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Abstract The cluster of differentiation 33 (CD33) has been
proved as a susceptibility locus associated with late-onset
Alzheimer’s disease (LOAD) based on recent genetic studies.
Numerous studies have shown that multiple neuroimaging
measures are potent predictors of AD risk and progression,
and these measures are also affected by genetic variations in
AD. Figuring out the association between CD33 genetic variations and AD-related brain atrophy may shed light on the
underlying mechanisms of CD33-related AD pathogenesis.
Thus, we investigated the influence of CD33 genotypes on
AD-related brain atrophy to clarify the possible means by
which CD33 impacts AD. A total of 48 individuals with

probable AD, 483 mild cognitive impairment, and 281 cognitively normal controls were recruited from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) dataset. We investigated the influence of CD33 SNPs on hippocampal volume,
parahippocampal gyrus volume, posterior cingulate volume,
middle temporal volume, hippocampus CA1 subregion volume, and entorhinal cortex thickness. We found that brain
regions significantly affected by CD33 genetic variations were
restricted to hippocampal and parahippocampal gyrus in hybrid population, which were further validated in subpopulation (MCI and NC) analysis. These findings reaffirm the importance of the hippocampal and parahippocampal gyrus in
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AD pathogenesis, and present evidences for the CD33 variations influence on the atrophy of specific AD-related brain
structures. Our findings raise the possibility that CD33 polymorphisms contribute to the AD risk by altering the neuronal
degeneration of hippocampal and parahippocampal gyrus.
Keywords Alzheimer’s disease . CD33 . Genetics . Atrophy .
Hippocampal . Parahippocampal gyrus

Introduction
Alzheimer’s disease (AD), the prevalent cause of dementia, is
the most common neurodegenerative disease among elderly,
affecting almost 50 % of those over the age of 85 in America.
AD exerts great global public health challenge for our generation: 2015 World Alzheimer Report estimated that 46.8 million people worldwide are living with dementia in 2015, and
the number will almost double every 20 years, which will
reach to 74.7 million in 2030 and 131.5 million in 2050 [1,
2]. Among them, AD makes up 50 to 70 % of cases. To date,
there is no determined view on AD pathogenic mechanisms;
epidemiologic studies failed to identify one single cause that
could be sufficient to explain the pathogenesis of AD. Indeed,
our understandings of AD have been greatly advanced by
genetic studies, especially for the novel discoveries by the
large genome-wide association studies. Genetic factors played
a decisive role in the development of both early-onset AD
(EOAD) and late-onset AD (LOAD) [3]. Thus, exploring for
the mechanism underlying these genetic loci is critical for
ascertaining the progressing steps in AD risk, which may lead
to a new therapeutic target.
Recently, several large-scale genome-wide association
studies (GWASs) have identified nine genes associated with
AD risk. Herein, cluster of differentiation 33 (CD33), a member of sialic acid-binding immunoglobulin-like lectins
(Siglecs) family, was regarded as a strong genetic locus associated with the risk of AD [4–6]. CD33 is located on chromosome 19q13.33 in humans and has been successfully proved
as a putative and novel AD protective loci in different ethnicities [3, 7, 8]. By contrast, our previous studies identified the
minor allele (A) of the rs3865444 polymorphism within the
CD33 as a higher risk locus for LOAD in Han Chinese population [9]. Probably due to environmental and lifestyle differences in population, rs3865444 polymorphism provided a
protective effect for AD in specific ethnic cohorts while conferred risk effect for AD in some other cohorts.
Regarding to the neuropathology mechanisms of CD33 in
AD, there was no explicit answer. Numerous studies have
reported that CD33 might impair microglia-mediated Aβ
clearance and participate in the AD pathology [10, 11]. To
date, understanding the disease mechanism of AD had been
tremendously advanced by the development of clinical and
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neuroimaging biomarkers (measured by tau/phosphorylated
tau in CSF, cortical atrophy on MRI and FDG-PET, CSF
Aβ42, and amyloid PET imaging) [12–14]. These multiple
neuroimaging measures may provide a foothold for the neuropathological changes through brain structural and developmental alterations. It is of note that magnetic resonance imaging (MRI) markers of cortical volume and hippocampal volume are important predictors of neurodegeneration and may
reflect some potential pathologic roles in AD [15]. Bradshaw
and colleagues had demonstrated that the CD33 functional
polymorphism (rs3865444) could elevate CD33 expression
level and further influence neurotic amyloid plaques in the
brains of older individuals at autopsy [11]. Even so, little is
known about the influence of genetic variations in CD33 on
neurodegenerative features. Based on these findings, we thus
supposed that investigating the relationship between CD33
genetic locus and neuroimaging markers may help to ascertain
the potential mechanism of CD33 in modulating AD. To explore the potential functional and neuroimaging influence of
the CD33 locus on AD, we accessed genotyped and archived
samples from Alzheimer’s Disease Neuroimaging Initiative
(ADNI).

Methods
ADNI
The data source of this article was ADNI database (https://ida.
loni.usc.edu/), which was launched by the National Institute
on Aging (NIA), the National Institute of Biomedical Imaging
and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical companies,
and nonprofit organizations in 2003. The initial goal of
ADNI was to recruit 800 subjects to test if serial imaging
techniques, fluid biomarkers, and clinical and
neuropsychological assessment can be combined to detect
MCI and AD at earlier stages. However, ADNI-1 has been
followed by ADNI-GO and ADNI-2 (see http://www.adniinfo.org for up-to-date information). To date, these three protocols have recruited over 1500 adults, age from 55 to 90, to
the research, consisting of NC, MCI, and individuals with AD.
All the Institutional Review Boards of all participating sites at
their respective institutions approved the study. Before the
start of the study, signed written informed consent was obtained from all ADNI participants.
Participants
Participants were considered for enrollment if they met criteria
protocolled in the ADNI-1 and ADNI-2/GO dates (http://
www.adni-info.org/scientists/adnistudyprocedures.aspx). The
normal healthy subjects (NC) had average MMSE scores of
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29.07 ± 1.15, ADAS-Cog scores of 9.06 ± 4.23, and CDR sum
of boxes scores of 0.03 ± 0.13. MCI subjects had mild memory complaints and MMSE scores of 27.89 ± 1.69, ADASCog scores of 15.30 ± 6.65, and CDR sum of boxes scores
of 1.44 ± 0.87. Patients who met National Institute of
Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association
(NINCDS/ADRDA) criteria were defined as probable AD.
On average, participants with AD had MMSE scores of 22.
96 ± 2.03, ADAS-Cog scores of 29.80 ± 8.44, and CDR sum
of boxes scores of 4.44 ± 1.69. The subjects were excluded if
they had any serious neurological disease other than possible
AD, any history of brain lesions or trauma, or psychoactive
medication use (including antidepressants, neuroleptics,
chronic anxiolytics, or sedative hypnotics). The final dataset
for the present analysis comprised 812 individuals, including
281 NC and 483 MCI patients and 48 AD. Table 1 lists the
detailed demographics of all these subjects divided to three
diagnostic groups (NC, MCI, and AD).
SNP Selection
We extracted the SNP genotypes of CD33 from the ADNI
GWAS PLINK format data [16]. The quality control (QC)
procedures were performed using PLINK version 1.07
(http://pngu.mgh.harvard.edu/~purcell/plink/) software. The
SNPs were excluded if they suffered from at least one of the
following deficiencies: minimum call rates <95 %, minimum
minor allele frequencies <0.001, Hardy-Weinberg equilibrium
test p < 1 × 10−3. After quality control procedures, in the theoretical 15 possible haplotypes, only 10 (including rs3865444
and rs3826656) were found to be common alleles (minimum
minor allele frequencies >0.001). Finally, nine loci
(rs3865444, rs3826656, rs1803254, rs113464261, 8112072,
73932888, 34813869, 1354106, 1399839) were selected as
our targeted CD33 loci in further analysis, which captured
the 90 % of common variations in CD33 (Table 2,
Supplementary Fig. S1) using Haploview 4.2 platform.
MRI Structure
The ADNI MRIs used in this research were acquired at multiple sites using a GE Health-care (Buckinghamshire,
England), Siemens Medical Solutions USA (Atlanta, GA),
or Philips Electronics 1.5 T system (Philips Electronics
North America, Sunnyvale, CA). These regional volumes on
MRI were all downloaded from the ADNI dataset, which is
provided by the University of California, San Francisco
(UCSF) medical center. The institute used FreeSurfer version
5.1(http://surfer.nmr.mgh.harvard.edu/) to segment and
analyze the cerebral imaged based on the 2010 DesikanKillany atlas. For the details, the imaging processing can be
found in previous studies [17, 18]. In addition, cortical
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thickness measurement was derived from calculating the distance between the gray and white matter surfaces at each point
(per hemisphere) [19]. In this study, we selected the regions of
interest (ROIs) (including the hippocampus,
parahippocampus gyrus, posterior cingulate, middle temporal,
hippocampus CA1 subregion, and the entorhinal cortex) to
analyze the relationship between CD33 and AD. These ROIs
had been found to be strongly associated with AD based on
recently literature searches [14, 15, 20]. To make sure the
accumulated ROIs volume loss exceeded the incurred measurement errors, we used both baseline and longitudinal data
(2-year follow-up) from ADNI to investigate the association
between each SNP and neuroimaging phenotypes. According
to 2-year follow-up data, we used the volume ratio of followup to baseline as the calculated value.
Data Analysis
Additive model was used to investigate the association between CD33 and AD. The means and standard deviations
(SD) were used to assess the information of all datasets for
continuous variables and proportions for categorical variables.
One-way analysis of variance (ANOVA) was used to compare
differences in continuous sociodemographic variables, and
chi-squared test was used to check for the categorical data.
The associations between the volume/thickness (baseline data
and follow-up changes) and CD33 genotypes were assessed
using linear regression models, which consider age, gender,
education years, and APOEe4 status as covariates in total
sample. Ninety-five percent confidence interval (CI) was used
to explore this association further. All these statistical analyses
were performed by R 3.12 (http://www.r-project.org/) and
PLINK 1.07 (http://pngu.mgh.harvard.edu/wpurcell/plink/).
Controlled by the false discovery rate (FDR), the multiple
hypothesis testing was used to avoid the nonindependence of
Bonferroni correction [21]. The criterion for significant difference was Pc < 0.05 according to FDR-correction. Further validation was obtained by replicated these positive CD33 loci
(findings in total group) in the subgroups population. For
these positive CD33 loci findings in total group, we replicate
the significant brain regions in the subgroup population to
investigate that at which stage these variations impacted the
neurodegeneration markers. Finally, we investigated the correlations between these new positive loci in our study and AD
in a large database from a meta-analysis of GWAS in 74,046
individuals of European descent. According to the collected
data at baseline and 24 months, there is some conversion or
diagnosis change during the 24-month follow-up, and these
conversions or diagnosis change may effect on the results.
Moreover, it would be meaningful to stratify the MCI group
in MCI converting to dementia versus MCI nonconverting to
dementia; hence, more studies are needed to perform to discover this relation.

1114

Mol Neurobiol (2017) 54:1111–1118

Table 1 The characteristics of
the ADNI subjects at baseline

Characteristics

CN

MCI

P value*

AD

–

Age (years)

281

74.51 ± 5.56

483

72.28 ± 7.45

48

75.51 ± 9.23

Gender (male/female)

281

136/145

483

282/201

48

30/18

–

Education (years)
APOE ε4 (0/1/2)

281
281

16.41 ± 2.66
204/70/7

483
483

15.98 ± 2.82
262/180/41

48
48

15.73 ± 2.62
14/25/9

0.08
<0.01

CDR-SB

207

0.03 ± 0.13

406

1.44 ± 0.87

47

4.44 ± 1.69

<0.01

MMSE

281

29.07 ± 1.15

483

27.89 ± 1.69

48

22.96 ± 2.03

<0.01

ADAS-cog
RAVLT

281
280

9.06 ± 4.23
44.83 ± 9.60

480
483

15.30 ± 6.65
36.16 ± 10.86

48
47

29.80 ± 8.44
22.32 ± 7.84

<0.01
<0.01

FAQ
Hippocampus (mm3)
Middle Temporal (mm3)
Entorhinal (mm3)

281
257
257
257

0.17 ± 0.66
7344 ± 895
20,298 ± 2600
3803 ± 650

481
422
422
422

2.85 ± 3.99
6996 ± 1126
20,186 ± 2735
3610 ± 723

48
39
39
39

12.6 ± 7.14
5757 ± 948
17,776 ± 3230
2919 ± 705

<0.01
<0.01
<0.01
<0.01

CMRgl
SUVR

207
152

6.55 ± 0.55
1.12 ± 0.19

406
323

6.32 ± 0.64
1.20 ± 0.22

47
46

5.30 ± 0.72
1.39 ± 0.22

<0.01
<0.01

Data are given as mean ± standard deviation unless otherwise indicated
CN cognitively normal, MCI mild cognition impairment, AD Alzheimer’s disease, CDR-SB Clinical Dementia Rating sum of boxes, ADAS-cog
Alzheimer’s disease Assessment Scale Cognition, MMSE Mini-Mental State Exam, RAVLT Rey Auditory Verbal Learning Test, FAQ Functional
Activities Questionnaire, CMRgl cerebral metabolism rate for glucose measured with fluorodeoxyglucose-positron emission tomography (FDGPET), SUVR florbetapir standard uptake value ratios on amyloid imaging
*P values for continuous variables are from one-way analysis of variance (ANOVA). P values for categorical data are from chi-squared test

Results
Demographic and Clinical Characteristics
Table 1 lists the detailed demographics and multiple memory
scores of all these subjects divided to three diagnostic groups
(NC, MCI, and AD). Hippocampus, middle temporal, and
entorhinal cortex volume exhibited significant differences
across groups (P < 0.01). As expected, hippocampal volume
Table 2

exhibited a decreasing trend in the course of AD progression
(NC < MCI < AD, P < 0.01). Also as expected, APOEe4+ was
more prevalent in AD group than MIC and NC group
(P < 0.01): 34 of 48 AD participants (72.9 %) showing one
or more APOEe4 allele compared with 221 of 483 MCI participants (45.8 %) and 77 of 281 NC participants (27.4 %).
Meanwhile, AD patients performed worse than MCI and NC
in memory tests on the Clinical Dementia Rating scale sum of
boxes (CDRSB), the Alzheimer’s Disease Assessment Scale

Characteristics of nine SNPs finally selected for our analysis

N

SNP

Chr

Minor allele

Allele change

Position

P value

MAFa

Protective or risk factor

1

rs3865444

19

A

C→A

2 KB upstream variant,
5 prime UTR variant

0.8473

0.298

2

rs3826656

19

G

A→G

Intron variant, upstream
variant 2 KB

0.9664

0.264

3

rs1803254

19

C

G→C

0.2345

0.068

4
5
6
7
8
9

rs113464261
rs8112072
rs73932888
rs34813869
rs1354106
rs1399839

19
19
19
19
19
19

C
G
C
G
G
C

A→C
A→G
T→C
A→G
T→G
T→G

NC transcript variant,
UTR variant 3 prime
Intron variant
Intron variant
Intron variant
Intron variant.
Intron variant
Intron variant

Protective (Caucasian population)
Risk (Han Chinese)
Protective(North Han Chinese,
African Americans)
Risk (East Asian, eastern Chinese)
–

0.4856
1.0
1.0
0.3491
0.629
0.3887

0.036
0.02
0.018
0.326
0.329
0.494

–
–
–
–
–
–

NF not found in ADNI database, MAF minor allele frequency, SNP single nucleotide polymorphism
a

MAF data was calculated using Haploview software
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(ADAS), Mini-Mental State Examination (MMSE), the Rey’
Auditory Verbal Learning Test (RAVLT), and Functional
Activities Questionnaire (FAQ) (P < 0.01).
Impacts of CD33 Genetic Variants on Subcortical Volume
in Hybrid Group
Here, we selected several subcortical areas as ROI, including
hippocampus, parahippocampus gyrus, posterior cingulate,
middle temporal, hippocampus CA1 subregion, and the entorhinal cortex. At baseline, C allele of rs7393288 showed trend
of association with smaller thickness of left entorhinal area
and larger volume of left hippocampal CA1 region.
Rs8112072 G allele carriers showed trend of smaller volume
left parahippocampal region and hippocampal CA1 region
than A allele homozygotes subjects (AA > GA > GG). In addition, rs1803254 showed a trend of being associated with
baseline left middle temporal area volume, with minor C allele
carriers showing smaller left middle temporal area volume
(GG > CG > CC); the C allele carriers of rs113464261 were
associated with larger volume of right hippocampus in the
hybrid group. But, to our disappointment, all these associations failed to survive the FDR correction (Supplementary
Table S1). Remarkably, we found more atrophy of left hippocampal for individuals carrying variations in rs8112072 (G
allele, P = 0.0005) and rs73932888 (C allele, P = 0.0036). C
allele of rs113464261 was significantly associated with smaller volume of left hippocampus (P = 0.0086) and left
parahippocampus (P = 0.0047). The associations were still
significant after FDR correction (Fig. 1).
In the follow-up analysis study, only rs1803254 (C allele,
P = 0.0005) showed significant association with atrophy rate
of right hippocampal CA1 region after FDR correction
(Fig. 2e, f). It is worthy to note that G allele of rs3826656
showed trends to be associated with faster atrophy rate of left
parahippocampus and rs1399839 showed trends of associations with slower atrophy rate of right hippocampal CA1 region. In addition, C allele of rs113464261 also showed trends
to be related with slowing down the atrophy of left entorhinal.
However, no associations were significant after FDR
correction.
To validate our results and to facilitate comparisons, we
also selected the hippocampal and parahippocampus as our
ROI and independently tested its association with CD33 variations in NC and MCI individuals, respectively (Fig. 2).
Impacts of CD33 Genetic Variants on Hippocampal
and Parahippocampus in NC Individuals
In the NC group, the association between rs113464261 and
left hippocampus volume gyrus at baseline was validated in
the NC group (P = 0.0365, Fig. 2b). In addition, the association between variations in rs113464261 and larger volume of
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left parahippocampal gyrus at baseline was also further validated in the NC population (P = 0.0459, Fig. 2d). In addition,
since the brain volume varied between NC individuals and
MCI/AD individuals, NC may be the major contributor of
the overall larger volume of left parahippocampal gyrus in
the hybrid population (NC + MCI + AD).
Impacts of CD33 Genetic Variants on Hippocampal
and Parahippocampus in MCI Individuals
The associations between two CD33 loci (rs8112072 G allele
and rs73932888 C allele) and larger baseline atrophy volume
of left hippocampus gyrus were further validated in the MCI
population (Fig. 2a, c). In MCI subgroup, C allele of
rs1803254 was associated with faster atrophy rate of right
hippocampus CA1 (Fig. 2f). As we expected, the overall atrophy rate of hippocampus in the MCI population was faster
than that in hybrid population.

Discussion
We performed a multimodal MRI neuroimaging biomarker
analysis of ADNI subjects to uncover the potential mechanism
of CD33 gene in AD progression. In our study, we found that
these selected CD33 genetic SNPs were significantly associated with advanced atrophy of left hippocampal gyrus
(rs73932888 and rs8112072) and CA1 region (rs1803254).
Meanwhile, there was also an inconsistent result that one
SNP (rs113464261) was significantly related to a relatively
preserved of hippocampal and para hippocampal gyrus.
While we failed to find an association between the
rs3865444 (the locus that reported to be related with AD repeatedly ) and the neuroimaging biomarkers, we predict,
based on our results, that CD33 genetic variants is likely to
modulate AD risk by virtue of their influence on the hippocampus, which is reported to be highly associated with memory scores [22, 23]. Furthermore, our group had reported that
lower CD33 protein levels were significantly associated with
more advanced cognitive decline [24], which may indicate the
CD33 role in the cerebral areas in charge of memory.
CD33 located at chromosome 19q13.33, approximately
6 Mb from APOE which is the strongest genetic risk factor
in the LOAD. It is commonly accepted that CD33 is mainly
expressed on the phagocytes including microglia cells, which
are considered to have the potential to uptake and degrade of
Aβ, and thus prevents the deposition of amyloid plaque in the
brain of AD participants [25]. Using the large sample size, our
findings are supportive of a relationship between hippocampal
atrophy and CD33 gene. Previous literatures concerning neuroinflammation in AD had shown the colocalization of
microglial cells with the neuropathology of AD was conducted within hippocampus [26]. Findings from the recent studies
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Fig. 1 The significant associations of CD33 loci with atrophy rate of
hippocampus and parahippocampal gyrus in the hybrid population. a
rs113464261 was associated with left parahippocampal gyrus volume at
baseline; b rs113464261 was associated with left hippocampus gyrus

volume at baseline; c rs8112072 was associated with left hippocampus
gyrus volume at baseline; d rs7393288 was associated with left
hippocampus gyrus volume at baseline

also highlight the microglial-mediated neurodegeneration occurs in the hippocampal formation in the AD progression [27].
Researches in vivo [11] and vitro [10] all indicated that CD33
mutation could directly inhibit the protein uptake by
microglial and thus impair the Aβ clearance. Our observation
might be explained by the hypothesis that CD33-related hippocampus and parahippocampal gyrus atrophy from structural
MRI is the downstream consequences of the microglia cells
expression [12]. In these regards, these findings offer clues to
the mechanisms through which CD33 genetic variants might
influence cerebral atrophy on MRI through modulating the
microglia cells expression which is seemed to interfere Aβ
clearance. Besides, our previous research also found that
APOEe4 was significantly associated with atrophic

hippocampal volume [13], indicating the important role of
hippocampus in cognitive decline and neurodegeneration in
AD.
In the previous studies, the minor alleles of rs3865444 and
rs3826656 were reported to be a protective factor for AD in
Caucasian population. However, in our replication study in
Han Chinese, we found that the minor allele of rs3865444
was a risk factor for AD in contrast [9]. The relationship between the other SNPs and AD were not reported yet.
Remarkably, a large-scale meta-analysis recently found
that a novel risk allele for AD (rs3865444) on CD33 were
strongly associated with smaller intracranial volume but had
no influence on the hippocampal volume [15]. They supposed
that rs3865444 influenced AD probably due to the
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Fig. 2 The replicated results of the associations of CD33 loci with
hippocampus and parahippocampal gyrus volume in subgroup
population. a rs8112072 was associated with left hippocampus gyrus
volume at baseline in MCI population. b rs113464261 was associated
with left hippocampus gyrus volume at baseline in NC population. c
rs7393288 was associated with left hippocampus gyrus volume at

baseline in MCI population. d rs113464261 was associated with left
parahippocampal gyrus volume at baseline in NC population. e
rs1803254 was associated with 2-year atrophy rate of right hippocampus
CA1. f rs1803254 was associated with 2-year atrophy rate of right hippocampus CA1 in MCI population

involvement of this locus in brain maturation and reserve [15].
Owing to the different population included, we found a negative in rs3865444 but a positive result in other SNPs in CD33.
Genetically, rs3865444 and rs3826656, located in the upstream of CD33 gene, have been identified to be associated
with the risk of AD in multicenter, large-scale GWAS studies
[4–6]. The SNPs rs113464261, rs3865444, and rs3826656 are
in almost complete linkage disequilibrium (rs3865444 and
rs113464261 D’ = 0.964; rs3826656 and rs113464261
D’ = 1.0) (Supplementary Fig. 1). Despite the different results,
our research lends strong support to their hypothesis that novel
AD genetic risk variants (CD33 SNPs and others) may associate with MRI markers of structural brain.
The crucial strength of our study arises from the imaging
measures (quantitative traits (QTs) or continuous phenotypes),
because QT association studies require less sample size and
increased statistical power. Our study also has limitations.
ADNI sample limited in AD sample size, and lager samples
was still necessary. A follow-up of 2 years may be too short to
detect the significant influence of CD33 on AD. Besides, we

selected only non-Hispanic (Caucasian) participants in order
to avoid the population stratification effects. The polymorphisms of CD33 differ in ethnically diverse populations; thus,
the results replications in other ethnic populations are imperative. Future studies using genotype data are required to replicate our findings using dominant model and recessive
model.
In conclusion, we investigated the association between
CD33 common variants and AD-related MRI neuroimaging
phenotypes. Our study confirmed that CD33 genetic variants
were associated with the notable AD-related brain structures
atrophy including parahippocampus and hippocampus on
MRI imaging. The current findings provide underlying mechanisms by which CD33 polymorphisms act on the risk for AD.
In addition, these candidate loci can serve as targets in future
large samples, replication studies.
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