
able CD21 on B cells without dimlllishing 
their expression of CD19. 

Mice were co-immunized subcutaneous- 
ly in PBS with 25 kg of keyhole limpet 
hemocyanin (KLH) alone or in the pres- 
ence of 0.5 prnol of HEL-C3d3. The IgGl 
response to KLH on day 14 was not altered 
by HEL-C3d,, which indicates that C3d 
lnodlfies the response only to the antigen to 
which it is bou~ld. 

These findings demonstrate that the irn- 
munity-augmenting f~111ction of the com- 
plement system is lnedlated solely hy a dis- 
crete molecular modification of antigen, at- 
tachment of C3d, and that the mag~~i tude  
of enhancelnent may be as great as 10,000- 
fold, which is far greater than even that of 
CFA. Three mechanisms may mediate this 
f u ~ ~ c t ~ o n .  First, the association of 0 2 1  
with CD19, which is tyrosine-phosphoryl- 
ated when rnIg is ligated and bi11ds phos- 
phatidylinositol-3 kinase (15) and Vav 
(16), links the colnplement receptor to cy- 
tosolic effectors of sigllali~lg that amplify 
activation of B cells. The ilnportant role of 
CD19 in the humoral immune response 
recently has been exemplified in mice lack- 
ing this B cell protein (4). Second, the 
avidity with which low-affinity, unprimed B 
cells hind antigen is probably enhanced by 
the interaction of CD21 with C3d. Third, 
CD21 is expressed on follicular dendritic 
cells that may promote the development 
and mai~ltena~lce of memory B cells ( 1  7). 

The cornplernent system, through the 
adjuvant effect of C3d, may select antigens 
for recognition by the acquired immune 
system. This f ~ ~ n c t i o n  would be comple- 
mentary to that of other components of 
i1111ate immunity, such as macrophages, nat- 
ural killer cells, and mast cells, which pro- 
duce cytokines that may determine the 
character of an acquired immune response 
hy directing the development of T helper 
type 1 and type 2 cells. Together, these 
humoral and cellular elements enable the 
acquired immune system to respond appro- 
priately to potentially noxious foreign anti- 
gens. Their manipulation may lead to more 
effective strategies for vaccination. 
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DPC4, A Candidate Tumor Suppressor Gene at 
Human Chromosome 18q21 .I 

Stephan A. Hahn, Mieke Schutte, A. T. M. Shamsul Hoque, 
Christopher A. Moskaluk, Luis T. da Costa, Ester Rozenblum, 

Craig L. Weinstein, Aryeh Fischer, Charles J. Yeo, 
Ralph H. Hruban, Scott E. Kern* 

About 90 percent of human pancreatic carcinomas show allelic loss at chromosome 18q. 
To identify candidate tumor suppressor genes on 18q, a panel of pancreatic carcinomas 
were analyzed for convergent sites of homozygous deletion. Twenty-five of 84 tumors had 
homozygous deletions at 18q21 . I ,  a site that excludes DCC (a candidate suppressor gene 
for colorectal cancer) and includes DPC4, a gene similar in sequence to a Drosophila 
melanogaster gene (Mad) implicated in a transforming growth factor-p (TGF-p)-like 
signaling pathway. Potentially inactivating mutations in DPC4 were identified in six of 27 
pancreatic carcinomas that did not have homozygous deletions at 18q21 . I .  These results 
identify DPC4 as a candidate tumor suppressor gene whose inactivation may play a role 
in pancreatic and possibly other human cancers. 

T h e  development of human cancer in- 
volves the clo~lal evolution of cell popula- 
tions that gain competitive advantage over 
other cells through the alteration of at least 
two distinct classes of genes: proto-onco- 
genes and tumor suppressor genes (1).  Tu- 
mor suppressor genes are characterized by 
alteratio~ls that inactivate both alleles (2 ) .  
Many tumor suppressor genes are inactivat- 

ed by intragenic mutatio~ls in one allele 
accompa~lied by the loss of a chromosomal 
region co11taining the other allele, termed 
loss of heterozygosity (LOH).  Mapping of 
homo:ygous deletions within regions show- 
ing a high frequency of LOH has been a 
critical step In the discovery of several tu- 
rnor suppressor genes (3). 

Human pancreatic ductal carcinomas 
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Fig. 1. Homozygous deletions of chromosome 
18q21.1 in four pancreatic carcinoma xenografts, 
as identified by multiplex PCR. The smaller prod- 
ucts (migrating in size range 2, marked at left) 
were produced by microsatellite marker Dl 8S46. 
The larger products (size range 1) represent inter- 
nal positive controls from a retained microsatellite 
locus (Dl 8868) outside the deleted region. Tumor 
PX16 is represented by seven parallel xenografts, 
independently derived from the same primary tu- 
mor tissue. N, normal DNA, X, xenograft DNA, C, 
control (normal human DNA). 

display consistent genetic changes, includ- 
ing Ki-ras mutations (>80%) (4, 5), ~ 5 3  
mutations (50 to 70%) ( 3 ,  and p16 muta- 
tions or homozygous deletions (>85%) (6). 
Allelotype data suggest the existence of ad- 
ditional tumor suppressor genes at other 
loci (7), most notably on chromosome 18q, 
which shows LOH in nearly 90% of pan- 
creatic cancers (7). A candidate suppressor 
gene for colorectal cancer, DCC (deleted in 
colorectal carcinoma), is located on 18q, 
but because of the length and complexity of 
the gene (29 exons spanning 1.4 mega- 
bases), its mutational status in pancreatic 
and other carcinomas is unknown (8). 

We searched for deletions that would 
potentially localize tumor suppressor genes 
on chromosome 18 by performing a genome 
scan with 11 spaced polymerase chain reac- 
tion (PCR)-based markers. A consensus 
deletion site could not be established from 
the LOH pattern because the deletions of- 
ten spanned most of the chromosomal arm 
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PX6 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PQ 1 I - - - - - - - - - - - - - - - - - - -  

B x R 3  - - - - - - - - _ - - - _ _ _ _ - - - - - - - - - -  
PX94 - - - - - - - - - - - - - - - - - - - - - - - - - - .  
PX122 . . . . . . . . . . . . . . . . . . . . . . . . .  
PX30 - - - - - - - - - - - - - - - - - - -  
CFPAC1 - - - - - - - - - - - - - - -  
HS765T - - - - - - - - - - - - - - - - - -  
PX' 4 - - - - -  - - - - - -  
Pxa 0 - - - - - - - - - - - -  
PX7 1 - - - - - - - - -  - 
PX123 - - - - - - - - - -  4 

PX' 86  - - - 
PX' 4 2  - - - -  
PY2 7 - -  - 
PXI 50 

A - - - - - - - - 
PXll5 - - - - - - - - - - - - - - -  - 

Fig. 2. Regional map of the homozygous deletions on 18q. Markers are arbitrarily spaced, to reflect 
relative positions. The shaded area represents the coding region of the DPC4 gene. Prefix "y" indicates 
YAC-derived markers; "p," PI -PAC markers; and "c," cosmid markers. The solid lines for each cancer 
represent the areas without homozygous deletion (when all markers in the region were present), and the 
broken lines represent the areas of homozygous deletion. All specimens designated with PX are pancre- 
atic carcinoma xenografts, except for PX115, which is a biliary carcinoma xenograft. MX27 is a xenograft 
derived from a bladder carcinoma. BxPc3, CFPAC1, and HS766T are pancreatic carcinoma cell lines; 
cen, direction to centromere; tel, to telomere. 

(9). However, four of 31 xenografts of pan- 
creatic carcinoma had a homozygous dele- 
tion involving two contiguous loci (defined 
by microsatellite markers D18S46 and 
D18S363) centromeric to DCC (10). Mul- 
tiple sequence-tagged site (STS) markers 
within or flanking the DCC gene showed 
that the deletions did not include DCC. 
These results were confirmed in repeated 
PCRs, in multiplex PCRs, and in several 
parallel xenografts derived independently 
from the original primary carcinomas (Fig. 
1) (I  1). Southern (DNA) blot analysis, per- 
formed on three of these four cancers, re- 
vealed that the markers were absent from 
tumor DNA samples, but present in consti- 
tutional DNA samples from the same pa- 
tients, confirming the homozygous dele- 
tions (1 1 ). 

Markers D18S46 and D18S363 were 
used to screen the CEPH (Centre &Etudes 
du Polymorphisme Humaine) mega-YAC 
(yeast artificial chromosome) library by 
PCR (12). Seven YAC clones were identi- 
fied, and in turn two additional overlapping 
YAC clones were found within the on-line 
hybridization data of the CEPH database. 
STS markers were derived from isolated 
YAC ends and used to build a YAC contig 
(13). A tumor panel consisting of 41 xe- 
nografts derived from primary pancreatic 
adenocarcinomas, 10 pancreatic cell lines, 
22 breast cancer cell lines, and xenografts of 

four primary biliary cancers and two prima- 
ry bladder cancers, were screened with STS 
markers derived from the YAC ends and 
from known markers within the contig. An 
additional 10 homozygous deletions were 
identified within this tumor panel (six in 
the pancreatic xenografts, two in pancreatic 
cell lines, one in the bladder, and one in the 
biliary cancer) (Fig. 2). Two of 178 colo- 
rectal cancer cell lines and xenografts were 
also found to harbor a homozygous deletion 
upon screening with these STS markers 
(14). 

The smallest consensus of deletion was 
defined by STS markers y747A6R and 
D18S474 on the centromeric end and 
D18S46 on the telomeric end. None of the 
deletions extended beyond YAC-end 
y747A6L, the telomeric border of the con- 
tig. YAC y747A6 also contains the SSAV 
locus, located approximately 2 megabases 
centromeric to DCC (15). Starting from 
markers D18S46 and D18S474, we per- 
formed P1 and P1 artificial chromosome 
(PAC) library screens, which yielded a con- 
tig spanning the consensus region of dele- 
tion (16). Three YACs, which together 
spanned the consensus of deletion, were 
subcloned into a cosmid vector. Cosmids 
were integrated into the PI-PAC contig, 
and end sequences from Pls, PACs, and 
selected cosmids were used to define new 
STS markers (1 7). An additional three pan- 
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creatic carcinoma xenografts and one pan- 
creatic cell line with hornozygo~~s ~ieletions 
were identified in the tunlor panel, map- 
ping the smallest consensus of deletion to a 
single cosmid (c91i-46). 

Using cosnlid c917-46, and a combina- 
tion of exon amplification, cDNA lihrary 
screening, 5'-RACE, and BLAST searches 
of a database of expressed sequence tags 
(&EST), we identifieii three potential ex- 
pressed sequences (18). Two of these were 
colinear with genotnic sequences, lacked 
splice sites, and c o ~ ~ l d  not be disting~~ished 
from unprocessed RNA sequences or con- 
tanlinating DNA sequences. The  third se- 
quence, from exon amplification, contained 
a 51-hase pair (hp) open reading frame 
(ORF). Hybridization of this sequence to a 
hunlan fetal brain cDNA lihrary identified 
19 clones, the alignnlent of which revealed 
a 2680-bp transcript froin a previo~~sly un- 
reported gene (Fig. 3 ) .  Prinlers designed 
from the cDNA sequence were then used to 
sequence the adjoining introns fro111 the 
genomic clones (c917-46 and p128-N21). 
The preciicted 552 amino acid coding se- 
quence of this gene was defined by ( I )  ~ n u l -  
tiple stop codons in all three reading frames 
5'  to the putative ATG start site; (ii) mul- 
tiple stop codons in the noncoding fraines 
3' to the start site; (iii) 10 splice sites (11 
exons) in the longest possihle ORF; and 
(iv) a ter~uinal T G A  stop codon in-frame, 
as well as stop codons nearby in the other 
two frames. W e  deslgnateci the gene DPC4 
[for holuozygo~~sly deleted in pancreatic car- 
cinoma, locus 4, following the order of pre- 
viously described loci ( 6 ,  711. 

Analysis of 61 pancreatic xenografts 
(19) with four expressed sequence tags 
(ESTs) derilred from the coding region of 
DPC4 revealed nine new homozygous dele- 
tions, five with endpoints within DPC4. 
Thus, this gene was homozygously deleted 
in a total of 25 (30%) of 84 pancreatic 
carcinomas. Further screening of 14 xe- 
nografts hy an in vitro-synthesized protein 
assay identified one (PX101) that expressed 
a truncated protein suggestive of an intra- 
genic point mutation (20). For all 14 can- 
cers, the reverse transcriptase (RT)-PCR 
product length matched the predicted size 
of the full-length transcript. 

Geno~nic  sequencing of all 11 DPC4 
exons was perfor~ned for 27 pancreatic xe- 
nografts that did not have a hon~ozygous 
deletion of the gene (21). Six nlutations 
were identified (Table I ) ,  including a mu- 
tation creating a nonsense codon in exoil 
11 (PX101, confirnling the protein assay 
result), a nonsense mutation in exon 8 
(PX23) and in exon 9 (PX74), a splice 
donor site i n ~ ~ t a t i o n  after exon 10 (PX28), 
an 8-hp fra~neshift lnicrodeletion (PX102), 
anii a missense ~ n ~ ~ t a t i o n  producing a non- 
conservative amino acid substitution 

(PX86) in exon 11. Secluencing of the con- 
stitutional DNA froin the same patients 
confirmed that all six mutations were ac- 
quired somatically. In both cases in which 
the surgical specimen yielded tumor mate- 
rial adequate for sequencing (PX101 and 
PX102), the mutations found in the xe- 
nografts were confirmed in the primary tu- 
mors (22). 

A possil-le f~~nct ional  role for the DPC4 
protein is suggested hy its secluence similar- 
ity to the D~osophila melanogaster Mothers 
against dpp (Mad) protein and the Cneno- 
%abditis elegans ;\/lad homologs sma-2, sma- 
3. and sma-4 123). The most sinlilaritv to , , 

these proteins (up to 85%) was seen in 
exons 1, 2, and 11 of DPC4; somewhat less 
similarity (up to 75%) was seen in exons 8, 
9, and 10 (Fig. 4) .  In Drosophila, homozy- 
POLIS Mad mutants exhihit ciefects in mideut " " 

morphogenesis, imaginal disc development, 

and enlbryonic dorsal-ventral patterning 
(23). A sinlilar phenotype is produced by 
mutations in the decnpentnple@c (dpp) gene, 
which codes for a member of the transform- 
ing growth factor-@ (TGF-P) superfamily 
and appears to play a central role in inter- 
cellular signaling throughout develop~nent 
(24). It is ~~otewor thy  that a stop mutation 
responsible for the Mad phenotype, located 
at codon 417 within a conserved reoion of - 
the Mad gene, matches the position of the 
fi.amesh1ft mutation found in DPC4 
IPX102) and is located one codon 5'  to the 
position of a nonsense mutation found in 
DPC4 (PX101) (Tahle 1 )  (23). 

TGF-@ is a potent inhihitor of cellular 
proliferation for   no st normal cells (241, and 
many cancer cells show diminished respon- 
siveness to TGF-P-induced growth inhibi- 
tion. This mav be due to inactivation of cell 
cycle regulatory proteins that medlate 

1 MDNMSITNTPTSNDACLSIVHSLMCHRQGGESETFAKMIESLVKKLKEKKDELDSLITAITTNGRHPSKCVTIQRTLDG 80 

81 RLQVAGRKGFPHVIYARLWRWPDLHKNELKHVKYCQYAFDLKCDSVCVNPYHYERWSPGIDLSGLTLQSNAPSSMMVKD 160 

321 EYWCSIAYFEMDVQVGETFKVPSSCPIVTMGYMPSGGDRFCLWLSNVHRTEAIERARLHIGKGVQLECKGEGDVWVR 400 

401 CLSDHAVFVQSYYLDREAGMPGDAVHKIYPSAYIKVFDLRQCHRQMQQQTAQQAAAVAGNIPGPGSVGGIAP 480 

485 A I S L S A A A G I G V D D L R R L C I L R M S F W G W G P D Y P R Q S I K E T P C W I E I H L H Q L L D E H P I P Q P L D  552 

Fig. 3. Predcted amno acid sequence of the DPC4 gene product. The nucleotide sequence has been 
deposited in GenBank (accession number U44378). Abbreviations for the amino acid residues are A, Ala: 
C, Cys; D, Asp; E, Glu; F, Phe: G, Gly. H, HIS. I.  Ile: K, Lys; L, Leu: M. Met; N. Asn; P, Pro: Q, Gln; R ,  Arg; 
S. Ser; T, Thr; V, Val; W. Trp; and Y; Tyr. 

Table 1 .  DPC4 sequence changes in paricreatlc carcinomas 

Specimen Codon Mutation Predicted effect 

PX23 358 GGA to TGA Gly to Stop 
PX74 41 2 TAC to TAG Tyr to Stop 
PX28 483 AGT to AAT Aberrant splicing 
PX86 493 GAT to CAT Asp to His 
PXl 01 51 5 AGA to TGA Arg to Stop 
PX102 51 6-51 8 CAGAGCATC to C Frameshift 

DPC4 27 
sma2 17 
Mad 35 

DPC4 85 A 
sma2 92 S 
Mad 76 S 

DPC4 316 N H P ~  
sma2 215 K W E E Q  
Mad 254 SYSE@F 

Fig. 4. Amno acid sequence similarities between human DPC4. D, melanogaster Mad, and C, elegans 
sma-2. Amino acld identities are in black; consenlative changes are in gray. Gaps introduced for maximal 
alignment are marked with dashes. Numbers indicate codon postons at which indivdual alignments 
begin. 
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this response (25) or to mutations in 
TGF-(3 receptors (26). Transfer of chromo
some 18 has been shown to partially restore 
TGF-(3 responsiveness to a cancer cell line 
(27), consistent with the notion that this 
chromosome carries a gene involved in 
TGF-(3-induced growth suppression. The 
relationship of the signaling pathways ini
tiated by TGF-(3 and other members of the 
TGF-(3 superfamily, however, is unclear. 
Studies of the DPC4 pathway and its asso
ciation with members of the TGF-(3 super-
family in pancreatic carcinoma and other 
model systems should be instructive for the 
further understanding of the role of DPC4 
in human neoplasia. 
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1 roliferating eukaryotic cells arrest pro
gression through the cell cycle in response 
to DNA damage (I). Failure to repair dam
aged DNA can result in the propagation of 
mutations or damaged chromosomes and, 
therefore, may contribute to genetic insta
bility and cancer (2, 3). The mechanism 
responsible for monitoring the integrity of 
the genome and preventing progression 
through the cell cycle in the event of DNA 
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damage checkpoint (3). The signal trans
duction pathway that couples detection of 
DNA damage to control of progression 
through the cell cycle has yet to be eluci
dated. Several radiation-sensitive mutants 
(rod mutants) of both the budding yeast 
Saccharomyces cerevisiae and the fission 
yeast Schizosaccharomyces pombe have been 
identified (3-8). These mutants define 
components of the checkpoint pathway be
cause they are unable to arrest the cell cycle 
when DNA is damaged (3-8). 

When present in multiple copies per 
cell, the chkI -encoded protein kinase (6) 
can suppress the growth defect associated 
with particular mutant alleles of the gene 
that encodes p34cdc2, a highly conserved 
cyclin-dependent kinase that governs cell 

rad-Dependent Response of the chkt-Encoded 
Protein Kinase at the DNA Damage Checkpoint 
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Exposure of eukaryotic cells to agents that generate DNA damage results in transient 
arrest of progression through the cell cycle. In fission yeast, the DNA damage checkpoint 
associated with cell cycle arrest before mitosis requires the protein kinase p56c/7/c7. DNA 
damage induced by ultraviolet light, gamma radiation, or a DNA-alkylating agent has now 
been shown to result in phosphorylation of p56c/7/c7. This phosphorylation decreased the 
mobility of p56chk1 on SDS-polyacrylamide gel electrophoresis and was abolished by a 
mutation in the p56chk1 catalytic domain, suggesting that it might represent autophos-
phorylation. Phosphorylation of p56c/7/c7 did not occur when other checkpoint genes were 
inactive. Thus, p56c/7/c7 appears to function downstream of several of the known Schiz
osaccharomyces pombe checkpoint gene products, including that encoded by rad3+, a 
gene with sequence similarity to the ATM gene mutated in patients with ataxia telangi
ectasia. The phosphorylation of p56c/7/c7 provides an assayable biochemical response to 
activation of the DNA damage checkpoint in the G2 phase of the cell cycle. 
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