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Lecture 4: Regulatory variation &
the dawn of precision medicine

@ Digestive system disease

.Cardicvascular disease

O Nervous system disease

@ Liver enzyme measurement

(O Lipid or lipoprotein measurement
O Inflammatory marker measurement
O Hematological measurement

O Body weights and measures

O Cardiovascular measurement

O Response to drug
@) Biological process
O cancer

. Other disease

(@ Other trait

All SNPs linked to quantitative traits
/ diseases so far



The majority of trait-associated variants (SNPs) map to non-
coding regions

>1,200 GWAS - 6,500 disease- or trait-predisposing SNPs

Easy to infer
function

t

M Coding
B Non-coding

Difficult to Q1
infer function
- Still mostly

a black box

Hindorff et al., PNAS, 2010



The majority of trait-associated variants (SNPs) map to
Qi functional non-coding regions

B Coding nucleosome-free
enhancer region

ny 3

B Non-coding

m GWAS SNPs in nucleosome free regions (NFR)

GWAS SNPs in perfect LD with those NFR
Maurano et al., Science, 2012 SNPs



Regulatory polymorphisms

A;G l—»

* humans are heterozygous at more functional cis-regulatory sites than at amino
acid positions (Rockman and Wray. Mol. Biol. Evol., 2002: 19, 1991).

» Case study with the CC chemokine receptor 5, a major chemokine co-receptor of
HIV-1 necessary for viral entry into cells

* G to ASNP of CCR5 at —2459 nt

* CCR5 density — low (homozygous GG), intermediate (GA), and highest

(homozygous —AA) (correlates with disease progression, i.e. fastest in AA
Q2 individuals)

(Salkowitz et al., Clin. Immunol., 2003: 108, 234)
» Potential site for NF-kB/Rel binding?



Whole genome association studies
From association to molecular mechanism
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How genomic variation and especially regulatory variation results into phenotypic variation
Is still a big black box. That is why we need to bridge this gap by looking at how genomic
variation causes molecular variation which then leads to organismal phenotypic variation. °



Whole genome association studies
Gene expression variation: mapping eQTLs

Transcript abundance = a quantitative trait that can be mapped with considerable power

e ™

Environment Genetics

\ }
!

Heritability (H?) = genetic variance over total trait variance with 0 = no
genetic effects and 1 = all variance is under genetic control

a3 eQTL is a locus that induces a heritable
change in gene expression



Whole genome association studies
Gene expression variation: mapping cis-eQTLs

Q3
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Whole genome association studies
Gene expression variation: mapping cis-eQTLs

- Lnid ey

cis-eQTLs are highly abundant in the human genome!

- GTEx (Genotype Tissue Expression Consortium): cis-eQTLs for about
18k genes with a total of 4,278,636 genetic variants
(~50 tissues from up to ~1000 postmortem donors)

—> cis-eQTLs are enriched about 1.5-fold among GWAS QTLs
(compared to all variants tested in GWAS)

GTEx, Science, 2020



Many eQTLs are not cis but trans

(trans: they operate at a distance)

Q5 cis eQTL

-

SNP

trans eQTL

Nica and Dermitzakis, Philos Trans R
Soc Lond B Biol Sci, 2013



Need many more samples / individuals
os  to map trans eQTLs, why?

A. Because of LD between the
eQTLs

B. Because of the multiple
testing problem

C. Because most trans eQTLs
involve SNPs with a low

MAF 0% 0% 0% 0%
. o b &
D. Because the signal is S & & g
* ¢ & £
weaker because these P
. ) %
variants modulate gene o@‘ & &L
. . » o N
expression at a far distance & & &
6{"‘ 5‘& (ooq’ \,906



Trans-eQTLs map to which loci?

Loci with genes that
modulate the response to
the environment

Loci that contain
transcription factor-coding

genes
Loci without genes but

. . . 0% 0% 0% 0%

with putative important S > o G
o o o

regglatory elements & @@@ o

Loci that contain genes & & &

. . . > . RS
with a wide range of & &£ &
molecular functions & &L

<§'& 0°& o&& 0°6@
N S
\90\ N \,°°\ \90\



Whole genome association studies
a6 Gene expression: mapping trans eQTLs

—
b }E%e *,,. JESRTTTTS
% 2

Albert and Kruglyak, Nature Reviews genetics, 2015

Trans-eQTLs are due to polymorphisms that alter the function (a) or expression (b) of a
diffusible factor. (c) shows that the effect can act on many genes at once in trans (e.g.
changes in actin levels)

12



Whole genome association studies

Mapping tfQTLs: bridging genome variation with gene regulation
ChIP-seq of PU.1 in lymphoblastoid cell lines (LCLs) of several unrelated individuals

Example of a PU.1

PU.1 de novo motif motif-disrupting SNP
rs2793685 | .
P=47e-2240 *# T A A .. £ A Genotype
(1000/1000)  |ZAVUANG]VAAAR 12878 PU.1 A/A
0
12891 PUA A/G
0_
Q7 12892 PU1 A/G
tfQTLs: Polymorphisms that induce -
) L N 19238 PU.1 AA
heritable variation in TF DNA binding o
19239 PU.1 A/A
0
50~
19240 PU.1 —> A/A
A — "
PU.1 (EICE) s
: .
motif a%“AHI:MGT A~A

Kiplinen et al., Science, 201133»



Whole genome association studies
Solving the molecular mechanism underlying
GWAS variants using “xQTLs”

The variant rs12740374 is a GWAS QTL linked to
variation in myocardial infarction susceptibility

2 8388223823 :9828:3282382328§8°¢ The variant is located in the
' R EEEEEIEREEEEE B EEE 3’UTR of the CELSR2 gene, so
should we investigate CELSR2 for
CELSR: — B PSRC its impact on myocardial
— 3 UTR ' UTR < infarction, or how do we dissect
cl 611 10961504 109620000 b the underlying molecular
; ; mechanism?
SAR I | ) '

Albert and Kruglyak, Nature Reviews Genetics, 2015

Q38 14



Whole genome association studies

Solving the molecular mechanism underlying
GWAS variants using “xQTLs”

C/EBP binding site

Il TGGCTCGGCTGCCCTGAGGHTGCTCAATCAAGCACAGGT g
BEREE BE NG GHTGCTCAAT GETGCTCAAT
TGGCTCGGCTGCCCTGAGGETGCTCAATCAAGCACAGGT ‘ ‘
Upregulatios ywirequlation
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o o < = e ~ r~ - & -— ™~ <= W ~ L ™~ < - &~ - v =
T O O D D AN e omow O lm D O & D em D A e = O WY
t € £ £ 2 € & P2 2 DBl LB E E T LB B C C O
SNPs
; Downregubation Upregulation
CELSR? R of LDLA( of LDL-C.
—_— 3"UTR ' UTR ‘
Chrl: 109610000 109615000 109620000 109625000 - -
. . 3 : o
SARS b=tHi-H PSRCI B PSMAS (—~H+11 SYPLZ p—=b @l
-l L ¥ -
CELSK? ' ~n'+. SORTI m=+ .- " Decrea
MYBPHL | LI R o—] | risk of
2 myocardial
.-il\llm(li(m |
Chri 109600000 109650000 109700000 109750000 109500000 2y '

Albert and Kruglyak, Nature Reviews Genetics, 2015
Minor allele of rs12740374 creates a TF binding site for CCAAT/enhancer-binding protein
(C/EBP) = tfQTL (C/EBP)
Binding of C/EBP at this site leads to increased expression of the sortilin 1 (SORT1) gene
(40 kb downstream) in liver cells > eQTL (SORT1) (chromatin conformation!)

Q38 - overlapping these “x”QTLs uncovers the molecular mechanism 15



Whole genome association studies

The future: Mapping xQTLs: bridging genome variation with
phenotypic variation at all levels

Clinical trait l /\/_\/.\//

Microbial species

Metabolites

Proteins

”’ g R ~ . — . --“-,_
1 I I I 4 I 4 I 4 I
1 2 3 4 5 6 7 8 9 N

Individuals

Civelek and Lusis_Nat Rev Genet_ 2013

16



o
)
i
S
o
p
L.



a9 How can genomic analyses improve the practice
of personalized medicine?

What is most obvious to you?



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for:
Q9 1) DNA-based risk assessment for common complex disease

Breast Cancer = One of the better established disease prediction models
- Women with BRCA1 mutation ~65% chance of developing breast or
ovarian cancer before the age of 70. Why not all?

- Genotype-dependent (e.g. certain alleles of the TNRC9 gene increase
the effect of having the mutant BRCA1 allele)

Ehe New York Times

The Opinion Pages

* Has Mother who died at 57 of
breast cancer

* Had double Mastectomy

* Carries BRCA1 allele

WORLD U.S. N.Y./REGION BUSINESS TEC

OP-ED CONTRIBUTOR

My Medical Choice

By ANGELINA JOLIE
Published: May 14,2013 | @ 1712 Comments

LOS ANGELES
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Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for:
1) DNA-based risk assessment for common complex disease

Breast Cancer = One of the better established disease prediction models
- Women with BRCA1 mutation ~65% chance of developing breast or
ovarian cancer before the age of 70. Why not all?
- Genotype-dependent (e.g. certain alleles of the TNRC9 gene increase
the effect of having the mutant BRCA1 allele)
—> How to calculate the risk?

- Several different types of prediction models exist:
* Incorporate breast and ovarian cancer in 1st- and
2"d degree relatives
* Age of cancer onset
* Incorporate racial / ethnic backgrounds (e.g.
Ashkenazi Jews)
e Other variables defining the person’s personal
and family history
* Tools: Logistic regression, Bayesian etc. 20



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for: Qs

2) Identification of novel molecular signatures for disease diagnosis, prognosis,
or drug design

e.g. Type |l Diabetes = many possible disease predisposition markers
- how to calculate probability?

THADA|  [IGF28P2 [CDRALL [CORRZAZE, [ MTNRIB ] HNFIB

‘Normp l PPAR('Jl WFS| l JAZF] | l'HHEX lDEl"KCN;’N ﬂ_o._,l

m m E‘)ll@ﬂﬂﬁl?@@ﬂ@

, B-cell formation
:AL?A; ATS9) L C3OA8, I ICHL2

B-cell function insulin secretion
Fasting glucose levels

Body mass index

Adipocyte differentiation

LT

CAMKID.  [TsPang!
Insulin pathway regulation
Unknown role in T2D

Each person may have a different genetic pre-disposition,
resulting in a different prognosis or drug treatment 21



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for:
2) Identification of novel molecular signatures for disease diagnosis, prognosis,
or drug design
Another striking example: cancer : .
g P Q10 Cancers are genomically diverse

and dynamic entities:

» Unique clones (colored bubbles) arise
because of accumulating driver
mutations in MRCA cell progeny

Most Recent Common Ancestor

Normal
cell

O+t o —

« Ongoing linear and branching
evolution results in multiple subclones
which drive disease relapse and
metastasis.

)._' « The dynamic clonal architecture is
CR shaped by mutation and competition

metastasis

Time point X: Time point Y: between subclones given specific
: ; diagnosis and distant and ; :
< Driver mutations SeareHt A (5 relapEe environmental selection pressures,
5 including cancer treatments.
Time 22

Yates and Campbell, Nat Rev Genet, 2012



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for:
2) Identification of novel molecular signatures for disease diagnosis, prognosis,
or drug design

Another striking example: colorectal cancer genome of one patient (wildtype versus cancer cells)

Interchromosomal translocations
Intrachromosomal translocations
Amplifications and deletions

Individual nucleotide mutations not shown

The molecular diversity of human cancer is staggering (scary!)
(Patients with = disease) # (Patients with = underlying biological disorder)

23
Lander, Nature, 2011



What is chromotrypsis (cancer context)?

A. A mutation that leads to
“trypsis”, i.e. fragmentation
of a cell?

B. Fragmentation and re-
ligation of chromosomes

C. Fragmentation of a tumor
into individual cells

resulting in cell spread and 0% 0% 0% 0%
) e e > G
metastasis &0 &
: G
D. Chromatin state & & & S
. 3 > & A
fragmentation such that all s° 8 o&o‘\ @0&'”
. & )
genes on a particular 0&“ S 2 0@"’
2> s) O X
chromosome become ’_&o& G&'i»“ &§° @é@
. s@ é{‘ 6\0 (0@
activated & & &



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for:
3) A DNA-guided therapy and dose selection

A person’s genetic make-up significantly affects the efficacy of a drug

* Polymorphisms in the VKORC1 and CYP2C9 genes dictate the effective dose levels of
the anti-coagulant Warfarin

* Polymorphisms in the UGT1A1 gene correlate with increased toxicity of the anti-colon
cancer drug Irinotecan

* Polymorphisms in the MTHFR gene are associated with increased toxicity of
Methotrexate used to treat Crohn’s disease

* Polymorphisms in the CYP2D6 gene dictates the probability of relapse in women with
breast cancer treated with Tamoxifen

25



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for:
2) Identification of novel molecular signatures for disease diagnosis, prognosis,

or drug design
Extreme example: Chromotrypsis Q10

Tubio and Estevill, Nature, 2011;
Stephens et al., Cell, 2011

OO0 — 4:,..-\
o A e O
. T T T T T )
‘ Catastrophic LYIYO{'OSO”“: breakage
) », o oS O ..
-e B (M oS T & .
EMBL/P. Riedinger v
Rearranged chromosome
BT W T T ™)

Lost chromosomal material

S E ()

« 1000’s of clustered chromosomal rearrangements in a single catastrophic event in
confined genomic regions (both cancer (2-3%) and congenital diseases)
« This phenomenon opposes the conventional theory that cancer is the gradual

acquisition of genomic rearrangements and somatic mutations over time 26



Entering the age of personalized medicine
Toward the elucidation of each person’s genetic make-up

Necessary for: DESIGNED WITH THE
3) A DNA-guided therapy and dose selection AVERAGE PATIENT IN MIND

New strategy in clinical trials to test the
efficacy of a new drug:

Genotype A Genotype B

“i \Patntfp P M

Drug toxic but Drug toxic but

beneficial

, / | \ %
@5@ Same diagnosis, 1R YR
same prescription ‘ :
Drug NOT toxic and P P Drug NOT toxic but optimal for a

NOT beneficial and beneficial specific
subpopulation:
Genotyping is now
essential in 2l‘7rial:;

NOT beneficial
Q9
Drug may be as
efficient as existing
drug on a whole,




Personalized medicine: tailored treatments

Medicine of the present: one treatment fits all  Medicine of the future: more personalized diagnostics

- @ o @ @ o ® ® @ (]
CanL‘EIi patients with Y ® ‘ ® Q‘ ‘ Cancer patients with
e.g. colon cancer e.g. colon cancer

Blood, DNA, urine and tissue analysis

\\\\\ ig tj & <9 Biomarker diagnostics

L —3 ﬁe @ Therapy

Effect No effect Adverse effects Effect

Different people respond differently to the same therapy: while one treatment brings about the desired success in one
group of patients with e.g. colon cancer, it does not change the condition of other groups at all, or even leads to adverse
effects (left). The reason: the genetic makeup and metabolic profile of each individual patient influences the effect of a
drug. Personalized medicine takes these individual patterns of cellular and metabolic products into account in the diag-
nostic phase: biomarker diagnostics separates patients into groups with similar characteristics, and provides informa-
tion on the best individual treatment. This should enable all patients to benefit from their own, "personal” therapy.

http://pharma.bayer.com/en/innovation-partnering/research-and-
development-areas/oncology/personalized-medicine/#&gid=1&pid=1



http://pharma.bayer.com/en/innovation-partnering/research-and-development-areas/oncology/personalized-medicine/
http://pharma.bayer.com/en/innovation-partnering/research-and-development-areas/oncology/personalized-medicine/

o How can genomic analyses improve the
practice of personalized medicine?

Summary

A. DNA-based risk assessment of disease

B. Uncovering the patient-specific mechanism
underlying disease

C. Pharmacology / drug selection and dosage
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Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

RIP: «Bubble boy» David

31



Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

RIP: «Bubble boy» David

SCID: severe combined immunodeficiency

Immune deficient patient

Received
unmatched bone
marrow transplant
Died of lymphoma
(12 yrs old)

32



Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

RESEARCH ARTICLE

IMMUNODEFICIENCY Gaspar et al., Science Translational Medicine, 2011

Long-Term Persistence of a Polyclonal T Cell
Qll " Repertoire After Gene Therapy for X-Linked
Severe Combined Immunodeficiency

Hematopoietic stem

cells (CD34+) HSC .

Viral delivery of
wildtype gene

Gene
Transfer

Immune deficient patient

33



Entering the age of personalized medicine

From a person’s genetic make-up to gene therapy

But a long road ahead....: challenges
Q12

Uptake IS non-specific

/" > ﬁym'a'

, B l;e;\}ptor ’®\ Transport intonucleusl

a Uptake, transport
and uncoating

b Vector

Y9494y genome Y

Endosome' ™ ) persistence
o g’ Nuclear %
0 & : *
O N Vector /& matrix .
~ O antigens [ ‘; """"
& g
OTIIRS | %,
MHC 7>, \g2
e,
% w,
9
/’, LIV g ¢ Transcriptional Nucleus
. TCR (YQ\ NS . activity
2 ///, “d Immune Golgi Ppra— - @

Cytoplasm -

\y\ reSponse = ‘ e -~ "
' - Protei & RNA
May)activate immune system =<UifoiAail

Kay, Nat Rev Genet, 2011



Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

Genome engineering: CRISPR, a new kid on the block

aan KUNGL.
NOBELPRISET | KEMI 2020 () NPT ARS
THE NOBEL PRIZE IN CHEMISTRY 2020 2/ AXADEMIEN

]
¥ hewn

|
Emmanuelle Charpentier Jonnifer A. Doudna

Bom In France, 1568 Bom In the USA, 1564

Max Planck Unit for the Sclence of University of California, Berkeley, USA
Pathogens, Germany Howard Hughes Medical Institute
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Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

Genome engineering: CRISPR, a new kid on the block

CRISPRs (Clustered
Regularly Interspaced Short
Palindromic Repeats) - DNA
loci that contain multiple,
short, direct repetitions of
base sequences (based on
Streptococcus thermophilus,
but in many bacteria)
CAS= CRISPR-associated
proteins

Each repeat = series of bases
followed by the same series
in reverse and then by 30 or

so base pairs known as
"spacer DNA” - short
segments of DNA from a virus
and serve as a 'memory' of
past exposures.

Q13

1 Mew invader enters

Known invader enters [

/ ( |4} Adaptaticn

Spacer

m aiquired
Nuclease 3
Cas genes CRISPR

D Repeats
. Spacern

CRISPR array
3 expanded
(Still unclear how this happens)

(€1 Interference

-

Cascade recagmiies
irveadier DA and
recruits the Cas3
it lease-feligase

Cas proteing formed
arad crif A matured

Lt gty

pre-crEN&

o=

_5} @

Cascade formad

(B] Exprassion and crithld Matwration

!
© @ 5 o

/)
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httos ://www wur.nl/en/show/CRISPR-Cas-small-RNA-based-Adapntive-lmmunitv-in-Prokarvotes htm




Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

Genome engineering: CRISPR, biotech application
Q13

With just a guide RNA and a protein called
Cas9, researchers first showed that the
CRISPR system can home in on and cut
specific DNA, knocking out a gene or
enabling part of it to be replaced by
substitute DNA.

Guide RNA

| —
Target specific (:“Spacer DNA”

crRNA sequence |

in endogenous
system)

Cas9:gRNA complex

. o Target DNA
CRISPR ™ Action Eies

RN

37
Pennisi, Science, 2013; Sander and Joung, Nature Biotech, 2014



Entering the age of personalized medicine
From a person’s genetic make-up to gene therapy

Q13

Casg

oy

b =
f—--
\_Cas9

. Cas9 ) \ Cas9

domain
d_ = [oFF

dCas9 SS

Effector’
domain

dCas9

H
-

|

[

2 3

.D L1
HH
HH

dCas9

—» s - e Indel
—> H-- HH Insertion or replacement
—> o ——— Large deletion or rearrangement

Activation
domain
B 9 E»ON

—» st Gene activation
% T
. dCas9 / SS
Effector
domain

e e\ £ ... Other modification

”| e.g., chromatin or DNA modification
\ dCas9

EGFP
.

dCasQ% % ‘ % | % / 4

Sander and Joung, Nature Biotech, 2014

Genome engineering: CRISPR, biotech application

(a,b) gRNA-directed Cas9 nuclease
can induce indel mutations (a) or
specific sequence replacement or
insertion (b).

(c) Pairs of gRNA-directed Cas9
nucleases can stimulate large
deletions or genomic
rearrangements (e.g., inversions or
translocations).

(d—f) gRNA-directed dCas9 can be
fused to activation domains (d) to
mediate upregulation of specific
endogenous genes, heterologous
effector domains (e) to alter histone
modifications or DNA methylation, or
fluorescent proteins (f) to enable
imaging of specific genomic loci.
(TSS, transcription start site)

- Imaging location
of genomic locus
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Home / News & Opinion

US Companies Launch CRISPR Clinical Trial

The Germany-based study will test an ex vivo genome-editing therapy for the inherited
blood disorder B-thalassemia.

Sep 3, 2018
CATHERINE OFFORD ﬂ L u 10 E R

The therapy (CTX001) will treat a deficiency in the production of

hemoglobin in adults.

- Will NOT target genetic mutations responsible for this deficiency

- Will cleave a gene called BCL11A4 that represses the production of fetal
hemoglobin

« CTXO001 will be tested ex vivo—blood cells will be removed from the
patient, edited, and then replaced.

Ly
Lo

84




CRISPR-Cas9 Gene Editing for Sickle Cell Disease and -Thalassemia

Haydar Frangoul, M.D., David Altshuler, M.D., Ph.D., M. Domenica Cappellini, M.D., Yi-Shan Chen, Ph.D., Jennifer Domm, M.D., Brenda K. Eustace

Ph.D., Juergen Foell, M.D., Josu de la Fuente, M.D., Ph.D., Stephan Grupp, M.D., Ph.D., Rupert Handgretinger, M.D., Tony W. Ho, M.D., Antonis
Kattamis, M.D., et al.

Article Figures/Media Metrics January 21, 2021
N Engl | Med 2021; 384:252-260
DOI: 10.1056/NEJMo0a2031054
Chinese Translation A3 ENIE

36 References 433 Citing Articles  Letters

« Does NOT target genetic mutations responsible for this deficiency
« Mutates a binding site for GATAI in a key BCL114 enhancer thatresults
in BCL114 downregulation and derepression of fetal hemoglobin

For all CRISPR-based current clinical trials, see
https://crisprmedicinenews.com/clinical-trials/
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CRISPR-Cas9 Gene Editing for Sickle Cell Disease and -Thalassemia

Haydar Frangoul, M.D., David Altshuler, M.D., Ph.D., M. Domenica Cappellini, M.D., Yi-Shan Chen, Ph.D., Jennifer Domm, M.D., Brenda K. Eustace,
Ph.D., Juergen Foell, M.D., Josu de la Fuente, M.D., Ph.D., Stephan Grupp, M.D., Ph.D., Rupert Handgretinger, M.D., Tony W. Ho, M.D., Antonis
Kattamis, M.D., et al.

Article Figures/Media Metrics January 21, 2021

N Engl | Med 2021; 384:252-260
DOI: 10.1056/NEJMo0a2031054
Chinese Translation A3 ENIE

36 References 433 Citing Articles  Letters

The UK’s regulator has approved the world’s first CRISPR-Cas9 gene editing therapy, which
aims to cure sickle cell disease and transfusion-dependent B-thalassemia. Casgevy
(exagamglogene autotemcel) is a first-of-its-kind treatment made by Vertex Pharmaceuticals
and CRISPR Therapeutics in Zug, Switzerland. It comes just 11 years after Jennifer Doudna and
Emmanuelle Charpentier invented the technology. The green light from the Medicines and
Healthcare Products Agency represents a major scientific achievement for Vertex and CRISPR
and a landmark for the biotech industry.

Approved: Jan 2024! 41



Q14  Ex vivo CRISPR therapy strateg

Guide @ CRISPR machinery
Cas9 RNA is delivered to cells in culture
to achieve the desired edit.

protein

Cells are
removed from

patients

or donors.

(3]

Therapeutically
modified cells
are expanded

and then infused
into patients.



Ql4

In vivo CRISPR therag

; p‘ackaged for in
vivo delivery.

strateg

Z
7,
7
Y7

Lipid nanoparticle

(2]

Vectors can be injected directly
into target tissue or infused
into the bloodstream, where

they home to the organ where
they're needed.



Correction of a pathogenic gene
mutation in human embryos

Paternal

77 MYBPC3
& 9 ‘ Efficient
- *) gene editing
Maternal .
MYBPC3

Metaphase-ll-stage

oocyte
Uniform later-stage embryo

Ma et al., Nature, 2017; Winblad & Lanner, Nature, 2017

Aim: correct a mutation in the MYBPC3 gene (which is associated with heart disease) in
human embryos:

Gene-editing components and sperm were injected into oocytes that contained non-
mutated versions of MYBPC3

Half the sperm used had a MYBPC3 mutation

42 of 58 embryos tested (72.4%) did not have the MYBPC3 mutation, indicating that at
least “half” (around 25%) of the embryos were rescued

44



&bhe New Pork Times

Why Are Scientists So Upset
About the First Crispr Babies?

Only because a rogue researcher defied myriad scientific and
ethical norms and guidelines. We break it down.

Overview of genome s .
V7 2 \ —
[ 0 ’ “' | ——
— i e ‘\. / Lulu Neng
icsl fm 7 Blastocysts Pregnancy
’ Cas9+50
HIv Carrier HIV Negallve Injection ‘ Cord
v Blood
' Cell Free —
] DNA ‘) Umbilical Cord
I peripheral VG ) Tissue
V_’g 5 Bood Y es fCelLsGBl;opsy
0 &/ & 12 19 24 Placenta
"N Weeks Weeks  Weeks
B . : : Sanger Sequencing
f‘ Sanger Sequencing Sanger Sequencing MiSeq Targeted Sequencing =
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The Synthetic Genome

Goal: Build a bug
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The Synthetic Genome
Synthetic biology and ethical implications
Synthetic “Life,” Ethics, National Security, and

Public Discourse
Cho and Relman, Science, 2010

“Synthetic genomics and synthetic biology may necessitate a new model for
addressing ethical and policy issues because of the complexity of the biological
systems being mimicked and manipulated. The complex interactions of biological
parts and their evolution will likely lead to unpredictable, emergent behavior in
engineered organisms and ecosystems.”

“The greatest challenge in addressing biosecurity and ethical concerns has
been, and will be, to design effective oversight mechanisms that avoid undue
harm to the overwhelmingly beneficial life sciences enterprise. “

“A realistic assessment of likely benefits is important because it highlights potential issues of
distributive justice and fairness, especially with growing skepticism about the practical
application of genomics to date, and the tendency toward hype.”

“Further discourse in this area should be informed by perspectives from
theology, philosophy, the social sciences, and the general public.”
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Follow-up courses

BIOENG-420 Single Cell Genomics (MA2)

B1O-411: Life Sciences Engineering: genome to function (MA2)

BlO-463 Genomics and Bioinformatics (MAL or 3)

B1O-468 Scientific literature analysis in Computational molecular biology (MA1)
BIOENG-455 Computational cell biology (MA1)

CS-433 Pattern classification and machine learning (MA1 or 3)

CS-502 Deep learning in Biomedicine (MA1)

BIO-491 New tools and research strategies in personalized health (MA2)
ChE-411 Principles and Applications of Systems Biology (MA1 or 3)

MATH-493 Applied biostatistics (MA2) (further expansion of R)

B10O-455 Introduction au droit et a I'éthique en STV (MAL or 3)



Did this class change your opinion
about sequencing your genome?

. Yes and now | want to know

. Yes and | no longer want to
know

. No, | always wanted to know
. No, | never wanted to know




What about synthetic genomics?

A. A new field that should
be fully supported to
move forward

B. Don’t mess with life —

no genetically modified
organisms for me

C. Good in the lab, but no ok 0% 0% 0%

future in the field & é“’}b S
. . R P & RS
D. Potentially useful in the & & s 3
. R g & ¥
o o > )
field, but only when & &S
o & & »
«proven» harmless 5 & o &
oF 9""“9 S
¢ & & &
o & c;»°°e> &



What do you think are opportunities?
(sequencing your genome)



What are your principal concerns?
(sequencing your genome)



What do you think are opportunities?
(synthetic genomics)



What are your principal concerns?
(synthetic genomics)
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