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Established and probable risk factors for breast cancer

Relative
Factor risk High risk group
Age =10 Elderly
Geographical location 5 Developed country
Age at menarche 3 Menarche before age 11
Age at menopause 2 Menopause after age 54
Age at first full 3 First child in early 40s
pregnancy
Family history =2 Breast cancer in first degree
relative when young
Previous benign disease 45 Atypical hyperplasia
Cancer in other breast >4
Socioeconomic group 2 Groups [ and 11
Diet 1.5 High intake of saturated fat
Body weight:
Premenopausal 0.7 Body mass index =35
Postmenopausal 2 Body mass index =35
Alcohol consumption 1.3 Fxcessive intake
3 Abnormal exposure in

Exposure to ionising
radiation

voung females after age 10

Taking exogenous hormones:

Oral contraceptives 1.24 Current use
Hormone replacement L35 Use for =10 vears
therapy

Diethylstilbestrol 2 Use during pregnancy

K McPherson, CM Steel, JM Dixon

. BMJ 2000;321(9):624-8
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An Interactive Tool For Measuring the Risk
of Invasive Breast Cancer

Risk Calculator

(Click a question number for 3 brief explanation, or read all explanaticns.)

1. Does the woman have a medical history of any breast Selact
cancer or of ductal carcinoma in situ (DCIS) or lobular
carcinoma in situ (LCIS)?

]

2. Whatis the woman's age? Select '
This tool only calculates risk for women 35 years of age or -
older.

3. What was the woman's age atthe time of her first menstrual Select '
period? )

4. What was the woman's age atthe time of herfirstlive bith of 8 | gg|act
child?

5. How many of the woman's first-degree relatives - mother, Select '

sisters, daughters - have had breast cancer?

|z

. Has the woman ever had a breast biopsy? Select

<]

Ga. How many breast hiopsies (positive or negative) has the Select
warman had?

<]

Gb. Has the woman had at least one breast biopsy with Select
atypical hyperplasia?

=

<]

I

What is the woman's race/ethnicity? Select

Calculate Risk »

I!
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Box 1 Classes and key features of known breast cancer susceptibility alleles

High-penetrance breast cancer susceptibility genes

Examples: BRCA1, BRCAZ, TP53

* Risk variants: Multiple, different mutations that predominantly cause protein truncation
¢ Frequency: Rare (population carrier frequency <0.1%])

* Risk of breast cancer: 10- to 20-fold relative risk

* Primary strategy for identification: Genome-wide linkage and positional cloning

Moderate-penetrance breast cancer susceptibility genes

Examples: ATM, BRIP1, CHEKZ2, PALBZ

* Risk variants: Multiple, different mutations that predominantly cause protein truncation

*» Frequency: Rare (population carrier frequency <0.6%)

* Risk of breast cancer: two- to fourfold relative risk <:I

* Primary strategy for identification: Direct interrogation of candidate genes for coding variants in large, genetically enriched breast cancer
case series and controls

Low-penetrance breast cancer susceptibility alleles

Examples: rs2981582 (FGFR2, 10q), rs3803662 (TNRCY (recently renamed TOX3), 16q), rs889312 (MAP3K1, bq), rs3817198

(LSP1, 11p), rs13281615 (8q), rs13387042 (2q), rs1045485 (CASP8_D302H)

+ Risk variants: Single-nucleotide polymorphisms that are causal or in linkage disequilibrium with the causal variant(s). May occur in
noncoding, nongenic regions.

* Frequency: Common (population frequency 5-50%)

* Risk of breast cancer: up to ~1.25-fold (heterozygous) or 1.65-fold (homozygous) relative risk <:I

* Primary strategy for identification: Genome-wide association studies of hundreds of thousands of SNPs in large breast cancer case-
control series

Stratton & Rahman. Nat Genet 2008;40(1):17-21
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Table 1. Single-nucleotide polymorphisms associated with risk for breast cancer?®

Chremosome locus Candidate genes SNPs Per-allele ORs (95% Cls) MAF Reference
1p11.2 Pericentric NOTCHZ, FCGRI1B rs112494331 1.161(1.09 10 1.24) 0.39 1
2g35 Intergenic rs133870421 1.20{1.14 10 1.26) 0.50 2
rs13387042 1.12{1.09101.15) 0.51 14
3p24.1 SLC4AT7, NEKT0 rs4973768 1.11{1.08101.13) 0.46 3
5gl11.2 MAF3KIT, MIER3, Chorf35 rs880312 113011010 1.16) 0.28 4.6
rsd44150841 1.23(1.16 10 1.30) 0.44 5
rs109416791 1.27 (1.19 10 1.35) 0.29 5
5p12 Intergenic MRPS30 rs7 703618 1.13{1.0810 1.18) 0.37 5
6g22.33 RNF146, ECHDC1 rs2180341 1.41 {1.25 10 1.59) 0.21 7t
6g25.1 ESR1T rs2046210 1.291(1.21 10 1.37) 0.35 85
8g24 Intergenic rs1328161571 1.08 (1.0510 1.11) 0.40 4
1026 FGFRZ rs2981582 1.261{1.23 10 1.30) 0.38 4
rs1219648 1.20 (1.07 10 1.42) 0.39 9
rs1078806 1.26(1.13 10 1.40) 0.40 7t
11p15.5 LSFT rs3817198 1.07 1.04 10 1.11) 0.30 4
14241 RADSTLT rs98e737 1.06 (1.01 10 1.14) 0.76 1
16p13.3 AZBPTIFOXT) rs7203563 1.321.11 10 1.57) 0.11 7t
16g12 TNRCS (TOX3) LOCE43714 rs3803662 1.20(1.16 10 1.24) 0.25 4
1.281{(1.21 10 1.35) 0.27 2
1723 STXEBP4 rs65049501 1.05 (1.03 10 1.09) 0.27 3

Breast Cancer Single-Nucleotide Polymorphisms: Statistical
Significance and Clinical Utility
Kenneth Offit

Editorials | JMNCI Vol. 101, Issue 14 | July 15, 2002
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Table 3. Interactions between SNPs and established risk factors*®

Location,

SNP Gene Chr bp*

rs11249433 NOTCHZ 1 120,982,136
rs 1045485 CASF8 2 201,857,834
rs 13387042 Intergenic 2 217,614,077
rs4973768 SLC4A7 3 27,391,017
rs4415084*** Intergenic 5 44 698,272
rs10941679 Intergenic 5 44 742,255
rsB889312 MAP3K1 5 56,067,641
rs2180341 ANF146 6 127,642,323
rs2046210 Intergenic 6 151,990,059
rs13281615 Intergenic 8 128,424 801
rs2981582 FGFRZ 10 123,342,308
rs3750817 FGFRZ 10 123,322,567
rs3817198 LSPT 11 1,865,583
rs9997371tt RADSILT 14 68,104,435
rs3803662 TNRCS 16 51,143,843
rs2075555 COLTAT 17 45,629,290
rs6504950 COX11 17 50,411,470

Interactions Between Genetic Variants and Breast Cancer Risk
Fact in the Breast and Prostate Cancer Cohort Consortium
aks, Christ A. Haman, Ruth C. Travis, Christine D. Berg, Julie E. Buring,

J Natl Cancer Inst 2011;103:1252-1263
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Table 1. Established Common Breast-Cancer Susceptibility Alleles.*

dbSNP No.

rs2081582

rs3803662
rs880312
rs3817198
rs13281615
rs13387042
rs1053485

Genej

FGFRZ

TNRCY, LOCG643714
MAP3K1

LSP1

None known

Mone known

CASPS

Chromosome

10g

lég

Risk-Allele
Frequency::

0.38

0.25
0.28
0.30
0.40
0.50
0.86

1.26

1.20
1.13
1.07
1.08
1.20
1.13

Fraction of Total
Relative Risk Variance in Risk Attributable
per Alleles:

Explainedf

1.7

0.9
0.4
0.1
0.2
1.2
0.3

Risk(

96
19

10
7
4
6

19

20

Population

Study

Easton et al.,2®
Hunter et al 27

Easton et al.2®
Easton et al 28
| 26

Easton eta

Easton et al.?®

Stacey et al.**

Cox et al.2®

* CASP8 denotes caspase 8, dbSNP database of single-nucleotide polymorphisms, FGFRZ the fibroblast growth factor receptor 2 gene, LOCG643714
a hypothetical protein LOC643714, LSP1 lymphocyte-specific protein 1, MAP3K1 mitogen-activated protein kinase kinase kinase 1, and

TNRC9 trinucleotide repeat containing 9.

1 These genes are within the linkage-disequilibrium block or blocks defined by the associated variant and are plausible candidates for the

causal gene.
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SPECIAL ARTICLE

Polygenes, Risk Prediction, and Targeted

Prevention of Breast Cancer

Paul D.P. Pharoah, Ph.D., Antonis C. Antoniou, Ph.D., Douglas F. Easton, Ph.D.,
and Bruce A.J. Ponder, F.R.S.
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The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

|

Performance of Common Genetic Variants

in Breast-Cancer Risk Models
der, Ph.D., Patricia Har e,
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Value of Adding Single-Nucleotide Polymorphism
Genotypes to a Breast Cancer Risk Model
Mitchell H. Gail

Background Adding genotypes from saven single-nudeotide polymorphisms {SNPs), which had previously besn asso-
ciated with breast cancer, to the National Cancer Institute’s Breast Cancer Risk Assessment Tool (BCRAT)
incresses the area under the receiver operating characteristic curve from 0.607 to 0.632.

Methods Criteria that are besed on four clinical or public health applications were used to compare BCRAT with
BCRATplus?, which includes the seven genotypes. Criteria included number of expected life-threatening
events for the decision to take tamoxifen, expectad decision lossss (in wnits of the loss from giving &
mammogram to 8 woman without detectable breast cancer] for the decision to have a mammogram, rates
of risk reclassification, and number of lives saved by risk-based allocation of screening mammography.
For all calculations, the following assumptions were made: Hardy-Weinberg equilibrium, linkage equilib-
rium across SMPs, additive effects of alleles at each locus, no interactions on the logistic scale among
SMPs or with factors in BCRAT, and independence of SMPs from factors in BCRAT.

Resulis Improvements in expected numbers of life-threatening events wers only 0.07% and 0.81% for deciding
whether to take tamoxifan to prevent breast cancer for women aged 50-59 and 40-49 years, respactivaly.
For deciding whether to recommend screening mammograms to women aged 50-54 years, the reduction
in expected losses was 0.86% if the ideal breast cancer prevalence threshold for recommending mam-
mography was that of wemen aged 50-54 years. Cross-classification of risks indicated that soma women
dassified by BCHAT would have differant classifications with BCRATplus?, which might be usaful if
BCRATplus? was well calibrated. Improvements from BCRATplus? were small for risk-based allocation of
memmograms under costs constraints.

Conclusions The gains from BCRATplus? are small in the applications exemined. Models with SNPs, such as
BCRATplus?, have not been validated for calibration in independent cohort data. Additional studies are
needed to validate a modal with SNPs and justify its use.

J Matl Cancer Inst 2009:101:959-963

FLORIDA
INTERNATIONAL
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GWAS & Missing Heritability

Table 1| Estimates of heritability and number of loci for several complex traits

Disease Number of loci Proportion of heritability explained Heritability measure
Age-related macular degeneration™ 5 50% Sibling recurrence risk
Crohn's disease™® 32 20% Genetic risk (liability)
Systemic lupus erythematosus™ 6 15% Sibling recurrence risk

Type 2 diabetes™ 18 6% Sibling recurrence risk

HDL cholesterol™ 7 5.2% Residual* phenotypic variance
Height*® 40 5% Phenotypic variance

Early onset myocardial infarction™ 9 2.8% Phenotypic variance

Fasting glucose™ 4 1.5% Phenotypic variance

*Residual is after adjustment for age, gender, diabetes.

FLORIDA
INTERNATIONAL
UNIVERSITY

Finding the missing heritability of complex
diseases

Teri A. Manolio!, Francis S. Collins?, Nancy J. Cox’®, David B. Goldstein®, Lucia A. Hindorff®>, David J. Hunter®,
Mark I. McCarthy’, Erin M. Ramos®, Lon R. Cardon®, Aravinda Chakravarti’, Judy H. Cho'’, Alan E. Guttmacher’,
Augustine Kong"!, Leonid Kruglyak'?, Elaine Mardis'?, Charles N. Rotimi**, Montgomery Slatkin'®, David Valle®,
Alice S. Whittemore'®, Michael Boehnke'?, Andrew G. Clark'®, Evan E.Eichler'?, Greg Gibson®?, Jonathan L. Haines?!,
Trudy F. C. Mackay?, Steven A. McCarroll** & Peter M. Visscher™



GWAS & Missing Heritability

12

1010+
=
k| 38—
&=
3
E
Y] S6—
E -
ST
ES
-§ e Genotype score
@ —_—h
firs
— T
2 —_
2 52— s
-E — 10
=
0 2
30 -
7 —=13
0 T T T T T 1
0 2 4 & g 10
Follow-up (yr)
Mo. at Risk
Genotype score
=k 122 122 120 116 112 105
7 309 304 oz 298 293 267
] 574 573 566 556 538 451
9 854 2594 BEE 872 44 75T
10 913 S00 BET 876 849 757
11 726 715 711 E36 675 E04
12 465 462 456 447 434 398
=13 229 228 218 215 207 184

104
0.5+
5
a 0.6
=
=
@
&
E 0.4
=
0.2
0.0 I | I I |
.0 0.2 0.4 0.6 0.3 1.0

False Positive Rate

Figure 1. Predicted Cumulative Freedom from Myocardial Infarction, Ischemic

Stroke, or Death from Coronary Heart Disease, According to Genotype Score.
Estimates according to genotype score are derived from Cox regression

models adjusted for age, sex, family history of myocardial infarction, levels
of low-density lipopretein (LDL) and high-density lipoprotein (HDL) choles-
terol, triglycerides, systolic blood pressure, diastolic blood pressure, diabetes
mellitus, body-mass index, status of cigarette smoking, C-reactive protein,
lipid-lowering therapy, and antihy pertensive treatment.

Figure 2. Receiver-Cperating-Characteristic (ROC)
Curves for Incident Myocardial Infarction, 1schemic
Stroke, or Death from Corenary Heart Disease during
10-Year Follow-up.

The curves are based on risk-prediction models incor-
porating 14 clinical covariates that either included the
genotype score (black line) or did net include the gen-
otype score (red line). The C statistic {area under the
ROC curve) for total cardiovascular events was the
same (0.80) for both risk models.
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Why Did GWAS Disappoint?

Table 2. Benefits, Misconceptions, and Limitations of the Genomewide Association Study.

Benefits
Does not require an initial hypothesis
Uses digital and additive data that can be mined and augmented without data degradation
Encourages the formation of collaborative consortia, which tend to continue their collaboration for subsequent analyses

Rules out specific genetic associations (e.g., by showing that no common alleles, other than APOE, are associated
with Alzheimer’s disease with a relative risk of more than 2)

Provides data on the ancestry of each subject, which assists in matching case subjects with control subjects
Provides data on both sequence and copy-number variations

Misconceptions

Thought to provide data on all genetic variability associated with disease, when in reality only comman alleles with
large effects are identified

Thought to screen out alleles with a small effect size, when in reality such findings may still be very useful in deter-
mining pathogenic biochemical pathways, even though low-risk alleles may be of little predictive value

Limitations
Requires samples from a large number of case subjects and control subjects and therefore can be challenging to organize
Finds loci, not genes, which can complicate the identification of pathogenic changes on an associated haplotype
Detects only alleles that are common (>5%) in a population

Requires replication in a similarly large number of samples




Why Did GWAS Disappoint?

Human Molecular Genetics, 2003, Vol. 12, No. 18 2311-2319
DOI: 10.1093/hmg/ddg245

The HLA class lll subregion is responsible
for an increased breast cancer risk

Mirjam M. de Jong'2?, llja M. Nolte?*, Elisabeth G. E. de Vries', Michael Schaapveld®,
Jan H. Kleibeuker®, Elvira Oosterom®, Jan C. Oosterwijk?, Annemarie H. van der Hout?,
Gerrit van der Steege“, Marcel Bruinenberg“, H. Marike Boezen®,

Gerard J. te Meerman? and Winette T. A. van der Graaf'*
"Department of Medical Oncology, “Department of Medical Genetics, *Department of Gastroenterology, *Department

of Medical Biology and *Department of Epidemiology, University Medical Center, Groningen, The Netherlands and
5Comprehensive Cancer Center Northern Netherlands, Groningen, The Netherlands

Our strongest candidate gene CYP21A2 is in the class lll region....

Class | Class Il Class Il

C4A

TNE-f

but not included in GWAS
because of the presence of a paralog in the genome



GWAS in Childhood Leukemia
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GWAS Analysis

Common SNPs explain a large proportion of the heritability

for human height

Jian Yang', Beben Benyamin!, Brian P McEvoy!, Scott Gordon!, Anjali K Henders!, Dale R Nyholt!,
Pamela A Madden?, Andrew C Heath?, Nicholas G Martin!, Grant W Montgomery!, Michael E Goddard® &

Peter M Visscher!

Highly significant and well-replicated SNPs identified to date explain
only ~5% of the phenotypic variance for height!®. Our results show
that common SNPs in total explain another ~40% of phenotypic vari-
ance. Hence, 88% (40/45) of the variation due to SNPs has been unde-
tected in published GWASs because the effects of the SNPs are too
small to be statistically significant. Our results also suggest that the
discrepancy between 80% heritability and 45% accounted for by all
SNPs is due to incomplete LD between causal variants and the SNPs,
possibly because the causal variants have a lower MAF on average
than the SNPs typed on the array. We cannot tell from these results
whether or not some of this discrepancy is due to causal variants with
very low frequency—for example, MAF < 0.001 (ref. 4).

FLORIDA
INTERNATIONAL
UNIVERSITY

SNP associations Genome-wide

significance threshold

b Predictive power

Significance (-log(P)) &
[++]

[=T SR -

0 0.-2 074 OTS nfa 1
False positive rate

Chromosomal location

— All genetic risk factors == =—— No discrimination
== SNPs detectable in larger GWAS SNPs detected in current GWAS

Figure 1 Predictive power of genetic variants identified through genome-wide association studies.
(a) GWAS typically report a visualization of genome-wide association of SNPs using a Manhattan

True positive rate

]

plot of significance against chromosomal location, shown here for a generic commen disease. Gold,

SNPs detected in current GWAS; red, SNPs that may be detectable in GWAS with larger sample sizes.
(b) SNPs identified through GWAS as significantly associated with disease susceptibility may be used in
a genetic predictive test to classify disease risk in individual. Using SNPs identified from current GWAS

increases the area under the curve (AUC), reflecting increased ability to classify risk (gold line) over

nondiscrimination (dashed black line). Discovery of additional associated SNPs through larger GWAS
(red curve) further increases the AUC, improving the genetic test, but does not approach what would be
theoretically possible with full characterization of all genetic variation influencing the disease (purple).
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e Table 7. Estimated number of susceptibility variants
OPEN a-‘iCCESS Freely available enline = PlLoS one assuming a gamma distribution of effect sizes.

Estimating the Total Number of Susceptibility Variants Number of

Shape Lambda Mean warlants

Underlying Complex Diseases from Genome-Wide oL o5 e seess

Association Studies S
05 754 6B3E-04 543
Hon-Cheong So', Benjamin H. K. Yip', Pak Chung Sham'%3 o3 B4 152E0 =
HDOL Lik:] 657 137603 £l ]
1 Department of Paychiatry, University of Hong Kong, Hong Kong SAR, China, 2Genome Research Centre, University of Hong Kong, Hong Kong SAR, China, 3 The State
Key Labaratory of Brain and Cognitie Sdences, University of Hong Kong, Hong Kang SAR, China o7 SES 120603 528
05 514 G TIE-04 2]
Abstract 03 445 6.74E-04 935
) o ) o N , ) 15 09 1152 781604 474
Recently genome-wide association studies (GWAS) have identified numerous susceptibility variants for complex diseases. In
this study we proposed several approaches to estimate the total number of variants underlying these diseases. We assume il TGS 675604 A
that the variance explained by genetic markers (Vg) follow an exponential distribution, which is justified by previous studies 05 812 6.16E-04 &01
on theories of adaptation. Our aim is to fit the observed distribution of Vig from GWAS to its theoretical distribution. The ; .
: : : A . o . 03 924 3.25E-04 1140
number of variants is obtained by the heritability divided by the estimated mean of the exponential distribution. In practice,
due to limited sample sizes, there is insufficient power to detect variants with small effects. Therefore the power was taken Crohn (all) 02 1328 6.78E-04 812
into account in fitting. Besides considering the most significant variants, we also tried to relax the significance threshold, 07 1111 5 TRE-04 451
allowing more markers to be fitted. The effects of false positive variants were removed by considering the local false iz e ] o
discovery rates. In addition, we developed an alternative approach by directly fitting the z-statistics from GWAS to its
theoretical distrbution. In all cases, the “winner's curse” effect was corrected analytically. Confidence intervals were also 03 970 3.05E-04 1778
derlived. Simulations were performed to compare and verify the performance of different Ei]:imatorls [whiu:f'! incorporates Crohn (pruned) 0o 1649 5 4BE04 1008
various means of winner's curse correction) and the coverage of the proposed analytic confidence intervals. Our ; :
methodology only requires summary statistics and is able to handle both binary and continuous traits. Finally we applied o 1514 AB3Em 1188
the methods to a few real disease examples (lipid traits, type 2 diabetes and Crohn's disease) and estimated that hundreds 05 1375 354E-04 1513
to nearly a thousand variants underlie these traits. a3 1719 + 46E-04 135
Dt () 09 1122 B0OE-O4 528
o7 1042 6.72E-04 831
05 D62 5.00E-0a Bl
03 £54 3ADE-04 1249
DM (pruned) 09 1165 T.73E-04 Bag
07 1095 6.39E-04 663
05 1026 A BTE-O4 firii]
03 2] 302604 1405

When the shape parameter equals one, the gamma distribution is equivalent to
an exponential distribution and the results are listed intable 6. When the shaps

FLORIDA para :ztzrsie::aﬁzsreT: itllhﬂnn:smre;keﬂesdmtfwa rds zero, impling
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Genome-wide coverage of all genes and
variants

No need for candidate gene studies

If GWAS do not find an association, no other
study will find

FLORIDA
l INTERNATIONAL
UNIVERSITY



What does GWAS Offer for HLA Associations
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What does GWAS Offer for HLA Associations
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High Frequency of Copy Number Variations and
Sequence Variants at CYP27A2 Locus: Implication for the
Genetic Diagnosis of 21-Hydroxylase Deficiency

Silvia Parajes', Celsa Quinteiro', Fernando Dominguez'?, Lourdes Loidi'*

1 Fundacion Plblica Galega de Medicina Xendmica (Unidad de Medicina Molecular), Hospital Clinico Universitario, Santiago de Compostela, A Corufa, Spain,
2 Departamento de Fisiologia, Universidad de Santiago de Compostela, Santiago de Compostela, A Coruna, Spain
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Figure 1. Organization of RCCX module and Copy Number Variations at chromosome 6p21. Black horizontal arrows denote gene

FLORIDA orientation. A. Specific primers used for the amplification of CYP21A2 next to TNXB. B. Specific primers used for the amplification of CYP21A2 next to
INTERNATIONAL TNXA. Primer binding sites for each primer are indicated by grey horizontal arrows.
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HLA & Breast Cancer Susceptibility

What is the HLA complex and why is almost
any disease risk associated with it?

HLA & Breast Cancer Susceptibility

Relevant non-HLA genes
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Why is There an HLA Association
in Almost Any Disease?

The very first MHC association was with leukemia in mice (1964)
and with Hodgkin disease in humans (1967)

Many cancers show associations and some (NPC) even show
linkage to MHC

CAH and HH genes were first located in and around HLA by
association studies

Autoimmune disorders and infectious diseases show the
strongest associations

Besides, sarcoidosis, birth weight, obesity, long QT syndrome
and many others show associations with HLA alleles or
haplotypes
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(in the 1980s, we did not know much about non-HLA genes)

But now we do!
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Transcription Factors in the Extended MHC
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Figure 1. Map of the extended human MHC. The map (not to scale) shows selected genes and gene clusters of the extended MHC (xMHC) from telomere (tel, left) to
centramere (cen, right) on the shart arm of human chromosome 6. The total number of genes encoded within the xMHC is 5878 [26]. The five subregions making upthe xMHC
span ~ 7600 kilobasepairs (Kb) and are indicated by arrows below the map, with their approximate |lengths. The following types of genes are mentio ned within the review:
class | genes (red), class || genes (orange), OR gene clusters (dark green), V1R pseudogene custer (violet), zine finger genes (pink, only one of theseveral locations of ZMF loci
is shown) and TF genes (blue). The red arrows indicate those TF genes whose location within the xMHC is conserved evolutionarily from fish to mammals. The following
genes with their symbols are depicted: HFE, hemochromatosis; ORZB2, olfactory receptor, family 2, subfamily B, member 2; ORZW1, olfactory receptor, family 2, subfamily
W, member 1; GTF2H4, general transcription factor IIH, polypeptide 4; POUSFT, Pou domain, class 5, transcription factor 1; TCF19, transcription factor 19; C2, complement
component 2; C48, complement component 48; FEXZ, pre-B-cell leukemia transcription factor 2; 8R02, bromodomain-containing protein 2; AXAB, retinoid X receptor,
fi; FHF1, FHD finger protein 1. The POUSFT gene is also known as Octd in the mouse. Further details can be found in recently published reviews [2655].
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HLA Polymorphisms

« Highest resolution DNA level HLA alleles: Related to
transplantation success, susceptibility to diseases
related to antigen presentation (autoimmune disorders,
Infectious diseases)

« Serological HLA antigens: Relevant to transplantation
and disease associations

 HLA epitopes (Bw4/Bw6; C1/C2): Interactions with NK
cell

 Functional supertypes: Involved in antigen
presentation

« Genetic supertypes: Represents ancestral lineages
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HLA Polymorphisms

Current disease association studies are mainly
concerned with high resolution allelic associations and
may miss out a lot of information

Examination of functional groupings and lineages

rather than individual alleles may be a more powerful
approach
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Functional Multi-allelic HLA Polymorphisms
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Functional Multi-allelic HLA Polymorphisms
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nature Gene map of the extended human MHC

Roger Horton, Laurens Wilming, Vikki Rand, Ruth C. Lovering, Elspeth A. Bruford,

Varsha K. Khodiyar, Michael ). Lush, Sue Povey, C. Conover Talbot Jr. , Mathew W. Wright,
Hester M. Wain, John Trowsdale, Andreas Ziegler and Stephan Beck.
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Figure 2 | Distribution of major histocompatibility complex (MHC) paralogues in the human genome. The approximate
positions of the putative paralogues are colour-coded according to confidence level: LO column represents BLAST similarity
matches with a p-value of less than 10~ (green); L1 column represents ELAST matches after filtering out domain-only matches
(blue); L2 column represents BLAST matches after filtering for conserved gene structure'™ (purple): L3 column represents BLAST
matches that passed both filtering steps (red).
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Gene map of the extended human MHC

Roger Horton, Laurens Wilming, Vikki Rand, Ruth C. Lovering, Elspeth A. Bruford,
Varsha K. Khodiyar, Michael ). Lush, Sue Povey, C. Conover Talbot Jr. , Mathew W. Wright,
Hester M. Wain, John Trowsdale, Andreas Ziegler and Stephan Beck.
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Human Major Histocompatibility Complex

Most gene-dense region in the genome

Table 1. Human Genome Top 10 Gene-Dense Regions

GoldenPath lecation Region WGL  %orepeats  Genes/Mb Comments

chirg:31 25000132 500000 HLAC-HLADRR3 47 47 43.8 Includes MHC dass Il region
chré: 25500001 -28500000 FLI20048-BTH 243 41 43 44.0 Includes histone families

chrl 2:6250001-7 250000 FLJ10665-F%R1 46 41 43.1 Includes C04, complement 1

chrl 7:32000001 40000000 KRT23-ACLY 45 44 43.0 Includes keratin families

chir1@: 532 50001 -5 5000000 ELSPEP1-TCBAPGT 58 52 57 423 Includss CO37

chrl &:250001-1 500000 DEFZP7& 10021 1-KIAADEE a0 28 40.8 o rich

chrl1:250001-1500000 AP2A-HCCAZ 53 36 4.2 Cap in sequence; includes IRF?, TOLLIP
chrl 7: 7000001 -S000000 ASGR1-PERT 51 43 30.0 Includes THSF12, 13; CDES; TPS3
chr:150500001-151500000  DUSPO-CARS 53 43 30.0 Includes G&PD; IRAK]

chrl9: 582 50001 -802 50000 OSCAR-RDHT 2 49 53 360 Includes KIR, ILT, LILR families

Lising a window offset of 250 kb, the number of genes per megabase and G content were caloulated as described in Figure 1. If a region appeared
in the top 20 hits more than once (e.g., chrl &250001-2 50000 and chrl & 50000011, 500000}, the regiors were combined. “Region” indicates the
outermaost genes within the GoldenPath span.

Xie, 2003 (www)
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HLA & Breast Cancer Susceptibility

Genetic susceptibility to breast cancer: HLA
DQB*03032 and HLA DRB1*11 may
represent protective alleles

Subhra Chaudhuri, Annaiah Cariappa, Mei Tang, Daphne Bell, Daniel A. Haber, Kurt J. Isselbacher, Dianne Finkelstein,
David Forcione, and Shiv Pillai*

Massachusetts General Hospital Cancer Center and Harvard Medical School, Building 149, 13th Street, Charlestown, MA 02129

PNAS | October 10,2000 | wvel.97 | no.21 | 11451-11454

Human Molecular Genetics, 2003, Vol. 12, No. 18 2311-2319
DOI: 10.1093/hmg/ddg245

The HLA class Ill subregion is responsible
for an increased breast cancer risk

Mirjam M. de Jong'??, llja M. Nolte®*, Elisabeth G. E. de Vries', Michael Schaapveld®,
Jan H. Kleibeuker?, Elvira Oosterom?, Jan C. Oosterwijk?, Annemarie H. van der Hout?,
Gerrit van der Steege®, Marcel Bruinenberg®, H. Marike Boezen®,

Gerard J. te Meerman? and Winette T. A. van der Graaf"*

'Department of Medical Oncology, “Department of Medical Genetics, *Department of Gastroenterology, *Department
of Medical Biology and *Department of Epidemiology, University Medical Center, Groningen, The Netherlands and
SComprehensive Cancer Center Northern Netherlands, Groningen, The Netherlands



Non-HLA Genes of the HLA Complex Involved
in Fundamental Cellular Processes

- transcriptional or translational machinery (GTFZ2HY, TORTD POUSHT, ZNRDT,
LE5MZ BATY, ROBP, VARS, PBXZ DOM3Z, SKIVZL, DHXTE, GNLT, RPS1{5,
MRPS{88;, CESNKZE, TRIMZ2E , BROZ PHFT, CREBLT BT RXRB, STHIQ
ABFT)

- house-keeping (DOM3Z, NEUT, AGPATT, CLICT, CSNKZ2E)

- biosynthesis, electron transport and hydrolase activity (FPTZ2 DDAHZ,
ATPEVIGZ)

- protein—protein interactions, chaperone function, ubiquitination and
signalling (287812 (CHorfdd) AHSFATA HSPATB, BAT3, BATS, AGAR, RNFS,
FRABPL LSTT THNXE and NOTCH4)

- genome surveillance machinery and chromosome stability (AM0Cf, MSHE
GTFZHA DA UBR OO TA-)

- apoptosis (BATZ BATS [ TAATH IERS DAXX DOR{, COKNTA-)

- cell eycle regulation (TCF18, ZNROT, CSNKZE, CLICT, FKRPL, -CON 1A

- celldivision (K</FC 1)

- meiosis (MSHE)

- spermatogenesis or sperm motility (SHIV2E CLICT RSPATE, -TCFT1-)

- embryonic expression (DAXY HSPATAL, NOTCOH)

- multidrug resistance (ZNFOT, MSHE TAFPT, TAPZ)

- angiogenesis (NOTOHE -EONT-)

- proto-oncogenes (NOTCHY, PBXZ)

- hormonal effects (CYPZ{AZ HS501788)

- immunoregulatory role (T2 C4, CFB, LTA;, TNF, LTB, CLICT, IERS, MYLIF, UBL;
FRBPL, TART, TARPZ TAFBF, FSMBSE PSMBS, NEUM, PRSSTE, HLA-E HLA-
O0NA, HEADNE, HLADODA, HEA-DOB, -CDKNTA-)

- inflammation (L. 74, TNF LTH; AIFT, NFHCRILA, BATH DOAHZ CUIC T, ABCFT)

- radioresistance (FXBPL MO



Table 1: Candidate genes in the extended HLA complex

Human homolog of the MMTV integration site Int3, and involved in

NOTCH4 breast development as well as angiogenesis’
Major DNA repair pathway protein® whose overexpression is a BC
MDC1 prognostic marker®. MSH5 is another DNA repair gene in the HLA
complex.
DDR1 Discoidin domain receptor 1; CD167; also known as mammary
carcinoma kinase 10 (MCK10) ™
gi?;i‘ﬁfi HLA reg@nﬂ genes pa_rticipatiﬂg In apnp_t_n::_s:is, cell differentiation some
RXRB. DAXX through interaction with TP53 pathway''-'<
HSPA1B Encodes HSPT0: a variant is associated with BC risk and not in
GWAS chips; expression predicts prognosis™
EHMT?2 Much more active one of the two histone-lysine N-methyltransferases.
A variant is associated with BC susceptibility™
21-hydroxylase; the most important enzyme involved in adrenal sex
CYP21A2 steroid biosynthesis
H5D17B8 Sex steroid interconversion
HFE Its mutations induce iron overload and are associated with BC
susceptibility =7
Mediates increased growth factor receptor activation via zinc-induced
SLC39A4 inhibition of phosphatases, leading to increased growth and invasion

in breast cancer cells in vitro™
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Receptor protein tyrosine kinase DDR is up-regulated by p53 protein

Shirou Sakuma®*, Hideyuki Sayab, Mitsuhiro Tada®, Mitsuyoshi NakaoP,

Toshiyoshi Fujiwara®, Jack A. Rothd, Yutaka Sawamura®, Yumiko Shinohe?®, Hiroshi Abe®

*Department of Neurosurgery, University of Hokkaido School of Medicine, North 15, West 7, Kita-ku, Sapporo 060, Japan
b Department of Tumor Genetics and Biology, Kumamoto University School of Medicine, Kumamoto 860, Japan
“First Department of Surgery, Okayama University Medical School, Okayama 700, Japan
d8ection of Thoracic Melecular Oncology, Department of Thoracic and Cardiovascular Surgery,

The University of Texas M.D. Anderson Cancer Center, Houston, TX 77030 USA

The EMBO Journal Vol. 22 No.6 pp. 12851301, 2003

p53 induction and activation of DDR1 kinase
counteract pb3-mediated apoptosis and influence
p53 regulation through a positive feedback loop

Pat P.Ongusaha, Jong-il Kim', Li Fan
Tai W.Wong®, George D.Yancopoulos®,
Stuart A.Aaronson? and Sam W.Lee®

Cancer Biology Program, Beth lsrael Deaconess Medical Center,

Harv ard Instﬁlmtes of Medicine and Harvard Medical School, Boston,
MA 02115, "Derald H. Ruttenberg Cancer Center, Mount Sinai School
of Medicine, Mew York, NY 1({29, 3‘.’)nc:ﬁl{:gw,' Drug Discovery
Group, Bristol-Mever Squibb Pharmaceutical Research Institutes,

Princeton, NJ 08543 and *Regeneron Pharmaceuticals, Inc., Tarryiown,

NY 10591, USA
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Discoidin Domain Receptor 1 Tyrosine Kinase Has an Essential
Role in Mammary Gland Development
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Programme in Molecular Biology and Cancer, Samuel Lunenfeld Research Instinie, Mowne Singi Hospival, Toronio,
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MHC & DNA Repair

[] 1:Tissue Antigens. 1981 Jan;17({1):104-10.

DNA repair, H-2, and aging in NZB and CBA mice.

Hall KY, Bergman K, Walford RL.

Current evidence suggests that a correlation exists between the capacity to perform
excision repair of UV-induced DMNA damage and maximum lifespan in different species.
Preliminary evidence has also indicated differences of DMA repair capacities in
lymphocytes of several strains of mice congenic at the H-2 locus. It is known that the
H-2 system influences maximum lifespan potential in mice. In the present studies excision
repair of UV-induced DNA damage, but not gamma-induced damage, was found to
correlate the mean survival in the adult inbred mouse strains NZB and CBA, using PHA
stimulated splenic lymphocytes. Furthermore, in (NZB ¥ CBAIF2 hybrid with adult
progeny the level of DNA repair of UV-induced damage corresponded to the H-2 allele
{H-2d/2d from NZB or H-2b/2b from CBA) inherited from the parental strain. These
studies suggest the possibility of a tricornered relationship between the main
histocompatibility complex, one form of DMNA repair, and lifespan within the species.

[] 1: Tissue Antigens. 1979 Oct; 14(4):3356-42.

Influence of genes associated with the main histocompatibility complex on
deoxyribonucleic acid excision repair capacity and bleomycin sensitivity in mouse

lymphocytes.

Walford RL, Bergmann K.

In sets of mice congenic at H-2 and upon two backgrounds, and selected according to
known differences in strain-specific lifespans, DNA repair efficiency in spleen cells was
compared by two techniques: excision repair capacity following Uv-irradiation, and
bleomycin sensitivity. Significant differences between certain congenic partner sets were
noted with both techniques, suggesting that the main histocompatibility complex

influences DMA repair capacity.
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DNA damage
checkpoint machinery

In response to DNA damage, ATM and ATR
phosphorylate histone H2AX and thereby
facilitate the recruitment and
phosphorylation of mediators such as MDC1,
53BP1, BRCAL, and the MRE11-RAD50-NBS1
complex. Stalling of the DNA replication fork
results in the recruitment of the ATR-ATRIP
complex by RPA. In turn, the formation of
nuclear foci of mediator complexes
promotes transmission of the DNA damage
signal to downstream targets such as Chkl1,
Chk2, FANCD2, and SMC1. The PCNA-like
RAD1-RAD9-Hus1l complex, the RFC-like
RAD17, and Claspin may collaborate in
checkpoint regulation by detecting different
aspects of a DNA replication fork. The
mismatch repair proteins MLH1 and MSH
also implicate in the activation of ATM-Chk?2
pathway. The kinases Chkl1l and Chk2
phosphorylate effectors such as p53,
CDC25A, and CDC25C and thereby delay cell
cycle progression or induce senescence or
apoptosis via activation of the G1-S, intra-S,
or G2 cell cycle checkpoints. Thus, these
DNA damage checkpoint mechanisms
cooperate with DNA repair machinery to
suppress genomic instability and cancer.

Motoyama, 2004 (www)
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Table 3 Univariate analysis of prognostic factors and outcomes
(P values)
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Mediator of DNA damage checkpoint protein 1 (MDC1)
expression as a prognostic marker for nodal recurrence
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with breast-conserving surgery and radiation therapy
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Prognostic factor Nodal failure 0s

MDC1 expression 0.05 045
ER status 0.63 037
PR status 0.77 092
HER2 status 0.99 077
Race 0.55 0.69
Triple negative status 0.24 048
Age =50 years 0.98 038
T stage 0.47 0.06
M stage 0.99 0.01

05 overall survival, MDC! mediator of DNA damage checkpoint
protein 1. ER estrogen receptor. PR progesterone receptor. HER2
human epidermal growth factor receptor 2, T tumor, N node

Table 4 Mulivariate analysis of prognostic factors and outcomes
(p values)

Prognostic factor Modal failure 0s

MDC1 expression 0.99 046
ER status 0.99 0.94
PR status 0.99 0.91
HER2 status 0.99 018
Race 1 0.07
Age == 5(0) years 0.99 0.16
T stage 1 0.10
M stage 0.99 .84

OF overall survival, MDCI] mediator of DNA damage checkpoint
protein 1, ER estrogen receptor, PR progesterone receptor, HER2
human epidermal growth factor receptor 2, T tumaor, N node
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DAXX gene is within the HLA
complex.

Critical role for Daxx in regulating Mdm?2

Jun Tang"’, Li-Ke Qu'’, Jianke Zhang®, Wenge Wang’, Jennifer S. Michaelson®, Yan Y. Degenhardt™*,
Wafik S. El-Deiry” and Xiaolu Yang'#

The tumour suppressor p53 induces apoptosis or cell-cycle
arrest in response to genotoxic and other stresses. In
unstressed cells, the anti-proliferative effects of p53 are
restrained by mouse double minute 2 (Mdm2), a ubiquitin ligase
(E3) that promotes p53 ubiquitination and degradation®. Mdm2
also mediates its own degradation through auto-ubiquitination.
It is unclear how the cis- and trans-E2 activities of Mdm 2,
which have opposing effects on cell fate, are differentially
regulated. Here, we show that death domain-associated protein
{Daxx)* is required for Mdm2 stability. Downregulation of

Daxx decreases Mdm2 levels, whereas overexpression of Daxx
strongly stabilizes Mdmz2. Daxx simultaneously binds to Mdm2
and the deubiquitinase Hausp, and it mediates the stabilizing
effect of Hausp on Mdm2. In addition, Daxx enhances the
intrinsic E3 activity of Mdmz2 towards p53. On DNA damage,
Daxx dissociates from Mdm2, which correlates with Mdm2
self-degradation. These findings reveal that Daxx modulates

the function of Mdm2 at multiple levels and suggest that the

Figure 1 Under non-stress conditions, Daxx associates with HAUSP and Mdm2, which results in
stabilization of Mdm2 and MdmX and direction of Mdm2 ligase activity toward p53 that, in tum, leads

disruption of the Mdm2-Daxx interaction may be important for to p53 ubiquitination and degradation. In response to DNA damage and phosphorylation, dissociation
t bl | of HAUSP, Daxx and p53 from Mdm2 occurs and the resulting Mdm2-MdmX complex is auto-
P53 activation in response to DNA damage. ubiquitinated and degraded. The remaining components (HAUSP, Daxx and p53) may rearrange to form

several hypothetical complexes, leading to different p53 functions.

MATURE CELL BIOLOGY VOLUME & | MUMBER 8 | ALIGUST 2006
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The proliferation-associated early response gene p22/PRG1 is a novel p53
target gene

IEX1 /IER3 gene is within the

Heiner Schiifer'”, Anna Trauzold'?, Thorsten Sebens', Wolfgang Deppert®, Ulrich R Félsch HLA com pleX
and Wolfgang E Schmidt' ’

"Laboratory of Molecular Gastroenterology, 1st Department of Medicine, Christian-Albrechts-University of Kiel,
Schittenhelmstr. 12 24105 Kiel, Germany and *Heinrich Pette Institute for Experimental Virology & Immunology,
University of Hamburg, Germany

Available online at www.sciencedirect.com

- BBRC

ELSEVIER Biochemical and Biophysical Research Communications 323 (2004) 12931208

L'ﬁ Apoptosis 2003; 8: 11-18
h © 2003 Kluwer Acadenmic Dublishers

www.elsevier. com/locate/ybbre

Immediate early gene X-1 interacts with proteins Roles of the stress-induced gene IEX-1in regulation
that modulate apoptosis of cell death and oncogenesis

Rajiv Kumar®*, Ward Lutz®, Elena Frank®, Hee-Jeong Im®

* Division of Neph v and Hypertension, D ts of Internal Medicine, Biochemistry and Molecular Biology,
Mayo Clinic and Foundation, Rochester, 05, USA M. X. Wu
Y Department of Biochemistry, Rush University Medical Center, Chicago, IL 60612, USA

Department of Molecular and Cell Biclogy, Boston University Goldman School of Dental Medicine,
Boston, MA 02118, USA

Oncogene (2002) 21, 6819-6828 @
© 2002 Nature Publishing Group All rights reserved 0950 -9232/02 $25.00

i nature.com/onc.

Synergistic and opposing regulation of the stress-responsive gene IEX-1 by
pS3, ¢-Mye, and multiple NF-xB/rel complexes

Yan-Hong Huang', Jim Yujin Wu?, Yujin Zhang' and Met X Wu*!?

IDepartment of Pathology, Baylor College of Medicine, Houston, Texas, TX 77030, USA; *Shionogi BioResearch, Lexington,
Massachusetts, MA 02420, USA

E— darwast o7 Riavooici CEERSITET Vel T7, Hu 7, beves of April I, pp\.:lﬁa-
F.

L4ES1 02
S002 by The- Amerimn Sxieiy Br Rchemisre and Makoular Bakay, Iss n 05

!

Divergent Repulation of the Growth-promoting Gene TEX-T hy the
p53 Tumor Suppressor and Spl*

Faredved for publloatlion, Seplambar 23, 2001, &and o revissd farm, February 13, 2002
Published, JEC Papsrs In Press, February 12, 20032, T 10, 10 74 b ML 14200

FLORIDA
INTERNATIONAL Hos-loong Init, Mark R Pittelkows, and Rajiv Kumard?
FI“ UNIVERSITY From the Departmests of fatarnal Mediaine, Btockemistry, ond Molecalar Blalogy and §Dermatnlgy,

Maw Clisis and Foundabion, Koz bester, Minnisota 55505



Telom

Shortam

Centromere

Class-| region

Long arm

(in the 1980s, we did not know much about non-HLA genes)

But now we do!

HCGPSP45
HCG4P14
HLA-F

RAPL23APA

MICE
HCGEPS
IFITM4P
3815
HCPSP14

HCG4P10

HLA-7S
HCPEP43
HCG4
HLA-50
HCG4PS
RPL7APT
MICG
HCG2PS
HCPSP42
HCG4PS
PE-11
HLA-G

HCGEVII-2

HCGPSPAD
HCG4PT
FE-08
HLA-H
PE-07
HLA-18
HOG2PT
3.8-1.3
HCPSPE
HCG4PE
P&-05
HLA-K
HLA-24
HCG4RS
PE-04
HLA-&
HCPSP3
HCG4P4
HLA-20
HOG2PE
MICD
HCGE
3.8-1.2
HCPSPZ
HCG4P3
HLA-)
HCGE
ETF1F1
Ceorfi2
ZMACA
FFF1R11
RMF24
TRIM31
TRIM4D
TRIMA10
TRIM1S
TRIMZ&

Kappa block

AHHHHHHHHHEHHHHHHH -

Class-| region

CH¥1i&
KlAA1049
MAM

M EELTAR, |
MDA h
OK,-EW_CI.Eg
FLOTY
[ER3 ]
Chorf2{4 1
COR1 r
qTr2 .
VARS2ZL
LOCG389376
CPCRA
CRorf205
Chorfi s
GOSN
PSORSACA
PESORS1C2
Chorfi2
TCFG
POILISFA
LOG253048
HCG2F2
HCGOP3
HLA-C
HCG4P2
K1AADDESP
RFL3P
HCG2P
HLA-B
HCG4R
CHFRP
HLA-S
HCPEP
HCGaR2
MICA
HLA-X
HCFPS
A.8-1
HCGAP
MICE

Beta block

HLA-L
LOCA01245
TRIM3Z
RFP24
HLA-N
HOGEFS
HOG2RA
MGG
HOGEF3
LOCE4E1T3
RANP
HLA-E
GNLY
PRA3
ABGF1
PPFIR10
MRAFS1SB
PROAP
Chorf134
Chorf 35

N~

Class-ll regin,,

% DDAHZ
CLIEd oy
MSHS o
AT " ™
VARS2
LEM2

% HSPAIL

PPIF2
LOC4D1250
BATY
ATPEVA G2
NFKBILA
LTA
THF
LTE
LET
NCRZ
AlF1
BATZ
BATZ
APOM
Coorfd7
BAT4
CSNK2E
LY&GER
LYBGES
BATS
LY&GED
LYBGEE
LYBGES
Ciorf2s

HEFPA1A
HSPAIB
Ceordd
MELM
CEorf2d
BATE
CeofdE
c2

BF
ADBP
SKIVZL
DOMIZ
STH1Q
C4B
CYP21A2
THXE
CREBLA
FKEFL
Cearfi
PPTZ
EGFLE
AGPATA
RANFS
AGER
PEX2
GPSM3
NOTCH4
LOC401282
CBorH 0
B30.2-L
BTHL2

Class-Il region

Emtended ¢ lass-1| region

g

HLA-DRA
HLA-DRES
HLA-DRES
HLA-DRB2
HLA-DRE1
HLA-DCGAY
HLA-DCEA
GLN-tANA
CORE-L
HLA-DCES
HLA-DCAZ
HLA-DGES
HLA-DOR
TAP2
PSMBS
RINGD
TAPA
PSMES
RINGS
PPP1RZP
LOGA20220
HLAZ
HLA-DME
RING12
HLA-DMA
BRO2
HLA-DOA
HLA-DPA
RPLAZPY
HLA-DFEA
HLA-DPAZ
GoL11AZp
HLA-DPEZ
HLA-DPAZ
GoL{1A2
RXRR
SLC30AT
HEDHTER
RING
ZNF-L
TAT-SFi-L
BIGALT4
VPSEZ
RPS{2
Ghorf11
DES2723E
HKE2
RGL2
TAPEP
INF20T
DAXX
LG8 TT
LYPLAZPA
PL3EA-L
PLIZL
KIFGA

e


http://www.blackwell-synergy.com/doi/abs/10.1111/j.1399-0039.2004.00327.x

CYP21A2 & Adrenal Sex Steroids

T4

Shortam

Centromere

Long arm

Class-| region

HCPSP1S
HCG4P11
HLAF
RPL22APY
MICE
HCGERS
IFITM4P
3815
HCPSP14
HCG4P10
HLA-7S
HCPEP43
HCG4
HLA-50
HCG4PS
RPL7APT
MICG
HCG2PS
HCPSP42
HCG4PS
PE-11
HLA-G
HCGVIII-2

HCGPSPAD
HCG4PT
FE-08
HLA-H
PE-07
HLA-18
m HOGEFT
3.8-1.3
HCPSPE
m HCGAPE
P&-05
HLA-K
HLA-24
HCG4RS
PE-04
HLA-&
HCPSP3
HCG4P4
HLA-20
HOG2PE
MICD
HCGE
3.8-1.2
HCPSPZ
HCG4P3
HLA-)
HCGE
ETF1F1
Ceorfi2
ZMACA
FFF1R11
RMF24
TRIM31
TRIM4D
TRIMA10
TRIM1S
TRIMZ&

Class-| region

Beta block

HLA-L
LOCAD1 245
TRIM32
RPP21
HLA-N
HCG2PE
HCG2P4
MICC
HOG2P3
LOCa461T3
RAMP1
HLA-E
GHMLA
PRRA3
ABCF1
PPP1R10
MRPS18E
PROAP
Chorfi34
Chorfi 36
DHXi&
KlAA1840
MNAK
RPLTAP
MOGA

Ik w-cL5H
FLOTH
IER3
Chorf214
DDRA
GTF2H4
VARS2L
LOGa803TE
DPCRA
Chorf205
Chorfi s
CDSN
PSORS1CA
PSORS1C2
Chorfig
TCF40
POLISF
LOGESa018
HCG2P2
HCGOP3
HLA-C
HCG4R2
KIAADDESP
RFLaP
HCG2PY
HLA-B
HCG4R
CHFRP
HLA-5
HCPSF8
HCGOR2
MICA
HLA-X
HCPE
3.8
HCGOP

MICE

ﬂ
r PPIPD — HLA-DRA
LOCAD1Z50 HLA-DRED
BATY HLA-DRES
ATPEV{GS HLA-DRB2
MFKEIL HLA- DF|B1
LTA HL&
THNF HLA E1.
LTE GLN-tAMA
LSTH COREL
MERS = HLA-DGES
AlF HLA-DGAZ
BATZ HLA-DGEZ
BATZ HLA-DOE
APOM - TAFZ
Ciorfd7 2 FSMES
BAT4 2 RIMGEa
CSHK2ZE = TaF1
LYBGER é FSMES
LYBGSC o RINGS
BATS FFF1R2F1
LY&GED L3028
LYBGEE HLA-Z
LYBGEC HLA-DME
] Ciorf2s RING13
DDAHE HLA-DMA
cLIcA BROZ
g MSHS HLA-DOA
g Caarf2T HLA-DFA1
z VARSZ RPL32PY
T LsM2 HLA-DFE1
k! HSPAIL HLA-DPAZ
& HSFPA1A GOL{1AZp
H5FA1E HLA-DPBZ2
Caorfda L HLA-DFAS
MEL1 GoLi1a2
Lo giﬂTgﬂg RXRB
1 SLCIAT. o
o HSDITES 2
BF ZNFL
ROBP c TAT-SFi-L
SKIVEL Z BAGALTA
COMaZ 2 VPSE2
STK19 % § RPS12
CYPT'E;;Q. . é Ceorfid
4 |® DES2T723E
lml mmn 'E HKEE
CREBL1 E RGLE
FKEFL E TAPEFR
Ceorf3t zn Fao7
FPT2
EGFLB LO¢9461T.-’
AGPATA LYFLAZPA
RNFS rPL35A-L
AIGER FLiZ-L
PEX2 KIFGA
GPSM3
MCTCH4 Cantromens
LOCAD1252
CEof 0
B, 2-L
_ ETHL2


http://www.blackwell-synergy.com/doi/abs/10.1111/j.1399-0039.2004.00327.x

CYP21A2 & Adrenal Sex Steroids

Estrogen exposure increases the risk
for breast cancer

After menopause, the only source of
endogenous estrogen is adrenal sex
steroids

Adrenal sex steroid levels show
associations with risk and prognosis



Cholesterol —Hethyl group
Major Pathways in Steroid Biosynthesis
. [

CH3
Pregnenolone &=n

17 -hwydroxy CHg
pregnenolone 7"

Dehydroepiandrosterone
[a}

z--OH
CYFP17

=
._S,BHSD HO

17-hydroxy EES

CYPI?
._S,BHSD -

Progesterone .: o

'_B,BHSD

progesterone o Androstenedione o
=

o Joreasz o7 JJorraaz or

Il?,ﬂHSD
Deoxy CHaOH . CHaOH I.CYPIS'
corticosterone T (LteosvEoitSal CzDDH Estrone o Testosterone  on
o CY¥P11El v o
" B o JJcrrunl Ho 0

CYFP1S
Corticosterohe CHECIH CHaOH Il?,ﬂHSD l.

Cortisol  §~-
HO LJOH =
Estradiol
b
o’ lCYPl 1B2 5%

Aldosterone I
HO.

[ tsjor progestagen

|:| Major mineralocoricoid

|:| Major glucocorticoid (species varistion)
|:| Major gonadal estrogens

|:| Major gonadal androgen




DHEA(S) METABOLISM

DHEAS |
§ androstanediol
) & Re-androstanedione *— Sa-dihydrotestosterone — s glucuronide
Suloiransferses {| ) s 17pHSOR (DHT) iaHsorR  (ADG)

{151 and fallowing | and glucurons-

el passages) l ransfarase
Sulfatase (|} Re-reduclasa | Ba-reductase
(recycling) ¥
L 3
DHEA —sandrostenedione —<—* testosterone
/ﬂ' IHSD 1TRHSOR
aramalasa AnsMmatass
¥
estrone = = estradiol
1TEHSOR

Legraine, JCEM 2000 (www)
http://jcem.endojournals.org/cgi/content/full/85/9/3208/F1


http://jcem.endojournals.org/cgi/content/abstract/85/9/3208

Adrenal Steroid Biosynthesis Pathway
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Breast and Prostate Cancer Cohort Consortium
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National Cancer Institute

U.5. National Institutes of Health | www.cancer.gov

Cancer Control and
Population Sciences Home

Epidemioloay and

Genomics Research Home

Consortia (EGRP
Facilitated and Funded)

Cohort Consortium

Breast and Prostate
Cancer Cohort (BPC3)
Consortium:

BPC3 Home

Original Research Plan
Current Research Plan
Consortium Members
Genotvping Resources
Publications

Archived BPC3 Information

Related Grants E7

Epidemiology and Genomics Research

Cancer Control and Population Sciences

About the Program  Key Research Funding Opps  Our Grantees =~ Workshop Reports  More Resources
. Search:
Breast and Prostate Cancer and Hormone-Related Gene Variant Study

Gene Resequencing
Extensive resequencing is taking place on 75 candidate genes at three Genomics Centers:

+ Centre dFtude du Polymorphisme Humain éf (CEPH)
For more information, contact Dr. Gilles Thomas

+ The Broad Institute of MIT and Harvard &
For more information, contact Dr. David Altshuler

+ NCI Core Genotyping Facility &
For more information, contact Dr. Stephen Chanock

The division of labor is indicated in the table below. In each of the three laboratories, parallel activities are proceeding with both the
resequencing of all 75 genes in the 190 cases and the identification of ht-SNPs, based on 733 unrelated subjects genotyped by different
technologies. Common to all three centers is a common strategy for resequencing genes identified from the 190 cases of prostate and breast
cancer.

List of 75 Genes Analyzed in the BPC3 Genomics Center

Gene Hame = Pathway Description Platform Breast Prostate
GHR IGF GROWTH HORMONE RECEPTOR llumina X X
GHRH IGF GROWTH HORMONE-RELEASING HORMONE llumina* X X
GHRHR IGF GROWTH HORMONE-RELEASING HORMONE RECEPTOR llumina* X X
IGF1 IGF INSULIN-LIKE GROWTH FACTOR | Tagman X X


http://epi.grants.cancer.gov/BPC3/structure.html
http://epi.grants.cancer.gov/BPC3/gene.html
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— Listof 75 Genes Ansirzed in the BPCI cs Center

: Gene Name:  Pathway Description Piatiorm _ Breast _Prostale
cHR [ GROWTH HORMONE RECEFTOR lumina % x
GHRH 1GF GROWTH HORMONE-RELEASING HORMONE lluming % x
CHRHR  IGF CROWTH HORMONE RELEASING HORMONE RECEFTOR luming % x
1GF1 1GF INSULIN-LIKE GROWTH FACTOR | Tagman | x x
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MYELOFEROXIDASE
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ESTROGEM RECEFTOR BETA
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1T-BETA-HYDROXYSTEROID DEHYDROGEMASE 2
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CYP21A2 gene contains common mutations that
cause CAH

In heterozygosity, these mutations increase
DHEAS levels

This gene is not included in any GWAS chip

This gene has never been examined in breast
cancer susceptibility studies
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Can We Improve Breast Cancer
Predictive Models?

Yes, We Can...
- GWAS are not the ultimate tools as frequently thought

- Most relevant markers are not included
- Data analysis for GWAS wastes a lot of data

- Heterozygote advantage, haplotype analysis and
Interactions are not considered

- HLA complex data is overlooked
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Conclusions

- Current knowledge on genetic susceptibility to
breast cancer is insufficient

- GWAS has substantially contributed to the field,
but is not the ultimate tool

- Increasing the number of SNPs in covered regions
IS unlikely to improve the situation

- HLA region is a strong candidate to harbor breast
cancer susceptibility markers



Take Home Message

- GWAS do not cover the whole genome

- HLA complex contains biologically highly plausible
candidate genes for breast cancer susceptibility

- Filling the gaps of GWAS may be more productive
than increasing the number of SNPs included Iin
GWAS chips
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