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Republic and its effects on risk of Alzheimer disease

Badri N. Vardarajan, PhD'?, Daniel J. Schaid, PhD?, Christiane Reitz, MD, PhD"?%>,
Rafael Lantigua, MD"¢, Martin Medrano, MD’, lvonne Z. Jiménez-Velazquez, MD§,
Joseph H. Lee, PhD'"?4, Mahdi Ghani, PhD*', Ekaterina Rogaeva, PhD%'°,
Peter St George-Hyslop, MD*"" and Richard P. Mayeux, MD"24512

Background: Inbreeding can be associated with a modification of
disease risk due to excess homozygosity of recessive alleles affecting
a wide range of phenotypes. We estimated the inbreeding coefficient
in Caribbean Hispanics and examined its effects on risk of late-onset
Alzheimer disease.

Methods: The inbreeding coefficient was calculated in 3,392 subjects
(1,451 late-onset Alzheimer disease patients and 1,941 age-matched
healthy controls) of Caribbean Hispanic ancestry using 177,997
nearly independent single-nucleotide polymorphisms from genome-
wide array. The inbreeding coefficient was estimated using the excess
homozygosity method with and without adjusting for admixture.

Results: The average inbreeding coefficient in Caribbean Hispanics
without accounting for admixture was F = 0.018 (+0.048), suggesting

INTRODUCTION

Inbreeding can lead to rare heritable illnesses conferred by
homozygous recessive alleles. Reduced early survival of children
from first-cousin marriages and similar observations in other
organisms emphasize the presence of an increased number of
homozygous deleterious alleles in the genome."? Inbreeding
is highly prevalent across the world, and differences in disease
prevalence between populations can be partially attributed to
extent of inbreeding.'?

Conservative estimates of prevalence of consanguineous
marriages (defined as a union between individuals related as
second cousins or closer) range between 1 and 10% among
2,811 million people studied globally.® Previous studies have
seen a strong association between the extent of inbreeding and
reproductive health, as well as childhood mortality and rare
Mendelian disorders."*** However a multipopulation meta-
analysis found only a moderate 1.1% increase in the infant
death rate of 1.1% in the progeny of first cousins.® Biological

a mating equivalent to that of second cousins or second cousins once
removed. Adjusting for admixture from three parent populations, the
average inbreeding coefficient was found to be 0.0034 (+£0.019) or
close to third-cousin mating. Inbreeding coefficient was a significant
predictor of Alzheimer disease when age, sex, and APOE genotype
were used as adjusting covariates (P = 0.03).

Conclusion: The average inbreeding coefficient of this population
is significantly higher than that of the general Caucasian populations
in North America. The high rate of inbreeding resulting in increased
frequency of recessive variants is advantageous for the identification
of rare variants associated with late-onset Alzheimer disease.
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consequences of inbreeding are known to become worse with
aging in nonhuman species.”® Studies examining the effects
of inbreeding on late-onset complex diseases have found con-
flicting trends. Longer stretches of homozygosity have been
observed in patients with breast, prostate, head and neck, and
colorectal cancer,”" but these findings have not been consis-
tently replicated.!"'* A recent study examining the concordance
of Alzheimer disease (AD) raised the possibility that as much as
90% of early-onset cases with AD are probably the result of auto-
somal recessive inheritance.”” Multiple risk loci for AD'® were
detected in a consanguineous Israeli-Arab community from
WadiAra (Israel). Unaffected healthy controls were found to be
more inbred than cases in the WadiAra population, suggesting
higher frequency of protective alleles as a result of inbreeding."”
In an autopsy-confirmed AD data set comprising subjects from
the Saguenay region of Quebec (Canada), subjects with late-
onset AD and having at least one APOE &4 allele were observed
to have higher levels of inbreeding (equivalent to first-cousin
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genomic sharing) compared with healthy controls.'® Recent
studies have found the presence of long runs of homozygos-
ity (ROHs) in Caribbean Hispanic late-onset Alzheimer disease
(LOAD) patients as compared with healthy controls.”” By con-
trast, two ROH studies of outbred Caucasian populations did
not yield any significant associations with LOAD.?** In the cur-
rent study, we estimated the level of inbreeding in Caribbean
Hispanic families that are known to have higher rates of LOAD?
and investigated the association between inbreeding and risk
of LOAD. Potential association between inbreeding and risk of
LOAD may aid next-generation sequencing studies in mapping
of disease-related genes.

MATERIALS AND METHODS

Study population

Study participants were identified from two source populations
of Caribbean Hispanic ancestry. The two-parent studies include
the Washington Heights-Inwood Columbia Aging Project
(WHICAP)® and the Estudio Familiar Influencia Genetica
en Alzheimer (EFIGA) family study.* The WHICAP study is
a longitudinal cohort study that has examined a multiethnic
cohort of elderly individuals residing in northern Manhattan
(New York, New York). We recruited Medicare recipients who
were at least 65 years of age, were without dementia, and lived in
three contiguous postal codes in northern New York City. The
EFIGA study is a family-based study comprising Dominican
families with multiple persons affected with LOAD and a case-
control study that included unrelated patients with LOAD and
similarly aged unaffected and unrelated controls. Study partici-
pants were recruited from multiple sources including clinics
in the Dominican Republic, as well as the Alzheimer’s Disease
Research Center Memory Disorders Clinic at Columbia
University in New York City. To augment family recruitment,
we advertised in local newspapers and media in the Dominican
Republic and New York. In addition, we recruited probands
from the WHICAP study when the informant reported fam-
ily members with dementia. Families were recruited as follows:
once probands were identified, structured family history inter-
views were conducted to determine whether siblings and more
distant relatives were affected with dementia. When probands
had AD and also had other family members with dementia, we
interviewed and neurologically evaluated all siblings and more
relatives. We assessed and corrected for cryptic relatedness by
using genetic markers. The Caribbean Hispanic case-control
study complements the EFIGA study in that the sampling frame
was the same as that of the EFIGA study; however, recruit-
ment was restricted to affected and unaffected persons who
were unrelated and did not have family history of dementia.
For these participants, we performed the same extensive medi-
cal, neurological, and neuropsychological evaluations at each
visit. Clinical diagnoses were made in a consensus diagnostic
conference by a panel of neurologists, neuropsychologists, and
psychiatrists. The presence of LOAD was assessed based on the
criteria established by the National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s
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Disease and Related Disorders Association.”® Additional demo-
graphic and epidemiological information was available for all
genotyped individuals (Table 1). For estimating inbreeding in
Caribbean Hispanics in this study, we selected age-matched
unrelated cases and controls from the WHICAP and the EFIGA
studies and one case per family from the EFIGA study.

Genotyping

Previously, a HumanOmni-650Y SNP chip was used for
genome-wide association study (GWAS) of 1,094 Caribbean
Hispanics.”® This study consisted primarily of samples from
whole blood, with 0.16% of samples from saliva. Blood sam-
ples were extracted using the Qiagen method; saliva samples
were extracted using the Oragene method. Samples were gen-
otyped in batches corresponding to 96-well plates. Each plate
contained one or two HapMap controls, as well as an average
of two study sample duplicates. The DNA samples were geno-
typed at the Center for Inherited Disease Research using the
[lumina HumanOmnil-Quad Quad v1 0 H array (http://www.
illumina.org) and using the calling algorithms GenomeStudio
version 2011.1, Genotyping Module 1.9.4, and GenTrain version
1.0 (Ilumina, San Diego, CA). The genome build is 37/hg19.
We combined the previously published GWAS data with the
samples genotyped on the Illumina HumanOmnil-Quad chip
(Illumina) to create a large data set for estimating the degree of
inbreeding in the Caribbean Hispanic population.

GWAS quality control

We used the quality assurance/quality control protocol
described by Laurie et al.” to ensure consistency of the data. We
excluded from the analyses samples missing 2% of the single-
nucleotide polymorphisms (SNPs) from the GWAS panel and
SNPs with a genotype missingness rate of 5% or SNPs with a
minor allele frequency <0.05.

Statistical analyses

We pruned the genome-wide SNP data based on linkage dis-
equilibrium to retain 177,997 tagging SNPs from GWAS data
at pairwise r* < 0.3 using PLINK.?® We estimated the inbreeding
coeflicient in the sample set using the GCTA software.”” GCTA
gives two estimates for the relationship between haplotypes
within an individual: one based on the variance of additive
genetic values (diagonal of the SNP-derived genetic relation-
ship matrix) and the other based on SNP homozygosity (imple-
mented in PLINK).?® Here we report the second measure of
inbreeding (the two metrics on average gave similar results). In
the context of inferring relatedness in GWAS with population

Table 1 Demographic information
Caribbean Hispanic

Characteristic population (n = 3,392)

Age, years, mean (SD) 75.75(9.41)
Education, years, mean (SD) 6.4 (4.99)
Women, % 68

Cases (%) 1,532 (45.4)
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Table 2 Inbreeding coefficient by ancestry of the samples

Mean inbreeding
coefficient in all

ORIGINAL RESEARCH ARTICLE

Mean inbreeding
coefficient in

Mean inbreeding
coefficient in

N Unaffected Affected samples unaffected subjects affected subjects
Asian 41 30 11 -0.0134 -0.0146 -0.0100
Black 356 153 202 0.0014 0.0018 0.0011
Caucasian 1,520 672 847 0.0066 0.0062 0.0069
Mixed 1,375 623 745 0.0005 0.0001 0.0007

Samples were classified as Asian, Caucasian, or African if they showed >60% admixture from the parent population (the differences between unaffected subjects and

affected subjects were not statistically significant in any of the three ethnic groups).

Table 3 Association of inbreeding with age

Test B SE z P
Age (in unaffected -24.17 12.86 -1.88 6.05E-02
subjects >60 years) ~ F

Age atonset (incases)~F —15.13 9.43 -1.6 1.09E-01
Age atonset ~ F+sex+ —12.28 9.24 -1.33 1.84E-01

APOE (0,1,2)

Effects of inbreeding on age in unaffected subjects and age at onset in affected
LOAD cases were tested using a linear regression model.

F, inbreeding coefficient; LOAD, late-onset Alzheimer disease.

structure, relatedness estimation methods that assume popula-
tion homogeneity can give extremely biased estimates. We used
the Relatedness Estimation in Admixed Populations (REAP)
software® to estimate the average inbreeding in the Caribbean
Hispanic population by adjusting for their admixed ancestry.
REAP takes as input the proportion of parental populations for
each sample and estimates autosomal kinship coefficients and
identity-by-descent sharing probabilities using SNP genotype
data in samples with admixed ancestry. We estimated the pro-
portion of ancestry from each parental population using the
ADMIXTURE software® by assuming that the admixture in
the Caribbean Hispanics is conferred by two, three, four, and
five parent populations. This software provided a maximum
likelihood estimation of individual ancestries from multilocus
SNP genotype data sets. We then used the estimates of parental
population proportions and allele frequencies for each sample
as input to the REAP software to compute admixture-adjusted
inbreeding coeflicients.

RESULTS
The average inbreeding coefficient in the Caribbean Hispanics
without accounting for admixture (computed using GCTA
software) was 0.018 (+0.048), suggesting significant inbreeding;
1,372 (40.4%) of the 3,392 subjects had an inbreeding coeffi-
cient greater than 0.02 (Supplementary Figure S1 online). We
computed the inbreeding coefficient accounting for admixture
conferred to Caribbean Hispanics from two, three, four, and
five parent populations (Supplementary Figure S2 online).
Traditional methods assume homogeneity of population,
which can significantly inflate inbreeding estimates. By using
REAP, we adjust for subpopulation frequencies at sites to cal-
culate admixture-adjusted inbreeding coefficients. It can be
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argued that Caribbean Hispanics are derived from Caucasian,
African, Asian, and American Indian ancestries and the exact
number of parental populations is unknown. Hence, we
used three to five ancestral populations as input to adjust for
admixture in Caribbean Hispanics (Supplementary Table S1
online). Adjusting for admixture, the average inbreeding coef-
ficient decreased, ranging from 0.0034 (+£0.019) for three parent
populations to 0.002 (+0.018) for five parent populations. Of
3,392 samples, 329 (9.7%) were highly inbred, with an inbreed-
ing coefficient F > 0.02, assuming admixture from three par-
ent populations. Supplementary Figure S3 online shows the
admixture in Caribbean Hispanics originating from Caucasian,
African, and Asian ancestries. We used the admixture-adjusted
inbreeding coeflicient values for samples obtained from REAP
software in subsequent analyses; 47.4% of the samples in the data
set have predominantly Caucasian ancestry (Supplementary
Figure S3 online). The mean inbreeding coeflicient was high-
est among those of Caucasian ancestry (F = 0.0066; equivalent
to mating by second cousins once removed), followed by those
with African ancestry (F = 0.0014; Table 2). Supplementary
Figure S4 online shows the overall distribution of the inbreed-
ing coefficients in the samples by computed ancestry. Samples
with African ancestry were less inbred than individuals having
a significant proportion of the other two ancestries. Of those of
Caucasian ancestry, 14% had a high inbreeding coeflicient of
>0.02 compared with 4.8% for individuals of Asian and 4.8%
individuals of African ancestry.

We then tested the association of the inbreeding with age
LOAD status and age at onset of the disease using logistic and
linear regression models whenever suitable (Table 3). For each
sample, we used the proportion of ancestry from the Asian
and African parent populations (Caucasian ancestry was the
reference value) as covariates. Age was weakly inversely cor-
related with the inbreeding coeflicient but was not statistically
significant.

Inbreeding was a significant predictor of LOAD adjusted for
age, sex, and population covariates (P = 0.034; Table 3). The
presence or absence of the APOE &4 allele when used as a covari-
ate in the model strengthens the association of the inbreeding
coefficient with LOAD (P = 0.03). This could possibly imply
that of the level of inbreeding is correlated with APOE &4 status
and the residual effect of inbreeding level on LOAD risk after
adjusting for APOE genotype could be attributable to other
recessive loci. To test the relationship of APOE with inbreeding
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Table 4 Association of inbreeding with LOAD status

Test B SE z P

LOAD ~ F 3.88 2 1.95 5.17E-02
LOAD ~ F + age + sex 425 201 211 3.44E-02
LOAD ~ F + age + sex + APOE (0,1,2) 439 2.02 2.17 3.02E-02

Effects of inbreeding on LOAD were tested using a logistic regression framework.
All tests in Tables 3 and 4 are adjusted for covariates measuring the proportion

of ancestral population (Caucasians, Asians, and Africans). The proportion of
Caucasian ancestry was used as the base and two variables were used to specify the
proportions of Asian ancestry and African ancestry.

F, inbreeding coefficient; LOAD, late-onset Alzheimer disease.

and its association with AD, we regressed the inbreeding coef-
ficient on APOE &4 status in cases and controls separately.
Inbreeding is associated with number of &4 alleles in unaffected
subjects (Supplementary Table S2 online) but not in affected
subjects. Also, the direction of effect was in the opposite direc-
tion in cases versus controls. Alternatively, extent of inbreeding
tended to increase the &4 copies in cases but decreased &4 cop-
ies in controls. This prompted us to test an interaction model
between APOE and inbreeding with LOAD status. We found a
significant association between the interaction term of inbreed-
ing and APOE with LOAD status (P = 4.04 x 10°).

A higher inbreeding coefficient was associated with an
increased risk of LOAD, which is consistent with findings in
other complex diseases, including coronary heart disease,
stroke, cancer, depression, asthma, type 2 diabetes, and gout.*
Contrary to the study of other complex diseases, inbreeding
does not significantly affect the age at onset of LOAD, but a
tendency for lower age at onset was observed with increased
inbreeding in the data set (Tables 3 and 4).

DISCUSSION
Our findings regarding the extent of inbreeding in Caribbean
Hispanics were consistent with previous reports in this popula-
tion." Accounting for admixture, we show that the true extent
of inbreeding is less than second-cousin mating but greater
than that of outbred populations in which consanguineous
marriages occur at a low frequency. The range of inbreeding
rates in Canada (Roman Catholics) is 0.00004-0.00007, in
the United States (Roman Catholics) it is 0-0.0008, in Latin
America it is 0-0.003, in southern Europe it is 0.001-0.002,
and in Japan it is approximately 0.005.* As compared with that
of the Samaritans (F = 0.04), a 3,000-year-old genetic-isolate
population comprising only 500 people, the observed inbreed-
ing in Caribbean Hispanics is at an intermediate level.** Despite
the higher risk that inbreeding might confer in complex late-
onset traits,”® it has not been well-studied in LOAD. In this
study we demonstrate a statistically significant association of
the extent of inbreeding with AD risk. This is consistent with
the hypothesis that a significant proportion of risk in complex
diseases such as LOAD could be mediated through multiple
causal recessive loci resulting from increased homozygosity in
inbred subjects. This is also consistent with our previous finding
of larger ROH and higher numbers of ROH in LOAD patients
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(n =559) versus controls (n = 554)" from the same population.
In the Caribbean Hispanic population, the authors detected an
association between LOAD and a larger genome-wide mean
ROH size (P = 0.0039), which was stronger with familial LOAD
(P = 0.0005); however, studies of Caucasian data sets have
not reported an increased burden of ROH in AD.** A likely
explanation is that the significant inbreeding in the Caribbean
Hispanics as detailed in this report increases the likelihood of
recessive alleles in affected subjects resulting in longer ROH
and higher numbers of ROH in the genome. Interestingly, the
authors also noted that total ROH size was twice as long in the
European Hispanic subset versus the African Hispanic subset,
which is corroborated by our observation of a higher inbreed-
ing coefficient in the Caucasian subset of the data (Table 2). The
higher level of inbreeding in the Caucasians is likely to render
larger regions in the genome homozygous as compared with
those of the African subset of this population.

The high degree of inbreeding and presence of long ROH
combined with higher frequency of AD in the Caribbean
Hispanic population compared with Caucasians® suggests that
there may be one or more recessive loci mediating AD risk in
this population. Low-frequency mutations are hypothesized to
confer greater risk for disease than common variants by col-
lectively accounting for substantial fractions of common dis-
ease heritability.*® Inbred populations with few founders, such
as the Caribbean Hispanics, share large chromosomal segments
recurring among relatives, and otherwise rare alleles can be
observed repeatedly in multiple individuals. This reduces false-
positive findings due to sequencing errors that can be difficult
to identify in isolated cases from outbred populations.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http://www.nature.com/gim
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