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DSP1, an HMG-like Protein, Is Involved in the Regulation of Homeotic Genes
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ABSTRACT
The Drosophila dsp1 gene, which encodes an HMG-like protein, was originally identified in a screen

for corepressors of Dorsal. Here we report that loss of dsp1 function causes homeotic transformations
resembling those associated with loss of function in the homeotic genes Sex combs reduced (Scr), Ultrabithorax
(Ubx), and Abdominal-B. The expression pattern of Scr is altered in dsp1 mutant imaginal discs, indicating
that dsp1 is required for normal expression of this gene. Genetic interaction studies reveal that a null
allele of dsp1 enhances trithorax-group gene (trx-G) mutations and partially suppresses Polycomb-group
gene (Pc-G) mutations. On the contrary, overexpression of dsp1 induces an enhancement of the transforma-
tion of wings into halteres and of the extra sex comb phenotype of Pc. In addition, dsp1 male mutants
exhibit a mild transformation of A4 into A5. Comparison of the chromatin structure at the Mcp locus in
wild-type and dsp1 mutant embryos reveals that the 300-bp DNase I hypersensitive region is absent in a
dsp1 mutant context. We propose that DSP1 protein is a chromatin remodeling factor, acting as a trx-G
or a Pc-G protein depending on the considered function.

THE family of HMG-box proteins, originally defined Tremethick and Molloy 1988; Singh and Dixon
1990). Recently, Calogero et al. (1999) have estab-by the presence of a common DNA-binding domain

called the HMG box, includes diverse regulatory pro- lished that HMG1 is not essential for packaging DNA
into chromosomes, or for embryonic and fetal develop-teins (Bianchi et al. 1992). The HMG box is a highly

conserved basic motif, 70–80 amino acids in length, that ment in mouse. Nevertheless, HMG1 is required for
specific gene regulatory processes after birth. Despiteadopts an L-shaped three-dimensional structure and is

responsible for DNA-binding activity (Read et al. 1995). intensive studies, the biological functions of these pro-
teins still remain elusive.HMG-box proteins preferentially bind to curved micro-

Lehming et al. (1994) isolated a new HMG1-like pro-circles or distorted DNA structures such as four-way junc-
tein from Drosophila as a corepressor of Dorsal proteintions, cisplatin-modified DNA, and S-S tethered DNA.
that was named DSP1 (Dorsal switch protein). This pro-The HMG-box proteins are divided in two classes ac-
tein contains two HMG boxes, a small acidic tail, and twocording to the sequence conservation and the number
N-terminal glutamine-rich regions. DSP1 is expressedof their HMG boxes (Grosschedl et al. 1994). Proteins
throughout embryogenesis, ubiquitously during the firstbelonging to the first class are generally transcription
stages (cellular blastoderm and germ band extension)factors that bind to specific DNA sequences. They con-
and then exclusively in the central nervous system dur-tain only one HMG box and are expressed in restricted
ing the last stages (stages 15–16). In adults, the proteincell types. They are exemplified by the human sex-
is detected only in ovaries and in brain (Mosrin-Hua-determining factor SRY (Sinclair et al. 1990), the
man et al. 1998). Lehming et al. (1998) have proposedlymphoid enhancer binding factor Lef1 (Travis et al.
that DSP1 could be part of a repressing chromatin com-1991), or the T-cell factor Tcf-1 (Waterman et al. 1991).
plex containing SP100 and HP1, a component of Dro-The second class includes a larger number of nuclear
sophila heterochromatin involved in position effect var-proteins that contain two or more tandem HMG boxes
iegation (PEV; Eissenberg et al. 1990, 1992). PEVand bind to DNA in a relatively sequence-aspecific man-
occurs when a euchromatic gene is transposed adjacentner. The archetype of this class are the mammalian
to a segment of heterochromatin. Expression of theHMG 1/2 proteins. In vitro studies have shown that these
transposed gene is repressed in some cells and not inproteins are able to remodel chromatin and participate
others, producing a mosaic phenotype. Many mutationsin DNA replication, nucleosome assembly, and tran-
that enhance or suppress PEV have been isolatedscription (Bonne et al. 1982; Bonne-Andrea et al. 1984;
(Locke et al. 1988; Sinclair et al. 1989, 1992; Wust-
mann et al. 1989; Dorn et al. 1993), and most of them
identified genes that encode nonhistone chromatin pro-
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tic genes. For example, Pc shares a region of sequence idea that dsp1 could function as an activator or repres-
sor, depending on the considered function.similarity with Su(var)205, which encodes HP1 (Eissen-

berg et al. 1990; Paro and Hogness 1991), and Su(var)-
309 shares a domain with Enhancer of zeste [E(z)], a Pc-G

MATERIALS AND METHODS
gene, and with trx (SET domain; Tsiersch et al. 1994).
Pc-G and trx-G genes may act by modifying chromatin In situ hybridization: Scr expression was monitored by whole

mount embryo in situ hybridization using digoxygenin-labeledstructure. Several groups have found that some Pc-G or
riboprobes. Probes were prepared according to the manufac-trx-G genes act as suppressors or enhancers of PEV.
turer’s directions (Boehringer Mannheim Biochemicals,

Examples are Enhancer of Polycomb [E(Pc); Sinclair et al. Mannheim, Germany). Prehybridization and hybridization
1998a], cramped (Yamamoto et al. 1997), Asx (Sinclair conditions were based on the protocol described by Tautz

and Pfeifle (1989) and conditions for embryos and imaginalet al. 1998b), and Trl (Farkas et al. 1994). These results
discs were based on Masucci et al. (1990). The Scr riboprobehave prompted us to investigate a possible function of
was generated from pGEM3Zf(1) containing a 1011-bp DNAdsp1 in homeotic gene regulation.
fragment [nucleotides (nt) 1833–2844] obtained by PCR.

Homeotic genes encode transcriptional factors that Drosophila strains and crosses: Flies were raised on standard
specify the identities of body segments in Drosophila. medium at 228. All mutations and chromosome aberrations

are described in Lindsley and Zimm (1992) unless otherwiseThey are clustered in two complexes, the Antennapedia
noted. Isolation of the dsp1 null mutant was described pre-and Bithorax complexes (ANT-C and BX-C; Duncan
viously (Mosrin-Huaman et al. 1998). Ubxbx-83kb/TM1, Pc11/TM3,1987; Kaufman et al. 1990). In early embryos, the initial
Ubxbx34-e/TM1, AntpD43/TM, and Df(3R)P9/Dp(3;3)P5 were ob-

boundaries of homeotic gene transcription are con- tained from the Umea Drosophila Stock Center. Df(1)19, f 1/
trolled by segmentation genes. Later in development, C(1)RM, y1 shi1 f 1; Dp(1;Y)shi13, y1, Scr4/TM3, Scr s/TM3, trx1/

TM1, trxE2/TM6, trxE2brm2/TM6, ash21/TM6, and w[*];the pattern of homeotic gene transcription is main-
P{w[1mC] 5 Gal4-HSP70.PB}2/CyO were obtained from thetained by two groups of regulatory proteins, the Poly-
Bloomington Fly Stock Center. ash2x2/TM3, ash1vv183/TM3, andcomb-group of repressors (Pc-G) and the trithorax-group
w118 strains were kindly provided by A. Shearn and B. Limbourg-

of activators (trx-G; reviewed in Kennison 1995; Simon Bouchon, respectively. Oregon-R was used as wild-type reference
1995; Pirotta 1997). Mutations in Pc-G genes cause strain.

Overexpression of dsp1: A dsp1 transgenic strain was obtainedhomeotic transformations due to the ectopic expression
by cloning a fragment of 1.3 kb spanning the whole dsp1 openof ANT-C and BX-C genes, resembling gain-of-function
reading frame and obtained by reverse transcriptase (RT)-PCRmutations of the BX-C and ANT-C. In contrast, muta-
into pUAST vector (generous gift from B. Limbourg-Bouchon).

tions in trx-G genes cause homeotic transformations P-element-mediated germ-line transformation was done using
similar to loss-of-function mutations in BX-C and ANT- standard procedures (Spradling and Rubin 1982a,b). The mini-

white transformation marker in the pUAST transformation vectorC, due to the failure to maintain expression of homeotic
was designed to allow detection of transformants by the rescuegenes. It was proposed that Pc proteins package inactive
of the white mutation in the recipient strain (w118). The transgenichomeotic genes into inaccessible complexes in the early
strain was controlled by PCR and Southern assays. Chromosomal

embryo, therefore preventing their expression. Bio- linkage of construct was determined by segregation with respect
chemical studies have demonstrated physical inter- to the balancer chromosomes CyO and TM3. A homozygous

transgenic strain was established and maintained at 228.actions between different members of Pc-G proteins.
Virgin homozygous dsp1 transgenic flies were mated to w[*];Genetic studies have suggested that transcription of ho-

P{w[1mC] 5 Gal4-HSP70.PB}2/CyO males. w[*];P{w[1mC] 5meotic genes is regulated by interaction between trx-G
Gal4-HSP70.PB}2 virgin females were recovered and submitted

proteins. Three complexes containing trithorax group to heat-shock treatment (3 heat shocks at 368 for 20 min, with
proteins have been identified (Papoulas et al. 1998). equivalent recovery times at room temperature). Then, the

females were crossed with Pc11/TM3 males at 228, and theOne of them, the BRM complex, is composed of at least
progeny were recovered at different times after laying (0/24seven major polypeptides, four of which are related to
hr, 24/40 hr, 40/48 hr, 48/72 hr, and .72 hr after heatsubunits of the yeast chromatin remodeling complexes
shock). The same results were obtained for 0/24 hr and 24/

SWI/SNF (Dingwall et al. 1995) and RSC (Cairns et 40 hr.
al. 1996). Chromatin studies: Nuclei were prepared from 0–12-hr

mass-collected embryos as described ( Jowett 1986). The nu-Here, we report the phenotype of a loss-of-function
clei were incubated for 3 min at 258 with different concentra-mutant of dsp1 (named dsp11). We show that lack of
tions of DNase I. The DNA was then purified by proteinasedsp1 product causes homeotic transformations. Results
K treatment and phenol extraction and digested with EcoRI.

of genetic interactions with BX-C and ANT-C mutants After electrophoresis on an agarose gel, and blotting to nitro-
suggest that DSP1 is involved in the regulation of several cellulose, the DNA was hybridized with a Mcp probe (PCR

product corresponding to nt 8–2475).homeotic genes. dsp11 mutation suppresses the homeo-
tic transformations observed in Pc heterozygotes and
on the contrary enhances the trx-G mutant phenotype.

RESULTS
Overexpression of dsp1 results in enhancement of the
Pc phenotype. Finally, analysis of the chromatin struc- dsp1 mutant strain: We have obtained by P mutagene-

sis a loss-of-function allele of dsp1. Molecular analysisture at the Mcp locus suggests that DSP1 could act as a
chromatin remodeling factor. These results support the has revealed a deletion of the dsp1 open reading frame
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TABLE 1that does not affect another transcription unit. This
mutant does not produce detectable RNA or protein Interactions of the dsp11 allele with Ubx, Scr,
(Mosrin-Huaman et al. 1998). We have named this and Antp mutations
allele dsp11 and we use this nomenclature hereafter.
dsp11 was isogenized with wild-type Oregon-R chromo- Females
somes by recombination around the dsp1 locus and was
maintained as a homozygous strain at 228. Reynolds

Males Oregon-R
dsp11

dsp11

dsp11

dsp11

and Tanouye (1998) have proposed that dsp1 is allelic
dsp11/Y; 1/1 — 1202/4 —to bang senseless (bss). bss mutants become paralyzed for
dsp11/Y; Ubx34e/1 787/0 407/14 600/2several minutes following a vibration of the culture vial.
dsp11/Y; Ubx83kd/1 314/0 208/8 —

Surprisingly, we do not observe this phenotype in dsp11
dsp11/Y; Scr S/1 200/192 235/70 356/124

adults. To resolve this discrepancy we performed a com- dsp11/Y; AntpD43/1 152/30 200/4 —
plementation experiment between bss1 and dsp11. Het-

Homozygous female genotypes were crossed to male geno-erozygotes for bss1 are distinguishable from homozy-
types. Resulting male progeny were examined for homeoticgotes or hemizygotes by the length of time they remain
transformations such as haltere to wing (Ubx), third legs trans-

paralyzed. The phenotype of bss1/dsp11 heterozygotes formed to first leg (Scr), and antennae transformed to legs
and 1/bss1 was the same, indicating that bss1 and dsp11

(Antp). Data are presented as number of flies examined/
do complement. We observed the same result with other number of flies showing homeotic transformations.
alleles of the bss gene. We concluded from this experi-
ment that bss and dsp1 are not alleles. To avoid confusion
between the two genes, we propose that dsp1 be named rupt any of the identified Scr loci and is sensitive to

mutation in Pc (Pattatucci et al. 1991). dsp11/Y; ScrS/1only dsp1 and not dsp1/bss.
dsp11 homozygotes or hemizygotes died prematurely males exhibited a less severe phenotype than the Scr

mutant alone (Table 1): the number of T3 legs with aand exhibited very low fertility. The same phenotypes
were observed in dsp11/Df(1)19 flies bearing a deletion sex comb was highly diminished (30 vs. 100%) and the

size of the sex comb on the T2 legs was reduced (2.5including dsp1. Inactivation of dsp1 also led to a reduc-
tion of the size of the sex comb in males. This phenotype vs. 4.5 teeth). These results prompted us to study the

expression of Scr in dsp11 embryos and imaginal discswas suppressed in dsp11/shi1 Y males bearing on the Y
chromosome a translocation of 13F to 14F X region. To of third instar larvae (Figure 1). No difference was ob-

served in wild-type and dsp11 embryos (Figure 1, A andconfirm that the phenotypes observed were a result of
a lack of dsp1 function rather than an effect of other B; only stage 17 is shown). In contrast, Scr expression

in dsp11 T1 imaginal discs was severely lowered (Figureloci, a phenotype rescue test was performed by introduc-
ing an extra copy of the wild-type dsp1 gene into the 1, C and D). In particular, the strong expression of Scr

in cells between the central knob and peripheral margindsp11 background. The wild-type copy of dsp1 rescued
all phenotypes. of the disc was not detected in dsp11 imaginal discs.

These cells are the progenitors of the adult anteriorLack of dsp1 function induces homeotic transforma-
tions: Inspection of adults homozygous or hemizygous tarsus and tibia, including the sex combs of adult males

(Bryant 1978). These data strongly suggest that dsp1for the dsp11 allele has revealed various homeotic trans-
formations. The first one corresponded to a T1 to T2 participates in activation of Scr in imaginal discs.

The second homeotic transformation correspondedtransformation. Adult males hemizygous for the dsp11

allele showed a reduced sex comb, with an average of to a T3 to T2 transformation. Adults homozygous or
hemizygous for the dsp11 allele showed partial homeotic6 teeth instead of the 11 normally found in the wild

type. The size of the sex comb in dsp11/Y males never transformations of metathoracic into mesothoracic
structures, mainly in the anterior compartment. Gener-exceeded 9 teeth and was always reduced whatever the

mother (homozygous or heterozygous for dsp11), sug- ally, only one haltere was affected and the transforma-
tions included, to various extents, dorsal developmentgesting that this phenotype is the result of an absence

of dsp1 function in the zygote. This phenotype mimics, of wing tissue in place of haltere or mesonotal tissue in
place of metanotum. This phenotype resembles the oneto some extent, loss-of-function mutations in the homeo-

tic gene Sex combs reduced (Scr). We have studied interac- obtained for loss of function in the Ubx gene, especially
with bx alleles. This led us to study the interactions oftions of dsp11 with Scr4, a loss-of-function mutation (Pat-

tatucci et al. 1991). dsp11/Y; Scr4/1 males showed an dsp11 with two bx alleles, bx34e and bx83kd. These two alleles
correspond to insertions of transposable elements andincrease in the severity of the Scr phenotype; the size

of the sex comb was greatly reduced and the average show reductions of Ubx protein expression. In dsp11/Y;
bx/1 males, the frequency of transformation of halteresnumber of teeth was 4 in the double mutant vs. 6 in

the Scr4 or dsp11 single mutants. We have also studied into wings was enhanced by a factor .15 (Table 1). A
similar result was obtained with each of the two bx alleles.interactions of dsp11 with Scr S, a gain-of-function muta-

tion corresponding to a transposition that does not dis- The enhancement was dramatically reduced but not
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Figure 1.—Pattern of Scr ex-
pression in embryos and protho-
racic imaginal discs. (A and C)
Wild-type Oregon-R; (B and D)
dsp11 mutant. (A and B) Ventral
views of embryos at approximately
stage 17 of development (the ante-
rior is on the left). (C and D) Pro-
thoracic (T1) imaginal discs.

suppressed if females were heterozygous for dsp11, indi- gest that dsp1 is involved in the expression of several
homeotic genes. Two groups of genes are known tocating that maternal DSP1 function is involved in a

concentration-dependent manner. control homeotic gene expression: the trx-G and the
Pc-G genes. We studied genetic interactions betweenThe third homeotic transformation corresponded to

an A6 into A5 transformation. About 25% of males hemi- dsp11 and various mutations of trx-G or Pc-G genes (Ta-
zygous for the dsp11 allele showed bristles on the A6
sternite, some of them bearing more than six bristles
(Figure 2). As this phenotype is reminiscent of muta-
tions in the iab-6 regulatory region of AbdB, we studied
the interaction between the dsp11 allele and Df(3R)P9,
a deletion of BX-C. About 90% of dsp11/Y; Df(3R)P9/1
males exhibited bristles on the A6 sternite compared
to 25% in dsp11 or Df(3R)P9 single mutants. This observa-
tion strongly suggests that DSP1 is involved in the regula-
tion of the iab-6 locus. In addition to the A6 to A5
transformation, we observed in z50% of males patches
of pigmentation on the A4 tergite, suggesting a partial
transformation of A4 into A5 (Figure 2). This point is
discussed later.

To know whether dsp1 is involved in the expression
of other homeotic genes, we looked at the interaction

Figure 2.—Adult male phenotypes of hemizygous dsp11 mu-between dsp11 and AntpD43, a gain-of-function mutation
tation. Whole mounts of abdominal male cuticles of wild typeof Antennapedia (Table 1). Analysis of the dsp11 male
(A) or dsp11 (B) are shown. Male abdomens were cut along

progeny heterozygous for AntpD43 revealed that the num- the dorsal midline and flattened on a slide. The dorsal surface
ber of homeotic transformations of antennae into legs of each abdominal segment has a plate of hard cuticle called

tergites. The ventral surface of abdominal segments is com-was strongly reduced (z10 times). In addition, in the
posed of pleura on the central midline of hard cuticle calledfemale progeny heterozygous for dsp11 and AntpD43, the
sternites. In wild-type male (A), only the fifth and sixth tergitesfrequency of homeotic transformations was also re-
are pigmented. The sixth sternite is easily distinguished from

duced (2 times). On the contrary, when the AntpD43
the more anterior sternites by its different shape and by the

mutant was crossed with a Pc11 mutant, z100% of the absence of bristles. In dsp11 male (B), the fourth tergite shows
patches of pigmentation, suggesting ectopic activation ofAntpD43/Pc11 progeny exhibited transformation of anten-
iab-5 in A4 (white arrow). This activation probably does notnae into leg. This result suggests that dsp1 is also involved
take place in all cells. On the ventral side, bristles are foundin expression of Antennapedia and acts in a concentra-
on the sixth sternite, indicating that iab-6 is inactive, at least

tion-dependent manner as it does for Ultrabithorax. in some cells, in segment A6 (black arrow). The number of
dsp1 genetically interacts with trithorax-group and bristles observed on the sixth sternite can vary from one to

more than six.Polycomb-group genes: The results described above sug-
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TABLE 2 press dsp1. As a driver we used Gal4-HSP, which is ex-
pressed after heat-shock treatments. Flies carrying theInteractions of dsp11 allele with trx-G and Pc mutations
Gal4-HSP driver were crossed with those carrying the
UAS-dsp1 construct. Virgin females were recovered, sub-Females
mitted to heat shocks, and crossed with Pc11/TM3 males
as described in materials and methods. The Pc off-

Males Oregon-R
dsp11

dsp11

dsp11

dsp11

spring were analyzed for transformations of wings into
dsp11/Y; trx1/1 878/0 822/25 — halteres and for the extent of the extra sex comb pheno-
dsp11/Y; trx E2/1 508/0 380/60 538/24 type of Pc in males. In control experiments, a majority
dsp11/Y; brm2/1 127/0 256/3 — of Pc11/1 flies showed normal wings and very few showeddsp11/Y; ash1vv183/1 134/0 169/35 215/11

a mild transformation of the wing into haltere (Tabledsp11/Y; ash21/1 553/0 377/0 —
3). In contrast, when UAS-dsp1 mothers were submitteddsp11/Y; ash2 x2/1 124/0 184/1 —
to heat shock, the majority of the Pc11/1 progeny exhib-dsp11/Y; osa2/1 109/0 313/8 —

dsp11/Y; Pc11/1 395/213 688/254 324/152 ited a mild transformation of wing into haltere and
Pc11/1 male offspring showed a considerable increaseHomozygous female genotypes were crossed to male geno-
in their number of T3 legs with a sex comb (Tabletypes. Resulting male progeny were examined for homeotic
3). These results strengthen the hypothesis that dsp1 istransformations such as haltere to wing (trx-G) and second legs

transformed to first leg (Pc). Data are presented as number of involved in the expression of different homeotic genes
flies examined/number of flies showing homeotic transforma- and could act as trx-G genes.
tions. Absence of dsp1 modified the chromatin structure at

the Mcp locus: As already shown, dsp11 flies exhibited a
partial transformation of A4 into A5, which could be

ble 2). Interaction with mutations in the trx gene was the result of an activation of iab-5 in the A4 segment.
studied with two trx alleles: trx1 and trxE2. In both cases, The repression state of iab-5 in the A4 segment is con-
we observed an increase in the number of transforma- trolled by Pc-G genes and by a boundary region, the
tions of halteres into wings. This enhancement was more

Mcp region, which ensures that iab-4 and iab-5 are func-
pronounced with the trxE2 allele (16%) than with the trx1

tionally autonomous and that the activation state ofallele (3%). This can be explained by the hypomorph
iab-4 does not spread into iab-5. The Mcp region is char-nature of the trx1 allele, which results from an insertion
acterized by an unusual chromatin structure in embryosof 9 kb outside the coding sequences, and probably
(Karch et al. 1994). One prominent nuclease hypersen-produces normal trx protein but at a reduced level
sitive region of z300 bp has been identified. Deletion(Ingham and Whittle 1980; Ingham 1985; Breen and
of this region leads to a transformation of A4 into A5.Harte 1991). On the contrary, trxE2 is an amorph allele
Thus it seemed to be of interest to determine whether(Kennison and Tamkun 1988). A strong enhancement
the Mcp boundary region had the same chromatin struc-in transformation frequency of halteres into wings (21%)
ture in mutants lacking DSP1 protein. To examine thewas also observed in dsp11/Y; ash1vv183/1 males. In con-
chromatin structure of the Mcp DNA segment, we pre-trast, interaction with mutations in other trx-G genes
pared nuclei from 0–12-hr wild-type or dsp11 embryos(ash2 and brm) did not affect significantly the rate of
and digested them with DNase I. In the experimenthomeotic transformations. As with Ubx alleles, the en-
shown in Figure 3, EcoRI-restricted chromatin digestshancement of transformations was reduced when the
were probed with a 2.5-kb DNA fragment spanning al-mothers were heterozygous for dsp11.
most all the Mcp region (Figure 3A). As illustrated inInteraction with Pc showed a decrease of the extra
the autoradiogram in Figure 3B, the wild-type 6.0-kbsex comb phenotype of Pc (Table 2): the number of T2
EcoRI Mcp fragment contained a prominent hypersensi-legs with sex comb was reduced (only 37% of T2 legs
tive region, as revealed by the decrease of the amountshowed a sex comb in dsp11/Y; Pc11/1 flies vs. 54% in
of the full-length Mcp DNA fragment and the appear-dsp11/Y; Pc11/1). The number of T3 legs with a sex
ance of specific DNase cleavage products around 4.3 kbcomb was also lower, 19% in dsp11/Y; Pc11/1 flies vs.
and 1.7 kb (Figure 3B, lanes 1–4). These DNase cleavage30% in dsp11/Y; Pc11/1. It is worth noting that the size
products are chromatin-specific as they are not detectedof the sex comb on T1 legs in the double mutant dsp11/
in control digests of naked DNA (Figure 3B, lane 9).Y; Pc11/1 was almost normal, as expected for two genes
Such a result is in agreement with the location of theacting in an opposite manner in the same pathway.
hypersensitive sites of the Mcp region described byOverexpression of dsp1 enhances a Polycomb muta-
Karch et al. (1994). When the dsp11 6.0-kb EcoRI Mcption: As loss of dsp1 function led to a reduced expression
fragment was DNase I digested, no specific DNase cleav-of Ubx and Scr, we expected a perturbation of homeotic
age products appeared (Figure 3B, lanes 5–8). This re-gene expression by an overexpression of dsp1 and a
sult strongly suggests that the major DNase hypersensi-subsequent ectopic expression of Ubx and Scr. To test

it we used the Gal4/UAS system of induction to overex- tive region of the Mcp boundary is absent in mutant dsp11
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TABLE 3

Effect of DSP1 overexpression on the phenotype of polycomb

Without heat shock Heat shock

Female genotypes T3 to T1 Wing to haltere T3 to T1 Wing to haltere

GAL4-HSP/1 159/55 255/7 134/60 230/34
UAS-dsp1/1 ; GAL4-HSP/1 216/75 167/7 308/197 416/232

Female GAL4-HSP/1 or UAS-dsp1/1 ; GAL4-HSP/1 were heat-shocked or not at 378 and crossed with Pc11/1
males. Resulting male Pc11/1 progeny were examined for homeotic transformations such as wing to haltere
and third legs transformed to first legs. Data are presented as number of flies examined/number of flies
showing homeotic transformations.

embryos and that DSP1 protein could act to remodel the dsp11 males also show a moderate transformation of A6
into A5, resembling mutants at the iab-6 locus, and achromatin structure at the Mcp locus.
mild transformation of A4 into A5, suggesting that
iab-5 is ectopically activated in A4. Furthermore, by

DISCUSSION
studying genetic interaction between dsp11 and a gain-
of-function mutation of Antp, we show that the absencedsp1 is involved in homeotic gene expression: Studies

of the phenotype of a homozygous dsp11 mutant provide of DSP1 alters the function of Antp. All these results
argue that dsp1 is implicated in the regulation of theevidence that dsp1 is involved in the determination of

body segment identity. We show that dsp11 mutants ex- function of homeotic genes.
dsp1 could be a remodeling chromatin factor actinghibit homeotic transformations typical of loss-of-func-

tion mutants for the two homeotic genes Ubx and Scr, as a trithorax- or a Polycomb-group gene: Two groups of
genes are known to control the expression of homeoticwith halteres transformed into wings and a sex comb

reduced in size on the T1 leg. In the case of Scr, we genes: the trx-G genes and the Pc-G genes. In view of
some phenotypic traits observed in the mutant lackinghave shown that Scr expression is diminished in T1 imag-

inal discs in homozygous dsp11 mutants. Hemizygous DSP1, it appears that dsp1 could be classified as a trx-G

Figure 3.—Absence of the DNase hypersensi-
tive region in the Mcp boundary in a dsp11 mutant.
(A) Schematic representation of the 6.0-kb EcoRI
Mcp fragment. The map is shown in the proximal
to distal orientation, with iab-4 to the left and
iab-5 to the right. The solid square indicates the
strong hypersensitive DNase region as described
by Karch et al. (1994). The probe used in the
experiment is indicated by an open rectangle
below the map and the Mcp boundary is indicated
by an arrow. E, EcoRI; P, PstI. (B) Nuclei prepared
from wild-type (lanes 1–4) or dsp11 (lanes 5–8)
embryos were digested with DNase I. After isolat-
ing the DNase I-digested DNA, the DNA samples
were restricted with EcoRI and electrophoresed
onto an agarose gel. After blotting to nitrocellu-
lose filters, the DNA was hybridized with a probe
encompassing the DNase hypersensitive region.
If the hypersensitive region is present, several
fragments are revealed at z4.3 and 1.7 kb; if it
is absent, only one fragment is revealed at 6.0
kb. Lanes 1–4 and 5–8 correspond to different
concentrations of DNase I (0, 1, 2, and 4 units/
ml); lane 9 corresponds to naked DNA treated
with DNase I (4 units/ml). Lanes containing a
1.0-kb Mr ladder were also included in the gels,
but are not shown here.
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gene. Studies of the genetic interaction between dsp11 and of BAF57, a high-mobility-group/kinesin-like pro-
tein (Wang et al. 1998). Considering the strong interac-and mutations of various trx-G genes show a strong

enhancement of the haltere into wing homeotic trans- tion between dsp11 and trx or ash1 mutations, DSP1
could be involved in a complex containing trx and ash1.formation. On the contrary, interaction between dsp11

and a mutation in Pc reveals a partial suppression of Recently it has been shown that these two proteins inter-
act with each other in vivo (Rozovskaia et al. 1999).the extra sex comb phenotype of Pc. Taken together,

these findings suggest that DSP1 acts antagonistically to Such HMG proteins would not be obligatory members
of the activating complexes, but could participate in thePc to activate the transcription of Ubx, Scr, Antp, and

iab-6. If this is the case, overexpression of dsp1 is ex- recognition of a higher-order chromatin structure and
allow the interaction between chromatin and the activat-pected to induce ectopic expression of these homeotic

genes. This has been confirmed by studying overexpres- ing complexes.
sion of dsp1 in a Pc context. We observe an increase of We are grateful to M. J. Giraud-Panis for helpful discussions and
transformations of wings toward halteres and an en- useful suggestions and to A. Soulas and M. Martineau for excellent

technical assistance. We are indebted to Dr. B. Limbourg-Bouchon forhancement of the extra sex comb phenotype of Pc.
help in P-element-mediated transformation. We thank BloomingtonTaken together, these results strongly support the idea
Stock Center and Umeå Stock Center for supplying mutant strainsthat dsp1 acts as a member of trx-G. Interestingly, dsp1
used in this analysis. We especially thank A. Shearn for providing ash

function seems to be restricted to some particular loci. mutant strains. This work is supported in part by la Ligue contre le
This is not unknown in flies since kismet, a suppressor Cancer, la Fondation pour la Recherche Médicale, l’Association pour

la Recherche contre le Cancer, and the E.U. (project ERB4061of Pc, causes specific homeotic transformations when it
PL97028).is mutated (Daubresse et al. 1999): transformation of

the fifth abdominal segment into the fourth, with the
other abdominal segments being not affected. The Kis
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