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ABSTRACT

Chromatin packaging directly influences gene programming as it permits only certain portions of the
genome to be activated in any given developmental stage, cell, and tissue type. Histone acetyltransferases
(HATs) are a key class of chromatin regulatory proteins that mediate such developmental chromatin con-
trol; however, their specific roles during multicellular development remain unclear. Here, we report the first
isolation and developmental characterization of a Drosophila HAT gene (Dmel\I'TP60) that is the homolog
of the human HAT gene TIP60. We show that Dmel\I'TP60 is differentially expressed during Drosophila
development, with transcript levels significantly peaking during embryogenesis. We further demonstrate
that reducing endogenous Dmel\TTP60 expression in Drosophila embryonic cells by RNAi results in cellular
defects and lethality. Finally, using a GAL4-targeted RNAIi system in Drosophila, we show that ubiquitous or
mesoderm/muscle-specific reduction of Dmel\I'TP60 expression results in lethality during fly development.
Our results suggest a mechanism for HAT regulation involving developmental control of HAT expression
profiles and show that Dmel\TTP60 is essential for multicellular development. Significantly, our inducible
and targeted HAT knockdown system in Drosophila now provides a powerful tool for effectively studying the

roles of TIP60 in specific tissues and cell types during development.

ETAZOANS consist of numerous cell types, each
carrying out distinct and essential roles that
contribute to the growth and survival of an organism
(WorLrrE and DiMiTrOV 1993; VERMAAK and WOLFFE
1998; OrRPHANIDES and REINBERG 2002). Differentia-
tion of such specialized cell lineages is achieved through
the establishment and maintenance of tightly con-
trolled gene expression profiles distinct for each cell
type (WoOLFFE and DiMITROV 1993; ORPHANIDES and
REINBERG 2002). Such regulation in eukaryotic cells is
determined in large part by the differential packaging
of genes into chromatin (WoLFFE and DiMITROV 1993;
VERMAAK and WOLFFE 1998). The majority of DNA in
the eukaryotic nucleus is packaged into nucleosomes,
consisting of 146 bp of DNA wrapped around a histone
octomer core, containing two subunits each of histones
H2A, H2B, H3, and H4. Nucleosomes are, in turn, fur-
ther packaged into a highly organized and compact
chromatin structure through their association with
nucleosomal-linking histone H1 and additional non-
histone proteins (BRAND and PERRIMON 1993; WOLFFE
and DimiTrOV 1993; FiscHLE et al. 2003). Chromatin
compaction generally makes the DNA of genes and their
regulatory regions inaccessible to the transcriptional
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machinery and cofactor protein binding required for
gene activation (L1 et al. 2005). As the genome is largely
maintained in this repressive chromatin state, chroma-
tin packaging must be disrupted to accommodate pro-
tein factor binding and allow for gene activation (WOLFFE
and DiMITROV 1993; ROoTH ef al. 2001; ORPHANIDES and
REINBERG 2002).

Histone-modifying enzymes termed histone acetyl-
transferases (HATS) are directly involved in promoting
chromatin decondensation, generally resulting in pos-
itive effects on gene activation (STERNER and BERGER
2000; BorromLEy 2004). HATs enymatically act to cata-
lyze the transfer of an acetyl group from acetyl-CoA
to the e-amino group of specific and conserved posi-
tively charged lysine residues within the N-terminal tails
of nucleosomal histones. This modification weakens
histone—-DNA and neighboring nucleosomal contacts to
promote chromatin disruption that, in turn, facilitates
factor binding and transcriptional activation (STERNER
and BERGER 2000; RoTH e al. 2001). A second way in
which HATs regulate gene activity is through their dis-
tinct substrate preference for specific histone, lysine,
and gene targets, allowing HATs to generate different
acetylation patterns within the genome (STRAHL and
Arvris 2000; BERGER 2001, 2002; FiscHLE el al. 2003;
HAKE et al. 2004). Such distinct HAT-generated histone
and lysine acetylation patterns, as well as additional his-
tone modifications, have been postulated by the “histone
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code hypothesis” to serve as epigenetic marks that con-
trol gene expression by providing recognition sites for
downstream regulatory factors (Nowak and Corces 2000;
Rice and Avrvis 2001; FiscHLE ef al. 2003; BOTTOMLEY
2004). Specific HATs are also capable of generating spe-
cific local or global acetylation patterns (HEBBES et al. 1994;
ELEFANT et al. 2000a,b; FERNANDEZ ef al. 2001; SMITH
et al. 2001; Ho et al. 2002; COOKE et al. 2004) that in-
fluence gene expression profiles. The ability of certain
HATSs to acetylate nonhistone regulatory proteins adds
an additional layer of complexity to their many func-
tions (STERNER and BERGER 2000). Finally, histone acet-
ylation is a reversible process that is achieved by histone
deacetylase enzymes, generally resulting in gene silencing
(ALLAND el al. 1997). Thus, histone acetylation directly
influences gene programming during development as
it permits only certain portions of the genome to be ac-
tivated in any given developmental stage, cell, or tissue
type (WoLrreE and DiMiTrROV 1993; PATTERTON and
Worrre 1996). Understanding how these differentially
folded chromatin domains are created and maintained
in specific cell types is of central importance to the study
of biological regulation during development.

Previous reports have shown that Drosophila contains
anumber of human HAT homologs that belong to each
of the three major HAT superfamilies: GNAT (SmiTH
et al. 1998), MYST (GRIENENBERGER ¢t al. 2002), and
p300/CREB-binding protein (CBP) (AKIMARU ¢t al. 1997;
Lubram et al. 2002). Their genetic analysis in Dro-
sophila has provided essential information on the role
of acetylation in a wide variety of developmental cellular
processes. To gain further understanding into the devel-
opmental roles of HATs and acetylation during devel-
opment, we sought to identify and characterize human
HAT homologs in Drosophila (Dmel\HATs), with the
reasoning that we could use such Dmel\HATs to deci-
pher human-relevant HAT function in the multicel-
lular Drosophila model setting (CHIEN et al. 2002). We
chose to focus our studies on TIP60, as this HAT is
representative of the MYST HAT superfamily and carries
out previously described diverse roles essential for cel-
lular function. Tip60 (tat-interactive protein, 60 kDa)
was identified as part of a multimeric protein complex
(ALLARD et al. 1999; IkuRra et al. 2000; DoyoN and COTE
2004) that regulates its activity in many essential cellular
processes, including apoptosis (Lupram et al. 2002;
LEGUBE et al. 2004), DNA repair (IKURA el al. 2000; BIRD
et al. 2002; MorrisoN and SHEN 2005), cell cycle pro-
gression (CLARKE el al. 1999), developmental cell sig-
naling (CeorL and HowrviTz 2004), ribosomal gene
transcription (ReID et al. 2000; HALKIDOU et al. 2004),
and histone variant exchange during DNA repair (Kuscu
et al. 2004). However, despite the importance of Tip60
in many essential cell processes, it has yet to be studied
extensively in a multicellular in vivo model setting,
and thus its developmental, tissue, and cell-type-specific
roles remain to be explored.

Here, we report the first isolation and developmental
characterization of a Drosophila HAT gene (Dmel\
TIP60) that is the homolog of the human HAT gene
TIP60. We present evidence that Dmel\I'TP60 is differ-
entially expressed throughout Drosophila development,
with expression levels significantly peaking during em-
bryogenesis. Using RNA interference (RNAi), we show
that reducing endogenous Dmel\ITTP60 expression in a
Drosophila embryonic cell line results in cellular defects
and lethality. Finally, we confirm this detrimental in vitro
effect in vivo by using an inducible GAL4-targeted RNAi
system in Drosophila and demonstrating that early ubiq-
uitous and mesoderm-specific reduction of Dmel\I'TP60
expression results in total lethality of the developing flies.
Our results suggest a potential mechanism underlying
HAT regulation involving developmental control of
HAT expression profiles and demonstrate an essential
role for Dme\I'TP60 during multicellular development.

MATERIALS AND METHODS

Identification of D. melanogaster histone acetyltransferases,
isolation of cDNA clones, and DNA sequencing: BLAST
searches were carried out using the BLAST algorithm at both
FlyBase (1999) and NCBI with sequences corresponding to
either hTIP60 (NM_182710) or hELP3 (NM_018091). Two
Drosophila expressed sequence tag (EST) clones that dis-
played high homology to hTIP60 and hELP3 were identified.
Embryonic EST ¢cDNA clones that matched each of these
sequences (clone LD31064 for Dmel\ITP60 and RE35395 for
Dmel\ELP3) were identified and then purchased from Invi-
trogen (Carlsbad, CA). The full open reading frames (ORFs)
for each Dmel\HAT were amplified by PCR using the following
primer sets. For Dmel\TTP60, the forward primer 5-CGG CGA
ATT CGC CAT CAT GAA AAT TAA CCA CAA ATA TGA G-3'
contained a FcoRI site (italics), a KOZAC sequence (under-
lined), and sequence corresponding to the first eight codons
of Dmel\T'TP60. The reverse strand primer 5-GGT TGG ATC
CIC ATC ATC ATT TGG AGC GCT TGG ACC AGT C-3'
contained a BamHI site (italics), two in-frame stop codons
(underlined), and the last eight codons of Dmel\I'TP60. For
Dmel\ELP3, the forward primer 5'-GGC TGA ATT CGC CAT
CAT GAA GGC AAA AAA GAA GTT GGG CG-3’ contained a
EcoRI site (italics), a KOZAC sequence (underlined), and
sequence corresponding to the first 25 bp of Dmel\ELP3. The
reverse strand primer 5-GGC CGG TCT AGA TCA TCA CTA
GTT ATT TTC TTC TAT GCT CTT TGA C-3' contained an
Xbal site (italics), two in-frame stop codons (underlined), and
the last 28 bp of Dmel\ELP3. PCR reactions were carried out
using the Expand High Fidelity PCR system (Roche) accord-
ing to the manufacturer’s instructions of using 400 nm of each
forward and reverse primer. The cycling parameters were 30
cycles of 95° for 2 min, 55° for 1 min, and 72° for 3 min, using
Mastercycler (Eppendorf, Madison, WI). The correctly sized
PCR amplification products were cloned into the TOPO
pCR2.1 vector (Invitrogen) according to the manufacturer’s
instructions. The entire insert DNA sequence for each of these
constructs was determined by the University of Pennsylvania
DNA Core Sequencing Facility (Philadelphia).

Real-time PCR analysis of staged Drosophila RNA: Total
RNA was isolated from staged Canton-S. Drosophila melanogaster
(12- to 24-hr embryo, first instar larvae, second instar larvae,
third instar larvae, pupae, and adult flies) were treated using
TRIzol (Invitrogen) and treated twice with DNA-free (Ambion,
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Austin, TX) to remove DNA. First-strand cDNA was prepared
using the SuperScript II reverse transcriptase kit (Invitrogen)
according to the manufacturer’s instructions with 1 ug total
RNA and 15 ng/pl of random hexamer primers (Roche).
Primer sets for Dmel\ELP3 (forward primer 5’-TCC CCATGC
CGC TTG TTA GT-3' and reverse primer 5'-CCG CCA TTG
GCC ACA TAG TGC-3') amplified a 190-bp fragment. Primer
sets for Dmel\T'IP60 (forward primer 5'-CAC AGC GCC ACC
ATT CCC TA-3' and reverse primer 5-CCA GAT TGT TGC
CAT TCA C-3") amplified a 202-bp fragment. All PCR reactions
were carried out in triplicate in 20-pl total reaction volumes
containing 0.5 units Taq (QIAGEN, Chatsworth, CA), 1 ul
cDNA (from the RT reaction described above), 250 um dNTPs
(Amersham Pharmacia Biotech), 500 nwm for each forward and
reverse primer, and 0.25X SYBR green I dye [Molecular Probes
(Eugene, OR) and Invitrogen]. The PCR was carried out in
96-well microtiter plates and the cycling conditions were 40
cycles at 95° for 45 sec, 55° for 45 sec, and 72° for 1 min with
plate readings recorded after each cycle. All results were con-
verted to real cDNA quantities by comparison to a standard
curve generated with serial dilutions of either Dmel\I'TP60
or Dmel\ELP3 cDNA TOPO pCR2.1 clones. All data analysis
was performed using Opticon2 system software (M] Research,
Watertown, MA).

RNAi and control Dmel\TIP60 constructs: To create the
inverted-repeat Dmel\I'TP60/RNAi pUAST construct, a 613-bp
target RNAi sequence was amplified by PCR using primer sets
specific for the Dmel\I'TP60 ¢cDNA sequence and the Dmel\
TIP60 cDNA TOPO pCR2.1 clone as template. The forward
primer 5'-GGA GAA TTC GCA CTG GAG TGA CCA CGC CAC
AGC GCC-3' contained an EcoRI site (italics). The reverse
primer 5'-GCA TAA GAG CGG CCG CAT CTA CTG TAC TTC
AGG CAGAACTCG CAGATG-3' contained a Nof site (italics)
and a 5-bp polylinker sequence (underlined). PCR reactions
were performed as described above for Dmel\HAT cloning.
The correct-size PCR-generated fragment was cloned in the
sense direction into EcoRI/Nofl sites in the pUAST vector
under the control of the UAS promoter. This construct was
designated Dmel\I'TP60/pUAST.1. The same target fragment
described above was next PCR amplified using the Dmel\
TIP60 cDNA TOPO pCR2.1 clone as template. The forward
primer 5-GGA TCT AGA GCA CTG GAG TGA CCA CGC CAC
AGC GCC-3' contained a Xbal site (italics) and the reverse
primer 5’-GCA TAA GAG CGG CCG CCT GTA CTT CAG GCA
GAA CTC GCA GAT G-3' contained a Nol site (italics). The
PCR-generated fragment was cloned in an antisense orientia-
tion into Nod and Xbal sites of the Dmel\I'TP60/pUAST.1,
thereby creating the inverted-repeat Dmel\ITTP60/RNAi/
pUAST construct. To create the sense-sense Dmel\TTP60/
control construct, the same target RNAi sequence was PCR
amplified with the following primers: the forward primer 5'-
GCATAA GAG CGG CCG CGC ACT GGA GTG ACCACG CCA
CAG CGC C-3’ contained a Nod site (italics) and the reverse
primer 5-GCA TCT AGA CTG TAC TTC AGG CAG AAC TCG
CAG ATG-3' contained a Xbdl site (italics). The PCR-generated
fragment was cloned in a sense orientiation into the Noil and
Xbal sites of Dmel\ITP60/pUAST.1, creating a sense—sense
Dmel\I'TP60/ control/pUAST construct. The PCR-generated
polylinker and the common Nod restriction site that joined
the two target Dmel\I'TP60 repeat fragments served as the
“hinge” region of the hairpin in both Dme\I'TP60/RNAi/
pUAST and Dmel\TTP60/control/pUAST constructs. All clon-
ing was carried out using standard procedures except that
SURE 2 competent bacterial cells (Stratagene, La Jolla, CA)
were used for all bacterial transformations to prevent recom-
bination from occurring.

Dmel\TIP60/RNAi and control constructs for transient
cell transfection were created by digesting the Dmel\ITP60/

RNAi/pUAST and DmeIl\I'TP60/ control/pUAST constructs with
EcoRI and Xbal restriction enzymes, gel purifying (QIAGEN)
the released fragments, and subcloning each fragment into
EcoRI and Xbal restriction sites within the pAcb.1/V5-HisA
vector (Invitrogen). These constructs were designated Dmel\
TIP60/RNAi/pAc5.1 and Dmel\I'TP60/ control/pAcb.1.

Cell culture and transfection: D.Mel-2 cells [GIBCO BRL
(Gaithersburg, MD) and Invitrogen] were grown in Drosophila—
serum-free media (SFM) (Invitrogen) supplemented with
90 ml/liter of 200 mM L-glutamine (GIBCO and Invitrogen).
The cells were grown in a 28°, nonhumidified, ambient-air-
regulated incubator (Torrey Pines Scientific) and subcultured
every 3—4 days to maintain exponential growth. On day 3
postsubculture, the cells were seeded to 50-60% confluence
into 35-mm plates in 2.0 ml Drosophila—SFM with 1-glutamine.
After an overnight incubation at 28°, the cells were incubated
with the transfection mixture containing 2 ng plasmid DNA, 8
ul Cellfectin (Invitrogen), and 500 wl Drosophila-SFM without
L-glutamine for 3 hr. After removal of the transfection mixture
and addition of 2 ml of Drosophila—SFM with r-glutamine,
each plate was incubated at 28° and observed after 24, 48, and
72 hr. As a transfection efficiency control, separate plates of
cells were transfected with pAC5.1/V5-His/lacZ (Invitrogen),
cells were stained using the B-Gal staining kit (Invitrogen)
according to the manufacturer’s instructions, and blue cells
were counted to determine the transfection efficiency. All
transient transfections were performed in triplicate.

Semiquantitative RT-PCR: Total RNA either from a plate of
transfected cells or from three third instar larvae progeny from
a homozygous Dmel\TTP60/RNAi or control X GAL4 337
cross was isolated using TRIzol (Invitrogen) and twice treated
with DNA-free (Ambion) to remove DNA. First-strand cDNA
was prepared using the SuperScript II reverse transcriptase
kit (Invitrogen) according to the manufacturer’s instructions
with 1 pg total RNA and 15 ng/pl of random hexamer prim-
ers (Roche). PCR reactions were performed in a 40-pl total
volume containing 1 unit Taq (QIAGEN), 1 ul cDNA tem-
plate, 250 pm dNTPs (Amersham Pharmacia Biotech), and
500 nm of each forward and reverse primer. The cycling condi-
tions were 36 cycles of 95° for 45 sec, 55° for 45 sec, and 72°
for 1 min. The forward primer (5'-TGG TAT TTC TCA CCC
TAT CC-3") and the reverse primer (5'-CAA TGA GCA GCT
TGC CGT AG-3") amplified a 427-bp fragment that corre-
sponded to position 1407-1833 within the cDNA DmeI\TTP60
sequence.

Creation of P-element-transformed fly lines: P-clement
germline transformations with pUAST constructs were per-
formed as previously described (ELEFANT and PALTER 1999) to
create fly lines containing Dmel\I'TP60/RNAi or Dmel\ITP60/
control pUAST constructs. To determine on which chromo-
some the P-element inserted, lines heterozygous for the TM3
and TM6 balancers were mated to w''’* flies, and segregation
of the w" marker was scored: if segregation of w" was neither
with the third chromosome balancer nor with a sex chromo-
some, it was inferred to segregate with the second chromo-
some. Balancer chromosomes were subsequently crossed away
by successive mating to w'’’*. Multiple, independent fly lines
were created for each construct as the level of gene expression
is dependent upon the chromosomal location of the P ele-
ment, which occurs randomly.

Drosophila stocks and RNAi crosses: For this study, the
following P{pUAST}/P{pUAST} flies containing either Dmel\
TIP60/RNAI or control constructs were created as described
above. The GAL4 lines used were y' w*; P{Act5C-GAL4}25F01/
CGyO (donated by the Bloomington Stock Center, no. 4414; Y.
Hiromi), w*;P{GawB/}how*”* (BRAND and PERRIMON 1993), and
GALA4 line 337 (ELerFaANT and PALTER 1999). All crosses were
performed using three males and three newly eclosed virgin
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females in narrow plastic vials (Applied Scientific) with yeasted
Drosophila media (Jazz-Mix, Fisher Scientific) at 25°.

RESULTS

Identification and characterization of two Drosoph-
ila HAT (Dmel\HAT) genes that are homologous to the
human HAT genes TIP60 and ELP3: We first wanted
to identify the human HAT homolog of MYST family
member TIP60. Additionally, we also set out to identify
the human HAT homolog of GNAT family member
ELP3 in Drosophila so that we could compare the de-
velopmental expression profiles of two different HAT
family members. Conserved sequences within the hu-
man TIP60 (hTIP60) and ELP3 (hELP3) genes were
used to query the Drosophila Genome database for
genomic DNA encoding homologous sequences. A sin-
gle genomic clone mapping to band 4A6-Bl on the X
chromosome showed significant homology to hTIP60
while a single genomic clone mapping to band 24F2 on
the 2L. chromosome demonstrated significant homol-
ogy to hELP3. Sequences corresponding to these re-
gions were used to conduct a BLAST search of the
Drosophila EST library at FlyBase and cDNA sequences
were identified that diplayed high homology to the
hTIP60 sequence (listed as CG6121) and hELP3 se-
quence (listed as CG15433). Embryonic EST cDNA clones
were identified for each Dmel\HAT (clone LD31064 for
Dmel\TTP60 and RE35395 for Dmel\ELP3) and these
clones were purchased and sequenced. The full se-
quence was determined for the ORF of each ¢cDNA
Dmel\HAT clone, designated Dmel\ITTP60 and Dmel\
ELP3, and aligned with its respective cDNA sequence
identified in FlyBase, confirming a full ORF and a cor-
rect sequence identity for each Dmel\HAT construct.

Analysis of the conceptual translation products for
both Dmel\I'TP60 and Dmel\ELP3 provided evidence
that these Drosophila genes are homologs of the human
HATs TIP60 and ELP3. First, alignments between each
Dmel\HAT and its human HAT counterpart demon-
strated significant homology over their entire coding
sequences: Dmel\Tip60 is 58% identical/67% similar
and Dmel\Elp3 is 82% identical/91% similar (Figure 1,
A and B; Figure 2, A and B). Additionally, the Dmel\
Tip60 transcript was found to contain an open reading
frame of 1626 bp, encoding a protein of 541 aa with a
predicted molecular mass of 61.2 kDa, in good agree-
ment with the apparent molecular mass of human TIP60
(IkUrA et al. 2000). The ELP3 transcript contained an
OREF of 1659 bp, producing a protein of 552 aa with a

smel\TipGO 7
hTip60 — )
] Chromo Domain
W//////////M MYST Domain
100 aa
B
Dmel\EIp3 — N>
hElp3 —= I

Hypothetical Demethylation

HAT Domain

(T

100 aa

FicUure 1.—MYST family member Dmel\Tip60 and GNAT
family member Dmel\Elp3 proteins are highly conserved with
their human homolog counterparts. (A) A schematic (drawn
to scale) of the conserved domains and their location within
the Dmel\Tip60 and hTip60 proteins. Both proteins contain
(from left to right) an N-terminal chromodomain and a
C-terminal MYST functional domain. For Dmel\Tip60, the
chromodomain is 70% identical/87% similar and the MYST
domain is 80% identical/89% similar to hTip60. (B) Sche-
matic (drawn to scale) of the conserved domains and their lo-
cation within Dmel\Elp3 and hElp3 proteins. Both proteins
contain an N-terminal putative histone demethylation do-
main and a C-terminal HAT domain. For Dmel\Elp3, the pu-
tative histone demethylation domain is 88% identical/94%
similar and the HAT domain is 85% identical/93% similar
to hEIp3. (Structural domains were obtained by CDART,
NCBI.)

predicted molecular mass of 62.8 kDa, shown to be the
approximate molecular mass for the human Elp3 pro-
tein (HAWKES et al. 2002). Finally, structural protein
data obtained using the conserved domain architecture
retrieval tool (CDART) at NCBI revealed that the pre-
dicted protein domains specific for Dmel\I'ip60 and
Dmel\EIp3 and their locations within each Dmel\HAT
protein are highly conserved between human and
Dmel\HAT counterparts (Figure 1, A and B; Figure 2,
A and B). Both Drosophila and human MYST family
member Tip60 contain an N-terminal chromodomain
and a C-terminal MYST domain, while both Drosophila
and human GNAT family member Elp3 contain an
N-terminal putative histone demethylation domain and
a C-terminal HAT domain. As expected, each of these

»

»

FIGURE 2—DmeNTip60 and Dmel\Elp3 are evolutionarily conserved among different species. Shown are the predicted amino
acid sequences for the proteins encoded by (A) Dmel\I'ip60 and (B) Dmel\Elp3 and their alignment with sequences encoded by
ORFs from Homo sapiens (H.s.), M. musculus (M.m.), D. rerio (D.r.), C. elegans (C.e.), A. thaliana (A.t.), and S. cerevisiae (S.c.). In-
terspecies homology ranges from 29 to 56% identity (D.r. to M.m.)/41 to 68% similarity (D.r. to M.m.) for Dmel\T'ip60 and
70-82% identity (A.t. to H.s.)/82-92% (A.t. to H.s.) similarity for Dmel\Elp3 over their entire coding region. Solid boxes
and shaded backgrounds represent identical and similar amino acids, respectively. Alignment was carried out by Genedoc.
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conserved domains showed significant homology to one
another: for dTip60, the chromodomain is 70% identical /
87% similar and the MYST domain is 80% identical/
89% similar; and, for Dmel\Elp3, the HAT domain is
85% identical/93% similar while the putative histone
demethylase domain is 88% identical /94% similar to its
human homolog counterparts. Protein sequence anal-
ysis of a number of Dmel\I'ip60 and Dmel\Elp3 homo-
logs in a variety of different species in addition to humans,
including Mus musculus, Danio rerio, Caenorhabditis elegans,
Arabidopsis thaliana, and Saccharomyces cerevisiae, dem-
onstrated that such HAT conservation for both Dmel\
Tip60 and Dmel\Elp3 is evolutionarily well conserved
(Figure 2, A and B). The significant sequence and struc-
tural similarity between each Dmel\HAT and its human
HAT counterpart strongly indicates that these newly iso-
lated Drosophila genes are homologs of human TIP60
and ELP3.

Dmel\TIP60 and Dmel\ELP3 are differentially ex-
pressed during Drosophila development: The mecha-
nism underlying the regulation of HAT activity remains
unclear. Although detailed analysis of HAT expression
throughout development is limited, studies analyzing
HAT expression profiles suggest that a number of HATS,
including HBOI1, TIP60, CBP, P/CAF, and GCNb, are
controlled, at least in part, through their differential
regulation in certain tissues (XU et al. 1998, 2000; Iizuka
and STILLMAN 1999; STROMBERG et al. 1999; LoucH
2002; MCALLISTER et al. 2002). To determine whether
different families of HATs might also be regulated
throughout development, we examined the expression
profiles of MYST family member Dmel\TTP60 and
GNAT family member Dmel\ELP3 genes in all stages
of Drosophila development using a real-time RT-PCR
assay. RNA was isolated from staged D. melanogaster (12-
to 24-hr staged embryos; first, second, and third instar
larvae; pupae; adult flies) and DNasel treated. cDNAs
were generated from equal amounts of RNA for each
developmental stage by RT priming with random hex-
amers. The RT products were then amplified in a real-
time PCR assay using primer pairs corresponding to a
region specific for each Dmel\HAT, and expression
levels were displayed in absolute values. We found that
transcript levels of both HATs significantly peaked in the
embryo, sharply decreased to almost undetectable levels
by the second instar larvae stage, and then gradually
increased as development proceeded, reaching a second,
albeit lower, peak of expression in the adult fly (Figure
3). Interestingly, although exact levels of Dmel\I'TP60
and Dmel\ELP3 expression differed at each Drosophila
stage tested, the trend of these levels throughout develop-
ment was similar for both HATs. These data demonstrate
that Dmel\TTP60 and Dmel\ELP3 are each differen-
tially expressed throughout Drosophila development.

Plasmid-mediated Dmel\TIP60 dsRNA production in
a Drosophila embryonic cell line reduces cell viability
and Dmel\TTP60 mRNA levels: We found that levels of

1e+5 4
I Dmel\TIP60
1e+4 - T [ Dmel\ELP3
S
Y
£
E 1e+3 T
>
2
S
1e+2 4
< e
Z,
~
1e+1 A
1e+0 T T
& X3 & & & a
M T S
No r1$\ o Nl

Developmental Stages

FIGURE 3.—Dmel\TTP60 and Dmel\ELP3 are each differen-
tially expressed during Drosophila development. We performed
real-time PCR analysis of Dmel\TTP60 and Dme\ELP3 tran-
script levels using stage-specific D. melanogaster cDNAs (12- to
24-hr staged embryos; first, second, and third instar larvae;
pupae; adult flies) prepared by RT priming of DNase-treated
RNA with random hexamers and PCR primer sets amplifying
200-bp regions specific for each dHAT. The histogram depicts
RNA copy number (mean + SD) in logarithmic scale of at
least three independent experiments for both Dmel\TTP60
and Dmel\ELP3 in each stage of development. SYBR-green
kit and Opticon2 system (M] Research) were used for real-
time detection and data analysis. All data shown are corrected
for —RT background.

Dmel\TTP60 and Dmel\ELP3 expression dramatically
peaked in the Drosophila embryo, supporting an impor-
tant role for these Dmel\HATs during embryogenesis.
Therefore, we wanted to decipher their function during
early development. As no characterized Dmel\ITP60
and Dmel\ELP3 mutant alleles exist to date, we chose to
silence specific endogenous HAT expression in a variety
of tissues, cell types, and stages of development of choice
by using an inducible GAL4-targeted RNAi-based system
in Drosophila. In this RNAi/GAL4 system, expression of
an inverted-repeat transgene of choice triggers double-
stranded RNA (dsRNA)-mediated post-transcriptional
gene silencing (FORTIER and BELOTE 2000; KENNERDELL
and CARTHEW 2000). This method is used in conjunc-
tion with the targeted GAL4/UAS binary system (BRAND
and PERRIMON 1993) to control expression of the inverted-
repeat transgene in both a developmental and cell-type-
restricted fashion.

We chose to initially focus our studies on Tip60, as
this HAT has been previously reported to play a wide
range of biological roles essential for numerous cellular
processes (CLARKE e al. 1999; IKURA et al. 2000; REID
et al. 2000; BIRD et al. 2002; CEoL and HorviTz 2004;
HA1LKIDOU et al. 2004; KuscH et al. 2004; LEGUBE et al.
2004). To create the Dmel\I'TP60/RNAi construct, we
selected a 613-bp RNAi nonconserved target sequence
specific for Dme\I'TP60 (Figure 4A). BLAST searches
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£ Polylinker: ATCTA (Added by PCR)

Ficure 4.—Structure of the pUAST Dmel\ITP60/RNAi
and control constructs. (A) Schematic of the Dmel\TTP60
OREF. Solid arrow represents the location of the 613-bp RNAi
nonconserved target sequence chosen for use in creating the
following constructs. (B) Schematic of the Dmel\I'TP60/RNAi
construct. The 613-bp RNAi target cDNA sequence was ampli-
fied by PCR using the cDNA Dmel\TTP60 clone reported here
as template and cloned into a sense—antisense inverted gene
arrangement in the inducible expression vector (pUAST) un-
der the control of GAL4-UAS-binding sites. A PCR-generated
polylinker and the common restriction site that joins the in-
verted cDNA fragments separate the cloned repeats and serve
as the “hinge” region of the hairpin. (C) Schematic of the
Dmel\TIP60/control construct. The same RNAi cDNA target
sequence was cloned into a sense—sense orientation and sep-
arated by the same short polylinker as described above.

using this sequence ensured nonredundancy within the
genome. The chosen Dmel\I'TP60 cDNA fragment was
cloned into the inducible expression vector (pUAST)
under the control of GAL4-UAS-binding sites in a sense—
antisense inverted gene arrangement predicted to form
a double-stranded RNA hairpin that would induce an
RNAI response. This plasmid was designated the Dmel\
TIP60/RNAI construct (Figure 4B). A control construct
was created in which the same RNAi target sequences
were cloned into a sense—sense orientation so that the
control construct would not induce RNAI. This plasmid
was designated the Dmel\I'1P60/ control construct (Fig-
ure 4C). Both the sense-antisense and sense—sense
sequences in each of the constructs were separated by
a short polylinker that served as the “hinge” region of
the hairpin arrangement.

To initially test whether our Dmel\I'TP60/RNAi con-
struct would potently downregulate endogenous Dmel\
TIP60 expression and result in phenotypic defects, we
utilized the Drosophila embryonic D.mel-2 cell-culture-
based system (Figure 5, A and B). The Dme\I'TP60/
RNAI sense—antisense repeat and Dmel\I'TP60/control
sense—sense sequences were each subcloned into the
pAc5.1/V5-HisA vector under the control of an active
actin promoter. Both the DmeI\I'TP60/RNAi and con-
trol constructs were transiently transfected into D.mel-2
cells and visualized using phase/contrast optics 24 hr
post-transfection. We observed morphological defects
in cells transfected with the Dmel\TIP60/RNAi con-
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F1GURE 5.—The transient transfection of D.Mel-2 cells with
the Dmel\TIP60/RNAi construct results in deleterious effects
on cell growth and reduction of endogenous Dmel\TTP60
transcript levels. (A-D) D.Mel-2 cells visualized at X200 mag-
nification using phase/contrast optics. (A) Cells transiently
transfected with pAcb.1/V-5-His/LacZ (unstained). (B) The
same cells as in A stained with X-Gal showing transfection ef-
ficiency at 77%. (C) Cells transiently transfected with Dmel\
TIP60/ control construct, shown 24 hr post-transfection. (D)
Cells transiently transfected with Dmel\I'TP60/RNAi con-
struct, shown 24 hr post-transfection. Arrows point to mor-
phologically defective cells. (E) Semiquantitative RT-PCR
analysis of Dmel\TTP60 and RP49 transcript levels. RNA was
isolated from cells (shown above) 24 hr post-transfection.
Equal amounts of RNA for each sample were subjected to
cDNA preparation using RT priming with random hexamers
and PCR using primer sets specific for Dmel\I'P60 that did
not amplify RNAi target sequences and primer sets specific
for RP49 internal control. All experiments shown were re-
peated at least three independent times with consistent results.

struct. These cells were found to grow poorly, suffering
~50-70% lethality 24 hr post-transfection (Figure 5D).
Additionally, DmeI\TTP60/RNAi induction appeared to
disrupt mitotic cell cycle progression, as those cells that
did survive were larger than the wild-type and control
cells and appeared to be arrested during cytokinesis.
None of these defects were observed in cells transfected
with the Dmel\I'TP60/control construct (Figure 5C).
These results demonstrate that Dmel\I'TP60/RNAi pro-
duction in a Drosophila embryonic cell line results in
cellular defects and lethality, supporting an essential
role for Dmel\TIP60 in early development.

To determine whether the Dmel\I'TP60/RNAi con-
struct downregulates endogenous Dmel\I'TP60, RNA
was isolated from cells transfected with either the Dmel\
TIP60/RNAIi or the Dmel\I'IP60/control construct 24 hr
post-transfection and DNasel treated. Interestingly,



1236 X. Zhu et al.

RNA isolated from cell plates transfected with the
Dmel\TTP60/RNAi construct was found to be consis-
tently and significantly lower in concentration than
RNA isolated from cells transfected with the Dmel\
TIP60/control construct (data not shown). This resultis
likely due to cell lethality occurring in the Dmel\I'TP60/
RNAI test cell lines (Figure 5D). cDNAs were generated
from equal amounts of RNA for each transfection
sample by RT priming with random hexamers. The RT
products were amplified in a semiquantitative RT-PCR
assay using primer pairs specific for each Dmel\I'TP60
that did not amplify dsRNA species. The gene for the
RP49 ribosomal protein was also amplified from each
sample and served as an internal control. Our results
revealed that endogenous Dmel\TTP60 is reduced in
RNAi samples when compared to control samples,
whereas RP49 expression remained unaffected. These
observations indicate that our Dmel\TIP60/RNAi con-
struct effectively and specifically inhibits endogenous
Dme\I'TP60 RNA production.

Dmel\TTP60 is essential for Drosophila development:
To confirm and further explore our finding that Dmel\
TIP60 is required for cell viability, we used a GAL4-
targeted RNAi knockdown system to induce silencing of
endogenous DmeI\I'TP60 expression in the Drosophila
multicellular model setting. Flies were transformed with
our Dmel\ITP60/RNAi and control GAL4-inducible
pUAST constructs, and three independently derived
transgenic fly lines with insertions for each of the con-
structs were chosen for use. The insertions were homo-
zygous viable and did not cause any observable mutant
phenotypes in the absence of GAL4 induction.

On the basis of our previous findings that the actin
promoter (Act5C) induced potent Dmel\I'TP60 RNAi
knockdown in the Drosophila cell culture line, we chose
to induce Dmel\ITP60/RNAi and control transgene
expression in the fly using the Act5¢-Gal4 driver strain
(Bloomington Stock Center no. 4414), as this actin
driver expresses robust levels of GAL4 constitutively
and ubiquitously early in embryogenesis (CHAVOUS et al.
2001; RorLLINS et al. 2004). We found that when the
Act5¢-Gal4 driver was used to induce transgene expres-
sion at 25°, each of the three Dmel\I'TP60/RNAI inser-
tion lines reduced survival to 0% that of all three Dmel\
TIP60/control insertion lines (Table 1). In each case,
lethality for the majority of flies occurred during early
pupal development, which was the latest stage that flies
were able to survive. The flies that did survive until this
stage showed essentially wild-type development. As an
internal control, Act5cflies are hemizygous for the GAL4
driver over a CyObalancer chromosome (P{Act5¢-Gal4}y/
Cy0 y") and thus ~50% of flies are expected to eclose
due to no GAL4 production in half of the progeny in any
given cross. Thus, to determine whether a significant
percentage of flies died earlier than the pupal stage, the
total number of dead, noneclosed GAL4" (y;Cy*) pupae
was compared to the total number of non-RNAi-induced

TABLE 1

Ubiquitous expression of Dmel\TIP60/RNAi in three
independent fly lines results in total
lethality of developing flies

Fly lines” GAL4" (y; Cy")"  GAL4 (y*; Oy)’
Dmel\TTP60/RNAi/A 0x0 49 = 11
Dmel\TIP60/RNAi/B 0x0 53 + 12
Dmel\TIP60/RNAi/C 0*x0 57 = 14
Dmel\TTP60/control/A 67 * 16 63 + 7
Dmel\TTP60/control/B 57 £ 0 59 £ 8
Dmel\TTP60/control/C 69 + 3 67 = 12

“Three flies homozygous for either Dmel\I'TP60/RNAi or
Dmel\TTP60/control P-element insertions were mated to
three flies homozygous for the actin GAL4 driver line Act5¢-
GAL4: (Dmel\I'TP60/RNAIi or control X P{Act5¢GAL4}/ CyO,
y"). For Dme\I'TP60/RNAI lines, the P-element insertion is
located on the X chromosome for line A and on the second
chromosome for lines B and C. For Dmel\I'TP60/control lines,
the P-element insertion is located on the second chromosome
for line A and on the X chromosome for lines B and C.

’Adult progeny were counted over a 10-day period and
scored for either GAL4" (y;Cy") or GAL4~(y";Cy) phenotypes.
All three Dmel\TTP60/RNA:i lines strongly reduced viability to
0% that of the Dmel\TIP60/control lines. Lethality for the
majority of flies occurred during pupal development. The re-
sults are reported as mean £SD (n = 3).

GAL4™ (y",;(y) flies that eclosed over a 10-day period. We
found that although no Dmel\I'TP60 RNAi-induced
GAL4" (y;Cy*) flies were found to eclose, the number
of dead pupae was significantly lower than the number
ofviable GAL4~ (y";Cy)flies for one of the DmeI\I'TP60/
RNAI insertion lines tested. A comparison of the number
of such “missing” dead pupae with the total number of
eclosed GAL4~ (y*;Cy) flies demonstrated that for
Dmel\TTP60/RNAi/A, 24% of the Dmel\TTP60/RNAi-
induced flies must have died sometime earlier than
pupal development (data not shown). The variation in
lethality observed between fly lines is likely due to
position effects on transgene expression. Our results
demonstrate that early and ubiquitous induction of
Dmel\ITP60/RNAi in the fly using an actin-specific GAL4
driver results in total lethality for each of the three
Dmel\I'TP60/RNAi insertions tested, supporting an
essential role for Dmel\I'TP60 in multicellular develop-
ment and the feasibility of our inducible GAL4-targeted
HAT/RNAi knockdown system in Drosophila.

We next wanted to determine whether GAL4-induced
expression of Dmel\I'TP60/RNAi reduced endogenous
Dmel\I'TP60 transcripts. Because Act5¢ flies are hemi-
zygous for the GAL4 driver, only 50% of the progeny
in any given cross will induce the Dmel\I'TP60/RNAi
transgene, making analysis of endogenous Dmel\I'TP60
downregulation using this GAL4 driver problematic.
We therefore chose to induce Dmel\I'TP60/RNAi and
control transgenes using the ubiquitous homozygous
GAL4 driver 337 (ELEFANT and PALTER 1999). Progeny



Dmel\TTP60 in Drosophila Development 1237

resulting from a cross between three independently de-
rived homozygous Dmel\I'TP60/RNAi or Dme\ITP60/
control fly lines and GAL4 line 337 were allowed to
develop to the third instar larval stage, before lethality
in the early pupal stage was shown to occur (data not
shown). RNA was isolated from three third instar larvae
from each of the above crosses and DNasel treated.
cDNAs were prepared from equal amounts of each RNA
sample by RT priming with random hexamers. The RT
products were amplified in a semiquantitative RT-PCR
assay using primer pairs specific for Dmel\TTP60 that
did not amplify dsRNA species. The gene for the RP49
ribosomal protein was also amplified from each sample
to serve as an internal control. Our results revealed that
endogenous Dmel\TIP60 transcript levels were signifi-
cantly reduced in RNAi samples from each of the three
independently derived Dmel\I'IP60/RNAi fly lines
when compared to samples obtained from each of the
three independently derived Dmel\TTP60/control fly
lines (Figure 6). These observations demonstrate that
GAL4-induced Dme\ITTP60/RNAi expression robustly
inhibits endogenous DmeIl\ITP60 RNA production.
Targeted expression of Dmel\TTP60/RNAi in the
mesoderm and muscle cells of Drosophila results in
lethal muscle mutant phenotypes: To further test the
specificity of our newly developed GAL4-targeted Dmel\
TIP60/RNAi knockdown system, we wanted to deter-
mine whether targeting Dmel\I'TP60/RNAi knockdown
to specific tissues would result in phenotypes that were
distinctive for a given particular tissue type. As our in situ
analysis of Dmel\I'1IP60 transcripts demonstrated that
Dmel\I'TP60 is expressed in the muscle cells during
embryogenesis (our unpublished results; data not shown;
similar results in BDGP), we chose to induce Dmel\
TIP60/RNAi and control transgene expression in the fly
using the GAL4 line 24B (P{GawB}how’"), as this driver
produces high levels of GAL4 specifically in the pre-
sumptive mesoderm and muscle cells during early
embryogenesis (BRAND and PERRIMON 1993). Three in-
dependent fly lines containing either DmelN\ITP60,/RNAi
or control transgenes were crossed to the mesoderm/
muscle GAL4 line 24B at 25° and the resulting pheno-
types were assessed. We found that all three fly lines
expressing the Dmel\I'TP60 control transgene showed
normal development and no observable defective
phenotypes when their expression was targeted to the
mesoderm/muscle cells, similar to our results for the
actin-specific Act-5¢ and the ubiquitous 337 GAL4
drivers. However, when expression of the Dmel\I'TP60/
RNAI transgene was induced in the mesoderm/muscle
cells, we observed a reduction in viability to 0, 40, and
29% (for lines Dmel\T'IP60/RNAi/A, -B, and -C, re-
spectively) that of the Dmel\I'TP60 control lines (Table
2). Significantly, the lethal phenotypes that we observed
were different from those of the Act-5¢ and 337 GAL4
driver lines in that, depending on the insertion line
tested, the flies died at a broad range of developmental

Dmel\TIP60/Control  DmelNTIP60/RNAI
A B C A B C

RP49

F1GURrE 6.—Expression of Dmel\TTP60/RNAi in three inde-
pendent fly lines reduces endogenous Dmel\TTP60 levels. (A)
Progeny resulting from a cross between homozygous Dmel\
TIP60/RNAi (independent lines Dmel\I'TP60/RNAi/A, -B,
and -C) or Dmel\I'TP60/control (independent lines Dmel\
TIP60/control/A, -B, and -C) and ubiquitous GAL4 line
337 were allowed to develop to the third instar larval stage.
RNA was isolated from three third instar larvae progeny
and subjected to semiquantitative RT-PCR analysis. cDNAs
were obtained from equal amounts of RNA for each sample
using RT priming with random hexamers. PCR primer sets
were specific for either Dmel\I'TP60 that did not amplify
Dmel\I'TP60 RNAI target sequences or RP49. All RT-PCR ex-
periments included negative (—RT) controls for both Dmel\
TIP60 and RP49, which showed no background in all samples
tested (data not shown). All experiments were repeated at
least twice with consistent results. This figure shows RT-
PCR analysis of one representative experiment.

stages, beginning from early pupae to directly before fly
eclosion. Importantly, the dying flies resembled those of
known muscle mutants (FYRBERG et al. 1994) in that the
apparent cause of lethality later in development was due
to their inability to eclose from their pupal casings (data
not shown). The variation in developmental lethality
that we observed for different insertion lines is likely
caused by position effects on transgene expression, with
higher levels of Dmel\ITP60/RNAIi transgene expres-
sion resulting in lethality earlier in development. Notably,
the fly insertion line DmeIl\ITTP60/RNAi/A consistently
resulted in the earliest developmental lethality of all
three Dmel\I'P60/RNAIi insertion lines when tested
with the actin Act-5¢, ubiquitous 337, and mesoderm/
muscle 24B GAL4 drivers, indicating that this is the
strongest expresser of our three independent Dmel\
TIP60/RNAI fly lines (Tables 2). These results demon-
strate the feasibility of targeting different levels of Dmel\
TIP60 knockdown specifically to certain cells and tissue
types and also suggest that Dmel\I'P60 is essential for
proper muscle formation in the developing fly.

DISCUSSION

The importance of histone acetylation in chromatin
control and gene regulation supports a critical role for
HAT function in promoting the rapidly changing gene
expression profiles that drive developmental processes
(RotH et al. 2001). However, the specialized roles of
certain HATs in a multicellular developmental setting
remains to be explored. Thus, we set out to identify
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TABLE 2

Mesoderm/muscle-specific expression of Dmel\TIP60/RNAi
in three independent fly lines results in a range of lethal
effects during fly development

Fly lines” Adult’ Dead pupae’
Dmel\TTP60/RNAi/A 0*+0 113 £ 26
Dmel\TTP60/RNAi/B 63 + 15 74 + 13
Dmel\I'TP60,/RNAi/C 46 £ 5 101 = 10
Dmel\TTP60/control/A 120 = 19 1+1
Dmel\TTP60/control/B 179 = 40 1+1
Dmel\TTP60/control/C 173 = 14 2+*1

“Three flies homozygous for either Dmel\I'TP60/RNAi or
Dmel\I'TP60/control P-element insertions (for P-element
chromosomal locations, see Table 1) were mated to three flies
homozygous for the mesoderm/muscle GAL4 driver line 24B.

’ Progeny were counted over a 10-day period and scored for
either viable adults or dead pupae. To calculate the effect of
RNAI on viability, viable progeny for each of the Dmel\TTP60/
RNAIi independent lines was divided by the total combined
number of viable progeny for the three Dmel\I'TP60/ control
lines. Independent insertions Dmel\ITP60/RNAi A, -B, and -C
reduced viability to 0, 40, and 29%, respectively, that of the
Dmel\TIP60/control lines. Lethality for the flies occurred
during a broad range of developmental stages from early pu-
pae to directly before fly eclosion. The results are reported as
mean =SD (n = 3).

human HAT family homologs in Drosophila (Dmel\
HATS) to elucidate their human relevant developmental
functions in the multicellular Drosophila model setting.
Using homology searches of the Drosophila genome, we
identified the human homologs of MYST family mem-
ber TIP60 (Dmel\TTP60) and GNAT family member
ELP3 (Dmel\ELP3). Our isolation and characterization
of the cDNA clones encoding these genes demonstrated
high conservation to their human counterparts in terms
of both their amino acid sequence identity and location
of conserved protein domains. Importantly, while this
work was in progress KuscH et al. (2004) purified the
dTip60 multiprotein complex from Drosophila embry-
onic S2 cells and demonstrated by mass spectrometer
and sequence analysis that this complex is structurally
homologous to its human counterpart and that the
dTip60 protein component is encoded by the Dmel\
TIP60 gene that we report here, supporting our con-
clusion that Dmel\TTP60 is the Drosophila homolog of
human TIP60.

Our analysis of Dmel\I'TP60 and Dmel\ELP3 expres-
sion levels using real-time PCR demonstrated that both
Dmel\HATSs are differentially expressed throughout Dro-
sophila development. These results suggest that, in
addition to being regulated by specific protein partners
(MARMORSTEIN and RoTH 2001), HAT activity may also
be controlled, at least in part, by their developmental
regulation. In support of this idea is the observation that
mice heterozygous for null alleles for each of the p300,
CBP, and GCN5 HATs show less severe developmental

defects than do homozygous null alleles, demonstrating
that the overall dosage of HATs is critical for develop-
mental processes (Xu et al. 2000; RoTH et al. 2001). We
also observed that both Dmel\TTP60 and Dmel\ELP3
expression peaked in the embryo, consistent with
studies demonstrating the importance of chromatin
control in early development (PATTERTON and WOLFFE
1996) . Importantly, high levels of embryonic expression
are not the case for all HATs as shown by studies
demonstrating that GCNb) is expressed at high levels
in the mouse embryo whereas expression levels of the
HAT P/CAF are virtually undetectable (XU et al. 1998).
These data, in conjunction with the HAT expression
data reported here, suggest that only certain HATs may
be essential for embryogenesis to proceed.

Although research on HATs in multicellular systems is
still limited to date, knockout studies of p300, CBP
(TANAKA et al. 1997; RoTH et al. 2003), and GCN5 (XU
et al. 2000) in mice and of CBP (AKIMARU et al. 1997),
HBO1 (GRIENENBERGER et al. 2002), and MOF (SmiTH
et al. 2001) in Drosophila have revealed essential roles
for these HATs during development. Significantly, the
phenotypic defects that arise from such different HAT
knockouts are not identical. GCNb is essential for mouse
development and formation of several mesoderm tis-
sues while PCAF is dispensable (Xu et al. 2000), and
differential roles for CBP and p300 in heart, lung, small
intestine (SHIKAMA ef al. 2003), and muscle development
(RoTH et al. 2003) have been reported. Taken together,
these studies indicate that HATs carry out specific func-
tions required for proper multicellular development
(RoTH et al. 2001). Here, we show that reducing endog-
enous Dmel\TIP60 expression by RNAi either in all
tissues or specifically in the mesoderm/muscles of the
developing fly results in lethality. Our results extend
prior HAT knockout studies and add Dmel\TTP60 to the
growing list of HATs that carry out potentially special-
ized roles essential for multicellular development.

Prior studies on the yeast TIP60 homolog ESAIl
demonstrated that temperature-sensitive yeast esa mu-
tant cells were found to be arrested during cell division
with a G9/M stage DNA content and partially depleted
acetylated H4 levels, thereby linking Esal HAT function
to cell cycle control via potential transcriptional regula-
tory events (CLARKE et al. 1999). Consistent with these
results, we observed that Dmel\ITP60 depletion in the
Drosophila D.Mel-2 cell culture line resulted in a lethal
phenotype reminiscent of mitotic cell cycle progression
defects. Cells that did survive were larger than wild-type
and control cells and appeared unable to complete
cytokinesis, supporting a role for Dmel\I'P60 in meta-
zoan embryonic cell division. We also found that either
ubiquitous or mesoderm/muscle-specific depletion of
Dmel\TTIP60 in our GAlL4-inducible HAT knockdown
system resulted in lethality for all three independent
Dme\TTP60/RNAI insertion fly lines tested, with the
majority of flies dying during early pupal development.
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Thus, as development proceeds, depletion of Dmel\
TIP60 may result in the disruption of cell processes shown
to require Dmel\ITP60, such as cell cycle progression
(CLARKE ¢t al. 1999), apoptosis (IKURA et al. 2000; LEGUBE
et al. 2004), and DNA repair (BIRD et al. 2002), as well
as disruption of cell-type-specific developmental path-
ways, culminating in lethality caused by an accumula-
tion of cell defects that accrue over time, all possibilities
that we are currently exploring.

HATSs execute acetylation profiles required for target
gene regulation and thus their misregulation is linked
to numerous types of cancers and developmental de-
fects (PETRIJ et al. 1995; MAHLRNECHT el al. 2000; STEFFAN
et al. 2001; ROELFSEMA et al. 2005; CLOSE et al. 2006). The
importance of TIP60 is underscored by studies demon-
strating its involvement in both normal cellular pro-
cesses and abnormal ones resulting in oncogenesis and
developmental disorders. For example, overproduction
of Tip60 in the nucleus of prostate cells is associated
with androgen-resistant prostate cancer (HALKIDOU et al.
2003; SapounTzI et al. 2006). Tip60 is also associated
with numerous disease-related proteins, including the
c-MYC oncoprotein (FRaNK et al. 2003; PATEL et al.
2004), proteins involved in hematological malignancies
(CHAMBERS et al. 2003; NORDENTOFT and JORGENSEN
2003), and Alzheimer’s-associated amyloid precursor
protein (APP) (BAEK el al. 2002; Kim et al. 2004). Inter-
estingly, overproduction of the C terminus of APP
induces an increase in histone acetylation that signifi-
cantly enhances neurotoxicity, implicating Tip60 HAT
mistargeting in Alzheimer’s disease (Kim et al. 2004).
Our isolation and characterization of Dmel\ITP60, in
conjunction with our newly developed inducible and
targeted HAT knockdown system in Drosophila, will
allow us to effectively study the roles of TIP60 and other
chromatin regulators in both multicellular develop-
ment and epigenetic-based disorders.
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