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o2-Macroglobulin (A2M) is a proteinase inhibitor found

in association with senile plaques (SP) in Alzheimer’s
disease (AD). A2M has been implicated biochemically in
binding and degradation of the amyloid B (AP) protein
which accumulates in SP. We studied the relationship
between Alzheimer's disease and a common A2M
polymorphism, Vall000 (GTC)/llel000 (ATC), which
occurs near the thiolester active site of the molecule. In

an initial exploratory data set (90 controls and 171
Alzheimer’s disease) we noted an increased frequency

of the G/G genotype from 0.07 to 0.12. We therefore
tested the hypothesis that the G/G genotype is
over-represented in Alzheimer's disease in an
additional independent data set: a group of 359 controls

and 566 Alzheimer’s disease patients. In the hypothesis
testing cohort, the G/G genotype increased from 0.07 in
controls to 0.12 in Alzheimer's disease ( P < 0.05,
Fisher's exact test). The odds ratio for Alzheimer’s
disease associated with the G/G genotype was 1.77
(1.16-2.70, P < 0.01) and in combination with APOE4
was 9.68 (95% CI 3.91-24.0, P < 0.001). The presence of
the G allele was associated with an increase in A 3
burden in a small series. The A2M receptor, A2M-I/LRP,

is a multifunctional receptor whose ligands include
apolipoprotein E and the amyloid precursor protein.
These four proteins have each been genetically linked

to Alzheimer's disease, suggesting that they may
participate in a common disease pathway.

INTRODUCTION

conformational change traps the proteinase. A2M has been
implicated in several pathophysiological processes in Alzheimer’s
disease. A2M immunostains senile plaques ($P))(and binds
amyloid B protein (A3) 1-42 with high affinity (apparentqy
<1.0nM) @). Moreover, recent data suggest that a serine
proteinase—A2M complex can degrad&(B) and trypsin-activated
A2M efficiently degrades Bin vitro and prevents vitro formation

of thioflavin S-positive 4 fibrils as well as £8-induced toxicity of
cultured human cortical neuronal celis.

After being activated, A2M is cleared by the A2M-r/low
density lipoprotein receptor-related protein (A2M-r/LRP).
A2M-r/LRP is a multifunctional receptor and interestingly is also
the primary neuronal apolipoprotein E (apoE) rece[3t6).(LRP
also binds and clears the Kunitz proteinase inhibitor containing
isoforms of the amyloid precursor protein (AP®) Thus A2M
potentially impacts both apoE and APP metabolism in the brain.

Because of these biological links to Alzheimer’s disease, we
studied the possible association of a previously reported
polymorphism in the A2M gene with Alzheimer’s disease. Poller
et al (10) screened 30 normal and 30 pulmonary disease patients
for A2M polymorphisms at or near the active site and reported
three A2M polymorphisms. The most common occurred 25
amino acids downstream from the thiolester site, interchanging
Val1000 (GTC) and 1le1000 (ATC)(). (Numbering is based on
the cDNA sequence which includes a 24 amino acid signal
peptide; this corresponds to Val/lle976 in the mature protein.)
Allele frequencies in their 60 probands were 0.3 (GTC) and 0.7
(ATC). No difference in A2M serum levels was associated with
the two alleles. This polymorphism is especially interesting
because it has the potential to be biologically relevant to the
function of A2M as a proteinase inhibitor because it occurs near
the thiolester active site of the molecule.

RESULTS

o2-Macroglobulin (A2M) is a proteinase inhibitor which inhibits Our initial exploratory experiment tested the possibility that the
proteinases of all classes by a steric trapping mechanism. Tless common form of A2M (the ‘G’ allele) would be associated
tetrameric A2M structure undergoes a conformational change upuarith Alzheimer’s disease. Because of the potential for error due
cleavage of a peptide bond in the bait region by a proteinase and thisnultiple hypothesis testing, we planned to use the initial data
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A/AGMAG/S e 1S bp (Table1). The G allele was not over-represented in this data set
532 bp - a2 bp (control =0.32; Alzheimer’s disease = 0.34). No difference in age
420 bp m== == of onset between G/G and non-G/G was found in the second data
W 359 bp set. Multivariate analysis showed that site of collection did not
. influence genotype frequencies. We also compared the rate in
246 bp controls to the subset of 387 clinic-based Alzheimer’s disease

cases (G/G frequency = 11.4P= 0.06) and the subset of 179
Sfamilial Alzheimer’s disease samples (G/G frequency = 12.7%,
P =0.056) and found essentially equal over-representation of G/G

@each. These data support an association of the G/G genotype

Figure 1. Electrophoresis pattern of restriction digest demonstrating band
representing the G (532 bp) and the A alleles (429 bp).

set as an exploratory data set, with the intent to formulate speci
hypotheses which would then be tested formally in a secon
independent data set. We genotyped 90 non-Alzheimer’
individuals who had either undergone screening tests with t
Blessed dementia scal&lj or whose DNA had been isolated

th Alzheimer’s disease.

We then carried out a series of exploratory analyses using
ooled data from all individuals (737 Alzheimer’'s disease
yatients and 449 controls). The G/G genotype was present in

0, I 1 0
from autopsy material and were demonstrated to not ha11.9A) of the Alzheimer patients and 7.3% of the controls

TS AN . L < 0.01, Fisher’s exact test). The genotype frequency in
Alzheimer’s disease and 171 individuals who either had a clinical ; ; 4 o 1
diagnosis of Alzheimer's disease or neuropathologically prove ontrols was consistent with a Hardy—Weinberg equilibrium. Age

C e A . f onset was not different between Alzheimer’s disease patients
Alzheimer’s disease (Tably. Genotypes were determined by . X
PCR amplification of DNA and restriction enzyme digestionWIth G/G (70.0+ 9.2, meant SD) and non-G/G carriers

: : 0.6 + 9.1). Amultivariate logistic model that controlled for the
(Fig. 1). In our control series, the G allele frequency was 0.28 arg ;
six of 90 individuals contained the G/G genotype (0.067). In tﬁggegggoghfzg%%gefggg gfi??ﬁé S?g;\éendcgrgfigiﬂ%'/%m
Alzheimer’s disease set, the G allele frequency was 0.32. no( eOThe. re_se.nce’AiP(.)Ezlin this rFr)wdeI was associated
noticed that the G/G genotype frequency was increased in {fgnotype. P

Alzheimer’s group at 0.12 (Tabl®). These results suggest aW('th an t(.)dd? tﬁ‘tio of §:21t.(950/‘:c g/ 52255055 Ogog:sl)' g-gg/e
possible influence of this A2M polymorphism as a genetic ris S ratio ot the combination o . IS 9.06 (95%
factor for Alzheimer’s disease. | 3.91-24.0P < 0.001) relative to those with neither risk factor.

To explore whether the G/G-mediated risk was influenced by the
. . . presence or absence APOE4 we stratified the sample by the
Table 1. Over-representation of the A2M G/G genotype in Alzheimer’s presence or absence APOE4 Similar over-representations of

disease the G/G genotype were seen in the strata with or withB@E4
suggesting that the effects of the two risk factors are independent.
n G allele (%) G/G genotype (%)  \yltivariate analysis for interaction between the G/G genotype
Exploratory data set and either APOE4 or gender demonstrated no interactions
Control 90 0.28 0.07 (P > 0.5 for interaction terms). Analysis based on the
AD 171 0.32 0.12 Mantel-Haenszel estimator suggested no heterogeneity of odds
Hypothesis testing data set ratios betwe_en strata with and \_NlthoAP_OE4 (P > 0.5),
Control 359 0.32 0.07 consistent with the absence of an interaction between A2M and
AD 566 0.34 0.1 APOE4in our logistic regression model._ _ _

_ We next turned our attention to possible biological effects of
Combined data set (total) inheritance of the A2M G/G genotype. Our previous studies of
Control 449 032 0.07 A2M immunohistochemistry in Alzheimer brain suggested that
AD 737 0.34 0.12 SP in different cases stained with varying intensily We

explored the possibility that this variability was due to different
%P < 0.05°P < 0.01. genotypes by immunostaining eight Alzheimer’s disease cases

known to be G/G or A/A genotype. In all instances, A2M

To formally test the hypothesis that the G/G genotype of A2Nmmunoreactivity was present robustly on SP, astrocytes and
is over-represented in Alzheimer’s disease, we collected amgurons and no qualitative differences were observed between the
genotyped additional independent groups of patients argenotype groups.
controls. Power analysis showed that >500 Alzheimer’s diseaséWe also explored what effect inheritance of the A2M G/G
and control individuals would be necessary to have an 80genotype had on the neuropathological phenotype of Alzheimer’s
chance of showing a difference between genotype frequenciestisease (Table2). We have previously used stereological
0.07 and 0.12. We therefore collected cases and controls frdachniques and quantitative image analysis to measure the
several sites in order to approximate this number of samples. Tagount of A present (amyloid burden) in the neocortical
second data set consisted of individuals who met the same criteigsociation area surrounding the superior temporal sulcus and the
for Alzheimer’s disease or control as the hypothesis generatimymber of neurofibrillary tangles present in the same re@@)n (
set and were derived from sporadic Alzheimer’s disease patierftkirty one of these previously analyzed Alzheimer’s disease
in Massachusetts, from three European centers and frozases were A2M genotyped and selected for further analysis.
probands of a multicenter US study of sib pairs and smadlhitial inspection of the data suggested an increasef@innA
families. The results from the second data set supported tmelividuals who were A/G or G/G, with no difference between
hypothesis, with G/G genotype frequencies of 0.07 in controkhese two groups. A statistically significant increase B A
and 0.12 in Alzheimer’s disease € 0.05, Fisher's exact test) deposition was seen when comparing the G-containing cases with
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the non-G-containing cases (8.8.8 versus 6.61.9%,P<0.03, disease. Infact, a polymorphism in A2M-r/LRP itself has recently
unpairedt-test). The effect appears to be primarily due to théeen reported in two studies to show a genetic association with
presence of at least one G allele, in that no difference betweaizheimer’s diseasel{,18).

A/G and G/G genotypes was observed, although our sample sizélthough there is a strong biological rationale for the
limits the power of this comparison. There were no statisticallinvolvement of an A2M polymorphism in Alzheimer’s disease,
significant differences in neurofibrillary tangle number with Gthe possibility remains that the genetic association we observe

alleles, suggesting a specific effect oy deposition. reflects linkage with another mutation or polymorphism either in
the A2M gene itself or in a nearby gene on chromosome 12. The
Table 2. Neuropathological correlates of the A2M genotype A2M gene residels25 cM distal of the marker D12S51042, which
yielded the maximal LOD score in a recent linkage study,
Genotype  n Amyloid burden (%)  Neurofibrillary tangles X103) suggesting that chromosome 12 contains an Alzheimer risk factor
A 10 66:lF 69:42 (19). However, the likelihood that A2M itself is a risk factor is
supported by the results of a recent separate study, in which we
AG+GIG 21 8828 90150 observed an association between an introh&p(ie site of exon
Meant SD. 18) pentanuclectide deletion (allele 2) within the A2M gene and

bp < 0.03 t-test. Alzheimer’s disease in a sibship analysis of Alzheimer’s disease

on = 17 for this measurement. sib pairs and small Alzheimer’s disease famili&3.(Our current
results extend this observation by showing linkage of a missense
mutation in a case—control sample rather than family-based

DISCUSSION association. We are currently studying how the two A2M

Exploratory studies of genetic risk factors run the risk of type I errofe0lymorphisms relate to one another; our preliminary results are
because of the large number of hypotheses that are either explic?t sistent with the hypothesis that they act as independent risk
or implicitly being tested. Alternatively, type Il errors can occur if actors. Initial study ofa grogp.evaILljated for both polymgrpmsms
sample size is insufficient. In order to overcome some of thel99ests that the G allele is inherited with the 10aIIeIe, of 70 G
difficulties inherent in exploratory studies of genetic risk factors w&"fomosOmes examined (35 G/G individuals), 97% were allele 1
used independent data sets to first generate, then test the hypot 3% were aIIeIze 2, compar ed W'tr,] an aIIeI_e 2 frequency of
that the G/G genotype is associated with Alzheimer's disease. Twi>72 € < 0.005x= analysis with Yate's correction).
separate control populations gave identical genotype frequencies! 2K€N together, we believe that polymorphisms in the A2M gene
our hypothesis testing data set was itself made up of two group¥y contribute to risk for Alzheimer’s disease. Moreover, these data
(sporadic AD and probands from a multicenter study of AlzheimerSUS attention on mechanisms of pathophysiology that impact on
disease sib pairs and small families) each of which gave essentidgM-7LRP or its ligands, including clearance mechanisms
identical genotype frequencies and over-representation of the Gjgediated by A2M-r/LRP7,14), and suggest that other A2M-r/LRP
genotype. The A2M GIG effect was not dependentABOE igands may be candidate Alzheimer’s disease genes as well.
genotype and the effect was additive and substantial: the odds ratio
of G/G in the presence of APOE4allele showed an almost 10-fold MATERIALS AND METHODS
increased risk. Power analysis using the size of effect observed in gﬂrb'ects
combined data set (usifig00 samples) suggests that a group siz 4
of 578 controls and 578 Alzheimer's disease patients would & initial hypothesis generating data set was established from 171
necessary to have anof 0.05 and @ of 80% for the hypothesis Alzheimer’s disease patients with a clinical history of probable
that the G/G genotype is increased from 0.07 to 0.12 in Aizheimeizheimer’s disease and 90 age-compatible control individuals,
disease. who were primarily spouses of the patients. A second hypothesis
The association of the G/G A2M genotype as a risk factor ifesting data set was collected from several sources in an attempt
Alzheimer’s disease leads to several interesting mechanistigapproximate the >500 patients and controls estimated by power
interpretations. Previous data have shown that AZ2Mpnalysis to adequately test the hypothesis that the G/G genotype
immunostains SP and have implicated A2M in amyloid precurses over-represented in Alzheimer's disease. These individuals
protein metabolismi(3) as well as possible interactions with included additional cases of 380 sporadic Alzheimer disease and
binding of A3 (4) and mediation of degradation oBA5,6). 337 controls matched for site (primarily cognitively tested
A2M-A complexes undergo endocytosis via the A2M-r/LRPspouses) collected from the Massachusetts General Hospital
receptor {4). A2M associates with B and prevents fibril Memory Disorder Unit and from a consortium of European
formation (L5). In addition, A2M can be viewed as a (sub)acuteCenters (University of Hamburg, Germany, University of Basel,
phase reactive molecule and as a potent proteinase inhibi®itzerland and S. Cuore Fatebenefratelli Hospital, Brescia,
which might participate in the inflammatory response intaly) and 179 probands from a multicenter study of Alzheimer
Alzheimer brain. Interestingly, A2M has also been implicated agisease sib pairs and small Alzheimer’s disease fanfligs (
a trophic factor, possibly as a result of binding and transporting
a number of polypeptide growth factors and cytokinég (ike ; ;
apoE, A2M may serve as a binding protein for targeting variou'%zwI polymorphism genotyping
bioactive molecules to their site of action or clearing th&yn ( Genomic DNA isolated from brain tissue and blood was
Finally, the fact that apoE and APP, two other ligands of thamplified by PCR in the presence of oligonucleotide sense primer
A2M-r/LRP receptor are clearly involved in the pathophysiologyC23 (3-ATC CCT GAA ACT GCC ACC AA-3 and antisense
of Alzheimer’s disease, support the plausibility of the idea that gorimer AS24 (5GTA ACT GAA ACC TAC TGG AA-3),
A2M polymorphism might contribute to risk of Alzheimer’s 10 mM Tris—HC1, 50 mM KC1 (pH 8.3), 1.5 mM Mg&d mM
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dNTPs, 5 pmol each primer and 1.25 U Taq DNA polymerase3. Rebeck,G.W., Harr,S.D., Strickland,D.K. and Hyman,B.T. (1995) Multiple,
The PCR was carried out in a touchdown procedure that stepped diverse senile plaque-associated proteins are ligands of an apolipoprotein E

. . . P receptor, the alpha 2-macroglobulin receptor/low-density-lipoprotein recep-
down the annealing temperature to increase primer specificity as ;" cjaied proteinAnn. Neural 37, 211-217.

follows: one cycle at 94C for 5 min; four cyclesat 9€ for30's, 4. pu,Y, Ni,B., Glinn,M., Dodel,R.C., Bales,K.R., Zhang,Z., Hyslop,P.A. and

65°C for 30 s, 72C for 1 min; four cycles at 9€ for 30 s, 62C Paul,S.M. (1997) Alpha 2-macroglobulin as a beta-amyloid peptide-binding
for 30 s, 72C for 1 min; four cycles at 9€ for 30 s, 59C for . %@Sn\;laQPf?ltggné-) ’\Seurocdh?m69ff299—l39§>-b orotein b _ t
. . Qiu,W.Q. egradation of amyloid beta-protein by a serine protease
3008’ 72C for. 1 min; 20 cycles at 9¢ for_30 s, 56C for 30's, alpha 2-macroglobulin compleX. Biol. Chem 271, 8443-8451.
72°C for 1 min; one cycle at 7Z for 5 min. 6. Zhang,Z., Drzewiecki,G.J., May,P.C., Rydel,R E., Paul,S.M. and Hyslop,P.A.
In each reaction mixturédylbol was added to the amplified (1996) Inhibition of alpha 2-macroglobulin/proteinase-mediated degradation
product of 615 bp and digestion carried out at@7Tor 3 h, of amyloid beta peptide by apolipoprotein E and alpha 1-antichymotrypsin.

producing fragments of 532 (G allele) or 429 bp (A allele). The_ nt. J- Exp. Clin. Invest3, 156-161.

. 7, Rebeck,G.W., Reiter,J.S., Strickland,D.K. and Hyman,B.T. (1993) Apolipo-
0
digested product was loaded onto a 2% agarose gel treated W'Eh protein E in sporadic Alzheimer’s disease: allelic variation and receptor

ethidium bromide (0.005%) and electrophoresed for 2 h under interactionsNeuron 11, 575-580.
constant voltage (150 V), which is sufficient to separate thes. Strickland,D.K., Ashcom,J.D., Wiliams,S., Burgess,W.H., Migliorini,M.
digested product so that the 532 and 429 bp bands can be and Argraves,W.S. (1990) Sequence identity betweemZtraacroglobulin

ot ; ; receptor and low density lipoprotein receptor-related protein suggests that
distinguished. After electrophoresis, DNA fragments were this molecule is a multifunctional receptod. Biol. Chem 265

visualized by UV illumination using a Bio-Rad Gel Doc system.  17491-17404.

Incomplete digestion was monitored by the continued presence of Kounnas,M., Moir,R., Rebeck,G., Bush,A., ArgravesW. TanziR.,
the 615 bp product. Hyman,B.T. and Strickland,D. (1995) LDL receptor-related protein, a

Immunohi hemical analvsi nti-A2M anti 1: multifunctional ApoE receptor, binds secrefidmyloid precursor protein
unohistochemical analysis used ant a tbOdy( 500) and mediates its degradati@ell, 82, 331-340.

from Zymed. A goat Cy3-I|nkeq se(_:on(_jary antlbo_d_y (‘]aCkSO@O. Poller,W., Faber,J.P., Klobeck,G. and Olek,K. (1992) Cloning of the human
Immunoresearch) was used to visualize immunostaining. In SOMe apha 2-macroglobulin gene and detection of mutations in two functional
instances, double immunofluorescence was carried out witfsan A domains: the bait region and the thiolester biten. Genet 88, 313-319.
counterstain (antibody 10D5, courtesy of Dr D. Schenk, Athentl- Blessed,G., Tomlinson,B.E. and Roth,M. (1968) The association between

; : v AT : quantitative measures of dementia and of senile change in the cerebral grey
Neurosciences) using bodipy-fluorescein-linked secondary antibody matter of elderly subject8r. J. Psychia 114 797811,

(MOIeCUIar PrObeS) as the second fluorochrome. Quantitati\@. Go6mez-Isla,T., Hollister,R., West,H.L., Mui,S., Growdon,J., Petersen,R.,

neuropathological techniques for measuring Aurden and Parisi,J. and Hyman,B.T. (1997) Neuronal loss parallels but exceeds tangle
neurofibrillary tangles number in the superior temporal sulcus area formation in Alzheimer's diseas&nn. Neural, 41, 17-24.
have been previously pub|iShemI. 13. Ganter,U., Strauss,S., Jonas,U., Weidemann,A., Beyreuther,K., Volk,B.,

Berger,M. and Bauer,J. (1991) Alpha 2-macroglobulin synthesis in interleu-
e kin-6 stimulated human neuronal (SH-SY5Y neuroblastoma) ¢#iBS
Statistical methods Lett, 282 127-131.

. . 14. Narita,M., Holtzman,D., Schwartz,A. and Bu,G. (1997) Alpha-2 macro-
Comparisons _Of AZM allele fre_quency (proportlon of globulin complexes with and mediates the endocytofisanfiyloid peptide
chromosomes in which an allele is present) and genotype via cell surface low-density lipoprotein receptor related progeinleuro-
frequency (proportion of individuals with a genotype) were chem, 69, 1904-1911.
performed with 2x 2 tables using Fisher's exact test for 15. Hughes,S., Khorkova,O., Goyal,S., Knaeblein,J., Heroux,J., Reidel,N. and

i Aifi : e i Sahasrabudhe,S. (1998) Alpha-2-macroglobulin associate$ aitfyloid
significance. Age of onset of Alzheimer’s disease was normally peptide and prevéms f)ibr”pformaﬂo'ﬁ,_m% Natl Acad. SC?‘”U";VA%

distributed and compared byest. Multivariate analysis for odds 3075-3280.

of Alzheimer’s disease was performed by logistic regression withs. Borth,w. (1992x2-Macroglobulin, a multifunctional binding protein with
APOE genotype coded according to the presence or absence of targeting characteristicASEB J 6, 3345-3353.

APOE4 Similar results were obtained when the group with-’- K@ngD.E., Saitoh.T. ChenX. Xia,Y., MasliahE., HansenL.A. Tho-

APOE4 ded tel het t A t mas,R.G., Thal,L.J. and Katzman,R. (1997) Genetic association of the
Was coded separately as heterozygoles or nomozygotes low-density lipoprotein receptor-related protein gene (LRP), an apolipopro-

for this allele. Odds ratios are presented With_ 95% confidence tein E receptor, with late-onset Alzheimer’s disediirology 49, 56-61.

intervals (Cls). All analyses were performed with Stata softwar&s. Hollenbach,E., Ackermann,S., Hyman,B.T. and Rebeck,G.W. (1998) Con-

(College Park, TX). All significance tests were two-tailed. firmation of an association between a polymorphism in exon 3 of the
low-density lipoprotein receptor-related protein gene and Alzheimer’s
diseaseNeurology 50, 1905-1907.
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