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SUMMARY

Dorsoventral (DV) patterning of the vertebrate limb
requires the function of the transcription factor Engrailed
1 (EN1) in the ventral ectoderm. EN1 restricts, to the dorsal
half of the limb, the expression of the two genes known
to specify dorsal pattern. Limb growth along the
proximodistal (PD) axis is controlled by the apical
ectodermal ridge (AER), a specialized epithelium that
forms at the distal junction between dorsal and ventral
ectoderm. Using retroviral-mediated misexpression of the
bone morphogenetic protein (BMP) antagonist Noggin or
an activated form of the BMP receptor in the chick limb,
we demonstrate that BMP plays a key role in both DV
patterning and AER induction. Thus, the DV and PD axes
are linked by a common signal. Loss and gain of BMP
function experiments show that BMP signaling is both

necessary and sufficient to regulate EN1 expression, and
consequently DV patterning. Our results also indicate
that BMPs are required during induction of the AER.
Manipulation of BMP signaling results in either
disruptions in the endogenous AER, leading to absent or
severely truncated limbs or the formation of ectopic AERs
that can direct outgrowth. Moreover, BMP controls the
expression of the MSX transcription factors, and our
results suggest that MSX acts downstream of BMP in AER
induction. We propose that the BMP signal bifurcates at
the level of EN1 and MSX to mediate differentially DV
patterning and AER induction, respectively.
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INTRODUCTION

Furthermore, cell marking experiments in the mouse and chick

demonstrate that the limb ectoderm is divided into D and V
Dorsoventral (DV) patterning and growth of the vertebrate limlcompartments before limb formation (Altabef et al., 1997,
both require signals from the limb ectoderm to the underlyingkimmel et al., 2000; Michaud et al., 1997) but the molecules
mesenchyme. Transplantation studies indicate that just befotieat serve to establish these compartments are yet unknown.
the emergence of the limbs, the information providing DVTherefore it is important to identify new components in the
patterning is encoded within the ectoderm which then imposgsathway that regulates DV limb patterning.
DV patterning onto the distal mesoderm (Chen and Johnson, PD elongation of the limb depends on the AER, a specialized
1999). Within the last decade, the molecular basis of D\group of pseudostratified columnar epithelial cells located
patterning has begun to unfold. Engrailed 1 (EN1) in thelong the DV border of the developing limb bud. The AER
ventral ectoderm represses the expressionNot7g thus  stimulates proliferation of the underlying mesenchyme through
restricting Wnt7a mRNA to the dorsal ectoderm. WNT7A the secretion of numerous fibroblast growth factors (FGFs),
induces the expression @fmx1in the dorsal mesenchyme, one of which isFgf8, an early marker of the AER (Martin,
ultimately leading to specification of dorsal fates (Chen et al1998). Failure of AER formation or maintenance results in
1998; Loomis et al., 1996; Parr and McMahon, 1995; Riddl@absence or truncation of the limb, respectively. Formation of
et al., 1995; Vogel et al., 1995). However, our understandinthe AER is a complex process, involving signals from both the
of DV patterning is incomplete. For example, the role of ENImesenchyme and the ectoderm. Tissue grafting experiments
in DV patterning is not entirely mediated through its regulatiorhave shown that a signal from the limb mesoderm induces AER
of Wnt7aexpression (Loomis et al., 1998). Additionally, it formation in the overlying ectoderm (Carrington and Fallon,
appears EN1 and WNT7A are not the only moleculed984; Kieny, 1960; Kieny, 1968; Saunders and Reuss, 1974)
expressed in the ectoderm that control DV patterning, as iand experimental and genetic studies have identfigtiOand
the double knockoutLmxlbis still expressed in the distal its receptor FGFR2 as molecules responsible for this aspect of
dorsal posterior mesenchyme (Chen and Johnson, 1999ER morphogenesis (Arman et al., 1999; Min et al., 1998;
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Ohuchi et al., 1997a; Ohuchi et al., 1997b; Sekine et al., 199¢he AER after it has formed, anteroposterior patterning,
Xu et al.,, 1998; Yonei-Tamura et al., 1999). Although thechondrogenesis and programmed cell death (Drossopoulou et
inductive signal comes from the mesenchyme, the position @f., 2000; Dudley et al., 1995; Dunn et al., 1997; Kawakami et
the AER is thought to be directed, at least in the chick, by aal., 1996; Luo et al., 1995; Macias et al., 1997; Pizette and
ectodermal signal (Crossley et al., 1996; Fraser and Abbofiliswander, 1999; Pizette and Niswander, 2000; Yokouchi et
1971; Goetinck, 1964; Kieny, 1960), such that ectodermal cellal., 1996; Zou and Niswander, 1996; Zou et al., 1997). Yet,
expresd-gf8 and form an AER at a specific position along thelittle is known of the molecular mechanisms by which BMPs
DV axis (Cohn et al., 1995; Crossley et al., 1996). It appeanmnediate such a wide range of developmental effects, although
that there may be differences between mouse and chick in thee answer lies in part in the access to different sets of
mechanism setting the AER position, as the AER progenitorsanscription factors that elicit different transcriptional
(cells expressingrgf8 but still cuboidal in shape) are initially responses depending on the developmental history of the cell.
detected throughout the ventral ectoderm in mouse, whereasWe report two novel roles for BMPs in vertebrate limb
they are already roughly located at the DV border in the chiclevelopment. We show that BMPs are expressed in the early
(Crossley and Martin, 1995; Crossley et al., 1996) (Fig. 1A)ventral limb ectoderm and that BMP signaling is required for
We will refer to AER induction as the step in the chick thatboth DV patterning and AER induction, providing a molecular
results in the formation of cuboidal AER precursors thatink between these processes. We demonstrate that BMP
expresskgf8 and are positioned near the DV boundary. Thecontrols DV patterning by acting upstream of EN1. Moreover,
subsequent formation of a morphologically distinct AERour data suggest that BMP regulates AER induction through a
(dome-shaped, presence of a pseudostratified columnseparate pathway (i.e. non-EN1) that involves the MSX
epithelium) that involves compaction of AER precursors intranscription factors.
both mouse and chick, and the establishment of AER borders
at least in mouse, will be referred to as AER maturation. Later
events such as AER maintenance will not be considered. \ATERIALS AND METHODS

Because the AER resides at the interface between dorsal and
ventral ectoderm, and because several mutants (fmbless  RNA in situ hybridization was performed as referenced in Zou et al.
and wingless and mousdegles$ are defective in both DV (Zou et al., 1997) with antisense probes prepared as referenced in
patterning and AER induction or maintenance (Bell et al.(Dealy et al., 1993; Pizette and Niswander, 1999; Vogel et al., 1995).
1998; Grieshammer et al., 1996; Ohuchi et al., 1997a; Ohuchnti-chicken EN1 and anti-viral gag (AMV3C2) antibodies were
et al., 1997b; Ros et al., 1996), DV polarity of the ectoderngbtained from Developmental Studies Hybridoma Bank. RCAS
and AER formation may be linked at some level. InterestinglyViruses (Hu et al., 1998; Logan et al., 1997; Pizette and Niswander,

the primary defect in the aforementioned mutants resides in tﬁ@e?g ;/?egpeallrit dalé{slzii;czggg ‘3;3”yd ,\'\}Iig;gzrr‘ldzg dlggg’k;eztgu(‘a;g’aﬁgi?d
ectoderm, and ventral [imb ectoderm markers are n ekete, 1996). Embryos were staged according to Hamburger and

expressed. Thus, if the ventral ectoderm contains crucigfymiion (Hamburger and Hamilton, 1992) and by counting somite
information for both AER formation and DV patterning, the hymper. Except for RCASmMx1 virus, which was injected into the

loss of ventral ectoderm activity in the above mutants coullresumptive limb field, all other viruses were laid on top of the

explain their observed phenotypes. In further support of a linklastoderm beneath the vitelline membrane at stage 7-10. At the time

experimental juxtaposition of dorsal and ventral limb ectodernef AER formation this led to widespread infection of the limb

results in the formation of an ectopic AER at the new dorsadctoderm, except in cases when the virus was diluted. It is however

and ventral ectoderm boundary (Laufer et al., 1997; Tanaka @fportant to note that the infection does not stay restricted to the

al., 1997). ectoderm, owing to spread of the virus, and that the mesenchyme
Interestingly, however, the two genes known to govern D\pltimately becomes infected.

patterning in the limb ectodernnl and Wnt73 are not

required for AER induction, although EN1 is necessary for

AER maturation (Cygan et al., 1997; Loomis et al., 1996RESULTS

Loomis et al., 1998; Parr and McMahon, 1995). This paradox ] .

could be resolved if one postulates that the initial signal thd8mps are expressed in the ventral limb ectoderm

links DV patterning and AER induction regulates these twand regulate DV patterning

processes by activating separate pathways and that EN1 abisring early stages of chick limb developmeBinp2 Bmp4

downstream of this signal in the DV patterning branch. TwandBmp7are expressed in the mesenchyme in an unrestricted

pieces of evidence are in agreement with this proposal. Firshanner along the DV axis, and in the AER once formed (Fig.

the chick mutaneudiplopodiaexhibits ectopic AERs on the 1M-O) (Francis et al., 1994; Francis-West et al., 1995).

dorsal side of the limb, whereas boE#nl and Wnt7a Importantly, we found here that these Bmps are expressed in

transcripts are localized normally (Laufer et al., 1997). Secondhe early chick limb in the ventral ectoderm, coincident with

EN1 is not the most upstream signal in ventral patterning as iESN1 and in a complementary pattern to that\aft7ain the

misexpression does not alter the ectodermal DV compartmedorsal ectoderm (Fig. 1A-C,G-l) at the time the ectoderm

boundary (Altabef et al., 2000). Thus, there may exist upstreaprovides DV information to the underlying mesenchyme

of EN1, a molecule that is crucial for AER induction and DV(Geduspan and MacCabe, 1989). In the mouBmp2

patterning. expression has also been reported in the early ventral limb
During vertebrate limb development, BMPs are expressed iectoderm (Lyons et al., 1990).

dynamic patterns and have been implicated in multiple To test the potential role of BMPs in DV patterning, we

processes. These include a negative role in the maintenanceattered BMP signaling by misexpressing the secreted BMP



antagonist Noggin (Zimmerman et al., 1996, Pi:
and Niswander, 1999), or a constitutively activi
BMP receptor (BMPRIA, BMPRIB) (Zou et &
1997). We infected the presumptive limb ectoder
stages 7-10 with RCAS viruses encoding tl
proteins, and examined DV molecular markers at
stages (stages 18-27). We found thidbggin
misexpression resulted in partial or total absenc
EN1 in ectoderm on the ventral side of the |
(compare Fig. 2D with 2A; 100% of limbs lacked E
in some or all ectoderm cells on the ventral sic
correlation with viral expressionn=8 limbs) anc
ectopicWnt7aandLmx1expression in ectoderm a
mesenchyme on the ventral side, respect
(compare Fig. 2E,F with 2B,0/nt7a 48%, n=33
limbs; Lmx1 100%, n=49 limbs). Thus, based
molecular criteria, loss of BMP signaling dorsali
the limb. Conversely, constitutively activatBchpRIA
or constitutively activatedBmpRIB misexpressio
resulted in ectopic expression of EN1 in ectoderr
the dorsal side of the limb (100%=28 limbs) ant
downregulation ofWnt7a (89%, n=56 limbs) ant
Lmx1(100%,n=8 limbs) in or underlying regions
ectopic EN1 expression, respectively (Fig. 2H-J
not shown; viral expression [GAG] shown in F
2G,K). Thus, increased BMP signaling ventralizes
limb. As EN1 expression is regulated by BMP an
gain or loss of function of BMP (this study) and E
(Cygan et al., 1997; Logan et al., 1997; Loomis e
1996; Loomis et al., 1998) have similar effects
Wnt7aand Lmx1 expression, our data thus indic
that BMPs are ventralizing factors that act upstr
of EN1. This epistatic relationship is supported by
fact that misexpression oEnl does not affe(
expression oBmp2, BmpéandBmp7in the non-AEF
ectoderm (data not shown). In addition, it appears
ectodermal but not mesenchymal BMP signalin
likely to be involved, as the expression Bings in
the mesenchyme is unrestricted along the DV
and ectodermally limited misexpression of the
autonomous constitutively  activatedBmpR is
sufficient to produce the described phenotypes
2H-K).

To look for other indications of DV patterni
changes, we examined the expression of ¢
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Fig. 1. Time course oBmpandMsxRNA expression in ventral ectoderm of

the chick early limb bud. RNA in situ hybridization of alternate sections from
the hindlimb region of (A-F) an early stage 17 (29 somite) embryo and (G-L)
a late stage 17 (32 somite) embryo; (M-Q) whole-mount of late stage 18
embryos which were subsequently cryosectioned (forelimbs). Hybridization
with probes as indicated and immunolocalization of EN1 protein (I). Brackets
outline the domains of expression in the ectoderm (except in F, where the
bracket indicates mesenchymal domain), arrowhead in J indicates position of
the AER. (A-F) Dorsal (medial) towards the left and ventral (lateral) to the
right. (G-L and M-Q) Dorsal at top, ventral at bottom. In N-Q, expression on
the dorsal side is in the mesenchyme, not the ectoderm.

Bmp7

hedgehog $hl, a gene crucial for anteroposterior patterningexpression by WNT7A in the limb, consistent with the
(Riddle et al., 1993), which is positively regulated by WNT7Adecreased expression 8hhdescribed foWnt7a’~, but not

(Parr and McMahon, 1995; Yang and Niswander, 1995). In thier LmxI/~ mouse embryos (Chen et al.,

1998; Parr and

chick, Shh RNA is normally largely restricted to dorsal McMahon, 1995). Together, our results indicate that BMP
posterior mesenchyme (Fig. 2L). Noggin virus infectionsignaling is necessary and sufficient to regulate genes whose

targeted to the ectoderm resulted in expansiorsldi into
ventral posterior mesenchyme (Fig. 2M; 338612 limbs),

differential expression is critical for proper DV patterning, as
well as a gene restricted by DV patterning signals.

similar to what is observed after losskril function (Cygan

et al.,

n=10 limbs) or Lmx1 (Fig. 2N; 44%, n=18

1997) or misexpression Wnt7a(not shown; 100%,
I|mbs)

Constitutively activated BMPR misexpression
causes AER disruptions as well as ectopic Fgf8

Interestingly, in Noggin-infected I|mbs ventral expansion ofexpression in dorsal ectoderm

Shhexpression (33%) and ectopi¢nt7a(see earlier results,
48%) occur at a lower frequency than ectdpitxlexpression
In addition,Wnt7g but not Lmx1 misexpression

(100%).

In addition to the alterations in DV patterning, we observed
alterations in AER formation caused by gain or loss of
BMP function. Widespread ectodermal misexpression of

always induced ectopiShh expression. This suggests that constitutively activatedBmpR (as determined by in situ or

LMX1 does not directly mediate the positive regulatiosbh

immunohistochemistry for RCAS virus, Fig. 2K and not
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shown) led to a partial or complete loss of the A
as revealed by expression of the AER markgf8
(Fig. 3A-C and Fig. 2H). Because the AER
necessary for limb outgrowth, the conseque
included absent, or severely truncated or not
limbs (Fig. 3B, 100%n=52 limbs).

Our previous studies using a different infec
protocol that targets later processes in |
development showed that constitutively activi
BMPR virus injection leads to degeneration of
AER (Zou et al., 1997), presumably owing to
negative regulation of AER maintenance by B
(Pizette and Niswander, 1999). Our infection prot
targets early limb stages when the AER is b
induced. Indeed, using this early infection protc
we find partial or complete absence &Wf3
expression at early stage 17, wHegf8 is normally
first activated in AER precursors in the hindlimb (I
3C; n=10 limbs from 29-30 somite stage embry
This indicates that AER induction rather tl
maintenance is affected. In addition, no ectopic
death as assayed by TUNEL staining was obsen
stages 17 and 18 in constitutively activated BM
infected limbs (=8 limbs). Thus, misregulation
BMP signaling is detrimental to AER induction |
not through a cell death mechanism. Morec
ectodermal BMP signaling is likely to be involv
as AER disruptions were observed even w
constitutively activated BMPR misexpression
still limited to the ectoderm at the time of analysis
example, see Fig. 2H).

Strikingly, we found that misexpression
constitutively activate@mpRalso resulted in ectop
Fgf8 expression in the dorsal limb ectoderm,
samples with or without disruptions of the endogel
AER (Fig. 3F,G,J,Nn=14, 86% as assayed by whc
mount RNA hybridization at stages 17-19). No ect
expression was ever observed in the ventral ectc
(Fig. 3l) where Bmps are normally expressed. T
ectopic patches d¥gf8 could be extensive but oft
were found as clumps of a few cells scatt
throughout the dorsal ectoderm (compare Fig. 3F
3G which are left and right sides of the same emb
Fof8 misexpression was noted at stages 17-19
corresponded to regions of viral expression (Fig.
and not shown).

In constitutively activated BMPR-infected samg
analyzed at later stages we did not note the pre
of ectopicFgf8, AERs or outgrowth. As shown in t
previous section, constitutively activated BMPR v

control

EN1

Wnt7a

Lmx1 g
C
GAG
control Noggin Lmx1
Shh 3\
Fgf8 _ R
il u“/ N

Fig. 2. Dorsoventral patterning is altered by loss or gain of BMP function.
Alternate sections of (A-C) control uninfected stage 20 limb, (IN@&)gin
infected stage 20 limb and (H-K) constitutively activaBedpRIBinfected

stage 19 limbNogginmisexpression results in dorsalized limbs due to loss of
EN1 and ectopidVnt7aandLmxlexpression on the ventral side (marked by
asterisks in D-F), whereas constitutively activéBetbRIBmisexpression
ventralizes the limb because of EN1 misexpression and downregulation of
Wnt7aandLmx1on the dorsal side (marked by + in H-J). Note that in H-K,
there is no morphological AER. (G,K) Anti-GAG antibody to reveal virus
distribution. (L-M) Whole-mount double RNA in situ hybridization fegf8in

the AER andShhin the mesenchyme. (L) Control, (Mjoggininfected, (N)
LmxZinfected stage 24 limbs. The white line marks the midline of the AER
and the DV interface. After dorsalization of the limbs due to misexpression of
Nogginor Lmx1, Shhexpression is ventrally expanded.

infection also results in strong misexpression of E.. ._.

EN1 misexpression has been shown to cause lo$3yi@f

Noggin misexpression causes AER disruptions as

expression and AER disruptions (Kimmel et al., 2000; Laufetvell as ectopic Fgf8 expression in ventral ectoderm

et al,, 1997; Logan et al., 1997; Rodriguez-Esteban et alnterestingly, we found that Noggin mixexpression also led to
1997). Indeed, we noted a correlation in that ecté{gt8 AER disruptions and ectopiEgf8 expression. Widespread
expression was observed in regions that displayed no or loNoggin misexpression interfered with AER induction as shown
levels of ectopic EN1 (compare Fig. 3J with 3M or 3N withby absence oFgf8 expression and the presence of truncated
0). Thus, ectopi¢gf8 expression/AER formation may not be or notched limbs (49%n=238 limbs; Fig. 4A,B,G).Fgf8
sustained, and endogenous AER formation may be disrupteianscripts were not detected at stage 17, when the AER first
owing to concomitant induction of EN1 by constitutively forms (Fig. 4D,E). Moreover, we noted that ectopic outgrowths
activated BMPR. capped by ectopic AERs were formed following more limited
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Fig. 3. AER formation is altered by gain of BMP function.
(A-1) Whole-mount RNA in situ hybridization fdfgf8
expression in the AER. (A) Uninfected stage 27 hindlimb.
(B) Constitutively activate@mpRIBinfected stage 27
hindlimb. In B, the limbs are severely truncated, owing to the
absence of the AER arf@jf8 expression. (C) Constitutively
activatedBmpRIBinfected stage 17 hindlimBgf8 expression

is normal in the left hindlimb but is almost absent in the right
hindlimb. (D,E,H) Uninfected stage 18 embryo and (F,G,l)
constitutively activate@mpRIBinfected stage 18 embryo;
right and left forelimbs (RFL and LFL) viewed from the dorsal
(D-G) and lateral (H,l) side. Note ectopigf8 expression is
limited to dorsal ectoderm (arrows in F,G) and not ventral
ectoderm (I; same limb as shown in F). Alternate sections of
constitutively activate@mpRIBinfected stage 19 forelimb (J-
M) and stage 18 hindlimb (N,Ogf8is ectopically expressed
in the dorsal ectoderm (asterisks in J,N), where is correlates
with viral GAG expression (K) anillsx2(L). In another
sample, ectopi&gf8 expression is not observed in regions of
high EN1 expression (line in N,O).

misexpression ofNoggin (achieved by dilution of tr
virus, salt and pepper viral pattern at the time of ,
formation, not shown). These ectopic AERs were prt
only on the ventral Bmp-expressing side of the |
(visualized byFgf8 expression, Fig. 4F,G, 6%%=36 [}4

limbs). This aspect of the phenotype could be due t

Noggin-mediated downregulation &nl expression i

the ventral ectoderm or in the AER (see Fig. 2D)Eag tissues including the limb and, in some developmental
mutant mouse embryos also form ectopic AERs in the ventralontexts, MSX is the transcriptional mediator of the BMP
ectoderm that are presumed to arise due to a defect in AERgnal (Bei and Maas, 1998; Graham et al., 1994; Maeda et al.,
maturation. However, the overall Noggin effects cannot bd997; Pizette and Niswander, 1999; Suzuki et al., 1997). We
explained solely by the loss &nl expression as, in mouse found thatMsx1 and Msx2 are expressed in an overlapping
embryos that lackeBn1function, the endogenous AER is not pattern withBmp4andBmp7in the early ventral limb ectoderm
disrupted,Fgf8 is expressed, and the limbs are not truncateénd AER as it forms (stage 16 and 17; compare Fig.
(Loomis et al., 1996). These results, and those derived frodD,E,K,L,P,Q with 1B,G,H,M-O) (Davidson et al., 1991;
constitutively activated BMPR misexpression, indicate that th&okouchi et al., 1991). These genes are also expressed in the
AER phenotypes generated through manipulation of BMP
signaling are complex, and suggest a role in AER maturatio
via EN1 regulation, as well as an EN1-independent role fo
BMP in AER induction. Therefore, we conducted further
studies to determine whether BMP acts through an ENI1
independent pathway to mediate AER induction.

BMP regulates Msx expression in the ventral limb

ectoderm

To explore the molecular pathway by which BMPs control
AER formation, we focused on tivsxfamily of transcription

factors. MSX are targets of BMP signaling in a number o ?

Fig. 4. AER formation is altered by loss of BMP function.

(A,B) Noggirtinfected stage 27 hindlimbs; in B, arrowheads point to
remnant AER marked biygf8, broken lines outline the notched
regions. (C-E) Stage 17 embryos showing the hindlimb region,
arrows point to somite 28. (C) Uninfected and (D\Bpginrinfected
embryos. In DFgf8 expression is not detected in either limb; in E,
there is a small region &gf8 expression in the left limb and, in the
right limb, the anterior region ¢fgf8 expression is absent and the
posterior region is disrupted. (F,G) Two exampleNloggirinfected
hindlimbs where arrows mark ectopic AERs on the ventral (v) side;
in G, the limb is also notched. Anterior is towards the top, posterior
is towards the bottom; all are dorsal views, except F, where ventral is
towards the bottom, and G, which is a ventral view.
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limb mesenchyme. By stage B&p4becomes restricted to the ~ Misexpression of constitutively activaté8mpR induced
AER, wherea8mp2 Bmp7andMsx1RNAs are starting to be ectopicMsx1and Msx2expression in ectoderm on the dorsal
downregulated in the ventral ectoderm and are still expressaitle of the limb (Fig. 5B,D,F, Fig. 3L; 100%s24 limbs in
strongly in the AER and most proximal ventral ectoderm (Figboth cases). Ectopic dorsal expressioivieklandMsx2was
1M-P; Msx2 RNA starts to fade in ventral ectoderm at stagealready detected by stage 17 when the AER is starting to form.
19, Fig. 1Q and Fig. 5C,D). By stage RBsx1lis almost absent Conversely, Noggin misexpression repressed ectodd/isl
from the ventral ectoderm and AER, wher#4sx2 Bmp2 and Msx2 expression by stage 17 (Fig. 5H,J; 15%24 and
Bmp4andBmp7remain in the AER and in the most proximal 65%, n=23 for Msx1 and Msx2 respectively). Mesenchymal
ventral ectoderm (Fig. 5E and not shown). Msx expression was also lost, and at later stages this could in
part be due to the absence of the AER because AER signaling
has been shown to maintdifsx expression (Davidson et al.,
control caBMPR 1991; Fallon et al., 1994; Ros et al., 1992). Therefore, MSX
proteins are good candidates as downstream effectors of BMP
signaling in AER induction.

Msx participates in AER induction

To examine the consequences of alteMdx expression
directly, we infected the presumptive limb ectoderm at stage 7-
10 with RCASMsx1 This resulted in AER disruption (18%,
n=22 limb, not shown, identified by gapsHgf8 staining) and

the formation of ectopic AERs in the dorsal limb ectoderm
where Msx genes are not normally expressed (Fig. 6A-D; 9%
by visualization of sustained ectopic outgrowth288 limbs).

No correlation was observed between the presence of the
ectopic AERs and the gaps in the endogenous AER.
Interestingly, analysis of sectioned tissue showed that 75% of

: g Vv / the limbs exhibited ectopiEgf8 expression in individual or
c % 4"3 D o

small clusters of cells in the dorsal ectoderml@, Fig. 7A;
analyzed at stages 18-20). These phenotypes appear to be
d Msxi -+ d _mediated by.ectod_erme_ll MSX ac_:tivity, as they were observed
JEN ";"‘\ in samples displaying viral infection restricted to the ectoderm
X at the time of marker gene analysis (Fig. 7D). This difference
1y in frequency (75% versus 9%) may reflect the inability of a
? & / small number ofgf8-positive cells to support outgrowth, or a
AR D l=r requirement for a limiting factor to maintain thebgfg-
Ei o v F v positive cells.
coiitiol Noggin Because it has been previously shown in the limb that
Msx1 ¢ mesenchymaMsx misexpression induces mesenchymaip
expression (Ferrari et al., 1998), one possibility is thalt/ibe
i / y induced phenotypes are the consequence of dereg@atpd
: expression. However, ectopiBmp expression was not
v observed in the non-AER ectodermMgxinfected limbs (data
< i not shown) indicating that the regulationByhpexpression by
-~ MSX is context dependent. Therefore, our data indicate that
BMP regulatedvisxexpression and MSX in turn acts to direct
ectopic AER formation. Our data also show that deregulated
Msx expression interferes with proper formation of the
endogenous AER. Further understanding of the role of MSX

Fig. 5.Changes in BMP signaling altstsxexpression.

(A-F) Constitutively activatempRIBmisexpression induces
ectopicMsx2andMsxl1expression in dorsal ectoderm (B,D,F)
compared with uninfected limbs (A,C,E). Asterisks in F highlight
ectopicMsxlexpression in dorsal ectoderm. (GNBHggin

misexpression repressisxexpression (H,J) compared with
uninfected limbs (G,1). (HMsxLlis not expressed in the hindlimb in
either the ectoderm or mesenchyme, whereas, in this sample, it is still
detected in the forelimb. (8)sx2is not expressed in the forelimb,
hindlimb and flank ectoderm or mesenchyme. (A,B) Stage 24
forelimbs shown in whole-mount; (C,D) stage 19 and (E,F) late stage
20 forelimbs shown in section. (G,H) Stage 18 (37 somite) embryos;
(1, J) stage 17 (32 somite) embryos.
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First, we examined the expression of EN1 in ROMS«
infected limbs displaying dorsal ectopic AER$Msx
misexpression did not affect the expression of ENZ6J,
nor did it modify the pattern of expression\Wht7ain non-
AER ectoderm rf=14) or that ofLmx1in the mesenchyme
(n=11) (Fig. 7A-D and not shown)nt7a however, was
downregulated in regions of ectopi€gf8 expression,
consistent with its normal exclusion from the AER. MSX
therefore triggers AER formation without changing DV
patterning, in a process independent of EN1. In addikod,
is not expressed in the ectopic AERSs indicating that these can
form independently of EN1.

Next, we looked for changes in the patteriMgkexpression
in RCASEN1 infected limbs. Misexpression dnl led to
AER disruptions and downregulation ®¥nt7a and Lmx1

Fig. 6. Msx1misexpression promotes AER formation. (A@$x1 expression, as previously reported (Logan et al., 1997; Laufer
misexpression induces ectopic AER formation in dorsal ectoderm agt al., 1997; Rodriguez-Esteban et al., 1997), yet there was no
detected by ectopiegf8 expression (arrows in A-C) and ectopic  gctopic expression dfisxlandMsx2in dorsal ectoderm (Fig.

outgrowths (arrows in C, D). (A,B) Stage 24, dorsal view, (C) stage M= ; ; ; ;
27, dorsal towards the left, and (D) stage 30, dorsal view. Inset 7E-H; n=19 and 20 limbs, respectively). Thus, in this context,

indicates outgrowth occurs from the dorsal aspect of the limb, the It appears lthat EN1 IS_bInOft UESt:jeam c.)f. '\SSX.’ E;r:fj IS
broken line highlights the AER. d and v indicate dorsal and ventral COnseéquently not responsible for the dramatic inductidf

sides, respectively. expression by BMP signaling.
Enl misexpression has also been reported to give rise to
dorsal ectopic AER formation at low frequency (Laufer et al.,
in endogenous AER formation will have to await the doublel997; Logan et al., 1997; Rodriguez-Esteban et al., 1997).
knockout of Msx1 and Msx2 which show functional Using the same technique of misexpression with viruses of
redundancy in the mouse embryo (Satokata et al., 2000). equivalent titer, we observed differences in the position of
) ectopic Fgf8 expression betweeMsxl and Enl-infected
EN1 and MSX appear to be regulated independently limbs. Misexpression oMsx1 resulted in small groups or
by BMP individual Fgf8-expressing cells in a ‘salt and pepper pattern
The above results indicate that BMPs regulate Mgk and  scattered throughout the dorsal ectoderm and in the formation
Enlexpression and that these appear to mediate BMP effeat§ ectopic AERs not correlated with disruption of the
on AER induction and DV patterning, respectively. Howeverendogenous AER (Fig. 6, Fig. 7A). By contrast, in our hands,
EN1 has been suggested to be involved in AER formation, artle ectopic AERs formed bgnl misexpression were always
thus we sought to determine whether MSX and EN1 adh close proximity to areas where the endogenous AER was
independently by examining whether they influence eacHisrupted or were connected to the endogenous AER by
others expression. regions of-gf8 expression (Fig. 7J; 93%=56 limbs displayed

Fgf8é Wni7a
A B
Msx1

Fig. 7.MSX and EN1 act in separate pathways to )
promote AER formation and DV patterning,
respectively. (A-DMsx1misexpression does not
disrupt DV patterning. Alternate sections from a stage
19 limb bud detected for (Agf8 RNA, (B) Wnt7a

RNA, (C) EN1 immunolocalization (bracket) and (D)
virus with anti-GAG antibody. GAG staining in the
mesenchyme reflects expression in blood vessels.
Whnt7ais downregulated only in regions of ectopigf8
expression (arrows in B and A, respectivelyy\st7a

is normally not detected in the AER. (E-Bj1
misexpression does not altdsxexpression, exceptin  _
cases of AER loss, whekldsxexpression, which marks £
the AER, is lostMsxlexpression in stage 23 -
uninfected (E) an&nZl-infected (F) limbsMsx2

expression in stage 24 uninfected (G) &nd-infected

(H) limbs. (1,J)Fgf8 expression in uninfected (I) and %
Enl- infected (J) limbs. In J, arrows indicate fatgf8 1
staining, asterisk indicates dorsal displacement of the

Fgf8-positive AER. Note that the dorsally displaced .

AER fragments are often still connected to the midline I &fB . J
AER by a line ofFgf8 expression.

misexpression

misexpression
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disruptions in the endogenous AER and/or an irregular bordeformation occur at the time of induction. It is possible that
two of these limbs also had ectopic AERS). In additioEriftr  ectopic Fgf8 expression also represents a displacement of
infected limbs, patches &gf8 expression could be located on Fgf8-positive cells. Our data are not definitive and both
either the dorsal or ventral side of the presumptive DV midlineinduction and displacement could contribute to ectégts
Thus, the Enl-induced ectopic AERs appear to arise asexpression. However, we favor the induction model, based on
misplaced fragments of the endogenous AER, consistent withur analysis of early stage 17 hindlimbs in whig}/i8 appears
the genetic evidence that demonstrates EN1 serves to posititmbe misexpressed in many more cells than would normally
AER borders but is not involved in AER induction (Kimmel etbe Fgf8 positive in AER precursors or the definitive AER.
al., 2000). On the contrary, our results suggest st Moreover, our Noggin results and the results of Ahn et al. (Ahn
induced ectopic AERs arise de novo, i.e. independently adt al., 2001) demonstrate that BMP signaling is required for
the endogenous AER. Nevertheless, the low frequency d¥gf8 expression and AER formation.
obtaining Enl-induced ectopic AERs hindered us from It therefore appears that the level of BMP signaling and/or
analyzingMsx expression in the ectopic AERs, and thereforehe localization of the BMP signal are important in AER
it remains to be determined whetidsx expression is altered induction and we propose that AER induction requires a
in this context. boundary of BMP signaling in the ectoderm. Bmp genes are
expressed in the ventral ectoderm where they overlap the
region ofFgf8 expression located near the DV border. Limited

DISCUSSION constitutively activated BMPR misexpression results in ectopic
_ _ _ ) Fof8 expression on the dorsal side of the limb, where
BMP signaling regulates DV limb patterning Bmp genes are not normally expressed. Limited Noggin

We demonstrate that BMP signaling regulates both D\misexpression which causes loss of BMP signaling presumably
patterning and AER induction in the embryonic chick limb. Inin small patches of ventral ectoderm results in ectégi8
terms of DV patterning, ectodermal BMP signaling isexpression and outgrowths on the ventral side. Thus, BMP
necessary and sufficient to trigger a cascade of gene regulationislocalization is sufficient to induce ectogf8 expression.
through EN1. This serves to limit expressionV@ht7aand  This suggests that a boundary of BMP-signaling and non-
Lmx1to the dorsal aspect of the limb, and the differentiakignaling cells is important for AER induction. Furthermore,
expression oEnl, Wnt7aandLmx1is known to be crucial for deregulation of BMP signaling is incompatible with
later DV morphogenesis of the limb. Additional evidence forendogenous AER formation. The seeming paradox of AER
this novel role for BMP comes from the targeted knock-out ofoss resulting from either loss or gain of BMP function can be
the mouse BMP receptor-1A in the ventral limb ectodermexplained mechanistically as a disruption in an endogenous
which exhibits defects in DV patterning and also in AERboundary between BMP signaling and non-signaling cells.
formation (Ahn et al., 2001). Widespread expression of constitutively activated BMPR or
Not all aspects of DV patterning are EN1-dependent (CheNoggin would disrupt the boundary resulting in loss of the
and Johnson, 1999). Since BMP acts upstreafandf it is  AER and subsequent defects in outgrowth. Establishment of a
conceivable that BMP also influences DV patterning in arcorrelation between the borders of viral infection and location
EN1-independent mechanism, and a comparison of thefthe ectopid-gf& AERs or gaps in the endogenous AER was
mesenchyme DV patterning (tendons and muscles) at lataowever complicated by the transient nature of these borders,
stages following misexpression®Bhl,constitutively activated owing to the spread of the replication competent virus.
BmpRor Nogginsolely in the ectoderm may have helped toDefinitive proof of our hypothesis will rely on a different
clarify this. However, early lethality of the embryos (~E6) andtechnology allowing the generation of stable ectopic
spread of the virus into the mesenchyme, where BMPs affebbundaries.
muscle and tendon morphogenesis (Amthor et al., 1998; Pizettelt is also likely that BMP from the ventral ectoderm acts in
and Niswander, 2000), prevented such an analysis. Futucencert with a signal derived from the dorsal ectoderm to
methods to circumvent this problem include the introductionnduce an AER, because even prior to formation of a
of a replication-defective virus exclusively into the limb morphological AER, chickgf8is normally expressed near the
ectoderm or the study of DV morphogenesis in a conditionedDV border and not throughout the ventral ectoderm where
knockout of the BMPs or their receptors in the non-AERBmps are expressed (Crossley and Martin, 1995) (this study).
ectoderm. Nonetheless, BMP regulates the only known ventr@lther studies have suggested that AER formation relies on a
patterning determinant, EN1, and hence is required for at leasbundary of expression of radical fring®fid which is

the EN1-dependent specification of ventral pattern. normally present in the dorsal ectoderm and AER (Laufer et
. ) ) ) al., 1997; Rodriguez-Esteban et al., 1997), although loss of
BMP signaling regulates AER induction function experiments in the mouse have not confirmed this role

Our results show that BMP signaling is also necessary fqiMoran et al., 1999). To address whether Rfng and BMP
induction of the AER. Manipulation of BMP signaling results signaling converge to control AER formation, we sought to
in disruptions in the endogenous AER leading to absent atudy Rfng expression in limbs infected with constitutively
severely truncated limbs. Alterations of BMP signaling alscactivated BMPR or Noggin retroviruses. Unfortunately,
result in induction of ectopiEgf8 expression and, in the case althoughRfngtranscripts were readily observed in the AER,
of Noggin misexpression, the formation of ectopic AERs thatve were unable to detect differential expression between dorsal
can direct outgrowth. Bmp genes are expressed in the ventahd ventral ectoderm in control or infected limbs, and thus
limb ectoderm at the time of AER induction and the effects ofvere unable to test this hypothesis. WNT signaling has also
alterations in BMP signaling oRgf8 expression and AER been implicated in AER formation. WNT7A is not needed for
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endogenous AER formation (Parr and McMahon, 1995jhat chick AER precursors arise in both dorsal and ventral
although ectopiaVnt7ain the absence dEnlcauses ventral ectoderm (Altabef et al., 1997). Although similar studies have
expansion of the AER, perhaps by altering the movement afot been done in mouse, the data to date indicate that mouse
AER precursors (Cygan et al., 1997; Loomis et al., 1998). IAER precursors reside in the ventral ectoderm. Whether these
our study, Wnt7a expression was altered in response torepresent real differences in the mechanism of AER induction
changes in BMP signaling, although it is unclear whether thiwill require further study to answer.

is a direct effect oWnt7aor indirect through the regulation ) )

of Enl expression. It was not possible to determine whetheN1 in AER formation and downstream of BMPs

Noggin induction of ectopic ventral AERs requires ectopicEN1 is expressed in the ventral ectoderm and then also in the
WNT7A expression or whether constitutively activated BMPRventral half of the AER. EN1 is involved in formation of the
induced ectopic dorsaFgf8 requires downregulation of AER; however, it appears to mediate only a subset of this
Wnt7a Another type of WNT signaling is implicated in complex process. In an elegant set of studies by A. Joyner and
endogenous AER formation through the activation ofcolleagues performed in the mouse (Loomis et al., 1996;
TCF1/LEF1 transcription factors, as well as the regulation oEoomis et al., 1998; Cygan et al., 1997; Kimmel et al., 2000),
Leflexpression (Galceran et al., 1999; Kengaku et al., 1998it. was found that EN1 is not required f6gf8 expression or

It is conceivable that Wnt genes other th&mt7amay be PD outgrowth. Instead, EN1 appears required to set the DV
affected by alterations in BMP signaling. However, ourmidline border in the AER and to direct the compaction of
preliminary results show no changes lefl expression ventral ectoderm cells towards this DV border to generate a
following misexpression oNogginor Msx Thus, WNT and morphologically distinct AER. Hence, EN1 does not play a
BMP may operate in independent pathways. One possibilitsole in AER induction but in AER maturation.

is that WNT is part of the signaling cascade in the limb Misexpression oEnlvirus can result in dorsally localized
mesoderm that induces the overlying ectoderm to form aRgf8-expressing ectopic AERs (Laufer et al., 1997; Logan et
AER. Indeed, recent studies suggest that Wnt2b and Wnt&d., 1997; Rodriguez-Esteban et al., 1997) (this study). The
are signals necessary for limb initiation through the regulatiomechanism by which these ectopic AERs arise is
of Fgfl0 expression in the limb mesenchyme (Kawakami etontroversial and has been suggested to be due to a role for
al., 2001). Thus, the relationship between BMP and dors&N1 in AER induction or to abnormal AER positioning
signals (perhaps WNT and Rfng) in AER induction remainghrough an effect on radical fringe expression (see above).
unclear. It will be of great interest in the future to learn howThe recent genetic studies of Kimmel et al. (Kimmel et al.,
these different pathways are coordinated to ensure prop26000) further support a role in AER positioning. They found

AER formation. that misexpression dénlat moderate levels throughout the
AER resulted in displacement and fragmentation of the AER.

BMP appears to act in the ectoderm to control AER Our Enl misexpression results are consistent with the

induction previous suggestion by Kimmel et al. (Kimmel et al., 2000)

Our results are consistent with BMP signaling acting in thehat Enl virally induced ectopic AERs could represent a
ectoderm, not the mesenchyme, to corfegiB expression and displacement of the endogenous AER, as in our relevant
AER induction.Bmp2 Bmp4andBmp7are expressed in the samples the ectopkegf8 expression was contiguous with but
early pre-limb ectoderm and, when confined to the ectoderndisplaced from, or in close proximity to, the endogenous
the cell-autonomous constitutively activated BMPR is capabl&ER. In this respect, it is possible that ectopgf8 elicited
of inducing ectopic expression B§f8in the ectoderm. Thus, by activated BMPR in part results from misexpression of
we suggest that BMPs act as molecular determinants in tliEN1. However, ectopiEgf8 was not correlated with gaps or
ectoderm for AER induction. However, as Noggin is secretedisplacement of the endogenous AER. It is perhaps surprising
and as these Bmp genes are also expressed in the linitat we did not observe dorsal displacement of the
mesenchyme, we cannot exclude an influence on mesenchynealdogenous AER after activated BMPR misexpression, given
signaling involved in AER formation. the mouse and chick EN1 misexpression results. This
BMPs may act as a permissive signal to establisipresumably reflects the differences in the mechanisms via
competence of the ectoderm to respond to the mesenchynvathich these molecules act: activated BMPR indudiss1
inducer and expresBgf8. In the chick it appears that an and 2 Fgf8andEnlexpression whereas EN1 appears to exert
additional signal from the dorsal ectoderm would act ints effect onFgf8through regulation dfVnt7a(also see below
conjunction with BMP to limitFgf8 expression to the distal for discussion of level of EN1 expression). In further
domain ofBmp expression. Alternatively, BMP could be an agreement, ectopic AERs that are present iretligplopodia
instructive signal but, in this case, a second factor on theautant or that form in dorsal ectoderm followirgsx
ventral side would be postulated to resticif8 to the DV misexpression do not appear to require EN1 (Laufer et al.,
border. 1997) (this study). This demonstrates that ectopic dorsal
It is not clear whether the initial domain IBff8 expression AERSs can arise independently of EN1.
and the establishment of AER borders are regulated differently It is likely that the misregulation of EN1 expression
between chick and mouse. Mousgf8 expression is activated contributes to other AER phenotypes generated by
over a broad domain of ventral ectoderm cells and themanipulation of BMP signaling. For example, overexpression
apparently Fgf8 expression becomes stabilized in cells inof EN1 is likely to be detrimental to endogenous AER
proximity to the DV border whereas more ventrally localizedformation. Kimmel et al. (Kimmel et al., 2000) have shown
cells turn off Fgf8. In chick, Fgf8 appears more limited to a that high levels of EN1 abrogate AER formation d&fgf8
subset of the ventral ectoderm. Another possible difference expression. In this respect, the absence or the gaps in the
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AER we observed after constitutively activated BMPR Ventral limb ectoderm
misexpression may partly result from alterations in the leve
of EN1 expression as constitutively activated BMPR
misexpression induces strong EN1 expression. In addition, ot
of the features of thd&nl knockout phenotype is that a EN1 MSX
secondary AER can form at the ventrally displaced border ¢ J_

the endogenous AER, owing to a problem in maturation of th

endogenous AER (Loomis et al., 1996; Loomis et al., 1998
It is therefore possible that the ventral ectopic AERSs that forr
in Noggin-infected limbs arise because of the downregulatio _
of EN1 expression that is also observed in response to Nogg| ventral Fgf6 expression

. . . patterning & AER induction
It is however important to note that an alternate explanation fc.
these two phenotypes (gaps in the endogenous AER aimy. 8. Model for BMP signaling in the ventral ectoderm in the
ectopic ventral AERS) is the misregulationM$x expression.  control of both DV patterning and AER formation. See text for
We cannot distinguish between these possibilities at the presetetails.
time.

Nonetheless, there is an aspect of the AER phenotypes.,, 1998; Ohuchi et al., 1997). However, as previously
caused by modulation of BMP signaling that a modificatiordiscussed, this link lies upstream of the known DV patterning
in EN1 expression cannot account for. Indeed, in NoggingenesEn1 andWnt7a Based on our results, we predict that
infected embryos, the lack of AER induction cannot bea loss of BMP signaling contributes to the phenotype
explained by a lack of EN1 expression becaisé mutant  observed in these mutants and thus it will be interesting to
mouse embryos form an AER, albeit morphologicallyexamine the expression of BMP signaling components in
abnormal, that express&gf8 (Loomis et al., 1996). Taken these mutants.
together, these observations suggest that BMP acts through arMoreover, our results indicate that DV patterning and AER
EN1-independent pathway to medidtgf8 expression and induction are likely to be separately regulated by BMP

BMP

WNT7a

AER induction. signaling. Crenshaw and colleagues reach a similar
o ) ) ) conclusion in their studies of the conditional BMPR-IA

MSX as a transcriptional mediator of AER induction knockout (Ahn et al., 2001). Independent regulation of these

downstream of BMP two processes is also evident in thediplopodiamutants

Bmp and Msx genes are co-expressed in the ventral limighich display ectopic dorsal AERs but DV patterning and
ectoderm, and then throughout the AER. Loss or gain dfnl/Wnt7aexpression are normal (Laufer et al., 1997). In this
function experiments indicate that BMP signaling is criticalrespect, there is an intriguing similarity between the
for the regulation ofMsx expression at the time of AER phenotype generated Bsxmisexpression and that observed
induction. Furthermore, ectopic ectodermal MSX inducesn the chick limb mutantudiplopodia.lt is tempting to
ectopic Fgf8 expression and the formation of ectopic AERsspeculate that the molecular underpinnings of the
that can promote outgrowth. These ectopic AERs only ariseudiplopodiaphenotype may involve a deregulationM$x

in the dorsal ectoderm whekésxis not normally expressed expression. Previous studies also suggested that DV
and without any change in EN1 expression. Constitutivelpatterning and AER induction can be independently
activated BMPR also induces ectopigf8 expression in regulated, although the molecular mechanism was unclear
dorsal ectoderm apparently through induction Misx (Laufer et al., 1997; Loomis et al., 1996; Parr and McMahon,
expression. However, constitutively activated BMPR does not995; Rodriguez-Esteban et al., 1997). Our studies suggest
result in ectopic outgrowths, presumably because it alsa molecular mechanism whereby DV patterning and AER
induces EN1 and elevated levels of EN1 could have preventéalduction are integrated via BMP signaling, yet separately
AER formation. Thus, BMP signaling through MSX, but controlled through the regulation of two transcriptional
independent of EN1, appears to regulate AER inductiontargetsEnlandMsx1/Msx2Fig. 8). Indeed, MSX can induce
Another interesting feature Msxmisexpression is that it also AER formation but does not influence DV patterning,
results in gaps in the endogenous AER. Similar to BMP, th@hereas EN1 regulates DV patterning but does not participate
MSX effects are most readily explained by a disruption in thén AER induction, although once the AER has been induced,
endogenous boundary between MSX-expressing and no&N1 is involved in positioning its borders. Thus, we suggest

expressing cells. that MSX and EN1 function independently of one another
] ] ) downstream of BMPs to differentially direct AER induction
BMP signaling appears to independently control D/V and DV patterning, respectively.

patterning and AER induction

Our results indicate that BMP signaling regulates both We thank A. Bendell, C. Logan, A. Brown, P. Bf”Cke"’_J-‘C-
DV patterning and AER induction. Thus, BMP signaling Izpisua-Belmonte, G. Martin, B. Robert and C. Tabin for advice and

) : eagents; B. Crenshaw and R. Behringer for communicating results
provides a molecular link between the DV and PD axes rior to publication; C. Chesnutt for the cell death analysis; and

Previous est_ablishment of a link between_ DV patterning anEwembers of our laboratory for helpful discussions. This work was
AER formation came from the observation of the 10sS okypported by a Human Frontiers Science Program Award to S. P., by

markers of the ventral ectoderm and the lack of AERNIH and I. T. Hirschl Trust awards to L. N., and by the MSKCC

formation or maintenance ilimbless leglessand wingless  Support Grant. S. P. was a Research Associate and L. N is an Assistant
mutants (Grieshammer et al., 1996; Ros et al., 1996; Bell étvestigator of the Howard Hughes Medical Institute.
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