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Summary

During somite development, a fibroblast growth factor
(FGF) signal secreted from the myotome induces formation
of a scleraxis §cX-expressing tendon progenitor
population in the sclerotome, at the juncture between
the future lineages of muscle and cartilage. While
overexpression studies show that the entire sclerotome is
competent to expres$cxin response to FGF signaling, the
normal Scx expression domain includes only the anterior
and posterior dorsal sclerotome. To understand the
molecular basis for this restriction, we examined the
expression of a set of genes involved in FGF signaling and
found that several members of theFgf8 synexpression
group are co-expressed wittScxin the dorsal sclerotome.

Of particular interest were the Ets transcription factors
Pea3and Erm, which function as transcriptional effectors
of FGF signaling. We show here that transcriptional
activation by Pea3and Erm in response to FGF signaling
is both necessary and sufficient foiScx expression in the
somite, and propose that the domain of the somitic tendon
progenitors is regulated both by the restricted expression
of Pea3and Erm, and by the precise spatial relationship
between these Ets transcription factors and the FGF signal
originating in the myotome.

Key words: Somite, Syndetome, Sclerotome, Tendon, Scleraxis,
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Introduction

of the dorsal sclerotome closest to the anterior and posterior

The vertebrate axial musculoskeletal system arises frogd9€s of the myotome. Molecularly defined by expression of
somites — transient, segmented, epithelial blocks of mesoderg?* the position of the syndetome is determined when

that bud off from the anterior end of the unsegmeme‘gibroblast.growth factors (EGFS) secretet_:l from the center oft.he
presomitic mesoderm (psm). Once formed, the somit@yotome induce the anterior and posterior sclerotome abutting
subdivides into compartments that give rise to distinct ceff® myotome to adopt a tendon cell fate (Brent et al., 2003).
lineages. In response to signals from surrounding tissues, tH8US, interactions between the somitic muscle and cartilage
ventral somite de-epithelializes to form the mesenchymdfell lineages lead to specification of the tendon lineage —
sclerotome, while the dorsal region, the dermomyotomd?'ac'”g the tendon progenitors at the mterfgce of the two tissue
remains an epithelial sheet. As the somite matures, celldyers they must ultimately join. Yet, while FGF signaling
delaminate from and migrate underneath the edges of ttetween myotome and sclerotome has been shown to be both
dermomyotome to form a third compartment, the myotomehecessary and sufficient f@cxexpression in the syndetome
located between the dermomyotome and sclerotome. THBrent et al., 2003), it is unclear whether this signaling acts
development of the axial musculoskeletal system from theggell autonomously within the futurBcxexpressing cells, or
three somitic compartments is well understood (Brand-Sabeifidirectly through a secondary signal. The mechanism
and Christ, 2000; Brent and Tabin, 2002): the axial skeletofesponsible for restrictin§cxexpression to only that region of
arises from sclerotome, the skeletal muscle from myotome, arile anterior and posterior sclerotome abutting the myotome is
the dorsal dermis from dermomyotome. Yet, although &Iso puzzling, particularly in light of experiments showing that
functional musculoskeletal system is entirely dependent upopverexpression oFgf8 during somite development leads to
the transmission of force from muscle to bone, until recentlgctopicScxexpression throughout the sclerotome (Brent et al.,
little was known about the origin of the axial tendons — thos@003) — hence demonstrating that the entire sclerotome is
mediating attachment between the epaxial muscles ar@mpetent to expres3cxin response to FGF signaling. In the
vertebrae, and the intercostal muscles and ribs. current study, we set out to understand the molecular basis for
It has now been shown, however, through analysis of théis competency, as well as the mechanism by which myotomal
expression pattern of the tendon-specific bHLH transcriptioffrGFs determine the restricted position of the syndetome, by
factor scleraxis§c® (Brent et al., 2003; Cserjesi et al., 1995; asking if the circumscribe8cxdomain could be a reflection
Schweitzer et al., 2001), that the tendon progenitors arise fronf localized FGF signal transduction.
a fourth somitic compartment, termed the syndetome (Brent et To explore our hypothesis, we looked at the expression of
al., 2003), which occupies a unique location within that regiorseveral members of thegf8 synexpression group, a set of
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genes known to be induced in regions of adigé8 signaling  performed as previously described (Brent et al., 2003). DIG-labeled
and thought to either transduce or modulate the FGF signalingobes were detected with NBT/BCIP (Sigma), and FITC-labeled
pathway. During signaling, the secreted FGF ligand binds tBrobes with INT/BCIP (Sigma). For section in situ hybridization,
the extracellular domain of tHegf receptor Fgfr), a protein chick embryos were embedded in paraffin wax, angirh0sections
with a tyrosine kinase intracellular domain. Ligand-bindingwere collected. Probes included chiB&x(Schweitzer et al., 2001),

. i : ick Fgf8 (Brent et al., 2003), qualirek (Brent et al., 2003), chick
causes receptor dimerization, autophosphorylation an gfrl, chick Pea3 (RT.PCR product using primers BCGTC-

activation of the intracellular tyrosine kinase domains. AracaAGTGCATAATAACCATAGG 3 and 3 ACGGAATTCCT-
number of intracellular signaling cascades follow, in particularaGTAGGTGTAGCCTTTGCC 3, chick Erm (RT-PCR product
the RAS-MAPK/ERK pathway, in which sequential ysing primers SACGTCTAGACCGGCCCCAGCC-TGCCCG and
phosphorylation of a series of protein kinases ultimatelys' ACGGAATTCATCAGTAGGCAAAG-CCCTCCG 3, chickMkp3
activates MAPK/ERK to control a variety of downstream(ChEST246m1 obtained from MRC geneservice), chiBkf
responses, including gene transcription. Among Hug8 (ChEST528k13 obtained from MRC geneservice), clpky2 (gift
synexpression group members are the transcription factog§ Connie Cepko) and chidWyf5 (gift of Laura Gamer).
Pea3 and Erm, and the inhibitors MAPK phosphatase 3
l@g;ggﬁ dSIIETrlrllaarr: ﬁ%ﬁﬁg?gyt?hgigglnigdo?gr? ltjat)//o%uﬁirc)))ﬁ aril mmunohistochemistry was performed as previously described (Br_ent
. ! O et al., 2003). Phosphorylated MAPK/ERK was detected with
conserved Ets domain that mediates DNA binding (Sharroc ospho-p44/42 map kinase (Thr202/Tyr204) antibody (diluted

et a_LI., 1997). FGF sllgnallng is both necessary and suff|C|ent'f r500; Cell Signaling Technology #9101), myosin heavy chain with
their expression (Firnberg and Neubuser, 2002; Kawakami @F20 [diluted 1:100; Developmental Studies Hybridoma Bank
al., 2003; Raible and Brand, 2001; Roehl and NussleindDSHB), lowa City, IA, USA] and RCAS infection with AMV-3C2
Volhard, 2001), and as both have been shown to be present(ab; DSHB). Primary antibodies were followed by either Cy2- or
regions of FGF signaling in several developmental context$;y3-conjugated secondary antibodies (Jackson Immunoresearch).
they are thought to be general transcriptional targets of FGEI . . . . .

signaling (Raible and Brand, 2001; Roehl and Nussleint oning of retrow.ral constructs anql viral misexpression .
Volhard, 2001). Moreover, it has been demonstrated in vitr&'on't?‘g Off ggg\gral_ constructs “S'”fg SL'zXB and ;raanegtmn %“dd
that DNA binding ofPea3andErmto their targets is activated 92V © > VIIUSes was periormec as previously describe
following phospﬁorylation by MAPK/ERKs ?Janknecht et al. (Logan and Tabin, 1998; Morgan and Fekete, 1996). RCASBE (A)

) . ) RN ' constructs included full-length chidkgf8 (gift of Connie Cepko),
1996; Munchberg and Steinbeisser, 1999; O’'Hagan et aky|ijength mouse Pea3 (RT-PCR product using primers’ 5

1996). Thus, in addition to being potential trar!scriptiona'ACGGGTCTCCCATGGAGCGGAGGATGAAAG nand 3 ACGG-
targets of FGF signalingPea3 and Erm function as AATTCCTAGTAAGAATATCCACCTCTG 3), and the mousPea3
transcriptional effectors within cells to transduce FGF signalssts DNA binding domain (RT-PCR product using primera6G-

By contrast,Mkp3 Sefand Spry act within cells as negative GTTCTCCCATGCAGCGCCGGGGTGCCTTAC and 3 ACGGA-
feedback inhibitors, modulating and restricting the levels andTTCCGGCTCGCACACAAACTTGTAC 3). Pea3EnR was made
extent of FGF signaling. FGFs are both necessary arfy cloning thePea3Ets DNA-binding domain into the SLAX-EnR
sufficient to control their expression, and the three are knowYgctors. Psm infection was performed as previously described (Brent
to be present at sites B§f8 signaling (Chambers and Mason, etal, 2003).

2000; Dickinson et al., 2002; Eblaghie et al., 2003; Furthaugsead implants

et al., 2002; Kawakami et al., 2003; Mailleux et al., 2001}enarin beads (Sigma) were washed in PBS and incubated on ice for

Minowada et al., 1999; Ozaki et al., 2001; Tsang et al., 2002). hour in FGF8 protein (Peprotech) (1 mg/ml). Bead implants were
We present evidence that the FGF signal responsible f@erformed as previously described (Brent et al., 2003).

inducing theScxexpression domain can be directly received _

by the anterior and posterior sclerotome, that fgfg Dermomyotome ablation

synexpression group membétsa3 Erm, Mkp3 SefandSpry ~ Psm injections were .performed on Hamburger Hamilton _(HH)

are co-expressed wittscx and that the activity of the (Hamburger and Hamilton, 1951) stage 12 embryos. Following 9

transcription factor®ea3and Erm is necessary and sufficient nours of incubation, dermomyotomes were removed from somite

for FGRdependent induction &cx Importantly, we found that St29€S V and Vi as previously described (Brent et al., 2003).

overexpression dPea3led to ectopic expression 8txin both  Trunk cultures

the sclerotome and dermomyotome — but only in those regioR$ynks (including thoracic and limb levels) of HH stage 16 embryos
within effective signaling range of the myotomal FGFs. OuUkyere isolated and cultured on nucleopore filters in chick embryo
results suggest that the domairSakexpression, and hence the media (DMEM, 10% chicken serum, 5% fetal calf serum, 1% pen-
unique location of the syndetome, is dependent on the combinetlep, 1% L-glut) (Palmeirim et al., 1997) with 301 SU5402
conditions of the restricted expression patterRez3andErm  (Calbiochem, dissolved in DMSO) or an equivalent amount of
within the anterior and posterior sclerotome, and the distanc&VSO. Following 24 hours of incubation, trunks were fixed in
that FGFs secreted from the center of the myotome are able4¥ paraformaldehyde and processed for whole-mount in situ
travel. It is thus the interplay of factors that act downstream dfyPridization.

the FGFR that defines the boundarieSokexpression.

Immunohistochemistry

Results
Materials and methods Myotomal FGFs can signal directly to the sclerotome
In situ hybridization Our previous analysis revealed th&tx is induced in a

Single and double whole-mount or section in situ hybridization wasubpopulation of sclerotome (Fig. 1A) in response to FGF
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Fig. 2. Fgf8 can induce ectopic expressionSfxin the sclerotome
. . : : in the absence of the myotome. (A-D) Results of overexpression of
upregulation ofgfrl in the Scxexpressing region. (E,F) Models for Fgf8in the psm with RC),/AS-FGFg, fol)lowed by surgical rgmoval of

e e b o™ Gemomotomes. (4.C) Whole-mount n s ybrdzatonSor
. ’ Y following manipulation. Region of dermomyotome removal

represented as ovals, sclerotomes as squares. Anterior is towards the,. ) L
left, posterior towards the right. (E) In a model for di®ex lﬂ?dlcated by red bracket. (B,D) Double whole-mount in situ

induction, FGFs (orange) expressed in the center of the myotome hybridization forFgf8 on embryos shown in A,C. Antibody staining
signal directly td=gfr1 (blue) in the sclerotome, thereby activating for phosphorylated MAPK/ERK (E,F) and myosin heavy chain

xpression oex(ourole) in th lerotome. Dark blue represent (MF20) (F) on frontal sections of HH stage 20 embryos.
expression oScx(purple) € sclerotome. Dark biué represents (E) Phosphorylated MAPK/ERK (red) is seen in dorsal sclerotome,
high expression levels &@gfrl in the sclerotome, light blue indicates

lower expression levels &l in the myotome. (F) In a model for myotome and dermomyotome. Blue arrow indicates expression in the

indirect Scxinduction, FGFs (orange) signal througlek/Fgfra sclerotome, purple arrow in the dermomyotome, yellow arrow in the

; . . . dorsal root ganglia. (F) Overlay of phosphorylated MAPK/ERK (red)
(green), localized to the anterior and posterior myotome, to activate and MF20 (green).

expression of a secondary factor that then signals to the underlying

anterior and posterior sclerotome to ind&oxexpression (purple).

Light green indicates low levels Bfek/Fgfr4in the myotome, dark

green _indicates higher levelsieek/Fgfr4in the ventral ar_lter_ior and existence of the secondary factor, which is produced by the

posterior myotome. Yellow represents myotome, aqua indicates Frek/Fgfr4-expressing myotome in response to the FGFs and

sclerotome. then signaling to the adjacent underlying sclerotome, was
allowed for (Brent et al., 2003).

In our current study, we decided to test these two models by
signals secreted from the myotome. Within the myotomeasking if Scx could still be induced wherFgf8 was
several FGFs, includinggf8, are localized to the center, where overexpressed in the absence of myotome — i.e. in the absence
the postmitotic myofiber nuclei also reside (Fig. 1B) (Kahanef any potential secondary factors. Surgical ablation of the
et al., 2001; Stolte et al., 2002). Two out of the four FGFlermomyotome prior to myotome formation results in loss of
receptors are expressed in the somite at the tim&caf Scxexpression when assessed either 1 (data not shown) or 2
induction: Fgfrl, which is expressed broadly throughout thedays after ablation (Brent et al., 2003), presumably owing to
somite, slightly reduced in the myotome and slightly increasetbss of myotomal FGFs. To determine3txis induced in
at the site oScxexpression (Fig. 1C, arrow); aftek/Fgfr4, response td-gf8 after removal of the dermomyotome, we
which is restricted to the anterior and posterior myotomenisexpressed-gf8 throughout the psm, using a retrovirus
borders (Brent et al., 2003; Kahane et al., 2001), witfRCAS-FGF8), and then surgically ablated the
upregulation in the ventral region abutting the underlyingdermomyotomes from somite stages V and VI, 9 hours after
sclerotome (Fig. 1D) (Kahane et al., 2001; Marics et al., 2002)nfection but, importantly, prior to expression of retrovirally
These patterns suggested to us two modelSdgexpression encoded Fgf8. Viral infection was detected by in situ
within the somite: the myotomal FGFs could be diffusinghybridization with a probe to chickgf8, which can detect
directly from myotome to sclerotome and then activaieg  virally expressed-gf8 (Fig. 2B,D). Our results revealed that
through Fgfrl (Fig. 1E), or the myotomal FGFs could be while operated uninfected somites showed loss Sak
regulating a secondary signal, throughFrek/Ffgrdreceptor,  expression (Fig. 2A,B), in operated infected somites, ectopic
that would then inducBcx(Fig. 1F). As the expression pattern Scxexpression was observed, even in the absence of myotome
alone ofFgfrl cannot account for the restrict&txdomain, formation (Fig. 2C,D). We thus concluded that the sclerotomal
one would additionally have to postulate either that someells are indeed capable of responding directly to FGF
mechanism was present whose activity ensured that the FGIgnaling to activat&cx and that-gfrl is therefore the more
signal was received only by the anterior and posteriolikely receptor. Interestingly, however, while overexpression of
sclerotome, or that only those regions of the sclerotome wefeggf8 throughout the sclerotome led to widespread expression
competent to respond to it (Brent et al.,, 2003). We thusf Scx the more intensely staining normal anteroposterior
considered that activation ii@ek/Fgfrdmight provide a better localization was lost when myotome formation was blocked
rationale for theScx expression domain, as long as the(Fig. 2C). That the ectopic expressionS#xinduced in the

Fig. 1. FGF-dependent induction &cxin the somite may be direct

or indirect. Section in situ hybridization on alternate frontal sections
comparing expression &cx(A), Fgf8 (B), Fgfrl (C) andFrek/Fgfrd
(D) in a HH stage 20 embryo. (C) Red arrow indicates slight
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as the endogenous expression S6x in the syndetome,
suggests either that retrovirally encod&gi8 is not as potent
as the myotomally expressed FGFs, or that while the entii
sclerotome is competent to expréssin response to FGFs,
the normal induction oScxin the syndetome is somehow
potentiated, resulting in higher levels®éxexpression in that
region.

To further test the model thagfrl acts directly within the .
sclerotome duringcxinduction, we decided to locate sites
of active FGF signaling and determine whether they i
coincided withScxexpression. To do so, we made use of = -
phosphorylated MAPK/ERK, which identifies when and RO

sclerotome following overexpressionkgf8 was not as strong ~ z
’

-

where signaling is active (Corson et al., 2003). Using ai -
antibody specific to phosphorylated MAPK/ERK1 and -
MAPK/ERK2, we detected phosphorylated MAPK/ERK -
throughout the dermomyotome, dorsal sclerotome an

myotome (Fig. 2E), with higher levels in the anterior and -
posterior ventral myotome, a domain reminiscent of -
Frek/Fgfr4, and in the adjacent sclerotome, wh&ex is -
expressed (Fig. 2E, blue arrow). A comparison ol -

phosphorylated MAPK/ERK with an antibody marker for  ygpz &
myotome, myosin heavy chain, shows the clearly delineate J
dorsal sclerotomal domain of activated MAPK/ERK (Fig. il i i [T S ORIV B

2F). In addition, there are elevated levels of phosphorylate m # *# .r#ﬁ ,ﬁ#* .
MAPK/ERK in the anterior and posterior dermomyotome ' o

(Fig. 2E, purple arrow) and in the dorsal root ganglia (FigFig. 3.Scxis co-expressed with several members ofRi8

2E, yellow arrow). The spatial pattern of phosphorylatedsynexpression group. (A-C,G-I) Whole-mount in situ hybridization
MAPK/ERK during Scx induction, particularly within the on HH stage 20 embryos. (D-F,J-L) Section in situ hybridization of
sclerotome, further supports the model of a myotomal FGEQS::L:E)??X% ;’fw"l't'; fﬁ:??ﬁgggig%?‘E-mc(%mlf)a&sk(gg‘(ﬂé 3 sef
signaling directly to the sclerotome to activ&ex (H.K) andSpry2(l.L). Red arrows in D-F and J-L indicate

Scx is co-expressed with several members of the expression in the anterior and posterior dermomyotome.

Fgf8 synexpression group

If FGFs secreted by the myotome can directly signal to the

sclerotome, the receptor most likely to be receiving the signanterior and posterior sclerotome and dermomyotome (Fig.
is Fgfrl; yet, as earlier pointed out, the broad expressioBG-L), and Spry2 is also expressed at the center of the
pattern of Fgfrl throughout the somite challenges us tomyotome, where FGFs are found (Fig. 3I,L). The presence of
understand why FGF signaling within the sclerotome idoth phosphorylated MAPK/ERK (Fig. 2E) ané&gf8
nonetheless restricted to only the anterior and posteri@ynexpression group members within the anterior and posterior
regions, and excluded from the middle section abutting thdermomyotome (Fig. 3E,F,J-L, red arrows) suggests that this
myotome. An expression screen for transcription factors imegion is a site of active FGF signaling. Moreover, closer
mouse indicated that two members of Bg#8 synexpression investigation ofScxexpression reveals the presence of a small
group, Pea3 and Erm, are expressed in the anterior andgroup of Scxpositive cells in the anterior and posterior
posterior somites (A. P. McMahon, J. Yu and T. Tenzengermomyotome (Fig. 3D, red arrow). ThuS¢x expression
unpublished). We thought a closer look at the temporal anclosely parallels that of the members of Bg#8 synexpression
spatial expression patterns of these two transcription factorgroup examined here.

as well as three FGF-regulated inhibitdvkp3 SefandSpry2 o o o

in chick embryos at HH stage 20, might provide further insighfiranscriptional activation by Ets transcription

into the restrictedScxdomain. We found thaPea3andErm  factors is required for induction of ~ Scx

were expressed, likeScx in the anterior and posterior As expression of the FGF transcriptional effecteesi3and
sclerotome (Fig. 3A-C), occupying a domain that overlaps witlErm is localized, we reasoned that this pattern could explain
but is also much larger than thatRdx(Fig. 3D-F). As in other the restricted activation of FGF signaling and, as a result,
regions wherePea3and Erm are expressed, the two form a restricted Scx expression within the somite. To determine
nested pattern, withErm the broader of the two — a whetherPea3andErm function during induction oScx,we
configuration that perhaps reflects their dependence dnoked at Scx expression under conditions where their
different levels of FGF signaling (Fig. 3E,F) (Firnberg andfunction is blocked. The well-characterized protein domain
Neubuser, 2002; Raible and Brand, 2001; Roehl and Nussleistructure ofPea3includes an N-terminal acidic transcription
Volhard, 2001). AdditionallyPea3and Erm are expressed in activation domain and a C-terminal Ets DNA-binding domain
the anterior and posterior ventral dermomyotome (Fig. 3E,RFig. 4D) (Bojovic and Hassell, 2001) — each flanked by two
red arrows)Mkp3 SefandSpry2are similarly expressed in the inhibitory domains that keepPea3 inactive until it is
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Ectopic expression of Pea3is sufficient to induce

Scx expression within range of an FGF signal

Our observation that transcriptional activation by the Ets

transcription factors is required for induction ®fxsuggests

that the restricte@cxdomain reflects the localization Béa3

and Erm within the somite. But can the restricted expression

of the Ets transcription factors sufficiently account for the

restricted expression obc¥? To answer this question, we

decided to look at the effect adBcx when the expression

domain of the Ets transcription factors was expanded. Using a

retrovirus encoding full-lengthPea3 (RCAS-Pea3), we

_ overexpressePea3throughout the somites. Upregulation of
Scxwas seen (Fig. 5A); however, strikingly, this ectofizx

expression did not resemble that observed after overexpression

Fig. 4. Dominant-negative version &a3blocks induction oBcx of Fgf8, whenScxwas induced throughout the sclerotome (Fig.

(A't-r?) ,\t’zho'g'c”fsl”g '”;EUF:‘Bzzr)'d'za:;‘g‘lzfésgx"‘g'?)w'?g 'tnggg“on 5F). By contrast, widespread overexpressiorPe#3led to

with either -PeaskEn , an ead Implan or i i

RCAS-Pea3EnR combined with an FGF8 bead implant (C, asterisk Z)t()ﬂg?ndge(tjl?g );:]a; (?tfrflsel?gu?rr]llgt |irr]1 :Eg r?q%rrséai/rggigf glj(rec;é?gnrﬁ e

indicates bead). (D) Domain structure of moBea3and Pea3EnR. fi d that thi b t d to limited
Pea3contains an acidic transcriptional activation domain (green), an_[We coniirme a IS absence was not due to fimite

Ets DNA-binding domain (red), and four inhibitory domains (blue). infection by observing extensive viral spread throughout the

Dominant-negativ®ea3constructed by fusing the Ets DNA-binding dermomyotome, myotome and sclerotome (Fig. 5B#a3

domain to Engrailed (yellow). AD, activation domain; ID, inhibitory misexpression also differed from that B§f8 in that Pea3

domain; Ets, Ets DNA-binding domain; EnR, Engrailed repressor. misexpression resulted in additional ectoficx expression
within the dermomyotome (Fig. 5C).

But if overexpression ofFgf8 reveals that the entire
stimulated by triggers such as MAPK/ERK phosphorylationsclerotome is competent to expr&sxwhen exposed to FGFs,
(Fig. 4D) (Bojovic and Hassell, 2001; O’'Hagan et al., 1996why does overexpression d?ea3 fail to result in more
Shepherd et al., 2001). To block transcriptional activation bgxtensive ectopiS&cxin the sclerotome? We think the answer
Pea3and Erm, we constructed a dominant-negative versiorprobably lies in the observation that the activation of target
of Pea3 similar to dominant-negative constructs previouslygenes byPea3and Erm depends on the conversion of these
shown to function in vitro (Paratore et al., 2002; Sheperd dtanscription factors to an active state in response to MAPK
al., 2001), by fusing th®ea3 DNA-binding domain to the phosphorylation (Bojovic and Hassell, 2001; O’Hagan et al.,
Engrailed repressor domain, which acts as a strongl996). Thus, despite widespread RCAS-Pea3 infection,
transcriptional repressor (Fig. 4D). Because Ets DNAwmyotomal FGFs might only be able to reach virally expressed
binding domains are highly conserved among familyPea3in those dermomyotome and sclerotome regions abutting
members, we reasoned that our fusion construct shouttie myotome. The domain &txinduction following RCAS-
repress transcription of the target genesHea3as well as Pea3 infection could therefore be demarcating the effective
Erm, thus circumventing the possibility that a phenotyperange within which endogenous myotomal FGFs are able to
might be obscured by redundancy. Following RCASactivate virally encodedPea3 to a level sufficient forScx
retroviral misexpression within the psm of the dominantexpression. As our results show that most of the
negativePea3construct (RCAS-Pea3EnR), we observed lossiermomyotome and dorsal sclerotome is normally exposed to
of Scxexpression in the somite (Fig. 4A), suggesting thaFGF signaling and is competent to expr8ss it is likely that
transcriptional activation bPea3and Erm is necessary for Scxis excluded from those regions and localized instead to the
Scxinduction, and thaBcxmay be a direct or indirect target anterior and posterior sclerotome and dermomyotome

of Pea3 Erm, or both. precisely because of the restricted endogenous expression
To further assess iFgf8-dependent induction dbcxcan  patterns oPea3andErm.
occur in the absence of transcriptional activatiorPeg3and To test whether ectopic expressionSaixfollowing RCAS-

Erm, we tested whether overexpressiorFgf8 could induce Pea3 infection indeed requires the presence of FGFs, we
ectopicScxin the presence of RCAS-Pea3EnR. One day aftenlocked FGF signaling in embryos injected with RCAS-Pea3.
infection of the psm with RCAS-Pea3EnR, we implanted beadSixteen hours after infection, trunks of injected embryos were
soaked in FGF8 protein into infected somites, and looked gllaced in culture in either the presence or absence of the FGFR
Scxexpression 12 hours later. AAGF8 bead alone induced inhibitor, SU5402. As expecte&cxwas expressed normally
strong ectopicScx expression after 12 hours (Fig. 4B); in uninjected trunks (Fig. 5I) but completely lost in the
however, when the bead was combined with RCAS-Pea3EnRresence of SU5402 (Fig. 5J). By contrast, however, neither
no Scx expression was observed (Fig. 4C). These resultSgf8 (Fig. 50,P) nor any other examined genes expressed
underscore the likelihood that transcriptional activation by theluring somite development, such Mgf5 (Fig. 5M,N), were

Ets transcription factors is necessary to medig@F8  affected, demonstrating that culturing embryos in the presence
dependent induction @cx and that FGF signal transduction of SU5402 does not result in general defects in somite
within the somite leads to phosphorylationR&fa3and Erm, development, nor in loss of myotomal FGFs. Embryos injected
which then activate transcription of their targets, resulting irwith RCAS-Pea3 showed upregulationSafxwhen cultured in

the induction ofScx DMSO (Fig. 5K), but in embryos exposed to SU5402, RCAS-
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Neubuser, 2002; Raible and Brand, 2001; Roehl and Nusslein-
Volhard, 2001), we decided to look at the effect of RCAS-
FGF8 infection orPea3expression. Following infection, we
found Pea3expressed throughout the sclerotome (Fig. 5G,H),
but not expanded in the dermomyotome — coinciding with and
thereby providing a basis for understanding the ectopic
expression pattern &cxin response to the same manipulation
(Fig. 5E,F). It thus appears that overexpressionFgf8
regulates ectopicScx expression on two levelsPea3 is
activated, and then, within the context of continued FGF
signaling,Pea3goes on to activat8cx

We previously showed that application of Bgf8-soaked
bead can induce ectopic expressioscfin the sclerotome as
early as 4 hours after implantation (Brent et al., 2003). If FGF-
dependent induction &cxis mediated by the Ets transcription
factors, we hypothesized that we would be able to observe their
induction, following bead implantation, prior to thatRidx To
test our assumption, we implantedf8-soaked beads into the
somites of HH stage 18 embryos, and then observed expression
of Pea3 Erm andScxat different times. As expected, all three
were strongly induced at 12 hours following implantation (Fig.
6A-C). However, after 4 hours, only we8kxexpression (Fig.
6F), and stronger expression Béa3 and Erm (Fig. 6D,E),
were observed. Moreover, 3 hours after bead implantation,
while Pea3and Erm were still detectableScxwas not (Fig.
6G-1), indicating thaPea3and Erm are indeed induced prior
to Scx Interestingly, we observed that after bead implantation,
the Erm expression domain was broader than thaPed3
mirroring the endogenous nested domain®@#3 and Erm
expression in the somite.

Myotomal FGF signaling establishes the expression
domains of Pea3, Erm and Scx

Having demonstrated that F&@ependent induction &cxin

the somite requires transcriptional activatiorPea3andErm,

and that thePea3 expression domain, combined with an
effective range of FGF signaling, is sufficient to explain
restriction ofScxexpression to the syndetome, we next sought

Fig. 5. Overexpression dPea3results in ectopiScxexpression in to determine how thd*ea3 expression domain within the
the dermomyotome and dorsal sclerotome. (A) Whole-mount in situsomite is initially established. In addition to modulating the
hybridization forScxfollowing infection with RCAS-Pea3. activation state of the Ets transcription factors, FGF signaling
(B,C) Section in situ hybridization f@cxon frontal sections of has been shown to be both necessary and sufficient for

control (B) or RCAS-Pea3-infected embryos (C). (D) Detection of - gypression oPea3and Erm in other regions of the embryo
viral infection using 3C2 antibody on section shown in C. (C) Blue (Firnberg and Neubuser, 2002; Raible and Brand, 2001; Roehl

arrow indicates ectopigcxin dorsal sclerotome. (E,H) Section in . -
situ hybridization foiScx(E,F) orPea3(G,H) on frontal sections of and Nusslein-Volhard, 2001). As we had already established

control (E,G) or RCAS-FGF8-infected embryos (F,H). (I-P) Whole- that _Fgf8 1S Capat?'e of inducingea3 and Erm W'th'n_the .
mount in situ hybridization foBex(1-L), Myf5 (M,N) or Fgf§(O,P) ~ Somite (Fig. 5H; Fig. 6A,D,G), we now asked if FGF signaling
on trunks cultured in either DMSO (control) (1,K,M,0) or 381 is also required. To determine this, we placed trunks of HH
SU5402 (J,L,N,P). Trunks shown in J and L were infected with stage 16 embryos in culture for 24 hours, in either the presence
RCAS-Pea3 on their right sides. Dm, dermomyotome; M, myotome;or absence of thegfr inhibitor SU5402. Although the control
Sc, sclerotome. embryos showed normal expressionRa#a3 and Erm (Fig.
7A,C), in those treated with SU5402, expression of the
transcription factors was never seen (Fig. 7B,D). Our results
Pea3-mediated ectopic inductionQxfxwas blocked (Fig. 5L), confirm that FGF signaling is both necessary and sufficient for
further supporting our conclusion theéa3activity requires  activation ofPea3andErmin the somite.
exposure to FGF signaling. To establish that FGF signaling occurs simultaneously and
If Pea3is necessary for induction &cx we reasoned that consistently with induction of the Ets transcription factors, we
we would expecPea3to be present in any instance wherecompared the expression pattern§gi8 andPea3 It has been
overexpression of FGFs resulted in ectopic expressi@tof shown that-gf8 expression is dynamic, beginning in the psm
As several studies have shown that transcriptioReaf3and  and newly formed somites, then moving ventral to dorsal as
Erm is induced in response to FGF signaling (Firnberg anthe somite develops (Dubrulle et al., 2001; Stolte et al., 2002).
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Fig. 6. Pea3andErmare induced prior t&cxfollowing implantation

of anFgf8 bead. Whole-mount in situ hybridization féea3

(A,D,G), Erm (B,E,H), orScx(C,F,l) following implantation of an
Fgf8soaked bead for 12 (A-C), 4 (D-F) or 3 hours (G-1). Asterisk in
F indicates location of bead.
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and posterior borders of the dermomyotome and sclerotome
(Fig. 7F), and by somite stage XVI, this domain has become
even more apparent (Fig. 7F). Thus, it is only after localization
of Fgf81to the myotome that expressionRga3in the anterior

and posterior sclerotome and dermomyotome appears.

As previously reported, expressionSxxin the anterior and
posterior dorsal sclerotome is clearly seen by somite stage XVI
(Fig. 7G) (Brent et al., 2003), and persists in this domain as
morphogenesis of the axial tendons occurs (Brent et al., 2003).
To determine ifScx induction is, like that ofPea3 also
associated with an accumulationFff8 in the myotome, we
decided to look forScxexpression at earlier somite stages.
Continued staining indeed revealed expression in the more
posterior somites, albeit quite weak. By somite stage Sdx,
is detected in the anterior and posterior sclerotome (Fig. 7G,J,
blue arrow), after-gf8 becomes restricted to the myotome
(Fig. 7H) andPea3to the sclerotome (Fig. 71). In addition, by
somite stage X|l Scxis seen in the anterior and posterior
dermomyotome (Fig. 7J, red arrows). Interestingly, the
sclerotome domains &cxandPea3in somite stages Xll and
X (Fig. 71,J) appear much broader than those in and after
somite stage XVI (Fig. 3D,E), an observation that possibly
reflects the expression patternskaff8 at these same somite
stages. Expression d¢fgf8 thus initially occupies a greater
proportion of myotome (Fig. 7H), perhaps allowing the
secreted FGFs to reach further ventrally into the sclerotome.
But by somite stage XVIF-gf8 expression becomes localized
to the center of the myotome (Fig. 1B), thereby limiting the
distance that the secreted FGFs can travel. There is also some
detectableScxexpression in the newly formed somites, in a
domain coinciding with that ofFgf8 and Pea3 during
somitogenesis (data not shown); however, because the level of

By somite stage VIIFgf8 is expressed in the anteromedial expression in these posterior-most somites is so weak, it is
corner of the forming myotome, and by somite stage IXdifficult to determine whetheBcx remains on after somite
expression accumulates at the center of the myotome, whel@mation and continues to follow the dynamic expression

myofiber differentiation also occurs (Fig. 7E,H) (Stolte et al.

2002). MirroringFgf8, Pea3expression is also highly dynamic,

patterns of~gf8 andPea3 or turns off and then on again at a
later somite stage. In either case, by somite stageSxitis

commencing in the psm and newly formed somites (data naeletectable within the sclerotomal domain that it will occupy

shown). By somite stage X, shortly aftegf8 expression
becomes restricted to the myotorRea3is seen at the anterior

Fig. 7. Fgf signaling is required for
expression oPea3andErmin the somites.
Whole-mount in situ hybridization fdtea3
(A,B) or Erm (C,D) on trunks cultured for
24 hours with either DMSO (control) (A,C)
or 30uM SU5402 (B,D). (E-G) Whole
mount in situ hybridization foFgf8 (E),
Pea3(F) or Scx(G) in HH stage 17
embryos; somite stages VII, Xl and XVI
are indicated. (H-J) Section in situ
hybridization forFgf8 (H), Pea3(l) or Scx
(J) on alternate frontal sections of somite
stages Xll and XIll in a stage 17 embryo.
(J) Red and blue arrows, indicate
dermomyotomal and sclerotonfatx
respectively.

throughout axial tendon development. A comparison of the
spatial and temporal dynamics B§f8, Pea3 and Scx thus

wm
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suggests that it is the myotomal expression domayt&that FGF A FGF B
plays a role in establishing expression firstRefa3in the FOFR sc;'m}_Se,
anterior and posterior dermomyotome and sclerotome, ar i i Sery
then ofScxin the same domain. )% g
Peal _.,Paas
l Erm Erm
Discussion e 4
S CX
Localized expression of Ets transcription factors in i

the somite defines the domain of  Scx expression

In this study, we have demonstrated that the Ets transcriptic
factorsPea3andErmare co-expressed witbcxin the anterior
and posterior dorsal sclerotome, and that transcription:
activation of target genes Bea3andErm is both necessary
and sufficient for induction dbcxin the somite. Moreover, we
show that FGF-mediated induction®éxcannot occur without
transcriptional activation by the Ets transcription factors, anc. o
that Pea3dependent activation &cxrequires FGF signaling. Fig- 8. Model for FGF-dependent activationRéa3andErm, and
Based on these findings, we propose the following model fojubsequent induction &fcxin the somite. (A) FGF signaling leads

induction of Scx and establishment of the somitic tendon'© XPression of Ets transcription fact@easand&rm and
nhibitorsMkp3 SefandSpryin the anterior and posterior

_proge_nltqrs. Onset of FGF expression in the. myotome resul lerotome and dermomyotome. FGFs secreted by the myotome bind
in activation of an FGFR, most probalbigfrl (Fig. 8A, green 1, and activate an FGFR (green arrow). Receptor activation results in
arrow). A cascade of phosphorylation events (Fig. 8A, rederies of phosphorylation events (red arrows), culminating in direct
arrows) ensues, culminating in transcription, within theor indirect transcriptional activation (black arrow) of target genes
anterior and posterior sclerotome and dermomyotome, of botluch asPea3 Erm, Mkp3 SefandSpry. (B) OncePea3andErm

the Ets transcription factoRea3andErm, in a nested pattern expression domains have been established, further FGF signaling
(Fig. 8C), and of the inhibitorslkp3 Sefand Spry (Fig. 8A, triggers phosphorylation and subsequent activatidfeaBandErm,

black arrow). As the somite matures, FGFs secreted froMjhich, intumn, activate transcription of target genes resultitggin

the center of the myotome diffuse to the surroundingﬁxmess'on' (C) Schematic of four somites, frontal view:
dermomyotome and scierotome (Fig. 8C). When these signa grmomyotomes are beige; myotomes are yellow; sclerotomes are

reach the cells expressiga3and Erm in the anterior and agua. FGFs expressed in center of myotome (orange) can diffuse to

. | d d h -~ surrounding dermomyotome, myotome and dorsal sclerotome
posterior sclerotome and dermomyotome, the FGF S'gn"(‘grrows). FGF signaling here results in expressidPeaf3(red) and

transduction cascade causes phosphorylation and subsequem (green), in a nested pattern, within anterior and posterior
activation of the Ets transcription factors (Fig. 8B). In turn, thejermomyotome and dorsal sclerotorSexexpression (purple) is
Ets transcription factors regulate transcription of their targeihduced when myotomal FGFs signal to Bea3 andErm-
genes, resulting in direct or indirect activatiorBok(Fig. 8B).  expressing dermomyotome and sclerotome.
The observation th&cx Pea3and Erm occupy progressively
broader nested domains (Fig. 8C) suggests that each is
regulated by particular levels of FGF signaling, wilex already expressingcx when placed in culture. Moreover,
requiring the highest anelrm the lowest; within this context, implantation of an SU5402-soaked bead into somites in which
the inhibitorsMkp3 SefandSpry(Fig. 8B) might be the factors Scxexpression was either just assuming its sclerotomal domain
responsible for regulating the varied levels of FGF signaling iflsomite stages XI and XllI), or already present in the anterior
the somite. The position of the tendon progenitors is thuand posterior sclerotome (somite stages XV and XVI), resulted
determined by the combined forces of an effective range o loss ofScxexpression within 6 hours (data not shovirga3
FGF signaling (Fig. 8C) and expression of the Ets transcriptioshowed similar loss of expression following inhibition of FGF
factors within that range. However, although it is clear thasignaling. It thus seems likely that continuous FGF signaling
activation of the target genes is requiredSokrexpressionwe  from the myotome is essential to the maintenance as well as
do not know if that expression is controlled directly®ga3 induction ofScxexpression in the somite, and that continuous
and Erm, or if there are intermediate players. The rapidinteractions between the muscle and tendon lineages are
induction ofPea3 Erm andScxafter implantation of afrgf8  essential to the formation of the tendonous attachments.
soaked bead suggests tatkmay be a direct target of their  Finally, in addition to the syndetome, we note here that a
signaling; consistent with this view, analysis of sequencemall population ofScxexpressing cells can be seen in the
upstream of the mous®cxstart site reveals several potential anterior and posterior ventral dermomyotome (Fig. 8C). It is at
Ets transcription factor binding sites (data not shown)this point unclear whether theSexexpressing cells represent
Nonetheless it has not been determined whether these siesdermomyotomal population of tendon progenitors, or
represent actudtea3 or Erm-binding sites. whether they are an extension of cells from the syndetome. In
Interestingly, there appears to be a continuous requiremesither case, thesgcxexpressing cells overlap witPea3and
for FGF signaling in the regulation of somiexexpression. Ermin the anterior and posterior ventral dermomyotome (Fig.
Our trunk culture experiments, in which trunks were culture®C), and analysis of phosphorylated MAPK/ERK expression
in the presence or absence of the FGFR inhibitor SU5408uggests that active FGF signaling is also taking place. It will
revealed that when FGF signaling was completely blockexl, be interesting to determine which components of the axial
expression was lost at all axial levels, including those somitdendons, if any, arise from this additional domain.
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Overexpression of Pea3reveals regional number of cells that can adopt a tendon cell fate in the
competence for Scx expression sclerotome may be an important aspect of somite patterning.
Overexpression dfgf8 during somite development results in Previously, we have shown that the two lineages arising from
ectopic expression ddcxthroughout the sclerotome, but not sclerotome, the cartilage and tendons, are mutually exclusive,
in the dermomyotome or myotome (Brent et al., 2003)and that cartilage-inducing signals function to repress tendon-
demonstrating that, upon exposure to FGF signaling, the entineducing signals and vice versa (Brent et al.,, 2003). In
sclerotome is competent to adopt a tendon cell fate. Our preseydrticular, we have found that FGF signaling negatively
study builds upon this finding by showing that ectopicregulates expression Bax1, a cartilage marker, underscoring
induction ofScxin the sclerotome following overexpression of that the extent of exposure of the sclerotome to FGF signaling
Fgf8is triggered by FGF-induced expansiorPei3withinthe  may be critical.
sclerotome, combined with the expanded FGF signaling The possibility that regulation of the levels of FGF signaling
needed to activatBea3.By contrast, overexpression BEa3  plays a role inScxinduction is supported by our observation
results in ectopic expression 8€xnot only in the sclerotome that three intracellular inhibitors of FGF signaliddkp3 Sef
but throughout the dermomyotome — a result never seen afteandSpry2 are co-expressed wigcx thus perhaps functioning
Fgf8 overexpression. The inability of overexpressed FGFs tto lower the level of signaling in tliRea3 andErm-expressing
upregulaté’ea3in the dermomyotome may be at least partiallycells. These inhibitors might also act to restrict the extent of
responsible for the restriction of ectofcxinduction to the Scx expression in the anterior and posterior sclerotome.
sclerotome. Because the ability Béa3to control expression Although all three inhibitors are thought to act intracellularly
of target genes requires activation by the FGF signalingn cells receiving FGF signalsSpry has additionally been
pathway, the induction ofScx throughout the dorsal shown inDrosophilato have indirect non-cell autonomous
sclerotome, as well as in the dermomyotome followingeffects on surrounding regions (Hacohen et al., 1998). Such
overexpression oPea3 provides a readout for the minimal downstream responses might also function during somite
distances to which myotomal FGFs can diffuse withindevelopment to control the FGF signaling range.
the somite. Thus, although FGFs can reach the entire Interestingly, overexpression ¢fea3 does not appear to
dermomyotome and dorsalmost sclerotonf&gx is not  result in Scx expression within the myotome — where FGF
normally expressed throughout those regions, at least in pagignaling is also active. The inability of the myotome to express
becausd’ea3andErm are not present (Fig. 8C). Scxcould be indicative either of its early acquisition of a
If overexpression dPea3reveals that endogenous myotomal determined state relative to the sclerotome (Dockter and
FGFs are able to reach the entire dermomyotome at leve®rdahl, 1998; Williams and Ordahl, 1997), or of its exposure
sufficiently high to induce ectopigcxexpression, why is the to higher levels of FGFs. In the case of the latter, high levels
expression oPea3and Erm, which appear to require lower of FGFs might be required to control proliferation and
levels of FGFs for their induction, not normally found in thedifferentiation in the myotome (Kahane et al., 2001; Marics et
dermomyotome? Likewise, if the Ets transcription factorsal., 2002), while lower levels in the sclerotome could be
are induced in response to FGF signaling, why doesecessary for tendon progenitor formation. However, the
overexpression ofFgf8 fail to result in ectopic expression of different outcomes of FGF signaling could be a reflection of
Pea3 throughout the dermomyotome? Although we do nothe diverse activities of the FGFRs. As bétek/Fgfr4 and
yet know the molecular mechanisms underlying thesé&gfrl are expressed in the myotome, signaling through both
observations, they do suggest that there are additional levelsrafceptors might regulate myotomal functions, whereas, in the
regulation within the dermomyotome that control the ability ofsclerotome, signaling solely throud¥gfrl could result in
its cells to respond to FGFs by activating target genes such imsluction ofScx
Pea3andErm. As the dermomyotome is clearly competent to o S
express Scx when Pea3 is present, that same regulating Direct versus indirect FGF signaling
mechanism which prevents the entire dermomyotome frorBased on our observations that FGFs can actbexen the
expressingPea3andErm is also functioning to prevent those absence of myotome, and that transducers of FGF signaling are
dermomyotome cells from expressing markers for a tendon ceib-expressed witlscx we believe that FGFs most probably
fate. signal directly to theScxexpressing cells; because, to our
It is particularly striking that, following overexpression of knowledge, FGFR1 is the only receptor expressed in the
Pea3 the ectopic expression &cxin the dermomyotome sclerotome, we conclude thatxexpression is activated in the
extends a greater distance from the source of the myotomsdlerotome through this receptor. The broad expression pattern
FGFs than does the ectopic expressiorsofin the dorsal of Fgfrl, combined with our observation that, following
sclerotome. This difference suggests either that the myotomaVerexpression ofPea3 FGFs are able to extend beyond
FGFs are able to diffuse more freely in the dermomyotomehe Scx expression domain in both the sclerotome and
or that the endogenous myotomal FGFs lack the capacity ttermomyotome, suggest that other components of the FGF
override the cartilage-inducing signals that direct the ventraignaling cascade undergo localization in order to prevent
somite to adopt its cartilage fate. In either case, overexpressiandespreadscxinduction. Indeed, if downstream effectors of
of Pea3reveals that, just as the majority of the dermomyotomé&-gf signaling, such aBea3andErm, were not restricted, FGFs
appears to have mechanisms in place to block the expressimould be able to signal directly through the broadly expressed
of Pea3 Erm andScxin response to the myotomal FGFs, theFGFR1, consequently activating target genes, sucBagsin
sclerotome has mechanisms in place to prevent the myotonmabppropriate regions. Interestingly, there does appear to be an
FGFs from extending too far ventrally, thus possiblyupregulation ofFgfrl at the site ofScxexpression, perhaps
interfering with cartilage formation. In fact, limiting the reflecting either an additional mechanism for restrictioSof
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to that region, or a positive-feedback effect of increased FGffansducing FGF signalinea3andErm actually depend on
signaling. FGFs for their own induction. Thus, a new question is
Nonetheless, although our findings implic&gfrl in the introduced: how does myotomal FGF signaling regulate
regulation ofScxexpression, a role fdfrek/Fgfrd cannot be  expression oPea3and Erm within the anterior and posterior
ruled out. Several studies have attempted to sort out trezlerotome and dermomyotome? The combined expression,
different functions controlled by the individual receptors, usingonly within the anterior and posterior dorsal sclerotome, and
either dominant-negative truncated (Brent et al., 2003; Itoh etentral dermomyotome, ofScx members of theFgf8
al., 1996) or soluble receptors (Marics et al., 2002). Eaclgynexpression group and phosphorylated MAPK/ERK,
however, may have nonspecific effects: truncated receptors cauggests that there is a very specific region of localized, active
dimerize with and block signaling through the other FGH-GF signaling in the somite. But what is striking is that while
receptors, and soluble receptors can interfere with the activitiése focus of this signaling — within the anterior and posterior
of any other FGF receptor binding to the same ligand. Becaus®rsal sclerotome and ventral dermomyotome — does not
bothFgfrl andFrek/Fgfr4are expressed in the somites and arecorrespond with the source of the ligand at the center of the
likely to bind to the same FGF ligands, neither approach imyotome, the secreted FGFs from the center of the myotome
capable of distinguishing their individual functions. It thusnonetheless activate FGF signal transduction only within the
remains possible that in addition to the likely role=gfrl in anterior and posterior somite to produce restricted expression
directly receiving the FGF signal within the sclerotome,of Pea3and Erm. The fact that FGF signaling is most active
Frek/Fgfr4 may also play a part, perhaps regulating then and around the syndetome suggests that the induction of
expression or position oScx in the sclerotome, or even Pea3andErm within the anterior and posterior sclerotome is
preventingScxexpression in the myotome in response to FGHot the result of a simple diffusion gradient of FGFs from the

signaling. center of the myotome. Instead, these observations indicate a
good deal of complexity underlying when and where FGFRs

Myotomal FGF signaling regulates gene expression are activated in the somites, and suggest that additional

in the syndetome mechanisms for regulating FGF signaling must be present to

As has been demonstrated in several systems, FGF signaliegsure reception specifically in the anterior and posterior
in the somite is both necessary and sufficient to establish tle®mite encompassing the syndetome. One of these mechanisms
nested expression domains B&a3 and Erm. Once their might involve control of FGF translation and secretion.
domains are in placea3andErmcontinue to depend on FGF Although Fgf8 mRNA is localized to the center of the
signaling to activate expression of their target genes. Thumyotome, it remains possible that FGF8 protein is either
FGF signaling makes two important contributions to tendorspecifically expressed in the anterior and posterior myotome,
progenitor formation: controlling expressionRga3andErm,  or preferentially secreted from those regions of the myotome,
and regulating their activity as transcriptional effectors (Figthus increasing the exposure of the anterior and posterior
8A,B). Interestingly, expression &ea3 Erm, andScxin the  sclerotome and dermomyotome to FGF signals. Other levels of
anterior and posterior sclerotome and dermomyotome appeaegjulation might include either localized expression within the
to be a response to myotomal expressioRgiB: while Fgf8  anterior and posterior somite of a co-receptor required for
is expressed throughout somite developmBag3 Erm and  FGFR activation, or localized expression of components of the
Scxonly become restricted to their respective sclerotomal anextracellular matrix, such as heparan sulfate proteoglycans,
dermomyotomal domains aftégf8 has become localized in that could act to restrict or potentiate FGF signaling within
the myotome. In mouse, it has been shown that expression thibse domains. Finally, it remains possible that the
FGFs in the myotome is directly controlled by a myotome-upregulation of FGFR1 expression within the syndetome is
specific enhancer activated by the myogenic determinanaufficient to restrict FGF signaling to this region. Although it
factorsMyf5andMyod thus, it is only upon differentiation that is as yet uncertain which, if any, of these mechanisms for
the myofibers express FGFs (Fraidenraich et al., 2000; Grassntrolling the spatial distribution of active FGF signaling
et al., 1996). Additionally, there is evidence in both mouse anglays a role during activation dfea3 Erm and, later,Scx
chick that sonic hedgehog signaling arising from the ventrakithin the syndetome, it is clear that the domains of these three
midline is required for expression of the myotomal FGFFGF-responsive genes are dependent on more than just the
(Fraidenraich et al., 2000; Huang et al., 2003). expression patterns of ligand and receptor.

It is clear that FGF expression in the myotome is central to
the regulation of gene expression in the syndetome, and thAhterior and posterior localization of somitic tendon
the localized activity of factors acting downstream of theProgenitors and formation of the vertebral motion
activated FGFR, such @®sa3and Erm, results in restricted Segment
expression of genes such@sxwithin the syndetome, thereby The fact that the future muscle lineage signals to the future
defining the boundaries of the syndetome. We have shown thadrtilage lineage to induce the tendon progenitors at the border
despite widespread expressionFaffrl, oncePea3andErm  between the two, ensures that the developing axial tendons will
have become circumscribed to the anterior and posterior dorda¢ in position to form the attachments associated with the axial
sclerotome encompassing the syndetome, their restrictedusculoskeletal system. Motility of the vertebral column is
expression, combined with the presence of continued FG&nsured during differentiation of the somite derivatives through
signaling, restrictsScx activation to the syndetome. But the process of somite resegmentation, in which the position of
although we have identified a role fBea3and Erm acting  the future vertebrae relative to the somite boundaries shifts one
downstream of FGF signaling to produce restricted activatiohalf segment (Brand-Saberi and Christ, 2000). Chick-quail
of target genes, it must be emphasized that, in addition thimera and cell-labeling experiments have shown that a single
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somite gives rise to the anterior and posterior halves of two controls somite boundary position and regulates segmentation clock control
adjacent vertebral bodies as well as the intervertebral tissue®f spatiotemporal Hox gene activatidell 106, 219-232.
(Aoyama and Asamoto, 2000:; Bagnall et al., 1988; Huang ablaghle, M. C., Lunn, J. S., Dickinson, R. J., Munsterberg, A. E., Sanz-

. Ezquerro, J. J., Farrell, E. R., Mathers, J., Keyse, S. M., Storey, K. and
al., 2000; Huang et al., 1996)' By contrast, the myotome andTickle, C. (2003). Negative feedback regulation of FGF signaling levels by

syn_detome dc_) not un(_jergo resggmenta}tion, with the result thapyst1/MKP3 in chick embryo€urr. Biol. 13, 1009-1018.

a single somite provides the information for one segmentadimberg, N. and Neubuser, A.(2002). FGF signaling regulates expression
epaxial muscle, including its tendon attachments (Aoyama andgggbxzv Erm, Pea3, and Pax3 in the early nasal refien. Biol.247, 237-
Asamoto, 2_000; Bagna” etal., 1988; Brent etal,, 2003; Huanlgraidenraich, D., lwahori, A., Rudnicki, M. and Basilico, C. (2000).

et a'-g 2000; Huang et al., 1996). Bec'ause the connection of ON@ctivation of fgf4 gene expression in the myotomes is regulated by
epaxial segmental muscle to two adjacent vertebrae allows formyogenic bHLH factors and by sonic hedgehdgyv. Biol.225, 392-406.
free movement of the vertebral column, the somite has beémurthauer, M., Lin, W., Ang, S. L., Thisse, B. and Thisse, Q2002). Sef is
described as generating the ‘vertebral motion segment’ aafeedback-lnduced antagonist of Ras/IMAPK-mediated FGF signaliaig.

functional unit consisting of two adjacent vertebrae, th Cell Biol. 4, 170-174.
uncti uni Isting | Vi » N&rass, S., Amold, H. H. and Braun, T.(1996). Alterations in somite

intervertebral tissues, and the tendons, ligaments 3_-nd musclegatterning of Myf-5-deficient mice: a possible role for FGF-4 and FGF-6.
that act on that segment (Huang et al., 1996). But in order for Development 22, 141-150. o
the segmented epaxial muscles derived from a single somiteigcohen, N., Kramer, S., Sutherland, D., Hiromi, Y. and Krasnow, M. A.

. : 1998). sprouty encodes a novel antagonist of FGF signaling that patterns
properly attach to the resegmented vertebrae, it is crucial thal(apicall branching of the Drosophila ainwagell 92, 253-263.

the tendons develop at the anterior and posterior ends of th@mburger, V. and Hamilton, H. L. (1951). A series of normal stages in the
segmented muscle. Thus, the restriction of FBpendent development of the chick embryd. Morphol.88, 49-92.
induction ofScxto the anterior and posterior somite is essentiatuang, R., Zhi, Q., Neubuser, A., Muller, T. S., Brand-Saberi, B., Christ,

to proper development of a functional and fully motile axial B. and Wilting, J. (1996). Function of somite and somitocoele cells in the
loskeletal t formation of the vertebral motion segment in avian embrcts Anat155,
musculoskeletal system. 231-241.
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