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ABSTRACT

The multiple polymorphisms contributing to Alzheimer disease (AD) have been difficult to
identify. Three essentially sufficient risk sets were found using a fuzzy latent classification
statistical model; that is, grade-of-membership analysis, and genotypes for APOE, APOCI,
LDLy, cystatin C, and cathepsin D (180 cases, 120 controls). These were: (a) CST3:GA and
CTSD:CT; (b) APOE44 and LDL18:GG and LDLr13:TT; and (c) APOE34 and LDLr3:TC. Con-
sonance with one of the groups and high aggregate membership carried >800-fold elevated
risk for AD. The absence of these combinations defined low risk. APOE3/— with heterozy-
gous promoter and receptor genotypes predicted long life without dementia.

INTRODUCTION

THE SEQUENTIAL BRAIN CHANGES resulting in
Alzheimer disease (AD) occur at widely
varying rates for individuals. The timing of ini-
tial lesions, common by age 55, and the subse-
quent rate of compromise in brain function are
strongly influenced by which pair of apo-
lipoprotein E (APOE) alleles (i.e., genotype) has
been inherited.!~ Inherited variation in APOE
accounts for about one third of cases taken as
a single factor at current life expectancies.5 Re-
gardless, lesions characteristic of AD (ie., se-
nile plaque and neurofibrillary tangles) are al-
most universal by age 80. However, not all
nominally high-risk APOEA4 allele carriers are
affected by age 100; some nominally low-risk

APOE2 allele carriers are affected nonetheless.
Thus, other factors must play a role.

MATERIALS AND METHODS

Many biologically plausible candidate genes
are inconsistently associated with AD when in-
vestigated singly: sufficient risk sets of genetic
variants that result in AD, which might be more
easily replicated, have not been identified. The
authors defined three multilocus genotypes;
that is, pairs of inherited alleles at multiple ge-
nomic locations, which had extremely high risk
for AD. The candidate loci were APOE, APOE
promoter polymorphisms at positions —491
and —427, APOCI alleles (in linkage disequi-
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librium with APOE alleles), polymorphisms
within exons 8 and 13 of the low-density
lipoprotein receptor (LDLt) for APOE, as well
as exon 1 of cystatin C (CTS3) and exon 2 of
cathepsin D (CSTD). Each of the encoded pro-
teins colocalizes to senile plaques or binds with
B-amyloid.>-10 Cystatin C inhibits cathepsin D.
There were 180 case subjects (20 < age 60, 46
ages 60 to 69, and 114 ages 70 to 90) and 120
unaffected spouse control subjects. Methods
for genotypic determinations in the sample are
standard and previously published.5.11-13

The high-risk multilocus genotypes were
identified by employing a fuzzy latent classifi-
cation method called grade-of-membership
analysis or, more succinctly, GoM!415 employ-
ing software developed at the Center for Dem-
ographic Studies at Duke University. This ap-
proach has not been previously used to define
multilocus genotypes that result in AD and
likely age at onset.

RESULTS
A total of five groups were identified. They

were labeled I to V. Three GoM groups were
affected (I, II, IIT) and two groups were not af-

fected (IV, V). The high-risk multilocus geno-

types were: I: CST3:GA and CTSD:CT (onset
<70 years); II: APOE44, LDLr8:GG, and
LDLr13.TT (onset 60 to 75 years); and III:
APOE34 and LDLr13:IC (onset <80 years). IV:
The absence of these combinations defined
low-risk. V: APOE £23, £33 or even £34 pre-
dicted long life without dementia when found
with heterozygous APOE promoter and LDL
receptor genotypes.

These interpretations of each extreme or pure
type are based on the group-defining proba-
bilities for the variables disease status, age at
onset or at last observation, sex, and geno
found at the eight loci (Table 1). Group I, hav-
ing the youngest age at onset and often female,
had 100% probability for carrying CST3:GA
and CTSDCCT rather than CST3:GG and
CTSD:CC found for the other groups. These
variants, specifically, were influential in defin-
ing the group as indicated by elevated question
relevance factor (QRF) scores of 2.2 and 1.3, re-
spectively. The neutral referent value is one.

——
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Nominally high-risk APOE 24 or £44 geno-
types, and low-risk £23, were consistent with
group L. The common denominator was pro-
moter genotypes —491:TT and —427:CT, where
the —427 C allele is thought to be permissive,
and receptor genotypes LDLr8:GG and
LDLr13:CC.

Groups II and III are more familiar, repre-
senting APOE44 and APOE34, respectively.
Specific LDL receptor genotypes in combina-
tion with APOE44 and APOE34 defined high
risk. Both groups carried the —491:TT promoter
genotype, also thought to be permissive. Group
I had onset between ages 60 to 75 and was of-
ten female. APOE44 (93%) or APOE24 (7%) was
present. Receptor genotypes LDLr8:GG and
LDLr13:TT (QRF = 1.8) were group defining.
Group Il might be regarded as a single-dose
version of group II. Onset tended to be later
but before age 80. APOE34 (QRF = 1.3) and
APOCL:AB (QRF = 1.4) and LDLr13:TC were
present.

An absence of these multilocus geno
defined low risk (i.e., groups IV and V). Group
IV was aged 70 to 79 and unaffected. It differed
from group I by carrying APOE33 (QRF =
14) and APOCIBB (QRF =1.5) and, fre-
quently, LDLr13:CC. Group V was over age 80
and unaffected. In addition to lacking the mul-
tilocus risk genotypes, there were heterozy-
gous genotypes for the APOE promoter
(—491:AT; QRF=24) and LDL receptor
(LDLr8:AG and LDLr13:TC). Hence, long life
without dementia was consistent with a diver-
sity of APOE genotypes £23, £33, and even £34
when accompanied with certain promoter and
receptor variants.

Few study subjects exactly matched any of
these extreme pure type groups (i.e., had 100%
membership in a group) (I: 0, II: 4; IT: 4; IV: 14;
V: 2). Membership score ranges from zero (0%,
no resemblance) to one (100%, exact match).
Scores were assigned to each subject for each
group as part of the maximum likelihood esti-
mation procedure.

Logistic models were constructed using GoM

ip scores for groups I, II, and Il to pre-
dict AD status. High membership in any of the
groups had more than 800-fold elevated odds of
AD. Next, a logistic model was constructed
where summed membership scores (I + II + II)
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TabLE 1. ALzHEIMER Disease Risk Grours I To V*

Atiribute I n m w v H
AD case 100 100 100 0 0 0.68
Age (years)
<65 31 12 17 0 0 0.90
65— 69 30 0 0 0
70— 0 57 45 41 0
75— 0 0 37 59 0
80+ 0 0 0 0 100
Female
Yes 96 80 59 51 56 0.07
No 4 20 41 49 4
APOE
£23 40 0 4 0 48 117
£33 0 0 0 100 24
£24 42 7 0 0 0
£34 0 0 96 0 28
44 19 93 0 0 0
APOE-491
AA 0 100 100 100 0 0.90
AT 0 0 0 0 100
TT 100 0 0 0 0
APOE-427
TT 0 100 9 100 74 0.30
TC 100 0 0 0 25
CcC 0 0 1 0 1
APOCI
AA NA 100 0 0 0 091
AB NA 0 100 0 100
BB NA 0 0 100 0
LDLr8
GG 100 100 100 9 0 0.40
AG 0 0 0 0 100
AA 0 0 0 1 0
LDLr13
T 0 100 0 0 0 0.82
TC 0 0 100 53 100
CC 100 0 0 47 0
cs13
GG 0 90 84 100 69 052
GA 100 0 0 0 0
AA 0 10 16 0 31
CTSD
CcC 0 100 100 100 100 041
CcT 100 0 0 0 0
Group sizes 417 479 86.8 83.1 40.5
Model-based risk I to V were identified by grade-of-membership analysis. Each

group is defined by the displayed outcome

probabilities for the variables. H indicates the

information content for the variable (Shannon, Bell Laboratories): APOE genotype was
most informative (H = 1.17), whereas sex was the least informative (H = 0.07); zero de-
notes no information. Influential responses having QRF score >1.2 are shown in bold.
Groupsizeisﬂlesumofmembershjpinﬂ\egmupoveraﬂthesubjeds.

predicted AD status. High aggregate member-
ship had more than 1000-fold elevated odds of
AD. More directly, none of the 50 subjects hav-
ing low (<20%) aggregate membership was af-
fected; all 102 subjects having high (>80%) ag-
gregate membership were affected.

DISCUSSION

Using GoM, no genetic model is specified.
Maximum likelihood is used to estimate the
model parameters; that is, the probabilities that
define each group and the membership scores

—0—
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of individuals in each group. This is an advan-
tage as there is no a priori model to pose when
many genetic loci are jointly considered.
Clearly, the approach allows the joint consid-
eration of multiple loci to identify interpretable
sufficient risk sets providing indications as to
which APOEA4 carriers are at relatively low risk
for AD, those having heterozygous LDL re-
ceptors, and which APOE2 carriers are at high
risk, those with very permissive promoters and
homozygous LDLr13:CC receptors. These find-
ings can be tested in other settings.

Membership score in the sufficient sets was
highly predictive of risk for individuals. In the
future this property may be exploited to esti-
mate inherited risk for individuals regardless
of present age and disease status once large
prospective population-based studies covering
broad age ranges, and including information
on additional candidate gene polymorphisms,
have been conducted and closely quantify risk.
This approach remains a research tool to iden-
tify risk sets until predictive information would
be useful in applying preventive interventions,
not yet in existence.

Note that the study sample was small (180
AD cases, 120 control subjects). Nonetheless
potentially useful information emerged. This
strongly suggests that joint consideration of
multiple candidate loci using GoM has high
statistical power compared to current ap-
proaches in which allele frequencies for one lo-
cus are compared for case and control subjects.
This point of view has a statistical basis: GoM
can use all of the the Jth order moments where
] is the number of variables, rather than being
limited to the first and second-order data mo-
ments. !>

Second, GoM uses an L; (Minkowski metric
of p = 1.0; deviations are not squared) distance
or stress measure rather than the L, criterion
(deviation are squared). Studies in physics,
electrical engineering, and communication the-
ory methodologies based on an L; metric (like
GoM) have been shown to have one sixth the
distortion in detecting complex signals (eg.,
strange attractors) as methods based on an L,
metric. This result is based on extensive simu-
lations where complex nonlinear patterns were
being detected from time series information.16
Hence, as demonstrated in this study, results

—4—
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can be obtained from relatively small samples.
Alternative latent class approaches based on an
L, metric not allowing the fuzzy mixed mem-
bership of individual subjects in several genetic
groups would likely require more subjects and
identify a larger number of groups.

Clearly, multiple comparisons that decimate
power, the bane of genetic epidemiology, are
avoided. The approach has proved useful in
translating clinical data into interpretable pat-
terns in many contexts.!”-20 Importantly, sam-
pling variation using GoM would be primarily
expressed in the prevalence distributions of the
membership scores: The relevant combinations
of genotypes are rooted in biology and may
prove to be robustly replicated.

CONCLUSION

These findings demonstrate sufficient ge-
netic risk sets for AD that may in the future be
useful in predicting risk for individuals.
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