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You have the power to act but, you do not have the power to influence the result.

Therefore, you must act without anticipation of the result, without succumbing to inaction.
- Bhagwad-Gita
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Introduction

This thesis deals with diabetes, more specifically genetic and functional mechanisms of
type 2 diabetes in a rat model for type 2 diabetes. Diabetes mellitus is a group of
heterogeneous disorders that share the common phenotype of hyperglycemia and glucose
intolerance either due to insulin deficiency or impaired insulin action, or both. Currently 285
million people are estimated to have diabetes and the number is expected to be 438 million by
the year 2030 . Moreover, an additional 344 million people are estimated to suffer from
impaired glucose tolerance with predicted 472 million by the year 2030 . The cost of diabetes
to national and individual economies is devastating, largely attributable to complications of the
disease *°.

Based on the etiology diabetes has been classified into four major types *.
I. Type 1 diabetes (B-cell destruction, usually leading to absolute insulin deficiency)
a. Immune-mediated
b. Idiopathic
Il. Type 2 diabetes (may range from predominantly insulin resistance with relative insulin
deficiency to a predominantly secretory defect with insulin resistance)
lll. Other specific types
a. Genetic defects of B-cell dysfunction characterized by mutations in:
i. MODY1: Hepatocyte nuclear transcription factor 4a (HNF4A)
ii. MODY2: Glucokinase
iii. MODY3: HNF1A
iv. MODY4: Insulin promoter factor 1 (IPF1)
v. MODY5: HNF1B
vi. MODY6: NeuroD1
vii. Mitochondrial DNA &
viii. Proinsulin or insulin conversion
b. Genetic defects in insulin action
i. Type Ainsulin resistance
ii. Leprechaunism
iii. Rabson-Mendenhall syndrome
iv. Lipodystrophy syndrome
c. Diseases of the exocrine pancreas (pancreatitis, pancreatectomy, neoplasia,
cystic fibrosis, hemochromatosis, fibrocalculous pancreatopathy)
d. Endocrinopathies (acromegaly, Cushing’s syndrome, glucagonoma,
pheochromocytoma, hyperthyroidism, somatostatinoma, aldosteronoma)



e. Drug- or chemical-induced (vacor, pentamidine, nicotinic acid, glucocorticoids,
thyroid hormone, diazoxide, B-adrenergic agonists, thiazides, dilantin, a-
interferon)

Infections (congenital rubella, cytomegalovirus)

g. Uncommon forms of immune-mediated diabetes (“stiff-man” syndrome, anti-
insulin receptor antibodies)

h. Other genetic syndromes sometimes associated with diabetes (Down’s
syndrome, Klinefelter’'s syndrome, Turner’s syndrome, Wolfram’s syndrome,
Friedreich’s ataxia, Huntington’s chorea, Laurence-Moon-Biedl syndrome,
myotonic dystrophy, porphyria, Pader-Willi syndrome)

IV. Gestational diabetes mellitus (GDM)

Type 2 diabetes (T2D) is the most common form of diabetes mellitus and results from a
complex interaction between genes and environment. The lifetime risk of developing T2D has
been estimated of being 38% if one parent had T2D and 60% if both parents had T2D >®. The
concordance rates of T2D in monozygotic twins has been shown to be as high as 58% compared
to 15-20% in dizygotic twins "8 further highlighting the importance of genetic elements in
pathogenesis of T2D. The major environmental risk factors include reduced physical activity and
overconsumption of calorie-rich diet often leading to obesity and insulin resistance.

To understand the pathophysiology of T2D it is important to understand the physiology of
normoglycemia. Insulin, secreted by the pancreatic B-cells, is the principle hormone responsible
for regulation of blood glucose and normoglycemia is largely maintained by coordination
between insulin action and secretion. Under normal circumstances, the B-cells can compensate
changes in insulin action by regulating insulin secretion — if the insulin action is decreased
(insulin resistance) the B-cells increase insulin production and vice versa in case of insulin
sensitivity. The pancreatic B-cells secrete insulin in response to various secretagogues, glucose
being the most prominent. Glucose enters the pancreatic B-cells via the glucose transporters
(GLUT1 in rodents and GLUT2 in humans) located in the cell membrane (Figure 1). Inside the
cell, glucose is phosphorylated by glucokinase and metabolized to pyruvate which in turn enters
the mitochondrion to participate in the TCA cycle ultimately leading to the production of ATP by
the respiratory chain. This causes a rise in the cellular ATP/ADP ratio which in turn leads to
closure of potassium channels followed by depolarization of the cell membrane and opening of
voltage-gated calcium channels. The resulting rise in intracellular calcium leads to exocytosis of
insulin located in the storage granules. Mitochondrial ATP production is crucial for glucose
stimulated insulin secretion and is abolished by inhibitors of ATP synthesis °.
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Figure 1. Glucose stimulated insulin secretion (Image: www.mitomap.org)

Mitochondria and diabetes

Maternally inherited diabetes and deafness syndrome (MIDD) was one of the first
descriptions of mitochondrial diabetes and may account for up to one percent of the total
diabetes population *°. Several studies over the last two decades have reported association of
diabetes with mutations in the mtDNA %

nuclear genome have also been implicated in the pathogenesis of diabetes

. Similarly, mitochondrial genes encoded by the
2128 ‘Mitochondria

are maternally inherited cytoplasmic organelles, which are essential for generation of cellular
adenosine triphosphate (ATP) by oxidative phosphorylation (OXPHOS) in the eukaryotic cell %.
Mitochondrial ATP is necessary for phosphorylation of glucose by glucokinase and for insulin

release by beta cells 3031

32

. In addition, mitochondria also host numerous intermediary cellular

33

metabolisms and cell signaling pathways °°. Therefore, mitochondrial dysfunction is

implicated in various types of disease, including metabolic and degenerative disorders ***>.

Nuclear-mitochondrial interactions
The origin of mitochondria from prokaryotic endosymbionts is strongly supported by

comparative genomic sequence data from both prokaryotes and eukaryotes 3637

. According to
the endosymbiotic theory, the separate existence of nuclear and mitochondrial genomes
(mtDNA) in eukaryotic cells can be explained by endosymbiont acquisition by the ancestor of

eukaryotic cells. Subsequently, intergenomic co-evolutionary processes between the



prokaryotic endosymbionts and their hosts, such as size reduction of the endosymbiont
genome (ancestral mtDNA), appear to have occurred in the course of establishment of

endosymbiosis **%°

. Hence, it may not be surprising that mitochondria require coordinated
expression of nuclear genome and mtDNA for their proper biogenesis and functions. Most
eukaryotic cellular proteins for mitochondrial biogenesis and function are encoded by genes in
the nuclear genome although a small number of proteins are encoded by the genes residing in
the mtDNA. The vast majority of remaining proteins responsible for generating ATP are
encoded by nuclear genome and should be transported to mitochondria *°. Thus, impairment in
the cross-talk between nucleus and mitochondria causing mitochondrial dysfunction are

expected to affect the pathogenesis of T2D.

Understanding the genetics of type 2 diabetes

Over the last three decades enormous efforts have been undertaken to understand the
genetic basis of T2D with limited success. Until recently, the main approaches to study genetic
basis of complex diseases like T2D were based either on genome-wide linkage mapping or
association studies of candidate genes. Genome-wide linkage mapping is a hypothesis-free
approach to trace patterns of heredity in families with multiple affected subjects in an attempt
to locate disease-causing gene variations by identifying traits that are co-inherited. This
approach is best used to detect genetic

Gene nearest to locus  Year Effect size
(odds ratio) variants with high penetrance or large
TCF7L2 2006 1.37 effect size that rarely contribute to the risk
kcnai 2008 1.29 of T2D *1,7" 1 candidate gene association
CDKN2A/2B 2007 1.2 .
/! studies, as the name suggests, try to
FTO 2007 117 S o o
HHEX/IDE 2007 115 identify association of chosen ‘candidate
SLC30A8 2007 1.15 genes’ to a particular trait using case-
THADA 2008 1.15 control or parent-offspring trio samples.
PPARG 2000 1.14 The major limitation of this approach is
KCNJ11 2003 1.14 . . . . ‘ . ,
identification of credible ‘candidate genes’.
CDKAL1 2007 1.14
IGF2BP2 2007 1.14 Both these approaches need large sample
NOTCH2 2008 1.13 size to make confident detection of variant
WFs1 2007 1.12 or gene association. The low-throughput
CDC123/CAMK1D 2008 111 and time consuming genotyping methods
HNF1B 2007 1.1 . .
made it even more difficult to conduct such
JAZF1 2008 1.1 .
TSPANS/LGRS 2008 1.09 studies on a large scale. However, the
ADAMTS9 2008 1.09 recent developments in high-throughput

genetic screening methods and the

Table 1. _wide significant T2D ibility loci. - .
able 1. Genome-wide significant T2D susceptibility loci. - o -y hility of large sample sizes have made

it possible to conduct affordable powerful studies and identify robust gene-disease associations



4254 The list of identified T2D susceptibility loci is growing at a rapid rate than ever. Table 1 lists

some of the genome-wide significant T2D susceptibility loci identified to date. All the
susceptibility genes identified to date show only modest effect sizes. Apart from the
shortcomings mentioned earlier, studying the genetic basis of complex diseases like T2D in
humans is also compromised by the inability to control the environmental factors that heavily
influence these diseases. Understanding the effects of mtDNA variants and nuclear-
mitochondrial interactions on T2D susceptibility using human population is even more difficult
because of the large number of mildly deviant mtDNA haplotypes.

To summarize, even though several genetic and environmental components associated
with T2D have been identified there is still a lack of comprehension in the understanding of the
molecular mechanisms involved. Studying a complex disease like T2D, that is a result of
interactions between the genetic (nuclear and mitochondrial) and environmental components,
is extremely difficult especially in outbred populations like humans. Inbred animal models on
the other hand offer a more standardized alternative to study such interactions.

The laboratory rat
Rattus norvegicus is a commonly used experimental animal that has been extensively

used to study several important disease traits 5562

. As early as 1909 the first inbred rat strain,
named PA, was derived from albino rats at the Wistar Institute in Philadelphia 63 However,
non-inbred colonies of black hooded rats have been used since 1856. Hundreds of genetically
defined inbred strains representing a range of human disease traits are currently available for
research. Completion of the rat genome sequence was a major step forward in the quest for
% The Rat Phenome
Project has made available a wide range of phenotypic data for over 200 different rat strains .
Moreover, genomic variation (SNP) data for over 300 different rat strains is now available .

Until recently only 14 complete rat mtDNA sequences were available in public databases. We

understanding the molecular basis of disease traits in these models

have added 13 additional complete mtDNA sequences to this repertoire. For the laboratory rat
we now have the complete sequence of the nuclear genome, phenotypic measurements,
variation data and a fairly large number of mitochondrial genome sequences at our disposal.
This excellent combination of data is a powerful tool in understanding disease mechanisms and
designing models to test new hypotheses.



Aims

To investigate whether interaction between the genetic variants in nuclear and
mitochondrial genes affect the susceptibility to type 2 diabetes in an animal population
segregating two different forms of mtDNA

To characterize the Niddm71 locus using a congenic strain (C9B) derived from the
normoglycemic F344 and the diabetic GK rat

To identify the genetic elements encoding the defects in insulin secretion and
mitochondrial function in the congenic C9B rat

To analyze the mitochondrial genomes of various inbred rat strains in an attempt to
identify genes or variable sites that might affect the mitochondrial function



Approach

Study 1: As the first step, we wanted to investigate the effects of nuclear-mitochondrial
interactions on the susceptibility of type 2 diabetes. We arranged a reciprocal intercross (a pair
of crosses) that resulted in an F2 population with divergent mtDNA originating either from the
diabetic GK rats (Cross 1) or the normoglycemic F344 rats (Cross 2). Mitochondrial genomes of
these two strains differ at 110 nucleotide positions. Figure 2 shows a diagrammatic
representation of the breeding scheme employed for generation of the two crosses.

Outcross Outcross
- GKY F344 3 - F344Q
=l - reT
A X A X

l Intercross 1 l Intercross 1
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Figure 2. Breeding scheme for the F2 reciprocal intercross populations

As can be seen from the figure, the only difference between the two crosses is the founder
maternal strain — diabetic GK in Cross 1 and normoglycemic F344 in Cross 2 (indicated by black
arrows). Thus, both the crosses share an identical nuclear DNA sequence while Cross 1 harbors
mtDNA of GK origin, Cross 2 harbors mtDNA of F344 origin. This experimental setup allowed us
to investigate a scenario that is impractical to test in human populations. Genome-wide
guantitative trait locus (QTL) analyses led to identification of nuclear loci that affected glucose
or insulin traits depending on the mtDNA genotype. The statistical significance of interaction
between QTL and mtDNA was evaluated by likelihood ratio test. Loci on chromosomes 2 and 9
showed genome-wide significant linkage to fasting glucose and fasting insulin respectively.
Additionally, an epistatic interaction between loci on chromosomes 4, 14 and mtDNA was also
linked to postprandial glucose.



Study 2: Of the loci identified, we chose the locus on chromosome 9 (Niddm71) for
further investigation, since it displayed the largest difference in the LOD scores for fasting
insulin between Cross 1 and Cross 2. To dissect this locus further we established a congenic
strain, C9B, which harbors approximately 7 Mb of homozygous GK genome corresponding to
the Niddm71 locus on a homozygous F344 background and F344 mtDNA. Figure 3 shows a

diagrammatic representation of the breeding scheme

GK_C? P 3\.);3449 employed for generation of the congenic strain. To
N /T e ensure transmission of F344 mtDNA in the resulting
s congenic rat, the breeding was initiated with a cross
F1§I o 5;3449 between normoglycaemic F344 female and diabetic
/”‘i“ /= "; GK male. This was followed by backcrossing the

resulting male progeny to the parental F344 female.

¢

Nzc?l F344 O Only those rats harboring desired GK alleles were
N "( : = selected for each round of backcrossing. After twelve
_ % rounds of backcrossing, the generation N12 was
e named C9B and has been maintained by brother-
N, & F344 @

sister mating. This C9B strain is homozygous for GK

<‘ /
@},

H from 35.5 Mb to 42.2 Mb on chromosome 9 on a
i homozygous F344 genetic background with mtDNA
H and chromosome X from F344 and the Y chromosome
v from GK. To avoid effects of the estrous cycle, only
male rats were used for functional characterization.

Glucose homeostasis was assessed by performing

Figure 3. Breeding scheme for generation ~ intraperitoneal glucose tolerance test (IPGTT) and in-

of the congenic rat - C98 vitro insulin release in pancreatic islets. Mitochondrial

function was assessed by monitoring the oxygen consumption with a Clark oxygen sensor

electrode. Expression levels of RNAs for key genes involved in mitochondrial function were

measured. With the help of these assays we were able to show that the Niddm71 locus codes
for a defect in insulin secretion and a defect in mitochondrial function.

Study 3: Having identified and characterized the Niddm71 locus on chromosome 9, the

next step was to identify the genetic elements underlying the encoded phenotype. Utilizing the

information derived from single marker QTL analysis we performed multiple marker QTL

6768 and were able to narrow down the

analysis to account for multiple linked locus effects
region of interest from 8.9 Mb to 4.7 Mb. With the rapid progress in various molecular biology
techniques and open access policies we have access to enormous primary and inferred
biological data. We used information available at Ensembl database, PubMed, oMIM®, omIA”,
GeneCards’, iHOP’?, STRING’®, CDD’*, GEO” to extract the known information and predict

functions of unknown genes. In the third study we demonstrate how information available at



public biological databases could be used to prioritize genomic elements and reduce
unnecessary laboratory work, saving valuable time and money.

Studies 4 & 5: The first three studies deal with the nuclear component of nuclear-
mitochondrial interactions. In the last two studies we describe analyses of genetic variation in
the mitochondrial genome. Sequence analysis of the complete mtDNA of F344 and GK rats
revealed 110 variable nucleotide positions between them making it difficult to identify the
position/s that might affect mitochondrial function. To simplify the task we sequenced
additional eleven complete mtDNA from various inbred rat strains. These, along with 14
publicly available rat mtDNA sequences were used to perform comparative and evolutionary
analyses. Based on the results we were able to identify several mtDNA encoded genes and sites
within the non-coding D-loop that might play an important role in mitochondrial function.

To assess the collective effect of F344 and GK mtDNA haplotypes we also established conplastic
strains. This experimental setup allowed assessing how mitochondrial function and glucose
homeostasis is affected by different combinations of nuclear DNA and mtDNA.

To summarize, we

1. used QTL analyses to identify nuclear loci involved in nuclear-mitochondrial interactions

2. established a congenic strain representing one of the identified locus

3. used various bioinformatics tools to prioritize genetic elements within the locus

4. performed comparative and evolutionary analyses on the mtDNA to identify the
mitochondrial genes that might play an important role in mitochondrial function

5. assessed the effect of F344 and GK mtDNA haplotypes on glucose homeostasis and
mitochondrial function using conplastic strains

10



Results
Analysis of the nuclear genome
Study 1

Genome-wide QTL analyses for glucose and insulin traits were performed with
adjustment for maternal environmental effects. Single QTL analysis was performed on each
cross separately and also using the combined Cross1+Cross2 dataset. If a QTL was detected in
one cross, the LOD score at the corresponding position in the other cross was considered and
the difference between these two scores (ALOD score) was calculated to identify cross-specific
QTLs. Based on the ALOD scores, we identified four cross-specific genome-wide significant QTLs
namely - Niddm2 (chromosome 2, fasting glucose), Niddm1 (chromosome 1, glucose at 60 min),
Niddm71 (chromosome 9, fasting insulin) and Niddm71 (chromosome 9, insulin at 30 min).
Likelihood ratio analysis was performed for these four QTLs to assess interaction between QTL
and cross. Accordingly only three of them provided such evidence (Figure 4). The Niddm71 QTL
for fasting insulin also had the highest ALOD score (Figure 4B).
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Figure 4. Genome-wide significant cross specific QTLs showing significant QTL x Cross interaction. Thin lines
represent QTL profiles for Cross 1, thick lines represent QTL profiles for Cross 2 and broken lines represent QTL
profile for the combined dataset. A: Niddm2 (fasting glucose), B: Niddm?71 (fasting insulin), C: Niddm?71 (insulin at
30 min).

We also identified a cross-specific epistatic QTL pair for glucose at 120 min. In Cross 1, loci
D4Mit28 (chromosome 4) and D14Mit10 (chromosome 14) did not reveal significant effects
independently but, together, they exerted significant effect on the glucose trait through
interaction with cross. Within all these cross-specific QTLs we identified 40 genes that are
important to mitochondrial function with high probability.

11



Study 2

Niddm71, the cross-specific QTL for fasting insulin with the highest ALOD score, was
chosen for further investigation. A congenic strain, C9B, harboring the diabetic GK alleles for
Niddm71 and Y chromosome on a normoglycemic F344 nuclear and mitochondrial genetic
background was established. Comparison of phenotypes for various traits was performed
between the congenic C9B and normoglycemic F344 strains. During the course of IPGTT, plasma
glucose and insulin were measured after 6 hours of fasting followed by measurements at 20, 40
and 60 minutes after intra-peritoneal glucose injection. At all these time points, C9B had
significantly lower insulin levels as compared to F344 pointing towards a defect in glucose
stimulated insulin secretion. To confirm this finding we assessed the glucose stimulated insulin
response in isolated pancreatic islets. Insulin secretion was measured after incubating the islets
at low (3.3 mM) and high (20 mM) glucose concentrations. At low glucose concentration there
was no difference in insulin secretion. However, at high glucose concentration the C9B islets
secreted approximately 40 percent less insulin as compared to F344 confirming the defect in
glucose stimulated insulin secretion. To assess the mitochondrial function we analyzed the
cellular oxygen consumption and measured the RNA expression levels of key genes involved in
mitochondrial biogenesis and function. Oxygen consumption measured at the ages of six and
twelve weeks showed clearly significant difference of mitochondrial function between C9B and
F344 strains. The C9B strain had marked reduction in oxygen consumption — approximately 50
percent lower at six weeks and 40 percent lower at twelve weeks of age. It is noteworthy that
there were no overlapping measurements between the C9B and F344 strains. We also
measured RNA transcript levels of four key mitochondrial genes — Ppargcla, 16S rRNA, ND2 and
ND6. We found that the Ppargcla RNA levels are up-regulated in C9B but the three
mitochondrial genes (16S rRNA, ND2 and ND6) are down-regulated. Ppargcla is a major
regulator of mitochondrial biogenesis and has been shown to be affected in T2D patients *.
The remaining three genes are encoded by the mtDNA and are expected to respond to changes
in Ppargcla transcript levels. Our results indicate a break in the communication downstream
Ppargcla in the C9B strain.

Study 3

Characterization of the congenic C9B strain revealed that Niddm71 harbors genomic
regions that influence glucose stimulated insulin secretion and mitochondrial function. To
further dissect this locus we used a comprehensive bioinformatics and experimental approach.
Based on the results of single-marker QTL analysis (from Study 1) we performed multiple-
marker QTL analysis to account for linked locus effects and were able to narrow down our
search to a 4.7 Mb region flanked by markers D9Mgh3 and D9Rat104. This region has 36 genes
and an approximately 2 Mb region that does not code for any protein gene (gene desert). We

12



started with analyzing the SNP information available for different rat strains. After collecting
the SNP information for 637 SNPs from 388 strains we generated haplotype sequences of these
SNPs for each strain. Since most of the strains were crosses between different inbred strains we
used data from selected 115 strains. A phylogenetic tree was generated using the haplotype
sequences for Niddm71. Surprisingly, these 115 strains grouped only in two major clades — a
large clade comprising of 105 strains and a small clade comprising of only 10 strains. All the
strains in the small clade display some form of phenotype with metabolic origin. Consider a
typical identical-by-descent (IBD) scenario. Assume that, to start with, the alleles responsible
for the phenotype displayed by the congenic C9B arise by mutations at a particular genetic
locus. Several generations and crossovers later, this locus segregates but the alleles responsible
for glucose homeostasis trait are still in linkage disequilibrium. This group of animals might be
one explanation to why only 10 strains sharing a common phenotype make a small group and
the remaining 105 strains a large group. We then sought out which of the SNPs used for the
phylogenetic analysis are responsible for this specific grouping and identified three SNPs that
could explain this pattern. Using positional information about these SNPs we identified three
blocks (Figure 5) and focused our attention on the genetic elements within these blocks. The
identified blocks have 18 genes and approximately 1Mb of gene desert. For the 18 genes we
extracted all known information from public biological databases. Based on this information,
we further selected only nine of these for functional analysis. Analysis of RNA levels for these
nine genes in pancreatic islets revealed that five of the nine genes have more than two-fold
expression difference between the normoglycaemic F344 and the diabetic GK rats. Identifying
several differentially regulated genes was unexpected and pointed towards a common
regulatory mechanism for these genes. The gene desert had the possibility of harboring such
regulatory regions. Evolutionary conservation analysis of the gene desert led to identification of
several genomic segments that were highly conserved between species ranging from human to
fish. This high degree of conservation signifies the evolutionary and functional importance of
these regions. Sequence analysis of these conserved loci between the F344 and C9B strains
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Figure 5. Location of haplotype blocks identified using SNP analysis (Image: www.ensembl.org)
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revealed several variable nucleotide positions that led to either gain or loss of binding sites for
transcription factors implicated in diabetes and mitochondrial function.

To summarize, we identified several genes that are differentially expressed between the
normoglycaemic F344 and diabetic GK rats. We have also identified few highly conserved non-
protein-coding regions that might possibly play a role in the regulation of transcript levels for
these genes.

Analysis of the mitochondrial genome

We sequenced the complete mitochondrial genomes of F344 and GK rats and found 110
nucleotide differences between them. Characterization of conplastic strains (F344-mtGK and
GK-mtF344) revealed that changing the combination of nuclear and mitochondrial genomic
haplotypes influenced not only mitochondrial function but also glucose homeostasis
(preliminary data, not shown). The large amount of variation between F344 and GK mtDNA
made it difficult to identify the functionally important variants. Hence, we sequenced complete
mtDNA from eleven more commonly used inbred rat strains. For the comparative analysis we
also included 14 complete rat mtDNA sequences available in public databases. Since the
protein-coding and the non-protein-coding regions of mtDNA serve different purposes —
function and regulation of function — the variation pattern and the evolutionary pressures are
expected to be different. Furthermore, the relative significance of coding sequence variation
compared to the regulatory sequence variation, from an evolutionary perspective, remains
poorly understood ’®. For this reason we investigated the protein-coding and the non-protein-
coding regions separately. Study 4 describes analyses of the protein-coding region while Study
5 describes the analyses of non-protein-coding region of mtDNA.

Study 4

Comparison of the protein-coding region of 27 mtDNA sequences revealed 194 variable
sites. Of these 90 were unique either to the reference BN or any of four wild rat sequences.
Excluding the singletons, there were 104 variable nucleotide sites, 31 of which led to an amino
acid change (non-synonymous change). Highest numbers of such amino acid changes were
observed in the ND2 and ND4 genes. Neighbor-joining phylogenetic tree confirmed the known
relationships between the strains. Two major clades could be identified - ‘Wistar clade’
consisting of strains originating from the rat strain coming from the Wistar Institute in
Philadelphia and a second clade consisting of strains not originating from the Wistar rat. To test
whether the protein-coding region is evolving randomly (neutrally) or by a non-random process
we used three different tests — the Tajima’s D test, Fu & Li’s D and F tests, and likelihood ratio
tests (LRT). Four genes (ND2, ND4, COIll and Cytb) showed statistically significant deviations
from neutrality. Using LRTs we identified individual sites (codons) that are experiencing
selection. Non-neutral sites were identified in three genes encoding subunits of complex | (ND2,
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ND4 and ND6) and one gene each from complex Ill (Cytb), complex IV (COll) and complex V
(ATP6). Six of the identified sites were variable within the Wistar group of strains - A18V,
S150N, T265A in the ND2 and T356A, 1401V, L419P in the ND4 were variable within this group.
These six sites were further evaluated using comparative analysis. Conservation index (Cl) was
calculated based on the conservation status in 41 different mammalian species. Possible
functional effects of these sites were also predicted by calculating the subPSEC scores using the
web based PANTHER classification system 778 Amino acids N150 in the ND2 gene and A356 in
the ND4 gene had the highest Cls of 85% and 65% respectively. The subPSEC scores for the six
sites variable within the Wistar-group were ND2 - A18V:- 2.102, S150N: -3.068, T265A: -3.997,
ND4 - T356A: -4.812, 1401V: -3.224, L419P: -5.677.

In conclusion, we identified several genes and sites within them that are experiencing
selection and, thus, might be important for mitochondrial function.

Study 5

Proper function of mammalian mitochondria necessitates a coordinated expression of
both nuclear and mitochondrial genes. Non-protein-coding regions of the mtDNA form a major
component of this regulated expression. The mitochondrial ribosome (mitoribosome) is
composed of a small subunit consisting of 12S rRNA and 29 proteins and a large subunit
consisting of 16S rRNA and 58 proteins ’°. Within the 27 rat mtDNA sequences seven variable
positions were observed in the 12S rRNA and 24 variable positions in the 16S rRNA. None of the
variable positions within the 12S rRNA alter the predicted secondary structure. However, the
variant positions in the 16S rRNA altered the predicted secondary structure to a major extent.
Only one position in the 16S rRNA (position 2170) was conserved among nine mammalian
species included in the study and was located in close proximity to the L1-binding domain of
16S rRNA. The L1-binding domain is highly conserved and has a dual function - ribosomal
protein binding and translational repression. Of the 22 tRNA genes coded by the mtDNA only
five had variable sites. Three variable sites were observed in tRNA-Cys, two in tRNA-Pro, while
tRNA-Tyr, tRNA-Asp and tRNA-Thr had one variable site each. The D-loop is the only major non-
coding region of mtDNA and harbors sequences important to regulation of mtDNA transcription
and replication. Thirteen variable sites were found in the D-loop — eleven substitutions and two
insertion/deletions. We mapped these variations to the known D-loop functional sites 2%,
Seven substitutions and one insertion/deletion were located in these functional sites. We also
tested the non-protein-coding regions for non-neutral evolution but did not find any support
for such processes.

In conclusion, we have identified sites in the non-protein-coding region of rat mtDNA
that likely play a role in regulation of mtDNA transcription and replication.
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Discussion

One of the first descriptions of T2D dates back to 600 BC when the Indian physician
Sushruta described a disease, he called, madhumeha (sweet urine) and linked the disease to
‘injudicious diet’, sedentary lifestyle and obesity. The recommended treatment included dietary
changes and exercise to minimize its consequences ®*. But, after so many decades of intense
research with powerful tools at our hand we still lack a complete understanding and a cure for
this disease. This statement does not highlight lack of progress but underscores the complexity
of T2D. Considering this complexity, the success that has been achieved till date is in fact
remarkable. Although environmental factors (e.g. overeating, physical inactivity) are known to
trigger T2D, genetic factors (nuclear and mitochondrial) are equally necessary components of
the disease. These factors make it difficult to design and undertake a human study that will
efficiently and accurately dissect the pathophysiological basis of T2D. However, with the advent
of newer high-throughput genotyping technologies it has become possible to undertake large-
scale human studies that have led to identification of several genetic variants that show a

modest effect on the susceptibility to T2D **>*

. Several genes within the vicinity of these
identified loci have shed novel insights into disease mechanisms. Moreover, nuclear and
mtDNA mutations leading to mitochondrial dysfunction have been implicated in the
pathogenesis of this disease. Considering the complex interactions between the nuclear
genome, mitochondrial genome and environmental factors, translating the insights to
understanding the molecular basis of T2D will not be possible without the use of animal
models.

To provide evidence of nuclear-mitochondrial interaction, multiple lines of approaches
have been proposed. Artificial human cell lines were constructed with the same nuclear
genome but different mtDNA to evaluate effects of the interaction on respiratory capacities at
cellular the level ®. Systematic and integrative screenings of nuclear-encoded mitochondrial

8689 \which provided a

proteins and genes were performed using various experimental systems
comprehensive list of mitochondrial proteins encoded by the nuclear genome. These lists can
be used to identify nuclear-encoded candidate genes interacting with mitochondria and in
combination with previously mapped genetic intervals implicated in mitochondria associated

disorders %%**

. Furthermore, these lists can directly be combined with homozygosity mapping to
identify positional candidate genes causing rare forms of mitochondrial disease °*%*. Knockout
mice were used to elucidate the roles of nuclear genes encoding mitochondrial proteins in
OXPHOS disorders **%. This approach also demonstrated nuclear regulators of mitochondrial

transcription initiation 26,97

. However, these knock-out mice experiments do not represent
common multifactorial disorders associated with mitochondrial dysfunction caused by naturally
occurring genetic variations. To investigate effects of interaction between the nuclear genome
and mitochondria on phenotypes of interests, conplastic strains can be generated by

continuous backcrossing resulting in a new strain with mtDNA from another strain. This
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approach was applied for the genetic dissection of cognition in mice % Conplastic strains in rats
and mice were also used to provide evidence for the effect of mitochondrial genetic variations

61,99

on complex quantitative phenotypes . Alternatively, Rand et al. reported effect of
p q p yp y p

interaction between nuclear genetic background and mtDNA on longevity using reciprocal

crossing of two fruit fly strains carrying divergent mtDNAs 100

. Using reciprocal backcross in
mice, Johnson et al. showed an interaction between nuclear quantitative trait locus (QTL) and
mtDNA mutation in hearing loss 191 However, we still have very limited information about the
interactions of individual nuclear loci with mtDNA investigated in the frame of QTL analysis. In
addition to individual effects of mitochondrial-encoded genes and nuclear-encoded genes
interacting with mitochondria, other factors, such as sex chromosomes, genomic imprinting, or
maternal environments, are likely to be involved in the inheritance of mitochondria as well as
phenotypic expression of nuclear-mitochondrial interactions. Together these multiple factors
make it complicated to identify QTLs x mtDNA interaction and to investigate contribution of
the interaction to the phenotype.

Animal models provide us with complex living systems that can be maintained under
very controlled conditions — genetic and environmental - making them ideal for studying
molecular mechanisms of complex diseases like T2D. Several rodent models of T2D have been
developed and successfully used to dissect the genetic basis this disease 356062102107 ‘Tha GK
rat is one of the most studied rat models of spontaneous T2D *’. Generated by selective
breeding of non-diabetic Wistar rats that were glucose intolerant after oral glucose challenge,
these rats become diabetic very early in life. To understand the role of nuclear-mitochondrial
interactions in T2D we setup a reciprocal cross between the diabetic GK and normoglycaemic
F344 rats. This reciprocal cross consisted of two individual crosses that shared identical nuclear
DNA haplotypes while they differed in the mtDNA haplotypes at 110 nucleotide positions. We
performed cross-separated linkage analysis to map QTLs segregating only in the presence of
specific mtDNA genotype, which is a first-line indication for the interactions between nuclear
QTL and mtDNA. Two genomic loci were found linked to three traits depending on the mtDNA
haplotype. Within these loci we were able to identify 40 nuclear-encoded mitochondrial genes.
Reciprocal-cross setup has earlier been used basically to understand the effect of maternal

factors on various traits 1%

. The maternal factors include effect of the sex chromosomes, the
mtDNA, genomic imprinting, the intrauterine environment experienced by the fetus during its
development. It is seemingly straightforward to sequence the 16300 base pairs long mtDNA
and identify the nucleotide differences between the parental strains. However, assessing the
genome-wide imprinting pattern is not as standardized and technologically simplified as cycle
sequencing. Several approaches have been used to make a genome-wide assessment of the

imprinting patterns 112-117

. In the present study we used a statistical approach, imprinted QTL
analysis, to test if genomic imprinting can explain the observed cross specificity at the identified

QTLs but did not find any support for the same. However, based on statistical evidence we

17



cannot completely rule out imprinting and experimental verification of imprinting at the
identified loci will allow more specific conclusions in the future.

Transforming the identified loci into mechanistic understanding of a disease is an
arduous task. Even though we identified several loci conferring susceptibility to T2D, the
resolution provided by F2 intercross is not enough for positional cloning of a particular gene or
genomic element. Congenic animals could be used to narrow-down and characterize the
118123 \We decided to further dissect

the Niddm71 locus that displayed the maximum ALOD score between the two crosses and

precise phenotype encoded solely by the identified locus

generated a congenic rat that harbors diabetic GK alleles at this locus on a normoglycaemic
F344 genetic background. This congenic rat, C9B, was generated by twelve rounds of
backcrossing followed by inbreeding. Theoretically, this means that, apart from the Niddm71
locus, the C9B rat still retains approximately half million base pairs of GK genome. The presence
of such unknown GK alleles randomly spread throughout the nuclear DNA was considered while
interpreting the characteristics of C9B rat. The insulin trait observed in F2 intercross for the
Niddm71 locus was maintained in the congenic rat. To investigate whether this locus harbors
genetic elements that affect mitochondrial function, we measured the cellular oxygen
consumption and RNA expression levels of selected genes. Three genes encoded by the mtDNA
(16S rRNA, ND2, ND6) and one nuclear-encoded gene (Ppargcla) were chosen. Ppargcla has
been shown to be a major regulator of mitochondrial biogenesis *. The genes for 165 rRNA and
ND2 are encoded by the mtDNA heavy strand while ND6 is encoded by the light strand. The
mtDNA is transcribed as a polycistronic transcript, one each for the heavy and light strands.
However, for the heavy strand, a third truncated transcript encompassing the two ribosomal
genes is also generated at rates different than that for the complete heavy strand transcript 124
The three chosen mitochondrial genes represent all these three transcripts while Ppargcla
would measure the need for mitochondrial biogenesis. Our results suggest that the C9B rat has
defective mitochondrial function measured in the form of reduced oxygen consumption and a
break in the nuclear-mitochondrial cross-talk evident from the lack of mtDNA transcriptional
response to Ppargcla. Since Ppargcla RNA levels were increased in C9B, the lower expression
of mitochondrial genes point towards a defect downstream Ppargcla that might lead to
reduced oxygen consumption and insulin response seen in the C9B rat. It is likely that this
downstream factor is encoded by Niddm71 locus that has 36 genes and a fairly large gene
desert. We speculate that this downstream factor might either be one or more of the 36 genes
or a sequence in the gene desert that might regulate transcription of one or several of these
genes. Studies conducted on Ppargcla knockout mice showed that muscle specific
heterozygotes had a delay in insulin release during a glucose tolerance test *2>. This cross-talk
between the muscle and pancreatic B-cell might involve IL-6 that is secreted by different
metabolic tissues (including skeletal muscle) and exert effect on insulin secretion and sensitivity

126127 1t has also been shown that there is extensive cross-talk between different cytokines,
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especially IL-1 and IL-6, in T2D *?%. The Niddm71 locus harbors a interleukin receptor gene
cluster with six IL-1 related genes. Two of these genes, IL1R1 and IL1R2, serve as IL-1 receptors
and exert completely opposite effects on IL-1 signaling. Larsen et. al. showed that blockade of
IL-1 using anakrina (IL-1 receptor antagonist) led to improvement of glycemia and beta-cell
secretory function **%. Binding of IL-1 to IL1R1 leads to relay of signal while binding of IL-1 to
ILIR2 blocks this IL-1 signaling. Overexpression of IL1R2 will truncate the IL-1 signaling,
probably similar to anakrina leading to beneficial effects on insulin secretion, while
overexpression of ILIR1 might lead to opposite effects as displayed by the C9B rat.
Comprehensive functional analysis of these genes in various insulin target tissues of C9B will
elucidate the exact role of this gene cluster in insulin secretion and mitochondrial function. We
performed RNA expression analysis for ten genes within the Niddm71 locus and found that
more than half of these genes are at least two-fold overexpressed in the pancreatic islets of
diabetic GK rat. This finding led us to investigate the role of the gene desert in transcriptional
regulation of these genes. Even though no protein-coding genes were identified within the
Niddm71 gene desert, it might still harbor functionally important features. Conservation profile
deduced from comparative sequence analysis of distantly related species gives a clue about
evolutionary, and hence functional, importance of a genome region. If a locus is functionally
important, it will be conserved across different species. We identified several regions within the
Niddm71 gene desert that were highly conserved all the way from humans to fish. Sequence
analysis of these regions in GK and F344 DNA revealed several variable nucleotide positions that
modify predicted binding sites for several key transcription factors implicated in diabetes and
mitochondrial function. Few other studies have reported identification disease modifying loci
within gene deserts and attempts have also been made to elucidate the functional features

within the gene deserts ****°

. The recent genome-wide association studies for T2D have
identified several loci that lie within gene deserts. Detailed studies need to be undertaken in
order to understand their contribution to T2D susceptibility.

The mtDNA encodes few but essential components of the respiratory chain that
produces most of the cellular ATP crucial for insulin secretion and sensitivity. Our study aimed
at identification of cross-specific QTLs was based on a reciprocal cross between diabetic GK and
normoglycaemic F344 rats. The reciprocal cross was set up to result in two crosses with
identical nuclear genome sequence but different mitochondrial genomes. The cross-specific
QTLs thus identified were a result of interaction between the nuclear locus and the cross effect
(probably represented by the different mtDNA haplotypes). The mtDNA of F344 and GK strains
differ at 110 nucleotide positions. This large amount of variation makes it difficult to identify
the pathogenic mutation/s. The comparative analysis principle we used to identify conserved
regions within the gene desert could also be applied to the mtDNA. However, for the mtDNA,
the aim was to identify functionally important nucleotide variants. For this reason, we made
comparative sequence analysis between different Rattus norvegicus inbred strains and four
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sequences from rats caught in the wild. To identify functionally important regions and sites we
used different tests for selection. Evolutionary processes acting on the protein-coding genes are
targeted towards modifying the protein function, while those acting on non-protein-coding
genes and regulatory regions are targeted towards regulation of expression of gene products.
Therefore, the underlying evolutionary mechanisms are expected to be different for the two
types of sequences. Moreover, the non-coding D-loop and the coding regions of the mtDNA

have different substitution rates ****’

. Hence, the main aim was to investigate the presence
and mechanisms of selective forces in the non-protein-coding genes and the D-loop that would
reflect their functional significance. Selection has been operating ever since the first rat strains
were domesticated, e.g., as a result of being kept in captivity with its different flora of microbial
pathogens, special requirement for high fecundity, large sibships, low aggressivity and calm
easy behavior in general. The adaptation to different environmental conditions in different
animal houses is unlikely to be convergent. Moreover, several of the strains belonging to the
Wistar-group are models for metabolic diseases. These strains have been subject to strong
phenotype selection prior to inbreeding. Since these strains have been selected for an extreme
phenotype and have survived with high fitness for several generations with this un-
physiological phenotype, we expected some form of selection. Six amino acid changing
mutations were observed within the Wistar-derived strains. These were two type 2 diabetic GK
strains, three hypertensive strains MHS/Gib, SHR/Mol, GH/OmrMcwi and the hypertensive
stroke-prone SHRSP. Even though the F344 containing clade has strains derived from different
founders no variation was observed within this group for all the six positions. These positions
were also fully conserved in the wild population. It is therefore quite possible that these
mutations are a result of adaptation to an extreme metabolic phenotype. Emergence of these
‘young’ mutations only in the strains that have been subject to a phenotype selection process
before inbreeding suggests that major phenotypic perturbations leads to adaptive changes at
the mitochondrial genomic level. Since mtDNA has a mutation rate almost ten times higher
than the nuclear genome, it will be the site where the first adaptive changes will be possible
and evident. By analyzing the inbred rat strains we are looking into only a century of evolution.
What we present here might be the first signs of such adaptive evolutionary changes in
response to survival with extreme phenotypes.
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Summary and Conclusions

To understand the role of nuclear-mitochondrial interactions in T2D we arranged a
reciprocal cross between the diabetic GK and the normoglycaemic F344 rat strains. This
reciprocal cross consisted of two individual crosses that shared identical nuclear DNA
sequences while they differed in the mtDNA haplotypes at 110 nucleotide positions. We
performed cross-separated linkage analysis to map QTLs segregating only in the presence of
specific mtDNA genotype, which is a first-line indication for the interactions between nuclear
QTL and mtDNA. Two genomic loci were found linked to three traits depending on the mtDNA
haplotype. Within these loci we were able to identify 40 nuclear-encoded mitochondrial genes.

The Niddm71 locus displayed the highest LOD score difference between the two crosses
and was dissected further using a congenic rat, C9B, which harbors diabetic GK alleles at this
locus on a normoglycaemic F344 genetic background. Intraperitoneal glucose tolerance test
(IPGTT) and tests on isolated islets showed that C9B had impaired glucose stimulated insulin
response. To assess the mitochondrial function we investigated oxygen consumption in adipose
tissue using an oxygen sensitive Clark electrode. C9B had significantly reduced oxygen
consumption as compared with F344. We further determined the RNA expression levels for
three mitochondrial genes (16S rRNA, ND2, and ND6) and Ppargcla in various insulin target
tissues. We found that, in C9B as compared to F344, Ppargcla RNA levels were significantly
higher while the levels for all mtDNA coded genes were significantly lower implying a break in
nuclear-mitochondrial communication downstream Ppargcla. In summary we show that C9B
has impaired glucose tolerance, insulin secretion, mitochondrial function and nuclear-
mitochondrial communication. With a combination of bioinformatics and experimental
methods we identified several genes and non-coding sequences within the Niddm71 locus that
likely play a role in insulin secretion and mitochondrial function.

In the first three studies we have shown evidence for mitochondrial genotype-specific
modification of nuclear QTLs and a break in nuclear-mitochondrial communication resulting
from interactions between one identified nuclear locus of GK origin and F344 mitochondrial
genotype. To investigate the genetic variation between the F344 and GK mitochondrial
genomes, we sequenced complete mtDNA for both these strains and identified 110 variable
positions between F344 and GK sequences. This large amount of variation made it difficult to
prioritize functionally important positions. To address this question, we sequenced an
additional 11 mitochondrial genomes from various commonly used inbred rat strains including
a wild rat from Sweden. Our aim was to identify functionally important sites based on
phylogenetic analyses. We used three different tests to find evidence for deviation from
neutrality in different parts of the mitochondrial genome. For this purpose we separately
analyzed the protein-coding-regions, RNA-coding-regions and the non-coding-regions. Analysis
of the protein-coding region provided evidence for selection. We could identify three genes
(ND2, ND4, and Cytb) and individual sites within them that were experiencing selection. We
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propose that these sites are of functional importance and should be candidates for further
investigations. We found additional evidence of selection in the 16S rRNA gene. Despite high
substitution rate in the regulatory D-loop as compared to the protein-coding regions we did not
find any evidence of selection in the D-loop. However, using comparative analyses, we
identified several nucleotide positions within the D-loop that likely play a role in mtDNA
transcription and replication.

Understanding the mechanisms of complex polygenic diseases like T2D is as complex as
their nature. Cellular processes involved in glucose homeostasis need high and reliable energy
supply. Mitochondria are the major energy producers in mammalian cells. Since the majority of
proteins active in the mitochondria are encoded by the nuclear genome a tightly regulated and
coordinated nuclear-mitochondrial crosstalk needs to be ensured. Perturbation of this
communication will attenuate the cellular response to variable energy demands. In this study
we have identified nuclear loci which are modulated by the mitochondrial genotype and
identified mitochondrial loci that might be of vital importance for its function. The results of our
study will provide additional stimulus for further research in understanding nuclear-
mitochondrial interactions and their role in metabolic diseases like T2D.
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