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Variation in the Urokinase-Plasminogen Activator
Gene Does Not Explain the Chromosome 10 Linkage
Signal for Late Onset AD
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Linkage studies indicate that the same re-
gion of chromosome 10 contains a risk locus
for late onset Alzheimer disease (LOAD) and
a QTL for plasma Ab42 levels suggesting that
a single locus may influence risk for AD by
elevating plasma Ab42 [Ertekin-Taner et al.,
2000; Myers et al., 2000]. A strong positional
and biological candidate is the urokinase-
plasminogen activator (PLAU) gene. Eight
polymorphisms spanning the entire gene
were examined using case control (CC) and
family-based association methods. No asso-
ciation was observed by any method making
it unlikely that variation in PLAU explains
our linkage data. � 2003 Wiley-Liss, Inc.
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INTRODUCTION

It has been suggested that faulty Ab clearance might
be the main risk factor for late onset Alzheimer disease
(LOAD), rather than increasedproductionofAb through
changes in APP cleavage [Selkoe, 2001]. While the
known mutations for the rare familial forms of AD
produce more Ab by increasing either b- or g-cleavage
of APP [Citron et al., 1992, 1997; Hsiao et al., 1996;
Scheuner et al., 1996], APOE, the only known risk factor
for LOAD, appears to act by affecting the deposition of
fibrillar forms of Ab [Holtzman et al., 2000].

Urokinase-plasminogen activator (PLAU, also known
as u-PA, [OMIM 191840]) is a serine protease whose
primary action is to convert the inactive zymogen plas-
minogen into its active form plasmin. Plasmin has been
implicated in reduction of secreted formsofAb [Ledesma
et al., 2000] and prevention of Ab neurotoxicity [Tucker
et al., 2000]. Thus, there is evidence that the plasmin
system is involved in the clearance of secreted Ab, and
perhaps PLAU participates indirectly in this pathway
by activating plasminogen.

Previously, we performed a two-stage full genome
screen looking for novel genetic risk factors for LOAD.
Our strongest findingwas amultipoint lod score of 3.9 at
81 cM (D10S1211) on chromosome 10 [Myers et al.,
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2000, 2002]. A QTL study of plasma Ab42 levels also
reported linkage to this region, suggesting that the
chromosome 10 LOAD loci may modify risk for disease
by modulating Ab42 levels [Ertekin-Taner et al., 2000].
The gene encoding PLAU is located within our peak.
Thus, we were interested in PLAU both for its biological
effects and physical location.

MATERIALS AND METHODS

Polymorphism Discovery

PLAU (AF377330, GI:14278713) is 6.4-kb long and is
organized into 11 exons. We sequenced all exons plus
40 bases upstream and downstream for the entire
coding region of PLAU in a pool of 96 cases (mean age
of onset (AOO)¼ 74.5�6.2 years, all AOO�65 years)
and another pool of 96 controls (mean age at last
assessment¼ 81.0�8.1 years). The DNA pools were
comprised of ethnicity and age matched cases and
controls from the Memory and Aging Project (MAP) at
the Washington University (WU) Alzheimer Disease
Research Center (ADRC) [Kwon et al., 2000]. For exon
11, individual sequencing was performed on 11 addi-
tional individual samples, since clean reads could not be
obtained from the pooled sequencing due to a deletion
polymorphism located at the end of the exon.

Polymorphism Genotyping

Polymorphisms were typed either by pyrosequencing
WU, RFLP digest (WU, Mayo), or by FRET (UK). Three
different types of samples were genotyped: case-control
(CC), discordant sibling pair (DSP), and a series of
siblings taken from sibships in our linkage series where
both siblings shared alleles identical by descent (IBD)
for markers at our chromosome 10 peak (sharers).

Case-control samples were obtained from the WU
Alzheimer Disease Research CenterMemory and Aging
Project (WU), the Mayo Clinic Rochester Memory
Disorders Clinic (Mayo), and the Institute for Psychia-
try in the United Kingdom (UK). Sample statistics are
shown in Table I. All samples were Caucasians with an
age of onset at least �60 years of age.

Our DSP set was obtained from the NIMH series
(see Appendix A) in which we found our original linkage

results. To avoid possible censoring, only unaffected
individuals that were shown to be cognitively normal at
an age greater than the oldest age of onset for their
family were selected. Hundred and twenty-six unaf-
fected and 173 affected siblings from 100 families were
typed (64% female, 13% autopsy confirmed cases, 0%
autopsy confirmed controls). Hundred and sixty of those
DSPs came from families typed in our linkage series.

The sharer series contained 39 affected individuals,
each taken from a sibship in which the siblings shared
alleles IBD� 1.8 at each of the five markers located
within the�1 LOD interval of our peak. We picked only
one sharer from each family for our analysis, since
siblings are not independent.

Statistical Analysis

Single loci in the CC samples were analyzed using a
standard Pearson’s chi-square approach. Multi-locus
genotypic analysis was performed using a stepwise
logistic regression procedure. The probability that an
individual is a case was modeled as a function of the
relative risks of disease due to individual genotypes
at each particular locus. First, each locus was tested
individually using a standard chi-square test. The most
significant locuswas then fixed in themodel. The effects
of the other loci were tested allowing for the effects of
this locus. This process was repeated until there was
no significant effect of adding other loci to the model of
risk. Finally, each locus in the final model was tested
to see if it could be dropped from the model without
significantly worsening the fit. This method is ad-
vantageous in that it can account for the interactions
between multiple loci, which can help to distinguish
loci of true effect from loci that are merely in linkage
disequilibrium (LD) with the risk locus. Parameter
estimates from themulti-locus regression analysis were
used to calculate estimated genotypic and allelic re-
lative risks (RR) for each locus and loci combinations.
Interactions with the APOE locus were allowed for in
the multiple genotypic logistic regression by forming a
3-level factor (levels: e4/e4, e4/x, x/x) and fitting this
to the model of risk before incorporating the SNPs.
Allelic haplotype analysis was performed using the
hapipf andprofhap commandswritten for STATAbyDr.
Adrian Mander [Mander, 2001]. These commands use a
log-linear model embedded within the EM algorithm.
Haplotype frequencies for the phase-unknown samples
were calculated using the EMalgorithm, and then a log-
linear approach was used to assess the risk contribu-
tions of each locus in thehaplotypes.Toassess theeffects
of particular haplotypes, odds ratios and confidence
intervals were calculated.

The DSP series was used to analyze individual SNPs
by treating the sibships as matched case-control sets,
thus retaining robustness to population stratification.
Both genotypic (no constraints on the relative risks
for the genotypes; 2 df test of association) and allelic
(genotypic relative risks constrained to follow a multi-
plicative model; 1 df test of association) analyses were
performed. The program TRANSMIT [Clayton, 1999],
which compares the numbers of alleles transmitted and

TABLE I. Case-Control Sample Statistics

WU MAYO UK

Cases
Total# 196 330 138
% female 57 65 77
% cases autopsied 30 16 N/A
Mean age of onset (yrs) 75.5 82.7 77

Controls
Total# 193 493 151
% female 56 67 76
% controls autopsied 7 4 N/A
Mean age at assessment (yrs) 78.4 75.4 75.6

Shown are the sample statistics for the CC series obtained fromWashington
University (WU), the Mayo Clinic in Jacksonville, Florida (Mayo), and the
series from the Institute for Psychiatry in the United Kingdom (UK).
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untransmitted to the affected individuals (unaffected
sibs are used to infer transmission probabilistically),
was used for comparison. P-values for all analyses
were estimated by bootstrapping, to allow for the non-
independence of transmissions to multiple affected
siblings from the same sibship.

Power calculations for the PLAU mutations typed in
the case-control series and theDSP samplewere carried
out assuming the SNP itself are a disease-susceptibility
locus. Power calculations were also carried out for the
case-control series assuming the SNP is in LD with a
disease-susceptibility locus. Lewontin’s disequilibrium
coefficient (D0) was calculated to estimate the strength
of linkage disequilibrium between the SNPs in our
case-control samples.

RESULTS

Polymorphism Discovery

Six previously reported (http://pga.gs.washington.
edu/data/plau/) polymorphisms were observed in intron
5, exon 6, intron 7, exon 8, and two in exon 11 of PLAU.
No additional variantswithin or surrounding the coding
regionwere found. See Figure 1 for genomic structure of
PLAU and location of all the polymorphisms we typed.

Polymorphism Assessment

Weperformed several different analyses to determine
whether variation in PLAU was a significant risk
factor for LOAD.We first screened all the known coding
changes within PLAU, since they are the most likely
variants to result in functional changes. We then
examined whether single nucleotide polymorphisms
(SNPs) in combination contributed to LOAD risk.
We performed two multi-locus analyses. In the first,
we analyzed combinations of genotypes ignoring phase

(the chromosomal arrangement of the alleles). We then
considered phase by examining haplotypes. Finally,
to examine whether any of the polymorphisms could
account for our linkage peak on chromosome 10, we
typed a series of individuals taken from sibships in
which each sibling shared alleles IBD�1.8 for all five
markers located underneath our linkage peak (sharers).

Coding Variants

Three previously reported non-synonymous variants
were genotyped in our CC series. Two rare variants
(frequency of the minor allele �1%) in exons 2 (V15L)
and 8 (K231Q) were genotyped in two case-control
series of age and gender matched Caucasian samples.
The coding change in the signal peptide (exon 2, V15L)
was typed in176cases and175 controls fromWUandthe
exon 8 SNP (K231Q) was typed in 271 cases and 458
controls from the Mayo clinic. Neither SNP showed
evidence of association either by allelic tests [exon
2 V15L P-value¼0.78, w2¼0.08 (1 df); exon 8 K231Q
P-value 0.63, w2¼0.23 (1 df)] or by genotypic tests [exon
2 V15L P-value¼0.85, w2¼0.32 (2 df), exon 8 K231Q
P-value¼ 0.63w2¼ 0.23 (2 df)]. Exon 8 (K231Q)P-values
and w2 are the same as the allelic analysis, since there
were no individuals that were homozygous for the rare
allele.

The coding change in the kringle domain of PLAU
(exon 6, P141L) has been shown to affect single chain
PLAU activity in that constructs with this mutation
have a reduced affinity for fibrin clots [Yoshimoto et al.,
1996]. Additionally, this mutation was more common
than the coding changes in exons 2 and 8 (frequency of
theminor allele�25%). Thus, the exon 6mutationwas a
better candidate than the other coding SNPs and so it
was typed in an extensive series of cases and controls
from three different sites (n¼ 652 cases, 824 controls).

Fig. 1. PLAU genomic structure and polymorphisms. Shown in the figure is the genomic structure of PLAU and the eight variants that were typed.
Non-synonymous variants are in italics. Gray bar at the top of the figure depicts the 50 UTR of PLAU. Gray boxes indicate exons; open boxes introns.
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None of the CC series showed evidence of association
either individually or when pooled into a single sample
(Table II).

Although the CC method is generally more powerful
than family-based association methods, we could not be
certain that the chromosome 10 loci would show such a
large effect in these independent samples. We, there-
fore, examined themore common P141L SNP in a series
of discordant sib pairs derived from the linkage sample.
TheP141LSNPshowedno evidence of association in the
DSP series either when it was analyzed as a matched
case-control sample (allelic P-value¼0.21, w2¼ 1.65, df
1; genotypic P-value¼ 0.34, w2¼2.16, df 2) or when the
transmission of alleles was assessed (P¼ 0.27, w2¼1.42
1 df using TRANSMIT [Clayton, 1999].

Multi-Locus Analysis

To evaluate the putative role of non-coding changes
within thePLAU locus, we analyzed our CC series using
multi-locus genotypic and haplotypic methods. Seven
SNPs spanning the entire gene from �1,966 upstream
of the start site to þ143 beyond the stop codon were
genotyped in 196 cases and 193 controls from WU.

Multi-Locus Genotypic Analysis

First, we analyzed combinations of genotypes in our
CC series-ignoring phase to determine the relative
contributions of genotypic combinations from each locus
to disease risk. Examining each locus on its own (first
stage of building the genotypic model of risk), only one
locus demonstrated a slight trend. The T!C variant 30

of the STOP codon in exon 11 gave a P-value¼0.15
(Table III). This variant could potentially be functional,

because the 30 UTR of PLAU has been implicated in
regulating turnover of mRNA transcripts of PLAU
[Nanbu et al., 1994]. To further analyze this result, we
continued to build a model of risk by fixing this locus in
our model and determining the effects at the other loci.
When this analysis was completed, we obtained a
P-value¼0.063, w2¼8.94 (4 df). If we included both
intron 7 and exon 11 in our model, it appeared that
the CC genotype at the intron 7 locus decreased risk,
while the CC genotype at exon 11 increased risk. To
examine whether this was a true minor effect that was
not reaching significance because of low power in our
series, or whether this was a spurious result, we typed
an additional 96 controls and 96 cases for these two
polymorphisms. This result did not replicate (replica-
tion sample: P¼0.77, w2¼1.8, 4 df, combined sample
n¼290 controls, 291 cases: P¼ 0.22, w2¼5.71, 4 df,

TABLE II. Analysis of the Mutation in Exon 6 (P141L)

Site Size

Allele Genotype Association

C T TOT CC CT TT TOT Allelic Genotypic

WU 377 # cases 286 86 372 116 54 16 186
Frequency 0.77 0.23 0.62 0.29 0.09 P¼0.94;

w2¼0.006; 1 df
P¼ 0.58;
w2¼ 1.10; 2 df

# controls 295 87 382 115 65 11 191
Frequency 0.77 0.23 0.60 0.34 0.06

MAYO 810 # cases 491 165 656 180 131 17 328
Frequency 0.75 0.25 0.55 0.40 0.05 P¼0.94;

w2¼0.009; 1 df
P¼ 0.26;
w2¼ 2.71; 2 df

# controls 734 230 964 282 170 30 482
Frequency 0.76 0.24 0.59 0.35 0.06

UK 289 # cases 212 64 276 80 52 6 138
Frequency 0.77 0.23 0.58 0.38 0.04 P¼0.52;

w2¼0.4; 1 df
P¼ 0.50;
w2¼ 1.4; 2 df

# controls 225 77 302 79 67 5 151
Frequency 0.75 0.25 0.52 0.44 0.03

COMB 1,476 # cases 989 315 1,304 376 237 39 652
Frequency 0.76 0.24 0.73 0.46 0.07 P¼0.88;

w2¼0.02; 1 df
P¼ 0.95;
w2¼ 0.1; 2 df

# controls 1,254 394 1,648 476 302 46 824
Frequency 0.76 0.24 0.58 0.37 0.06

Shown in the table are the allele and genotype counts and frequencies for the P141L mutation located in exon 6. All P-values were calculated allowing for
possible effects of APOE genotype. This mutation was not significantly associated with LOAD risk in any of the series we examined. WU, Washington
University; MAYO, Mayo Clinic, Jacksonville, Florida; UK, Institute of Psychiatry, UK; COMB, combined sample; Size, total sample size.

TABLE III. Multi-Locus Genotypic Analysis: Step 1

Locus
Sample
size

Allelic Genotypic

w2 P-value w2 P-value

50UTR 376 0.001 (1 df) 0.97 1.86 (2 df) 0.4
Exon 2 351 0.08 (1 df) 0.78 0.32 (2 df) 0.85
Exon 6 377 0.006 (1 df) 0.94 1.10 (2 df) 0.58
Intron 7 389 0.12 (1 df) 0.73 0.83 (2 df) 0.66
Exon 8 389 1.34 (1 df) 0.25 2.36 (2 df) 0.31
Intron 9 389 0.001 (1 df) 0.97 0.12 (2 df) 0.94
Exon 11 379 0.21 (1 df) 0.65 3.73 (2 df) 0.15

Shown are the allelic and genotypic w2 andP-values from the first step of our
multi-locus analysis of each PLAU variant. No significant differences
between cases and controls were found for any locus. The variantþ143 from
the stop codon in exon 11 showed a slight trend (highlighted in bold). All
results calculated allowing for effects of APOE genotype (see Methods).

32 Myers et al.



allowing for APOE). No significant interactions were
observed between APOE genotype and any of the loci
we examined.

Haplotype Allelic Analysis

Haplotype analysis involves identifying a group of
neighboring SNPs that are located on the same chromo-
some and co-segregating together from generation to
generation. This group of SNPs (the haplotype) is then
assessed to determine if it is at a different frequency in
case and controls. In certain cases, haplotype analysis
is more powerful than the study of single loci [Schork
et al., 2000; Bader, 2001]. Indeed, there are cases in
the literature where no association was found looking
at single SNPs, but there was a significant haplotypic
effect [Drysdale et al., 2000].

We tested for evidence of association between LOAD
and PLAU haplotypes in theWU series of 196 cases and
193 controls. Since parental DNAs were not available,
we estimated haplotypes using the EM algorithm. The
effects of each SNP on the allelic haplotype were then
determined using a log-linear model [Mander, 2001].
No haplotype showed evidence of association before
correcting for multiple testing (Table IV).

Sharers

To determine whether variation in PLAU could
explain our linkage data, we examined five of the eight

SNPs (all but the 50 UTR SNP and the rare coding
polymorphisms in exons 2 and 8) spanning the 50 end of
PLAU in our sharer series. There was no significant
difference in the genotypic or allelic frequencies com-
paring the sharers and a series of age, gender, and
ethnically matched controls (Table V).

Power Calculations

To determine whether our analysis of PLAU was
sufficiently powered, we performed two tests. First,
assuming that one of the coding changes in PLAU
actually was a disease locus, we determined what was

TABLE IV. Haplotype Analysis

Locus w2 P-value

All 15.82 (31 df) 0.98
Intron 7/intron 9/exon 11 6.89 (7 df) 0.44
Intron 7/intron 9 4.9 (3 df) 0.18
Intron 9/exon 11 2.45 (3 df) 0.48
Exon 6/exon 8/exon 11 10.43 (7 df) 0.17
Exon 6/exon 11 2.14 (3 df) 0.81

The calculated w2 and P-values are given for different haplotype combina-
tions. Only five loci (exon 6, intron 7, exon 8 (synonomous change), intron 9,
and exon 11) were typed in this analysis. The 50 UTR polymorphism located
�1,966 from the start site and the rare exon 2 mutation were not used. No
significant difference between cases and controls was seen for any haplotype
combination found in our series of 196 cases and 193 controls from WU.

TABLE V. Sharer Analysis

SNP

Allele Genotype Association

C T TOT CC CT TT TOT Allelic P-value Genotypic P-value

Exon 6
# sharers 58 20 78 23 12 4 39 P-value¼0.60; P-value¼0.63;
Frequency 0.74 0.26 0.59 0.31 0.10 w2¼0.28; 1 df w2¼0.92; 2 df
# controls 289 85 374 113 63 11 187
Frequency 0.77 0.23 0.60 0.34 0.06

Intron 7
# sharers 39 39 78 11 17 11 39 P-value¼0.41; P-value¼0.37;
Frequency 0.50 0.50 0.28 0.44 0.28 w2¼0.68; 1 df w2¼2.01; 2 df
# controls 176 210 386 38 100 55 193
Frequency 0.46 0.54 0.20 0.52 0.28

Exon 8
# sharers 67 11 78 29 9 1 39 P-value¼0.30; P-value¼0.53;
Frequency 0.86 0.14 0.74 0.23 0.03 w2¼1.09; 1 df w2¼1.26; 2 df
# controls 203 75 278 71 61 7 139
Frequency 0.73 0.27 0.51 0.44 0.05

Intron 9
# sharers 41 37 78 11 19 9 39 P-value¼0.22; P-value¼0.47;
Frequency 0.53 0.47 1.08 2.38 1.49 w2¼1.49; 1 df w2¼1.53; 2 df
# controls 177 209 386 42 93 58 193
Frequency 0.46 0.54 0.22 0.48 0.30

Exon 11
# sharers 36 42 78 10 16 13 39 P-value¼0.62; P-value¼0.37;
Frequency 0.46 0.54 0.26 0.41 0.33 w2¼0.24; 1 df w2¼2.01; 2 df
# controls 162 216 378 34 94 61 189
Frequency 0.43 0.57 0.18 0.50 0.32

Shown are the allelic and genotypic frequencies and counts for the 39 individuals from our linkage series who were from sibships that contributed to our
linkage peak on chromosome 10 and the individuals from the WU control series. There was no significant difference, indicating that these PLAU variants
could not explain our linkage peak.
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the likelihood that we would have found an association
given our sample sizes and the frequencies of each
variant. Second, assuming that none of the variants we
typed were the chromosome 10 locus, we attempted to
determine whether we would have missed an associa-
tion given that we would be looking for a locus with an
effect of ls¼1.5 (calculated from our linkage data, see
Myers et al., 2000), and thatwewould be looking for that
locus relying upon LD between the variants we typed
and the true disease locus.

Coding Changes Are the Disease Allele

In our series of 652 cases and 824 controls used to
examine the exon 6 P141L mutation (minor allele
frequency¼ 25%), we had a 99% likelihood (a, false
positive error rate¼ 0.05%) to detect dominant relative
risk (RRDd) of 1.5 or recessive relative risk (RRDD) of 2,
using a multiplicative model of risk. For comparison,
the Dd RR for APOE is approximately 4 and the DD RR
is approximately 10; therefore, using this CC series, we
could detect even smaller effects than the only known
risk locus for LOAD. In the DSP series used to examine
this polymorphism, we had an 84% likelihood of detect-
ing an effect of a dominant disease allele if the relative
riskwas3 (a¼ 0.05), anda99%chance if the relative risk
was 5 (a¼0.05).

Unfortunately, our tests of the two rare mutations
(exons 2 and 8, minor allele frequency¼ 1%) were not as
powerful. For the case-control series used to examine
the exon 2 polymorphism (n¼ 176 cases, 175 controls),
we had an 88% likelihood of detecting an effect at an
a¼0.05, but only if the disease allele had a large, domi-
nant effect on risk (RR Dd¼5). We had more power in
our larger series of 271 cases and 458 controls used
to type the exon 8 mutation. We simulated that there
was a 76% likelihood of detecting either a dominant or
recessive allelic effect with RR¼ 3 (a¼ 0.05) and a 99%
likelihood of detecting either a dominant or recessive
allelic effect with RR¼5 (a¼0.05). All of our genotypic
tests were underpowered for both of these rare muta-
tions because of the paucity of homozygous rare
genotypes. See Table VI for all of the power calculations
obtained simulating different relative risks and disease
models (recessive, dominant, multiplicative) for differ-
ent significant levels for the CC series typed for all the
known PLAU coding mutations.

Disease Allele is in LD With our Variants

We also wanted to determine what was the likelihood
of findingadisease locus given that itwas inLDwith one
of the non-coding polymorphisms we examined. In addi-
tion to the three coding polymorphisms we typed, there
were an additional five non-coding polymorphisms
typed in the WUCC series (n¼ 196 cases, 193 controls).
We calculated the minimum amount of LD that would
need to exist between our SNPmarkers and the disease
loci to give us a power of 80% to detect a locus that had
a ls¼1.5 with either a dominant or recessive mode of
inheritance for an a¼0.05. For the two non-coding
polymorphisms where the minor allele was moderately

frequent (50UTR SNP, minor allele¼18%, exon 8,
synonymous change, minor allele¼ 25%; we tested a
marker allele frequency¼25%), the minimum D0 be-
tween the disease locus and the SNP marker needed to
obtain 5% significance and 80% power if the disease
allelewasdominantwas 0.31, and for a recessive disease
allele, the minimum D0 was 0.40. The other non-coding
variants we examine had approximately equi-frequent
alleles (intron 7, minor allele¼46%; intron 9, minor
allele¼46%; exon 11, minor allele¼43%, we tested a
marker allele frequency¼ 50%).For thesemore common
polymorphisms, theminimumD0 for a dominant disease
allele (80% power, a¼ 0.05) was 0.48, and for a recessive
disease allele the minimum D0 ¼0.32.

D0 varies between 0 and 1.00, and a score of 1.00
indicates perfect LD, i.e., alleles for two marker loci are
consistently co-occurring on the same chromosome. To
achieve an 80% likelihood that we would not miss a
disease locus that had an effect approximately equiva-
lent to our estimated effect size for the chromosome
10 locus (ls¼ 1.5), for all polymorphismsweexamined in
PLAU, we did not need perfect disequilibrium to exist
between our SNPs and the putative disease locus. To
examine the extent of LD across PLAU, we calculated
the D0 between each SNP locus we examined. As shown
in Table VII, for the most part, there was considerable
more LD between each of the loci we typed than what
we calculated would be necessary to find the chromo-
some 10 loci. Unfortunately, this is no guarantee that
we would have not missed this locus by relying on LD,
since our power calculations rely on the LD between the
disease locus and our SNPs, which is unknown, and not
upon the LD between the SNPs we typed. Additionally,
for a given D0 and SNP allele frequency, power to detect
association is highest when the frequency of the dise-
ase allele is equal to that of the associated SNP allele
[Muller-Myhsok and Abel, 1997]. This assumption was
made to obtain the minimum values of D0 quoted here.
If, in fact, the frequencies of SNP and disease alleles are
very different, the levels of D0 required for our sample to
have power to detect association may be much higher.

DISCUSSION

We have examined polymorphisms spanning the
entire length of PLAU in several different case-control
series, a discordant sibling pair series, and a group of
individuals taken from sibships that contributed to
our linkage signal on chromosome 10 (see summary
TableVIII).Wedidnot findevidence for associationwith
Alzheimer disease in any series examined with any of
the variants we typed. From this study, we conclude
that variation in the PLAU gene is not a significant
risk factor for LOAD as seen from our negative results
in the CC series. Additionally, variation in PLAU does
not account for the linkage to chromosome 10 as seen
from the analysis of our sharer sample.

It is worth noting that this finding does not address
the issue of whether PLAU is involved in the patho-
genesis of Alzheimer disease. It remains possible that
PLAU is indeed involved in the clearance of Ab. It is
also possible that rare, genetic variability at the locus
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may influence disease in some cases. However, our data
strongly suggests that common genetic variability at
the locus does not underpin the report of linkage of AD
to chromosome 10 markers and, if variability at the

locus underpins the reported genetic linkage of plasma
Ab to the same chromosomal location, these results
suggest that that marker has doubtful relevance to the
etiology of typical late onset AD.

TABLE VII. LD Between all Eight SNP Loci Typed in PLAU

50UTR Exon 2 Exon 6 Intron 7 Exon 8 Intron 9 Exon 11

50UTR � 1 0.87 0.96 1.00 0.96 0.96
Exon 2 � 1 0.75 1 0.75 0.16
Exon 6 � 0.97 0.94 0.99 1.00
Intron 7 � 0.96 0.94 0.92
Exon 8 � 0.92 0.96
Intron 9 � 0.93
Exon 11 �

Shown are the D0 calculations for each of the eight PLAU SNPs we typed. All D0 highlighted in bold have a
P-value�0.05.

TABLE VI. Coding Variant Power Analysis

Disease
model

Relative risk
Power calculations
allelic test (1 df)

RR(Dd) RR(DD) a¼5% a¼ 1%

A.a Mutation (sample size, minor allele frequency)
Exon 6, P141L
(652 cases/824 controls, 25%)

REC 1 1.5 0.29 0.13

1 2 0.76 0.55
1 3 1.00 0.99

DOM 1.5 1.5 0.94 0.82
2 2 1.00 1.00

MULT 1.5 2 0.99 0.97
1.73 3 1.00 1.00

Exon 2, V15L
(176 cases/175 controls, 1%)

REC 1 100 0.18 0.06

DOM 2 2 0.16 0.05
3 3 0.43 0.18
5 5 0.88 0.66

MULT 1.73 3 0.11 0.02
2.24 5 0.23 0.08
3.16 10 0.49 0.24

Exon 8, K231Q
(271 cases/458 controls, 1%)

REC 1 100 0.34 0.21

DOM 2 2 0.34 0.18
3 3 0.76 0.58
5 5 0.99 0.97

MULT 1.73 3 0.22 0.11
2.24 5 0.46 0.28
3.16 10 0.82 0.66

B.b

REC 1 1 0.052
1 2 0.195
1 3 0.45
1 5 0.97

DOM 2 2 0.47
3 3 0.84
5 5 0.99

MULT 1.73 3 0.63
2.24 5 0.945
3.16 10 1

aShown are the power calculations using various models of disease risk (REC, recessive; DOM, dominant; MULT,
multiplicative) for two different false positive error rates (a¼0.05 or 0.01) for each CC sample used to analyze the
three PLAU mutations in exons 6, 2, and 8. Highlighted in bold are the likelihoods discussed in the text.
bShown are the power calculations using various models of disease risk (REC, recessive; DOM,dominant; MULT,
multiplicative) for our DSP series used to analyze the PLAU mutations in exon 6. Highlighted in bold are the
likelihoods discussed in the text.
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APPENDIX A

Many data and biomaterials were collected in three
projects that participated in the National Institute of
Mental Health (NIMH) Alzheimer Disease Genetics
Initiative. From 1991 to 1998, the principal investiga-
tors and co-investigators were: Massachusetts General
Hospital,Boston,MA,U01MH46281,MarilynS.Albert,
Ph.D.,andDeborahBlacker,M.D.,Sc.D.; JohnsHopkins
University, Baltimore, MD, U01 MH46290, Susan
Bassett, Ph.D., Gary A. Chase, Ph.D., and Marshal F.
Folstein, M.D.; University of Alabama, Birmingham,
AL,U01MH46373, RodneyC.P.Go, Ph.D., andLindyE.
Harrell, M.D.

REFERENCES

Bader JS. 2001. The relative power of SNPs and haplotype as genetic
markers for association tests. Pharmacogenomics 2(1):11–24.

Citron M, Oltersdorf T, Haass C, McConlogue L, Hung AY, Seubert P,
Vigo-Pelfrey C, Lieberburg I, Selkoe DJ. 1992. Mutation of the beta-
amyloid precursor protein in familial Alzheimer’s disease increases
beta-protein production. Nature 360(6405):672–674.

Citron M, Westaway D, Xia W, Carlson G, Diehl T, Levesque G, Johnson-
Wood K, Lee M, Seubert P, Davis A, Kholodenko D, Motter R,
Sherrington R, Perry B, Yao H, Strome R, Lieberburg I, Rommens J,
KimS, SchenkD,FraserP, StGeorgeHyslopP, SelkoeDJ. 1997.Mutant

presenilins of Alzheimer’s disease increase production of 42-residue
amyloid beta-protein in both transfected cells and transgenic mice.
Nat Med 3(1):67–72.

ClaytonD. 1999.Ageneralization of the transmission/disequilibriumtest for
uncertain-haplotype transmission. Am J Hum Genet 65(4):1170–1177.

Drysdale CM, McGraw DW, Stack CB, Stephens JC, Judson RS,
NandabalanK, ArnoldK,RuanoG, Liggett SB. 2000. Complex promoter
and coding region beta 2-adrenergic receptor haplotypes alter receptor
expression and predict in vivo responsiveness. Proc Natl Acad Sci USA
97(19):10483–10488.

Ertekin-Taner N, Graff-Radford N, Younkin LH, Eckman C, Baker M,
AdamsonJ,Ronald J,Blangero J,HuttonM,YounkinSG. 2000. Linkage
of plasmaAbeta42 toaquantitative locus onchromosome10 in late-onset
Alzheimer’s disease pedigrees. Science 290(5500):2303–2304.

Hedrick PW. 1987.Gametic disequilibriummeasures: Proceedwith caution.
Genetics 117(2):331–341.

Holtzman DM, Bales KR, Tenkova T, Fagan AM, ParsadanianM, Sartorius
LJ, Mackey B, Olney J, McKeel D, Wozniak D, Paul SM. 2000.
Apolipoprotein E isoform-dependent amyloid deposition and neuritic
degeneration in a mouse model of Alzheimer’s disease. Proc Natl Acad
Sci USA 97(6):2892–2897.

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S, Yang F,
Cole G. 1996. Correlativememory deficits, Abeta elevation, and amyloid
plaques in transgenic mice. Science 274(5284):99–102.

Kwon JM,Nowotny P, Shah PK, Chakraverty S, Norton J,Morris JC, Goate
AM. 2000. Tau polymorphisms are not associated with Alzheimer’s
disease. Neurosci Lett 284(1–2):77–80.

Ledesma MD, Da Silva JS, Crassaerts K, Delacourte A, De Strooper B,
Dotti CG. 2000. Brain plasmin enhances APP alpha-cleavage and Abeta
degradation and is reduced in Alzheimer’s disease brains. EMBO Rep
1(6):530–535.

Mander AP. 2001. Haplotype analysis in population-based association
studies. Stata J 1(1):57–73.

Muller-Myhsok B, Abel L. 1997. Genetic analysis of complex diseases.
Science 275(5304):1328–1329; discussion 1329-1330.

Myers A, Holmans P, Marshall H, Kwon J, Meyer D, Ramic D, Shears S,
Booth J, DeVrieze FW, Crook R, Hamshere M, Abraham R, Tunstall N,
Rice F, Carty S, Lillystone S, Kehoe P, Rudrasingham V, Jones L,
Lovestone S, Perez-Tur J, Williams J, Owen MJ, Hardy J, Goate AM.
2000. Susceptibility locus for Alzheimer’s disease on chromosome 10.
Science 290(5500):2304–2305.

Myers A, Wavrant De-Vrieze F, Holmans P, Hamshere M, Crook R,
ComptonD,Marshall H,Meyer D, Shears S, Booth J, Ramic D, Knowles
H, Morris JC, Williams N, Norton N, Abraham R, Kehoe P, Williams H,
Rudrasingham V, Rice F, Giles P, Tunstall N, Jones L, Lovestone S,
Williams J, Owen MJ, Hardy J, Goate A. 2002. Full genome screen for
Alzheimer disease: Stage II analysis. Am J Med Genet 114(2):235–244.

TABLE VIII. Summary of Analyses Performed for Each PLAU Variant

Variant Position from ATG Sample Analysis

50UTR �1,966 WU case-control Single locus Multilocus genotypic
regression

Exon 2 þ42 coding WU case-control Single locus Multilocus genotypic
regression

Exon 6 þ1,787 coding WU case-control Single locus Multilocus genotypic
regression

Haplotypic analysis

MAYO case-control Single locus
UK case-control Single locus
DSP Matched case

control
Transmit

Intron 7 þ2,417 WU case-control Single locus Multilocus genotypic
regression

Haplotypic analysis

Exon 8 þ2,434 coding MAYO case-control Single locus
Exon 8 þ2,665 noncoding WU case-control Single locus Multilocus genotypic

regression
Haplotypic analysis

Intron 9 þ3,426 WU case-control Single locus Multilocus genotypic
regression

Haplotypic analysis

Exon 11 þ143 from stop WU case-control Single locus Multilocus genotypic
regression

Haplotypic analysis

36 Myers et al.



Nanbu R, Menoud PA, Nagamine Y. 1994. Multiple instability-regulating
sites in the 30 untranslated region of the urokinase-type plasminogen
activator mRNA. Mol Cell Biol 14(7):4920–4928.

Scheuner D, Eckman C, Jensen M, Song X, Citron M, Suzuki N, Bird TD,
Hardy J, Hutton M, Kukull W, Larson E, Levy-Lahad E, Viitanen M,
Peskind E, Poorkaj P, Schellenberg G, Tanzi R, Wasco W, Lannfelt L,
SelkoeD,YounkinS. 1996. Secreted amyloid beta-protein similar to that
in the senile plaques of Alzheimer’s disease is increased in vivo by the
presenilin 1 and 2 and APP mutations linked to familial Alzheimer’s
disease. Nat Med 2(8):864–870.

Schork NJ, Fallin D, Lanchbury JS. 2000. Single nucleotide polymorphisms
and the future of genetic epidemiology. Clin Genet 58(4):250–264.

Selkoe DJ. 2001. Clearing the brain’s amyloid cobwebs. Neuron 32(2):177–
180.

Tucker HM, Kihiko-Ehmann M, Wright S, Rydel RE, Estus S. 2000.
Tissue plasminogen activator requires plasminogen to modulate
amyloid-beta neurotoxicity and deposition. J Neurochem 75(5):2172–
2177.

Yoshimoto M, Ushiyama Y, Sakai M, Tamaki S, Hara H, Takahashi K,
Sawasaki Y, Hanada K. 1996. Characterization of single chain
urokinase-type plasminogen activator with a novel amino-acid sub-
stitution in the kringle structure. Biochem et Biophys Acta 1293:
83–89.

Variation in the Urokinase-Plasminogen Activator Gene 37


