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In a screen for Drosophila genes that interfere with transcriptional repression mediated by the Polycomb
group of genes, we identified a dominant mutation affecting the Alhambra (Alh) gene, the fly homologue of the
human AF10 gene. AF10 has been identified as a fusion partner of both MLL and CALM in infant leukemias.
Both fusion proteins retain the leucine zipper domain of AF10 but not its PHD domain. We show here that,
while the full-length ALH protein has no activity on Polycomb group-responsive elements (PREs), overexpres-
sion of the isolated ALH leucine zipper domain activates several PREs. Within the ALH full-length protein, the
PHD domain inhibits the PRE deregulation mediated by the leucine zipper domain. This deregulation is
conserved in the human AF10 leucine zipper domain, which confers the same activity on an oncogenic
MLL-AF10 fusion protein expressed in Drosophila melanogaster. These data reveal new properties for the
leucine zipper domain and thus might provide new clues to understanding the mechanisms by which AF10
fusion proteins in which the PHD domain is lost might trigger leukemias in humans.

The human MLL gene (also called HRX, ALL-1, and Htrx)
is involved in translocations with up to 30 partner genes, cre-
ating fusion proteins in which the carboxy-terminal part of
MLL is deleted and replaced in the correct reading frame by a
part of the fusion partner. Such translocations are the most
commonly observed cytogenetic alterations in infant acute leu-
kemia and are also prevalent in secondary leukemia arising
after treatment of neoplastic diseases with a topoisomerase II
inhibitor. Several mammalian model systems have demon-
strated that the generation of MLL fusion proteins can induce
the transformation of hematopoietic cells. For example, mice
carrying a knock-in allele of a t(9;11) translocation, which fuses
MLL with AF9, develop leukemia (14, 18). These experiments
support the assumption that the generation of MLL fusions
creates active oncogenes that are responsible for the develop-
ment of leukemias in humans.

MLL is a very large protein (431 kDa) with homology to the
Drosophila trithorax protein (TRX) in several domains (19, 27,
51). The frx gene is the prototype of a class of genes (the
so-called trithorax group genes) which are required to posi-
tively maintain the proper expression of a number of Drosoph-
ila loci, including the homeotic genes. It is thought that TRX
regulates homeotic expression at the level of chromatin orga-
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nization, and it is likely that MLL serves the same role in
vertebrates (54, 55).

The lack of functional information about the MLL partners
cloned to date has made it difficult to generate testable hy-
potheses regarding their contribution to transformation. A
specific function of the fusion partner, however, must be re-
quired, because in the knock-in studies, neither the N-terminal
portion of MLL alone nor an MLL protein fused to a portion
of the Myc protein showed transforming activity (14).

AFI0 and its paralogous gene AF17 are two examples of
human fusion partners of MLL (13, 44). Together with the
Caenorhabditis elegans CEZF protein and the human BR140
protein, they belong to a small evolutionarily conserved family
of proteins (12). Interestingly, the regions of homology be-
tween these proteins are restricted to two domains shared by
known chromatin-associated proteins, the amino-terminal
PHD finger and a carboxy-terminal leucine zipper domain.
Leucine zippers are common in a number of transcriptional
regulators but are also encountered in some chromatin-asso-
ciated proteins such as the Drosophila Moira protein (MOR)
(15). PHD domains are found in CBP, MLL, and TRX and in
the Drosophila Polycomb group protein PCL (37). This sug-
gests that PHD domains may be involved in chromatin-medi-
ated gene expression mechanisms, yet this domain is lost in
MLL fusions, and it thus might not be involved in the trans-
formation process. Rather, the leucine zipper is the only region
of homology between AF10 and AF17 that is retained in MLL
fusions.

This observation points toward a crucial role of this domain
in the transformation process. Further supporting this hypoth-
esis, the C-terminal part of AF10 (including its leucine zipper
domain) is consistently found fused to another partner gene,
CALM, in leukemias (10). The central role played by the AF10
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leucine zipper domain in MLL-AF10 fusions has recently been
demonstrated by DiMartino et al. (17), who showed that the
AF10 leucine zipper domain is required for leukemic transfor-
mation of myeloid progenitors by MLL-AF10. The murine
AF10 homologue has been shown to be nuclear, consistent
with a potential role of the whole protein in gene regulation
(35). In agreement with this, a Drosophila AF10/17 gene ho-
mologue has recently been described and encodes a nuclear
protein required to maintain proper even skipped expression in
the central nervous system (3). However, the mechanism by
which the AF10 or AF17 leucine zipper may trigger leukemia
remains largely unknown.

Functional studies of several partners suggest a role in tran-
scriptional regulation. For example, CBP, one of the fusion
partners of MLL, possesses a histone acetyltransferase activity
that has been shown to acetylate the lysine tails of histones and
thus induces chromatin accessibility (for a review, see refer-
ence 9). In addition, it has been shown that AF9 interacts with
MPc3, a Polycomb protein (29), and that the same MPc3
protein is recruited by the ENL moiety in the MLL-ENL fu-
sion protein (24). Polycomb group gene (PC-G) proteins have
a function opposite that of trithorax group gene (TRX-G)
proteins, as they are chromatin-associated proteins involved in
the maintenance of repressed transcriptional states of a num-
ber of genes, including homeotic loci (see below). Taken to-
gether, all these studies suggest that a unifying mechanism by
which nuclear fusion partners “activate” MLL could be the
gain of transcriptional effector potential. This is further sug-
gested by a recent study which indicated that the AF10 leucine
zipper domain binds GAS41, a protein that interacts with the
human SWI/SNF complex, which acts to remodel chromatin
and to modulate transcription (16). In all these cases, however,
the in vivo activity of the fusion proteins on chromatin-depen-
dent transcriptional regulation remains to be tested.

Mammalian and Drosophila Polycomb (Pc) group genes and
trx group genes are structurally and functionally related (6),
and a large part of our knowledge about Pc group and trx group
gene function come from studies in Drosophila melanogaster. In
flies, genetic and biochemical experiments have demonstrated
that both PC-G group and TRX-G group proteins act on
common DNA elements called Polycomb group-responsive el-
ements (PREs) (49) and form different multiprotein com-
plexes (31, 40, 42, 48) that have distinct activity upon transcrip-
tional maintenance.

We previously demonstrated that the Drosophila polyho-
meotic (ph) locus is transcriptionally controlled by PC-G and
TRX-G proteins (21, 22). Here we report the identification of
a neomorphic mutation affecting the Drosophila gene Alham-
bra (Alh). Alh is homologous to the human genes AF10 and
AF17 and is identical to the previously described dalf/dAF10
gene (3, 34). Molecular genetic analysis indicates that while the
Alh gene does not encode a PC-G protein, overexpression of
the ALH leucine zipper alone is able to activate ph PRE
transcription.

We tested the activity of the human AF10 leucine zipper
domain and demonstrated that, like its Drosophila counterpart,
it deregulates PRE activity in Drosophila cells. Furthermore, a
human MLL-AF10 fusion has the same activity. Finally, we
present evidence that the PHD domain within the full-length
ALH protein inhibits this activity. Our results have implica-
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tions not only for the role of the leucine zipper domain in
oncogenic fusion proteins, but also for the involvement of PRE
misregulation in malignant transformation.

MATERIALS AND METHODS

Fly strains and culture. All strains were maintained on standard culture
medium at 25°C. Except where otherwise stated, alleles have been described
previously (22, 36). P{ry* A2-3}(99B), a stable source of transposase, and Birm2,
a second chromosome bearing 17 nonautonomous P elements, have been de-
scribed (45). In order to assay eye color modification with the upstream activa-
tion sequence (UAS)/GAL4 binary system, we constructed a (UAS, yellow™)
transformation vector (see section on plasmids and mutants constructions) and
removed in situ, thanks to the action of the transposase, the white* marker from
P{daGAL4} to create P{daGAL4w™}.

Starting from 80 crosses between two dysgenic males and five balanced fe-
males, we were able to recover two bona fide P{daGAL4w~} events.
P{GlassGAL4w™} was obtained in the same way and was a gift from Laurent
Theodore. Flies carrying Fab7 containing the P{5F 24} and P{iab-7 860 bp}
transgenes have been described (11, 28) and were obtained from G. Cavalli and
P. Schedl, respectively. Flies carrying the Sex Combs reduced PRE P{Scr 8.2
Xbal} (26) were obtained from T. Kaufman, those with the engrailed PRE
(P{en}) were from J. Kassis (32), and those carrying the 39C-4 and 39C-5
transgenes (52), allowing us to test position effect variegation and telomeric
effect variegation, respectively, were obtained from L. Wallrath.

Genetic screen for new ph transcriptional regulators. w/’/%; Birm2/CyO; Sb
P{ry* A2-3}(99B)/+ dysgenic males were crossed to y ph'®*3 w!!!8 females at
18°C. A total of 5,330 Sh™ chromosomes were screened for either a pale eye
color (males and females) or a red eye color (females only). We recovered one
new ph allele (ph™"') and one mutation on the third chromosome that we called
Alhambra. (The Alhambra is a beautiful Moorish palace in Granada, Spain. Its
name comes from the Arabic word hamra, which means red.) After 11 rounds of
outcrossing over ay ph'“*3 w!?18 stock, polytene chromosome hybridization with
the P element as a probe indicated the presence of two remaining insertions, at
79F and 84C. The defective P element of the A/h’ mutation was then replaced
with a P{yellow™} transposon (8), allowing us to obtain a new Alh allele (Al ™).
Similar P replacements are described elsewhere (50).

The AIP** chromosome was then recombined over a K,/ (83E) chromosome in
order to make a K,/ AI"* chromosome. Polytene chromosome hybridization
demonstrated that this chromosome bore only one P insertion at 84C. In this
strain, the loss of the yellow marker following mobilization of the P element was
associated with reversion of the A/h phenotype, demonstrating that the P ele-
ment insertion was responsible for this phenotype.

Molecular cloning of the Alhambra locus. Genomic DNA flanking the AlR* P
element insertion was recovered by plasmid rescue experiments (43) and used as
a probe to screen a Lambda Zap Drosophila genomic library (Clontech) by
standard procedures (47). Three overlapping clones, representing about 30 kb of
genomic DNA, were recovered and sequenced. A search for Drosophila ex-
pressed sequence tags at the Berkeley Drosophila Genome Project (BDGP)
(http://www.bdgp.org) identified several expressed sequence tags in the region.
Four of them were analyzed in detail by restriction map analysis, and the longest
was sequenced (GenBank accession no. AF217960). Later on, the sequence of
the Drosophila genome (1) allowed us to look for new expressed sequence tags
at BDGP and permitted the identification of a new class of Alh transcripts (Alh
S), differing by having their transcriptional start located within the fifth intron of
the Alh L transcript. These transcripts are identical to the one described previ-
ously (cDNA C1 [3]).

Northern blotting, reverse transcription-PCR, and molecular biology. For
developmental Northern blot analysis, total RNAs were extracted with Trizol
(Life Technologies) and polyadenylated mRNA was purified with Oligotex (Qia-
gen) according to the manufacturer’s conditions. Electrophoresis, transfer, and
hybridization were done according to standard procedures (47).

For reverse transcription-PCR analysis of Alh transcripts, total RNAs were
extracted with Trizol (Life Technologies) from 100 embryos, 10 third-instar
larvae, 10 adult individuals, or 50 adult heads and resuspended in 10 pl of H,O.
Then 1 pl of RNA was used in a 20-pl reverse transcription reaction with 200 U
of Superscript Moloney murine leukemia virus reverse transcriptase (Life Tech-
nology) and random hexanucleotides. Then 1 ul of the resulting cDNAs was
tested in a 50-pl PCR with 0.1 U of Tag polymerase (Promega).

Primers used to detect Ak L transcripts were Forward 3'Exon (1) (5'-ACTG
CTCGCTCCCGATGTGC) and Reverse 5'Exon (4) (5'-GGGCGACGAACAC
GAATCGG). Alh S transcripts were identified with primer Forward Alh S
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(5'-GGACACCATGGACACCTCGC) and Reverse Exon6 (5'-GGCGGGCTG
AGTTCGGTACG). For reverse transcription-PCR analysis of salivary glands
and eye-antenna discs, reverse transcription was done on total RNA extracted
from the corresponding tissues of 10 individuals and PCR was done on 5 .l of the
resulting cDNAs.

Plasmid and mutant protein constructs. To generate the pP{UAS, yellow™}
vector, the mini-white gene was removed from pP{UAST} (5) by EcoRV diges-
tion and replaced with a blunted Sall cassette from the Dint plasmid (25),
encoding the yellow gene.

The UASy™-Alh L construct was generated by subcloning the 4,574-bp blunted
BstEII fragment from the full-length Alh L ¢cDNA in pP{UAS, yellow™*} at the
Notl restriction site (blunted). The UAS(y™")-Alh S construct was generated by
subcloning the Pml1-EroRV fragment from the Al/h S cDNA (cDNA C1 [3]) in
pP{UAS, yellow™} at the Notl restriction site (blunted).

The Flag-tagged A/h L ¢cDNA and the different mutant proteins were gener-
ated by PCR and cloned in pBlueScript KSII+, and the PCR products were
completely sequenced to exclude errors introduced by 7Taq polymerase. They
were then subcloned in pP{UAS, yellow™}.

The UAS(y")-MLLy,, construct was generated as follows. An amino-termi-
nal Flag-tagged 5’ MIl encoding amino acids 1 to 1396 was excised by EcoRI and
Xhol digestion from the pMSCV-5'MII plasmid (kindly provided by J. F. DiMa-
rtino) (17) and cloned into pP{UAS, yellow™ }. The UAS(y*)-MLL-AF10 fusion
derived from pMSCV-5'"MLL-AF10 (kindly provided by J. F. DiMartino) (17),
encoding amino acids 1 to 1396 from MLL fused to the C-terminal portion of
AF10 from amino acid 743. MLL-AF10 is amino-terminally Flag tagged and was
excised by EcoRI and Xhol digestion before cloning in the pP{UAS, yellow™}
plasmid. To generate the MLL-ALH fusion, an Ndel (blunted)-Xhol fragment
from Alh L cDNA was subcloned in pMSCV-5'MIl and Hpal and Xhol digested,
and then the fusion was cloned in pP{UAS, yellow™} as described above.

The glutathione S-transferase (GST)-LZ plasmid, corresponding to the GST-
C-terminal ALH L fusion protein (including the leucine zipper domain, amino
acids 938 to 1376 in the full-length protein) was generated by inserting the
BamHI-Xhol fragment from the Alh L cDNA into the BamHI- and Xhol-
digested pGEX-2T vector (Amersham Pharmacia Biotech). The plasmid encod-
ing GST-ALZ, corresponding to amino acids 938 to 1280 from the ALH L
protein fused to GST, was kindly provided by S. Bari.

E ination of eye pi tation. For all transgenic lines, flies of the same age
were compared. Due to the localization of their transgenes on the X chromo-
some, transgenic lines ph'®*3 and P{5F 24} are subject to dosage compensation.
Consequently, for these transgenes, only heterozygous females were observed for
eye color experiments. Flies were photographed under a Leica MZ12 dissecting
microscope with a Nikon DXM 1200 digital camera.

Pigment assays were performed as described before (2). Heads from five flies
(3 days old) were homogenized in 400 pl of 1:1 chloroform-ammonium hydrox-
ide (0.1%) and spun for 2 min in a microcentrifuge. Then 100 pl of the aqueous
layer was used to read absorbance at 485 nm. The experiment was repeated four
times for each genotype and the average optical density at 485 nm (OD,g5) was
calculated. For each experiment, the control was arbitrarily given a value of 1,
and the values were calculated as a ratio of the corresponding control.

GST pulldown. GST-LZ and GST-ALZ fusion proteins were isolated from
Escherichia coli lysates (strain BL21; Novagen) by standard protocols. Resin-
bound GST fusion proteins were pelleted, washed in lysis buffer (phosphate-
buffered saline, 1 mM dithiothreitol, 10 pg of leupeptin per ml, 10 pg of apro-
tinin per ml, 10 pg of pepstatin per ml, 10 pg of antipain per ml, 1 mM
phenylmethylsulfonyl fluoride) and resuspended in phosphate-buffered saline
containing 0.01% Triton X-100 and protease inhibitors (leupeptin, aprotinin,
pepstatin, and antipain [all at 10 wg/ml], 1 mM phenylmethylsulfonyl fluoride).
35S-labeled ALH L full-length and mutant proteins were synthesized with a
coupled in vitro transcription and translation kit (Promega) with the correspond-
ing cDNAs cloned in pBlueScript KSII+ (see above) as the template in the
presence of protease inhibitors. For the binding assay, again with protease
inhibitors, 5 ug of fusion protein was incubated for 1 h at 4°C with 10 ul of
[>*S]methionine-labeled proteins in phosphate-buffered saline-0.01% Triton
X-100. Following five washes with washing buffer (100 mM NaCl, 2 mM EDTA,
50 mM Tris-HCI [pH 7.4], 0.05% Triton X-100), labeled proteins were eluted by
boiling for 3 min in loading buffer. All bound eluate for each binding experiment
was fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized by autoradiography.

Polytene chromosome immunostaining. The protocol used for polytene chro-
mosome immunostaining has been described (23) with antibody dilutions in
blocking solution: 1:30 for anti-ALH (3), 1:30 for anti-Flag M2 (Sigma), 1:40 for
anti-PH, 1:300 for anti-mouse immunoglobulin-fluorescein conjugate (Sanofi
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FIG. 1. Alh! mutation affects PRE regulation.The dominant Alh’
mutation has a strong effect upon ph™®*3 (compare A and B) and on
Fab-7°"?* (compare C and D) eye color phenotypes. The lack of effect
of Alh" on Scr¥?**! eye color (compare E and F) shows that A/h’ has
some PRE specificity. The A/h’ mutation does not modify the tran-

scriptional activity of the control mini-white gene within the P{w*3-70¢}

transgene (compare G and H). The inserted numbers, which give the
average OD g5 values calculated from four experiments, help to quan-
tify eye pigment differences (see Materials and Methods).

Diagnostics Pasteur), and 1:500 for anti-rabbit immunoglobulin G (heavy and
light chain)-indocarbocyanine conjugate (Jackson).

RESULTS

Identification of Alhambra’, a new mutation that deregu-
lates PRE activity. We previously reported that transcription
of the ph locus, encoding a PC-G protein, is itself under the
control of both TRX-G and PC-G proteins, acting via PREs in
the ph upstream regulatory region (21, 22). In order to recover
new regulators of ph transcription, we made use of the ph™*?
strain described previously (22), in which a PlacW transgene
(carrying the mini-white reporter gene) is inserted in the first
intron of the ph-proximal transcription unit, thus bringing
mini-white under the control of the endogenous ph PREs. In
ph“e*3 wiph* w flies, Pc group loss-of-function mutations in-
duce an activation of the ph locus and lead to a darker (red)
eye color of ph™“ 3 wiph* w females, while trx group mutations
induce a repression of ph transcription and consequently a
lighter (yellow) eye color of ph™“*? w/ph* w females.

By screening P element-induced mutations for their ability
to modify the eye color of ph'™? w flies, we isolated the
Alhambra® (Alh') mutation, which produces a red eye color
instead of the regular orange eye color of ph™™5 wiph™ w
females (Fig. 1A and B). Furthermore, the Alh’ mutation also
affected the transcription of the mini-white gene of a P{ph}
transgene (21), indicating that it works at the level of the ph
PRE. The Alh’ mutation has no effect on the transcriptional ac-
tivity of a control mini-white gene present on the w, P{w 7%}
chromosome (Fig. 1G and H), which carries a PlacW insertion
insensitive to Pc group and frx group mutations (22). There-
fore, Alh’ behaves as a strong Pc group mutation, since it
activates ph transcription. Alh’ is homozygously viable, and
both homozygous and heterozygous flies have the same ph'®*?
eye color phenotype. This mutation also strongly deregulates
the activity of Fab-7, a PRE from the bithorax homeotic com-
plex (Fig. 1C and D). No effect was detected on the PRE of
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FIG. 2. Alhambra locus. (A) Genomic organization of the Alhambra locus at cytological position 84C on 3R. EcoRI restriction sites are
indicated (R,). A line represents genomic DNA. The localization of the P element P{Alh} responsible for the Alh’ mutation is indicated. It is
inserted at nucleotide 26782 in the Drosophila genomic segment (GenBank no. AE003672). Genomic DNA deleted in the Df(3R)scx? deficiency
is represented by a thin line above the genomic map (according to reference 4). The two major transcripts Al/h L and Alh S are represented below.
Stars represent translational start sites. The regions encoding the PHD (striped grey block) and leucine zipper (dark grey box) domains are
indicated. (B) Expression of A/h transcripts during development. A developmental Northern blot probed with a 4.5-kb genomic fragment adjacent
to the P{Alh} insertion site (dashed line in A) was used to reveal Alh L transcripts. Alh-L is expressed at all stages during development. A probe
corresponding to the sixth exon (dotted line in A) of Alh specifically reveals Alh S transcripts which are expressed only during the embryonic stage.
Apparent sizes are indicated on the left. 7p49 is shown as a loading control. E, embryos; L, third-instar larvae; P, pupae; M, males; F, females.
(C) Schematic representation of ALH L, ALH S, AF10, and AF17 proteins. The PHD (striped grey block) and leucine zipper (dark grey box) are
indicated. The predicted ALH L protein bears 53 more amino acids (amino acids 1 to 53) than the longest protein encoded by the class 3 cDNA
described earlier (3). These amino acids are indicated in italic in D. ALH L and ALH L-31-53 behave exactly in the same way in vivo and are both
able to rescue Alh loss of function (L. Perrin and J. M. Dura, unpublished data). Identical amino acid sequences between ALH L and ALH S are
represented by a light grey box, while sequences specific to each protein are indicated by white boxes. (D) Sequence alignment of the PHD domain
and leucine zipper domain of ALH and its human homologues AF10 and AF17. Italics indicate the 53 amino acids encoded by the first exon of
Alh L that were not published previously (see panel C). Overall, the ALH PHD domain is 75% and 74% identical to the AF10 and AF17 PHD
domains, respectively. The ALH leucine zipper displays 51% identity (68% similarity) with the AF10 leucine zipper. The conserved leucines are
indicated (*).

another homeotic gene, Sex comb reduced (Scr, Fig. 1E and F), nonautonomous P element within the first intron of a tran-

or on an engrailed (en) PRE (not shown). Thus, Alh’ acts to
disrupt silencing at specific PREs.

We further analyzed the effect of Ak’ on position effect
variegation and on telomeric effect variegation (30, 53). Strains
39C-4 and 39 C-5 (52) allowed monitoring of the activity of
centromeric and telomeric chromatin upon transcriptional reg-
ulation. Neither was sensitive to the A/’ mutation (not
shown), indicating that the mutation interacts specifically with
Pc group and frx group transcriptional regulation.

Alh gene encodes an orthologue of human AF10 and AF17
proteins. To clone the Alhambra locus, we took advantage of
the P element insertion responsible for the A/4* mutation (see
Materials and Methods). Cloning and sequencing of the
genomic DNA flanking the P element insertion site demon-
strated that the A/h’ mutation is due to the insertion of a

scriptional unit located at 84C on the right arm of chromosome
3 (Fig. 2A). This transcriptional unit produces two different
transcripts visible on Northern blots (4/h L and Alh S, Fig. 2B).
Alh L is expressed throughout development, while A/ S, which
is produced from a different transcriptional start site (located
into the fifth intron of Alh L), is detected only during embry-
ogenesis. This transcriptional unit is identical to that of dalf,
previously shown to be required for proper even skipped ex-
pression in RP2 neurons (3), and to dAFI10 (34).

The Alh L transcript that we have isolated bears one more 5’
exon and therefore potentially encodes a protein 53 amino
acids longer than the longest protein encoded by the previously
described class 3 Dalf cDNA (3). The ALH L protein is ho-
mologous to the human proteins AF10 and AF17 (encoded by
the All1 fusion on chromosomes 10 and 17, respectively). No-
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tably, ALH L bears one amino-terminal PHD and a C-terminal
leucine zipper domain (Fig. 2C and D). As shown in Fig. 2D,
the PHD domain displays strong homologies to both the AF10
and AF17 PHD domains (75% identity/85% similarity and
74% identity/85% similarity, respectively). The ALH leucine
zipper domain displays more homology to the AF10 leucine
zipper domain (51% identity and 68% similarity) than to the
AF17 leucine zipper domain (34% identity and 54% similari-
ty). Apart from these two domains, the central part of ALH L
does not show homology with any known proteins. Computer
analysis revealed that the ALH L protein is the only member
of this family in the Drosophila genome. The ALH S protein
retains only the leucine zipper domain in common with this
family.

AIh' mutation induces ectopic expression of Alh S tran-
scripts. The cloning of the Alh locus allowed us to analyze the
Alh' mutation at both the genetic and molecular levels. AL’
appears not to cause a lack of function of the gene. Indeed, the
Df(3R)scx2 deficiency, which uncovered the Alh locus (4), and
the AIRP“VRV?> mutation, an Alh null allele (3), have no effect
on ph'<*3 eye color (Fig. 3A to C). Furthermore, Alh loss-of-
function mutations do not change the phenotypes of the Pc
group mutants (Psc’, Psc*?!, PcX, ph®, and dMi-2%) or of the trx
group mutants [mor!, Df (3)XS (ash-27), tx®2, Tri"®, and z’]
(22) we have tested, as would be the case for a classical Pc
group or frx group mutation (data not shown). These results
indicate that the Al/h gene does not belong to either of these
groups. Localization of ALH L protein on polytene chromo-
somes further confirms this proposal, since it does not localize
on PREs (see below).

Reverse transcription-PCR analysis showed that, in A/’
flies as well as in wild-type flies, the A/h L transcript is ex-
pressed throughout development (Fig. 3D). On the other
hand, and contrary to the wild-type situation, the A/h S tran-
script is weakly but reproducibly detected in Alk’ adults (Fig.
3D, lane F). This ectopic expression is more readily detected if
RNAs are extracted from fly heads rather than from whole flies
(Fig. 3D, lane head). Although this short transcript is not
detected in whole mutant third-instar larvae (Fig. 3D, lane L),
reverse transcription-PCR of RNA extracted from the eye-
antenna disc attached to the central nervous system shows
specific expression of the Alh S transcript in the Al mutant
(Fig. 3D, lane CNS). Moreover, this expression seems to be
tissue specific, since no expression is detected in salivary glands
(Fig. 3D, lane SG).

Overexpression of Alh S transcript induces PRE deregula-
tion. In order to assay the in vivo roles of Alh transcript prod-
ucts upon ph transcriptional regulation, we ectopically ex-
pressed Alh L and Alh S in adults. Although the overexpression
of Alh L has no effect on ph transcription (Fig. 3E and F),
ectopic expression of Alh S induces a strong disruption of ph
silencing (Fig. 3G). This level of ph transcription is similar to
that seen in the original A4’ mutant. The same results are
obtained when Alk S is induced in eye cells only, with a Glass-
GALA4 driver, suggesting that it acts cell autonomously on PRE
silencing. Furthermore, as for the A/h’ mutation, Alh S over-
expression deregulates a Fab7 PRE (Fig. 3H and I) but has no
effect on the P{w™77%“} transgene (not shown). These results
strongly suggest that the original Al/h’ mutation is a neomorph
(gain-of-function) type of mutation which leads to ectopic ex-
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pression of the Alh § transcript in the head, leading to dereg-
ulation of several PREs.

Overexpression of the ALH leucine zipper domain alone
activates PREs, a property conserved in the human AF10
leucine zipper domain. As stated above, the sole characteristic
region in the ALH S protein is the leucine zipper domain. In
order to test the involvement of this domain in PRE deregu-
lation, we constructed transgenic fly lines expressing the car-
boxy-terminal part of ALH proteins, which includes the
leucine zipper domain (LZ-1 construct, Fig. 4A). Overexpres-
sion of this truncated protein induces a strong derepression
activity that is comparable to that obtained with the A/4’ mu-
tation (Fig. 4B and C). A comparable effect is observed when
a variant encompassing only the leucine zipper domain is as-
sayed (LZ-2, Fig. 4D). This construct, however, has a weaker
effect, which could be due to a defect in folding of the leucine
zipper domain in this shortest construct. Nevertheless, these
results clearly indicate a gain-of-function action of the ALH
leucine zipper towards ph PRE regulation. Both LZ-1 and
LZ-2 also activate a Fab-7 PRE (the LZ-1 effect is given as an
example in Fig. 4H), further supporting the fact that overex-
pression of the leucine zipper domain alone is sufficient to
deregulate PREs.

The conservation between the AF10 and ALH leucine zip-
per domains (see Fig. 2) led us to test, in flies, the effect of
overexpressing the human AF10 leucine zipper domain on ph
silencing. Like the ALH leucine zipper, the AF10 leucine zip-
per has a reproducible deregulating effect on ph transcription
in vivo (Fig. 4E) that is also observed on the Fab7 PRE (Fig.
41). In order to test whether the observed effect is specific for
the ALH and AF10 leucine zippers or whether it is due to a
general activity of leucine zipper domains when overexpressed,
we tested the effect of overexpression of the leucine zipper
domain of the Drosophila protein MOR on ph transcription.
mor encodes a TRX group protein and is thus involved in
transcriptional maintenance (15). The MOR leucine zipper
domain overexpressed in vivo has no effect on ph transcription
(Fig. 4F), indicating that PRE derepression is specific for the
AF10 and ALH leucine zipper domains.

AF10 leucine zipper confers PRE activation activity on a
human oncogenic MLL-AF10 fusion. In humans, all the differ-
ent oncogenic fusion proteins involving AF10 retain the
leucine zipper domain. These include MLL-AF10 and CALM-
AF10, suggesting a particular role for the AF10 leucine zipper
in the transformation process (13, 39). In order to test if the
PRE deregulation potential of the AF10 leucine zipper domain
has an effect on the activity of an MLL-AF10 fusion in Dro-
sophila cells, we generated transgenic lines bearing a P{UAS>
MLL-AFI10} transgene which allowed the expression of a hu-
man oncogenic MLL-AF10 fusion protein (generous gift of
G. F. DiMartino and M. L. Cleary). This fusion encompasses
the N terminus of MLL and the C terminus of AF10, including
its leucine zipper domain (see Fig. 5).

When expressed in Drosophila cells, MLL-AF10 induces a
reduction of ph PRE silencing (Fig. 5C). Interestingly, a chi-
meric MLL-ALH protein made of the N-terminal part of hu-
man MLL and the C-terminal part of Drosophila ALH also
removed ph silencing (Fig. 5D). The effects of MLL-AF10 and
MLL-ALH fusions are not due to the MLL Nter region
(MLLyy.,), since this protein fragment does not relieve ph
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FIG. 3. Functional study of A/x” mutation. (A, B, and C) Alh loss of
function does not affect PRE regulation. Neither Df{3R) scx® (B) nor
Alh@RY95(C) mutations modify the eye color of ph™*3hy females.
(D) Alh L and Alh S expression in wild-type and A/h’ individuals revealed
by reverse transcription-PCR analysis. Reverse transcription-PCR was
performed with oligonucleotides specific for Alh L and Alh S transcripts
on RNAs extracted from wild-type (WT) and A/h’ mutant individuals at
different stages (left) or from different tissues (right). M, molecular size
markers, E, embryos; L, larvae; P, pupae; A, adults; CNS, central nervous
system plus eye antenna disc; GS, salivary glands. The long transcript (44
L, top) is expressed ubiquitously at all developmental stages in wild-type
and mutant Alh’ flies. The short transcript (4/h S, bottom), which is
expressed only during embryogenesis in the wild type, is found in Alh’
adults and more specifically in the head (line labeled head). At the third-
instar larval stage, Alh S is expressed in the eye antenna disc and/or central
nervous system but not in salivary glands. (E to G). Effects of A/h L and
Alh S overexpression on ph'*3 eye color. The corresponding cDNAs
were inserted in the P{y"UAS} vector (see Materials and Methods), and
their expression was induced with P{daGAL4w" }, allowing expression of
the different cDNAs without interfering with the ph*3 white phenotype.
Alh L overexpression has no effect on ph**“*3 eye color (compare E and
F), while that of Alh S strongly activates the p4 PRE and resembles the
mutant Alh’ phenotype (compare E and G). In addition, Al S overex-
pression also activates an Fab7 PRE present in the 18.8.6 transgene (H
and I). The inserted numbers give the average OD g5 values calculated
from four experiments (see Materials and Methods).
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silencing when expressed alone (Fig. SE). In fact, a weak in-
crease in ph silencing is even observed, which may be corre-
lated to the presence of a potential repressive domain in this
part of the protein (46). In all cases, the same effects are
observed with the Fab7 PRE (not shown). The leucine zipper
domains are the sole homologous domains in the portions of
ALH and AF10 that were fused to MLL. Given the above-
mentioned effects of these leucine zipper domains on PRE
activity, these results indicate that, in Drosophila cells, the
AF10 leucine zipper domain as well as that of ALH confers
PRE deregulation activity on the human oncogenic MLL-
AF10 fusion.

Structure-function analysis of ALH L protein reveals antag-
onism between PHD and leucine zipper domains in PRE reg-
ulation. A noticeable feature of the ALH S protein is that,
compared to ALH L, it is devoid of the PHD domain. In order
to characterize the functions of the PHD and leucine zipper
domains with respect to PRE regulation, we constructed trans-
genic lines that allowed the specific expression of different
parts of the ALH L protein. As shown in Fig. 6, none of the
protein variants that encompass the PHD domain have an
effect on ph PRE silencing (Fig. 6B to G). These protein
variants include, apart from the full-length proteins (ALH L
and ALH LA1-53), a deletion of the leucine zipper (ALZ, Fig.
6F) and a variant corresponding essentially to the PHD do-
main (PHD, Fig. 6E). These data indicate that the PHD do-
main is unable to deregulate the ph PRE. Conversely, expres-
sion of a variant corresponding to the ALH L protein with its
PHD domain deleted induces a strong deregulation of ph si-
lencing (APHD, Fig. 6G), in a manner similar to that observed
when the leucine zipper domain or the ALH S protein is
overexpressed. This clearly indicates that, within ALH L, the
PHD domain inhibits the effect of the leucine zipper domain
activity on PRE regulation.

Moreover, coexpression of the full-length protein ALH L,
which shows no effect by itself, together with the leucine zipper
domain leads to inhibition of the effect of the leucine zipper
domain (Fig. 7D and E). ALH L overexpression therefore
seems to be able to titrate the action of the isolated leucine
zipper domain. ALH L overexpression also reduces the effect
of the Alh! mutation (Fig. 7A and B) and of APHD overex-
pression (not shown). In contrast, ALH L-ALZ has no effect in
this assay, indicating that, within the ALH L protein, the
leucine zipper domain is necessary for this activity (Fig. 7C).
We next tested the ability of ALH L overexpression to inhibit
PRE deregulation mediated by the MLL-AF10 fusion protein.
As shown in Fig. 7F and G, ALH L is able to reduce the effect
of the MLL-AF10 fusion protein, suggesting that conserved
residues in both proteins mediate this titration effect. Not
surprisingly, the MLL-ALH effect was also reduced when it
was overexpressed together with ALH L (not shown).

Leucine zipper domains are known for forming homodimers
or heterodimers (7, 38). One hypothesis that would explain the
titration effect of ALH L is that it interacts with the isolated
leucine zipper domain via its own leucine zipper domain. We
tested a potential oligomerization of the ALH leucine zipper
domain in vitro with the GST pulldown technique. The differ-
ent variants of the ALH L protein described previously (Fig. 5
and 6) were in vitro transcribed and translated, and their af-
finity for the C-terminal part of the ALH protein (which in-
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FIG. 4. ALH and AF10 leucine zipper domains deregulate PRE activity. (A) Schematic representation of the different constructs used. Amino
acids present in these constructs are indicated and refer to amino acid positions in the full-length ALH L and AF10 proteins (represented above).
The leucine zipper domain of the Drosophila moira-encoded protein MOR (amino acids 926 to 1019) was also analyzed. The corresponding cDNAs
were inserted in the P{y"UAS} vector, and their expression was induced with P{daGAL4 w~}. The carboxy-terminal Flag tags are indicated
(shaded flag). (B to F) Effects of overexpression of leucine zipper domains on ph'“™*3 eye color phenotype. Overexpression of the carboxy-terminal
region of ALH containing the leucine zipper domain, LZ(1), strongly deregulates ph silencing (C). A comparable but lighter effect is obtained with
the isolated leucine zipper domain LZ(2) (D). (E) Expression of the AF10 leucine zipper domain alone also relieves ph silencing. (F) The MOR
leucine zipper domain has no effect on ph silencing when overexpressed. (G to I) Overexpression of LZ(1) (H) and AF10-LZ(I) also activates an
Fab7 PRE present in the 18.8.6 transgene. The inserted numbers give the average OD,45 values calculated from four experiments (see Materials
and Methods).

cludes the leucine zipper domain) fused to GST was tested argue in favor of an interaction between the PHD and leucine
(GST-LZ protein, Fig. 7H). The specificity of the interaction zipper domains, perhaps with additional involvement of other
with the leucine zipper domain was controlled by use of the parts of the protein. Therefore, the titration of the leucine
GST-ALZ fusion protein, which corresponds to the same part zipper domain by the ALH L protein observed in vivo might be
of the ALH protein without the leucine zipper domain. mediated by interaction of the isolated leucine zipper domain
The full-length protein ALH L interacts with the leucine with the complete protein via the PHD domain and a region in
zipper domain in a specific way, since it binds to the GST-LZ the central part of the protein. The titration effect observed
protein but not to the GST-ALZ protein (Fig. 7H). However, with MLL-AF10 suggests that ALH L could interact with the
the ALH L-ALZ protein is also able to interact with the leucine AF10 leucine zipper domain through conserved residues
zipper domain in a specific way, which seems to rule out a within the AF10 leucine zipper domain. The lack of titration
homophilic interaction with this domain. This is confirmed by effect by the ALH L-ALZ protein, which also interacts in vitro
the inability of the leucine zipper domain alone to interact with with the leucine zipper domain, suggests that the inhibition
the GST-LZ protein. The analysis of the other protein variants observed in vivo also requires the presence of the leucine
indicates that the PHD domain is involved in the interaction zipper domain in the complete protein, for instance, by allow-
with the leucine zipper domain. This is shown by the very weak ing its interaction with other factors.
interaction between the ALH L-APHD and GST-LZ fusion ALH is a chromosomal protein independent of the PH/PC
proteins. Nevertheless, the PHD domain appears not to be complex. With a polyclonal anti-ALH antibody (anti-DALF
sufficient for this interaction because, when assayed alone, it [3]), we examined the distribution of the wild-type ALH L
binds the GST-LZ fusion protein only very weakly (Fig. 7H). protein on salivary gland polytene chromosomes. Since Al% S is
In summary, the GST pulldown results indicate that the not transcribed in this tissue (see above), this allowed the
ALH leucine zipper domain does not interact with itself and specific detection of ALH L. As published previously (3), ALH
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FIG. 5. MLL-AF10 and MLL-ALH fusion proteins dominantly
suppress ph silencing. (A) Schematic representation of fusion proteins.
An oncogenic human MLL-AF10 fusion was inserted into the
P{y*UAS?} vector in order to allow its expression in flies. A chimeric
protein containing the N-terminal part of human MLL (amino acids 1
to 1396) fused to the C-terminal part of ALH (amino acids 1212 to
1376) was cloned into the same vector. The N-terminal part of MLL
alone was also analyzed. (B to E) Effects of expression of these pro-
teins on ph silencing. The expressions of the oncogenic fusion MLL-
AF10 (C) and of MLL-ALH (D) relieve ph silencing to different
degrees. Contrarily, the N-terminal domain of MLL alone (E) pro-
duces slightly more ph silencing. The inserted numbers give the aver-
age OD,q4s values calculated from four experiments (see Materials and
Methods).

localization is nuclear. This is also the case in this tissue, as
revealed by immunostaining of whole salivary glands (Fig. 8A).
Examination of ALH L on squashed nuclei reveals that the
protein is associated with chromatin and binds more than 100
discrete sites in euchromatin (Fig. 8E). We also addressed
whether ALH L and PH colocalize on salivary gland chromo-
somes. Double immunostaining of ALH and PH proteins re-
veals mutually exclusive staining patterns. This indicates that
ALH L does not localize on PREs and is consistent with the
lack of activity of the whole protein on PRE-mediated silenc-
ing.

To test the subcellular localization of the different protein
variants used in this study, we used a Flag epitope tag. In these
experiments, the cDNAs were ubiquitously expressed under
the control of the daGAL4 driver. Anti-Flag immunodetection
indicates that, whatever the tissue and the construct tested, all
the proteins are nuclear. Immunodection of ALH leucine zip-
per, ALH PHD, and the MLL-AF10 fusion in salivary gland
cells is given as examples (Fig. 8B to D). Next, we tested the
distribution of the ALH leucine zipper, ALH PHD, and MLL-
AF10 proteins on polytene chromosomes. As shown in Fig. 8F
to H, these proteins only weakly bind polytene chromosomes.
Indeed, they are detected on 5 to 30 euchromatic chromosomal
bands, depending on the chromosome set examined, and in
most cases these bands were very weakly stained.

On whole-mount salivary glands, however, these proteins
were detected at levels comparable to those of the endogenous
ALH L protein (Fig. 8A to D). Furthermore, this faint staining
was not due to a failure of the anti-Flag antibody to stain
polytene chromosomes, as this antibody was able to detect a
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FIG. 6. Within ALH L, the PHD domain inhibits the activity of the
leucine zipper domain. (A) Schematic representation of the different
constructs used. The amino acids present in the different proteins are
indicated. The corresponding cDNAs were inserted in the P{y*UAS}
vector, and their expression was induced with P{daGAL4 w™}. The
PHD domain is shown as a striped grey block (at the left), and the
leucine zipper domain is shown as a uniform grey block (on the right).
The ALH L A1-53 construct has a deletion of the first 53 amino acids
and is thus identical to the class 3 protein described earlier (3). The
carboxy-terminal Flag tag is indicated (shaded flag). (B to G) Effects of
overexpression of truncated ALH L proteins on ph’*3 eye color
phenotype. (C to F) All the constructs that bear the PHD domain of
ALH are unable to modify p4 silencing (ALH L, ALH L A1-53, PHD,
and ALZ). (G) Only the construct that does not contain the PHD
(APHD) displays a disruption of ph silencing. The inserted numbers
give the average OD,g5 values calculated from four experiments (see
Materials and Methods).

Flag-tagged ALH L protein on salivary gland polytene chro-
mosomes at a level comparable to that obtained with the poly-
clonal anti-ALH antibody (not shown). Therefore, these re-
sults might indicate that most of the proteins are not associated
with chromatin. In addition, no consistent colocalization with
PH was noticed, indicating that these proteins might not act
directly at the level of PREs. Indeed, the ph locus at chromo-
somal band 2D on the X chromosome, while labeled by PH
protein, is not labeled by the ALH leucine zipper, ALH PHD,
or MLL-AF10.

DISCUSSION

We have shown that the loss of the conserved PHD domain
in the ALH L protein, the Drosophila AF10/17 homologue,
confers PRE derepression activity. This activity is also shared
by the leucine zipper domain alone (when overexpressed) and
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FIG. 7. ALH L overexpression reduces PRE deregulation medi-
ated by ALH leucine zipper and MLL-AF10 fusion. (A to E) The ALH
L protein overexpressed in Alh’ mutants reduces the effect of the Alh’
mutation (compare A and B). If a ALZ protein is expressed, no effect
is detected, indicating the requirement of the leucine zipper domain
for this titration effect (C). The same titration effect is observed when
ALH L is coexpressed together with the isolated leucine zipper domain
(D and E). ALH L also reduces PRE activation mediated by MLL-
AF10 overexpression (F and G). The inserted numbers give the aver-
age OD,q4s values calculated from four experiments (see Materials and
Methods). (H) GST pulldown experiments. The C-terminal part of
ALH L (amino acids 938 to 1376; GST-LZ) containing the leucine
zipper domain was fused to GST. As a control, the same region with
the leucine zipper domain deleted (amino acids 938 to 1280; GST-
ALZ) was fused to GST. Different truncated proteins (the same that
were expressed in vivo in Fig. 4 and 6) were produced in vitro and
tested for their affinity for the two GST fusion proteins. Only the
complete protein ALH L and the ALZ protein interact in vitro with the
leucine zipper domain. The PHD domain alone and the APHD protein
have a very weak affinity for the leucine zipper domain. We note that,
in vitro, the leucine zipper domain does not interact with itself. None
of the proteins tested interacts with the GST-ALZ fusion protein. “In”
corresponds to 5% of the input labeled proteins. Apparent molecular
masses are indicated on the left.

is conserved in the corresponding domain of human AF10.
Furthermore, our study demonstrates that, in Drosophila cells,
the AF10 leucine zipper domain confers PRE regulation prop-
erties on the human MLL-AF10 oncogenic fusion.

The AF10 and AF17 regions that are present in oncogenic
fusion proteins include their leucine zipper domains, the only
region of homology between the two proteins (12). This is the
case not only in the MLL-AF10 and MLL-AF17 fusions but
also in t(10;11)(p13;q14), which fuses AF10 to CALM. Indeed,
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FIG. 8. Immunofluorescence localization of ALH, ALH-LZ, ALH-
PHD, MLL-AF10, and PH proteins on salivary gland cells and poly-
tene chromosomes. Whole-mount salivary glands (A to D) and poly-
tene chromosomes (E to H) of third-instar larvae were treated with
mouse polyclonal anti-ALH (A and E), monoclonal anti-Flag M2 (B to
D and G to H), and rabbit polyclonal PH antibodies (E to H). The
bound antibodies were detected with fluorescein-labeled anti-mouse
immunoglobulin antibody and indocarbocyanine-labeled anti-rabbit
immunoglobulin antibody. (A to D) All the proteins tested present a
nuclear localization. These include endogenous ALH, ALH-LZ, ALH-
PHD, and MLL-AF10. Bars, 5 pm. (E to H) Merge of PH staining and
ALH (E), leucine zipper (F), PHD (G), and MLL-AF10 (H) staining.
(E) ALH protein (green) binds over 100 euchromatic sites but never
overlaps those of PH (red). We can particularly note the absence of
ALH at 2D, corresponding to the p/ locus, which is a PH binding site.
(F and G) The isolated leucine zipper and PHD domains of the ALH
L protein and the MLL-AF10 fusion protein present only faint asso-
ciation on polytene chromosomes that varies depending on the chro-
mosome set examined. No consistent overlapping with PH localization
is observed, particularly at 2D (magnified view in F).

CALM-AF10 chimeric transcripts but not the AF10-CALM
reciprocal message have been consistently detected in patients
bearing such translocations (10, 39). This observation clearly
suggests a particular role of the leucine zipper domain in leu-
kemias. Indeed, DiMartino et al. (17) recently demonstrated
that the AF10 leucine zipper is required for leukemic trans-
formation of myeloid progenitors by MLL-AF10. In mammals,
however, functional studies of either the AF10 or AF17 leucine
zipper domain are lacking. With D. melanogaster, and thanks to
several amenable genetic tools, we were able to decipher some
important properties of the Drosophila AF10/AF17 homologue
that can be extended to the AF10 leucine zipper domain.
Our observation that the ALH L protein, although bound to
polytene chromosomes, does not overlap PH binding sites
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might indicate that the ALH L protein is involved in transcrip-
tional maintenance in complexes that are different from PC-
G/TRX-G complexes. Indeed, Alh is required for the mainte-
nance but not the initiation of eve expression in RP2 neurons
of the Drosophila central nervous system (3). In this respect, its
function resembles that of #zx group genes. It might be pointed
out, however, that, contrary to Pc and trx group genes, we show
here that Alh loss of function does not interact with any Pc or
trx group mutation tested. In addition, we were unable to
detect any effect of A/h L loss or gain of function on PRE
activity, whatever the PRE tested. While known Pc group and
trx group genes do not exhibit functional tissue specificity, Alh
loss of function has been rescued by neuron-specific expression
of Alh L transcripts (3), indicating that its function is required
in the nervous system only.

In addition to its association with polytene chromosomes, a
chromatin function for ALH L is further reinforced by the
observation that the PHD domain is a common feature of
numerous chromatin-associated proteins such as TRX, CBP,
and the PC-G protein PCL. In a recent study, it was shown that
the PCL PHD domain mediates interaction with an Enhancer
of zeste-encoded protein, another PC-G protein (41). We show
here that the ALH L PHD domain contacts the ALH leucine
zipper domain in vitro. PHD domains thus appear to mediate
protein-protein interactions. Identification of the direct inter-
actors with the ALH PHD domain is currently under investi-
gation in our laboratory.

Our data clearly demonstrate that, within ALH L, the PHD
domain behaves as a repressor of the leucine zipper domain
with respect to PRE deregulation. Indeed, while in all our
assays the ALH L protein has no effect on PRE activity, the
ALH S protein, which lacks the PHD domain, induces a strong
disruption of PRE silencing when overexpressed. The same
activity was observed when an ALH L protein with its PHD
domain deleted was used and is also caused by overexpression
of the isolated leucine zipper domain. The loss of the PHD
domain thus confers novel properties on the ALH L protein.
This is further supported by our in vivo competition experi-
ments. ALH L overexpression is able to inhibit the activity of
ALH S, ALH L-A-PHD, and the ALH leucine zipper with
respect to PRE regulation. This suggests that the inhibition
effect of the PHD domain over the leucine zipper domain that
occurs in cis within ALH L can also take place in trans between
the ALH L protein and the leucine zipper domain.

This genetic interaction between the PHD and leucine zip-
per domains with respect to PRE regulation is further sup-
ported by our in vitro experiments. Indeed, we show that the
leucine zipper domain interacts directly with the ALH L pro-
tein and that the PHD domain, while not sufficient, is necessary
for this interaction. The absence of the PHD domain, which
reveals the PRE regulation properties of the leucine zipper
domain, might allow the latter domain to contact other pro-
teins within the nucleus, which in turn may induce PRE tran-
scriptional activation (see below). Given the strong homology
between the PHD domain of ALH L and its human homo-
logues, and given the functional homology of the leucine zip-
per of both ALH and AF10 regarding PRE regulation, the
same situation is likely to prevail in the human proteins. In
support of this hypothesis, we show that ALH L overexpression
is able to reduce MLL-AF10-mediated PRE deregulation. Im-
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portantly, the PHD domain is lost in all oncogenic fusions
affecting AF10 and AF17. Thus, the oncogenic properties of
the human fusions could, at least in part, originate from loss of
the PHD domain, which, in the full-length AF10 and AF17
proteins, might inhibit some properties of the leucine zipper
domain.

In a recent study, Dobson et al. (20) documented that an
MLL-B-galactosidase fusion has oncogenic potential in mice.
This suggested that truncation and fusion of MLL can be
sufficient for tumorigenesis and that the fusion partner may not
have an active role in the fusion. It may rather have a permis-
sive function, such as dimerization, a property of B-galactosi-
dase itself. However, the MLL—B-galactosidase fusion induced
leukemia with a lower frequency and a longer latency than
other MLL fusions tested. The observation that AF10 is in-
volved in leukemias independently of MLL in CALM-AF10
fusions might rule out the possibility that AF10 has only a
passive role in leukemias. Indeed, we demonstrate that the
AF10 leucine zipper domain, like its Drosophila counterpart, is
able to activate several PREs when overexpressed alone. Fur-
thermore, while the MLL amino-terminal portion has very
weak silencing activity on Drosophila PREs, an MLL-AF10
fusion protein behaves as a strong PRE activator in our system.
This demonstrates that the C-terminal part of AF10 (and most
probably its leucine zipper domain) confers PRE activation
potential on the MLL-AF10 fusion. This is confirmed by the
observation that the MLL-ALH leucine zipper has the same
activity and points to an active function of the AF10 leucine
zipper in the capacity of MLL-AF10 fusion to activate Dro-
sophila PREs.

The ALH and AF10 leucine zipper domains are specifically
involved in PC-G- and TRX-G-mediated transcriptional regu-
lation. We failed to detect any effect of these domains (or of
the MLL fusion proteins) on the Asp70 minimal promoter
carried by the PlacW transgene in the P{w ™79} chromosome
or on position effect variegation (53) or telomeric position
effect (30). However, none of the proteins tested (ALH-LZ,
ALH L-APHD, and MLL-AF10) were detected associated
with PREs on polytene chromosomes from larval salivary
glands. This observation suggests an indirect action of the
leucine zipper domains on PRE activity.

As discussed above, the activity of the ALH leucine zipper
domain on PRE regulation is observed only when it is discon-
nected from the PHD domain. Since the leucine zipper and
PHD domains are able to interact directly in vitro, the disso-
ciation of both domains could allow the leucine zipper domain
to contact new factors that are unable to interact with it in the
normal context of ALH L. Given the above-mentioned speci-
ficity for PRE-mediated transcriptional regulation, members of
the PC-G and/or TRX-G complexes are likely candidates for
such interactions. These interactions would titrate and inhibit
the activity of PC-G proteins or enhance that of TRX-G pro-
teins. We are currently searching for interactors with the iso-
lated leucine zipper domain that do not interact with the full-
length ALH L protein.

Importantly, we show that the leucine zipper domain activity
is conserved from flies to humans. This may indicate that this
activity requires conserved residues in these domains. Thus,
the interactions that the AF10 leucine zipper domain is able to
make in Drosophila cells could be conserved in humans. In-
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deed, mammals have PC-G and TRX-G homologues that are
conserved both structurally and functionally, and as it is in
Drosophila, their activity is required to maintain homeotic gene
expression (6). Furthermore, several studies have documented
a role of different homeotic genes in leukemias. For example,
engineered coexpression of HOX a-9 and of its coactivator
MEIS 1 in murine hematopoietic cells leads to rapid develop-
ment of acute myeloid leukemias (33). Hox deregulation could
thus be a unifying theme of the development of leukemia
diseases. Consistent with this idea, it has recently been re-
ported that two MLL fusion partners, AF9 and ENL, interact
directly with PC3, a mammalian Polycomb homologue. In these
cases, however, a direct role of the oncogenic fusions in PC-
G-mediated regulation has not been tested.

Our study thus provides the first evidence that an MLL
fusion can play on PC-G/TRX-G activity and furthermore
demonstrates that this activity is conferred by the fusion part-
ner and not by the MLL moiety. With Drosophila melanogaster,
biochemical and genetic analysis will allow us to understand
the mechanisms by which the AF10 leucine zipper domain and
the MLL-AF10 fusion interfere with PC-G- and TRX-G-me-
diated transcriptional regulation.
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