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Abstract Phospholipid transfer protein activity (PLTPa) is
associated with insulin levels and has been implicated in
atherosclerotic disease in both mice and humans. Variation
at the PLTP structural locus on chromosome 20 explains
some, but not all, heritable variation in PLTPa. In order to
detect quantitative trait loci (QTLs) elsewhere in the ge-
nome that affect PLTPa, we performed both oligogenic and
single QTL linkage analysis on four large families (n = 227
with phenotype, n = 330 with genotype, n = 462 total), ascer-
tained for familial combined hyperlipidemia. We detected
evidence of linkage between PLTPa and chromosome 19p (lod
= 3.2) for a single family and chromosome 2q (lod = 2.8) for
all families. Inclusion of additional marker and exome se-
quence data in the analysis refined the linkage signal on
chromosome 19 and implicated coding variation in LASS4,
a gene regulated by leptin that is involved in ceramide syn-
thesis. Association between PLTPa and LASS4 variation was
replicated in the other three families (P = 0.02), adjusting
for pedigree structure.lill To our knowledge, this is the first
example for which exome data was used in families to
identify a complex QTL that is not the structural locus.—
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Cardiovascular disease (CVD) is aleading cause of death
in the United States. Lipid transfer proteins play a major
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role in the regulation of lipids and therefore may be in-
volved in CVD (1-4). Phospholipid transfer protein
(PLTP) is physically associated with HDL, produced in the
liver and other tissues, and involved in the transfer of cho-
lesterol and phospholipids from VLDL to HDL (1, 5, 6)
and remodeling of HDL (7). PLTP is also expressed in
macrophages and may modulate their transformation into
foam cells (8, 9). Improved understanding of the regula-
tion of PLTP and its activities may result in better preven-
tion, management, and treatment of CVD.

Studies in mice provide evidence of a role of PLTP in
lipoprotein levels and atherosclerosis. Overexpression of
PLTP in mice results in an increase of pre-HDL (10-13),
a decrease in HDL (11), reduced LDL and VLDL levels
(14), and atherosclerosis (12, 14-18). Elevation of plasma
PLTP, rather than macrophage PLTP, impaired reverse
cholesterol transport in transgenic mice (16). Human
APOB transgenic mice that were deficient in PLTP had re-
duced levels of apoB containing lipoproteins and reduced
atherosclerosis (19). Inhibition of PLTP activity (PLTPa)
also lowered apoB levels (20). PLTPa is highly positively
correlated with HDL size and concentration among in-
bred mouse strains (21).

In human studies, both PLTP mass and PLTPa, which are
weakly correlated (22), have been shown to be associated

Abbreviations: adj-PLTPa, residuals from adjusted phospholipid
transfer protein activity model; BF, Bayes factor; BMI, body mass index;
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with lipid traits, glucose regulation, and atherosclerosis.
PLTP mass is associated with HDL size and concentration
(22, 23) whereas PLTPa is associated with total cholesterol,
VLDL and LDL cholesterol, and apoB level (22, 24, 25).
PLTPa is positively correlated with insulin and glycosylated
hemoglobin (HbA1C) (26) and decreases in response to
insulin infusion (27, 28).

To date, only structural-locus genetic variation is known
to influence PLLTPa in humans. In humans, common varia-
tion at the PLTPstructural locus region has been shown to
explain < 30% of variation in PLTPa (26). PLTP variants
were found to be associated with PLTP mRNA level (29)
and with cardiovascular disease risk (23, 26).

Given that multiple genes influence PLTPa in mice
(30), we investigated the hypothesis that quantitative trait
loci (QTLs) in regions of the genome other than the PLTP
structural locus affect PLTPa in humans. Such QTLs might
also impact atherosclerotic risk as well as shed light on the
mechanisms regulating PLTPa. We have previously shown
that regulatory region variants at PLTP influence PLTPa
in the four large families investigated here (26). This fam-
ily-based design allows the detection of QTLs within single
large families, which accommodates potential locus het-
erogeneity among families.

METHODS

Subjects

The sample includes four large families of European-Ameri-
can descent who were ascertained in the 1980s for familial com-
bined hyperlipidemia (FCHL) and large sibships (31). From 2003
to 2008, recollection of 234 family members expanded pedigree
structures and provided samples for PLTPa measurement (26, 32).
Although the families were ascertained for FCHL, PLTPa in these
families does not differ from that in the European-American
population as a whole (26). Table 1 displays the sample size char-
acteristics of the family data. There are four families, labeled F1,
F2, F3, and F4, consisting of 462 individuals, 227 of whom have
measured PLTPa and 330 of whom have genetic data. All study
participants or their representatives gave written informed con-
sent. The University of Washington Human Subject Review Board
(FWA #00006878) approved this study.

Phenotypes

In addition to descriptive (sex, age, height, weight) covariates,
we measured cardiovascular risk phenotypes. These covariates
included LDL, HDL, apoAl, apoB, total cholesterol, triglycerides
(TGs), glucose, insulin, and C-reactive protein (hsCRP) level.

TABLE 1. Total number of individuals with phenotype data,
by family

Family Num (M/F) Age mean (range) PLTPa (M/F)
F1 142 (70/72) 50 (13,89) 82 (37/45)
F2 94 (51/43) 43 (11,85) 55 (25/30)
F3 121 (67/54) 47 (15,71) 41 (21/20)
F4 105 (55/50) 47 (20,87) 49 (24/25)
all 462 (243/219) 47 (11,89) 227 (108/119)

All individuals are European-American. The second column from
the left indicates the total number of individuals (males/females). The
column on the right indicates the number of individuals with measured
PLTPa (males/females).
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Insulin, glucose, hsCRP, and TG were natural log (In) trans-
formed. Body mass index (BMI) was calculated for all individuals
with both height and weight data and imputed for 17 of 227 indi-
viduals using linear regression on age, sex, age by sex, and
In (hsCRP) (33). Insulin was not collected on 20 individuals from
family F3 who were collected prior to a change in protocol.
Therefore, In(insulin) was imputed for these individuals using
linear regression on sex, age, In(TG), and BMI.

Covariate selection, using a linear model, was used to adjust
PLTPa. Residuals from this model (adj-PLTPa) were subsequently
used for all analyses. Although the significance of each covariate
may be affected by the underlying structure imposed by the rela-
tionships in the families, the mean estimated effects are not
biased (34). Thus, covariate adjustments do not need to be con-
ditioned on family structure.

Laboratory measures

PLTPa was measured in vitro as described elsewhere (26, 35).
Briefly, PLTP-mediated transfer of plasma phospholipids was cal-
culated on fasting whole plasma by measuring the percent trans-
fer of 14C—phosphatidylcholime from phospholipid liposomes to
HDL. PLTPa and lipids were measured at the Northwest Lipid
Metabolism and Diabetes Research Laboratories, blinded to all
other subject data. Measurements were performed on fasting
whole plasma as detailed elsewhere (36). Insulin was measured
by double antibody radioimmunoassay. Each assay included ap-
propriate reference samples.

Genotyping
Genotypes, using several platforms, were measured on the
families.

STR markers. Marshfield panel 9 Single Tandem Repeat
(STR) markers were collected on the originally ascertained fam-
ily members. Dense marker genotyping was also performed for
selected regions at DeCode Genetics (32). Individuals ascer-
tained since 2002 and 8 from the original ascertainment were
typed on the Prevention Genetics marker set 13, which overlaps
Marshfield panel 9. Data cleaning and quality control analyses on
the marker genotypes were carried out as described elsewhere
(32, 37). Prevention Genetics genotype information was removed
for five individuals because their genotype data had high ho-
mozygosity (>15%), indicating poor amplification of their DNA.
In seven instances where individual marker genotype transmis-
sion errors were detected in the Prevention Genetics data, the
genotypes from the Marshfield panel did not cause a transmis-
sion error; therefore, the Marshfield genotypes were used in
these cases. In all other cases, genotypes for the direct descen-
dants, siblings, and parents of an individual involved in a marker
transmission error were removed. After data cleaning, genotypes
were available for 330 subjects, averaging 470 marker genotypes
per individual (min = 180, max = 658). Average distance between
markers was 5.4 cM (SD =4.1).

SNP markers. The families were also genotyped using the
INIumina HumanCVD Bead chip (38). The Illumina chip con-
tains ~50K single nucleotide polymorphisms (SNPs) in and near
genes of interest to CVD. SNPs from this chip were selected for
inclusion in this analysis based on linkage disequilibrium (LD) =<
0.8) in a second cohort of unrelated European Americans (n =
924), described in detail elsewhere (26, 39). All markers and
SNPs were aligned to the Rutgers build35 marker map (40). All
analyses were based on assumption of a Haldane map function
(41) with map locations interpolated for markers and SNPs that
had only a physical map location (see supplementary material).



Exome markers. Exome target region capture and sequenc-
ing on the Solexa platform was performed as previously de-
scribed (42) in anticpation of multiple linkage peaks. This
design is more efficient than sequencing specific regions of
the genome when multiple traits or multiple families are un-
der analysis. Exome sequencing was performed on 54 individu-
als from the four families who were selected for extreme PLTPa
or other CVD-related phenotypes and the presence of close
relatives with genotype data. We used the Genome Analysis
Toolkit Unified Genotyper (43) to derive sequence calls from
the raw reads. Low confidence sites were defined by at least
one of the following: quality score <50, allelic balance >0.75,
variant allele homopolymer run >3, or the variant confidence
divided by the quality by depth <5, and were excluded from
analysis. Selected exomic variants were followed up by geno-
typing of all pedigree members with available DNA using stan-
dard PCR methods. In each case, the exomic variants genotypes
were confirmed and the variants segregated in a Mendelian
fashion. Exome genotyping quality control, including compar-
ison of identity by descent regions, is discussed in the supple-
mentary material.

Linkage analysis

The analysis strategy for adj-PLTPa was I) oligogenic QTL
linkage analysis to identify regions of interest and propose trait
models, 2) fixed-model single QTL linkage analysis to compute
lod scores in the regions of interest, 3) determination of the re-
gion containing the shared segregating haplotype, and 4) incor-
poration of single-site CVD chip or exomic genotypes in the
region of interest to determine which genes, if any, contribute
to the linkage signal. Each of these steps involves use of methods
that employ the sampling-based approach of Markov chain
Monte Carlo (MCMC). This allows for efficient analysis of com-
plex traits on large pedigrees with full use of multipoint marker
data and inclusion of multilocus trait models. Further, these
complimentary analysis methods maximized the strengths of
each method to detect linkage and refine the signal. Because
incorporating multiple SNPs in the oligogenic analysis is ineffi-
cient given availability of highly-informative STR markers, this
approach also minimizes computational time. Run conditions
for the MCMC-based methods are given in the supplementary
material.

Because PLTPa is a complex trait whose segregation has not
previously been studied, no proposed genetic models existed.
Therefore, initial analysis used the oligogenic QTL method
implemented in the Loki package, ver. 2.4.7 (44). This ap-
proach has several advantages. First, the parameters for a trait
model are not specified. Instead, only prior distributions for
the number of QTLs and their possible effects are specified.
Second, similar to a variance components approach, covariates
can be included in the model and their effects estimated. Also,
the parameters for a trait model are not specified. Third, un-
like a variance components approach, a QTL model can be
inferred from the jointly estimated posterior distributions for
the location, allele frequency, and genotype effects of putative
QTLs. Also, the proportion of genetic variation due to each
QTL is output for each iteration as well as the residual and
genetic variances, from which heritability can be estimated. We
estimated heritability of adj-PLTPa in each family as the aver-
age heritability over all saved iterations. One drawback to this
method is that calculating p-values is time consuming as it re-
quires determining an empirical distribution (45). However,
because the analysis is Bayesian (i.e., based on estimated poste-
rior distributions given the data and prior distributions), we
chose locations for further analysis based on the Bayes factor
(BF), which compares the posterior and prior odds of a QTL

in a region (45-48). The larger the BF, the more evidence
there is for the posterior distribution. We followed up regions
with a maximum BF (maxBF) = 25, calculated over 2 ¢M inter-
vals. We consider a BF < 0.32 (log(BF)<—0.5) as evidence
against linkage.

We followed up the regions of interest, using multipoint loga-
rithm of odds (lod) score linkage analysis. Computations were
carried out with the program Im_markers from the Morgan pack-
age (49-51), which is, to the best of our knowledge, the only pro-
gram capable of carrying out a model-based multipoint analysis
for a quantitative trait on large pedigrees. This analysis method
requires a prespecified single locus trait model and provides a
lod score and p-value. Such fixed-model analyses are very power-
ful if the trait model is correctly specified (52, 53) and are un-
likely to produce false-positive evidence for linkage when the
trait model is misspecified (54-57), especially in larger pedigrees
(52). Estimation of the QTL model parameters is discussed in the
supplementary material.

Refining regions of interest

In order to narrow genomic regions where lod > 3, we searched
for a haplotype segregating with adj-PLTPa among influential in-
dividuals. An individual was considered influential if removal of
their phenotype reduces the lod score to <3.0. We calculated the
probability that an allele is shared identical by descent (IBD)
among the influential individuals using results from the program
gl_auto from the Morgan package (58). We considered an ances-
tral haplotype to be shared IBD among groups of individuals if
the IBD probability for the ancestral allele at each marker on this
haplotype was =0.75. We used both STR marker and CVD SNP
data in order to determine the most likely boundaries for the
haplotype.

Follow-up using CVD SNP chip and exome sequence data

For regions with consistent supportive evidence for linkage,
we further evaluated the effect of variant sites in a measured
genotype approach (59). We used both SNP and exomic se-
quence data and determined the proportion of the total varia-
tion in adj-PLTPa [var(adj-PLTPa) ], explained by each variant
as a covariate, using the analysis method in Loki. For these
follow-up analyses, 5 x 10" MCMC iterations were used. An ad-
vantage of using Loki for this analysis is that missing genotypes
are imputed using the segregation information and genotypes
of other family members, so that all individuals with pheno-
type information are included in the analysis (32). In the cases
where the hapmap CEU (European-American) allele fre-
quency (q) was unknown, we used q = 0.01. Sites that explain
a large portion of the var(adj-PLTPa) are expected to be in
strong LD with the causal variant (60). Because SNPs were
available for many more individuals than exomes, the esti-
mated effects from the exome analysis have higher variance
and lower power to account for a linkage signal. Additionally,
an upward bias for effect size is expected in the exome analysis
because individuals chosen for exome sequencing had ex-
treme adj-PLTPa (61). Therefore, we genotyped sites of inter-
est in the remaining family members and verified the linkage
and association with adj-PLTPa. In addition, we estimated the
percent genetic var(adj-PLTPa) explained in the families. As-
sociation with adj-PLTPa was also verified using variance com-
ponents analysis from the SOLAR package (62), which adjusts
for pedigree structure and provides an unbiased p-value for
the association. Although we evaluated all exomic sites within
the region, we emphasized those sites within genes expressed
in the tissues most relevant to plasma PLTPa (liver, adipose,
vascular epithelium, or intestine).
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RESULTS

Covariate selection and outliers

The previously identified covariate model for adj-PLTPa
included age, sex, age by sex interaction, BMI, and
In(insulin), explaining 16% of the total var(PLTPa) in the
families (26). The distribution of adj-PLTPa residuals in
the families are shown in Fig. 1. The residuals are essen-
tially normally distributed with mean zero and variance
5.24 for all families. The mean adj-PLTPa of individual
families was not significantly different from the mean of
all families except for family F3 (P=0.03). The higher adj-
PLTPa in F3 is not explained by outliers. Although there
are a few outliers from other families, removing or Win-
sorizing (63, 64) their phenotypes did not impact the re-
sults of the linkage analyses. Heritability was estimated at
0.55, 0.25, 0.38, and 0.24 for families F1, F2, F3, and F4,
respectively, and 0.42 over all families. PLTP structural
locus SNP rs6065904, which has been shown to be associated
with PLTPa and mRNA level (23, 26), explained 5% of the
genetic var (adj-PLTPa) in the families; adjustment for this
SNP did not impact linkage results, as noted below.

Oligogenic PLTPa QTL linkage results

We identified evidence of linkage to three chromosomes
(chrs.). Figure 2 displays the BF across the genome for all
families and each individual family. Joint analysis of all
families supports linkage to chrs. 1 and 2 (Fig. 2all, maxBF =
67 and 41, respectively). Individually, none of these fami-
lies shows strong support for either chr. 1 or 2. Analysis on
F1, the largest family, supported linkage to chr. 19 (Fig.
2F1, maxBF = 54). Because these results support genetic
heterogeneity, further analyses considered F1 only for
linkage to chr. 19 and all families for linkage to chrs. 1 and
2. Notably, we did not detect evidence for linkage to the
structural locus on chr. 20, even when including SNPs near
PLTP, nor did we find any coding variation in the PLTP
exons in the sequenced individuals. Known functional 5’
PLTP SNPs, when included as a genotype covariate, did
not substantially change the linkage results (not shown).

Regional QTL analysis

Fixed-model lod score linkage analysis resulted in fur-
ther evidence for linkage to chr. 19, supported linkage to
chr. 2, and decreased support for chr. 1 (Table 2). Model
estimates are provided in the supplementary data. On chr.
19, the maximum lod score, lodmax = 3.2, occurred at
D19S1165 (33.43 cM). On chr. 2, lodmax = 2.8, at D25434
(222.24 cM). On chr. 1, lodmax = 1.6 near D1S2141
(230.42 cM). Because the overdominant models estimated
for QTLs on chrs. 1 and 2 are biologically unlikely, a domi-
nant model was obtained for these two chrs. by fixing the
heterozygote effect equal to the minor homozygote effect.
Use of the estimated overdominant versus dominant mod-
els did not markedly change the linkage evidence for
either chr. 1 or 2. Because only chr. 19 had a lod score > 3,
we chose to pursue this signal with the CVD and exome
SNPs.

Refining region of interest on chr. 19

A haplotype on chr. 19 was found to segregate with adj-
PLTPa, further narrowing the region of interest. The hap-
lotype spans the region between rs12608849 and D19S1165
(25.05-33.43 cM) (Table 3). Six individuals from family F1
were influential to the lod score in that removal of their
phenotype lowered the lod score from 3.2 to between 2.75
and 2.89. Of the six influential individuals, four had adj-
PLTPa values in the upper quartile of the distribution and
carry this haplotype IBD with joint probability = 0.8 at any
individual marker on the haplotype. The other two influ-
ential individuals do not carry this haplotype and had adj-
PLTPa values in the lower quartile as expected. Notably,
the LDL receptor gene, LDLR, lies within the IBD region
(~32 cM).

Chromosome 19 QTL follow-up using CVD SNP chip and
exome sequence data

We investigated the region between 19 and 37 cM (6 Mb —
14.5 Mb), which includes the region with the shared haplo-
type segregating with adj-PLTPa. By including a larger region
that contains the shared haplotype, we conservatively allowed
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Fig. 2. Bayes factor versus chromosomal location for adj-PLTPa linkage. Shown are all families and indi-
vidual families F1-F4. The dotted line at 25 represents the cutoff used to select regions for further analysis.

for the possibility that a variant outside of the IBD region
influences adj-PLTPa. In this larger region, CVD SNPs
rs10418380 and rs12463361 explained 15% and 13% of
the total var(adj-PLTPa), respectively. The exome data in-
cluded 496 variant sites spanning 143 genes: one nonsense,

TABLE 2. Trait models used in, and results from, model based
linkage analysis

Chr. P1 i Y2 Yoo Ve Lodmax
19 0.76 0 2.8 3.6 1.7 3.2
2 0.92 0 3.7 3.7 3.5 2.8
1 0.91 0 3.9 3.9 3.1 1.6

The trait models were estimated from the oligogenic analysis in
Loki and consist of the allele frequency of the reference allele (p,), the
heterozygote effect, Yio, and the alternative homozygote effect, J22. The
models are set so that yy9 = y;;. Because the estimated model on chrs. 2
and 1 were overdominant, we set Y2 =Ji. The within genotype
environmental variance (Ve) is the difference between the total
variance of adj-PLTPa and the genetic variance.

222 missense, 234 coding synonymous, 30 intronic, and
nine in the noncoding region. Of these, there were 308
variants in 96 genes expressed in either liver, adipose, vas-
culature, or intestine, our tissues of interest. There was a
true gap in coding genes within a 4 cM region of the IBD
segment (Fig. 3, supplementary Fig. II). This region has
low recombination and contains mostly olfactory receptor
genes, which are unlikely to impact PLTPa (supplemen-
tary Fig. III). Exome coverage and missing data rates in
this region did not differ from the rest of chr. 19 (data not
shown).

Analysis of the exomic variants both within the IBD re-
gion and in genes expressed in tissues of interest identi-
fied four nonsynonymous candidate sites (Table 4, Fig. 3)
that explained >12% of total var (adj-PLTPa). Two of these
sites, 1s17160348 and rs17160349, are missense variants in
the longevity assurance homolog 4 gene, LASS4, each ex-
plaining 13% of the total var(adj-PLTPa). These variants
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TABLE 3. Joint probability of sharing the ancestral allele among
influential individuals in F1

Marker Location (cM) uQ All
D19S1034 19.28 0.05 0.05
rs2860177 24.15 0.69 0.63
rs12608849 25.05 0.8 0.74
D19S586 30.04 0.95 0.93
D19S581 32.35 0.96 0.96
rsb742911 32.4 0.96 0.96
D19S1165 33.43 0.96 0.96
rs9917042 35.4 0.63 0.63
rs12463361 37.7 0.27 0.27
D19S714 39.54 0.001 0.001

Column UQ), probability that the four influential individuals with
adj-PLTPa values in the upper quartile share the allele IBD. Column
All, probability that the two influential individuals with values in the
lower quartile of the distribution do not share this allele IBD with the
other four influential individuals. Probabilities > 0.75 are in bold.

each have minor allele frequency of 0.16 in Caucasians,
and the positions are evolutionarily conserved with Ge-
nomic Evolutionary Rate Profiling score, (GERP) = 2.99
and 2.89, respectively (65). Another missense variant in
LASS4, rs36259, with minor allele frequency of 0.22, was
successfully called on 16 of the 26 family members and
explains 11% of the total var(adj-PLTPa). Although
rs17160348 and rs17160349 are in complete LD in the
1000 genomes CEU sample (66), one subject’s exome se-
quence was discordant. After directly genotyping these
two sites in all families, it was apparent that a calling error
existed in the exome data and that the sites were in com-
plete LD in all four families as expected for European-
Americans. We did not genotype rs36259 because the
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Fig. 3. Total variance of adj-PLTPa explained in family F1 by sites
in chr. 19 regional genes expressed in at least one of the following
tissues: liver, intestine, adipose, or vascular epithelium. Black
crosses are nonsynonymous variants. Gray crosses are synonymous
variants. Gray dots are CVD SNPs. The IBD region from Table 3 is
indicated. The LASS4 variants are circled. The differences in ex-
ome results among the three concordant LASS4 variants are due to
an exome calling error at rs17160349 and only 16 of 26 exomes
called at rs36259. Upon full genotyping, the LASS4 variant
rs17160348 was significantly associated with adj-PLTPa in families
F2, F3, and F4 (P = 0.02). The site in OLFM2, located at 30.4 cM,
was not significantly associated with adj-PLTPa in families F2, F3,
and F4 (P=0.75), nor was the site in ZNF443, located at 33.6 cM
(P = 0.71). The location of the LDL receptor gene (LDLR) is
indicated.
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minor alleles of the other two sites always occur with the
minor allele of rs36259 in the 1000 genomes CEU sample
(D=1, = 0.7) (66), as well as with the inherited haplo-
type in our data. Because these three sites had identical
genotypic states in family F1, they identified a haplotype
shared by family members (Table 5, haplotype B), and re-
sults for each site were identical. Including all available
genotypes at rs17160348 explained 6% of total var(adj-
PLTPa) and 19% of genetic var(adj-PLTPa) in family F1,
and reduced the maxBF to 18 from 54. The minor allele
appeared to increase PLTPa in family F1 (Fig. 4A). Two
siblings in family F1 had a separate predicted deleterious
missense mutation atrs17159388, inherited from a founder
outside the pedigree. Additional alleles such as this are
not accommodated in the linkage model and may result in
rs17160348 not explaining all of the linkage evidence.

In addition to the single discovery family, the rs17160348
genotype association with adj-PLTPa was validated in the
three other families (P = 0.02). Because there were only
two minor homozygotes, we estimated the dominance ef-
fect coefficient By, = 1.2, which was in the same direction
as the effect in family F1 (Fig. 4). Measured across these
three families, the LASS4 variant explained 20% of the ge-
netic var(adj-PLTPa). However, the LASS4 variant was not
associated with HDL, LDL, VLDL, TG, apoB, total choles-
terol, or insulin (P> 0.26) in any of the families.

Unlike the LASS4 variants, the association at the other
two nonsynonymous SNPs in the haplotype was not repli-
cated in the other three families (P = 0.71 for rs28559848
and P=0.75 for rs11556087). These SNPs occur in the zinc
finger protein 443 gene, ZNF443, and in the Olfactomedin
2 gene, OLFM2, a gene relevant to glaucoma (67).The minor
allele of rs28559848 causes a read through at ZNF443,
resulting in four extra amino acids, and the site is not evo-
lutionarily conserved (GERP = —2.71). This site’s geno-
types cluster poorly, possibly due to interference of nearby
zinc finger genes, leading to missing data and decreased
confidence in genotype calls. SNP rs11556087 results in
a missense in OLFM2 and is evolutionarily conserved
(GERP = 3.6). Other variants on the risk haplotype, but
not expressed in relevant tissues, are discussed in the sup-
plementary material. Only synonymous coding variants
were detected at LDLR, none of which explained the
var (adj-PLTPa).

DISCUSSION

We presented evidence of linkage between PLTPa and
chrs. 19 and 2. The linkage evidence on chr. 19 was attrib-
utable to a single family (F1), whereas detection of link-
age on chr. 2 required information from all four
families. Among biologically plausible genes on the linked
inherited haplotype (IBD region) on chr. 19, only LASS4
contained variants that were significantly associated with
PLTPa in both the discovery family and the three addi-
tional families; these effects are also in the same direction.
Failure to detect linkage between chr. 19 and families F2,
F3, and F4 does not negate the observed association. In-
cluding LASS4 haplotype from all available F1 pedigree



TABLE 4. Genes for which variant exomic sites explain = 12% of the total var (adj-PLTPa)

Gene rsID Loc. (cM) IBD maf \% GERP Effect
EMRI1 1373533 22.3 Unlikely 0.22 0.13 -0.72 missense
EMRI1 rs461645 22.3 Unlikely 0.23 0.13 —0.24 missense
FCER2 1rs2228137 24.6 Unlikely 0.03 0.16 2.83 missense
FBN3 rs12460643 25.1 Possibly 0.29 0.22 =7.7 synonymous
FBN3 rs12974280 25.2 Possibly 0.37 0.13 =5.17 synonymous
LASS4 1517160348 25.7 Yes 0.16 0.13 2.99 missense
LASS4 rs17160349 25.7 Yes 0.16 0.13 2.89 missense
ZNF317 1s9305035 29.6 Yes 0.08 0.13 2.57 synonymous
OLFM2 rs11556087 30.4 Yes 0.24 0.12 3.6 missense
TYK2 1rs280523 31.7 Yes 0.10 0.13 —3.42 synonymous
ZNF625 1rs12972621 33.4 Yes 0.42 0.13 1.27 synonymous
ZNF443 rs28559848 33.6 Likely 0.19 0.12 —2.71 nonsense
DNAJB1 rs3962158 37.8 Unlikely 0.32 0.12 —6.54 Synonymous

A positive GERP score indicates evolutionary conservation of the reference allele (65). Genes in bold type are
expressed in at least one of four relevant tissues: liver, intestine, adipose, or vascular epithelium. The column
labeled IBD indicates if the site is within the IBD region. V, var(adj-PLTPa) explained; maf, minor allele frequency

in hapmap CEU.

members explained some, but not all, of the chr.19 link-
age evidence for PLTPa. This suggests that other regional
variation, such as alternative alleles, may contribute to
variation in PLTPa or that the linear model construct is
insufficient to model the underlying biology.

The LASS4 haplotype associated with PLTPa carried
three separate missense mutations in all families. Pheno-
typic effects could be due to one or all of these. The
rs17160348 variant causes a Ala353Val amino acid (aa)
substitution (of 394 aa) and is highly conserved (GERP =
3.0). Further, this A/V is likely to disrupt an o helix and
rs17160348 is a cis-eQTL modifying LASS4liver expression
(68). As the minor allele for rs17160349 (Arg379Gln) is
aways paired with that of rs17160348, they have similar
GERP scores (~3). rs36259 (Ala366Thr) is only slightly
less conserved (GERP = 1.7).

LASS4 is an interesting and plausible biological candi-
date for influencing PLTPa. LASS4 is involved in sphingo-
lipid synthesis, specifically of longer ceramides (69).
Adipose ceramide correlates with fatty liver and inflamma-
ton (70). LASS4 is expressed in most tissues, including
adipose and liver, although not in muscle, testis, or thymus
(71, 72). Noncoding genetic variation in LASS4 is associ-
ated with variation in sphingomyelin species C18 to C20,
with ceramide C20:0, and ratios of sphingolipids (73). In
rodent models, leptin infusion downregulates LASS4 and
decreases ceramide production in adipose; this decreased
ceramide is associated with decreased insulin resistance
(74). As discussed above, PLTPa is correlated with insulin
and HbAI1C levels and is altered by insulin or glucose
infusion (26-28). An association between insulin and
rs17160348 is not expected as PLTPa was adjusted for insu-
lin in our analysis. Furthermore, adj-PLTPa was only weakly
correlated with HDL, LDL, VLDL, TG, apoB, and total

TABLE 5. The three LASS4 haplotypes defined by SNPs rs17160348,
1r$36259, and rs17160349 in the CEU population

LASS4 haplotype HAPMAP frequency aa 353 aa 366 aa 379
A .80 ALA ALA ARG
B .16 VAL THR GLN
C .04 ALA THR ARG

cholesterol consistent with the lack of association found
between the LASS4 variants and these phenotypes. To our
knowledge, LASS4 variants have not been reported to be
associated with these traits or cardiovascular disease.

Inability to detect a linkage signal at the PLTPstructural
locus on chr. 20 may have been due to the absence of
large-impact rare variants at the locus in these families, or
the presence of multiple alleles with smaller impacts on
PLTPa. Consistent with this, no PLTP coding variants were
detected by exome sequencing of key subjects. Further-
more, the exome sequencing did not detect any genetic
variation at PLTP in addition to the known regulatory
SNPs. However, as previously reported, these multiple reg-
ulatory region SNPs at PLTP did impact activity in these
families (26). A chr. 2 linkage signal is supported but does
not meet genome-wide significance (lod = 2.8), so we did
not pursue it further.

Our study design presents several limitations. Nonexomic
sites were not considered, so it is possible that a causal site is
missed. Although it is possible that the variants in LASS4
may be in LD with such a missed site, we believe coding vari-
ants are more likely to predict the large effect size detect-
able by linkage. Additionally, the exome coverage in the
IBD region did not differ from other regions, indicating
that it was likely that we detected all coding variation in this
region in the exomed individuals. Second, several variants
segregated with the IBD region, making it difficult to distin-
guish between those that may be causal and those that are
in LD. To address this problem, we relied on effect in all
families, as well as tissue expression and type of mutation to
evaluate candidates in the IBD region. Additional QTLs in
the genome may not have been detected because linkage
analysis requires a large effect size as demonstrated by lack
of linkage detection to the PLTP structural locus. Although
the MCMC analyses can evaluate more complex models
than some methods, the linear assumption may have hin-
dered our efforts to detect a QTL that does not meet this
requirement. Finally, the families were ascertained based
on presence of FCHL. Although we lack evidence suggest-
ing that PLTPa is associated with FCHL, it is possible that a
relationship exists that could bias our analysis.
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homozygotes, each from a different family. The width of each boxplot is proportional to the number of in-
dividuals with each genotype. Numbers in parentheses below the boxplots give the sample size. Refer to Fig. 1

for explanation of the boxplot symbols.

In summary, we detected evidence of linkage of PLTPa
to chr. 19 in one family and chr. 2 in four families. This is
the first evidence of genetic effects on PLTPa outside the
PLTP structural locus. The availability of exome sequence
data on selected individuals enabled analysis of one large
region of the genome, presented here, and for future
analysis on another large region on chr. 2. In addition, the
availability of the exome sequence data enables analyses
with these families on multiple traits without a priori
knowledge of the regions of interest. In possibly the first
example of using exome data in families to address a quan-
titative trait, our results suggest that variation in LASS4 in-
fluences PLTPa in all four families. Furthermore, the
LASS4 variants accounted for slightly more variation in
PLTPa than the PLTPSNP rs6065904, indicating that non-
structural locus coding variation may be of interest when
studying protein activity. Identification of genetic varia-
tion underlying PLTPa variation may illuminate the biol-
ogy of PLTPa and ultimately impact the prevention and
management of CVD.Hi
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