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A GUANINE TO ADENINE MUTATION -76BP FROM THE TRANSCRIPTIONAL
START SITE DECREASES CONSTITUTIVE CYP1A2 EXPRESSION IN A NOVEL
MOUSE STRAIN.

By
Russell Haywood Taylor
Chairpersons of the Supetvisory Committee: Mary Alice Heford' and William L. Casley”

'Adjunct Professor, Department of Biochemistry, University of Ottawa
*Adjunct Professor, Department of Biology, University of Ottawa

ABSTRACT
Variations in the expression of drug metabolizing enzymes of the Cytochrome P450

superfamily are a principal cause of atypical reactions to therapeutics. The molecular mechanisms
by which the metabolizing enzymes of the drug are regulated, and the effects of genetic vatiation
on this regulation, are not completely understood. Cytochrome P450 1A2 (CYP1A2) is one such
enzyme. The 4PN mouse strain has low expression of the CYP1A2 enzyme, relative to the
C3H/ He] strain. It was hypothesized that this difference in expression of the CYP1A2 was
occurring as a result of a single nucleotide polymorphism at the Cyp742 locus. This work has
demonstrated that this variation in CYP1A2 expression occurs at the level of transcription and
that a single nucleotide change 76 base pairs upstream of the transcriptional start site was critical
for promoter function. The mechanism of constitutive CYP1A2 expression involves a previously

unidentified ss-acting element in this region.



DEDICATION

This thesis is dedicated to my good friend Mike Channer, whose passion for life will

always be remembered.



ACKNOWLEDGMENTS

I'would like to thank my Thesis Advisory Committee; Dr. Odette Launeuville and Dr. Linda
J- Bonen for their guidance and constructive feedback. From Health Canada, I would like to thank
Dr. Aleksander Bliu, Mrs. Margeryta Nowakowska, Ms. Lori Lavigne, Mrs. Michele Lemieux and
especially Mrs. Carole A. Westwood, for her incredible patience and surgical skills. Also I would
like to acknowledge my department supervisor Dr. Mary Alice Hefford and my research
supervisor Dr. Bill Casley for their persistence and support. Lastly, I would like to thank my

friends and family, particulatly my patents Don and Charlotte Taylor for teaching their children

that anything is possible when you believe in yourself.

iv



“Science may set limits to knowledge, but should not set limits to imagination.”

Bertrand Russell (1872 - 1970)



TABLE OF CONTENTS

Abstract
Dedication
Acknowledgments
Table of Contents
List of abreviations
List of figures

List of tables

Chapter 1: Introduction

1.1 Xenobiotic metabolism
1.2 Cytochrome P450

1.3 CYP1A2

1.4 Pharmacogenetics

1.5 Gene regulation

1.6 Murine model

1.7 Objectives of this study

Chapter 2: Materials and Methods

2.1 Animal model
2.2 Quantification of CYP1A2 mRNA

2.3 Quantification of CYP1A2 heterogeneous nuclear RNA (hnRNA)

2.4 Cloning into pCR2.1 vector

2.5 pCR2.1 sequencing

2.6 Genomic DNA isolation

2.7 Reporter vector constructs

2.8 In vivo reporter construct delivery

2.9 In vivo expression assays

2.10 Ex wpo expression assay

2.11 Data analysis

2.12 Promoter sequencing

2.13 Sequencing amplicons

2.14 Comparative sequencing of Cyp7a2 5’ region
2.15 Database search

2.16 Nuclear protein extraction

2.17 DNase footptinting probe

2.18 DNase footprinting assay

2.19 Site directed mutagenesis of pGL-C3H/ Hef vector
2.20 Functionality of the -76 nucleotide

Chapter 3: Results

3.1 Quantification of CYP1A2 mRNA

3.2 Quantification CYP1A2 hnRNA

3.3 In vivo Cyp1a2 promoter assay

3.4 Ex vivo Cyp1a2 promoter assay

3.5 Comparative sequencing of Cyp7a2 5’ region

vi

S e U e HBoM EES.?'EE::

[UENEN
o A

Wy
O

L W LW WL WWLWWLWWNNDNDNNDNDDNDNDDLN =
e NUlb R OWDODOONNOU AR DNDOOW

N
(=]

S A N
o O Ul O O



3.6 DNase footprinting assay
3.6 Functionality of the region containing the -76 nucleotide

Chapter 4: Discussion

4.1 Proposed mechanism
4.2 Significance of findings
4.3 Broader implications
4.4 Technical limitations
4.5 Future questions

4.6 Summary

Reference
Contributions of collaboratots

Appendix
A.1 Appended data

Curriculum vitae

55
58

64

67
70
72
72
74
75

77
84

85
85
87



LIST OF ABREVIATTIONS

ADRs: adverse drug reactions

Ahr: aromatic hydrocarbon receptor

ANOVA: analysis of variance

AP-1: activator protein 1

APN: acetaminophen nonsusceptible

APS : acetaminophen susceptible

BLI: Bio luminescent imaging

C3-D: caffeine 3-demethylation

CYP1.A2: human Cytochrome P450 1 A 2 gene
CYP1A2: human ot mouse Cytochrome P450 1 A 2 protein
Cypl1a2: mouse Cytochrome P450 1 a 2 gene
CYP2B6: Cytochrome P450 2 B 6 protein
CYP2D6: Cytochtome P450 2 D 6 protein
EMSA: electrophoretic mobility shift assay
EVT1: ecotropic viral integration site 1

GO6PD: glucose-6-phosphate dehydrogenase
hncDNA: heteronucleat complementary DNA
HNF-1: hepatic nuclear factor 1

hnRNA: heterogeneous nuclear ribonucleic acid

IVIS: in vivo imaging system



LB: Luria-Bertani

mRNA: messenger ribonucleic acid

MUT: C3H/He] -76 G>A mutant

MWM: molecular weight markers

NCBI: National Center for Biotechnology Information
NF1: nuclear factor 1

PCR: polymerase chain reaction

PDCD1: programmed cell death gene

PTH: parathyroid hormone

qPCR: quantitative polymerase chain reaction
QTL: quantitative trait locus

RUNZX1: runt-related transcription factor 1
SLE: systemic lupus erythematosus

SNP: single nucleotide polymorphism

TBP: TATA box binding protein

TCDD: 2,3,7 8-tetrachlordibenzo-p-dioxin
TE: tris ethylenediaminetetraacetic acid

TSG: tumor suppressor genes



LIST OF FIGURES

Figure 1.1 The proportion of currently presctibed drug substrates metabolized by
various enzymes in the Cytochrome P450 family.

Figure 1.2 The mouse strains used for genetic analysis.
Figure 2.1 Schematic of 5 Cjp7a2 locus sequencing strategy.

Figure 3.1 The relative quantity of hepatic steady state CYP1A2 mRNA from 4
different mouse strains relative to 4PN evaluated by gPCR.

Figure 3.2 Quantification of hepatic steady state CYP1A2 mRNA and hnRNA
transcription products.

Figure 3.3 Schematic of pGL3 vector construct containing 5Kb of Cyp1a2 5
promoter for transcription assay.

Figure 3.4 In vivo image of BALB/¢ male mice containing Cyp7a2 5 promoter driven
pGL3 vectors.

Figure 3.5 Ex vivo luciferase assay of Cjp1a2 5 promoter driven pGL3 vectors
expressed in BALB/¢ male mice..

Figure 3.6 Schematic of the Cyp742 gene highlighting the sequence variations between
APN and C3H/He] mice.

Figure 3.7 Plot of fluorescently labeled Cyp7a2 5’ promoter oligonucleotides subject to
hepatic protein DNase protection assays.

Figure 3.8 I viv luciferase assay of a -76 mutant 4.5kb MUT (-76 G>A mutated
C3H/ He] CYP1A2 promotet) reportet vector expressed in BALB/¢ male
mice.

16

31

41

43

46

48

51

53

56

59



LIST OF TABLES

Table 2.1 Oligonucleotides used in quantification of CYP1A2 hnRNA.

Table 2.2 Oligonucleotides used in pCR2.1 screening assay.

Table 2.3 Oligonucleotides used in reporter vector constructs.

Table 2.4 Oligonucleotides used to produce amplicons for Cyp7a2 sequencing.

Table 2.5 Oligonucleotides used to produce labeled Cyp7a2 probes for DNase
protection assay.

Table 2.6 Oligonucleotides used in -76 G>A site directed mutagenesis and MUT
plasmid sequencing.

Table A.1Descriptive statistics for ex »o transcriptional assay (Figure 3.5).

Table A.2 Mann-Whitney two-sample test for ex v transcriptional assay (Figure 3.5).

Table A.3 Desctiptive statistics for ex zive transcriptional assay (Figure 3.9).

Table A.4 Mann-Whitney two-sample test for ex #ivo transcriptional assay (Figure 3.9).

22

23

27

33

36

39

85

85

86

86



CHAPTER 1: INTRODUCTION

1.1 Xenobiotic metabolism

A xenobiotic is a chemical which is not produced by the otrganism exposed to it. We live in a
world full of xenobiotics. They range from environmental toxins such as 1,4-dimethylbenzene to
chemotherapeutics such as acetaminophen. The metabolism and excretion of these chemicals is

crucial in order to maintain homeostasis.

The mammalian xenobiotic metabolizing system was thought to have evolved as a result of
heterotroph-auotroph interactions. Animals with detoxification systems had an advantage, in that
they could graze on plants that produced toxic defensive secondary metabolites (Ehrilch and and
Raven, 1964). Mammals, such as mice and humans, detoxify their chemical environment through

complex array of enzymes found primarily in the liver.

Xenobiotic metabolism can be divided into two main reaction categories, phases I and II.
Phase I is involved in the addition of a functional group via oxidation, reduction or hydrolysis.
These chemical modifications can increase a xenobiotic’s watet solubility, which aids in the
xenobiotic’s excretion and/or rendets it motre amenable to phase I conjugation reactions. Phase
I of xenobiotic metabolism involves addition reactions such as acetylation, sulphation,

glucuronidation and addition of glutathione (Benet ¢# 4/, 1996).

The rates at which different individuals can metabolize a given xenobiotic can vary
dramatically within a population. The basis of this variation arises from the environmental and

genetic influences on the multiple pathways through which xenobiotics are metabolized. Variation
1



in xenobiotic metabolism is of interest from both a toxicological and a pharmacological point of
view. For a given procarcinogen, a fast metabolizing individual will have an increased susceptibility
to cancer as a result of increased carcinogen activation. An individual with a slow xenobiotic
metabolism for a specific therapeutic will be more prone to drug toxicity, due to increased
bioavailability of the parent compound (slowet clearance). Conversely, a fast metabolizing

individual of the same drug may fail to show a therapeutic benefit due to lower bioavailability.

The contribution that variability in xenobiotic metabolism has towards advetse drug
reactions is of interest. In 1998 the fourth highest cause of death in the United States was thought
by some to be therapeutic drug complications (Lazatou ef a/, 1998). Adverse drug reactions
(ADRs) affect 10-20% of hospitalized patients and greater than 7% of the general population.
More than 85% of these ADRs wete dose-dependent (Gomes and Demoly, 2005). ADRs can be
blamed, in part, on inapproptiate individual xenobiotic metabolism profiling. Predictive

genotyping may reduce these deaths by 10-20% per year (Ingelman-Sundberg, 2001).

In some cases, an individual’s ability to metabolize a given xenobiotic is effected by a single
gene variant. An example of this is seen in the Cytochrome P450 2D6 (CYP2D6) gene. This
enzyme has many therapeutic substrates (Figure 1.1). These include: B-receptor antagonists,
antiarrhythmic agents, motphine detivatives, antidepressants and antipsychotics. It has been
estimated that 5-10% of Caucasions, 3.5-8% of African Americans and 1% of Asians carry a
nonfunctional ot unstable CYP2D6 enzyme. This slow drug metabolizing pheonotype can result
in drug toxicities among these sub-populations (Gaedigk e7 4/., 2005). Screening for allelic

variations of CYP2D6 can decreases drug toxicity for specific therapeutics.




Figure 1.1 The proportion of currently prescribed drug substrates metabolized by vatious
enzymes in the Cytochrome P450 family. Adapted from Wrighton and Stevens
(1992).
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It is often the case, however, that an individual’s ability to metabolize a given xenobiotic is
affected by variations in multiple genes (Ozdemit ez 4/, 2005). An example of xenobiotic
metabolism with multiple gene involvement has been obsetved in rats using Troglitazone, a
potential diabetes type 2 mellitus therapeutic. Troglitazone was temoved from human clinical ttials
because of its toxicity. This drug has been shown to interact with multiple xenobiotic metabolizing
pathways. Variations in multiple genes involved in Troglitazone metabolism could, in patt, be
responsible for its toxicity (Vansant e 4/, 2006). In this case, drug toxicity screening would be
more complex than analyzing a single gene variant but would tequire a genetic profile of multiple

genes.

A great deal of research has been done to produce new therapeutic compounds; however,
there is considerably less information on the mechanisms regulating their metabolism. Greater
undetstanding of these mechanisms may reduce the number of deaths due to ARDs as well

improve therapeutic efficacy.

1.2 Cytochrome P450

Cytochrome P450 is a superfamily of heme-containing monoxygenases that encompass 57
functional genes in humans and 102 functional genes in mice

(http://drnelson.utmem.edu/Genome.list htm). The Cytochromes P450 are grouped into families

and subfamilies based on amino acid homology. Cytochromes P450 with 40% or less homology to
one another are labeled as different families, for example CYP1 and CYP2. Within these families,

P450 enzymes that show 55% or greater homology with one another ate delegated into the same
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subfamily, for example: CYP2B and CYP2C. Individual isoforms of these enzymes are

sequentially number, for example: CYP1A1 and CYP1A2 (Nelson ¢ /., 1993).

Many Cytochromes P450 enzymes play a large role in drug metabolism (Figure 1.1). They
have diverse and often overlapping substrate ranges. These enzymes atre ptimarily involved in
phase I xenobiotic metabolism and catalyze the addition of polar groups (Eaton e/ a/, 1995).
Briefly, xenobiotics form a complex by binding to the P450 enzyme which contains an iron atom
in the ferric (Fe™) oxidation state. NADPH-Cytochrome P450 reductase converts NADPH to
NADP+, which provides reducing equivalents that reduce the iron from a ferric to a ferrous (Fe*?)
state, allowing the complex to be oxidized by O,. A second set of reducing equivalents are
produced from NADPH-Cytochrome P450 reductase, which releases the reduced substrate from

the complex (Champe ez 4/, 2005).

1.3 CYP1A2

This study focuses on CYP1A2, which is an enzyme involved in xenobiotic detoxification
and drug metabolism of heterocyclic, atyalamines and nitroaromatic compounds specifically
(Baton ez al., 1995). CYP1A2 is a monooxygenase liver enzyme found within the Cytochrome
P450 family. Though CYP1A2 is only involved in the metabolism of approximately 10% of

presctibed drug (Figure 1.1), it is implicated in 75% of drugs causing ADRs (Phillips e 4/., 2001).

The rationale for studying CYP1A2 regulation atises from the desire to understand the
interindividual differences in drug response and susceptibility to environmental carcinogenests.
When the molecular mechanisms of regulation are known, one can begin to look for the basis of

variation. The key to gene regulation lies, in part, in the DNA sequence.



‘The mechanisms that regulate the expression of the different Cytochromes P450 are not
completely known. In the context of liver-specific expression, each P450 gene in the CYP enzyme
family has been proposed to have a unique mechanism of expression (Gonzalez and Lee, 1996).
Traditionally, CYP1A2 expression has been studied for its inducibility via the aromatic
hydrocarbon receptor (Aht) pathway. Ingestion of Ahr ligands, such as 2,3,7,8-tetrachlordibenzo-
p-dioxin (TCDD), up-regulates the expression of many ligand response genes and has been shown
to produce up to a 100 fold increase in CYP1A2 expression, depending on the ligand, species,
dose and strain (Nebett ¢f a/., 1993). However, CYP1A2 also acts on substrates that do not induce
its expression, such as acetaminophen (Bray and Rosengren, 2001). Therefore, the mechanisms

governing the basal expression of CYP1A2 are important for predicting xenobiotic metabolism.

In humans, extensive variation in CYP1A2 expression has been observed. It is difficult,
however, to distinguish the genetic component of this variation from those due to environmental
exposure. As of 2000, there are 34 alleles of CYP7.42 identified including 9 predicted haplotyes
(http:/ /www.cypalleles.ki.se/). To date, human CYP7.A2 polymorphisms have been shown to
affect this enzyme through the creation of splice variants and disruption of induction regulatory
sties. (Allorge e7 al., 2003; Nakajima ef a/., 1999). No single nucleotide polymorphism (SNP) or
haplotype in the CYP1A2 gene has yet been identified that can be used to provide unequivocal

prediction of CYP1A2’s basal expression (Jiang ez a/., 2000).

Several regions of the CYP1.42 gene in both humans and rodents have been identified as
important to gene expression. In humans, E-box enhancer elements located in the -1987 to -3201
region ate responsible for 60% of the basal CYP1A2 expression (Pickwell ef 4/, 2003). This region
includes two Ahr binding sites one -2259 to -1987 and the other -2532 to -2423 (Quattrochi ¢z 4/,

7
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1998), as well as -2352 to -2094 which contain binding sties for activator protein 1 (AP-1) and a
for the liver specific transcription factor hepatic nuclear factor 1 (HNF-1) (Chung and Bresnick,
1997). In the proximal region of the human CYP1.A42 gene, the -72 to -31 region has been
identified as important for basal expression. This region contains GC, CCAAT, and TATA Boxes

(Chung and Bresnick, 1997).

In mice, a study found that the -1843 to + 53 region was insufficient for CYP1A2
expression in transfected hepatoma Hepa-1 cells (Owens and Nebert, 1990). In the mouse, basal
CYP1A2 expression has been shown to be controlled, at least in patt, by two enhancer elements in
the -4401 to -4382 and from -4300 to -4292 regions. These elements are essential for CYP1A2
basal expression (Uchida ez a/., 2002). The nuclear factor 1 (NF1) element found in humans, rats
and mice has also been suggested to be required of for constitutive CYP1A2 expression (Zhang ez

al., 2000).

CYP1A2 regulation is inherently challenging to study as the gene is not easily expressed in
non-carcinogenic cell lines. Primary hepatocytes can, however, be used to study CYP1A2
expression (Roymans et a/., 2005). These cells are harvested and grown in culture for several days.
However, the method of preparing and preserving primary hepatocytes is technically challenging
and the expression levels of CYP1A2 begin to drop after harvesting and are undetectable within a
few days. These preparations have not been recommended for long term CYP1A2 toxicological
studies and must be interpreted with caution as they do not necessatily represent what occurs 77
vivo (Li et al., 1999; Zhang et al., 2006). For these reasons, an 7# vivo expression system 1s favored for

CYP1A2 expression studies.



1.4 Pharmacogenetics

Pharmacogenetics can be viewed as the role of an individual’s genetics in mounting a drug
response. As the mechanisms with which genetics governs an individual’s dtug response become

more appatent, one will be better able to exploit genomic tools for the use of personalized drug

therapy.

Recent advancements in DNA sequencing technology are fueling the possibilities of
pharmacogenetics. The cost (in 2001) of the initial draft of human genome was estimated at $500
million. However, the cost to sequence the rhesus macaque genome was a mere $22 million
(Service, 2006). Advancement in cost effective sequencing technology has sparked a target cost of
$1000 to sequence an individual’s genome. Other DNA sequencing technologies include human
SNP chips to aid in gene profiling (Ragoussis and Elvidge, 2006; Yap, 2002). These chips allow
for metabolic profiling by analyzing multiple genes and their allele types. Technological
advancements such as genome sequencing and SNP chips have made the use of genetics in

pharmacology a clinical reality, albeit to a limited extent at present.

Pharmacogenetics is based on the premise that individual differences in susceptibility to
ADRs or environmental procarcinogen activation have a genetic component. One of the first
examples of a factor associated with variation in xenobiotic metabolism is glucose-6-phosphate
dehydrogenase (G6PD) deficiency. This condition was first noted when WWII pilots who
received their mandatory dose of primaquine suffered high incidents of hemolytic anemia when
flying at moderate altitudes in unpressurized aircraft. Soldiers of African descent were more prone
to this effect than Caucasians (Alving ¢ a/, 1956). G6PD is an enzyme involved in dealing with

oxidative stresses. Examples of oxidative stress include consumption of fava beans or



chemotherapeutics such as anti-malarials, sulfonamides, some analgesics and nitrofurans.
Approximately 400 million people are G6PD deficient, a condition which usually presents with
oxidative stress-induced hemolysis (Eichelbaum and Evert, 1996). There are estimated to be 50
genetic variants responsible for G6PD deficiency in humans, most of which result in a single
amino acid mutation in the globin chain of the enzyme (Wiwanitkit, 2005). Though currently not
routinely performed, DNA sequencing of the G6PD locus could be used to predict G6PD

deficiency.

A recent example of applied pharmacogenetics has been proposed for smoking cessation
therapies (Lerman and Calkins, 2006). The Cytochrome P450 2B6 (CYP2B6) enzyme 1s known to
break down nicotine in the brain but is vatiably expressed in humans. Studies have shown that
smokers with high levels of CYP2B6 are more likely to succeed at smoking cessation when using a
nicotine replacement. Smokers with high activity CYP2B6 benefited from extended nicotine
therapy. It has also been shown that variants in the dopamine receptor gene effect the outcome of
cessation therapies (Letman ez a/., 2006; Lerman and Calkins, 2006). Also, CYP2AG is the principle
enzyme involved in nicotine inactivation as it converts 90% of nicotine to cotinine. Genetic
variations of CYP2AG6 have been shown by some to play a role in smoking addiction (Malaiyandi es
al., 2005). Since the genetic basis of the dopamine receptor, CYP2B6 and CYP2A6 are known,
they can be used in the design and dosing of individual smoking cessation therapeutic regimes.
There are many other examples of pharmacogenetics that may be used in clinical settings. The key
to their success lies in understanding gene functions and the influences of genetic variation on

these functions.
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1.5 Gene regulation

Producing a protein from DNA involves many intermediate steps, all of which are potential
sites of regulation. The first level at which protein production can be regulated is at the level
transcription initiation. The initial stage of transctiptional control comes from the chromatin
structure within the nucleus (Dillon, 2006). The expression of the coding pottion of the gene is
regulated by cs-acting elements or domains which are involved, to various degrees, in enhancing or
repressing expression. Unlike an organelle, which sequesters elements using physical bartiers, the
nuclear environment is not divided. This means that frans-acting factors have access to all regions
of the nucleus. Thus, the mechanism by which regions of DNA are sequestered from #rans-acting
factors is by way of chromosomal structure. One model proposes that multiple regulatory domains
loop on each other to form a hub to which #uns factors ate attracted. This hub of regulatory

elements acts to isolate the regulatory factors from both cis and #rans elements (Dillon, 20006) .

There are essentially two types of DNA sequence regulatory elements found to control gene
expression: cote and non-cote regulatory elements. Core sequence regulatory elements are the
collection of elements that form the minimal biologically active promoter. They tend to be well
conserved between genes and species. Examples of core regulatory sequences include the RNA
pol II initiation site and TATA box. RNA pol IT is the enzyme that produces all protein transcripts
except for ribosomal and transfer RNA. RNA pol II requites multiple transcription factors in
otder to initiate transcription. They are known collectively as TFII’s. TFII’s form a holoenzyme
complex with RNA pol II and bind the initiation motif in a single step. Of particular interest,
'TFIID, also know as the TATA box binding protein (I'BP), binds to the core TATA box
sequence, usually located 31 bp upstream from the transcriptional start site. The TATA box

consensus sequence is TATAAAA with some variations.

11



Non-core sequence regulatory elements are much less conserved between species and vary
drastically between genes. These short elements can eithet be proximal to the coding sequence or,
as in the case for some enhancers, kilobases away (Uchida ¢z a/.,, 2002). Examples proteins that
bind these non-core regulatory elements are zinc finger domains, leucine zipper motifs, E-boxes,
and helix loop helix motifs. Zinc fingers bind DNA and can interact with RNA pol IT and TFIDs.
Non-core regulatory elements play a role in transcriptional repression. The combination and
diversity of non-core elements allows for expression specificity among different tissues and
specific responses to environmental stimuli. Transcription 7# sz may require additional short
regulatory elements in combination with the core elements. These elements are located at varying

distances from the transcriptional statrt point (Pedetsen ¢z a/., 1999).

Tissue-specific transcriptions factors are a common mechanism that ensure genes are only
expressed in appropriate tissues. An example of this is T protein, a protein which is responsible
for mesoderm differentiation. Tissue specific expression of T protein activates genes involved in
mesoderm differentiation (Kispett ef 2/, 1995). DNA methylation can also regulate gene
transcription. CpG islands (which are often associated with a gene promoter) can be methylated,
thereby reducing the transcriptional activity of the given gene. An example of this is seen duting
the inactivation of tumor suppressor genes (ISG) in neoplasm formation (Toyota and Issa, 1999).
The tissue-specificity of CYP1A2 expression, which is ptimarily in the liver and, to a lesser extent,
in nasal mucosal epithelium (Zhang ¢ a/, 2000), is due to CpG methylation. This expression
specificity is a result of gene hypomethlation in the liver and hypermethylation in other tissues (Jin

et al., 2004).

12



Gene expression can be regulated at the level of messenger ribonucleic acid (mRNA)
degradation. The half life of a protein’s transcript limits its protein production potential. An
example of transcript regulation occurs in parathyroid hormone (PTH) production. A secondary
effect to uremia is increased PTH synthesis. The uremic state incteases the stability of the PTH
mRNA transcript, allowing more PTH synthesis to occur and, in turn, greater PTH concentrations
to be obtained (Yalcindag ez 4/, 1999). This transctipt stabilization also occurs with CYP1AZ2,
which is known to be post-transcriptionaly tegulated in rodents. When Ahr ligands ate present,
there is a biological need to increase the level of some Cytochrome P450 enzymes to reestablish
homeostasis. Ahr elements are believed to stabilize the mRNA in addition to increasing their rate

of transcription resulting in increased CYP1A2 (Pasco ¢ al., 1988; Bigelow ¢z /., 1989).

Some mRNA’s are not transcribed unless they are in specific region of the cell. This
localization is hypothesized to regulate the cone growth of dendritic cells. In this case, protein
synthesis occurs distally from the nucleus and must rely on mRNA transportation to regulate this
protein synthesis (Ctino and Eberwine, 1996). Therefore, mRNA transportation systems can be

utilized as a means of controlling gene expression.

One of the last stages at which protein production can be regulated is at the level of the
protein itself. Protein degradation is 2 mechanism used extensively by the cell to control gene
expression. As an example, a protein can be targeted for destruction by ubiquitinylation.
Ubiquitinylation increases a protein’s affinity for the 20s protesome complex, which subsequently
degrades it (Groll ez al., 2005). A gene whose protein has a greater affinity for ubiquitinylation will

be expressed in lower concentrations due to protein degradation.
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Thus, given the many levels involved in producing a protein from a gene, thete are many

potential sites for regulation of expression, a few examples of which are mentioned above.

1.6 Murine model

To investigate further the relationship that exists between drug tesponse phenotypes and
genomic sequences, a stable biological model is required. Since drug metabolism is influenced by
genetic and environmental factors, one needs to control for environmental influences to observe

the genetic effects. Controlling for envitonmental factors makes genetic studies in humans

difficult.

Mice have frequently been used in toxicology studies because of their small size, high
fecundity and for their similarities to humans in many metabolic processes. Mice have CYP1A2
enzymes similar to humans. First, both genes contain 7 exons, in which exon 1 contains non-
coding mRNA sequence. Second, mice and humans are also similar in their response to aromatic
hydrocarbons. Both organisms contain functional Ahr pathways, which are powerful inducers of
gene exptession. The promotets of mice and human CYP7.42 display 68% homology between -
150bp to the transctiptional start site and 80% homology between -841 to -758 in human and -

1529 to -1439 in mice (Tkeya ez a/, 1989).

Previously, an acetaminophen nonsusceptible (APN) inbred strain of mice was developed
that displayed a significantly high tolerance to acetaminophen-induced hepatotoxicy relative to a
codetived susceptible strain (Casley ez @/, 1997b). These 4PN mice expressed low levels of
CYP1A2 mRNA relative to an acetaminophen susceptible (APS) strains (Casley ez a/., 1997a).

Caffeine has been used as a probe drug to measure CYP1A2 exptession in both mice and humans.
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In mice, more than 80% of the caffeine 3-demethylation (C3-D) to paraxanthine has been
attributed to CYP1A2 activity, using Cyp7a2 knock-out mice (Butets ez 4/, 1996). The ratio of 1,7-
dimethylxanthine/caffeine in serum has been used to measute CYP1A2 activity. Figure 1.2 shows
the parent 4PN mouse strain, which was found to have a lowered C3-D index than other
common laboratory strains including the C3H/ HeJ(Casley ¢z al., 19972). This phenotype had the
characteristics of a complex genetic trait. The principal genetic determinants of the variation
between APN and C3H/ He| mouse strains wete mapped as quantitative trait loci (QTL’s) using

an interval mapping approach (Casley ¢z a/., 1999).

One QTL was mapped with strong a statistical significance as a 4.8cM interval on
chromosome 9 (Casley ¢z al., 1999). This region on chromosome 9 contained the Cyp742 locus.
Preliminary sequence analysis of the 4PN and other common laboratory mice showed several
polymorphic sites in the non-coding region of the gene, one of which was -76 bp from the
transcription statt site. It was hypothesized that this polymorphism accounted for the differences
seen between APN and C3H/ He]. It was further hypothesized that the constitutive expression of
mouse CYP1A2 was regulated, in part, by an element in the proximal promoter region of the gene

that includes this polymorphism.
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Figure 1.2 The mouse strains used for genetic analysis. Above is the 4PN mouse and below is
the C3H/He] mouse.
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1.7 Objectives of this study

The overall objective of this study was to identify a mechanism governing the basal

expression of CYP1A?2 using genetic variation between mouse strains.

Specifically, the primary experimental objective was to ascertain the significance of a point
mutation within the Cyp742 promoter and determine if this polymorphism is the specific genetic
variant undetlying the previously identified QTL on chromosome 9, which, in part, results in

lower constitutive CYP1A2 exptession in 4PN mice.

The experimental approach was to first determine the level at which differential CYP1A2
exptression was occurting, then to establish the functional significance of the -76 polymorphism to

transcriptional activity.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Animal model

"The APN mouse strain was originally derived from an outbred Swiss-Webster mice colony
at Health Canada ongmating from Connaught Laboratories (Toronto, ON) in 1968. Breeding
pairs were selected for non-susceptibility to acetaminophen toxicity and decreased C3-D (Casley ez
al., 1997b). Congenic mouse sttains containing C3H/HeJ chromosomal segments in an 4PN
background wete produced through phenotypic and market-assisted selection by Ms. Yelena
Markovich. The congenic intervals of strains C7, C4 and C9 encompassed the QTLs affecting C3-
D, identified on chromosomes 1, 4 and 9 tespectively. The C3H/ HeJ and BALB/ ¢ strains were
purchased from Charles River Labotatorties, Inc. (Wilmington, MA, USA). The C3H/He], APN
and congenic strains were maintained at the animal care facility of the Heaith Protection Branch of
Health Canada (Ottawa, ON). BALB/¢ male mice were putchased at 6 weeks of age and were
housed individually for 2 weeks prior to injections at the animal care facility of the Health
Protection Branch of Health Canada. All animals were fed irradiated Prolab 3000 rodent feed
(Agway Inc. Portsmouth, RI, USA) and sterile water ad kbitum. Mice were housed on sterile
Sanichip maple chip bedding (P.W.I Industries, St. Hyacinthe, PQ). Animals were cared for in

accordance with the guidelines of the Canadian Council on Animal Care.
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2.2 Quantification of CYP1A2 mRNA

The cDNA preparation was done by Mrs. Margeryta Nowakowska. To sum, livers were
harvested after cervical dislocation followed by decapitation from 4 of each; APN, C3H/He], C1,
(4, and C9 male mice and stored in RNAlater (Ambion, Austin, TX, USA). RNA was extracted
from ~20mg of liver using a spin column method (Qiagen RNeasy, Mississauga, ON) according
to the manufacturer’s protocol. A high capacity oligo dT primed cDNA synthesis kit (Applied
Biosystems, Foster City, CA, USA) was used to produce cDNA from 2ug of total RNA in a
100uL final volume. The total RNA of each strain was quantified using a Heliose UV
spectrophotometer (Waltham, MA, USA) and pooled at concentrations of 30ng/uL.
Quadruplicate technical replicate reactions of each sample were performed in 25pL total volume
that contained pooled cDNA template detived from 75ng RNA, 1xTaqman polymerase chain
reaction (PCR) universal master mix and CYP1A2 (Mm00487224-m1) or 32-microglobulin
mRNA (Mm00437762-m1) commetcially available assays on demand (Applied Biosystems, Foster
City, CA, USA). The assays were carried out on a ABI 7500 quantitative PCR (qPCR) Fast System
(Applied Biosystems, Foster City, CA, USA) and the CYP1A2 mRNA levels were normalized to
B2-microglobulin . The ABI 7500 Fast System software SDS v1.3 (Applied Biosystems, Foster

City, CA, USA) was used to calculate the 95% confidence intervals of the means.

2.3 Quantification of CYP1A2 heterogeneous nuclear RNA (hnRNA)

The RNA from 5 male APN and 5 male C3H/He] animals was extracted from ~20mg of
mouse liver as in 2.2. In order to measure hnRNA, a DNA-free RNA preparation was required.
RNA samples were eluted with 50uL. dH,0 and treated with DNase (Ambion, Austin, TX, USA)

according to the manufacturet’s specifications. Btiefly, 9uL of isolated RNA solution was
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incubated in 1xDNase I Buffer and 2U of rDNase I at 37°C for 25min. Samples were incubated

for 2min at room temperature with 5ul. of DNase inactivation reagent. RNA was recovered from
the DNase inactivation resin by spinning the sample for 1.5min at 10Kxg and retaining the

supernatant.

The DNA-free RNA was converted to cDNA using an oligo dT primed cDNA Synthesis
System (Roche, Laval, QC) and a hnRT primer (Invitrogen, Carlsbad, CA, USA ) specific for
CYP1A2 intron 2 (Table 2.1). This provided templates for GAPDH mRNA and CYP1A2
hnRNA. The 20uL reaction consisted of 1pL (~60ng) of DNA-free RNA, 1pul. dT12-18 , 1uM
hnRT primer in 1x1st strand buffer, 10mM DTT 10mM dNTPs and 25U of AMV reverse

transcriptase. Reverse transcription was performed at 70°C for 10min using a PT'C-200

thermocycler (M] Research, Watertown, MA, USA), then stored at -20°C.

The levels of CYP1A2 cDNA were measured using an ABI 7500 qPCR Fast System
(Applied Biosystems, Foster City, CA, USA). These reactions were carried out in 20pul. volumes
with 1xTagman PCR mix, 1ul. of hncDNA template and either CYP1A2 (Mm00487227_m1) or
GAPDH (loc14433Mm99999915_g1) assays on demand (Applied Biosystems, Foster City, CA,
USA). The cDNA from 5 animals from each strain were assayed. The levels of CYP1A2 mRNA
were normalized to GAPDH mRNA. Results are the means of 5 animals for each strain. The ABI
7500 qPCR Fast System softwatre SDS v1.3 (Applied Biosystems, Foster City, CA, USA) was used

to calculate the 95% confidence interval of the means.

Quantification of hnRNA was done using an Applied Biosystems SYBR green qPCR kit

(Foster City, CA, USA). Reactions of 20uL. were prepared using 1xXSYBR green mix, 1ul. of
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cDNA template, 1uM of hnRNA specific-ptimers hnCYP1A2 F and haCYP1A2 R (T'able 2.1)
(Invitrogen Catlsbad, CA, USA). GADPH expression was measured by similar gPCR conditions
but with 1uM GAPDH F and GAPDH R ptimers (T'able 2.1). The means and 95% confidence
intervals were calculated using GAPDH normalized individuals. The cotrect product amplification

was vetified by agarose gel electrophoresis and pCR2.1 cloning with subsequent DNA sequencing.

Table 2.1 Oligonucleotides used in quantification of CYP1A2 hnRNA. Positions are based on
Genebank (Benson ¢f a/., 1994) data as follows:
*Gene bank accession # MMCY03, (Kimura ez 4/, 1984)
"Gene bank accession # M32599, (Sabath ez a/,, 1990)

primer name sequence (5’-3’) position bound
hnRT AGTGAGTCCTCAGCAGAAT 3091-3109*
hnCYP1A2F TCCCAGCTGCTGACTAGAAG 2891-2901*
hnCYP1IA2R  GGCCAGCCTGGGATTTAGA 2992-3010(c)*
GAPDHF  GGAGCCAAACGGGTCATCAT nt 383-402°
GAPDH R TCACGCCACAGCTTTCCAGA nt 633-614(c)”

2.4 Cloning into pCR2.1 vector

The freshly amplified products wetre immediately ligated into the pCR2.1, TA cloning vector
according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). Ligation conditions
wete 2uL of the amplified product, 1xT4 Ligation buffer and 4U T4 ligase in 10uL final volume at
14°C for 16h. Transformation reaction consisted of 50pL chemically competent E.colf INVal”
cells (Invitrogen, Catlsbad, CA, USA) with 2pl ligation mix. Reactions were prepared on ice, heat
shocked for exactly 30s at 42°C then immediately placed back on ice. 250pL of room temperature

S.0.C. medium (Invitrogen, Catlsbad, CA, USA) was added to the transformed cells which were
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subsequently plated on 50pg/mL kanomycine Lutia-Bertani (LB) agar containing X-gal and grown

at 37°C overnight.

Colonies which were positive by X-Gal selection were screened by PCR for the presence of
the ligated products. Colonies were marked then a portion of the colony was picked with a 10ul.
pipette tip and placed in 1mI of dH,O. This suspension was snap frozen in liquid N, and then
thawed. Next, 2uL. of the freeze thaw suspension was added to a 20uL. PCR reaction containing
1xPCR buffer, 0.2uM dANTP (Roche, Laval, QC), 0.4uM M13 F/ M13 R oligonucleotides which
flank the insertion site (Invitrogen, Catlsbad, CA, USA) (Table 2.3) and 1.5U Zag polymerase

(Roche). Amplification was cartied out in a PTC-200 thermocycler using 94°C for 2min then 29

cycles of [94°C for 10s, 55°C for 30s and 72°C for 45s] (MJ Research, Watertown, MA, USA). The
amplified products were resolved on an agarose gel impregnated with 1xSYBR safe (Invitrogen,

Carlsbad, CA, USA).

Table 2.2 Oligonucleotides used in pCR2.1 scteening assay.

primer name sequence (5’-3")
M13 F GTAAAACGACGGCCAGTG
M13 R GGAAACAGCTATGACCATG

Colonies containing insetts of the cotrect size were grown in 4mL of 50pg/ml. kanamycin
Lb broth overnight at 37C°, 1mL of which was archived in 15% glycerol at -80 C°. Plasmid Mini-
pteparations wete petformed with 1mlL. of the remaining broth, using a 96 well Millipore Montage

system (Billerica, MA, USA) according to the manufacturer’s specification.
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2.5 pCR2.1 sequencing

Sequencing reactions were performed on the purified pCR2.1-insert plasmids using the
vector-specific M13 primers (Table 2.2). The 20uL sequencing reactions contained 2ul. of Ready
Reaction (ABI BigDye v3.0), 1xSequencing buffer 0.1uM of M13 F or R pritmer and ~300ng

pCR2.1 plasmids. Reactions were performed in either thermocycler tubes or 96 well thermocycler

plates using a PTC-200 thermocycler for 26 cycles of [1.0°C/s to 96°C , 96°C for 10s, 1°C/s to

50°C, 50°C for 5s, 1°C/s to 60°C and 60°C fot 4min] (M] Research, Watertown, MA, USA).
Unincorporated dye label was removed using 2 Montage Seq96 kit (Millipore, Billerica, MA, USA)
according to the manufacturet’s specifications. Reaction products were eluted from the cleaning

plate by shaking for 20min in elution buffer.

The sequencing fragments were resolved on a ABI 3100 sequencer equipped with ABI
Prism data collection software v1.1 (Ann Arbor, MI, USA) using 80cm POP4 polymer filled
capillaries (Applied Biosystems, Foster City, CA, USA). The sequence data wete analyzed using

Sequencher software v4.5 (Ann Atbor, MI, USA).

2.6 Genomic DNA isolation

Genomic DNA was isolated from mouse livers using a spin column (Qiagen DNeasey,

Mississauga, ON) according to the manufactuter’s protocol. To summarize, ~20mg of fresh liver
pieces were added to 180uL. ATT. buffer, 20uL proteinase K and incubated at 55°C for 1 hour
with occasional vortexing. Next, 200uL of AL buffer was added and incubated at 70°C for 10min.
The reaction was cooled to room temperature and 200pL of anhydrous ethanol was added. This

was loaded into a DNeasy mini spin column and spun at 8Kxg for 1min. The column was washed
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with 2x250pL, of AW1 buffer, and then 500uL. AW?2 buffer and air dried. DNA was eluted by

incubating the resin in 200pL. AE buffer for 1min, followed by centrifugation at 8Kxg for 1min.

The extract was quantified spectrophotometricaly and stored at -20°C.

2.7 Reporter vector constructs
Reporter constructs were produced for the both the APN and C3H/He[ Cypla2 5 regions

via a two-step cloning process into pCR2.1 then pGL3-basic.

In the first step, a ~5Kb product spanning the 5 region and including exon I was amplified.
The primers used in these amplifications had 5 modifications to add a 5° M/l or a 3* Xbol site
(Invitrogen, Carlsbad, CA, USA) (Table 2.3). High fidelity amplifications were performed using
HF 2 Advantage Polymerase (Clonetech, Mountain View, Ca, USA). Both reactions wete
petformed in 20pL final volume and contained; 1xHF 2 buffer, 1xHF 2 dNTP’s, 50ng of genomic
DNA (from 2.6), 0.4uM of 18M/ul F primer, 0.4uM of 5176 Xhol R primer (Table 2.3) and 1xHF 2

tag polymerase. HE 2 cycling conditions wete; 95°C for 15s, 30 cycles of [95°C for 15s and 64°C

for 60s] then 64°C for 5Smin. Products were sized using 1xSYBR safe-impregnated (Invitrogen,

Carlsbad, CA, USA) 0.5% agarose gel electrophoresis and immediately ligated into pCR2.1 vectors

and cloned into E.co/ (as in 2.4).

In the second step, the inserts were digested out of pCR2.1, gel purified and ligated into
pGL3-Basic expression vectors from Promega (Madison, W1, USA). Double digests were
petformed on 1ug of both the pGL3 vector and the pCR2.1-insert vectors. The 50uL digests

reactions contained 1xNEB buffer 2, Sug BSA, 40U Xhol and 20U M/xl restriction endonucleases
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(New England Biolabs Ipswich, MA, USA). Digests were performed using a PTC-200

thermocycler (M] Research, Watertown, MA, USA) by incubating at 37C° for 1h then 70C° for

S5min.

The pCR2.1-insert digests were resolved in a 1% agarose gel impregnated with 1xSYBR safe
(Invitrogen, Catlsbad, CA, USA). Two 100pg gel slices containing the 4PN and C3H/He] Cyp1a2
5 regions were purified using spin column from Qiagen DNeasy kit (Mississauga, ON) according

to the manufacturer’s protocols.

The linearized pGL3-Basic was dephosphorylated using Antarctic Alkaline phospatase (New
England Biolabs Ipswich, MA, USA). The reaction was cattied out by adding 5.5pL of

10xAntarctic alkaline phosphatase buffer and 10U of Antarctic alkaline phosphatase to the 50pL
digestion reaction. The reaction was subject to a 37°C incubation for 1h followed by a 70°C

incubation for 5min.

Ligation of pGL3-Basic to the purified 5’ Cyp742 fragment was done by combining 10pL of

the lineraize pGL3-Basic, 10pL of the gel purified insert, 2.2ul. of 10xLigation buffer and 400U of
T4 ligase (New England Biolabs Ipswich, MA, USA). Ligation reactions took place at 20°C for

10min. Ligation mixtures were transformed into INVal” chemically competent F.co/ cells (as in

2.4).

Select colonies wete tested for the presence of the ligated products, using the snap freeze

method as desctibed in 2.4, except that pGL3 vector-specific primers RV3 and GL2 (Promega,
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Madison, W1, USA) wete used (Table 2.3). The amplified products wete resolved on a 1% agarose

gel impregnated with 1xSYBR safe (Invitrogen, Catlsbad, CA, USA).

The sequence of the insertion sites of the pGL-Cyp742 repotter constructs wete vetified by

DNA sequencing (as in 2.5) using RV3 or GL2 (Table 2.3) as sequencing ptimers (Promega,

Madison, W1, USA).

Table 2.3 Oligonucleotides used in teporter vector constructs. Restriction sites are shown in

bold face type.
ptimer name sequence (5’-3)
18Miul ACGCGTATCTGGGTCTGGGAGGTATC
5176 Xhol R CTCGAGCTGCAGGGGAAATGGAAAGATG
RV3 CTAGCAAAATAGGCTGTCC
GL2 CITTATGTTITTTGGCGTCTTCC

The control vectots; pGL3-Basic pGL3-Control and thymidine kinase promoter-driven
renilla luciferase (pRL-TK) (Promega, Madison, WI, USA), were prepared by transfecting each
control vectot into INVaF’ cells (as in 2.4). Once all the transformants were established, vectors
were grown in batches of 100mL of 100pg/mL amplicillin I.B broth. Plasmids were purified using
columns from a Qiagen Maxi Endotoxin free prep kit, according to the manufacturet’s
instructions (Mississauga, ON). The final DNA pellet was dissolved in 200uL. of Endotoxin-free

tris ethylenediaminetetraacetic acid (TE) buffer.

27



A two step quantification approach was used for plasmid quantification. First, three
separate 1 1 100 dilutions were made from the concentrated stocks. The accuracy of these
dilutions was verified by gel electrophoresis. Samples were run through 1xSYBR safe (Invitrogen,
Carlsbad, CA, USA) 0.5% agarose and imaged using a KKodak 2000R imaging station and Kodak
1D v3.6 (New Haven, CT, USA). The consistency of the dilutions was measuted by band
densitometry. The final DNA concentration was determined spectrophotometticaly. Each of the
three dilutions was measured in triplicate and the means calculated. The molar mass of each vector

construct was calculated and used to calculate their molat concentrations.

2.8 In vivo reporter construct delivery

Each animal received Spmoles of one of the pGL3-detived vectots and 0.2pmol of a pRL-
TK vector (Promega, Madison, WI, USA). Reporter vectors were stored and dissolved in
1xEndotoxin free TE (Qiagen, Mississauga, ON). Two minutes prior to injection, the vectors were
diluted in room temperature Mirus TransIT® QR (Madison, WI, USA) delivery solution
equivalent to 10% of the mouse body weight. Mice were anesthetized prior to injection with
isofluorine. Tail vein injections were performed by Mrs. Carole A Westwood, an animal surgeon at
Health Canada. Mice were warmed under a heat lamp for approximately 5 min prior to mnjection.
A 27 gauge needle was used to enter the tail vein and the entire syringe volume was injected within
5-9s. Mice injections wete randomized to ensure no fitness bias. Animal’s whose injections were
judged to be imperfect were temoved from further analysis. Examples of imperfect injections
include: the mouse died duting/post procedure ot the tail vein ruptured before the entire solution

could be delivered. Vectot expression assays were all performed 18h after injections.
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2.9 In vivo expression assays

Mice were divided into groups of 3 and injected IP with 100uL of 30mg/mL D-luciferin
(Molecular Imaging Products, Ann Arbor, MI, USA) in sterile saline and pen incubated for 5-
15min. The animals were anesthetized using isoflurane and imaged for 5min using an 7z v
Imaging System 50 (IVIS) from Xenogen (Alameda, CA, USA). Bio luminescent imaging (BLI)

data were compiled and manipulated using IGOR pro 4.9A softwate (Alameda, CA, USA).

2.10 Ex vivo expression assay

Vector delivery for the ex 7o expression assay was the same as 2.8. After the 18h
incubation, the mouse livers wete harvested, gall bladder removed, and livers flash frozen in liquid
nitrogen as described by Schuetz ¢f @/ (2002). Livers were homogenized with an electric Polytron
for 15s in 5mL of homogenization buffer; 0.1M Trs-HCL, pH 7.8, 2mM EDTA and 0.1% Triton

X-100. Cell homogenates were diluted 1/5 in homogenization buffer and spun at 10Kxg for

30min at 4C°. Lysates were decanted into 1.5mL microcentrifuge tubes and stored at 4C°.

Lysates were assayed using a DYNEX Revelation 3.2 (Roodepoort, South Africa) or a
Luminoskan Ascent (Ramsey, MI, USA) luminometers. Three 40uL technical replicates of each
liver lysate were measured in a 96 well plate using a dual luciferase Promega Stop and Glow kit
(Madison, WI, USA). Each assays consisted of; a 100uL injection of Luciferin reagent, detection of

10s, then a 100uL injection of Stop and Glow solution, and another detection of 10s.
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2.11 Data analysis
Dr. Aleksander Bliu, a Health Canada Statistician, was consulted for the approptiate

statistical methods. The analysis set was defined as all subjects entolled and successfully treated in
the study. The initial calculations of the data were performed using Microsoft Excel. Means of the
three luciferase and renilla readings were calculated for each sample. The luciferase/renilla ratio
was calculated from these averages. Descriptive statistics of each vector group were calculated and
included mean, minimum, maximum, range, and standard deviation. The hypothesis that reporter
vector strengths differed was analyzed using Mann-Whitney two-sample test which was a non-
parametric test for comparing two independent samples. First, the Kruskal-Wallis test, a non-
parametric test analogue with one-way analysis of vatiance ANOVA, was used to test the overall
difference among all groups. Given that this test showed an overall statistically significant
difference amongst the vector groups (p value=0.0006), a Mann-Whitney two-sample test was
used to test these differences. All tests were petformed at 95% significant level. Calculations were

performed using SAS v9.1 (Cary, NC, USA).

2.12 Promoter sequencing

Genomic DNA was extracted fot sequencing from 3 4PN and 3 C3H/ He[ mice (as in 2.6).
Each animal’s Cyp7a2 gene was sequenced in an identical fashion. Amplification primers sets were
synthesized based on known sequence data from the mouse genome database. Approximately
5.1kb of the Cyp1a2 5 region was divided into 6 overlapping fragments. These fragments were

amplified, cloned into pCR2.1 as described in section 2.4, and sequenced (Figure 2.1).
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Figure 2.1 Schematic of 5 Cyp7aZ locus sequencing strategy. The black line represents 5.1kb of
the Cyp7a2 5 locus with exons 1 and 2 being the black boxes. The green arrows
show the binding positions of the amplifications primers (Table 2.4) relative to the
Cypla2 gene and the red lines represent the amplified products.

31



4 voondury

H ucondury

 uoorduny

2 voonduny

g woonduny

w7 uoordury

— #

aTaA ]
BETRAT T pIemI0y
somlry  prEESuQ
smeats 5 pILIOf O
SRET  preeord
i pRmIo) Y

P03

& UcEy 1 uoxyg

32



2.13 Sequencing amplicons

High fidelity amplification reactions were performed using HF Advantage 2 polymerase
(Clonetech, Mountain View, CA, USA) as described by the manufacturer’s instruction. Amplicon
reactions contained a forward and reverse primer pair for A, B, C, D, E or F (Table 2.4) designed
using Clone Suite Manager 7 (Cary, NC, USA) and synthesized by Invitrogen (Catlsbad, CA,
USA). Briefly, 20uL reactions containing HF 2 buffer, 1xHF 2 dN'TP, 50ng of genomic DNA
template (from 2.6), 0.4uM forward primer, 0.4uM reverse primer and 1xHF 2 advantage
polymerase. HF amplification conditions were 30 cycles of [95C° for 15s and 68C° for 2min].

Amplicons were cloned into pCR2.1 vectors and sequenced as in 2.4 and 2.5.

Table 2.4 Oligonucleotides used to produce amplicons for Cyp7a2 sequencing.

primer name sequence (5’-3) arf;ﬁgiie(ip)

A forward TGGCTGTCCTGGAACTCACTC 775
A reverse TGGCTGGTCACATGGCATCTG

B forward TGTCTGCTTTCGGCTACGATG 299
B reverse CAGAGGCAGGCAGATTTCTGA

C forward ACTCTTCCCACCACGTGAGTC 674
C reverse GGACCTGGTCTGGACATGGAT

D forward GCCAGCCTGGTICTACATAGTG 630
D reverse TGTTGAGACGGCTCAGTGAGT

E forward CATCCGCTGTTCCTCACTACC -
E reverse GGGAAGGAAGGCGCACCATTIT

F forward CTTCATGTGCICTGGCAGTTC -85
F reverse GAGACCACTCGTGAGGCAATC
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2.14 Comparative sequencing of Cyp1a25’ region
The sequenced APN and C3H/He] amplicons A to F were each assembled into contigs

using Sequencher v4.5 (Ann Arbor, MI, USA). The chromatograms were manually examined for
ambiguities and the sequence edited as appropriate. Gaps within the sequence wete filled by
resequencing the plasmids. The sequence was deemed to be complete when each of the 6 animals

had double stranded coverage of the 5’ region. The 4PN and C3H/ HeJ sequences wete analyzed

for homology using Sequencher v4.5.

2.15 Database search
The National Center for Biotechnology Information (NCBI) mouse SNP database was used

to identify previously discovered polymorphic regions of the Cyp7a2 5’ region. This was done by
manually searching the region proximal to the transcription start site. MatInspector (Higo e7 @/,

1999) was used to search the Cyp7a2 5’ region for regulatory elements 7z silico.

2.16 Nuclear protein extraction

The C3H/HeJ nuclear protein extraction procedure was adapted from Gorski ez a/ (1986).
Mice were sactificed by cetvical dislocation and subsequent decapitation. Whole liver lobes (~2g
pet adult) were removed, immediately chilled and diced on ice. Subsequent, buffers, tubes and

manipulations were at 4°C or on ice for the remainder for the extraction.

The tissue was added to 4.5mL extraction buffer (10mM HEPES, 25mM KCl, 0.15mM
spetmine, 0.5mM spermidine, 1.0mM EDTA, 10% glycerol, 2.5M sucrose, protease complete
cocktail (Roche, Laval, QC) at pH 7.6) and placed in 2 50mL homogenizer. The piston was

stroked 10 times using a fixed electric drill and the extent of cell lyses was determined by
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microscopic examination. When over 90% of the cells were lysed, extraction buffer was added
until the total volume was 13mlL.. The homogenate was layered on a 4ml. 2M-suctrose cushion in a
Beckman ultracentrifuge tube. Tubes were then secured in a SWTi-41 rotor (Beckman, Fulletton,
CA, USA) and spun at 4°C for 30min at 100Kxg. The supernatant was decanted and the pellet
resuspended in 3.0mL of Lysis buffer (10mM HEPES, 100mM KCI, 0.1mM EDTA, 1mM DTT,
3mM MgCl,, 10% glycerol, Roche Complete Protease cocktail, pH 7.6). Once dissolved 300u1. of
4M ammonium sulfate was added, mixed on a rocker shaker for 30min, and then spun at 100Kxg
for 1h to remove chromatin. The supernatant was saved and a 100uL aliquot was quantified using

a Bradfrod total protein quantification assay (Biorad, Hercules, CA, USA).

Protein was precipitated by slowly dissolving ammonium sulfate in the supernatant until the
final concentration was 0.33g/mL. This was spun at 100Kxg and the pellet was resuspended in
Storage buffer (25mM HEPES, 100mM KCl, 0.1mM EDTA, 1mM DTT, 10% glycerol, 1mM
PPT pH 7.6) to a concentration of Sug/pl. The sample was dialyzed using a 10°000 MWCO
dialysis cassette (Pierce, Rockford, IL, USA) three times for 1h against 11 of Storage buffer and

stored in aliquots at —80°C.

2.17 DNase footprinting probe

The DNA probes were constructed using previously sequenced pCR2.1 vectot constructs
containing the proximal APN and C3H/He] Cyp1a2 5’ locus. These constructs were prepared by
Ms. Lori Lavigne. Amplification of the 310bp proximal region was performed using 1xPCR
buffer, 0.2uM dNTP’s (Roche, Laval, QC), 0.4uM of probe-R1, 0.4uM probe-F1 (Sigma-Genosys,

Oakville, ON) (Table 2.5), 1.5U a9 polymerase in 20pL final volume and the probe amplification
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program was run using a PTC-200 thermocycler (95°C for 2min then 30 cycles of [94°C for 1min,
55°C for 1min and 72°C for 1min] finally 72°C for 10min) (M] Research, Watertown, MA, USA).

Footprinting vectors were produced by cloning these fragments into pCR2.1 vectors (as in 2.4).

The sequence of these fragments was verified (as in 2.5).

Three fluorescently labeled probes were produced, all labeled 5% (1) a FAM 310bp labeled
C3H/ He] probe, (2) a NED labeled C3H/HeJ probe and (3) a FAM labeled APN probe. DNA
probes were produced in 100puL reactions containing 1xPCR buffer, 0.2uM dNTPs (Roche, Laval,
QC), 0.4uM TA NED or TA FAM labeled primers (Applied Biosystems, Foster City, CA, USA),
0.4uM TA R primer (Invitrogen, Catlsbad, CA, USA) (Table 2.5), 10ng of vector template, and
1.5U zac polymerase. PCR amplifications were carried out using the probe amplification program
(details above). Gel purification (Qiagen, Mississauga, ON) was used to purify the DNA probes

according to the manufacturer’s protocol.

Table 2.5 Oligonucleotides used to produce labeled Cyp7a2 probes for DNase protection assay.

primer name sequence (5-3%)
Probe R1 GGGAGTCAGTCCAGGACTTC
Probe F2 TGAACCCTGCCCTGTICTTTG

TANED F NED-CGCCAGTGTCGTGGAATTCG
TAFAMF FAM- CGCCAGTGTGCTGGAATTCG
TAR CGCCAGTGTGATGGATATCT

These initial probes were used for a second PCR reaction to increase the yield of probe and

to further dilute any remaining unlabeled template. The conditions were the same as before, only
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the products were purified using a Millipore Mictocon-PCR clean up kit (Billerica, MA, USA)
according to the manufacturer’s protocol. Each probe was run in a 1xSYBR safe (Invitrogen,

Carlsbad, CA, USA) 1% agarose gel to assess purity and size. Then, DNA probes wete quantified

using a spectrophotometet, aliquoted, and stored at —20°C.

2.18 DNase footprinting assay

The DNase protection assay was petformed using a Cote Footprinting system from
Promega (Madison, WI, USA). The binding reactions were cartied out in 50ul. total volume which
contained 25ul, Binding Buffer, 40ng of labeled probes and 5ug of BSA ot 5 to 25ug of hepatic
nuclear protein extract (2.16). The reactions were incubated for 10min at 0°C and then for 1min at
RT with of 50ul. of Ca"™"/Mg"" solution. DNase digestion was done by gently mixing in 3ul. of
RQ1 and incubating the mix for 1min at RT. The digestion was stopped by adding 90uL of the

stop solution.

The restriction fragments were extracted using Phenol: chloroform: isoamyl alcohol. Briefly;
200pL of Phenol: chloroform: isoamyl was added, vortexed, centrifuged at 14Kxg for 10min and
170uL of upper aqueous phase was added to tube containing 500uL. of 100% EtOH.
Precipitation was done on ice for 20min, then centrifuged at 14Kxg for 10min. The pellet was
washed twice with 70% EtOH by subsequent vortexing and centrifugation and then resuspended

in 12uL of loading solution.

Prior to sequencing 1ul. of TAMRA labeled 350bp molecular weight markers (MWM) was

added to each digest reaction. The fragments were tesolved on a ABI 3100 sequencer equipped
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with ABI Prism data collection software v1.1 (Ann Atbot, MI, USA) using 80cm POP4 polymer

filled capillaries (Applied Biosystems, Fostet City, CA, USA).

2.19 Site directed mutagenesis of pGL- C3H/HeJ vector

Site directed mutagenesis of the -76 G>A was carried out using site-directed mutagenesis kit
(Stratagene, Cedar Creek, Texas, USA). A 50uL reaction was set up containing 1xReaction buffer,
1x ANTP mix, 25ng of pGL-C3H/HeJ vector (2.3.2), 125ng of both MutA-F and MutA-R primers
(Invitrogen, Catlsbad, CA, USA) (Table 2.6) and 2.5U of PfuTurbo DNA polymerase. The

thermocycling conditions were; 95°C for 1min followed by 18 cycles of [95°C for 50s, 60°C for

50s and 68°C for 11min| then 68°C incubation for 7min.

The newly synthesized C3H/HeJ -76 mutant (MUT) vector was transfected into INVoF’
cells (as in 2.4). These cells were grown on 100ug/mlL amplicillin LB agar plates and screened for
the mutated -76 A residue by DNA sequencing. The region containing the -76 site was amplified
using a 20uL reaction which consisted of; 2ulL freeze thaw colony DNA, 1xPCR buffer, 0.2uM
dNTP(Roche, Laval, QC), 0.4pM Amp F and Amp R oligonucleotides (Invitrogen, Catlsbad, CA,
USA) (Table 2.6) and 1.5U #2g polymerase. Sequencing reactions were performed on each
amplified product. Sequencing teactions were 20uL in volume and contained; 7ul. amplified
template, 1xSequencing buffer, 2ul. Reaction Ready solution (Applied Biosystems, Foster City,
CA, USA) and 0.2uM of Seq F or Seq R primer (Invitrogen) (Table 2.6). The rest of the
sequencing method was identical to that in 2.5. A mutation positive colony was grown in a large

batch 100pg/ml. amplicillin LB broth and prepared for injection (as in 2.7)
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Table 2.6 Oligonucleotides used in -76 G>A site directed mutagenesis and MUT plasmid
sequencing. The -76 positions is indicated by the bold face type.

I;r:rizr sequence (5-3)

MutA-F CCCAGGTGCCCGGGTCACTTGATATTATAGCTGGATGCTG
MutA-R CAGCATCCAGCTATAATATCAAGTGACCCGGGCACCTGGG
Amp F GGCTGTCCTGGAACTCACTC

Amp R GTCCAGGGCTGAGAATTAAG

Seq F TGCTGCACAAAGCTGAAAGG

Seq R CTCGAGTTCTGGGTTCCGACG

2.20 Functionality of the -76 nucleotide

The MUT vectot was tested for transctiption function # vive using BAILB/¢ mice. The

vector deliveties for the MUT vector wete the same as in 2.8. The MUT vector was initially

assayed 7z vivo using the IVIS system along with pGL-C3H/ Hef and pGL-APN vectors (as in 2.9).

It was then assayed ex z7wo as in 2.10 and the samples were tested for statistical significance as in

2.11.
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CHAPTER 3: RESULTS

3.1 Quantification of CYP1A2 mRNA

Congenic mouse lines were used to confirm that CYP1A2 basal expression was regulated as
a complex genetic trait. Mouse lines C4 and C9, which contained fragments from C3H/HeJ
chromosomes 4 and 9, respectively in an 4PN genetic background, showed an increase in relative
CYP1A2 mRNA levels when compated to the APN mouse (Figute 3.1). The C7 mouse line,
however, did not show increased gene expression in spite of having elevated C3-D activity telative
to APN (Figure 3.1). The sum of these telative C4 and C9 CYP1A2 mRNA levels (Figure 3.1) was
equal to that of the C3H/ He] mRNA within expetimental etror. The levels of relative C4 and C9
CYP1A2 mRNA suggest that the low CYP1A2 mRNA phenotype observed in the APN mouse
strain relative to the C3H/He] mouse strain was the result of variation in at least 2 genetic loci

located on chromosomes 4 and 9.

3.2 Quantification CYP1A2 haRNA

CYP1A2 hnRNA levels wete measured to investigate variations occurring as a result of
differential transcription rates or premature mRNA degradation. The bottom panel of Figure 3.2
suggests the qPCR amplification reactions were specific for either GAPDH or CYP1A2 hnRNA
products in both mice strains (lanes 4, 5 and 6, 7). Confirmation of the hnRNA product was
obtained by DNA sequencing (data not shown). Lane 3 suggests the hnRINA preparation

contained no contaminating Cyp7a2 genomic template (Figure 3.2 bottom).

The ratios of CYP1A2 hnRNA and mRNA proved to be the same, within experimental

error, for both mouse strains (Figure 3.2 Top).
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Figure 3.1 The relative quantity of hepatic steady state CYP1A2 mRNA from 4 different mouse
strains relative to 4PN evaluated by qPCR. Congenic strains are denoted by “C”
and a number which cortresponds to the C3H/ HeJ chromosomes from which the
congenic interval was derived in the 4PN background. Each bar represents the
mean of 4 technical replicates of the pooled cDNA from 5 male mice. Error bars are
standard etrors of the means.
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Figure 3.2 Quantification of hepatic steady state CYP1A2 mRNA and hnRNA transcription
products. Top; qPCR levels of C3H/He] CYP1A2 hnRNA and mRNA relative to
APN. Shown are the averages of 5 animals with standard error of the means.
Bottom; a digital photograph of a 1.0% agarose gel stained with SYBR Safe
showing the products of the CYP1A2 hnRNA quantification reactions. Lanes 6 and
7 contain the hnRNA primer products, Lanes 4 and 5 contains the GAPDH primer
amplification products, Lane 3 contains amplification products of the hnRNA
primers in reverse transcriptase free cDNA prep, Lane 2 contains the amplification
products of a template free hanRNA amplification, and Lane 1 is a molecular weight
marker.
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The top panel of Figure 3.2 also suggests a decrease in the 4PN CYP1A2 hnRNA relative
to the amount seen in the C3H/ He[ strain. Since hnRNA levels provide a ‘snapshot’ of a gene’s
transcriptional rate, these results suggest that the 4PN mouse strain had a lower rate of CYP1A2

transcription than the C3H/He].

3.3 In vivo Cypla2 promoter assay

An 7n viv expression system was used to test the difference in the abilities of the APN and
C3H/ He] CYP1A2 promotets at dtiving expression. Fitefly luciferase pGL3 reporter constructs
containing the 5’ region sequences for the Cyp7a2 genes were prepared. Sequencing of the APN
and C3H/He] 5 regions in the pGL3 vector constructs showed cotrect orientation of the inserts

and the predicted restriction site (Figure 3.3).

When imaged, the 4PN reporter vector produced a brighter luminescence signal than that
produced by the promotet-less pGL3-basic vector (negative control). The APN vector signal was
also dramatically lower than that of the C3H/He] vector (Figure 3.4). This experiment was

performed three times, each experimental replication showed the same trends.
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Figure 3.3 Schematic of pGL3 vector construct containing 5Kb of Cyp742 5’ promoter for
transcription assay. Luc+ (green arrow) is the firefly luciferase reporter gene, Ampr
(red atrow) represents the amplicilin resistance gene and the blue box indicates the
Cypla2 5 region. Note the presence of exon 1 (orange box) and the -76 mutation
within the 5 region as well as the Xhol and M/ul restriction sites.
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Figure 3.4 In vivo image of BALB/¢ male mice containing Cyp7a2 5’ promoter driven pGL3
vectors. Mice were injected with 100uL. of 30mg/mL luciferin saline IP and imaged
using IVIS 50 for 5min at high binning. 4PN and C3H/ He] labeled mice wete
injected with pGL3 vectors dtiven by respective Cyp7aZ 5 regions. The negative
mouse contained pGL3-basic promoter-less vector.
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3.4 Ex vivo Cypla2promoter assay
Figure 3.5 suggests the strength in driving transcription of the APN Cyp742 5’ region to be

significantly different, with a p value of 0.045, than the promoter-less pGL3-basic vector (negative
control). The signal arising from the presence of the 4PN 5’ region was almost twice as strong as
the background signal. Figure 3.5 also demonstrates that the APN Cyp7a2 5’ region was less active
in driving transctiption zz v than the C3H/He] Cyp1a2 5’ region with a p value of 0.00002. A
full summary of the results including desctiptive statistics for Figure 3.5 are presented in Table A.1

and Table A..2

3.5 Comparative sequencing of CyplaZ5 region

The initial comparative sequencing of the Cyp742 gene including all exons and introns was
petformed by Ms. Loti Lavigne. Her data demonstrated several polymorphisms within the non-
coding region of the gene. Howevet, only a narrow tregion of the 5’ promoter was sequenced.
Figure 3.6 shows the expanded 5’ region sequence in addition to the resequenced Cyp7a2 gene
with several sites of genetic vatiation. No vatiations wete found within the exons or at the splicing

sites which was consistent with the original data.

50



Figure 3.5 Ex vivo luciferase assay of Cypla2 5 promoter driven pGL3 vectors expressed in
BAI B/ ¢ male mice. The luciferase single was calibrated to a transfection control
(I'K-tenilla vectot). The 4PN signal was significantly greater than the negative

(p=0.045) and less than the C3H/He] 5’ region (p=0.00002). Error bats represent
the standard error.
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Figure 3.6 Schematic of the Cyp742 gene highlighting the sequence variations between APN
and C3H/ He] mice. Exons ate shown as thick black lines. The green artows
indicate polymorphisms unique to each strain. The purple arrows show regions
known to have polymorphisisms, and the black arrows mndicate two GT promoter
repeats (-2703 and -669), a C3H sequence deletion (-949), the transcription start
and stop sites (1 and 6715) and the translational start and stop sites (1126 and
6424).
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3.6 DNase footprinting assay

In vitro DNase footprinting was used in an attempt to test the binding of transcription

factors to the CyplaZ 5 region.

The capillary electrophoresis DNase footprinting technique was first validated by examining
a region of the Cyp7a2 5’ region known to bind by NF1. The top panel of Figure 3.7 highlights the
NF1 binding region in the Cyp7a2 5 region. When nuclear hepatic protein was added in an
increasing concentration, the NF1 region displayed increased protection against DNase digestion.
The results of this control experiment demonstrate that the capillaty electrophoresis system can be

used to detect protein-DNA interactions using fluorescently labeled probes.

When the -76 region of the C3H/He] Cypla2 5 region was examined for DNase protection,
though some prominent peaks had decreased, there was no continuous region of decreased peak
amplitudes in the presence of hepatic nuclear protein (Figure 3.7 middle). Differential labeling of
5’ regions allowed for simultaneous DNase sensitivity comparison between the 4PN and
C3H/He] Cypla2 5 regions in a single electrophoretic run. The lower panel of Figure 3.7 suggests
no prominent difference in DNase protection when the APN and C3H/He[ Cyp1a2 5 regions
wete digested under identical conditions. The shift in electrophoretic mobility observed in middle
and lower panel of Figure 3.7 arises from the differences in charge/mass ratios of the fluorescent

labels.
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Figure 3.7 Plot of fluorescently labeled Cyp742 5’ promoter oligonucleotides subject to hepatic
protein DNase protection assays. Top; shows protection occurring in the NF1
region of the C3H/ HeJ oligonucleotide with two concentrations of hepatic nuclear
protein. Middle; shows a typical protection assay at the -76 region of C3H /He]
Cyp1a2. Bottom; shows a compatative protection assay of the C3H/Hef and APN
probes in the -76 region.
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3.6 Functionality of the region containing the -76 nucleotide

The biological significance of the -76bp SNP was assayed 7z viwo using hydrodynamically
injected pGL3 reporter vectors. A vector was constructed that consisted ptimarily of C3H/ He]
genotype but with the 4PN genotype at -76bp (MUT). Sequence analysis confirmed the predicted

G>A mutation (data not shown).

In vivo imagining was used to test the strengths of the MUT vector relative to the APN and
C3H/He] vectots in BAIB/¢ mice. When imaged, the MUT vector produced a luminescence
signal lower than that produced by the C3H/He¢] vector but similar to that produced by the APN
vector (Figure 3.8). This experiment was performed three times, each repetition showing similar

trends.

A large scale ex vipo analysis was performed to further refine the estimate of the MUT
promoter strength and to control for transfection variability. Figure 3.9 suggests the strength of
the MUT vector to be neatly identical to the APN vector (p=0.98). The luminescent signals
produced by these vectors were both significantly greater than the promoter less pGL3-basic
(negative control), with p-values of 0.009 and 0.03, respectively. The MUT vector also showed a
significant (p=0.007) decrease in promoter activity relative the native C3H/ HeJ vector. This latter
result demonstrates the importance of the -76bp in constitutive CYP1A2 expression. Moreover, it
appears that the decreased level of CYP1A2 expression observed in the 4PN strain of mice
relative to the C3H/ He] strain stems, in patt, from a G>A SNP -76bp from the transcriptional
start site. A full summary of the results, including desctiptive statistics for Figure 3.9, are presented

in Table A.3 and Table A.4.
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Figure 3.8 Ir vivo luciferase assay of a -76 mutant 4.5kb MUT (-76 G>A mutated C3H/He]
CYP1A2 promotet) reporter vector expressed in BAILB/ ¢ male mice. Mice were
injected with reporter plasmids 4PN, C3H/Hel and MUT and incubated for 18h.
Imaging was done by injecting 100pL of 30mg/mL lucifetin saline IP and scanned

with IVIS 50 for 4min at high binning,
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Figure 3.9 Ex viv dual luciferase assay of a -76 mutant C3H/He (MUT) 4.5kb Cyp1a2 5’ region
driven pGL3 vector expressed in BALB/¢ male mice. The luciferase signal was
calibrated to a transfection control (TK-renilla vector). The 4PN and MUT signals
were statistically similar (p=0.98) but significantly greater than the negative (0.03 and
0.009 respectively). The MUT vector was significantly less than the native C3H/Hef
vector. (p=0.007). Error bars represent the standard error.
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In silico analyses of the -76 Cyp1a2 C3H/HeJ and APN regions wete performed to identify
candidate #rans factor binding sites using MatInspector (Higo e7 @/, 1999). The -76 base of the
C3H/ He] Cyp1a2 gene was predicted to lie within the Ecottopic viral integtation site 1 (EVI1)
binding site gctatGATA (Capitals are the core EVI1 sequence and bold face type indicates -76
base). The APN Cyp1a2 gene promoter analysis did not predict a different binding factor in the -

76 tregion.
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CHAPTER 4: DISCUSSION

Xenobiotic metabolism profiling is of key importance to applied pharmacogenetics. Animal
models that have similar metabolic pathways to humans are valuable tools for xenobiotic
metabolism studies. Of particular value are animal strains with significant intetstrain differences in
xenobiotic metabolism rates for a given xenobiotic. These animal models are key to uncovering
the genetic components of a given xenobiotic metabolism profile, which are often complex

genetic traits.

The decreased C3-D index of the 4PN mouse strain relative to the C3H/He] mouse strain
was demonstrated to be a complex genetic trait, involving loci on chromosomes 1, 4 and 9 (Casley
¢t al., 1999). Figure 3.1 suggests the QTL elements on C9 and (4 played an additive role in
CYP1A2 expression. This additive effect of the C9 and C4 QTLs confirms that the decreased C3-
D phenotype obsetved in APN mice by Casley ¢f a/ (1997a) was a tesult of a complex genetic trait.
Since the Cyp7a2 gene itself was found on chromosome 9 and this QTL made the largest
conttibution to Cypla2 expression (Figure 3.1), the Cyp7aZ gene was a logical place to search for an
underlying genetic vatiation responsible for its down regulation. At least one other locus (C4),
however, was involved in the dectease of CYP1A2 expression. This decrease in expression is likely

due to a #rans-acting factor found of chromosome 4 which regulates Cyp7a2 expression.

Despite the significant linkage of a QTL on chromosome 1 with decreased C3-D index
(Casley ¢z al., 1999), the C1 mouse strain did not show an increase in CYP1A2 mRNA (Figure

3.1). This could be because the locus on C1 involves a different pathway of caffeine metabolism.
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Recall that only 80% of C3-D occuts via the CYP1A2 enzyme (Buters ¢z 2/, 1996). The C1 locus
may involve a non CYP1A2 C3-D caffeine metabolism pathway, which contributes to the overall

complex phenotype.

The APN and C3H/He[ mouse strains had pteviously been shown to have different levels
of CYP1A2 protein expression (Casley ¢ 4/, 1997a). An experimental approach was devised to
determine the level of gene expression at which this difference occurred. The results obtained
demonstrate that this observed variation occurred as a result of differences in transcriptional rates.
A polymorphism, -76 bp from the transcriptional starts site, was determined to be the underlying

cause of different CYP1A2 enzyme levels.

There are many stages at which the production of a protein can be regulated. In order to
narrow the search, experiments were performed to deduce where in protein expression the
underlying variation in CYP1A2 exptession occurted. When the mRNA levels of CYP1A2 were
measured, the level in the .APN CYP1A2 mRNA was almost 6 titmes lower than that of the
C3H/ He] mouse (Figute 3.1). Thetefote, tegulation at the protein level such as protein trafficking,
missfolding and degradation wete ruled out as the undetlying cause for varied CYP1A2 basal
expression. Since the rate of transcription was lower in 4PN relative to C3H/He], based on the
hnRNA analysis of Figure 3.2, mechanisms of transctiptional regulation were suspected to be the
undetlying cause of the varied CYP1A2 basal expression. Disruption of a key os element in the 5’

Cyp1a2 locus was hypothesized.

The regulation of CYP1AZ2 is inherently difficult to study. The use of an iz vivo system to

assay expression of the Cyp7a2 5 tegion was ideal because the CYP1A2 enzyme is not expressed
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easily in conventional non-catcinogenic cell lines (Zhang ez al., 2006; Li et al,, 1999). The
hydrodynamic delivery system offered delivery of the teporter constructs primarily to the mouse
liver, allowing 7z vivo assays to be performed. Since the liver is one of the primary tissues of Cyp7a2
expression, transcriptional reporter constructs were assayed in conditions reptesentative of cells 7z

v,

The 7# vivo imaging system has been applied to the analysis of Cyp7a2 expression before, and
was successfully used to quantify induction of the gene when challenged by a various xenobiotics
(Zhang et al., 2004). In the present study, iz vivo imaging of mice injected with reporter constructs
allowed for constitutive transcriptional data to be acquired (Figute 3.4 and 3.8). These 7z vivo
luciferase results were not normalized to a transfection control vector. Since 7# vivo transfection
can be highly variable, to obtain statistical significance for differences between groups, one would
need to use a prohibitively large sample size. To further validate the differences in Gyp7a2 5’
promoter strengths and to control for transfection variability, large scale ex vzvo analysis were
performed (Figure 3.5 and 3.9). Firefly Luciferase vectors (pGL) from this experiment were
normalized to a transfection control vectors (pRL-TK), theteby standardizing transfection

variability.

Comparative sequence analysis demonstrated that the -76 base of the Cyp742 5’ region was a
guanine in the C3H/HeJ mouse as opposed to an adenine in the 4PN mouse (Figure 3.6). This
site was of interest for several reasons: (a) the SNP database search showed there were no known
polymorphisms in this region, (b) this polymotphism was not observed in 8 other mouse strains
analyzed, including a Swiss Webster mice similar to the strain from which the 4PN mouse line
was otiginally detived (Casley ez 4/, 1997a) (c) footptinting showed this region to be partially
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protected when performed 7# viwo in the rat (Zhang ez al., 2000), (d) this region has not previously
been investigated for the basal regulation of CYP1A2, (¢) MatInspector (Higo ez 4/., 1999)
predicted this region to bind an Ecotropic viral integration site 1 (EVI1) encoded factor, amino-
terminal zinc finger domain. Therefore, the G>A SNP at -76bp was targeted as a candidate

responsible for the variation in CYP1A2 expression.

Detection of a DNA-binding protein binding to the -76 region was unsuccessful when
assayed 7# vifro using electrophoretic mobility shift assays (EMSA) (data not shown). The Ix vitro
footprinting assays were used to detect protein-DNA interactions at the -76 region (Figure 3.7) as,
in theory; mutation in this region could impair a transcriptional factor from binding and
subsequently decrease the gene’s function. Resolution of DNase footptint fragments by capillary
electrophoresis provided increased sensitivity over traditional methods. The technical limitations

of the EMSA and DNase assays are discussed in 4.4.

4.1 Proposed mechanism

Transcriptional down regulation of the Cyp742 gene in this case appears to be a result of
mutation in a critical ¢s element in the 5’ promoter region. I w0 DNase protection of the highly
homologous -76 region in the rat suggested a protein binds in this region (Zhang ¢ 4/., 2000).
Hete, I present two possible mechanisms by which this mutation may cause a decrease in CYP1A2

expression.

First, the -76 mutation could activate a ctryptic transcriptional repressor site. The iz vivo
protection obsetved at -76 by Zhang ef a/ (2000) could be a weakly binding transcriptional

repressot which may have enhanced binding in the AP genotype. Polymorphisms are known to
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be responsible for producing gain of repressor binding sites. An example of this occuts in the
BRCAT+ gene, in which a ACA polymorphism in the promoter region creates a binding site for a
FAC1 transcriptional repressor (White ¢z 4/, 2006). Down-regulation of this gene is suspected to
increase the susceptibility of developing hereditaty breast cancer. In the case of Cyp1a2, in silico
analysis of the 5 region for repressor binding sites did not show a known transcriptional repressor
to bind to the -76 APN region. Therefore, it is not likely that the decreased APN levels in

CYP1A2 expression arise from activation of a cryptic repressot site.

Second, the -76 mutation may disrupt the site of a transcriptional enhancer. In turn, this
disruption would result in a decreased binding potential of the enhancing element and
consequently decrease the rate of transcription. NF1 has been speculated to form a large
multisubunit complex that could interact with -76 (Zhang ez a/., 2000). The 4PN -76 mutation
could impair the formation of such NF1 complex. The Nkx-2.5 factor also has a core binding site
4 base pairs away from the -76 mutation. Howevet, this homeobox protein is normally only
exptressed during the foetal period (Kasahara ez 4/, 1998) so it is unlikely to play a role in adult

basal CYP1A2 expression.

A GATA-like transcription factor may bind and regulate the -76 Cyp7aZ region. In the APN
mouse, the -76 A polymorphism intetrupts a potential GATA-2-like binding site (IKo and Engel,
1993), which would decrease transcription. The GATA-2 transcription factors are normally
present during foetal and not at the adult stage in the liver. However, GATA-4 which has a similar
binding site to GATA-2 has been shown to be expressed in low levels of adult liver (Dame ez 4/,
2004). A member of the GATA family that is expressed in the adult stage might regulate the
constitutive expression of CYP1A2.
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A loss of a transcriptional activator binding site has been observed in other genes, some of
which have been linked to serious diseases. An example of this occurs in the human autoimmune
disease, systemic lupus erythematosus (SLE). In one case, SLE was linked to a 5 G>A promoter
mutation within the programmed cell death gene (PDCD1). This SNP mutation distupted a runt-
related transcription factor 1 (RUNXT1) binding site which lead to decrease PDCD1 expression

(Prokunina ez al., 2002).

The -76 mutation may also disrupted the core of an 7x silico predicted EVI1 domain
(gctatGATA). EVI1 is an amino-terminal zinc finger domain, which is bound by an endogenously
expressed EVI1 transcription factor. This transctiption factor up-regulates transcription and is
coded for by a locus on mouse chromosome 3 (MG1:95457). EVI1 has been shown to bind to

several endogenous mouse gene promoters (Yatsula ¢ a/., 2005).

The EVI1 name originates from the fact that the gene is a common site for retroviral
integration. Retroviral integration can result in EVI1 over-expression. Over-expression of this
transcription factor is often associated with oncogenesis, as it up-regulates many genes involved in
cell function (Nucifora et a/., 2006). Thus, EVI1 is often classified as a protooncogene. EVI1 has
also been demonstrated to be important for cell development and proliferation (Hoyt et a/., 1997,
Perkins ¢z a/., 1991). Expression of this transcription factor has been shown at low levels in the
adult mouse liver (Perkins ¢z a/, 1991). Here, it is speculated that EVI1 binds the -76 region of the
Cypla2 5 region and enhances the gene’s basal exptession in the mouse liver. This speculation is
based on four observations; (2) MatInspector has shown a high probability that the core EVI1
transctiption enhancer could bind to the -76 site, (b) Zang et a/. (2000) have shown this
homologous region in the rat to be protected 7 vivo, (c) EVI1 is expressed at low levels in adult
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mouse liver and (d) the APIN phenotype reflects that of a disrupted EVI1 binding site in that

EVI1 acts as a transcriptional enhancer.

4.2 Significance of findings

Several regions of the Cypa2 gene in both humans and rodents have been identified for
their importance in gene expression, most of which involve elements distal from the
transcriptional start site (Chung and Bresnick, 1997; Pickwell ¢z 4/., 2003; Quattrochi ef 4/, 1998;
Uchida ez al., 2002; Zhang et al., 2000). These findings represent the first report showing the
functional significance of the -76 region in constitutive CYP1A2 expression. They also suggest the
presence of a transcription factor ctitical for basal CYP1A2 exptession. This factor may be EVI1,
which has not before been implicated in CYP1A2 expression activity. The only evidence linking
EVI1 to the -76 CypTal region is based on an 7 silico prediction. The role of EVI1 in CYP1A2

expression is highly speculative and remains to be demonstrated expetrimentally.

These data also represent proof of a specific allele underlying a QTL. The decrease in C3-D
phenotype observed in the 4PN strain of mice was linked with extremely high likelihood (log-
likelihood ratio >20) to a 4.8cM locus on chromosome 9 (Casley ez 4/, 1999). This locus contains,
among other genes, the gene encoding the CYP1A2 enzyme, one of the primary enzymes in
caffeine demethylation. The strong suggestive evidence for Cyp7a2 as a candidate gene based on
the correlation of gene function to phenotype is considered insufficient for a proof. Further
testing of the candidate gene was required. Methods of replacing an allele with another are
accepted by the complex trait community as proof of a QTL gene (Abiola ez 4/, 2003). Examples
of accepted proofs include: transgenic animals in which the gene of interest is knocked in,

polymorphisms in coding or regulatory proteins, gene function studies and 7z zzr functional
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studies. This study represents a proof that the Cyp7a2 gene is responsible for the QTL linked to
decreased caffeine metabolism as it satisfies two of the above critetia. First, a variation in the
candidate Cyp742 gene function has been demonstrated 2z vzvo using CypTa2 5’ region constructs.
Second, a polymorphism has been discovered which plays a direct role in transcriptional
regulation. Therefore, these data fulfill the criteria to prove the link between low caffeine

demethylation phenotype and the Cyp742 gene.

Proof of the Cyp742 gene involvement in a complex trait is noteworthy for two reasons.
One of the most common and accepted approaches to prove a QTL is to produce the phenotype
through a knock-in mutation of the candidate gene. As an example, 2 QTL for the complex
genetic trait cholelithiasis has been linked to the Abcb11 gene in mice. This trait was linked to a
locus on chromosome 2, Lith 1, which contained the hepatic bile salt transporter Abcb11. The link
was proven to be partly responsible for cholelithiasis by hyperexpressing the Abcb11 gene in
transgenic mice (Henkel ¢z 4/, 2005). Creating the transgenic mice required in these kinds of

experiments is technically challenging and requires extensive resources.

The other challenge associated with proving gene linkages stems from the fact that multiple
sequence differences found in a (YTL analysis can individually have subtle phenotypical effects
(Flaherty et al., 2005). These subtle effects result in many more locus linkages than gene proofs.
For example, in 2006, 426 genes with DNA sequence vatiation were reported to be linked to
human obesity (Rankinen ez /., 2006); yet the individual effects of these genes on obesity remain
largely unknown. Thetefore, this proof of Cyp742 involvement in mouse caffeine demethylation is
of interest because it did not require the use of costly transgenic animals and because the

identification of a single gene’s contribution to a complex phenotype is relatively rare.
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Congenics has frequently been used as a tool for dissecting the role individual QTLs have
on a complex phenotype (Radcliffe ¢z a/., 2006; Hoopes, Jt. ¢t al, 2006; Van Dijk ez al., 2006). In
this study, the use of congenic mice containing the QTL regions linked to a decreased C3-D has
allowed for isolation of the individual genetic factors. This isolation has assisted in confitming the
link between the candidate locus and the phenotype. The congenic mice have also allowed the

contributions and the mechanisms by which each locus affects the overall phenotype to be

studied.

4.3 Broader implications

This work is significant because CYP1A2 plays an important role in toxicology,
procarcinogen activation, and drug metabolism (Eaton ez 4/, 1995). These data suggest the
presence of a mouse Cyp7a2 regulatory site that has a dramatic effect on basal transcriptional rate.
This regulatory site, however, has no apparent human homologue. Therefore, the mechanisms of
basal CYP1A2 regulation may be different in humans than rodents. This difference in regulatory
sites puts into question the appropriateness of the use of the rodent model in both therapeutic and

toxicological studies involving CYP1A2 pathways.

4.4 Technical limitations

Initially, traditional EMSAs were performed to search for a novel DNA binding protein;
however, these yielded inconclusive results (data not shown). This inconclusive EMSA could be

due to technical limitations or a weak DNA-protein interaction.

Next, DNase Footprinting was petformed on the Cp7a2 5 region to detect DNA-protein

interaction. The method of DNase capillary electrophoresis was supetior to traditional gel
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electrophoresis for several reasons. Firstly, the capillary electrophotesis DNase assay allowed for
differential labeling of oligonucleoties and thereby permitted size standards to be run in tandem
with the DNase digest fragments. Fragment sizes could be accurately calibrated to these standards.
Differential labeling also allowed for digestion and resolution of multiple oligonucleotides in a
single reaction. The APN and C3H/He] Cyp1a2 5’ tegions could be directly compated using this
technique. Secondly, the capillary system had an increased resolving power over a broader size
range and thus made it possible to assay larger probe fragments that differed by a single deoxyribo
nucleotide. Finally, the data analysis of a capillary-based system allowed for accurate measurement

of peak height, which permitted subtle differences in digest patterns to be quantified.

The capillary electrophoresis DNase method accurately demonstrated DNase protection in
the known NF1 domain, but failed show clear DNA binding at the -76 polymorphic region of
mterest. The potential reasons for the inconclusive data obtained are several. First, the binding
conditions may have been inappropriate to facilitate binding or the assembly of a complex at -
76bp. This could have included unfavorable buffer pH or osmolatity, or unfavorable binding time
and temperatute conditions. I v binding conditions may, in fact, be the only conditions in
which the transctiption factor will bind -76. Second, the DNA binding factor may have been
absent ot inactive as a result of the extraction process. Mechanical manipulation of proteins is
known to result in their denatuation and subsequent inactivation (Floury ¢f 4/, 2002). The putative
binding protein may be mote labile than the “control” NF-1. Also during nuclear lysis there was
an extensive amount of DNA in solution. Any protein with DNA affinity present in low
concentration at this point in the sample prepatation could bind this DNA and be lost during

chromatin extraction. Third, there may not be a transcription factor that binds to this site. This
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third possibilty is unlikely because the rat, which has a nearly identical -86 to -63bp tegion to the
mouse, displayed partial DNase protection 2z vivo at -76bp (Zhang ¢t a/., 2000). Despite the
suggestive evidence that a protein binds in -76 region, the -76 mutation could distupt other
characteristics of the DNA that do not involve transcription factor binding but do effect
transcription. However, reports of other mechanisms of gene regulation by point mutations are
not abundant in the literature. Improper binding conditions, transcription factor inactivation ot
lack of a transcription factor binding site are more likely reasons why the DNase protection assay
was inconclusive at -76. Other data obtained, including iz sifico analysis and the 7z vivo and 7n vitro
studies presented here, are certainly consistent with the idea that a transcription factor binding this
-76 region does exist but that the expetimental conditions used were not conducive to its

detection.

4.5 Future questions

Future studies will address the function of the Cyp7a2 -76 region. These studies could
include the purification and identification of a transcription factor. For a protein purification
approach to work, ideally, an 7 ##w system to assay DNA binding (such as an EMSA) must be set
up. These DNA binding studies could involve atrays of binding buffer conditions and protein

putifications. No doubt, this process could become very labor intensive.

If the problem lies with an inherent weak DNA protein interactions, an 7z zz DNA-protein
crosslinking approach might be employed (Russmann ez 4/, 1998). Such crosslinking processes

usually involve using UV lasets to form covalent bonds between proteins where they interact with
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DNA and can be applied to isolated hepatocytes. Complexes such as these could be isolated and

used for footprinting ot possibly amino acid analysis.

EVI1 should be investigated for its potential role in constitutive CYP1A2 exptession. First
the presence of the mature EVI1 protein in the adult C3H/HeJ and APN mouse livers should be
confirmed. Next, the i vipo system could be used to test Cyp7a2 5 region strengths when EVI1 is
up regulated. The nature of EVI1 is such that one may be able to knock in a promoter using a
retrovirus. Then, siRNA could be used to knock down EVI1 expression. Gene knockout
technologies could be used to produce an adult mouse lacking EVI1. Levels of CYP1A2

expression could be measured in this model.

Homology studies of this unknown transcription factor could provide detail into human
CYP1A2 regulation. A homologous human protein could be used as a target in both
pharmacogenetics and pharmacology therapies. One would want to know where this protein
binds, if there are alleles in the population which disrupt its binding site and to what degree can
they be used to predict a drug response. The difference in homology would also be interesting to

examine from an evolutionary petspective.

4.6 Summary

The levels of expression of CYP1A2 are impottant in drug metabolism and are variable
amongst humans. A novel point mutation has been identified at the —76 region of the Cyp7a2
locus in the mouse that has been demonstrated to be in a critical region for constitutive CYP1A2
exptession. This region may bind a transcription factor. Characterization of this factor will give

insight into the regulatory mechanisms of CYP1A2, which may be extrapolated to the human
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system and possibly provide insights into the use of genomic sequence variation in drug

prescription.
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APPENDIX

A.1 Appended data

Table A.1 Descriptive statistics fot ex vy transcriptional assay (Figure 3.5).

vector n mean  min max  range  SD
negative 12 134 0.09 250 240 0.72
APN 12 2.73 0.48 5.40 4.92 1.67
C3H/He] 11 645 328 950 621 1.85

Table A.2 Mann-Whitney two-sample test for ex i transcriptional assay (Figure 3.5).

p-value
. normal . )
vector comparison . . t-approximation exact test
approximation
APN-C3H/ He] 0.0006 0.0025 0.00002
negative-C3I1/ el 0.0001 0.0006 0.00001
negative- 4PN 0.0464 0.0452 0.0449

85



Table A.3 Descriptive statistics for ex zpo transcriptional assay (Figure 3.9).

vector n mean min max  range SD

negative 13 1.47 0.08 3.69  3.60 0.88
APN 12 4.42 0.09 944  9.35 3.31
C3H/He] 11 13.66 2.36 292  26.8 8.62
MUT 12 4.25 1.47 106  9.10 3.27

Table A4 Mann-Whitney two-sample test for ex zipo transcriptional assay (Figure 3.9).

p-value
) normal .
vector comparison ) ) t-approximation
approximation

negative- 4PN 0.018 0.026
negative-C3H, /H. e] 0.0001 0.0006
negative-M Uur 0.0043 0.0087
APN-C3H/ Hef 0.0079 0.0138
APN-MUT 0.9770 0.9772
C3H/He]-MUT 0.0028 0.0068
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