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Summary

The poly(ADP-ribose) polymerase (PADPRP) gene (13q33-qter) depicts a two-allele (A/B) polymorphism. In
the noncancer population, the frequency of the B allele is higher among blacks than among whites. Since
the incidence of multiple myeloma and prostate and lung cancer is higher in the U.S. black population, we

have analyzed the B-allele frequency in germ-line DNA to determine whether the PADPRP gene correlates
with a polymorphic susceptibility to these diseases. For multiple myeloma and prostate cancer, an increased
frequency of the B allele appeared to be striking only in black patients. In contrast, the distribution of the
B allele in germ-line DNA did not differ among white patients with these diseases, when compared with the
control group. An elevated B-allele frequency was also found in germ-line DNA in blacks with colon cancer.

These observations suggest that the PADPRP polymorphism may provide a valid marker for a predisposition
to these cancers in black individuals. To determine the genomic structure of the polymorphic PADPRP
sequences, a 2.68-kb HindIII clone was isolated and sequenced from a chromosome 13-enriched library.
Sequence analysis of this clone (A allele) revealed a close sequence similarity (91.8%) to PADPRP cDNA (1q42)
and an absence of introns, suggesting that the gene on 13q exists as a processed pseudogene. A 193-bp
conserved duplicated region within the A allele was identified as the source of the polymorphism. The
nucleotide differences between the PADPRP gene on chromosome 13 and related PADPRP genes were exploited
to develop oligonucleotides that can detect the difference between the A/B genotypes in a PCR. This PCR
assay offers the opportunity for analyzing additional black cancer patients, to determine how the PADPRP
processed pseudogene or an unidentified gene that cosegregates with the PADPRP gene might be involved
with the development of malignancy.

Introduction

Poly(ADP-ribose) polymerase (PADPRP) (E.C.2.4.
2.30) is a DNA-binding protein that modulates chro-
matin structure adjacent to regions of DNA replica-
tion, recombination, and repair (Ueda and Hayaishi
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1985). In the course of analyzing potential rearrange-
ments within this gene in tumor cells, a simple two-
allele (A/B) polymorphism localized to chromosome
13q33-qter was observed. A twofold increase in the
frequency of the B allele (statistically significant) was
also noted in tumor DNA from patients with Burkitt
lymphoma, B-cell follicular lymphoma, and lung car-
cinoma, when compared with germ-line DNA in a
noncancer population (Bhatia et al. 1990).
The RFLP was identified as a 2.7-kb or 2.5-kb Hin-

d1II fragment after hybridization to full-length human
PADPRP cDNA. These fragments were thought to
originate either from a PADPRP processed pseu-
dogene or from a gene with extensive identity to
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PADPRP, but they did not reflect the gene encoding
the authentic PADPRP protein on chromosome 1 q or
the pseudogene on chromosome 14 (Bhatia et al.
1990). A preliminary characterization of the two-
allele polymorphism showed that a number of restric-
tion enzymes, including KpnI, EcoRI, BglII, RsaI, and
MspI, also identified this polymorphism, which al-
ways cosegregated together and differed by 200 bp
between the respective A and B alleles. Collectively,
these RFLPs suggested a deletion or insertion ofDNA
of at least 200 bp adjacent to or within PADPRP-like
sequences.

Initial analysis of DNA derived from tumor and
normal tissue of the same individual revealed that the
200 bp difference did not occur as a somatic event,
and the predominant source of the B allele was germ
line, although a tumor-derived loss of heterozygosity
was found in 5% of the matched samples. In the non-
cancer population, a marked difference in the fre-
quency of the B allele was also observed in germ-line
DNA from black (.35) and white (.14) individuals
(Bhatia et al. 1990). An important aspect of the earlier
study was the observation that at least one copy of
the B allele was always present in tumor tissue from
patients with endemic Burkitt lymphoma, and the fre-
quency of the B allele was at least twofold higher than
in the black, noncancer population. A limited survey
of germ-line DNA from black patients having various
cancers showed a 1.7-fold increase in the B-allele fre-
quency, which compared favorably with the data col-
lected for endemic Burkitt lymphoma (Bhatia et al.
1990). It has been suggested that racial differences in
the cancer incidence rates are mainly attributable to
socioeconomic or life-style factors. However, it is not
well understood whether a genetic basis contributes to
the observed epidemiological data. We have used the
polymorphic PADPRP DNA marker on chromosome
13, associated with a possible predisposition to can-
cer, to gain insights into understanding how a genetic
basis may account for a high occurrence of certain
cancers in the black population.

Thus, we have extended the previous analysis to
include a new group ofpatients with cancers that occur
more frequently in the black population (multiple my-
eloma and prostate and lung cancer). To provide in-
sight into the association between the PADPRP poly-
morphism on chromosome 13 and a predisposition to
cancer, we have also characterized the genomic struc-
ture ofthe polymorphicPADPRP sequences. The pres-
ent report presents data that indicate that the poly-

morphism reflects a 193-bp duplication of PADPRP
processed-pseudogene sequences and that the absence
of this duplicated region is often present in individuals
with certain types of cancer. In addition, a strategy
was developed to analyze the PADPRP genotype of
patients, by using the PCR, in which the DNA se-
quences responsible for the A/B polymorphism could
be selectively amplified.

Subjects, Material, and Methods

Cancer Patients

Patients with multiple myeloma were studied at
both UCLA and the Veterans Administration Medical
Center in West Los Angeles. All other cancer patients
were under treatment at either Georgetown University
Hospital or Howard University Cancer Center, Wash-
ington, DC. Data on the noncancer groups were taken
from Bhatia et al. (1990).

Isolation of a Chromosome 13 PADPRP Genomic Clone

A recombinant DNA library containing HindII in-
serts was prepared from flow-sorted chromosome 13,
and the phage vector Charon 21A was screened using
full-length PADPRP cDNA. This library has success-
fully been used to isolate DNA markers for the 13q14
region (Lalande et al. 1984). Approximately 5 x 105
phage were screened under stringent hybridization
and wash conditions.

DNA Subcloning and Sequencing
DNA was isolated from one of the positive genomic

clones, digested with HindIII, and subcloned into de-
phosphorylated, HindIII-digested pBluescript (Stra-
tagene), by standard techniques (Sambrook et al.
1989, pp. 1.53-1.73). This clone was referred to as
"pH2.68BT." The DNA was sequenced by the dide-
oxynucleotide chain-terminating method (Sanger et
al. 1977) using Sequenase (U.S. Biochemical). Ini-
tially, the 5' and 3' termini of the clone were deter-
mined using primers to the T3 and T7 promoter re-
gions. The entire sequence was determined on both
strands by using a series of oligonucleotides obtained
from sequential reactions. The products of the PCR
were gel isolated and sequenced on both strands from
independent reactions using nested primers generated
from the sequence in figure 1. Sequence data were
analyzed using the Genetics Computer Group pro-
gram (Madison, WI).
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PCR

Genomic DNA (100-400 ng) or plasmid DNA (1-
2 ng) was amplified using the primers 5'-AAGAAGC-
CAACATCTGAGCT-3' and 5'-TTTCCTTGTCAT-
CCTTCAGC-3' for 30 cycles of the following: 45 s at

940C, 1 min at 620C, and 2 min at 720C. The reaction
was carried out in a 100-gld volume containing 2.5
units of AmpliTaq DNA polymerase (Perkin Elmer
Cetus), 10 mM Tris-HCl pH 8.3, 50 mM KCI, 2.5
mM MgCl2, 0.001% (w/v) gelatin, and 0.2 mM of
each deoxynucleoside triphosphate.

Other Methods

Southern blotting, hybridization conditions, and
preparation of peripheral blood lymphocytes were

performed according to methods described elsewhere
(Bhatia et al. 1990). Germ-line DNA was obtained
from peripheral blood lymphocytes.

Results

Frequency of the PADPRP B Allele in Germ Line-derived
DNA from Black Cancer Patients

Since the increased frequency of the B allele in pa-

tients with cancer was rarely a result of tumor-
associated loss of heterozygosity, normal DNA from
peripheral blood lymphocytes was used to screen a

new group of cancer patients for the PADPRP poly-
morphism. To determine whether the increased fre-
quency of the B allele observed in patients with en-

demic Burkitt lymphoma was also found in a related
B-cell malignancy, we analyzed germ-line DNA from
68 patients who had multiple myeloma. Multiple my-
eloma is the only hemopoietic malignancy for which
the incidence in U.S. blacks is twice that observed
among whites (Riedel et al. 1991). It has been postu-
lated that immunological determinants such as the hu-
man leukocyte antigens may contribute to the racial
difference in incidence rates (Pottern et al. 1992). In
31 black patients with multiple myeloma, the fre-
quency of the PADPRP B allele was .66, nearly double
that observed in the noncancer population (table 1).
In contrast, the frequency of the B genotype among

the white patients was no different from that of the
appropriate control group.

Prostate cancer is another cancer of high occurrence

among U.S. blacks and is at least 50% higher than in
the white population (Gloeckler Ries et al. 1990).
Since the incidence of prostate cancer is higher among
blacks in the United States than among those in Africa,

an interaction between genetic and environmental fac-
tors is clearly involved. However, the exact environ-
mental factors that contribute to the etiology of this
disease are still unknown. The frequency of the B allele
was .72 among the black patients, which was twice
as high as that observed in the noncancer population
(table 1). On the other hand, none of the 16 patients
in this cohort of white patients showed the homozy-
gous BB genotype, and the B-allele frequency (.19) did
not differ from the frequency in the control, noncancer
group (.14).
We observed a 1.7-fold and 2.4-fold increase in the

frequency of the B allele in patients with lung cancer,
from black and white individuals, respectively, com-
pared with the control group (table 1). However, the
increase in B-allele frequency was not statistically sig-
nificant compared with the appropriate noncancer
group (P > .05). Germ-line DNA from two other
groups of black patients having either colon or breast
cancer was also analyzed for the PADPRP genotype.
It is notable that all 11 black patients with colon cancer
had at least one copy of the B allele. In an earlier study
(Bhatia et al. 1990), 62 matched samples of unknown
racial distribution from the Vogelstein laboratory
(Johns Hopkins University Hospital) showed a 1.6-
fold higher frequency of the B allele over that of the
white control group, for the PADPRP genotype. In
contrast, the homozygous A allele was predominant
in germ-line DNA from 21 black women with breast
cancer, and, in our experience, this was one of the
few cancers thus far studied that did not appear to be
correlated with an increased frequency of the PADPRP
B allele.
To summarize, for multiple myeloma and for pros-

tate and colon cancer, an increased frequency of the
B allele appeared to be striking in germ-lineDNA from
black patients. On the other hand, the distribution of
the B genotype did not differ significantly among the
white cancer patients compared with the noncancer
population.

Analysis of the PADPRP Sequences on Chromosome 13

Previously, we used the full-length PADPRP cDNA
to analyze the RFLPs associated with the PADPRP
sequences on chromosome 13 (Bhatia et al. 1990;
present study). Hybridization under stringent condi-
tions showed a strong signal intensity of the 2.5-kb
and 2.7-kb HindIII fragment in a Southern blot of
genomic DNA. Preliminary data using different re-
gions of the PADPRP cDNA as a probe to HindfIl-
restricted genomic DNA of the A and B genotypes
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Table I

Frequency of the B Allele in Germ-Line DNA from Patients with Various Cancers

No. OF INDIVIDUALS
WITH GENOTYPEa

B-ALLELE

CANCER TYPE AND POPULATION AA AB BB TOTAL FREQUENCY pb

Multiple myeloma:
Black ....................... 5 11 15 31 .66 <.003
White .............. ......... 28 7 2 37 .15 .968

Prostate:
Black ....................... 1 3 5 9 .72 .010
White ....................... 10 6 0 16 .19 .653

Lung:
Black ....................... 1 5 3 9 .61 .080
Whitec................................ 44 1 9 .33 .075

Colon:
Black ....................... 0 8 3 11 .64 .033

Breast:
Black ....................... 12 7 2 21 .26 .430

Control (noncancer population):
Blackc................................. 1518 4 37 .35
Whitec................................ 4512 2 59 .14

a Designation of the genotypes was as described in the study by Bhatia et al. (1990), in which germ-line
DNA was restricted with HindIII and hybridized to full-length PADPRP cDNA after Southern blotting.

b P calculations compare the B-allele frequency in cancer patients with that in the noncancer population
of the same racial group.

c Distribution of genotypes was taken from Bhatia et al. (1990).

indicated that the sequences on chromosome 13 were
colinear with respect to thecDNA and that they proba-
bly represented a processed pseudogene (Cherney et
al. 1987; B. W. Cherney and K. G. Bhatia, unpub-
lished observations).
A chromosome 13-enriched library of HindIII frag-

ments (see Subjects, Material, and Methods) was
therefore screened using full-length cDNA to human
PADPRP. The entire sequence of one of the isolated
genomic clones was determined and was found to be
the expected HindIII fragment of 2,682 bases. An ear-
lier analysis of the polymorphic HindIII alleles had
estimated the sizes to be 2.8 kb and 2.6 kb for the A
and B genotypes, respectively (Bhatia et al. 1990).
Genomic DNA from cell lines previously identified as
representing either the A allele (fig. 2, lane 1) or B
allele (fig. 2, lane 2) was restricted with HindIII and
was compared with the isolated clone (fig. 2, lane 5)
after Southern blotting. A direct size comparison be-
tween the cloned genomic fragment and the A and B
genotypes showed that the isolated clone represented
the HindIII A allele. We therefore correct the original

HindIII allelic combination (Bhatia et al. 1990) and
report them as 2.7 kb (A allele) and 2.5 kb (B allele).
The chromosome 13 origin of the isolated HindIII
clone was verified by hybridization to a human-mouse
cell hybrid PGMEI (Cowell and Mitchell 1989) con-

1 2 3 4 5

A allele
B allele--

-2.7 kb
--2.5 kb

Figure 2 Southern blot of genomic DNA and the genomic
clone restricted with HindIII and probed with the 2.68-kb HindIII
fragment. Lanes 1-4, GenomicDNA (5 pg) from a keratinocyte cell
line (A allele), HeLa (B allele), mouse spleen, and somatic cell hybrid
PGMEI (7 pg), respectively. Lane 5, (0.008 ng) HindIII 2.68-kb
clone in pBluescript.
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taining an intact chromosome 13 (fig. 2, lane 4). This
cell hybrid was also found to have the PADPRP B
genotype. The hybridization signal did not represent
the endogenous mouse PADPRP gene, as there was no
hybridization to mouse spleen DNA (fig. 2, lane 3).
To determine the relationship between the HindIII

clone (A allele) and the cDNA encoding the authentic
PADPRP protein (Cherney et al. 1987), the nucleotide
sequences were aligned as shown in figure 1. Sequence
analysis revealed an overall shared identity of 91.8%
between the PADPRP A allele and the cDNA (fig. 1).
The genomic clone retained the HindIII site found on
the cDNA sequence (fig. 1, base 887 of the lower se-
quence) and also encompassed a region that extended
into the corresponding 33 noncoding portion of the
cDNA (PADPRP protein terminates at TAA bases
3233-3235 [fig. 1]). The resemblance of the cloned
fragment to an intronless cDNA copy, as well as the
high sequence identity to the cDNA, suggest that the
PADPRP sequences on chromosome 13 exist as a pro-
cessed pseudogene (Weiner et al. 1986). A schematic
representation of the HindIII genomic clone (A allele)
and its relationship to the functional domains of the
PADPRP protein is depicted in figure 3.

PADPRP Gene on Chromosome 13 Has a Duplicated
1 93-bp Region
Alignment of the HindIII clone to the cDNA re-

vealed eight gaps, of which the most significant was a
193-bp gap in the cDNA sequence commencing at bp
1825 (fig. 1). This gap reflected a duplication of a
193-bp sequence in the A allele, which was not found
in the cDNA. Restriction enzymes (such as EcoRI and
MspI) that were earlier found to be informative for
detecting the PADPRP polymorphism, therefore, have

of - Hindm A allele lo
2.68 kb

H -I
.. .~~~~

DNA binding

90.3% 98.4% 91.9%

k NAD binding
Automodification

nucleotide sequence
i similarity to cDNA

functional domains of
g authentic protein

} represents 193 bp

Figure 3 Schematic representation of the relationship of the
isolated HindIII A allele to the functional domains of the authentic
PADPRP protein. The analogous termination codon of the authen-
tic PADPRP protein on the A allele is indicated by an asterisk (*).

sites outside the duplicated region. Inspection of the
sequences around the duplicated region of the pro-
cessed pseudogene showed a 9-bp repeat at the begin-
ning and flanking the 3' end (with two gaps) of the
duplicated region (fig. 1, bases 747-755 and 1133-
1143). It was therefore possible that an alteration in
the processed pseudogene structure that forms the A
allele occurred as a result of DNA looping during
replication.
To provide insight into the evolutionary relatedness

between the duplicated regions, the sequences of each
193-bp region oftheA allele (bases 747-939 and 940-
1132) were compared with the homologous sequences
of the PADPRP cDNA, as illustrated in figure 4. This
comparison showed that, among the duplicated 193-
bp regions, there were only two nucleotide alterations
(1.0% difference), while we observed six and eight
nucleotide changes, respectively, between each 193-
bp region and the cDNA (an average of 3.6% nucleo-
tide difference). As derived from figure 1, there was an
overall 8.2% nucleotide difference between the
PADPRP processed pseudogene on chromosome 13
and the cDNA, whereas there was only a 1.0% diver-
gence with respect to the two duplicated regions (from
fig. 4). Thus, it appears as if the duplication of PAD-
PRP-related sequences on chromosome 13 was a re-
cent occurrence, compared with the integration and
formation of the PADPRP processed pseudogene on
the q arm of chromosome 13. No other duplicated or
inverted sequences were observed in the cloned Hin-
dIII fragment.

Verification of the PADPRP B Allele
Since size analysis in agarose gels, after restriction

with various enzymes, produced an approximately
200-bp difference between the A and B alleles and
since the duplicated region in the sequenced HindIII A
allele was determined to be 193 bp (fig. 1 and Bhatia
et al. 1990), it seemed reasonable to assume that the
B allele reflected the nonduplicated version of the
PADPRP sequences on chromosome 13. To verify
whether this hypothesis was correct, oligonucleotide
primers that flank the duplicated area were utilized
in a PCR (containing bases 636-1230 of the HindIII
clone) to amplify genomic DNA. Synthetic oligonucle-
otides (overlined in fig. 1) were designed to exploit the
sequence differences between the PADPRP processed
pseudogene (13q33-qter) and the PADPRP active gene
(1q42). In addition, the primers selected for the PCR
amplified a corresponding region of the PADPRP gene
(chromosome 1), which encompassed an intron (Auer

rrArArdwdwAm-
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AGGTGAAGGC AGAGCCTGTT GAAGTCGTAG CCCCAAGAGG GAAGTCAGGA
*---*----- .......... .......... .......... ..........

.A ......... .......... ......... ..................... ...............

.......... .......... ......... .......... .. . G

GCTGTGCTCT CCAAAAAAAG CAAGGGCCAG GTCAAGGAGG AAGGTATCAA
*---*----- .......... .......... .......... ..........

.C.......... ............... .......... .......... ..........

CAAATCTGAA AAGAGAATGA AATTAACTCT TAAAGGAGGA GCAGCTGTGG

ATCCTGACTC TGGTCTGGAA CACTCTGCGC ATGTCCTGGA GAA
.......... .......... ........ A. ......... ...

.......... .......... ........ A. ......... ...

.......T.. ...A...... .......... ......... ...

Region 1 A allele
Region 2 A allele
B allele
cDNA

Region 1 A allele
Region 2 A allele
B allele
cDNA

Region 1 A allele
Region 2 A allele
B allele
cDNA

Region 1 A allele
Region 2 A allele
B allele
cDNA

Figure 4 Comparison of the duplicated PADPRP sequences of the A allele to the corresponding region on the cDNA. The 193-bp
duplicated sequences from the A allele were taken from fig. 1 (region 1 was from bases 747-939, and region 2 was from bases 940-1132),
while the cDNA was from Cherney et al. (1987). The sequence of the PCR product (B allele) was obtained from the reac-

tion shown in lane 3 of fig. 5. Only nonidentical nucleotides are indicated.

et al. 1989) and which could be distinguished from the
processed pseudogene (chromosome 13) by a differ-
ence in DNA size.

Germ-lineDNA from individuals with prostate can-
cer whose PADPRP genotype had been previously de-
termined by Southern blotting (table 1) was used in
the PCR. Figure 5 shows that the amplified DNA
yielded only the expected size for patients who had a

PADPRP AA genotype (595 bp; lane 2), BB genotype
(402 bp; lane 3) or AB genotype (595 bp and 402 bp;
lane 4). Lane 5 represents the control reaction in which
the PADPRP cDNA encoding the authentic protein is
used as the template and indicates that the designed
primers did not amplify the PADPRP sequences from
chromosome 1. Amplified DNA from the HindIII
2.68-kb clone in pBluescript is shown in lane 6. Fur-
thermore, these primers did not amplify the PADPRP
gene on chromosome 14, as a common DNA frag-
ment, independent of the PADPRP genotype (fig. 5),
would be observed in the PCR. These data indicated
that mismatches at the 3' end of the primers, as well
as the internal mismatches, were sufficient to prevent
amplification of related PADPRP sequences.
The 402-bp (B allele) PCR product (fig. 3) was se-

quenced and was found to contain the nonduplicated
version of the PADPRP sequences. Alignment of this
sequence with the cloned HindIII A allele uncovered

one nucleotide difference (G replaced by A) between
the amplified DNA and the second 193-bp duplicated
region (fig. 4). This nucleotide difference was unlikely
to be the consequence of an error in AmpliTaq poly-
merase, since identical sequences were also found in
amplified germ-line DNA from two other individuals
having the B allele. Thus, the observed polymorphism
associated with the PADPRP sequences on chromo-
some 13 was attributed to a duplicated 193-bp se-

quence within the processed pseudogene.

Discussion

We were encouraged to extend the previous study
on the germ line-derived PADPRP polymorphism in
black cancer patients, as a twofold increase in the B
allele frequency suggested that the PADPRP-like se-

quences on chromosome 13 were associated with a

predisposition to cancer (Bhatia et al. 1990). Our anal-
ysis included cancers (multiple myeloma and prostate
and lung cancer) that have a higher incidence in the
U.S. black population compared with the white popu-
lation. The increased frequency of the B allele ob-
served in black patients with multiple myeloma and
prostate and colon cancer, compared with that in the
appropriate racial controls, suggests that the PADPRP
polymorphism may represent a valid marker for a pre-
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1 2 3 4 5 6

595 bp
-*--402 bp

Figure 5 Ethidium bromide stain of a 1.5% agarose gel of
the amplified PCR products. Lane 1, 1-kb ladder (from BRL). The
amplified DNAs depicted are from individuals of the PADPRP A
genotype (lane 2), B genotype (lane 3), orAB genotype (lane 4). Lane
5, Control reaction using full-length cDNA (pCD12) as described by
Cherney et al. (1987). Lane 6, Amplified DNA from the HindIII
2.68-kb clone in pBluescript.

disposition (along with other genetic markers) to these
cancers. However, for black patients with lung and
breast cancer, the frequency of the B allele was not
statistically different from that in the noncancer popu-
lation. The lower B-allele frequency observed in this
cohort of patients with breast cancer (.26) compared
with that in the control group (.35), may be explained
by the fact that the U.S. black population represents
a genetically heterogeneous group (Chakraborty et al.
1992). No information was available concerning
whether these individuals were American or included
blacks from Africa. However, the B-allele frequency
(.36) in a noncancer group of black Africans was no

different from that noted in U.S. blacks (Bhatia et al.
1990). Thus, whether we consider a B-allele frequency
of .35 or .26 as an appropriate control for the noncan-
cer black population, the overall conclusions regard-
ing the increased frequency of the B allele in multiple
myeloma and prostate and colon cancer remain the
same. On the other hand, the PADPRP polymorphism
did not correlate with a germ line-derived increase of
the B genotype among white patients with multiple

myeloma or prostate or lung cancer. Our observations
contrast with those of the previous study (Bhatia et al.
1990), in which an increase in the B-allele frequency
(greater than twofold) was found in tumorDNA from
B-cell lymphoma and lung carcinoma but not in my-
eloid leukemia of white patients. These data imply
that the PADPRP polymorphism associated with a
predisposition to cancer may be confined to specific
diseases that are dependent on the racial population
under study.
We were thus prompted to clone and characterize

the PADPRP-like sequences on chromosome 13 that are
associated with a predisposition to cancer. A 2.68-kb
genomic clone was isolated and sequenced, which rep-
resented the HindIIIA allele of the PADPRP processed
pseudogene (fig. 2). This is the predominant PADPRP
genotype in noncancer individuals (table 1). The char-
acteristics of a processed pseudogene include features
such as a lack of introns and the presence of a poly(dA)
tail at the 3' end (Weiner et al. 1986). However, the
absence of a poly(dA) tail in the HindIll fragment sug-
gests that the genomic clone isolated in the present
study does not represent the entire PADPRP processed
pseudogene on chromosome 13.
The most unexpected observation was the identifi-

cation of a 193-bp duplication within the PADPRP
sequences, which was responsible for the differences
between the A/B polymorphism. The data relating
the RFLP A/B polymorphism with the newly detected
193-bp duplication were confirmed in a PCR assay
in which primers were developed to discriminate the
processed pseudogene from other PADPRP-related se-
quences. The PCR also provides a relatively easy
method for screening the genotype of a large number
of individuals at high risk for certain cancers, over
Southern blotting. Thus, we have identified the source
of the RFLP associated with a predisposition to cancer
in a selected population.
The 8.2% divergence in nucleotide sequence be-

tween the PADPRP (A allele) and the cDNA (derived
from fig. 1) suggests that the integration of the pro-
cessed pseudogene into chromosome 13 was not a re-
cent event. In this context, a comparison of the non-
coding sequences of the 3-globin gene of human and
chimpanzee suggests that nucleotide changes accumu-
late at an approximate rate of 0.3% per million years
(Maeda et al. 1983). This allowed us to estimate that
the processed pseudogene is probably at least 27 mil-
lion years old. Other studies show that the noncoding
5' and 3' flanking, as well as other polymorphic re-
gions of the very conserved xn1-globin pseudogene se-
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quences, differ by 1.61%-1.84% between humans
and African apes. This latter observation placed a spe-

cies divergence as occurring 5-7 million years ago (Mi-
yamoto et al. 1988). Taken together, our data suggest
that the integration of the PADPRP (cDNA-like) se-

quences at the 13q33-qter locus occurred before the
human/great ape divergence, and we favor the possi-
bility that a PADPRP processed pseudogene may be
present in African apes (supported by recent prelimi-
nary data [D. Lyn, unpublished observation]). In con-
trast, the duplicated PADPRP sequences on the A al-
lele showed a lower degree of overall nucleotide
divergence (1.0%, derived from fig. 4). Thus, the B
allele probably represents the primordial gene, and the
duplication of this region probably occurred consider-
ably after the initial integration on chromosome 13.
Since the nucleotide variation of a gene locus is esti-
mated to be 0.5%-1.0% (Cooper et al. 1985), our

observations are consistent with the suggestion that
the A allele only occurs in humans.
To address how the polymorphic PADPRP se-

quences on chromosome 13 may be linked to a predis-
position to certain cancers, two possible explanations
emerge from an analysis of the processed pseudogene.
Of potential significance, the duplicated sequences

represented the most conserved area (96.4% average

sequence identity, derived from fig. 1) between the
PADPRP processed pseudogene and the cDNA. Figure
6 shows the predicted amino acid sequence of the only
long open reading frame in the isolated HindIII clone
from chromosome 13. In the A allele, the duplicated
region would allow the introduction of a unique me-

thionine residue, which is absent in the B allele. The
authenticPADPRP protein has been implicated to play
a role in DNA recombination, replication, and re-

pair-processes that are involved in tumorigenesis. In
this regard, if the A allele were to encode a functional
protein, it would correspond to the C-terminal portion
of the automodification domain of the PADPRP gene

and, as such, would be highly homologous over a 65-
amino-acid region (underlined in fig. 6), with only one
conservative valine-for-alanine replacement. In addi-
tion, this protein would contain a homologous region
of approximately 70 amino acid residues whose bio-
chemical function with respect to the catalytic activity
ofPADPRP is unknown. The close sequence similarity
between this potential protein from theA allele and the
automodification domain of the authentic PADPRP
protein may suggest an intolerance for amino acid
change and could be an indication of functional simi-
larity. This putative protein might therefore compete

925
GCATGTCCTGGAGAAAGGTGAAGGCAGAGCCTGTTGAAGTCGTAGCCCCAAGAGGGAAGT
M S W R K V K A E P V E V V A P R G K S

985
CAGGAGCTGTGCTCTCCAAAAAAAGCAAGGGCCAGGTCAAGGAGGAAGGTATCAACAAAT
G A V L S K K S KGa V K E E G I N K-S

1045
CTGAAAAGAGAATGAAATTAACTCTTAAAGGAGGAGCAGCTGTGGATCCTGACTCTGGTC
RK R M K L T L K G G A A V D P D S G L

1105
TGGAACACTCTGCACATGTTCTGGAGAAAGGTGGGAAGGTCTTCAGTGCCAC'CCTCAGCC
E H S A H V L E K G G K V F S A T L S L

1165
TGGTGGACGTCGTTAAAGGAACCAACTCCTATTACAAGCTGAAGTTGCTGAAGGATGACA
V D V V K G T N S Y Y K L K L L K D D K

1225
AGGAAAGCAGGCATTGGATATTCAAGTCCTGGGACCGTGTGGGCACGGTGATCGGTAGCA
E S R H W I F K S W D R V G T V I G S N

1285
ACAAACTGGAACAGATGCTGTCCAAGGAGGACACCATTGAACACTTCATGAAATTATATG

K L E Q M L S K E D T I E H F M K L Y E

1345
AAGAAAAACTAGGAATGCTTGGCACTCCAAAAATTCACAAAGTATCCCAAAAAGTTCTAC
X E K L G M L G T P K I H K V S Q K V L P

1405
CCCCTGGAGATTGA

P G D *

Figure 6 Predicted amino acid sequence ofthe potential open
reading frame in the cloned HindIl A allele. The nucleotide se-
quence shown includes bases 925-1418 from fig. 1. The underlined
amino acids are homologous to the C-terminal portion of the auto-
modification domain in the authentic PADPRP protein (Cherney et
al. 1987).

with the active polymerase for ribosylation sites at
DNA strand breaks.
Another possible consideration is that the B allele

may cosegregate with another gene whose function,
or lack thereof, contributes to the development of ma-
lignancy. Since the integration of PADPRP-related se-
quences on chromosome 13 occurred millions of years
ago, this linkage must be close to the processed pseu-
dogene, otherwise a crossover event would have oc-
curred to separate distally linked genes. In this regard,
we previously identified a PstI RFLP (7.2/5.3-kb al-
lelic fragments) that cosegregated with the HindIII
RFLP and was initially thought to reflect the same
duplication detected by HindIII (Bhatia et al. 1990).
Sequence analysis reveals no PstI sites within the Hin-
dIII 2.7/2.5 alleles, demonstrating that the PstI poly-
morphism is independent of the RFLP detected by
HindIII. We are now analyzing whether the genetic

133



134 Lyn et al.

change detected by PstI is a better predictor of a predis-
position to cancer.

In summary, a genomic HindIII 2.68-kb clone was
successfully isolated and found to encompass the
PADPRP polymorphic sequences at the q33-qter re-
gion on chromosome 13. These sequences provide an
anchor point for elucidating the genomic structure of
the distal end of 13q.
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