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ABSTRACT

We identified and characterized the Drosophila gene ear (ENL/AF9-related), which is closely related to
mammalian genes that have been implicated in the onset of acute lymphoblastic and myelogenous leuke-
mias when their products are fused as chimeras with those of human HRX, a homolog of Drosophila
trithorax. The ear gene product is present in all early embryonic cells, but becomes restricted to specific
tissues in late embryogenesis. We mapped the ear gene to cytological region 88E11-13, near easter, and
showed that it is deleted by Df(3R)ea’”*!, a small, cytologically invisible deletion. Annotation of the
completed Drosophila genome sequence suggests that this region might contain as many as 26 genes,
most of which, including ear, are not represented by mutant alleles. We carried out a large-scale noncom-
plementation screen using Df(3R)ea’”*' and chemical (EMS) mutagenesis from which we identified seven
novel multi-allele recessive lethal complementation groups in this region. An overlapping deficiency,
Df(3R)Po’, allowed us to map several of these groups to either the proximal or the distal regions of
Df(3R)ea’™'. One of these complementation groups likely corresponds to the ear gene as judged by map

location, terminal phenotype, and reduction of EAR protein levels.

ANY human acute leukemias [acute lymphoblas-

tic (ALL) and acute myelogenous leukemias]

have been associated with chromosome disruptions that
affect a gene residing at the 11q23 locus. The disrupted
gene encodes a protein with limited, though significant,
homology to the Drosophila trithorax (trx) protein and
was thus named HRX (Human trithoRaX). The HRX
gene (also known as ALL-1 and MLL) is rearranged in
nearly 20% of all acute leukemias and >75% of infant
acute leukemias (reviewed in BERNARD and BERGER
1995; WARING and CLEARY 1997), as well as 85% of
secondary leukemias resulting from treatment of neo-
plastic diseases with Topoisomerase Il inhibitors (SUPER
et al. 1993). Various chromosomal aberrations affecting
HRX have been described, including internal duplica-
tions, deletions clustered around exon 8, and chimeric
fusions with as many as 30 different genes on other
chromosomes (TRKACHUK et al. 1992; FORD et al. 1993;
RowLEY 1993, 1995, 1998; RiDGE and WIEDEMANN 1994;
SCHICHMAN et al. 1994; LOCHNER et al. 1996; RUBNITZ
et al. 1996; WARING and CLEARY 1997; SAHA et al. 1998).
HRX, like Drosophila trx, is widely expressed during
embryogenesis and its transcripts have been observed
in a variety of cell lines, including those derived from
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lymphoid, myeloid, epithelial, hepatic, and neural cell
lineages. On the basis of its physical similarity to rx, it
has been suggested that HRX encodes a DNA-binding
transcription factor and is involved in the regulation of
genes controlling human development and/or differen-
tiation (HANSON et al. 1999). The trx gene is required
for the maintenance, but not initiation, of homeotic
(Hox) gene expression in flies (MAzo et al. 1990; BREEN
and HARTE 1993; BREEN et al. 1995; INGHAM 1998).
Similarly, HRX knockout mice were embryonic lethal
and displayed skeletal and hematopoietic defects due
to a failure to sustain the expression of the mammalian
Hox genes, including HoxA7 and HoxC9 (YU et al. 1995,
1998). In vitro differentiation assays of HRX +/+, +/—,
and —/— yolk sac progenitor cells showed that HRX is
required for myeloid and macrophage differentiation
of early hematopoietic progenitors (HEss et al. 1997).
A surprising discovery was that many of the disrup-
tions of HRXwere actually reciprocal translocations that
fused the HRX protein to as many as 30 different partner
proteins on other chromosomes, in every known case
creating hybrid proteins (reviewed in CiMINO el al.
1998). Stabilization of the truncated HRX protein by
fusion to a variety of partners may alone be sufficient
for tumorigenesis (DoBsoN et al. 2000). However,
mounting evidence has implicated two of the more com-
mon HRX fusion partners, the ENL and AF9 proteins
(which are highly similar to each other), as serving a
critical role in the leukemogenic potential of the chime-
ric proteins (NAKAMURA et al. 1993; RUBNITZ et al. 1994).



1052 C. B. Zraly, Y. Feng and A. K. Dingwall

In particular, the rapid rate at which HRX-AF9 chimeric
mice develop tumors and gain-offunction features of
HRX-ENL and -AF9 fusions (SLANY et al. 1998; ADLER el
al. 1999) suggests that these HRX partners may have
important biological roles in tumorigenesis. In contrast
to wild-type HRX, expression of HRX-ENL and HRX-
AF9 fusions in cell lines can abrogate the apoptotic
effects mediated through the GADD34 protein follow-
ing ionizing radiation, suggesting that the fusions func-
tion to negatively regulate cell death induced by DNA
damage (ADLER et al. 1999).

Several lines of evidence suggest that the ENL and
AF9 proteins have roles in myeloid and/or lymphoid
cell lineage determination as positive and/or negative
transcription factors (RUBNITZ et al. 1994; CORRAL et al.
1996; LAVAU et al. 1997; SLANY et al. 1998; DOBSON et
al. 1999; GArcIA-CUELLAR et al. 2000, 2001). ENL and
AF9 are highly related to each other at their amino
and carboxy termini (>90% identity). Interestingly, the
conserved C termini of both ENL and AF9 can form
strong protein contacts with a novel member of the
human Polycomb protein family, hPc3, that functions
as a transcriptional repressor (GARCIA-CUELLAR el al.
2001). In flies and humans, members of the Polycomb
group of proteins are responsible for maintenance of
repression of target loci through effects on chromatin
(reviewed in GEBUHR et al. 2000; BRocK and vaN LoHUI-
zEN 2001). The ENL protein has an intrinsic transcrip-
tional activation capability in vivo that is mediated
through the hydrophobic carboxy-terminal region and
this same region is both necessary and sufficient for
HRX-ENL leukemogenic function (RUBNITZ et al. 1994).
ENL and AF9 also share significant although limited
homology with the yeast protein TFG3/TAF30/ANCI1
(RuBNITZ €t al. 1994). The distantly related yeast protein
is present in several transcription-promoting complexes,
including TFIID, TFIIF, and the SWI/SNF chromatin-
remodeling complex (CAIRNS et al. 1996). Further,
TFG3 can form specific associations with the SNF5 sub-
unit of the SWI/SNF complex, leading to the hypothesis
that chromatin remodeling might be involved in acute
leukemias. Also consistent with this, HRX-ENL fusion
proteins can associate with human SNF5/INI1 (ADLER et
al. 1999). This hypothesis seemed especially compelling
because the human homolog of SNF5, INI1/SMARCBI,
is disrupted in almost all cases of aggressive childhood
rhabdoid cancers (SEVENET et al. 1999) and the fly homo-
log of SNI5, known as snrl, is essential for normal develop-
ment (DINGWALL et al. 1995).

Although the structure-function studies summarized
above provide compelling evidence that the HRX fusion
partners AF9 and ENL are responsible for aspects of
the leukemic potential, there are no reports of any ENL
or AI'9 mutation independent of the HRX fusions, nor
are there any “knock-out” studies on ENL or AF9in any
mammalian system. To ascertain the biological func-
tions of ENL and AF9Y, and to determine whether they

interact functionally with factors required for cell fate
control, we sought first to determine whether ENL and
AF'9 were conserved. Here we report our identification
and characterization of a Drosophila homolog of both
ENL and AF9. We have named the fly gene ear (ENL/
Al'9related), which was previously referred to as ENL/
AF9 (Aovact and WASSARMAN 2000). We mapped the
Drosophila ear gene to the 88E11-13 cytological region
of the polytene chromosomes near the easter (ea) gene
that encodes a serine protease. Subsequently, annota-
tion of the completed fly genome sequence confirmed
our mapping results. Similar to the mammalian ENL
and AFY9, there are no reported mutations within the
ear gene. In addition to understanding the potentially
vital function of ear in development, analysis of loss-
of-function mutations in the gene should provide in-
sight into the molecular mechanisms underlying the
oncogenic potential of the mammalian genes. We used
a small 60-kb deficiency that removed both ea and ear
to carry out a noncomplementation screen to identify
specific mutant alleles of ear. Although our putative
ear mutant alleles did not exhibit significant genetic
interactions with genes involved in growth control or
transcriptional regulation, they did suggest that ear was
essential for normal development.

MATERIALS AND METHODS

Fly strains: Flies were raised on yeast/cornmeal/dextrose
medium at 25° in a humidified incubator (50-70% relative
humidity) unless otherwise noted. The mutations and chromo-
some aberrations used in this study are summarized in Table
1. All markers and special chromosomes used that are not
listed in Table 1 are described in LINDSLEY and Zimwm (1992) or
in FlyBase (http:/flybase.bio.indiana.edu). The Df(3R)ea’"*"!
deletion is an X-ray revertant of a dominant gain-of-func-
tion easter mutant, ea’’”? (ERDELYI and Szapap 1989). The
Df(3R)ea’™!, mwh, estrain was kindly provided by K. V. Ander-
son (Memorial Sloan Kettering Cancer Center, New York)
and the Tm2”and Tm2%strains by A. Kreuz (VillaJulie College,
Stevenson, MD). Additional strains used in our study were
obtained from the Bloomington Stock Center or the Umed
Stock Center.

The third chromosome tester strain used for the EMS muta-
genesis screen, carrying both the Df(3R)ea’”**! and snrI®mut-
ations but lacking the ebony (e) allele, was generated by recom-
bination. The double-mutant chromosome was verified by the
loss of the ¢ mutation and failure to complement both the
snrl®™ allele and Df(3R)Po’ that overlaps with the Df(3R)ea™"**!
deletion. The deletion of ea and ear on the tester chromosome
was verified by quantitative Southern blot analysis (see Figure
5; data not shown). Approximately 0.3% (1 out of 330) of the
tested recombinant chromosomes were of the appropriate
genotype.

A strain isogenic for the third chromosome that carried
appropriate recessive visible markers red and eand no recessive
lethal mutations was generated as described in ASHBURNER
(1989). A third chromosome balancer carrying a ubiquitously
expressed green fluorescent protein (GFP) transgene (w; Sb'/
TM3, Act-GFP, Ser') obtained from the Bloomington Stock
Center was used to identify homozygous mutant embryos and
larvae.
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TABLE 1

Drosophila strains used in this study

Genotype Recessive lethal Relevant phenotypes Cytological position”
Deficiencies
Df(3R)m5022”‘1, mwh, e/TM3, Sb, Ser + Dominant flightless 88F2-88F7
Df(3R)Po’/TM6B + Dominant flightless 88F7; 89A11-13
Df(3R)Po*/TM6B + 89A1-2; 89A11-13
P-element insertions
mwh' red' P{hs-neo} 137 ¢!, 1(3)/TM3, Sb' Ser' + 88F
" P{ry"72=PZ} Tm17*%” /TM3, ny™ Sb' Ser! + 88F1-2
y' W' P{w'"°=1lacW}(3)j6A6°° /TM6B, Tb' + 88F7-8
% Plry™ 2= PZ}1(3)06490°*" /TM3, € Sb' Ser! + 88F7-8
" P{ny*72=PZ}1(3)052797%° /TM3, ry"™* Sb' Ser’ + 89A1-2
mwh' red" P{hs-neo}l(3)neo43" ¢! /TM3, ry"* Sb' Ser' + 88E9-10
y' W'’ Plw* "= lacW}(3)j6A3°Y /TM3, Sb! + 88E11-12
" P{ry"'"7?=PZ} Hsc70-4">>"/TM3, ry"* Sb' Ser! + 88E8-9
Gene mutations
Tm2P/TM3, Sb, e + Dominant flightless 88F5 (Tm2)
Tm2%/TM3, Sb, e + Dominant flightless 88F5 (Tm2)
st! snk! srl ea' ¢ ca'/TM3, Sb! Maternal effect 88F2 (ea)
ru' st' ea™ sp’ ca' /TM1 Maternal effect 88F2 (ea)
w'S: snr12 JTM6B 83A (snrl)
w''8; snrl™ /TM6B 83A (snrl)

w'; snrl®, Df(3R)ea’**! /TM6B

W' ved, e (isogenic)

|+ + +

Dominant flightless

“ Available cytological positions of indicated loci were obtained from the BDGP database except for the breakpoints of
Df(3R)ea’’*!, which were based on our estimation from this study.

Molecular analysis of the ear gene: An ENL cDNA (RUBNITZ
et al. 1994) was labeled by random priming and used to screen
a Drosophila Agtl1 embryonic cDNA library (Clontech, Palo
Alto, CA) using hybridization conditions as described pre-
viously (DINGWALL et al. 1995). Positive hybridizing clones
were isolated and sequenced. Only partial clones containing
the 5’ end of the ear gene were obtained in this screen. Addi-
tional portions of the gene, including the 3’ end, were ob-
tained by screening a Canton-S embryonic cDNA library con-
structed in the Uni-ZAP XR vector (Stratagene, La Jolla, CA)
using the partial ear cDNA. A 3.56-kb full-length ear cDNA
clone (CZ1-11) was generated by combining two partial cDNAs
in the vector pZErO-2 (Invitrogen, Carlsbad, CA). The cDNA
was used to isolate Drosophila genomic phage clones (gp5
and gp9) that spanned the ear locus from an isogenic strain
library constructed in AEMBL3 (TAMKUN et al. 1991). The full
sequences of both the cDNA and genomic DNA spanning the
earlocus were obtained on both strands using specific primers.
Sequence alignments and database searches were performed
using the BLAST program.

RNA and protein analyses: Developmentally staged total
RNA as well as 0- to 20-hr embryonic poly(A)* RNA were
prepared as described (TAMKUN et al. 1992; DINGWALL et al.
1995). Random-primed genomic DNA and cDNA probes were
used for the Northern blot hybridizations using standard con-
ditions (SAMBROOK et al. 1989).

Polyclonal antibodies directed against the N-terminal portion
of the EAR protein [amino acids (aa) 32-198] were produced
in rats using an FEcoRI-Hinkered 502-bp Bglll-BamHI fragment
fused to glutathione-S-transferase in the vector pPGEX2TK (Amer-
sham Pharmacia, UK). Overnight collections of Oregon-R em-
bryos were fixed and immunostained for localization of the
EAR protein using whole rat antisera as described previously
(DINGWALL et al. 1995).

Antibodies directed against the C-terminal portion of the
EAR protein (aa 715-931) were produced using a Xhol-EcoRI
fragment fused to a poly-histidine moiety in the vector pTrcHis
(Invitrogen). C-terminal specific antibodies produced in rats
were partially purified by ammonium sulfate precipitation to
remove endogenous serum proteins and used for Western blot
analyses. Native protein extracts were prepared from control
(Oregon-R), Df(3R)ea’”*'/TM6B, and EMS mutant strains
(balanced over TM6B) for quantitative Western blots. Over-
night embryo collections (0-16 hr) were dechorionated and
native extracts prepared as described previously (DINGWALL
et al. 1995). Determinations of protein concentration were
made using the BioRad Protein Assay reagent (Bio-Rad, Her-
cules, CA) according to the procedure of BRADFORD (1976)
with bovine serum albumin as a standard. Extract concentra-
tions and quality were verified by staining SDS-PAGE separated
proteins with Coomassie Brilliant Blue. Determinations of
EAR protein levels were assessed by quantitative Western blots.
Protein extracts (100 ug each) were subjected to 10% SDS-
PAGE, followed by electrophoretic transfer to nitrocellulose.
The upper and lower portions of the Western blot were probed
with antibodies to the EAR and SNR1 proteins (DINGWALL ef
al. 1995), respectively, followed by detection with appropriate
HRP-conjugated secondary antibodies (Jackson Immuno Re-
search Labs, West Grove, PA) and chemiluminescent detec-
tion (Supersignal, Pierce Chemical, Rockford, IL). Following
application of the chemiluminescent substrate, blots were first
briefly exposed to X-ray film and then transferred to a Kodak/
NEN 440CF Digital Imaging Station for direct capture of the
luminescent signals. Quantification and analyses were per-
formed using the Kodak Digital Science 1D Image Analysis
software (Kodak, Rochester, NY).

EMS mutagenesis and F, screening: EMS mutagenesis of
red, e flies was carried out as described by ASHBURNER (1989).
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TABLE 2
Summary results of the EMS screen

No. of % of
lines lines tested
F, males tested 18,664
Male sterile lines 602 3.2
Male fertile lines 18,062 96.8
Recessive lethal lines recovered 44 0.24

Recessive lethal lines in multiple
allele complementation groups 38 86.4¢
Recessive lethal lines in single
allele complementation groups 6 13.6°
Temperature-sensitive mutants 8
Mutants related to snrl 4
Total complementation groups 14
Groups with multiple alleles 8
Groups with single allele 6

“ Percentages are based on a total of 44 recessive lethal
mutations identified in this screen.

Flies were allowed to recover for 24 hr prior to mating with
w; TM3, Sb, Ser/TM6B, Hu, Thvirgin females in a bottle (ratio
of three females per one male). For maximal reproduction,
the flies were turned into fresh bottles every 2-3 days. After
4-5 days, mutagenized males were discarded to ensure that
only postmeiotically treated chromosomes were tested. The
above crosses were carried out at 25°.

Single red, ¢/TM6B, Hu, Tb male progeny (each potentially
representing one mutagenized third chromosome) were
mated with two to three virgin females of the tester line snrI™,
Df(3R)ea’! /TM6B, Hu, Tb at 29°. The crosses were visually
examined after 2-3 days and, if necessary, additional virgin
females were added. The crosses were checked 11 or 12 days
afterward by visually examining the pupae on the side of the
vials. A total of 44 independent rounds of mutagenesis (EMS
feeding) were performed (summarized in Table 2).

New mutant lines were established by crossing siblings from
the above F, cross. Temperature sensitivity was determined
by carrying out complementation crosses with the deficiency
tester chromosome at 18°, 25° and 29°. The appearance of
nonbalanced progeny at 18°, but not at 29°, indicated the
isolation of a potential temperature-sensitive mutation. To
determine whether the observed lethality was due to the loss
of snrl function, each mutant line was tested for complementa-
tion of two independent null alleles of snrl (snrl® and snrl¥,
A. DINGwALL and S. DoMVILLE, unpublished results) and the
nonrecombinant parental Df(3R)ea’’***!, mwh, e strain.

Complementation groups were identified among the reces-
sive lethal mutations by inter se crosses performed at 29°. Flies
from each complementation group were crossed to existing
mutations in genes mapped to the ea region to test for poten-
tial allelism. Mutantlines tested included at least the following:
snrl®™, Tropomyosin 1 (Tm1)"*°, Tm25, Tm2%, and an overlap-
ping deficiency Df(3R)Po’. At least 50 progeny were scored
from each cross. The nomenclature used for assignment of
gene names (complementation group) conforms to LINDSLEY
and Zimvm (1992). Genes were designated {(3)S8SEF (b—h) on the
basis of their inclusion within the Df(3R)ea’”**! that removes a
region spanning from within 7mI (mapped to 88E9-12) to
distal of Anon-Becker 2at 88F1-2. A previously reported recessive
lethal P insertion that included a portion of an engrailed en-
hancer was mapped by in situ hybridization to the 88EF region

and was designated {(3)88EFa (Kassis et al. 1991). This inser-
tion mutation is no longer extant (J. Kassis, personal commu-
nication).

The developmental period at which lethality first occurs was
determined as follows. Flies from each mutant line (e* /TM6B)
and Df(3R)ea’”*' /TM6B were first crossed to a w'''® fly stock.
Progeny that did not carry marked chromosomes [¢*/+ and
Df(3R)ea’™!/+] were crossed to each other for 24 hr on
standard cornmeal/dextrose-agar food and then at least 100
eggs were collected on molasses-agar plates and examined for
embryonic lethality. If >10% of the embryos failed to hatch
after 3648 hr, the mutant was scored as an embryonic lethal.
Lethality during larval or pupal stages was determined by
crossing each mutant (e*/TM6B) to the ea deficiency line
[Df(3R)ea’™*' /TM6B] at 29° and periodically examining the
vials. The developmental stage at which nontubby progeny
were last apparent was defined as the lethal phase in those
cases (Table 3).

Larval cuticles were prepared for examination by light mi-
croscopy using standard procedures (STERN and SUCENA
2000). Embryos (0-8 hr after egg laying) were collected and
aged for an additional 20 hr at 25°, fixed, and mounted in
Hoyer’s medium. Cuticles were examined using darkfield op-
tics at X100 magnification on an Olympus BX-60 microscope.

RESULTS

Molecular analysis of the ear gene: An ENL cDNA
was used to screen several Drosophila embryonic cDNA
libraries. Positive hybridizing clones were selected and
purified and cDNA fragments were sequenced. Our se-
quencing results revealed that all of the clones derived
from the same gene. As none of the isolated cDNAs
carried the complete gene, we generated a full-length
3562-bp cDNA from several partial clones (CZ1-11) and
sequenced to verify the open reading frame (ORF; Fig-
ure 1A). The deduced ORF could encode a protein of
931 aa with a predicted molecular mass of 100 kD. Stop
codons upstream of the predicted AUG suggested that no
other potential initiation codon contained in the cDNA
could be used to initiate the open reading frame. Several
potential polyadenylation signals are present downstream
of the predicted stop codon with an ~450-bp 3’ untrans-
lated region preceding the poly(A) tail. A BLAST analysis
of the complete cDNA sequence showed the highest de-
gree of similarity with both the human ENL and AF9
genes (P < 107*). On the basis of these similarities,
we have named the Drosophila gene ear, for ENL/AF9-
related. The highest degree of conservation was observed
at the N and C termini between EAR and ENL or AF9,
with 73% similarity (50% identity) among the first 139
aa and 73% similarity (50% identity) among the
C-terminal 60 aa (Figure 1B). These same regions in
ENL and AF9 are nearly 92% similar (RUBNITZ et al.
1994). Although none of the proteins share any signifi-
cant similarity within the large central portion of their
coding regions, the ENL and AF9 proteins contain a
large region enriched with serine and proline residues,
whereas the EAR protein contains a similar, although
larger region, with a high proportion of serine (11%)
and lysine (17%) residues. The strong conservation
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TABLE 3

Characterization of multi-allele lethal complementation groups in 88EF

No. of alleles

Complementation of:

(temperature-sensitive

Group alleles) Df(3R)ea’’?*! Df(3R)Po’ Lethal phase
[(3)8SEFD 7 (0) No No Late embryonic/larval®
l(3)88EF¢ 5 (0) No Yes Larval

[(3)88EFd 4 (1) No No’ Late larval/pupal
I(3)88EFe 6 (1) No No Larval

I(3)88EFf 5 (3) No No Late larval/pupal
(3)88EFg 5 (1) No No Pupal

I(3)88EFh 2 (0) No Yes Embryonic

“ Two members of this group [{(3)88EFb-2 and {(3)SSEFD-5] were embryonic lethal, while the remainder were

lethal during the first larval instar stage.

"Members of the [(3)88EFd group showed mixed complementation (see text), suggesting this group affects
a gene that resides at or near the proximal breakpoint of Df{3R)Po".

among these proteins suggests that they are highly re-
lated, possibly functional homologs. To determine
whether there were other genes closely related to ENL/
AI9in flies, we carried out reduced stringency Southern
blots using both the ENL cDNA and the ear cDNA. No
other hybridizing restriction fragments were detected
with either probe under a variety of conditions (data
notshown). Hybridization of the ear cDNA to the salivary
gland polytene chromosomes detected only a single lo-
cus that mapped to the cytological position 8S8EF on the
right arm of the third chromosome (data notshown). A
BLAST database search of the completed Drosophila

A +—

1-kb ATG

ear cDNA \A—

—
HBg P DB  PSBgP
[ - 111l

D HH
| 11

D HH

B P
Ll m1l

genomic sequence revealed no other closely related se-
quences, further suggesting that ear was the only likely
homolog of ENL and AF9 in flies. Thus, ear appears to
be a single copy gene and the only bona fide homolog
of ENL and AF9 in Drosophila melanogaster.

In addition to the strong homology between EAR and
ENL/AF9, significant homology (~63% similarity) was
observed at the N terminus of all three proteins with
the small (29-kD) subunit of TFIIF in Schizosaccharomyces
pombe. This deduced protein is highly related to the
TFG3/TAF30/ANCI1 protein of Saccharomyces cerevisiae,
which is found among three transcription activation

Ficure 1.—Molecular struc-
ture and conservation of the
Drosophila ear gene. (A) Mo-
lecular structure of the ear
gene. The deduced intron/
exon structure of the ear tran-
script is shown above the geno-

mic DNA partial restriction

&r9|

F 3
;Q_
9
G

A J

map. The solid bars represent
the regions within the N and C
termini used to generate poly-
clonal antibodies. Shown be-
low the restriction map are the
relative positions of two over-
lapping genomic DNA phage
clones (gp5 and gp9) that span
~35 kb around the ear locus.
Restriction sites are designated
as follows: B, BamHI; P, PstI; D,
Dral; H, HindlIll; Bg, Bgll; S,

Transactivation

EAR '3‘1- Rt o

Sall; R, EcoRI. (B) Schematic

37%
yTAF30

alignment between Drosophila
EAR, human ENL and AF9,
and yeast TFG3/TAF30/ANC1
proteins. There is strong simi-

larity between the human and fly proteins, indicated by the hatched areas at the N and C termini, and moderate similarity
between EAR and the yeast protein TFG3. The carboxy terminus contains a region (~85 aa) shown to be necessary and sufficient
for the transactivation properties and oncogenic potential of ENL and AF9. Solid boxes show the relative positions of two
predicted helical structures. The arrows indicate the reported breakpoint positions in the ENL and AF9 proteins that were found

fused to HRX in different leukemias.
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complexes, including TFIIF, TFIID, and the SWI/SNF
chromatin-remodeling complex (CAIRNS et al. 1996).

Analysis of ear transcripts: We mapped the locations
of introns within the ear transcript by comparison of
PCR products obtained from both genomic and cDNA
clones and direct sequencing of the ear genomic region.
To carry out this analysis we isolated overlapping geno-
mic phage clones generated from an isogenic strain
using the ear cDNA as a probe (Figure 1). Two introns
were detected by PCR analysis and confirmed by direct
sequencing of the genomic DNA. The first intron of
465 bp occurs 5’ to the initiating AUG codon, while the
second intron is much smaller (71 bp) and is also lo-
cated near the 5’ end. No other introns or alternative
splice variants were detected (data not shown). There-
fore, as depicted in Figure 1, the ear gene mRNA con-
tains three exons, with the initiating AUG residing
within the second exon. Using either the full-length
CZ1-11 cDNA clone or the 3" ear cDNA clone (Z11) as
probe on a Northern blot, only one ~4-kb transcript
was detected in fly embryo poly(A)™ RNA that closely
correlates with the size of the complete cDNA (Figure
2). As reported in the Berkeley Drosophila Genome Proj-
ect (BDGP) database, five partial embryonic expressed
sequence tag (EST) sequences contain the 5" end of ear
(datanotshown). Among these ESTs, only one contains
a sequence extension of 30 bases 5’ relative to our lon-
gest cDNA (CZ1-11), and several other ESTs start down-
stream of CZ1-11. Thus, the ear cDNA clone CZ1-11
most likely comprises a nearly full-length ear transcript,
possibly missing only a very short noncoding sequence
at the 5’ end. Long exposure of the Northern blots
probed with the cDNAs did not reveal the presence of
any additional transcripts.

We examined other transcripts in the immediate vi-
cinity of ear to better define the genes residing in the
region and to determine the proximity of other genes
relative to the deduced 5’ end of the ear transcript.
Genomic fragments obtained from the region 5’ to ear
were used to probe Northern blots of embryonic po-
ly(A)* RNA (Figure 2). A 1357-bp Dral-Dral genomic
restriction fragment contained entirely within ear de-
tected only the 4-kb transcript (data not shown), while
both the 1157-bp BamHI-Dral and the 874-bp Dral-Dral
restriction fragments that contain sequences upstream
of the ear gene detected a second transcript of ~2 kb.
Through database searching (BDGP) several ESTs were
found with a transcript orientation opposite to ear lo-
cated in the upstream region, suggesting a possible tran-
script originating nearby. The closest EST upstream of
ear is ~1 kb away from the CZI-11 start. It is not clear
if these ESTs and the 2-kb transcript we observed on
the Northern blots using genomic DNA probes are of
the same origin. In addition, a TBLASTX search re-
vealed that the sequence of those ESTs and the sur-
rounding genomic DNA in this region do not corre-
spond to any known genes (data not shown). A third

1.4-kb transcript of uncertain origin was seen only with
a BamHI-BamHI genomic probe that included portions
of both ear and the nearby transcript. This putative 1.4-
kb transcript likely represents a degradation product of
one of the larger transcripts as it was not consistently
observed.

Developmental expression of ear: The preponder-
ance of early onset lineage-specific leukemias associated
with both ENL and AFF9fusions suggested that their gene
products might be present in early development and
possibly restricted to certain tissues. We examined this
issue in flies using both the ear mRNA and gene product
to determine when and where the Drosophila gene was
expressed. A developmentally staged RNA blot was
probed with the ear cDNA. We observed a single ~4-kb
transcript that was present at high levels in unfertilized
eggs and during early embryogenesis (Figure 3). The
accumulation of the transcript was significantly dimin-
ished by midembryogenesis and there was little detect-
able ear transcript in larvae. There was, however, an
increase in detectable transcript during pupal develop-
ment, although little in adult males. The same blot was
reprobed with another gene, snrl, that showed a similar,
although not identical, pattern of transcript accumu-
lation (data not shown; see DINGWALL el al. 1995).
Therefore, the vast majority of ear transcript is present
maternally; however, there is late zygotic expression. The
absence of detectable ear transcript at multiple stages
and in adult males suggests that ear is not essential for
general cell viability.

We generated specific antibodies to the most con-
served regions of the EAR protein at both the N and C
termini (see Figure 1). Both antisera recognized a single
protein species of ~120 kD in wild-type embryo extracts
(see Figure 7 and data not shown). The size of the
observed protein on Western blots was generally consis-
tent with predictions based on ORF analysis of the ear
cDNA, and the ~20-kD discrepancy most likely reflects
unknown post-translational modifications. We used
these antibodies to examine the distribution of EAR
protein atvarious stages during embryonic development
using whole-mount immunolocalization (Figure 4). As
shown in Figure 4A, antibodies directed against the EAR
N terminus indicated that the EAR protein was present
in all nuclei during syncytial blastoderm (Figure 4A)
and following cellularization (Figure 4B). The EAR pro-
tein was still uniformly distributed along the anterior-
posterior axis at the extended germband stage (stage
11, Figure 4C), although the protein was present at a
slightly higher level in the developing mesoderm. At
later stages of embryonic development (stage 13) the
EAR protein accumulated in specific tissues: Uniform
levels were observed in the abdomen region (segments
A1-A8), while being generally excluded from the tho-
racic region (Figure 4D). In addition, EAR protein was
found in bilateral regions within the head primordium.
Unlike the Drosophila Brahma (Brm) complex proteins
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(the counterpart of the yeast SWI/SNF chromatin-
remodeling complex) that are ubiquitous in early em-
bryos and then later localized to the nervous system,
the highest level of EAR protein is found in restricted
ectoderm and mesoderm tissues and little, if any, is
found in the central nervous system (CNS; DINGWALL el
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Ficure 3.—Developmental expression of ear mRNA. A blot
containing RNA isolated from oocytes (O), embryos (0-3, 3-6,
6-12, 12-16, and 16-21 hr), larvae (L1, L2, L3), pupae, and
adult males and females was probed with a random-primed
earcDNA (CZ1-11). The earmRNA appears as a 4-kb transcript.

Dral-Dral 874bp

F1GURE 2.—Analysis of transcripts in the vicinity
of ear. (A) Schematic of the ear gene structure
and relative positions of selective restriction en-
zyme sites in the genomic DNA. Shown below the
restriction map is a schematic of the cDNA or
genomic DNA fragments used as probes of po-
ly(A)* RNA. Restriction enzyme sites are as in
Figure 1. (B) Northern blot hybridization. Ran-
dom-primed DNA probes shown in A were used
to detect transcripts using 3 pg poly(A) * per lane.
RNA size standards are shown on the left. The
positions of all three transcripts are indicated by
arrows in lane 3. (C) Summary of Northern blot
analyses, indicating the probes and transcripts de-
tected.

al. 1995; ELFRING et al. 1998). Thus, unlike the yeast TFG3/
TAF30/ANC1 protein (to which EAR is related), the
EAR protein is unlikely to be a constitutive component
of Drosophila Brm (SWI/SNF) complexes in all tissues
even at substoichiometric amounts.

Molecular analysis of the easter region: The ear gene
was mapped cytologically to the 88E11-13 region of the
salivary gland polytene chromosomes by in situ hybrid-
ization near the ea gene at 88F1-2 (data not shown). The
genomic region surrounding ea has been sequenced by
the Drosophila Genome Project (http:/www.fruitfly.
org/). Analysis of the sequence confirmed our mapping
studies and showed that the ear gene resided very close
to ea. Thus far, no P-element transposon insertions have
been located within 10 kb of ea and there are few, if
any, known recessive lethal mutations mapped within
the region (http://flybase.bio.indiana.edu/). To carry
out a genetic screen to identify mutations within the ear
gene, deficiencies that potentially removed both earand
ea were characterized. Three known deficiencies map
to the 88F-89A region, Df(3R)ea’”*!, Df(3R)Po’, and
Df(3R)Po*. The proximal breakpoint of Df{3R)Po’ is re-



1058 C. B. Zraly, Y. Feng and A. K. Dingwall
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Frcure 4.—Distribution of EAR protein during embryonic
development. Oregon-R embryos were fixed and immuno-
stained with rat polyclonal antibody directed against the con-
served N terminus (aa 32-198) of EAR. Embryos are oriented
with anterior to the left. (A) The EAR protein localizes to
nuclei in early development and shows uniform distribution
in all nuclei at the syncytial blastoderm stage (stages 3 and
4). (B) At cellular blastoderm (stage 5) most of the EAR
protein is associated with cells at the periphery, while some
protein is still associated with yolk nuclei. The EAR protein
is uniformly distributed and present in the pole cells at the
posterior. (C) Stage 11 embryo (at full germ-band extension)
showing EAR protein uniformly distributed along the A-P axis.
(D) Dorsal view of stage 13 embryo showing high expression
of EAR in the epidermis and mesoderm cells. Expression is
restricted to cells in the abdomen and the cephalic region,
with low-level expression in the thoracic region and CNS.

ported as 88F7 with a distal breakpoint at 89A11-13
(NELSON and SzZAUTER 1992). The reported breakpoints
for Df(3R)Po* are 89A1-2 and 89A11-13. Quantitative
Southern hybridization of genomic DNA from these
strains and Oregon-R (wild-type) flies indicated that
Df(3R)ea’™™! deletes both the ear and ea genes, while
Df(3R)Po" and Df(3R)Po* do not (data not shown). Simi-
lar hybridization analyses placed the ear gene proximal
to ea and distal of Tm2 (data not shown). In confirma-
tion of the molecular mapping data, genomic sequence
data obtained from the BDGP database revealed that

the ear gene resided 5.6 kb distal to 7m2 and 3.8 kb
proximal to ea. To map approximate breakpoints of the
Df(3R)ea’! and Df(3R)Po* deletions, genomic probes
of ea, Surf4, and Anon-becker2 were generated by PCR
amplification using genomic DNA extracted from adult
flies, labeled, and hybridized to Southern blots of geno-
mic DNA obtained from deficiency strains. Hybridization
results revealed that the Df(3R)Po* proximal breakpoint
resided ~6 kb distal to the Surf4 gene (see Figure 5;
data not shown). On the basis of molecular mapping and
genetic complementation tests, the distal breakpoint of
Df(3R)ea’”! lies between the Anon-Becker2 gene and a
lethal Pelement insertion [identified on the physical
map as [(3)j6A6] that was mapped between ea and
ActSSF.

The relative cytogenetic and molecular positions of
the deficiencies, genes, and P-element insertions in the
88EF region are presented in Figure 6. We have refined
the molecular locations on the basis of quantitative South-
ern blots, complementation tests (data not shown), and
available information. Genetic complementation tests
indicated that Df(3R)ea’™ and Df(3R)Po’ overlap, as
do Df(3R)Po’ and Df(3R)Po>. However, Df(3R)ea’”**! and
Df(3R)Po’ complement each other, indicating that their
deficiency regions do not overlap. The Tml, Tm2, and
ea genes are all removed by Df(3R)ea’*! (KREUZ et al.
1996) but not by Df{3R)Po’, while the Actin 88F (Act88F)
gene is deleted in Df(3R)Po’ but not in Df(3R)ea’™™".
Therefore, the proximal breakpoint of Df(3R)Po’ and
the distal breakpoint of Df(3R)ea’”** reside in the inter-
val between ea and Act8SF.

The deleted region in Df(3R)ea’™™! was previously
estimated to be ~~60 kb (KREUZ et al. 1996). Estimates of
gene density in D. melanogaster suggest that, on average,
there is 1 gene per 9 kb, yet substantial variation exists
(ApAMS et al. 2000). On the basis of that assumption, as
many as 6 or 7 genes may be located in the Df(3R)ea’"*™!
deficiency, including ear. Thus, in addition to Tm1, Tm2,
and ea, there could be at least 3 to 4 unidentified genes
removed by the Df(3R)ea’”**! deficiency. However, anno-
tation of the completed genome sequence has revealed
that up to 26 genes (on both strands) may reside within
the 60-kb region removed by the Df{3R)ea’**! deficiency
(http:/www.fruitfly.org/). Our hybridization data suggest
that the overlap between Df{3R)ea’”*™ and Df(3R)Po* could
encompass up to 25 kb (data not shown; see Figure 6);
therefore, as many as 12 genes may reside in this region
alone (http:/www.fruitfly.org/).

EMS screen results: Our goal was to identify muta-
tions within the ear gene. Transposon insertions pre-
viously mapped within the 88E-F cytological region were
tested for inclusion within the Df{3R)ea’***! deficiency
by genetic complementation and for linkage with the
ear gene by the presence of restriction fragment poly-
morphisms. Genetic analyses revealed that only two of
the known transposon insertions, P{PZ}TmI1"** and
P{lacW}L7160c, both of which disrupt 7'mI gene func-
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F1cure 5.—Molecular mapping

of genes and deficiency break-
points. Quantitative Southern blots
were used to localize genes on a
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tion, failed to complement Df{3R)ea’”***!. Furthermore,
Southern blot hybridization of genomic DNA, obtained
from known transposon insertion lines broadly mapped
to the ea region, failed to reveal any close linkage to ear
using an ear cDNA probe. The results are summarized
in Figure 6. We therefore carried out an F, recessive
lethal noncomplementation screen to attempt to iden-
tify mutations within ear.

Following mutagenesis with EMS, third chromosomes
from 18,062 fertile male progeny were individually
tested for lethality in trans to the snrl®, Df(3R)ea’"**™!
tester chromosome (Table 2). Complementation tests
were carried out at 29°, as ~5-10% of EMS-induced
mutations are temperature sensitive (GRIGLIATTI 1986).
Forty-four third chromosomes that failed to comple-
ment the snrI®, Df(3R)ea’"***! tester strain (Table 2) were
recovered. Among the 44 third chromosomes recovered
from the recessive lethal screen, 4 were found to be
allelic to snrl and the remaining 40 mutant lines were
then crossed to Df(3R)Po’ and to Df(3R)ea’”*!. After
these first two steps of classification, mutants within each
class were test crossed to one another or inter se for
complementation. Mutants that failed to complement
each other were assigned to alleles of the same group.

Altogether, we identified 14 lethal complementation
groups including the new snr! alleles (our unpublished
results). Among the 44 mutants recovered, 38 fall into
8 complementation groups of multiple alleles, with an
average of 4.75 alleles per group. Within each group,
except for group [(3)88EID, all members carried differ-
ent batch numbers of EMS feeding, indicating that the
mutations were induced independently. Among these
groups, (3)88EFD, (3)88EFe, 1(3)8SEFf, and [(3)88EFg
clearly failed to complement both Df(3R)ea’”™ and
Df(3R)Po*, indicating that these groups affect genes lo-
cated within the overlapping portion of the two defi-
ciencies. The groups {(3)88EFcand [(3)SSEFhfailed to com-
plement Df(3R)ea’”* but did complement Df(3R)Po,
thus, these groups correspond to genes that reside in
the more proximal portion of the Df(3R)ea’"**! defi-
ciency that does not overlap with Df(3R)Po’. Group

physical map of the easter genomic
region. Centromere proximal is to
the left and distal to the right. The
origin of the numbering is arbi-
trarily placed within the ear gene.
proximal breakpoint of
Df(3R)Po" was mapped to within
6 kb of the Surf# gene. The distal
breakpoint of Df(3R)ea’”*™! is ap-
proximate, based on Southern
blot hybridization and genetic
analyses as described in the text.

Df(3R)Po*

[(3)88EId is more complicated, because two alleles com-
plemented and two failed to complement Df(3R)Po’.
This group most likely represents a gene that resides at
or near the proximal breakpoint of Df{3R)Po’ (Figure
6). Among the six single allele mutants isolated in the
screen (13.6% of all mutants), five were found to map
outside the Df(3R)ea’"*™! region.

We attempted to assign individual mutant groups to
specific genes on the basis of genetic complementation.
Among the genes identified within the Df{3R)ea’"***! re-
gion, only three have any reported mutant alleles, in-
cluding T'ml (TETZLAFF et al. 1996), Tm2 (Mocamr and
Hotrta 1981; KrREUZ ef al. 1996), and ea (reviewed in
ANDERSON 1998). Both recessive loss-of-function and
dominant gain-of-function ea mutants are maternal ef-
fectlethal and female sterile (ANDERSON and NUSSLEIN-
VorLHARD 1984; ANDERSON 1998). Transheterozygous
combinations of Df{3R)ea’**! over a strong amorphic
allele of ea (ea’) survive (data not shown), but females
are sterile due to the depletion of maternal easter pro-
tein (ANDERSON and NUSSLEIN-VOLHARD 1984). New ea
mutations were not expected as the screen was designed
to isolate only F, recessive lethal mutations. At least two
members from each EMS mutant group and all of the
single allele mutants were tested for complementation
with existing mutant alleles of TmI and Tm2. A single
temperature-sensitive mutant [/(3)88EFi] showed partial
complementation with a strong loss-of-function 7Tml
mutant [P{PZ} Tm1%%”] at 29° (data not shown). Com-
plementation tests using two loss-of-function Tm2 al-
leles, Tm2” and Tm2% (KREUZ el al. 1996), indicated
that none of the EMS mutants isolated in the screen
were new alleles of the Tm2 gene. Therefore, all of
the multi-allele mutant groups isolated in our screen
represent mutations in genes not previously associated
with any specific genetic lesion.

Characterization of EMS mutants: All of the mutations
identified in the screen were isolated as recessive lethals
when placed in trans to the deficiency [Df(3R)ea’”*™']. The
lethal phase of each mutant within a multi-allele group
was determined as described in MATERIALS AND METH-
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FIGURE 6.—Gene annotation in the easter genomic region. (A) The ~110-kb genomic region adjacent to ear is diagrammed.
The top scale numbers reflect distances from the origin (arbitrarily placed within the ear gene) in kilobases. The two lines in
the middle represent both DNA strands. Annotated genes (predicted or confirmed by the BDGP) on the upper strand are
transcribed in the proximal-to-distal direction, while genes on the lower strand are transcribed in the distal-to-proximal direction.
Molecularly identified genes are depicted as solid boxes with name and arrows to indicate their transcription directions. Other
BDGP annotated transcripts are depicted with shaded boxes. Lethal P insertions that have been molecularly mapped close to
ear are indicated by triangles with vertical lines. Locations and approximate breakpoints of the deficiencies Df{3R)ea’* and
Df(3R)Po* are shown with shaded bars. (B) Possible locations of complementation groups identified from our screen are indicated.

ops. To avoid potential confusion in the analysis by the
possible presence of other recessive lethal mutations
induced on the same chromosome, the lethal phase of
each mutant was examined when heterozygous with the
deficiency (Table 3). Among the larval lethals were
((3)88EFc, I(3)88EFd, I(3)88EFe, and [(3)SSEFf. Members
of the group [(3)88EFg die late, during pupal develop-
ment. Both members of the /(3) 88EFh group were found
to be embryonic lethal, while some members of the
{(3)88EFb group die as late embryos and others are lethal
during the first larval instar stage.

The identification of two multi-allele lethal comple-
mentation groups within the proximal portion of the
Df(3R)ea’”! deficiency where the ear gene resides
raised the possibility that one of these groups repre-
sented alleles of ear. PCR and Southern blot analyses of
genomic DNA from each of the mutant lines in
{(3)88EFh and [(3)88EFD failed to reveal any obvious re-
striction fragment length polymorphism (RFLP) associ-

ated with the ear gene (data not shown). Embryonic
native protein extracts were prepared from Oregon-R
(wild-type) flies and from each of the heterozygous bal-
anced mutant lines that mapped to the proximal region
of the Df(3R)ea’”***!. Equivalent amounts of each protein
extract were probed on Western blots with polyclonal
antibodies produced against the highly conserved car-
boxyl-terminal region of EAR. As a control, the lower
portions of the same blots were probed with antibodies
to the SNRI protein, whose expression level should not
be affected in these EMS mutant lines as each was shown
to fully complement a snrl null allele (see MATERIALS
AND METHODS). Antibodies to EAR recognize a single
protein species of ~120 kD, consistent with its predicted
size (Figure 7). Comparison between EAR detection
signals obtained from Oregon-R (wild-type) embryo ex-
tracts vs. extracts prepared from a heterozygous ear de-
ficiency line [Df(3R)ea’™*™'] shows a significantly lower
amount of EAR protein in the deficiency line (Figure
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FIGURE 7.—Quantitative Western blots of EAR protein. Native
embryonic protein extracts were prepared from Oregon-R, ea
deficiency, and [(3)88EFh-2 mutant strains. Extracts (100 pg
each) were probed on Western blots with antibodies to the
EAR and SNRI1 proteins. Chemiluminescence signals were
quantitated by direct capture using a Kodak/NEN 440CF Im-
aging system. (A) Western blot probed with antibodies to EAR
(top) revealing a protein of ~115 kD and with antibodies
to SNR1 (bottom). Lane 1, Oregon-R; lane 2, Df(3R)ea’***!/
TMo6B; lane 3, [(3)8SEFh-2/TM6B. (B) Quantitation of the EAR
chemiluminescent signals shown in A. Values are expressed
as a percentage of the mean chemiluminescence for each
sample compared with the value obtained for Oregon-R.

7A, top; compare lanes 1 and 2). The amount of EAR
protein was also diminished in one of the lethal lines
obtained from the screen [(3)88EFh-2 (lane 3). All other
tested mutant lines, including another member of the
same complementation group [I(3)88EFh-1], showed

approximately wild-type levels of the protein (data
not shown). Probing the lower portions of these same
blots with antibodies to SNR1 revealed that equivalent
amounts of protein were present in each lane (Figure
7A, bottom). Quantification of the relative amount of
EAR protein present in each extract was performed
by direct digital capture of the luminescent antibody
detection signal (Figure 7B). The mean relative fluo-
rescence signals indicated that there was ~44% of the
wild-type level of the EAR protein in the heterozygous
Df(3R)ea’! deficiency strain and ~50% in the hetero-
zygous {(3)88EFh-2 strain. These results are consistent with
a loss of one functional copy of the ear gene in the mu-
tant strains. Combinations of {(3)88EFh-1, I(3)88EFh-2, and
Df(3R)ea’! cause embryonic lethality, while balanced
heterozygotes appear to be completely normal. Thus,
the lethal complementation group [(3)88EFh likely rep-
resents loss-of-function or hypomorphic mutations within
the ear gene.

The [(3)88EFh-2 mutation was balanced with a chro-
mosome carrying a GFP marker. Approximately 4 kb of
genomic DNA encompassing the ear gene in the
[(3)88EFh-2 strain was PCR amplified with specific prim-
ers from homozygous (non-GFP) embryos. Primers were
used to directly sequence the entire gene on both
strands and no detectable changes were observed in
the open reading frame for ear. Thus, the lesion that
produced the lowered EAR protein levels likely affects
sequences that regulate the expression of ear.

Larval cuticles were prepared and examined from
both of the {(3)88EFh mutant strains (Figure 8). While
the larval cuticles from heterozygotes appeared com-
pletely normal, cuticles from homozygous [(3)88EFh-1
and [(3)88EFh-2 larvae exhibited defects in head devel-
opment and shortened bodies. The patterning of the
abdominal cuticle segments was relatively normal with
the exception of the A8 segment that often displayed
denticle pattern defects. This phenotype was consistent
with the expression of EAR protein in wild-type embryos.

DISCUSSION

We report here the identification and characteriza-
tion of the ear gene of D. melanogaster. The ear gene is
closely related to the human ENL and AF9 genes that
were identified on the basis of their involvement in a
large number of acute leukemias as fusion partners with
HRX, a human counterpart of the Drosophila trithorax
gene. The ear gene appears to be the only fly relative
of both ENL and AF9, with nearly equal identity to each,
suggesting that the human genes might derive from a
common ancestor. The ear gene encodes a protein of
931 amino acids, considerably larger than either ENL
or AF9, although all three deduced proteins are very
highly related at the N and C termini. Database searches
revealed the likely presence of related genes in Caeno-
rhabditis elegans and Arabidopsis thaliana, further sug-
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gesting functional evolutionary conservation. In addi-
tion, the metazoan proteins share significant homology
with a yeast protein identified as the small subunit (TFG3/
TAF30/ANCI) of the transcription initiation complex
TFIIF and as a core component of the TFIID and SWI/
SNF complexes that are also essential for transcriptional
activation (HENRY ef al. 1994; WELCH and DrRUBIN 1994;
CAIRNS et al. 1996). It is important to note, however,
that the highest degree of conservation was observed
between the fly and human proteins.

To study the biological function of ear, we searched
for specific mutations that would allow us to examine
potential loss-of-function phenotypes. Given the signifi-
cance of ENL and AF9 in lineage-specific leukemias and
the potential role of these proteins in transcriptional
regulation, we reasoned that mutations in the ear gene
might reveal an essential role for the gene in normal de-
velopment. The only identifiable existing lesion affecting
earwas a 60-kb chromosomal deletion [Df{3R)ea’”**'] that
removed up to 25 other genes that had also not pre-
viously been genetically characterized. Our results from
an EMS mutagenesis screen identified seven “new” vital,
nonredundant complementation groups within this re-
gion, a number that is consistent with the expectation
that one in three genes in Drosophila may be essential
for viability. This expectation is based on estimates of
3600-5000 essential loci (BRIZUELA et al. 1994; SPRADLING
et al. 1995, 1999) together with a prediction of ~13,600
genes by computational methods (Apams et al. 2000).
Four of the new complemetation groups were found to
reside within the distal ~30 kb of the deficiency that
overlaps with Df(3R)Po’, one group resides at or near
the proximal breakpoint of Df(3R)Po’, and two groups
reside within the proximal region of the ea deficiency,
where the eargene resides. Our EMS-induced mutations

F1Gure 8.—Head patterning defects associated
with [(3)88EFh. Cuticle preparations showing a
ventrolateral view of the denticle belts. (A) Pheno-
typically wild-type cuticle of a heterozygous
I(3)8SEFR-1 first instar larva. (B and C) Defective
head development observed in larval cuticles asso-
ciated with [(3)88EFh-1 (B) and [(3)88EFh-2 (C).
Although the mutants are smaller than the hetero-
zygous sibling, the patterning of the abdominal
cuticle segments is relatively normal with the ex-
ception of the A8 segment that shows denticle
pattern defects.

and cytological characterization of the 88EF region
should prove useful for investigations on the functions
of the corresponding genes. The Df{3R)ea’*! deficiency
has a dominant flightless phenotype. None of the com-
plementation groups identified displayed such a pheno-
type, suggesting that we had not induced mutations in
genes that are required for flight muscle function.

Our finding of a Drosophila homolog of ENL/AF9
suggested that flies might be a useful model system to
apply whole-organism genetic tests to understand £NL/
AF9 function. Although nothing is known about the
normal biological functions of ENL and AF9, as fusions
to HRX their only obvious effects are to provide lineage-
specific oncogenic potential through a gain-of-function
mechanism. ENL can function as a bona fide transcrip-
tion factor as it has been shown to transactivate certain
promoters in vivo (RUBNITZ et al. 1994). This property
suggests that the native ENL and AF9 proteins might
function to regulate developmental processes in a tissue-
specific manner. Our developmental expression studies
of the fly ear gene support this view. The ear gene is
expressed maternally and is present in all nuclei in early
embryos. Later, the protein is found in a restricted set
of mesoderm cells within the abdomen and cephalic
regions, while it is present at only very low levels in the
thoracic region and the CNS. The RNA and protein
expression profile of earis consistent with it potentially
serving to regulate the early development of specific
mesodermal tissues.

As a result of our mutagenesis screen, two lethal com-
plementation groups that affect genes within the proxi-
mal portion of the Df(3R)ea’”*™ deficiency where ear
resides were identified. Although there is no discernible
change in the genomic DNA detectable by RFLP analysis
in any of the mutants from either group, quantitative
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Western blots revealed that one group, /(3)88EFh, might
represent mutant alleles of ear. The EAR antibodies
used recognize only the most conserved carboxy-termi-
nal amino acids; thus nonsense or frameshift mutations,
or mutations that affect the regulatory region, are most
likely the cause of the diminished EAR protein. The
latter explanation seems most likely as sequencing the
genomic DNA of this particular mutant allele did not
reveal any obvious changes within the open reading
frame of ear. The importance of the C-terminal region
in both ENL and AF9 function is unequivocal: The C
terminus is critical for transactivation properties (Rus-
NITZ el al 1994; LAVAU et al. 1997; SCHREINER ¢t al.
1999) and for both the oncogenic and transforming
potential (CORRAL et al. 1996; SLANY et al. 1998; DoBsoN
et al. 1999) as well as anti-apoptotic effects (ADLER et al.
1999) of the HRX/MLL fusions. The C-terminal regions
of ENL and AF9 can also specifically associate with the
human Polycomb group protein hPc3 and may thus
either help to recruit repressor complexes to specific
loci or assist in corepression of gene activity in coopera-
tion with the Polycomb repressor complexes (GARCIA-
CUELLAR et al. 2001). Although a functional link be-
tween ENL and hPc3 may occur in a regulated fashion,
we did not detect any significant interaction between
several dominant alleles of the Polycomb (Pc) gene and
either the deficiency or our putative ear mutant alleles
(data not shown).

The yeast protein TFG3/ANC1/TAF30, weakly con-
served with EAR, ENL, and AF9, has been shown to be
a component of several transcription regulatory com-
plexes, including the SWI/SNF chromatin-remodeling
complex, TFIID, TFIIF, and the NuA3 histone acetyl-
transferase (HAT) complex (JonN et al. 2000). However,
deletion of the yeast TAF30 gene (laf30A) does not
result in any loss of SWI/SNF function (integrity of the
complex or catalytic function) and shows only modest
decreases in NuA3 HAT activity, and the gene is not
required for viability (CAIRNS et al. 1996). Therefore,
the precise role of the yeast protein is not well under-
stood and it may serve in nonessential functions, such
as possibly helping to target the various complexes to
chromatin or to the transcriptional machinery. Further-
more, while the TFIIF and TFIID protein complexes
are functionally conserved in higher eukaryotes, coun-
terparts of the TFG3/TAF30/ANCI protein are not
found as a core component in either of these complexes
(DyNLACHT et al. 1991; KoruBO et al. 1994; Aovact and
WassarMAN 2000).

As a component of the SWI/SNF ATP-dependent
chromatin-remodeling complex, the TFG3 protein can
form direct protein contacts with the SNF5 subunit
(CAIRNS et al. 1996). It was therefore hypothesized that
ENL or AF9 might be a component of the mammalian
SWI/SNF complex, thus linking the onset of acute leu-
kemias to defects in chromatin remodeling. Although
the fly and vertebrate SWI/SNF complexes (Brm com-
plex in flies, BRGl and HBRM complexes in verte-

brates) do not appear to contain EAR, ENL, or AF9,
they do contain SNF5-related proteins (DINGWALL et al.
1995; WANG et al. 1996; Papouras et al. 1998). One
critical question is whether ENL/AF9 or EAR is capable
of forming stable protein interactions with the human
or Drosophila SNF5-related proteins or genetically inter-
acts with Polycomb group or Brm complex genes (such
as snrl, the SNI'5 homolog in flies) to regulate cell fates
and proliferation in higher eukaryotes. We performed
coimmunoprecipitation experiments using antibodies
to SNR1, but failed to detect coprecipitation of EAR
(data not shown). Also, yeast two-hybrid analyses using
fusions of EAR and SNRI failed to detect any significant
direct protein contacts between the two proteins (data
not shown). These results do not rule out the possibility
that SNR1 and EAR may interact in a restricted fashion
in some tissues or that their potential interaction might
be mediated by another protein such as a GADD34
homolog (ADLER et al. 1999). We also did not detect
any significant genetic interaction between snrl and ear.
There was no discernible phenotype associated with the
tester chromosome used for the genetic screen, as this
chromosome carried both a strong loss-of-function al-
lele of snrl and a deletion of ear. We did, however,
observe a modest synthetic lethality among certain trans-
heterozygous allelic combinations of snrl together with
the deficiency. This result should be interpreted cau-
tiously, as most mutant alleles of snrl are not dosage
sensitive (DINGWALL et al. 1995) and the putative ear
mutant alleles are fully recessive.

The embryonic lethality and cuticle phenotypes asso-
ciated with {(3)88LFh are consistent with the expression
pattern of ear and suggest that the gene is likely to
be involved in regulating essential patterning functions
during embryogenesis. Additional genetic and biochemi-
cal tests will be required to further clarify any potential
interactions and to understand the functions of these
conserved and critically important genes in the develop-
ment of multicellular organisms.
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