenoid swelling. Shh signal is detected at wild-type levels in the incisor tooth primordium of AMFCS4/AMFCS4 embryos (D). Boxed areas indicate
Shh expression in the pharyngeal region of the wild type and the AMFCS4/AMFCS4 mutant. (E-H) Genetic test for cis-activity of MFCS4. (E) Diagram
shows how cis or trans regulation of Shh expression by MFCS4 would function in the pharyngeal epithelium. If MFCS4 were a trans-acting
regulator of Shh expression, an intact MFCS4 sequence located in a cis position relative to the Shh KO allele should be able to activate transcription
of the intact Shh gene on the trans allele. Therefore, the AMFCS4/AMFCS4 phenotype should be rescued in Shh KO: MFCS4 KO compound
heterozygotes. Conversely, if MFCS4 were a cis-acting regulator, the intact MFCS4 sequence would not be able to activate transcription of the Shh

gene on the trans allele, and the compound heterozygotes would have the same phenotype as individuals with the single MFCS4 mutation.
(F-H) Phenotypes of E18.5 embryos from the cross mating of Shh*~ mice to AMFCS4/+ mice. The four expected genotypes of the progeny
segregated in a Mendelian fashion. Among them, the wild-type and the Shh*~ or AMFCS4/+ mice had normal phenotypes with respect to the
oro-pharyngeal openings (G). However, all compound heterozygotes had abnormal openings, as did single AMFCS4/AMFCS4 mutants (H).

a, arytenoid swelling; e, epiglottis; it, incisor tooth; m, mandible; t, tongue.

tongue seemed to be affected as well, which eventually result in the
atypical tongue (Fig. SH). Though the transgenic MFCS4 reporter
signal was detected in the tympanic tube and recess, visible defects
were not obvious in the auditory organs of the AMFCS4/AMFCS4
neonates. Most of the AMFCS4/AMFCS4 had normal hard palate,
and a few neonates (5/37) exhibited cleft palate (data not shown).
Notably, in the AMFCS4/AMFCS4 neonates, the tooth and whisker,
in which the MFCS4-mediated lacZ expression was not observed,
but the MRCS1-mediated lacZ expression was observed, were not
affected (inset in Fig. 50; data not shown). As described before, the
reporter expression domains driven by MFCS4 and MACS1 are
partially overlapped in the arytenoid swelling. It is consistent with
the fact that the posterior border of the defects observed in the
AMFCS4/AMFCS4 neonates corresponds to the posterior end of the
pharynx. The AMFCS4/AMFCS4 neonates showed no visible
defects in the cricoid cartilage, trachea, lung, esophagus, digestive
tube and urogenital organs (see Table S2 in the supplementary
material). Thus, MFCS4 is crucial for development specifically of
the pharyngeal apparatus.

We next examined whether the Shh pathway is altered in the
AMFCS4/AMFCS4 embryos by whole-mount and section in situ
hybridization using a Shh riboprobe. Strong Shh expression was
detected in the epithelium of the epiglottis and arytenoid swelling of
wild-type embryos at E13.0 and E13.5 (Fig. 4A,C; Fig. 6A,C),
whereas the AMFCS4/AMFCS4 embryos lost almost all Shh

expression in the epithelia of the epiglottis and arytenoid swelling
(Fig. 6B,D). However, Shh expression in the tooth primordia was
not altered in the mutant embryos (Fig. 6D), in accordance with the
normal tooth development in the AMFCS4/AMFCS4 embryos (Fig.
50).

Finally, we carried out a cis-trans test by mating animals
heterozygous for the Shi-coding sequence KO allele (Sh4™) to the
AMFCS4/+ mouse. All compound heterozygotes exhibited
hypoplasia of the epiglottis and arytenoids, indicating that MFCS4
is cis-acting to the Shh-coding sequence (Fig. 6E,F). Together, our
results indicate that MFCS4 is a pharyngeal epithelium-specific
enhancer of Shh, and is indispensable for morphogenesis of the
pharyngeal structures in the mouse.

Evolutionary rigidity assay (ERA) of MFCS4

Alignment of the MFCS4 nucleotide sequences across distant
species revealed a 217 bp ultra-conserved sequence, which is
conserved from mammals to teleost fish medaka (Fig. 1A; see Fig.
S3 in the supplementary material). To assess importance of the
sequence for the MFCS4 enhancer activity, we carried out a
transgenic assay for the lacZ reporter construct, in which the MFCS4
fragment lacks the 217 bp sequence (see Fig. S3 in the
supplementary material). The result showed that this deletion form
of MFCS4 drives no reporter expression in the relevant tissues of the
transgenic embryos (0/5). It supports the fact that the 217 bp ultra-
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conserved sequence is indispensable for the MFCS4 enhancer
activity. To explore transcription factors that bind to this sequence,
we carried out the evolutionary rigidity assay (ERA) for the 217 bp
sequence. We identified four nearly perfect match motifs (NPMMs)
(see Fig. S3 in the supplementary material), which are potentially
binding sites for Pbx1 (MFCS4-MF-A), Sox5 (MFCS4-MF-B),
TCFs (MFCS4-MF-C), inner-cell mediators of Wnt signaling and
Hesl (MFCS4-MF-D), a well known target of Notch signaling.

A number of reports suggest that Pbx, Sox, Wnt and Notch
signaling pathways are indispensable for normal development of
epithelial tissues such as tooth, hair follicle, taste papillae, lung and
gastrointestinal tract (Ito et al., 2000; Iwatsuki et al., 2007; Li et al.,
2005; Okubo et al., 2006; Schnabel et al., 2001). We examined
expression of many genes involving these signaling pathways in
the tongue, epiglottis and lung. As shown in Fig. S4 in the
supplementary material, most of the genes are activated in the
epiglottis and arytenoid swelling at E13.5. The results suggested that
they are good candidates for the MFCS4 activity.

DISCUSSION

Three clustered enhancers direct co-linear Shh
expression along the anteroposterior axis in the
epithelial linings

In this study, we have identified three novel CNCSs in the region
620 to 740 kb upstream of the Shh transcriptional start site. Their
sequences, order and orientation are highly conserved between
evolutionarily distant species (Fig. 1A; Fig. 7A). These CNCSs
direct regional expression of Shk in the epithelial linings from the
oral cavity to the hindgut along the anteroposterior body axis (Fig.
7B). At the most anterior extent, MRCS|1 directs Shh expression in
the epithelia of the hair and whisker buds, dental placode, rugae of
the hard palate and fungiform papillae of the anterior tongue, all of
which are presumptive derivatives of the oral ectoderm. MFCS4
drives expression in the soft palate, epiglottis, arytenoid swelling
and other pharyngeal tissues, forming a border with the more
anterior MRCS1-directed expression domain. Finally, MACS1
drives expression in the respiratory and digestive tubes, with the
anterior border of expression partially overlapping the posterior
border of MFCS4-driven expression in the pharyngeal structures.
Thus, this study clearly shows that three distinct enhancers regulate
Shh expression along the long continuous epithelial linings from the
oral cavity to the hindgut. Interestingly, the genomic order of these
three enhancers is co-linear with the regional control of Shh
expression along the anteroposterior body axis (Fig. 7). This
suggests that, at least with regard to the Sh/ pathway, morphogenesis
of the epithelial linings is roughly partitioned into three components:
the oral ectoderm, pharyngeal endoderm and gut endoderm. At
present, the biological implications of the co-linearity of these
enhancers are uncertain, but it is possible that clustering of the three
enhancers is required for the proper spatiotemporal regulation of Shh
expression.

Endogenous Shh expression is initiated progressively along the
continuous epithelial linings spanning from the oral cavity to the
hindgut (Bitgood and McMahon, 1995; Iseki et al., 1996; Varjosalo
and Taipale, 2008). In the anterior ectoderm-derived epithelial
lining, Shh expression starts around E11.5-12.5 and is implicated in
development of the oral cavity, the tooth and the tongue (Cobourne
etal., 2004; Hall et al., 1999). At E11.5-12.5, the pharyngeal arches
become broadened and flattened externally, and form the neck of the
embryo. Around this stage, Shh expression is observed in the
pharyngeal epithelial lining (Fig. 4E,G) (Rice et al., 2006). In the
primary gut, the earliest Shh expression is detected around E8.0 and
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Fig. 7. Genomic map of Shh enhancers. (A) The 840 kb genome
region upstream of the Shh transcriptional start site contains numerous
regulatory elements. Previously described enhancers directing Shh
expression in the CNS are also shown (Jeong et al., 2006).

(B) Schematic diagram showing the expression domains of Shh in
epithelial lining regulated by MRCS1 (blue), MFCS4 (red) and MACS1
(green) along the anteroposterior axis.

is necessary for the formation of the lung, gut and urogenital organs
(Haraguchi et al., 2007; Litingtung et al., 1998). Our transgenic
experiments showed that timing of reporter expression onset driven
by MRCS1, MFCS4 and MACSI in each lining is consistent with
the endogenous temporal expression pattern of Shh, suggesting that
the three enhancers identified in this study regulate endogenous Shh
expression. However, it is notable that the co-linearity in the
temporal expression patterns driven by the three enhancers is not as
obvious as that observed for the regional expression patterns.

At present we have no compelling interpretation for the biological
implication of the long-range enhancers that regulate the Shh
expression. Our very recent study (Amano et al., 2009)
demonstrated that chromosome dynamics is involved in Shh
expression in the mouse developing limb bud. A long-range limb
bud-specific enhancer, MFCS1, specifically interacts with the Shh
promoter via change of the chromosome conformation. The Shh
expression regulated by the epithelial lining-specific enhancers
identified in this study is probably exerted by the similar mechanism.
Therefore, it is of interest to investigate how the co-linear Shh
expression in the epithelial linings along the anteroposteior body
axis is regulated by orchestrated chromosome dynamics.

Indispensable role of MFCS4 in morphogenesis of
pharyngeal apparatus

The anterior endoderm-derived pharynx is the region of the
digestive tube anterior to the point where the respiratory tube
branches off. Loss-of-function and misexpression experiments have
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shown that the Shh pathway functions in the pharyngeal endoderm
to generate multiple organs, including the pancreas, pituitary gland,
parathyroid gland and jaw (Brito et al., 2006; Hebrok, 2003;
Litingtung et al., 1998; Sbrogna et al., 2003; Treier et al., 2001).
However, owing to severe abnormalities in the ShZ KO mutant
mouse, the function of Shh at later stages of the pharyngeal
morphogenesis has been poorly understood. In this study, we
examined a functional requirement for the pharyngeal epithelium-
specific Shh enhancer, MFCS4, by targeted deletion of MFCS4 in
mice. The result clearly showed that MFCS4 is essential for
morphogenesis of the pharyngeal structures necessary for respiration
and swallowing, including the soft palate, epiglottis and arytenoid.
As shown in Table S2 in the supplementary material, relevance
between domains of the reporter expression driven by the three
epithelial Shh enhancers and the phenotype in the
AMFCS4/AMFCS4 neonates shows a crucial role of the Shh
pathway in the morphogenesis of the pharyngeal epithelium.
Moreover, detailed characterization of the phenotype of the
AMFCS4/AMFCS4 embryos suggested that the Shh pathway is
involved in regional segmentation of the epithelial linings. This will
be confirmed by future studies with knockout mutants of MRCS1
and MACSI.

We found that the 217 bp ultra-conserved sequence of MFCS4
has the four motifs for the transcription factors involved in the Pbx,
Sox, Wnt and Notch signaling pathways. As we revealed that many
genes encoding these transcription factors are expressed in the
epiglottis and arytenoid swelling of the E13.5 embryos, in which we
observed the highest level of the MFCS4-mediated /acZ reporter
expression, these transcription factors most probably act as direct
upstream regulators of the Shh expression in the pharyngeal
epithelium.

Here, we need to pay attention to influence of the adjacent genes
Lmbrl and Rnf32 on the phenotype of the AMFCS4/AMFCS4
embryos, because the deletion of MFCS4 may disrupt the functions
of these genes. The Lmbri null mutation has been reported
previously (Clark et al., 2000). The Lmbr! KO homozygotes show
limb defects, but they are viable and fertile. It suggests that
disruption of the Lmbrl gene cannot cause crucial pharyngeal
defects, as shown in the AMFCS4/AMFCS4 embryos. The Rnf32
mutant mouse has not been reported thus far, and the function of this
gene remains unclear. Thus, influence of the MFCS4 disruption on
the pharyngeal phenotype is currently undeniable.

Evolutionary diversification of the enhancers

Morphological variation in the epithelial architecture is well
exemplified in the evolutionary distant species (Botella et al., 2007,
Brainerd and Owerkowicz, 2006; Delgado et al., 2005; Ichim et al.,
2007; Iwasaki, 2002; Mitsiadis et al., 2003). We showed that the oral
epithelium-specific enhancer MRCS1 is conserved in birds and
reptiles at the almost same level as in mammals, whereas its
homolog has not been identified in amphibians and teleost fishes.
The lung-gut epithelium-specific enhancer MACSI is conserved in
amphibians, but not in teleost fishes. It is likely that the various
epithelial derivatives evolved from a flat epithelial structure
(Chuong and Edelman, 1985; Chuong et al., 2000), and that their
shapes and sizes can be altered, depending on the timing and
location of Shh signaling. Thus, regulation of Shh expression
probably influences the architecture of the epithelial derivatives. At
present, it is not clear how the oral and lung-gut epithelial
architecture develop in the species without MRCS1 and MACSI.
However, one possible explanation is that, in the past, MFCS4
specified Shh expression in both the ectoderm-derived oral cavity

and the anterior endoderm-derived pharynx. Indeed, we found that
mouse MFCS4 drives transient reporter expression in the dental
placode (Fig. 2H). Alternatively, there may be unidentified, species-
specific enhancers that regulate Shk expression in a tissue-specific
manner in amphibians and teleost fishes. It would be of interest to
explore whether such CNCSs exist within different teleost fishes or
between amphibian and teleost fishes.
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