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Abstract Studies focusing on unraveling the genetic
origin of health span in humans assume that polygen-
ic, aging-related phenotypes are inherited through
Mendelian mechanisms of inheritance of individual
genes. We use the Framingham Heart Study (FHS)
data to examine whether non-Mendelian mechanisms
of inheritance can drive linkage of loci on non-
homologous chromosomes and whether such mecha-
nisms can be relevant to longevity-related phenotypes.
We report on genome-wide inter-chromosomal linkage
disequilibrium (LD) and on chromosome-wide intra-
chromosomal LD and show that these are real phe-
nomena in the FHS data. Genetic analysis of inheri-
tance in families based on Mendelian segregation
reveals that the alleles of single nucleotide polymor-
phisms (SNPs) in LD at loci on non-homologous
chromosomes are inherited as a complex resembling
haplotypes of a genetic unit. This result implies that
the inter-chromosomal LD is likely caused by non-
random assortment of non-homologous chromosomes
during meiosis. The risk allele haplotypes can be
subject to dominant-negative selection primary
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through the mechanisms of non-Mendelian inheri-
tance. They can go to extinction within two human
generations. The set of SNPs in inter-chromosomal
LD (N=68) is nearly threefold enriched, with high
significance (p=1.6x10""), on non-synonymous cod-
ing variants (N=28) compared to the entire qualified
set of the studied SNPs. Genes for the tightly linked
SNPs are involved in fundamental biological process-
es in an organism. Survival analyses show that the
revealed non-genetic linkage is associated with herita-
ble complex phenotype of premature death. Our
results suggest the presence of inter-chromosomal lev-
el of functional organization in the human genome and
highlight a challenging problem of genomics of hu-
man health and aging.

Keywords Linkage disequilibrium - Non-Mendelian
inheritance - Epistasis - Complex phenotypes -
Longevity - Evolution - Quasi-linkage - Dominate-
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Introduction

A fundamental problem for humans is unraveling the
biology of complex, non-Mendelian diseases, longev-
ity, and, ultimately, aging-related processes. Despite
recent discoveries of hundreds of associations between
these complex phenotypes and particular genetic var-
iants, the progress in the field is modest (Manolio et al.
2008), explaining only a small fraction of genetic
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susceptibility. The problem is complicated by herita-
bility of complex phenotypes. Apart from rare excep-
tions, current efforts resulted in explaining less than 5—
10% of phenotype heritability (Schork et al. 2009).
Such a modest progress is not entirely surprising given
the inherent complexity of polygenic phenotypes es-
pecially those with post-reproductive manifestation
(Kulminski et al. 2011; Martin 2005; Finch and
Tanzi 1997; Rockwood et al. 1994) because virtually all
of them are a result of a complex aging-sensitive inter-
play of interacting biological processes regulated by
genetic networks (Goh et al. 2007; Tyler et al. 2009).

Current genetic strategies, especially those imple-
mented in large-scale genome-wide association studies
(GWAS), are mainly focused on the effect of individ-
ual single nucleotide polymorphisms (SNPs) assuming
that a polygenic, aging-related trait can be inherited
through the classical (Mendelian) mechanism of inher-
itance of individual genes (Fisher 1918). These studies
provide information on the statistical association of a
certain tag SNP with a phenotype which might not
necessarily be in causative pathway. Given this uncer-
tainty, analysis of linkage disequilibrium (LD) among
nearby SNPs becomes an essential tool to more effec-
tively map genes predisposing to complex phenotypes
(Lander and Schork 1994; Slatkin 2008).

The term LD refers to statistical associations among
genetic variants at different loci. It is typically as-
sumed that useful levels of LD in humans should be
within a relatively narrow range of about 3 kb on the
same chromosome (Kruglyak 1999). Studies of LD in
various human and non-human species show, howev-
er, that LD can extend over far more wider ranges on
the same chromosome (Sabeti et al. 2007; Dickson et
al. 2010), including the entire chromosome (Dyer et al.
2007). More importantly, however, is that modest non-
stochastic inter-chromosomal LD was observed in
plants (Rostoks et al. 2006) and animals (Farnir et al.
2000). Major forces driving LD include natural selec-
tion, genetic drift, population structure, inbreeding,
inversions, and gene conversion (Slatkin 2008). The
most frequent explanation of the observed genome-
wide LD in non-human species is their high inbreed-
ing rate (Rostoks et al. 2006; Farnir et al. 2000; Flint-
Garcia et al. 2003).

Dickson et al. (2010) also suggested that rare var-
iants might create “synthetic associations” with com-
mon variants if they are associated with the same
phenotype, i.e., rare variants can occur more often in
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association (i.e., LD) with one of the alleles of the
common variant linked to the same phenotype. Such
synthetic associations may span over a 2.5-Mb inter-
val on a chromosome and they were attributed to a
stochasticity. Inter-chromosomal LD in humans was
observed in the Phase 11 HapMap but it was attributed
to mis-mapping (Frazer et al. 2007).

Epistatic coevolution of alleles at loci on non-
homologous chromosomes was recently reported in
the human genome (Rohlfs et al. 2010). Inter-
chromosomal LD has been recently observed in
mouse; it can be associated with a large-scale func-
tional organization of genome in mammals (Graber et
al. 2006; Petkov et al. 2005, 2007). Apparently, non-
random transmission of parental compound genotypes
composed of variants at loci on non-homologous chro-
mosomes to progeny was extensively documented in
numerous experiments in non-human species since as
early as the 1900s (see, e.g., Sivagnanasundaram et al.
(2004), Sapre and Deshpande (1987), Korol et al.
(1994), Clegg et al. (1972), and Malinowski (1927)
and references therein).

Our recent findings suggest that inter-chromosomal
LD can be caused by bio-genetic mechanisms possibly
associated with favorable or unfavorable epistatic evo-
Iution in humans (Kulminski 2011). In this work, we
address two research questions. The first is to examine
whether non-Mendelian mechanisms of inheritance
can drive (non-physical) linkage of loci on non-
homologous chromosomes in the human genome.
The second is to elucidate whether such mechanisms
can be relevant to heritable longevity-related pheno-
types. We use phenotypic and genotyping data available
for three successive generations of the Framingham
Heart Study (FHS) participants (Govindaraju et al.
2008). The focus of the FHS on large pedigrees fol-
lowed up for about 60 years provides a unique oppor-
tunity to directly address these research questions by
using a classical method of genetic analysis based on
Mendelian segregation of alleles in families and empir-
ical survival analyses.

Materials and methods

The FHS data and quality control

The FHS data (available from SHARe through the
dbGaP) are comprised of three cohorts of successive
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generations, i.e., the FHS original cohort (launched in
1948), the FHS Offspring (FHSO) cohort (launched in
1971), and the Third Generation Cohort (launched in
2002). Phenotypic data have been previously de-
scribed (Govindaraju et al. 2008; Splansky et al.
2007). The released data have information on pheno-
types and family structure for 14,174 FHS partici-
pants. Of those, there were 1,475 singleton and
12,699 members of 1,537 extended families. Genotyp-
ing data are available for 9,274 participants in FHS
SHARe (Cupples et al. 2009). Affymetrix performed
genotyping using Gene-Chip Human Mapping 500K
(250K Sty and 250K Nsp) and the SOK Human Gene
Focused arrays. The analyses were primarily focused
on genotyping data from the Affymetrix 50K array.
After quality control (retaining if: missingness for
SNPs and individuals <10%, Hardy—Weinberg equi-
librium p-values > 1072 , Mendel errors <2%, and minor
allele frequency (MAF) >2%) and exclusion of non-
autosomal chromosomes, we were left with about 38K
SNPs in a sample of N=9,016 subjects. Of those, phe-
notypic information was released for N=8,960 partici-
pants. The Affymetrix S00K array was used to ensure
that the observed LD is not an array-specific artifact in
“Extensive inter-chromosomal and chromosome-wide
LD” and “Extensive dominant-negative transmission”
and in “Online resource 9. The same constraints as for
the Affymetrix 50K chip were applied (resulting in
about 38K SNPs).

Pre-selection of SNPs for the LD analyses

We first pre-selected SNPs from the 50K array and
then evaluated LD in this pre-selected set. The pre-
selection procedure is motivated as follows. Because
complex human phenotypes are of polygenic nature
(Gibson 2009), we assume that their regulation likely
requires coherent action of multiple genes. According-
ly, we hypothesize that enrichment of SNPs for LD
can be achieved by selecting SNPs involved in the
regulation of a complex phenotype. Representatively,
cardiovascular diseases (CVD—diseases of heart and
stroke, N=1,751 cases) were considered as a complex
phenotype.

We screened all qualified SNPs for their potential
associations with CVD (note, these analyses were not
intended to ascertain if these associations were true)
using logistic regression model implemented in plink
1.06 (Purcell et al. 2007) with a SNP as an explanatory

variable. Given no prior evidences on the associations,
we assumed additive model with minor allele as a risk
allele (Ombholt et al. 2000). These analyses revealed 69
SNP-CVD associations at the genome-wide signifi-
cance level (for 38K SNPs) p < 5 x 10~7. These 69
SNPs were pre-selected for LD analysis.

Analysis of LD

LD was evaluated by calculating pair-wise 7 statistics
implemented in plink 1.06 (Purcell et al. 2007). Fre-
quencies of alleles for all LD analyses were evaluated
using the exact test for founders only.

Survival analysis

This was focused on the FHS/FHSO cohorts only
(there was no information on deaths in the third-
generation cohort) and was performed using Kaplan—
Meier empirical estimates. An individual age, i.e., age
at baseline plus chronological time elapsed since the
baseline examination, was used as a time variable.
Thus, survival curve shows age at death or at the end
of follow-up in 2007.

Annotation

SNPs were annotated using WGAViewer (Ge et al.
2008) and ArrayTrack tool (free at http://edkb.fda.
gov/webstart/arraytrack/).

Analysis of genetic inheritance

We used a classical method of genetic analysis of
inheritance (Morgan 1911) based on Mendelian seg-
regation in families. For this analysis, we used infor-
mation on all the FHS 1,537 extended families
(12,699 family members) irrespective of information
on phenotypes/genotypes. First, we classified all ex-
tended families into families comprised of parent(s)
and offspring given that at least one parent was a
participant of the FHS (FamTypes software, free at
http://pngu.mgh.harvard.edu/~purcell/famtypes/). This
reveals 4,944 families with 15,960 family members (the
latter number is larger than the total number of the
extended family members, N=12,699, because the same
individual can be a child and a parent in the FHS). Then,
we excluded families with no genotyped offspring as
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irrelevant for the analysis of inheritance. Because certain
individuals were either not genotyped at all or genoty-
ping for a particular SNP failed (methods of imputation
of genotyping information have essential limitations (de
Bakker et al. 2008) and, thus, were disregarded for these
analyses), we further selected relevant families (inclu-
ding all family members) if at least one:

(a) Parent in the family had heterozygous genotype
of at least one SNP and all SNPs of interest were
successfully genotyped (including compliance
with the quality control tests)

(b) Child in the family had qualified (after quality
control) explicitly genotyped complete heterozy-
gous genotype composed of all SNPs of interest

This procedure ensures selection of all families rele-
vant for the analysis of inheritance in “Genetic analysis
based on Mendelian inheritance and segregation”. This
selection resulted in 210 families (922 members) with
carriers of heterozygous genotypes composed of four
SNPs (rs1390694, 157729495, rs11574358, and
1s2292664) for the Y set, whereas the G set included
only 44 families (200 members). Although analysis of
the G set could provide some insights, the results were
not included because of the small number of subjects.
The analyses were focused on progeny of mating com-
plete heterozygous and recessive (major-allele) homo-
zygous parents (see “The test-cross”). Families in which
one parent was complete major-allele homozygote and
the other parent was complete heterozygote were aggre-
gated with families in which at least one child was
complete heterozygote, one parent was complete
major-allele homozygote, and the other parent was not
genotyped. Although the focus on mating heterozygous
and homozygous parents limits the analyses only to a
fraction (232 family members) of the available family
data (i.e., 922 family members), this mating variant
determines all possible genotypes in progeny with min-
imal sample size (Morgan 1911), making the analysis of
inheritance strikingly convincing in these data.

The test-cross

This is the fundamental genetic tool in analysis of the
progeny genotypes. This is a cross of an individual
with a genotype of interest to an individual with a
homozygous recessive genotype. The progeny geno-
types produced by this mating variant reveal all game-
tes formed by the parental genotypes under the test.
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Specifically, in the case of no linkage among loci, a
monohybrid test-cross gives a genotypic ratio as 1:1.
For a dihybrid test-cross, this ratio is 1:1:1:1. For multi-
hybrid test-cross, the genotypic ratio is given by 2",
where 7 is the number of heterozygous gene pairs. This
implies that in the case of a tetrahybrid test-cross (which
we consider), we should have 2*=16 different genotypes
with equal frequency (1/16=0.0625). This indicates that
four pairs of alleles are segregating (assorting) indepen-
dently. However, in the case of perfect linkage among
loci, we have only two types of gametes irrespective of
the number of heterozygous gene pairs. This implies that
only two parental genotypes are present in progeny, i.c.,
that offspring inherit only parental genotypes.

Inheritance of compound genotypes was analyzed
by evaluating the significance of deviations from the-
oretical Mendelian expectations using chi-square sta-
tistics (Hartl and Clark 2007). In the case when
expected counts of genotypes were small (less than
five), we used statistics adapted for a small sample size
(Hartl and Clark 2007), i.e.:

observed; — expected| — 0.5 2
P |- 0.5)

)

i expected

where observed (expected) denotes observed (expected)
counts of genotypes and i runs over theoretically
expected genotypes.

Pregnancies and live births

The FHS collected data on the number of pregnancies at
the baseline examination along with interim history of
pregnancies at examinations 2, 4, and 5 (for later exami-
nations, there were no more pregnancies). Because preg-
nancies in the interim were classified as one or more
(with or without toxemia) that represent unnecessary
uncertainty, 12 of 58 families with uncertain information
on pregnancies were disregarded in arrangement 2
(“Online resource 5). The FHSO collected information
on the number of live births at each examination. For 18
of 50 families, information was missing. Consequently,
this part of the analyses was focused on the subset of 32
of 50 families (“Online resource 57, arrangement 4).

Post-zygotic differentiation

The minimal number of the post-zygotic events (Npz)
which is required to make the null hypothesis to be
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true (i.e., to make deviation from the expected mono-
hybrid genotypic 1:1 ratio to be insignificant) was
evaluated from the following chi-square statistics:

3.84.

(M =N/2)" (N2 = N/2)"
N/2 N/2

Here N = N; + N, Ni = Ni1444433 +sz/2, and
Ny = N31243403 + Npz /2.

In the most favorable situation (i.c., the least sig-
nificant deviation from the expected 1:1 ratio; see
“Online resource 5, arrangement 4, row “In complete
linkage”), we have N11444433 =48 and N31243423 =09.
The minimal number of the post-zygotic events is
Npz = 339. In the less favorable case (“Online re-
source 57, arrangement 3, row “In complete linkage”),
we have N1|444433 = 57 and N31243423 = 1. The mini-
mal number of the post-zygotic events is Npy = 758.

Results
Inter-chromosomal LD

SNPs for the analysis of LD were pre-selected from
the Affymetrix 50K array on the basis of their poten-
tial association with a complex phenotype (cardiovas-
cular disease; see “Materials and methods”). The pre-
selection procedure has resulted in 69 SNPs at loci on
all autosomal chromosomes in the human genome
(“Online resource 17). Analysis of LD (see “Materials
and methods”) among these 69 SNPs shows that 68 of
them are in LD with other SNPs at loci on homologous
and on non-homologous chromosomes (Fig. 1;
“Online resource 17). The observed inter-chromosomal
LD pattern spans the entire human genome. It was found
to be a phenotype but not population specific (“Online
resource 2”).

Inspection of Fig. 1 reveals two sets of highly
correlated SNPs (Fig. 2). One set (denoted as Y set)
includes four SNPs at loci on chromosomes 1, 5, 8,
and 12 (0.8 < 72 < 1.0). The other set (denoted as G
set) includes five SNPs at loci on chromosomes 5, 6,
9, 11,and 17 (0.77 < r* < 0.87). SNPs from the Y set
show no LD to SNPs in the G set (+*<0.015). Within
and between SNP sets, LD patterns were not altered by
sex (“Online resource 3”). Most importantly, the same
relationship among SNPs in each set was observed in
the parental (the FHS) and the offspring (the FHSO)
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Fig. 1 Map of inter-chromosomal LD among 69 SNPs pre-
selected on the basis of association with CVD. SNPs are ordered
along the x- and y-axes by chromosome and base pair number.
Pixels report pair-wise LD value (+%) using colored scale shown
in the inset. Colored symbols just above the x-axis show cate-
gorized MAF as follows: green rhombus <5%, magenta squares
5-10%, blue crosses =10-20%, and purple-filled dots >20%

generations (“Online resource 47), suggesting that
these SNPs could be in quasi-linkage (referring to
maintenance of the associations among genetic var-
iants located on non-homologous chromosomes in
different generations of subjects (Mike 1977)), i.e.,
they can be inherited through generations as
complexes.

Dominant-negative transmission

There are almost no homozygotes for the minor allele
for each SNP in the Y and G sets. Analysis of MAF in
each FHS generation reveals rapid inter-generational
decrease in MAF for these SNPs (Fig. 3) that can be
explained by negative selection. Given the lack of
minor risk allele homozygotes, this could be a
dominant-negative mode. The characteristic feature
of this mode is that the risk allele can be eliminated
from a population within one generation (Kowles
2001; Strickberger 2000). Although selection affects
all SNPs in each set alike, the transmission rates of the
minor alleles between the first (MAF;) and the
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Fig. 2 Map showing perfect
inter-chromosomal LD
among SNPs in the Y and G rs8081943 - - 56
sets. SNPs IDs correspond
to those in Fig. 1. The x-axis Y set rs2292664 4 001 - 47
shows chromosome for each
SNP. Numbers in squares
represent the magnitude . G set rs10902269 . 0.01 . - 41
of LD measured by
statistics rs9330200 .. 0.01 . 440
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g
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second (MAF,,4) generations are qualitatively differ-
ent. Specifically, the mean transmission rate for the G
set is of one order of magnitude smaller (MAF,,q/ 10 =
MAF,=0.035) than that in the Y set (MAF,,4/ 1(A) Y set
MAF =0.275). These results along with those shown 8- % :;32233;
in “Online resource 4” suggest that the entire com- 1 [ rs11574358
plexes of SNPs at loci on non-homologous chromo- 6 [ rs2292664
somes can be involved in dominant-negative selection R ]
rather than individual SNPs. > 4
2 ]
. . L . @ 24
Genetic analysis based on Mendelian inheritance > i
; ]
and segregation E 0 I
R
Can the observed phenomena (i.e., the inter- L 14+ B G set
chromosomal LD, quasi-linkage, and dominant- E 12 ] ( ) — [ rs1804865
negative transmission of SNP complexes) be driven 2 - [ rso460199
. . 2 The f £ the FHS = 10 - rs9330200
by non-Mendelian mechanisms? The focus of the s i ] rs10902269
on large pedigrees from three generations of humans 8 [ rs8081943
provides a unique opportunity to directly address this 6 N
question by using a classical method of genetic anal- ]
ysis based on Mendelian inheritance and segregation of 4 i
alleles in families (see “Materials and methods™). 2
For this analysis, we selected the Y complex of four 0 S |
SNPs and all relevant families bearing the risk alleles. 1 2 3

For convenience, alleles of the selected SNPs were
coded as 1=A, 2=C, 3=G, and 4=T. Here, we present
the results of the analysis of inheritance of genotypes
based on the test-cross method (see “Materials and
methods”).
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The FHS generations

Fig. 3 Frequency of minor allele in each generation of the
Framingham Heart Study participants. MAF in this figure was
evaluated disregarding family structure, i.e., for all participants
of the study. a Y set of SNPs, b G set of SNPs
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These analyses were focused on progeny of mating
complete heterozygous (31243423) and recessive
(major-allele) homozygous (11444433) parents with
genotypes composed of four SNPs of the Y set (see
“Materials and methods”) located on four non-
homologous chromosomes and ordered as rs1390694,
157729495, rs11574358, and rs2292664. The FHS data
allow us to select all offspring of mating heterozygous
and major-allele homozygous parents who participated
in this study. However, not all offspring were complete-
ly genotyped, which resulted in some questionable gen-
otypes. Furthermore, not all offspring could participate
in the FHS. Nevertheless, we show below that, despite
these limitations, the analyses are entirely feasible and
strikingly convincing.

The main results are presented in Table 1. We
distinguish explicitly observed genotypes (columns
“Genotypes”) and those with missing alleles (“Miss-
ing”). The latter are used to test if missing information
(shown by zeros) can bias the estimates. Numbers in

the respective cells show the counts of children in the
selected families (see other notations in Table 1 foot-
notes). To test if incompleteness of genotyped families
makes any difference to our conclusions, we also includ-
ed in the analyses information on the number of live
births or pregnancies (see ‘“Pregnancies and live births”).
The results are presented in “Online resource 5.

Non-random assortment of non-homologous
chromosomes

In the selected mating type (i.e., 31243423 x11444433),
according to Mendel’s second law of independent as-
sortment, we should expect in progeny /6 different
genotypes with about equal frequency, i.e., 1/16=
0.0625 (see “Materials and methods™). Table 1 shows,
however, that virtually all offspring inherit only parental
genotypes. For instance, in 29 families (58 parents)
selected by this mating type in the first (parents) and
second (offspring) generations, there were 66 children.

Table 1 Genetic analysis of progeny of mating heterozygous (31243423) and recessive (major allele) homozygous (11444433) parents

Mode Genotypes

Missing

Random Complex

11444433 31243423 Distortion 00444433 31003423 00000000 x> p Xop

First-second generations, N=66 offspring (second generation) of 58 parents (first generation)

2 7
359.7 2.0x10°%7  11.0 9.1x10*
3384 5.6x107°% 135 24x10*

568.3 1.9x10"! 18.8 1.4x107°
0 4

7213 54x107"% 500 1.5x1012
7354 52x107%7 52,0 5.6x10 71

Actual 33 11 1 12
Observed 33 11 1
Under independent 38 12 16

assortment

In complete linkage 50 15 1
Second-third generations, N=58 offspring (third generation) of 50 parents (second generation)
Actual 50 0 0 4
Observed 50 0 0
Under independent 52 0 6

assortment
In complete linkage 57 1 0

810.2 5.6x10 7' 54.1 1.9x10 1

Alleles are denoted using conventional notations as 1=A, 2=C, 3=G, and 4=T and are ordered according to the order of SNPs from the Y
set, i.e., 151390694, rs7729495, rs11574358, and rs2292664

Genotypes: parental (i.e., 11444433 and 31243423) and non-parental or “recombinant” (e.g., 11244433) genotypes (column “distor-
tion”) explicitly observed (i.e., no missing data) in the data, Missing: genotypes with missing alleles (denoted by zeros), Random: the
results of chi-square test (see “The test-cross”) assuming independent assortment of alleles in the case of four SNPs from the Y set (i.e.,
in the case of a tetrahybrid test-cross), Complex: the results of chi-square test assuming Mendelian monohybrid segregation of
“haplotypes” of four SNPs from the Y set (i.c., when alleles of these SNPs are in complete linkage; only parental genotypes (i.e.,
11444433 and 31243423) were considered for these analyses), Actual counts of all compound genotypes observed in offspring in the
selected families, Observed counts of the explicitly observed genotypes in progeny and the results of chi-square tests with these
genotypes, Under independent assortment counts of genotypes in progeny with missing alleles imputed based on independent
assortment of alleles (detailed in “Online resource 6”) and the results of chi-square tests with these genotypes, In complete linkage
counts of genotypes in progeny with missing alleles imputed based on independent monohybrid segregation (detailed in “Online
resource 6”) and the results of chi-square tests with these genotypes
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Among them, 44 children were explicitly genotyped
with parental genotypes (33 homozygotes (11444433)
and 11 heterozygotes (31243423)) and only one child
was with “recombinant” genotype (11244433) of 14
possible non-parental combinations. Deviation from ran-
dom assortment in this case is so significant (x*=359.7,
p=2.0x10"%7) that neither viability selection nor incom-
plete information on non-genotyped children can explain
the lack of similar numbers of non-parental genotypes.

For instance, let us assume that all non-explicitly
observed genotypes (Table 1, columns “Missing”)
were theoretically expected genotypes resulting from
an independent assortment of non-homologous chro-
mosomes (“Online resource 6”). However, even such
best-case-scenario imputation of recombinant geno-
types makes no difference to our conclusions. For
instance, in the case when parents are from the first
generation and the offspring are from the second one,
we have 16 recombinant genotypes but deviation from
random assortment is still tremendously significant
(x*=338.4, p=5.6x10") (Table 1, column “Distor-
tion”). The conclusion is the same if all pregnancies/
live births are included (“Online resource 57).

Therefore, by analogy with genetic linkage, we
have to assume that four SNPs in the Y set do not
assort independently. Unlike classical genetic linkage
(Morgan 1911), however, we document non-random
assortment for SNPs at loci on non-homologous chro-
mosomes. This phenomenon is known as quasi-
linkage (Mike 1977) and it can be genetic rationale
for the observed inter-chromosomal LD.

Multi-locus inter-chromosomal complex

The observed strong non-random assortment implies
that alternative alleles of four SNPs in the Y set tend to
be transmitted through generations together, resem-
bling haplotypes of a genetic unit. This can be tested
assuming Mendelian monohybrid segregation of hap-
lotypes of the hypothesized genetic unit rather than
independent assortment of four alleles, i.e., that geno-
typic ratio in progeny of mating heterozygous and
homozygous parents is closer to monohybrid 1:1 (as
in the case of perfect linkage) ratio than to random
expectation for alleles in the tetrahybrid test-cross (see
“Materials and methods”).

Column “Complex” in Table 1 shows that, for the
explicitly observed genotypes (Table 1, rows “Ob-
served”) and the genotypes with imputed information
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(Table 1, rows “Under independent assortment”), de-
viation from the 1:1 ratio is significant. The segrega-
tion ratio is, however, strikingly closer to the 1:1 ratio
than to the random expectation for four alleles (com-
pare statistics in Table 1, columns “Random” and
“Complex”). This result implies that the significance
of the deviation from the expected 1:1 ratio is largely
attributed to disproportion among frequencies of pa-
rental genotypes in progeny rather than to random
assortment of non-homologous chromosomes. This
means that the inter-chromosomal complex of quasi-
linked SNPs resembles a genetic unit. By similarity
with inheritance of linked genes (Morgan 1911), the
observed distortions should be attributed to some sort
of “recombination” events (see “Discussion and con-
clusions” for potential mechanism).

To show that our conclusion on a genetic unit, which
we call here as a multi-locus inter-chromosomal (MLIC)
complex, is not altered by missing information, we have
imputed missing genotypes (Table 1, column “Miss-
ing”) assuming that they are theoretically expected pa-
rental genotypes resulting from random segregation of
parental haplotypes of a MLIC complex according to
Mendel’s first law (“Online resource 6”). Statistics in
this case (Table 1, rows “In complete linkage” and
columns “Complex”) still resemble those in rows “Ob-
served” and “Under independent assortment” (Table 1,
columns “Complex”). This result ensures that our con-
clusion on a genetic unit is not altered. The same is
observed if all pregnancies or live births are included
(“Online resource 57).

Transmission ratio distortion

If MLIC complex can resemble a genetic unit, a sig-
nificant deviation from the expected 1:1 ratio should
be driven by certain mechanisms. Theoretically, this
deviation could be the result of disproportional viabil-
ity selection, post-zygotic differentiation, and/or non-
Mendelian differentiation at the pre-zygotic stage (e.g.,
meiotic drive, gametic selection (Pardo-Manuel de
Villena and Sapienza 2001)).

Viability selection alone cannot explain the ob-
served deviation because it is significant even if we
include all live births (“Online resource 5”, arrange-
ment 4). To elucidate if this deviation can be explained
by post-zygotic differentiation, we estimated the min-
imal number of post-zygotic deaths which are required
in the second—third generations to make the deviation
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from the expected 1:1 ratio insignificant. Our analysis
(see “Post-zygotic differentiation” in “Materials and
methods™) shows that there should be at least 339
post-zygotic deaths even in the most favorable (i.e.,
the least significant) case (i.e., “Online resource 57,
arrangement 4, row “In complete linkage”). This num-
ber means that each mother should experience at least
ten (i.e., 339/32) more conceptions in addition to those
which resulted in live births, which is apparently
unrealistic in developed societies in the twentieth
century.

These results imply that a major selection mecha-
nism working against harmful minor-allele (recall that
minor allele can favor CVD; see also “Survival
analysis”) haplotype of a MLIC complex is largely
relevant to the non-Mendelian differentiation at the
pre-zygotic stage.

Biological role

Annotation of the tightly linked SNPs in the Y (four
SNPs) and G (five SNPs) complexes highlights the
remarkable fact that about 67% of them (i.e., six SNPs;
three SNPs in each complex) are non-synonymous

coding polymorphisms and eight of nine SNPs are with-
in gene regions (Table 2). Clustering of non-
synonymous coding SNPs in these complexes is con-
trasted by a modest proportion of non-synonymous
coding SNPs in the entire qualified set of about 38K
SNPs (from the Affymetrix 50K array; see “Materials
and methods”), i.e., about 15%, and by their enriched
proportion in the set of 68 SNPs in inter-chromosomal
LD (“Online resource 17), i.e., 41.2% (28 of 68 SNPs).
This nearly threefold enrichment of non-synonymous
coding SNPs, i.e., SNPs which can alter amino acid
sequence of proteins, is highly significant with two-
sided p-value for the difference in these two proportions
(i.e., 15% and 41.2%) p=1.6x10"". This striking result
offset the chance nature of stochastic clustering of the
non-synonymous coding SNPs in the pre-selected set
because this probability of such event is far below the
5% (i.e., p=0.05) level for significance in this analysis.
Genes for SNPs from the Y and G complexes (Table 2)
and other selected SNPs showing inter-chromosomal
LD (Kulminski and Culminskaya 2012) have been ex-
tensively studied in relation to multiple biological pro-
cesses playing a fundamental role in functioning of an
organism and to major human diseases.

Table 2 Summary for genes for SNPs that constitute the Y and G multi-locus inter-chromosomal complexes

Set SNP Gene Gene name Cytolocation Selected biological processes
Y rs1390694* FGGY Carbohydrate kinase domain containing 1p32.1 Carbohydrate metabolism, neuron homeostasis
157729495" GPRIS8 G protein-coupled receptor 98 5q13 G-protein coupled receptor protein signaling pathway,
cell—cell adhesion, nervous system development,
response to stimulus
1s11574358° WRN Werner syndrome, RecQ helicase-like 8pl2-pll.2 DNA replication, recombination, and synthesis; aging;
regulation of apoptosis; response to UV-C, oxidative
stress, and DNA damage stimulus
152292664° RIMBP2 RIMS binding protein 2 12q24.33 Synaptic transmission
G 1s1804865° TRIP13 Thyroid hormone receptor interactor 13 5p15.33 Transcription from RNA polymerase II promoter,
double-strand break repair, meiosis I
1rs9460199¢ PSMBI Proteasome (prosome, macropain) 6q27 APC-dependent proteasomal ubiquitin-dependent protein
subunit, beta type, 1 catabolic process, regulation of ubiquitin—protein ligase
activity involved in mitotic cell cycle, interspecies
interaction between organisms
1s9330200° TUBB2C Tubulin, beta 2C 9q34 Natural killer cell-mediated cytotoxicity, cellular
component movement, protein polymerization
1510902269° MUC6 Mucin 6, oligomeric mucus/gel-forming 11pl15.5 Maintenance of gastrointestinal epithelium
s8081943" RAII Retinoic acid induced 1 17pl1.2 Regulation of transcription from RNA polymerase II

promoter, skeletal system development, negative
regulation of multicellular organism growth

Information is assessed at http://www.ncbi.nlm.nih.gov and http://www.genecards.org, March 10, 2011

#Intronic variant

° Non-synonymous coding

¢ Intergenic; information is provided for the nearest protein-coding gene
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Extensive inter-chromosomal and chromosome-wide
LD

To elucidate if apparently coupled inheritance of the
quasi-linked alleles can be just the result of mis-
mapping, we evaluated LD within =1-Mb region of each
of nine SNPs in both complexes to all qualified SNPs in
the Affymetrix 500K and 50K arrays (see “Materials
and methods”). If mis-mapped, these quasi-linked SNPs
should not show LD to SNPs at homologous chromo-
somes (Frazer et al. 2007). This analysis shows that each
SNP in the Y and G complexes can be in LD to other
SNPs within +£1-Mb region (“‘Online resource 7).

Furthermore, we further tested if these nine quasi-
linked SNPs from the Y and G complexes could exhibit
LD not only to nearby but also to distant SNPs on
homologous chromosomes as well as to SNPs on non-
homologous chromosomes. For these analyses, we
again used a combined set of SNPs from the 500K and
50K arrays. These analyses revealed 30,766 SNP pairs
with 72>0.1 (this cutoff is fivefolds larger than that for
stochastic noise; see Fig. S1 in “Online resource 2”).
Figure 4a shows an example of extensive chromosome-
wide LD among SNPs genotyped using independent
Affymetrix chips, i.e., the 500K (250K Sty and the
250K Nsp) and the 50K chips. SNPs from the G com-
plex show more extensive LD than those from the Y
complex. The density pattern of the quasi-linked SNPs
is remarkably similar within each complex and remark-
ably dissimilar between complexes. Figure 4b shows for
comparison that each of these nine SNPs is also in LD to
SNPs on non-homologous chromosomes. The MLIC-
complex-specific density patterns of the quasi-linked
SNPs are apparently similar to those in Fig. 4a. The
quasi-linked SNPs tend to spread over the entire chro-
mosomes irrespective of the LD strength (see “Online
resource 8” for *>0.3). Interestingly, unlike SNPs from
the Y complex, four of five SNPs from the G complex
are at the chromosome edges.

Extensive dominant-negative transmission

The risk alleles of the quasi-linked SNPs shown in
Fig. 4 are transmitted through generations in a coher-
ent fashion similarly as in Fig. 3 irrespective if they are
on homologous or non-homologous chromosomes.
Figure 5a documents this transmission pattern for
SNPs showing strong intra- and inter- chromosomal
LD (*>0.5) to rs1804865 from the G complex. To

@ Springer

ascertain that this dynamics is not a general property
of SNPs in the FHS, we selected SNPs showing no LD
(*<107%) to the tag SNPs within +1-Mb region.
Figure 5b shows the lack of dynamics of MAF in the
representative example for SNPs not showing LD to
rs1804865 from the G complex. The results are similar
for SNPs from the Y complex.

Phenotypic structure

The analyses based on the Mendelian segregation
provide compelling evidences that the observed inter-
chromosomal LD, quasi-linkage, and dominant-
negative selection can be caused by non-Mendelian
mechanisms of inheritance. Here we explicitly show
that these phenomena are associated with heritable
longevity-related phenotypes.

Genotyping phases

Genotyping of the FHS SHARe sample (N=9,172) was
accomplished in four phases (“Online resource 97).
Virtually all minor alleles of the quasi-linked SNPs from
the Y and G complexes were genotyped in phase 3 (Ph3)
and phase 4 (Ph4), respectively. No apparent clustering
of minor alleles or potentially problematic DNA sam-
ples on genotyping plates was identified (Pluzhnikov et
al. 2010). Importantly, SNPs showing LD to SNPs from
both (i.e., the Y and G) complexes were genotyped
predominantly in Ph3 and Ph4 (“Online resource 9).
These results imply that massive bias in the allele fre-
quencies between phases 1 and 2 (Phl1&Ph2) and
Ph3&4 can only be explained if both technologies of
whole genome amplification (Ph3) and genotyping of
genomic DNA extracted from blood frozen for a long
time (about 20 years; Ph4) failed. However, numerous
studies of fidelity of WGA methods using DNA
extracted from frozen (for about 10 to 20 years) blood,
plasma, and serum did show excellent concordance rates
and no systematic biases among WGA and genomic
DNA samples (see Xing et al. (2008) and Croft et al.
(2008) and references therein). Therefore, it is unlikely
that clustering of the risk (minor) alleles in Ph3 and Ph4
was due to failed technologies.

Longevity-related phenotypes

An alternative explanation of the observed differences
in the allelic frequencies is specific of individuals but
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Fig. 4 Maps of extensive
chromosome-wide LD. The
maps show chromosome-
wide LD with 72>0.1 for
nine SNPs from the Y
(green) and G (red) com-
plexes. a Map of intra-
chromosomal LD for each
SNP. b Map of LD on chro-
mosome 2 for rs1390694
(Y complex) located on
chromosome 1 and map of
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not the DNA samples. Virtually all individuals geno-
typed in Ph4 and majority of those in Ph3 were de-
ceased, whereas majority of those from Ph1&2 were
living as of 2007. The difference in survival of these
individuals can be conveniently characterized by em-
pirical Kaplan—Meier age patterns (see “Materials and
methods”). Figure 6a, b show that individuals from
Ph3&4 enjoyed a tremendously shorter life in each
cohort compared to their age peers from Phl1&2 both
on individual level (shown by curves) and on average
(see life expectancy [LE] estimates). This is not
explained by the age-cohort-specific differences in
longevity (“Online resource 10”). Therefore, Ph3&4
represent naturally selected populations of individuals
who died prematurely, whereas Ph1&2 for the FHS/
FHSO represent the population of individuals who
outlived their age peers. In other words, the Ph3&4
and Ph1&2 populations have qualitatively different
longevity-related phenotypes.

40 60 80 100 120 140 160 180 200 220 240
Mega base pairs

Inheritance of the longevity-related phenotypes

A long life is a heritable phenotype (Christensen et
al. 2006; Martin et al. 2007; Bergman et al. 2007)
which is typically associated with good health
(Evert et al. 2003; Barzilai et al. 2003; Willcox
et al. 2008). Contrarily, the phenotype of prema-
ture death is associated with diseases (“Online
resource 17) which themselves are heritable traits.
To explicitly show that this phenotype (i.e., Ph3&4) is a
heritable trait, we followed the strategy presented in
Perls et al. (2002) and evaluated the survival of all
family members, who participated in the FHS, in which
at least one child was in Ph3 or Ph4. Figure 6¢, d show
that the parents and their children who are in Ph3 or Ph4
experience survival disadvantage throughout their lives
relative to parents and their children who are in Phl or
Ph2 and to the general Ph1&2 population of the FHS
and the FHSO participants. This result implies that the
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Minor allele frequency

FHS generations

Fig. 5 Frequency of minor allele in each generation of the
Framingham Heart Study participants. MAF in this figure for
SNPs from the Affymetrix 500K and 50K arrays was evaluated
disregarding family structure. a MAF of 68 SNPs showing intra-
(green) and inter-chromosomal (blue) LD with ”>0.5 to

phenotype of premature death is a heritable trait (Perls et
al. 2002).

Figure 6d shows a striking result that non-genotyped
children experience the same survival disadvantage as
those who were genotyped in Ph3&4. Furthermore,
non-genotyped parents (Fig. 6¢) experienced the same
survival disadvantage as their non-genotyped and gen-
otyped in Ph3&4 children. These results suggest that the
non-genotyped parents and their children in these fam-
ilies were carriers of the disadvantageous genotypes.

Therefore, because individuals from Ph1&2 and
Ph3&4 have qualitatively different heritable phenotypes,
they inevitably have to have different genetic profiles.
Furthermore, because the Ph4 population has lived sig-
nificantly shorter lives relative to the Ph3 population (see
LE estimates in Fig. 6a, b), they have different pheno-
types of premature deaths and, respectively, their genetic
profiles have to be different. However, because both of
these populations lived significantly shorter lives than
the Ph1&2 populations, they should also have overlap-
ping genetic component. This is in agreement with our
observation of partly overlapping genetic profiles asso-
ciated with the G and Y complexes (Fig. 1).

Discussion and conclusions

The results of our analyses complement recent findings in
Kulminski (2011) and provide compelling evidence that
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FHS generations

rs1804865 (G complex) located on chromosome 5. Red color
denotes five SNPs from the G complex. b MAF of 94
SNPs showing no LD (?<107%) to rs1804865 (G complex)
within £1 Mb region on chromosome 5

the observed phenomena of inter-chromosomal and
chromosome-wide intra-chromosomal LD, quasi-linkage,
and transmission ratio distortion of “haplotypes™ of the
quasi-linked SNPs are real in the FHS data and that they
should be based on intrinsic biological and genetic mech-
anisms relevant to complex, non-Mendelian phenotypes.

In general, according to Mendel’s Second Law,
non-homologous chromosomes assort (segregate) in-
dependently. Accordingly, it is typically believed that
alleles at loci on non-homologous chromosomes assort
randomly. Nevertheless, non-random segregation of
chromosomes during meiosis was experimentally ob-
served. Ironically, the first cytological proof of this
phenomenon was provided by F. Payne (1912, 1916)
even before the first cytological proof of random seg-
regation of chromosomes was credited to E. Carothers
(1913, 1917). Since that time, non-random segregation
of chromosomes during meiosis was observed in var-
ious non-human species (Metz et al. 1926; Metz 1926;
Schrader 1921, 1923; Camenzind and Nicklas 1968;
White 1973; Kubai and Wise 1981; Wang et al. 2010;
Sillers et al. 1983; Wise et al. 1984). Due to difficulties
in distinguishing homologous chromosomes, these
experiments were limited to sex chromosomes or co-
segregation of sex chromosomes and autosomes with
apparently different size of homologues. Wang et al.
(2010) suggest that non-random segregation of chro-
mosomes during meiosis can be attributed to the chro-
mosome size differences.
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Fig. 6 Survival of genotyped and non-genotyped FHS/FHSO
participants. a, b Survival of genotyped individuals selected for
four genotyping phases from the FHS and FHSO cohorts. ¢, d
Survival of all members of the families in which at least one
child was selected for phase 3 (Ph3) or phase 4 (Ph4) (combined
due to the small sample size of Ph4). Kaplan—Meier survival

Numerous exceptions to Mendel’s Second Law were
also revealed in the analysis of progeny in backcrosses
in a variety of organisms (see, €.g., Sivagnanasundaram
et al. (2004), Sapre and Deshpande (1987), Korol et al.
(1994), Clegg et al. (1972), Malinowski (1927), and
references therein). These exceptions either resemble
genetic linkage resulting in an excess of parental geno-
types in progeny (called quasi-linkage) or document
excess of non-parental genotypes in progeny (called
super-recombination) (Robinson 1971). These phenom-
ena were extensively studied in relation to population
structure (Malinowski 1927; Mike 1977) and inheri-
tance of phenotypes (Michie 1953) and oncogenic
viruses (Boyse 1977). A key feature of these exceptions
is that chromosomes of phenotypically discordant

curves show the chronological age at death (/ine) or the end of
follow-up in 2007 (crosses). Black curves in ¢ and d duplicate
those in a and b for individuals genotyped in phases 1 and 2 for
the sake of comparison. Sample size (n) is for all/dead individ-
uals. LE life expectancy, CI confidence interval, NG not geno-
typed individuals

parents (particularly from different inbred strains) can
sense each other, i.e., every chromosome should have
some sort of affinity. Consequently, the same-parent
chromosomes can go to the same pole during meiosis
as a complex (Malinowski 1927). The mechanism of
affinity (i.e., when the same-parent non-homologous
chromosomes tend to “stick together”) is, however,
unclear (Boyse 1977; Michie 1953; Mike 1977).

The concept of affinity is relevant to crosses of the
parents with qualitatively different heritable pheno-
types. This is the case in the FHS (see “Phenotypic
structure”). Accordingly, the observed quasi-linkage
can be due to some sort of affinity when non-homol-
ogous chromosomes get assorted non-randomly dur-
ing meiosis, resulting in an excess of parental
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genotypes in progeny (Table 1). By definition, the
mechanism of affinity should be relevant to the entire
genome that implies an inter-chromosomal level of ge-
nome organization. A “side effect” of such a mechanism
is that complexes of quasi-linked SNPs should resemble
a genetic unit. Consequently, such complexes can com-
plement the gene as a unit of inheritance.

An apparent selection (Figs. 3 and 5; Table 1;
“Online resource 5”) against the harmful dominant
alleles of the quasi-linked SNPs working within
two generations in a modern environment is nei-
ther the result of viability selection nor the result
of post-zygotic differentiation alone. Our analysis
(see “Transmission ratio distortion”) suggests that the
observed extinctive transmission of the risk allele hap-
lotypes through generations should be largely relevant
to the non-Mendelian mechanisms at the pre-zygotic
stage. Thus, complexes of the quasi-linked SNPs can
complement the gene as a unit of evolution that provides
substantial rationale for prior inferences (Clegg et al.
1972; Slatkin 1972, 2008).

What can the mechanism of quasi-linkage be? The-
oretically, this can be either physical or functional
linkage. Prior studies documented physical linkage of
mitotic non-homologous chromosomes with nucleolar
organizing regions, i.e., chromosomes 13, 14, 15, 21,
and 22 (Bobrow and Heritage 1980). This is apparent-
ly not the relevant mechanism here (e.g., because
neither one of the SNPs of interest is at loci on those
chromosomes). Recent studies discovered, however,
the phenomenon of functional linkage when transcrip-
tion of genes located on one chromosome may be
controlled by a regulatory element located on another
non-homologous chromosome (Williams et al. 2010).
The mechanism of functional linkage can explain the
fact that one allele can “sense” the other allele
(Spilianakis and Flavell 2006), i.e., what is known as
affinity. Recently revealed large-scale functional orga-
nization in mammals extending to different domains on
non-homologous chromosomes was specifically attrib-
uted to co-adaptation of functionally linked genes par-
ticipated in common biological processes (Graber et al.
2006; Petkov et al. 2005, 2007).

Potential functional mechanisms driving non-
random segregation of chromosomes can be, for in-
stance, associated with functional asymmetry of the
meiotic spindle poles (Pardo-Manuel de Villena and
Sapienza 2001) or interaction of spindle fibers from
different chromosomes (Camenzind and Nicklas 1968)
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through, in particular, specific modifications at the
kinetochores (Kubai and Wise 1981; Wise et al. 1984)
and connections between the kinetochores of different
chromosomes (Kubai and Wise 1981). The latter might
be the result of functional connection of chromosomes
(Wise et al. 1984).

A key factor in co-inheritance mechanisms is func-
tional connections (e.g., through common biological
process; see “Biological function”) which are likely
environment sensitive and, thus, are involved in evo-
lutionary selection (Graber et al. 2006; Petkov et al.
2005; Rohlfs et al. 2010). Therefore, these mecha-
nisms can be modulated by physiological processes
responsible for organismal functioning in a given en-
vironment. This is in line with the remarkable similar-
ity of transmission rates of alleles of SNPs within
MLIC complexes and their dissimilarity between com-
plexes (see Figs. 3 and 5). Consequently, mechanisms
of functional connections can potentially be relevant
to a generation of LD and extinction of the risk allele
haplotypes of the MLIC complexes.

For instance, genome-wide LD could be generated
by epistatic selection (Phillips 2008; Slatkin 2008;
Hurst 2009; Graber et al. 2006; Petkov et al. 2005;
Rohlfs et al. 2010), viability selection, non-Mendelian
differentiation (Pardo-Manuel de Villena and Sapienza
2001), etc., in a given environment. Although the
exact mode which generated genome-wide LD is un-
known, the loss of the risk alleles of quasi-linked
SNPs likely occurs through non-Mendelian mecha-
nisms. Change in the environment and human beha-
viors that occurred during recent centuries may affect
organismal physiology fitted to a markedly distinct
environment (Kuningas et al. 2008), making formerly
beneficial alleles of the quasi-linked SNPs to be highly
disadvantageous in the new environment. This might
result in super-fast extinction of the risk alleles
through primarily non-Mendelian mechanisms.

Whatever mechanisms of the quasi-linkage and
non-random segregation of chromosomes in humans
are, these phenomena have far-reaching implications
because they suggest that human post-reproductive
health and lifespan can be controlled by genome-
wide networks of allelic variants which can work in
a highly coherent fashion. These findings highlight a
challenging problem of genomics of human health and
aging that is in line with the real complexity of traits
with post-reproductive manifestation (Kirkwood 2011;
Goh et al. 2007; Kirkwood et al. 2011). Addressing this
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problem may require thorough methods well beyond
those offered by standardized guidelines for traditional
GWAS. The results suggest that future progress in unrav-
eling genetic origin of human health and aging will
require the collaborative multidisciplinary and inter-
disciplinary input of specialists from diverse disciplines,
including bio-genetics, evolutionary biology, epidemiol-
ogy, bio-demography, and aging.
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