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We previously demonstrated that the Alzheimer’s disease (AD) associated risk allele, rs3865444C, results in a
higher surfacedensityof CD33 on monocytes. Here, we findalternative splicing of exon 2 to be the primary mech-
anism of the genetically driven differential expression of CD33 protein. We report that the risk allele, rs3865444C,
is associated with greater cell surface expression of CD33 in both subjects of European and African–American
ancestry and that there is a single haplotype influencing CD33 surface expression. A meta-analysis of the two
populations narrowed the number of significant SNPs in high linkage disequilibrium (LD) (r2 > 0.8) with
rs3865444 to just five putative causal variants associated with increased protein expression. Using gene expres-
sion data from flow-sorted CD141CD162 monocytes from 398 healthy subjects of three populations, we show
that the rs3865444C risk allele is strongly associated with greater expression of CD33 exon 2 (pMETA 5 2.36 3
10260). Western blotting confirms increased protein expression of the full-length CD33 isoform containing
exon 2 relative to the rs3865444C allele (P < 0.0001). Of the variants in strong LD with rs3865444, rs12459419,
which is located in a putative SRSF2 splice site of exon 2, is the most likely candidate to mediate the altered
alternative splicing of CD33’s Immunoglobulin V-set domain 2 and ultimately influence AD susceptibility.

INTRODUCTION

The CD33 locus has been implicated in Alzheimer’s disease
(AD) susceptibility (1–9). The best marker for this association
is rs3865444, and the ‘C’ allele (rs3865444C) has been reported
to be associated with a modest increase in risk of AD (Odds ratio
1.10, P ¼ 2.0 × 1029) (7). rs3865444C captures the effect of the
causalvariant(s)andhasbeenusedeffectivelyasasurrogatemarker
in functional studies: we and others have reported higher levels of
CD33 protein expression relative to rs3865444C (10–12). More

specifically, rs3865444C is associated with a 7-fold increase in
the level of CD33 expression on the cell surface of monocytes as
well as altered monocyte function that is implicated in the accumu-
lation of amyloid neuropathology in aging individuals (10).

CD33, also known as Siglec-3, is a 67 kDa transmembrane
glycoprotein expressed on the surface of myeloid progenitor
cells, mature monocytes and macrophages. A lectin, full-length
CD33 contains an extracellular immunoglobulin (Ig) V-set
sialic-acid binding domain, an extracellular Ig C2-set domain
and cytosolic immunoreceptor tyrosine-based inhibitory
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motifs. Alternative splicing of CD33 generates two isoforms of
the protein: full-length CD33M and truncated CD33m which
lacks the Ig V-set domain encoded by exon 2 (13). Recently, a
quantitative PCR study of brain tissue demonstrated that the
ratio of the mRNA isoform lacking exon 2 to total CD33 gene ex-
pression was differentially expressed relative to rs3865444, sug-
gesting genotype-induced differential splicing of the CD33 gene
(14). Further, these authors propose rs12459419, a single-
nucleotide polymorphism (SNP) located in exon 2 that is in
linkage disequilibrium (LD) with rs3865444 (r2 ¼ 1 and D′ ¼
1 in 1000 Genomes European population [CEU]), as the causal
variant based on a minigene assay. However, the functional con-
sequence of CD33 splicing has not yet been fully characterized.
CD33 has been implicated in modulating multiple cellular func-
tions, including inhibition of cellular proliferation and activation
(15). In terms of amyloid biology, the larger isoform, CD33M,
modulates A-beta uptake, while the truncated protein isoform,
CD33m, has no effect (11).

Here, we expand our understanding of the effect of the CD33
locus by performing an across-population fine-mapping exercise
to (1) prioritize candidate causal variants that are in LD with the
rs3865444 index SNP and (2) assess the possibility that there are
additional variants with independent effects on CD33 protein
and mRNA expression. Further, we refine the association of
the locus with CD33 protein expression by demonstrating that
the risk haplotype’s increased inclusion of exon 2 into CD33
mRNA likely mediates the association with increased risk of
AD. Finally, we use western blotting and densitometry to
confirm that the previously reported difference in CD33 cell
surface expression related to the risk allele (10) is primarily
due to increased expression of the full-length CD33M protein
isoform in monocytes.

RESULTS

CD33 surface expression in subjects of European and
African–American ancestry

We collected monocyte CD33 cell surface expression data in
subjects of European and African–American (AA) ancestry in
order to leverage differences in linkage disequilibrium (LD)
between European and AA haplotypes and more precisely
define the association between the CD33 locus and CD33
surface expression. We measured the level of CD33 surface ex-
pression in monocytes of 151 older subjects of European ances-
try from two cohorts of aging, the Religious Order Study (ROS)
and the Memory and Aging Project (MAP), who have genome-
wide genotype data. Additionally, CD33 monocyte surface ex-
pression data were generated in 164 subjects of AA ancestry
and 75 European American (EA) subjects from the Chicago
Health and Aging Project (CHAP). We find that subjects of
AA ancestry have a higher mean level of CD33 expression com-
pared with subjects of European ancestry (P ¼ 1.0 × 1026) and
that this difference in CD33 expression is more prominent in men
(n ¼ 224, b ¼ 3.0, P ¼ 1.1 × 1026) than in women (n ¼ 345,
b ¼ 1.1, P ¼ 0.04). However, this effect is not related to an
AA individual’s genome-wide proportion of African ancestry
(Supplementary Material, Fig. S1). Instead, adding the
rs3865444 variant as a covariate in this analysis abrogates the as-
sociation of CD33 expression with ancestry (P ¼ 0.57).

Therefore, the difference related to ancestry is completely
explained by the difference in the frequency of the minor, pro-
tective allele, rs3865444A: 0.18 in subjects of European ancestry
and 0.01 in subjects of AA ancestry. In both populations,
rs3865444C is correlated with greater CD33 surface expression
with a similar effect size (EA ROS–MAP r ¼ 0.56; AA
CHAP r ¼ 0.36; EA CHAP r ¼ 0.54). In a meta-analysis of
the three sets of samples, the association between rs3865444C

and CD33 surface expression is highly significant (pMETA ¼
2.1 × 10221, r ¼ 0.51) (Fig. 1A), consistent with our previous
observation in the ROS–MAP subjects (10).

Given the availability of genome-wide genotype data in the
EA and AA subjects, we applied a fine-mapping approach to
maximize our power and leverage the differences in LD to
resolve the role of markers in LD with rs3865444C in the
CD33 region. Meta-analysis of the two populations narrowed
the number of significant SNPs in high LD (r2 . 0.8 in both
AA and EA) with rs3865444C to just five putative causal variants
(Fig. 1B, top panel). Of these variants, rs12459419 was recently
proposed to alter splicing of CD33 in minigene transfected BV2
microglial-like cells (14).

To identify additional, independent effects within the LD
block containing the index SNP, we performed a conditional
analysis to adjust for the effect of rs3865444 on CD33 surface ex-
pression. We observed no significant signal of association after
regressing out the effect of rs3865444, suggesting that a single
haplotype mediates the observed effect on CD33 surface expres-
sion in both EA and AA subjects within the LD block containing
CD33 (Fig. 1B, lower panel; Supplementary Material, Table S1).

In order to assess the likelihood that the association between
the risk allele and AD susceptibility is driven by the regulatory
effect on CD33 expression, we performed a regulatory trait con-
cordance (RTC) analysis (16). Comparing the distribution of as-
sociation results for CD33 surface expression in EA subjects to
AD susceptibility in subjects of the same ancestry (7), RTC sug-
gests that the two associations are unlikely to be coincidental and
thus that the same variant influences both traits (RTC ¼ 0.88)
(Fig. 1A). The alteration of CD33 protein expression may there-
fore be the primary functional consequence of the CD33 locus
that influences susceptibility to AD.

CD33 mRNA expression and alternative splicing

To explore the mechanism of the difference in CD33 surface ex-
pression further, we turned to an exon-level analysis of CD33
mRNA expression. Interestingly, two different protein isoforms
of CD33 exist (13), full-length CD33M and truncated CD33m

which lacks the Ig V-set domain encoded by exon 2 (Fig. 2B).
To examine the effect of the CD33 locus on CD33 mRNA ex-
pression, we leveraged flow-sorted CD14+CD162 monocyte
expression data collected using the Affymetrix GeneChip
Human Gene 1.0 ST Array and genotype data imputed to
Minor Allele Frequency (MAF) . 0.01 from healthy subjects
of EA, AA and East Asian–American (EAA) ancestry as part
of the Immunological Variation (ImmVar) project (Raj et al., un-
published data). Using these exon-level mRNA expression data
from EA subjects, we find that the rs3865444C risk allele is
strongly associated with greater expression of CD33 exon 2
(P ¼ 4.9 × 10211, r ¼ 0.43) and is not significantly associated
with the expression of other CD33 exons (Supplementary
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Material, Table S2). To discriminate exon-specific and gene-
level effects, we performed a secondary analysis using each
exon’s splicing index (SI), a normalized exon expression inten-
sity calculated by dividing each sample’s exon expression level
by the sample’s overall gene expression level (17). Testing the
association between genotypes surrounding CD33 and the
exon splicing indices, we again find that the rs3865444C risk
allele is strongly associated with greater expression of exon 2
(P ¼ 1.6 × 10223, r ¼ 0.62) and is not associated with the ex-
pression of other CD33 exons (Fig. 3A, top panel; Supplemen-
tary Material, Table S3 and Fig. S2). We confirmed this effect
in exon expression data from subjects of AA (P ¼ 2.9 × 1026,
r ¼ 0.43) and EAA ancestry (P ¼ 1.5 × 1026, r ¼ 0.51)
(Fig. 3A, bottom panels; Supplementary Materials, Tables S2,
S3 and Fig. S3, S4). Meta-analysis of the splicing indices
of the three populations reveals that rs3865444 has the strongest
evidence for association with exon 2 (P ¼ 2.36 × 10260)
(Figs. 2A and 3B, top panel). Consistent with the cell surface
analysis, we obtain a high RTC score for rs3865444 (RTC ¼
0.94) suggesting that altered CD33 splicing may be the
primary functional effect of the locus influencing susceptibility
to AD.

While rs3865444 is the most associated SNP with exon 2, it is
located 373 bp upstream of CD33 in the promoter region. It is
therefore unlikely to directly affect splicing of exon 2. On the
other hand, Malik et al. sequenced the CD33 locus in four
rs3865444CC and three rs3865444AA subjects to identify SNPs
in LD with rs3865444 which are better located to influence
exon 2 splicing. Of the three identified SNPs (rs2459141,
rs12459419 and rs2455069), rs12459419, located in a putative
SRSF2 splice site of exon 2, was suggested as the most likely
candidate to alter CD33 splicing, and this putative mechanism
was confirmed using a minigene experiment (14). Unfortunate-
ly, these three SNPs are not directly genotyped in our subjects,
and the imputed data that we have makes it difficult to distinguish
their effects on CD33 splicing. If uncertainty from imputation
is not incorporated into our analysis (i.e. allelic dosages are
assigned to discrete 0, 1 and 2 genotypes) then the statistical
evidence for association with exon 2 splicing and CD33
surface expression is identical for rs12459419 and rs3865444.
However, when allelic dosages are used, rs12459419 is the
second most associated SNP (P ¼ 7.2 × 10223, r ¼ 0.61) in the
EA subjects but is not as significant in the AA (P ¼ 1.2 × 1023,
r ¼ 0.30; 18th most associated SNP with exon 2) and EAA

Figure 1. A single haplotype in the CD33 locus is associated with greater CD33 expression on the cell surface of monocytes. (A) rs3865444C is significantly associated
with greater CD33 surface expression in a meta-analysis of monocyte-derived data from ROSMAP/CHAP EA and AA subjects (n ¼ 390, P ¼ 2.1 × 10221). (B)
Upper panel: Within the CD33 locus, meta-analysis of the ROSMAP/CHAP EA and AA CD33 monocyte surface expression data distills the significant SNPs to a
group of five variants in high LD, one of which is likely to be the causal variant. rs3865444 is one of those five variants. Lower panel: Using conditional analysis
to adjust for the effect of rs3865444, we find no significant residual associations with CD33 surface expression in the CD33 locus. The y-axis scale is inverted relative
to the upper panel. This image was produced using LocusZoom (27).
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(P ¼ 2.1 × 1024, r ¼ 0.41; 17th most associated SNP with
exon 2) subjects. To assess the roles of rs12459419 and
rs3865444 further, we performed conditional analyses account-
ing for the effect of each variant on the exon 2 splicing pheno-
type. We observed no significant effect after regressing out
either rs3865444 or rs12459419, suggesting that these two var-
iants have statistically equivalent evidence of association with
the exon 2 splicing trait (Fig. 3B, bottom panel). Regardless of
the exact identity of the causal variant, the exon-specific associ-
ation suggests that the difference in global CD33 surface expres-
sion is primarily due to the greater expression of the protein
isoform that contains exon 2, the full-length CD33M isoform.

To confirm our hypothesis that the risk haplotype alters CD33
splicing to increase the abundance of the full-length isoform, we
used western blotting (Fig. 4A) and densitometry to quantitate
the two protein isoforms of CD33 in extracts of purified,
ex vivo monocytes. As shown in Figure 4, the CD33M isoform
that contains exon 2 is expressed at very low levels in subjects
that are homozygous for the protective rs3865444A allele and
the rs12459419T allele when they are compared with subjects
homozygous for the risk-associated rs3865444C allele and the
rs12459419C allele (P , 0.0001) (Fig. 4B). The expression of
the truncated CD33m isoform is unaffected by the subjects’
genotype (Fig. 4C). Thus, the previously reported difference
in monocyte cell surface CD33 expression related to the risk
haplotype (10) is due primarily to increased expression of the
full-length CD33M isoform which contains exon 2.

DISCUSSION

We completed an interrelated set of analyses to characterize the
CD33 locus in detail. Fine-mapping of the CD33 cell surface and

exon-level mRNA expression traits in monocytes from subjects
of multiple ancestries clearly reveals the presence of only one
haplotype influencing CD33 expression in this locus. Aggregat-
ing all of the assembled evidence, we find that rs3865444, the
index SNP that emerged from AD susceptibility GWAS, is the
best marker for these associations with CD33 surface expression
and exon 2 splicing. However, rs12459419, a SNP in perfect LD
(r2 ¼ 1) with rs3865444, was recently proposed as the causal
SNP for CD33 splicing of exon 2 using a minigene experiment
(14). rs12459419 is located in exon 2 in a predicted binding
site for the splicing factor SRSF2. Since we observed no signifi-
cant signal influencing CD33 surface expression or CD33 exon 2
mRNA expression after regressing out the effect of either
rs3865444 or rs12459419, these SNPs have equivalent statistical
evidence of association to the splicing and surface expression
traits. While the two SNPs are statistically equivalent, the loca-
tion of rs12459419, in a SRSF2 binding site of exon 2, and the
in vitro splicing experiment (14) support rs12459419 as the
best candidate causal variant in the CD33 locus.

Our exon-level mRNA and western blot analyses clarify the
mechanism by which the CD33 locus influences CD33 expres-
sion. We confirm that rs3865444 and rs12459419 are associated
with altered splicing of CD33 exon 2, and our protein data are
definitive in showing that the risk-associated allele leads to
increased protein expression of the full-length CD33M isoform
in monocytes and not decreased expression of the CD33m

isoform that lacks exon 2, as suggested by Malik et al. (14)
who base their interpretation on brain mRNA data normalized
to reference genes RPL32 and EIF4H. As CD33M inhibits
uptake of amyloid-beta while CD33m has no effect on this func-
tion, increased levels of CD33M in subjects at risk for AD sug-
gests that their macrophages and/or microglia are impaired in
the removal of amyloid. Our RTC analysis that compares the

Figure 2. The CD33 locus is associated with greater mRNA expression of CD33 exon 2, which encodes an Ig V-set domain. (A) Using a SI to deconvolve gene-level
and exon-specific expression, rs3865444C is significantly associated with a greater mRNA expression of CD33 exon 2 (n ¼ 398, P ¼ 2.36 × 10260) quantified using a
microarray platform and RNA from ex vivo, cytometrically sorted monocytes from ImmVar EA, AA and EAA subjects. The CD33 locus is not significantly associated
with expression of other CD33 exons in monocytes. (B) CD33 is a type 1 transmembrane glycoprotein expressed on the surface of myeloid cells. Full-length CD33M

consists of a signal peptide, an extracellular Ig V-set sialic-acid binding domain, an extracellular Ig C2-set domain, a transmembrane region, and a cytosolic domain
containing immunoreceptor tyrosine-based inhibitory motifs. The alternatively spliced CD33m isoform lacks the Ig V-set domain encodedby exon 2 (13). The figure is
not drawn to scale.
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distribution of this association over the CD33 locus to the
reported distribution of the AD susceptibility trait suggests
that the effect of the CD33 locus on CD33 splicing may be the
susceptibility variant’s primary functional consequence in influ-
encing susceptibility to AD.

Our exon-level analysis of CD33 expression highlights an
emerging role for an infiltrating macrophage and/or microglial
activation network (including the genes TYROBP, CD33 and
TREM2) in modulating AD susceptibility and pathology. Both
CD33 and TREM2, another transmembrane protein expressed
on myeloid and microglial cells and implicated in AD suscepti-
bility (18,19), contain extracellular Ig V-set domains, encoded

by exon 2 of CD33 (13) and by exons 2 and 3 of TREM2 (20)
(Supplementary Material, Fig. S5). TREM2 binds TYROBP,
an adapter protein that was recently proposed to be a key regula-
tor of AD susceptibility networks and is upregulated in late-onset
Alzheimer’s disease (LOAD). Both TREM2 and CD33 were
found in the network regulated by TYROBP (also called
DAP12) (21,22). Our study suggests that rs3865444 helps regu-
late the abundance of the CD33M isoform that contains the Ig
V-set domain. Similarly, rs75932628T, a rare missense mutation
in the Ig V-set domain of TREM2, confers a significant risk of
AD (18). This shared domain alteration may be coincidental
but points to one specific functional domain of two different

Figure 3. rs3865444C is the best candidate causal variant for association with the mRNA SI of CD33 exon 2 in monocytes. (A) In the ImmVar EA and AA populations,
rs3865444 is the most significant SNP for association with the mRNA SI of CD33 exon 2 (pEA ¼ 1.6 × 10223; pAA ¼ 2.9 × 1026). In the ImmVar EAA population,
multiple SNPs in high LD with rs3865444 are associated with the SI of exon 2. (B) In a meta-analysis (upper panel) of the EA, AA and EAA populations, rs3865444 is
the most significant SNP for association with the SI of CD33 exon 2 (P ¼ 2.36 × 10260) (top panel), and, after conditioning on rs3865444 and rs12459419, there are no
significant genetic associations with the SI of exon 2 (lower panel). These images were produced using LocusZoom (27).
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proteins as being potentially important for AD susceptibility.
These observations help to formulate new hypotheses with
which to investigate the role and the possible interaction of
these two proteins in regulating innate immune processes in AD
susceptibility, with CD33 generally acting as an inhibitor and
TREM2 serving multiple immunomodulatory roles. Overall,
our results refine the role of the CD33 locus in altering the
innate immune system in ways that ultimately contribute to AD
susceptibility and provide a specific structural target for the devel-
opment of novel therapeutic avenues.

MATERIALS AND METHODS

Study subjects

Informed consent was obtained from all human subjects. All
blood draws and data analyses were done in compliance with
protocols approved by the Institutional Review Boards of each
Institution.

The Brigham and Women’s Hospital PhenoGenetic Project
Peripheral venous blood was obtained from healthy control
volunteers. The PhenoGenetic Project is a living tissue bank
that consists of healthy subjects who are re-contactable and
can therefore be recalled based on their genotype. 1741
healthy subjects .18-years-old have been recruited from the
general population of Boston. They are free of chronic inflamma-
tory, infectious and metabolic diseases. Their median age is 24,
and 62.7% of subjects are women.

ROS, MAP, and CHAP
Study participants were free of known dementia at enrollment
and agreed to annual clinical evaluations. ROS, started in

1994, enrolls Catholic priests, nuns and brothers, aged 53 or
older from about 40 groups in 12 states. Since January 1994,
.1150 participants completed their baseline evaluation, of
whom 87% are non-Hispanic white, and the follow-up rate of
survivors and autopsy rate among the deceased both exceed
90%. MAP, started in 1997, enrolls men and women aged 55
or older and without known dementia at baseline from retirement
communities in Chicago. Since October 1997, .1,650 partici-
pants completed their baseline evaluation, of which 87% were
non-Hispanic white. The follow-up rate of survivors exceeds
90% and the autopsy rate exceeds 80%. CHAP, begun in 1993,
is a biracial population study enrolling AA and EA residents of
a geographical defined area of the city of Chicago. More detailed
descriptions of ROS, MAP and CHAP can be found in prior pub-
lications (23,24). The median age of subjects used in the CD33 ex-
pression experiments at sampling was 79.9, (range¼ 65.8–94.8).

Protocols for each study have been approved by the Institu-
tional Review Board of RUSH University.

Flow cytometry/cell surface expression

Aliquots of frozen Peripheral blood mononuclear cells (PBMCs)
from the ROS, MAP and CHAP cohorts were thawed and washed
in 10 ml PBS. PBMCs were stained with anti-human CD33
(clone AC104.3E3; Miltenyi, Auburn, CA) or mouse IgG1
isotype (Miltenyi) in PBS plus 1% fetal calf serum (FCS). The
monocyte gate was defined based on their distinct forward and
side-scatter profile. The MFI was acquired on a FACSCalibur
(BD Immunocytometry Systems, San Jose, CA) and analyzed
with FlowJo software (Tree Star, Ashland, OR). An additive
model was used in the analysis, adjusting for age and sex.

Exon expression association analysis

Gene expression levels were quantified on Affymetrix Gene-
Chip Human Gene 1.0 ST Arrays using mRNA derived from
CD14+CD162 monocytes obtained from 211 individuals of
EA ancestry, 109 individuals of AA ancestry and 78 individuals
of EAA ancestry as part of the Immological Variation (ImmVar)
project (Raj et al. unpublished data). The Affymetrix arrays have
764,885 distinct 25-mer oligonucleotide probes with annotation
at the exon and transcript level including 7 exon probesets for
CD33. The raw expression intensity values were normalized
using RMA normalization.

Genotyping of the ImmVar samples was performed on the
Illumina Human OmniExpress + Exome Chip, a whole-genome
genotypingDNAmicroarraywithallele-specificoligonucleotides
for 951 117 markers. The genotype success rate was ≥97%. We
applied rigorous quality control (QC) that includes (1) gender
misidentification (2) subject relatedness (3) Hardy–Weinberg
Equilibrium testing (4) use concordance to infer SNP quality
(5) genotype call rate (6) heterozygosity outlier and (7) subject
mismatches.

We used the BEAGLE software (version: 3.3.2 (25)) to
imputed the post-QC genotyped markers using reference Haplo-
type panels from the 1000 Genomes Project (The 1000 Genomes
Project Consortium Phase I Integrated Release Version 3), which
contain a total of 37.9 Million SNPs in 1092 individuals with an-
cestry from West Africa, East Asia and Europe. For subjects of
European and East Asian ancestry, we used haplotypes from

Figure 4. Western blot analysis confirms the association between rs3865444C

and increased abundance of the full-length CD33M isoform in monocytes. (A)
In purified, ex vivo monocytes isolated from healthy subjects in the PhenoGenetic
cohort, western blot analysis indicates that full-length CD33M isoform is
expressed at low levels in individuals with the protective rs3865444AA genotype
compared with individuals with the risk rs3865444CC genotype. (B) As quanti-
fied by densitometric analysis, this association is statistically significant (P ,

0.0001). (C) The truncated CD33m isoform has no significant association with
rs3865444 genotype (P ¼ 0.75).
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Utah residents (CEPH) with Northern and Western European an-
cestry (CEU), and combined panels from Han Chinese in Beijing
(CHB) and Japanese in Tokyo (JPT), respectively. For imputing
genotypes from AA subjects, we used a combined haplotype ref-
erence panels consisting of CEU and Yoruba in Ibadan, Nigeria
(YRI). Only SNPs with MAF . 0.01 and imputation quality
r2 . 0.4 were kept for subsequent analysis.

For our association analysis, we extracted all SNPs within
200 kb of the rs3865444 index SNP. Associations between
SNP genotypes and exon expression values were conducted by
Spearman rank correlation (SRC). In a secondary analysis con-
trolling for gene-level expression effects, we calculated a SI
for each exon, normalizing exon expression intensity by dividing
each sample’s exon expression levels by the sample’s overall
gene expression level. For example, the SI for exon i in individ-
ual j is SIij ¼ Eij/Gj where Eij is the expression level for exon i in
individual j and Gj is the overall CD33 gene expression level in
individual j (17). Again, association tests between SNP geno-
types and exon SIs were conducted using SRC.

Meta-analysis

We used the METASOFT software (26) to perform multi-ethnic
meta-analysis using a random effects (RE) model. The effect size
(estimated using Spearman’s rho for eQTL analysis) and stand-
ard error of the effect size were used as an input to METASOFT.

Relative trait concordance

We used the RTC method to integrate QTL and AD GWAS data
to detect disease-causing cis-regulatory effects as previously
described in Nica et al. 2010 (16).

Western blotting and densitometry

PBMCs from the PhenoGenetic cohort were separated by Ficoll-
Paque PLUS (GE Healthcare) gradient centrifugation. PBMCs
were frozen in 10% DMSO (Sigma-Aldrich)/90% fetal calf
serum (vol/vol, Atlanta Biologicals). Monocytes were isolated
from frozen PBMCs using CD14 positive microbeads (Miltenyi
Biotech). Cells were lysed in IP buffer (Thermo Scientific) with a
protease inhibitor mixture (Roche Diagnostics) and a phosphat-
ase inhibitor mixture (Sigma-Aldrich). After 20 min on ice,
cells were centrifuged at 12 000 rpm for 10 min and diluted in
electrophoresis sample buffer. Samples were heated at 808C
for 5 min and 20 mg total protein was loaded into each well of
an SDS-PAGE gel for separation by electrophoresis. Proteins
were transferred on to a PVDF membrane and probed with
anti-CD33 rabbit polyclonal IgG antibody (H-110) and goat anti-
rabbit HRP-conjugated antibody (Santa Cruz Biotechnologies).
Membranes were developed with Immobilon Western Chemilu-
minescent HRP substrate (Millipore). Bands were quantified by
densitometric analysis using ImageJ software (Wayne Rasband,
NIH, USA).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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