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**Investigators who contributed to the NIA-LOAD/NCRAD Family Study can be found on the dbGaP website 

(http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000168.v1.p1).   

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000168.v1.p1
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ABSTRACT (247/250 words) 

Copy number variants (CNVs) are DNA regions that have gains (duplications) or losses (deletions) of genetic 

material. CNVs may encompass a single gene or multiple genes and can affect their function. They are hypothesized 

to play an important role in certain diseases. We previously examined the role of CNVs in late-onset Alzheimer's 

disease (AD) and mild cognitive impairment (MCI) using participants from the Alzheimer's Disease Neuroimaging 

Initiative (ADNI) study and identified gene regions overlapped by CNVs only in cases (AD and/or MCI) but not in 

controls. Using a similar approach as ADNI, we investigated the role of CNVs using 794 AD and 196 neurologically 

evaluated control non-Hispanic Caucasian NIA-LOAD/NCRAD Family Study participants with DNA derived from 

blood/brain tissue. The controls had no family history of AD and were unrelated to AD participants. CNV calls were 

generated and analyzed after detailed quality review. 711 AD cases and 171 controls who passed all quality 

thresholds were included in case/control association analyses, focusing on candidate gene and genome-wide 

approaches. We identified genes overlapped by CNV calls only in AD cases but not controls. A trend for lower 

CNV call rate was observed for deletions as well as duplications in cases compared to controls. Gene-based 

association analyses confirmed previous findings in the ADNI study (ATXN1, HLA-DPB1, RELN, DOPEY2, GSTT1, 

CHRFAM7A, ERBB4, NRXN1) and identified a new gene (IMMP2L) that may play a role in AD susceptibility. 

Replication in independent samples as well as further analyses of these gene regions is warranted. 

Keywords (6 to 8 keywords): Alzheimer's disease, association study, CHRFAM7A, copy number variation, 

dementia, IMMP2L, NIA-LOAD/NCRAD, replication (8 keywords).   
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INTRODUCTION 

Alzheimer’s disease (AD) is the most common form of dementia characterized by loss of memory and 

other intellectual abilities, which eventually disrupts daily life activities. An estimated 5.4 million Americans have 

AD, the sixth leading cause of death across all ages in the United States [1]. The hallmark abnormalities of AD are 

deposits of the beta-amyloid protein fragments (amyloid plaques) and twisted strands of the tau protein 

(neurofibrillary tangles). Although no current treatments can slow or halt its progression, a large research effort is 

being undertaken to identify causes that can lead to earlier diagnosis and treatment. Amnestic mild cognitive 

impairment (MCI) is a clinical condition in which a person has memory problems that are not normal for the 

individual’s age, but not severe enough to interfere significantly with daily functioning. Approximately 14-18% of 

individuals aged 70 years and older have MCI, and 10-15% of these individuals with MCI will likely progress to AD 

or another dementia every year [2]. 

Genetic variation is a key factor in the development and progression of AD, with approximately 58-79% of 

phenotypic variation estimated to be caused by genetic factors [3]. Early-onset AD (EOAD; onset<60 years), which 

accounts for <5% of AD cases is caused by mutations in the APP, PSEN1 and PSEN2 genes. The leading genetic 

risk factor for the more common late-onset form of AD (LOAD; onset≥60 years) is the APOE ε4 allele [4]. A 

member of a three allele haplotype (composed of ε2, ε3 and ε4 alleles), the ε4 allele shows a dose-dependent 

increase in AD risk of approximately four-fold in carriers as compared to noncarriers [5-7]. Recently, other AD risk 

loci have been identified and replicated including: CLU, CR1, PICALM, BIN1, EXOC3L2, MTHFD1L, 

MS4A4A/MS4A6E, CD2AP, CD33, ABCA7 and CUGBP2 [8-15]. However, these loci do not account for all of the 

genetic variation associated with AD, and it is likely that other forms of genetic variation such as copy number 

variations (CNVs) play a role. 

CNVs are DNA regions ranging in size from 1 kilobase (kb) to several megabases (Mb) present in variable 

number of copies in the genome. The regions can have addition of genetic material (copy number gains or 

duplications) or loss of genetic material (copy number losses or deletions). They often overlap one or more genes, 

and may affect gene function [16]. To our knowledge, only four studies have investigated the role of CNVs in 

LOAD [17-20]. Heinzen et al. performed a case-control genome-wide scan of AD and identified a duplication in the 
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CHRNA7 gene that they thought warranted further investigation [17]. In an in-depth analysis of the CR1 region, 

Brouwers et al. observed a low-copy repeat associated CNV in CR1, that produced different CR1 isoforms, CR1-F 

and CR1-S [18]. They were able to obtain a significant association in carriers of CR1-S with AD and were able to 

replicate this finding in an independent cohort. In a case-only genome-wide CNV association study, Shaw et al. 

demonstrated that a chromosomal region on 14q11.2, encompassing a cluster of olfactory receptors, is associated 

with age at onset of AD [19]. 

In a previous study, we performed a case-control CNV analysis in 288 AD, 183 MCI, and 184 control non-

Hispanic Caucasian participants in the Alzheimer's Disease Neuroimaging Initiative (ADNI) study who had DNA 

samples derived from peripheral blood [20]. The analyses included candidate gene and genome-wide approaches to 

identify genes overlapped by CNVs only in cases (AD and/or MCI) but not in controls. Although no excess CNV 

burden was observed in cases compared to controls, CNVs overlapping the candidate gene CHRFAM7A, as well as 

CSMD1, SLC35F2, HNRNPCL1, NRXN1, and ERBB4 regions were identified only in cases. Using a similar 

approach, we analyzed the role of CNVs in AD using unrelated non-Hispanic Caucasian participants in the National 

Institute of Aging-LOAD/National Cell Repository for AD (NIA-LOAD/NCRAD) Family Study [15] who had 

DNA samples derived from blood or brain tissue. Case/control association analyses were performed to compare the 

CNV burden between AD participants (cases) and controls, and to characterize genomic regions where CNVs were 

detected in cases but not in controls. 

MATERIAL AND METHODS 

Data used in this study were obtained from the "NIA-Late Onset Alzheimer's Disease and National Cell 

Repository for Alzheimer's Disease Family Study: Genome-Wide Association Study for Susceptibility Loci" dataset 

(dbGaP Study Accession: phs000168.v1.p1, Project #2026) on the database of Genotypes and Phenotypes (dbGaP; 

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000168.v1.p1) website.  

Participants 

Recruitment information for participants in the NIA-LOAD Family Study and NCRAD has been previously 

described [15]. Briefly, the AD sample contained individuals from families as well as unrelated individuals who had 

a family history of AD. All individuals were recruited after providing informed consent and with approval by the 

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000168.v1.p1
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relevant institutional review boards. The study was conducted according to the principles in the Declaration of 

Helsinki. The dataset contained information for 607 families (1516 affected, 1306 unaffected) from the NIA-LOAD 

Family Study, 138 families (337 affected, 166 unknown intermediate phenotypes) from NCRAD, and 471 unrelated 

patients from the NIA-LOAD Family Study and NCRAD. Three sources were used to ascertain unrelated controls: 

the NIA-LOAD Family Study (n=794), and NCRAD (n=144), with the NCRAD controls including 141 participants 

from the University of Kentucky. The NIA-LOAD and NCRAD recruited controls did not have a family history of 

LOAD in a first degree relative, whereas the University of Kentucky controls were not excluded if they had a family 

history of LOAD. Genome-wide genotyping for all samples was performed at the Center for Inherited Disease 

Research (CIDR; http://www.cidr.jhmi.edu/) using the Illumina Human610-Quad BeadChip. The APOE 

polymorphisms (based on rs7412 and rs429358) for all samples were genotyped at PreventionGenetics 

(http://www.preventiongenetics.com/). The phenotype and genotype information for all participants were available 

as part of the dataset. 

Alzheimer's Disease Neuroimaging Initiative (ADNI) 

The Alzheimer's Disease Neuroimaging Initiative (ADNI) data used in the present study was obtained from 

the ADNI database (http://adni.loni.ucla.edu). Launched in 2003 as a $60 million, multiyear public-private 

partnership, the primary goal of ADNI has been to test whether serial magnetic resonance imaging, positron 

emission tomography, other biological markers, and clinical and neuropsychological assessments can be combined 

to measure the progression of MCI and early AD. Michael W. Weiner, MD, VA Medical Center and University of 

California-San Francisco is the Principal Investigator of this initiative. Further information about ADNI can be 

found at http://www.adni-info.org. Genome-wide genotyping of the ADNI sample was performed using the Illumina 

Human610-Quad BeadChip as previously described [20, 21]. The APOE polymorphisms (rs429358 and rs7412) 

were genotyped separately. Clinical, imaging, biomarker and genetic information for all ADNI participants is 

available in the ADNI database.  

Sample Selection Criteria 

For the present analysis, we selected unrelated AD participants (n=794) and controls (n=196) of non-

Hispanic Caucasian descent who had DNA samples extracted from blood or brain tissue as described below. 

http://www.cidr.jhmi.edu/
http://www.preventiongenetics.com/
http://adni.loni.ucla.edu/
http://www.adni-info.org/
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Genotype Data 

Genotype data for 5573 participants were available as part of this dataset. Participants who had DNA 

samples extracted from "Blood" or "Brain Tissue" were selected for the present analyses. Those with DNA samples 

extracted from lymphoblastoid cell lines (LCLs) were excluded because cell line transformation may bias CNV 

results [22, 23]. Also, only samples that were determined to have "High Quality Genotyping Data; High Quality 

Intensity Data for CNV detection" or "High Quality Genotyping Data; Low Quality Intensity Data for CNV 

detection" in order to have maximum power and representativeness and no known chromosomal abnormality were 

included in the analyses. 2843 samples with genotype data were available after these filtering steps. 

Phenotype Data 

Phenotype data for 5220 participants were available as part of this dataset. Participants with a diagnosis of 

"Alzheimer disease" (AD) or "Neurologically evaluated control" (controls) were selected for the analyses. An AD 

participant was defined as an individual meeting NINCDS-ADRDA criteria for probable or possible AD [24], or 

meeting NINCDS-ADRDA criteria for definite AD when clinical and pathological information was available, or 

CERAD pathological criteria [25] for AD based on postmortem information alone. A control was defined as an 

individual who demonstrated or had a documented history of normal cognitive function for age. Controls were 

determined by clinical or neuropathological examination to not meet criteria for AD. Only participants who were 

“recruited as controls” and not part of an AD family were selected as controls. We also restricted our analyses to 

non-Hispanic Caucasian participants identified from principal component analyses using the smartpca program from 

the EIGENSOFT package [26]. 2761 participants (1852 AD and 909 controls) with phenotype data remained after 

these filtering steps. 1592 participants (1312 AD and 280 controls) had both genotype and phenotype data. 

Selection of One Participant per Family 

One AD participant per family was selected based on the following criteria: 1) diagnosis level (definite 

AD>probable AD>possible AD); 2) lower age of dementia symptoms; 3) lower age at which participant was 

diagnosed with AD; and 4) higher genotype call rate. One control per family was selected based on a higher 

genotype call rate. Controls were not biologically related to the portions of the family affected by AD. 795 cases and 

249 controls remained after this filtering step. Although controls with no family history of AD were recruited, over 
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time they may have family members develop AD. 54 such recruited controls (53 controls and one control who 

converted to AD) had first degree relatives with AD, and were excluded from the analyses. After all filtering steps, 

990 participants (794 AD and 196 controls) were available for performing the case/control association analyses.   

Generation of CNV calls and Quality Control 

CNV call generation and quality control (QC) measures in the present study were performed as described 

in a previous similar study, Swaminathan et al. [20]. Briefly, the Log R Ratio (LRR) and B Allele Frequency (BAF) 

values for each sample were used for the generation of CNV calls for the sample. The LRR of a sample is the log 

(base 2) ratio of the normalized intensity value for the SNP divided by the expected normalized intensity value. The 

BAF for a sample is the allelic composition (copy angle) for a SNP that is corrected for cluster position. A large set 

of normal individuals were used to generate the cluster positions (Illumina GenomeStudio Genotyping Module v1.0 

User Guide). PennCNV software [27] (2010Jun22 version) (http://www.openbioinformatics.org/penncnv/), which 

implements a hidden Markov model (HMM) was used for the generation of CNV calls. A number of detection 

algorithms are available for analyzing CNVs from genome-wide SNP array data including HMM, segmentation 

algorithms, t-tests and standard deviations of the LRR. A comparison of these methods has been performed by 

Dellinger et al. [28]. Although the PennCNV program was observed to have moderate power in detecting CNVs, it 

also had a low false positive call rate and hence was used for the generation of CNV calls. A genomic wave 

adjustment procedure [29] as implemented in PennCNV was carried out. A frequency distribution plot of the 

number of CNV calls for all samples was made, and a sample was excluded if the number of CNV calls for the 

sample was greater than the 90th percentile. Samples were also excluded if: LRR SD>0.35, BAF Drift>0.002 or 

Waviness Factor>0.04. An AD sample was observed to have a very large (~11.5 Mb) deletion on chromosome 14 

and was excluded from the analyses as it may be a possible outlier. Due to complications of hemizygosity in males 

and X-chromosome inactivation in females, we restricted our analyses to autosomes. To ensure only high quality 

samples were included in the analyses, CNVs for which the difference of the most likely copy number state and less 

likely copy number state was less than 10, CNV calls generated based on data from less than 10 SNPs, and CNVs 

that had >50% overlap with centromeric, telomeric, and immunoglobulin regions as defined in Need et al. [30] were 

excluded. 882 participants (711 AD, 171 controls) with 8211 CNV calls remained after all QC measures and were 

entered into the case/control association analyses. 

http://www.openbioinformatics.org/penncnv/
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Case/Control Association Analyses 

Case/control association analyses were performed using CNV calls generated for the AD participants and 

controls using PLINK v1.07 [31] (http://pngu.mgh.harvard.edu/~purcell/plink/) to determine CNV call differences 

between cases (AD) and controls. As in the ADNI study, two approaches were used: (1) a candidate gene approach 

consisting of AD genes identified from the AlzGene database [32] (Updated 5 January 2011) 

(http://www.alzgene.org/) as having a positive association with AD in at least one study, consisting of 317 genes 

tested, and (2) a genome-wide approach using PLINK's gene list (hg18 coordinates), consisting of 17938 genes 

tested. We also performed the candidate gene analysis in the ADNI study using the same AD candidate gene list as 

used in the present study to compare the results obtained in the two studies. The AlzGene database is a publicly 

available and regularly updated online resource that comprehensively catalogs genetic case/control and family 

association studies in AD. In both approaches, CNV segments either partially or completely overlapping gene 

regions were analyzed, and both deletions and duplications were included in the analyses. 

Representative plots of the CNV calls Fig. (2) were created in UCSC Genome Browser [33] 

(http://genome.ucsc.edu/) (March 2006 (NCBI36/hg18) assembly). The Genome Browser track for the Illumina 

Human-610 array was obtained from the PennCNV website 

(http://www.openbioinformatics.org/penncnv/penncnv_download.html). The Illumina Genome Viewer plug-in 

(Human Build 36.1) within GenomeStudio was used to generate representative plots of LRR and BAF values for the 

participants Fig. (1) and Fig. (3). 

RESULTS 

Sample Demographics and CNV Call Characteristics 

The sample demographics of the 882 participants (711 AD and 171 controls) are shown in Table 1. Of the 

711 AD participants, 263 participants had a diagnosis of definite AD, 425 participants had a diagnosis of probable 

AD, and 23 participants had a diagnosis of possible AD. Significant (p<0.05; two-sided) differences in the number 

of years of education, the absence or presence of the APOE ε4 allele and the DNA source were observed between 

the AD participants and controls. The CNV call characteristics of the 882 participants are shown in Table 2. 8211 

CNV calls (5586 deletions and 2625 duplications) were observed with an average CNV call length of 87.07 kb and 

http://pngu.mgh.harvard.edu/~purcell/plink/
http://www.alzgene.org/
http://genome.ucsc.edu/
http://www.openbioinformatics.org/penncnv/penncnv_download.html
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an average of 26 SNPs per CNV call. A higher CNV call rate and a lower average CNV call size were observed in 

deletions compared to duplications. A trend towards a lower CNV call rate was observed for deletions as well as for 

duplications in AD participants compared to controls, but this was not significant (p>0.05; two-sided) when 

evaluated by permutation. The largest proportion of deletions and duplications were found in the 0.1-0.5 Mb range 

(Table 3). Two AD participants were observed to have very large CNV calls (>2 Mb) Fig. (1). The first AD 

participant had a 2.4 Mb deletion on chromosome 11 Fig. (1A), which includes many genes. The second AD 

participant had a 3.2 Mb duplication on chromosome 3 Fig. (1B), which includes the GBE1 gene. 

Case/Control Association Analyses 

Candidate Gene Approach 

 CNV calls overlapping 317 AD candidate genes from at least one case (AD) but no controls were 

identified. The 30 genes identified are present in Table 4 for reference although these do not meet conventional 

significance (p<0.05; one-sided) due to low power. On performing a similar analysis using the same AD gene list in 

the ADNI study, 15 genes were also identified as being overlapped by CNV calls from at least one case (AD and/or 

MCI) but no controls. Five genes were identified by both studies: ATXN1, HLA-DPB1, RELN, DOPEY2 and GSTT1. 

The conditional probability of five or more genes being simultaneously identified by the two studies was evaluated 

by combinatorial calculation (p=0.0083). The CHRFAM7A gene reported in the ADNI study [20] was also identified 

in 12 AD participants and one control in the present study Fig. (2A). 

Genome-wide Approach 

We also identified CNV calls present in cases (AD) but not controls overlapping 17938 genes in the human 

genome. The IMMP2L gene was identified in 13 AD participants although it did not reach conventional significance 

(Uncorrected p=0.059; one-sided) Fig. (2B). This gene was also found to be overlapped by CNV calls from four 

AD, one MCI and one control in the ADNI study. The CSMD1, HNRNPCL1 and SLC35F2 genes reported in the 

ADNI study were found to be overlapped by CNV calls from 11 AD participants and six controls, 23 AD 

participants and 11 controls, and 20 AD participants and three controls respectively from the NIA-LOAD/NCRAD 

sample. Two genes associated with neuropsychiatric disorders reported in the ADNI study: NRXN1 and ERBB4, 

were also identified in the present study in five and four AD participants, but not in controls. An AD participant was 
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observed to have a duplication in the 16p13.11 region Fig. (3A) and another AD participant was observed to have a 

deletion in the 17p12 region Fig. (3B). 

DISCUSSION 

The present report represents an initial analysis of CNVs in the NIA-LOAD/NCRAD Family Study and a 

follow-up report and partial replication of the CNV analyses in the ADNI study. After extensive QC, we performed 

case (AD)/control association analyses using candidate gene and genome-wide approaches similar to those used in 

the ADNI study.  

Comparison of the CNV calls in the two diagnosis groups showed a trend towards a lower CNV call rate 

for deletions as well as duplications in AD participants compared to controls. In the ADNI study, a trend towards a 

higher CNV call rate for deletions and a lower CNV call rate for duplications in AD and MCI participants compared 

to controls was observed. The differences observed between the two studies may be due to random sampling 

variation, different participant selection criteria, and that the ADNI study analyses also included MCI participants in 

addition to AD participants and controls, whereas the NIA-LOAD/NCRAD Family Study analyses included only 

AD participants and controls. Two AD participants in the present study were identified as having very large CNV 

calls (>2 Mb) Fig. (1). The first AD participant had a 2.4 Mb deletion on chromosome 11 Fig. (1A), overlapping a 

number of genes including olfactory receptor genes. Olfactory receptor genes are members of a large multigene 

family encoding signaling transduction pathway components involved in odorant discrimination [34]. Many of the 

olfactory receptor genes are located on chromosomes 6, 11 and 17, as well as distributed on other chromosomes. 

Odor identification has been shown to be impaired early in AD [35] and an increase in odor identification deficits 

has been shown in MCI participants compared to participants without MCI [36]. A high copy number in a region on 

chromosome 14 encompassing a cluster of olfactory receptors was recently shown to be associated with younger age 

at onset of AD [19]. The second AD participant had a 3.2 Mb duplication on chromosome 3 Fig. (1B), which 

includes the GBE1 (glucan (1,4-alpha-), branching enzyme 1) gene. The protein encoded by this gene is a glycogen 

branching enzyme involved in glycogen biosynthesis and mutations in the gene have been associated with glycogen 

storage disease IV [37]. This gene has not been previously associated with AD susceptibility. Further 
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characterization of these regions by cytogenetic or molecular techniques is required to determine their clinical 

relevance. 

Case/control association analyses using a candidate gene approach and a genome-wide approach similar to 

those used in the ADNI study were performed. CNV calls partially overlapping genes in AD participants relative to 

controls were determined, suggesting a possible role for these genes in AD susceptibility. 

Several interesting genes were identified using a candidate gene approach (Table 4). The CHRFAM7A 

(CHRNA7 (cholinergic receptor, nicotinic, alpha 7, exons 5-10) and FAM7A (family with sequence similarity 7A, 

exons A-E) fusion) gene reported in the ADNI study was also identified in 12 AD participants and one control in the 

present study Fig. (2A). Located on chromosome 15, the gene is a hybrid consisting of a partial duplication of the 

CHRNA7 gene fused to a copy of the FAM7A gene [38, 39]. It is highly polymorphic and individuals with and 

without the gene have been identified. A 2-bp deletion polymorphism at position 497-498 in exon 6 of the gene has 

been associated with schizophrenia [40], and a significant over-representation of the CHRFAM7A genotype without 

the 2-bp allele has been observed in AD participants, dementia with Lewy bodies participants and Pick’s disease 

participants compared to controls [41]. Although CHRFAM7A is transcribed, its translation and the possible role of 

the resulting protein is uncertain. Recently, de Lucas-Cerrillo et al. cloned and expressed the full-length coding 

sequence of the CHRFAM7A transcript in pituitary-derived GH4C1 cells and oocytes [42]. On performing a 

functional study of the protein in oocytes, they observed a dominant negative regulatory function of the protein on 

α7 nicotinic acetylcholine receptors (α7 nAChRs) activity through reduction in the number of functional α7 nAChRs 

incorporated into the oocyte surface. Based on these and other results, they suggested that the CHRFAM7A gene 

product could possibly modulate α7 receptor-mediated synaptic transmission and cholinergic anti-inflammatory 

response. Another recent study by Araud et al. suggests CHRFAM7A to be a dominant negative modulator of 

CHRNA7 function and important for receptor regulation in humans [43]. In order to determine how α7 nAChR 

activation would affect APP processing, Nie et al. constructed a SH-EP1-α7 nAChR-hAPP695 cell line model co-

expressing α7 nAChR gene and human amyloid precursor protein 695 (hAPP695) gene [44]. Their results 

demonstrated that, by regulating γ-secretase activity, activation of α7 nAChR reduced APP processing in the 

amyloidogenic pathway. At the same time, the activation was found to enhance APP processing in the non-

amyloidogenic pathway, thus suggesting a role of α7 nAChR in APP processing. Although the identified genes were 
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overlapped by a small number of CNV calls, these genes have been previously investigated in AD studies and thus 

represent potential candidate genes. The role of these genes in AD susceptibility can be confirmed by performing 

replication studies in other samples and laboratory validation. 

In order to compare NIA-LOAD/NCRAD results with those obtained in the previous ADNI study, we 

performed candidate gene analyses using the same AD gene list as the present study. Five genes (ATXN1, HLA-

DPB1, RELN, DOPEY2 and GSTT1) identified in the NIA-LOAD/NCRAD Family Study were also identified in the 

ADNI study as being overlapped by CNV calls from cases (AD and/or MCI participants), but not controls. The 

present study identified 30 genes and the ADNI study identified 15 genes. There was a statistically significant 

agreement (conditional probability, p=0.0083) for these five genes showing a signal across the two studies. The 

ATXN1 (ataxin 1) gene on chromosome 6 encodes a protein ataxin-1, the mutated form of which is associated with 

spinocerebellar ataxia type 1. The loss of function of this gene has been shown to increase amyloid-beta 40 (Aβ40) 

and amyloid-beta 42 (Aβ42) levels by potentiating β-secretase processing of amyloid precursor protein [45]. ATXN1 

and the related Brother of ATXN1 (BOAT1) have been recently shown to be important components of the Notch 

signaling pathway, and may play a role in several Notch-controlled development and disease processes [46]. An 

evidence of association has been suggested between an intronic SNP (rs179943) in this gene and AD [47]. The HLA-

DPB1 (major histocompatibility complex, class II, DP beta 1) also on chromosome 6 is a member of the HLA class 

II beta chain paralogues and plays a major role in the immune system by presenting peptides derived from 

extracellular proteins. The HLA alleles have been previously investigated for association to AD [48, 49]. The RELN 

(reelin) gene on chromosome 7 encodes for a large secreted extracellular matrix protein thought to control cell-cell 

interactions important during brain development for cell positioning and neuronal migration. Variants in the gene 

have been associated with AD [50]. Increased expression of reelin has been observed in the pyramidal neurons of 

the hippocampus in AD individuals and in cognitively intact controls with AD-associated pathology [51]. The 

authors of the study suggest that the reelin up-regulation may be a compensatory response to amyloid-beta or tau-

related stress associated with AD even prior to the onset of dementia. The DOPEY2 (dopey family member 2) or 

C21orf5 gene located in the Down syndrome critical region on chromosome 21 has been considered a potential 

Down syndrome (DS) candidate gene [52]. The gene has been shown to be differentially expressed and 

overexpressed in DS brains and it is thought that its overexpression could play an important role in the neurological 
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phenotypes and mental retardation in DS patients. The GSTT1 (glutathione S-transferase theta 1) gene on 

chromosome 22 is a member of a protein superfamily that catalyses the conjugation of reduced glutathione to a 

number of electrophilic and hydrophobic compounds. Glutathione S-transferase variants have been previously 

investigated for association to AD [53, 54]. 

The genome-wide approach revealed CNV calls overlapping the IMMP2L (inner mitochondrial membrane 

peptidase-like (S. cerevisiae)) gene in 13 AD participants, but no controls. This gene was also identified in four AD, 

three MCI and one control in the ADNI study Fig. (2B). Located on chromosome 7, IMMP2L is a catalytic subunit 

of the mitochondrial inner membrane peptidase (IMP) complex [55]. The IMP complex proteolytically removes the 

mitochondrial targeting presequence of nuclear-encoded proteins to generate mature, active proteins in the 

mitochondrial intermembrane space. IMMP2L was first identified in a patient with Gilles de la Tourette syndrome  

(GTS) who carried a de novo inverted duplication of a segment of the long arm of chromosome 7 [56]. Recently, it 

has been identified as being disrupted in another patient with GTS who had a de novo translocation between 

chromosomes 2 and 7 [57]. Reverse-transcription polymerase chain reaction analyses showed ubiquitous expression 

of this gene except in the adult liver and lung. In mutant mice with a mutation in the IMMP2L gene, the mutation 

has been shown to affect the signal peptide sequence processing of mitochondrial proteins cytochrome c1 and 

glycerol phosphate dehydrogenase 2 [58]. This affected the mitochondrial function such that mitochondria from 

mutant mice generated higher than normal superoxide ion levels and there was impaired fertility in both sexes. 

Mutant mice have also been shown to manifest multiple aging-associated phenotypes including wasting, loss of 

subcutaneous fat, sarcopenia, kyphosis and ataxia, and the loss of subcutaneous fat was due to impaired adipose 

progenitor/stem cells self-renewal [59]. The authors suggest that accelerated aging is driven by mitochondrial 

reactive oxygen species and that reactive oxygen species damage to adult stem cells could be a possible mechanism 

for age-associated disorders. The CSMD1 (CUB and Sushi multiple domains 1), HNRNPCL1 (heterogeneous 

nuclear ribonucleoprotein C-like 1) and SLC35F2 (solute carrier family 35, member F2) genes reported in the ADNI 

study were found to be overlapped by CNV calls from 11 AD participants and six controls, 23 AD participants and 

11 controls, and 20 AD participants and three controls respectively in the present study. None of these genes have 

been previously associated with AD. These genes warrant further investigation in independent samples to determine 

their role in AD susceptibility. 
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Two neuropsychiatric disorder candidate genes: NRXN1 and ERBB4, reported in the ADNI study, were also 

identified in the present study to be overlapped by CNV calls only in AD participants, but not in controls. Deletions 

in four AD participants were observed in the NRXN1 (neurexin 1) gene; deletions in four AD participants and a 

duplication in one AD participant were observed in the ERBB4 (v-erb-a erythroblastic leukemia viral oncogene 

homolog 4 (avian)) gene. NRXN1 is a member of the neurexin family located on chromosome 2. Neurexins are 

molecules on the cell surface that form a heterophilic, Ca2+-dependent complex at central nervous system synapses 

by binding to neuroligins [60].  This transsynaptic complex is essential for formation of synaptic contacts and 

efficient neurotransmission. Although NRXN1 has not been previously associated with AD, the gene has been shown 

to have decreased expression with increasing AD severity [61]. The gene has also been associated with autism [62], 

autism spectrum disorders [63] and schizophrenia [64]. The ERBB4 gene, also located on chromosome 2, belongs to 

the type I receptor tyrosine kinase subfamily, and encodes a receptor for neuregulin 1 (NRG1). It is widely expressed 

in many adult and fetal tissues, with high levels of expression observed in the developing brain and heart [65]. 

NRG1 and ErbB4 immunoreactivity have been found to be associated with neuronal plaques in AD brains as well in 

a transgenic mouse model of AD [66]. A significant increase in ErbB4 immunoreactivity was also observed in AD 

human brains, and this was demonstrated to colocalize with the apoptotic signal Bax in apoptotic hippocampal 

pyramidal neurons, suggesting the possible role of NRG1/ErbB4 signaling as a survival signal in AD progression 

[67]. The authors in a more recent study showed that the immunoreactivities of ErbB4 and phospho-ErbB4 were of 

higher intensity in the neurons of the CA1-2 transitional field of AD brains compared to age-matched controls [68]. 

They also observed an increased ErbB4 expression in the neurons of the cortico medial nucleus amygdala, human 

basal forebrain and superior frontal gyrus of AD brains. ErbB4 immunoreactivity was also found to be significantly 

increased in the cerebral cortex and hippocampus of amyloid precursor protein/presenilin 1 double transgenic mice 

compared to age-matched wild type control. The authors thus suggested that ErbB4 immunoreactivity upregulation 

may be involved in the progression of AD pathology. An AD participant was observed to have a duplication in the 

16p13.11 region Fig. (3A). Duplications at 16p13.11 have been observed to be significantly enriched in individuals 

with neurocognitive disease [69], attention-deficit hyperactivity disorder [70] and schizophrenia [71] compared to 

controls, but have not been previously associated with AD. A different AD participant was observed to have a 

deletion in the 17p12 region Fig. (3B). Although this region is a possible schizophrenia candidate loci [72, 73], it has 

not been previously associated with AD. 
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A number of gene regions overlapped by CNV calls were identified in the present study. Molecular 

characterization of these regions will be required to determine their specific mechanistic relevance in normal aging 

and AD. With further study, some of these regions may hold promise for biomarker or drug target development. 

The present study has some limitations regarding the selection criteria chosen for the analysis as mentioned 

in the Material and Methods section. We excluded any controls that were biologically related to individuals with AD 

as it was possible that these participants could develop AD at a later time, and might have shared genetic regions 

with the affected family members. Thus, a higher number of AD participants (n=794) compared to controls (n=196) 

were included in the present study. Also, it has been shown that Epstein-Barr virus (EBV)-transformed peripheral B 

lymphocytes, in the postimmortal stage, develop strong telomerase activity and aneuploidy, as well as gene 

mutations and reprogramming [23]. These changes may lead to biological artifacts [22, 74], and hence we chose to 

include only participants whose DNA samples were derived from blood or brain tissue. There does not yet appear to 

be a well-defined consensus set of QC criteria to ensure that the most appropriate samples are included in CNV 

analyses. Thus, it is possible that the QC measures used in the present study may have been too stringent, and 

samples that may have had informative CNV data have been excluded.  

CONCLUSION 

In sum, we have conducted an initial CNV analysis in the NIA-LOAD/NCRAD Family Study dataset. A 

trend towards a lower CNV call rate for deletions as well as duplications was observed in AD participants compared 

to controls. A number of gene regions were identified from the gene-based association analyses including those 

reported in the ADNI study (CHRFAM7A, NRXN1 and ERBB4) as well as a new gene (IMMP2L). The candidate 

gene analysis of this dataset and the ADNI study simultaneously identified a statistically significant set of five genes 

(ATXN1, HLA-DPB1, RELN, DOPEY2 and GSTT1). Additional replication in other independent data sets will be 

important to confirm these findings. Future studies to elucidate the biological role of these variants appear 

warranted. Overall, some consistency of CNVs across AD cohorts is emerging and this variation holds promise for 

revealing novel risk factors and disease mechanisms. 
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FIGURE LEGENDS 

Fig. (1). Representative images of B Allele Frequency and Log R Ratio of the Alzheimer’s disease participants who 

had a deletion >2 Mb on chromosome 11 (A) and a duplication >2 Mb on chromosome 3 (B) including 

chromosomal coordinates and the genes in the corresponding regions. Each blue dot in the B Allele Frequency and 

Log R Ratio plots represents a SNP. The orange shaded portion (A) indicates the region with the deletion and the 

blue shaded portion (B) indicates the region with duplication (Human Genome Build 36.1).  

Fig. (2). Representative UCSC Genome Browser (March 2006 (NCBI36/hg18) assembly) plots of deletions 

overlapping the CHRFAM7A (A) and IMMP2L (B) genes in participants from the NIA-LOAD/NCRAD Family and 

ADNI studies. The chromosomal location of the gene and the probes on the Illumina Human610 array are shown. 

The region with the deletion for each participant relative to the gene is highlighted by a lighter red shade for the 

NIA-LOAD/NCRAD Family Study participants and a darker red shade for the ADNI participants. 

Fig. (3). Representative images of B Allele Frequency and Log R Ratio of the Alzheimer’s disease participants who 

had a duplication at 16p13.11 (A) and a deletion at 17p12 (B) along with chromosomal coordinates and genes in 

corresponding regions are shown. Blue dots in the B Allele Frequency and Log R Ratio plots represent SNPs. The 

blue shaded portion (A) indicates the duplicated region and the orange shaded portion (B) the deleted region 

(Human Genome Build 36.1). 
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Table 1. Sample Demographics. 

 Alzheimer's disease Controls p (two-sided) 

Number of participants 711 171 - 

Gender (Males/Females) 243/468 (n=711) 72/99 (n=171) 0.052 

Years of education (Mean±SD) 13.20±3.02 (n=364) 15.16±3.07 (n=160) <0.001 

APOE group (ε4 negative/ ε4 

positive) 

174/537 (n=711) 136/35 (n=171) <0.001 

Age at last evaluation (Mean±SD) - 79.33±11.20 (n=171) - 

Age participant developed dementia 

symptoms (Mean±SD) 

72.02±6.77 (n=705) - - 

Age participant diagnosed with 

Alzheimer's disease (Mean±SD) 

75.85±6.88 (n=586) - - 

DNA Source (Blood/Brain Tissue) 673/38 (n=711) 136/35 (n=171) <0.001 
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Table 2. Characteristics of CNV Calls. 

 Alzheimer's disease (n=711) Controls (n=171) 

Deletions Number of CNVs 4453 1133 

Rate per participant 6.26 6.63 

Average size (kb) 65.94 61.92 

Duplications Number of CNVs 2074 551 

Rate per participant 2.92 3.22 

Average size (kb) 133.1 124.4 
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Table 3. Participants Grouped by CNV Call Size. 

Call size Alzheimer's disease (n=711) Controls (n=171) 

 Deletions n (%) Duplications n (%) Deletions n (%) Duplications n (%) 

0.1-0.5 Mb 440 (61.88) 477 (67.09) 102 (59.65) 116 (67.84) 

0.5-1.0 Mb 12 (1.69) 39 (5.49) 4 (2.34) 12 (7.02) 

1.0-1.5 Mb 2 (0.28) 10 (1.41) 1 (0.58) 0 (0.00) 

1.5-2.0 Mb 3 (0.42) 4 (0.56) 0 (0.00) 0 (0.00) 

>2.0 Mb 1 (0.14) 1 (0.14) 0 (0.00) 0 (0.00) 
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Table 4. Genes Overlapped by CNV Calls from at Least One Alzheimer’s Disease Participant and No 

Controls Using the Candidate Gene Approach. 

Chromosome Region Start (bp) End (bp) Number of 

Alzheimer’s disease 

participants 

1 CFH 194887630 194983257 1 

6 ATXN1a 16407321 16869700 3 

6 HLA-A 30018309 30021633 2 

6 MICA 31479349 31491069 4 

6 HLA-DQA1 32713160 32719407 5b 

6 HLA-DOA 33079937 33085367 1c 

6 HLA-DPB1a 33151737 33162954 1c 

7 CD36 80069439 80146529 1 

7 RELNa 102899472 103417198 1 

9 APBA1 71235021 71477042 4 

9 ABCA1 106583104 106730257 3 

9 RXRA 136358230 136472252 1 

10 ABCC2 101532452 101601652 1 

11 PICALM 85346132 85457756 1 

15 CYP19A1 49287545 49418087 1 

15 CHRNA3 76674705 76700377 1 

15 MEF2A 97956184 98071524 1 

17 TP53 7512444 7531588 1 

17 COX10 13913443 14052721 1 

17 SREBF1 17656110 17681050 3b 

17 CCL3 31439715 31441619 2 



Swaminathan et al. Curr Alzheimer Res. 2012 Apr 10 [Epub ahead of print] 

PubMed ID: 22486522 

31 

 

17 KIF18B 40358973 40380608 1 

18 DSC1 26963211 26996817 1 

21 NCAM2 21292503 21833085 1 

21 APP 26174731 26465003 1 

21 DOPEY2a 36458708 36588442 2 

21 KCNJ6 37918656 38210566 2 

22 COMT 18309308 18336530 2 

22 BCR 21852551 21990224 1 

22 GSTT1a 22706138 22714284 1 

aGenes also identified in the Alzheimer’s Disease Neuroimaging Initiative Study as being overlapped by CNV calls 

in Alzheimer’s disease and/or mild cognitive impairment participants, but not controls. 

bOne AD participant had CNV calls overlapping the two genes. 

cA different AD participant had CNV calls overlapping the two genes. 

 


