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Abstract

The TALLYHO (TH) mouse presents a metabolic syndrome of obesity, type 2 diabetes, and
hyperlipidemia. Highly significant quantitative trait loci (QTLS) linked to adiposity (proximal) and
hypercholesterolemia (distal) were previously identified on chromosome (Chr) 1 in a genome-
wide scan of F2 mice from C57BL/6J (B6)xTH. In this study we generated congenic mouse
strains that carry the Chr 1 QTLs derived from TH on a B6 background; B6.TH-Chr1-128Mb (128
Mb in size) and B6.TH-Chr1-92Mb (92 Mb in size, proximally overlapping). We characterized
these congenic mice on chow and high fat (HF) diets. On chow, B6.TH-Chr1-128Mb congenic
mice exhibited a slightly larger body fat mass compared with B6.TH-Chr1-92Mb congenic and B6
mice, while body fat mass between B6.TH-Chr1-92Mb congenic and B6 mice was comparable.
Plasma total cholesterol levels were significantly higher in B6. TH-Chr1-128Mb congenics
compared to B6.TH-Chr1-92Mb congenic and B6 mice. Again, there was no difference in plasma
total cholesterol levels between B6.TH-Chr1-92Mb congenic and B6 mice. All animals gained
more body fat and exhibited higher plasma total cholesterol levels when fed HF diets than fed
chow, but these increases were greater in B6.TH-Chr1-128Mb congenics than in B6.TH-
Chr1-92Mb congenic and B6 mice. These results confirmed the effect of the 128Mb TH segment
from Chr 1 on body fat and plasma cholesterol values and showed that the distal segment of Chr 1
from TH is necessary to cause both phenotypes. Through bioinformatic approaches we generated a
list of potential candidate genes within the distal region of Chr 1 and tested /fi202band ApoaZ.
We conclude that Chr 1 QTLs largely confer obesity and hypercholesterolemia in TH mice and
can be promising targets for identifying susceptibility genes. Congenic mouse strains will be a
valuable resource for gene identification.
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Introduction

Obesity is associated with many comorbidities such as type 2 diabetes and coronary heart
disease and affects 13% of the adult population worldwide, making it a major global health
concern (Flynt and Daepp 2015). Hyperlipidemia characterized by increased plasma lipids,
namely cholesterol and triglyceride, also signifies an increased risk of cardiovascular disease
and often coexists with obesity (Erion and Corkey 2017). An important component in the
development of obesity (Yazdi et al. 2015; Loos and Janssens 2017) and hyperlipidemia
(Dron and Hegele 2016) is genetic factors. Although there are rare monogenic forms of
obesity and hyperlipidemia, the genetic susceptibility to common forms is polygenic (Loos
and Janssens 2017; Dron and Hegele 2016). Environmental factors are also a critical
component in the development of obesity and hyperlipidemia, which is more likely the result
of interplay between genes and environments with varying contributions in each individual
(Doo and Kim 2015; Marais 2013). Among many environmental factors, nutrition is a strong
connection between these interplays and especially, consuming food high in fat content is
well known to promote obesity and hyperlipidemia (Doo and Kim 2015; Marais 2013).

The TALLYHO/Jng (TH) mouse is a polygenic model for human obesity and type 2 diabetes
and characterized by increased adiposity, insulin resistance, hyperglycemia, and
hyperlipidemia (Kim et al. 2001). In previous mapping study using F2 progeny of C57BL/6
(B6) and TH mice, we have identified two major quantitative trait loci (QTLS) on
chromosome (Chr) 1; one linked to increased fat pad weight near DIMit215 and the other
linked to hypercholesterolemia near DIMit113 (Stewart et al. 2010). Later, we named these
QTLs; 7abw3for the adiposity peak and 7achol1 for the hypercholesterolemia peak (Kim
and Saxton 2012). To confirm the QTLs and develop a strategy for positional cloning of the
responsible gene(s), in the present study, we generated and characterized congenic mice
carrying these QTLs derived from the TH strain on a B6 genetic background.

Materials and Methods

Animals and diets

B6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and maintained in
our animal facility and TH mice used for construction of congenic strain were from our
breeding colony. All mice had free access to food and water in a temperature and humidity
controlled room with a 12-h light/dark cycle. At 4 weeks of age, mice were weaned onto
standard rodent chow (14% kcal from fat, Purina 5001, PMI Nutrition, Brentwood, MO) or
high fat (HF) diets (32% kcal from fat, 12266B, Research Diets; New Brunswick, NJ) and
stayed on these diets throughout the study. Mice were euthanized by CO, asphyxiation, and
blood was collected by cardiac puncture and plasma obtained by centrifugation (1,200 g) at
4°C and stored at —20°C. Tissues were collected, frozen in liquid nitrogen and stored at
—-80°C. All animal studies were carried out with the approval of Marshall University Animal
Care and Use Committee.
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Construction of congenic mice

Mice congenic for the Chr 1 QTL genomic region were generated by marker-assisted
backcrossing (Kim et al. 2005). Briefly, B6 female and TH male mice were crossed to yield
F1 and then F1 was backcrossed with B6. The progeny were then genotyped with single
sequence length polymorphism (SSLP) markers to select heterozygotes for the QTL.
Selected heterozygotes were backcrossed again with B6 mice. This procedure was repeated
10 times, at which point female and male heterozygotes were crossed to obtain offspring
homozygous for TH alleles. Homozygous mice were then interbred to maintain congenic
lines. The congenic segment stretched from DIMit213t0 DIMit113.

Genotyping by PCR
Genomic DNA was isolated from tail tips of mice using Gentra Puregene Mouse Tail Kit
(Qiagen, Valencia, CA) for genotyping. SSLP primers synthesized (Sigma, St. Louis, MO)
based on sequences from Mouse Genome Informatics (http://informatics.jax.org/) were
assayed after PCR of genomic DNA by 3% agarose (Amresco, Solon, OH) gel
electrophoresis and visualized with ethidium bromide (Thermo Fisher Scientific, Marietta,
OH) staining.

Body composition

Quantitative magnetic resonance imaging was used to assess body composition including fat
mass and lean mass in mice using EchoMRI-100 whole body composition analyzer (Echo
Medical Systems, Houston, TX). A median of quintuple measurements for each animal was
used (Parkman et al. 2016).

Indirect calorimetry, locomotor activity, and intake of food and water

An eight-chamber Comprehensive Laboratory Animal Monitoring System (CLAMS)
(Columbus Instruments, Columbus, OH) was used to measure heat production, respiratory
exchange ratio (RER), food intake, water intake, and locomotor activity (Stewart et al.
2012). All mice were acclimatized to monitoring cages for 24 hours prior to an additional 48
hours of recordings under the regular 12-hour light-dark cycle. In this system, heat
production (kcal/hr) is calculated by multiplying the calorific value [CV = 3.815 + (1.232 x
RER)] by the observed VO, (Heat = CV x VO,). Heat production was then normalized by
body weight to calculate energy expenditure (kcal/kg/hr) (Tschop et al. 2011). RER is the
ratio between the VCO, and VO, (RER = VCO,/VVO,). Locomotor activity was determined
a s ambulatory count, the number of times different infrared beams were broken in either the
X- or y-axes during an interval.

Intraperitoneal glucose tolerance test

Mice were fasted overnight and injected with glucose in saline intraperitoneally (1mg/g
body weight). Blood was collected via submandibular bleeding at 0, 15, 30, 60 and 120
minute after the injection. Blood glucose levels were measured and calculated using a One
Touch Ultra2 Blood Glucose Monitoring System (Diagnostics Direct, Cape May Court
House, NJ).
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Non-fasting plasma insulin, triglyceride, and total cholesterol levels

Plasma insulin levels were determined using an ELISA kit (Crystal Chem, Downers Grove,
IL). Plasma levels of total cholesterol (Thermo Electron, Louisville, CO) and free and total
glycerol (Sigma) were determined using commercial colorimetric assays. Plasma true
triglyceride concentrations were estimated by subtraction of free glycerol from total
glycerol.

RNA isolation and real-time quantitative PCR (QRT-PCR)

Total RNA was isolated from epididymal adipose tissue and liver using RNeasy Plus
Universal Midi Kit and RNeasy Midi Kit, respectively, according to the manufacturer’s
instructions (Qiagen). Total RNA (2 pg) was reverse-transcribed with SUPERSCRIPT RT
using oligo dT as primer to synthesize first-strand cDNA in 20-pl volume according to
manufacturer’s instructions (Invitrogen, Waltham, MA). The primers used for the gRT-PCR
for the interferon activated gene 202B (/fi202b) gene were synthesized (Sigma) using
sequences obtained from the published literature (forward: 5’-
GGCAATGTCCAACCGTAACT-3" and reverse: 5'-TAGGTCCAGGAGAGGCTTGA-3")
(Kimura et al. 2014) and the primers for apolipoprotein A135 Il (ApoaZ2) gene were
proprietary (PPM05347B, Qiagen). The real-time PCR reaction was carried out in a 25-pl
volume in 1x SYBR Green PCR core reagents (Qiagen) containing 1 ul cDNA template
diluate (1:5, v/v) and 6 pmol primers using the StepOne™ Real-Time PCR system (Thermo
Fisher Scientific). For each sample, duplicate amplifications were performed and the average
measurements used for data analysis. The 3684 gene was used as a control to calculate the
difference in average threshold cycle (ACt) values (Stewart et al. 2010).

RT-PCR and sequencing of the Ifi202b gene

The diluate cDNA described above was PCR amplified for /20264 exon 1 and part of
exon 2 using the Expand Long Template PCR system (Roche, Indianapolis, IN). The
specific primers were forward (5'-CCCTCT TCCTTTACACCCAAC-3") and reverse (5'-
GCCTGGGACAGATGTCTC TT-3") derived from Mus Musculus /fi202b gene mRNA
sequences (GenBank: JX945582.1) (Vogel et al. 2013). The PCR products were directly
sequenced with primers originally used to amplify the PCR products. Sequencing was
carried out automatically with fluorescent tags (Marshall University Genomics Core
Facility).

Statistical analysis

Physiological data analysis—Variables were analyzed with analysis of variance, using
a fixed effects factorial model of strain and diet and interaction. Least squares means were
compared using Fisher's protected LSD at a 5% significance level.

Real-time gRT-PCR data analysis—Duplicate threshold cycle times were averaged for
each mouse, and differences tested using a two-way ANOVA in SAS software (Cary, NC,
USA), with an interaction contrast (housekeeping vs. gene interaction with strain or diet)
used to estimate AACt. Data are presented as relative fold-change (Livak et al. 2001).
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Bioinformatic analysis

Results

We used a previously published catalog of sequence variants in the TH mouse (relative to the
B6 strain) (Denvir et al. 2016) to list all variants lying between the markers DIMit498
(position 135,687,493 bp on Chr 1 in the GRCm38 genome build) and DIMit361
(186,261,999 bp on Chr 1). We restricted these to variants with the potential to alter the
protein sequence: namely those with sequence ontology terms “frameshift_variant”,

LT (LT

“inframe_deletion”, “inframe_insertion”, “missense_variant”, “stop_gained”, “stop_lost”,
“initiator_codon_variant”, “splice_region_variant”, “splice_acceptor_variant”, or
“splice_donor_variant”. We extracted molecular function and biological process terms for
the genes containing each of these variants from the Gene Ontology (GO) database
(Ashburner et al. 2000; The Gene Ontology Consortium 2015). We further restricted this
collection of genes to contain only those that were associated to GO terms containing any of
“cholesterol”, “fat”, “lipid”, “lipoprotein”, “lipase”, “glucose”, or “metabolic process”, to

obtain a list of potential susceptibility genes.

Generation of congenic mice for the obesity and hypercholesterolemia QTLs

In previous mapping study, we have identified two major QTLs on Chr 1; one linked to fat
pad weight ( 7abw3) near DIMit215 and the other linked to plasma cholesterol levels
(7acholl) near DIMit113 (Stewart et al. 2010; Kim and Saxton 2012). We established a
congenic line by introgressing a TH-derived genomic fragment containing both 7abw3and
Tachol1, defined by the flanking markers DIMit213and DIMit113 (minimum of 128 Mb in
size), onto B6 background for 10 generations. After the 10" backcross generation, the
offspring were intercrossed to generate B6.TH-Chr1-128Mb congenic mice (Fig. 1). Using
this congenic line we generated a second congenic line, B6. TH-Chr1-92Mb, carrying a
smaller fragment of Chr 1 with only 7abw3, defined by the flanking markers DIMit213 and
DIMit498 (minimum of 92 Mb in size) (Fig. 1).

Increased adiposity and plasma cholesterol levels in B6.TH-Chr1-128Mb, but not in
B6.TH184 Chr1-92Mb, congenic mice

When animals were fed a standard rodent chow, B6.TH-Chr1-128Mb congenic mice
exhibited a small increase in body fat mass compared with B6.TH-Chr1-92Mb congenic and
B6 mice, while body fat mass between B6.TH-Chr1-92Mb congenic mice and B6 mice was
comparable (Fig. 2A). When fed HF diets, all animals had more body fat than when fed
chow, but the increase was greater in B6. TH-Chr1-128Mb congenic mice than either B6.TH-
Chr1-92Mb congenic or B6 mice (Fig. 2A). Again, body fat mass between B6.TH-
Chr1-92Mb congenic and B6 mice was comparable on HF diets (Fig. 2A). The increased
adiposity in B6. TH-Chr1-128Mb congenic mice on HF diets was accompanied by moderate
increases in plasma insulin levels (Fig. 2B) and slightly impaired glucose tolerance during
IPGTT (Fig. 2C), indicating some degree of insulin resistance.

Plasma total cholesterol levels were significantly higher in B6.TH-Chr1-128Mb congenic
mice compared to B6.TH-Chr1-92Mb congenic and B6 mice on chow (Fig. 2D), confirming
the presence of the 7acholl hypercholesterolemia QTL in the distal region of Chr 1. HF
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diets induced an increase in total plasma cholesterol in all three groups compared to chow,
with the greatest degree in B6.TH-Chr1-128Mb congenic mice (Fig. 2D). Plasma
triglyceride levels were also significantly higher in B6.TH-Chr1-128Mb congenic mice
compared to B6.TH-Chr1-92Mb congenic and B6 mice on chow (Fig. 2E). While HF diets
induced an increase in plasma triglyceride levels in B6 mice, no increases were shown in
both congenic mice.

These results confirmed the effect of the 128Mb TH segment from Chr 1 on body fat and
plasma cholesterol values and showed that the distal segment of Chr 1 from TH is necessary
to cause both phenotypes.

Energy expenditure, locomotor activity, and food and water intakes

We measured energy expenditure and intake and locomotor activity of B6, B6.TH-
Chr1-128Mb and B6.TH-Chr1-92Mb mice on chow and HF diets by CLAMS and
summarized in Table 1. Overall, with increased body mass the heat production (kcal/hr) per
animal increased with HF diet feeding compared to chow. However, when the heat
production was normalized to body weight (kcal/kg/hr), B6. TH-Chr1-128Mb congenic mice
exhibited lower values than B6.TH-92Mb congenic and B6 mice on both chow and HF diets.

RER values were generally lower when animals were placed on HF diets compared to chow,
demonstrating that whole body substrate metabolism was shifted towards fat oxidation.
Additionally, compared to chow, in general animals consumed less food in grams on HF
diets, balancing the total kcal intake. Water intake was also overall lower on HF diet.
However, there was no genotype effect on RER, food intake, or water intake in either diet.

B6.TH-Chr1-128Mb congenic mice showed somewhat decreased locomotor activity
compared to B6 and B6.TH-Chr1-92Mb mice on both diets, but it did not reach statistical
significance.

The Ifi202b gene and Apoa2 gene in B6.TH-Chr-128Mb congenic mice

The /fi202b gene maps to the distal region of mouse Chr 1, near the DIMit113, Tachol1
QTL. It has been known that the gene expression levels of /fi202b are closely associated
with the obesity phenotype mediated by AVob3 obesity QTL identified from F2 population of
NZO and B6 strains; mRNA of /fi202b was generated by the NZO allele but not by the B6
allele (Mogel et al. 2012). The B6 allele of /fi202b contains a deletion that comprised exon 1
and the 5”-flanking region of /£i202b, causing the lack of mMRNA (Vogel et al. 2012; Vogel et
al. 2017).

We performed PCR with primers corresponding to exon 1 and exon 2 of /fif202b on the
cDNA from adipose tissue in B6, congenic, and T H mice. B6. TH-Chr1-128Mb congenic
and parental TH mice produced a PCR product, while B6 and B6.TH-Chr1-92Mb congenic
mice did not as expected (Fig. 3A). We sequenced the PCR product of TH mice and found
that they are the same as NZO except for one SNP in exon 1 (Fig. 3B). We then measured
gene expression levels of /fi202b in adipose tissue of B6 and congenic mice. Once the data
were normalized to B6 mice having an expression value of one, B6.TH-Chr1-128Mb
congenic mice had a relative expression value over 4 folds that of B6 mice, while B6.TH-
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Chr1-92Mb congenic mice had a comparable value to that of B6 mice on chow (Fig. 3C).
The gene expression of /fi202b was significantly up-regulated in adipose tissue of B6.TH-
Chr1-128Mb congenic mice when fed HF diets compared to chow (Fig. 3D).

The Apoa2 gene is located near the 7acholl. An Apoa? allele, characterized by Ala-to-Val
substitution at amino acid residue 61, has been proposed to be hypermorphic in increasing
plasma cholesterol levels in mice (Suto et al. 2004; Suto and Kojima 2017). The TH mouse
carries the Apoa2? allele (Stewart et al. 2010 and Table 2). We examined the Apoa2 gene
expression in liver from B6 and B6.TH-Chr1-128Mb congenic mice. While the Apoa2 gene
expression levels were comparable between B6 and B6.TH-Chr1-128Mb congenic mice on
chow, they were about 2-fold higher in B6.TH-Chr1-128Mb congenic than B6 mice on HF
diets (Fig. 4).

Bioinformatic analysis of the distal region of Chr 1

We previously conducted a whole genome sequencing analysis for the TH mouse and
generated a complete catalog of variants (relative to the B6 strain) (Denvir et al. 2016). We
used this catalog to search potential candidates in the distal region of Chr 1. There were
167,833 SNPs and 36,284 indels in the region flanked by DIMit498 and DIMit361; of
these, 934 SNPs and 89 indels had the potential to directly alter the protein product. These
variants occurred in 252 unique genes, of which 223 had molecular function or biological
process terms associated with them in the GO database (supplementary table S1). This list of
genes included ApoaZand 1fi202b. There were three missense variants in Apoa2and 11
missense variants in /fi202b (Table 2).

We further filtered the list of 223 genes to include only those whose associated GO terms
included “cholesterol”, “fat”, “lipase”, “lipoprotein”, “metabolic process”, or “glucose”.
This resulted in a list of 36 genes. These genes, the type of variant(s) that occur in them, and

their relevant associated GO terms are shown in Table 3.

Discussion

In this study, we generated congenic mice for previously mapped Chr 1 QTLs linked to
adiposity ( 7abw3) and hypercholesterolemia ( 7achol) derived from a TH fragment on a B6
background. On the B6 background, the TH derived Chrl 128Mb segment, containing the
Tabw3and Tachol1 QTLs, produced obesity and hypercholesterolemia in B6.TH-
Chr1-128Mb congenic mice. However, contrary to our expectations, B6. TH-Chr1-92Mb
congenic mice capturing the proximal segment corresponding with the 7abw3 QTL failed to
develop obesity. This may suggest that the effect of 7abw3alone may not be large enough or
it may require interacting with other loci in the distal segment, potentially 7achol1 or other
obesity QTLs undetected from our original genome-wide study (Stewart et al. 2010). In this
context, the obesity in B6.TH-Chr1-128Mb congenic mice may reflect this complexity.
Generating congenic mice containing only the distal segment of Chr 1 may allow us to test
this complexity.

Daily food intake of B6.TH-Chr1-128Mb congenic mice was comparable with that of B6
mice on both chow and HF diets, suggesting greater energy storage efficiency in the

Mamm Genome. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parkman et al.

Page 8

congenic mice than B6. Energy expenditure determined by heat production normalized with
body weight (kcal/kg/hr) was lower in B6.TH-Chr1-128Mb congenic mice than B6 mice.
These findings are consistent with the characterization of parental TH strain (Parkman et al.
2016).

Based on the published knowledge, we tested /fi202b and ApoaZ genes as potential
candidate genes within the distal region of Chr 1. It has been reported that the gene
expression levels of /fi202b are positively associated with the development of obesity in
mice (Mogel et al. 2012; Vogel et al. 2017). The /£i202b (also called p202) is known to play a
role in cell proliferation and differentiation including adipocyte differentiation (Li et al.
2014). The mRNA levels of /fi202b were significantly higher in adipose tissue from B6.TH-
Chr1-128Mb than B6 mice and they were significantly upregulated in response to HF diets,
suggesting a potential gene-diet interaction.

Several studies have identified highly significant cholesterol QTLs in the 7ac/o/1 interval
and proposed the ApoaZ gene as a likely candidate (Machleder et al. 1997; Suto et al. 2004;
Suto et al. 2017). APOAZ2, synthesized in liver, has an antagonist effect on cellular
cholesterol efflux (Bandarian et al. 2012). Transgenic mice overexpressing ApoaZ develop
hypercholesterolemia (Warden et al. 1993), while knockout of the gene in mice reduces
plasma cholesterol levels (Weng and Breslow 1996). Further, transgenic mice
overexpressing ApoaZ2 have larger fat mass than controls (Castellani et al. 2001). The TH
mouse carries the APOA2-Val61 allele that is putatively hypermorphic in increasing
cholesterol levels. This polymorphism, however, does not seem to directly alter the mMRNA
levels of ApoaZ as they were comparable between B6 and B6.TH-Chr1-128Mb congenic
mice on chow. It was interesting to observe that the mRNA levels of ApoaZwere
significantly higher in B6.TH-Chr1-128Mb congenic than B6 mice on HF diets.

Through biocinformatic approaches using a catalog of sequence variants between B6 and TH
mice we generated a list of potential candidate genes (Table 3). Among these, genes that
cause obesity in knockout mice include the ATPase, Na*/K* transporting, alpha 2
polypeptide (Afpla2) gene (Kawakami et al. 2005) and poly (ADP-ribose) polymerase
family, member 1 (ParpI) gene (Devalaraja-Narashimha and Padanilam 2010). On the other
hand, transgenic mice overexpressing the upstream transcription factor 1 (UsfZ) gene exhibit
lower adiposity and lower plasma cholesterol levels than wild type mice (Wu et al. 2010).

In addition to the genes for which obesity or cholesterol phenotype was found in knockout
or transgenic mice, other genes are also noticeable in the list based on known function. The
hydroxysteroid (17-beta) dehydrogenase 7 (Hsd17b7) gene encodes an enzyme required for
the cholesterol biosynthesis in liver and is known to be downregulated in a
hypocholesterolemic rodent model (Nemoto et al. 2013). The phospholipase A2, group IVA
(cytosolic, calcium-dependent) (PlaZg4a) gene encodes a calcium activated enzyme that
catalyzes the hydrolysis of membrane phospholipids to release arachidonic acid, mediating
eicosanoid-driven inflammation; polymorphism in Pla2g4awas associated with obesity
resistant phenotype in a primate model (Harris et al. 2016). The C-reactive protein (Crp)
gene and serum amyloid P-component (Apcs, also called Sap) gene are located in close
proximity on Chr 1. CRP and SAP are a superfamily of proteins that are characterized by
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pentraxin domain at the carboxyl-terminus and play key roles in innate immunity and
inflammation (Garlanda et al. 2005). Human circulating CRP (Yudkin et al. 1997) and SAP
(Jenny et al. 2007) concentrations were positively associated with BMI. Bochud et al. (2009)
also suggested CRP as a causal factor for the obesity in human.

In conclusion, by analysis using congenic strains, we confirmed the effect of the 128Mb TH
segment from Chr 1 in increasing body fat and plasma cholesterol values and demonstrated
that the distal segment of Chr 1 from TH is necessary to cause both phenotypes. Our studies
provided logical information regarding potential candidate genes for the Chr 1 QTL. The
congenic strains will be a valuable resource for the identification of genes underlying these
complex traits and their interactions with diets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 3.
Expression of /fi202bin B6 and B6.TH-Chrl congenic mice. (A) PCR amplification of exon

1 and part of exon 2 from cDNA (epididymal adipose tissue) of B6, B6. TH-Chr1-92Mb,
B6.TH-Chr1-128Mb, and TH mice using a primer set of F and R as indicated in the scheme,
(B) sequence comparison of the PCR product of TH to the sequence of NZO derived from
GenBank accession number JX945582, and the mRNA levels of /fi202b in epididymal
adipose tissue from (C) B6, B6.TH-Chr1-128Mb, B6.TH-Chr1-92Mb mice on chow and (D)
from B6.TH-Chr1-128Mb congenic mice on chow and HF diets. Data were reported as
means = SEM (N=3-4 each group, 17-27 weeks of age). * £<0.05.
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expressed as fold change relative to mean values for B6 mice. Data were reported as means
+ SEM (N=5-7 each group). * P<0.05.
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Missense variants occurring in ApoaZ and /fi202b.

Table 2

Nucleotide change (B6-TH)

Amino acid change (B6-TH)

Amino acid position

Apoa2
T-A D-E 43
A-G M-V 49
C-T A-V 61

11i202b
AC S-A 432
T-A T-S 379
A-G L-P 350
A-T F- 292
T-C K-E 204
G-A T 187
TA I-F 142
A-C 1-M 141
T-A I-F 127
T-C E-G 109
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Table 3

Genes in the region flanked by DIMit498 and DIMit361 with protein-altering variants that are associated with
obesity-related Gene Ontology terms.

Gene Variant type(s) Go Terms
Abl2 missense_variant positive regulation of phospholipase C activity
splice_donor_variant
Acbd3 missense_variant fatty-acyl-CoA binding; lipid metabolic process
Aldh9al splice_region_variant metabolic process; carnitine metabolic process; cellular aldehyde metabolic process
Apcs splice_region_variant negative regulation by host of viral glycoprotein metabolic process; negative regulation of glycoprotein
metabolic process
Apoa2 missense_variant negative regulation of cholesterol import; high-density lipoprotein particle remodeling; cholesterol
transporter activity; apolipoprotein receptor binding; high-density lipoprotein particle receptor binding;
low-density lipoprotein particle remodeling; high-density lipoprotein particle clearance; negative
regulation of cholesterol transport; cholesterol efflux; phospholipid efflux; phospholipid binding; fatty
acid metabolic process; positive regulation of lipid catabolic process; phospholipid catabolic process;
lipid transporter activity; triglyceride-rich lipoprotein particle remodeling; negative regulation of very-
low-density lipoprotein particle remodeling; negative regulation of lipid catabolic process; lipoprotein
metabolic process; cholesterol binding; lipid transport; cholesterol transport; positive regulation of
cholesterol esterification; regulation of intestinal cholesterol absorption; reverse cholesterol transport;
lipid binding; response to glucose; cholesterol metabolic process; negative regulation of lipase activity;
high-density lipoprotein particle assembly; lipase inhibitor activity; high-density lipoprotein particle
binding; negative regulation of cholesterol transporter activity; cholesterol homeostasis
Alpla2 missense_variant ATP metabolic process
splice_region_variant
Bpnt1 missense_variant nucleobase-containing compound metabolic process
splice_region_variant
Crp missense_variant negative regulation of lipid storage; low-density lipoprotein particle receptor binding; regulation of low-
density lipoprotein particle clearance; cholesterol binding; low-density lipoprotein particle binding
Ephx1 missense_variant cellular aromatic compound metabolic process
splice_region_variant
Eprs missense_variant metabolic process
splice_region_variant
Exol splice_region_variant nucleobase-containing compound metabolic process; DNA metabolic process
Fh1 missense_variant fumarate metabolic process; malate metabolic process
splice_region_variant
Hhipl2 missense_variant carbohydrate metabolic process
splice_acceptor_variant
splice_region_variant
Hsd17b7  missense_variant cholesterol biosynthetic process; lipid metabolic process
lipkb missense_variant inositol trisphosphate metabolic process

splice_region_variant
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Gene Variant type(s) Go Terms
Kmo intron_variant NAD metabolic process; kynurenine metabolic process
missense_variant
splice_region_variant
Lamcl missense_variant glycosphingolipid binding
splice_region_variant
Marcl missense_variant nitrate metabolic process
splice_region_variant
Marc2 splice_region_variant nitrate metabolic process
Mark1 missense_variant lipid binding
splice_region_variant
Mia3 inframe_insertion lipoprotein transporter activity; lipoprotein transport
missense_variant
splice_region_variant
Ncerf2 splice_region_variant superoxide metabolic process; response to glucose
Ncstn missense_variant beta-amyloid metabolic process
Nit1 missense_variant nitrogen compound metabolic process
splice_region_variant
Npl splice_region_variant metabolic process; carbohydrate metabolic process
Parpl splice_region_variant mitochondrial DNA metabolic process; DNA metabolic process
Pex19 splice_region_variant negative regulation of lipid binding
PlaZg4a splice_region_variant metabolic process; calcium-dependent phospholipase A2 activity; calcium-dependent phospholipid
binding; phospholipase A2 activity; phospholipid catabolic process; lipid metabolic process;
lysophospholipase activity; phospholipase activity; lipid catabolic process; arachidonic acid
metabolicprocess
Ppox splice_region_variant protoporphyrinogen IX metabolic process
Psen2 missense_variant cellular protein metabolic process; beta-amyloid metabolic process
splice_region_variant
Rab3gap2  missense_variant positive regulation of protein lipidation
splice_region_variant
Rnasel missense_variant fat cell differentiation; positive regulation of glucose import in response toinsulin stimulus
splice_region_variant
Soatl missense_variant cholesterol O-acyltransferase activity; cholesterol efflux; cholesterol binding; cholesterol metabolic
i . i process; cholesterol storage; very-low-density lipoprotein particle assembly; lipid metabolic process;
splice_region_variant steroid metabolic process; cholesterol homeostasis; cholesterol esterification
Tnr missense_variant sphingolipid binding
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Gene Variant type(s) Go Terms
Uap1 missense_variant metabolic process; UDP-N-acetylglucosamine metabolic process
splice_region_variant
Usfl inframe_deletion glucose metabolic process; positive regulation of transcription from RNA polymerase Il promoter by

glucose; lipid homeostasis
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