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A highly polymorphic (dC-dA), . (dG-dT), dinucleo- 
tide repeat at the PLCl locus on human chromosome 20 
has been identified. Primers flanking the dinucleotide 
repeat were used for PCR amplification of the repeat 
region in 37 informative kindreds from the Centre 
d’Etude du Polymorphisme Humain. Two-point link- 
age analysis indicates that PLC 1 is closely linked to sev- 
eral chromosome 20 markers, including D20S16 (z,,,~= 
= 41.25; 8 = 0.07), D20S17 (z,,, = 42.81; 8 = 0.09), and 

ADA &,,a, = 57.24; 8 = 0.05). Multipoint linkage analy- 
sis places the PLCl locus between D20S18 and 
D20S17,11.2 and 6.6 CM, respectively, from these loci 
(sex-averaged distances). In addition, the PLCl gene 
shows linkage to the maturity-onset diabetes of the 
young (MODY) locus on chromosome 20 with a lod 
SCOrC Of 4.57 at 8 = 0.089. B 1992 Academic Press, Inc. 

INTRODUCTION 

Recently, a locus responsible for maturity-onset dia- 
betes of the young (MODY), a form of non-insulin-de- 
pendent diabetes mellitus (NIDDM), has been mapped 
to chromosome 20 in a large, multigeneration pedigree 
called the R.-W. pedigree. Bell et al. (1991) reported link- 
age between MODY and the adenosine deaminase 
(ADA) gene with a lod score of 5.25 at a recombination 
fraction of 0.00. In our laboratory, multipoint linkage 
analysis with nine RFLP loci maps the MODY locus to 

an approximately 20-CM region including D20S16 and 
D20S14/D20S18 (Bowden et al., 1992a,b). There is sig- 
nificant evidence for genetic heterogeneity in MODY, 
but branches of the R.-W. family with clear early onset 
of diabetes have a lod score of greater than 10 at 19 = 
0.001 with marker D20S16 (Bowden et al., 1992b). We 
are therefore interested in mapping additional markers 
in this region of the chromosome, particularly genes that 
might be candidates for the MODY locus. 

One such candidate is the PLCl gene, which codes for 
phospholipase C. The intracellular second messengers 
diacylglycerol and inositol1,4,5-triphosphate are known 
to be important in the regulation of cellular activity (re- 

viewed in Berridge, 1987), and their production in re- 
sponse to the binding of specific agonists to cellular re- 
ceptors is mediated by activated phosphatidylinositol- 
specific phospholipase C (PLC) enzymes. There is good 
evidence for a primary role of PLC, phosphoinositide 
metabolism, and activation of C kinases in the secretory 
processes that regulate glucose-stimulated insulin secre- 
tion (Zawalich, 1988). In addition, phospholipase C mim- 
ics the action of insulin on adipose tissue (Honeyman et 
al., 1983). This suggests that PLC could play a role in 
MODY. Stahl et al. (1988) have reported the cloning and 
sequencing of a cDNA (PLC-148) encoding a bovine 
phosphatidylinositol-specific PLC. Interestingly, PLC- 
148 displays striking sequence similarity with the non- 
catalytic domain of the nonreceptor tyrosine kinases 
(e.g., src; Stahl et al., 1988). PLC-148 was subsequently 
used to isolate a human genomic clone that by in situ 
hybridization mapped the human gene (PLCl) to chro- 
mosome 20 at a position of q12-q13.1 (Bristol et al., 
1988). Dinucleotide repeat sequences of the form (dC- 
dA), . (dG-dT), are abundant repetitive DNA elements 
that exhibit length polymorphisms (Litt and Luty, 1989; 
Weber and May, 1989). We have characterized such a 
dinucleotide repeat polymorphism at the PLCl locus, 
and linkage analysis was used to map the PLCl gene 
with respect to the MODY locus and other genetic 
markers on chromosome 20. 

MATERIALS AND METHODS 

The PLC-148 cDNA subcloned in Bluescript (Stahl et al., 1988) was 
obtained from J. Knopf (Genetics Institute, Cambridge, MA). This 

clone did not reveal any restriction fragment length polymorphisms 
(RFLPs) when five individuals were tested with a variety of restric- 
tion enzymes (BumHI, EglII, EcoRI, HincII, HindIII, MspI, PsfI, 
RsaII, and TuqI). Therefore, overlapping cosmid clones were isolated 
using a previously described screening method (Bowden et aZ., 1988) 
and were subsequently assayed for the presence of (dC-dA); (dG- 
dT), dinucleotide repeats by hybridization of Southern blots (as de- 
scribed in Donis-Keller et al., 1987) of EcoRI-digested cosmids with 
radiolabeled (d&LA), * (dG-dT), polynucleotide (Pharmacia). The 
blots were washed using a modification of the conditions described by 
Weber and May (1989), for 15 min at 25°C in 2X SSC, followed by 30 
min at 65°C in 2~ SSC, 25 mMNa,PO, (pH 6), 0.1% SDS, and 30 min 

0888.7543/92 $5.00 
Copyright 0 1992 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

560 



PLCl MAPPING 561 

at 65°C in 1X SSC, 0.1% SDS. One cosmid, PLC/S104, contained a 

fragment of >25 kb that hybridized to the (dC-dA), * (dG-dT), poly- 
nucleotide. This fragment was incubated with Sau3A restriction endo- 
nuclease, and the products were cloned into M13mp18. Nitrocellulose 
filter plaque lifts from the resulting recombinants were again screened 
by hybridization to 32P-labeled (dC-dA),. (dG-dT), polynucleotide, 
and dinucleotide repeat regions were identified by DNA sequencing. 

Primers designed from the DNA sequence flanking the dinucleotide 
repeat region were analyzed using the Genetics Computer Group Inc. 
(Madison, WI) sequence analysis software (Devereux et al., 1984). 
Primer sequences showing significant potential secondary structure 
or homology to repetitive DNA elements (e.g., Ah repeats) were not 
used. The PLCl primers PLCprl 5’-AACCAGTCTGCTCTTCCG- 
GTG-3’ and PLCpr2 5’-CTGCCTTCAACTGATCTCAATGG-3’ were 
synthesized by Operon Technologies Inc. (Alameda, CA). Polymerase 
chain reactions were carried out in a 25+1 volume essentially as de- 
scribed by Weber and May (1989), with the exception that 1 m&f 
spermidine was included in all samples. Samples were processed 
through 35 temperature cycles consisting of 1 min at 94”C, 1.5 min at 
58”C, and 2 min at 72”C, with the last elongation step lengthened to 7 
min, and the products were analyzed on standard sequencing gels 
(6%) as described in Weber and May (1989). 

The PLCl dinucleotide repeat polymorphism was genotyped on 37 
families from the Centre d’Etude du Polymorphisme Humain 
(CEPH). Genotypic data for other probes were derived from the 
CEPH Version 4 database. Linkage analysis in the CEPH families 
was carried out using the CRI-MAP program (Version 2.4) (Donis- 
Keller et al., 1987), which can rapidly perform multipoint linkage cal- 
culations simultaneously with large numbers of loci. The TWO- 
POINT option of CRI-MAP was used for sex-equal and sex-specific 
two-point linkage calculations with PLCl. PLCl placement on chro- 
mosome 20 using multipoint analysis was calculated using the BUILD 
option of CRI-MAP, which constructs a map(s) from an unordered 
set of loci, and the ALL option, which placed PLCl in a preexisting 
order of loci. Both approaches gave identical locations. Corresponding 
maximum likelihood recombination fractions (both sex-equal and 
sex-specific) and map distances (using Kosambi mapping function) 
were determined using the FIXED option. The CHROMPICS option 
of CRI-MAP was used to rigorously check genotypic data. Any PLCl 
genotypings leading to the appearance of isolated double crossovers 
were repeated. 

Two-point linkage analysis of PLCl and the MODY locus was 
carried out using the ILINK and MLINK options of the LINKAGE 
program (Version 4.9) since this program allows calculations to be 
based upon age-dependent penetrance (Lathrop et al., 1984). A step- 
wise age-at-onset estimate assuming complete penetrance was used. 
Liability classes and other parameters are discussed in detail in Bow- 
den et al. (1992b). The LINKMAP option of LINKAGE was used for 
multipoint analysis of MODY genotypic data; this program calculates 
lod scores of one locus against a fixed map of other loci. Lod scores 
reported are from analysis of the two branches of the R.-W. family 

(branches II,2 and II,5) which are clearly linked to chromosome 20 
and have NIDDM onset at less than 25 years of age (see Bowden et al., 
1992b). 

RESULTS 

Identification of the PLCl Dinucleotide Repeat 
Polymorphism and Linkage Mapping of PLCl 

When several conventional restriction endonucleases 
(as described under Materials and Methods) were used, 
the PLC-148 cDNA clone did not reveal restriction frag- 
ment length polymorphisms. Two overlapping cosmids 
that hybridized to PLC-148 cDNA were isolated from a 
genomic library and screened for the presence ofdinucle- 
otide repeats by hybridization with 32P-labeled (dC- 
dA), * (dG-dT), polynucleotides. Upon subcloning and 
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FIG. 1. Gentoyping of the PLCl dinucleotide repeat on CEPH 
family 28. Individuals from CEPH family 28 and their corresponding 
alleles from PCR amplification of the PLCl dinucleotide repeat are 

shown above and below the autoradiogram, respectively. The position 
of each allele is indicated by the arrows. Allele sizes are Z(0) = 166 
nucleotides; +16 = 182 nucleotides; -10 = 156 nucleotides. 

DNA sequence analysis, the cosmid PLC/S104 was 
found to have a perfect dinucleotide repeat sequence of 
42 nucleotides in length (i.e., 21 repeats). Primers flank- 
ing the PLCl dinucleotide repeat were used for PCR 
amplification of this region with parent DNAs from 40 
CEPH kindreds. The PLCl dinucleotide repeat was in- 
formative in 37 of 40 families (59 of 78 individuals were 
heterozygous), with a corresponding PIC of 0.72. The 
PLCl dinucleotide repeat polymorphism was then geno- 
typed on the 37 informative families, which amounted to 
431 informative meioses. An example of the segregation 
of the polymorphism in CEPH kindred 28 is shown in 
Fig. 1. As is typical of PCR amplification of dinucleotide 
repeats, multiple bands are seen for each allele. Thus, 
the (lighter) band above the indicated allele most likely 
corresponds to the slower moving GT-containing 
strand, whereas the other minor bands are likely due to 
slippage during PCR (discussed in Weber and May, 
1989; Litt and Luty, 1989). In practice, the additional 
minor bands present little problem in accurate genotyp- 
ing. The varying allele sizes and their frequencies for 109 
unrelated individuals in the CEPH pedigrees are given 
in Table 1. Except for the Z(0) allele, with a frequency of 
46.8%, the other 13 alleles were well distributed over a 
range of frequencies (0.9-10.6%), making the polymor- 
phism highly informative. 

The data from the CEPH PLCl genotyping were 
merged with the CEPH (Version 4) genotypic data. Also 
included in the analysis were the ADA AluVpA poly- 
morphism (Economou et al., 1990; data kindly provided 
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TABLE 1 

PLC Dinucleotide Repeat Allele Frequency 

Allele Frequency 

+ 18 0.014 
+ 16 0.023 

+ 14 0.018 
+ 12 0.023 
+ 10 0.087 
+ 8 0.106 
+ 6 0.087 
+ 4 0.041 

+ 2 0.028 

z (0) 0.468 

- 2 Not observed 
- 4 0.005 
- 6 0.032 

- 8 Not observed 

- 10 0.060 

- 12 Not observed 

- 14 Not observed 

- 16 0.009 

Note. Frequency of allele sizes generated by PCR amplification us- 
ing PLC primers with 109 unrelated individuals in the CEPH pedi- 
grees; Z(0) allele = 166 nucleotides. 

by S. E. Antonarakis) and a dinucleotide repeat poly- 
morphism (PIC = 0.53) from the D20S17 locus (C. 
Rothschild, unpublished results). The results of two- 
point linkage analysis are shown in Table 2. A lod table 
for sex-equal analysis of chromosome 20- markers with 
z max > 3.0 is shown. In addition, the z,,, , 0 for sex-speci- 
fic analysis, and the corresponding x2 evaluation (Ott, 
1985) of the difference between the male and female re- 
combination fractions are shown. PLCl displays tight 
linkage with D20S16 (z,,, = 41.25), D20S17 (z,, = 
42.81), and the ADA locus (zmax = 57.24). For all markers 
except D20S18, the maximum likelihood estimates of 
the recombination fractions for females are significantly 
(P < 0.05) greater than those for males. 

Multipoint analysis places PLCl between D20S17 
and D2OS18, approximately 6.6 CM from D20S17 and 
11.2 CM from D20S18. In Fig. 2, the region of the maxi- 
mum likelihood map spanning D20S5 to D20S4 is 

shown. The odds against alternative placements for 
PLCl are also shown; PLCl is >104:1 more likely to be 
in the interval flanked by D20S17 and D20S18 than in 
any other interval. This placement of PLCl is in agree- 
ment with previous in situ mapping studies that local- 
ized PLCl to q12-q13.1 (Bristol et al., 1988) and D20S16 
to q13.1 (N. Rao, personal communication). When the 
x2 test for heterogeneity was applied to the sex-equal 
and sex-specific multipoint log likelihoods for the region 
of the map from D20S5 to D20S4 (seven markers), it was 
found that the recombination rates for this region of the 
chromosome are significantly higher (P < 2.5 X 10m6; 6 
degrees of freedom) for females than for males. Thus, 
multipoint linkage analysis mapped PLCl21.7 CM from 
D20S18 and 12.0 CM from D20S17 using female meioses, 
but only 5.0 CM from D20S18 and 2.0 CM from D20S17 
using male meioses. 

Linkage of the PLCl Locus to MODY 

The PLCl dinucleotide repeat polymorphism was 
genotyped on the R.-W. family, a large pedigree in which 
linkage of chromosome 20 markers to MODY was estab- 
lished (Bell et al., 1991; Bowden et al., 1992a). Two 
branches of the family (II,2 and 11,5) have clinically docu- 
mented MODY, i.e., NIDDM onset at less than 25 years 
of age, while there is no evidence of early onset in the 
other two branches (II,3 and 11,6; Bowden et al., 199213). 
Using the LINKAGE program (Version 4.9) (Lathrop et 
al., 1984), the PLCl dinucleotide repeat shows linkage to 
MODY in the II,2 and II,5 branches of the R.-W. family, 
with a maximum lod score of 4.57 and a maximum likeli- 
hood estimate of the recombination fraction of d = 0.089, 
with a 95% confidence interval of 0.025 Q d < 0.235. 
There are five obligate recombinants (individuals 111-32, 
111-35, IV-138, IV-164, and IV-168; Bowden et al., 
1992a), thus excluding PLCl as a candidate gene for 
MODY. Analysis of the II,3 and II,6 (late onset) 
branches of the R.-W. family showed no evidence for 
linkage (i.e., z < 0 for 0 < 0.5). 

Results of multipoint linkage analysis of MODY with 
loci spanning D20S4 to D20S5 are summarized in Fig. 2. 
The 95% confidence interval for MODY (maximum 

TABLE 2 

Two-Point Linkage Analysis: LODS > 3 

Sex-equal LODs 
0 Sex-specific analysis 

Marker 0.001 0.01 0.05 0.1 0.2 0.3 0.4 i 4 &m 6 i, x2a F>Mb 

D20S6 -71.32 -34.60 -10.21 -1.3 4.57 4.99 2.88 5.21 0.26 6.57 0.39 0.17 6.3 + 
D20S5 -85.08 -38.73 -8.81 1.53 7.62 7.32 4.25 7.97 0.24 10.52 0.35 0.13 11.7 + 
D20S18 -4.76 3.00 7.48 8.44 7.71 5.64 2.87 8.47 0.11 9.30 0.20 0.05 3.8 
D20S17 2.86 27.80 41.17 42.71 36.97 26.46 13.20 42.81 0.09 47.70 0.19 0.02 22.5 + 
ADA 38.26 52.08 57.23 54.81 44.45 30.83 15.25 57.24 0.05 58.75 0.08 0.02 6.9 + 
D2OS16 18.43 33.58 40.90 40.66 34.50 24.97 13.09 41.25 0.07 43.34 0.12 0.02 9.6 + 
D2OS4 -34.41 -8.92 6.93 11.72 12.99 10.28 5.49 13.20 0.17 16.02 0.29 0.06 13.0 + 

u X* > 3.841 corresponds to P < 0.05 (one degree of freedom); x2 > 7.879 corresponds to P < 0.005; x2 > 10.828 corresponds to p < 0.001. 
b F > M: Female length significantly greater than male length. 
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FIG. 2. Multipoint mapping of the PLCl and MODY genes on 
chromosome 20. PLCl placement on chromosome 20 was calculated 
using both the BUILD and ALL options of CRI-MAP. The corre- 
sponding genetic distances (sex-equal) are scaled in centimorgans and 
were derived (Kosambi mapping function) from the maximum likeli- 
hood recombination fractions using the FIXED option of CRI-MAP. 
Only the region of chromosome 20 spanning D20S5 to D20S4 is 
shown. Odds of alternative placements for PLCl, calculated using the 
ALL option of CRI-MAP, are shown to the left of the map (all other 
placements of PLCI along the chromosome are >10?1 less likely). 

MODY location on the chromosome 20 map was calculated using the 
LINKMAP option of LINKAGE. The most likely placement for 
MODY was defined as the area under the LOD curve including maxi- 
mum LOD - 1. Odds for placement of MODY in each interval were 
calculated using the maximum LOD for that interval and are shown at 
right. 

LOD = 12.67) is an 11-CM region centered at D20S16. 
The odds against placement of MODY in each interval 
along the map are also shown. 

DISCUSSION 

Through locus expansion by cosmid walking, we have 
isolated a genomic clone for the PLCl gene. The geno- 
mic clone contained a polymorphic dinucleotide repeat 
sequence of the form (dC-dA),, with a PIC = 0.72. The 
high PIC value agrees well with the values reported in 
the analysis by Weber (1990), where in general, it was 
found that the informativeness of (dC-dA), . (dG-dT), 
polymorphisms increases with an increasing number of 
repeats to a maximum PIC of approximately 0.8 at 21-24 
(dC-dA) repeats. In parallel surveys we have found that 
>60% of cosmids contain dinucleotide repeats of the 
(dC-dA); (dG-dT), type, as might be predicted if the 
approximately 50,000 such repeats (Weber and May, 
1989) are randomly dispersed throughout the genome. 

Multipoint analysis places PLCl between D20S18 
and D20S17, with two-point lod scores of >40 for PLC 

and the highly informative markers at D20S17, ADA, 
and D20S16. x2 analysis of both the two-point and the 
multipoint data indicated that except for the interval 
between PLCl and D20S18, there is a significant (P < 
0.05) increase in female vs male recombination rates for 
the region spanning D20S5 to D20S4. An increase in 
female recombination rates for this region of chromo- 
some 20 is consistent with the microsatellite map of Ha- 
zan et al. (1992) and has been documented in earlier 
maps of the chromosome (Donis-Keller et al., 1987; Na- 
kamura et al., 1989), although the reported values for 
genetic lengths vary. Thus, for the interval D20S4 to 
D20S5, multipoint analysis with PLCl results in female 
and male genetic lengths of 87 and 27 CM, respectively, 
compared to previously reported lengths of 137 and 22 
CM (Donis-Keller et al., 1987) and 35 and 18 CM (Naka- 
mura et al., 1989), respectively. These earlier maps, how- 
ever, had few markers in this region of the chromosome. 
It would be expected that the addition of highly informa- 
tive markers (e.g., ADA and the PLCl and D20S17 dinu- 
cleotide repeats) should give an increasingly accurate es- 
timate of genetic length. 

The PLCl locus shows significant linkage to MODY 

knax = 4.57; 8 = 0.089). Multipoint linkage analysis 
strongly suggests (with odds > 105:1) that the MODY 
locus lies within the region defined by PLCl and D20S4. 
The most likely placement for MODY is within an ll- 
CM region centered at D20S16. Although essentially in 
agreement with our earlier analysis (Bowden et al., 
1992a,b), inclusion of the PLCl data has narrowed the 
LOD curve and shifted the most likely placement for 
MODY away from D20S17 and toward D20S16. The ob- 
servation of multiple obligate crossovers eliminates 
PLCl as a candidate gene for MODY, but the PLCl 
dinucleotide repeat polymorphism should be useful in 
establishing linkage (or lack thereof) between the chro- 
mosome 20 MODY locus and diabetes in kindreds other 
than the R.-W. family. 

Evidence suggests there are a number of distinct en- 
zymes with phosphatidylinositol-specific PLC activity 
(Ryu et al., 1987; Hoffman and Majerus, 1982). In light 
of the importance of these enzymes in the regulation of 
cellular activity, as well as the similarity between PLC- 
148 and known oncogenes, the polymorphism described 
here may allow evaluation of a role for the PLCl gene in 
oncogenesis. In addition, the PLCl polymorphism may 
help in delimiting the deletions on chromosome 20 seen 
in some myelodysplastic syndromes such as polycythe- 
mia vera (e.g., Rege-Cambrin et al., 1987). 
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