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Alpha-2-Macroglobulin (A2M ) is a highly plausible candidate gene for Alzheimer’s disease (AD) in a region
of chromosome 12 that has numerous independent reports of genetic linkage. We previously reported
that a 5 bp deletion in A2M was associated with AD in a subset of the National Institute of Health (NIMH)
Genetics Initiative AD family sample. Efforts to replicate this association ﬁnding in case – control samples
have been largely negative, while those in family samples have been more positive. We hypothesized
that variable ﬁndings regarding this deletion, along with variable reports of association with V1000I,
another polymorphism in the gene, result from linkage disequilibrium in the area as well as ascertainment
differences between family-based and case–control studies. Thus, we resequenced the A2M locus to identify
novel polymorphisms to test for genetic association with AD. We identiﬁed seven novel polymorphisms
and tested them in the full NIMH sample of 1439 individuals in 437 families. We found signiﬁcant
genetic association of the 5 bp deletion and two novel polymorphisms with AD. Substantial linkage
disequilibrium was detected across the gene as a whole, and haplotype analysis also showed signiﬁcant
association between AD and groups of A2M polymorphisms. Several of these polymorphisms and
haplotypes remain signiﬁcantly associated with AD even after correction for multiple testing. Taken
together, these ﬁndings, and the positive reports in other family-based studies, continue to support
a potential role for A2M or a nearby gene in AD. However, the negative case – control studies suggest that
any underlying pathogenic polymorphisms have a modest effect, and may operate primarily among
individuals with a family history of AD.
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INTRODUCTION
Alzheimer’s disease (AD) is one of the greatest public health
problems in the USA, and its impact will only increase with
demographic changes anticipated in the coming decades. Our
growing understanding of AD genetics has been central to
the explosion in knowledge of AD biology. Although APOEe4 is well established as a potent susceptibility gene for
late-onset AD, a recent segregation analysis estimated that
90% of the total genetic variance for the disease remains
unknown, and that four to seven additional AD genes of at
least moderate effect remain to be discovered (1). In an
effort to identify these unknown AD susceptibility genes, the
authors and others are looking for candidate genes to test for
association with the disease. Genetic, neuropathological and
biochemical evidence indicates that excessive amyloidogenic
processing of the b-amyloid precursor protein, generating
excessive b-amyloid (Ab) peptide, plays a fundamental role
in the pathogenesis of AD, so genes coding for proteins that
are involved in Ab production or degradation pathways are
compelling biological candidates for AD. One of the most
studied candidate genes is alpha-2-macroglobulin (A2M),
which is supported both by genetic evidence of linkage to
chromosome 12p (2–9) and biological evidence for the a2-M
protein’s role in Ab catabolism, as detailed below. We
initially reported signiﬁcant genetic association of a splice
site deletion in exon 18 of A2M with AD (10) in 104
families of the NIMH Genetics Initiative sample. Here we
describe the results of testing this polymorphism and an
additional seven A2M polymorphisms in the complete NIMH
Genetics Initiative sample of 437 families.
a2-M and its potential role in AD pathogenesis
a2-M is a 718 kDa glycoprotein found at high concentrations
in the serum (11) and cerebrospinal ﬂuid. The best-studied
function of a2-M is its pan-protease inhibitory activity (12). A
variety of proteases cleave any of a number of susceptible peptide
bonds in the bait region (residues 666–706) of the a2-M tetramer
(12–14). Cleavage triggers a large conformational change in the
a2-M–protease complex, referred to as activation, which results
in entrapment of the protease within the tetramer (11). Unable to
dissociate from a2-M, proteases are still able to cleave small
peptide substrates (15,16). Protease-mediated activation also
results in exposure of the a2-M receptor–LRP binding domain
(17). Exposure of this LRP binding domain is a prerequisite for
LRP-mediated endocytosis of a2-M/ligand complexes (11).
Internalization of a2-M–ligand complexes can be targeted for
degradation in the lysosome.
In addition to inhibiting a variety of proteases, a2-M binds
the Ab peptide speciﬁcally and tightly (18,19). There are three
biological manifestations of the Ab–a2-M interactions that
may be directly relevant to the etiology of AD. First, the
interaction between a2M and Ab prevents Ab ﬁbril formation
and ﬁbril associated neurotoxicity (18,19). Second, protease
activation of a2-M/Ab complexes or protease activation of
a2-M followed by Ab binding can promote the proteasemediated degradation of a2-M-bound Ab (15). Because of its
small size, Ab is accessible to the encaged protease, permitting
proteolysis. Third, protease activated a2m/Ab complexes may

undergo LRP-mediated endocytosis followed by trafﬁcking of
Ab to the lysosome for degradation (20). The established lateonset risk factor ApoE-e4 accelerates Ab deposition (21), and
ApoE is found in a complex with a2-M in plasma (22). Taken
together, these ﬁndings indicate that A2M is a superb biological
candidate gene for AD.
Genetic linkage ﬁndings in the vicinity of A2M
There have been numerous reports of genetic linkage of AD to
loci on chromosome 12 (2–9). The reported linkage peaks cluster
into two distinct regions. One region is located at the p-ter, from
6 to 30 cM, in the same vicinity as the A2M gene (located at
20 cM) (2,3,6,9). The other region is peri-centromeric, from
48 to 68 cM, in the same vicinity as the LRP gene (68 cM)
(4,6–8). In general, evidence for linkage increases slightly in all
studies when analyses are limited to families without an APOE-e4
allele. Of note, although earlier reports (3,9) using a subset of the
NIMH data report linkage in the vicinity of A2M, our recent
genome screen of the full NIMH sample does not show a signal
in this region (23).
Prior association ﬁndings for A2M
Based on the biological and genetic data above, we and others
have tested polymorphisms in A2M for genetic association with
AD (Table 1). Family-based association studies have been
largely supportive of genetic association between A2M and AD.
Our group initially reported an association between AD and an
intronic deletion polymorphism adjacent to exon 18, A2M-18i
(referred to as A2M-2 in our original report) (10), in a sample
of 104 discordant sibships ascertained through the NIMH
Genetics Initiative, and this ﬁnding held up in an enlarged 120sibship subset from the NIMH sample as well (24). As can be
seen in Table 1, three of the remaining four reported familybased samples also gave some evidence for association
(25–28). On the other hand, case–control association studies
of AD and this deletion polymorphism have been largely
negative. As can be seen in Table 1, of the 32 published case–
control studies, only ﬁve report positive association ﬁndings
(29–33), a ﬁgure only slightly larger than the number expected
by chance (even without accounting for publication bias).
A second polymorphism in A2M, a non-synonymous SNP in
exon 24 (A2M-24e) that results in Val to Ile substitution at
amino acid position 1000, has also been widely investigated in
association studies (Table 1). Six case–control studies report
some evidence of association between AD and A2M-24e
(25,29,34–37). Ten other case–control studies did not ﬁnd
signiﬁcant association, nor did three family-based association
studies (25,27,38). Finally, one report analyzed both the A2M18i and -24e polymorphisms together as a haplotype and found
signiﬁcant haplotypic association (39).
For both case–control and family-based studies, and for both
the 18i deletion and the 24e substitution, stratiﬁcation on
APOE status, age and neuropathological conﬁrmation of AD
do not generally affect the evidence for association.
In an effort to further clarify these inconsistent association
ﬁndings, and to identify a possible pathogenic polymorphism
underlying the association signal, we resequenced the A2M
locus and then tested six novel polymorphisms, the 24e
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Table 1. Reported A2M association ﬁnding
P-value

Odds ratiom

0.0003a
0.0519a,c
>0.6b,c
0.04b
0.003b

3.56 (1.80,7.03)a
NR
NR
3.4 (1.1,10.7)b
2.13 (1.22,3.7)a

0.001b,d
0.26a
0.26b
0.16a
0.67b
0.63a
0.025b
>0.05b
>0.05a
0.52b
0.21b
>0.1b
>0.1b
0.01b,e,f
0.61a
0.41a,f
0.53b
0.49a
0.60a
0.67a,e,g
0.001b
>0.05b
0.099a
NR
NR
0.4b
0.38b
0.24b
0.35b
0.12b
0.019a
0.29a

0.36
1.1
0.95
1.40
0.72
1.13
1.5
0.81
0.80
1.19
1.13
0.89
0.59
5.97
1.29
0.76
0.91
1.21
0.91
0.78
2.52
0.9
0.9
1.24
0.92
1
1.53
0.76
1.89
0.64
1.93
1.39

Authors

n

n

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Family-based studies
Blacker et al. (10)
Poduslo et al. (25)
Rogaeva et al. (28)
Romas et al. (27)
Rudrasingham et al. (26)
Case–control studies
Alvarez et al. (33)
Bagli et al. (58)
Blennow et al. (59)
Bullido et al. (60)
Chen et al. (61)
Crawford et al. (62)
Dodel et al. (32)
Dow et al. (63)
Gibson et al. (64)
Halimi et al. (65)
Higuchi et al. (66)
Hu et al. (67)
Hu et al. (68)
Jhoo et al. (31)
Ki et al. (69)
Korovaitseva et al. (70)
Koster et al. (71)
Kovacs et al. (72)
McIlroy et al. (73)
Myllykangas et al. (35)
Nacmias et al. (30)
Perry et al. (74)
Poduslo et al. (25)
Rogaeva et al. (28)
Rogaeva et al. (28)
Rudrasingham et al. (26)
Shibata et al. (75)
Singleton et al. (76)
Sodeyama et al. (77)
Wang et al. (37)
Zappia et al. (29)
Zill et al. (78)

Families
104
89
105
51
395
Cases
190
102
449
154
196
177
309
225
195
281
426
82
65
62
89
76
356
96
219
77
90
111
386
207
185
1238
55
209
62
555
132
88

Individuals
398
276
NR
147
790
Controls
400
351
349
217
180
113
281
218
107
84
382
110
84
169
50
89
242
64
237
52
98
78
216
164
156
1378
69
105
90
446
184
118

A2M-24e
1
2
3

Family-based studies
Poduslo et al. (25)
Wavrant-DeVrieze et al. (38)
Romas et al. (27)

Families
89
133
51

Individuals
276
274
147

0.33a,c
0.1a
0.5a

NR
NR
1.8 (0.3,12.2)a

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Case–control studies
Gibson et al. (64)
Higuchi et al. (66)
Koster et al. (71)
Liao et al. (34)
McIlroy et al. (73)
Myllykangas et al. (35)
Nacmias et al. (30)
Poduslo et al. (25)
Shibata et al. (79)
Singleton et al. (76)
Styczyncka et al. (80)
Tang et al. (36)
Wang et al. (37)
Wavrant-DeVrieze et al. (38)
Zappia et al. (29)
Zill et al. (78)

Cases
195
426
356
737
219
77
90
398
111
209
100
114
555
1200
264
88

Controls
107
382
242
449
237
52
98
184
95
105
100
190
446
1346
368
118

0.76b
0.21b
0.64b
0.01a
0.79a
0.004b,e,g
0.89b
0.054a
0.81b
0.66b
0.34a
0.02a
0.04b,k
0.21b
0.001a
0.60b

0.95
1.13
0.95
1.77
1.14
6.86
0.97
1.1
0.91
1.08
1.4
2.1
0.80
1.08
4.1
0.89

A2M-18i/24e
1

Case–control studies
Verpillat et al. (39)

Cases
303

Controls
343

0.001b,e,l

4.97 (1.03,24.05)b,e

A2M-18i
1
2
3
4
5

(0.21,0.64)b
(0.64,.89)a
(0.69,1.30)a
(0.87,2.23)a
(0.24,2.09)b
(0.64,2.00)a
(1.1,2.2)b
(0.54,1.21)b
(0.47,1.36)a
(0.68,2.06)b
(0.64,2.02)b
(0.37,2.12)b
(0.25,1.40)b
(1.53,23.34)b,e,f
(0.39,4.30)a
(0.44,1.34)b
(0.69,1.21)b
(0.70,2.11)a
(0.61,1.37)a
(0.25,2.41)a,e,g,h
(1.45,4.41)b
(0.5,1.7)b
(0.72,1.2)a
(0.69,2.21)b,i
(0.56,1.53)b,j
(0.9,1.2)b
(0.59,3.96)b
(0,48,1.21)b
(0.50,7.10)b
(0.37,1.13)b
(1.2,3.1)a
(0.76,2.54)a

(0.67,1.34)b
(0.64,2.02)b
(0.77,1.17)b
(1.16,2.70)a
(0.79,1.64)a
(1.63,28.91)a,e,g,h
(0.61,1.53)b
(0.7,1.9)a
(0.43,1.94)b
(0.77,1.52)b
(0.7,3.1)a
(1.1,4.1)a
(0.64,0.99)b,k
(0.96,1.21)b
(1.86,9.04)a
(0.58,1.36)b

Genotypic/carrier. bAllelic. cSDT results for non-NIMH samples. d>81 years. eReported as APOE-e4 negative. f>65 years. gNeuropathologically conﬁrmed AD.
>85 years. iToronto sample. jDuke sample. k80 years. l>70 years.
m
In cases where no OR was reported, a crude OR (unadjusted for age, sex, APOE, or other covariates) was calculated from the reported data.
a

h

TCACAGCACAGAAGTTTTTCAAA

AGCCAATGGCCTTGGACTTGA

CAGTGAAATTCACATTTCCTG

NA

NA

NA

CAAGGATCGTAGTCCCTGTTA

CTACAGAAAATAACGAAGCTATGT

RESULTS
Polymorphism discovery
We resequenced the A2M locus in 29 individuals that carry at
least one copy of the A2M-18i deletion polymorphism. Seven
novel SNPs were identiﬁed and genotyped (Table 2). None of
these novel SNPs code for amino acid changes: two are
synonymous SNPs, and ﬁve are in the non-coding region of the
gene. Interestingly, the SNP in intron 21 (A2M-21i) is found
within the 50 splice site of exon 21. One of these, a
synonymous SNP in exon 20, A2M-20e, was genotyped in
approximately half of the full NIMH sample (800 subjects)
and found to have a minor allele frequency of only 4%, so we
elected not to pursue it further.
Association of individual A2M SNPs with AD

NA, not applicable.

TCGTTGGAAAAATGC[G/A]TTTGAAAAACTTCTG

CAGCTTACTCCAGAG[A/G]TCAAGTCCAAGGCCA

Non-synonymous
(V1000I)
97 bp 50 of exon 28
28i

21i

20e

18i

24e

TACTGGCCTTTTTTT[T/A]CAGGAAATGTGAATT

AGAAGGAACAAG[C/T]GCCTCACTGCATCTG

CTTCTTCCTCACTCA[CCATA]GAGTCAGATGTAATG

CAGCAAGGTAGTGGCA[AAG]GAGTCACACTAAGAA

3 bp insertion/deletion
132 bp 30 of exon 14
5 bp insertion/deletion at
the exon 18 50 splice site
Non-synonymous
(A844V)
4 bp 50 of exon 21
15i

TCGTAGTCCCTGTTA[C/T]GGCTACCAGTGGGTG
Synonymous (Y432Y)

CTGTGAATAGGACTT[C/A]ACATAGCTTCGTTAT
7i

12e

SBE primer

polymorphism, and the original 18i deletion polymorphism for
association with AD in the full NIMH AD Genetics Initiative
sample of 437 families (40). To obtain maximum information
from the data, we use family-based association tests, haplotype
analyses and conditional logistic regression.

CGCCAGGAATTAACCTTGAC,
AGGTTCATGCTTCACGCTCT
CGTGGAGGAATTTGGTATGG,
GGGCTCTGAAAAGGTAGCTC
GGGTCCTTCTCCCACTTTTC,
TGTCTGAGTATGGCCACAGG
FAM-CACATGTGAACATTAGGGCC,
CCCAACGTTTCATCATAGAAG
FAM-CTTTCCTTGATGACCCAAGCGCC,
GTTGAAAATAGTCAGCGACCTC
CTTTAATGTGAGGCAACCTG,
AATCGCAGCATCTAGTGG
TTGCATGTTTCCGTTC,
CCAACAGAGGCTTGAT
GACTTCCCATCTCTCCCATTC,
TGAAACCTACTGGGAAATCCA
GGCTATTTACCACCACCACTC,
GTCTTCCAGGCTGACTCCAG
GTACAATACAGTCTG[G/T]TCTCCTCCAGCTCCT

50 -UTR 28 bp 50
of start codon
174 bp 30 of exon 6

PCR primers (sense, antisense)
Sequence context
Location
SNP

Table 2. Sequence location, context, and primer sequences used in polymorphism genotyping

GAAAGAAGGAGCTGGAGGAGA
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The six novel polymorphisms and the two previously identiﬁed
polymorphisms (18i and 24e) were genotyped in the full NIMH
Genetics Initiative sample. Association results, reported in
Table 3, were generated using the Family Based Association
Test Package (FBAT) using phenotype information from
affected subjects only or from both affected and unaffected
subjects (see Methods). Analyses including phenotype information on unaffecteds generally gave greater evidence of
association than the affecteds only analyses, as would be
expected given the use of more of information. In general, the
late-onset stratum (all sampled affecteds with onset ages 65,
see Methods) displayed increased evidence for association. We
also tested for differences by APOE-e4, stratifying based on
whether a family has at least one APOE-e44 homozygote with
AD, and then on whether a family has at least one APOE-e4
carrier with AD (see Methods). In both cases the larger stratum
[APOE-e44-negative (67.5% of the sample) and APOE-e4
positive (84.4% of the sample)] gave results similar to those in
the total sample (although with somewhat lower levels of
statistical signiﬁcance given the reduction in sample size), and
the smaller stratum [APOE-e44 positive (32.5% of the sample)
and APOE-e4 negative (15.6% of the sample)] was entirely
negative: P > 0.25 for all individual polymorphisms (data not
shown). Thus, the apparent discrepancies are likely to be due to
the increased power of the larger subsamples, and not to the
APOE-e4 genotype per se. This is in agreement with the results
of conditional logistic regression analyses that gave no
evidence for interactions between APOE-e4 and any of the
associated polymorphisms in A2M (see below).
Consistent with our previous report, the 18i deletion polymorphism is associated in the total sample (Pnominal ¼ 0.02 for
affecteds only, and 0.0059 with unaffected phenotypes
included) and more strongly associated in the late-onset sample
(Pnominal ¼ 0.0033 for affecteds only, and 0.0023 with unaffected phenotypes included). The previously reported exon 24
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Table 3. Results of association analyses of individual polymorphismsa
Polymorphism

Frequencyd

Unaffected phenotypes includedb

Affecteds only
c

Total sample
e

5U
7i
12e
15i
18i
21i
24e
28i

0.49
0.32
0.07
0.33
0.18
0.17
0.33
0.34

Late stratum
f

Families

P

119
102
39
105
74
71
105
100

0.77
0.45
0.0018
0.28
0.020
0.041
0.093
0.14

e

Latec stratum

Total sample
f

Families

P

78
65
31
67
53
50
66
62

0.37
0.21
0.0031
0.15
0.0033
0.0039
0.10
0.094

e

f

Families

P

122
103
40
107
77
74
105
101

0.72
0.25
0.00080
0.17
0.0059
0.019
0.058
0.099

Familiese

Pf

80
67
32
69
54
51
66
63

0.49
0.067
0.0012
0.043
0.0023
0.0031
0.037
0.037

a

All analyses are performed in FBAT using the empirical variance function.
These analyses used the offset function to include phenotypic information from unaffected subjects.
c
All sampled affecteds onset 65 years old.
d
Allele frequency of the minor allele; the minor alleles are: 5U (T), 7i (A), 12e (T), 15i (deletion), 18i (deletion), 21i (T), 24e (G), and 28i (A).
e
Number of informative pedigrees.
f
Nominal P-value.
b

non-synonymous SNP (24e; Val 1000 Ile) displays a trend
towards association in most analyses, and reaches signiﬁcance
in the late-onset stratum when unaffected phenotypes are
included in the analysis (Pnominal ¼ 0.037).
Association analyses of the six novel polymorphisms extend
our original association ﬁndings. Depending on the sample
used and whether unaffected phenotype information is
included, from two to four of these give signiﬁcant evidence
for association. Strongly signiﬁcant nominal association results
were obtained for the synonymous SNP found in exon 12 (12e)
in the total sample (Pnominal ¼ 0.0018 for affecteds, only and
0.0008 with unaffected phenotypes included), with slightly less
signiﬁcant results in the late-onset stratum. Second, the SNP in
the intron immediately adjacent to exon 21 (21i) was
signiﬁcantly associated in the total sample (Pnominal ¼ 0.041
for affecteds only, and 0.019 with unaffected phenotypes
included), with more signiﬁcant results in the late-onset
stratum. The polymorphisms in intron 15 (15i) and intron 28
(28i) only gave signiﬁcant evidence of association in the
late-onset stratum when unaffected phenotypes were included
(Pnominal ¼ 0.043 for 15i, and 0.037 for 28i), and the
polymorphism in intron 7 (7i) displayed only a trend towards
association in the same setting (Pnominal ¼ 0.067).
For the polymorphisms showing at least a trend toward
association in FBAT (see Table 3), odds ratios (ORs) for their
effect on AD risk were calculated using conditional logistic
regression, and are given in Table 4. The 95% conﬁdence
intervals (CIs) are provided to give an idea of the precision of
these estimates, but it should be noted that these CIs are
slightly too narrow (see Methods). Carriers of the 12e ‘T’ allele
have a 3-fold increase in risk (OR ¼ 3.27, 95% CI ¼ 1.74,
6.16). For the 18i ‘deletion’ and the 21i ‘A’ allele, the increase
in risk is less than 2-fold (for 18i OR ¼ 1.79, 95% CI ¼ 1.21,
2.63; for 21i OR ¼ 1.73, 95% CI ¼ 1.17, 2.56). Looking at the
genotypic ORs, the point estimates for 12e and 21i suggest a
dose–response relationship, but these values are not stably
estimated. Interestingly, two copies of the 15i ‘insertion’ or 24e
‘A’ or 28i ‘G’ allele might be protective, or, viewed
alternatively, being a carrier of the other allele could actually
increase risk for AD. None of the associated polymorphisms in

Table 4. Odds ratio from conditional logistic regression
Polymorphism

7i
12e
15i
18i
21i
24e
28i

OR (95% CIa)
Carrier

Genotypic

Any 2b

12b

1.61
3.48
1.85
1.86
1.78
1.97
1.81

(0.94,
(1.82,
(1.08,
(1.24,
(1.19,
(1.16,
(1.05,

2.75)
6.67)
3.15)
2.79)
2.70)
3.35)
3.15)

1.68
3.38
1.92
1.82
1.78
2.02
1.85

22b
(0.97,
(1.76,
(1.11,
(1.21,
(1.18,
(1.18,
(1.06,

2.90)
6.74)
3.31)
2.74)
2.69)
3.47)
3.23)

1.43
12.21
1.64
3.07
1.86
1.81
1.72

(0.78,
(0.91,
(0.89,
(0.98,
(0.56,
(0.99,
(0.92,

2.61)
164)
3.00)
9.60)
6.22)
3.31)
3.21)

a

These conﬁdence intervals provide a rough estimate of the precision of each
estimate, but they may be slightly too narrow because standard errors are
slightly underestimated in this setting (see text).
b
Here we deﬁne ‘2’ as the risk allele. The risk alleles, relative to the sequence
context in Table 2, are: 7i (C), 12e (T), 15i (insertion), 18i (deletion), 21i (T),
24e (A), 28i (G).

A2M gave any evidence for an interaction with the e4-allele in
APOE (data not shown) when included in the CLR analyses.
Because of a concern that a few larger families could be
driving the association results, we re-ran the association
analyses in FBAT and the conditional logistic regression
analyses including only one nuclear family per pedigree (see
Methods). None of these analyses resulted in appreciable
differences in the results, although P-values were sometimes
slightly larger, and conﬁdence intervals slightly wider, in the
reduced sample (data not shown).
Association of A2M haplotypes with AD
To gain insight into the haplotype structure underlying the
association results in Table 3, we grouped polymorphisms into
haplotypes for further analysis in HBAT, the new haplotype
program available in the FBAT package (see Methods).
Combining all eight polymorphisms in one analysis revealed
a trend for association in the total sample (Pglobal,nominal ¼ 0.08)
and nominally signiﬁcant association in the late-onset families
(Pglobal,nominal ¼ 0.015). To explore which part of the gene
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Table 5. Results of haplotype analysis for A2M polymorphisma
A2M polymorphismsb

Haplotype statistics

5U

7i

12e

15i

18i

21i

T

C

C

ins

ins

(P)

G

A

C

del

ins

(P)

G

C

C

ins

del

(R)

G

C

T

ins

del

(R)

T

C

T

ins

ins

(R)

24e

28i

C

C

ins

ins

A

(P)

A

C

del

ins

A

(P)

C

C

ins

del

T

(R)

C

T

ins

del

T

(R)

C

T

ins

ins

A

(R)

C

ins

ins

A

A

(P)

C

del

ins

A

G

(P)

C

ins

del

T

A

(R)

T

ins

del

T

A

(R)

T

ins

ins

A

A

(R)

ins

ins

A

A

G

(P)

del

ins

A

G

A

(P)

ins

del

T

A

G

(R)

Global haplotype statistics

Strata

Frequency

P-value

Total
Late
Total
Late
Total
Late
Total
Late
Total
Late

0.48
0.49
0.31
0.30
0.12
0.12
0.04
0.046
0.007
0.008

0.28
0.26
0.31
0.064
0.19
0.031
0.062
0.037
0.043
0.055

Total
Late
Total
Late
Total
Late
Total
Late
Total
Late

0.50
0.51
0.30
0.29
0.11
0.11
0.038
0.040
0.009
0.010

0.38
0.45
0.34
0.11
0.28
0.13
0.34
0.14
0.035
0.045

Total
Late
Total
Late
Total
Late
Total
Late
Total
Late

0.50
0.51
0.30
0.29
0.11
0.11
0.038
0.040
0.007
0.009

0.39
0.36
0.16
0.053
0.21
0.15
0.21
0.079
0.050
0.070

Total
Late
Total
Late
Total
Late

0.50
0.52
0.30
0.29
0.15
0.15

0.47
0.34
0.12
0.039
0.036
0.010

Strata

w2

d.f.

P-value

Total

9.36

5

0.096

Late

13.60

5

0.018

Total

8.02

5

0.15

Late

9.98

5

0.076

Total

11.28

5

0.046

Late

14.93

5

0.011

Total

9.12

3

0.028

Late

13.56

3

0.0036

a
Results are based on analyses of using either the total sample or only the late-onset stratum. Only haplotypes for which there are at least 10 informative pedigrees
are included. Bold indicates signiﬁcantly associated haplotypes and statistics.
b
Speciﬁc bases for each polymorphism are given relative to the sequence context given in Table 2. Ins ¼ insertion, del ¼ deletion. ‘(R)’ adjacent to a haplotype
indicates that it appears to confer risk, i.e. observed transmissions exceed expected transmissions; ‘(P)’ indicates protective, i.e. observed transmissions are less
than expected. In windows with global haplotype association, the risk allele for each individually associated polymorphism is in italics within each individually
associated haplotype.

contributes most to this overall association, we employed a
‘sliding window’ approach, where each set of ﬁve consecutive
polymorphisms was tested for association with AD (Table 5). In
these analyses, the strongest association signals were observed in
the 30 portion of the gene, i.e. in the last two adjacent windows:
[(12e, 15i, 18i, 21i, 24e), Pglobal,nominal ¼ 0.046 (total) and 0.011
(late); and (15i, 18i, 21i, 24e, 28i), Pglobal, nominal ¼ 0.028 (total)
and 0.0036 (late)]. These windows also contain, respectively,
three (12e, 18i and 21i) and two (18i and 21i) of the individually
most signiﬁcantly associated polymorphisms, and the results for
speciﬁc haplotype alleles are consistent with this (Table 5).
Interestingly, it was also across the 30 portion of A2M that twolocus LD assessment showed the highest D0 values, although
evidence for LD between polymorphisms was generally high
across the entire gene (Table 6). As with the individual
polymorphisms, we re-ran the haplotype analyses in HBAT
including only one nuclear family per pedigree, again with no

appreciable differences in the results, but with slightly larger Pvalues consistent with the reduced sample size (data not shown).

DISCUSSION
Findings in the full NIMH sample
We originally reported a signiﬁcant association of an intronic
deletion polymorphism (18i) in a subset (104 families) from the
NIMH Genetics Initiative sample (10). The results and analyses
presented here, using the complete NIMH Genetics Initiative
sample of 437 families, conﬁrm and extend our initial ﬁndings.
Three polymorphisms (12e, 18i and 21i) display nominally
signiﬁcant association in the affecteds only analysis, and three
additional polymorphisms [15i (late-onset stratum only), 24e and
28i] are nominally signiﬁcant when unaffected phenotypes are
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Table 6. Pairwise disequilibrium coefﬁcients (D0 ) between A2M polymorphisms

0

5U
7i
12e
15i
18i
21i
24e
28i

50 U

7i

12e

15i

18i

21i

24e

28i

—
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001

0.89
—
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001

0.70
0.92
—
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001

0.99
0.99
0.88
—
<0.000001
<0.000001
<0.000001
<0.000001

0.96
0.98
0.77
1
—
<0.000001
<0.000001
<0.000001

0.96
0.95
0.74
0.96
1
—
<0.000001
<0.000001

0.96
0.96
0.88
0.96
0.98
0.99
—
<0.000001

0.97
0.97
0.88
0.96
0.98
0.98
0.99
—

Upper cells ¼ D0 (LD-parameter, i.e. 0 ¼ no LD, 1 ¼ perfect LD). Lower cells ¼ P-value associated with D0 [Fisher’s exact two-sided, based on the average number
of affecteds ( ¼ 883)].

included (Table 3). Even conservatively accounting for multiple
tests using a Bonferroni correction (see Methods), the observed
association of AD with A2M-12e remains statistically signiﬁcant in the total sample (Pcorrected ¼ 0.043 in the affecteds
only analysis, Pcorrected ¼ 0.019 when unaffected phenotypes
are used), and association ﬁndings for 12e, 18i and 21i in the
late-onset sample are consistent with a trend for association
(Pcorrected ¼ 0.07, 0.08, and 0.09, respectively, in the affectedsonly analyses; and Pcorrected ¼ 0.029, 0.055, and 0.074 when
unaffected phenotypes are used). Two adjacent ﬁve-locus
haplotypes give strong evidence for nominal association
(Pnominal ¼ 0.0036), and even after correcting for multiple
tests there is a trend towards association (Pcorrected ¼ 0.086).
Examining the individual and haplotype results overall
suggests that the stronger LD signal is in the 30 portion of
the gene. The most strongly associated individual SNPs are
found in this region, which also includes the bait region and the
b-Cys-g-Glu thiol ester bond between Cys-949 and Glu-952.
The strength and consistency of this evidence suggests that this
association is genuine, but there are several important caveats.
Comparison with prior linkage and association ﬁndings
Our ﬁndings are consistent with the generally positive prior
ﬁndings of family-based association studies of A2M, but not with
the primarily negative case–control studies. Non-replication of
association ﬁndings can be due to chance, particularly where
there is inadequate power to detect effects of small or moderate
magnitude, or, in case–control studies, due to bias due to
population stratiﬁcation, but the large number of negative studies
argues against both of these possibilities. The more likely cause
of the discrepancy between the family-based and case–control
studies is differences in ascertainment. Family-based samples
frequently include only families with two or more affected
individuals, and thus may identify a more genetically determined
form of AD. Case–control samples may have fewer genetic
determinants to be identiﬁed (although they may be more typical
of AD in general—unless the case ascertainment excludes
individuals with a family history, which leads to an underestimation of family history). Thus, the observed difference
between case–control studies and family-based studies is
consistent with the idea that A2M is predominantly a risk factor
for late-onset AD with a family history.
Although other groups, including ones using portions of the
NIMH sample, have reported evidence for linkage in this region,
we have not been able to detect signiﬁcant linkage in this region

(23), even to marker D12S1695, which is only 65 kb from A2M
(data not shown). The reason for the discrepancy between our
linkage ﬁndings in the NIMH sample and those of other groups is
unclear, but may reﬂect the speciﬁc sampling scheme for the
subsample, analytic strategies, or marker choice. We were also
unable to detect evidence of association between D12S1695 and
AD (data not shown). The lack of association across a gap of
65 kb was not unexpected, but the lack of linkage ﬁndings in an
area with a strong association signal in the same sample is more
puzzling. Although it is unusual to detect strong association in
the absence of linkage, it is not impossible. Risch (41) suggests
that association analysis can be locally more powerful for
detecting small or moderate gene effects than linkage analysis. A
similar scenario with the insulin gene and diabetes (42) was part
of the motivation for developing the TDT.
Conclusions
Using a large uniformly ascertained and evaluated family-based
sample, we report signiﬁcant individual and haplotypic association between several A2M polymorphisms and AD, including
some that remain signiﬁcant when applying an overlying
conservative Bonferoni correction. While it seems unlikely that
any of these associated polymorphisms and/or haplotypes are
pathogenic, we are currently exploring the possibility. A more
likely explanation is that these associated polymorphisms are in
linkage disequilibrium with a pathogenic polymorphism either
in A2M itself or in a nearby gene. The relatively modest
association ﬁndings, the lack of conﬁrmation in case–control
studies, and the inconsistent evidence for linkage suggest that
the underlying defect may have only a modest effect. In
particular, the discrepancy between family-based association
ﬁndings and those in case–control studies suggests that the gene
may be a risk factor primarily in individuals with a family
history, and could either be a gene of modest effect or perhaps a
modiﬁer gene. In any case, these new ﬁndings, along with prior
positive results in family-based studies, suggest that A2M and
nearby genes merit further testing in other family-based datasets,
and further exploration of its potential biological role in AD.

MATERIALS AND METHODS
Subjects
The ascertainment and assessment of the AD families collected
under the NIMH AD Genetics Initiative Sample are described
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elsewhere (40). Brieﬂy, participants were evaluated following
a standardized protocol to ensure that they met NINCDS/
ADRDA criteria for AD (43,44). Of the sampled affected
subjects, 29% had a diagnosis of deﬁnite (autopsy-conﬁrmed)
AD, 64.5% probable AD, and 6.5% possible AD. Sixty-eight
percent of the sample was female. Family structure varied
widely. Most (79%) of the families were nuclear (about half
affected sibpairs and half larger sibships of varying sizes),
but there were nearly 100 families with more complex
structure. Forty percent of families included an unaffected
member. Families with more complex structure were broken
into nuclear families (see below): there were a total of 586
nuclear families when the larger pedigrees were broken down
in this way, but not all of them are informative.
Only families in which all sampled affecteds had onset
ages 50 years were included in the present analyses (n ¼ 437
families, n ¼ 1439 individuals; mean age of onset 72.5, SD
7.7); 73% of families were in our late-onset stratum (all
sampled affecteds showed an onset at or beyond age 65) and
27% of families were in our early/mixed stratum (at least one
sampled affected showed an onset before age 65, but none
under age 50). APOE genotypes were determined for 99.5% of
the sample. We stratiﬁed families on APOE status in two ways.
First, we stratiﬁed based on whether or not a family included an
APOE-e44 homozygote with AD : 120 families (including 832
individuals, 32.5% of the sample) were in the APOE-e44positive stratum (at least one APOE-e44 homozygote with AD
in the family), and 317 families (1725 individuals, 67.5% of the
sample) were in the APOE-e44-negative stratum (no APOE-e44
homozygotes with AD in the family). This stratiﬁcation, which
has been used consistently in prior work in the NIMH sample,
makes sense because in this sample the APOE-e44 genotype
has a much stronger impact on disease risk and age of onset
(40), and results in more balanced groups. For comparison
purposes, we repeated our analyses using the more commonly
used stratiﬁcation based on APOE-e4 carrier status: 358
families (2159 individuals, 84.4% of the sample) were in our
APOE-e4-positive stratum (at least one APOE-e4 carrier with
AD) and 79 families (398 individuals, 15.6% of the sample)
were in our APOE-e4-negative stratum (no APOE-e4 carriers
with AD).
Polymorphism discovery
Querying public databases and direct DNA sequencing were
used to identify polymorphisms within the A2M locus.
Speciﬁcally we mined for SNPs using three public
databases, dbSNP (NCBI), Human SNP database (Whitehead
Institute), and the Genetic Annotation Initiative (National
Cancer Institute). Using these sources we identiﬁed three
non-synonymous SNPs in A2M [rs2277413 (A807V),
rs1800434 (H704R), rs1802965 (L1431F)]. However, when
genotyped in a test sample of 200 subjects, these SNPs were
not found to be polymorphic and were therefore excluded from
further genotyping efforts.
In direct resequencing of the A2M locus, we sequenced all
exons and 150 bp of the adjacent introns, as well as 1000 bp
of the promoter and the 30 -UTR. These resequencing reactions
were performed on DNA from 29 subjects who carried at least
one copy of the A2M-18i deletion allele, which we previously

reported to be associated with AD (10). Sequencing was
performed and analyzed on an ABI3700 (Perkin-Elmer).
Genotyping
The 5 bp deletion polymorphism found in intron 18 was newly
genotyped using a ﬂuorescence-based detection method, as
opposed to the radio-isotope method that we originally reported
(10). A 321 or 326 bp PCR product was ampliﬁed, using an
annealing temperature of 64 C, with one ﬂuorescently labeled
PCR primer and one unlabeled PCR primer (Table 2).
Fluorescently labeled insertion (326 bp) and deletion (321 bp)
products were separated and detected using a MegaBACE 1000
(Amersham-Pharmacia). Allele calling was performed using
Genetic Proﬁler 1.0 (Amersham-Pharmacia) with visual
reinspection of all genotype calls. The 3 bp insertion/deletion
polymorphism in intron 15 was genotyped in a similar fashion.
The 194 or 197 bp PCR product was ampliﬁed at an annealing
temperature of 55 C.
SNPs found in 50 -UTR, intron 7, exon 12, intron 21, exon 24
and intron 28 were genotyped using ﬂuorescent polarization
detected single base extension (FP-SBE) (45). PCR primers
(Table 2) were designed to yield products between 200 and
400 bp in length, and were used at a ﬁnal concentration of 100–
300 nM (InVitrogen) along with Taq polymerase (0.25 U/
reaction; Qiagen) and dNTPs (2.5 mM/rxn; AmershamPharmacia). Human genomic DNA, 10 ng, was used as the
template for PCR reactions. General PCR cycling conditions
were as follows: initial denaturation of 3 min at 94 C; 30 cycles
of 94 C for 45 s; primer set speciﬁc annealing temperature (see
below) for 45 s, and 72 C for 1 min; ﬁnally, 6 min at 72 C. All
PCR producs were visualized on 2% agarose gels to conﬁrm
a single product of the correct size. PCR primers and
unincorporated dNTPs were degraded by the direct addition
of exonuclease I (0.1–0.15 U/reaction; New England Biolabs)
and shrimp alkaline phosphatase (1 U/reaction; Roche) to the
PCR reactions and incubated for 1 h at 37 C, then for 15 min at
95 C to inactivate the enzymes. The single base extension step
was carried out using Thermosequenase (0.4 U/reaction;
Amersham-Pharmacia) and the appropriate mixture (LJL
Biosystems Application Note) of R110-ddNTP, TAMRAddNTP (3 mM; NEN), and all four unlabeled ddNTPs (22 or
25 mM; Amersham-Pharmacia) to the ExoI/SAP treated PCR
product. Incorporation of the SNP speciﬁc ﬂuorescent base was
achieved by subjecting samples to 35 cycles of 94 C for 15 s
and 55 C for 30 s. SBE primers (Table 2) were designed to
yield a Tm of 62–64 C. Fluorescent base incorporation was
detected using an LJL Biosystems Analyst AD (Sunnyvale,
CA, USA) and measuring ﬂuorescent polarization for R110
(excitation 490 nm/emission 520 nm) and TAMRA (excitation
550 nm/emission 580 nm). Genotypes were called manually.
All genotyping experiments contained at least three samples
whose genotypes were known from direct sequencing.
SNP speciﬁc annealing temperature, PCR product lengths,
and SBE dye mixtures are given below. For the 50 -UTR polymorphism, PCR primers yielded a 344 bp product using a 61 C
annealing temperature, and an R110-ddATP/TAMRA-ddCTP
dye mixture was used in the SBE step. For the intron 7 polymorphism, PCR primers yielded a 380 bp product using a 61 C
annealing temperature, and an R110-ddUTP/TAMRA-ddGTP
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dye mixture was used in the SBE step. For the exon 12
polymorphism, PCR primers yielded a 304 bp product using
a 64 C annealing temperature, and an R110-ddUTP/
TAMRA-ddCTP dye mixture was used in the SBE step. For
the intron 21 polymorphism, PCR primers yielded a
264 bp product using a 57.2 C annealing temperature, and an
R110-ddUTP/TAMRA-ddATP dye mixture was used in the
SBE step. For the exon 24 polymorphism, PCR primers yielded
a 272 bp product using a 54 C annealing temperature, and an
R110-ddUTP/TAMRA-ddCTP dye mixture was used in the
SBE step. For the intron 28 polymorphism, PCR primers
yielded a 266 bp product using a 61 C annealing temperature,
and an R110-ddUTP/TAMRA-ddCTP dye mixture was used
in the SBE step.
The polymorphism in exon 20 was genotyped by restriction
fragment length polymorphism. PCR primers (Table 2) were
used with an annealing temperature of 64 C. The PCR
ampliﬁcations were performed in the presence of [a-33P]dATP
(1 mCi). This polymorphism, a C/T transition, removes a HhaI
restriction site. PCR products were digested with 5 U of HhaI
(New England Biolabs) for 8 h at 37 C in the appropriate buffer.
Following digestion, products were denatured for 3 min at 94 C
and then and separated by polyacrylamide gel electrophoresis
(Ultra Pure SequaGel-6, National Diagnostics) for 1 h at 60 W
and exposed to ﬁlm for 24 h.
Genotyping quality control measures
To ensure consistent and high-quality genotyping data, the
same three control samples of known genotype were included
in every genotyping experiment. In addition, 10% of the
samples were genotyped in duplicate. The genotypes of the
duplicate samples were checked for consistency. We found
discrepancy rate >0% for only two polymorphisms: 21i
(0.63%) and 24e (1.27%). In addition, we have very little
missing data: we have obtained genotypes for >95% of the
samples (Table 3) for all polymorphisms.
Statistical analysis
Tests of individual polymorphisms for association with AD
were performed in the Family-Based Association Test package
(46,47) (FBAT; version 1.2), which puts tests of different
models, different sampling designs, different disease phenotypes, missing parents and different null hypotheses all in the
same framework. Like the transmission-disequilibrium test
(TDT) and other family-based association tests, this method is
not susceptible to bias due to population admixture. FBAT
uses a generalized score statistic to perform a variety of TDTtype tests (46). We used an additive model which performs
well under a variety of true genetic models (48). We also used
the empirical variance option in FBAT (EV-FBAT), which is
valid in the presence of linkage (even when extended families
are broken into component nuclear families) (49), because of
the reports of linkage in this vicinity (2–9), although linkage
in this area was not seen by our group (23). We performed
both the default affecteds-only analyses in FBAT, which uses
information from unaffected siblings only to provide information about possible parental genotypes, and analyses using an
offset to include phenotypic information from unaffected
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siblings. The latter approach makes maximal use of the
available data. We set the offset equal to 0.5 for the affecteds
and unaffecteds, which gives equal weight to each group. In
principle, the offset should be equal to the prevalence, but in
highly selected samples such as this one this approach works
well (50–52).
For the nominally associated polymorphisms, we also
performed conditional logistic regression (CLR) stratiﬁed on
family to assess the magnitude of any effect on disease risk
(53). We include conﬁdence intervals to provide a rough idea of
the precision of these estimates. However, it should be noted
that these intervals may be slightly too narrow because CLR
may slightly underestimate the standard errors when multiple
affected and unaffected subjects are included in each family.
The magnitude of this effect is expected to be small unless
genetic effects are very large (54).
To gain insight into the underlying haplotype structure of
A2M, we combined individual polymorphisms into multilocus
haplotypes, assuming no recombination between SNPs.
Haplotype analysis is especially useful when the true risk
modifying polymorphism has not been identiﬁed (which could
be expected here owing to conﬂicting ﬁndings from independent
studies), as this method should be able to extract more
inheritance information from any given set of loci than can be
accomplished by testing polymorphisms individually (55,56).
Here, ﬁve-locus haplotypes were reconstructed from the eight
genotyped polymorphisms in A2M and tested for excess
transmission in affected individuals using the HBAT option
(55,57) within the FBAT package. We chose ﬁve-locus
haplotypes because in our experience a window of this size
offers maximal informativeness within a reasonable computation time. Results of preliminary analyses using smaller and
larger SNP windows were not appreciably different. The HBAT
option in FBAT extends the conditioning algorithm of
Rabinowitz and Laird to account for missing phase. As in
FBAT, many pedigrees will be non-informative, because the
conditioning places positive probability on only one outcome.
That is, families with only one or two affected offspring, no
unaffected offspring and no parental genotype data will not
contribute to the test statistic. In addition, it uses weights to
increase information in the presence of uncertainty about phase.
The resulting test statistic is unbiased for testing association
even in the presence of admixture and/or population stratiﬁcation, and under the alternative hypothesis that association is
present, it provides good power relative to a setting where
phase is known (57). As described above for FBAT, we used
the empirical variance option to account for the reported the
reported linkage in the region, which also ensures a valid test
when extended pedigrees are broken into nuclear families (49).
As in FBAT, we used an offset of 0.5 to include phenotypic
information from unaffected subjects. Nominal global P-values
are reported, along with P-values for individual haplotype
alleles with more than 10 informative pedigrees. The haplotype
frequencies are obtained from the estimated phased genotype frequencies of the founders. These latter frequencies
maximize the likelihood based on all the genotype data,
assuming the null hypothesis of no linkage and no association,
and assuming random mating. Because we estimate phased
genotype frequencies rather than haplotype frequencies, Hardy–
Weinberg equilibrium is not assumed. These phased genotype
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frequencies are used to attach weights to any outcomes with
ambiguous phase. For example if one unphased genotype is
compatible with two phased genotypes, then weights summing
to one are assigned to each phased genotype, where the weight
equals the probability of the phased genotype given the
unphased genotype, based on estimated phased genotype
probabilities.
Because of a concern that a few larger families could be
driving the association ﬁndings, we re-ran the individual
polymorphism association analyses in FBAT, the conditional
logistic regression analyses and the haplotype analyses in
HBAT including only one nuclear family per pedigree. This
resulted in a reduction of the sample to 2156 individuals
(84.3% of the total sample).
We tested eight polymorphisms, and analyzed the sample as a
whole, two strata based on age of onset and two strata based on
APOE-e4 status, as described above. To account for multiple
testing, we used the Bonferroni method, and corrected for 24
tests (i.e. eight polymorphisms tested in the full sample and in
strata based on onset age and APOE-e4 status). We only
counted each stratiﬁcation once because each pair together
comprises the total sample. Similarly, we did not consider
haplotypes in calculating the number of tests because the
haplotypes are composed of the individual polymorphisms.
Because of the extensive correlations among these polymorphisms due to LD, this is a particularly conservative choice, but in
effect it sets a lower bound on the statistical signiﬁcance for
these ﬁndings.
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