ASBMB

JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http://www.jlr.org/cgi/content/full/M800194-JLR200/DC1

A Genome-Wide Linkage Scan Identifies Multiple Chromosomal Regions

Influencing Serum Lipid Levels in the Population on the Samoan Islands

Karolina Aberg', Feng Dai*!, Guangyun Sun’, Ember Keighley*, Subba Rao
Indugula3 , Linda Bausserman”, Satupaitea Viali’, John Tuitele®, Ranjan Deka’, Daniel E.
Weeks'?, Stephen T. McGarvey”

'Department of Human Genetics, Graduate School of Public Health, University of
Pittsburgh, Pittsburgh, PA; *Department of Biostatistics, Graduate School of Public
Health, University of Pittsburgh, Pittsburgh, PA; 3Center for Genome Information,
Department of Environmental Health, University of Cincinnati, Cincinnati, OH;
*International Health Institute, Brown University, Providence, RI; 5Ministry of Health,
Apia, Samoa; “Department of Health, Pago Pago, American Samoa.

"Now at Department of Anesthesiology, School of Medicine, University of Pittsburgh,
Pittsburgh, PA

Correspondence to:

Dr. Stephen T. McGarvey, PhD, MPH
Professor of Community Health and Anthropology
Director, International Health Institute
Brown University

Box G- S2

169 Angell Street, Room 200
Providence, RI 02912

phone: 401-863-1354

fax: 401-863-1243

email: Stephen_McGarvey@brown.edu

Abbreviations used in the text: total cholesterol (TC), triglyceride (TG), logarithm of the
odds (LOD), cardiovascular disease (CVD), variance component (VC), body mass index
(BMI), material life style index (MLSI), identity-by-decent (IBD), quantitative trait locus

(QTL).

0TO0Z ‘6 Areniga4 uo Aq BioJj'mmm woly papeojumoq


http://www.jlr.org
http://www.jlr.org/cgi/content/full/M800194-JLR200/DC1

S S
N D D D

ASBMB

D

JOURNAL OF LIPID RESEARCH N ASE

I

Keywords: environmental effects, genetic linkage analysis, variance component analysis,
total cholesterol (TC), low density lipoprotein (LDL), high density lipoprotein (HDL),
triglyceride (TG)

Running title: QTLs Influencing Serum Lipid Levels

0TO0Z ‘6 Areniga4 uo Aq BioJj'mmm woly papeojumoq


http://www.jlr.org

ASBMVB

JOURNAL OF LIPID RESEARCH

I

ABSTRACT

Abnormal lipid levels are important risk factors for cardiovascular diseases. We
conducted genome-wide variance component linkage analyses to search for loci
influencing total cholesterol (TC), low-density lipoprotein (LDL), high density
lipoprotein (HDL) and triglyceride (TG), in families residing in American Samoa and
Samoa, as well as in a combined sample from the two polities. We adjusted the traits for
a number of environmental covariates such as smoking, alcohol consumption, physical
activity and material life style. We found suggestive univariate linkage with LOD scores
greater than three for LDL on 6p21-p12 (LOD 3.13) in Samoa and on 12q21-q23 (LOD
3.07) in American Samoa. Furthermore, in American Samoa on 12q21 we detected
genome-wide linkage (LOD¢q 3.38) to the bivariate trait TC-LDL. Telomeric of this
region, on 12q24, we found suggestive bivariate linkage to TC-HDL (LOD¢q 3.22) in the
combined study sample. In addition, we detected suggestive univariate linkage (LOD 1.9
- 2.93) on chromosome 4p-q, 6p, 7q, 99, 11q, 12q 13q, 15q, 16p, 18q, 19p, 19q and Xq23
and suggestive bivariate linkage (LOD,q 2.05 — 2.62) on chromosome 6p, 7q, 12p, 12q
and 19p-q. In conclusion, chromosome 6p and 12q may host promising susceptibility loci
influencing lipid levels; however, the low degree of overlap between the three study

samples strongly encourages further studies of the lipid-related traits.
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INTRODUCTION

Non-communicable diseases, especially cardiovascular diseases (CVD) have
increased worldwide and while CVDs have been a major cause of death in the established
market economies for many decades, CVDs now rank in the top five causes of death
globally (1). There are many risk factors involved in the development of CVD; some of
the most prominent ones include abnormal blood lipid levels, obesity and hypertension,
all of which are influenced by genetic as well as by environmental factors (2). In
addition, environmental factors such as cigarette smoking (3) and lack of physical
activity (4) are established CVD risk factors.

We have previously studied genetic influences on adiposity-related phenotypes in
study samples from American Samoa (5) and Samoa (6), as well as in a combined study
sample from both polities (unpublished data). The two polities belong to a single genetic
population (7) that has been fairly isolated and has a common evolutionary history of
~3,000 years. During the last several decades, the two polities have been differently
influenced by economic modernization, which has resulted in increased differences in
dietary intakes, physical activity and other aspects of the social and behavioral
environment (8-11).

In this study we investigate the serum lipid profile, including total cholesterol
(TC), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol
(HDL) and triglyceride (TG), in the combined study sample and in the polity-specific
study samples from the Samoan islands. We apply variance component (VC) analysis, as
implemented in the software LOKI (12) and SOLAR (13, 14) to search for genetic

linkage to the traits. The studied lipid traits are strongly influenced by genetic
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components, however, environmental factors are also of great importance (15). In an
attempt to adjust for environmental influences on the traits, we include information on
physical activity, consumption of alcohol and cigarettes, education, and an index of

household possessions as covariates in the genetic model.

SUBJECTS AND METHODS

Study population

The study samples are from the Samoan islands of Polynesia, which consist of
two polities, the United States territory of American Samoa and the independent nation of
Samoa. The total population on the Samoan islands consisted of ~235,000 habitants in
2000-2001 (16, 17). American Samoa, which has a higher level of education, a higher
proportion of adults in wage and salary occupations and higher economic and material
lifestyle indicators than Samoa (8-11), contains approximately one fourth of the total
population of the archipelago (17). The two polities have a common evolutionary history
(7, 18, 19), but during the last few decades American Samoa has been influenced by

economic modernization to a much greater extent than Samoa (11, 20).

Samples

The participating families were selected based on number of adult family
members available. As described previously (5, 6), participants were selected from
villages throughout American Samoa and Samoa and probands and families were not
selected based on any specific trait. Protocols for this study were approved by the Brown
University Institutional Review Board, American Samoan Institutional Review Board,

and the Government of Samoa, Ministry of Health, Health Research Committee.
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Families

Interviews were used to collect information on pedigree structure. The combined
study sample includes 71 pedigrees containing 3,016 individuals, age > 18 years. The
American Samoa sample set and the Samoan sample set include 34 families and 46
families, respectively. Twenty of the 71 families in the combined sample set had a mixed
origin containing family members from American Samoa as well as from Samoa. The

number of genotyped individuals for each population is shown in Table 1. Each family

has at least two genotyped individuals. The largest family has 246 genotyped individuals.

Details about the pedigree structures can be found in the Supplementary Material, Table

S1.

Phenotypes

Fasting blood samples were collected from participants after a 10-hour overnight fast.
Serum was separated and then stored at — 40 °C in the field sites. Serum was transported
frozen on dry ice from the field sites to Providence, RI for analysis. The TC and TG
content of the serum samples were determined by enzymatic assays on a Gilford Impact
400 computer directed analyzer (Gilford Instruments, Oberlin, OH) (21, 22). The serum
HDL was determined by the double precipitation methods of Gidez et al. (22). Serum
LDL was calculated by the Friedewald equation (23):

LDL=TC—HDL—T5—G

For samples with TG values greater than 400 mg/dl the Friedewald equation is not valid

(23) and therefore the LDL trait was set to missing for these individuals. Standard
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anthropometric techniques and measurements were used to measure stature and weight,
and to calculate body mass index (BMI).

Questionnaires were used to collect information on environmental factors such as
education (years), physical activity (hours/week doing moderate to very hard sport
activities and/or performing farm work), alcohol consumption (yes/no), smoking (yes/no)
and household physical characteristics and possessions. Similar to prior Samoan studies
by Galanis et al (8), we used the information on household physical characteristics and
possessions to create a household possessions or material life style index (MLSI) ranging
from 1 (low material life style standard) to 12 (high material life style standard). The
MLSI is based on information regarding domestic flooring type, electricity, cooking
facilities, bathroom fixture, water supply, and possession of a refrigerator, freezer, TV,
VCR, stereo, portable stereo and motor vehicle, where each of the twelve subunits of the
information may contribute with one point to the index.

Our current data sets do not contain information regarding treatment for non-
normal lipid levels. However, the awareness and care for risky blood lipid levels in the
Samoan islands is very limited, so the use of treatments for these CVD risk factors is

extremely rare.

Genotypes

We genotyped the samples from American Samoa and from Samoa with the
markers in the ABI PRISM linkage mapping set v2.5 MD10 (Applied Biosystems Inc.,
Foster City, CA) as previously described (5, 6). The samples from American Samoa were
genotyped with an ABI PRISM 3100 genetic Analyzer and with an ABI PRISM 3130XL

(Applied Biosystems Inc., Foster City, CA) while the Samoan samples were genotyped
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using the ABI PRISM 3130XL. Even though the same set of markers was used through
out, the number of successfully genotyped markers in the study samples are slightly
different. American Samoa and Samoa have 368 overlapping autosomal markers and 14
overlapping X chromosomal markers. The total number of genotyped markers in each
study sample is shown in Table 1. All results reported in this study use only the
overlapping markers. However, to insure that the uniquely genotyped markers did not
detect any linkage signals in American Samoa or Samoa we also performed polity
specific genome wide scans with all available markers. No differences in LOD score
were observed (data not shown).

When a study sample contains pedigrees that have individuals originating from
different subsets (here the American Samoa and Samoa study samples) that have been
genotyped with different instruments, it is important to ensure that the same allele label
defines identical alleles, to be able to perform linkage analysis. We previously described
how we merged the two sets of genotypes according to the minimal sum of differences in

allele frequencies (unpublished data).

Error Checking and Data handling

Phenotypes

For the TG trait we found some very extreme outliers. Therefore, we used
winsorization to bring the upper and lower 5% of the TG values closer to the trait mean
(24, 25). As described by Shete et al. (25) winsorization increases the power to detect
linkage and reduces the bias in estimation of the major variance component. Box-Cox
power transformations (26) were applied to the lipid traits and to BMI since they were

not normally distributed. Using a variance component analysis, when the trait is non-
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normally distributed, can lead to a biased estimate of the major gene effect. Also, falsely
assuming normality may lead to excessive type I errors (27). To further guard against
false positives due to possible non-normality we used the option “tdist” for multivariate t-

distribution in SOLAR (13, 14).

Genotypes

In our previous studies investigating adiposity-related phenotypes in the
population on the Samoan islands we extensively checked for genotype errors and errors
of pedigree structure prior to statistical analysis (5, 6) (unpublished data). In short, to
detect errors in pedigree structure, PEDSTATS (28) was used to check for internal
consistency of ages, and RELPAIR v2.0.1 (29, 30) and PREST (31, 32) were used to
check the accuracy of the self-reported pedigree relationships. The "set correct errors 1"
option in LOKI (12) was used to remove a minimal set of genotypes so as to generate
Mendelianly consistent pedigrees for the autosomes. For the X chromosome we used the
option in Mega2 (33) and Pedcheck (34) to remove all genotypes within the entire
pedigree for a locus where a Mendelian inconsistency was detected. Mega2 and the
statistical software R (The R Project for Statistical Computing) were used interactively to

set up files for the analyses performed in this study.

Multipoint linkage analysis

For the American Samoan study sample, the Samoa study sample and the
combined study sample from the two polities we used the same genetic map based on
Kosambi centiMorgan (cM) (35) and applied the same statistical strategy previously used

when investigating adiposity-related phenotypes in these study samples (5, 6)
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(unpublished data). As previously, we estimated marker allele frequencies from our
pedigree data, while simultaneously estimating the identity-by-descent (IBD) sharing
matrices using LOKI (12). However, in contrast to our previous studies (5, 6), in this
study we have generated the IBD matrices using information from all available
genotyped pedigree members for all the data regardless of originating polity. With this
strategy the IBD matrix itself will not cause any differences in the LOD score calculation

regardless if the American Samoa, Samoa or the combined study sample is studied.

Univariate analysis

We used the multipoint variance component (VC) linkage analysis as
implemented in SOLAR (13, 14) to search for quantitative trait loci (QTL) for serum
lipid levels on the autosomes. Prior to the actual multipoint linkage analysis we used the
“polygenic -s” option in SOLAR to fit the VC model and screen for significance of
covariates. Information from all individuals that have complete phenotype information
available, from investigated traits and covariates, is used to generate the polygenic model.

In an attempt to adjust for environmental factors that might influence the traits,
we screened two sets of covariates for their significant (p-value < 0.10) effect on the traits
using SOLAR. The initial covariate set included education, physical activity, cigarette
smoking, alcohol consumption, and MLSI as well as age, age’, sex, agessex and age’ssex.
To investigate the serum lipid related traits independently of body composition, we used
a second covariate set that included BMI in addition to all other covariates. Only
significant covariates were included in the final genetic model.

For a given phenotype, a likelihood-ratio test for linkage was carried out and

classical LOD scores were obtained by converting the statistic into values of log to the

10
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base 10. A LOD score > 3.3 was taken as evidence of significant linkage, which is
equivalent to a marginal p-value of 0.0001 or less. A LOD score > 1.9 and LOD score >
1.175 were considered to show evidence of suggestive linkage and potential linkage,
respectively (36). As described above, for some traits we calculated LOD scores using
two different models (i.e. using two different covariate sets) and thus correction for
multiple testing is appropriate. We have applied a conservative correction for multiple
models by subtracting log;of from the obtained maximum LOD scores, where ¢ is the
number of models tested (37).

Since the current version of SOLAR cannot correctly carry out multipoint X-

linked VC analysis we used Mendel v6.0.1 (38) that fits a variety of X-linked VC models.

We applied two different models where X-linked QTL, autosomal additive polygenic and
random environmental VCs were always included, while X-linked additive polygenic VC
were included or left out. Mendel is not able to handle our largest pedigrees. Therefore,
we broke our pedigrees into their component nuclear families using Mega2 (33) before

running Mendel.

Bivariate analysis

For all chromosomes that, in the univariate analyses, obtained QTLs with LOD
score >1.5 for two or more phenotypes within the same chromosomal region we
performed bivariate multipoint linkage analysis using SOLAR (13, 14). The bivariate
analysis tests for simultaneous linkage of two phenotypes to a single genetic region. We
here report the bivariate LOD score transformed to 1 degree of freedom (LODc,) with the
SOLAR command “loddf -default - ¢ thoq” which is comparable to a univariate LOD

score. Covariate screening in bivariate models is not supported in SOLAR. Therefore, we

11
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regressed the covariates that were significant in the univariate analysis onto each trait
using a linear model. The differences between the observed and the fitted values (i.e. the
residuals) were transformed using Box-Cox power transformation (26) and used as the
traits in the bivariate analysis.

We carried out two separate likelihood-ratio tests at the location of the maximum
multipoint bivariate LOD score on each chromosome, one to test whether the QTL signal
is due to pleiotropy (i.e., a major gene affects both phenotypes) and the other to test
whether it is due to co-incident linkage (i.e., a set of clustered genes, each influencing a
particular trait) (39, 40). We used a chi-square test to evaluate the results. A p-value of

0.05 to reject either pleiotropy or co-incident linkage was used (39).

RESULTS

Characteristics for non-transformed traits and covariates are presented in Table 1
and their distributions in American Samoa vs. Samoa are shown in Figure S1
(Supplementary Material). Most notable is the high mean for TG (199.1+£205.2) observed
in males from the American Samoa. However, as reflected by the standard deviation and
as mentioned above some extreme measurements were observed for TG in this group.
Also as pointed out previously (5, 6) (unpublished data) the studied sample sets have
remarkably high BMI values. According to body composition studies of Polynesians BMI
>26kg/m” should be considered overweight and BMI >32kg/m” obese (41). Interestingly,
the frequency of heavily obese (BMI >34kg/m?) individuals is almost twice as high in
American Samoa compared to Samoa (Figure S1, left column, bottom row). A similar

skewness to the right is observed in the American Samoa for the MLSI (Figure S1, left

12

0TO0Z ‘6 Areniga4 uo Aq BioJj'mmm woly papeojumoq


http://www.jlr.org

ASBMB

JOURNAL OF LIPID RESEARCH

I

column, top row). Cigarette smoking and alcohol consumption frequencies as well as
hours of physical activity are lower in females than in males (Table 1).

In the study samples from the Samoan islands the heritability estimates (h?) of
TC, LDL, HDL and TG, are all significantly different from zero (p-value < 0.01) and the
heritability estimates range from 0.18 to 0.71 (Table 2). We detect eleven autosomal
regions located on chromosome 4p-q, 6p, 7q, 9q, 11q, 12q, 13q, 15q, 16p, 18q and 19p-q
with suggestive linkage to serum lipid levels (Table 3 and Figure S2a-b). For simplified
comparability between our study and previous studies where multiple corrections were
not performed we have chosen to report both the corrected LOD scores (LODyy) and the
uncorrected LOD scores. Our overall strongest univariate linkage signal was detected on
chromosome 6p21-p12 for LDL in the Samoa study sample. We detected a suggestive
LOD score of 2.67 when using the initial covariate set. This signal increased to 3.13
when adjusting for BMI in addition to the other covariates (Figure 1, left column). After
performing multiple testing correction (mtc) for the two models used for LDL in the
Samoa study sample these LOD scores correspond to LODy =2.37 and 2.83
respectively. In this region we also detected linkage to TC in the Samoa study sample
(LOD = 2.68) and in the combined study samples (LOD = 2.29) (Figure 1, left column).
The second most promising QTL for LDL was detected on chromosome 12q21-q23
(LOD =3.07) in the American Samoa sample. On the same arm of the chromosome, in
12g24-qtel, a QTL for LDL was detected in the Samoa study sample (LOD = 1.96,
LODyy = 1.66). In addition, the broad region on 12q21-qtel hosts multiple linkage signals
(LOD = 1.96-2.26) for TC in American Samoa and in the combined study sample (Figure

1, right column). The highest linkage signal for TC in the Samoa sample was detected on
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chromosome 4p14-q12 (LOD = 2.93) and in the American Samoa sample on
chromosome 7q35-q36 (LOD = 2.27). Furthermore, suggestive linkage signals were
detected for LDL on chromosome 9q21 (LOD = 2.21, LODy.= 1.91), 11g23-q24 (LOD
=2.03, LODpy. = 1.73), 13933 (LOD = 2.25), 16p13 (LOD = 2.00), 18q23-qtel (LOD =
1.91) and 19p13-q12 (LOD = 2.25) and for TC on chromosome 19q13 (LOD = 1.94).
The only signal with suggestive linkage for HDL was detected on chromosome 15q14
(LOD = 1.96, LODyy = 1.66) in the Samoa sample set (Table 3). No suggestive linkage
signal was detected for TG. On the X chromosome, in Xq23, we detected a suggestive
linkage signal (LOD = 2.30, LOD,y = 2.00) for LDL in the Samoa sample set. No
linkage signal greater than 1.56 was detected on the X chromosome for any of the other
traits. None of the QTLs detected with the complete study samples could be detected by
any of the larger pedigrees (more than 40 genotyped individuals) alone when investigated
separately with SOLAR.

In the region on chromosome 6p21-p12 where we detected a LOD score of 3.13
to LDL in the Samoa study sample, we detected a maximum LOD,, score of 2.25
(LODyye = 1.95) for the bivariate trait TC-LDL in the Samoa sample (Table 4).
Furthermore, on chromosome 12q21-q23, where we detected a LOD score of 3.07 to
LDL we detected a genome-wide significant LOD,q score of 3.38 to the bivariate trait
TC-LDL in the American Samoa sample (Table 4 and Figure 2). In this region we also
detected suggestive bivariate linkage (LOD¢q = 2.05, LODpy = 1.75) to TC-LDL in the
Samoa sample (Table 4 and Figure 2). In addition we detected suggestive bivariate
linkage to TC-LDL on 7q34-q35 (LODq = 2.25) and on 19p13-q12 (LOD¢, = 2.14) in

American Samoa (Table 4). In the combined sample we detected suggestive linkage to

14
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TC-HDL on chromosome 12p12 (LOD¢q = 2.17, LODyy = 1.87) and on 12924 (LODq =
3.22, LODyy = 2.92) as well as to TC-TG in two peaks on chromosome 12q23-12q24
(LOD¢q =2.58 and 2.26, LODpy = 2.28 and 1.96) (Table 4 and Figure 2). P-values for
tests for compete pleiotropy and co-incident linkage are shown in Table 4 and genetic
correlation (ranging from 0.15 to 0.96) and environmental correlations (ranging from

0.06 to 0.90) between bivariate traits are shown in Table 5.

DISCUSSION

Influence of environmental factors

In this study we have performed a genome-wide linkage investigation to search
for loci influencing the human lipid profile in families from the Samoan islands. Since
environmental factors exert large effects on variation in lipid-related traits, we attempted
to adjust for environmental factors (e.g. cigarette smoking, alcohol consumption, physical
activity, education and MLSI) by including covariates of significant effect in the variance
component models. To our knowledge this is the first study where material life style has
been considered a covariate in variance components analyses of lipid-related traits.
Assessment of material life style at the individual subject level allows for adjustments of
the effect on lipids of the general household economic environment such as diet (8). We
observe multiple differences between the study samples regarding which covariates had a
significant effect on the studied traits (Table 2). These data suggest that specific
environmental factors are of different significance in the two polities. Some of these
differences are likely due to the greater impact of economic modernization on American

Samoa relative to Samoa (11, 20). However, to account for such differences in economic

15

0TO0Z ‘6 Areniga4 uo Aq BioJj'mmm woly papeojumoq


http://www.jlr.org

ASBMB

JOURNAL OF LIPID RESEARCH

I

modernization between and within the polities we created the MLSI. We reasoned that
the MLSI, which is based on twelve material lifestyle components for each individual
(see Methods), would reflect variation in life style due to variation in financial means. In
agreement with previous reports (8-11) American Samoa in average has a higher material
life standard (as measured by the MLSI) than Samoa. Surprisingly, the MLSI did not
have a significant effect on any of the lipid traits in the American Samoan sample and
only a significant effect on TG in the samples from Samoa. When the two samples were
combined, MLSI was included as a significant covariate for HDL and TG but not for
LDL and TC. This suggests that the material life style, or factors in strong correlation
with the MLSI, such as dietary intake (8), might be of importance for variation in HDL
and TG levels but is less likely to be of any major effect on variation in LDL and TC
levels. In addition to diet, the influence of MLSI on HDL and TG may also be due to
other unmeasured socio-economic and behavioral factors associated with material
lifestyle. More detailed research on individual, household and community level
environmental factors influencing blood lipid levels may improve the ability to detect
genetic influences. Further support that TC and LDL are influenced by similar
environmental factors is indicated by the relatively high environmental correlations ( p.)

between the two traits ( p. > 0.88, Table 5), while correlations for the other trait

combinations investigated are fairly low ( p. < 0.35).

Susceptibility loci
In this study, we report suggestive linkage with LOD score greater than 3 for LDL
on chromosome 6p21-p12 (LOD = 3.13, LODy = 2.83) in Samoa and on chromosome

12g21-g23 (LOD = 3.07) in American Samoa. In addition we detect QTLs with
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suggestive linkage for blood lipid traits on chromosome 4p-q, 6p, 7q, 9q, 11q, 12q, 13q
15q, 16p, 18q, 19p-q and Xq23. Furthermore, we detected bivariate genome-wide
significant linkage to TC-LDL on chromosome 12q21 (LOD.q = 3.38) in American
Samoa and bivariate suggestive linkage to TC-LDL, TC-HDL and/or TC-TG (LOD,q
ranging from 2.05-3.22) on chromosome 6p, 7q, 12p, 12q and 19p-q. Co-incident linkage
was strongly rejected in the favor of pleiotropy for TC-LDL in the American Samoan and
in the Samoan study samples on chromosome 6, 12 and 19. On chromosome 7q where
bivariate linkage was detected to TC-LDL in American Samoa both complete pleiotropy
and co-incident linkage could be rejected, suggesting that some but not complete
pleiotropy occur in this region. Similarly, on chromosome 12q in the combined study
sample some but not complete pleiotropy may occur for TC-HDL. Complete pleiotropy
was strongly rejected in the favor of co-incident linkage for TC-TG on chromosome 12.
Furthermore, the genetic correlation ( p,) between TC and LDL suggests that a common
set of genes are involved in the regulation of these two traits (Table 5). The high
correlation that was seen for TC and LDL ( p, = 0.96) is likely to result in a fairly similar
linkage pattern for the two traits. This was seen for example in the Samoan study sample
on chromosome 6 and in the American study sample on chromosome 12. However,
despite these encouraging results for common genetic components for TC and LDL one
should keep in mind that TC is a measure of multiple lipoprotein fractions, where LDL
normally constitutes with a large proportion. Therefore, it is possible that the genetic
contribution to TC in fact reflects its correlation to LDL. Thus, the information gained

from genetic studies of TC might be of limited importance.
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To our knowledge the region on chromosome 6p21-p12, detected by both
univariate and bivariate analysis, has not been reported as linked to blood-lipid traits in
humans previously. However, the chromosomal region on 6p12-6q12, which is directly
flanking this QTL has previously been linked to HDL (42). The ~34 cM region spanning
the 1.5-univariate LOD drop interval is a gene rich region that demands further fine-
mapping to define potential candidate genes. Interestingly, all regions but 18q and Xq23
with suggestive univariate linkage to LDL and/or TC are human ortholog regions to
QTLs for plasma non-HDL (i.e. LDL and very low density lipoprotein, (VLDL))
previously reported in mice (43). Furthermore, the regions where the QTLs on
chromosome 4 (44), 7q (45-48), 9q (47), 11q (46, 49, 50), 12q (51), 15q (48, 52, 53) and
19q (44, 51) are located, have been suggested to host QTLs for blood-lipid traits in
humans. The region centromeric of the QTL detected on 18q has previously been
suggested as a susceptibility region for LDL in humans (54) and recently, additional
support for QTLs to TC were reported on chromosome 7q32-q36 and 19q13 in a meta-
analysis including nine data sets ascertained for type 2 diabetes mellitus (55). Recently,
genome-wide association studies (GWAS) have reported significant association between
LDL and multiple single nucleotide polymorphisms (SNPs) on chromosome 19p13-q13
(56-59), which overlaps with the region where we detected linkage to LDL and to TC-
LDL. Within the region on chromosome 12q24 where we detected linkage to TC-HDL
one of the resent GWAS reported significant association to HDL (59). This same GWAS
also reported association for LDL to a SNP located in 6p21 where we detected linkage to

LDL, TC and TC-LDL (59).
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Overlap across the three study samples

None of the linkage signals detected in the present study were simultaneously
detected in American Samoa, in Samoa and in the combined study sample. However, a
few regions were detected in two of the three analyses: the regions on 6p21-p12 and
12q24-tel are detected in Samoa as well as in the combined study sample, and the region
on 12q21-g23 is detected in American Samoa and in the combined study sample. These
peaks detected in a broad region of the q arm of chromosome 12 are partly but not fully
overlapping, which might suggest that chromosome 12q may host at least one but
possibly multiple susceptible loci for the lipid traits in the population from the Samoan
islands. To further investigate the 12q region additional mapping is required.

Even though we adjusted the lipid-related traits for multiple carefully measured
environmental factors, we still observe multiple chromosomal regions of different
significance in the three study samples. Since the two Samoan polities were shown to
have a common evolutionary background with no differences in linkage disequilibrium
structure (7, 18, 19), this lack of overlap between the study samples may suggest
potential gene-environment interaction and influence of environmental factors currently
not accounted for in the present study. Furthermore, the low degree of overlap between
the linkage signals in the study samples might be explained by the relatively larger
pedigree structures in the American Samoa compared to the Samoa, which could result in

differences in power to detect linkage (60).

Conclusion

In conclusion, we have found genome-wide significant support for bivariate

linkage to TC-LDL in American Samoa and suggestive support for bivariate linkage in
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Samoa as well as suggestive univariate linkage to TC and/or LDL in all three study
samples on chromosome 12q. Furthermore, on chromosome 6p21-p12 we have detected
suggestive support for linkage to lipid traits in Samoa and in the combined study samples.
Chromosome 6p and 12q may harbor promising susceptibility loci influencing the lipid
traits, however, the low degree of overlap between the three study samples strongly
encourage further studies of the lipid-related traits where additional attention is given to

selection and inclusion of environmental factors.
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FIGURE LEGENDS

Figure 1. Univariate linkage results (LOD score) from chromosome 6 (left
column) and chromosome 12 (right column) from the three study samples when all
covariates including BMI (see Table 3 for details) were screened for. Suggestive linkage
is indicated with the horizontal line (LOD = 1.9).

Figure 2. Bivariate linkage results (LOD,q score) from chromosome 12 when the
covariate set including BMI (see Table 4 for details) was used. Suggestive linkage is

indicated with the horizontal line (LOD¢q = 1.9).
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TABLES

Table 1. Overview of samples and characteristics of non-transformed phenotypes.

]
Am. Samoa Samoa g Combined

Males Females Males Females § Males Females
Genotyped markers @ 368 (377°) + 14 (18P) 368 (378°) + 14 (14P°) é‘ 368 + 14
Pedigrees 46 ;g; 71 (209
Genotyped individuals 246 332 278 294 § 534 630
Phenotyped individuals 261 334 336 338 § 597 672
Age (years) ¢ 43.2 (16.5) 43 (16.1) 41.7 (16.3) 45.2 (17.4)C> 42.4 (16.4) 44.1 (16.8)
Sex © 44 56 50 50 47 53
Education (years) ¢ 11.7 (2.4) 12.0 (2.4) 9.7 (3.4) 10.0 (3.0) 10.6 (3.1) 11.0 (2.9)
Material life style index ¢ 9.1 (1.8) 9.0 (1.8) 7.6 (2.6) 7.7 (2.6) 8.3 (2.4) 8.4 (2.3)
Smoking cigarettes (yes/no) € 38/56 20/74 38/51 13/67 38/53 17/71
Drinking alcohol (yes/no) © 43/48 8/80 32/54 3/74 37/51 6/77
Physical activity (hours/week) ¢ 4.1 (6.3) 1.9 (3.6) 8.6 (14.8) 2.3 (5.7) 6.7 (12.0) 2.1 (4.8)
Body mass index (kg/m?) ¢ 33.5 (7.6) 36.6 (8.4) 28.9 (5.4) 33.0 (7.6) 30.9 (6.9) 34.8 (8.2)
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Total cholesterol (mg/dl) ¢ 189.4 (37.8) 187.2 (38.2) 198 (39.3) 202.9 (37) 194.2 (38.8) 195 (38.3)
Low density lipoproteins (mg/dl) ¢ 118.3 (34.5) 119.1 (33.6) 127.9 (36.7) 133.4 (33.2)g123.8 (36.1) 126.1 (34.1)
High density lipoproteins (mg/dl) ¢  38.6 (8.8) 42.1 (8.4) 47.1 (11.6) 47.9 (10.8)§£ 43.3 (11.3)  45.0 (10.0)
Triglyceride (mg/dl) ° 199.1 (205.2) 129.7 (76.6) 115.7 (71) 108.4 (55) %152.7 (152.2) 119.2 (67.6)

“Number of autosomal + X-chromosomal markers included. ® Total number of markers genotyped. ¢ Pedigrees including individugls from both polities. *Mean

and standard deviation. ° Percentage (%) of sample. The percentage do not sum to 100 due to missing values.
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Table 2. Heritability estimates (h?) and overview of included covariates.

Trait Data Set N° h?(s.e.)®  Variance Covariates ¢
(%) A A> SASA*S C D P E M B
TC Am. Samoa 553 0.37 (0.11) 19 + + + - - 4+ - + - - NE/-
h Samoa 646  0.59 (0.08) 23 + + + - 4+ - - - - - NE/-
h Combined 1097 0.55 (0.07) 20 + + + - + + - + - - NE/-
HDL Am. Samoa 528 0.44 (0.11) 6 -+ + - - -+ - - - NE
" " 516 0.47 (0.11) 9 - -+ - -+ + - - -+
h Samoa 518 0.41 (0.10) 5 + + + - - 4+ + - - - NE
" " 517 0.40 (N.A) 15 - - 4+ - - + + - - - 4+
" Combined 989 0.51 (0.07) 7 + + + - - + + - 4+ + NE
A " 988 0.52 (0.07) 16 - -+ - -+ + -+ + 0+
LDL Am. Samoa 560 0.34 (0.10) 17 + + - - - - - 4+ - - NE/-
" Samoa 518 0.71 (0.08) 18 + + - + + - 4+ - - - NE
A " 517 0.69 (0.08) 20 + + + + + - + - - - +
h Combined 1021 0.57 (0.07) 17 + + + - + - 4+ + - - NE/-
TG Am. Samoa 508 0.23 (0.11) 13 + + + - - - 4+ - + - NE
" " 528 0.18 (0.10) 16 + + + - - -+ - - -+
" Samoa 634 0.48 (0.09) 20 + + + + + - - - - 4+ NE
" " 515 0.46 (0.11) 27 + + + + + - 4+ - - 4+ 4+
h Combined 1006 0.41 (0.08) 15 + + + - + - 4+ - + 4+ NE
A " 1030 0.35(0.07) 23 + + + - 4+ - 4+ - - 4+ +

TC=total cholesterol, LDL=low density lipoprotein cholesterol, HDL=high density lipoprotein cholesterol,
TG=triglyceride. * Number of included individuals. b Heritability estimates (h?) with standard error (s.e.) for
all traits are significantly different from zero (p-value <107%). ¢ Variance explained by included covariates. ¢
Minus signs (-) indicate non-significant covariates. Plus signs (+) indicate significant covariates (p-value

<0.1) included in polygenic model: A=age, A’=age’, S=sex, A*S=age*sex, A**S=age’*sex, C=cigarette
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smoker, D=drinking alcohol, P=physical activity, E=education, M=material life style index and B=body
mass index. N.E. indicates covariate not examined. N.A. indicates that standard error could not be

computed by SOLAR.
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