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From One to a Billion Data Points Defining Me:

The Exponential Rise in Body Data in Just One Decade!
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From Measuring Macro-Variables

to Measuring Your Internal Variables

technology
review

Published by MIT

MARCH/APRIL 2012

BY JON COHEXN

The Patient of the Future
z Internet pioneer Larry Smarr's quest to quantify everything about his health led him to a startling
( SD discovery, an unusual partnership with his doctor, and more control over his life

UClIrvine www.technologyreview.com/biomedicine/39636




Visualizing Time Series of
150 LS Blood and Stool Variables, Each Over 5 Years

Calit2 64 megapixel VROOM
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Only One of My Blood Measurements

Was Far Out of Range--Indicating Chronic Inflammation
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UCSD Complex Reactive Protein (CRP) is a Blood Biomarker ‘il})
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for Detecting Presence of Inflammation



High Values of Lactoferrin (Shed from Neutrophils)

From Stool Sample Suggested Inflammation in Colon
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UCSD Lactoferrin is a Sensitive and Specific Biomarker for ‘i("’

UClIrvine Detecting Presence of Inflammatory Bowel Disease (IBD)



High Lactoferrin Biomarker Led Me to Hypothesis

| Had Inflammatory Bowel Disease (IBD)

IBD is an Autoimmune Disease Which Comes in Two Subtypes:
Crohn’s and Ulcerative Colitis

1200
Scand J Gastroenterol.

42, 1440-4 (2007)

My Values May 2011
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uUCSD Colonoscopy Revealed
UClIrvine Inflamed Tissue




Colonoscopy Images Show
Sigmoid Colon Inflammation

Dec 2010

May 2011
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Confirming the IBD (Crohn’s) Hypothesis:
Finding the “Smoking Gun” with MRI Imaging

W
.

LivERy e on | Obtained the MRI Slices
B & From UCSD Medical Services
- 4;“’ and Converted to Interactive 3D
o Working With
Calit2 Staff & DeskVOX Software

Descending Colon
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MRI Jan 2012 \\ |

Cross Section

v : ", . Sigmoid Colon
UCIrvine Threading lliac Arteries




Comparison of DeskVOX with
Clinical MRI Slice Program

UClIrvine




An MRI Shows Sigmoid Colon Wall Thickened

Indicating Probable Dlagn03|s of Crohn’s Disease
W l\‘ - -




Why Did | Have an Autoimmune Disease like IBD?

Despite decades of research,
the etiology of Crohn's disease
remains unknown.

Its pathogenesis may involve
a complex interplay between
host genetics,
immune dysfunction,

and microbial or environmental factors.
--The Role of Microbes in Crohn's Disease

So | Set Out to Quantify All Three!
Paul B. Eckburg & David A. Relman ‘fl“;

UCIrvine Clin Infect Dis. 44:256-262 (2007)



| Wondered if Crohn’s is an Autoimmune Disease,

Did | Have a Personal Genomic Polymorphism?

> fold From www.23andme.com Polymorphism in
nereasEa e Interleukin-23 Receptor Gene
— 80% Higher Risk
of Pro-inflammatory
Immune Response

ATG16L1

Average Hisk GJ] E

SNPs Associated with CD

2-fold

Decreased Risk

Now Comparing
_ 163 Known IBD SNPs
News and Views with 23andme SNP Chip

Nature Medicine 13, 26 - 28 (2007)

IL-23: a master regulator in Crohn disease

Markus F Neuratht [il_
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Four Immune Biomarkers Over Time

Compared with Four Signs/Symptoms

Gut Microbiome Samples
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Here Immune biomarkers are normalized 0 to 1,
with 1 being the highest value in five years

UClIrvine

Source: Photo of Calit2 64-megapixel VROOM

1/2013




However, Most Biological Diversity on Earth

Is in the Microbial World

. You
Bacteria Archaea Eucarya | 5.
Green Here
Filamentous Slime
Spirochetes bacteria Entamoabae Melds
Methanosargina , Fungi
, Grom * Methanobacterjurh Halgphiles T
Proteobacterid Positive PR nts
Cyanobacterh g i
Planctomyce?s Thermoprotgus
. Pyrodicticiag Flagellates
Bacteroides .
Cytophaga Trichomonads
Thermotoga Microsporidia
Aquifex Diplomonads

UucsD So You Have Many Phyla of Microbes Within You! (’-l*_v)

UClIrvine Source: Carl Woese, et al



Cultured Bacteria From Stool Tests

Showed Large Time Variations in Gut Microbiome

16 16 = All 4 at Full Strength
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M E. Coli
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UCSD Antibiotics: Levaquin & Metronidaloze

UClrvine Values From www.yourfuturehealth.com stool test



But How Can You Determine

Which Microbes Are Within You?

THE NEW SCIENCE OF
METAGENOMICS

: “The emerging field
. Revealing the Secrets of Our Microbial Planet
NRC Report: of metagenomics,
_ AN o8 Ewe where the DNA of entire
Metagenomic '- SIS %‘ communities of microbes

data should

is studied simultaneously,

be ma de . presents the greatest opportunity
pL.'bI'CIy. -- perhaps since the invention of
_avallab!e n the microscope —
International i to revolutionize understanding of
arch_lves as the microbial world.” —
rapidly as
possible.

National Research Council
March 27, 2007

UClIrvine




Intense Scientific Research is Underway

on Understanding the Human Microbiome

The Gut Micrebiota’ & - -
pr Ui
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k i -
June 8, 2012 June 14, 2012

UCSD From Culturing Bacteria to Sequencing Them ‘it’;

UClIrvine



To Map My Gut Microbes, | Sent a Stool Sample to
the Venter Institute for Metagenomic Sequencing

Only 0 2% Human R

Il N 5 T I T U T E :
& UC San Diego Required 1/2 'c_pu-yr' |
) HearH SCIENCES Per Person Analyzed!

Gel Image of Extract from Smarr Sample-Next is Library Construction
UCSD Manny Torralba, Project Lead - Human Genomic Medicine

W,
J Craig Venter Institute "l_ )

UClIrvine Januarv 25. 2012




We Used Weizhong Li Group’s Metagenomic

Computational NextGen Sequencing Pipeline

Reads QC
Raw reads I > HQ reads: I Bowtie/BWA against | i I National Human
ilter human > Human genome and 'H ||||"||| H. Genome Research
\'2 mRNAs Institute
Filtered reads

| Filter duplicate ~ ——> CD-HIT-Dup I
v For single or PE read
Unique reads I
FR-HIT against
Non-redundant Read recruitment Filter errors s|  Cluster-based
microbial genomes | | Denoising

\'4 Y
PR Further filtered

Taxonomy binning reads Velvet,

SOAPdenovo,
Assemble ——> Abyss
FRV v Jpssemble —>{  Abys:

) pa )
Visualization Contigs mer setting
apping ——>|  BWA Bowtie
\Y4
| Contigs with RF-finder
Abundance egagene ORFs
tRNA-scan Cd-hit at 95%
rRNA - HMM v \V4 Hmmer
Non redundant RPS-blast
rRNAs blast
Cd-hit at 60% v
Core ORF clusters
i \"4
- 0 _
Cd-hit at 30% 1e v S
Pathway

Protein families

LSS0 R PI: (Weizhong Li, UCSD):
UCIrvine NIH ROTHG005978 (2010-2013, $1.1M)

Annotation :il*_‘,)



Computations Reveal Gut Microbial Phyla Abundance:

LS, Crohn’s, UC, and Healthy Subjects

Source Welzhong L| UCSD CaI|t2 FuturePatlent Expedltlon
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UClIrvine Microbial Ecology Diagnostics



We Used SDSC’s Gordon Data-Intensive Supercomputer

to Analyze JCVI Sequences of LS Gut Microbiome

° Analyzed Healthy and IBD Patients: Venter Sequencing of
— LS, 13 Crohn's Disease & LS Gut Microbiome:
11 Ulcerative Colitis Patients, 230 M Reads
] 101 Bases Per Read
+ 150 HMP Healthy Subjects 23 Billion DNA Bases

Gordon Compute Time
— ~1/2 CPU-Year Per Sample

— > 200,000 CPU-Hours so far Enabled by
* Gordon RAM Required a Grant of Time
— 64GB RAM for Most Steps on Gordon from

— 192GB RAM for Assembly SDSC Director Mike Norman

Gordon Disk Required SDSC

— 8TB for All Subjects
— Input, Intermediate and Final Results

&’

UClIrvine



Analysis of Clusters of Orthologous Groups (COGs) -

Gene Family Distribution in LS Gut Microbiome

B Genera I function prediction only
® Function unknown
# Translation, ribosomal structure and biogenesis
# Replication, recombination and repair
# Amino acid transport and metabolism
u Transcription
® Carbohydrate transport and metabolism
® Cell wall/membrane/envelope biogenesis
® Energy production and conversion
¥ Inorganic lon transport and metabalism
B Cosnzyme transport and metabolism
® Mucleotide transport and metabolism
B Pasttranslational modification, protein turnover, chaperones
# Signal transduction mec hanisms
= Defense mechanisms
B Lipid transport and metabolism
» Intracellular trafficking, secretion, and vesicular transport
» Cell eyele contral, cell division, chromosame partitioning
& Secondary metabolites biosynthesis, transport and catabolism
= Cell motility
Chromatin structure and dynamics
= RMA processing and modification

Cytoskeleton

Extracellular structures

). Craig Venter @ UCSanDiego SDSC ._ ‘fl_‘v’

I'N5S T 1T UTE Analysis: Weizhong Li & Sitao Wu, UCSD




Using Calit2’s 64 Megapixel Tiled Display Wall
To Analyze Human Microbiome Complexity

GraphLayout

Comparing 3 LS Time Snapshots (Left)
with Healthy, Crohn’s, UC (Right Top to Bottom)

&Y

UClIrvine Calit2 VROOM-FuturePatient Expedition



LS Gut Microbe Species 12/28/11 (red)

compared to Average of Healthy Subjects (blue)

Species are Organized by Microbial Phyla
Each Species is a Bar,
Height is Logarithmic Abundance,

marr - 2011- 228 ng:m:m
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' Prodesta. &

Derived from metagenomic sequencing of LS stool sample.

UClIrvine Source: Photo of Calit2 64-megapixel VROOM



Almost All Abundant Species (21%) in Healthy Subjects

Are Severely Depleted in LS Gut
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200 LS Gut Microbe Species at 3 Times
12/28/11, 4/3/12, 8/7/12

T Mt

E 1:':é'gll "“l“"l““ ““|||||||||||||||1|||||||||I!IIIIIIIIIIIIIIIIIIIIIIIII|I||||||||| I

Red is at Highest Value of CRP
Blue is the Day After End of Antibiotic/Prednisone Therapy
Green is Four Months Later

&’

UClIrvine Source: Photo of Calit2 64-megapixel VROOM



Closeup of Uncommon LS Microbes

12/28/11 Stool Sample
45x Proteobacteria Fusobacteria

Two separate
research teams
have found

strikingly high
By 8% 90x concentrations
Therapy Increased Reduced of Fusobacterium
B B in tumor samples
y y collected from
Therapy Therapy colorectal cancer
patients.

October 18, 2011
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DIY Systems Biology -

Toward P4 Healthcare

Perspective
Over 1000 Downloads So Far

Quantifying your body:
A how-to guide from a systems biology perspective

Larry Smarr Biotech nology
e JOurnal

8/2012

Personalized healthcare
Omics data
Quantitative modeling

University of California, San Diego, CA, USA

Download pdfs from Journal: ;
OCu5:

http:/lonlinelibrary.wiley.com/doi/10.1002/biot.201100495/full [RHE) SR e e [T
personalized medicine

UCIrvine Biotechnol. |. 2012, 7, 980991




Proposed UCSD
Integrated Omics Pipeline

Phenotype
data

165 rRNA

Metagenomics

Metatranscriptome Integrated OMIC +

phenotype data access

!T!!Eﬂ‘ﬁ!ﬁ EI‘IL"

Metaproteomics

Lipidomics

UcCcsD

UCIrvine Source: Nuno Bandiera, UCSD



CAMERA as an Example

for the NOMIC Portal Query/Hierarchy System

f“ rt": Community Cyberinfrastructure for Advanced
Cdimera '

@" Mierobial Ecology Research &k Analysis

m Browse Data | Data Analyuis

Source:
Jeff Grethe,

Administration Sharing Submit Data to CAMERA

4] i Dt Chudey Juidk Ml v Search CAMERA Data (_J Help? CRBS, UCSD
Hawvigation Search Results -- Matched Projects
B Search S]] AnCEEgor Mumse Privgiph lrvis tigatos Organzaton
| Humar Distal Gut B Cay_PRO) HuemanDetaiGut Saaven R G Tha State Uinharsiy of ...

= Search Filter 1

F Cararg Teg pl meiDQenoeme Scot E Doad Rosgarch ard Testing
Category: | Al Categanes = 3 Maouse Gut Community Jaffrey Gordon Washinglon Uirwersty
Fsd: v | * Kmywond Search 4 A core gut micrpbeme in bty Juffrey Gordon ‘Washington Uriversity in
Walee: microblame 3 Human Microboms Progsct  CAM_PROJ_HMP HiH Roacmag for Medic,
i Mirobial Oceanography | MicrobniCouras John F, Hewdelberg, Crai Bormuda Insibuie of Oce
N T Swiis B8 8 v R DTS Wil CAM_P_DO00S0S Thad Spson HADCUSDA,
Maore Dptions
8 Chichen Ceoum Microbi CaM_PRIOU_ChiconCecu Bryan & Whils Unirorsity of IEnos
< Output Category 8 Meolagoromc analyss ol Add_PRC Coraldotig ¢ Forest Rohwer Sar Diego State Uriensiy
Project b Segrch Results — Matched Projocts | Project Details
Accession Number @ CAM_PRO]_HumanDistalGut ogn o
Submit Cinar
g Project : Human Distal Gut Biome project

Principle Investigator : Steven A. Gill
URL : Wi et ooy
uid=srgiltiquery=Steven % 20GiiGaffiiat & perpage =HAstart
Organization : The State University of New York at Buffalo
Funding Agency : Defense Advanond Research Projects Agency (DARPA], the Office of Naval Research, the
W. M. Keck Foundation (1.0.G.), the Elison Medical Foundation (D.AR., LI.G.}, and NIH
Institutional Affililation : Department of Oral Biology
Contact ; srgill@bualo.edu
Description : The hurman intesting microbsota is composed of 101 to 10 microorganisms whose

collective genome (“microblome”) contains at least 100 times as many genes as our
own genomie. We bnblydéd ~78 milion base pairs of unique DNA sequencs and 2062
polymerase chain reaction.amplified 165 ribosomal DNA seqguences cbtained from the
fecal DNAS of two healthy adults, Using metabolic function analyses of identified genes,
we compared our human genome with the average content of previously sequenced
microbial genomes, ODur microbiome has significantly enriched metabolism of glycans,
amino acids, and xenobiotics; methanogenesis; and 2-methyl-D-erythritol 4-phosphate
pathway-mediated biosynthesis of vitamins and isoprenocids. Thus, humans are
superorganisms whose metabolism represents an amalgamation of microbial and human
attnbutes,

Download Data : - — L.

-
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Help 7 j Policy | Termas and Cond
200 Calfornis Instiuis for Tescommunications snd Indormesticn Tschrology




Ecosystem to Amplify Understanding of
Microbial Community Structure & Function

Eaep our enviranmen!

Research
Community

High
Performance

Algorithms
& Software Computing

THE NATIONAL ACADEMIES

i Mo

1e, bogrietiesg

Source: Jeff Grethe, CRBS, UCSD



Access to Computing Resources Tailored by User’s
Requirements and Resources

'NSF/DSC NSF/SDSC NSF/TACC NSF/TACC NSF/ RCAC
Gordon Trestles Lonestar Ranger Steele

—
Infrastructure Services Extend ! Windows Azure

CAMERA Computations to

amazon
3 Party Compute Resources web services
Source: - EAGER: Multi-Domain, Workflow-Driven
UCI . Jeff Grethe, @ Computation System for
rvine CRBS, UCSD . Microbial Ecoloav Research and Analvsis



PhyloMETARE

Explore, Analyze & Compare Transcriptomes

Data end-sequencing __- :— - a "'4",

v | Source:
=S Jeff Grethe,

Data Analysis Analyze Sequence Data CRBS, UCSD

assembly

......

W oaddiby, & N . acactgggttacatggoa k)
oy = P y i | mm K N e £
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5 pe 4 A N | . e R R :
| | }"' Iimml Im b affla cinasssaaas @ |"I _:‘..." H
a Femie i 1 1 )T —r— H
phylogeny metabolic reconstruction comparative genomics population genetics compare environments
-

Diverse Analysis Functions

"4 VETAREP

Dash Board
JCVI supports the Gordon and Betty Moore Foundation's (GEMF) Marine Microbiology 2 l‘l;,
Initiative (MMI) with Phylo-Metagenomics Reports {Phylo-METAREFP ), a dedicated o

online resource to make large volumes of annotated marine transcriptomes amenable
for exploratory data analysis.

~camera

Phylo-METAREP provides a suite of high-performance web based tools to view, Username ersposzo opamen
query, browse and compare annotated transcriptomes in realtime —
mooreS54 rC——
t enables scientists to slice and dice data and compare multiple Password VMETSRR000.Fomestum pam
datasets {conditions at various functional and taxonomic levels applying statistica bk MMETSPO00RPrymnssium. panun
tests as well as hierarchical clustering, multidimensional scaling and heatmaps. - S Uronoma_marum
) T _ Remember me for 2 weeks
Additional information Forgol password? s o o2 o
= bray istanco
Fiyer Wargul Dper Source Pubdiratsan Oper Virtuslization Foomad _I_.o_g_ln_
¥ Hierarchical Clustering Plot
.4’ "" i'-’ ‘# if data type:Kegg Pathway (KO) | level:pathway | distance matrix:bray | cluster method:average

UCSD | - (1 g
A new community resource for comparing

UClIrvine MOORE complex microbial gene expression patterns




VIROME

Explore, Analyze &Compare Viral Genomes/Metagenomes

Data end-sequencing :—_ :— - -: ,;1 r%
. t_i; camera Resource for analysis
. = of viral metagenomes

assembly

i Data Analysis Analyze Sequence Data
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Fragment Recruitment Viewer (FRV) Interface

[ F]
o 500 e
o _ \ Zoom to mouse Coverige plot PP . "
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1007 —— Bl 4 ] 165 panel
L E.I T " el e = Eh T i e 3 L b R R R G R St r" !, sl | T T
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— = BENCE S :I Al Map control i Proteomics panel
o o | | 4 R ] i
; Ll 1 Icons on x axis T g Can be added here
edlhs B _—
T0% '
[ dssssss Popup description |
[ pup v 1 Lipidomics data can be mapped to
= 0 500,000 1,000,000 1,500,0002,000,000 2,500,0003,000,0003,500,0004,000,0004,500,0005,000,000 associated genes
= Reference Genome: [G1:53711291] Bacteroides fragilis YCH46 chromosome complete genome I
a g
annotation: [Tl oY - { Genes are colored by type | Existing features New features to be added in this proposal
+ >

X-axis is the genome coordinate, and y-axis is alignment identity (%). The top is genome coverage.
The bottom shows genes or other genomic features. Users can zoom, resize, and pan the plot by
mouse or using icons at corners in a similar way as Google Maps. Right illustrates new functions
and interface to be implemented in order to handle multiple integrated omics data types by using

multiple synchronized FRV panels.
UCSh a0

UClIrvine Source: Weizhona Li. UCSD




Combined 16S, Metagenomics

and Metatranscriptomics Pipeline

Pooled 16S MGS, transcriptomics
Raw reads Raw reads

. Internal

Internal scripts to deconvolve QC< Qe scripts o=
pooled samples, trim barcode \% 1 Human seq BWA, Bowtie, || genome
and primer sequences, and QC HQ reads removal FR-HIT, Blat et¢| & mRNAs
data —

v L Artificial duplicates <—{ cq-hit-dup

| | removal
rRNA removal <—{ pMeta-RNA
Sample 1 / Samplezl M Taxonomy Transcriptomics

Filtered /Jonly
reads Seq. error & K-mer based
Mot_hur Database | redundancy< CGlustering-base
Cd-hit-otu Project —
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reads Velvet
Assembly <——SOAPdenovo
Ab
/ Assembled ==

v

axonomic classification
identification of
perational Taxonomic Unit
computation of communit
richness and diversity
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Alignment
Visualizatio
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\"4
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ordination (a) Legend Data/J| Tool [l Databas Proteomics

analysis
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UCSD Center for Computational Mass Spectrometry

Becoming Global MS Repository

ProteoSAFe: Compute-intensive MassIVE: repository and
discovery MS at the click of a button identification platform for all
MS data in the world

S Computational Mass Spectrometry Journal of
UCSD Computer Sence and Enginln. nir\resity nfErnia, an Diego prOteome

| Ganeral Info | LIC ics | Future Tool T et bl L eresearch

......

Tool; @ |nsPecT W5-Alignment PepMovo
Spectrurm fila: Brawse.. | O SELECT SERVER-SIDE FILES

Statistics
Description:

Members 1544

Instrument: ESI-ION-TRAP -
Cysteine protecting group: Carbamidomethylation(+57] - Protease: Trypsin - GFDUDS & FerJEI:tS 355
Parent mass tolerance: 2 Do between O and 2.5 lon tolerance: 0.5 [a hetween O and 1 Data Size (uncaompressed) 23.3TB
Data Files 13,264,659

Source:

Maximal number of PTMs permitted in a single peptide @ 1

Nuno Bandeira,

Mass (Da)

oidation [ 15,9994 Vineet Bafna,
Lysine Methlation [ 140266

Pyroglutamate Formation ;-1?.0335 Pavel Pevzner’
Phasphandation | 79.9799 Ingolf Krueger,

ucsD .

proteomics.ucsd.edu ‘f("')

National Institutes of Health
National Institute of
General Medical Sciences

BASIC DISCOVERIES FOR BETTER HEALTH




Metaproteomics Analyses Work Flow

Stool metaproteomics W
MS/MS data ¢
Sequence databases: Find spectra of related ! > Detection of Post-
RefSeq, Translated gene peptides — Translational Modifications |
sequences, ete spectral Clustenng MODa, Spectral
and Alignment Networks _
‘ Spectral library Proteogenomics and ‘ Peptide and Protein l(_
S'E'arﬂhinﬂ data baSE Led r':h uuantlﬁcannn |
A M—SFL1T_| MS-GFDE, Mascot l Openhis, APEX |
i\ Y |
R - Peptides, Proteins, Quantification ‘
Center g'/--" \
T Reusable libraries eusable archive of
identified spectra | unidentified spectra
Visualization, ¢ #
Curation, Annotation
: | > Knowledge Base € J CCMS5 ProteoSAFe
|e.g., quantified proteins) | distributed computing |
| Project partners | Project resources Analysissteps | | Existing software | | CCMS resources |

&’
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Creating a Big Data Freeway System:

NSF Has Awarded Prism@UCSD Optical Switch

Ln Jolla Mesa Off Campus  [C Davis
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PRISM@UCSD Enables

Connection to Remote Campus Compute & Storage Clusters
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