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SUMMARY

The molecular mechanisms guiding the positioning of the
ectoderm-endoderm boundary along the animal-vegetal
axis of the sea urchin embryo remain largely unknown. We
report here a role for the sea urchin homolog of the Notch
receptor, LvNotch, in mediating the position of this

boundary. Overexpression of an activated form of LvNotch

throughout the embryo shifts the ectoderm-endoderm

boundary more animally along the animal-vegetal axis,
whereas expression of a dominant negative form shifts the
border vegetally. Mosaic experiments that target activated
and dominant negative forms of LvNotch into individual

blastomeres of the early embryo, combined with lineage
analyses, further reveal that LvNotch signaling mediates
the position of this boundary by distinct mechanisms
within the animal versus vegetal portions of the embryo. In

the animal region of the embryo, LvNotch signaling acts
cell autonomously to promote endoderm formation more

animally, while in the vegetal portion, LvNotch signaling
also promotes the ectoderm-endoderm boundary more
animally, but through a cell non-autonomous mechanism.
We further demonstrate that vegetal LvNotch signaling
controls the localization of nuclear B-catenin at the
ectoderm-endoderm boundary. Based on these results, we
propose that LvNotch signaling promotes the position of
the ectoderm-endoderm boundary more animally via two
mechanisms: (1) a cell-autonomous function within the
animal region of the embryo, and (2) a cell non-autonomous
role in the vegetal region that regulates a signal(s)
mediating ectoderm-endoderm position, possibly through
the control of nuclear 3-catenin at the boundary.

Key words: Sea urchin, Notch signaling, LvNotch, Boundaries,
Ectoderm, Endoderm

INTRODUCTION Ransick and Davidson, 1998). Supporting this notion,
blastomere isolation experiments have shown that interactions
In combination with classical manipulation studies, recenbetween animal blastomeres suppress endoderm forming
molecular analyses have begun to elucidate the cellular apdtential in presumptive ectoderm cells (Henry et al., 1989). In
molecular mechanisms that pattern the sea urchin animadddition, blastomere removal and transplantation studies have
vegetal (A-V) axis during early development (reviewed byindicated that the micromeres, the vegetal-most cells in the 16-
Davidson et al., 1998; Logan and McClay, 1998; Wessel anckll stage embryo, initiate a vegetal-to-animal wave of inductive
Wikramanayake, 1999; Angerer and Angerer, 2000; Ettensolsignaling required for both normal overlying secondary
and Sweet, 2000). This patterning process establishes thmeesenchyme cell (SMC) specification in the early blastula,
fundamental tissues along the A-V axis: mesoderm at thend endoderm specification in the late blastula to early gastrula
vegetal pole, endoderm overlying the mesoderm and ectoderstage (Horstadius, 1973; Khaner and Wilt, 1991; Ransick and
in the animal region of the embryo. A key event in this procesBavidson, 1993; Ransick and Davidson, 1995; Ransick and
is the placement of the boundary that divides the endoderm abdividson, 1998; Sweet et al., 1999; McClay et al., 2000).
ectoderm. This border separates the endoderm tissue thatRecent work has begun to reveal the molecular mechanisms
invaginates into the blastocoel during gastrulation fronthat regulate the position of the ectoderm-endoderm boundary.
ectoderm tissue that remains outside to cover the embryo aAdsea urchin BMP2/4 homolog is expressed in presumptive
larva. ectoderm in the blastula embryo, and appears to influence
Embryological studies have suggested that cell-celectoderm-endoderm boundary position by suppressing
interactions play an important role in specifying the boundargndoderm formation within presumptive ectoderm cells
between the ectoderm and endoderm. Lineage studies haVngerer et al., 2000). In additiofi;catenin, a component of
revealed that the ectoderm-endoderm border does not correltéie Wnt signaling pathway (reviewed in Wodarz and Nusse,
with early cleavage divisions, suggesting instead that cell-cell998), may also have a role in mediating the position of the
interactions establish this boundary (Logan and McClay, 199°&ctoderm-endoderm boundary. Nucl@agcatenin signaling is
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required for several early aspects of endo-mesoderméBeaufort, NC), and from Susan Decker (Hollywood, FL). Gametes
specification in cleavage stage embryos (Wikramanayake et akgre harvested and fertilized as described (Hardin et al., 1992).
1998; Logan et al., 1999; Huang et al., 2000; McClay et alEmbryos were cultured at 213 in artificial sea water (ASW).

2000; Vonica et al., .2(.)00)‘ At the Iat.e meser_lchyme blaStu.lr%RNA preparation and injection into zygotes
stage, nuclegs-catenin is present specifically within the nuclei

; . - All LvNotch DNA constructs have been described (Sherwood and
of presumptive endoderm cells bordering the presumptlv'éﬂcclay, 1999), and were used as templates to generate in vitro

ectoderm (D. R. Sherwood, PhD thesis, D“k? Umvers',tyranscribed Scapped mRNAs using the T3 mMessage mMachine kit

Durham, NC, 1997; Logan et al., 1999), suggesting a pOSS'bEmeion). mRNAs were passed through Microspin G-50 columns

later function in regulating the position of the ectoderm-pharmacia) to remove free nucleotides, precipitated and resuspended

endoderm boundary. in double distilled HO. MRNA concentrations were determined, then
The sea urchin homolog of the Notch receptor, LvNotchmixed with glycerol (40% v/v) and injected into fertilized eggs (2.0-

may also have a role in mediating the position of the ectoderng-0 pg/zygote) as described (Mao et al., 1996; Sherwood and McClay,

endoderm boundary. LvNotch signaling is activated within1999).

presumptive SMCs by underlying micromeres during earl . S :

development, (Sherwood and McClay, 1999; Sweet et aﬁnnlq?klj\:%fsluorescem dextran injection into eight-cell-stage

1999; McClay et al., 2009)’ suggest!r!g that LvNotch may b reparation of eight-cell stage embryos for injection into single

a component of the micromere-initiated vegetal-to-anim

8 . . . . . astomeres was identical to that described above, except that eggs
cascade of inductive signaling that influences the formation Qfere fertilized in 5 mM p-aminobenzoic acid (PABA), which was

endoderm. In addition, LvNotch protein is expressedyvashed out immediately after fertilization. Treatment with PABA
dynamically within both presumptive ectoderm and endoderrgoftened the fertilization membrane, allowing the embryos to be freed
cells in the blastula embryo (Sherwood and McClay, 1997)rom the membranes, which adhered to the injection dish. To lineage
indicating that LvNotch could also function in these tissues t@nd identify injected blastomeres, fluorescein dexthdn 40x10°,
regulate the position of the ectoderm-endoderm boundarjlolecular Probes) was added to the mRNA/glycerol mixture at a
While the Notch pathway has not yet been implicated iffoncentration of 1.5 mg/ml. Al mRNAs were injected at
establishing germ-layer boundaries in other organisms, NOtapg[;s),(i?%ﬁlég}?]&?npi%%iﬁg&%ﬁ :Ctetrl;]seelg.ll:l]gcti”e S;ﬁ%ﬁ'o :’;’s;tseg}
signaling has be‘?” shown to mEd'at.e the formation of oth njected zygotes all indicated that fluorescein dextran did not affect
types of boundaries, such asDrosophilalimb development

' . . the translation of injected mMRNAs nor the phenotypes produced (see
and vertebrate somite formation (Irvine, 1999; Rawls et algjg 7. data not éhown). Similar tbytecﬁinus girz:tusgmbryos (

2000). It is thus important to understand the possible role qkee Henry et al., 1989), we noted thatytechinus variegatughe
LvNotch signaling in positioning the ectoderm-endodermhird cleavage plane was usually slightly subequatorial. Thus, for
boundary in the sea urchin, both to gain a broadetonsistency, we only injected blastomeres in eight-cell-stage embryos
understanding of how Notch signaling is used for establishinfjom batches of eggs producing embryos with slightly subequatorial
boundaries, as well as elucidating the molecular mechanisnfyrd cleavage divisions. After injection, embryos were transferred to
that pattern the sea urchin A-V axis. 50 mm petri dish lids coated with 1% agar, and analyzed under
in s study, we have vesigaied he role of Ltch TLSISSETie o e Jocel, Sage, lor Smbnvs W ety
mgdlatlng the position Of. the ectodgrm-endoderm bounda&lRNA/fluorescein dextran mix. These 16-cell-stage embryos were
usmg'actlvatgd and domlnant-negatlye forms of the recept%rither labeled with Dil (below), or transferred to individual wells
combined with lineage and mosaic analyses. We fir§coated with 1% agar) in a 96-well plate for culturing.
demonstrate that activation of LvNotch signaling throughout
the embryo shifts the ectoderm-endoderm boundary mot@il labeling and lineaging of mesomeres and macromeres
animally along the A-V axis, whereas a loss or reduction ofndividual mesomeres and macromeres in 16-cell-stage embryos were
LvNotch signaling moves the boundary vegetally. Mosaidabeled iontophoretically with Dil (5 mg/ml in ethanol; Molecular
analyses of LvNotch function further show that LvNotchProbes; see Logan and McClay, 1997) on 1% agar coated dishes. The
signaling has at least two distinct roles in specifying théercentage of individual mesomeres and macromeres that normally
potin of ihe_ecadarm-endoder Do, LN o sy o i S B
S|gnallng appears to function cell autonomously in the anim IInd fluorescein dextran-labeled plutei were imaged using a cooled
region of the_ embryo to pr_omoFe endoderm formation MOI&Ch camera (Princeton Instruments) on a Leica DMRB microscope
animally, while LvNotch signaling in cells vegetal to the yng metamorph software.
ectoderm-endoderm border regulates a cell non-autonomous
signal(s) that also establishes the endoderm higher along tAsimal cap isolation
A-V axis. Finally, we show that vegetal LvNotch signaling cell To targetLvNe® mRNA into animal halves, eggs were fertilized in 5
non-autonomously regulates nuclgacatenin localization at  mM PABA and injected withLvN°® mRNA as described above.
the boundary, suggesting that vegetal LvNotch signaling ma|§0||0Wing injection, PABA was washed out of the injection plate and

control the position of the boundary through the regulation ofmbryos were cultured until the eight-cell stage. The embryos were
the Wnt pathway. then transferred to a 1% agar-coated dish containing hyaline

extraction media (Fink and McClay, 1985). After a 2 minute
incubation, embryos were transferred to an agar-coated dish
containing Ca*-free seawater, where animal and vegetal halves of

MATERIALS AND METHODS embryos were separated using a fine glass needle. Animal halves were
) identified by the distinctive pattern of mesomere cleavage divisions,
Animals and cultured in 96-well plates containing ASW. Embryoids resulting

Adult Lytechinus variegatusvere obtained from Jennifer Jackson from these animal caps were fixed with methanol after 48 hours of
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development as described (Sherwood and McClay, 1999), and stain
with the Endo1 monoclonal antibody (Wessel and McClay, 1985). Inject MRNA Dil label

Immunolocalization, cell counts and image analysis

Late mesenchyme blastula embryos injected \withPCAANKS gng D"f‘tg:‘ni';ﬁgf
LvNectwere fixed with 2% paraformaldehyde in ASW, followed by —» contributes
rapid permeabilization with 100% methanol as described (Sherwoc to gutin

and McClay, 1999). To identify the LW or LVNacBANKS proteins, pluteus larva

embryos were stained with the intracellular directed LvNotch
polyclonal antibody, rabbit anti-ANK at 1:1000 dilution (Sherwood
and McClay, 1997), which revealed the overexpressed intracellulz
domain of LvNotch, but not endogenous LvNotch. The number o
cells expressing Lvi§tor LvNacBANKS \as determined by optically
sectioning stained embryos with a Zeiss 510 laser-scanning confoc
microscope and counting the total number of nuclei containing thes
proteins. Nucleaf-catenin was visualized with a guinea pig #hati-
catenin polyclonal antibody as previously described (Logan et al
1999). LVNCYB-catenin double stained images were obtained by
sequential confocal sectioning of double-labeled embryos, and the
images were overlaid using Adobe Photoshop.

RESULTS

LvNotch signaling influences the position of the
ectoderm-endoderm boundary

To determine whether LvNotch is involved in positioning
the ectoderm-endoderm boundary, LvNotch signaling wa
perturbed within embryos by injecting fertilized eggs with
MRNA encoding a constitutively activated_v{\ec) or
dominant negativeL{/N"®9 form of the receptor (see Sherwood
and McClay, 1999). The activated form of LvNotch consists
solely of the intracellular domain of the receptor, whereas th
dominant negative form contains the extracellular anau

transmembrane domains of LvNotch, but lacks the intracelluldrig. 1. Activation and inhibition of LvNotch signaling throughout the
domain. We have previously shown that after injection intg@mbryo shifts the ectoderm-endoderm boundary. (A) Zygotes were
fertilized eggs, the protein products of both constructs ariiected with LvNotch mRNA constructs and allowed to develop. At
expressed through the late mesenchyme blastula sta&@ 16-cell stage, individual mesomeres were labeled with Dil, and

. . e distribution of the descendants of these cells determined in 36-42
(Sherwood and McClay, 1999), the time at which mOIeCUIaFJour pluteus larvae. (B,C) Nearly all labeled mesomeres from

markers and manipulation studies suggest the sea urchifhyos injected withvRct contributed progeny to the gut (Table

ectoderm-endoderm boundary is established (Davidson et ai.),_ A lateral view of a larva from layNectinjected embryo (B) shows

1998; Logan and McClay, 1998). that the Dil labeled mesomere (C) contributed descendants to the
To assess whether LvNotch signaling affects the position afboral ectoderm (arrow), and all three endoderm-derived gut

the ectoderm-endoderm boundary, we combined lineagempartments (h,m,fin B; arrowhead). (D,E) Almost no labeled

analysis of individually labeled mesomeres at the 16-cell staggesomeres from embryos injected witi\N"®d contributed

with injection ofLvNectandLVN"™®9mRNA (Fig. 1A). The fate ~descendants to the gut (Table 1). A larva frobvi'*dinjected

of mesomeres is a sensitive indicator of the position of th8MPryo (D) shows that the Dil labeled mesomere (E) contributed

ectoderm-endoderm border. Lineage studies have indicat%ﬁtogeny to the ectoderm along the left arm (arrow), but not to the gut

. - rrowhead). The characteristic smaller size of larvae fralRict
that the 16-cell stage mesomeres are usually positioned sligh ected embryos (B) and larger appearance of larvae frfes

animally to the ectoderm-endoderm boundary and give risgjected embryos (D) was probably the result of a respective decrease
solely to ectoderm (Logan and McClay 1997). However, thend increase in the amount of ectoderm present after the shift in the
mesomeres are close enough to the boundary such thatoderm-endoderm boundary, as the amount of ectoderm in the
approximately 16% of these cells randomly contribute progengmbryo is thought to regulate the size of sea urchin larvae (Ettensohn
to both the ectoderm and the endoderm (the gut tissue amd Malinda, 1993). a, animal pole; f, foregut; h, hindgut; m, midgut;
pluteus larvae). A shift in the ectoderm-endoderm boundary vegetal pole. Scale bar: 10fh.
animally would thus be expected to increase and a vegetal shift
of the border to decrease the number of mesomeres that
contribute progeny to the gut. (Sherwood and McClay, 1999; Table 1). The injection
In close agreement with previous lineage studies (Logan angtocedure and protein overexpression thus had no effect on the
McClay 1997), labeled mesomeres contributed progeny ttineage of mesomeres. Injection ofvNec, however,
larval gut tissue in approximately 20% of embryos injectediramatically influenced mesomere fate: individually labeled
with glycerol or withLvNRS¥ANKS 3 control construct similar mesomeres contributed progeny to the gut in greater than 90%
to LvN2 but missing 14 amino acids required for signalingof injected embryos (Table 1; Fig. 1B,C). Furthermore,
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Table 1. Influence of LvNotch signaling on mesomere fate SMCs and endoderm during early development (reviewed
Percentage of lineaged mesomeres (16-cell stage) in Dawdson_ et _al.,_1998). Recer_1t studies mdlcatln_g t_hat
that contributed progeny to the larval gut* micromere S|gnallng induces 0\_/erly|ng SMC fate by activating
Glycerol  LVNRCBANKS LyNEct LNl LVNneg LvNotch in adjacent presumptive SMCs (.S\./\_/eet et al., 1999;
injected () injected ()  injected ()  injected () injected () ~ McClay et al., 2000), suggests the possibility that LvNotch
20% (9/44)  22% (5/23) 93% (14/15)% 48% (14129)f 2% (1/48)% _S|gnal[ng W!thm Fhe presumptive SMCs is a component o'f the
inductive signaling wave. Alternatively, LvNotch signaling
*Contribution of lineaged mesomeres to the gut was determined in 36-42 could function cell autonomously within the presumptive
hour pluteus Iarvae_. For each treatment, the da_ta was pooled from four to tegndoderm cells to establish the ectoderm-endoderm boundary
independent experiments performed on approximately equal numbers of more animally. LvNotch protein is expressed at high levels

embryos. . ; . -
tPercentage is significantly different compared with respective controls along the apical domain of presumptive endoderm cells in the
(P<0.02; Fisher's exact test)lyNRCWANKS. | yNact andLvNU!l-injected late blastula embryo (Sherwood and McClay, 1997), coincident
animals were compared with glycerol-injected embryos, vilvil**¢injected  with the time that the ectoderm-endoderm boundary is thought
animals were compared with both glycerol- andifU!-injected embryos. to be established (Davidson et al., 1998; Logan and McClay,

N, number of embryos examined. 1998). Finally, it is possible that LvNotch signaling could act

cell non-autonomously within the ectoderm to position the
progeny of mesomeres that contributed to the gutvikect  boundary. LvNotch is expressed at low levels throughout the
injected embryos were typically found in all three gutpresumptive ectoderm (Sherwood and McClay, 1997), and
compartmentsn=12/14 cases where the mesomere contributecholecular and cellular studies have suggested that the
descendants to the gut). In contrast, LWNeCANKS. gnd  ectoderm also has an important role in positioning the
glycerol- (control) injected embryos, mesomere descendankoundary (Henry et al., 1989; Angerer et al., 2000). Based on
found in the gut were never distributed throughout the guthese possible distinct signaling functions for LvNotch, a
Rather, the descendants were usually confined to the hindguosaic analysis was performed to elucidate the mechanism(s)
(n=9/14 combined cases where the mesomere contributdéty which LvNotch signaling regulates the position of the
progeny to the gut), which arises from endoderm cells nearegctoderm-endoderm boundary.
the ectoderm-endoderm boundary (Ruffins and Ettensohn ) . ) .
1996). Vegetal LvNotch signaling mediates the position of
To determine whether endogenous LvNotch signalingh€ ectoderm-endoderm boundary cell non-
participates in the positioning of the ectoderm-endoderr@utonomously
boundary, mesomere lineages.il\"¢%injected embryos were To address whether vegetal LvNotch signaling influences the
also examined. Expression b#N"d throughout the embryo position of the ectoderm-endoderm boundary by controlling
had an opposite effect on mesomere fate compared whigf:  another inductive signal, the lineage of uninjected mesomeres
only one labeled mesomere contributed progeny to the gut (2@verlying LvN°- and LvN"®%-injected macromere/micromere
of cases; Table 1, Fig. 1D,E), and these progeny were restrictpdirs was determined (Fig. 2A). mRNAs were co-injected with
to the hindgut. Injection of mRNA encoding full-length the lineage marker fluorescein dextran into single blastomeres
LvNotch receptorLvNU!l did not reduce the percentage ofat the eight-cell stage, the last stage at which we found
mesomeres contributing to gut tissue, demonstrating that tfe@nsistent mMRNA injection into single blastomeres technically
LvNedprotein has a specific dominant negative function, rathgpossible. Injected embryos were then followed to the 16-cell
than acting as a nonspecific sink for ligands of other signalingtage when the asymmetric fourth cleavage division allowed
pathways that may also bind to the extracellular domain ofmbryos with injected macromere/micromere pairs to be
Notch proteins (see Rebay et al., 1991; Wesley, 1999). Indegdentified.  Individual mesomeres overlying injected
overexpression of LvNUl' increased the percentage of macromeres were then labeled with Dil to follow the fate of
mesomeres that contributed progeny to the gut compared witheir descendants (Fig. 2A). If vegetal LvNotch signaling
LvNecdANKS. and glycerol- (control) injected embryos (Table regulates another inductive signal that positions the ectoderm-
1), indicating that full-length LvNotch overexpression activatessndoderm boundary, mesomeres overlying macromeres with
the pathway involved in ectoderm-endoderm boundaryncreased levels of LvNotch signalingvf\¢ injected) would
positioning. Taken together, these results show that LvNotche expected to contribute to gut tissue at a higher frequency
influences the position of the ectoderm-endoderm boundary Ban controls. Conversely, mesomeres overlying macromeres
promoting endoderm formation more animally in the embryowith reduced LvNotch signaling ¢N"®d injected) would be
activation of LvNotch signaling positions the ectoderm-predicted to contribute to the gut less frequently.
endoderm boundary more animally along the A-V axis, Labeled mesomeres overlyingNAtinjected macromeres
whereas loss of LvNotch signaling shifts the border vegetallygontributed to the gut in greater than 95% of embryos versus
24% in LvNECYWANKS jnjected controls (Table 2; Fig. 2B,C).

LvNotch has distinct functions in the vegetal and Furthermore, descendants of mesomeres that ovievisi§Ft
animal portions of the embryo in mgdiating injected macromeres contributed to more gut tissue than in
ectoderm-endoderm boundary position controls. Labeled descendants were sometimes found in all gut

Several possible mechanisms exist by which LvNotch magompartments n=4/26 cases where mesomere contributed
regulate the position of the ectoderm-endoderm boundarglescendants to the gut), whereag uNc“ANKS macromere-
Previous work has demonstrated that the vegetal-most cells, thigected embryos, mesomere descendants were typically
micromeres, initiate a sequential vegetal-to-animal wave odfestricted to the hindgun£8/10 cases where the mesomere
inductive signaling at the 16-cell stage that specifies overlyingontributed progeny to the gut) and never found in the foregut.
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A Inject mRNA/ Dil label A
fluorescein dextran Inject mRNA/
fluorescein dextran
Determine if ——
mesomere Determine if
> ; mesomere
faogggﬁtﬁi pair contributes

pluteus larva togutin
pluteus larva

Fig. 2. Alteration of vegetal LvNotch signaling shifts the ectoderm- Fig. 3. Perturbation of LvNotch signaling within the animal region of
endoderm boundary cell non-autonomously in overlying animal the embryo alters ectoderm-endoderm boundary position.

cells. (A) LvNotch mRNAs were co-injected with the lineage tracer (A) LvNotch mRNAs were co-injected with the lineage tracer
fluorescein dextran into individual blastomeres at the eight-cell stagduorescein dextran into blastomeres at the eight-cell stage. Embryos

Embryos containing injected macromere/micromere pairs were in which injected blastomeres gave rise to pairs of mesomeres at the
isolated at the 16-cell stage, and single mesomeres overlying injectdd-cell stage were isolated, and the fate of the injected mesomere
macromeres were labeled with Dil. The fates of Dil labeled pairs determined in pluteus larvae. (B,C) Activation of LvNotch

mesomeres were then determined in pluteus larvae. (B,C) Activatiorsignaling within mesomeres increased the percentage of these cells
of LvNotch signaling vegetally within macromere/micromere pairs that contributed progeny to the gut compared with controls (Table 2).
increased the percentage of overlying uninjected mesomeres that An example of a pluteus larva (B) in which theNetinjected
contributed progeny to gut tissue (Table 2). A larva that had a Dil- mesomere pair (C) contributed descendants to ectoderm along the
labeled mesomere (C, red) labeled ovevisctinjected ciliated band (arrow) and right arm, as well as gut tissue up to the
macromere/micromere pair (C, green) is shown. The overlying midgut/foregut boundary (arrowhead). (D,E) Conversely, inhibition
mesomere contributed cells both to the gut (large arrowhead), and of endogenous LvNotch signaling within mesomeres reduced the
oral ectoderm (arrow). The injected micromere gave rise to primary number of mesomeres that contributed descendants to the gut
mesenchyme cells (PMCs), which are not visible because of compared with controls (Table 2). A representative pluteus larva is
decreased staining after fusion with uninjected PMCs (see Hodor argfhown (D); the mesomere pair injected witiN"®9(E) contributed
Ettensohn, 1998). The injected macromere gave rise predominantlyprogeny only to aboral ectoderm (arrow) and not the gut. Scale bar:
to SMCs (scattered green cells within the larvae) in responseto ~ 100pm.

activated LvNotch, as well as a small portion of foregut tissue (small

arrowhead). (D,E) In contrast, inhibition of endogenous vegetal

LvNotch decreased the percentage of overlying mesomeres that  influence ectoderm-endoderm boundary position, regulating
contributed progeny to the gut (Table 2). Shown is an example of a another inductive signal that promotes endoderm formation in
larva (D) that had a Dil labeled mesomere (E, red) labeled over a  gyerlying cells.

LvN"®injected macromere/micromere pair (E, green). The overlying

mesomere contributed progeny only to ectoderm, along the right armyNotch signaling also functions in mesomeres to

(arrow). The macromere has given rise to tissue in all three gut regulate ectoderm-endoderm boundary position
compartments (arrowhead) and ectoderm, but not SMCs. Scale bar- . . _
100pm. To determine whether LvNotch also functions within the

animal region of the embryo to promote endoderm formation

more animally, LvNotch mRNA constructs and fluorescein
Inhibition of LvNotch signaling in macromere descendantdextran were co-injected at the eight-cell stage, and embryos
via injection of LvVN"® resulted in overlying mesomeres with injected mesomere pairs at the 16-cell stage were
contributing cells to the gut in only 2% of cases, compared witfollowed (Fig. 3A). Based on the known lineage of mesomeres
24% in LVNRCYWANKS. and 359% inLvNUl-injected controls (Logan and McClay, 1997), these constructs would be
(Table 2; Fig. 2D,E). These results indicate that endogenoexpressed primarily within the presumptive ectoderm;
vegetal LvNotch signhaling acts cell non-autonomously tdhowever, the vegetal-most extent of these clones would be
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Table 2. Mosaic analysis of LvNotch function in ectoderm-endoderm boundary positioning

Percentage of lineaged mesomeres or mesomere pairs
(16-cell stage) that contributed progeny to the larval gut*

Lineage followed LVNeCANKSnjected () LvNectinjected ) LvNullinjected () LvNeginjected ()
Mesomere overlying injected macromere 24% (10/41)% 96% (26/27)8 35% (7/20) 2% (1/43)8
Pairs of mesomeres injected with mRNA 36% (15/41) 64% (37/58)8 52% (13/25) 12% (5/43)8
Mesomere adjacent to injected mesomere pair N.D. 17% (6/35)1 N.D. N.D.

*Contribution of lineaged mesomeres to the gut was determined in 36-42 hour pluteus larvae. For each treatment, thealathfveas pdo sixteen
independent experiments performed on approximately equal numbers of embryos.

1,1The percentage of individual mesomeres contributing to the gut obtained in ¥ was used as a control for comparisceregtitage found in experiment
1, and was not found to be significantly differé?t@.57; Fisher's exact test).

§Percentage is significantly different compared with respective coriellsQ(L; Fisher's exact testiyNect andLvNUll-injected animals were compared with
injectedLvNacANKSembryos, whild.vN"e2injected animals were compared with bhthNaCANKS. andLyNull-injected embryos.

n, number of embryos examined; N.D., not determined.

situated near or at the ectoderm-endoderm boundary. Weesomere descendants, they did not rigorously exclude the
reasoned that if LvNotch signaling functions either cell nonpossibility of a cell non-autonomous role for LvNotch in these
autonomously within the ectoderm or acts cell autonomouslgells. We, thus, tested the possibility that LvNotch signaling
within endoderm cells to promote endoderm formation morénfluences the position of the ectoderm-endoderm boundary
animally, that perturbation of LvNotch signaling within through the control of a cell non-autonomous lateral signal by
mesomere pairs would alter the frequency at which theil labeling uninjected mesomeres that neighthmNact
contributed cells to the endoderm. injected mesomere pairs (Fig. 5A). If LvNotch signaling within
LvNetinjected mesomere pairs contributed cells to the guthe animal region of the embryo promotes the formation of
nearly twice as frequently as observed iNeCWANKSjnjected  endoderm by regulating a lateral signal, uninjected mesomeres
controls (64% versus 36%; Table 2; Fig. 3B,C). Descendants akighboringLvNectinjected mesomeres would be expected to
LvNectinjected mesomere pairs found in the gut also contributedontribute descendants to the gut at a higher frequency than
more extensively to gut tissue, contributing to all gutcontrols. The descendants of Dil-labeled mesomeres that
compartments in seven of 37 cases. In four cases, mesomerighborLvNatinjected mesomeres, however, contributed to
descendants even formed ectopic gut tissue composéae gut ata similar frequency as control embryos (Table 2; Fig.
exclusively of fluorescently labeled cells (Fig. 4A-C), suggestingB,C), strongly suggesting that LvNotch signaling within the
that LvNotch signaling may function cell autonomously withinanimal region does not regulate a lateral signal.
the descendants of mesomeres to promote endoderm formationWe next examined whether LvNotch promotes endoderm
In contrast, descendantsLaf\Nec@ANKS jnjected mesomere pairs formation within the animal region of the embryo by controlling
were usually confined to the hindgot(2/15 cases), and never a cell non-autonomous signal that acts along the A-V axis.
found in the foregut or in ectopic protrusions of gut tissueUninjected macromeres underlyig/Nectinjected mesomere
Demonstrating a required role for LvNotch in promotingpairs were labeled with Dil (Fig. 5D), and the ectoderm
endoderm formation in mesomere descendants, mesomere paiostribution of these cells was determined (Fig. 5E). Previous
injected with LvN"®d contributed descendants to the gut 12%lineage studies have indicated that individually labeled
of the time, a significantly lower frequency compared withmacromeres contribute cells to the ectoderm in most cases (90%
LvNeciaANKS. gandLvNUll-injected controls (Table 2; Fig. 3D,E). or greater, see Logan and McClay, 1997). If LvNotch signaling
Taken together, these lineage results indicate that LvNotatontrols a signal in the animal region that acts along the A-V
signaling also functions within the animal region of the embryaxis to promote endoderm formation, macromeres underlying
to promote endoderm formation, possibly through a cellLvNectinjected mesomeres should be converted to an endoderm

autonomous mechanism. fate, and thus contribute descendants to the ectoderm at a
reduced frequency or number. The percentage of cases in which

LvNotch promotes endoderm formation cell macromere descendants contributed cells to the ectoderm,

autonomously in mesomere descendants however, was not significantly different between macromeres

Although the above experiments were suggestive of a celinderlying control injected.vNeC¥WANKS and experimentally
autonomous mechanism for LvNotch signaling within theinjectedLvNet mesomere pairs (95% versus 91%18/19 and

Fig. 4. Ectopic gut tissue from
constitutive activation of LvNotch
signaling in mesomeres consists
solely ofLvNe¢tinjected cells. (A-
C) Lateral and enlarged anal (inse
views of a pluteus larva in which tt
mesomere pair injected withyNact
gave rise to aboral ectoderm and
additional gut tissue (arrow) attach
to the normal hindgut (arrowhead).
Note that the ectopic gut tissue in (A) is composed exclusively of fluordsdé¥tinjected cells (B, images overlaid in C). Scale bars:{ii0
(25um in the insets).




Fig. 5. The position of the ectoderm A

endoderm boundary is not altered i Dil label

cells neighborindg.vNetinjected

mesomere pairs. (A) Uninjected R
mesomeres neighborirgNAcy D&ﬁ:ﬂ';":d"

fluorescein dextran-injected

mesomere
mesomere pairs were lineage label > contributes
with Dil. In contrast td_-vNectinjectec to gutin
mesomeres, neighboring Dil-labele plutsus farva
cells did not contribute progeny to t
gut at an increased frequency (Tabl |
2). (B,C) Lateral view of a pluteus
larva (B) shows that thievNact Determine

ectoderm

injected mesomere pair (C, green)
contributed progeny to the gut tissu
(arrowhead) and oral ectoderm, wh
the Dil labeled mesomere (C, red)
gave rise only to aboral ectoderm
(arrow). (D) Uninjected macromere:
underlying pairs oEvNetor
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contribution
= of Dil labeled
macromere §
in pluteus
larva

Dil label

LvNecANKSflyorescein dextran-injected mesomeres were labeled with Dil. No difference in ectoderm contribution was found for macromeres
underlyingLvNect versud vNBCUANKS injected mesomeres in pluteus larvae. (E-G) Anal view of a larva showing the lineage of a Dil labeled
macromere underlying a pair of mesomeres injectedlwitic/fluorescein-dextran. (E) The Dil-labeled macromere has given rise primarily to

gut (overexposed and out of focus fluorescence in center and left); however, the macromere has also contributed to anabedbedera cells
bordering the ciliated band (arrows; individual cells clearly distinguished by perinuclear membrane staining). (F) TheNF&l afid
fluorescein dextran-injected mesomeres has given rise to ectoderm (small arrowhead; mostly along oral surface and rsimiteview —
mesomere in C), as well as gut tissue (large arrowhead). (G) Overlay of Dil-labeled macromere descendaritB%reai) fluorescein dextran-
injected mesomere descendants (green), and DIC image (gray). Scale pan:ia@),C; 25um in E-G.

21/23, respectivelyP=1.0, Fisher's exact test). Moreover, the
mean number of ectoderm cells contributed by macromer
descendants underlyind.vNec¥WANKS.  gnd |LvNectinjected
mesomeres was not significantly different (27.5+3.3 versu
26.6+5.4;n=19 and 23, respectivel?=0.9, two-samplé-test),
offering compelling evidence that LvNotch signaling within the
animal region of the embryo does not promote endodert
formation by regulating a cell non-autonomous signal along th
A-V axis.

As a direct test of whether LvNotch signaling can function
cell autonomously within mesomeres to promote endoderr
formation, we isolated animal caps from untreatedLamct
injected embryos (Fig. 6A). In untreated embryos, isolate:
animal caps form ciliated epithelial embryoids that are devoi
of endoderm (Fig. 6B; Horstadius, 1973). Animal halves fror
embryos injected withLvNact however, formed endoderm
tissue in 51% of the cases examinad1@/35): invagination
of archenteron tissue was observed by 24 hours ¢
development, and this tissue expressed the hindgut/midg
marker, Endol, by 48 hours of development (Fig. 6C-E)
Together with the lineage experiments, these animal ce
isolation results are indicative of a cell-autonomous role fo
LvNotch signaling within the animal region of the embryo in
promoting endoderm formation.

8-cell stage

Determine if

A
—» isolated
adit mesomeres
give rise
to gut
@9 ~a @ tissue
v

Fig. 6.1solated animal caps containing constitutively activated
LvNotch form gut tissue. (A) Zygotes were injected with\a°tand
cultured to the eight-cell stage, when animal and vegetal halves wer
separated. (B) A 24 hour untreated animal cap has developed into a
ciliated ectodermal vesicle, containing no endoderm. (C) In contrast,
an archenteron has begun to invaginate in a 24 hour animal cap
containingLvNe<t, which (by 48 hours) has given rise to gut tissue
(D, arrow) that expresses the hindgut/midgut marker Endol (E,
arrow). Scale bar: 100m.
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Perturbation of LvNotch signaling does not alter cell
proliferation within descendants of injected
macromeres or mesomere pairs

Notch signaling has been shown in several development
contexts to influence cell proliferation (Go et al., 1998;
Johnston and Edgar, 1998; Carlesso et al., 1999; Walker et ¢
1999). We therefore examined whether the vegetal or anim
effects of LvNotch signaling on ectoderm-endoderm boundar
positioning might include alterations in proliferation, either
through an expansion of cells over or retraction of cells fron
the boundary. Macromere/micromere and mesomere pai
were injected withL.vNect or LvNaCUANKS mRNA as described
above (see Figs 2A, 3A). As L@ and LVNRCBANKS |gcalize  Fig. 7. Distribution and number dfvNASt andLyNactAANKE.

tightly to the nucleus in all cells that express these proteinigjected macromere and mesomere pair descendants in the late
(Sherwood and McClay, 1999), we looked at whethemesenchyme blastula embryo. Embryos are shown viewed along
activation of LvNotch signaling alters proliferation by the A-V axis and co-immunostained for the [3¢Nprotein product

examining the number and position of cells containing nucleafgreef”)' which localizes to the nucleus, @acatenin (red), which
localized LVNECt and LVNECBANKS proteins at the late ocalizes to all epithelial adherens junctions, thus outlining the

mesenchyme blastula stage (Fig. 7, Table 3). This stage Wshape of the embryo. The number and distribution of injected

) . fR.cromere or mesomere pair descendants contdinixg§t or

chosen since the egtoderm—endpderm boundary is thought {ONectaANKS a5 determined by examining the number and

be established at this time (Davidson et al., 1998; Logan anfktribution of nuclei containing the LA or LyNacRANKS

McClay, 1998). Furthermore, the expression of BYNn  proteins. (A) An example of Lvi§tdistribution in an embryo in

injected blastomeres is lost shortly after the late blastula stagehich a macromere/micromere pair was injected Wwithact, (B) A

indicating that the direct effects of altering LvNotch signalingtypical example of LvR!distribution in an embryo in which a

must occur prior to or near this time. The mean number ghesomere pair was injected withkN*“. Embryos injected with

descendants of |njected macromeres and mesomere pd.i.l\é\lamshowed similar nUC!ear distributions and numbel’_s of Ce||S_

expressing LVRE! as well as the distribution of these cells €xpressing the LvR¢¥tprotein, as compared with those injected with
- L - LvNacdANKS (Taple 3). Scale bar: 2Em.

along the A-V axis, however, was not significantly different

from embryos containing the LWPANKS protein (Table 3).

Thus, LvNotch signaling does not appear to regulate thboundary in thérosophilawing requires the coordination of

position of the ectoderm-endoderm boundary either vegetallpoth Wnt and Notch signaling (Diaz-Benjumea and Cohen,

or animally by influencing cell proliferation. 1995; Rulifson and Blair, 1995; Neumann and Cohen, 1996;
de Celis and Bray, 1997; Micchelli et al., 1997). Therefore, the

Interaction of LvNotch signaling and nuclear - relationship of LvNotch signaling to the localization of nuclear

catenin at the ectoderm-endoderm boundary B-catenin at the ectoderm-endoderm boundary was analyzed to

In the sea urchin, nuclear localizBetatenin, a component of determine if the Wnt and Notch signaling pathways cooperate
the Wnt signaling pathway (Wodarz and Nusse, 1998), it mediate the position of this boundary.

present in presumptive endoderm cells bordering the We first asked whether LvNotch signaling regulates the
presumptive ectoderm in the late mesenchyme blastula statpealization of nuclea-catenin at the ectoderm-endoderm
(D. R. Sherwood, PhD thesis, Duke University, Durham, NCboundary by determining-catenin distribution in embryos
1997; Logan et al.,, 1999). Formation of the dorsal-ventrahjected with LvNct and LvN"ed Paralleling the effects on

Table 3. Alteration of LvNotch signaling does not affect cell proliferation in descendants of injected macromeres or
mesomeres

Number and distribution of descendants in injected macromere and mesomere pairs*

Number of Animal-most extent of Number of Vegetal-most extent of

mRNA injected macromere descendantyt (  macromere descendants§ ( mesomere descendants ( mesomere descendantsy (
LVNACtANKS 71.8+2.9 (16) 41.9+2.2% (19) 111.7+3.8 (16) 66.8+2.0% (18)
LvNect 75.0+£3.2 (21) 43.6+1.7% (21) 111.4+3.7 (17) 68.4+1.7% (18)

*Embryos with injected macromere or mesomere pairs were cultured to the late mesenchyme blastula stage (13-14 hourspos);fixeld and stained
with intracellular directed LvNotch antibody to determine the number and distribution of cells contain#forHNNac®ANKS protein products (see also
Materials and Methods, and Fig. 7). Data were pooled from three to four independent experiments for each treatment.

FAlthough our injection scheme placed mRNA into micromeres as well as macromeres (see Fig. 2A), the micromere desceadantegprichyme cells)
lost LVNacBANKS and LvNect protein expression shortly after ingression in the mid-blastula embryo, and thus were not counted at this later stage.

§The animal-most extent of macromere descendants was calculated by determining the distance of the animal-most cefietiatuepaes vRFt or
LVNacRANKS from the vegetal pole and dividing this by the total length of the embryo along the A-V axis. This value was then exgressedraage of the
total length along the embryo.

fThe vegetal-most extent of mesomere descendants was calculated by determining the distance of the vegetal-most calethatielgael vt or
LvNacBANKS from the animal pole and dividing this by the total length of the embryo along the A-V axis. This value was then prespetedratage of the
total length along the embryo. The mean number and distribution (+ s.e.m.) of macromere or mesomere descendants ihjed&amitNacAANKS within
every column was not significantly differe®>0.47; two-samplé-test).

n, number of embryos examined.
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Fig. 8.LvNotch signaling alters nucle@rcatenin localization at the
ectoderm-endoderm boundary. (A-C) Confocal sections along the A-
V axis of untreated and mRNA-injected late mesenchyme blastula
embryos stained with rcatenin-specific polyclonal antibody.

(A) An untreated embryo shows nuclgacatenin localized in
presumptive endoderm cells that border the presumptive ectoderm
(arrows). Anglea indicates the territory vegetal to nucl@acatenin
(the presumptive endoderm and SM@sgatenin is also present at
high levels within the small micromeres at the vegetal pole
(arrowhead; Miller and McClay 1997). (B) An embryo injected with
LvNactshows a clear shift in nucle@scatenin localization toward

the animal pole (arrows). (C) Conversely, nucfgaatenin

distribution was found more vegetally (arrows) irN"¢%injected

% of total embryos. (D) The volume of the embryo vegetal to nu@ezatenin
embryo volume . 0, . Clipi
Troatment (n) | vegetal to nuclear (xs.e.m.) was approximately 50% greateLwiNectinjected embryos
p-catenin and 30% smaller ihvN"®¢injected embryos compared with
untreated controls. Volume was calculated using the angtel the
untreated (37) 280405 equation Volume=0.5(1-ca¥2 (see Reynolds et al., 1992). Asterisk
LN denotes significant difference from untreated embripe®.01; two-
injected (30) 428 + 05 samplet-test). Scale bar: 25m.
Ly red .
injected (35) 20.1+ 05 the position of the ectoderm-endoderm boundary through the
control of B-catenin localization at the border.

As experiments in the previous sections indicated that
LvNotch  promotes endoderm formation both cell
ectoderm-endoderm position, injection &fvNect shifted  autonomously within the animal region of the embryo and cell
nuclear localize@-catenin more animally along the A-V axis, non-autonomously vegetally, we next asked whether both
leading to an approximate 50% increase in the volume of thaignaling functions of LvNotch regulated nuclgicatenin
embryo vegetal to nucle@catenin, compared with untreated localization at the boundariLvNat mMRNA was placed into
controls (Fig. 8A,B,D). Furthermore, injection @fvN'  macromere/micromere and mesomere/mesomere pairs (as in
shifted nuclearp-catenin localization lower such that the Figs 2A, 3A), and the relationship of the nuclear-localized
volume of the embryo vegetal to nuclgacatenin decreased LvNact protein was compared with nucleaB-catenin
by approximately 30% (Fig. 8C,D). These results demonstratistribution in late mesenchyme blastula embryos. Injection of
that LvNotch signaling regulates the nuclear localizatio-of LvNeCtinto pairs of mesomeres did not shift the localization of
catenin, and suggest that LvNotch may at least in part medigecatenin at the ectoderm-endoderm boundany3%/35

Fig. 9. Vegetal LvNotch signaling
shifts the localization of nuclef¢
catenin at the ectoderm-endoderm
boundary cell non-autonomously. (.
C) LvNectwas injected into pairs of
mesomeres placing activated
LvNotch at or slightly above the
ectoderm-endoderm boundary. Co:
immunostaining of late mesenchyn
blastula embryos with an intracellu
directed LvNotch antibody and witt
B-catenin antibody revealed the
LvNactprotein in nuclei of injected
cells (A, bracket), and nucleff
catenin at the ectoderm-endoderm
boundary (B, arrowheads) as well ¢
in the small micromeres (B, arrow).
An overlay (C) of LvNCt(green) anc
[-catenin (red) staining shows that
LvNactdid not shift the localization
of nuclearf3-catenin animally, even
when expressed in cells directly
neighboring nuclegs-catenin
(arrowhead; compare left and right
sides of embryo). (D-E) In contrast,
an example of an embryo with L#Ninjected into a macromere/micromere pair (bracket, D) shows that the localization of Bexaéamin
(E; arrowheads) was shifted animally on the side of the embryo containirf§tLAN overlay (F) of LvNCt(green) and-catenin (red)
staining reveals the shift of nuclgécatenin (arrowhead) into cells that do not contain activated LvNotch. Scale Ipan. 25
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embryos), even when LAY directly bordered or overlapped cell non-autonomous signal, a likely possibility is the
nuclearB-catenin (Fig. 9A-C). Injection dfvNatinto vegetal presumptive SMCs. Embryological experiments have shown that
macromere/micromere pairs, however, led to a clear shift in thbe vegetally localized micromeres initiate a sequential vegetal-
localization of nuclear B-catenin more animally into to-animal cascade of inductive signaling necessary for the
neighboring cells lacking Lv#§t (n=30/33 embryos; Fig. 9D- specification of SMCs and endoderm (Ransick and Davidson,
F). Vegetal LvNotch signaling can thus regulate nucfear 1995; Sweet et al., 1999; McClay et al., 2000). Significantly,
catenin localization cell non-autonomously, and may contromicromeres appear to activate LvNotch signaling in the
the position of the ectoderm-endoderm boundary by regulatingverlying SMC precursors to specify the SMC fate in the early

a signal(s) that positions nucldgaicatenin at the border.

DISCUSSION

blastula stage (Sweet et al., 1999; McClay et al., 2000). Thus,
activation of LvNotch within the SMC precursors may couple

SMC specification and the expression of a cell non-autonomous
signal(s) that helps to define the animal boundary of the
endoderm. Consistent with this idea, constitutive activation of

The results presented in this work demonstrate that LvNotchvNotch in vegetal cells converted most of these cells into SMCs

signaling influences the position of the ectoderm-
A Untreated

endoderm boundary in the sea urchin emt
Overexpression of a constitutively activated f
of LvNotch throughout the embryo shifted -
ectoderm-endoderm boundary animally, whe
expression of a dominant-negative form of LvNc
shifted the boundary vegetally. Together with
previous studies that show a role for LvNc
signaling in specifying SMC fate (Sherwood
McClay, 1999), these results demonstrate
importance of LvNotch in the overall pattern
of the sea urchin A-V axis. Given that
proliferation is not altered by perturbation
LvNotch through the mesenchyme blastula st
whereas the SMCs (Sherwood and McClay, 1¢
as well as the ectoderm-endoderm boundary
8), are affected at this time, our results fur
demonstrate that LvNotch signaling alters the 1
of cells along the A-V axis, rather than expanc
or retracting territories through changes in
proliferation (summarized in Fig. 10A).

Notably, when the position of the ectode
endoderm boundary was shifted by altered LvN
signaling throughout the embryo, the ectod
and endoderm tissues appeared to accommod
the change in the amount of territory. For exarr
the shift in the ectoderm-endoderm territ
animally by constitutively activated LvNotch ¢
not expand the hindgut tissue (which forms fi
endoderm cells adjacent to the boundary) relati
other endoderm derivatives (see Fig. 1). Rathel
lineage results indicated that the patterning of
entire endoderm territory was affected. Simile
the ectoderm territory near the ectoderm-endor
boundary (the anal ectoderm), also was
specifically altered by shifts in the boundary (D
S., unpublished).

Vegetal LvNotch signaling regulates
ectoderm-endoderm boundary position
cell non-autonomously

Our mosaic studies showed that LvNotch signe
acts in cells vegetal to the ectoderm-endoc
boundary to cell non-autonomously promote
position of endoderm more animally in overly
cells. Although our analysis could not precis
indicate which vegetal cells use LvNotch to senc

Activated LvNotch dnLvNotch

Animal

Ectoderm

Ectoderm

Ectoderm

B Cell signaling pathways regulating

ectoderm-endoderm boundary position

Ectoderm

Ectoderm Eromoting
signal(s) (BMP 2/4)
Cell-autonomous endoderm
promating signaling

Lbloten raguizted T (p-catenin and LvMNoteh)

endodemm promaoting
signal(s) (possible Wnt)

Fig. 10.Schematic summarizing the effects of perturbing LvNotch signaling
along the A-V axis and the relationship of LvNotch to other signaling pathways
that regulate ectoderm-endoderm boundary position in the sea urchin embryo.
(A) A surface fate map of an untreated mesenchyme blastula stage embryo
showing (from vegetal to animal pole) the SMC, endoderm and ectoderm
territories. Activation of LvNotch signaling throughout the embryo expands the
SMC territory at the expense of neighboring presumptive endoderm cells
(Sherwood and McClay, 1999), and shifts the endoderm territory animally at the
expense of presumptive ectoderm (this study). Inhibition of LvNotch signaling
eliminates the specification of SMCs in the mesenchyme blastula embryo
(Sherwood and McClay, 1999) and shifts the endoderm territory vegetally, thus
expanding the amount of ectoderm in the embryo (this study). Activation or
inhibition of LvNotch has no effect on primary mesenchyme cell specification,
which are not shown as they have ingressed inside the blastocoel at this time
(Sherwood and McClay, 1999). (B) Summary of signaling pathways that affect
the position of the ectoderm-endoderm boundary at the late mesenchyme blastula
stage when the ectoderm-endoderm boundary is thought to be established (Logan
and McClay, 1998). BMP 2/4 signaling in the animal region of the embryo has
been shown in the sea urcl8trongylocentrotus purpuratds promote

ectoderm formation and inhibit endoderm specification (Angerer et al., 2000). In
the sea urchihytechinus variegatulsvNotch signaling and nucle@rcatenin
signaling promote endoderm formation at the boundary (this study and M.
Ferkowicz and D. M., unpublished). In the vegetal region of the embryo
LvNotch regulates the expression of a signal (possibly a Wnt homolog) that
promotes endoderm formation in overlying cells (this study). dnLvNotch,
dominant negative LvNotch; SMC, secondary mesenchyme cell.
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and increased the non-autonomous signal; whereas inhibition ddmain of presumptive endoderm cells at the mesenchyme
LvNotch reduced or eliminated SMC specification, andblastula stage (Sherwood and McClay, 1997), placing it in a
appeared to diminish or abolish the non-autonomous signpbsition to interact with classical transmembrane ligands for
within vegetal cells (Fig. 2B-E; Table 2). Notch (reviewed in Kimble and Simpson, 1997) or a soluble
These mosaic studies also revealed one of the moleculprocessed ligand (Qi et al.,, 1999). It is important to note,
targets of vegetal LvNotch signaling: the localization ofhowever, that overexpression of dominant negative LvNotch
nuclearf-catenin at the ectoderm-endoderm boundary in thdid not eliminate endoderm formation, but rather shifted it
late blastula embryo. Vegetal overexpression of activatethore vegetally (see Fig. 1; Fig. 2D,E; Sherwood and McClay,
LvNotch specifically shifted both the ectoderm-endoderni999). Thus, cell autonomous LvNotch signaling may only be
boundary and nuclegs-catenin localization more animally required within the more animal regions of the presumptive
into overlying uninjected cells. Previous studies haveendoderm (i.e. close to the ectoderm-endoderm boundary).
demonstrated that vegetal nucleffcatenin signaling is Furthermore, activation of LvNotch throughout the embryo did
dynamic and required for several early aspects of endaot extend endoderm tissue to the animal pole, suggesting that
mesodermal specification (Wikramanayake et al., 1998; Logaadditional factors may confer or actively restrict the ability of
et al., 1999; McClay et al., 2000). It is therefore possible thdtvNotch signaling to cell autonomously promote endoderm
a later function of nucleaB-catenin within endoderm cells formation in the animal region. This could also explain why
bordering the ectoderm is to mediate the recruitment of theome isolated animal cap embryoids and injected mesomere
animal-most endoderm cells. Supporting this notion, blockingairs failed to form endoderm in response to constitutive
entry of nuclea@-catenin within mesomeres, which normally activation of LvNotch signaling. For example, other endoderm
give rise to ectoderm and sometimes endoderm cells at tispecification factors required in cells for LvNotch to promote
boundary, prevents mesomere descendants from evendoderm formation might not always have been present
contributing cells to the endoderm (M. Ferkowicz and D. M. within the mesomere descendants. In support of this possibility,
unpublished). Vegetal LvNotch signaling may thereforemesomere isolation experiments have indicated that there
regulate the ectoderm-endoderm boundary through its effecis considerable variability between different embryos and
on 3-catenin localization at the border. Given that translocationlifferent batches of embryos in whether maternal vegetal
of B-catenin to the nucleus is a downstream consequence déterminants extend into mesomeres (Henry et al., 1989).
Whnt signaling (Wodarz and Nusse, 1998), one candidate for Another indication that the animal and vegetal signaling
the cell non-autonomous signal regulated by vegetal LvNotcfunctions of LvNotch act distinctly in influencing the position
is a Wnt ligand. The isolation of several Wnt homologsof the ectoderm-endoderm boundary was the observation that
expressed during early sea urchin development is consistamtlike vegetal LvNotch signaling, activation of LvNotch
with this possibility (Ferkowicz et al., 1998), and it will be within the animal region did not influence nuclgacatenin
important in the future to determine which, if any, are regulatetbcalization at the boundary. These findings are consistent with

by vegetal LvNotch signaling. both signaling functions of LvNotch working independently to
promote endoderm formation more animally. Alternatively, it
LvNotch signaling has a distinct, cell autonomous is possible thaf-catenin localization at the boundary could
function within the animal region of the embryo in mediate an interaction between both signaling functions of
promoting endoderm formation more animally LvNotch. For example, nuclear-localize-catenin could

Our mosaic studies further revealed that LvNotch signalingegulate the presentation of a ligand that activates LvNotch
within animal cells also promotes the formation of endodernsignaling directly at the border. The observation that activation
more animally. Unlike vegetal LvNotch signaling, however,of LvNotch within mesomeres fails to stimulate nuclear entry
these effects appeared to be confined to the cells that contaih B-catenin also implies that LvNotch signaling near the
altered LvNotch signaling. No cell non-autonomous effects oectoderm-endoderm boundary promotes endoderm formation
the position of the ectoderm-endoderm boundary were detectdttough aB3-catenin-independent signaling mechanism. This is
in untreated cells neighboring mesomere descendants in whialt unprecedented, as micromeres transplanted to the animal
LvNotch signaling was perturbed. Furthermore, ectopigole also induce endoderm without stimulating nuclgar
endoderm tissue induced by expressing constitutively activatezhtenin entry (Logan and McClay, 1999).
LvNotch in animal cells consisted solely of cells containing This study provides the first undertaking of a mosaic
activated LvNotch. Animal caps, which in untreated embryosnalysis that examines the molecular mechanisms guiding
form ectodermal vesicles devoid of endoderm (Horstadiusctoderm-endoderm boundary positioning in the sea urchin
1973), were also induced (in approximately 50% of cases) tembryo, and contributes to our understanding of the signaling
form endoderm derivatives by expression of constitutivelypathways that are likely to coordinately regulate the
activated LvNotch. Taken together, these observations offgrositioning of this boundary (summarized in Fig. 10B). It will
compelling evidence that LvNotch signaling functions via abe important in the future to develop more refined techniques
distinct, cell-autonomous mechanism in the animal region ao perturb Notch signaling, in order to better define when and
the embryo to promote endoderm formation. where LvNotch functions, and to further address how LvNotch
The cell autonomous nature of the effects of perturbingignaling is coordinated with other signaling pathways (e.qg.
LvNotch signaling on endoderm formation suggests thaBMP and Wnt) to position the ectoderm-endoderm boundary.
LvNotch signaling probably functions within the presumptiveNevertheless, these experiments offer important new
endoderm in mesomere descendants. Consistent with thagpproaches to extend our understanding of ectoderm-endoderm
possibility, endogenous LvNotch is specifically expressed atoundary positioning in the sea urchin embryo, and in the case
high levels at the adherens junctions and along the apicaf LvNotch signaling, clearly demonstrate distinct functions
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