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A central question in the development of many branched tubular organs, including the Drosophila trachea,
concerns the mechanisms and molecules that control the number and pattern of new branches arising from
preexisting vessels. We report on a branching inhibitor, Fusion-6 (Fus-6) produced by specialized tracheal cells
to prevent neighboring cells from branching. In Fus-6 mutants, cells that are normally quiescent acquire the
branching fate and form an increased humber of sprouts emanating from the primary branches. Fus-6 is
identified as the headcase (hdc) gene and is expressed in a subset of the cells that extend fusion sprouts to
interconnect the tracheal network. hdc expression is regulated by the transcription factor escargot (esg)
because it is not expressed in the fusion cells of esg mutants and is ectopically activated in the trachea in
response to esg misexpression. We show that the hdc mRNA encodes two overlapping protein products by an
unusual suppression of translational termination mechanism. Translational readthrough is necessary for hdc
function because rescue of the tracheal mutant phenotype requires the full-length hdc mRNA. In ectopic
expression experiments with full-length and truncated hdc constructs, only the full-length cDNA encoding
both proteins could inhibit terminal branching. We propose that hdc acts non-autonomously in an inhibitory
signaling mechanism to determine the number of cells that will form unicellular sprouts in the trachea.
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The sprouting of new branches from pre-existing vessels
is a fundamental process in the development of many
epithelial tube networks and results in elaborate pat-
terns of emerging finer tubes in organs like the verte-
brate circulatory system, lungs, and the Drosophila tra-
chea. Understanding the mechanisms controlling branch
sprouting and patterning is not only a challenging task to
developmental biologists but is also of medical interest
because of the emerging important role of deregulated
angiogenesis in tumorigenesis and the pathogenesis of
diseases such as rheumatoid arthritis and retinopathies
(Folkman 1995). The cellular events accompanying the
sprouting of new capillaries during angiogenesis include
chemotactic migration and proliferation of endothelial
cells, and formation of a capillary lumens (Risau and
Flamme 1995). During the embryonic development of
the Drosophila trachea, the sprouting of new capillaries
initially generates a stereotyped pattern of fine branches,
and later, during larval life, most of these sprouts ramify
further to generate complex arrays of finer terminal
branches or tracheoles (Manning and Krasnow 1993).
Similar to endothelial capillary sprouting in vertebrates,
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tracheal branch sprouting occurs by the migration of
single cells from the primary branches and the formation
of unicellular tubules but does not involve cell division
(Samakovlis et al. 1996a).

At the molecular level, several factors, including vas-
cular endothelial growth factor (VEGF), an endothelial-
specific growth and chemotactic factor, and members of
the fibroblast growth factor (FGF) family, are thought to
play a central activating role in capillary sprouting in
vertebrate angiogenesis (Hanahan and Folkman 1996;
Risau 1997). In flies, the number of cells of each branch
that undergo terminal sprouting is regulated by the
breathless (btl) gene encoding an FGF receptor homolog
(KIambt et al. 1992; Reichman-Fried and Shilo 1995; Lee
et al. 1996) and branchless (bnl), a fly member of the FGF
growth factor family (Sutherland et al. 1996). The sprout-
ing process is associated with the activation of a set of
marker genes (pantip markers) in the leading cells of
each primary branch in response to FGF signaling (Sama-
kovlis et al. 1996a; Sutherland et al. 1996). The expres-
sion pattern of these markers is dynamic and it gradually
becomes restricted to the cells that form unicellular
branches. Depending on which primary branch these
unicellular sprouts originate from, they either retain the
expression of pantip markers and further differentiate
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into terminal sprouts ramifying in response to respira-
tory demand or migrate and fuse to similar tubular ex-
tensions from adjacent tracheal metameres to intercon-
nect the network. The processes of terminal branching
and branch fusion are accompanied by the expression of
separate classes of marker genes and they are controlled
by different genes (Samakovlis et al. 1996a). Mutants in
the pruned gene encoding a Drosophila serum response
factor (DSRF) homolog abolish terminal branching (Gu-
illemin et al. 1996), whereas the Fusion-1 (Fus-1) gene
encoding the escargot (esg) transcription factor specifi-
cally affects branch fusion (Samakovlis et al. 1996b;
Tanaka-Matakatsu et al. 1996). esg is an activator of the
fusion program as well as a repressor of terminal branch-
ing that can drive ectopic tracheal fusion events and re-
press terminal branching when misexpressed in all tra-
cheal cells (Samakovlis et al. 1996b). Both terminal and
fusion genes are under the control of the pantip gene
pointed (pnt) encoding an ets domain transcription fac-
tor. pnt is required for the transcriptional activation of
pruned in the terminal cells and the repression of esg in
the cells of the pantip group that do not acquire the fu-
sion cell fate (Samakovlis et al. 1996a).

Endothelial sprouting is also controlled by secreted in-
hibitors that suppress the formation of new capillaries
during tumor angiogenesis and it has been proposed that
a balance of inductive and inhibitory signals determines
whether endothelial cells of the blood vessels will re-
main quiescent or will grow new branches toward their
targets (Hanahan and Folkman 1996). Little is known,
however, of the cellular mechanisms and molecular
components of this balance and how it normally regu-
lates the number and pattern of new branches during
organogenesis. In this study we have identified muta-
tions in a tracheal gene, Fus-6, that increase the number
of unicellular sprouts emanating from the dorsal primary
branches. Fus-6 is identified as the headcase (hdc) gene
which has been found previously to function in the de-
velopment of the adult head structure (Weaver and
White 1995). We show that hdc is expressed in a subset
of the cells that extend fusion sprouts to interconnect
the tracheal network and its expression is activated by
the esg transcription factor. We provide evidence that
hdc functions nonautonomously to suppress neighbor-
ing tracheal cells from adopting the branching fate in
response to bnl and, thus, determines the number of uni-
cellular sprouts emanating from the dorsal primary
branches. We finally show that the hdc mRNA encodes
two proteins by an unusual translational readthrough
mechanism and that the termination suppression event
is necessary for hdc gene function.

Results

lacZ expression and increased branching phenotypes
in the Fus-6 mutants

One hundred of the 2000 cells of the tracheal epithe-
lium express a set of fusion cell-specific marker genes
and undergo a complex program of sprouting unicellular
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branches that fuse to each other and connect the inde-
pendent metameric units of the trachea. In the Fus-6
marker strain, lacZ is expressed in a subset of the fusion
cells of each tracheal metamere from stage 14 until the
end of embryogenesis (Fig. 1; Samakovlis et al. 1996b). In
Fus-6 embryos, the marker is selectively expressed in the
fusion cells of the dorsal anastomoses in metameres 2-9
(Fig. 1A), and in the fusion cells of the lateral trunk (Fig.

Figure 1. Expression of Fus-6 (hdc) in a subset of the tracheal
fusion cells. The tracheal lacZ expression in the Fus-6 enhancer
trap strain is identical to the expression of hdc. (A,D) Fus-6
embryos have been stained with antibodies against B-galactosi-
dase and a tracheal lumenal antigen, (B,E) wild-type embryos
were stained with antibodies against Hdc in purple and the tra-
cheal lumen in brown. (A) Dorsal view (anterior left) focused at
the dorsal anastomosis (DA). The nuclear lacZ marker is selec-
tively expressed in the two fusion cells (indicated by asterisks)
of the dorsal branches (DB) connecting two contralateral meta-
meres. (B) hdc is expressed in the fusion cells forming the DA.
lacZ (D) and hdc (E) expression in the fusion cells connecting
the lateral trunk (lateral view, anterior left). (C) Hdc is cytoplas-
mic in the fusion cells of the dorsal anastomosis in contrast to
the nuclear localization of DSRF in the adjacent terminal cells
(dorsal view, anterior left). Embryos have been stained with an-
tibodies against Hdc (red), DSRF (green), and tracheal lumen
(green). (F) Schematic diagram of two central abdominal tra-
cheal metameres (lateral view, anterior left) showing the cells
expressing hdc as darker (red) circles and the neighboring cells
expressing terminal markers as lighter (yellow) circles. Fusion
points at the dorsal anastomosis (DA), lateral trunk (LT), and
dorsal trunk (DT) are indicated by arrowheads. hdc is not ex-
pressed in the fusion cells of the DT (squares) that do not con-
tact terminal cells. Bar in Aand D, 10 um; in B, C, and E, 10 pm.
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1D) and ventral anastomoses (not shown). In these
branches the fusion cells are in contact with terminal
cells that sprout off to generate tracheoles. The fusion
cells of the dorsal trunk and dorsal branches in meta-
meres 1 and 10 that do not contact terminal cells do not
express lacZ (Fig. 1F). Additional tissues expressing the
marker during embryogenesis include clusters of cells in
the CNS, the primordia of the imaginal tissues, and the
imaginal tracheal cells of the spiracular branch. The
original P-element insert was homozygous lethal and
caused increased branching at the tips of the dorsal
branches (Fig. 2). We generated 100 additional strains by
P-element excision mutagenesis and screened them for
lethality and tracheal phenotypes with the lumenal tra-
cheal marker 2A12. We identified five new early pupal
lethal alleles in the same complementation group as the
original insert and several revertants of the lethal and
tracheal phenotypes, suggesting that these phenotypes
are associated with the transposon insertion. The Fus-
6°° and Fus-62° alleles showed the strongest tracheal
phenotypes, and we selected Fus-6°° for further analysis.
All of the mutant embryos had additional fine branches
emanating from the dorsal branches. These new
branches were sprouting at the tips of the dorsal
branches in a position where the fusion and terminal
sprouts are found in the wild-type flies (Fig. 2). The effect
of the mutation was sporadic in each embryo, on average
21% of the tracheal metameres (n = 96 metameres) had
additional sprouts compared with 1% seen in the wild
type (n =96). Extra sprouting was also detected in the
lateral trunk of the mutants, but there the frequency of
increased branching was much lower, and we concen-
trated our phenotypic analysis on the dorsal branch. This
incomplete penetrance of the phenotype is not the result
of the hypomorphic nature of the alleles because neither
Fus-6 RNA nor protein can be detected in embryos ho-
mozygous for the mutations (see below).

More cells adopt the sprouting fate in Fus-6 mutants

The additional branches in Fus-6°° mutants could derive
from increased ramifications of the cells that normally
branch or by additional tracheal cells acquiring the
branching fate. Staining of mutant embryos for a lacZ
marker expressed in all tracheal cells and an antibody
against the cell junction protein, Coracle, showed that
each additional sprout derived from a tracheal cell lo-
cated at the tip of the dorsal branch contacting the cells
that form the fusion and terminal cell sprouts in the
wild-type embryos (Fig. 2D,E).

What is the identity of the extra sprouting cells and
when do they arise? We addressed the first question by
using a set of tracheal cell-type specific markers. At em-
bryonic stage 12, 3-4 cells at the tip of the dorsal branch
express the pantip group of markers. In the dorsal and
lateral trunk branches of each tracheal metameric unit,
in which hdc is expressed, the expression of these
marker genes becomes restricted in two steps. In the first
step at stage 14, strong pantip marker expression is
maintained in the two cells of the initial group that be-
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Figure 2. Tracheal phenotypes in Fus-6 (hdc) mutants. Addi-
tional sprouts emanate from the DBs in hdc and Fus-6 mutants.
Dorsal views, anterior to the left, of wild-type and mutant em-
bryos at stage 16. Wild-type (A), hdc®® homozygous (B), and
Fus-6 homozygous (C) embryos stained with antibodies against
the lumenal antigen and B-galactosidase. Extra branches are
marked by concave arrowheads. Bar, 10 pm. Extra cells sprout
off the DBs in hdc®® embryos. (D,E) Confocal images of the DB
in wild-type (1-eve-1/+) and hdc®® (1-eve-1, hdc®°/hdc®®) em-
bryos showing tracheal cells (anti-B-galactosidase in red) and
cell junctions (anti-Coracle antiserum in green). The fusion
cells are marked by asterisks, the terminal sprouts in the wild
type by arrowheads, and the extra sprouting cells in the mutant
by concave arrowheads. Bar, 5 pm.

come selected to sprout, and in the second step, at stage
15, it ultimately becomes refined to one of the sprouting
cells that will generate terminal branches (Fig. 3I) and
(Samakovlis et al. 1996a). The first step in the restriction
of the domain of pantip marker expression is preceded by
the activation of separate classes of marker genes in a
subset of the cells expressing pantip markers at stage 13.
These cells either express terminal markers and undergo
terminal branching or fusion markers and connect to
similar fusion sprouts deriving from neighboring meta-
meres (Fig. 31; Samakovlis et al. 1996a). The remaining
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Figure 3. Expression of branching mark-
ers in hdc mutants. The extra sprouting
cells express pantip and terminal but not
fusion cell markers. Dorsal views, anterior
to the left, of wild-type and hdc mutant
embryos at stage 16. For the pantip and
fusion markers, wild-type and hdc®® mu-
tant embryos carrying one copy of the
marker gene were double stained for B-ga-
lactosidase and the tracheal lumen. For
the terminal marker panels, wild-type and
hdc mutant embryos were triple stained
with antibodies against the lumen, B-ga-
lactosidase, and DSRF. (A) A pair of con-
tralateral DBs in a wild-type embryo, each
expressing the pantip-2 marker strongly in

the terminal (arrowheads) and weaker in
the fusion (asterisks) cells. (B) Similar
view of a hdc®® mutant embryo showing
that the extra sprouting cell strongly ex-
presses the pantip marker (concave arrow-
head). (C,D) DBs of wild-type and hdc®®
embryos stained for the DSRF terminal
marker. The extra sprouting cell express-
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ing DSRF is indicated by a concave arrow-
head. (E,F) Expression of the Fus-1 marker
in the fusion cells of wild-type DBs in E
and hdc®® mutant in F. In the confocal mi-
crograph in F, hdc®® embryos were stained

both for the Fus-1 marker in red, and the terminal DSRF marker and tracheal lumen in green to show that the extra sprouting cell
(concave arrowhead) expressed terminal but not fusion markers. Fusion cells are indicated by asterisks. Bar in A-E, 10 um; in F, 5 pm.
(G,H) Extra sprouts in hdc mutants ramify in to tracheoles during larval life. (G) Pair of DBs in a wild-type 3rd instar larva viewed by
Nomarski optics, showing the extensive fine tracheoles emanating from each terminal branching cell. (H) Same view of a hdc®® mutant
larva with an additional terminal branch extending tracheoles (concave arrowhead). Bar, 50 um. (I) Schematic summary of pantip,
terminal, and fusion marker expression in the wild-type and hdc mutants. The extra sprouting cells express pantip and terminal

markers at stage 14.

cells of the group, not expressing fusion or terminal
markers, stop migrating, lose the expression of pantip
markers, and acquire their position at the stalk of the
dorsal branch. We found that the extra branching cells in
the Fus-6 mutant expressed the two pantip and the two
terminal marker genes tested (Fig. 3B,D; data not
shown). In addition, during larval life these cells went on
to form extensive networks of fine tracheoles (Fig. 3H).
Thus, the extra branching cells arise from the group of
cells expressing pantip markers and display the molecu-
lar and morphological features of terminal cells. These
additional branching cells can first be detected in the
mutant embryos at stage 14 with the appearance of an
extra cell expressing pantip and terminal markers (Fig.
3l). The initiation of expression of the earliest terminal
marker both in wild-type and mutant embryos occurs in
a single cell of the dorsal branch at stage 13, arguing that
the initial selection of a terminal cell from the pantip
group is not affected in the mutants.

The additional terminal sprouts in the mutant could
arise by a change in the cell fate specification program of
the fusion cell. This was not the case, because the ex-
pression of the three fusion markers tested was un-
changed in the Fus-6 mutant (Fig. 3F; data not shown).
Furthermore, the formation of the dorsal anastomosis

was not affected in the mutants. The two fusion cells
were able to migrate toward each other and were con-
nected by intercellular junctions visualized with an an-
tibody against the Coracle protein to form the dorsal
anastomosis (Fig. 2E). Asymmetric cell division of the
fusion cell to generate a terminal and a fusion sprout in
the mutant was also excluded as a possible mechanism
for the generation of new terminal branches because no
cell divisions could be detected in the trachea of mutant
embryos by BrdU labeling (see Materials and Methods).
Suppression of cell death is also an unlikely mechanism
to explain the presence of the extra branching cell be-
cause apoptosis does not occur during wild-type tracheal
development (Samakovlis et al. 1996a).

What then is the cellular mechanism behind the in-
creased branching in the mutant? Cell counts in the dor-
sal branches of wild-type and mutant embryos double
stained with a general and a lumenal tracheal marker
showed that, although the number of fine branches ema-
nating from the dorsal branch increases by [(20% in the
mutants, the average number of cells in each branch re-
mains the same (5.8 cells in the wild type, n = 119 meta-
meres, compared with 6 cells in the mutant, n =128
metameres). In addition, in the mutant branches, the
number of cells in the stalk of the dorsal primary branch
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was consistently decreased by one cell in all of the meta-
meres counted compared with the contralateral meta-
meres that did not exhibit the extra sprouting phenotype
(n =13 metameres). Thus, the above results suggest that
the extra branching cells arise by a cell fate transforma-
tion of a nonbranching cell adjacent to the terminal and
fusion cells of the dorsal branch into a sprouting cell, and
that the Fus-6 gene product acts nonautonomously to
prevent neighboring tracheal cells from branching.

Fus-6 is allelic to hdc and is localized
in the cytoplasm of the fusion cells

Genomic DNA flanking the site of insertion of the B9-
3-52 P-element was recovered by plasmid rescue in Esch-
erichia coli and used to initiate the molecular character-
ization of the Fus-6 locus. The recovered 1.4-kb genomic
EcoRI fragment detected a hybridizing band of [4.5-kb
on Northern blots and was also used as probe in RNA in
situ hybridization experiments (data not shown). Hybrid-
izing tissues included the central nervous system, the
imaginal disc primordia, and the tracheal spiracular
cells, in a pattern strongly reminiscent of the expression
of the lacZ marker in the original enhancer trap strain.
We used this fragment as a probe to screen two embry-
onic cDNA libraries and identified several hybridizing
clones. Partial sequencing of the longest cDNA clone
and database comparison of the sequence revealed that it
was identical to the cDNA corresponding to the previ-
ously identified gene hdc (Weaver and White 1995) and
homologous to two different Caenorhabditis elegans
genes revealed by the worm genome project and a human
EST sequence (Fig. 5, below). We established that the
Fus-6 gene is allelic to hdc by the following criteria.
First, using a monoclonal antibody against the hdc prod-
uct, we showed that hdc is expressed in the tracheal
fusion cells from the beginning of stage 14 until the end
of embryogenesis, in a pattern identical to the Fus-6 lacZ
marker (Fig. 1). The Hdc protein was detected by confo-
cal microscopy in the cytoplasm of the fusion cells of the
dorsal anastomoses in metameres 2-9, the lateral trunk
and ventral anastomoses (Fig. 1). Second, alignment of
the sequences from the recovered genomic fragment
from the Fus-6 strain and the hdc cDNA revealed that in
the mutant, the transposon is inserted in the hdc gene in
a position corresponding to 220 bp upstream of the first
nucleotide of the cDNA clone. Third, the lethality and
tracheal phenotypes of our insertion and excision mu-
tants are allelic to the phenotypes of the hdc*® loss-of-
function allele (Weaver and White 1995). Finally, we
have shown that Fus-6°° is a strong loss-of-function al-
lele of hdc, because we could not detect any hdc RNA or
protein (Fig. 4; data not shown) in mutant embryos, and
we could rescue the tracheal phenotype by hdc expres-
sion in the trachea (see below).

hdc encodes two protein products by suppression
of translational termination

An unusual feature of the hdc cDNA sequence is its
potential to encode more than one polypeptide. There is
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Figure 4. Translational readthrough generates two hdc prod-
ucts. Western blots probed with the antibody against the hdc
products (A). The antibody recognizes two proteins in CNS and
imaginal disk extracts from wild-type larvae. Both bands are
absent in extracts from larvae homozygous for hdc®® and hdc*3.
(B) Quantitation of the amount of the two products relative to
each other. Serial dilutions of a CNS and imaginal disk extract
were loaded. The shorter product is (fourfold more abundant
than the longer one. (C) Full-length cDNA is necessary to gen-
erate a product with the same size as the longer endogenous
protein. Extracts of salivary glands from transgenic larvae car-
rying the full-length or a truncated version of the hdc cDNA
under heat shock control were compared with CNS and imagi-
nal disk extracts from wild type. (D) Two Hdc proteins are de-
tected in extracts from D. simulans larval CNS and disks. (E)
Drawings of the hdc cDNA clone and the fragments used to
generate the transgenic strains shown as hatched bars. Start and
stop codons are indicated and the predicted products are shown
as black or white bars under each construct. Hdc' designates the
longer product, and Hdc® the shorter one.

a 3241 nucleotide long ORF starting with an AUG
flanked by a conserved Drosophila translational initia-
tion site (Cavener and Ray 1991). The sequence of this
putative ORF is interrupted by an internal UAA stop
codon at position 2981 and continues in frame until it is



interrupted again by another UAA stop codon followed
by a polyadenylation signal (Weaver and White 1995; Fig.

5).

MRNA has the potential to encode at least two proteins:
One with a predicted molecular mass of 70 kD generated
by termination at the first UAA codon, and one with a
molecular mass of 125 kD generated by suppression of
translational termination. To investigate this possibil-

ity,

UAA codon from 10 independent genomic clones deriv-

ing

from 20 independent RT-PCR derived embryonic cDNA
clones. The UAA codon was present in all clones exclud-

ing
arti

mechanism that would modify the UAA codon in the
mature mRNA population.
Then, we used a monoclonal antibody generated
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against the amino-terminal part that is common to both
putative translational products (Weaver and White 1995)

This intriguing structure suggests that the hdc and attempted to detect them in extracts of wild-type

and mutant larvae by Western blots. The antibody rec-
ognized one strong band of (070 kD and a weaker band of
(1130 kD. Both signals were absent in the extracts made
from hdc®® and hdc*®* mutant larvae. The presence of
more than one band at the 70-kD range indicates either

we first sequenced the region containing the first posttranslational modification of the shorter product or

possibly inefficient termination at the UAA stop codon.

from genomic DNA PCR amplification, and then Quantitation of the signal from lanes containing serial

dilutions of the wild-type extract showed that the
shorter protein is approximately four times more abun-

the possibility that the original clone was a cloning dant than the longer product (Fig. 4B).
fact. These results also argue against an RNA editing Thus, the hdc gene encodes two different polypep-
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ATTGGAGCCCATCCGCATGUCCAGCAGCATCAGCAGCAGGTGCGGCAGCAGCAACAGCAGCAGCAGCAGCAGCAACCACAGCAGCAACAACAACAGCAGCAG
I 6 A # P H A Q Q0 H Q Q Q¢ V R Q2 Q ¢ @ Q0 ¢ ¢ Q2 ¢ ¢ P Q ¢ Q@ 0 2 0 Q 0
CAACAGACRCAACAACAACAGTCACAACAACAACAGCAGCAGCAGCAGCAGCAACATCAGCCTGTGGTCAGCACTTTTCAGAGGGGCAACTTCCCTCAACAG
Q Q Q @ @ © 9 ¢ ¢ ¢ Q0 0 Q0 Q 0 H O P V V S T F ¢ R G N F Q
TCCCATAAAACCATGAACATGATGGCCATGGCGGATGTGATGAGCAAGTACCAGCAGCAGCAGCACCAACAGCAGCAGCAACAGCGCCAGCAGCABCACAAC
§ H K T M N M M A M A D V M s K Y Q0 0 ¢ Q H Q ¢ @ ¢ ¢ ¢ R Q0 0 0 H N
CTGCAGCCACAGCAGCAACATGCAACGCAGAAAGGACTCGAGGGCCTTCTATTGACCAACACAAACACAAGCAACAACAATAGCAGCAGCAGCAGCAGCAGT
L ¢ P Q Q Q H A TOQEKGL EGULTZ LTZLTWNTDNTSNINNSS S S S s §
AGCAGTATTAGTAACTTAATCATTAGCCATAATTCAGCCAGCAATACAGGCAACAAAATGCAGCCCACTTGGGGCCAGAGTGATGCCATCTCGGCATTETEE
$ $ 1 §$ N L I I S H N S A S NTG N K ¥ Q P T W G ¢ S$ D A I S A L W
GGCTGCTCCAGCAGCAGCAGCGGCTGCTCCTCGGGCAGTGGATCGCAGCCCTCGTTGAGTCCGACGGCCAGCAGCAATGGCAACGATGGCTCCAAGATGATG
G ¢c s § s s s 6 CcC S S ¢ s 6 5 Q P § L S P T A S S NGNUDG S K M M
TTGTGGGCGGCCCARAGTTCGCCGCAAAATGCTGCAACACTCAGGGATGGATTCARGGAGTTGCAGCGCCAGCAGCCACCGCAGCAGCAGGTGCCACAGCAA
L W A A Q S S P O NAATTLURUDTG P K E L P vV P oo Q
CAGCCACATGCAGCCTCGCCCACAGCTTCGCTGACCAGTTCCAGTTCCTCCTCGARCGGATGGAGCGCCTCGCATTATGGCAAGCCCAACATCTGEGAGCTE
H A A S P T A S L T S S S S S S NGW S A S H Y 6 K P NTI WEL
CCAGGATCCACCGGGCAACGGACACCGGCCAGCAGCCACGACATCTTCACCGATCTCCTGTGCAACCTGAGCATCAGTCAGGACAACAGCAGCCAGCAGGCC
P 6 s T G QR TP A S S HDIF TDLILGCNL S I S D N S S Q 0 a
AGCAGCAAGGCCGATGCCTccGACGTcAGCTCGAATTCCTCCTCGTCGGCCGGGGAACTcCTGdAGGcGGCCAATATCTGGAGGTTTCCAGAGTACGCCAGT
6 E L L E N F P E ¥ A S
AGTCAGCTCTACATGSAGGAGCCGACTGGTGGCGCACGdGCCTGCATGCAGCTCTTCAACGACTATCTCAACATGAACIAA 4276

s ¢ L Y M E E P T 6 G A R A C M ¢ L F N D Y L N M N « 1080

Hac 85 PLNELSLADCIRVIZ ' OYMERBEF EWRY QALI
2315488 101 PKDEIELGEGVKMTETWES(- - - - - LHH ICYOLLEDNLVKRLASE
AR283024 24 ---DLEKDDYQKVVCNNEHZPCSTWMHLQCFYEWESSILVOFNCT

Hdc 1042 EAANTWREPEYABSQLYMEEPTGGAR 1067
2315488 443 KSTSVSKLPLAPSSQLFNEESRCGFR 467

Hac 453 NLLEKTRLNSYQVKIEPECNHGNEETRLF L SELAQSOMSRVACT LOEEPL IV FBRY B
1763999 62 SVIBRSKFNGIHIKMEDDCPOGGRDVRLCLLKSLGAHNLRATPCYGCKDELKVYDKY]

Hdc 563 RPWDGSSLVLGTMIAYBIFARMRCS: 567
1763999 169 EWFBGKSFVLGTLYYYDIVSSGROC 193

tides, and their molecular weights suggest that they de-
rive from suppression of translational termination. To
establish that the longer protein is not the product of an

Figure 5. (A) Deduced amino acid se-
quence of the hdc longer product. The
nucleotide sequence derives from the
cDNA sequence in Weaver and White
(1995) and our longest, partially se-
guenced, cDNA clone. Start and stop
codons are underlined and X is used as a
symbol for the unknown amino acid incor-
porated at the internal UAA stop codon.
The different regions homologous to the
two C. elegans ORFs are highlighted. (B)
BLASTP amino acid sequence compari-
sons of the hdc products to the two C. el-
egans ORFs and the human EST sequence.
The C. elegans ORF 1763999 is homolo-
gous (34% identity, 60% similarity) to the
region between amino acids 453-587 in
the Hdc sequence shared by both products
(highlighted in gray in A). The C. elegans
ORF 2315488 and the ORF deriving from
the human EST are homologous to a re-
gion between amino acids 85 and 172
(38% identity, 63% homology) in the Hdc
sequence shared by both products (high-
lighted in a gray box in A). The same C.
elegans ORF is also homologous (36%
identity, 56% homology) to a region be-
tween amino acids 1042 and 1067 unique
to the carboxyl terminus of the longer
product (highlighted in a gray box in A).
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as yet unidentified splice form or derives from extensive
post-translational modifications of the shorter protein,
we ran Western blots of protein extracts from transgenic
fly strains expressing either the full length hdc cDNA or
a deletion derivative that lacks most of the carboxy-ter-
minal part of the longer isoform, both under the control
of a heat inducible promoter (Fig. 4C). In these experi-
ments we used protein extracts from dissected CNS and
larval imaginal discs from wild-type flies and dissected
salivary glands, a tissue that normally expresses hdc at
very low levels, from the transgenic strains. We could
detect the two isoforms of the expected molecular mass
only in the extracts prepared from CNS of wild-type lar-
vae and the strain expressing the full-length cDNA in
salivary glands after heat shock. The strain expressing
the deletion construct produced the shorter isoform and
a protein of higher molecular mass corresponding to the
expected readthrough product from the construct (Fig.
4C). Thus, our full-length cDNA clone containing the
internal UAA codon accounts for both products observed
in wild-type flies and the longer product is not the prod-
uct of posttranslational modifications of the short iso-
form. Our results strongly argue for a translational ter-
mination suppression mechanism involved in generating
the two protein products from the hdc mRNA and this
mechanism appears to be conserved in flies because we
could detect two proteins on Western blots of extracts
prepared from the closely related Drosophila simulans
(Fig. 4D). Interestingly, one of the C. elegans homologs
identified by BLAST database searches is homologous to
the amino acids 440-574 shared by the two products,
whereas the other is homologous to an 84-amino acid
amino-terminal region common to both products and a
region of 24 amino acids at the carboxy-terminal end,
unique to the longer product (Fig. 5). The presence of two
C. elegans genes with homologies to distinct domains of
the two hdc products suggested that both products may
be functional. Attempts to detect the proteins in more
distant Drosophila species and C. elegans failed, prob-
ably because the epitope recognized by our monoclonal
antibody is not conserved.

The longer protein is necessary for hdc function

To assess the significance of the unusual translational
termination suppression event in the hdc mRNA, we
tested whether the shorter, more abundant protein was
sufficient for rescue of the tracheal mutant phenotype or
whether the longer product was necessary for the full
function of the gene. Using the UAS-GAL4 system
(Brand and Perrimon 1993), we expressed the full-length
cDNA or the truncated version missing the carboxyl ter-
minus of the longer form in the tracheal fusion cells of
homozygous mutant embryos. The two constructs were
expressed under the control of the same fusion cell-spe-
cific driver strain and the results of these experiments
are summarized in Table 1. Rescue of the extra branch-
ing phenotype required the longer construct encoding
both proteins, the shorter form alone is unable to fully
rescue the mutant phenotype. Western blots of protein
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Table 1. Rescue of hdc®® null mutant tracheal phenotype
with the full-length or the truncated hdc construct

Affected dorsal

Genotype branches? (%)
Oregon® (wild type) 1(n=96)
hdc®°/hdc®°® 21 (n=192)
p127-Gal4/+;UAS-hdc hdc®°/hdc®® 0 (n =80)
UAS-hdc*Y/p127-Gal4; hdc®°/hdc®° 12.5 (n = 48)

3Extra branches and additional cells expressing DSRF.

extracts and in situ antibody stainings to control for ex-
pression levels of the transgenes revealed that both con-
structs produced the expected products and that the
truncated construct was even expressed at higher levels
than the full-length construct (Fig. 4C; data not shown).
These results show that the translational termination
suppression event generating the longer protein is not an
unusually frequent termination error but is necessary to
produce the functional gene product.

Misexpression of hdc can suppress terminal branching

The analysis of the loss-of-function mutants and the ex-
pression of the hdc proteins exclusively in a subset of
fusion cells in wild-type embryos suggested that hdc
functions nonautonomously to inhibit neighboring cells
from adopting the terminal cell fate and undergo further
branching. Consistently, generalized misexpression of
the full-length hdc cDNA in all tracheal cells by use of
the UAS-GAL4 system suppresses terminal branching
and the expression of the terminal cell marker DSRF in
[B8.5% of the dorsal branches (Fig. 6B,E, n = 816). Sup-
pression of terminal branching and DSRF expression
could also be detected at similar levels in the ganglionic
branches in which hdc is not normally expressed (data
not shown). Generalized misexpression of the truncated
form under the control of the same driver strains was
found to have a marginal effect on terminal branching
and the expression of terminal markers, arguing again for
the requirement of the longer ORF for full hdc function
(Fig. 6E).

An additional, unexpected, phenotype in the same em-
bryos expressing the full length hdc construct in all tra-
cheal cells was the presence of extra terminal sprouts in
(5% of the dorsal branches (n = 816) which resembled
the tracheal defects observed in the hdc null mutants
(Fig. 6F). This extra branching phenotype was also de-
tected when we overexpressed hdc under the control of a
fusion cell-specific driver strain (Fig. 6C,F). Because the
same UAS construct expressed under the control of the
same fusion cell-specific driver strain is able to rescue
the tracheal phenotype in hdc null mutants, this result
argues that an imbalance in the concentration of the hdc
products in the fusion cell can cause the same pheno-
types as the loss-of-function mutations. We explored this
phenotype to ask whether hdc function is sensitive to
the dosage of the longer or the shorter protein product.
We find that overexpression of the truncated form in
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Figure 6. Misexpression of hdc in all tracheal cells can sup-
press terminal branching. The GAL4 expression system was
used to express wild-type and mutant Hdc proteins throughout
the developing tracheal system (B,E,F) and selectively in the
fusion cells (C,D,F) of hdc* embryos. Expressing UAS-hdc in all
tracheal cells with the pantracheal btl-GAL4 driver results in
suppression of terminal branching and expression of the termi-
nal marker DSRF (arrow in B). (E) Comparison of the terminal
branching suppression phenotype of UAS-hdc and UAS-hdc?'.
The full-length construct is necessary for suppression. (C) Ex-
pression of UAS-hdc with the p127-GAL4 fusion cell-specific
driver or the pantracheal btl-GAL4 driver causes extra branch-
ing phenotypes similar to the hdc®° loss-of-function mutant (ar-
rowheads). Expression of the UAS-hdc! construct with the
same drivers results in a similar phenotype (D,F). Bar in A-D,
10 pm.

wild-type flies alone also caused increased branching
(Fig. 6D,F).

hdc expression in the trachea is regulated by esg

Branch fusion in the Drosophila trachea is a complex
process involving two specialized cells at the tip of each
fusing branch that undergo a series of morphological
changes to generate a bicellular anastomosis and connect
the two tracheal branches. We have proposed that esg
acts as a regulator in a genetic hierarchy that controls
fusion cell identity and function (Samakovlis et al.
1996b). In esg mutants, the fusion cells of the dorsal
branches fail to undergo the fusion process and express
later fusion markers, instead, they express terminal
markers and ramify into tracheoles during larval life. Ec-
topic expression of esg in all tracheal cells is sufficient to
induce ectopic branch fusions and suppress terminal
branching and expression of terminal genes. Having
identified Fus-6 as hdc, we asked whether its expression

Inhibitory signaling in tracheal branching

in the trachea is regulated by esg. First, we established
that hdc expression was absent in the fusion cells of esg
mutants (Fig. 7B). Then, we misexpressed esg in all tra-
cheal cells using the UAS-GAL4 system and found that
this was sufficient to induce hdc expression in one to
two additional tracheal cells at the tips of the dorsal and
lateral trunk branches (Fig. 7C; data not shown). Thus,
esg is not only necessary for hdc expression in the fusion
cells, but it is also sufficient to induce hdc expression in
the cells of the pantip group of the dorsal and lateral
branches. Because hdc acts nonautonomously as a
branching inhibitor the above results predict that in esg
mutants not only the fusion cell, but also one of the stalk
cells may acquire the terminal cell fate. We analyzed the
extra terminal branching phenotype of esg strong loss-
of-function mutants and we find a third cell extending a
unicellular branch and expressing the terminal marker
DSRF in 016% of the 176 dorsal branches analyzed (Fig.
7D). These results show that esg can suppress terminal
cell fate in the fusion cells by repressing terminal genes
like pruned, and in neighboring cells by the activation of
hdc and perhaps other fusion genes that act non-cell au-
tonomously as branching inhibitors.

Discussion
hdc is a novel branching inhibitor

In hdc mutants, additional cells acquire the branching
fate and sprout off to form terminal branches. hdc is
expressed in the fusion cells of the growing dorsal pri-
mary branches and is required for turning off the expres-
sion of pantip and terminal markers in neighboring cells.
Thus, it acts nonautonomously to inhibit the cells of the
initial group expressing pantip markers that have not
been selected to express terminal genes at stage 13 from
continuing migrating and acquiring the terminal cell
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Figure 7. hdc expression is regulated by esg. (A-C) Embryos
double stained with antibodies against the tracheal lumen in
brown and Hdc in blue. (A) Dorsal view focusing on hdc expres-
sion in the dorsal branches (DBs) of wild type, (B) esg mutant,
and (C) C38-GAL4/UAS-esg embryos. (Arrows in A) hdc ex-
pression in the two fusion cells of wild-type embryos. hdc ex-
pression was not detectable in esg mutants (Arrowheads in B),
whereas in UAS-esg embryos, hdc is expressed in four cells at
the tip of the DBs (Arrows in C). Bar in A-C, 10 pm. (D) Dorsal
view of an esg mutant embryo stained with antibodies against
tracheal lumen and DSRF. A third branching cell expressing
DSREF is indicated by a concave arrowhead. Bar, 10 pm.
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fate. In the wild type, during the early stages of cell mi-
gration and primary branching, a group of tracheal cells
located at the growing tip of each bud express a set of
pantip marker genes (Samakovlis et al. 1996a). The num-
ber of cells that will initially express the pantip markers
is regulated by the activation of Breathless, an FGF re-
ceptor homolog in flies, and Branchless, a secreted FGF
homolog produced by tissues surrounding the tracheal
epithelium (Lee et al. 1996; Sutherland et al. 1996). The
expression of pantip genes is dynamically regulated as it
later becomes restricted to the cells that will continue
migrating and express either fusion or terminal markers
(Samakovlis et al. 1996a) and ultimately to the cells ex-
pressing terminal markers. Thus, the pantip markers de-
fine a group of cells at the tip of each branch among
which the terminal and fusion cells will be selected. The
remaining cells of the pantip group will cease migrating,
intercalate, and acquire their position at the stalk of the
primary branch. We propose that hdc participates in an
inhibitory signaling mechanism to restrict the domain of
bnl responsive cells (Fig. 8). This inhibitory signaling
does not affect the cell identity of the terminal and fu-
sion cells because their fate is already established at
stage 13, before hdc is expressed in the fusion cell, but
acts to prevent the rest of the cells in the pantip group
from migrating so that they retain their position sur-
rounding the stalk of the primary branch. The identifi-
cation of hdc as a branching inhibitor produced by a sub-
set of the cells that undergo sprouting to inhibit their
neighboring cells from branching uncovers a new mecha-
nism involved in patterning the sprouting of new
branches. The decision whether endothelial cells will
sprout during angiogenesis in vertebrates is also thought
to be controlled by a balance of activating and inhibiting
signals (Hanahan and Folkman 1996), and it will be in-
teresting to see whether any of the known inhibitors of
angiogenesis or the human homolog of hdc are produced
from the sprouting cells in response to branching signals
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Figure 8. Model of the inhibitory action of hdc on sprouting.
Secreted Bnl protein (dashed arrows) activates the expression of
pantip marker genes (red) in the tip cells of the dorsal primary
branch closest to the source of the signal. Single cells of the
pantip group are selected to express terminal (T) or fusion (F)
cell-specific markers. The fusion cell expresses hdc to inhibit
the Bnl mediated induction of terminal branching in the re-
maining cell of the pantip group, which later becomes a stalk
cell (S).
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and act in a similar mechanism to determine the pattern
of endothelial sprouting in vertebrates.

What is the inhibitory signal?

The expression of hdc exclusively in the fusion cells and
its function to prevent neighboring cells from sprouting
is consistent with the hypothesis that hdc might be the
inhibitory signal itself. The localization of the hdc pro-
tein products in the cytoplasm, however, suggests that
hdc may play a role in the fusion cell to facilitate signal-
ing through another molecule secreted to the cell sur-
face. Then, where does the signal come from? One pos-
sibility is that it derives exclusively from the hdc ex-
pressing fusion cell to inhibit the rest of the cells
expressing pantip markers to further differentiate into
terminal cells. In this scenario, hdc would be acting to
enhance this fusion cell-specific signal. This hypothesis
assumes different signals for restricting the number of
sprouting cells in the tracheal branches in which hdc is
not expressed. Another possibility is that a common in-
hibitory signal is operating in the initial group of cells
expressing pantip markers in all primary branches to de-
termine which cells in the group will retain the expres-
sion of pantip genes and continue sprouting. All tracheal
primary branches express the pantip markers in a group
of cells at their growing end at stage 12 in response to the
activating bnl signal and a subset of these cells are se-
lected to acquire either the fusion or the terminal cell
fate at stage 13 and sprout unicellular branches. The rest
of the cells in the group lose pantip gene expression and
do not sprout, they instead become stalk cells suggesting
that an inhibitory signal is produced by the terminal and
fusion cells of all primary tracheal branches to restrict
the domain of pantip gene expression. The phenotypes of
hdc loss-of-function mutants and the expression of the
gene only in the branches that send off both terminal and
fusion sprouts suggest that hdc may be necessary to po-
tentiate a more general inhibitory signal in the dorsal
and lateral branches in which the cells expressing pantip
markers will give rise to two different sprouting cells and
stalk cells. The ability of hdc to suppress terminal
branching and DSRF expression after ectopic expression
in the ganglionic branches that do not extend fusion
sprouts is consistent with the hypothesis that it can en-
hance an inhibitory signal operating on the pantip cells
of all primary branches. The characterization of two tra-
cheal genes, in addition to hdc, that increase the number
of unicellular sprouts (M.A. Krasnow, pers. comm.)
should help to understand the interplay between these
molecules during sprouting of new branches.

hdc expression is regulated by esc

Previously, we have shown that the transcription factor
encoded by the esg gene is a key regulator of the fusion
cell fate. In esg mutants, the fusion cells do not express
later fusion marker genes including the P-element insert
in hdc and they inappropriately express terminal mark-
ers. Furthermore, ectopic expression of esg in all tracheal



cells was sufficient to suppress terminal branching and
to induce ectopic fusions (Samakovlis et al. 1996b). With
the hdc antibody at hand, we have shown that esg mis-
expression in all tracheal cells is sufficient to induce hdc
expression in additional tracheal cells. Interestingly, this
activation was not evident in all cells of the tracheal
epithelium; it was localized to the tip cells of the pri-
mary branches that send off both terminal and fusion
cells suggesting these cells contain a cofactor necessary
for hdc activation by esg. The loss-of-function pheno-
types in the dorsal branches of esg and hdc embryos are
similar, in both mutants the number of terminal
branches is increased. The cellular processes by which
the extra terminal branches arise are, however, different.
In the case of esg mutants, the fusion cell partly acquires
the terminal cell identity, it does not undergo branch
fusion, and is also unable to inhibit neighboring cells
that normally become stalk cells from sprouting. In hdc
mutants, the fusion process appears normal, the defect is
caused by aberrant signaling to the cells expressing
pantip markers. Thus, hdc is an esg downstream gene in
the trachea and acts after esg and the specification of the
fusion cell fate.

Translational readthrough is necessary
for hdc function

We have demonstrated that the hdc gene produces two
proteins by suppression of the UAA stop codon found in
its mMRNA. Furthermore, translational termination sup-
pression is necessary for the function of the gene because
the truncated form missing the carboxy-terminal part,
unique to the larger protein, could not rescue the tra-
cheal mutant phenotype nor suppress terminal branch-
ing when expressed in all tracheal cells. Genes with in-
ternal stop codons can be found in organisms ranging
from bacteria to mammals and several retroviruses. The
best characterized example of suppression of in-frame
stop codons in bacteria and eucaryotes is the suppression
of UGA codons by incorporation of a selenocysteine
(Bock et al. 1991). In Drosophila, two transcripts have
been identified with a single in-frame UGA stop codon.
One derives from the kelch gene involved in oogenesis
that produces large 160-kD and shorter 76-kD overlap-
ping proteins (Xue and Cooley 1993), and the other from
the out at first (oaf) gene whose protein products have
not been characterized (Bergstrom et al. 1995). The rela-
tive ratio of the two Kelch proteins is developmentally
regulated and the protein encoded by the shorter ORF is
sufficient to rescue the ring canal phenotype of kelch
mutants. Mutant analysis of substitutions of the UGA
stop codon in the longer product suggested that it is gen-
erated by tRNA suppression (Robinson and Cooley
1997).

In retroviruses such as the moloney murine leukemia
virus, suppression of UAG stop codon is necessary for
the production of the gag—pol fusion protein and viral
propagation. UAA stop codons can also be suppressed in
the same context both in infected mammalian cells and
reticulocyte lysates (Feng et al. 1989; Li and Rice 1989).

Inhibitory signaling in tracheal branching

This termination codon suppression in heterologous cell
culture and in vitro systems suggests that the necessary
machinery for readthrough exists in mammals provided
the cis-acting elements are also present.

The translational readthrough in the hdc mRNA is the
first example of UAA suppression in a natural gene. We
determined the relative ratio between the longer and the
shorter products to be [11:4. This is an unusually high
ratio for the longer form; in the retroviral case, the
shorter product is 20 times more abundant than the
longer one. Also, we have shown by ectopic expression
experiments that all the necessary components for the
suppression event are present in all tissues of the animal
tested, suggesting that the regulation of such
readthrough events should rely on cis-acting sequences
present in the mRNA. UAA is the most common termi-
nation codon in invertebrates and in 12% of the Dro-
sophila genes analyzed is followed by a C, just like the
internal stop codon in hdc (Cavener and Ray 1991). Be-
cause both the hdc termination codon and its immediate
context are used in many genes, it is unlikely that the
two hdc products are caused by high leakiness of termi-
nation. The mechanisms of translational termination
suppression not involving selenocysteine incorporation
are largely unknown. The proposed mechanism of
readthrough in retroviruses involves potential pseudo-
knot structures made by the sequences 3’ of the UAG
codon (Feng et al. 1992). Secondary structure predictions
on the hdc mRNA sequence did not reveal any potential
for the formation of a significant pseudoknot structure
although it identified a potential large stem loop struc-
ture composed of 79 nucleotides located 3 nucleotides
downstream of the UAA codon. Such a structure may
cause ribosomes to pause, thereby facilitating ribosome
slippage or allowing suppressing tRNAs to successfully
compete with release factor at the readthrough site. Site
directed mutagenesis and sequence swap experiments
should provide informative evidence as to whether the
mechanism of the two suppression events is similar. Our
present analysis of hdc function does not exclude that
the shorter protein form might have a function together
with the longer readthrough product. The presence of
two C. elegans genes, one homologous to a region unique
to the larger product and the other to a common region,
indicates that both hdc products may be functional. In
addition, the phenotypes generated by overexpression of
both the full-length and the truncated constructs in the
fusion cells suggest that hdc function is sensitive to im-
balances in the total amounts of both proteins as well as
to the relative ratio between them.

Materials and methods
Drosophila strains

The enhancer trap markers 1-eve-1 (Tracheal-1), Pantip-2 and
Pantip-4, Fus-1 (esg) and Fus-2, Terminal-1(pruned/DSRF) and
Terminal-3 have been described (Perrimon et al. 1991; Samak-
ovlis et al. 1996a). The Fus-6, B9-3-52 enhancer trap allele was
generated in the laboratory of Y.N. Jan (Hartenstein and Jan
1992), and the rest of the markers used in the study in the
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laboratory of A. Spradling (Spradling et al. 1995). The Fus-6
marker is a P[lacZ] insertion at cytological position 99 F. P-
element excision mutagenesis from Fus-6 resulted in a recovery
of five early pupal lethals. One of these, hdc®®, with the strong-
est tracheal phenotypes (visualized by mAb 2A12 staining), was
selected and further characterized. hdc*® is a null hdc allele and
hshdc87.1 is a P-element transgenic strain containing the full-
length coding region under the control of the hsp70 promoter
(Weaver and White 1995). For analysis of embryonic pheno-
types, mutants were balanced over CyO or TM3 balancers car-
rying lacZ transposons to identify homozygous mutant em-
bryos. To identify homozygous hdc®® larvae, the mutant chro-
mosome was kept over the TM6b balancer. The esg mutant
strains used were the null esg allele G66 (Whiteley et al. 1992)
and the strong EMS-induced allele VS2 (Ashburner et al. 1990;
Hayashi et al. 1993).

Embryo fixation and staining

Embryo fixation, staining, and light and confocal fluorescence
microscopy were as described (Samakovlis et al. 1996b). The
lumen-specific antibody used was mAb2A12 diluted 1:5. The
mouse monoclonal anti-Hdc antibody mAbU33.7 (Weaver and
White 1995) was used at 1:1 for in situ stainings. The anti-DSRF
monoclonal antibody was mAb 2-161 (1:1000) from M. Gilman
(Ariad Corporation, Boston, MA) and the anti-Coracle guinea
pig polyclonal antiserum (1:1000) was from R. Fehon (Fehon et
al. 1994). Biotin-, Cy2-, FITC-, and Cy3-conjugated secondary
antibodies (Jackson) were used at 1:300 dilution. For the BrdU
incorporation experiment, embryos were collected in 25°C for 2
hr and were then treated in two different ways according to
Bodmer et al. (1989): (1) Embryos were aged 8-10 hr followed
by exposure to BrdU for 30 min and then again aged for 4-6
hr before fixation; or (2) the embryos were aged for 11-15
hr followed by BrdU exposure for 30 min before fixation. Stain-
ing procedures of the BrdU labeled embryos was as before
but with the following modifications. After incubation with
mADb2A12 and anti-B-galactosidase antibody to detect homo-
zygous mutants, embryos were fixed for 10 min in 4% formal-
dehyde in PBS before anti-BrdU antibody was added. Of the
five hdc mutant embryos (80 metameres) with BrdU incorpora-
tion in the nervous system inspected, none showed incorpora-
tion in the trachea. Embryo staging was according to Cam-
pos-Ortega and Hartenstein (1985). For the rescue experiments,
embryos of the cross (males) p127-Gal4/CyOftzlacZ; hdc®°/
TM3UbxlacZ x (females) pl27-Gal4/CyOftzlacZ; UAS-hdc/
hdc®® or p127-Gal4/CyOftzlacZ; hdc®°/TM3UbxlacZ x UAS-
hdc*';hdc®/TM3UbxlacZ were stained against Hdc, DSRF, and
the tracheal lumen to score extra branching and DSRF expres-
sion and identify mutant embryos expressing Hdc under the
control of the GAL4 driver strain.

Molecular biology

Cloning and sequencing of the hdc cDNA clones was done ac-
cording to Sambrook et al. (1989). The longest cDNA clone was
from an embryonic cDNA library (from P. Hurban) that ex-
tended from nucleotide 775 to nucleotide 4472 in the hdc se-
guence (Weaver and White 1995). This clone was partially se-
guenced and used in all subsequent experiments. RNA in situ
hybridizations on embryos were according to Lehmann and
Tautz (1994). Amplification of ggnomic DNA from the hdc gene
was carried out by PCR with primers corresponding to positions
2844-2860 and 3349-3366 in the hdc sequence (Weaver and
White 1995). The same primers were used for RT-PCR after first
strand cDNA synthesis with an oligo dT primer and AMV re-
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verse transcriptase. The genomic EcoRI rescued fragment was
sequenced with a primer complementary to the P-element
transposon inverted repeat.

UAS constructs and GAL4 strains for ectopic expression
of hdc and esg

For the UAS-hdc transgenic fly strains, a 3.7-kb Kpnl-Notl frag-
ment from BSSK-hdc cDNA vector was isolated and cloned into
PUAST vector (Brand and Perrimon 1993). The construct con-
tains the start codon ATG at 1034bp and the two TAA termi-
nation codons and produces two proteins as the full-length hdc
MRNA. The truncated form, UAS-hdc** was constructed with a
2.6-kb Xhol fragment from BSSk-hdc cDNA plasmid cloned into
pUAST vector. This construct contains the start codon ATG
and the first TAA termination codon (Fig. 5). Embryos from the
w18 strain were injected according to Spradling (1986) and two
independent strains were characterized for each construct. They
were tested for tracheal phenotypes and protein expression and
gave similar results. The UAS-esg strain has been described
(Fuse et al. 1994). The following driver strains were used: btl-
GAL4 (Shiga et al. 1996) expressing GAL4 in all tracheal cells
from stage 11, TrGAL4, C38-GAL4 expressing GAL4 in most
tracheal cells beginning at stage 13 (Guillemin et al. 1996), and
p1l27-GAL4 that expresses GAL4 selectively in the tracheal fu-
sion cells from stage 13. Embryos carrying one copy of the GAL4
driver and the UAS constructs were collected at 20°C for 8 hr
and then were transferred to 29°C for 10 hr to maximize GAL4
activity. Then, embryos were fixed and stained to examine tra-
cheal phenotypes.

Protein extractions and Western blots

Protein extracts from whole larvae or dissected salivary glands,
CNS, and imaginal disc, electrophoresis, and Western blots
were performed according to Sambrook et al. (1989). The anti-
Hdc antibody was diluted 1:3 for Western blots and hybridizing
bands were detected with the Amersham ECL reagent according
to the manufacturer.
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