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ABSTRACT
Diabetes is a collection of diseases that affects hundreds of millions of people, with type 2
(T2D) being the most prevalent. The heritability of T2D has yet to be explained, despite
many studies. This study aims to determine a piece of the missing heritability by using the
newly emerging phenomenon of ‘phenotypic dispersion’ (PD) which refers to genes
affecting not only mean effects but also the residual variance within genotypes. The
association of loci to residual variance of traits is the method used to determine genes that
may contribute to T2D development. Eight in silico mouse data sets were analyzed to test
for relationships between mapped microsatellite markers and the PD of diabetic plasma
variables (cholesterol, high and low-density lipoprotein, and triglyceride). 29 loci were
found to be significantly associated with PD of traits within the data sets. Single
nucleotide polymorphisms (SNPs) in genes nearby the associated loci were identified,
with Fto, Apoa2, Foxa2, Bpifb6, and Apt1a4 being the most notable genes involved. The
association between genotype and PD at all associated loci showed that when the
genotype was dominant that it was dominant for low dispersion, which is suggestive of a
genetic mechanism controlling the dispersion of traits. These findings suggest that there
may be genes that influence the dispersion of traits associated with developing T2D.
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INTRODUCTION AND LITERATURE REVIEW

Diabetes as a disease
Diabetes mellitus is a complicated disease whose development is not yet fully
understood. The disease is characterized by the insufficient secretion of insulin by the
pancreas, or the body not properly responding to insulin, resulting in high blood glucose
levels. In 2015 studies showed that approximately 415 million people in the world had
diabetes, and an additional 318 million people had impaired glucose tolerance (IGT),
which put them at a high risk of developing diabetes (Ogurtsova, da Rocha Fernandes et
al. 2017). It is estimated that the prevalence of diabetes in the world will reach
approximately 500 million people by 2030 (Groop, Storm et al. 2014). The highest
prevalence per capita, with one out of eight adults having diabetes, is in North America
and the Caribbean Region (Ogurtsova, da Rocha Fernandes et al. 2017).
Diabetes is classified into types based on when complications arise, and the
physiology behind the development of it (Groop and Pociot 2014). Approximately 80%
of diabetics have type 2 diabetes (T2DM), 0.1% have maturity onset diabetes of the
young (MODY), 11% have latent autoimmune diabetes in adults (LADA), 9.1% have
type 1 diabetes (T1DM), and the remaining 0.8% have a form of secondary diabetes. It is
hard to distinguish between types quite often because there is so much overlap in their
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definitions, so that the disease can be thought of as a continuum. Type 1 diabetes is
caused by the breakdown of islet cells in the pancreas resulting in low insulin, whereas
type 2 diabetes is caused by the body’s resistance to insulin or lack of insulin causing
hyperglycemia (Haghvirdizadeh, Mohamed et al. 2015). Diabetes, specifically type 2, is
the fastest growing disease in the world, with a combination of genetics and the
environment being the proposed cause (Groop and Pociot 2014). T2DM often goes
undiagnosed for years because its symptoms are hard to detect, and therefore there are
more difficulties when the disease does get diagnosed. The main complications associated
with diabetes are kidney disease, cardiovascular disease, eye disease, pregnancy
complications, diabetic neuropathy, and oral health issues (Ogurtsova, da Rocha
Fernandes et al. 2017).

Genetics of diabetes
Unfortunately, although much of the genetic contribution to T1DM is known,
there is less genetic information for T2DM. To investigate the genes associated with
diabetes there are three main methods used: linkage studies, candidate genes, and GWAS
(van Tilburg, van Haeften et al. 2001). Twin studies have been done to estimate
concordance rates for diabetes in monozygotic (MZ) and dizygotic (DZ) twins.
Concordance rates are high in MZ twins (0.29 - 1.00), and low in DZ twins (0.10 – 0.43),
which indicates evidence for a strong genetic component of T2DM (Das and Elbein
2006). It is known that the risk of developing T2DM if only one parent has the disease is
higher if the mother is the affected one, rather than the father, and that the risk is even
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greater if both parents have the disease, though the disease is not sex-linked (Groop and
Pociot 2014). Researchers have also used association testing for candidate genes to
reproducibly identify the PPARG gene as being associated with T2DM. KCNQ1, a gene
that codes for the main subunit in the voltage-gated potassium channel that is expressed in
the pancreas, was identified as being associated with T2DM in a genome-wide
association study (GWAS) (Groop and Pociot 2014). As of 2013, it was believed that
approximately 20% of the heritability of T1DM had yet to be explained by genetic
studies, whereas more than 85% of the heritability of T2DM had not been understood yet
(Groop and Pociot 2014). The problem of not yet knowing all of the underlying genetic
causes of T2DM is often referred to as missing heritability (Maher 2008).
Over 50 loci for T1DM, T2DM, and glucose or insulin-related traits were
identified using GWAS (Groop and Pociot 2014). Since GWAS do not necessarily
identify genes in a given locus associated with a disease, there were chips developed to
map the established loci. The chips (Immunochip© and Metabochips©) are designed to
cover all major autoimmune diseases, which will help lead to the identification of
pleiotropic genes since the conditions the chips look at are all genetically related (Groop
and Pociot 2014).
Neonatal diabetes may be affected by numerous epigenetic abnormalities
involving imprinting at chromosome 6q24, methylation defects, paternally inherited
duplication, and uniparental isodisomy (Flanagan, Patch et al. 2007). Flanagan et al.
examined two genes that together code for the ATP-sensitive potassium (KATP) channels
in pancreatic β-cells, which couple metabolic state to membrane potential in order to
regulate insulin secretion (Laukkanen, Pihlajamaki et al. 2004): KCNJ11, which codes for
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the Kir6x subunit, and ABCC8, which codes for the sulfonlyurea receptor (SUR1, SUR2)
(Flanagan, Patch et al. 2007). Insulin secretion is prevented when potassium ions flow out
the main channel, maintaining a resting membrane potential, and insulin is secreted when
high glucose levels initiate a chain reaction that closes the KATP channels (Drain 2013).
Flanagan et al. associated two KATP channel single nucleotide polymorphism
(SNP) mutations, E23K in KCNJ11 and A1369S in ABCC8 (Florez, Jablonski et al.
2007), with neonatal diabetes. The E23K SNP associated with neonatal diabetes was
tested by a Finnish study in 2004 for association with T2DM, but found no significant
correlation between the E23K polymorphism in KCNJ11 to type 2 diabetes development
in humans (Florez, Jablonski et al. 2007). The problem of irreproducibility of results has
been troubling for much of the T2DM genetic research. A Finnish study tried linkage
studies to detect loci associated with T2DM (Laukkanen, Pihlajamaki et al. 2004), but
found only one insignificant haplotype associated with the risk of developing type 2
diabetes. Many other researchers have tried to identify genes associated with T2DM using
linkage studies, but only two genes (CAPN10 and TCF7L2) had been identified using this
method as of 2013, and none of the large GWAS were able to also significantly identify
CAPN10 (Groop and Pociot 2014).
Though there has been research done for decades on the pathogenesis and
pathophysiology of T2DM, there has yet to be a model agreed upon (Das and Elbein
2006). It has been difficult to identify susceptibility loci for T2DM due to the factors
affecting them, such as the varying age of development, the fact that not everyone with
the genes gets the disease, heterogeneity of alleles and loci, and the high chance that there
are multiple genetic causes as well as environmental causes (Das and Elbein 2006).
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Quantitative genetics deals with stable genes that contribute to phenotypes that
vary continuously (Falconer and MacKay 1996). However, recent studies have shown
that there are genes that exist that cause random expression of traits, including diabetes
(Perry submitted), urinary calcium (Perry, Nehrke et al. 2012; Perry, Pollak et al.), and
albuminuria (Perry submitted). The random dispersion of phenotypes could be the answer
to why the genes associated with certain diseases (specifically T2DM) are so hard to
positively identify. Genes are not always being expressed, and this study aims to identify
genes that are associated with T2DM and that are being expressed on a random schedule.
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MATERIALS AND METHODS

All data used in this study was retrieved from murine (house mouse: Mus
musculus) in silico collections from The Jackson Laboratory (JAX (www.jax.org); Bar
Harbour, ME, USA). This database collects, curates and disseminates data from mouse
cohorts used to detect QTL for metabolic, neurological and physical disorder. The
software that was used to manipulate the data and run statistical tests was SAS 9.3 (SAS
2000).
Physiological traits that were included in each of the eighteen cohorts retrieved
were analyzed and compared to determine which traits the cohorts had in common. The
list of eighteen cohorts that were initially retrieved was decreased to eight following the
comparison of traits and mice strains. The reason these cohorts were the ones chosen was
because they all had data from a cross of mice that included C57BL/6J mice. The
C57BL/6J strain of mice is the most common strain used in experiments, has its entire
genome sequenced on The Jackson Laboratory, and is susceptible to diet-induced diabetes
as well as type 2 diabetes. Due to the susceptibility of these mice to diabetes they are
frequently used in diabetic studies, which means that the data sets that contain these mice
typically have data recorded for plasma levels of traits relevant to diabetes.
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In silico data
The eight data sets that were used in the rest of the study were Ishimori et al.
2004, Kim et al. 2001, Li et al. 2008, Smith et al. 2002, Stylianou et al. 2006b, Stylianou
et al. 2006c, Stylianou et al. 2006d, and Stylianou et al. 2006e. Markers consisted of
microsatellites described under standard naming conventions (D-Chromosome-Institution
(usually Mit (Massachusetts Institute of Technology, Cambridge, MA, USA)-Clone
number); i.e. D4Mit17), or single nucleotide polymorphism (SNP), also described on
standard naming conventions (Reference SNP (rs), marker #: i.e. rs25981090).

Ishimori et al. 2004
Ishimori et al. 2004 consisted of 294 female F2 C57BL/6J×129S1/SvImJ mice
(Ishimori, Li et al. 2004). The C57BL/6J and 129S1/SvImJ mice used to breed F1 mice
were obtained directly from The Jackson Laboratory. All mice were maintained in cages
with polyester filters and pine shaving bedding. The cages were all at the same controlled
temperature (23°C) and humidity (68%) under a 14h light: 10h dark cycle with ad libitum
access to food and water. Starting at six weeks of age, mice were fed a high-fat diet (15%
dairy fat, 50% sucrose, 20% casein, 1% corn oil, 5.1% cellulose, 5% AIN-76 mineral
mix, 1% AIN-76 vitamin mix, 1% choline chloride, 0.3% D-L-methionine, 0.13% D-L-αtocopherol, 0.5% sodium cholate and 1% cholesterol) for 14 weeks. Mice were
terminated via cervical dislocation in accordance with the Institutional Animal Care and
Use Committee (IACUC) of The Jackson Laboratory.

8
Mice were fasted for 4 hours before blood sample collections were taken. Plasma
triglyceride (pTG) was estimated as the difference between total and free glycerol.
Plasma high density lipoprotein (pHDL) concentrations were measured using a standard
enzymatic assay (Beckman, Fullerton, CA, USA (Nishina, Wang et al. 1993) after
precipitation of low density lipoprotein (pLDL). Free glycerol and total glycerol were
assayed using a standard commercial colorimetric assay. Concentrations for pTG
(mg/dL), pHDL (mg/dL), total plasma cholesterol (pChol (mg/dL)) and plasma
lipoproteins not in the HDL category (pnonHDLs (mg/dL)) were available in this
curation.
A total of 294 F2 animals were genotyped at 111 microsatellite loci for an
approximate average intermarker interval of 25.2 MB (12.5 cM). Map positions in the
initial work were coded in cM and base pair (BP) distances according to the 2003 version
of the Map Genome Informatics database and upgraded to the NCBI Build 37 or
GRCm38 versions of the mouse genome map (http://www.informatics.jax.org) (Cox,
Ackert-Bicknell et al. 2009; Blake, Eppig et al. 2017).

Kim et al. 2001
The Kim et al. study used Tally Ho hyperglycaemic mice with C57Bl/6J controls
(Kim, Sen et al. 2001). The TallyHo strain is an inbred line selectively bred for
hyperglycaemia at ~26 weeks of age, created from a pair of male Theiler Original mice
with polyruria and glucosuria and now used as a model of non-insulin-dependent diabetes
mellitus (NIDDM). The study contained a total of 216 seventh generation (N7) male
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‘TallyHo’×C57BL/6J backcross mice ((C57BL/6J×TallyHo)×TallyHo). All mice had ad
libitum access to NIH Mouse/Rat Diet (4% fat; No. 5K54, PMI Feeds Inc., St. Louis, MO,
USA) and HCl-acidified water (pH 2.8-3.2 daily) until experimentation at 20-26 weeks.
Temperature and humidity were controlled as in the Ishimori et al. study. Mice were
reared on a 12h: 12h light:dark cycle.
Blood was drawn from the orbital sinus of each (C57BL/6J×TallyHo)×TallyHo
mouse using heparinized capillary tubes between the hours of 7:30-10:30 AM. Plasma
was collected by centrifuging samples (1200 g) at 4°C. Plasma high-density lipoprotein
(HDL) was estimated from polyethylene glycol precipitation of low (LDL) and very low
density lipoprotein (VLDL). Plasma glucose (pGlu) (Sigma Colorimetric Assays #635100, #510-6, #510-50; St. Louis, MO, USA), free glycerol (pfGly) (Sigma #1519, #33740A, #337-10B; St. Louis, MO, USA), total glycerol (ptotGly) (Sigma No. 9908; St.
Louis, MO, USA), total cholesterol (Boehringer-Mannheim #1127578), free fatty acid
(pFFA) (Boehringer-Mannheim #1383175) and insulin (pIns) (RIA #R1-13K; Linco
Research Inc., St. Charles, MO, USA) were assayed from commercial kits; however, only
pIns and pGlu were curated by The Jackson Laboratory and available for this work.
Animal procedures were approved and monitored by The Jackson Laboratory IACUC.
Genomic DNA was extracted from tail snips using a proteinase K-salt
precipitation procedure. Microsatellites were genotyped via PCR, separated on 3%
metaphor gels (No. 0710-500G; Amresco Inc., Solon, OH, USA) and visualized via EtBr
staining (No. E-1510, Sigma Inc).
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Li et al. 2008
The source strains in this experiment were C57BL/6J from the 10th generation
(N10) of a recurring apolipoprotein E (apoE) knockout C57BL/6J line (C57Bl/6J-/-).
C57Bl/6JapoeE-/- mice were backcrossed to C3H/HeJ mice for 13 generations with
genotypic selection for knockout alleles at apoE in order to produce C3H/HeJ mice also
homozygous for the apoE knockout. F1 mice were bred from male C3H/HeJ.apoE-/-s
crossed to female C57BL/6JapoE-/-s. F1 brother-sister pairings were used to produce 241
female F2 mice; female F2s were used in this experiment since atherosclerotic lesions are
larger in females than males in mice (Li, Li et al. 2008). F2 mice were fed a diet
approximating a poor ‘Western’ diet (42% fat, 0.15% cholesterol, no sodium cholate (TD
88137; Teklad Inc., Madison, WI, USA)) at the age of six weeks to experimentation at 12
weeks. Experimental mice were euthanized using isoflurane overdose and the left
common carotid isolated and embedded in optimal cutting temperature compound (OCT)
(Tissue-Tek; VWR) after fixing each animal’s complete vasculature with 10% formalin.
Cryo-sections (n = 30-50/mouse) were collected from each mouse; 10 were mounted on
poly-α-lysine-coated slides and quantified on a μm2 grid with a light microscope. Animal
use procedures were approved by the IACUC of The Jackson Laboratory. Plasma solutes
were collected using Thermo DMA (Louisville, CO, USA) cholesterol and triglyceride
kits in which 6 μl plasma (diluted 1:5 with ddH2O for cholesterol) were loaded along with
lipid standards and controls into a 96-well plate and mixed with 75 μl of either cholesterol
or triglyceride reagents, then incubated for 5 min at 37°C. Absorbance at 500 nm was
then determined using a Molecular Devices reader (Menlo Park, CA, USA). HDL was
estimated post-precipitation of VLDL and LDL (Tian, Hu et al. 2005). Total cholesterol
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(pHDL (mm/dl)), high-density lipoprotein cholesterol (pHDL (mm/dl)), low-density
lipoprotein/very low-density lipoprotein (pLDL/VLDL (mm/dl)) and triglyceride (sTG
(mm/dl)) were available in this curated unit.
Genomic DNA was extracted from F2 tail clips using phenol/chloroform
extraction and F2 mice were initially genotyped at 143 microsatellite markers (average
intermarker interval 12 cM) known to be polymorphic between the C3H/HeJ and
C57BL/6J strains. Regions significantly associated with carotid lesions were more
intensively genotyped with a suite of 11 additional microsatellite markers.

Smith Richards et al. 2002
Smith Richards et al. was a genetic dietary selection experiment. C57BL/6J and
CAST/EiJ mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
(Smith Richards, Belton et al. 2002). All mice were housed in polycarbonate cages on
sterile corncob bedding and maintained at 23-24°C on a 14 hr: 10 hr light: dark cycle with
al libitum access to water and food (No. 5001 Chow; LabDiet Inc., Richmond, IN, USA
(28% protein, 12% fat, 60% carbohydrate). F1 mice were bred from C57BL/6J and
CAST/EiJ mice and 502 male F2 mice were bred in a total of 10 groups of F2 animals (31
Jan 2001 – 5 March 2002). Reciprocal crosses were made in this set so that there were
(C57BL/6J×CAST/EiJ) F1 × (C57BL/6J×CAST/EiJ) F1 (n = 154),
(CAST/EiJ×C57BL/6J) F1 × (CAST/EiJ×C57BL/6J) F1 (n = 118), (C57BL/6J×CAST/EiJ)
F1 × (CAST/EiJ×C57BL/6J) F1 (n = 126), (CAST/EiJ×C57BL/6J) F1 ×
(C57BL/6J×CAST/EiJ) F1 (n = 104). Most dams were reproductively naïve at
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experimentation. Litter size varied from 4-10 pups which were weaned from 24-26 days
and housed in same-sex pairs (n = 1-4 mice). Mice were housed individually until 7-10
weeks of age, when they were placed in individual 17.8 cm × 25.4 cm × 17.8 cm
chambers with mesh flooring and polyvinylchloride nesting tubes and maintained at 2627°C on a 12 hr: 12 hr photoperiod with ad libitum access to food (No. 5001, LabDiet,
Richmond, IN, USA) and water. Food was removed from cages at the initiation of the
light cycle. Mice were terminated via isoflurane gas overdose. All animal procedures
were approved and monitored by The Jackson Laboratory IACUC.
Mice were given constant al libitum choice between two dietary options for 10
days: a fat/protein diet (22% protein energy by weight, 78% fat energy by weight (3.61
kcal/g total); 32.8 g casein, 0.49 g DL-methionine, 51.9 g vegetable shortening, 1.52 g
AIN-76A vitamin mix, 5.33 g AIN-76A mineral mix, 0.31 choline chloride, 7.62 g
cellulose) and a carbohydrate/protein diet (22% protein energy by weight, 78%
carbohydrate energy (5.96 kcal/g total); 49.6 g corn starch, 21.2 g powdered sugar, 18.9 g
casein, 0.29 g DL-methionine, 1.0 g AIN-76A vitamin mix, 3.2 g AIN-76A mineral mix,
0.18 g choline chloride, 4.92 g cellulose).
Genomic DNA was extracted from spleen tissue using a standard
phenol/chloroform extraction. A total of 165 F2 mice comprising the upper and lower
10% of the phenotypic distributions of total fat and carbohydrate usage were genotyped at
98 microsatellites (average intermarker distance = 14 cM / 28.6 MB). Markers with
notable (P < 0.005) associations with original phenotype were selected by Smith Richards
et al. for genotyping across the complete cohort.
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Stylaniou et al. 2006b
Mice from the C57BL/6J and A/J lines were obtained, as in the other studies, from
The Jackson Laboratory (Bar Harbor, ME, USA) (Stylianou, Tsaih et al. 2006). F1
C57BL/6J×A/J intercrosses were used to breed 343 male and 271 female F2 mice in two
separate panels. All mice were housed and maintained in individually pressurized cages
(Thoren Caging Systems, Hazelton, PE, USA) on a 14 hr: 10 hr light: dark cycle and with
ad libitum access to standard rodent diet (18% protein, 4% fat; No. 2018 Harlan Teklad,
Madison, WI, USA) and acidified water. At measurement, mice were fasted for 4 hr,
following which blood was collected in tubes with EDTA and centrifuged for 5 min at
9,000 rpm. Plasma was extracted and stored at -20°C until plasma HDL analysis (≤ 1
week post-sampling) (No. 650207, Beckman Coulter) on a Synchron CX Delta (Beckman
Coulter). pTG, pChol and pHDL were available in this curated set. All animal protocols
were approved by The Jackson Laboratory IACUC. Genomic DNA was extracted from
tail snips using proteinase digestion and salt column condensation. F2 animals were
genotyped at 241 SNP markers (average marker spacing: 5.78 cM / 11.6 MB). Marker
positions were called in cM and BP using the NCBI Build 37 of the mouse genetic map
(http://www.informatics.jax.org) (Cox, Ackert-Bicknell et al. 2009; Blake, Eppig et al.
2017).

Stylaniou et al. 2006c-e
Additional cohorts of mice were bred, consisting of chromosome (consomic)
substitution strains (CSSs) or ‘chromosome congenics’ (Morel, Mohan et al. 1997;
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Rogner and Avner 2003). In this approach, an affected strain is bred to a control strain
and the progeny backcrossed to the control strain over numerous generations with
monitoring for a) the retention of the affected phenotype and b) retention of genetic
polymorphisms from the affected line on a single target chromosome or genetic region
expected to be associated with the trait of interest, which are monitored by genotyping at
each generation. At the completion of the CSS (usually 10-12 generations), the resulting
strain should be fixed for the genome of the control line except on the target region or
chromosome.
C57BL/6J×CSS F1 hybrids were generated by breeding C57BL/6J females to
CSS-3, -8 and -11 males. F2 intercrosses were then bred by crossing male and female F1
C57BL/6J × CSS hybrids. The C57BL/6J×CSS-3 F2 cohort consisted of 146 mice (65
males, 65 females), the C57BL/6J×CSS-8 F2 cohort of 150 mice (71 males, 77 females)
and the C57BL/6J×CSS-11 F2 cohort of 179 mice (84 females, 70 males). pChol, pTG,
pHDL and pnonHDL were available for Stylianou et al. 2006c and d, and pChol, pTG
and pHDL were available for Stylianou et al. 2006e.
Genomic DNA was extracted from tail snips. Genotyping in the whole-genome F2
and F2 CSS crosses was completed using genetic markers approximately evenly spaced
over the genome (Stylianou, Christians et al. 2004). In the paired whole-genome assay,
the male cohort was genotyped at 97 SNP and the female cohort at 174 SNP. The CSS-3
cohort was genotyped at 11 microsatellite loci (average intermarker distance = 6.06 cM /
13.0 MB), the CSS-8 cohort at 12 microsatellites (5.1 cM / 9.7 MB) and the CSS-11
cohort at 12 microsatellites (6.7 cM / 9.7 MB). Marker positions were called in cM and
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BP using the NCBI Build 37 of the mouse genetic map (http://www.informatics.jax.org)
(Cox, Ackert-Bicknell et al. 2009; Blake, Eppig et al. 2017)

Comparison Between Studies
The Kim et al. study fed the lowest fat diet (4%) to their mice with the rest of the
diets increasing in fat content as follows: Stylianou et al. (6%), Ishimori et al. (15%), Li
et al. (42%), and then Smith Richards et al. (78%). The mice in all sets were housed
similarly, with minor differences between light to dark ratios. The range of microsatellite
markers mapped in each study broadly ranges from 98-241, with the consomic strains
being an exception only mapping 11 and 12 microsatellite loci.

Statistical analysis
Analysis was two-staged, with the calculation of residuals by genomic position
using standard linear models followed by associations of absolute-transformed residuals
with genotype in a Tobit economic model. For this reason, the determination of relevant
covariates was performed at each stage to allow for the possibility that endogenous
covariates might affect either the original traits or their transformed residuals. Pearson
regressions and multivariate ANCOVA (SAS 2000) were used to determine a list of
covariates for all datasets that were used in this study. Any of the factors in the saturated
model that are found to be significant (P < 0.1) were deemed covariates and used in the
dispersion analysis.
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To estimate the Studentized residuals, a base model
𝑦 = 𝜇 + 𝛼𝑖 + 𝜀

(1)

was used. It was modified to fit each trait in each system with the significant covariates
for each trait. The y in the model represents the phenotype, μ represents the mean
phenotype, αi represents the effect of the genotype at a particular locus, and ε represents
the residual variance. Non-locus covariates are included to correct for any effects that
they may have on the expression of the trait being analyzed. Studentized (Steel and Torrie
1980) residuals
( t i  ˆi /(ˆ 1  hii ) )

(2)

were used to reduce the heterogeneity of the residuals. ti is the Studentized residual, ˆi is
the residual variance, ˆ is the standard deviation, and hii is the leverage term. The
Studentized residuals were absolute-transformed to |ε| in order to be expressed as absolute
deviations from predicted phenotype based on linear regression factors and factorial
factors, which is called phenotypic dispersion (PD) (Perry, Nehrke et al. 2012). Using a
Tobit quantitative limited model (QLIM) (Tobin 1958), the association between PD of
each trait and genotype was then tested individually. The QLIM introduces a latent
variable yi* that depends on xi, an indicated vector, and β, a quantitative vector. The
relationship is such that

y i*   x i  u i

(3)

where ui represents the normal error. When yi* is less than or equal to the set threshold τ,
the observed yi is equal to τ, and when yi* is greater than τ, yi is equal to yi*. The threshold
τ is set to zero so that
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 y i* if y i*  0
yi  

0 if y i*  0 

(4)

In such a system, the truncated probability density function (PDF) is then expressed as
f (y | y > τ) = f (y)(P( y > τ ))

(5)

and the resulting probability function then becomes

   
P ( y   )  1  
  1  ( )
  
where  

(6)

 
once it is transformed by a     , b  1  . The cumulative


   
 and the likelihood function is
  

distribution function (CDF) becomes 

N

L
i 1

f ( y)
.
1  ( )

(7)

Using the censored Tobit analysis, all of the terms in the model were optimized by the
quasi-Newtonian Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. Wald tests (SAS
2014) in SAS was used to determine the significance of marker loci. The BenjaminiHochberg method (Benjamini, Drai et al. 2001) was used to correct the locus effects for
the False Discovery Rate (FDR). The aforementioned calculations were performed by the
SAS 9.3 program. For further explanation of equations 5-7 refer to Perry submitted.

Genomic SNP targets
Once markers for PD effects in the diabetic traits were identified, Mouse Genome
Informatics (MGI) (http://www.informatics.jax.org) was used to identify inter-strain
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SNPs for all known (and curated) genes in chromosomal areas linked (≤5 MB upstream
and downstream, for a total window of 10 MB) around each marker associated with trait
dispersion. This program identifies SNP differences between strain pairs, or between
single reference strains and multiple experimental strains according to chromosome,
chromosome location and function. SNP sequence differences between strains were
compared for 5’ upstream untranslated region (UTR), coding, and promoter regions.
Genes with interstrain polymorphisms were then identified, their functions researched,
and connections and pathways between them investigated.
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RESULTS

Covariates
There were no covariates in the Ishimori et al 2004 data set for association testing
for genetic markers associated with the phenotypic dispersion (PD) of diabetic traits
(Table 1). In the Kim et al. 2001 data set, multi-locus heterozygosity (MLH) was found to
be a covariate that had to be included in the general linear model testing for genetic
markers associated with PD of mean plasma glucose, but not the QLIM test (Table 2).
The Li et al. 2008 data set had one covariate, MLH, in the general linear model but not
the QLIM test for genetic markers associated with PD in HDL. The remainder of the traits
in the Li et al. 2008 data had no covariates to include in either part of the model (Table
3). There were no covariates to include in either section of the model testing for loci
associated with PD of plasma glucose or triglyceride in the Richards et al. 2002 data
(Table 4). Sex was a covariate to be included in the GLM and QLIM components of all
three traits within the Stylianou et al. 2006b data (Table 5). Phenotypic dispersion of
HDL and cholesterol were associated to MLH in the QLIM section of the test only. In the
Stylianou et al. 2006c data, sex was a significant covariate for all original traits, but only
a covariate in the QLIM component for PDpHDL on the chow diet, triglyceride on the
chow diet, and nonHDL (Table 6). MLH was not a covariate for any of the traits in the
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Table 1. Association of multi-locus heterozygosity (MLH) with original and dispersed
amounts plasma traits: plasma high-density lipoprotein (pHDL; mg/dl), plasma
non-HDL (pnonHDL; mg/dl), plasma cholesterol (pChol; mg/dl) and plasma
triglyceride (pTG; mg/dl) within the Ishimori et al. 2004 data set of traits.

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pHDL

MLH

9.30

15.8

0.59

0.5566

0.1373

nonpHDL

MLH

43.0

55.2

0.78

0.4362

0.1494

pChol

MLH

52.3

54.2

0.96

0.3357

0.1531

pTG

MLH

8.21

8.08

1.02

0.3108

0.3844
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Table 2. Influence of multi-locus heterozygosity (MLH) on original (general linear
modeling, GLM) and phenotypic dispersion (PD) (qualitative and limited
dependent modeling; QLIM) analysis in traits from Kim et al. 2001. pGlu =
plasma glucose (mg/dl), pIns = plasma insulin (ng/ml)

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pGlu

MLH

-325.4

71.6

-4.54

<0.0001

0.3811

pIns

MLH

17.8

11.8

1.51

0.1328

0.2763
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Table 3. The effects of multi-locus heterozygosity (MLH) on original and phenotypic
dispersion (PD) in plasma cholesterol (pChol; mg/dl), plasma high-density
lipoprotein (pHDL; mg/dl) and plasma triglyceride (pTG; mg/dl) in Li et al. 2008

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pChol

MLH

138.5

239.1

0.58

0.5630

0.6811

pHDL

MLH

61.0

29.4

2.08

0.0389

0.6361

pTG

MLH

60.4

44.4

1.36

0.1759

0.4857

23
Table 4. The association of multi-locus heterozygosity (MLH), paternal grandmother
(pgm), and F1 sire with original traits and phenotypic dispersion (PD) in plasma
glucose (pGlu; mg/dl) and plasma triglyceride (pTG; mg/dl) from Smith Richards
et al. 2002.

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pGlu

MLH

-39.6

57.4

-0.69

0.4908

0.7752

pgm

0.606

13.3

0.05

0.9638

0.7010

F1 sire

6.56

13.3

0.49

0.6213

0.4140

MLH

-0.282

0.405

-0.7

0.4868

0.7320

pgm

-0.0811

0.0942

-0.86

0.3896

0.7293

F1 sire

-0.14

0.0937

-1.49

0.1357

0.2680

pTG
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Table 5. The influence of multi-locus heterozygosity (MLH) and sex on original and
phenotypic dispersion (PD) traits: plasma triglyceride (pTG; mg/dl), plasma highdensity lipoprotein (pHDL; mg/dl) and plasma cholesterol (pChol; mg/dl)) in
Stylianou et al. 2006b.

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pTG

MLH

-17.3

20.2

-0.86

0.3908

0.2899

Sex

-78.1

3.99

-19.5

<.0001

<.0001

MLH

-2.40

4.76

-0.5

0.6143

0.0053

Sex

-21.3

0.944

-22.6

<.0001

<.0001

MLH

-3.56

5.88

-0.61

0.5449

0.0376

Sex

-23.5

1.17

-20.1

<.0001

<.0001

pHDL

pChol
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Table 6. The association of sex and multi-locus heterozygosity (MLH) original traits and
phenotypic dispersion (PD) for plasma cholesterol (pChol; mg/dl), plasma highdensity lipoprotein (pHDL; mg/dl), plasma triglyceride (pTG; mg/dl) and plasma
nonHDL (pnonHDL; mg/dl) from Stylianou et al. 2006c.

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pChol

MLH

2.12

2.58

0.82

0.412

0.1304

Sex

23.9

1.70

14.1

<.0001

0.1156

MLH

1.73

2.06

0.84

0.4029

0.1460

Sex

21.6

1.35

15.9

<.0001

0.0388

MLH

-3.39

5.03

-0.67

0.5015

0.5687

Sex

23.6

3.31

7.11

<.0001

0.0994

MLH

0.396

0.886

0.45

0.6554

0.8852

Sex

2.28

0.584

3.90

0.0002

0.5417

pHDL

pTG

pnonHDL
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system. The only covariate for the Stylianou et al. 2006d data was sex (Table 7). Sex was
a covariate for cholesterol, triglyceride, HDL, and nonHDL in the GLM test, and was a
covariate for cholesterol, triglyceride, and HDL in the QLIM test for loci associated with
phenotypic dispersion in the Stylianou et al. 2006e data set. Cholesterol and HDL had sex
as a covariate for only the GLM section of the test for genetic markers (Table 8)

Qualitative and Limited Dependent Variable Model
Ishimori et al. 2004
There were five genetic markers found to be associated with phenotypic
dispersion of specific traits within the Ishimori et al. 2004 cohort. The marker D18Mit50
(68,078,817 BP) was significantly associated with variability in triglyceride (PDpTG) in
mouse plasma (LL = -276, P < 0.001) (Figure 1, Table 9). All other markers were
uncorrelated with PDpTG (P > 0.05). Contrast tests of PD means for this marker suggested
overdominance for the 129S1×C57BL genotype (Figure 2a, Table 9).
Four genetic markers had a significant correlation with dispersion in plasma nonHDL cholesterol (PDpnHDL): D2Mit285 (P < 0.0001), D6Mit86 (P < 0.0001), D8Mit248
(P < 0.01) and D10Mit35 (P < 0.0001) (Figure 1; Table 9). These loci displayed dominant
associations with dispersion in non-HDL cholesterol, with the C57 genotype being
dominant for low PDpnHDL at D2Mit285 and D10Mit35 and the 129S1 genotype dominant
for low PDpnHDL at D6Mit86 and D8Mit248 (Figure 2b, Table 9). The markers D2Mit285,
D6Mit86, and D10Mit35 were also found to be significantly associated with random
variance in the level of plasma cholesterol (PDpChol) in the mice (P < 0.0001, < 0.0001
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Table 7. The association of sex and multi-locus heterozygosity (MLH) with original and
dispersive plasma cholesterol (pChol; mg/dl), plasma triglyceride (pTG; mg/dl),
plasma high-density lipoprotein (pHDL; mg/dl) and plasma nonHDL (pnonHDL;
mg/dl) from Stylianou et al. 2006d.

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pChol

MLH

1.93

2.20

0.87

0.3834

0.3316

Sex

18.6

1.56

11.87

<.0001

0.0116

MLH

2.19

3.89

0.56

0.5745

0.965

Sex

16.3

2.76

5.90

<.0001

0.0028

MLH

1.71

2.02

0.85

0.3985

0.4092

Sex

17.2

1.43

11.97

<.0001

0.0006

MLH

0.215

0.725

0.30

0.7673

0.5137

Sex

1.40

0.514

2.72

0.0074

0.2489

pTG

pHDL

pnonHDL
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Table 8. The association of sex and multi-locus heterozygosity (MLH) with plasma
cholesterol (pChol; mg/dl), plasma triglyceride (pTG; mg/dl) and plasma highdensity lipoprotein (pHDL; mg/dl) in Stylianou et al. 2006e.

Trait

Covariate

β

SE

t

P, GLM

P, QLIM

pChol

MLH

1.85

2.05

0.90

0.3676

0.3079

Sex

-19.0

1.24

-15.3

<.0001

0.6139

MLH

-6.04

5.95

-1.01

0.3118

0.9346

Sex

-19.0

3.61

-5.26

<.0001

0.0602

MLH

1.88

1.82

1.04

0.3016

0.3105

Sex

-18.8

1.10

-17.0

<.0001

0.6351

pTG

pHDL

29

29

Figure 1. Markers associated with phenotypic dispersion (PD) for plasma high-density lipoprotein (PDpHDL), plasma non-highdensity lipoprotein (PDpnHDL), plasma cholesterol (PDpChol), and plasma triglyceride (PDpTG) in 294 female
C57BL/6J×129S1/SvlmJ mice from Ishimori et al. 2004. Chromosomal position in megabases (MB) on x-axis and
Wald score (W) on the y-axis.

30
Table 9. Summary of significant associations between genetic markers and phenotypic
dispersion of triglyceride (PDpTG) in 614 (343 male, 271 female) A/JxC57BL/6J mice
(REF). Arch = architecture (‘Add’ = additive, ‘Dom’ = dominant, ‘OD’ =
overdominant, ‘UD’ = underdominant).

Study

Marker

Trait

n

P

Arch

Ishimori et al. 2004

D18Mit50

PDpTG

292

0.0004

OD

D2Mit185

PDpChol

292

< 0.0001

Dom

D6Mit86

PDpChol

288

< 0.0001

Dom

D10Mit35

PDpChol

281

0.0018

Dom

D2Mit185

PDpnHDL

292

< 0.0001

Dom

D6Mit86

PDpnHDL

291

< 0.0001

Dom

Continued
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Table 9. Continued

Study

Marker

Trait

n

P

Arch

D8Mit248

PDpnHDL

288

0.0018

Dom

D10Mit35

PDpnHDL

285

< 0.0001

Dom

D1Mit270

PDpChol

216

< 0.0001

Add

D1Mit270

PDpLDL/VDL 216

< 0.0001

Add

Smith Richards et al. 2002 D2Nds3

PDTG

502

< 0.0001

Dom

Stylianou et al. 2006b

C01_169425148_M

PDHDL

257

0.0001

Add

C06_092583427_N

PDHDL

256

0.0005

Add

C06_106057600_M

PDHDL

176

< 0.0001

Add

C15_026132801_M

PDHDL

176

0.0006

Add

Li et al. 2008

Continued
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Table 9. Continued

Study

Marker

Trait

n

P

Arch

Stylianou et al. 2006b

C02_051174661_M

PDTG

172

0.0001

Dom

C02_053087820_M

PDTG

231

0.0001

Add

C02_101074874_M

PDTG

173

0.0020

Dom

C03_005501855_M

PDTG

256

0.0003

Dom

C03_034069633_M

PDTG

260

0.0001

Add

C06_136943848_M

PDTG

176

0.0012

Dom

C07_135345950_N

PDTG

80

0.0008

Add

C08_035000451_M

PDTG

341

0.0003

Add
Continued
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Table 9. Continued

Study

Marker

Trait

n

P

Arch

Stylianou et al. 2006b

C08_041947937_M

PDTG

167

0.0020

Add

C08_123825384_N

PDTG

255

0.0007

Dom

C11_107678903_M

PDTG

508

0.0010

Dom

C15_010120073_M

PDTG

255

0.0001

Add

C15_026132801_M

PDTG

176

0.0011

Add

D11Mit126

PDTG

26

<0.0001

Add

Stylianou et al. 2006e
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Figure 2a. Mean dispersion in plasma triglycerides (PDpTG) by genotype at D18Mit50 in
294 female C57BL/6J×129S1/SvlmJ mice from Ishimori et al. 2004.
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Figure 2b. Mean dispersion in plasma non-HDL cholesterol (PDnHDL) and total
cholesterol (PDpChol) by genotype in 294 female C57BL/6J×129S1/SvlmJ mice
from Ishimori et al. 2004.
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and < 0.0001, respectively) (Figure 1, Table 9). The remainder of the marker-PD
associations were too weak to be considered further (P > 0.05). There were no genetic
markers identified as associated with the dispersion of plasma HDL. The highest Wald
score was 10.67 (P = 0.0048) at the marker D18Mit42, which was not significant at the
FDR threshold (Figure 1).

Kim et al. 2001
There were no genetic markers within the Kim 2001 data set that were found to be
associated with the dispersion of plasma glucose or insulin in the mice (Figure 3).

Li et al. 2008
Three linked microsatellite markers on chromosome 1 (D1Mit425, D1Mit270 and
D1Mit406) were found to be significantly associated with dispersion in plasma traits
involved in diabetes (P < 0.001) (Figure 4, Table 9). The middle marker, D1Mit270, had
the strongest association with dispersion in both cholesterol (PDpChol) (LL = -186, P <
0.0001) and LDL/VLDL (PDpVDL/LDL) (LL = -191, P < 0.001) (Figure 4, Table 9). This
position appeared to have additive effects on dispersion in both traits (P < 0.001) with
higher phenotypic variation in the C3HapoE-/- genotype (Figure 5, Table 9). There were
no significant relationships between any markers and dispersion in either HDL or
triglyceride (P > 0.05).
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Figure 3. Association of genetic markers with phenotypic dispersion in plasma glucose (PDpGlu) and insulin (PDpIns) in 206
male TallyHoxC57BL/6J mice (Kim et al. 2001).
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Figure 4. Chromosomal markers associated with the phenotypic dispersion (PD) of plasma very low-density lipoprotein and
low-density lipoprotein (PDpVLDL/LDL), plasma high-density lipoprotein (PDpHDL), plasma cholesterol (PDpChol), and
plasma triglyceride (PDpTG) in 216 female C57BL/6JxC3H/HeJ mice from Li et al. 2008.
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Figure 5. Mean dispersion by D1Mit270 genotype for dispersion in low and very lowdensity lipoproteins (PDpLDL/VDL) and cholesterol (PDpChol) in 216 female
C57BL/6JxC3H/HeJ mice from Li et al. 2008.
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Smith Richards et al. 2002
Two linked microsatellite loci on chromosome 2 had a significant association with
dispersion in triglyceride in the F2 C57BL/6J×CAST/Eij mice used in this study: D2Nds3
and D2Mit22 (LL = -451.9, P < 0.0001, P = 0.0001, respectively) (Figure 6, Table 9).
Both loci appeared to have a dominant low expression for the C57BL allele (Figure 7,
Table 9). There were no genetic effects on random variation in glucose in this group (P >
0.05).

Stylianou et al. 2006b
There were four SNP loci significantly associated with the dispersion of HDL
(PDpHDL), and thirteen loci associated with the dispersion of triglyceride (PDpHDL) (Figure
8, Table 9). The four markers associated with the dispersion of HDL were on
chromosomes 1 (rs169425148, P = 0.0001), two on 6 (rs092583427, P < 0.001;
rs106057600, P < 0.0001), and 15 (rs026132801; P < 0.001). All four loci were additive
in expression with higher dispersion for the C57BL allele at rs92583427 and rs26132801,
and higher dispersion for the A/J allele at rs169425148 (Figure 9, Table 9).
Numerous genetic regions were associated with phenotypic dispersion in
triglyceride in the Stylianou et al. 2006b data set on chromosomes 2, 3, 6, 7, 8, 11, and
15, with multiples on chromosomes 2, 3, 8, and 15 (Figure 9, Table 9). Loci on
chromosomes 2, 3, 7 and parts of chromosome 8 (rs35000451, rs41947937) expressed a
mixture of additive and dominant effects, but with higher dispersion in A/J genotypes (P
< 0.01) (Figure 10a-b). Markers on chromosomes 6, parts of 8 (rs123825384), 11 and 15
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Figure 6. Microsatellite markers on chromosome 2 associated with phenotypic dispersion
in plasma triglycerides (PDpTG) in 502 C57BL/6J×CAST/Eij mice from Smith
Richards et al. 2002.

42

Figure 7. Means of phenotypic dispersion in plasma triglycerides (PDpTG) by D2Nds3
genotype in 502 C57BL/6J×CAST/Eij mice from Smith Richards et al. 2002.
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Figure 8. Association analysis for phenotypic dispersion (PD) in plasma high-density lipoprotein (PDpHDL), plasma triglyceride
(PDpTG), and plasma cholesterol (PDpChol) in 614 (343 male, 271 female) A/J×C57BL/6J mice from Stylianou et al. 2006b.
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Figure 9. Mean phenotypic dispersion for plasma high-density lipoprotein (PDpHDL) in
614 (343 male, 271 female) A/JxC57BL/6J mice from Stylianou et al. 2006b.
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Figure 10a. Mean phenotypic dispersion for plasma high-density lipoprotein (PDpHDL) in 614 (343 male, 271 female) A/J×C57BL/6J
mice from Stylianou et al. 2006b.
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Figure 10b. Mean phenotypic dispersion for plasma high-density lipoprotein (PDpHDL) in
614 (343 male, 271 female) A/J×C57BL/6J mice from Stylianou et al. 2006b.
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had again a mix of additivity and dominance, but with higher PD in the C57BL genotype
(P < 0.05) ((Figure 10a-b).

Stylianou et al. 2006c
The only variable markers in the Stylianou et al. 2006c data set were on
chromosome 3 (Figure 11). There were not any markers that had a significant correlation
to the dispersion of the levels of cholesterol, triglyceride, HDL, or nonHDL while on the
specific diet that was in place during the experiment that Stylianou performed.

Stylianou et al. 2006d
The only markers included in the Stylianou et al. 2006d data set were on
chromosome 8 (Figure 12) because it was a consomic strain of mice. There were no
markers that were significantly linked to dispersion in the levels of cholesterol,
triglyceride, HDL, or nonHDL in the mice included in the data set (P > 0.05).

Stylianou et al. 2006e
There was one marker found to be significantly linked to the dispersion of
triglyceride in the given mice. D11Mit126 is a marker on chromosome 11 that was
significantly associated with plasma triglyceride dispersion (LL = -17.2, P < 0.0001)
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Figure 11. Association of chromosome 3 markers with phenotypic dispersion in plasma
high-density lipoprotein (PDpHDL), non-high-density lipoprotein (PDpnHDL), plasma
triglyceride (PDpTG), and total plasma cholesterol (PDpChol) on chromosome 3 in
122 mixed-sex C57BL/6J×CSS-3 mice from Stylianou et al. 2006c.
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Figure 12. Association of markers on chromosome 8 with phenotypic dispersion in
plasma triglyceride (PDpTG), high-density lipoprotein (PDpHDL), non-high-density
lipoprotein (PDpnHDL), and total plasma cholesterol (PDpChol) in 146
C57BL/6J×CSS-8 mice from Stylianou et al. 2006d.
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(Figure 13). The association between phenotypic dispersion and the genotype at the locus
was determined to be additive (Figure 14).

Gene Candidates
Gene candidate analysis turned up numerous SNP targets with synonymous and
nonsynonymous substitutions, intron polymorphisms and 5’ UTR at many genes. For the
sake of simplicity and space, however, only non-synonymous coding SNPs are reported
here.

Ishimori et al. 2004
The markers associated with dispersion in PDpChol, PDpnHDL and PDpTG had various
genes near them, some of which have been linked to diabetes (Table 10). There are
several genes on chromosome 2 near the marker rs152683107 that play roles in processes
related to developing diabetes including Bpifb6, Procr, and Dnmt3b. The Bpifb6 gene is
important in the regulation of the secretory pathway involved in viral infections, as well
as in lipid binding (Morosky, Lennemann et al. 2016). Procr codes for a serine protease
involved in the blood coagulation cascade (NCBI), and Dnmt3b is involved with
epigenesis, X-chromosome inactivation, as well as macrophage differentiation (NCBI
2017; Uniprot 2017) FTO is located on chromosome 8 near the marker D8Mit248
(95,209,322 BP) which was associated with genotypic differences in PDpnHDL, and it has

51

Figure 13. Association of markers on chromosome 11 with phenotypic dispersion in
plasma triglyceride (PDpTG), high-density lipoprotein (PDpHDL) and total plasma
cholesterol (PDpChol) in 26 C57BL/6J×CSS-11 mice from Stylianou et al. 2006e.
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Figure 14. Mean phenotypic dispersion for plasma triglyceride (PDpTG) by genotype at the
microsatellites D11Mit126 in 122 mixed-sex C57BL/6J×CSS-11 mice from
Stylianou et al. 2006 e.
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Table 10. Genes with nonsynonymous coding sequence polymorphisms between the
C57BL/6J and 129S1/SvlmJ strains linked (< 10 MB) to markers significantly
associated with phenotypic dispersion (PD) in diabetic traits in Ishimori et al.
2004 by chromosome (Chr) and base-pair (BP) position. Single nucleotide
polymorphism (SNP) genotypes for this cohort are given with the C57BL/6J
genotype first and the 129S1/SvlmJ second.
Trait

Marker

Gene Symbol

Chr

BP

SNP

Gene Description

PDpChol

D2Mit285

Angpt4

2

151,929,575

T/A

angiogenesis

and

D2Mit285

Bpifb6

2

153,908,111

A/G

lipid binding

PDpnHDL

D2Mit285

Cep250

2

155,970,844

A/G

centrosomal protein

2

155,975,850

T/C

2

155,976,448

T/C

2

155,990,423

G/A

2

155,990,950

G/A

2

155,991,810

A/G

2

155,992,226

A/C

2

155,992,337

A/G

PDpChol

D2Mit285

Cnbd2

2

156,312,536

A/G

cAMP binding

and

D2Mit285

Dlgap4

2

156,748,398

A/G

neuronal signalling

PDpnHDL

D2Mit285

Dnmt3b

2

153,665,295

A/G

DNA methyltransferase,
X inactivation,
macrophage
differentiation

Continued
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Table 10. Continued
Trait

Marker

Gene Symbol

Chr

BP

SNP

Gene Description

PDpChol &

D2Mit285

Epb41l1

2

156,523,014

A/C

mediates RBC connection

PDpnHDL

to PM
D2Mit285

D2Mit285

Fer1l4

Myh7b

2

156,021,476

G/A

2

156,031,244

A/T

2

155,628,695

C/G

cancer suppression

myosin heavy chain B;
muscular contraction in
myofilaments

D2Mit285
D2Mit285

Nfs1

2

155,633,262

T/C

2

156,127,724

G/C

iron-sulphur cluster:
cysteine-to-alanine

D2Mit285

Phf20

2

156,267,477

A/G

chromatin organization,
histone acetyltransferase

D2Mit285

Procr

2

155,754,619

T/G

serine protease; blood
coagulation, infarction

D2Mit285

Rbm12

2

156,097,986

A/G

RNA binding

D2Mit285

Slc52a3

2

152,007,961

C/T

riboflavin transporter,
vitamin absorption

PDpChol &
PDpnHDL

D2Mit285

Zcchc3

2

152,414,591

T/C

zinc finger

D6Mit86

Gngt1

6

3,994,048

A/G

rod cells, guanosine
monophosphate
phosphodiesterase
Continued
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Table 10. Continued
Trait

Marker

Gene Symbol

Chr

BP

SNP

Gene Description

PDpChol &

D6Mit86

Phf14

6

12,067,243

G/A

chromatin organization,

PDpnHDL

mesenchyme hyperplasia
D6Mit86

Rpa3

6

8,259,077

G/C

stabilizes DNA damage

D6Mit86

Samd9l

6

3,375,885

T/C

tumor suppressor, innate
anti-viral response

D6Mit86
PDpnHDL

D8Mit248

Ces1h

6

3,376,755

C/T

8

93,352,146

T/C

carboxylesterase 1H;
metabolic control

D8Mit248

Chd9

8

93,353,455

G/A

8

93,362,911

G/T

8

90,932,892

C/A

regulates lipid
metabolism, helicase,
chromatin remodeling

D8Mit248

Fto

8

90,956,684

A/G

8

91,485,199

A/G

T2DM, energy
homeostasis, dispersion in
human BMI, growth and
development

8

91,485,276

A/G

8

91,666,314

T/C

Continued

56
Table 10. Continued
Trait

Marker

Gene Symbol

Chr

BP

SNP

Gene Description

PDpnHDL

D8Mit248

Irx3

8

91,798,964

A/G

homeobox: motor neural
development

D8Mit248

Irx6

8

92,676,105

C/T

homeobox: motor neural
development

D8Mit248

Kifc3

8

95,134,812

G/A

C3 kinesin family:
microtubules and spindles

D8Mit248

Nlrc5

8

94,473,011

G/C

immune system, regulates
innate antiviral immunity

D8Mit248

Rbl2

8

94,488,591

A/G

8

91,115,244

G/T

stabilizes histone
methylation, transcription
repressor, E2F binding

D8Mit248

Rpgrip1l

8

91,261,006

A/G

cilia cells, craniofacial
development

PDpChol &

D10Mit35

Iltifb

10

118,293,178

C/T

PDpnHDL

cytokine, mediates tissue
inflammation

D10Mit35

Mdm1

10

118,157,266

T/C

centriole control, retinal
degeneration

D10Mit35

Srgap1

10

121,785,404

C/T

mediates neuronal
migration, thyroid cancer

10

121,804,983

G/A
Continued
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Table 10. Continued

Trait

Marker

Gene Symbol

Chr

BP

SNP

Gene Description

PDpTG

D18Mit50

4930503L19Rik

18

70,469,460

A/G

Lung Adenoma
Susceptibility Protein 2

D18Mit50

Alpk2

18

70,469,703

T/C

18

65,266,165

T/C

serine/threonine kinase;
phosphorus transfer, alpha
helix recognition

18

65,349,185

A/G

18

65,349,415

G/T

18

65,349,509

A/G

18

65,349,741

T/C

18

65,350,134

C/A

18

65,350,143

T/C

D18Mit50

Ccdc68

18

69,961,505

G/A

cutaneous cell lymphoma

D18Mit50

Cep192

18

67,829,857

T/C

regulates PKM1 activity
at G2/M point, critical for
spindle/centrosome

18

67,841,806

A/G

18

67,850,459

T/C

18

67,862,501

A/G

Continued
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Table 10. Continued
Trait

Marker

Gene Symbol

Chr

BP

SNP

Gene Description

PDpTG

D18Mit50

Dcc

18

71,306,101

T/C

netrin 1 receptor; cell
adhesion, axon guidance
to growth cones

D18Mit50

Nedd4l

18

71,446,363

G/A

18

65,167,568

T/C

HECT domain E3
ubiquitin ligase
(lysosomal regulation),
ENaC expression,
hypertension

D18Mit50

Tcf4

18

69,521,679

A/T

transcription factor 4

D18Mit50

Wdr7

18

63,779,921

C/G

cell cycle, signal
transduction, apoptosis
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been previously linked to BMI and residual phenotypic variation in BMI in humans, as
well as to T2DM itself (Yang, Loos et al. 2012).

Li et al. 2008
The two markers that were significantly linked to PD in plasma cholesterol
(PDpChol) had many genes close by (Table 11). Apoa2 is a gene on chromosome 1 near
D1Mit270 (172,778,610 BP) that codes for apolipoproteins, which are the structural
factors that form cholesterol; both LDL and HDL (Mahley, Innerarity et al. 1984). Atp1a4
and Dusp12 are also located near the Mit270 marker (172,778,610 BP); Atp1a4 codes for
a sodium/potassium ATPase, and Dusp12 codes for a phosphatase that is involved in cell
proliferation and differentiation by inactivating its target kinase by dephosphorylating the
phosphotyrosine and phosphoserine/threonine residues (NCBI 2017). The Soat1 gene is
located close to the Mit245 marker (rs158554809), and it codes for an acetyltransferase
protein that catalyzes the formation of cholesteryl esters, maintaining intracellular
cholesterol homeostasis (NCBI 2017).

Smith Richards et al. 2002
The marker on chromosome 2 that was significantly correlated to high phenotypic
dispersion in triglyceride in the C57BL/6JxCAST mice had many genes nearby (Table
12). The Foxa2 gene is among those found on chromosome 2 near the marker
(151624851). Foxa2 codes for the Foxa2 protein, which is a transcription factor that is a
key regulator of beta-cell development and function. Maturity-onset diabetes of the young
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Table 11. Genes with nonsynonymous coding sequence polymorphisms between the
C57BL/6J and C3H/HeJ strains linked (< 10 MB) to markers associated with
dispersion in diabetes traits (P < 0.05) in Li et al. 2008 according to chromosome
(Chr) and base-pair (BP) position. Single nucleotide polymorphism (SNP)
genotypes are given with the C57BL/6J genotype first.
Trait

Marker

Gene

PDpChol D1Mit425 Cep450

D1Mit425 Nphs2

Chr BP

SNP Gene Description

1

155,862,369 G/A

1

155,862,882 C/T

1

155,863,282 C/G

1

155,926,508 C/T

1

155,928,211 C/T

1

155,958,681 G/A

1

156,326,100 C/T

cytoskeleton, centrosome

regulation of glomerular
permeability

D1Mit425 Qsox1

1

155,779,448 A/C

innate immune system,
response to cytosolic
Ca2+

D1Mit425 Sec16b

1

157,565,439 T/C

organization of
transitional ER sites and
protein export

D1Mit425 Soat1

1

156,441,366 G/A

free cholesterol: fatty
acid cholesteryl ester
equilibrium

156,442,409 T/C
Continued
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Table 11. Continued
Trait

Marker

Gene

PDpChol D1Mit425 Tdrd5

Chr BP
1

SNP Gene Description

156,263,413 G/A

spermiogenesis

156,270,646 C/T
D1Mit425 Tnr

1

159,858,348 T/C

CNS; neurite outgrowth,
neural cell adhesion

D1Mit425 Tor1aip1

1

156,022,318 C/T

attachment of nuclear
membrane to lamina
during cell division

D1Mit425 Tor1aip2

1

156,065,045 G/A

D1Mit425 Tor3a

1

156,673,586 C/T

visual distinction of
shapes

PDpLDL D1Mit270 Adamts4

1

171,250,901 A/G

arthritis; degrades
aggrecan (proteoglycan
cartilage) and brainspecific ECM protein

D1Mit270 Alyref2

1

171,504,107 A/G

molecular chaperone;
dimerization, DNA
transcriptional activity of
basic region-leucine
zipper (bZIP) proteins

Continued

62
Table 11. Continued
Trait

Marker

Gene

PDpLDL D1Mit270 Apoa2

Chr BP
1

SNP Gene Description

171,225,742 A/T

apolipoprotein; second
most abundant HDL
protein, vit A11
def.,hypercholesterolemia

171,225,758 T/C
171,225,795 G/A
D1Mit270 Arhgap30

1

171,409,082 T/G

actin and cytoskeleton

D1Mit270 Atp1a4

1

172,240,058 A/G

Na+/K+ ATPase

172,244,100 T/C
172,255,054 T/C
D1Mit270 Cd244

1

171,573,828 A/G

NK, T cell surface
receptor

171,574,176 A/C
D1Mit270 Cd48

1

171,682,104 T/G

immuno. protein surface

171,695,858 A/G
D1Mit270 Cd84

1

171,851,835 G/A

membrane glycoprotein
(SLAM family)

D1Mit270 Cep170

1

176,782,254 T/C

centrosome

D1Mit270 Chml

1

175,687,272 G/T

Usher syndrome; hearing
loss, visual impairment
Continued
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Table 11. Continued
Trait

Marker

Gene

PDpLDL D1Mit270 Crp

Chr BP
1

SNP Gene Description

172,698,749 C/G

C-reactive protein;
foreign pathogen and
damaged cell recognition,
inflammation

D1Mit270 Dusp12

1

170,885,169 C/A

phosphatase; inactivates
kinases
(dephosphorylating
phosphoserine/threonine,
phosphotyrosine)

D1Mit270 Exo1

1

175,896,185 A/G

exonuclease; mismatch
repair and recombination

175,901,041 C/T
D1Mit270 Fcer1a

1

173,222,578 T/C

initiator of allergic
response

173,222,740 G/A
D1Mit270 Fcgr2b

1

170,963,333 G/T

phagocytosis of immune
complexes, regulation of
B cell antibody
production

Continued
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Table 11. Continued
Trait

Marker

Gene

PDpLDL D1Mit270 Fcgr3

Chr BP
1

SNP Gene Description

171,051,722 T/G

removes antigenantibody complexes from
circulation

171,057,793 T/G
171,057,815 A/C
171,057,820 A/C
D1Mit270 Fcrla

1

170,918,246 T/C

mediates IgG-coated
antigens destruction

D1Mit270 Fmn2

1

174,503,160 T/C

actin cytoskeleton

D1Mit270 Klhdc9

1

171,360,646 T/G

ankyrin-repeat protein

D1Mit270 Ly9

1

171,593,907 C/T

receptor of signalling
lymphocytic activation
molecule (SLAM family)

171,594,032 C/A
171,605,028 A/G
171,605,056 G/A
171,605,172 A/G
171,605,208 A/G
D1Mit270 Ncstn

1

172,082,621 G/A

multimeric gammasecretase, Alzheimers
Continued
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Table 11. Continued
Trait

Marker

Gene

PDpLDL D1Mit270 Nit1

Chr BP
1

SNP Gene Description

171,344,938 G/A

cleaves organic amides to
carboxylic acids

D1Mit270 Nr1i3

1

171,216,751 C/T

key regulator in
xenobiotic and endobiotic
metabolism

D1Mit270 Olfr1406

1

173,183,633 C/T

perception of smell

D1Mit270 Olfr220

1

174,448,757 G/T

perception of smell

D1Mit270 Olfr419

1

174,249,989 C/T

perception of smell

D1Mit270 Olfr433

1

174,042,364 G/A

perception of smell

D1Mit270 Pigm

1

172,377,316 A/T

transmembrane ER
protein, anchors proteins
to RBCs

D1Mit270 Sdhc

1

171,145,805 T/C

succinate dehydrogenase

171,150,569 A/G
D1Mit270 Slamf6

1

171,942,580 C/T

NK, T and B
lymphocytes

D1Mit270 Slamf9

1

172,476,174 G/A
172,477,430 A/G
172,477,449 G/A
172,478,072 T/C

immune response
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Table 12. Chromosome (Chr) and base-pair (BP) position of nonsynonymous coding
sequence differences between the progenitor C57BL/6J and CAST/Eij strains
linked (< 10 MB; P < 0.05) to markers associated with phenotypic dispersion in
plasma total triglyceride (pTG) concentration in Smith et al. 2002. Single
nucleotide polymorphism (SNP) genotypes are given with C57BL/6J allele first,
CAST/Eij second.
Trait

Marker

Gene Symbol

Chr

BP

SNP

PDpChol

D2Mit22

Asxl1

2

153,400,071 A/C

Gene Description
transcription regulation

153,400,883 G/C
153,401,088 A/T
153,401,378 A/G
153,401,541 A/G
153,401,927 G/A
D2Mit22

Bpifb6

2

153,908,111 A/G

innate immune system

D2Mit22

Bpifb9a

2

154,257,766 A/G

phosphoprotein, genomic
stability, tumor
suppressor

D2Mit22

D2Mit22

Cep250

Foxa2

2

155,976,448 T/C

2

155,992,226 A/C

2

148,044,080 T/C

centrosomal protein

activator for liver gene
(i.e. albumin)
transcription, metabolism
regulation, linked to
MODY
Continued
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Table 12. Continued
Trait

Marker

Gene Symbol

Chr

BP

SNP

PDpChol

D2Mit22

Kiz

2

146,870,824 T/C

2

146,891,029 A/T

Gene Description
centrosome

D2Mit22

Myh7b

2

155,633,209 T/C

heavy chain of myosin II

D2Mit22

Myh7b

2

155,633,262 T/C

D2Mit22

Phf20

2

156,267,477 A/G

chromatin organization

D2Mit22

Zcchc3

2

152,414,591 T/C

polyA RNA binding
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(MODY) is known to be associated with this gene because Foxa2 is responsible for
insulin not being properly regulated (Bastidas-Ponce, Roscioni et al. 2017). Bpifb6 is also
found near this marker, which is a gene that mediates aspects of the innate immune
system (Rappaport S 2017).

Stylianou et al. 2006b
The Apoa2, Atp1a4, Dusp12, and Slamf6, Slamf7, Slamf8, and Slamf9 genes are
on chromosome 1 close to the marker linked to random dispersion of HDL levels (Table
13). The signaling lymphocyte activation molecule (SLAM) family of receptors and
SLAM- associated protein family of adaptors are primarily required for the immune
system (Veillette 2010). The markers on chromosome 6 and 15 that are associated with
PDpHDL have many genes around them, some of which could play a role in diabetes
development, such as Ppp4r2, Iqsec1, and Slc41a3. Ppp4r2 codes for a subunit of
serine/threonine phosphatase 4 (Uniprot 2017). Iqsec1 is involved in guanine nucleotide
exchange which is enhanced by lipid binding (Uniprot 2017), and Slc41a3 maintains
magnesium homeostasis in kidneys (de Baaij, Arjona et al. 2016).
The Hipk3 gene is located on chromosome 2 near the marker rs101074874
(99,962,752 BP) associated with a high dispersion of triglyceride. Hipk3 codes for a
serine/threonine-protein kinase that is involved in transferase activity, transcription
regulation, apoptosis and steroidogenic gene expression (Uniprot 2017). The Bbs7 gene is
found on chromosome 3 close to the marker rs34069633 (34,100,615 BP) that is
associated with Bardet-Biedl syndrome, which is characterized by obesity and vision loss
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Table 13. Chromosome (Chr) and base-pair (BP) position of nonsynonymous coding
sequence differences between the progenitor C57BL/6J and A/J strains linked (<
10 MB; P < 0.05) to markers associated with phenotypic dispersion in plasma
high-density lipoprotein (PDpHDL) concentration in Stylianou et al. 2006b. Single
nucleotide polymorphism (SNP) genotypes are given with C57BL/6J allele first,
A/J second.
Trait

Marker

Gene

PDpHDL rs140746766 Adamts4
rs140746766 Alyref2

rs140746766 Apoa2

Chr BP

SNP Gene Description

1

171,250,901 A/G

degrades aggrecan

1

171,503,709 A/G

regulates dimerization

1

171,503,765 C/A

1

171,504,107 A/G

1

171,225,696 G/T

apolipoprotein;
second most abundant
in HDL

rs140746766 Arhgap30

rs140746766 Atf6

1

171,225,742 A/T

1

171,225,758 T/C

1

171,405,161 T/C

1

171,408,430 A/G

1

171,408,701 C/A

1

171,409,061 G/A

1

171,409,082 T/G

1

170,841,710 C/T

rho GTPase

activates unfolded
protein response in
ER stress

rs140746766 Atp1a4

1

172,240,058 A/G

Na+/K+ ATPase
Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL

rs140746766 Cadm3

Chr BP

SNP Gene Description

1

172,244,100 T/C

1

172,245,240 G/T

1

172,255,054 T/C

1

173,367,596 A/G

Ca2+-independent
cell-cell adhesion,
forms nectin dimers

rs140746766 Cd244

1

171,573,804 G/C

cell surface receptor
expressed on NK and
T cells

rs140746766 Cd244

1

171,573,828 A/G

rs140746766 Cd244

1

171,573,917 A/C

rs140746766 Cd244

1

171,574,176 A/C

rs140746766 Cd244

1

171,574,264 T/C

rs140746766 Cd244

1

171,579,124 C/A

rs140746766 Cd244

1

171,579,127 T/C

rs140746766 Cd48

1

171,682,104 T/G

rs140746766 Cd48

1

171,695,858 A/G

rs140746766 Cd48

1

171,701,826 A/G

rs140746766 Cd48

1

171,704,576 C/T

rs140746766 Cd84

1

171,851,835 G/A

SLAM family

Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL rs140746766 Cd84

Chr BP

SNP Gene Description

1

171,885,586 A/G

rs140746766 Cfap126

1

171,113,952 C/A

rs140746766 Cfap126

1

171,125,865 C/T

rs140746766 Copa

1

172,114,762 T/A

cilia and flagella

ER/Golgi protein
transport

rs140746766 Copa

1

172,118,968 A/G

rs140746766 Crp

1

172,698,749 C/G

tissue injury, host
defense

rs140746766 Ddr2

1

172,698,921 G/A

1

169,987,104 T/C

involved in cell
adhesion,
proliferation

rs140746766 Dusp12

rs140746766 Fcer1a

rs140746766 Fcer1g

1

170,885,169 C/A

1

170,885,283 T/C

1

170,885,284 G/A

1

173,222,578 T/C

1

173,222,761 C/T

1

171,230,901 T/G

1

171,230,904 A/T

kinase inactivation

allergic response

allergic reactions

Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL rs140746766 Fcgr2b

Chr BP
1

SNP Gene Description

170,963,333 G/T

phagocytosis of
immune complexes,
regulation of B cell
antibody production

rs140746766 Fcgr3

1

170,966,467 G/T

1

170,966,481 T/A

1

171,057,793 T/G

removal of antigenantibody complexes

rs140746766 Fcrl6

1

171,057,815 A/C

1

171,057,820 A/C

1

172,597,669 T/C

protein phosphatase
binding, viral
pneumonia

rs140746766 Fcrla

1

172,597,802 G/A

1

172,598,290 G/T

1

170,918,246 T/C

phagocytosis,
antibody-dependent
cell cytotoxicity

1

170,921,725 G/A

1

170,922,278 C/T
Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL rs140746766 Fcrlb

Chr BP
1

SNP Gene Description

170,907,535 T/C

phagocytosis,
antibody-dependent
cell cytotoxicity

rs140746766 Fmn2

1

174,502,143 T/C

actin cytoskeleton

1

174,503,160 T/C

rs140746766 Ifi213

1

173,593,963 G/A

interferon activated

rs140746766 Igsf8

1

172,317,580 A/G

immunoglobulin
protein superfamily

rs140746766 Igsf9

1

172,318,712 A/T

1

172,484,869 A/G

dendrite outgrowth
and synapse
maturation

rs140746766 Kcnj10

1

172,493,544 A/G

1

172,493,614 A/G

1

172,343,185 A/C

K channel; buffering
action of brain glial
cells

rs140746766 Klhdc9

1

172,343,223 G/A

1

172,343,330 C/G

1

171,360,151 T/C

kelch
Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL

rs140746766 Ly9

Chr BP

SNP Gene Description

1

171,360,318 T/C

1

171,360,646 T/G

1

171,593,907 C/T

SLAM, innate and
adaptive immune
recep.

rs140746766 Mpz

1

171,594,032 C/A

1

171,599,857 C/T

1

171,599,888 C/G

1

171,605,028 A/G

1

171,605,056 G/A

1

171,605,172 A/G

1

171,605,208 A/G

1

171,607,284 C/T

1

171,158,798 A/G

Schwann cells of
PNS, myelin sheaths

rs140746766 Ncstn

1

172,066,763 C/T

1

172,066,768 G/A

1

172,082,621 G/A

Alzheimer's

Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL rs140746766 Nit1

Chr BP
1

SNP Gene Description

171,344,938 G/A

cleaves organic
amides to carboxylic
acids

rs140746766 Nr1i3

1

171,216,751 C/T

regulates xenobiotic
and biotic metabolism

rs140746766 Olfr1406

rs140746766 Olfr419

rs140746766 Pex19

1

173,183,633 C/T

1

173,184,360 G/A

1

174,249,989 C/T

1

174,250,364 C/T

1

174,152,458 A/G

1

172,126,707 G/A

olfactory receptor

olfactory receptor

peroxisomal
biogenesis

rs140746766 Pigm

1

172,128,723 C/T

1

172,377,316 A/T

GPI anchor
biosynthesis

rs140746766 Ppox

1

171,280,454 G/A

heme biosynthesis

rs140746766 Rgs5

1

169,690,527 C/T

endothelial apoptosis

rs140746766 Sdhc

1

171,136,127 G/C

succinate
dehydrogenase

1

171,145,805 T/C
Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL

Chr BP

SNP Gene Description

1

171,150,569 A/G

rs140746766 Slamf6

1

171,942,580 C/T

NK, T cell receptor

rs140746766 Slamf7

1

171,637,130 G/T

innate and adaptive
immune system,
myeloma

rs140746766 Slamf8

1

171,638,669 C/T

1

171,638,683 A/G

1

172,584,483 T/C

cell surface,
lymphocyte activation

rs140746766 Slamf9

1

172,587,924 A/G

1

172,587,951 T/C

1

172,476,174 G/A

lymphocytic
activation molecule

rs140746766 Usp21

1

172,477,430 A/G

1

172,478,072 T/C

1

171,284,618 A/G

cleaves ubiquitin for
intracellular recycling

rs140746766 Vangl2

1

172,008,042 A/G

regulation of cell
polarity (cochlea
ciliary bundles)
Continued
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Table 13. Continued
Trait

Marker

Gene

PDpHDL rs140746766 Vsig8

rs105174947 Cntn6

Chr BP

SNP Gene Description

1

172,556,772 G/A

1

172,556,934 T/C

6

104,845,679 T/C

polyA-RNA binding

GPI anchored
neuronal adhesion

104,848,175 T/C
rs105174947 Pdzrn3

6

101,150,969 A/G

vascular
morphogenesis,
adipocyte, osteoblast,
myoblast
differentiation

rs105174947 Ppp4r2

6

100,866,541 G/A

regulates
serine/threonineprotein phosphatase 4
complex

rs105174947 Setmar

6

108,076,365 T/G

DNA repair

rs105174947 Sumf1

6

108,142,920 G/A

sulfate ester
hydrolysis (cysteine
oxidation)

108,143,070 A/C
Continued
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Table 13. Continued
Trait

Marker

PDpHDL rs91754019

Gene

Chr BP

SNP Gene Description

Aak1

6

T/C

86,986,480

trigger clathrin
assembly

rs91754019

Abtb1

6

88,838,385

A/G

protein-protein int.

rs91754019

Bmp10

6

87,434,151

G/A

ligand of transforming
growth factor-β
superfamily;
cardiovascular devel.

rs91754019

Chchd6

6

89,467,434

C/T

mitochondrial inner
membrane

rs91754019

D6Ertd527e 6

87,111,188

A/T

ovarian gene

rs91754019

D6Ertd527e 6

87,111,443

T/G

rs91754019

D6Ertd527e 6

87,111,476

A/G

rs91754019

D6Ertd527e 6

87,111,649

A/C

rs91754019

D6Ertd527e 6

87,111,650

C/T

rs91754019

Efcc1

6

87,753,796

C/T

calcium ion binding

rs91754019

Fgd5

6

92,050,431

A/G

small GTPase binding

rs91754019

Iqsec1

6

90,706,069

T/C

lipid binding;
endocytosis
Continued
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Table 13. Continued
Trait

Marker

PDpHDL rs91754019

Gene

Chr BP

SNP Gene Description

Nfu1

6

T/C

87,012,963

critical to iron-sulfur
cluster biogenesis

rs91754019

Slc41a3

6

90,612,140

A/G

cation transmembrane
transporter

rs91754019

Uroc1

6

90,345,379

G/A

histidine catabolism,
protects skin from UV

rs91754019

Uroc1

6

90,345,493

A/G

rs91754019

Vmn1r43

6

89,870,133

C/T

vomeronasal
reception

rs91754019

Vmn1r47

6

90,022,575

C/T

vomeronasal
reception

rs91754019

Vmn1r47

6

90,022,578

A/C

rs91754019

Vmn1r47

6

90,022,581

C/G

rs91754019

Vmn1r47

6

90,022,787

A/C

rs91754019

Vmn1r47

6

90,022,797

A/C

rs91754019

Vmn1r49

6

90,072,915

C/T

vomeronasal
reception

Continued
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Table 13. Continued
Trait

Marker

PDpHDL rs91754019

Gene

Chr BP

SNP Gene Description

Vmn1r54

6

A/C

90,269,245

vomeronasal
reception

rs25981090

Atat2

15

26,409,122

C/T

myosin/actin
molecular motor,
integration of F-actin
and cytoskeleton

rs25981090

Fbxl7

15

26,543,736

C/T

F-box protein, leucine
rich repeats

rs25981090

Myo10

15

25,732,087

C/T

myosin/actin
molecular motor,
integration of F-actin
and cytoskeleton

rs25981090

Trio

15

27,919,217

T/C

GDP-GTP exchange;
cell growth and
migration

81
(Forsythe, Kenny et al. 2018). There are many genes located near the significant markers
on chromosomes 3, 6, 7, 8, 11 and 15 (Table 14) that are associated with processes in the
body that can affect triglyceride levels. Acad9, Atp11b, Atf7ip, Dusp4, Dusp16, Fat4,
Lrp6, Mboat4, Spata5 are genes close to the significant markers on these chromosomes
(see Table 14), and they have roles such as involvement in maintaining cell polarity,
transporting lipids, and metabolizing lipids.
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Table 14. Chromosome (Chr) and base-pair (BP) position of nonsynonymous coding
sequence differences between the progenitor C57BL/6J and A/J strains linked (<
10 MB; P < 0.05) to SNP markers associated with phenotypic dispersion in
plasma triglycerides (PDpTG) concentration in Stylianou et al. 2006b. Single
nucleotide polymorphism (SNP) genotypes are given with C57BL/6J allele first,
A/J second.
Trait

Marker

PDpTG rs51174661
rs51174661

Gene

Chr BP

SNP Gene Description

Arl6ip6

2

53,217,350

A/G

skin, blood vessel growth

Fmnl2

2

53,054,482

A/G

cell morphology,
cytoskeleton

rs51174661

Neb

2

52,137,402

T/C

striated, cardiac action

rs51174661

Nmi

2

51,950,001

A/G

brain, cancer cell linemyeloid leukemias

rs51174661

rs51174661

Rbm43

Rif1

2

51,925,367

G/A

2

51,935,110

G/A

2

52,098,420

T/G

52,106,930

A/C

52,109,921

T/C

52,110,270

A/G

52,111,306

G/T

52,111,568

A/C

52,112,310

A/C

52,112,545

C/T

52,112,627

T/C

52,112,712

T/A

nucleic acid binding

DNA repair

Continued

83
Table 14. Continued
Trait

Marker

Gene

PDpTG rs101074874 Cat

Chr BP
2

SNP Gene Description

103,474,330 T/C

catalase; converts reactive
H2O2 to H2O and O2

rs101074874 Hipk3

2

104,433,715 C/T

serine/threonine-protein
kinase; transcription
regulation, apoptosis

rs101074874 Prrg4

2

104,839,371 C/G

Ca2+ ion binding

rs101074874 Rag1

2

101,642,602 T/C

initiates V(D)J recomb. in
B, T cells

rs101074874 Rag2

2

101,630,420 T/G

initiates V(D)J recomb. in
B, T cells

rs101074874 Traf6

2

101,697,251 C/G

ubiquitination

rs34069633

3

36,066,173

catalyzes rate limiting

Acad9

G/A

step in acyl-CoA
oxidation
rs34069633

Atp11b

3

35,809,538

A/C

P-type ATPase

rs34069633

Bbs7

3

36,607,568

C/T

ciliogenesis; Bardet-Biedl
syndrome (obesity, retinal
degeneration)

rs34069633

Egfem1

3

29,648,265

C/G

3

29,686,728

T/C

Ca2+

Continued
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Table 14. Continued
Trait

Marker

PDpTG rs34069633

Gene

Chr BP

SNP Gene Description

Exosc9

3

A/G

36,563,203

exoribonuclease complex,
processes and degrades
RNA

rs34069633

Fat4

3

38,887,474

A/G

planar cell polarity,
cystic kidney disease

rs34069633

Kcnmb2

3

38,887,977

T/C

3

38,980,208

A/G

3

38,981,592

T/C

3

38,981,946

T/C

3

38,982,695

G/T

3

38,983,946

G/A

3

39,010,595

C/T

3

32,156,158

G/C

voltage, Ca2+-sensitive K
channels; smooth muscle
tone, neurone action

rs34069633

Mfn1

3

32,577,073

G/A

mitochondrial fusion

rs34069633

Samd7

3

30,756,205

T/G

retinitis pigmentosa

3

30,756,487

A/G
Continued
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Table 14. Continued
Trait

Marker

PDpTG rs34069633

Gene

Chr BP

SNP Gene Description

Spata5

3

C/G

37,578,836

ATPase; spermatogenesis,
membrane fusion, DNA
replication, protein
degradation

rs34069633

rs34069633

Usp13

Zmat3

3

32,902,049

C/T

3

32,914,928

A/T

3

32,343,355

A/T

ubiquitin protein ligase

limits tumor growth via
p53 pathway

rs136943848 Apold1

6

134,983,931 G/A

endothelial signalling,
vascular function

rs136943848 Apold1

6

134,984,020 A/G

rs136943848 Atf7ip

6

136,593,078 A/G

transcription regulation,
histone methylation

rs136943848 Cdkn1b

6

134,920,985 G/T

kinase inhib.;
proliferation

rs136943848 Cdkn1b

6

134,921,341 C/A

rs136943848 Dusp16

6

134,718,593 T/C

MAPK phosphatase,
dephosphorylating
phosphoserine/threonine,
phosphotyrosine residues
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG rs136943848 Eps8

Chr BP

SNP Gene Description

6

137,490,304 A/G

rs136943848 Fam234b

6

135,217,058 C/T

rs136943848 Gpr19

6

134,870,385 T/C

epidermal growth

G-coupled protein
receptor 19; feeding,
synapsis

rs136943848 Gpr19

6

134,877,304 T/A

rs136943848 Gsg1

6

135,237,576 A/G

redistribution of PAPOLB

rs136943848 Igbp1b

6

138,658,041 G/A

immunoglobulin binding
protein

rs136943848 Igbp1b

6

138,658,431 A/G

rs136943848 Lrp6

6

134,511,183 G/T

rs136943848 Lrp6

6

134,541,853 G/C

rs136943848 Mansc1

6

134,621,766 T/C

LDL receptor; cell growth

Loss Of Heterozygosity
12 Chromosomal Region
3

rs136943848 Mansc1

6

134,621,787 A/C

rs136943848 Pbp2

6

135,310,170 T/G

bind to RNA C residues

rs136943848 Plbd1

6

136,612,247 G/T

hydrolase, metabolism

rs136943848 Prb1

6

132,207,426 T/C

salivary glycoprotein

rs136943848 Prb1

6

132,207,504 T/C
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG rs136943848 Prh1

Chr BP

SNP Gene Description

6

132,571,878 T/G

6

132,572,004 T/G

6

132,572,153 T/G

6

132,572,299 A/T

rs136943848 Prpmp5

6

132,312,040 C/G

proline-rich protein

rs136943848 Tas2r105

6

131,687,333 C/T

taste receptor

rs136943848 Tas2r107

6

131,659,162 A/C

rs136943848 Tas2r110

6

132,868,396 G/A

6

132,868,775 C/A

6

132,868,959 T/G

rs136943848 Tas2r113

6

132,893,462 T/A

rs136943848 Tas2r114

6

131,689,741 T/C

6

131,690,054 A/G

6

132,737,092 C/A

6

132,737,478 G/A

6

132,737,484 C/T

6

132,737,592 T/C

6

132,737,704 A/C

6

132,737,880 G/A

6

132,855,520 C/T

rs136943848 Tas2r115

rs136943848 Tas2r116

salivary glycoprotein

Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG rs136943848 Tas2r121

Chr BP

SNP Gene Description

6

132,700,230 C/G

6

132,700,975 G/A

6

132,847,262 G/A

6

132,847,287 T/C

6

132,847,563 C/T

6

132,847,658 A/G

6

132,909,694 T/C

6

132,909,948 T/C

6

132,910,433 T/G

6

132,951,535 C/T

6

132,951,569 A/G

rs136943848 Tas2r130

6

131,630,797 G/A

rs136943848 Tas2r131

6

132,957,500 T/G

rs41043944

8

40,795,925

T/G

8

40,796,292

G/C

8

40,679,978

A/C

8

40,680,039

C/A

8

40,680,855

G/A

8

40,681,301

G/A

8

40,681,359

C/A

rs136943848 Tas2r123

rs136943848 Tas2r125

rs136943848 Tas2r129

rs41043944

Adam20

Adam24

fertilization

fertilization

Continued
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Table 14. Continued
Trait

Marker

Gene

Chr BP

SNP Gene Description

8

40,681,704

G/C

8

40,754,220

G/C

8

40,754,819

G/C

8

40,825,124

A/T

8

40,825,277

A/G

8

40,825,919

G/C

8

40,825,969

A/G

8

40,826,012

G/A

AI429214 8

36,994,142

T/C

8

36,994,245

G/C

8

36,994,422

T/G

8

36,994,535

T/A

8

36,573,970

C/A

PDpTG
rs41043944

rs41043944

rs41043944

rs41043944

Adam25

Adam39

Dlc1

fertilization

new protein

GTPase-activating
protein; tumour
suppressor

8

36,584,864

G/A

8

36,593,444

T/C

8

36,937,727

C/T

8

36,937,760

T/C

8

36,938,071

T/C
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG
rs41043944

Dusp4

Chr BP

SNP Gene Description

8

36,938,452

A/G

8

34,807,828

G/A

regulate MAPK genes
(phosphoserine/threonine
and phosphotyrosine
dephosphorylation)

rs41043944

Eri1

8

35,469,259

T/C

histone degradation,
RNAi

rs41043944

Fgf20

8

40,286,656

T/C

fibroblast: tissue growth

rs41043944

Fgl1

8

41,191,644

A/G

fibrinogen

8

41,209,708

T/C

8

41,209,867

A/G

8

33,685,625

A/G

rs41043944

Gsr

reduces glutathione
disulphide

rs41043944

Gtf2e2

8

33,775,978

T/G

general transcription
factor IIE

rs41043944

Lonrf1

8

36,249,479

T/C

MHC

rs41043944

Mboat4

8

34,115,184

A/G

acyltransferase, serine
metabolism

rs41043944

Msr1

8

39,543,289

C/T

macrophage receptor;
LDL endocytosis
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG

rs41043944

Mtus1

Chr BP

SNP Gene Description

8

39,624,065

C/T

8

39,624,180

G/C

8

39,624,209

A/C

8

39,624,238

A/C

8

39,624,290

T/G

8

39,631,374

G/C

8

41,053,087

C/T

8

41,082,880

T/C

8

41,083,012

T/C

8

41,083,055

G/C

8

41,083,104

C/T

8

41,083,123

T/C

8

41,084,580

A/G

microtubule scaffolding

rs41043944

Nrg1

8

32,884,160

C/A

organ development

rs41043944

Prag1

8

36,139,463

C/T

regulates neurite growth
by binding to GTPase 2

rs41043944

Purg

8

36,139,688

G/A

8

36,146,774

C/T

8

33,387,001

T/A

purine rich binding
protein
Continued
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Table 14. Continued
Trait

Marker

PDpTG rs41043944

Gene

Chr BP

SNP Gene Description

Rbpms

8

C/A

33,795,103

RNA binding protein,
multiple splicing

rs41043944

Rps12-

8

36,025,930

A/G

ribosomal protein 12

ps24
rs41043944

Saraf

8

34,154,764

C/G

Ca homeostasis

rs41043944

Slc7a2

8

40,914,071

T/C

solute transporter

rs41043944

Tex15

8

33,557,366

G/T

testis: synapse, meiosis

8

33,557,389

A/C

8

33,557,410

G/A

8

33,571,709

G/C

8

33,571,960

G/A

8

33,572,038

G/T

8

33,572,186

G/A

8

33,572,246

G/A

8

33,572,620

T/A

8

33,572,918

C/G

8

33,574,049

A/G

8

33,574,189

A/G

8

33,575,149

A/G

8

33,575,297

A/G
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG

rs41043944

rs41043944

Wrn

Zfp42

rs123825384 Agt

Chr BP

SNP Gene Description

8

33,576,360

A/T

8

33,582,192

C/T

8

33,582,302

A/C

8

33,582,458

G/A

8

33,582,720

C/T

8

33,241,110

A/T

8

33,249,044

G/A

8

33,268,792

G/A

8

33,310,729

G/T

8

33,343,582

C/T

8

43,295,915

T/C

8

43,296,065

C/G

8

124,559,381 A/G

helicase

zinc-finger: DNA binding

blood pressure, SERPINcontaining

8

124,563,960 G/A

8

124,564,023 A/G

rs123825384 Ccsap

8

123,859,136 G/A

centriole, spindle, cilia

rs123825384 Dpep1

8

123,200,899 T/C

glutathione metabolism

rs123825384 Exoc8

8

124,897,250 A/G

vesicular trafficking,
secretion
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG rs123825384 Gnpat

Chr BP
8

SNP Gene Description

124,880,337 T/C

synthesis of ester
phospholipids

8

124,886,945 G/A

rs123825384 Irf2bp2

8

126,592,687 T/C

interferon regulation

rs123825384 Klhdc4

8

121,799,483 A/C

Huntington disease-like

rs123825384 Map10

8

125,671,814 A/C

microtubule-associated

rs123825384 Pabpn1l

8

122,620,349 T/C

degrades abnormal
mRNA

8

122,622,031 C/T

rs123825384 Piezo1

8

122,501,950 C/T

ion channel

rs123825384 Sipa1l2

8

125,421,957 C/T

GTPase, Ras signalling

rs123825384 Sipa1l2

8

125,492,588 A/T

rs123825384 Spata33

8

123,213,286 A/T

8

123,214,434 G/A

rs123825384 Spata33

8

123,221,900 G/A

rs123825384 Spg7

8

123,065,579 G/A

spermatogenesis

trafficking, intracellular
motility, organelle
biogenesis, protein
folding, proteolysis

rs123825384 Sprtn

8

124,902,868 A/G

DNA repair
Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG

Chr BP

SNP Gene Description

8

124,902,880 A/G

8

124,903,294 G/A

rs123825384 Sult5a1

8

123,157,570 C/T

sulfate transfer

rs123825384 Tarbp1

8

126,427,538 T/C

HIV activating enzyme

rs123825384 Ttc13

8

124,673,542 G/A

8

124,721,868 G/A

8

124,028,451 T/C

8

124,028,741 G/C

8

124,030,001 A/C

8

124,030,080 C/T

8

123,267,531 T/C

8

123,267,553 A/C

8

122,258,303 T/A

8

122,258,336 C/T

8

122,260,052 C/T

8

122,262,214 C/T

8

122,262,851 A/G

8

122,262,948 C/G

8

122,263,735 G/C

8

122,265,482 T/C

rs123825384 Urb2

rs123825384 Zfp276

rs123825384 Zfp469

ribosome biogenesis

zinc finger

collagen transcription

Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG

rs107678903 Abca6

rs107678903 Bptf

Chr BP

SNP Gene Description

8

122,265,716 C/T

8

122,267,352 T/C

8

122,270,891 G/A

8

122,270,952 G/A

11

110,182,932 A/G

11

110,212,317 G/A

11

110,230,501 T/C

11

110,250,474 T/C

11

107,054,989 G/A

ATP cassette transporter

transcription regulation,
histone binding

rs107678903 Ccdc103

11

102,884,039 G/A

ciliary dyskinesia

rs107678903 Ccdc43

11

102,697,758 T/A

cytosolic

rs107678903 Cd79b

11

106,312,882 T/C

Igβ component B
lymphocyte antigen
receptor

rs107678903 Cep112

11

108,486,632 G/A

rs107678903 Cep112

11

108,519,915 A/G

rs107678903 Efcab3

11

104,762,647 G/A

11

104,900,669 T/C

11

104,933,359 C/G

centrosomal protein

Ca2+ binding

Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG

Chr BP

SNP Gene Description

11

104,957,245 T/A

rs107678903 Fam187a

11

102,886,003 C/A

ciliary dyskinesia

rs107678903 Gfap

11

102,888,710 G/C

glial protein, astrocytes,
Jak-STAT pathway

rs107678903 Hexim2

11

103,139,004 T/G

snRNP; negatively
regulates phosphorylating
transcription enzymes

rs107678903 Kif18b

11

102,908,200 G/A

kinesin; platelet Ca2+
response, ATPase
activity, microtubule
motor activity

rs107678903 Lrrc37a

11

103,498,627 T/C

11

103,498,642 T/A

11

103,499,480 T/A

11

103,499,779 T/C

11

103,499,940 T/G

11

103,502,059 C/A

11

103,502,388 G/A

11

103,503,726 G/T

11

103,504,119 C/T

apoptosis

Continued
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Table 14. Continued
Trait

Marker

Gene

PDpTG rs107678903 Map3k14

Chr BP
11

SNP Gene Description

103,231,133 A/G

mitogen activated protein
kinase: serine/threonine
kinase, NF-kB signalling,
interleukin receptor

rs107678903 Mpp3

11

102,025,750 C/T

cytoskeleton, cell
proliferation

rs107678903 Rgs9

11

109,276,590 C/T

GTPase activation;
deactivates G receptors in
retinal cells

rs107678903 Scn4a

11

106,326,839 T/C

voltage-gated Na channel

rs107678903 Sppl2c

11

104,186,398 A/T

cleaves hydrophobic
signal molecules

rs107678903 Sppl2c

rs10120073

11

104,186,405 G/C

11

104,186,407 G/A

Adamts12 15

11,311,464

A/G

metallopeptidase; cell
adhesion

rs10120073

Prlr

15

10,314,222

T/C

type 1 cytokine, cancer

rs10120073

Rai14

15

10,575,699

G/A

retinoic acid induced 14:
cytoskeleton

rs10120073

Spef2

15

9,612,506

T/C

sperm axoneme level.
Continued
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Table 14. Continued
Trait

Marker

PDpTG rs10120073

Gene

Chr BP

SNP Gene Description

Tars

15

G/A

11,384,042

threonyl tRNA
synthetase: tRNA
aminoacetylation

rs26132801

Atat2

15

26,409,122

C/T

E3 ubiquitin ligase; adds
ubiquitin to lysines for
transport

rs26132801

Fbxl7

15

26,543,736

C/T

F-box protein, WD-40

rs26132801

Myo10

15

25,732,087

C/T

F-actin/myosin interaction
in muscular action

rs26132801

Trio

15

27,919,217

T/C

GDP-GTP exchange,
cytoskeletal reorg, cell
migration/growth
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DISCUSSION
Multi-locus heterozygosity (MLH) was calculated for each individual and tested
as a covariate in the dispersion analysis because it is involved in the theory of genetic
homeostasis proposed by Michael Lerner. The theory of genetic homeostasis suggests
organisms have a need for a certain amount of genetic variation in order to survive (Perry
submitted).
Many loci were found to be associated with the phenotypic dispersion of
cholesterol, HDL, nonHDL, LDL, and triglyceride in the four mouse cohorts. SNPs in the
Bpifb6 gene were found in both the Ishimori et al. 2004 and Smith Richards et al. 2002
cohorts, associated with highly dispersed cholesterol and nonHDL levels in the Ishimori
et al. mice, and triglyceride in the Smith Richards et al. mice. The Apoa2, Atp1a4, and
Dusp12 genes were found to have mutations linked to PDpChol and PDpnHDL in the Li et al.
cohort, as well as to PDpHDL in the Stylianou et al. 2006b cohort. The fact that these genes
are candidates in two cohorts for similar traits indicates that the genes likely have
complicated pathways that affect more than one trait specifically.
The bactericidal/permeability-increasing protein fold found in family B, member 6
(BPIFB6) has been shown to have an important role in regulating the secretory pathway,
which is the process of synthesizing, moving, and delivering proteins to the extracellular
space (Farhan and Rabouille 2011). BPIFB6 also has the ability to bind to
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lipids, specifically phosphatidic acid, phosphatidylserine, and phosphatidylinositol (4)phosphate (Morosky, Lennemann et al. 2016).
A meta-analysis of genome-wide association studies using samples from 170, 000
humans found a SNP in the FTO gene, which is known to be associated with obesity and
BMI, to be associated with phenotypic variability as well (Fawcett and Barroso 2010;
Yang, Loos et al. 2012). There was a SNP found in the same gene in the Ishimori et al.
2002 cohort that was linked to phenotypic dispersion in nonHDL. Since nonHDL
encompasses low density lipoprotein (LDL), intermediate density lipoprotein (IDL), and
very low-density lipoprotein (VLDL), as well as other more specific substances, nonHDL
is the “bad cholesterol” because of its contributions to heart disease. Diabetic
dyslipidemia puts type 2 diabetics at an increased risk for cardiovascular disease (Peters
2008). There is now interest in measuring nonHDL levels in diabetics because LDL
measurements are only reliable if the triglyceride level is within certain limits that
diabetics’ levels typically are not, making nonHDL cholesterol levels a more accurate
measurement (Hsia 2003). FTO is known to code for a 2-oxoglutarate oxygenase that can
catalyse the demethylation of nucleic acids, therefore it is likely that the FTO gene
regulates the expression of genes involved in metabolism, which is how it affects obesity
(Fawcett and Barroso 2010; Yang, Loos et al. 2012). There was a study to determine the
FTO gene function that included mice with a mutated FTO gene that found the mutated
FTO gene mice had an increased amount of triglyceride and HDL cholesterol (Fawcett
and Barroso 2010). This further supports the theory that the SNP found in the FTO gene
in the Ishimori et al. cohort was responsible for the phenotypic dispersion of nonHDL
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because it shows that the FTO gene has been known to affect cholesterol levels in the
past.
Foxa2 was linked to random dispersion of triglyceride levels in the Smith
Richards et al. 2002 cohort. The hepatic gluconeogenesis process is regulated by the
Foxa2 gene, and when this process is not properly regulated it results in the development
of diabetes (Zhang, Rubins et al. 2005). The Foxa2 transcription factor is required for
activating hepatic gluconeogenesis by activating cAMP, glucagon’s secondary
messenger, and glucocorticoids.
The Apoa2 gene encodes the apolipoprotein A-II protein that is involved in the
metabolism of lipoproteins and is the second most abundant protein component of HDL
(Mahley, Innerarity et al. 1984). The Apoa2 gene was linked to phenotypic dispersion of
HDL, LDL & VLDL, and cholesterol in the Li et al. 2008 and Stylianou et al. 2006b
cohorts. The SNP found in the gene is likely the cause of the dispersion of cholesterol
levels in the mice. A SNP in the Apoa2 gene could cause over or under expression
affecting the amount of apolipoprotein A-II in HDL, or a slight change in function of the
protein. Since the role of apolipoprotein A-II in HDL is not known, it is not clear what the
SNP in the gene is affecting and how it would affect the dispersion of the cholesterol
levels.
Atp1a4 encodes a sodium/potassium transporting ATPase subunit alpha-4, which
is the catalytic component of the ATPase (Uniprot 2017). ATPases provide energy for
active transport of molecules across membranes. A SNP in this gene may alter the way
the pump works, which would affect the ability for cholesterols to bind to the surface of
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the cell. A SNP found in Atp1a4 was associated with phenotypic dispersion of HDL,
nonHDL, and total cholesterol levels in the Stylianou et al. 2006b and Li et al. 2008
cohorts. The SNP is a plausible cause for the random dispersion of cholesterol levels
because if the polarity of the cell is slightly off from the normal value, the cholesterols
that will be able to bind to the cell and transport through the cell membrane will be
different than normal as well. When a cell requires cholesterol to make new membranes it
inserts transmembrane receptor proteins into the plasma membrane to allow LDL to enter
the cell (Alberts 2002). A SNP in the Atp1a4 may influence the cholesterol uptake
process causing random dispersion of HDL, nonHDL, and total cholesterol levels in the
blood.
The measured levels of the traits included in this study all vary daily based on
many factors, therefore, DNA methylation is likely a large contributor to the phenotypic
dispersion of these traits. There were multiple gene candidates found with methylation,
and/or serine/threonine effects: Procr, Rbl2, Alpk2, Dusp4, Dusp12, Dusp16, Ppp4r2,
Hipk3, Mboat4, Atf7ip. Serine provides a key unit required for DNA methylation as a
result of S-adenosyl-methionine (SAM) metabolism, and when threonine metabolism is
coupled with SAM metabolism, histone methylation is regulated (Shyh-Chang, Locasale
et al. 2013). Phenotypic dispersion in albumin and urinary calcium have also been linked
to genes involved in serine physiology (Perry submitted; Perry submitted), indicating that
they are likely important genes in the dispersion of many traits.
The genetic architecture of the loci associated with dispersion was determined to
be a nearly even split between dominant and additive. All the dominant genes were
dominant for low dispersion, indicating that there may be a genetic mechanism that is
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shielding from high dispersion. This may be important in protecting organisms from
diseases that develop from high dispersion of specific traits (ie. atherosclerosis from high
cholesterol).

Summary
Many loci were found to be associated with dispersion of traits associated with
diabetes. There were notable genes near the associated loci; some are related to diabetes
directly, while others are involved in processes involved in developing diabetes. These
findings suggest that genetic effects on random outcome in diabetes are common, which
may be able to be translated to humans and other human diseases. Genetic research into
the relationship between dispersion and genetic markers seems to be a useful method to
discover some of the missing heritability of type 2 diabetes.
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