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There are ~10%0 carbon atoms in a human cell.




Sl DERIVED UNITS WITH SPECIAL NAMES AND SYMBOLS

Derived units
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SIBASE UNITS | whhoctshecial S| DERIVED UNITS WITH SPECIAL NAMES AND SYMBOLS
names Solid lines indicate multiplication, broken lines indicate division
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JIMB focusing on Operational Mastery of Living Matter

JIMB is focused on
Operational Mastery of living
matter at the cellular level.
* Organizing principle:
“Measure, Model, Make”

* Through Genomics and | bl SR g
Synthetic Biology | \!"M' . c ‘?&’ B

* measure everything inside
the cell...

A

Not focusing on metrology of . it Al I LT
biomaterials properties, medical R L LT,
diagnostics, biotherapeutics,

regenerative medicine, diagnostic 8
imaging... i : e =




What’s different about metrology in biology?

Characterizing living matter requires

measuring massively multiplexed Genome
measurands of heterogeneous systems DNA

with complex dynamics and

interactions.

Transcriptome

* A living cell is a dance of interacting RNA
chemical systems governed by
biophysics.
Proteome
Protein

* The cell is the atom of biology.



Accurate Multiplex Polony
Sequencing of an Evolved

Bacterial Genome

Jay Shendure,’*+ Gregory J. Porreca,’*f Nikos B. Reppas,’
Xiaoxia Lin," John P. McCutcheon,?? Abraham M. Rosenbaum,’
Michael D. Wang,1 Kun Zhang,1 Robi D. Mitra,2 George M. Church’

We describe a DNA sequencing technology in which a commonly available,
inexpensive epifluorescence microscope is converted to rapid nonelectrophoretic
DNA sequencing automation. We apply this technology to resequence an evolved
strain of Escherichia coli at less than one error per million consensus bases. A
cell-free, mate-paired library provided single DNA molecules that were amplified
in parallel to 1-micrometer beads by emulsion polymerase chain reaction.
Millions of beads were immobilized in a polyacrylamide gel and subjected to
automated cycles of sequencing by ligation and four-color imaging. Cost per
base was roughly one-ninth as much as that of conventional sequencing. Our
protocols were implemented with off-the-shelf instrumentation and reagents.

The ubiquity and longevity of Sanger sequenc-
ing (/) are remarkable. Analogous to semicon-
ductors, measures of cost and production have
followed exponential trends (2). High-throughput
centers generate data at a speed of 20 raw bases
per instrument-second and a cost of $1.00 per
raw kilobase. Nonetheless, optimizations of elec-

trophoretic methods may be reaching their lim-
its. Meeting the challenge of the $1000 human
genome requires a paradigm shift in our under-
lying approach to the DNA polymer (3).
Cyclic array methods, an attractive class
of alternative technologies, are “multiplex” in
that they leverage a single reagent volume to

anzumaticallyy maninnlate thancandce ta mil_

There was a revolution in measuring biology in 2006.
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Shendure, J., Porreca, G. J., Reppas, N. B., Lin, X., McCutcheon, J. P,, Rosenbaum, A. M., ... Church, G. M. (2005).
Accurate multiplex polony sequencing of an evolved bacterial genome.
Science, 309(5741), 1728-1732. https://doi.org/10.1126/science.1117389



You can scan the landscape to frame a roadmap.

Metabolome

Proteome Reg.

Genome Regulation Transcriptome Reg.
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Organelle
Cell
Tissue
Organism
System

It’s more granular than this —

there’s work to do to roadmap our measurement capabilities.



Community is reaching out for Standards.

Hypersensitive Sites C‘H‘;

* Protocols

* Data Representation QRNA polymerase
* Data Exchange ' CHsco -

. \L ‘“A - I. /\6
* Requirements POV

)

/ S p ecl fl Cat 10NS ok DNase-seq WGBS Computatnonal RNA-seq CLIP-seq
. . . ChIA-PET | | FAIRE-seq RRBS predictions RIP-seq
 Calibration Materials Hi-C ATACseq methyl array
* Validation/Benchmark / -~
. v Genes
Materials | L =
. . Long-range regulatory elements Promoters N\ N\
® Va I | d at 10N / B enc h mar k (enhancers, repressors/silencers, insulators) Transcripts
Data | ENCODE]
YOl
Based on an image by Darryl Leja (NHGRI), lan Dunham (EBI), Michael Pazin (NHGRI)

from

based on an image from Darryl Leja (NHGRI), lan Dunham (EBI), Michael Pazin (NHGRI)


https://www.encodeproject.org/

COMMENT

A TMN INFLUENZA Shift expertise EARTH SYSTEMS Past climates

HISTORY OF SCIENCE Descartes OBITUARY \ ylie Vale
o track mutations where |.,\. ¢ valuable l..;.llul.u lost letter tracked using and an elusive stress
! emerge p5sM warming p537 Coogle p.540 hormone p542

-2 This 2012 Nature
Comment triggered
recognition of a

“Reproducibility Crisis”
in biomedical
science...

Masy landmark lindings in preclinical oncology research am r

cell Bnes and animal models,

Raise standards for
preclinical cancer research

C. Glenn Begley and Lee M. Ellis propose how methods, publications and
incentives must change if patients are to benefit.

Y Yiforts over the past decade to trials in oncology have the highest failure investigators must reassess their approach to



Taking a cue from Chemical Metrology...
Reference Materials can work in Biology

* Both RMs depicted
were created in
consortium
partnerships

Transcriptome Spike-ins Y
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* Both are widely

adopted

 Both address needs in
Genome-Scale
Measurements
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ERCC Controls

GIAB Genomes



Use the ERCC Reference Material plasmid library to
make controls

SRM 2374 Plasmid RNA transcripts Pools with known
DNA Library P abundance ratios
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in vitro

transcription Pooling



Design of Ambion ERCC Spike-In Ratio Mixtures
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erccdashboard gives standard measures of
technical performance

* Technology-independent
ratio performance Y ez

Assessing technical performance in differential
gene expression experiments with external spike-in

m e a S u re S RNA control ratio mixtures

Sarzh A. Munro'2, Steven P. Lund', P. Scott Pine!?, Hans Binder>, Djork-Arné Clevert?, Ana Conesa®,
Joaquin Dopazo™$, Mario Fasold’, Sepp Hochreiter®, Huixiao Hong®, Nadereh Jafari®, David P. Kreil ",
Pawet P. £abaj'®, Sheng Li'2, Yang Liao®*4, Simon M. Lin'S, Joseph Meehan® Christopher E. Mason'?,

® ® lavier Santoyo-Lopez6-%, Robert A. Setterquist'?, Leming Shi'®, Wei Shi'319, Gordor{ K. Smyth'320, i
Nancy Stralis-Pavese®, Zhengiang Su®*, Weida Tong®, Charles Wang?', Jian Wang?, Joshua Xu®, Zhan YeZ,

* Shows differences in SEEE 7

Them i 3 gifical need for dndard approsches b Q
serbrmance of geome-scale Efieretid gene axores

performance with a proposed standard “deshiboard ¢
ike-n RNA contral rafio mixtums. These ool r2

enstile ssesment of diagnodtic performance of difl
detedtion of raio (LODR) edimates and expresson
performance metrics sule is applicable to malysis of
frew metics b evaluste tschnical performance amon

derfical saps shared among 12 bbotories wi
demonstrates generally considtent diagnostic power

° EX pe ri me nts M:m":’;‘;;:ﬁ";;
e Laboratories

* Measurement processes

Munro, S. A. et al. Nat.
Commun. 5:5125

doi: 10.1038/ncomms6125
(2014).



Evaluate Dynamic
Range Performance

Evaluate Ratio
Performance —
“MA Plot”

Log2 Normalized ERCC Counts

Log2 Ratio of Normalized Counts
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Evaluate Diagnostic
Performance —
“ROC Curve”

Establish Lower

Limit of Detection for
Differential Expression
Detection — “LODR”



Good Lab

Log2 Normalized ERCC Counts

Log2 Ratio of Normalized Counts
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Bad Lab

Log2 Normalized ERCC Counts
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Genome in a Bottle Consortium is making and
disseminating human genome reference materials.

—

* create shared reference samples

 validation materials to evaluate,
demonstrate, refine, optimize
technologies
* red light/yellow light...

Library Prep

* developed benchmarking dashboard
with stakeholders @ GA4GH

* meeting needs for technology
developers, regulators, clinical
research teams

Alignment/Mapping

Variant Calling

Confidence Estimates

genome sequencing measurement process

—




GIAB “Open Science” Virtuous Cycle

Reference data ethod X
. eny,
* phased variant calls across 7 a‘:;f;;e de\le\o‘?:; . and
izttt
human genomes GIAB opti™™  ration
: Samples demo
* ~4M small variants
e ~20,000 larger “structural New Sarchra
variants” benchmark vs. GIAB
data data
: : : \
All data available immediately G\AB/N\SmOre y
. )
without embargo e"paﬂdi:?eg\o“ art of at-S\Zn
e consistent with giffict Integrate critical VA
transparency and metrology new feedback

methods to GIAB



Evolving with Technologies: Single-molecule
nanopore sequencer

NANOPORE SEQUENCING

At the heart of the MinlON device, an enzyme unwinds DNA,
feeding one strand through a protein pore. The unique shape of

each DNA base causes a characteristic disruption in electrical
current, providing a readout of the underlying sequence.

DNA double
DNA base — — A helix

Unwinding enzyme

Membrane

Current 0
NATUREJOBS | NATUREJOBS BLOG ‘7. 2
Sequence A A C T C G T

TechBlog: The nanopore toolbox

16 Oct 2017 | 12:00 GMT | Posted by Jeffrey Perkel | Category: Blog, Technology




We’'re Accumulating
Nanopore Coverage v ma "
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Important characteristics of benchmark calls
What does “reference standard” mean?

Accurate

* high-confidence variants,
genotypes, haplotypes, and
regions

* compared to the benchmark, the
majority of differences (FPs/FNs)
are errors in the method

Representative examples

 different types of variants in
different genome contexts

Comprehensive characterization

* many examples of different variant
types/genome contexts

» eventually, diploid assembly
benchmarking



Important characteristics of benchmark calls
What does “reference standard” mean?

Accurate Compr ~haracterization
* high-confidence variants. “ferent variant
genotypes, haplotypr nces; its
regions d refefc nbl
.« A} ng Share heS Y
* compe ES’(.ab\\Sh\ : \approac ’ st
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Single-cells — the atoms of biology!
Single-cell genomics is being widely adopted.

. B “Single cell analysis” publications
o “"Quantum” shift from g
measuring bulk populations of
heterogeneous cells ”
e Innovation in ”Wet” lab [T E————— L
e tissue disaggregation S
* including spatial location | | &
i ) C "Single cell analysis" NIH-funded research <
* single-cell processing " =
250 /, -
* Innovation in ”Dry” lab i, N ’%
e data management S w0 ;’ -
 meaningful analysis 5 =
10 A_A———WAA‘AV { C/_;

1980 1985 1990 1995 2000 2005 2010 2015 2020

-o-Total projects —@—Projects using animal models Projects involving human subjects

Ananda L. Roy et al. Sci Adv 2018;4:eaat8573



Building a human cell atlas with single-cell RNA-Seqg

Genotype tissue expression (GTEX) Human hippocampus and prefrontal cortex Inter-individual agreement

o ’ 1. PFC1 o)

v . 2. PFC2
Y K 3. CA1 o8

g 4.CA3

* 2 “ 5. GABA1 .e
e T . 3 (SéBAZ o7
. . ‘ : ® 10
e * .. Q 8. ASC1 ° 11
u . 5 A 9. ASC2 ° 12
N X ? . .‘ 10. ODC1 ® 13
. : 3 11.0DC2 ° 14
. . 'Q 12. OPC ® 15
G ) & . 13. MG 0

L Hippocampus 14. NSC
- 8 < 5 15. END ° 18
‘ ° » . 20
! - A ¥ o 21
® 22

Frontal cortex
tSNE1 tSNE1

Figure 5. Retrospective samples from GTEx can be successfully profiled using single-nucleus RNA-
Seq. (A) Bulk gene expression profiles from all GTEx tissues. Hippocampus and frontal cortex sample clusters, from
which samples in (B) are obtained, are circled. (B) Single nucleus RNA-Seq (by DroNc-Seq) of hippocampus and
frontal cortex samples from the GTEx collection. tSNE plots are colored by k-NN graph clustering and labeled post
hoc by cell type. (CG) Each cluster 1s supported by multiple individuals (from relevant tissue).

From Human Cell Atlas Whitepaper, accessed 11/14/2018



What could we do with iPS
Reference Material Sets?

Proteome Proteome
Develop reference sets o T'tm % Translatome
from a single individual that — Transcriptome b e
represent a “body map” of m | SEigenome e
functional ‘omes % Reference
e use for model —
development and —
validation % Material Sot
* use as substrate for
technology development % S—
Material Set

* benchmark sets for biology

@ive Systems Models, Iteratively Refined witD



The Joint Initiative for
Metrology in Biology

Essential genes of
unknown function

“what is naturally alive
| do not understand”
— D. Endy

v ° 7
> :
‘ . .
] . e ~
== o
g e
2 d Removal of *~.=2

B. Container

Non-Essential
Genes

A. Minimal Cell

C. Protocell

Unknown functions
that are essential

“what | cannot create
| do not understand”
— R. Feynman

R

Amino Acids

D. Synthetic "/
Genome

Bottom-Up

jimb.stanford.edu

Complete
Cellular Millieu

-~ _ ) Candidate

JSMB Organism Construction Coordination

(enabling operational mastery of living matter)

. Information

Essential gene sets
Abstracted functional modules
APIs to (2) and (3)

2. Operation

Cell-free & PURE
Expression architectures, from
gene to operon to genome

[1°D-Y-pPIIng

3. Measure & Model

Validated DNA via -omics
Molecular ensembles via Cryo-EM
Fluid physics ensemble dynamics

Genes



Frontiers of Metrology in Biology? What if...

* NMls establish biometrology * We develop more metrology of

* coupled to emerging needs “nominal properties”
* is traceability a useful concept?

°* measurement uncertainty?

e are there analogues to yield
compatability/comparability?

* We figure out how to establish
metrics and comparability for
results from complex algorithms

* bioinformatics is part of the
measurement process * We consider metrology of

e this isn’t new per se, but the “Completeness” of
degree of complexity is significant Knowledgebases...



The Joint Initiative for Metrology in Biology
was built to work in this space.

e Collaborative home for
measurement science and
standards for ‘omics and
synthetic biology

* NIST, Stanford University, and
private sector

» operated by SLAC

* Watch for series of workshops to
scope measurement science,
measurement tool, and
standards development

JSMB BRINGS TOGETHER

GOVERNMENT

INDUSTRY ﬁ ACADEMIA

Academia, Government, and Industry must work together to define a new type
of partnership supporting 215t century life sciences and biotechnology. NIST, by

establishing a West Coast presence where biotechnology was born, will help ensure

the United States remains a global leader in bioscience and biotechnology.

Learn more and join us!
jimb.stanford.edu







Tons of help from...

NIST Genome-Scale Measurements
Group, MD & CA, and JIMB

Justin Zook
Jenny McDaniel
Lindsay Harris
David Catoe
Sarah Munro
Scott Pine
Noah Spies

Sasha Levy
Darach Miller

Arend Sidow
Drew Endy

and The Genome in a Bottle Consortium
and The External RNA Controls Consortium



