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IS associated with the risk of late-onset Alzheimer’s disease
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Abstract

Using a combination of polymerase chain reaction (PCR), single-strand conformation polymorphism (SSCP) and DNA sequen-
cing techniques, we identified a uniqgue missence mutation (T - C)in exon 3 of the APOE gene which resulted in the substitution
of pro-28 for leu-28. We screened 1118 White cases of late-onset (>60 years) Alzheimer’s disease (AD) from three independent
centers (Pittsburgh = 489, Indiana = 319, Mayo Clinic Rochester = 310) and 1123 controls (607 clinically assessed and 516
individuals randomly ascertained from the general population). Two of the 1123 control subjects had the pro-28 mutation
(0.18%). However, this mutation was observed in heterozygous state in 2.66, 2.51 and 1.94% of the AD cases from Pittsburgh,
Indiana and Mayo Clinic Rochester, respectively, with an overall frequency of 2.42%. All individuals with this mutation were
carriers of the APOE*4 allele and hence the mutation was denoted as APOE*4 Pittsburgh (APOE*4P). Compared with the non-
E*4P carriers, the E*4P carriers were associated with an increased risk of AD (odds ratio (OR) 13.2) and this risk remained
significant even after adjusting for the known effect of APOE*4 (OR 5.4). The risk associated with the E*4P/E*4 combination was
about five times (OR 29.1) the risk attributed to APOE*4 carriers alone (OR 5.7). Our data indicates that the new mutation most
likely exists in cis-orientation with APOE*4 and is associated with increased risk of developing AD. [0 1999 Elsevier Science
Ireland Ltd. All rights reserved.
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Alzheimer’s disease (AD) is a multifactorial disease with vation that theAPOE*4 allele is neither necessary nor
possible involvement of several genetic and environmental sufficient to cause the disease and is not a major risk factor
factors. Mutations in single genes on chromosomes 21, 14for AD in Blacks [7], where its frequency is higher than
and 1 explain the majority of early-onset, autosomal domi- Whites, suggest the involvement of other genetic factors
nant familial cases of AD [3]. Genetic analysis has identi- which act independently or in concert wikPOE*4. One
fied apolipoprotein E (APOE) as a major susceptibility of the hypotheses is that ti®POE*4 allele is in linkage
locus for sporadic and late-onset AD [6] accounting for disequilibrium with a functional mutation within the APOE
about 50% of the genetic risk associated with late-onset gene or a gene linked to APOE on chromosome 19 which
AD [2]. The E*4 allele of APOE is a significant risk factor ~ confers increased risk of AD. The aim of this study was to
for AD, acting in a dose-dependent manner, and is asso-identify any potentially functional mutation in the APOE
ciated with an earlier age-at-onset [1]. However, the obser- gene existing in cis-orientation witAPOE*4 and asso-

ciated with the risk of AD.
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Disease Research Center (ADRC) that included 489 spora-nator Cycle Sequencing Ready Reaction kit with Amplitaq
dic late-onset$60 years) cases (68% female; 38% autopsy DNA polymerase, and ABP 377 DNA Sequencer (Applied
confirmed) with mean ageeGD) 77.5+ 6.3 years and mean  Biosystems). Routine DNA samples were screened by
age-at-onset 71.8 6.0 years. Controls included 125 sub- restriction analysis usinlyispl enzyme and electrophores-
jects (63% females, 19% autopsy confirmed) with mean age ing on a 2% agarose gel. The wild type, leucine, was desig-
68.1+ 11.3 years who were found to be not demented after nated as ‘L’ and the mutant type, proline, as ‘E4P’, as the
clinical examinations. The second cohort was recruited latter occurred on the E4 background and discovered in
from the Indiana Alzheimer Disease Center (IADC) Cell Pittsburgh. Allele frequencies were calculated by the allele
Repository, that included 319 familial late-onset cases counting method. Adherence to Hardy—Weinberg expected

(65% female; 35% autopsy confirmed) with mean age
83.7+ 5.7 and mean age-at-onset 72.%.5 from 202 unre-

frequencies were tested gy goodness-of-fit tests. Compar-
ison of genotype and allele distributions between cases and

lated families. Fifty-seven clinically assessed age-matched control subjects were analyzed byx22 x? test. Logistic

and unrelated controls (mean age 7%.81.1, 52% female)
were also available from the IADC for this study. The third
cohort was from the Alzheimer’'s Disease Center at Mayo

regression analyses were used to calculate odds ratios to
determine the effects of age, gender, the known APOE poly-
morphism, the codon 28 polymorphism, and interaction

Clinic Rochester that included 310 sporadic late-onset AD between these variables on risk for AD.
cases (67% female; 15% autopsy confirmed) with mean age The expected differences between cases and controls

83.2+ 8.0 and mean age-at-onset 7£®.0. Controls for
this cohort included 425 individuals (68% female; 5%
autopsy confirmed) with mean age of 833.1. In addi-
tion, we analyzed 516 (age range 25-75, mean age#2.4
11.5; 52% female) unrelated individuals from the general
US White population, including 147 individuats 60 years
(mean age 65.2 4.1). For a comparison purpose, a random

were observed in APOE allele frequencies in the three
cohorts (Table 1). A relatively high frequency APOE*4

in the familial AD sample from Indiana than in sporadic AD
samples from Pittsburgh and Rochester is consistent with
prior reports [6]. PCR amplification followed by SSCP ana-
lysis of the APOE exon 3 in 50 White AD samples identified

a variant pattern (Fig. 1a) which upon sequencing revealed a

African sample comprising 752 subjects (age range 19-70, point mutation (T C) at nucleotide position 2912 (Fig.

mean age 40.& 8.2) from Nigeria [5] was also screened for
the new APOE polymorphism.

DNA was extracted from buffy coats or brain autopsy
tissues using the QIAmp kit (QIAGEN). APOE genotyping
for the known polymorphism utilized the polymerase chain

1c). This point mutation affects codon 28 (CTG CCG)

and predicts the replacement of the commonly occurring
leucine by proline. Since the point mutation also creates a
new restriction site foMspl endonuclease (Fig. 1b), the
three White AD case-control cohorts and randomly selected

reaction (PCR) as described previously [4]. Single-strand 752 Nigerian Blacks were screened by restriction analysis.
conformation polymorphism (SSCP) analysis was per- No example of the codon 28 mutation (E4P) was observed
formed on exons 1-3 and a portion of the fourth exon of in the African sample. In the Pittsburgh cohort, the E4P
APOE in 50 White AD patients selected, based on their mutation was observed in combination with the wild type,
different APOE genotypes. With the exception of exon 3, leucine (L), in 2.66% of the AD cases examined (Table 2),
however, no variation was observed in the other exons. with a similar heterozygote frequency in autopsy confirmed

APOE exon 3 was amplified using E12BGG ACG
GGG TCA GAA GGA CCC TGA CC-3and E12R 5
GCC CAC CAG GAG GGT CAA GGG CCA G-Jrimers
for 5 min at 95C then submitted to 30 cycles of amplifica-
tion with denaturation for 30 s at 6 and, annealing and
extension for 30 s at PC. SSCP analysis was performed on
vertical electrophoresis at constant 100 V for 20 h &5
using a Brinkmann LaudaRM 6 circulator. Gels were
stained with SYBR Green Il. DNA sequencing of the PCR
product was done using ABI PRISNIdRhodamine Termi-

Table 1

APOE allele frequencies

(2.70%;n = 185) and clinically assessed (2.63f0:= 304)
cases. however, no example of the E4P mutation was
observed either in 125 clinically assessed controls or in
516 subjects from the general population. To confirm our
initial observation that the codon 28 mutation is preferen-
tially present among AD cases, and with a restricted distri-
bution in combination withAPOE*4, we examined its
distribution in two additional AD samples from Indiana
and Rochester (Table 2). In the familial AD sample from
Indiana, the frequency of the E4P mutation was similar

Pittsburgh Indiana Mayo Clinic Rochester Total US White general
population controls
Cases Controls  Cases Controls  Cases Controls  Cases Controls (n =516)
(n=489) (n=125) (n=319) (n=57) (n=310) (n=425) (n=1118) (n=607)
APOE*2  0.031 0.051 0.029 0.053 0.042 0.101 0.033 0.087 0.087
APOE*3  0.607 0.760 0.491 0.798 0.629 0.777 0.580 0.775 0.763
APOE*4  0.362 0.189 0.481 0.149 0.329 0.122 0.387 0.138 0.150
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Fig. 1. Identification of the E4P mutation by SSCP (a), restriction digestion with Msp/ (b), and DNA sequencing (c). The mutant (MUT) and wild
(WT) type patterns are compared directly in (a) and (b). (c) Shows nucleotide sequence of the mutant form where T is replaced by C.

whether the sample included all 319 AD cases (2.51%) or (OR 29.06 vs. 5.66). This difference is also reflected in a

only the 202 unrelated cases (2.48%). None of the Indianafive-fold increased frequency of the E4P variant in cases
controls had this mutation. In the Mayo Clinic Rochester compared with controls when the data is expressed as
sample, six AD cases (1.94%) and two controls (0.47%) had E4P/total APOE*4 carriers (3.67 vs. 0.65%P < 0.01),

the E4P mutation. We also observed two apparently normal strongly indicating that the effect of E4P is independent of

individuals with the codon 28 mutation from two Indiana APOE*4. The E4P mutation was not associated with age-at-
families in which this mutation was segregating with AD. onset differences (data not shown).

Both individuals were E4/4 homozygotes with current ages

of 62 and 79, respectively. These two individuals were not Table 2 S

clinically-assessed by the IADC to determine their cognitive ?upb?eitsmdon 28 genotype distributions in AD cases and control
function, but were classified as normal based upon the infor-

mation provided by members of these families. A prospec- N Codon 28 genotype

tive follow-up of these two individuals may reveal whether LIL (%) LIE4P (%)
they develop AD.

In the total AD sample from three centers the frequency SitDtstierfm 488 476 (9734) 13" (2.66)
of the E4P mutation was 2.42% (27 of 1118) and all 27 cases |, giana 319 311(97.49) 8 (2.51)
with this mutation wereAPOE*4 carriers, strongly indicat-  Mayo Clinic Rochester 310 304 (98.06) 6°(1.94)
ing that theAPOE*4P(codon 28) and\POE*4(codon 112) Total Cases 1118 1091 (97.67) 27 (2.42)
alleles occur on the same chromosonxé:( 14.30;P < Controls o

Pittsburgh — clinical 125 125 (100.0) 0 (0.0)

0.001). To determine the risk associated with the di linical 00.0) 0 (0.0
* . d binati f both. we per- In iana - clinica N 57 57 (100.0) d( .0)
APOE*4P, _AI_DOE 4 and combinaton ot botn, pe Mayo Clinic Rochester - clinical 425 423 (99.53) 29 (0.47)
formed logistic regression on the entire sample to estimate us whites general populaton 516 516 (100.0) 0 (0.0)
odds ratios (OR) (Table 3). The OR f&POE*4Pvs. no- Total controls 1123 1121(99.82) 2(0.18)
N . - o
APOE 4.P was 13.20 and it rem:':uned S_Igmflcam after ®Four of 13 were APOE 4/4, seven were 3/4 and two were 2/4.
accounting for the effect oAPOE*4 (OR =5.35). The PFive of eight were APOE 4/4 and three were 3/4.
risk associated with th&APOE*4RAPOE*4 combination °Five of six were APOE 3/4 and one was 4/4.
was about five times the risk explained by juSPOE*4 One was APOE 3/4 and the other 2/4.




132 M.l. Kamboh et al. / Neuroscience Letters 263 (1999) 129-132

IADC families in which this mutation was segregating with
AD, support the latter assumption. However, this observa-
tion may also be explained if we assume that this is a func-
tional mutation with incomplete penetrance. A prospective
follow-up of these and other normal individuals with this
mutation may help to clarify the functional nature of this
mutation. The substitution of proline for leucine by itself
may have direct impact on the function of APOE, as the
proline residue is associated with less conformational free-
dom of the protein at its location because its side chain is
fixed by a covalent bond to the main chain. Functional
studies aiming to evaluate these and related aspects may
provide answers to these questions.

Table 3
Age- and sex-adjusted odds ratios

APOE*4 vs. no APOE*4
APOE*4P vs. no APOE*4P
APOE*4 vs. no APOE*4
(adjusted for the codon
28 polymorphism)
APOE*4P vs. no APOE*4P
(adjusted for the APOE
polymorphism)
APOE*4PIAPOE*4 vs. no
APOE*4PIAPOE*4

5.66 (4.68-6.84; P = 0.0001)*
13.20 (3.12-55.93; P = 0.0005)
5.49 (4.53-6.65; P = 0.0001)

5.35 (1.26-22.78; P = 0.023)

29.06 (6.83-123.53; P = 0.0001)

dConfidence interval (95%) with P-values in parentheses.

Since this association was confirmed in three independent This study was supported in part by NIH grants
AD samples, we believe this finding does not represent a AG13672 and AGO05133. The Indiana samples were
chance observation. Three possibilities may explain an kindly provided by the Indiana Alzheimer's Disease
increased frequency of a mutation in late-onset AD cases: Center (IADC) National Cell Repository (Request #95—
(a) the mutation is over-represented in older people in gen- 010), NIAA Grant #P30 AG10133. We thank Ms. Cheryl
eral due to differential survival; (b) the mutation is etiolo- A. Halter of IADC for her promptness in providing the
gically related to a late-onset phenotype; or (c) the DNA samples and relevant information regarding cases
association of the mutation witAPOE*4 and AD is an and control. We also thank Dr. Clareann H. Bunker,
historical coincidence. Since we observed only two exam- Department of Epidemiology, University of Pittsburgh

ples of this mutation in 607 clinically assessed older con-
trols and 516 random, healthy individuals from the general
population, we may discard the first possibility. However,
since this mutation is strongly associated with &fRROE*4
allele, our inability to detect this mutation in controls may
relate to a lower observed frequencyAROE*4 carriers in
controls (27.25%) than in AD cases (65.83%). The number
of APOE*4 carriers observed among controls £ 306),
however, was reasonably matched with the number of
APOE*4 carriers in each AD sample from Pittsburgh
(n =304), Indiana if = 260), and Mayo Clinic Rochester
(n =172). Furthermore, when we expressed our data as
E4P/total APOE*4 carriers in cases (27/736) and controls
(2/306) the frequency of the E4P mutation was significantly
elevated in cases, indicating its independent effect of
APOE*4 There is the alternative possibility that the asso-
ciation between this mutatio®MPOE*4 and AD is an his-
torical coincidence. At some point in evolutionary history, a
yet unknown functional mutation leading to AD occurred on
anAPOE*4background. Through decay of linkage disequi-
librium with time we now perhaps see n&iRrOE*4 AD
carriers who carry this unknown functional mutation.
More recently, the E4P mutation occurred on an AD/
APOE*4 background among Whites, as no example of
this mutation was observed among African Blacks where
the APOE*4 allele frequency is about three times the fre-
quency in Whites [5]. However, there has not been sufficient
time for this linkage disequilibrium to decay, resulting in the
E4P mutation only occurring on this background and there-
fore only occurring among AD cases despite the possibility
that this mutation is otherwise unrelated to the etiology of
AD. The observation of two controls with the E4P mutation
(Table 2), and two apparently normal individuals from two

and Dr. Flora A. Ukoli, University of Benin Teaching
Hospital, Nigeria for providing DNA samples of African
Blacks, Amin Khatib-Shahidi for technical assistance and
Jeanette Norbut for preparing the manuscript.
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