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ABSTRACT

Genetic heterogeneity 1s one of the most significant obstacles to identifying the
genetic basis for many common human discases. Heterogeneity is the term used for
genetic systems in which numerous genes each imake a small contribution to the
overall heritability ofa disease. linkage analysis has been used successtully tor
several decades to map discase susceptibility cencs. but it lacks power 1o identily
susceptibility genes in heterogeneous systems. The purpose of this research is 1o
improve current methods and develop new methods for linkage analysis in the
presence of genetic heterogeneity. Competency is established in conventional and
emerging methodology. new methods are developed. and the newly developed
methods are tested in real study data. Prostate cancer (PCa), a prime example ol the
problems that heterogeneity creates for genetic epidemiologisis., is used as a model
syslem throughout the rescarch.

Studying alternate PCa phenotype definitions or PCa subtypes may improve
our knowledge of the disease. Chapter 2 describes a conventional linkage analysis for
agoressive PCa subtypes, the results of which confirm two previously reported PCa
aggressiveness loci. Chapter 3 presents proof of concept that phenotypes buased on
aene expression profiles from microarray data may be useful for identifying genes
associated with risk of PCa development via linkage analysis. Chapters 4 and 5

describe the development and application of the innovative sumLINK statistic. which



identifies genetic regions of extreme consistency across pedigrees without regard to
negative evidence from unlinked or uninformative pedigrees. Significance of the
sumLINK statistic and the complimentary sumLOD statistic is determined cmpirically
by an innovative permutation procedure thar randomizes linkage information across
pedigrecs. Simulation testing shows that this method is reliable and powerful for
finding genes in heterogeneous systems. The utility of the sumLINK method is

demonstrated with exeiting results using data from the International Consortium for

Prostate Cancer Genetics for aggressive and general prostate cancer. The sumLINK

procedure hlls an important informatics role by Tacilitating sccure interinstitutional
data sharing and collaborative research. The sumLINK method is a powerful tool for

combating the obstacles presented by heterogeneity, and will improve our knowledge

of the genetic epidemiclogy of many commaon. complex diseases.
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CHAPTER |

INTRODUCTION



Backeround
Genetic Epidemiology
Genetic epidemiology is the study of the genetic contribution to biological
phenomena. with specific emphasis on determining the hereditary tactors of human
discase. The basic purpose of genetic epidemiology is 10 define the velationship
between genotype and phenotype. Genetic epidemiology is an imerdisciplinary
science that synthesizes knowledge (rom the fields of genetics. statistics. and
bioinformatics. The traditional tools of genetic epidemioiogy include case-control
genetic association techniques and a variety ol pedigree-based analytical techniques.

such as linkage analysis and transmission (csts.

Genelic Epidemiology Research in Utah

Genetic epidemiology research has a rich history in Utah, due fargely to the
unique resources avallable in the Utah Population Database (UPDB). The UPDB was
established in the 1970s and now contains records for over [2 million individuals.
The UPDB began with computerized genealogical records from the descendants of
Utahs founding pioneers. Those gencalogies have since been extended and Yinked
with extensive phenotype data from such sources as the Utah Cancer Registry, Utah
death certificales and vital records. and hospital discharge data |[1]. This combination
ot genealogical and phenotypic data makes it possible to calculate population-based
risk estimates for diseases amony the relatives of probands and 1o casily identify
families with significant exeesses of those discascs. Fanulial relative risks can be

determined for phenotypes as diverse as cancer [2]. intracranial aneurysm [3]. and
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Kidney discase [4]. UPDB resources have been instrumental in identifying many

mportant discasc genes [3-9].

Linkage Analysis

Genetic linkage analvsis has been successtully used for many years as a tool
for mapping disease susceptibility loci [10]. Linkage analysis is the process of
identitying chromosomal segments that are co-inherited with discasc status in
pedigrees with an abundance of the disease. This technique is well suited for finding
rare. highly penetrant genetic variants. T'he LCHD score has been the principle metric
used in linkage analysis for over 30 vears [11.12]. 1.OD scores work well when all or
most of the pedigrees studied are linked o a single genetic locus. but it lacks power (o
detect genes in heterogencous systems where the trait is controlled by numerous genes
and only a small proportion of the collected pedigrees are linked to any given visk
tocus [10]. Variants that account for less than 20% of the tolal hertability of a trait
can rarcly be detected with LOD analysis [13]. The low power of the traditional LOD
score method tor detecting linkage in heterogencous systems is a major weakness of
the approach. Many human health-related phenotypes are believed te be controlled by
multiple genes, each accounting for such a small proportion of the heritability of the

trait that it is unlikely to be detected by LOD analysis.

Heterogeneity Methods

Scveral analytical methods have been developed for dealing with the problem
of heterogeneity. The most widely used metric is the Helerogeneity-[L.GD, or HLLOD

statistic [14]. HLOD analysis allows for a portion of the pedigrees to be unlinked at



any given locus {15, 16]. but it tends to identily only large-eflect loci. Other methods
have been proposed and tested for incorporating interaction effeets into linkage or lor
simultancous tinkage analysis of multiple loci [17.18]. but these methods are in
developmental stages and have nol vet been broadly adopted. Another approach 1o the
problent is the sumLOD statistic, which strives Lo identify loci in the presence of
helerogeneity by focusing on the pedigrees with positive linkage information at a
locus and ignoring negative inflormation Irom other pedigrees. [t has been used in the

past as a summary measure

F9-211. hut has not been used as a test slatistic because
the distribution is unknown. making significance determination ditficult. The
sumLOD statistic is nol widely used currently. but a procedure for testing ity

significance. presented in Chapter 4. may increase its utilization.

Prostate Cancer

Prostate cancer (PCY is the most commonly diggnosed cancer among American
men. 186,320 new PC cases were expected in the United States in 2008, accounling
for 25% of all new male cancer cases {22]. PC s also the second leading cause of
cancer-related martality in American men. Studies have repeatedty shown that PC has
a strong hereditary component [23.24]. This observation holds (rue in Utah. where
analysis of the UPDB indicates significant evidence of familiality for PC extending
well bevond the limits of nuclear familes | Appendix A]. The relative risk of PC to
first deeree relatives of PC cases in Utah is 1.91 (95% CI: 1.85—-1.97). and the

relative risk to second degree refatives is 1.28 (1.24—1.32) [25]. The health burden of



PC makes it a priority for epidemiology research. and the familiality evidence makes it

an excellent candidate tor genetic epidenmiology research as well.

Heterogeneity in Prostate Cancer

Prostate cancer (PC) is an excellent example of the negative impact of
heterogeneily on genetic linkage. Results of the first genome-wide linkage analysis
far PC were published in 1996 [26]. That study found highly signiticant linkage
evidence (1.OD = 5.43) at chromoseome 1q23-24. a region that has come to be known
as the TPCT locus. Identification of HPC T was an encouraging start o the pursuit of
PC suseeptibility genes: however. carly attempts o replicate the linkage finding met
little success [24]. Genes such as RNASEL [27] have since been propused as the
HPCT gene. but there is still no consensus about the underlying source of the HPC
linkage.

Several more linkage analyses were published sean atter the HPCI result that
implicated additional PC susceptibility loci. Notable PC loci reported between 1998
and 2001 include PCAP |28]. HPCX |20, CAPB [30], HPC20 [31]. and HPC2 [32].
Linkage to the HIPC2 locus on chromasome 17p was announced by Utah researchers
in 2000 [33]. Positional cloning and mutation screening identified a gene.
HPC2/ELAC2. mutations of which segregated with PC. This finding was greeted with
“enormous exeitement™ by the research community [24]. Early confirmation studics
reported thal two common missense variants in the gene were strongly associated with
PC risk (OR=2.37) and accounted [or 3% of PC in the population of inference [34]. A

melta-analvsis of six studies showed a similar level of association |35]. Significant



association was also reported in a study ol African American PC cascs [36].

However, other researchers failed to replicate either the linkage [37] or the association
result [38.39]. Evidence for the HPC2 locus remains inconsistent. Confirmation
attempts for other linkage regions have encountered difficulties similar to what has
been described for the HMPCT and FIPC2 loci. To date, over 30 genome-wide linkage
analyscs [or PC or selected PC subtypes have been published [18.26.28-32.40-661.
with tittle consensus in the findings [23]. Putative PC susceptibility loci have been
reported on almost every human chromasome, and mudtiple susceptibility lo¢i reported

on several chromosomes [23.67.68|. Major findings arc summarized in Table 1.1,

Addressing Prostate Cancer Heteroeeneity

A 1998 review of PC genctics determined that ~a large proportion of familial
(proslate cancer) may not be due o segregation of a few major gene mutations. but
rather to familial sharing of alleles at many loci. each contributing to a small increase
in cancer risk™ [69]. This observation was prescient of the future ol PC genetics.
Since 1999_ at least 18 more reviews have been written about the ongoing pursuit of
PC susceptibility genes [23.24.67.68.70-83]. These reviews have consistently
identified genetic heterogeneity as the primary tactor that complicates the search for
PC genes. [Lhas been proposed that the apparent heterogeneity of PC results partially
from variability in the phenotype. and that different subtyvpes ot the disease may each
have a more uniform genetic ctiology. The phenotypic variability is often attributed to
the increased screening for prostate-specific antizen (PSA) which began in the 1980s

and resulted in a dramatic increase in PC incidence rates [22]. Another frequent



| Table 1.1, Selected prostate cancer (PC) linkage peaks

Locus p-value Proposed Gene Study
General PC
Ip36 3.22 CAPB Gibbs, 1999 {30]
1g24-25 5.43 HPCI Smith, 1996 [26]
1qd2.2-q43 310 PCAP Berthen, 1998 28]
Ipld2 3.83 FHIT Larson, 2005 [84]
392631 2.48 N/A Camp. 2005 |66]
3g21.4 2.06 N/A Camp. 2005 | 66]
7q11-21 3.01 N/A Friedrichsen, 2004 [60]
&p22-23 .84 MSRI Xu. 2001 [85]
16923.2 303 N/A
17p11 4.53 HPC2/ELAC2 Tavtigian. 2001 |32]
17422 316 N/A Gillanders. 2004 [62]
19p13.3 2.87 N/A Hsich. 2001 [64]
20q13 3.02 11PC20 Berry, 2000 [31]
22g12 3.57 N/A Xu. 2005 [63}
Xq27-28 3.85 HPCX Xu. 1998 [29]
Aggressive PC
1q24-25 3.25 HPCI Goddard. 2001 [63]
1q42.2-q43 2.84 PCAP Goddard, 2001 [63]
4q 2.80 N/A Goddard. 2001 [63]
3q31-33 P=0.0053 N/A Wiite. 2000 [39}
6p22.3 3.00 N/A Schaid, 2006 [51]
6¢23.3 P=0.0009 N/A Slager. 2006 | 35|
7921.11 4.09 N/A Schaid. 2006 |51
7q31-33 3.02 N/A Paiss, 2003 [86]
74322 ’=0.0076 N/A Witte. 2000 [39]
L1ql4.1-3 3.3) N/A Schaid. 2006 [51]
19¢g12 P=0.0088 N/A Witle, 2000 [39]
L9qt3 P<0.0001 N/A Slager, 2003 [34]
20pil-gll 2.05 HPC20 Schaid, 20006 [51]
22g11-13 2.18 N/A Stanford, 2006 [56]
22913 2.06 N/A Chang. 2005 [41]
Xql12-13 3.06 AR Goddard, 2001 [65]
| Xq27-28 2.54 HPCX Chang, 2005 [41]

| Maximum LOD,
HLOD, NPL or

Suarez. 2000 |61] |




explanation for the lack of reproducible results is the high expected number of
phenocopies, or pedigree members who have the disease but do not share the same
inherited factors as other pedigree members. the presence ol which suppresses linkage
cvidence. Eeles wrote the following in a 1999 review of PC genetics:

The study of familial prostate cancer s complicated by the fact that

there may be many sporadic cases in families. as prostate cancer is so

common. In addition, (PSA) screen detected family history may behave

diffcrently from svmptomatic discasc. [76]

These observations regarding phenotypic variability were ¢cchocd by Ostrander and
Stanford m 2000:

It scems. therefore, that mapping and cloning of prostate cancer genes

will be complicated. . .. First. there are a large number of men with

sporadic disease in the population. . .. Finally. there is enormous

variation in the phenotype of disease at diagnosis as well as discase

proaression within single familics. The introduction of prostate-specific

antigen (PSA) testing in the mid to late 1980s has probably contributed

1o that variability. [24]

Stratification of PC familics into more homogeneous subgroups for linkage
analysis has been suggested as a mechanism Lo address the problem of heterogeneity
due 1o phenotypic variability [87]. Linkage pedigrees are commonly classificd
according to variables such as mean age of cases at PC diagnosis. evidence of male-to-
male transmission, and the number of cases in the pedigree. This approach has met
with some success, as many of the most significant and reproducible linkages reported
for PC have come from subset analyses. The weakness ol this approach comes in the
inherent loss of statistical power resulting from multiple testing [88].

Several research groups have published linkage analyses tocusing on the

“aporessive” or Tclinically significant™ subset of proslate cancer cases

o



[41.42.48.51.52.53.59|. This approach is substantially different from simple
subsetting of pedigrees. as it requires a thorough redefinition of the phenotype. The
definitions of aggressiveness vary across studies, but generally include some
combination of advanced tumor stage or grade. PSA level. early age at diagnosis. and
mortality resulting from PC. An example of linkage analsysis for aggressive PC is
presented in Chapter 2. A more recent innovation is the idea of linkage analysis using
PC-related biomarkers to detine the phenotype, with the hypothesis that a gene may be
identified that is associated with the biomarker. and by extension. with the disease,
An example of this is the recently reported linkage analysis [or the TMPRSS2-ERG
fusion. a genetic anomaly commonly observed in PC tumors [45]. RNA expression
levels are another type of biomarker that has been suggested as a suitable phenotype
for Tinkage analysis. This concept is discussed more in Chapter 3.

Another method 10 address genetic heterogeneity is to increase statistical
power for finding genes by collecting larger numbers of pedigrees for analysis. The
[nternational Consortivm for Prostate Cancer Genetices (1CPCG) was formed with the
goal of improving PC research through the use of both prospective and retrospective
collaboration |89], following Mortan’s directlive (o combine linkage evidence across
studies | 13]. The pooled pedigree resource of the ICPCG consists of over 1200 high-
risk PC pedigrees from diverse arcas of the world. Analysis of this resource has
resubted in very promising linkage regions such as that on chromoseme 22¢12 [63,90].
and there is great potential for future discoverics within the extensive [CPCG data.
Chapter 3 contains an analysis ol this ICPCG resource using newly developed

statistical methods.
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Genome-wide association studies {(GrWAS) have been proposcd as an
alternative to traditional pedigree-based linkage analysis, This approach. using case-
control testing of several hundred thousand single nucleotide polymorphisms (SNPs),
has shown some promise in clarifying the genetic basis of PC |91]. Recently
publisbed GWAS yesults for PC have resulted in several significantly associated SNP
loci [72]. SNP associations on chromosomes 8, 10, and 17 have been reproduced in
multiple data resourcces, including at the University of Utah [92], bul these variants
account for only a very small portion ot all PC. and their functional significance has
vel o be delined. GWAS methodology is still in developmental stages and has ver to
ful il the optimistic expectations for the procedure [93]. but it holds promise tor

identifving genes involved in PC and other complex phenotypes.

Deseription ol Research

The purpose of the research presented here is te improve current methodology
and to develop new methods lor linkage analysis in the presence of heterogeneity.
Newton Morton. one of the fathers of modern linkage analysis, identifics the
heterogeneily issue as one of the most significant unsolved problems in genetic
epidemiology [ 13]. He describes collaborative rescarch and methodological
development as two key factors to make mapping of oligogencs (zenes with the
areatest ¢ffect in heterogeneous systems) possible. Morton writes:

“T'he central problem of oligogenic mapping is to combine evidence

from linkage and allelic association over many studics, cach with

inadequate power and dilfering to some extent from the others n

phenotype definition, ascertainment, markers, and population. Qtherwise
stated, the central problem is to develop methods thal bring to



oligogenes the reliability that lods have given to linkage mapping for
major loct [13].7

Methodological development. particularly the development of methods that encourage
and lacilitate collaborative research, is a necessary step to overcome the negative
impact of heteregeneity. The development ol a reliable. robust anaiysis method will
be an important step toward understanding the genetic etiology of a plethora of
complex human health phenotypes. The creation of such a method is the centerpiece
of'this research. Prostate cancer, a prime example of the complications presented by
heterogeneity. is used as a model system throughout this disscrtation.

I'he research presented here has three primary objectives:

. Apply conventional genetic epidemiology methods to altemative
phenotype delinitions, such as clinically aggressive discase and
predicted disease risk based on biomarkers. which may clarify the
broader genetic basis ol the disease.

2. Develop new statistical methods for linkage analysis in the presence of
heterogeneity, designed to facilitatc multicenter collaborative research.

3. Demonstrate the power and utility of the new methods using data from
the International Consortium for Prostate Cancer Genetics.

Chapters 2 through 5 present the results of four rescarch projects designed to fultill the
objcctives above. The contents of these chapters. as well as {our appendices

containing supporting information. arc described below.



Chapler 2

Chapter 2 1s a description of a genome-wide linkage analysis [or agpressive PC
i Utah high-risk pedigrees based on the definition of aggressiveness set forth by the
ICPCG [5T] The analysis is destgned as a replication study. undertaken with the
intention of confirming risk loci that were previously identified by the 1CPCG and
others for aggressive PC. Several regions of interest are identified, two of which
support loci previously linked to PC aggressiveness, Chapter 2 is an example ol the
type of linkage analysis that is commonly published today. The results include a
confirmation of previously published linkage evidence and contributes novel findings
with regard to PC aggressiveness. [tincludes subsct analysis intended to control lor
the effects ol heterageneity by analvzing subgroups with homogeneous phenotypic

characteristics.

Chapter 3

Chapter 3 contains the results of an analysis prepared for the fifteenth Genetic
Analysis Workshop (GAW, GAWI3) [94]. GAW is a series of biannual conferences
where genetic epidemiologists convene to discuss current and emerging topics in the
field. One or more data sets representing contemporary rescarch trends are made
available prior to each GAW meeting. and participants are encouraged (o use these
data to test innovative analysis methods. One of the data sets provided for GAWILS
participants included RNA expression levels for 3554 genes together with genome-
wide SNP genotype data for 194 individuals from 14 CEPH (Centre d Etude du

Polymorphisme Humain) pedigrecs [95]. The study in Chapter 3 uses these data to

=
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test the hypothesis that PC-related biemarkers may be used as a phenotype for linkage
analysis with the itention ot identifving the location of genes that cause PC.
Phenotypes were assigned to all individuals based on RNA expression profiles
consistent with PC. and conventional linkage analvsis was then carricd out. The
results provide proof of concept that biomarkers such as RNA expression levels are

valid phenotypes for linkage analysis.

Chapter 4

Morion wrote that overcoming the problem of heterogencity in linkage will
require collaborative etforts as well as the development of new analytical methods.
Morton also eriticized linkage methods that do not account for multiple testing [13].
All of these 1ssues are addressed directly in Chapter 3. As discussed previously. the
sumLOD statistic may have the ability to identify linkage in the presence of
heterogeneity, but has not been used as a test statistic due to a lack of understanding of
its distribution. Chapier 4 describes a novel genomic randomization method 1o test the
empirical significance ol the sumlLOD statistic. as well as a similar metric, sumLINK.
Both of these statistics usc LOD scores trom individual pedigrees to identify
chromosamal regions of extreme consistency across multiple pedigrees with evidence
of linkage. without regard to negative evidence from other pedigrees. Simulation
resutts given in the chapter demonstrate that the sumLINK and sum[.O0D statistics are
more powerful than conventional HLOD statistics Lo identify trait genes in polygenic

SVSIEMS.



This method facilitates collaborative research hecause it is a postprocessing
procedure that uses only meta data (pedigree LOD scores). and therefore allows for
pooled analysis without sharing protected. identifiahle inlormation. An important
advantage ot the sumLINK procedure is that loei identified with the mcthod are
excellent candidates for statistical recombinant mapping. as multiple pedigrees are
linked to these loct. Recombinant mapping can delimit the precise chromasaomal
regions where trail genes are most likely to be found. Multiple testing eftects for the
sumlINIC and sumLOD procedure are quantificd by the use ol false discovery rate
(FDR) techniques. Anillustrative example of sumbLINK and sumLOD analysis is
presentfed using data from 190 agearessive PC pedigrees provided by the [CPCG.
Appendix 1 contains R [96] program code for running sumLINK and sumLOD

analysis.

Chapter 5

Chapter 3 is an in-depth application ot the suml INK and sum!l O methods
that are described in Chapter 4. The chapter describes an analysis of 1230 high-risk
PC pedigrees from Eurape and North America provided by the [CPCG. The previous
report of significant linkage at chromosome 22q 12 is confirmed. as well as several
other previously reported linkage results. Linkage signals are localized to narrow
chromaosomal regions with statistical recombinant mapping. The regions identified are
more preeise than the regions identificd by traditional 1-LOD support intervals. The
applicabon of these powerful statistics to such an extensive data resource provides a

clear understanding of the genomic regions with the greatest evidence of consistent



linkage information across multiple pedigrees. The results of Chapter 5 provide
encouraging evidence that the sumLINK and sumL.OD statistics will be beneticial for

identifying the genes underlying PC and other complex phenotypes.

References

1. Cannon Albright LA Utah family-based analysis: past. present and future.
Hum Herecd 2008, 63:209-220.

2. Goldgar DE, Easton DEF, Cannon-Albright LA, Skolnick MH: Systemalic
population-based asscssment of cancer risk in {irst-degree relatives of cancer
probands. J Natl Cancer Jnst 1994, 86:1600-1608.

3. Cannon Albright LA, Camp NJ. Farnham JM. MacDonald J. Abtin K, Rowe
KG: A genealogical asscssment of heritable predisposition to ancurysms, ./
Neurosurg 2003, 99:637-643.

4. Goldfarb-Rumyantzev AS. Cheung AK, Habib AN, Wang BJ. Lin S1. Baird
BC, Naiman N, Cannon-Albright L: A population-based assessment ol the
familial component of chronic kidney disease mortality. 4m J Nephrol 20006.
26:142-148.

A

Atkin CL. Hasstedt SI. Mcenlove L. Cannon L. Kirschner N, Schwantz C.
Nguyen K, Skolnick M: Mapping of Alport syndrome to the long arm of the X
chromosome. An J Hum Genet 1988, 42:249-255.

6. Barker D, Wright E, Neguven K. Cannon L. Fain P. Goldgar D, Bishop DT,
Carey J, Baty B. Kivlin J, et al.: Gene for von Recklinghausen
neuroftibrematosis is in the pericentromeric region of chromosome | 7. Science
1987, 236:1100-1102.

7. Cannon-Albright LA, Goldgar DE. Meyer L], Lewis CM, Anderson DL,
Fountain JW, Hegi ME. Wiseman RW. Petty EM, Bale AE. ¢t al.: Assignment
ot a locus for famihal melanoma, MLM. to chromosome 9p13-p22. Science
1992, 258:1148-1152.

8. Miki Y. Swensen ). Shattuck-Eidens D. Futreal PA. Harshman K. Tavtigian S,
Liu Q. Cochran C. Bennett I.M, Ding W, etal.: A strong candidate for the
breast and avarian cancer susceptibility gene BRCA . Science 1994, 266:66-
71.



10.

16.

16

Tavtigian SV. Simard J. Rommens I, Couch I, Shattuck-Cidens . Neuhausen
S. Merajver S. Thorlacius S, Offit K, Stoppa-Lyonnet D. et al: The complete
BRCAZ gene and mutations in chromosome 13¢-linked kindreds. Nar Genet
[996. 12:333-337,

Terwilliger 1D, Goring HH: Gene mapping in the 20th and 21st centuries:
statistical methods. data analysis. and experimental design. Hwn Biol 2000,
72:63-132.

Morton NE: Logarithm of odds (leds) for linkage in complex inheritance. Proe
Natl Acad Sei USA 1995, 93:3471-34706.

Morton NE: Sequential Tests tor the Detection of Linkage. Am . Hum Genet
1955, 7:277-318.

Marton NL: Unsolved problems in genctic epidemiology . Hum Hered 2000,
3(0:3-13.

Gharani N, Waterworth DM, Batty S, White D. Gilling-Smith C. Conway GS.
McCarthy M. Franks S, Williamson R: Association of the steroid svnthesis
gene CYPTLa with polycystic avary syndrome and hyperandrogenism. Hum
Mol Genet 1997, 6:397-402.

Ot ): Linkage analysis and family classification under heterogencity. Ani Hum
Cieper 1983, 47:311-320,

INodge SE, Anderson CE. Neiswanger K. Sparkes RS, Rimoin DI.: The search
[or heterogeneity in insulin-dependent diabetes mellitus (IDDM): linkage
studies. two-locus models, and genetic heterogeneity. Am J Hum Gener 1983,
35 139-1155.

Schaid DI. McDonnell SK, Carlson EE. Thibodeau SN, Ostrander EA,
Stanford I1.: Affected relative pairs and simultaneous search for two-locus
linkage in the presence of epistasis. Genef Epidemiol 2007, 31:431-449.

Chang BL. Lange EM. Dimitrov L. Valis CJ, Gillanders EM., Lange LA, Wiley
KE. Isaacs SD. Wiklund F, Baffoe-Bonnic A, ¢t al: Two-locus genome-wide
linkage scan for prostate eancer susceplibility genes with an interaction etfect.
o Gener 20000 118:716-724.

Camp NJ, Hopkins PN. Hasstedt SJ, Coon H, Mulhotra A, Cawthon RM. Hunt
SO Genome-Wide Multipoint Parametric Linkage Analvsis of Pulse IPressure
in lLarge, Extended Utah Pedigrees. flypertension 2003, 43:322-328.



21.

2
2

26.

27.

29.

RIIR

Horne BD. Malhotra A, Camp NJ: Comparison of linkage analasys methods
for geneme-wide scanning of extended pedigrees. with application o the
TG/HDL-C ratio in the Framingham Heart Study. B4 Generies 2003, 4:593.

Orr A, Dubé M. Marcadier J, Jiang H. Federico A, George S, Seamone C,
Andrews D. Dubord P, Holland S, et al: Mutations in the UBIADI Gene,
encoding a potential prenyltransferase, are causal for Schnyder Crystalline
Corneal Dystraphy. PLoS ONE 2007, 2:¢685.

Jemal A, Siegel R, Ward E. Hao Y. Xu J, Murray T. Thun MJ: Cancer
statisties, 2008, CA Cancer J Clin 2008, 58:71-96.

Schaid D: The Complex Genetic Epidemiology of Prostate Cancer. Human
Molecular Genetics 2004, 13:R103-121,

Ostrander EAL Stanlord JL: Genetics of prostate cancer: 100 many loci. too few
genes, A Hum Gener 20000 67:1367-1373.

Cannon-Albright LA SA. Camp NI, Farnham JS. Thomas A: Population-based
risk assessment for other cancers in relatives ol hereditary prostale cancer
cases, Prostate 2005, 64:347-355.

Smith JR. Fretje D, Carpten JD. Gronberg H, Xu L. [saacs SD. Brownstein MJ,
Bova GS, Guo H, Bujnovszky P, et al: Major susceptibility locus for prostate
cancer on chromosome | suggested by a genome-wide search. Science 1990,
274:1371-1374.

Carpten I, Nupponen N. [saacs S. Sood R, Robbins C. Xu I, Faruque M.
Moses T. Ewing C. Gillanders 2. et al: Gerinline mutations in the ribonuclease
[ gene in families showing linkage with HPCI. Nat Genes 2002, 30:181-184.

Berthon P. Valeri AL Cohen-Akenine A. Drelon E. Paiss T. Wobr G, Latil A,
Millasseau P, Mellah [ Cohen N, ct al: Predisposing gene for early-onset
prostate cancer, lecalized on chromosome 1q42.2-43. Am J Hume Cenet 1998.
62:1416-1424.

Xul. Meyers D. Freije D. Isaacs S. Wiley K. Nusskern [, Ewing C. Wilkens
E. Bujnovszky P. Bova (GS, et al: Evidence lor a prostate cancer susceptibility
locus on the X chromosome. Naf Gene! 1998, 20:175-179.

Gibbs M. Stanford Jl.. Mclndoe RA, Jarvik GP. Kolb 5, Goode L.
Chakrabarti L. Schuster EF. Buckley VA, Miller EL. et al: Evidence for a rare
prostate cancer-susceptibility locus at chromosome 1p36. Am ./ Hum Genet
1999, 64:776-787.



L)
i~2

(¥8)
(s

34,

(]
LA

38,

39,

40.

8

Berry R, Schroeder 1. French AL McDonncll SK. Peterson BJ. Cunningham
IM_ Thibodeau SN, Schaid DI: Lvidence for a prostate cancer-susceptibility
locus on chromosome 200 Ani f Hune Gener 2000, 67:82-91.

Tavtigian SV. Simard J. Teng DH. Abtin V. Baumgard M. Beck A, Camp NJ.
Carilio AR, Chen ¥, Dayananth P, et al: A candidate prostate cancer
susceptibility gene al chromosome | 7p. Nt Genet 2001, 27:172-180.

Tavtigian SV, Simard J, Labrie F. Skolnick ML Neuhausen 51., Ronumens J,
Cannon-Albright LA: A strong candidate prostate cancer predisposition gene at
chromosome |1 7p. Ani S Hum Gener 2000, Suppl 67:A7.

Rebbeck TR, Walker AH, Zeigler-Johnson €. Weisburg S. Martin AM,
Nathanson KL. Wein Al. Malkowicz SB: Association of HPC2/ETLAC2
eenolypes and prostate cancer. i S Hion Gener 2000, 67:1014-1019,

Camp NI Tavtigian SV: Mela-analysis of associations of the Ser217Leu and
AlaS4 1 Thr vartants in CLAC2 (HPC2) and prostate cancer. AmJ Hum Genet
2002, 71:1475-1478.

Robbins CM. Hermandez W. Ahaghotu C. Bennett J, Hoke G, Mason T.
Pettaway CA, Vijayakumar S, Weinrich S, Furbert-Harris P, ¢t al: Association
of HPC2/ELACZ and RNASEL non-synonymous variants with prostate cancer
risk in Aflrican American familial and sporadic cases. Prostate 2008, 68:1790-
1797,

Xu ). Zheng SL., Carpten I, Nupponen NN, Robbins CM. Mestre J. Moses
1Y, Faith DA, Ketly BD, [saacs SD. et al: Evaluation of linkage and
association ol HRPC2/ELLAC2 in patients with familial or sporadic prostate
cancer. Am J Hum Crenet 2001, 68:901-91 1.

Rokman A [konen T. Mononen N, Autio V. Matikainen MP. Koivisto PA,
Tammela TL, Kallioniemi OP. Schieutker J: LLAC2/HPC2 involvement in
hereditary and sporadic prostate cancer. Cancer Res 2001, 61:6038-604 1,

Severi G. Giles GG, Southey MC| Tesoriero A, Tilley W. Neuling P. Morris
H. English DR, McCredie MR, Boyle P. Hopper IL: ELAC2/HPC2
polymorphisms, prostate-specific antigen levels, and prostate cancer. ./ Nat/
Cancer frst 2003, 95:818-824.

Baftoe-Bonnie AB, Kittles RA. Gillanders E. Ou 1, George AL Robbins C.
Ahaghotu C, Bennett J. Boykin W, Hoke G. ¢t al: Genome-wide linkage o' 77
fumidies from the Afvican American Hereditary Prostate Cancer study
{AAHPQOY. Prostate 2007, 67:22-31.



44,

46.

47.

48.

49.

19

Chang BL IS, Wiley KE. Gillanders EM. Zheng SI., Mevers DAL Walsh PC.
Trent JM. Xu ). Isaacs W3 Genome-wide screen for prostate cancer
susceptibility genes inmen with clinically signilicant disease. Prosteie 2005,
064:350-301.

Christensen GB. Camp NJ. Farnham IM. Cannon-Albright LA Genome-wide
linkage analysis for aggressive prostate cancer in Utah high-risk pedigrees.
Prostete 2007, 67.605-613.

Cunningham JM. McDonnell SK. Marks A, Hebbring 8. Anderson SA.
Peterson B, Slager S, French AL Blute ML, Schaid DJ. Thibodeau SN:
Genome linkage sereen for prostate cancer susceptibility loci: results from the
Mayo Clinic Familial Prostate Cancer Study. Prosiate 2003, 37:335-346.

Fdwards S. Meitz ), Eles R, Fvans C. Easton DL Flopper ). Giles G, Foulkes
WD Nurod S, Sumard 1. et al: Results of a genome-wide linkage analysis in
prostate cancer familics ascertained through the ACTANLE consortium.
Prosrare 2003, 57:270-279.

Flofer MD, Kuefer R. Maier C. Herkommer K. Perner S, Demichelis F. Paiss
T. Vogel W, Rubin MA_ Hoegel I: Genome-wide linkage analysis of
TMPRSS2-ERG fusion in familial prostate cancer. Cancer Res 2009, 69:640-
646.

Lange EM. Beebe-Dimmer JL. Ray AM. Zuhlke KA, Ellis J, Wang Y. Walters
S, Cooney KA: Genome-wide linkage scan for prostate cancer susceptibility
from the University of Michigan Prostate Cancer Genetics Project: suggestive
evidenee for linkage at 1623, Prostate 2009, 69:383-391

Lange M. Gillanders M. Davis CC, Brown WM., Campbell 1K, Jones M,
Gildea D. Riedesel E, Albertus J, Freas-Lutz D. et al: Genome-wide scan for
prostate cancer susceplibility genes using familics from the University of
Michigan prostate cancer genetics project lnds evidence for linkage on
chromosome 17 near BRCAL. Prostate 2003, 37:326-33

Lange EM. Ho LA, Beebe-Dimmer JL, Wang Y, Gillanders EM, Trent JM,
Lange LA, Wood DP, Cooney KA: Genome-wide linkage scan for prostate
cancer susceptibility genes in men with aggressive disease: signiticant

evidence for linkage at chromosome |3q12. Hi Genet 2006, 119:400-407.

Neville P1. Centt DV, Krumreoy LM Catalona W, Sonarcz BK. Witte JS,
Cascy G: Prostate cancer aggressiveness locus on chramosome segment
FOg12-g1 3.1 identified by linkage and allelic imbalance studies. Genes
Chromosomes Cancer 2003, 36:332-339.



A

“h
3]

]
ad

LN
rN

56.

o
-

th
i

20

Schaid DJ. Guenther IC. Christensen GB, Hebhring S, Rosenow €, Hilker CA,
McDonnell SK, Cunningham JM. Slager SL, Blute M1, Thibodeau SN:
Comparison of microsatellites versus single-nucleotide polymorphisms in a
genome linkage screen for prostate cancer-susceptibility Loci. Am J Hum
Genet 2004, 75:948-965.

Schaid DI, McDonnell SK. Zarfas KE. Cunninghan IM. Hebbring §.
Thibodean SN, Eeles RA. Easton DF, Foulkes WD, Simard I et al: Pooled
genome linkage scan of aggressive prostale cancer: results from the
International Consortium for Prostate Cancer Genelics. Him {ener 2006,
120:471-485.

Schaid DJ, Stanford JL. McDonnell SK. Suuriniemi M, Mclntosh L. Karvadi
DM. Carlson FEE. Deutseh K. Janer M. Hood L., Ostrander EA: Genome-wide
linkage scan of prostate cancer Gleason score and confirmation of
chromoseme 19q. Hum Gener 2007, 121:720-735.

Schleutker I, Batfoe-Bonnie A3, Gillanders L. Kainu T, Jones MP. Freas-Lutz
D. Markey C. Gildea D, Riedesel E. Albertus J. et al: Genome-wide scan tor
linkage in finmish hereditary prostate cancer (HPC) [amilies identifics novel
susceptibitity loci at 1114 and 3p235-26. Prostate 2003, 57:280-289.

Slager SL. Schaid DJ. Cunningham M. McDonnell SK. Marks AF. Peterson
BJ., Hebbring SI. Anderson S. French Al Thibadeau SN: Confirmation of
linkage of prostate cancer agaressivencss with chromosome 19q. Am ./ Hum
Gener 2003, 72:739-762.

Slager SL.. Zarfas KE, Brown WM. Lange EM, McDonnell SK. Wojno KJ.
Cooney KA: Genome-wide linkage scan for prostate cancer aggressivencss
loci using families from the University of Michigan Prostate Cancer Genetics
Project. Prostate 2000, 06:173-179,

Stanford J, McDonnell S, Friedrichsen D. Carlson E, Kolb S, Deutsch K. Janer
M. Hood L., Ostrander |5, Schaid D: Prostate cancer and genetic susceptibility:
a genome scan incorporating disease aggressiveness. Prostate 2006, 66:317-
32

Stanford Ji.. Fitzgerald LM. McDonnell SK. Carlson EE, McIntosh LM,
Deutsch K, Hood L. Ostrander EA. Schaid DJ: Dense Genome-Wide SNP
Linkage Scan in 301 Hereditary Prostate Cancer Families [dentifies Multiple
Regions with Suggestive Evidence for Linkage. Hum Mol Genet 2009,

Wiklund F. Gillanders EM. Albertus JA. Bergh A, Damber JE. Emanuelsson
M. T'reas-Lutz DL, Gildea DE, Goransson [, Jones MS. et al: Genome-wide



o().

61.

62.

64.

6.

60.

67.

68.

scan of Swedish Tamilies with hereditary prosiate cancer: suggestive evidence
of linkage at 5q11.2 and 19p13.3. Prostate 2003, 57:290-297.

Wilte IS, Goddard KA, Conti DV, Elston RC, Lin J. Suarez BK, Broman KW,
Burmester JK. Weber J1.. Catalona W: Genomewide scan for prostate cancer-
aggressiveness locy, Am S Hhiom Gener 2000, 67:92-99.

[riedrichsen DM, Stanford JL. Isaacs SD. Janer M, Chang BL., Deutsch K,
Gillanders L. Kolb S. Wiley KE, Badzioch MD. et al: [dentification ol a
prostate cancer susceptibility locus on chromosonie 7qH1-21 in Jewish
families. Proc Natl Acad Sci USA 2004, 101:1939-1944,

Suarez BK, Lin J, Burmester JK, Braman KW, Weber JL. Banerjee TK.
Goddard KA, Witte JS, Elston RC. Catalona WJ: A genome screen of
multiplex sibships with prostate cancer. Am J Hum Gener 2000, 66:933-944.

Gitlanders EM. Xu ). Chang Bl., Langze EM. Wiklund F. Bailey-Wilson JE.
Baftoe-Bonnie A Jones M. Gildea D, Riedesel E, ¢l al: Combined genome-
wide scan tor prestate cancer susceprtibility genes. S Nead Cancer frsie 2004,
96:1240-1247.

xu l, Dimitrov L, Chang Bl.. Adams TS, Tumer AR. Meyers DA, Eeles RA.
Easton DI, Foulkes WD. Simard 1. et al: A combined genomewide linkage
scan of 1.233 families for prostate cancer-susceptibility genes conducted by the
international consortium for prostate cancer genetics. Am J Him Genet 2005,
77:219-2209,

Hsich CL, Oakley-Girvan L. Balise RR. Halpern J. Gallagher R, Wu AH.
Rolonel LN. O'Brien LE. Lin [G, Van Den Berg DJ, et al: A genome screen of
familics with multiple cases ol prostate cancer: evidence of genetic
heterogeneity. Anr J Hunr Genet 2001, 69:148-138.

Goddard KA. Witte IS, Suarcz BK, Catalona W1, Olson IM: Model-free
linkage analysis with covariates conlirms linkage of prostate cancer to
chromosomes | and 4. Ani ./ Hum Gener 2001, 68:1197-1206.

Camp NJ, Farnham JM. Cannon Albright LA: Genomic search for prostate
cancer predisposition loci in Utah pedigrees. Prostate 2005, 65:365-374.

Puo JH. Yu YP: Genetic factors underlying prostate cancer. fxpers Rev Mol
Med 2003, 5:1-26.

Langeberg W, Isaacs WB. Stantord J1.: Genetic etiology of hereditary
prostate cancer. Fromnt Bioxei 2007, 12:4101-4110.



69,

70.

71.

74.

76.

77.

78.

79.

80.

81.

22

Cussenot O. Valeri A. Berthon P, Fournier G, Mangin P: Iereditary prostate
cancer and other genctic predispositions to prostate cancer. Liral fnt 1998, 60
Suppl 2:30-34; discussion 35.

Simard ), Dumont M. Labuda D). Sinnctt D. Meloche C. EI-AHy M, Berger L.
[.ees |5, Labrie I', Tavtigian SV: Prostate cancer susceptibility genes: lessons
learned and challenges posed. Endocr Relat Cancer 20030 10:225-259.

Easton DF SD, Whittemore AS, [saacs Wl International Consortium for
Prostate Cancer Geneties: Where are the prostate cancer genes?--A summary
ol eight genome wide searches, Mrostaie 2003, 57.261-269.

Witle IS: Prostale cancer genomics: towards a new understanding. Nt Kev
Gener 2009 10:77-82.

Osvander EA. Johannesson 13: Prostate cancer susceptibility loci: finding the
aenes. e Fxp Med Biod 2008.617:179-190.

Ostrander EA. Markianos K. Stantord J1L: Finding prostate cancer
susceptibility genes. A Rev Genomics Hum Gener 20045151173,

Nupponen NN. Carpten 1D Prostate cancer susceptibility genes: many studies,
many results, no answers, Cancer Metastasiy Kev 2000, 20:155-164,

Celes RA: Genetic predisposition 1o prostate cancer. Prostate Cancer Prostatic
Dis 1999, 2:9-15.

Cdwards SM. Eeles RA: Unravelling the genctics of prostate cancer. A J Med
Genet C Semin Med Gener 2004, 129C:65-73.

Rubin MA, De Marzo AM: Molccular genctics of human prostate cancer. Mod/
Pathol 2004, 17:380-388.

Verhage BA. Kiemeney LLA: Inherited predisposition to proslate cancer. fur ./
Epicemiol 2003, 18:1027-1036.

Verhage BA. Kiemeney LA: Genetic susceptibility 10 prostate cancer: a
review. ffam Cancer 2003, 2:57-67.

Simard ). Dumont M. Soucy . Labrie F: Perspective; prostate cancer
susceptibility genes. Endocrinology 2002, 143:2029-2040.

Coughlin SS. Hall 1) A review of genctic polymorphisms and prostate cancer
risk. Ann FEpidemiol 2002, 12:182-1906.



84.

80.

87

88.

89.

0.

91.

92.

[R*]
)

Elo IP. Visakorpi T: Molecular genctics of prostate cancer. Amn Med 2001,
33:130-141.

Larson GP. Ding Y, Cheng LS, Lundberg C. Gagalang V. Rivas G. Geller L.
Weitzel I, MacDonald 1), Archambeau J. et al: Genetic linkage of prostate
cancer risk to the chromosome 3 region bearing FHIT. Career Res 2005,
65:805-814.

Xu ), Zheng SL, Hawkins GA. Faith DA, Kelly B. [saacs SD. Wilev KE,
Chang B, Ewing CM. Bujnovszky P, et al: Linkage and association studics of
prostate cancer susceptibility: evidence lor linkage at 8p22-23. Am ./ Hum
Gener 2001, 69:341-350.

Paiss T. Worer S, Kurtz |, IMacussler I, Hautmann RE. Gschwend JE.
Herkommer K. Vogel W Linkage ofaggressive prostate cancer (o
chromosome 7g31-33 in German prostate cancer families. FueJ Huwm Genet
20031101722

Verhage BA, Aben KK. Witjes JA, Straatman FL Schalken TA. Kiemeney LA:
Site-specific familial aggregation of prostate cancer. fni.JJ Cuncer 2004,
[09:611-617.

Risch N: A note on multiple testing procedures in linkage analysis. A/ 1 um
Ciener 1991, 48:1058-10064,

Schaid DJ, Chang BlL.: Description of the [nternational Consortium For
Prostate Cancer Genetics. and failure to replicate linkage of hereditary prostate
cancer to 20g13. Prostate 2005, 63:276-290.

Camp NJ. Cannon-Albright LA. Farnham JM, Baffoe-Bonnie AB, George A.
Powell 1. Bailey-Wilson JE. Carpten 1D. Giles GG, Hopper JL. el al:
Compelling evidence for a prostale cancer gene al 22q12.3 by the [nternational
Consortium for Prostate Cancer Genetics. Hwmn Mol Gener 2007, 16:1271-
1278.

Ropers H: New Perspectives for the Elucidation of Genetic Disorders. Am ./
fhm CGened 2007, 81:199-207,

Camp NJ, Farnham IM. Wong 1. Christensen GB, Thomas A, Cannon-
Albright LA: Replication of the 10g1 1 and Xpl1 prostate cancer risk variants:
vesults from a Utah pedigree-based stody. Cancer Epideniiol Biomarkers Prev
2009, 18:1290-1294.

Martin ER. Schmidt MA; The future is now - will the real discase gene please
stand up Hum Hered 2008, 66:127-135.



04,

96.

24

Witte JS. Schnell AL Cordell T1). Spielman RS, Amos CIL Miller MB. Almasy
L. MacCluer IW: Introduction te Genetic Analysis Warkshop 15 summaries.
Genet Epidemiol 2007, 31 Suppl) 1:51-6,

Cheung VG, Spiclman RS: Data tor Genetic Analysis Workshop (GAW) 13,
Problem 1: genetics of gene expression variation in humans. B8AC Proe 2007,
[ Suppl 1:52.

R Development Core Team: K A Langurage and Enviromnent for Statistical
Computing. Vienna. Austria: R Foundation for Statistical Computing: 2006,



CHAPTER 2

GENOME-WIDL LINKAGE ANALYSIS FOR AGGRESSIVE

PROSTATE CANCER IN UTATT HIGH RISK PERDIGRELS

Gerald Bryce Christensen. Nicola J. Camp, fames M. Farnhani.

l.isa A Cannon-Albright

Published: (2007} The Prostare



26
Abstract

BACKGROUND: It has been proposed that studying alternarive phenotypes,
such as tumor aggressiveness, may be a solution for overcoming the apparent
heterogeneity that has hindered the identilication of prostate cancer genes. We present
the results of a genome-sean tor predisposition to aggressive prostate cancer using the
Utah high-risk pedigree resource. METHODS: We identified 2539 subjects with
apgressive prostate cancer in 57 extended and nuclear families. Parametric and non-
parametric multipoint linkage statistics were calculated for a senome-wide set of 401
microsatellite markers using the MCLINK software package. Stratification analyses
by the number of affected subjects per pedigree (<5, 23) and the average age at
diagnosis ot affeeted subjects (<70 vewrs. =70 vears) were also performed.
RESULTS: No significant results were observed ar the genome-wide level, but
suggestive cvidenee for linkage was observed on chromosomes 9q (HLO[D=2.04) and
Pdq (1.OD=2.08): several pedigrees showed individual evidence for linkage at each
locus (LOD > 0.58). The subsel of pedigrees with earlier age at onset demonstrated
nominal linkage evidence on chromosomes 3q (HLOD=1.79), 8q (HLOD=1.67). and
204 (HLOD=1.82). The late-onsct subset showed suggestive linkage on chromosome
6p (HLOD=2.37) and the subsct of pedigrees with fewer than five alfecled subjects
showed suggestive linkage on chromosome [0p (HLOD=1.99). CONCLUSIONS:
Linkage cvidence observed on chromosomes 6p. 8q. and 20q support previously
reported prostate cancer aggaressiveness loci. While these results are encouraging.
further research is necessary to identify the genc or genes responsible for prostate

cancer aggressiveness and surmount the overarching problem of PC heterogeneity.



Introduction

Prostate cancer {PC) s the most commonly diagnosed cancer among men, and
has Jong been recognized to oceur in familial clusters. Brothers and sons of aftected
men have a twoltold to threefold increased risk of developing prostate cancer [1-3].
Evidence that genetics plays a critical role in PC is bascd on results from a variety of
study designs. including cuse-control. cohort. twin. and tfamily-based studics [6].
However. identification of gencs predisposing to prostate cancer has been difficult. [n
the past 10 years. investigators in the field have struggled to localize genes responsible
tor this common yet complex phenotype [7]. Although many candidate loci have been
suggested in conventional genome-wide scans of high-risk families, successful
confirmation reports have been rare. Fereditary prostate cancer is a complex disease
potentially involving multiple genes and variable phenotypic expression, This genclic
heterogeneity is one of the chief obstacles in understanding hereditary prostate cancer
[8].

Putative prostate cancer predisposition loci identified by genetic linkage have
been reported on almost all chromosomes [6]. In 2003, scveral investigalors
belonging to the International Consortium for Prostate Cancer Genetics (HKCPCG)
published the results of their individual linkage analyscs in parallel [1.9-15]. Across
these eight studies, 11 linkage peaks with LOID scores in excess of 2 were identified.
Flowever. no chromosomal region was reported as being significant al this level by
more than one study and only one corresponded o a peak previously suggested by

another group | 7]. 1L has been suggested that traditional linkage analysis methods arce

oo
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not sufficiently powerful 1o localize the genes that cause complex diseases such as PC
[10].

One proposed solution to the problem of heterogencity is to use more
homogencous phenotypes in linkage anatyses. An example has been the analysis of
the subset of prostate cancer characterized as aggressive. Quantitative trait linkage
analysis has been applied in prostate cancer using Gleason’s grade, a measure of
tumor aggressiveness. as the primary outcome variable, viclding evidence [or regions
on chromosomes 7 and 19 17|, T'he region an chromosome | 9q was later confirmed
in another study considering Gleason’s grade [ 18], No genes Tor aggressive prostate
cancer have been positively identified.

The [CPCG recently compieted a genome-wide scan for PC aggressiveness
defined as a qualitative trait | 18], The results of similar analyscs have also been
reported recently by researchers at the University of Michigan [20]. Wake Forest and
Johns Hopkins Universities [21]. and the Fred Huichinsen Cancer Center [22]. The
definition of agaressive prostate cancer considered by the ICPCG is based on a
combination of ¢ctinical and pathological values including tumor stage and grade. PSA
levels at diagnosis, and premature death due to PC. The [CPCG pooled analysis also
required all tamities be only small to moderate size. to facilitate standard linkage
analysis software. Hence. although the 1CPCG analysis included data from the Utah
prostate cancer pedigree resource. the Utah pedigrees were not analyzed in their
complele form. Specifically, pedigrees were divided and trimmed before analysis.

which reduced the power of the analvsis to detect predisposition loci. llere we present



the results of a genome-wide scan for aggressive prostate cancer predisposition loci

atilizing the full Utah pedigrees.

Materials and Methods

The pedigree and genotype resources used {or this analysis were described
previously ina genome-wide linkage analysis of prostate cancer of 464 aftecied
individuals in 59 Utah pedigrees |23]. For the current analysis, anly cases with
ageressive prostate cancer (APC) were considered aftected. The phenotype data used
for agaressiveness classification were obtained from Utah death certificate records and
(rom the Utah Cancer Registry. The Utah Cancer Registry. an NCI SEER registry
since 1973, contains data about all cancer events reported in the state of Utah since
[966. Prostate cancer cases were required to meet at least one of the following criteria
in order to be classified as aggressive: 1) regional or distant stage: 2) poorly
differentiated or undifferentiated grade: or 3) death due to metastatic prostate cancer.
confirmed by death certilicate. Any prostate cancer cases not meeting this criteria
were classificd as having unknown prostate aggressiveness status. Of the 59 Ulah
pedigrees analyzed previously. 57 contained at least 2 APC cases and were included in
this analysis. A total of 259 APC cases were identified, 136 of whom were genotyped.
Spouses and up to four children were genotyped in order w infer the genotypes of the
deceased cases. Al pedigrees consisted of between two and six generations. with a
median of 3 generations. The mean age of prostate cancer diagnosis was 70.8 vears.

This is higher than the national average (about 68 years), but is similar to the mean age



of diagnosis for all prostate cancer cases in the Utah Cancer Registry (70.7 vears).
Table 2.1 summarizes the characteristics of the pedigrees analyzed.

Genotyping was performed by the Center for Inherited Discase Research
(CIDRY on a set of 401 STR markers with an average spacing of 9 ¢M across the 22
autosomes and the X chromosome. Details concerning laboratory methods used by
CIDR are described at www cidrjhmi.edu. All map positions were derived from the
Marshhield Genetic maps [24].

All linkage analyses were perlformed with MCLINK. which uses Markov

Chain Monte Carlo simulation methods to sample haplotype configurations and to
calculate an estimate of the LOD statistic [25]. MCLINK utilizes the robust
multipeint linkage statistic propased by Goring and Terwilliger [26], referenced
herealter as the TLOD {theta-LOD) |27]. The TLOD is analogous to a two-point LOD
score. but utilizes complete multipoint inheritance informatien. This statistic has been
suceessfully used to map several disease genes [23.28-31].

Three analyses were performed. Dominant and recessive parametric linkage
analyses were performed with a previously published model [32]. The donunant
model assumed a suseeptibility allele frequency ol 0.003. with penetrance of 1.00 in
affected carriers. and 0.001 in nonearriers. The recessive model assumed a
predisposition allele frequency of 0.15. with a penetrance of 1.0 in affected carriers
and 0.001 in noncarriers. All individuals of unknown prostate aggressiveness stalus
(all remaining individuals) were assigned a penetrance of 0.5 regardless of carrier
statas. making them uninformative in the analysis. The dominant and reeessive

models for the X chromosome differ only in the frequency of the disease allele.
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Lable 2.1: Summary of 37 Utah pedigrees with 2 or more agaressive

prostaie cancer cascs
Per Pedigree
Total Mcan Min Max

Aggressive PC cases (APC)Y | 259 4.3 2 20

APC mean age at diagnosis | 70.8 70.0 56.5 79.7
APC subjects genotyped |36 2.39 0 12
Other genotyped® 733 12.86 ] 56

* connecting ancestors ol cases. and spouse with up te four children were genotyped
when necessary 1o infer genotvpes

Statistics reported for these two models include the T1.OD and Heterogeneity TLOD
(referenced hereafter as HLOD). The third analysis caleulated a nonparametric
linkage (NPL.) statistic for APC as a dichotomous qualitative wait. The NPL statistic
wis only computed for the 22 autosomes.

[ addition to analyzing all APC high risk pedigrees together, we also stratified
the pedigrees into selected subscts. Pedigrees were first stratified accarding to the
average age at diagnosis of all aggressive cases. using a cutoff o’ 70 years. The early
onsct group consisted of 23 pedigrees. with 32 pedigrees in the late onset group. The
pedigrees were also stratified according to the number of APC cases: 32 pedigrees had
less than five APC cases and 23 pedigrees had five or more cascs.

Significance of results was determined according to the standards established
by Lander and Kruglvak {33]. The threshold for significant linkage is LOD = 3.30. at

which level a false positive result is expected to oceur with a probability of 0.03 ina



full genome screen. The threshold for suggestive linkage is 1.OD = 1.86. which
predicts T false positive result per genome. A threshold of 1LOD = 1.00 was arbitrarily

selected to represent neminal linkage evidence.

Results—Parametric Analvsis

The HILOD results for the dominant and recessive parametric analyses are
shown in Figure 2.1, Table 2.2 summarizes the regions where at least nominal linkage
was observed. No TLOD or HLOD results were statistically significant al a genome-
wide level. Two regions indicated suggestive evidence for linkage: chromosome 14q
(dominant HLOD=2.09 at D1451426} and chromosome 9q (recessive THLOD=2.04 a1
D9S1786). Nominal evidence for linkage was also observed on chromosome 6p

{recessive HLOD=1.73 at F13A 1) and chromosome 3q (recessive HLOD=1.27 at

D352460). TLOD values were generally similar to HLO values in these regions.
except on chromosome 9. where the HLOD was notlably greater. with a = 0.33.

The best evidence observed in the overall analysis was a dominant HL.OD =
2.09 at DI4S1426. at positien 114 ¢M on chromosome [4q. This result was supported
by six pedigrees with LOD scores greater than (.38 (p<0.03). Most of these pedigrees
mclude nonaggressive prostate cancer cases. some ol which appear to share
haplotypes with the linked aggressive cases. The one-L.OD support interval covers a
range of approximately 30 ¢cM [rom about D14S51434 to the g terminus. No preyious

linkage results have been reported in this region.,
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Table 2.2, Summary of maximum linkage scores for each analysis model on
chromosemes with at least nominal linkage cvidence in the full analysis.
Centimorgan positions are based on the Mayshfield Genetic map.

Dominant Model Reeessive Muodel NPL
Chr | TLOD  Pos | 1ILOD  a  Pos | TLOD  POS | HLOD o Pos | LOD  Pos
I 0 -- 080 017 64 0.89 56 0945 0062 56 | 145 36
50030 0 | 05 008 195 127 129 | 127 100 129 | 0.81 132
6 | 026 25| 030 013 103] 1.75 9 175 100 9 | 074 25

9 0.96 104 | 096 .00 103 1.26 104 204 033 104 ] 105 104

14 209 1 2090 .00 114 045 101 0.45 1.00 101 [ 073 126

The second highest linkage score observed was a recessive HLOD of 2.04 at
DOST786. at map position 104 ¢M on chromosome 9q (TLOD = 1.26). The finding
was supported by five pedigrees with LOD scores of 0.38 or greater, including a single
pedigree with a LOD score of 1.63. This single pedigrec consists of 3 affected
siblings who share maternal and paternal haplotypes at the locus. The maternal
haplotype is also shared with an atfected nephew, and the paternal haplotype is shared
with an affected second cousin. The pedigree also includes seven nonaggressive PC
cases. Four of those cases appear to share at least one haplotype with the aggressive
cases. while the remaiming three appear not 1o share. No evidence of linkage was
observed in this region in the previous genome-wide analysis of the Utah pedigrees
[23].

Although it did not meet the eriterion for suggestive linkage, the linkage signal

on chromosome 6 is interesting because it replicates a region identified in two




previous aggressive prostate cancer studies [19.20]. The signal maximized at a value
of HLOD = [.75 at a position of 9 ¢M from the p-terminus ncar F13A 1. The peak is
quitc broad. with the one-LOD support region extending from the p-ter to about 42
eM. Six pedigrees have LOD scores exceeding 0.38 in the region. In a study of 71
families with elevated risk of prostate cancer, University of Michigan rescarchers
reported a nonparametric LOLD of 2.09 at 30eM. and a parametric HLOD = 1.52 at that
position in the recessive model [20]. The ICPCG analysis [19] reported a nen-
paramelric LOD = 3.00 at a position 042 ¢M. and a recessive HLOD =220 at 43
cM. The International ACTANE Consortium alsa reported an HLOD of 1.41 under a
rare dominant model near 3652439 (42 ¢M) in a study of 64 families from live

countries [13]. although this study was not restricted to aggressive discase.

Results—Parametric Suberoun Analvsis

Genome wide FILOD results for the subset analyses are shown in Figure 2.2,
Table 2.3 presents a summary ol regions where at least nominal linkage evidence was

observed in the subsct analyscs.

Carly Onset
Nominal linkage evidence was observed on chromosome 20q in the carly onset
pedigrees.  We abserved a dominant HEOD = 1.82 at 32 ¢M. which supports the
previously published HPC20 localization [34]. This region was also seen in the

ICPCG pooled analysis of the aggressive prostate cancer phenotype. dominant
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- Table 2.3, Summary of chromosames with [LOD values greater than

| 1.0 for subsets. Centimorgan positions are basced on the Marshfield

| Cienctic map. )
Subset j_?hromﬁosmne Position (eM) HLOD Model

| <5 Affected 3 129 1.25  Recessive
6 9 .23 Recessive
9 32 112 Recessive
9 98 1.08 Dominant
| 10 24 1.99 Doininant
=5 Atlected I 04 1.19 Recessive
4 75 ) Dominant
9 104 ].63 Recessive
L4 114 210 Dominant
16 I 1.03 Receessive
| Early onset | I 28 .12 Recessive |
2 I [.19 Dominant
| 2 129 1.04 Dominant
2 248 .13 Reeessive
| 3 132 179 Recessive
8 [ 18 .67 Dominant
9 70 116 Dominant |
20 52 1.82 Dominant
Late onset | | o4 114 Dominant
4 75 1.13 Recessive
6 63 2.37 Recessive
9 104 1.90 Recessive
10 13 1.26 Recessive
‘ 14 14 [.83 Dominant




HLOD =249 a1 34 ¢M | 19]. However. contrary to our results. the [CPCG study

showed shightly stronger results in the late-anset graup, achieving a maximum HL.OD

ol 2.65. Five Utah pedigrees showed individual linkage evidence (LOD > 0.58) in this
region,

Two other regions on chromosomes 3q and 8q were obscrved in the early-
onset pedigrees with LLOD>1.5. On chromosome 3¢. we observed a recessive HLOD
= 1.79ar D3S4523 (132 ¢M). This finding is primarily supported by tour pedigrees
with individual LOD values greater than 058 (p<0.03). Linkage was previously
reported in the Utah pedigrees on chromoseme 3 with a dominant inheritance model
[23]. bat the linkage evidence was centered around D382427 (182 ¢M). which is
identified n Figure 2.3, On chromosome 8¢, we observed a dominant HLOD = 1.67
al 118 M., near DEST132. Two recent studics have identified possible prostate cancer
lociin this area |33.36]. Scven pedierees in our resource showed nominal individual
linkage (1.0 = 0.38) in this region. There was no previous linkage evidence for

chromosome & reported for the Utah pedigrees.

Late Onsct
Suggestive evidence for linkage in the late-onset pedigrees was ohserved tor
chromosomes 6 and 9. The [.OD scores for both chromosomes were similar to the
analysis of all pedigrees combined. However. on chromosome 6, a secondl.
independent region of linkage evidence emerged slightly downstream (HLOD = 2.37.
at marker DASTO17, 63 ¢M) (Figure 2.3). Six pedigrees have 1L.OD scores in excess of

0.38 (p < 0.05) in this region. aithough three of those also show reduced linkage (but
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still =0.58) in the upstream peak. This is interesting when compared to the [CPCG
pooled analysis [19]. where suggestive evidence was also identified in the recessive
model (HLOD=1.98), which was strengthened in the late-onset pedigrees
(HI.OD=2.40). However. The ICPCG and ACTANE linkage scores both maximized
near 42 ¢M [13.19], which represents a local minimum in our linkage graph, as shown
in Figure 2.3, The chromosome 6 downstream peak that emerged in the late-onsel
subsct analysis is closer to a locus suggested by Taner et al.. who reported a dominant
HLOD ol 2.31 in a study of 254 familics at marker D6S]1281. The HLOD statistic
was as high as 3.43 in one subgroup [ 12]. [t must be noted that unlinked pedigrees can

shilt linkage peaks. and whether there are in lact two distinet regions is yet to be

determined.

Less than Five APC

The subgroup of pedigrees with fewer than 5 affected aggressive prostate
cancer cases vielded suggestive evidence on chromosome 10p (dominant HLOTD =
.99 at marker D10S1412, 24 eM). The one-L.OD support interval extends from about
10 ¢M to 40 ¢M. Primary support for this peak comes from 6 pedigrees with
individually significant linkage cvidence (LOD > 0.58). Nominal linkage for prostate
cancer was previously observed on chromosome 10p by Wake Iorest/lohns Hopkins,
who reported a LOD score of 1.39 at 12105249, near the p-terminus [9]. Qur result

does not appear to support that finding.



Five or More APC
The subgroup of pedigrees with five or tmore aggressive prostatle cancer cases

showed suggestive evidence of linkage on chromosome 4 (dominant LHLOD = 2,10 at

1T4eM). similar to the evidence observed in the overall analysis.

Resulls—Nonparametric Analysis

Figure 2.4 shows the qualitative NPL stabistic for the 22 autosomes. No
significant linkage evidence was observed. The highest NPL stalistic observed across
the entire genome was 2.33 at D1S255 (56 ¢M) on chromosome 1p. corresponding o
a lLOD =145 Theregion is aboul 25 ¢M removed from a significant chromosome 1
linkage previously reported in a single extended Utah pedigree: nominal linkage
evidence was observed at the same locus in all pedigrees combined [23]. This signal
is close to the CAPB locus {37]. and a study using Gleason grade as a quantitative
measure ol prostate cancer aggressiveness also reported suggestive linkage in the

region [17].

Significant genetic heterogeneity in prostate cancer has been inveked to
explain the many different published hints of linkage, as well as the failure of other
studies to independently confirm most of these published linkages. A variety of
approaches to select more homogeneous prostate cancer phenotypes have been
attempted. One such approach has been the analysis of aggressive prostate cancer.

Published analyses of the aggressive phenotype have Lo date not proven successtul for
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ocne identilication, but the cxistence of somce replications across studies is
eneouraging.

[n this analysis of aggressive praslate cancer in the extended Utah pedigrees.
no significant linkages were identitied. but, given the gold-standard is replication.
rather than single study signilicance. it is encouraging that we have replicated regions
also identified in other aggressive prostate cancer linkage studies. Suggestive hints of
linkage were identified that showed pedigree-specific linkage support from multiple
pedigrees. Among these regions. the Hiah evidence for the chromosome 6p and 20q
regions confirm previous suggestions of linkage 1o prostate cancer aggressivencss.
Suggestive linkage regions on chromosomes ip and 8q also support previously
reported prostate cancer loci. As replication of linkage results is historically rare in
prostate cancer genetics research. these results should not be averlooked.

The aggressiveness loci on chromosomes op and 20q were also identified in
the ICPCG analysis of aggressive prostate cancer | 19], which included data from Utah
pedigrees. Iowever. the dala that were submilted Lo the ICPCG represent only a
fraction of the data used in this study. The soltware used in the ICPCG pooled
analysis was nol capable of analyzing the complex pedigree structures in the Utah
resource. Therefore, the data that were submitted consisted of smaller families and
branches that had been excised trom the extended pedigrees in our resource. The

results we present in this report are based on significantly more data. including several

large and complex pedigree structures that were nol used in the ICPCG analysis. The
extended pedigrees give us greater power Lo determine haplotype structures and

inheritance patterns, cspecially in the case of vare alleles. This analysis also used a
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ditterent phenotype definition than the ICPCG analysis. as we recognized any prostlate
cancer-related death 10 be agoressive. as opposed 10 only those deaths that occurred
before 65 vears of age.

The existence of intrafamilial heterogeneity could have aftected this analysis.
The pedigrees used were originally ascertained for an excess of all prostate cancers.
When only the aggressive prostale cancers in each pedigree were considered. the
number ol affected subjects in each pedigree decrcased and the genctic distance
separating the cases increased.  FHligh-trequency alleles could therefore act as
confounders in some cases. as it becomes dilficult to determine if they were inhented
from a commaon ancestor.

Though derived from the same data source. there i1s very little overlap in the
results of this study and the results of the genomic scan for all prostate cancers for

which this data was originally ascertained [23], The strongest linkage signals reported

visible in the present analysis. but is not noteworthy, The most striking example is
chromosoeme 22, where the previously observed peak has completely vanished in this
study using an alternate phenotype definition. Conversely. the suggestive linkage
results we now report are not generally seen in the previous analysis. Most of the
pedigrees that show evidenee of linkage to the regions we report in this study also
included individuals with nonaggressive prostate cancer. In most cases, some of thosc
cases appeared to share haplotypes with the aggressive cases. "The alternate phenotype

definition elearly affected the outcome of the analvsis.
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Caonclusion

Although this analysis did not identify any regions with significant linkage
evidence at the genome-wide level, regions of interest were identitied on
chromosomes 9. 14. 6. and |. The result on chromosome 6 appears o support linkage
evidence reported by the 1CPCG as well as the Universtly ol Michizan and the
ACTANE consortium. Additionalty, using pedigree subsets of the data resource
identified regions of nterest on chromosomes 3. 8. 10. and 20. The chromosome 20
result supports previous {indings reported by researchers at Mavo Clinic and the
ICPCG. We did not find sulficient evidence to support linkage regions previously
reported for agaressive prostate cancer by the [CPCG for chromosone |1 by the
University of Michigan for chromosome 15, or by Wake Forest/Johns Hopkins or Fred
Hutchinson for Chromosome 22, Further rescareh is necessary Lo identify the gene or
genes responsible for prostate cancer aggressiveness and surmount the overarching

problem ol PC heterogeneity.
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Abstract

The genetic Tactors underlying many complex traits are not well understood.
The GAW I3 Problem 1 data presents the opportunity to explore whether gene
expression data from microarrays can be utilized to deline useful phenotypes for
linkage analysis in complex diseases. We deseribe a simple approach that utilizes
expression profiles tor multipte genes that have been associated with a disease, 10
devetop a composite ‘risk profile” that can be used to map other loci involved in the
same discase process. Using prostate cancer (PCa) as our discase of interest. we
identified 26 genes whose expression levels had previously been associated with PCa.
and we defined three phenotypes: high, neutral. or Tow risk profiles, based on
individual expression levels. Linkage analyses using MCLINK. a Markov chain
Monte Carlo method. and MERLIN were performed for all three phenotypes. Both
methods were in very closc agreement. Genome-wide suggestive linkage evidence was
obscrved on chromosomes 6 and 4. [Uwas interesting (o note that the linkage signals
did not appear to be strongly influenced by the location of the original 26 genes used
in the phenotype definition indicating that composite measures may have Fpolential to
Jocate additional genes in the same process. In this example. however, extreme caution
is necessary in any extrapolation ol the identilied loci to PCa due to the lack of data
regarding the behavior of these genes™ expression level in lymphoblastoid cells. Our
results do indicate there exists potential to augment cui current knowledge about the

relationships among genes associated with complex diseases using expression data,



Recent advances in biotechnology have resuited i an explosion of genotypic
and phenotypic data. Milliens ot single nucleotide polymorphisms (SNPs) can
quickly and accurately be genotyped. and microarray technology has made it possible
to simultaneously assess the expression levels tor many thousands ot"eenes. The
question becomes what knowledge can we extract from these extensive data sourees
with respect 1o disease susceptibility, and how? The GAWI13 Problem | daia presents
a unigue opportunity 1o explore whether gene expression data from microarrayvs can be
used to define useful phenotypes for linkage analysis to beuer understand disease
susceptibility. The expression data provided for Problem | includes 3534 genes that
were previously established to have greater variation between individuals than within
individuals. These expression levels are reasonable candidates for use as phenotypes
in linkage analvsis [ 1],

For the majority of complex traits. the underlying genetic factors are not fully
understood, but for many, certain genes and/or genelic pathwavys have been implicated
or related to the trait through expression experiments. The expression levels of a gene
may be controlled by regulatory genes elsewhere in the genome. and the expression of
multiple genes can be regulated by a common transcription factor|2]. Hence. linkage
analysis of gene expression levels could conceivably identify regulatory loci
associated with that gene. Forther. and more related to a disease end-point. if several
genes are known (o be related to a given rail. it is also conceivable that their

expression levels could be combined to create a phenotype te be used in linkage



analysis to identity loci that are involved in discasc susceptibility. perhaps through
membership in the pathway or inleraction (epistasis) with the known genes.
In this study. we explore whether gene expression profiles for genes that have

been assaciated with a disease can be used to map other genes that are involved in the

disease process or highlight genes within the pathways that are key factors. Here we
specifically examine the approach for Prostate Cancer (PCa).

Rescarch has consistently shown that genetics plays a critical role in PCa
development. but the identification of PCa genes has proven 1o be very difficult.
Hereditary prostate cancer is a complex discase invelving numecrous genes and
variable phenotypic expression|3]. Recent research has demonstrated great potential
[or the use of proteomic profiling und other biomarkers for PCa diagnostics|4]. One
such study was able to discriminate PCa from benign prostates with perlect sensitivity
in men with elevaled prostate specific antigen (PSA) levels using serum proteomic
profiling[3]. The GAW 15 Problem | data provide an opportunity to explore whether
gene expression levels from Iymphoblastoid cells can be used Lo develop a prostate
cancer prolile phenotype for use in linkage analysis. Using expression data from 26
genes whose expression levels had previously been reported 1o be associated with PCa
|6], we defined individuals as having high, neutral. or low risk profiles based on their

individual expression levels. Flere we present the results of linkage analyses based on

those phenotypes.
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Methods

Ashida identified 21 genes that are commonly up-regulated and 63 genes that

are commonly down-regulated in the transition from normal epithelium to PCa and/or
prostatic intraepithelial neoplasia (PIN)|6]. Of these 84 penes. 26 were included in the
data for Problem |. These 26 genes are listed in Table 3.1, Based on the expression
data for the 194 individuals in the Problem | data. we scaled the expression levels for
cach of these 26 genes to fil a standard normal distribution with inean 0 and variance
1. Two statistics. A and B. were then computed for cach individual. A represented the
number of genes for which the expression level was greater than 1 standard deviation
in the direction associated with PCa. B represented the namber of genes for which the
expression level was greater than | standard deviation in the opposite direction. One
standard deviation was sclected arbitrarily as a threshold to ensure that the expression
values were distant from the center of the distribution while allowing tor a sutficient
number of informative subjects in the subsequent linkage analysis - An individual was
considered to be in the “high-risk profile”™ group it A = 4 and A-B > 2. Individuals
were classified to be in the “low-risk profile” group il B = 4 and B-A4 = 2. All-other
subjects were classified as “neutral”™ and were considered as “unknown™ in all linkage
analyses. This classification system was devised to distribute the influence of the 26
aenes on the assigned risk profiles and to prevent outlving expression levels ol
individual genes from having undue influence. As shown in Figure 3.1, 33 subjects
(23 male and 28 [emale) were classified with high-risk profiles. 57 (32 male and 25
female) with low-risk profiles, and 84 (42 male and 42 female) as neutral (unknown).

While women are not susceptible to PCa. they may still carry the susceptibility gences
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Fable 3.1: Genes used to create phenotype delinition

|I)0\vu—rcgulated

Gene
ABCCY
AMACR
MIPEP
PRC|
SMS
ANXA2
ARNGDIB
ASS
BLIT32
CD74
CSPG2
CUTL1
CX3CLI
1112
FILNA
GATAS
GBP2
I15R3

[RF|
KRT7
LY6F
MMP7
MYLY
SERPINBI
TOP2B
WFDC?2

Location

chrlldg32

chr5pl3.2-gl 1.1

chrl3gl2
chrl3qg26.1
chrXp22.1
chrISqETih22
chrl2pl2.3
chr9q34.1
chrip2t
chrdg32
chrsql4.3
chr7q22.1
chrl6gls
chr2ql2-q14
chrXq28
chrlOpls
chrlp22.2
chrop21.3
chrig3|.1
chri2ql2-ql3
chr8qg24.3
chrllqg21-g22
chr20ql1.23
chrép2s
chrip24

chr20g12-q13.2




for PCa: hence. in our analyses, both males and females are included. Migure 3.1
shows a scattergram of the values ol A and B for each individual and the
categorization 1o the high-risk, low-risk, and neutral groups.

Three phenotype models were considercd. The fiest model ("FULL 7y included
the high-risk profile individuals as ~affected™ and the low-risk profile individuals as
“unaltected™: neutrals were “unknown.” The second model { "HIGH ™) included the
high-risk profile individuals as ~aflected™ and all others as “unknown.” The third

model ("LOIFY included the low-risk profile individuals as ~affected™ and all others

as unknown.” Fhis final phenotype model is akin 1o an analysis searching for

protective genes. Forthe FULL and FIIGH phenotype madels. 10 of the 14 CEPH
pedigrees were informative for linkage, with between 2 and 8§ affected subjects per
pedigree. Thirteen pedigrees were informative in the LOW analysis. with up to 9
affected subjects,

Dominant and recessive parametric linkage analyses were performed using
MCLINK. which uses Markov chain Monte Carlo simulation methods to sample
haplotype configurations to cstimate the LOD statistic[7]. The inheritance model tor
the analysis was based on the “Smith™ model used to map the HPC | locus, but without
the speciticity to males[8]. and assumes a population prevalence of 0.003 for the
mutant allele. Genotypes for a genome-wide pancl of 2,882 SNP markers were
provided by GAW. The genetic map used in the analysis was based on the Rutgers

genetic map. with the positions of SNPs for which genctic map position was not

available interpolated from flanking markers based on physical location[9]. Any SNP

located less than 0.001 ¢M [rom the preceding SNP was ¢liminated trom the initial



Figure 3.1. Phenotype distribution. A is the number of genes expressed more than 1
SD in the direction associated with PCa for an individual. and B is the number of
genes expressed greater than 1 S in the opposite direction. 0=ncutral risk status:
J=low-risk profile: 2=high-risk profile.
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analvsis. After compteting the initial analvses. the best linkage peaks were identitied
and those regions were reanalyzed using a reduced marker map. with a mmimum
spacing of 0.3 ¢M between SNPs[10]. This was done 1o control Tor the possible
effects ol linkage disequilibrivim (LD). which may inflate LOD scores. The linkage
statistics for these chromosomes were then confirmed by performing both parametric
and model-lree analyses with MERLIN[TT]. Linked pedigrees (1.OD=0.588. which
represents a nominal. uncorrected p<4.03 for an individual pedigree) were identified
in the regions with HLOD>1.9 (genome-wide suggestive evidence tor linkage|12])
and gene expression profiles within those pedigrees were inspected to ensure that the

linkage cvidence was not correlated with the expression levels of any specific eenes.

Results

The genome-wide scan results showing the HLOD statistic for all models ate
shown in Figure 3.2 Significant linkage evidence was observed on chromosome 64
(HLOD = 3.31). Other peaks over HLOD=1.9 were observed on chromosomes 3. 4.
and 7. Only the peaks on chromosomes 4 and 6 retained at least suggestive linkage
evidence with the reduced marker set without LD.

The strongest linkage signal observed in the FULL analysis. and the best resull
averall. was HLOD=3.51 at marker 151491074 under the dominant model on
chromosomc 6q. As is shown in Figure 3.3, two of the 26 genes used in creating the
phenotype (SERPINBT and 1/R3) are lacaled on chremosome 6. however, they are not
situated near the linkage peak. Chromosome 6 was reanalyzed using a map with

increased marker spacing (which redaced the number of SNPs used from 101 to 70
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Figure 3.3. Analyses with increased marker spacing. Detail of Chr. 6 from the FULL
phenotype model and Chr. 4 from the f1GH phenotype model using a minimum
marker spacing of .3 ¢M. The solid line in cach panel represents the dominant
H1.OD statistic as calculated by MCLINK. the broken line shows the dominant HLOD
from Merlin. and the dotted line shows the model-free Kong and Cox lod score from
MERLIN. The locations of genes included in the phenotype definition are indicated at
the top of each frame.
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and excluded SNP rs1491074) and the maximum HLOD fell 1o 2.82. suggesting the
possible influence of LI I the initial result. This result was confirmed using
MERLIN. Tthe model-based HLOD siatistic trom MEREIN was very similar 1o
results from MCLINK for both the full and reduced marker sets, although the model-
free Kong and Cox 1LOD score did not perform well.

The best result in the HIGIT analvsis was HLOD=2.75 at marker rs885103
under the dominant imodel on chromosome 4q. Three pedigrees were finked to the
locus with individual 1.OD scoves ~0.588. None of the genes used to determine the
phenotype were located on chromesome 4. Linkage results were unchanged when the
peak was reanalyzed with the reduced marker map. as shown in Figure 3.3, MERLIN

analysis confirmed the parametric linhage result from MCLINK.

Discussion
One concern of a study based on expression levels of known genes is that a linkage
analysis may simplv map back to the genes used te construct the phenotype. This did
nat appear to be the case for this study. None of the genes were located near our best
results on chromosomes 6 and 4. Our phenotype definition was simplistic, but was
designed to dimit the influence ol individual genes on the phenotype. and thercby
enhance the likelihvod of identifying a locus retated 1o the entire set. It is interesting

to note that the regions we identified on chromosomes 6 [13,14] and 4q [13.16] have

each been implicated in previous linkage analyscs for PCa. However. it is premature
to consider these as replications. as without data indicating that the expression levels

seen in tumor] 6| are also representative in lymphoblastoid cells, there is no evidence



that the risk profiles we created are actually related to PCa. This is a major weakness
of our particular PCa example, and perhaps illustrates the weakness of sueh
approaches in general-that is. much ofthe experimental data is still missing and will
be expensive to generale.

Because the true locations of any genes that interact with or modify the 26 we
studicd are not known, the statistical power ol this approach can not be property
evaluated. However, with the 14 CEPH pedigrees. we were able 1o generarte linkage
peaks thar appeared distinet trom hackground neise. Further. we know that the
linkage evidence observed was not inlTuenced by the linkage analysis method chosen.
as both MCLINK and MERLIN produced almost identical results. Recognizing the
limitattons of the data available, we present these results as proot of concepl that the
expression levels of several related genes can be combined o create a phenotype that
can reasonably be used in linkage analysis. Such an approach could identity loci that
regulate or contribute to disease pathwavs, More work is needed 1o refine and rest the
methodology. and more experimental data is needed to correlate tissue and
lvmphoblastoid expression levels. but the approach appears to have the potential 1o

augiment our current knowiedge about the genetic basis ol complex discases.
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Abstract

We present the “suml INK T statistic—the sum of multipoint 1LOD scores for
the subsct of pedigrees with nominally significant linkage cvidence at a given Jocus—
as an alternative to common methods to identify susceptibility toci in the presence of
heterogeneity. We also suggest the “sumlL.OD™ statistic (the sum of positive
multipoint LOD scores) as a companion 1o the sumLINK. SumLINK analysis
identines genetic regions ol extreme consistency across pedigrees without regard 10
negative evidence from unlinked or uninformative pedigrees. Significance is
determined by an innovative permutation procedure based on genome shuttling that
randomizes linkage information across pedigrees. This procedure for gcenerating the
empirical null distribution may be useful for other linkage-based statistics as well.
Using 500 genome-wide analvses of simulated null data. we show that the genome
shuffling procedure resulls in the correct type | error rates for both the suml INK and
sumL.OD. The power of the statistics was tested using 100 sets of simulated genome-
wide data from the alternative hypothesis from GAWI13. Finally, we ilustrate the
statistics in an analysis of 190 aggressive proslate cancer pedigrees from the
[nternattonal Consortium for Prostate Cancer Genetics, where we identified a new
susceptibility locus. We propose that the sunLINK and sumLOD are idcal tor
collaborative projects and meta-analyses, as they do not require any sharing of
identifiable data between contributing institutions. Further, loci identified with the
sumLINK have good potential for gene localization via statistical recembinant

mapping. as, by definition. several linked pedigrees contribute to each peak.
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[ntroduction

Genetic linkage analysis can be an elfective tool for identitying discasc
susceptibility loci. However, locus heterogeneity can counter this effectiveness and is
often acknowledged as the single largest issue that hinders the linkage analysis
approach. Complex traits may be contrelled by numerous genes and. theretore.
statistics that attempt to model or recognize Yocus heterogeneity are required. The two
commen methods to address heterogeneity are the heterogenetty LOD statistic
(HL.OD). which statistically models the heterogeneity with an additional parameter.
and phenotypic subset analysis. However, the former may fail to distineuish linked
[rom unlinked pedigrees sulliciently to allow lor substantial power increase and
suffers from the lack of a precisce distribution for assessing significance. and the latter
requires a-priori determination of subsets. Bevond heterogeneity. localization also
presents a challenge in linkage analysis, Olten regions identified by linkage are large
(perhaps 30-30 ¢M) and the boundaries ill-defined. bath of which hinder foltow-up
studies. A method that can address locus heterogeneity and produce regions that are
useful tor localization would be an important addition to the tools already available.

The genetie research community has ascertained a great number of family-
bascd resources for linkage analysis across numerous and varied complex traits.
These data reposilories represent a tremendous investment of time and resources. and
likely contain a wealth of information—much of which has yel to be extracted. [n the
cra of consortia efforts and with greater numbers of pedigrees available for specific
discases through collaborative efforts. new approaches and opportunitics arise.

especially 1o identify genes that may explain only a very small portion of disease that
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could not be identified in single studies. Tlere. we introduce a new approach to locus
heterogeneity that focuses on individually powertul pedigrees—something (hat
becomes possible in multicenter collaborative settings and other studies with large
numbers of pedigrees. A standard HLOD analysis attempts to statistically separate
linked and unlinked pedigrees through an additional parameter in the 1.OD calculation.
a. the proportion of linked pedigrees: however, many pedigrees may be uninformative
(pedigree-specitic contributions surrounding 03 at a locus, and these pediprees add
statistical noise that reduces power. Our new approach uses a predetined [.OD
threshold to simply remove those families that are below the threshold and could be
considered “noise.” As such, it could be thought of as a “brute-force™ approach 10
heterogeneity that attempts (o gain power by removing noise [rom the statistical
analysis. This method directly addresses the fact that only a small portion of the
pedigrees in a data resource may be linked to any true causative locus, and in the
process. identifies the informative set of families that are most useful for detining anc

fine mapping the locus. Several recent studies have used statistical recombinant

mapping to delimil the boundaries of linkage regions [1-3]. Recombinant mapping
requires that several pedigrees be linked 1o a region of interest, but it is unclear how
many pedigrees should be linked 1o a locus for it to be considered a reasonable
candidate for successful mapping. The sumLINK statistic can address this issue by
assigning valid significance probabilities.

Our method focuses on individually powerful pedigrees that are nominally
“linked™ 1o a position in the genome and assesses whether the amount of concordance

observed across the linked pedigrees at any point in the genome is more than would be
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expectled by chance. Statistical excess of concordance is evidence for an underlying
susceptibility locus. An advantage is that by the nature of the procedure. the regions
of interest identified by the sumLINK statistic should have multiple pedigrees that can
be used te delimit the region using statistical recomhinant mapping. Further. in
contrast to many other situations. the existence ol different genetic marker sets (which
often will occur in consortia) is nat problematic and may, in fact. lead 10 some
serendipitous pseudo-fine mapping. This method offers additional opportunities to

identily discase susceptibility loci and the underlying genes using linkage-based data.

Methods
sumb INK and suml OD

Our approach is to identify regions of the genome that display a signiticant
excess ol concordance acrass “linked” pedigrees. The level of concordance is
quantified by the sum ot the pedigree~-specitic multipoint 1.OD scores in the identitied
linked pedigrees. We consider any pedigree that imeets or exceeds a pedigree-specilic
LOD threshold ot €.588 (p < 0.03. “nominal” significant evidence) at a specific
genomic position to be “linked™ at that position. Wc have called this linkage-based
statistic the “sumLINK,” because it is simply the sum of multipoint L.OI scores for
linked pedigrees at a given point in the genome. Clearly, the distribution of the
sumLINK statistic varies according to the number and struciure of pedigrees in the
initial resource and the parameters ol the linkage model used o caleulate the LOD
scores. It s therefore ditficult to determine the null disiribution of the statistic

theoretically: however. empirical methods can be emploved to generate the null
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distribution for any data resource, The creation of the null distzibution from which 1o
Lest signilicance is outlined below.

To pertorm a sumLINK analysis. it is necessary that inkage results are
available for each pedigree at regular intervals across the genome (Figure 4.1, A). This
is possible in many slandard linkage software packages that calculate multipoint LOD
scores. including Merlin[4} and Genchunter-Plus [5]. The sumLINK statistic is then
calculated at each position by summing the LOD scores for only those pedigrees that
meel or exceed the threshold ol 0.588 at cach position in the genome. A simplistic
example is shown in Figure 4.2, 'The null distribution of the sum NI statistic must
represent the chance consistency expected across linked pedigrees, maiched for

pedigree structure, information content, and linkage potential. We achieve this null

seenario by using a genome shuftling technique. The shuffling procedure consists of a
chromosome randomization step and a genome rotation step.  The randomization step
begins by randomizing the sequential order of chromosomes for cach pedigree.
Chromosomes are concatenated end-to-end in this random order to create a “new’
genome (Figure 4.1, B). The beginning and end of this new genome is connected to
form a “loop.” [n the rotation step. a random position in the loop is chosen and the
loop rotated such that this position becomes the new starting position and the loop is
broken there. This is done for each pedigree separately. and because multipoint LODs
were calculated at evenly spaced positions. these new shultled genomes can again be
aligned across pedigrees (Figure 4.7, C). A null sumLINK statistic can then be

calculated at each position across the sbulfled genomes. The procedure maintains the

continuily and autocorrelation of marker data within chromosomes. but randomizes
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Figure 4.1, Shultling procedure for ereating null distribution. A) Raw fest statistic is
caleulated across unshutlled data at resular intervals throughout the genome. Figure
shows five pedigrees (rows) and four chromosomes (columns). B) Chromosomes are
connecled end-to-end in random order within each pedigree. and the resulting leop is
broken at a random Jocation to create a new starting point. (') The new starting points
are aligned. and null statistics can be caleulated along the shuffled genome.
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Figure 4.2, Simplistic ilustration of the caleulation of the sumLINK slatistic. The
linkage evidence for three pedigrees (broken lines) are shown across 6 loci. The

sumb INK calculated from these three pedigrees in shown by the heavy black line,
Pedigree 1.OD scores that are marked with a diamond mect the threshold for inclusion
and these are summed 10 produce the sumLINK. Pedigree LOD scores marked with a
cross do not meet the threshold for inclusion and do not contribute o the sumLINK.
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consistency across pedigrees. The shuflling procedure is repeated a large number of
times to determine the null distribution of the statistic for the given data.

Genome-wide signilicance 1s determined by the expected frequency ol peaks
af at least a certain magnitude occurring in the null sumLINK genome scans [6]. All
peaks in cach null genome are considered. Inaccordance with guidelines sct by
Lander and Kruglyak | 7] for significance. we consider a peak height that is expected
to occur with a frequency no greater than 0.03 per genome as genome-wide significant
evidence for linkage. and a peak that occurs with an expected frequency of less than
F.OG per genome as genome-wide suggestive. [Uis impartant 1o note that a false
positive rate (FPR) is not a p-value. it is a rate per genome and represents the expected
[requency of peaks ot at least the specificd magnitude under null conditions. For
example, FPR=0.6 indicates that a similar peak would be expected to occur 0.6 times
per genome., which is sufficient evidence for suggcestive linkage.

The advantage of the sumLINK is that regions are identilied using individually
powerful pedigrees, which is more intuitively appealing and perhaps convincing.
Further. these incdlependently powerful linked pedigrees can be used for localization
using statistical recombinant mapping. In bricf, statistical recombinant mapping uses

pedigree-specific linkage cvidence o estimate the positions of recombinant events on

the linked segregating haplotypes. which can then be used to delimit the shared
genomic region. Aligning these regions across all linked pedigrees localizes the region
for further study. Another advantage ol sumLINK is that it requires 2 minimal data set.

[Uis not necessary to know pedigree structures or genotypes, which are required to

obtain null statistics by permuting diseasc status [6]. nor is it necessary that all
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pedigrees be genotyped with the same marker sct. so long as the various marker scts
are litted to a commeon genetic map before caleulating LOD scores. This property
makes sumLINK ideal for multi-institutional collaborative research projects. A
disadvantage is that the sumLINK will ignare some small pedigrees (e.g.. sib-pairs)
due to their relative lack of information content. It may theretore be attractive to
additionally consider the sumLOD (sum of all positive pedigree [LOD scores) as a
companion to the sumLINK, The relaxed inclusion threshold of the sumLOD allows
the potential for any minimally informative pedigree 10 contribute 1o the result. The
sumLOD statistic is similar to the previously proposed C statistic [8]. but utilizes
multipoint. rather than two-point. inheritance information. The sum[.OD has been
used previously as a summary measare [9-13]. but has not been adopted as a test
statistic due to the lack of a theorctical distribution. However. our gename shuftling
procedure can be used o assess empirical significance of any statistic that is derived

as a postprocessing step from pedigree-specific LOD values, including the sumLOD.

False Discovery Rate
Often for complex traits. no single signilicam findings are identificd when
using conservative family-wise multiple testing corrections and thresholds. It may
therefore be useful to identity whether there exists a group ol most significant findings
that together indicates deviation from the null. The false discovery rate (I'DR)
evaluates this using the g-value. For example. 1t a g-value of 0.05 is assigned to the
top 40 most significant findings, this indicates that 2 (0.05240) arc likely false

positives, and that 38 are true-positives. In this way. a group can be identified within
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which true positive findings likely reside. Using our genome-shuffling method. it is
possible o estimale cmpirical FDRs for the observed findings. In particular, this
allows us to assess significance accounting for the multiple testing inherent in the

multiple models and statistics.

Simulation Tesls

Simulations Under the Null Hvpothesis of No Linkase

We tested the sumLINK and sumLOD procedures in data simulated under null
conditions i order to assess the validiny ef our genome shullling procedure 10
generate the correct lalse positive rates. We created 400 twa. three and faur
generation pedigrees typical of the Tamilies commonly used in linkage analysis. Fach
pedigree had a minimum ot three aftected subjects. Genome-wide genotypes were
simulated using random gene-drops based on the genetic map and characteristics of
2.936 autosomal single nucleotide polymorphisms selected from the HHumina 6K SNP
array 10 be free from linkage disequilibrium. This was repeated 230 1imes. Additional
pedigree characteristics are summarized in Table 4.1, For each of the 250 replicates.
multipoint parametric linkage statistics were calculated at 1eM intervals for both
dominant and recessive inheritance medels using Merlin [4]. and results for cach
pedigree were extracted. Genome-wide sumLINK and sumLOD statistics were then
computed for each replicate, and the empirical significance was assessed with 200
iterations of the genome shuffling procedure. Across the 250 replicates. the median
number of pedigrees that contributed to the dominant sumLINK analysis was 133, and

the median number that contributed (o the recessive sumLINK analysis was 276.
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Table 4.1. Simulated data characteristics

e = S . _ — = ¥
Simulation } Selected GAWI3 Simulation Pedigrees
|
(<250) | All SumLINK set  SumLOD-only set |
Pedigrees 400 ‘ 5232 Cose 176 ]
i Individuals 2673 44,326 [3.568 30,758
Persons per ped 0.68(H1016) | 847 (410 25) [285(61025) 7.37(H41022)

Mean generations | 2412w | 238 (20N 2832wy 1272w

I
Tatal Alfected L 1O27 (60.9%) i 20,889 (47.1%) 6303 (469" 14526 (47.2 %)
Mean Affected 407G w1 h L 342 (2w 12) L7821 12y 3072w 1)

Total Genotyped 1627 (60).9%) 23808 (38.29%) 7590 (35.9%) 18218 (39.2%)
Mean Genotyped | L0730 1) | 493 (210 13) 7193w 13) 436 (2w 14y

Marker Type SNP STRP STRP STRP

|
Alarker Number 29506 399 399 399

o — L S — _—

Simulations Under the Alternative Hypothesis ol Linkase

We illustrate the power of the sumLINI and sumLOD statistics. in comparisen
1o the more standard HLOD. by applying these to data based on the well-documented,
simulated genome-wide data from Genetic Analysis Workshop 13 (GAW3) [12.13].
The GAWI13 data were designed to represent randaom pedigrees (nol ascertained for
specific disease) and contained several shnulated “heart discase” traits. Fifty trait-
related genes were simulated. most with commaon underfying susceptibility alleles and
low effect sizes. There were 100 replicates of 330 simulated pedigree structures

available, resulting in a total ot 33.000 independent pedigrees. Genolypes were
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simulated for 399 microsalellite markers across the 22 autosomes. We chose to
analyze an obesity trait as defined by [14] and sampled from the full set of pedigrees
to better represent a linkage resource ascertained for disease. I'rom the full set of
33.000 pedigrees. we extracted 3232 independent and minimally informative unilineal
pedigrees {those with at lcast two genotyped subjects ¢lassiticd as obese). For each of
the 5232 pedigrees. multipoint parametric linkage statistics were calculated at 1¢M

intervals for a simple dominant inheritance model using Merlin [4]. The pedigrees

were divided into two groups based on whether they would be included in a sumlLINK
analysis (that is. that a minimum LOL score ol 0.388 was observed at least once
across the genome). Of the 5232, 1056 pedigrees were usetul for sumLINK analvsis:
the remaining 4176 pedigrees were not suitable for sumLINK analysis but remained
useful for suml.OD analysis. Pedigree charactenstics for cach group are summarized
in Tablc 4.1. By sampling from the two groups of pedigrees. we created 100
replicates each containing 200 pedigrees (100 useful for sumLINK and 100 that were
not): all sampling was performed with replacement. We then caleulated genome-wide
sumLOD and sum!.INK siatistics for each of the 100 vreplicales. with cmpirical
significance determined by 200 repetitions of the genome shuftling procedure.

HLODs were caleulated with Merlin. Thresholds of 1.9 and 3.3 were used to

determine suggestive and significant HLOD results.

Ageressive Prostate Cancer Case Study
We performed a sumLINK and sumLOD analysis on 190 pedigrees provided

by the International Consortium for Prostate Cancer Genetics (ICPCG) [15] with
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clinically aggressive prostate cancer. A conventienal linkage study ol this resource
and description of the data was pubbshed previously | 16]. Dominant and reeessive
multipoint LOD scores were computed for each pedigree at [-cM increments
throughout the 22 autosomes by Genehunter-Plus using the models {(dominant and
recessive) as described by Schaid [13]. The sumLINK and sumLOD statistics were
then calculated at each of the ¢M positions for both models. and empirical significance
of the observed peaks was determined by 1000 repetitions of the genome shuttling
procedure. Of the tolal 190 [CPCG pedigrees. 125 pedigrees achieved linkage
evidence offat least 0.388 al somie point in the genome with the dominant model and
127 for the recessive model. Henee. only these numbers ol pedigrees contribute to the
sumLINK analysis. All 190 pedigrees reached a LOD score yrealer than zero at least
ance in each inheritance model. allowing them all 10 contribute to the suml.OD

analysis under both models.

Results
Simulation Tests

Simulations Under the Null Hypothesis of No |inkage

Table 4.2 illustrates the false positive rates observed under the dominant and
recessive models for the sumLINK and sumLOD. All ot these results fall within the
05% confidence inerval based on 230 replicales and for a Poisson process with rales
of 0.05 or 1.0, and illustrate that the genome shultle procedure 1o determine

signiticance is valid.
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lable 4.2, False positive rates estimated trom 256 penome-wide replicates under the ‘
null hypothests of no linkage

53 - - .- K N - - —~ 1
Statistic Analysis Model Statistical FPR threshold surpassed ‘

Significant (0.03)* I Suggestive (1.00)t
|

“sumLINK Dominant 0.056 0.936
Recessive 0.060 1.124
_sum[ﬁ T)om?mmt 10.052 1.020
Recessive 0.052 0.912
OVERALL 0.035 0.998 |

#05% CI {or 0.05 in 250 rephicates is [0.024.0.080]
TO5% C1 for 1,001 250 replicates is [0.876.1.124]

Simulations Uinder the Alternative Hypothesis of Linkagee

Results ol the power testing are summarized in Table 4.3, All genes that were
identified with suggestive evidence at least live times by any one of the threc statistics
(HLOD. sumLINK, or sum[L.OD) are summarized. The simulated data included only
one gene. Gh/ 1 which alfected bascline weight with a reasonably large etlect size.
This gene was identified with excellent power with all three statistics (all 299%
power)., Of the remaining genes. all had very common susceptibility alleles (minor
allele frequencies =0.15) and Jow effect sizes. Subsequently. none were identified
particularly well. Flowever. it is interesting to note that of these lower effect size genes
that were identified at least 5 times out of the 100 replicates. the suml.OD and/or
sumLINK were always superior. and exhibited significantly more power than the
FILOD at eight of the 10 loci. There were no genes that were significantly better

identificd with the HL.OD.
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Table 4.3. Power to delect at least suggestive linkage evidence in 100 simulations. All
| loci detected at Jeast 5 times by any of the statistics ave shown.

Power (%)

| Gene Affected Trait TsumLINK sumLOD HLOD

| Gbl lwvcight—haseline. Hcighlm—-l-ﬁ_ei-seline | 99 100 100 |

| Gh2 Ileight-basetine 177 22% 3

| Gb20 HDL.-baseline 49 |47 4 ‘
Gb22,Gs3#% | HDL. Triglveerides 6 8+ | |

| GhIS.Gx10. [ HDLL Triglyeerides. Glucose. 7T 7% I |

P Gs12.Gb37+ | SBI. DBP

Ged Triglyeerides, Glucose. | 4 7T I
(352 Wetght-slope H 3 3
[ Gs§ Cholesterol-slope 3 ot I
Gb24 Triglyeerides-baseline 2 o1 0
Gbs Height-baseline I 5% 0

Gene characteristics can be found in [Daw, et al. 2003].

*(bd was observed independently several times, but was often ebscured by the broad
peak at Gbll.

**(Genes were positioned too ¢losely on the chromosome te discern which was
responsible for the linkage signal.

T significantly greater power than the HLOD. Nonc of the differences abserved
between the sumLINK and sumLOD are statistically significant.



Aggressive Prostate Cancer Case Study
I our real data aggressive prostate cancer case study example. the sumLINK
and suml.ODD analyses identitied signiticant linkage evidence at two loci

(chromosomes 20¢ and 1 1g) and sugeestive evidence at a (third locus (chromosome 2.

as shown in Table 4.4. The peak on chromosome 20 was significant under the
dominant inheritance model for both the sumLINK (suml.INK = 13.848. number of
linked pedigrees = 7. expected false positive rate (FPR) =0.005) and the sumLOD
(sumL.OD = 30.31 1. number of positive pedigrees = 83, FPR=0.028). The peak on
chromosome 11 was significant in the recessive sumlLOD analysis (FPR=0.007). with
sugpestive evidence in other analvses. Lhe sumLINK analysis also identified
suggestive linkage evidence on chromosome 2 under both dominant and recessive
models (I'PR = 0.628 and {.897. respectively). Figure 4.3 shows the genome-wide
sumLINK results for the dominant model and suml.OD results for the recessive
model.

[n an atlempl ta consider the mulliple testing inherent from perlorming both
the suml.INK and the sumLOD. both for dominant and recessive maodels, we
considered the false discovery rates. Each centimorgan position in the genome search
data (N=3502) was considered as an individual observation and p-values were
calculated for every position based on the respective empirical distribution tor each of
the analyses. When the results of all four analyses are pooled, the op 34 ranked cM
positions collectively attained an FODR of 0.1. An FDR of 0.1 indicates that the
expeeted ratio of false:true positives is 1:9. That is. one tenth of these 34 (or, 5-6

positions) are Likely fronm the null (talse positives). but the remaining are likely truc



Fable 4.4, summary of significant and suggestive linkave peaks

83

sumLINK Expected Number of [ FDR |
ciM IF'requency contributing q-
Maodel Position | sumLINK (FPR) pedigrees value
Dominant 20 39 13.848 0.005 |7 0.017
2 69 [0.857 0.628 I3 0.175
Recessive | 11 80 10941 0398 14 0.128 |
2 68 [0.624 {.897 14 0.209
sumL.OD i_- - Fxpeeted 7Numh;uf FOR
c¢M ['requency contributing -
Model | Chrom. Position  sumLOD (FPR) pedigrees value
Recessive | |1 89 27975 0.007 87 0.017
Dominant | 20 59 30511 0.028 83 0.017
Ll 89 27.650 0.657 81 0213
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Figure 4.3, Genome-wide muitipoint sumLINK results (dominant model) and sumLOD results {recessive model) for the
ICPCG aggressive prostate cancer data.
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positives. FDR will not differentiate which are which: however, in this case examiple.
all 34 positions [all under one ol the signilicant linkage peaks (19, 16. and 19 positions
on chromasomes 20 (sumLINK), 20 (sum[.ODY. and 11 (suml.OD). respectively).
[Tence. even if all 5-6 false positive findings were from one region, it is still expected
to have a true positive in each. In conclusion. the FDR suggests that the linkage peaks
on chromosomes |1 and 20 are likely true positive (indings atter correction for
multiple lesting.

We applied statistical recombinant mapping to all three regions with at least
suggestive genome-wide evidence to delimit the regions of interest. The genotypes
used in this multicenter collaborative analysis were derived from several diverse sets
of microsatellite markers, gencrally with an average spacing of 10 ¢M. On average.
thercfore. most pedigrees have a genotvped marker within 3 ¢M of any given ¢M
position on the genetic map. Pedigrees were therefore included in a localization
analysis if they achieved LOD > 0,588 within 3 ¢M of the observed peak. Figure 4.4
illustrates the by pedigree LOD tracings used in the recombinant mapping lor the three
regions of interest. Recombinant events are estimated to be al the outermost point ol a
sharp decline in LOD score, as these positions indicate statistical evidence for a loss of
genetic sharing, This point 15 a conscrvative estimate for the outer limit of the region
where a susceptibility variant may be found. A region bounded by two recomhbinant

gvents on gach side represents an approximate 93% confidence interval tor the
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Figure 4.4, 1.0OD traces for each pedigree contiibuting to the linkage results on
chromosomes A) 20-dominant, B3) 1 I-recessive, and O) 2-domimnant. Black bars
indicate the two-recombinant localization regions.
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consensus region [1]. As seen in Figure 4.4, the linkage peaks on Chromosomes 20.
Pl. and 2 can each be conservatively localized to regions of 21,21, and 19 ¢M.

respectively.

Discussion

The sumLINK stalistic is a new methaod aimed at addressing both
heterogeneity and localization. The procedure is designed to identify the genomic
regions for which an excessive number of powerful pedigrees are concordant. Itisan
ideal approach fer multicenter collaborations or large single-site studies where a large
number of pedigrees are available. A distinct advantage of this method is that it does
not require collaborating centers (o share raw data such as pedigree structures or
genelypes. and does not require that each center use the same marker set. Provided a
eomimon genetic map is used for anatysis. each center can perform their own analyses.
calculating multipeint LOD scores at the same equallv-spaced increment across the
genome, s only necessary to share these meta data (a muitipeint genome scan for
each pedigree). which enhances data privacy and security.

An tmportant advantage of the sumLINK is the abilitv to identify loci that have
good potential for gene localization, as several linked pedigrees exist beneath each
peak identified. An unexpected benelit of compiling data across centers that used
different marker maps is that the resolution of the localization can be higher than any
ol the individual genctic maps due Lo the overtaying of data. In our example. even with
a low dengity 10 ¢M marker map, we were able o localize each region to

approximately 20 ¢M. and thesc localized regions would be greatly refined with fine-
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mapping. This method of using the limits of shartng ohserved within extended
pedigrees is intuitively appealing for localization, but may also have theorctical
advantages over other common methods. Ofien. se-called ~1-LOD™ support intervals
are reported for linkage peaks generated from a HLOD analysis: however. support
intervats should strictly be applied to parameter estimates (the recombination fraction
parameter. 0, in the case of linkage statistics) and are relevant in the context of two-
point max.OD statistics that are directly analogous to likelihood ratio wests. The
standard practice ol a 1-1.OD support interval using the value of the statistic itself
(usually HLOD) rather than a parameter is not statistically well-grounded. although
since 0 1s a distance paramcter. it has intuitive appeal. [n particular. in a HLOD
analysis. it is not clear whether the statistical noise generated by ~unlinked™ pedigrees
mayv mask or shift positive Jinkage evidence. Henee, these ' 1-L.OD™ intervals can only
be considered as a rough guide.

The shuftling method we have implemented o determine the null distribution
is a particularly innovative element of the sumLINK procedure. and may be cspecially
uselul to the broader rescarch community. We used the procedure to assess the
sienificance of lwo genome-wide linkage statistics (sumLOD and sumLINK), but it
may have broader applications for testing the significance of other statistics with
unknown disteibutions. [t is a simple, elegant, and quick way to create null data for
asscssing significance. [t accounts for variations in pedigree structure as well as the
autocorrelation of consecutive loci inherent in genetic tinkage data. We developed a
posiprocessing script written in R | 17] that calculates the sumbLINK and suml.OD

statistics. performs the genome-shulfling, generates the empirical null distribution. and
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tests the significance of observed linkage peaks. Computational time is dependent
upon the number of pedigrees and the length of the genomic region being analvzed.
The ICPCG data, comprised of 190 pedigrees and 3502 data points from 22
chromosomes, required 21,3 seconds per iteration with a 3.0 GHz Intel Xcon Duo
Corc 64-bit CPU running R v2.4.1 on Red Hat interprise Linux v5. One iteration
consists of shuftling all pedigrees, calculating the null sumLINK. sumLOD. and
number ol pedigrees contributing to each statistic at all data points, and writing out a
text fle containing these values. Significance is computed in a later step alier all
shuflling iterations are complete. Qur simulated null data (400 pedigrees. 3330 ¢M.
22 chromosomes) required 60.8 seconds per iteration. and the simulated data sets from
GAWI13 (200 pedigrees. 3604 ¢M. 22 chromosomes) required 22.9 scconds per
iteration.

Analysis of simulated null data illustrated that the type-1 error rate for the
sumLINIK and sumLOD statisties were all within aceeptable boundaries. indicating
that the genome shuffling procedure is valid for significance testing. [tis interesting
to note that the sumLINK and sumLOD statistics did not frequently agree with regard
to the locations of statistically significant peaks in the null data. nor did they generally
agree with the HILOD. This perbaps indicates that the three statistics are sensitive (o
difterent characteristies of the null data.

Analysis of simulated alternative hypothesis data was based on a GAWI3
complex model. An obesity phenotype was selected because it is a comples trail
simulated with extensive locus heterogenegity, One major weiaht gene, Gh/1 1 was

easily identitied, with both the sumLOD and sumlINK showing good comparability
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with the FILOD. Power was low for all other genes, bul this was nol unexpected.
Others who analyzed these data reported that the simulated obesity-related wenes.
patticularly those genes affecting change over time. were very difficult to find [18.19].
The data creators intentionally made many of the genes challenging and perhaps ¢ven
impossible to find [13]. Although the power was low, the sumLINK and sum[.OD
stavstics consistently outperformed the HLOD in identifying the minor genes.
However, we do not believe that these new statistics should replace the HLOD: rather.
our investigation indicates a proof-of-principle that the sumLINK and/or sumLOD are
usefud companien measures to help identily the best loci for further testing,

Powential Timitations of our method include that the genome-shufiling
procedure to create the null distribution may not be useful for studies including only a
small number of pedigrees due 1o the limited number ot shuftled genomes that can be
generated. The shuffling procedure also assumes that information content is
approximately canstant across the genome, an assumption that may be violaled at the
telomeres where multipoint information and information content is reduced
systematically. We tested robustness to this by removing all the telomeric regions
from the [CPCG data and repeating the analysis. We found that because these regions
are such a small part of the entire genonie, they do not substantially bias the shulfled
null genomes and the results were extremely robust. However, given the dilference in
information cantent between the sex chromosomes and the autosomes. we suggest the
method for autosomal genome scans only. The term “genome-wide™ as used in this
manuscript refers only 1o the 22 autosomes. All of the sumLINK and sum QD

analyses we presented were performed using sex-averaged genetic maps. The effect



91
of this assumption on the characteristics vl these new statistics has nat been
investigated here..

In our example case study of the ICPC(raggressive prostate cancer data, we
identified 3 regions of interest for further follow-up: two with genome-wide
significant evidence supported by FDR analysis. and one with suggestive evidence.
This performance is very encouraging. A prior linkage study of these data using
conventionat LOD/HLOD procedures indicated suggestive linkage evidence at the
same loci that we identificd on chromosomes 11 and 20 (HLODs ol 2.40 for a
recessive model and 2.49 for a dominant model. respectively) [ 16]. Our method 1inds
superior levels ol significance:; both loci are genome-wide significant. Flowever, it is
certainly notable that Schaid et al. reported that the evidence on chromosome |1
increased to HLOD=3.31 in subset analyses for early age-at-onset pedigrees. and the
region on chromosome 20 increased (o HLOD= 2.65 in the subset of pedigrees with
mean age-at-onset greater than 63 vears [16]. Without necessitating the increased
multiple testing inherent from subset analyses. the sumLINK was able to identity the
more powerful pedigrees and the superior cvidence. Our suggestive region on
chromosome 2 was not identified using conventional linkage statistics in the previous

study.

Conclusion
We have proposed a new statistic to identify linkage regions that have promise
for localization and follow-up to gene identification. An R-script is available from the

authors that can be used to calculate the sumLINK and suml.OD statistics and



generate the null distributions (o assess significance ol cach. We do not claim that
these statistics are superior, but that there is evidence that they are uselul companion
statistics ta the HLOD. This method is of particular use within the ramework of large
cotlaborative data as it requires neither the sharing of raw data nor the use of comimon
marker sets. We believe this is an important additional statistical tool tor identifying

linkage regions likely to harbor discase predisposition genes.
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Abstracl
BACKGROUND: Prostate cancer is gencrally belicved to have a strong
inherited component, but the search tor susceptibility genes has been hindered by the
elfects of genetic heterogeneity. The recently developed sumLINIC and sumLOD
statistics are powerlul teols for linkage analysis in the presence of heterogeneity,
METHODS: We performed a sccondary analysis of 1233 prostate cancer pedigrees
trom the International Consortium for Prostate Cancer Genetics (ICPCG) using two
novel statistics, the sumLINK and sumLOD. For both statistics, dominant and
recgssive genetic models were considered. False discovery rate (DR analysis was
conducted to assess the effects of multiple testing. RESULTS: Our analysis identified
significant linkage evidence at chromosome 22q1 2, contirming previcus findings by
the initial conventional analyses of the same [CPCG data. Twelve other regions were
identified with genomewide suggestive evidence for linkage. Seven regions (1g23.
31105935 6p21. 8q12, T1q13. 20pl1-ql 1) are near loci previously identitied in the
initial ICPCG pooled data analysis or the subsel of aggressive prostate cancer (PC)
pedigrees. Three other regions (1pl2. 8p23, [9q13) confiem loci reported by others,
and two {2p24. 6q27) are novel susceptibility loci. FDR testing indicates that over
70% of these results are likely true positive lindings. Statistical recombinant mapping
narrewed regions to an average ol 9 cM. CONCLUSIONS: Our results represent
genomic regions with the greatest consistency of positive linkage evidence across a
very large collection of high-risk prostate cancer pedigrees using new statistical tests
that deal powertully with heterogeneity. These regions are excellent candidates for

further study to identify prostate cancer predisposition genes.
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Introduction
Prostate cancer (PC) is belicved to have a complex environmental and genetic
etiology potentially involving numerous genes [1]. The identification of PCa genes
has proven to be very ditficult: genetic hetcrogenceity is a major issue that hinders

progress [2]. Confirmations ol reported PC susceptibility loci are infrequent and some

of the loci that have been confirmed by multiple rescarchers are in chromosomal
regions with very few promising candidate genes [3.4]. Luo and Yu reported in 2003
that evidence for PC susceptibility variants had been reported on all but two human
chromosomes |3]. These two remaining chromosomes, 21 [0.7] and 22 |8.9]. have
subsequently both been implicated. The [nternational Consortium for Prastate Cancer
Geneties (ICPCG) was formed by a large and diverse group of researchers who have
pooled their resources with the intent of deciphering the principal genetic factors
underlying this pervasive disease | 10]. The ICPCG published the findings ot a
conventional linkage analysis using the well-known heterogeneity 1.OD (HLOD)
statistic and multiple subsct analyses based on 1233 high-risk prostate cancer
pedigrees. The study identitied several susceptibility loci for turther study [8].

Here we present the results ol a secondary analysis of the [CPCG pooled
pedigree resource using now genome-wide litkage-based statistics, the sumLINK and
sumLOD, to identify PC susceptibility laci. These new statistics have been shown in
simulation studies to be powerful and robust 100ls for identifying susceptibility loci in
the presence of genctic heterogeneity [11]. The sumLINK/sumLOD approach is well-
suited to analysis of pooled data resources such as this, because it requires only

summary data from cach constituent group, which is logistically easier o attain (there
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are often data privacy and contidentiality concerns associated with sharing individual
raw genotype data and pedigree structures). Secondary analyses of existing data that
are mare powerful at addressing genetic heterogeneity have the potential Lo refine the

original analyses. and identily additional evidence for PC predispostion gences.

Methods

The sumLINK approach tocuses on "linked” pedigrees, which we define 1o be a
pedigree-specific LOD=0.5388 (p=£0.03). The aim is to identify regions with extreme
cansisteney of hinkage evidence across pedigrees. The sumLINK statistic is the sum
of muluipoint 1OV scores for all pedigrees that meet the threshold of LOD=0.588 at a
aiven point in the genome. This value is computed at intervals of one centimorgan
throughout the genome. We assess the significance of the sumLINK empiricallv using
a unique genome randomization and shuftling method that simulates the expected
consisteney of linked pedigrees under null conditions [L1). Briefly, for cach pedigree,
the vectors of LOD scores for each chromosome are connected in random order. with
the first and last values connected 1o form o “loop.” and the loop is broken at a random
position to create a randomized. shuffled “genomewide” vector of LOD scores. These
vectors are then aligned across pedigrees and values of the sumLINK statistic are
caleulaled. This procedure is designed to maintain each pedigree’s potential for
linkage signals across the genome. but randomizes consistency of linkage evidence
across pedigrees. Observed peaks are compared with peaks cccurring in 1000

iterations of the randomized dawa in order to establish the expected frequency of peaks
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with a similar or greater magnitude for the dara in question. This expected frequency
may be called a false positive rate. or I'PR.

The sumLOD statistic is a complimentary companion 1o the sumLINK statistic.
Ihe suml.OD statistic is similar to the sumLINK statistic, but with a reduced inclusion
threshold: all positive pedigree LOD scores at cach point in the genome are summed
to calculate the sumlOD statistic. Signilicance of the sumLOD is determined
empirically by the same genome randomization procedure that is used for the
sumLINK. In accordance with the standards for significant linkage evidence set by
Lander and Krouglvak |12]. peak sum L INK and sum[LOD values are considered (o
represent significant evidence of linkage i1 the expected frequency of peaks of similar
magnitucde under null conditions is less than 0.03 per genome. Peak values are
considered to be suggestive evidence of linkage if the expected frequency is less than
ONe per genome.

We applied the sumLINK and sumLOD procedures to the 1233 PC pedigrees
in the ICPCG pooled pedigree resource. Pedigree characteristics and genotyping
details have been described previously |8]. The two statistics were computed at 1-¢M
increments (N=3502) throughout the 22 autosomes based on LOD scores from the
dominant and recessive inheritance models that were used in the original [CPCG
analysis. The sex chromesomes were not included in the analysis. 372 pedigrees
achieved a maximum LOD score ot at Icast 0.588 at some point in the genome under
the dominant inheritance model. and 333 pedigrees achieved a LOD score of at least
(0.388 under the recessive model. Only these pedigrees contributed to the suml INK

analyses. 1230 pedigrees contributed to the sum!.OD analyses under cach model.
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Cimpirical significance was computed based en 1000 iterations of the genome
randemization technique.

False positive rates were calceulated based on the empirical distributions for
cach of the four analyses (dominant and recessive. sumLINK and sumI[.ODD). False
discovery rate (FDR) g-values were estimaled o account for the effects of multiple
testing that are inherent in the usage of multipte modcls and statistics. Application ot
FDR methods to multipoint LOD scores have heen shown 1o be valid provided no
fine-mapping markers arc used [13]. This requircment is met in the present analvsis.
The empirical FDR g-value represents the probability that a given resultis a (alse

pasitive based on the pooled distributions of all four analvses.

Loculization

Loci identitied with the sumLINK approach have natural potential for
subsequent gene localization using statistical recombinant mapping | 14], as. by
definition. there exist a statistical excess of hinked pedigrees contributing to cach peak.
Hence. Tor all significant and suggestive sumLINK peaks. we will pursue localization
using statistical recombinant mapping. The genetic marker sets (or which pedigrees
were genolyped varied between institutions. Fven though the resolution of each
separate Jinkage study map was an average spacing of 10 ¢M. the disparity of different
marker maps helps fine-mapping efforts. If pedigrees firom different resources are
linked (o the same region. they can identifv regions smaller than the resolutions of
cach independent marker map. These genomic segments ave the mmosl probable

locations for finding o PC susceptibility gene.
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Giiven that the linkage cvidence for cach pedigree is based ona 10 ¢M map.
most pedigrees will have a genotyped marker within 5 ¢M ol any given ¢M position
on the genetic map. Hence. when selecting pedigrees to consider *linked” to a
significant or suggestive region, we identified all pedigrees that achicved 1.OD>0.588
within 5 ¢M of the observed sumLINK peak. We then examined the 1LOD score
curves for each of these pedigreces and determined the probable location of
recombination events that mark the outer limits of the segregating chromosomal
scgment within cach pedigree. Recombinant events are estimated 1o be at the outer
point ol an abrupt drop in LOD score, as these posilions are statistical evidence for a
loss of genetic sharing by aflected pedigree members. A shared chromosomal region
bounded by two recombinant cvents on cach side is an approximate 95% conftidencc

interval for the consensus region [14].

Results

Figure 3.1 shows the genome-wide sumLINK and suml.OD statistics for each
model. together with lines representing the thresholds for significant and suggestive
linkage as determined by the randomization procedure, Results are summarized in
Table 5.1. We identified one locus with significant Iinkage evidence. and twelve loci
with suggestive linkage evidence. There were no signibicant or sugpestive linkage
peaks identified by the recessive sumLINK analysis.

Significant linkage evidence was observed at chromosome 22q12 by both the
dominant sumLINK (FPR=0.010, 46 contnibuting pedigrees) and the dominant

sumLOD (FPR=0.032, 454 contributing pedigrees). In addition 1o both of these
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lable 5.1. Chromosomal regions with at least suggestive linkage evidence.

| 04

T FDR**

Chr - Nearest eM Total peds Analysis Model  FPR* | q-val Obs Exp

| marker contributing peaks peaks
[ 22q12 ‘ D22S283 42 46 sumLINK — Dom 0010 0115 | 0.1
1 D225283 12 154 sumLOD Dom 0.032 018 2 0.4
sqil 1 DsS2s00 75 507 sumLOD Dom  0.059 0200 4 0.8
D55407 72 43 sumbINK  Dom 0.3290  0.259 7 4.4
[2p24 | D2Siie0 39 45 C sumLINKS Domo 0089 0200 4 0.8
Cop21 | DOSTH27 59 Jos suml.OD  Dom 0350 0259 17 44
| [ DeS1017 64 0 sumbLINK Dom 0445 0239 7 14
| [9ql3 | D 195900 70 (S sumb.INK - Dom 0379 0.259 17 4.4
[ 8q17 [X8S285 68 d87 suml.OD [Dom u.3vs 0239 17 4.4
D8S 285 63 449 suml D Ree 0851 0259 17 1.4

Cgp2s L DESIIS0 I8 467 T aml.OD  Dam 04427 0259 17 44
C1lqly [ DUISIsG 79 491 swml 0D Dom 03558 0259 17 4.4
[20pl1- | D20S9I2 SI 484 sumLOD  Ree 0688 0259 17 44
qll D20SI95 58 489 suml. 0D Dom 0736 0259 17 4.4
L 6g27 | D6S28 189 430 simlLOD  Rec 0740 0259 17 4
T1g23 | DIS2628 164 44 T oumlINK Dom 0.822 0259 |7 4.4
$933 | DSS400 177 43 sumlLINK  Dom 0832 02359 17 1.4
[lpl2 D153 140 491 sumLOD  Dom 0935 0262 18 47

* FFalse positive rate, or FPR. reters (o the expected frequency of peaks of similar or
greater magnitude based on the results of 1000 repetitions of the genome

randomization proccdure.

** False discovery rate (FDR) results are based on the cumulative distribution of null

p-vatues from all analvses. The q-value indicates the proportion of all results of

similar or greater significance that are expected to be false positives.
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findings being genome-wide signilicant in their respective single genomewide screens
(I'PRs < 0.03). after correction for all four genomewide anaiyses, the DR was 0.180.
This indicates that under the null hypothesis. the expected number of peaks at lcast as
extreme as these two is only 0.4 (=0.186=2), and therefore. that 1.6 of these 2 peaks
arc not likely to be from the null distribution. Since both peaks are at 22q12, this
indicates that even after carrection for the four genomewide analyses performed here.
there is excellent evidence that the 22¢12 locus is a true positive.

Suggestive peaks arc those that in a single genomewide screen would only be
expecled once per genome under the null hiypothesis. Twelve loci were identified
within their respective single genomewide analyses to have suggestive evidencee for
linkage. In decreasing order ol significance. these regions were at chromosomes 5q1 |
(dominant sumb.OD and sumLINK). 2p24 (dominant st INK ) 6p21 (dominant
suml.OD and sumLINK), 19913 (dominant sumLINK). 8q12 (dominant and recessive
sumbOD). 8p23 (dominant sumL.OD). 113 (dominant sumLOD), 20pl -l 1
(dominant and recessive suml.QD). 627 (recessive sumLOD). 123 (dominant
sumLINK)L 5¢35 (dominant sum LINK), and Ipl2 (dominant sumbOD). Loci at 31t
and 2p24. are perhaps worthy ot particular note because although strictly onty
suggestive, both were borderline significant {(FPRs of 0.059 and 0.089, respectively).
Accounting for the Tour genomewide analyses. the FDR value associated with these 18
suggestive and significant peaks (distributed across 13 regions) was 0.262. indicating
that only 4.7 (18=0.262) peaks would huve been expected under the null, That is, we

observed 13.3 more peaks than expected and thus. 13.3 are likely not from the null.
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Hence. there is good evidence that many, although not all. of these Joci with
suggestive evidence for linkage are also true positive findings.

Table 3.2 shows the results of our localization analysis for the seven sienificant
and suggestive regions identificd with the sumLINK analyses, Estimated regions are
bascd on the obscrvation ol two recombination events at cach end. indicating an
approximate 953% support interval. The microsatellite markers flanking the two-
recombinant region are also reported. These two-recombinant localization intervals
range trom 5 to 17 ¢Muwith a mean ot 9.1 ¢M. Since we included information from
all pedigrees with a LOD=0.588 within 5 ¢M of the peak. there were some instances
where pedigrees showed conflicting evidence about the location of the shared
chromosomal region. In these instances. we selected the region where the greatest
number of pedigrees agreed. and reported the number of conflicting pedigrees in the

table together with the number of supporting pedigrees.

[able 5.2, Localizalion intervals for sumLINK regions

Locus Peak 2-recomb, Supporting (fonﬂﬁing I'tanking markers

| {eM) Interval (¢M)  Pedigrees® Pedigrees

| 1923 64 161 -170 59 0 DISI6T IS4
2p24 39 2940 33 0 D2ZSI400 13251360
Syl 72 72—79 52 2 335407155647
5¢35 177 [68—185 52 0 [235422—-D3S 1960
6p2l 64 65--74 30 it D6S1582-—D651280
19913 70 63—6% 33 2 D195570—D 195420

22ql2 42 372 57 0 D22S28G—D225683

* Number of pedigrees with LOD >0.388 within 5¢M of the peak.

l=_
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Discussion

We have performed a sccondary analysis of data {from the largest collection of
high-risk prostate cancer pedigrees ever assembled with new multipoint linkage-based
statistics, sumLINK and sumLOD., which are specifically designed to address genetic
heterogeneity. ‘Three of the thirteen loci that we identified in the present analysis
(3ql1.5g35. and 22q12) correspond directly to peaks that were reperted in the original
1CPCG analysis using the conventional TILOD statistic [8]. In that analysis, a
dominant LOD score of 1.93 was observed at 22q1 2. which increased to 3.57 in the
subset of pedigrees with at least five aftected tamily members. Additionally. a non-
parametric LOD of 2.28 was reported al 542, and a dominant LOD of 2.05 was
reported at 535 in the subsct of families with mean age at diagnosis <65 years. Two
other loci (1923 and 8q12) are near peaks that werc reported in the first analysis [8].
The loci on chromosomes 6p21. 11g13. and 20pl1-ql1 correspond (o susceptibility
loci previously identified in the [CPCG data resource in linkage scans for aggressive
prostate cancer [11.15]. The remaining loci have not previously been identified in
pooled [CPCG data. though many of them correspond to tindings reported elsewhere
in linkage studies by individual institutions.

The dominant and recessive sumL.OD peaks on chromosome 20 appear to be
supportive of the HPC2( locus [ 16]. although it should be noted that the original
HPC20 linkage peak was at 20413, about 20-30 ¢M downstream from the peaks we
report here. Our tentative replication of HPC20 is in contrast to an earlier ICPCG
study using the same data and a conventional HLOD approach that failed 1o replicate

this Jocus [10]. although a later ICPCG study concentrating on aggressive prostate
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cancer pedigrees did find linkage evidence [13]. The 1CPCG ageressive PC hinkage
study found a dominant LOD score ol 2.49 midway beltween the dominant and
recessive sumL.OD peaks that we report here. The ebserved LOD score increased to
2,65 1n the subset of pedigrees with mean age at onset =65 vears. The present study
includes data from most of the pedigrees that were included in the ICPCG
aggressiveness analysis. but the difference in phenotype definition prevents a direct
comparison of the pedigrees that contribute to the results. HPC20 was originally
identiticd by the Mayo Clinie site [ 16.17]: hawever. ol the 45 pedigrees thal exhibited
LOD=0.588 within 5 ¢M of the dominant suml[.OD peak. only & were from Mavo
Clinic. As scen Irom these comparisons. one distinet advantage of the sumINK and
sumLOD statistics is that the approach inherently identifies subgroups of pedigrees
that are genetically alike. and hence. one analysis can encompass what in conventional
analyscs may take many subsct analyses and multiple testing corvections. I is
therefore perhaps not surprising that our results more closely align with linkage
findings for subset-based analyses such as aggressive prostate cancer [13].

In addition to the findings discussed above, three of the other suggestive
linkage regions reported here support previously identitied loci. Our peak at 1pl2
falls within a region of interest reported by other ICPCG member-sites [[8]. The peak
at chromosome 123 approximates the HPC | susceptibility region [19], although the
RNASEL candidate gene proposed as the HPC1 gene |20] is located about 20 Mb
beyoend the boundary of our supporl interval. An ICPCG member-site previously
reported linkage at 8p23 [21]. a finding that was rccently replicated and refined by

combined somatic deletion and fine linkage mapping [22]. The suggestive sumLOD
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peak at &p23 is about 4 Mb from the ASR/ 1PC candidate gene. Our 19¢13 region alsa
corresponds to previousty reported linkage Tor aggressive PC [23.24].

QOur suggestive regions an chromosomes 2p24 and 6q27 appear to be new. OF
particular interest of these new loci 1s perhaps 2p24. Statisticat evidence for 2p24 was
borderline significant. and recently. a germline copy number variant at the 2p24 locus
has been associated with aggressive prostate cancer [25]. Other notable association
studies have focused on regions identified in this report. Copy number variations at
8p23and I1gl3 have heen implicated in aggressive PC and PC recurrence,
respectively [26]. Kallikrein genes KLA2 and ALK at chromoesome 1913 have been
identified as PC candidate genes |27].

We did not identify linkage evidence to regions that have recently received
much attention due to highly significanm and replicable association evidence with PC
in genome-wide association studics. The most compelling of these results are located
on chromosomes 8q24. V7q)2.and [0q L1 |3]. Ttis perhaps not surprising that we did
not find any evidence to support these regions because these SNPs have common
minor allele frequencies and very small effect sizes. The sumLINK and sumLOD are
linkage-based statistics. and linkage is most powerful for finding rarer. more highly-
penetrant variants.

The localization procedure we used here to delimit support intervals generated
nmuch more concise intervals than the 1-1.0OD drop regions reported previously by
ICPCG for the four sumLINK peaks that overlapped with previous findings |8} . The
intervals reported previousiy ranged from 12 1o 30 ¢M with a mean length of 21.2 eM.

substantially longer than the mean length of 9.5 ¢M we report here for the same 4
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regions. A particularly interesting example of the narrower intervals can be seen in
the putative susceptibility locus at chromosome 3ql1-12. The previous analysis of
this data identified a suggestive HLOD peak at 77 ¢M. with a reported 1-1.OD support
interval extending from 66—96 ¢M. [n the present analysis. the sumLINK statistie
identified a suggestive linkage peak at 72 ¢M and a 2-recombinant support interval of’
only 7 ¢M, which includes the original HLOD peak. This ability to more narrowly
define regions using statistical recombinant mapping was also illustrated by an carlier
candidate region Tocalization study ftor the chromosame 2212 susceptibiliny locus [9].
That report had the advantage of LOD score data from scveral large pedizrees with
fine-mapping markers that were not included in the present results. Nonetheless. and
as expected. the 2-recombinant localization region we report here supports the region

previously reported in that paper.

Conclusion

A secondary reanalysis of 1233 PC pedigrees using novel linkage statistics
identitied 13 regions with al least genomewide suggestive evidence for linkage. Eight
regions provide confirmation of loci previously identificd by conventienal linkage
analyscs in the same ICPCG data [§] or the subset ol aggressive PC pedigrees | 15].
three are regions that confirm loci not seen in the original analyses. but are reported in
other linkage studics {18.22-24], and two are novel locl. One distinet benetit of the
sumLINK and sumLOD appreach is that the statistics are based on the identification

of pedigrees that are genetically alike at a locus. and the constituent set of pedigrees

may change from locus-te-locus. This both addresses genetic heterogeneity directly
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and largely circumvents the need for subset and stratification analyses that are costly
in terms of multiple testing. This is illustrated by the fact that several of the regions
identificd here replicate results that were originally found in stratification analyses.
The seeond advantage for the sumLINK statistic is the natural progression to statistical
recombinant mapping. which appears to hold much promisc for narrowing linkage
regions. Furthermore, the FDR approach for correction of multiple genomewide
analyscs can better guide interpretation and aid prioritization ol findings. Evidence
here suggests that these statistics have the potential to further refine the results of
original analyses, and provide new divections in the pursuit tor PC susceptibility

Lenes,
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Summary
e purpose of this research was to extend methodelogy for identifving disease
genes in heterogeneous systems. Current methodelogy tor genetic linkage analysis
was examined and new methods for finkage analysis were developed. Prostate cancer
(PC). the genetic etiology of which is believed to be very complicated. was used as a

model system throughout the research.

Chapter 2 Review
Genenic heterogeneity has been identitied as the principie factor responsible tor
the numerous published hints of PC linkage and the relative dearth ol positive
replication studies. Itis encouraging that analysis of clinically defined PC subtypes.

especially aggressive” disease cases. has resulted in several replicated linkage
findings. Chapter 2 is a conventional linkage analysis for ageressive PC using data
ascertained from an unconventional resource. the Utah Population Database (UPDB)
[1]. Analvsis of the large extended pedigrees in this study did nol return any
significant linkage results. but previously reported linkages for the aggressive
phenotype to chromosomes 0p and 20 were confirmed. Suggestive linkage regions
on chromosomes Ip and 8q also support previously reported PC linkage.

[Lis very interesting to note the differences between the results of this study
and the results of the previous linkage anatysis of the same pedigrecs for all PC cases
[2]. The best linkage signals reported in that study. on chromosomes 1, 3. 5. and 22,

practically disappearcd in the analysis of the aggressive phenotype. Conversely, the

suggestive linkage results in the aggressive analvsis are not generally seen in the
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results of the ariginal analysis. This abscervation supports the notion that aggressive
PC may have a different genetic cliology than PC i general. or that the etiology of PC
inay involve oo many gencs for any one of them to be delected by analysis of only the
broader phenotype.

The challenge Tor prostate cancer researchers is to sutficiently clari(v the
differences within the PC phenotype so that genes controtling each subiype can be
dentified. This includes improving the definitions of “aggressive™ and “early onset”
discase. Similar challenges exist for other heterogencous phenotvpes as well.
Obraining vahd results from linkage analvsis using conventional technigues requires
that phenotypes be defined as concisely as possible. [tis possible that new analytical
methods will make it possible 1o find more genes with marginal effects. but any
ambiguity in the analyzed phenotype will make it more ditficult to establish a

causative relationship.

Chapter 3 Review

To identity discase susceplilility genes in complex systems. it may be
necessary Iind alternative methods of defining the phenotype of interest. thereby
excluding statistical noise produced by phenocopics (individuals whose disease was
caused by a nongenctic factor). 1t has been proposed that biomarkers associated with
the disease. such as RNA expression levels, may lead to genes associated wath disease.
particularly in regulatory pathways. Chapter 3 is a conceptual study that uses gene
expression profiles tfrom randomly-ascertained individuals in pedigrees as a phenotype

[or linkage analysis with the hypothesis that loci may be found that are linked to the



expression profile as well as (he associated discase. This study concentrated on an
expression prefile that could be considered a marker of PC risk. The risk fevel for
study subjects was determined based on the expression levels of 26 genes that had
previously been implicated as over- or under-expressed in PC tumors. Linkage
analysis of this "PC risk™ phenotype identified interesting results on chromosomes 4
and 6 i areas previously linked to PC susceptibility,

A weakness of this study is that the risk profiles used as phenotypes in this
chapter used expressian data measured in blood cells. whereas the model for risk was
based on reported RNA expression levels in prostate tumaors. This presumes that
blood hiomarkers can. at some level. represent tumor biomarkers and can be used to

predict discase risk. This 1s a novel concept that 1s receiving much attention in current

cancer research. The NIIT Challenge Grants in Health and Science Research iniliative,
part of the American Recovery and Reinvestment Act of 2009, includes requests for
research proposals to identify body {luid expression biomarkers that provide early
detection for the risk of cancer and age-related diseases. Understanding the genelics
underlying gene expression. which is at the center of Chapler 3. has also been
identified as a key to understanding human disease genetics [3].

The results in Chapter 3 stand as proot of concept that the expression levets of
several rclated genes can be combined to create a reasonable phenotype for linkage
analysis. As shown in Chapter 2. it is very important to concisely define phenotypes
used in linkage analysis in order to obtain reliable results. In the event that a
phenotype’s elinical presentation is easily confused with a different. unrelated

phenotype. the usc of related gene expression levels and other biomarkers may



improve the accuracy of the diagnosis. and thereby sirengthen the yesults of the
analysis. The methods presented here would be particularly usetul for identitving

inherited variants that may regulate genelic pathways.

Chapter 4 Review
Collaborative data sharing, appropriately accounting for multiple

testing. and developing new analytical methods have all been identified as necessary
factors 1o overcome the problems of heterogeneity in linkage analysis [4]. Chapter 4
describes an attempt to address all of these factors through the development of the
novel sumLINK and sumLOD analysis method. These statistics are designed to
address both helerogeneily and gene localization. [rait genes in heterogeneous
sysicms may not be found by waditional linkage methods because only a limited
number of pedigrees may be linked to the locus. and the linkage signal fram those
pedigrees does not rise above the statistical “background noise.”™ The sumLINK and
sumLOD procedures identify the genomic regions for which a substantial number of
pedigrees give concordant linkage evidence, regardless of the negative evidence
exhibited by unlinked pedigrees. The suimLINK and suml.O1Y methods were
validated by extensive simulations. Simulation testing established that the rate of
detecting false positive results was followed the expected distribution. Both statistics
routinely outperformed the conventional HLOD statistic in identifving the location of
trait related genes in data simulating a complex disease system.

The methods described in Chapter 4 arve of particular use within the framework

of large collaborative data as they require neither the sharing of raw data nor the use of



conmmon genetic marker sets. Limpiricat methods for false discovery rate (FDR)
analysis give perspective (o the significance of results across multiple analyses. These
characteristics were demonstrated in a case study that analyzed 190 pedigrees with
aggressive PC provided by the International Consortium for Prostate Cancer Genetics
(ICIPCG). The case study successiufly replicated the results of a conventional linkage

analysis and also identitied an additional locus linked to PC aggressiveness that had

not been reported previously.

Chapter 5 Review

The International Consortium for Prostate Cancer Geneties (1CPCG)Y has
assembled a collection of 1233 high-risk PC pedigrees for linkage analysis. Chapter 3
1s a practical application of the sumLINK and sumLOD methods within this large
ICPCG data resource. Conventional analysis ol this resource previousty identified
significant linkage on chromosome 22q12. and suggestive linkage evidence in several
other regions [ 3], Most of the previously identified regions ot interest were found via
subset analysis. The sumLINK and sumLOL> analyses in Chapter 3 confirm the
significant linkage result at 22q12 as well as suggestive loci originally reported by the
ICPCG at chromosomes 1g23. 3¢l 1. 5g35.6p21. 8q12, I lgl3. and 20pii-g1 1. This
analysis also provided conlirmation of susceptibility loci reported by other rescarchers
on chromsomes 1p12. 8p23. and 19q13. which were not found in this data using
conventional linkage statisties. All linkage regions identified by the suinLINK
statistic can be delimited by statistical recombinant mapping. which can greatly reduce

the length of the chremosomal segment where candidate genes may be Tound. The
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results found with sumLINK and sumb.OD did not require subsetting the data. thereby

limiting the effects of multipie testing on the significance of the results. The results in
this chapter identify the genomic regions with the greatest consistency of positive
linkage evidenee across a very large collection ol PC pedigrees. These regions are

excellent candidates for further study o identify PC predisposition genes.

Contribution 10 Biomedical Informatics

Riomedical intormatics is the application of computer science and information
systems 10 healtheare and biological rescarch. The ficld of genetic epidemiotogy
relies heavily on biomedical informatics tools and resources. The Utah Population
Database | 1] and online resources such the UCSC Genome Browser [6] are examples
of informatics resources that make genetic epidemiology research possible. Genetic
cpidemiologists contribute to biomedical informatics by developing phenotype and
cenolype databases and by creating software tools and algorithms for analyzing
genctic dara and testing hypotheses of genetic contributions. The present research
makes a significant contribution to biomedical informatics with the development of
the sumLINK analysis method. Aside from being a powertul statistic for genetic
epidemiology research. the sumLINK procedure has two major benefils for
informatics.

Firsl, the novel genome shuffling algorithn used to determine sumLINK
significance may have a variely of additional applications both in and out of the
biological sciences. 'The algorithm can be applicd to any type of trend data measured

at regular intervals for several experimental subjects. Possible applications include
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such varied fields as public health surveillance (Is an apparent peak in over-the-

counter sales of flu medicine at several pharmacies significantly different lrom the
established norms. and thercfore indicative ol an outbreak?) and meteorology (Is it
significant that several weather stations in a broad area reported recorded spikes in
wind speed al the time?).

The second informaties benefit of the sumLINK method is that it facilitates
collaborative research and data sharing. Data security and protecting the privacy of
rescarch subjects arc very importantissues in informatics. Sharing private patient data
or other secure. proprietary information between institutions can be a barrier to
research collaborations as institutional review boards are genervally wary aboul
allowing rescarchers to pass any sensitive data outside ol their own institution. The
sumLINK procedure uses only unidentifiable meta data as inpul. and can therefore be
used to analyze data from multiple institutions without sharing any private data. This
characteristic makes the sumLINK a very valuable tool from the perspective of

biomedical informalics,

Discussion
The problems presented by genetic heterogeneily will not be easy for genetic
epidemiologists 1o avercome. Many years of research have already been dedicated 1o
this topic. and many more vears are likely to lollow. 1t is clear that current methods
are not capable of solving the problem. New and innovative analytical methods are
needed. The sumLINK and suml OD statistics are a step in the right direction. but

they must stll withstand the test of time. SumLINK analysis outperforms
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conventional methods in simulated data, but no genes have yet been praven (o exist
based en suml.INK evidence. and it remains unclear whether suscepltibility loci
identified with this method will have a better replication rate than traditional methods.

Despite the nevelty of the methods, sumLINK and sumLOD remain
LOD-based tinkage statistics. The LOD statistic has been used for over 50 vears, and
itmay be thal the answer to the overarching heterogeneity problem lies somewhere
further outside the bounds of traditional methodology. Advances in high-throughput
genatyping make it possible te simultaneously genotype over one nullion single
nucleotide polyvimorphisms (SNPs). and exciting new methods are being developed o
utilize this rich data. One such technique is shared genomic seciment (SGS) analysis
[7]. This method uses long runs of SNPs ar which alleles are shared identically by
state in pedigrees to localize hypothesized predisposition genes. High-density SNP
genatyping has also led to the current rend of genome-wide association studies
(GWAS). GWAS analyscs Lypically use a case-control design with large numbers of
unrelated subjecis. This type ol study is stll in developmental stages. but has already
demonstrated wility for linding common genetic variants that have moderate statistical
association with disease status,

Although uselul. GWAS cannot entirely replace pedigree-based analysis.
Current GWAS mcthods lack the power to identify rare {allele frequency < 0.03).
high-risk coding variants, which is a strength of linkage analysis [3]. The expense of
collecting and genotyping the large number of subjects needed for GWAS is also a
limiting factor. There are some phenotypes for which linkage will always be more

powerful and cfficient. A combination of linkage and association techniques is likely
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Lo give the best power in heterogencous systems. An example of the synergy that
results from combined linkage and association testing can be scen in the chromasome
8q24 PC locus. This locus was identified by linkage analysis and replicated by
OGWAS. but it remains unclear which gene in that region, if any, is responsible for the
association with inereased PC risk. In such a case, statistical recombinant mapping
with Tinked pedigrees can refine the arca most likely 1o harbor the true susceptibility
variant [8]. Pedigrec-based data is also useful for association studies. and several tools
have been developed tor association testing using related subjects [9-12]. Mcthods for
association analysis using refated subjects need (o be retined and extended for use in
ecnome-wide sctting. This concept is addressed in Appendix C.owhich contains results
ot a combined linkage and association study in extended pedigrees. The elficiency
and cconomy of genomic research can be greatly improved it linkage and association
analysis can be performed in the same group of subjects. as the cost of subject
ascerlainment and genotyping can he combined.

The future of genetic epidemiology research relies on the development of
analysis methods with sufficient power 1o identify susceptibility genes in complex.
heterogencous systems. This may require a fundamental shilt in the way we think
about phenotypes, as demonstrated in Chapters 2 and 3. [t may also require the
development of new analytical methods. such as the sumLINK and sumLOD statistics
desceribed in Chapters 4 and 3. Methods must also be developed for emerging data
types. The past decade has seen an explosion in genolype data with the intraduction
of affordable. high throughput. high density SN genotyping technology. Despite the

advances in data collection. there has been little fundamental change in the tools used



o analyze genelic data over the same period. The coming decade is likely o

cxpertence another genolyping renaissance as "next-generation’ sequencing

technology comes of age | 13]. At the present. this technology can greatly assist with
mutation screening and candidate gene identification m linkage regions, but it may
have far greater implications in the future, as full genome sequencing becomes a
practical reality. Full genome sequences will contain treasures of knowledge, but it

will never be understood unless genetic epidemiologists are prepared with the methods

needed to process and analyzc such vast amounts of data. We must be ready.
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survey ol Excess Familiality in Prostate Cancer
by :

GB Christensen. JM Farnham, NJ Camp. LA Cannon-Atbright

University ol Utah Department of Biomedical [nformatics

Backeround

Prostate cancer (PCa) is the most commonly diagnosed cancer among men,
and has long been recognized to occur in familial clusters. Howcever, identification of
venes predisposing individuals to prostate cancer has been difficult. Putative PCa
predisposition loci identified by genctic linkage have been reported on aimost all
ehromosomes. bul successful conlirmation reports have heen rare. 1PCa is a complex
disease likely involving multiple genes and variable phenotypic expression. As a step
toward understanding PCa heterogeneity. we used the resources of the Utah
Population Database to review several PCa-related phenotypes for excess familality.
PCa subgroups that can be shown to have a strong familial component become
candidates for linkage analysis and other genetic testing to determine the genetic basis

for the observed phenotype.

Data Resource
«  Utah Population Database (UPDBR)
+  Records for approximately 2.2 million individuals
»  Upto 9 generations of genealogical data linking individuals into

pedigrees



«  Linked to death certificates from Utah vital records. providing cause of
death data since 1904
+  Mah Cancer Registry (UCR)
+  Partof Surveillance, Epidemiology and End Results (SEER) program
since 1973
*  All cancer events except basal and squamous ce!l carcinomas are
required to he reported
«  [ully linked to UPDI3
« At the time of this study, 17.379 PCa cases lrom UCR were linked 10 UPDB
gencalogies
«  Tables AL --5 summarize the primary variables from UCR and UPDB used in

this study

Genealogical Index of Familiality (GII)

The GIF statistic tests the hypothesis thal a sct ol individuals is more closely related
than would be expected by chance. The statistic 1s computed lor the cases and for
1000 sets of controls that are carefully matched to each subject in the case group based
on sex, vear ol birth, and place of birth. An empirical p-value determines the
significance of the relatedness of the cases in comparison to the repeated controls.

Results of GIF analysis are summarized in Table A.6.



Table A 1: Age at PCa diagnosis
_Age (years) N -
| 40-43 [ 143 -

50-58 1283

60-69 5436

70-79 7184

80-89 3051

290 273

| Table A 2: Ageﬁéﬁa-related death |
73\ge (years) | N - i

40-49 REE

50-59 166

80-89 801

70-79 2028

80-89 1943

290 420

o)
|9]

Table A.3: ICD cause-of-death codes for PCa

ICD Revision Code N

6 1177 |35
7 1177 | 487
R 185 1850 |
g - 185 2719

10 C61 | 1487
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[ Table A.4: PCa stage at diagnosis
Stage Code  Description N
1 Localized 8973 |
2,345 Regional 6840
7 Distant metastases / Systemic disease 5206

[ Table A5 PCa grade at diagnocsis B

| Grade Code Eescnpnon N
1 | Well differentiated 7205

2, Moderately differentiated 6930 ]
X Poorly differentiated 3035
i Undifferentiated, anaplastic 209




| Table A6 Summary of GiF analy_sns lor prostale cancer subgroups

Overall GIF GIF withcut 1° and 2° relatives
Phenolype Group ‘ N Cases | Conlrals Empincal P | Cases | Controls | Empirical F
All PC Cases X 17379 | 375 | 2302 | <0.001 2.80 252 <0.001
| Localized PCa (Stage=1) ; 6973 3.87 3.03 <0 001 2.80 2.48 <0.001
| Metasiatic PCa (Stage=7) | 1606 | 3.54 3.0 <0.001 2.57 2 45 0174
PCaDxbefwe age 50 | 1426 | 499 314 <0 001 298 2.76 0.034
' PCa Dx afler age 80 f 3324 | 392 | 2o | <0.0m 313 281 <0.001
Grade 1 PCa "] 7205 | 380 | z@a <0.001 273 241 | <0001
[ Grade 3/4 PCa ‘ 3244 3gi | 302 <0007 | 289 255 <G 001 |
| PCa-related dealn 5378 | 383 262 <0 001 239 225 0008
| PCa dealh vefore age 65 456 501 258 <0.001 230 | za2 0667
| Malnuinbon Dealin® 1481 | 297 298 0528 | 228 245 0918

«  All PCasubgroups analyzed show greater than expected familiality

< Cases with metastatic disease show reduced significance when the

contribution of ¢lose relatives is removed

«  Relatedness of aroup who died trom PCa belore age 65 also loses significance

beyond close relatives



Graphical GIF Results

‘The graphs in Figure Al show the contribution made to the GIF statistic by
individuals with varying degrees ol relatedness. Fach step on the horizontal axis
represents increasingly distant relatives. [n familial diseases, we expect the case group
to be consistently higher than the controls for several steps. i each frame the black
bars represent the case group and the grey bars represent the average results of 1000
matched control sets. The GIF results of malnutrition-relaled death are included to

show the typical behavior of a non-hereditary phenotype.

AllPCa Cases

GIF

i 2 3 4 5 & 7 g 9 10 1 12 13

Genetic Digtance

Figure A.1. Genealogical index of familiality.
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Ficure A.1. continued.
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Figure A.1. continued.
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PCa Death before age 65

14 -
1.2 -
1
06! - —
1
08,
04l
| |
02 ‘ ‘
ol _ N ]~
1 ? . 4 5 ] 7 8 9 10 A

GIF

12 13
Genetic Distance
Malnutrition-related death
Q7 | e e e -
|
08 ‘
05 i \
. 0,4; |
G
0.1 .
5 6 7 a3 1] 10 N 12 13

Genenc Dislance

IFigure A.1. continued.



I'amilial Relative Risk (IFRR)
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1 he resowrces of the UPDB allow us to make population-bascd estimates of

relative risk for family members of individuals with speciftc phenotypes. Table A7

shows the relative risk to first. second and third degree relatives ol cases for

developing the same PCa phenotype.

Table A.7: Summary of Familial Relative Risks for prostate cancer subgroups
Fnenotype Observed Expected
~_Relationship | Subjecls Cases Cases FRR 95% ClI
All PCa Cases 173749
17 5330 2762.8 193 1.88—1.98
2r 5258 40714 1.26 1.26—1.33
3° 9312 2402 1 1.11 1 089—1.13
Localized PCa {Stage=1) 6973
1° 1061 5214 204 1.81—216
2° 1293 898.4 1.44 1.36—1.52
L o 3| 2332 19791 118 1.13—1.23
Metastatic FCa (Sage=7) 1506
i 51 273 187 1.39—2.46
2° 62 40.8 152 1.16—1 95
) 37 161 137 3 117 0.99—1 37
PCa Dx before age 60 1426
i° 119 18.6 6.4 5.30—7 65
2° 58 24 242 1.84—3.13
. 3 114 80 142 118—171
PCa Dx after age 80 3324
i 1° 322 157 5 204 183—2.28
20 288 203.8 1.41 1.25—1.59
3° 809 700. 1 116  108—1.24
Grade 1 PCa 7205
1° 1159 596.6 194 183—2 06
2° 1193 9227 129 122—1.37
3 2688 2271.5 118 1.14—123
Grade 3/4 PCa 3244
1° 238 1104 2.16 189—245
2° 224 154.7 1.45 126—1.85
3 . 855 519.7 1.26 117—1 36 |
PCa-related death 5378
1° 786 406 4 1.93 1.80—2.07
2° S85 700 4 141 132—1.50
e 3 1534 13347 115 108—121 |
PCa death before age 65 456
1° 2] 2.3 391 179—7 4
2° 16 53 302 1 72—4.80
3° 15 98 143 1H5—2.52
Malnutritton-relaled death 14819
1" 31 255 121 083—173
2° 49 44 111 0.82—1.47
3° 125 115.8 108 6.90—1.29 |
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Conclusions
* Allolthe PCa subgroups examined show a significant familial component
«  Bestresult was lor carly diagnosts group (age at Dx less than 60 vears)
«  GIF = 4.99 was the second largest observed
*  FRR = 0.4 tor first degree relatives was largest observed
«  FFRR values for all relative groups were significantly higher than the
values for general PCa
«  Strong familiality for PCa-related death prior to age 63 is not observed in
distant relatives,
«  May be the result ol a small sample size
+  Locahzed vs. Metastatic PCa cases
*  Metastatic PCa loses famihial significance bevond first and second
degree relatives
+  Result may be affected by relatively small sample size.
«  FRR values for tocalized cases were significantly higher than the

values for gencral PCa in both second and third degree relatives

Our results show that earlv-onset PCa cases and those cases with localized
disease have the strongest familial relationships. These two phenolypes may therefore
be strong candidates for linkage analysis or other genetic testing to identify genes that

are associated with prostale cancer.



APPENDIX B

GENETIC SUSCEPTIBILITY OF PROSTATE CANCER:
GENOME-WIDE SCREEN OF "NON-AGGRESSIVE™

DISEASI:

Excerpt from a poster presented at the 2006 conference of'the

International Genetie Lpidemiology Society
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Genetie suseeptibitity of Prostate Cancer: Genome-wide screen of
non-ageressive” disease
by:
GB Chnstensen, NJ Camp, JM Farnham. LA Cannon-Albright

Lmiversity of Utah Department of Biomedical Informatics

Backuround

Research has consistently shown that genctics plays a critical role in prostate
cancer (CaP) development. but the identification of CaP genes has proven to be very
difficult. Hereditary prostate cancer is a complex disease believed to involve
numereus genes and varable penetrance. (L has been proposed that studying
alternative. highly homogenous phenotypes related to CaP may be a solution for
overcoming the apparent heterogeneity that has hindered the identification of
susceptibility genes. Several recent studies have applicd this idea to "aggressive™ or
“chinically significant™ cases of CaP. Using the resources of the Utah Population
Database, we identified two phenotypes often associated with non-aggressive disease

that show significant familiality. We present those results here.

Data Resouree

= Uah Population Database (UPDB)

Records for approximately 2.2 million individuals
« Upto 9 generations of genealogical data linking individuals into
pedigrees

+  Linked to death certificates providing cause of death data since 1904



Utah Cancer Registry (LICR)
«  Partol Surveillance, Epidemiology and Iind Results (SIFER) program
since 1973
+ All cancer evenls (except basal and squamous cell carcinomas) are
recorded
= Fully linked to UPDB

[8.894 CaP cases lrom UCR currently linked 1o UPDB gencalowies

Familial Relative Risk (FRR)

The resources of the UPDB make it possible 1o make population-based
estimales of relative risk for lamily members of individuals with specific
phenotypes. Considering cach Cal” subgroup to be a unique condition, Table
B.1 shows the relative risk to first, second and third degree relatives of cases
for developing the same phenotype.

All examined subgroups have a significant famihal risk component.
Non-inctastatic disease shows a greater risk to extended family than general
CabP.

Cases diagnosed before age 65 and cases surviving more than 10 years have a

risk significantly greater than general CaP tor all three relative groups.



| "I'EIEMB_J:_Summ::",' of Familal Relative Risks lor selecten prozlale cancer subgroups
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" Phenatyne T Observed Expocled T |
Felatonship | Sugjecls | Cases Cases FRR | 95w Gl |
A!-| CaP Cases {8‘894 o - T L T
q B | Tmand 2815 2 192 | 187—197
2 5336 4145 4 129 1.25—1.32
- E} 9397 55273 1.10 | 1.08—1.12
| Localized {Non-Metasiaiic) CaF 7563 ‘ = |
1" 1081 5111 [ ztia 1.92—2.16
o 1316 6.6 | 146 | 1.36—1.52
3| 2357 mEn | 1.8 | 13122
Regional or Distant Mets, 2974 | i - |
3 1286 6706 | 192 | 1.81-2.02
|
- B 2" 1126 | PEER Y 1.25—1.40
— =~ m B T Wi 07 | 715 i i1—1 19
CaP Survival < 5 yEArs T it —— B - : T -
T KR ) J— s IR —\ d | Tgi—rus
— - 2= | G0 TRER] +| k] T2—1 44 |
_ - S 1534 [ed5 D INE 1 17 |
| ‘CaP Survival > 10 years - 1750 T
- T T sah 7153 755 | 234277
2 3935 582 153 1 38—1 69
3 1H)2 TR 1.29 122—1.386
Cal* Ux tefore age 65 4094
- - 1 411 121.2 331 2.99—3.65
- - Fa 201 157.1 T68 | 1.48—1.90
— T 3 Toa2 5143 | 125 | 145135 |

FRR significanily greater than thal for general CaP
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Linkage Analvsis

Dominant and reeessive parametric linkage analyses were performed for the
Cal’ subgroups with survival ol grealer than 1¢ vears and with localized tumaors. All
analyses were performed using the MCLINK software package at the Center for High
Performance Computing at the University of Utah. Genotyping was performed by the
Center for Inherited Disease Research (CIDR)Y on a full-genome set of 401 STR
markers with an average spacing of 9 ¢M. A summary of the pedigrees is in Table

3.2, HLOD tracings are shown in Figures B.1 and 13,2,

Table B.2: Summary o1 pedigree characlernstics !o_rlmkage aﬁzlyses h

::-ummaTy data for 1he onignial
il Fheratype CaP linkage resource used
| Mon-metastatic CaP | Survival > 10 years | for Ihis study.
Pedigrees N T 47 44 N =T
| Cases 176 bk 50 | 464
Ane al dx (yrs) 1 690 1 666 | 69.7
" Mean case sl -.-.'E(munm_ i129 T 1727 N R TTY ]
" TCase subjects genotyped B 86 i) 115 i 246
Cther genptyped™ 676 544 | o 540

* cannecting anceslors of cases, and spouse with up to lour children were genotyped when necessary to infer

genolypes
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Discussion

No signilicant tinkage evidence was observed at the genome-wide level for
either of the phenotypes examined.
Best result for the non-metastatic subgroup was HLOD = 1.30 in the dominant
analysis al 58 ¢M on chromosome 9.
Best result for the long survival subgroup was HLOD = 2.33 in the dominant
model at 40 ¢M on chromosome X.

< Sianal isat Xp21-22, and is not associated with the HPCX locus al

Xq27-28.

Long survival appears 1o be correlated with early age at diagnosis. which is
aenerally considered 1o be a trait of heredilary CaP cases.
The pedigrees and genotypes used in this study were originally ascertained for
a linkage analysis of general prostate cancer. Considering only subgroups of
the original cases results in fewer cases per pedigree and greater genelic
distance belween cases. increasing the possibility of confounding due to intra-
familial heterogeneity.
Further research is necessary to identify the genes responsible {or hereditary

prostate cancer and surmount the overarching problem of CaP helerogeneity.
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APPENDIX C

COMBINED GENOME-WIDE ASSOCIATION AND LINKAGE
ANALYSIS O EXTENDED UTAIT PROSTATE CANCER
PEDIGREES IDENTIFIES SIGNIFICANCE AT

CHROMOSOMTEL Bal2

Excerpt from a poster presented at the 2008 conference of the

International Genetic Epidemiology Society




Combined genome-wide association and linkage analysis of extended Utah prostate
cancer pedigrees identifies significance at chromasome 8g12
GB3 Christensen, | Famham. NI Camp, L.A Cannon-Albright
University of Utuh School of Medicine Depariment of Biomedical Informaiics,

Seilt Leke Ciy U

Absuract

We performed genome-wide linkage and case/control association studies i 27
prostate cancer cases from 3 extended. informative, high-risk Utah pedigrees. All
relationships between cases were more distant than fivst degree. Genolyping was
performed with the HHumina 550k SNP array, after exclusion of 38.000 markers failing
quality control.  For controls, we selected caucasians from the Humina iContral data
set (n=1,379). also genotyped for the 550k SNPs.

A naive Fisher's Exact Test was used for the initial association screen,
ignoring the familial relationships between cases, under three models: dominant.
recessive, and an allele test. Fifiy-four distinet markers were selected for secondary
sereening with a significance cut off of p<ile-5. Secondary screening was performed
using Genie soflware, which ineluded known relationships between cases. In the
sccondary scrcen, | marker reached the genome-wide significance threshold of
p<3de-7. This marker was on chromosome band 8q12.3 (p=le-7). live of the top 8
associations from the secondary screening were also at 8q12.3. Other regions with

markers reaching p<3e-6 included: 4p13.2p25. Tp21. 17¢22 and 2121,
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We also performed linkage analysis in the 3 pedigrees using 27.157 SNPs from the
Hlumina 350k sct. Under the Sniith (1996) inheritance modcel, two regions showed
suggestive evidence ol linkage; chromosome hand 2p 15 (hetLOD=2.44), and
chromosome band 8q12-q21 (max hetbod = 2.28). The SNPs showing significant
evidence for association are located within the linkage peak. but were not used as part

of the linkagce analysis.

+ Cases
+ 27 prostate cancer cases from two extended Utah pedigrees (IMigure
1)
« Mostly 3-3 generations separated
Subjects originally ascertained for shared genomic segment analysis
+ Controls

«  Caucasians from UHlumina iControl database

« N=1379

L4

«  Male and female controls used
+  Genotyping

« Al cases and controls genotyped with [Humina 550k SND array
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Figure €. 1. Sample Pedigree. Dark boxes indicate known prostate cancer cases.
Black arrows indicale genotyped subjects.
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Analvses
Association
+ Quality control
«  HWE (controls only. p<0.03)
« Al 3 genotypes must be observed in cases and controls
«  Minimum individual call rate 98%

«  Minimum marker call rate 98% in cases and controls

+  Naive Fisher exaet west ran on all SNPs (assuming
independence)

= Dominant, recessive. and allele 1ests

«  SNPs advanced to stage 2 if p<le-3

+  Stage 2

us
[’}

«  Analysis with GENIE
< Empirical significance test accounting for familial relationships
«  Significance thresholds set as in Hoggart et al. 2008

Linkage

o 27.137 SNPs selected from [Humina 330k set

+  Minimum spacing 0.1 ¢M
+  Minimum heterozygosity of 0.3
+ Maximum R™2=0.16 within 5Mb window

s Sirith (1998) inheritance model

«  MCLINK software package




L.imkage (Figure C.2)
* Two suggestive linkage peaks
+ HLOD=2.44 a1t Chromosome 2pis
« HLOD=2.28 at Chromosome 8gl12-21
Association
+ Stage |
« 4 unique SNPs from 73 analyses passed threshold
+ Stage 2 (Table C. D
« 1 SNPsignificant at threshold of 3.4e-7
* 15975847 at 8q12.3. p=1.0c-7
Chromosome 8¢ 12.3
* Identified in both linkage and association analyses
« location of best overall association result and four of the top live
results from the second stage
»  Nine SNPs from a 217 kb region passed first stage of association
+  None ol these SNPs were included in the linkage set
«  Nogenes are located within the 217 kb span

« Region includes RNA sequence AL137390. expressed in testis



Lo

Figure C.2. Genome-wide HLOD results. The insct shows detald from chromosome 8. with an arrow indicating the
relarive position of the significant association finding.
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SNP

Table C.1. GWA Sccondary Screen

rs975847

r$]1 347901

rs6471975

rs823422

' rs344248

rs768447

2107280

rs344210

rs80702064

s2820745

Location

8q12.3

Apls

8ql12.3

8q12.3

8ql2.

Lad

Tp21.3

-t

812
17q22

21q21

Test
Dominant
Dominant
Allete
Dominant
Allcle
Allele
Pominant
Allele
Dominant

Dominant

Emp. P-val

1.00e-7

6.00e-7

9.56e-7

1.30e-6

2.00e-6

2.00e-6

2.46e-0

2.80c-6

2.9%e-6

Notes

NXPHI mtron

NCAM?2 intron

Results shown for SNPs with observed P<3e-6. Only the best test result is shown for

cach SNP.

L
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Discussion
This small study shows the power and synergistic utility of using both linkage
and association analysis in high risk pedigrees
Genome-wide association and linkage can be performed with one set of
genotype data, reducing costs and improving efficiency
The 8q12 region identified as significant for prostate cancer predisposition has
not been previously reported for linkage or association. but is recognized for
LOH.

No association evidence was obscrved at 8924 prostale cancer locus
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