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Introduction Part |:

Why do we need analytical tools in synthetic biology?
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Introduction

Synthetic Biology Goal

Make a molecule via biosynthesis
Engineer an organism
Use DNA for nano-scale assembly
etc.
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Introduction

Synthetic Biology Goal

Write

DNA synthesis
CRISPR
DNA origami
metabolic engineering
directed evolution

cell-free system

Evan Daugharthy ?
evan.daugharthy @gmail.com

VE @K TS

READCOOR WYSS\/\\INSTITUTE .‘fj\;;



Introduction

Synthetic Biology Goal

N\

Read Write
| DNA synthesis
proteomics CRISPR
transcriptomics DNA origami
Jenomics metabolic engineering
functional assays directed evolution
SENSOrs cell-free system
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Introduction

Synthetic Biology Goal

®

Head feedback loop Write
| DNA synthesis
proteomics CRISPR
transcriptomics DNA origami
Jenomics metabolic engineering
functional assays directed evolution
SENSOrs cell-free system
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Human gene therapy

THE US HAS OFFICIALLY
STARTED USING CRISPR
ON HUMANS

ASTROJAN/VICTOR TANGERMANN
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’Résurrectlng the Woolly s
Mammoth?

SARAH PRUITT




Scientists Restore Some Function In
The Brains Of Dead Pigs

Nell Greenfieldboyce ¢ April 17, 20191:01 PM ET




Can measurement save us?

Synthetic biology leap does not have to
lead to monstrous outcomes

These technologies must be kept out of the hands of people who would misuse them

O about 9 hours ago

Dick Ahlstrom
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Introduction Part |l:

Brief history of molecules in biology
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Brief history of molecules in biology

1868-71 17389

Nucleic Acid Protein
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Brief history of molecules in biology

1880s: Types of biological "matter”

17389

Protein

A. Reticular, B. Fibrillar, C. Granular, D. Alveolar

macromoteeyte
1900-1930s: “colloidal theory”
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Brief history of molecules in biology

Protein

1900-1930s: “colloidal theory”

VE @K1 @ TAS

Evan Daugharthy 14 READCOCOR WYSS g INSTITUTE ¢
> ¥

evan.daugharthy@gmail.com



Brief history of molecules in biology

~1940: Two distinct nucleic acids with different properties

1868-71 1789
DNA Nucleic Acid RNA Protein
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Brief history of molecules in biology

~1940: Two distinct nucleic acids with different properties
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Brief history of molecules in biology

1938
Fruit fly
Genome
Map

Evan Daugharthy
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Fig. 1: polytene chromosome map of Dresephila mediopunctata with inversion breakpoints presented. Centromeres are shown to the
right. telomeres to the left.
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Brief history of molecules in biology
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Fig. 1: polytene chromosome map of Dresephila mediopunctata with inversion breakpoints presented. Centromeres are shown to the
right. telomeres to the left.
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Brief history of molecules in biology

1944: Avery, MaclLeod, McCarty

‘the transtorming activity...

IS actually an

inherent property of the nucleic acid”

DNA

Preparation No.

—_—

Carbon Hydrogen
por cont por cont
34.27 3.8
35.50 3.76
34.20 3.21

Nitrogen

per cond

14.21
15.93
15.36
13.40

ls .32
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Brief history of molecules in biology

1944 Avery, Ma
“the transforming ac
iINherent property ¢

DNA Elementory Chemical Analysis of Py
Preparation No. Carbon

por cant

37 34.27

38B -—

42 35.50
44 s

Theory for sodium
desoxyribonucleate.....| 34.20
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Brief history of molecules in biology

Evan Daugharthy

1940: Pauling hypothesizes
all antibodies have same
seguence

Protein
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Brief history of molecules in biology

- 1948: Tiselius
"... Substances are more
complex than was originally
supposed.”

Protein
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Brief history of molecules in biology

1951-53: Sanger sequences insulin

Protein
5-35
r"‘"'_'-. \7
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Brief history of molecules in biology

1951-53: Sanger sequences insulin

Protein

: ~.,_”cpana/d5 A
4 HAM B u R G E R 5 Is-lcu-Glu-Asn-T;r-Cys-.x;r:

v,m..;oa over 1 MILLION J:
-Len-Tye-Len-Val-Cys-Gly-Glu
20 /

- Pro-The-Tys-Phe-Phe-Oly-Arg
25
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Brief history of molecules in biology

1956-60s: Central dogma of molecular biology

. > Protein
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Brief history of molecules in biology

1970-80s: Histone modifications on chromatin
2000: Strahl and Allis’ “Histone Code”

: > Protein
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Brief history of molecules in biology

1977 Introns & RNA splicing
1986: RNA editing
1993: mIRNA

; > Protein

Early 2000s: Whole genome transcription
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Brief history of molecules in biology

1977 Introns & RNA splicing
1986: RNA editing
1993: mIRNA
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Brief history of molecules in biology

1970-80s: Phosphorylation appreciated
Last 30 years >200 PTMs

|

. > Protein

VEIQIK @ TAs

Evan Daugharthy ?
evan.daugharthy @gmail.com

READCOOR WYSS\/\\INSTITUTE '\ffﬁ



evan.daugharthy@gmail.com

Considerations for measurement

Biological systems are composed of many different
molecules, all organized in space

Sequence (3 billion bp)
Modifications (100 million methylation sites)
Nucleosome (160 million histones)
Organization (chromatin state, 2-20 Kb)

Transcripts (75,000 species)
Number (expression level)
Transcriptome Splicing (70,000 splice junctions)
Editing (2,000 A>1)
Localization (regulation)

Genes (20,000, >1m protein species)
Number (expression level)
Modifications (>20, millions of sites)
Localization (function)

Proteome

<
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Towards Perfect Molecular Measurement

What is a measurement?
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Measurement Theory

Measurement is an activity that involves interaction
with a system with the aim of representing aspects
of that system in abstract terms (classes, numbers)
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Information-Theoretic Account of Measurement

Claude Shanr_won 1916-2001

g ¥ -8 B Entropy of an information source

=~ sz' log, (pi )




Measurement Theory

Information-Theoretic Account of Measurement

Shannon: Source of information is
anything with more than one state
that can be realized.

Biological System

Biological information = physical
composition and localization of
(all the) molecules
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Measurement Theory

Information-Theoretic Account of Measurement

Shannon: Source of information is
anything with more than one state
that can be realized.

Biological System

Biological information = physical
composition and localization of
“Analyte” (all the) molecules

The entity to be subjected

*Measurand”
to measurement . .
. The quantity you intend
(in the sample)
t0O measure
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Information-Theoretic Account of Measurement

Claude Shanr_wo

. ’ P.O

n 1916-2001

Mutual information

——
- - - ’

| Py
I(x',y") =log, L9+ )
~BEC)EY)

Measurement technologies are
‘Information machines”




Measurement Theory

“True Value” Measurement
Biological System Technology Message
A

< >

Encoder

*“Measured Value” Error_
Scientist Resolution Transmission
Sensitivity

m Specificity
Q — Decoder
Evan Daugharthy
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Measurement Theory

The difference between the measured value and the true value is called error. Error
can have either positive or negative sign.

Uncertainty range
B = C"f;:‘::; i Cmue INEASURED -U .. CMEASURED + U
s M
Cmeasurep - U Cmeasurep T U

| Measurand, C)
I I | ‘

Crrue  CMEASURED

o

True
Value

Measured value
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Errors

Error can be divided into two parts:
Random error - having different magnitude and sign in the case of repeated measurements
Systematic error - having the same or systematically changing magnitude and sign in the case of
repeated measurements

Types of errors Performance Quantitative
characteristics expression of
performance

characteristics

(Total) l

error R —r Accuracy <y Measurement
' uncertainty

I

A. Menditto, etal Accred. Qual. Assur. 2006, 12, 45
U3 £ €8
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Errors

There are several approaches to estimating
measurement uncertainty

Guide to the expression of uncertainty in
measurement (GUM)

Within-lab validation (Nordtest)

Lots of rules to follow in order to estimate & handle
errors correctly, which are worth learning!
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Evan Daugharthy 4 ==

: READCOOR WYSSZS INSTITUTE “A¢
evan.daugharthy @gmail.com > £



Measurement Theory

“True Value” Measurement
Biological System Technology Message
A

< >

Encoder

*“Measured Value” Error_
Scientist Resolution Transmission
Sensitivity

m Specificity
Q — Decoder
Evan Daugharthy
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Resolution & Sensitivity

+Fix)

—_— _\‘m‘l ...............
Dynamic

range or

total range

S .
—
7/
/7 /
7/
7
7’7
7/
7/
7’
7’
7’
7’
7’
7/
-F(x)

Evan Daugharthy

Sensitivity is defined

by a response curve

relating the input to
output

1

——

Detection probability
0.75

0 025

ﬁ

0 5 10 15 20 25
Number of molecules

Dueck, Hannah R., et al. "Assessing the
measurement transfer function of single-cell RNA
sequencing." bioRxiv(2016): 045450.
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Resolution & Sensitivity

Dynamic Range Is
the total range of
detection

Dynamic
range or
total range

Resolution Is the
smallest detectable

— increment change of
/ input that can be
detected in output

-F(x)

~ 050 S
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Other factors

. | Linearity — are
' changes to input &
output related in a
inear function?

Output

—ysteresis —
dependence of a
state on its history,
e.qg., direction of
.. change

Input
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Other factors

+Fiu

~Fix)

Evan Daugharthy

Linearity — are
changes to input &
output related in a

inear function

Hysteresis —
dependence of a
state on its history,
e.qg., direction of
change

P
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How to Build a Measurement Technology

Measurement

Biological System Technology Message

.

Encoder

Scientist

Evan Daugharthy

evan.daugharthy @gmail.com

h Decoder
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How to compose a message

Message
N

Biological System

Encoder

Sometimes the information is the message!

For example, the information contained in the
arrangements of bonds and chemical groups gives
rise to physical signals, such as by the interaction with
light.

Evan Daugharthy &
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How to compose a message

Message
> N

Biological System

Encoder

» Detection of intrinsic size, weight, or charge

« Raman spectroscopy (intrinsic vibrational
frequencies of chemical bonds)

» Electrical conductance

VE @K1 @ TAS
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How to compose a message

| | | | | |
a-2 ,Ufkat 1.0

A B NIIIA ll’aC

Proteins / DNA 20 .

z
15 e a8 .
5 7 e T L 2 =
- Fh 5 jE £
06 €
z £ S :
= > MIA PaCa-2 g
Lipids B : 2
o ' . “ L:
\ 10 g 02 =

J 3

- - - - e = e e e --‘---------- - s M
| | | | | | | T | |
Raman shift/cm™ X / pm

Unfortunately, most biomolecules are composed of a
very limited set of particular bonds & chemical groups,
which limits specificity & multiplexing

VE @K1 @ TAS
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Example of Direct Measurement:
Nanopore Sequencing
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How to compose a message

Message
> N

Biological System

Encoder

For other types of measurement technologies, we have
to actively form the message through experimentation

These approaches tall broadly into two groups:
Affinity & Reactivity

Evan Daugharthy ;
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How to detect molecules by Affinity

« Affinity refers to the weak chemical interactions between
biomolecules, such as hydrogen bonding, hydrophobic and
hydrophilic interactions, electrostatic interactions, as well as the
steric compatibility of biomolecular interfaces that enable these
weak chemical interactions.

* Any ligand that exhibits a non-random binding pattern for other
biomolecules under any conditions is capable of forming an
informatic message from the underlying biological information.

 However, the more specific the affinity interaction is to a
particular biomolecular composition, conformation, or
spatiotemporal organization, the more information is transferred
Into the message.

 Message construction can also utilize either the formation or
disruption of these weak interactions.

Evan Daugharthy ; 050 98
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How to detect molecules by Affinity

* Nucleic acid or nucleic acid analog hybridization probes

* |Immunological proteins and immune-derived peptide fragments,
such as antibodies, nanobodies, single chain variable
fragments, and phage-display particles

« Aptamers, including those formed from nucleic acids, nucleic
acid analogs, and polypeptides

* Proteins, such as lectins, which bind certain carbohydrate
analytes

* Nucleic acid-guided nucleic acid binding proteins, such as by
binding dCas9

* Heat or chemical denaturant treatment to disrupt weak
interactions, e.g., DNA duplex melting curves

VE @K1 @ TAS
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Nucleic acid
hybridization




Example: Akoya CODEX

THE CODEX" SYSTEM

==L FL1L ANA Y
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How to detect molecules by Reactivity

« Reactivity refers to formation or destruction of covalent or ionic
chemical bonds.

« Again, in theory any chemical reaction that exhibits a non-
random reactivity profile with biomolecules is capable of forming
the message.

* The most common uses of reactivity stem from natural
biochemical processes, since the reactions occurring inside

living systems are generally highly specific.

( 2 50 e
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How to detect molecules by Reactivity

« Endonuclease digestion of nucleic acids to generate restriction
fragments

* Protease digestion of peptides

« Blunt ended or single stranded ligation

* Nucleic acid synthesis, such as by a polymerase
« Bisulfite reaction with methylated DNA

* Nucleic acid-guided nucleic acid binding protein nuclease
activity, such as Cas9

30""’
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How to detect molecules by Reactivity

Maxam-Gilbert Sequencing Edman Reaction/
_ Sanger Sequencing

5 *>PGCTACGTA ¥

Determine
¢ /_ HPLC or ion-exchange types and
™ ' 6m HCI  Free amino chromatography Amino acid amounts

(a) acids " composition of amino
acids in
Polypeptide NO, NO, B
Cleavage at: A+G G C C+T 2 55 g
NO, ~ "
o e I P
1 NO, NH NH 7 amino-
. . . . ree
“Poer PectacPc PG . XA Leem o SMHO, e * amino s
PGCTAC Paera *Pae | Co0 A% polypeptide
BZPGCTACGT 3.ZPGC'I"A 24 " HI?I 2,4-2;21:::!?:nyl
2PGCTACG g;:il:;gﬁ,eeny R’—(FH of amino-terminal
of polypeptide C=0 residue
A+G G C C+T 2
6 - | T ” L
5 | o e G A o e e NH, (S
C=8 N 2 :
4 - a» |C ¢ b ne—nNu R(H S
. C=0 recycle
3 | omm A (c) \,_L_. R—CH -SuHG, R o | :':m
, “OH Phenylthio- HN -
! C=0 hydantoin 8o peptide
R - (T Hfl\’ amino acid R _?H m
1 - eae |C R*—CH ¢—C Edman
. | process
Sequencing Gel §=O

Gilbert, Sanger & Berg ;\“‘San'ger"—"NO‘b'e1'“19'58
Nobel 1980 (Insulin sequence)
Evan Daugharthy Q
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Example: lllumina

L o 2B

t l i | %
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A |

T
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How to detect molecules by Reactivity

Genomic DNA

- Select ~200-300 bp fragments

| apply to flowcell
attach adapters to

create sequencing library /

cluster generation by
solid phase PCR

(bridge amplification)

Evan Daugharthy Q
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How to detect molecules by Reactivity

cluster generation by
solid phase PCR
(bridge amplification)

§» ..

¥ 3 . ’.;. i . i !
: : PR iy
» » .

o
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How to detect molecules by Reactivity

sequencing by synthesis with reversible terminators

Evan Daugharthy Q

| READCOOR
evan.daugharthy @gmail.com WYss S



Summary on Message Composition

* Most measurement technologies combine multiple methods to
achieve a final assay

« E.g. FISSEQ technology has many steps utilizing both affinity
and reactivity to convert the original specimen into an "encoded
message” suitable for transmission/detection and decoding

« Some subset of “all the information” in a sample is encoded into
the message — it could be the information necessary to
fingerprint to identity a molecule, or other types of information,
ike spatial information

 E.g., single-cell sequencing — each cell is loaded into a droplet
and barcoded during message encoding — a cell barcode is
incorporated into the message to tell the sequencer which cell
the particular RNA or DNA molecule originated from (kind of like
an IP/MAC address embedded in an internet data packet)

VE @K1 @ TAS
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Towards Perfect Molecular Measurement

What is a perfect measurement?

aving all the required or desirable characteristics
VS
Being as good or complete as possible

Daugharthy, E., 2016. Towards Perfect Molecular Measurement (Doctoral dissertation).

Evan Daugharthy ?
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Towards Perfect Molecular Measurement

1. What questions are being asked about biological
systems?

2. What types of information will provide these answers?

3. What types of observations and measurements will
orovide this information”

- Harold Morowitz, 1955

Evan Daugharthy 4
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Towards Perfect Molecular Measurement

1. What questions are being asked about biological
systems”

2. What types of information will provide these answers?

Molecular Mechanisms

Mechanisms are composed of entities and activities

A>B>C

Philosophers of science Machamer, Darden, & Craver

VEIQIK @ TAs
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Mechanism

H o H HOH,C OH
al HOHzc H 0 0
He a . invertase Ho - -
HO L g ——P»  HO H +
" of H OH
CH,0H
H b CH,OH
H OH s H
HO H
sucrose o-D-glucose p-D-fructose

U
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What about more complex phenomena?

VE @K TS
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Towards Perfect Molecular Measurement

3. What types of observations and measurements
will provide this information??

Systems biology is characterized by observing biological systems, experimentally
perturbed or in their naturally dynamic states, using quantitative multidimensional
and multiplex measurements, and then integrating measurement data and
functional observations using mathematical and computational models.

A Direct regulation E A sample subunit
-0 -0—1@ =
B Indirect regulation l

o000 spl.s—h:/mimz_zb

C Autoregulation SMZ

SN T
D Positive feedback SOC“_APZ
._>‘ N . ‘ / l AGL15

SHP1, SHP2

SNZ, TOE1-3

<
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Considerations for measurement

Message
> N

Biological System

Encoder

Cells vary in many dimensions simultaneously, need
massively multiplex measurements to see the whole
picture, i.e. simultaneously encode many species and
types of molecules

3[1""
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Brain FISSEQ

~

‘

1989 20006 2015

210 cell types 145 neuron 53 single neurons
1 neuron types seguenced

Alberts, Molecular Biology of the Cell Vikaryous, Human cell type... Dueck, Deep sequencing...

Mouse hippocampus
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73 READCOOR WYSS g INSTITUTE  >A4¢

Evan Daugharthy
evan.daugharthy@gmail.com



Cells are high-dimensional entities

a  GABAergic neuronal types d Smad3 12
NonfCard 24
o e Adu_lt mouse
— cortical cell
taxonomy
EZ

g
g

revealed by

g_
gI

mmmm  Single cell
sam 16 . -
Lower anGes 14 transcriptomics
(Ls-6) PabTog 12
b fel:t;r:aalt?;gi:s ”":b C Non-neuronal types =
L1 | los| [ PubTecs 63
o My Az —
- ® © & —
OPC SMC Endo
Pdgfra Mylo Xdh Ctss
Cspgd Bgn Tbc1d4 Cx3erl L5a Teerg1l
Pecdh15 Cdé3 Exosc? Cipb e
"
O @ 8
[
L5a {
Number of
core cells {
L5b {
sz g ‘E Oligo 96*Rik
L6a intermediate e
Leb St . E rrmmen 1 2SiC Nature Neuroscience (2016)
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Considerations for measurement

Message
N

Biological System

Encoder

Biological systems vary over all spatial scales;
Measurement lacking resolution reduces sensitivity and
can lead to incorrect conclusions

tissue region
bulk VS cell type
single cell
single molecule

Evan Daugharthy ;
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Cell Atlas Project

A B (0) Capillary endothelium
Gene expression map: Cell type map: _ (1) Ventricular cardiomyocytes

(2) Fribroblast-like
(related to cardiac skeleton connective tissue)

(3) Epicardium-derived cells

(4) Fibroblast-like cells
(related to smaller vascular development)

(5) Smooth muscle cells / fibroblast-like
(7) Artrial cardiomyocytes

(8) Fibroblast-like cells
(related to larger vascular development)

(9) Epicardial cells
(10) Endothelium / pericytes / adventia
(12) Myoz2-enriched cardiomyocytes

(14) Cardiac neural crest
& Schwann progenitor cells

THE HUMAN CELL ATLAS

Asp, Michaela, et al. "A spatiotemporal organ-wide gene expression and cell atlas of the developing human
heart." Cell 179.7 (2019): 1647-1660.

VE @K1 @ TAS
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Meaningful variation at sub-cellular scale

Nuclear export — Pl e

Trans-acting proteins

e Linker, adapter or modifiers
(motor recruitment,
multimerisation, activation)

«Motor proteins

« Translational regulators

Transport
mediated

through the
cytoskeletal
network

, e Cytoskeletal

tions [ Y organisation by
gtl‘:: ag::)cessmg. ‘ : \ - | trans-acting factors
Degradation ‘ ) S

Anchoring

« Static motor proteins

* Actin-binciing proteins

«Membrane-interacting
proteins

f PABP ecruitment of 608
“ nbosome subunll “

Parton et al. Cell Science (2014)
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Impact of bulk measurement technology

Simpson's paradox

Cells not grouped Cells properly grouped

Gene A expression

Gene B expression Gene B expression

bulk measurements yield qualitatively incorrect conclusions

Trapnell Genome Research (2015)

P
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Meaningful variation at tissue scale

A I:IGpihbpf';+ Chow (n =5)
129 % 0 Gpihbp1  Chow (n = 6)

S0 Gpihbpf:/f High-fat (n = 6)
2 § 8. .. ¥ Gpihbp1 High-fat*in=5)
8 S
T W . .
<o I : Reciprocal metabolic

. perturbations in liver
g , A and adipose tissue in

the setting of
detective lipolysis

@

Liver
Gene Expression
sk N

™

Acc Fasn1

o

Weinstein et al. ATVBAHA (2012)
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Other sources of variation confounding measurement

Change in

Control cells regulation
Perturb
cells

<=, Changein

~® / composition

Trapnell Genome Research (2015)

P
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Conclusion to message construction

Message
> N

Biological System

Encoder

 We need to measure a lot of things simultaneously
 We need to keep the measurements confined
spatially

VE @K1 @ TAS
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e /% Of breast cancer in patients age <40

« Prognostic value of stroma-related gene signatures (DCN, PLAU) are age-
dependent (patients <40) for the ER-/HER2- subtype’

« Gene expression in whole breast tissue changes dramatically with age?
« Cellular composition of breast tissue changes dramatically with age?

Gene expression in whole tissue
30-39 40-49 50+

A PLAU Stroma
fold-change
relative to median
265 i ——] -3-2-10123 s
o -_—r '
53-64 | o . E
QO O
© -
41-52 — b @ g
c
Q © - '
<40 - [ o o ——
Q
o
Al pe—y & -
T
0 2 4 6
o . e
HR (95% ClI)

I 1 I
Age interaction (P=0.04; FDR =0.18) <40 40-49 50-59

Age (y)

2 Pirone et al. Cancer Epidemiol

Biomarkers Prev (2012) 3 Sun et al. Clin Cancer Res (2013)

1 Azim et al. Clin Cancer Res (2012)




How to transmit a message

Measurement
Biological System Technology Message
N
R
Encoder i)

Scientist

Evan Daugharthy

evan.daugharthy @gmail.com
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The medium of information transmission in biological
measurements is typically light

Higher Frequency Lower Frequency

T i T T 1
400 500 600 700

Wavelength (nm)




The FISSEQ approach

FISSEQ approach to massively multiplex in situ
molecular detection is sequencing

Theoretical F = fluorophores
Multiplexity

Serial labeling

Evan Daugharthy ?
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The FISSEQ approach

FISSEQ approach to massively multiplex in situ
molecular detection is sequencing

Theoretical F = fluorophores
Multiplexity

Serial labeling

"Colorimetric"
labeling

| = distinct levels of fluorescence

/ 2 50 00
Evan Daugharthy READCOOR WYSS§ INSTITUTE : :
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The FISSEQ approach

FISSEQ approach to massively multiplex in situ
molecular detection is sequencing

Theoretical = fluorophores
Multiplexity
time
Serial labeling D X X
o
? RNA-seq
"Colorimetric" zZ DNA-seq
labeling barcode
Sequencing

03 Cﬂ s

Evan Daugharth Sap
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Each dot is a single RNA molecule
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RNA FISSEQ Protocol

1. Fix RNA in place

2. Add RT primer (random hex)

3. Reverse transcription incorporating
aminoallyl-dUTP

4. Cross-link cDNA using BS(PEG)9

5. RNase to free cDNA ends

6. Circularize cDNA

/. Rolling circle amplification to
generate sequencing amplicon
“rollony”

Evan Daugharth e T
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RNA FISSEQ Protocol

1. Fix RNA in place

m’G A)

N

2. Add RT primer (random hex)

0

m’G o A)

N

HN
rr]T(Ei....jiiIII:;-----l"‘IIIi!f;--..llII......-.ll"lllllllIl-."‘IilllI!:;ﬂ\)N ? ? 9 oilJ;:;:::]”fw§§”’~\w“
’P\o"l’_\o"l’_‘o—l 0 l
-0 0
m‘l'
HO

’_C _—
-s_&/\ (A)y
\{\@I?M

Hz

m’G

v

5. RNase to free cDNA ends

N

6. Circularize cDNA

/. Rolling circle amplification to
generate sequencing amplicon
“rollony”

VEIQIK @ TAs

Z
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RNA FISSEQ Protocol

1. Fix RNA in place

m’G

A)

N

2. Add RT primer (random hex)

N
0

m’G MNN oﬁ‘:j/ﬁ\/\“z

~__ " Z Z’Ej/q

0
0
m7G \_f\ (A)N qoj\/\oz\/o\/\o/\/o\/\o/\/o\/\oz\/o\/\oz\/'\op
0 0
C—

5. RNase to free cDNA ends

m’G o A)

6. Circularize cDNA

/. Rolling circle amplification to
generate sequencing amplicon
“rollony”

/ 3 50 68
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The in situ sequencing library

single RNA molecule capture

l

amplified sequencing template

traditional NGS

template = sequence

Evan Daugharthy
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RNA-FISSEQ of primary fibroblast wound healing

nghly Multlplexed Subcellular RNA
Sequencing in Situ

Je Hyuk Lee,™ ’-t Evan R. Oaughanhy, 144+ Jonathan Scheiman,™* Reza Kalhor,*

Joyce L. Yang, Thomas C Ferrame * Richard Terry,” Sauvem 5. F. Jeanty,” Chao u’

Ryoji Amamoto, Derek T. Peters,” Brian M. Turczyk,' Adam H Matblestone M

Samuel A, inverso,” Ay Bernard,” Prashant Mall,” Xavier Rios,” John Aach,” George M. Church™®} [

Evan Dauharthy S NP
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RNA-FISSEQ data is RNA-seq data

Random hexamer reverse transcription captures from
the whole transcriptome

antisen

scg g(l;lA Gene Ontology (top 100)

MRNA ?'g‘2°'
43.0% = 15-
L > 40.

O &4
w = 5.

(@)

rRNA
42.7%

NcRNA g
6.9% &

human primary fibroblast data

/ 02 GO 68
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RNA-FISSEQ data is RNA-seq data

FN1 average per-base coverage 1.6x
(527 reads / 8.9 kb)

EDB EDA HCS

| ..mmw Wm. lhl.

O nt 831 5 nt
Synonymous G—>A (rs13652)

—
O
l

Ol
|

Coverage Depth (reads)
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RNA-FISSEQ data is RNA-seq data

Media-dependent splicing of filbronectin in human primary
filoroblasts reflects mesenchymal-epithelial transition

15~

‘: I “kamm;nu mlm MULNJM‘J

Road coudt
]
1

(E.mn 25)

o LJI. h..wu. ..l..isl‘u.hk ..IJ b o .hh l

EDB Expression p<1E-16 in FBS vs. EGF Media

Read count
W
]

4 _U_.'_ Ii.
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RNA-FISSEQ data is quantitative

FISSEQ vs. lllumina

0.7- R ——— - #Ofgenes
_ 06 PO ... 2000
o il ol ) “ow 1,000
é 05~ aine . 500
0.4@
§ 0.3- . p-val

T ,,.EPS’C B <0.01
002__*_ ’ .
. |l 20.01

0 5 10 15 20
Gene coverage (reads)

human primary fibroblast data
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RNA-FISSEQ data is spatially resolved

| o
. 2~ OO';}::,% 165 ®
@) 1 Oq.1 Al ®1{95
4 —
© *THBS1 Cytoplasm
B o-° Nucleus
8 045585
— -1 = "ECN';‘J(;"QT"

L=
3 ~ eNEAT! "MALAT' | .
0 20 40 60

-log, ,(o-value)

human primary fibroblast data

. P
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Other Related Technologies

Technology Encoding Transmission/ Used For Exemplary
Decoder Companies
Nanopore None (direct Charge/impedance | DNA, RNA, protein Oxford Nanopore
Sequencing measurement) changes as Any polymers Genia (Roche)
Or synthesis of molecule passes
complementary through a pore
strand (electrical signals)
Single-Cell DNA/RNA Fluorescence / DNA, RNA 10X Genomics
RNA/DNA enzymatic Optical (NGS) Bio-Rad
Sequencing processing adds
barcode
(information tag) to
each cell in a micro-
droplet before
mixing for NGS
Single-Cell/Spatial DNA barcoding Fluorescence / Proteins CITE-Seq (10X)
Protein Optical (NGS) Akoya
Imaging Mass Spec None (direct Mass spectrometry Proteins Bruker
measurement) - (electrical signal) Thermo
lonizes the

molecules on the
surface of the
sample and collects
a mass spectrum at
each pixel

Evan Daugharthy

evan.daugharthy @gmail.com
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Other Related Technologies

Technology Encoding Transmission/ Used For Exemplary
Decoder Companies
smFISH Hybridization Fluorescence / RNA/DNA ACD RNAscope
Reaction Optical (spectral ACD Base Scope
multiplexing)
Multiplex FISH Hybridization Fluorescence / RNA/DNA ACD High Multiplex
Reaction(s) Optical (temporal MERFISH
multiplexing / OligoFISSEQ
barcode detection)
Spatial Spatial DNA tagging Fluorescence / RNA 10X Visium
Transcriptomics (DNA/RNA Optical (NGS)
processing
biochemistry)
FISSEQ DNA/RNA Fluorescence / RNA / DNA ReadCoor / 10X
processing Optical (NGS) Genomics
biochemistry
1SS (in situ Hybridization Fluorescence / RNA / DNA Cartana / 10X
sequencing) & Reaction(s) & Optical (temporal Genomics
Targeted FISSEQ DNA/RNA multiplexing /

biochemistry

barcode detection)

Evan Daugharthy

evan.daugharthy @gmail.com
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Pause

End of technology — any
questions/discussion

Application discussion to follow

VE @K TS
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Brain FISSEQ

~

‘

1989 20006 2015

210 cell types 145 neuron 53 single neurons
1 neuron types seguenced

Alberts, Molecular Biology of the Cell Vikaryous, Human cell type... Dueck, Deep sequencing...

Mouse hippocampus

VE @R TAS
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Brain FISSEQ

-

exocytosis/secretion/transport

cytoskeletal processes
homeostasis and macromolecule modification
epithelial cell migration &c.

Evan Daugharthy
evan.daugharthy@gmail.com
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Rosetta Brain

Connectomic reconstruction is possible by barcoding
neuronal connections

Marblestone, Daugharthy et al. arXiv (2014) arXiv:1404.51083
Marblestone, Daugharthy et al. arXiv (2014) doi:10.1101/001214

Evan Daugharthy
evan.daugharthy @gmail.com
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Rosetta Brain

Marblestone, Daugharthy et al. arXiv (2014) arXiv:1404.5103
Marblestone, Daugharthy et al. arXiv (2014) doi:10.1101/001214

VE @K TS
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Simultaneous RNA-FISSEQ reveals
the cellular identity of each neuron

G

XX

0

y

%

Marblestone, Daugharthy et al. arXiv (2014) arXiv:1404.5103
Marblestone, Daugharthy et al. arXiv (2014) doi:10.1101/001214




Application: Gene therapy

antisense RNA

ribosome amino acids protein

Evan Daugharth e 0 50 58
. Y READCOOR WYSS § INSTITUTE

evan.daugharthy @gmail.com



Whole brain therapeutic detection & MALAT1 KD

Quantification of functional therapeutic A and corresponding knockdown of target MALAT1
expression level, compared with negative control therapeutic B in whole mouse brain

Dosed with control therapeutic B
Detect functional therapeutic A

OSSO I S

Dosed with functional therapeutic A
Detect therapeutic A

A S e
s vf;éi e \.. % -
' . as -
| = Ie o 5
: RS -\ :
o5 e aw rham e
. : _'-. e .-- ”'...a; :'f {’:- : P ; LgIe o - - \
,.4-.:-&'-{-. .,L-.'_,..l.. : iy o0l
Dosed with control therapeutic B Dosed with functional therapeutic A 000
Detect MALAT1 Detect MALAT1
R A " o R -
e : “i:l'??.:-;"ﬁf#""r i Fa M Y ":;" ':;":" i
- W‘ﬂd’ -"' '& ,:E" B T’ ’:._\‘ .','_'. SH :‘;‘_
: o ke i g o
A Fa e B et - T # 000
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Change in Abundance

L 2ORCHC
AGBT"

PRECISION HEALTH

ASO 3174 vs Control Treatment

80%

40%

L

-40%

Therapeutic Target Gene

Change over entire sagittal section

<
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Limited
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» Uptake and knockdown are cortical layer
and cell type dependent

MALATT MALATT MALAT
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Scaling OligoPaints to whole genome
C. elegans whole genome OligoPaints %'
X 2L

- OligoPaint

fluorescent
Segmented o sgg®iImer

2R barcode for

Courtesy of Brandon Fields, Scott Kennedy, Son Nguyen & Ting Wu Seq UenCIng

Evan Daugharthy
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Publication

oo 9% ®  Chromosome * _—— °
2B EEEES S 0 [ e

Nguyen, Huy Q., et al. "3D mapping and accelerated super-resolution imaging of the human genome using in situ
sequencing." Nature Methods 17.8 (2020): 822-832.
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Direct genomic
seqguencing
(unpublished)

DNA-barcodead
antibody
labeling
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Cell type
erythrocyte
neutrophil
beta cell
enterocyte
fibroblast

Hela

hair cell
osteoblast
macrophage
cardiomyocyte
megakaryocyte

fat cell

oocyte
Evan Daugharthy

Toward perfect detection

Cell volume Upper Limit

evan.daugharthy @gmail.com

100 pm?3 2,500
300 pm? 7,500
1,000 um3 25 000
1,400 um3 35,000
2,000 pum? 50,000
3,000 pum? 75,000
4,000 pm? 100,000
4,000 pm?3 100,000
5,000 pum? 125,000
15,000 um® 375,000
30,000 um® 750,000
600,000 um3® 15,000,000
4,000,000 um? 100,000,000

186

Genome: 11m bp / 0.04 pm?3

Protein: 80,000/ 0.04 pm?3

AFM TEMN

e
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We can detect up to [cell volume] / 0.04 pm3 RNA's per cell
mRNA: 10k-[50k-300k]-1m / cell
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Increased sensitivity

We can detect up to [cell volume] / 0.04 pm3 RNA's per cell

Cell type Cell volume Upper Limit
erythrocyte 100 pum3 2,500 How to get
neutrophil 300 pm? 7,500 more Sensitivity

beta cell 1,000 pm3 25,000 per RNA molecule?

enterocyte 1,400 upm? 35,000
fibroblast 2,000 pm?3 50,000 /\
HelLa 3,000 pm? 75,000

hair cell 4.000 um3 100,000 > volume < RNAS

osteoblast 4,000 pm? 100,000

macrophage 5,000 pm? 125,000

oo [lo] 0\ /eJA 15,000 pm? 375,000

PECELER UGS 30,000 pm? 750,000
fat cell 600,000 pm3 15,000,000

oocyte 4,000,000 um* 100,000,000
Evan Daugharthy 187
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tether

distance < 0.61A / NA

SNA & expand isotropically




RNA-

-ISH of GA

DH demonstrates efficient RNA expa

+2.9X Resolution

Untreated






Expand and sequence Register and analyze

Super resolution in situ

: Nano-compartment analyses Cell-cell interactions
sequencing

p» o, @

Alon, Shahar, et al. "Expansion
sequencing: Spatially precise in situ
transcriptomics in intact biological
systems." Science371.6528 (2021).

Shank1 8




Perfect resolution

“B” form DNA helix 2 nm diameter and 3.4 nm
long per 10 base pairs

Genome

Transcriptome 1.5-3 nm per 10 nt

Proteome ~Nm scale

Not easy, but within reach

Expansion Microscopy (ExM) 300 nm / 150x expansion = 2 nm

SIM + ExM 150 nm / 75x expansion = 2 nm

DNA PAINT + ExM 10 nm / 5x expansion = 2 nm

Z 2. 30 8
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Homework Preview

Part 1: Foldscope

!

Samples from Carolina.com
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Homework Preview

Part 2: FISH Probe Design

Use bioinformatics & Python tools to screen
potential FISH probes (encoders)

Z Z Target RNA-Specific Oligo Probes
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mRNA2

Step 1: Fix & Permeabilize Cells Step 2: Hybridize to Target RNA Step 3: Amplify Signal Step 4: Detect
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Homework Preview

Part 3: FIJI Image analysis (smFISH)

To be supplied by recitation — experiment ongoing

LoD

Advanced Cell Diagnostics

Thanks!
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