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The head involution defective gene 
of Drosophila melanogaster functmns 
in programmed cell death 
Megan  E. Gre ther ,  1 John M. Abrams, 2 Julie Agapite, Kristin White, 3 and Hermann Steller 4 

Howard Hughes Medical Institute, Department  of Brain and Cognitive Sciences, Department  of Biology, Massachusetts 
Insti tute of Technology, Cambridge, Massachusetts 02139 USA 

Deletions of chromosomal region, 75C1,2 block virtually all programmed cell death (PCD) in the Drosophila 
embryo. We have identified a gene previously in this interval, reaper {rpr), which encodes an important 
regulator of PCD. Here we report the isolation of a second gene in this region, head involution defective (hid}, 
which plays a similar role in PCD. hid mutant  embryos have decreased levels of cell death and contain extra 
cells in the head. We have cloned the hid gene and find that its expression is sufficient to induce PCD in cell 
death defective mutants. The hid gene appears to encode a novel 410-amino-acid protein, and its mRNA is 
expressed in regions of the embryo where cell death occurs. Ectopic expression of hid in the Drosophila retina 
results in eye ablation. This phenotype can be suppressed completely by expression of the anti-apoptotic p35 
protein from baculovirus, indicating that p35 may act genetically downstream from hid. 
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Cell deaths that occur during the development of essen- 
tially all metazoan animals display a characteristic ul- 
trastructural morphology known as apoptosis [Kerr et al. 
1972; WyUie et al. 1980). Because it is thought that these 
natural cell deaths result from the execution of an active, 
gene-directed cell suicide program, the process of apo- 
ptosis is also referred to as programmed cell death (PCD). 
Strong support for this concept has come from genetic 
studies in the nematode Caenorhabditis elegans, where 
a large number of mutations affecting specific aspects of 
PCD have been isolated and ordered into a genetic path- 
way [for review, see Ellis et al. 1991; Hengartner and 
Horvitz 1994a, b). In particular, three genes, ced-3, ced-4, 
and ced-9, have been shown to control the onset of all 
somatic PCDs in the nematode. Interestingly, two of 
these genes, ced-3 and ced-9, have mammalian ho- 
mologs that are believed to play a similar function dur- 
ing apoptosis. The ced-3 gene is homologous to a family 
of cysteine proteases that includes interleukin-l[3 con- 
verting enzyme, and ced-9 is a member of the bcl-2 fam- 
ily (Yuan et al. 1993; Hengartner and Horvitz 1994c; 
Wang et al. 1994). Moreover, expression of human Bcl-2 
can suppress some PCD in C. elegans and can partially 
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substitute for the loss of ced-9 function (Vaux et al. 1992; 
Hengartner and Horvitz 1994c}. Therefore, at least some 
components of the cell death pathway have been con- 
served throughout evolution. This idea is also supported 
by reports that the baculovirus p35 gene can inhibit PCD 
in insects, nematodes, and mammalian neurons (Rabiza- 
deh et al. 1993; Clem and Miller 1994; Hay et al. 1994; 
Sugimoto et al. 1994). However, despite considerable 
progress in identifying cell death genes, the molecular 
basis of apoptosis remains unknown. In addition, it is 
not clear how the death program is only activated in 
those cells that should be eliminated. Recent work on 
PCD in Drosophila indicates that this system may offer 
powerful new approaches for advancing our understand- 
ing in these areas. 

In Drosophila, as in vertebrates, the induction of cell 
death depends on a variety of distinct signals, such as 
hormones, diffusible survival factors, intercellular inter- 
actions, ionizing radiation, and other cellular damage 
(see e.g., Fischbach and Technau 1984; Meyertholen et 
al. 1987; Steller et al. 1987; Bryant 1988; Magrassi and 
Lawrence 1988; Kimura and Truman 1990; Wolff and 
Ready 1991; Campos et al. 1992; Truman et al. 1992; for 
review, see Steller and Grether 1994). Cell deaths in 
Drosophila display many of the morphological and bio- 
chemical hallmarks of mammalian apoptosis (Bryant 
1988; Abrams et al. 1993; Robinow et al. 1994; White et 
al. 1994). A number of mutations have been isolated that 
affect PCD in specific cells or tissues (see, e.g., Fristrom 
1969; Wolff and Ready 1991; Abrams 1993; Bonini et al. 
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1993; Cheyette et al. 1994). More recently, a large frac- 
tion of the Drosophila genome has been systematically 
surveyed for genes that are required for PCD by analyz- 
ing the pattern of cell death in embryos homozygous for 
previously isolated chromosomal deletions (White et al. 
1994). In this screen a single region on the third chromo- 
some has been identified which is required for all PCDs 
that normally occur in the Drosophila embryo. Dele- 
tions in chromosomal region 75C1,2, such as Df(3L)H99 
(abbreviated H99), block virtually all PCD in response to 
several distinct death-inducing signals. Molecular anal- 
ysis of this region has led to the identification of a gene, 
reaper (rpr), which appears to play a central control func- 
tion for the induction of apoptosis in Drosophila (White 
et al. 1994). Expression of rpr is sufficient to restore PCD 
to H99 mutant  embryos, and reaper mRNA appears to be 
specifically expressed in cells that are destined to die. 
However, these results did not exclude the possible ex- 
istence of another, functionally redundant cell death 
gene in this interval. In this paper, we present evidence 
that a second gene in the H99 interval, head involution 
defective (hid), has a similar role in PCD as rpr. We find 
that hid mutants have reduced levels of apoptosis and 
show that expression of a hid cDNA under the control of 
the hsp70 heat shock promoter is sufficient for the rapid 
and widespread induction of apoptosis in both wild-type 
and H99 mutant  embryos. Furthermore, ectopic expres- 
sion of hid in the developing retina results in eye abla- 
tion. This phenotype can be completely suppresed by 
coexpression of the baculovirus p35 protein, which has 
been shown previously to suppress apoptosis in multiple 
contexts (Rabizadeh et al. 1993; Sugimoto et al. 1994; 
Clem and Miller 1994; Hay et al. 1994). The ability of 
hid to kill cells is independent of rpr function, and both 
genes appear to act at the same step in the cell death 
pathway. Interestingly, we find some limited amino acid 
similarity between the deduced polypeptide sequences of 
hid and rpr, suggesting that the overall functional simi- 
larities between both genes may extend to the molecular 
level. Our results indicate that hid and rpr represent par- 
allel functions for the induction of PCD in Drosophila. 

Results 

Genetic analysis of chromosomal region 75C1,2 

We have reported previously that the genomic region 
included in H99, corresponding to polytene chromosome 
bands 75C1,2, is required for PCD (White et al. 1994). 
Embryos homozygous for H99 lack all PCD that is nor- 
mally induced in response to various death-inducing sig- 
nals. To identify single gene mutations in this interval 
we performed a standard F2 chemical mutagenesis for 
mutations that produced either lethal or visible pheno- 
types in combination with the H99 deficiency (see Ma- 
terials and methods). We isolated five alleles correspond- 
ing to only a single complementation group, and none of 
these alleles was fully cell-death defective. One possible 
explanation for our failure to isolate single-gene mutants 
lacking PCD within the H99 interval is the presence of 

multiple cell death genes with overlapping function. In 
this case, inactivation of any one gene would be insuffi- 
cient to completely abolish apoptosis. All five alleles iso- 
lated in our screen failed to complement mutations in 
the hid locus identified previously (Abbott and Lengyel 
1991) and displayed significantly reduced viability, hid 
mutants have a pronounced defect in the morphogenetic 
movements of head involution but otherwise develop an 
overall normally segmented cuticle and reach advanced 
embryonic stages (Abbott and Lengyel 1991). Because 
head involution is associated with extensive cell death, 
we considered the possibility that the hid phenotype re- 
sults from decreased levels of PCD. 

hid mutant embryos have decreased levels of PCD 
and extra cells in the head region 

We analyzed the pattern of cell death in hid embryos 
using the TUNEL technique (Gavrieli et al. 1992). This 
method labels the nuclei of dying cells by allowing in 
situ detection of the DNA fragmentation that occurs 
during apoptosis. Because of the need to use parents het- 
erozygous for the hid mutation, only 25% of all embryos 
will be homozygous mutant  (see Materials and meth- 
ods). Therefore, it was important to distinguish hid-  
embryos from their siblings to unequivocally determine 
whether hid mutants have reduced levels of PCD. For 
this purpose, we combined the TUNEL labeling with an 
in situ hybridization protocol. Using an allele of hid, 
hid wR+xl, which does not express hid mRNA (see be- 
low), we were able to identify hid-  embryos based on 
their lack of an in situ hybridization signal (see Materials 
and methods). Wild-type control embryos used for com- 
parison were taken through the same procedure, except 
that no hid hybridization probe was included, as the in 
situ hybridization signal can obscure the TUNEL label- 
ing. 

We found that there was less apoptosis in hid mutants 
when compared to wild type. There was a general de- 
crease in TUNEL labeling throughout the hid embryos, 

a n d  this phenotype was most noticeable in the head re- 
gion prior to completion of head involution (Fig. 1). This 
result is consistent with the striking defects in head 
morphogenesis, which result, in part, from a failure of 
the dorsal fold to migrate anteriorly in hid mutants (Ab- 
bott and Lengyel 1991; M.E. Grether and H. Steller, in 
prep.). It is possible that these morphogenetic defects 
result from the decrease of PCD in this region. 

We have reported previously that H99 embryos con- 
tain many additional cells in the nervous system (White 
et al. 1994). Using an antibody against Kriippel (Gaul et 
al. 1987), we found that hid mutant  embryos have extra 
cells in the head region, in particular, extra larval pho- 
toreceptor cells (Fig. 2). Wild-type embryos have an av- 
erage of 9.3 Krfippel + cells per photoreceptor cluster 
(n = 60 clusters) and never > 13 cells in a single cluster. In 
contrast, in hid mutants we found an average of 15 cells 
per cluster (n = 156 clusters), and occasionally as many as 
20 or more cells in a single cluster (n = 17). This increase 
in cell number is consistent with the observation that 
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Figure 1. PCD in wild-type and hid mutant em- 
bryos. Lateral view of the heads of embryos la- 
beled with TUNEL (see Materials and methods) to 
assay the relative levels of cell death in wild-type 
(A,C) and WR+X1/H99 (B,D) embryos. In this 
and all subsequent figures, anterior is to the left 
and dorsal to the top. (A,B and C,D) Equivalent 
focal planes in aged matched stage 12 embryos. In 
A, cell death predominates in the ventral head in 
the migrating gnathal segments. Little or no cell 
death is seen in this location in the hid embryo 
(B). Although cell death is found close to the site 
of dorsal fold migration in wild type {C), cell death 
is not found in the corresponding head region in 
hid (D). Overall, note how there is much less cell 
death in the hid mutant embryos (B,D) than in the 
corresponding wild-type embryos (A,C). Bar, 25 
i~m. 

hid mutan ts  had decreased amounts  of cell death in the 
head region. In addition, we have also observed extra 
cells in the abdominal  segments of hid mutants  using an 
anti-engraiIed antibody (Patel et al. 1989; data not 
shown). Taken together, these results indicate that hid 
function is required for the normal  pattern of PCD in the 
Drosophila embryo. 

Molecular characterization of the hid locus 

We have speculated previously that the H99 interval 
may  contain more than one functionally redundant cell 
death genes, one of which is rpr {Steller et al. 1994; 
White et al. 1994). The finding that  hid has reduced lev- 
els of PCD is consistent wi th  the idea that hid may func- 
tion in the control of apoptosis. One prediction of this 
model is that  hid expression should be sufficient to re- 
store PCD to cell death defective H99 embryos. To test 
this prediction, we deceided to clone the hid gene. For 
this purpose, we extended the chromosomal  walk of Se- 
graves and Hogness (1991) to include all the D N A  en- 
compassed by the H99 deficiency and looked for the 
presence of transcripts derived from this region (see Ma- 
terials and methods). In addition to rpr, we identified 
only three other transcription units that gave reproduc- 
ible signals by Nor thern  analysis. One of these corre- 
sponds to hid {see below). The embryonic expression pat- 
tern of the two other transcripts, as determined by in situ 
hybridization, showed no obvious correlation with the 
pattern of cell death in the Drosophila embryo. The un- 
usually low density of transcripts in this region is con- 
sistent wi th  the paucity of muta t ions  producing a lethal 
or visible phenotype. 

The molecular  isolation of the hid locus was facili- 
tated by the availability of a lethal P-element insertion, 
1(3)05014, in the 75C1,2 interval (Karpen and Spradling 

Figure 2. hid mutant embryos have extra cells in the larval 
photoreceptor organ. Dorsal view of embryos stained with anti- 
Krtippel antibody to visualize the cells of the larval photorecep- 
tor organ (Gaul et al. 1987). All embryos are of an equivalent 
stage. (A) Wild-type embryo; (B-D} the hid mutants WR +X1, 
A206, and 1(3)05014/H99, respectively. Arrows indicate those 
cells that will become the larval photoreceptors. Wild-type em- 
bryos have an average of 9.3 cells per photoreceptor cell cluster. 
In the embryo shown in A, five cells can be seen in this focal 
plane, hid mutants have an average of 15 ceils per cluster. In the 
hid mutants (B-D), 15, 17, and 15 ceils are visible in each pho- 
toreceptor cell cluster, respectively. Bar, 25 ~m. 
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1 ~AC~AAAAT~AA~CGA~TCCATCG~AACAG~T~TGTTT~A~TCAGT~TA~CACGA~AGGGT~A~AACGCAGAAGAATCCG~A~CT~CTAACCGAGC~A 12 0 

121 ~CT~AC~X3A~G~ACA~TCAGG~AGATA~A~CA~TCATAAGA~AAAC~CACGAA~ATGAA~AGTTTCTAATATTCA~ATCT~CAC~G~ATACA~ATC 240 
241 ~TTAAAG~AACTCTAACC~GTTGTACACAAAATA~AAGCA~ACAAAGCAGCGAAG~CAATCACAAG~GAGCAAAG~ CC~C~AG~CAGG~GG~GGAAGCGGATAAG 360 
361 GACAAAAAGG~GCCAGCACACACACACACACCCACACAA~GCCG~CCCTT~A~TGCCCGAGGGCGGCGCCGA~ACGTAGCGTCGAGTTCATCGGGAGCCTCGGGC~CTCCTCC 480 

M A V P F Y L P E G G A D D V A S S S S G A S G N S S  27 

481 CCCCAC~C~ACCCACTTCCCTCGAGCGCATCCTCG~C~TCTCCTCCTCGGGCGTGTCC~GGCCTCCGCCTCCTCGGCCTCATCTTCGTCATCCGCATCGTCGGACGGCGCCAGCA~C 600 
2 8 P H N H P L P S S A S S S V S S S G V S S A S A S S A S S S S S A S S D G A S $  67 

1(3)05014: i 

601 GCCGCCTCGCAATCGCCG~CACCACCACCTCGTC~GCCACGCAGACGCCGATGCAGTCTCCAC~CCCACCGACCAAG~CTATACGCCCTCTAC~A~T~GGTCAGGA~TACCAGAGC 720 
6 6 A A S Q S P N T T T S S A T Q T P M Q S P L P T D Q V L Y A L Y E W V R M Y Q S  107 

721 CAGCAGAG~CCCCGCA~TCTTCCAGTA~CGCCGCCAAGCCCCTCTTGCAA~TCACTGGCGGCGATG~TTCTTTCCGCACGGCCATCCGAATCCGAACTCG~TCCCCATCCGCGC 840 
1 0 6 Q Q S A P Q I F Q Y P P P S P S C N F T G G D V F F P H G H P N P N S N P H P R  147 

A22: T 
841 ACCCCCCG~CCAGCG~AGCT~TCCTCCGGCGAGGAGTACAACTTCTTCCGGCAGCAGCAGCCGC~CCACATCCGTCATATCCGGCGCCATCAACACCGCAGCCAATGCCACCGCAG 960 
1 4 6 T P R T S V S F S S G E E Y N F F R Q Q Q p Q p H P S Y P A P S T P Q P M P ' P Q  187 

961 TcAG~G~G~GA~A~AG~A~AGCTA~CGCAG~AGTCGGCGCACATGATG~ACA~ATTCCG~T~TTCGGAATGGGCGGTA~TA~TAcGCCGG~TA~ACG~A~A~ 1080 
1 8 6 S A P P M H C S H S Y P Q Q S A H M M P H H S A P F G H G G T Y Y A G Y T P P P  227 

A206: T 
1081 A~TC~AACA~CCAG~CGGGCACCTCCAGCTCA~GGCGGCCTTCGGCTGGCA~GCCACCCCCACAGCCCCTTCACGTCGACCTCCACGCCGTTATCGGCGCCAGTGGCGCCCAAG 1200 
2 2 6 T P N T A S A G T S S S S A A F G W H G H P H S P F T S T S T P L S A P V A P K  267 

A206: T ~ A329: A 

1201 A~CGCC~CAGCGCAGCCAGTCGGA~CGGCCAGACGC~GCGAT~ACCTCGACGGGCGAGGATGA@CGCGAGTACCAGAGCGATCATGAGGCCACTTGGGACGAG~TGGCGATCGC 1320 
2 6 6 M R L Q R S Q S D A A R R K R L T S T G E D E R E Y Q S D H E A T W D E F G D R  307 

1321 TACGAC~CT~ACGGCCGGCCGGGAGCGTC~CAGGAG~C~TGGACGCATCCCGCCCCGG~GAAGAAGAGCTCCAATAGCCACTCGAGCAGCAGCAATAATCCAGTC~CCATACC 1440 
3 0 6 Y D N F T A G R E R L Q E F N G R I P P R K K K S S N S H S S S S N N P V C H T  347 

1441 GACAGCCAGTCCGG~GTACATCCC~GCGGAGAGCGGTGCCATCCATGGCCACATCAGTCAGCAGCGACAGG~GAGCGAGAACGACAAAAGGCGAAGGCCGAG~G`~GAk~CCACAG 1560 
3 4 6 D S Q S G G T S Q A E S G A I H G H I S Q Q R Q V E R E R Q K A K A E K K K P Q  387 

1561 AGCT~ACTTGGCCAAC~T~ACCGT~TCGTTTTGGCCATGGGCTGTGGCTTCTTTGCGGCGCGATGAAAGCQCAGGAGACGTGTAATCG~TGATCTATAGTG~AATCAGCTAGC 1680 
3 8 6 S F T W P T V V T V F V L A M G C G F F A A R *  411 

1681 CC~GATATA~CCGA~TA~CATAG~GTAGTTAAACCGTACATAAGTGCAACGAA~TATTGk~C~CAGGAGCGA~GCAG.~AGTCA~AA~CGTAAACGGATTGTTAGATA 1800 

1801 CACA~CAGCC~CATACACGAAGAGTGTGCCTAAGATT~G~GG~GACGGGACACAAGAACAATATA~CTATC~TCTATGGT~CTGCA~TGTATTTCT~AACGA~CGAAAG 1920 
1921 ATAA~TCTT~CTGCTCAAAGTAATGA`~ACTCTTAGACTGGCAAGAGACTCAAATCACACTTAT~T~TGCTGATCCATA~T~GTACAACCT~TGAGCGATATTTACA~TTA 2040 
2041 TACTAGTACAA~AA~GAGAGAGAGAGATAAGCAA~G~AACTGCCACTTT~AGATACTTTTGATAATCTT~A~TGCAT~AATCATTTCCACACT~CA~T~TATAAACAAC 2160 
2161 A~C~AA~ACTTCCAT~TAGAACAAAGTA?I C'~CAATTTCAAq~TCTTCGCATPTGTAATTCCGAATTGC~GAA AAACAAAA ATA T~"Pk4A TATG~TAACTAGTAGAAI~TTT 2280 
2281 T~ACGTAAGTCCAC~A~CAAGCACATCTAGCTTTAA~GT~3A~C~AAGCAGAAA~ACGCAACA~AA~TGAATGAA~TCATTAAATTAA`~PT~PATATAGTTTTTATGCC 2400 
2401 A~TT~FG~ATGTTT~TGTCTACGGTTTATGTCATGTTATT~AG~A~TTTCTTATGATTTATG~TATTTGTAATATq~TTTGTCAT~T~GTTCA~AT~ATATTC~A~GGT 2520 
2521 CTCAC~TATAATAG~TTAAGCTCCACGCCCGGGAGAT~A~GC~AACGATTG~ATTTGGCCAGAAGAGAGATAGTT~CCCCATTCGTACACAGTCq~TT~GGAATGCACATTA 2640 

2641 A~A~TCTCACAATGGA~TT~TGAAAAT~ATCTCCGCAGCTAGCC~AGTTA~AAAGA~TG~GAGGA~ACATA~CTATAGGC~`TTTTCACTATATGCTAGAA~TCCCGG 2760 
2761 GCGT~CAATGCTAATCG~TACAG~ACATG~AGCAAACATAGCGAA~TA~AAGAA~TCAATCAA~AG~AGAAA.~CCAA~CCCAA~ATCGCATTGATCTCATGGA~TAT 2880 

2881 AC~TACAATTACATCAACCGT~T~TACAA~AG~A~TTATA~AAGCAGAAAG~ACACAGAAACAT~ACAAA~TTAACGAA~GCTTAGATATAAGTTCGCC~GCGTTT 3000 
3001 TAGT~TA~TTCTAGAA~TCTAAGTCGGTTTAG~AGTTTATTAAGC~TC~CGGACA~AAGTTTAT~GTATATAAGCAATATTATT~TAGCCTk~GTGACAGTCCCAATCAA 3120 
3121 ATCC~TCCAATATCACCCAGTCCCGGACATTTCCCAGC~AACAATAGACTA~CTCGCGTTCACA~TATCAATCTTAATTTGAATTACCAC`~AA~A~-ATGAAATACT.~AACCAT 3240 

3241 ACAC~ATGAA~ATTAT~T~TA~TTGTT~CATCAAGTGAGC~GGGGATTAGATT~GGAATCATCCTTGCT~ATCCCCTGCTTATTGCTAA~AGTTTTCACAATGATCTCGG 3360 
3361 T~AGTTT~TGGCC~GCGCCCAA~GTCGTACAGATT~TGGTT~CCATA~TACTCGAACAAA~GTTAA~A~AACGAAGC~AATG~A~AA~ATCAG~TGAAACAC~AGAA 3480 

3481 A~TATAT~T~ACCCAATGCTAC~AATCCGTTT~GTAA~TAAGTATCTTTACTCGACCq~GTATATAGCGCAGTTCGAATCACAGAATCGqATGC~ATTTq~G'~TAGAAq~TTA 3600 
3601 T~GG~CCAA~CAG~ACAGATAATTA~TGTCTA~CCCGTGTA~TCGCATATTATACATTTATACATATATCGT~CTTC.~TGATAAGTT~A~CTGAAATTT~TCAACT 3720 
3721 C~T~AAGAAACAT~C~TTGTAGTTTAGTGATTGCTAGCAGAAAGCACTT~T~AA~GTACA~TTATA~A~CTGTAATA~TT~ATATACATA~TATCATTAT~A~TCA 3840 
3841 ~AATA~TTCATAAGAC~,C~AAATTATATATA~AATACATCTATG~TATG~TAA 3902 

Figure 3. (See following page for C and legend.) 
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1992; Berkeley Drosophila Genome Project, pets. 
comm.). We found that 1(3)05014 fails to complement  
hid. To determine whether  the P-element insertion 
causes the hid mutation,  we mobilized the 05014 P ele- 
ment  (see Materials and methods). We obtained many  
independent reversion events, indicating that the P-ele- 
ment  insert ion is responsible for the hid phenotype. 
DNA flanking the 05014 P-element insertion was cloned 
by plasmid rescue and mapped with respect to the chro- 
mosomal  walk (see Materials and methods). These se- 
quences hybridized to a single transcript of -4 .2  kb on 
Northern blots containing embryonic RNA. Several 
cDNA clones corresponding to this transcript were iso- 
lated from an eye disc cDNA library. The longest clone, 
5A1, had an insert of 3.9 kb and contained an open read- 
ing frame (ORF) of 410 amino acids (see below). This  
clone was used for a l l  further analyses. 

The 5A1 cDNA was mapped to genomic clones in the 
interval to determine the genomic structure of this locus 
in wild-type and several hid alleles (Fig. 3A). A number  
of mutan t  alleles had chromosomal  rearrangements that 
either broke wi th in  or deleted this transcription unit  
(Fig. 3A). One of these mutations,  hid wR+xl, deletes the 
5' end of this gene and completely abolishes its tran- 
script, as determined by in situ hybridization. This al- 
lowed us to identify hid mutan t  embryos in the afore- 
ment ioned TUNEL experiments.  We also sequenced the 
coding region and in t ron/exon boundaries of several in- 
dependently isolated hid alleles (Table 1; Fig. 3B). This 
analysis revealed that the 05014 P e lement  has inserted 
into the ORF between amino acids 105 and 106, thereby 
disrupting the putative coding sequence. No detectable 
P-element sequences remained in two independent re- 
version chromosomes that had been generated by mobi- 
l ization of the 05014 P element,  restoring the ORF in the 
5A1 transcript. In contrast, two chromosomes where the 
05014 P e lement  had excised without  restoring hid func- 
tion had residual insertions of 38 and 40 bp of P-element 
DNA that failed to restore the 5 A 1 0 R F  (Table 1). Fi- 
nally, five of eight chemical ly  induced alleles were asso- 
ciated with nucleotide changes that either introduced 
premature stop codons, missense mutations,  or mutated 
a splice donor sequence (see Table 1). Taken together, 
these results demonstrate that the 5A1 transcript is es- 

sential for hid + function. Therefore, we refer to it from 
now on as the 5A1 hid cDNA. 

The sequence of the 5A 1 cDNA is presented in Figure 
3B. The longest ORF predicts a translation product of 
410 amino acids wi th  a deduced relative molecular  mass 
of 43 kD. There are mul t ip le  translational stops in all 
three reading frames upstream of the relevant AUG start 
codon. The carboxy-terminal half of the predicted pro- 
tein is fairly rich in charged residues, and the protein as 
a whole is relatively basic (predicted pI= 8.27). Hydrop- 
athy analysis shows that the predicted protein is fairly 
hydrophilic, with no hydrophobic regions of sufficient 
length to serve as either signal sequences or t ransmem- 
brane domains. Analysis using BLAST and FASTA se- 
quence comparison algorithms revealed no significant 
similari t ies with nucleotide or amino acid sequences re- 
ported previously, hid does, however, have l imited se- 
quence similar i ty to the rpr gene (Fig. 3C). This  is most 
striking in the first 11 amino acids, 6 of which  are iden- 
tical and 4 of which are conserved substi tut ions between 
hid and rpr. Also, in this block of amino  acids there is the 
highest degree of identi ty between the rpr genes of 
Drosophila melanogaster and a distantly related species, 
Drosophila virilis (M.E. Grether, R. Jespersen, and H. 
Steller, unpubl.). 

Expression of hid is sufficient to induce cell death 
in H99 embryos 

To determine whether hid functions in PCD, we wanted 
to examine whether hid expression is capable of restor- 
ing apoptosis in H99 embryos, which  are deficient for 
both hid and rpr. Initially, we used a genomic cosmid 
clone containing the transcribed region of hid to gener- 
ate germ-line transformants but failed to rescue hid mu- 
tants (data not shown). Presumably, this cosmid lacked 
5' sequences required for hid expression. Unfortunately,  
the large size of the hid transcription uni t  (Fig. 3A) pro- 
hibits the use of cosmids that contain additional regula- 
tory sequences and makes it technical ly impractical  to 
use genomic DNA for rescue experiments.  Therefore, we 
decided to examine the consequences of hid cDNA ex- 
pression on PCD. For this purpose, we generated germ- 

C Figure 3. Molecular characterization of the hid locus. (A) Genomic map of the hid transcript. Clones 
3505 and 3504 are genomic phages isolated by Segraves and Hogness (1990). The intron/exon structure 
of the hid transcript was determined by Southern blot analysis and DNA sequencing (see Materials and 

hid 1 MAVPFYLPEGG methods). In the transcript, solid bars represent coding exons, open bars, untranslated sequences. The site 
[ [ [" [ 1~ [~ ~ of the 05014 insertion and direction of transcription are also shown. Large arrows above the genomic map 

rpr 1 MAVAFYIPDQA represent genomic deficiencies in 75C1,2 which extend in the direction shown by the arrows. All defi- 
ciencies either break within or delete this transcript entirely. In WR + X1, the open portion of the arrow 

marks the genomic region in which the distal breakpoint must lie. (R) EcoRI; (X) XhoI. (B) Sequence of hid cDNA 5A1. The deduced 
amino acid sequence of the longest potential ORF is shown beneath the nucleotide sequence. Two upstream ATGs are underlined: Five 
potential MAP kinase consensus phosphorylation sites are underlined beneath the amino acid sequence. Intron positions are marked 
by open arrows. The site of the 05014 insertion is marked with an arrow. The polymorphisms identified in the sequenced hid alleles 
are shown in uppercase letters next to the name of each allele, above the cDNA sequence. (C) Comparison between the first 11 amino 
acids of hid and rpr. The predicted protein sequences of hid and rpr have some limited sequence similarity at their amino termini that 
is not shared with any other proteins in the data base. Bars indicate identities; double dots indicate conserved amino acid substitutions. 
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Table 1. Molecularly characterized his alleles 

Allele 

The hid gene functions in apoptosis 

4) A22 

1) if3) 05014 P-element inse~ion ~ nucleotide 714, between amino acids 105 and 106 

2) 40C imprecise excision of 1(3)05014 

3) 819 imprecise excision of  1(3)05014 

Canton-S 698 GAGTGGGTCA~ATGTAC 
40C 698 GAGTGGGTCAC~ATGTACCATGATGAAATAACAT T 
8D 698 GAGTGGGTCAGGATGTACCATGATGAAATAACATA 

target 5'P 
duplication 

amino acid 170 CCA to TCA 
Pro Set 

5) A206 amino acid 261 TCG to TTG 
Set Leu 

6) A206 amino acid 274 CAG to TAG 

Gln End 

7) A329 amino acid 301 TGG to TGA 

8) ML66 splice donor mutation - junction between exons 3 and 4 

Canton-S AG/gt . . . .  ~cag/AA 
ML66 Ag/ t . . . .  tcag/AA 

CAGAGCCAGC 
TTATTTCATCATGC.GATGTACCAGAGCCAGC 

TGTTATTTCATCATG~ATGTACCAGAGCCAGC 
3'P target 

duplication 

All hid alleles for which  po lymorph i sms  were identified by sequencing are shown 1(3)05014 is a P-e lement  insertion, and 40C and 8D 
were generated by imprecise excision of this insertion. A22, A206, and A329 were generated by Abbot t  and Lengye111991). A206 and 
A329 are derived from the same parental ch romosome  (ru h th ri e). A22 was induced on a dis t inct  parental  c h r o m o s o m e  (red e). ML66 
was generated in this s tudy on the st e parental  chromosome.  The wild-type ch romosomes  sequences were derived from Canton-S and 
st e flies. None  of the  po lymorph i sms  identified in the hid mut a n t s  was shared wi th  either wild-type chromosome.  

line transformants expressing the 5A1 hid cDNA under 
the control of the hspTO heat shock promoter (P[w; hs- 
hid]}. When H99 embryos carrying the hs-hid construct 
were heat shocked, we observed very high levels of PCD 
within 2 hr upon heat shock induction (Fig. 4). These 
deaths appeared to occur by apoptosis, as judged by both 
acridine orange staining and TUNEL. No significant in- 
duction of PCD was observed in transformants without a 
heat shock, or in control embryos that were heat 
shocked but lacked the hs-hid transgene (data not 
shown). Furthermore, ectopic expression of several de- 
velopmental control genes under the hsp70 promoter, 
such as hs-disco {A. Campos and H. Steller, unpubl.), 
hs-engrailed (Poole and Komberg 1988), or hs-hedgehog 
{Tabata and Kornberg 1994), all failed to induce PCD in 
H99 embryos (data not shown). The only other construct 
that had a similar ability to induce apoptosis under these 
experimental conditions was a hs-rpr transgene (White 
et al. 1994; K. White and H. Steller, unpubl.}. These re- 
sults provide strong support for the idea that hid func- 
tions in PCD. 

The hs-hid transgene also induces ectopic cell death 

in wild-type embryos following heat shock. The cell 
death induced by the hs-hid transgene is lethal to wild- 
type embryos, and a single heat pulse during embryogen- 
esis kills all flies bearing the hs-hid construct {data not 
shownl. We considered the possibility that the ability of 
hid to activate PCD is enhanced by the presence of rpr. 
To test this idea, the amount of hs-hid induced cell 
death in a wild-type and an H99/H99 genetic back- 
ground was compared. No reproducible differences be- 
tween H99 and wild-type embryos were detected, indi- 
cating that the ability of hid to kill is not significantly 
augmented by the presence of an endogenous rpr gene. 
We also used in situ hybridization to examine whether 
hs-hid-induced apoptosis in a wild-type background 
would lead to rpr mRNA expression. This point deserved 
some attention, because rpr is normally expressed in all 
cells that will undergo apoptosis. However, the embry- 
onic pattern of rpr mRNA was not significantly affected 
by ectopic expression of hid, even under conditions 
where large numbers of cells were dying {data not 
shown). We conclude that the induction of PCD by hid 
occurs independently of rpr. 
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Figure 4. Patterns of cell death in heat-shocked wild-type, 
H99, and hs-hid embryos. Lateral views of 10- to 14-hr-old em- 
bryos stained with acridine orange to visualize apoptosis. All 
embryos were subjected to an identical heat shock regimen (see 
Materials and methods). Each brightly staining small dot repre- 
sents a dead or dying cell or cell fragment. (A) Cell death in a 
heat shocked wild-type embryo. Following heat shock, the pat- 
tern of cell death in wild-type embryos is still characteristically 
patterned and virtually undistinguishable from the pattern of 
cell death seen in non-heat-shocked wild-type embryos. The 
large brightly stained area in the center of the embryo is the 
yolk. (B) Cell death in a heat-shocked H99 embryo. Heat shock 
alone cannot induce cell death in the fully cell-death-defective 
H99 mutant embryos. Other than the yolk, which can be seen to 
autofluoresce, there is a conspicuous lack of any acridine orange 
staining in this heat-shocked H99 embryo. {C-F) Embryos from 
a collection of either hs-hid4; H99/TM3 (C,D) or hs-hid2; H99/ 
TM3 {E,F) flies. Following heat shock, all embryos carting the 
hs-hid transgene (here, examples from two independent trans- 
genic lines are shown) have significantly more cell death than 
wild type (cf. A). In addition, the heat-shocked hs-hid embryos 
display abnormal morphology and fail to develop properly. 
Equivalent levels of cell death are induced in both heat-shocked 
wild-type and heat-shocked H99 mutant embryos when both 
carry the hs-hid transgene. Bar, 50 ~m. 

hid m R N A  is expressed in many  regions where cell 
death occurs 

The distribution of hid mRNA in embryos was deter- 
mined using whole-mount in situ hybridization with 
digoxygenin-labeled RNA probes. We found that the pat- 
tern of hid expression is highly dynamic and complex 
throughout embryogenesis. Significantly, hid is ex- 
pressed in many regions where cell death occurs (Fig. 
5A-F). For example, in stage 11 embryos, we found both 
acridine orange staining and hid mRNA hybridization in 
the head and gnathal segments, as well as segmentally 
repeated throughout the extended germ band (Fig. 5A, B). 
In slightly older embryos undergoing early stages of head 
involution, we observed a correspondence between the 
patterns of cell death and hid mRNA expression, partic- 

ularly in the head (Fig. 5C-F). We also found evidence of 
hid expression within macrophages, apparently confined 
to cell corpses that have been engulfed (Fig. 5G, H). 

Although there is significant overlap between the pat- 
terns of hid expression and acridine orange staining, 
these patterns are not entirely coincident. For example, 
hid mRNA is found throughout the entire optic lobe 
primordium, but only some of these cells undergo apop- 
tosis (Fig. 5E, F). It is possible that post-translational con- 
trol mechanisms restrict the production of active Hid 
protein to a subset of cells expressing hid RNA. Alter- 
natively, not all cells may be equally sensitive to the 
amount of hid expression (see Discussion). In addition, 
although there is considerable cell death in the ventral 
nerve cord during late embryogenesis (Abrams et al. 
1993), little or no hid expression can be detected at this 
time (not shown). Perhaps hid is not required for these 
deaths; alternatively, hid may be expressed in the ven- 
tral nerve cord below our level of detection. 

Ectopic expression of hid driven by an eye-specific 
promoter results in eye ablation 

If hid expression is sufficient to induce PCD, it should be 
possible to use hid to kill tissues that normally live. To 
test this possibility we used a tissue-specific promoter to 
direct expression of hid to the developing Drosophila 
eye. The compound eye is particularly well suited for 
this type of study because it is a nonessential tissue, and 
its different cell types and their mode of development 
have been characterized extensively. The hid cDNA was 
placed under the control of an eye-specific regulatory 
element in the pGMR transformation vector {Hay et al. 
1994), and the resulting construct, pGMR-hid,  was used 
to generate germ-line transformants. 

Transformants carrying a single copy of pGMR-hid  
displayed a dramatic eye ablation phenotype (Fig. 6). 
Normally, compound eyes consist of -800  regular units, 
called ommatidia, each of which consists of several dis- 
tinct cell types (Fig. 6A). In pGMR-hid  transformants, 
only undifferentiated cuticle and a dense band of bristles 
remained in the places normally occupied by the com- 
pound eyes (Fig. 6B). It appears that these bristles repre- 
sent the mechanosensory bristles normally found at the 
corner of each ommatidium. Apparently, these cells are 
less susceptible to hid-induced death. However, the 
number of these cells is severely reduced in transfor- 
mants that are homozygous for the pGMR-hid  trans- 
gene, indicating that their survival is sensitive to the 
dosage of hid expression. It is possible that the hid trans- 
gene is expressed only weakly in bristle precursors. Al- 
ternatively, bristle cells may be better protected against 
hid-induced PCD. Interestingly, a very similar pheno- 
type is obtained upon expression of rpr in the developing 
retina (K. White and H. Steller, unpubl.). Significantly, 
the hid-induced eye phenotype is completely suppressed 
by coexpression of the baculovirus p35 gene (Fig. 6D), 
which has been shown previously to inhibit PCD (Hay et 
al. 1994; Clem and Miller 1994; Rabizadeh et al. 1993; 
Sugimoto et al. 1994). Flies expressing both hid and p35 
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Figure 5. Comparison of the tissue distribution 
of hid mRNA and the pattern of PCD in the em- 
bryo. The hid transcript was detected in whole- 
mount embryos by in situ hybridization with 
digoxigenin-labeled RNA probes (A, C,E, G,H). Cell 
death was visualized by acridine orange staining 
(B,D,F). Throughout all stages of embryonic devel- 
opment, there are many similarities among the 
patterns of hid mRNA expression and PCD. (A,B) 
Lateral view of stage 11 embryos, hid mRNA and 
acridine orange staining are found in the head and 
gnathal segments, and are segmentally repeated 
throughout the extended germband. (C,D) Stage 
12 embryos. The correspondence between the pat- 
tern of hid mRNA expression and cell death is 
particularly striking in the head region, e.g., in the 
optic lobe region (arrow). (E,F) Dorsal view of late 
stage 12 embryos. Both hid mRNA and cell death 
are found in the clypeolabrum, the invaginating 
optic lobe primordia (arrowheads), and a portion of 
the hindgut (arrow). (G,H)hid expression is found 
in cell corpses engulfed by macrophages (arrows), 
indicating that at least some hid-expressing cells 
undergo PCD and are recognized by phagocytic 
cells. Bar, (A-F)50 ~m; (G,H) 17 ~m. 

in the retina have an eye morphology that is very similar  
to transformants for p35 alone (Fig. 6C). This indicates 
that hid expression in the retina leads specifically to the 
induction of PCD but otherwise does not interfere with eye 
development. This result also suggests that protective 
functions, like p35, operate genetically downstream of hid. 

Ectopic expression of hid in the developing retina ap- 
pears to have no detr imental  effects outside the visual 
system. Transformants  that are homozygous for the 
pGMR-hid transgene have no other detectable pheno- 
types and are viable and fertile. In addition, the abili ty of 
hid to kil l  appears to be cell autonomous, at least on a 
global level, because mosaic animals  expressing hid in 
only a portion of the retina have morphologically normal  
sectors of the eye abutt ing the ablated portions (J. 
Agapite and H. Steller, unpubl.). This  indicates that tis- 
sue-specific expression of hid may represent an efficient 
tool for the ablation of specific cell types in Drosophila. 
Finally, as discussed below, the dosage sensit ivity of the 
eye phenotype in pGMR-hid transformants suggests a 
powerful new genetic screen for isolating cell death 
genes in Drosophila. 

D i s c u s s i o n  

hid is sufficient for the induction of PCD 

Deletions of chromosomal  region 75C1,2, including 

H99, protect against the induct ion of PCD in response to 
many  different death-inducing signals. Previous work 
has implicated one gene in this interval, rpr as a central 
control function for the induct ion of apoptosis in Droso- 
phila (White et al. 1994). However, this earlier work did 
not exclude the possible existence of another cell death 
gene in this interval. We examined the D N A  encom- 
passed by the H99 deficiency for other transcription 
units  that might  also serve cell death functions. The re- 
sults from this study strongly support a model  in which  
the hid gene encodes another cell death function in 
75C1,2 that acts at the same step in apoptosis as rpr. To 
our knowledge, hid and rpr are the only cell death genes 
in the H99 interval. 

Mutat ions in the hid gene lead to reduced levels of cell 
death and the presence of extra cells, most  notably in the 
head region of the Drosophila embryo, hid mutan t  em- 
bryos also have a striking inabil i ty to retract the head 
into the thoracic region, a process called head involut ion 
(Abbott and Lengyel 1991). Because there is a consider- 
able amount  of cell death associated wi th  the morpho- 
genetic movements  of head involution, it is possible that 
this head phenotype results from the decreased amount  
of cell death that we have observed in hid mutants .  The 
hid phenotype has variable penetrance and some adult 
flies emerge. These rare survivors have other pheno- 
types, such as rotated genitalia and a wing defect (Abbott 
and Lengyel 1991) that may be attributable to a decrease 
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Figure 6. Scanning electron micrographs (SEMs) of the com- 
pound eye of wild-type and pGMR-hid flies. Expression of hid 
in the developing retina causes eye ablation, which is sup- 
pressed by coexpression of the anti-apoptotic p35 protein. SEMs 
of the compound eye of wild type (A), pGMR-hid/+ (B), 
pGMR-p35/pGMR-p35 (C), and pGMR-hid/pGMR-p35 (D) 
flies are shown. In wild-type flies (A), the compound eye is 
composed of regularly spaced ommatidia with mechanosensory 
bristles protruding from each ommatidium. In pGMR-hid 
transformants (B), no ommatidial units are visible and undiffer- 
entiated cuticle and bristles fill the space normally occupied by 
ommatidia. These bristles are likely to be the mechanosensory 
bristles normally found at the comer of each ommatidium. The 
presence of a single copy of the pGMR-p35 transgene restores 
the ommatidia that are slightly disorganized (D). A similar dis- 
organization is seen in flies expressing p35 alone (C, see also 
Hay et al. 1991), apparently because of the suppression of cell 
death that normally occurs during retinal development (Wolff 
and Ready 1991; Hay et al. 1994). Bar, 100 ~m. 

of PCD during imaginal  development.  The wings of hid 
adult flies of all ages are opaque and resemble the wings 
of newly eclosed wild-type adults (data not shown). In 
wild-type flies, immedia te ly  prior to and after eclosion, 
all of the cells in the wing intervein regions die and the 
wing flattens into what  is essentially two cuticular 
sheets (Johnson and Milner  1987). It is possible that the 
wings of old hid flies remain  opaque because of a failure 
of the intevein cells to undergo PCD. 

Strong evidence for a role of hid in PCD comes from 
the observat ion that hid expression is sufficient to in- 
duce high levels of cell death in H99 embryos. Expres- 
sion of a hid cDNA under the control of the heat-induc- 
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ible hsp70 heat shock promoter (hs-hid) leads to rapid 
and widespread induction of PCD in both wild-type and 
H99 embryos. There are two possible explanations for 
this result. First, hid may have a physiological role in the 
induction of apoptosis. Alternatively, the ectopic expres- 
sion of hid could generate a developmental  conflict that 
would subsequently activate the cell death program. 
However, there are strong reasons to believe that the 
latter explanation is highly unlikely.  Embryos that are 
homozygous for the H99 deletion are vir tual ly resistant 
to the induction of apoptosis by different death-inducing 
signals (White et al. 1994). Not only do normal  develop- 
mental  cell deaths fail to occur in H99 embryos, but 
ectopic cell deaths that are usually seen in many  devel- 
opmental  mutants,  such as crumbs, are blocked as well. 
In addition, H99 protects significantly against PCD in- 
duced by ionizing radiation, and the amount  of apoptosis 
induced by hid far exceeds the levels that can be caused 
by X-rays. Therefore, we do not expect the misexpression 
of developmental ly important  genes to induce PCD in 
H99 embryos. This notion has received direct experi- 
mental  support, as we did not detect any significant lev- 
els of PCD in H99 embryos upon ectopic expression of 
three such genes, engrailed, disco, and hedgehog. Fur- 
thermore, wi th in  the t ime course of our experiments,  
ectopic expression of these genes failed to induce ectopic 
PCD even in wild-type embryos. We conclude that the 
ability of hs-hid to induce PCD in these experiments  
reflects a direct and normal  function of hid in apoptosis 
and is not attributable to indirect effects on develop- 
ment.  

Because the H99 deletion includes the rpr gene, the 
ability of hid to kill  in an H99 mutan t  background must  
be independent from rpr function. However, it remained 
possible that hid would activate rpr expression in wild- 
type embryos, and/or  that rpr and hid act synergistically. 
Our results indicate that nei ther  of these possibili t ies is 
correct. In situ hybridization experiments demonstrate 
that the pattern of rpr m R N A  is not significantly altered 
by ectopic hid expression. Therefore, rpr does not need to 
be expressed during the activation of PCD induced by 
hid. In contrast, rpr expression is turned on by every 
other death-inducing s t imulus  tested to date. We also see 
no synergism between rpr and hid, because the abil i ty of 
ks-hid and pGMR-hid to kil l  is not significantly af- 
fected by the presence of an endogenous rpr gene or rpr 
transgenes {data not shown). This  suggests that hid and 
rpr encode functions that act in parallel to induce PCD. 

We have also tested the abili ty of hid to kil l  cells that 
would normally survive by directing its expression to the 
developing retina. A single copy of a transgene that ex- 
presses hid during eye development results in essentially 
complete eye ablation. This phenotype is apparently at- 
tributable to the activation of PCD, because it can be 
completely suppressed by the coexpression of the anti- 
apoptotic baculovirus p35 protein. Therefore, hid expres- 
sion appears to have no significant detr imental  effects on 
eye development as long as the induct ion of PCD is 
blocked. This result indicates that the hid-induced eye 
ablation is not a secondary consequence of a develop- 
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mental conflict created by the misexpression of hid and 
provides strong evidence for a direct role of hid in the 
activation of PCD. The one cell type that largely escapes 
hid-mediated cell killing is the mechanosensory bristle 
of the compound eye. It is possible that these cells ex- 
press relatively low levels of the transgene. Alterna- 
tively, these cells may either contain high levels of a 
negative regulator of PCD or low amounts of a cell death 
promoting factor acting downstream of hid. Interest- 
ingly, the survival of bristles appears to be sensitive to 
the dosage of hid, as their number is significantly re- 
duced in animals containing two copies of the transgene. 
This dosage sensitivity may provide a powerful assay for 
identifying relatively subtle changes in the efficiency of 
PCD in Drosophila (see below). 

The hid gene 

Several lines of evidence confirm that we have molecu- 
larly identified the hid gene. The 05014 P-element inser- 
tion behaves as an allele of hid, and reversions of this 
allele were always associated with precise excision 
events. In contrast, imprecise excision of the P element 
did not restore hid function. The 05014 P element is 
inserted within the longest ORF contained in the 4.2-kb 
hid RNA, between amino acids 105 and 106 of the pu- 
tative Hid protein. In addition, one chemically and two 
X-ray-induced hid alleles were found to abolish or alter 
expression of the 4.2-kb hid transcript. Finally, four hid 
alleles were associated with single-nucleotide changes in 
the Hid ORF (Table 1). Two of these mutations introduce 
stop codons and are predicted to result in premature 
translational termination of the Hid protein. Taken to- 
gether, these results demonstrate that the ORF encoded 
at this locus is required for hid function. 

Conceptual translation of the hid amino acid sequence 
reveals that hid encodes a novel 410-amino-acid protein 
that is fairly basic and contains a high number of charged 
residues. There is no indication that hid is secreted, as it 
does not contain any obvious signal sequences. The ex- 
pected intracellular localization of the Hid protein is also 
consistent with its apparent cell-autonomous function 
in PCD. Hid contains several potential phosphorylation 
sites, indicating that it may be subject to post-transla- 
tional modification. Interestingly, we find some limited 
sequence similarity between the amino-termini of the 
Hid and Rpr proteins (Fig. 3C). Given the overall func- 
tional correspondence of both genes, it is possible that 
this small block of similarity between Hid and Rpr has 
mechanistic significance. Consistent with this idea is 
the observation that the amino terminus of Rpr has been 
highly conserved between different Drosophila species. 
Furthermore, the two hid alleles that contain stop codons 
at amino acids 274 and 300, respectively, are weak muta- 
tions, suggesting that a significant amount of hid function 
is encoded in the amino-terminal part of the protein. 

Models for the role of hid in apoptosis 

The decision of whether a cell lives or undergoes apop- 
tosis is determined by the interplay of both death-pro- 

moting and death-protective functions. Current evi- 
dence suggests that most, if not all, animal cells consti- 
tutively express all of the proteins necessary to execute 
the cell death program (Raff 1993; Jacobson et al. 1994). 
However, it appears that the inadvertant activation of 
cell death machinery is prevented by negative regulators 
of cell death, such as ced-9/Bcl-2 family members (Vaux 
et al. 1988; Hengartner et al. 1992; Boise et al. 1993; 
Oltvai et al. 1993; Hengartner and Horvitz 1994c). What 
are the genes involved in triggering the activation of the 
apoptotic program? We have proposed previously that rpr 
is a global regulator of PCD (White et al. 1994). The 
results from this study suggest that hid serves a similar 
function for the induction of PCD in Drosophila. We 
have strong reasons to believe that hid and rpr do not 
encode death effector proteins. When H99 embryos are 
irradiated with very high doses of X-rays, some cell death 
can be induced (White et al. 1994). Significantly, the 
morphology of the few cell deaths that are observed un- 
der these circumstances is indistinguishable from apop- 
tosis seen in wild-type embryos. This suggests that the 
basic cell death machinery is present in H99 embryos 
but fails to be efficiently activated in the absence of hid 
and rpr. 

The functions of hid and rpr appear to be at least par- 
tially redundant, as mutations in hid do not completely 
block PCD, and expression of either gene alone is suffi- 
cient to induce apoptosis in H99 embryos. The ability of 
hid to cause cell death in the absence of endogenous rpr 
and rpr to cause cell death in the absence of endogenous 
hid argues that neither gene acts through the other but, 
rather, that they act in parallel pathways or in parallel 
branches of a common pathway. Consistent with this 
idea, we did not find changes in the pattern of rpr mRNA 
expression in hid embryos (data not shown). Similarly, 
we could not detect changes in the pattern or levels of rpr 
expression in hs-hid  embryos following heat shock, nor 
did we find alterations in hid expression in hs-rpr em- 
bryos (data not shown). Finally, we have also been unable 
to obtain any evidence for synergism between rpr and 
hid in animals containing both the hs-rpr and hs-hid  or 
the pGMR-rpr and pGMR-hid  transgenes. 

In the Drosophila embryo, hid RNA is generally found 
in regions where cell death occurs. However, despite 
these striking correlations, there are also clear discrep- 
ancies between the pattern of PCD and hid mRNA dis- 
tribution. Overall, hid RNA expression tends to be more 
widespread than the amount of cell death normally ob- 
served. This is in contrast to rpr, which appears to be 
selectively expressed in all cells that are destined to un- 
dergo apoptosis. There are several possible explanations 
for this discrepancy. Most notably, the production of ac- 
tive Hid may be subject to post-transcriptional modifi- 
cations, such as translational regulation or post-transla- 
tional modifications. Alternatively, different cells may 
express different amounts of protective functions and 
may therefore vary in their sensitivity to the amount of 
hid expression required to induce PCD. Finally, it is pos- 
sible that certain cells have insufficient amounts of 
death-promoting functions that act downstream from 
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hid.  In any case, it is clear that  overexpression of h id  can 
largely override any normally operating regulatory 
mechanisms,  as shown by the increased levels of PCD in 
h s - h i d  embryos, and the ability of p G M R - h i d  to ablate 
the compound eye. In these instances, high levels of h id  
expression may  conceivably titrate out protective func- 
tions or bypass the need for auxiliary factors. The bio- 
chemical mechan ism by which h id  activates apoptosis 
remains to determined. It is possible that  Hid activates 
downstream targets that  promote apoptosis, which may 
include ced-3/ICE or ced-4-1ike proteins (Yuan and Hor- 
vitz 1992; Yuan et al. 1993; Wang et al. 1994). Alterna- 
tively, Hid may block the action of negative regulators of 
cell death, such as Bcl-2/ced-9 family members.  The fact 
that  p35 expression can suppress hid- induced cell death 
indicates that h i d  acts genetically upstream of death- 
inhibiting functions like p35. 

The ability of h i d  to rapidly induce apoptosis indicates 
that  this gene may  be used for targeted cell ablation in 
Drosophila.  Methods developed previously that rely on 
the expression of toxin genes have found only l imited 
use in Drosophi la  because of the considerable lag be- 
tween toxin expression and cell killing, and because of 
the difficulties in restricting toxic effects to the targeted 
cells (Kunes and Steller 1991; Bellen et al. 1992; Moffat 
et al. 1992; discussed in Steller 1993). The use of h id  
instead of toxin genes may  largely overcome these lim- 
itations. First, h id  expression leads to the rapid onset of 
PCD, apparently as quickly as 1 hr. Second, it appears 
that h id  needs to be expressed above a critical threshold 
to induce PCD, because we have not seen detr imental  
effects in h s - h i d  t ransformants  raised at 29~ This 
threshold effect should greatly help restrict the specific- 
ity of ablation to the targeted cell type or tissue. By using 
the GAL4 system of Brand and Perrimon (1993), one may 
be able to ablate given tissues of interest wi th  consider- 
able facility. Because widespread expression of h id  
causes organismal lethality, the h s - h i d  transgene can 
also be used to select against offspring bearing specific 
chromosomes.  Apparently, this method produces fewer 
escapers than when dominant  temperature sensitive mu- 
tations are used for this purpose (L. Moore and R. Leh- 
mann,  pers. comm.). 

Finally, p G M R - h i d  t ransformants  may  provide a pow- 
erful assay for identifying muta t ions  in other cell death 
genes. Because the severity of the eye ablation phenotype 
is dosage-sensitive, relatively subtle changes in the level 
of PCD are expected to alter the eye phenotype. By 
screening for dominant  genetic modifiers of p G M R - h i d ,  
it should be possible to isolate mutat ions  in cell death 
genes acting downstream of hid.  A similar strategy has 
been highly successful for defining a genetic pa thway for 
cell fate determinat ion in the Drosophila eye (Simon et 
al. 1991; Gaul et al. 1992; Brunner et al. 1994). Therefore, 
we expect that  the p G M R - h i d  t ransformants  will greatly 
facilitate the elucidation of a genetic pa thway for apop- 
tosis in Drosophila.  Because hid- induced  cell death can 
be blocked by p35, and because p35 expression can pro- 
tect against PCD in several other systems (Rabizadeh et 
al. 1993; Sugimoto et al. 1994; Clem and Miller 1994; 
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Hay et al. 1994), we expect that  at least some of the genes 
in this pathway have been conserved in evolution. 

M a t e r i a l s  and  m e t h o d s  

Drosophila stocks 

Df(3L)H99, hid A22, hid A2~ hid A329, hid Hsg, In(3L)hid wR+xl 
hidWa+al, and hid wa+E4 were obtained from M. Abbott and 
J. Lengyel. 1(3)05014 (Karpen and Spradling 1992; Berkeley 
Drosophila Genome Project, pers. comm.) was provided by 
A. Spradling. hid 4~ and hid 8D were generated by excision of the 
05014 P element (see below). X14, X20, and X25 were generated 
by White et al. (1994). The wild-type strain used was Canton-S. 
All genetic symbols are described in Lindsley and Zimm {1992). 

Isolation of single gene mutations in 75C1,2 

Males of the genotype st e were allowed to feed on a solution of 
0.4 mg/ml of ENU with 1% sucrose for 24 hr. Mutagenized 
males were crossed en masse to virgin Sb H/TM2 females. In- 
dividual *st e/Sb H males were then crossed to WR4/TM3Sb 
females, and their progeny were scored for visible mutations 
uncovered by WR4 and for lack of *st e/WR4 individuals, indi- 
cating the presence of a recessive lethal mutation when in com- 
bination with the WR4 chromosome. Candidates for mutations 
in 75C1,2 were then tested for lethality or segregation of the 
visible phenotype by crossing them to WRIO flies. Approxi- 
mately 23,000 mutagenized third chromosomes were screened, 
and we identified five chromosomes that were lethal in combi- 
nation with both WR4 and WRIO. These mutations were deter- 
mined to be hid alleles by standard complementation analysis. 
When placed in trans to existing hid alleles, significant lethality 
was observed. Some escapers were also recovered, which then 
displayed the characteristic adult hid phenotypes (Abbott and 
Lengyel 1991). st e and Sb H/TM2 stocks were provided by R. 
Lehmann, Massachusetts Institute of Technology, Cambridge. 
WR4 and WRIO are genomic deficiencies that uncover 75C1,2 
(Segraves and Hogness 1990) and were provided by the Indiana 
Stock Center. The H99 deficiency is entirely internal to the 
overlap defined by the deficiencies WR4 and WRIO (White et al. 
1994). 

Excision of the 05014 insertion 

The 05014 P element was mobilized using A2-3{99B), a genomic 
source of P transposase (Robertson et al. 1988). Excision chro- 
mosomes were identified by loss of the rosy + ry + marker. Re- 
version of the hid phenotype was scored by placing each exci- 
sion chromosome in trans to H99. Forty-five percent of all ex- 
cision events resulted in reversion of the hid phenotype. 

Histological methods 

Embryos were staged according to Campos-Ortega and Harten- 
stein (1985). Whole-mount in situ hybridizations and TUNEL/ 
in situ hybridization were performed as described in White et al. 
(1994). The probe used was generated by in vitro transcription of 
the antisense strand of the 5A1 eDNA clone according to the 
protocol of the Boehringer RNA labeling kit. No hybridization 
with this probe was detected in embryos homozygous for 
75C1,2 deficiencies. For TUNEL/hid mRNA double labelings, 
WR +X1/H99 and Canton-S embryos were collected and aged 
until they were 8-13.5 hr old at 25~ (stages 12-15). It is during 
this time that head involution occurs. The hid and Canton-S 
embryos were treated identically except that no hid mRNA 
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probe was added to the Canton-S embryos. In a parallel experi- 
ment, Canton-S embryos were labeled with the hid probe to 
control for uniformity of labeling. Approximately 25% of the 
embryos from the hid egg collection did not label with the hid 
mRNA, confirming our expectation that these embryos were 
hid mutants. In contrast, 100% of Canton-S (wild-type) em- 
bryos taken through the in situ hybridization procedure in par- 
allel did label with the hid mRNA. Because the amount of cell 
death in wild-type embryos changes considerably during devel- 
opment (Abrams et al. 1993), care was taken to ensure that 
patterns of cell death were compared between closely aged 
matched hid and wild-type embryos. Embryos were determined 
to be the same age by examining gut morphology, avoiding the 
problems associated with staging hid embryos by head mor- 
phology. To examine rpr expression in WR + XI embryos, pools 
of WR + X1/H99 embryos were hybridized with both hid and rpr 
mRNA probes. The patterns of hid and rpr mRNA expression 
are sufficiently distinct to allow identification of embryos 
which hybridized with the rpr probe but not the hid probe. 
Those embryos were assumed to be genotypically hid and were 
examined for alterations in rpr expression as compared to wild- 
type embryos that had been probed with rpr alone. 

Krfippel staining was done as described in Gaul et al. (1987). 
Embryos were aged to 12-17 hr old (stages 15-17), by which 
time head involution is complete in wild-type embryos, hid 
embryos were identified as those in which head involution had 
failed. The alleles examined were WR + XI (average number of 
cells per cluster = 13.6, n 42), A206 (average number of cells per 
cluster=13.9, n=32), X14/H99 (average number of cells per 
cluster=17.5, n=36), and WR+X1/H99 (average number of 
cells per cluster = 15.2, n = 46). Extra Kriippel-positive cells were 
also found in WR +E6, H89, and 05014/H99 embryos, but sys- 
tematic large-scale counts were not done on these samples. 

Acridine orange staining was performed as in Abrams et al. 
(1993). 

Identification of transcripts in H99 

Genomic DNA in the H99 interval was cloned by chromosomal 
walking using standard techniques (Sambrook et al. 1989). This 
DNA was probed with cDNA prepared from embryonic RNA to 
identify putative transcription units. Northern analysis was 
used to confirm the presence of transcribed sequences. Four 
transcripts were identified that gave reproducible Northern sig- 
nals. One corresponded to rpr, and another to hid. The embry- 
onic expression pattern of all four transcripts was determined by 
in situ hybridization. 

Plasmid rescue of genomic DNA flanking the 05014 insertion 

Molecular biological techniques were performed by standard 
procedures (Sambrook et al. 1989). Rescue of genomic se- 
quences was performed basically as described in Steller and Pir- 
rotta (1986). For plasmid rescue, genomic DNA from flies car- 
rying the 05014 insertion was digested to completion with KpnI. 
Approximately 13 kb of genomic DNA flanking the site of in- 
sertion was recovered and mapped to a chromosomal walk in 
75C (Segraves and Hogness 1990; Grether 1994) by Southern 
hybridization. 

Isolation and sequencing of the 5A1 cDNA 

The 8-kb EcoRI restriction fragment from phage 3506 (Segraves 
and Hogness 1990) was used to screen an eye disc cDNA library 
in kgtl0 (constructed by A. Cowman). One clone, clone 5A1 was 
isolated, which was longer than 2 kb. The cDNA insert was 

subcloned into the EcoRI site of the pBluescript II SK + (Strata- 
gene) cloning vector. Series of nested deletions for both strands 
of the eDNA were generated according to manufacturer's in- 
structions using the Exo/Mung deletion kit (Stratagene). Se- 
quencing of double-stranded DNA was carried out using Seque- 
nase (U.S Biochemical Corp,) according to the manufacturer's 
instructions. Both strands were sequenced. Gaps in the series of 
nested deletions were filled by sequencing using oligonucle- 
otide primers derived from the cDNA sequence determined pre- 
viously. Determination of intron/exon boundaries and confir- 
mation of the 5A1 sequence were done by sequencing portions 
of phage clones corresponding to the genomir hid locus. Se- 
quencing of the genomic hid locus was done using [~/-33P]ATP- 
labeled oligonucleotide primers and the Circumvent sequenc- 
ing kit (New England Biolabs) according to the manufacturer's 
instructions. 

Sequencing of the hid alleles 

Flies of each allele to be sequenced were crossed to H99. When 
possible, DNA was isolated from adult flies of the genotype 
hid~H99. If no adults emerged from the cross, embryos with 
head involution defects were culled for DNA preparation. DNA 
was prepared as described in Ashbumer (1989). Fragments cor- 
responding to each coding exon of the hid locus were amplified 
by the polymerase chain reaction (PCR). The primers used for 
amplification are as follows: exon 1, 5'-GTGCCAACAAAGT- 
GCA-3' and 5'-AATGGATATCCTGATTAACCCACAC-3'; 
exon 2, 5'-GATTTTCTTATTATGTGCCAACTGT-3' and 
5'-TGATTTGATTTGCACCACCCAGGC-3'; exon 3, 5'-TC- 
CAAGTCAACCGTCTATATGT-3' and 5'-TTGTGCATTC- 
CAAGATTGGTGGCC-3'; and exon 4, 5'-TTAAGATTTGC- 
CTTCACGTGCACC-3' and 5'-AACTAAGTTTAGATCGG-3'. 
For each PCR reaction, - 5 0  ng of genomic DNA was used as 
template. A standard 50qzl PCR reaction was set up according 
to protocols of Perkin-Elmer Cetus. Annealing temperatures for 
each set of primers are as follows: exon 1, 52~ exon 2, 56~ 
exon 3, 60~ exon 4, 50~ Cycling profiles for all amplifica- 
tions were as follows: 1 cycle for 1 min at 94~ followed by 30 
cycles of 1 min at 94~ 2 min at the annealing temperature, 2 
min 15 sec at 72~ with 2 sec added per cycle. This was followed 
by 10 min at 72~ Fifty percent of each reaction was loaded 
onto a 1% SeaPlaque GTG grade (FMC) low melting agarose gel 
in 1 x TAE. Bands of the appropriate size were excised from the 
gel and diluted two- to threefold with water. Five microliters of 
this was used as sequencing template. Sequencing was done 
using [~/-33p]ATP-labeled oligonucleotide primers and the Cir- 
cumvent sequencing kit (New England Biolabs). For each poly- 
morphism identified, a second, independent PCR reaction was 
performed and the allele resequenced. 

Construction of the hs-hid transgene, genomic 
transformation, and phenotypic analysis 

A 450-bp BamHI-EcoRI fragment containing the Drosophila 
hsp70 promoter from pUC hsB ~ R (H. Steller) was cloned into 
the polylinker of pCaSpeR (Pirrotta 1988). An EcoRI fragment 
containing the hid eDNA was then cloned into the EcoRI frag- 
ment in the pCaSpeR/hsp70 construct in the sense orientation. 
Orientation was determined using an assymetric restriction site 
in the hid eDNA. DNA used for transformation was purfied by 
the Qiagen plasmid purification kit and resuspended at a con- 
centration of 1 mg/ml. Cesium chloride-purified pTr25.Twc {Ka- 
ress and Rubin 1984) was used as the source of transposase and 
mixed with the plasmid DNA at a final concentration of 150 
~g/ml. Embryos (3090) were injected, and four independent 
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transformed lines were isolated, hs-hid 1 and hs-hid 3 map to 
the third chromosome and hs-hid 2 and hs-hid 4 map to the X. 
The X chromosome insertions were independently crossed in to 
the H99 background. Embryos were collected at 22~ for 4-6 hr 
from flies of the genotype hs-hid; H99/TM3 Sb. They were aged 
at 18~ until they were 8-12 hr old and heat shocked in a water 
bath for 1 hr at 39~ They were allowed to recover for 1 hr at 
25~ and then stained with acridine orange as in Abrams et al. 
{1993}. Untransformed flies were also subjected tO the same heat 
shock regimen; a few acridine orange-positive cells can be found 
in untransformed H99 embryos. Excess acridine orange staining 
was not observed in embryos that were not heat shocked. 

To check that the effects observed were specific to hid ex- 
pression and not to the transformation vector, or the heat shock 
promoter itself, three other heat shock constructs were tested: 
hs-disco (A. Campos and H. Steller, unpubl.), hs-engrailed 
{Poole and Komberg 1988), and hs-hedgehog {Tabata and Kom- 
berg 1994). These insertions were crossed independently into 
the H99 background. For these experiments, embryos were col- 
lected from flies of the genotype hs-disco or hs-engrailed or 
hs-hedgehog/+; H99/+ and subjected to the heat shock regi- 
men described above to the hs-hid flies. No acridine orange 
staining was observed above background levels in flies bearing 
any of these constructs. 

To check for evidence of synergism between hid and rpr, lines 
were constructed that contained either two copies of hs-hid, 
two copies of hs-rpr, or one copy of each transgene (two trans- 
genes total). Embryos were collected from these flies and sub- 
jected to the heat shock regimen described for the hs-hid ex- 
periment except that heat shocks were done at 32~ 33~ and 
37~ {in independent experiments). Embryos were stained with 
acridine orange and scored blind by two independent observers. 
No significant difference among the samples was observed. 

Construction of the pGMR-hid construct, genomic 
transformation, and phenotypic analysis 

A 3.9-kb EcoRI fragment containing the hid cDNA subclone 
5A1B was inserted into the EcoRI cloning site of the pGMR 
vector {Hay et al. 19941 creating pGMR-hid, pGMR-hid and the 
helper plasmid p~r25.Twc (Karess and Rubin 1984} were purified 
using the Qiagen plasmid purification kit. For transformation, 
pGMR-hid and par25.7wc were mixed at a ratio of 10:1 such 
that the final total DNA concentration was 1 mg/ml, y3M 67c23 

embryos {1800} were injected, and one transformed line was 
isolated in which pGMR-hid maps to the second chromosome. 
Scanning electron microscopy was performed on adult flies that 
were dehydrated through an ethanol series, critical point dried, 
and coated with gold-palladium. 
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