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IMPORTANCE Mutations in known causal Alzheimer disease (AD) genes account for only 1% to jamaneurology.com
3% of patients and almost all are dominantly inherited. Recessive inheritance of complex
phenotypes can be linked to long (>1-megabase [Mb]) runs of homozygosity (ROHs)

detectable by single-nucleotide polymorphism (SNP) arrays.

OBJECTIVE To evaluate the association between ROHs and AD in an African American
population known to have a risk for AD up to 3 times higher than white individuals.

DESIGN, SETTING, AND PARTICIPANTS Case-control study of a large African American data set
previously genotyped on different genome-wide SNP arrays conducted from December 2013 to
January 2015. Global and locus-based ROH measurements were analyzed using raw or imputed
genotype data. We studied the raw genotypes from 2 case-control subsets grouped based on
SNP array: Alzheimer's Disease Genetics Consortium data set (871 cases and 1620 control indi-
viduals) and Chicago Health and Aging Project-Indianapolis Ibadan Dementia Study data set
(279 cases and 1367 control individuals). We then examined the entire data set using imputed
genotypes from 1917 cases and 3858 control individuals.

MAIN OUTCOMES AND MEASURES The ROHs larger than 1Mb, 2 Mb, or 3 Mb were investigated
separately for global burden evaluation, consensus regions, and gene-based analyses.

RESULTS The African American cohort had a low degree of inbreeding (F ~ 0.006). In the
Alzheimer's Disease Genetics Consortium data set, we detected a significantly higher proportion
of cases with ROHs greater than 2 Mb (P = .004) or greater than 3 Mb (P = .02), as well as a
significant 114-kilobase consensus region on chr4q31.3 (empirical P value 2 = .04; ROHs >2 Mb). In
the Chicago Health and Aging Project-Indianapolis Ibadan Dementia Study data set, we identified
asignificant 202-kilobase consensus region on Chr15g24-.1 (empirical P value 2 = .02; ROHs >1 Mb)
and a cluster of 13 significant genes on Chr3p21.31 (empirical P value 2 = .03; ROHs >3 Mb). A total
of 43 of 49 nominally significant genes common for both data sets also mapped to Chr3p21.31.
Analyses of imputed SNP data from the entire data set confirmed the association of AD with
global ROH measurements (12.38 ROHs >1 Mb in cases vs 12.11in controls; 2.986 Mb average size
of ROHs >2 Mb in cases vs 2.889 Mb in controls; and 22% of cases with ROHs >3 Mb vs 19% of

controls) and a gene-cluster on Chr3p21.31(empirical P value 2 = .006-.04; ROHs >3 Mb). Also,
we detected a significant association between AD and CLDN17 (empirical Pvalue 2 = .01; ROHs >1
Mb), encoding a protein from the Claudin family, members of which were previously suggested as
AD biomarkers.

CONCLUSIONS AND RELEVANCE To our knowledge, we discovered the first evidence of
increased burden of ROHs among patients with AD from an outbred African American
population, which could reflect either the cumulative effect of multiple ROHs to AD or the
contribution of specific loci harboring recessive mutations and risk haplotypes in a subset of
patients. Sequencing is required to uncover AD variants in these individuals.
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genes (APP, PSEN1, and PSEN2) accounting for only 1% to

3% of patients,! variations of modest effect in more than
25 loci have been found to be significantly associated with late-
onset AD (age >65 years), among them APOE has the largest
effect.? These loci were mainly detected by genome-wide as-
sociation studies (GWASs) using common single-nucleotide
polymorphisms (SNPs) with a minor allele frequency greater
than 5%, while the search for rare pathogenic mutations among
them is still ongoing.? Notably, except for the 2 rare recessive
mutations in APP (p.A673V*and E693A°), approximately 200
mutations in the 3 causal AD genes all cause a dominant early-
onset form of the disease,® which is in contrast to a previous
suggestion of up to approximately 90% recessive inheritance
for early-onset AD.”

Recessive inheritance of complex phenotypes (eg, late-
onset AD) can be linked to the presence of long runs of homo-
zygosity (ROHs) detectable by SNP arrays used in GWASs. Runs
of homozygosity could be the result of enhanced inbreeding
in previous generations’™ or suppressed recombination by a
large inversion leading to an extended haplotype (eg, at the
MAPT locus'?). Based on whole-exome data, long ROHs were
reported to be significantly enriched for potentially deleteri-
ous homozygous mutations.''> Because small ROHs are too
frequent and less likely to harbor rare recessive variants, most
studies have investigated ROHs greater than 1 megabase (Mb)
or several cutoffs (eg, ROH>2 Mb or >3 Mb)*® that could reveal
hidden associations by excluding outliers.

Hence, genome-wide study of ROHs could identify cases
with a higher probability of disease-associated rare recessive
mutations or risk haplotypes. We previously showed that the
global burden measurements of ROHs are significantly asso-
ciated with AD in an inbred population of Caribbean Hispanic
individuals, in which the average length of ROHs was signifi-
cantly larger in cases than control participants (P = .004), and
this association was stronger with familial AD (P < .001).8 Al-
though inbred populations are more powerful for ROH study,
in some outbred populations, ROHs were associated with sev-
eral neurological disorders including Parkinson disease,'*
amyotrophic lateral sclerosis,'® and schizophrenia.'®

Because studies of 2 outbred AD data sets of North Ameri-
can and European origin did not detect an association be-
tween AD and ROHSs, '3 we focused our investigation on Afri-
can American individuals, who have a risk for AD up to 3 times
higher than in white individuals'® and their first-degree rela-
tives with AD have a higher risk for dementia than those of
white individuals with AD.'° As aresult, AD is the fourth lead-
ing cause of death among African American individuals.'® Our
investigation was also motivated by significant findings in a
Caribbean Hispanic population that has substantial West Afri-
can heritage.® However, a large data set is needed because stud-
ies of African American individuals is complicated by a high
level of genetic divergence owing to their multiple sites of ori-
gin, mainly from West or Central Africa.?°

Therefore, we conducted an ROH study of a large data set
of African American patients with late-onset AD, consisting of
10 case-control cohorts previously genotyped on 6 different
SNP arrays. The entire data set was previously evaluated by

I n addition to the causal early-onset Alzheimer disease (AD)
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the Alzheimer’s Disease Genetics Consortium (ADGC) in an
SNP-based GWAS, which replicated several AD loci (eg, ABCA7Z,
CR1, BIN1, EPHAI, and CD33).2! We evaluated global and locus-
based ROH measurements by analyzing raw genotypes from
2 independent African American cohorts that were grouped
based on their genotyping arrays. To maximize the statistical
power of our study that is dependent on both sample size and
SNP density, we also investigated the entire data set (1917 cases
and 3858 control individuals) using imputed SNP data from dif-
ferent genotyping arrays. Notably, SNP imputation has been
suggested to be a reliable approach for ROH studies.®

Methods

Genotyping Data

Details of the African American data sets, genotyping arrays,
and quality-control steps were reported previously.?! The data
sets for the study were approved for analysis by the institu-
tional review board at the University of Pennsylvania, Phila-
delphia, and all participants provided written informed
consent.

STRUCTURE?? analysis was performed to identify hid-
den population substructure and remove outliers. We stud-
ied nonimputed data from 2 cohorts that were grouped based
on their genotyping platforms. The first data set (called ADGC)
was genotyped at Children’s Hospital of Philadelphia (72.8%
female; 36.5% APOE €4 carriers) using the Human 1M Duo Bead
Chip (Tllumina Inc) that provided genotypes for 965 226 SNPs
used for the ROH analyses. After removing 90 population out-
liers from the ADGC data set, 871 cases and 1620 control indi-
viduals were included in the study (eFigure 1A in the Supple-
ment). The second data set consisted of merged data from the
Chicago Health and Aging Project (CHAP) (65.8% female; 38.4%
APOE €4 carriers) and the Indianapolis Ibadan Dementia Study
(IIDS) (65.6% female; 36.3% APOE €4 carriers). All samples in
the CHAP-IIDS data set were genotyped on the Illumina 1M plat-
form (Illumina Inc) that provided genotypes for 787 726 SNPs
for the ROH analyses. After removing 76 population outliers,
279 cases and 1367 control individuals were included in the
study (eFigure 1B in the Supplement).

The ROH analyses were also conducted for the entire data
set using imputed SNP data from all 10 cohorts. Genome-
wide imputation of allele dosages to select the final SNP set
for analyses (R?>0.50) was previously done using the June 2011
panel from the 1000 Genomes build 37.2! IMPUTE22 files were
converted to PLINK?# input files using the GTOOL program
(http://www.well.ox.ac.uk/~cfreeman/software/gwas/gtool
.html). We excluded SNPs and individuals with more than 2%
missing genotypes, as well as SNPs with a minor allele fre-
quency of 5% or less in the entire data set. After removal of
population outliers,?! we analyzed ROHs among 1917 cases and
3858 control individuals, with a total genotyping rate of more
than 99% for 2 498 646 SNPs. The degree of inbreeding (F) was
estimated by the genetic relationship matrix implemented in
the GCTA program.?® Linkage disequilibrium structure was es-
timated using Haploview?® and based on the control geno-
type data of each group.
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Table 1. Global Burden Measurements of ROHs Using 3 Different-Sized Cutoffs

1 Mb 2 Mb 3 Mb
Measurement Affected  Unaffected P Value Affected  Unaffected P Value Affected  Unaffected P Value
ADGC Data Set
Total No. 7178 12993 1032 1700 479 755
EOH segments per genome/individual, 8.24 8.02 .07 1.19 1.05 .05 0.55 0.47 12
0.
Proportion 0.99 1 >.99 0.66 0.59 .004° 0.32 0.28 .02
Total size of ROH, kb 14850 13910 21 8884 8392 .38 13490 12910 43
Average size of ROH, kb 1624 1579 12 3274 3264 .46 4751 4739 48
CHAP-1IDS Data Set
Total No. 1919 9442 196 1087 66 351
EOH segments per genome/individual, 6.88 6.91 .56 0.70 0.79 91 0.24 0.26 .66
0.
Proportion 0.99 0.99 .93 0.48 0.52 .90 0.18 0.18 .50
Total size of ROH, kb 10480 10850 .69 5139 5633 .64 7453 9443 73
Average size of ROH, kb 1487 1506 .67 3133 2993 .19 4997 4818 .36
Imputed Data From the Entire African American Data Set (ALl 10 Cohorts)
Total No. 23742 46715 2199 4107 824 1412
EOH segments per genome/individual, 12.38 12.11 .02 1.15 1.07 .09 0.43 0.37 11
0.
Proportion 1 1 >99 0.61 0.58 .06 0.22 0.19 .006°
Total size of ROH, kb 18790 18080 .10 7401 6828 .25 12650 12210 42
Average size of ROH, kb 1447 1431 .10 2986 2889 .03 4734 4599 18

Abbreviations: ADGC, Alzheimer’s Disease Genetics; CHAP-1IDS, Chicago Health and Aging Project-Indianapolis Ibadan Dementia Study; ROHs, runs of

homozygosity: ellipses, no comparison for pure number of ROHs.

2 Results that remain significant even after Bonferroni correction (P < .02) calculated based on the 3 ROH cutoffs.

Runs of Homozygosity Analyses

Runs of homozygosity for the nonimputed data were ana-
lyzed as previously described,® while for the imputed data with
many more SNPs, we used 100 (vs 50) SNPs in the PLINK slid-
ing window and allowed 2 (vs 1) heterozygous SNPs in the win-
dow. The number, as well as the total and average length of
ROHs, was calculated for each sample. Runs of homozygosity
larger than 1 Mb, 2 Mb, or 3 Mb were investigated separately'>
in 3 types of analyses: (1) global burden evaluation; (2) analy-
sis of consensus regions (>100 kilobase [Kb]; >3 SNPs), which
were segments shared by all individuals carrying ROHs greater
than 1 Mb at each given locus; and (3) gene-based analysis to
estimate which genes were intersected by ROHs more fre-
quently in cases vs control individuals.

We obtained P values uncorrected (empirical P value 1) and
corrected (empirical Pvalue 2) for multiple testing using PLINK.
All nominally significant genes were checked if they be-
longed to the 77 genes reported to be associated with the 4 most
common neurodegenerative disorders, keeping in mind their
essential overlap at the clinical, neuropathological, and
genetic levels.?”

Global burden measurements among autosomal chromo-
somes were investigated with a 1-tailed test (10 000 permu-
tations) for the number of ROHs, their total and average length
per individual, and the proportions of cases and control indi-
viduals with ROHs. A 1-tailed test was used because African
American individuals have a high incidence of AD'® and such
a population is more suitable for the detection of risk but not
protective alleles.

jamaneurology.com
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Results

Analyses of the ADGC Data Set

Results of the global burden ROH analysis of the ADGC data set
(871 cases and 1620 control individuals) are presented in Table 1.
We detected a significantly higher proportion of cases with ROHs
greater than 2 Mb (P = .004) or greater than 3 Mb (P = .02) com-
pared with control individuals. In addition, the global rate of
ROHs greater than 2 Mb per person was marginally higher in cases
than control individuals (P = .05). Analysis of ROH consensusre-
gions detected a significant association (empirical Pvalue1 < .001;
empirical P value 2 = .04) between AD and a 114-kb locus on
chr4q31.3 containing the SH3DI19 and RPS3A genes (Chr4:
152172448-152286356/hgl8 flanked by rs6817611 and rs7669180).
This consensus region was overlapped by ROHs greater than 2
Mb in 7 cases and no control individuals (Figure 1A; eTable 1in
the Supplement) and belongs to a single linkage disequilibrium
block based on Haploview investigation of the ADGC control
genotypes (eFigure 2 in the Supplement). Gene-based analysis
revealed only nominally significant loci, including PSEN2 (em-
pirical P value 1 = .003) overlapped by ROHs greater than 1 Mb
in1.26% of cases (n = 11) vs 0.25% of control individuals (n = 4)
and SIGMARI (empirical P value 1 < .001) overlapped by ROHs
greater than 1 Mb in 1.61% of cases (n = 14) vs 0.25% of control
individuals (n = 4) (Table 2).

Analyses of CHAP-1IDS Data Set
The global burden analyses of ROHs did not reveal significant
results in the CHAP-IIDS data set, likely owing to the limited
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Figure 1. Significant Results Obtained by Analyses of Consensus Regions
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A, The consensus region detected in the Alzheimer’s Disease Genetics
Consortium (ADGC) data set contains the SH3D19 and RPS3A genes intersected
by runs of homozygosity greater than 2 Mb in 7 cases (samples 10AD24322,
10AD30747, 11AD35799, 11AD35549, 10AD32217,10AD32219, and 11AD35543)
and no control individuals. B, The consensus region detected in the Chicago

Health and Aging Project (CHAP)-Indianapolis Ibadan Dementia Study (IIDS)
data set contains the STOMLI, PML, GOLGAG6A, and ISLR2 genes intersected by
runs of homozygosity greater than 1Mb in 5 cases (samples PT-J6K8_796,
PT-J6L9_937, PT-28Z1_899514246, PT-9X4V_537994104, and PT-J7BC_5951)
and no control individuals.

number of patients (279 cases and 1367 control individuals)
(Table 1). However, analysis of consensus regions detected a
significant association between AD and a 202-kb region on
Chr15q24.1, which was overlapped by ROHs greater than 1 Mb
in 5 cases and no control individuals (empirical Pvalue1 < .001;
empirical P value 2 = .02). This region is flanked by SNPs
1512442211 and rs11635599 (chr15:72032728-72235049/hg18)
and contains the STOMLI, PML, GOLGAG6A, and ISLR2 genes
(Figure 1B; eFigure 3 and eTable 2 in the Supplement). The ROH
grouping function of PLINK revealed that 4 of 5 cases with this
consensus region have a shared haplotype (eTable 2 in the
Supplement). Notably, in the gene-based analysis of ROHs
greater than 1 Mb, the genes located at this consensus region
generated the top nominally significant results (empirical P
value1 < .001), while in the analysis of ROHs greater than 2 Mb,
the top nominally significant gene was CD2AP (the AD gene

JAMA Neurology November 2015 Volume 72, Number 11

detected by GWAS?8), which was intersected in 3 cases (1%) but
no control individuals (empirical P value 1 = .005).

After correction for multiple testing, the only association
with AD in the gene-based analysis was observed for 13 genes
within a 3-Mb region on Chr3p21.31 (PFKFB4, UCN2, COL7Al,
UQCRCI1, TMEMS89, C3o0rfl8, HEMKI, CISH, MAPKAPK3,
DOCK3, MANF, RBM15B, and VPRBP) that were intersected by
ROHs greater than 3 Mb more frequently in cases (n = 8; 2.9%)
vs control individuals (n = 5-6; 0.4%) (empirical P value
1 <.001; empirical P value 2 = .03) (Figure 2).

Analyses of the Entire Data Set

Global burden ROH analyses of the entire data set using im-
puted SNP data from 1917 cases and 3858 control individuals
revealed a significantly higher rate of ROHs greater than 1 Mb
in cases vs control individuals (P = .02). Also, the average size
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Table 2. Nominally Significant Results Obtained in Gene-Based ROH Analyses for the Genes Known to Be Linked With Neurodegenerative Disorders

Empirical P Value Frequency, %

ROH Minimum Size Gene Transcript Associated Disease 1 2 Cases Controls

ADGC Data Set

1 Mb HIPIR NM_003959 PD .002 .93 2.30 0.80
PSEN2 NM_000447 AD .003 .90 1.26 0.25
SIGMAR1 NM_001282209 ALS/FTD <.001 23 1.61 0.25
vce NM_007126 ALS/FTD .03 >.99 0.92 0.25

2 Mb SIGMAR1 NM_001282209 ALS/FTD .01 .81 0.69 0.06
VCP NM_007126 ALS/FTD .01 .81 0.69 0.06

3 Mb SIGMAR1 NM_001282209 ALS/FTD .046 .99 0.34 0
vce NM_007126 ALS/FTD .046 .99 0.34 0

CHAP-11DS Data Set

1 Mb ATXN2 NM_002973 ALS/FTD <.001 .99 10.75 5.27
CD2AP NM_012120 AD .02 >.99 1.08 0.07

2 Mb CD2AP NM_012120 AD .004 .54 1.08 0

3 Mb MEF2C NM_001193350 AD .03 .88 0.72 0

Abbreviations: AD, Alzheimer disease; ADGC, Alzheimer's Disease Genetics Consortium; ALS, amyotrophic lateral sclerosis; CHAP-1IDS, Chicago Health and Aging
Project-Indianapolis Ibadan Dementia Study; FTD, frontotemporal dementia; PD, Parkinson disease; ROH, run of homozygosity.

of ROHs greater than 2 Mb (P = .03) and the proportion of ROHs
greater than 3 Mb (P = .006) were significantly higher in cases
compared with control individuals (Table 1). Of note, analy-
ses of imputed data for the ADGC data set confirmed a signifi-
cantly higher global proportion of cases with ROHs greater than
2 Mb (P = .004) or ROHs greater than 3 Mb (P = .002) ob-
served in the nonimputed ADGC data, indicating reliability of
the ROH results generated based on imputed data.

Evaluation of relatedness revealed alow degree of inbreed-
ing for both cases and control individuals (F ~ 0.006). Thus, we
also conducted the global burden analyses of smaller ROHs
(>0.5 Mb) that showed significant association of AD with ROH
rate (P = .04); however, the gene-based analysis did not reveal
any significant results after correction for multiple testing. In con-
trast, gene-based analysis of ROHs greater than 1 Mbrevealed a
significant association between AD and the CLDNI7 gene on
21q22.11, which was intersected by ROHs in 11 cases (0.57%) but
no control individuals (empirical P value 1 < .001; empirical
Pvalue 2 = .01) (Figure 3). We also observed a significant gene
cluster on Chr3p21.31 (empirical Pvalue 2 = .006-.04) that was
intersected by ROHs greater than 3 Mb in approximately 2.4% of
cases vs approximately 1% of control individuals (eTable 3in the
Supplement). This association was mainly driven by the
CHAP-IIDS data set because genes from this locus were also sig-
nificant in the analysis of raw genotypes from the CHAP-IIDS data
set (C3o0rfl8, CISH, COL7Al, DOCK3, HEMKI1, MAPKAPK3,
PFKFB4, and UCN2). Indeed, the genes at the Chr3p21.31locus
became insignificant after the CHAP-IIDS data set was removed
from the entire data set, although a global proportion of ROHs
greater than 3 Mb remained significantly higher in cases vs con-
trol individuals (P = .004).

|
Discussion

Our results suggest the existence of recessive AD loci among
African American individuals. A greater global burden of ROH

jamaneurology.com

measurements was detected in the entire (imputed) data set
and ADGC cohort but not in the much smaller CHAP-IIDS data
set (Table 1). To our knowledge, this is the first report of an as-
sociation between AD and ROHs in an outbred population
(F ~ 0.006), in contrast to the report of Caribbean Hispanicin-
dividuals with a level of inbreeding similar to second cousins
(F ~ 0.02).82° The mean total length of ROHs among African
American individuals from both the ADGC (15 Mb) and CHAP-
IIDS (10 Mb) data sets was comparable with that in Caribbean
Hispanic individuals of African origin (19 Mb),® but much less
than in Caribbean Hispanic individuals of European origin (40
Mb) who have a very high degree of inbreeding (F ~ 0.06),8
likely owing to an increase in consanguineous marriages af-
ter settlement in the Dominican Republic and Puerto Rico. Like-
wise, the average ROH size for the Caribbean Hispanic indi-
viduals of European origin was larger (2.1 Mb)® than for the
African American individuals (1.5 Mb), reflecting more recom-
bination events in an older African American population.
Locus-based ROH analyses could reveal only a small pro-
portion of the genetic variance contributing to AD because we
analyzed very rare and sparse ROHs (7-12 per genome; Table 1).
The significant results observed in the locus-based investiga-
tion were unique to our African American data set; only 12
nominal genes were detected in both the Caribbean Hispanic®
and African American cohorts: NKTR, SEC22C, SS18L.2,ZBTB47,
SCN5A, and RBMS3 (Chr3p22-24); PAX5, ZCCHC7, NFX1, and
AQP7 (Chr9p13); and INSR and ZNF557 (Chr19p13.2) (eTable 4
in the Supplement). Also, no significant loci were common be-
tween the ADGC and CHAP-IIDS data sets, which could in part
be explained by the difference in data set size and the sparse
overlap of SNPs between the 2 genotyping arrays. In general,
replication of the association is expected for common varia-
tions (eg, SNPs in GWASs with frequency of >5%); however, rare
genetic variations (eg, ROHs) with a frequency of less than 1%
could be unique founder events that might not be observed
in other data sets.>° Nevertheless, the locus-based analyses de-
tected 61 nominally significant genes common to both data sets
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Figure 2. Significant Results Obtained by Gene-Based Analyses of the Chicago Health and Aging Project (CHAP)-Indianapolis Ibadan Dementia Study
(IDS) Data Set
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The top section shows the runs of homozygosity (ROHs) greater than 3 Mb on
chromosome 3 among cases (n = 279) and control individuals (n = 1367). Owing
to an unbalanced distribution of cases and control individuals, fewer ROHs were
observed among cases compared with control individuals, except at the
Chr3p21.31locus (section within the dashed lines), which was affected by ROHs
greater than 3 Mb significantly more frequently in cases (2.9%, red bars)

compared with control individuals (0.4%, blue bars). The middle section shows
2 down-brackets pointing to the significantly overlapped genes. The bottom
section shows the linkage disequilibrium structure of the Chr3:46500000-
52500000/hg18 region estimated based on control genotypes from the
CHAP-IIDS data set. tRNA indicates transfer ribonucleic acid; UCSC, University
of California-Santa Cruz.

(eTable 5 in the Supplement), including 49 coding genes, with
43 of them located at an approximate 2-Mb region within
Chr3p21.31, where genes that survived correction for mul-
tiple testing were detected in the CHAP-IIDS data set. The func-
tional significance of the Chr3p21.31locusis also supported by
its epigenomic architecture with a high density of gene regu-
latory elements according to the map of histone modifica-
tions obtained by ChIP sequencing of the IMR9O cell line (eFig-

JAMA Neurology November 2015 Volume 72, Number 11

ure 4 in the Supplement). Importantly, such loci are enriched
in disease-associated genetic variants,?*2 further encourag-
ing the targeted sequencing of the Chr3p21.31 locus.

Most GWASs’ significant loci (SNP or ROH based) remain
to be explained by follow-up studies. The molecular basis of
genetic association is usually investigated in 3 steps: detec-
tion of the disease loci followed by its sequencing and func-
tional studies of potentially damaging variations. Our study
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Figure 3. Significant Results Obtained by Gene-Based Analyses of the Entire Data Set
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represents the first step that revealed the patients with a higher
probability of having rare recessive mutations at certain ROH
locus, and these individuals will be included in the sequenc-
ing step. There is also a possibility of a more complicated
mechanism underlying the observed association, such as the
action of risk haplotypes or a cumulative effect of ROHs on AD
risk, making it more challenging to dissect the molecular ba-
sis of the association with ROHs.

Yet, it is essential to conduct follow-up sequencing stud-
ies because long ROHs are likely to harbor deleterious
mutations.!!2 The first priority should be given to significant
lociin each investigated data set. In addition to the gene clus-
ter on Chr3p21.31, a consensus region significantly associ-
ated with AD was detected on Chr15q24.1in the CHAP-IIDS data
set (empirical P value 2 = .02) and on Chr4q31.3 in the ADGC
data set (empirical Pvalue 2 = .04). Both loci contain good func-
tional gene candidates. For instance, the locus on Chr15q24.1
includes PML, which is involved in the pathway of presenilin-
APP-PML-p53 and overexpressed in AD brain,>? while the
Chr4q31.3 region includes SH3D19, which is implicated in the
regulation of the ADAM family of metalloproteins respon-
sible for a-secretase activity in the amyloid pathway.?*” Po-
tentially damaging variations reported in public databases
within both consensus regions are presented in eTable 6 in the
Supplement. Although the Database of Genomic Variants does
not indicate that any large (>1-Mb) deletions affect the signifi-
cant loci identified in our study, gene dosage analyses should
be included in the follow-up study because, in some in-
stances, ROHs could be the result of hemizygous deletions. No-
tably, recurrent microdeletions at 15q24 could not be respon-
sible for the association with AD because such deletions cause
asyndrome accompanied by major dysmorphic features (OMIM
613406).38:3°

Analyses of the entire data set using imputed SNP data con-
firmed the significant contribution of recessive loci in the ge-
netics of AD among African American individuals. We ob-
served a higher rate of ROHs greater than 1 Mb per individual
(P = .02), larger average size of ROHs greater than 2 Mb (P = .03),
and a greater proportion of individuals with ROHs greater than
3 Mb (P = .006) in cases than control individuals (Table 1). Also,
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gene-based analyses revealed significant association with
CLDNI7 (empirical P value 2 = .01) that encodes claudin 17, a
member of the claudin family. Claudins were suggested as AD
biomarkers*® and are important for the formation of tight junc-
tions, particularly at the blood-brain barrier, where their ex-
pression is altered in AD and vascular dementia.*! Our results
encourage further investigation of genes responsible for the
integrity of the blood-brain barrier, the disruption of which has
been implicated in AD pathogenesis.*243

Similar to the white population, the APOE €4 allele con-
tributes to AD risk in a dose-dependent manner in the Afri-
can American population.** However, we and others®'*'” did
not observe significant ROHs overlapping APOE, likely owing
to frequent recombination events at this locus. Indeed, SNP-
based GWASs have detected only small, approximately 70-kb
extended APOE haplotypes.*®> Nevertheless, several genes as-
sociated with neurodegenerative diseases were nominally sig-
nificant including AD genes (PSEN2 and CD2AP) and VCP
(Table 2). The overlap between different loci implicated in neu-
rodegenerative disorders has to be systematically explored be-
cause there are many similarities that connect these disor-
ders. For instance, VCP mutations have been shown to
segregate with different disease phenotypes, including
dementia (OMIM 601023), and VCP has been implicated in
several cellular functions, including ubiquitin-dependent
protein degradation highly relevant to neurodegeneration.*®

|
Conclusions

We observed a significant enrichment of ROHs among cases with
AD, indicating the existence of recessive risk factors in African
American individuals. So far, investigation of AD loci detected
by the SNP-based studies have revealed only a few damaging vari-
ants (eg, in ABCA7*” or SORLI1*®). Similarly, AD-associated ROH
loci have to be examined by targeted sequencing for the presence
of rare recessive mutations.! The complex genetics of late-onset
AD might also be explained by the cumulative effect of multiple
risk haplotypes underlying the association between AD and
greater global burden of ROHs in our study.

JAMA Neurology November 2015 Volume 72, Number 11

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Harvard University User on 11/25/2019

1319


http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2015.1700&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700
http://omim.org/entry/613406
http://omim.org/entry/601023
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700

1320

Research Original Investigation

ARTICLE INFORMATION
Accepted for Publication: June 4, 2015.

Published Online: September 14, 2015.
doi:10.1001/jamaneurol.2015.1700.

Author Affiliations: Tanz Centre for Research in

Neurodegenerative Diseases, University of Toronto,

Toronto, Ontario, Canada (Ghani, Sato,

St. George-Hyslop, Rogaeva); Taub Institute for
Research on Alzheimer's Disease and the Aging
Brain, College of Physicians and Surgeons,
Columbia University, New York, New York (Reitz,
Cheng, Manly, Lee, Mayeux); Gertrude H.
Sergievsky Center, College of Physicians and
Surgeons, Columbia University, New York,

New York (Reitz, Vardarajan, Lee, Mayeux);
Department of Neurology, College of Physicians
and Surgeons, Columbia University, New York,
New York (Reitz, Manly, Mayeux); Department of
Medicine (Biomedical Genetics), Boston University,
Boston, Massachusetts (Jun, Logue, Baldwin,
Farrer); Department of Biostatistics, Boston
University, Boston, Massachusetts (Jun, Lunetta,
Farrer); Department of Ophthalmology, Boston
University, Boston, Massachusetts (Jun, Farrer);
The John P. Hussman Institute for Human
Genomics, University of Miami, Miami, Florida (Naj,
Rajbhandary, Pericak-Vance); Department of
Pathology and Laboratory Medicine, University of
Pennsylvania Perelman School of Medicine,
Philadelphia (Wang, Valladares, Lin, Cantwell,
Schellenberg); Department of Medicine, University
of Washington, Seattle (Larson, Crane); Group
Health Research Institute, Group Health, Seattle,

Washington (Larson); Department of Neuroscience,

Mayo Clinic, Jacksonville, Florida (Graff-Radford,
Ertekin-Taner); Department of Neurology, Mayo
Clinic, Jacksonwville, Florida (Graff-Radford,
Ertekin-Taner); Rush Institute for Healthy Aging,
Department of Internal Medicine, Rush University
Medical Center, Chicago, lllinois (Evans); Program in
Translational Neuropsychiatric Genomics,
Department of Neurology, Brigham and Women's
Hospital, Boston, Massachusetts (De Jager);
Harvard Medical School, Boston, Massachusetts
(De Jager, Raj, Green); Program in Medical and
Population Genetics, The Broad Institute,
Cambridge, Massachusetts (De Jager); Department
of Psychiatry, Mount Sinai School of Medicine,

New York, New York (Buxbaum); Department of
Genetics and Genomics Sciences, Mount Sinai
School of Medicine, New York, New York
(Buxbaum); Department of Neuroscience, Mount
Sinai School of Medicine, New York, New York
(Buxbaum); Friedman Brain Institute, Mount Sinai
School of Medicine, New York, New York
(Buxbaum); Department of Medical and Molecular
Genetics, Indiana University, Indianapolis (Murrell);
Division of Genetics, Department of Medicine,
Brigham and Women's Hospital, Boston,
Massachusetts (Green); Partners Center for
Personalized Genetic Medicine, Brigham and
Women's Hospital, Boston, Massachusetts (Green);
Department of Neurological Sciences, Rush
University Medical Center, Chicago, lllinois (Barnes,
Bennett); Department of Behavioral Sciences, Rush
University Medical Center, Chicago, lllinois (Barnes,
Foroud); Department of Epidemiology, Johns
Hopkins University School of Public Health,
Baltimore, Maryland (Fallin); School of Public
Health, University of Alabama at Birmingham (Go);
SABA University School of Medicine, SABA, Dutch

Caribbean (Griffith); Division of Geriatrics, Howard
University Hospital, Washington, DC (Obisesan);
Department of Human Genetics, University of
Pittsburgh, Pittsburgh, Pennsylvania (Kamboh);
Alzheimer's Disease Research Center, University of
Pittsburgh, Pittsburgh, Pennsylvania (Kamboh,
Lopez, Mayeux); Rush Alzheimer's Disease Center,
Rush University Medical Center, Chicago, lllinois
(Bennett); Indiana University Center for Aging
Research, Indianapolis (Hendrie); Department of
Psychiatry, Indiana University School of Medicine,
Indianapolis (Hendrie, Hall); Regenstrief Institute
Inc, Indianapolis, Indiana (Hendrie); Hope Center
Program on Protein Aggregation and
Neurodegeneration, Department of Psychiatry,
Washington University School of Medicine, St Louis,
Missouri (Goate); Department of Biology, North
Carolina A & T University, Greensboro (Byrd);
National Alzheimer’s Coordinating Center,
Department of Epidemiology, University of
Washington, Seattle (Kukull); Vanderbilt Center for
Human Genetics Research, Department of
Molecular Physiology and Biophysics, Vanderbilt
University, Nashville, Tennessee (Haines);
Department of Neurology, Boston University,
Boston, Massachusetts (Farrer); Department of
Epidemiology, Boston University, Boston,
Massachusetts (Farrer); Department of
Epidemiology, College of Physicians and Surgeons,
Columbia University, New York, New York (Lee);
Department of Psychiatry, College of Physicians and
Surgeons, Columbia University, New York,

New York (Mayeux).

Author Contributions: Dr Rogaeva had full access
to all of the data in the study and takes
responsibility for the integrity of the data and the
accuracy of the data analysis.

Study concept and design: Ghani, Jun, Green,
Barnes, Griffith, St. George-Hyslop, Rogaeva.
Acquisition, analysis, or interpretation of data:
Ghani, Reitz, Cheng, Vardarajan, Jun, Sato, Naj,
Rajbhandary, Wang, Valladares, Lin, Larson,
Graff-Radford, Evans, De Jager, Crane, Buxbaum,
Murrell, Raj, Ertekin-Taner, Logue, Baldwin,
Cantwell, Fallin, Go, Obisesan, Manly, Lunetta,
Kamboh, Lopez, Bennett, Hendrie, Hall, Goate,
Byrd, Kukull, Foroud, Haines, Farrer, Pericak-Vance,
Lee, Schellenberg, St. George-Hyslop, Mayeux,
Rogaeva.

Drdfting of the manuscript: Ghani, Valladares, Raj,
Green, Foroud, Rogaeva.

Critical revision of the manuscript for important
intellectual content: Ghani, Reitz, Cheng,
Vardarajan, Jun, Sato, Naj, Rajbhandary, Wang, Lin,
Larson, Graff-Radford, Evans, De Jager, Crane,
Buxbaum, Murrell, Ertekin-Taner, Logue, Baldwin,
Barnes, Cantwell, Fallin, Go, Griffith, Obisesan,
Manly, Lunetta, Kamboh, Lopez, Bennett, Hendrie,
Hall, Goate, Byrd, Kukull, Haines, Farrer, Pericak-
Vance, Lee, Schellenberg, St. George-Hyslop,
Mayeux.

Statistical analysis: Ghani, Cheng, Vardarajan,
Rajbhandary, Valladares, Foroud, Farrer,
Pericak-Vance, Lee.

Obtained funding: Naj, Larson, Evans, Barnes, Fallin,
Manly, Kamboh, Bennett, Hall, Haines,
Schellenberg, St. George-Hyslop, Mayeux, Rogaeva.
Administrative, technical, or material support:
Ghani, Jun, Sato, Naj, Wang, Larson, Crane,
Buxbaum, Ertekin-Taner, Logue, Barnes, Cantwell,
Obisesan, Manly, Lopez, Hendrie, Byrd, Kukull,

JAMA Neurology November 2015 Volume 72, Number 11

Long Runs of Homozygosity in Alzheimer Disease

Haines, Schellenberg, St. George-Hyslop, Mayeux.
Study supervision: Obisesan, St. George-Hyslop,
Rogaeva.

Group Information: Members of the Alzheimer's
Disease Genetics Consortium include Marilyn S.
Albert, PhD (Department of Neurology, Johns
Hopkins University, Baltimore, Maryland), Roger L.
Albin, MD (Department of Neurology, University of
Michigan, Ann Arbor; VA Ann Arbor Healthcare
System; and Michigan Alzheimer Disease Center),
Liana G. Apostolova, MD (Department of
Neurology, University of California, Los Angeles),
Steven E. Arnold, MD (Department of Psychiatry,
University of Pennsylvania Perelman School of
Medicine), Robert Barber, PhD (Department of
Pharmacology and Neuroscience, University of
North Texas Health Science Center, Fort Worth),
Michael M. Barmada, PhD (Department of Human
Genetics, University of Pittsburgh, Pittsburgh,
Pennsylvania), Thomas G. Beach, MD, PhD (Civin
Laboratory for Neuropathology, Banner Sun Health
Research Institute, Phoenix, Arizona), Gary W.
Beecham, PhD (John P. Hussman Institute for
Human Genomics and John T. Macdonald
Foundation Department of Human Genetics,
University of Miami, Miami, Florida), Duane Beekly,
BS (National Alzheimer’s Coordinating Center,
University of Washington, Seattle), Eileen H. Bigio,
MD (Department of Pathology and Cognitive
Neurology and Alzheimer's Disease Center,
Northwestern University Feinberg School of
Medicine), Thomas D. Bird, MD (Department of
Neurology, University of Washington, Seattle, and
VA Puget Sound Health Care System/GRECC),
Deborah Blacker, MD (Department of
Epidemiology, Harvard School of Public Health, and
Department of Psychiatry, Massachusetts General
Hospital/Harvard Medical School, Boston), Bradley
F. Boeve, MD (Department of Neurology, Mayo
Clinic, Rochester, Minnesota), James D. Bowen, MD
(Swedish Medical Center, Seattle, Washington),
Adam Boxer, MD, PhD (Department of Neurology,
University of California, San Francisco), James R.
Burke, MD, PhD (Department of Medicine, Duke
University, Durham, North Carolina), Guiging Cai,
MD, PhD (Departments of Psychiatry and Genetics
and Genomic Sciences, Mount Sinai School of
Medicine, New York, New York), Nigel J. Cairns,
PhD, FRCPath (Department of Pathology and
Immunology, Washington University, St Louis,
Missouri), Chuanhai Cao, PhD (USF Health Byrd
Alzheimer's Institute, University of South Florida,
Tampa), Chris S. Carlson, PhD (Fred Hutchinson
Cancer Research Center, Seattle, Washington),
Regina M. Carney, MD (Department of Psychiatry
and Behavioral Sciences, Miller School of Medicine,
University of Miami, Miami, Florida), Steven L.
Carroll, MD, PhD (Department of Pathology,
University of Alabama at Birmingham), Helena C.
Chui, MD (Department of Neurology, University of
Southern California, Los Angeles), David G. Clark,
MD (Department of Neurology, University of
Alabama at Birmingham), David H. Cribbs, PhD
(Department of Neurology, University of California,
Irvine), Elizabeth A. Crocco, MD (Department of
Psychiatry and Behavioral Sciences, Miller School of
Medicine, University of Miami, Miami, Florida),
Carlos Cruchaga, PhD (Department of Psychiatry
and Hope Center Program on Protein Aggregation
and Neurodegeneration, Washington University
School of Medicine, St Louis, Missouri), Charles

jamaneurology.com

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ by a Harvard University User on 11/25/2019


http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2015.1700&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700

Long Runs of Homozygosity in Alzheimer Disease

DeCarli, MD (Department of Neurology, University
of California, Davis, Sacramento), Steven T.
DeKosky, MD (University of Virginia School of
Medicine, Charlottesville), F. Yesim Demirci, MD
(Department of Human Genetics, University of
Pittsburgh, Pittsburgh, Pennsylvania), Malcolm
Dick, PhD (Institute of Memory Impairments and
Neurological Disorders, University of California,
Irvine), Kelley M. Faber, MS, Department of Medical
and Molecular Genetics, Indiana University,
Indianapolis), Kenneth B. Fallon, MD (Department
of Pathology, University of Alabama at
Birmingham), Martin R. Farlow, MD (Department of
Neurology, Indiana University, Indianapolis), Steven
Ferris, PhD (Department of Psychiatry, New York
University, New York), Matthew P. Frosch, MD, PhD
(C. S. Kubik Laboratory for Neuropathology,
Massachusetts General Hospital, Charlestown),
Douglas R. Galasko, MD, Department of
Neurosciences, University of California, San Diego),
Mary Ganguli, MD (Department of Psychiatry,
University of Pittsburgh, Pittsburgh, Pennsylvania),
Marla Gearing, PhD (Department of Pathology and
Laboratory Medicine and Emory Alzheimer's

Disease Center, Emory University, Atlanta, Georgia),

Daniel H. Geschwind, MD, PhD (Neurogenetics
Program, University of California, Los Angeles),
Bernardino Ghetti, MD (Department of Pathology
and Laboratory Medicine, Indiana University,
Indianapolis), John R. Gilbert, PhD (John P.
Hussman Institute for Human Genomics and John
T. Macdonald Foundation Department of Human
Genetics, University of Miami, Miami, Florida), Sid
Gilman, MD, FRCP (Department of Neurology,
University of Michigan, Ann Arbor), Jonathan D.
Glass, MD (Department of Neurology, Emory
University, Atlanta, Georgia), John H. Growdon, MD
(Department of Neurology, Massachusetts General
Hospital/Harvard Medical School, Boston), Hakon
Hakonarson, MD, PhD (Center for Applied
Genomics, Children’s Hospital of Philadelphia,
Philadelphia, Pennsylvania), Ronald L. Hamilton,
MD (Department of Pathology [Neuropathology],
University of Pittsburgh, Pittsburgh, Pennsylvania),
Kara L. Hamilton-Nelson, MPH (John P. Hussman
Institute for Human Genetics, University of Miami,
Miami, Florida), Vahram Haroutunian, PhD
(Departments of Psychiatry and Genetics and
Genomics Sciences and Friedman Brain Institute,
Mount Sinai School of Medicine, New York, New
York), Lindy E. Harrell, MD, PhD (Department of
Neurology, University of Alabama at Birmingham),
Elizabeth Head, PhD (Sanders-Brown Center on
Aging, Department of Molecular and Biomedical
Pharmacology, University of Kentucky, Lexington),
Lawrence S. Honig, MD, PhD (Taub Institute on
Alzheimer's Disease and the Aging Brain,
Department of Neurology, Columbia University,
New York, New York), Christine M. Hulette, MD
(Department of Pathology, Duke University,
Durham, North Carolina), Bradley T. Hyman, MD,
PhD (Department of Neurology, Massachusetts
General Hospital/Harvard Medical School, Boston),
Gail P. Jarvik, MD, PhD (Departments of Genome
Sciences and Medicine [Medical Genetics],
University of Washington, Seattle), Gregory A.
Jicha, MD, PhD (Sanders-Brown Center on Aging,
Department of Neurology, University of Kentucky,
Lexington), Lee-Way Jin, MD, PhD (Department of
Pathology and Laboratory Medicine, University of
California, Davis, Sacramento), Anna Karydas, BA
(Department of Neurology, University of California,
San Francisco), John S. K. Kauwe, PhD (Department

jamaneurology.com

of Biology, Brigham-Young University, Provo, Utah),
Jeffrey A. Kaye, MD (Department of Neurology,
Oregon Health and Science University and Portland
Veterans Affairs Medical Center, Portland) Ronald
Kim, MD (Department of Pathology and Laboratory
Medicine, University of California, Irvine), Edward
H. Koo, MD (Department of Neurosciences,
University of California, San Diego), Neil W. Kowall,
MD (Departments of Neurology and Pathology,
Boston University, Boston, Massachusetts), Joel H.
Kramer, PsyD (Department of Neuropsychology,
University of California, San Francisco), Patricia
Kramer, PhD (Departments of Neurology and
Molecular and Medical Genetics, Oregon Health and
Science University, Portland), Frank M. LaFerla, PhD
(Department of Neurobiology and Behavior,
University of California, Irvine), James J. Lah, MD,
PhD (Department of Neurology, Emory University,
Atlanta, Georgia), Rosalyn Lang-Walker, PhD
(Department of Biology, North Carolina A&T State
University, Greensboro), James B. Leverenz, MD
(Lou Ruvo Center for Brain Health, Cleveland Clinic,
Cleveland, Ohio), Allan I. Levey, MD, PhD
(Department of Neurology, Emory University,
Atlanta, Georgia), Ge Li, MD, PhD (Department of
Psychiatry and Behavioral Sciences, University of
Washington School of Medicine and VA Puget
Sound Health Care System/GRECC, Seattle),
Andrew P. Lieberman, MD, PhD (Department of
Pathology, University of Michigan, Ann Arbor),
Constantine G. Lyketsos, MD, MHS (Department of
Psychiatry, Johns Hopkins University, Baltimore,
Maryland), Wendy J. Mack, PhD (Department of
Preventive Medicine, University of Southern
California, Los Angeles), Daniel C. Marson, JD, PhD
(Department of Neurology, University of Alabama
at Birmingham), Eden R. Martin, PhD (John P.
Hussman Institute for Human Genomics and Joh T.
Macdonald Foundation Department of Human
Genetics, University of Miami, Miami, Florida),
Frank Martiniuk, PhD (Department of Medicine-
Pulmonary, New York University, New York),
Deborah C. Mash, PhD (Department of Neurology,
University of Miami, Miami, Florida), Eliezer
Masliah, MD (Departments of Neurosciences and
Pathology, University of California, San Diego,

La Jolla), Wayne C. McCormick, MD, MPH
(Department of Medicine, University of
Washington, Seattle), Susan M. McCurry, PhD
(School of Nursing Northwest Research Group on
Aging, University of Washington, Seattle), Andrew
N. McDavid, BA (Fred Hutchinson Cancer Research
Center, Seattle, Washington), Ann C. McKee, MD
(Departments of Neurology and Pathology, Boston
University, Boston, Massachusetts), Marsel
Mesulam, MD (Cognitive Neurology and
Alzheimer's Disease Center and Department of
Neurology, Northwestern University Feinberg
School of Medicine, Chicago, lllinois), Bruce L.
Miller, MD (Department of Neurology, University of
California, San Francisco), Carol A. Miller, MD
(Department of Pathology, University of Southern
California, Los Angeles), Joshua W. Miller, PhD
(Department of Pathology and Laboratory
Medicine, University of California, Davis,
Sacramento), Thomas J. Montine, MD, PhD
(Department of Pathology, University of
Washington, Seattle), John C. Morris, MD
(Departments of Pathology and Immunology and
Neurology, Washington University, St Louis,
Missouri), John M. Olichney, MD (Department of
Neurology, University of California, Davis,
Sacramento), Joseph E. Parisi, MD (Department of

Original Investigation Research

Laboratory Medicine and Pathology, Mayo Clinic,
Rochester, Minnesota), Elaine Peskind, MD
(Department of Psychiatry and Behavioral Sciences,
University of Washington School of Medicine,
Seattle), Ronald C. Petersen, MD, PhD (Department
of Neurology, Mayo Clinic, Rochester, Minnesota),
Aimee Pierce, MD (Department of Neurology,
University of California, Irvine), Wayne W. Poon,
PhD (Institute for Memory Impairments and
Neurological Disorders, University of California,
Irvine), Huntington Potter, PhD, Department of
Neurology, University of Colorado School of
Medicine, Aurora), Joseph F. Quinn, MD
(Department of Neurology, Oregon Health and
Science University and Portland Veterans Affairs
Medical Center, Portland), Ashok Raj, MD (USF
Health Byrd Alzheimer's Institute, University of
South Florida, Tampa), Murray Raskind, MD
(Department of Psychiatry and Behavioral Sciences,
University of Washington School of Medicine,
Seattle), Eric M. Reiman, MD (Neurogenomics
Division, Translational Genomics Research Institute;
Arizona Alzheimer's Consortium; Department of
Psychiatry, University of Arizona; and Banner
Alzheimer's Institute, Phoenix), Barry Reisberg, MD
(Department of Psychiatry and Alzheimer’s Disease
Center, New York University, New York), John M.
Ringman, MD (Department of Neurology,
University of California, Los Angeles), Erik D.
Roberson, MD, PhD (Department of Neurology,
University of Alabama at Birmingham), Howard J.
Rosen, MD (Department of Neurology, University of
California, San Francisco), Roger N. Rosenberg, MD
(Department of Neurology, University of Texas
Southwestern, Dallas), Mary Sano, PhD
(Department of Psychiatry, Mount Sinai School of
Medicine, New York, New York), Andrew J. Saykin,
PsyD (Departments of Medical and Molecular
Genetics and Radiology and Imaging Sciences,
Indiana University, Indianapolis), Julie A. Schneider,
MD (Department of Neurological Sciences, Rush
Alzheimer's Disease Center, and Department of
Pathology [Neuropathology], Rush University
Medical Center, Chicago, lllinois), Lon S. Schneider,
MD (Departments of Neurology and Psychiatry,
University of Southern California, Los Angeles),
William W. Seeley, MD (Department of Neurology,
University of California, San Francisco), Amanda G.
Smith, MD (USF Health Byrd Alzheimer's Institute,
University of South Florida, Tampa), Joshua A.
Sonnen, MD (Department of Pathology, University
of Washington, Seattle), Salvatore Spina, MD
(Department of Pathology and Laboratory
Medicine, Indiana University, Indianapolis), Robert
A. Stern, PhD (Department of Neurology, Boston
University, Boston, Massachusetts), Rudolph E.
Tanzi, PhD (Department of Neurology,
Massachusetts General Hospital/Harvard Medical
School, Boston), John Q. Trojanowski, MD, PhD
(Department of Pathology and Laboratory
Medicine, University of Pennsylvania Perelman
School of Medicine), Juan C. Troncoso, MD
(Department of Pathology, Johns Hopkins
University, Baltimore, Maryland), Debby W. Tsuang,
MD (VA Puget Sound Health Care System/GRECC
and Department of Psychiatry and Behavioral
Sciences, University of Washington School of
Medicine, Seattle), Vivianna M. Van Deerlin, MD,
PhD (Department of Pathology and Laboratory
Medicine, University of Pennsylvania Perelman
School of Medicine, Philadelphia), Linda J.

Van Eldik, PhD (Sanders-Brown Center on Aging,
Department of Anatomy and Neurobiology,

JAMA Neurology November 2015 Volume 72, Number 11

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ by a Harvard University User on 11/25/2019

1321


http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700

1322

Research Original Investigation

University of Kentucky, Lexington), Harry V. Vinters,
MD (Departments of Neurology and Pathology and
Laboratory Medicine, University of California,

Los Angeles), Jean Paul Vonsattel, MD (Taub
Institute on Alzheimer’s Disease and the Aging
Brain, Department of Pathology, Columbia
University), Sandra Weintraub, PhD (Cognitive
Neurology and Alzheimer's Disease Center and
Department of Psychiatry, Northwestern University
Feinberg School of Medicine), Kathleen A.
Welsh-Bohmer, PhD (Departments of Medicine and
Psychiatry and Behavioral Sciences, Duke
University, Durham, North Carolina), Jennifer
Williamson, MS (Taub Institute on Alzheimer's
Disease and the Aging Brain, Department of
Neurology, Columbia University, New York,

New York), Randall L. Woltjer, MD, PhD
(Department of Pathology, Oregon Health and
Science University, Portland, Oregon), Clinton B.
Wright, MD, MS (Evelyn F. McKnight Brain Institute,
Department of Neurology, Miller School of
Medicine, University of Miami, Miami, Florida),
Steven G. Younkin, MD, PhD (Department of
Neuroscience, Mayo Clinic, Jacksonville, Florida),
Chang-En Yu, PhD (Department of Medicine,
University of Washington, Seattle), and Lei Yu, PhD
(Department of Neurological Sciences and Rush
Alzheimer's Disease Center, Rush University
Medical Center, Chicago, lllinois).

Conflict of Interest Disclosures: Support for this
study was provided by GlaxoSmithKline. No other
disclosures were reported.

Funding/Support: This study was supported by the
Canadian Institutes of Health Research (Drs St.
George-Hyslop and Rogaeva), Wellcome Trust,
Medical Research Council, National Institutes of
Health, National Institute of Health Research,
Ontario Research Fund, and Alzheimer Society of
Ontario (Dr St. George-Hyslop). The National
Institute on Aging (NIA) supported this work
through grants UO1-AG032984, RC2-AG036528,
and UO1-AGO16976 (Dr Kukull); U24 AGO26395,
U24 AG026390, ROTAG037212, R37 AGO15473,
and PO1-AG07232 (Dr Mayeux); UO1 AG032984 (Dr
Schellenberg); RO1-AG25259, RO1-AG AG048927,
and P30-AG13846 (Dr Farrer); K23AG034550 (Dr
Reitz); U24-AG021886 (Dr Foroud); ROIAGO09956
and RC2 AG036650 (Dr Hall); UO1 AGO6781and
UO1HGO004610 (Dr Larson); RO1AGO09029 (Dr
Farrer); 5SRO1AG20688 (Dr Fallin); P50 AGO05133
and AGO30653 (Dr Kamboh); RO1AG0O19085 (Dr
Haines); RO1 AG11101 and RO1AG030146 (Dr
Evans); P30AG10161, RO1AG15819, RO1AG30146,
RO1AG17917, and ROTAG15819 (Dr Bennett);
RO1AG028786 (Dr Manly); RO1AG22018 and
P30AG10161 (Dr Barnes); PSOAG16574 (Drs
Ertekin-Taner and Graff-Radford); RO1 AG032990,
UO1AGO046139, and RO1NS080820 (Dr Ertekin-
Taner); RO1AG027944 and RO1AG028786 (Dr
Pericak-Vance); P20 MDO0O0546 and RO1
AG28786-01A1(Dr Byrd); AGO05138 (Dr
Buxbaum); P50 AGO5681, PO1AG03991, and PO1
AGO026276 (Dr Goate); U24AG041689 (Dr Wang);
and P30AGO019610, P30AG13846, UOT-AG10483,
RO1CA129769, ROIMH080295, RO1AG017173,
RO1AG025259, RO1AG33193, PSOAG008702,
P30AG028377, AGO5128, AGO25688,
P30AG10133, PSOAG0O05146, PSOAGO05134,
PO1AG002219, P30AG0O8051, MOIRRO0096,
ULIRR029893, P30AG013854, P30AGO08017,
RO1AG026916, ROTAGO19085, PSOAG016582,
ULIRR0O2777, RO1AG031581, P30AG010129,
P50AG016573, PSOAGO16575, PSOAGO16576,

P50AGO016577, PSOAGO16570, PSOAGO05131,
P50AG023501, P50AG019724, P30AG028383,
P50AG008671, P30AG010124, PSOAG005142,
P30AGO012300, AGO10491, AG027944, AG021547,
AGO019757, and PSOAGOO05136 (Alzheimer's Disease
Genetics Consortium [ADGC]). Support was also
provided by the Alzheimer’s Association
(IIRG-08-89720 [Dr Farrer] and IIRG-05-14147 [Dr
Pericak-Vance]); National Institute of Neurological
Disorders and Stroke grant NS39764; National
Institute of Mental Health grant MH6045T; and the
Office of Research and Development, Biomedical
Laboratory Research Program, US Department of
Veterans Affairs Administration. For the ADGC,
biological samples and associated phenotypic data
used in primary data analyses were stored at the
principal investigators' institutions and at the
National Cell Repository for Alzheimer's Disease at
Indiana University, funded by the NIA. Associated
phenotypic data used in secondary data analyses
were stored at the National Alzheimer's
Coordinating Center and at the NIA Alzheimer's
Disease Data Storage Site at the University of
Pennsylvania, funded by the NIA. Contributors to
the genetic analysis data included principal
investigators on projects individually funded by the
NIA, other National Institutes of Health institutes,
or private entities.

Role of the Funder/Sponsor: The funders had no
role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: We thank Creighton
Phelps, PhD, Stephen Synder, PhD, and Marilyn
Miller, PhD, from the NIA, who are ex-officio
members of the ADGC. They provided general
guidance and support for this study, for which they
did not receive compensation from a funding
sponsor.

REFERENCES

1. Rogaeva E, Kawarai T, George-Hyslop PS. Genetic
complexity of Alzheimer's disease: successes and
challenges. J Alzheimers Dis. 2006;9(3)(suppl):
381-387.

2. Ghani M, Rogaeva E. Autosomal dominant
Alzheimer's disease: underlying causes. In:
Galimberti D, Scarpini E, eds. Neurodegenerative
Diseases. London, England: Springer; 2014:27-47.

3. Vardarajan B, Ghani M, Kahn A, et al. Rare coding
mutations identified by sequencing of Alzheimer
disease genome-wide association studies loci
[published online June 23, 2015]. Ann Neurol.
doi:10.1002/ana.24466.

4. DiFede G, Catania M, Morbin M, et al.

A recessive mutation in the APP gene with
dominant-negative effect on amyloidogenesis.
Science. 2009;323(5920):1473-1477.

5. Tomiyama T, Nagata T, Shimada H, et al.

A new amyloid beta variant favoring
oligomerization in Alzheimer’s-type dementia. Ann
Neurol. 2008;63(3):377-387.

6. Cruts M, Theuns J, Van Broeckhoven C.
Locus-specific mutation databases for
neurodegenerative brain diseases. Hum Mutat.
2012;33(9):1340-1344.

JAMA Neurology November 2015 Volume 72, Number 11

Long Runs of Homozygosity in Alzheimer Disease

7. Wingo TS, Lah JJ, Levey Al, Cutler DJ. Autosomal
recessive causes likely in early-onset Alzheimer
disease. Arch Neurol. 2012;69(1):59-64.

8. Ghani M, Sato C, Lee JH, et al. Evidence of
recessive Alzheimer disease loci in a Caribbean
Hispanic data set: genome-wide survey of runs of
homozygosity. JAMA Neurol. 2013;70(10):1261-1267.

9. Keller MC, Simonson MA, Ripke S, et al;
Schizophrenia Psychiatric Genome-Wide
Association Study Consortium. Runs of
homozygosity implicate autozygosity as a
schizophrenia risk factor. PLoS Genet. 2012;8(4):
e1002656.

10. Zody MC, Jiang Z, Fung HC, et al. Evolutionary
toggling of the MAPT 17g21.31inversion region. Nat
Genet. 2008;40(9):1076-1083.

11. Mezzavilla M, Vozzi D, Badii R, et al. Increased
rate of deleterious variants in long runs of
homozygosity of an inbred population from Qatar.
Hum Hered. 2015;79(1):14-19.

12. Szpiech ZA, Xu J, Pemberton TJ, et al. Long runs
of homozygosity are enriched for deleterious
variation. Am J Hum Genet. 2013;93(1):90-102.

13. Sims R, Dwyer S, Harold D, et al. No evidence
that extended tracts of homozygosity are
associated with Alzheimer's disease. Am J Med
Genet B Neuropsychiatr Genet. 2011;156B(7):764-771.

14. Wang S, Haynes C, Barany F, Ott J.
Genome-wide autozygosity mapping in human
populations. Genet Epidemiol. 2009;33(2):172-180.

15. McLaughlin RL, Kenna KP, Vajda A, et al.
Homozygosity mapping in an Irish ALS case-control
cohort describes local demographic phenomena
and points towards potential recessive risk loci.
Genomics. 2015;105(4):237-241.

16. Kurotaki N, Tasaki S, Mishima H, et al.
Identification of novel schizophrenia loci by
homozygosity mapping using DNA microarray
analysis. PLoS One. 2011;6(5):e20589.

17. Nalls MA, Guerreiro RJ, Simon-Sanchez J, et al.
Extended tracts of homozygosity identify novel
candidate genes associated with late-onset
Alzheimer's disease. Neurogenetics. 2009;10(3):
183-190.

18. Roks G, Van Harskamp F, De Koning |, et al.
Presentation of amyloidosis in carriers of the codon
692 mutation in the amyloid precursor protein
gene (APP692). Brain. 2000;123(pt 10):2130-2140.

19. Green RC, Cupples LA, GoR, et al; MIRAGE
Study Group. Risk of dementia among white and
African American relatives of patients with
Alzheimer disease. JAMA. 2002;287(3):329-336.

20. Clark AG, Hubisz MJ, Bustamante CD,
Williamson SH, Nielsen R. Ascertainment bias in
studies of human genome-wide polymorphism.
Genome Res. 2005;15(11):1496-1502.

21. ReitzC, Jun G, Naj A, et al; Alzheimer Disease
Genetics Consortium. Variants in the ATP-binding
cassette transporter (ABCA7), apolipoprotein E
e4,and the risk of late-onset Alzheimer disease in
African Americans. JAMA. 2013;309(14):1483-1492.
22. Pritchard JK, Stephens M, Donnelly P. Inference
of population structure using multilocus genotype
data. Genetics. 2000;155(2):945-959.

23. Howie BN, Donnelly P, Marchini J. A flexible and
accurate genotype imputation method for the next
generation of genome-wide association studies.
PLoS Genet. 2009;5(6):e1000529.

jamaneurology.com

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Harvard University User on 11/25/2019


http://www.ncbi.nlm.nih.gov/pubmed/16914876
http://www.ncbi.nlm.nih.gov/pubmed/16914876
http://dx.doi.org/10.1002/ana.24466
http://www.ncbi.nlm.nih.gov/pubmed/19286555
http://www.ncbi.nlm.nih.gov/pubmed/18300294
http://www.ncbi.nlm.nih.gov/pubmed/18300294
http://www.ncbi.nlm.nih.gov/pubmed/22581678
http://www.ncbi.nlm.nih.gov/pubmed/22581678
http://www.ncbi.nlm.nih.gov/pubmed/21911656
http://www.ncbi.nlm.nih.gov/pubmed/23978990
http://www.ncbi.nlm.nih.gov/pubmed/22511889
http://www.ncbi.nlm.nih.gov/pubmed/22511889
http://www.ncbi.nlm.nih.gov/pubmed/19165922
http://www.ncbi.nlm.nih.gov/pubmed/19165922
http://www.ncbi.nlm.nih.gov/pubmed/25720536
http://www.ncbi.nlm.nih.gov/pubmed/23746547
http://www.ncbi.nlm.nih.gov/pubmed/21812096
http://www.ncbi.nlm.nih.gov/pubmed/21812096
http://www.ncbi.nlm.nih.gov/pubmed/18814273
http://www.ncbi.nlm.nih.gov/pubmed/25620680
http://www.ncbi.nlm.nih.gov/pubmed/21655227
http://www.ncbi.nlm.nih.gov/pubmed/19271249
http://www.ncbi.nlm.nih.gov/pubmed/19271249
http://www.ncbi.nlm.nih.gov/pubmed/11004129
http://www.ncbi.nlm.nih.gov/pubmed/11790212
http://www.ncbi.nlm.nih.gov/pubmed/16251459
http://www.ncbi.nlm.nih.gov/pubmed/23571587
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://www.ncbi.nlm.nih.gov/pubmed/19543373
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700

Long Runs of Homozygosity in Alzheimer Disease

24. Purcell S, Neale B, Todd-Brown K, et al. PLINK:
a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet.
2007;81(3):559-575.

25. Yang J, Lee SH, Goddard ME, Visscher PM.
GCTA: a tool for genome-wide complex trait
analysis. Am J Hum Genet. 2011;88(1):76-82.

26. Barrett JC, Fry B, Maller J, Daly MJ. Haploview:
analysis and visualization of LD and haplotype
maps. Bioinformatics. 2005;21(2):263-265.

27. Ghani M, Lang AE, Zinman L, et al. Mutation
analysis of patients with neurodegenerative
disorders using NeuroX array. Neurobiol Aging.
2015;36(1):545.e9-14.

28. Lambert JC, Ibrahim-Verbaas CA, Harold D,

et al; European Alzheimer's Disease Initiative
(EADI); Genetic and Environmental Risk in
Alzheimer's Disease; Alzheimer's Disease Genetic
Consortium; Cohorts for Heart and Aging Research
in Genomic Epidemiology. Meta-analysis of 74,046
individuals identifies 11 new susceptibility loci for
Alzheimer's disease. Nat Genet. 2013;45(12):
1452-1458.

29. Vardarajan BN, Schaid DJ, Reitz C, et al.
Inbreeding among Caribbean Hispanics from the
Dominican Republic and its effects on risk of
Alzheimer disease. Genet Med. 2015;17(8):639-643.

30. Greene CS, Penrod NM, Williams SM, Moore
JH. Failure to replicate a genetic association may
provide important clues about genetic architecture.
PLoS One. 2009;4(6):€5639.

31. Trynka G, Sandor C, Han B, et al. Chromatin
marks identify critical cell types for fine mapping
complex trait variants. Nat Genet. 2013;45(2):
124-130.

jamaneurology.com

32. Kundaje A, Meuleman W, Ernst J, et al;
Roadmap Epigenomics Consortium. Integrative
analysis of 111 reference human epigenomes. Nature.
2015;518(7539):317-330.

33. Song H, Boo JH, Kim KH, et al. Critical role of
presenilin-dependent y-secretase activity in DNA
damage-induced promyelocytic leukemia protein
expression and apoptosis. Cell Death Differ. 2013;
20(4):639-648.

34. Tanaka M, Nanba D, Mori S, et al. ADAM
binding protein Eve-1is required for ectodomain
shedding of epidermal growth factor receptor
ligands. J Biol Chem. 2004;279(40):41950-41959.

35. Hotoda N, Koike H, Sasagawa N, Ishiura S.

A secreted form of human ADAM9 has an
alpha-secretase activity for APP. Biochem Biophys
Res Commun. 2002;293(2):800-805.

36. Reinhardt S, Schuck F, Grésgen S, et al.
Unfolded protein response signaling by
transcription factor XBP-1 regulates ADAM10 and is
affected in Alzheimer's disease. FASEB J. 2014;28
(2):978-997.

37. McDonald AJ, Dibble JP, Evans EG, Millhauser
GL. A new paradigm for enzymatic control of
a-cleavage and B-cleavage of the prion protein.

J Biol Chem. 2014;289(2):803-813.

38. Sharp AJ, Selzer RR, Veltman JA, et al.
Characterization of a recurrent 15924 microdeletion
syndrome. Hum Mol Genet. 2007;16(5):567-572.

39. Klopocki E, Graul-Neumann LM, Grieben U,
et al. A further case of the recurrent 15924
microdeletion syndrome, detected by array CGH.
Eur J Pediatr. 2008;167(8):903-908.

40. Spulber S, Bogdanovic N, Romanitan MO,
Bajenaru OA, Popescu BO. Claudin expression

Original Investigation Research

profile separates Alzheimer’s disease cases from
normal aging and from vascular dementia cases.
J Neurol Sci. 2012;322(1-2):184-186.

41. Romanitan MO, Popescu BO, Spulber S, et al.
Altered expression of claudin family proteins in
Alzheimer’s disease and vascular dementia brains.
J Cell Mol Med. 2010;14(5):1088-1100.

42. Gongalves A, Ambrdsio AF, Fernandes R.
Regulation of claudins in blood-tissue barriers
under physiological and pathological states. Tissue
Barriers. 2013;1(3):e24782.

43. Montagne A, Barnes SR, Sweeney MD, et al.
Blood-brain barrier breakdown in the aging human
hippocampus. Neuron. 2015;85(2):296-302.

44. Graff-Radford NR, Green RC, Go RC, et al.
Association between apolipoprotein E genotype
and Alzheimer disease in African American subjects.
Arch Neurol. 2002;59(4):594-600.

45. Bekris LM, Galloway NM, Montine TJ,
Schellenberg GD, Yu CE. APOE mRNA and protein
expression in postmortem brain are modulated by
an extended haplotype structure. Am J Med Genet
B Neuropsychiatr Genet. 2010;153B(2):409-417.

46. Hardy J, Rogaeva E. Motor neuron disease and
frontotemporal dementia: sometimes related,
sometimes not. Exp Neurol. 2014;262, pt B:75-83.

47. Steinberg S, Stefansson H, Jonsson T, et al;
DemGene. Loss-of-function variants in ABCA7
confer risk of Alzheimer's disease. Nat Genet. 2015;
47(5):445-447.

48. Vardarajan BN, ZhangY, Lee JH, et al. Coding
mutations in SORL1 and Alzheimer disease. Ann
Neurol. 2015;77(2):215-227.

JAMA Neurology November 2015 Volume 72, Number 11

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Harvard University User on 11/25/2019

1323


http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://www.ncbi.nlm.nih.gov/pubmed/21167468
http://www.ncbi.nlm.nih.gov/pubmed/15297300
http://www.ncbi.nlm.nih.gov/pubmed/25174650
http://www.ncbi.nlm.nih.gov/pubmed/25174650
http://www.ncbi.nlm.nih.gov/pubmed/24162737
http://www.ncbi.nlm.nih.gov/pubmed/24162737
http://www.ncbi.nlm.nih.gov/pubmed/25394174
http://www.ncbi.nlm.nih.gov/pubmed/19503614
http://www.ncbi.nlm.nih.gov/pubmed/23263488
http://www.ncbi.nlm.nih.gov/pubmed/23263488
http://www.ncbi.nlm.nih.gov/pubmed/25693563
http://www.ncbi.nlm.nih.gov/pubmed/25693563
http://www.ncbi.nlm.nih.gov/pubmed/23306558
http://www.ncbi.nlm.nih.gov/pubmed/23306558
http://www.ncbi.nlm.nih.gov/pubmed/15280379
http://www.ncbi.nlm.nih.gov/pubmed/12054541
http://www.ncbi.nlm.nih.gov/pubmed/12054541
http://www.ncbi.nlm.nih.gov/pubmed/24165480
http://www.ncbi.nlm.nih.gov/pubmed/24165480
http://www.ncbi.nlm.nih.gov/pubmed/24247244
http://www.ncbi.nlm.nih.gov/pubmed/17360722
http://www.ncbi.nlm.nih.gov/pubmed/17932688
http://www.ncbi.nlm.nih.gov/pubmed/22664153
http://www.ncbi.nlm.nih.gov/pubmed/20041969
http://www.ncbi.nlm.nih.gov/pubmed/24665399
http://www.ncbi.nlm.nih.gov/pubmed/24665399
http://www.ncbi.nlm.nih.gov/pubmed/25611508
http://www.ncbi.nlm.nih.gov/pubmed/11939894
http://www.ncbi.nlm.nih.gov/pubmed/19554612
http://www.ncbi.nlm.nih.gov/pubmed/19554612
http://www.ncbi.nlm.nih.gov/pubmed/24246281
http://www.ncbi.nlm.nih.gov/pubmed/25807283
http://www.ncbi.nlm.nih.gov/pubmed/25807283
http://www.ncbi.nlm.nih.gov/pubmed/25382023
http://www.ncbi.nlm.nih.gov/pubmed/25382023
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2015.1700

