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Summary

One of the first steps in embryonic mesodermal
differentiation is allocation of cells to particular tissue
fates. InDrosophila this process of mesodermal subdivision
requires regulation of the bHLH transcription factor Twist.

During subdivision, Twist expression is modulated into

signaling targets two distinct ‘Repressors of twist' — the
proteins encoded by theEnhancer of splitcomplex [E(spl)-
C] and the HLH gene extra machrochaetagdemq. Hence,
the patterning of Drosophila mesodermal segments relies
on Notch signaling changing the activities of a network of

stripes of low and high levels within each mesodermal
segment. High Twist levels direct cells to the body wall
muscle fate, whereas low levels are permissive for gut
muscle and fat body fate. We show that Su(H)-mediated
Notch signaling represses Twist expression during

bHLH transcriptional regulators, which, in turn, control
mesodermal cell fate. Since this same cassette of Notch,
Su(H) and bHLH regulators is active during vertebrate
mesodermal segmentation and/or subdivision, our work
suggests a conserved mechanism for Notch in early

subdivision and thus plays a critical role in patterning
mesodermal segments. Our work demonstrates that Notch
acts as a transcriptional switch on mesodermal target
genes, and it suggests that Notch/Su(H) directly regulates
twist, as well as indirectly regulatingtwist by activating
proteins that repress Twist. We propose that Notch

mesodermal patterning.
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Introduction high Twist domain. Cells located in the high Twist domain

Early in vertebrate and invertebrate development, uncommittedfVelop into somatic muscles and heart, whereas cells located
mesodermal cells are patterned into repetitive segments affithe low Twist domain differentiate into visceral muscle, fat
allocated to specific tissue fates Drosophila this process of 20dy, heart and mesodermal glia (Baylies and Bate, 1996;
segmentation and patterning first involves partitioning thé3orkowski et al., 1995). High Twist levels are required for
mesoderm into segmentally repeated blocks of cells (Campogomatic myogenesis, and they inhibit the differentiation of
Ortega and Hartenstein, 1985). Then each mesoderm@iher mesodermal tissue fates, such as the visceral mesoderm
segment is further subdivided into four domains: two acrosdnd fat body (Baylies and Bate, 1996). While it is known that
the anterior—posterior axis and two across the dorsal-ventréfingless and Hedgehog signaling modulate Twist expression,
axis. Depending on their position, cells are assigned a specifidrough the pair-rule genesioppy-paired (slp) and even-
tissue fate: dorsal anterior, visceral mesoderm (gut musclejkipped (eve, respectively (Azpiazu et al., 1996; Lee and
ventral anterior, fat body or mesodermal glia; dorsal, heart; afdrasch, 2000; Riechmann et al., 1997), Twist regulation during
posterior, somatic muscle (body wall muscle) (Azpiazu et almesoderm subdivision and patterning is not fully understood.
1996; Carmena et al., 2002; Riechmann et al., 1997; Ward andRecently, genetic data implicated the Notch signaling
Skeath, 2000; Zhou et al., 1997). pathway in early somatic myogenesis (Brennan et al., 1999).
Essential to the process obDrosophila mesoderm Following mesodermal subdivision, somatic myogenesis
subdivision and patterning is the regulation of the bHLHproceeds within the high Twist domain. Wingless signaling
transcription factor Twist (Baylies and Bate, 1996). Twist isleads to the specification of groups of equipotent myoblasts,
initially required for mesoderm specification. It is expressed awhich express the gerethal of scutgCarmena et al., 1995;
high levels in all mesodermal cells through the activity ofCarmena et al., 1998). While all cells within an equivalence
the NFKB homologue, Dorsal, and the bHLH protein,group have the potential to develop into a muscle progenitor,
Daughterless (Castanon et al., 2001; Jiang et al., 1991; Leptiaferal inhibition, mediated by Notch signaling, leads to the
1991; Simpson, 1983; Thisse et al., 1991). Followingselection of one progenitor per group (Bate et al., 1993;
gastrulation, a segmentally repeated pattern of Twis€armena et al., 2002; Corbin et al., 1991). Analysis of Notch
expression forms along the anterior—posterior axis of thand Wingless signaling double mutants revealed that in
embryo, subdividing each mesodermal segment into a low aratidition to its later role in lateral inhibition, Notch activity
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represses somatic development concurrently or prior tbp(?;2) bwP, St wgSP-IMs(2)Mt bwP/CyOflies, were used to produce
Wingless signaling and equivalence group formation, possiblgmbryos lacking maternally contributed and zygotically expressed
during the time of Twist modulation (Brennan et al., 1999). Su(H), Su(H}" (Morel and Schweisguth, 2000).

Classical Notch signaling is activated by the DSL (Delta and The GALA4/UAS system (Brand and Perrimon, 1993) was used to
Serrate inDrosophilaand vertebrates; Lag-2 i@. elegany expressNotchandSu(H)constructs. Females carryihgist-GAL4on

- - : . 1K ipoth the X and the second chromosomes {@i6t-GAL4 (Baylies
ligand family and is mediated by the CSL (CBF1/RBP-JK met al., 1995) were crossed to males carrying constitutively active forms

vertebrates; Suppressor of Hairless [Su(H)lDrosophila — of Notch or Su(H): UASN™ (Lieber et al., 1993) or UASu(H)-
Lag-1 in C. elegan transcription factor family (Artavanis- vp1g(kidd et al., 1998). {2 encodes the intracellular domain of
Tsakonas et al., 1999). A transcriptional switch model has be@bich (N°d) that is released upon Notch cleavage. Su(H)-VP16 is a
put forward to describe Notch target gene regulation (Bray angu(H)/VP-16 activation domain fusion protein. The VP16 activation
Furriols, 2001; Hsieh et al., 1996; Klein et al., 2000). In thedlomain inhibits the repressive activity of Su(H) and promotes
absence of Notch signaling, default repression by Su(Hyanscriptional activation. Similar results were obtained with UAS-
prevents transcription (Barolo and Posakony, 2002; Barolo &"" and UASSu(H)-VP16utilizing twi-GAL4; Dmef2-GAL4data
co-repressors, such as Hairless, and represses transcripthiyAS-Su(H)(Kidd et al., 1998).

. : . : . Su(Hyu embryos that express M@ panmesodermally were
,(\IABglrreollo gtt aé{[_ 20(2) gbf;rrlalp?o?]ndlz;anya Zg?r?dilél;m t?]tealll,\l%(t)(?r? ¢reated by recombininigyist-GAL4onto theSu(Hye47 chromosome.

X A Su(HYye"7 twist-GAL4/CyO, ftz-lacZnales were then crossed to
intracellular domain, N, is released from the cell membrane femaies carryingu(Hye4” UAS-NInta GLCs.

and translocates into the nucleus (Kidd et al., 1998; Struhl andNotch deletion constructs, constitutively active forms of Notch and
Adachi, 1998). Md then associates with Su(H) and alleviatessu(H), and 2X UASemc(gift of M. Ruiz-Gomez) were expressed in
Su(H)-mediated repression, for example by displacing coN"! embryos with one copy ofwist-GAL4 Females producing
repressors. Depending on the specific enhancer and tR§1)NekL twistGAL4 GLCs were crossed to males carryffig7c,
particular combinations of transactivators present in the celftz-lacZand one of the following constructs: UASN, UASNM2,

Notch target genes are proposed to have different requireme§S-FLNAcdc1Q UASFLNA10-12 (Zecchini et al., 1999), UAS-
for Su(H) and ¢ (Bray and Furriols, 2001; Klein et al., SU(H)-VP16 or two copies of UA®mc {2X UAS-emd. FLN
2000). NEd instructive enhancers additionally requir@dNo encodes the full length Notch receptor. The Notch protein encoded by

tivator for Su(H d activate t intish. N FLNAcdcl0lacks the RAM-23 domain and the cdc10/ankyrin repeats,
serve as a coactivator for Su(H) and activate transcriptiéh. while the Notch protein encoded By NA10-12 contains a deletion

permissive enhancers solely requirdNto alleviate the j the extracellular domain that removes EGF-like repeats 10-12.
repression caused by Su(H). Once the enhancer is de-repressegansgenic lines carrying 14@@stGFP (Cox, 2004; Thisse et al.,
Su(H) and/or the other bound transactivators promoteg91), and 142gist™SUHIGFP were generated by injection wiv
transcription. embryos as previously described (Rubin and Spradling, 1982;

In this paper, we demonstrate that Notch signaling plays @pradling and Rubin, 1982). Four 1#42Bt-GFP and two
critical role in mesoderm subdivision prior to its well- 142&wisWU‘5“(HlGFPindependent transformant lines were obtained,
established role in lateral inhibition. Proper modulation ofmapped, expanded into homozygous stocks and analyzemvigtX
Twist into low and high expression domains requires NotclpAL4-and in additional experimentsyist- GAL4; Dmef2-GAL{data
signaling. By focusing on how Notch and Su(H) regulate Twist°t Shown), were utilized to drive UASE'2 and UASSU(H)-VP16

) . o in wild-type and mutated reporter construct backgrounds.

we unraveled the molecular mechanism that Notch utlllges t0 10 E(spl)-C deficiency strains were analyzeDf(3R)E(splR:
regulate a single target gene: (1) Notch acts as a transcription@ly pf(3R)E(spl§22 Pjgro*] (gifts of A. Martinez-Arias).
switch that converts Su(H) from a repressor into an activatogf(3r)E(splRdeletes alE(spl)-Cgenes, includingroucho(gro) (de
and (2) Notch/Su(H) regulatéwist directly, as well as Celis, 1991; Knust et al., 198Mf(3R)E(spl¥32-2deletes alE(spl)-
indirectly, by activating proteins that repre$wist We  C genes, except fagro. However, whileDf(3R)E(sply32-2leaves the
hypothesize that these ‘Repressors of Twist' are the@ro coding region intact, its disruption gfo's 5 noncoding region
transcriptional repressors of tHenhancer of split complex partially affectsgro function (Schrons et al., 1992jro function is
[E(spl)- and the HLH protein Extra machrochaetae (Emcyestored irDf(3R)E(sply®*3 Plgro*] flies, which carry a wild-type
which dimerizes and inhibits the activity of Daughterless, %rouchoallele (Heitzler et al., 1996)wist-GAL4; Dmef2-GAL4at

. . : - 9°C) and/or 2Xtwist-GAL4,in an otherwise wild-type or sensitized
bHLH transcription factor required for high levels wiist iID96 (null twistallele) heterozygous background, were used to drive

(Castanon et al., 2001). Our work underscores the complexify, following UASE(spl)-Cconstructs: UASn2, UAS-m3 UAS-m4,

of Notch/Su(H) bHLH regulation in the earlprosophila  as.m5 UASM7,UAS-m8 and UASma (gifts of C. Delidakis, J.
embryo and suggests a mechanism for the analogous procggsposakony, S. Bray, and A. Preiss).

of somite formation and patterning in vertebrate embryos. 2X twist-GAL4 was employed to drive expression of UAS-
(Castanon et al., 2001), UA®-da two copies of UASemc(Baonza
M rial nd meth et al., 2000), and UAEa-da_ UA_Semc In an additional experiment,
ate .as and methods UAS-da was expressed witkwist-GAL4; Dmef2-GAL4t 29C to
Drosophila stocks increaseda expression. Transgenic UA&-daflies were generated by

Notch and Su(H) germline clones (GLCs) were generated using thenjection ofywembryos as previously described (Castanon et al., 2001).
dominant female-sterile/flippase (FLP) system (Chou and Perrimon, Embryos carrying the followingmcloss-of-function alleles were
1996).Df(1)NBIKL v, [FRT101wW]/FM7c, ftz-lacZandC(1)DX/w ovcPL, analyzed:emd, emédP1S andemé&L2 (Cubas et al., 1994gmd and
[FRT101w]/Y; FLP38 flies were used to produce embryos lackingemdPlS are recessive lethal hypomorphs. Téraé&E12 deficiency is
maternally contributed and zygotically expressed NdteH! (Brennan  recessive lethal; it removes 10 chromosomal bands, includiregtbe

et al., 1999)Su(Hye47 FRT40A P[I(2)35B4)/CyO, ftz-lacZandw!18, locus. To minimize the effect of maternal inheritance, mutant embryos
Su(Hye47Cy0, ftz-lacZ flies, in addition to P{ry*"-2=hsFLP}1,  were obtained from heterozygoamé&l2 females that were crossed
WHIBAV/CyO and P{w‘mC=ovoP1-18  P{ry*!7-2=neoFRT}40A/ to heterozygousmd, emd5 orem&!2 males.
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In addition to the above strains, wild-type Oregon-R alad
maternal/zygotic mutant embryos were examined. Maternal an
zygotic Da levels were reduced with the temperature sensitive
allele: permissive at I&, lethal at 25C (Castanon et al., 2001).

All crosses were conducted at°@sunless otherwise noted.

Plasmid construction

A 1428 base paitwist regulatory region (142®%ist) was PCR
amplified from gpBSplasmid containing a minimalvist promoter, a
3141 base pair insert of sequence that lies upstream tfigi©RF
(Cox, 2004; Thisse et al., 1991). Primer&S6TCTAGAGCGA-
CCAATAGTTTAAG3' and 3CGGGATCCCTTGGTGATCTTGC- Wt
TTGG3 containing an Xba and BamHI restriction site, respectively, E
amplified the region we termed 14@@t 1428wist was then
subcloned as a Xba-BamHI fragment into th#H-Stinger
transformation vector upstream of nuclear enhar@eg (Barolo et
al., 2000a).

Sequence analysis, using MacVector, of 1428 identified one e
site (TGTGGGAA) matching the YRTGDGAD consensus Su(H) G
binding sequence (Barolo et al., 2000b). Using site-directe:
mutagenesis (Promega, USA, Gene Editor), the conserved Su(l
binding site was mutated to TTCTATCC. The mutation was verifiec
by sequencing. Following the same procedures described f
1428wist, the mutated 1428 base pdivist regulatory region UAS-Nintra
[1428wistmutSuH) was subcloned intpH-Stinger

To create the Da-Da tethered dimeéa cDNA (provided by M.

Fig. 1.Notch represses Twist expression. Lateral views of embryos

- L . : tained with anti-Twist. (A,C,E,G) Whole-mount embryos. In this
Caudy) and @cDNA3plasmid containing a 16 amino acid Gly/Ser S e
rich flexible polypeptide linker were used (Castanon et al., 20012nd all the following figures, the black bracket denotes the
Markus, 2000; Neuhold and Wold, 1998k cDNA was cloned in mesodermal segments shown at higher magnlflcatlo_n in (B,D,F,H).
frame on either side of the flexible linker so that translation results iff:2:F:H) Corresponding close-ups of each embryo in (A,C,E,G). In
a Da homodimer. For P-element transformatitmdawas subcloned is and all the following figures, the white bracket demarcates one

into pUAST(Brand and Perrimon, 1993). mesodermal segment. (A,B) Wild-type (wt) stage 9 embryo
expresses Twist at high levels uniformly throughout its mesoderm.
Immunocytochemistry and imaging (C,D) Wt stage 10 embryo exhibits a modulated Twist pattern along

Embryos for immunocytochemistry were fixed following standardits anterlor—_posterlor axis. Each segment co_nS|s_ts of_a low and high
techniques for whole mounts (Wieschaus and Niisslein-VolhardiWist domain. (E,FN"! stage 10 embryo maintains high Twist

1986). The following antibodies were used: anti-Twist (1:5000; gifttXPression throughout its mesoderm. Rather than modulating Twist
of S. Roth), anti-Emc (1:1000; gift of Y. N. Jan), anti-Da (1/50; giﬁlevels,N”“_” r_nutants display uniform high Twist expression pattern

of C. Cronmiller), anti-galactosidase (1:2000; Promega, USA), andcharacteristic of wt stage 9 embryos. (G,H) UNS stage 10

anti-GFP (1:250 with glutaraldehyde treatment; Abcam ab6556)£Mbryo has fewer high Twist expressing cells than wt.

Double staining with anf-galactosidase was performed to identify

embryos carryingacZ marked chromosomes. Biotinylated secondary

antibodies were utilized in combination with the Vector Elite ABCthe time of, equivalence group formation (Brennan et al.,
Kit (Vector Laboratories, USA). Embryos were embedded in Araldite1999). During these early stages, Twist is a key regulator of
Images were captured using Nomarski optics on an Axiocam digitghesoderm and somatic fate. Hence, we investigated whether
camera (Zeiss). Lateral views of whole embryos are shown at 40Kotch regulates Twist.

magnification, close-ups at 63X. Anterior is left. Embryos were staged Twist is expressed in all mesodermal cells at high

according to Campos-Ortega and Hartenstein (1985). Since thg, o|q throughout gastrulation. However, during mesoderm

neurogenic phenotype of Notch signaling mutants disrupts the - . . . N
mesodermal layer, all embryo pictures (mutant, transgenics, and wi bdivision, Twist expression is modulated. The distinctive

type) are a merge of several mesodermal sections. Sections wataiform high Twist expression pattern seen when gastrulation
photographed with Axiovision and merged together using AdobdS complete (stage 9) changes into a segmented pattern of low
Photoshop. Different focal planes were also merged in the pictures @nd high Twist domains, so that at stage 10, each mesodermal
embryos stained with anti-Emc so that both the ectoderm anslegment consists of a low and high Twist domain (Fig. 1A-D).
mesoderm are visualized. Notch null (N"u!) embryos, lacking both maternally
contributed and zygotically expressidtch fail to modulate
Twist expression into low and high domains at stage 10,

Results ] o ) resulting in maintained uniform high Twist levels (Fig. 1E,F).
Notch repression of Twist is required to form low The maintenance of high Twist levels during subdivision has
and high Twist domains drastic consequences for the subsequent development of

Notch is ubiquitously expressed in the mesoderm throughouesodermal tissues (Baylies and Bate, 1996); for example,
gastrulation and subdivision (Fehon et al., 1991; Kidd et alN"U! embryos fail to set aside the proper number of visceral
1989). Genetic experiments suggested that Notch plays amesoderm progenitor cells (Baylies and Bate, 1996; Lawrence
early role in mesoderm development, prior to its well-et al., 2001; Rusconi and Corbin, 1999). Panmesodermal
characterized function in lateral inhibition. This novel Notchexpression of a constitutively activated form of NotcH{

activity represses somatic muscle development prior to, or atd the opposite effect when compared to complete loss of
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UAS-Su(H)-VP16

results were explained by two non-exclusive models: (1) Notch
signals through a Su(H)-independent pathway and (2) Notch
acts as a transcriptional switch that alleviates Su(H)-mediated
repression; this switch can convert Su(H) from a repressor into
an activator. We next investigated which mechanism Notch
uses to regulate Twist.

First we analyzed whether Notch requires Su(H) to repress
Twist by expressing RN panmesodermally inSu(H)yul
mutant embryosJu(HyU!; UAS-NN"a] We expected that if
Notch signals through an Su(H)-independent pathway, Twist
would still be repressed by UASME in the Su(H)ul

- - P : - background. Interestingly, Twist is not represse&ugH)!
Fig. 2. Twist expression iisu(H)loss- and gain-of-function h : : .
ergbryos. (A,C)pStage 10 wi(wol)e-mount e?nbryos stained with anti- JAS-N""@ embryos. Unlike UASN™"@ embryos, which have
Twist. (B,D) Corresponding close-ups of embryos in A,C. few cells that express Twist at high levesi(H)!; UAS-
(A,B) Su(H)! mutant, like wild type, modulates Twist into low and N2 mutant embryos, similarly tSu(H“ mutant embryos,
high domains. (C,D) UASu(H)-VP16embryo ectopically expresses exhibit a ‘wild-type-like’ Twist pattern (compare Fig. 3A,B
high Twist levels. Black arrowhead points to cells, located in what with Fig. 1G,H). This result indicated tha®"’¢ requires Su(H)
should be the low Twist domain, that express high amounts of Twistto repress Twist. Furthermore, it strongly suggested that Twist
compared to wild type. is not regulated by Su(H)-independent Notch signaling at

subdivision.
Thus, we considered the transcriptional switch model. We

Notch function: fewer cells express high Twist levels (Fig.reasoned that if Notch regulates Twist through a transcriptional
1G,H). This reduced Twist expression contributes to severgwitch that converts Su(H) from a transcriptional repressor into
defects in the somatic musculature (Baylies and Bate, 199@n activator, then thé&"U!l phenotype would be caused by
Fuerstenberg and Giniger, 1998). Together, loss- and gain-ddu(H) constitutively acting as a repressor. Consequently, we
function experiments revealed that Notch is required to repregxamined whether the constitutively activating form of Su(H)

Twist expression at stage 10. [Su(H)-VP16] could rescue Twist modulationNAU!l embryos.
o As a control, we first tested whether panmesodermal
Su(H) regulates Twist differently from Notch transgene expression could restore wild-type-like Twist

To establish the mechanism by which Notch represses Twiskpression irN"U embryos. Panmesodermal expression of a
expression, we investigated how Su(H), the only identifiedull-length Notch construct (UASLN) rescued the Twist
transcriptional effector of Notch signaling, affects Twist. Twistphenotype ofN"ul embryos. Instead of the uniform high Twist
expression was examined$u(HyU mutant embryos derived levels characteristic o™ mutant embryos, low and high
from Su(HY€“7 germline clones. In sharp contrast MU!  Twist domains were observed M, UAS-FLN embryos
mutants, Su(H!" mutant embryos modulate Twist levels (compare Fig. 3C,D with Fig. 1E,F). Similarly, panmesodermal
properly and exhibit the low and high Twist patternexpression of N2 restored Twist modulatio\N™!; UAS-
characteristic of wild-type embryos at stage 10 (Fig. 2A,BN"""@ embryos exhibited low and high Twist domains; as
compare with Fig. 1E,F). In addition, Su(H) gain of functionexpected, UASN""a repressed Twist more strongly than UAS-
was analyzed. Panmesodermal expression of a constitutive®tN (Fig. 3E,F).

transactivating form of Su(H), Su(H)-VP16, resulted in In addition, we assessed whether panmesodermal expression
expanded high Twist domains. UASHH)-VP16embryos of a Notch protein that lacks its Su(H) interaction domain
ectopically expressed high levels of Twist in presumptive low(FLNAcdc1Q would rescue Twist modulatiofrLNAcdc10is
Twist domains (Fig. 2C,D; compare with wild type in Fig.a full-length Notch transgene that carries an intracellular
1C,D). This result contrasted with the repressed Twistleletion that removes the RAM23 domain and cdcl0 repeats,
expression seen in embryos that panmesodermally exprdssth of which have been shown to bind Su(H) (Fortini and
Nintra (compare with Fig. 1G,H). Panmesodermal expression okrtavanis-Tsakonas, 1994; Matsuno et al., 1997). Published
UAS-Su(H) which simply increased the amount of wild type work has also shown that cdc10 repeats are required for Notch
Su(H), did not affect Twist expression (data not shown). Takesignal transduction (Lieber et al., 1993). In contrast to what
together, the disparities between the phenotypesNWf  was seen with FLN, FLAcdcl0 did not rescue Twist
mutants versuSu(HU! mutants and UASNM@ versus UAS-  modulation inN"U' embryos Nl UAS-FLNAcdc10embryos
Su(H)-VP16embryos indicated that Notch and Su(H) regulatemaintained Twist at uniform high levels throughout the

Twist differently. mesoderm at stage 10 (Fig. 3G,H). This finding strengthens our
) . . . conclusion that Notch requires Su(H) to repress Twist.
Su(H)-mediated Notch signaling regulates Twist Finally, we found that panmesodermal expression of the

Differences betweemNotch and Su(H) phenotypes and gene constitutively transactivating form of Su(H), Su(H)-VP16,
regulation have previously been reported in a variety ofescued Twist modulation N embryos. Su(H)-VP16
invertebrate and vertebrate systems (Barolo et al., 2000kepressed Twist expression MUl mutant embryos such that
Brennan et al., 1999; Furriols and Bray, 2000; Hsieh et allpw and high Twist expression domains were restored (Fig. 3
1996; Klein et al., 2000; Koelzer and Klein, 2003; Ligoxygakisl,J). This result was consistent with our finding that Notch
et al., 1998; Morel and Schweisguth, 2000; Ordentlich et alsignals through Su(H) to regulate Twist. It also supported our
1998; Rusconi and Corbin, 1998; Shawber et al., 1996). Thebgpothesis that tha"U!l Twist phenotype results from the loss
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Nnull: UAS-Ninta embryos, Nl UAS-Su(H)-VP16embryos
exhibit higher Twist expression (Fig. 3). Although this may
reflect variations in transgene expression, incomplete rescue by
UAS-Su(H)-VP16was also consistent with the finding that
UAS-Su(H)-VP16can activate, as well as repress, Twist.
Taking all our data together, we concluded that Su(H)-
mediated Notch signaling regulates Twist. We proposed that
Notch signaling acts as a transcriptional switch that alleviates
Su(H)-mediated repression and converts Su(H) from a
transcriptional repressor into a transcriptional activator.
Furthermore, these results suggested that Su(H) could affect
Twist expression through a multi-layered mechanism that
includes direct, as well as indirect, transcriptional regulation.

Notch/Su(H) regulation of a minimal  twist promoter

To explore the transcriptional mechanism that Notch and Su(H)
utilize to affect Twist expression, we conducted promoter
analysis. We uncovered a 1428-bp region ofwist promoter
(1428wist), which lies immediately upstream of the
transcriptional start site, that faithfully drives GFP reporter
gene expression in a wild-type Twist pattern through mid-
embryogenesis (Cox, 2004; Thisse et al., 1991). At stage 10,
1428wist embryos modulated GFP into low and high
expression domains along the anterior—posterior axis
(Fig. 4A,B).

In vivo, this minimaltwist promoter responded to Notch
signaling. For example, in a manner analogous to the
endogenouswist gene, the GFP reporter was repressed by

Fig. 3.Su(H) is required for Notch to repress Twist. panmesodermal /@ expression (Fig. 4C,D). 14265t UAS-
(A,C,E,G|I) Lateral views of stage 10 whole-mount embryos stalnedNimra embryos exhibited narrower high GFP expression

with anti-Twist. (B,D,F,H,J) Corresponding close-ups of embryos in . . .
A.C.E.G.I. (A,B)(Su(H)‘U”; BJAS_NWE embr?/o has asvild-type-lixlie domains than 142&istembryos. However, the effect Niftra

Twist pattern, similar tSu(Hy"!. Low and high Twist domains are ~ ON the GFP reporter was not as dramatic as its effect on
seen along the anterior—posterior axis; Twist is not strongly repressé&ndogenous Twist expression (see Fig. 1G,H). It is likely that
as in UASNIn'2 embryos (see Fig. 1). (C,Dyu!; UAS-FLN additional regulatory sequences, which are located outside
embryo exhibits low and high Twist domains. FLN rescues the Twist1428wist, contribute to Notch’s regulation of theist gene.
pattern ofN"! embryos (see Fig. 1). (E,RUI; UAS-N""aembryo  Additionally, it is possible that some of Notch’s effects on
has low and high Twist domains!"Kf rescues the Twist pattern, but  Twist are post-transcriptional and hence not reflected in this
represses Twist expression compared to FLN. (GH); UAS- ,  reporter assay. Nevertheless, since Notch exerted an effect on
FLNAcdcl10maintains uniform high Twist expression, similaiN®! 1428wist, we utilized the promoter construct to further
embryos. FLMcdc10 does not rescue the Twist pattern. W3); understar’1d how Notch signaling regulates Twist expression.

UAS-Su(H)-VP16&mbryo no longer maintains uniform high Twist - - -
expression. Low and high Twist domains are observed, but high 1428wist contains only one site (TGTGGGAA) that

Twist domains appear slightly expanded. Black arrowhead points toMatches the YRTGDGAD Su(H)-binding consensus sequence
cells in the low Twist domain that express higher levels of Twist thar(Barolo et al., 2000b). Published gel shift experiments have
wild type. Su(H)-VP16 rescues the Twist pattern but not as strongly shown that Su(H) binds oligonucleotides containing this
as FLN and Mtra GTGGGAA core sequence with high affinity (Morel and
Schweisguth, 2000). Hence, it is likely that Su(H) strongly
binds 1428wistin vivo.
of a transcriptional switch that converts Su(H) from a To test how the Notch signaling pathway regulateist
constitutive repressor into an activator. However, the simplenodulation during subdivision, we mutated the conserved
model that Su(H) acts only on theist promoter — first as a Su(H) site on the 1428ist promoter [1428vistMutSu(H) and
repressor and then upon Notch signaling as an activator cloned the mutated promoter upstream &P reporter gene.
implies that Su(H)-VP16, as seen in Fig. 2C,D, should activaté/e had two expectations: (1) if Su(H) binds tvest promoter
twist transcription. However, the rescue experiment showingnd represses transcription until Notch signaling acts as a
that Su(H)-VP16 is capable of repressing Twist (Fig. 3l,Jjranscriptional switch that converts Su(H) into an activator,
suggested that Su(H) affects Twist by activating a gene th&u(H) site mutation should cause the 128 promoter to be
represseswist This paradox can be resolved by the hypotheside-repressed; and (2) if Notch signaling also represgss
that Su(H) can regulate thevist gene both directly and indirectly, as suggested by our genetic experiments, Su(H) site
indirectly. mutation should not abolish Notch repression and modulation
Lastly, the rescue experiments also suggested that the abiliy the 1428wist reporter — another site should be employed.
of UAS-Su(H)-VP16o repress Twist is not as strong as that ofHence, rather than exhibiting B"/-like phenotype and
UAS-FLN and UASNInta_ Compared toN"U!; UAS-FLN and  uniformly maintaining high GFP levels throughout the
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mildly de-repressed; the indirect repressive activity of Notch
inhibits strong de-repression. In sum, these findings, combined
with our earlier genetic data, provide evidence for a direct
effect of Su(H) on theéwist promoter, as well as an indirect
effect of Notch signaling that repressasst

To gather further support for this conclusion, we examined
how panmesodermal expression of "R affects the
1428wistmutSuH)promoter. Since we hypothesized that Notch
indirectly represses Twist, we predicted thaf™ would
> . repress GFP expression, despite the elimination of the only
14281wist; ! Su(H) binding site in thewist promoter. Indeed, the GFP
pattern seen in 1488istmutSu(H) UAS-Nintra embryos revealed
that N2 can repress the activity of the 14@&tmutSu(H)
promoter (Fig. 4G,H). GFP expression in presumptive high
GFP domains, especially laterally, was repressed compared
with 1428wistembryos. However, at the same time, some cells
in presumptive low GFP domains expressed higher amounts of
GFP, suggesting that tH@FP reporter was de-repressed in
presumptive low GFP domains. As noted above, this de-
repression was probably caused by the removal of Su(H)
' . | mediated repression biist Thus, the abnormal GFP pattern
1428 twistmtsu); of 1428wistMutSuH) UAS-Ninta embryos appeared to be a
Fig. 4. Analysis of Notch/Su(H) regulation of a minintalist combination of indirect N'2 repression and Su(H) de-
promoter. Lateral views of stage 10 embryos stained with anti-GFP. repression of the 1488ist promoter. Panmesodermal
(A,C,E,G) Whole-mount embryos. (B,D,F,H) Corresponding close- expression of UAS-Su(H)-VP16 in a 14@@tmutSuH)
ups of embryos in A,C,E,G. (A,B) 14@éstembryo exhibits low background resulted in a phenotype similar to that seen in
and high GFP domains. Notice that high domains appear chevron- 1428wistmutsu(H) UAS-Nintra embryos (data not shown).

zhape.d' (%D) ff;g.’ist U%S'Nimrg'e:rgbryo has narrower high dGFP Taken together, promoter and genetic analyses indicated
omains than istembryos. expression Is repressead so . ) ! . . .

that high GFP domains app)éar triangle-IFi)ke in A28, UF,)A\S-N"‘“a that, in addition .t.o the conserved _Su(_H)_ site In .Mt
embryos. (E,F) 1428istuSuMembryo displays a modulated promoter, an additional, non-Su(H) site is involved in Notch-

pattern of low and high GFP domains. Uniform high GFP expressiofnediatedwist repression. We suggest that this non-Su(H) site
is not maintained throughout the mesoderm. Additionally, comparedis the binding site of a Notch/Su(H) regulated gene that
with 1428wist, high GFP domains appear to be slightly expanded. repressestwist called frepressor of twist We had four
(G,H) 1428wistmutSu(H) UAS-N""a embryo looks different from the  expectations of a¢pressor of twist (1) it would be regulated
three embryos shown above. GFP expression in presumptive high by Notch signaling; (2) it would act as a transcriptional
GFP d(_)malns, especially Iat_erally, is repressed cqmpared with repressor; (3) ‘Repressor of twist’ would be expressed in the
1428wistembryos, so 142@ist"SU UAS-N2 high GFP early mesoderm just before or at the time of apparent Twist
dorga'ns al_pi)pear mos: fr;mllar to tthose seen '”ﬂ‘fgﬁﬁmmra modulation; and (4) it would impinge on theist promoter,
empryos. nowever, al € Ssame time, compared wi . . . . . e .
embryos, some cells in the presumptive low GFP domains of either b_y_dlrectly binding to specific sequences or_by affecting
1428wistuiSu(H) UAS-Nin"a embryos express GFP at high levels; ~ the activity of bound factors. Two types of candidate genes
this phenotype is most similar to that of 18@8t"utSuembryos. emerged as possibleepressors of twistbased on these
qualifications —Enhancer of Splicomplex E(spl)-J genes
andextra machrochaeta@gmg.

mesoderm, we expected 14&&tmUSuHlembryos to display ~Notch represses Twist indirectly through E(spl)
a modulated low/high GFP pattern. This indirect modsvidft ~ E(spl)-Cencodes 7 bHLH proteingn@ m5 m7, m8 mp, my
repression is consistent with the classic model of Notclandmd) and six non-bHLH proteins m1, m2 m4, m6 ma,
signaling in which Notch stimulates Su(H) to activate directandgroucho(Knust et al., 1987). Expression®fspl)complex
targets, such aBnhancer of split complepE(spl)-d genes, genes is regulated by the classical Notch signaling pathway. In
which in turn represachaete-scutéac-sQ complex genes. loss-of-function Notch mutant embryos, members of the
At stage 10, 142@istmutSuH)embryos modulate GFP into complex show no detectable expression, indicating that Notch
low and high domains (Fig. 4E,F). In addition, high GFPis required for activation of these genes (Furriols and Bray,
domains appear slightly expanded when compared witB000; Jennings et al., 1994). In loss-of-funct®un(H) mutant
1428wist embryos, a result consistent with de-repression obackgrounds, the expression i, m8 and ma in the wing
thetwist promoter. These data suggested that normally, Su(HBailey and Posakony, 1995; Koelzer and Klein, 2003)rafd
binds its consensus site on 1428t and represses in germline clone embryos (Wurmbach et al.,, 1999) is
transcription  until  Notch  signals. However, sinceupregulated, indicating that these genes are repressed by Su(H)
1428wistmutSuH)embryos still modulate GFP, we concludedin the absence of Notch signaling.
that a Notch/Su(H) regulated non-Su(H) site is also required to E(spl) bHLH proteins are Notch-regulated transcriptional
represstwist and create a modulated pattern. This resultepressors. Yeast-two hybrid experiments showed that they can
probably explains why the 14&@stmutSut)promoter is only homodimerize as well as heterodimerize with each other
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(Alifragis et al., 1997). E(spl) bHLHs can directly and A
indirectly repress transcription. They directly bind promoters
recruit co-repressors, and repress transcription (Oellers et ¢
1994). In addition, they interact with other promoter-bounc
bHLH proteins to indirectly repress transcription (Giagtzoglot p, E(spl)-C
et al., 2003). In vitro, E(spl) bHLH homodimers have beerc
shown to bind canonical E boxes (CANNTG, preferably of the
class B-type CACGTG), N boxes (CACNAG) and Hairy sites
(CACGCG) (Jennings et al., 1999). 142Bt contains a
consensus E box (CAGTTG), four ‘N box-like’ (CANNAG) .
motifs, and seven ‘hairy-like’ (CANNCG) motifs. Df E(spl)-C. Flgr
At stage 10, four E(spl) bHLHsm3 m5 m8andm7 —are  Fig. 5.E(spl)-Clocus regulates Twist modulation into low and high
expressed throughout the mesoderm at uniform low levelsomains. (A-D) Lateral views of stage 10 embryos stained with anti-
(Knust et al., 1987). Four non-bHLHE(spl)-Cgenes are also Twist: (A,C) whole-mount embryo, (B,D) corresponding close-ups of
expressed in the early mesoderm, prior to stagenPlm4, embryos in (A,C). (A,BPf E(spl)-Cmutant maintains high Twist
ma andgroucho(Knust et al., 1987; Wurmbach et al., 1999). expression uniformly throughout its mesoderm, simildiid'
M2 is a novel Notch-regulated protein; M4 avid are Notch- ~ €mbryos. (C,DPf E(spl)-C, P[grd] mutant has expanded high
regulated Bearded-like proteins. Lastly, Groucho is éI'W|st domains compared with wild type. Black arrowhead indicates
ubiquitously expressed transcriptional co-repressor (ParoushI
al., 1994). It interacts with E(spl) bHLHs as well as other
transcriptional regulators including Runt, Hairy, Dorsal, TCF,
and Hairless, all of which function in the early embryo
(Aronson et al., 1997; Barolo et al., 2002; Cavallo et al., 199&(spl)-C proteins work in concert with another factor, a non-
Dubnicoff et al., 1997; Flores-Saaib et al., 2001; Levanon €£(spl) protein, to repress Twist.
al., 1998; Paroush et al., 1994; Roose et al., 1998). In conclusion, published work from several labs has
Since theE(spl)-Cgenes fulfill our four requirements for a demonstrated that Notch signaling transcriptionally regulates
possible Notch-regulatedepressor of twist we analyzed E(spl)-Cgenes. Based on our loss-of-function data, we suggest
Twist expression inE(spl) mutant embryos. Two sets of that one aspect of the mechanism employed by Notch to
embryos were analyzed: embryos carrying a deficiency thatdirectly represstwist involves direct Notch regulation of
deletes the entir&(spl)-C locus, including the co-repressor E(spl)-Cgenes.
groucho (gro) [Df(3R)E(spl); and embryos carrying a ] )
deficiency that removes the entig(spl)-C but carries a wist regulation by Extra machrochaetae (Emc) and
transgene that restores wild-tyge function {Df(3R)E(spl), ~Daughterless (Da) activity
P[gro*]}. These embryos were compared to ascertain thén theDrosophilawing and eye, Notch signaling regulagssc
contribution of the entir&(spl)-Cwith and withoutgroucha transcription (Baonza et al., 2000; Baonza and Freeman, 2001).
At stage 10,Df(3R)E(spl) mutant embryos maintained In the embryonic mesoderm, Emc is expressed uniformly
uniform high Twist expression throughout the mesodernduring gastrulation until stage 10. Embryos carrying strong
(Fig. 5A,B). Like Nnul' mutants Df(3R)E(spl)mutant embryos hypomorphicemc alleles showed a variety of mesodermal
did not modulate Twist into low and high domains. In a similarphenotypes, including muscle losses and aberrant muscle
albeit less severe, mannddf(3R)E(spl), P[grd] mutants attachments, as well as misregulation of Twist expression
ectopically expressed high levels of Twist (Fig. 5C,D). Cells(Cubas et al., 1994). Emc contains an HLH domain but not a
located in what should be the low Twist domain, expressebasic domain (Garrell and Modolell, 1990). Thus, while it can
higher amounts of Twist than wild type. dimerize with bHLH proteins, Emc cannot bind DNA.
Taken together, these results indicated that E(spl) proteinsGonsequently, Emc acts as a dominant negative; the formation
probably the mesodermally expresde@pl) genesm2 m3 ~ of inactive Emc/bHLH heterodimers inhibits bHLH
m4, m5 m7, m8and/orma — repress Twist at stage 10. Sincetranscriptional activity.
removing zygoticgroucho expression exacerbates the Twist Emc genetically interacts with the bHLH protein
phenotype, our findings also demonstrate that Grouchddaughterless, Da (Ellis et al., 1990). In-vitro gel shift
mediated repression is critical for Twist modulation into lowexperiments demonstrated that Emc heterodimerizes with Da
and high domains. with high affinity; this interaction prevents Da from binding
To ascertain the effect that individu(spl)-C genes and canonical CANNTG E boxes, such as the one found on
bHLH versus non-bHLH E(spl) proteins have on Twist,1428wist, and activating transcription (Van Doren et al.,
we conducted gain-of-function analysis. Panmesodermdl991). Emc does not form dimers with Twist nor any of the
expression of UASn2, UASm3 UAS-m4, UAS-m5 UAS-  seven E(spl) bHLH transcription factors; the proteins have poor
m7, UAS-m8 or UAS-ma did not affect Twist expression; all affinity for one another (Alifragis et al., 1997) (Kass and
embryos exhibited a wild-type-like Twist pattern (data notBaylies, unpublished). Thus in-vitro and in-vivo data suggest
shown, see Materials and methods). These results revealed tiiet Emc exerts its effects in vivo by inhibiting Da dimerization
overexpression of individual mesoderri#spl)-Cgenes is not  (Ellis et al., 1990; Van Doren et al., 1991).
sufficient to repress Twist. Perhaps, in the embryo, a Da is ubiquitously expressed throughout development
combination of several E(spl)-C proteins, bHLH and/or non{Cronmiller and Cummings, 1993) and required to maintain
bHLH, are required to repress Twist. It is also possible thainiform high Twist expression throughout the mesoderm

Is, located in a presumptive low Twist domain, expressing higher
vels of Twist than wild type.
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during gastrulation (Castanon et al., 2001). While Notclt g
signaling components genetically interact wadgn(Cummings
and Cronmiller, 1994; Smith et al., 2002), they have no
been reported to transcriptionally regulate Da (Smith an
Cronmiller, 2001).N and Su(H) mutant embryos show no
discernible effect on Da expression through mid-
embryogenesis (data not shown). Based on these Emc and
data, we investigated whether Emc is also a Notch-regulate
‘repressor of twist acting via Da to control Twist levels. We
first examined the effect of Da and, particularly, the effect o
Da dimerization on Twist regulation in the early embryo. UAS-da
Loss of Da in early embryos reduces Twist expressior E
indicating that Da is required for high levels of Twist (Castanotr
2001) (Fig. 6A,B). Thus, we next asked whether increasing D
levels ectopically activates high Twist expression. Differen
amounts of Da were expressed utilizing different condition: yas-da
and panmesoderm@AL4 lines. All combinations resulted in G
stage 10 embryos that ectopically expressed high levels
Twist; cells located in presumptive low Twist domains
expressed high amounts of Twist, a phenotype resembling tk
of Nl embryos (Fig. 6C-F). However, the strength of the
GAL4 driver used to express UA& affected the severity of
the phenotype. For example, embryos that ectopicallfig. 6.Da activity regulates Twist expression. Lateral views of stage
expressed a lower level of Da had fewer ectopic cells tha& (A,B) and stage 10 (C-H) embryos stained with anti-Twist.
expressed high Twist levels (Fig. 6E,F) than embryos thd#.B,C,E,G) Whole-mount embryos. (D,F,H) Corresponding close-
ectopically expressed a higher level of Da (Fig. 6C,D). SincéPs of embryos in C,E,G. (A) Wild-type (wt) stage 8 embryo
Emc can dimerize with Da and compete with other proteins fofXPresses Twist uniformly at high levels throughout the mesoderm.

_ _ 1 . A
Da monomers, we asked whether the mittieoverexpression (o) d&" émbryo, a mutant with reduced maternal and zygotic Da
levels, expresses Twist at low levels at stage 8, as well as at later

phenotype was caused by high qu levels in the early embr% 2ges (data not shown) (Castanon et al., 2001). (C,D)d4AS-

(Cubas et al., 1994). We hypothesized that under milder Dgnpryo panmesodermally expressing high levels of Da, ectopically

overexpression conditions, endogenous Emc interfered witgpresses high levels of Twist, similaNe*l mutants. (E,F) UAS-

Da dimerization and impaired the ability of Da to activatist  daembryo, panmesodermally expressing lower levels of Da than the

expression. embryo in C-D, ectopically expresses high levels of Twist, but shows
To minimize these potential Da/Emc heterodimer effectst milder phenotype than the embryo in C-D. Black arrowhead

on Twist, we examined if linked Da homodimers that wergndicates cells, located in what should be the low Twist domain, that

panmesodermally expressed utilizing the weaker GAL#Xpress higher amounts of Twist than wild type. (G,H) WaSda

condition could fully increase Twist expression, similar to thafmPryo, panmesodermally expressing the linked Da transgene under

seen inN"!l embryos and in embryos in which UAfB-was the same GAL4 conditions as the embryo in E-F, maintains uniform

ectopically expressed with the stronger driver. Linked D h%?a'rl;\t/gs(tszép;iesgon throughout its mesoderm similat3

; i . - g. 1E,F).

dimers were created by physically tethering two Da proteins

by a flexible glycine—serine polylinker. As a result of this

linkage, the local concentration of Da increases, and that high levels in the early mesoderm and has been shown to
formation of the linked dimer is favored over dimers formedgenetically and biochemically interact with Da, provided a
between Da and endogenous proteins, and in our case, Emmechanism for inhibiting Da activity.

This ‘tethered’ dimer strategy has been successfully employed Since Emc expression is upregulated by Notch in the wing
by several groups to determine the function of bHLHand eye (Baonza et al., 2000; Baonza and Freeman, 2001), we
homodimers and heterodimers in vivo and in vitro, moshext analyzed the effect of Notch on mesodermal Emc
recently inDrosophilato uncover the function of Twist—Twist expression. In wild-type embryos, Emc is uniformly expressed
homodimers and Twist—Daughterless heterodimers (Castanéimroughout the mesoderm prior to stage 10; at stage 11, Emc
et al.,, 2001; Markus, 2000; Neuhold and Wold, 1993)is strongly expressed around ectodermal tracheal pits but
Embryos expressing the tethered Da homodimer construabsent or expressed at low levels in the mesoderm (Fig. 7A,B).
(da—d3 maintained uniform high Twist expression at stage 1(Panmesodermal ‘N2 expression resulted in ectopic Emc
(Fig. 6G,H); this strongly resembled Twist expressiohtHl  expression. The phenotype was especially apparent at stage 11,
mutant embryos. As expected by our use of the tetheringhen UASNINt@ embryos displayed strong mesodermal Emc
strategy, expressing more Emc in the mesoderm was unabledwrpression (Fig. 7C,D). This suggested that Notch positively
suppress the effects of Da—Da overexpression. Ua8g regulates Emc expression. However, like wild-type embryos,
UAS-emcembryos maintained Twist at uniform high levels atN"ul mutants expressed Emc at uniform levels throughout the
stage 10 (data not shown). Thus both loss-and-gain-of-D@esoderm prior to stage 10. Similar effects on Emc levels were
experiments indicated that Da is a critical regulator of Twist ifound in Su(HY! embryos (data not shown). We caution,
the early mesoderm and that inhibition of Da activity ishowever, that anti-Emc staining and in-situ analysis employing
required for proper Twist modulation. Emc, which is expressed probe complementary BmccDNA (data not shown) may

c

UAS-da-da
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embryos that completely laginc We attempted to reduce the
effect of maternally contributedmc by analyzing embryos
obtained from females heterozygous for a deficiency that
removes themclocusemd&l2 (Cubas et al., 1994). Embryos
were obtained frormmd&12heterozygous females that had been
crossed to males heterozygous for the folloventcrecessive
lethal alleles:emd, emd?> or em&l2 Stage 10 Twist
expression appeared wild-type-like in afimc mutants
examined (data not shown). These experiments indicated that
the reduced zygotic Emc activity and/or maternally loaded
Emc found in these embryos are sufficient for early Twist
expression. Nevertheless, these data do not rule out the
hypothesis that Emc regulates Twist modulation.

Taken together, the findings that Notch activated Emc
expression and that Emc resciN#! embryos lead us to favor
the model that Emc — transcription and/or post-transcriptional

Fig. 7.Notch represses Twist by regulating Emc activity. activity — is regulated by Notch signaling. We propose that
(A,C,E) Whole-mount embryos. (B,D,F) Corresponding close-ups ofNOtch signaling represses Twist expression, through the E(spl)-
embryos in (A,C,E). (A-D) Lateral views of stage 11 embryos C proteins, as well as by increasing Emc activity, which
stained with anti-Emc. (A,B) Wild-type (wt) embryo shows strong  inhibits Da from transcriptionally activatirtgvist

Emc expression around its ectodermal tracheal pits (black

arrowheads) and little or no mesodermal Emc expression (white . .

asterisks). (C,D) UA¥M@ embryo expresses Emc both around its  DISCUSSION

tracheal pits (black arrowheads) and throughout its mesoderm (Whitﬂnalysis of Notch mutant embryos revealed that Notch
asterisks). (E,F) Lateral views of a stage\t®'; UAS-emcembryo signaling is essential for Twist regulation at mesodermal

stained with anti-Twist. Emc represses Twishii!l mutants such LS :
that Twist is expressed in low aF:1d high domains; compare with Fig. SUdeVISIO.n' _However, comparison thChanqsu(H)mUtam
1E,F and Fig. 3C-J. embryos indicated that N(_)tch regglates Twist dlfferently from
Su(H). At stage 10, uniform high Twist expression was
maintained inN"Ul' mutants; by contrastSu(H! mutants
not be sensitive enough to detect a uniform slight decrease frmve a wild-type-like Twist pattern. Furthermore, while
Emc expression during stages 9/10. Hence, while earlgonstitutive activation of Notch repressed Twist expression at
mesodermal Emc expression does not absolutely requistage 10, constitutive expression of a transactivating form of
Notch, our data demonstrated that Notch signaling is able ®u(H) [Su(H)-VP16] increased Twist expression. Despite these
upregulate Emc expression. differences, double mutant analysis and rescue experiments
We further explored the connection between Notch and Emdemonstrated that Notch requires Su(H) to repress Twist.
by addressing whether Emc could rescue the Twist phenotypgoreover, further rescue experiments showed that Notch
of NUl' mutant embryos. We reasoned that since we measureiynaling acts as a transcriptional switch, which alleviates
a detectable difference in Emc levels upon Notch activatiorGu(H)-mediated repression and promotes transcription. In
then increasing Emc might rescue the effects of loss of Notchddition, genetics, combined with promoter analysis,
A panmesodermal driver was used to express &/sin Nl syggested that Notch and Su(H) have multiple inputshivig
mutant embryos. We found that": UAS-emc mutant  Notch/Su(H) signaling both directly activatesvist and
embryos modulated Twist into low and high domains; uniformindirectly repressesvist expression by activating proteins that
high Twist expression was not maintained ablM#' embryos  repress Twist. Finally, our data indicate that Notch targets two
(Fig. 7E-F, compare with Fig. 1E,F and Fig. 3C-J). On its ownglistinct ‘Repressors of twist’ £(spl)-Cgenes and Emc. We
this result revealed that Emc overexpression represses Twiptopose that Notch signaling activates expressiog(spl)-C
While these data were consistent with the hypothesis that Engenes, which then act directly on tidst promoter to repress
acts downstream of Notch to regulate Twist expression, thiganscription. Since removirgyouchoenhances the phenotype
experiment does not definitively place Emc as a downstreanf the E(spl)-C mutant embryos, we suggest that the co-
Notch target, and it does not rule out the possibility that Emeepressor, Groucho, acts with E(spl)-C proteins and the
(via Da) modulates Twist through a parallel, Notch-Hairless/Su(H) repressive complex to mediate direct repression
independent pathway. However, taken together with our findingf twist Our second ‘Repressor of twist, Emc, mediates
that Notch upregulated Emc expression, the rescue experimaspression of Twist in an alternative fashion. We hypothesize
data suggested that Notch might repress Twist by increasirigmc activity inhibits dimerization of Da with itself or another
Emc activity, through transcriptional and/or post-bHLH protein. This, in turn, prevents Da from binding DNA
transcriptional regulation. and activatingtwist transcription. Since Emc is expressed in
Lastly, we looked at Twist expression gmc loss-of- the embryo prior to stage 10, it is likely that the transition from
function mutants. Emc is expressed in the ovary, maternallyniform high Twist expression to a modulated Twist pattern
inherited by the embryo, and expressed throughout thiavolves Emc inhibition of Da activity at stage 9. In conclusion,
gastrulating mesoderm. Since stramgcalleles are cell lethal our work uncovered how Notch signaling impacts a network
(Cubas et al., 1994), armincplays a role in oogenesis (J. C. of mesodermal genes, and specifically Twist expression. Given
Adam and D. J. Montell, unpublished), we did not generatéhat Notch signaling directs cell fate decisions in many
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Drosophila embryonic and adult tissues and that Notch
regulates Twist in adult flight muscles (Anant et al., 1998)
these data may suggest a more universal mode of Not
regulation.

Models of Notch target gene regulation

The distinct mesodermal phenotypes Nétch and Su(H)
mutants can be explained by Notch acting as a transcription
switch. This aspect of Notch signaling has been described
other systems (Bray and Furriols, 2001; Hsieh et al., 199¢
Klein et al., 2000), and the eaiyosophilamesoderm appears
no different in this regard. However, our data suggested th
there was more to the phenotypes; that is, additional layers
Notch regulation in the transcriptional control of one gene.

Genetic experiments, as well as promoter analysis, raised t
hypothesis that Notch signaling regulatesst directly, as well
as indirectly by activating expression ofragressor of twist
(Fig. 8A). This indirect repression biist concurred with the
role of Notch in activating=(spl) transcriptional repressors.
Moreover, a mechanism involving direct and indirect
regulation was consistent witBu(H) mutant phenotypes. In
Su(HU" embryos, neithetwist nor repressor of twist(for
exampleemq are repressed. The de-repression of both gene
at the same time resulted in Twist expression appearing ‘wilc
type-like’. When a constitutively activating form of Su(H) was
expressed, bottwist andrepressor of twistvere activated. In
these embryos, high Twist domains were expanded, bi
uniform high Twist expression was not observed becaus
repressor of twistvas expressed.

However, simple direct and indirect regulation [throegic
and E(spl)-Cgenes] by Notch still does not fully explain the
phenotypes ofNotch mutants. Based on the model shown in
Fig. 8A, bothtwist andrepressor of twisshould be repressed
in Nl embryos because Su(H) will remain in its represso
state. While thé\"U! phenotype was consistent witkpressor
of twist being repressedwist was still strongly expressed.
Additionally, based on Fig. 8A, constitutive Notch activation
should cause bottwist andrepressor of twisto be expressed.
Consequently, N'@was expected to cause a phenotype simila
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Y:ig. 8.Models of Notch target gene regulation. (A) Notch signaling
has multiple inputs intbwist, it regulateswist directly and

indirectly, through theepressor of twisgjenes. Both modes of
regulation require Notch to act as a transcriptional switch. In the
absence of Notch signaling, Su(H) interacts with co-repressors
[Su(H)®" to repress transcription of batistandrepressor of

to that caused by Su(H)-VP16. Contrary to these predictionsyist Upon activation of the Notch receptor, the intracellular domain

panmesodermal expression dffrepressed Twist, consistent
with only repressor of twisbeing strongly expressed. Taken

of Notch (N¢d) enters the nucleus and associates with Su(H). This
interaction displaces co-repressors, de-represses Su(H) and allows

together, these results suggested that at stage 1@wiste Su(H) to serve as a transcriptional activator [SeftHence, Notch

promoter is less receptive to Notch/Su(H) activation than t

Notch/Su(H) repression. As a result, constitutive activation o

Notch represseswist, while loss of Notch activateswvist
ectopically.

While Notch signaling has the ability to activati@ist,
Notch/Su(H) signaling ultimately leads to repressionvwast

ignaling promotes transcription of batist andrepressor of twist
) Notch acts permissively on theistgene, but instructively on a
epressor of twisgene.repressor of twistE(spl)-Q transcription
requires N¢d to alleviate Su(H)-mediated repression and to serve as a
coactivator for Su(H)wisttranscription is dependent o as
well as other factors. M is solely required to de-repress Su(H).
Su(H) bound to other coactivators and/or other transcriptional

at stage 10. This predominance of repression can be explainadivators is necessary fowist activation.

in two ways: (1) direct Notch activation of th&ist promoter

is overpowered by Notch activatezpressors of twistand (2)
arepressor of twisgiene, such as(spl), is more responsive to
Notch/Su(H) activation thatwist These ideas are discussed
below in light of our results.

Su(H) activation. Hencetwist would be transcriptionally
repressed rather than activated. In Su(H)-VP16 embryos, the

The first model proposes that while Notch signaling mightonstitutive activating ability of Su(H) on theist promoter

directly promote bothwist and repressor of twisgctivation,
repressors of twistmight suppress an increase twist
transcription. Our data suggested that Notch regulates multip
repressors of twistincludingE(spl)-Cgenes and Emc. On the

might inhibit some of this repression. Consequently, Twist is
ectopically expressed at high levels.

le Our data are also consistent with the second model, which
proposes thatvistand arepressor of twisgene, such as(spl),

twist promoter, these multiple repressors could overwhelmespond differently to Notch activation. The reason for this
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differential response is provided by the concept of Notclin presumptive low Twist domains. Transcriptional activators,
instructive and permissive genes (Bray and Furriols, 2001such as Da, maintain high Twist expression in presumptive
Transcription of Notch instructive genes requires thehigh Twist domains. While Notch signaling components such
intracellular domain of Notch (K) first to alleviate Su(H)- as Notch, Su(H), and Delta are expressed throughout the
mediated repression and then to serve as a coactivator fmesoderm at late stage 9 and stage 10, this model predicts that
Su(H). Transcription of Notch permissive target genes requiresotch signaling is simply not activated in presumptive high
Nicd to solely de-repress Su(H); Su(H) bound to othefMwist domains. Model Il proposes that during the transition in
coactivators and/or other transcriptional activators ardwist expression, Notch signaling repressest throughout
necessary for permissive gene activation (Fig. 8B). Sincthe mesoderm, but Notch independent transcriptional
panmesodermal expression df does not activatavist, we  activators antagonize Notch repression in what will become
conclude that simple de-repression of Su(H) is insufficient tdiigh Twist domains, thereby promoting the formation of high
activatetwist expression and that other factors are requiredTwist domains. For example, transcriptional effectors of Notch
Hence, Notch acts permissively on theist promoter. By  signaling [such as Su(H) and E(spl)] and an ‘activator’ that is
contrast, panmesodermal expression $fNs sufficient to  only expressed in presumptive high Twist domains may
activate arepressor of twistresulting in the strong Twist converge and compete on tiw@st promoter.

repression shown in Fig. 1. AB(spl)-C genes have been  Consistent with model Il, the segmentation get@ppy-
categorized as Notch instructive target genes (Bray anphired (slp) is a spatially regulated ‘high Twist domain’
Furriols, 2001; Klein et al., 2000), we suggest tB&pl)-C  activator. At stages 9-10, Slp is expressed in the mesoderm in
genes are the Notch instructivepressor of twistgenes transverse stripes that correspond to high Twist domains.
depicted in Fig. 8B. Although Notch can upregulate EmdVioreover, loss- and gain-of-function experiments indicate that
expression, the inability to see a change in Emc expression 8lp is required for high Twist expression at stage 10 (Lee and
Nl and Su(HyUl mutants suggests Emc is not a NotchFrasch, 2000). No change in Slp expression is foumtbich
instructive target gene. Thus, based on all of our work, wand Su(H) mutant embryos through mid-embryogenesis,
currently favor the instructive and permissive target genéndicating thatslp is not regulated by Notch signaling at

regulation model. these stages (Tapanes-Castillo and Baylies, unpublished).
o Mesodermaslp expression is activated by Wingless signaling;
Notch activation in the early mesoderm therefore, Wingless signaling is likely to alleviate Notch

In Drosophilg Notch signaling is activated by the Delta (DI) repression in high Twist domains. In the future, we wish to
and Serrate ligands. Delta is expressed throughout thestablish the mechanism through which Notch signaling is
mesoderm at late stage 9 and stage 10 (Kooh et al., 199@ptagonized in high Twist domains. Slp and Notch effectors
while Serrate is not embryonically expressed until stage lfay converge on thewist promoter to regulate expression.
(Thomas et al., 1991). While the germline requirement foAdditionally, Wingless signaling components may directly
Delta prevents germline clone embryos from being producedegulate and/or inhibit Notch (Axelrod et al., 1996; Barolo et
by recombination (Lopez-Schier and St Johnston, 2001gl., 2002; Couso and Martinez Arias, 1994, Foltz et al., 2002;
embryos lacking zygotically express&d exhibited a wild- Ramain et al., 2001; Strutt et al., 2002).

type-like Twist pattern (Tapanes-Castillo and Baylies, _

unpublished). In addition, expression of a full-length NotchA conserved role for Notch in early mesodermal

protein missing the two EGF repeats critical for DI bindingPatterning

(Lawrence et al., 2000; Lieber et al., 1992; Rebay et al., 1991puring vertebrate segmentation, mesodermal segments (called
EGF repeats 11 and 12, rescued Twist modulatioN  somites) are progressively segregated from a terminal
mutant embryos (Tapanes-Castillo and Baylies, unpublished)ndifferentiated growth zone called the presomitic mesoderm
Thus Notch does not require EGF-like repeats 10-12 to reprefBourquie, 2000). Somites are then patterned though a process
Twist. This preliminary data suggested that Delta may usef subdivision, so that cells are allocated cells to distinct tissue
EGF-like repeats other than 10-12 to activate Notch (Martinefates (Saga and Takeda, 2001). First subdivision partitions each
Arias et al., 2002). Alternatively, Notch may not be activatedsomite across the anterior—posterior axis into rostral and caudal
by canonical Delta signaling; a novel (non-DSL) ligand mayhalves. Later each somite is further subdivided across the
activate Notch in the early mesoderm. Further experiments adorsal-ventral axis into dermomyotome, which gives rise to
required to evaluate whether the maternal component of Deltiermis and skeletal muscle, and sclerotome, which develops

regulates Twist. into the axial skeleton. The Notch signal transduction pathway
) . ] has been shown to play a central role in both somite

Notch’s role in patterning  Drosophila mesodermal segmentation and rostral/caudal subdivision (Jiang et al., 2000;

segments — establishment of periodicity in Twist Rawls et al., 2000; Saga and Takeda, 2001).

expression While Notch does not appear to be involved in fly

While our work elucidates the molecular mechanism by whiclsegmentation, our work uncovers a previously uncharacterized
Notch represses Twist, we have yet to understand how Notehle for Notch in the subdivision ddrosophilamesodermal
signaling establishes a segmentally repeated pattern of low asdgments. We show that Notch repression is required to
high Twist domains — that is, periodicity in Twist expression.subdivide each mesodermal segment into a low and high Twist
We propose two models, consistent with our data, to descrilmmain. HenceDrosophilg like vertebrates, utilizes Notch
how Notch signaling contributes to a modulated Twist patterrand bHLH regulators to subdivide the mesoderm and transform
Model | proposes that during the transition from a uniform tauncommitted mesoderm into patterned segments. Since the
a modulated Twist pattern, Notch signaling represgssonly ~ homologs and/or family members of the bHLH regulators
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studied here — Twist, Emc, Da and E(spl) — are involved imBrand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means
vertebrate segmentation and/or somite subdivision (Rawls etzf altering cell fates and generating dominant phenotypeselopment 18
al., 2.000)’ it will be |r_1terest|ng to d.etermm.e whether thes(:‘Bray, S. and Furriols, M. (2001). Notch pathway: making sense of
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