Modulating gene expression to treat diseases

£

2 Dr. Navneet Matharu - University of California San Francisco, USA

v

Modulating
Gene Expression
to Treat Diseases

Dr. Navneet Matharu, PhD

Assistant Adjunct Professor
Associate Professional Researcher
Department of Bioengineering

and Therapeutic Sciences

University of California San Francisco, USA

' Programmable DNA targeting modules

Zine Fingors "\ Zinc finger nucleases
m"m * C2H2 zinc finger domains
Wwﬁh ¢ Fusing FOKT restriction enzyme

ThLEs TALENSs

Ve

| 1

¢ Fusing FOK1 restriction enzyme

CRISPR system

Cas9

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775

wm’m ¢ TAL effector DNA binding domains

CAoeRAiA * A ribonucleo-complex where target
F recognition is guided by sgRNA
) * Contains 2 nuclease domains that

can create a double stranded break

|

HSTalks

. Programmable DNA targeting modules

Zinc Fingers

‘“““W“‘ * These editors can be

~

TALEs

mm deficient versions

Cas9

CRISPR
Cas9/sgRNA %

L J

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775

programmed into nuclease

-ﬁ%ﬂ (DNA targeting modules)

The screen versions of these slides have full details of copyright and acknowledgements



Modulating gene expression to treat diseases HSTalks

5 a‘?"‘
R

Dr. Navneet Matharu - University of California San Francisco, USA

Programmable DNA targeting modules

N

Zin Fingers Vel
Zin Fingers
Modulate gene,
expression
bt LE L UL LLLLULLLLL L

Cis-regulatory element Gene

Gis-regulatory clement e
Cos2 dCasg
CRISPR CRISPR Modulate gene
Cas9/sgRNA dCas9lsgRNA expression
Cis-regulatory element Gene

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775 |

3
' Effector domains:
transcription modulators

mMRNA
DNA targeting Activator /\/Wv\/
module (DTM) = W
“TTITITTTITITI AT I AT AT I AT O,
T

Cis regulatory element  Gene

Repressor
2 NS
DTM
LLLRRRRRR R nipnnnnaupyyynyy
Cis regulatory element Gene
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
b Fusions with effector domains

DNA methylation modulators

—

- Marks mRNA
mm cpome N~V
ALLSRRRRRRRRRRRREL] IIIIlIlII

Cis regulatory element

Gene
N

N

N Removes ANV N4

(9 CpGme 2V,

Cis regulatory element

Gene

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775 |

The screen versions of these slides have full details of copyright and acknowledgements



Modulating gene expression to treat diseases HSTalks

£

Ty
-~

' Fusions with effector domains

Dr. Navneet Matharu - University of California San Francisco, USA

Histone PTM modulators
—

M , H’:}a(;kmse NN~

ST T TR T TT T TT AT T RN RAT,
[ e 1 * E B LT Y

Histones Gene
—

~ ,~ ./ Removes
m (I’(f H3Kdme N~
"

e LR LTRERT 1T T A
Cis regulatory element Gene
—

ANAN,
Mark: N
HaKz7ac /\/WW

“TITITTT T R TTTTTTITIT I NAeeT
EERTRARRELARE T E TR

Cis regulatory element Gene
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
' Fusions with effector domains
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' Human disease and
transcriptional dosage
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. Haploinsufficiency:

When one functional copy of a gene is not enough
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Zygosity of pathogenic genes
Severe HI
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The fraction of
human genes that
cause disease due to
haploinsufficiency is high

Recessive .-I
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Fraction of genes with pLI > 0.9 q

Lek M. et al, Nature. 2016; 536(7616):285-91
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' Around 15% of our genes
could be haploinsufficient

Approx 500 reported
to cause disease

3230 predicted to be
haploinsufficient

20,500 genes

Based on data from Lek M. et al, Nature. 2016; 536(7616):285-91 q

. Treatments for haploinsufficient disease

Chemical drug screens

Disease-related ¢

genomics p&»
Target ) * Drug target screening
identification & is a lengthy process

validation N
* Lower efficacy

Lead discovery "%:é g
& optimization ¥ \

Drug

candidates
Wu F. et al, Front. Chem. 2020; 8:726
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' Treatments for haploinsufficient disease

Gene therapy

Adenoassociated
viruses (AAVs)
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* Tissue specificity
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Matharu N. et al, Science. 2019; 363(6424):eaau0629
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' Transcription modulation-dCas9-fusions

Non-editing CRISPR that can target a
specific genome location but cannot cut the DNA
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CRISPR interference or CRISPR activation system

Duke CG. et al, Front Genome Fd. 2020; 2:9
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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' Can CRISPRa correct haploinsufficiency?

VP64
CRISPRa o ..

o .
Neuroendocrine

Gene dosage obesity Disease
rescue? rescue? q
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.Haploinsufficiency of S/M/]leads to obesity
SIMT single-minded family bHLH transcription factor 1

Brief report

Loss-of-function mutations in SIM7 contribute
to obesity and Prader-Willi-like features

Murray L. Whitelaw,* and Philippe Froguef2320

Bonnefond A. et al, J Clin Invest. 2013; 123(7):3037-3041 |
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S/Mlis downstream of the
Leptin-Mcé4r pathway

SIM1is a transcription factor
expressed mainly in brain and kidney

14

HSTalks

S/Mlis downstream of the
Leptin-Mcé4r pathway
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. CRISPRa targeting
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' CRISPRa targeting

to rescue Sim/7obesity

0 In vitro

02 Transgenic studies

03 Postnatal studies

' CRISPRa upregulates Siml/ in vitro
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Matharu N. et al, Science. 2019; 363(6424):eaau0629

. Sim71 CRISPRa upregulation strategy:
in vivo
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' Sim]CRISPRa upregulation strategy:
in vivo
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' Sim7 promoter CRISPRa rescues obesity
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Matharu N. et al, Science. 2019; 363(6424):eaau0629
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. Sim7enhancer CRISPRa rescues obesity

[VP54
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Matharu N. et al, Science. 2019; 363(6424):eaau0629
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' Sim] CRISPRa targeting
can define tissue specificity
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Matharu N. et al, Science. 2019; 363(6424):eaau0629 |

' Sim] CRISPRa targeting
can define tissue specificity
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Matharu N. et al, Science. 2019; 363(6424):eaau0629
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. CRISPRa-AAV upregulates
Simlin the hypothalamus
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' CRISPRa-AAV upregulates
Simlin the hypothalamus
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Postnatal rescue
of neuroendocrine obesity
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Matharu N. et al, Science. 2019; 363(6424):eaau0629
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. SimI1-CRISPRa-AAVs
have long lasting effect
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Matharu N. et al, Science. 2019; 363(6424):eaau0629
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' Overcoming size limitation
of AAV gene therapy

Number of haploinsufficient genes
that have larger CDS

715 [l Predicted
135 [ Disease causing

150

100

Gene

count Conventional AAV based

50 therapies are not feasible for
genes with long CDS sequence
ol il 8
0 15,000
CDS length (bp) q
Matharu N. et al, Science. 2019; 363(6424):eaau0629
. Overcoming size limitation
of AAV gene therapy

CRISPRa P

64 -«®
W.
A

NW..

Gl D GED
Gl X DD

CRISPRa overcomes this limitation
as it can target any gene, regardless of its size q

Matharu N. et al, Science. 2019; 363(6424):eaau0629
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Summary

Cis-regulatory elements as therapeutic
targets to correct haploinsufficieny

02 Targeting these elements can determine tissue
specificity in tissues only where they are active

Non-editing CRISPR can be developed
for therapeutic applications

03

' Loss of function of LamaZ-MDCI1A

Complete loss
of function

Gene involved in congenital muscular dystrophy type 1

Mouse Lama2 genomic locus Gene Expression

* The cDNA sequence of this
gene exceeds the packaging
capacity of an AAV

Normal
Low levels High

—Pr ImLamaZ—

Splice mutation

Causal gene

* A traditional gene therapy

Mouse Lama{ genomic locus

& —prl Lamat — approach wouldn't be viable

£ —Pr Lama1 — in this case

=
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775 q
. CRISPRa targeting

alternative/redundant gene

Gene Expression

Normal -
Low High Degeneratin
—pr Pnlung— levels ig {¢] g g
muscle fibre
Muscle

Causal gene

—Pr |anma2— i
cells )
D Degenerating

. peripheral nerves
2 —Pr Lamal —
Y
3 -/
s .
15 Muscle fibrosis
- R—

—Pr Lamal —

¢ Delivery vehicle, AAV
¢ Route of administration, temporal vein @ P2

* LamaT expression in muscle and schwann cells has been shown to
compensate for the loss of the Lama2 gene q

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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' FABP4 expression is linked

to many diseases
Diabetes mellitus

Insulin J | Atherosclerosis I
Obesity | Macrophage | Sensscence? |
Adi " | Dendrticcoll| L Angiogenesis |
BOCYIe Endothelal cell | Sma van
- Rogenerated ool
Kidne
sien|  FABP4 (A-FABP/aP2)| S
| Glomerular injury ? |
T cell
: Tumor cell |
Sarcoidosis ? | i Placenta | Metastasis ?
Macropfiege epithelalcell | Ovary Tophobisst

Endothlial coll
Atretc antral follicle

‘;;":l:;‘;u rets Asthma 2 | ‘granulosa cell
o Polycystic ovary
syndrome ?

Potential association of FABP4 in several pathological conditions - FABP4 (A-FABP/aP2) is expressed
not only in adipocytes and macrophages but also in several types of tissues and cells under
physiological and pathophysiological conditions and may contribute to several aspects of metabolic q

and cardiovascular diseases as well as renal, respiratory, gynecological, and oncological diseases

Furuhashi M. et al, Clin Med Insights Cardiol. 2015; 8(suppl 3):23-33
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' CRISPRi to downregulate
the biomarker genes

dCas9-KRAB  sgRNA AdipocyteTargeting peptide-9R
plasmid plasmid

Delivery Strategy

W\
-,

-
ATS-9R DNA oligopl
T~ oligoplex

—

( Adipocytes Prohibitin

-

Chung JY. et al, Genome Res. 2019; 29(9):1442-1452 q

\ 4

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775

. CRISPRi to downregulate
the biomarker genes

* Delivery vehicle, non-viral
* Route of administration, IP @ adult
l Internalization of oligoplex

Fabp4 expression |

\4

Lipogenesis |
Inflammation 1
Steatosis |

\4
Amelioration of obesity

on high fat diet
Chung JY. et al, Genome Res. 2019; 29(9):1442-1452

Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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'Autosomal dominant: Huntington’s Disease

Gain of function

QP Gene SN MEPH Gene o
gt Gene ol I PR Gene g

Haploinsufficiency

Allelic expression Protein folding

Relative allele expression
e | ¢ « Wild type folded
cAGh= ] 1 « HTT protein

(e,
G
e
Leple, "

P> Misfolded

—Pr mHTT — Cule e,
n & HTT protein

CAG™

PolyQ stretch

Garriga-Canut M. et al, Proc Natl Acad Sci USA. 2012; 109(45):e3136-45
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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'Autosomal dominant: Huntington’s Disease
1
Haploinsufficiency | Gain of function
1
R Pr Gene oK Pl Gene ¢
Pl Gene g i RPE Gene SNl IR PR Gene o
Phenotype Protein folding
« Wild type folded
S s HTT protein
\52 (7
= & 0
o Misfolded
¢ HTT protein
Cellular aggregates PolyQstretch
Garriga-Canut M. et al, Proc Natl Acad Sci USA. 2012; 109(45):e3136-45
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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. ZF-KRAB to downregulate
the pathogenic gene

* Delivery vehicle, AAV

* Route of administration, I.C (striatum) @ P28

Mouse Htt genomic locus Protein folding

—Pr I Htt — CAG‘“‘i .
CAGH® e Wild type folded
i HTT protein
2Fs u P
L Pl
—Pr l mHtt - “.i"'.' Lower expression of
s H H - .
CAG misfolded HTT protein
Garriga-Canut M. et al, Proc Natl Acad Sci USA. 2012; 109(45):e3136-45
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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' ZF-KRAB to downregulate
the pathogenic gene

* Delivery vehicle, AAV
* Route of administration, I.C (striatum) @ P28

Protein folding

‘¢ « Wild type folded
@ o HTtTyp i
« protein
Rescue of neuronal function ..'“"', Lower expression of

in HD mouse models misfolded HTT protein

Garriga-Canut M. et al, Proc Natl Acad Sci USA. 2012; 109(45):e3136-45
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775

' DNA methylation modulation
Normal Overexpression
Fragile X syndrome
FMR1 genormic locus CpG methylation Gene expression Phenotype
—_———
200
-CpG istand—j | W Normal
- | FMR1
<40 Normal neuronal function
Hypermethylation
ATG
~CpGislond |;: [ Furi ] Fragilo X
CGG Syndrome
>200 Compromised neuronal
function
Demethylation gca
)
O3
Cplstsud—lm-aw_ | R Rescue
oce Rescue of neuronal
H function
LULXS. et al, Cell 2016; 167(1):233-247
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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. DNA looping modulation
Normal Overexpression
Beta-globin genomic locus
Ldb1-SA Ldb1-SA H [/ ®
J J Fela\l i . ‘:
HBGUHAGH HED Hag) Normal red blood cells
Fetal Adult - LCR
—
Ldo1-5A Ldb1-SA Q-
‘ J Fetal ] \J b{
LR ‘ ‘ b Adult ©
HBGII HBGI HBD mHBB Malformed red blood cells
Fetal Adult - LCR (Thalassemia)
T
L%A ZFs-Ldb1-SA - ) .. )
- LCR Hl)- Adult J [ ] .
HBGII HBGI HBDmHBB = LeR ot
4 Rescue of red blood cell
Fetal Adult
Deng W. et al, Cell. 2014; 158(4):849-860
Matharu N. and Ahituv N. Nat Rev Drug Discov. 2020; 19(11):757-775
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Advantages and disadvantages

Does not edit/cut DNA
No off-target ‘DNA scars’

Upregulate/downregulate endogenous gene
De-risking ectopic expression

02

03 Cis-regulatory elements as targets
Built-in tissue specificity

' Advantages and disadvantages

@ Immunogenicity

02 Dosing
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