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SUMMARY

During the formation of the Drosophila heart, a
combinatorial network that integrates signaling pathways
and tissue-specific transcription factors specifies cardiac
progenitors, which then undergo symmetric or asymmetric
cell divisions to generate the final population of diversified
cardiac cell types. Much has been learned concerning the
combinatorial genetic network that initiates cardiogenesis,
whereas little is known about how exactly these cardiac
progenitors divide and generate the diverse population of
cardiac cells. In this study, we examined the cell lineages
and cell fate determination in the heart by using various
cell cycle modifications. By arresting the cardiac progenitor
cell divisions at different developing stages, we determined
the exact cell lineages for most cardiac cell types. We found
that once cardiac progenitors are specified, they can
differentiate without further divisions. Interestingly, the
progenitors of asymmetric cell lineages adopt a myocardial
cell fate as opposed to a pericardial fate when they are
unable to divide. These progenitors adopt a pericardial cell

fate, however, when cell division is blocked innumb
mutants or in embryos with constitutive Notch activity.
These results suggest thataumb/Notch-dependent cell fate
decision can take place even in undivided progenitors of
asymmetric cell divisions. By contrast, in symmetric
lineages, which give rise to a single type of myocardial-only
or pericardial-only progeny, repression or constitutive
activation of the Notch pathway has no apparent effect on
progenitor or progeny fate. Thus, inhibition of Notch
activity is crucial for specifying a myogenic cell fate only in
asymmetric lineages. In addition, we provide evidence that
whether or not Suppressor-of-Hairless can become a
transcriptional activator is the key switch for the
Numb/Notch activity in determining a myocardial versus
pericardial cell fate.
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INTRODUCTION

and tinman itself, which are thought to be involved in

conferring the appropriate differentiation pathway to these
How cell-fate diversity is generated is a central issue irlusters (Ward and Skeath, 2000; Jagla et al., 2002; Han et
developmental biology. Recently, this question has been moed., 2002). The initiation of these cell clusters of different
specifically asked during the development of individual organgdeveloping fates is probably mediated by extrinsic, inductive
During Drosophila heart development, a limited number of mechanism, which is determined by their position in the
progenitors generate a defined set of cell types that acardiogenic domain. Subsequently, a defined pattern of
arranged in a stereotyped and segmentally repeated pattéimeages generates the final diversity of cell types (Ward and
(Ward and Skeath, 2000; Han et al.,, 2002), making it aSkeath, 2000). Some cardiac progenitors divide symmetrically,
excellent model with which to address this question. whereas others undergo stereotyped asymmetric cell divisions.
The Drosophila heart originates from bilaterally = Two types of asymmetric cell division in the cardiac
symmetrical rows of precursor cells in the dorsal mesodernmesoderm have been described: the progenitors of the Svp
which express the homeobox getieman (Bodmer, 1993; lineage divide asymmetrically to generate Svp myocardial cells
Azpiazu and Frasch, 1993). As a consequence of inductif&MC) and Svp-Odd pericardial cells (SOPC) (Ward and
signals from the adjacent ectodertmman expression is Skeath, 2000); the progenitors of the mesodermal Eve lineage
confined to the dorsalmost region of the mesoderm, defineggenerate Eve pericardial cells (EPC) and muscle founders DA1
as the cardiac mesoderm (Frasch, 1995; Wu et al.,, 199&8nd DO2 (Park et al., 1998; Halfon et al., 2000; Carmena et
Lockwood and Bodmer, 2002). Within this competenceal., 2002; Han et al., 2002). These two types of asymmetric cell
domain, cardiac progenitors emerge as cell clusters that exprefigision are similar in the sense that they both generate
a distinct combination of transcription factors, includavgn- myogenic versus non-myogenic sibling cell fates. The
skipped(eve, ladybird (Ib), seven-ugsvp, odd-skippedodd) myocardial and muscle founder cells have many characteristics
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of muscle identity in common, which is excluded in pericardiathat are required for cell cycle progression, some other cell
cell differentiation. For example, they both express the muscleycle genes have been shown to be required for cells to exit
differentiation gendlef2(Bour et al., 1995; Lilly et al., 1995). the cell cycle. These includkacapo(dap) (Lane et al., 1996)
Previous studies suggest that the Notch pathway plays amd fizzy related(fzr; rap — FlyBase) (Sigrist and Lehner,
important role in determining these alternative cell fatel997). dap encodes a CDK inhibitor that is necessary for
decisions (Park et al., 1998; Carmena et al., 1998; Carmenaextting the cell cycle at the appropriate time, whertas
al., 2002; Ward and Skeath, 2000). In mutants of the Notchegatively regulates the levels of cyclins A, B and B3, and is
antagonist encoded mumb(reviewed by Jan and Jan, 1998), required for cyclin removal during G1 (when cell proliferation
the number of pericardial SOPC and EPC is increasedtops). Loss of either gene causes cell division progression
accompanied by a loss of myocardial SMC and of DAlthrough an extra cycle. Conversely, premature overexpression
muscles. Conversely, whenumb is overexpressed in the of daporfzrin transgenic embryos inhibits mitosis and results
mesoderm, EPCs are not formed, only DAl musclesn cell division arrest (Lane et al., 1996; Sigrist and Lehner,
Moreover, when a constitutively active form of Notch, Notch1997).
intracellular domain or N(icd), is expressed in the mesoderm, In this study, we examined the formation of cardiac cell
the mesodermal Eve lineage is almost completely eliminatedypes in cell cycle mutants and in embryos in which cell cycle
suggesting that Notch activity inhibits the formation ofinhibitors are overexpressed. We found that the cardiac
progenitors at an early stage. However, when a temperatungrogenitors continue to differentiate in the absence of cell
sensitive allele oNotchis used to eliminatdlotchfunction at  division. Interestingly, the progenitors of the asymmetric Eve
the time when the Eve progenitors divide, EPCs but not DAAnd Svp lineages always adopt a myogenic cell fate,
muscle fail to form (Park et al., 1998). Thidgtchseems to  presumably because Notch activation is prevented in the
have a dual function, as it is required both for progenitoprogenitor because of the presence of Numb. To test this, we
specification and for asymmetric cell fate determination of tharrested cell division inumbmutants or overexpressed N(icd)
same lineage. It also appears thatNbéchpathway is required in these progenitors, and found that they adopt a non-myogenic
for specifying pericardial as opposed to myocardial or musclpericardial cell fate. These data indicate that genes normally
founder cell fate in both the Svp and the Eve lineages. It is natvolved in the cell fate decisions during asymmetric cell
known, however, if the Notch-dependent cell fate decision iglivision also determine the progenitor cell fate. By contrast,
made after cell division in the progeny cells or if it is alreadycell fate decisions with symmetric cardiac lineages are not
initiated in the progenitors before division. influenced by the presence or absence of Notch activity. Our
Studying thes&lotchmediated asymmetric cell divisions in data suggest that cell cycle genes act in concert with the Notch
the context of the cell cycle may provide insights into thepathway to generate the diversity of cell types in the
coordination of cell fate and cell division. Thus, preventing celDrosophila heart, and that the bHLH transcription factor
division of asymmetric cell divisions allows us to investigateSuppressor-of-Hairless [Su(H)] mediates this activity. We
whether precursors blocked in cell cycle progression arspeculate that an increase in cell type diversity can be achieved
predetermined or biased in their cell fate decision, or whethday adopting the Numb/Notch system to generate asymmetry
this is a necessary prerequisite for alternative cell fataithin any lineage of an organism.
determination. Moreover, blocking the mesodermal cell
division at progressively later stages will enable us to get a
better understanding of the cell lineages in the heart. PrevioldATERIALS AND METHODS
studies have followed marker gene expression and used the
Flp-FRT-based lineage tracing method to address this questiéiosophila strains
(Park et al., 1998; Ward and Skeath, 2000; Carmena et afhe following mutant stocks were useRca®P33% stg’ and numtd
1998; Carmena et al., 2002), but some of the details of thesee from the Bloomington Stock Cente€ycA® and CycE
lineages are still unclear. (described by Knoblich anq Lehner, .1993) are gifts from C. Lehner;
Several genes have been shown to arrest cell divisions jtcH® has been described previously (Park et al., 1998).
different stages and cell cycle number within the ectoderm. x‘grexpressnon of ransgenes was accomplished by using the Gal4-
is believed that most cells Drosophilaundergo three rounds system (Brand and Perrimon, 1993). The following fly lines were

used: twi-Gal4 and 24B-Gal4 (conferring pan-mesodermal

of cell division after blastoderm that are partially synchronou axpression) (Greig and Akam, 1993; Brand and Perrimon, 1993),

e.g. slightly earlier in the mesoderm than in the ectodermme.Gaia (which confers expression in the mesodermal Eve lineage)
(Foe, 1989; Campos-Ortega and Hartenstein, 1997). Latqfian et al., 2002), UASap (Lane et al., 1996), UA®r (Sigrist and
specialized embryonic tissues, such as the nervous systenghner, 1997), UASu(H)and UASSu(H)-vp16Furriols and Bray,
undergo further cell divisions (Bodmer et al., 1989; Foe, 1982000), and UAN(icd) and UASnumb (Yaich et al., 1998; Park et

Lu et al., 2000). The last round of global cell division, mitosisal., 1998). Fly lines carrying emelaeZ (380 bp eve mesodermal

16, is blocked irCyclinA (CycA or Rcalmutants (Knoblich —enhancer directintacZ expression) (Han et al., 2002) is used to label
and Lehner, 1993; Dong et al., 1997). By contrast, mitosis 1§ECS and the DA1 and_DOZ founder cells. Oregon-R was used as the
is not obviously affected b@yclinB(CycB mutants. However, Wild-type reference strain.

double mutants afycAandCycBact synergistically and arrest |mmynohistochemistry and microscopy

cell division of most ectodermal cells at the G2/M transitionE : : : ; ;
. ) mbryos from different lines were collected and stained with various
of cycle 15 (Knoblich and Lehner, 1993).dfring (stg cdc25  ntigdies as previously described (Han et al., 2002). The following

in yeast) mutant embryos, mesodermal cells fail to entgfrimary antibodies were used: afitgalactosidase 1:300 (Promega);
metaphase of mitosis 14 (Foe, 1989; Edgar and O’Farrelanti-Eve 1:10,000 (Frasch et al., 1987); anti-Tin 1:500 (Venkatesh et
1989; Edgar and O’Farrell, 1990). In addition to these genes., 2000); anti-Mef2 1:1000 (Lilly et al., 1995); and anti-Lbe 1:40
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(Jagla et al., 1997). FITC- or Cy3-conjugated secondary antibodied., 1999; Halfon et al., 2000). Nevertheless, the exact lineage
(from Jackson Laboratories) were used to recognize the primawyf these cells has not been unambiguously resolved, which is
antibodies. Images were obtained with a Zeiss LSM510 confocakflected in two different models (Fig. 1E,F) (Park et al., 1998;
microscope. Carmena et al., 1998).
Here, we study the Eve and other lineages of the heart by
arresting the cell cycle at various stages. We first examined

RESULTS formation of cardiac cell types i@ycAmutant, which causes

) cell cycle arrest at mitosis 16 in the ectoderm (Knoblich and
Mesodermal Eve lineages and the fate of Eve Lehner, 1993). 'CycAmutants, EPCs are absent as judged by
progenitors in the absence of cell division the absence @veexpression, but DA1 muscles form as in wild

The Drosophila heart progenitors are specified at the dorsatype (Fig. 1A,B). A similar phenotype is observedRoal
mesodermal edge and are coincident with the cells thahutants (arrest also at ectodermal cycle 16yasy (Dong et
maintain expression dinmanat stage 11. These progenitor al., 1997; Wai et al., 1999), but with somewhat less penetrance
cells undergo symmetric or asymmetric cell divisions to(Fig. 1C). InRcal mutants, 86% n=144) of hemisegments
generate a diverse set of cardiac cell types (Ward and Skeaghow no EPCs and 14% show one EPC; all of them have
2000). From stage 13 onwards, each cell type is positioned abrmal DA1 muscles (Fig. 1C). The one-EPC phenotype
a specific dorsoventral and anteroposterior location and Euggests that a common progenitor exists for the two EPCs in
distinguished by the expression of a unique combination afach hemisegment. This conclusion is further supported by
transcription factors (see Han et al., 2002). Of these, thexamining embryos in which the cell cycle inhibittzp or fzr
MADS-box transcription factor Mef2 (Bour et al., 1995; Lilly is overexpressed specifically in the mesoderm [using the twist-
et al., 1995) marks all the myocardial cells, whereas th&al4 driver line (Greig and Akam, 1993) in conjunction with
homeobox geneeven-skipped(evg labels the EPCs (a the UAS-Gal4 system (Brand and Perrimon, 1993)]. In these
pericardial cell type), DA1 (a dorsal muscle) and transientlembryos (progeny from the cross between twist-Gal4 crossed
the founder of the DO2 muscle (Fig. 1A) (Frasch et al., 1981JAS-dap, twi>dap most hemisegments show only one EPC
Carmena et al., 2002; Han et al., 2002). The lineage giving rig94%, n=150; Fig. 1D) suggesting that the last division
to the mesodermakveexpressing cells has been studiedgenerating two EPCs did not occur. This division apparently is
intensely (e.g. Carmena et al., 1998; Park et al., 1998; Su &fmmetrical. A similar phenotype is observed in 70% tavi>

@ EPC )
o < %0g_ D02 PS @ FDAlsib
FDO2 @ P15 C Q — o DAt
FDA1

Fig. 1. Progenitors of the mesodermal Eve lineage adopt a muscle cell fate when their asymmetric divisions are blocked. (A-D) Antibody
staining of Eve (red) and Mef2 (green) in stage 13 embryos. Five hemisegments of segment A2-A7 are shown in each pavefXA) Six
expressing myocardial cells, two EPCs, and one DAL muscle are present in each hemisegment in wild-type stage 13 emi@yoa. (B) In
mutants, the number of Mef2 myocardial cells is reduced to four per hemisegment; no EPCs are specified, but the DA1 preseet are

(C) In Rcalmutants, four myocardial cells are present in each hemisegment; most EPCs are absent. (D) Pan-mesodermal edapession of
reduces the number of myocardial cells to four and the EPCs to one per hemisegment. The DAL muscles are present. (&)lénntiae mes
Eve lineage model of Park et al. (Park et al., 1998), two progenitors are formed per hemisegment, each giving rise ta @aniRClan
founder. (F) In the model of Carmena et al. (Carmena et al., 1998), two progenitors are also formed in each hemisegméng)lgives

rise to both EPCs and one muscle founder, whereas the other (P15) generates only the DAL founder. This EPC progeniitiar isedl ddug

an asymmetric cell division that also generates the DO2 muscle founder.
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embryos (=150, data not shown). Because it is thought thabr none, depending of the fate of the undivided Svp
Dacapo causes arrest of the last division (Lane et al., 1996)recursors. Indeed, in these cycle 16 arrest situations, only two
and that CycA and Rcal are required for the cell cycle 16, WeMC per hemisegment form (Fig. 2B-D). Because the total
propose that the EPCs are generated at cycle 17 by symmetnigmber of myocardial cells is four (Fig. 1B-D), the other two
cell division and the progenitor of EPCs and a muscle foundenyocardial cells are probably SMC. In order to test this, we
are generated at cycle 16 by asymmetric cell division. Thugxamined the number ofid-expressing pericardial cells, two
these findings together with previous data support the modelt of a total of four co-express/p (SOPC) in wild-type
depicted in Fig. 1F (see also Fig. 9). More importantly, thesembryos (Fig. 2E). l€ycAmutants, a singledd-expressing
data also suggest that@ycAor Rcalmutants, the undivided pericardial cell (OPC) is present per hemisegment (Fig. 2F,

Eve progenitors of cycle 16 adopt a myogenic cell fate. Fig. 9B), consistent with the prediction that the two Svp-Odd
o ) ) progenitors assume a myocardial fate when cycle 16 is

Undivided progenitors of the Svp lineage also adopt blocked. A third Odd-only progenitor is likely to divide

a myocardial fate symmetrically, as suggested previously (Ward and Skeath,

In all the four cell cycle arrest situations examined so fa2000).

(CycAandRcalmutants, overexpression dap or fzr in the ] ) . ] )

mesoderm), four instead of six myocardial cells form in eacffnman -expressing myocardial progenitors are likely
hemisegments of the abdominal segments, A2-A7 (Fig. 180 divide symmetrically

D), indicating that the progenitors of myocardial cellsin each abdominal hemisegment of A2-A7 there are four
differentiate as myocardial cells when the last cell division idadybird-expressing heart cells (Fig. 9A,C), two that are
blocked (Fig. 9). It also indicates that the last division ofmyocardial, co-expressirtighmanandMef2 (TLMC), and the
myocardial cells is mitosis 16, as twiapor twi>fzr embryos  other two that are pericardial, co-expresgingianonly (LPC)
exhibit the same myocardial cell phenotypeCgsAor Rcal (Jagla et al., 1997). These cells are adjacent to the Eve cells
mutants. Previous studies suggest that in each hemisegmént never overlap with them (Fig. 2G) (Han et al., 2002). In
the four Tinman myocardiac cells (TMC) are generated fron€ycAmutants, two of the myocardial cells expresman(Fig.
symmetrical divisions, whereas two Svp progenitors divid&B), and of only one expresskslybird (TLMC in Fig. 2H;
asymmetrically to give rise to two Svp myocardial cellsFig. 9B), suggesting that the twdinmanexpressing
(SMC) and Svp-Odd pericardial cells (SOPC; Fig. 2A,E)myocardial progenitors divide symmetrically, but each assumes
(Ward and Skeath, 2000) (see also Fig. 9C). If this is the case,distinct molecular identity distinguished at least in part by
the number of TMC irCycAor Rcaland twixdap embryos the presence or absencdafybird expression (summarized in
should be two, and the number of SMC should be either twbig. 9).

Fig. 2. Progenitors of the Svp lineage adopt a
myocardial cell fate when their asymmetric
divisions are blocked. (A-D) Antibody
staining of Tinman (red) and Eve (green),
(E,F) Odd (red) and Eve (green), (G) Lbe
(red) and Eve (green), and (H) Lbe (red) and
B-Gal (green). Five stage 13 A2-A7
hemisegments are shown in each panel.

(A) In wild-type embryos, four out of six
myocardial cells are labeled with Tinman.
(B) In CycAmutants, the number of Tinman
myocardial cells is reduced to two per
hemisegment; no EPCs, only DA1 muscles,
are specified. (C) IRcalmutants, two
Tinman myocardial cells are present per

. hemisegment; EPCs are usually absent but
ULl sometimes appear as a single cell.

(D) Mesodermal overexpressionddp two
Tinman myocardial cells, one EPC and
normal DAL muscles forms in each
hemisegment. (E) In wild type, four
pericardial cells expresgld (OPC) in each
hemisegment. (F) I@ycAmutants, the
number of Odd pericardial cells is reduced to
one per hemisegment. (G) In wild type, two
Ibe-expressing myocardial cells (TLMC) and
two Ibe-expressing pericardial cells (LPC) are
present in each hemisegment. (HCycA
mutants, only one TLMC and one LPC are
present in each hemisegment. enta¢Z
shows two Eve lineage derived muscle

founders form in each hemisegment (see also
cycA-;emeA ESIEISY
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Distinct lineages of the  tinman -expressing number of TMCs is reduced to half (two per hemisegment,
myocardial cells in the anterior two segments of the n=82) (Fig. 3E,F; Fig. 9B). This suggests that in the anterior
heart two segments, the TMC precursor divisions are already

By comparing theMef2 andtinman expression in both wild- complete after cycle 15, thus not affectedCiycAand Rcal

type and cell cycle mutants, we noticed that the pattern dnutants, or the anterior. myocardial lineages are different, as
cardiac cell types is different in the anterior two segments (T8Uggested by a recent lineage study (Alvarez et al., 2003), or
and Al). The embryonic heart is formed approximately withirbOth-_ Whatever turns out to be th(_a case, these conclusions are
segment T3 to A8, and is composed of six myocardial cells p&onsistent with recent observation that the T3-Al heart
hemisegment, except in A8, where only four are present (Figprecursors are specified under homeotic control that is distinct
3A) Therefore, the total number of the myocardia| cellgrom that of the other abdominal segments (LOV&tO etal., 2002;
expressing\ﬂefz is 104 [(6<8+4x1)x2] (number of cells per Loetal., 2002) Not OnIy is the myocardial cell number in T3-
hemisegmenk number of segments2 sides) (Fig. 3A). Two Al unaffected inCycAor Rcalmutants, but as observed in a
of the myocardial cells in each A2-A8 hemisegment expresigte stage embryos, these anterior myocardial cells assemble
svpbut nottinman(SMC). Therefore, the total number of SMC into a tube as in wild type (Fig. 3F). By contrast, the fewer than
is 28 (x7x2) (see Gajewski et al., 2000; Lo et al., 2002). Innormal abdominal myocardial cells do not align properly,
the anterior two segments, all myocardial cells expieesan ~ suggesting that a reduction in myocardial cell number
(Fig. 9A), which adds up to a total number of 76 TMCsadversely affects heart tube morphogenesis.
[(6x2+4x6+2x1)x2], (Fig. 3C; Fig. 9A) (Alvarez et al., 2003).

In embryos in whichdap is expressed throughout the CYcA;CycB double mutant arrests mesodermal

mesoderm, thus blocking the last division, the number oflivision at mitosis 15

myocardial cells is reduced in T3-Al (average 3.2 petn order to study the cardiac lineages further, we examined
hemisegmenp=20), as it is in the A2-A7 abdominal segmentsCycACycB double mutants, which are thought arrest cell
(two per hemisegmenh=76) (Fig. 3B,D). InCycAor Rcal division before cycle 16. CycA and CycB function
mutant embryos, however, which are normally blocked in celbynergistically during the G2-M transition (Knoblich and
cycle 16, the number of TMCs in T3-Al remains unchangedehner, 1993). Even thougBycB mutants do not seem to
(six per hemisegment)=26), unlike in A2-A7 where the affect the three post-blastoderm divisioBycACycBdouble
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Fig. 3. Segmental differences of tiosophilacardiac lineages. Stage 15 embryos stained for (A,B) Mef2 (green) and Eve (red),

(C,D) Tinman (red) and Eve (green), or Tinman only (E,F). (A) In the wild-type embryos, six myocardial cells and two ERSsatrenpr

each hemisegment from T3 to A7. (B) Overexpressiatapin the mesoderm reduces the myocardial cells from six to four per hemisegment

in A2-A7 segments, and in T3-Al to about three. (C) In wild-type segments A2-A7, four out of six myocardial cellsiexpaess each
hemisegment; in segment A8, two out of four exptiessarn however, in segments T3-Al, all six myocardial cells exgiessan

(D) Overexpression alapin the mesoderm reduces tiremanexpressing myocardial cells in A2-A7 from four to two, in A8 from two to one,

and in T3-Al from six to about three (see insert). (E,R)yoAor Rcalmutantstinmanexpressing myocardial cells are reduced from four to

two in hemisegments A2-A7, from two to one in A8. However, there is no change in hemisegments T3-Al in that all six nogsardial
expresginman Note that the change in myocardial cell number in A2-7 affects heart tube assembly in the posterior abdominal segments, but
not in T3-Al (F).
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mutants are more severe th@ycA mutant alone, in that CycA or CycB mutants. By contrastCycA;CycB double
ectodermal cell division is arrested at cycle 15 (Knoblich andnutants exhibit a reduction of TMC from six to three in 70%
Lehner, 1993). In the hea@ycACycBdouble mutants exhibit of observed hemisegments=@6; Fig. 4G,H). These data are
a further reduction in the number of myocardial cells whertonsistent with the hypothesis that the T3-A1 TMC progenitor
compared withCycA alone (Fig. 4A-D). Instead of six divisions occur during cycle 15, which also fits with the idea
myocardial cells in wild type and four myocardial cell€ycA  that the identity of these two cardiac segments is specified
mutants, only two myocardial cells are observed in 75% of 12@ifferently (Lo et al., 2002; Alvarez et al., 2003). Interestingly,
observed hemisegments @ycACycB double mutants (Fig. the DAl muscles are specified similarly@ycAsingle or in
4B). In addition, only one TMC forms in 64% of 120 observedCycACycB double mutants (Fig. 1B; Fig. 4B,D), suggesting
hemisegments (Fig. 4D), indicating that the cell divisions othat Eve progenitor specification is unaffected by arresting
myocardial lineages are indeed blocked at cycle 15 imitosis at cycle 15. This is reminiscent of the observation made
CycACycBdouble mutants. These data also suggest that th@eviously instgmutants, in which the cell division is arrested
four TMC that are formed in each hemisegment originate fromat cycle 14, the first post-blastoderm division: up to two Eve
one super progenitor (TSP) and the two SMC plus two SOP@rogenitors are specified per hemisegment (Carmena et al.,
originate from another super progenitor (SSP, Fig. 9C). Both998; Su et al., 1999), one of which will give rise to the DA1
super progenitors appear to be specified before cycle 1Buscle founder and the other to the immediate precursor of
Although one of the two TMC per hemisegmentGycA two EPCs per hemisegment (Fig. 9C). Re-examining the
mutants expresséadybird early, this homeobox gene product cardiac phenotype istg mutants we found that theve
is no longer detected in double mutant€géAandCycB(Fig.  expressing cells often appear in pairs, although in some
4E,F). These observations are consistent with the idea thsgégmentsinman or eveexpressing progenitors fail to form in
initially one TMC super-progenitor is specified in eachthis early arrest mutant. The pairseskeexpressing cells seem
hemisegment, which divides asymmetrically during cycle 15to adopt a muscle founder cell fate, as most of them express
giving rise to a Ladybird-positive and Ladybird-negative TMCMef2 but not tinman in stage 13/14 embryos (Fig. 4l1,J).
progenitor. However, unlikeCycACycBdouble mutantsstgmutants show

In segments T3-Al, the number of TMCs is not altered bgevere segmentation and other patterning defects, presumably

Fig. 4. Cardiac cell types i€ycA;CycB
double mutants and stgmutants.

(A-F,1-J) A2-A7 hemisegments of stage 13
embryos are labeled for (A,B,l) Mef2
(green) and Eve (red), (C,D,J) Tinman (red)
and Eve (green), or (E,F) Lbe (red) alone.
(G,H) Stage 15 embryos labeled for
Tinman (red). (A,B) IlCycACycBdouble
mutants, two instead of six myocardial cells
are present in each hemisegment, DA1
muscles but no EPCs are formed.

(C,D) Double labeling for Tinman and Eve
shows that only one of the two myocardial
cells per hemisegment in tkycACycB
double mutant expressgsman(D).

(E,F) Lbe staining shows that the single
tinmanexpressing myocardial cells in each
hemisegment are not Lbe positive.

(G,H) About thredinmanexpressing
myocardial cells remain in each T3-Al
hemisegment in the mutant (H), but only
one in A2-A7. Note that some
hemisegments show one TMC cell and one
tinmanexpressing pericardial cell. (1,J) In
stg- mutants, the overall mesodermal
segmentation is significantly affected, in
addition to the arrest at cell cycle 14. The
Mef2- tinman-andeveexpressing cells are
reduced dramatically. However, the cells
that maintaireveexpression often appear in
pairs and co-expreddef2 but nottinman
indicating that they acquire a myogenic cell
fate.
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aggravated by the paucity of cells that are formed, whiclwhen the Notch receptor is activated (reviewed by Bray
precludes further interpretation of the cardiac lineages. and Furriols, 2001). Therefore, the mere presence of more
) ] . wild-type Su(H) protein may not cause activation of the
Function of Numb and Notch in the asymmetric Notch pathway in the mesoderm, as it does in parts of the
cardiac cell lineages nervous system (Wang et al., 1997; Nagel et al., 2000). To
Previous studies have shown that the asymmetric cell divisiorgrcumvent this limitation, we expressed an activated form
in both the Svp lineage and the Eve lineage muenb  of Su(H), Su(H)vpl6, which has been generated by fusing
dependent and involve the Notch pathway (Park et al., 1998;ild-type Su(H) to vpl6 (Furriols and Bray, 2000), a
Carmena et al., 1998; Carmena et al., 2002; Ward and Skeasitrong transcriptional activation domain. Interestingly,
2000). Innumb mutants, the number of myocardial cells ineme>Su(H)vp16 embryos exhibit a phenotype similar to that
segments A2-A7 is reduced from six to four per hemisegmertf eme>N(icd): in some segments no Eve cells form, whereas
(Fig. 5A,B; Fig. 9B), whereas the number of myocardial cellsn others more EPCs and no DAl muscles form (Fig. 5F).
in T3-Al is not affected (data not shown) (Alvarez et al., 2003)These data suggest that the dual functiorNofch lateral
The reduction of myocardial cells is paralleled by an increasmhibition and asymmetric cell fate determination, are both
in EPC number from two to four in

80% of 200 hemisegments couni
accompanied by a loss of DAL mus
(Fig. 5B; Fig. 9B) (Park et al., 1998).
using a Gal4 driver under the contro
the mesodermaleve enhancer (em
Gal4) (Han et al.,, 2002), Numb &
constitutively active N(icd), we
expressed exclusively in t
mesodermal Eve lineage (Fig. 5C,D)
eme>numb embryos, no EPCs ¢
formed, only the DA1 muscles (F
5C). By contrast, no DA1 muscles
formed in emeM(icd) embryos, an
60% of 160 hemisegments exhibit
increase in EPC number from two
three or four (Fig. 5D), supporting a ¢
autonomous action of Numb and Nc
in this lineage. Interestingly, t
remaining segments show no expres
of eve suggesting the correspondiene
progenitors have not formed,
observed  previously with ps
mesodermal overexpression of N(i
(Park et al., 1998). It is likely that t
variation in phenotype is the result
slight regional differences in the onse
N(icd) expression: earlier express
eliminates the progenitor, while la
expression results in a sibling f
transformation opposite to that obser
in numbmutants.

Notch pathway functions in the
cardiac mesoderm through Su(H)
As Su(H) is the only transcription fac
that has been characterized so fa
mediating Notch activation, we wan
to know if it has a similar function in t
cardiac lineages. Unexpecte:
overexpression of Su(H) in t
mesodermal Eve lineage or througt
the mesoderm does not alter the nol
cardiac/muscle fate determination (I
5E; data not shown). Recent ¢
suggest that Su(H) is converted frol
transcription repressor to an active

22N

eme>N(icd)

eme>Su(H) eme>Su(H)-vp16

eme>N(icd)+numb

Fig. 5. The Notch pathway functions through activation of Su(H) to specify a pericardial cell
fate in asymmetric lineages. A2-A7 hemisegments of stage 13 embryos were labeled with
(A-D) Mef2 (green) and Eve (red), or (E-H) Eve only. (A,Bnimbmutants, the number of
myocardial cells per hemisegment is reduced from six to four; the number of EPC is increased
from two to an average of 3.6 per hemisegment; DAL muscles are not formed.

(C) Overexpression afumbin the mesodermavelineage (emerumb abolishes the

formation of all EPCs and sometimes more than one DA1 muscle per hemisegments seems to
be generated. (D) Overexpression of the ax{eel) either generate three or four EPCs per
hemisegment, or aboligtveexpression altogether. No DA1 muscle founders are formed, as
judged by the absence of Eve and Mef2 double labeling. (E) Overexpression 8tif)e-

does not seem to alteveexpression. (F) By contrast, en&¥H)vpléexhibits a similar

phenotype as errid(icd), in that noeveexpressing cells or only EPCs form in most segments.
Occasionally, four EPCs as well as one forming DA1 muscle are observed, suggesting that
these two cell types are specified independently (see text). (G) Overexpressiarbof

together with thé\(icd) [eme>N(icd)+numf in the mesodermal Eve lineage generates an
intermediate phenotype. (H) By contrast, overexpressionmibtogether with Su(H)vpl16
[eme>Su(H)vpl6+numpgenerates a phenotype that is indistinguishable from overexpression
of Su(H)vpl@lone [emeSu(H)vplf
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mediated by a mechanism that involves the conversion dFig. 6E). In the remaining segments, only one DO2 is
Su(H) into a transcriptional activator. observed accompanied always by two EPC with or without a
As the function of Numb is thought to interfere with Notch duplicated DA1 founder (data not shown). This suggests again
activation in the sibling cell it segregates into (Fig. 9C), wahat DO2 rather than DA1 is related by lineage to the EPCs.
wanted to examine if this activity is at the level of Notch itselfFinally, N(icd) expression in the mesodermal Eve lineage
or downstream in the pathway at the level of Su(H). Weesults in a loss of DO2 and DAL founders accompanied by
reasoned that if Numb acts at the level of activated Notchthe concomitant formation of four EPC in 60% of 120
overexpression ofiumbattenuates thél(icd) overexpression hemisegments counted (Fig. 6F), oreweor lacZ expression
phenotype, but not that Su(H)vpl6 Indeed, it seems that in the remaining segments (see also Fig. 5D).
increasing the level of Numb protein by eme-Gal4-mediated ) ) o
expression counteracts the effectNgfcd), in that more DA1  numb directs a myogenic cell fate of undivided
muscles and less EPCs form (Fig. 5G). By contrastrogenitors only in asymmetric cardiac lineages
overexpression ofiumbtogether withSu(H)vpl6generates a The loss-of-function phenotype ntimbis opposite to that of
phenotype similar to that Gu(H)vpl6overexpression alone CycAwithin the EPC lineage, in thaumbmutants produce
(Fig. 5H), which suggests that Numb functions upstream abnly pericardial EPCs, whereas i@ycA mutants only
activated Su(H). myogenic fates are specified (Fig. 6A,C,D; Fig. 7A-C). We
The phenotype of eme>Su(H)vpl6 embryos is not as strongished to determine the epistatic relationship between these
as with eme>N(icd), in that some DA1 muscles are still formedenes in the mesodermal Eve lineage by examining
in some segments. This allowed us to address the questionymhCycAdouble mutants. In such double mutant embryos,
whether or not DA1 muscle founders are siblings of EPCaye observe formation of one non-myogeregeexpressing
from a new angle: if they derived from the same precursorell per hemisegment, apparently at the expense of DA1 muscle
DA1 muscle formation would never occur simultaneously withformation (Fig. 7D, 100% penetrance;110). This phenotype
EPC duplication. By contrast, we did occasionally observe fous different from a EPC-onlpumbphenotype (Fig. 7B, 100%
EPCs and one DAL muscle in the same hemisegment (Fig. Sgnetrancen=100) or a muscle founder-onGycAphenotype
consistent with an independent lineage of EPC and DA{Fig. 7C, 100% penetrance=96), indicating thatnumb
progenitors (Fig. 1F; Fig. 9C). function is required in the asymmetric Eve lineages to specify
o a myogenic fate regardless whether the progenitor divides or
emeA-/acZ as a marker for sibling cell fates of the not. Similarly, whenN(icd) is expressed after the initial
mesodermal Eve lineage specification of mesodermal cardiac progenitors using a
A recent study suggests that the sibling cell of the EP®@eatshock promoter [Hs{icd)], it can generate a similar cell
progenitor is the DO2 muscle founder (Carmena et al., 2002fate transformation as that atimbor a numb;CycAmutant
However, muscle founders fuse with surrounding myoblasté~ig. 7E, 84% penetrance=64; Fig. 7F, 90% penetrance,
and eve expression disappears in the DO2 founder after the=42) (see Park et al., 1998). As other evidence suggests that
asymmetric cell division is completed, which makes it difficultthe EPC progenitor is the sibling of the DO2 founder, which
to follow cell fate transformations between the proposedindergoes an asymmetric cell division at cycle 16, it is likely
siblings. To circumvent this problem, we took advantage of ¢hat the observed non-myogeneveexpressing cells of
mesodermaleve enhancer, emeA (Han et A!

2002), which labels the EPCs and both the

and DO2 founder nuclei, and founder expres
persists even after myotubes begin to form

unlike witheve the myoblast nuclei that have fu:
with the founders are unlabeled; Fig. 6A).
eme>lap embryos, both DA1 and DO2 found
form, but the number of EPCs is reduced to
(Fig. 6B), similar to the phenotype observed \
dapoverexpression throughout the mesoderm
1D). In the CycA mutant, only the two musc
founders are present in each hemisegment
6C), suggesting that when the asymmi
divisions of cycle 16 are blocked both progeni
adopt muscle founder cell fate. humbmutants
neither DA1 and nor DO2 founders form; inste
four EPCs are present (Fig. 6D). We note tha
occasional formation of a DO2 founder (identi
by position and absence of Eve protein) is alv
accompanied by the presence of two instead o
EPCs (data not shown), consistent with a lint
relationship between DO2 and EPC (Fig. 1F;
9C). Conversely, in emeimbembryos, two pait
of DAl and DO2 muscle founders, but no EF
are observed in 28% of 120 hemisegments col

eme>N(icd)

Fig. 6.emeAlacZ marks the mesodermal Eve lineage. (A-F) Double labeling for
Eve (green) anfl-Gal (marking emeAacZ expression in red) of two

hemisegments in stage 13 embryos. (A) In wild type, efaeZiabels the two

EPCs, as well as both the DA1 and DO2 muscle founders. (B) In embryos with
ectopicdapin the mesoderm, the number of EPCs is reduced to one per
hemisegment, but the DA1 and DO2 founders are unaffected. @)ch

mutants, no EPCs are specified but both muscle founder cells are unaffected. (D)
In numbmutants, the number of EPCs is increased from 2 to average 3.6 per
hemisegment with loss of both muscle founders. (E) eme-specific overexpression
of numbcauses a twofold increase in the number of DA1 and DO2 founders
concomitantly with a loss of EPCs. (F) eme-specific overexpression of N(icd), as
in numbmutants, causes a loss of the eve muscle founder and a doubling of EPCs.
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Fig. 7. Progenitors of asymmetric Eve
lineage adopt a pericardial EPC cell fate in
numhCycAdouble mutants. (A-F) A2-A7
hemisegments of stage 13 embryos labeled
for Mef2 (green) and Eve (red). (A-C) In
CycAmutants, no EPCs only DA1 muscles,
whereas imumbmutants, up to four EPCs
but no DAL muscles are present in each
hemisegment. Bot@ycAandnumbsingle
mutants show four instead of six
myocardial cells per hemisegment.

(D) Double mutants afiumbandCycA

show two myocardial cells and a EPC in
each hemisegment. (E) Embryos
overexpressindl(icd) with heat shock
promoter (see Park et al., 1998) exhibit
twice the normal number of EPCs as do
numbmutants. (F) Overexpression of
N(icd)in CycAmutant embryos, as in
numb,CycAdouble mutants, also produces
one EPC and two myocardial cells per
RERMULIEOWZE  hemisegment.

numhCycA or of HsN(icd);CycAmutants are the undivided in numbmutants are different from those @ycAmutants, as
EPC/DO2 progenitors, rather than the siblings of the DAlndicated by Tinman expression (Fig. 8B,C; see also Fig. 2F
founders, which apparently no longer expresge (see and Fig. 9) (Ward and Skeath, 2000)CiycAmutants, two out
Carmena et al.,, 2002). This DALl sibling is likely to die,of the four myocardial cells are SMC and the other two are
because emkxcZ expression, unlike in DO2, does not perdureTMC (Fig. 7A; Fig. 8B); whereas inumbmutants, all four
in this DAL sibling cell (Figs 6, 9). myocardial cells are TMCs (Fig. 8C). humhCycA double
When myocardial cell lineages were examined, we foundhutant embryos, only twMef2-expressing myocardial cells
that the number of myocardial cells in eitmermbor CycA  are specified in each A2-7 hemisegment (Fig. 7D, 94%
mutants is four per hemisegment in segment A2-A7 (Figpenetrancep=66), and both of them expretssman(Fig. 8D),
7B,C). However, the identities of these four myocardial cellsuggesting the symmetrically dividing TMC progenitors

Fig. 8. Progenitors of the Svp lineage adopt
a pericardial cell fate inumhCycAdouble
mutants. A2-A7 hemisegments of stage 13
embryos labeled for (A-D,G,H) Tinman
(red) and Eve (green), or (E-F) Odd (red)
and Eve (green). (A-D) Although both
numbandCycAmutants exhibit four
myocardial cells per hemisegment, only
two expressinman(TMC) in CycA

mutants (B) (asterisks indicate position of
SMC), but innumbmutants (C) all four
expresginman(no SMC form). In
numhCycAdouble mutants (D), two
myocardial cells are formed, both
expressinginmar thus, no SMCs form.

(E) The number obdd-expressing
pericardial cells (OPC) is increased from
four (Fig. 2E) to six imumbmutants.

(F) In CycAmutants, only one OPC is
formed (Fig. 2F), irCycA;numidouble
mutants, three OPCs are usually observed.
(G) Overexpression dfi(icd) not only
increases the number of EPCs, but also
reduces the number of the myocardial cells
from six (Fig. 7E) to four, all of which
exhibit TMC characteristics.

(H) Overexpression dfi(icd)in CycA
mutants generates one EPC and the two
myocardial cells (seen in Fig. 7F), both of
ERV (VSRR which expressinman(TMC).
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maintain their myogenic fates in the absenceushbfunction,  fates to promote the myogenic pathway of differentiation in the

whereas the asymmetrically dividing SMC progenitors maysibling that inherits Numb. By contrast, the presence or absence

assume a pericardial, non-myogenic fate. In agreement withf Notch activation has no influence on cell fates of the

this conclusion, the number ofid-expressing pericardial cells symmetric myogenic-only lineages (summarized in Fig. 9).

increases from four to six per A2-7 hemisegmennhomb

mutants (Fig. 8E, average 5r8;48), but only one is specified

in the CycAmutant (Fig. 2F, average 11555; see also Fig. DISCUSSION

9B). In numhCycA double mutants, the average number of o . )

odd-expressing cells per hemisegment is three (Fig. 8F, averaf@stblastoderm cell divisions in the cardiac

3.2,n=42), consistent with the two SMC progenitors acquiringmesoderm

a non-myogenic SOPC-type fate in these double mutants (séd mesodermal cells go through three postblastoderm cell

also Fig. 9B). Similarly, expression Nficd) in CycAmutants  cycles (cycle 14-16) (Campos-Ortega and Hartenstein, 1997).

also generates two TMC per hemisegment (Fig. 7H, 94%he mesodermal cells enter the first postblastoderm division

penetrancen=86; Fig. 8H, 92% penetranaes62), instead of (mitosis 14) at 210 minutes AED as domain 10 (Foe, 1989).

four in a otherwise wild-type background (Fig. 8G, 91%They are the first embryonic cells to go through the second

penetrancen=46). Taken together, these data suggest thgiostblastoderm division at about 250 minutes AED. The

numbis only required to inhibit Notch activity in asymmetric mesodermal cells are thought to divide in an approximately

lineages that produce both myogenic and non-myogenic cediynchronous fashion in the first two postblastoderm cell
divisions. The third division (mitosis 16) takes place during

A late stage 10 to early stage 11 between 280-300 minutes AED.

% w % During this division, a continuous longitudinal zone that may
wT e&_® e
o0
o0
A8

generate the heart precursors and part of the visceral
mesoderm appears as a subdomain of mitosis 16 (Campos-
%@ Ortega and Hartenstein, 1997). It is likely thatman is

involved in generating this subdomain because it is
Y LPELT specifically expressed in such a
B Ccoee e o o ®©® 00 ®o continuous longitudinal zone at stage 10
. 8 % ®®o -, i | s (Bodmer et al., 1990).
(A2-AT7) O o s QQ& Q » Mesodermal Eve lineages
F We show that the asymmetric cell
twi>dap cycA- cycA-cycB- numb- cycA;numb divisions of the Eve lineage that
generates the EPC progenitors and DO2
c @ soprc @ ive POPC e pc founders are arrested {@ycA or Rcal
ssP -@-—IHCG) SMC TSP ®'ﬂ"|c. TLMC © orc mutants, in which cell cycle 16 is
©)] N OF & ° oLpC ~ blocked (Knoblich and Lehner, 1993;
TMC @A LPC Dong et al., 1997), but not in the
@—-lHC@ smMC G_HC. T™MC S#HC @ Lrc which  the

twi>dap embryos, in

subsequent division of the EPC
FEPC @®EPcC P15

P2 | @ FDA1sib progenitor is inhibited (cycle 17). Based
@-H—CS__';C@EPC @'H‘C@_.;DM on the effects of these genes in the
fhes °°°o Do2 — ectoderm, it is likely thaCycA mutant

blocks the progression of cell cycle also

@ smc @ sorc @epc = Numb crescent | Blocked in twi>dap in the mesoderm, but ectopidap
@ ™™C O orPc @:DM O Uniform Numb | Blocked in cyca- induces early exit from the cell cycle.
@ TLmC @ Lprc DO2 o Activated Notch | Blocked in cycA-icycs- Therefore, inCycAmutants mitosis may

be blocked at a certain time point during

Fig. 9. Model of cardiac lineages, the effect of cell cycle arrest and the function of Numb- dévelopment (such as at G2/M transition
Notch in determining cardiac cell fates. (A) Th®sophilaheart is from T3-A8 segments. ~ Of mitosis 16), but the ectopitap may
Black lines indicate lineage relationships based on this study, Ward and Skeath (Ward andnduce skipping of the last division. It
Skeath, 2000), and Alvarez et al. (Alvarez et al., 2003). (B) The effects of cell cycle arrest,has been shown that the Numb crescent
numbmutants and double mutantsrafmbandCycA (C) Block of cell divisions in A2-A7 in the precursor P2, which generates the
abdominal segments are as indicated. Asymmetric segregation of Numb into one daughteDO2 founder and the EPC progenitor,
cgll, or blocking precursor.dlv!smn, promotes myocardlal cell fate by inhibition of Notch appears at late stage 10 and the division
signaling. By contrast, activation of Notch signaling or the abs_ence _of Nl_me causes the happens between late stage 10 and early
daughter cell, or undivided precursor, to adopt a non-myogenic pericardial cell fate. SMC, stage 11 (Carmena et al., 1998)
Svp myocardial cell; TMC, Tinman myocardial cell; SOPC, Svp-Odd pericardial cell; EPC 9¢ : . . S ’
Eve pericardial cell; TMLC, Tinman-Lbe myocardial cell; LPC, Lbe pericardial cell; OPC, consistent with this being mitosis 16 O_f
Odd pericardial cell; DAL, dorsal acute muscle: DO2, dorsal oblique muscle 2; DALsib; sSSP mesodermal cells. Therefore, it
Svp-positive super progenitor; TSP, Tin-positive super progenitor. FEPC, FDO2, FDA1 and€ems that many cells of the cardiac
FDAL1sib are founders of EPCs, DO2, DA1 and DA1sib, respectively. P2 and P15 are mesoderm go through three
progenitors of the above founder cells. postblastoderm cell divisions (mitosis
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14-16), but some of them (such as the EPC lineage) undergeevious studies suggest there are probably five progenitors in
an additional division (mitosis 17). each hemisegment that give rise to 14 heart-associated cells
Two different models have been proposed for thegsix myocardial and eight pericardial): the TSP gives rise to

mesodermal Eve lineages. One model suggested that each EieGr myocardial cells (two of which are TLMC), the SSP
share a progenitor with a muscle founder (Park et al., 1998)enerates two myocardial and two SOPC, the EPC progenitor
The other model suggested that the two EPCs per hemisegmémtwo EPCs; the remaining four pericardial cells, two OPC and
share a progenitor, which in turn share a progenitor with onevo LPC, probably derive from two symmetrically dividing
of the muscle founder cells (DO2), whereas the other DAprecursors, although their lineage is not as well understood.
muscle founder derives from the second progenitor (Carmena . o .

et al., 1998). The data presented in this paper strongly suppd¥ymmetric cell division and cell cycle progression

the latter model (depicted in Fig. 9). The most direct evidencAsymmetric divisions have previously been studied in the
derives from pan-mesodermalap overexpression, which context of cell cycle progression in tBgosophilaPNS and
results in the formation of a single EPC, probably because @NS (Vervoort et al., 1997; Wai et al., 1999; Tio et al., 2001).
a block the last division. By contrast, the first model predict$n the PNS, Notch activity is required for specification of a type
formation of either no EPC or two EPCs, clearly not what igd versus type Il neuronal fate. When sensory organ progenitor
observed. These conclusions are also supported by recewll division is blocked iistg mutants, the undivided precursor
lineage tracing experiments (A. Alvarez and J. B. Skeathadopts a type Il neuronal fate, whereasnumhstg double

unpublished). mutants, a type | fate is chosen (Vervoort et al., 1997). In the

o _ _ CNS, Notch is required for specification of the sib cell fate
Myocardial lineages along the anterior-posterior versus the RP2 cell fate of the GMC1 asymmetric cell division.
axis In Rcal mutants, the undivided GMC1 adopts a RP2 fate,

Recent studies have suggested that cardiac specification alomgereas imumbhRcaldouble mutants, the undivided GMC1
the anterior-posterior axis is under the control of homeotioften adopts the sib cell fate (Buescher et al., 1998; Wai et al.,
genes (Lovato et al., 2002; Ponzielli et al., 2002; Lo et al.]1999; Lear et al., 1999). Both experimental outcomes are
2002) (A. Alvarez and J. B. Skeath, unpublished). For exampl@nalogous to what we observeGgcAmutants: the undivided
Svp myocardial cells are only present in the abdominaP2 progenitor adopts a pericardial fate in the absenaerb
segments of the heart, but not in the thoracic segmentanction instead of a myogenic fate in a wild-type background.
(Gajewski et al., 2000; Lo et al., 2002); probably under th&aken together, these observations suggest that arrest of an
control of Antennapediavhich is active in these segments (A. asymmetric cell division leads the undivided progenitor to
Alvarez and J.B. Skeath, unpublished). In this study we founddopt the fate of the daughter cell that inherits Numb, and in
that in addition to cell identity differences between the anteriothe absence of Numb the alternative fate is chosen.

two and the posterior heart segments, the lineage of the T3-Al o

myocardial cells are also distinct. In cycle 16 block@yeA ~ Notch activity promotes autonomously a non-

or Rcalmutants, the last cycle of myocardial divisions in T3-myogenic fate in asymmetric lineages of the cardiac

Al is not arrested unlike it is the case for the posteriofesoderm irrespective of cell division

myocardial cells. The anterior myocardial progenitors mayPrevious studies suggested that Notch activity controls two
either undergo the last division during cycle 15 or they may bdistinct processes during the specification of cardiac cell fates
less susceptible to a loss-GftcAfunction. The first possibility (Park et al., 1998). First, it is required to single initial
is consistent with the observation that embryos withprogenitors out of a field of competence by supporting the
overexpression of last division inhibitdap, but not cycle 16 selection and inhibiting surrounding cells from adopting the
arrestedCycAmutants, exhibit a reduction of TMCs in T3-Al. same fate (Culi and Modolell, 1998). Subsequent to the
Alternatively, it is possible that all T3-A1 myocardial lineagesprogenitor specification, Notch is required again for the
are asymmetric, as the Svp lineages more posterior, except thegyecification of alternative cell fates of sibling cells produced
all expresginman due to the lack afvpin these two segments during asymmetric cell divisions (reviewed by Jan and Jan,
(Lo et al., 2002). Thus, blocking division @ycA mutants 1998). In this study, we have examined the cell autonomy of
would not alter the number of TMC in these two segmentdNotch, by using eme-Gal4 to drive activated forms of Notch
Recent lineage tracing data are consistent with this view (Aand Su(H) exclusively in the mesodermal Eve lineages. We
Alvarez and J. Skeath, unpublished), but further experimentdso used conditional ubiquitous expression of activated Notch

are needed to elucidate these lineages. to examine its lineage-specific function in other cardiac
) o lineages. We find that Notch is required for specification of a
Extension of cardiac lineages non-myogenic fate in both the Eve and the Svp lineages of the

The second postblastoderm cell division of the mesodermahrdiac mesoderm. By contrast, activation or inhibition of the

cells (mitosis 15) seems to be arrested if ioyhAandCycB  Notch pathway did not affect cell fate decisions within the

functions are lost. IlCycACycB double mutants, only two symmetric lineages. This suggests a mechanism by which cell
of the normally six myocardial cells are formed in A2-A7 type diversity may be increased during evolution by co-opting

segments, one exhibiting TMC and the other SMChe Notch pathway during cell division to distinguish between

characteristics. Therefore, we propose that in eachlternative fates of the daughter cells. The inability of activated
hemisegment two myocardial superprogenitors are specifigsu(H) to autonomously influence cell fates in symmetric

(Fig. 9): the TMC superprogenitor (TSP) divides twicecardiac lineages further suggests that other factors or activities,
symmetrically, whereas the SMC superprogenitor (SSP) firstot present in symmetric lineages, are crucial for the

divides symmetrically and then asymmetrically. Present andsymmetric lineage-specific functions of Notch and Su(H).
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Interestingly, this influence of the Notch pathway on cell fatdunction (Berdnik et al., 2002). It is not clear, however, if this
decision in asymmetric cardiac Eve and Svp lineages is nathibition by endocytosis is at the level of the entire Notch
altered when cell division is arrested. Thus, cell division is noteceptor, or (also) at the level of N(icd) after it is cleaved off.
essential to distinguish between alternative cell fates. The daf@ur experiments provide strong evidence that Numb can
also suggest that the default cell fate of a asymmetricallindeed interfere with N(icd) function, but it remains to be
dividing cardiac precursor imrosophila is determined to determined if endocytosis is an obligatory intermediate in this
assume a myogenic fate, owing to Numb-mediated inhibitiomhibition of activated Notch.
of Notch, unless that fate is switched by the activation of target o . ) ) .
genes downstream of Su(H). Moreover, in a double mutant dfotch activity may specify a pericardial cell fate in
Notchandnumbwe would expect to observe the same lineagd®oth Drosophila and vertebrates by similar
phenotype as dflotchalone, i.e. a myogenic cell fate, as themechanisms
primary role of Numb is to inhibit Notch signaling (see alsoA recent study inXenopussuggests that the Notch pathway
Spana and Doe, 1996). Unfortunately, analysis of such doubieay also have a role in vertebrates in specifying pericardial
mutants is complicated by the earlier role of Notch in laterahnd other non-myogenic cell fates within the dorsolateral
inhibition. cardiogenic region of the anterolateral plate mesoderm (Rones

Another unresolved issue is the source of the Notch liganelt al., 2000). As in the Eve and Svp lineage of@resophila
that activates signal transduction within asymmetric cardiabeart, activation of the Notch pathway decreased myocardial
lineages. If the myogenic cell were to produce the ligand fogene expression and increased expression of a pericardial
Notch activation in its pericardial sibling, then the undividedmarker, whereas inhibition of Notch signaling resulted in an
progenitor would have to secrete its own Notch ligand. This igicrease of cardiac myogenesis. Similar results were obtained
unlikely, as production of the ligand is usually inhibited withinwith an activated form of RBP-J [a vertebrate homolog of
the cell that experiences Notch signaling (see Culi an®rosophilaSu(H) fused to vpl6, as in our study] (Rones et al.,
Modellel, 1998). In the asymmetric MP2 lineage of the2000). These data indicate that the Notch pathway may play a
DrosophilaCNS, for example, ligand production appears to beole in the specification of myocardial versus pericardial cell
required in cells outside the MP2 lineage (Spana and Doé&tes in bothDrosophila and vertebrates. This raises the
1996). A similar scenario may be operating in the asymmetriquestion of whether the mechanism of Notch mediated cell

cardiac lineages. identity determination is also conserved between vertebrates
and flies. Because it is not yet known if (Numb-controlled)

Numb acts at the level of Notch in preventing Su(H) asymmetric cell divisions are also involved in vertebrate heart

activation development, the answer awaits future studies. However, recent

Within the Eve lineages, Notch activation is mimicked bystudies on the role of Numb during cortical development
Su(H) fused to the VP16, a potent transcriptional activatiosuggest that it is likely to have a similar control function in cell
domain. Recent studies suggest that in the absence of Notgte specification in vertebrates as it does in flies (Shen et al.,
activity, DNA-bound Su(H) prevents activators from 2002).
promoting transcription. When Notch ligands, such as Delta, _ _ _
bind to its receptor, Notch is cleaved to produce an intracellular We thank C. Lehner for helpful suggestions and discussions; the
domain fragment, N(icd), which is thought to enter the nucleu8loomington stock center and C. Lehner for sendirgsophila
and interact directly with Su(H) to recruit transcriptional co-Stocks; J. Skeath for sharing data prior to publication; and C. Lehner,
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