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Abstract

Genetic studies in isolated populations have provided increased power for identifying loci
associated with complex diseases and traits. We present here the Kibbutzim Family Study (KFS),
initiated for investigating environmental and genetic determinants of cardiometabolic traits in
extended lIsraeli families living in communes characterized by long-term social stability and
homogeneous environment. Extensive information on cardiometabolic traits, as well as
genome-wide genetic data, was collected on 901 individuals, making this study, to the best of
our knowledge, the largest of its kind in Israel. We have thoroughly characterized the KFS
genetic structure, observing that most participants were of Ashkenazi Jewish (AJ) origin, and
confirming a recent severe bottleneck in their recent history (point estimates: effective size
=450 individuals, 23 generations ago). Focusing on genetic variants enriched in KFS compared
with non-Finnish Europeans, we demonstrated that AJ-specific variants are largely involved in
cancer-related pathways. Using linear mixed models, we conducted an association study of
these enriched variants with 16 cardiometabolic traits. We found 24 variants to be significantly
associated with cardiometabolic traits. The strongest association, which we also replicated, was
between a variant upstream of the MSRA gene, =200-fold enriched in KFS, and weight
(P=3.6-10®). In summary, the KFS is a valuable resource for the study of the population genetics

of Israel as well as the genetics of cardiometabolic traits in a homogeneous environment.
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Introduction

From an evolutionary perspective, rare variants are on average more recent than common
variants, and are thus more likely to be disease risk factors. Genetic association studies of
common diseases and traits in isolated populations were particularly advantageous for
identification of risk loci that are rare in the general population, but possibly enriched or
common in an isolated population (Trecartin et al. 1981; Baier and L.Hanson 2004; Kristiansson
et al. 2008; Sabatti et al. 2009; Zeggini 2014; Nair and Baier 2015; Fang et al. 2016; Gilly et al.
2016; Lopes et al. 2016; Zeggini et al. 2016). The Ashkenazi Jewish (AJ) population has been an
attractive population for genetic studies, because of its unique demographic history of a recent
severe bottleneck followed by a rapid expansion and monogamy (Guha et al. 2012). AJ were
found to carry unique mutations responsible for a wide range of Mendelian disorders as well as
risk factors for complex diseases (Charrow 2004; Kenny et al. 2012). Importantly, while these
mutations may be unique or nearly-unique to AJ, they often highlight pathways of broad

significance.

Cardiovascular disease (CVD) is a common cause of death worldwide (Mathers and Loncar
2006). Genome-wide association studies (GWAS) in unrelated individuals have identified
thousands of genetic variants associated with CVD and numerous related risk factors (Fall and
Ingelsson 2014; Atanasovska et al. 2015), but the risk is not fully explained. The Kibbutzim
Family Study (KFS) was established in 1992 to investigate the environmental and genetic basis
of cardiometabolic risk factors and their change over time (Friedlander et al. 1995, 2005, 2006;
Lemaitre et al. 2008). The participants belonged, at the time of recruitment, to large families

living in close-knit communities, called “Kibbutzim”, in Northern Israel. The Kibbutz has been a
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communal settlement, which has created a relatively homogeneous environment for its
members. For example, earnings were uniformly distributed, and Kibbutz members typically
dined jointly. Kibbutz members are mostly of Ashkenazi Jewish ancestry, with the remaining
members belonging to other Jewish subgroups. The KFS is thus expected to be a useful resource

for the study of cardiometabolic genetic risk factors.

While most association studies so far were conducted on unrelated individuals, the extended
family design of the KFS has the advantages of reduced sensitivity to population stratification
bias and the ability to detect Mendelian inconsistencies (Ott et al. 2011). Also, as in isolated
populations, family-based studies have additional ability to enrich for genetic loci containing
rare variants. Familial aggregation, segregation analyses and linkage and candidate gene
association studies were previously conducted in KFS (Friedlander et al. 1999a; b, 2003, 2005,
2006; Sinnreich et al. 1999; Lemaitre et al. 2008), focusing on outcomes such as LDL peak
particle diameter (Friedlander et al. 1999a), fibrinogen variability (Friedlander et al. 2003) and

red blood cell membrane fatty acid composition (Lemaitre et al. 2008).

Here, we present results for genome-wide genotyping of 901 KFS participants (genotyped at
=500k variants). We aimed to (1) characterize the population genetics of the KFS population
and its relation to other worldwide populations; and (2) assess the contribution of enriched
genetic variants in the KFS to the genetic basis of cardiometabolic traits and other health-

related phenotypes.
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Methods

Recruitment strategy

Participants (n=1033) in the KFS were recruited and sampled in two phases in 1992-1993 and
1999-2000 (Friedlander et al. 1999a, 2006), from six Kibbutzim in Northern Israel (Friedlander
et al. 2003). The first recruitment phase of the study (1992-1993) included 80 extended
families, ranging in size from 2 to 43 individuals (Sinnreich et al. 1998). During the second phase
(1999-2000), participants from the first phase were all invited for repeat examinations (80%
response rate) and new participants were recruited, giving a total of 150 extended families
ranging in size from 2 to 55 individuals (Friedlander et al. 2006). Families were invited to
participate if they consisted of at least four individuals who (i) lived in the Kibbutz, (ii) spanned
at least two generations, and (iii) were at least 15 years old. Families were retained if at least
two family members consented to participate in the study. Overall, 1033 participants were
recruited; 111 were examined only in the first phase, 533 only in the second phase, and 389

were included in both (Figure 1).

Data Collection

All subjects signed an informed consent and completed a self-administered socio-demographic
and health questionnaire, including questions on medical and family history, cigarette smoking,
alcohol consumption, and physical activity (Sinnreich et al. 1998; Friedlander et al. 2006). The
participants also signed a set of psychosocial questionnaires, similar to that described by (Kark
et al. 1996), with some differences between the phases. Dietary information was collected
using a Food Frequency Questionnaire in the second phase only. Peripheral blood samples (25

ml) were collected at both phases following a 12-hour fast. Anthropometric and blood pressure
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traits (described below) were measured at both phases (Friedlander et al. 1995; Lemaitre et al.

2008).

Genotyping and quality control

Of the 1033 participants recruited, 938 had high quality DNA samples (A260/280 >1.8,
concentration >50ng/ul). Genotyping was performed using Illumina HumanCoreExome
BeadChip, consisting of =240,000 tag single nucleotide polymorphisms (SNPs) and =240,000
exome variants, including loss of function variants and indels

(https://support.illumina.com/array/array kits/humancore exome beadchip kit.html).

Standard quality control (QC) procedures were applied to filter variants and individuals using

Plink 1.90 (https://www.cog-genomics.org/plink2) (Chang et al. 2015). We removed variants

with genotyping rate <90%, Mendelian error rate >10%, and significant deviation from Hardy—
Weinberg equilibrium (P<10™°). We removed individual samples with genotyping rate <95%,
unresolved gender mismatch, autosomal heterozygosity >5%, and Mendelian error rate >5%.
We confirmed the reported familial relationships using identical-by-descent (IBD) segments
(see below). The concordance across 22 DNA duplicates was 99.93%-99.96%, and the sample
with the lower call rate for each pair was excluded. We calculated runs of homozygosity (ROH)
using plink (--homozyg-kb 5000). A total of 901 individuals and 323,708 variants (281,586
variants with minor allele frequency (MAF) > 1%) passed QC and were used in downstream

analyses.
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Principal Component Analysis

Principal component analysis (PCA) was performed using the PC-AiR (Principal Components
Analysis in Related Samples) method in the R GENESIS package (Conomos et al. 2016), which is
robust to known or cryptic relatedness. Our reference panel included West-Eurasian
populations (covering Europe, the Middle East, and the Caucasus, n=922) (Behar et al. 2013)
and the Jewish groups, listed in Supplementary Table 1 (n=174) (Behar et al. 2013). These
samples served as the “unrelated subset” for running PC-AiR, and principal components (PC)
values were then computed for the KFS individuals (the “related subset”). We also performed
another analysis using only the Jewish groups (n=174) as the reference population, in order to
focus on substructure within the Jewish ancestries. In that analysis, we also included a panel of
AJ recruited in the United States for The Ashkenazi Genome Consortium (TAGC) (n=128) (Carmi
et al. 2014), which allowed us to examine differences in ancestry between AJ from Israel (KFS)
and the United States. Another analysis was performed using only the AJ samples from Behar et
al.,, 2013 (n=29) as the reference population, to focus on differences between Western and

Eastern AJ.

Variants used in the PC-AiR analysis were restricted to MAF>1% and were pruned to eliminate
linkage disequilibrium (LD), using the --indep-pairwise command in Plink (window size 50kb,
variant count of 10 for shifting the window at the end of each step, and LD between variants

(r?) <0.1).

IBD Sharing and demographic reconstruction
The genotypes were phased using SHAPEIT2 v2 (O’Connell et al. 2014). When SHAPEIT2 is run

on family data, explicit family information is first ignored, and then a hidden Markov model
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(HMM) is applied (duoHMM) to correct switch errors in the inferred haplotypes according to
parent-child relationships (O’Connell et al. 2014). We detected pairwise shared haplotypes (IBD
segments) in the cohort using GERMLINE (Gusev et al. 2009). The GERMLINE parameters were:
bits=40, err_hom=1, err_het=1, min_m=3 (centiMorgan, cM), hextend=0. The segments
identified by GERMLINE are known to suffer from a high rate of false positives (Durand et al.
2014). We thus filtered the segments using HaploScore (Durand et al. 2014), which is a measure
of the number of genotyping and phase switch errors required to explain each segment;
segments with a HaploScore >2.5 were removed. We also removed segments with more than

5% overlap with sequence gaps (http://genome.ucsc.edu/), less than 16 variants per cM, or an

overlap with the HLA region (chr6:24-37M). For the demographic analysis in the AJ samples, we
retained only segments shared between Ashkenazi founders (n=303), as identified by the first
PC in the PCA of Jewish populations (Results). An evaluation of the improvement in the
accuracy of detected IBD segments due to the pedigree-based phasing is provided in

Supplementary Note 1.

To estimate the demographic history of AJ using the IBD segments, we used a previously
developed method (Palamara et al. 2012), which we have recently applied (Carmi et al. 2014;
Zidan et al. 2015; Gilbert et al. 2017). Briefly, we assumed a model of an ancestral (diploid)
effective population size N,, then an instantaneous bottleneck, Tg generations ago, with an
effective population size Ng, and finally an exponential expansion to a current population size
Nc (Zidan et al. 2015). We divided the space of segment lengths between 3-30 cM into 25
intervals equally spaced in log-scale. For each interval, we computed the proportion of the

genome, averaged over all each pairs of haplotypes, that falls within IBD segments with length
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in the specified interval. We used a grid search to infer the demographic parameters. For each
parameter combination and for each interval, we computed the expected proportion of the
genome in IBD segments using a previously developed theory (Palamara et al. 2012) (see also
(zidan et al. 2015)). The fit of each model was evaluated as the sum, over all intervals, of the
square of the log-ratio of the actual (AJ) and theoretical proportions. The fitting error was
plotted for each parameter separately, by fixing the value of the given parameter and

optimizing the model over the other three parameters.

Imputation

After pre-phasing the microarray genotyped data using SHAPEIT2, imputation was performed in
chunks of length 5MB each, using IMPUTE2 (Howie et al. 2012). For the reference panel, we
used either an Ashkenazi-only reference panel (TAGC; n=128) (Carmi et al. 2014), the 1000
Genomes reference panel phase 1 version 3 (n=1092), or the combined Ashkenazi + 1000
Genomes panel (n=1220). We ensured strand consistency of the array genotypes compared to
the sequence data. To compare the imputation accuracy between the three reference panels,
we used the estimates provided by IMPUTE2, as the concordance between true array
genotypes and their imputed value when masked. The concordance was highest when the
imputation was performed using the combined reference panel. Therefore, we used the
combined panel for our association analyses. Imputed genotypes were available at 82,328,870
variants; however, for most analyses we only considered 6,858,900 variants with MAF > 1%

(calculated in founders only) and imputation quality score >0.9.
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Enrichment Analysis and Functional Annotation

In populations that are genetically isolated or have undergone recent strong genetic drift such
as Ashkenazi Jews (Palamara et al. 2012; Carmi et al. 2014), it is expected that some risk
variants of large effects may rise in frequency compared to the general population, resulting in
an increased power to detect an association (Hatzikotoulas et al. 2014). We thus focused on
variants with a substantially higher frequency in the founder population (in our case, the KFS
participants) compared to the general population, which we take as the non-Finnish Europeans
(NFE) population from The Genome Aggregation Database (gnomAD). We observed that a naive
search for variants with a large frequency difference between the KFS and Europeans led to
numerous artifacts. We thus implemented a series of QC steps. First, we filtered variants for
which the KFS MAF (founders only, n=393) differed by >10% from the AJ MAF in gnomAD (Lek
et al. 2016). Similarly, we filtered variants with >10% MAF difference between the NFE
population from the 1000 Genomes Project phase 3 (CEU + GBR + TSI + IBS; n=404) (Auton et al.
2015) and gnomAD (n=7500) (Lek et al. 2016). Lastly, we focused on variants that are very rare
(MAF<0.1%) in the gnomAD NFE population and relatively common (MAF>1%) in the KFS

cohort, resulting in n= 212,505 “enriched” variants.

To determine if the MAF ratio correlates with functional consequences of the enriched variants,
we annotated them using the SnpEff version 4.3q (Cingolani et al. 2012). Variants that were
present in the KFS but missing in the gnomAD NFE population (i.e. “infinite-fold” enriched) were
excluded from the functional annotation. On a subset of variants with >100x KFS/NFE frequency
ratio and high/moderate predicted functional impact, we also performed gene-set enrichment

analysis (GSEA) using the Molecular Signatures Database (MSigDB, Subramanian et al., 2005).
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Association analysis

Association tests were carried out in BOLT-LMM v2.2 (Loh et al. 2015b). BOLT-LMM uses a
linear mixed model approach, which accounts for relationships between individuals and
population structure, as well as handles the imputed ‘dosage’ data. For building the mixed
model, we used 299,509 genotyped variants (MAF>0.1%). We used the 1000 Genomes LD-Score
table provided with the BOLT-LMM software package. Of the 6,858,900 imputed genetic
variants available after QC, we focused on 212,505 “enriched” variants with 10x higher MAF in

KFS compared to Europeans (see above).

To calculate the P-value threshold for genome-wide significance, we observed that most of the
enriched variants were clustered in long haplotypes. Indeed, after LD pruning in Plink (r*>0.2),
only 16.9% of the enriched variants remained, suggesting that the enriched variants are densely
distributed in specific haplotypes, as opposed to sparsely genome-wide. We thus proceeded as
if the enriched variants cover a contiguous proportion of 212,505/6,858,900 = 0.031 of the
genome. The conventional genome-wide threshold, P<5-10% is based on an effective number
of =1 million effective tests genome-wide (Pe’er et al. 2008). Thus, our enriched variants
represent approximately 10°0.031 = 3.1-10" tests. This leads to a suggestive genome-wide

significance threshold of 0.05/3.1-10* = 1.61-10°.

Supplementary Table 3 lists the 16 anthropometric and cardiometabolic traits we analyzed and
their corresponding heritability estimates (based on all imputed genetic variants), as calculated
by BOLT-REML (Loh et al. 2015a). In case a phenotype was measured in both phases, we used

the value from the most recent phase. All association models used age, gender, and phase as
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covariates. Lipid-lowering medication was accounted for in analyses of lipid traits by
introducing a dichotomous covariate for medication use (yes/no). We adjusted for blood-
pressure-lowering medication by adding 10 and 5 mmHg to systolic (SBP) and diastolic (DBP)
blood pressures, respectively (Cui et al. 2003). Lipoprotein (a), C-reactive protein, and
triglycerides variables were inverse normal transformed because of their skewed distributions.
We observed no improvement in association results when using the non-infinitesimal mixed

model test in BOLT-LMM, and thus all reported results are for the standard infinitesimal model.

Results

Samples

Our study included 1033 participants (47% male, 53% female), recruited during two phases
(1992-1993 and 1999-2000) from 150 families (445 founders; 43%); see Methods for details.
The mean number of generations per family was 2.63 (range 1-4), with the majority of families
spanning 3 (57.3%) and 2 (28.0%) generations. The mean family size was 6.89 individuals (range

2-55).

Participants’ characteristics by gender are given in Table 1. The mean age was 4420 yrs
(similarly between men and women) and 73% were born in Israel. About half the individuals
attained >12 years of schooling, in both males and females, and about 10% reported being
current smokers. The majority of individuals reported no engagement in strenuous physical
activity at leisure time, and similarly for physical activity during work. The 16 anthropometric
and cardiometabolic traits we used for the association analysis are summarized in

Supplementary Table 4 by gender and age group (<29 years, 29-59 years, and =59 years).
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We genotyped 938 individuals using the Illumina HumanCoreExome BeadChip. After quality
control, 901 individuals and 323,708 variants (281,586 variants with minor allele frequency
(MAF) > 1%) remained and were used in the population genetics analyses (Methods). After
imputation with IMPUTE2 and a combined Ashkenazi Jewish and cosmopolitan reference panel,

6,858,900 variants with MAF > 1% were available for the association analyses (Methods).

Population genetics

Principal Component Analysis (PCA)

To study the genetic ancestry of the KFS participants, we ran PCA (Methods) on the genotyped
KFS samples (n=901), along with worldwide (n=922) and Jewish (n=174) reference populations
(Behar et al. 2013) (Supplementary Table 1). The first two principal components (Figure 2)
distinguish three main non-Jewish population groups: European, Caucasian, and Middle-
Eastern, and six Jewish populations: Ashkenazi, Sephardi, North-African, Yemenite, Middle-
Eastern, and Caucasian. A partial overlap is observed between AJ and European non-Jews, as
well between Middle-Eastern and Caucasian Jewish and non-Jewish populations. The KFS
samples largely overlap with the AJ reference samples (Behar et al. 2013). To study the non-
Ashkenazi ancestries in the KFS, we ran PCA with the KFS samples and the Jewish reference
populations only (Figure 3). The number of individuals with exclusive AJ ancestry, as
distinguished by the first PC (PC1 < 0), was n=733 (81.4%). The majority of the remaining
individuals overlapped with the Sephardi and North-African Jewish clusters, but the Middle-
Eastern, Caucasian, and Yemenite Jewish populations were also represented. Some individuals
seemed to have mixed Ashkenazi and other Jewish ancestry, although quantifying their exact

number is difficult with PCA. Self-reported country of birth allowed us to compare the PCA-
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based and self-reported Jewish ancestry for 247 individuals born outside of Israel
(Supplementary Figure 1). Among 140 individuals self-reported as AJ (born in Austria, Belgium,
Denmark, England, Germany, Holland, Hungary, Ireland, Poland, Romania, Russia, Sweden, or
Switzerland), 136 (97%) met the defined genetic criterion (PC1 < 0). Among the 11 individuals
self-reported as North-African Jewish (born in Tunisia, Morocco, Algeria, and Libya), 9 (82%)

met a pre-defined genetic criterion (PC1>0.03 and PC2>0.05).

Next, we sought to determine whether the genetic ancestry of AJ with recent origins in Eastern
Europe differs from those with recent origins in Western Europe. We designated KFS individuals
born in Germany as Western AJ, and individuals born in Poland, Russia, Hungary, and Romania
as Eastern AJ. A PCA plot revealed that Eastern and Western AJ can be distinguished in PC
space, albeit imperfectly (Figure 4). Specifically, while many Western AJ clustered separately
from Eastern AJ, some were indistinguishable from them. We observed the same pattern in the

samples of (Behar et al. 2013).

We also sought to determine whether there are differences between the genetic ancestry of
Israel-based and US-based AJ. To this end, we compared the (Israeli) KFS samples to a cohort of
128 US-based AJ who were recently whole-genome sequenced (Carmi et al. 2014). A PCA plot
of the two groups, along with the Ashkenazi reference samples from Behar et al., 2013 (Figures

3 and 4), did not show any difference in the ancestry of Israel- and US-based Al.

IBD Sharing and demographic reconstruction
To study sharing of identical-by-descent (IBD) haplotypes in the KFS study samples, we phased

the genomes using SHAPEIT (with explicit modeling of parent-child relationships), and detected


https://doi.org/10.1101/239509
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/239509; this version posted December 25, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

pairwise IBD segments longer than 3cM using Germline (Methods). The mean number of
segments shared between a pair of unrelated KFS individuals (n=392 founders) was 4.19, with a

mean segment length of 4.16cM.

It was previously shown that the number and lengths of IBD segments can be used to estimate
the parameters of the founder event experienced by AJ (Palamara et al. 2012; Carmi et al.
2014). The time of the founder event was estimated as =25-35 generations ago, and the
effective population size (the “bottleneck size”) as =300-400 individuals. We sought to
determine whether these conclusions hold for our KFS AJ cohort, in particular that our study is
family-based, which is expected to improve the accuracy of phasing and thereby IBD sharing

detection (Methods).

Focusing on Ashkenazi founders (n=303; PC1 < 0), we followed the method of (Palamara et al.
2012). We computed the proportion of the genome in IBD segments in each of a number of
length intervals, and used the theory developed in (Palamara et al. 2012) and a grid search to
find the best fitting demographic model (Supplementary Figure 2 and Methods). We limited
ourselves to models with a constant ancestral size followed by a sudden reduction in the
effective population size (a bottleneck) and an exponential expansion until the present
(Supplementary Figure 3). The fitting errors for each model parameter are plotted in

Supplementary Figure 4.

The inferred time of the founder event was 23 generations ago, which roughly corresponds to
=600-700 years ago, slightly more recent than previous studies. The 95% confidence interval,

using 100 bootstrap iterations over the chromosomes, was [22,24]. The inferred bottleneck size
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was 450 (diploid) individuals (bootstrap 95% confidence interval: [375,475]). This is slightly
higher than in previous studies (=1.5x), but still represents a severe bottleneck. The growth rate
was estimated as 42% per generation (current effective size =1.7M, 95% interval: [0.4,2.6]M).
The inferred ancestral population size was large (>10°, Supplementary Figure 4A), though we
could not obtain a precise estimate, since the best fit was always on the upper boundary of the
grid. This is likely due to the relatively little sharing of short IBD segments (=3-4cM;
Supplementary Figure 3) and the lack of information on even shorter segments (<3cM).
Incorporating more complex models, shorter segments, and/or sequencing data is expected to
improve the accuracy of the inferred parameters and resolve the population size history also
between the bottleneck and =200 generations ago (Palamara et al. 2012; Browning and

Browning 2015).

IBD sharing can also reveal differences in ancestry between Eastern and Western AJ. The mean
number of segments shared within Western AJ was 1.4x larger than within Eastern AJ (8.4 vs
5.9, P<107; Table 2), but the mean segment length was similar (=5.5cM, P=0.28). Sharing levels
were particularly high in the group of Western AJ that was distinct in the PCA plot (Table 2). The
number and lengths of runs of homozygosity (length >5Mbp; Methods) did not significantly
differ between Eastern and Western AJ (2.18 vs. 2.21 segments with mean lengths 9.7 vs.

8.4Mbp, respectively; P>0.05 for both comparisons; Table 3).

Functional Annotation of variants enriched in the KFS compared to Europeans
We annotated the function of 212,505 variants of minor allele frequency (MAF) > 1% in the KFS

and with >10x MAF ratio between the KFS and Europeans (Methods). We identified 62 (0.03%)
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high impact and 291 (0.13%) moderate impact variants, with the remaining variants predicted
to have low or no functional significance (“modifiers”) according to SnpEff (Supplementary
Table 5). We observed no correlation between MAF enrichment in the KFS population and the

putative functional significance (Supplementary Figure 5).

Gene-set enrichment analysis (GSEA) on 85 genes with >100x enriched variants and
high/moderate functional impact (Methods) identified significant enrichment (false discovery
rate g-value <0.01) within 32 gene sets (pathways) in the molecular signature database
(MSigDB) in GSEA. The top pathways enriched for genes with AJ-specific variants were largely
involved in cancers (breast cancer, pancreatic cancer, melanoma, and leukemia, among others).
GSEA for >10x enriched variants with high or moderate functional significance returned similar
pathways (not shown). There was no enrichment for cancer-related pathways when random

sets of genes with variants of no functional significance were analyzed.

Association of variants enriched in the KFS with anthropometric and
cardiometabolic traits

We considered only the 212,505 variants enriched with >10x higher frequency in the KFS
compared to Europeans, and used BOLT-LMM to test for an association with each of 16
anthropometric and cardiometabolic traits (Methods; qg-plots are shown in Supplementary
Figure 6). Due to the relatively small number of variants tested, the P-value threshold for
genome-wide significance was 1.61-10° (Methods). At this significance level, 24 variants

demonstrated significant associations (Table 4).
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Our main findings include a region spanning seven variants (453kb, MAF enrichment between
56 and 228), located in chr8p23.1, and associated with body weight, waist circumference, and
body mass index (BMI). The most significant association was observed with body weight for
(hgl19) chr8:9887880:G>T (P = 3.6-10%), an imputed variant located upstream of the MSRA
(methionine sulfoxide reductase A) gene. This is the only variant with study-wide significant
association (P<1.61-10°/16), and it was also associated with waist circumference (P=1.2-107)
and BMI (P=1.1-10°). We replicated this finding in another Israeli cohort, the Jerusalem
Perinatal Study (JPS), which we described in (Lawrence et al. 2015), and which consists mainly
of parents and their children who were born in the 1970s in Jerusalem. Applying the same
methodology as used here (a linear mixed model with adjusting for age and sex),
chr8:9887880:G>T showed a nominally significant association in the JPS with weight (P=0.003,

n=1291), BMI (P=0.035, n=1288), and waist circumference (P=0.038, n=448).

Another large region (1.9Mb) in chr13g14.3 showed a significant association with
lipoprotein(a) (LPA). The region contained ten variants, all with >189-fold higher MAF between
KFS and NFE, with the most significant result at rs780360029:C>T (P = 3.8:10”). These variants
span eight genes (Table 4), three of which belong to a region that is frequently deleted in B-cell
chronic lymphocytic leukemia (called DLEU) (Rowntree et al. 2002). Two intronic variants in
chr6g25.3-26 were associated with LPA; rs754054303 located in the ACAT2 gene and
rs185882981 located in the LPA gene (Table 4). Two additional intronic variants in chr17g25.1
— rs566833653 in CDR2L and rs759145164 in KCTD2 — were both associated with height (P =

4.7-107 and P = 4.2-107, respectively) (Table 4), and are absent in Europeans.
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Discussion

We analyzed the genotypes of 901 individuals from extended families living in Kibbutzim in
Israel, who participated in a longitudinal study with detailed records of anthropometric traits
and cardiometabolic factors. The data enabled us to refine population genetic patterns of

Israeli Jews, as well as study genetic associations with 16 traits.

Ashkenazi Jewish population genetics

A PCA analysis confirmed self-reported ancestries (whenever available) and allowed precise
assignment of ethnic origins for most individuals. Participants in this cohort were mostly of Al
origin (81.4%), with the remaining having various other Jewish ancestries. Present-day Al
descend from Jewish ancestors who lived in Eastern and (most of) Western Europe. One theory
of Ashkenazi origins is an initial settlement in Western Europe (Northern France and Germany),
and later migration and expansion in Poland and the rest of Eastern Europe (Weinryb 1972). An
open question is whether the genetic ancestry of AJ with origins in Eastern Europe differs from
those with recent origins in Western Europe. A previous study of =1300 AJ (Guha et al. 2012)
did not find a correlation (on a PCA plot) between genetic ancestry and a country of origin. A
later study of 29 AJ (Behar et al. 2013), which is part of the Jewish reference panel used here,
did not identify genetic differences between Eastern and Western AJ, except for a minute East-
Asian component in the ADMXITURE analysis that was present in Eastern, but not Western AJ.
Our analysis of the KFS individuals who reported their country of origin showed that many
Western AJ cluster separately from Eastern AJ, and the same pattern was observed in our re-
analysis of the samples of (Behar et al. 2013). IBD sharing analysis showed, on average, 1.43x

more shared segments within Western AJ compared to Eastern AJ, and an even higher levels of
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sharing (2.11x) for those Western Al who were distinct on PCA (Table 2; Figure 4). These results
suggest that at least some Western AJ descend from a slightly smaller subset of the founders
compared to Eastern AJ (Table 2). An explanation consistent with these observations is that
Western AJ consist of two slightly distinct groups: one that descends from a subset of the
original founders (represented by those who are distinct on the PCA plot), and another that has
migrated there back from Eastern Europe, possibly after receiving a limited degree of gene

flow.

Following the large-scale migrations of the 20th century, present-day AJ live mostly in the US
and in Israel. We compared the KFS samples, which were collected in Israel, to genomes of US-
based AJ (Carmi et al. 2014). A PCA plot of the two groups (Figures 3 and 4) revealed no
differences in the ancestry of Israel-based and US-based AJ. This result, which agrees with the
IBD-based analysis of (Gusev et al. 2012), is expected based on the short time since the
migrations out of Europe and suggests that the source population for these migrations was

relatively homogeneous.

Sharing of IBD haplotypes between and within populations can be highly informative on recent
demographic events (e.g., (Palamara et al. 2012; Ralph and Coop 2013; Browning and Browning
2015; Zidan et al. 2015)). It was previously estimated that AJ have experienced a founder event
=25-35 generations ago with an effective population size ( “bottleneck size”) of =300-400
individuals (Palamara et al. 2012; Carmi et al. 2014). We established that these conclusions hold
for our independent AJ sample, which is particularly important since our study is family-based,

and thus has higher accuracy of IBD sharing detection.
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Analysis of enriched variants

Studying isolated and founder populations, such as the AJ population, is expected to increase
power to discover disease-associated genes due to drift to relatively high frequencies of rare or
unique risk alleles (Peltonen et al. 2000; Zeggini 2012; Hatzikotoulas et al. 2014). Additionally,
linkage disequilibrium in isolated populations tends to extend over longer distances resulting in
longer haplotypes, thus empowering imputation approaches. Here, we did not observe
correlation between variants enriched in AJ (the KFS) and their putative functional significance.
However, for functionally significant variants that are particularly enriched in AJ (>100x
frequency ratio to Europeans), we identified a significant overlap with several cancer-related
gene-sets (including breast cancer). Al women have a much higher-than-average risk of breast
cancer mostly due to a higher risk of having founder mutations in the BRCA1 and BRCA2 genes
(Levy-Lahad et al. 1997). While no MAF enrichment was observed in BRCA1 or BRCA2 genes in
KFS, some genes with enriched variants were found to interact with BRCA1 (Supplementary
Table 6). We note that whether cancer is more prevalent in Ashkenazi Jews compared to the
general Western population is debated, and possibly limited to colorectal and pancreatic

cancers, if at all (Feldman 2001; Lynch et al. 2004; Streicher et al. 2017) .

Overall, we observed 24 enriched variants in the KFS (compared to Europeans) that were
associated with anthropometric and cardiometabolic traits. Regions of interest include seven
variants located in chr8p23.1, surrounding the MSRA gene, which were associated with body
weight, waist circumference, and BMI. The most significant variant, located in this region
(chr8:9887880:G>T) was also replicated in another Israeli cohort, supporting our finding.

Variants relatively close to this region (100kb upstream), located between the genes TNKS and
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MSRA, have been previously shown to be associated with extreme obesity in children and
adolescents (Scherag et al. 2010) and with adult waist circumference (Lindgren et al. 2009) in
European ancestry. Our findings may implicate MSRA as a candidate gene for the observed
associations. This gene encodes a ubiquitous and highly conserved protein that carries out the
enzymatic reduction of methionine sulfoxide to methionine. Another region of interest is
chr13q14.3, showing significant associations of 10 variants with LPA. This region includes the
DLEU genes, which are frequently deleted in B-cell chronic lymphocytic leukemia, suggesting a
role of one or more tumor suppressors (Rowntree et al. 2002). The variant rs749307626 is
located in an intronic region of the DLEU2 gene, which was previously associated with waist-to-
hip ratio in a meta-analysis of African and European populations (Ng et al. 2017). Three variants
are located in the DLEU1 gene, previously associated with anthropometric traits in another
isolate; Korcula Island, Croatia (Polasek et al. 2009). One variant is located in the DLEU7 gene,
previously associated with height in Europeans and Africans (Kang et al. 2010). The variant
rs756877701 is located in an intronic region of the PHF11 gene, which was previously
associated with cardiomegaly in the Amish population (Parsa et al. 2011). Two intronic variants
in chr6g25.3-26 that were associated with LPA are located in the known LPA locus (Ober et al.
2009; Kettunen et al. 2016), providing evidence for the generalizability of our results. Other
variants (non-enriched) in this region also showed highly significant associations with LPA in the
KFS; the most significant association was seen for rs56393506:C>T, 1900bp upstream of LPA’s

5'UTR, P=9.1-10™"7.
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Future directions

We reported the first genome-wide association analysis (to our knowledge) of cardiometabolic
traits in the Israeli Jewish population, and detected a number of suggestive associations. Our
study also refined the understanding of the population genetics of Ashkenazi and other Jewish
groups. Current limitations of our study include its relatively small sample size and its focus on
Ashkenazi Jews. Thus, additional analyses will be required in larger Jewish samples, as well as in
other populations, to replicate the findings and elucidate the role of the associated variants in

the development of the phenotype.

We envision a number of ways in which our data could be used in future studies by researchers
interested in the genetics of anthropometric and cardiometabolic traits, as well as in Jewish
genetics. First, our cohort could be meta-analyzed along with larger cohorts, or could be used
for the replication of signals found in other populations. Power to replicate associations in our
cohort is expected to be relatively high, due to the Ashkenazi founder event (Carmi et al. 2014)
and the relatively homogenous environment of the Kibbutzim. Second, our data could be used
to improve the understanding of differences in the genetic architecture of the investigated
traits between Jews and other populations. Similarly, our data could be used to compare and
refine the genomic prediction accuracy across populations (Marquez-Luna et al. 2016; Coram et
al. 2017). Third, the family structure of our cohort and the presence of longitudinal phenotypic
data will allow additional analyses, such as a GWAS on the longitudinal change and a search for
parent of origin effects. Finally, our cohort could be utilized for studies of the population
genetics of the Jewish people. While other cohorts exist (Atzmon et al. 2010; Guha et al. 2012;

Behar et al. 2013), our cohort is the largest to include extended families, it represents multiple
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Jewish ancestries, and it has (partial) information on the participants’ countries of origin. For
example, algorithms for identification of related individuals in a random sample are known to
underperform in AJ, due to the abundance of IBD sharing even between unrelated individuals
(Paull et al. 2014). Our dataset could be used for the development of algorithms for pedigree

reconstruction in AJ and other isolated populations.
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Figures

Figure 1: The Kibbutzim Family Study sample sizes at each phase.
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Figure 2: A plot of principal component 1 (PC1) and principal component 2 (PC2) for reference

Jewish (n=174) and non-Jewish (n=922) populations, along with the KFS samples (n=901, blue

dots).
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Figure 3: A PCA plot for the Jewish populations. Reference samples are as in Figure 2. Samples
from The Ashkenazi Genome Consortium (TAGC) are shown in beige "A“s (n=128). The KFS
samples are marked as blue dots (n=901), demonstrating that the ancestry of the KFS samples is

predominantly (though not exclusively) Ashkenazi Jewish.
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Figure 4: A PCA plot of the Ashkenazi Jewish individuals. The samples of Behar et al., 2013 are
designated as “ajw” and “aje” for Western and Eastern Ashkenazi Jews, respectively. Samples
from the KFS are indicated by their country of origin. For both datasets, Western and Eastern AJ
samples are colored blue and red, respectively. Samples from The Ashkenazi Genome
Consortium (TAGC) are marked with “A”s. The plot demonstrates that Western AJ have genetic
ancestry slightly distinct from Eastern AJ, as many Western AJ cluster in the top-right quadrant.
However, the distinction is imperfect.
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Tables
All Men Women
N % N % N %
Age <29 307 2972 | 130 2680 | 177 3230
Age-Categories Age >29 & <59 512 4956 | 255 5258 | 257  46.90
Age 259 214 2072 100 2062 | 114 20.80
Israel 750 7274 | 355 7335 | 395 7221
Europe 206 19.98| 95 1963 | 111  20.29
Birthplace America 50 485 | 23 475 27 4.94
North-Africa 15 145 | 7 1.45 8 1.46
Asia 10 097 | 4 0.83 6 1.10
Religiousity Religious 572 0.56 263 54.23 309 56.70
Secular 458  0.44 | 222 4577 | 236 4330
<8 19 184 | 8 1.65 11 201
(E:e”:;;m" 8-12 482  46.75| 232 4793 | 250 45.70
>12 530 51.41| 244 5041 | 286 5229
Current 100 975 | 53 1104 | 47 861
Smoking Past Smokers 170 1657 | 107 2229 | 63 1154
No 756  73.68| 320 66.67 | 436  79.85
0 621 6023 309 6371 | 312 5714
Physical activity
(hours per 1-2 315 30.55| 126 2598 | 189  34.62
week)
>3 95 921 | 50 1031| 45 824
No 562 55.04| 216 4500 | 346  64.07
Physical labor at
‘:’c‘;:::::t’zzt or Occasionally 228 2233 149 3111 | 79  14.63
breathing)
Frequently 231 22.62 115 23.80 116 21.30

Table 1: Socio-demographic characteristics of the KFS.
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Number of segments

Segment length (cM)

Eastern Al 5.87 5.50
Western Al 8.39 5.59
WA distinct 12.40 5.71
WA similar to EAJ 7.43 5.57

Table 2: IBD sharing within Eastern and Western AJ. The mean number of segments and the
mean segment length are shown for segments shared within each group. Sharing within
Western AJ (WAIJ) is also shown separately for "distinct" WAJ (defined as those having
coordinates PC1>-0.01 and PC2>0.019 in Figure 4; n=11) and for WAJ similar to Eastern AJ (EAJ;
all other WAJ; n=34). The The P-value for a difference between EAJ and (all) WAJ was calculated
by permuting the population labels 1077 times. The P-value was <10”-7 for comparing the

number of segments and 0.28 for comparing the segment lengths.

Number of Segment length
segments (Mb)
Eastern Al 2.21 8.368
Western AJ 2.18 9.769
Wilcoxon test P-value 0.15 0.29

Table 3: Runs of homozygosity in Western and Eastern AJ. The mean number of segments per

individual and the mean segment length are shown for each group.
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MAF

Ashkenazi NEE MAF rat‘io GWAS
Variant ID CHR  Position (hgl9) Al A2 (nggs) . n’::";D (g,:(;n; ,;00) (K‘lll:'b:thFim Trait Beta o b value Nearby genes r::\?;gt/:sl;i:g::d
(n=150) ! gnomAD) traits

rs759883128 5 171016625 G A 0.01 0.01 0.00013 79.08 Pulse 6.67 1.359 9.20E-07 -
rs754054303 6 160195050 G A 0.026 0.02 0.00027 94.48 LPA -0.76 0.158 1.40E-06 ACAT2 HDL
rs185882981 6 161011320 A T 0.022 0.02 0.00053 40.81 LPA -0.779 0.161 1.40E-06 LPA LPA, Cholesterol
chr8:9887880 8 9887880 G T 0.01 0.013 6.70E-05 153.13 BMI 4.809 0.985 1.10E-06 MSRA gf)gel\s/lctg;z::‘
chr8:9887880 8 9887880 G T 0.01 0.013 6.70E-05 153.13 Weight 17.411 3.159 3.60E-08 MSRA
chr8:9887880 8 9887880 G T 0.01 0.013 6.70E-05 153.13 Z\./aiSt 14.244 2.692 1.20E-07 MSRA
rs759188048 8 9924288 A G 0.01 0.013 6.70E-05 152.69 Weight 16.517 3.297 5.50E-07 MSRA
chr8:10171408 8 10171408 C T 0.015 0.02 6.70E-05 227.91 Weight 15.398 3.118 7.90E-07 MSRA
rs181491777 8 10194935 C A 0.015 0.023 0.00013 117.46 Weight 15.549 3.117 6.10E-07 MSRA
chr8:10216348 8 10216348 T C 0.015 0.023 0.00027 56.56 Weight 15.425 3.118 7.50E-07 MSRA
rs779572353 8 10260592 A C 0.015 0.02 6.70E-05 227.91 Weight 15.413 3.118 7.70E-07 MSRA
chr8:10341650 8 10341650 A G 0.015 0.02 0.00013 117.46 Weight 15.423 3.118 7.60E-07 MSRA
chr8:17880544 8 17880544 C G 0.01 0.007 6.70E-05 151.94 WHR 0.093 0.019 1.10E-06 PCM1
rs756877701 13 50074153 T A 0.013 0.013 6.70E-05 190.45 LPA 1.223 0.254 1.50E-06 PHF11, SETDB2-PHF11 Cardiomegaly
rs535598832 13 50262586 A T 0.013 0.013 6.70E-05 190.45 LPA 1.224 0.254 1.40E-06 EBPL
rs749307626 13 50629665 C T 0.013 0.013 0 Inf LPA 1.225 0.254 1.40E-06 DLEU2 Anthropometry
rs767873499 13 50913656 C G 0.013 0.017 0 Inf LPA 1.235 0.254 1.20E-06 DLEU1 Height
rs768336927 13 50915811 C G 0.013 0.017 0 Inf LPA 1.23 0.254 1.30E-06 DLEU1
chr13:51065795 13 51065795 C G 0.013 0.017 0 Inf LPA 1.23 0.254 1.30E-06 DLEU1
rs751733865 13 51216271 A G 0.013 0.023 6.70E-05 190.45 LPA 1.242 0.254 1.00E-06 BCMS
rs780360029 13 51384738 T C 0.013 0.026 6.70E-05 189.85 LPA 1.253 0.247 3.80E-07 DLEU7,DLEU7-AS1 Height, HDL
rs766345636 13 51871870 C A 0.01 0.017 0 Inf LPA 1.275 0.254 4.90E-07 FAM124A
rs756245132 13 51933072 C T 0.01 0.017 0 Inf LPA 1.263 0.253 6.30E-07 SERPINE3, INTS6
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rs566833653 17 72990447 T C 0.015 0.007 0 Inf Height -0.073 0.015 4.70E-07 CDR2L

Triglycerides, Stroke,
rs759145164 17 73052400 G A 0.015 0.007 0 Inf Height -0.074 0.015 4.20E-07 KCTD2 Lung Volume
Measurements

rs776420285 22 36733002 G A 0.01 0.013 0.00053 19.3 Hip C. 10.076 2.097 1.50E-06 MYH9

Table 4: Genome-wide significant associations for enriched variants in the KFS (MAF > 1% and 10x higher compared to Europeans).
Al is the minor allele and the effect allele. Effect sizes are in units of the phenotypes (Supplementary Table 3). We used a genome-
wide significance threshold of P=1.61-10"° (Methods). The MAF in the KFS was computed in founders only. None of the variants was
found in the 1000 Genomes NFE population. The most strongly associated variant, which is associated with BMI, weight, and waist

circumference, is highlighted. Abbreviations: C.: circumference, WHR: waist to hip ratio, LPA: Lipoprotein(a)
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