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EPIGRAPH

A conclusion is the place where you got tired of thinking.



TABLE OF CONTENTS

Signature Page .........oooiiiiiiii e e e
DediCation ........oiuiniii i e e e ae e 1V
Epigraph . ..o et s e aeenia e e nae e V
Table of CoNtents ........ceiiiiii i e e e e ereeesieeesveeesnee s e e eens V
List of Abbreviations ............oouiiiiiiiiiiii et e e eene e eeee e X

List Of FIQUIES ...ooeiei ittt e s XD

List Of Tables .....neeii e e Xiv
ACKNOWIEAZEMENTS . ...\ttt e XV
T XVviil
A DSITACT ..ottt XX

CHAPTER 1 COMPLEX QUANTITATIVE TRAIT LOCUS ANALYSIS: AN

INTRODUCTION AND HISTORICAL PERSPECTIVE ......ccccccoiiiiiiiiiiiiiice, 1
INTRODUCTION ..ottt 2
MENDELIAN vs. COMPLEX TRAITS ......cccciiiiiiiiiiiiiiiiiieccceeece 2
QUANTITATIVE GENETICS AND STATISTICAL GENOMICS ...................... 4
A HISTORICAL PERSPECTIVE......cccociiiiiiiiiiiiiiiiiiiccccccceee 6
THE HERITABILITY OF COMPLEX TRAITS......ccciiiiiieeeeces 9
MODEL ORGANISMS AND EXPERIMENTAL CROSSES ......ccccciiiiniiiieeen. 10
THE HXB/BXH PANEL OF RAT RECOMBINANT INBRED STRAINS.......... 12
QUANTITATIVE TRAIT LOCI AND QTL MAPPING.....cccccooiiiiriiiiicicee 13
NOVEL STRATEGIES FOR QTL GENE IDENTIFICATION........c.cccceeviennnnne. 15
DISSERTATION OUTLINE .....cccoiiiiiiiiiiiiiiiiiieciceeeceece e 16

CHAPTER 2 GENETIC STRUCTURE OF THE HXB/BXH PANEL OF RI

STRAINS L.t 18
PREFACE ... ..ot 19
ABSTRACT ..o 19
INTRODUCTION ..ottt e 20

vi



ANTMALS .ttt eeeas 23
IMEATKETS ...t ettt et sttt as 23
Genotyping the RI strains for the Dbh, Pnmt and Chga genes..............c.c........ 23
Distribution of non-framework markers on the framework map........................ 24
Pairwise correlation MAatriX .........coceeiieerieeiiienie ettt 24
Linkage map building with the single nucleotide polymorphism data............... 25
Other statistical aNalySES.........cceeviiiiiieiiieiiee e 25
RESULTS L.ttt 25
A genetic linkage map consisting of 648 non-redundant loci...........c.ccceeeeneenn. 25
Genome-wide interactions between 10CI. .......cceevuerierierienienieieceeeeeeee 26
A SNP-based [inkage Map .......ccceeervieiiieiiieiieie e 26
An integrated SNP and microsatellite map. .......cccccveervieeeriieeniie e 27
Progenitor strain allele distribution in the HXB/BXH RI panel........................ 27
Genetic Similarity Matrix and Allele Sharing ..........ccccoocevveneniiiinincienee, 28
Detectability of a QTL depends on the number of RI strains and the magnitude
Of the QTL € ECt ..eeiieieiieeee e e 29
DISCUSSION ...ttt ettt sttt nae e 30
OVERIVICW ...ttt ettt ettt ettt ettt et b et e st e bt et e eatesbeenbeenaeeneebeenee 30
New microsatellite and SNP-based linkage maps .........cccceeeveeviievieenvenieeieeeee. 31
The genetic structure of the HXB/BXH RI strains........cccccceevvveeieieeinieeenieenne, 33
Correlated, but physically unlinked 10Ci ........c.cccoerviiniiniiiniiee, 34
Power limitations for mapping in the HXB/BXH RI strains..........ccccceeeevuennee. 35
CONCIUSIONS ...ttt et sh et ettt et et see e ee e e eaeenaeenee 35

CHAPTER 3 DELINEATION OF A REGULATORY GENETIC NETWORK
CONTROLLING CATECHOLAMINE BIOSYNTHESIS IN THE

SPONTANEOUSLY HYPERTENSIVE RAT ..o, 43
PREFACE ...t 44
ABSTRACT .o e 44

vil



INTRODUCTION ..ottt s 45

MATERIAL AND METHODS ... oo 50
AINALS <o e e e ann 50
Tissues for gene expression profiling, biochemical profiling, and qRT-PCR
VALLAATION. « e e et e e e e e e e e e e e e e e e eaaaaeens 50
Gene expression Profiling.........c.oeciiiiierieiiieiieeie ettt e ees 51
Biochemical Profiling .........cccooiiiiiiiiiiie e 51
Validation of microarray data by QRT-PCR ..........c.cccoeviiiiiiiiiiiiceeeeeeee, 52
Microarray analysis and pathway annotation .............cceceeveerieiiieniieeiieenieeen, 53
Blood pressure measurement ............oceeevieriieeiienieeiienieeieeseeeieesieeebeesneenens 53
Statistical analysis and heritability calculation............cccccoeeeviieriiiiniieiniee e 54
Normalized Ratio (IVR) ....ccouvieeiiieeiie ettt e aae e 54
QTL ANALYSIS c.vieivieiiiiiieiie ettt ettt ettt et e e e esbeeseeesbeesaesnseenns 55
Definition of cis- and trans-acting €QTLS.......cccoevvieriiieriiieeie e 55
DNA extraction for re-SeqUENCING........cccueeruiieiierieiiieniieeieeneeeieesteeieeeneeeeens 56
Polymorphism discovery at the Pnm¢ and Dbh genes in the SHR and BN.Lx
SEEAITLS ettt e e e et e e e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et aae e e e e e e e ————ns 56
PYTOSEQUENCING ...ccvviieiiiieiiie et e e abee s 58
SEQUENCE ANALYSIS ...ttt 59
Candidate gene promoter/reporter transfection assay...........cceeeveevveerveerreennnenne. 59
Pnmt alternative splicing aSSaY .......cc.eevuieriieiieniiieiie et 61

RIE S U L T S e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaeeaaaaaaaaaeas 62
Gene expression differences in hypertension candidate genes............ccccocueee. 62
Enzymatic activity of Dbh and Pnmt in adrenal medulla .................c.ccoooeiie. 63
Adrenal catecholamine CONTENT. ........uuuueeeeeeeeeeeeee e eeeeeens 63

............................................................................................................................. 64
Mapping QTLs for chromaffin cell-expressed genes ..........cccceveeevieniienenncen. 65
QTLs for adrenal Dbh transcript, Dbh activity and DA concentration cluster on

RINO BP12 ettt sttt et saeen 66
Genetical genomics analysis of adrenal dopamine concentration ...................... 66

Regulation of Pnmt, Chga and Vmatl from the Pnmt locus on chromosome

viil



In-vitro studies on Dbh and Pnmt promoter polymorphism function................. 69

Analysis of QTLs previously mapped to genomic regions supporting the Dbh

ANd Prmt QTS ... e 70
Prmt alternative SPLICING. ........ooviviiiiiiiiiiiiceecctee e 71
DISCUSSION ...ttt ettt 71
OVEBIVIBW ...ttt ettt ettt ettt 71
Dbh regulation and dopamine concentration in the adrenal gland ..................... 72

Regulation of Pnmt activity and gene expression: Chga and Vmatl co-regulation

............................................................................................................................. 75
Conclusions and PETSPECTIVES .....ccuvieerrieeiieeerieeerieeerreeesiaeeesereeessreeesreessseeennnes 78
ACKNOWLEDGEMENTS ...ttt e saaaa e 79
CHAPTER 4 THE IDENTIFICATION OF TRANS-ACTING GENES THAT
INFLUENCE THE ABUNDANCE OF MULTIPLE TRANSCRIPTS
SIMULTANEOUSLY ...ttt ettt sttt sttt et enees 100
PREFACE ...ttt ettt esneenbeeneenns 101
ABSTRACT ...ttt et sttt sae e 101
INTRODUCTION ..ottt ettt e e e s tae e e e st e e e e snsaaeeeennseeas 102
MATERIAL AND METHODS.......c.ooiiiiieieeeeeee e 103
RI Strains and tISSUES........ccveieriieeiiieeiiee et e et eiee et eesveeesreeesseeeseneeeeseeenns 103
Adrenal tissue gene expression dataset..........oeceereeeriierieeiiienieeiiesre e 104
Probe set selection for the final dataset............ccccoovereeiiiiiiniiniieeee 104
Statistical analysis and heritability calculation.............ccccoevvevciieniieiienieenens 105
Mapping Of €QTLS....cccciiieiieeeeee e e 106
Definition of a cis-acting vs. trans-acting €QTL ............cooceiiiiniiiiiinnieeee, 106
Detection of €QTL CIUSIETS........eceiuiiieiiieciiee e e 106
Multivariate distance-matrix regression analysis (MDMR) ...........cccccceeeneennee. 107
RESULTS ettt st ettt et e naeenteeneens 110
The cis-eQTL/trans-eQTLs ratio depends on the genome-wide threshold ...... 110
Heritability (H”) of gene expression as a predictor of eQTL effect.................. 112

X



Median heritability of gene expression differs for cis- and trans-eQTLs ........ 112

Clustering of cis- and 77ans-eQTLS ........ccccccvevieeiiienieeiieee et 113
Clustering trans-€QTLS ........coouiiiiiiieeiie et e 113
Testing the trans-eQTL clusters by MDMR..........coccoiiiiiiiiiiiiiieceeee, 114
A cis-eQTL cluster on RNO20 ..........oooiuiiiiiiiiiiieeeeee e 117
DISCUSSION ...ttt ettt ettt et ettt e e enee bt eaeenee 117
Global ZeNe EXPreSSION .....cc.eivuieiiriiirieeieetesit ettt 118
Discussion of the pre-mRNA processing genes...........ccceeeveevueereeerieeneeeneeennnn. 120
Discussion of the cis-eQTL cluster on RNO20 ..........cccoeeviviiiiiiiiiiiiiccieeeies 121
Conclusions and PETSPECTIVES ....ccvvieererreeiireeiieeeiieesieeeereeeereeesseeeseseeessseeennns 122
ACKNOWLEDGEMENTS ... .ottt 123

CHAPTER 5 CONCLUSIONS AND PERSPECTIVES: SIGNIFICANCE OF THE

PRESENTED RESULTS AND FUTURE DIRECTIONS ......cccoooviiiiiiiiierecne 145
SIGNIFICANCE OF THE PRESENTED RESULTS.......cccoiiiiiiiiieeveeeeee 146
THE FUTURE OF COMPLEX TRAIT ANALYSIS ..ot 148

APPENDICES ...ttt sttt e 151

Appendix 1 : Marker strain distribution patterns............cccceeeveerieeiienieeieeneee. 152
Appendix 2 : RT-PCR PIIMETS .....cccueevuiiiiieiieeiieiie et 165
Appendix 3 : Primers for re-sequencing in rat Db/i.........ccceeeuveeveecnveneeeneannee. 166
Appendix 4 : Primers for re-sequencing in rat Pumt. ........c.cccccceeeevveeeeveeeennnenns 168
Appendix 5 : Polymorphism discovery (re-sequencing) in rat Dbh ................. 169
Appendix 6 : Polymorphism discovery (re-sequencing) in rat Pumit................ 207
Appendix 7 : Primers for SNP genotyping at the Dbh and Pnmt loci .............. 212
Appendix 8 : Primers for the Dbh and Pnmt promoter/reporter constructs......213
GLOSSARY OF TERMS ...ttt 214
REFERENCES ...ttt ettt st 222



LIST OF ABBREVIATIONS

Brown Norway rat containing a segment with the Lx allele from the PD rat, BN.Lx
Diastolic Blood Pressure, DBP

DOPA Decarboxylase, Ddc

Dopamine Beta-Hydroxylase, Dbh

Multivariate Distance Matrix Regression, MDMR

Normalized Ratio, NR

Phenylethanolamine N-Methyltransferase, Pnmt

Quantitative Trait Locus, QTL

Physiological Quantitative Trait Locus, pQTL

Expression Quantitative Trait Locus, eQTL

Quantitative Trait Nucleotide, QTN

Recombinant Inbred Strains, RI Strains

Designation of rat chromosomes (abbreviation of Rattus Norvegicus), RNO
Reverse Transcriptase Polymerase Chain Reaction, RT-PCR

RI Strains Derived By Crossing Of The SHR/Ola And BN.Lx/Cub, HXB/BXH
Systolic Blood Pressure, SBP

Single Nucleotide Polymorphism, SNP

Spontaneously Hypertensive Rat, SHR

Standard Deviation, SD

Strain Distribution Pattern, SDP

Tyrosine Hydroxylase, Th

xi



Figure 1-1
Figure 2-1
Figure 2-2
Figure 2-3
Figure 24

Figure 2-5

Figure 3—1

Figure 3-2

Figure 3-3

Figure 34

Figure 3-5

Figure 3—6

Figure 3-7

Figure 3-8

Figure 3-9

LIST OF FIGURES

The production of RI strains by repeated sibling mating...........c..ccc..e. 17
Linkage map of the rat derived from the HXB/BXH RI strains. ............. 36
Genome-wide interactions between loCi. ........cocueeveeriieniiiiiieniecieee 39
Progenitor allele distribution among the HXB/BXH RI strains. ............. 40
Pair-wise genetic similarity matrix of the HXB/BXH RI strains............. 41
Ability to detect QTLs as a function of RI panel size and QTL effect

MAZNTEUAC. ..ottt ettt e 42

Hypertension candidate genes: heritability of gene expression in the RI
strains and differential expression in the SHR vs. BN.Lx progenitors..... 81

Chromatffin cell genes involved in catecholamine biosynthesis, storage,

secretion and degradation..............c.cccuveeeiiiieiiiieeciiee e 82
Adrenal gene expression levels of genes vital for catecholamine
biosynthesis and storage: Affymetrix data verified by RT-PCR. ............ 83
Enzymatic activity of dopamine-beta hydroxylase (Dbh) and
phenylethanolamine N-methyltransferase (Pnmt) in adrenal tissue......... 84

Concentration of catecholamines in adrenal tiSSUE. ......cevvvveeeeeeeeeeeeeennnn. 85

Cis-acting expression quantitative trait locus for Vamp adrenal

ELANSCTIPL. c.veeiieeiie ettt ettt ettt ettt et e et esae e e bt e saeeesbeesnbeeseeenseensaeenseas 86
Co-localization of physiological and expression QTLs on the short arm of
ChIomMOSOME 3. ..oiiiiiiiiiiec e 87

Co-localization of physiological and expression QTLs on

Chromosome 10, .....ccciiiiiiiiieiieieee et 88
Single nucleotide polymorphism discovery at the Dbk locus in SHR vs.
BINLLX SITAINS. ...ttt ettt ettt ettt e bee st eebeeenbeesaeenneas 89

Figure 3—10 Sequence polymorphism discovery at the Pnm¢ locus in SHR vs. BN.Lx

STTAINIS. ©oeeiiieeeeeee ettt 90

Figure 3—11 Functional studies on the single nucleotide polymorphisms identified in

the DDA PrOMOLET. ..cc.eviiiieiiiieiiecieeee et 91

Xil



Figure 3—12 Functional studies on the single nucleotide polymorphisms identified in

the Prmit PTrOMOLET........ccviieeiieeeiie ettt et e rtee e e e sveeeeaeeeeaeeenaee s 92
Figure 4—1 Adrenal transCriptome Map. .........ceecveerueerieeiiienieeiieseeesieeseeeieesneeeens 123
Figure 4-2 Heritability of transcript abundance vs. eQTL genetic effect. 125
Figure 4-3 Clustering of t7ans-eQTLS. ........ccccouieiiiiiiiiecieee e 126
Figure 44 Clustering of cis-eQTLs on RNO 20. ......oooviiieiiiiiiiieeieecee e 127
Figure 4-5 MDMR analysis of the frans-eQTL cluster #1 on RNO 1.................... 128
Figure 46 MDMR analysis of the trans-eQTL cluster #2 on RNO 3..................... 129
Figure 4-7 MDMR analysis of the trans-eQTL cluster #3 on RNO §..................... 130
Figure 4-8 MDMR analysis of the trans-eQTL cluster #4 on RNO 11................... 131
Figure 4-9 MDMR analysis of the trans-eQTL cluster #5 on RNO 17................... 132
Figure 4-10 A trans-eQTL cluster model. .........c.cooviieiiiieniieeiieeee e 133

xiil



Table 3—1

Table 3-2

Table 3-3

Table 3—4
Table 3-5
Table 3—6

Table 4-1

Table 4-2
Table 4-3
Table 44
Table 4-5
Table 4-6
Table 4-7

Table 4-8

LIST OF TABLES

Biochemical phenotypes measured in adrenal tissue homogenate and

PLASINA. <.eiiiiiiiieciie et eneees 93
Correlations among biochemical, physiological and gene expression
PRENOLYPES. ovviiiiieiieeiie ettt ettt ettt ettt et e e et e enseeenseenseeeenes 94
Expression QTL mapping results for chromaffin cell-expressed genes with
heritable transcript levels in the HXB/BXH RI strains. .......c.cccccceoveueeee. 95
Cis-eQTLs mapped to the short arm of chromosome 3. ...........c..ccceneenee. 96
Analysis of the Dbh region for known physiological QTLs. .................... 97
Analysis of the Pnmt region for known physiological QTLs.................... 98
Number of eQTLs detected in the HXB/BXH adrenal tissue espression
QATASEL. ..ottt ettt et et et eaee s 134
RNO 1 trans-eQTL CIUStEr ZENES. ...cc.ueevvieriieiieeieeiieeieeriie e 135
RNO 3 trans-eQTL ClUSter eNes........cccvvveevvieeriieecieeeiee e 136
RNO 8 trans-eQTL CIUStEr ZENES. ....c.eeevvieriieiieeiieiieeieeiie e 137
RNO 11 trans-eQTL cluster Zenes. ........coccueveeeriieriieeiieniienieeieesieeieens 138
RNO 17 trans-eQTL cluster Zenes...........cccceevvveeiieriienieenieeieeeee e 139
RNO 20 cis-eQTL cluster Senes. .........ceeveeriienieniiienieeiiesee e 140

Cis-eQTL genes located within the trans-eQTL cluster regions used as
predictors in the MDMR analysis. .........ccccoceeeviiiiniiieeiie e 141

X1V



ACKNOWLEDGEMENTS

The Nicholas J. Schork Laboratory

I would like to thank Dr. Schork for his excellent mentorship and for teaching
me how to view biology through the prism of statistics and mathematics. In the course
of my graduate research I had the opportunity to get acquainted with virtually all
aspects of genomic research. I learned to appreciate the complementarity of molecular
and mathematical approaches in current genetic and genomic research. I know that

very few are as fortunate as [ was to have worked under the guidance of Dr. Schork.

The Daniel T. O’Connor Laboratory

I would like to thank Dr. O’Connor for giving me the opportunity to work in
his busy lab. Dan taught me that there is a lot more to science than just accumulating
data. He allowed me great independence, but was always available to discuss any
aspect of my research projects. In the O’Connor lab I learned a great amount of
molecular and cell biology, as well as genetics, pharmacology and physiology. I am
also indebted to all of the members of the O’Connor lab for their help, advice, and
technical assistance in my projects. Special thanks belong to Dr. Nitish Mahapatra and
Dr. Manjula Mahata who taught me a lot about the ‘wet bench’ science and were
always available to troubleshoot my experiments. Without their kind and patient
support my work would have been a lot harder. I would also like to thank Ryan Friese
for his expertise and help, which allowed for reaching an elegant endpoint in one of

my research projects.

XV



International collaborators

My thesis research would not have been possible without several external
collaborators. Dr. Michal Pravenec from the Czech Academy of Sciences in Prague,
Czech Republic, provided the primary material - adrenal tissues, plasmas, etc. - with
which most of the experiments presented herewith were performed. He also
generously shared his telemetrically measured blood pressures. Dr. Timothy Aitman
from the Imperial College, London, UK, kindly supplied the enormous gene
expression data set, consisting of almost 130 microarrays. Dr. Norbert Hiibner from
the Max Delbriick Center in Berlin, Germany, provided the latest genotyping data
critical to the accuracy of our analyses. The contributions these collaborators have

made were all crucial to the success of my research projects.

Publications

The results contained in Chapter 3 of this dissertation were presented as a
poster (Jirout ML, Friese RS, Mahapatra NR, Mahata M, Mahata SK, Pravenec M,
Kren V, Hubner N, Aitman TJ, Ziegler MG, Schork NJ, O'Connor DT. Independent
genetic mechanisms downregulate genes involved in catecholamine biosynthesis,
storage and secretion in the spontaneously hypertensive rat. American Society of
Human Genetics, San Diego, CA, October 23-27, 2007), as an oral presentation (Jirout
ML, Friese RS, Mahapatra NR, Mahata M, Taupenot L, Mahata SK, Kren V, Zidek V,
Fischer J, Maatz H, Ziegler MG, Pravenec M, Hubner N, Aitman TJ, Schork NJ,
O'Connor DT. Discovery of genetic regulatory network controlling catecholamine

biosynthesis in the spontaneously hypertensive rat. Rat Genomics & Models, Cold

Xvi



Spring Harbor, NY, December 6-9, 2007), and submitted as a scientific paper (Jirout
ML, Friese RS, Mahapatra NR, Mahata M, Taupenot L, Mahata SK, Kren V, Zidek V,
Fischer J, Maatz H, Ziegler MG, Pravenec M, Hubner N, Aitman TJ, Schork NJ,
O'Connor DT. 4 molecular basis for the regulation of catecholamine biosynthesis and
secretion in the spontaneously hypertensive rat. (Submitted to Nature Genetics)).

The material in Chapter 4 was presented as a poster (Jirout ML, Heinig M,
Hubner N, Pravenec M, Kren V, Aitman TJ, O'Connor DT, Schork NJ. The
identification of trans-acting genes that influence the abundance of multiple
transcripts simultaneously. Genomes, Medicine, and the Environment, San Diego,
CA, October 8-10, 2007), and is being prepared for publication.

I was the primary author of the results contained in all chapters of this
dissertation. The co-authors listed on the above publications facilitated and/or

supervised the research that formed the basis for these publications.

Xvil



VITA

Education:
1999 M.D., 1* Faculty of Medicine, Charles University in Prague
2008 Ph.D., Molecular Pathology, University of California in San Diego

Research Experience:
2000 - 2002  Post-graduate Researcher, University of California, San Diego
2002 - 2007  Graduate Student Researcher, University of California, San Diego

Awards:

2005 American Heart Association Fellowship Award

Memberships:

American Society of Human Genetics

Peer-Reviewed Publications:

1) Jirout ML, Friese RS, Mahapatra NR, Mahata M, Taupenot L, Mahata SK, Kren
V, Zidek V, Fischer J, Maatz H, Ziegler MG, Pravenec M, Hubner N, Aitman TJ,
Schork NJ, O'Connor DT. 4 molecular basis for the regulation of catecholamine

biosynthesis and secretion in the spontaneously hypertensive rat. (Submitted to
Nat Genet).

2) Conti LH, Jirout M, Breen L, Vanella JJ, Schork NJ, Printz MP. Identification of
quantitative trait Loci for anxiety and locomotion phenotypes in rat recombinant
inbred strains. Behav Genet 2004;34(1):93-103.

3) lJirout M, Krenova D, Kren V, Breen L, Pravenec M, Schork NJ, Printz MP. 4 new
[framework marker-based linkage map and SDPs for the rat HXB/BXH strain set.
Mamm Genome 2003;14(8):537-46.

4) Printz MP, Jirout M, Jaworski R, Alemayehu A, Kren V. Genetic models in
applied physiology. HXB/BXH rat recombinant inbred strain platform: a newly

enhanced tool for cardiovascular, behavioral, and developmental genetics and
genomics. Journal of Applied Physiology 2003;94(6):2510-2522.

xviii



5) Jaworski RL, Jirout M, Closson S, Breen L, Flodman PL, Spence MA, Kren V,
Krenova D, Pravenec M, Printz MP. Heart rate and blood pressure quantitative
trait loci for the airpuff startle reaction. Hypertension 2002;39(2 Pt 2):348-52.

Platform presentations:

1. Jirout ML, Friese RS, Mahapatra NR, Mahata M, Taupenot L, Mahata SK, Kren
V, Zidek V, Fischer J, Maatz H, Ziegler MG, Pravenec M, Hubner N, Aitman TJ,
Schork NJ, O'Connor DT. Discovery of genetic regulatory network controlling
catecholamine biosynthesis in the spontaneously hypertensive rat. Rat Genomics
& Models, Cold Spring Harbor, NY, December 6-9, 2007.

2. Jirout M, Krenova D, Kren V, Printz MP. New framework marker based genetic
linkage map and strain distribution pattern of polymorphic markers for HXB/BXH
set of RI strains. Satellite Symposium on the Genetics of Experimental and Human
Hypertension V: From Mendel to Humans , Brno, Czech Republic, June 21-22,
2002.

Meeting Abstracts:

1. Jirout ML, Heinig M, Hubner N, Pravenec M, Kren V, Aitman TJ, O'Connor DT,
Schork NJ. The identification of trans-acting genes that influence the abundance
of multiple transcripts simultaneously. Genomes, Medicine, and the Environment,
San Diego, CA, October 8-10, 2007.

2. Jirout ML, Friese RS, Mahapatra NR, Mahata M, Mahata SK, Pravenec M, Kren
V, Hubner N, Aitman TJ, Ziegler MG, Schork NJ, O'Connor DT. Independent
genetic mechanisms downregulate genes involved in catecholamine biosynthesis,

storage and secretion in the spontaneously hypertensive rat. American Society of
Human Genetics, San Diego, CA, October 23-27, 2007.

3. Jaworski RL, Jirout M, Conti LH, Breen L, Printz MP. Novel QTL for the startle
response to airpuff stimulus in recombinant inbred rat strains. Experimental
Biology 2003, San Diego, CA, April 11-15, 2003 (published in: Faseb Journal
2003;17(4):A494-A494).

4. Jaworski RL, Jirout M, Closson S, Breen L, Printz MP. 4 quantitative trait locus
for the orienting bradycardia in response to airpuff startle. 55th Annual Fall
Conference and Scientific Meeting of the Council for High Blood Pressure
Research, Chicago, IL, September 22-25, 2001 (published in: Hypertension
2001;38(3):481-481).

X1X



ABSTRACT OF THE DISSERTATION

Molecular and computational approaches to identification of genes

underlying complex traits

by
Martin L. Jirout
Doctor of Philosophy in Molecular Pathology
University of California in San Diego, 2008

Professor Nicholas J. Schork, Chair

Understanding the genetic architecture of complex traits is of great interest to
the biomedical community. HXB/BXH recombinant inbred (RI) strains, derived from
the spontaneously hypertensive rat (SHR) and normotensive Brown Norway (BN.Lx),
are an important genomic resource for complex trait analysis by means of genetic
linkage mapping. The power and accuracy of quantitative trait locus (QTL) analysis
critically depends on the quality of the genetic map. To maximize the potential of the
HXB/BXH RI strains for complex trait mapping, the latest available genotype
information was used to construct a new genetic linkage map. Further, gene
expression profiling and biochemical phenotyping in the adrenal glands of the

HXB/BXH rats was performed to address the possible link between the dysregulated

XX



catecholamine biosynthesis in the SHR and the development of hypertension.
Expression levels and enzyme activities of the two main catecholamine biosynthetic
enzymes, Dbh and Pnmt, were found to be regulated from their genic regions (i.e., in
cis). Pnmt re-sequencing revealed promoter polymorphisms, which resulted in a
decreased response of the transfected SHR promoter to glucocorticoid stimulation.
Dbh activity was negatively correlated with systolic blood pressure in RI strains, and
Pnmt activity was negatively correlated with heart rate. These heritable changes in
enzyme expression suggest primary genetic mechanisms for regulation of
catecholamine action and blood pressure control in the SHR. In a separate analysis,
genetic determinants of gene expression in the adrenal gland were explored. The
adrenal transcriptome assayed via microarrays was subjected to expression
quantitative trait locus (eQTL) mapping. Significant clustering of frans-eQTLs was
observed, implying that groups of genes are jointly regulated from a single locus. A
novel multivariate distance-matrix regression analysis (MDMR) method was applied
to identify cis-eQTL genes whose expression profiles strongly correlate with those of
the trans-eQTL cluster genes. The resulting genes, Rbm 16 and Prp4b, are involved in
pre-mRNA processing and as such present leading candidates for further studies aimed
at better understanding of the quantitative genetics of gene expression. In conclusion,
an important genomic resource was enhanced and then utilized to identify genetic loci
controlling key aspects of catecholamine physiology, and differences in global gene

expression.
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Chapter 1
Complex Quantitative Trait Locus Analysis:

An Introduction and Historical Perspective



INTRODUCTION

The majority of the genetics and genomics research is focused on the
identification of genes involved in human disease. While the genetic basis of a great
number of overtly Mendelian, monogenic diseases have been elucidated, finding genes
that underlie complex disease phenotypes and using this information to understand
their genetic architecture remains a major challenge. Complex diseases, such as
hypertension, diabetes, or cancer account for the majority of the health burden in
developed countries: thus the identification of the genes underling complex disease
phenotypes could have enormous positive biomedical and public health impact. Not
only can better diagnostics be developed from a knowledge of which inherited
variations contribute to a particular disease, but rational therapeutic strategies can also
be devised through the insights obtained into molecular pathways that contribute to
complex disease development. In this dissertation, I describe and implement a strategy
for identification of genes influencing complex phenotypes using a unique animal
model population.

I first describe the historical precedents for genetic studies of complex
quantitative phenotypes. This introduction will shed light on the evolution of ideas in
the field of genetics and genomics and put into context the experiments I pursued,

which are then described in the ensuing chapters.

MENDELIAN vs. COMPLEX TRAITS

Most traits and diseases observed or measured in human and experimental

populations are controlled by multiple genetic and non-genetic factors. The final



phenotypic value of these traits is a result of a complex interplay of many genes and
environmental stimuli, resulting in a continuous distribution of phenotypic values in a
population. Such traits are termed complex traits. Historically, complex traits were
regarded as the opposite of simple or monogenic traits, also known as

‘Mendelian’ traits.

Typical Mendelian trait has a categorical distribution in a population and
follows a characteristic pattern of inheritance (dominant, recessive, X-linked). More
than 1800 Mendelian disorders have been identified in human so far, most of them
quite rare, nevertheless causing a severe disruption of normal function'.

The very basic nature of the molecular genetic architecture of a Mendelian trait
(i.e., one affected gene = one affected protein = simple pathophysiologic mechanism
-> disease) makes it more amenable to identification of the causative gene via
relatively simple statistical and molecular approaches. This fact, fueled by the hope
that one may be able to find treatments and implement preventative measures upon
discovering the genetic basis of a disease, led many researchers to focus on the genetic
dissection of Mendelian traits, in spite of the reality, that monogenic diseases are
comparatively infrequent and affect only a small fraction of the world's population. In
fact, virtually all common contemporary diseases contributing the greatest burden to
public health, such as hypertension, diabetes, and cancer, fall into the category of
complex, multifactorial traits. Nevertheless, the successes and lessons learned from

the study of Mendelian traits contributed significantly to our understanding of the



genetic basis of disease in general inspired researchers to consider the genetic
architecture of more complex traits'~™.

Mendelian and complex traits are no longer regarded as fundamental opposites,
but rather as two ends of a continuum ranging from overtly monogenic, through
oligogenic (i.e., involving a few genes) to polygenic (i.e., involving a great many
genes), each possibly influenced by additional environmental and gene-gene
interaction components®’. Interestingly, the statistical apparatus used to describe and
analyze simple monogenic and complex traits is not different in principle since it is
largely based on extensions of simple correlation and regression techniques. The
identification and characterization of genes that influence polygenic, quantitative traits

using statistical analysis strategies forms the basis for the discipline of quantitative

. 8
genetics .

QUANTITATIVE GENETICS AND STATISTICAL GENOMICS

Quantitative genetics is a branch of genetics research that employs statistical
and probabilistic principles to identify the genetic and non-genetic components of a
complex trait and to describe them in statistical terms™’. It is an extension of simple
Mendelian principles to complex traits. Quantitative genetics assumes that complex
traits result from the combined effect of multiple underlying genes, each segregating
according to Mendel's laws and being affected to varying degrees by the environment,
thus resulting in a continuous distribution of phenotypic values.

Statistical genomics is a relatively new research discipline that considers the

evaluation of entire genomes in order to identify and characterize genetic factors that



influence a particular trait. Statistical genomics integrates moderns statistical and
bioinformatics techniques with more traditional Mendelian, quantitative, population
and molecular genetics techniques. One ancillary goal of statistical genomics is to
learn about the structure, function and evolution of genomes as these factors influence
phenotypic variation. However, the central issue in statistical genomics is to find
regions of the genome, or loci, which control the phenotypic value of a particular trait.
These loci are termed quantitative trait loci or QTLs. The theory and methods for
identifying QTLs in experimental as well as natural populations include single locus
analysis, multi-point (interval) analysis, composite interval mapping and other more
advanced techniques, such as multiple interval mapping'’. In order to identify loci that
influence phenotypes, statistical genomics researchers must also deal with problems
such as, e.g. linkage grouping, genetic marker ordering, and linkage map construction,
linkage map merging, screening genetic markers for association with a disease and
searching for genes using linkage disequilibrium''. Other statistical approaches
include resampling techniques, such as permutation analysis and bootstrapping, and
simulation of segregating populations.

In summary, quantitative genetics and statistical genomics provide a set of
methods and tools to identify, characterize, and quantify relationships between
observed phenotypes and the underlying genotype. The general presumption for
quantitative traits is that the observed continuous distribution of phenotypic values is a

result of a combined effect of many underlying genes and the environment.



A HISTORICAL PERSPECTIVE

The science of quantitative genetics has been around since the early 20"
century. It developed in response to a major controversy between two schools of
thought about the mechanisms by which evolutionary changes occur, and by which
phenotypic traits are inherited, while variation in the population is maintained. The
contrast between the obvious need of a species to adapt in order to achieve the best fit
to its environment on the one hand, and the concept of passing an invariant trait from a
parent to an offspring on the other, presented a problem that took several decades to
reconcile and which ultimately resulted in a synthesis called the modern quantitative
genetic theory ¥

The growing popularity of Darwin’s theory of evolution'*, which put forward
the notion of natural selection as the main variation-shaping force, resulted in the
founding of the Biometrical school of thought (F. Galton, K. Pearson, W.F.R.
Weldon), which viewed evolution of the species as a result of a gradual changes
coupled with natural selection (i.e., gradualism). The Biometricians focused on
statistical studies of phenotypic variation. Quantitative methods developed by this
school out of the need to describe and analyze continuously distributed characters laid
the foundations for a great deal of modern statistical theory. However, the
biometricians provided no real explanation for the transmission of hereditary traits
from parent to offspring.

The rediscovery of Mendel’s work'* offered such explanation, but was initially

interpreted in support of evolution by sudden leaps (i.e., saltationism) and in direct



contrast to Darwin’s gradualism. The Mendelian school (W. Bateson, C.B. Davenport)
believed that evolution was driven by the appearance of new mutations with large
effects (macromutations), thus giving rise to variation in discrete characters. Mendel’s
experiments with peas'” revealed that such characters were transmitted in a
mathematically predictable manner. His laws of independent segregation and
assortment of heritable ‘factors’ went on to become key concepts in the development
of genetics. T.H. Morgan was the first to apply Mendel’s laws to biology and inquire
about the ultimate biological nature of the Mendelian ‘factors’'®!”. Based on breeding
experiments in the fruit fly, his student A. Sturtevant constructed the first genetic map
of a chromosome'® and thus paved the way for linkage analysis, which subsequently
became one of the most important tools of quantitative genetics. In the interim, in
order to clarify the distinction between the genetic factors and the actual observed
value of a trait for an individual, terms like gene, genotype and phenotype were
coined'’.

Gradually it became apparent that the observations of biometry can be
interpreted in accordance with Mendel’s laws by means of a rigorous statistical
approach®. The debate further led to the emergence of the multiple-factor hypothesis,
which postulated that the variation exhibited by continuous characters can be
maintained by the independent segregation of multiple factors (i.e. genes). By the
1930s geneticists and statisticians largely resolved their differences and the modern
theory of evolution of Mendelian systems was produced”'. The mechanism that

produces evolutionary change and phenotypic variation is now believed to be a



combination of natural selection and gradual change of allele frequencies in the
population (genetic drift), simultaneously acting upon genetic variation, as created by
recombination, mutation and gene flow. This modern synthesis thus introduced a
connection between two important concepts: genes as units of evolution (which can be
recombined and mutated) and selection as the mechanism of evolution.

The next big step to understanding the complexity of genome function was the
finding that DNA is the material harboring heritable factors®, followed by the
discovery of the DNA structure and its genetic implications™. Another vital piece to
the puzzle was added when the nature of the genetic code became understood**. The
subsequent rapid technological advances in molecular biology led to the identification
of genomic features that could be used as markers, such as genes, repeats, RFLPs,
SNPs, etc. Such markers were essential for the construction of genetic maps of model
organisms”, and these in turn allowed for high resolution linkage mapping®®. Linkage
analysis proved an indispensable tool for genomic investigation, especially for
annotating the genome with information on physiological function and disease®’.

The emergence of the whole genome sequencing capability permanently

28-31
and

changed the landscape by providing the ultimate navigation tool to genomes
heralded the post-genome era whose chief goal no longer is the molecular anatomy of
the genome itself but rather how the genome influences molecular physiology and
molecular pathology.

In the current era, researchers are at a unique juncture in the history of

biological and medical sciences. Researchers have at their disposal a vast collection of



data on the genomic structure of individual species. In addition, insights into how
genomes function are continually being produced. Using microarrays and similar high-
throughput techniques, we will continue to accumulate enormous amount of data on
transcription, translation, glycosylation, etc. in different tissues, across species, and
both in health and disease.

Statistics and genetics (and later genomics) are in many ways branches of the
same intellectual pedigree, since the level of mutual influence of the two disciplines
has been considerable. Problems first identified by the early population geneticists
accelerated the development of statistics as an independent discipline, which in return
never ceased to be one of the important tools for understanding genetic relationships

and genomic functions.

THE HERITABILITY OF COMPLEX TRAITS

The extent to which genotype determine phenotype is expressed by the degree
of genetic determination, or heritability (H). Heritability is an important quality to be
ascertained for a complex trait whose genetic underpinnings we wish to study, since it
is rational to look for genes for just those traits that are in fact genetically determined.

The genetics of complex traits is based on the study of their variation in a
population, with respect to the degree of relatedness of the studied individuals. The
amount of variation is measured and expressed as the variance (the mean of the
squared deviations from the population mean). The extent of phenotypic variation
(phenotypic variance, Vp) can be view as a result of the genetic differences (genotypic

variance, V) and differences in the environment (environmental variance, Vr):
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VP = VG + VE (1)

Genotypic variance can be subdivided into additive genetic effect (V,), dominant
genetic effect (Vp) and interaction effect (/7). Hence

Vo=V, +V,+V, (2)
Heritability is the extent to which the genotypes determine phenotypes, or

H?>=V;]V, 3)
This means in practical terms that if the genetic determination of a trait is large,
closely related individuals will display trait values of similar magnitude.

Heritability is also likely to be affected by the place, which the measured
quantitative trait occupies in the hierarchy of gene = message = protein
(intermediate phenotype) = pathway = end phenotype. The lower in the hierarchy,
i.e. closer to the DNA, the (molecular) trait lies, the more heritable it is likely to be.
Exploration of the genetic determinants of gene expression and intermediate
(biochemical) phenotypes has become an important approach to complex trait

elucidation®*.

MODEL ORGANISMS AND EXPERIMENTAL CROSSES

Model organisms have been utilized for over a century to understand biological
processes>*. Inbred strains of rodents, especially mouse and rat, have been used to
study the contribution of genes in the pathogenesis of the disease process. This
strategy is based on the notion of common descent of all living organisms and the
conservation of metabolic, signaling and developmental pathways, with the caveat that

phenotypic correlates may reflect different pathogenetic processes.
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The mouse and rat model systems have several advantages over higher
mammals, including lower maintenance cost, shorter generation time, existence of
numerous genetically well-defined lines that differ in phenotypic characteristics and,
especially compared to human, fewer ethical constraints with respect to breeding and
experimentation®®. With the availability of the human, mouse and rat genome
sequences and the resulting identification of the homologous regions between species,
it is now possible to translate results from one species to another, using comparative
genomics strategies.

A good example involves the rodent models of essential hypertension. More
than 30 years ago, researchers began selectively breeding rats to produce models with
high, normal and low blood pressures. Many hypertensive rat strains have been
produced ranging from the strains such as the spontaneously hypertensive rat (SHR)
and stroke-prone spontaneously hypertensive rat (SHRSP) to strains where high
dietary salt is necessary to induce hypertension such as the Dahl salt-sensitive. These
models also exhibit end-organ damage phenotypes similar to those seen in human
essential hypertension, including left ventricular hypertrophy, stroke and renal failure.
Experimental models of hypertension allowed for investigation of factors associated
with regulation of blood pressure and genetic basis of hypertension, as well as for
development of targeted interventions aimed at decreasing not only blood pressure but
also target organ injury” .

The disease models are, of course, only approximations of pathologic states in

humans; therefore results obtained from animal studies need to be cautiously evaluated
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before comparisons are drawn towards the human. Nonetheless, the phenotypic
contrast of the different inbred strains can be exploited by developing genetic crosses
— segregating populations — in which the co-segregation of phenotypes and genotypes
can be studied and analyzed (see below). There are several principal types of
populations used for genetic mapping: recombinant inbred (RI) strains, F, intercross,
backcross, congenic strains’®, chromosome substitution strains®’, advanced
intercross*, heterogeneous stock, etc. These experimental populations of mouse and
rat facilitate a more profound understanding of the role of specific genes in the
determination of both monogenic and multifactorial traits, and allow us to study the
genotype-phenotype relationship in ways that are, for a wide variety of reasons,
difficult to apply in humans.

The genetic dissection of complex traits still remains one of the most important
challenges facing science and medicine today. Over the last 20 years, segregating
populations derived from established inbred strains of the mouse or rat have become

the main tools for pursuing this avenue of research.

THE HXB/BXH PANEL OF RAT RECOMBINANT INBRED
STRAINS

One of the most widely used sets of model organisms derived from a cross is
the HXB/BXH rat recombinant inbred (RI) strain panel, which is the focus of the work
presented in this dissertation. These strains were produced as a model system for
genetic and correlation analysis of spontaneous hypertension and other risk factors for

cardiovascular disease*”. The HXB/BXH recombinant inbred strains represent an
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inbred, genetically fixed, random breeding F2 progeny, derived from F1 progeny,
which in turn was obtained through gender-reciprocal crossing of the two progenitors
— the spontaneously hypertensive rats (SHR/Olalpcv) and normotensive Brown
Norway (BN.Lx/Cub) rats (Figure 1-1). Of the surviving 31 RI strains, 29 strains are
utilized in the presented work. The HXB set of RI strains, denoted as 1H, 3H, etc.,
originates from crossing SHR female and BN.Lx male progenitors, while the BXH set
denoted as 2B, 3B, etc., originates from crossing BN.Lx females and SHR males. The
original sets of RI strains are maintained at Charles University (BXH), the Czech

Academy of Science (HXB).

QUANTITATIVE TRAIT LOCI AND QTL MAPPING

Quantitative trait loci (QTLs) are genomic segments that harbor genes
controlling the variation of a quantitative trait in a population. QTL mapping seeks to
identify these genomic segments. With the sequence of many organisms nearly
complete, QTL mapping turned into a powerful way in which the known genomic
sequence can be annotated with information that relates to complex biological
processes” .

Complex traits are controlled by multiple QTLs, contributing to the trait’s
heritability in an uneven fashion. The notion of the genetic architecture of complex
traits is changing along with the increasing power to detect QTLs with very small
effects. The dilemma is to decide whether heritability arises from a very large number

of QTLs with a very small effect or from a few QTLs with a modest effect. Because of
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the inability to detect small effect QTLs in the past, researchers were more likely to
detect large effect QTLs, giving them more prominence then they deserved.

A recent study showed that most QTLs explain between 1% and 5% of the
phenotypic variance®'. This may be surprising, but it seems to be consistent with the
model of exponential distribution of allelic effects, which proposes many small effect
QTLs alongside a few QTLs with respectively increasing effect™.

There are two major approaches to finding complex trait-controlling genes:
linkage analysis and association studies. Linkage and association can provide
complementary information. Association studies examine relationships between
alleles and phenotypes in a population of unrelated individuals, whereas linkage
analysis is used to scrutinize relationships between loci and phenotypes in a pedigree
of individuals with known degree of relatedness. Linkage analysis provides an
unbiased and comprehensive search across the whole genome. It requires fewer
markers (several hundreds to a few thousand), for which it examines their co-
segregation with the studied trait (or disease phenotype). By contrast, association
studies require that the marker and the disease gene not merely be linked across a few
generations, but they must be in linkage disequilibrium, i.e. inherited together
throughout the population despite the many generations that have elapsed from the
common ancestor. Because the chromosomal segments exhibiting linkage
disequilibrium in weakly and possibly arbitrarily related individuals are much smaller,

hundreds of thousand of markers will be required for a whole genome scan involving
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such population. It is therefore beneficial when association studies can focus on
predetermined candidate regions, e.g. QTL interval resulting from a linkage study.

The HXB/BXH panel of rat recombinant inbred strains lends itself particularly
well to linkage analysis. However, there are some limitations as to the power and
precision, with which a trait can be mapped even using the finest mapping techniques;
a QTL usually harbors about a hundred genes, which have to be further investigated.
Some novel strategies can be brought to bear on the problem of causative gene

identification.

NOVEL STRATEGIES FOR QTL GENE IDENTIFICATION

The advances in QTL mapping made possible by the development of high
resolution maps and the availability of the genomic sequence shifted the focus from
the identification of a QTL-bearing chromosomal segments to the problem of
narrowing a QTL interval down to a single gene (i.e., quantitative trait gene, QTG), or
even a single nucleotide polymorphism (i.e., quantitative trait nucleotide, QTN).
Several strategies for mapping and cloning the quantitative trait genes have been put
forth and implemented in the recent years**. Of those, gene expression profiling
coupled with linkage analysis is especially of relevance to the present work.

Gene expression profiling coupled with linkage analysis combines linkage
mapping to locate a QTL for a physiological trait (pQTL), with subsequent expression
QTL (eQTL) mapping for expression profiles of genes located within the pQTL
support interval. This strategy has been termed genetical genomics in the literature™.

This information provides an insight into the contribution of each gene present in the
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pQTL to the examined physiological phenotype*®. Expression QTL mapping can thus
facilitate the problem of sifting through a large number of genes in search for the best

candidates to be tested in subsequent validation experiments.

DISSERTATION OUTLINE

As the title of the dissertation suggests, I have pursued a series of experiments
and studies aiming at identification of genes underlying complex traits in in a model
population — the HXB/BXH recombinant inbred strains — by means of a wide
spectrum of molecular and computational methods.

Chapter 2 describes the genetic structure of the HXB/BXH RI strains and
explores the limitations to map quantitative trait loci in this population as a starting
point for all subsequent genetic analyses.

Chapter 3 deals with mapping of genetic determinants for the regulation
catecholamine biosynthesis in the chromaffin cell of the adrenal gland, combining
transcriptional profiling and biochemical phenotyping with traditional QTL mapping
techniques to discern underlying regulatory mechanisms.

Chapter 4 deals with the genetics of gene expression on a whole-genome scale,
as opposed to the pathway-focused approach presented in Chapter 3, with the aim to
characterize the heritable properties of the adrenal transcriptome and to identify loci
influencing transcript levels of multiple genes (i.e. the “master regulators”).

Chapter 5 provides a review of the results presented here, discusses the
limitations of the current approaches to quantitative trait dissection and comments on

future directions relevant research can take.
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Figure 1-1 The production of RI strains by repeated sibling mating. Crossing two
inbred strains is followed by repeated sibling mating to produce a panel of inbred strains
whose genome is a mosaic of the two parental genomes. This figure is the result of a
computer simulation, which considered fifty segregating loci over twenty generations of
brother-sister mating. Note that some residual heterozygosity can still be found in Fyg
(black arrowheads), which is representative of the in vivo situation, because complete
homogenization of the RI strain genomes is reached only asymptotically.
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Genetic structure of the HXB/BXH panel of RI strains
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PREFACE

This chapter builds on my earlier work*” on the construction of a framework-
marker based map of the rat HXB/BXH set of RI strains. The following chapter deals
with additional development of the microsatellite-based maps and also includes
recently genotyped single nucleotide polymorphisms in order to comprehensively

characterize the HXB/BXH genomic resource.

ABSTRACT

Comprehensive characterization of the genetic structure of a mapping
population is a prerequisite for successful detection and localization of quantitative
trait loci. A genetic linkage map of the HXB/BXH set of RI strains and a description
of the genetic structure of this model population is presented here. First, a framework
map was developed, which was subsequently used to integrate all available markers
into a contiguous genetic linkage map. The resulting map consists of 648 non-
redundant loci. Second, the marker order was tested by building a pairwise correlation
matrix of the markers. A clear diagonal line of identity is present, which validates the
marker order in the map. Detailed scrutiny of the correlation matrix also revealed
several highly correlated, but physically unlinked genomic regions. This finding is
important for interpretation of QTL results, as it may provide insight into potential
false positive linkages or allele effect studies. Further, in an effort better to describe
the genetic structure of the HXB/BXH RI strains, a set of single nucleotide
polymorphism data was also considered. This data permitted further genetic

characterization, including strain independence and genetic similarity among the
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individual strains. Of the total of 3234 SNPs available, 804 SNPs were informative
(non-redundant with respect to the adjacent loci) and represent the number of unique
recombination points throughout the whole RI set. This number of recombination

events is comparable to the one detected in the analysis of the microsatellite markers.

INTRODUCTION

The power and resolution of QTL mapping in RI strains by means of linkage
analysis depends on the number of RI strains used and on the density of genetic
markers for which the RI set has been genotyped. Marker loci displaying
polymorphism in the progenitor strains, when analyzed across the whole RI strain set,
provide information on the distribution of the parental alleles in the RI strains.
Analysis of single locus in this manner provides insight into the strain distribution
pattern (SDP) for individual loci. Examination of the degree of concordance of SDPs
of adjacent marker loci is the basis for ascertaining potential interlocus linkage and
detection of potential recombination events. The proportion of discordant alleles
between two adjacent marker SDPs can easily be converted to centimorgan distance,
using a mapping function, such as Haldane’s or Kosambi’s functions'’. The distance
within which linkage can be detected on either side of a marker with a probability of
95%, known as the swept radius, increases along with the number of RI strains. It has
been estimated that for a population the size of the HXB/BXH set (originally 36
strains) the swept radius equals to ~ 8 cM. This number is critical for the construction
of genetic linkage framework maps, because maps with intervals larger than the swept

radius are not likely to be contiguous and will not capture all recombination events.
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By examining the SDPs and linkages among three or more loci, their relative
chromosomal order can be determined by rearranging them so as to minimize the total
number of recombinations within the whole linkage group. The order that minimizes
the number of putative recombination events can then be taken as the most likely order
of the markers. By working with SDPs and groups of markers in this manner, one can
develop an optimal (at least with respect to the number of observed recombination
events) map of markers across the entire genome. However, trying to resolve the order
of loci solely by statistical means can prove challenging, especially when resolving the
order of loci within and across very small distances, or over distances greater than the
swept radius.

The original characterization of the HXB/BXH RI strain marker locus map was
gradually developed and refined over several years in the form of SDP analyses of

polymorphic mini- and microsatellite markers and RFLPs ****#

. Despite this effort, a
contiguous linkage map was lacking and the genetic structure of the set was only
partially defined. This deficiency compromised linkage studies and hindered the
power and precision of more sophisticated QTL mapping studies.

In response to this insufficiency, we reported in an earlier work the
construction of a new framework marker-based linkage map and SDPs for the
HXB/BXH RI strain panel*’. To avoid the ambiguities in the placement of certain
markers we decided to use an F2 based integrated genetic and radiation hybrid map *°

as a reference from which we could arrange more recently genotyped markers

manually by using marker positions from this high density radiation hybrid physical
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map. The marker order in the resulting framework map was then verified
computationally using the statistical strategies discussed. The original map was
constructed using DNA from all original 36 RI strains, although five were by that time
extinct, but nevertheless their DNA contributed valuable information about
recombination points. The resulting framework map in this initial analysis consisted of
245 microsatellite markers contiguously covering the whole genome, with an average
between-marker distance of ~ 8§ cM.

In this work I take advantage of the original framework marker-based map for
the construction of a higher density map, which also encompasses the majority of
previously genotyped markers™®. Integrating these markers into a larger and more
comprehensive map not only increases QTL mapping precision, but also allows for a
more precise positioning of the older markers, some of which are no longer included
in the current rat genome resources.

Further, I compared the above microsatellite-based map with a dataset of SNP-
based SDPs, which was recently completed’' and made available by Dr. Norbert
Hiibner (Max Delbriick Center, Berlin). This comparison of genetic and physical maps
allows for additional validation of the locus positions in the genetic map.
Comprehensive analysis of the SNP dataset led to several important observations
about the utility of the HXB/BXH RI set as well as its limitations. Integration of the
microsatellite markers, for which the precise genomic position (Mbp) is known, with
the non-redundant SNP markers, yields the most comprehensive information on the

genetic structure of the HXB/BXH RI strains available to date.
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MATERIAL AND METHODS

Animals

HXB/BXH recombinant inbred (RI) strains were produced by inbreeding
between F2 generation resulting from a sex-reciprocal cross of two highly inbred
strains: BN (BN.Lx/Cub) and SHR (SHR/Ola)**** In this study, 29 RI strains were
used. For background information on the HXB/BXH RI strains see Chapter 1,

page 12.

Markers

For the present analyses, marker information derived from 29 HXB/BXH RI
strains typed for 1061 microsatellite markers was used. This genotype information was

: 42,47-49
generated previously*>*’

. No additional genotyping for microsatellite markers was
necessary. New SNP genotype data consisting of 3234 SNPs typed in 29 strains®’ were

utilized for additional analyses.

Genotyping the RI strains for the Dbh, Pnmt and Chga genes

Precise positioning of Dbh, Pnmt and Chga genes on the linkage map was
important for the studies described in Chapter 3. In order to accomplish that,
polymorphism discovery was conducted (see Chapter 3, page56). The progenitor
strains (BN vs. SHR) were found to exhibit single nucleotide polymorphisms in Dbh
(T-551G) and Pnmt (T-529C ), and a simple repeat polymorphism in Chga (oligo-
Gln repeat in exon 5, 287-331bp, BN.Lx:15 vs. SHR:8 repeats; data not shown). Using

these polymorphisms as markers, alleles were typed by pyrosequencing for Dbk and
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Pnmt (see Chapter 3, page 58) and by polyacrylamide gel electrophoresis for Chga

(data not shown) in each RI strain to ascertain the SDPs for the respective genes.

Distribution of non-framework markers on the framework map

Previously genotyped markers***** were integrated into the HXB/BXH
framework map*’ using the Map Manager QTX software™. Four subsequent rounds of
searches for the best position match for the non-framework markers were performed,
each with decreasing stringency (probability of false positive linkage), relative to the
previous step, from P =10 to P = 10~. In this manner, first markers to be placed were
those showing the strongest linkage to the HXB/BXH framework. During the
following 3 steps the remaining markers were tested for linkage and placed within the
framework map, gradually relaxing the stringency criterion. Finally, no additional
markers could be placed with probability of false positive linkage lesser that P = 107
The resulting map was then examined for redundancy, and adjacent markers with the
same SDPs were eliminated as non-informative. Chromosomal ideograms were

generated with the Windows QTL Cartographer computer program54.

Pairwise correlation matrix

648 marker SDPs were subjected to correlation analysis using MatLab 7.0
(The MathWorks, Inc., 2004) to compute the correlation coefficient for each marker
SDP pair. The results were plotted as a 2-dimensional matrix. Each axis represents
linearized rat genome, with the 648 markers ordered with respect to their position in

the genetic map.
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Linkage map building with the single nucleotide polymorphism data

3234 SNPs typed in 29 RI strains’' were ordered according to their Megabase
(Mbp) position in the genome. Adjacent markers with identical SDPs were eliminated

as non-informative. Data were handled with the Map Manager QTX software”.

Other statistical analyses
Statistical calculations (e.g., correlation analyses) were performed in MatLab

7.0 (The MathWorks, Inc.), MS Excel 2003 (Microsoft Inc.) and SPSS 10.0 (SPSS

Inc.).

RESULTS

A genetic linkage map consisting of 648 non-redundant loci.

The distribution of ~ 800 previously genotyped markers onto the HXB/BXH
framework map of 245 markers, and subsequent elimination of non-informative
markers, yielded a linkage map consisting of 648 distinct markers (Figure 2—1).
Positions of the Dbh, Pnmt and Chga genes, which were added to the map explicitly to
facilitate analyses described in Chapter 3, are highlighted in yellow. The map spans
2365 cM over the 20 rat autosomal chromosomes, with an average between-marker
interval of ~3.7 ¢cM. Due to insufficient marker data, the sex chromosomes were not
included in the final map. This new map provides a dense and contiguous coverage of
the rat genome, representing a great enhancement of the QTL detection power over the
previously available linkage maps for the HXB/BXH RI strain set. All genotypes used

in this map are included in Appendix 1.
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Genome-wide interactions between loci.

A correlation matrix (genetic map validation matrix) for the HXB/BXH RI
strain set was generated and represented as a heatmap (Figure 2—2). The matrix
involves the SDPs for each of the 648 markers used in the above described the linkage
map. The predominance of high level of positive correlation (red) along diagonal line
(i.e., the line of identity) is clearly evident and constitutes a dominant feature of the
matrix, thus validating the marker order in the integrated map. There are, however,
also several other regions in the matrix that show a high positive (red) and high
negative (blue) correlation between physically remote marker SDPs. This may be
attributable to the modest number of strains in the HXB/BXH RI panel and the chance
associations between marker SDPs that results from the small sample size. Another
explanation could be that the linked genomic regions harbor alleles that are

functionally coupled and their co-segregation is vital to the strain survival.

A SNP-based linkage map

The total of 3234 SNP SDPs present in the SNP dataset’’ were ordered
according to the physical (Mbp) genomic location. After collapsing adjacent SNPs
with perfectly concordant SDPs into one locus, a new subset containing 804
informative, non-redundant loci was produced. A 3-fold increase in coverage density
(3234 SNPs vs. 1061 microsatellites) yielded about 25% boost in identification of

unequivocal recombination points (804 SNPs vs. 648 microsatellites).
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An integrated SNP and microsatellite map.

In another attempt to recover as much information about genetic recombination
points in the HXB/BXH RI set, as possible, 347 microsatellites (of the set of 1061),
for which the genomic (Mbp) location of was known, were merged with the 3234 SNP
SDPs. Again, markers were ordered according to their physical genomic location and
redundant loci eliminated. The resulting merged map file consists of 1047 SNP and
microsatellite markers and is at present the most comprehensive map available for the
HXB/BXH RI strains. However, bearing in mind that the markers in the merged file
come from different sources and were generated at different time in different
laboratories, using different methodologies, it is quite possible that some mapped

recombination point are due to error.

Progenitor strain allele distribution in the HXB/BXH RI panel

To compute the proportion of progenitor genomes in the individual strains, the
dataset consisting of 3571 merged SNPs and microsatellites, including the redundant
loci were used. Using only the non-redundant SDPs to calculate the estimates of
progenitor strains alleles among the RIs, would be correct only if recombinations were
distributed evenly and randomly. Otherwise, there would be a risk of
overrepresentation of the regions, where recombination occurs, and consequently
underrepresentation of regions that may contain longer stretches of progenitor DNA
without recombination. Therefore, the computation was based on the known physical
positions of all markers. Distances spanned between same genotypes were counted as

such; distances spanned between different genotypes (recombination points) were split
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between the two. The totals for SHR and BN.Lx progenitor alleles were than compared
for each strain and percentages calculated.

The distribution of SHR and BN.Lx alleles among the individual RI strains can
be rendered as a “genetic mosaic” (Figure 2—3), which offers a practical visualization
of the genetic structure of the HXB/BXH RI set. In theory, each strain should receive
an equal amount of its genome from each of the progenitor strains. We found that the
HXB/BXH genomes consist, on average (+ SD), of 51% (£ 7) of SHR and 49% (£ 7)
of BN.Lx alleles. However, the fraction of SHR and BN.Lx genomes transmitted to the
individual RI strains varies continuously from about one-third to two-thirds (Figure 2—
4, bottom two rows). This information may be useful for analyses in which the
influence of an overall genetic background is assessed. Genetic background
information, as proxy for the combined effect of multiple small effect QTLs, can be
included as a predictor of phenotype in multiple regression analyses, along with

marker SPDs>.

Genetic Similarity Matrix and Allele Sharing

The merged map file with all 3581 SNP and microsatellite markers was used to
compute the amount of genome the RI strains share among each other. Marker
information was used to determine regions of same parental origin (bins), essentially
genome segments between recombination points, and the amount of genome sharing
was then computed based on the length of these segments, rather than merely on the
marker genotypic information, to account for the non-uniform distribution of markers.

A pair-wise similarity matrix was computed (Figure 2—4). The 29 RI strains can be
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paired up in 406 different ways. The similarity matrix shows the degree of sharing for
each such pair. The HXB21 and HXB22 display the lowest degree of allele sharing
(33%), whereas HXB3 and HXB15 exhibit the highest degree of genome similarity
(87%). It is interesting to compare these extremes with an estimate computed with the
framework markers only *’. The same pairs of strains shared 38 and 78%, respectively.
It appears that by using more markers and by counting distances between markers,
rather than markers, the extremes gained even more prominence. However, the
average amount of allele sharing among the RI strains remained the same (Figure 2—4,
histogram in the inset). The average (= SD) allele sharing among the RI strains is

50.5% (£ 6.1).

Detectability of a QTL depends on the number of RI strains and the magnitude
of the QTL effect

The power to detect a locus in QTL mapping contexts using the HXB/BXH RI
strains was assessed. Figure 2—5 presents the results and exposes some limitations of
the HXB/BXH RI set, having to do with its relatively small strain number. The
relationship between the number of strains (#) and the detectable QTL effect size
(Vo) 1s given by Equation (4)*°. The genome-wide significance threshold (a) and
power (/-f) are represented as Z-scores, or cutoff points for o and /-£ in the standard

normal cumulative distribution.

n= (1 - VQTL )(Zl—a/Z + Zl—ﬁ)z

VQ TL

(4)



30

To obtain the genome-wide significance threshold, the single-locus threshold
needs to be divided by the number of loci to correct for multiple comparisons. For
~ 1000 markers and a local a = 0.05, the genome wide a = 0.0005". If the power is set
to (/-f) = 0.8, and Equation 4 solved for n = 29 (the number of HXB/BXH RI strains),
it turns out that for a QTL to be detected in the HXB/BXH RI set, the proportion of
phenotypic variance attributable to that QTL needs to be more than 40%. The
implication of this result is that, if all due statistical stringency is applied, the

HXB/BXH RI set is suitable chiefly for detection of QTLs with larger effect.

DISCUSSION

Overview

Recombinant inbred strains are one of the best resources for genetic
mapping***®. Once established, an RI strain set is a renewable resource consisting of
strains with genetically fixed genomes. Determining the parental origin of alleles at as
many loci as possible in each of the RI strains, and defining the genetic structure of the
whole RI panel, is critical to the ability to correlate phenotypes with genotypes and
thus to detect and localize quantitative trait loci.

The HXB/BXH RI set has a special place among the genomics resources as the
largest rat R1 strain set produced to date. Originally created as a model system for
analysis of spontaneous hypertension and other cardiovascular disease risk factors®”®%,
it has also been instrumental for mapping a variety of other traits, such as

63-68

morphological, reproductive, metabolic and behavioral phenotypes . The new
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maps and strain analyses presented here will enhance the use of the rat HXB/BXH RI
strains and permit utilization of their full potential.

There are two major determinants of the ability to detect QTLs in an RI
population: marker density and RI strain number*®. The present study focuses on
making the most of the genotypic data accumulated thus far by means of correct

marker positioning and redistributing to obtain high density maps.

New microsatellite and SNP-based linkage maps

To improve the utility of the HXB/BXH RI strains for complex trait analysis
and to provide a reference a tool to locate older markers to which some formerly
published QTLs were linked, the available microsatellites were redistributed over the
previously reported framework map*’, yielding a linkage map with 648 unique SDPs.
In a separate analysis, attempting to position the SDPs with the best attainable
accuracy, the newly obtained single nucleotide polymorphism data were merged with
the microsatellite data, for which the exact physical (Mbp) location was known. 1,047
unique SDPs have been ascertained.

In the context of the integrated analysis of microsatellite and SNP markers, it is
interesting to note that SNP data set used was the result of the single most extensive
genotyping effort in the HXB/BXH undertaken to date. It is thus somewhat surprising
that the number of recombination points captured provides only a small incremental
benefit over the existing microsatellite-based data. Thus, despite extensive SNP

genotyping, it appears that the genetic structure of RI strains, and most of the
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information on recombination points in their genomes, was sufficiently captured even
by the original microsatellite marker-based map®’.

It is believed that the number of recombinations in an RI set usually
significantly exceeds the number of those detected, largely because of insufficient
marker density®. The total number of observed recombinations is decreased by a
failure to discover them in sparsely mapped regions and increased by genotyping
errors, as well as errors in marker ordering. The latter is a concern especially with
microsatellites, since the order of SNP is unambiguously defined by their physical
(Mbp) location. Present results, however, suggest that at least in the case of the
HXB/BXH RI strain set, the actual number of recombinations is unlikely to be
significantly higher then the ~1000 detected in the merged set. If true, this would bring
the total expected number of recombinations down to about a half compared to
previous estimates. Therefore further genotyping in the HXB/BXH RI panel would be
only of limited benefit. The only way to increase the number of detectable
recombination points would be to expand the HXB/BXH RI panel by producing
additional RI strains.

It is unlikely that a recombination would take place at the exact same locus in
multiple RI strains, unless there was a special cause for such occurrence (e.g. a
recombination hot spot). An ideal RI strain map for the purpose of QTL detection
would therefore consist of markers ordered according to their physical location, whose
SDPs would only be discordant in one strain-genotype at a time relative to their

neighbors. In this way, uncovering of recombination events would be maximized and
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the full potential attainable with an RI set could be mustered. However, as the results
of the present study suggest, the benefit of additional genotyping is likely to be fairly
small, and the amount of additional genotyping necessary to uncover all existing
recombination points would be excessive. Therefore, an increase in the number of RI
strains, rather than a more extensive genotyping, would be the best way to improve the
utility of the HXB/BXH RI strain set.

It is necessary to emphasize that the main purpose of the genetic linkage map
presented here is to provide a tool for detection and location of quantitative trait loci.
The usefulness of the presented map is exclusive to the HXB/BXH RI panel. Other
possible objectives for uses of this genetic linkage map, such as determining the gene
order or distance between genes are best served using other resources, such as the

genomic sequence for the Rattus norvegicus (Ensembl, UCSC Genome Browser, etc.).

The genetic structure of the HXB/BXH RI strains

Besides map construction, the genotypic information obtained was used to
analyze the overall genetic structure of the HXB/BXH RI strain set. We compared the
degree of allele sharing among all strains, and computed the fraction of the
progenitors’ alleles in each individual strain. It is an important finding that the parental
alleles are distributed evenly among the HXB-BXH RI strains and that, apart from the
exceptions discussed above, the allele sharing among the strains is on average 50%, as
expected for a randomly segregating population. As a sibling-like population, the RI
strains are expected to share around a half of the alleles among each other. It is

important that there are no major deviations from this expectation to insure that no
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clustering or grouping of strains occurred. Non-randomness and strain clustering with

respect to genotype across the strains can negatively affect the QTL detection.

Correlated, but physically unlinked loci

Also of relevance to the utility of the HXB/BXH RI strains is the existence of
correlated, but physically unlinked loci. The situation, in which two loci on different
chromosomes have congruent SDPs and therefore erroneously suggest that they are
linked, can have an impact on the detection and correct positioning of a QTL. The
most probable explanation of this phenomenon lies with the small number of RI
strains in the HXB/BXH set. In a biallelic mapping population, such as the RI strains,
the number of possible different SDPs equals 2", where 7 is the number of strains.
When the number of RI strains is small, the total number of possible different SDPs is
comparable to the number of loci for which the RI strains are genotyped, and a high
degree of SDP concordance between unlinked loci is regularly observed. To a lesser
extent, this poses a problem even for medium-sized populations, such as the
HXB/BXH RI strain set. Correlation, both positive and negative, between distant loci
can cause a QTL to be located incorrectly, and in the case of a negative correlation the
direction of the allelic effect of a QTL can be obscured. The pairwise correlation
matrix (Figure 2-2) provides a means to uncover correlated genomic regions in order

to aid in the interpretation of QTL mapping results.
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Power limitations for mapping in the HXB/BXH RI strains

Because of the polygenic nature of complex traits, when mapping QTLs for
such traits, one would expect to find multiple QTLs, with varying proportion of
phenotypic variance attributable to each one of them. The notion of the genetic
architecture of complex traits is changing along with the increasing power to detect
QTLs with very small effects. Because of the inability to detect small effect QTLs in
the past, researchers were more likely to detect large effect QTLs, giving them more
prominence then they deserved. However, it turns out that the greater the mapping
power, the larger the detected proportion of small effect QTLs*'. Such QTLs explain
between 1% and 5% of the phenotypic variance, which is consistent with the model of
exponential distribution of allelic effects. Small effect QTLs can only be mapped in RI
strain panels numbering hundreds of strains (Figure 2—5). For the HXB/BXH RI strain
set the detectable QTL should explain ~ 40% of the phenotypic variance, thus
mapping is possible only for large effect QTLs. Most of the traits, for which a QTL

can be detected, will therefore have closer to oligogenic or Mendelian traits.

Conclusions

It can be thus concluded that the greatest limitation of the HXB/BXH RI set is
the relatively small size of the set, which not only makes is difficult to discover all
existing recombination points and causes some non-linked loci to appear correlated,
but also hinders the ability to localize QTLs with a higher precision, and makes it near
impossible to detect small effect QTLs, which are key to understanding of the genetic

structure of quantitative traits.
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Figure 2-1 Linkage map of the rat autosomes derived from the HXB/BXH RI
strains. The map was created by positioning ~ 800 non-framework markers on the
HXB/BXH framework map of 245 markers (see Methods). After eliminating non-
informative markers, the resulting map consists of a total of 648 markers contiguously
covering all 20 rat autosomal chromosomes with an average between-marker distance of
~ 3.7 cM.

(Continued.)
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Figure 2-1 Linkage map of the rat autosomes derived from the HXB/BXH RI
strains. (Continued.)
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Figure 2-1 Linkage map of the rat autosomes derived from the HXB/BXH RI
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Figure 2-2 Genome-wide interactions between loci. Heat map representation showing
the Pearson product moment correlation coefficient for all pairwise combinations of
marker SDPs. Strong correlations are expected principally along the diagonal, which is
the line of identity. Several other regions in the matrix also show a high positive (red) or
negative (blue) correlation between physically remote markers. Highly correlated regions
on different chromosomes may reflect networks of functionally linked genes, whose co-
segregation is positively (or negatively) selected for during the inbreeding process. Such
domains of linkage disequilibrium, however, pose a potential problem for precisely
localizing QTLs. Numbers outside the matrix refer to chromosomes.
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Figure 2-3 Progenitor allele distribution among the HXB/BXH RI strains. This
figure is based on merged genotypic data, containing 1047 non-redundant SNPs and
microsatellites with known physical location. Red and blue rectangles denote genomic
segments of SHR or BN.Lx origin, respectively. Each column represents the linearized
genome of one RI strain. Horizontal lines separate chromosomes. Yellow denotes
unknown genotype.
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Figure 2-4 Pair-wise genetic similarity matrix of the HXB/BXH RI strains. The numbers in the matrix represent the percentage
(%) of shared genome among RI strains. The average (+ SD) allele sharing is 50.5% (& 6.1%). The progenitors are included in the
bottom two rows. Colored background indicates pairs that share less (green) or more (brown) than the average, defined as mean + 1
SD. White background indicates an average sharing. Inset shows a histogram of genome sharing among RI strains.
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Figure 2-5 Ability to detect QTLs as a function of RI panel size and QTL effect
magnitude. Vorr, denotes the percentage of phenotypic variance attributable to the QTL,
1.e. the effect magnitude. Power is set to 0.80. The genome-wide corrected significance
level oo = 0.05 corresponds to nominal significance level oo = 0.00005 when using a map
consisting of 1000 markers. If all due statistical stringency is applied, for a QTL to be
detectable with enough confidence its Vo, needs to be greater than 40% .
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PREFACE

The material in this chapter was presented as a poster at the American Society
of Human Genetics meeting in San Diego, CA, October 23-27, 2007, presented as an
oral presentation at the Rat Genomics & Models meeting in Cold Spring Harbor, NY,

December 6-9, 2007, and submitted as a scientific paper to Nature Genetics.

ABSTRACT

Understanding the regulation of genes involved in catecholamine metabolism
is crucial for elucidating the pathogenesis of hereditary hypertension. To this end,
integration of transcriptional and biochemical profiling, coupled with expression and
physiological quantitative trait locus mapping (eQTL and pQTL) was pursued in the
adrenal tissue of the HXB/BXH recombinant inbred (RI) rat strains, derived from
spontaneously hypertensive rat (SHR) and Brown Norway (BN.Lx) progenitors. We
find simultaneous downregulation of the transcription of five genes in the
catecholamine biosynthesis/storage/release pathway in the SHR and identify cis-acting
eQTLs for Dbh, Pnmt and Vampl whose gene products are key regulators of
catecholamine biosynthesis and secretion. Enzyme activities of Dbh and Pnmt
correlated with gene expression and are also regulated in cis. We also detected trans-
regulated expression of Vmatl and Chga (both involved in catecholamine storage)
with co-localization of both of these frans-eQTLs to the Pnmt gene locus. Pnmt re-
sequencing revealed several promoter polymorphisms, which result in a decreased
response of the SHR Pnm¢ promoter to glucocorticoids compared to that of the

normotensive BN.Lx strain. Of physiological significance, Dbh enzyme activity was
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negatively correlated with systolic blood pressure and Pnmt enzyme activity with heart
rate. The finding of cis regulation of several of the key genes and enzymes in
catecholamine synthesis and secretion, in young rats, and the correlation of enzymatic
activities with blood pressure and heart rate suggest that these heritable changes in
gene expression delineate a regulatory genetic network for the regulation of blood

pressure and heart rate in this widely studied model of essential hypertension.

INTRODUCTION

Essential hypertension is one of the leading causes of premature cardiovascular
morbidity and mortality. In developed countries more than 20% of the adult
population is clinically hypertensive’". The complications of hypertension include
stroke, myocardial infarction, congestive heart failure and end-stage renal disease.
Hypertension is also associated with abdominal obesity, blood lipid disorders, glucose
intolerance and insulin resistance, but the exact nature of the association between the
two disorders remains unclear’'. Within a decade, largely due to economic progress in
the developing countries and the resulting lifestyle changes, hypertension is projected
to become the most common risk factor for death and disability worldwide*".

Essential hypertension is a paradigmatic complex multifactorial trait with
many genetic and non-genetic (i.e., environmental) determinants. It has been estimated
that genetic determinants contribute up to 40% of the blood pressure variation among
individuals’*. The non-genetic factors include caloric and salt intake, alcohol

consumption, physical activity, smoking, etc. The separation and characterization of

each of these determinants is difficult, since the effects of any one of them may be
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obscured by the effects of the others. Possible ways to overcome this difficulty include
the study of intermediate phenotypes, which are biochemical or subclinical parameters
likely to reflect early changes in the physiological pathways’>, and the study of gene
transcript abundance, which may reveal perturbations at levels even closer to the
DNA™. A different approach involves the study of experimental hypertension in
animal models, such inbred strains of rodents, especially the rat™. There are several
hypertensive inbred rat strains, each mimicking certain aspect of human essential
hypertension, which can help separate individual subtypes and thus reduce the
significant problem of heterogeneity of the phenotype in humans’®. Other advantages
of rodent models include better control of the environmental factors (e.g., diet),
possibility of invasive blood pressure measurements (e.g., telemetry) and unrestricted
access to tissues for analyses, such as biochemical tests or gene expression profiling®*.
The spontaneously hypertensive rat (SHR), in particular, has been extensively used for
studying the genetic basis of hypertension’’.

The catecholaminergic system plays a key role in the regulation of blood
pressure, especially on a short timescale’, but sustained increase in sympathoadrenal
activity can result in chronic elevation of systemic blood pressure’’. The
sympathoadrenal system acts by release through exocytosis of transmitters - including
catecholamines - from secretory vesicles of postganglionic sympathetic axons into the
neuroeffector junctions or chromaffin cells into the bloodstream, where transmitters
exert their effect on target cells, such as vascular smooth muscle, cardiomyocytes, and

endothelial cells. The principal physiologically active catecholamines, dopamine
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(DA), norepinephrine (NE) and epinephrine (EPI) are formed by hydroxylation,
decarboxylation and methylation of the initial precursor amino acid tyrosine by
tyrosine hydroxylase (Th), DOPA decarboxylase (Ddc), dopamine beta-hydroxylase
(Dbh) and phenylethanolamine N-methyltransferase (Pnmt). Peripherally active
catecholamines are produced mainly in the adrenal medulla and the postganglionic
fibers of the sympathetic nervous system. Each of the three principal physiologically
active catecholamines has a unique set of functions. DA is the immediate metabolic
precursor to NE and EPI. NE is primarily a neurotransmitter of the peripheral
sympathetic nervous system but is also found in the blood, mostly through escape
from synapses of the sympathetic system®. NE causes blood pressure elevation,
predominantly through an increase in peripheral vascular resistance. EPI acts as a
neurotransmitter in the central nervous system and a hormone in the blood circulation.
In the periphery, EPI is secreted by the neuroendocrine chromaffin cells of the adrenal
medulla. The majority (~90%) of chromaffin cells are EPI secreting. EPI plays a
crucial role in the acute stress reaction (i.e., fight-or-flight response). When released
into the bloodstream, epinephrine binds to both alpha and beta adrenergic receptors
throughout the body and causes numerous effects, such as increase of heart rate, stroke
volume and blood sugar, sweating, mydriasis, vasodilatation in skeletal muscle, and
vasoconstriction in the skin and intestine. Thus, sympathetic ganglia along with the
adrenal medulla are the source of the stress-elicited rise in circulating catecholamines.

All three principal catecholamines are rapidly inactivated after release, in part by the
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liver, which is rich in both catecholamine degrading enzymes, catechol-O-
methyltransferase (COMT) and monoamine oxidase (MAO).

Excessive sympathoadrenal activity is implicated in the pathogenesis of both

181,82 84,85

essentia and acquired83 hypertension, in humans and experimental animals®,

and adrenergic receptor antagonists are a mainstay of antihypertensive therapy®’**.
Increased sympathoneuronal activity was observed in normotensive humans with
family history of hypertension®, as well as young spontaneously hypertensive rats
(SHR)*'. The present study focuses specifically on the adrenal medulla as an
integral part of the sympathoadrenal system, and its possible role in the pathogenesis
of essential hypertension. Implicating evidence comes from studies showing that
adrenal demedullation in young SHR results in a decrease in blood pressure in the
adult’>**, but the exact mechanism by which this occurs is not well established.
Understanding mechanisms that influence catecholamine biosynthesis, storage,
secretion and degradation in the adrenal medulla of young SHRs may give clues as to
which processes are dysregulated early in the development of hypertension, before full
manifestation of the disease, and may shed light on factors that mediate disease
susceptibility.

Previous studies focusing on catecholamine biosynthetic enzyme activities in

the adrenal medulla of the SHR showed inconsistent results, possibly owing to the

different normotensive controls used in the experiments. Th was in turn reported to be

90,95,96 98,99
47> d’>

97 . . .
decrease , unchanged”’ and increase in young SHR. However, studies

involving adult SHR report increased Th activity when compared to age and sex
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matched controls’>!%

. Dbh, Pnmt and Ddc activities were decreased in the young
SHR”>'"! but unchanged in the adult SHR”. Because of the apparent correlation of
enzyme activities of Th, Dbh and Pnmt, some authors suggested that these genes may
be co-regulated by a single locus'®.

In order to characterize the effect of genetic variation on catecholamine
physiology, we integrated gene expression profiling and biochemical phenotyping
with linkage mapping. We used the HXB/BXH panel of recombinant inbred (RI)
strains, derived from the SHR and the normotensive BN.Lx inbred progenitor strains™
(the derivation of the HXB/BXH RI strains is also described in Chapter 1, page 12),
and used widely for genetic dissection of phenotypes segregating in this panel. Young
(6 week old) males were used for all experiments to avoid confounding the results by
the consequences of fully developed hypertension or by the effects of female sex
hormones. We first quantified the variability across 29 RI strains and the two
progenitor strains of transcript levels of chromaffin cell-expressed genes that are
responsible for crucial aspects of catecholamine biology. We then collected
biochemical phenotypes reflecting the protein products (i.e., enzymes) of these genes,
as well as the intermediates synthesized by them. Subsequently, linkage mapping was
performed for both sets of phenotypes (i.e., transcript levels and biochemical traits).
Several quantitative trait loci (QTLs) were detected, which suggested a regulatory
network of cis- and frans-acting loci. Positional candidates from QTL regions were re-
sequenced in the progenitor strains to discover specific DNA sequence variants which

were subsequently tested for their functional significance by transfection. Correlation
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of key catecholamine biosynthetic enzymes with systolic blood pressure and heart rate

was established.

MATERIAL AND METHODS

Animals

HXB/BXH recombinant inbred (RI) strains were produced by inbreeding
between F2 generation resulting from a sex-reciprocal cross of two highly inbred
strains: BN.Lx (BN.Lx/Cub) and SHR (SHR/Ola)**** (see Chapter 1, page 12). In this
study, 29 RI strains (HXB and BXH) at F¢y were used. Animals were housed in an air-
conditioned animal facility and allowed free access to standard laboratory chow and
water. All experiments were done in agreement with the Animal Protection Law of the
Czech Republic (311/1997) and were approved by the Ethics Committee of the
Institute of Physiology, Czech Academy of Sciences, Prague. Males were killed by
cervical dislocation at 6 weeks of age. At this age, hypertension is only incipient and
therefore this increases the likelihood of separating the causative pathogenetic

mechanism from the consequential effects of fully developed hypertension.

Tissues for gene expression profiling, biochemical profiling, and qRT-PCR

validation

The animal material originated from two separate tissue harvests: 1) adrenal
glands harvested for global gene expression profiling, and 2) adrenal glands harvested
for biochemical phenotyping and RT-PCR verification of gene expression profiling

data. Both sets consisted of tissue harvested from the same HXB/BXH RI strains, but
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on two separate occasions, and thus from different individual members of the
respective RI strains. The sets were similar in size: 29 Rl strains, 2 progenitor strains,

4-6 individuals per strain.

Gene expression profiling

HXB/BXH RI strains were profiled for gene expression in adrenal tissue using
the Affymetrix Gene Chip array RAE 230A (Affymetrix, Santa Clara, California,
USA). The original experimental design is discussed in Hiibner et al.’* and Petretto et
al.'”. We used a total of 124 microarrays: four animals x 31 (i.e., 29 RI strains +
progenitor strains). cCRNA was labelled and run on RAE 230A Affymetrix GeneChip
arrays (number of transcripts 15,923). Gene expression summary values for Gene Chip
data were computed using the Robust Multichip Average algorithm'®*. The adrenal

dataset has been submitted to ArrayExpress and an ArrayExpress identifier is pending.

Biochemical profiling

Adrenal glands were harvested, immediately frozen and stored at —80°C. From each
pair of adrenal glands per harvested animal, one adrenal was used for biochemical
phenotyping and the other was used to extract mRNA for RT-PCR validation of
microarray data. Adrenal glands for biochemical phenotyping were homogenized in
1.9 ml of 10 mM MES buffer (pH=6.0) using a Tissuemizer (Tekmar, Cincinnati,
OH). Frozen adrenals were placed into precooled (4°C) buffer, homogenized, spun at
13 000 G for 1 minute to clear debris, the supernatants divided into aliquots and

placed immediately on dry ice to freeze. Aliquots were stored at —80°C. The following
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analyses were performed in aliquots of adrenal homogenates: Dbh spectrophotometric
enzymatic activity assay'”’, Pnmt enzymatic activity assay'*®, radioenzymatic

catecholamine assay based on O-methylationm’108

, corticosterone assay (competitive
immunoassay, Assay Designs, Inc., Ann Arbor, MI, USA); in plasma, catecholamines
(dopamine, norepinephrine, epinephrine) were measured by radioenzymatic assay

107,108

based on O-methylation . Results were normalized to mg wet weight or mg

protein.

Validation of microarray data by qRT-PCR

Total RNA was prepared from the freshly frozen adrenal glands of the
progenitor strains (median yield: 55 pg/one adrenal gland). RNA was extracted by the
RNAZzol (guanidinium thiocyanate) method (TelTest, Friendswood, TX), followed by
RNAse-free DNAsel (Qiagen, Valencia, CA) treatment (to eliminate residual genomic
DNA). Integrity of the RNA was confirmed by the appearance of 28S and 18S rRNA
bands on ethidium bromide-stained gels. Total RNA was quantitated using a
Ribogreen Quantitation kit (Molecular Probes - Invitrogen). First strand cDNA was
prepared from 1 pug of total RNA template by reverse transcription with the
“SuperScript™ first-strand synthesis system for RT-PCR”, using SuperScript 11
reverse transcriptase (Invitrogen; Carlsbad, CA), and random hexamer primers.
Samples were randomized. RT-PCR was performed using real-time TagMan
technology with a Sequence Detection System, model 7700 (Perkin Elmer) and
fluorescent plate reader, using the Amplifluor™ universal detection system

(Serologicals Corporation; Norcross, GA). Quantitative RT-PCR primers for Th, Ddc,
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Dbh and Pnmt were designed using Primer Express V.2.0 (PE Applied Biosystems,
Foster City, CA, USA). For primer detail see Appendix 2. Normalization was
performed by quantitating the endogenous 18S rRNA and transcript abundance

expressed as fold modulation over 18s rRNA.

Microarray analysis and pathway annotation

Affymetrix RAE 230A GeneChip data were analyzed for the differentially
expressed genes in the progenitor strains (SHR and BN.Lx) using parametric (#-test)
and as well as non-parametric (Mann-Whitney U) tests. Pathways, in which the
differentially expressed genes are involved, were identified using Kyoto Encyclopedia
of Genes and Genomes (KEGG, www.genome.jp/kegg) and annotated with Gene Map

Annotator and Pathway Profiler (GenMAPP 2.1, www.genmapp.org)'”.

Blood pressure measurement

Arterial blood pressure and heart rate were measured using radiotelemetry in
12 week old unanesthetized, unrestrained males from the progenitor SHR and BN.Lx
strains and from RI strains (N=6-8 males per strain). All rats were allowed to recover
for at least 7 days after surgical implantation of radiotelemetry transducers (Data
Sciences International, Inc) before the start of blood pressure recordings. Pulsatile
pressures were recorded in 5-second bursts every 10 minutes throughout the day and
night and 12- and 24-hour averages for systolic and diastolic arterial blood pressures
were calculated for each rat for a one week period. The results from each rat in the

same group were then averaged to obtain the group means.
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Statistical analysis and heritability calculation

Phenotype data were checked for outliers using a method described by
Grubbs'' and optimized for 3-7 observations, corresponding to the number of
individual rats within each strain. Data from all ~150 samples were grouped according
to strain resulting in 31 groups (29 RI strains + 2 progenitors). 7-tests were performed
to detect significant differences between the progenitor strains. Heritability (H°) for
gene expression profiles and biochemical phenotypes was calculated using a technique
that has been designed for use in RI strains that corrects for the inbreeding incurred
during the RI strain production''’. Because H” calculated in a traditional way (V/Vp)
tends to be overestimated when compared to H’ obtained from F2 population, to
obtain an F2 comparable estimate, the H” was calculated as (Vp — Ve)/(Vp + V).
Pearson’s product-moment correlation and Spearman’s rank correlation coefficients

were computed to assess the degree of correlation among phenotypes.

Normalized Ratio (/VR)

NR is used here to compare biochemical phenotype means and gene expression
profile means for the two progenitor strains, the SHR and the BN.Lx. It is a variant of
the simple fold-change value, e.g., [SHR]/[BN.Lx], but it transforms the values
between 0 and 1 into values between —INF(infinity) and —1 by inverting them and
multiplying by negative one. It is calculated as follows: if [SHR] > [BN.Lx], then
NR = [SHRJ/[BN.Lx]; if [SHR] < [BN.Lx], then NR = —[BN.Lx]/[SHR]. The main

advantage of NR is its symmetry about zero.
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QTL analysis

Revised linkage map of the HXB/BXH RI set (Chapter 2) with new SNP
genotypes’' was employed to perform genome-wide scans to detect QTLs for
measured biochemical phenotypes using QTL Cartographer''> and Map Manager
QTX*, and to detect expression QTLs using QTL Reaper' " software packages.
Permutation analysis''* was carried out to assess the probabilistic significance of the
linkages and to correct for multiple testing across genetic markers to obtain a genome-
wide corrected P-value. To estimate the size of the chromosomal segment that, with a
95% confidence, contains detected QTLs (95% CI), two complementary strategies
were implemented: the 2-LOD support interval method'"” and the bootstrap test''°.
The bootstrap test estimates a confidence interval by creating multiple bootstrap
datasets by randomly choosing strains with replacement from the original RI set; each
bootstrap dataset is then used for QTL mapping, and the location of the strongest QTL
for each set is recorded. Here, 200 bootstrap datasets per phenotype were used. These
locations are summarized in a histogram that shows the size of the region in which the

QTL would be expected to be found.

Definition of cis- and frans-acting eQTLs

Cis-eQTLs were defined as eQTLs that map within 10 Mbp of the physical
location of the probe set on the genomic sequence (20 Mbp total window size). Other
eQTLs were defined as acting in trans. Physical locations of probe sets were

downloaded from the UCSC Genome Browser website <http://genome.ucsc.edu>.
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DNA extraction for re-sequencing

The progenitors of the HXB/BXH recombinant inbred strains, the Brown
Norway rat (BN.Lx/Cub) and the Spontaneously Hypertensive Rat (SHR/Ola) were
used. Liver was collected from one male per each strain at 6 weeks of age. Progenitor
strain DNA was extracted from liver tissue using the DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA) and adhering to the manufacturer’s protocol. To eliminate

residual RNA, samples were treated with RNase A (Qiagen, Valencia, CA).

Polymorphism discovery at the Pnmt and Dbh genes in the SHR and BN.Lx

strains

The progenitors of the HXB/BXH recombinant inbred strains, the Brown
Norway rat (BN.Lx/Cub) and the Spontaneously Hypertensive Rat (SHR/Ola) were
used. Liver was collected from one male per each strain at 6 weeks of age. Progenitor
strain DNA was extracted from liver tissue using the DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA) and adhering to the manufacturer’s protocol. To eliminate
residual RNA, samples were treated with RNase A (Qiagen, Valencia, CA). Primer3'"’
web-based application was used to design PCR primers for amplification of ~800 bp-
long overlapping segments, spanning all exons, exon/intron borders, ~1.75 kbp of
proximal promoter, and ~1.75 kbp of the 3' [downstream] sequence of the Dbh gene.
However, in the case of Pnmt, the extent of re-sequencing was limited by the extent of
known genomic sequence (gb: X75333.1; gi: 414186) in this locus, resulting in only
~1000 bp upstream and ~100 bp downstream segment re-sequenced. Primer sequences

are listed in Appendix 3 for Dbk and Appendix 4 for Pnmt. Initial amplification to
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enhance the target sequences was carried out in 25ul PCR reactions containing 25 ng
genomic DNA, 2 mM MgCl2, 10 mM Tris HCI, 200 uM dNTP, 0.5 U Amplitaq Gold
DNA Polymerase (PE Applied Biosystems, Foster City, CA, USA) and 50 pmol of
each primer. PCR was performed by Peltier Tetrad Thermal Cycler (MJ Research,
Watertown, MA). The Touchdown Profile program (MJ Research) was used, which
begins at annealing temperatures of 66 °C and runs down to 50 °C at 1 °C/cycle for
the first 16 PCR cycles, followed by a uniform three-step amplification profile (94 °C
denaturing step for 30 s, 50 °C annealing step for 30 s, 72 °C extension step for 30 s)
for another 24 cycles, finally holding at 10 °C. Enzymatic purification (Exo-SAP) was
then pursued using Exonuclease I (Fermentas Inc., Ontario, Canada) and Shrimp
Alkaline Phosphatase (Fermentas Inc., Ontario, Canada). 15ul of each PCR product
was mixed with 0.225 pl of Exonuclease I (20 U/ul), 1.2 ul of SAP (1 U/pl) und 4.35
pl of water. The Exo-SAP program (MJ Research) was used, which runs at 37 °C for
30 min., followed by 15 min. at 85 °C. The cycle-sequencing reaction was performed
following the Big Dye Terminator Version 3.1 (PE Applied Biosystems, Foster City,
CA, USA) protocol on 2.5 pul of the template (Exo-SAP product), using either the
forward or the reverse primer for the Big Dye amplification origin. The cycle-
sequencing reaction was subsequently performed with both primers to achieve better
coverage. The cycle-sequencing reaction program begun at 96 °C for 1 min., followed
by a uniform three-step amplification profile (96 °C denaturing step for 10 s, 50 °C
annealing step for 5 s, 60 °C extension step for 4 min.) for another 29 cycles, holding

at 4 °C. Finally, the product of the cycle-sequencing reaction was purified on soaked
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Sephadex G50-50 beads (Sigma-Aldrich, St. Louis, MO, USA), and placed in
multiscreen filtration plates (Fisher Scientific, Pittsburgh, PA, USA). After spinning
into clean plates, loading dye was added and samples were then loaded into a ABI
PRISM 3100 capillary DNA Analyzer (PE Applied Biosystems) according to the

manufacturer’s instructions.

Pyrosequencing

Single nucleotide polymorphisms at Dbh T—550G and Pnmt T—529C were
scored using pyrosequencing (Biotage, Charlottesville, VA, USA), performed
according to described protocol''®. Primers were designed using the PSQ Assay
Design software (Biotage) and ordered from Sigma-Proligo (http://www.proligo.com).
For primer sequences see Appendix 7. A PCR product from each sample was
generated in a 10 pl reaction containing 1x AmpliTaq Gold Master Mix, 2 U of
AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA), 250 u M dNTPs, 0.25
uM forward primer, 0.25 uM reverse primer, and 5 pl of bisulphite-modified sample
DNA. The amplifications were carried out at 95 °C for 10 min, followed by a six-
cycle touchdown PCR protocol of 95 °C for 1 min, 63 °C for 1 min with —1 °C for
each cycle to 58 °C, and 72 °C for 1 min. This was followed by 44 cycles at 95 °C for
1 min, 60 °C for 1 min, 72 °C for 1 min, and a 10 min extension at 72 °C. Single-
stranded DNA of 10 pl of each PCR sample was generated following the PSQ 96
sample preparation guide using a vacuum filtration sample device following the
manufacturer's instructions (Biotage). The single-stranded product was annealed to 0.4

uM of the sequencing primer placed at 85 °C for 2 min and cooled to room
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temperature for 5 min. Pyrosequencing was performed on a PSQ96 HS 96A system
(Biotage) with the Pyro Gold Reagent kit (Biotage) according to the manufacturer's

instructions.

Sequence analysis

Output data from the ABI PRISM 3100 DNA Analyzer were read by the
BioEdit sequence alignment editor (Ibis Therapeutics, Carlsbad, CA, USA). SHR and
BN.Lx sequences were aligned and between-strain polymorphisms identified.
MacVector (MacVector, Inc., Cary, NC, USA) was used to analyze the sequence for

differences in transcription factor binding sites resulting from such polymorphisms.

Candidate gene promoter/reporter transfection assay
Construction of the promoter/reporter plasmids: Primer3'"’
<http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi> was used to design PCR
primers to amplify a ~1.1 kb fragment of Dbh proximal promoter, or a ~1 kb fragment
of the Pnmt proximal promoter from genomic DNA of the SHR and BN.Lx.
Computational sequence analysis of the Dbh and Pnmt promoters revealed the absence
of Sacl and Xhol restriction enzyme sites. Therefore, a Sacl (5’-GAGCTC-3") or Xhol
(5’-CTCGAG-3’) restriction enzyme site was inserted in the 5’-end of the forward and
reverse PCR primers to allow cloning. The resulting primer sequences are detailed in
Appendix 8. The Dbh or Pnmt promoters were PCR amplified from SHR and BN.Lx

genomic DNA and subsequently digested with Sacl and Xhol. T4 DNA ligase

(Invitrogen) was used to insert the promoter fragments between the Sacl and Xhol
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sites in the polylinker region of the firefly luciferase reporter vector, pGL3-Basic
(Promega, Madison, WI), which lacks eukaryotic promoter and enhancer sequences,
and contains the cDNA for firefly luciferase. Creation of single nucleotide
polymorphism (SNP) variants of the Pnmt promoter/luciferase reporter constructs was
accomplished using the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). Correct insertion of the promoters was confirmed by DNA sequencing.
Plasmid DNA for transfection was prepared and purified using the QIAfilter Plasmid
Midi Kit (Qiagen, Valencia, CA).

Transfection of the promoter/reporter constructs: Rat PC12 pheochromocytoma
cells [grown in DMEM high glucose (Invitrogen) with 5% heat-inactivated fetal
bovine serum (Gemini Bioproducts, Woodland, CA), 10% heat-inactivated horse
serum (Gemini Bioproducts), penicillin (100 U/ml), streptomycin (100 pg/ml), and L-
glutamine (0.292 mg/ml)] were transfected (at 50-60% confluence, 1 day after
splitting 1:4) with Dbh or Pnmt promoter reporter plasmid DNA [1 ug supercoiled
DNA per well; 12-well polystyrene plates (coated with poly-L-lysine; Sigma), 2.2-cm
diameter wells, Corning Inc., Corning, NY] using the liposome method (Superfect;
Qiagen). Cells were incubated with or without dexamethasone (different
concentrations: 1nM, 10nM, or 100nM) (Calbiochem), 100 nM pituitary adenylate
cyclase-activating peptide (PACAP) (ovine; Calbiochem), or 1 mM nicotine (Sigma).
Cells were lysed 16 hours after transfection with lysis buffer (300 uL per well) [0.1 M
phosphate buffer (K2ZHPO4 + KH2PO4) (pH 7.8), | mM DTT, and 0.1% Triton-X

100].



61

Luciferase reporter activity assay: The bioluminescent activity of luciferase in
80 uL of transfected cell lysates was determined using the AutoLumat LB 953
luminometer (EG&G Berthold, Nashua, NH) to measure light emission (incubation
time = 0 seconds, measure time = 10 seconds, temperature = 25°C) after addition of
assay buffer [100 pl per sample; 100 mM Tris-acetate (pH 7.8), 10 mM Mg-acetate, 1
mM EDTA (pH 8.0), 3 mM ATP, and 100 uM luciferin (Sigma-Aldrich)]. As a
control for varying cell number within individual wells, the total protein content was
measured in the cell lysate using the Bio-Rad Protein Assay (coomassie blue dye
absorbance shift; based on the Bradford method) (Bio-Rad, Hercules, CA). Luciferase
activity in the cell lysate is expressed as the normalized ratio of (luciferase

activity)/(total protein content) or (RLU/ug protein).

Pnmt alternative splicing assay

Primer3'!” application was used to design forward (5’-
CCTCAACAGGAGCATGGAC-3’) and reverse (5°-
GCTGGGGACTGTTACTTTATTAGG-3") PCR primers that target the first and last
exons of the Pnmt gene, and amplify a 937-bp fragment of full-length Pnmt mRNA.
PCR was performed using 10ng of adrenal, first-strand cDNA (SHR or BN.Ix), 1.5
mM Mg2+, 0.2 uM forward primer, 0.2 uM reverse primer, 0.2 mM dNTPs, and 2.5 U
HotStarTaq (Qiagen, Valencia, CA). PCR amplicons were separated by

electrophoresis in a 0.8% agarose gel and visualized with ethidium bromide.
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RESULTS

Gene expression differences in hypertension candidate genes

A total of 211 adrenal gene expression profiles of hypertension candidate
genes from Affymetrix RAE230A were examined for heritable differences in
transcript levels in the RI strains (see Figure 3—1). Candidate genes were grouped
according to their function and/or pathway to which they belong. For each expressed
gene, heritability (H?), normalized ratio (NR) and -test were calculated. 125
hypertension candidate genes were found expressed in the adrenal dataset, with 64 of
those exhibiting heritable gene expression with H” > 20%. Catecholaminergic genes
stood out as the most represented group with 13 out of the 64 heritable transcripts (see
Figure 3-2). Some of them exhibited significant progenitor differences (6 genes), and
those were uniformly in the direction of underexpression in the SHR. Gene expression
levels for all four catecholamine biosynthetic enzymes - Th, Ddc, Dbh and Pnmt -
were highly heritable (H > 60% for Ddc, Dbh and Pnmt, H® ~ 50% for Th) and, with
the exception of Pnmit, also significantly underexpressed in the SHR. Other
significantly SHR-underexpressed genes with heritable transcripts included vesicle-
associated membrane protein 1 (Vampl), neuropeptide Y (Npy) and catechol-O-
methyltransferase (Comt). Gene transcript levels for catecholamine biosynthetic
enzymes (Th, Ddc, Dbh, Pnmt) and granins (Chga, Chgb, Scg2) from the microarray
data were validated by quantitative real-time reverse transcription-polymerase chain
reaction (qQRT-PCR) in tissues from a separate harvesting of age and sex- matched

progenitors (see Figure 3-3). Significant differences were confirmed for 74, Ddc and
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Dbh gene expression, with all three genes showing underexpression in SHR compared

to BN.Lx.

Enzymatic activity of Dbh and Pnmt in adrenal medulla

To explore whether differences in mRNA levels across the RI panel translate
into differences in enzyme activities, Dbh and Pnmt were assayed in adrenal gland
homogenate (Figure 3—4). Results are summarized in Table 3—1. Compared to the
BN.Lx, the activity of both enzymes was significantly decreased in the SHR. Dbh
exhibited nearly a two-fold decrease (VR = —1.8, P = 0.003), with H” = 46% in the RI
strains. Pnmt enzyme activity showed a smaller (VR = —1.3) but significant

(P =0.001) decrease in the SHR, with H” = 34%.

Adrenal catecholamine content

Dbh and Pnmt are involved in the two final steps of catecholamine
biosynthesis in the chromaffin cell. In order to investigate the effect of Dbh and Pnmt
activity changes on catecholamine concentrations, their respective substrates and
products, i.e. dopamine (DA), norepinephrine (NE) and epinephrine (EPI), were
measured in adrenal tissue of the RI strains and their progenitors (Figure 3-5). Results
are summarized in Table 3—1. SHR DA content was significantly increased (NR = 1.4,
P =0.048), whereas NE was significantly decreased (NR =—1.4, P = 0.002), when
compared to the BN.Lx. EPI content did not show differences between the parental
strains. Adrenal DA demonstrates much higher heritability (H* = 63%) then NE, or

EPI (H° = 35% and H” = 36%, respectively). Corticosterone is known to stimulate the
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gene expression of Pnmt, and to a lesser degree Dbh as well. Adrenal tissue
corticosterone content was significantly different between the progenitors, with
NR =19 and P=0.001. However, the H? of adrenal corticosterone content in the RI

strains was only 13%.

Correlations among biochemical, physiological and gene expression phenotypes

To examine the extent to which biochemical phenotypes, transcript levels and
cardiovascular physiological phenotypes are codetermined in the RI panel, Spearman's
rank correlations (p) were performed. The results can be found in Table 3—1. Adrenal
DA, NE and EPI were significantly correlated across the RI panel. Adrenal DA
content was negatively correlated (p = —0.408, P = 0.031) with adrenal Dbh activity.
Adrenal EPI correlated positively with adrenal Pnmt (p = 0.429, P =0.023). Dbh
transcript abundance (probeset ID 1370564 at) was significantly positively
(p =0.570, P=0.002) correlated with the adrenal Dbh enzyme activity. There was
also a significant negative (p = —0.551, P = 0.002) correlation between Dbh transcript
abundance and adrenal tissue DA concentration. Pnmt transcript abundance (probeset
ID 1371054 _at) correlated positively (p = 0.436, P = 0.02) with adrenal Pnmt enzyme

activity. Cardiovascular phenotypes were measured in the RI strains at age 12 weeks
using telemetry. Dbh enzymatic activity was negatively correlated with systolic blood

pressure (p =—0.476, P = 0.01). Pnmt enzyme activity was negatively correlated with
heart rate (p = —0.383, P =0.044), as was adrenal EPI (p = —0.550, P =0.002) and DA

(p =—0.382, P = 0.045).
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Mapping QTLs for chromaffin cell-expressed genes

Gene transcripts (obtained from microarrays) of chromaffin cell-expressed
genes with heritable transcript level variation were treated as quantitative traits and
subjected to expression quantitative trait locus (eQTL) mapping. The results are
summarized in Table 3-3. There were a total of six significant (including marginally
significant) eQTLs (bolded P-values in Table 3—3). Uniformly for each of these QTLs,
the SHR allele at the eQTL peak locus was associated with a decrease in transcript
level. Cis- and trans-eQTLs were determined by examining the relative position of a
gene and its associated eQTL. Cis-eQTLs were mapped for Dbh, Pnmt and Vamp,
whereas trans-eQTLs were detected for Ddc, Vmatl Chga transcripts.

The Vamp1 cis-eQTL mapped to chromosome 4 at 152-173 Mbp (95% CI),
with a peak LOD = 3.50 and P = 0.072, explaining ~ 43% of the transcript abundance
variability (see Figure 3—6). Ddc trans-eQTL mapped to chromosome 14 at 30-68
Mbp (95% CI), with a peak LOD = 3.43 and P = 0.040, explaining 42% of the
transcript abundance variability.

Results of integrative analysis of transcript abundance and biochemical
parameters for Dbh and Pnmt are described in the following two subheadings. Vmat1
and Chga trans-eQTLs co-localized with Pnmt cis-eQTL and are described together

with Pnmit.
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QTLs for adrenal Dbh transcript, Dbh activity and DA concentration cluster on
RNO 3p12

A Dbh cis-eQTL mapped to chromosome 3 at 1-14 Mbp (95% CI), with a peak
LOD =5.58 and P = 0.0061, explaining 60% of the Dbh transcript variability (see
Figure 3—7A, red curve). Dbh enzyme activity in adrenal tissue mapped to
chromosome 3 at 1-12 Mbp (95% CI), LOD =4.73 and P = 0.0031 (see Figure 3-7A,
blue curve). The QTL explains 54% of the variability in Dbh enzyme activity (see
Figure 3—7B, blue curve). The SHR allele at the peak locus was associated with a
decrease in phenotypic value for Dbk transcript as well as Dbh enzyme activity.
Adrenal DA concentration mapped to chromosome 3 at 2-14 Mbp (95% CI), with a
peak LOD =4.26 and P = 0.0354 (see Figure 3—7A, green curve). The QTL explains
50% of adrenal DA concentration variability and the SHR allele at the peak locus was
associated with an increase in adrenal DA (see Figure 3—7B, green curve). It is
important to note that the QTL confidence intervals for adrenal DA, Dbh activity, and

Dbh transcript are nearly identical, and contain the Dbh gene (see Figure 3—7A+C).

Genetical genomics analysis of adrenal dopamine concentration

To follow-up on the adrenal DA QTL and search, in an unbiased manner, for a
positional candidate gene that could explain the observed inter-strain differences, the
concept of genetical genomics® was applied, seeking functionally-related cis-eQTL
genes within the confidence interval for the adrenal DA QTL. Because the 95% CI for
adrenal DA QTL covers the majority of the short arm of chromosome 3 (RNO 3p), all

genes physically located on RNO 3p were considered in this analysis to prevent a type
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IT error owing to distortion in the genetic map due to positive crossover interference

119
around centromeres

. Affymetrix RAE 230A microarray contains probes for 233
genes mapping to RNO 3p. Of those, 149 showed detectable expression in at least one
RI strain. The remaining 84 genes were considered not expressed in the adrenal tissue
of the RI strains and disregarded for further analysis. The transcript levels of the 149
expressed genes were then treated as quantitative traits and eQTLs for those
transcripts were mapped. A total of 13 transcripts exhibited significant cis-eQTLs
(Table 3—4), thus qualifying as potential positional candidate genes. These 13
candidate genes were then examined for functional relationships with catecholamine
metabolism using publicly accessible databases PubMed <www.pubmed.gov> and
Kegg Pathway <www.genome.jp/kegg/ pathway.html>. Emerging from this analysis,
the most parsimonious candidate, which could directly explain the observed inter-
strain differences in adrenal dopamine concentration, was Dbh, for which dopamine is

the natural substrate. This is further supported by the significant negative correlation

between Dbh transcript abundance and DA concentration (see Table 3-2).

Regulation of Pnmt, Chga and Vmatl from the Pnmt locus on chromosome 10q31
The Pnmt cis-eQTL is located on chromosome 10 at 81-101 Mbp (95% CI),

with a peak LOD =2.95, P = 0.049, and explains 36% of the Pnmt transcript

variability (see Figure 3—8A, red curve). Pnmt enzyme activity also demonstrated

linkage to chromosome 10 at 81-102 Mbp (95% CI), with a peak LOD = 3.97 and

P =0.003 (see Figure 3—8A, blue curve). The QTL explains 48% of Pnmt enzyme

activity variability. For both the Pnmt transcript abundance and the Pnmt enzyme
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activity, the SHR allele at the peak locus was associated with a decrease in trait value.
Because of the bimodal distribution of the LOD scores (most likely due to linkage
disequilibrium within RNO 10), bootstrap tests were also performed. The results
suggested that the evidence for linkage was most pronounced in the more telomeric
peak, which we therefore regarded as the most likely position for the QTL. The 95%
CI for these LOD peaks contain the Pnmt promoter SNP T—529C (see Figure 3—
8A+B).

Both Vmatl and Chga expression profiles mapped to the Pnmt region (see
Figure 3—8A). Vmatl trans-eQTL mapped to chromosome 10 at 82-101 Mbp (95%
CI), with a peak LOD = 3.33, P = 0.041, and with 43% of transcript variability
attributable to the eQTL. Chga trans-eQTL mapped to chromosome 10 at 80-104 Mbp
(95% CI), with a peak LOD = 3.50 and P = 0.093, explaining 35% of the transcript
abundance variability. Importantly, this confidence interval contains the Pnmt gene,
marked by the promoter SNP T—529C, and is nearly identical with the confidence
intervals for Pnmt, Vmatl and Chga eQTLs reported above. The SHR allele at the
peak locus was associated with a decrease in transcript levels for both Vmatl and

Chga.

Polymorphism discovery in the Dbh and the Pnmt genes
Systematic discovery of sequence polymorphism in Dbk and Pnmt between
SHR and BN.Lx strains by re-sequencing yielded several single nucleotide

polymorphisms (SNPs) and one insertion/deletion (in/del). The results are described
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below. Numbers refer to the bp distance from the CAP site; nucleotide change is given
as BN.Lx = SHR.

Re-sequencing in the Dbh gene (see Figure 3-9) revealed 8 variants, all of
them SNPs: 3 in the promoter region (T—892G, T-885C and T-551G), 4 in the
intronic regions (G2354A, T2513G, G4258T and A15184G), and 1 located
downstream of the 3’UTR (G18530A). For the full Dbh sequence see Appendix 5.

Re-sequencing in the Pnmt gene (see Figure 3—10) showed 7 variants: 4 SNPs
(T—529C, T-404C, C-396T and C—351T) and 1 in/del (—457 A/-) in the promoter
region, I SNP in exon 1 (A209G, synonymous at codon 63, Ala63Ala), and 1 SNP in
exon 3 (T1475C, coding for a non-synonymous amino acid change Val285Ala). For
the full Pnmt sequence see Appendix 6.

All non-coding SNPs were located outside the highly conserved regions across
species <http://genome.ucsc.edu>. The non-synonymous coding SNP T1475C
identified in Pnmt, exon 3, alters the enzyme’s last amino acid from valine to alanine.
However, this substitution is outside the catalytic domains and is thus likely to be

120
neutral ~".

In-vitro studies on Dbh and Pnmt promoter polymorphism function
Bioluminescent activity of luciferase was measured in rat PC12
pheochromocytoma cells transfected with Dbh or Pnmt promoter/ luciferase reporter
plasmids, with or without stimulation by secretagogues. For each gene, two variants,
which differed in the SNPs identified between SHR and BN.Lx, were tested and

compared. Dbh promoter SNPs did not cause significantly different expression of the
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luciferase reporter under several conditions (see Figure 3—11). Pnmt promoter SNPs,
however, demonstrated a significant functional effect evident after stimulation with
dexamethasone, resulting in a lesser increase of luciferase expression in the cells
carrying the SHR promoter variant (see Figure 3—12A), congruent with the directional
changes of the Pnmt biochemical phenotype. This was replicated in a separate

experiment, proving a dose-dependent effect (see Figure 3—12B).

Analysis of QTLs previously mapped to genomic regions supporting the Dbh and
Pnmt QTLs

To explore the extent to which cardiovascular phenotypes studied by others are
linked to chromosomal regions delimited by the 95% confidence intervals for the Dbh
and Pnmt QTLs reported here, the Rat Genome Database <http://rgd.mcw.edu> was
searched. The results of this analysis are summarized in Table 3—5 for Dbh and in
Table 3—6 for Pnmt.

In the Dbh region, a total of 17 QTLs overlap wholly, or in part, with the
interval spanning 1-14 Mbp, which corresponds to the conflated 95% Cls for the three
QTLs on chromosome 3 (Figure 3—7D). There are 14 cardiovascular QTLs (8 blood
pressure, 4 cardiac mass, 1 heart rate, 1 for aerobic running capacity), 2 for alcohol
consumption and 1 for body weight. QTL symbols, progenitor strains of the
populations in which QTLs were mapped, genomic positions, LOD scores and/or P-
values are detailed in Table 3-5.

In the Pnmt region, a total of 27 QTLs overlap wholly, or in part, with the

interval 81 — 104 Mbp corresponding to the conflated 95% Cls for the four QTLs on
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chromosome 10 (Figure 3—8C). There are 20 blood pressure QTLs, 4 cardiac mass
QTLs, 2 stress response QTLs and 1 heart rate QTL. QTL symbols, progenitor strains
of the mapping populations, genomic positions, LOD scores and/or P-values are

detailed in Table 3-6.

Pnmt alternative splicing

Finding no difference in Pnmt expression levels combined with significant
difference in Pnmt enzyme activity between SHR and BN.Ix led us to testing the
possibility of alternative splicing of the Pnmt pre-mRNA. However, no difference in

length of Pnmt cDNA fragments was found by gel separation.

DISCUSSION

Overview

We have taken an integrative approach to the hereditary basis of complex
traits, utilizing both gene expression and protein-level phenotypes to identify sequence
variations that influence catecholamine biosynthesis and storage. Our study focused on
heritable gene expression and biochemical traits of the sympathoadrenal system that
may shed light on the genetic basis of cardiovascular pathology observed in the SHR.
We utilized the HXB/BXH RI population to follow the segregation of these traits
among strains of varying genetic makeup. The genetic determinants of regulatory
networks in the chromaffin cell of the adrenal medulla were examined by linkage
analysis. Through integration of gene expression profiling, biochemical phenotyping

and quantitative trait locus mapping, cis-acting regulatory mechanisms were identified
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for the Dbh, Pnmt and Vamp1 genes (see Figure 3-2). Analysis of tissue
catecholamine concentrations and enzyme activities corroborated these findings for
Dbh and Pnmt and provided a more complete picture of relevant regulatory networks
and the interplay between various genes involved in catecholamine biosynthesis.
Genetic variants were discovered in Dbk and Pnmt, which were subsequently tested in
vitro for functional effects. The Pnmt locus also appeared to trans-regulate two
additional genes, Chga and Vmatl, both being functionally linked with Pnmt.

Vampl is a small integral membrane protein of secretory granules that plays a
key role in membrane fusion and exocytosis'?'. The cis-mediated decrease in Vampl
expression described here is likely to result in changes in catecholamine secretion rate.
To establish such effect, precise measurement of blood catecholamines would be
required. In this study, we did not pursue this line of research. However, it is important
to note that a decrease in Vamp! transcript was associated with the SHR allele — a

common observation in other findings reported here.

Dbh regulation and dopamine concentration in the adrenal gland

Dbh transcript levels positively correlated with Dbh tissue activity (Table 3-2),
suggesting that the source of the observed biochemical trait variation lies with
differences in gene expression/mRNA stability, rather than enzyme structure. QTL
analysis of both gene expression and biochemical data yielded highly significant,
overlapping QTLs centered on the Dbh gene on chr 3 at 6 Mbp, implying that the
differential gene expression is regulated in cis (see Figure 3—7). The SHR allele was

associated with a lower value for both of these traits, accompanied by an increase in
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DA, which is a substrate for Dbh. Viewed from a pathway perspective, increased DA
can result either from an increase in quantity or turnover of the upstream enzymes (Th,
Ddc), or from a decrease in quantity or turnover of the downstream enzymes (Dbh,
Pnmt). Because DA concentration was negatively correlated with Dbh tissue activity,
as well as with Dbh mRNA levels, the most parsimonious explanation of these
findings is that decreased Db/ gene expression leads to decreased enzyme level, which
in turn results in DA accumulation in the adrenal tissue of the SHR. This is further
supported by a QTL for DA tissue concentration mapping to precisely the same region
as the Dbh QTLs, but with an opposite allelic association. In addition, a search for
dopamine metabolism-related cis-eQTL genes was performed within the dopamine
QTL region, taking advantage of the adrenal gene expression profiling data (Table 3—
4). This search yielded only one plausible candidate — Dbh. Furthermore, in the
adrenals of the SHR the Dbh transcript abundance shows the lowest levels (by RT-
PCR) of all catecholamine biosynthetic enzymes — about half the value for 7% that is
traditionally considered the rate-limiting step in catecholamine biosynthesis. In
contrast, the Dbh and Th levels are comparable in BN.Lx (see Figure 3-3).

We therefore propose that lower Dbh in the young SHR presents a
“bottleneck” in catecholamine biosynthesis, leading to DA accumulation (and
catecholamine depletion) in adrenergic cells, which then contributes to the
pathogenesis of hypertension. Consistent with this notion, adrenal Dbh activity and
SBP correlate negatively in the RI strains. Even though re-sequencing (see Figure 3-9)

and subsequent functional in vitro testing of discovered Dbh SNPs did not lead to
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identification of a causative sequence variant (see Figure 3—11), the evidence for Dbh
region involvement in the adrenal tissue Dbh enzyme activity, and the resulting DA
concentration changes, is strong. In addition, the Db/ region is enriched in
cardiovascular QTLs mapped in various crosses by multiple groups (see Figure 3—7D
and Table 3-5), suggesting the presence of an as-yet-to-be-identified important
cardiovascular regulatory variant in this immediate region.

The underlying functional mechanism of a strong cis-eQTL is likely to operate
in all tissues where the gene is expressed'®. This viewpoint is supported by the
findings by others of low Dbh activity in young SHR not only in adrenal glands, but

123

also in heart ventricle and spleen'??, as well as in the brain'*’. Low Dbh activity seems

to lead to increased DA, accompanied by decreased NE. Increased brain DA was

indeed described in young SHR'?*

. Dopamine systems in the brain are known to be
involved in central blood pressure control and in integrating limbic information with
cardiovascular homeostasis'>. Stimulation of the region of origin of the mesolimbic
dopamine system in the brain, the ventral tegmental area, causes a long-lasting

- - 126
increase in blood pressure

. Therefore, an increase in central DA might lead to the
development of hypertension. However, the other consequence of low central Dbh
activity, i.e. the decrease in NE, can by itself cause a rise in blood pressure. NE has an
inhibitory effect on blood pressure elevation in the nucleus tractus solitarii'>’; thus a

decrease in NE may be involved in the development and progression of hypertension

in the SHR. Decreased noradrenergic activity of sympathoinhibitory neurons in the
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anterior hypothalamus may also contribute to exacerbations of hypertension that occur
in SHR'*".
Borderline hypertensive humans, in concordance with our rat data, appear to be

characterized by increased DA coupled with Dbh suppression'*'*

. Thus, genetically
determined variation in Dbh activity, ultimately influenced by a promoter (enhancer)
variant, may affect the DA/NE ratio in various tissues, including the basal ganglia,
where such changes may have effects on central blood pressure regulation. Indeed,

naturally occurring genetic variation at the human DBH locus can have profound

effects upon blood pressure'”".

Regulation of Pnmt activity and gene expression: Chga and Vmatl co-regulation
The neurotransmitter and neurohormone EPI is a physiologically active
neuroregulator that assumes an important role in the stress response and is a major
factor in the pathogenesis of cardiovascular and neuropsychiatric illnesses'>>. The
mechanisms by which Pnmt, the biosynthetic enzyme of EPI, is genetically regulated
have been of interest in an effort to better understand the pathogenesis of these
disorders. The general Pnmt region on RNO 10 harbors many cardiovascular QTLs
implying the involvement of the region in blood pressure control (see Figure 3—8C). In
addition, significant difference in allelic frequencies of PNMT promoter SNPs were
described between hypertensive and normotensive individuals, suggesting that genetic
variation at the PNMT locus may play a role in the development of human essential

. 133,134
hypertension ™"
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Pnmt was previously examined as a hypertension candidate gene in the rat'>
but no polymorphisms were discovered between SHRSP and WKY in the Pnm¢
coding region, or the 5'- and the 3'-flanking regions. In the present study, we searched
for polymorphisms between SHR and BN.Lx strains on the grounds of the observed
differences in gene expression levels and enzyme activity, which mapped in cis (see
Figure 3-8), thus implying a causative variant in (or close to) the Pnmt genic region.
Positive correlation of Pnmt gene expression levels with Pnmt enzyme activity, the
discovery of SNP polymorphisms in the promoter, and the lack of functionally
significant polymorphism in the coding regions is consistent with changes of quantity,
rather than quality of the enzyme and point in towards differences in transcriptional
regulation. This is further supported by the discovery that promoter SNPs caused
differential gene expression in response to glucocorticoid stimulation in vitro (see
Figure 3—-12). Glucocorticoids are the main regulators of Prumt expression in vivo'°
The intra-adrenal portal vascular system provides the medulla with uniquely high
concentrations of glucocorticoids, which are needed to induce Pnmt expression
resulting in EPI synthesis'*’. Despite the significant differences in Pnmt activity
between the parental strains, we did not detect difference in the Pnmt transcript levels
between the two parental strains in this study. However, there are clear cis-acting
Pnmt transcript level-influencing allelic effects that segregate in the RI strains, as
demonstrated by the significant cis-eQTL. Variation in the Pnmt locus is therefore
likely to be functionally significant for determination of both, Pnmt transcription and

Pnmt enzymatic activity in the SHR.
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The mechanism by which a decrease in Pnmt contributes to hypertension is
elucidated by EPI-deficient, Pnmt knock-out mice'*®, which become hypertensive
under stress, possibly due to decreased central activity of vasodepressor adrenergic
neurons of the brainstem, coupled with diminished peripheral (EPI-mediated)
vasodilatation. In the present study, we did not find significant correlation between
Pnmt activity and blood pressure; however, adrenal Pnmt and its product EPI
correlated negatively with heart rate.

An integrative finding of our study is mapping of trans-eQTLs for Chga and
Vmatl to the Pnmt region. Chga is crucial for the formation of secretory granules,
within which it stabilizes catecholamines in a storage complexm. Vmatl function'*’
involves transporting DA into the secretory granule for hydroxylation by Dbh to form
NE, which is then transported by Vmatl out of the granule for methylation by Pnmt to
form EPI, which is finally transported - again by Vmat1 - into the granule for storage,
where it is stabilized by Chga (see Figure 3—2). Chga also participates in autonomic
control of blood pressure though its fragment catestatin, which causes inhibition of
cholinergic-stimulated catecholamine release. Chga knock-out results in hypertension

1

. 41 . . . . . .
in mouse , which is consistent with our results showing low Chga expression

associated with the SHR allele. VmatI has not so far been implicated in hypertension
but was found associated with neuropsychiatric diseases'**'*.
Given the functional coupling of these three genes, it is plausible to put

forward a hypothesis that Pnmt, Chga and Vmatl expression are regulated jointly by a

variant within the Pnmt locus. Our eQTL mapping results implicate the Pnm¢ genomic
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region as being central to this proposed co-regulation. Mapping the gene expression
levels of Pnmt, Chga and Vmatl to the same locus (see Figure 3-8), as well as the
uniform association of low gene expression with the SHR allele for all three genes,

seems to corroborate such co-regulation.

Conclusions and perspectives

We present evidence for simultaneous downregulation of the transcription of
five genes in the catecholamine biosynthetic pathway in the SHR. Decreased levels of
catecholamine biosynthetic genes in the SHR have been described before”™. The
novelty of our study lies in the examination of the genetic basis of gene expression
differences of these genes in the HXB/BXH RI strains and finding simultaneous
downregulation of several key genes in the young SHR. Furthermore, we established
that such downregulations are heritable traits and that decreases in transcript levels are
associated with the SHR genotype in each case. We also measured activities of Dbh
and Pnmt and found that enzyme activity mirrored gene expression in that they were
regulated in cis, implying primary, genetically regulated changes in expression of
these genes between SHR and BN.Lx. Because the tissues for microarray analysis
came from different animals from the tissues for biochemistries and RT-PCR, the
finding of co-localized expression and biochemical QTLs for Dbh and Pnmt can be
regarded as a confirmation of the genetic underpinnings of these traits. Furthermore,
the finding of differential gene expression for Dbh, Pnmt and Vampl in young SHR
supports control by inherited variants in the genic regions, rather then gene

suppression in response to longstanding blood pressure increase. The downregulation
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of these genes is therefore temporally independent of the development of
hypertension, and may contribute to the pathogenesis of blood pressure elevation,
possibly in part via central mechanisms, since catecholamines exert central

127,128

vasodepressor actions in the brain stem . These results suggest new approaches to

characterizing the role of the sympathochromaffin system in essential hypertension.
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Figure 3-1 Hypertension candidate genes: heritability of gene expression in the Rl strains and differential expression in
the SHR vs. BN.Lx progenitors. Each box represents a candidate gene referred to by its official symbol. Two different parameters
are color-coded: the transcript level heritability (#7) as computed from the RI panel is shown on the left, and the normalized ratio
(NR) for differences between the progenitors is shown on the right side of each box. Numbers next to boxes are 7-test P-values
obtained from progenitor data. Genes are grouped according to their function. Genes were selected with the help of the UCSD NHLBI
PPG Program website <elcapitan.ucsd.edu/hyper/index.html>.

4



83

GTP Chromaffin cell
Gch
Pts
Tyrosine SPr | Tetrahydrobiopterin
metabolism
BH4
[ Th q-BH4
4a-OH-BH4
L-DOPA
Granulated vesicle \
Dopamine Chil

Chgb Vamp1
Scg2 —p
Npy

Norepinephrine
Vmat1

_/

Catecholamine

Epinephrine

degradation
Maoa
Maob
Legend:
—Jp catecholamine biosynthesis Heritability in R SHR/BN.Lx NR (right)
is-eQTL Ll H2260% B NR<-2
> ciseQ | H2>40% I NRZ-1.66
—pp frans-eQTL | H2Z20 % | | NR<-1.33
L] H2<20 % LI NR~1

Gene symbol
H? Q T

NR

] Not found on RAE 230A
or not expressed

Figure 3-2 Chromaffin cell genes involved in catecholamine biosynthesis, storage,
secretion and degradation. Important chromaffin cell-expressed genes and functional
relationships between them are depicted. Two different parameters are color-coded: the
transcript level heritability (2) as computed from the RI panel and the normalized ratio
(NR) for differences between the progenitors is (on the left and right side of each box,
respectively). The red curved arrow represents the catecholamine biosynthetic pathway,
with the intermediates also in red. The blue curved arrows represent the detected gene
regulatory networks from eQTL analysis, pointing from the regulator to the regulated
gene.
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Gene expresssion data from Affymetrix RAE 230A (mean + SD)
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Figure 3-3 Adrenal gene expression levels of genes vital for catecholamine
biosynthesis and storage: Affymetrix data validated by RT-PCR. Data obtained from
Affymetrix RAE 230A microarray (A), were subsequently validated by real time-PCR in
tissues from different age and sex-matched genetically identical animals (B). Tables
underneath the graphs provide the mean values for gene expression in each progenitor,
normalized ratios (NR) computed from those means, and #-test P-values calculated from
the progenitor strain data.



85

A) Dbh enzymatic activity (mean + SD) in adrenal tissue
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Figure 3-4 Enzymatic activity of dopamine-beta hydroxylase (Dbh) and
phenylethanolamine N-methyltransferase (Pnmt) in adrenal tissue. Dbh (A) and
Pnmt (B) enzymatic activity was measured in 29 RI strains and two progenitor strains.
Strains are ordered left to right according to strain mean. Progenitor strains are
highlighted in red (SHR) and blue (BN.Lx).
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Figure 3-5 Concentration of catecholamines in adrenal tissue. Dopamine (A),
norepinephrine (B) and epinephrine (C) concentration was measured in 29 RI strains and
two progenitor strains. Bars represent strain means and error bars show standard
deviations. Progenitor strains are highlighted red (SHR) and blue (BN.Lx).
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Figure 3-6 Cis-acting expression quantitative trait locus for Vampl adrenal
transcript. The figure shows the LOD plot for Vampl transcript abundance, which peaks
over the Vamp1 gene physical location (LOD score = 3.50 and P = 0.072). The 95% CI
was estimated by 2-LOD drop (green horizontal bar = 152-173 Mbp) and by bootstrap
test (yellow vertical bars). The eQTL explains ~ 43% of the transcript abundance.
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Figure 3-7 Co-localization of physiological and expression QTLs on the short arm
of chromosome 3. A) LOD plots for dopamine tissue concentration, Dbh tissue
enzymatic activity, and Dbh gene expression are shown. Peak LOD values are given in
the inset. 95% confidence intervals (95% ClI's), determined by 2-LOD drop, are shown
beneath the peaks. B) Additive/directional effect of the SHR allele on each trait at
different RNO 3 loci is expressed as % deviation from the overall trait mean. The arrow
marks the location of the Db/ promoter SNP T-551G. C) Chromosome 3 idiogram is
provided for reference. D) Combined cross analysis of previously mapped cardiovascular
QTLs overlapping with the conflated 95% CI's for the three QTLs reported here. Each
bar represents a previously localized physiological QTL (data from http://rgd.mcw.edu).
Bar numbers refer to Table 3-5, where details for each QTL can be found.
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Figure 3-8 Co-localization of physiological and expression QTLs on chromosome 10.
A) LOD plots for adrenal Pnmt tissue enzymatic activity and Pnmt, Vmatl and Chga
transcript abundance. Peak LOD values are given in the inset. Bootstrap test results (vertical
bars) were used to estimate the 95% CI's for Pnmt tissue activity and Prmt transcript
abundance. Horizontal bars represent 2-LOD drop CI's; different traits are colored same as
the LOD plots. SHR allele at the peak locus was associated with a trait value decrease for
all four traits. The arrow points to the location of the Pnmt promoter SNP T-529G. B)
Idiogram of rat chromosome 10 is provided for reference. C) Combined cross analysis
showing previously mapped cardiovascular QTLs overlapping with the conflated 95% CI
for the QTLs reported here. Each bar represents a physiological QTL (data from
http://rgd.mcw.edu). Bar numbers refer to Table 3-6, where details can be found.
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Figure 3-9 Single nucleotide polymorphism discovery at the Dbk locus in SHR vs. BN.Lx strains. The bp distances refer to
the distance from the CAP (transcription initiation) site. Exons are rendered as boxes: grey portions are translated, while empty
portions are 5'- and 3'-untranslated. The extent of each of the 22 amplicons (spanning each exon, exon/intron border, ~1.75 kbp of
proximal promoter, and ~1.75 kbp of 3' [downstream] sequence) is represented by double-headed arrows. The solid red
arrowheads indicate the SNP positions (all variants discovered were SNPs). The nucleotide change is given as BN.Lx = SHR.
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Figure 3-10 Single nucleotide polymorphism discovery at the Pnmt locus in SHR vs. BN.Lx strains. The bp distances refer
to the distance from the CAP (transcription initiation) site. Exons are rendered as boxes: grey portions are translated, while empty
portions are 5'- and 3'-untranslated. The span of each of the 6 amplicons is represented by double-headed arrows. The solid red
arrowheads indicate the SNP positions, the green arrowhead indicates an insertion/deletion polymophism. The nucleotide change
is given as BN.Lx - SHR. Amino acid changes in coding region SNPs are given in parentheses. Blue arrowheads indicate
important trascription factor binding sites.
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O sHR 1.91 2.03 1.61 17.3
I BN.Lx 1.66 1.95 1.63 14.1
NR 1.15 1.04 -1.01 1.23
t-test P-value 0.23 0.56 0.94 0.14

Figure 3-11 Functional studies on the single nucleotide polymorphisms identified in
the Dbh promoter. Bioluminescent activity of luciferase was measured in rat PC12
pheochromocytoma cells transfected with ~1.1 kbp segment of Dbk promoter/luciferase
reporter in pGL3-Basic vector (Promega) after 16 hour incubation with or without
secretagogues (dexamethasone, PACAP and nicotine). Each experiment was conducted in
4 replicates, with luciferase results normalized to cell protein in each plate. Results are
presented as fold-augmentation (by secretagogue) over the signal from cells transfected
with a promoterless (empty) pGL3-Basic vector. No significant differences between SHR
and BN.Lx were observed.
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NR 1.11 -1.09 -1.34 -1.29
t-test P-value 0.271 0.474 0.021 0.004

Figure 3-12 Functional studies on the single nucleotide polymorphisms identified in
the Pnmt promoter. Bioluminescent activity of luciferase was measured in rat PC12
pheochromocytoma cells transfected with ~1 kbp segment of Pnmt promoter/luciferase
reporter in pGL3-Basic vector (Promega) after 16 hour incubation with or without
secretagogues (dexamethasone, PACAP and nicotine). Each experiment was conducted in
4 replicates, with luciferase results normalized to cell protein in each plate. Results are
presented as fold-augmentation (by secretagogue) over the signal from cells transfected
with a promoterless (empty) pGL3-Basic vector. No significant differences between SHR
and BN.Lx were observed. (A). Only dexamethasone stimulation elicited significant
differences in promoter activity. The experiment was then repeated with incremental doses
of dexamethasone (B). Differences between SHR and BN.Lx promoters are dose-dependent
and were observed starting at 10 nM dexamethasone concentration.
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Table 3-1 Biochemical phenotypes measured in adrenal tissue homogenate.
HXB/BXH RI strains and the progenitor strains, SHR and BN.Lx, were typed for
catecholaminergic biochemical parameters in the adrenal gland and in plasma.
The table shows progenitor strain means = SD, #-test P-value for progenitor strain
differences, normalized ratio (NVR) to indicate the direction of the progenitor strain

difference, and heritability (H?) calculated from RI strain data.

SHR BN.Lx | SHRVS HZin RI
Phenotype (mean + SD) (mean * SD) B/\Ig_LV); ;‘;Itsst NR g renx strains
DA (ng/mg) 192+046 1.41+023 | 0048 14 63%
Dbh (nmol/h/mg prot) | 69.4 252 128.3+11.3| 0.003 18 46%
NE (ng/mg) 67.6+£10.9 97.6+807 | 0.002 14 35%
Pnmt (pmol/h/mg) | 33.0+3.09 433329 | 0.001 13 349%
EPI (ng/mg) 191+27.8 191+206 | 0994 10 36%
Cort (IU/mg) 466 +263 244+731 | 0.001 19 13%

Legend: DA = dopamine. NE = norepinephrine, EPI = epinephrine, Cort = corticosterone



Table 3-2 Correlations among biochemical, physiological and gene expression phenotypes. Spearman rank order correlations
among cardiovascular phenotypes and adrenal biochemical and gene expression phenotypes were computed. Enzymes catalyzing
the last two steps of catecholamine biosynthesis, Dbh and Pnmt, and their respective substrates and products (dopamine,
norepinephrine and epinephrine) were assayed in adrenal tissue at the age of 6 weeks. Dbh and Pnmt gene expression levels were
measured by Affy RAE230A at the age of 6 weeks. Cardiovascular physiological phenotypes were measured telemetrically at the
age of 12 weeks. Correlation coefficients (p) and P-values (P) are given for all phenotype pairs. Significant correlations are
flagged with asterisks (* = significant at the 0.05 level; ** = significant at the 0.01 level (2-tailed)).

Spearman's rho DA Dbh NE Pnmt EPI E:;‘rgfs’;sn ::gr‘;g;gﬁ SBP HR
DA P ~0.408* 0423* 0594 0633 0.551* 0.345 0.250 0.382*
P 0.031 0.025 0.001 0.000 0.002 0.072 0.199 0.045
N 28 28 28 28 28 28 28 28
Dbh p -0.408* 0.095 -0.119 0.011 0570* 0.046 -0.476* 0.050
P 0.031 0632 0545 0.954 0.002 0816 0010 0.801
N 28 28 28 28 28 28 28 28
NE p 0.423* 0.095 0.059 0.463* -0.330 -0.031 -0.257 -0.205
P 0.025 0632 0.764 0013 0.086 0875 0.187 0295
N 28 28 28 28 28 28 28 28
Pnmt p 0594 * 0.119 0.059 0429* 0.119 0436* 0.094 -0.383*
P 0.001 0545 0.764 0.023 0547 0.020 0634 0.044
N 28 28 28 28 28 28 28 28
EPI P 0633* 0.011 0.463* 0429* -0.386* 0.047 0013 -0.550**
P 0.000 0.954 0013 0023 0.042 0814 0.949 0.002
N 28 28 28 28 28 28 28 28
Dbh gene p -0.551* 0570* -0.330 -0.119 -0.386* 0294 -0.148 0.187
expression P 0.002 0.002 0.086 0547 0.042 0.121 0443 0332
N 28 28 28 28 28 29 29 29
Pnmt gene p 0.345 0.046 -0.031 0436* 0.047 0294 0.209 0.276
expression P 0072 0816 0875 0.020 0814 0.121 0277 0.147
N 28 28 28 28 28 29 29 29
SBP p 0250 -0.476* -0.257 0.094 0013 -0.148 0209 -0.079
P 0.199 0.010 0.187 0634 0.949 0443 0277 0.680
N 28 28 28 28 28 29 29 29
HR p -0.382* 0.050 -0.205 -0.383* -0.550* 0187 0.276 -0.079
P 0.045 0.801 0295 0.044 0.002 0332 0.147 0.680
N 28 28 28 28 28 29 29 29
Legend:

Dbh = dopamine beta-hydroxylase, Pnmt = phenylethanolamine N-methyltransferase, DA = dopamine, NE = norepinephrine, EPI = epinephrine,
SBP = systolic blood pressure, HR = heart rate
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Table 3-3 Expression QTL mapping results for chromaffin cell-expressed genes with heritable transcript levels in the
HXB/BXH RI strains. Genes with heritable transcripts (Figure 3-2, coded yellow/orange) were included in this table. Results for
each transcript consist of LOD-peak position, eQTL type, LOD score and P-value. For the significant - including marginally
significant - eQTLs (bolded P-values), the proportion of the variance in transcript level attributable to the eQTL is also given. The
last column indicates chromaftin cell-expressed genes within the 95%CI of the mapped eQTLs.

Gene transcript

Mapped expression QTLs

Transcript Gene Gene position progenitor H2 | eQTL position eQTL % variance _Genes c.)f
(Probe D) symbol  (ChrMbp) ttestP-val. inRI | (ChrMbp)  type 0D F-value atributable interestin

toeQTL  the 95%CI
1387075_at Th 1:203 0.0365 48% 8:80 trans 251 0.176
1368064 _a_at Ddc 14:93 0.0002 70% 14:45 trans 3.43 0.040 42
1370564 _at Dbh 3:6 0.0216 64% 3:6 cis 558 0.006 60 Dbh
1371054 _at Pnmt 10:87 0.4492 60% 10:90 cis 295 0.049 36 Pnmt
1387999 at Vmat1  16:22 0.4263 23% 10:90 trans 3.33  0.041 43 Pnmt
1387235 _at Chga 6:127 0.1854 36% 10:87 trans 2.68 0.093 35 Pnmt
1373510_at Vamp1 4:161 0.0213 53% 4:161 cis 3.50 0.072 43 Vamp1
1368826_at Comt 11:85 0.0130 24% 4:149 trans 2.71 0.318
1368034 _at Chgb 3:121 0.7601 25% 8:80 trans 3.11 0.124
1368044 _at Scg2 9:79 0.1274 49% 5:16 trans 211 0.674
1387154 _at Npy 4:78 0.0031 26% 17:78 trans 214 0.426
1387221_at Gch 15:23 0.1691 39% 19:48 trans 212 0.320
1367695_at Qdpr 14:71 0.2837 28% 10:99 trans 3.12 0.149

Legend:

Probe ID = Affymetrix RAE 230A probeset ID

eQTL = expression QTL
H?2 = heritability calculated in the HXB/BXH Rl strains
LOD = logarithm of odds
95%CI = 95% confidence interval for eQTL position
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Table 3-4 Cis-eQTLs mapped to the short arm of chromosome 3. Adrenal transcripts were assayed by Affymetrix array RAE
230A. Genomic positions (bp) of the genes (left side), as well as of the corresponding eQTLs (right side), are detailed. Linkage
significance was determined by permutation test and expressed as P-value. The entry criterion for a gene transcript to be reported
in this table was a genomic location within 0-17 Mb, corresponding to the short arm of rat chromosome 3. The retention criterion
was the presence of a significant (P < 0.05) eQTL within the same region.

Genes located on the short arm of chromosome 3, showing a cis-eQTL

Marker associated with the cis-eQTL

Gene symbol

Position

Position

Probeset ID Name (predicted) (start bp) Name (start bp) P-value

1372773_at  Neural proliferation, Npdc1 3571499 SNP 3 2 3409637  4x10°6
differentiation and control 1

1377049_at  Neuropathy target esterase like 1 Ntel1 5122435 SNP 3_4 2671921 106

1388912 _at RNA exonuclease 4 homolog (S. Rexo4 5849797 Dbh T-551G 6052155  2x10°
Cerevisiae)

1370564_at Dopamine beta-hydroxy|ase Dbh 6052705 Dbh T-551G 6052155 10'4

1372323 _at Sarcosine dehydrogenase Sardh 6076165 Dbh T-551G 6052155 2x107°

138981 6_at Endonuclease G Endog 9184282 Dbh T-551G 6052155 2x1 0'4

1373537_at Formin binding protein 1 Fnbp1 10091464 D3Rat194 10206859  9X10-4
(rapostlin)

1389713_at Similar to HLA-B associated - 11292039 SNP 3_8 10585645  4x1076
transcript-2 isoform a

1 368267_at Protein-o-mannosy“ransferase 1 Pomt1 11348812 SNP 3_8 10585645 3x1 0_3

1373331_at Similar to Leucine rich repeat and (Lrsam1) 11862794 SNP 3 9 11793545 3x104
sterile alpha motif containing 1

1372267_at  Proteasome (prosome, macropain) 26S  (Psmd5) 13861849 SNP 3 9 11793545 103
subunit, non-atpase, 5

1375687 _at RAB14, member RAS Rab14 14245692 SNP 3_11 14386227  2x1072
oncogene family

1370335 _at Disabled homolog 2-interacting Dab2ip 14769583 D3Rat53 15057268  6x10-3

protein
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Table 3-5 Analysis of the Dbh region for known physiological QTLs. The conflated 95% ClI's for Dbh transcript, Dbh activity and
dopamine concentration QTLs, and harboring the Dbk gene itself (RNO 3p:1-14 Mbp, see Figure 3-7A), was examined for known
cardiovascular and cardiovascular-related physiological QTLs. The numbers in the first column correspond to the bars in Figure 3-7D.

Progenitor strains used in the various crosses, in which QTLs were mapped, are shown. LOD scores and P-values are given where available.

.N”T“ber Cardiovagcular pQTLs mapp.ing t? the Dbh region Position (Mbp) Progenitors of crosses in
in figure RNO 3p:1-14 Mbp. (source: http://rgd.mcw.edu) which QTL was mapped [LOD | P-val
3-7D QTL symbol QTL name (trait measured) start end |Progenitor 1 Progenitor 2

1 Cm10 Cardiac mass (LV) QTL 10 0.00 19.01 |SHR/FubRkb SS/JrRkb | 7.3 | 10
2 Bp15 BP (salt loaded systolic) QTL 15 0.00 21.37 SHRSP WKY 4.4 -

3 Bp85 BP (systolic) QTL 85 0.00 21.37 | SHRSP/lzm  WKY/lzm | 3.1 -

4 Bp140 BP (systolic) QTL 140 0.18 32.05 SHR/Snk WKY/Snk | 2.5 -

5 Bp92 BP (salt loaded systolic) QTL 92 0.18 38.71 SHR SS/Jr 2.7 -

6 Arunc3 Aerobic running capacity QTL 3 3.48 30.25 | COP/OlaHsd DA/OlaHsd | 3.3 -

7 BpQTLcluster4 BP (systolic) QTL cluster 4 6.27 47.58 SHR BN 2.2 -

8 Cm43 Cardiac mass (BW adjusted) QTL 43 | 6.37 26.67 | SHRSP/Tkyo WKY/Tkyo | 6.7 | 2x10°
9 Bwb56 Body weight QTL 56 6.37 26.67 | SHRSP/Tkyo WKY/Tkyo | 4.5 | 3x108
10 Cm46 Cardiac mass (BW adjusted) QTL 46 | 6.37 26.67 | SHRSP/Tkyo WKY/Tkyo | 6.6 | 6x106
11 Cm48 Cardiac mass (BW adjusted) QTL 48 | 6.37 26.67 | SHRSP/Tkyo WKY/Tkyo | 5.4 | 4x10%4
12 Bp264 BP (mean arterial) QTL 264 10.27 121.62 HTG LEW 4,0 -
13 Bp251 BP (mean arterial) QTL 251 10.27 121.62 HTG LEW 2.8 -
14 Hrirt17 Heart rate (salt loaded) QTL 17 11.14 88.65 SHRSP WKY 3.8 -
15 Alc19 Alcohol consumption QTL 19 1291 23.76 P NP 4.4 -
16 Alc8 Alcohol consumption QTL 8 1291 29.75 P NP 59 | 5x10%
17 Bp151 BP (decreased) QTL 151 13.85 44.55 SS LEW - | 4x102

Legend: BP = blood pressure, BW = body weight, LV left ventricle, BN = Brown Norway, COP = Curtiss rat, DA = "d" blood
group and agouti color, HTG = Prague hypertriglyceridemic (from WKY), LEW = Lewis rat, NP = Alcohol-nonpreferring, P =
Alcohol-preferring, SHR = Spontaneously hypertensive rat, SHRSP = Stroke prone spontaneously hypertensive rat, SS =
Salt Sensitive, WKY = Wistar Kyoto rat
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Table 3-6 Analysis of the Pnmt region for known physiological QTLs. The conflated 95% ClI's for Pnmt pQTL and Prmt, Chga and
Vmatl eQTLs, which also harbors the Pnmt gene itself (RNO 10q:81-104 Mbp, see Figure 3-8A), was examined for known cardiovascular
and cardiovascular-related physiological QTLs. The numbers in the first column correspond to the bars in Figure 3-8C. Progenitor strains
used in the various crosses, in which QTLs were mapped, are shown. LOD scores and P-values are given where available.

Number in | Cardiovascular pQTLs mapping to the Pnmt region RNO Position (Mb Progenitors of crosses in
. P) :
figure 3-8C 109:81-104 Mbp. (source: http.//rgd.mcw.edu) which QTL was mapped LOD | P-val
QTL symbol QTL name (trait measured) start end Progenitor 1 Progenitor 2
1 Bp12 BP QTL 12 50.04 80.04 SS/r LEW 6.3 104
2 Bp57 BP QT L 57 21.51 84.56 MHS/Gib MNS/Gib 5.0 -
3 Bp71 BP QTL 71 55.50 85.50 SS LEW - | 4x102
4 BpQTLcluster9  BP QTL cluster9 21.51 91.48 SHR BN 29 -
5 Bp186 BP QTL 186 5.92 94.98 |SS/JrHsdMcwi  BN/SsNHsd 3.6 -
6 Cm31 CM QT L 31 29.97 95.37 |SS/rHsdMcwi  BN/SsNHsd 3.9 -
7 Bp76 BP QTL 76 36.42 95.38 SS/Jr MNS - 104
8 Bp87 BP QTL 87 65.71 95.71 SHRSP/Izm WKY/lzm 4.5 -
9 Bp168 BP QTL 168 27.09 102.70 SS/Jr LEW 55 -
10 Bp82 BP QTL 82 27.09 103.67 SS/Jr MNS 6.8 -
11 Cmb1 CM QTL 51 53.79 96.59 SS/r MNS 3.0 -
12 Stresp5 SR QTL 5 (corticosterone) 43.37 108.89 F344/NHsd LEW/NHsd 3.0 |3x104
13 Cm33 CM QTL 33 56.93 97.59 LH/Mav LN/Mav 2.8 -
14 Bp1 BP QTL1 53.78 101.85 WKY SHRSP 5.1 -
15 Cm44 CM QTL 44 69.26 99.26 WKY/Tkyo SHRSP/Tkyo 4.8 |4x105
16 Hrtrt21 HR QTL 21 68.53 101.29 SHR/Ola BN.Lx/Cub 24 -
17 Bp72 BP QTL 72 70.65 100.65 SS LEW - -
18 Bp249 BP QTL 249 69.99 102.59 SS MNS - 104
19 Bp91 BP QTL 91 71.96 101.96 SS MNS - 104
20 Bp150 BP QTL 150 77.01 82.00 SS LEW - 104
21 Bp45 BP QT L 45 77.25 91.18 SHR/Mol BB/OK 23.2 -
22 Bp9 BP QTL9 80.36 110.36 SS/r MNS 4.8 104
23 Bp134 BP QTL 134 84.26 95.69 SHRPS WKY - 10-3
24 Stresp7 SR QTL 7 (catecholamines) 90.46 92.46 HTG BN 3.52 -
25 Bp149 BP QTL 149 94.98 99.70 SS LEW - 104
26 Bp137 BP QTL 137 99.11  101.47 SS MNS - 102
27 Bp250 BP QTL 250 101.85 110.72 SS MNS - 104

Legend: BP = blood pressure, CM = Cardiac mass, HR = heart rate, SR = stress response, BB = Diabetic strain from outbred Wistar rats,
BN = Brown Norway, F344 = Fischer rat, HTG = Prague hypertriglyceridemic (from WKY), LEW = Lewis rat, LH = Lyon Hypertensive, LN

= Lyon normotensive, MHS = Milan hypertensive strain, MNS = Milan normotensive strain, SHR = Spontaneously hypertensive rat,
SHRSP = Stroke prone spontaneously hypertensive rat, SR = Salt Resistant (from a Sprague-Dawley outbred colony), SS = Salt

Sensitive, WKY = Wistar Kyoto rat
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Chapter 4
The identification of frans-acting genes that influence the

abundance of multiple transcripts simultaneously
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PREFACE
The results contained within this chapter have been presented as a poster at the
Genomes, Medicine, and the Environment in San Diego, CA, October 8-10, 2007, and

are being prepared for publication.

ABSTRACT

A novel multivariate distance-matrix regression (MDMR) method was applied
to identify loci influencing the expression levels of multiple genes. Adrenal
transcriptome obtained from the HXB/BXH rat recombinant inbred strains via
microarrays was subjected to expression quantitative trait locus (eQTL) mapping. Of
the total of 1085 significant eQTLs detected at the genome-wide P-value < 0.05,

593 eQTLs mapped in trans, defined as more than 10 Mbp from the gene’s physical
location. Examination of the trans-eQTL distribution along the genome revealed a
significant frans-eQTL clustering on chromosomes 1, 3, 8, 11, and 17. These clusters
consisted of between 16 and 21 transcripts each, suggesting that specific trans-acting
loci control the transcript abundance of the genes within these clusters. Several
transcripts significantly predicted the variability within the detected clusters, among
them genes involved in pre-mRNA processing, such as RNA binding motif protein 16
(Rbm16) located within the trans-eQTL cluster on chromosome 1, and pre-mRNA
processing factor 4 homolog B (Prpf4b) located within the trans-eQTL cluster on
chromosome 17. This example demonstrates the utility of the MDMR method for
investigation of transcriptome regulation and underscores the importance of integrated

data analytic approaches to understanding complex molecular genetic processes.
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INTRODUCTION

Variation in gene transcription is an important contributor to phenotypic
differences, including disease susceptibility. Gene transcript abundance is directly
influenced by polymorphisms in cis-acting elements such as the promoters, as well as
in the trans-acting factors such as the genes coding for proteins directly involved in
mRNA synthesis and post-transcriptional modification. Genetic variants in some
trans-acting factors tend to exhibit pleiotropic effects, i.e. they affect many transcripts
simultaneously and therefore act as "master regulators" of a large number of genes.
Genome-wide detection and characterization of the master regulators will improve our
understanding of an important source of natural phenotypic variation.

In this study, we used an adrenal tissue gene expression dataset obtained from
29 rat recombinant inbred strains of the HXB/BXH rat panel’” to identify loci
influencing gene transcript variation by mapping expression quantitative trait loci, or
eQTLs, on a genome-wide basis. We then focused on the genome-wide distribution of
the eQTLs. Non-uniformity of eQTL distribution allowed us to define cis- and trans-
eQTL clusters and hence potential master regulators.

A novel multivariate distance-matrix regression method (MDMR) was applied
to the trans-eQTL clusters to detect and precisely localize genomic regions potentially
harboring master regulators, as a prerequisite for future polymorphism discovery and
functional studies in these regions. The MDMR analysis essentially works by
combining the gene expression profiles of jointly regulated genes from each trans-

eQTL cluster into one composite variable, which is subsequently regressed on
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expression profiles of the cis-eQTL genes and on marker genotypes, which are taken
as predictors from the master regulator candidate regions. Cis-eQTLs are an important
resource for the identification of positional candidate genes'**. This approach is
designed to reduce the impact of noise (contained in the data for each gene expression
profile) on the accuracy of eQTL positioning, while allowing the similarity between
the co-regulated profiles to become the main parameter on which localization of the
master regulator candidate regions is based. Considering marker genotypes as
predictors in the MDMR analysis provides an additional means of interrogating the
candidate regions and validating the results obtained with cis-eQTL gene expression

profiles.

MATERIAL AND METHODS

RI strains and tissues

The set of 29 RI strains used in this study was produced by inbreeding between
members of the F2 generation resulting from the cross of the two highly inbred strains
BN.Lx/Cub and SHR/Ola™ (see Chapter 1, page 12), designated here as BN.Lx and
SHR. Rats were housed in an air-conditioned animal facility and allowed free access
to standard laboratory chow and water. All experiments were performed in agreement
with the Animal Protection Law of the Czech Republic (311/1997) and were approved
by the Ethics Committee of the Institute of Physiology, Czech Academy of Sciences,

Prague, Czech Republic. Animals were killed at 6 wk of age. Tissues from 4-6 males
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of each RI strain were harvested, immediately frozen in liquid nitrogen, and stored at

—80 °C.

Adrenal tissue gene expression dataset

HXB/BXH RI strains were profiled for gene expression in adrenal tissue using
the Affymetrix Gene Chip array RAE 230A (Affymetrix, Santa Clara, California,
USA). The original experimental design is discussed in Hiibner et al.’* and Petretto et
al.'”. We used a total of 128 microarrays: 4-5 animals x 31 (i.e., 29 RI strains +
progenitor strains). cCRNA was labelled and run on RAE 230A Affymetrix GeneChip
arrays (number of transcripts 15,923). Gene expression summary values for Gene Chip
data were computed using the Robust Multichip Average algorithm'®*. The adrenal

dataset has been submitted to ArrayExpress and an ArrayExpress identifier is pending.

Probe set selection for the final dataset

Probe sets that did not reach P < 0.05 for gene expression quality assessment in
at least one RI strain, as evaluated by the Affymetrix microarray suite version 5
software (MASS), were removed to increase the ratio of true positives to false
positives'* and to avoid phantom eQTL detection for genes not expressed in the
adrenal tissue. Further more, in order to avoid misclassification of cis- and frans-
eQTLs, only genes that could be reliably located to unique genomic locations by using
Ensembl'*® database were included. The resulting dataset used for analyses presented

herewith consisted of 9931 adrenal tissue-expressed and genome-located transcripts.
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Statistical analysis and heritability calculation

T-tests were performed using MS Excel 2004 (Microsoft, Redmond, WA) to
appraise differences between the progenitor strains, the SHR and the BN.Lx.

Heritability (H’) of gene expression was calculated using an approach
designed for RI strains that corrects for the inbreeding incurred during the RI strain
production''". Because A’ calculated in a traditional way (V/Vp) tends to be
overestimated when compared to A obtained from F2 population, to obtain an F2
comparable estimate, the H was calculated as (Ve —=Ve)/(Vp + Vg).

Normalized Ratio (NR) was used to compare gene expression profile means for
the progenitor strains. It is a variant of the simple fold-change value, e.g.,
[SHR]/[BN.Lx], but it transforms the values between 0 and 1 into values between —
INF(infinity) and —1 by inverting them and multiplying by negative one. It is
calculated as follows: if [SHR] > [BN.Lx], then NR = [SHR]/[BN.Lx]; if
[SHR] <[BN.Lx], then NR = —[BN.Lx]/[SHR]. The main advantage of NR is its
symmetry about zero.

Genetic effect of each eQTL was calculated as a ratio of additive effect to the
overall trait average in the RI strains. Additive effect is an estimate of the absolute
change in transcript abundance that would result from a substitution at the eQTL peak
locus of allele of one type with that of another. Thus, the genetic effect value
represents a proportion of change from the average RI value, if grouped by either of

the progenitor alleles at the eQTL peak locus.
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Mapping of eQTLs

Genome-wide linkage analysis was performed using the QTL Reaper' "
program. A set of 1,047 non-redundant genetic markers with known genomic positions
(Mbp), which was produced by merging the framework marker-based map *’ with a
newly typed SNP dataset’’ (see Chapter 2). For each transcript the likelihood ratio
statistics for linkage was calculated. Permutation analysis ''* with 100,000
permutations was used to assess the probabilistic significance of the linkages and to
correct for multiple testing across genetic markers to obtain a genome-wide corrected
P-value. For each eQTL, allelic (additive) effect was calculated as the difference of
means of two groups resulting from grouping of the RI strains according to the allele

at the marker peak of linkage.

Definition of a cis-acting vs. frans-acting eQTL

Due to the limitations in the ability to precisely position eQTLs in this type of
experimental cross, we arbitrarily define a cis-acting eQTL as having the peak of
linkage within +£10 Mbp of the physical location of the corresponding gene, i.e. within
the total window of 20Mbp (~ 15 cM), and a trans-acting eQTL as having the peak of
linkage outside the 20 Mbp window on the same chromosome, or on a different

chromosome from where the probeset is located.

Detection of eQTL clusters
Clustering of eQTLs was computed by counting eQTLs that map to the same

genomic regions. Precise localization of eQTLs is often confounded by the
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inaccuracies of the genetic map. A 10 Mbp sliding window was used to compensate
for these inaccuracies. The frequency distribution of eQTL counts was plotted against
the genomic position of the 10 Mbp window center. Cis- and trans-eQTLs were
evaluated separately. To establish which eQTL clusters were significantly larger than
expected by chance alone, normal distribution was estimated from the data and the

significance threshold was set at P < 0.01.

Multivariate distance-matrix regression analysis (MDMR)

Multivariate distance-matrix regression analysis (MDMR), based on multiple
regression analysis of multivariate symmetric distance matrices, was performed using
the DISTLM v.5 computer program'*. The methodology was first described by
McArdle and Anderson'*® and its statistical properties were further explored by Zapala
and Schork'*"*".

Description of the input data. The MDMR analysis requires two distinct
inputs: the predictor variables, represented in this work by SNP genotypes or
expression values of cis-eQTL genes, and the response variables, represented by the
expression values of trans-eQTL genes. Input data are in the form of matrices. The
following is a formal mathematical description of the matrices and contsructs used in
the MDMR methodology. Boldface is used to indicate matrices or vectors in the
following notation.

Let Y be an N x P matrix of response variables on N individuals (i.e.,
individual rat strains in the present setting) for P trans-eQTL genes. Let X be an N x O

matrix of predictor variables on N individuals for O SNPs (or, alternatively, cis-eQTL
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genes), whose relationship to the response variables is of interest. Matrices Y and X
serve as input for the DISTLM program, which then performs a permutation test for
the multivariate null hypothesis of no relationship between matrices Y and X, using
permutations of the observations.

Distance matrix formation. To asses the level of cross-correlation of the gene
expression profiles within each trans-eQTL cluster, a similarity matrix was computed
from pairwise Pearson correlation coefficients. Let R = r;; be an N x N similarity
matrix harboring the correlation coefficients, , for each pair of gene expression values
to be reflected in the matrix. This similarity matrix can then be converted to a distance
matrix. Let D = dj; be an N x N matrix of distance measures d calculated from

observation units of Y, where

dg/ = \/2(1_7”;,‘) (5)

This simple mathematical transformation results in a distance matrix with metric

properties. Next, Gower’s centered matrix"*' G is calculated from D in two steps.

First,let A=a, = (—%d;) , then, the matrix A is centered as follows:

G= (1 —111'}4(1 —111'j (6)

n n

where 1 is a N-dimensional column vector whose every element is 1 and I is an (N X

N) identity matrix.
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Projection matrix formation. The projection matrix (or "hat" matrix)'>* H is
used to estimate coefficients relating the predictor variables to response variables (i.e.,
the strain gene expression profiles whose similarities are reflected in G) in multiple-
regression context. This matrix is calculated from the predictor values (i.e., SNPs or
cis-acting genes thought to be the master regulators for the frans clusters) in matrix X

as follows:
H=(XX)'X (7)

Regression of the distance matrices on the projection matrix. An appropriate F'
statistic for assessing the relationship between the Q predictor variables and variation

in the dissimilarities among the N subjects with respect to the P variables is

B »(HGH )
Ty ®

where H is a hat matrix, G is Gower's centered matrix, and I is the identity matrix,
formed as above.

Assessing statistical significance. The distribution of the F statistic defined in
Equation 8 is complicated and its derivation for any particular distance matrix is
unlikely to generalize to other distance matrices, especially with small sample sizes.
Therefore, permutation tests were used to evaluate the probabilistic significance of an
observed F statistic. P-values were computed by recalculating the F statistic for
100,000 random re-orderings (permutations) of the observations (i.e., the rows and

columns of G), while keeping X and H constant.
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The rationale behind the two groups of predictors. Initial eQTL mapping
localizes the eQTLs into 10Mbp ‘bins’. However it is impossible to establish from this
mapping whether eQTL; which maps to SNP; and eQTL, which maps to an adjacent
SNP», are in fact not regulated from same regulatory locus that is neither of those
SNPs, but rather is linked to these SNPs. Using SNP marker genotypes as predictors
we essentially attempt an even finer mapping utilizing a synthetic dependent variable
based on the gene expression profiles of all genes within each of the trans-eQTL
clusters. The regression portion of the MDMR analysis resembles composite interval
mapping, in that the genotypes between known SNPs are imputed using the
‘addinterval’ function in the QTL Reaper'"® program.

Using cis-eQTL gene expression profiles as predictors is a direct way of
testing specific candidate genes. Cis-eQTL genes within trans-eQTL clusters are

prime candidates for frans-acting master regulator candidate genes'**.

RESULTS

Of the 15923 transcripts represented on the RAE 230A rat microarray used to
profile the HXB/BXH RI strain set, 9931 genes were both expressed and could be
reliably localized to a unique genomic location. Only these 9931 localized and

expressed genes were used to generate the results described herein.

The cis-eQTL/trans-eQTLs ratio depends on the genome-wide threshold
A total of 1085 eQTLs were detected (Table 4-1) at a genome-wide

significance level of P <0.05, established by 100,000 permutations. Of these,
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492 (45.35%) mapped in cis, and 593 (54.65%) mapped in trans. However, with the
use of an increasing level of stringency for genome-wide significance, the proportion
of cis- and trans-eQTLs changed quickly in favor of cis-eQTLs. At the significance
level of P < 10~ more than 90%, and at the P < 107 a full 95% of all detected eQTLs
were cis-acting (Table 4-1). A graphical representation of this trend can be seen on
Figure 4—1, on which eQTL peak locations (Mbp) are plotted against their respective
transcript gene locations (Mbp), at four different significance thresholds. The results
essentially provide a map of adrenal transcriptomic regulation. At a low genome-wide
P-value, most of the eQTL peaks line up along the diagonal, signifying an
overrepresentation of the cis-eQTLs (Figure 4—1A). When relaxing the genome-wide
P-value, a commensurate increase of the proportion of trans-eQTLs can be seen
(Figure 4-1B+C). At the genome-wide P < 0.05, the number of cis- and trans-eQTLs
is comparable (Figure 4-1D, Table 4-1). Vertical patterns, which correspond to trans-
eQTL clusters (see below), are becoming more pronounced. Further relaxation of the
genome-wide P-value (P > 0.05) leads to a preponderance of frans-eQTLs. The total
number (regardless of the P-value) of frans-eQTLs in the dataset was 9044, compared
to 887 cis-eQTLs (Figure 4-2A). Comparing these numbers with the numbers in
Table 4-1, it is clear that a much larger proportion of the overall detected cis-eQTLs
(492/887 = 55%) satisfies the P < 0.05 threshold than is the case for the frans-eQTLs

(593/9044 = 7%).
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Heritability (H?) of gene expression as a predictor of eQTL effect

The distribution of A for the abundance levels of different transcripts and its
relationship to the eQTL genetic effect was examined. A scatter plot of heritability vs.
eQTL effects reveals that the frans-eQTLs exhibit lower H” and a lower eQTL effect
sizes, compared to the cis-eQTLs. This trend is even more pronounced if just the
significant eQTLs are plotted (P < 0.05), (Figure 4-2B). Heritability of gene
expression cannot serve as a direct predictor of eQTL genetic effect, but it clearly

delineates its lower limit (Figure 4-2), especially for transcripts with A > 0.5.

Median heritability (Hzmed,-a,,) of gene expression differs for cis- and frans-eQTLs
We explored the relationship of H” of transcript abundance to eQTL
detectability, i.e., the probability that the eQTL will be detected as significant
(P <£0.05). With an increasing stringency for genome-wide significance of eQTLs, the
median heritability (Hzmedm,,) of the gene expression traits that still exceed the
significance threshold also increased. The cis-eQTL transcripts displayed markedly
higher median heritability (Hzmedmn = 0.45), compared to the trans-eQTL transcripts
(HZ,,,edia,7 = 0.18) at the genome-wide significance level of P < 0.05. The differences in
H odian between the two groups diminished at more stringent genome-wide
significance levels, but there was a significantly lower number of #rans-eQTLs that

exceeded the stringent cut-off (Table 4-1).
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Clustering of cis- and trans-eQTLs

The distribution of eQTLs across the genome was assessed by counting eQTLs
within a 10 Mbp sliding window. Cis- and frans-eQTLs were evaluated separately.
We found that eQTLs were not distributed evenly. Regions with relative eQTL paucity
alternated with eQTL-rich regions. In addition, there were a total of five regions
exhibiting an agglomeration of trans-eQTLs (Figure 4-3) and one exhibiting an
agglomeration cis-eQTLs (Figure 4—4) that exceeded the cutoff for significant
enrichment P < 0.01 (corresponding to the count of 15 eQTLs). We term these regions

trans- and cis-eQTL clusters, respectively.

Clustering frans-eQTLs

Trans-eQTL clusters (TC) were defined by the regions into which the trans-
eQTLs mapped and by the genes whose transcript levels appear to be regulated from
these regions. TC1 mapped to RNO1: 37 — 47 Mbp and consisted of 16 gene
transcripts (Table 4-2); TC2 was located on RNO3: 6 — 16 Mbp and contained 21
genes (Table 4-3); TC3 was found on RNOS: 5 — 15 Mbp and included 17 genes
(Table 4-4); TC4 localized to RNO11: 25 — 35 Mbp comprising 16 genes (Table 4-5);
finally, TC5 mapped to RNO17: 30 — 40 Mbp and consisted of 21 gene transcripts
(Table 4-6).

All TCs were examined by the Promoter Analysis and Interaction Network
Toolset (PAINT V 3.5) <http://www.dbi.tju.edu/dbi/tools/paint> for common

transcription factor (TF) binding motifs. TF binding motifs which could explain co-
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regulation of all transcripts within the TCs were not identified, suggesting the absence

of a simple direct TF-based regulatory mechanism.

Testing the frans-eQTL clusters by MDMR

To try to determine the exact location of the trans-regulatory locus, we applied
the MDMR method described above. This method allows one to combine the
individual rat strain gene expression profiles of a set of genes (i.e., the trans-regulated
genes) into a distance matrix which captures the degree to which these profiles are
correlated. This matrix is then regressed on predictors such as genotypes or cis-acting
gene expression values in order to find those that best explain the outcomes. An
advantage of this approach is that errors that are inherent to every gene expression
experiment can be mitigated by comparing multiple outcomes, thus enabling a more
precise detection by means of enrichment in the overrepresented signal, while the
signal from outliers is suppressed. In our analysis, we used two separate sets of
predictors: the SNP genotypes (which were also used to map the eQTLs) and the cis-
eQTLs gene profiles that were found within the 10Mbp window of the respective
trans-eQTL clusters.

Evaluation of the results. The SNPs as predictors in effect test for position of
the regulatory element, and the cis-eQTLs gene profiles test if specific candidate cis-
eQTL genes are strongly correlated with the trans-eQTL genes in the matrix. Thus, a
strong candidate gene should both lie under a peak for linkage between SNP

genotypes and the trans-eQTL matrix, and it expression profile should exhibit a strong
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correlation with the frans-eQTL expression profile similarity matrix. Below are the
results for individual TCs.

MDMR results for TCI. Regressing the trans-eQTL gene similarity matrix on
genotypes yielded significant (P = 0.00007) pseudo F-statistic peaking at 38-40 Mbp
of RNOI, the peak SNP explaining 36% of the variation in the TC1 gene transcripts
(Figure 4-5). Two cis-eQTL genes were found within the TC1 genomic region. TC1
gene expression similarity matrix was regressed on gene expression profiles of both
genes (Table 4-8). Rbm 16 gene predicted 29% of the variation in the TC1 gene
transcripts (P = 0.0003). The statistic for second gene, Tctex], was not significant
(P=0.1).

MDMR results for TC2. Regression of the TC2 gene similarity matrix on
genotypes did not produce a clear peak (Figure 4-6). A total of 16 cis-eQTL genes
were mapped within the TC2 genomic region and all were tested for correlation with
TC2 gene expression similarity matrix (Table 4-8). Brd3, Rabl4 and 1388624 _at
exhibited the highest correlation with the TC2 genes.

MDMR results for TC3. Regressing the TC3 gene expression similarity matrix
on genotypes yielded significant (P = 0.000011) pseudo F-statistic peaking at 6.5-

9.5 Mbp of RNOS, the peak SNP explaining 29% of the variation in the TC3 gene
transcripts (Figure 4-7). Four cis-eQTL genes were found within the TC3 genomic
region. The TC1 gene expression similarity matrix was regressed on the specific gene

expression profiles of these four genes. The probesets /372805 at, 1371763 at and
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1398460 at (unknown genes) were significantly correlated with the TC3 gene
transcripts (Table 4-8).

MDMR results for TC4. Regressing the trans-eQTL gene expression similarity
matrix on genotypes yielded significant (P = 0.000002) pseudo F-statistic peaking at
30-35 Mbp of RNOI11, with the peak genotype explaining 41% of the variation in the
TC4 gene transcript expression levels (Figure 4-8). A total of six significantly
correlated cis-eQTL genes were found within the TC4 genomic region (Table 4-8).
Tmem50b showed the strongest correlation (P = 0.00001) and predicted 45% of the
variation in the TC4 gene transcript gene transcript expression levels. Three other
genes (AtpSo, Slc5a3 and Chrl) and two probesets (unknown genes, /1390364 _at and
1370947 af) were also highly correlated with the TC4 gene matrix (Table 4-8).

MDMR results for TC5. Regressing the trans-eQTL gene expression similarity
matrix on genotypes yielded significant (P = 0.000102) pseudo F-statistic peaking at
34-38 Mbp of RNO17, the peak genotype explaining 23% of the variation in the TC5
gene transcripts (Figure 4-9). A total of five significantly correlated cis-eQTL genes
were found within the TC5 genomic region (Table 4-8). Prpf4b showed the strongest
correlation (P = 0.00001) and predicted 34% of the variation in the TC5 gene
transcripts. Two other genes (Bphl and Ngo2) and two probesets (i.e., unknown genes,
1388884 at and 1373672 at) were also highly correlated with the TC5 gene matrix
(Table 4-8).

No gene ontology enrichment was observed for genes within the five detected

trans-eQTL clusters (i.e., gene expression profiles reflected used as response variables
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in the MDMR analysis), suggesting simultaneous regulation of functionally unrelated
genes by a general (pathway non-specific) cellular regulatory mechanism, consistent

e.g. with pre-mRNA processing.

A cis-eQTL cluster on RNO20

Exploration of the distribution of cis-eQTLs within a 10 Mbp sliding widow
yielded only one prominent cis-eQTL cluster at the genome wide significance of
P =0.01, mapping to RNO20p12 at 0-10 Mbp and consisting of 23 transcripts (Figure
4—4 and Table 4-7). The vast majority of these transcripts belong to the major
histocompatibility complex (MHC) of the rat, known also as the RT1 complex. The
remaining transcripts correspond to MHC-unrelated genes interspersed among the
RT1 genes. The genomic arrangement of the MHC genes with the intervening MHC-
unrelated genes appears to be conserved in human, rat and mouse'>. The transcripts
belonging to the cis-eQTL cluster display a wide spectrum of additive effects, ranging
from high positive (72%) to low negative (—94%), and these differences exists even
among physically close genes, suggesting independent transcription regulation of

these genes (Table 4-7).

DISCUSSION

Analyzing the transcriptome of a tissue provides a glimpse into the functional
state at the moment of harvest. Comparing transcriptomes from different tissues or
strains, or from same strain under different environmental conditions, can yield

insights into which genes are differentially expressed under specific circumstances.
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Taking this paradigm one step further, one can utilize genetic linkage methodology to
map loci controlling differential gene expression by assembling gene expression data
on different individuals or strains that have been genotyped at various genetic loc*.

This approach can potentially uncover new regulatory pathways and mechanisms that

would not be ascertainable by the traditional transcriptome comparisons.

Global gene expression

A gene can be differentially expressed either due to variation in the genic
region itself (cis-acting elements, detectable as cis-eQTLs), or due to variation in one
or more of the many other genes that participate in the transcriptional process (frans-
acting elements, detectable as trans-eQTLs). A key finding from this study is the
difference in the statistical strength of the cis- and fras-eQTLs (Table 4-1). When no
P-value filtering is applied, the majority of the detected eQTLs appear to map in trans.
However, increasing the P-value stringency leads to an increase in the proportion of
cis-eQTLs, and beyond certain P-value (P < 0.0001) the vast majority of eQTLs map
in cis. The explanation of this phenomenon lies most probably in the complexity of the
transcription regulation connected to the trans- and cis-acting elements. The trans-
acting elements are likely pleiotropic and physically, as well as functionally, removed
by several regulatory steps, each of which can be modified by other genetic factor, all
of which ultimately weakens the effect of the mapped trans-eQTLs. However, the cis-
factors operate at short distance and are most likely involved predominantly in
transcription factor or microRNA binding, which has a direct effect on transcription

levels or transcript stability.
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It can be assumed that each cis-eQTL underlies at least one trans-eQTL, and
that each frans-eQTL therefore has its controlling cis-eQTL. Trans-eQTL clustering
can be seen as a reflection of the pleiotropy of some genes on the level of transcript
abundance. Based on this assumption, one would expect to see the following general
categories of genes among the candidates for trans-acting cis-eQTL genes: 1)
transcription factors, 2) microRNAs, 3) functionally related genes that could elicit a
regulatory (compensatory) response to one another, and 4) genes that are involved in
vital cellular processes, such as energy metabolism, transcription, translation etc. A
related observation supporting such interpretation may be the fact that the trans-
eQTLs appear to form clusters, whereas the cis-eQTLs appear to be distributed in a
much more uniform fashion across the genome, with one notable exception, the RT1
complex, which is discussed separately below.

The leading candidates as far as statistical and functional significance from the
MDMR analysis of the adrenal transcriptome are two genes involved in pre-mRNA
processing, Rbm16 and Prpf4b, which significantly correlate with TC1 and TCS,
respectively, and their molecular function is extremely relevant to the measured
phenotype, i.e., mRNA abundance. These two genes are discussed below in detail.
MDMR results with TC2 and TC3 failed to yield plausible candidates. TC4 data point
to several possible candidate genes (Tmem50b, Atp5o, Sic5a3 and Cbr), some of
which fall into the general categories mentioned above, but their functional link to

mRNA abundance is rather unclear and indirect.
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Discussion of the pre-mRNA processing genes

Rbm16 (RNA binding motif protein 16) is also known as CTD-binding SR-like
protein rA8, or SR-like CTD-associated factor 8 (SCAF8'*). Rbm16 binds the
repetitive carboxy-terminal domain (CTD) of RNA polymerase II (Pol II), which is the
enzyme that transcribes DNA into pre-mRNA. The transcription is coupled to pre-
mRNA processing by the CTD. CTD-binding proteins like Rbm16 recognize it by
means of conserved CTD-interacting domain and act with other CTD binding proteins
to link transcription and pre-mRNA processing'>>. Rbm16 colocalizes in the cell
nucleus with phosphorylated Pol II in sites of active transcription and is enriched in a
nuclear matrix fraction known to contain proteins involved in pre-mRNA
processing'*°.

Prpf4b is a homolog of the pre-mRNA splicing factor Prpf4, whose function
has been extensively studied in eukaryotes'> . Prpf4 is a CDK-like kinase with
homology to mitogen-activated protein kinases that associates with spliceosomal U4,
U5 and U6 small nuclear ribonucleoproteins and likely acts as one of the kinases
responsible for phosphorylation of spliceosomal components during the formation of

. . 159,161
active spliceosomes ™

. The importance of Prpf4 for pre-mRNA splicing can be
demonstrated by the accumulation of unspliced pre-mRNA when Prpf4 function is
affected'®’. But Prpf4 has also been shown to interact with proteins involved in
nuclear hormone-regulated chromatine remodeling such as Brgl and N-CoR. Through

158

these proteins, Prpf4 modulates histone deacetylase (HDAC) °°, which is responsible

for removing the acetyl groups from histone tails, causing the histones to wrap more
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tightly around the DNA, thus blocking access of transcription factors to DNA, leading
to a non specific reduction in gene expression. It is known that pre-mRNA splicing

occurs co-transcriptionally'®

(i.e., before the synthesis of the pre-mRNA is fully
completed) and that the activation of transcription is coincident with chromatin
remodeling'® (i.e., wrapping and unwrapping of DNA, depending on the histone
acetylation status). By interacting with a multitude of proteins involved in both
splicing and transcription, Prpf4 provides a functional link between pre-mRNA
splicing and transcriptional regulation and may therefore be crucial for coordination of
the two processeslsg.

Transcriptional regulation and pre-mRNA splicing are extremely complex
processes that involve hundreds of proteins, RNA molecules and DNA sequences.
This complexity prevents any generalization as to the direction of the allelic effect in
the case of the results presented here and may help explain why some of the TC1 and
TCS transcripts show greater abundance associated with the SHR allele, whereas

others exhibit higher levels associated with the BN allele. A model of how such

antipodal allelic effects may arise is outlined in Figure 4-10.

Discussion of the cis-eQTL cluster on RNO20

Analysis of the genome-wide distribution of cis-eQTLs revealed a cluster of 23
cis-eQTL genes on 20p12. This chromosomal region harbors the RT1 major
histocompatibility complex (MHC) of the rat and many of the cis-eQTL genes indeed
belong to RT1 (Table 4-7). RT1 shares a great degree of homology with the human

HLA and mouse H2 complexes. RT1 has long been a focus of intensive research
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because of its central role in organ graft rejection and susceptibility to certain complex
(e.g., autoimmune) diseases '>*. RT1 gene expression profiling revealed significant
strain- and tissue-specific difference between BN and LEW strains of the rat " but a
question remained unresolved of whether the cause of differential expression of RT1
genes lies within the MHC itself, or is regulated by genes outside of it (i.e., genetic
background). The genomic and functional aspects of RT1 are still being
investigated'®.

The results of this study suggest that a substantial proportion of the inter strain
variation in RT1 gene expression can be explained by genetic variation within the
complex itself. This is a significant finding also because of the known MHC
association with disease. Expression level differences can hold a key to understanding
some aspects of genomic and functional regulation of RT1 and its role in disease
pathogenesis. Our results imply that association of MHC with diseases may depend on

the amount of gene transcription as much as on the restriction of response to antigen.

Conclusions and perspectives

The results in this study describe an important part of the natural variation in
gene transcription and the approaches outlined here may be used as a general tool for
identification and investigation of disease candidate genes. MDMR method was
applied to the problem of selection of master regulator candidate genes that underlie
trans-eQTL clusters, which were detected by simple eQTL mapping. The results
suggest that MDMR analysis can provide a useful addition to the more traditional

eQTL mapping strategies. Moreover, using two sets of predictor variables, i.e. cis-
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eQTL genes and SNPs, allowed us to interrogate each master regulator candidate
region by two independent but complementary analyses. This provides a means for
corroborating the findings if concordance of results for the two sets of predictor
variables is found, as is the case for Rbm16 and Prpf4b.

A caveat in this analysis strategy is that the only variation tested here is the
transcript abundance, and thus we could not assess other sources of polymorphism.
Also of note is the limited number of genes on the RAE230A microarray, thus
allowing us to test only a subset of genes. This almost certainly results in omissions of
important candidate genes potentially underlying the trans-eQTL clusters for which
we did not detect a plausible candidate.

We demonstrated the utility of the MDMR method for investigation of
transcriptome regulation. The MDMR analysis of adrenal eQTL data yielded two
candidate genes that are extremely relevant to pleiotropic regulation of transcription.
Further functional investigations of these candidate genes will be required to pinpoint

the exact molecular mechanisms by which these "master regulators" operate.
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Figure 4-1 Adrenal transcriptome map. Global representation of the cis- and trans-
acting eQTLs across the genome at different genome-wide P-values. A preponderance
of cis-acting eQTLs (diagonal line) at high genome-wide significance levels is evident
(A and B). With a relaxation of the genome-wide significance criterion, trans-eQTLs
become increasingly more detectable (C), some forming vertical patterns (D), which
correspond to trans-eQTLclusters. The clusters are better appreciated when trans-

eQTLs are counted (per 10 Mbp moving window) and plotted (red curve in D).
(Continued.)
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Figure 4-1 Adrenal transcriptome map. (Continued.)
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Figure 4-2 Heritability of transcript abundance vs. eQTL genetic effect.

Heritability is on the abscissa and the genetic effect is on the ordinate (calculated as a
ratio of the eQTL additive effect to the overall RI trait average). Cis- and trans-eQTLs

are distiguished by color (rans = blue, cis = red). A) eQTLs for all expressed and

localized genes regardless of the P-value. The total number of mapped eQTLs is 9931;

887 cis- and 9044 trans-eQTLs. B) eQTLs mapped at P < 0.05 (see Table 4-1).
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analysis (see Methods).
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Figure 4-4 Clustering of cis-eQTLs on RNO 20. All cis-eQTLs, detectable at genome-wide P-value = 0.05, were counted
using a 10 Mbp moving window. The red curve indicates cluster position (abscissa) and cluster size (ordinate). The cluster
size significance threshold (P = 0.01) is based on the frequency distribution of the cis-eQTL counts. Significant clustering of
23 cis-eQTLs on chromosome 20 maps to the RT1 complex.
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Gene probe legend:

1) 1369896_s_at (Rbm16)
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Figure 4-5 MDMR analysis of the frans-eQTL cluster #1 on RNO 1. 16 rans-eQTL genes, which mapped to the vicinity of
the SNP 1 5 at a genome-wide P-value = 0.05 were included in the construction of a similarity matrix. Both genetic markers and
cis-eQTL genes were then used as predictors of the variance captured by the matrix. The ordinate shows the pseudo-F statistic
and the abscissa represents the 10 Mbp interval supporting the frans-eQTL cluster. Gene probes are numbered and detailed in the

legend.
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Gene probe legend: 20
1) 1370564 _at (Dbh)

2) 1372323 _at (Sardh)

3) 1372775 _at (Brd3) 5
4) 1389816 _at (Endog)
5) 1373537 _at (Fnbp1)
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8)

-
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1389713_at
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Figure 4-6 MDMR analysis of the trans-eQTL cluster #2 on RNO 3. 21 trans-eQTL genes mapping to the vicinity of the
marker D3Rat194 at a genome-wide P-value = 0.05 were included in the construction of a similarity matrix. Both genetic markers
and cis-eQTL genes were then used as predictors of the variance captured by the matrix. The ordinate shows the pseudo-F statistic
and the abscissa represents the 10 Mbp interval supporting the frans-eQTL cluster. Gene probes are numbered and detailed in the
legend.
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Gene probe legend:
1) 1372805_at

2) 1373838 _at (Futd)
3) 1371763 _at
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Figure 4-7 MDMR analysis of the frans-eQTL cluster #3 on RNO 8. 17 trans-eQTL genes, which mapped to the vicinity of
the SNP 8 4 at a genome-wide P-value = 0.05 were included in the construction of a similarity matrix. Both genetic markers and
cis-eQTL genes were then used as predictors of the variance captured by the matrix. The ordinate shows the pseudo-F statistic
and the abscissa represents the 10 Mbp interval supporting the trans-eQTL cluster. Gene probes are numbered and detailed in the
legend.
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Gene probe legend:

)
2) 1388586_at (Synj1)
3) 1371347_at (Tmem50b)
4) 1370276_at ( Atp50)
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Figure 4-8 MDMR analysis of the trans-eQTL cluster #4 on RNO 11. 16 trans-eQTL genes, which mapped to the vicinity of
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marker D11Rat16 at a genome-wide P-value = 0.05 were included in the construction of a similarity matrix. Both genetic markers
and cis-eQTL genes were then used as predictors of the variance captured by the matrix. The ordinate shows the pseudo-F statistic
and the abscissa represents the 10 Mbp interval supporting the trans-eQTL cluster. Gene probes are numbered and detailed in the

legend.
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Gene probe legend:

1) 1373200_at (Eef1e1)
2) 1388884 _at

3) 1376010_at (Prpfdb)
4) 1372686 _at
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Figure 4-9 MDMR analysis of the trans-eQTL cluster #5 on RNO 17. 21 trans-eQTL genes, which mapped to the vicinity of the
SNP 17 18 at a genome-wide P-value = 0.05 were included in the construction of similarity matrix. Both genetic markers and cis-
eQTL genes were then used as predictors of the variance captured by the matrix. The ordinate shows the pseudo-F statistic and the
abscissa represents the 10 Mbp interval supporting the frans-eQTL cluster. Gene probes are numbered and detailed in the legend.

vel



transcription
activator

> ¢ O

Linearized

@ genome

Legend:
<> increased gene expression
<> decreased gene expression

<> trans-eQTL cluster-underying transcription activator L
transcription

‘ transcription repressor increased by activator repressor

Figure 4-10 A trans-eQTL cluster model. A frans-acting gene can cause an overexpression of some genes and underexpression
of others. This manifests itself as an absence of just one allelic effect within a cluster, i.e. the SHR allele is associated with an
increased transcript in some, and a decreased transcript in other eQTLs. We can only speculate about the exact molecular
mechanism involved. Here, a model is proposed where the main trans-acting cluster-underlying gene causes overexpression of a
repressor gene, which is in turn responsible for a decreased expression of a subgroup of genes in the eQTL cluster.
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Table 4-1 Number of eQTLs detected in the HXB/BXH adrenal tissue dataset. For

each genome-wide P-value, the number of cis- and trans-eQTLs, as well as the

percentages of the total they represent, and the median heritability (H2,,,.4ia,) of the gene
expression traits in each group is shown. The total number (regardless of the P-value) of
trans-eQTLs in the dataset was 9044, compared to 887 cis-eQTLs.

Threshold Detected eQTLs % of total eQTLs | H?, 4., Of the eQTL genes
total cis trans cis trans total cis trans
P<0.05 1085 492 593 | 45.35% 54.65% 0.29 0.45 0.18
P<0.01 500 372 128 | 74.40% 25.60% 0.42 0.48 0.21
P<0.001 273 248 25 90.84% 9.16% 0.53 0.54 0.30
P<0.0001 167 158 9 94.61% 5.39% 0.59 0.59 0.38
P<0.00001 100 95 5 95.00% 5.00% 0.63 0.63 0.62




Table 4-2 RNO 1 trans-eQTL cluster genes. Table contains details on the 16 gene transcripts, whose eQTLs map within
the 37 - 47 Mbp region of chromosome 1 (TC1). These genes formed the input for TC1 similarity matrix calculation.

Gene QTL
Probe ID Title Symbol Chr Mbp | Chr Locus Mbp P-val LOD Add
1374390_at  Transcribed locus 1 21171 | 1 D1Rat15 378 0.02 3.8 -0.09
1371412_a_at Neuronal regeneration related protein Nrep 18 2586 | 1 D1Rat15 378 0.02 4.6 0.25
1383080_at Lysosomal membrane glycoprotein 2 Lamp2 X 6.93 | 1 14 39.2 0.00 52 0.09
1388558 at  Adenylate kinase 3 Ak3 1 23267 | 1 14 392 0.01 49 -0.11
1377123_at  Solute carrier family 27 (fatty acid transporter), member4 ~ Slc27a4 3 8.80 | 1 14 39.2 0.03 3.6 -0.10
1371961_at  Phospholipase D family, member 3 MGC109410 PId3 1 8269 | 1 1.4 39.2 0.05 5.1 -0.19
1367679_at  CD74 antigen (MHC Il antigen-associated) Cd74 18 56.76 | 1 1.5 39.2 0.00 6.8 0.20
1370383_s_at RT1 class I, locus Db1, RT1-D beta, RT1-Db, RT1-Dbin  RT1-Db1 20 468 | 1 15 39.2 0.01 59 0.16
1374053_at Minichromosome maintenance deficient 3 assoc protein Mcm3ap 20 12.56 | 1 1.5 39.2 0.01 44 0.06
1382339 a at Chromodomain helicase DNA binding protein 1 Chd1 1 5460 | 1 15 392 0.03 44 -0.18
1370883_at  RT1class I, locus Da, RT1-Daa, RT1-Dab, RT1-Dac, RT1-Dad RT1-Da 20 464 | 1 1.5 39.2 0.03 3.7 0.14
1389332_at  Transcribed locus 7 55.74 | 1 1.5 39.2 004 42 0.08
1394012_at  Zinc finger, SWIM domain containing 6 Ab2-064 Zswim6 2 39.02 | 1 1.6 39.8 0.00 49 0.11
1372635 at  Transcribed locus 10 4093 | 1 16 39.8 0.02 45 0.1
1389347_at Phosphatidylinositol transfer protein, membrane-associated Pitpnm1 1 206.69 [ 1 D1Rat18 43.8 0.02 54 0.09
1368710 _at  Serine/threonine kinase Mark?2 1 20999 ( 1 D1Mit9 438 0.05 2.7 0.04

Legend:
LOD = LOD score
Add = Additive effect
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Table 4-3 RNO 3 trans-eQTL cluster genes. Table contains details on the 21 gene transcripts, whose eQTLs map within
the 6 - 16 Mbp region of chromosome 3 (TC2). These genes formed the input for TC2 similarity matrix calculation.

Gene QTL
Probe ID Title Symbol Chr  Mbp Chr Locus Mbp P-val LOD Add
1376585 _at  Mitochondrial ribosomal protein L50 Mrpl50 5 66.26 3 6 6.7 000 56 -0.07
1369352_at  Homeodomain interacting protein kinase 3 Hipk3 3 89.78 Dbh 6.1 000 64 -0.25
1393593 _at  Transcribed locus 2 8358 D3Rat194 10.2 0.00 6.2 -0.15

D3Rat194 10.2 0.01 8.9 -0.21
3_11 144 001 46 -0.13

1376137_at  Pleckstrin homology domain containing, family B Plekhb2 9 33.60
1369912_at  V-crk sarcoma virus CT10 oncogene homolog ~ Crk 10 63.03

3

3

3

3

3
1387641_at  RABSA, member RAS oncogene family Rab5a 9 150 | 3 D3Rat194 10.2 0.01 6.2 -0.09
1393467_at  Proprotein convertase subtilisin/kexin type 5 Pcskd 1 221.12 3 311 144 002 52 -0.19
1371108_a_at Atpase, Na+/K+ transporting, alpha 1 polypeptide Atp1al 2 196.67 | 3 3 _11 144 0.02 5.8 -0.18
1388072_at  SH3-binding kinase 1 Sbk Sbk1 1 18535 | 3 D3Rat194 10.2 0.02 6.7 -047
1367506_at  Mitochondrial ribosomal protein L11 mrpl11 1 20758 [ 3  3_11 144 0.02 39 0.05
1374964 _at  Dipeptidylpeptidase 8 Dpp8 8 69.30 | 3 39 11.8 0.02 4.1 -0.05
1371192_at  Neurofibromatosis 2 Nf2 14 8547 ( 3 3 11 144 0.02 6.2 -0.27
1369779 _at  Myosin IC Myolc 10 68.86 | 3 3.8 106 0.03 6.3 -0.33
1387368 _at  Muscle and microspikes RAS Mras 8 10426 | 3 3 M1 144 0.03 3.6 -0.07
1375233 _at  Transcribed locus 5 156.11 3 D3Rat194 10.2 0.03 3.7 0.11
1385889 _at  Transcribed locus 9 36.37 | 3 D3Rat194 10.2 0.03 4.8 -0.16
1370527_a_at Casein kinase 1, delta Csnk1id 10 110.18 | 3 3 11 144 0.03 46 -0.12
1367910_at  MAD homolog 4 (Drosophila) Madh4 18 7045 | 3 3_11 144 0.04 41 -0.09
1376990 at  Transcribed locus 15 34.04 3 311 144 004 41 0.07
1387786_at  Myotrophin Mtpn 4  62.91 3 3.1 144 0.04 5.0 -0.11

3

1370488_a_at Protein tyrosine phosphatase, receptor type, D Ptprd 9 0.63 39 11.8 0.04 48 -0.16
Legend:

LOD = LOD score

Add = Additive effect
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Table 4-4 RNO 8 trans-eQTL cluster genes. Table contains details on the 17 gene transcripts, whose eQTLs map within
the 5 - 15 Mbp region of chromosome 8 (TC3). These genes formed the input for TC3 similarity matrix calculation.

Gene QTL

Probe ID Title Symbol Chr Mbp Chr Locus Mbp P-val LOD Add
1389102_at  Similar to dedicator of cyto-kinesis 2 1 194.63 8 83 74 000 53 0.08
1372050 _at Glycosyltransferase 25 domain containing 1 Glt25d1 16 18.82 8 D8Mit6 96 001 46 -0.05
1392746 _x_at Transcribed locus 10 43.65 8 8.3 74 002 6.6 -0.10
1388543_at  Transcribed locus 1 188.58 8 84 95 0.02 36 -0.07
1383331 _at Transcribed locus 20 30.06 8 D8Mit6 96 0.02 41 0.12
1383884 _at  Transcribed locus 15 2.57 8 84 95 0.02 45 0.16
1374326 _at Peter pan homolog Ppan 8 19.91 8 83 74 003 50 -0.11
1371626 _at Signal recognition particle 68 Srp68 10 106.37 8 83 74 003 56 -0.05
1398864 _at Ubiquitin-conjugating enzyme E2G 1 Ube2g1 10 59.54 8 8.3 74 003 43 0.06
1388951 _at Transcribed locus - 1 85.63 8 82 64 004 39 -0.05
1389086_at  Transcribed locus 13  98.89 8§ 84 95 004 42 -0.10
1368282 _at Dipeptidase 1 (renal) Dpep1 19 53.51 8 84 95 004 36 -0.14
1398849 at  H3 histone, family 3B RGD:621095 10 106.13 8 83 74 004 36 -0.06
1375692 _at Mitogen activated protein kinase 1 Mapk1 11 86.00 8 84 95 004 48 0.09
1374178_at  ADP-ribosylation factor-like 5 Arl5 3 33.92 8 D8Mit6 96 0.04 54 0.10
1370426_a_at ATPase, Ca++ transporting, cardiac muscle Atp2a2 12 35.29 8 D8Mit6 96 005 36 0.04
1398808_at  Inositol (myo)-1(or 4)-monophosphatase 1 Impa1 2 9343 8§ 82 64 005 40 0.08
Legend:

LOD = LOD score
Add = Additive effect
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Table 4-5 RNO 11 trans-eQTL cluster genes. Table contains details on the 16 gene transcripts, whose eQTLs map within
the 25 - 35 Mbp region of chromosome 11 (TC4). These genes formed the input for TC4 similarity matrix calculation.

Gene QTL
Probe ID Title Symbol Chr Mbp | Chr Locus Mbp P-val LOD Add
1370408_at  Putative small membrane protein NID67  Nid67 18 5644 ( 11 11.9 274 0.02 4.7 -0.13
1370384_a_at Prolactin receptor RATPRLR Prir 2 59.52 | 11 11_11 294 0.01 53 0.16
1367680_at  Acyl-Coenzyme A oxidase 1, palmitoyl Acox1 10 106.29 | 11 D11Rat16 30.8 0.00 5.0 -0.10
1373135_at  Transcribed locus 10 90.02 { 11 D11Rat16 30.8 0.00 6.0 -0.10
1370964_at  Arginosuccinate synthetase Ass 3 10.60 | 11 D11Rat16 30.8 0.00 5.7 -0.47
1389903_at  Pituitary tumor-transforming 1 interacting protein Pttg1ip 20 1142 | 11 D11Rat16 30.8 0.02 4.6 -0.08
1369917 _at Neurotrophin receptor associated death domain PLAIDD ~ Nradd 8 115.00 | 11 D11Rat16 30.8 0.02 4.6 0.07
1377266_at  Transcribed locus X 86.20 [ 11 D11Rat16 30.8 0.02 4.4 0.09
1398450 _at  Transcribed locus 3 59.76 | 11 D11Rat16 30.8 0.03 4.3 -0.15
1374725_at  Transcribed locus 2 200.09 | 11 D11Rat16 30.8 0.03 3.8 0.10
1368082_at Solute carrier family 4, member 2 Sic4a2 4 6.11 | 11 D11Rat16 30.8 0.03 4.9 0.19
1372900_at Phosphatidylinositol glycan, class T RGD:1307156 3 155.52 | 11 D11Rat16 30.8 0.03 4.6 0.07
1371409_at  Transcribed locus - 18 71.87 [ 11 D11Mit2 309 0.00 5.8 -0.06
1375266_at  Transcribed locus - 4 163.77 | 11 D11Mit2 309 0.02 43 -0.17

Legend:
LOD = LOD score
Add = Additive effect
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Table 4-6 RNO 17 trans-eQTL cluster genes. Table contains details on the 21 gene transcripts, whose eQTLs map within
the 30 - 40 Mbp region of chromosome 17 (TC5). These genes formed the input for TCS similarity matrix calculation.

Gene QTL
Probe ID Title Symbol Chr  Mbp | Chr Locus Mbp P-val LOD Add
1368657_at Matrix metallopeptidase 3 Mmp3 8 432 | 17 D17Rat11 309 0.05 4.7 0.10
1372815_at Mago-nashi homolog, proliferation-associated Magoh 5 128.99 | 17 17_17 343 0.01 6.3 -0.09
1389227 _at Ras homolog gene family, member g arhg Rhog 1 159.80 | 17 17_17 34.3 0.01 47 0.09
1370899 _at Splicing factor proline/glutamine rich Sfpq 5 146.48 | 17 17_17 343 0.02 56 -0.09
1373969 _at Sh3 domain protein 4 Sorbs3 15 50.60 | 17 17_17 343 0.02 40 0.07
1387780_at Dnaj (hsp40) homolog, subfamily a, member 2 Dnaja2 19 2286 | 17 17_17 343 0.04 43 -0.06

1372242_at Dead (asp-glu-ala-asp) box polypeptide 3, x-linked  Ddx3x X 2149 | 17 17_17 343 0.04 3.5 -0.06
1373045_at Potassium channel tetramerisation domain containing 13 Kctd13 1 186.11 | 17 17_18 349 0.00 44 011
1375674_at Transcribed locus 10 1090 [ 17 17_18 349 0.01 6.0 0.17
1377391_at Calcium binding protein 39-like Cab39l 15 38.63 | 17 17_18 349 0.01 35 0.08

1373821_at Slc30a5_predicted: solute carrier family 30, member 5 Slc30a5 2 31.62 | 17 17_18 349 0.01 45 -0.07
1369974 at Vesicle-associated membrane protein 2 Vamp2 10 5585 | 17 17_18 349 002 6.0 012
1370188_at Splicing factor, arginine/serine-rich 10 Sfrs10 11 81.04 | 17 17_18 349 0.02 45 -0.05
1374870_at Collagen, type xxvii, alpha 1 Col27a1 80.26 | 17 17_18 349 0.02 50 0.13

5
1392604_at Nad(p) dependent steroid dehydrogenase-like Nsdhl X 158.94 | 17 17_18 349 0.03 41 -0.15
1374945 _at Transcribed locus 6 136.46 | 17 17_18 349 0.04 40 -0.13
1368029 _at Guanine nucleotide binding protein, alpha inhibiting3 Gnai3 2 203.69 | 17 17_18 349 0.04 40 -0.10
1388333_at Ring-box 1 Rbx1 7 119.83 | 17 17_18 349 0.04 41 -0.07
1389721_at Transcribed locus 1 7772 | 17 17_18 349 0.04 45 0.17
1372143_at Ubiquitin-conjugating enzyme e2 variant 2 Ube2v2 11 87.24 | 17 17_18 349 0.04 42 -0.09
1373531_at Cleavage and polyadenylation specific factor 1, 160kda Cpsf1 7 11465 | 17 17_19 40.0 0.02 5.0 0.08

Legend:
LOD = LOD score
Add = Additive effect
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Table 4-7 RNO 20 cis-eQTL cluster genes. Table contains details on the 23 gene transcripts, whose eQTLs map

within the 0 - 10 Mbp region of chromosome 20.

Gene QTL

Probe ID Title Symbol Chr  Mbp Chr Locus Mbp P-val LOD Add
1371171_at RT1 class Ib, locus Aw2 RT1-Aw2 20  0.06 20 2002 29 0.00 16.6 0.57
1390562_s_at RT1 class Ib, locus Aw2 RT1-Aw2 20 0.08 20 202 29 0.00 13.0 -0.94
1388236_x_at RT1 class |, CE12 RT1-CE12 20 0.15 20 202 29 0.00 134 -0.37
1389734 _x_at RT1 class Ib, locus Aw2 RT1-Aw2 20 2.84 20 202 29 0.00 6.8 0.29
1388694 _at RT1 class Ib, locus Aw2 RT1-Aw2 20  2.87 20 202 29 0.00 6.7 -0.44
1374927 _at Transcribed locus - 20 3.04 20 202 29 0.00 8.6 0.27
1370290_at Tubulin, beta 5 Tubb5 20 3.06 20 202 29 0.00 12.6 -0.31
1388255 x_at RT1 class |, CE5 RT1-CE5 20  3.51 20 202 29 0.00 12.1 0.63
1370972_x_at RT1 class Ib, locus Aw2 RT1-Aw2 20 3.53 20 202 29 0.00 8.2 -0.18
1371213_at RT1 class I, A3 RT1-A3 20 3.60 20 202 29 0.00 15.8 -0.39
1372956_at RT1 class Ib, locus Aw2 RT1-Aw2 20 3.76 20 202 29 0.01 5.2 -0.07
1371985 _a_at HLA-B associated transcript 5 Bat5 20 3.79 20 202 29 0.00 8.2 -0.25
1377091 _at NG5 protein Ng5 20 4.22 20 202 29 0.00 6.8 0.20
1371033_at RT1 class Il, locus Bb RT1-Bb 20 4.73 20 202 29 0.00 13.2 0.62
1370428 x_at RT1class |, A3 RT1-A3 20 5.02 20 202 29 0.00 17.1 0.72
1394386_s_at Vacuolar protein sorting 52 Vps52 20 5.08 20 202 29 0.00 129 -0.46
1369726_at TAP binding protein Tapbp 20 5.11 20 202 29 0.00 6.2 -0.15
1383225 _at Transcribed locus - 20 6.41 20 202 29 0.01 5.8 0.16
1377136_at Mitogen activated protein kinase 14  Mapk14 20 6.97 20 203 6.8 0.00 6.0 -0.17
1374429 at Transcribed locus - 20 7.82 20 2003 6.8 0.00 17.6 -0.73
1389481_at Transcribed locus - 20 7.60 20 204 8.0 0.00 6.7 -0.10
1399098_at Glyoxylase 1 Glo1 20 8.91 20 206 8.3 0.00 11.8 0.12
1389369 _at Transcribed locus - 20 5.07 20 207 9.1 0.00 7.7 -0.13
Legend:

LOD = LOD score
Add = Additive effect

ol



Table 4-8 Cis-eQTL genes located within the frans-eQTL cluster regions used as predictors in the MDMR analysis.
Horizontal lines separate the five clusters. The results are given in the last theree columns of the table as pseudo-F statistic, P-value
(based on 100 000 permutations) and amount of variance (%) in the similarity matrix that can be explained by the predictor. Gene
position, gene transcript abundance heritability in the RI strains, t-test P-value for differences between progenitors, as well as cis-
eQTL peak position and P-value for each respective gene are also detailed in the table.

(Continued.)
Genes used as predictors in MDMR Gene transcript info cis-eQTL details MDMR results
povsen o oot S| 1o IR o Pt S [reio ™ WONE %
1369896 _s at 1 381 Rbm16 | 9x101 25 1.03| 1 371 5x102 | 1162 3x104 29
1386882 _at 1 41.1 Tctex1 6x10-3 53 164 | 1 371 5x10-1 2.37 1x10-1 8
1370564_at 3 6.1 Dbh 2x102 64 -235| 3 6.0 4x10+4 5.04 7x10-3 15
1372323 at 3 6.1  Sardh 1x102 44 -152| 3 6.0 2x10-5 6.53 1x10-3 18
1372775 _at 3 6.4 Brd3 4x101 18 135 3 11.8 6x10-1 959 1x10+4 25
1389816 at 3 9.2 Endog | 2x10-' 26 -214| 3 6.0 2x104 293 4x10-2 9
1373537_at 3 10.1 Fnbp1 1x102 49 125 3 102 9x10+4 6.48 2x10-3 18
1389713 at 3 113 2x10-1 56 119 3 106 4x10-6 408 1x10-2 12
1368267 _ at 3 11.3 Pomt1 6x103 69 -159 | 3 106 3x10-3 3.06 4x10-2 10
1373100_at 3 114 1x10-1 3 131 3 154 3x10-1 5.65 3x10-3 16
1390214 _a at 3 11.5 Ciz1 2x10-' 14 -120| 3 106 2x10-1 0.40 8x10-1 1
1388624 at 3 11.5 4x10-1 39 168 3 106 8x10-! 8.93 3x104 24
1372759 at 3 117 Cdk9 2x10 1 7 1171 3 118 1x10 0 113  3x10-" 4
1373331_at 3 119 Lrsam1 5x102 36 -1.72| 3 11.8 3x10-+4 266 6x102 8
1375181_at 3 12.0 2x10-1 43 127 | 3 11.8 8x10-1 246  7x1072
1372267_at 3 139 Psmd5 | 4x102 26 128 3 118 1x10-3 215 9x1072 7
1375687_at 3 14.2 Rabi14 8x10-' 30 -1.07| 3 144 1x102| 10.61 5x10°5 27
1370335 _at 3 14.8 Dab2ip 5x10-1 25 -121| 3 144 6x10-3 1.74  1x10-1 6
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Table 4-8 Cis-eQTL genes located within the frans-eQTL cluster regions used as predictors in the MDMR analysis. (Continued.)

Genes used as predictors in MDMR Gene transcript info cis-eQTL details MDMR results
Probeset D Cnr FURion - So0e | e MR | O e Py Poaoe oxpaned
1372805 at 8 112 3x103 64 156 [ 8 95  x104| 877  2x10%4 23
1373838 at 8 115 Fut4 4x10-1 28 120 | 8 74  1x10- 1.60  2x10" 5
1371763 at 8 121 8x10-1 2 104 | 8 64  7x107 493  4x10°3 15
1398460 at 8  12.1 1x10-1 61 143 | 8 95  1x105| 13.04  1x10° 31
1368223 at 11 254  Adamtst 5101 26 123 | 11 284  3x10-' | 1261  1x10° 30
1388586_at 11  31.0  Synj1 6x10-1 21 109 [ 11 348 1x100| 479  1x102 14
1371347_at 11 31.6  Tmem50b 3x10-1 46 134 | 11 309  2x105 | 2441  1x10° 46
1370276 _at 11 319 Atp50 2x10-1 49 126 | 11 30.8  8x102 | 1452  4x10° 33
1389110 at 11 32.1 Slc5a3 8x102 61 114 | 11 348  2x102 | 1564  1x10 35
1390364 at 11  32.8 5x102 17 -149 [ 11 30.8  7x104 | 1980  1x10% 41
1370947 at 11 338 3x10-1 56 107 [ 11 294  8x103 | 1764  2x10° 38
1368037 _at 11  33.8 Cbr1 1x102 78 170 | 11 294  1x10-5| 17.77  1x10° 38
1373200 at 17 322  Eeflet 1x10-1 34 192 | 17 343  3x103| 858  5x10° 23
1388884 at 17  36.3 3x10-1 42 126 | 17 349  9x102| 11.80  1x10° 29
1376010 at 17 363  Prpfdb 1x10-1 49 126 | 17 349  5x102 | 1499  1x105 34
1372686_at 17  37.1 3107 14 129 | 17 343  2x10-1 099  4x107 3
1388617 _at 17  37.1 Bphl 4x103 77 265 | 17 349 1x105| 923  7x10° 24
1374959 at 17 373 Ngo2 1x10-3 88 -220 | 17 349 1x10-5| 977  3x105 25
1373672 at 17  37.8 3x10-1 66 122 | 17 349  1x105| 1215  1x10° 30
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Chapter 5
Conclusions and Perspectives:

Significance of the Presented Results and Future Directions
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SIGNIFICANCE OF THE PRESENTED RESULTS

The construction of a high resolution linkage map and the genetic
characterization of the HXB/BXH RI strain panel (described in Chapter 2), which is
one of only two rat RI population (the other being the LEXF/FXLE RI set'®®), will
allow researchers to maximize the potential of these strains for mapping genes
contributing to the expression of complex phenotypes that are measurable in the
HXB/BXH model population. Furthermore, the analysis presented in this dissertation
revealed important limitations in terms of power to detect QTLs of small phenotypic
effect, largely attributable to the relatively low number of strains in the HXB/BXH RI
population. Another important conclusion emerging from this analysis is that the
recently undertaken extensive SNP genotyping in the RI strains®' provides only a
limited increment in mapping resolution over the current microsatellite map, again
most likely attributable to the number of strains in the RI panel.

The delineation of a regulatory genetic network controlling catecholamine
biosynthesis in the SHR (described in Chapter 3) represents a significant advance on
previously published work on several accounts. Firstly, we have solved the molecular
basis of dysregulated catecholamine synthesis and secretion in the SHR. This

89,90
77, and

abnormality was described more than 30 years ago in two Nature papers
scores of papers have been written in the intervening decades trying to understand the
underlying mechanism. The findings presented in this dissertation conclude this work,

by identifying the molecular basis of these traits which are central to the hypertensive

phenotype in the SHR. Secondly, we have described the molecular basis of these
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phenotypes comprehensively, with causative changes found at the level of genomic
sequence, transcript, enzyme activity and catecholamine content. In addition, the
discovery of molecular mechanism for a physiological QTL is significant by itself,
since only less than 20 of the more than 2,000 QTLs so far identified in mice and rats
were characterized at a molecular level*. Thirdly, these observations of the basis of
catecholamine dysregulation in the SHR have potentially profound physiological and
evolutionary consequences on the basis of correlations between biochemical changes
and both blood pressure and heart rate.

The analysis of the adrenal transcriptome (described in Chapter 4) resulted in
the characterization of the natural variation in gene expression levels. The expression
level of most genes is a heritable trait, regulated by genetic variation, either in the
genic region itself (cis) or from more distant loci (¢rans). Identification of frans-eQTL
clusters implies that a group of genes are jointly regulated from a single locus. Such
grouping is conceivable either on the basis of functional relatedness of the co-
regulated genes that could elicit a regulatory (compensatory) response to one another,
or on the basis of genes exhibiting pleiotropic effects due to their involvement in vital
cellular processes, such as energy metabolism, transcription, and translation. In our
analysis we established that the latter was the case for the HXB/BXH adrenal
transcriptome. Using a novel multivariate distance-matrix regression analysis
(MDMR) to ascertain similarities among the co-regulated transcripts (and suppress the
effect of noise) we identified two genes involved in pre-mRNA processing — a process

that is extremely relevant to the examined phenotype, i.e. transcript abundance. An
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additional finding is the cis-eQTL clustering in the MHC complex genomic region,
indicating that MHC haplotypes confer substantial variation in MCH gene expression.
This is noteworthy especially because of the known MHC association with numerous

diseases.

THE FUTURE OF COMPLEX TRAIT ANALYSIS

Understanding the genetic architecture of complex traits continues to be of
great interest to the biomedical community. The majority of common chronic human
diseases, including cancer, cardiovascular disease, obesity, diabetes,
neurodegenerative diseases, and behavioral disorders, are a result of complex
pathologies that implicate many molecular and physiologic processes. Disease
susceptibility and progression are influenced by numerous genetic, developmental and
environmental factors. The contributing genetic factors are presumed to be a
combination of common sequence variants of small effect and rare sequence variants
of large effect, as proposed by R.A. Fisher’’. This concept was recently shown to be
consistent with the genetic basis of type 1 diabetes (T1D) susceptibility, as a recent
analysis yielded a characteristic L-shaped distribution of allelic effect sizes for the ten
loci so far confirmed in T1D'".

The recent explosion of genome-wide association studies (GWAS), made
possible chiefly by the availability of the high-throughput genotyping technologies,
has resulted in the identification of a large number of risk alleles for common human
diseases. Almost all of the newly identified risk alleles, however, have small effect

sizes (odds ratio < 2). A complementary strategy to the GWAS is deep population re-
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sequencing of candidate genes'®®. This strategy consists of use of knowledge of
disease pathophysiology to select plausible candidates for re-sequencing in many
diseased and healthy individuals, with the hope that mutations will be discovered that
can be further subjected to testing. A great advantage of this strategy is the ability to
detect alleles of large phenotypic effect, which would be missed in GWAS because of
their likely low population frequency.

Linkage studies have the ability to detect the causative genomic regions likely
to harbor important DNA sequence variations, without a priori knowledge of the
location of any specific disease-causing allele. A gene can be affected by many
different mutations in various individuals, which still can lead to the same disease due
the same genic function being disrupted (e.g. cystic fibrosis). In such situations,
linkage analysis will have advantage over association study because the heterogeneity
of the disease-causing alleles would plague association analyses involving specific
variations, but not in the identification of the gross genomic region harboring these
variations via linkage analysis.

Despite the progress of genetic analysis in humans, model organisms will
likely continue to contribute important pieces to genetic puzzles surrounding complex
disease expression. This is particularly true of the large-scale effort to create “The
Collaborative Cross”, a community resource for the genetic analysis of complex traits,
which will consist of a thousand recombinant inbred strains of the mouse originating
from eight inbred progenitors'®’, thus segregating eight potential alleles at each locus,

compared to the two customary alleles in crosses like the HXB/BXH. Such model
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population will better represent the genetic structure of human populations and will
allow more accurate modeling of gene-gene and gene-environment interactions' .

It can be safely predicted that the future of complex trait analysis lies with a
combination of all four above mentioned approaches. As the cost of re-sequencing
continues to fall, deep re-sequencing will be carried out in large number of individuals
and across a wide range of disease. Information on rare disease causing mutations will
continue to grow and will eventually be combined with information from GWAS to
construct multifactorial models of disease in an attempt to quantify individual risk and
predict disease outcome. This will potentially lead to timely identification of
individuals at risk, improved prevention, and treatment tailored to the genetic profile,
as is the stated goal of Personalized Medicine. A catalog of human variation in heath
and disease is already being compiled via the “Human Variome Project””". Such
resources, completed with the results of longitudinal studies of the carriers of specific
genetic variants, will further help increase our understanding of the genetic structure

of complex traits.
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Appendix 1: Marker strain distribution patterns

Legend: Markers are identified by chromosome number and name. Marker position
(Haldane ¢cM) and strain distribution pattern (rows) for each strain (columns) are
given. Strain distribution patterns are listed with the strains in the following order:
1HXB, 2HXB, 3HXB, 4HXB, SHXB, 7HXB, 10HXB, 15 HXB, 17HXB, 18HXB,
20HXB, 21HXB, 22HXB, 23HXB, 24HXB, 25HXB, 27HXB, 29HXB, 31HXB,
2BXH, 3BXH, 5SBXH, 6BXH, 8BXH, 9BXH, 10BXH, 11BXH, 12BXH and 13BXH.
Genotype coding: ‘H’ = SHR, ‘B’ = BN.Lx, ‘-* = unknown.

Chr Marker cM Strain distribution patterns
Chrl D1Rat327 0.0 BHBHHBHBBRBBHBHHBBBBHHHHBBHHB
Chrl D1Rat7 3.2 BHBHHBHBRBRBBBHHHHBRBBHHHHBBHHB
Chrl D1Ratl186 4.1 HHBHHBHBRBRBBBHHHHBRBBHHHHBBHHB
Chrl D1Mgh2 21.2 HHBHHBHHHBRHHBBBHBBRBBHHHBBBBHB
Chrl D1Rat252 25.8 BHBHHBHHHBBHHBBHBBBBHHHBBBBEBEB
Chrl D1Utro6 27.7 HHHHHBHHHBBHHBBHBBBBHHHBBBBBEB
Chrl S1lc9a3 32.7 HHBHHBH-HBBBHBBHB-BBHHBHBBBEBRB
Chrl DI1Ratlb 37.7 HBBHHBHHHBRBHBBBHBBRBHHHHBBBEBEB
Chrl D1Cebr68sl 42 .3 HBHHHHHHHBRBHBBBHHBHBRHHHHBBBEBEB
Chrl D1Ratl8 45.4 HBBHHHHBHHBHBBBHHBHBHHHHBBBEBEB
Chrl DIMit9 47 .4 HBBHHHBBHBRBHBBBHHBHBHHHHBBBRBEB
Chrl D1Rat20 49.4 HHBHHHHBHBRBHBBBHHBHBHHHHBBBEBEB
Chrl D1Rat256 52.5 HHHHHHHHHHBHBBBHHBHBHHHHBBBEBEB
Chrl D1Rat24 63.0 BHHHHHHHBRHBHBBHHBBBRHHHHHBBHBERB
Chrl Cyp2b2 066.3 HHHHHHBHBHBHBHHHBBBHHHHHBBHB-
Chrl D1Cebrpl31s2 68.4 HHHHHHHHBHBHBHHHBBHHHHHHB-HBH
Chrl D1Rat212 71.7 HHHHHHHHBHBHBHHHBBBHHHHHHHHBEB
Chrl D1Rat27 77.9 HHHHHHBHBBRBHBHHHBBHBHBHHHHHBEB
Chrl D1Rat266 79.9 HHHHHHBHHHBHBHHHBBHBHBHHHHHBEB
Chrl Klk1l 84 .4 HHHHHBBHBHBHHHHHBBHBHBHBHHHBB
Chrl D1Rat30 92.6 BHHHHHBHHHBHHHHHHBHBHBHBHBHHB
Chrl D1Rat268 98.7 BHBHHHHHHHBHHHHHBHHBBBHBHBHHB
Chrl D1Cebr3ls2 101.9 HHHHHHHHHHBHHBHHBHHBBBHBHBHHB
Chrl D1Arbl1l 104.5 -H-HHHHHH-BH-HHH-HHBBBBBH-HHB
Chrl D1Cebr72sl 107.0 HHBHHHHHHBBHHBHHBHHBBBHBHBHHB
Chrl D1Cebrl1l00s2 109.0 HHHHHHHHHHBHHBHHBHHBBBHBHBHHB
Chrl DI1Rat35 113.5 BHHHHHHHHHBHHBHBBHHBBBBBHBHBE
Chrl D1Rat270 118.1 BHHHHHHHBRBHHBBBBHHBBBBBBBHEBER
Chrl D1Rat4?2 124.3 BHBHHHHBRRBHBBBBBRBRRBRBBBBBBHEBER
Chrl D1Cebrlesl 127.4 HHBHHBHBBRBHBBBBBRBBRBRBBBHBBHEBEB
Chrl D1Arblb5 128.3 HHBHHBHBBRBRHBBBBBBRBRBBBBBBHBE
Chrl D1Utr9 131.5 HHBHHBHBRRBHBBBBBHHBBBBBBHHEBER
Chrl D1Arblo 136.5 HHBHHBHBBRHBH-HBBBBHBHBBBBHHB-
Chrl D1Rat4d7 137.5 HHBHHBHBRRBHBHBBBRBHBHBBBBHHBER
Chrl D1Rat277 138.4 HHBHHBHBBRBHBHBBBBBBHBBBBHHBEB
Chrl D1Cebr21s2 139.9 HHBHHBBBBBBHBHBBBBB—-——————-—-—-
Chrl D1Cebr7s3 141.3 HHBHHBBBRRBHBHBBBHBBHBBBBHHEBERE
Chrl D1Arbl7 142.2 HHBHHBBBRRBHBHBBBEBRBHBBBBHHBE
Chrl D1Rat287 146.8 HHBHHBBBHRBHBHBBBHRBBHBBBHBHEBERB



Chr Marker cM Strain distribution patterns
Chrl Mtlpa 147.7 HHBHHBBBHRBHBBBBBHRBBHBBBHBHEBE
Chrl Lsn 149.7 HHBHHBBBHRBHBBBBBHRBRBHHBHHBHEBER
Chrl Scnnlg 153.0 HHBHHBBBHRBHB-BBBHRBHBBBHHHBEB
Chrl D1Cebrl0s3 161.5 HHHHHBBBHHBHHHBHBHBBHBBHHBHBEB
Chrl Igf2 163.5 HHHHHBBBHBBHHBBHBHBBRHBBHHBHBEB
Chrl D1Rat292 165.5 HHHHHBBBHHBHHBBHBHHBHBBHHBHBER
Chrl D1Rat293 173.6 HHBHHBBBHHBHBBBHBHBRHHBHHHBHHB
Chrl D1Rat71 178.1 BBBHHBBBHHBHBHHHBHBRHHBHHHBHHB
Chrl D1Rat296 188.6 HHBHHHBBHHHHBHHBBHBHBBBHHBHHB
Chrl DIMit34 196.8 BHHHHHBBHRHHBBHBBHBHBBBHHBHBH
Chrl Jak?2 201.2 BHH-H-B-BBBHBB-B-—-BHBBBHH-HHH
Chrl D1Rat77 207.9 BHBHHHBBRRHHBBHBBHRBHBBBBBBHHH
Chrl D1Rat304 216.0 BHHHBHBBRBRHHBBHHBHHBRBBBBBBHHB
Chrl D1Utr5 217.0 BHHHBHBBHBRHHBBHHBHHBBBBBBBHHB
Chrl D1Cebrp29s6 217.9 BHBHBHBBHRHHBBHHBHHBBBBBBBHHB
Chrl D1Utr7 221.0 BHHHBHBBHHHHBHHHBHHBBBBBBBHHB
Chrl D1Rat235 224.2 BHHHBHBBRHBHBBHHBHHBRBBBBBBHHB
Chrl D1Rat81 226.2 HHHHBHBBHHBHBBHHBHHBRBBBBBBHHB
Chrl D1Rat225 232.3 HHHHBHBHHHBHBBHHBHHHHHBBHBHHB
Chrl DIMitl4 233.3 HHHHBHHHHHBHBBHHBHHHHHBBHB-HB
Chrl Adrbl 234.3 HHHHBHBHHHBHBBH-BHHHHHBBH-HHB
Chrl D1Cebrl9s2 236.4 HHHHBHHHHHBHBBHHBHHHHHBBHBBHB
Chrl D1Utr4 237.4 HHHHBH-HHHBHBBHHBHHHHHBBHBHHB
Chrl D1Utr10-U7 241.2 -HHHBHHHHHBHBBHHBHHHHBBHBBH--
Chr2 D2Rat189 0.0 BBHBHHBHBHHBBBHHBBHHHHBBHHHBH
Chr?2 D2Ratl24 8.1 BBBBHBBHRHBBBBHBBBHHHBBBBHHBH
Chr2 D2Rat94 14.3 HHBHHBHHBRHBHBBHBBBHHHBBBBHHBH
Chr2 D2Ratlle6 15.2 HHBHHHHHRHBHBBHBBBHHHBBBBHHBH
Chr2 D2Ratll 18.4 HBHHHHHHBRBHBBHBBBHHHBBBBHHBH
Chr2 D2Rat201 26.5 BHBBHHHHHBRBHBHHBBBHHHBBBBHHBH
Chr?2 D2Rat202 28.5 BBHBHHHHHBBHBHHBBBHHHBBBBHHBH
Chr2 D2Mghl4 33.0 HBHBHHHHHBRBHHHHBBBHHHBBBBBHEBERB
Chr2 D2Rat197 36.3 BBH-HHHHBRRBHHHHBBBHHHBBBBBHBH
Chr?2 D2Mit4d 41.1 BBBBHBHHHBRBHHHHBBBHHHBBBBHHBH
Chr2 D2Mith 43.1 BBBBHBHHHBRBHHHH-BBHHHBBHBBHBH
Chr?2 D2Ucsf?2 44 .1 BBBBHBHHHBRBHHHHBBBHHHBBHBBHBER
Chr2 D2Rat75 46.0 BBBBBBHHHRBHHHHBBBHHHBBHBBHBH
Chr2 D2Utr8 47.0 BBBBBBHHHRBHHHHBBBHHBBBHBBHBH
Chr2 D2Utrl 50.3 BBBBHBHHHBRBHH-BBBBHHHBBHBBHBH
Chr2 D2Utrl10 51.2 BBBBHBHHHRBHHHHBBBHHHBBHBBHBH
Chr?2 D2Rat320 54.4 BHHBHBHHHBBHHHHBBBHHHBBHBHHBH
Chr2 D2Mit6 60.5 BBBBBBHHHRHHHHHBBBHHHBBHBBHBH
Chr2 D2Rat95 68.7 BHBBBHHHHRBHHHHBBBHHBHHHBBHBH
Chr2 D2Cebrl11042 73.2 BBHBBHHBHBRBHHHHBBBHHBBHHBBHBH
Chr2 D2Cebrl11041 74.1 BBBBBHHBHRBRHHHHBBBHHBBHHBBHBH
Chr?2 Cpb 75.3 BBBHBHH-H-BHH-HBBBHHBBHHBBH-—
Chr2 D2Mit7 79.5 HBBH-HHBHRBHBHHBBBHHBBHHBHHHH
Chr2 D2Mit18 84.5 BBBHBHHHHBRBHB-HBBBHHBBHHBBHBH
Chr2 D2Rat24 87.8 BHBBBHHHHBRBHHBHBBBHHBBHHBBHBH
Chr2 D2Rat147 98.3 BHBHBHHHHBRBHHBBBBBHHHBHBHHHHH
Chr?2 D2Ratllb 100.2 BHBHBHHHHHBHHBHBBBHHHBHBHHHHH
Chr2 D2Rat221 103.4 HHBHBHHHHBRBHHBHBBBHHBBHBHHHHH
Chr2 D2Rat34 105.4 BHBBBHHHHBBHHBHBBBHHBBHBHHHHH
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Chr Marker cM Strain distribution patterns
Chr?2 D2Rat222 107.5 HHBHBHH-HBRBHHBHBBBHHBBHBHHHH-
Chr2 D2Utr2 109.7 HBBHBHHH-BBHHBHBBBHHBBHBHHBHH
Chr2 D2Utr7 111.8 HBBHBBHHHRBH-BHBBBHHHBHBHHBHH
Chr2 D2Mit9 114.0 -BBHBHHHHBBHHBHBBBHHBBHBHHBHH
Chr2 D2Rat38 114.9 HBHHBHHHHBRBHHBHBBBHHBBHBHHBHH
Chr?2 D2Ratl152 116.9 HBHHBBHHHBBHHBHBBBRHBBHBHHBHH
Chr2 D2Rat228 127.4 BBHHBBHBHRBHBBHHBHBRHBHBBHHBHH
Chr2 Fgg 129.3 BBHHBBHBHRBHBBHHBHBHBBHBHHBHH
Chr2 D2Utrll 130.2 BBBHBBHBHBRBHBBHHBHBHBBHBHHBHH
Chr2 D2CebrP476s2 134.8 BBBHBBHBHRRHBBHBBHBHBBBBBHHHH
Chr?2 D2Cebrlls?2 139.3 BBBHBBHHHRBHBBHBBHBHBBHBHHBHH
Chr2 D2Utr9 141.4 BBBHBBHBHRBHBB-HBHBRHBBHBHHBHH
Chr2 Fga 142 .4 BBHHBBHBHRBHBBHHBHBHBBHBHHB-H
Chr2 D2Cebr28s4 143.3 BBHHBBHHHBBHBBHHBHBHBBHBHHBHH
Chr2 R802 146.6 BBHHBHH-HBRBRHBBHHBHBHBHBBHHBHH
Chr?2 D2Rat4d?2 147.7 BBHHBBHBHRBHBBHHBHBHBHBBHH--H
Chr2 P9ka 151.1 BBHHBHHHHRBBBBHHBHBRHBHBBHHBHH
Chr2 Nprl 154.3 BBHHBBHBHRBHBBHHBHBHBHBBHHBHH
Chr2 Atplal 156.2 BBHHHBHHHBBHBBHHBHBHBHBBHHBHH
Chr2 D2Cebrl0s2 159.7 BBHHHBHHHBRHHBBHHBHBHBBBB-HBB-
Chr?2 D2Mitl4 161.8 BBHHHBHHHBHHBBHHBHBHBHBBHHBHH
Chr2 D2Cebr204s17 163.9 BBHHHBHHHBRHHBBHHBHBH-HHHHH-HH
Chr2 D2Cebrd2s3 166.1 BBHHHBHHHRHHBBHHBHBHBHBBHHHHH
Chr2 D2Utr3 167.0 BBBHHBHHHBHHBBHHBHBHBHBBHHHHH
Chr2 D2Rat57 170.3 BBBHHHHBH-HHBHHHBHBHBHBBHHHHH
Chr?2 D2Cebr4ds8 172.3 BHBBHHHBHBRHHBHHHBHBHBHBBHHHHH
Chr2 D2Ucsfl 174.0 --—--HHHH--HHB-HHBHBHB-B-H---H
Chr?2 D2N91 177.7 BBHBHHHBHRHHBHHHBHBHHHBBHHHHH
Chr2 D2Rat62 183.8 BHHBHBHBHBRBBBHHHBBBHHHBBHHHHH
Chr2 D2N35 184.8 BHHBHBHBHRBBBHHHBBBBHHBBHHHHH
Chr?2 D2Ratol 185.7 -HHBHBRHBHBBBBHHHBBBHHHBBHHHHH
Chr2 D2CebrP133s9 186.7 BHBBHBHBHRBBB-HHBBBRHHHBBHHHHH
Chr2 D2Rat247 190.0 BHBBHBHBRRBBBHHHBHBRHHHBBHHHHB
Chr2 D2Rat66 196.2 HBBHBBHBBRHBBHHHBHBHHHBBHHHHB
Chr2 D2Rat67 200.7 HHBHBBHBBRHHBHHHBHBHHHBBHHBBEB
Chr?2 D2Rato69 205.3 HHBHHBHBBHHHBHHHBHHHHHBHHHBEBEB
Chr2 D2Rat70 211.5 HBBHHBHBRHHHBBBBBHHHHBBHHHBEBEB
Chr?2 D2Mitlo6 212.4 HBBBHBHBRHHHBBBBBHHHHB-HHHBB-
Chr3 D3Cebrp207s7 0.0 BBHBHHHHBHBBBBBBBHHBHBHHBHBHB
Chr3 D3Cebr204s4 0.9 BBHHHHHHBHBBBBBBBHHBHBHHBHBHB
Chr3 D3Ucsfl 1.9 BBBHHHHHBRHBBBBBBBHHBHBHHBHB——
Chr3 D3Cebr26sl 4.0 BBHHHHHHHHBBBBBBBHHBHBHHBHBHB
Chr3 Dbh 5.0 BBHHHHHHBRHBBBBBBBHHBRHBHHBHBHB
Chr3 D3Rat194 6.9 HBHHHHHHHHBBBBBBBHHBHBHHBHBHB
Chr3 D3Rat53 15.0 BBBBHHHBHHBBHBBBBBHBHBHHBHBHB
Chr3 D3Utr7 19.6 HBBBHHHBHHBBHBBBBBHBHHBHBHBEBERB
Chr3 D3Utr5 22.9 HHBHHHHBHHBBH-BBBBHBRHBBHBHBEER
Chr3 D3Mit9 23.9 HHBBHHHBHHBBHBBBBBHBH-BHBHBEBEB
Chr3 D3Rat82 27.2 HBBBHBHBHHBBHBBBBBHBHHBHHHBBEB
Chr3 D3Rat188 37.7 HHHHHBHHHHHBHBBBBBHBHHBBHBBRBEB
Chr3 D3Ratl185 39.6 HHHHHBHHHHHBHBBBBHHBHBBBHBBEERB
Chr3 Scn2a 41.6 HHHHHHHHHHHBHBBBBHHBRHBBBHHBEBER
Chr3 D3Utr8 43.6 HHHBHHHHHHHBHBBBHH-BHBBBHHBBB
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Chr Marker cM Strain distribution patterns
Chr3 D3Ratl183 46.9 BHHBHHHHHHHBHBBBBHHBHHBBHHBEBERB
Chr3 D3Rat180 57.4 HHHBBBHHRHHBBBBBBHHBHHHBHHHBEB
Chr3 D3Rat35 62.0 HHHBHBHHBRRHBBBBBBHBRBHHHBHBHBERB
Chr3 D3Utr4 63.9 HHHBHBHHBRHBBHBBBHBBHHHBBBHBEB
Chr3 D3Ratl73 67.1 HHHBHBBHBRHBBBBBBHBRHHHBBBBRBEB
Chr3 D3CebrP97s12 75.2 HHHBHBBHBHHBHBHBBHBBHHHHBHBEBH
Chr3 Cat 79.8 HHHBHBBHRHHBBBHBBHBBRHHHBHHBEERB
Chr3 D3Mitl6 83.0 HHHBHBBHRHHBBBHBBHRBB-HBBBBBEBEB
Chr3 D3Cebr2s4 85.1 HHHBHBBHBHHBBBBBBHBBHHHBBBBEBEB
Chr3 D3Cebr9sl 86.0 HHHBHBBHBHHBBBBBBHBBRHHBBBBBRBEB
Chr3 D3Mitl5h 87.1 HHHBHBBHBH-BBBBBB——-B—-—-BBBHBEBB
Chr3 D3Mit6 88.3 HHHBHBBHRHHBBBBBBHHBRBHBBBBBEER
Chr3 D3Ucsf3 90.2 HHHBHBBBRHHBBBBBBHHRBHBBBBBEBH
Chr3 D3Mitl7 92.2 HHHBHBBBBHHBBBBHBHHBBHBBBBBEBEB
Chr3 D3Ratl66 93.1 HHHBHBBBBHHBBBBBBHHRBBHBBBBBRBEB
Chr3 D3Rat20 97.6 HHBBHBBBRHHBBBHHBHHBBHBBBHBEER
Chr3 Slcl2al 99.9 HH-BHBBBRBRHBBBH-BHRBBBHBBB-BEBEB
Chr3 D3Mitl4 103.5 HHHBBBBBHHHBBBHHBHRBRBHBBBHBEBERB
Chr3 D3Ratl59 106.6 HHBBBBBBHHHBBBHHBHBBHHHBBHBEBEB
Chr3 D3Cebrids?2 107.6 HHBBBBBBHHHBBBHHBHBBHHHHBHBRBEB
Chr3 Gox1l 110.7 BHHBBBBHHHHBBBHHBHBBHHHHBHBEBER
Chr3 D3Mit4 116.3 BHBBBBB-HHHB-BHHBH-HHHHHB-BHH
Chr3 D3Mit2 118.06 BHBBBBBHHHHBHBBHBHBRHHHHBHBHH
Chr3 D3Rato6 123.2 BHHBBBHHHHHBHHBHBHHBHHHHBHBHH
Chr3 D3Cebr45s8 131.3 BHHBHBHBHHHBHBBBBHBBHHHHBHBHB
Chr3 Svpl 136.0 BBHBHBBBHHBBHBBBBBRBBHHHHBHBH-
Chr3 D3Cebr80s2 139.3 BBHBHBHBHHBBHBBHBHBRBHHHHBHBHB
Chr3 D3Cebr80sl 141.3 BBBBHBBBHHBBHBBHBHBRBRHHHHBHBHB
Chr3 D3Ratl143 144.5 BHHBHBBBHHBBHBBHBHHBHHHHBHBHB
Chr3 D3Ratl132 150.6 BHHBHHBBBHBBHBBHBHHBHHBHBHHHH
Chr3 D3Ratl 152.6 BBHBHHBBRHBHHBBHBHHBHHBHBHHHH
Chr3 Edn3 153.5 BBHBHHBBRHBBHBBHBHHBRHHBHBHHHH
Chr4 D4Ucsfl 0.0 HHBHHBHBHBR--HBBHHBHHHHHBHBHHH
Chri4 D4Cebr88sl 1.0 HHBHHBHBHBBHHHBHHBHHHHHBHBHHH
Chri4 R133 3.0 HHBHHBHBHBRBHHHBHHBHHHHBBHBHBH
Chri4 I16 4.9 HHBHHBHBHBRBHHHBHHBHHHHHBHBHHH
Chr4 D4Utr2 5.8 HHBHHBHBHRBHHHBHBBHHHHHBHBHHH
Chr4 Cd36 7.8 HHBHHBHBHRBHHHBHBHHHBHHBHBHHH
Chri4 D4Cebroslo 10.9 HHBHHBHBHBBHHHBHHBHHHHHBHBHHH
Chri4 D4Rat4d 11.9 HHBHHBHBHHBHHHBHHBHHHHHBHBHHH
Chri4 D4Rat’7/ 13.8 HHBHHBHBHHBHHHBHBHHHHHHBHBHHH
Chr4 D4Ratl0 24.3 HBBHBBHBHHHBHBBHBHHHBHHBBBHHH
Chr4 D4Ratl51 32.4 BBBHHBHBHHHHHBHHHHHHBHHBBBHBH
Chri4 D4Utr3 34.4 BBBHHBHBHHHHBBHHHHHHBHHBBBHHH
Chri4 D4Ratlo 39.4 BBBH-HHBHHHHBHHH-HBBBHHBBBHHH
Chri4 D4Cebrpl49s8 46.3 HHBHHHBBHHHBBBHHBHBBBHHBBBHHH
Chr4 D4Cebrd6s5 47.3 B-BHHHB-HHHB-BHHBHBRBRBHHBBBHHH
Chr4 D4Mit9 50.9 HBHHHHHBHHHBBBHHBHBRBRBHHBBBHHH
Chri4 D4Utrl 53.0 HBBHHHHBHHHHBBHHBHBRBB-HBB-HHH
Chri4 D4Ratl1l53 58.0 BHBHHHHBHHHHBHHHBHBHBHHBBBHHH
Chri4 D4Ratl102 66.6 BHBHBHBBHHH-BBHBBHRBRBRBBHBBBHHH
Chr4 Tryl 68.8 BHHHBHBBHHHBBBBBBHRBRBRBBHB-BHHH
Chri4 Klklrs 70.8 BHHHHHBBHHHBBBBBBHBRBHHBHBHHH
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Chri4 D4CebrplOlesld 74.4 BHBHHBB-HHHBB-BBB—-BBBHHBBBHHH
Chr4 Hoxall 76.6 BHHHHBBBHHHBBHBHBHBRRBRBHHBBBHHH
Chr4 Npy 78.6 BHHHHBBBHHHBBBBHBHRBRBHHBBBHBH
Chri4 D4Mit5h 81.8 BHHHBBBBHHHBBBBHBHBRBBHBBBHHH
Chri4 D4Rat168 86.3 BHBHBBBBHHHBBBBHBHBHBHHBHBHHH
Chri4 D4Cebrp215s9 89.8 BHBHBBBBHHHBBHBHBHRBRBB—--BBBHHH
Chr4 D4Rat235 91.9 BHBHHBBBHHBBBHBHBHRRBRBHHBBBHHH
Chr4 D4Rat37 98.1 BHBBHBBBHHBBBHHHHHBHBHBBBBHHH
Chri4 D4Ratl76 106.2 BHBBHBBBHHBHBBHHHBBRHHHBBBHHH
Chri4 Spr 109.4 BHHBHBBBHHBRHBHHHHBBBHHHBBBHBH
Chri4 D4Rat4d4 113.9 BHBBHBBBHHBHBHBHHBRBBHHHHBBHHH
Chr4 D4Rat58 127.3 HHBHHBBBHHHHBHHHHBHBRHHHHHBBEBH
Chr4 D4Rat240 135.9 BHBHHHBBH-BBBHHHHHHBHHHHHBHBH
Chri4 Cacnals 138.0 HHBHHHBBHBRBBBHHHHHHBHHHHHBHHH
Chri4 D4Cebr7s17 138.9 HHHHHHBBHBBBBHHHHHHBHH-HHBHHH
Chri4 Eno?2 142 .4 HHHHH-BBHBRBBBHHHHHHHHHHBHBHHB
Chr4 D4Cebr7s7 145.7 HHBHHBBBHHBBBHHHHHHBHHHBHBHHB
Chr4 A2m 148.8 HHHHHBBBHRBBBHHHHHHBHHHHHBHHB
Chri4 D4Mit1l9 150.8 HHHHHBBBHBRBBBHHHHHHBHHHHHBHBH
Chri4 Pparg 152.0 HHBHH-BBH-BBB----HHBHHHHH-HBH
Chri4 D4Rat198 153.2 HHBHHHBBHHBBBHHHHHHBHHHHHBBBH
Chr4 D4Rat202 159.4 HHBHHBBBHHBBBHHHHHHBHHHBHBHHB
Chr4 D4Rat68 165.6 HHBHHHBBHRHBBHBHHHHBHHHBHBBHB
Chrb D5Mghl7 0.0 HBHBBHBHBRBBHBHBBHHHBHBHHBBHB
Chrb D5Rat188 6.2 HBHBBBBHHHBBHBHBBHHHBHBHHHHHB
Chrb D5Rat218 12.4 HBHBBHBHHHHBBHHBBHHHBHBHBHHHB
Chr5 D5Rat6 18.5 HBHHBHBHHHBBHHHHBHHHBBBHBHHHB
Chr5 D5Mit10 20.5 HBHHBHBHBRHBBHHBHBHHHBBBHBHHHB
Chrb D5Cebr63sl 21.4 BBHHBHBHBHBBHHBHBHHHBBBHBHHHB
Chrb D5Cebr63s2 23.4 BBHBBHBHBHBBHHBHBHBHBBBHBHHHB
Chrb D5Utrl 26.5 BBHBBHBHBRHBBHHBHBHHHHBHHBHHHB
Chr5 D5Mit9 28.6 BBHHBHBHHHBBHHBHBHHHHB-HBHHHB
Chr5 D5Ratl135 30.6 BBHHBHBHRHBBHHBHBHHHBBBHBHHHB
Chrb D5Rat228 41.1 BBHBBHBHBHBHBHBHBHHHHHHHBBHHB
Chrb D5Cebrp312s4 43.1 BBHBBHBHBHBBBHBHBBHHHHHHBBHHB
Chrb D5Mit2 46.4 BBHBBHBHBRHBBBHBHHHHHHBHHB-HHB
Chr5 D5Ratl144 51.1 BBHBBHBHHHBHBHBHBBHHHBHHBBHHB
Chr5 D5Rat147 55.7 BHHHBHBHHHBBBHBHBBHHBBHHBBHHB
Chrb D5Utr2 58.8 BHHHBHBHHHBBHHHHBBHHHBHHBBHHB
Chrb D5Utr5 60.8 BHHHBHHHHHBBHHBHBBHHHBHHBBHHB
Chrb D5Utr4 6l1.7 BHHHBHHHHHHBHHBHBBHHHBHHBBHHB
Chr5 D5Mit4 63.7 BHHHBHHHHHBBHHBHBBHHBBHHBBHHB
Chr5 D5Utr3 65.6 BHHHBHHBHHBBHHBHBBHHBBHHBBBHB
Chrb D5Mit5 72.1 HHHHBHHHHHB-HHHHBBHBBBHHBBHHB
Chrb Jun 73.1 HHHHBHHHHHBBHHHHBBHBHBHHBBHHB
Chrb Pgml 75.4 HHHBB-HH--BBHHHHBBHBHBHHB-HBB
Chr5 D5Rat158 77.7 HHHBBHHHBRHBBHHHHBBHBHHBHBHHBEB
Chr5 Slc2al 82.3 HHHBBBHHBRHBBHHHHHBHBRHHBHBBBEBER
Chrb D5Ratl169 84.3 HHHBHBHHBHBBHHHHHBHBHHBHBHBBB
Chrb D5Rat34 90.4 HHHBHBHHHHBBHHHBHHHHHHBHBHBBH
Chrb D5Rat63 100.9 HHHBHBHHBHBBHHHHHHHBHBHBBBBEBH
Chr5 D5Rat93 111.4 BBHBHBBHRRBBHBHHHHHBRHBHBBBHHH
Chrb D5Raté4db 117.6 BBHHHBBHBBRHBHBHHHHHBHHHBHBHBH
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Chrb D5Rat245 128.1 BBHHBBHHHBRHHHBHHHBBHHHHBHBHBH
Chr5 D5Mghl5 129.0 BBHHBBHHH-HHHBHHHBBRHHHHBHHHBH
Chr5 Clcnkb 132.8 BBHHHB-HHHH-H-HHHHHHHHHBHHHBH
Chrb D5Cebr2s?2 138.1 BBHHHBHHBBRHBHBHHHHHBHHHBHBHBH
Chrb D5Cebr2sl 139.0 BBHHHBBHBRHBHBHHHHHBHHHBHBHBH
Chro D6Cep8 0.0 BBBBHHBBHRBBHBBHBBHHHHBBHHBB-
Chro D6Cebrpé24s2 1.0 BBBBHHBBHRBBHBBHBBHHHHBBBHBEBERB
Chro D6Cebr204s20 4.6 -BHBHHBRHHBB-B-BHBBHHHHBBRBHBBB
Chro D6Cebrp40s27 5.6 BBHBHHBHHBBBHB-HBBHHHHBBBHBEBEB
Chro DoMit5h 10.4 BBBBBHHBHRBBHBBHBBHHHHBBBHBRBEB
Chro D6Ratlo?7 11.6 -—-——-BRHBHBBBHBBHBBHH-HBBB-BB-
Chro D6Rat4d6 12.9 BHBBBHHBHRBBHBBHBBHHHHBBBHBEER
Chro D6Rat80 19.1 BBBBHHHBRRHBHBBHBBHHHHBBHHBEBER
Chro D6Ratl147 23.6 HBBHBHHBBBRHBHBBHBHHHHHBBHHBBB
Chro D6Ratl71 31.7 HBBHBHHBBRBHBBHHBHHHHBBBHBBRBEB
Chro DoRat84 37.9 HBBHBHHBRBRBBBHHBBHHHHBBBHBHHB
Chro D6Mit9 40.1 HBHH--HB-RBRBBBHHBBBHHHBBBHBHHB
Chro D6Rat36 43.9 HB-HBHHBRRBHBBHBBHHHHBBBHBHHB
Chro D6Rat29 44 .9 HB-HBHHBBRBHBBHBBHHHHBBB-BHBB
Chro D6Rat37 45.9 HBBHBHHBBRBHBBHBBHHHHBBBHBHHB
Chro D6Rat28 52.1 HBBHBHBHRBRBHBBHBBHHBHBBBBBHEBE
Chro D6Ratl32 65.5 BBBHBHBHRRBHHHHBBBHBHHBHBHHHB
Chro D6Ratl65 78.9 BHBHBBBBRBRBHHHHBHBHHHBHHHHHHB
Chro DoMit2 83.5 BBHHBBBBBRBHHHHBHBHHHBHBBHHHB
Chro DoMit8 86.6 BHHHBBBBBRBBHHHHBHBHHHBHHHHHHB
Chro D6Cebr36sl 87.5 BHBHBBBBBRRBHHHHBHBHHHBHHHHHHB
Chro D6Rat87 92.1 BBBHBBHBRRBHHHHHHBHHBBHHHHHHB
Chro D6Rat88 96.6 HHBHBBBHRRBHHHHHHBHHBBHHHHHHB
Chro D6Ratl1l7 107.1 HHBHBBBBBRBHHHHBHHHHHHHHBHBHB
Chro D6Ratll 115.3 HHBHBHBBBRBHHHHHHHBHHBHHBHBBH
Chro DoUtr3 120.3 HBB-BBBBRBBRB-HHHHHBBHHBHHBHBHH
Chro D6Rat184 121.3 HHBHBBBBRBRBBHHHHHBBRHHBHHBHBHH
Chro D6Cebrpl65s2 125.8 HHBBBBHBRRBBHHHHHBBRBRHHHHBHBHH
Chro D6Cebr2s3 130.3 HHBBBBHBBRBBHHBHHBBBRHHBHBBHHH
Chro D6Cebrp9lsl 133.5 HHBBBBHBBRBBHHHHHBBBHHHHBBBHH
Chro D6Ratlll 134.4 HHBBBBHBBRRBBHHHHHBBRBHHHHBHBHH
Chro Chga 135.3 BHBBBBHBRRBBHHHHHBBRBHHHHBHBHH
Chro D6Ratl101l 146.5 -~-HBBHRRBBBHBHHBRHHBBBHHHHHBHHH
Chro D6Ratl 155.1 HHBBHBBBHBRHBHHBBHBBRBBBHBBHHH
Chro D6Rat3 161.3 HHBBHBBBHRBBHHHBHBBBHHHHBBHHH
Chro DoUtr2 166.0 HHBBHBBBRBRHB-BBBHBRBHHHHBBHHH
Chro DoUtro6 171.0 HHBBHHBBRBRHBHHBHHBRBBHHBHB-HHH
Chro D6eUtr5 174.3 HHBBHBBBRBRHBHHBHHBBRBHHHHHBHHH
Chro D6Cebr82sl 175.3 HHBBHBBBBRHBHHBHHBBBRHHBHHBHHH
Chro Ighe 176.2 HHHBHBBBBRHBHHBHHBBBHHBHHBHHH
Chro Igha 179.8 HBHBHBBBBBRHBHHBH-BBH-HBHB-HHH
Chro DoMitl10 185.1 HHHBHBBBRBRHBHHBHHBRBRBRHHHHHHHHH
Chro Ckb 188.5 BBBBHBBBRBRHBHHBHHBRBBHHHHH-HH-
Chr7 D7Cebrpl79s6 0.0 BBBHHBBBBHHBHBBBHBHBBHHHHBHBEB
Chr7 D7Utr5 3.2 BBBBBBBBHHHBHBBBHBHBRBHHHHBHBEB
Chr7 D7Cebrl0sl 6.5 BBBHHBBBRHHBHBBBHBHBBHHHHB-BB
Chr7 D7Cebr205s3 8.9 BBHHHBB-BRHBBHBBBHBHB-HHHHBH--
Chr7 D7Rat35 11.2 BBHHHBBHBHBBHBBBHHHBHHHBHBHBB
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Chr7 D7Rat32 13.2 BBHHBBBHRBRBBHBBBHHHBHHHBHBHBE
Chr7 D7Ratl1l52 21.3 BBHHBBHHRRBBHBHBBRBHBRBHHHHBHBERB
Chr7 D7Mit1l7 29.4 BBHHHBBHRHBBHBBBHBHBRHHHHHBHBEB
Chr7 D7Utrl 39.9 BBHHBBHHBHHHHBBBBBHBHBHBHBHBEB
Chr7 D7Mit7 41.9 BBBHBBHHBHHHHBBBBBHHHBHBHBHBEB
Chr7 D7Ratl181 46.6 H-BHBHHBBRHHHHBBBBBHBHBHBHBHBERB
Chr7 D7Ratl103 51.4 HBHHBHHHBRHHHHHHBBBHBHBHBHBHBERB
Chr7 D7Rat25 61.9 HBBHHHBHRHHHBHHBBBRBBHBBHHBHBERB
Chr7 D7Mit6 65.1 HBBBHHBBBHHHBHBBBBBBHBBHHBHBEB
Chr7 D7Cebr77s3 67.2 HBBBBHBBBHHHBHHBBBRBBHBBHHBH--
Chr7 D7Cebr204s12 72.2 HBHBBHBHBHHHBHBBBHBBHBBHHBHBER
Chr7 D7Cebr204s11l 73.1 HBHBBHBHRHBHBHBBBHBRBHBBHHBHBER
Chr7 D7Ratl110 75.1 HBHBBHBHRHHHBHBBBBRBBHBBHHBHBERB
Chr7 D7Mith 79.6 BBHBBHBHBHHHHHBBHBBBHBBBHBHBEB
Chr7 D7Ratl12 87.7 BHHHBBBHBRHHHHBBHHBHHBBBHBHBEB
Chr7 D7Ratl9 98.2 BHHHBBBHBHHHBHBBBHHHHHBBHHHHB
Chr7 D7Ratl133 108.7 BHBHBHBHHHHHBHBHHHHBHBBBHHHHB
Chr7 D7Mit3 112.2 BBBHBHBH-HHHBHBHBHHBRHHBBHHHH-
Chr7 D7Mit?2 116.0 BBBHBHB-BRHHBH-HBHHHHHBBHHBHH
Chr7 Bzrp 117.0 BBBHBHBHBRHHBHBHBHHBHHBBHHBHH
Chr7 D7Mitl3 117.9 BBBHBHBHBRHHHBHBHBHHBHHBBHHBHH
Chr7 D7Mit1l4 119.9 BBBHBHBHRHHHBH-HHHHBHHBBHHBHB
Chr7 Cypllbl 120.9 BBBHBHBHBR-HHBH-HHHHB-HBBHHBBB
Chr7 Cypllb2 122.0 BBBHBHBHBHHHBH-HHHHBHHBBHHBHB
Chr7 D7Cebr77s1l 124.0 BBHHBHBHBHHHBHBHBHHBHHBBHHBHB
Chr7 D7Mit4 126.1 BBHHB-BHBBRHHBHBHBHHBHHBBHHHHB
Chr7 D7Rat102 128.2 H-HHBHBHRBRHHBHBHBHHBHHBBHHBHB
Chr7 D7Ratl196 137.3 -BHHRHBRHBBHBBHHHBHHBBHHBHHHHH
Chr7 D7Mit8 139.4 HBBHBHBHHBHBBHHHB-HBBHHBHHHHH
Chr7 D7Mit10 144.2 BBBHBHBHBRHBBHHHBHHBBBBBHHHHH
Chr7 D7Utr3 148.7 BBHHBHBHRBRHBBHBHBHHBBHHBHHHHH
Chr7 D7Cebr74sl 150.8 BBHHBHBHHRHBBB-HBHHBRBHHBHHHHH
Chr7 D7Rat4 154.1 BBHHBBBHHHHBBBHHBHHBRBHHHHHHHH
Chr7 D7Rat?2 158.06 BHHHBBBHHHHHBBBHBHHHBHHHHHHHH
Chr7 D7Ntrll 160.6 BBHHBBBHHRHHBBBHBHHHBHHHHHHHH
Chr7 D7Ucsf2 162.6 BBBHBBBHHRHHBBBHBHHBBHHHHHHHH
Chr7 Prph 164.7 BBHHBBBHHRHHBBBHBHHHBH-HHHHH-
Chr7 D7Cebr24s2 166.8 BBHHHBBHHRHHBBBHBHHHBHHHHHHBH
Chr7 D7Cebr205s1 168.9 BBHHHBBHHBRHHBBBHBBBHBHHHHHH--
Chr7 D7Cebr6sb 169.9 BBHHHBBHHRHHBBBHBBBBBHHHHHH-H
Chr7 D7Cebrosl3 176.8 HBHHHHBHHBHHBBBHBBBHHH-HHHB-H
Chr7 D7Cebr69s5 179.2 BBHHHHBHHRHHBBBHBBBH-HHH-HH--
Chr7 D7Ucsfl 180.4 BBHHHBBHHBRHHB--HBBBRHBHHHHHHH-
Chr7 D7Cebrdesl 183.1 B-HHBBB-B-HH-B-HBBBHBHHHHHHHH
Chr8 D8Utr4 0.0 BBBHHHBBHHHBHBHBBHBRBBHBBHHBBH
Chrs8 D8Utr3 4.5 BBBBHHBBHHHBHHHBBBRBBHBBHHHBH
Chr8 D8Rat58 10.7 BBHBHHBHBRRHBHHHBBHRBRBHBBHHHBH
Chr8 D8Rat56 16.9 BBBBHHBBHHHBHHHBBHRBRBRBHBBHHHHH
Chr8 D8Rat68 27.4 HBBBBHBBHHBBHHHBBBBHBHBBHHBHB
Chr8 D8Mit6 39.3 BBHB-HBBHHHBHHHBBBBBBHBB-HHBH
Chrs8 D8Mgh9 64.9 HHHHB-BBHHBBHHHHBBHBB-B-BBB——
Chr8 D8Utr2 66.0 HH-HBHBBHHBBHHHHBBRBRBBBBBBBEERB
Chr8 D8Cebrp97s13 69.5 HHBHBBBBHHBBHHHHBBHBBHBB-BBBB
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Chrs8 Es6 71.5 HHHHBBBBHHBBHHHHBEBHBBBBBBBBEER
Chr8 D8Cebr81s4 72 .4 HHBHBBBBHHBBHHHHBBHBRBBBBBBBEERB
Chr8 D8Cebr81lsl 73.4 HHBHBBBBHHBBHHHHBBHBBHBBBBBEBERB
Chr8 D8Mit3 79.5 HHHBBBBBHHBHHHHHBBHBHBBBBBBEBEB
Chr8 Thyl 80.5 BHHBBBBBHHBRHHHHHBBHBRHBBBBBBB-
Chrs8 Apoc3 82.5 HHHBBBBBHHBHHHHHBBHBRBBBBBBBEER
Chr8 Kcnjl 85.7 HHHHBBBBHHBBHHHHBBHBRBHBBBBBEER
Chr8 D8Ratl1l50 93.8 HHHBBBHHHHBBHHHBBBHRBBBBBBBEBH
Chr8 D8Rat213 94.7 HHHBBBHHHHBBHHHBBBHBBBBBBBEBEBEB
Chr8 Lx 95.7 HHHBBBBHHHBBHHHBBBHBBBBBBBBRBERB
Chrs8 D8Mitl2 96.6 HHHBBBHHHHBBHHHBBBHBBBBBBBBEBER
Chr8 Tpml 99.9 BHHBB-HHRHBBHBHBBRBHBRBBBBBBBEER
Chr8 D8Utr5 101.9 BHHBBBHHHHBBHBBBBEBHRBBBBBBBEER
Chr8 D8Rat21 102.8 BHHBBBHHHHBBHBBBBRBHBBBBBBHBEBEB
Chr8 D8Cebr49s2 106.0 BHBBBBHHHHBBHBHBBBHHBBBBBHBRBEB
Chrs8 D8Cebr92sl 106.9 BHHBBBHHHHBBHBHBBBHHBBBBBHBEBER
Chr8 D8Rat130 110.2 BBB-BBHBHHBBHBHBBRBHHBBBBBHBEBEB
Chr8 D8Ratl23 116.7 BBBBHBHBHHBBHBHHBBHHBBHHBHBEBH
Chr8 Rbp2 119.9 BBBBBBHBHHBBHBHHBBHHBBHHBBBEBEB
Chr8 D8Cebrl0s5 123.0 BBBBHBHBHHBBHBHHBBHHBBHHBHBBH
Chrs8 Mylclwv 126.3 BHBHHBHBHHBBHBHHBBHHBBB-BHBBH
Chr8 Apeh 128.4 BHBHHBHBHHBBHBHHBBHHBBHHHHBBH
Chr8 D8Rat7 136.5 BBBHHBHBHHBBHBHHBBHBRBBBHBBBEERB
Chr8 Acaa 137.4 BBBHHBHBHHBBHBHHBHHBBBBHBBBEBEB
Chr8 D8Cebrl03s2 140.6 BBBHHHHBHHBBBBHHBHHBBBBHBHBRBEB
Chr9 D9Cebrlo6s3 0.0 HHHHHBHHHHHBHBHHBHBHHBBBBHBEBH
Chr9 D9Cebr25s1 0.9 HHHHHBHHHHHBHBHHBHBRHHBHBBHBEBH
Chr9 DOMit6 1.8 HHHHHBHHHBRHBHBHHBHBHHBHBBHBEBH
Chr9 D9Cebr65sl 3.8 HHHHHBHHBBHBHBHBBHBHHBHBBHBBH
Chr9 D9Cebr65s2 4.7 HHHHHBHHHBHBHBHBBHBHHBHBBHBBH
Chr9 D9Rat88 5.6 HHHHHBHHHBHBHBHHBHBHHBHBBHBEBH
Chr9 DO9Ratl31 16.1 BHHBHBHHHHBBHBHHBHBBRHBHBHHBHH
Chr9 DO9Rat158 29.5 HBHBBBHHHRBBHBHHBHBRBRHBBHHHHBH
Chr9 DO9Rat180 32.7 HBHBBBHHHBHBHBHHBHBRBRHHBHHHBBH
Chr9 DO9Rat104 49.8 BHHBBBHHHHBBHBHHHHBHHBBHHBHBH
Chr9 D9Rat60 67.0 BHHBBBBHHBRHBHBHHBEBRHBBHBHBHBER
Chr9 DO9Ratl9 73.2 BHBBBBHBHRBBHBHHBBHHBBHBHBHEBER
Chr9 DO9Utr2 79.3 BHBBBBHBRRBBBBHHHBHHBBBBHHHRBER
Chr9 DO9Ratl?2 80.3 BBBBBBHBBRBBBBHHHBHHBBBBHHHBEB
Chr9 DO9Ratl71 86.4 BBBHHBHBHBRBBBHHHHBHBBBBBHHHBEB
Chr9 D9Utr3 91.0 BHBBHBHBHRBBBHHHHBRBBBBBBHHHHB
Chr9 Inha 93.0 BHBBHBHBRRBBBHHHHBBHBBBBHHHHB
Chr9 Alpl 99.5 BBBBHBHBHRBBBHHHHBRBBRBBB-HHBHH
Chr9 DOUtrl 100.4 BBBBHBHBHRBBBHHHHBBRBRBHBBHHBHH
Chr9 DO9Ratl153 117.6 BHHBBBHHHHBHBHHHHBHBHHBBHBBHH
Chr9 D9Cebr204s1 120.7 HHHBBHHHHHBBBHHHHBHBHHBBHBBHH
Chr9 DOMit1l 122.8 HHBBBHHHHHHBBHHHHBHBHHBBH-BHH
Chr9 D9CebrleC27sl 123.7 HHBBBHHHHHBBBHHHHBHBHH-BHBBHH
Chr9 D9CebrleC27s2 124.7 HHHBBHHHHHBBBHHHHBHBHHBBHBBHH
Chr9 DO9Rat108 127.9 HHHHBHHBHHBHBHHHHBHBHHBBHBBHH
Chr9 D9Ratl 138.3 HHBHBHHBRBRBHBHBHBBHBHHBBHHBEBH
Chrl0 D10Rat95 0.0 HBHHHHHBHHBBHHBBBHHBBBBBBBHHB
Chrl0 D10Utx3 3.2 HHBHHHBBHHBBHHBBBHHBBBBBBBHHB
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Chrl0 D10Cebr27s2 5.1 HHBHHHBBHHBBHHBBBHHRBBBBBBBBHH
Chrl0 D10Rat218 8.3 HBBHHHBBHHBBHHBBBHHBBBBBBBHHB
Chrl0 D10OMit6 12.8 HHBHHHBBHHBBHHBBBHHRBBHBBBBHH
Chrl0 D10Ratl21 17.4 HBHHHHBHHHBBHHBBBHHBBBHBBHBHH
Chrl0 D10Rat45 21.9 BBBHHHBBHHBBHHBBBHHBBBHBBHBHB
Chrl0 D10Cebrp312s3 26.5 BHBHHHBBHHBBHHBBBHHBBHHBHHBHH
Chrl0 D10OMit5h 28.4 BHBHHHBBHHBBHHBBBHHRBBHBBHBHH
Chrl0 D10Utxr5 31.7 BHBHHHBBHHBBHHHBBHHHBBBBBHB-H
Chrl0 D10Rat72 38.2 BBBHHHBBBHBBHHHHBHBHBBBBBBBEBH
Chrl0 D10Mit4 46.4 BBBHHHBBBRBBHHHHHHHHBBBHBBBHB
Chrl0 D10CebrplOles2 47.4 BBBHHHBBBRB-BHHHH-——-HBBBHBBBEBB
Chrl0 D10Cebrds’ 48.6 BBBHHHBBRRBBHBHHHBRB-BBBHBBBEBEB
Chrl0 D10Cebr4ds9 49.5 BBBHHHBBRRBBHBHHHHBRHBBBHBBBEEB
Chrl0 D10Ratlo6 51.5 BBBHHHBBBRBBHBBHHHBHBBHHBBBEBEB
Chrl0 Srebpl 55.1 BBBHHHBBBRBB-HHHHHB-BBHHBB-BH
Chrl0 D10Cebrp97s5 57.4 BBBHHHBBRRBBBHHBHBRBHBB-HBBBBH
Chrl0 Myh3 62.2 BBBHHHBBRRBBBBHHHBRHBBHHBBHHH
Chrl0 D10Rat59 0d.1 HBBHHHBBRRBBBBHHHBRRBRBBHHBBHHH
Chrl0 Syb2 65.1 HBBHHHBBBBRBHBBHHHBBRBBHHBBHHH
Chrl0 D10Wox14 66.0 HBBHHHBBBRBRHBHHHHBBBBBHHBBHHH
Chrl0 D10Mgh7 66.9 HBBHHHBBRRBHBBHHHBRBBBBHHBBHHH
Chrl0 D10Ratll6 71.4 BBBHHHHHRRBBBBHHHBRBRBBHHBBHHH
Chrl0 D10Ratl102 72.4 BBBHHHBHRRBBBBHHHBRBRBBHHBBHHH
Chrl0 Abpa 75.5 HBBHHHBBBBRBHBBHHHBBRBBHHBBHHH
Chrl0 D10Ratl60 76.4 BBBHHHBBBRBRHBBHHHBRBBBBHHBBHHH
Chrl0 D10Rat80 77.4 BBBHHHBBRBRBHBBHHHHBBBBHHBBHHH
Chrl0 D10OMit2 78.3 BBBHHHBBRRBHBBHHHHBRBBBHBBHHH
Chrl0 D10CebrplO0les5 81.4 BBBHHHBBRBRBHHBHHHHBBRHBBHHBHHH
Chrl0 D10Rat28 83.4 BBBHHHBBBRBHHBHHHBBRHBBHBBHHH
Chrl0 D10Rat240 84.3 BBBHHHBBBRBHHBHHHHBBRHBBHBBHHH
Chrl0 D10Ntr44S7 85.2 BBHHHHBBRBRBHHBHHHHBBHBBHBBHHH
Chrl0 D10Utrl 89.8 BBHHHHBBRRBHBBHHHBBRHHBBHHBHHH
Chrl0 D10OMit7 96.0 HBHHHBBBRBRBHBHHHHBRBBHBHHHBHHH
Chrl0 Pnmt 96.9 HBBHHBBBBBRBHBHHHHBBBHB-HHBHHH
Chrl0 D10Utr2 103.4 HBHHHBBBBRBRHBHBBHBRBBHBHHBBHBH
Chrl0 D10Rat267 109.06 HHHHHBBHBBRHHBHHBHBRBHBHHBHHBH
Chrl0 D10Rat228 120.1 HHBBHBBBRHHBBHHBHBBRHHBHHBHHHH
Chrl0 D10Rat? 133.5 HHHBHHHHBRHHBHHHBHHBBRHBHHBHBHH
Chrl0 D10Cebr39sl 134.4 HHHBHHHHBBHBHHHBHHBBHBHHBHBHH
Chrl0 D10Cebr39s?2 136.4 HHHHHHHHBHHBHHHBHHBBHBHHBHBHH
Chrl0 D10Rat226 142.5 HHHBHHHHHHHBHHHHHHBBBBHHBBBHH
Chrll D11Cebr77s6 0.0 HHHBBHBHRBRBBBBHBBHHHHBBB-BH-B
Chrll D11Rat28 2.1 HHHHBHBHRRBBBBHBBHHHHBBBBHHHB
Chrll D11Cebr204s16 4.2 HHHBBHBHBBRB-BHHBBHHHHBBBBHHHB
Chrll D11Cebr77s5 5.2 HHHBBHBHBRBHBBHBBHHHHBBB-HH-B
Chrll D11Mit4 7.3 HHHBBHBHBRBRHHHBHBBHHHHBBBBHHHB
Chrll D11Utrl 8.2 HHHBBHBHHBRHHHBHBBHHHHBBBBHHHB
Chrll D11Rat20 10.2 HHHBBHBHRBRHBHBHBBHHHHBBBBHHHB
Chrll Dl11Ratle 20.7 HHHHBBHHBRBHHBHBBHHHHBBBBHBEBEB
Chrll D11Cebr87sl 23.9 BHHBBBHHBRBBHBHBBHHHHBBBBHBRBEB
Chrll D11Mit2 25.8 HHHBBBHHBRBHHBHBBHHHHBBBBHBEBERB
Chrll D11Cebrlbsl 26.7 BHHBBBHHBRRBHHBHBBHHHHBBBBHBEBERB
Chrll D11IMitl 29.0 HHHBBBHHBBRBBHBH-BHHHHBBBB-BB-
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Chrll D11Rat7 30.0 HBHBBBHHBRBBHBHBBHHHHBB-BBBBH
Chrll D11Rat65 41.2 HBBBHBHBRHBBBBHBBRBRBRHHBBBBBBEBH
Chrll D11Rat94 63.3 BBBHBBHBRRBBHBBBBBRBRHHBHBHHHBH
Chrll D11Rat47 67.8 BBHHBBHBBRBBHBBHBBBHBBHBHBHBH
Chrll Sst 72 .4 HBHBBBHBBHRBHBBHBBHHBBHBHBHBH
Chrll D11Cebrl05s1 76.9 HBHBBBHBRRBBHHBHBBHBBBHBHHHBH
Chrll Dl11Ratl 85.0 HHBHBBBBRRBHHHBBBBHBRBBHBHHHBH
Chrl2 D12Cebrp454sl 0.0 BHBHHBBBHRBHBHHBHHBRBHHBBBHHHB
Chrl2 D12Cebr4ds3 0.9 BHBHHBBBHBRBHBHHBHHBBHHHBBHHHB
Chril2 D12Cebrp97s4 2.9 BHHHHBBBHBBHBHHHHHBBHHHBBHHHB
Chrl2 D12Ntr2 4.8 BHBHHBBBHRBHBHHHHHBBHBHBBHHHB
Chrl2 D12Rat40 5.8 BHBHHBBBHHBHBHHHHHBBHBHBBHHHB
Chrl2 D12Rato6l 10.3 BHHHHBBBHHBHBHHHBHRBRBBHHBBHHHB
Chrl2 D12Ratl0 20.8 BHBHHBBBBRBBBHBHBHBRHHHBBHHHH
Chril2 D12Rat4d?2 27.0 HHHBBBBBBRBRBBHBHBHBBHHHHBHHHH
Chrl2 D12Ratl4 28.9 HHHHBBBBRRBBBHBHBHBBHHHBBHHHH
Chrl2 Eln 30.9 BHHHHBBBRRBBBHBHBHBRBRHHHBBHHHH
Chrl2 D12Mit7 31.8 BBHHHBBBRRBBBHBHBHBRBRHHHBBHHHH
Chrl2 Pail 32.8 BBHHHBBB-BBBBHHHBHBBRHHHBBHHHH
Chril2 Mdh?2 33.8 BBHHHBBBBRBBBHBHBHBBHHHBB-HHH
Chrl2 Lsn?2 34.7 BBHHHBBBRRBBBHBHBHBBHHHHBHHHH
Chrl2 Hsp27 35.6 BBBHHBBBRRBBBHBHBHBRBRHHHHBHHHH
Chrl2 D12Mitl 38.8 BBHHHBBBRRBBBHBHBHRBRBRBHHBBHHHH
Chrl2 D12Mit5h 43.3 BHHHHBBBHBRBHBHHHBHBRBHHBBHHHH
Chril2 D12Mit3 47.9 BHHHHBBBBRBBBHBHBHBBHHHBBHHHH
Chrl2 D12Ratl6 49.8 BHBHBBBBRRBBBHBHBHBBHHHBBHHHH
Chrl2 D12Rat36 58.0 HHHBHBBBRRBBBHBBBHBRBHHHHBHHHH
Chrl2 D12Cebrlsl 6l1.1 HHHHHBBBRRBBBHBHBHRBBRHHHBBHHHH
Chrl2 D12Cebro6s4d 65.9 B-HHBBBBBRBBBBBHBHBRBHHBBHHHH
Chrl3 D13Mitl 0.0 -BHHBHHHBHHHBBBHHHHHBHBRBBBHBH
Chrl3 D13Ratll3 14.4 HHHHBBHHHBRHHBHBBBHBHBHBBBBHBH
Chrl3 D13Cebr9s3 15.3 HHHHBBHHHBRHHBHBBBHHHBHBBBBHBH
Chrl3 Bcl2 16.3 HHHHBBHHHRHHBH-HBHHHBHBBBBHBH
Chrl3 D13Utxr5 17.3 HHHHBBH-HHHHBHBH-HHHBHBBBBHBH
Chrl3 D13Utr6 18.3 HHHHBBHHHHHHBHBHBHBHBHBBBBHBH
Chrl3 D13Cebr9s2 20.2 HHHHBBHHHHHHBHBBBHHHBHBBBBHBH
Chrl3 D13Cebr28s8 22.2 HHHHBBHHHHHHBHBBBHHHBBBHBBHBH
Chrl3 D13Rat88 24 .2 HHHHBBHHHHHHBHBHBHHHBHBHBBHBH
Chrl3 Ren 27.3 HHHHBBHHHHHHHHBBBHHHBHBHBBHHH
Chrl3 Lca 28.2 HHHHBBHHHHHHHHBBBHHHBBBHBBHHH
Chrl3 D13Cebrbs4 30.2 HHHHBBHHHHHHHHBBBHHHBHBHBBHBH
Chrl3 D13Cebr5s3 31.1 HHHHBBHHHRHHHHBBBHHHBHBHBBHBH
Chrl3 D13Cebr2s5 35.9 HHHHBBH-HBRHHHHBBBHHHHBBHBHHBEB
Chrl3 D13N2 36.8 BHHHBBHHHBRHHHHBBBHHHHBBHBHHBB
Chrl3 D13Mit2 40.0 HHHHBHHHHBHHHHBBBHHHHBBHBHHHB
Chrl3 D13Utr8 47.2 HHHHBH-HHHHH-HBBBHHHHHBHHBH-H
Chrl3 D13Ratl26 48.3 HHHHBHHHHBRHHHHBBBHHHHHBHHBHBH
Chrl3 D13Ratl31 58.8 BHHHBHHHHBRHHBBHBBHBHBHBHHBHBERB
Chrl3 D13Mith 61.9 BHHHBBHHHBRHHBBHBBHBBBBBHHBHBEB
Chrl3 D13Mit3 63.9 BHHHBBHHHBRHHBBHBBHBHBHBHHBHBEB
Chrl3 D13Utr7 64.8 BHHHBBHHHHHHB-HBBHBHBHBHHBHBEB
Chrl3 Trneglr 69.8 BHHHBHHHHHHHBBHBBBBH-HBHHHHBH
Chrl3 D13Ratl52 73.1 BHHHBBHHHHBHBBHBBBBHHHBHHBHBH
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Chrl3 D13Utrl 75.3 HHHHHBHHHHBHBBHBBBRBHH-BHH-HBH
Chrl3 Fh 80.3 HHHHBBHHHHHHBBHBBHHHHHBHHBHBH
Chrl4 D14Cebr85sl 0.0 HHBHBHHBRBRBHHHHBHBRHHBHHHBBEBEB
Chrl4 D14Mit5h 3.3 H-HHHHHBBRBBHHHBHBBHHBHHHBBEBB
Chrl4 D14Mitl 10.6 HHHHHHHHBRBBHHHBBBB--BBHBBBBH
Chrl4 D14Utrb5 14.0 HHHHHBBHBBRBBHHHBBBRBHHBHBBBEBH
Chrl4 Alb 14.9 HHHHHBBHBRRBBHHHBBBRBBHHBHBBBEER
Chrl4 D14Rat77 15.8 HHHHHBBHRRBBHHHBBBRBRBHHBHBHBEBEB
Chrl4 D14Rat8 24.0 BHHHHBBHBRHBHHHHBBHBHBBHBHBBH
Chrl4 D14Utr?2 27.1 BHHBHHBHBRHBHHHHBBHBHBBHBHHBH
Chrl4 D14Mit3 30.3 BBHBHBBHRBRHBHHHHBBHBHBBHBHBEBH
Chrl4 D14Mit8 32.2 BBHBHHBHRRHBHHHHBBHBRHBBHBHHBH
Chrl4 D14Mit9 34.3 BBBBHHBHRHHB-HHHBBHBRHBBHBHHBH
Chrl4d D14Cebr7sl4 36.3 BBHBHHBHBRHBHHHHBBHBHBBHBHHBH
Chrl4 D14Rato4d 38.3 BBHHHHBHBRHBHHHHBBHBHHBHBHHBH
Chrl4 D14Utrl 41.7 BBHHHHHHBBRHBHBHBBBHBH-BHB-HBH
Chrl4 D14Rat37 42 .7 BBHHHHHHBRRBBHBHBBBHBRHHBHBHHBH
Chrl4 D14Rat94 47.3 BBHHHHHHBRBRHBHBHBBBHBRHHHHBBBEBH
Chrl4d D14Rat38 57.8 BHHHHHHHHBRBBBHHBBBHBHHHBBBBEBEB
Chrl5 D15Ratl 0.0 HBBHHBHBBRBRHHBHHBHBRBBHBBHBHHH
Chrl5 D15Mit3 22.1 BBBHHBBBRRHHBBHHBEBRHHHBBBBBHB
Chrl5 D15Utrl 29.4 HBBHHBBBRBRHHBHHBBRBRBH--BBB-BBH
Chrl5 D15Rat6 30.4 HBBHHBBBRRHHBHHBBRBRRBRBHBBBBBEBH
Chrl5 D15Utr2 36.6 HBBHHBBBBHBHBBBBHBBRBHBBBBBEBH
Chrl5 D15Ratl23 47.0 HBHBHBBHHBRHHBBBBHBRBRBRBHBBBBBRBEB
Chrl5 D15Cebr7s13 51.8 HBHHHHBBBRHHBBBBHBRBBHBBB-BEBEB
Chrl5 D15Utr3 53.9 HBBHHHBBRBRHHBHBBHBRRBBHBBBBBEBERB
Chrl5 D15Rat68 55.8 HBHHHHBBRBRHHBBBBHBRBRBHBBBBBEBERE
Chrl5 D15Cebr204s39 62.0 HBHHHBHBBRHBHBBBBHBBRBHBBBBBEBH
Chrl5 D15Rat21l 62.9 HHHHHBHBBHBHBBBBHBRBBBHBBBBBBH
Chrl5 Ednrb 69.4 B-HHHBHBHHBHBBBBHBRBHHHBBBBHBH
Chrl5 D15Ratl101 78.0 BHBHHBHBRHBHBHBHHBRRBRBHBBBBHBH
Chrl5 D15Ratl107 91.4 BBBHHBBBRHBHHHBHBHBRBRHHBBHBBEBH
Chrlo D16Cebr204s13 0.0 HHHBBHHHHHHBHBBBBBHBRHHBBBBBBH
Chrlo Mbpa 3.2 BHHBBHBHHHHBHBBBBBHBHHBHBBBBH
Chrle D16 4.1 H-HBBHBHHHHBHBBBBBHBHHBHBBBEBH
Chrlo D16Rat6 5.2 HHHBBHHHHH-BHBBBBBHBRHHBHB-BB-
Chrlo DloUtrl 6.3 H-HBBHBHHHHBHBBBBBHRBRHHBHBBBEBH
Chrlo D16Cebrl0s10 8.3 HHHBBHHHHHHBHBBBBBHRBRHHBBBBBBH
Chrlo D16Cebrpl038s2 9.2 HHHBBHHHHHHBHBBBBBHBHHBBBBBHH
Chrle Dl1oMit?2 12.4 BHHBBHHHHHHBHBBBBBHBHBBBBBBEBH
Chrlo DloMitl 16.9 BHHBBBHHHHHBHBBBBBRBRHHBHBBBEBH
Chrlo D16Rat4l 20.4 HHHBBHHHHH-BHBBBBBHBRHHBHBBBEB-
Chrlo Dl16oMith 22.5 BHHBBHBHHHHBHBBBBBHBRHHBHBBBEBH
Chrlo D16Rato7 35.9 HHHHBBHHHHHBBHBBBBRBBBHBHBBBBH
Chrle Dl16Rat72 64.9 HBHHHHHBHBRHHBHBHBHBBBBBHHHBBH
Chrlo D16Rat66 67.1 HBHHHHHHHBR-HBHBHBHBBHBBHH-BB-
Chrlo D16Rat60 72 .4 HBHHHHHHHB-HBHHHBHBBBBHBH-BB-
Chrlo CT8-3 74.7 HBHHHHHHH-HHBHHHBHBBHBBBHHBBH
Chrlo P205_2_6 78.0 HBHHHHHHHBBHBBHHHHBRBHBBBHHBBH
Chrle D16Rat53 82.6 HBHHBHHHHBHHBHHHBHBBHBBBHHBEBH
Chrlo D16Rat34 93.1 BHHHHHHHHBRBHBHHHHBBBHBBBHHHBH
Chrlo D16Ratl4 99.2 BHHHHBBHHHBHBHHHHBBRBHBBHHHBH
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Chrle Dl16Ratlb 107.4 BBBHBBHBHHBHBHHHHBBRHBHBBHHHBH
Chrlo D16Cebr4d8sl 108.3 BBBHBBHBHHBHBBHHHBBRHBHBBHHHBH
Chrl7 D17Ratll 0.0 BHBHBHBHRBRHHHHBBHHHBHHBHBHBHB
Chrl7 D17Ratl44 8.1 BHBHBBBBBRHHHHBBBHHBHBBBBBBHB
Chrl7 D17Cebrp203s2 10.1 HHBHBBBBBRHBHHBBBHHBHBBBBBBHEB
Chrl7 Prl 14.6 BHBBBBBB——---HHBBBHHBBBBBBB———
Chrl7 D17Rat20 17.3 BBBBBBBBRRHBHBBBBHHRBRBBBBBBBHEB
Chrl7 D17Mit3 24.1 BHBBBBBBRBRHBHBBBB-BHBBBBHHB-B
Chrl7 D17Ratl51 36.1 HHBHBBBHBRHHHBHBHHBHBBBBHBBEBEB
Chrl7 D17Mit6 44 .6 B-BHBBBHHHHHHHHBHBBHBHBBHBBRBEB
Chrl7 D17Rat50 53.2 BHBHBHHBHHBHHHHBHBRBHBBBBHBHBER
Chrl8 D18Mit7 0.0 BBHHHBHHHBRHHBBBHBBBRHHHHHHBHHB
Chrl8 Ttr 4.8 HBHHHBHHH-HHBBBHHBHHHBHHHBHHB
Chrl8 D18Ratll2 6.8 HHHHHBHHHHHHBBBHHBHHHBHHHBHBB
Chrl8 D18Cebrp97s6 8.8 BHHHHBHHHHHHBBBHBBHHHBHHHBHBEB
Chrls8 D18Rat29 10.7 BBHHHBHHHHHHBBBHBBRBHHBHHHBHBER
Chrl8 D18Rat4d7 16.9 BBHHHHBHHHHHBBBHHBHHHBHHBBHBERB
Chrl8 D18Mit2 21.5 BBHHHHHHHBRHHBBBHBBHHHBHHBBHHB
Chrl8 D18Mit3 24.8 BBHHHHHBHHHHBBBHHBHHHBHH-BHHB
Chrl8 D18Ratl103 26.8 BBBHHHHBHHHHBBBHHBHHHBHHBBHBEB
Chrls8 D18Rat99 37.3 BBBHHHHBHHHBBHBHBBRBHBBHHHBHHB
Chrl8 D18Cebrl9sl 40.4 BBBHHHHBHHHBBHBHHBBRHBBHBBBHHB
Chrl8 Grl 43.6 BBHHHHHBHHHBBHBHHBBRHBBHHHBHHB
Chrl8 D18Cebrp60sll 49.8 BBBHBHHBHHHBHHBHBBBHBBHHHBHBB
Chrl8 D18Ratl9 54.3 BBBHBHHBHBRHHBHBHBBBHBBHHHBHHB
Chrls8 D18Rat55 64.8 BBBHHHHBHBRHHBHBHHHBHHHHBHBHHH
Chrl8 Adrb2 71.0 BBHHHHHBHRBHBHBHHHBHHHHHHBBEBH
Chrl8 D18Utr3 75.5 BBHHHHHBRRBHBHBBHBBRBRHHHHHBBEBH
Chrl8 D18Mit10 80.5 BBHHH-HBHBHHBH-HHHBBRHHHHHBBBH
Chrl8 D18Rat89 82.7 BBBHHHHBHBRBHBHBHHHBBHHHHHBBBH
Chrls8 D18Rat9 90.8 BHBBHHHBHBRBHHHBHHBHBHBHHHBBEBH
Chrl8 D18Rath 97.0 HBBBHHBBHRBHHHBHHBHBRHHBHHBBEBH
Chrl8 D18Cebr51s2 98.9 HBBBHHBBRRBHHHBHHBHBRHHBHHHBEBH
Chrl8 D18Cebr51sl 99.9 HBBBHHBBHBRBHHHBHHBHBRHHBHHHBBH
Chrl8 D18Cebrpl87s6 100.8 HBBBHHBBHBRBHHHBHHBHBHHBHHBBBH
Chrls8 D18Mit9 101.7 HBHBHHBBHRBHHHBHHBHBHHBHHBBEBH
Chrl8 D18Ucsf2 102.7 HBHBHHBB--BHHHBHHBHBHHBBHB-BH
Chrl8 D18Utr2 103.8 HBBBHHBBHRBHHHBHHBHBHH-BHBBBH
Chrl9 Hmox 0.0 HHHHBHBBBBRHHHBBHHBHBBBHHBBHBEB
Chrl9 D19Utr3 2.0 HHHHBHBBBRHHHBBHHBBRBBB-HHBHBB
Chrl9 D19Utr4 4.1 HHHHBHBBHBRHHHBBHHBHBBBHHHBHBEB
Chrl9 D19Utr5 7.4 HHHHB-BBHRHHHBBHHBBHBBHHHBHBH
Chrl9 D19Ratb6 10.7 HHHHBBBHHRHHHBBHHBRBBBHHHBHBERB
Chrl9 D19Cebrp97s10 15.2 HHBHBBBBBRHBHBBHHBBBBBHHHBHBEB
Chrl9 D19Mit2 19.8 HHHHBHBBBRHHHBBHHBHBBBHHHBHBEB
Chrl9 D19Rat52 22.0 HHHHBHBBH-HHHBBHHBH-BBHHHBBB-
Chrl9 Es8 24.2 HHHHBBBBHRHHHBBHHBHHBBHHBBBEBERB
Chrl9 Es3 25.1 HHHHBBBBHRHHHBBHHBHBRBBHHBBBEERB
Chrl9 D19Ucsf2 31.6 HHHHBHHBHH-HHBBBHBHBBBHHHBBEBEB
Chrl9 Ednra 34.0 HHHHBHHBH-HHHB-BHBHB-BBBHBBBEB
Chrl9 D19Utro6 39.5 HHHBBHBBHBR-HHBBBHBHBBBHHHBBEBER
Chrl9 D19Utrl 43.3 HBBBB-BBHBRHHHBBBHBHHB-HHH-BBB
Chrl9 Es4 50.6 HHHHBBBBHBRHHHBBHHBHHBBHHBBBEBEB
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Chrl9 Rt2 55.6 HHH-BBBBHH-HHBBBHBHBBBHHHBBEER
Chrl9 D19Ucsfl 60.9 HHHHBHHBR--HHBBBHBHHBBHHHBBEBEB
Chrl9 D19Cebr204s23 63.0 HHHHBHHBHRBHHBBBHBHRBBHHHBBEBEB
Chrl9 D19Cebr204s27 66.3 HHBBBBHBHRBHHBBBHBHB-BHHHBBBEB
Chrl9 D19Rat48 68.3 HHBHBHHBHBBHHBBBHBHRBBBHHHBBRBEB
Chrl9 D19Mit7 82.7 HHHHHHHBHB-HBHBBHBRBBBBBHHBHHB
Chrl9 Tat 87.5 HHHBHHHBHRBBBHBBHBRRBRBBBBHBHEBR
Chrl9 D19Rat71 89.4 HHHBHHHBHRBBBHBBBRBRBBBBBHBHHB
Chrl9 D19Rato4d 97.6 HHHHHBHBHRBBBHBBBBHBRBBBHBBHBE
Chrl9 D19Ratol 103.7 HBHHBHHBHBRHBBHBBBHHBBBBHBBHBEB
Chrl9 D19Rath 114.9 -HHBBHBRHHHHBBHBRBHHBBHBHEBRBRBBB
Chrl9 D19Cebrpl50sl 116.9 HHHHBHBHHRHBBHBBBHHBRBHBHBBBEBERB
Chrl9 D19Ratl 117.9 -HHHBHRHHHHBBHBBBHHBBH-HBBBBB
Chr20 D20Cebr32s3 0.0 BHHBHBBHHHBHBBBBBBHHBHHBBBHHB
Chr20 Rtla 0.9 BHHBHBBHHBRBHBBBBBBHHBHHBBBHHB
Chr20 D20Utr3 3.0 BHHBHBBHHBRHHBBBBBBHBBH-BB-HHB
Chr20 D20Rat4l 5.2 BHHBHBBHHRBHBBBBBBHHBHHBBBHHB
Chr20 D20Mghb5 8.3 BBHBBBBHHRBHBBBBBBHHBHHBBHHHB
Chr20 D20Rat4 21.7 BHHHBBBHBHBRHBBBBBBHHHHBBHHHHH
Chr20 D20Rat75 36.1 HHHHBBBHH-BBBBBHHBBHBHHBHHHHH
Chr20 D20Rat23 42 .6 HBHHBBBHHHBBBBBHHBRBRHBHHBHBBEBERB
Chr20 D20Rat?9 48.8 BBBHBBBHHHHBBHBHHBHHBHHBHBBEBER
Chr20 D20Ratl10 53.4 BBBHBBBHHHHBBHBBHBHBRBBBBHBBEBERB
Chr20 D20Rat55 61.5 BHBHBBBHBRHHBBBBBHHHBBBHBBBBRBE
Chr20 D20Mitl 67.7 BBBHBBBBBHHBBBHHHBHRBBBHBBBBRBEB
Chr20 D20Utr4 70.8 BBBHBBBHRHHBBHHHHBHBHBHBBBBEEB
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Appendix 2: RT-PCR primers

Legend: Each primer name consists of: gene symbol, NCBI reference sequence (in
parentheses), primer position in the reference sequence, primer direction/function
(F = forward, R =reverse, T = tagged)

Th-(NM_013158)-1725F
Th-(NM_013158)-17292R
Th-(NM_013158)-1746T

Ddc-(NM_012545)-799F
Ddc-(NM_012545)-867R
Ddc-(NM_012545)-820T

Dbh-(NM_013158)-1730F
Dbh-(NM_013158)-1800R
Dbh-(NM_013158)-1750T

Pnmt-(X14211)-340F
Pnmt-(X14211)-407R
Pnmt-(X14211)-363T

Chga-(NM_021655)-765F
Chga-(NM_021655)-838R
Chga-(NM_021655)-788T

Chgb-(NM_012526)-1877F
Chgb-(NM_012526)-1948R
Chgb-(NM_012526)-1900T

Scg2-(NM._022669)-1668F
Scg2-(NM_022669)-1735R
Scg2-(NM_022669)-1688T

5'-AGCGCCCATTCTCTGTGAAG-3'
5'-GGTGTGAGGGCTGTCCAGTAC-3'
5"TTGACCCGTACACACTGGCCATTGA-3'

5'-CCCTCGCTTTGAAATTTGCA-3'
5'-AACTGGTTGGAGCCCTTTAGC-3'
5"TCATCCTCGGGTTGGTCTGCTTC-3'C

5-GCTTCCCGGGTAACTGGAA-3'
5-GCGTGGGTCGGGTTCTT-3'
5'-CTGCAGCCTCTGCCTAATATCACTTCCG-3'

5-GAGTCCTGGCAGGAGAAAGAAC-3'
5S'-TGCACATCAATGGGCAAGAC-3'
5'-CCAGCTCCGAGCGAGGGTGAAG-3'

5'-AGAAGGCTGGGCCTAAAGAAGT-3'
5'-CTGGATCTTCTTGTAGCCTGAATAGA-3'
5'-CCCACGGCAGCATCCAGTTCTCA-3'

5'TGGACCAGCTCCTTCACTACAG-3'
5'-CCATCTGCTCCTCTGAATCGTA-3'
5'-AAGAAGGCAGCCGAATTTCCCGACT-3'

5'-GCAGGCCATCAAGGAGCAT-3'
5"TGCTCACCTTGGCCAGTTTC-3'
5'-TGGGTCAAGGAAGCTCCCAGGAAATG-3'



Appendix 3: Primers for re-sequencing in rat Dbh
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Legend: Each primer name consists of: gene symbol, amplicon number in sequential

order from 5’-end and primer direction (F = forward, R = reverse)

Dbh_1F
Dbh_1R

Dbh_2F
Dbh_2R

Dbh_3F
Dbh_3R

Dbh_4F
Dbh_4R

Dbh_5F
Dbh_5R

Dbh_6F
Dbh_6R

Dbh_7F
Dbh_7R

Dbh_8F
Dbh_8R

Dbh_9F
Dbh_9R

Dbh_10F
Dbh_10R

Dbh_11F
Dbh_11R

Dbh_12F
Dbh_12R

Dbh_13F
Dbh_13R

Dbh_14F
Dbh_14R

Dbh_15F
Dbh_15R

Dbh_16F
Dbh_16R

5'-GCCTCAACATCTGGTTTTTCTT-3'
5'-ACAGGCTCTGAGTAGGGTATGG-3'

5'-AGCACAACTGTTGCTCTCACC-3'
5'-CACACCTGTTCCCATCTCACTA-3'

5'-GCTGAGCAATAGGAAGGTCAA-3'
5'-AAACACTTTGCTCCGATCCTC-3'

5-GTGTCCTTGGGACCTATGTCTG-3'
5'-ACACAGAAGCAGTAGGCGACTT-3'

5'-ACCTCGTCATGCTCTGGACT-3'
5'-AAGTAGGAGACTTCCCCTTTGC-3'

5'-GGGTGCTAGAAAGCTTGGTTTA-3'
5'-GAATACATCCCAGGGCAAGAG-3'

5'-AGCTCCCTGTCAAACTCAGAAT-3'
5'-AGCACCTCAGATTCTTGCAACT-3'

5'-TCAGGCCTACATACGGGACTAC-3'
5-TCCTTGTGTGTATGGGTGACTC-3'

5'-CACTAGTCCCCTATGCTTCCTG-3'
5-GTGGCGACAGTAGTTGAGTCTG-3'

5'-CCCCAGTTCAGGGTAGTCTGT-3'
5'-GGACATTTCAGGATGTGGTTTA-3'

5-ATTGCACCATCCCCTCCT-3'
5'-TGTGGTAATGAACTTCCAGTCG-3'

5'-CGATAGGACCTTTTGTGTGTGA-3'
5'-AAAGAACCTGTCCAGAGCAGTC-3'

5'-AAACACCCCATAGAGGTGACAG-3'
5'-CTCAGGGACACTGGGTACTGTG-3'

5'-CAGGTTTACCATGGGGATTAGA-3'
5-GTCTCTTTTGGGCACAGTTCTC-3'

5-GTTGAAGCAGAACTGACAATGC-3'
5'-GGAAAAGCCAGTGTGACTTACC-3'

5'-GGATCTGACATGGCTACAAGC-3'
S'-TGCTGAAGTTTCTGTGACCCTA-3'



Dbh_17F
Dbh_17R

Dbh_18F
Dbh_18R

Dbh_19F
Dbh_19R

Dbh_20F
Dbh_20R

Dbh_21F
Dbh_21R

Dbh_22F
Dbh_22R

5'-GTCACAAGAAAGCCACAGACAG-3'
5S'-CCTTGAGCATATCACGATTGAA-3'

5'-CAGAGAATACAACGGCTTAGGG-3'
5'-GAGCCACTCTGCAAAGGACTAT-3'

5'-CCCCTTCCATAGAATAGTGCTG-3'
S'-TATAGAGCCCAGAAAGGGTCAG-3'

5'-AAACCCCAACATGTAGTTCCAC-3'
5'-CAGGCAGTACAGATGACAGAGG-3'

5S-TTGGAAAGGAGTAGGAGTCTGG-3'
S“TTTAGGTAGTTGGTGGGGACCT-3'

5'-GAGAGTACGAGAAATGCTCACG-3'
5'-AGGCCCTCTCAACACTGATCTA-3'
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Appendix 4: Primers for re-sequencing in rat Pnmt.

Legend: Each primer name consists of: gene symbol, amplicon number in sequential
order from 5’-end and primer direction (F = forward, R = reverse)

Pnmt IF
Pnmt 1R

Pnmt 2F
Pnmt 2R

Pnmt 3F
Pnmt 3R

Pnmt 4F
Pnmt 4R

Pnmt S5F
Pnmt 5R

Pnmt 6F
Pnmt 6R

5'-CAGGCACCTAGAGCACCAAG-3'
S'-ACCTTTATGGGCTCTTGATCG-3'

5'-AAGGAGGATAGAGACGGGGTAG-3'
S'-GTAGTTGTTGCGGAGGTAGGC-3'

5-GGAGGGGACCCAGTAGTAGA-3'
5'-CTCCCAGGTCCCATCTGTCT-3'

5'-CAGGAGCGGACGATAGTCTT-3'
5'-GTCCTCGATGAGGCAGACAT-3'

5'-TGATATCCCCTCCTCTGCTC-3'
5'-GCAAGGTACCACGACTCCTC-3'

5-GAGCCTCTGGGGTAGTCTGA-3'
5'-CCTTCTAAGCCTCGGAGACC-3'



Appendix 5: Polymorphism discovery (re-sequencing) in rat Dbh

BN. Lx

-1800 -1790 -1780 -1770 -1760

e e e
TTT

DBH NM 013158 tcagttctgttcagcacatctacatgagtcctgtgagatttttctgattt

SHR
EXONS

BN. Lx

GTTCAGCACATCTACATGAGTCCTGTGAGATTTTTCTGATTT

-1750 -1740 -1730 -1720 -1710
S S 1 e [ e S
TGGNTGCGTACTCCTACCCCTTATGTTGCCAAGGGAACCCAGTTTTGGGT

DBH NM 013158 tggctgtgtactcctaccccttatgttgccaagggaacccagttttgggt

SHR
EXONS

BN. Lx

TGGCTGTGTACTCCTACCCCTTATGTTGCCAAGGGAACCCAGTTTTGGGT

-1700 -1690 -1680 -1670 -1660
R N Y T R R R T F T ey
TCCTGAATGCTGTCCTGCCTATGCCCTACCCTGCTCTGCCCTGCTACTGA

DBH NM 013158 tcctgaatgctgtcctgcctatgccctaccctgctctgcectgctactyga

SHR
EXONS

BN. Lx

TCCTGAATGCTGTCCTGCCTATGCCCTACCCTGCTCTGCCCTGCTACTGA

-1650 -1640 -1630 -1620 -1610
I N N I N T N T ey
TGGCTGTGTGGCCCTGGGTACCTTCCCCTCTATCCCCTTGTGTGTCAGAT

DBH NM 013158 tggctgtgtggccctgggtaccttcccctctatccccttgtgtgtcagat

SHR
EXONS

BN. Lx

TGGCTGTGTGGCCCTGGGTACCTTCCCCTCTATCCCCTTGTGTGTCAGAT

-1600 -1590 -1580 -1570 -1560

S S e T e T T
GGGGACAAACACAGGCTGGTCTCTCAAAGCCAGCAAAGCAAGCAGGCCTG

DBH NM 013158 ggggacaaacacaggctggtctctcaaagccagcaaagcaagcaggcctg

SHR
EXONS

BN. Lx

GGGGACAAACACAGGCTGGTCTCTCAAAGCCAGCAAAGCAAGCAGGCCTG

-1550 -1540 -1530 -1520 -1510

S S e T L o P
CTTCCCTCTCCTGGTAACTACCAAGACTGGGTAATTGTTACTTCTGAAGT

DBH NM 013158 «cttccctctcctggtaactaccaagactgggtaattgttacttctgaagt

SHR
EXONS

BN. Lx

CTTCCCTCTCCTGGTAACTACCAAGACTGGGTAATTGTTACTTCTGAAGT

-1500 -1490 -1480 -1470 -1460

S S e [ T L AP
CGGCTGAATCACTTCTGCCAACGTTCAGCCTTGTTCCTAGCTGCAGAACG

DBH NM 013158 cggctgaatcacttctgccaacgttcagccttgttcctagctgcagaacg

SHR
EXONS

BN. Lx

CGGCTGAATCACTTCTGCCAACGTTCAGCCTTGTTCCTAGCTGCAGAACG

-1450 -1440 -1430 -1420 -1410
S O e T L o
GGAGTGCTTTTTGAATTTGTTAAAAATAAACGTGTGTGTGTGTGTGTGTG

DBH NM 013158 ggagtgctttttgaatttgttaaaaataaacgtgtgtgtgtgtgtgtgtg

SHR
EXONS

BN. Lx

GGAGTGCTTTTTGAATTTGTTAAAAATAAACGTGTGTGTGTGTGTGTGTG

-1400 -1390 -1380 -1370 -1360
R Y R E Y E T E Y S N P I
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTCACTCTGCTGTTTACTAAGAA

DBH NM 013158 tgtgtgtgtgtgtgtgtgtgtgtgtgtgtcactctgctgtttactaagaa

SHR
EXONS

BN. Lx

TGTGTGTGTGTGTGTGTGTGTGTGTGTGTCACTCTGCTGTTTACTAAGAA

-1350 -1340 -1330 -1320 -1310
R R Y R Y N R T PR P
CTGTGCTTCTCCTCCTCTAAGACCTGANCACAACTGTTGCTCTCACCCTG

DBH NM 013158 ctgtgcttctcctcctctaagacctgagcacaactgttgctctcaccctg

SHR
EXONS

CTGTGCTTCTCCTCCTCTAAGACCTGATCACAACTGTTGCTCTCACCCTG
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BN. Lx

-1300 -1290 -1280 -1270 -1260

S S T e I L o P
GATCCAGGAAAGAGCTGCTGCTGTCAGGCTCCTGCCTGGCACCCCTACCC

DBH NM 013158 gatccaagaaagagctgctgctgtcaggctcctgcctggcacccctaccc

SHR
EXONS

BN. Lx

GATCCAGGAAAGAGCTGCTGCTGTCAGGCTCCTGCCTGGCACCCCTACCC

-1250 -1240 -1230 -1220 -1210

S S e 1 e I o T
TTCTTAGGAGAGAACCTGGAGCTTCACTGCCCCAGGTGGTCCTAAGGCCT

DBH NM 013158 ttcttaggagagaacctggagcttcactgccccaggtgggactaaggcct

SHR
EXONS

BN. Lx

TTCTTAGGAGAGAACCTGGAGCTTCACTGCCCCAGGTGGTCCTAAGGCCT

-1200 -1190 -1180 -1170 -1160

S O e O o
CACTGAAAACCAGGCTGTGGCTAGCTGAGCCATACCCTACTCAGAGCCTG

DBH NM 013158 cactgaaaaccaggctgtgggtagctgagccataccctactcagagcctg

SHR
EXONS

BN. Lx

CACTGAAAACCAGGCTGTGGCTAGCTGAGCCATACCCTACTCAGAGCCTG

-1150 -1140 -1130 -1120 -1110

R N N R R e I I I I
TGACTCTTGTCTTGACTTGTGTAGAACAATGTGCCCATTAACCCTGGACA

DBH NM 013158 tgactcttgtcttgacttgtgtagaccaatgtgcccattaaccctggaca

SHR
EXONS

BN. Lx

TGACTCTTGTCTTGACTTGTGTAGAACAATGTGCCCATTAACCCTGGACA

-1100 -1090 -1080 -1070 -1060
S S O O T e T e AT
TTCTGCCTAGTCCCAGGGCAAAGCTGGGACTATCTGGAGACATCACCTGC

DBH NM 013158 ttctgcctagtcccagggcaaagctgggactatctggagacatcacctgc

SHR
EXONS

BN. Lx

TTCTGCCTAGTCCCAGGGCAAAGCTGGGACTATCTGGAGACATCACCTGC

-1050 -1040 -1030 -1020 -1010

S S O T L T o
GTGCAAGACTGAGGTCCCTTTTCCTCTGTGGAACAAAGCTTAGTGAAGAA

DBH NM 013158 gtgcaagactgaggtcccttttcctctgtggaacaaagcttagtgaagaa

SHR
EXONS

BN. Lx

GTGCAAGACTGAGGTCCCTTTTCCTCTGTGGAACAAAGCTTAGTGAAGAA

-1000 -990 -980 -970 -960

S S T O I L o
TCAGCCTTGCTGGCCAGAGGCTCAGGCTGGGCTACTGTGTTTCTGAGAAG

DBH NM 013158 tcagccttgctggccagaggctcaggctgggctactgtgtttctgagaag

SHR
EXONS

BN. Lx

TCAGCCTTGCTGGCCAGAGGCTCAGGCTGGGCTACTGTGTTTCTGAGAAG

-950 -940 -930 -920 -910

S e e e I L [
GAAGCACAAGGAAAGCAAGGAAGGAAAAAGAGGGAGAGAAGGACTCACAA

DBH NM 013158 gaagcacaaggaaagcaaggaaggaaaaagagggagagaaggactcacaa

SHR
EXONS

BN. Lx

GAAGCACAAGGAAAGCAAGGAAGGAAAAAGAGGGAGAGAAGGACTCACAA

-900 -890 -880 -870 -860
S e 1 e e S
CTAGGTTGTAGGGACTTATAGTCACAGTGAGGTACAGAGGTGGATGGCTT

DBH NM 013158 ctaggttgtagggacttatagtcacagtgaggtacagaggtggatggctt

SHR
EXONS

BN. Lx

CTAGGTTGGAGGGACCTATAGTCACAGTGAGGTACAGAGGTGGATGGCTT

-850 -840 -830 -820 -810
TGGATACAAGTAGAATGTTCTGGTGTTGGGGTACGGACAGCACCGGTCCT

DBH NM 013158 tggatacaagtagaatgttctggtgttggggtacggacagcaccggtcct

SHR
EXONS

BN. Lx

TGGATACAAGTAGAATGTTCTGGTGTTGGGGTACGGACAGCACCGGTCCT

-800 =790 -780 =770 -760

S S T e T L AT,
CATCATGAAACAGACAGGGCTGAGCAATAGGAAGGTCAAAACTTCGGACT

DBH NM 013158 catcatgaaacagacagggctgagcaataggaaggtcaaaacttcggact

SHR
EXONS

CATCATGAAACAGACAGGGCTGAGCAATAGGAAGGTCAAAACTTCGGACT
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BN. Lx

=750 =740 =730 =720 =710

S S T e L T
GGTGGTCAGCCTGTGAAGAGGCCCTGTGGTAGGGATGGGAGAAATAGTGC

DBH NM 013158 ggtggtcagcctgtgaagaggccctgtggtagggatgggagaaatagtgc

SHR
EXONS

BN. Lx

GGTGGTCAGCCTGTGAAGAGGCCCTGTGGTAGGGATGGGAGAAATAGTGC

=700 -690 -680 -670 -660
S S e 1 L [
TGGGGGTGGCTGGCCCGAGAAGCAAGAGGAAGTCCTGGCTTTGAGAGCTT

DBH NM 013158 tgggggtggctggcccgagaagcaagaggaagtcctggctttgagagctt

SHR
EXONS

BN. Lx

TGGGGGTGGCTGGCCCGAGAAGCAAGAGGAAGTCCTGGCTTTGAGAGCTT

-650 -640 -630 -620 -610
S e e L e T e L
TAGTGAGATGGGAACAGGTGTGTCCCCATAGCCACGAGTGCCCATTCACC

DBH NM 013158 tagtgagatgggaacaggtgtgtccccatagccacgagtgcccattcacc

SHR
EXONS

BN. Lx

TAGTGAGATGGGAACAGGTGTGTCCCCATAGCCACGAGTGCCCATTCACC

-600 -590 -580 -570 -560
R R T R E T R B E T P
CCCTTCCTGCCTGCCCTGTGCTGTCTCTGCACCCACTCCTTCTGTAGCAT

DBH NM 013158 cccttcctgcctgccctgtgctgtctctgecacccacteccttctgtageat

SHR
EXONS

BN. Lx

CCCTTCCTGCCTGCCCTGTGCTGTCTCTGCACCCACTCCTTCTGTAGCAG

-550 -540 -530 -520 -510

S S S e P [ L AT,
CCGTGGCGCCAGCTGGAGCCCGTGGGGAAACAGGAGAAAAAGTGGGAACA

DBH NM 013158 ccgtggcgccagctggagcccgtggggaaacaggagaaaaagtgggaaca

SHR
EXONS

BN. Lx

CCGTGGCGCCAGCTGGAGCCCGTGGGGAAACAGGAGAAAAAGTGGGAACA

-500 -490 -480 -470 -460
S S O T L T L P,
GCAGGCCTCGGAGAGAGTGTCTAAACACGGACTATTTGGGGACTGTCTTT

DBH NM 013158 gcaggcctcggagagagtgtctaaacacggactatttggggactgtcttt

SHR
EXONS

BN. Lx

GCAGGCCTCGGAGAGAGTGTCTAAACACGGACTATTTGGGGACTGTCTTT

-450 -440 -430 -420 -410

e e e e
TATTTTTAGTTTGAAACTTATCCATCCTCCAGCATTGTAAAAAAAAAAAA

DBH NM 013158 tatttttagtttgaaacttatccatcctccagcattgtaaaaaaaaaaaa

SHR
EXONS

BN. Lx

TATTTTTAGTTTGAAACTTATCCATCCTCCAGCATTGTAAAAAAAAAAAA

-400 -390 -380 -370 -360

S e o I L o A
AAAACAGGATCCAGGAACCCACCACTCACTGTCACTCAGGAAGGAGCCCC

DBH NM 013158 aaaacaggatccaggaacccaccactcactgtcactcaggaaggagcccc

SHR
EXONS

BN. Lx

AAAACAGGATCCAGGAACCCACCACTCACTGTCACTCAGGAAGGAGCCCC

-350 -340 -330 -320 -310
S O T o [ L o
TTGAACCTCAGTTGGAGCAGGTAGAGAGGCCCTGACTGCCTATGAGGCAT

DBH NM 013158 ttgaacctcagttggagcaggtagagaggccctgactgcctatgaggcat

SHR
EXONS

BN. Lx

TTGAACCTCAGTTGGAGCAGGTAGAGAGGCCCTGACTGCCTATGAGGCAT

-300 -290 -280 =270 -260
R Y R T T R P PR ey
TCAGCAGGGCCTGGCTGGAGGTGTCCTTGGGACCTATGTCTGCAGAGAGT

DBH NM 013158 tcagcagggcctggctggaggtgtccttgggacctatgtctgcagagagt

SHR
EXONS

BN. Lx

TCAGCAGGGCCTGGCTGGAGGTGTCCTTGGGACCTATGTCTGCAGAGAGT

-250 -240 -230 -220 -210

S S S S O T P L
AGCTGTTTCCAACAGGCGTCAGAGATCCATTGGAGGACATGGCCATTCTG

DBH NM 013158 agctgtttccaacaggcgtcagagatccattggaggacatggccattctg

SHR
EXONS

AGCTGTTTCCAACAGGCGTCAGAGATCCATTGGAGGACATGGCCATTCTG
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BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

-200 -190 -180 -170 -160
e e e T L
CTTCGATTCTCTTGATGATGTCCATGCGTCATTAGTGTCAATTAGGGGAG
cttcgattctcttgatgatgtccatgcgtcattagtgtcaattaggggag
CTTCGATTCTCTTGATGATGTCCATGCGTCATTAGTGTCAATTAGGGGAG

-150 -140 -130 -120 -110
S e e T e
GATCGGAGCAAAGTGTTTGCCCCAGGGCATGGGCTGGTGGGAGAGCCACC
gatcggagcaaagtgtttgccccagggcatgggectggtgggagagccacce
GATCGGAGCAAAGTGTTTGCCCCAGGGCATGGGCTGGTGGGAGAGCCACC

-100 -90 -80 =70 -60
S O e T e O T L
AGGACAATTGAATTCCCCACCAGACAAATGTGATTAGGTACAGCCTGGCC
aggacaattgaattccccaccagacaaatgtgattaggtacagcctggcec
AGGACAATTGAATTCCCCACCAGACAAATGTGATTAGGTACAGCCTGGCC

-50 -40 -30 -20 -10 -1
R R R R P P R R T P
CAACCCCACCGAACAGACATAAATGGCCCAGTGGGGCTGGGGTGCTCATC
caaccccaccgaacagacataaatggcccagtggggctggggtgcectcatc
CAACCCCACCGAACAGACATAAATGGCCCAGTGGGGCTGGGGTGCTCATC

1 10 20 30 40

B T L T S o o e O I
_ CCAGCCATGCAGCCTCACCTCAGCCACCAGCCTTGCTGGAGCCTCCCCA
_ CCAGCCATGCAGCCTCACCTCAGCCACCAGCCTTGCTGGAGCCTCCCCA
_CCAGCCATGCAGCCTCACCTCAGCCACCAGCCTTGCTGGAGCCTCCCCA
~5'"UTR EXON 1 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

50 60 70 80 90

B L T S o S o T [
GCCCCAGCGTCCGTGAGGCGGCTTCCATGTATGGCACTGCTGTGGCCATC
GCCCCAGCGTCCGTGAGGCGGCTTCCATGTATGGCACTGCTGTGGCCATC
GCCCCAGCGTCCGTGAGGCGGCTTCCATGTATGGCACTGCTGTGGCCATC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

100 110 120 130 140
B T L e S e S o I (s
TTCCTGGTCATCCTGGTGGCTGCACTGCAGGGCTCGGAGCCTCCGGAGAG
TTCCTGGTCATCCTGGTGGCTGCACTGCAGGGCTCGGAGCCTCCGGAGAG
TTCCTGGTCATCCTGGTGGCTGCACTGCAGGGCTCGGAGCCTCCGGAGAG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

150 160 170 180 190

B T e S e S F T
CCCCTTCCCTTACCACATCCCCCTGGACCCTGAAGGGACTTTAGAGCTCT
CCCCTTCCCTTACCACATCCCCCTGGACCCTGAAGGGACTTTAGAGCTCT
CCCCTTCCCTTACCACATCCCCCTGGACCCTGAAGGGACTTTAGAGCTCT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXKXXXX

200 210 220 230 240
S O T o L [
CGTGGAACGTCAGCTATGACCAGGAGATCATCCACTTCCAGCTCCAGGTG
CGTGGAACGTCAGCTATGACCAGGAGATCATCCACTTCCAGCTCCAGGTG
CGTGGAACGTCAGCTATGACCAGGAGATCATCCACTTCCAGCTCCAGGTG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

250 260 270 280 290

R R R R R R T
CAAGGGCCGAGGGCTGGGGTCCTGTTCGGAATGTCGGATCGAGGTGAGAT
CAAGGGCCGAGGGCTGGGGTCCTGTTCGGAATGTCGGATCGAGGTGAGAT
CAAGGGCCGAGGGCTGGGGTCCTGTTCGGAATGTCGGATCGAGGTGAGAT
XXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXXKXKXXXXXXKXKXXXXXKXXKXKXX

300 310 320 330 340

B T L T o F S e o T (O
GGAGAACGCAGACCTCGTCATGCTCTGGACTGACGGGGACAGGACCTACT
GGAGAACGCAGACCTCGTCATGCTCTGGACTGACGGGGACAGGACCTACT
GGAGAACGCAGACCTCGTCATGCTCTGGACTGACGGGGACAGGACCTACT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
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BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

350 360 370 380 390
S e e T e e
TTGCGGTGAGTCCTCTGCCATCTTTCTGTCTTGTCCTCACGCCCATACCC
TTGCGgtgagtcctctgccatctttctgtcttgtecctcacgeccecataccce
TTGCGGTGAGTCCTCTGCCATCTTTCTGTCTTGTCCTCACGCCCATACCC
XXXXX

400 410 420 430 440
S e e e e
CGAGCTGGCTATCTTCATACAGCCAGGCCCTACGAGCAGCAAAGCAAAGT
cgagctggctatcttcatacagccaggccctacgagcagcaaagcaaagt
CGAGCTGGCTATCTTCATACAGCCAGGCCCTACGAGCAGCAAAGCAAAGT

450 460 470 480 490
S S e O I o o A
CGCCTACTGCTTCTGTGTTTGATGTCACTAATCTGAATCAAGCCCTTCAG
cgcctactgcttctgtgtttgatgtcactaatctgaatcaagcccttecag
CGCCTACTGCTTCTGTGTTTGATGTCACTAATCTGAATCAAGCCCTTCAG

500 510 520 530 540

I I e I I I o o IO I
CATCACAAGGACACTCACTAGAGGATGCGACAGTAAGTGGACTCTTCCTG
catcacaaggacactcactagaggatgcgacagtaagtggactcttcctyg
CATCACAAGGACACTCACTAGAGGATGCGACAGTAAGTGGACTCTTCCTG

550 560 570 580 590

S e 1 T e e T I
GAGTCCTTGACTGCACCCCCAAATACTGGTTACAGCAATCCCAAGGACGG
gagtccttgactgcacccccaaatactggttacagcaatcccaaggacgg
GAGTCCTTGACTGCACCCCCAAATACTGGTTACAGCAATCCCAAGGACGG

600 610 620 630 640
S e 1 e [ e e
TAAGAGCATAGGAAGGACCCATATGCCATGCAGCCCCCCTTCCCACCACG
taagagcataggaaggacccatatgccatgcagccccccttcccaccacg
TAAGAGCATAGGAAGGACCCATATGCCATGCAGCCCCCCTTCCCACCACG

650 660 670 680 690
S e e e e e e
TGAGTACAGACCGTGCATATCCTCCAGCGTTACAAATGACAGCTCATACC
tgagtacagaccgtgcatatcctccagcgttacaaatgacagctcatacc
TGAGTACAGACCGTGCATATCCTCCAGCGTTACAAATGACAGCTCATACC

700 710 720 730 740

S e e e e
ACACTGCCAGCTCATGGGCACCTGTTGTGGGCCAGGTGCACTGACTTAGT
acactgccagctcatgggcacctgttgtgggccaggtgcactgacttagt
ACACTGCCAGCTCATGGGCACCTGTTGTGGGCCAGGTGCACTGACTTAGT

750 760 770 780 790

S e e e e
AGCACAGGTGGCACGCACACCAGCCTGGAACACAGCACACACAGG cCTTC
agcacaggtggcacgcacaccagcctggaacacagcacacacaggccttee
AGCACAGGTGGCACGCACACCAGCCTGGAACACAGCACACACAGG CCTTC

800 810 820 830 840
TGTGCTATTCCCGATGATGGTTGCAGATAGCATCGCAACCCAGGTAAGGG
tgtgctattcccgatgatggttgcagatagcatcgcaacccaggtaaggg
TGTGCTATTCCCGATGATGGTTGCAGATAGCATCGCAACCCAGGTAAGGG

850 860 870 880 890
S e e T e L e
ATAACCCCACCCTCCTCACAAGAGATGAGCCCAAGACGACAGAATAGCTC
ataaccccaccctcctcacaagagatgagcccaagacgacagaatagctc
ATAACCCCACCCTCCTCACAAGAGATGAGCCCAAGACGACAGAATAGCTC
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BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

900 910 920 930 940
e o T T L
TGCTTCCTTCCGTTCAAAAATCTTCCTGAACACCCTATATGCTAGAGGAG
tgcttccttcecgttcaaaaatcttecctgaacaccctatatgctagaggag
TGCTTCCTTCCGTTCAAAAATCTTCCTGAACACCCTATATGCTAGAGGAG

950 960 970 980 990

e e e T T
CAAAGGGGAAGT
caaaggggaagtctcctacttagtggagcatccttcaggggecctctacaa
CAAAGGGGAAGT

1000 1010 1020 1030 1040
T e e e e e

gctacagggatcagtagaggagggggaaacacccacatatatatcctcgt

1050 1060 1070 1080 1090
e T e

agctctactcttectctgcagagggcttcectttgggatagactcettactet

1100 1110 1120 1130 1140
T e e S P I

ctgcacctacaagagaagaggtggtcaaagattttccgtatcaaatcaga

1150 1160 1170 1180 119
P e e e T e

aagtactttgtgttaatgcctctgcctcagcttccccagtgctgggatca

1200 1210 1220 1230 1240
P e e T

caggtgtgagccactaaacctgactaggagatgctttctcgageccgagca

1250 1260 1270 1280 1290
T e e e

tggcagccaccccccectteccecagececatttgetcagaactctcaggecgggg

1300 1310 1320 1330 134
T e e e e e

tgacagagcagggctggctgtacagtggctttggatcagtccatctgagg
1350 1360 1370 1380 139

e e e I

tgtgtgggagacagaagagccttgttgggccccagaggggttgcecattec

1400 1410 1420 1430 1440
T e e P T I

tttcgccttcectggecatagectttteccgtgcagcagctceccaccagagagqg
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BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

BN. Lx

DBH NM 013158
SHR -

EXONS

175

1450 1460 1470 1480 1490
T e e e

cctgttctacccctgceccccatttgtttgcacaatgaatgtctgtgaacac

1500 1510 1520 1530 154
e e e e e

agacatcagaaatggagcccccgtgggcagcaggatgctcaggtatgecac

1550 1560 1570 1580 159
T e e e

tgtagagtcctggcagcaatgccagctgectggctggtectgetcetaagt

1600 1610 1620 1630 1640
e e I

caacagggtccccagcaggagcttcaccatgaggctgtcecccaggggaaa

1650 1660 1670 1680 1690
P e e e e T e I

ttttgctaatttctttcaggctttgctttcectaagcecctggaggtaggac

1700 1710 1720 1730 174
T e e S T P I

taaacagaaacagccccagcagtcctcacagcagaggcctgtgacgttca

1750 1760 1770 1780 1790
T e e e

tgaattcagaaggaggcccacttgctggatgctaccccacagcctgcecttce

1800 1810 1820 1830 1840
S e e

ccttacagagaaggcagggagacctggacccgtgatctaggttccaggag

1850 1860 1870 1880 189
e e e e e e

ctattctgggggaaatgctcactcttgctgccaatgcagtctcccecagcec

1900 1910 1920 1930 194
e e e I

cagacctcagtttactccctccaggcaatgctagcectagagtgagaggt

1950 1960 1970 1980 1990
P e e e T o

tcccatggtacagtagttaaggcagcttttgctctcagegttatgcaagce
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2000 2010 2020 2030 2040
T e e e

atggagcgcacacctgggtgagcaagtgccaccttaaatgctgccecctgcec

2050 2060 2070 2080 209
T e e e e e

ttttcccattctggctcecatcatcatctgeccttgatccaagactctagte

2100 2110 2120 2130 214
S e e e

tcagatgtctaatcctggggtcagtcctgccagaageccatggtctctaag

2150 2160 2170 2180 2190
e e e I

ccctgagaatctgtatggttaactgtctctgggagtttcaggtaccccac

2200 2210 2220 2230 2240
T e e e S O

ttacatgtggcaagttgaaagcaagctgggtgagggtacaactttaggca

2250 2260 2270 2280 2290
S e o I e e
GGGTGCTAGAAAGCTTGGTTTAAGG
ggacgggtaacagaatgtgatatgggggtgctagaaagcttggtttaagg
GGGTGCTAGAAAGCTTGGTTTAAGG

2300 2310 2320 2330 2340
S e e e e
GAGGCCTGATCCCTTTACGTACACTGGACACTGGGTTTGATCCCAACATT
gaggcctgatccctttacgtacactggacactgggtttgatcccaacatt
GAGGCCTGATCCCTTTACGTACACTGGACACTGGGTTTGATCCCAACATT

2350 2360 2370 2380 2390

S e e e e
AAAAGGAATGAGACAGATAAAAATCCAACAGGGGCGTCATCGATCAGCAG
aaaaggaatgagacagataaaaatccaacaggggcgtcatcgatcagcag
AAAAAGAATGAGACAGATAAAAATCCAACAGGGGCGTCATCGATCAGCAG

2400 2410 2420 2430 2440
S e e e e
CCTCTTGGCCTCTCTGGGTGTCCCTGTGAAGCTGGCGACTCACTCAGTTA
cctcttggccectctectgggtgtcectgtgaagctggecgactcactcagtta
CCTCTTGGCCTCTCTGGGTGTCCCTGTGAAGCTGGCGACTCACTCAGTTA

2450 2460 2470 2480 2490

R R R R e N e P P I
ATGGACGTGATCTCTAATAGAGAAGTGCGCTCTACTGTGGGTCGGGGCTC
atggacgtgatctctaatagagaagtgcgctctactgtgggtcggggctc
ATGGACGTGATCTCTAATAGAGAAGTGCGCTCTACTGTGGGTCGGGGCTC

2500 2510 2520 2530 2540
[T T o T [ o P
TTTCCTGCTCAGATTCTGAGCCTGTCCCTGCAGGACGCCTGGAGTGACCA
tttcctgctcagattctgagectgtcectgecagGACGCCTGGAGTGACCA
TTTCCTGCTCAGAGTCTGAGCCTGTCCCTGCAGGACGCCTGGAGTGACCA
EXON 2 XXXXXXXXXX
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2550 2560 2590
e 1 L S S e A e I
GAAAGGGCAGATCCATCTGGATACCCATCAGGACTACCAGCTGCTCCAGG
GAAAGGGCAGATCCATCTGGATACCCATCAGGACTACCAGCTGCTCCAGG
GAAAGGGCAGATCCATCTGGATACCCATCAGGACTACCAGCTGCTCCAGG

XXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXX XXX XXX XKXXXXXXXX

2600 2610 2620 2630 2640
T e e S o
CACAGAGGGTGTCAAACAGCCTATCCCTGCTCTTCAAGAGGCCCTTTGTC
CACAGAGGGTGTCAAACAGCCTATCCCTGCTCTTCAAGAGGCCCTTTGTC
CACAGAGGGTGTCAAACAGCCTATCCCTGCTCTTCAAGAGGCCCTTTGTC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXX

2650 2660 2670 2680 2690

B T e e e e T e I
ACCTGCGACCCCAAGGATTATGTCATTGAGGTAGGCCACCCAGGGACTTT
ACCTGCGACCCCAAGGATTATGTCATTGAGgtaggccacccagggacttt
ACCTGCGACCCCAAGGATTATGTCATTGAGGTAGGCCACCCAGGGACTTT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

2700 2710 2720 2730 2740
R R R R R R P P PR
CCTGAACCATCCCGGCATCCTAAGGTGTCAGGGAAGCCTGAGGTAGAGTT
cctgaaccatcccggcatcctaaggtgtcagggaagecctgaggtagagtt
CCTGAACCATCCCGGCATCCTAAGGTGTCAGGGAAGCCTGAGGTAGAGTT

2570 2580

2750 2760 2790

S e e T e e I
CACACGTGAGAGAGAGCCCCTTTGGCAGATGGAAGCTGTTTTGAGAGAGG
cacacgtgagagagagcccctttggcagatggaagctgttttgagagagg
CACACGTGAGAGAGAGCCCCTTTGGCAGATGGAAGCTGTTTTGAGAGAGG

2770 2780

2800 2810 2840

S o e T e e
GCCTCTAGCTTTCTATCCAGCAGCGAGGGGTTCCAAAAAAGCTCCCTGCA
gcctctagctttctatccagcagcgaggggttccaaaaaagctcecctgceca
GCCTCTAGCTTTCTATCCAGCAGCGAGGGGTTCCAAAAAAGCTCCCTGCA

2820 2830

2850 2860 2890
T e e e T
GACATGTATCCAGTGTTCTTTCCAGATGTGACTGTTGTTTGGGGCCCTCT
gacatgtatccagtgttctttccagatgtgactgttgtttggggccctct
GACATGTATCCAGTGTTCTTTCCAGATGTGACTGTTGTTTGGGGCCCTCT

2870 2880

2900 2910 2920 2930 2940

S O e e e
TGCC

tgccctgggatgtattcatcagecctgtcatgtagaactctgtatgaagac
TGCC

2950 2960 2970 2980 299

taacatacccgactttctaccctgctcagtecgectgatcectgetttgaggct

3000 3010 3020 3030 304

caggactggtccctttctcctccaaatctcagtctactecgtectgtaagge

3050 3060 3070 3080 3090
T L e e S S O

taggagctgctggattcccaataaggaaggtctgcagtgtacttcatggc
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3100 3110 3120 3130 3140
T e e e

tgccacatagttccaaagcacctgagcttcttagccactcccgtcaggaa

3150 3160 3170 3180 319
T e e e

aagccagtctgtcttgcccctgatggaaaccttacgttcttgtttcetta

3200 3210 3220 3230 3240
T e e e e

gttaatctttcctgatggaacggacaggagctggaagtttgtggtggtgce

3250 3260 3270 3280 3290
e T e e

tgagagacagagtagagatgctggtgccacgggaagaaactcatttactc

3300 3310 3320 3330 3340
T e e e T o

gcagtcccccgggaagggccaccagcatgtaggaageccccaggctcagtce

3350 3360 3370 3380 339
T e T L e

actaggtggaatagagaaaagaaccttggcaataagctccactgggctta

3400 3410 3420 3430 3440
T e e e

taagggcaaaagctaggaagggtctggaaagcagcaggagggataattct

3450 3460 3470 3480 3490
S e e e

gactcttcagggctttggggtgctctctgcecttaccagttectggttctgag

3500 3510 3520 3530 354
T e e e

gcaatttatggcaggggagatggtggcttggagtagaaaagttgttcaaa
3550 3560 3570 3580 359
e e e I
aaggtgggtggtgatttgggtccagccagactgcaggattcggaaggcgyg

3600 3610 3620 3630 3640
T e e T P

gttgtactcctcctaagaatgggtctcgagaaaggataaacacatttggc
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3650 3660 3670 3680 3690
T e e e

catttgcttagttctgtgattgattaatggatgccaaacagataactcta

3700 3710 3720 3730 374
T e e e

gattccaagaaaacaaatgaggaattttggccaaagaggggatagaataa

3750 3760 3770 3780 379
T e e e e e

cccaggagctcgtgacacacagaggctagggcaaggccattggaaatggg

3800 3810 3820 3830 3840
e T e e

tcatttaagtccccgcectecectgtagacaaggcaagagcagtcagagaac

3850 3860 3870 3880 3890
P e e e e T e

cttccagaatgcaccacagggcaggccaatgtttatatgttctggggeca

3900 3910 3920 3930 394
T e e e e T o

gagacttctatgtagaacatgcaagatgtctttcccaagagcagcceccttyg

3950 3960 3970 3980 3990
T e e e e

ggactcctaccaaccagagcacactgactgtgcatccttgggtgcccggg

4000 4010 4020 4030 4040
e e L

aaaagggctgttggcatttccagcaaagcatccacccagagctgccagcce

4050 4060 4070 4080 409
e e e e

tctgtccatagcaacctgtgaggaaaccaacccatatctgtggtctgttt

4100 4110 4120 4130 414
e e T I

gggctctccatcacagcaatgacctgtagacttttacatgtccagcecttcet

4150 4160 4170 4180 4190
T S S e e T I
TCAGAATTCCCCAGAT
ggggaaaactcaatcacacagctccctgtcaaactcagaattccceccagat
TCAGAATTCCCCAGAT
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4200 4210 4220 4230 4240
S T U e R I IO IO R
TGGTTTTGTTTTTGTTTTTGTTTTTGTTTTTTGTTTTTGTTTTTTGTTTT
tggttttgtttttgtttttgtttttgttttttgtttttgttttttgtttt
TGGTTTTGTTTTTGTTTTTGTTTTTGTTTTTTGTTTTTGTTTTTTGTTTT

4250 4260 4270 4280 4290
S e e e
TTGTTTTTGTTTTTTTTTTGCTGCCTAGATGGTCACTGACTACTCAGTTG
ttgtttttgttttttttttgectgecctagatggtcactgactactcagttg
TTGTTTTTTTTTTTTTTTTGCTGCCTAGATGGTCACTGACTACTCAGTTG

4300 4310 4320 4330 4340
S O e e I L T
TGACCAATACCTTTCCCCTGCCCCCAGTGACCTTGGGGTTCATAGAAGAA
tgaccaatacctttccectgececccagtgaccttggggttcatagaagaa
TGACCAATACCTTTCCCCTGCCCCCAGTGACCTTGGGGTTCATAGAAGAA

4350 4360 4370 4380 4390

R P R R o I e et I IOl I
GTAAGAGTCCCAGCCTGCCTTATGGGTTGTAAACATGAATGGATGCCAAG
gtaagagtcccagcctgccecttatgggttgtaaacatgaatggatgccaag
GTAAGAGTCCCAGCCTGCCTTATGGGTTGTAAACATGAATGGATGCCAAG

4400 4410 4420 4430 4440
S L e e T e A I
CAAATGAAGAGTGTGTGAGAAAGAAAAAAGTGTTTCACAGGTGGGCACAG
caaatgaagagtgtgtgagaaagaaaaaagtgtttcacaggtgggcacag
CAAATGAAGAGTGTGTGAGAAAGAAAAAAGTGTTTCACAGGTGGGCACAG

4450 4460 4470 4480 4490

S e e T T e T
GATTTCAGAAACAGCCTGGGGCCAGAGCATTTGCTGGCTCTGAGTGGGCA
gatttcagaaacagcctggggccagagcatttgctggctctgagtgggca
GATTTCAGAAACAGCCTGGGGCCAGAGCATTTGCTGGCTCTGAGTGGGCA

4500 4510 4520 4530 4540
S e e T e e e
ATCAACTGGTTCTGTCTGGGCTACAGGATGACACTGTCCATCTAGTGTAT
atcaactggttctgtctgggctacagGATGACACTGTCCATCTAGTGTAT
ATCAACTGGTTCTGTCTGGGCTACAGGATGACACTGTCCATCTAGTGTAT
EXON 3 XXXXXXXXXXXXXXXXX

4550 4560 4570 4580 4590

S S T o I L o
GGGATCCTGGAGGAGCCATTCCAGTCCCTGGAGGCCATCAACACCTCAGG
GGGATCCTGGAGGAGCCATTCCAGTCCCTGGAGGCCATCAACACCTCAGG
GGGATCCTGGAGGAGCCATTCCAGTCCCTGGAGGCCATCAACACCTCAGG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXKXXKXXXX

4600 4610 4620 4630 4640
S O e T L o
CCTACATACGGGACTACAGCAGGTGCAGCTTCTGAAGCCTGAGGTCTCCA
CCTACATACGGGACTACAGCAGGTGCAGCTTCTGAAGCCTGAGGTCTCCA
CCTACATACGGGACTACAGCAGGTGCAGCTTCTGAAGCCTGAGGTCTCCA
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

4650 4660 4670 4680 4690

R Y T R F T S P P PR R
CTCCAGCCATGCCTGCGGATGTACAAACCATGGATATCCGGGCTCCTGAC
CTCCAGCCATGCCTGCGGATGTACAAACCATGGATATCCGGGCTCCTGAC
CTCCAGCCATGCCTGCGGATGTACAAACCATGGATATCCGGGCTCCTGAC
XXXXXXXXXXXXXXXXXKXXXXXXXXKXXXXXXXKXXXXXXKXKXXXXXXXKXKXX

4700 4710 4720 4730 4740

S S T L P,
GTCCTCATCCCCAGCACTGAGACCACATACTGGTGCTATATCACTGAGCT
GTCCTCATCCCCAGCACTGAGACCACATACTGGTGCTATATCACTGAGCT
GTCCTCATCCCCAGCACTGAGACCACATACTGGTGCTATATCACTGAGCT
XXX XXXXXXX XXX XXX XXX XXX X XXX XXX XXX XXX XXX XXX XXXXXXXXX
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4750 4760 4770 4780 4790

T e R AR IR NN SR IR IO
ACCCCTACACTTCCCCCGACACCACATCATCATGGTAAATGGGGAACAGG
ACCCCTACACTTCCCCCGACACCACATCATCATGgtaaatggggaacagg
ACCCCTACACTTCCCCCGACACCACATCATCATGGTAAATGGGGAACAGG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXK

4800 4810 4820 4830 4840

S e e e e
GTGGGGGTGTCCAGCTCTACTCCCCCCCCGGGGGCCCAGAGTTGCAAGAA
gtgggggtgtccagctctactcccccececcgggggcecccagagttgcaagaa
GTGGGGGTGTCCAGCTCTACTCCCCCCCCGGGGGCCCAGAGTTGCAAGAA

4850 4860 4870 4880 4890
S O e e T L A
TCTGAGGTGCTAGCCCAACTCCCTTAGAATAACACATATGCACTAGTCCC
tctgaggtgctagcccaactcccecttagaataacacatatgcactagtccec
TCTGAGGTGCTAGCCCAACTCCCTTAGAATAACACATATGCACTAGTCCC

4900 4910 4920 4930 4940

R R R R R R T
CTATGCTTCCTGTCCCCACTCACCATCCGCCTCGGGGTCCCTGAGATGAA
ctatgcttcctgtccceccactcaccatccgectcggggtcectgagatgaa
CTATGCTTCCTGTCCCCACTCACCATCCGCCTCGGGGTCCCTGAGATGAA

4950 4960 4970 4980 4990
S e o [ T e e I
TATTTTCTGTCTTACCTGCCTGGAGCAAAGCAATAATTTCTTTACTTCTG
tattttctgtcttacctgecctggagcaaagcaataatttctttacttctg
TATTTTCTGTCTTACCTGCCTGGAGCAAAGCAATAATTTCTTTACTTCTG

5000 5010 5020 5030 5040
S L o e T e e I
CAATTGCCCTTGAGGTTAGAACTGCTGTCAATCTTTCTGGCCACCTCCTC
caattgcccttgaggttagaactgctgtcaatctttctggccacctccte
CAATTGCCCTTGAGGTTAGAACTGCTGTCAATCTTTCTGGCCACCTCCTC

5050 5060 5070 5080 5090
e e e e I T
TCATGTAAAAGTAGCTAAATTCAGTTGCTCCAAAGCTGCAGCTAGGGACT
tcatgtaaaagtagctaaattcagttgctccaaagctgcagctagggact
TCATGTAAAAGTAGCTAAATTCAGTTGCTCCAAAGCTGCAGCTAGGGACT

5100 5110 5120 5130 5140
S e e T e
TTGTCACAGAAGTCCCAAAGGCTGCCCCTGTTCCAGAAGACGAAGCATAA
ttgtcacagaagtcccaaaggctgcccctgttccagaagacgaagcataa
TTGTCACAGAAGTCCCAAAGGCTGCCCCTGTTCCAGAAGACGAAGCATAA

5150 5160 5170 5180 5190
S e e e
CCCAGAAAGGTCATGTGAATGCCCAGGGTCACACAGCAAACAGTATAGCT
cccagaaaggtcatgtgaatgcccagggtcacacagcaaacagtatagcet
CCCAGAAAGGTCATGTGAATGCCCAGGGTCACACAGCAAACAGTATAGCT

5200 5210 5220 5230 5240
GTCCTTGAGGCCCAGGCTCTAGCCTGGAGTCCATTCTGTCTCCTAGTGGA
gtccttgaggcccaggctctagectggagtceccattcectgtecteectagtgga
GTCCTTGAGGCCCAGGCTCTAGCCTGGAGTCCATTCTGTCTCCTAGTGGA

5250 5260 5270 5280 5290
S o e o L e
GCTTCATGGGCCCAGAGTCACCCATACACACAAGGACAGTTGGCTTCCTA
gcttcatgggcccagagtcacccatacacacaaggacagttggcttecta
GCTTCATGGGCCCAGAGTCACCCATACACACAAGGACAGTTGGCTTCCTA
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5300 5310 5320 5330 5340

S e e e O T
GTTCCATCAGGAATAGTCAGTGTAGGTCTCTACTTTTTTTCTGGAGCTCT
gttccatcaggaatagtcagtgtaggtctctactttttttctggagctct
GTTCCATCAGGAATAGTCAGTGTAGGTCTCTACTTTTTTTCTGGAGCTCT

5350 5360 5370 5380 5390

S e e e T
GTGGGTTCTCTTACCTCCTGGCTCTGAACTGGAAACCCTCAAGTACCCGA
gtgggttctcttacctcctggctctgaactggaaaccctcaagtaceccga
GTGGGTTCTCTTACCTCCTGGCTCTGAACTGGAAACCCTCAAGTACCCGA

5400 5410 5420 5430 5440

S O T I T
AGTTGCCTTCTCATTTATAGCTGCTCCAGCCAAGTGGGAGGGGTAGGCAG
agttgccttctcatttatagctgctccageccaagtgggaggggtaggecag
AGTTGCCTTCTCATTTATAGCTGCTCCAGCCAAGTGGGAGGGGTAGGCAG

5450 5460 5470 5480 5490
P Y Y E P P R PR T R [P
GTACTGGACCCCCAGTTCAGGGTAGTCTGTCCCTCTGCAGTATGAGGCCA
gtactggacccccagttcagggtagtctgtccctctgcagTATGAGGCCA
GTACTGGACCCCCAGTTCAGGGTAGTCTGTCCCTCTGCAGTATGAGGCCA
EXON 4 XXX

5500 5510 5520 5530 5540
S S T T A L [ A,
TTGTCACGGAGGGCAATGAGGCCCTGGTGCACCACATGGAGGTCTTCCAA
TTGTCACGGAGGGCAATGAGGCCCTGGTGCACCACATGGAGGTCTTCCAA
TTGTCACGGAGGGCAATGAGGCCCTGGTGCACCACATGGAGGTCTTCCAA
XXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXX

5550 5560 5570 5580 5590
S S T T e T [
TGTACAAATGAGTCTGAGGCCTTCCCCATGTTCAACGGACCCTGCGACTC
TGTACAAATGAGTCTGAGGCCTTCCCCATGTTCAACGGACCCTGCGACTC
TGTACAAATGAGTCTGAGGCCTTCCCCATGTTCAACGGACCCTGCGACTC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

5600 5610 5620 5630 5640
B T L T N S o A I
CAAGATGAAACCTGACAGACTCAACTACTGTCGCCACGTGCTGGCGGCAT
CAAGATGAAACCTGACAGACTCAACTACTGTCGCCACGTGCTGGCGGCAT
CAAGATGAAACCTGACAGACTCAACTACTGTCGCCACGTGCTGGCGGCAT
XXXXXXXXXXXKXXXXXXXXXXXX XXX XXX XXX XXX XXX X XXX XXX XXXXX

5650 5660 5670 5680 5690

e e e e
GGGCCCTGGGCGCCAAGGTATGTACATATGGCTGAACGCCTCTTCTAGTT
GGGCCCTGGGCGCCAAGgtatgtacatatggctgaacgcctcttctagtt
GGGCCCTGGGCGCCAAGGTATGTACATATGGCTGAACGCCTCTTCTAGTT
XXXXXXXXXXXXXXXXX

5700 5710 5720 5730 5740
S e e e e
TGTTTTCTGTTGTTGTGATATACCATGGCCAAAATCAACTTGGGGGAAGA
tgttttctgttgttgtgatataccatggccaaaatcaacttgggggaaga
TGTTTTCTGTTGTTGTGATATACCATGGCCAAAATCAACTTGGGGGAAGA

5750 5760 5770 5780 5790
AAGGATTTACTTGGCAAACATTTTCAGGTCATAGTTAGTCCTTCATGGAG
aaggatttacttggcaaacattttcaggtcatagttagtccttcatggag
AAGGATTTACTTGGCAAACATTTTCAGGTCATAGTTAGTCCTTCATGGAG

5800 5810 5820 5830 5840
S o e e L T
GGAAGTCGAGGCAAGAATCAAGGCTTGAGGTACCACATCACCTCTGACCA
ggaagtcgaggcaagaatcaaggcttgaggtaccacatcacctctgacca
GGAAGTCGAGGCAAGAATCAAGGCTTGAGGTACCACATCACCTCTGACCA
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5850 5860 5870 5880 5890

S e 1 e S e L
AGGAACGCATAGCCAAAGAAGAACGGCAGGAATCACGGGGGATGCTGGCA
aggaacgcatagccaaagaagaacggcaggaatcacgggggatgctggca
AGGAACGCATAGCCAAAGAAGAACGGCAGGAATCACGGGGGATGCTGGCA

5900 5910 5920 5930 5940
S e e e
CTGGCTGGTCTTCAGGCCATCTAAGGACTCAGATAGTGTCCTTACATAGC
ctggctggtcttcaggccatctaaggactcagatagtgtceccttacatagce
CTGGCTGGTCTTCAGGCCATCTAAGGACTCAGATAGTGTCCTTACATAGC

5950 5960 5970 5980 5990
S e T T L [ L S
CCAGAGGATGGCGCCGCACACAGTCGCCTTGGCCTTCCTAAGTCAGTGAA
ccagaggatggcgccgcacacagtcgccttggceccttcctaagtcagtgaa
CCAGAGGATGGCGCCGCACACAGTCGCCTTGGCCTTCCTAAGTCAGTGAA

6000 6010 6020 6030 6040

[ e e I T I o o e POl I
GAATCAAAACAAACCTCATAGATGAGCCTCCAGCCAATCTGACAGAGGTA
gaatcaaaacaaacctcatagatgagcctccagccaatctgacagaggta
GAATCAAAACAAACCTCATAGATGAGCCTCCAGCCAATCTGACAGAGGTA

6050 6060 6070 6080 6090
S 1 e S e T o I
ACGCCATAGCTGAGGCTGTCTCTGGTGAGTCTAGGCTTTGCCAGCTTGGC
acgccatagctgaggctgtctctggtgagtctaggctttgeccagettggce
ACGCCATAGCTGAGGCTGTCTCTGGTGAGTCTAGGCTTTGCCAGCTTGGC

6100 6110 6120 6130 6140

S e 1 e T e e
AGGTTAAAGTTAGTTAGGACACAATTGCACCATCCCCTCCTTGGGAGTCC
aggttaaagttagttaggacacaattgcaccatccccteccttgggagtcecc
AGGTTAAAGTTAGTTAGGACACAATTGCACCATCCCCTCCTTGGGAGTCC

6150 6160 6170 6180 6190
S e e e T e e
TCGGGATTTTAACTCACTGCACCCGTGTCCTAAACCACATCCTGAAATGT
tcgggattttaactcactgcacccgtgtcctaaaccacatcctgaaatgt
TCGGGATTTTAACTCACTGCACCCGTGTCCTAAACCACATCCTGAAATGT

6200 6210 6220 6230 6240

S e e e e e
CCCAGGAGACAGATGGGAAGGAGGCACACCAGGCGCCGGCAGAGTGTAGT
cccaggagacagatgggaaggaggcacaccaggcgceccggcecagagtgtagt
CCCAGGAGACAGATGGGAAGGAGGCACACCAGGCGCCGGCAGAGTGTAGT

6250 6260 6270 6280 6290
S e e e e
TCACCTGCAGGATTCTCCTGCTTTTGTTCTTTGGGGGTCACGAAAGCTCC
tcacctgcaggattctcectgettttgttectttgggggtcacgaaagctcce
TCACCTGCAGGATTCTCCTGCTTTTGTTCTTTGGGGGTCACGAAAGCTCC

6300 6310 6320 6330 6340
TTGCATCCTTCTATGAAAATGCACACGACCATGGGTATGCACCTCTCATC
ttgcatccttctatgaaaatgcacacgaccatgggtatgcacctcectecatce
TTGCATCCTTCTATGAAAATGCACACGACCATGGGTATGCACCTCTCATC

6350 6360 6370 6380 6390
S 1 [ e e e
CTGGATTAGCACTTACAGGGCTCTGGGTTCTGTGCCCAGCATGATCCCAG
ctggattagcacttacagggctctgggttctgtgcccagcatgatcccag
CTGGATTAGCACTTACAGGGCTCTGGGTTCTGTGCCCAGCATGATCCCAG
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BN. Lx

DBH NM 013158
SHR -

EXONS
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BN. Lx

DBH NM 013158
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6400 6410 6420 6430 6440

S e e e L
GGCTGCCTGTGGCTGGGCAAGCTGTCAACAGACCATGCCCGAGATTCTTA
ggctgcctgtggctgggcaagctgtcaacagaccatgcccgagattctta
GGCTGCCTGTGGCTGGGCAAGCTGTCAACAGACCATGCCCGAGATTCTTA

6450 6460 6470 6480 6490
S e e e e
TCAAGCCCCTCTTCGGTCCCCAGGCCAGAGGATGACAAGGGCAGGACTGG
tcaagcccecctcecttcggtcecccaggccagaggatgacaagggcaggactgg
TCAAGCCCCTCTTCGGTCCCCAGGCCAGAGGATGACAAGGGCAGGACTGG

6500 6510 6520 6530 6540

S T e I L [ A
AAGGCCTGGGAGAGAGGCTCAGCTCAGGTTCAGTGCCCTCACGATAGGAC
aaggcctgggagagaggctcagctcaggttcagtgcectcacgataggac
AAGGCCTGGGAGAGAGGCTCAGCTCAGGTTCAGTGCCCTCACGATAGGAC

6550 6560 6570 6580 6590

R N R R R R I I I I
CTTTTGTGTGTGACAGCAAGGTCTACTTAGCCCCAGGAGAGAATCCTTTT
cttttgtgtgtgacagcaaggtctacttagccccaggagagaatcctttt
CTTTTGTGTGTGACAGCAAGGTCTACTTAGCCCCAGGAGAGAATCCTTTT

6600 6610 6620 6630 6640
S o e T e e e I
AACCCAGCCACTTGCCGAGCTTCTGTTCGGGCCCCTATTGCTGGCCAGGC
aacccagccacttgccgagcttcectgttcgggcececctattgetggeccaggce
AACCCAGCCACTTGCCGAGCTTCTGTTCGGGCCCCTATTGCTGGCCAGGC

6650 6660 6670 6680 6690
S e e e e T L I
TTGTCCCTGAAGGACACTTGTCTAATACCCCTGTCCCACACAGGCATTTT
ttgtccctgaaggacacttgtctaatacccctgtcccacacagGCATTTT
TTGTCCCTGAAGGACACTTGTCTAATACCCCTGTCCCACACAGGCATTTT

EXON 5

6700 6710 6720 6730 6740

T e e e e I
ACTACCCAGAAGAAGCCGGTGTCCCCTTTGGGGGCTCAGGATCCTCCCGG
ACTACCCAGAAGAAGCCGGTGTCCCCTTTGGGGGCTCAGGATCCTCCCGG
ACTACCCAGAAGAAGCCGGTGTCCCCTTTGGGGGCTCAGGATCCTCCCGG
XXXXXXXXXXXXXXXXXXKXXXXXKXXKXXXXXKXXKXXXXXXKXKXKXXXXXKXKXXXX

6750 6760 6770 6780 6790
S e T T e I L [
TTTCTCCGACTGGAAGTTCATTACCACAATCCACGGAATATACAAGGTAC
TTTCTCCGACTGGAAGTTCATTACCACAATCCACGGAATATACAAGgtac
TTTCTCCGACTGGAAGTTCATTACCACAATCCACGGAATATACAAGGTAC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXXXXXXX

6800 6810 6820 6830 6840

S e e e e T
GAGTGCCGAGAGCACATCTCCCGACCCTGCTTCAGTTTCTCAGGTGCTCG
gagtgccgagagcacatctcccgacccectgcecttcagtttctcaggtgeteg
GAGTGCCGAGAGCACATCTCCCGACCCTGCTTCAGTTTCTCAGGTGCTCG

6850 6860 6870 6880 6890
GGAGCAGCACAGAGGAAACAGGATGTACGTGTACGTCGGAAATAACACAG
ggagcagcacagaggaaacaggatgtacgtgtacgtcggaaataacacag
GGAGCAGCACAGAGGAAACAGGATGTACGTGTACGTCGGAAATAACACAG

6900 6910 6920 6930 6940

S e o [ T e e I
GCCTTTGCTCCTTGTCTACTTTATTGTAGTCAATACCCTAATGAGTTCCC
gcctttgctcecttgtctactttattgtagtcaatacecctaatgagttcec
GCCTTTGCTCCTTGTCTACTTTATTGTAGTCAATACCCTAATGAGTTCCC
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6950 6960 6970 6980 6990
e T T L
AGCCTAGGTTCTAGGTGACTTCCTCAAGCCGGTGCTCTAATTGATTAGTG
agcctaggttctaggtgacttcctcaageccggtgcectctaattgattagtyg
AGCCTAGGTTCTAGGTGACTTCCTCAAGCCGGTGCTCTAATTGATTAGTG

7000 7010 7020 7030 7040
e e
ATGTCTGCCATGGACCCTGGGGCAGGGTTTGGTACCATGCTGTTGAGCAT
atgtctgccatggaccctggggcagggtttggtaccatgctgttgagecat
ATGTCTGCCATGGACCCTGGGGCAGGGTTTGGTACCATGCTGTTGAGCAT

7050 7060 7070 7080 7090
e e S e T N I
CTGAACACTCAGTGAAAAGAGAGCCTCACAGGTTCCACAGAGTAGGCACG
ctgaacactcagtgaaaagagagcctcacaggttccacagagtaggcacyg
CTGAACACTCAGTGAAAAGAGAGCCTCACAGGTTCCACAGAGTAGGCACG

7100 7110 7120 7130 7140

Y Y Y R F Y E T P PR P
ATGTCGTTTACCTCCTTGCAGGGCATGACAGCAGGCACTGACTGCTCTG
atgtcgtttacctccttgcagggcatgacagcaggcactgactgctctgg
ATGTCGTTTACCTCCTTGCAGGGCATGACAGCAGGCACTGACTGCTCTG

7150 7160 7170 7180 7190
P e e e e T o

acaggttctttgtccagcttgtgtcatgtgtttagatggcccaagatgtc

7200 7210 7220 7230 724
T e e S T P I

cagttaactcagaaatgcccagggcagtgccacacccgtccccecctgcette

7250 7260 7270 7280 7290
S e e T

tgttccccaacctggcacggagctggaaaaaagtcgtggacggatggatg

7300 7310 7320 7330 7340
S e e e

ggtctgagaataccgtattaggccaagggatctcaaggaagataaggcac

7350 7360 7370 7380 739
T e e e e e

atccatgctgcaaaaagcttctagaagagagacaaggggtgtactgtgtyg
7400 7410 7420 7430 744
e e T e I
cctgtgtgtttgcgtgecctgtgtgtgegtgtgtgtgtgtgaaagagagag

7450 7460 7470 7480 7490
T e T S S P

acacacacatgcacacacacacacacagagagagagagagagagagacag
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186

7500 7510 7520 7530 7540
T e e e

agacagagacagagacagagacagagagagagacagagaggaattatggt

7550 7560 7570 7580 759
T e e e

gccatttagtacaggtattgcaggcttagcacaatctcagtcactatcat

7600 7610 7620 7630 764
T e e e

ggctggatcaccccgtgcctgaagectgaacggcettgagtgggtecattaag

7650 7660 7670 7680 7690
e e e I

gggtctgatagaggacaccacatcagacactaaatatttccttgctcttyg

7700 7710 7720 7730 7740
T e e P T e

tgccccaccttccatcaaatgtctcecectttecectttectetecectggecte

7750 7760 7770 7780 779
T e e L T P I

ctctctctcccecctcececceccecgecectttgaatgacacttatecctegtececatg

7800 7810 7820 7830 7840
T e e L

caaacgaggagtagaaagaccctgagggacatggaggcgtgtccacagtyg

7850 7860 7870 7880 7890
S e e e

agactggagcagctactgcagccagccctcagctggacgtggaactggca

7900 7910 7920 7930 794
e e e

gtgcaaacttaatgtcacgcgggacttcccecttggectgtggcaatgcect

7950 7960 7970 7980 799
T e e T e I

ccaccgtgggaattatctatctactgcacgtgggggagcggcctgagecac

8000 8010 8020 8030 8040
T e e T o

ccacaggggatttattgctcatttaaaacccgagagcaaaggatttttga
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8050 8060 8070 8080 8090
T e e e

aaactccttgggcgtcagggaagtctgtcttccttgatcatccgegtgta

8100 8110 8120 8130 814
T e e e e e

tttatggatcttttgccaaatataagggtgctcctgtcagttgatgagtt

8150 8160 8170 8180 819
T e e e e

ttgagacaggctgcatttctattaataccgaaatccgtgattatcteatt

8200 8210 8220 8230 8240
e e T e I

atttaatccccacctaaattttaaccaattgcttecttctttttattattt

8250 8260 8270 8280 8290
T e T S T P

gcctctgatgtcatcagcctagagacacaagggctgcecttgagtttgaatyg

8300 8310 8320 8330 834
T e e T P

tcgttggcctggggttggggaggtagagacaacacaaaaggaggtactct

8350 8360 8370 8380 8390
T e e e L

caactgatgagcaggagagagcctcggcctgccagcagcatcctgcatcce

8400 8410 8420 8430 8440
S e e

cagcctgccggtcecctgggtttgaageccaagttcagatgecttcccaaacct

8450 8460 8470 8480 849
T e e e e e

ttggtcttaggcagagtcttccgttcageccttccacctcagttgectecect

8500 8510 8520 8530 854
T e T e I

ctgtaaatggggacagtggtccttaccaagaaaacaccccatagaggtga

8550 8560 8570 8580 8590
T S S T T s L I
TCCATTCTTTCTTGCTGTTTTCAG
caggtgcgctaagagtggcttctgactccattctttcttgctgttttcag
TCCATTCTTTCTTGCTGTTTTCAG
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8600 8610 8620 8630 8640
S e e e e e e
TCAGAAAGGGTGACCAAGCACACTTTCTCAGGGGTATCTCAGGGGCTGCT
tcagaaagggtgaccaagcacactttctcaggggtatctcaggggctgcect
TCAGAAAGGGTGACCAAGCACACTTTCTCAGGGGTATCTCAGGGGCTGCT

8650 8660 8670 8680 8690
S e e e e
GCTTATCACACGCCTCTCCCTCAGGCCGGCGCGACTCCTCTGGCATCCGT
gcttatcacacgcctctccctcagGCCGGCGCGACTCCTCTGGCATCCGT
GCTTATCACACGCCTCTCCCTCAGGCCGGCGCGACTCCTCTGGCATCCGT
EXON 6 XXXXXXXXXXXXXXXXXXX

8700 8710 8720 8730 8740

T e S e S e I (e
CTACACTACACAGCTAGTCTCCGACCCAATGAGGCAGGCATCATGGAGCT
CTACACTACACAGCTAGTCTCCGACCCAATGAGGCAGGCATCATGGAGCT
CTACACTACACAGCTAGTCTCCGACCCAATGAGGCAGGCATCATGGAGCT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

8750 8760 8770 8780 8790

R R R T R R R T ey
TGGACTGGTGTACACGCCCTTGATGGCCATCCCCCCTCAGGAGACCACCT
TGGACTGGTGTACACGCCCTTGATGGCCATCCCCCCTCAGGAGACCACCT
TGGACTGGTGTACACGCCCTTGATGGCCATCCCCCCTCAGGAGACCACCT
XXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXXXKXXXXXXKXKXXXXXKXXKXKXXX

8800 8810 8820 8830 8840
S T O A R IR IR IO I
TTGTTTTGACTGGCTACTGCACAGACAGGTGCACCCAGATGGTGAGTGGA
TTGTTTTGACTGGCTACTGCACAGACAGGTGCACCCAGATGgtgagtgga
TTGTTTTGACTGGCTACTGCACAGACAGGTGCACCCAGATGGTGAGTGGA
XXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXKXX

8850 8860 8870 8880 8890
S e e T e L e
AAGGGCCTTACACGCAGCCCACTGTTTGCAATGACCAGGGGAAGCAGCAA
aagggccttacacgcagcccactgtttgcaatgaccaggggaagcagcaa
AAGGGCCTTACACGCAGCCCACTGTTTGCAATGACCAGGGGAAGCAGCAA

8900 8910 8920 8930 8940

S e e e e e T e
GAGGACTCTGGGCCCCTGACCCCGGAATCAAGGTTGTCTGAGTCTCTGAC
gaggactctgggcccctgaccccggaatcaaggttgtctgagtctctgac
GAGGACTCTGGGCCCCTGACCCCGGAATCAAGGTTGTCTGAGTCTCTGAC

8950 8960 8970 8980 8990

S e e e e
CCCCTGTCTCCAGCAAGAATTGGACAGTGCCATGCACCCACCCTTCTGAA
ccccectgtctceccagcaagaattggacagtgceccatgcacccacccecttetgaa
CCCCTGTCTCCAGCAAGAATTGGACAGTGCCATGCACCCACCCTTCTGAA

9000 9010 9020 9030 9040

S e e e e
ATATGTCACTTTAAAAATATTTATTGATGTGTTTGATTATATGCTCCTCT
atatgtcactttaaaaatatttattgatgtgtttgattatatgctccetct
ATATGTCACTTTAAAAATATTTATTGATGTGTTTGATTATATGCTCCTCT

9050 9060 9070 9080 9090

R P o o P I ol I [P [P
CCICTCTCCCCCTTCTGTCTCTGTCTCCCCACCCCTACCCCTCTCTGTTT
cctctctecceccecttctgtctctgtctcecccaccecctaccecctctctgttt
CCTCTCTCCCCCTTCTGTCTCTGTCTCCCCACCCCTACCCCTCTCTGTTT

9100 9110 9120 9130 9140

S e o e e L e I
CTCTGTCTCTGTCTCTGTCTCTCTCTGTCTCTGTCTCTCTCTTTCTCTGT
ctctgtctctgtctctgtctctctctgtctctgtctctctctttctctgt
CTCTGTCTCTGTCTCTGTCTCTCTCTGTCTCTGTCTCTCTCTTTCTCTGT
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9150 9160 9170 9180 9190
e T T e
GTGTATGTGTATGTGTGTGTGCGTGCGTGCGTGTGTGTGTGTGTGTGTGT
gtgtatgtgtatgtgtgtgtgcgtgcgtgcgtgtgtgtgtgtgtgtgtgt
GTGTATGTGTATGTGTGTGTGCGTGCGTGCGTGTGTGTGTGTGTGTGTGT

9200 9210 9220 9230 9240
e e L T e
GTGTGTGTGTGTGTGTTCCAGCTAGGAAGTAGGGGAGGCAGCAC
gtgtgtgtgtgtgtgttccagctaggaagtaggggaggcagcacagtacc
GTGTGTGTGTGTGTGTTCCAGCTAGGAAGTAGGGGAGGCAGCAC

9250 9260 9270 9280 929
T e e e e e

cagtgtccctgaggctgtgcaggcgcgaggtgacacagcaggggcecttgg

9300 9310 9320 9330 9340
e T T e e

cttctgtagcaggtggacagtggctcctagcecctgttccaggctgeecctgg

9350 9360 9370 9380 9390
T e T S T

ctctcgactggaccactgacttagctgggctcacctcccatctggecatga
9400 9410 9420 9430 944

T e e e e e e I
aggtctagaggagggcactgctcagtaggggtgggggacagtcaccaatg

9450 9460 9470 9480 9490
T e e e

gggatctcacagagccctctctagactctgtgatggcttcccactcacac

9500 9510 9520 9530 9540
S e e

tatggccagttgtgacagttccctgtagtttgggaggcgggcaagtgcac

9550 9560 9570 9580 959
e e e e e e

aggcctggagctctcagttatccgtagectcectgttcactcectgttaatgt

9600 9610 9620 9630 964
T e e T e I

ctgttctcaccctaagcgagtttctectggectgcecctgccatcagtcttact

9650 9660 9670 9680 9690
T e e e e T o

gtctggagctcttttgatatcacagatgtgacttgattgtctgctgtgtyg
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BN. Lx

9700 9710 9720 9730 9740
T e e e

DBH NM 013158 tcctgtgttctcgctggcggcctccctgcttcttgcagtgacctgtcacg

SHR
EXONS

BN. Lx

9750 9760 9770 9780 979
T e e e

DBH NM 013158 gaatggtacatattcctggatcgcagacagggagacccaggcctgccgag

SHR
EXONS

BN. Lx

9800 9810 9820 9830 984
T e e e I

DBH NM 013158 agaggacacatggctcaaagctgcaccatggagcaggtctctttgtccca

SHR
EXONS

BN. Lx

9850 9860 9870 9880 9890
e e e T e I

DBH NM 013158 gagctcatcgtaaatgctcctttccagtgtactcatgggatgacgcctgt

SHR
EXONS

BN. Lx

9900 9910 9920 9930 9940
T e e e T o

DBH NM 013158 tctcaagagtcctctgtacctgagcacctggtctcggaagtgttagcgag

SHR
EXONS

BN. Lx

9950 9960 9970 9980 999
T e T L T

DBH NM 013158 gcctaaagttctcaggttgagacactggacacatctgttctttttttttt

SHR
EXONS

BN. Lx

10000 10010 10020 10030 10040
T e e L

DBH NM 013158 tttttttttggttctttttttcggagctggggaccgaacccagggccttg

SHR
EXONS

BN. Lx

10050 10060 10070 10080 10090
S e e e

DBH NM 013158 cacttcctaggtaagtgctctaccactgagctaaatccccagccccgaca

SHR
EXONS

BN. Lx

10100 10110 10120 10130 1014
T e e

DBH NM 013158 catctgttcttatacacaatcaaaacctttagcctgggggcaggatgaga

SHR
EXONS

BN. Lx

10150 10160 10170 10180 1019
T e e T e I

DBH NM 013158 aatcaactttcctcccaagtccaaacagacaggttaggaggggtcatgct

SHR
EXONS

BN. Lx

10200 10210 10220 10230 10240
T e e e T o

DBH NM 013158 ggcttcttagacttgtgtccacagatcacgttctgccacacgcctgaatc

SHR
EXONS
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BN. Lx

10250 10260 10270 10280 10290
T e e e

DBH NM 013158 cctggatcatagcaagggcccaggcccggcatatacagccacagtttagt

SHR
EXONS

BN. Lx

10300 10310 10320 10330 1034
e e e e e

DBH NM 013158 caggaagaccctggtttttgttgcaagggggataaagatgtctgcaatgt

SHR
EXONS

BN. Lx

10350 10360 10370 10380 1039
T e e e

DBH NM 013158 gaatggcagggacagtagctgcccagagcaagacggacggctcagaagaa

SHR
EXONS

BN. Lx

10400 10410 10420 10430 10440
e T T e e

DBH NM 013158 aaggcagatgagtcaaagagagcacagcagtccggagccactgaaggtta

SHR
EXONS

BN. Lx

10450 10460 10470 10480 10490
P e e T o

DBH NM 013158 gcggccagcaccaggatcttcagctctggccggcagcacgggggagggga

SHR
EXONS

BN. Lx

10500 10510 10520 10530 1054
T e T S T

DBH NM 013158 ggaccaagcagggcagtgggatggtcacaggtatctaaaggcataaaccc

SHR
EXONS

BN. Lx

10550 10560 10570 10580 10590
T e e e L

DBH NM 013158 agatgagggaaacaactgttccttggaactgccctaattcctttaagagg

SHR
EXONS

BN. Lx

10600 10610 10620 10630 10640
S e e

DBH NM 013158 gagggggccttcctacattagggctggctatctttctgccactggctttg

SHR
EXONS

BN. Lx

10650 10660 10670 10680 1069
T e e e

DBH NM 013158 tggtcaacatcagtgctgttgatcagggtcagggtgccctcagggggaat

SHR
EXONS

BN. Lx

10700 10710 10720 10730 1074
T e T e I

DBH NM 013158 ctggccttttgtgcacagatccctgcctgggaccctgecatgtggeccgaa

SHR
EXONS

BN. Lx

10750 10760 10770 10780 10790
T e e e T o

DBH NM 013158 catcaattgacagggagcccacagagaaggaaggtcctatcctgccaatg

SHR
EXONS
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BN. Lx

10800 10810 10820 10830 10840
T e e e

DBH NM 013158 tgggaagggcttcaaagatctgctggttgaaaaggaggagaactcagctt

SHR
EXONS

BN. Lx

10850 10860 10870 10880 1089
T e e e e e

DBH NM 013158 ttgggcacccccaaggagaccaaaggacacgggtgtcatctgccctaaac

SHR
EXONS

BN. Lx

10900 10910 10920 10930 1094
T e e e e e

DBH NM 013158 gtgttctagggtctggccgccggttggggtttcaaagtcctgggettctg

SHR
EXONS

BN. Lx

10950 10960 10970 10980 10990

P T T e R
GG

DBH NM 013158 gccaccgcacaatctctaacaagccgttctctggcaggtttaccatgggg

SHR
EXONS

BN. Lx

11000 11010 11020 11030 11040

P T o T L L e o U
ATTAGAGAGCATCATCTAGAAAAAGCGAATGTTCTGGTAAGGCAGGGGAT

DBH NM 013158 attagagagcatcatctagaaaaagcgaatgttctggtaaggcaggggat

SHR
EXONS

BN. Lx

11050 11060 11070 11080 11090
R N P R P e
GCTGCCTCTGCTCTGGGTCCTTGTCACCCCCTCTGGGGTCTGATTCTCAT

DBH NM 013158 gctgcctctgctctgggtccttgtcaccccctctggggtctgattctcat

SHR
EXONS

BN. Lx

CCTTGTCNCCCCNANTGGGGTCTGATTCTCAT

11100 11110 11120 11130 11140

S S T e L T
CCTCCCACAGGCACTGCCGAAATCTGGAATCCGCATCTTTGCCTCACAGC

DBH NM 013158 cctcccacagGCACTGCCGAAATCTGGAATCCGCATCTTTGCCTCACAGC

SHR
EXONS

BN. Lx

CCTCCCACAGGCACTGCCNAAATCTGGAATCCNCATCTTTGCCTCACAGC
EXON 7 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

11150 11160 11170 11180 11190

B T e S e A e
TCCACACGCACCTGACCGGCAGGAAGGTGATTACTGTGCTCGCCAGGGAT

DBH NM 013158 TCCACACGCACCTGACCGGCAGGAAGGTGATTACTGTGCTCGCCAGGGAT

SHR
EXONS

BN. Lx

TCCNCACNCACCTGACCGGGAGGAAGGGGATTACTGTGCTCNCCAGGGAT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXKXXXX

11200 11210 11220 11230 11240

B T e S e I e
GGCCAACAGAGGGAAGTGGTGAACAGAGACAACCACTACAGCCCCCACTT

DBH NM 013158 GGCCAACAGAGGGAAGTGGTGAACAGAGACAACCACTACAGCCCCCACTT

SHR
EXONS

BN. Lx

GGCCAACAGAGGGAAGTGGTGAACAGAGACAACCACTACAGCCCCCACTT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXX

11250 11260 11270 11280 11290

N R R R R R R T P ey
TCAGGTGGGTGTCGGCCTCCCAGGCCTTCCGCATCCTAGGGCTGACCTCT

DBH NM 013158 TCAGgtgggtgtcggcctcccaggccttccgcatectagggctgacctct

SHR
EXONS

BN. Lx

TCAGGTGGGTGTCGGCCTCCCAGGCCTTCCGCATCCTAGGGCTGACCTCT
XXXX
11300 11310 11320 11330 11340

S S e T T T L P
GACCTTCGGTGGTGTACCCTGACCCGGGCCCGTGGGTGCCAACAATAGCT

DBH NM 013158 gaccttcggtggtgtaccctgacccgggcccgtgggtgccaacaatagcet

SHR
EXONS

GACCTTCNGTGGTGTNTNNTGACCCGGGCCCGTGGGTGCCAACAATAGCT
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BN. Lx

11350 11360 11370 11380 11390

S S T e I e L AP,
TGGTGACAACTTGATTGACCTTATCTTCCCCTGACTGAAGCCCATACTTA

DBH NM 013158 tggtgacaacttgattgaccttatcttcccctgactgaagcccatactta

SHR
EXONS

BN. Lx

TGGTGACAACTTGATTGACCTTATCTTCCCCTGANTGAAGCCCATACTTA

11400 11410 11420 11430 11440

S O e I L I
GTCAGCCCTGACTTCCGCCCAGAAAGGTTGAAGCAGAACTGACAATGCAG

DBH NM 013158 gtcagccctgacttccgcccagaaaggttgaagcagaactgacaatgcag

SHR
EXONS

BN. Lx

GTCAGCCCTGACTTCCGCCCAGAAAGGTTGAAGCAGAACTGACAATGCAG

11450 11460 11470 11480 11490

S O e o T L [
GGGACTTTGGTAGGGAAGAACAAGGTGGCTGGATCTGGTCCCAGAGCTCT

DBH NM 013158 gggactttggtagggaagaacaaggtggctggatctggtcccagagctct

SHR
EXONS

BN. Lx

GGGACTTTGGTAGGGAAGAACAAGGTGGCTGGATCTGGTCCCAGAGCTCT

11500 11510 11520 11530 11540

Y Y R R T R B e I I
TTTTCACTCCTCTCTTCCCAACCCCAGGAGATCAGAATGCTGAAGAATGC

DBH NM 013158 ttttcactcctctcttcccaaccccagGAGATCAGAATGCTGAAGAATGC

SHR
EXONS

BN. Lx

TTTTCACTCCTCTCTTCCCAACCCCAGGAGATCAGAATGCTGAAGAATGC
EXON 8 XXXXXXXXXXXXXXXX

11550 11560 11570 11580 11590

S S O T T e L (P
TGTGACTGTCCACCAGGTGAGTGCCCGGCAGGGACAGATGGCTGGGGCAC

DBH NM 013158 TGTGACTGTCCACCAGgtgagtgcccggcagggacagatggctggggcac

SHR
EXONS

BN. Lx

TGTGACTGTCCACCAGGTGAGTGCCCGGCAGGGACAGATGGCTGGGGCAC
XXXXXXXXXXXXXXXX

11600 11610 11620 11630 11640
|

S S T e e T L
GAGATATTGGGAGAGAACTGTGCCCAAAAGAGACAGAAAGCAGAGGAACA

DBH NM 013158 gagatattgggagagaactgtgcccaaaagagacagaaagcagaggaaca

SHR
EXONS

BN. Lx

GAGATATTGGGAGAGAACTGTGCCCAAAAGAGACAGAAAGCAGAGGAACA

11650 11660 11670 11680 11690

S S e o T L e
GGAGAGACAGGGCGGGCACAGCAGGGCTGGGTAGGGTACATGAGGACTTC

DBH NM 013158 ggagagacagggcgggcacagcagggctgggtagggtacatgaggacttc

SHR
EXONS

BN. Lx

GGAGAGACAGGGCGGGCACAGCAGGGCTGGGTAGGGTACATGAGGACTTC

11700 11710 11720 11730 11740

S e L [ I A
ATGGCACAGAGGGGACATTGTCTTGTATCCTCAGCTTAATCACAACCCCA

DBH NM 013158 atggcacagaggggacattgtcttgtatcctcagcttaatcacaacccca

SHR
EXONS

BN. Lx

ATGGCACAGAGGGGACATTGTCTTGTATCCTCAGCTTAATCACAACCCCA

11750 11760 11770 11780 11790

S e A
AAGAATTTCATTCCCTGACAACACTGGGAAGAGATGGGGTTACCAAGATG

DBH NM 013158 aagaatttcattccctgacaacactgggaagagatggggttaccaagatg

SHR
EXONS

BN. Lx

AAGAATTTCATTCCCTGACAACACTGGGAAGAGATGGGGTTACCAAGATG

11800 11810 11820 11830 11840
|

R R Y Y E Y P E e P FE T PR
TAGTCTTTGCCIGTGGGGATCTGACATGGCTACAAGCCCGGGGATGCTTA

DBH NM 013158 tagtctttgcctgtggggatctgacatggctacaagcccggggatgctta

SHR
EXONS

BN. Lx

TAGTCTTTGCCTGTGGGGATCTGACATGGCTACAAGCCCGGGGATGCTTA

11850 11860 11870 11880 11890

S S S L T L I .
GATTTCGAACCTCATTGGAGTGGGCGCTGGGCTCCTCTTGGGAGATCACA

DBH NM 013158 gatttcgaacctcattggagtgggcgctgggctcctcttgggagatcaca

SHR
EXONS

GATTTCGAACCTCATTGGAGTGGGCGCTGGGCTCCTCTTGGGAGATCACA
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BN. Lx

11900 11910 11920 11930 11940

S O T T o T L L
CATCACAGTGGCTTGGTCTGAGCACCCCGTCTGCTGCCTCTCTCTTCAGG

DBH NM 013158 catcacagtggcttggtctgagcaccccgtctgctgcctctctcttcagG

SHR
EXONS

BN. Lx

CATCACAGTGGCTTGGTCTGAGCACCCCGTCTGCTGCCTCTCTCTTCAGG
E

11950 11960 11970 11980 11990

S S I T T
GGGATGTCCTCATCACTTCGTGCACATACAACACAGAAAACAGGACAATG

DBH NM 013158 GGGATGTCCTCATCACTTCGTGCACATACAACACAGAAAACAGGACAATG

SHR
EXONS

BN. Lx

GGGATGTCCTCATCACTTCGTGCACATACAACACAGAAAACAGGACAATG
XON 9 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

12000 12010 12020 12030 12040

B T e T e S e I e
GCCACAGTGGTAAGTCACACTGGCTTTTCCAGCCACCCACACAGAAAAGC

DBH NM 013158 GCCACAGTGgtaagtcacactggcttttccagccacccacacagaaaagc

SHR
EXONS

BN. Lx

GCCACAGTGGTAAGTCACACTGGCTTTTCCAGCCACCCACACAGAAAAGC
XXXXXXXXX

12050 12060 12070 12080 12090

N N N N T I I T o I
GAGCAGCCCAGAGTCTGCTTAAAGATTTCTAAGATTCTAACCATTCCCAT

DBH NM 013158 gagcagcccagagtctgcttaaagatttctaagattctaaccattcccat

SHR
EXONS

BN. Lx

GAGCAGCCCAGAGTCTGCTTAAAGATTTCTAAGATTCTAACCATTCCCAT

12100 12110 12120 12130 12140

S S T e T L
GGTTGAATGTAGGTTGCCAGAGGCAGGACTGCCCCTCCTACATTCCCCAG

DBH NM 013158 ggttgaatgtaggttgccagaggcaggactgcccctcctacattccccag

SHR
EXONS

BN. Lx

GGTTGAATGTAGGTTGCCAGAGGCAGGACTGCCCCTCCTACATTCCCCAG

12150 12160 12170 12180 12190
S S S T L [ P
ATGGCCTGACCACTCTCGGGGGATGTTTCTGAACCCCTATCTCTAGCAAC

DBH NM 013158 atggcctgaccactctcgggggatgtttctgaacccctatctctagcaac

SHR
EXONS

BN. Lx

ATGGCCTGACCACTCTCGGGGGATGTTTCTGAACCCCTATCTCTAGCAAC

12200 12210 12220 12230 12240

S S T I L P A
CCTTCTCCCCTAGGCCCCTAGTCACGCAGGCAGCATGCTAGATTCTGCAC

DBH NM 013158 ccttctcccctaggcccctagtcacgcaggcagcatgctagattctgcac

SHR
EXONS

BN. Lx

CCTTCTCCCCTAGGCCCCTAGTCACGCAGGCAGCATGCTAGATTCTGCAC

12250 12260 12270 12280 12290

S S e T o I T e AT
TTGCTGCACTGAGTCCAGCATTGAGGTAACACTGTCAATACAGCCTCAGG

DBH NM 013158 ttgctgcactgagtccagcattgaggtaacactgtcaatacagcctcagg

SHR
EXONS

BN. Lx

TTGCTGCACTGAGTCCAGCATTGAGGTAACACTGTCAATACAGCCTCAGG

12300 12310 12320 12330 12340
S e e T L [ L T
ACCTCAGCTAAGAACCACTAAGGTGGGTTCTCATTGGTACCCGCGTGCTC

DBH NM 013158 acctcagctaagaaccactaaggtgggttctcattggtacccgcgtgctc

SHR
EXONS

BN. Lx

ACCTCAGCTAAGAACCACTAAGGTGGGTTCTCATTGGTACCCGCGTGCTC

12350 12360 12370 12380 12390
AGTGCTTCTCTGGCACGGGAGGGAGCAGGATATACTTCGGAATTCAAAAG

DBH NM 013158 agtgcttctctggcacgggagggagcaggatatacttcggaattcaaaag

SHR
EXONS

BN. Lx

AGTGCTTCTCTGGCACGGGAGGGAGCAGGATATACTTCGGAATTCAAAAG

12400 12410 12420 12430 12440
S S O T L T e
TCCAGCTGGAGAGATCTCTGCTACAGGAGATATCCAAAATGATAGGGTCA

DBH NM 013158 tccagctggagagatctctgctacaggagatatccaaaatgatagggtca

SHR
EXONS

TCCAGCTGGAGAGATCTCTGCTACAGGAGATATCCAAAATGATAGGGTCA
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BN. Lx

12450 12460 12470 12480 12490

S S e O T L AP
CAGAAACTTCAGCAGACATTTCCCAAGAGGTGACAGGGAGGATGCATGCG

DBH NM 013158 cagaaacttcagcagacatttcccaagaggtgacagggaggatgcatgcg

SHR
EXONS

BN. Lx

CAGAAACTTCAGCAGACATTTCCCAAGAGGTGACAGGGAGGATGCATGCG

12500 12510 12520 12530 12540

S e e L o
AGAGTCGGGGAGGGATAGAAAAAAGCTTTGGCTGGGGTGTGTGCCAAAAG

DBH NM 013158 agagtcggggagggatagaaaaaagctttggctggggtgtgtgccaaaag

SHR
EXONS

BN. Lx

AGAGTCGGGGAGGGATAGAAAAAAGCTTTGGCTGGGGTGTGTGCCAAAAG

12550 12560 12570 12580 12590
S O e L e [ e
TCTCAGAGGACCAAAGTTGTCCGTAGGATGAGGAAATGTTCAGCTGTAAG

DBH NM 013158 tctcagaggaccaaagttgtccgtaggatgaggaaatgttcagctgtaag

SHR
EXONS

BN. Lx

TCTCAGAGGACCAAAGTTGTCCGTAGGATGAGGAAATGTTCAGCTGTAAG

12600 12610 12620 12630 12640

P N S N e I L It [P IOl I
GGAGTGTGGAGATGTGGCTACACCAGACAAGTAGATGTGGTCAGCCACTC

DBH NM 013158 ggagtgtggagatgtggctacaccagacaagtagatgtggtcagccactc

SHR
EXONS

BN. Lx

GGAGTGTGGAGATGTGGCTACACCAGACAAGTAGATGTGGTCAGCCACTC

12650 12660 12670 12680 12690
S S T T e T L .
CAGGGAAGTAACAGGGGTCTTGTTTTGGGCTGGATTGTGGATAGTGCAGG

DBH NM 013158 cagggaagtaacaggggtcttgttttgggctggattgtggatagtgcagg

SHR
EXONS

BN. Lx

CAGGGAAGTAACAGGGGTCTTGTTTTGGGCTGGATTGTGGATAGTGCAGG

12700 12710 12720 12730 12740
|

S S T T e T L o (P
GAGGAGGAGTACCTCGTGGGAGGACTATTTTCAAGGTGAGGTATGCAGGA

DBH NM 013158 gaggaggagtacctcgtgggaggactattttcaaggtgaggtatgcagga

SHR
EXONS

BN. Lx

GAGGAGGAGTACCTCGTGGGAGGACTATTTTCAAGGTGAGGTATGCAGGA

12750 12760 12770 12780 12790

B T e T e S e I I
AATGTGTCATCCGGCTGGAGCCCGTTGGGCAGGAAGAGGGATGTTTACTG

DBH NM 013158 aatgtgtcatccggctggagcccgttgggcaggaagagggatgtttactg

SHR
EXONS

BN. Lx

AATGTGTCATCCGGCTGGAGCCCGTTGGGCAGGAAGAGGGATGTTTACTG

12800 12810 12820 12830 12840

S e T L I T o
GTTTCCTGGATCCACACTATTCCCAGTCACCAATCCCACTGGCCTTCTAA

DBH NM 013158 gtttcctggatccacactattcccagtcaccaatcccactggccttctaa

SHR
EXONS

BN. Lx

GTTTCCTGGATCCACACTATTCCCAGTCACCAATCCCACTGGCCTTCTAA

12850 12860 12870 12880 12890
S O e e [ I
TTGATATTTGTGCAATCAGTAACAAACACATCAACTGTGAGGTTCAGAGT

DBH NM 013158 ttgatatttgtgcaatcagtaacaaacacatcaactgtgaggttcagagt

SHR
EXONS

BN. Lx

TTGATATTTGTGCAATCAGTAACAAACACATCAACTGTGAGGTTCAGAGT

12900 12910 12920 12930 12940
|

R R Y R R R R R PR e
GGGCCAGACCTGGGCTATACCCAACCCTGGCACCCCTGAACCCTAGGAAC

DBH NM 013158 gggccagacctgggctatacccaaccctggcacccctgaaccctaggaac

SHR
EXONS

BN. Lx

GGGCCAGACCTGGGCTATACCCAACCCTGGCACCCCTGAACCCTAGGAAC

12950 12960 12970 12980 12990

S S T L
TCCTACCAGTACTGCAGCCCTGTTCTCTGCACAATGTCTCGTGCCTTCAG

DBH NM 013158 tcctaccagtactgcagccctgttctctgcacaatgtctcgtgccttcag

SHR
EXONS

TCCTACCAGTACTGCAGCCCTGTTCTCTGCACAATGTCTCGTGCCTTCAG
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BN. Lx

13000 13010 13020 13030 13040
S S T e I L o P,
CCATGGTCCAGGGTTCCCCACTCTGTCTCACGTGTGTTCTTTAAATAGCC

DBH NM 013158 ccatggtccagggttccccactctgtctcacgtgtgttctttaaatagcc

SHR
EXONS

BN. Lx

CCATGGTCCAGGGTTCCCCACTCTGTCTCACGTGTGTTCTTTAAATAGCC

13050 13060 13070 13080 13090
S O e L T L A
TTCTTGTGAGATGATTCACATACCAAACAGCTGAAGTGTGTGAAGTGTGC

DBH NM 013158 ttcttgtgagatgattcacataccaaacagctgaagtgtgtgaagtgtgc

SHR
EXONS

BN. Lx

TTCTTGTGAGATGATTCACATACCAAACAGCTGAAGTGTGTGAAGTGTGC

13100 13110 13120 13130 13140
S S e o L o
GGCTTGTTGCCCGGAAGCCTGCTCACAAATCCATGCACACAGTCAAGCCA

DBH NM 013158 ggcttgttgcccggaagcctgctcacaaatccatgcacacagtcaagcca

SHR
EXONS

BN. Lx

GGCTTGTTGCCCGGAAGCCTGCTCACAAATCCATGCACACAGTCAAGCCA

13150 13160 13170 13180 13190
R R R R R T R T Ry
CGGCTAGTGCCTCCCGGTCCCCTCACCCAGCCCAACGCAGATCCACTTGC

DBH NM 013158 cggctagtgcctcccggtcccctcacccagecccaacgcagatccacttge

SHR
EXONS

BN. Lx

CGGCTAGTGCCTCCCGGTCCCCTCACCCAGCCCAACGCAGATCCACTTGC

13200 13210 13220 13230 13240

S S T T e [
TCTAGATGTTTCTGTCCTGAACACTTCTCATCACTGGATTTACATGTTAC

DBH NM 013158 tctagatgtttctgtcctgaacacttctcatcactggatttacatgttac

SHR
EXONS

BN. Lx

TCTAGATGTTTCTGTCCTGAACACTTCTCATCACTGGATTTACATGTTAC

13250 13260 13270 13280 13290
|

S S T T L e
GCAGCCTCTGTGGCTGGATTCTTTCCCATACATTTAATCCATCTTAATCT

DBH NM 013158 gcagcctctgtggctggattctttcccatacatttaatccatcttaatct

SHR
EXONS

BN. Lx

GCAGCCTCTGTGGCTGGATTCTTTCCCATACATTTAATCCATCTTAATCT

13300 13310 13320 13330 13340
S S e T e L AT,
CCTGCCAGTCTCCAAGTCAAGCATTTCCCCCAGACACTTCCACAGGCATA

DBH NM 013158 cctgccagtctccaagtcaagcatttcccccagacacttccacaggcata

SHR
EXONS

BN. Lx

CCTGCCAGTCTCCAAGTCAAGCATTTCCCCCAGACACTTCCACAGGCATA

13350 13360 13370 13380 13390
S O T T L [ L T
GTCTCCTTTCTCCAGGTGCTGTGGGTGGGGGCAGGGAGGCCCTGCCAGTC

DBH NM 013158 gtctcctttctccaggtgctgtgggtgggggcagggaggccctgccagtc

SHR
EXONS

BN. Lx

GTCTCCTTTCTCCAGGTGCTGTGGGTGGGGGCAGGGAGGCCCTGCCAGTC

13400 13410 13420 13430 13440
S T o e L [ [
ATTGGTGGAAGGGAGCCCCTAGGCCTGCTCTGCTAGAGGCGCTTCTGTCA

DBH NM 013158 attggtggaagggagcccctaggcctgctctgctagaggcgcttctgtca

SHR
EXONS

BN. Lx

ATTGGTGGAAGGGAGCCCCTAGGCCTGCTCTGCTAGAGGCGCTTCTGTCA

13450 13460 13470 13480 13490
GGGCTGTATTCCTGCCTTGTCAGATCCGTGGCCAATAAATAGTGCCTTAC

DBH NM 013158 gggctgtattcctgccttgtcagatccgtggccaataaatagtgccttac

SHR
EXONS

BN. Lx

GGGCTGTATTCCTGCCTTGTCAGATCCGTGGCCAATAAATAGTGCCTTAC

13500 13510 13520 13530 13540

S S O O T o T T
CTGTCTTCAGATGTTGATGGCCACTGGTCTAGCAAGCAACTAAAATATCA

DBH NM 013158 «ctgtcttcagatgttgatggccactggtctagcaagcaactaaaatatca

SHR
EXONS

CTGTCTTCAGATGTTGATGGCCACTGGTCTAGCAAGCAACTAAAATATCA
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BN. Lx

13550 13560 13570 13580 13590
[ . | . R I

N [P N I I R I
GATCCTAGGTCCTGAAGTCCAAGTCTCAAGGACAA

DBH NM 013158 gatcctaggtcctgaagtccaagtctcaaggacaagatacctccttggct

SHR
EXONS

BN. Lx

GATCCTAGGTCCTGAAGTCCAAGTCTCAAGGACAA

13600 13610 13620 13630 1364
e e e

DBH NM 013158 atttaggactcgtgaattcttggtggtggtggtggtggtgggaaggttca

SHR
EXONS

BN. Lx

13650 13660 13670 13680 1369
T e e e e e

DBH NM 013158 cctgcgatcagaggaaatgggaacttctgggagcttccagaaggcagatc

SHR
EXONS

BN. Lx

13700 13710 13720 13730 13740
e T e O

DBH NM 013158 tgagcttcctgcctctgacaacctgtggatctaaggagacagtggccttt

SHR
EXONS

BN. Lx

13750 13760 13770 13780 13790
T e T S P

DBH NM 013158 gaagtgcagcttccttcccaaagtgagagagagctctgtcccctgtcecte

SHR
EXONS

BN. Lx

13800 13810 13820 13830 1384
T e e e T P

DBH NM 013158 agtcttcacctctgaggggacagagcaggggggtgtgatgtggggaggag

SHR
EXONS

BN. Lx

13850 13860 13870 13880 13890
S e T

DBH NM 013158 gggttgtcccatgctcattgagatctatgaatgctgaaaaataagagctt

SHR
EXONS

BN. Lx

13900 13910 13920 13930 13940
T e e

DBH NM 013158 gggacaggcagaccctgcaggaagacccatctagcacacaggaagcaggc

SHR
EXONS

BN. Lx

13950 13960 13970 13980 1399
T e e e e e

DBH NM 013158 caacttcttatgatgaacttcctctcccactcctccatagagacacccca

SHR
EXONS

BN. Lx

14000 14010 14020 14030 1404
e T e e

DBH NM 013158 ggccccaaccattcgaccagggaccaactgagctttgcatcaccctgtgg

SHR
EXONS

BN. Lx

14050 14060 14070 14080 14090
T e T S T

DBH NM 013158 tctgtcatgaattaatgaaggcctttctccctttaccagtnnnnnnnnnn

SHR
EXONS
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198

14100 14110 14120 14130 14140

S o P e T O I
BN. Lx
DBH NM 013158 nnnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
SHR -
EXONS

14150 14160 14170 14180 1419

S e T e L I
BN. Lx
DBH NM 013158 nnnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
SHR -
EXONS

14200 14210 14220 14230 1424

P o e o o T
BN. Lx
DBH NM 013158 nnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
SHR -
EXONS

14250 14260 14270 14280 14290

S e e
BN. Lx
DBH NM 013158 nnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
SHR -
EXONS

14300 14310 14320 14330 14340
T T S T P I
BN. Lx

DBH NM 013158 nnnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
SHR -
EXONS

14350 14360 14370 14380 1439

T e e e e I
BN. Lx
DBH NM 013158 nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntagaagaatgtgttccaca
SHR -
EXONS

14400 14410 14420 14430 14440

T e e e L
BN. Lx

DBH NM 013158 ggtcagggcacagcttgagggacagccccagctccagttgttgggggate
SHR -
EXONS

14450 14460 14470 14480 14490

S S S T e A
BN. Lx
DBH NM 013158 caatgaagactgagctgcacgtctgctacaggtgtgcatgtgtgtgcttyg
SHR -
EXONS

14500 14510 14520 14530 1454

S S o O O
BN. Lx
DBH NM 013158 tgtggccttgctgaggaagtacatgattagaagtcagagaacaccctcag
SHR -
EXONS

14550 14560 14570 14580 1459

e e e T e I
BN. Lx
DBH NM 013158 gtgtcaatccccaacgtctaccttgcttgagacagggcctctttgectgtt
SHR -
EXONS

14600 14610 14620 14630 14640

S e e s O
BN. Lx
DBH NM 013158 ggatgctccgtacaccaggctgtctggtctgtgagecttccggggtttcte
SHR -
EXONS



BN. Lx

14650 14660 14670 14680 14690
T e e e

DBH NM 013158 ggtttctatctcatagaggcttgctgtagggatgctaagttgcagactgg

SHR
EXONS

BN. Lx

14700 14710 14720 14730 1474
S e e e

DBH NM 013158 cactaccacattcagctttagagtgagtcctggggatctgagttcagggc

SHR
EXONS

BN. Lx

14750 14760 14770 14780 1479
S e e e

DBH NM 013158 cagcaagcacgctgcctaccaggctacctccttagcectttaagaatagt

SHR
EXONS

BN. Lx

14800 14810 14820 14830 14840
[ R R T R T T P Py
AAAGCCACAGACAGGCAGGGTGCTGAGAGCGATGTGTTGTGGGC

DBH NM 013158 cacaagaaagccacagacaggcagggtgctgagagcgatgtgttgtgggc

SHR
EXONS

BN. Lx

CCACAGACAGGCAGGGTGCTGAGAGCGATGTGTTGTGGGC

14850 14860 14870 14880 14890
S S e T P L [
TGATGGCTTCTTTTCTCTCCTGCAGGGGGGGTTTGGAATCTTGGAGGAGA

DBH NM 013158 tgatggcttcttttctctcctgcagGGGGGGTTTGGAATCTTGGAGGAGA

SHR
EXONS

BN. Lx

TGATGGCTTCTTTTCTCTCCTGCAGGGGGGGTTTGGAATCTTGGAGGAGA
EXON 10 XXXXXXXXXXXXXXXXX

14900 14910 14920 14930 14940

S S O i L T o AT
TGTGCGTCAACTACGTCCACTACTACCCCAAAACAGAGCTGGAGCTCTGC

DBH NM 013158 TGTGCGTCAACTACGTCCACTACTACCCCAAAACAGAGCTGGAGCTCTGC

SHR
EXONS

BN. Lx

TGTGCGTCAACTACGTCCACTACTACCCCAAAACAGAGCTGGAGCTCTGC
XXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX XXX XXX X XXX XXX XKXXXX

14950 14960 14970 14980 14990

B T L e o e e I e
AAGAGTGCCGTGGATGATGGCTTCCTGCAGAAATACTTCCACATAGTAAA

DBH NM 013158 AAGAGTGCCGTGGATGATGGCTTCCTGCAGAAATACTTCCACATAGTAAA

SHR
EXONS

BN. Lx

AAGAGTGCCGTGGATGATGGCTTCCTGCAGAAATACTTCCACATAGTAAA
XXXXXXXXXXXKXXXXXXXXXXXX XXX XXX XXX XXX XXX X XXX XXX XKXXXX

15000 15010 15020 15030 15040

S S 1 o I e [ AT
CCGGTGAAGCACTTCTTGCTTTCTGCCCCCGGGGAACCCAGCATAGACAG

DBH NM 013158 C(CGgtgaagcacttcttgctttctgcccccggggaacccagcatagacag

SHR
EXONS

BN. Lx

CCGGTGAAGCACTTCTTGCTTTCTGCCCCCGGGGAACCCAGCATAGACAG
XXX

15050 15060 15070 15080 15090

S O 1 L [ L T
CCTCCATACCCTACACCATGCTCTCTGACCCACATCCTCTCCTGTTAGGA

DBH NM 013158 cctccataccctacaccatgctctctgacccacatcctctcctgttagga

SHR
EXONS

BN. Lx

CCTCCATACCCTACACCATGCTCTCTGACCCACATCCTCTCCTGTTAGGA

15100 15110 15120 15130 15140
|

N R R T FE T R P P PR
GGTTGGGTGGCCAAATGCAAACTTTGAGCTAAGTTCTTGGAGCAAAGTTA

DBH NM 013158 ggttgggtggccaaatgcaaactttgagctaagttcttggagcaaagtta

SHR
EXONS

BN. Lx

GGTTGGGTGGCCAAATGCAAACTTTGAGCTAAGTTCTTGGAGCAAAGTTA

15150 15160 15170 15180 15190
S S O S O T L L P
GCATGCATGCCAGCAGACCTTCTGTGTCTTTGGAAGTGACTGTGGCAGGC

DBH NM 013158 gcatgcatgccagcagaccttctgtgtctttggaagtgactgtggcaggc

SHR
EXONS

GCATGCATGCCAGCAGACCTTCTGTGTCTTTGGAGGTGACTGTGGCAGGC

199



BN. Lx

15200 15210 15220 15230 15240

e 1 e S L S e I
ATTGCTAATCGATCCCTCAACTTACAAGTTACTGCCAGAGAGACCACTTT

DBH NM 013158 attgctaatcgatccctcaacttacaagttactgccagagagaccacttt

SHR
EXONS

BN. Lx

ATTGCTAATCGATCCCTCAACTTACAAGTTACTGCCAGAGAGACCACTTT

15250 15260 15270 15280 15290
S e o T L o P
CAACAAGCAAATATAATATAAAAGACGGAGGCAGGCGGTGGCTAAAAGAA

DBH NM 013158 caacaagcaaatataatataaaagacggaggcaggcggtggctaaaagaa

SHR
EXONS

BN. Lx

CAACAAGCAAATATAATATAAAAGACGGAGGCAGGCGGTGGCTAAAAGAA

15300 15310 15320 15330 15340
S O o o L o
GCAAGGCTAGGGAAGAGGTGAAGGGTTACTGTTGGGAGCCATGCTGCCTC

DBH NM 013158 gcaaggctagggaagaggtgaagggttactgttgggagccatgctgcctc

SHR
EXONS

BN. Lx

GCAAGGCTAGGGAAGAGGTGAAGGGTTACTGTTGGGAGCCATGCTGCCTC

15350 15360 15370 15380 15390

R Y R R e e S T PR P
TCCATCCCTCAGTTATGCCTGTAAATTGAGTTTTTCTCTTTCCTTCCAGG

DBH NM 013158 tccatccctcagttatgcctgtaaattgagtttttctctttccttccagG

SHR
EXONS

BN. Lx

TCCATCCCTCAGTTATGCCTGTAAATTGAGTTTTTCTCTTTCCTTCCAGG
E

15400 15410 15420 15430 15440

S S T T e L T
TTCGGCAATGAGGAGGTCTGCACCTGCCCTCAGGCCTCTGTCCCCCAGCA

DBH NM 013158 TTCGGCAATGAGGAGGTCTGCACCTGCCCTCAGGCCTCTGTCCCCCAGCA

SHR
EXONS

BN. Lx

TTCGGCAATGAGGAGGTCTGCACCTGCCCTCAGGCCTCTGTCCCCCAGCA
XON 11 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

15450 15460 15470 15480 15490

PR T Y Y T I [t O
GTTCGCCTCTGTGCCCTGGAACTCTTTCAATCGTGATATGCTCAAGG

DBH NM 013158 GTTCGCCTCTGTGCCCTGGAACTCTTTCAATCGTGATATGCTCAAGGCTT

SHR
EXONS

BN. Lx

GTTCGCCTCTGTGCCCTGGAACTCTTTCAATCGTGATATGCTCAAGG

XXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX XXX XXX X XXX XXX XKXXXX
15500 15510 15520 15530 15540

S e e

DBH NM 013158 TGTATAACTATGCCCCTATCTCTGTGCACTGTAACAAGACCTCTGCCGTC

SHR
EXONS

BN. Lx

XXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX XXX XXX X XXX XXX XKXXXX

15550 15560 15570 15580 15590
S e e

DBH NM 013158 CGCTTCCCGgtatgacagcatgaggttgagtgacattcaacagtagctct

SHR
EXONS

BN. Lx

XXXXXXXXX

15600 15610 15620 15630 1564
T e e e e e

DBH NM 013158 ccccatccaataccaataaaccccactgctgcctgattcctccaatcccg

SHR
EXONS

BN. Lx

15650 15660 15670 15680 1569
e e e T e I

DBH NM 013158 ggtctgttcaaatcttgaggagaaccccaggtaggctgaggaagggcacc

SHR
EXONS

BN. Lx

15700 15710 15720 15730 15740
S e e

DBH NM 013158 ctggacttctcaacaagcaatgctcacatgagactgagaaaatggccact

SHR
EXONS

200



BN. Lx

15750 15760 15770 15780 15790
T e e e

DBH NM 013158 tagtgatagaaacaggcgtgcagagagatagacgataagggaaccagcca

SHR
EXONS

BN. Lx

15800 15810 15820 15830 1584
T e e e

DBH NM 013158 gggatactgccgggaaggtcagggaggccacttctcctgggcacagtaca

SHR
EXONS

BN. Lx

15850 15860 15870 15880 1589
e e e e I

DBH NM 013158 acagaggactagcctcggccctgtctgggtggtgtgtgactgagtgtcag

SHR
EXONS

BN. Lx

15900 15910 15920 15930 15940
e e e I

DBH NM 013158 caccctcctcagggaataaaaatagagctatgggcagaggaggcaagaaa

SHR
EXONS

BN. Lx

15950 15960 15970 15980 15990
P e e T P

DBH NM 013158 ccagcagtctgtgacaagagccccacagcacagcttctccctecttatet

SHR
EXONS

BN. Lx

16000 16010 16020 16030 1604
T e T S P I

DBH NM 013158 gaggcctgctgggattcagaggcacctaatttatttcccagcagagccag

SHR
EXONS

BN. Lx

16050 16060 16070 16080 16090
T e e e L

DBH NM 013158 ccagcagcagcggtaccagcccagagtgctggtcagccaacccagtctge

SHR
EXONS

BN. Lx

16100 16110 16120 16130 16140
S e e e

DBH NM 013158 tctgttaggctggggcgggggtttgggggagaggaggcactgcagcagga

SHR
EXONS

BN. Lx

16150 16160 16170 16180 1619
T e e e I

DBH NM 013158 ggtgaacaaacctttcctggcagcatctgggcactgactggattaattgc

SHR
EXONS

BN. Lx

16200 16210 16220 16230 1624
T e e T e I

DBH NM 013158 taacccaaacacccacgccatggggaggcttgcttacctcagagcagttt

SHR
EXONS

BN. Lx

16250 16260 16270 16280 16290
P e e e T o

DBH NM 013158 ggggcactgccggttatggctagatcttggcttttacagaagccttgttg

SHR
EXONS

201



BN. Lx

16300 16310 16320 16330 16340
T e e e

DBH NM 013158 gacagtggctgaagccatagccagcctccaaagactcagtcctttcctag

SHR
EXONS

BN. Lx

16350 16360 16370 16380 1639
T e e e e e

DBH NM 013158 gggtatacaattgagtgaaggagcagacatggaggtggagaagcctagag

SHR
EXONS

BN. Lx

16400 16410 16420 16430 16440
R I | |

B T L S O e P
CAGAGAATACAACGGCTTAGGGCAGGGACATGG

DBH NM 013158 ggttccaggtttctggccagagaatacaacggcttagggcagggacatgg

SHR
EXONS

BN. Lx

CCAGAGAATACAACGGCTTAGGGCAGGGACATGG

16450 16460 16470 16480 16490
R N N R e I I I I I
GTCCTCTAGTGGTGACCCTCAAAGGCTGACTTGCAAGAGGTGGGGAGTGT

DBH NM 013158 gtcctctagtggtgaccctcaaaggctgacttgcaagaggtggggagtgt

SHR
EXONS

BN. Lx

GTCCTCTAGTGGTGACCCTCAAAGGCTGACTTGCAAGAGGTGGGGAGTGT

16500 16510 16520 16530 16540

S S P O T [ L P,
TCAGCACGGGATAAATGAATTTAAGGACAGGAATCCAACCAGCTAGGGAG

DBH NM 013158 tcagcacgggataaatgaatttaaggacaggaatccaaccagctagggag

SHR
EXONS

BN. Lx

TCAGCACGGGATAAATGAATTTAAGGACAGGAATCCAACCAGCTAGGGAG

16550 16560 16570 16580 16590
| | |

S O S T e L AT
ATAGCACCTTGCTTGGTCCTTCCAGCCTCAGTTTACCTCCTGGTTCCTTC

DBH NM 013158 atagcaccttgcttggtccttccagcctcagtttacctcctggttccttc

SHR
EXONS

BN. Lx

ATAGCACCTTGCTTGGTCCTTCCAGCCTCAGTTTACCTCCTGGTTCCTTC

16600 16610 16620 16630 16640

S S e L o
CTTACAGGGTAACTGGAACCTGCAGCCTCTGCCTAAGATCACTTCCGCAG

DBH NM 013158 cttacagGGTAACTGGAACCTGCAGCCTCTGCCTAAGATCACTTCCGCAG

SHR
EXONS

BN. Lx

CTTACAGGGTAACTGGAACCTGCAGCCTCTGCCTAAGATCACTTCCGCAG
EXON 12 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

16650 16660 16670 16680 16690

S O e e I L o
TGGAAGAACCCGACCCACGCTGCCCCATCCGACAGACTCGGGGALCCCGCC

DBH NM 013158 TGGAAGAACCCGACCCACGCTGCCCCATCCGACAGACTCGGGGACCCGCC

SHR
EXONS

BN. Lx

TGGAAGAACCCGACCCACGCTGCCCCATCCGACAGACTCGGGGALCCCGeC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXKXXXX

16700 16710 16720 16730 16740

B T e S e S e I I
GGCCCCTTCGTTGTCATCACCACGGAGGCAGACACTGAGTAATTGTTCTT

DBH NM 013158 GGCCCCTTCGTTGTCATCACCACGGAGGCAGACACTGAGTAATTGTTCTT

SHR
EXONS

BN. Lx

GGCCCCTTCGTTGTCATCACCACGGAGGCAGACACTGAGTAATTGTTCTT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 3'"UTR XXXXXX

16750 16760 16770 16780 16790

R R N T N R R R T Ry
CAGCCTCTCCTCGTTTTGTCCCTACTGGGCTCACTCCAGCTCTGCGCACC

DBH NM 013158 CAGCCTCTCCTCGTTTTGTCCCTACTGGGCTCACTCCAGCTCTGCGCACC

SHR
EXONS

BN. Lx

CAGCCTCTCCTCGTTTTGTCCCTACTGGGCTCACTCCAGCTCTGCGCALCC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXX

16800 16810 16820 16830 16840

S S T O T P L P
CCACATGAAGACCCCCTTCCATAGAATAGTGCTGTTCACCTAGGAGGAAG

DBH NM 013158 CCACATGAAGACCCCCTTCCATAGAATAGTGCTGTTCACCTAGGAGGAAG

SHR
EXONS

CCACATGAAGACCCCCTTCCATAGAATAGTGCTGTTCACCTAGGAGGAAG
XXX XXXXXXX XXX XXX XXX XXX X XXX XXX XXX XXX XXX XXX XXX XXXXXX

202



BN. Lx

16850 16860 16870 16880 16890

B T e T L S O A L I
GGGGTATCACCTTGGAGACACCTGCACGGCTGCATCCCATGAGGTCTGAC

DBH NM 013158 GGGGTATCACCTTGGAGACACCTGCACGGCTGCATCCCATGAGGTCTGAC

SHR
EXONS

BN. Lx

GGGGTATCACCTTGGAGACACCTGCACGGCTGCATCCCATGAGGTCTGAC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXX

16900 16910 16920 16930 16940

S S e T L o P
TGGACAGAGCAGCTCTGGACATCATCACTGCTGGCTCCACAGAGGGACAA

DBH NM 013158 TGGACAGAGCAGCTCTGGACATCATCACTGCTGGCTCCACAGAGGGACAA

SHR
EXONS

BN. Lx

TGGACAGAGCAGCTCTGGACATCATCACTGCTGGCTCCACAGAGGGACAA
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXKXXXX

16950 16960 16970 16980 16990

T e e S e e e L I
CTCAATGTGGGAGTCCAGATTCAACTCCACAGGACCTCCCTTGCCTCCAG

DBH NM 013158 CTCAATGTGGGAGTCCAGATTCAACTCCACAGGACCTCCCTTGCCTCCAG

SHR
EXONS

BN. Lx

CTCAATGTGGGAGTCCAGATTCAACTCCACAGGACCTCCCTTGCCTCCAG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

17000 17010 17020 17030 17040

R R N T R R R R T R
AACAGCCTTACCAGGCTGGGTGCAGACTTCCCAAGCCTCACAGTCCTGAC

DBH NM 013158 AACAGCCTTACCAGGCTGGGTGCAGACTTCCCAAGCCTCACAGTCCTGAC

SHR
EXONS

BN. Lx

AACAGCCTTACCAGGCTGGGTGCAGACTTCCCAAGCCTCACAGTCCTGAC
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXX

17050 17060 17070 17080 17090

B L T S F S O A O I
CCTGTTGGCCCTCTGGTGGTAACTTGTGTTGGTGTATGCCATGACAACAC

DBH NM 013158 CCTGTTGGCCCTCTGGTGGTAACTTGTGTTGGTGTATGCCATGACAACAC

SHR
EXONS

BN. Lx

CCTGTTGGCCCTCTGGTGGTAACTTGTGTTGGTGTATGCCATGACAACAC
XXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX XXX XXX XXX XXXXXXXXX

17100 17110 17120 17130 17140
| |

S S O T L AT s
TGTTTAAATAGTCCTTTGCAGAGTGGCTCATGTTTCCCAGTGGGCGTCCT

DBH NM 013158 TGTTTAAATAGTCCTTTGCAGAGTGgctcatgtttcccagtgggcgtcct

SHR
EXONS

BN. Lx

TGTTTAAATAGTCCTTTGCAGAGTGGCTCATGTTTCCCAGTGGGCGTCCT
XXXXXXXXXXXXXXXXXXXXXXXXX

17150 17160 17170 17180 17190

S S T S o L T
CCTTGCAACAAGACAGGACAAGTCATTTAGCTAGTTAGAGACTAGCCAGG

DBH NM 013158 ccttgcaacaagacaggacaagtcatttagctagttagagactagccagg

SHR
EXONS

BN. Lx

CCTTGCAACAAGACAGGACAAGTCATTTAGCTAGTTAGAGACTAGCCAGG

17200 17210 17220 17230 17240
S O e T L I o
GGAACTCGCTTCGTGGCAGAGTCAATAGATATTTTCGCCCACCTAGAGGG

DBH NM 013158 ggaactcgcttcgtggcagagtcaatagatattttcgcccacctagaggg

SHR
EXONS

BN. Lx

GGAACTCGCTTCGTGGCAGAGTCAATAGATATTTTCGCCCACCTAGAGGG

17250 17260 17270 17280 17290
S e T e O T
AAACCCCAACATGTAGTTCCACCATGGAGAGCCAAGATGGCTAGAGCCAG

DBH NM 013158 aaaccccaacatgtagttccaccatggagagccaagatggctagagccag

SHR
EXONS

BN. Lx

AAACCCCAACATGTAGTTCCACCATGGAGAGCCAAGATGGCTAGAGCCAG

17300 17310 17320 17330 17340
N R Y T Y R P P PR PR
GCTCTGTAGGGGAATGGAATGATCAGAACCAGTTGCTTCTCCTGCTGGTG

DBH NM 013158 gctctgtaggggaatggaatgatcagaaccagttgcttctcctgctggtg

SHR
EXONS

BN. Lx

GCTCTGTAGGGGAATGGAATGATCAGAACCAGTTGCTTCTCCTGCTGGTG

17350 17360 17370 17380 17390

S O P T e P T L A
ACAGGCCGGGCTCTGAAATAGGTAGGTGAAGAGCGGGCTTGGGCCCTTAA

DBH NM 013158 acaggccgggctctgaaataggtaggtgaagagcgggcttgggcccttaa

SHR
EXONS

ACAGGCCGGGCTCTGAAATAGGTAGGTGAAGAGCGGGCTTGGGCCCTTAA

203



BN. Lx

17400 17410 17420 17430 17440
S O T e T e
TAAAGGAGTGCCTAGGTCAAGCCTCTCAGCTGCCTACCTTCAGTCTCCTT

DBH NM 013158 taaaggagtgcctaggtcaagcctctcagctgcctaccttcagtctcectt

SHR
EXONS

BN. Lx

TAAAGGAGTGCCTAGGTCAAGCCTCTCAGCTGCCTACCTTCAGTCTCCTT

17450 17460 17470 17480 17490
S S L [ L A,
GTCTCTTAAGTGAGACTCGCCCTTACCTACACTAATTGTATGCACATATG

DBH NM 013158 gtctcttaagtgagactcgcccttacctacactaattgtatgcacatatg

SHR
EXONS

BN. Lx

GTCTCTTAAGTGAGACTCGCCCTTACCTACACTAATTGTATGCACATATG

17500 17510 17520 17530 17540
S e T T T
CATGGCCAATATTCCTGCCTGTGCTGACCCTTTCTGGGCTCTATAGTATC

DBH NM 013158 catggccaatattcctgcctgtgctgaccctttctgggctctatagtatc

SHR
EXONS

BN. Lx

CATGGCCAATATTCCTGCCTGTGCTGACCCTTTCTGGGCTCTATAGTATC

17550 17560 17570 17580 17590
Y Y R R P R F S P P P
ACATATGTCCCATGTGAGTGAGGCCTGCTTCTACAGTTCTAGTCACCTCT

DBH NM 013158 acatatgtcccatgtgagtgaggcctgcttctacagttctagtcacctct

SHR
EXONS

BN. Lx

ACATATGTCCCATGTGAGTGAGGCCTGCTTCTACAGTTCTAGTCACCTCT

17600 17610 17620 17630 17640

S S e S T O T L L .
ACCCTGTTTTCTCTTCCTCAGTCTCCTGCCGAAGGGCCAGCTCAGCTCTT

DBH NM 013158 accctgttttctcttcctcagtctcctgccgaagggccagctcagetctt

SHR
EXONS

BN. Lx

ACCCTGTTTTCTCTTCCTCAGTCTCCTGCCGAAGGGCCAGCTCAGCTCTT

17650 17660 17670 17680 17690
| |

S S T T [ [ A,
TGATGGCTTTGGAAAGGAGTAGGAGTCTGGGCCTTTTCAGCTATTTCAGC

DBH NM 013158 tgatggctttggaaaggagtaggagtctgggccttttcagctatttcagc

SHR
EXONS

BN. Lx

TGATGGCTTTGGAAAGGAGTAGGAGTCTGGGCCTTTTCAGCTATTTCAGC

17700 17710 17720 17730 17740
B T L e S e S e I
AAAATGCAGCCCAGACTTCTTCAGGCAGGGAGGGTGATGGATGAGCCTCA

DBH NM 013158 aaaatgcagcccagacttcttcaggcagggagggtgatggatgagcctca

SHR
EXONS

BN. Lx

AAAATGCAGCCCAGACTTCTTCAGGCAGGGAGGGTGATGGATGAGCCTCA

17750 17760 17770 17780 17790
S O e L I L e
GGTCTCCTGCACCCCCACCCCACTGCAGACATCAGCTAAGCACTGCCTCC

DBH NM 013158 ggtctcctgcacccccaccccactgcagacatcagctaagcactgcctcc

SHR
EXONS

BN. Lx

GGTCTCCTGCACCCCCACCCCACTGCAGACATCAGCTAAGCACTGCCTCC

17800 17810 17820 17830 17840
S e 1 o 1 L o
CCTTCAGCAAGGCGCTTTATTACTCGGGAACAAAAGTGCCTGGGCTCTCT

DBH NM 013158 ccttcagcaaggcgctttattactcgggaacaaaagtgcctgggctctct

SHR
EXONS

BN. Lx

CCTTCAGCAAGGCGCTTTATTACTCGGGAACAAAAGTGCCTGGGCTCTCT

17850 17860 17870 17880 17890
GCGCCTTGTGGTATGAATCATGGCTCCAGGCACCCATAAGTCAAGGGCAT

DBH NM 013158 gcgccttgtggtatgaatcatggctccaggcacccataagtcaagggcat

SHR
EXONS

BN. Lx

GCGCCTTGTGGTATGAATCATGGCTCCAGGCACCCATAAGTCAAGGGCAT

17900 17910 17920 17930 17940

S e S O O T L L (P
AATCGGTGCGAAATGCCAGGCCTGACGGCCCAGAGCAATGCTCTGCCCTC

DBH NM 013158 aatcggtgcgaaatgccaggcctgacggcccagagcaatgctctgeccctc

SHR
EXONS

AATCGGTGCGAAATGCCAGGCCTGACGGCCCAGAGCAATGCTCTGCCCTC

204



BN. Lx

17950 17960 17970 17980 17990
S S T T L L A,
TGTCATCTGTACTGCCTGAGAGAGGGGGGAGGCAGGCAGTCCCCATAGCT

DBH NM 013158 tgtcatctgtactgcctgagagaggggggaggcaggcagtccccatagct

SHR
EXONS

BN. Lx

TGTCATCTGTACTGCCTGAGAGAGGGGGGAGGCAGGCAGTCCCCATAGCT

18000 18010 18020 18030 18040
S e e L (T o
GAGCCTTCCCTCTATAGCCGCCTGCCTGAAGAGCCTAGAGTCAGAGAGTA

DBH NM 013158 gagccttccctctatagccgcctgcctgaagagecctagagtcagagagta

SHR
EXONS

BN. Lx

GAGCCTTCCCTCTATAGCCGCCTGCCTGAAGAGCCTAGAGTCAGAGAGTA

18050 18060 18070 18080 18090
S O T o L e L
CGAGAAATGCTCACGGAGCTCTGAGGAACCGGACCTTCAACCCAGTTACT

DBH NM 013158 cgagaaatgctcacggagctctgaggaaccggaccttcaacccagttact

SHR
EXONS

BN. Lx

CGAGAAATGCTCACGGAGCTCTGAGGAACCGGACCTTCAACCCAGTTACT

18100 18110 18120 18130 18140
Y Y N R T o I e P I
CTACTTCTAGTGGTGTGCCAACTTACAGACAGGAAAACTGAGGCTCATGG

DBH NM 013158 ctacttctagtggtgtgccaacttacagacaggaaaactgaggctcatgg

SHR
EXONS

BN. Lx

CTACTTCTAGTGGTGTGCCAACTTACAGACAGGAAAACTGAGGCTCATGG

18150 18160 18170 18180 18190

S S e L T L
GTTAGCACTTTTCCAAAAGACCACAAAAGGACCTACCTGCTGCCCATGTG

DBH NM 013158 gttagcacttttccaaaagaccacaaaaggacctacctgctgcccatgtg

SHR
EXONS

BN. Lx

GTTAGCACTTTTCCAAAAGACCACAAAAGGACCTACCTGCTGCCCATGTG

18200 18210 18220 18230 18240
| |

S S o T T e T T
ACATGTCCAGACCAACAGTCCCCTGCTCCCCATCTAGGCTGTTATGCTAC

DBH NM 013158 acatgtccagaccaacagtcccctgctccccatctaggctgttatgctac

SHR
EXONS

BN. Lx

ACATGTCCAGACCAACAGTCCCCTGCTCCCCATCTAGGCTGTTATGCTAC

18250 18260 18270 18280 18290

S S T e T L A
TTCCCTGCCCTACATCTGTCACAACAGGCCTCACTGGGGTGACCAGGGTT

DBH NM 013158 ttccctgccctacatctgtcacaacaggcctcactggggtgaccagggtt

SHR
EXONS

BN. Lx

TTCCCTGCCCTACATCTGTCACAACAGGCCTCACTGGGGTGACCAGGGTT

18300 18310 18320 18330 18340

S O T o I L T L,
GAGGCACATGAGGTCCCCACCAACTACCTAAACCTTTAAGGACTTGTTAT

DBH NM 013158 gaggcacatgaggtccccaccaactacctaaacctttaaggacttgttat

SHR
EXONS

BN. Lx

GAGGCACATGAGGTCCCCACCAACTACCTAAACCTTTAAGGACTTGTTAT

18350 18360 18370 18380 18390
S S e L I S
GTCTCTTCACTAGAAGAGGAGCCTGCAGCCCAGAGACCTGAGGTTGGATA

DBH NM 013158 gtctcttcactagaagaggagcctgcagcccagagacctgaggttggata

SHR
EXONS

BN. Lx

GTCTCTTCACTAGAAGAGGAGCCTGCAGCCCAGAGACCTGAGGTTGGATA

18400 18410 18420 18430 18440
|

ACAAGGCCCCATAGTGAGCTGTAGAGCCCAGGTCTGTCTGACACCAGCAT

DBH NM 013158 acaaggccccatagtgagctgtagagcccaggtctgtctgacaccagcat

SHR
EXONS

BN. Lx

ACAAGGCCCCATAGTGAGCTGTAGAGCCCAGGTCTGTCTGACACCAGCAT

18450 18460 18470 18480 18490

S S S e P L T T
CTGGGCTCCCAGCTCCATAACCTTATTTTCCAGGCAGGAATCATGGGCGA

DBH NM 013158 ctgggctcccagctccataaccttattttccaggcaggaatcatgggcga

SHR
EXONS

CTGGGCTCCCAGCTCCATAACCTTATTTTCCAGGCAGGAATCATGGGCGA

205



18500 18510 18520 18530 18540

e 1 e S S e T O
GCTTACAAGGTCTGATCCTGAGGATGTAAGGGTAACAGGCTCTTGAGGTC

BN. Lx
DBH NM 013158 gcttacaaggtctgatcctgaggatgtaagggtaacaggctcttgaggtce
SHR - GCTTACAAGGTCTGATCCTGAGGATGTAAGAGTAACAGGCTCTTGAGGTC
EXONS
18550 18560 18570 18580 18590
S O O e o I
BN. Lx ACATTCCTCCTATATGCTCTAAGCCAAAGCGGGTCTTCAGGCCTACCCTT
DBH NM 013158 acattcctcctatatgctctaagccaaagcgggtcttcaggecctaccctt
SHR - ACATTCCTCCTATATGCTCTAAGCCAAAGCGGGTCTTCAGGCCTACCCTT
EXONS
18600 18610 18620 18630 18640
S O O O O o I
BN. Lx CTTCTTCTTCCCTGAGGAAGAAAGAGCCTGGGGGTGAGGCACTCCCACGC
DBH NM 013158 cttcttcttccctgaggaagaaagagcctgggggtgaggcactcccacgce
SHR CTTCTTCTTCCCTGAGGAAGAAAGAGCCTGGGGGTGAGGCACTCCCACGC
EXONS
18650 18660 18670 18680 18690
T I A T L o L O e
BN. Lx CTGCTGGGTGCATTGCTTTCCCTTGCTGGGCTTGGGTGTCCCAAGGAGCT
DBH NM 013158 ctgctgggtgcattgctttcccttgctgggcttgggtgtcccaaggagct
SHR CTGCTGGGTGCATTGCTTTCCCTTGCTGGGCTTGGGTGTCCCAAGGAGCT
EXONS
18700 18710 18720 18730 18740
S S L [ o o P
BN. Lx GAGGGGTTTCTAGCCTCCCAGAAGCCAGTGCCAAAGGACAGGGGCGGGAG
DBH NM 013158 gaggggtttctagcctcccagaagccagtgccaaaggacaggggcgggag
SHR GAGGGGTTTCTAGCCTCCCAGAAGCCAGTGCCAAAGGACAGGGGCGGGAG
EXONS
18750 18760 18770 18780 1879
S S S e e S O I
BN. Lx TGCTACTCTAGATCA
DBH NM 013158 tgctactctagatcagtgttgagagggcctggggtacaaattgggtgtcc
SHR - TGCTACTCTAGATCA
EXONS
18800 18810 18820 18830 18840
S O O e I
BN. Lx
DBH NM 013158 ccaggccacggataaggtttaaatgagctggccctaaactgctccagagce
SHR -
EXONS
18850 18860 18870 18880 18890
S O e O I
BN. Lx
DBH NM 013158 agtgcccccagtctcagtggctatttcatttttatttagattaatttaag
SHR -
EXONS
18900 18910 18920 18930 1894
S O O O e o I
BN. Lx
DBH NM 013158 caccgtggtgagggatgtggctcagttggtcgaacactttagcctaacaa
SHR -
EXONS
18950 18960 18970 18980 1899
T e s S S
BN. Lx
DBH NM 013158 gcacaaagccttctaaccccagatccacacaaaactggggacaggcacac
SHR -
EXONS
19000 19010 19020 19030 19040
T e e e S O
BN. Lx

DBH NM 013158 gagcacacccgccatcccatctcttgggaggtgtagacaggaggatcaga

SHR
EXONS
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Appendix 6: Polymorphism discovery (re-sequencing) in rat Pnmt

-1000 -990 -980 -970 -960

S e e e e e
BN. Lx
Pnmt X75333 cggtttgccctagtacatgggcgggaagacaagcacattatgtgccagg
SHR

EXONS
-950 -940 -930 -920 -910
S e e e e e e
BN. Lx CGGGACCTGAAGGCCAGGCCCTGCCAACTCCCCA
Pnmt X75333 cacctagagcaccaagcgggacctgaaggccaggccctgccaactceccca
SHR CGGGACCTGAAGGCCAGGCCCTGCCAACTCCCCA
EXONS
-900 -890 -880 -870 -860
S o e I
BN. Lx GTGGGGACAGGGTTGTTGACTGAGGGGTGGGGGGTGAAGGATGGCAGGGT
Pnmt X75333 gtggg aca ggatgttgactgaggggtggggggtgaaggatggcagggt
SHR GTGGGGACAGGGTTGTTGACTGAGGGGTGGGGGGTGAAGGATGGCAGGGT
EXONS
-850 -840 -830 -820 -810
S e T
BN. Lx CCTCTACCTGTGAAAAACCAAAAAGTGCGCATGCGCTGCCTCTGTAGTGG
Pnmt X75333 cctctacctgtgaaaaaccaaaaagtgcgcatgcgctgcectcectgtagtgg
SHR CCTCTACCTGTGAAAAACCAAAAAGTGCGCATGCGCTGCCTCTGTAGTGG
EXONS
-800 =790 -780 =770 -760
R R N R N T T T e
BN. Lx CTGTGGCAGTACCAAGAATGTGTTCTGCACTCTCTGTTCTTACACGAGTC
Pnmt X75333 ctgtggcagtaccaagaatgtgttctgcactctctgttcttacacgagtc
SHR CTGTGGCAGTACCAAGAATGTGTTCTGCACTCTCTGTTCTTACACGAGTC
EXONS
=750 =740 =730 =720 =710
S O [ L S L e P
BN. Lx CGGTGTCCCTGACCTGGTAGGAACATCCTGAACTAACCATGCTTGCCGGA
Pnmt X75333 cggtgtccctgacctggtaggaacacttcgaactaaccatgcttgccgga
SHR CGGTGTCCCTGACCTGGTAGGAACATCCTGAACTAACCATGCTTGCCGGA
EXONS
=700 -690 -680 -670 -660
S S e L T e A
BN. Lx CCTCAGATAAGCAGCGCATAGCCCCAGGGCCCCACAGGGGATGCCCGGAT
Pnmt X75333 cctcagataagcagcgcatagccccagggccc acaggg atgcccggat
SHR CCTCAGATAAGCAGCGCATAGCCCCAGGGCCCCACAGGGGATGCCCGGAT
EXONS
-650 -640 -630 -620 -610
S e 1 o e e I I
BN. Lx GTTCTGCTTGCTAAAAGCATTAGACCCCactcaccTGTATCTCTGCTGCC
Pnmt X75333 gttctgcttgctaaaagcattagaccccactcacctgtatctctgectgcce
SHR GTTCTGCTTGCTAAAAGCATTAGACCCCACTCACCTGTATCTCTGCTGCC
EXONS
-600 -590 -580 -570 -560
S 1 e T e o e A
BN. Lx ATCAAATGCTCGGGGCAGAGACCTGCTCAGTACCCAGGGCCACCAAGACA
Pnmt X75333 atcaaatgctcggggcagagacctgctcagtacccagg ccaccaagaca
SHR ATCAAATGCTCGGGGCAGAGACCTGCTCAGTACCCAGGGCCACCAAGACA
EXONS
-550 -540 -530 -520 -510
S e T T
BN. Lx GAGGCCAGAACAGAGTGTCCTTTCTGAAGGAGGATAGAGACGGGGTAGAG
Pnmt X75333 gaggccagaacagagtgtcctttctgaaggaggatagagacggggtagag
SHR GAGGCCAGAACAGAGTGTCCTCTCTGAAGGAGGATAGAGACGGGGTAGAG

EXONS
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-500 -490 -480 -470 -460
S e e e e e e I
BN. Lx GTCTGGAGGTGGGGATGGCATGATAAAGAAGGGGAGTTTGTAAAGGGTAC
Pnmt X75333 gtctggaggtggggatggcatgataaagaaggggagtttgtaaagggtac
SHR GTCTGGAGGTGGGGATGGCATGATAAAGAAGGGGAGTTTGTAA GGGTAC
EXONS
-450 -440 -430 -420 -410
S e e e
BN. Lx CCCGAGAGAGGGGAGGAGGCCGGGAAGGATGCTGGGACTGGGAACATGAG
Pnmt X75333 cccgagag gggaggaggccgggaaggatgctgggatcgggaacatgag
SHR CCCGAGAGAGGGGAGGAGGCCGGGAAGGATGCTGGGACTGGGAACACGAG
EXONS
-400 -390 -380 -370 -360
S e I
BN. Lx CTAGCTCAGACCTT GGGAAAGAGAAGGGATGGGATGCTGGACGCTGGAC
Pnmt X75333 ctagctcagacctttgggaaagagaagggatgggatgctggacgctggac
SHR CTAGTTCAGACCTT GGGAAAGAGAAGGGATGGGATGCTGGACGCTGGAT
EXONS
-350 -340 -330 -320 -310
R T R R R R T T T e
BN. Lx GGAGTCTGTGGGAGGCTGGAGAGGAGTCAGGGGGCCACTGGAACTGAGGC
Pnmt X75333 ggagtctgtgggaggctggagaggagtcagggggccactggaactgaggc
SHR GGAGTCTGTGGGAGGCTGGAGAGGAGTCAGGGGGCCACTGGAACTGAGGC
EXONS
-300 -290 -280 =270 -260
S L e o e S I
BN. Lx TGGGGGAGCAGAGCAGCACTGGAGCGATCAAGAGCCCATAAAGGTGGAGG
Pnmt X75333 tgggggagcagagcagcactggagcgatcaagagcccataaaggtggagg
SHR TGGGGGAGCAGAGCAGCACTGGAGCGATCAAGAGCCCATAAAGGTGGAGG
EXONS
-250 =240 -230 =220 -210
S e T e S I
BN. Lx GTTGTCAAGCAAGAGTAAAGCAGGAGTGGGGCAGGAGCGATGTTCTAAAG
Pnmt X75333 gttgtcaagcaagagtaaagcaggagtggggcaggagcgatgttctaaag
SHR GTTGTCAAGCAAGAGTAAAGCAGGAGTGGGGCAGGAGCGATGTTCTAAAG
EXONS
-200 -190 -180 -170 -160
S e e e e S I
BN. Lx GGCGCCCTCCACATCTCCCCCCTCCCCGCCCCCGCGCGETCCGTCCGGCGL
Pnmt X75333 ggcgccctccacatctcccccctceccccgeccccgegegtecgtecggegce
SHR GGCGCCCTCCACATCTCCCCCCTCCCCGCCCCCGCGLCGETCCGTCCGGLCGL
EXONS
-150 -140 -130 -120 -110
S e e T
BN. Lx TCAGACACTAACTGAGATGGATGGGGTGACAGAGATGTGGCGGCCTCGGG
Pnmt X75333 tcagacactaactgagatggatggggtgacagagatgtggcggcctcegg
SHR TCAGACACTAACTGAGATGGATGGGGTGACAGAGATGTGGCGGCCTCGGG
EXONS
-100 -90 -80 =70 -60
S e e e T I
BN. Lx CGCCTCATCCCTCAGCAGCCACCCACCCCTGTGATGGAGGGGTCTGGGCG
Pnmt X75333 cgcctcatccctcagcagccacccacccctgtgatggaggggtctgggeg
SHR CGCCTCATCCCTCAGCAGCCACCCACCCCTGTGATGGAGGGGTCTGGGCG
EXONS
-50 -40 -30 -20 -10
BN. Lx GGGGGGAGGGGACCCAGTAGTAGATAAAGGGATGGGGAGGTTAGCGGAGA
Pnmt X75333 ggggggaggggacccagtagtagataaagggatggggaggttagcggaga
SHR GGGGGGAGGGGACCCAGTAGTAGATAAAGGGATGGGGAGGTTAGCGGAGA
EXONS
0 10 20 30 40
S T e T S T
BN. Lx _ TAGGCGGCCTCAACAGGAGCATGGACCGTGGCTCAGACCCGAAGCACAC
Pnmt X75333 ~—taggcggcctcaacaggagCcATGGACCGTGGCTCAGACCCGAAGCACAC
SHR TAGGCGGCCTCAACAGGAGCATGGACCGTGGCTCAGACCCGAAGCACAC

EXONS ~5'UTR EXON 1 XXXXXXXXXXXXXXXXXXXXXX
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BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

50 60 70 80 90
e 1 e S o S e I
TGCAGGGATGGACTCTGACTCCGACCCTGGCCAGGCAGAGGTCGCCTTGG
TGCAGGGATGGACTCTGACTCCGACCCTGGCCAGGCAGAGGTCGCCTTGG
TGCAGGGATGGACTCTGACTCCGACCCTGGCCAGGCAGAGGTCGCCTTGG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXKXXXX

100 110 120 130 140
e 1 e o S e T T
CTTACCAGCGCTTTGAGCCCCGTGCCTACCTCCGCAACAACTACGCGCCT
CTTACCAGCGCTTTGAGCCCCGTGCCTACCTCCGCAACAACTACGCGCCT
CTTACCAGCGCTTTGAGCCCCGTGCCTACCTCCGCAACAACTACGCGCCT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXKXXXX

150 160 170 180 190

S T e e e o A B
CCTCGTGGGGACCTGAGCAACCCTGATGGTGTGGGGCCTTGGAAGCTTCG
CCTCGTGGGGACCTGAGCAACCCTGATGGTGTGGGGCCTTGGAAGCTTCG
CCTCGTGGGGACCTGAGCAACCCTGATGGTGTGGGGCCTTGGAAGCTTCG
XXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXXXKXXXXXXXKXXXXXXXKXKXX

200 210 220 230 240

Y R R F R P R P PR P P
CTGCATGGCACAAGTCTTTGCCACCGGTGAGCACTGGAAACAGAGGCACG
CTGCATGGCACAAGTCTTTGCCACCGgtgagcactggaaacagaggcacyg
CTGCATGGCGCAAGTCTTTGCCACCGGTGAGCACTGGAAACAGAGGCACG
XXXXXXXXXXXXXXXXXXXXXXXXXX

250 260 270

280
S S [ T e S I
AGAGAGCAGAAGTCATAGGGAAATGAAACGGGGAGAGAGAAACAAGAGTG
agagagcagaagtcatagggaaatgaaacggggagagagaaacaagagtg
AGAGAGCAGAAGTCATAGGGAAATGAAACGGGGAGAGAGAAACAAGAGTG

290

300 310 320 330

S e o e T I
TGCACCAAATGGGGAACCAAAAAGCAGAACTATAGGTGTGTAGCCGGCAC
tgcaccaaatggggaaccaaaaagcagaactataggtgtgtagccggcac
TGCACCAAATGGGGAACCAAGAAGCAGAACTATAGGTGTGTAGCCGGCAC

340

350 380

S 1 e e e
AAACAGGAGCGGACGATAGTCTTGGCTACTAGGGATGCGGAGGCTTGGAG
aaacaggagcggacgatagtcttggctactagggatggggaggcttggag
AAACAGGAGCGGACGATAGTCTTGGCTACTAGGGATGCGGAGGCTTGGAG

360 370 390

400 410 420 430

e e e
GACAAGTAGTTGAGGCCCGGAATTGGAAGACTGACTAGACAACTTAAGGT
gacaagtagttgaggcccggaattggaagactgactagacaacttaaggt
GACAAGTAGTTGAGGCCCGGAATTGGAAGACTGACTAGACAACTTAAGGT

440

450 460 470 480

e e
TCTTTTCTTTCCAGGGGAGGATGCTTAAAGTTGAGAGACAGATGGGACCT
tcttttctttccaggggaggatgecttaaagttgagagacagatgggacct
TCTTTTCTTTCCAGGGGAGGATGCTTAAAGTTGAGAGACAGATGGGACCT

490

500 510 520 530 540
.

B e O T Y
GGGAG.
gggagagcgcgggagggggatgggagttggagactgcaaagagagaggct
GGGAGA
550 560 570 580 590
e e e e e e
ccatccttgatgtcaagggatctcccccactaaattgtaactagagctag
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BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

600 610 620 630 640
T e e L

tttctgagtgctggaacccgagtcagaggagccctgtcagcacaagtgcet

650 660 670 680 690
e e e e I

ggggaggacacgagggagaggggtggctgaggcaggaaccccctgatatce

700 710 730
T e e e S S S B
ctctgctctaccagGTGAGGTGTCTGGACAGGTCCTCATTGACAT
ccctcctcectgctctaccagGTGAGGTGTCTGGACAGGTCCTCATTGACAT
tctgctctaccagGTGAGGTGTCTGGACAGGTCCTCATTGACAT

EXON 2 XXXXXXXXXXXXXXXXXXXXXXXX

770 780 790

R R T N R R R T ey
CGGCTCAGGCCCCACCATATACCAGCTGCTCAGCGCCTGTGCCCACTTCG
CGGCTCAGGCCCCACCATATACCAGCTGCTCAGCGCCTGTGCCCACTTCG
CGGCTCAGGCCCCACCATATACCAGCTGCTCAGCGCCTGTGCCCACTTCG
XXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXXKXKXXXXXXKXKXXXXXXXKXXX

800 810 820 830 840

RS O T L T o o I B
AGGACATCACCATGACAGACTTCTTGGAGGTCAACCGGCAGGAGCTGGGA
AGGACATCACCATGACAGACTTCTTGGAGGTCAACCGGCAGGAGCTGGGA
AGGACATCACCATGACAGACTTCTTGGAGGTCAACCGGCAGGAGCTGGGA
XXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXX

850 860 870 880 890

S O e T L [ o AP
CTCTGGCTGCGAGAGGAACCAGGAGCCTTCGACTGGAGTGTGTATAGCCA
CTCTGGCTGCGAGAGGAACCAGGAGCCTTCGACTGGAGTGTGTATAGCCA
CTCTGGCTGCGAGAGGAACCAGGAGCCTTCGACTGGAGTGTGTATAGCCA
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

900 910 920 930 940
e e e e e e
GCATGTCTGCCTCATCGAGGACAAGGGGTGAGAACTGGGCTGGGAGCTTC
GCATGTCTGCCTCATCGAGGACAAGGGgtgagaactgggctgggagcttc
GCATGTCTGCCTCATCGAGGACAAGGGGTGAGAACTGGGCTGGGAGCTTC
XXXXXXXXXXXXXXXXXXXXXXXXXXX

950 960 970

720 740

750 760

980

SRR T O LN (AR IO IR VPR IO IO
ACACGGAGTGGTGGGCGGGTGCTGGAGGGCGGAGGAGGACTGAGCCTCTG
acacggagtg tgggcgggtgctggagggcggaggaggactgagcctctyg
ACACGGAGTGGTGGGCGGGTGCTGGAGGGCGGAGGAGGACTGAGCCTCTG

990

1000 1010 1020 1030

e e e e
GGGTAGTCCTGAGCCCCGCCTTGTGCCCCCTGTACAGAGAGTCCTGGCAG
gggtagtc tgagccccgccttgtgccccctgtacagAGAGTCCTGGCAG
GGGTAGTCCTGAGCCCCGCCTTGTGCCCCCTGTACAGAGAGTCCTGGCAG

EXON 3 XXXXXX

1050 1060 1070 1080 1090

R R P P E R R R P PR Ry
GAGAAAGAACGCCAGCTCCGAGCGAGGGTGAAGCGAGTCTTGCCCATTGA
GAGAAAGAACGCCAGCTCCGAGCGAGGGTGAAGCGAGTCTTGCCCATTGA
GAGAAAGAACGCCAGCTCCGAGCGAGGGTGAAGCGAGTCTTGCCCATTGA
XXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXXXKXXXXXXKXKXXXXXKXXKXKXX

1100 1110 1120 1130 1140

S S e T P e o e I
TGTGCACAAGCCCCAGCCCCTGGGAGCTTCGGGCCTGGCACCCCTGCCTG
TGTGCACAAGCCCCAGCCCCTGGGAGCTTCGGGCCTGGCACCCCTGCCTG
TGTGCACAAGCCCCAGCCCCTGGGAGCTTCGGGCCTGGCACCCCTGCCTG
XXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXX

1040
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BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

BN. Lx

Pnmt X75333
SHR

EXONS

1150 1160 1170 1180

B T o [ S e A e I
CTGACGCCTTGGTCTCTGCCTTCTGCCTGGAGGCTGTGAGCCCGGATCTC
CTGACGCCTTGGTCTCTGCCTTCTGCCTGGAGGCTGTGAGCCCGGATCTC
CTGACGCCTTGGTCTCTGCCTTCTGCCTGGAGGCTGTGAGCCCGGATCTC

XXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

1200 1210 1220 1230 1240
T L e e S T e I
CCAAGCTTCCGGCAGGCTTTGTATCATATCACGACGCTGCTGAGGCCCGG
CCAAGCTTCCGGCAGGCTTTGTATCATATCACGACGCTGCTGAGGCCCGG
CCAAGCTTCCGGCAGGCTTTGTATCATATCACGACGCTGCTGAGGCCCGG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXKXXXX

1250 1260 1270 1280 1290
S e e L S S e I
GGGTCATCTCCTTCTCATCGGGGCCCTGGAGGAGTCGTGGTACCTTGCTG
GGGTAATCTCCTCTTCATCGGGGCCCTGGAGGAGTCGTGGTACCTTGCTG
GGGTCATCTCCTTCTCATCGGGGCCCTGGAGGAGTCGTGGTACCTTGCTG
XXXXXXXXXXXXXXXXXKXXXXXXXKXKXXXXXXXKXXXXXXKXKXXXXXXXKKXX

1300 1310 1320 1330 1340

R R I R N R T P
GGGAGGCCAGGCTATCTGTGGTTCCAGTGTCAGAGGAGGAGGTGAGGGAG
GGGAGGCCAGGCTATCTGTGGTTCCAGTGTCAGAGGAGGAGGTGAGGGAG
GGGAGGCCAGGCTATCTGTGGTTCCAGTGTCAGAGGAGGAGGTGAGGGAG
XXXXXXXXXXXXXXXXXKXXXXXXXXKXXXXXXKXKXXXXXXKXKXXXXXKXXKKXX

1350 1360 1370 1380 1390

S O P e [ L S S O
GCCCTGGTCTGTAGTGGTTATGAGGTCCGAGACCTTCGCACCTACATCAT
GCCCTGGTCTGTAGTGGTTATGAGGTCCGAGACCTTCGCACCTACATCAT
GCCCTGGTCTGTAGTGGTTATGAGGTCCGAGACCTTCGCACCTACATCAT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

1400 1410 1420 1430 1440

S O T T L T L o S R
GCCTGCCCACCTCCGCACGGGTGTGGATGACGTCAAGGGTATCTTCTTTG
GCCTGCCCACCTCCGCACGGGTGTGGATGACGTCAAGGGTATCTTCTTTG
GCCTGCCCACCTCCGCACGGGTGTGGATGACGTCAAGGGTATCTTCTTTG
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

1450 1460 1470 1480 1490
e 1 L 1 o S O I I
CCTGGGCCCAGAAGATAGAGGTGCAGGTGTGAGGCTCCATTTGCCTCCCT
CCTGGGCCCAGAAGATAGAGGTGCAGGTGTGAggctccatttgecctcececet
CCTGGGCCCAGAAGATAGAGGTGCAGGCGTGAGGCTCCATTTGCCTCCCT
XXXXXXXXXXXXXXXXXXXXXXXXXXXXX 3"UTR XXXXXXXXXXXX

1500 1510 1520 1530 1540
e e T
AACTCCTTATCACCCGAAGTGGCACCTAATAAAGTAACAGTCCCCTGCTA
aactccttatcacccgaagtggcacctaataaagtaacagtccccagcta
AACTCCTTATCACCCGAAGTGGCACCTAATAAAGTAACAGTCCCCTGCTA
D 0.0:0.0.0.:0.0.0.0:9.0.0.9.0.0.9.0.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.9.0.0.0.0.0.0.0.¢4

1550 1560 1570 1580 1590
e e
TGTCTGTGCTGTTTGTGACTCTCCTAGACACAAGGATAGGAAAAGGTCTC
tgtctgtgctgtttgtgactctcctagacacaaggataggaaaaggtctc
TGTCTGTGCTGTTTGTGACTCTCCTAGACACAAGGATAGGAAAAGGTCTC

1190

1600 1610 1620 1630 164

S S T T T e O
C
cgaggcttagaaggaaccaatcctagctttttctttttgeccctagaagcce
C

1650 1660 1670 1680 1690
P e e o e I

ttcgtgaaggctgctttctgtgeccacccattctceccectecccaggaaggce
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Appendix 7: Primers for SNP genotyping at the Dbh and Pnmt loci

Primers to genotype Dbh T-550G

F-5’-ATTCACCCCCTTCCTGCCT-3"
R-5’-biotin-GGCCTGCTGTTCCCACTTTTT-3’
Sequencing primer 5’-CACCCACTCCTTCTGTAG-3’

Primers to genotype Pnmt T-529C

F-5’-biotin-CCAGGGCCACCAAGACAG -3’
R-5’-TCCCCACCTCCAGACCTCTA -3’
Sequencing primer 5’-CCGTCTCTATCCTCCTT -3’
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Appendix 8: Primers for the Dbh and Pnmt promoter/reporter constructs

Dbh - forward (5’-CCATGAGCTCTGGACATTCTGCCTAGTCC-3")
Dbh - reverse (5’-GAGGCTCGAGGGCTGGGATGAGCA-3’)

Pnmt - forward (5’-GTGAGAGCTCGCAGGGTCCTCTACCTGTGA-3’)
Pnmt - reverse (5’-CACGCTCGAGGCTCCTGTTG-3”)



Glossary of terms
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This glossary is designed to help the reader understand the complex terminology
associated with contemporary molecular and statistical genetics, genomics and systems
biology. It was compiled from various textbooks, journals and on-line resources.
Especially helpful was the Glossary of terms published in the May 1, 2007 special
issue of the Journal of Experimental Biology, which was devoted to ‘The Genomic
Revolution® '™

ANNOTATION - as applied to proteins, DNA sequences or genes. The storage of
data describing these entities (protein/gene identities, DNA motifs, gene ontology
categorisation, etc.) within a biological database. Active projects include FlyBase and
WormBase. See Gene ontology.

ASSEMBLY - the process of aligning sequenced fragments of DNA into their correct
positions within the chromosome or transcript.

ASSOCIATION STUDY - an examination of genetic variation and relationships
between genetic variants (alleles) and phenotypes in a population of unrelated
individuals

c¢DNA — complementary DNA. Thisis DNA synthesised from a mature mRNA
template by the enzyme reverse transcriptase. cDNA 1is frequently used as an early part
of gene cloning procedures, since it is more robust and less subject to degradation than
the mRNA itself.

Chip - see Microarray.

cis-acting — a molecule is described as cis-acting when it affects other genes that are
physically adjacent, on the same chromosome, or are genetically linked or in close
proximity (for mRNA expression, typically a promoter).

COMPLEX TRAIT - see Quantitative Trait.

CpG ISLANDS - regions that show high density of "C followed by G' dinucleotides
and are generally associated with promoter elements; in particular, stretches of DNA
of at least 200 bp with a C—G content of 50% and an observed CpG/expected CpG in
excess of 0.6. The cytosine residues can be methylated, generally to repress
transcription, while demethylated CpGs are a hallmark of transcription. CpG
dinucleotides are under-represented outside regulatory regions, such as promoters,
because methylated C mutates into T by deamination.

ENHANCER - ashort segment of genomic DNA that may be located remotely and
that, on binding particular proteins (frans-acting factors), increases the rate of
transcription of a specific gene or gene cluster.

EPISTASIS — a phenomenon when the properties of one gene are modified by one or
more genes at other loci. Otherwise known as a genetic interaction, but epistasis refers
to the statistical properties of the phenomenon.
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eQTL — the combination of conventional QTL analysis with gene expression
profiling, typically using microarrays. eQTLs describe regulatory elements controlling
the expression of genes involved in specific traits.

EST — expressed sequence tag. A short DNA sequence determined for a cloned cDNA
representing portions of an expressed gene. The sequence is generally several hundred
base pairs from one or both ends ofthe cloned insert.

EXON - any region of DNA that is transcribed to the final (spliced) mRNA molecule.
Exons interleave with segments of non-coding DNA (introns) that are removed
(spliced out) during processing after transcription.

GENE - a functional physical unit of heredity that can be passed from parent to child.
All genes in humans are pieces of DNA. Most genes contain information for making a
specific protein, or RNA.

GENE INTERACTION NETWORK - a network of functional interactions between
genes. Functional interactions can be inferred from many different data types,
including protein—protein interactions, genetic interactions, co-expression
relationships, the co-inheritance of genes across genomes and the arrangement of
genes in bacterial genomes. The interactions can be represented using network
diagrams, with lines connecting the interacting elements, and can be modelled using
differential equations.

GENE MAP - the position of gene loci on chromosomes; a physical map refers to the
absolute position of the gene loci, expressed by the number of base pairs; a genetic
map expresses distance in terms of their frequency of recombination

GENE ONTOLOGY (GO) — an ontology is a controlled vocabulary of terms that
have logical relationships with each other and that are amenable to computerised
manipulation. The Gene Ontology project has devised terms in three domains:
biological process, molecular function and cell compartment. Each gene or DNA
sequence can be associated with these annotation terms from each domain, and this
enables analysis of microarray data on groups of genes based on descriptive terms so
provided. See http://www.geneontology.org

GENE SET ENRICHMENT ANALYSIS - a computational method that determines
whether a defined set of genes, usually based on their common involvement in a
biological process, shows statistically significant differences in transcript expression
between two biological states.

GENE SILENCING - the switching-off of a gene by an epigenetic mechanism at the
transcriptional or post-transcriptional levels. Includes the mechanism of RNAL.

GENETIC INTERACTION (NETWORK) - a genetic interaction between two
genes occurs when the phenotypic consequences of a mutation in one gene are
modified by the mutational status ata second locus. Genetic interactions can be
aggravating (enhancing) or alleviating (suppressing). To date, most high-throughput
studies have focused on systematically identifying synthetic lethal or sick



217

(aggravating) interactions, which can then be visualized as a network of functional
interactions (edges) between genes (nodes).

GENOME - a portmanteau of gene and chromosome, the entire hereditary
information for an organism that is embedded in the DNA (or, for some viruses, in
RNA). Includes protein-coding and non-coding sequences.

GENOTYPE - the specific allelic makeup of an individual.

HERITABILITY - phenotypic variation within a population is attributable to the
genetic variation between individuals and to environmental factors. Heritability is the
proportion due to genetic variation usually expressed as a percentage.

HYBRIDISATION - the process of joining (annealing) two complementary single-
stranded DNAs into a single double-stranded molecule. In microarray analysis, the
target RNA/DNA from the subject under investigation is denatured and hybridised to
probes that are immobilised on a solid phase (i.e. glass microscope slide).

INDEL - insertion and deletion of DNA, referring to two types of genetic mutation.
To be distinguished from a “point mutation', which refers to the substitution of a single
base.

INTERACTOME - a more or less comprehensive set of interactions between
elements within cells. Usually applied to genes or proteins as defined by
transcriptomic, proteomic or protein—protein interaction data.

INTRON - see Exon.

KEGG - The Kyoto Encyclopedia of Genes and Genomes is a database of metabolic
and other pathways collected from a variety of organisms. See
http://www.genome.jp/kegg

LINKAGE ANALYSIS - study aimed at establishing relationship between genes or
markers. Because DNA segments that lie near each other on a chromosome tend to be
inherited together, markers are often used as tools for tracking the inheritance pattern
of a gene that has not yet been identified but whose approximate location is known.
Linkage analysis is one of the most important tools of quantitative genetics used to
find genes that underlie complex traits.

LINKAGE DISEQUILIBRIUM (LD) — term refers to polymorphisms in close
physical proximity on a chromosome, such that a specific allele at one locus has a
significant predictive value for specific alleles at the other (closely linked) loci.

MAP DISTANCE — distance between gene loci, expressed either in physical terms or
in terms of recombination frequency

MEIOSIS - the special division of a germ cell nucleus that leads to reduction of the
chromosome complement from the diploid to the haploid

METABOLOMICS - the systematic qualitative and quantitative analysis of small
chemical metabolite profiles. The metabolome represents the collection of metabolites
within a biological sample.
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METAGENOMICS - the application of genomic techniques to characterise complex
communities of microbial organisms obtained directly from environmental samples.
Typically, genomic tags are sequence characterised as markers of each species to
inform on the range and abundance of species in the community.

MICROARRAY - an arrayed set of probes for detecting molecularly specific analytes
or targets. Typically, the probes are composed of DNA segments that are immobilised
onto the solid surface, each of which can hybridise with a specific DNA present in the
target preparation. DNA microarrays are used for profiling of gene transcripts.

miRNA - a category of novel, very short, non-coding RNAs, generated by the
cleavage of larger precursors (pri-miRNA). These short RNAs are included in the
RNA-induced silencing complex (RISC) and pair to the 3' ends of target RNA,
blocking its translation into proteins (in animals) or promoting RNA cleavage and
degradation (in plants).

MODEL SPECIES - a species used to study particular biological phenomena, the
outcome offering insights into the workings of other species. Usually, the selection is
based on experimental tractability, particularly ease of genetic manipulation. For the
geneticist, it is an organism with inbred lines where sibs will be >98% identical (i.e.
Drosophila, Caenorhabditis elegans and mice). For genomic science, it refers to a
species for which the genomic DNA has been sequenced.

mRNA - aprotein-coding mRNA containing a protein-coding region (CDS), preceded
by a 5' and followed by a 3' untranslated region (5' UTR and 3' UTR). The UTRs
contain regulatory elements. A full-length cDNA contains the complete sequence of
the original mRNA, including both UTRs. However, it is often difficult to assign the
starting—termination positions for protein synthesis unambiguously. A cDNA
containing the entire CDS is often considered acceptable for bioinformatic and
experimental studies requiring full-length cDNAs.

PCR - polymerase chain reaction. A molecular biology technique for replicating DNA
in vitro. The DNA is thus amplified, sometimes from very small amounts. PCR can be
adapted to perform a wide variety of genetic manipulations.

PERMUTATION TEST — method that uses empirical distribution of test statistic
acquired by permuting the original sample to establish what is the likelihood of
obtaining a certain value merely by chance. Frequently used to assess the significance
of QTL mapping results.

PHENOTYPE — any observed quality of an organism, such as its morphology,
development, or behavior, as opposed to its Genotype (see above).

POLYADENYLATION - the covalent addition of multiple A bases to the 3' tail ofan
mRNA molecule. This occurs during the processing of transcripts to form the mature,
spliced molecule and is important for regulation of turnover, trafficking and
translation.
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POST-TRANSLATIONAL MODIFICATION - the chemical modification of a
protein after synthesis through translation. Some modifications, notably
phosphorylation, affect the properties of the protein, offering a means of regulating
function.

PRINCIPAL COMPONENT ANALYSIS (PCA) — a technique for simplifying
complex, multi-dimensional datasets to a reduced number of dimensions, the principal
components. This procedure retains those characteristics of the data that relate to its
variance.

PROMOTER - a regulatory DNA sequence, generally lying upstream of an
expressed gene, which in concert with other often distant regulatory elements directs
the transcription of a given gene.

PROTEOME - the entire protein complement of an organism, tissue or cell culture at
a given time.

qPCR - quantitative real-time PCR, sometimes called real-time PCR. A more
quantitative form of RT-PCR in which the quantity of amplified product is estimated
after each round of amplification.

QUANTITATIVE GENETICS - a branch of genetics research that employs
statistical and probabilistic principles to identify the genetic and non-genetic
components of a complex trait and to describe them in statistical terms.

QTL — quantitative trait loci. A region of DNA that contains those genes contributing
to the trait under study.

QUANTITATIVE TRAIT - inheritance of a phenotypic property or characteristic
that varies continuously between extreme states and can be attributed to interactions
between multiple genes and their environment.

QUANTITATIVE TRAIT - trait that has value wit a continuous distribution in a
population (Gaussian curve) as opposed to a QUALITATIVE TRAIT, which has a
bimodal (categorical) distribution.

QUANTITATIVE TRAIT LOCUS (QTL) — a region of DNA statistically
associated with a quantitative trait; QTLs are believed to be closely linked to the
actual genes that underlie variation in a particular quantitative trait.

RECOMBINANT INBRED STRAINS - set of strains derived from brother-sister
inbreeding of F2 progeny from a cross of two standard inbred strains.

RNAI — RNA interference or RNA-mediated interference. The process by which
double-stranded RNA triggers the destruction of homologous mRNA in eukaryotic
cells by the RISC.

RT-PCR - reverse transcription—polymerase chain reaction. A technique for
amplifying a defined piece of RNA that has been converted to its complementary DNA
form by the enzyme reverse transcriptase. See qPCR.
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siRNA — small interfering RNA, or silencing RNA. A class of short (20-25 nt),
double-stranded RNA molecules. It is involved in the RNA interference pathway,
which alters RNA stability and thus affects RNA concentration and thereby suppresses
the normal expression of specific genes. Widely used in biomedical research to ablate
specific genes.

snoRNA — small nucleolar RNA. A sub-class of RNA molecules involved in guiding
chemical modification of ribosomal RNA and other RNA genes as part of the
regulation of gene expression.

SNP — single nucleotide polymorphism. A single base-pair mutation at a specific locus,
usually consisting of two alleles. Because SNPs are conserved over evolution, they are
frequently used in QTL analysis and in association studies in place of microsatellites,
and in genetic fingerprinting analyses.

SSH — suppressive subtractive hybridisation. A powerful protocol for enriching cDNA
libraries for genes that differ in representation between two or more conditions. It
combines normalisation and subtraction in a single procedure and allows the detection
of low-abundance, differentially expressed transcripts, such as those involved in
signalling and signal transduction.

STATISTICAL GENOMICS - a research discipline that considers the evaluation of
entire genomes in order to identify and characterize genetic factors that influence a
particular trait.

STRUCTURAL RNAs — a class of non-coding RNA, long known to have a structural
role (for instance, the ribosomal RNAs), transcribed by RNA polymerase I or III.

SYSTEMS BIOLOGY - treatment of biological entities as systems composed of
defined elements interacting in defined ways to enable the observed function and
behaviour of that system. The properties of the systems are embedded in a quantitative
model that guides further tests of systems behaviour.

TATA-BOXES - sequences in promoter regions constituted by TATAAA, or similar
variants, which were considered the hallmark of Promoters. Recent data show that they
are present only in the minority of promoters, where they direct transcription at a
single well-defined location some 30 bp downstream of this element.

trans-acting — a factor or gene that acts on another unlinked gene, a gene on a separate
chromosome or genetically unlinked usually through some diffusible protein product
(for mRNA expression, typically a transcription factor).

TRANSCRIPT - an RNA product produced by the action of RNA polymerase
reading the sequence of bases in the genomic DNA. Originally limited to protein-
coding sequences with flanking UTRs but now known to include large numbers of
products that do not code for a protein product.

TRANSCRIPTOME - the full set of mRNA molecules (transcripts) produced by the
system under observation. Whilst the genome is fixed for a given organism, the
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transcriptome varies with context (i.e. tissue source, ontogeny, external conditions or
experimental treatment).

TRANSINDUCTION - generation of transcripts from intergenic regions. At least
some such products do not relate to a definable promoter or transcriptional start site.

TRANSPOSON - sequences of DNA able to move to new positions within the
genome of a single cell. This event might cause mutation at the site of insertion. Also
called "mobile genetic elements' or “jumping genes'.

UTR - untranslated region. Regions of the mRNA that lie at either the 3' or 5' flanking
ends of the molecule (i.e. 3' UTR and 5' UTR). They bracket the protein-coding region
and contain signals and binding sites that are important for the regulation of both
protein translation and RNA degradation.
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