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Abstract

Although the current obesity epidemic is of environmental origin, there is substantial genetic
variation in individual response to an obesogenic environment. In this study, we perform a
genome-wide scan for quantitative trait loci (QTLs) affecting obesity per se, or an obese response
to a high-fat diet in mice from the LG/J by SM/J Advanced Intercross (Al) Line (Wustl:LG,SM-
G16). A total of 1,002 animals from 78 Fq¢ full sibships were weaned at 3 weeks of age and half
of each litter placed on high- and low-fat diets. Animals remained on the diet until 20 weeks of
age when they were necropsied and the weights of the reproductive, kidney, mesenteric, and
inguinal fat depots were recorded. Effects on these phenotypes, along with total fat depot weight
and carcass weight at necropsy, were mapped across the genome using 1,402 autosomal single-
nucleotide polymorphism (SNP) markers. Haplotypes were reconstructed and additive,
dominance, and imprinting genotype scores were derived every 1 cM along the F1g map. Analysis
was performed using a mixed model with additive, dominance, and imprinting genotype scores,
their interactions with sex, diet, and with sex-by-diet as fixed effects and with family and its
interaction with sex, diet, and sex-by-diet as random effects. We discovered 95 trait-specific QTLs
mapping to 40 locations. Most QTLs had additive effects with dominance and imprinting effects
occurring at two-thirds of the loci. Nearly every locus interacted with sex and/ or diet in important
ways demonstrating that gene effects are primarily context dependent, changing depending on sex
and/or diet.

Introduction

The increase in obesity prevalence over the past decades is attributed to an increasing energy
imbalance, whereby an individual consumes more energy than is expended (1). Swinburn et
al. (2) suggest that most of the increase in body weight has been due to increased energy
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intake. Even though the increase in obesity in human populations is environmental in origin,
significant genetic variation in obesity levels remains (3). Some individuals fed a high-fat
diet will become obese, whereas others will remain relatively lean. Part of this variation in
response to an obesogenic diet is genetic. Genetic variations interacting with the
environment are critical for understanding the genetics of obesity.

Human genome-wide association studies have identified several obesity loci segregating in
human populations (4). However, these loci jointly account for only a small portion of the
total genetic variance in obesity (5). Several reasons are given for the low levels of genetic
variation accounted for by quantitative trait loci (QTLS) in genome-wide association studies,
including: low statistical power; unrecognized population structure; the potential
contributions of rare alleles; the burden of excessive controls for multiple comparisons; and
unrecognized context dependence of gene effects. Context dependency can be with respect
to other genes, sex, or environment. Although some human population studies have
successfully examined context dependence (e.g. 6,7), many suffer from a lack of power and/
or poor measures of the relevant environments.

In addition to investigating the usual genetic effects of QTL and their interactions with
environment, we also examine the role that genomic imprinting plays in adult obesity.
Genomic imprinting occurs when the effect of an allele differs depending on whether it is
inherited from the mother or the father. This is most often discussed in terms of paternal or
maternal expression, where the heterozygote expresses the same phenotype as the
homozygote that inherited the same paternal or maternal allele, respectively. With genomic
imprinting, reciprocal heterozygotes (LSand SL) are genetically identical but
phenotypically distinct because they only express one of the two alleles, either that provided
by the father or that provided by the mother. A variety of epigenetic mechanisms have been
described as leading to genomic imprinting effects, including DNA methylation, histone
modification, and noncoding RNAs (8). Genomic imprinting effects on adult obesity have
been associated with certain human genetic syndromes, such as Prader-Willi and Angelman
syndromes (9) and has been observed in human (10-12) and murine (13-15) mapping
studies.

We have utilized the intercross of LG/J and SM/J mouse inbred strains as a model system
for investigating genetic variation in obesity and response to a high-fat diet. We originally
chose this cross because of the obvious differences in growth and adult body size between
the strains (16,17). LG/J has the highest and SM/J the lowest average body mass among the
strains listed in the Mouse Phenome Database (phenome.jax. org). Further investigations
(18,19) showed that the strains were also distinct in terms of obesity and diabetes-related
traits and that their intercross segregates substantial genetic variation in these traits (20,21).
As in human populations, variation in complex traits in this cross is due to the segregation of
many genes of small effect interacting with each other and with the environment. However,
unlike in human populations, mouse gene mapping studies have more power by including:
experimental control of population structure; variants that are common by experimental
design; and strictly controlled and measured environments.

QTL mapping in the LGXSM Recombinant Inbred strains (22) indicates that many genomic
regions are involved in interactions with dietary environment. Here, we present a fine-scale
QTL map of obesity and high-fat diet obese response in the LG/J by SM/J Advanced
Intercross (Al) Line F1g population (Wustl:LG,SM-G16). Previous quantitative genetic
analysis of this population (21) showed that obesity was moderately heritable and that there
were substantial gene-by-sex and gene-by-diet interactions. Genetic effects on obesity under
the high- and low-fat diets only share 20% of their genetic variation in common, indicating
substantial differences in the genetic basis for variation in obesity on different diets.

Obesity (Silver Spring). Author manuscript; available in PMC 2013 June 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cheverud et al.

Page 3

We have also documented genomic imprinting effects on body size, growth, and body
composition in the Al Line (15,23,24). We found that genomic imprinting effects can vary
depending on genotypes at other loci (25) and on sex (26). In addition to the usual parental
imprinting patterns (paternal or maternal expression), we observed various forms of
dominance imprinting (15,24). Unlike earlier obesity mapping studies of this cross
(22,27,28), we report variation in dietary fat intake and consequent gene-by-environment
interactions, measurement of four different fat depots, not just the reproductive fat depot, an
assessment of genomic imprinting effects, and a much finer scale mapping of QTLs than
possible in earlier generations.

Methods and Procedures

The mice used in this study were from the F1g generation of the LG/J by SM/J Al Line
(Wustl:LG,SM-G16), referred to from now on as the Al Line. We first crossed 10 male SM/
J mice with 10 female LG/J mice obtained from the Jackson Laboratories (Bar Harbor, ME).
The one-way cross has several consequences for our studies: there is no mitochondrial
variation because all animals carry the LG/J mitochondrion; there is no Y chromosome
variation as all males carry the SM/J Y chromosome; and the X chromosome complement in
the population is 67:33 (LG/J:SM/J) instead of 50:50 requiring modifications of the mapping
analysis in Al Line populations. Here we consider only the autosomes.

Starting with the F, hybrids, the Al Line (29) has been managed as a pseudorandomly mated
population; (i) brother—sister mating is not allowed; and (ii) we chose one male and one
female from each family as breeders for the next generation, when possible, rather than
choosing randomly from the population as a whole. Eliminating variation in familial
contributions to the next generation doubles the effective population size of a colony relative
to its census size and is the most effective, simple measure that can be taken to reduce the
rate of inbreeding in a closed colony (30). The average humber of breeding pairs used in Al
Line production is 75, for a census size of 150 and an effective size of ~300. Earlier
mapping studies of obesity per sein the Al Line include mapping in the F, and F3
generations (27,31) and in the F1g generation (28). Animals in the earlier studies were fed a
standard chow diet (PicoLab Rodent Chow 20, cat. no. 5053) and only the reproductive fat
depot was measured.

There were 1,002 experimental F1g animals produced by 78 double-mated breeding pairs
producing 148 litters of 6.8 animals each. Males (/= 500) and females (A = 502) from each
of these litters were evenly partitioned into cohorts fed a low-fat (247 males; 254 females) or
a high-fat (253 males; 248 females) diet. After weaning at 21 days, animals were separated
into sex-specific cages of four or five animals per cage, and placed on isocaloric high-
(Harlan Teklad cat. no. TD88137) or low-(Research Diets cat. no. D12284; see Table 1) fat
diets, dividing each sibship equally between treatments. Calories from fat are 15% in the
low-fat diet and 43% in the high-fat diet.

Animals were weighed weekly from 1 to 20 weeks after which they were killed and
necropsied. Carcass weight was recorded at necropsy and four fat depots were dissected and
weighed: the reproductive, kidney, mesenteric, and inguinal fat depots. Carcass weight was
measured at killing before any fat depots or organs were removed. We also analyzed the
sum of the four fat depot weights (total depot weight).

Quantitative genetic analyses to obtain heritabilities, genetic, and phenotypic correlations
were undertaken using a multivariate analysis of variance with carcass weight and the four
fat depot weights as dependent variables and sex, diet, sex-by-diet interaction, and family as
the independent variables. Genetic variances and covariances were calculated as twice the
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between-family variance (30), whereas phenotypic variances and covariances were obtained
as the sum of the between- and within-family variances and covariances. Heritabilities and
correlations were calculated from the variance/covariance matrices. In this design,
heritabilities and correlations are pooled across the sex—diet cohorts. Cohort-specific values
are given in Ehrich et al. (21).

We selected 1,536 polymorphic single-nucleotide polymorphisms (SNPs) from the Oxford/
CTC database (http://www.well.ox.ac.uk/mouse/INBREDS/) for scoring with the Illumina
GoldenGate Bead Array (Illumina, San Diego, CA). A total of 1,402 autosomal SNPs were
reliably scored and used to create a map using R/QTL (32). The map and physical positions
of the SNPs are listed in Supplementary Table S1 online. The map is measured in terms of
recombination accumulated by the F15 generation. At short distances across the genome, the
F16 map is eight times longer than the F» map, so 1 F, cM is equal to 8 F1g cM and 1 F15 cM
is equivalent to 0.125 F, cM.

Interval mapping was performed using the method of Haley and Knott (33). Additive (Xj)
and dominance (Xg) scores were assigned to individuals at each marker; X; =-1,0, 0, 1 and
X3=0,1,1,0forthe SS, LS, SL and LL genotypes, respectively, where the first allele is
inherited from the father and the second from the mother. We have added the genomic
imprinting score (.X;) as another direct genetic effect (24). Genomic imprinting distinguishes
the two reciprocal heterozygotes and is scored 0, +1, -1, 0 for the LL, LS, SL, and 5SS
genotypes, respectively. In order to differentiate between LSand SL heterozygotes, it is
necessary to determine the maternally and paternally derived alleles of F1¢ heterozygotes.
This was accomplished using the Integer Linear Programming algorithm in PedPhase 2.0
(34) and the SNP genotypes of the F15 parents and their F1¢ offspring. Because the Integer
Linear Programming algorithm is computationally intensive, it was necessary to divide the
larger chromosomes into segments for this analysis.

The three genotype scores, X3, Xy, and X; were then used to impute scores in the intervals
between markers using the equations provided by Haley and Knott (33) with the addition of
newly derived equations for imputing imprinting genotype scores described in
Supplementary Table S2 online. We imputed genotype scores every 1 F15 cM between the
most proximal and distal markers on each chromosome. Genotype scores for the markers
were intercalated at their map positions.

We used a complex mapping model including sex, diet, the sex-by-diet interaction, the
direct effects of the genomic locations (X3, Xy, and Xj), and their two- and three-way
interactions with sex and diet as fixed effects, and family and its two- and three-way
interactions with sex and diet as random effects using the Mixed Procedure (method = ML)
in SAS (SAS, version 9.1; SAS Institute, Cary, NC);
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The -2 In(likelihood) of this model was compared to a base model including only sex, diet,
and the sex-by-diet interaction terms using a Xz-test with 12 degrees of freedom.
Probabilities were transformed into logarithm of the odds (LOD) scores using LOD =
—logyg(Prob). The regression coefficients estimated by this model are equivalent to the
standard genotypic values from quantitative genetic theory (30). Each coefficient is
identified by its genetic effect, additive (&), dominance (&) and genomic imprinting (),
combined, when appropriate, with the interacting factors of sex (as, ds, 7s), diet (ad, dd, id),
and sex and diet (asd, dsd, isd). A genotypic value is defined as the average value of
individuals carrying that genotype (7.2, .S, S S, S L). The additive genotypic value is half the

difference between the two homozygotes (4=(LL — S 5)/2) (ref. 30). The dominance
genotypic value is the deviation of the average phenotype of the heterozygotes from the
midpoint of the two homozygotes (d=((LS+S L) — (LL+S S))/2) (ref. 30). The imprinting
genotypic value is half the difference between the reciprocal heterozygotes (;=(LS — SL)/2)
(ref. 24). Inclusion of family and family-by-sex and/or -diet interaction random effects in the
model adjusts its probability to account for autocorrelation due to family structure (24). The
different sibships are treated as unrelated here, although there are small, diffuse relationships
among them. The bias caused by this low degree of between-sibship autocorrelation is
inconsequential given the maring program of the Al Line (24).

We corrected for multiple comparisons using the Bonferroni adjustment estimating the
number of independent tests using the Li and Ji (35) procedure based on the eigenvalues of
the correlation matrix of marker additive genotype scores. We corrected for multiple
comparisons first at the genome-wide level (LOD >3.90) and then separately for each
chromosome (for chromosome-wise thresholds see Supplementary Table S1 online), as
suggested by Chen and Storey (36). With chromosome-wise significance thresholds, we
expect a single false-positive result for each trait in a genome-wide scan. QTL support
regions were determined using a one LOD drop from the peak LOD of the QTL.

We also examined our QTL results to determine whether total body mass (carcass weight)
might account for our observed significant fat depot QTLs. For each QTL, for each trait, for
each population cohort in which a significant result was obtained, we fit the original null
model (sex, diet, sex-by-diet interaction) plus carcass weight. We then added the genotype
scores (X3, Xy, and .X;) to the model and used the difference in -2 In (likelihood) as a XZ
value with three degrees of freedom to test whether the fit was significantly improved. If so,
gene effects on obesity are independent of carcass weight to some extent. We also tested a
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further model that included the interactions between carcass weight and the genotype scores
using the difference in -2 In (likelihood) as a x 2 value with three degrees of freedom to test
whether the fit was significantly improved by adding the interactions. A significant finding
at this level indicates that the relationship between carcass weight and obesity differs
depending on the genotype. This kind of effect defines a relationship QTL (rQTL; 37,38), a
locus that affects the relationship between fat depot weight and carcass weight.

Trait means for males and females fed a low- or high-fat diet are provided in Table 2.
Overall, males carry an average of 45% more fat in their depots than do females when fed
the low-fat diet. Females respond much more strongly to the high-fat diet (125% increase)
than do males (64% increase) so that fat depot weights on a high-fat diet are only 10%
heavier in males than in females. Heritabilities are moderate, ranging from 30% for the
inguinal fat depot to 47% for carcass weight. Both phenotypic and genetic correlations
among the depots and carcass weight are high (all 7> 0.67; see Table 2). Genetic
correlations are higher than their phenotypic counterparts, an expected result due to an
upward bias in genetic correlation estimates (39). The high correlations predict substantial
levels of pleiotropy at loci affecting the traits.

We found 40 obesity QTLs (see Table 3) distributed across the genome. Of these 40, 11
have effects on at least one trait that is significant at the genome-wide level, whereas the
others are significant at the chromosome-wise level. There are 95 trait-specific effects
grouped into these 40 locations (see Supplementary Table S3 online). The reproductive fat
depot is the most commonly affected trait (26 QTLS), followed by total depot weight (20
QTLs), and carcass weight (17 QTLSs). The mesenteric (13 QTLs), kidney (11 QTLs), and
inguinal (8 QTLs) fat depots mapped to fewer locations, but still occur at a rate at least eight
times higher than expected by chance given a chromosome-wise significance threshold.
With the strict Bonferroni-corrected thresholds, 24 QTLs affect only a single fat depot, 10
affect two depots, 4 affect three or more depots, one affects only the total depot weight, and
one affects only carcass weight with no effects on obesity.

However, this is likely to be an underestimate of the true level of pleiotropy. Specific depots
may not pass the Bonferroni-corrected threshold but may still be significant at a protected
point-wise 5% threshold (LOD >1.3). If we accept as significant any fat depot significant at
the point-wise threshold at locations where at least one depot is significant at the
Bonferroni-adjusted level, a different picture emerges. Under these criteria, 47.5% of the 40
QTLs affect all four depots (see Table 3), 25% affect 3 of 4 depots, 22.5% affect two fat
depots, and only 5% affect a single depot.

Traits at most QTLs show significant interactions with sex and/or diet (n7= 37). Interactions
with sex (7= 35) are slightly more common than interactions with diet (7= 31) but the
majority of loci interact with both (7= 29). Context dependency is a nearly universal feature
of these QTL. There are three direct genetic effects included in our analytical model,
additive (&), dominance (d), and genomic imprinting (/) at each locus and, hence, 40
potential interactions with sex and/or diet for each genetic effect for each trait across the 40
QTLs. Of these 120 potential effects about one-third are null, not significant either as main
effects or as any form of interaction with sex and/or diet (27.5% additive; 30% dominance;
42.5% imprinting). Approximately 11% of the effects are significant main effects that do not
interact with sex and/or diet (12% additive; 10% dominance; 10% imprinting). The
remaining 56% of the potential effects are interactions with sex, diet, or with both jointly
(60% additive; 60% dominance; 47.5% imprinting). When genes have an effect, it is most
often a context-dependent one.

Obesity (Silver Spring). Author manuscript; available in PMC 2013 June 11.
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The 40 QTLs have 131 trait-specific effects that are often restricted to sex or diet-based
subpopulations rather being evident across the whole population. Only 13 QTL effects are
manifest in the full population across all cohorts. Sixteen effects are restricted to animals of
both sexes on a specific diet, 13 affecting only high-fat fed animals and 3 affecting only
low-fat fed animals. Twenty-nine effects are restricted to a single sex but are evident on both
diets, 20 in females and 9 in males. The remaining effects are restricted to a single cohort,
with 58 effects restricted to high-fat fed females (HF), 7 effects exclusive to low-fat fed
females (LF), 5 effects solely on highfat fed males (HM), and 3 effects restricted to the low-
fat fed males (LM). Overall, more effects are found in females and in animals fed a high-fat
diet than amongst males and animals fed a low-fat diet.

Eighteen loci have different effects in multiple sex—diet cohorts. For example, Dob17e (see
Figure 1) has significant additive and dominance effects on total fat depot weight in HF and
a significant imprinting effect in HM. There are also eight instances where the same genetic
effect is significant in multiple cohorts but the effects are of opposite sign. For example
Dobé6c (see Figure 2) has a negative imprinting effect on reproductive fat depot weight in LF
and a positive imprinting effect in HF. This indicates a substantially stronger effect of the
high-fat diet on LS animals relative to SL animals.

The loci discovered here display a complex genetic architecture. Most of the 95 trait-specific
QTLs have significant additive effects (80% of loci) followed in frequency by dominance
(64%) and genomic imprinting (61%) effects. Significant additive effects average 0.28 s.d.
units (range 0.1-0.7 s.d.). The LG/J allele results in heavier weights for 44 trait-specific
QTLs, whereas the SM/J allele results in heavier weights at 31 trait-specific QTLs. In terms
of grams of fat or body weight, homozygotes are distinguished, on average, by 1.2 g of
reproductive fat, 0.76 g of inguinal fat, 0.27 g of mesenteric fat, 0.26 g of kidney fat, 2.6 g of
fat summed across the depots, and 5.5 g of carcass weight.

Dominance values, like additive ones, tend to be relatively small with significant values
averaging 0.30 s.d. units on an absolute scale. Positive and negative dominance effects are
equally common. Most trait-specific QTLs do not have dominance effects (70 of 131), with
52 classified as codominant and 18 as null, involving neither additive nor dominance effects.
At 16 trait-loci the LG/J allele is dominant to the SM/J allele, whereas the reverse is true for
7 loci. There are a large number of both overdominant (21; heterozygotes heavier with no
additive effect) and underdominant (17; heterozygotes lighter with no additive effect) trait-
specific effects.

Genomic imprinting is also quite common. Imprinting genotypic values average 0.23 s.d.
units on an absolute scale. Unlike additive and dominance values, there is a significant
tendency for imprinting values to be positive (38 positive and 22 negative effects) indicating
that most often animals with the LS genotype, inheriting their LG/Jallele from their father,
are heavier than SL animals. We observe many different imprinting patterns, including 24
instances of parental imprinting with paternal and maternal expression equally common and
43 instances of dominance imprinting, including 25 examples of polar dominance (including
seven cases that also displayed maternal expression) and 18 of bipolar dominance imprinting
(no additive or dominance effects). The average differences between reciprocal
heterozygotes in grams and the number of QTL effects included is: reproductive fat depot
(0.90 g; 18), kidney fat depot (0.31 g, 6); mesenteric fat depot (0.24 g, 9), inguinal fat depot
(0.64 g; 2), total fat depot weight (2.35 g, 9), and carcass weight (4.33 g, 13).

After correcting for carcass weight, 54% of the QTLs still had significant genetic effects on
at least one of the fat depots in at least one affected population cohort (see Supplementary
Table S3 online), although an independent effect was only maintained at about 30% of the

Obesity (Silver Spring). Author manuscript; available in PMC 2013 June 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cheverud et al.

Page 8

QTL effects over all traits and cohorts. Of the 18 QTLs, 11 that were carcass weight-
dependent had significant genotype by carcass weight interactions, indicating that the
relationship between fat depot weight and carcass weight differed depending on the
genotype and that genotypic effects on obesity changed depending on the carcass weight.
The relationship of fat depot weights to carcass weight changes with genotype.

We can also examine these results in relation to the replication of the 24 reproductive fat
depot QTLs (Adjp1-25, Adijp22 never assigned) mapped in the Fy3 and Fg;19 populations
(27,28,31). These are listed in Supplementary Table S4 online. Twelve of the 24 Adijp loci
map to dietary obesity loci significant at the chromosome-wise level. The remaining 12
Adip loci map to genomic locations that are significant at the point-wise level (LOD >1.30)
in the Al Line. Point-wise thresholds can be used for replication of previously mapped QTL
because they provide an a priori hypothesis generated with unrelated data. Therefore,
significance thresholds at these QTL locations are protected from correction for multiple
comparisons. All Adjp loci are confirmed in this study.

The accumulation of recombination to the F1¢ generation allows us to map QTL positions
with greater precision than before. Confidence regions for trait-specific QTLs range from 1
to 17 Mb, with a median confidence interval length of 3.1 Mb. About one-quarter of the
intervals are <2.0 Mb. The numbers of annotated genes within these intervals ranges from 1
to 228 with a median number of 27 genes. A short list of obesity-related positional candidate
genes is provided in Table 3.

Discussion

All groups of animals added to their fat depots when fed a high-fat diet with females being
much more responsive than males. Earlier work on the parental strains, LG/J and SM/J,
indicated that each strain consumed the same amount of the high- and the low-fat diets (19).
This makes it unlikely that the effects noted here are due to differences in consumption
levels or caloric intake but to differences in processing nutrients.

We have mapped an unprecedented number of obesity QTLs in the Al Line to highly
restricted genomic regions. Surprisingly, all of the adiposity loci previously discovered for
the reproductive fat depot in animals reared on a low-fat diet (27,28,31) replicated in this
study. The dietary obesity loci mapped here also correspond to locations mapped in other
studies (see Supplementary Table S5 online) utilizing strains both related and unrelated to
LG/J and SM/J.

We also evaluated whether fat depot QTLs were independent of body mass (carcass weight).
Carcass weight is strongly correlated with fat depot weights and mapped to 16 of the 39 fat
depot QTLs, indicating substantial pleiotropy between body mass and fat depot weight.
When carcass size was included as a covariate, about half of the 39 loci no longer had
independent obesity effects (see Supplementary Table S3 online). This outcome could
represent loci that have organism-wide effects common to all organs and that are not
specific to fat deposition. Alternatively, the outcome could be due to the part-whole
relationship between fat depot weight and carcass weight. On average, nearly 20% of an
animal’s weight is dissectible fat in this population and in extreme cases this can reach 50%.
Also, lipid deposits in other organs, such as liver, heart, and muscle may increase with
increased fat depot weight rather than with other size factors. In a later generation of the Al
Line (E.A. Norgard, personal communication), we measured long bone lengths, a measure
of size not confounded with fat depot weight. There is only a 1% increase in long bone
length among animals fed the high-fat diet and a correlation of only 0.2 (4% shared
variation) between fat depot weights and limb lengths within cohorts. Hence, we believe that
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the part-whole relationship between fat depot weights and carcass weight is the likely
source of their association and that the use of carcass weight as a covariate is not indicated.
Furthermore, most of the carcass weight-dependent loci showed significant carcass weight
by genotype interactions indicating that the genotypic effects on obesity are altered at
different carcass weights. Such effects are referred to as relationship QTLs (37,38) as they
affect the relationship (regression slope) of fat depot weight and body mass.

We have mapped QTLs with much greater precision than in earlier studies. In a mapping
analysis of dietary obesity in the LGXSM Recombinant Inbred Lines, we located 20 trait-
specific obesity QTLs in 8 locations to a resolution of 22 cM (ref. 22), 14 were diet-
responsive and 6 were not. Here we mapped 95 trait-specific QTLs to 40 genomic locations
at a resolution of 1-2 cM (~3 Mb). This is a dramatic improvement both in power to detect
QTLs and in precision, localizing them to narrow regions of interest. The median number of
genes in a QTL support interval in this study is 27 but many locations contain 10 or fewer
genes. There are many genes in our regions that have annotations of relating to obesity or
other aspects of the metabolic syndrome (see Table 3). These include several genes involved
in PPAR signaling, including transcription factors Pparg (Dob6e), Ppard (Dob17a), and
Rxrb (Dob17b), fatty acid transport genes Fabp3 (Dob4b) and Acsl3 (Dobla), a fatty acid
oxidation gene Acad8 (Dob9a), Angptl4 (Dob17b) involved in adipocyte differentiation,
Ucpl1 (Dob8c) involved in adaptive thermogenesis, and Agp7 (Dob4a) involved in
gluconeogenesis. Another pathway with multiple positional candidate genes is the p38 MAP
kinase signaling pathway controlling cell cycle. This pathway includes positional candidate
genes Mapk13 (Dob17a), Mapk14 (Dobl178), Dusp6 (Dob10a), Tnf(Dobl7b), Daxx
(Dob17b), Gadd45gip1 (Dob8c), and Hspall (Dobl7b). Positional candidate genes in the
leptin signaling pathway include Npy (Dob6a), Stat3(Dob11b), Prkagl (Dob15b), and G6pc
(Dob11b). Tnf(Dob17b) signaling also involves Nfkbie (Dob17c) and links into the
autophagy pathway, involving Atg7 (Dob6e) and Becnl (Dob11b), through mTOR
signaling. Clearly there are several different mechanisms potentially involved in the obesity
differences between LG/J and SM/J. Those specified here may be most fruitful for follow-
up with gene expression studies and genomic sequence.

Nearly 75% of the 40 obesity QTLs affected three or all four fat depots, when depots
significant at a point-wise level are included at locations originally identified using
Bonferroni-adjusted thresholds. Thus, most QTLs affect fat deposition generally rather than
having depot-specific effects. This is consistent with the very strong genetic correlations
among fat depot weights in this cross (see Table 2; refs. 20,21). Even so, the remaining 25%
of the QTLs, affecting only one or two depots, may have distinct effects on different fat
depots. Most of the QTL affect the reproductive fat depot. This may be due to the fact that
the reproductive depot is the largest in mice and hence has a relatively smaller measurement
error variance. This also supports the primary use of the reproductive fat depot in murine
studies of obesity despite the lack of a comparable fat depot in humans in that most QTLs
affecting the reproductive fat depot weight also affect other depots with homologues in
humans.

Genetic (aand @) and genomic imprinting (/) effects were relatively small (0.1-0.8 s.d.
units) and numerous. Most loci have additive effects and both dominance and genomic
imprinting occur at nearly two-thirds of the loci. Effect distributions for all three genotypic
values are negative exponential, indicating a high frequency of small effects and reduced
frequency as the effect becomes larger. For additive effects, the LG/Jallele leads to a
heavier animal at 60% of the loci; this is a much lower percentage than found in our other
studies of obesity on a low-fat diet (27,28,31). The relatively high percentage of loci where
the SM/Jallele leads to higher levels of fat is consistent with our studies of the parent strains
showing that SM/J animals respond more strongly to a high-fat diet than LG/J animals (19).
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The most common dominance relationship is codominance with the heterozygote midway
between the two homozygotes. Of the remaining loci showing significant dominance, 37%
show full dominance with the LG/Jallele being most often dominant to the SM/Jallele.
Surprisingly, 63% of the dominance effects are either overdominant or underdominant.
Interaction between alleles at a single locus is very common for obesity in this population
and often occurs in the absence of additive effects.

The results for genomic imprinting are the most intriguing and unexpected. Imprinting is
common, occurring for traits at 61% of the loci. Although it has long been known that
genomic imprinting can play a role in obesity, the genome-wide scope of such effects has
not been realized. Here, the phenomenon is as prevalent as dominance. Relative to the total
of 83 known imprinted loci in mice, the discovery of 24 imprinted obesity loci in this study
indicates that the true number of imprinted genes is much higher than generally thought, a
finding consistent with the bioinformatic study of Luedi et a/. (40). Furthermore, our results
show a preponderance of dominance imprinting over parental imprinting. Fully two-thirds of
the effects are dominance imprinting, where the homozygotes are identical and either one
(polar dominance) or both (bipolar dominance) heterozygotes deviate from the common
homozygous value. The callipyge locus in sheep (41) is an especially dramatic example of
dominance imprinting that has been examined at the molecular level. The dominance
imprinting effects at callipyge are caused by the coinheritance of tightly linked maternally
and paternally expressed loci (24,41). Mapping studies that only parameterize parental
imprinting fail to discover these more complex imprinting effects (e.g., 42). Clearly,
imprinting plays an important role in the genotype- phenotype relationship for obesity.

The most striking result of our study is that obesity loci show strong, nearly ubiquitous,
context dependency. The effects of genes change depending on the sex they are expressed in
and on the proportion of fat in the diet. Genetic variation among individuals in their
response to the high-fat diet is remarkable. As with the obesity loci mapped in the
Recombinant Inbred lines (22), the effect of nearly all obesity QTL mapped in the Al Line
change depending on sex and diet. Over half the gene effects detected occur in only one of
the four subpopulation cohorts (LF, HF, LM, HM) each making up only one-quarter of the
total population. Most of these gene effects are of reduced magnitude and statistical
significance in the general population when pooled over sexes and diets. For example, at
Doblathere are no effects in the LF, LM, or HM cohorts, the only significant effects being
in the HF cohort (see Figure 3). If the population is analyzed by pooling these cohorts and
ignoring interaction, the additive and imprinting effect sizes are reduced fourfold and are no
longer very apparent or significant. Indeed, 76% of the trait-specific effects in this study
would have been missed entirely if the analysis had relied on the genotypic values pooled
over cohorts and ignored gene-by-sex and gene-by-diet interactions. Analyzing pooled data
washes out cohort-specific effects.

Some loci have more complex interaction patterns with multiple cohorts affected in different
ways. For example, at Dobéc (see Figure 2), there are significant positive additive and
negative imprinting genotypic values in the LF cohort but significant positive dominance
and positive imprinting values in the HF cohort. All females are affected by this locus,
however, the pattern of genotypic values is different depending on the diet. In the LF cohort
the LG/Jallele causes a heavier reproductive fat depot weight, there is no dominance, and
there is maternal expression imprinting. In contrast, in the HF cohort we observe no additive
effect, significant over-dominance, and a significant positive dominance imprinting effect.
At QTL Dob17e (see Figure 1), both males and females are affected when fed a high-fat diet
but in females the SM/Jallele results in heavier total depot weights, the LG/Jallele is
dominant, and there is maternal imprinting (37~75) Whereas in males there are no
significant additive or dominance effects and the bipolar imprinting effect is the opposite of
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that found in females (75-57)- The genetics of obesity presents a rich array of possibilities
and patterns, the clearest of which is that gene effects do not belong to the alleles themselves
but are conditional on sex and dietary environment. It is not enough to consider these factors
as covariates. Interactions have to be explicitly included in analytical models to determine
their effects. Gene-by-environment interaction is not merely a nuisance factor but lies at the
heart of the obesity epidemic determining who becomes obese and who remains relatively
lean in an obesogenic environment.

Imprinting interactions are of special interest as they have rarely been mapped in genome
scans. Genomic imprinting patterns are dynamic, changing with age (23,24), with sex (26),
and, as described here, with dietary environment. The usual manner of thinking about
imprinting effects is that they are set at or soon after fertilization by epigenetic marking that
affects gene expression. The diversity of imprinting effect interactions detected in our study
reveal imprinting patterns that are labile, changing with environmental exposures and
perhaps being expressed differently in different tissues. Similarly, Jirtle et al. (43,44) have
repeatedly found that levels of imprinting and its associated genomic signatures are affected
by both maternal and postnatal environments. Waterland ef a/. (45) found that genomic
imprinting at the /g72locus and the methylation status of the /g2 differentially methylated
region 2 (DMR?2) in mice could be altered by a methyl-donor-deficient diet administered
after weaning. Their results indicate that postweaning nutritional factors can have a
permanent effect on the epigenetic regulation of imprinted genes. We have discovered
similar widespread alterations of imprinting expression due to a high-fat postnatal diet.
Whether this corresponds to alterations in epigenetic marks as well remains to be
determined.

If genetic and genomic imprinting interactions like those detected in our current study also
occur in human populations, it follows that it would be difficult to detect obesity QTLs in
human populations. There is certainly a broad diversity of environmental and dietary
exposure in human populations that often goes unmeasured. If most gene effects are
conditional on dietary environment, as we describe here, their effects would be washed out
in a human population survey because only those individuals experiencing the appropriate
diet would show a genetic effect. These individuals would be analyzed along with the
majority of the population who, experiencing a different dietary environment, do not display
that gene effect. This may be one reason that human genome-wide association studies fail to
find very many obesity genes and why they only explain a small part of the population
genetic variance for obesity.

In conclusion, we have fine-mapped a large humber of dietary obesity QTLs affecting fat
depot weights. Some of these locations correspond to regions identified in our earlier
mapping work and that of other researchers; however, many are novel locations. Many
evocative positional candidate genes were identified for further research. We find that the
effects of genes on obesity are nearly always dependent on the context, specifically, the sex
of the individual and the amount of dietary fat ingested. We discovered that genomic
imprinting effects on adult obesity are widespread, occurring at a majority of the loci and
that they are labile in response to the hormonal environment engendered by sex and in
response to the amount of dietary fat consumed. Further studies will refine the QTL intervals
reported here and evaluate gene sequence and expression variation in positional candidate
genes leading to experiments that will validate the identity of the quantitative trait genes
responsible for these mapped QTLs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Dob17e

HF HM

Figure 1.

Genotypic values of total fat depot weight in high-fat fed males (HM) and females (HF) with
contrasting imprinting genotypic values at locus Dob17e. In the females there are negative
additive and negative imprinting genotypic values, whereas in males both values are
positive. Error bars indicate £ 1.0 s.e.
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Figure?2.

Genotypic values of reproductive fat depot weights in the high-fat (HF) and low-fat (LF) fed
females at QTL Dobéc, where the genetic effects in the cohorts are distinct. Low-fat fed
females have a significant positive additive effect and a significant negative imprinting
effect, producing a pattern consistent with maternal expression, while high-fat fed females
have no additive effect, a significant positive dominance effect and a significant positive
imprinting effect. Error bars indicate + 1.0 s.e.
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Dob1a

LM LF HM HF FULL

Figure 3.

Genotypic values of reproductive fat depot weights in the four sex—diet-specific cohorts and
in the full population, pooled across the cohorts (FULL), at QTL Dob1a. This locus has an
effect only evident in the HF. There are no significant differences among the genotypes in
the LM, HM, LF, or FULL population cohorts but there is a significant negative additive
effect, with the Sallele leading to a heavier weight, and a positive imprinting effect with
maternal expression in the HF cohort. Error bars indicate + 1.0 s.e. LF, low-fat fed females;
LM, low-fat fed males; HF, high-fat fed females; HM, high-fat fed males; QTL, quantitative
trait locus.
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High- and low-fat diet constituents

Source Highfat Low fat
Energy from fat 42% 15%
Casein (g/kg) 195 197
Sugars (g/kg) 341 307
Corn starch (g/kg) 150 313
Cellulose (g/kg) 50 30
Corn oil (g/kg) — 58
Hydrogenated coconut oil (g/kg) — 7
Anhydrous milkfat (g/kg) 210 —_
Cholesterol (g/kg) 15 —
Total energy (kJ/g) 18.95 16.99
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