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eight new cadherins in nervous tissue

Shintaro Suzuki,*t$ Kenji Sano,t
and Hidenobu Taniharat
*Departments of Ophthalmology and Microbiology
University of Southern California
School of Medicine
tDoheny Eye Institute
Los Angeles, California 90033

To examine the diversity of the cadherin family, we
isolated cDNAs from brain and retina cDNA prep-
arations with the aid of polymerase chain reaction.
The products obtained included cDNAs for two of
three known cadherins as well as eight distinct
cDNAs, of which deduced amino acid sequences
show significant similarity with the known cadherin
sequences. Larger cDNA clones were isolated from
human cDNA libraries for six of the eight new mol-
ecules. The deduced amino acid sequences show
that the overall structure of these molecules is very
similar to that of the known cadherins, indicating
that these molecules are new members of the cad-
herin family. We have tentatively designated these
cadherins as cadherin-4 through -11. The new mol-
ecules, with the exception of cadherin-4, exhibit
features that distinguish them as a group from pre-
viously cloned cadherins; they may belong to a new
subfamily of cadherins. Northern blot analysis
showed that most of these cadherins are expressed
mainly in brain, although some are expressed in
other tissues as well. These findings show that the
cadherin family of adhesion molecules is much
larger than previously thought, and suggest that
the new cadherins may play an important role in
cell-cell interactions within the central nervous
system.

Introduction

Cadherins are integral membrane proteins that
mediate calcium-dependent cell-cell adhesion
and are thought to play an important role(s) in
a wide range of cell-cell interactions. In partic-
ular, cadherins appear to play a key role in mor-
phogenesis (for reviews, see McClay and Et-
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tensohn, 1987; Takeichi, 1988, 1990; Anderson,
1 990).
Thus far, three cadherins, E-, N-, and P-cad-

herin, which are also known by other names,
have been isolated from various tissues and or-
ganisms (Damsky et al., 1983; Gallin et al., 1983;
Vestweber and Kemler, 1984; Yoshida-Noro et
al., 1984; Behrens et al., 1985; Hatta et al., 1985;
Nose and Takeichi, 1986; Volk and Geiger,
1986), and their properties have been charac-
terized (for reviews, see Takeichi, 1988, 1990).
Some of the properties of these cadherins are
similar in a number of respects, such as the mo-
lecular weight, the Ca2+ requirement for their
activity, and Ca2+ protection against protease
(Shirayoshi et al., 1986). Amino acid sequences
deduced from cDNA cloning have clearly shown
that cadherins belong to a protein family (Gallin
et al., 1987; Nagafuchi et al., 1987; Nose et al.,
1987; Ringwald et al., 1987; Hatta et al., 1988;
Miyatani et al., 1989; Shimoyama et al., 1989).
The cadherin molecule is divided by a trans-
membrane domain into a large extracellular do-
main at the N-terminal side and a small cyto-
plasmic domain at the C-terminal side. The
extracellular domain consists primarily of five
repeats of a motif unique to cadherins (Hatta et
al., 1988) and appears to determine the speci-
ficity of the homophilic cell adhesion activity of
the cadherin (Nose et al., 1990). On the other
hand, the amino acid sequence of the cyto-
plasmic domain is highly conserved among the
cadherins, suggesting that this region serves
an important shared function. Recent molecular
biological experiments have shown that this
domain is essential for cell adhesion activity
(Nagafuchi and Takeichi, 1988), and it is likely
that it exerts this effect through interacting with
cytoskeletat proteins (Hirano et aL, 1987; Na-
gafuchi and Takeichi, 1989; Ozawa et al., 1989).
Recent studies suggest that at least two, and

possibly more, additional cadherins exist. Vas-
cular endothelial cells appear to express a spe-
cific new cadherin (Heimark et al., 1990), and
another cadherin closely related to N-cadherin
has been reported in chicken liver (Crittenden
etal., 1988). Matsunaga etaaL (1988b) and Choi
et al. (1990) found evidence of other cadherins
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in chicken retina and in Xenopus embryo, re-
spectively; however, detailed identification of
these molecules has not yet been reported.
Development of the central nervous system

(CNS)' requires complex cell-cell interactions,
and cell adhesion molecules appear to play a
key role in this process. Many adhesion mole-
cules, in fact, have been isolated from the CNS
and various functions have been attributed to
them, such as specific cell-cell recognition, cell
movement, neurite fasciculation, and axon
elongation (Grumet and Edelman, 1984; Cun-
ningham et al., 1987; Harrelson and Goodman,
1988; Moos et al., 1988; Ranscht and Dours,
1988). The N-cadherin, the only well-character-
ized cadherin in the CNS, is of particular inter-
est. Expression of the N-cadherin is regulated
spatiotemporally, which implies an important
role in morphogenesis (Hatta and Takeichi,
1986; Hatta et al., 1987). Indeed, it has been
reported that anti-N-cadherin antibody inter-
feres with the development of neural retina
(Matsunaga et al., 1988b). Moreover, N-cad-
herin appears to have neurite outgrowth-pro-
moting activity, suggesting a role in the guid-
ance of axon elongation (Matsunaga et al.,
1988a; Bixby and Zhang, 1990).
Because N-cadherin appears to play an im-

portant role in the CNS, we initiated an inves-
tigation into the possibility that other, as yet
unidentified cadherins might participate in cell-
cell interaction in the CNS. To study this, we
used polymerase chain reaction (PCR) and
found a large number of new cadherins in brain
and retina. Herein, we describe initial charac-
terization of these cadherins and discuss their
possible role in the development and function
of nervous tissue.

Results

Isolation of cDNAs for possible new
cadherins
A PCR method was applied for the isolation of
cDNAs that correspond to new cadherins. Two
highly conserved amino acid sequences from
the cytoplasmic domain were chosen by com-
paring various cadherins, and the corresponding
degenerate oligonucleotides were synthesized
(Figure 1). PCR was carried out using the mixed
oligonucleotides as primers and a rat brain and
a rat retina cDNA preparations as templates.
The resultant products, of 160 nt in size, were

' Abbreviations used: CNS, central nervous system; PCR,
polymerase chain reaction.

Sequence 1

850

T A P P Y D

Primer 1 5'- GM TTC ACN GCN CCN CCN TAY GA - 3'

(EcoRI) degeneracy 29 or 512

895

Sequence 2

Primer 2

F K K L A D

3'- MR TTY TTY RAN CGN CT CTT MG - 5'

degeneracy 28 or 256 (EcoRI)

Figure 1. Amino acid sequences and corresponding nu-
cleotide sequences for PCR primers. Amino acid se-
quences 1 and 2 were chosen by comparing various cad-
herins. Numbering of sequences 1 and 2 was taken from
that of the corresponding amino acid sequence of mouse
N-cadherin (Miyatani et al., 1989). The nucleotide sequence
is as follows: A, deoxyadenosine; C, deoxycytosine; G,
deoxyguanosine; T, deoxythymidine; R, either A or G; Y,
either C or T; N, either A, C, G, or T.

isolated and subcloned into the M13 vector.
Approximately 75 clones were then isolated and
sequenced. The sequences revealed 10 differ-
ent types of cDNA clones encoding distinctive
amino acid sequences homologous with the cy-
toplasmic domain of the known cadherins (Fig-
ure 2). Attempts to isolate similar cDNAs from
rat liver, lung, kidney, and skin yielded an ad-
ditional distinctive clone (clone 3) from the skin
cDNA. Homologous clones, except for clones
7 and 9, were isolated from human fetal and
adult brain cDNA preparations. Judging from the
deduced amino acid sequences, clones 1, 2, and
3 correspond to rat N-, E-, and P-cadherin, re-
spectively. The molecules defined by the re-
maining 8 types of cDNAs may be new cadher-
ins, because these sequences are strongly
homologous with, but distinct from, those of the
known cadherins.
To isolate larger cDNAs corresponding to the

putative new cadherins, we screened a human
fetal brain cDNA library using the short cDNAs
obtained by PCR as probes, and then se-
quenced the resultant clones. cDNAs corre-
sponding to clone 5 were isolated from a human
placental cDNA library, because preliminary re-
sults had shown that the mRNA that hybridizes
with the cDNA is expressed at a relatively high
level in placenta. cDNAs corresponding to six
possible cadherins were obtained, but the re-
maining two probes yielded no clones from
these libraries.

Deduced amino acid sequences of the
possible new cadherins
One of the human cDNAs corresponding to rat
clone 5 appears to contain the entire coding
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Clone 1 (N-cadherin)

Clone 2 (E-cadherin)

Clone 3 (P-cadherin)

Clone 4

Clone 5

Clone 6

Clone 7

Clone 8

Clone 9

Clone 10

Clone 11

SLLVFDY E GSGSTAGSLSSLNSSSSGGDQDYDYLNDWGPR

S L L V F D Y E G S G S E A A S L S S L N S S E S D Q D Q D Y D Y L NE WG N R

S L L V F D Y EGSGS D A A S L S S L T S S T S D Q D Q D Y N Y L T EWGSR

S L LV F D Y E GS G STAGS VS SLNS SSSG- D Q DY D Y LN DWG PR

TLHI YGYEGTES IAESLSSLSTNSSDSDI DYDFLNDWGPR

S L A T Y A Y E GTGSVADSLSSLESVTTDGDQDYDYLSDWGPR

SLQTYAFEGNGSVAESLSSLDSNSS N S DQ N Y DYLSDWGPR

S IQ I YGYEGRGSVAGSLSSLESTTSDSDQ N F DY L S DWGPR

SLATYAYEGNDSVANSLSSLESLTADCNQDYDYLSDWGPR

SLATYAYEGNDSVAESLSSLESGTTEGDQNYDYLREWGPR

S IQI YGYEGRGSVAGSLSSLES A T T DSDLDYDYLQ NWGPR

Mouse cadherins

860

N-cadher in

E-cadher in

P-cadher in

880

SLL V F DYE G S G STAGS LSSL N SSSS G GD Q DY DY LN DWG PR

SLL V F DYE G S G SE AA S L SSL N SS ES D Q D Q DY DY LN E WG N R

SL MV F DYE G S G S DAA SLSSL T T S A SD Q D Q DY N YLN E WG SR

Figure 2. Deduced amino acid sequences of rat cDNA clones isolated by PCR. All clones were isolated from rat brain and
retina cDNA preparations, with the exception of clone 3, which was isolated from a rat skin cDNA preparation.

sequence of a putative cadherin (Figure 3). The
sequence contains possible initiation codon fol-
lowed by signal sequence but lacks the prose-
quence that is present in the known cadherin
precursors (Hatta et al., 1988). The sequence
also contains the well-conserved, postulated
proteolytic cleavage site of cadherin precursor
polypeptides (Ozawa and Kemler, 1990). The
deduced amino acid sequence of putative ma-
ture clone 5 protein exhibits significant homol-
ogy with those of the previously described cad-
herin sequences, and the overall molecular
structure is essentially the same as that of the
other cadherins. One putative transmembrane
domain located near the C-terminal separates
the molecule into a small cytoplasmic domain
at the C-terminal side and a large extracellular
domain at the N-terminal side. The extracellular
domains of the mature cadherins consist of five
repeats of a motif specific to cadherins (Hatta
et al., 1988). The new sequence contains the
five repeats of the motif, and each repeat is
closely related to the corresponding repeat of
the previously cloned cadherins (Figure 4).
The clones for the remaining five putative

cadherins contain only partial sequences of the

molecules. However, despite the fact that the
extracellular domain sequences are truncated,
it is clear that these sequences contain the
cadherin extracellular domain repeats in the
same order as those of other cloned cadherins
(Figure 4). Moreover, the cytoplasmic domains
are similar in size to, and show high homology
with, the cadherin sequences already reported
(Figure 5). These features identify the molecules
defined by the cDNAs as new members of the
cadherin family.
Although we were unable to isolate large

cDNAs for the remaining two species, the high
homology of the cytoplasmic domain makes it
quite likely that these molecules have topog-
raphy similar to that of the other cadherins. We
have tentatively termed these eight molecules,
defined by the cDNAs corresponding to rat
clones 4-11, as cadherin-4 through -11, re-
spectively. The switch to numbering from the
currently used alphabetic prefix for the known
cadherins seems to be justified on the basis of
the existence of the large number of cadherins.
Homology among cadherin sequences
Cadherin-4 shows particularly high homology
with the N-cadherin. When the two sequences
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CTCCACTCACGCTCAGCCCTGGACGGACAGGCAGTCCAACGGAACAGAAACATCCCTCAGCCCACAGGCACGATCTGTTCCTCCTGGGAAGATGCAGAGGCTATGATGCTCCTCGCCACA 120
M M L L A T 6

TCGGGCGCCTGCCTGGGCCTGCTGGCAGTGGCAGCAGTGGCAGCAGCAGGTGCTAACCCTGCCCAACGGGACACCCACAGCCTGCTGCCCACCCACCGGCGCCAAAMGAGAGATTGGATT 240
S G A C L G L L A V A A V A A A G A N P A Q R D T H S L L P T H R R Q K RAD W I 46

TGGAACCAGATGCACATTGATGAAGAGAAMMCACCTCACTTCCCCATCATGTAGGCAAGATCAAGTCAAGCGTGAGTCGCAAGAATGCCAAGTACCTGCTCAAAGGAGAATATGTGGGC 360
W N Q M H I D E E K N T S L P H H V G K I K S S V S R K N A K Y L L K G E Y V G 86

0
AAGGTCTTCCGGGTCGATGCAGAGACAGGAGACGTGTTCGCCATTGAGAGGCTGGACCGGGAGAATATCTCAGAGTACCACCTCACTGCTGTCATTGTGGACAAGGACACTGGCGAAAAC 480
K V F R V D A E T G D V F A I E R L D R E N I S E Y H L T A V I V D K D T G E N 126

0
CTGGAGACTCCTTCCAGCTTCACCATCAAAGTTCATGACGTGAACGACAACTGGCCTGTGTTCACGCATCGGTTGTTCMATGCGTCCGTGCCTGAGTCGTCGGCTGTGGGGACCTCAGTC 600
L E T P S S F T I K V H D V N D N W P V F T H R L F N A S V P E S S A V G T S V 166

0
ATCTCTGTGACAGCAGTGGATGCAGACGACCCCACTGTGGGAGACCACGCCTCTGTCATGTACCAAATCCTGMAGGGGAAAGAGTATTTTGCCATCGATAATTCTGGACGTATTATCACA 720

I S V T A V D A D D P T V G D H A S V M Y Q I L K G K E Y F A I D N S G R I I T 206

ATAACGAAAAGCTTGGACCGAGAGAAGCAGGCCAGGTATGAGATCGTGGTGGA8GCGCGAGATGCCCAGGGCCTCCGGGGGGACTCGGGCACGGCCACCGTGCTGGTCACTCTGCAAGAC840
T K S L D R E K Q A R Y E I V V E A R D A Q G L R G D S G T A T V L V T L Q D 246

ATCAATGACAACTTCCCCTTCTTCACCCAGACCAAGTACACATTTGTCGTGCCTGAAGACACCCGTGTGGGCACCTCTGTGGGCTCTCTGTTTGTTGAGGACCCAGATGAGCCCCAGAAC 960
I N D N F P F F T Q T K Y T F V V P E D T R V G T S V G S L F V E D P D E P Q N 286

CGGATGACCAAGTACAGCATCTTGCGGGGCGACTACCAGGACGCTTTCACCATTGAGACAAMCCCCGCCCACMACGAGGGCATCATCAAGCCCATGAAGCCTCTGGATTATGATACATC 11080
R M T K Y S I L R G D Y Q D A F T I E T N P A H N E G I I K P M K P L 0 Y E Y I 326

CAGCAATACAGCTTCATAGTCGAGGCCACAGACCCCACCATCGACCTCCGATACATGAGCCCTCCCGCGGGMMACAGAGCCCAGGTCATTATCAACATCACAGATGTGGACGAGCCCCCC 1200
Q Q Y S F I V E A T D P T I D L R Y M S P P A G N R A Q V I I N I T D V D E P P 366

0
ATTTTCCAGCAGCCTTTCTACCACTTCCAGCTGAAGGAAAACCAGAAGAAGCCTCTGATTGGCACAGTGCTGGCCATGGACCCTGATGCGGCTAGGCATAGCATTGGATACTCCATCCGC 1320

I F Q Q P F Y H F Q L K E N Q K K P L I G T V L A M D P D A A R H S I G Y S I R 406

AGGACCAGTGACAAGGGCCAGTTCTTCCGAGTCACAMAAMAGGGGGACATTTACAATGAGAAAGAACTGGACAGAGAMGTCTACCCCTGGTATAACCTGACTGTGGAGGCCAAAGAACTG 1440
R T S D K G Q F F R V T K K G D I Y N E K E L D R E V Y P W Y N L T V E A K E L 446

0
GATTCCACTGGAACCCCCACAGGAAAAGAATCCATTGTGCAAGTCCACATTGAAGTTTTGGATGAGAATGACMATGCCCCGGAGTTTGCCAAGCCCTACCAGCCCAAAGTGTGTGAGAAC 1560

D S T G T P T G K E S I V Q V H I E V L D E N D N A P E F A K P Y Q P K V C E N 486

GCTGTCCATGGCCAGCTGGTCCTGCAGATCTCCGCAATAGACAAGGACATAACACCACGAAMCGTGAAGTTCMAATTCATCTTGAATACTGAGAACAACTTTACCCTCACGGATATCAC 11680
A V H G Q L V L Q I S A I D K 0 I T P R N V K F K F I L N T E N N F T L T 0 N H 526

0
GATAACACGGCCAACATCACAGTCAAGTATGGGCAGTTTGACCGGGAGCATACCAAGGTCCACTTCCTACCCGTGGTCATCTCAGACAATGGGATGCCAAGTCGCACGGGCACCAGCACG 1800
D N T A N I T V K Y G Q F D R E H T K V H F L P V V I S D N G M P S R T G T S T 566

0
CTGACCGTGGCCGTGTGCAAGTGCAACGAGCAGGGCGAGTTCACCTTCTGCGAGGATATGGCCGCCCAGGTGGGCGTGAGCATCCAGGCAGTGGTAGCCATCTTACTCTGCATCCTCACC 1920
L T V A V C K C N E Q G E F T F C E D M A A Q V G V S I Q A V V A I L L C I L T 606

ATCACAGTGATCACCCTGCTCATCTTCCTGCGGCGGCGGCTCCGGAAGCAGGCCCGCGCGCACGGCAAGAGCGTGCCGGAGATCCACGAGCAGC TGGTCACCTACGACGAGGAGGGCGGC 2040
I T V I T L L I F L R R R L R L Q A R A H G K S V P E I H E Q L V T Y D E E G G 646

GGCGAGATGGACACCACCAGCTACGATGTGTCGGTGCTCAACTCGGTGCGCCGCGGCGGGGCCAAGCCCCCGCGGCCCGCGCTGGACGCCCGGCCTTCCCTCTATGCGCAGGTGCAGAAG 2160
G E M D T T S Y D V S V L N S V R R G G A K P P R P A L D A R P S L Y A Q V Q K 686

CCACCGAGGCACGCGCCTGGGGCACACGGAGGGCCCGGGGAGATGGCAGCCATGATCGAGGTGAAGAAGGACGAGGCGGACCACGACGGCGACGGCCCCCCCTACGACACGCTGCACATC 2280
P P R H A P G A H G G P G E M A A M I E V K K D E A D H D G D G P P Y D T L H I 726

TACGGCTACGAGGGCTCCGAGTCCATAGCCGAGTCCCTCAGCTCCCTGGGCACCGACTCATCCGACTCTGACGTGGATTACGACTTCCTTAACGACTGGGGACCCAGGTTTAAGATGCTG 2400
Y G Y E G S E S I A E S L S S L G T D S S D S D V D Y D F L N D W G P R F K M L 766

GCTGAGCTGTACGGCTCGGACCCCCGGGAGGAGCTGCTGTATTAGGCGGCCGAGGTCACTCTGGGCCTGGGGACCCAMMCCCCCTGCAGCCCAGGCCAGTCAGACTCCAGGCACCACAGC 2520
A E L Y G S D P R E E L L Y 780

CTCCAAAAATGGCAGTGACTCCCCAGCCCAGCACCCCTTCCTCGTGGGTCCCAGAGACCTCATCAGCCTTGGGATAGCAAMCTCCAGGTTCCTGAAATATCCAGGAATATATGTCAGTGA 2640

TGACTATTCTCAAMTGCTGGCAAATCCAGGCTGGTGTTCTGTCTGGGCTCAGACATCCACATAACCCTGTCACCCACAGACCGCCGTCTAACTCAAAGACTTCCTCTGGCTCCCCAAGGC 2760

TGCAAMGCAAAACAGACTGTGTTTAACTGCTGCAGGGTCTTTTTCTAGGGTCCCTGAACGCCCTGGTAAGGCTGGTGAGGTCCTGGTGCCTATCTGCCTGGAGGCAAAGGCCTGGACAGC 2880

TTGACTTGTGGGGCAGGATTCTCTGCAGCCCATTCCCA3GGGAGACTGACCATCATGCCCTCTCTCGGGAGCCCTAGCCCTGCTCCAACTCCATACTCCACTCCAAGTGCCCCACCACTC3000
CCCAACCCCTCTCCAGGCCTGTCAAGAGGGAGGAAGGGGCCCCATGGCAGCTCCTGACCTTGGGTCCTGAAGTGACCTCACTGGCCTGCCATGCCAGTAACTGTGCTGTACTGAGCACTG 3120

AACCACATTCAGGGAAATGGCTTATTAAACTTTGAAGCAACTGT 3164

Figure 3. Nucleotide sequence and deduced amino acid sequence of human cDNA corresponding to rat clone 5. The
possible proteolytic cleavage site of precursor protein is indicated by an arrowhead. The putative transmembrane domain is
underlined and the possible N-glycosylation sites are marked by open circles.

are aligned, -700/o of the amino acids are iden- similar, but the extracellular domains could not
tical, and only one amino acid deletion and one be compared because of the lack of sequence
amino acid addition are present in the cyto- information on cadherin-6. On the other hand,
plasmic domain (Figures 4 and 5). Cadherin-8 cadherin-5 is unique in that its cytoplasmic do-
and cadherin-1 1 are also highly homologous to main shows relatively low homology with the
each other in the cytoplasmic and in the extra- other cadherins.
cellular domains (Table 1). The cytoplasmic do- Although the homologies among the extra-
mains of cadherin-6 and cadherin-1 0 are very cellular domains are lower than those among
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EC3 N TAMTFYGEVPENRVDVI -VANL ---- TVTDKDQPIITPA-WNAAYRISGGDP-- -- TGRFAILTDPNStIDGLVIV-VKPIDFETN--- RMFVLTVAAENQVPLAKGIQ-IIPPQSTATVSVTVIDVNE-NPYF
E NPSTYQGQVPENEVNAR- IATL ---KV IDUDAPNTrPA- WKAVYTVV -NDP-- DQQFVVV TDPTlt4DG ILKT -AKGLDFEAK- --QQY ILIIV[RVEN4EEPF EGSL----- -VPSTATVTVDVVDVNE-API F
P EPQKYEAWVPENEVGIIE-VQRL - --- TVTDLDVPNWPA-WRATYIIIVGGDO - --GDIIFTI TTIIJPETNQGVLTT-KKGLDrEAQ - -- DQIITLYVEVTNEAPFAVKL - --PTATATVVVHVKDVNE-APVF
4 TASTFAGEVPENRVETV-VANL ---- TVM1DRDQPIISPN-WNAVYR IISGDP - --SGIIFSVRTDPVTNEGMVTV-VKAVDYELN - -- RAFtLTVMVSNQAPLASGIQ-MSFQSTAGVTISIMDINE-APYF
5 TQTKYTFVVPEDTRVGTSVGSL-- --- FVEDI'DE PQNR ----MTKYS ILRGDY - - -- QDAFT IE TNPAIINEG I IKP-MlKPLDYEY I - -- QQYSF IVEAT DPT IDLRYMS- PPAGNRAQV II N ITDVDE- PPI F
6 **************************** ********* ********************************VDE-PPVF
8 ******************IGRV ---- KANDQDIGENA--- QSSYD IIDGDG ---- TALFEITSDAQAQDGI IRL-RKPLDFEIK--- KSYTLKDEAANVIIIDPRFSGRGPFKDTATVKIVVEDADE-PPVF

1 1 PQRLYQMSVSEAAVPGE EVGRV - - -- KAKDPD I GEtJG - -- LVTYN IVDGDG - - - - E SFE ITTDY ETQEGV IKL -KKPVDr ETK - -- RAYS LKVEAANVI |IIDPKF ISNGPFKDTVTVK ISVEDADE- PPMF
* 0 * 0 * * S

EC4 N APNPKIIRQEEGLIIAGTMLTTLt----TAQDPDRYMQQ --- NIRYT--KLSD ---- PANWL-KIDPVN--GQITT-IAVLDRE ----- SPYVQNNI-YNATFLASDNGIPPMSGTGTLQIYLLDINDNAPQV
E MPAERRVEVPEDFGVGQE I ISY----- TAREPDTFMDQ - -- K ITYR- -IWRD----- TANWL -E INPET--GAIF T -RAEMDRED------AEIVKNST- YVAL IIATDDGSPIATGTGTLLLVLLDVNDNAPI P
P VPPSKV IEAQEGI S IGE LVC IY - - -- TAQDPDKE -DQ - -- K ISYT - -ISRD - - -- PANWL -AVDPDS - -GQ1ITA -AG1ILDRED-- --- EQFVKNNV -YEVMVLATDSGNPPTTGTGT L LLTLTD IND[IGPI P
4 PSNIIKL IRL EEGVPPGTVLTTF - - -- SAVDPDRFMQQ - -- AVRYS - -KL SD - - -- PASWL -111INATN - -GQ1IT T -VAVLDRE--- --- SLY1IKNNV -YEATFLAADNG IPPASGTGTLQ IYLI D INDNAPE L
5 QQPFYHFQLKENQKKP- LIGTV-- --- LAMDPDAARIIS-- --- IGYS IRRTSD- --KGQFF- -RVTK- K- -GDIYtl- EKELDREV----- YPWYNLTV- -EAKELDSTGTPTGKES IVQViIIIEVLDENDNAPEF
6 SKLAY ILQ IREDAQINTTIGSV----- TAQDPDAARNP------VKYS IDRIJ[D- --tIDR IF- -N IDSGN- -GS IFT- SKLLDRET-- --- LLWIINITIV- -IATE I --NNPKQSSRVPLY I --KVLDVNDNAPEF
8 SSPTYL LEVIIENAALNSV IGQV----- TARDPD ITSSP-- --- I RFS IDRI ITD- - -LERQF - -N INADD- -GK ITXL-ATPlDREL - - -- SVWI INI TI - -IAlTEI - -RNIiSQ ISRVPVA I --KVLDVNDNAPEF

l l LAPSY IHEVQENAAGTVVGRV - - -- IAKDPDAANS P - - -- I RYS IDIZII 1D -- -LDRFF - -T INPED - -GF I KT-TKPLDREE - - -- TAWLN ITV- -FAAE I - -INRHQEAQVPVAI - -RVLDVNDNAPKF

EC5 NL - -PQEAETCETPEPNS1IN-- -- --- IAALDYD IDPN----- AGPFAFDLPl SPVT I RNW r XN- - -- RlNJGDFAQUIlKWIL EA--- -G IYE VPI IITDSGNPPKSN-I S ILRVKVCQCDSNG--- -DCTDVDR-
EE - -PRNMQFCQR- NPQPII I - -- - -- I T ILDPDL PPN - - -- TSPFTAE L111GAS - -- VNW TI EYN - -DAAQESLI lQPR- KDLE I - --GEYK I IILKLADNQtIKDQV- --TTLDVIIVCDCEGTV- -NNCMK--
P E- -PRQI I ICNQ -S PVPQV - -- - -- LN ITDKDLSPtl - - -- SSPFQAQLTI IDSD - -- I YWMlAEVS - -E -KGD TVAL SL K -KFLKQ - -- DTYDLI IL SLSDI IGNREQL ---TM IRATVCDCIIGQV -FNDCPRPWK-
4L - -PKEAQ I CERPNLNA IN - -- - -- I TAADADV PHQ - - -- I GPYVF ELPFVPAAVRKN4W[rIT - - -- RLNGDYAQLSLR I LYL EA --- GMYDVP I IVT DSGNPPLSN -TS I IKVKVCPCDDNG ----DCTT- -- -

5 AK -PYQPKVCENAVI IGQLVLQ - - -- I SA IDKDI TPIR - - -- tlVKFKF ILN rEN -- - -- NFT L IDNI IDNTAtI rTV - -- KYGQr DREI TKVI IF -L PVV ISDNGMPSRTG -TSTLTVAVCKCNEQGEFTFCEDMAAQ
6 AE -FY ETFVC EKAKADQL IQT - - -- LIIAVDKDDPYS - - -- GlIQF SFrsLAPEAASGS -NF T IQDNKDNTAG ILT - -- IIKNGYNRI IEM -STYL LPVV ISDNDYPVQSS -TGTVTVRVCACD11I{GNMQSCIIAE -- -

8 AS -EY EAF LC ENGKPGQV IQT - - -- VSAMDKDDPKN - - -- GI IYF LYSLL PEtIV4NP -NFTIIKKNQDNSL S ILA - -- KI INGF NIZQKQ -EVY L LPI I ISDSGNPPLSS -TSTLTI RVCGCSNDGVVQSCNVE----

l1IAM-PYEGF ICESDQTKPLSNQP IVT ISADDKDDTAt4 - --- GPRF IFSLPPE III iNP- NFTVIRDtIRDNTAGVYA- --- RRGGFSRQKQ -DLYLLPI V ISDGG IPPMSS-TNTLTIKVCGCDVNGALLSCNAE- ---

Figure 4. Alignment of deduced amino acid sequences of possible cadherins. Extracellular domains 3, 4, and 5 (EC3-5)
of human cadherin-4 through -1 1 (4-1 1 ) and of mouse N-, E-, and P-cadherins (N, E, P) were aligned. *, positions of aromatic
amino acids conserved among cadherins. O, positions of aromatic amino acids present only in the known cadherins or only
in the new cadherins, with the exception of cadherin-4. -, gaps introduced to maximize homology, *, undetermined amino
acids. + denotes an amino acid that in human N-cadherin is phenylalanine (unpublished observations).

the cytoplasmic domains, the end regions of the but our results reveal more variability in them
repeats are conserved well (Figure 4). These than previously thought. However, many of the
sequences correspond to a portion of the Ca`+ changes are conservative.
binding sites postulated by Ringwald et a/. The new cadherins, with the exception of
(1987). The sequences of the cytoplasmic do- cadherin-4, show lower homology with the pre-
mains,ontheotherhand,tendtobe highlycon- viously cloned cadherins than had been ob-
served among the cadherins (Hatta et al., 1988), served among those cadherins (Table 1). More-

TM N - - -IVGAGLGTGA IIAI LLC I I -ILL ILVLMFVVWM
E -AGIVAAGLQVPAILGILG-GILALLILILLLLLFL
P ----GGFILPILGAVLALL- ----TLLLALLLLV- -- -

4 IGAVAAAGLGTGA IVAI LI CI L -I LLTMVL LFVMWM
S- -- ----VGVSIQAVVAILLCILTITVITLLIF--- -L
6 -ALIHPTGLSTGALVAILLCIV- ILLVTVVLFAA-L
8 -AYVLPIGLSMGALIAILACI I-LLLVIVVLFVT-L
10 -ALLLPAGLSTGALIAILLCI I -ILLVIVVLFAA-L
11 -AYI LNAGLSTGAL IAI LAC IV- ILLV IVVLFVT- L

.

CP N KRRDKERQAKQLL I DPEDDVRDN I LKYDEEGGGEED -QDYDLSQLQQPDTVE PDA I KPVG I RRLDERP- I NAEPQYPVRSAAPH
E RRRTVVKE--PLLP-PDDDTRDNVYYYDEEGGGEED-QDYDLSQLtIRGLDARPEVT------RNDVAPTLMSVPQYRPRPA--N
P RKKRKVKE - - PLLL -PEDDTRDNVFYYGEEGGGEED - QDYD I TQLHRGLEAR PEVVL -- - -- RNDVVPTF IPTPMYRPRPA- -N
4 KRREKERIITKQLL I DPEDDVREK I LKYDEEGGGEED- QDYDLSQLQQPEAMG HVPSKAPGVRRVDERP -VGPEPQYP I RPMVPNl
S RRRLRKQA- R -AHGKSVPE I HEQLVTYDEEGGGEMDTTSYDVSVLNSVRRGG AKPPRPALDARPSLYAQVQKPPR -HAPGAHGG
6 RRQRKKE - -- PL I I - SKED I RDN I VSYNDEGGGEEDTQAFD IGTLRNPEA I E -0-NKL - - -- RRD IVPEALFLPR -RTPTARDN

8 RRHQKNE---- PL IIKDDEDVRENIIIRYDDEGGGEEDTEAFDIATLQNPDG IN -G- FLP------RKDIKPDLQFMPR-QGLAPVPN
Figure 5. Alignment of 9 **********************************EDTQAFDISTLRNPEARE-D-SKL----RRDVMPETIFQIR-RTVPLWEN
transmembrane domain and l o KRQRKKE- - -PLI L -SKED IRDN IVSYNDEGGGEEDTQAFD IGTLRNPAAI E -E -KKL - - -- RRD I IPETLF IPR -RTPTAPDN
cytoplasmic domain of pos- l I RRQKK- E - -- PL IVFEEEDVREN I ITYDDEGGGEEDTEAFDIATLQNPDG IN -G -F IP-- --- RKD IKPEYQYMPR- PGLRPAPN
siblecadheris. Thetrans- N PGDIGDFINEGLKAADNDPTAPPYDSLLVFDYEGSGSTAGSLSSLNSSSSGGDQDYDYLNDWGPRFKKLADMYGGGDD-----

membrane domain (TM) and E PEDI GNF IDENLKAADSDPTAPPYDSLLVFDYEGSGSEAASLSSLNSSESDQDQDYDYLNEWGNRFKKL ADMYGGGEDD-- ---

cytoplasmic domain (CP) of P PDEIGNFI IENLKAANTDPTAPPYDSLMVFDYEGSGSDAASLSSLTTSASDQDQDYNYLNEWGSRFKKLADMYGGGEDD----

cadherin-4 through -1 1 (4-1 1 ) 4 PGD IGDFI NEGLRAADN DPTAPPYDS LLVFDYEGSGSTAGSVSSLNS S SSG -DQDYDYLNDWGPRFKKL ADMYGGG E ED - -- -

admueW E-, anPcd- 5 PGEMAAMIEVKKDEADIIDGDGPPYDTLHIYGYEGSESIAESLSSLGTDSSDSDVDYDFLNDWGPRFKMLAELYGSDPREELLYanumuseAl,E-, nd Pcad- 6 -TDVRDFINQRLKENDTDPTAPPYDSLATYAYEGTGSVADSLSSLESVTTDADQDYDYLSDWGPRFKKLADMYGGVDS-DKDSherins (N E, P) were aligned. 7 *************************SLQTYAFEGNGSVAESLSSLDSNSSNSDQNYDYLSDWGPR******************
The sequences of cadherin-7 8 GVDVDEF INVRLHEADNDPTAPPYDSI Q IYGYEGRGSVAGSLSSLESTTSDSDQNFDYLSDWGPRFKRL GELYSVGES -DKET
and cadherin-9 are from rat 9 -IDVQDFIfIRRLKENDSDPSAPPYDSLATYAYEGNDSVANSLSSLELSTADCNQDYDYLSDWGPR******************
cDNAs Symbol ar thesam° -TDVRDFINERLKEHDLDPTAPPYDSLATYAYEGNDSIAESLSSLESGTTEGDQNYDYLREWGPRFNKLAEMYGGGES-DKDSs.ym osaret esame 11 SVDVDDFINTRIQEADNDPTAPPYDSIQIYGYEGRGSVAGSLSSLESATTDSDLDYDYLQNWGPRFKKLADLYGSKDTFDDDS
as Figure 4. 0 * . . * . * . 9
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Table 1. Homology of deduced amino acid sequences of cadherins

N E P 4 5 6 7 8 9 10 11

N 37 41 65 27 (25) - 29 - - 30
E 62 46 35 24 (25) - 27 - - 25
P 56 80 36 27 (21) - 25 - - 27
4 82 61 57 27 (25) - 28 - - 30
5 39 36 35 49 (34) - 37 - - 39
6 51 50 52 49 37 - (45) - - (39)
7 (65) (57) (53) (63) (60) (73) - - - -
8 46 45 43 46 38 59 (73) - - 59
9 (47) (47) (46) (47) (37) (72) (68) (73) - -

10 50 40 50 48 57 83 (70) 57 (68)
11 50 47 45 48 39 62 (63) 76 (54) 59

Amino acid identity of extracellular domains 3, 4, and 5 (above the diagonal) and of the cytoplasmic domains (below the
diagonal) of cadherins-4 through -11 (4-11) and N-, E-, and P-cadherins (N, E, P) was calculated. The amino acid identity
values given in parentheses were calculated from the partial amino acid sequences available.
-, not done.

over, cadherins-5 through -11 have in common
a number of distinctive features. For example,
whereas most of the aromatic amino acids are
shared by all cadherins, including the new cad-
herins, some of these amino acids are missing
from cadherins-5 through -11 and several ad-
ditional aromatic amino acids are present in the
5-11 group of cadherins (O in Figures 4 and 5).
Many similar cases are evident at the other
amino acid positions. Taken together, these
features suggest that the cadherin family may
be classified into two subfamilies, 1-4 and 5-
11, on the basis of these structural character-
istics.

Expression of cadherin mRNAs
The expression of mRNAs for the new cadherins
was examined by Northern blot analysis. Most
of the mRNAs were detected in brain (Figure
6), as expected based on the results of PCR.
However, the mRNAs for cadherin-6 and cad-
herin-7 gave very faint signals, even after pro-
longed exposure. The cadherin-8 probe hybrid-
ized with multiple mRNA species, possibly
representing the products of alternative splic-
ing. The sizes of the mRNAs were 3.5-5 knt,
which are similar to those of reported cadherins.
The mRNAs of cadherins-8 through -10 were

detected only in brain, whereas cadherins-4,

4 5 6 7 8 9 10 11
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Figure 6. Expression of mRNAs for
new cadherins in rat brain. Poly(A)+
RNA preparation prepared from rat
brain (2.5 ug/lane) was separated
electrophoretically on an agarose gel
under denaturing conditions and
transferred onto a nitrocellulose fil-
ter. The resultant filter was hybrid-
ized with respective 32P-labeled rat
PCR probes (4, cadherin-4; 5, cad-
herin-5; 6, cadherin-6; 7, cadherin-7;
8, cadherin-8; 9, cadherin-9; 10,
cadherin-1 0; 11, cadherin-1 1). Calf
liver ribosomal RNAs (28S and 18S)
were used as size markers.
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Figure 7. Expression of mRNAs for new cadherins in rat
tissues. Expression of new cadherins in different rat tissues
(a, brain; b, kidney; c, liver; d, lung; e, skin) was examined
by Northern blot analysis. The experimental procedures are
described in the legend for Figure 6. Symbols are the same
as Figure 6.

-5, and -11 mRNAs were found in other tissues
also (Figure 7). The mRNA of cadherin-5 was
detected in the endothelial cells from human
umbilical cord vein, but not in A431 human epi-
dermoid carcinoma cells, IMR 90 human fibro-

blast cells, or SK-N-SH human neuroblastoma
cells (data not shown). The mRNAs for some of
the new cadherins examined were detected in
nerve cell lines (Figure 8). SK-N-SH human neu-
roblastoma cells express cadherin-8 and cad-
herin-1 1, and U251 human glioma cells and Y79
human retinoblastoma cells weakly express
cadherin-8, suggesting that at least some of the
newly identified molecules are expressed in
neurons and glial cells and/or their precursor
cells.

Discussion
We have isolated cDNAs for 8 putative new
cadherins (cadherin-4 through -1 1) from brain
and retina cDNA preparations. We believe that
the molecules defined by the cDNAs are new
members of the cadherin family because they
appear to have the same overall molecular
structure as that of the known cadherins. Our
findings bring the number of known cadherins
to 11, indicating that the cadherin family is
probably as large as is the integrin family of
adhesion proteins (Ruoslahti and Piersch-
bacher, 1987). It is quite likely that additional
new members of the cadherin family will be
identified, because we used only one set of
primers, one of which proved not to correspond
to a completely conserved sequence (Figure 5).
In fact, we have recently isolated several can-
didate cDNAs for additional new cadherins by
using other primers (unpublished observations).
The apparent role of the cadherins in the de-
velopment of body structure makes it important
to determine the complement of cadherins ex-
pressed in various tissues and at different de-
velopmental stages. The sequence data gath-

1 2 3 1 2 3 1 2 3

Figure 8. Expression of cad-
herin-8 and cadherin-11 in
cultured cells. Expression of
N-cadherin (A), cadherin-8 (B),
and cadherin-1 1 (C) in cul-
tured cells was examined by
Northern blot analysis. cDNAs
for human N-cadherin, cad-
herin-8, and cadherin-1 1 were
used as probes. Experimental
procedures are described in
the legend for Figure 6. 1, SK-
N-SH human neuroblastoma
cells; 2, U251 human glioma
cells; 3, Y79 human retino-
blastoma cells.
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ered thus far should prove to be a valuable
resource in the search for new cadherins and
in the analysis of cadherin expression.
An interesting feature of the new cadherins

described here is that, with the exception of
cadherin-4, they have specific features in com-
mon that distinguish them from the known cad-
herins. They show less homology with the re-
ported cadherins than among themselves.
Cadherin-5, for which we determined the entire
putative coding sequence, is a prime example.
Although it might not be a typical representative
of the new cadherins because of its unique cy-
toplasmic domain, its extracellular domain dif-
fers so much from the E-, N-, and P-cadherins
(Table 1) that it clearly demonstrates the exis-
tence of a new type of cadherin. These findings
suggest that the new cadherins, with the ex-
ception of cadherin-4, belong to a new subfamily
of cadherins that has not been recognized be-
fore. The distinct features of these new cad-
herins may explain in part why, despite various
attempts, they had not been identified previ-
ously (Crittenden et al., 1988; Choi et aL., 1990;
Liaw et aL., 1990).
Two of the new cadherins we described here

possibly may have been described before. The
deduced amino acid sequence for cadherin-4 is
quite homologous with that of the N-cadherin.
Crittenden et al. (1988) reported a possible N-
cadherin-like molecule in chicken liver; cadherin-
4 may correspond to that molecule. Our results
show that the mRNA for cadherin-5, which we
identified in rat brain, is expressed in various
other tissues, including endothelial cells from
the umbilical cord vein. Recently, a possible new
cadherin has been isolated from vascular en-
dothelial cells of bovine aorta (Heimark et aL.,
1990), and cadherin-5 may correspond to this
endothelial cell cadherin. Determination of the
amino acid sequence of the endothelial cell
cadherin will ascertain whether this is the case.
At present, the function of the new cadherins

is not fully understood. The large number of
cadherins expressed in the brain suggests that
in this tissue they may be involved in the cell-
cell interactions that are required for CNS mor-
phogenesis and may maintain its structure and
function.
The known cadherins are cell adhesion mol-

ecules, but whether the new cadherins exhibit
such activity is not known. Cadherin-4 may be
a cell-cell adhesion molecule and/or neurite
outgrowth-promoting molecule, because it is
highly homologous with N-cadherin, which car-
ries both of these activities. Cadherin-5 may also
be a cell adhesion molecule if it corresponds to

the vascular endothelial cell cadherin, because
that cadherin appears to be responsible for the
Ca2l-dependent cell adhesion of vascular en-
dothelial cells (Heimark et aL., 1990). It may be
that the other new cadherins described here
are not cell adhesion molecules but have a dif-
ferent role in cell-cell interactions. Regulation
of cell adhesion and neurite outgrowth-pro-
moting activity, as suggested by Takeichi's
group (Matsunaga et aL., 1 988a; Nagafuchi and
Takeichi, 1988), is one possibility. Another pos-
sibility is that these molecules may have cell-
cell repulsion or cell adhesion modifying activ-
ities (for review, see Keynes and Cook, 1990).
Currently, we are in the process of obtaining
cDNAs that cover the entire coding sequences
of the new cadherins. Once the full-length
cDNAs are obtained, it will be possible to ex-
amine the function of these molecules by gene
transfer experiments, such as have been done
with the known cadherins (Nagafuchi et aL.,
1987; Matsunaga et a!., 1988a; Jaffe et al.,
1 990).

Methods

mRNA preparation and cDNA synthesis
Total RNAs were prepared from various cells and tissues
by the use of a guanidium isothiocyanate method (Maniatis
et al., 1982). Poly(A)+ RNAs were isolated by the use of an
Invitrogen (San Diego, CA) FastTrack kit. Poly(A)+ RNA
preparations from human adult and fetal brains were ob-
tained from S. Taketani (Kansai Medical University, Japan),
and rat retina poly(A)+ RNA was purchased from Clonetech
(Palo Alto, CA). cDNAs were synthesized from poly(A)+ RNA
preparations using a cDNA synthesis kit obtained from
Boehringer-Mannheim Biochemicals (Indianapolis, IN).

PCR
PCR was carried out in a manner similar to that described
previously (Suzuki and Naitoh, 1990). We chose two highly
conserved amino acid sequences by comparing various
cadherin sequences and used them to make degenerate
primers that contain all of the possible nucleotide sequences
corresponding to the amino acid sequences (Gould et al.,
1989) (Figure 1). For the subsequent subcloning, EcoRI link-
ers were added at the 5' end of the primers. PCR conditions
were essentially the same as those described in the method
of Saiki et al. (1988). Denaturation was performed at 94°C
for 1.5 min, annealing at 450C for 2 min, and polymerization
at 720C for 3 min. The reaction was initiated by adding two
units of Taq DNA polymerase, after which 35 reaction cycles
were carried out. Taq DNA polymerase and the reaction
buffer were obtained from International Biotechnology (New
Haven, CT). After PCR, the reaction products were sepa-
rated by agarose gel electrophoresis and DNA bands of
- 160 nt in size were extracted. Subsequent to EcoRI
digestion, the resultant DNAs were subcloned into the Ml 3
vector.

Screening of libraries and DNA sequencing
A human fetal brain library (Stratagene, La Jolla, CA) and a
placental cDNA library (Millan, 1986) were screened with
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32P-labeled cDNA probes, obtained by PCR, using a plaque
hybridization method (Suzuki and Naitoh, 1990). The posi-
tives were plaque-purified and the inserts were cut out using
an in vivo excision method, then subcloned into the Ml 3
vector for sequencing.
Sequencing of DNAs was carried out according to the

dideoxynucleotide chain termination method of Sanger et
al. (1977), using a sequenase DNA sequencing kit from
United States Biochemicals (Cleveland, OH). DNA and amino
acid sequence analyses were carried out using the Beckman
(Fullerton, CA) Microgenie program.

Other procedures
RNA preparations were electrophoresed in 0.8% agarose
gel under denaturing conditions and transferred onto a ni-
trocellulose filter using a capillary method. Northern blot
analyses were performed according to the method of
Thomas (1980). The final wash was in 0.2x standard saline
citrate containing 0.1%o sodium dodecyl sulfate at 650C for
1 0 min.

Endothelial cells from human umbilical cord vein were ob-
tained from Clonetics (San Diego, CA) and grown in accor-
dance with the manufacturer's instructions. Other cells were
grown in Dulbecco's modified Eagle's medium containing
10% fetal bovine serum.
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