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Induction of apoptosis by the mouse
Nedd2 gene, which encodes a protein
similar to the product of the
Caenorhabditis elegans cell death gene
ced-3 and the mammalian
IL-13-converting enzyme
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By subtraction cloning we previously identified a set of mouse genes (named Nedd1 through Nedd10) with
developmentally down-regulated expression in brain. We now show that one such gene, Nedd2, encodes a
protein similar to the mammalian interleukin-1B-converting enzyme (ICE) and the product of the
Caenorhabditis elegans cell death gene ced-3 (CED-3). Both ICE and CED-3 are known to encode putative
cysteine proteases and induce apoptosis when overexpressed in cultured cells. Overexpression of Nedd2 in
cultured fibroblast and neuroblastoma cells also resulted in cell death by apoptosis, which was suppressed by
the expression of the human bcl-2 gene, indicating that Nedd2 is functionally similar to the ced-3 gene in C.
elegans. We also show that duting embryonic development, Nedd2 is highly expressed in several types of
mouse tissue undergoing high rates of programmed cell death such as central nervous system and kidney. Our
data suggest that Nedd2 is an important component of the mammalian programmed cell death machinery.
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The development of multicellular organisms requires
several active gene-regulated processes, such as cell pro-
liferation, differentiation, and death. Although much ef-
fort has been devoted to the understanding of the molec-
ular events controlling cell proliferation and differentia-
tion, the importance of cell death has become apparent
only recently (for review, see Williams and Smith 1993).
Extensive physiological or programmed cell death (PCD)
occurs in many animal tissues during development
(Glucksmann 1951). PCD is necessary to eliminate un-
wanted cells and achieve homeostasis (for review, see
Ellis et al. 1991; Raff 1992; Vaux et al. 1994). The term
apoptosis is often used to describe the active death of
mammalian cells and is characterized by a distinct set of
events such as plasma membrane blebbing, nuclear con-
densation, loss of cell volume, and fragmentation of
DNA at nucleosomal intervals (Kerr et al. 1972; Wyllie
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et al. 1980). The best characterized genetic system of
PCD is the worm Caenorhabditis elegans in which 131
cells undergo PCD during development {Sulston and
Horvitz 1977; Sulston et al. 1983). There are 14 genes
identified that function in different steps of PCD {for
review, see Ellis et al. 1991). Among these, ced-3 and
ced-4 are required for cell death to occur and, conse-
quently, mutants lacking either of these genes have extra
cells (Ellis and Horvitz 1986). The ced-9 gene antago-
nizes the function of ced-3 and ced-4 by protecting cells
from PCD (Hengartner et al. 1992). In the mutants lack-
ing ced-9, most of the cells arrest early in the develop-
ment, and this mutation can be suppressed completely
by a second mutation in ced-3 or ced-4 suggesting that
ced-3 and ced-4 are located downstream of ced-9 (Hen-
gartner et al. 1992). ced-9 has been shown to encode a
protein similar to the product of the mammalian proto-
oncogene bcl-2 (Hengartner and Horvitz 1994). The func-
tion of ced-9 mutation can be partially restored by the
expression of the human bcl-2 gene, indicating that the
pathways of PCD are similar in C. elegans and mammals
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{Vaux et al. 1992; Hengartner and Horvitz 1994). The
bcl-2 gene, originally cloned from the breakpoint of a
t(14;18) chromosomal translocation in human B-cell
lymphomas (Cleary et al. 1986; Tsujimoto and Croce
1986}, is known to prevent in vitro and in vivo apoptosis
of a wide variety of cells (for review, see Korsmeyer
1992).

The ced-3 and ced-4 genes are expressed at high levels
during the embryonic development of C. elegans when
most of the cell death takes place (Yuan and Horvitz
1990, 1992). The ced-4 gene encodes a novel 63-kD pro-
tein with a putative EF-hand domain, suggesting that it
may be a calcium-binding protein (Yuan and Horvitz
1992). Recently ced-3 gene has been cloned, and its prod-
uct (CED-3) shown to be similar to mammalian interleu-
kin-1B-converting enzyme (ICE) (Yuan et al. 1993). In
cultured cells the overexpression of both ced-3 and ICE
was shown to induce apoptosis that is blocked by bcl-2
(Miura et al. 1993). Microinjection of ICE cDNA expres-
sion vectors into dorsal root ganglia neurons also results
in cell death (Gagliardini et al. 1994). This provides fur-
ther evidence that at least one of the pathways regulating
PCD is essentially conserved between C. elegans and
mammals.

We are interested in genes that are expressed in a reg-
ulated fashion during the development of the mamma-
lian central nervous system (CNS). As most of the neu-
rogenesis takes place during embryonic development of
mammals, these genes are expected to play a role in the
development and differentiation of the CNS. To identify
such genes, we subtracted a cDNA library prepared from
mouse neural precursor cells (NPCs) isolated from the
neural tube at embryonic day 10 (E10) (Kitani et al. 1991)
with mRNA isolated from postnatal and adult brain (Ku-
mar et al. 1992). Ten independent partial cDNA clones
were isolated by use of this approach, and the genes rep-
resenting these clones were named Nedd [for NPC-ex-
pressed, developmentally down-regulated (genes)| (Ku-
mar et al. 1992). As expected, the expression of these
genes is much higher in developing CNS than fully dif-
ferentiated adult brain (Kumar et al. 1992). Among the
Nedd genes characterized so far, Nedd1 encodes a pro-
tein with homology to the GTP-binding protein B-sub-
unit and has strong growth-suppressive activity in cells
of neuronal lineage {Kumar et al. 1994); Nedd3 encodes
an evolutionarily conserved novel GTP-binding protein
of unknown function {Sazuka et al. 1992a,b; Kumar et al.
1993a), whereas Nedd8 encodes a ubiquitin-like protein
(Kumar et al. 1993b). From these studies, it appears that
different Nedd genes identified by subtraction cloning
may be involved in various aspects of development-re-
lated cellular processes. Because extensive cell death oc-
curs during the development of the nervous system (for
reviews, see Cowan et al. 1984; Davies 1987; Oppen-
heim 1991}, it is also possible that some of the Nedd
genes may play a role in the regulation of PCD. In this
study we have characterized the Nedd?2 gene, which en-
codes a protein (Nedd2) similar to the product of the C.
elegans cell death gene ced-3 and the mammalian ICE.
We show that like ICE and CED-3, overexpression of
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Nedd?2 also induces apoptosis in cultured neuroblastoma
and fibroblast cells and this apoptosis can be inhibited by
the expression of bcl-2. Nedd?2 is strongly expressed in
various embryonic tissues during development when
most cell death occurs. Thus, this gene is likely to play
a general role in the regulation of apoptosis in mamma-
lian cells.

Results
Cloning of Nedd2 cDNA

By use of the original Nedd2 cDNA clone representing
the 3’ end of the mRNA (Kumar et al. 1992) we isolated
further 5' clones, which were in turn utilized to obtain
near full-length cDNA sequence (Fig. 1A). The sequence
compiled from these clones represents 3392 nucleotides
excluding the poly(A) stretch and contains a single open
reading frame {ORF) starting with a putative initiation
codon at nucleotide number 7 (Fig. 1B). The length of the
c¢DNA sequence matches well with the predicted size of
the Nedd2 mRNA (see below). Although the reading
frame is open at its 5’ end, the first in-frame ATG isin a
good context for translation initiation (Kozak 1986). A
second in-frame ATG located 57 nucleotides down-
stream is also in good context for translation initiation.
The ORF ends at nucleotide residue 1362 and is followed
by a long 3'-untranslated region {1363-3392). The ORF
can encode a protein of 451 amino acid residues with a
predicted relative molecular mass of 50,547. Overall, the
putative Nedd2 protein is hydrophobic in nature, con-
sisting of 46% hydrophobic, 24% neutral, and 30% hy-
drophilic residues. There is no potential transmembrane
domain in the protein; however, the sequence contains a
potential myristylation site at amino acids 341-346 (Fig.
1B). The Asn residue at position 335 and the Tyr residue
at position 434 are potential glycosylation and phospho-
rylation sites, respectively (Fig. 1B). The translation of
mRNA prepared in vitro from the three independent
c¢DNA clones resulted in protein products of expected
sizes (data not shown). The longest 5’ clone containing
the first ATG at position 7 (MS N2.4) gave rise to a major
product of 51 kD, whereas two other clones that start 29
(MS N2.5) and 59 (MS N2.6) nucleotide residues farther
downstream generated slightly smaller products, which
presumably start at the second in-frame ATG initiation
codon {data not shown). Minor products of ~45, 28, and
19 kD were also evident in all cases (data not shown).

Nedd?2 encodes a protein similar to CED-3 and ICE

By use of our previously unpublished Nedd?2 sequence in
the data base (accession no. D10713), Yuan et al. {1993)
have suggested the potential homology between CED-3,
ICE, and Nedd?2 proteins. The 5’ region of this sequence
had probably arisen from some cloning artifacts {see Ma-
terial and methods for details); therefore, the deduced
product lacked the amino-terminal 322 residues of the
putative Nedd2 protein. Further cloning and sequencing
[Fig. 1) revealed that Nedd?2 cDNA encodes a protein
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CTGGAARTGGCGGCGCCGAGCGGGAGGTCGCAGTCCTCCCTGCACAGGAAGGGGCTGATG
M A A P S G R S $§ § L H R K G L M
GCGGCTGACAGGAGGAGCAGGATTTTGGCAGTGTGTGGAATGCATCCTGACCACCAGGAA
A A DRR S R I LAV CGMUHEZPDUHQE
ACACTGAAAAAGAATCGAGTGGTGCTGGCCAAGCAGCTGCTGCTGAGCGAGCTGTTAGAA
T L K K N RV V L A K QUL L L S E L L E
CACCTCCTAGAGAAGGACATTATCACTTTGGAAATGAGGGAGCTCATCCAGGCCAAAGGG
H L L E KD I I T LEMZ BRETLTIOQA ATZKG
GGCAGTTTCAGCCAGAATGTGGARCTCAACCTGCTGCCARAGAGAGGACCCCAGGCTTTT
G S F $ Q NV ELNTILTILZPZ KU RGU?PQATF
GATGCCTTCTGTGAAGCCCTGCGGGAGACCAGGCAGGGTCACTTGGAAGACTTACTGCTC
D AF CEALU RETW RUQGHULZEDTILILL
ACAARCCCTCTCAGATATTCAGCACGTACTCCCACCGTTGAGCTGTGACTATGACACAAGT
T T L s D I Q HV L P P LS CDYDT S
CTCCCTTTCTCGGTGTGTGAGTCCTGCCCTCCTCACAAGCAGCTCCGCCTATCCACAGAT
L P F sV CE S CPPHI KU QULRTILSTD
GCTACGGAACACTCCTTAGATAATGGTGATGGTCCTCCCTGTCTTCTGGTGAAGCCATGC
A T E H S L DN G6D G P P C L L V K P C
ACTCCTGAGTTTTACCAGGCACACTACCAGCTGGCCTATAGGTTGCAATCTCAGCCCCGT
T P E F Y Q A HY Q LAY RIULUGQS QP R
GGCTTGGCACTGGTGCTGAGCAATGTGCACTTCACTGGAGAGAAAGACCTGGAATTCCGC
G L A LV L S NV HVF T GE KD L E F R
TCTGGAGGGGATGTGGACCACACTACTCTAGTCACCCTCTTCARGCTTTTGGGCTACAAT
$ G 6 DVDHTTTULVTTILTFIKILTILSGYN
GTCCATGTGCTACATGACCAGACCGCACAGGAAATGCARGAGAAACTTCAGAATTTTGCA
V HV L HD QTAOQEMMUOQEI KTLUGQNTF A
CAGTTACCTGCACACCGGGTCACAGACTCCTGCGTAGTGGCACTCCTCTCACATGGTGTG
Q L P AHRV TDSCV VAILTLSUHGV
GAAGGTGGCATCTATGGTGTAGATGGCARACTGCTTCAGCTCCAAGAGGTTTTTCGACTT
E 6 G I Y GV DG EKILULOQQULGQEVF R L
TTTGACAATGCTAACTGTCCAAGTCTACAGAACAAGCCAARARATGTTCTTCATCCAAGCA
F DNANZCZP S L QNKUPIKMTFTFTI QA
TGTCGTGGAGATGAGACAGATAGAGGTGTCGACCAGCAAGATGGARAGAACCACACACAA
C R GG D ETUDR GV D OQ QD G K H T Q
TCCCCTGGATGTGAGGAGAGTGATGCTGGCAAAGAGGAGT TGATGAAGATGAGACTGCCT
s P G.C E E. S DA G K E E L M KMZ®R L P
ACTCGCTCAGACATGATATGTGGCTATGCTTGCCTTAAAGGTAATGCTGCCATGCGGAAC
T R S DM I CG Y A CULIEKGNA BAA AMZ RN
ACCAAACGGGGTTCCTGGTACATTGAGGCCCTCACTCAGGTGTTCTCTGAARAGAGCTTGT
T KR G S WY IEATULTUOQVF S ER A C
GACATGCACGTGGCCGACATGCTTGTTAAGGTGAATGCCCTTATCAAGGAGCGTGAAGGC
D MHV ADMILV KV NA ATILTIIZKTETREG
TATGCCCCTGGCACAGAATTCCACCGATGCAAGGAGATGTCTGAGTACTGTAGTACTCTG
Y AP G TETVF H R C KEMS E C s T L
TGCCAGCAACTCTACCTGTTCCCAGGCTACCCACCCACGTGATGCCGCCTGCTATTCCTG
¢ ¢ QL Y L F P G Y P P T *
CTGTTGGAGGCCACTGGACCACTGGGGGCACARTGGAGARCTTCTCTTCAGAATGGTTTTT
GTTCTGTCTACCCTCTCAGGGATATGAGATTCTCCCAGGCTTGTTTCCTGTCAGCCATCT
CTGTCTTTGGGTATGARACATAAGGATGGCTCCTCCGGTGTCGTGTTCTCTACCTATAGA
GCCAGCTCTGAATGGATGTGTTACCAGAAGCATTTTAGCTACAGCCTAGAARATGACATT
GTGAACACAGTATTATTGTGGGAAGAGGGCATTTGGATTTCTCAATGTTTGTGATATTTT
TGTTCCCAAGGCATCTTAGGAGTACTTGGATCATAGCTTTTTTTTTTTTTCCTAAATCAG
TTAAGGAGTCTCAGAGATCATCTCCTTTTTTTTCCATATCTACAACCTCATTTTTCCCAC
AGTGGAGATTTGGAAGATGTCCCAATTTAATGTAGGTGTTTTCATCTGTCATGAAGGGAC
AGATGAGATCCTACTACTTGCGAAGTTTCTATGCATACCTTTAAGTTCAGGCCCTAGGTG
AAGGACAGTCCCTCAGCCTTTCCATTGGTTCCTTTGTGTTCAGTGCACCCAGCCTTTGAR
CAGAGCCTAGGGTCTGTATGCCATGACACTGGAAGTCATAGAAATT TCCCTGGTCATGCT
TTGTTTGAACTGTCACTGAATGAACCTTATCGGGCATAACTACATGAARATGCAGTGACA
GCTGAGTGTGCTGTGTCTCACACTATCACCCGTCATCAGGATGTCTCTCCTTCCTTACTG
TGGCTTCTGCATGCACTTACACTGTACTTGACGGCTGGCCTCCAGGGTCTCTCTTGCTTT
GTACTGGTTCCCCTCTTTACCTTCACCATTCGCTGCTTCTGCCARGTCTGTGAAGCCGTC
CTTTGTAGGATGTTTCTTGCCACTTACGCTGTACTGTAGTTGCTTATTCTTTCTGCCTTC
TGCTTCAGCGTGAGGCTTCTTTGGTTTTCTGTGGCAGCGTCTCCCTTCTCATTGTTTCTC
TGTGTTTTAGTGGGGATAGTACCATATGTGATATAACCTAGAAGCACTTGTCTCTGCTCT
TATGAAACTTGCTTATTCTTGAAAACCTTCTGCATTTCCATTTTTTCCTCTCTTCCAATT
TATTCTCCATGTAACAGAGTAGTTTGGTTTTTAARATATCTGGTGATGTCATTCTCTTGC
TTAGAARCACTAGCTTCCTGTTACGCTTCATCTARAATGCAAATTCT TACACCCAGCTTAC
GAGATCTGGCTCATACCTTCCCTTTGGATCTCATTAAATGGTGATTTCTCACTATGCTCC
AGCCCCTCTTAGGTCCTCATCTCCGTCTTGCAGGTGTTCTGAACTCTCCTTTGGCTAGTC
TCTGATTTTTGAGTCTGGCGGAGGCCTCTTGACCATGCTGCCCATGCTGTCTACTGTGCC
TCCTTATGAGGGCATCATGTTGGTCTCTGTTGTGCTTACTGCAGGCTGTAATGGCACTTT
TGCTTGTTTCACTTGTTCCCTCTGAGGCTGAATGCTCCARGAGAGTGGGAACTGTGCTTC
TTACTTACTGATATCCAGTAACTGGCACTTACTAGGTCTTCATGAATGTTTCCTGAGTAA
AGGAAGGAGACCAGCAGCTAACCTTAGTTAGAGCCTACCTTTTGCAGT TTCTAAATTGCT
ATTATAGTGTACAGTTCAATTAGTATATGGGTTTTTTTTTCCAGGTGTTTTATTTTTATC
CACTGTTTTGTTGTTGTTTTTTTATATTTTCTACATAT CACGTGTGAGACAACTTCTTTC
ACATCTCCATAGTGCCCAGCAAATTTGAGGCCTATGGTAGTTGAGGTGCTCAACTAATGT
TTGTTGTATGAACCAAGTGGT TTGAAGACTTGCTGCCAAATTCTGCCTTTTGGGTCAGTA
TAGGATGCATAAGTGGTAGAATCTTCACACTTCCCACTGCCAAGATTTTGTATTGCCATC
AGGTGCCAAATAAATGTTGATACTTATTACTG- (poly A)
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Induction of apoptosis by Nedd2

similar to CED-3 and ICE. A protein sequence alignment
of Nedd2, mouse and human ICE, and CED-3 is shown in
Figure 2 (below]. The Nedd2 protein shows 29% identity
(52% similarity) with human and mouse ICE, and 31%
identity (55% similarity) with the CED-3 protein (Fig. 2).
As ICE and CED-3 are ~29% identical to each other,
Nedd2 may be a closer relative of CED-3 than ICE; how-
ever, like ICE, Nedd2 protein lacks the serine-rich region
present between amino acids 107 and 205 of CED-3
(Yuan et al. 1993). The overall BLAST scores for Nedd2/
CED-3, Nedd2/human ICE, and Nedd2/mouse ICE were
156, 136, and 125, respectively. There are 53 residues
that are identical among all four proteins (Fig. 2). The
amino acids affected in seven of the eight ced-3 missense
mutations (Yuan et al. 1993} are conserved in Nedd2 pro-
tein (Fig. 2).

The highest homology between the four proteins lies
in their carboxy-terminal half (from amino acid residue
218 of Nedd2). The sequence QACRG containing the
active Cys residue required for the proteolytic activity of
ICE (Thomberry et al. 1992) is completely conserved
among all four proteins. ICE is composed of two subunits
P10 and P20, which are thought to originate by self
cleavage at Asp residues at positions 103, 119, 297, and
316, respectively, of human ICE (Thornberry et al. 1992).
Nedd?2 protein contains several Asp residues in the pre-
sumptive amino and carboxyl cleavage regions, at least
one of which is conserved with respect to ICE (Fig. 2).

Expression of Nedd2 mRNA is down-regulated during
development

Expression of Nedd2 mRNA was examined by Northern
blot analysis of RNA isolated at various developmental
stages (Fig. 3). By use of poly{A)" RNA from embryonic
heads at postcoital days 10~13 (E10-E13) and brain tis-
sues from other stages of development, we detected a
single transcript of ~3.5 kb in size (Fig. 3A). As reported
earlier {(Kumar et al. 1992), the expression of this tran-
script was down-regulated during development, and only
weak hybridization signals are seen for adult brain sam-
ples (Fig. 3A). From densitometric analyses we estimate
that the signals at E10 are ~30 times stronger than the
signals for adult brain (data not shown). Northern anal-
ysis of poly({A)* RNA isolated from total embryos at var-
ious stages of development showed a similar pattern,
that is, the expression was highest around stages E10—
E14 (Fig. 3B). These data show that high Nedd?2 expres-

Figure 1. Cloning and sequencing of Nedd2 cDNA. (A) Struc-
ture of the various overlapping cDNA clones isolated from sev-
eral cDNA libraries and used for sequence analysis. Only the
clones characterized in detail are shown. The open box indi-
cates the longest reading frame in the combined Nedd2 cDNA
sequence. (B) Nucleotide and predicted amino acid sequence of
Nedd?2. The polyadenylation signal is double underlined. In the
protein sequence, a putative myristylation site is underlined, a
possible Asn glycosylation site is boxed, and a possible Tyr
phosphorylation site is encircled.
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hICE MADKVLKEKRKLFIRS. . ... MGE 19
mICE MADKILRAKRKQFINS. . ...VSI 19
CED-3 MMRQDRRSLLERNIMMFSSH. . ..... e 20
Nedd2 MAAPSGRSQSSLHRKGLMAADRRSRILAVCGMHPDHQETLKKNRVVLAK 50

* % * %

hICE  GTINGLLDELLQTRVLNKEEMEKVKRENATVMDKTRALIDSVIPKGAQAC 69
mICE  GTINGLLDELLEKRVLNQEEMDKIKLANITAMDKARDLCDHVSKKGPQAS 69

CED-3 LKVDEILEVLIAKQVLNSDNGDMIN.SCGTVREKRREIVKAVORRGDVAF 69
Nedd2 LLLSELTEHLLEKDIITL.EMRELIQAKGGSFSQNVELNL.LPKR?PQAF 98

*
hICE Q.ICITYICEEDSY{AGTLG .............................. 88
mICE Q.IFITYICNEDCYLAGILE ....vvuvininnenensnncnnannnnnn 88
CED-3 DAFYDALRSTGHEGLAEVLEPLARSVDSNAVEFECPMSPASHRRSRALSP 119
Nedd2 EAFCEALRETRQGHLEELL ............................... 117
2 Y 88
D o T T S 88
CED-3 AGYTSPTRVHRDSVSSVSSFTSYQDIYSRARSRSRSRALHSSDRHNYSSP 169
Nedd2 ........cocvvvnnnnnn LTTLSEI ........................ 124
*
hICE - . . LSADQTSGNYLNMOOSQGVLSSFPAPQAVODONPAMP TSSGSEGNVKL 135
mICE . . . LQSAPSAETFVATEDSKGGHPSSSETKE . EQONKEDGTFPGLTGTLKF 134
CED-3 PVNAFPSQPSSANSSFTGCSSLGYSSSRNR FSKASGPTQYIFHEEDMN. 217
Nedd2 .QHVLPPLSCEYRTSLP..FSVCESCPPHKQLRLSTRATEHSLDNGDGPP 171
* * * * % *
hICE CSLEEA. .QRIWKQKSAEIYPIMDKSSRTRLALIICNEEF . . . DSIPRRT 180
mICE CPLEKA. .QKLWKENPSEIYPIMNTTTRTRLALIICNTEF . . . QHLSPRV 179
CED-3 .FVDAPTISRVFDE..KTMYRNF.SSPR.GMCLIINNEHF..,EQMPTRN 259
Nedd2 CLLVKPCTPEFYQAHYQLAYRLQ.SQPR.GLALVLSNVHFTGEKDLEFRS 219
* * ¥* *k ¥ * * ta 3 * *
hICE GAEVDITGMTMLLQNLGYSVDVKKNLTASDMTTELEAFAHRPEHKTSDgT 230

nICE GAQVDLREMKLLLEDLGYTVKVKENLTALEMVKEVKEFAACPEHKTSDST 229
CED-3 GTKADKDNLTNLFRCMGYTVICKDNLTGRGMLLTIRDFAKKEESH, .GDSA 307
Nedd2 GGDVDHTTLVTLFKLLGYNVHVLHDQTAQEMQEKLONFAQLPAHRVTDSC 269

hICE FLVFMggEIREG¥CEKKHSEQVPDILQLNAIFNMLNTKNC;SZKD?%?VI 280
mICE FLVFMSHGIQEGICGTTYSNEVSDILKVDTIFQMMNTLKCPSLKDKPKVI 279
CED-3 ILVILSHGEENVIIGVD..... DIPISTHEIYDLLNAANAPRLANKPKIV 352
Nedd2 VVALLSHGVEGGIYGVD..... GKLLQLQEVFRLFDNANCP S LONKP KME' 314
l!*ig * *
hiCE IIQACRGDSPGVVWFK .QSVGVSGNLSLPTTEEFEDDAL. ... ....... 318
mICE IIQACRGEKQGVVLLK.DSVRDSEE . DFLTDAIFEDDGI........... 316
CED-3 FVQACRGERRDNGFPVLDSVDGVPAFLRRGWDNR . DGPLENFLGCVRPQV 402
Nedd2 FIQA%&?DETERG...VRQQRGKNHTQSPGCEES.BAGKEE LM...... 353
* * w% ¥ *
hICE + .. . KKAHIEKDF IAFCSS TPDNVSWRHPTMGSVF IGRLIEHMQEYACSC 364
mICE - . . . KKAHIEKDFIAFCSS TPDNVSWRHPVRGSLF IESLIKHMKEYAWSC 362
CED-3 QQVWRKKPSQADILIAYATTAQYVSWRNSARGSWFIQAVCEVFSTHAKDM 452
Nedd2 ...KMRLPTRSEMICGYACLKGNAAMPNTKRGSWYIEALTQVFSERACDM 400
* * * %
hICE DVEEIFRKVRF SFEQPDGRAQMPTTERV . . . ..... TLTRCEYLFPGR 404
mICE DLEDIFRKVRF SFEQPEFRLOMPTADRV. ....... TLTKREYLFPGH 402

CED-3 DVVELLTEVNK. .KVACGFQTSQGSNILKQMPEMTSRLLKKFYFWPEARNSAV 503
Nedd2 HVADMLVKVNALIKEREGYAPGTEFHRCKEMS7YCiTLCQQLYLFPGYPPT 451

Figure 2. Putative Nedd2 protein is similar to CED-3 and ICE.
An amino acid sequence alignment of the predicted Nedd2 pro-
tein with human (h) and mouse (m) ICE and, C. elegans CED-3
proteins is shown. Residues identical among all four proteins
are indicated by an asterisk on top. The four Asp residues in the
human ICE sequence at which the proteolytic self-cleavage is
thought to occur (Thomberry et al. 1992) are encircled; (@) the
possible cleavage sites in the Nedd?2 protein. The corresponding
locations in the Nedd2 protein of seven of the eight known
missense mutations in ced-3 that alter the amino acid residues
(Yuan et al. 1993) are indicated by arrowheads. Two of these
mutations involve the same Gly residue (Gly-321 in the Nedd2
protein) and are therefore indicated with a single arrowhead. (O)
The active Cys residue of ICE, which is conserved in all four
proteins.

sion roughly matches with the embryonic period when
most of the neurogenesis occurs.

To determine whether Nedd?2 expression is limited to
the cells of CNS lineage alone, we further analyzed
Nedd2 mRNA in sections of mouse embryos at E11.5
and E13.5 by in situ hybridization. Similar patterns were
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observed for both stages, and therefore only data for
E13.5 are shown (Fig. 4A—H). Nedd?2 transcript was de-
tected in most organs although the expression levels and
spatial patterns were variable. High Nedd?2 expression
was evident in the CNS (especially telencephalon and
thalamus), liver, lung, kidney, and hair follicles of vibris-
sae (Fig. 4A). In the telencephalon, NPCs proliferate in
the ventricular zone, migrate outward across the inter-
mediate zone, and differentiate. Nedd2 expression is
higher in the ventricular zone than in the intermediate
zone, the mantle zone, and the ependymal layer (Fig. 4C),
which is similar to the distribution of Bcl-2 protein
(Merry et al. 1994). Relatively strong signals are seen in
developing glomeruli in renal cortex (Fig. 4D), where
considerable cell death occurs during organogenesis
(Coles et al. 1993). In the lung, bronchiolar epithelial
cells expressing moderate levels of Nedd2 mRNA sur-
round shrunk cells with intense expression, which cor-
relates with the ongoing cell death for canalization (Fig.
4E). In the liver, cell populations with moderate and
weak expression of Nedd2 form a reticular pattern (Fig.
4F), reminiscent of the lobular structure that occurs
upon maturity. In the small intestine, Nedd?2 expression
is high in the epithelial layer surrounding the lumen,
moderate in serosa, and the lowest in mesenchyme (Fig.
4G). Nedd? is strongly expressed in hair follicles of
vibrissae (Fig. 4H), where follicular cells are destined to
die to form hair. Other tissues such as skin, oral mucosa,
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Figure 3. Nedd2 mRNA expression is developmentally down-
regulated. {A) Northern analysis of poly(A}* RNA isolated from
dissected heads {E10, E11, and E13]) or brain (E15, E17, PN1,
PN5, and adult) from embryonic (E) or postnatal (PN} animals.
(B) Northern analysis of poly{A)* RNA isolated from total em-
bryos at indicated postcoital days. At E8, RNA was isolated
from embryos in utero. In both A and B, the blots were sequen-
tially hybridized to a Nedd?2 probe and a glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) probe. The exposure time for
Nedd2-hybridized blots was ~24 hr.
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skeletal muscle, submandibular gland, and thymus (data
not shown) also show moderate levels of Nedd?2 tran-
script.

Nedd2 is expressed in various adult tissues and
cultured cells

Although the expression of Nedd2 mRNA is much
higher in embryos, relatively low and varied levels of
mRNA can be detected in all the adult tissues examined,
including brain, spleen, heart, lung, testis, kidney, skel-
etal muscle, liver (Fig. 5A), thymus, ovary, and gut (data
not shown). In situ analyses indicated that in adult brain
Nedd2 mRNA was present in most neurons, albeit at
variable levels (Fig. 41). Expression was seen clearly in
the neurons of cerebral cortex, such as pyramidal cells
{Fig. 4K}, nucleus gigantocellularis of the pons {Fig. 4L),
nucleus ruber of the midbrain (Fig. 4M), and Purkinje and

Induction of apoptosis by Nedd2

Figure 4. Nedd2 mRNA expression in
mouse embryos and adult brain. Bright-
field photomicrographs of parasagittal sec-
tions of E13.5 hybridized with a Nedd2 an-
tisense probe {A) and a Nedd?2 sense probe
(B). Note that the photographic exposure
time for the sense control in B was approx-
imately three times that for A. Positive sig-
nals (brown) are ubiquitously identified,
but prominent in some organs. Higher mag-
nification of telencephalon (C), kidney (D),
lung (E), liver (F), small intestine (G), and
hair follicles of vibrissae (H) show charac-
teristic patterns of expression. Note the
high expression of Nedd? in the ventricular
zone between areas of lower expression,
i.e., ependymal layer (arrowhead) and the
mantle zone {C). Also note the developing
glomeruli (arrowheads) in the renal cortex
(D). A reticular pattern of expression is
identified in the liver (F). Intestinal epithe-
lia surrounding lumen (asterisk] show
higher expression than outer layer epithelia
(G). A parasagittal section of adult brain
was hybridized with a Nedd?2 antisense
probe (I} and a Nedd?2 sense probe (J). The
photographic exposure time in J was twice
as long as in I. Higher magnification of the
cerebral cortex (K), nucleus gigantocellu-
laris of the pons (L), nucleus ruber of the
midbrain (M), and the cerebellar cortex (N)
show variable degrees of expression in spe-
cific neurons. {T) telencephalon; (V) lateral
ventricle; (Lu) lung; (Li) liver; (K] kidney;
(H) hair follicles of vibrissae; (W) white
matter; (G) granular layer; (P) Purkinje cell
layer; (M) molecular layer.

granular cells in the cerebellum (Fig. 4N). All of the cul-
tured cell lines including neurcblastoma (N18), glioma
(C6), embryonal carcinoma (PCC4, P19, and F9), fibro-
blast {NIH-3T3), and pheochromocytoma (PC12) ex-
pressed varying levels of Nedd2 mRNA (Fig. 5B). The
highest expression was evident in N18 and PC12 cells
(Fig. 5B).

Overexpression of Nedd2 induces apoptosis
in fibroblast and neuroblastoma cells

To examine the biological effects of Nedd2 expression,
the complete coding region of the cDNA was cloned
downstream of a chimeric cytomegalovirus immediate
early (IE) enhancer/chicken B-actin promoter, in a eu-
karyotic expression vector pCXN2, carrying the neo gene
as a selectable marker (Niwa et al. 1991) to generate
pCXN2-N2. Expression vectors carrying the amino- and
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Figure 5. Nedd2 mRNA is expressed in adult tissues and cul-
tured cells. Northern analysis of poly(A)* RNA isolated from
adult mouse tissues {A) and cultured cells (B). The blots were
sequentially hybridized to a Nedd2 probe and a human B-actin
probe. The exposure time for Nedd2-hybridized blots was ~3
days.

carboxy-terminal coding regions corresponding to puta-
tive P20 ([pCXN2-N2N) and P10 (pCXN2-N2C) subunits
of ICE (Thornberry et al. 1992), a frameshift mutation of
Nedd2-coding frame (pCXN2-N2M), and the amino-ter-
minal region in the antisense orientation (pCXN2-
N2AS) were also generated (Fig. 6A). Mouse fibroblast
NIH-3T3 {Jainchill et al. 1969) and neuroblastoma N18
(Amano et al. 1971) cells were used to study the biolog-
ical effects of Nedd2. While trying to establish stably
transfected cells expressing mRNA for the introduced
¢DNAs, we noticed that both N18 and NIH-3T3 cells
transfected with pCXN2-N2 gave rise to only 2-3%
G418-resistant colonies as compared with cells trans-
fected with vector control or other Nedd2 constructs.
Furthermore, these G418-selected cells did not express
the transfected Nedd2 mRNA, whereas the cells trans-
fected with all other constructs expressed high levels of
mRNA (5-10 times the endogenous level of Nedd2 tran-
script; data not shown)|. This suggested to us that Nedd?2
overexpression has cytotoxic effects in these cells. This
cytotoxicity was not likely due to the nonspecific effects
of the Nedd2 cDNA on neo gene activity because the
frameshift mutation of cDNA (pCXN2-N2M), which dif-
fers from the wild type in four nucleotide residues only,
had no cytotoxic effects {data not shown).

Both ICE and CED-3 have been shown to induce apo-
ptosis in cultured cells (Miura et al. 1993). Therefore the
cytotoxicity observed with the expression of Nedd2 may
also reflect cell death by apoptosis. Hence, in the follow-
ing experiments, cells were transfected transiently and
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Figure 6. Structure of Nedd2 constructs and their expression
in transiently transfected N18 cells. (A) A diagrammatic repre-
sentation of the various Nedd2 ¢cDNA constructs prepared for
transfection studies. The ORF is shown as an open box; the
noncoding region of cDNA is shown as a solid line. The loca-
tions of initiation and termination codons, and of the putative
catalytic domain (QACRG), are indicated. In the N2N deletion
mutant, the termination codon is provided by the vector. The
N2AS mutant is similar to the N2N mutant except that the
orientation in the expression vector, with respect to the pro-
moter, is reversed. In N2 Gly-319, the wild-type Cys of N2 is
replaced by a Gly residue. The orientation of each cDNA with
respect to the B-actin promoter in the pCXN2 vector (left to
right) is shown by an arrow. (B) Northern analysis of Nedd2
expression in transiently transfected N18 cells. Approximately
4x105 cells on 60-mm dishes were transfected with the indi-
cated cDNA construct in the pCXN2 vector and harvested 24 hr
later. The entire amount of poly{A)* RNA recovered from the
cells on each dish was subjected to Northern analysis. The
transfected N2, N2M, and N2 Gly-319 constructs produce a
transcript of ~2.3 kb, whereas N2N, N2AS, and N2C produce a
transcript of ~1.3 kb. The additional 2.1-kb transcript seen in
the N2N-, N2C-, and N2AS-transfected cells, most likely re-
sults from aberrant splicing and/or termination within the vec-
tor sequence. The intensity of the signals for the endogenous
Nedd? transcript (3.5 kb) gives an approximate indication of the
relative amount of RNA in each of the lanes. Essentially similar
results were obtained with NIH-3T3 cells transfected with var-
ious constructs, although the signal intensities were three to
four times weaker than for N18 cells, probably because of lower
transfection efficiencies (see text).
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examined for apoptosis. To determine the efficiency of
transfection and to identify transfected cells, we cotrans-
fected Nedd?2 expression plasmids with a B-galactosidase
expression plasmid (pEF—Bgal) by lipofection, stained the
cells with X-gal 24 hr post-transfection, and examined
positive blue cells morphologically for apoptosis. The
estimated transfection efficiency for NIH-3T3 was
2-8%, and for N18 10-20%, in various experiments. As
judged by Northern analyses, all of the transfected
cDNAs were expressed efficiently (Fig. 6B). With the
transfection efficiencies and cell death induced by the
overexpression of pCXN2-N2 (see below) taken into ac-
count, the levels of mRNA transcribed from the pCXN2
constructs in these experiments were at least five times
the endogenous transcript of Nedd2 (Fig. 6B).

The most obvious observation from the cotransfection
experiments was a 5- to 10-fold reduction in B-galactosi-
dase-positive cells for the full-length Nedd?2 (pCXN2—
N2) compared with vector control or other plasmid con-
structs, which produced a comparable number of blue
transfected cells. This cytotoxic effect is consistent with
the stable transfection experiments described above and
indicates that the biological effects of Nedd? overexpres-
sion may be very strong and require only a short period
after the expression vectors are introduced into the cells.
Microscopic observations indicated that majority of the
B-galactosidase-positive pCXN2-N2-transfected NIH-
3T3 and N18 cells were smaller and condensed as op-
posed to the flat morphology of the cells transfected with
other constructs (Fig. 7). Under higher magnification,
fragmented cells and membrane-bound apoptotic bodies
were evident for many of the blue cells (e.g., Fig. 7D,H).
This effect on N18 and NIH-3T3 cells was only observed
with the transfection of pCXN2-N2 carrying the com-
plete coding region of Nedd? and not with the expression
vector itself or expression construct carrying the amino-
terminal (pCXN2-N2N) or carboxy-terminal (pCXN2—
N2C) coding regions of the cDNA, or the amino-termi-
nal coding region in the antisense orientation (pCXN2—
N2AS) (Table 1). Furthermore, the frameshift mutant
cDNA (pCXN2-N2M) also failed to show any biological
effects on transfection into both cell lines (Table 1), in-
dicating that the Nedd2-induced cell death is most likely
attributable to the intact Nedd2 protein produced from
c¢DNA and not some spurious consequence of the cDNA
itself.

The Cys-285 in the QACRG pentapeptide of ICE is
thought to be essential for its protease activity (Thorn-
berry et al. 1992). To test whether the cell death caused
by the overexpression of Nedd2 is also caused by its pu-
tative cysteine protease activity, we generated a substi-
tution mutant of Nedd2 in which the Cys-319 of the
conserved QACRG domain was replaced with a Gly
(PCXN2-N2 Gly-319) (Fig. 6A). The overexpression of
this mutated form of Nedd2 failed to induce apoptosis in
both N18 and NIH-3T3 cells (Table 1), indicating that
Cys-319 is essential for the biological activity of the
Nedd2 protein.

Because of the relatively high transfection efficiency
for N18 cells (10-20%), it was possible for us to analyze

Induction of apoptosis by Nedd2

the DNA from the transiently transfected cells for frag-
mentation into nucleosomal repeats, a typical feature of
apoptosis (Wyllie et al. 1980). Some fragmentation was
evident in all samples, which we believe results from
Lipofectamine treatment of these cells. However, the
N18 cells transfected with pCXN2-N2 showed signifi-
cantly stronger effects over the background (Fig. 8).
These results substantiate further that Nedd?2 induces
cell death by apoptosis.

Suppression of Nedd2-induced apoptosis by bcl-2

The bcl-2 gene is known to protect certain mammalian
cells from programmed cell death (Vaux et al. 1988;
Nunez et al. 1990; Strasser et al. 1991; Sentman et al.
1991). bcl-2 is also functionally similar to the ced-9 gene
in C. elegans (Vaux et al. 1992; Hengartner and Horvitz
1994), which probably functions by suppressing the ac-
tivities of ced-3 and ced-4 genes (Yuan and Horvitz
1990). Moreover, bcl-2 has been shown to inhibit apop-
tosis induced by both ced-3 and ICE (Miura et al. 1993,
Gagliardini et al. 1994). Because Nedd?2 protein is struc-
turally similar to CED-3 and ICE and induces apoptosis
in mammalian cells (data shown above), it was interest-
ing to test whether its biological activity could be sup-
pressed by bcl-2. We generated NIH-3T3 and N18 cells
constitutively expressing human bcl-2 by transfecting a
bcl-2 expression vector. These cells were used for tran-
sient expression experiments with the Nedd?2 expression
vectors used in the previous experiments. Approxi-
mately 60% of the B-galactosidase-positive NIH-3T3 and
N18 cells transfected with the pCXN2~N2 now showed
normal morphology, similar to the cells transfected with
other expression constructs (Table 1; data not shown),
suggesting that bcl-2 can at least partially inhibit Nedd2-
induced apoptosis in mammalian cells. This partial in-
hibition of Nedd2-induced apoptosis by bcl-2 may reflect
the clonal heterogeneity in the expression of bcl-2, be-
cause a pooled population of bcl-2-transfected cells was
used in these experiments (see Materials and methods).

Chromosomal mapping of mouse Nedd2 gene

The mouse chromosomal location of Nedd?2 was deter-
mined by interspecific backcross analysis with progeny
derived from matings of (C57BL/6]xMus spretus|F,
xC57BL/6] mice. Nedd? is located in the proximal re-
gion of mouse chromosome 6 linked to Ptn, Tcrb, and
Hoxa. Although 135 mice were analyzed for every
marker and are shown in the segregation analysis (Fig. 9),
up to 193 mice were typed for some pairs of markers.
Each locus was analyzed in pairwise combinations for
recombination frequencies by use of the additional data.
The ratio of total number of mice exhibiting recom
binant chromosomes to total number of mice analyzed
for each pair of loci and the most likely gene order
are centomere—Ptn-5/141-Nedd2-0/141-Tcrb-9/193—
Hoxa (Fig. 9). The recombination frequencies [expressed
as genetic distances in centiMorgans {cM)*the standard
error| are pleiotrophin (Ptn}-3.6+1.6-[Nedd2, T-cell re-
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Figure 7. Nedd? induces cell death by ap-
optosis in NIH-3T3 and N18 cells. NIH-
3T3 (A-D) or N18 (E-H) cells cotrans-
fected with pEF-Bgal and either pCXN2
vector (A,C,E,G) or pCXN2-N2 (B,D,F,H)
were fixed and stained for 6 hr with X-gal.
Morphology of typical blue cells is shown.
A comparison of higher magnification
observations of NIH-3T3 transfected
with pCXN2 (C) or pCXN2-N2 {D) and
N18 transfected with pCXN2 (G) or
pCXN2-N2 (H] clearly indicates the apop-
totic changes induced in Nedd?2 overex-
pressing cells. The NIH-3T3 and N18 cells
transfected with pCXN2-N2N, pCXN2-
N2AS, pCXN2-N2C, pCXN2-N2M, and
pCXN2-N2 Gly-319 constructs show a
morphology typical of pCXN2 vector-
transfected cells (A,C,E,G) and are there-
fore not shown here. Bar in A,B,E,F, 200
pm; bar in C,D,G, and H, 40 um.

ceptor B-chain (Tcrb)}-4.7+1.5-hoxa (Hoxa). No recom-
bination was detected between Nedd2 and Tcrb in 141
animals typed in common, suggesting that the two loci
are within 2.1 ¢cM of each other (upper 95% confidence
limit).

We have compared our interspecific map of chromo-
some 6 with a composite mouse linkage map that reports
the map location of many uncloned mouse mutations
{compiled by M.T. Davisson, T.H. Roderick, A.L. Hill-
yard, and D.P. Doolittle and provided from GBASE, a
computerized data base maintained at The Jackson Lab-
oratory, Bar Harbor, ME). Nedd2 mapped in a region of
the composite map that lacks mouse mutations with a
phenotype that might be expected for an alteration in
this locus (data not shown).
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Discussion

Previously, we had used a subtraction cloning approach
to identify a set of novel mouse genes, Nedd1-Nedd10,
which show developmentally down-regulated expression
in the CNS {Kumar et al. 1992). As these genes are ex-
pressed at much higher levels in early embryonic CNS
than in adult brain, they are likely to play some role in a
development-related process, such as cell proliferation,
differentiation, or PCD. In this study we have shown
that Nedd?2 encodes a protein similar to the product of
the C. elegans cell death gene ced-3 and mammalian
ICE, and induces apoptosis when overexpressed in cul-
tured fibroblast and neuroblastoma cells. This suggests
that Nedd?2 belongs to a family of mammalian genes in-
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Table 1.

Induction of apoptosis by Nedd2

Overexpression of Nedd2 induces apoptosis in NIH-3T3 and N18 cells

B-Galactosidase-positive apoptotic cells (%)

Expression construct NIH-3T3 NIH/bcl-2 N18 N18/bcl-2
pCXN2 vector 1.6+13 1.2 +0.6 24 x1.1 1.3 02
pCXN2-N2 91.7 £56 34.0*75 95.8 +3.9 293+74
pCXN2-N2N 1.7x13 N.D. 22=*12 1.7 £ 0.2
pCXN2-N2C 20x15 N.D. 1.8 £0.6 1.7 £ 0.2
pCXN2-N2M 2.4 £23 N.D. 2.5+0.7 2.2 *+0.6
pCXN2-N2 Gly-319 1.8+12 N.D. 19+13 N.D.

PCXN2-N2AS 0.9 09 0.7 0.6 14+1.1 1.2 +0.9

Various Nedd2 expression constructs were cotransfected by lipofection with a B-galactosidase expression plasmid (pEF—Rgal) into
NIH-3T3, NIH-3T3 cells expressing human bcl-2 (NITH/bcl-2), N18, and N18 cells expressing human bcl-2 (N18/bcl-2). Cells were
fixed 18-24 hr post-transfection and stained with X-gal for 6-24 hr, and numbers of blue cells with either normal flat or small round
and apoptotic morphology were scored. The data (mean + s.5.M.} are shown as percentage of morphologically apoptotic cells among all
of the B-galactosidase positive blue cells. The data in the table were derived from observations on at least 2000 blue cells for each cell
type transfected with various constructs and were collected from three to six independent experiments. {N.D.) Not determined.

cluding ICE, which, like ced-3 in C. elegans, function in
the regulation of PCD.

ICE is a cysteine protease that converts the inactive
31-kD pro-IL-1B to 17.5-kD active polypeptide by cleav-
ing the precursor between Asp-116 and Ala-117 {Cerretti
et al. 1992; Thornberry et al. 1992). ICE itself undergoes
self-cleavage to generate two subunits, P20 and P10, both
of which are required for the enzyme activity of the ma-
ture protein (Thornberry et al. 1992). The Cys-285 of ICE
is essential for its catalytic activity (Thornberry et al.
1992). A comparison of protein sequences of Nedd2, ICE,
and CED-3 indicates that the most homologous region
among these proteins encompasses the P20 and P10 re-
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Figure 8. DNA fragmentation in Nedd2-transfected N18 cells.
Genomic DNA isolated from N18 cells transfected with the
indicated plasmid constructs were labeled with [a-*2P]dCTP
and analyzed on 1.8% agarose gel as described by Rosl (1992).
The positions of the markers (100-bp ladder from Life Technol-
ogies) are shown at left.

gions of ICE (Fig. 2), suggesting that this may be the
region required for the biological activity of these pro-
teins. Miura et al. (1993) have convincingly demon-
strated that ICE cDNA corresponding to P20+ P10 alone
can induce apoptosis in Rat-1 cells. As in ICE and CED-3
{Yuan et al. 1993), the pentapeptide QACRG, containing
the active Cys residue, is also completely conserved in
the Nedd2 protein. Furthermore, a substitution of this
Cys residue by Gly abolished the apoptosis-inducing ac-
tivity of Nedd2, suggesting that Nedd2 also functions as
a cysteine protease. Interestingly, the amino acid resi-
dues corresponding to the seven of the eight known mis-
sense mutations of CED-3 {Yuan et al. 1993} are con-
served in Nedd2 protein and therefore may be important
for its biological activity.

Overexpression of both ICE and ced-3 has been shown
to induce apoptosis in cultured Rat-1 cells {Miura et al.
1993). In addition, ICE also induces cell death in chicken
dorsal root ganglia neurons, and this cell death can be
prevented by the cowpox virus crmA gene (Gagliardini et
al. 1994), a specific inhibitor of ICE (Ray et al. 1992). The
results presented in this study show that overexpression
of Nedd? gene results in apoptosis in mouse fibroblast
and neuroblastoma cell lines. Only the full-length cod-
ing region of the Nedd2 cDNA was active in inducing
apoptosis. Expression of either the amino-terminal 327
amino acids corresponding to unprocessed P20 subunit,
or the carboxy-terminal 99 amino acids corresponding to
the P10 subunit of ICE alone, was insufficient to induce
apoptosis, indicating that both corresponding subunits of
Nedd2 protein may be required for its biological activity,
as has been shown for ICE (Miura et al. 1993). The cleav-
age of the ICE precursor to produce P10 and P20 subunits
has been shown to require active ICE {Thornberry et al.
1992). The in vitro translation of Nedd2 mRNA results
in a major product of 51 kD and some minor polypep-
tides. Incubation of this 51-kD Nedd2 protein at ambient
temperature for up to 24 hr showed no detectable cleav-
age into smaller peptides nor there was an increase in the
intensity of the smaller bands detected in the translation
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Figure 9. Nedd2 maps in the proximal region of mouse chro-
mosome 6. Nedd?2 was placed on mouse chromosome 6 by in-
terspecific backcross analysis. The segregation patterns of
Nedd? and flanking genes in 135 backcross animals that were
typed for all loci are shown at the top. For individual pairs of
loci, >135 animals were typed {see text). Each column repre-
sents the chromosome identified in the backcross progeny that
was inherited from the (C57BL/6] XM. spretus) F, parent. (W)
The presence of a C57BL/6] allele; (O the presence of M. spre-
tus allele. The number of offspring inheriting each type of chro-
mosome is listed at the bottom of each column. A partial chro-
mosome 6 linkage map with the location of Nedd? in relation to
linked genes is shown at the bottom. Recombination distances
between loci in centiMorgans are shown to the left of the map,
and the positions of the loci in human chromosomes, where
known, are shown to the right. References for the human map
positions of loci cited in this study can be obtained from Ge-
nome Data Base maintained by The William H. Welch Medical
Library of The John Hopkins University (Baltimore, MD).

reaction {data not shown). Whether Nedd2 protein is also
cleaved into P20- and P10-like subunits of ICE and
whether this cleavage requires the presence of active
Nedd2 protein remains to be determined. The apoptosis
induced by Nedd2 was inhibited by bcl-2 expression,
suggesting that these two genes play opposing roles in
cell death, an observation consistent with the data for
both ced-3 and ICE {Miura et al. 1993). As suggested for
ICE (Miura et al. 1993), Nedd2 may also function by
either activating some protein(s} required for cell death
or inactivating protein(s) necessary for cell survival. A
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block in bcl-2 function may be required for Nedd?2 to
induce cell death.

We have shown that during embryonic development,
Nedd? is expressed at relatively high levels in several
tissues, including the CNS, liver, lung, and kidney (Fig.
4). Both CNS and kidney development is known to be
associated with massive cell death (Oppenheim 1991;
Coles et al. 1993}, and a similar situation might exist in
other tissues such as lung and liver. High expression of
Nedd? in these tissues may therefore correlate with high
PCD. Interestingly the expression pattern of Nedd?2
mRNA in developing CNS resembles that of Bcl-2 pro-
tein (Merry et al. 1994). Nedd? is also expressed in var-
ious adult tissues and cell lines of different origins. We
also show that most of the postmitotic neurons of adult
brain express Nedd2 mRNA, some of them at moderate
levels (Fig. 4 ). This raises an interesting question about
the possible role of Nedd2 in postmitotic cells. Both our
studies with Nedd2 and previous studies with ICE (Mi-
ura et al. 1993; Gagliardini et al. 1994) demonstrate that
overexpression of these proteins in mammalian cells
leads to apoptosis. From the expression data of cultured
cells, such as growing neuroblastoma N18 and pheochro-
mocytoma PC12 (Fig. 5B) cells, it is clear that moderate
levels of Nedd2 have no obvious effects on the growth
and survival of these cells. Therefore, the physiological
relevance of these overexpression experimental systems
remains to be established. Factors such as those that reg-
ulate the processing of the inactive precursor to active
protein, the presence of target protein(s) for these puta-
tive cysteine proteases, and the concentration of proteins
that block cell death, like members of the Bcl-2 family
(for review, see Williams and Smith 1993), may be cru-
cial under physiological conditions. Postmitotic neurons
and other cell types expressing moderate levels of Nedd2
may have other proteins to protect them from Nedd2-
induced PCD. The levels of Bcl-2 protein are substan-
tially reduced in the nervous system with aging (Merry
et al. 1994); therefore, a balance between Nedd2 and
Bcl-2 proteins may be important in neuronal cell death
associated with aging and in human disorders character-
ized by neuronal degeneration.

The known substrate for ICE, IL-1B, is expressed by a
limited number of cell types such as peripheral blood
monocytes [Cerretti et al. 1992). On the other hand, ICE
expression has been detected in a variety of tissues (Cer-
retti et al. 1992; Miura et al. 1993), suggesting that ICE

"may have additional substrates. Nedd?2 is also expressed

in various tissues and induces apoptosis in at least two
different cell types used in our study, indicating a possi-
ble functional redundancy between ICE and Nedd?2. It is
possible, however, that Nedd2 and ICE act on different
but functionally related substrates and that there are still
other Nedd2/ICE-like proteins in the mammalian cells
providing additional complexity to the cell death ma-
chinery.

Oncogenes such as bcl-2 act by enhancing cell viabil-
ity (for review, see Korsmeyer 1992), whereas a tumor
suppressor gene such as p53 may be required for normal
physiological cell death to occur [Yonish-Rouach et al.
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1991; Shaw et al. 1992}. Therefore it is likely that genes
like Nedd?2 and ICE, which induce apoptosis, may also
function as tumor suppressor genes and may be impor-
tant in multistep carcinogenesis. The mouse chromo-
somal mapping of Nedd2 localizes it to the proximal
region of chromosome 6, near T-cell receptor B-chain
gene (Fig. 9). This region of mouse chromosome 6 shares
a region of homology with human chromosome 7q.
Structural abnormalities involving chromosome 7q oc-
cur frequently in a number of human hematological neo-
plasms {Johansson et al. 1993); therefore, it would be
worthwhile to map Nedd?2 in humans and to check
whether Nedd? is associated with any human disorders,
including malignancies and/or neurological syndromes.

Materials and methods
Cell culture

NPCs were isolated and cultured as described before {Kitani et
al. 1991). Embryonal carcinoma {EC) cell lines, P19 (Edwards
and McBurney 1983) and PCC4 (Jakob et al. 1973), were main-
tained in Eagle’s minimum essential medium with a modifica-
tion {«-MEM) supplemented with 10% fetal bovine serum
(FCS). The mouse fibroblast cell line NIH-3T3 (Jainchill et al.
1969) and the mouse neuroblastoma cell line N18 (Amano et al.
1971) were cultured in Dulbecco’s modified Eagle’s medium
{DMEM]) supplemented with 10% FCS. All other cell lines used
for RNA extraction were maintained as described previously
(Kumar et al. 1994).

¢DNA cloning

The original Nedd?2 clone 2C8, obtained from the subtracted
NPC ¢DNA library-contained a cDNA insert of 0.8 kb from the
3’ end of the mRNA (Kumar et al. 1992). By use of this insert we
rescreened the mouse NPC cDNA library (Kumar et al. 1992) to
obtain a longer cDNA clone {2C8.8] of 1.2 kb, which was used
in further screening of a PCC4 cell-line cDNA library (Strata-
gene). Two overlapping clones of 2.6 kb (PC 2C8.1) and 2.3 kb
(PC 2C8.2), isolated covering a 3.7-kb DNA, were sequenced in
their entirety {data base entry D10713). This sequence con-
tained a short ORF of 171 amino acids preceded by a long non-
coding sequence. We therefore suspected that the 5’ region of
the clone may have arisen from cloning artifacts and isolated
additional cDNA clones from mouse spleen and lung cDNA
libraries (both from Stratagene). Among several positive clones
isolated, four spleen clones (MS N2.2, 3, 4, and 5) and a lung
clone (ML N2.2) with overlapping maps and no apparent fusion
with other cDNAs were further characterized. The sequence
derived from these clones indicated that ~1.8 kb of 5’ sequence
of the clone PC 2C8.1 had originated from some cloning artifact.
Approximately 500,000 plaques from each library were screened
by use of standard protocols (Sambrook et al. 1989). After three
cycles of plaque purification, the pBluescript SK(— ) from these
clones was rescued according to the instructions supplied by the
manufacturer (Stratagene), and both strands were sequenced
from exonuclease 1lI-generated nested deletions and sequence-
specific primers by use of a Sequenase DNA sequencing kit
(U.S. Biochemical).

Computer analyses of the nucleotide and protein sequences
were performed by use of the Wisconsin Genetic Computer
Group program package. Data base sequence searches were per-
formed by FASTA and TFASTA (Pearson and Lipman 1988).

Induction of apoptesis by Nedd2

Sequence alignment and homology computations were also per-
formed at the National Center for Biotechnology Information
(NCBI) by use of the BLAST network service. For in vitro tran-
scription from Nedd2 ¢cDNA clones, MS N2.4, 5, and 6 were
linearized with either BamHTI or Xhol, and capped mRNA was
synthesized with a kit (Stratagene). Translation of mRNA was
performed by the In Vitro Express kit according to the instruc-
tions supplied by the manufacturer (Stratagene) and analyzed on
12.5% polyacrylamide gels (Sambrook et al. 1989).

RNA isolation and analysis

Poly|A)* RNA was isolated from quick-frozen tissues or cul-
tured cells by use of the Fast Track kit {Invitrogen) or by oli-
go[dT) batch absorption (Sambrook et al. 1989). Approximately
2.5 ug of the poly(A}* RNA samples was electrophoresed on
1.2% agarose/2.2 M formaldehyde gels, transferred to Biodyne A
membrane (Pall), and hybridized to probes labeled with
[a-32P]JdCTP {Amersham) by random priming with the Klenow
fragment of DNA polymerase (Sambrook et al. 1989). In Figure
5B, a commercially obtained mouse multiple tissue poly(A)*
RNA blot (Clonetech) was used. Entire cDNA inserts derived
from clone 2C8.8 (Figs. 3 and 5) and MS N2.4 (Fig. 6) were used
as probes for Nedd2. The human B-actin and glyceraldehyde
3-phosphate dehydrogenase probes were from Clontech.

In situ hybridization

The procedure was adapted from Chun et al. {1991) and digox-
igenin (DIG) labeling and detection system protocols (Boe-
hringer Mannheim). In brief, embryos at various developmental
stages or dissected brain from adult animals were cryostat-sec-
tioned at a thickness of 10 pm and mounted on glass slides
treated with Vectabond (Vector Laboratories). After pretreat-
ments, sections were hybridized with DIG-labeled sense and
antisense RNA probes in a buffer {(50% formamide, 2x SSPE, 10
mm dithiothreitol, 2 mg/ml of yeast tRNA, 0.25 mg/ml of bo-
vine serum albumin, 0.5 mg/ml of denatured salmon sperm
DNA, and 0.5 mg/ml of polyadenylic acid) at 42°C for 18 hr. The
DIG-labeled RNA probes were transcribed from the Xbal-lin-
earized (for sense) or HindIlI-linearized (for antisense) plasmid
PC 2C8.2 according to the Boehringer Mannheim protocol and
limit-alkali-digested to 100-200 bases. Several different concen-
trations of DIG-labeled RNA probes were used in the hybrid-
ization experiments with essentially similar results. After hy-
bridization, the sections were treated with 40 ng/ml of RNase A
at 37°C for 15-30 min, washed in 0.2 SSPE at 42°C, and color-
developed following the manufacturer’s protocol (Boehringer).
Further confirmation of the specificity of the Nedd2 signals was
obtained by the use of [3°S]-labeled UTP-labeled probes accord-
ing to published protocols (Sazuka et al. 19924}, which produced
results similar to those obtained with DIG-labeled probes {data
not shown).

Construction of expression vectors

Nedd?2 expression plasmids were constructed in the pCXN2
{Niwa et al. 1991) vector background. To construct the full-
length Nedd?2 expression plasmid (pCXN2-N2), the cDNA re-
leased from clone MS N2.4 by BamHI-Xhol digestion was
blunt-ended with T4 DNA polymerase and cloned into the
EcoRI-digested and T4 DNA polymerase-treated vector down-
stream of chicken B-actin promoter (Niwa et al. 1991}. To con-
struct vectors expressing amino-terminal {(pCXN2-N2Nj and
carboxy-terminal (pCXN2-N2C) regions of the Nedd?2 protein,
MS N2.4 was digested with Sall-BamH]I, and the resulting gel-
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purified fragments of ~1.0 kb (amino-terminal) and 1.1 kb (car-
boxy-terminal) treated with T4 DNA polymerase and cloned
into bhunt-ended pCXN2 as described above. pCXN2-N2N con-
tains the coding sequence for the amino-terminal 327 amino
acid residues, starting at the first-inframe Met (Fig. 1B).
PCXN2-N2C is likely to encode either a 99- or 97-amino-acid
carboxy-terminal polypeptide, depending on whether transla-
tion starts at Met-353 or Met-355 {residue numbers in intact
Neddl protein] (Fig. 1B). An antisense expression vector
(PCXN2-N2AS) was constructed by cloning the blunt-ended
1.0-kb Sall fragment into the antisense orientation with respect
to the B-actin promoter. A frameshift mutation (pCXN2-N2M)
was created by Sacl digestion/T4 DNA polymerase treatment
and self-ligation of Nedd2 cDNA in the pCXN2 vector. This
results in the removal of four nucleotides (221-224 in Fig. 1B),
thereby shifting the frame, which now terminates at nucleotide
398 {Fig. 1B} and potentially encodes a protein of 129 amino acid
residues. Site-directed mutagenesis to substitute the T residue
at 961 (Fig. 1B) with a G residue (Cys — Gly) was carried out
according to the protocol of Kunkel et al. {1987), with single-
stranded DNA from clone MS N2.4 as a template and a 22-mer
oligonucleotide corresponding to nucleotides 950-971 (Fig. 1B)
and carrying the substitution as a primer. The mutated cDNA
insert was released by BamHI-Xhol digestion and cloned into
PCXN2 as described above, to generate pPCXN2-N2 Gly-319. To
check whether all constructs produced proteins of desired sizes,
where necessary, cDNA fragments were cloned into pBlue-
script, and mRNA was generated from either BamHI- or Xhol-
linearized templates by in vitro transcription as described
above. Aliquots of mRNA were translated with In Vitro Express
extracts (Stratagene) and analyzed on 12.5% polyacrylamide
gels as described above. The approximate sizes of the protein
products for N2, N2N, N2C, N2M, and N2 Gly-319 were 51, 36,
11, 15, and 51 kD, respectively, whereas no product was de-
tected for N2AS (data not shown).

Cell transfection

Cells were plated at a density of 2x10° cells/35-mm dish or
5x10° cells/60-mm dish. The following day, 2.5 or 7.5 pg of the
pCXN?2 plasmid constructs and, where indicated, 0.5 or 1.5 pg
of a B-galactosidase expression vector (pEF-Bgal) were cotrans-
fected with 10 or 30 pl of Lipofectamine (Life Technologies).
pEF—Bgal was kindly provided by K. Kataoka and contains the E.
coli lacZ gene in a pEF-BOS (Mizushima and Nagata 1990}
background. For B-galactosidase expression analysis, at 24 hr
post-transfection cells were rinsed with PBS, fixed with 2%
formaldehyde, 0.2% glutaraldehyde in PBS for 5 min, washed
twice with PBS, and stained for 6-24 hr with 0.1% X-gal, 5 mm
potassium ferricyanide, 5 mm potassium ferrocyanide, and 2
mm MgCl, in PBS. After rinsing in PBS, positive cells were
microscopically observed for apoptosis and photographed. To
produce bcl-2-expressing cells, N18 and NIH-3T3 cells were
stably transfected with a expression vector carrying human
bcl-2 under control of Rous sarcoma virus (RSV) promoter and
hygromycin as a selection marker (kindly provided by David
Vaux] by lipofection (Life Technologies). Transfected cells were
selected with hygromycin for 2 weeks and pooled. Expression of
Bcl-2 protein was analyzed by immunoblots using a commercial
antibody ([DAKO) (data not shown).

Genomic DNA extraction and electrophoresis

Cells transfected by use of Lipofectamine were scraped into
medium 24 hr post-transfection and collected by centrifugation.
Genomic DNA was isolated by proteinase K digestion, phenol—
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chloroform extraction, and ethanol precipitation (Sambrook et
al. 1989). DNA (0.5-1 pg) was labeled with [a-**P]dCTP with
the Klenow fragment of DNA polymerase and analyzed on 1.8%
agarose gel for DNA fragmentation as described by Rosl {1992).

Interspecific mouse backcross mapping

Interspecific backcross progeny were generated by mating
(C57BL/6JxM. spretus) F, females and C57BL/6] males as de-
scribed (Copeland and Jenkins 1991). A total of 205 N, mice
were used to map the Nedd?2 locus. Southern hybridizations
were performed as described previously (Jenkins et al. 1982).
The Nedd? probe, a 2.0-kb EcoRI fragment of PC 2C8.2 repre-
senting the 3’ end of the cDNA, detects a 3.9- or 4.5-kb band in
Xbal-digested C57BL/6] and M. spretus DNA, respectively. The
presence or absence of the 4.5-kb M. spretus-specific Xbal frag-
ment was followed in backcross mice. A description of the
probes and RFLPs for the loci linked to Nedd2 including Ptn,
Tcrb, and Hoxa (formerly Hox-1) has been reported previously
(Siracusa et al. 1991; Li et al. 1992). Recombination distances
were calculated as described (Green 1981) with a computer pro-
gram SPRETUS MADNESS. Gene order was determined by
minimizing the number of recombination events required to
explain the allele distribution patterns.

Accession number

The sequence reported in this paper will appear in GenBank,
DDBJ, EMBL, and NCBI data bases under accession number
D28492. Readers should note that the gene symbol Nedd?2 used
in this paper has been approved by the International Committee
on Mouse Genetic Nomenclature and replaces NEDD-2, used
by us previously (Kumar et al. 1992), or nedd-2, used by others
(Yuan et al. 1993; Vaux et al. 1994] to define the same locus.
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Induction of apoptosis by the mouse Nedd2 gene, which encodes a
protein similar to the product of the Caenorhabditis elegans cell
death gene ced-3 and the mammalian IL-1 beta-converting enzyme.
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