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SUMMARY

Elongation of the Drosophila embryonic hindgut blocks lin activity, thereby allowing small intestine fate to
epithelium occurs by a process of oriented cell be established. Further supporting this model, ectopic
rearrangement requiring the genesdrumstick (drm) and  expression of Drm throughout the hindgut produces din
lines(lin). The elongating hindgut becomes subdivided into phenotype. Biochemical and genetic data indicate that the
domains — small intestine, large intestine and rectum — each first conserved zinc finger of Drm is essential for its
characterized by a specific pattern of gene expression function. We have thus defined a pathway in which a
dependent upon normaldrm and lin function. We show that  spatially localized zinc finger protein antagonizes a globally
drm encodes an 81 amino acid (10 kDa) zinc finger protein expressed protein, thereby leading to specification of a
that is a member of the Odd-skipped familydrmexpression  domain (the small intestine) necessary for oriented cell
is localized to the developing midgut-hindgut junction and rearrangement.

is required to establish the small intestine, whildin is

broadly expressed throughout the gut primordium and

represses small intestine fatelin is epistatic to drm,  Key words:Drosophila melanogasteHindgut, Cell rearrangement,
suggesting a model in which localized expression dfm  Patterning, Zinc finger, Relief of repression

INTRODUCTION must be oriented. In the case of the elongdiirggophilagerm
band, this orientation depends on the patterning of the
Cell rearrangement drives many morphogenetic processemteroposterior axis of the embryo (Irvine and Wieschaus,
During vertebrate gastrulation, non-epithelial mesodermal994). Later, however, during development of epithelial
cells intercalate and converge toward the midline in a processgans, cell rearrangement is oriented to newly established
designated convergent extension, resulting in dramatiaxes that are specific to the organ itself. Examples include the
elongation of the embryonic axis (Warga and Kimmel, 1990elongation of the insect Malpighian tubule relative to signals
Keller et al., 1985). Rearrangement of non-epithelial cellfrom the tip cell, epithelial migration during tracheal system
also occurs during invertebrate development, including thdevelopment relative to localized FGF signals in surrounding
formation of Drosophila ovarian terminal filaments and the mesoderm, and eversion of the leg imaginal disc in response
migration of ovarian border cells (Godt and Laski, 19950 segmentally localized Notch signaling (Skaer, 1993; Bradley
Montell, 1999). and Andrew, 2001; Rauskolb and Irvine, 1999). A central
Cells can also rearrange while remaining constrained withiproblem in epithelial morphogenesis, therefore, is to
an epithelial sheet. This type of rearrangement is responsiblmderstand how the positional cues (i.e. spatial patterning) that
for elongation of both th®rosophilagerm band and th€.  orient cell rearrangement are established.
elegansdorsal epidermis (Irvine and Wieschaus, 1994; Heid The Drosophila hindgut provides a model system in
et al., 2001). Similarly, epithelial cell rearrangement causewhich to investigate patterning and its role in orienting cell
elongation of developing tubes, including the sea urchimearrangement. The embryonic hindgut is a single-layered
archenteronC. elegansintestine, andDrosophila posterior  epithelium that elongates by both cell rearrangement and cell
spiracles (Ettensohn, 1985; Leung et al., 1999; Brown anshape change (Skaer, 1993; Lengyel and Liu, 1998; Ilwaki et
Castelli-Gair Hombria, 2000). al., 2001). Genes controlling each step of the morphogenetic
For a field of epithelial cells to change shape in a coherepirocess (specification and internalization of the primordium,
and directed manner, cell rearrangement within the epitheliumaintenance and elongation, and specification and patterning
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of subdomains) have been identified (Lengyel and Iwakimembers of theodd family, a ‘zinc-fingerlessdrm-specific probe
2002). In particular, the gendsumstick(drm) andlines (lin) was synthesized from a PCR-amplified fragment ofdima cDNA
are required for both patterning in the prospective smafUTR. The upstream and downstream primer sequences Were 5
intestine and for the cell rearrangement that drives elongatidpAAAACTCAGCAAACAACTA-3" and 3-GAGTGTGTGTGTAT-
of the hindgut epithelium. Whildrm is required to commit GTGTGT-3, respectively. The specificity of this probe was confirmed

. : . . - by its inability to hybridize to embryos homozygous for theP!
;:allsz(t)%;f;e small intestine fat) represses this fate (lwaki et deficiency (which deletedrm, but notsoh odd or bowl). Other

. . robes were made from cDNA templatedinf(Hatini et al., 2000),
By analysis of single and double mutants, we show here thgbd(Harrison etal., 1998) (also known@ststretchedos— FlyBase)
drmandlin interact genetically, and thk is epistatic tarm.  and hh (Lee et al., 1992). For transverse sections, embryos were
Thelin gene encodes a novel, globally expressed protein th@ibeled with anti-Crb prior to mounting in Epon. Twmn serial
is thought to be a transcriptional regulator (Hatini et al., 2000)sections were cut and stained with 0.01% Toluidine Blue, 0.025%
We show here thadrm encodes a small, zinc finger protein Methylene Blue, 0.025% sodium tetraborate. Whole-mount embryos
expressed in a dynamic, spatially localized pattern that iwere analyzed with a Zeiss (Thornwood, NY) Axiophot microscope
consistent with thelrm mutant phenotype. Ectopic expression Using differential interference contrast optics. Sections were analyzed
and biochemical interaction studies indicate that DrnfY Phase contrast microscopy. Images were acquired with a Sony

. . Y : P KC-5000 digital camera and embryos were staged based on
antagonizes Lin activity, probably through direct b'nd'ng'ni;orphology (Campos-Ortega and Hartenstein, 1997). Larval feeding

Thus, a relief—pf-repression .mech_anism aIIowslgxpr_ession %ssays were performed as described previously (Pankratz and Hoch,
genes that define the small intestine. The specification of thiggs).

domain is essential for the oriented cell rearrangement that

elongates the hindgut. Molecular manipulations
Standard techniques were used for molecularly characterizinigrthe
gene (Sambrook et al., 1989). The breakpoints adimB anddrmP?
deletions were determined by plasmid rescuer{@) and inverse PCR

MATERIALS AND METHODS (5' end) from the residual P element. Tdhen! | element insertion
was localized by Southern blot and molecularly mapped by inverse
Fly stocks PCR. Total RNA for northern blot was isolated from 0- to 17-hour

Previously described mutant alleles used waéme (Liu et al., 1999), embryos using TRIzol (Invitrogen), and poly(A) RNA isolated by
lin2 (Hatini et al., 2000),Df(2L)tim%2 (Myers et al., 1995), and PolyATtract (Promega). Probes were constructed by radiolabeling
Df(2L)ed (Reuter and Szidonya, 1983). The strong UAS8 (used BanHI fragments of DS01379 P1 phage clone (Kimmerly et al.,
here) and other weaker UAB-stocks (Hatini et al., 2000), th®yn- 1996) for Southern blot, or LD26791 EST clone (Research Genetics)
GAL4 hindgut-specific driver (Iwaki and Lengyel, 2002), andifie  for northern blot. Thelrm-specific primers used for &nd 3 RACE
3fkhGAL4 driver (Fuss and Hoch, 1998) have been previouslywere 3-GATATTGCGTGCTGTTGTTGGTGCT-3and 3-CTTAAA-
described. ThedrmP! lin2 double mutant was generated by CGCCGGGCACCAGTACACA-3 respectively. Amplification was
recombination. UASacZ is from the Bloomington Stock Center performed on RACE-adapted cDNA from O to 4-hour embryos using

(Indiana University, Bloomington, IN). the Marathon cDNA Amplification Kit (Clontech).
) To make constructs for GAL4:UAS expression, the following
Generation of drm alleles oligonucleotides were used:

Df(2L)drnPl andDf(2L)drnP2 were generated by mobilization of the  (a) 3-CAGTAGATCTCAGTACACATACCGCCTGTCAA-3,
I(2)k10101P element (Torok et al., 1993). New point mutations in  (b) 5-GTCAGAATTCAAGATGCGTCCGAAGTGCGAGTT-3,
drm were generated by ethyl methanesulfonate mutagenesis (c) 5- GTCAGAATTCATGTTTGCTGTAATGCGAAT-3,
(Grigliatti, 1986). Briefly, mutagenizecth bw spmales were crossed (d) 5-CTGAGGTACCACAACGGGGTTTTACGCTTGATA-3,
to Gla/SM6bfemales; 17,757 #progeny chromosomes were tested (e) 3-CTGACTCGAGATATGTTTATGTGGTATTTAAG-3,

for failure to complement eithedf(2L)drnmP1 or Df(2L)drnP2 To (f) 5-GACTCTCGAGTTACTCGCACTTCGGACGCATCTTG-3
minimize the effects of second site mutations, newly isoldted (g) 5-CTGAAGATCTGCGAAGGAAATGTTACTGA-3,
chromosomes were recombined witstt dpp-h° edt dpPVt ¢l and (h) 5-CCTGATGATCCACGAGIGCACCCACAAGTCC-3,

screened for cross-over events betwe@(24D3) anddp (25A), thus (i) 5'-CCTGAGATCACCTATTCGGSCGAGGTGTGCGGC-3
replacing ~80% of the mutagenized chromosome. To identify altered The variousdrm domains (see Fig. 6) were amplified from either
nucleotides, newdrm chromosomes were balanced o@rO-GFP  cn bw spcDNA or the LD26791 EST clone using the following
(Casso et al., 2000) for selection and sequencing of homozygousstriction site-modified oligo pairs (cut sites underlined above): Drm
genomic DNA. The three exons were amplified individually by PCR(a and e); C-Drm (b and e); N-Drm (c and f). Amplified products were
(performed in triplicate), subcloned into pCR2.1 (Invitrogen),digested and subcloned into eitliglll/ Xhd-digested (for Drm) or
sequenced in both directions, and compared tathbw spparent  EcdRI/Xhd-digested pUAST (Brand and Perrimon, 1993). Point

chromosome. mutations were created by site-directed mutagenesis with the
) ) QuikChange XL Kit (Stratagene) using the following oligonucleotides
Phenotypic analysis and their complements (altered nucleotides underlined above): R46C

Antibody staining was performed according to standard protocol¢h) and C57G (i). HA-tagged derivatives of each construct were made
(Ashburner, 1989) using the following antibodies: anti-Crumbs (Crbpy incorporating the HA epitope sequence, in frame, into the PCR
1:100; labels the apical surface of ectodermally derived tissugmimers. A UAS-DrmEST construct expressing the full-lendytin
including the hindgut) (Tepass et al., 1990) and anti-En (1:5) wereDNA was also generated by subcloning the 2.1Xkbl fragment
obtained from the Developmental Studies Hybridoma Bank at Th&om LD26791 into pUAST. The gain-of-function phenotypes of
University of lowa, Department of Biological Sciences (lowa City, UAS-Drm and UAS-DrmEST were indistinguishable (data not
IA); anti B-gal (1:1000; Promega). In situ hybridization to whole- shown). Thedrm genomic DNA rescue construct was generated by
mount embryos was performed as previously described (Tautz amdibcloning the 18.1 kiSgrAl (blunt-endedMotl fragment from
Pfeifle, 1989) using digoxigenin-labeled RNA probes (RocheDS01379 into Notl/Hpal-digested pCaSpeR-4 (Thummel and
Molecular Biochemicals). To avoid cross-reactivity with other Pirrotta, 1992). Thedrm-GAL4 construct was generated by
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amplifying 7.1 kb of thedrm promoter (primers d and g, cut sites intestine is greatly reduced or absent;lim embryos, in
underlined above), digesting witkpnl and Bglll, and subcloning  contrast, the small intestine is greatly expanded and the large
upstream of GAL4 inKpnl/BarHI-digested pGaTB (Brand and intestine is missing.

then subcloned into pCaSpeR-4. distinguishable, we used epistasis analysis to ask whdtimer
Germline transformation andlin interact genetically. By all criteria applied, the hindgut

Transformation was performed using standard techniques (Ashburnaj, thedrm lin dOUb!e, mutant Is remarkab]y I'.ke that, of tire
1989). Briefly, constructs were coprecipitated at a 2:1 ratio with thé/ngle mutant. As iin embryos, thedrm lin hindgut is short
pP{Delta2-3} transposase plasmid (Laski et al., 1986), resuspendéd distended (Fig. 1D), consists of cuboidal epithelial cells,
overnight at 4°C in injection buffer (5 mM KCI, 0.1 mM sodium and lacks boundary cell rows (Fig. 1H). Similarlgn
phosphate, pH 7.8), and filtered through a2 cellulose acetate expression is absent, and baipd and hh expression are
Spin-X column (CoStar) before loading into needles pulled from Jexpanded posteriorly (Fig. 1L,P,T). All of these observations
mm  Kwik-Fil borosilicate glass capillaries (World Precision taken together show thi is epistatic tadrmin the hindgut.
Instruments). DNA was injected using a Transjector microinjector - gince similarities exist in the genetic regulation of foregut
(Eppendorf) intox*=embryos under 80% ethanol. and hindgut development (Pankratz and Hoch, 1995), we asked
Coimmunoprecipitation and western blotting whetherlin is also epistatic tarm in the foregut. Indrm

Schneider S2 cells were plated in 6 cm culture dishes 24 hours priSF“bWOS’ the proventri_culus. @ . multi-layered vaIye-Iik_e
to calcium phosphate transfection with P UAS-Myc-Lin, 2.5ug ~ Structure at the foregut-midgut junction that forms by epithelial

UAS-HA-Drm (or Drm derivatives), and 3y ubiquitin-GAL4 in 600  folding) does not form, and the foregut is long and narrow (Fig.

ul volume. Transfectant was removed after 12 hours, and cells wedV) (Liu et al., 1999). In bothin anddrm lin embryos, the
harvested 48 hours later. Individual plates of cells were lysed in 40proventriculus also fails to form, but the foregut is short and

1l NET buffer (50 mM Tris pH 7.5, 400 mM NaCl, 5 mM EDTA, 1% wide (Fig. 1W,X). We conclude théh is epistatic tadrm in

NP-40, 50ug/ml phenylmethylsulfonyl fluoride, fug/ml leupeptin,  the foregut as well.

1.4 pg/ml pepstatin) for 30 minutes and incubated with mouse anti- The gene expression and phenotypic data presented here and
HA (1:40; monoclonal HA.11 clone 16B12, Covance). Ant'bOdy'greViously (Iwaki et al., 2001) demonstrate thatrepresses

antigen complexes were collected with Protein G Sepharos : : :
(Invitrogen), washed, and resuspended in (l0Bx Laemmli buffer. nddrm promotes the small intestine fate. Taken together with

Ten microliters of each sample was separated by SDS-PAGE ar‘iBe er_nstaSl_s ofin to drm, _th_|s indicates thc_";ldrm sp_eC|f|es
transferred to a PVDF membrane. Lin protein was detected usingnall intestine by antagonizing the repressive effetinoffo
rabbit anti-Myc primary antibody (1:1000; polyclonal c-Myc A-14; understand the molecular basis for this relief of repression, we
Santa Cruz Biotechnology) and HRP-conjugated anti-rabbihave molecularly characterized ttien gene and analyzed the
secondary antibody (1:3000; Vector Laboratory). Proteins werénteraction, both in vivo and in vitro, between Drm and Lin.
visualized by ECL Plus detection (Amersham Pharmacia Biotech).

drm encodes a small zinc finger protein related to

odd-skipped
RESULTS The drm! allele was originally identified as a spontaneously
o o occurring lethal mutation mapping between 23F6 and 24A2
lin is epistatic to drm (Liu et al., 1999)drmwas mapped more precisely by using P

In bothdrm andlin embryos, the hindgut is wider and shorterelement mobilization to generate two overlapping deletions,
than that of wild-type embryos (Fig. 1A-C) (Iwaki et al., 2001).drmP1 and drmP2 (Fig. 2A and Table 1). The left and right
Beyond this superficial similarity, howevedrm and lin breakpoints of these deletions were defined molecularly (see
hindguts are quite distinct. Thérm hindgut is smaller in Materials and Methods), thereby localizidgm to a ~60 kb
diameter, and its epithelium consists of an undulating layer dhterval betweertim andsoh Southern blot analysis @frm®
columnar cells resembling those of the immature wild-typegenomic DNA revealed an insertion within the 11.BldwrHI
hindgut primordium (Fig. 1F). In contrast, tti@ hindgut fragment, characterized by inverse PCR as an | element
appears distended, consisting of a uniform layer of cuboidalpstream of the predicted gene CG10016 (Rubin et al., 2000b).
cells similar in appearance to those of the wild-type smalThree expressed sequence tag (EST) clones from this gene
intestine (Fig. 1G). The strongly Crb-stained boundary cellshave been identified (Rubin et al., 2000a); the longest,
which form two parallel rows running the length of the largeLD26791, is 2.3 kb and contains three exons (Fig. 2B).
intestine, are duplicated oirm but are absent ilin hindguts Surprisingly, the LD26791 EST contains only one small
(Fig. 1E-G) (Iwaki et al., 2001). open reading frame (ORF) with two zinc finger motifs (Fig.

As revealed by gene expression studiden and lin 2D). To address the possibility that larger proteins might arise
hindguts are improperly patterned, with opposite effects ofrom this gene by alternative splicing, we characterized
specification of the large and small intestine. Expression in theG10016 transcripts by several approaches. A northern blot of
dorsal large intestine angrailed(en) is retained idrmbut ~ embryonic RNA with probes from LD26791 identifies a single
absent fromin hindguts (Fig. 11-K). Expression in the small 2.5 kb transcript, similar in length to the EST clones (Fig. 2C).
intestine ofunpaired (upd), encoding a ligand for the JAK- RT-PCR with intron-spanning primers failed to identify any
STAT pathway) is missing frordrm but greatly expanded in splice variants (data not shown). An alternative first exon was
lin hindguts (Fig. 1M-0O). Similarly, expression in the smallidentified in a small fraction (~10%) of RACE products, and
intestine of hedgehog(hh) is reduced indrm but greatly several alternative poly(A) addition sites were identified 'by 3
expanded itin hindguts (Fig. 1Q-S). These data indicate thatRACE; none of these variants affects the ORF length.
in drm embryos, the large intestine is present and the smafiequence of all EST clones, RT-PCR productané 3 RACE
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Fig. 1.lin is epistatic tarm. Whole-mount

embryos were stained with anti-Crb (A-H,U-X)

or anti-En (I-L), hybridized in situ with probes

for upd(M-P) orhh (Q-T), or fixed and

sectioned transversely (E-H). The wild-type
hindgut (A) consists of three morphologically Cl'b
distinct domains: small intestine (Sl), large
intestine (LI), and rectum (RE). Boundary cell
(BC) rings, labeled strongly with anti-Crb,
separate the Sl and LI anteriorly and the LI and
RE posteriorly. Two boundary cell rows also

run the length of the LI dividing it

dorsoventrally, as seen in transverse section Cl'b
(two arrows in E). Idrm embryos (B), the S

is missing, the cells of the LI are columnar, and
the BC rows are duplicated (four arrows in F).

In bothlin (C,G) anddrm lin (D,H) embryos,

the LI is missing, the cells are cuboidal, and the
BC rows are absent. In wild-type embryos, En

is expressed in the dorsal portion of the LI

(I, black arrowhead). Idrmembryos (J), En is EI"I
expressed throughout dorsal hindgut (black
arrowhead), but is not expressed in the rectum.

In lin (K) anddrm lin (L) embryos, En-

expressing cells are not present (white
arrowhead). In wild-type embryos

(M, arrowhead)updis expressed within the SI.

In drmembryos (N)updis not expressed upd
(white arrowhead). Ifin (O) anddrm lin (P) p
embryos, expression apdis expanded

throughout most of the hindgut (wide

arrowhead), but not the RE. In wild-type
embryoshhis expressed in both the Sl and RE

(Q, arrowheads). Idrm embryos (R)hhis
expressed in the RE, the ventral portion of the

LI, and at the junction between the hindgut angh
midgut (arrowheads). lin (S) anddrm lin (T)
embryos, expression bhis expanded

throughout most of the hindgut (wide

arrowhead), but not the RE. In Crb-stained
wild-type embryos (U), the proventriculus (PV)
forms a multi-layered valve-like structure

between the esophagus (ES) and anterior

midgut (arrows in U-X indicate junction with Crb
anterior midgut). Irdrm embryos (V), the PV

does not fold properly. In botm (W) anddrm

lin (X) embryos, the entire foregut appears
shorter and wider, and the PV does not form
(arrows).

Table 1. Mutations in thedrm gene

Allele Mutation Location Gut defects
drmt | element insertioh 35 bp upstream of transcription start PV, HG
drm? R46H (CGC—~CAC)* 1stzinc finger PV

drm3 roo element insertioh At exon 2 splice donor site PV, HG
drm?t E45K (GAG—AAG)' 1stzinc finger PV

drmP E25K (GAG—AAG)T 1stzinc finger PV

drmf R46C (@GC-TGC)f 1stzinc finger PV, HG
Df(2L)drmP1 97 kb deletion froni(2)k10101throughdrm8 Deletion ofdrm PV, HG
Df(2L)drmP2 165 kb deletion fronf(2)k10101throughl(2)k0686G Deletion ofdrm, sobandodd PV, HG

Generation ofirm mutations and phenotypic characterization are discussed in text. PV, proventriculus; HG, hindgut.
*See Fig. 2B for insertion location.

fAltered nucleotide is underlined, see Figs 2D and 3C for residue location.

*See Fig. 3C for insertion location.

8See Fig. 2A for deletion breakpoints.
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A I(2)k10101 DS01340
DS01379 10kb
distaIJr ? ?.F .P ??.F E!B Q.EB :F ? ? ?:B E::B ? .F -F? -F erroxirnal
< » <+ | —p! < P d—
msl-2 Thor tim { drm; sob odd Dot for
. P -
J Df(2L)tim92 ; ; L Di(2L)ed? ]
| Df(2L)drmP1 1 ! |
| Df(2L)drmP2 i i |
B ) drm? T
N drm >
B B 1kb
1 1 2 3

o Zinc Finger Conserved Residues
. Altered Residues in drm Mutants

total RNA
poly(A) RNA

Fig. 2. Molecular characterization afrm. (A) Physical map betweanale-specific lethal-2msl-2 andforaging (for) (cytological regions 23F3

to 24A3). Genomic DNA in P1 phage clones DS01379 and DS01340 is shown above the map, with the 18.1 kb fragment used for genomic
rescue experiments shaded in gray. Characterized genes are shown with arrows representing their directions of transeriptairdas

GadFly (Rubin et al., 2000b). Th@)k10101P element, mobilized to generate deficiency alleles, is represented by an inverted triangle. Below,
deficiencies are represented by open bars with breakpoint uncertainties shownDf(8tagm°2 andDf(2L)ed were used for rough mapping

of thedrm! allele. The breakpoints @f(2L)drnP1 andDf(2L)drnP2were mapped molecularly. BanHl. (B) Expanded view of the 11.9 kb

BanHI fragment that includes trlrm gene. The | element in tliem! chromosome is inserted 35 bp upstream of the transcription start site.
Thedrmtranscription unit is 8.5 kb with three exons spliced together to form a 2.5 kb mRNA. An alternate first)axas faund in 10% of

5 RACE products, and several alternate transcriptional stop sites (dotted lines in exon 3) were preRé&@inpBoducts. Thdrm ORF

(black) spans the second splice junction. (C) Northern blot pgS0tal embryonic RNA (0-17 hours) anqud poly(A) RNA shows the
approximately 2.5 kidrm mRNA. (D) Schematic representation of the Drm protein folded to form eie &hd one @HC zinc finger.

Residues conserved in the canonicgf£zinc finger are shaded gray and residues altered mirtinpoint mutants are black (see Table 1).

products, and genomic DNA (Adams et al., 2000) is consister®A) that includes CG10016 plus 6.9 kb of upstream and 2.7 kb
with the conclusion that CG10016 is an 8.5 kb transcriptiomf downstream DNA (but no other predicted genes). Although
unit. Three exons are spliced to form a 2.5 kb mRNA encodinthis construct does not rescdin lethality, it does rescue the
an 81 amino acid, 10,120 Da predicted protein (Wilkins et aldrm hindgut and foregut phenotypes (data not shown). We
1998). also generated and molecularly characterized five new EMS-
The position of the | element idrm!, and the endpoints induced alleles (see Materials and Methods). Four of these are
of the deletions indrmP! and drmP?, strongly suggest that point mutations (in three different residues) within the first zinc
CG10016 is thedrm gene. To obtain further evidence finger, and one is B0 element insertion in the second exon
supporting this relationship, we performed rescue andplice donor site (Fig. 2D, Table 1); no mutations were found
mutagenesis  experiments. We generated germlineutside the ORF. In all of these mutants, the proventriculus is
transformants of an 18.1 kb fragment of genomic DNA (Figboth morphologically and functionally defective (assessed by
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23F6 24A1 24B1

A distal Jr erroximal 10 kb
—> < < —>
drm sob odd bowl!

Fig. 3. Drumstick is a member of
the Odd-skipped family of zinc

finger proteins. Cytological map B prm
showing the proximity ofirm, soh odd
oddandbowl (A). Drm, Odd, Sob

and Bowl are similar in their zinc Sob
finger domains, but otherwise she Bowl

little sequence similarity; protein
lengths are indicated to the right
(B). Alignment of the zinc fingers *
from Drm, Odd, Sob, and Bowl (C C om

* *
MCORFFTKRYNLY HERTHS!
ROFTKSYNLLI HERTHT DY
REFTKSYNLLI HERTHT DY
ROFTKSYNLLI HERTHT DY

744 aa

EFYCKFCERRF TKSYNLLI HERT HT DNERPY [ICDIC BRAFRRQDHLRDHRY| HOKERPFK GQE OGRGF CQ5

EFICKFCERBFTKSYNLLI HERTHTDSERPY J§CDIC BKAFRRODHLRDHRY! HSKEKPFK GQEQGKGFCQS

EFICKFCERgFTKSYNLLI HERTHT DFERPYLIICD KAFRRQDHL RDHRY| HSK EKPFKGQECCKG-CQS|
F ~ He F-C- G- F

The zinc fingers fromMus 2;‘;‘

musculusnOsrl and mOsr2 (and Bowl

its alternatively spliced form, nosrl

mOsr2[alt]), are shown for nosr 2

comparison (mouse and human ¢ mosr 2[a | g

proteins are identical within the F-C- Ce
zinc finger motifs). Identical and

similar residues are shaded black CD)[jrg M— -
and gray, respectively Sob RTLAVH &
(BOXSHADE, V. 3.2). Dashes Bowl RTLAVHK]
indicate gaps in the alignment, ar TOsr1

dots indicate amino acid residues nosr 2

(not shown) outside the zinc finge nosr 2[a | 1]

domains. Conserved residues in
canonical GH2 zinc finger are

[y -

Y-C- G- Feeme

H C- G- Foreee L He Heee- L H- He—

shown below. Asterisks above the Drm sequence denote single residues atieredhirtants (see Table 1 and Fig. 2D), and the diamond
denotes the second exon splice donor site whemriheroo element is inserted.

larval feeding assays; data not shown), while the hindgut ieplaced by a Cys, with H4XC spacing between the latter two
defective only in flies carrying the stronger alleles. Theseinc-coordinating residues. This residue spacing is found in
phenotypic characteristics support the following allelic seriesother GHC fingers with demonstrated protein-binding activity.

drmP<drmé<drmf<drmi<drmi=drmb<drmPl=drmP2. Based on
phenotypic rescue experiments and molecular mappidghof
alleles, we conclude that CG10016 is tinen gene.

Drm is a member of th®rosophila odd-skippedodd)
family of zinc finger encoding genes that includelsl sister
of odd and bow(sob, andbowel(bowl) (Nisslein-Volhard and

Computer modeling (SWISS-MODEL) (Guex and Peitsch,
1997) with respect to the known structure of Bresophila
U-shaped (Ush) $HC zinc finger shows that the DrimpiC
finger is theoretically capable of folding around a zinc ligand
(Liew et al., 2000). Another distinguishing feature of Drm is
the divergent linker region between its zinc fingers. The most

Wieschaus, 1980; Coulter et al., 1990; Hart et al., 1996; Warngpmmon linker, found in over 50% of knowrpH fingers,
and Coulter, 1996). These genes map close to each other (Fégnsists of five residues with the consensus sequence
3A), suggesting that the family has arisen by relatively recentG(E/Q)(K/R)P (Wolfe et al., 2000). The Odd, Sob and Bowl

duplication. Likebowl andsob (but notodd), drm contains a

linkers all have the conserved sequence TDERP, whereas the

splice donor site within the R74 codon of the second zin®rm linker (KSPEIT) is different both in sequence and length
finger. Interestingly, this splice site has been conservefFig. 3C). Since its g2 and GHC zinc fingers are, in
evolutionarily, as it is also present in both the mouse angrinciple, capable of either DNA or protein binding, Drm may

humanodd-skipped relateOsr) geneOsrlandOsr2(So and
Danielian, 1999; Lan et al., 2001).

function by either or both of these mechanisms.

The Drm protein contains two zinc finger motifs (comparedExpression of drm during embryogenesis
to four in Odd and five in both Sob and Bowl; Fig. 3B). TheConsistent with the gut defects observedrim embryosdrm
zinc fingers in Odd, Sob, and Bowl conform to the canonicak expressed dynamically in cells that will give rise to the
CoH> structure (C-%-C-X12-H-X3-H) that is most commonly foregut and hindgut (Fig. 4). In the posterior gut primordium,
associated with a DNA-binding function, but in some casegjrm mRNA is first detected at stage 5 in a ventral crescent at
can have protein-binding capability (Rosenfeld and Margalit10% embryo length (EL) (Fig. 4A). Cells in this region are
1993; Mackay and Crossley, 1998). In Drm, the first zinc fingefated to give rise to the epithelia of the posterior midgut,

conforms to the canonical 282 sequence and has a high Malpighian

tubules and hindgut (Campos-Ortega and

degree of similarity (~95%) to the first finger of the other OddHartenstein, 1997). At stage 6, the posterior crescent expands
family members. The second zinc finger of Drm is divergentdorsally to encircle the amnioproctodeal plate (Fig. 4B). By

the primary sequence conforms to the canonicaH2C

stage 7,drm is expressed in a ring within the proctodeal

sequence up to the H73 residue, but the second His residudrigagination (Fig. 4C). During germ band extension (stages 8
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Fig. 4. Expression ofirm during embryogenesis.
Whole-mount in situ hybridization wittirm-specific
probe shows the dynamic expression pattewdriof
between embryonic stages 5 and 13 (Adin
expression is first observed at stage 5 in a ventral
crescent in the posterior midgut-hindgut primordit
(at 10% EL), a weakly stained anterior spot in the
foregut-proventriculus primordium (at 95-100% EI
(black and white arrows in A-H indicate expressio
posterior and anterior gut, respectively), and in se
transverse stripes (arrowheads; A). By stage 6, th
posterior crescent has expanded to encircle the
amnioproctodeal plate (B, dorsolateral view), and
secondary transverse stripes arise between the ir
seven to give a total of 14. Between stages 7 and
drm-expressing cells internalized with the proctod
invagination are located at the midgut-hindgut
junction (C-E). At stage 1@rmis expressed in the
invaginating stomodeum and transiently in the
Malpighian tubule buds (F). Between stages 11 a
13,drmexpression is refined to the posterior midg
the ureters of the Malpighian tubules, the anterior
small intestine, the proventriculus anlage, and at
anterior boundary of each segment. Expression is
observed in the pharynx and stigmatophore. Who
mountdrm-GAL4:UAS-lacZ embryos stained with
antif3-gal (I-K) reveal, by stage 18cZ expression
in more extensive domains (both anteriorly and
posteriorly) than those seen finm mRNA
expression at the same stage (I, dorsal view; com
Fig. 4H). At stage 16 (J and K, higher magnificatic
B-gal is present throughout the entire proventriculus,
anterior midgut, posterior midgut, Malpighian tubules, and small intestine. Dotted lines outline the proventriculus (3}, p@at, small
intestine, and large intestine (K). MTB, Malpighian tubule buds; MT, Malpighian tubules; PV, proventriculus; AMG, anteridy RNg,
posterior midgut; HG, hindgut; S, small intestine; LI, large intestine.

PVIAMG

and 9),drm expression is seen in a region overlapping theosterior gut indrmGAL4:UAS-lacZ embryos than igirm
junction of the posterior midgut and hindgut primordia (Fig.mRNA in wild-type embryos (Fig. 41, compare with 4H). Most
4D,E). At stage 10drm is expressed transiently in the importantly, the presence pfgal in the small intestine of stage
evaginating buds of the Malpighian tubules (Fig. 4F). Betweeta6 embryos (Fig. 4K) demonstrates that some of dime-
stages 11 and 13Irm mRNA is detected in the posterior expressing cells in the early embryo do indeed give rise to the
midgut, the ureters of the Malpighian tubules, and the mostmall intestine.
anterior cells of the small intestine (Fig. 4G,H); expression o o
in these domains persists throughout the remainder ¢ffm and /in interactin vivo
embryogenesis. If, as suggested above, spatially localized expressidmoin
drmis also expressed in the anterior gut primordium startinghe anterior hindgut allows specification of the small intestine
at stage 5 (Fig. 4A). Expression increases in this domain untily antagonizindin, then expression odrm throughout the
stage 10 when it is internalized as the invaginating stomodeuhindgut should inhibit endogenolis, thereby producing lin-
(Fig. 4F).drm expression is then refined to a narrow ring oflike hindgut phenotype. We tested this by driving Ud&:
cells at the junction of the foregut and anterior midgut (Figusing the hindgut-specifitynGAL4 driver. The result of this
4H). Like oddandsob(Hart et al., 1996 drmis also expressed gain-of-function expression afrmis a hindgut phenotype that
in a seven-stripe segmental pattern at stage 5 (Fig. 4A); thissemblesin loss-of-function mutants: the hindgut is short and
pattern evolves into fourteen stripes that mark the anteriatistended, consisting of a uniform layer of cuboidal cells
margin of each segment (Fig. 4H). similar to those of the wild-type small intestine, and the
The domains in whichdrm is expressed during boundary cell rows are absent (Fig. 5A,&)is not expressed
embryogenesis include a region predicted to become smaitl the hindgut of these embryos, luytd andhh expression is
intestine (Fig. 4C-G). By stage 13, howexBm mRNA is not  greatly expanded posteriorly (Fig. 5E,G,l). Like mutations,
seen in the small intestine (Fig. 4H). To determindrihis  the bynGAL4:UAS-drm combination is lethal. Overall, it
expressed early in cells fated to become small intestine, wappears that in botlin mutants and embryos expressiign
generated @rm-GAL4 driver and used it to drive UABeZ  throughout the hindgut the small intestine is expanded at the
Owing to the perdurance of both GAL4 ghdal, this provides expense of the large intestine. We concludedhatfunctions
an historical summation of thérm expression pattern. By in the hindgut by antagonizifm.
stage 13(3-gal is detected in a much larger domain of the If drmacts primarily by inhibitindin activity in the hindgut,
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UAS-drm UAS-lin undulating layer of columnar cells with a duplication of the
boundary cell rows (Fig. 5B,D). As seendrmrm embryos,en

is expressed throughout the dorsal hindgpt expression is
absent, andhh expression in the small intestine is reduced
(Fig. 5F,H,J). Likedrm mutations, thebynGAL4:UAS-lin
combination is lethal. Since weaker hindgut drivers (&4g.
3fkh-GAL4) and weaker UASin transformants do not produce
a phenotype as severe as with the stioyigGAL4 driver or
the strongest UA3n stocks (R. Green, unpublished
observations), we conclude that the repressive effethotan

be titrated only by relatively high levels lirf.

Drm interacts physically with Lin

The epistasis and in vivo overexpression studies indicate that
drm inhibits lin activity, either directly or indirectly. As we
observe no reduction d¢ih expression in thelrm expression
domains of wild-type embryos (Hatini et al., 2000; Iwaki et
al., 2001), or any changes dmm or lin expression irin or

drm mutant embryos, respectively (data not shown), we
conclude thaddrm does not affectin at the transcriptional
level. We therefore used a biochemical approach to ask
whether Drm might interact physically with Lin. When
expressed together in cultured cells, full-length Drm and full-
length Lin interact with each other, as demonstrated by
coimmunoprecipitation assays (Fig. 6B, lane 1), indicating
that the two proteins are in a complex. Since Drm and Lin
interact with each other in a yeast two-hybrid assay (data not
shown), the Drm-Lin interaction is likely mediated by direct
binding.

To map the protein interaction domain, we generated
deletion and point mutation constructs of Drm (Fig. 6A) and
tested their ability to coimmunoprecipitate with Lin (Fig.
6B). The N-terminal portion of Drm (N-Drm) is unable to
bind Lin, while the C-terminal portion of Drm, containing the
two zinc finger motifs (C-Drm), retains full Lin-binding
activity. Because these results map the protein-protein
interaction domain to the zinc fingers, we tested the
requirement of each individual zinc finger for Lin-binding
hybridized in situ with probe farpd(G,H) orhh(1,J), or fixed and activity. A m_utat_ion in the gH first finger_(R46C3 ide_ntipal
sgctioned transverselyp(G,H). EFc)to(pic e)xpress(iorz of Drm throughout® the mutation in thdrm® null allele) abolishes Lin-binding
the hindgut with théyn-GAL4 driver produces lin-like phenotype  activity, while disruption of the £H4C second finger (C57G,
as observed by morphology of the hindgut (A; compare Fig. 1C), by@ substitution in one of the conserved zinc-binding cysteine
hindgut epithelial cell shape and absence of boundary cell rows (C; residues) reduces Lin-binding activity, but does not abolish it
compare Fig. 1G), by the lack of expression of En in the large completely. To confirm these results, we made similar point
intestine (E, white arrowhead; compare Fig. 1K), and by the mutations in the truncated C-Drm construct and tested their
posterior expansion afpdandhhfrom the small intestine (G and I, effect on Lin-binding activity. Again, a mutation in theHG
wide arrowheads; compare Fig. 10 and 18). Ectopic expression of first finger in C-Drm(R46C) abolishes Lin-binding activity
Lin throughout the hindgut using thgn-GAL4 driver produces a while disruption of the gHC second finger in C-Drm(C57G)

drm-like phenotype as observed by the morphology of the hindgut s - .

(B; comppare Fitg.plB), hindgut epit%elial cellpshapgyand duplicat?on reduce§ L'”.'b'”d'ﬂg aCt'V'tY (Fig. 6'.3)' _We conglude t'hat the
of boundary cell rows (D, four arrows, compare with Fig. 1F), the ~C2H2 Zinc finger is essential for binding to Lin, while the
expression of En in the dorsal large intestine (F, black arrowhead; C2HC finger contributes to binding, perhaps by stabilizing the
compare Fig. 1J), the absencaiptiexpression in the small intestine Interaction.

(H, white arrowhead; compare Fig. 1N), and the expression pattern . . . .
of hh (J, black arrowheads; compare Fig. 1R). Structure-function analysis of Drm-Lin antagonism

in vivo

We next asked which portions of the Drm protein are
then overexpression bh might overcome the repressive effect required to block Lin function in vivo by expressing,
of endogenousdlrm, thereby producing drm-like phenotype. throughout the hindgut, the same Drm deletion and point
Consistent with this notion, overexpressionliof produces mutation constructs used in the coimmunoprecipitation
a hindgut phenotype that resembldam loss-of-function studies (Fig. 6A). We assayed the activity of these mutated
mutants: the hindgut is short and wide, consisting of aproteins by their ability to induce din-like hindgut

Fig. 5.Drm and Lin antagonize each other in vivo. Whole-mount
embryos were stained with anti-Crb (A-D) or anti-En (E,F),
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Fig. 6. Structure-function analysis of Drm-Lin A UAS Lin byn-GAL4UAS
interaction in vitro and in vivo. (A) Drm Constructs Interaction  Phenotype
constructs. The full-length, wild-type Drm - .
construct contains two zinc fingers (ZF1 and Drm E— Bl HH lirvlike
ZF2). The N-Drm construct consists of the 2

residue N-terminal portion of Drm, and the C NDm [ ] - wt
Drm construct contains the C-terminal 63- o
residue domain, including the two zinc fingel C-Drm m z Wz | +++ lin-like
R46C is the strongrm® missense mutation RigC

within ZF1, and C57G is a missense mutatio R46C I ' B z2 | - wt
one of the conserved zinc-binding Cys residi cs76

of ZF2. The ability of each derivative to bind C57G B z-' B zF2 | + linlike
Lin in vitro was determined by R4EC

coimmunoprecipitation of epitope-tagged Dri C-Drm(R46C) B Oz B z | - wi
and Lin from Schneider S2 cells (B). Lin binc 576G

with high affinity to full-length Drm and C- C-Drm(C57G) m W - i + Jindike
Drm, with lower affinity to C57G and C-

Drm(C57G), and does not bind to N-Drm,

R46C, or C-Drm(R46C). Control samples of IP: Drm (o-HA)

cell lysates show that Lin was expressed in ¢

transfection assays. To assess the effect of 1 8 E
constructs in vivobyn-GAL4 was used to driv E 8
expression of each throughout the hindgut, ¢ E EEE
the phenotype characterized by anti-Crb O 9 £ £ £ £
oy X - . E© 0o oan
staining (C). Expression of N-Drm results in Blot: 5 E 8 26000
wild-type appearing hindgut, while expressio Lin (or-Myc)
of C-Drm produces ln-like phenotype similal = — - e
to the.gain-of-fu.nction phenotype produced | Lin-h. . - .
ectopic expression of full-length Drm (compe
Fig. 5A). Expression of R46C results in a wil :
type hindgut while C57G producediralike e Es 1 1
Lin» — - ‘

phenotype. +++ or +, strong or weak
interaction, respectively; —, no interaction.

phenotype when ectopically expressed whlinGAL4 by genetic approaches is mediated by a physical interaction

(similar to the gain-of-function phenotype induced bybetween the Drm and Lin proteins.

ectopic expression of full-length Drm). Expression of

N-Drm, which lacks the zinc fingers, results in a

morphologically wild-type hindgut (Fig. 6C), while DISCUSSION

expression of C-Drm, which contains only the zinc finger

motifs, produces a morphologicallyn-like hindgut (i.e. Drmrelief of Lin repression is required for both

short and distended and lacking boundary cell rows; Fig. 6@atterning and cell rearrangement in the hindgut

compare with Fig. 5A). Because these results map the in vivd/e showed previously thdtm is required for specification of

Lin-inhibiting activity to the zinc fingers, we tested thethe small intestine, whilén represses this fate (Iwaki et al.,

requirement of each individual zinc finger for Lin-inhibiting 2001). Here we demonstrate thiat is epistatic todrm,

activity. A mutation in the eHo first finger (R46C) abolishes indicating thatlin acts downstream ofirm in a genetic

the Drm gain-of-function phenotype, while disruption of pathway. In our molecular characterization, we determine that,

the second eHC finger (C57G) has no effect on Drm in contrast to the uniform expressioniaf(Hatini et al., 2000),

activity (Fig. 6C, compare with Fig. 5A). These effects aredrmis expressed in a highly localized pattern at the anterior of

observed whether the point mutations are in full-length Drnmthe hindgut primordium. We further show that uniform

(R46C and C57G) or in the truncated C-terminal portion oexpression ofirm throughout the hindgut results inia-like

Drm (C-Drm(R46C) and C-Drm(C57G); data not shown).phenotype. When co-expressed in cultured cells, Drm and Lin

Taken together, the results demonstrate that the first zirare found in a complex. Taking into account these genetic,

finger, but not the second, is required for Lin-inhibitingmolecular and biochemical data, we propose a model (Fig. 7)

activity in vivo. in which Lin (or a complex containing Lin) functions as a
In summary, Drm constructs that coimmunoprecipitate witltranscriptional regulator that represses the genetic program

Lin are able to repredis activity in vivo, while Drm constructs promoting small intestine fate. In the anterior of the hindgut,

lacking Lin-binding activity in vitro are not able to repressDrm blocks the activity of Lin by direct physical association,

lin activity in vivo (see Fig. 6A). We conclude that theHg  thereby allowing specification of small intestine fate. The Drm-

first finger is essential for both the Lin-binding and Lin-Lin interaction in the hindgut thus defines a pathway in which

antagonizing functions of Drm. Thel@C second finger, while the spatially localized expression of a small regulatory protein

contributing to Lin binding, is not absolutely required for Lin- inhibits the repressive effect of a uniformly expressed

inhibiting activity. Thus thelrm andlin antagonism observed transcriptional regulator.
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m al., 2000). Furthermore, as shown here, thidGinger is both
necessary and sufficient for Lin-binding in vitro and Lin-
J_ inhibiting activity in vivo. A protein-binding function for the
_ Drm CH> finger is consistent with the demonstrated role of
J_ other GH2 fingers, including those of the lkaros family, in
e homo- and heterodimerization (Sun et al., 1996; Morgan et al.,
intestine rectum 1997; Kelley et al., 1998). Although we cannot rule out a DNA-
arge intestine binding function for Drm, our data are consistent with a model
L;jphd ( nad h in which the primary role of the 8> first finger is in binding
r‘ﬁ to Lin.

CoHC fingers have also been shown to act as protein binding
) ) ) - ) motifs: both mammalian FOG almosophilaUsh bind to zinc
Fig. 7.Model for small intestine specification by Drm-mediated fingers in their partner proteins via specifieHC fingers
L‘?"ef of Lin repression. Lin is expressed broadly throughoutthe (g3 et al., 1997; Fox et al., 1999: Haenlin et al., 1997).
indgut _prlmordlum and represses.sma_ll intestine fate. Drm _ When_ co-ex d i ltured I d d b
expression is localized to the anterior hindgut primordium where it . pressed n —cultured cells and assesse y
represses Lin activity, thereby allowing the small intestine to be ~ COimmunoprecipitation, the DrmHC second finger does
specified. See text for details. indeed contribute to the binding of Drm to Lin (although it is
not absolutely necessary). In overexpression studies in vivo,
however, the Drm gHC finger was not necessary for Lin-
Putative transcriptional regulators have been shown to Hahibiting activity. Consistent with this in vivo observation, no
required for a number of processes of epithelial celmutations inthe Drm £1C finger were identified in our screen
rearrangementlie-1encodes a zinc finger protein required forof 18,000 mutagenized chromosomes. Thus, while a protein-
intercalation of dorsal epidermal cells @ elegangHeid et  binding function is suggested by the in vitro data, we have not
al., 2001),grain a GATAc factor required for stigmatophore detected a required in vivo function for the DrisHC finger.
elongation (Brown and Castelli-Gair Hombria, 2000), and In conclusion, our characterization of Drm adds to the
ribbon (rib) a BTB domain protein required for tracheal growing number of €H2 zinc fingers that act as protein-protein
branching morphogenesis (Bradley and Andrew, 2001). All ointeraction motifs (Mackay and Crossley, 1998). The Drm
these genes are expressed throughout and are required withiotein is unique in that it is extremely small (10 kDa), is
the cells undergoing cell rearrangement. In contidrsh, is  expressed in a highly spatially localized pattern, and appears
expressed only at one end of the prospective hindgut, but tig function entirely (at least in the hindgut) by associating with,
required for cell rearrangement throughout much of theand thereby antagonizing, the activity of a globally expressed
epithelium. protein, Lin.
As the drm, bowl and lin phenotypes suggest that ) . ) .
juxtaposition of properly specified small and large intestine i§3lobally-expressed Lin requires spatially localized
required for hindgut cell rearrangement (Iwaki et al., 2001), w&ofactors for specificity
speculate that expression of signaling molecules specifically iin is expressed relatively uniformly throughout the embryo,
the small intestine orients the rearrangement of cells within thget has tissue- and stage-specific effects, and both activating
large intestine. Hedgehog (Hh), Wingless (Wg) and Serratend repressing activities. A number of these functions have
(Ser) are expressed in the termini of the hindgut, but thelgeen shown to depend on spatially localized cofactors or
appear to play either a minor or no role in controllingsignals. In the posterior spiracles and eighth abdominal belt,
morphogenesis (Iwaki et al., 2001; lwaki and Lengyel, 2002)lin functions together witthbdominal B(which is expressed
One signaling molecule that is required for hindgut cellspecifically in the posterior) to activampty spiraclecutand
rearrangement is Upd, th®rosophila ligand activating spalt(Castelli-Gair, 1998). In the dorsal epidermis, as a result
JAK/STAT signaling, which is expressed specifically in theof localizedwg signaling,lin activatesvg and represseginlet
small intestine (K. A. J. and J. A. L., unpublished). Furtheexpression (Hatini et al., 2000)n is required to promote
characterization of theipd pathway and its downstream quaternary (4°) and represses tertiary (3°) cell fates (Bokor and
effectors may provide insight into how patterning of the smalDiNardo, 1996; Hatini et al., 2000). In the hindglit

intestine affects oriented cell rearrangement. represses expression opd and hh (characteristic of small

_ o intestine fate); establishment of the small intestine requires the
Drm is a protein-binding member of the Odd- locally expressed cofactor Drm, which relieves repression by
skipped zinc finger family Lin.

Both epistasis and ectopic expression experiments indicate that, Antagonism of repressors is an important mechanism by
in the hindgut, Drm acts primarily through Lin. The associatiorwhich transcriptional activity is spatially regulated (Courey and
between Drm and Lin, demonstrated both in cultured cells andla, 2001). IrDrosophilg localized cell signaling by receptor

in yeast, suggests that, rather than binding to DNA, Drntyrosine kinases (e.g. Torso and Sevenless) or the canengical
functions by binding to protein. Drm contains two zinc fingerspathway is required to relieve global repression (in a number of
that differ structurally, and perhaps functionally, from those otases by Groucho), thereby allowing proper patterning and/or
its family members. The first, canonicalH finger lacks the differentiation of portions of the embryonic termini, segments,
conserved TG(E/Q)(K/R)P linker present in other Odd familymidgut and eye (Paroush et al., 1997; Jimenez et al., 2000;
zinc fingers, which is required in other canonicatgfingers  Waltzer and Bienz, 1998; Cavallo et al., 1998; Rebay and
for stabilization of high-affinity DNA-protein binding (Laity et Rubin, 1995). While these relief-of-repression pathways are
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dependent on localized cell signaling, the Drm-Lin interactiorclone and sharing homology with Lin over a 200 amino acid

is, to our knowledge, the first described example in which reliefegion, was recently identified (Venter et al., 2001). It will be

of repression is initiated by spatially restricted production of anteresting to determine if any parallels exist between the

small transcriptional regulator. expression and function of these mammalian homologs and the
Many questions remain about the Drm-Lin interaction androsophilaLin and Odd family of proteins.

its mechanism of action. First, it is not clear how Lin acts as a

transcriptional regulator. In the hindgut, and perhaps in other We thank Silvia Wenjuan Yu and Monica Martinez for excellent

tissues, Lin might act as part of a repressosome Comp|é§chn|cal assistance, Joan Hooper for assistance in making the UAS-

(Courey and Jia, 2001), binding DNA directly or associatin rmEST germline transformant, the Bloomington Stock Center for fly

with chromatin on the basis of an interaction with other DNA- tocks, Albert J. Courey, Utpal Banerjee, Cheryl Kerfeld and members

. . L . - of the Lengyel laboratory for helpful discussions, and Stephen
binding proteins. Binding of Drm to a Lin-containing complex DiNardo for his encouragement, active participation and support to V.

might then inhibit the repressive activity of Lin. Second.,y This work was supported by NIH grants GM08042 to the UCLA
activation of gene expression requires not only the absenggedical Scientist Training Program (to support R. B. G.), GM45747
(or inactivation) of repressors, but also the presence ab S. DiNardo (to support V. H.), and HD09948 to J. A. L.
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as-yet-unidentified transcriptional activators that promote

expression of small intestine-specific targets once Drm haﬁEFERENCES
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