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Abstract—A replicative association analysis of Alzheimer’s disease (AD) was carried out for 15 genetic mark-
ers that have been associated with cognitive disorders in genome-wide association studies. In the Russian
population, AD was associated with CSMD1rs2616984 (OR = 1.50,95% CI 1.07—2.09, p-value = 0.018) and,
potentially, with NOTCH4 rs313296 (OR = 1.53, 95% CI 0.98—2.39, p-value = 0.06) and NRIP1 rs2229741
(OR = 1.35, 95% CI 0.99—1.85, p-value = 0.061). Combinations of epistatically interacting genes (CSMD1
and NRIPI; NOTCH4, CSMD1, and NRIPI; and TLR4, CSMD1, and NRIPI) were identified, along with
their genotype combinations that showed a significant association with AD and the highest predictive values.
Possible molecular mechanisms of the gene involvement in AD pathogenesis are discussed. A bioinformatics
analysis of the biological processes, molecular functions, and protein—protein interactions for the AD genes
indicated that the genes may play a modulating or modifying role, acting together in various regulatory and

signaling pathways involved in AD.
DOI: 10.1134/S0026893314060168
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disorder that affects middle-aged and elderly people.
Cognitive defects varying in severity are main signs of
AD. The AD prevalence in the global population grad-
ually increases with the increasing lifespan. AD affects
more than 10% of people aged 65 and older and
approximately one half of people aged 85 and older
[1]. Accurate data on AD prevalence in Russia are
unavailable. The total affected population of Russia
has been estimated at 1.4 million people by extrapolat-
ing the data on the Moscow population, where AD
affects 4.4% of people aged 60 and older, over the total
population with allowances made for gender- and age-
related differences in disease incidence [2].

Early-onset familial AD, which affects people
younger than 65 years of age, is diagnosed in no more
than 5% of AD cases, has an autosomal dominant
inheritance, and is due to mutations of the amyloid
precursor protein (APP) and presenilin (PSENI and
PSEN2) genes [3—6]. Late-onset AD (at more than 65
years of age) is most likely multifactorial in nature.

Abbreviations: AD, Alzheimer’s disease; CVC, cross-validation
consistency; FDR, false discovery rate; GWAS, genome-wide
association study; MDR, multifactor dimensionality reduction;
NSP, single nucleotide polymorphism.

Allele €4 of the apolipoprotein E gene (APOE) is the
main known genetic factor associated with late-onset
AD [7, 8]. Several tens of other genes and genome
regions whose variation is associated with AD have
been revealed in numerous association studies of AD,
including recent genome-wide association studies
(GWASS). A set of genes identified in more than one
GWAS includes APOJ (CLU), PICALM, CR1, GAB2,
TOMM40, APOC1, MS4A, BIN1, and ABCA7[9-22].

The association of apolipoprotein E variant €4 with
AD has been verified in many populations, including
Russian ones [23]. We have similarly replicated the
associations of APOFE and APOJ (CLU) markers and
APOE—GAB2 genotype combinations in our samples
[24, 25].

In spite of the substantial achievements in search-
ing for genetic factors of AD, the set of known genes
and markers still fails to totally characterize the hered-
itary component of late-onset AD. The missing heri-
tability problem is still pressing in AD, like in any
other multifactorial disorder. Replicating known asso-
ciations with new populations and studying the genes
associated with related phenotypes provide a means to
fill the gap in our knowledge of the hereditary compo-
nent of multifactorial diseases [26].

While a progressive increase in severity and gradual
loss of cognitive functions are characteristic of AD,
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cognitive defects are considered as potential AD
endophenotypes. More than one hundred of signifi-
cant genome regions have been identified in recent
GWAS:s of genetic markers and the variation of cogni-
tive phenotypes in the healthy population [27—31]. In
some cases, the same genes and polymorphisms have
been associated with both AD and cognitive defects
(e.g., TOMMA40 and APOC1 SNPs).

Data are accumulating that common pathogenetic
mechanisms are involved in the pathogenesis of AD
and other neurological and mental disorders, in par-
ticular, schizophrenia [32]. AD and schizophrenia
greatly differ in neuropathology, etiology, age compo-
sition of the patient population, and signs, but they
still have common pathogenetic and molecular mech-
anisms. Common characteristics may be found for the
cognitive endophenotypes of the two diseases as well.
As early as the 1990s, similar features have been
observed in regional damage to the brain, biochemical
dysfunction, and signs [33]. Highly similar patterns of
gene expression in the upper temporal region of the
cortex have been revealed for AD and schizophrenia in
recent transcriptome studies [34].

Thus, genetic markers reliably associated with cog-
nitive endophenotypes in other neurodegenerative and
mental disorders or the individual variation of cognitive
alterations in the normal population provide a possible
source to search for missing heritability in AD.

In this work, genetic markers identified in GWASs
of cognitive parameters in healthy people and schizo-
phrenics were subject to a replicative association anal-
ysis with AD in the Russian population, and a bioin-
formatics analysis was carried out for biological pro-
cesses and protein interactions related to AD genes.

EXPERIMENTAL

A test group included 110 patients (45% males and
55% females), who had been diagnosed with AD (G30
according to the International Classification of Dis-
eases, 10th revision (ICD-10)) and examined at the
Department of Neurology and Neurosurgery (Sibe-
rian State Medical University) and Institute of Mental
Health (Siberian Branch, Russian Academy of Medi-
cal Sciences, Tomsk). The diagnosis was based on the
criteria of ICD-10; Diagnostic and Statistical Manual
of Mental Disorders, revision IV (DSM-1V); and
National Institute of Neurological and Communicative
Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association (NINCDS/ADRDA) [35, 36].
The mean age of the patients was 72.15 + 7.87 years. All
of the patients had a standard psychoneurological
examination. The diagnosis was verified by neuroim-
aging (computed tomography and nuclear magnetic
resonance imaging of the brain) in some of the
patients.

A control group included 285 healthy individuals
(41% males and 59% females) without a history of
mental or neurological diseases. The mean age of the
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control subjects was 58.91 + 8.15 years. The test and
control groups did not differ in gender composition,
but the mean age of the controls was significantly
lower than that of the patients.

To estimate a possible effect of age on allele fre-
quencies, the frequencies were compared for different
cohorts of the control group (older or younger of 65
years of age and up to 40, 40—60, and older than 60
years of age). Significant differences in allele frequen-
cies were not observed between the cohorts of the con-
trol group, and data on the pooled control group were
used to avoid a loss of statistical power in the associa-
tion analysis.

The association analysis involved 15 single nucle-
otide polymorphisms (SNPs), which show a signifi-
cant association with cognitive disorders and schizo-
phrenia according to recent reports [27, 28, 37—41].
The genes and SNPs are characterized in Table 1.

DNA was isolated from venous whole blood by
phenol—chloroform extraction. Genotyping was car-
ried out by real-time PCR with TagMan probes as rec-
ommended by Applied Biosystems (United States),
using a thermal cycler with real-time PCR detection
(Bio-Rad, United States).

The correspondence to Hardy—Weinberg equilib-
rium was checked and the expected heterozygosity
calculated by methods commonly accepted in popula-
tion biometrics. The allele and genotype frequencies
were compared between groups by the maximum like-
lihood (ML) y? test. The strength of association was
inferred from the odds ratio (OR) and its 95% confi-
dence interval (CI). Intergenic interactions were ana-
lyzed by multifactor dimensionality reduction (MDR)
with the use of MDR software. The biological pro-
cesses related to the genes under study and the gene
networks were analyzed using the bioinformatics
resources DAVID (the Database for Annotation, Visu-
alization, and Integrated Discovery), KEGG (Kyoto
Encyclopedia of Genes and Genomes), and STRING
(Search Tool for the Retrieval of Interacting
Genes/Proteins) [42—44].

RESULTS

Allele and Genotype Frequencies and Association
of Genetic Polymorphisms with Alzheimer’s Disease

Genotype and minor allele frequencies, expected
heterozygosities, and the significance levels for the
correspondence of the observed genotype distribution
to the Hardy—Weinberg proportions in the patient and
control samples are summarized in Table 2. A devia-
tion from Hardy—Weinberg equilibrium was observed
for two out of the 30 genotype frequency distributions
examined, namely, those at ZNF804A rs1344706 and
AGBL 11516977195 in the control sample. In total, the
allele frequencies were similar between the patients
and controls and were within the variation ranges
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Table 1. Polymorphisms and genes chosen for the association analysis with AD

No. SNP Minor allele Gene/protein product
1 rs1502844 C SLCOG6A 1/solute carrier organic anion transporter family, member 6A1
2 1s9960767 C TCF4/transcription factor 44
3 12312147 T VRK2/vaccinia-related kinase 2
4 rs3131296 T NOTCH4/neurogenic locus, Notch homolog 4
5 rs12807809 C NRGN/neurogranin
6 1s1572299 C Intergenic region between TL R4/ Toll-like receptor type 4 and DBC1/tumor protein,
which is deleted in bladder cancer and is translationally controlled by pseudogene 1
7 1517594526 T TCF4/transcription factor 4
8 rs1344706 C ZNF804A/zinc finger protein 804A
9 rs16977195 G AGBL 1/ATP/GTP-binding protein 1, cytosolic carboxypeptidase
10 157341475 A RELN/reelin
11 rs8020441 G ZFP64P1/zinc finger protein 64, pseudogene 1homolog in mice
12 1s2247572 T KCNB2/potential-dependent potassium channel, Shab-related subfamily, member 2
13 152616984 G CSMD1 (KIAA1890)/CUB and Sushi multiple domain
14 1s2229741 T NRIPI1/protein 1 interacting with a nuclear receptor
15 rs2252521 T CPVL/vitellogenin-like carboxypeptidase

Table 2. Genotype and allele frequency distributions in AD patients and controls

Patients Controls
No. SNP MA
11 12 22 MAF | p-value 11 12 22 MAF | p-value
1 |rs1502844 C 43 47 18 0.384 0.404 120 122 43 0.365 | 0.197
2 [rs9960767 C 99 9 0 0.042 0.651 265 19 0 0.034 | 0.560
3 |rs2312147 T 39 49 20 0.412 0.509 111 126 46 0.385 | 0.313
4 |rs3131296 T 77 27 4 0.162 0.409 224 58 3 0.112 | 0.725
5 |rs12807809 C 75 31 1 0.162 0.554 163 105 17 0.163 | 0.491
6 |rs1572299 C 32 53 22 0.458 0.904 93 125 67 0.454 | 0.513
7 | rs17594526 T 106 2 0 0.009 0.923 276 8 0 0.014 | 0.810
8 | rs1344706 C 43 47 18 0.384 0.404 130 112 42 0.345 | 0.032
9 |rs16977195 G 96 11 1 0.060 0.500 241 39 5 0.086 | 0.029
10 |rs7341475 A 76 31 1 0.153 0.258 207 73 4 0.143 | 0.389
11 |rs8020441 G 63 42 3 0.222 0.194 174 101 10 0.212 | 0.314
12 |rs2247572 T 74 29 5 0.180 0.336 199 74 11 0.169 | 0.223
13 |rs2616984 G 47 43 17 0.360 0.187 154 105 25 0.273 | 0.249
14 |rs2229741 T 37 49 22 0.430 0.437 72 138 75 0.505 | 0.595
15 |rs2252521 T 69 33 6 0.208 0.444 163 105 17 0.244 | 0.987

MA, minor allele. Genotypes: 11, homozygotes for the major allele; 12, heterozygotes; 22, homozygotes for the minor allele. MAF,
minor allele frequency. The p-value characterizes the significance for the correspondence of the observed genotype distribution to the
Hardy—Weinberg proportions. Significant deviations from Hardy—Weinberg equilibrium are in bold.
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Table 3. Analysis of the association of the genetic polymorphisms with Alzheimer’s disease

STEPANOV et al.

SNP Gene SNP MA | MAF (AD) (cl(\)/{;?rl;l) OR 95% CI p-value
1 |SLcosar  |rs1502844 C 0.38 0.36 1.09 0.79—1.50 0.616
2 | TCF4 159960767 C 0.04 0.03 1.26 0.56—2.82 0.580
3 |VRK2 12312147 T 0.41 0.39 1.14 0.83—1.57 0.415
4 |NoTCH4 1s3131296 T 0.16 0.1 1.53 0.98—2.39 0.060
5 | NRGN 1512807809 | C 0.16 0.16 0.99 0.65—1.52 0.970
6 |TLR4/DBCI |rs1572299 C 0.46 0.45 1.02 0.72—1.35 0.920
7 |1CF4 1s17594526 | T 0.01 0.01 0.65 0.14—3.11 0.856
8 | ZNFS044  |rs1344706 C 0.38 0.35 1.18 0.86—1.64 0.310
9 |AGBLI 1516977195 | G 0.06 0.09 0.68 0.36—1.28 0.230

10 |RELN 1s7341475 A 0.15 0.14 1.08 0.70—1.68 0.762
11 |zFPsapi 18020441 G 0.22 0.21 1.06 0.73—1.55 0.762
12 |KcnB2 152247572 T 0.18 0.17 1.08 0.72—1.63 0.702
13 |csmpi 152616984 G 0.36 0.27 1.50 1.07-2.09 0.018
14 | NRIPI 152229741 T 0.43 0.51 0.74 0.54—1.01 0.061
15 |cpve 152252521 T 0.21 0.24 0.87 0.60—1.28 0.486

OR, odds ratio for the minor allele; 95% CI, 95% confidence interval of OR; p-value, the OR significance level.

established for Caucasian populations in the HapMap
and 1000 Genomes projects [45, 46].

Genotype frequencies and ORs are summarized in
Table 3. One of the 15 SNPs showed a significant asso-
ciation with AD. The minor allele of CSMDI
rs2616984 was significantly more common in the AD
patients compared with the controls (OR = 1.50, 95%
CI 1.07-2.09, p-value = 0.018). Differences observed
for the NOTCH4 and NRIP1 SNPs were nearly signif-
icant at p < 0.05. The minor allele of NOTCH4
rs3131296 had even a higher OR as compared with
CSMDI1 (OR = 1.53, 95% CI 0.98-2.39, p-value =
0.06), but the difference did not reach statistical signif-
icance because of low sample polymorphism. The fre-
quency of the major allele of NRIP1 rs2229741 in the
AD patients was 9% higher than in the controls (OR =
1.35, 95% CI 0.99—1.85, p-value = 0.061). The AD-
associated SNPs of CSMDI and NOTCH4 are in gene
introns, while NRIPI 1s2229741 is a synonymous
nucleotide substitution in Gly codon 75.

Analysis of Intergenic Interactions

Intergenic interactions between the loci under
study in AD were analyzed by MDR, using an exhaus-
tive search algorithm. The MDR analysis revealed one
combination of two loci and one combination of three
loci with a significant cumulative effect on AD and a
high cross-validation consistency (CVC). The model

combining the genotypes at two genes (CSMDI and
NRIPI) showed 8 out of 10 noncontradictory cross-
validations with a total balanced accuracy of 57% and
a specificity of 70%. A combination of genotypes at
NOTCH4, CSMD1, and NRIP1I showed CVC of 10 out
of 10. A balanced accuracy of the model was 62%, and
the specificity was 77%.

Complete CVC (10 out of 10) was additionally
observed for another model of a cumulative effect of
SNPs belonging to different loci, namely, TLR4,
CSMD1, and NRIPI. The model had a slightly higher
balanced accuracy (66%) a slightly lower specificity
(68%) as compared with the model including
NOTCH4. 1t is noteworthy that the significant prog-
nostic models of epistatic interactions included the
SNPs of the genes (NOTCH43, SMDI1, and NRIPI)
that showed a significant or nearly significant associa-
tion with AD in the analysis of individual genes.

For the locus combinations that showed a high pre-
dictive accuracy with respect to AD according to
MDR data, OR was calculated for carriers of the gen-
otype combinations that occurred more than five (for
two-locus combinations) or three (for three-locus
combinations) times in our samples. Among the gen-
otype combinations at CSM DI and NRIP1, the high-
est risk of AD was observed in the case of a double
homozygots for the AD-associated alleles, CSMDI1
GG/NRIPI CC (OR = 4.05, 95% CI 1.63—10.03,
p-value = 0.0011). In the model combining NOTCH4,
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CSMD, and NRIP1, genotype combination TT/GG/CC
could similarly be considered to predispose to AD
(OR =4.47,95% CI1 1.60—12.46, p-value = 0.0045).

Bioinformatics Analysis of the Biological Processes
and Protein Interactions Associated with AD Genes

To study the relationships between the genes in
question, their interactions with other genes whose
involvement in early- or late-onset AD had been con-
firmed, and the potential biological significance of the
observed associations, a functional annotation of the
AD genes and an analysis of their protein—protein
interactions were carried out using the DAVID,
KEGG, and STRING resources [28—30]. Our gene
set included the 15 genes whose SNPs were tested for
association with AD in this work (SLCO6A1, TCF4,
VRK2, NOTCH4, NRGN, TLR4, DBCI1, ZNF804A,
AGBLI1, RELN, AFP64, KCNB2, CSMD1 (KIAA1890),
NRIPI, and CPVL), known genes of early-onset familial
AD (APP, PSENI, and PSEN2), candidate AD genes
that had been examined earlier (EPHAI, CD33, CD2AP,
ATP5H, EXOC4, CTNNA3, RNF219, and TREM?2), and
genes whose association with late-onset AD had been
confirmed in more than one GWAS (APOE, APOJ
(CLU), PICALM,CR1,GAB2, TOMM40,APOC1, MS4A,
BIN1, and ABCA7).

The most important biological pathways, pro-
cesses, and molecular functions enriched in the AD
genes under study are summarized in Table 4. Only the
categories with p < 0.05 or a false discovery rate (FDR)
< 10 by DAVID clustering were included. The signifi-
cance level (p-value) evaluates the hypothesis that the
given gene set does not occasionally appear in a cate-
gory in this case. FDR characterizes the proportion of
false positive results (the expected percent of cases
where the null hypothesis was rejected incorrectly).

DISCUSSION

Functions and Roles of Genes Associated
with Alzheimer’s Disease

In this work, an association with AD in the Russian
population was demonstrated for SNPs or genotype
combinations of three genes—CSMDI1, NOTCH4, and
NRIPI—which had earlier showed a significant asso-
ciation with cognitive endophenotypes in GWASs.

The product of CSM D1 is a membrane protein that
harbors multiple SUB and Sushi domains and is pre-
sumably involved in controlling the complement cas-
cade [47]. CSMD]1 is expressed in all tissues with the
highest protein level in the brain. Its role in neurode-
generative and neurological processes can be related to
the fact that proteins involved in regulating the com-
plement system can regulate the synaptic functions as
well [48, 49]. An association with cognitive abilities
has been demonstrated for rs2616984 of the gene in
GWAS [28]. CSMD1 rs73660619 has recently been
associated with the rate of cognitive function impair-
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ment in AD [50]. Other polymorphisms of the gene
are associated with schizophrenia [51—53] or suscep-
tibility to familial monoclonal epilepsy [54] or bipolar
disorder [55] according to GWASs and replicative
studies. We have also confirmed the association of
CSMD 1 with schizophrenia in the Russian population
(unpublished data).

NOTCH4 codes for a protein of the Notch trans-
membrane protein family. NOTCH4 acts as a receptor
for membrane-binding ligands. Once activated with
the ligands Jaggedl, Jagged2, and Deltal, NOTCH4
in complex with RBPJ/RBPSUH plays a role in tran-
scriptional activation to regulate the genes involved in cell
proliferation, differentiation, and apoptosis. NOTCH4
has been described in one of the earliest GWASs of
schizophrenia [37]. A possible role NOTCH4 may play in
the AD pathogenesis is related to two pathogenetic
mechanisms. First, the Notchl—Notch4 proteins
interact with presenilins, and distortion of their inter-
action may contribute to AD manifestation [56, 57].
Second, mutations of Notch3, which is similar to
Notch4, are considered to cause cerebral autosomal
dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL), which is a rare
hereditary disorder similar in pathogenesis to AD
[58, 59]. So far, NOTCH4 SNPs have not been associ-
ated with AD [60, 61].

NRIPI codes for the RIP140 nuclear protein,
which interacts with estrogen receptor 1 (ESR1) and
glucocorticoid receptors NR3C1 and NR3C2. NRIPI
1s2229741 has been associated with cognitive parame-
ters in GWAS [27]. A role RIP140 may play in the
pathogenetic mechanisms of AD is possibly related to
the glucocorticoid-mediated transcription regulation
in nerve tissue. In particular, a downregulation of glu-
cocorticoid receptors interacting with the RIP pro-
teins in the hippocampus has been shown to mediate
progressive memory loss in AD [62]. Target repression
of gene activity via RIP140 interaction with its ligands
has also been described [63, 64].

Thus, the involvement in various molecular mech-
anisms that determine suppression of cognitive func-
tions in AD can be responsible for the epistatic effect
of the genes and gene combinations associated with
AD in our work.

The analysis of biological processes and functions
showed that the genes in question play an accessory
(modulating or modifying) role in the processes
underlying the AD pathogenesis because the genes do
not belong to the main known biological categories
that include the hereditary AD-causing genes and
APOE. Among the signaling pathways revealed with
the KEGG database, the Notch pathway is worthy of
attention. As mentioned above, the Notch pathway
involves not only presenilins, but also NOTCH4, which
was associated with AD in our work.

TLR4, whose individual SPNs were not associated
with AD, is still involved in a significant combination
of epistatically interacting loci. The gene is widespread

—_
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Table 4. Most significant gene ontologies for the Alzheimer’s disease-associated genes

Code Ontology Total Genes involved p-value FDR
genes
KEGG pathways
hsa05010 Alzheimer’s disease 5 APP, PSEN1, APOE, PSEN2, 0.0010 0.86
ATP5SH
hsa04330 Notch signaling pathway 3 PSEN1, PSEN2, NOTCH4 0.0081 6.47
Biological processes
G0:0002253 Activation of immune response 5 CRI, PSENI, PSEN2, CLU, 0.00003 0.06
TLR4
GO0:0050818 Regulation of blood clotting 4 PSENI, APOE, PSEN2, TLR4 | 0.00008 0.12
G0:0007219 Notch signaling pathway 4 APP, PSEN1, PSEN2, 0.00016 0.25
NOTCH4
GO0:0007176 Regulation of epidermal growth factor 3 APP, PSEN1, PSEN2 0.00042 0.65
activity
G0:0010469 Regulation of receptor activity APP, PSEN1, PSEN2 0.00062 0.95
G0:0051605 Protein maturation via peptide bond 4 CRI, PSENI, PSEN2, CLU 0.00072 1.11
cleavage
GO0:0016192 Vesicular transport 7 ABCA7, APP, PICALM, PSEN1,| 0.00098 1.50
APOE, EXOC4, BIN1
GO0:0006897 Endocytosis 5 ABCA7, APP, PICALM, APOE, | 0.00102 1.57
BIN1
G0:0042325 Regulation of phosphorylation 6 APP, PSEN1, APOE, PSEN2, 0.00242 3.68
RELN, TLR4
GO0:0002366 Leukocyte activation in immune re- 4 PSENI, PSEN2, TLR4 0.00249 3.78
sponse
GO0O:0030900 Forebrain development 4 APP, PSEN1, PSEN2, RELN 0.00370 5.58
G0:0010876 Lipid localization 4 ABCA7, APOE, CLU, NRIP1 0.00406 6.10
G0:0006979 Oxidative stress response 4 PSENI, APOE, CLU, TLR4 0.00458 6.87
GO0:0045859 Regulation of protein kinase activity 5 APP, PSEN1, APOE, PSEN2, 0.00524 7.82
RELN
G0:0051338 Regulation of transferase activity 5 APP, PSEN1, APOE, PSEN2, 0.00683 | 10.07
RELN
GO0:0010604 Positive regulation of macromolecule 7 APP, PSEN1, APOE, NOTCH4,| 0.00718 | 10.56
metabolic processes TLR4, TCF4, NRIP1
G0:0016044 Membrane organization 5 ABCA7, APP, PICALM, APOFE, | 0.00742 | 10.90
BIN1
G0:0048167 Regulation of synaptic plasticity 3 PSEN1, APOE, PSEN2 0.00769 | 11.2
Molecular functions
G0:0045296 Cadherin binding 3 PSENI1, CD2AP, CTNNA3 0.00055 0.64
G0:0050839 Binding of cell adhesion molecules PSENI, CD2AP, CTNNA3 0.00174 2.03
G0:0008233 Peptidase activity 6 APP, AGBL1, PSEN1, PSEN2,| 0.00569 6.77
RELN, CPVL
G0:0046982 Protein heterodimerization activity 4 APOE, NOTCH4, TCF4, BIN1 | 0.00893 9.98

Pathways and gene ontologies with a p-value < 0.01 or FDR < 10 (DAVID) are included. Codes (identifiers) are given as in KEGG for
biological pathways and as in the Gene Ontology Database for biological processes and molecular functions. The loci examined in this
work are in bold.

MOLECULAR BIOLOGY Vol. 48 No.6 2014
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in the biological processes related to presenilins, amy-
loid precursor peptide, and APOE. TLR4is involved in
various regulatory processes, which probably play a
role in the AD pathogenesis.

NRIPI is involved in localizing lipids and regulat-
ing macromolecular metabolism. This role agrees with
its function as a transcriptional modulator of gluco-
corticoid-regulated genes. The regulation of macro-
molecular metabolism involves several other genes of
our set, such as NOTCH4, TLR4, and TCF4. The other
ontologies that involve the genes under study include
the regulation of phosphorylation, development of the
forebrain, peptidase activity, and protein het-
erodimerization.
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A network of protein—protein interactions (figure)
was obtained using STRING software and confirmed
the intergenic interactions revealed in the analysis of
biological pathways and processes. APP, PSENI,
PSEN2, and APOF occupy a central place in the AD
gene network and have the most numerous interac-
tions. The genes examined in our work either occur at
the periphery or do not belong to the network. NRIP1
is connected with other components of the network via
interactions with ESR1; and NOTCH4, via interac-
tions with PSEN 1. CSMD1 (KIAA1590) is not a com-
ponent of the network, although displaying the most
significant association with AD in our work. Its role in
the disease is probably related to other mechanisms. A
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potential role CSM DI may play in regulating the syn-
aptic functions still lacks experimental support.

CONCLUSIONS

Several new associations were revealed in our repli-
cative analysis of association with AD for the genetic
polymorphisms that had been identified as markers of
cognitive functions. The association of CSMD1 poly-
morphisms with the disease was replicated in the Rus-
sian population, a possible involvement in late-onset
AD was demonstrated for NOTCH4 and NRIP1, and
AD-associated combinations of interacting genes were
identified. The genes under study are not involved in
the main processes known to play a role in the AD
pathogenesis. Our bioinformatics analysis showed that
the genes may play a modulating or modifying role by
acting within several regulatory and signaling pathways
involved in the AD pathogenesis. Further studies of
these pathways and processes may provide a source for
filling the gaps in missing heritability of AD and its
cognitive endophenotypes.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda-
tion for Basic Research (project no. 12-04-00595) and
Framework Program 7 of the European Union
(project no. 242257 ADAMS).

REFERENCES

1. Rocca WA., Hofman A., Brayne C., Breteler M.M.,
Clarke M., Copeland J.R., Dartigues J.E,, Engedal K.,
Hagnell O., Heeren T.J., et al. 1991. Frequency and dis-
tribution of Alzheimer’s disease in Europe: A collabo-
rative study of 1980—1990 prevalence findings. The
EURODEM Prevalence Research Group. Ann. Neurol.
30, 381—390.

2. Gavrilova S.I. 1999. Mental disorders in primary
degenerative (strophic) processes in the brain. In: Ruk-
ovodstvo po psikhiatrii (A Manual of Psychiatry), Ed.
Tiganova A.S., Moscow: Meditsina, vol. 2, pp. 57—117.

3. Sherrington R., Rogaev E.I., Liang Y., Rogaeva E.A.,
Levesque G., Ikeda M., ChiH., Lin C., Li G., Holman K.,
Tsuda T., Mar L., Foncin J.E, Bruni A.C., Montesi M.P,
Sorbi S., Rainero 1., Pinessi L., Nee L., Chumakov I.,
Pollen D., Brookes A., Sanseau P, Polinsky R.J., Wasco W.,
Da Silva H.A., Haines J.L., Perkicak-Vance M.A.,
Tanzi R.E., Roses A.D., Fraser P.E., Rommens J.M.,
St George-Hyslop P.H. 1995. Cloning of a gene bearing
missense mutation in early onset familial Alzheimer’s
disease. Nature. 375, 754—760.

4. Rogaev E.I., Sherrington R., Rogaeva E.A., Levesque G.,
Ikeda M., Liang Y., Chi H., Lin C., Holman K., Tsuda T.,
et al. 1995. Familial Alzheimer’s disease in kindreds
with missense mutations in a gene on chromosome 1
related to the Alzheimer’s disease type 3 gene. Nature.
376, 775—778.

5. Raux G., Guyant-Marechal L., Martin C., Bou J.,
Penet C., Brice A., Hannequin D., Frebourg T., Cam-

10.

11.

12.

13.

14.

STEPANOV et al.

pion D. 2005. Molecular diagnosis of autosomal domi-
nant early onset Alzheimer’s disease: An update.
J. Med.Genet. 42, 793—795.

Janssen J.C., Beck J.A., Campbell TA., Dickinson A.,
Fox N.C., Harvey R.J., Houlden H., Rossor M.N.,
Collinge J. 2003. Early onset familial Alzheimer’s dis-
ease: Mutation frequency in 31 families. Neurology. 60,
235-239.

. Bird T.D. 1995. Apolipoprotein E genotyping in the

diagnosis of Alzheimer’s disease: A cautionary view.
Ann. Neurol. 38, 2—4.

Bertrand P, PoirierJ., Oda T., Finch C.E., Pasinetti G.M.
1995. Association of apolipoprotein E genotype with
brain levels of apolipoprotein E and apolipoprotein J
(clusterin) in Alzheimer disease. Mol. Brain Res. 33,
174—178.

Coon K.D., Myers A.J., Craig D.W., Webster J.A.,
Pearson J.V., Lince D.H., Zismann V.L., Beach T.G.,
Leung D., Bryden L., Halperin R.F., Marlowe L., Kal-
eem M., Walker D.G., Ravid R., Heward C.B., Rogers J.,
Papassotiropoulos A., Reiman E.M., Hardy J.,
Stephan D.A. 2007. A high-density whole-genome
association study reveals that A POFE is the major suscep-
tibility gene for sporadic late-onset Alzheimer’s dis-
ease. J. Clin. Psychiatry. 68, 613—618.

Reiman E.M., Webster J.A., Myers A.J., Hardy J.,
Dunckley T., Zismann V.L., Joshipura K.D., Pearson J.V.,
Hu-Lince D., Huentelman M.J., Craig D.W,, Coon K.D.,
Liang W.S., Herbert R.H., Beach T., Rohrer K.C.,
Zhao A.S., Leung D., Bryden L., Marlowe L., Kaleem M.,
Mastroeni D., Grover A., Heward C.B., Ravid R., Rog-
ers J., Hutton M.L., Melquist S., Petersen R.C., Alex-
ander G.E., Caselli R.J., Kukull W., Papassotiropoulos A.,
Stephan D.A. 2007. GAB2 alleles modify Alzheimer’s
risk in APOE epsilon4 carriers. Neuron. 54, 713—720.

Feulner TM., Laws S.M., Friedrich P., Wagenpfeil S.,
Wurst S.H., Riehle C., Kuhn K.A., Krawczak M.,
Schreiber S., Nikolaus S., Forstl H., Kurz A., Riemen-
schneider M. 2010. Examination of the current top
candidate genes for AD in a genome-wide association
study. Mol. Psychiatry. 15, 756—766.

Lambert J.C., Heath S., Even G., Campion D., Slee-
gers K., Hiltunen M., Combarros O., Zelenika D.,
Bullido M.J., Tavernier B., Letenneur L., Bettens K.,
Berr C., Pasquier F,, Fiévet N., Barberger-Gateau P.,
Engelborghs S., De Deyn P, Mateo 1., Franck A.,
Helisalmi S., Porcellini E., Hanon O.; European
Alzheimer’s Disease Initiative Investigators. 2009.
Genome-wide association study identifies variants at
CLU and CRI associated with Alzheimer’s disease.
Nature Genet. 41. 1094—1099.

Harold D., Abraham R., Hollingworth P., et al. 2009.
Genome-wide association study identifies variants at
CLU and PICALM associated with Alzheimer’s disease.
Nature Genet. 41, 1088—1093.

Kim S., Swaminathan S., Shen L., Risacher S.L., Nho K.,
Foroud T., Shaw L.M., Trojanowski J.Q., Potkin S.G.,
Huentelman M.J., Craig D.W., DeChairo B.M.,
Aisen P.S., Petersen R.C., Weiner M.W., Saykin A.J.;
Alzheimer’s Disease Neuroimaging Initiative. 2011.
Genome-wide association study of CSF biomarkers
Abetal-42, t-tau, and p-taul81p in the ADNI cohort.
Neurology. 76, 69—79.

MOLECULAR BIOLOGY Vol. 48 No.6 2014



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

REPLICATIVE ASSOCIATION ANALYSIS OF GENETIC MARKERS

Hu X., Pickering E., Liu Y.C., Hall S., Fournier H.,
Katz E., Dechairo B., John S., Van Eerdewegh P,
Soares H.; Alzheimer’s Disease Neuroimaging Initia-
tive. 2011. Meta-analysis for genome-wide association
study identifies multiple variants at the BINI locus
associated with late-onset Alzheimer’s disease. PLoS
ONE. 6,¢16616

NajA.C., Jun G., Beecham G.W,, etal. 2011. Common
variants at MS4A4/MS4A6E, CD2AP, CD33, and
EPHAI are associated with late-onset Alzheimer’s dis-
ease. Nature Genet. 43, 436—441.

Hollingworth P., Harold .D, Sims R., et al. 2011. Com-
mon variants at ABCA7, MS4A6A/MS4A4E, EPHAI,
CD33, and CD2AP are associated with Alzheimer’s dis-
ease. Nature Genet. 43, 429—435. doi 10.1038/ng.803

Antunez C., Boada M., Gonzalez-Pérez A., etal. 2011.
The membrane-spanning 4-domains, subfamily A
(MS4A) gene cluster contains a common variant associ-
ated with Alzheimer’s disease. Genome Med. 3, 33. doi
10.1186/gm249

Kamboh M.I., Barmada M.M., Demirci EY., et al.
2012. Genome-wide association analysis of age-at-

onset in Alzheimer’s disease. Mol. Psychiatry. 17,
1340—1346

Kamboh M.I., Demirci EY., Wang X., et al. 2012.
Genome-wide association study of Alzheimer’s disease.
Transl. Psychiatry. 15, el117. doi 10.1038/tp.2012.45

Cruchaga C., Kauwe J.S., Harari O., et al. 2013. GWAS
of cerebrospinal fluid tau levels identifies risk variants
for Alzheimer’s disease. Neuron. 78, 256—268.

European Alzheimer’s Disease Initiative (EADI).
2013. Meta-analysis of 74,046 individuals identifies 11
new susceptibility loci for Alzheimer’s disease. Nature
Genet. 45, 1452—1458.

Korovaitseva G.I., Sherbatich TV., Selezneva N.V.,
Gavrilova S.I., Golimbet V.E., Voskresenskaya N.I.,
and Rogaev E.I. 2001. Genetic association between the
apolipoprotein E (APOFE) gene and different forms of
Alzheimer’s disease. Russ. J. Genet. 37, 422—427.

Golenkina S.A., Goltsov A.Yu., Kuznetsova I.L., Grigo-
renko A.P,, Andreeva T.V., Reshetov D.A., Kunizheva S.S.,
Shagam L.I., Morozova 1.Yu., Goldenkova-Pavlova 1.V.,
Shimshilashvili H., Vyacheslavova A.O., Faskhutdinova G.,
Gareeva A.E., Zainullina A.G., Kazantseva A.V., Khus-
nutdinova E.K., Puzyrev V.P, Stepanov VA., Kolotvin A.V,,
Samokhodskaya .M., Selezneva N.D., Gavrilova S.1.,
Rogaev E.I. 2010. Analysis of clusterin gene
(CLU/APOJ) polymorphism in Alzheimer’s disease
patients and in normal cohorts from Russian popula-
tions. Mol. Biol. (Moscow). 44, 546—551.

Nizamutdinov I.I., Andreeva T.V., Stepanov VA,
Marusin A.V., Rogaev E.I., Zasedatelev A.S., Nased-
kina T.V. 2013. Biochip for determination of genetic
markers of sporadic Alzheimer’s disease in the Russian
Slavic population. Mol. Biol. (Moscow). 47, 827—835.

Stepanov V.A. Genomes, populations and diseases:
Ethnic genomics and personalized medicine. Acta
Naturae. 2, 15-30.

Need A.C., Attix D.K., McEvoy J.M., et al. 2009. A
genome-wide study of common SNPs and CNVs in
cognitive performance in the CANTAB. Hum. Mol.
Genet. 18, 4650—4661.

MOLECULAR BIOLOGY Vl. 48 No.6 2014

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

843

Cirulli E.T., Kasperaviciute D., Attix D.K., Need A.C.,
Ge D., Gibson G., Goldstein D.B. 2010. Common
genetic variation and performance on standardized
cognitive tests. Eur. J. Hum. Genet. 18, 815—820.

De Jager P.L., Shulman J.M., Chibnik L.B., et al. 2012.
A genome-wide scan for common variants affecting the
rate of age-related cognitive decline. Neurobiol. Aging. 33,
1017.e1—el5. doi 10.1016/j.neurobiolaging.2011.09.033

LeBlanc M., Kulle B., Sundet K. Agartz 1., Melle I.,
Djurovic S., Frigessi A., Andreassen O.A. 2012.
Genome-wide study identifies PTPRO and WDR72
and FOXQ1-SUMOIPI interaction associated with
neurocognitive function. J. Psychiatr. Res. 46, 271—
278.

Davies G., Harris S.E., Reynolds C.A., et al. 2014. A
genome-wide association study implicates the APOE locus
in nonpathological cognitive ageing. Mol. Psychiatry. 19,
76—87.

Prestia A. 2011. Alzheimer’s disease and schizophrenia:
Evidence of a specific, shared molecular background.
Future Neurology. 6, 17—21.

White K.E., Cummings J.L. 1996.Schizophrenia and
Alzheimer’s disease: Clinical and pathophysiologic
analogies. Compr. Psychiatry. 37, 188—95.

Horesh Y., Katsel P., Haroutunian V., Domany E. 2011.
Gene expression signature is shared by patients with
Alzheimers disease and schizophrenia at the superior
temporal gyrus. Eur. J. Neurol. 18, 410—424.

American Psychiatric Association. 1994. Diagnostic and
Statistical Manual of Mental Disorders, 4th ed. Washing-
ton, DC.

McKhann G., Drachman D., Folstein M., Katzman R.,
Price D., Stadlan E.M. 1984. Clinical diagnosis of
Alzheimer’s disease: Report of the NINCDSADRDA
Work Group under the auspices of Department of
Health and Human Services Task Force on Alzheimer’s
Disease. Neurology. 34, 939—944.

Stefansson H., Ophof R.A., Steinberg S., et al. 2009.
Common variants conferring risk of schizophrenia.
Nature. 460, 744—747.

International Schizophrenia Consortium, Purcell S.M.,
Wray N.R., Stone J.L., Visscher PM., O’Donovan M.C.,
Sullivan P.E, Sklar P. 2009. Common polygenic varia-
tion contributes to risk of schizophrenia and bipolar
disorder. Nature. 460, 748—752

O’Donovan M.C., Craddock N., Norton N., et al.
2008. Identification of loci associated with schizophre-
nia by genome-wide association and follow-up. Nature
Genet. 40, 1053—1055.

Sullivan P.E, Lin D., Tzeng J.Y., et al. 2008. Genome-
wide association for schizophrenia in the CATIE study:
Results of stage 1. Mol. Psychiatry. 13, 570—584.
Shifman S., Johannesson M., Bronstein M., et al. 2008.
Genome-wide association identifies a common variant
in the reelin gene that increases the risk of schizophre-
nia only in women. PLoS Genet. 4, 28

Huang D.W., Sherman B.T., Lempicki R.A. Systematic
and integrative analysis of large gene lists using DAVID
Bioinformatics Resources. 2009. Nature Protoc. 4, 44—57.
Kanehisa, M., Goto, S., Sato Y., Furumichi M.,
Tanabe M. 2012. KEGG for integration and interpreta-



844

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

STEPANOV et al.

tion of large-scale molecular datasets. Nucleic Acids
Res. 40, D109—-D114.

Franceschini A., Szklarczyk D., Frankild S., et al.
2013. STRING v9.1: Protein—protein interaction net-
works, with increased coverage and integration. Nucleic
Acids Res. 41, D808—D815.

The 1000 Genomes Project Consortium. 2012. An inte-
grated map of genetic variation from 1092 human
genomes. Nature. 491, 56—63.

The International HapMap 3 Consortium. 2010. Inte-
grating common and rare genetic variation in diverse
human populations. Nature. 467, 52—58.

Kraus D.M., Elliott G.S., Chute H., et al. 2006.
CSMD1 is a novel multiple domain complement-regu-
latory protein highly expressed in the central nervous
system and epithelial tissues. J. Immunol. 176, 4419—
4430.

Gunnersen J.M., Kim M.H., Fuller S.J., et al. 2001.
Sez-6 proteins affect dendritic harborization patterns
and excitability of cortical pyramidal neurons. Neuron.
56, 621—639.

Gendrel M., Rapti G., Richmond J.E., Bessereau J.L.
2009. A secreted complement control-related protein
ensures acetylcholine receptor clustering. Nature. 461,
992-996.

Sherva R., Tripodis Y., Bennett D.A., et al. 2014.
Genome-wide association study of the rate of cognitive
decline in Alzheimer’s disease. Alzheimers Dement. 10,
45-52.

Bergen S.E., O’Dushlaine C.T., Ripke S., et al. 2012.
Genome-wide association study in a Swedish popula-
tion yields support for greater CNV and MHC involve-
ment in schizophrenia compared with bipolar disorder.
Mol. Psychiatry. 17, 880—886.

Schizophrenia Psychiatric Genome-wide Association
Study (GWAS) Consortium. 2011. Genome-wide asso-
ciation study identifies five new schizophrenia loci.
Nature Genet. 43, 969—976. doi 10.1038/ng.940

Havik B., Le Hellard S., Rietschel M., et al. 2011. The
complement control-related genes CSMDI and
CSMD?2 associate to schizophrenia. Biol. Psychiatry.
70, 35—42.

Shimizu A., Asakawa S., Sasaki T., et al. 2003. A novel
giant gene CSMD3 encoding a protein with CUB and
sushi multiple domains: A candidate gene for benign
adult familial myoclonic epilepsy on human chromo-

SPELL: 1. downregulation

55.

56.

57.

58.

59.

60.

ol.

62.

63.

64.

some 8q23.3—q24.1. Biochem. Biophys. Res. Commun.
309, 143—154.

Xu W., Cohen-Woods S., Chen Q., et al. 2014.
Genome-wide association study of bipolar disorder in
Canadian and UK populations corroborates disease
loci including SYNEI and CSMDI1. BMC Med. Genet.
15, 2.

Hitoshi S., Alexson T., Tropepe V., et al. 2003. Notch
pathway molecules are essential for the maintenance,

but not the generation, of mammalian neural stem
cells. Genes Dev. 16, 846—858.

Selkoe D., Kopan R. 2003. Notch and Presenilin: Reg-
ulated intramembrane proteolysis links development
and degeneration. Annu. Rev. Neurosci. 26, 565—597.

Kalaria R.N., Low W.C., Oakley A.E., Slade J.Y.,
Ince P.G., Morris C.M., Mizuno T. 2003. CADASIL
and genetics of cerebral ischaemia. J. Neural Transm.
Suppl. 63, 75—90.

Thijs V., Robberecht W., De Vos R., Sciot R. 2003.
Coexistence of CADASIL and Alzheimer’s disease.
J. Neurol. Neurosurg. Psychiatry. 74, 790—792.

Lambert J.C., Mann D., Harris J., et al. 2004. Associa-
tion study of Notch 4 polymorphisms with Alzheimer’s
disease. J. Neurol. Neurosurg. Psychiatry. 75, 377—381.

Shibata N., Ohnuma T., Higashi S. 2007. Genetic asso-
ciation between Nofch4 polymorphisms and Alzhe-
imer’s disease in the Japanese population. J. Gerontol.
Biol. Sci. 62A, 350—351.

Escribano L., Simon A.M., Perez-Mediavilla A.,
Salazar-Colocho P., Del Rio J., Frechilla, D. 2009.
Rosiglitazone reverses memory decline and hippocam-
pal glucocorticoid receptor down-regulation in an
Alzheimer’s disease mouse model. Biochem. Biophys.
Res. Commun. 379, 406—410.

Christian M., Kiskinis E. Debevec D., Leonardsson G.,
White R., Parker M.G. 2005. RIP140-targeted repres-
sion of gene expression in adipocytes. Mol. Cell. Biol.
25, 9383-9391.

1zzo A., Manco R., Bonfiglio F. 2014. NRIP1/RIP140
siRNA-mediated attenuation counteracts mitochon-

drial dysfunction in Down syndrome. Hum. Mol. Genet.
23 (16), 1—14. doi 10.1093/hmg/ddul57

Translated by T. Tkacheva

MOLECULAR BIOLOGY Vol. 48 No.6 2014





