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Preliminary Project Report

Assignment Date: March 30, 2019
Due Date: Monday, April 13, 2019 @ 11:59pm

Each team should submit a PDF of your preliminary project proposal (2 to 3 pages) to GradeScope by 11:59pm on
Monday April 13.

The prefiminary report should have at least:

Title of your project

List of team members and email addresses

1 paragraph abstract summarizing the project

1+ paragraph of Introduction

1+ paragraph of Methods that you are using

1+ paragraph of Results, describing the data evaluated and any any preliminary resuits
1+ paragraph of Dicsussion (what you have seen or expect to see)

1+ figure showing a preliminary result

5+ References to relevant papers and data

The preliminary report should use the Bioinformatics style template. Word and LaTeX templates are available at
hitps://academic.cup.com/bicinformatics/pages/submission_online. Overleaf is recommended for LaTex
submissions. Google Docs is recommended for non-latex submissions, especially group projects. Paperpile is
recommended for citation management,

Later, you will present your project in class starting the week of April 22, You will also submit your final written
report (5-7 pages) of your project by May 13

Please use Piazza if you have any general questions!



Review

s
. G
(4]
al




Variation across populations
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* Not a single variant 100% unique to a given population

* 50% of rare variants (<.5%) observed in a single population

| 7% of low-frequency variants (.5-5% pop. freq) observed in a single ancestry group




Genes mirror geography within Europe
Novembre et al (2008) Nature. doi: 10.1038/nature0733 1



Part 2:

Inherited Diseases




Huntington’s Disease

Coll, Vol 72, 971-983, March 26, 1993, Copyright © 1993 by Cell Press

A Novel Gene Containing a Trinucleotide Repe
That Is Expanded and Unstable
on Huntington’s Disease Chromosomes

The Huntington's Disease Collaborative
Research Group”

Summary

The Huntington's cisease (HD) gene has been mapped
in 4p16.3 but has eluded identification. We have used
haplotype analysis of linkage disequilibrium to spot-
light a small segment of 4p16.3 as the likely location
of the defect. A new gene, IT15, isolated using cloned
trapped exons from the target area contains a poly-
morphic trinucicotide repeat that is expanded and
unstable on HD chromosomes. A (CAG), repeat longer
than the normal range was observed on HD chromo-
somes from all 75 disease famlilies examined, com-
prising a variety of ethnic backgrounds and 4p16.3
haplotypes. The (CAG), repeat appears to be located
within the coding sequence of a predicted - 348 kd
protein that is widely expressed but unrelated to any
known gene. Thus, the HD mutation involves an
unstable DNA segment, similar to those described in
fragile X syndrome, spino-bulbar muscular atrophy,
and myoltonic dystrophy, acting in the context of a

novel 4p16.3 gene to produce a dominant phenotype.

Introduction

Huntington's disease (HD) is a progre
ative disorder characterzod by motol
tve loss, and psychiatric mandfestati
salla, 1986). It is inherited n an
fashion and affects ~ 1in 10,0001
lations of European origin (Harper @
mark of HD Is a distinctive choreic
that typically has a subtie, insSidious (
fifth decade of iife and gracually wo
of 10 % 20 years untd death. Occ
pressed in juveniles, typically manik
vere symploms including rigidity and
Juvenda onset of HD is associaled
of paternal transmission of the
pathology of HD aiso displays a
selective loss of neurons that is most
and putamen. The biochemical basi
in HO has not yet been explained,
quently no treatment elective in q

the onset and progression of this
The genetic defect causing HD was

some 4 in 1983 in one of the first sucy

sas using polymorphic DNA markers
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Figure 6 PCR Asalysis of the (CAG) Repeat n a Venezusian HD
Sbship with Some Offsoring Dsplayrg Juvenie Onsat

Results of PCR analysis of a sibship in B Vanezuelss HD pedgree
A Shown. ANeCnd iINGMVICUalS 406 represenied by closed symbots
Progeny are shown as trlangles, and the birth orger of some Indiviouals
has been changed for conlidentalty. AN1, AN2, and AN3 mark the
positions of the allelic products f+om nomal chromosomaes. AE marks
the range of PCR products from the HD chromosome, The intensity
of background constant bands, which sepresent a useful reference for
comparison of the above PCR products. vanes with slight differences
in PCR condmons, The PCR products fom cosmids L191F1 and
GUST2-2130 are lcaded in ares 12 and 13 and have 18 and 48 CAG
repoats, reapoctvoly,




Gerardo Jimenez-Sanchez*, Barton Childs* & David Valle**

analysis

* Department of Pediatrics, McKanick-Narhans Institute of Genetic Madiane, and t Howard Hughes Madical Institute, Johns Hophins University Schoed of Medicing

Baltimore, Maryland 21205, USA

The compiete human genome sequence will facilitate the identification of all genes that contribute to disease. We propose that
the functional classification of disease genes and their products will reveal general principles of human disease. We have
determined functional categories for nearly 1,000 documented disease genes, and found striking correlations between the
function of the gene product and features of disease, such as age of onset and mode of inheritance. As knowledge of disease
genes grows, including those contributing to complex traits, more sophisticated analyses will be possible; their results will
yield a deeper understanding of disease and an enhanced integration of medicine with biology.

o test the proposal that classifying disease genes and their
products according to function will provide general
insight into disease processes'”, we have compiled and
classified a list of discase genes. To assemble the list, we
began with 269 genes identified in a survey of the 7th
edition of Metabolic and Molecular Bases of Inherited Disease’. We
then scarched the ‘morbid map” and allelic variants histed in the
Online Mendelian Inheritance in Mar' (OMIM), an online resource
documenting human discases and their associated genes

Human disease genes

(www.ncbinlm.nih.gov), and increased the total disease gene set
to 923. This sample included genes that cause monogenic discase
(97% of the sample) and genes that increase susceptibility for
complex traits. We excluded genes assocated only with somatic
genetic discase (such as non-inherited forms of cancer) or the
mitochondrial genome.

We categorized cach disease gene according to the function of its

Jimenez-Sanchez, G., Childs, B. & Valle, D. (2001) Nature 409, 853-855



Genome Wide Association (GWAS)
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Count of G:
2104 of 4000

Frequency of G:
52.6%

Controls
Count of G:
2676 of 6000

Frequency of G:
44.6%

P-value:
5.0-107*

SNP2 SNP...

Cases Repeat for all
Count of G: SNPs

1648 of 4000

Frequency of G:
41.2%

Controls
Count of G;
2532 of 6000

Frequency of G:
42.2%

P-value: Chi-squared or
— -
0.33 similar test



Manhattan Plot

Genome-wide significance: 5e-8

Marker significance: 1e-5 Significant loci

15

~10g16(P)
10

Four Novel Loci (19ql3, 6q24, 12q24, and 5q14) Influence the Microcirculation In Vivo
lkram et al (2010) PLOS Genetics. doi: 10.137|/journal.pgen.1001 184




Regional Association Plot
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GWAS Catalog

As of 2020-03-08, the GWAS Catalog contains
4493 publications and 179364 associations.
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GWAS In Cirisis

Table 1. Replication and non-replication in associations found by GWA studies of complex diseases published until the end of 2006

Phenotype  Genome wide association study characteristics Identified gene/SNPs  Replication status (January 2007)
platform design stratification o
(SNPy/analyzed) cantrol
Age-related  Affymetrix 100k UCC then Genomic 146 CFH/Intronic Meta-analysis of 11 studies (n = 8,991}
macularde- (116204/103611)  sequencing control, rs380390; then OR 2.49 and 6.15 (heterozygotes and
generation of reglon F-ratio sequencing showing  homoxygotes respectively), no lange between-
exonic rs106170 study incoasistency in effect sizex; dlwo
(Y420H) 2%b replicated is karge Dutch cobort
upstream of 41-kb (n = 5,681); several studies on Asian
haplotype block populations claimn no association
Obesity Affymetrix 100k Family-based. Family-based 694, then INSIG2/rs7 566605 Replication im the same publication in 3 of
(116204/86604)  2-stage, design up to 923 10kb upstream of the 4 independent populations of n « 9,881
followed by tramscription start site  subjects with modest between- study
mappéng 100 heterogencity; 7 more §
neighboring populations with over 21,000 subjects total
SNPs fadled to replicate the association: no effect
and 20 heterogeneity across the independent
replication teamas
Parkinson Perlegen Famiy based, Family-based 443 sib-pairs, Thineen Several small replication stodies and a large
discase (248535/198345)  second stage  desiges then 664 13 different SNPs collaborative consortizm (o » 12,208) Giled
with matched  matching at identified from 10 replicate any of the 13 proposed SNPx
casc-comtrols  second stage; analyyis of both stagess  null results were consistent across the teams
also genomic none with genome- participating in the consortium
control wide significance
Myocardial  Random ucc None (just 752 (only LTAHaplotype of Replication in the same publication in
infarcticn gene based Japanese 94 cases) SSNPs(2in L7TAand  additionad 1,133 cases and two coatrol
(92788/67671) mationality) Jis adjucent genes);  groeps (n » 1,006 and §72); association not
the two LTA SNPs had  replicated in subsequent 15154 case-control
association in larger  study and mueta-analysis (n = 18,325) shows
sample and then no association (non-significant OR 1.07
Thr26Asn had also without sigaificant between -study
functional asay heterogencity va. 1.77 in origisally proposed
support association for recessive model)
Ape-related  Affymetrix 100k UCC; then Genomic 226 HTRA /intragenic Independent sody (n = 89%0) published in the
macular de- (116204/97824)  sequencing control, sl 04%0924; then same issue starting from dense mapping of
generation of region F-ratio sequencing showing  locus showing consistent effects with OR 1.90
promoter rs11200638  and 7.51 for heterozygotes and homozygotes,
6hkb downsreamn respectively

Non-Replication and Inconsistency in the Genome-Wide Association Setting
loannidis (2007) Hum Hered 2007;64:203-213 https://doi.org/10.1159/000103512



Missing Heritability

“Three groups of researchers scoured

the genomes of huge populations
(>30,000 people) for genetic variants
associated with the height differences.
More than 40 turned up. But there was
a problem: the variants had tiny
effects. Altogether, they accounted for
little more than 5% of height’s
heritability”

R

The case of the missing heritability

When sclentists opened up the human genome, they expected to find the genetic components of

common traits and diseases, But they were nowhere to be seen. Brendan Maher shines a light on - CN VS an d S vS ?

six places where the missing loot could be stashed away.

- Rare, moderately penetrant or
common, weakly penetrant variants?

i U Ak Eves though these gracene wide amochDos  coniribuie 10 & variety of Trads .
" Ml \ Jupd

- Epistasis (multiple genes working
together)?

. - Epigenetic effects, especially in
ik o e ity ~ o o oyl e ik kS e utero?



Penetrance & Allele Frequency

Large

5.0

Moderate

15

Effect Size (Odds Ratio)
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0.05 0.5

Common

0.001 0.005

"Mutations” Rare Low Frequency

Allele Frequency

Penetrance: The proportion of individuals with a specific genotype who manifest the
genotype at the phenotypic level.



Omnigenics
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A central goal of genetics is to understand the links between genetic variation and disease. Intuitively, one
might expect disease-causing variants to cluster into key pathways that drive disease etiology. But for
complex traits, association signals tend to be spread across most of the genome—including near many
genes without an obvious connection to disease. We propose that gene regulatory networks are
sufficiently interconnected such that all genes expressed in disease-relevant cells are liable to
affect the functions of core disease-related genes and that most heritability can be explained by
effects on genes outside core pathways. We refer to this hypothesis as an “omnigenic” model.

An Expanded View of Complex Traits: From Polygenic to Omnigenic
Boyle, Li, Pritchard (2017) Cell. https://doi.org/10.1016/j.cell.2017.05.038



Epigenetic Factors

A Normal Cells B Cancer Cells
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The Key Role of Epigenetics in Human Disease Prevention and Mitigation
Feinberg (2018) NEJM. doi: 10.1056/NEJMral402513




Needles in stacks of needles

b Figure | | Assessing varianmt deleteriousness 10 boost
' A o] discovery power of genetic analyses. Ceretic

N o s spproaches (a) — for example, Inkage analyss followed
"‘9' Dy Ne-5eQUeNcing. genome wide association studies
(CWASH, excme of genome sequencing — deflioe both
C candidate loci (b end candidace variants within those loci,

” Cenome ot in many functional categonies (€l Methods 1o predict
the pherotypic relevance of individual veriants within
these often lengthy lists of candidates [represented by the
row of staey) include predictions of deletetiouines based
on comparative genamics (d, for coding and non-coding
wariants), kinowledge of protein biochemistry and structure
fo. for coding variants) and experimental approaches If, for
coding and non <coding variants). Panel d is an lustration
of three aligned nucleotides, showing cne that &

s v P P o completety conserved (left columnl. one that s highly
M#;—%l Fi <o W= virabtie inidde cobme) and one That is modevately
Promotes vanant Coding variant comanved iright columnl. Eveluation of this information

depends on the scope and neutral divergence of the
phvlogeny (left side) relating the aligned sequences. Panel
@ 5 an image taken from Stone and Sidow’' snd showy the
median predicted impact of all amino scid substitutions at
each residue of pi ), renging from low (red) 1o high fblue).
The DNA fwhite molecule) binding domain is particularty
prone to highly deleterious mutations. Panel £ i o dmplified
Hintration of the method described by Petwandhen et el ™,
in which both ‘wild-type’ l1op) and mutant ottom,
Indicated by the star] promoter sequences se ssesed by
periorming in vitro transcription amows) and quantifying
function by sequencing. In this case, the mutation reduces
promoter function remulting in fewer transcripts. Panele
reproduced. with permission, from 3£5 27 ©(200%)
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Needles in stacks of needles: finding disease-causal variants in a wealth of genomic data
Cooper & Shendure (201 1) Nature Reviews Genetics.



Method

Predicting Deleterious Amino Acid Substitutions

Pauline C. Ng'-? and Steven Henikoff'-**

' fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA; “Department of Bicengineering, University
of Washington, Seattle, Washington 98105, USA; *Howard Hughes Medical Institute, Seattle, Washington 98109, USA

Many missense substitutions are identified in single nucieotide polymorphism (SNP) data and largescale random
mutagenesis projects. Each amino acid substitution potentially affects protein function. We have constructed a
tool that uses sequence homology to predict whether a substitution affects protein function. SI¥FT, which sorts
Intolerant from tolerant substitutions, classifies substitutions as tolerated or deleterious. A higher proportion of
substitutions predicted to be deleterious by s177T gives an affected phenotype than substitutions predicted to be
deleterious by substitution scoring matrices In three test cases. Using s1#T before mutagenesis studies could
reduce the number of functional assays required and yield a higher proportion of affected phenotypes. SIFT
may be used to identify plausible disease candidates among the SNPs that cause missense substitutions,

Genome Research. 2001 May; 1 1(5):863-74.




Resource

A probabilistic disease-gene finder
for personal genomes

Mark Yandell,'-** Chad Huff,'* Hao Hu,'-* Marc Singleton,' Barry Moore,’
Jinchuan Xing,' Lynn B. Jorde,’ and Martin G. Reese”

'Department of Human Genetics, Eccles Institute of Human Genetics, University of Utah and School of Medicine, Saft Lake City,
Utoh 84112, USA; “Omicia, Inc,, Emeryville, Californic 94608, USA

VAAST (the Variant Annotation, Analysis & Search Tool) is a probabilistic search tool for identifying damaged genes
and their disease-causing variants in personal genome sequences., VAAST builds on existing amino acid substitution
(AAS) and aggregative approaches to varlant prioritization, combining elements of both Into a single unified ikellhood
framework that allows users to identify damaged genes and deleterious variants with greater accuracy, and in an easy-to-
use fashlon. VAAST can score both coding and noncoding varlants, evaluating the cumulative Impact of both types of
variants simultancously. VAAST can identify rare variants causing rare genetic diseases, and it can also use both rare and
common varfants to identify genes responsible for common diseases. VAAST thus has a much greater scope of use than
any existing methodology. Here we demonstrate its ability to identify damaged genes using small cohorts (@ = 3) of
unrelated individuals, wherein no two share the same deleterious variants, and for common, multigenic diseases using as
few as 150 cases.

[Supplemental materfal ks avallable for this article.)

VAAST Key Idea: Evaluate amino acid substitutions in evolution AND allele
frequencies in 1000 genomes project

Genome Research 201 1.doi:10.1101/gr.123158.11 |



A general framework for estimating the relative
pathogenicity of human genetic variants

Martin Kircher'?, Daniela M Witten®®, Preti Jain®4, Brian ] O'Roak’#, Gregory M Cooper’® & Jay Shendure’

Current methods for annotating and interpreting human
genetic variation tend to exploit a single information type
(for example, conservation) and/or are restricted in scope (for
example, to missense changes). Here we describe Combined
Annotation-Dependent Depletion (CADD), a method for
objectively integrating many diverse annotations into a single
measure (C score) for each variant. We implement CADD as
a support vector machine trained to differentiate
14.7 million high-frequency human-derived alleles from
14.7 million simulated variants. We precompute C scores
for all 8.6 billion possible human single-nucleotide variants
and enable scoring of short insertions-deletions. C scores
correlate with allelic diversity, annotations of functionality,
pathogenicity, disease severity, experimentally measured
effects and complex trait associations, and they
highly rank known pathogenic variants within individual
genomes, The ability of CADD to prioritize functional,
deleterious and pathogenic variants across many functional
categories, effect sizes and genetic architectures is unmatched
by any current single-annotation method.

comparable, making it difficult to evaluate the relative importance
of distinct variant categories or annotations. Third, annotation

methods trained on known pathogenic mutations are subject to major
ascertainment biases and may not be gencralizable. Fourth, it is a
major practical challenge to obtain, let alone to objectively evaluate
or combine, the existing panoply of partially correlated and partially
overlapping annotations; this challenge will only increase in size
as large-scale projects such as the Encyclopedia of DNA Elements
(ENCODE)"! continually increase the amount of relevant data
available. The net result of these limitations is that many potentially
relevant annotations are ignored, while the annotations that are
used are applied and combined in ad hoc and subjective ways that
undermine their uscfulness.

Here we describe a general framework, Combined Annotation-
Dependent Depletion (CADD), for integrating diverse genome
annotations and scoring any possible human single-nucleotide variant
(SNV) or small insertion-deletion (indel) event. The basis of CADD
is 10 contrast the annotations of fixed or nearly fixed derived alleles in
humans with those of simulated variants, Deleterious variants—that
is, variants that reduce organismal fitness—are depleted by natural
sclection in fixed but not simulated variation. CADD therefore

Nature Genetics 46, 310-315 (2014) doi:10.1038/ng.2892



A method for calculating probabilities of fitness
consequences for point mutations across the human genome

Brad Gulko', Melissa J Hubisz?, llan Gronau®* & Adam Siepel'-*

We describe a new computational method for estimating the
probability that a point mutation at each position in a genome
will influence fitness, These “fitness consequence’ (fitCons)
scores serve as evolution-based measures of potential genomic
function. Our approach is to cluster genomic positions

into ing distinct ints’ on the basis of
high-throughput functional genomic data, then to estimate

a probability of fitness consequences for each group from
associated patterns of genetic and

We have generated fitCons scores for three human cell types
on the basis of public data from ENCODE. In comparison
with conventional conservation scores, fitCons scores show
considerably improved prediction power for ois regulatory
elements. In addition, fitCons scores indicate that 4.2-7.5%
of nucleotides in the human have influenced fitness
since the human-chimpanzee divergence, and they suggest that
recent evolutionary turnover has had limited impact on the
functional content of the genome.

roles'*-1% by getting at fitness directly through observations of evo-
lutionary change. In essence, the ‘experiment’ considered by these
methods is the one conducted directly on genomes by nature over
millennia, and the outcomes of interest are the presence or absence
of fixed mutations.

These conservation-based methods, however, depend critically on
the assumption that genomic elements are present at orthologous
locations and maintain similar functional roles over relatively long
evolutionary time periods. Evolutionary turnover may cause incon-
sistencies between sequence orthology and functional homology that
substantially limit this type of analysis. Consequently, investigators
have developed two major alternative strategies for the identification
and characterization of functional elements. The first strategy is 1o
augment information about interspecies conservation with informa-
tion about genetic polymorphism™ ¥, The shorter evolutionary time
scales assoclated with Intraspecies variation make this approach more
robust to evolutionary turnover and less sensitive to errors in align-
ment and orthology detection. Polymorphic sites tend to be sparse

alone the ornnme howewer en thic annmach recmiirse enme tune

Nature Genetics 47,276—283 (2015) doi:10.1038/ng.3196



ARTICLE

Using VAAST to Identify an X-Linked Disorder
Resulting in Lethality in Male Infants
Due to N-Terminal Acetyltransferase Deficiency

Alan F. Rope,' Kai Wang,?'” Rune Evjenth,? Jinchuan Xing,* Jennifer J. Johnston,* Jeffrey J. Swensen,®”
W, Evan Johnson,® Barry Moore,* Chad D. Huff,* Lynne M. Bird,” John C, Carey,*

John M. Opitz, 1461011 Cathy A. Stevens,'? Tao Jiang,'*'4 Christa Schank,® Heidi Deborah Fain,'s
Reid Robison,'s Brian Dalley,!s Steven Chin,® Sarah T. South,!” Theodore J. Pysher,® Lynn B. Jorde,*
Hakon Hakonarson,? Johan R. Lillehaug? Leslie G. Biesecker,® Mark Yandell,* Thomas Amesen, 317
and Gholson J. Lyon!518.20*

We have identified two families with a previously undescribed lethal X-linked disorder of infancy; the disorder comprises a distinct
combination of an aged appearance, craniofacial anomalies, hypotonia, global developmental delays, cryptorchidism, and cardiac
arrhythmias, Using X chromosome exon sequencing and a recently developed probabilistic algorithm aimed at discovering disease-
causing variants, we identified in one family a ¢.109T>C (p.Ser37Pro) variant in NAAIQ, a gene encoding the catalytic subunit of the
major human N-terminal acetyltransferase (NAT). A paraliel effort on a second unrelated family converged on the same variant. The
absence of this varlant in controls, the amino acid conservation of this region of the protein, the predicted disruptive change, and
the co-occurrence in two unrelated families with the same rare disorder suggest that this is the pathogenic mutation. We confirmed
this by demonstrating a significantly impaired biochemical activity of the mutant hNaalOp, and from this we conclude that a reduction

in acetylation by hiNaa10p causes this disease. Here we provide evidence of a human genetic disorder resulting from direct impairment of
N-terminal acetylation, one of the most common protein modifications In humans.

Am ] Hum Genet. 201 | Aug 12;89(2):345. doi: 10.1016/j.ajhg.2011.05.017
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Figure 2. Pedigree Drawing and Pictures of Families 1 and 2

(A) Pedigree drawing for family 1. The most recent deceased individual, 114, is the most wellstudied subject in the family and Is indi-

cated by an arrow. Genotypes are marked for those in which DNA was available and tested. The following abbreviations aze used: SB,
; +, normal variant; mt, rare mutant variant,

(B) Pictures of four affected and deceased boys in this family, showing the aged appearance.

(C) Sanger sequencing results of NAA IO in individual 1114 from family 1.

(D) Pedigree for family 2. Individual [1-2 is the most wellstudied subject in the family and Is indicated by an arrow.

(E) Picture of individuals 1l and 1[1.2 in family 2 at ~1 year of age.



Part 3:

Cancer Genetics &
Genomics




A tumor removed by surgery in 1689.



Benign vs. Malignant
Benign vs. Malignant Tumors

N (NOt Cancer) tumor cells grow Malignant (cancer) cells invade
only and cannot spread by NG hDONNG tissLds, enter DIOOA vy,
IPVason o metastasis




The Six Hallmarks of Cancer

Sustaining proliferative
signaling

Resisting Evading growth
cell death SUPPressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Hallmarks of Cancer
Hanahan and Weinberg (2000) Cell. http://doi.org/10.1016/5S0092-8674(00)81683-9
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gnatures of mutational processes in human cancer
xandrov et al (2013) Nature. doi:10.1038/nature 12477



Most commonly used Her2-amplified breast cancer cell line
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80+ chromosomes,
Many are a patchwork of fragments of other chromosomes



A firestorm in cancer
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Figure 2. Major types of tumor genomic peoliles, Segmentation profies for individual tumors representing each camegory: (A) simplex; (5) complex
type 1 of sawtoothy; (O) complex type Il o firestorm, Scored events condist of a minimum of six consecutive probes in the same state, The y-axis displays
the geometric mean value of two experiments on a log scale. Note that the scale of the amplifications in C is compressed relative to A and 8 owing to
the high levels of amplification in firestorms, Chromosomes 1-22 plus X and Y are displayed in order from jeft to nght according 1o probe position,

Novel patterns of genome rearrangement and their association with survival in breast cancer
Hicks et al (2006) Genome Research. Doi: 10.1101/gr.5460106



Aberrations in cancer genomes
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Chromothripsis, which literally means 'chromosome shattering', is a phenomenon that has

recently been reported to occur in cells harbouring complex genomic rearrangements

(CGRs). Has 3 defining characteristics:

(1) Occurrence of remarkable numbers of rearrangements in localized chromosomal regions;

(2) Low number of copy number states (generally between one or two) across the rearranged
region;

(3) Alternation in the chromothriptic areas of regions where heterozygosity is preserved with
regions presenting loss of heterozygosity (LOH).

Chromothripsis and cancer: causes and consequences of chromosome shattering
Forment et al (2012) Nature Reviews Cancer. doi:10.1038/nrc3352



Hypomethylation distinguishes genes
of some human cancers
from their normal counterparts

Andrew P. Feinberg & Bert Vogelstein

Cell Structure and Function Laboratory, The Oncaology Center,
Johns Hopkins University School of Medicine, Baltimore,
Maryland 21205, USA
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It has been suggested that cancer represents an slieration in
DNA, bheritable by progeny cells, that lesds to abnormally
reguisted expression of normal cellular genes; DNA alterstions
such as mutations’”, rearrangements’* and changes in methyla-
tion** have been proposed to have such a role. Becanse of
increasing evidence that DN A methylation is important in gene
expression (for review see refs 7, 9-11), several investigators
have studied DNA methylstion in animal tumours, transformed
cells and leuksemia cells in culture™'* ™, The results of these
studies have varied; depending on the technigues and systems
used, an increase’” ", decrense™ ™, or no change™ ™ in the
degree of methylation has been reported. To our knowledge,
however, primary human tumour tissues have not been used
in such studies. We have now examined DNA methylation o
human cancer with three considerations in mind: (1) the methy-

and (3) Hpall and Hhal cleavage sites should be present in the
regions of the genes.

The first cancer studied was a grade D (ref. 43), moderately
well differentiated adenocarcinoma of the colon from a 67-yr-
old male. Tissue was obtained from the cancer itself and also
from colonic mucosa stripped from the coloa at a site just
outside the histologically proven tumour margin, Figure 1 shows
the pattern of methylation of the studied genes. Before digestion
with restriction enzymes, all DNA samples used in the study
had a size >25,000 base pairs (bp). After Hpall cleavage,
hybridization with a probe made from a cDNA clone of human
growth hormone (HGH) showed that significantly more of the
DNA was digested to low-molecular weight fragments in DNA
from the cancer (labelled C in Fig. 1) than in DNA from the
normal colonic mucosa (labelled N). In the hybridization condi-
tions used, the HGH probe detected the human growth hor-
mone genes as well as the related choriomic somatotropen

Table 1 Quantitation of methylation of wpecific goses i3 human cancens and
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Nature 301,89 - 92 (06 January 1983); doi:10.1038/30108920



Causes of Cancer
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Cancer is a Preventable Disease that Requires Major Lifestyle Changes
Anand et al (2008) Pharmaceutical Research. doi: 10.1007/s11095-008-9661-9



FAP « Familal Adenomatous Polypodis ¢ MOV » Hepatiths C virus ¢ HPY « Human papllomavirus © CLL » Cheonic lymphocytic leukemia © AML « Acute mysiond leubomis

Fig. 1. The relationship between the number of stem cell divisions in the lifetime of a given tissue and the lifetime risk of cancer in that tissue,
Values are from table S1, the derwvation of which s dscussed in the supplementary matenals.

Variation in cancer risk among tissues can be explained by the number of stem cell divisions
Tomasetti and Vogelstein (2015) Science. DOI: 10.1126/science.1260825



Hereditary Replicative Environmental
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Stem cell divisions, somatic mutations, cancer etiology, and cancer prevention
Tomasetti, Li, and Vogelstein (2017) Science. DOI: 10.1126/science.aaf901 |




Oncogenes
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HER-2/neuHER-2/neu: encodes for a cell surface receptor that can stimulate cell
division. The HER-2/neu gene is amplified in up to 30% of human breast cancers.
RAS: The Ras gene products are involved in kinase signaling pathways that
ultimately control transcription of genes, regulating cell growth and differentiation.
MYC: The Myc protein is a transcription factor and controls expression of several
genes.

SRC: First oncogene ever discovered. The Src protein is a tyrosine kinase, which
regulates cell activity.

hTER: Codes for an enzyme (telomerase) that maintains chromosome ends.



Tumor Suppressors
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TP53: a transcription factor that regulates cell division and cell death.

Rb: alters the activity of transcription factors and therefore controls cell division.
APC: controls the availability of a transcription factor.

PTEN: acts by opposing the action of PI3K, which is essential for anti-apoptotic,
pro-tumorogenic Akt activation.



TP53: The first and most important
tumor suppressor

Mechanism of inactivating pS3 Typical tumours Effect of inactivation
Amino-acid-changing Colon, breast, lung, bladder, | Prevents p53 from binding
mutation in the DNA- brain, pancreas, stomach, to specific DNA sequences and
binding domain oesophagus and many others | activating the adjacent genes

ultlpl of the Extra MDM2 stimulates
MDM2 gene in the genome Sarcomas, brain the degradation of p53

Breast, brain, lung and Failure to inhibit MDM2

Deletion of the O sacial isn e
P144%F gene péamnhnot%umd mmmm

Figure 1 The many ways in which p53 may malfunction in human cancers.

>10,000 known mutations

>17,000 publications
Surfing the p53 network

Volgelstein et al (2000) Nature. DOI: 10.1038/35042675



DNA Repair Genes
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BRCA1 and BRCAZ2 (breast cancer type 1/2 susceptibility genes)
Normally expressed in the cells of breast and other tissue, where they help repair
damaged DNA, or destroy cells if DNA cannot be repaired. They are involved in

the repair of chromosomal damage with an important role in the error-free repair of
DNA double-strand breaks



Tumor Evolution
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The Clonal Evolution of Tumor Cell Populations
Peter C. Nowell (1976) Science. 194(4260):23-28 DOI: 10.1 126/science.959840



Tumor Evolution
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Evolution of the cancer genome
Yates & Campbell (2012) Nature Review Genetics. doi:10.1038/nrg3317



Tumor Heterogeneity
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The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170



Heterogeneity
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The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170
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http://journals.plos.org/ploscompbiol/article%3Fid=10.1371/journal.pcbi.1002824

First Cancer Genome
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DNA sequencing of a cytogenetically
normal acute myeloid leukaemia genome

Timothy ). Ley' ', Dlaine R. Mardis™'*, Li Ding™”’, Bob Fulton’, Michae! D, Mclellan’, Ken Chen’, David Dooling”,
8rian H. Dunford-Shore’, Sean McGrath’, Matthew Mickenbotham’, Lisa Cook’, Rachel Abbott’, David E. Larson’,
Dan C Keboldt’, Craig Pohl’, Scott Semith’, Amy Hawking’, Scott Abbott’, Devin Locke’, LaDeana W, Hillier™*,
Tracie Miner”, Lucinds Fulton’, Vincant Magrini™’, Todd Witie’, Jarret Glasscock”, Joshus Conyers’,

Nathan Sander’, Xiaogl $h’, John R Osborne’, Patrick Minx', David Goedon®, Asif Chinwalla’, Yu Zhao',
Rhonda €. Ries', Jacguelinn £ Payton”, Pater Westervelt'*, Michsal H. Tomasson'*, Mark Watson™*, Jack Baty”,
Jenmifer anovich™', Sharon Meath™, William D. Shannon'”, Rakesh Nagarajan™’, Matthew ). Walter'”,

Danied C. Link'*, Timothy A Graubert'”, Jobn F. DiPersio’* & Richard K. Wilson™"*

Acute myeloid leukasmia is a highly malignant hasmatopoletic tumowr that attects about 11,000 aduits in the United States
each year, The treatmaent of this disease has changed Ittle in the past two decades, becase most of the genetic events that
intiate the disesse remain endiacovered. Whole-genome sequencing is now possibie at a reascnable cost ard timeframe to
use this agproach for the unblased dacovery of tamour-tpecific somatic mutatons that alter the protein-<odiag genes. Mere
we prosent the resuits obtained from sequencing 2 typical acete myelold leskcaemia genome, and its matched normal
counterpart obtaleed from the same patient’s skin. We dscovered ten genes with acguired metations; two were previously
described mutations that are thought to contribute to tumosr progression, and eight were new mutations present in virtually
ol tumour cells 3t presectation and relagse, the functicn of which is not yet kaown, Our study establabes whole-gerome
SOQUENINE 23 an wndidsed method for dacovering Cancer-intiating mutations in previcusly undentified penes That may
respand 10 targeted Theragies



First Cancer Genome

A.
3,813,205 tumor single nucleotide variants
(SNVs) (Maq15)
2,647,695 well supported SNVs (Decision Tree)
2,584 418 present in skin (SNPs) 1
63,277 umor-specific SNVs
l 31,645 in dbSNP/\Watson/Venter
/ 31,632 nowel SNVs
B. 20,440 in non-genic regions 1
11,192 SNVs in genic regions S
216in UTRs
Tumor 10,735 ntromic l

241 SNVs in coding sequence o
1 60 synonymous

181 SNV's predicted to alter gene function
(non-synomymous Ind splice junctions) \

7 unable 1o be valdated
(technical fadures)

14 validated as germiing SNVs (SNPs)

dbSNP 8 vahdaled as somalic SNVs )
(false positives)

Figure 1. Overlap of SNPs detected in 933124 and other genomes

:,:,;::or Jmo: :;‘\',I:; er. (B) Vf':?l;w'm oz:’:::mw:;;émm the Figure 2. Filters used to identify somatic point mutations in the tumor genome

genome, skin genome, and dbSNP (ver. 127). Single nucleotide variants were defined with a See text for details.

MAQ SNP quality > 15,



First Melanoma Genome

Insertions (light-green
rectangles);

Deletions (dark-green
rectangles);

Heterozygous (light-orange
bars) and Homozygous (dark-
orange bars) Substitutions
Coding substitutions (coloured
squares: silent in grey, missense
in purple, nonsense in red and
splice site in black);

Copy number (blue lines);
regions of LOH (red lines);
Intrachromosomal
rearrangements (green lines);
Interchromosomal
rearrangements (purple lines).

A comprehensive catalogue of somatic mutations from a human cancer genome

Pleasance et al (2010) Nature. doi:10.1038/nature08658



Mutations in Breast Cancer
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Comprehensive molecular portraits of human breast tumours
Cancer Genome Atlas Network (2012) Nature. doi:10.1038/naturel 1412



Finding Driving Mutations

variants
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Integrative Annotation of Variants from 1092 Humans: Application to Cancer Genomics
Khurana et al (2013) Science. DOI: 10.1 126/science.1235587



Regulatory mutations in PDAC
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Coding alterations of PDAC are now fairly well
established but non-coding mutations (NCM:s)
largely unexplored

*Developed GECCO to analyze the thousands of
somatic mutations observed from hundreds of tumors
to find potential drivers of gene expression and
pathogenesis

*NCMs are enriched in known and novel pathways
*NCMs correlate with changes in gene expression
*NCMs can demonstrably modulate gene expression

*NCMs correlate with novel clinical outcomes

NCMs are an important mechanism for tumor
genome evolution

Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma
Feigin, M, Garvin,T et al. (2017) Nature Genetics. doi:10.1038/ng.3861



Driving Non-Coding Mutations

d NCMs correlate with gene expression changes

CRR (MUT#) Nearest gene MUT allele WT allele Fold change p-value q-value
MAX (5) PTPRN2 0.82 10.92 0.075 0.00593 0.09689
FOSL2 (7) KCNQ1 0.85 6.39 0.133 0.02456 0.18212
TAF7 (9) SNRPN 0.46 34 0.135 0.00818 0.11818
NFKB1 (7) GYPC 1.08 7.29 0.148 0.01845 0.15157
TAF1 (6) PDPN 2098 13.08 0.160 0.03544 0.22016
BCLAF1 (5) PRSS12 1.07 6.46 0.166 0.01107 0.14144
MAFK (3) SOX5 0.29 163 0.178 0.02851 0.20379
POU2F2 (6) MIR4420 8.16 40.24 0.203 0.01773 0.15157
WRNIP1 (3) IKZF1 0.64 3.15 0.203 0.01811 0.15157
GATA3 (3) PCLO 0.35 1.67 0.210 0.01113 0.14144
JUND (3) TUSC7 0.98 453 0.216 0.02909 0.20560
REST (3) MTERF4 1.46 578 0.253 0.02209 0.16542
GATA1 (3) FNIP2 7.59 18.32 0.414 0.02588 0.18929
CEBPB (3) PNPLAS 569 13.62 0.418 0.01726 0.15157
EGR1 (5) SLC12A8 434 799 0.542 0.04185 0.23823
SIN3A (3) FAM192A 20.31 30.48 0.666 0.01788 0.15157

b PTPRN2 EXPRESSION (OS) C  SLC12A8 EXPRESSION (DFS)
P=0.0019 P =0.0490
1 Median Sundval 209 Vs 1 Median Survival 13.9Vs
150 months 11.2 months
8 n =265 s nw= 246
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Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma
Feigin, M, Garvin, T et al. (2017) Nature Genetics. doi:10.1038/ng.3861



The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170



Tumor-Normal Pairs
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Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples
Cibulskis et al (2013) Nature Biotech. doi:10.1038/nbt.2514
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THetA: inferring intra-tumor heterogeneity from high-throughput DNA sequencing data
Oesperet al (2013) Genome Biology. DOI: 10.1186/gb-2013-14-7-r80



Somatic Variant Detection

Focus: phasing adjacent variants
Divergent evolution inferred Linear, subclonal evolution
by mutually exclusive mutations inferred by mutations arising
arising on different branches in a single branch of the
of the phylogenetic tree phylogenetic tree
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Evolution of the cancer genome
Yates & Campbell (2012) Nature Review Genetics. doi:10.1038/nrg3317



Heterogeneity
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The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170



LETTER

Tumour evolution inferred by single-cell sequencing

Nicholas Navin'~, Jude Kendall’, Jennifer Troge', Peter Andrews', Linda Rodgers', Jeanne Mclndoo', Kerry Cook’,
Asya Stepamk)";’Dan Levy', Diane Esposito’, Lakshmi Muthuswamy”, Alex Krasnitz', W. Richard McCombie’, James Hicks'
& Michael Wigle

$0i:10.1038/nature09807
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What causes “outlier’” families?
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