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The mammary tumor-associated proto-oncogene Wnt-l/int-l encodes a secreted protein implicated in the 
regulation of neural development in vertebrates and segmental pattern in Drosophila. Using a PCR-based 
strategy, we isolated cDNAs encoding six novel, related proteins that are expressed in fetal mice. Predicted 
proteins are of similar molecular masses (38-42 kD) and share between 50% and 85% of amino acids. All 
contain a putative hydrophobic signal sequence, and comparative analysis reveals 83 absolutely conserved 
amino acid residues, including 21 cysteines. Transcripts were detected throughout fetal development by 
Northern blot analysis. Detailed examination of the expression of two of these genes by in situ hybridization 
revealed complex temporal and spatial patterns of transcription. All new Wnt family members are expressed in 
adult tissues, particularly in brain and lung. These data support the view that the Wnt-l/int-l family 
constitutes a large family of signaling peptides with diverse roles in mouse development. 
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For orderly development of the mammalian embryo, sig-
naling betv^een cells plays an important part in the regu-
lation of patterning, growth, morphogenesis, and differ-
entiation. It is tempting to speculate, by analogy with 
other vertebrate organisms, that peptide growth factor-
like molecules will play an important part in mediating 
such interactions (Smith 1989; Ruiz i Altaba and Melton 
1990). Many growth factors and their receptors are de-
velopmentally regulated and spatially localized within 
the conceptus (for review, see Mercola and Stiles 1988). 
However, the exact developmental roles of these mole-
cules have yet to be determined. The diverse nature of 
the many different interactions that are occurring pre-
sumably requires a diverse array of signaling molecules. 
We have focused our attention on one of these, the int-l 

gene, which is likely to play an important role in regula-
tion of the development of vertebrate and invertebrate 
species. In line with others (Roelink et al. 1990), we have 
adopted a new nomenclature in which int-l is now re-
ferred to as Wnt-l. Other family members also receive 
the designation Wnt to indicate their relationship to 
Wnt-l. 

Wnt-l was originally isolated from mouse mammary 
tumor virus (MMTV)-induced mammary tumors that 
arose following insertional activation of the Wnt-l gene 
(Niisse and Varmus 1982; Niisse et al. 1984; van Ooyen 
and Nusse 1984). Analysis of the predicted open reading 
frame indicated that the 41-kD Wnt-l protein contained 
a hydrophobic leader sequence and was probably se-

creted (van Ooyen and Nusse 1984; Fung et al. 1985). A 
variety of studies have now demonstrated clearly that 
Wnt-l protein enters the secretory pathway (Brown et al. 
1987; Papkoff et al. 1987; McMahon and Moon 1989a), is 
processed and glycosylated (Brown et al. 1987; Papkoff et 
al. 1987; Papkoff 1989; Bradley and Brown 1990; Papkoff 
and Schryver 1990), and finally secreted (Papkoff 1989; 
Bradley and Brown 1990; Papkoff and Schryver 1990). 
However, it is likely that the protein acts only locally 
because in cell culture systems it is tenaciously bound 
to the extracellular matrix and/or cell surface and is 
rarely detected in the medium (Bradley and Brown 1990; 
Papkoff and Schryver 1990). 

In the mouse (Shackleford and Varmus 1987; Wil-
kinson et al. 1987a), frog (Noordemeer et al. 1989), and 
zebra fish (A. Molven, pers. comm.), Wnt-l is normally 
expressed during early neural development. In the 
mouse, expression is first localized to the presumptive 
midbrain and then becomes restricted to a subset of cells 
at the dorsal midline of the neural tube and in a circular 
band just rostral to the midbrain-hindbrain junction 
(Wilkinson et al. 1987a). However, expression is not re-
stricted to vertebrates. The Drosophila homolog of 
Wnt-l has been identified as the segment polarity gene 
wingless (Rijsewijk et al. 1987), a gene required for 
normal cuticular patterning in each segment (Nusslein-
Volhard and Wieschaus 1980). ha Drosophila, wingless is 
secreted (van den Heuvel et al. 1989) and acts on neigh-
boring cells to regulate at least one gene, the homeo-
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box-containing segmentation gene engrailed (DiNardo 
et al. 1988). On the basis of the pattern-regulating role of 
wingless in Drosophila, we have suggested that verte-
brate Wnt-l may also play a role in patterning 
(McMahon and Moon 1989a). Recent mutational studies 
in which mice were generated carrying null alleles of 
Wnt-l support this view (McMahon and Bradley 1990; 
Thomas and Capecchi 1990). In the absence of Wnt-l, 
specific brain regions are absent as early as 9.5 days of 
development (McMahon and Bradley 1990), indicating 
that Wnt-l expression is essential for the normal organi-
zation of structures along the anterior-posterior axis of 
the developing central nervous system (CNS). 

Until recently, the search for vertebrate Wnt-l-related 
genes that might regulate distinct developmental pro-
cesses has been unsuccessful (A.P. McMahon, unpubl.). 
However, a human Wnt-l-related gene, Wnt-l/irp was 
identified by chance in a chromosomal walk directed 
around the cystic fibrosis locus (Wainwright et al. 1988). 
Our studies on the murine counterpart suggest that this 
gene also functions during early fetal development 
(McMahon and McMahon 1989). Moreover, the fact that 
there is no overlap in the expression of Wnt-l and Wnt-2 
strongly suggests that they are indeed regulating dif-
ferent events. A third Wnt gene, Wnt-3, which was iso-
lated from several MMTV-induced mammary tumors 
(Roelink et al. 1990), also shows fetal expression, al-
though the spatial organization has not been determined 
at present. 

On the basis of a comparative analysis of Wnt-l and 
Wnt-2 sequences, we have used a strategy based on the 
polymerase chain reaction (PCR) (Saiki et al. 1988) to 
clone six new members of the Wnt family from 8.5- to 
9.5-day fetal mouse cDNA. The predicted proteins share 
many features in common with the Wnt-l protein, in-
cluding a hydrophobic amino terminus that presumably 
functions as a signal peptide sequence. Thus, the Wnt-l 
family of putative signaling molecules consists of at 
least nine members, all of which are expressed m the 
developing mouse fetus. 

Results 

Cloning of Wnt-l-related cDNAs 

Comparison of the published amino acid sequences for 
mouse (van Ooyen and Niisse 1984; Fung et al. 1985), 
human (van Ooyen et al. 1985), Drosophila (Rijsewijk et 
al. 1987), and Xenopus (Noordemeer et al. 1989) Wnt-l, 
and the human (Wainwright et al. 1988) and mouse 
(McMahon and McMahon 1989) forms of the Wnt-1-re-
lated protein Wnt-2, reveals a number of short regions of 
complete amino acid conservation. The underlying con-
servation of nucleic acid sequences encoding these re-
gions allows the design of degenerate oligonucleotide 
primers for PCR amplification of sequences containing 
these motifs (Libert et al. 1989). Using this approach, 
Kamb ct al. (1989) have identified a short stretch of 
Caenorhabditis elegans genomic DNA related to Wnt-l. 
Wc have modified this strategy to search for new murine 
members of the Wnt-l family. Degenerate oligonucleo-
tide primers to several conserved regions were tested for 
their ability to amplify Wnt-l- and Wnt-2-containing 
plasmids. On the basis of these results (data not shown), 
two sets of degenerate primers were chosen (Fig. lA). 
The 5' set encompassed the absolutely conserved amino 
acid sequence QECKCH (Figs. lA and 2, amino acids 
258-263). The 3 ' set encompassed the sequence 
FHWCC (Figs. lA and 2, amino acids 391-395). 
Xenopus Wnt-l shows an Fl to N amino acid substitu-
tion within this conserved region; however, the oligonu-
cleotides used encoded only the more highly conserved 
histidine residue. 

Amplification of plasmids containing mouse Wnt-l 
and Wnt-2 cDNAs with the degenerate oligonucleotides 
generated the expected products of 434 and 406 bp, re-
spectively (Fig. IB, lanes 3 and 6). Digestion of the 
Wnt-l-amplified product with Accl and the Wnt-2-am-
plified product with £coRI reduced the amplification 
products to two bands of 233 and 201 bp (Wnt-l; Fig. IB, 
lane 1), and 216 and 190 bp (Wnt-2;-Fig. IB, lane 5), as 
expected from the restriction maps of these cDNAs. 

AA^GT^ACCAC^AC^ AGATCTAAAA 

Figure 1. Amplification of 9.5-day fetal 
cDNA with degenerate oligonucleotide 
primers. [A] Conserved regions within the 
Wnt-l sequence and degenerate PCR 
primers encoding these regions. [B] Restric-
tion enzyme analyses of reaction products. 
Templates were as follows: (Lanes 1-3] 
Wnt-l-containing plasmid; (lanes 4-6) 
Wnt-2-containing plasmid; (lanes 7-20) 
9.5-day fetal cDNA; (lanes 11 and 12] 
Wnt-l and Wnt-l plasmid mix. Amplified 
DNAs were digested with the following re-
striction enzymes: Accl (lanes 1, 4, and 7); 
£coRI (lanes 2, 5, and 8; EcoRl and Accl 
(lanes 10 and 11]; undigested (lanes 3, 6, 9, 
and 12]. 

OOH 
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Wnt-1 MGLWALLP SWVSTTLLLA LTALPAALAA NSSGRWKGIV 

Wnt-2 M NVPLGGIWLW LPLLLTWLTP EVSSSWW... 

Wnt-3 MEPHLLGLLL GLLLSGTRVL AGYPIWWSLA 

Wnt-4 MSPRSCLRS LRLLVFAVFS AAASNWLYLA 

Wnt-5a MKKPIGILSP GVALGTAGGA MSSKFFLMAL A T F F S F A Q W lEANSWWSLG 

Wnt-5b MLV PGHWDGLRPA M P S L L L V W A ALLSSWAQLL TDANSWWSLA 

Wnt-6 MLPPVPSRL GLLLLLLCPA HVDGLWWAVG 

Wnt-7a MTRK ARRCLGHLFL SLGIVYLRIG 

Wnt-7b MHRN FRKWIFYVFL CFGVLYVKLG 

Consensus s..ml,.a l.ll.fa.l. ..a.swwsl. 
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Wnt-1 N.IASSTNLL TDSKSLQLVL 

Wnt-2 YM RATGGSSRVM 

Wnt-3 LGQQYTSLAS QPL L 

Wnt-4 KLSSVGSISE EET 

Wnt-5a MNNPVQMSEV Y1IGAQP..L 

Wnt-5b LN.PVQRPEM FIIGAQP..V 

Wnt-6 SPLVMDPT.. SI 

Wnt-7a GFSSWALGA S I I 
Wnt-7b ALSSWALGA N i l 

Consensus ..ssv.al.. .ii 

EPSLQLLSRK 

CDNVPGLVSR 

CGSIPGLVPK 

CEKLKGLIQR 

CSQLAGLSQG 

CSQLPGLSPG 

CRKARRLAGR 

CNKIPGLAPR 

CNKIPGLAPR 

c .klpgL.pr 

QRRLIRQMPG 

QRQLCHRHPD 

QLRFCRNYIE 

QVQMCKRNLE 

QKKLCHLYQB 

QRKLCQLYQE 

QAELCQAEPE 

QRAICQSRPD 

QRAICQSRPD 

Qr.Icq..pd 

Wnt-1 

Wnt-2 

Wnt-3 

Wnt-4 

Wnt-5a 

Wnt-5b 

Wnt-6 

Wnt-7a 

Wnt-7b 

Consensus 

Wnt-1 

Wnt-2 

Wnt-3 

Wnt-4 

Wnt-5a 

Wnt-5b 

Wnt-6 

Wnt-7a 

Wnt-7b 

Consensus 

Wnt-1 

Wnt-2 

Wnt-3 

Wnt-4 

Wnt-5a 

Wnt-5b 

Wnt-6 

Wnt-7a 

Wnt-7b 

Consensus 
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SAVRECKWQF 

EWTAECQHQF 

LGIQECQHQF 

LAIEECQYQF 

TGIKECQYQF 

TGIRECQHQF 

LGVRECQFQF 

MGLDECQFQF 

MGIDECQHQF 

.girECqhQF 

ILHSVSGGLQ 

'v'MRAIGLGVA 

IMPSVAEGVK. 

'v'MDS'/RRGAQ 

HMQYIGEGA:< 

HMSYIGEGAK 

WAELARGAR 

AIIVIGEGSC 

AIIVIGEGAQ 

v-ni . igeGaq 

143 RNRRWNCPT. 

RQHRWNCNTL 

RGRRWNCTTI 

RNRRWNCSTL 

RHRRWNCSTV 

RQRRWNCSTV 

RFRRWNCSSH 

RNGRWNCSAL 

RFGRWNCSAL 

RnrRWNCstl 

APGPHLFGKI ^/NRGCRETAF IFAITSAGV: 

DRDHSLFGRV LLRSSRESAF VYAISSAGV". 

DDSLAIFGPV LDKATRESAF VHAIASAGV;0 

DSLP.VFGKV VTQGTREAAF VYAISSAGV;' 

DNTS.VFGRV MQIGSRETAF TYAVSAA.GV. 

DNTS.VFGRV MQIGSRETAF TYAVSAA.G'.".̂  

SK...AFGRV LQQDIRETAF VTAITAAGAS 

G.ERTVFGKE LKVGSREAAF TYAI lAAGV.s 

G.EKTVFGQE LRVGSREAAF TYAITAA.GV.-

d....vFGrv Iq.gsREtAF f/AisaAGv. 

150 195 

HSVARSCSEG SIESCTCDYR R RGPGGPD'.-. 

FAITRACSQG ELKSCSCDPK K K 3SAKDSKGTF 

FAVTRSCAEG TSTICGCDSH H KGPPGEGrt 

FAVTRACSSG ELEKCGCDR TVHGVSPQ3F 

NAMSRACREG ELSTCGCSR A R P K D L P R D A 

NAISRACREG ELSTCGCSR A ARPKDLPRDV. 

HAVTQACSMG ELLQCGCQAP RGRAPPRPSG LLGTPGPPGP T G S P D A S A A A 

HAITAACTQG NLSDCGCDKE KQGQY HWCEG'.-. 

H A V T A A C S Q G N L S N C G C D R E K Q G Y Y NQAEG'.-, 

havtraCs .G els .CgCdr kd.p. .•* 

200 249 

HWGGCSDNID FGRLFGREFV DSGE KGR..DLRFL MNLKN'NEAGR 

DWGGCSDNID YGIfCFARAFV DAKER KGKDARAL MNLKNNP.AG? 

KWGGCSEDAD FGVLVSREFA DAREN RPDARSA N^^KHN'NEAGF 

QWSGCSDNIA YGVAFSQSFV DVRERSKGAS SSRA L MNLHW.'EAG? 

LWGGCGDNID YGHPFAKEFV DARERERIHA KGSYESARIL M>;LHr-:>;EAG? 

LWGGCGDNVE YGYRFAKEFV DAREREKNFA KGSEEQGRAL J'CCLQNNEAG? 

EWGGCGDDVD FGDEKSRLFM DAQH KRGRGDIRAL VQLHNKEAG? 

KWGGCSADIR YGIGFAK'vTV DAREI KQN'ARTl M!-.'I.H>:>.'£A3? 

KWGGCSADVR YGIDFSRRFV DAREI KKNARRL :-̂ JLH>n-;EA3? 

.WgGCsdnid yGi.fareFv Darer k..)C.daral xnLhN">;eA3? 

Vint-l 

Wnt-2 

Knt-3 

Knt-4 

Knt-5a 

Wnt-5b 

Knt-6 

Wnt-7a 

Wnt-7b 

•.sensus 

Wnt-1 

Knt-2 

Wnt-3 

Wnt-4 

Wnt-5a 

Wnt-5b 

Wnt-6 

Wnt-7a 

Wr.t-7b 

•.sensus 

Wnt-1 

Wnt-2 

Wnt-3 

Wnt-4 

Wnt-5a 

Wnt-5b 

Wnt-6 

Knt-7a 

Wnt-7b 

• sensus 

Wnt-1 

Wnt-2 

Wnt-3 

Wnt-5b 

Wnt-6 

Wnt-7a 

Wnt-7b 
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TTVFSEMRQE 

KAVKRFLKQE 

TTILDHMHLK 

KAILTHMRVE 

RTVYNLADVA 

RAVYKMADVA 

LAVRSHTRTE 

KILEENMKLE 

KVLEDRMKLE 

kav.shm.ve 

300 

YGNRGSNRAS 

MNQDGTG... 

VEKHRESRGW 

PRRVGSSRA. 

LNSRG 

ITRQG 

GTNDGKA... 

.EPVRASRNK 

WR. .ASRLR 
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AGTAGRACNS 

LGTAGRVCNL 

FGTRDRTCNV 

LGTRGRTCNK 

LGTQGRLCNK 

LGTQGRLCNK 

PGTRGRACNS 

VGTQGRACNK 

VGTQGRLCNR 

IGTqGR.CNk 

40C 

RNCTHTRVLH 

QDCLEALDVH 

QECIRIYDVH 

K K C T E W D Q Y 

HRCRVRKELS 

NTCSERTEMY 

NTCSERTEVF 

. .Cterve.h 

CKCHGMSGSC 

CKCHGVSGSC 

CKCHGLSGSC 

CKCHGVSGSC 

CKCHGVSGSC 

CKCHGVSGSC 

CKCHGLSGSC 

CKCHGVSGSC 

CKCHGVSGSC 

CKCHGvSGSC 

RAELLRLEPE 

FTVA 

VET...LRAK 

LVPR 

KLVQV 

KLELA 

LLPA 

RPTFLKIKKP 

QPTFLRIKQL 

SSPALDGCEL 

TSRGMDSCEV 

TSHGIDGCDL 

TSKAIDGCEL 

TSEGMDGCEL 

TSEGMDGCEL 

SAPDLSGCDL 

TAPQASGCDL 

TSPGADGCDT 

tspgmdgCel 

ECL* 

TCKAPKSADW 

TCK' 

VCK* 

LCL* 

TCK* 

TCK» 

tCk* 

TVRTCWMRLP 

TLRTCWLAMA 

EVKTCWWAQP 

EVKTCWRAVP 

SLKTCWLQLA 

SLKTCWLQLA 

ALSTCWQKLP 

TTKTCWTTLP 

TTKTCWTTLP 

tlkTCWl.lp 

DPAHKPPSPH 

NKRFKKPTKN 

YALFKPPTER 

NAQFKPHTDE 

NSRFNSPTTQ 

NSRFNQPTPE 

VRTLKPPGRA 

LSYRKPMDT. 

RSYQKPMET. 

nsrfkpptt. 

LCCGRGHRTR 

MCCGRGYDTS 

LCCGRGHNTR 

LCCGRGFHTA 

MCCGRGYDQF 

MCCGRGYDRF 

LCCGRGHRQE 

MCCGRGYNTH 

MCCGRGYNTH 

mCCGRGydt. 

424 

ATPT* 

TLRAVGDVLR 

DFRKTGEYLW 

DFRAIGDFLK 

PFRQVGHALK 

DFRKVGDALK 

EFRKVGDRLK 

PFREVGARLL 

QFRELGYVLK 

KFREVGHLLK 

.fR.vGd.Lk 

DLVYFEKSPN 

DLVYFENSPD 

DLVYYENSPN 

DLVYLEPSPD 

DLVYIDPSPD 

DLVYVDPSPD 

DLLYAADSPD 

DLVYIELSPN 

DLVYIEKSPN 

DLvYiepSPd 

TQRVTERCNC 

HVTRMTKCEC 

TEKRKEKCHC 

QVELAERCGC 

KTVQTERCHC 

KSVQVERCHC 

SVQLEENCLC 

QYARVWQCNC 

QYTKVWQCNC 

qv..verCnC 

299 

DRFDGASRVL 

R K Y N G A I Q W 

DKYDSASEMV 

EKFDGATEVE 

EKYDSAAAMR 

EKYDSAAAMR 

ERFHGASRVM 

DKYNEAVHV. 

EKYNAAVQVE 

ekydgA..v. 

349 

FCTYSGRLGT 

YCIRDREAGS 

FCEPNPETGS 

FCEQDIRSGV 

YCVRNESTGS 

YCLRNETTGS 

FCAPNRRTGS 

YCEEDPVTGS 

YCEEDAATGS 

yCerd.rtGs 

399 

TFHWCCHVSC 

KFHWCCAVRC 

VFHWCCYVSC 

RFHWCCFVKC 

KFHWCCYVKC 

RFHWCCFVRC 

R F H W C C W Q C 

KFHWCCYVKC 

KFHWCCFVKC 

kFHWCCfVkC 

Figure 2. Alignment of the predicted protein sequences for the mouse Wnt family members. Full-length amino acid sequences 
encoded by the six novel Wnt-l-related cDNAs are aligned with those of mouse Wnt-l and Wnt-1. Alignments were generated using 
the BESTFIT program (GCG) with default parameters. Composite alignments and consensus were generated using the LINE UP 
program (GCG), and final optimal alignments were obtained by manual editing. 

To search for novel Wnt-1-related genes with a devel-
opmental role, these primers were used to amplify 9.5-
day mouse fetal cDNA. At this time, both Wnt-1 and 
Wnt-2 are expressed, and many interesting processes are 
under way including gastrulation, somitogenesis, neuru-
lation, and early limb and facial development. Amplifi-
cation of the cDNA template generated major bands 
similar in size to Wnt-1 and Wnt-2 and a variable minor 
artifactual band. Under conditions that result in com-
plete digestion of a control reaction (Fig. IB, lane 11), a 
fraction of the amplified cDNA always remained undi-
gested by Accl and £coRI (Fig. IB, lane 10). 

To determine whether this resistant fraction was due 
to specific amplification of Wn t-related sequences, reac-
tion products were subcloned following digestion with 
£coRI and Xbal, which cut in the 5' and 3 ' oligonucleo-
tides, respectively. Eighty colonies were screened, and 

28 were found to contain inserts >100 bp. Sequencing 
identified subclones containing Wnt-1 and Wnt-2, as ex-
pected (Table 1). In addition, four new Wnt clones were 
identified (Table 1) and designated Wnt-4, Wnt-5a, 
Wnt-6, and Wnt-7a. All four novel clones contained a 
single, long open reading frame with absolute conserva-
tion of all cysteine residues, a striking feature of the Wnt 

family (see Fig. 2). 
To obtain cDNA clones encompassing the entire 

coding sequence of these genes and to verify the se-
quence predicted by the PCR products, an 8.5-day mouse 
fetal cDNA library was screened repeatedly using the 
cloned amplification products. Additional sequence for 
Wnt-6 and Wnt-7a. was also obtained by isolating clones 
from a mouse neonatal brain library. In the process of 
screening the 8.5-day cDNA library, two new clones 
were identified, which cross-hybridized with either the 
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Table 1. Insert distribution of V^nt-1-related PCR clones 

No. of isolates^ 

Wnt-l/int-l 
Wnt-2/irp 
Wnt-4 
Wnt-Sa 
Wnt-6 
Wnt-7a 

1 

13 

1 
7 

"Of 80 colonies screened, 28 contained inserts, 25 of which 
were VVnt-1-related. 

Wnt-7sL or Wnt-5a probes. These new clones, highly re-
lated to Wnt-7a and Wnt-Sa, were designated W>2t-7b 
and Wnt-5h, respectively. Therefore, the combined ap-
proach of PCR amplification and library screening iden-
tified six novel W:2t-1-related genes. 

Predicted amino acid sequence of Wnt proteins 

The amino acid sequences predicted from the new 
Wi3t-1-related cDNAs are aligned with the published se-
quences of Wnt-l and Wnt-2 (Fig. 2). As with Wnt-l and 
Wnt-2, all of the related proteins have a hydrophobic 
amino terminus, which may function as a signal peptide 
sequence. The unprocessed proteins range in length 
from 348 to 379 amino acids (Table 2), reflecting vari-
ability in the sequences, particularly at the poorly con-
served amino terminus and at several internal sites (Fig. 
2). Predicted molecular masses range from 38,944 to 
42,105 daltons (Table 2). 

There are no large blocks with particularly high con-
servation that might point to functionally conserved do-
mains of the proteins; rather, with the exception of the 
amino terminus, short stretches of one to a few abso-
lutely conserved amino acids are scattered throughout 
the protein. That the cysteine residues play a critical 
role in this family is attested to by the extreme conser-
vation of these amino acids. All 21 cysteines present 
from amino acid 105 in the compilation (Fig. 2) are in-
variant. Initial sequence of a Wnt-7h cDNA clone from 
an 8.5-day embryo predicted an arginine and not a cys-
teine at the conserved cysteine position 166 (Fig. 2j. 
However, as Wnt-7b genomic DNA encoded a cysteine 
(data not shown), the original cDNA clone presumably 
contained an error. Another 62 amino acids, particularly 
most of the glycine and tryptophan residues, are also ab-
solutely conserved among all eight proteins. 

Table 2. Predicted length and molecular massofWnvl-
related proteins 

Wnt A 

Wnt-Sa 

Wnt-Sh 

Wnt-6 

Wnt-7a 
Wnt-7b 

Length 

(amino acids) 

351 

379 
372 
364 

348 

348 

Molecular mass 
(daltons) 

39,005 

42,105 

41,549 
39,511 

38,944 
39,257 

Interestingly, although the amino acid sequence en-
compassed by the 3 ' degenerate oligonucleotide set was 
absolutely conserved (FHWCC; Fig. 2, 391-395), this 
was not the case for the 5' set. All six new genes showed 
one or two divergent amino acids in the first two codon 
positions. It is clear that despite this added degeneracy 
in the nucleotide sequence and, therefore, mismatch of 
the primers, homology at the stretch encoding the four 
absolutely conserved amino acids (CKCH; Fig. 2, 
260-263) was sufficient for efficient and specific PCR 
amplification. 

Analysis of the homology matrix (Fig. 3) indicates sev-
eral relationships. The pairs W72t-7a and Wnt-7b and 
Wnt-5a and Wnt-5b are closely related. Within each pair, 
87% of amino acids are identical, in contrast to the gen-
eral level of identity that ranges between 49% and 6 1 % . 
Interestingly, all proteins except Wnt-6 and Wnt-3 share 
greater homology with Wnt-2 than with Wnt-l. Further-
more, Wnt-2 and all of the other related proteins, but not 
Wnt-l itself, show additional conservation of two cys-
teine residues toward the amino termini (Fig. 2, posi-
tions 70 and 84). In contrast, a cysteine residue present 
in mouse (Fig. 2, position 134; van Ooyen and Niisse 
1984; Fung et al. 1985), human (van Ooyen et al. 1985), 
Xenopus (Noordemeer et al. 1989), and Drosophila (Rij-
sewijk et al. 1987) Wnt-l is not conserved in any of the 
related proteins. Therefore, thus far, Wnt-l is the most 
divergent member of this family. Homology between 
Wnt-6 and other family members is also low, due in part 
to ~20 amino acids of additional sequence in the middle 
of the protein (Fig. 2). However, the additional conserved 
cysteines at the amino terminus suggest a closer rela-
tionship between Wnt-6 and other family members than 
to Wnt-l. 

Fetal expression of the Wnt genes 

To determine the developmental profiles of expression 
of the Wnt-l-related genes, RNA blot hybridization was 
performed with fetal RNAs. All probes were tested by 
Southern blot hybridization for specificity. No cross-hy-
bridization, with even closely related genes, was seen 
with any of the probes. All six of the novel Wnt genes 
are expressed throughout fetal development from 9.5 to 
17.5 days with maximum expression during the first half 
of fetal development (Fig. 4). Wnt-7a, Wnt-7b, and 
Wnt-5b give rise to single RNA species of —4.4, 4.4, and 
3.2 kb, respectively. In contrast, Wnt-4 and Wnt-6 each 
give rise to two transcripts of 4.7 and 1.6 kb, and 2.2 and 
1.8 kb, respectively. Wnt-5a generates at least five dis-
tinct RNA species, ranging in size from 4.6 to >8 kb. 

Analysis of multiple overlapping fetal cDNA clones 
suggests that much of the heterogeneity results from the 
use of alternative polyadenylation sites and/or alterna-
tive splicing or promoter usage that does not alter the 
predicted coding region. For example, four different 
polyadenylation sites are utilized by Wnt-6 transcripts 
(data not shown). Three are clustered closely together, 
and the fourth lies - 4 0 0 bp 3' , thereby generating the 
distinct 1.8- and 2.2-kb bands seen on Northern analysis. 
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54% 

Wnl-3 
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56% 
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60% 
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58% 

Wnt-Sb 

50% 
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Wnl-6 

5 1 % 

5 1 % 

49% 

54% 

49% 

50% 

Wnl-7i 

5 1 % 

55% 

55% 

59% 

56% 

57% 

53% 

Wnl-Tb 

52% 

57% 

56% 

6 1 % 

58% 

5 8 % 

5 1 % 

87% 

Figure 3. Homology matrix indicating 
amino acid identities among Wnt family 
members. Sequences were analyzed using 
the DISTANCE program (GCG) excluding 
gaps. 
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Wnt-7B 

Heterogeneity in Wnt-Sa and Wnt-4 transcripts results 
from transcript variability 5' to the initiation methio-
nine. However, from the analysis of cDNA and genomic 
clones encoding Wnt-4, differential splicing is predicted 
to generate alternative Wnt-4 transcripts encoding dif-
ferent proteins. cDNA clones were isolated that encoded 
full-length Wnt-4 protein and a truncated form in which 
a 42-bp m-frame deletion removed 14 amino acids. The 
deleted sequence, GTREAAFVYAISSA (Fig. 2, amino 
acids 133-146), contains five amino acids (bold) that 
were absolutely conserved among all eight members of 
the Wnt family. Thus, it is possible that proteins with 
different functional roles are generated, presumably as a 
result of alternative splicing. 

To examine Wnt-4 transcript diversity, genomic 
clones encompassing this region were isolated and se-
quenced. The genomic sequence indicates two splice ac-
ceptor sites separated by 42 nucleotides (Fig. 5). Tran-
scripts using splice acceptor' encode full-length protein, 
while transcripts utilizing splice acceptor^ delete the 42-
nucleotide stretch encoding the 14 amino acid region 
(Fig. 5). As the polypyrimidine tract preceding the splice 
acceptor-^ is relatively poor, splicing to acceptor' and, 
therefore, production of RNA with full coding capa-
bility, might be expected to predominate. It will be in-
teresting to examine the mechanism and consequences 
of these splicing events more closely. 

Actin 

Figure 4. Expression of novel Wnt-l-related genes during fetal 
mouse development. Fetal RNAs from 9.5 to 17.5 days of devel-
opment were analyzed by Northern blot hybridization. In addi-
tion, filters were probed with a (3-actin probe (Minty et al. 1981) 
to verify similar loadings and integrity of RNA. As this probe 
cross-reacts with skeletal actins, a lower hybridizing band is 
seen to accumulate with time. {Upper band) The p-actin tran-
script. Some variability in the absolute amounts of poly(A) 
RNA loaded is apparent from early to late stages; thus, the vari-
ation in the levels of Wnt transcripts at different stages does not 
necessarily reflect absolute changes in RNA abundance with 
time. Solid and open arrowheads indicate 28S and I8S rRNAs, 
respectively. 

Analysis of Wnt-5 expression by in situ hybridization 

The expression of Wnt transcripts throughout fetal de-
velopment suggests that Wnt genes may function at this 
time. To determine more precisely the expression pro-
files for two of these genes, Wnt-5a and Wnt-5b, we per-
formed an extensive series of in situ hybridizations from 
6.5 to 14.5 days. Although Wnt-5b transcripts were 
present at low levels throughout the embryo and fetus 
(data not shown), Wnt-5a transcripts showed complex 
spatial and temporal patterns of expression. For brevity, 
only data using antisense RNA probes are shown. Con-
trol experiments using sense RNA probes revealed no 
specific sites of artifactual signal. 

At early gastrula stages, 6.5 days postcoitum, Wnt-5a 
transcripts were detected in the maternally derived deci-
dual tissue that forms a capsule around the conceptus. 
Expression within the deciduum was localized exclu-
sively to the mesometrial component (Fig. 6a,b), the area 
through which maternal blood vessels gain access to the 
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GTG GTG ACA CAA G gtgaggaggg tttcctccctctg 

V V T Q 

cctcccacagGG ACC CGG GAG GCG GCC TTT 

G T R E A A F 

TAG GCC ATC TCT 

Y A I S 

:CA GCA G GT GTG GCC TTT 

S A G V A F 

Figure 5. Genomic sequence surrounding alternatively spliced 
region of Wnt-4. (V) Two splice acceptor sites; (•) single splice 
donor. 

uterus. In the embryo at this time, Wnt-5a expression 
was found in the trophectoderm giant cells and in the 
posterior ectoderm and mesoderm of the early gastru-
lating embryo (data not shown). High levels of Wnt-SsL 

transcripts were detected in the posterior region, as late 
as 9.5 days (Fig. 6c,d). As in earlier stages, Wnf-5a tran-
scripts show no specific tissue localization in the poste-
rior region but were widely distributed in the neural ec-
toderm, the mesoderm, and the gut endoderm. Thus, in 
this region, Wnt-Sa. expression correlates with posterior 
position rather than with cell lineage. By 9.5 days, sev-
eral other discrete sites of Wnt-Sa. expression were vis-
ible. In the developing CNS, Wr2t-5a transcripts were 
present in the ventral portion of the entire midbrain (Fig. 
6e,f). Expression was highest in this region of the CNS 
but was also detected elsewhere. In the forebrain and 
rostral hindbrain (metencephalon), no expression was 
detected; however, in the caudal hindbrain (myelen-
cephalon, data not shown) and rostral spinal cord (Fig. 
6i-l) , Wnt-Ssi transcripts showed a ventral localization 
(excluding the floor plate) similar to that seen in the 
midbrain. Expression of Wnt-Sa. was seen in several 
populations of cranially derived neural crest cells, but 
within these populations Wn£-5a transcripts were re-
stricted to a spatially defined subpopulation of cells. For 
example, frontal-nasal processes had high levels of 
Wnt-5a transcripts localized toward the tips of the facial 
processes (Fig. 6g,h) in the neural-crest-derived mesen-
chyme. At this stage, expression was also seen within 
the adjacent ectoderm. Wnt-5a expression remained as-
sociated with the frontal region of the face up until at 
least 14.5 days (data not shown, but see Fig. 8, below); 
but by this time, expression in the overlying ectoderm 
had ceased. In addition, the lateral but not the medial 
neural crest mesenchyme of the branchial bars expressed 
Wnt-Ssi at 9.5 (Fig. 6i,j) and 10.5 days (data not shown). 
Extensive expression of Wnt-5a was also seen in dif-
ferent populations of lateral mesoderm (Fig. 6k, 1) along 
the body axis. 

One of the most striking sites of Wnt-5a expression 
was in the developing limb. Wnt-Sa transcripts were lo-
calized in the limb from early limb bud stages at 9.5 days 
to the late limb at 14.5 days. Expression was seen in 
both fore- and hindlimbs with a similar spatial organiza-
tion. Expression in the developing forelimb is shown in 

Figure 7. At 9.5 days, expression was restricted to the 
slightly thicker ventral ectoderm of the limb bud (Fig. 
7a,b). By 10.0 days, the proximal-distal axis of the limb 
bud had elongated considerably. At this time, Wnt-5a 
transcripts showed a graded distribution along the 
distal-proximal axis. Highest levels of Wnt-Sa were 
found in the apical ectoderm at the distal tip of the limb, 
lower levels in the underlying distal mesenchyme, and 
very low levels in the proximal mesenchyme (Fig. 7c,d). 
By 11.5 days, expression was no longer seen in the apical 
ectoderm but remained associated with the distal mes-
enchyme from 11.5 to 14.5 days (Fig. 7e-j). In addition, 
at these later stages, Wnt-Sa expression was also de-
tected in association with condensing cartilage, but the 
bulk of Wilt-5a expression localized remained within 
the distal mesenchyme of the limb. 

In situ analysis indicated that of the Wnt-S genes, only 
Wnt-Sa. gives rise to spatially restricted transcripts. In 
contrast, Wnt-5b was apparently transcribed uniformly. 
To verify the Wnt-S transcription patterns seen by in 
situ hybridization, we performed Northern blot analysis 
of Wnt-5 transcripts in microdissected regions of the 
fetus. RNA was collected from the face, brain, and limb 
at 10.5 and 14.5 days (Fig. 8). At 10.5 days, dissection of 
the forelimb into distal and proximal halves revealed 
considerably higher levels of Wnt-5a transcripts in the 
distal half, as expected. In contrast, approximately sim-
ilar low levels of Wnt-Sh transcripts were detected in 
both fractions. At this time the hindlimb is too small to 
dissect into proximal and distal fractions. However, ele-
vated levels of Wnt-5a were present in the hindlimb 
fraction relative to the RNA fraction derived from the 
total fetus (Fig. 8). By 14.5 days higher levels of Wnt-Sa. 

were readily apparent in the distal fraction of fore- and 
hindlimbs and, as earlier, no difference in the levels of 
Wnt-5b was detected (Fig. 8). At 10.5 days, higher levels 
of Wnt-5a were detected in the brain and face relative to 
the total fetus; but as the sites of accumulation of 
Wnf-5a transcripts represented only a small fraction of 
each sample, the differences detected at this time by 
Northern analysis were not dramatic (Fig. 8). In contrast, 
by 14.5 days, most of the frontal region of the face ex-
pressed high levels of Wnt-Sa. As expected, Wnt-5a 
transcripts were significantly enriched in this fraction 
(Fig. 8). As in all other fractions, only low constitutive 
expression of Wnt-Sh was seen (Fig. 8). Hybridization of 
the Northern blots with a 3-actin probe demonstrated 
that the above results were not due to variations in the 
amount of RNA loaded. Moreover, as the p-actin-
coding probe cross-hybridizes with muscle actin tran-
scripts, under these conditions, this probe provides an 
indication of the state of differentiation of limb tissues 
in the 14.5-day fractions. The actin probe detects a lower 
muscle-specific transcript in only the proximal limb 
fraction, which is relatively more differentiated than the 
distal fraction. 

Adult expression of the Wnt genes 

Expression of Wnt-\ and Wnt-2 is not restricted to fetal 
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Figure 7. (See facing page for legend. 
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life; specific adult sites of expression have also been 
noted. Wnt-l is only expressed in round spermatids of 
the adult testes (Shackleford and Varmus 1987), and 
Wnt-2, in heart and lung (McMahon and McMahon 
1989). Therefore, these genes presumably act quite dif-
ferently in adult and fetal stages. RNA blot analysis of 
the expression of the six new genes in a variety of adult 
tissues indicates distinct expression profiles. All six 
genes are expressed in adult brain, although Wnt-5a, 

Wnt-5h, and Wnt-6 transcripts are present at very low 
levels (Fig. 9). In addition, all but Wnt-6 were also ex-
pressed in adult lung. Wnt-A and Wnt-7a were only ex-
pressed in brain and lung. Wnt-7h and Wnt-Sa were also 
expressed in a third tissue, kidney, and heart, respec-
tively (Fig. 9). Like Wnt-l, Wnt-6 is expressed at high 
levels in the adult testes (Fig. 9). In contrast to the other 
members, Wnt-Sh was widely expressed in all tissues 
analyzed with the exception of adult spleen. All of the 
new members show extremely low levels of expression 
in the undifferentiated CCE embryo stem cell line (Fig. 
9). 

It is apparent from this analysis that although tissue 
distributions show some overlap, particularly in brain 
and lung, there are also tissues in which expression is 
limited to only one family member. Moreover, members 
of the two closely related pairs, Wnt-Sa and Wnt-5h, and 
Wnt-7a and Wnt-7h, show distinct distributions. Wnt-5h 

is expressed more widely and at higher levels in adult 
tissue than Wnt-5a. At first sight, Wnt-7a and Wnt-7h 

appear to be more similar. Not only do they give rise to 
transcripts of nearly identical size (4.4 kb), but they also 
share restricted expression patterns. However, on closer 
analysis of brain fractions (Fig. 10), expression is clearly 
distinct. Wnt-7a is expressed at high levels in the cere-
bellum and at lower levels in cerebrum, diencephalic-
mesencephalic, and myelencephalic fractions (Fig. 10). 
In contrast, Wnt-7h shows complementary expression, 
elevated in the latter three fractions, but present at only 
low levels in the cerebellum. Thus, expression of even 
closely related family members differs substantially. 

Discussion 

Using a PCR-based strategy, we have identified six new 
members of the Wnt family that are expressed during 
fetal development. Like Wnt-l and Wnt-2, the new re-
lated proteins have a hydrophobic amino terminus and a 
number of absolutely conserved amino acid residues, 
most notably 21 cysteines. The functional importance of 
a single cysteine substitution (McMahon and Moon 
1989a) suggests that these play a critical role, presum-
ably in inter- or intramolecular cross-linking of the pro-

*)» -mx -•'• ^m 4*i> I 
Wnt-5A I Wnt-5A 

Wnl-5B • 

> 

Wnt-5B 

Actin 

i^fftf' Actin 

10.5 1 4 5 

Figure 8. Expression of Wnt-Sa and Wnt-5h in tissue fractions 
from 10.5- and 14.5-day fetuses. At 10.5 days Wnt-Sa is elevated 
clearly in the distal forelimb and shows slightly elevated levels 
of expression in whole-brain, face, and hindlimb fractions rela-
tive to RNA from the total fetus. By 14.5 days, high levels of 
Wnt-5a transcripts are clearly present in distal fore- and hind-
hmb fractions correspondmg to the developing hand plate. The 
developing bone region makes up the proximal fraction. In ad-
dition, high levels of Wnt-5a transcripts are seen in the face. In 
contrast, only low, uniform levels of Wnt-Sh RNA were de-
tected in all fractions after long exposure (2 weeks) of Northern 
blots. Hybridization of the Wnt-Sa. Northern blots with a cyto-
plasmic p-actin probe demonstrates that equivalent amounts of 
RNA were loaded in all lanes. The position of the muscle-spe-
cihc actin band, which occurs in the proximal limb, face, and 
total embryo RNA samples, is indicated by the arrow. Solid ar-
rowheads indicate 28S rRNA; open arrowheads 18S rRNA. 

teins. By analogy with Wnt-l, it seems reasonable to 
propose that these new members are secreted and partic-
ipate in cell signaling events. 

All of the Wnt-l-related genes are expressed over a 
broad period of fetal development. At the earliest stages, 
the processes of gastrulation, neurulation, somito-
genesis, and organogenesis generate and organize the 
germ layers and organ anlagen. By the end of fetal devel-

Figure 7. Wnt-5a expression in the developing forelimb bud. [a,b] Initial expression at 9.5 days is restricted to the ventral (v) ecto-
derm (arrowheads) of each forehmb bud (*). Note at this level that no neural tube |nt)-associated expression of Wn£-5a is visible. [c,d] 

At 10.0 days, expression is locahzed to the distal apical ectoderm and underlying mesenchyme (d) but is not seen in proximal (p) 
mesenchyme. At 11.5 (e,/), 12.5 {g,h], and 14.5 days (i,/) most expression remains distally localized, but is restricted to mesenchyme at 
these times. Some expression is also seen surrounding condensing cartilaginous elements (c), but no expression is detected in differ-
entiating cartilage or bone. Planes of sections are transverse sections along the anterior to posterior axis {a-d]-, horizontal sections 
along the dorsal-ventral axis (e-j). {a,c,e,g,i] Bright-Held micrograph; [b,d,f,b,j] dark-field micrographs. 
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eluding the CNS, the limb, the facial processes, and the 
posterior region of the fetus, correlate with spatial pat-
terning and morphogenesis. However, the diverse nature 
of the different sites that express Wnt-Sa. suggests that 
Wnt-Sa, like other secreted peptide factors including 
int-2 (Wilkinson et al. 1988, 1989) and members of the 
transforming growth factor-p (TGF-p) family (Lyons et 
al. 1989), probably performs many different functions, 
depending on the context in which it is expressed. Initial 
studies on other members of this family suggest that 
multiple sites of expression is a general rule, to which 
Wnt-l is the major exception (J.A. McMahon and A.P. 
McMahon, unpubl.). Clearly, the mutational strategy 
that has proved so valuable in the analysis of Wnt-l will 
be necessary for establishing the essential functions of 
Wnt-Sa and the other Wnt genes. 

Wnt-7B 

> I 
Wnt-6 

Actin 

Figure 9. Expression of novel Wnt-l-related genes in adult 
tissues. The indicated adult tissue and CCE embryo stem cell 
RNA (Robertson et al. 1986) were analyzed by Northern blot 
hybridization for expression. In addition, filters were probed 
with a p-actin probe to verify equal loading and integrity of 
RNAs. The hybridizing actin band just above the 18S rRNA 
position represents cytoplasmic p-actin transcripts; the lower 
band represents muscle-specific actin transcripts. Solid and 
open arrowheads are positions of 28S and IBS rRNAs, respec-
tively. 

opment, most adult structures are well differentiated, 
the major changes that occur after birth being largely re-
stricted to the nervous and reproductive systems. Thus, 
it is unlikely that the various signaling events that ini-
tially required the participation of these genes in early 
fetal life are also operative shortly before birth. Rather, 
the continued expression throughout fetal life of the 
Wnt genes probably reflects the acquisition of new roles 
as development proceeds. Confirmation of this view will 
require detailed knowledge of spatial expression and 
protein function but is supported by initial studies. We 
have studied in detail the expression of two closely re-
lated genes, Wnt-5a and Wnt-5b. Whereas transcripts for 
Wnt-5b show no apparent spatial or temporal restriction 
but are widely distributed, Wnt-5a shows several dis-
tinct sites of accumulation. Several of these sites, in-

Redundant functions for the Wnt familyi 

From the data presented here and previous studies on 
Wnt-l (Jakobovits et al. 1986; Wilkinson et al. 1987a), 
Wnt-2 (McMahon and McMahon 1989), and Wnt-3 (Roe-
link et al. 1990), it is clear that even at the earliest stages 
of fetal development nine related genes are expressed, 
although expression has only been demonstrated at the 
RNA level thus far. It is possible that all nine genes may 
be involved in different regulatory pathways; alterna-
tively, there might be redundancy in the action of family 
members. That some functional redundancy exists is 
suggested by the phenotype of mice homozygous for 
Wnt-l null alleles (McMahon and Bradley 1990; Thomas 
and Capecchi 1990), in which the hindbrain and spinal 
cord, which are both normal sites of expression of 
Wnt-l, develop apparently normally. However, in situ 
hybridization of Wnt-l (Wilkinson et al. 1987) and 
Wnt-2 (McMahon and McMahon 1989) indicates that 
there is no overlap in expression of these members. As 
discussed, Wnt-l is localized exclusively to the neural 
tube and Wnt-2 to the pericardium, the ventral lateral 
mesoderm, and the allantois and its derivatives. Thus, 
Wnt-l and Wnt-2 show distinct patterns of spatial ex-
pression. While the detailed spatial analysis of expres-
sion of all the genes reported here has yet to be deter-
mined, at least Wnt-5a has patterns of expression that 
are largely nonoverlapping with those of Wnt-l and 
Wnt-2. For example, Wnt-5a is expressed in the ventral 

3 4 

Wnt-7A 

Wnt-7B •<Swp 

Figure 10. Expression of Wnt-7a and Wnt-7b in total RNA 
from adult brain fractions. Brains were dissected into four frac-
tions: cerebrum (lane 1]; cerebellum (lane 2); diencephalon-
mesencephalon (lane 3); mylencephalon (lane 4). RNAs were 
isolated and examined for expression by Northern blot analysis. 
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midbrain at 9.5 days, when most Wnt-1 expression in 
this region is locahzed dorsally. Moreover, Wnt-5a 
shows extensive expression in the face, hmbs, and poste-
rior region of the fetus, none of which express Wnt-1 or 
Wnt-2. In contrast, both Wnt-2 and Wnt-5a. are expressed 
in lateral mesodermal populations, although careful se-
rial section analysis will be required to determine 
whether these populations overlap. Furthermore, it is 
clear that Wnt-Sa and Wnt-Sh show quite distinct ex-
pression profiles, suggesting different functional roles 
for this pair of highly related genes. In general, these ob-
servations do not support the view of extensive func-
tional redundancy in the developmental roles of the Wnt 
family of proteins, although some redundancy probably 
does exist. Rather, they suggest that although the pre-
sumed pathway of action is similar—secreted factor, in-
teracting with cell surface receptor, triggering signal 
transduction pathway(s) — the actual developmental 
processes regulated by their action are different for each 
protein. 

This view of nonredundancy is substantiated further 
by examination of adult expression. Quantitative and 
qualitative differences are seen in the expression profiles 
of all Wnt-1-related genes, although in the lung and 
brain at least a low level expression of most of this 
family is observed. Of particular relevance is expression 
of the more closely related genes, Wnt-Sa. and Wnt-5h, 
and Wnt-7a and Wnt-7h. As in the fetus, Wnt-5a and 
Wnt-5b show distinct differences in the tissue speci-
ficity of expression. Similarly, although Wnt-Ja and 
Wnt-7h are both expressed at moderate levels in the 
adult brain, a closer inspection revealed different spatial 
patterns of expression. Therefore, although some redun-
dancy may exist in the activity of Wnt genes in the fetus 
and adult, this is probably the exception and not the 
rule. 

How many Wnt genesl 

The strategy we have adopted to search for Wnt-1-re-
lated genes has a number of biases. The 5' oligonucleo-
tide set included degenerate primers for all codons ex-
cept the CA^ 3'-histidine codon. Only the CAT codon 
was present at this position. Thus, priming on a cDNA 
template in which histidine is now encoded by CAC 
leads to a mismatch at the start of new DNA synthesis, 
which has been shown to affect amplification adversely 
(Kumar 1989). However, it should be noted that these 
primers amplified Wnt-1 and Wnt-4, both of which uti-
lize a CAC histidine codon. More importantly, the ini-
tial screen was aimed specifically at early fetal stages to 
deliberately clone only those Wnt-1-related genes that 
might function at this time. Thus, screening genomic 
DNA might identify new genes. Finally, examination of 
a larger number of PCR products might also identify 
new members. 

Recently, Roelink et al. (1990) have identified a new 
MMTV integration site, Wnt-3, implicated in mammary 
tumorigenesis, which encodes a Wnt-1-related gene dif-
ferent from those discussed here. As Wnt-3 is expressed 

during fetal life, our inability to isolate Wnt-3 indicates 
clearly that other related genes may also have been 
missed. Recently, we have attempted to isolate new 
clones using 9.5-day cDNA and primers utilizing the 
CAC codon for histidine. To date, we have isolated 
clones for Wnt-1, Wnt-6, Wnt-4, and Wnt-3, but no new 
members (of 39 Wnt clones analyzed; J.A. McMahon and 
A.P. McMahon, unpubl.). Thus, although it is impos-
sible to predict accurately the number of family 
members, in light of the current identification of nine 
members the real figure probably lies somewhere be-
tween 10 and 20. 

From PCR analysis of other species, it is clear that 
multiple Wnt-1-related genes are not confined to the 
mouse. Related sequences have been isolated from 
Xenopus (Christian et al. 1991), Drosophila (A. 
McMahon, in prep.), and C. elegans (Kamb et al. 1989). 
Thus, in both vertebrate and invertebrate species, there 
are likely to be multiple roles for the Wnt-1 family. 

Wnt'1-receptors, mammary tumors, and axial 

duplication 

Although there is no solid evidence for its existence, the 
normal interaction of peptide-signaling molecules with 
a cell surface receptor suggests that Wnt action is also 
mediated in this way. In Drosophila, mutants that re-
semble wingless {Drosophila Wnt-1) but act cell-autono-
mously, are likely receptor candidates. As yet, no mu-
tants of this type have been molecularly identified. The 
demonstration of multiple signaling molecules related 
to Wnt-1 suggests that either a single receptor is capable 
of interacting with a number of proteins with limited 
amino acid homology (50-60%) or that a divergent re-
ceptor family exists. Two lines of evidence suggest that 
in abnormal situations, different Wnt-1-related proteins 
may interact in the same receptor pathway, although 
this in no way implies that it happens normally in vivo. 

Wnt-1 and Wnt-3, when activated by MMTV inser-
tion, give rise to mammary tumors (for review, see 
Niisse 1988). However, in normal mammary glands 
there is no evidence for expression of Wnt-1 or Wnt-3 
(Niisse et al. 1984; Wilkinson et al. 1987a; Roelink et al. 
1990). Thus, a receptor is presumably present and able to 
respond to either of these proteins, but does not nor-
mally do so. Preliminary evidence indicates that several 
of the new Wnt clones are expressed in the normal 
mammary gland and their expression is regulated during 
pregnancy and lactation (B. Gavin and A. McMahon, un-
publ). Therefore, the abnormal action of Wnt-1 and 
Wnt-3 may be mediated by interaction with a receptor 
normally present to receive a signal from one or more of 
the related Wnt proteins that normally regulates mam-
mary gland development. 

Similarly, ectopic expression of mouse Wnt-1 in 
Xenopus embryos leads to duplication of axial meso-
dermal tissue (McMahon and Moon 1989b), implying a 
specific, active receptor pathway well before normal 
Xenopus Wnt-1 expression (Noordemeer et al. 1989). 
Thus, this receptor pathway may normally respond to 

GENES & DEVELOPMENT 2329 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Gavin et al. 

another Wnt protein, the deregulated expression of 
Wnt-l perturbing this interaction. In support of this 
idea, evidence exists for the early localized expression of 
nXenopus Wnt-1-related gene that can interact with this 
same pathway (Christian at al. 1990). Clearly, if these 
suggestions are correct, misexpression of other family 
members in these systems might be expected to result in 
similar outcomes. This result is not surprising, given the 
paradigm of the fibroblast growth factor (FGF) family. 
The mesoderm-inducing properties of many of the FGF 
family members strongly suggest that this family of pep-
tide growth factors can also "cross talk" in FGF re-
ceptor-mediated pathways (Paterno et al. 1989). 

In summary, the evidence presented here supports the 
view that the Wnt family has a major role in develop-
ment of the mouse. The Wnt family, along with those of 
TGF-3 and FGF, constitutes three superfamilies of puta-
tive signaling molecules that presumably act to regulate 
developmental processes. The determination of the mul-
tiple developmental roles of the Wnt family members 
will present a major challenge. 

Materials and methods 

PCR amplification and cloning of VJnt-1-related genes from 
9.5-day fetal cDNA 

Total RNA was isolated from 9.5-day mouse fetuses using the 
lithium chloride/urea procedure (Auffray and Rougeon 1980). 
First-strand cDNA was synthesized from 10 jxg of total RNA 
using oligo(dT) priming with an Invitrogen kit in 50 \j.\ volume, 
as recommended by the manufacturer. cDNA was amplified 
using 200 ng of each of the following degenerate oligonucleo-
tide primers (see Fig. lA): 

GGGGAATTCCAgGA^TG? AAATGJCAT (5' primer) and 
AAAATCTAGAg CAJ CACCAg TG^ AA (3'primer). 

Standard PCR amplification used one-fortieth of the cDNA 
reaction or 1 ng of control Wnt-l- or Wnt-2-containing plasmids 
in a final volume of 20 (JLI of 50 mM KCl, 10 mM Tris-HCl |pH 
8.4) 1.5 mM MgClz, 20 |xg/ml gelatin, 0.2 mM dNTPs (Phar-
macia), and 0.6 units Taq polymerase (Perkin-Elmer/Cetus). Re-
actions were overlaid with 25 fi.1 of mineral oil and amplified 
using a thermal cycler (M-J Research) as follows: 2 min at 94°C, 
then 30 cycles of 90 sec at 55°C, 1 min at 72°C, 1 mm at 94°C, 
followed by 30 min at 37°C. Five microliters of the reaction 
products were separated in a 2% agarose gel, the remainder was 
brought up to 100 jil with water, extracted once with aqueous 
phenol and once with Sevag, and precipitated by the addition of 
one-tenth volume of 3 M sodium acetate and two volumes of 
100% ethanol. Following recovery of ethanol precipitates, am-
plified DNA was digested to completion with 20 units each of 
£coRI and Xbal and subcloned into £coRI/XbflI-cleaved pGEM 
3Zf (Promega). Recombinant clones were identified by £coRI/ 
Xbal digestion of alkaline lysis-prepared minipreps (Maniatis et 
al. 1982) and double-stranded sequenced using a T7 polymerase 
sequencing kit (Pharmacia) according to the manufacturer's in-
structions. 

Isolation and sequencing of Wnt-l-related '/. cDNA clones 

PCR-generated fragments for Wnt clones 6, 7A, 5A, and 61 were 
oligolabeled with (a-3^P]dCTP using a random priming kit 

(Multiprime, Amersham). Replica filter lifts of ~6 x 10̂  re-
combinants of an 8.5-day mouse cDNA library (Fahrner et al. 
1987) were hybridized with 5 x 10̂  cpm/ml of each probe. Hy-
bridizations were performed overnight at 42°C in 50% form-
amide, 0.2% polyvinylpyrrolidone, 0.2% bovine serum al-
bumin, 0.2% Ficoll, 0.05 M Tris-HCl (pH 7.5), 1.0 M NaCl, 0.1% 
sodium pyrophosphate, 1% SDS, 10% dextran sulfate, and 100 
|jLg/ml yeast RNA. Filters were washed 3 x 15 min at room 
temperature in 2 x SSC, 0.2% SDS and 3 x 30 min at 68°C in 
0.2 X SSC, 0.1% SDS. On the final round of screening, quadru-
plicate plaque lifts were screened individually with each probe. 
Individual clones were extended 5' and 3' by repeated screening 
of up to 5 X 10* plaques of the \gtlO library. Inserts were 
cloned into the £coRI site of pGEM7Z (Promega) following PCR 
amplification and £coRI digestion of phage \ isolates or fol-
lowing Lambdasorb (Promega) isolation and £coRI digestion of 
recombinant phage. 

To obtain clones encoding the extreme 5' sequence of Wnt-6 
and Wn^-7a, 10'' clones from a P20 mouse whole-brain Uni-Zap 
XR cDNA library (Stratagene) were screened with extreme 5' 
probes. Methods were as detailed above with the exception that 
recombinant plasmids were excised from recombinant phage 
using R408 helper phage, as recommended by the vendor (Stra-
tagene). 

All cDNA inserts were sequenced on both strands using a 
combination of specific oligonucleotide primers and directed 
subcloning. Sequencing was performed using double-stranded 
dideoxy methods with a T7 polymerase sequencing kit, as rec-
ommended by the manufacturer (Pharmacia). 

Isolation of Wnt-76 and Wnt-4 genomic DNA 

Genomic Wnt-7h DNA encoding the ambiguous cysteine res-
idue (see Results) was amplified using previously described 
conditions and the following oligonucleotides: GGGGAA-
TTCCGGGCGTGGCGCATGCTGTC (5' primer) and AAAA-
TCTAGAGGCATCCACAAAGCGACGAG (3' primer). Re-
striction digests, subcloning, and sequencing were exactly as 
detailed earlier. 

A SauSA \ DASH (Stratagene) mouse genomic library (the 
generous gift of Ross Kinloch) was screened with an oligola-
beled Wnt-4 cDNA probe, as detailed previously. Mouse ge-
nomic DNA was isolated, SamHI-digested, and blotted to ni-
trocellulose, and genomic fragments surrounding splice ac-
ceptor and donor sites were identified by hybridization with 
oligonucleotides (Maniatis et al. 1982). The appropriate BamHl 
fragments were subcloned into BamHI-cut pGEM7Z and se-
quenced. 

RNA blot analysis 

Total RNA from fetal or adult tissues was prepared by either 
the LiCl/urea (Auffray and Rougeon 1980) or the guanidinium 
hydrochloride (Maniatis et al. 1982) procedure. Poly(A) RNA 
was isolated following a single round of oligo(dT) selection 
using an Invitrogen Fast Trak mRNA isolation kit according to 
the manufacturer's instructions. Alternatively, poly(A) RNA 
was isolated directly from lysed tissues using the same kit. 

Approximately 2.5 l̂g of isolated poly(A) RNA was separated 
electrophoretically on a 1.2% formaldehyde agarose gel (Man-
iatis et al. 1982), transferred to nylon membrane (GeneScreen, 
Dupont), UV cross-linked (Church and Gilbert 1984), and hy-
bridized with 1.5 X 10* cpm/ml of random-primed (Amersham) 
p2p]dCTP-labeled (i-actin (Minty et al. 1981) or Wnt cDNA 
probes. For the adult brain fractions and microdissected embryo 
fractions, 5 \xg of total RNA was used for each sample. Hybrid-
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izations were at 45°C in 50% formamide, 0.25 M sodium phos-
phate (pH 1], 0.25 M NaCl, 7% SDS, 1 mM EDTA, and 10% 
PEG-20,000. Washes were as follows: 3 x 20 min at room tem-
perature in 2 X SSC and 0.2% SDS, 2 x 30 min at 68°C m 0.2 x 
SSC and 0.2% SDS, and 2 x 1 hr m 1 x SSC, and 0.2% SDS at 
65°C. All autoradiography was performed using intensifymg 
screens at - 70°C. 

In situ hybridization 

In situ hybridization was performed essentially as described by 

Wilkinson et al. (1987b). Wnt-5a and Wnt-Sh probes used for in 

situ hybridization were identical to those used on Northern 

analysis. These studies, together with Southern blot analysis, 

indicate no cross-reactivity under the condition used. 
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