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DNA: The secret of life

Your DNA, along with your
environment and experiences,
shapes who you are

* Height

* Hair, eye, skin color

* Broad/narrow, small/large features
* Susceptibility to disease

* Response to drug treatments

* Longevity and cognition

Physical traits tend to be strongly genetic,
social characteristics tend to be strongly
environmental, and everything else is a
combination




Cells & DNA

Each cell of your body
contains an exact copy
of your 3 billion base
pair genome.

Your specific nucleotide
sequence encodes the
genetic program for your
cells and ultimately your
traits




The Origins of DNA Sequencing
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Milestones in DNA Sequencing
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Genomics across the tree of life




Unsolved Questions in Biology

*  What is your genome sequence! E’
[ ]

The instruments provide the data, but
none of the answers to any of these
questions.

What software and systems will?

And who will create them?

e Plus hundreds and hundreds more




Who is a Data Scientist?

Data Scientific
Engineering Method

\ / 'i Math
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http://en.wikipedia.org/wiki/Data_science




CSHL Quantitative Biology

Mickey Atwal Molly Hammel lvan lossifov Justin Kinney Alexei Koulakov
Population Genetics Gene regulatory Human Genetics Biophysics Neurobiology
Cancer, Fertility Networks, RNA Biology Molecular Networks Machine learning Cortical design, Memory

Alex Krasnitz Dan Levy Partha Mitra Adam Siepel Michael Wigler

Genomics of Cancer Human Genetics Neuroscience Evolution Genetic Disorders
Machine Learning Phylogenetics, CNVs Neural Imaging & Disease Functional Annotation Cancer, Autism



Quantitative Biology Technologies
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Results
Domain
Knowledge

Machine Learning
classification, modeling,
visualization & data Integration

Scalable Algorithms

Streaming, Sampling, Indexing, Parallel

Compute Systems
CPU, GPU, Distributed, Clouds, Workflows

|O Systems

Hardrives, Networking, Databases, Compression, LIMS

Sensors & Metadata
Sequencers, Microscopy, Imaging, Mass spec, Metadata & Ontologies
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Massively Parallel Sequencing
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Cost per Genome
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HiSeq X Ten
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320 genomes per week / 18,000 genomes per year
$1000 per genome / ~$10 M per instrument



Sequencing Centers

i Worldwide capacity exceeds 25 Pbp/year
Approximately 50k human genomes sequenced
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Next Generation Genomics: World Map of High-throughput Sequencers
http://omicsmaps.com



How much is a petabyte?

Unit__ _ Size
Byte I

Kilobyte 1,000
Megabyte 1,000,000
Gigabyte 1,000,000,000
Terabyte 1,000,000,000,000
Petabyte 1,000,000,000,000,000

*Technically a kilobyte is 210 and a petabyte is 2°°



How much is a petabyte?

100 GB / Genome
4.7GB / DVD
~20 DVDs / Genome

X

10,000 Genomes

1PB Data
200,000 DVDs
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DNA Data Tsunami

Current world-wide sequencing capacity is growing at ~3x per year!

1400 ~1 exabyte

1000
800
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400
200

2014 2015 2016 2017 2018

Petabytes per year



DNA Data Tsunami

Current world-wide sequencing capacity is growing at ~3x per year!
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How much is a zettabyte!

Unit | Size
Byte I
Kilobyte 1,000
Megabyte 1,000,000
Gigabyte 1,000,000,000
Terabyte 1,000,000,000,000
Petabyte 1,000,000,000,000,000
Exabyte 1,000,000,000,000,000,000

Zettabyte 1,000,000,000,000,000,000,000



How much is a zettabyte?

(11 Tube

100 GB / Genome
4.7GB / DVD
~20 DVDs / Genome

X

10,000,000,000 Genomes

1ZB Data 150,000 miles of DVDs Both currently ~100Pb
200,000,000,000 DVDs ~ %2 distance to moon And growing exponentially



Sequencing Centers 2014
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Next Generation Genomics: World Map of High-throughput Sequencers
http://omicsmaps.com




Sequencing Centers 2024
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Biological Sensor Network

Oxford Nanopore DC Metro via the LA Times

The rise of a digital immune system
Schatz, MC, Phillippy,AM (2012) GigaScience |:4



Biological Sensor Network

@JasonWilliamsNY Aspyn @ CSH High School

The rise of a digital immune system
Schatz, MC, Phillippy,AM (2012) GigaScience |:4



Data Production & CoIIectio

Expect massive growth to sequencing and other

biological sensor data over the next 10 years

* Exascale biology is certain, zettascale on the horizon

* Compression helps, but need to aggressively throw out data

* Requires careful consideration of the “preciousness” of the
sample

Major data producers concentrated in hospitals,

universities, agricultural companies, research institutes

*  Major efforts in human health and disease, agriculture, bioenergy

*  Genomic information coupled with medical records and other
medical data

But also widely distributed mobile sensors

* Schools, offices, sports arenas, transportations centers, farms &
food distribution centers

* Monitoring and surveillance, as ubiquitous as weather stations

* The rise of a digital immune system?



Results
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Machine Learning
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Sequencing
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Informatics Centers 2024

The DNA Data Deluge
Schatz, MC and Langmead, B (2013) IEEE Spectrum. July, 2013



Informatics Centers 2014
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The DNA Data Deluge
Schatz, MC and Langmead, B (2013) IEEE Spectrum. July, 2013



DOE Systems
Biology Knowledgebase

‘v

KBase data
access and

compute

http://kbase.us: Predictive Biology in Microbes, Plants, and Meta-communities



Personal Genomics

How does your genome compare to the reference?

, Creates magical
ottt LI technology




Crossbow

http://bowtie-bio.sourceforge.net/crossbow

* Align billions of reads and find SNPs

— Reuse software components: Hadoop
Streaming

— Mapping with Bowtie, SNP calling with
SOAPsnp

* 4 hour end-to-end runtime including
upload

— Costs $85;Todays costs <$10

* Very compelling example of cloud W
computing in genomics ;@ — a[D]ClZD)
* Commercial vendors probably have

better security than your institution
* Need more applications!

Searching for SNPs with Cloud Computing.
Langmead B, Schatz MC, Lin J, Pop M, Salzberg SL (2009) Genome Biology. 10:R 134



Cells & DNA

Each cell of your body
contains an exact copy
of your 3 billion base
pair genome.

Your specific nucleotide
sequence encodes the
genetic program for your
cells and ultimately your
traits
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Compute & Algorithmic Challenges

Expect to see many dozens of major informatics
centers that consolidate regional / topical information
* Clouds for Cancer, Autism, Heart Disease, etc

* Plus many smaller warehouses down to individuals

* Move the code to the data

Parallel hardware and algorithms are required

* Expect to see >1000 cores in a single computer

 Compute & IO needs to be considered together

* Rewriting efficient parallel software is complex and
expensive

Applications will shift from individuals to populations
* Read mapping & assembly fade out

* Population analysis and time series analysis fade in

* Need for network analysis, probabilistic techniques
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|O Systems

Hardrives, Networking, Databases, Compression, LIMS

Sensors & Metadata
Sequencers, Microscopy, Imaging, Mass spec, Metadata & Ontologies




Genetic Basis of Autism Spectrum Disorders

Complex disorders of brain development

* Characterized by difficulties in social interaction,
verbal and nonverbal communication and repetitive
behaviors.

* Have their roots in very early brain development, and
the most obvious signs of autism and symptoms of
autism tend to emerge between 2 and 3 years of age.

U.S. CDC identify around | in 68 American children
as on the autism spectrum

* Ten-fold increase in prevalence in 40 years, only
partly explained by improved diagnosis and
awareness.

* Studies also show that autism is four to five times
more common among boys than girls.

What is Autism? * Specific causes remain elusive
at i1s Autism!

http://www.autismspeaks.org/what-autism



Searching for the genetic risk factors

Search Strategy @
* Thousands of families identified from a

dozen hospitals around the United States

* Large scale genome sequencing of “simplex” P
families: mother, father, affected child,
unaffected sibling @

* Unaffected siblings provide a natural control

for environmental factors

Are there any genetic variants present in

affected children, that are not in their @
parents or unaffected siblings?

S FOUNDATION ¥
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De novo mutation discovery and validation

: 9
De novo mutations:
Sequences not inherited from your parents. E

Reference: .. . TCAAATCCTTTTAATAAAGAAGAGCTGACA...

Father(l): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Father(2): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Mother(1l): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Mother(2): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Sibling(1l): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Sibling(2): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Proband(1l): ...TCAAATCCTTTTAATAAAGAAGAGCTGACA...
Proband(2): ...TCAAATCCTTTTAAT****AAGAGCTGACA. ..

4bp heterozygous deletion at chr15:93524061 CHD?2




De novo Genetics of Autism

* In 593 family quads so far, we see significant enrichment in de novo
likely gene killers in the autistic kids

— Opverall rate basically I:1

— 2:1 enrichment in nonsense mutations
— 2:1 enrichment in frameshift indels

— 4:| enrichment in splice-site mutations

— Most de novo originate in the paternal line in an age-dependent
manner (56:18 of the mutations that we could determine)

* Observe strong overlap with the 842 genes known to be
associated with fragile X protein FMPR

— Related to neuron development and synaptic plasticity

— Also strong overlap with chromatin remodelers

Accurate detection of de novo and transmitted INDELs within exome-capture data using micro-assembly
Narzisi, G, O’Rawe, |, lossifov, |, Lee,Y,Wang, Z,Wu,Y, Lyon, G,Wigler, M, Schatz, MC (2014) In press.



LETTER

Tumour evolution inferred by single-cell sequencing

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

$0i:10.1038/ nature09807

AR AR AR RN AR AR R AR A RN A R A R A R A R R N A R R AN R A R RN RN RRRARANRARARRRNARERRRRR

0 2
ny
14
“ [ ]ﬁﬁ‘rmmp
2~ |

Tumour subpopulations

@ Diploids

@ Pseudodiploids [E
@ Hypodiploids

s- | Aneuploid A [rp

Euclidean distance
[~

FeN
1

I -
AALL AL L R LR LR R R L LR LR LR L LR LR LR R LR LR LR LR LRl

Cell number



What makes us human?

“Human Accelerated Regions”

QGGAAATGGTTTCTATCAAAATIGAAAGTIQT TTAGAGATTTTCCTCAAG
GGAAATAGTTTCTATCAAAATITIAAAGT TTTAGAGATTTTCCTCA‘E
GCAAACAGTTTCTATCAAAATITIAAAGT TTTAGAGATTTTCCTCA‘ﬁ
CGAAATGGTTTCTATCAAAATITIAAAGT TTTAGAGATTTTCCTCA‘i
GGAAATGGTTTCTATCAAAATITIAAAGTIAT TTAGAGATTTTCCTCAAK
AGAAACAGTTTCTATCAAAATITIAAAGT TTTAGAGATTTTCCTCA‘!

chicken

n n
en 9
I [
¥ 1

Systematic scan of recent
human evolution identified
the gene HAR1F as the
most dramatic “human
accelerated region”.

Follow up analysis found it
was specifically expressed in
Cajal-Retzius neurons in the
human brain from 6 to 19
gestational weeks.

(Pollard et al., Nature, 20006)



Genetic Privacy

Identifying Personal Genomes by o el oagh

Surname Inference

ab e Wt l AV b cals e Svier £ 1 1Y

exposed the identity of their bological fathers,
Lunshof et al, (10) were the first 10 speculate that
lhsnchmqueewuexpuentudut:yd

Melissa Gymrek,**** Amy L. McGuire,® D

Sharing sequencing data sets without ¥
Here, we report that surnames can be recove
repeats on the Y chromosome (Y-STRs) and
We show that a combination of a sumame
can be used to triangulate the identity of the
relies on free, publicly accessible Internet rey
dentification for U.S, males. We further demq
with high probability the identities of multipl

umames are parcrnally inheried in
human socictics, resulting in their
segregation with Yechromosome haplo
(/-5) Based on this observation, multiple gon
gencalogy companics ofer SCrvices 10 e ¢
et patrilinen] relatives by genotypieg & few do
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Botton, MA 02114, USA, “Ceter for Medical [vicy and
Policy. Baylor College of Medicine, Nouwion, TX 77080,
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Unfwersty, Tel Aty 69978, lrael of Computer
Tel Aviv University, Tk Aviv 65974, lsrael. "Department of
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Predicting Social Security numbers from public data

Alessandro Acquistl® and Ralph Gross
Camegie Mellon Univeruty, Pitaibergh, PA 15213
Communicated by Stephen E Fienberg, Carnegie Mellon University, Mttsburgh, PA May S 2009 (received for review Jamsery 14 2009)

Information about an Individual’s place and date of birth can be  number (SN). The SSA openly provides information about the
exploited 10 predict his or her Social Security number (SSN). Using  peocess through which ANs, GNs, and SNs are issued (1), ANs
caly publicly available information, we observed a correlation  are currently assigned based oo the zipcode of the mailing
between individuals’ SSNs and their birth data and found that for  sddress provided in the SSN application form [RMO0201.030]
younger cohorts the correlation aliows statistical inference of (1). Low-popalation states and certain US. possessions arc
private SSNs, The inferences are made possible by the public  yjjocased | AN cach, whereas other states are allocated séts of
availability of the Sockal Security Administration’s Death Master AN (for imstance, an individual applying from a zipcode within
File and the widespread accassibility of personal information frem N, York stato may be assigned any of 85 possible first 3 SSN
multiple sources, such as data brokers or profiles on social met- 400y Within cach SSA arcs, GNs are assigned in & precise but
working sites. Our results highight the unexpectad privacy N 0 oacecytive order between 01 and 99 [RM00201,030) (1).

sequences of the mpb: interactions among multiple date
h ; ‘ ¢ : “ it 'm.q Bothmeuo(A.\hlodnzmdthewque

potcnual :dcnuﬁcalm of nulhom of SSM for nndmduals wbooc
birth data were available, Such findings highlight the hidden
privacy costs of widespread information dissemination and the
complex interactions multiple data sources in modern
information mm% underscoring the role of public
records as breeder documents (12) of more sensitive data.
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Learning and Translation

Tremendous power from data aggregation

* Observe the dynamics of biological systems

* Breakthroughs in medicine and biology of profound
significance

Be mindful of the risks

* The potential for over-fitting grows with the complexity of
the data, statistical significance is a statement about the
sample size

* Reproducible workflows, APls are a must

* Caution is prudent for personal data

The foundations of biology will continue to be

observation, experimentation, and interpretation

* Technology will continue to push the frontier

* Feedback loop from the results of one project into
experimental design for the next




. & How can you participate!

Students

* Learn python!

* Study math & statistics & computer science
* Visit the DNA Learning Center

Individuals

* Personal Genome Project
Harvard Medical School
http://www.personalgenomes.org

* 23andMe
Genetic testing and ancestry
http://www.23andme.com

 CSHL Public Lectures & Events
http://www.cshl.edu
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CSHL Public Lecture
June 24,2014 @ 7-9pm
Understanding Autism Spectrum Disorders: Focus on the Facts
Michael Ronemus, Ph.D. & Rebecca Sachs, Ph.D.

Thank you!

http://schatzlab.cshl.edu
@mike schatz




