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¢DNAs were isolated that represent transcripts of the Drosophila segment polarity gene, hedgehog (hh).
Sequence analysis reveals a motif characteristic of a transmembrane domain, suggesting that the hh protein is
membrane-associated. hh expression in epidermal cells is confined to the posterior compartments and
coincides precisely with that of engrailed (en). Despite the similar pattemns of expression in the cellular
blastoderm, hh expression is independent of en, but hh expression becomes sensitive to and dependent on en
during the extended germ band stage. The ectopic expression of hh that is normally induced in patched (ptc)

mutant embryos does not appear in ptc en double mutants. We discuss these findings in terms of the
relationship between en and hh, and the role of the hh function.
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The segmented epidermis of Drosophila is composed of
two distinct populations of cells: the anterior and poste-
rior compartments. These compartments appear to be
the development units in which growth, polarity, and
pattern are regulated (Lawrence and Morata 1976). They
are also clonally isolated areas whose intimate juxtapo-
sition belies their separatist behavior, as their constitu-
ent cells confront each other at their shared borders but
do not intermingle during growth and development (Gar-
cia-Bellido et al. 1973).

Our understanding of the properties that distinguish
the cells of the two compartments and of the mecha-
nisms that endow the compartment borders with their
special functions is rudimentary. Even if genetically en-
dowed with the capacity to overgrow their neighbors,
epidermal cells generate normal patterns and do not
grow beyond their compartment borders (Garcia-Bellido
et al. 1973). Their growth is not limited by obvious phys-
ical barriers, because in general, compartment borders do
not coincide with morphological structures. Rather,
their developmental commitments and growth limita-
tions are under the control of the engrailed (en) gene
{Morata and Lawrence 1975). In the epidermis, en is ex-
pressed only by the posterior compartment cells (Korn-
berg et al. 1985; Hama et al. 1990), and its function is
essential to the processes that generate pattern in the
posterior compartments and define the compartment
borders as limits to growth {Lawrence and Morata 1976).

The en gene encodes a homeo domain-containing nu-
clear protein (DiNardo et al. 1985; Poole et al. 1985)

which probably acts as a transcription factor to regulate
the expression of other genes (Jaynes and O'Farrell 1991).
Presumably, it is the combined action of these target
genes that define the unique characteristics of posterior
compartment cells. Several putative targets of en regu-
lation have been identified. Cubitus interruptus-Domi-
nant (ci-D) is expressed exclusively in anterior compart-
ment cells, and its repression in posterior compartment
cells depends on en function {Eaton and Kornberg 1990).
The sequence of the ci-D protein is similar to that of the
human GLI proteins. Because GLI proteins are DNA-
binding proteins localized in nuclei (Kinzler and Vogels-
tien 1990), it seems likely that the ci-D protein might
regulate transcription in some manner (Orenic et al.
1990). Another potential transcription factor target of en
regulation is polyhomeotic, one of the Polycomb group
of genes that are required to repress the expression of
many homeotic genes (Jiirgens 1985). polyhomeotic ex-
pression in the early embryo depends on en function and
is largely absent in en mutants (F. Maschat, N. Serrano,
C. Demeret, J.M. Dura, H.W. Brock, and T.B. Kornberg,
in prep.). In this paper, we present evidence for the iden-
tification of another target of en regulation, hedgehog
(hh).

hh has been classified as one of the segment polarity
group of zygotically active segmentation genes. The
genes of the segment polarity group regulate spatial pat-
terning within each segment (Niisslein-Volhard and
Wieschaus 1980). Putative functions of the proteins en-
coded by the segment polarity genes have been deduced
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from the sequences of their respective transcripts. Such
functions include transcription factors [e.g., en (Jaynes
and O’Farrell 1988), gooseberry (Bopp et al. 1986), and
ci-D {Orenic et al. 1990; Eaton and Kornberg 1990j], a
signaling molecule [wingless (wg; Baker 1987; Rijsewijk
et al. 1987)], a membrane-bound receptor [patched (ptc;
Nakano et al. 1989; Hooper and Scott 1989)], a protein
kinase [fused {Preat et al. 1990}, and a plakoglobin/g-
catenin-like molecule [armadillo (Peifer and Wieschaus
1990; McCrea et al. 1991}]. Segment polarity gene pro-
teins whose function are less well understood include
dishevelled (dsh), naked (nkd), and hh.

Most hh mutants are embryonic lethal, and mutants
secrete a ventral cuticle that has little segmental pat-
terning or anterior/posterior polarity (Nusslein-Volhard
and Wieschaus 1980; Mohler 1988). Genetic interactions
with other segmentation genes have led to the sugges-
tion that hh is involved in cell-cell communication and
that it helps to regulate wg through its interactions with
the ptc protein (Ingham et al. 1991). Adult cuticular phe-
notypes observed in mosaic adults indicate partially
nonautonomous effects that are mostly associated with
structures in posterior compartments (Mohler 1988).

Determination of the sequence of the putative hh pro-
tein now reveals that the hh protein contains sequences
common to membrane-associated proteins. Interest-
ingly, in trunk region of embryos and in imaginal discs,
hh is expressed exclusively in posterior compartment
cells; and in these embryos, hh is positively regulated by
en. These results are in agreement with and confirm the
proposed partial sequence of the hh protein that was de-
duced from genomic and partial cDNA sequencing
(Mohler and Vani 1992). In view of the close regulatory
and spatial relationship between hh and en, we suggest
that the role of hh in posterior compartments is to iden-
tify a cell that expresses en protein and to communicate
this information to neighboring cells.

Results
Isolation and analysis of hh cDNAs

A previous report described an enhancer trap screen de-
signed to identify genes whose expression correlates
with the anterior/posterior compartment subdivisions of
imaginal discs {Eaton and Kormnberg 1990). We have ex-
tended this screen and have found that transposon inser-
tions at four cytological locations (48A, 89A, 94D/E, and
101F) were associated with compartment-specific ex-
pression. Enhancer trap strains with insertions at 89A
and 101F had lacZ expression limited to anterior com-
partment cells; 48A and 94D/E strains had lacZ expres-
sion limited to posterior compartment cells. 101F is the
site of the ci-D gene (Eaton and Kornberg 1990; Orenic et
al. 1990), and the B-galactosidase activity in the 101F
enhancer trap strain accurately reflects the patterns of
ci-D expression. Strain 89A is apparently a hot spot for
enhancer trap insertions (eight examples were isolated);
the relevant transcription unit has been identified, but
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its function has yet to be established (S. Eaton and T.B.
Kornberg, unpubl.). Strain 48A is the site of the en gene
(Kornberg 1981); 94D/E is at or near the hh gene.

Two 94A/E lines were identified. Line A937A carries
a P element marked with white™; P2023 carries a P el-
ement marked with rosy *. Their patterns of B-galactosi-
dase activity in imaginal discs were indistinguishable,
although B-galactosidase activity in A937A embryos was
not detectable. Their sites of insertion are within 1 kb
(Fig. 1A). The A937A strain is homozygous viable and
has no apparent phenotype. One hundred white™ rever-
tants were isolated after A937A flies were exposed to
transposase provided by the D2-3 P element (Robertson
et al. 1988). Three were lethal; and as indicated by South-
ern analysis, they had small deletions at the former site
of insertion. The P2023 strain is lethal, as were all of
~100 A2-3-induced ry~ revertants. The A937A lines
represent a single complementation group and comple-
mented P2023. All of the P2023 lines as well as the
A937A lethal revertants complemented hh mutants.
These observations suggest that the lethality of the
P2023 group is not associated with the insertion at
94D/E and that neither of the lethal complementation
groups represents hh. The proximity of the A937A inser-
tion to unkempt (unk) (Fig. 1A) suggests, instead, that
the lethality of the imprecisely excised revertants was
the result of loss of unk function {Mohler et al. 1992),
although no crosses to unk mutants were performed to
test this possibility.

To identify the gene whose posterior compartment-
specific expression is reflected in the A937A and P2023
enhancer trap lines, genomic DNA from the region of the
insertions was analyzed. Approximately 58 kb of geno-
mic DNA from the 94D/E region was isolated in five A
phage. Northern analysis, “reverse Northern’ analysis,
and in situ hybridization to embryos revealed several
genomic regions that are transcribed in embryos (Fig.
1A,B). Comparisons with unpublished sequence and re-
striction maps of ]. Mohler (pers. comm.) indicated that
the transcribed region closest to the transposon inser-
tions is unk, and that hh is ~15 kb farther away.

Northern analysis of embryonic and imaginal disc
RNA using a probe from the hh region (probe B; Fig. 1A)
detected a single poly{A)-containing RNA of ~2.4 kb. In
situ hybridization with the same probe revealed that
transcripts derived from the hh region were arrayed in
zebra-stripe patterns (Fig. 2), which are indistinguishable
from the patterns of B-galactosidase activity in the P2023
enhancer trap strain (see Figs. 2E and 3). Transcripts from
the unk region were also detected in embryos; they were
ubiquitous and abundant (not shown). In situ hybridiza-
tion to whole-mount embryos with probes from 58 kb of
genomic DNA revealed only the unk and hh transcripts.
We conclude that in the 58-kb portion of 94D/E that we
isolated, only the unk and hh genes are transcribed in
embryos. Furthermore, P2023 responds to the regulatory
elements that control hh expression, despite the distance
of >15 kb and the interposed unk gene.

cDNA representatives of the hh transcripts were iso-
lated and sequenced (Fig. 4). The longest cDNA has 2.3
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Figure 1. The hh region. {A) Indicated above the solid horizontal line representing the chromosomal DNA are the positions of
integration of two P-element enhancer trap strains, A937A and P2023; the relative positions of the genomic inserts in five A phage
(NE24, AE, AE31, AE47, and AE53); the locations and direction of transcription of the unk and hh genes; and the approximate location
of probes A and B used to screen the cDNA library. The colinearity of the third exon of hh and of the genomic DNA was not mapped
rigorously. The EcoRI site (*) was found in only one of several phage clones covering this region. Coordinates are in kb and orientation
is centromere to the right. (B) Northern analysis with probe B from the hh region detected a single species of oligo(dT)-selected RNA
in cellular blastoderm embryos, germ-band-extended embryos, and imaginal discs. Lower panels show the same lanes hybridized with
an o-tubulin probe. Times indicated reflect hours after egg laying; molecular weight estimates were with reference to RNA standards.

kb and contains a putative open reading frame capable of
encoding a 52-kD, 471-residue protein. Near the amino
terminus of this putative protein is a hydrophobic se-
quence of 19 amino acids (residues 63—-81) that is similar
to the membrane-spanning regions of other proteins {e.g.,
residues 182-201 of Escherchia coli CvaB inner mem-
brane protein; Gilson et al. 1990). These results are con-
sistent with the partial sequence obtained by Mohler and
Vani (1992) and suggest that the hh protein may be mem-
brane associated.

Patterns of hh expression

Mobhler and Vani (1992} reported that hh expression in
embryos is localized in posterior compartment cells. To
verify this observation, we compared hh and en expres-
sion in two ways. We compared embryos that had been
subjected to in situ hybridization using probes for hh
RNA or en RNA (Fig. 2), and we prepared embryos and
imaginal discs so that hh and en expression could be
monitored simultaneously (Fig. 5). Our observations
largely support the conclusions of Mohler and Vani
{1992) and, in early embryos, reveal some differences be-
tween the distributions of hh and en RNA.

At the cellular blastoderm stage, hh transcripts were
localized predominantly in a single stripe at ~75% egg
length, although additional hybridization was apparent
at the anterior tip and along the ventral side (Fig. 2A).
Cellular blastoderm embryos initially expressed en RNA
in a single stripe (stripe 2) at ~60% egg length (Fig. 2B, a
slightly older embryo; see also Karr et al. 1989). With the
commencement of gastrulation (Fig. 2C,D), hh and en
transcripts formed 14 single-cell-wide stripes between
30% and 65% egg length. Only hh expressed RNA in a

block of cells at the anterior end and in wide stripes at
10% and 75% egg length. The 14 stripes of en RNA do
not appear simultaneously but appear in a characteristic
order—even-numbered ones before odd-numbered ones
and anterior ones before posterior ones (Weir and Komn-
berg 1985). The 14 single-cell-wide stripes of hh RNA
follow a similar progression (not shown).

During subsequent stages of embryogenesis, the pat-
terns of hh and en RNA were apparently identical, ex-
cept in the terminal regions (Fig. 2E~H). hh RNA was
also detected in the foregut (later resolving into pharynx
and esophagus expression), hindgut, and salivary gland
(Fig. 21,]). To examine the correspondence of hh and en
expression more precisely, embryos were examined that
had been stained with anti-en antibody and had been
probed for hh RNA. No cells expressing only hh or en
were observed in the 14 segmental stripes (Fig. 5B). How-
ever, in the regions of the head that express only one of
the two genes, cells labeled with only one of the probes
could be detected (Fig. 5A-D). We conclude that in the
segmented trunk of the embryo, hh is coexpressed with
en in the cells of the posterior compartments.

Expression of hh in imaginal discs is also localized to
the posterior compartments. B-Galactosidase activity in
discs dissected from P2023 third-instar larvae (Fig. 3A)
revealed patterns similar to en expression (Hama et al.
1990). The distributions of IacZ RNA and en protein in
wing discs was indistinguishable (not shown).

hh expression in mutant embryos

To identify genetic factors that regulate hh expression,
patterns of hh transcripts were compared with patterns
of en protein in mutant embryos lacking zygotically ac-
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Figure 2. Comparison between patterns hh
and en expression in embryos. Whole
mounts of embryos after in situ hybridiza-
tion with either a probe for hh RNA
(A,C,E,G,L]) or for en RNA (B,D,F,H). (A,B)
stage 5; (C,D) stage 6; (E,F) stage 11; (G-I}
stage 13; (]) stage 16. Small arrowheads in A
and C mark regions of hh-specific expres-
sion. Large arrowheads in A—D mark stripe 2
of the hh and en patterns. Expression in the
salivary gland primordium is marked with
arrowheads in I. In this and all subsequent
figures, embryos are oriented anterior to the
Ieft and dorsal up, unless indicated other-
wise. Nomarski optics were used.

tive segmentation genes. In agreement with previous
findings, we found that in the segmented trunk region of
embryos, the patterns of en protein are altered by muta-
tions in both pair-rule and segment polarity genes (Mar-
tinez-Arias et al. 1988). fushi tarazu (ftz) mutants lacked
alternate en stripes (Fig. 6B); wg mutants failed to sus-
tain en expression (Fig. 6D); nkd mutants had abnor-
mally wide stripes (Fig. 6F); and ptc mutants had ectopic
stripes (Fig. 6H). Patterns of hh RNA visualized by in situ
hybridization were virtually indistinguishable from the
patterns of en protein. ftz embryos lacked even-num-
bered hh stripes (Fig. 6A). Before stage 10, wg embryos
had normal hh expression (not shown); however, hh ex-
pression in the segmented trunk region began to decay at
stage 10 {Fig. 6C) and disappeared by stage 11 (not
shown). hh RNA in the maxillary and labial segments
was unaffected by loss of wg function. nkd mutants had
stripes that were abnormally wide in stage 11 (Fig. 6E)
and in older embryos (not shown). Ectopic hh RNA ap-
peared in stage 11 ptc embryos (Fig. 6G) and persisted at
least through stage 13 (not shown).
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Figure 3. Patterns of B-galactosidase activity in the P2023 en-
hancer trap strain. (A) Wing imaginal disc from a third-instar
larva stained with X-gal. The region with B-galactosidase activ-
ity is the posterior compartment, and its shape is indistinguish-
able from the region of en expression. (B) X-gal staining of an
extended germ-band stage embryo (stage 11) reveals patterns
identical to patterns of hh RNA (see Fig. 2E). Nomarski optics
were used.



1 GATTTTICAATCACAGTGCGA AC TTAAGACCGT AGGAC
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1301 TTT AGAAGCT GAT T
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1401 GA ARGGT! TIGTGGTCAACTCGGTGE
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1501 AGTTGCTAT TCAACAGCCAGTCGCTGGCCCACTGEGEACTGGCTCOCATC TGTCCACGET AGGA
399=CVAvastrAchLAPMRLLsrLzAwLPAxL
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1801 GATTGATCTATTTCAATGTTCAATATCETTAATARTCGATCGATACTATTTATT TCAAAA A
1901 GATARAGCAAAGAGCAAATGAGTATGAAATCAARACGA TGAAAACACTGTTARATGTCCTIGACTTATTGTTTTTGCAAACATTTTAG
2001 CTGTAAGTAGGEAA ATCCTAAATCATCCT: GGCAA TACTGTATATTATCAT
2201 GGAATTGAATTGCATAATTTATTGA TTCAA TTTGATATAATATATATC TTGTATAT TTATAGTGACT
2201 GAATATCTTATTGTAATTGTGTATATAATACTTAATAGTTAACTG TTATACTTAATATTTAATGAAATATAAAGAARTTGTTTGATAAMARAAAA
2301 ARARA

Figure 4. Sequence of the hh ¢cDNA clone chh46. Translation
of the 1413-bp open reading frame starting from the ATG at
position 307 is also shown. In the regions upstream and down-
stream of this large open reading frame, all three frames are
closed. The putative transmembrane region is underlined.

Before stage 10, no change in hh RNA expression was
detected in en embryos (not shown). However, hh RNA
stripes in the segmented trunk region did not sustain
their intensity or extent in early stage 11 embryos (Fig.
6l) or in subsequent stages. In contrast to the effects on
the segmental stripes, expression in the foregut and
hindgut was unchanged. Dependence on en function for
segmental stripe expression was also observed in ptc en
embryos. In these double mutant embryos, the extent
and intensity of the stripes diminished after stage 10.
Interestingly, no ectopic stripes of hh RNA appeared in
stage 11 double mutant embryos (Fig. 6]). We conclude
that after stage 11, embryos require en function both for
maintenance of hh expression in the segmental stripes
(Fig. 6I) and for activation in the ectopic locations.

In addition to the lack of ectopic stripes in double mu-
tant embryos, the pattern of denticles on the ventral cu-
ticle of ptc en embryos was also not affected as severely
as either ptc or en single mutant embryos (Fig. 7; Hidalgo
1991}. We conclude that ptc mutations can partially sup-
press the en phenotype and, conversely, that en muta-
tions can partially suppress the ptc phenotype. More-
over, the ectopic furrows that form at the sites of ectopic
en expression in ptc mutants also form in the double
mutant embryos (Fig. 6]}, indicating that they do not
reflect the formation of ectopic en-dependent segment
boundaries.

Ingham et al. (1991) demonstrated that the stripes of
wg expression in stage 11 embryos broaden anteriorly in
ptc mutants and in ptc;hh mutants. We confirmed their
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observations (not shown) and find that ptc en mutants
express wg in similarly broader stripes (Fig. 6K,L). Ap-
parently, in the absence of ptc function, wg expression,
which is normally en-dependent, no longer requires en.

hh responds to ectopic en expression

The apparent dependence of hh on en function in stage
11 embryos, and the coexpression of the two genes in
posterior compartment cells during subsequent develop-
ment suggest that en assumes control of hh expression
during mid-embryogenesis. Unfortunately, it is difficult
to test this hypothesis with en mutants, because most en
mutants are embryonic lethals, and viable combinations
have only marginal effects on en expression {Condie and
Brower 1989).

An alternative approach is to induce en in ectopic lo-
cations and to monitor the effects on hh. We induced
ectopic en expression with a strain (hs-en3) carrying a P
element with a fusion gene consisting of the en cDNA
sequence and an hsp70 promoter. hs-en3 was subjected
to heat shock during embryogenesis; and after appropri-
ate incubation, hh expression was detected by in situ
hybridization. It has been shown previously that a pulse
of heat shock during the gastrulation period increases
the width of stripes of en-expressing cells during later
germ band elongation stages (Heemskerk et al. 1991} and
subsequently produces en mutant phenocopies at the
end of embryogenesis {Poole and Kornberg 1988). hh ex-
pression is altered in a similar manner after heat shock of
hsen3 (Fig. 7C), as the bands of en-expressing cells ex-
pand along the ventral midline at stage 11 (Fig. 7D}. To
variable extents, both hh RNA and en protein are also
observed in other ectopic locations in the anterior re-
gions of the segments. We conclude that under these
conditions, hh is positively regulated by en during the
later stages of embryogenesis.

Discussion

hh is a segment polarity gene that encodes an essential
function in both embryos and adults. Mutant hh em-
bryos die after secreting a cuticle with severely perturbed
ventral denticle belts (Niisslein-Volhard and Wieschaus
1980); mosaic patches of hh cells generate morphologi-
cally abnormal structures in the adult cuticle {Mohler
1988). Our studies and those of Mohler (Mohler and Vani
1992) demonstrate that patterns of hh RNA expression
correlate well with these phenotypes and provide a gen-
eral framework with which to consider the functional
role of hh.

Animals that are homozygous for strong hh alleles de-
velop to ~40% the length of wild-type larvae and have a
ventral cuticle with unusually small denticle-free re-
gions, abnormally patterned denticle belts, and poorly
defined separations between adjacent denticle belts
(Mohler 1988). These characteristics are commeon to mu-
tants in other segment polarity genes as well. For in-
stance, en mutant embryos are unusually short (approx-
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Figure 5. Comparisons of pattemns hh and en ex-
pression. (A) Distribution of hh RNA {blue) and en
protein (brown) in a stage 11 wild-type embryo
revealed by in situ hybridization and immunohis-
tochemical detection. With the exception of the
cells indicated by the anterior white arrow, hh and
en expression is completely coincident, and cells
that are solely labeled with blue or brown pig-
ments were not observed. {B—E) Higher magnifica-
tion views of the region in A indicated by white
arrowheads. (B) View of the area in A indicated by
the anterior arrow. |{C) View of an embryo of sim-
ilar stage as A probed only for hkh RNA. Note the
peripheral, non-nuclear staining. (D) View of an
embryo of similar stage as A probed only with
anti-en antibody. Note the nuclear staining. (E)
View of the stripes in (A} indicated by the poste-
rior arrow. Note the presence of stain in both nu-
clear and nonnuclear areas of the cells in the
stripes. Nomarski optics were used.

imately two-thirds normal length), the naked cuticle be-
tween their ventral denticle belts is reduced, and their
distorted denticle belts fuse together {Komberg 1981).
The imaginal phenotypes of hh and en are also similar.
Homozygous mutant hh and en cells are viable in mosaic
flies, and develop normally in the anterior compart-
ments of the antennae, legs, wings, and notum. In con-
trast, mutant hh and en cells in posterior compartments
develop abnormally, disturbing the morphology or re-
ducing the size of the organs in which they grow {Korn-
berg 1981; Lawrence and Struhl 1982; Mohler 1988). Ab-
normalities associated with en cells were found exclu-
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sively with clones in the posterior compartments of the
epidermis. Because these studies characterized both hair-
and bristle-producing en cells, the size and extent of the
mutant clones could be precisely determined. A similar
analysis of hh mutant cells was more limited in its res-
olution, because the chromosomal location of hh made it
possible to mark only bristle-generating cells {Mohler
1988). As a consequence, the role of hh could only be
examined in areas of the cuticle-containing bristles.
Nevertheless, with few exceptions, clones with abnor-
mal morphology were associated with mutant posterior
compartment cells, indicating that the role of hh, like
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en, is posterior compartment specific. The only notable
exceptions were in regions that either lacked bristles
(e.g., the posterior scutellum) or in which the precise
location of the anterior/posterior compartment border is
uncertain (e.g., in the ocellar region, the arista and sec-
ond antennal segment, and the genitalia).

Mohler and Vani (1992) demonstrated that the pattern
of hh expression in embryos is in the region of the pos-
terior compartments, and we have confirmed and ex-
tended these observations. Embryos labeled to illumi-
nate both hh mRNA and en protein reveal that expres-
sion of hh and en correlate precisely in the posterior
compartments of the thoracic and abdominal segments.

Figure 6. Altered segment polarity gene
expression in mutant embryos. A-J com-
pare hh and en expression in ftz, wg, en,
nkd, ptc, and ptc en mutant embryos. K
and L compare wg expression in wild-type
and ptc en mutant embryos. Whole
mounts revealing hh RNA (A,C,E,G,1L)),
en protein (B,D,F,H), or wg RNA (K,L) in
stage 8 ftz (A,B), stage 10 wg (C,D), stage
11 nkd (E,F), stage 11 ptc (G,H}, stage 11 en
(1), stage 11 wild-type (K), and stage 11 ptc
en (J,L) mutant embryos are shown. Ar-
rowheads in G, H, ], and L indicate ectopic
furrows that are characteristic of ptc mu-
tants. Nomarski optics were used.

In contrast, their expression patterns differ in the head
and terminalia, where anterior and posterior compart-
ments do not form until later during larval development,
and in the salivary glands and nervous system, where
developmental compartments do not apparently form. In
imaginal discs, hh expression was also shown to colocal-
ize with the en-expressing cells of the posterior compart-
ments. The requirement for hh in the epidermal poste-
rior compartments is therefore consistent with its pat-
tern of expression. In the posterior compartments, hh,
like en, is a posterior compartment-specific gene.

How are the compartment-specific patterns of hh and
en expression controlled? Because en is likely to be a
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Figure 7. Ventral cuticular phenotypes of
en and ptc embryos. Panels compare wild-
type, en, ptc, and ptc en embryos after de-
chorionation, devitellinization, and mount-
ing in Hoyer’s aqueous mountant. Lower
panels are higher magnification views of
A6 and A7. Orientation is anterior up.
Phase-contrast optics were used.

transcription factor, it is a candidate to positively regu-
late hh. Previous studies, for instance, have shown that
the anterior compartment-specific pattern of ci-D ex-
pression involves negative regulation by en in the poste-
rior compartments (Eaton and Kornberg 1990). However,
hh is activated normally at the cellular blastoderm stage
in en mutant embryos, and en is activated normally in
hh mutant embryos. hh and en expression at these early
embryonic stages is independently controlled. Because
the expression of both genes is affected similarly in mu-
tants that lack ftz (Fig. 6) or even-skipped (not shown), it
seems that their activation is accomplished directly or
indirectly by pair-rule segmentation genes.

During the germ-band elongation stages, the mecha-
nisms that regulate hh and en expression change. Both
genes responded similarly to ptc (gaining an ectopic
stripe of expression in each segmental unit) and to nkd
(adding an extra row of expressing cells to each stripe)
mutant backgrounds (Fig. 6; Martinez-Arias et al. 1988).
In addition, hh expression became dependent on en func-
tion at stage 11 (Fig. 6L ]}, and hh was expressed in ec-
topic locations after heat shock induction of en (Fig, 8).
These observations suggest that hh is a target of en pos-
itive regulation at germ-band elongation. Furthermore,
the similar phenotypes of ptc en (Fig. 7) and ptc;hh (Ing-
ham et al. 1991) double mutant embryos suggest that en
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and hh act through a common pathway with respect to
ptc. One possible explanation for these observations is
provided in a model proposed previously by Ingham (Ing-
ham et al. 1991), whereby hh acts as a ligand for the ptc
protein. If binding of the hh ligand to the ptc protein
receptor reverses an indirect antagonistic effect that ptc
protein would otherwise have on wyg transcription, then
the normal role of hh protein would be to maintain wg
transcription in the cells adjacent to en-expressing cells.
This model provides an explanation for ptc en double
mutant phenotypes. Assuming that hh is regulated by
en, ptc mutants would uncouple wg expression from en
and hh activities and would thereby suppress the en and
hh phenotypes by relieving wg from ptc repression {Fig.
7). Our observation that wg expression persists in ptc en
embryos is consistent with this proposal {Fig. 6L).

It bears noting that despite their similar patterns of
expression in germ-band-stage embryos and in imaginal
discs (ptc is expressed at the compartment borders and
both en and hh are expressed in all posterior compart-
ment cells), the roles of en, hh, and ptc must differ in
embryos and discs if the interactions between hh and ptc
are direct and involve wg. wg is not expressed along the
anterior/posterior compartment border in imaginal discs
as it is in embryos. Furthermore, although a finer reso-
lution analysis will be required to firmly establish the



point, the phenotype of hh mutant clones suggests that
hh has an essential role among the posterior compart-
ment cells that do not directly contact the compartment
border. This role must be independent of both ptc
and wyg.

What is the role of hh in posterior compartments? Al-
though we can only postulate what its role might be at
this time, the possibility that hh protein is a cell-surface
protein suggests that it could serve to mark the surface of
all posterior compartment cells. There it could signal an
identity as a posterior compartment, en-expressing cell
to neighboring cells. In doing so, it could play several
roles. Because anterior compartment cells db not express
hh protein on their surface, hh function could be in-
volved in maintaining the physical separation between
anterior and posterior cells, if cells that express hh pref-
erentially associate with one another. Such a mechanism
based on differential cell affinities was proposed by
Lawrence and Morata (1976) to explain the lineage re-
strictions of developmental compartments. Another pos-
sibility is that posterior compartment cells that contact
cells displaying hh protein at their surface are thereby
instructed that they are in an appropriate location. Such
a signal could provide a stimulatory, autocrine-type re-
sponse. In contrast, if a cell that does not express en and
does not have the hh protein on its surface contacts cells
that do, it is thereby instructed that it is in an inappro-
priate location. Such a signal could lead to apoptosis and
could help to explain why anterior and posterior cells do
not mix.

Materials and methods
Fly culture and strains

Flies were maintained at 25°C on standard molasses medium.
Wild type refers to an Oregon-R line. Enhancer trap lines that
were screened for expression patterns were from the Spradling
laboratory collection. Alleles wg'®?2, ptc'™5 nkd’®, hh'’®,
hh®P%4, hhoN16, and ftz"?° were obtained from the Indiana Stock
Center. en™*1? (Komnberg 1981) has an ethylmethane sulfonate
(EMS}-induced nonsense mutation at codon 305. hs-en3 (Poole
and Kornberg 1988) carries a P transposon with a hsp70 pro-
moter—en cDNA fusion gene integrated in the second chromo-
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Figure 8. Ectopic expression of en induces
ectopic hh expression. hsen3, a strain that
can express en under the control of the
hsp70 promoter, was subjected to a pulse of
heat shock at 37°C as described in Materi-
als and methods. hh RNA (A,C) and en pro-
tein (B,D) in stage 11 embryos that either
had (C,D} or had not (A,B) been heat
shocked during the gastrulation period.
Note that the stripes are wider after heat
shock. Arrowheads in C and D indicate the
variable patches of ectopic expression.
Nomarski optics were used.

some. Stages are according to Campos-Ortega and Hartenstein
(1985).

The P2023 enhancer trap line carries two transposons, located
at 91E/F and 94D/E, respectively. The transposons were sepa-
rated by recombination. Only lines with the 94D/E insertion
expressed B-galactosidase in the posterior compartments, and
one of these [P2023-44) was used for all experiments described
in this study.

hs-en3 embryos (2-3 hr after egg laying) were dechorionated
with bleach and heat-shocked at 37°C for 30 min. Embryos were
processed for in situ hybridization or immunchistochemistry
after incubation at 25°C for 3 hr.

Detection of B-galactosidase with X-gal

Imaginal discs were dissected from third-instar larvae in phos-
phate-buffered saline (PBS), fixed with ice-cold 0.2% glutaralde-
hyde in PBS, washed twice in PBS, and placed in X-gal (5-bro-
mo-4-chloro-3-indolyl-B-D-galactopyranoside) staining solution
[0.2% X-gal (diluted from an 8% stock in DMSQ), 10 mm NaPP;
{pH 7.0}, 1 mm MgCl,, 5 mM K, Fe{CNJ,, and 5 mMm K;Fe{CNJg].
Discs were stained from 1 to 16 hr at 37°C, washed in staining
solution that did not contain X-gal, and mounted in Fluoro-
mount.

Preparation and cloning of genomic DNA and isolation of
RNA

Genomic DNA for Southern analysis and cloning was prepared
from 100 flies by use of a procedure based on Jowett (1986). Flies
were homogenized in 2 ml of 0.1 m Tris (pH 9.0), 0.1 M EDTA,
1.0% SDS, and 0.5% diethylpyrocarbonate (DEPC) and heated
at 65°C for 30 min. To this, 280 pl of 8 M KOAc was added, and
the mixture was chilled on ice for 30 min and clarified by cen-
trifugation in a microcentrifuge at 4°C for 10 min. DNA in the
supernatant was precipitated with isopropanol and washed in
70% ethanol, dried, and resuspended in TE buffer [10 mMm Tris
(pH 7.5), 1 mm EDTA.

Poly(A)* RNA was prepared from staged embryos and imag-
inal discs using the FastTrack mRNA isolation kit (Invitrogen).
Southern and Northern analyses were as described in Sambrook
et al. (1989). RNA standards were purchased from GIBCO-BRL.
Reverse Northern analysis was performed by transcribing RNA
isolated from imaginal discs or 0- to 12-hr embryos with reverse
transcriptase, generating a probe representing the cDNA with
random primers and DNA polymerase, and hybridizing to a
Southern blot of 94D/E phage DNA.
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Isolation and sequencing of hh cDNAs

Genomic DNA adjacent to the P-element transposon in strain
A937A (Bier et al. 1989) was cloned by plasmid rescue after
digestion with EcoRI (Wilson et al. 1989). A 4-kb pMT21-de-
rived plasmid was identified and its 2.1-kb EcoRI-Bg/I frag-
ment was used to isolate a genomic clone from a  phage library.
After partial restriction mapping, phage with overlapping se-
quences were isolated, and the procedure was repeated twice to
isolate 50 kb of contiguous sequence.

Several genomic fragments {Fig. 1A) were used to screen the 4-
to 8-hr embryonic ¢cDNA library of Brown (Brown and Kafatos
1988). Four cDNA clones were isolated, and sequence was ob-
tained from two of the largest clones, chh44 and chh46. Nested
deletions of the 2.3-kb chh44 ¢DNA clone were generated by
exonuclease digestion, and partial sequence {>2 kb) was ob-
tained using the Sequenase DNA sequencing kit (U.S. Biochem-
ical). Oligonucleotide primers were prepared for direct sequenc-
ing of both strands of the 2305-bp chh46. The chh44 sequence
obtained was identical to the chh46 sequence (Fig. 4), with the
following differences: chh44 has an additional 49 bp at the 5’
end; C at position 1; G at position 6; and an A at position 333,
giving a translation stop at codon 9. Differences between chh46
and the genomic sequence determined by Mohler and Vani
(1992) are the following: The genomic sequence has a C at po-
sition 1, a G at position 6, no nucleotide at position 98, an A at
position 105, and a T at position 106.

Sequence comparisons were made with GenBank data bases
using the FASTA program.

In situ hybridization and antibody staining of whole-mount
embryos and imaginal discs

In situ hybridization to whole-mount embryos was performed
according to Tautz and Pfeifle {1989}, with modifications (Eaton
and Kornberg 1990). For preparation of probe, the entire cDNA
fragment of chh46 was gel isolated and labeled by the random
priming method with digoxigenin-modified UTP.

Immunohistochemical detection of en protein was essen-
tially as described in Karr et al. {1989). To detect en protein in
embryos, ascites fluid containing the 4D9 mouse monoclonal
antibody (Patel et al. 1989) was used at a dilution of 1 : 100. The
secondary biotinylated donkey anti-mouse antibody {Jackson
Immunologicals) was used at a dilution of 1 : 1000. Biotinylated
antibody was detected with the Elite ABC kit and the DAB color
reaction kit (Vectastain). For double detection of hkh mRNA and
en protein, in situ hybridization was carried out, and embryos
were processed for immunocytochemistry as described above
except that the AEC color reaction kit (Vectastain) was used in
place of the DAB Kkit.
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