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Carboxypeptidase Z (CPZ) modulates Wnt signaling and regulates
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Summary

Carboxypeptidase Z (CPZ) is a secreted Zn-dependent does not cause skeletal defects. The induction B&x3 a
enzyme whose biological function is largely unknown. CPZ Whnt-responsive gene in somites, and the presence of a CRD
has a bipartite structure consisting of an N-terminal prompted us to examine whether CPZ affects Wnt
cysteine-rich domain (CRD) and a C-terminal catalytic signaling. In an in vitro assay we found that CPZ, but not
domain. In the early chicken embryo CPZ is initially its inactive mutant form, enhances the Wnt-dependent
expressed throughout the somites and subsequently induction of the homeobox geneCdxl In addition,
becomes restricted to the sclerotome. To initiate a immunoprecipitation experiments suggest that the CRD of
functional analysis of CPZ, a CPZ producing retroviral CPZ acts as a binding domain for Wnt. Taken together
vector was applied to the presomitic mesoderm at the level these data provide the first evidence for CPZ playing a role
of the future wing. This resulted in a loss of the scapular in Wnt signaling.

blade and of rostral ribs. Such dysmorphogenesis is

preceded by ectopidPax3 expression in the hypaxial part

of the dermomyotome, a region from which the blade of the = key words: Carboxypeptidase z, Somite, Sclerotome, Pax3, Pax1,
scapula normally derives. A mutant CPZ, lacking a critical ~ Scapula, Rib, Wnt, Cysteine-rich-domain, CRD, AER, Paraxial head
active site glutamate, fails to inducePax3 expression and  mesoderm, Chicken

Introduction development (Reznik and Fricker, 2001). However,
Carboxypeptidase Z (CPZ) is a member of theEXperimental evidence has not yet been provided to support this
carboxypeptidase E subfamily of metallocarboxypeptidaseRroposal. _ _
(Song and Fricker, 1997). Although these Zn-dependent Somites are s_egme_ntal units of the paraxial mesoderr_n. They
enzymes have generally been implicated in intra- anéprm _by ep|thellal|zat|0n of mesenchymal cell (_:Iusters in the
extracellular processing of proteins (Skidgel, 1988) (reviewe@nterior region of the unsegmented paraxial mesoderm.
by Fricker, 1998: Reznik and Fricker, 2001) not much is knowr hereafter, epithelial somites are reg|o.nal|zed into a ventral
about the specific substrates of CPZ. Novikova and Fricke&tompartment, the sclerotome, from which the axial skeleton
(Novikova and Fricker, 1999) found that CPZ cleaves a cforms, and a dorsal compartment, the dermomyotome giving
terminal arginine present in synthetic peptide substrates withise to dermis and skeletal muscle (Keynes and Stern, 1988).
maximal catalytic activity at neutral pH (Novikova and Fricker,Somite patterning is controlled by signals from adjacent tissues
1999). This is consistent with an enzymatic function in théncluding the notochord, neural tube, surface ectoderm and
extracellular matrix. When expressed in cultured cells CPz itateral plate mesoderm (Brand-Saberi et al., 1993; Pourquie et
secreted and associates with the matrix (Novikova et al., 200®!., 1993; Fan and Tessier-Lavigne, 1994; Kuratani et al., 1994;
CPZ harbors a cysteine-rich-domain (CRD) N-terminal toSpence et al., 1996). Several members of the Wnt family are
the catalytic domain (Song and Fricker, 1997; Xin et al., 1998gxpressed in these tissues and have been shown to induce the
A CRD is characterized by a series of 10 cysteine residues agdpression of dermamyotomal genes such as the paired-box
is found in several proteins including Frizzled, Frizzled relatedranscription factoPax3(Fan et al., 1997; Cossu and Borello,
proteins, Smoothened, the receptor tyrosine kinase MuSK ad®99). Sonic hedgehog is another major axial signal that is
CPZ. In the case of Frizzled and Frizzled related proteins th@sponsible for induction and differentiation of the sclerotome
CRD has been shown to act as a ligand-binding domain f¢Marcelle et al., 1999). Signaling activity of these secreted
Wnts (Bhanot et al., 1996; Rattner et al., 1997). Wnt proteingroteins may be regulated by proteolytic processing.
are secreted molecules involved in many developmental The present study uses a combination of strategies to unravel
processes (reviewed by Cadigan and Nusse, 1997) includitige developmental function of CPZ. In situ hybridization in
patterning of somites and limb development. The presence ohick embryos revealed regionalized expression of CPZ in
a CRD has implicated CPZ in Wnt signaling duringsomites, sclerotome, paraxial head mesoderm and the apical
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ectodermal ridge. Retrovirus-mediated ectopic CPZ expressiabeneration of CPZ-expressing cell lines

in the chick was used to investigate the role of CPZ duriniEK-293 cells were transfected by lipofection (Effectene, Qiagen)
embryogenesis. Overexpression in the somites resulted using linearized pcDNA3.1/myc-HisA (Invitrogen) containing the
upregulation ofPax3 in the hypaxial dermomyotome, in a full-length coding region of the murirf@ZcDNA either in its native
downregulation oPax1in cells fated to form the scapula and form or carrying a glutamate to glutamine mutation. Cells were split
in a partial loss of the scapula and ribs. CPZ increased Wntd4 hqgrs after transfection and grown in 6-well plates under selective
mediated induction of the homeobox ge®ex1in vitro, and ~ conditions (OMEM, 10% FCS, and 1 mg/ml G418). Clones were

immunoprecipitation experiments showed that the CRD 0K‘ested for native and mutant CPZ expression by western blot analysis

- X . using mouse anti-myc antibody (Invitrogen). CPZ-containing
CPZ can bind to Wnt4. Collectively, these experiments SUgge§f<tra<:el|ular matrix (ECM) was prepared as described previously

that CPZ has a role in Wnt signaling. (Novikova et al., 2000).
. Co-culture assay for detection of Wnt activity and
Materials and methods guantitative RT-PCR
Full-length cDNA isolation and sequence comparison Analyses are based on multiple experiments using different CPZ and

CPZ=477Qcell lines. CPZ-expressing HEK-293 cells or wild type HEK-
y293 cells were seeded into 6 cm tissue culture dishes and grown for 1

: : PR S : . These cultures were always done in duplicate. To generate plates
been isolated in a screen for retinoic acid-induced genes (Swindell afi@Y . ys dot up g P
Eichele, unpublished data). Ten cDNAs were isolated, all of whictfoated with normal ECM or ECM spiked with CPZ, normal HEK-293

lacked the predicted &nd of the coding region. To isolate tHeehd, cells or CPZ-producing HEK-293 cells were detached with 1 mM
SMART 5 RACE was carried out (Clontech). The murine CPZ ORpFEDTAIN PBS. Into these conditioned plates were placed either untrans-

isol RT.PCR : ith th lificati " |{?ected HEK-293 cells or CPZ-expressing HEK-293 cells and NIH-3T3
\f/;/:gsnl]sec;]?ted ubs)i/ng ?h e star;nrrilr?]ev;/ it tpaeiram%lclgfg?A%T%?r?O b ibroblasts stably transfected with differéihtcDNAs (Kispert et al.,

-~ 1998). Equal numbers of HEK-293 and NIH-3T3 cells were used to
G%:_Eg(gé‘l;)gﬁ;ﬁ;’ 3025 \(/:vg? ﬁgg%cgggf ?CR,CA:\(C':A;/ETI)D(C::AIZ\QCSSing give a total cell number oA cells per plate. HEK-293 and NIH-3T3
the SMART RACE cDNA Amplification Kit (Clontech, USA). cells were cultured for ~4 hours after which time ES cells were seeded

GenBank accession numbers: chicken CPZ AF351205; murine CF%1 top of these cells as previously described (Lickert et al., 2000).
AF356844 ' epending on the Wnt-expressing cell line used and the passage
' number of the ES cells, the co-cultures were grown for between 6 and
Whole-mount in situ hybridization 12 hours. Thereafter, RNA was isolated with RNAzol (WAK Chemie)
Whole-mount in situ hybridization (WMISH) and subsequentand cDNA was generated using Superscript Il Reverse Transcriptase
sectioning of embryos were carried out as described previous nvitrogen).Cdxlexpression levels were detected with quantitative RT-
(Albrecht et al., 1997). The entieCPZ coding region was used as PCR as described (Fruman et al., 2002) with the housekeeping gene
template for riboprobe synthesis. In situ hybridization analysis orglongation factor 1 alph¢EF1a) to standardiz€dx1expression levels.

sections was performed as described previously (Swindell et alThe following primer pairs were usedFla-forward 3GTCC-
2001) ForPax1, Pax3 myfs myogenirﬁndMyoDfu||_|ength cDNAs CCAGGACACAGAGACTTCA3, EFla-reverse SAATTCACCAA-

A 750 bp cDNA fragment corresponding to chick&ffZwas used to
screen a chick cDNA library. This 750 bp fragment had originall

were used as temp|ates for riboprobe production_ CACCAGCAGCAAS, CdxZforward BTACAGCCGGTACATCAC-
o ) TAT CCG3, CdxZkreverse LTGTTTCTTCTTGTTTAC-
Site directed CPZ mutagenesis TTTGCGC3. Co-cultures ofacZ-NIH-3T3, untransfected HEK-293

A single nucleotide change (G1405 to C1405) was inserted into cCPzells and ES cells display basal level€dklexpression (Lickert et al.,
using the QuikChange site directed mutagenesis protocd@000). Hence the increase Gidx1 expression in the presence of
(Stratagene). Primers: 'GCTTTGAAGTTACTGTCCAGGTAG- inducers (Wnts, CPZ) was calculated as the ratio of expression in the
GATGTG3, 5CACATCCTACCTGCACAGTAACTTCAAAGCSI. presence of inducers and basal level of expression resulting in a ‘fold-
This mutagenesis resulted in a single amino acid change (Glu469 itwduction’. The co-culture experiment were repeated multiple times and
GIn469). The corresponding mutation was also inserted into thdata shown in Fig. 6B are typical.

murineCPZwith the following primers: BCTTTGAGATCACCGT- ) o

GCAACTGGGCTGTGTGAAGTTC3 5GAACTTCACACAGC- Co-immunoprecipitation

CCAGITG CACGGTGATCTCAAAGCS. 2.4x10° HEK-293 cells were plated on 10 cm dishes. 24 hours later
This nucleotide mutation resulted in the single amino acid changthey were transfected withpdy of a plasmid mixture using Effectene
Glu4d77 to GIn477. in a standard reaction set-up. This mixture containedpd.sbf

. . pcDNA3.1-Wnt4-HA (Lescher et al., 1998) and ju of either the

Viral overexpression _ positive control pcDNA3.1-sFRP2-myc (Lescher et al., 1998) or one
Full-length chickerCPZand mutant chickeBPZ(cCPZ4%%9 were  of the CPZ constructs. 48 hours after transfection, cells were washed
cloned into the RCAS'BPA vector. The VlrUS.WaS produced an(.ﬂwice with PBS at 37°C and harvested in $50f |ysis buffer. After
concentrated as described by Logan and Tabin (Logan and Tabigell lysis the cotransfected proteins were precipitated with a
1998). The virus was injected into the segmental plate of HH stag@onoclonal mouse anti-HA antibody (Babco) and protein-G agarose
10 embryos at the level of the presumptive wings (Chaube, 1959Roche) using standard protocols. The coprecipitated proteins were

Injection of the virus to other sites had no effects. Embryos wergetected with a monoclonal mouse anti-myc antibody (Invitrogen).
then collected for WMISH or Alcian Blue staining at the times

noted.
Results

Skeletal preparations . . .
Day-10 chick embryos were collected and fixed in 5% TCA. Embryos?Ionlng of the chicken ortholog of mammalian chz

were then stained with 0.1% Alcian Blue, unspecifically bound dyd® 790 bp chicken cDNA fragment with homology to human
was washed off with 1% HCI/70% ethanol, followed by dehydrationand ratCPZwas used to screen a Hamburger Hamilton (HH)
in 100% ethanol and clearing in methyl salicylate in order to visualizétage 14-17 chick cDNA library (Hamburger and Hamilton,
the skeleton. 1951). Ten putative chickg®PZcDNAs (cCP2 were isolated,
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but all lacked the '5end of the protein coding region. The emanating from the notochord or neural tube but by factors

missing 5 end of thecCPZ cDNA was obtained using d 5

intrinsic to the somitic mesoderm and/or derived from the

RACE-PCR procedure. The assembled cDNA encodes surface ectoderm.
protein with 77% sequence similarity (identity 64%) to human

and ratCPZ (Fig. 1). Similar to its putative mammalian Ectopic expression of CPZ induces

Pax3 in the

orthologs, cCPZ harbors an N-terminal signal peptide, &ypaxial dermomyotome and evokes

cysteine-rich-domain (CRD) and a carboxypeptidase domaiflysmorphogenesis of scapula and ribs

(Fig. 1). The CRD and carboxypeptidase domain of cCPZhe expression ofCPZin somites suggests a role for this
show similarities of 84% and 86% (identity: 69% and 73%)enzyme in the development of the axial skeleton. In order to
respectively, with the human ortholog. Like the rat and humatest this we reasoned that ectopic expression of CPZ in the
CPZs, the CRD of the chicken enzyme contains 10 conservethick embryo might specifically affect the development of
cysteine residues. Amino acid residues important for substrateese structures. RCAS virus containing t6€PZ open
binding and catalytic activity (His245, Glu248, Arg320, reading frame was injected into the segmental plate of HH

His377, Glu469) are also fully conserved. Amino

acid sequence conservation to CRD domair
other proteins amounts to 25% and 3
supporting the notion that the isolated cD
represents the chicken ortholog of mammz
CPZ.

cCPZ is expressed in somites, paraxial
head mesoderm and the apical
ectodermal ridge

In situ hybridization analysis was used
determine the expression pattern GRZ during
early developmental stages of the chick (Fig
WeakcCPZexpression was first observed at
stage 7 in the developing somites (not showr
subsequent stages, when progressively
somites form and differentiateCPZexpressiol
is maintained in these structures (Fig. 2.
D,FH). Transverse sections demonstrate
presence ofcCPZ transcripts throughout tl
entire epithelial somite (Fig. 2D,H). As somi
differentiate into sclerotome and dermomyotc
cCPZ expression becomes restricted to
sclerotome (Fig. 2F).cCPZ transcripts ar
present throughout the sclerotome unlike,
example, Paxl that is expressed in t
ventromedial portion of the sclerotome (Mu
et al., 1996). By HH stage 22, when sor
formation ceases, all sclerotomes expi&SBZ
With condensation of the sclerotomes (
expression is lost in a rostral to cat
progression (not shown). AdditionallgCPZ is
expressed in the unsegmented paraxial
mesoderm surrounding the notochord (Fig.
cCPZwas also detected in the apical ectode
ridge (AER, Fig. 2C,G), a transient signal
tissue mediating limb outgrowth.

It has been shown for several genes inclu
Pax1 that sclerotomal expression depends
signals released by the notochord and/or ni
tube (Fan and Tessier-Lavigne, 1994; Marcel
al., 1999); this is, however, not the casecfoPZ
When presomitic mesoderm not expressiG§Z
was separated from axial structures and
operated embryos were harvested 14 h late
somites, even those deprived of axial signe
still expressedCPZ (Fig. 2I). We conclude th
cCPZ expression is not regulated by sigr
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1 MVPSLLLLLTGLFRATEPAPRCETGQETLG------ QCQTAQKAK CVDISLSSCTDVTYT
1.P.PP..LTVLVVAAAR.G.. FER-------------- NPA.T..LQ.RT.S.AAN
1 .PTTP...AALAAL.ALAVAAYSSCSPGPDPSGKCQRLASTHS.T...LH.RT.A.AA.N

CRD
55 QTMYPNFLDQKSREVIEYSSEYILISVLHNLLQGECNPDLRLLE&ESVLAP@EKDKVIKP
47 H.TF.L.QHRW.V.A....L...Q..E.Q........A...R.GGW.RR.
61 H.SF.TP.EHR.W.AV.AP.T.LG..F..E.Q............... R.QGGHTQR.

115 CRH\CENLKKNCLSAFDAIDMAWPYFLIDRFFAGEEEGFDPLAKLRGEVAVEEDLPSD

107 ..l .G.REV.QP....c.......... HY.TR.D...Y...E...GLEAD.A...G
121 .R..G.REA.QP............... TQY..P....Y..EQ...LD...A..G
(T

175 FPATFIQFKHHSYSQMVSTLKKTASRCSHIATTYSIGRSFEGKDLFVIEFSTKPGHHELL
167 L.P..R.S...A.RV.RR....AV.R.......D.RE.L....SR..Q..M
181 L.P...RA...A..RV.R.A.QVK............ V....SR..Q..M

U]
235 KPEFKYIGNM HGNEVVGKELLYTLRSICVQKYLLGNPRIQTLINNTRIHLLPSLNPDGYE
227 E.V.L..1...ARM.IY.AQYLCSE......... R.LT...... L.
241 E.V.L..1....AR.LIY.AQYLCSE......... R.LT...... M......

[T
295 RAAEEGAGYNGWVIGRQTAQNLDBNFPDLTSEAYRRAGIRGARLDHIPIPQSYWWGKV
287 V..A........ TSN Y.LET...S....... H......
301 V.A...... TS..Neiiiis Y.LST.V.T...S.Y......

(I carboxypeptidase domain [T
355 APETKAVMKWMRSIPFVLSASIHGGELVVTYPYDYSRHPMEEKEFSPTPDEKMFKMLAKA
347 ... 1 QT D..S.F.FK.Q..M....... L.SR
361 ...... 1...IQT............D..S.F.F.K.H..M..........L.R.

T I m
415 YADAHPVISDRSEHRCGGNFVKRGGIINGAESFTGGMADFNYLHTNCFE\ENGCEK
407 ..V.MMM....N...... L..S...D....... Soiins l...L..V.
421 ..VV.MMM....N...... L...S...D..... S l..L.V.

[T

475 FPLEEELFTIWHENRDALLNYMEMVHRGIKGIVSDKFGNPIKNARISVRGIQHDITTAAD
467 .P..AY.L.QH.KES...FV.T.....V.T...KV.....K.R.....P.
481 ..P..AYGL.QH.KEP...FL.......V.T..Y.K.V....LK.R..V...P.

[T
535 GDYWRLLPPGTYIVTAQAMGYTKVMKRVTLPIKMKRAGRVDFVLRPIEIWPNKLLRRPME
527 oo IH.IL..P.A.LKILAR......... 1.Q.LGMG.KNFIHGLRR
541 ......... SH..I..P..S.....L.LLR......... 1.Q.LGTG.KNF.PG.SR

595 DMYDQYDPLELFDPHAQHAQARGGS---QQVREKPWWWSYFSSLDLHKPLWLLKQH
587 TGPHDPLGGASSLGE.TEPDPLRARRQPSADGS........ T.ST.R.R...Y-
601 ALPRSL..QGAPAQLDFEPPRARRQ---PASGS.....A.T..SP...R....Y-

Fig. 1. Comparison of the predicted amino acid sequence of chicken CPZ with its
putative human and rat orthologs. A dashed line marks the cysteine-rich-domain
(CRD) in which bold and underlined residues indicate conserved cysteines, and a
solid line indicates the carboxypeptidase domain. Catalytic important residues in
this domain are marked in bold and underlined. An arrow indicaté§%Giue

residue required for catalytic activity of cCCPZ.
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stage 10 chick embryos in the presumptive wing region(Fig. 3D,F; 16 out of 31 injected embryos). Of note,
Embryos were harvested 48-60 hours after injection. In mosiverexpression afCPZin dermomyotome did not alter either
cases they showed a high levelc@fPZexpression across 2-4 the normal expression dfaxlin the sclerotome or, at this
somites and in the lateral plate at the level of the wing bud (Figtage, inducePaxl1 in the dermomyotomen£10, data not
3A). Expression oECPZwas not seen in the somites on theshown).
non-injected side of the embryo (Fig. 3B,C). Transverse Metallocarboxypeptidases are characterized by a conserved
sections through whole mounts showed that virally mediatedlutamic acid residue that is required for enzymatic activity.
cCPZ expression occurred in epaxial, central and hypaxiabubstitution of this Glu residue with a GIn abolishes the
dermomyotome but not in the sclerotome (Fig. 3C). Suclactivity of CPE, but does not affect the binding of synthetic
targeted expression to dermomyotome by RCAS virus injectepeptide substrates (Qian et al., 1999). If cCPZ functions as an
into the segmental plate has also been reportedsdaoic  enzyme, one would expect that loss of its catalytic activity
hedgehog(Johnson et al., 1994). The ectopic expression ofhould manifest itself by an inability to inducBax3
cCPZin the dermomyotome prompted us to search for changespression. We therefore mutated the corresponding residue
of expression of dermamyotomal marker genes. Expression &lu*6?of cCPZ to a GIn, and produced an RCAS virus capable
myoD myf5or myogenirwas not changeah€10 for each gene, of expressing this mutant form GPZ Virus overexpressing
data not shown), but the expressionRaix3 was markedly CPZE469Q was injected in the same site as the nor@BEZ
affected. At the wing leveRax3is normally expressed in the virus. 48-60 hours after injection, we observed levels of mutant
epaxial portion of the dermomyotome (Fig. 3F).CPZ expression similar to those described for the wild-type
Overexpression ofCPZ in the dermomyotome resulted in virus (not shown). However, we did not detect ectopic
ectopic expression dPax3in the hypaxial dermomyotome expression oPax3in hypaxial dermomyotome€15, data not
shown).

The appearance 88x3mRNA in
the hypaxial dermomyotome may
reflect the possibility that ectopic
CPZ evokes a change in the fate of
hypaxial mesodermal cells. In turn,
this may affect the development of
the scapula blade known to derive
from this tissue (Huang et al., 2000).

A B

fh-
’-.—.

|

'; E In the chicken, the scapula consists
i of a head (acromium) and a blade
that are connected by the ‘neck’ of
the scapula (Baumel and Witmer,
1993; Ede, 1964). WhertCPZ
injected embryos were examined at
. | . day 10, 55% (12 out of 22 injected
e “ i _AER embryos) showed a truncation of the
L AER « i scapular blade (Fig. 4A,B). We also
* noticed that ectopic expression of
Hit H - cCPZ causes truncation or loss of
o [ -S""”’/'np ' D rostralmost ribs (10 out of 22
e gen—SO zI’ ®  injected embryos; Fig. 4AD).
HH8 HH14 HH18 A e HH20 Injection of a retrovirus encoding
- |.. ' ' alkaline phosphatase as a control
Fig. 2. Expression pattern @iCPZ (A) A HH stage 9 embry@CPZ nt had no effect on m_orphogene5|s of
transcripts are detectable in all 9 pairs of somites. (B) A HH stage 14 embry so the scapula or ribs n(:22,_ hot
shows expression @CPZin all 22 somites. Highest expression is seen in shown). When embryos injected
somite stage V to X [see Gossler and Hrabe de Angelis (Gossler and Hrabe with CPZ469Q were allowed to
de Angelis, 1998)] (the first somite is indicated). (C) HH stage 18 embryo develop to day 10, we observed a
showingCPZexpression in somites and apical ectodermal ridge. (D) A much lower frequency and severity
transverse section through a HH stage 8 embryo at the level of the second pair of skeletal malformations (3 out of

of somitescCPZis expressed throughout the entire epithelial somite. (E) A transverse section 22 injected embryos). One embryo
through the head of a HH stage 15 embryo at the level of the otic plaGfigis expressed in had a partial loss of the distalmost
paraxial head mesoderm that surrounds the notochord. (F) Section through a HH stage 15 emBa® 8t the blade of the scapula and
the interlimb level. NoteCPZexpression is restricted to the sclerotome. (G) Section through a | e other two embryos exhibited a
bud of a HH stage 20 embryaCPZis strongly expressed in the AER. (H) Transverse section light tward  bendi f th
through a HH stage 20 embryo at the tailbud level. The entire epithelial somite exp@Rges Slig outwar ending o €
(I) cCPZis not regulated by signals from the neural tube and/or notochord, because this gene Rcapula (not shown). -

expressed in somites derived from segmental plate that had been separated from midline structufdsHH stage 26Pax1is expressed
by HH stage 10. AER, apical ectodermal ridge; dm, dermomyotome; mc, myelencephalon; nc,in @ stripe of mesenchymal cells
notochord; np, neural plate; nt, neural tube; op, otic placode; rda, right dorsal aorta; sc, sclerott@gated lateral to somites 17-20.
S0, somite. These Paxlpositive cells derive
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trol sid injected sid . . . .
CoNi Sige et Bee Fig. 3.Overexpression of CPZ in somites

inducesPax3 (A) Whole-mount in situ
hybridization with a&cCPZprobe reveals

strong ectopicCPZexpression in somites 16-
19 on the injected side of the embryo.

(B) Absence of ectopic expressionaPZon

the uninjected side of the same embryo.

(C) Transverse section at level of red line in A.
Overexpression (blue) afCPZis restricted to
the dermomyotome. (D) Ectopic expression of
Pax3in the hypaxial dermomyotome (arrow).
(E) On the uninjected side of the same embryo
as in D no ectopiPax3expression is seen.

(F) Transverse section at level of red line in D.
Note ectopidP?ax3expression in hypaxial
dermomyotome (arrow); also note native
epaxial Pax3 expression which is not altered
by cCPZoverexpression (arrowhead).
Embryos are at HH stage 21 at which time the
endogenous expressionaPZhas already
declined at the axial levels depicted. Brackets
in C and F delineate the subdivisions of the
dermomyotome. cdm, central dermomyotome;
edm, epaxial dermomyotome; hdm, hypaxial
dermomyotome; Ipm, lateral plate mesoderm;
nt, neural tube; dm, dermomyotome; sc,
sclerotome; so, somite.

from hypaxial dermomyotome and are thought to give rise t&DTA in PBS leaving ECM on the plates. This created two
the blade of the scapula (Huang et al., 2000). Becaw€eH#  types of conditioned plates, one containing ECM with attached
treated embryos the hypaxial dermomyotome expreRae3 CPZ (Fig. 5A), and a second type with unmodified ECM. The
and the blade of the scapula is missing, one would predict thdrmer plates were seeded with Wnt4-expressing NIH-3T3
the Paxl-positive stripe may also be affected. Indeed, we notedells, CPZ HEK-293 cells and ES cells, while the latter plates
absence of the stripe &fax1 expression in 50% of injected were seeded with Wnt4-expressing NIH-3T3 cells, HEK-293
embryos (=12) (Fig. 4C,D), a frequency similar to that seencells and ES cells. After 8 hours of co-cult@ex1induction

for skeletal defects. was quantified by quantitatve PCR. We found tQaix1
. ) induction was increased by as much as 50 percent in the
CPZ promotes Wnt4 based gene induction presence of CPZ-containing ECM and CPZ producing HEK-

The above experiments demonstrate striking effects of ectop#93 cells (Fig. 5B, compare bars 4 and 5). We also seeded CPZ
CPZ expression on Pax3 expression in hypaxial HEK-293 conditioned plates with Wnt-4 producing NIH-3T3
dermomyotome.Pax3 had previously been shown to be cells and ES cells. This still resulted @ux21induction (Fig.
regulated by Wnt signals (Fan et al., 1997). This finding an8B, bars 4 and 7). These results indicate that CPZ protein
the presence of a CRD in CPZ, which in other proteins wagresent in the extracellular matrix is sufficient to enhance Wnt4
shown to bind Wnt ligands (see Introduction), prompted us tsignaling. Cells expressing CPZ bearing an active site
hypothesize that CPZ plays a role in Wnt signaling. To asseggutamate to glutamine substitution did not potenti@tx1
whether CPZ can influence Wnt signaling, we adapted mduction (Fig. 5B, bars 4 and 6) suggested that the catalytic
paracrine in vitro Wnt assay (Lickert et al., 2000). In this assagctivity of CPZ is required for this effedfdx1induction in
transfected Wnt secreting NIH-3T3 feeder cells wereES cells strictly depends on Wnt4. Nemx1 induction was
cocultured with murine ES cells. Wnts secreted by the feed@bserved in ES cells cocultured with CPZ HEK-293 cells and
cells induce the homeobox ge@exl1in ES cells. In order to NIH-3T3 cells containinglacZ instead ofWnt4 (Fig. 5B,
test whether CPZ modulates Wnt signaling we added HEK-298mpare bars 1 and 2). Similarly, ECM generated by CPZ
cells stably expressing murine CPZ to the culture and measuretEK-293 cells did not induc€dx1in this system (Fig. 5B,
Cdx1 induction. All CPZ HEK-293 cell lines generated compare bars 1 and 3). Wntl and Wnt3a were also tested in
exhibited similar levels of CPZ protein expression (see Fig. 5Ahis assay buCdxlinduction was not potentiated by CPZ (data
for five representative cell lines). Immunolocalization studiesiot shown).
of CPZ-producing HEK-293 cells showed that CPZ localizes ) o o )
to the endoplasmic reticulum (not shown). Cell extractior°PZ binds to Wnt4 via its cysteine-rich domain
further demonstrated that CPZ is present in the extracelluld@ihe potentiation of Wnt4 signaling by CPZ raised the question
matrix (Fig. 5A). of whether CPZ can directly bind to Wnt4 and if so, which part
Next, CPZ HEK-293 or control HEK-293 cells were grown of the protein may mediate this interaction. To answer this
in culture dishes for a day. Cells were washed off with 1 mMyjuestions we performed co-immunoprecipitation experiments
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Fig. 4. Overexpression of CPZ in somites leads to scapular and rib
defects on the injected side of the embryo. (A) Dorsal view of a 10- NIH3TS
day old embryo injected with RCAS=PZstained and cleared for feeder cells LacZ LacZ LacZ Wntd Wntd Wntd Wntd
visualizing skeletal structures. The scapula blade and the first three

. . . : HEK-293 cells — cpPZ — —-— CPZ CPZM™%  wem

ribs of the embryo are severely truncated on the injected right side.

(B) Line drawing of the skeletal preparation in A. (C) Injected side ECM == CPZ CPZ == CPZ CPZ¥™ CPZ

of a 5.5-day old embry®axlexpression is absent in a region that

normally contains the developing scapula (dashed outline). Fig. 5. CPZexpressing cells promo@dxlinduction by Wnt4.

(D) Untreated control side of the same embryo shoRexa- (A) Cell lysates of five representative stably transfected HEK-293
expressing stripe of mesenchymal cells (arrow) that will give rise to cell clones express similar amounts of CPZ protein of the appropriate
the blade of the scapula. sb, scapula blade; sh, scapula head size (~75 kDa). The protein is found in extracts of the ECM.
(acromium); r1, 2, 3, first, second and third rib; vc, vertebral (B) Induction ofCdx1in ES cell co-cultured with different mixtures
column. of Wnt4- and CPZ-producing cells (for experimental details see

Materials and methods and Results). The matrix below the diagram

indicates the components present in the cocultures. ECM deposited
from cells co-expressing HA-tagged Wi4(Lescher et al., on the culture dish was generated by untransfected HEK-293 () or
1998) and myc-tagged CPZ (Fig. 6A, CPY. pcDNA3.1 by cells expressing wild type (CPZ) or mutant (€29 protein.
expression vectors containing the appropriate ORFs wef@Ubsequent co-culture used NIH-3T3 cells that produced @ithak
cotransfected into HEK-293 cells and complexes werdlacZ) (negative control) or Wnt4 together with HEK-293 cells

.. . . . .. . i ild- 7 i
precipitated using anti-HA antibody. Precipitated proteins werd atr:zfnesifgé’é'tné"lgszgyspiélﬁp(fg’ E‘#ﬁr‘;;ﬁzp?egzﬁ E{Q;Z'Qrgr
separated by PAGE, western blotted and an antibody dlrect(%viation,P values smaller than 0.05 (bars 4 and 7) are indicated by

against the myc-epitope was used to detect CPZ. AnaIyseS e asteriskp values smaller than 0.01 by two asterisks (bars 4 and
cell lysates demonstrated that CPZof the correct size was 5 (students-test).

expressed (Fig. 6B, lane 2). Importantly, analysis of the co-

precipitate demonstrated the presence of a"GP&E/Nt4HA

complex (Fig. 6C, lane 2). A myc-tagged sFRP-2 (Fig. 6A)

served as a positive control [specific binding of sFRP-2 té and 5). In contrast, Writ4 co-precipitated with a CPZ
Wnt4 had been described previously (Lescher et al., 1998)]. Aacking the carboxypeptidase domain (¢PZ2/My9 (see Fig.
shown in Fig. 6B,C sFRP-2 was produced (lane 1) and c®B,C, lanes 6). None of the co-immunoprecipitated proteins
precipitated with Wnt4 (lanel). CP¥/E477Q pearing the was unspecifically bound to Protein-G agarose or was
above described inactivating point mutation, co-precipitatedinspecifically precipitated by the anti-HA antibody alone (data
with Wnt41A suggesting that the catalytic activity of CPZ is not shown).

not required for Wnt4 binding (Fig. 6B,C, lanes 3). However, Taken together these data suggest that Wnt4 and CPZ can
the CRD of CPZ is required for the interaction with Wnt4. Ininteract, that this interaction is mediated by the CRD of CPZ
the absence of this domain, as in the construct®@&®myc  and that catalytic activity is not required for binding per se
(Fig. 6A) and CPZCRDmyc/E477Q CPZ could not be co- (although such activity is obviously required for CPZ function,
precipitated with WntdA (Fig. 6C, lanes 4 and 5) although see above). Since co-precipitation experiments were performed
both mutant proteins were present in the lysate (Fig. 6B, lanésm cell lysates we cannot rule out the possibility that CPZ-
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SP CRD cP myc
CpzZ™e (~75kpa) || ] Fig. 6. Evidence for binding of Wnt4 to the CRD of
CPZ. (A) Schematic illustration of the constructs
tested in co-immunoprecipitation assays. The
. op domains of the proteins are indicated (for
F myc abbreviations see below). The CPZ constructs bearin
Cpz:cRomye  (~61kDa) ||| 1 the point mutation of Gl‘l%7to GIr#77 (CPZMYc/EATTQ d
and CP2CRD/Imyc/E477q gre not depicted.
(B) Western blots of lysates of cells co-transfected
SP_CRD myc with Wnt4HA and the constructs depicted in A
cpz:cPimye  (~21kpa) | [ detected with an anti-myc antibody. All proteins were
expressed and had the expected molecular mass (see
A). (C) A western blot of proteins of the lysates in B
SP CRD NI myc after co-precipitation with Wnt#, detected with an
sFRP-2™° (-3s5xpa) |/ | anti-myc antibody. SFRP2¢ (positive control),
CPZMyc, CPZWC/EATIQand CPACP/mycco-
precipitated with Wnt4A. In contrast, the CRD
deletion mutants, CPZRD/mycang
CPZACRDImyc/E477Q did not bind to Wnt4A. Note
B C that the two bands at 25 kDa and 50 kDa
in C are the immunoglobulin heavy and
© e light chain of the primary antibody, which
& & f‘& P & j‘«" p - are also detected by the secondary
4 4 > a4 antibody which is derived from the same
& species as the primary antibody. Since the
175 kD sizes of these bands differ from those of
— e . B - the tested proteins, they do not interfere
48 kD === SIS a-ae-wme 19Gy with detection of these proteins, but serve
33KD mmm = as a loading control. CP, carboxypeptidase
25D o cwm meg 190G domain; CRD, cysteine-rich-domain; Ni,
17 KD == netrin-like domain; SP, signal peptide.

175 kD
83 kD
62 kD
48 kD

33 kD
25 kD

17 kD

Wnt4 complexes contain additional factors mediating CPZCPZ and Wnt signaling

Wnt4 binding. It has recently been suggested that CPZ processes Wnt signals
(see Reznik and Fricker, 2001). This view is based on the fact

. . that CPZ harbors a CRD domain. Such a domain is found in
Discussion several other proteins (including Frizzled and sFRPs) known
We report a series of experimental studies that investigated th@directly interact with Wnts. The present study provides three
developmental and biochemical function of carboxypeptidasknes of experimental evidence for a distinct role of CPZ in Wnt
Z (CPZ). We show thatCPZ expression is restricted to signaling. First, it is shown that CPZ potentiates the activation
epithelial somites, sclerotome, paraxial head mesoderm and thea Wnt reporter gen&€dxJ, in an in vitro assay. In addition,
AER of the limb bud. Ectopic expression o€PZ in the ectopic expression of CPZ in dermomyotome indiRa®s3 a
dermomyotome at the wing level has dramatic effects on thé/nt response gene (Fan et al., 1997; Lee et al., 2000). Finally,
expression ofPaxl and Pax3 and on the morphogenesis of evidence is provided that CPZ binds to Wnt4 and that this
scapula and rostral ribs. interaction occurs through the CRD of CPZ.

It has previously been shown that hypaxial dermomyotome- In the following section, we discuss mechanisms by which
derived PaxZ-expressing cells give rise to the scapular bladé&CPZ could participate in Wnt signaling. Wnt molecules are
(Huang et al., 2000). In embryos expressag@PZ in the locally released from cells, diffuse into the extracellular space,
dermomyotome, ectopidax3 expression was induced in bind to Frizzled transmembrane receptors and throu@h a
presumptive scapula cells of the hypaxial dermomyotomegatenin or a ‘non-canonical’ pathway regulate gene expression
concomitant with a loss ¢faxlexpression in the descendants (for reviews, see Wodarz and Nusse, 1998; Borycki and
of these cells. These changes in the gene expression progr&merson, 2000). In the extracellular space, Wnts also bind to
are likely to underlie the severe dysmorphogenesis of the bladeluble Frizzled related proteins (sFRPs) that sequester Wnt
of the scapula and of the distal portion of the riBax3 from binding to their cognate receptors (for reviews, see
expression in paraxial mesoderm is known to be regulated Biodarz and Nusse, 1998; Bejsovec, 2000; Pandur et al., 2002;
Whnt signals (Fan et al., 1997). Such a Wnt signal may bkee et al., 2000). Where in this complex inter- and intracellular
affected by ectopically expressed cCPZ. Support for thisignaling process could CPZ play a role? Three obvious, not
possibility comes from our observations that CPZ enhancesecessarily mutually exclusive mechanisms of action can be
Wnt4 signaling and that it binds to Wnt4 via its cysteine-richenvisaged. (1) CPZ could degrade components of the
domain (CRD). Except for binding to Wnt4, all effects extracellular matrix, thereby enhancing the availability of Wnt
described in this study require CPZ to be catalytically activemolecules [for an example, see Dhoot et al., 2001)]. (2) CPZ
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could proteolytically process sFRPs and thereby affect theor complete loss of the rostralmost ribs. Ribs are thought to
affinity for Wnts. A precedent for such a mechanism iseither exclusively derive from the sclerotome (Huang et al.,
provided by the BMPs that bind to chordin which is2000b; Evans, 2003) or from sclerotome and dermomyotome
proteolytically cleaved by the protease BMP-1/tolloid,(Kato and Aoyama, 1998). Sclerotome normally expresses
allowing BMPs to bind to their cognate receptor (for review,CPZand it is thus unlikely that ectop{ePZ per se causes the
see Nakayama et al., 2000). (3) Wnts and CPZ could directlybserved rib defects. Since ectopic CPZ is expressed in
interact. Our experiments provide evidence for the lattedermomyotome, one possibility is that this leads to an
mechanism, as we show that Wnt4 and CPZ can be cexcessive or ‘ectopic’ activation of Wnt signaling. In turn, this
precipitated from mammalian cell extracts. Of course, wenay influence the differentiation of the lateral part of the
cannot rule out that other components are required for a Wnt4elerotome, resulting in partial or complete absence of ribs. If
CPZ-interaction to occur. A direct in vitro binding study couldone assumes that part of the ribs derive from the
address this issue, but in vitro production or purification of Wntdermomyotome (Kato and Aoyama, 1998), the rib defects can
proteins has remained elusive. Binding of Wnt4 to CPZ mape readily explained along the lines discussed for the blade of
result in quenching of Wnt signaling. We deem this less likelythe scapula. Ectopi€PZ may upregulatdPax3 and thereby
because CPZ does not abolish, but enhances Wnt4 signalingabolish rib chondrogenesis.

our in vitro assay. An additional argument against a quenchi . .
mechanism arises from our observation, that enzymatica@unCtlon of native CPZ . _

inactive CPZ fails in our functional studies. Quenching wouldSo far the developmental function of CPZ has been discussed
not depend on such a catalytic activity. Hence we favor & the context of overexpression in the dermomyotome.
mechanism in which binding of Wnt4 to CPZ represents a firdlowever, CPZ transcripts are normally expressed in the
step followed by proteolytic processing of the Wnt4 ligand €pithelial somites and in the sclerotome. Because CPZ protein
Song and Fricker (Song and Fricker, 1997) have shown thi secreted, it may also act in tissues adjacent to the sclerotome.
CPZ effectively hydrolyses peptides carrying a C-terminaln fact, our in vitro studies find CPZ in the extracellular matrix
arginine. Intriguingly, among the three Wnt molecules teste@f CPZ-producing HEK-293 cells. Since Wnt molecules are
in our in vitro assay (Wntl, Wnt3a and Wnt4) only Wnt4 hasdlso secreted factors acting over a certain distance (Fan et al.,
a C-terminal arginine and only the combination of Wnt4 and997) CPZ could encounter Wnts that are released from
CPZ potentiate€dx1 induction. Wnt8C from chicken is the surrounding tissues, e.g. the surface ectoderm (see below) or it
only other Wnt carrying a C-terminal arginine residue Humecould interact with Wnt molecules that are directly expressed

and Dood, 1993). in the somites, such &¥ntSaandWntl1(Cauthen et al., 2001).

If one assumes that CPZ functions in tissue adjacent to the
Ectopic CPZ expression and the formation of the sclerotome, such as in the dermomyotome or mesenchymal
blade of the scapula and of ribs cells in this region, CPZ could interact with a number of Wnt

Most of the dermomyotome should give rise to muscles Witlf]T\O'QCU'GS.\NntA-iS expressed in the dorsal neural tube of the
exception of the hypaxial dermomyotome at somite levels 1mouse and chicken embryo as well as the surface ectoderm of
to 24 from which the blade of the scapula arises (Huang et afhie mouse embryo (Parr et al., 1993; Cauthen et al., 2001). In
2000). It has been proposed that downregulatiorPaf3  addition toWnt4 several other Wnts are expressed in, and
expression in the hypaxial dermomyotome prevents this tissutence released by, the surface ectoderm, the dorsal neural tube
from committing to a myogenic fate (Huang et al., 2000)[e.9. Wnt6 andWnt73 (see Parr et al., 1993; Cauthen et al.,
Instead, signals from ectoderm would trigger a chondrogeni¢001; Tajbakhsh et al., 1998)], and in the dermomyotome [e.g.
fate in the hypaxial dermomyotome, as shown by the findinyVntl1(see Tanda, 1995; Marcelle et al., 1997)].

that cells descending from this region switchRarx1 (Huang A future challenge remains: the identification of endogenous
et al., 2000). In embryos expressi@PZ throughout the substrates of CPZ. Although our data suggest that Wnt4 may
dermomyotomePax3is induced in the hypaxial portion of the represent such a substrate, definitive biochemical proof is still
dermomyotome suggesting that these cells do not acquirelacking. In addition, the relevance of proteolytic processing for
chondrogenic fate. It has been shown that Wnt molecule§inding of Wnts to their cognate receptors remains to be
including Wnt4, induce Pax3 in the presomitic mesoderm (Fafxplored.

etal., 1997; Lee et al., 2000). Ectopic expression of CPZ in the _ )

dermomyotome may thus lead to greater activation of a Wnt This work was supported by the Max Planck Society, the SFB 271
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ectoderm.  This SUbsequently _Causes a change in ﬂp(%mler and H. Lickert for advice in the Cdx1 in vitro induction assay,
developmental fate of this tissue and thus preventgng 1o H. Oster for critically reading this manuscript. A. Vortkamp
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cells originating from the hypaxial dermomyotome and fated
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