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Abstract
Low cerebrospinal fluid (CSF) Aβ42 levels correlate with increased brain Aβ deposition in
Alzheimer’s disease (AD), which suggests a disruption in the degradation and clearance of Aβ
from the brain. In addition, APOE ε4 carriers have lower CSF Aβ42 levels than non-carriers. The
hypothesis of this investigation was that CSF Aβ42 levels correlate with regulatory region
variation in genes that are biologically associated with degradation or clearance of Aβ from the
brain. CSF Aβ42 levels were tested for associations with Aβ degradation and clearance genes and
APOE ε4. Twenty-four SNPs located within the 5′ and 3′ regions of 12 genes were analyzed. The
study sample consisted of 99 AD patients and 168 cognitively normal control subjects. CSF Aβ42
levels were associated with APOE ε4 status in controls but not in AD patients; A2M regulatory
region SNPs were also associated with CSF Aβ42 levels in controls, but not in AD patients, even
after adjusting for APOE ε4. These results suggest that genetic variation within the A2M gene
influences CSF Aβ42 levels.
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1 Introduction
Amyloid precursor protein (APP) is an integral membrane protein that is expressed in many
cell types, including neurons (Brunholz, et al., 2012, Chasseigneaux and Allinquant, 2012).
APP has been implicated in synapse formation and neuronal plasticity (Hoe, et al., 2012,
Marcello, et al., 2012), but it is best known as the protein whose cleavage generates amyloid
beta (Aβ), a peptide that is the primary component of the amyloid plaques found in
Alzheimer’s disease (AD) (Hyman, 2011).

Many proteins are involved in the posttranslational cleavage of APP into Aβ, but there are
two main pathways through which APP appears to undergo cleavage. In a pathway that
negates the production of Aβ, an APPα fragment is produced through cleavage by the
enzyme α-secretase. A number of proteins have been implicated as having α-secretase
activity, including ADAM10 (Deuss, et al., 2008, Postina, 2008). In an alternative cleavage
pathway, a soluble APPβ fragment and a C terminal fragment (βCTF) are produced through
APP cleavage by β-secretase, perhaps by two enzymes, BACE1 and BACE2, that are known
to have β-secretase activity (Ewers, et al., 2008, Stockley and O’Neill, 2007, Sun, et al.,
2005, Wu, et al., 2008, Zetterberg, et al., 2008). The βCTF produced by this β-secretase
activity is bound to the membrane and can subsequently undergo γ-secretase cleavage to
produce an Aβ peptide ranging in size from 35–42 amino acids. Several protein subunits
form the γ-secretase protein complex, including presenilin (either presenilin 1 or presenilin
2), nicastrin, APH1, and PEN2 (Baulac, et al., 2003, Francis, et al., 2002, Kimberly, et al.,
2003).

Multiple APP cleavage products, including Aβ, are normally present in the brain and
cerebrospinal fluid (CSF) (Seubert, et al., 1992), and the levels of these cleavage products
may be associated with cognitive decline. For example, low CSF Aβ42 levels are associated
with age and the apolipoprotein E (APOE) ε4 genotype in cognitively normal adults
(Peskind, et al., 2006), and CSF Aβ42 levels are significantly lower in patients with AD and
mild cognitive impairment compared to cognitively normal controls (Galasko, et al., 1998,
Motter, et al., 1995, Sunderland, et al., 2003). In addition, low CSF Aβ42 levels are
associated with both AD and Aβ deposition in the brain (Fagan, et al., 2006, Tapiola, et al.,
2009, Visser, et al., 2009).

Evidence suggests that the steady-state levels of CSF Aβ are maintained not only by its
production but also by its degradation and clearance (Sagare, et al., 2012). Modulated
production and clearance of the Aβ peptide in the brain is implicated in the complex
pathological cascade of AD, which may be caused by overproduction of the Aβ peptide or
by impaired clearance of Aβ from the brain. Clearance decreases with increased aggregation,
decreased degradation, disturbed blood-brain barrier transport, or inefficient peripheral
removal of the peptide (Liu, et al., 2012, Miners, et al., 2011, Sagare, et al., 2012). Previous
studies have shown that ApoE interacts with and promotes the clearance of Aβ from the
interstitial fluid of the brain (Castellano, et al., 2011). Many other proteins have been
associated with Aβ degradation and clearance in AD, including neprilysin, endothelin-
converting enzyme, angiotensin I converting enzyme, insulin-degrading enzyme,
plasminogen, matrix metallopeptidase 9, receptor for advanced glycation end products, low-
density lipoprotein receptor-related protein 1, low-density lipoprotein receptor-related
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protein 8, ATP-binding cassette, sub-family B (P-glycoprotein), clusterin (apolipoprotein J),
and α2-macroglobulin (Liu, et al., 2012, Miners, et al., 2011, Sagare, et al., 2012).

Given that multiple proteins have been associated with the degradation and clearance of Aβ,
and that lower CSF Aβ42 levels are associated with AD, older age, and the APOE ε4 allele,
we hypothesized that SNPs within the noncoding regions of genes that encode proteins
biologically implicated in the degradation and clearance of Aβ may correlate with CSF Aβ42
levels. We therefore analyzed the relationship between CSF Aβ42 levels and 24 SNPs
located within the 5′ and 3′ regions of 12 Aβ degradation and clearance genes, as well as
APOE SNPs that designate the APOE ε4 allele, while taking into account age, gender, race,
and APOE ε4 status.

2 Methods
2.1 Participants

Following informed consent, 168 healthy, cognitively normal, older control subjects (age >
51) and 99 AD patients (Table 1) underwent extensive evaluation that consisted of medical
history, family history, physical and neurologic examination, laboratory tests, and
neuropsychological assessment; information was obtained from participants and from
informants for all AD patients. All procedures were approved by the institutional review
boards of the participating institutions.

All control subjects were found to have normal cognition after undergoing a thorough
clinical and neuropsychological assessment including Logical memory (immediate and
delayed), Category fluency for animals and Letter S, and Trail Making tests A and B. All
controls had Mini-Mental State Exam (MMSE) scores > 26 and Clinical Dementia Rating
(CDR) scale scores of 0 (Peskind, et al., 2006).

All AD patients were participants in research clinical cores at their respective institutions.
Clinical diagnoses of AD were made according to well-established consensus criteria
(McKhann, et al., 1984, Petersen, et al., 1999). No AD patients had a known AD-causing
mutation or a family history of AD that would suggest autosomal-dominant AD.

2.2 Cerebrospinal fluid (CSF)
All CSF samples were collected in the morning after participants fasted overnight. CSF
samples were collected using the Sprotte 24-g traumatic spinal needle while participants
were in either a lateral decubitus or sitting position (Peskind, et al., 2006, Peskind, et al.,
2005). The samples were aliquoted at the bedside, frozen immediately on dry ice, and then
stored at −80°C until they were assayed. Results reported here are from assays run from
comparable lumbar puncture fractions to limit variability from rostrocaudal concentration
gradients. Aβ42 was measured using a sensitive multiplex xMAP Luminex platform
(Luminex Corp, Austin, TX) with Innogenetics (INNO-BIA AlzBio3; Ghent, Belgium; for
research use–only reagents) as previously described (Olsson, et al., 2005, Shaw, et al.,
2009). The intra-assay coefficient of variation was < 10% for all assays.

2.3 Genes and SNP selection
Twelve genes were chosen for their biologically characterized role in APP degradation and
clearance. SNPs were chosen within these genes according to the following criteria: (1) A
chosen SNP was located within a known or putative regulatory region of the gene, and when
necessary, tagging SNPs were chosen to capture putative regulatory regions; (2) a chosen
SNP had a minor allele frequency (MAF) of ≥ 0.1 in the HapMap Caucasian (CEU)
population and a minor genotype frequency in our study sample of ≥ 0.01; and (3) a SNP
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genotyping assay was commercially available for a chosen SNP. Based on these criteria, 24
SNPs were selected (Table 2). An additional SNP (rs429358) was also genotyped to
determine APOE ε4 status.

2.4 SNP genotyping
Genomic DNA was genotyped using TaqMan allelic discrimination detection on 384 well
plates as described previously (Bekris, et al., 2008). For each reaction, SNP TaqMan Assay
(Applied Biosystems), TaqMan Universal PCR Master Mix (Applied Biosystems), and
DNA were pipetted into each well. PCR was carried out using a 9700 Gene Amp PCR
System (Applied Biosystems). Plates were then subjected to an end-point read on a 7900
Real-Time PCR System (Applied Biosystems). The results were first evaluated by cluster
variations; the allele calls were then assigned automatically before being integrated into the
genotype database.

2.5 Statistical analysis
SNP genotype frequencies (FF vs. EE vs. EF, where F denotes the major allele and E
denotes the minor allele) were tested for Hardy-Weinberg equilibrium and also compared
between groups (AD patients vs. control subjects) using the chi-squared test. To adjust for
age, gender, race, and APOE ε4 status, we performed logistic regression using these
covariates and the particular SNPs as predictor variables and the disease status as the
response variable. We also compared the frequency of collapsed genotype groups (absence
or presence of the minor allele; i.e., FF vs. combined EE and EF) between AD patients and
control subjects after adjusting for covariates. All subsequent analyses involving SNPs were
based on the collapsed genotype group.

CSF Aβ42 levels were initially compared between AD patients and control subjects using the
t-test. We then used a linear regression model to examine the relationship between APOE ε4
status and CSF Aβ42 levels while taking into account gender, age, race, and disease status.
This regression model included CSF Aβ42 level as the dependent variable; gender, age, race,
APOE ε4 status, and disease status as the predictor variables; and a disease status–by–APOE
ε4-status interaction term to allow for the effect of APOE ε4 status to potentially vary
between disease groups. Next, we used regression models to examine the relationship
between the SNPs and CSF Aβ42 levels. Each initial model (one for each SNP) included the
CSF Aβ42 level as the dependent variable and the same predictor variables as in the
previously described APOE ε4 model, along with the SNP and a disease status–by–SNP
interaction term to allow the effect of SNP to potentially vary between disease groups. In
cases where a significant SNP effect was found, we then investigated the effect of that SNP
separately within each disease status group, allowing for a SNP–by–APOE ε4-status
interaction term. Diagnostic plots of model residuals were inspected to assess any major
departures from normality or homoscedasticity.

As a sensitivity analysis, we constructed a random forest model (Breiman, 2001, Liaw,
2002) using CSF Aβ42 level as the dependent variable and disease status, gender, age, race,
APOE ε4 status, and all 24 SNPs as the predictor variables. The random forest algorithm
uses multiple tree-based models to predict Aβ42 levels, has built-in cross validation, and
inherently adjusts for interactions between predictor variables. The importance of a predictor
is quantified by the average increase in mean squared error across all trees that occurs when
the values of the predictor are randomly permuted for the out-of-bag (OOB) cases (i.e., the
set of observations that are not used for building the current tree). Following the
recommendation of Nicodemus et al. (Nicodemus, et al., 2010), we used unscaled measures
of importance in these analyses.
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Statistical analyses were performed in SPSS (version 14) and R (version 2.12.2; R
Development Core Team, 2009; http://www.R-project.org.). When correcting for multiple
comparisons, the Holm method was used (Holm, 1979).

3 Results
3.1 SNP genotype frequency

Twenty-four SNPs from 12 APP degradation- and clearance-related genes were genotyped
(Table 2). All 24 SNPs passed the test for Hardy-Weinberg equilibrium (i.e., p > 0.05 for all
tests). A comparison of genotype frequency between AD patients and control subjects
indicated that only the frequency of NEP rs12765 was significantly different between
disease groups, and this difference only occurred when the genotypes were collapsed into
two groups (i.e., major genotype FF vs. combined minor genotypes EE and EF), both before
and after adjusting for age, gender, race, and APOE ε4 status (unadjusted p = 0.020, adjusted
p = 0.038). However, after correcting for multiple comparisons, the significance of this
frequency difference disappeared.

3.2 CSF Aβ42 levels by disease group and APOE ε4 status
Figure 1 shows CSF Aβ42 levels for cognitively normal control subjects and AD patients,
including 95% confidence intervals for the means. We found that CSF Aβ42 levels were
significantly lower in AD patients (mean: 106 pg/ml, standard deviation (SD): 28 pg/ml)
than in controls (mean: 152 pg/ml, SD: 37 pg/ml; 46 pg/ml reduction, p < 0.001, effect size:
1.4, 95% confidence interval (CI) for reduction: 37, 54pg/ml). Figure 2 shows CSF Aβ42
levels by disease group and APOE ε4 status and includes unadjusted 95% confidence
intervals for the means. After controlling for gender, age, and race, there was a significant
disease group–by–APOE ε4-status interaction (p = 0.002). Control subject Aβ42 levels were
significantly lower for APOE ε4 carriers than non-carriers (31 pg/ml reduction, p < 0.001,
effect size: 1, 95% CI for reduction: 21, 41 pg/ml), whereas among AD patients there was no
significant difference in Aβ42 levels between APOE ε4 carriers and non-carriers (p = 0.46).

3.3 SNP genotype effect on CSF Aβ42 levels
Each SNP was tested individually for its effect on CSF Aβ42 levels in AD patients and
controls. Figure 3 shows the effect of SNP on Aβ42 levels for each of the 24 APP
degradation- and clearance-related SNPs based on the linear regression model described in
the Methods section. For each disease group (i.e., control subjects or AD patients), the figure
shows either an increase or decrease in Aβ42 level for the minor SNP group (EE, EF)
compared to the major SNP group (FF), including 95% confidence intervals unadjusted for
multiple comparisons. For example, Aβ42 levels were higher for minor allele carriers of the
A2M rs226379 SNP within the control group.

Within the control group, CSF Aβ42 levels were significantly higher for A2M rs1805667
minor allele carriers compared to major genotype carriers—and this significance remained
after performing a Holm correction for multiple comparisons (p = 0.002, Holm corrected p =
0.04) (Figure 3). CSF Aβ42 levels were also significantly higher for minor allele carriers
compared to major genotype carriers for the A2M rs226376 SNP, and this finding almost
achieved significance after correcting for multiple comparisons (p = 0.003, Holm corrected
p = 0.06). None of the other SNPs reached significance after correction for multiple
comparisons. For example, within the AD group, CSF Aβ42 levels were significantly higher
for minor allele carriers compared to major genotype carriers for the LRP1 rs7956957 SNP,
but this finding did not remain significant after correcting for multiple comparisons (p =
0.03, Holm corrected p = 0.63).

Millard et al. Page 5

Neurobiol Aging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.R-project.org


3.4 Effect of APOE ε4, A2M rs226376, and rs1805667 genotype on CSF Aβ42 levels
The A2M gene was the only gene in this analysis that remained significant after performing
a Holm correction for multiple comparisons (Figure 3). The nature of this difference is
summarized in Figure 4 for both of the two relevant A2M SNPs: rs226376 and rs1805667.
The effects of these SNPs were analyzed separately for control subjects and AD patients,
and these analyses included gender, race, age, and APOE ε4 status as covariates, as well as a
SNP-by–APOE ε4-status interaction term. The effects of SNP and APOE ε4 were additive,
that is, neither of the SNPs displayed a significant SNP-by–APOE ε4 status interaction
effect, either within controls (p = 0.78 for rs226379, p = 0.46 for rs1805667) or within AD
patients (p = 0.36 for rs226379, p = 0.11 for rs1805667). Within control subjects, there was
a significant difference between minor allele carriers and major genotype carriers for both
SNPs, with the major genotype carriers showing decreased levels of Aβ42 (15 pg/ml
reduction, p = 0.017, effect size of 0.48, 95% CI for reduction: 3, 27 pg/ml for rs226379; 14
pg/ml reduction, p = 0.026, effect size of 0.45, 95% CI for reduction: 2, 26 pg/ml for
rs1805667). Just as with APOE ε4 (Figure 2), within AD patients there was no significant
difference in Aβ42 levels between allele carrier groups for either SNP (p = 0.78 for
rs226379; p = 0.49 for rs805667).

3.5 Random forest results
A random forest model with CSF Aβ42 level as the dependent variable and disease status,
gender, age, race, APOE ε4 status, and all 24 SNPs as the predictor variables explained 40%
of the variance in Aβ42 levels (Figure 5). The five most important variables, based on
unscaled importance, were disease status (diagnosis), APOE ε4 status, age, and the two A2M
SNPs: rs226376 and rs1805667.

4 Discussion
The aim of this investigation was to determine whether CSF Aβ42 levels correlate with
genetic variation in the regulatory regions of genes that are biologically associated with the
degradation and clearance of Aβ in the brain. We analyzed twelve of these genes for
correlations between the SNPs in their regulatory regions and CSF Aβ42 levels, and we
found that two SNPs in the A2M gene were significantly correlated with CSF Aβ42 levels.
Moreover, the 3′ region A2M SNP (rs1805667) remained significant after correction for
multiple comparisons (Figure 2). These results are supported by a random forest analysis
where the A2M SNPs were identified as the two most important variables for predicting CSF
Aβ42 levels after disease status, APOE ε4 status, and age (Figure 5).

In addition, we found that CSF Aβ42 levels in cognitively normal subjects were significantly
lower in APOE ε4 carriers than in non-carriers, whereas in AD patients the presence or lack
of an ε4 allele showed no relationship to CSF Aβ42 levels (Figure 2). These results are
consistent with previous reports in cognitively normal controls of lower Aβ levels in APOE
ε4 carriers than in ε4 non-carriers (Lim, et al., 2012, Peskind, et al., 2006). Given that
among controls CSF Aβ42 levels were lower in APOE ε4 carriers than in non-carriers, we
further hypothesized that the effect of APOE ε4 on CSF Aβ42 levels would be enhanced in
the presence of certain A2M genotypes. Indeed, cognitively normal controls who carried
A2M rare alleles (EF, EE) but not APOE ε4 had significantly higher CSF Aβ42 levels than
A2M common genotype (FF) carriers who also carried APOE ε4 (Figure 4). Given that low
CSF Aβ42 levels are associated with both AD and Aβ deposition in the brain (Fagan, et al.,
2006, Tapiola, et al., 2009, Visser, et al., 2009), these results suggest that A2M rare allele
carriers that are APOE ε4 non-carriers have the greatest level of protection against Aβ
deposition, whereas APOE ε4 carriers with the A2M common genotype are the most
susceptible to Aβ deposition.
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Interestingly, in AD patients, we found no relationship between CSF Aβ42 levels and APOE
genotype (Figure 2), nor between CSF Aβ42 levels and A2M genotype (Figure 4). This
suggests that although genotype may influence CSF Aβ42 levels in cognitively normal
controls, genotype does not appear to play a role once subjects have progressed to AD.
Furthermore, it is possible that other distant uncharacterized regulatory regions were not
detected using the regulatory region tagging SNPs chosen for this study, and this may
contribute to the lack of a CSF Aβ42 association with other Aβ clearance or degradation
genes in either AD or controls. Although an advantage of this investigation, in contrast to
genome-wide association studies, is that our hypothesis tested a specific biological pathway,
a limitation to this approach is that only a few SNPs were used to capture putative regulatory
genetic variation within and surrounding the genes of interest. In addition, a positive SNP
may represent a surrogate marker for a true functional SNP that was not analyzed in this
study. Additional functional studies are needed to fine-map the specific contribution of the
genetic variation within and surrounding the A2M gene to both protein activity and gene-
expression levels.

The A2M gene encodes alpha-2-macroglobulin (alpha2M), a protein which has many
diversified and complex functions, including the inhibition of a broad spectrum of proteases
without the direct blockage of the protease active site (Rehman, et al., 2013). When
activated by proteases, alpha2M functions as an extracellular chaperone that inhibits
amorphous and fibrillar protein aggregation (Wyatt, et al., 2013). It is also implicated in the
clearance of the extracellular Aβ constituent of amyloid plaques, where it acts as an
extracellular chaperone that helps control amyloid formation and toxicity in vivo (Wilson, et
al., 2008; Yerbury, et al., 2009, Yerbury and Wilson, 2010). A recent report on microglial
Aβ binding has shown that alpha2M facilitates the clearance of Aβ in AD, whereas in AD
with cerebral amyloid angiopathy, CD11b leads to Aβ accumulation (Zabel, et al., 2013).

An increase in alpha2M levels occurs in blood-brain barrier disruption and during
inflammation (Cucullo, et al., 2003). In addition, dimeric and tetrameric alpha2M play a role
in controlling amyloid fibril formation (Ozawa, et al., 2011), which suggests that the level of
alpha2M expression is critical in amyloid deposition. An increase in serum or plasma
alpha2M levels has also been reported in AD (Hye, et al., 2006, Zhang, et al., 2004).
However, other studies have found no difference between AD patients and cognitively
normal controls in alpha2M levels (Akuffo, et al., 2008, Giometto, et al., 1988, Licastro, et
al., 1995).

The promoter SNP (rs226379) analyzed in the present study is located near a previously
described positive-transcription regulatory element that differentially regulates the A2M
gene during replicative senescence (Li, et al., 2011). The findings from this previous study
suggest that A2M regional regulatory elements may be involved in the regulation of
alpha2M expression in a temporal or spatial manner (Li, et al., 2011). Both of the A2M
SNPs analyzed in the present study are located within transcription factor ChIP sequence
sites described by ENCODE, which further suggests that these SNPs may influence A2M
gene expression (Rosenbloom, et al., 2010).

The A2M gene lies in an AD linkage region on chromosome 12 (12p13.31) (Blacker, et al.,
1998, Liao, et al., 1998). Within this A2M region, other studies have investigated two
polymorphisms (rs3832852 and rs669) defined by a 5-bp insertion/deletion at a splice site of
exon 18 (Matthijs and Marynen, 1991). A2M polymorphisms rs3832852 and rs669 show
contrasting results in different AD populations (Blacker, et al., 1998, Liao, et al., 1998,
Panza, et al., 2006, Saunders, et al., 2003). The SNP rs669 has been associated with
argyrophilic grain disease (Ghebremedhin, et al., 2002), a disease that may have
neurofibrillary lesions that are typical of AD (Thal, et al., 2005), but meta-analyses of
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rs3832852 and rs669 association studies show no significant allele frequency differences
between AD cases and controls (Corder, et al., 1993), even after stratification by APOE ε4
(Koster, et al., 2000, Panza, et al., 2006). Most genetic studies of A2M genotypes, including
those evaluating an A2M haplotype, suggest a weak association with AD (Edwards, et al.,
2009, Flachsbart, et al., 2010). Haplotype analyses of A2M polymorphisms in APOE ε4 non-
carriers (Verpillat, et al., 2000) support initial reports of an association with AD and lend
some support to the results described in the present study, where APOE ε4 non-carriers who
carry the A2M rare allele have high CSF Aβ42 levels.

Previous reports suggest that the level of alpha2M expression is critical in amyloid
deposition (Cucullo, et al., 2003, Ozawa, et al., 2011), whereas the evidence we present here
suggests that A2M locus 5′ and 3′ genetic variation is associated with the modulation of CSF
Aβ42 levels in controls but not in AD patients. If SNPs within the regulatory regions of the
A2M gene influence A2M expression, a corresponding increase in alpha2M may lead to
efficient clearance of Aβ and thus to higher CSF Aβ42 levels. Furthermore, cognitively
normal controls with an A2M rs226379 A allele or an rs1805667 T allele may clear Aβ more
efficiently and may therefore have higher CSF Aβ42 levels than controls without these
alleles. In contrast, it has been reported that the modulation of Aβ clearance and deposition
leads to decreasing CSF Aβ42 levels in the early stages of cognitive decline and,
subsequently, to very low CSF Aβ42 levels in AD (Fagan, et al., 2006, Tapiola, et al., 2009,
Visser, et al., 2009). In our study, and in reports by others, it appears that low CSF Aβ42
levels in AD may contribute to a lack of a significant association between genotype (i.e.,
A2M or APOE) and CSF Aβ42 levels (Peskind, et al., 2006, Pirttila, et al., 1996).

In conclusion, to our knowledge, the present study is the first to identify an association
between CSF Aβ42 levels and SNPs in the A2M gene. Cognitively normal APOE ε4 non-
carriers with the A2M rare allele were found to have the highest CSF Aβ42 levels. Given that
low CSF Aβ42 levels are associated with increased Aβ deposition in the brain, these results
suggest that genetic variation within the A2M gene influences CSF Aβ42 levels and that A2M
rare allele carriers may be protected against Aβ deposition.

Acknowledgments
The authors thank Andrew David for his expert editorial assistance.

This material is based upon work supported in part by the US Department of Veterans Affairs Office of Research
and Development Biomedical Laboratory Research Program (Merit Review 1I01BX000531). It is also supported by
NIH grants NS48595, NS065070, NS062684, AG06781, AG10845, AG05136, AG05133, AG028383, AG008017,
AG027224, AG10124, AG030653, and K99 AG034214/5 R00 AG034214.

Bibliography
Akuffo EL, Davis JB, Fox SM, Gloger IS, Hosford D, Kinsey EE, Jones NA, Nock CM, Roses AD,

Saunders AM, Skehel JM, Smith MA, Cutler P. The discovery and early validation of novel plasma
biomarkers in mild-to-moderate Alzheimer’s disease patients responding to treatment with
rosiglitazone. Biomarkers : biochemical indicators of exposure, response, and susceptibility to
chemicals. 2008; 13(6):618–36.10.1080/13547500802445199

Baulac S, LaVoie MJ, Kimberly WT, Strahle J, Wolfe MS, Selkoe DJ, Xia W. Functional gamma-
secretase complex assembly in Golgi/trans-Golgi network: interactions among presenilin, nicastrin,
Aph1, Pen-2, and gamma-secretase substrates. Neurobiology of disease. 2003; 14(2):194–204.
S0969996103001232 [pii]. [PubMed: 14572442]

Bekris LM, Millard SP, Galloway NM, Vuletic S, Albers JJ, Li G, Galasko DR, DeCarli C, Farlow
MR, Clark CM, Quinn JF, Kaye JA, Schellenberg GD, Tsuang D, Peskind ER, Yu CE. Multiple
SNPs within and surrounding the apolipoprotein E gene influence cerebrospinal fluid apolipoprotein
E protein levels. J Alzheimers Dis. 2008; 13(3):255–66. [PubMed: 18430993]

Millard et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Blacker D, Wilcox MA, Laird NM, Rodes L, Horvath SM, Go RC, Perry R, Watson B Jr, Bassett SS,
McInnis MG, Albert MS, Hyman BT, Tanzi RE. Alpha-2 macroglobulin is genetically associated
with Alzheimer disease. Nat Genet. 1998; 19(4):357–60.10.1038/1243 [PubMed: 9697696]

Breiman L. Random forests. Machine Learning. 2001; 45:5–32.

Brunholz S, Sisodia S, Lorenzo A, Deyts C, Kins S, Morfini G. Axonal transport of APP and the
spatial regulation of APP cleavage and function in neuronal cells. Experimental brain research.
Experimentelle Hirnforschung Experimentation cerebrale. 2012; 217(3–4):353–64.10.1007/
s00221-011-2870-1

Castellano JM, Kim J, Stewart FR, Jiang H, DeMattos RB, Patterson BW, Fagan AM, Morris JC,
Mawuenyega KG, Cruchaga C, Goate AM, Bales KR, Paul SM, Bateman RJ, Holtzman DM.
Human apoE isoforms differentially regulate brain amyloid-beta peptide clearance. Science
translational medicine. 2011; 3(89):89ra57.10.1126/scitranslmed.3002156

Chasseigneaux S, Allinquant B. Functions of Abeta, sAPPalpha and sAPPbeta : similarities and
differences. Journal of neurochemistry. 2012; 120(Suppl 1):99–108.10.1111/j.
1471-4159.2011.07584.x [PubMed: 22150401]

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses AD, Haines
JL, Pericak-Vance MA. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s
disease in late onset families. Science. 1993; 261(5123):921–3. [PubMed: 8346443]

Cucullo L, Marchi N, Marroni M, Fazio V, Namura S, Janigro D. Blood-brain barrier damage induces
release of alpha2-macroglobulin. Molecular & cellular proteomics : MCP. 2003; 2(4):234–
41.10.1074/mcp.M200077-MCP200 [PubMed: 12714567]

Deuss M, Reiss K, Hartmann D. Part-time alpha-secretases: the functional biology of ADAM 9, 10
and 17. Curr Alzheimer Res. 2008; 5(2):187–201. [PubMed: 18393804]

Edwards TL, Pericak-Vance M, Gilbert JR, Haines JL, Martin ER, Ritchie MD. An association
analysis of Alzheimer disease candidate genes detects an ancestral risk haplotype clade in ACE
and putative multilocus association between ACE, A2M, and LRRTM3. Am J Med Genet B
Neuropsychiatr Genet. 2009; 150B(5):721–35.10.1002/ajmg.b.30899 [PubMed: 19105203]

Ewers M, Zhong Z, Burger K, Wallin A, Blennow K, Teipel SJ, Shen Y, Hampel H. Increased CSF-
BACE 1 activity is associated with ApoE-epsilon 4 genotype in subjects with mild cognitive
impairment and Alzheimer’s disease. Brain. 2008; 131(Pt 5):1252–8. awn034 [pii]. 10.1093/brain/
awn034 [PubMed: 18334538]

Fagan AM, Mintun MA, Mach RH, Lee SY, Dence CS, Shah AR, LaRossa GN, Spinner ML, Klunk
WE, Mathis CA, DeKosky ST, Morris JC, Holtzman DM. Inverse relation between in vivo
amyloid imaging load and cerebrospinal fluid Abeta42 in humans. Ann Neurol. 2006; 59(3):512–
9.10.1002/ana.20730 [PubMed: 16372280]

Flachsbart F, Caliebe A, Nothnagel M, Kleindorp R, Nikolaus S, Schreiber S, Nebel A. Depletion of
potential A2M risk haplotype for Alzheimer’s disease in long-lived individuals. European journal
of human genetics : EJHG. 2010; 18(1):59–61.10.1038/ejhg.2009.136 [PubMed: 19639019]

Francis R, McGrath G, Zhang J, Ruddy DA, Sym M, Apfeld J, Nicoll M, Maxwell M, Hai B, Ellis
MC, Parks AL, Xu W, Li J, Gurney M, Myers RL, Himes CS, Hiebsch R, Ruble C, Nye JS, Curtis
D. aph-1 and pen-2 are required for Notch pathway signaling, gamma-secretase cleavage of
betaAPP, and presenilin protein accumulation. Dev Cell. 2002; 3(1):85–97. S1534580702001892
[pii]. [PubMed: 12110170]

Galasko D, Chang L, Motter R, Clark CM, Kaye J, Knopman D, Thomas R, Kholodenko D, Schenk D,
Lieberburg I, Miller B, Green R, Basherad R, Kertiles L, Boss MA, Seubert P. High cerebrospinal
fluid tau and low amyloid beta42 levels in the clinical diagnosis of Alzheimer disease and relation
to apolipoprotein E genotype. Arch Neurol. 1998; 55(7):937–45. [PubMed: 9678311]

Ghebremedhin E, Schultz C, Thal DR, Del Tredici K, Rueb U, Braak H. Genetic association of
argyrophilic grain disease with polymorphisms in alpha-2 macroglobulin and low-density
lipoprotein receptor-related protein genes. Neuropathology and applied neurobiology. 2002; 28(4):
308–13. [PubMed: 12175343]

Giometto B, Argentiero V, Sanson F, Ongaro G, Tavolato B. Acute-phase proteins in Alzheimer’s
disease. European neurology. 1988; 28(1):30–3. [PubMed: 2452738]

Millard et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hoe HS, Lee HK, Pak DT. The upside of APP at synapses. CNS neuroscience & therapeutics. 2012;
18(1):47–56.10.1111/j.1755-5949.2010.00221.x [PubMed: 21199446]

Holm S. A simple sequential rejective multiple test procedure. Scandinavian Journal of Statistics.
1979; 6:65–70.

Hye A, Lynham S, Thambisetty M, Causevic M, Campbell J, Byers HL, Hooper C, Rijsdijk F, Tabrizi
SJ, Banner S, Shaw CE, Foy C, Poppe M, Archer N, Hamilton G, Powell J, Brown RG, Sham P,
Ward M, Lovestone S. Proteome-based plasma biomarkers for Alzheimer’s disease. Brain. 2006;
129(Pt 11):3042–50.10.1093/brain/awl279 [PubMed: 17071923]

Hyman BT. Amyloid-dependent and amyloid-independent stages of Alzheimer disease. Archives of
neurology. 2011; 68(8):1062–4.10.1001/archneurol.2011.70 [PubMed: 21482918]

Kimberly WT, LaVoie MJ, Ostaszewski BL, Ye W, Wolfe MS, Selkoe DJ. Gamma-secretase is a
membrane protein complex comprised of presenilin, nicastrin, Aph-1, and Pen-2. Proceedings of
the National Academy of Sciences of the United States of America. 2003; 100(11):6382–7.
10.1073/pnas.10373921001037392100 [pii]. [PubMed: 12740439]

Koster MN, Dermaut B, Cruts M, Houwing-Duistermaat JJ, Roks G, Tol J, Ott A, Hofman A,
Munteanu G, Breteler MM, van Duijn CM, Van Broeckhoven C. The alpha2-macroglobulin gene
in AD: a population-based study and meta-analysis. Neurology. 2000; 55(5):678–84. [PubMed:
10980733]

Li R, Ma L, Huang Y, Zhang Z, Tong T. Characterization of a novel positive transcription regulatory
element that differentially regulates the alpha-2-macroglobulin gene in replicative senescence.
Biogerontology. 2011; 12(6):517–25.10.1007/s10522-011-9339-2 [PubMed: 21541797]

Liao A, Nitsch RM, Greenberg SM, Finckh U, Blacker D, Albert M, Rebeck GW, Gomez-Isla T,
Clatworthy A, Binetti G, Hock C, Mueller-Thomsen T, Mann U, Zuchowski K, Beisiegel U,
Staehelin H, Growdon JH, Tanzi RE, Hyman BT. Genetic association of an alpha2-macroglobulin
(Val 1000lle) polymorphism and Alzheimer’s disease. Human molecular genetics. 1998; 7(12):
1953–6. [PubMed: 9811940]

Liaw AWM. Classification and regression by random forest. R News. 2002; 2 (3):18–22.

Licastro F, Parnetti L, Morini MC, Davis LJ, Cucinotta D, Gaiti A, Senin U. Acute phase reactant
alpha 1-antichymotrypsin is increased in cerebrospinal fluid and serum of patients with probable
Alzheimer disease. Alzheimer disease and associated disorders. 1995; 9(2):112–8. [PubMed:
7662323]

Lim YY, Ellis KA, Ames D, Darby D, Harrington K, Martins RN, Masters CL, Rowe C, Savage G,
Szoeke C, Villemagne VL, Maruff P, Group AR. Abeta amyloid, cognition, and APOE genotype
in healthy older adults. Alzheimer’s & dementia : the journal of the Alzheimer’s Association.
201210.1016/j.jalz.2012.07.004

Liu Z, Zhu H, Fang GG, Walsh K, Mwamburi M, Wolozin B, Abdul-Hay SO, Ikezu T, Leissring MA,
Qiu WQ. Characterization of insulin degrading enzyme and other amyloid-beta degrading
proteases in human serum: a role in Alzheimer’s disease? J Alzheimers Dis. 2012; 29(2):329–
40.10.3233/JAD-2011-111472 [PubMed: 22232014]

Marcello E, Epis R, Saraceno C, Di Luca M. Synaptic dysfunction in Alzheimer’s disease. Advances
in experimental medicine and biology. 2012; 970:573–601.10.1007/978-3-7091-0932-8_25
[PubMed: 22351073]

Matthijs G, Marynen P. A deletion polymorphism in the human alpha-2-macroglobulin (A2M) gene.
Nucleic acids research. 1991; 19(18):5102. [PubMed: 1717945]

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of
Alzheimer’s disease: report of the NINCDS-ADRDA Work Group under the auspices of
Department of Health and Human Services Task Force on Alzheimer’s Disease. Neurology. 1984;
34(7):939–44. [PubMed: 6610841]

Miners JS, Barua N, Kehoe PG, Gill S, Love S. Abeta-degrading enzymes: potential for treatment of
Alzheimer disease. Journal of neuropathology and experimental neurology. 2011; 70(11):944–
59.10.1097/NEN.0b013e3182345e46 [PubMed: 22002425]

Motter R, Vigo-Pelfrey C, Kholodenko D, Barbour R, Johnson-Wood K, Galasko D, Chang L, Miller
B, Clark C, Green R, et al. Reduction of beta-amyloid peptide42 in the cerebrospinal fluid of

Millard et al. Page 10

Neurobiol Aging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



patients with Alzheimer’s disease. Ann Neurol. 1995; 38(4):643–8.10.1002/ana.410380413
[PubMed: 7574461]

Nicodemus KK, Malley JD, Strobl C, Ziegler A. The behaviour of random forest permutation-based
variable importance measures under predictor correlation. BMC bioinformatics. 2010;
11:110.10.1186/1471-2105-11-110 [PubMed: 20187966]

Olsson A, Vanderstichele H, Andreasen N, De Meyer G, Wallin A, Holmberg B, Rosengren L,
Vanmechelen E, Blennow K. Simultaneous measurement of beta-amyloid(1–42), total tau, and
phosphorylated tau (Thr181) in cerebrospinal fluid by the xMAP technology. Clinical chemistry.
2005; 51(2):336–45.10.1373/clinchem.2004.039347 [PubMed: 15563479]

Ozawa D, Hasegawa K, Lee YH, Sakurai K, Yanagi K, Ookoshi T, Goto Y, Naiki H. Inhibition of
beta2-microglobulin amyloid fibril formation by alpha2-macroglobulin. The Journal of biological
chemistry. 2011; 286(11):9668–76.10.1074/jbc.M110.167965 [PubMed: 21216953]

Panza F, Colacicco AM, D’Introno A, Capurso C, Liaci M, Capurso SA, Capurso A, Solfrizzi V.
Candidate genes for late-onset Alzheimer’s disease: focus on chromosome 12. Mechanisms of
ageing and development. 2006; 127(1):36–47.10.1016/j.mad.2005.08.004 [PubMed: 16183100]

Peskind ER, Li G, Shofer J, Quinn JF, Kaye JA, Clark CM, Farlow MR, DeCarli C, Raskind MA,
Schellenberg GD, Lee VM, Galasko DR. Age and apolipoprotein E*4 allele effects on
cerebrospinal fluid beta-amyloid 42 in adults with normal cognition. Arch Neurol. 2006; 63(7):
936–9. [PubMed: 16831961]

Peskind ER, Riekse R, Quinn JF, Kaye J, Clark CM, Farlow MR, Decarli C, Chabal C, Vavrek D,
Raskind MA, Galasko D. Safety and acceptability of the research lumbar puncture. Alzheimer Dis
Assoc Disord. 2005; 19(4):220–5. [PubMed: 16327349]

Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen E. Mild cognitive impairment:
clinical characterization and outcome. Arch Neurol. 1999; 56(3):303–8. [PubMed: 10190820]

Pirttila T, Mehta PD, Soininen H, Kim KS, Heinonen O, Paljarvi L, Kosunen O, Riekkinen P Sr,
Wisniewski HM. Cerebrospinal fluid concentrations of soluble amyloid beta-protein and
apolipoprotein E in patients with Alzheimer’s disease: correlations with amyloid load in the brain.
Arch Neurol. 1996; 53(2):189–93. [PubMed: 8639071]

Postina R. A closer look at alpha-secretase. Curr Alzheimer Res. 2008; 5(2):179–86. [PubMed:
18393803]

Rehman AA, Ahsan H, Khan FH. alpha-2-Macroglobulin: a physiological guardian. Journal of cellular
physiology. 2013; 228(8):1665–75.10.1002/jcp.24266 [PubMed: 23086799]

Rosenbloom KR, Dreszer TR, Pheasant M, Barber GP, Meyer LR, Pohl A, Raney BJ, Wang T,
Hinrichs AS, Zweig AS, Fujita PA, Learned K, Rhead B, Smith KE, Kuhn RM, Karolchik D,
Haussler D, Kent WJ. ENCODE whole-genome data in the UCSC Genome Browser. Nucleic
acids research. 2010; 38(Database issue):D620–5. gkp961 [pii]. 10.1093/nar/gkp961 [PubMed:
19920125]

Sagare AP, Bell RD, Zlokovic BV. Neurovascular Defects and Faulty Amyloid-beta Vascular
Clearance in Alzheimer’s Disease. J Alzheimers Dis. 201210.3233/JAD-2012-129037

Saunders AJ, Bertram L, Mullin K, Sampson AJ, Latifzai K, Basu S, Jones J, Kinney D, MacKenzie-
Ingano L, Yu S, Albert MS, Moscarillo TJ, Go RC, Bassett SS, Daly MJ, Laird NM, Wang X,
Velicelebi G, Wagner SL, Becker DK, Tanzi RE, Blacker D. Genetic association of Alzheimer’s
disease with multiple polymorphisms in alpha-2-macroglobulin. Human molecular genetics. 2003;
12(21):2765–76.10.1093/hmg/ddg310 [PubMed: 12966032]

Seubert P, Vigo-Pelfrey C, Esch F, Lee M, Dovey H, Davis D, Sinha S, Schlossmacher M, Whaley J,
Swindlehurst C, et al. Isolation and quantification of soluble Alzheimer’s beta-peptide from
biological fluids. Nature. 1992; 359(6393):325–7.10.1038/359325a0 [PubMed: 1406936]

Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM, Aisen PS, Petersen RC, Blennow K,
Soares H, Simon A, Lewczuk P, Dean R, Siemers E, Potter W, Lee VM, Trojanowski JQ.
Cerebrospinal fluid biomarker signature in Alzheimer’s disease neuroimaging initiative subjects.
Ann Neurol. 2009; 65(4):403–13.10.1002/ana.21610 [PubMed: 19296504]

Stockley JH, O’Neill C. The proteins BACE1 and BACE2 and beta-secretase activity in normal and
Alzheimer’s disease brain. Biochem Soc Trans. 2007; 35(Pt 3):574–6. BST0350574 [pii]. 10.1042/
BST0350574 [PubMed: 17511655]

Millard et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sun X, Wang Y, Qing H, Christensen MA, Liu Y, Zhou W, Tong Y, Xiao C, Huang Y, Zhang S, Liu
X, Song W. Distinct transcriptional regulation and function of the human BACE2 and BACE1
genes. FASEB J. 2005; 19(7):739–49. 19/7/739 [pii]. 10.1096/fj.04-3426com [PubMed:
15857888]

Sunderland T, Linker G, Mirza N, Putnam KT, Friedman DL, Kimmel LH, Bergeson J, Manetti GJ,
Zimmermann M, Tang B, Bartko JJ, Cohen RM. Decreased beta-amyloid1–42 and increased tau
levels in cerebrospinal fluid of patients with Alzheimer disease. Jama. 2003; 289(16):2094–103.
[PubMed: 12709467]

Tapiola T, Alafuzoff I, Herukka SK, Parkkinen L, Hartikainen P, Soininen H, Pirttila T. Cerebrospinal
fluid {beta}-amyloid 42 and tau proteins as biomarkers of Alzheimer-type pathologic changes in
the brain. Archives of neurology. 2009; 66(3):382–9. 66/3/382 [pii]. 10.1001/archneurol.2008.596
[PubMed: 19273758]

Thal DR, Schultz C, Botez G, Del Tredici K, Mrak RE, Griffin WS, Wiestler OD, Braak H,
Ghebremedhin E. The impact of argyrophilic grain disease on the development of dementia and its
relationship to concurrent Alzheimer’s disease-related pathology. Neuropathology and applied
neurobiology. 2005; 31(3):270–9.10.1111/j.1365-2990.2005.00635.x [PubMed: 15885064]

Verpillat P, Bouley S, Hannequin D, Belliard S, Puel M, Thomas-Anterion C, Dubois B, Agid Y,
Campion D, Clerget-Darpoux F, Brice A. Alpha2-macroglobulin gene and Alzheimer’s disease:
confirmation of association by haplotypes analyses. Ann Neurol. 2000; 48(3):400–2. [PubMed:
10976654]

Visser PJ, Verhey F, Knol DL, Scheltens P, Wahlund LO, Freund-Levi Y, Tsolaki M, Minthon L,
Wallin AK, Hampel H, Burger K, Pirttila T, Soininen H, Rikkert MO, Verbeek MM, Spiru L,
Blennow K. Prevalence and prognostic value of CSF markers of Alzheimer’s disease pathology in
patients with subjective cognitive impairment or mild cognitive impairment in the DESCRIPA
study: a prospective cohort study. Lancet Neurol. 2009; 8(7):619–27. S1474-4422(09)70139-5
[pii]. 10.1016/S1474-4422(09)70139-5 [PubMed: 19523877]

Wilson MR, Yerbury JJ, Poon S. Potential roles of abundant extracellular chaperones in the control of
amyloid formation and toxicity. Molecular bioSystems. 2008; 4(1):42–52.10.1039/b712728f
[PubMed: 18075673]

Wu G, Sankaranarayanan S, Tugusheva K, Kahana J, Seabrook G, Shi XP, King E, Devanarayan V,
Cook JJ, Simon AJ. Decrease in age-adjusted cerebrospinal fluid beta-secretase activity in
Alzheimer’s subjects. Clin Biochem. 2008; 41(12):986–96. S0009-9120(08)00167-7 [pii].
10.1016/j.clinbiochem.2008.04.022 [PubMed: 18489907]

Wyatt AR, Constantinescu P, Ecroyd H, Dobson CM, Wilson MR, Kumita JR, Yerbury JJ. Protease-
activated alpha-2-macroglobulin can inhibit amyloid formation via two distinct mechanisms.
FEBS letters. 2013; 587(5):398–403.10.1016/j.febslet.2013.01.020 [PubMed: 23353684]

Yerbury JJ, Kumita JR, Meehan S, Dobson CM, Wilson MR. alpha2-Macroglobulin and haptoglobin
suppress amyloid formation by interacting with prefibrillar protein species. The Journal of
biological chemistry. 2009; 284(7):4246–54.10.1074/jbc.M807242200 [PubMed: 19074141]

Yerbury JJ, Wilson MR. Extracellular chaperones modulate the effects of Alzheimer’s patient
cerebrospinal fluid on Abeta(1–42) toxicity and uptake. Cell stress & chaperones. 2010; 15(1):
115–21.10.1007/s12192-009-0122-0 [PubMed: 19472074]

Zabel M, Schrag M, Crofton A, Tung S, Beaufond P, Van Ornam J, Dininni A, Vinters HV, Coppola
G, Kirsch WM. A Shift in Microglial beta-Amyloid Binding in Alzheimer’s Disease Is Associated
with Cerebral Amyloid Angiopathy. Brain Pathol. 2013; 23(4):390–401.10.1111/bpa.12005
[PubMed: 23134465]

Zetterberg H, Andreasson U, Hansson O, Wu G, Sankaranarayanan S, Andersson ME, Buchhave P,
Londos E, Umek RM, Minthon L, Simon AJ, Blennow K. Elevated cerebrospinal fluid BACE1
activity in incipient Alzheimer disease. Archives of neurology. 2008; 65(8):1102–7. 65/8/1102
[pii]. 10.1001/archneur.65.8.1102 [PubMed: 18695061]

Zhang R, Barker L, Pinchev D, Marshall J, Rasamoelisolo M, Smith C, Kupchak P, Kireeva I, Ingratta
L, Jackowski G. Mining biomarkers in human sera using proteomic tools. Proteomics. 2004; 4(1):
244–56.10.1002/pmic.200300495 [PubMed: 14730686]

Millard et al. Page 12

Neurobiol Aging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Cerebrospinal fluid (CSF) Aβ42 levels in cognitively normal control subjects and
Alzheimer’s disease (AD) patients.
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Figure 2.
Cerebrospinal fluid (CSF) Aβ42 levels in cognitively normal control subjects and
Alzheimer’s disease (AD) patients by APOE ε4 status. Differences between APOE groups
were tested with and without adjusting for gender, race, and age. Adjusted p values are in
parentheses.
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Figure 3.
Beta coefficients for cerebrospinal fluid (CSF) Aβ42 levels in cognitively normal control
subjects and Alzheimer’s disease (AD) patients per collapsed genotype. See the Statistical
analysis section for an explanation of how SNP effects were modeled. A confidence interval
which does not cross the vertical line at zero indicates that the difference in genotypes is
significant (p value < 0.05) before adjusting for multiple comparisons. A beta coefficient
(solid square for AD, circle for controls) to the right of the vertical line represents higher
CSF Aβ42 levels for the collapsed genotype group that contains minor alleles (EE or EF). #

Single-nucleotide polymorphism (SNP) effect of A2M SNP rs226379 in controls: p = 0.003;
Holm correction for multiple comparisons p = 0.06. * SNP effect of A2M SNP rs1805667 in
controls: p = 0.002; Holm correction for multiple comparisons p = 0.04.
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Figure 4.
Cerebrospinal fluid (CSF) Aβ42 levels in cognitively normal control subjects and
Alzheimer’s disease (AD) patients stratified by APOE ε4 and A2M single-nucleotide
polymorphisms (SNPs). A2M SNPs: rs226379 (EE, EF vs. FF: AA, AG vs. GG) (Panel A)
and rs1805667 (EE, EF vs. FF: TT, TG vs. GG) (Panel B). Differences between SNP groups
were tested separately for control participants and AD patients and were tested with and
without adjusting for gender, race, age, and APOE ε4 status. Adjusted p values are in
parentheses. P values do not take into account multiple comparisons.
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Figure 5.
Random forest variable importance plot for predicting cerebrospinal fluid (CSF) Aβ42
levels, using disease status, gender, race, age, APOE ε4 status, and the 24 single-nucleotide
polymorphisms (SNPs) (collapsed genotypes). Percent variance explained = 40%.
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Table 1

Sample Description

Controls (n = 168) AD (n = 99) P valuea

Age 67 (9; 52–88) 71 (10; 52–87) < 0.001

Female 103 (61%) 45 (45%) 0.02

Caucasian 153 (91%) 96 (97%) 0.11

APOE ε4+ 63 (38%) 65 (66%) < 0.0001

Age at onset 66 (9; 46–82)

Aβ42 (pg/ml) 152 (37; 73–240) 106 (28; 65–18f8) < 0.0001

Mean, standard deviation, and range shown for continuous variables; sample size and percent shown for categorical variables.

AD, Alzheimer’s disease; APOE ε4+, at least one APOE ε4 allele

a
P value based on the two-sample t-test for continuous variables and the chi-square test for categorical variables.
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