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Introduction to gene drives:
history and principle

e T £

What are gene drives? How do gene drives progress? How do gene drives work?



Genes have a 50% chance of being passed from parent to offspring according to
Mendelian Genetics

Gregor Johann Mendel, 1822-1884
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What are gene drives?

Selfish genetic elements are genetic segments that can enhance their own transmission at the expense of other
genes in the genome, even 1f this has no or a negative effect on organismal fitness.

Gene Drive ,ﬁ_l__/n.; Wild-Type

> 50% chance of inheritance

Gene drives are systems of biased inheritance that P S S I .

enhance the likelihood a sequence of DNA passes

between generations through sexual reproduction and

become a dominant one in a population. > Population suppression or Population replacement

self-sustaining technology “suppression drive” types

v

edit genomes at the population level “modification drive” types
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The study of selfish genetic elements has continued for a century

Introduced the concept of selfish genes to the wider

A NEW SEX-RATIO ABNORMALITY IN _ N3 scientific community
DROSOPHILA OBSCURA* 6 ho” Naure Vol. 28017 Api 98 s
S. GERSHENSON Wk N Selfish genes, the phenotype paradigm and
Institute of Experimental Biology, Moscow,! Russia genome eVOhlthn
Received February 27, 1928 289 lo” 38 Q W. Ford Doolittle & Carmen Sapienza
" Department of Biochemistry, Dalhousie University, Halifax, Nova Scotia, Canada BJ;IIG:-:: —_— Ap".l -

“In many cases these chromosomes have no useful Selfish DNA: the ultimate parasite
function at all to the species carrying them... [B ~ L.E.Orgel & F. H. C. Crick
Chromosomes] need not be useful for the plantS. They | Thcbalklnsulule.l()()lON.TorremeesRoad. La Jolla, California 92037
need only be useful to themselves.” Published the first book in 2006

—Gunnar Ostergren in 1945

.
i
.

\ H
GENES IN CONFLICI Rice WR.

Coined the term “selfish genetic element” e o S .
= Nothing 1n genetics makes sense
except in light of genomic conflict.

Annu Rev Ecol Evol Syst. 2013.

TREE vol. 3, no. 11, November 1988

= Selfish Genetic Elements

John H. Werren, Uzi Nur and Chung-I Wu
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solving environmental and public health challenges

Application of gene drives

Aiding

* lead to the spread of fitness-reducing Immunizing
. . . . eqe Animal Reservoirs Threatened
traits (including lethality and sterility) of Disease Species %

4 Safely Controlling

Gene Drives and
Human Health leles-te Environment

* lead to the spread of fitness-increasing

traits Controlling Controlling
Invasive

Vector-Borne
Species

Disease | RNA-Guided
Gene Drives

overcome the evolutionary disadvantages o ./\
New Tools for o

Nontoxic Ecolo
Pesticides & 9y Pest
Herbicides Management

more quickly and thoroughly than natural selection

"

i Agriculture



The idea of solving biological problems by gene drives evolved over decades

NATURE, VOL. 218, APRIL 27, 1968

Possible Use of Translocations
to fix Desirable Genes in Insect Pest
Populations

CuroMoOSOME translocation heterozygotes (7'/+) are
usually semisterile, but translocation homozygotes (7'/1')
if viable are usually fully fertile. If such a wviable
translocation were produced in an insect pest, T/T insects
could be reared in captivity and released into the wild,
where matings with wild types (4/+4) would produce
T/ + progeny.

> Philos Trans R Soc Lond B Biol Sci. 1994 May 28;344(1309):313-24.

doi: 10.1098/rstb.1994.0069.

Selfish DNA as a method of pest control
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Site-specific selfish genes as tools for the control
and genetic engineering of natural populations
Austin Burt
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Silwood Park
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Professor Austin Burt

Ml Faculty of Natural Sciences, Department of Life Sciences (Silwood Park)

Professor of Evolutionary Genetics

* Summary

My primary research interests are in developing novel genetic

approaches to control disease vectors and other pest species,
with a specific focus on the mosquitoes that transmit malaria in
sub-Saharan Africa.

Hundreds of thousands of people still die every year due to
malaria, and new interventions are needed. Recent advances in
molecular biology have opened up the possibility of completely
new approaches based on genetic modification of the
mosquitoes that transmit malaria. The most efficient such
approaches use gene drive — a natural process by which some
genes are preferential transmitted from one generation to the

next — but | am also interested in more localisable interventions.

In addition to their potential role in malaria control and
elimination, these novel genetic strategies may be useful for
controlling other vector-borne diseases, harmful invasive
species, and other pests.

> Department of Life Scie
staff

> Evolutionary biology

> Georgina Mace Centre |
Planet

> Imperial College Netwoi
in Malaria

> Silwood Park Campus
> Synthetic biology

> College Directory

> Search College Director
> Faculty of Natural Scien
> Expert Directory
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Several types of gene drives with different characteristics have been engineered

Most proposed engineered gene drives are based on naturally existing selfish genetic elements

*Sex-linked meiotic drives (MD) Rate of spread
Species specificity

*The maternal effect dominant embryonic arrest system (Medea) Fitness cost

Underdominance drives (UD) Susceptibility to resistance

Removability or reversibility

*Homing endonuclease-based gene drives (HEGD) Ease of manipulation in the

laboratory



Mechanisms of sex-linked meiotic drives

Attributes

Type: Suppression

Segregation distorters
transmission of certain
alleles is biased during
meiosis, resulting in
increased frequencies of
those alleles 1in the
gametes

Rate of spread: Moderate

Meiosis

Fitness cost: Low

Resistance generation rate: Low

Reversibility: second-generation drive

Y chromosome
with X-shredder

skewing gender ratios

Wild type 9

X-shredder Y* XY* XY*

F x BN

X chromosome

Cleaved
X chromosome
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Mechanisms of Medea Attributes

Type: Replacement

Maternal-effect lethality to all hatchlings that Rate of spread: Moderate
do not inherit a copy of the factor itself. Fitness cost: Uncertain

Resistance generation rate: Low
A survival of 50% of the embryos Reversibility: second-generation drive

Payload H mIRNA toxin #
gene

Toxin expression
during oogenesis

fitness advantage

|

linked payload gene drive rapidly

Zygotic expression

5

Toxin: a microRNA is expressed during oogenesis in Medea-bearing
females, disrupting an embryonic essential gene in all embryos

Mr BEE M M MM M+ Aptidote: a toxin immune protein is expressed at the zygotic stage
O7I M+ 6‘ M+ early in embryogenesis only in embryos that inherit the Medea element

wQ w8
M + M +

+ +
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Mechanisms of underdominance gene drives

Underdominance: It is the selection against the mean of a
selection and

population distribution causing disruptive
divergent genotypes

Heterozygote inferiority: heterozygotes have a lower
fitness than parental homozygotes

Attributes

Type: Replacement

Rate of spread: Slow

Fitness cost: High, locally confined

Resistance generation rate: Moderate

Reversibility: Removable with releasing
large numbers of wild-type organisms

Wild type Heterozygote
1+1+2+2+ 1*1+2%2+
1. Chromosomal translocations 142+ 142+ 142+ 1+2+ 1*2* 1*2+ 1+2* 142+
< ati . . [ 141%  141*% 1+41* 1+1* PO Rl 171" | 1+1* EEN
2. Combinations of toxins and antidotes é, 2 O s 1%2*% Sy ENTIPEITE .0+
o
Z‘;; O 1417 141%] 1+1%| 141* N 1+1* EESE
gtll 25202208 D PIND Lo g:: 2*2+ 2*2+ WVEYAS
i e * *
O x 1+1+| 1+1+| 1+1+| 1+1+ RO ~ RS 171+
1+1+ 1+1+ 1+1+ 141+ ‘ 1%1+ PuAaEs
142+ 242+ 242+ 242+ 242+ 1+2+ 2*2+ 2+2+
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Attributes

Mechanisms of homing drives )
Type: Suppression + Replacement

Rate of spread: Fast

Homing: copying themselves onto the opposite chromosome Fitness cost: Low

Resistance generation rate: High

Reversibility: second-generation drive

Payload | | :_)

homing endonuclease genes

HEG k

Homologous T - */_
chromosome —§} -
o= s =
T —————— =

1. Encodes an endonuclease
2. Cleaves at a target site on the homologous chromosome opposite the HEG
3. Homology-directed repair (HDR) results in the HEG being copied to the homologous chromosome



The past ten years have seen only modest progress in gene drives development

> Science. 2007 Apr 27;316(5824):597-600. Epub 2007 Mar 29.

A synthetic maternal-effect selfish genetic element | o R T A
drives population replacement in Drosophila

> Nature. 2011 May 12;473(7346):212-5. doi: 10.1038/nature09937. Epub 2011 Apr 20.

A synthetic homing endonuclease-based gene drive The creation of a engineered homing drive
system in the human malaria mosquito system in mosquitoes

> Curr Biol. 2013 Apr 22;23(8):671-7. doi: 10.1016/j.cub.2013.02.059. Epub 2013 Mar 28.

A synthetic gene drive system for local, reversible

- " 4 . 5 The first engineered underdominance system
modification and suppression of insect populations

> Nat Commun. 2014 Jun 10;5:3977. doi: 10.1038/ncomms4977.

A synthetic sex ratio distortion system for the The creation of a fully functional X-shredder in
control of the human malaria mosquito mosquitoes

The use has remained largely theoretical due to technical constraints
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The advent of the CRISPR/Cas9 technology gives a renewed impetus to developing
gene drives in the laboratory for eventual application

Review > Elife. 2014 Jul 17;3:e03401. doi: 10.7554/eLife.03401.

Active in a wide

i i Concerning RNA-guided gene drives for the
Efficiently target variety of organisms TURE ANAE g
) alteration of wild populations
any given gene

Kevin M Esvelt ', Andrea L Smidler ', Flaminia Catteruccia 2, George M Church !

v Cas9
Guide RNA Substituting Cas9 for the homing endonucleases
"Spacer" RGUCCGUY P
veacRAZMMY GO

Target sites

l Homology-directed repair

. Target DNA
", "Protospacer..-"

Genome

PI(;Z?ngid Cuttin | Multiple target
gl : o sites increases
Evolutionary stability the cutting rate
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The advent of the CRISPR/Cas9 technology gives a renewed impetus to developing
gene drives in the laboratory for eventual application

(Multiple target\
sites prevents
the evolution of
drive-resistant

\ alleles )

/" Targeting an essential '\
gene precludes drive
resistance by making

incorrect repair products

\_ nonviable )

_/

Gene Drive Chromosome

T~

/Wo/a;/ Cutl |

Break

Wild-Type Chromosome

" Endonuclease

> Non-Homologous Homologous
End-Joining Recombination T~

v l
z
1 Drive 1 Drive
1 Wild-Type 1 Mutated Target Site

2 Drives

easier to use, faster to develop, more precise

—

p——

Using pairs of Cas9
nickases (instead of the
nuclease depicted) turns
off-target cuts into nicks

8 Generating blunt ends Y
(nucleases) or 5'- or 3'-
overhangs (paired nickases)
may optimize repair in the

\ target organism y

/

ﬁctivating or repressing ke)
cellular genes prior to
cutting may direct repair

~——

towards homologous
\_ recombination )
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Homing drives result in most or all progeny of
heterozygotes receiving the desirable genes and

spread rapidly throughout the population

a Modification drive

Modification
drive

=

Soma —

3

Germline .

Hommg
occurs in the
fertilized egg

Soma

Germlme

Development ’ak
Homozygous
for the drive in
all tissues

Homing
occurs in
the gonads

ﬁ( Wild type = = ——
e ”—
— == -
P = 2 = = e
= 2 === ==

Development

Heterozygous in
most tissues;
homozygous for
the drive in
sperm/eggs

o ] 17



Suppression drives target the recessive
genes required for viability or fertility

C Suppression drive

Suppression
drive

ﬁ( Wild type S—

Soma Soma

& e —— P 9

Germline v Germline

=] o

) o
—] s |
¥ ¥
] o

Payload

Recessive viability or fertility gene

Homing only occurs in the germline cells

= =] = |

— =
v v

) |

e M ¢

Lethal/sterile

]

[——]

[==—==—===i]

| E—
Cr |
| commm— e |




A second-generation reversal drive can ‘ |
Overwrlte a ﬁrSt-generatlon homlng drlve, Homologous chromosome with RNA- gundeddnve .
replacing its payload gene CEETESETalGEHEN ndonuc

[y 03 ol
gRNA "".5 ;,.- ¢

b Reversal drive Soma T
Reversal ot 7 3*
- drive Germline =7 Germline
{3; Modification — =] e —=
drive — ‘:-:' I:-::I :-:
—— e oy A —r -
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CRISPR/Cas9-based gene drives show great potential in diverse organisms

> Science. 2015 Apr 24;348(6233):442-4. doi: 10.1126/science.aaa5945. Epub 2015 Mar 19.

Genome editing. The mutagenic chain reaction: a
method for converting heterozygous to homozygous
mutations

Valentino M Gantz 1, Ethan Bier !

> Proc Natl Acad Sci U S A. 2015 Dec 8;112(49):E6736-43. doi: 10.1073/pnas.1521077112
Epub 2015 Nov 23.

Highly efficient Cas9-mediated gene drive for
population modification of the malaria vector
mosquito Anopheles stephensi

Valentino M Gantz 7, Nijole Jasinskiene 2, Olga Tatarenkova 2, Aniko Fazekas 2,
Vanessa M Macias 2, Ethan Bier 3, Anthony A James 4

> Nat Biotechnol. 2015 Dec;33(12):1250-1255. doi: 10.1038/nbt.3412. Epub 2015 Nov 16.

Safeguarding CRISPR-Cas9 gene drives in yeast

James E DiCarlo ' 2 3, Alejandro Chavez ' 2 4 5, Sven L Dietz ' 2 4 €, Kevin M Esvelt 2 4,
George M Church 1 2 4

> Nat Biotechnol. 2016 Jan;34(1):78-83. doi: 10.1038/nbt.3439. Epub 2015 Dec 7.

A CRISPR-Cas9 gene drive system targeting female
reproduction in the malaria mosquito vector
Anopheles gambiae

Andrew Hammond ', Roberto Galizi ', Kyros Kyrou ', Alekos Simoni ', Carla Siniscalchi 2,
Dimitris Katsanos ', Matthew Gribble 1, Dean Baker 2, Eric Marois 4, Steven Russell 3,
Austin Burt 1, Nikolai Windbichler !, Andrea Crisanti 1, Tony Nolan '
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The first creation of homing drive by CRISPR/Cas9 efficiently drives allelic conversion
in Drosophila

—— — 1. A vasa-Cas9 gene expressed in - si =
e both somatic and germline cells
second allele
2. A gRNA targeted to y/ in the X- 417 411 410 418
— A — A—
linked yellow locus HA1 HAD
3. Homology arms
E Homology Directed Repair (HDR) E y-é\ y- 9 mosaic 9 y+ 6\ y+ 9
T — e VST T S
yvor3d x y'Q 0 40 0 50 1
HA1 g HA2
A Mendelian inheritance B MCR inheritance ? d ’)ﬂﬁ : p
. 3 g 9 y+ - 4.@?«.;
e x il ex il L
. \/ \/ o g
Wil el Hillele - | #830
+ + + o+ - + &-’9\,5’ ﬂ“‘;
yellow yellow ”"ﬂ
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CRISPR/Cas9 technology provides a new tool for the effective development of a variety
of engineered gene drives

Y chromosome with

SeX'linked RNA-guided
X-shredder

meiotic drives

X chromosome

Cleaved
X chromosome

C

X chromosome with
reversal element

Wild type 9
X0l
X-shredder/ Y* XY* XY*

reversal —_—
ol SRR

——

Y chromosome with
RNA-guided
X-shredder

Non-homologous
end-joining repair
Y chromosome with

disrupted RNA-guided
X-shredder
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CRISPR/Cas9 technology provides a new tool for the effective development of a variety
of engineered gene drives

Chromosome with Payload
Medea RNA-guided Medea gene
: Toxin expression T t1 b i
I m ni . . argeting cm onic
ecoded embryonic Zygotic expression during oogenesis geting ty

essential gene essential gene

S

C

Reversal Medea (RM) Payload
gene 2
igi Payload
Original Medea (M) A
RM 9
RM M

Mo m rwv R
Jd m rwv NN
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CRISPR/Cas9 technology provides a new tool for the effective development of a variety
of engineered gene drives

gRNA targeting
essential gene 2

Underdominance PR e edesse

gene drives

Chromosome 2

gRNAtargeting
essential gene 1

d Chromosome 1 Chromosome 2
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Gene drives: not just about science, but at the interface of science and society

rapid spread, persistence and irreversibility

Gene Drives on the Horizon

Developing such a technology cannot be separated

Advancing Science, Navigating Uncertainty, cleanly from non-science and engineering-related issues

and Aligning Research with Public Values

*Phase 0: Research preparation

*Phase 1: Laboratory-based research
*Phase 2: Field-based research

*Phase 3: Staged environmental release

*Phase 4: Post-release surveillance

ethical, legal, and social dimensions

— Safety!

26



> Science. 2015 Aug 28;349(6251):927-9. doi: 10.1126/science.aac7932. Epub 2015 Jul 30.

Multiple stringent confinement strategies

should be used in laboratory for
preventing the unintentional release

TYPE

BIOSAFETY. Safeguarding gene drive experiments in
the laboratory

Omar S Akbari 1, Hugo J Bellen 2, Ethan Bier 2, Simon L Bullock #, Austin Burt ®,

George M Church €, Kevin R Cook 7, Peter Duchek &, Owain R Edwards 2, Kevin M Esvelt 10,

Valentino M Gantz 1, Kent G Golic 12, Scott J Gratz '3, Melissa M Harrison 14,

Keith R Hayes 15, Anthony A James ¢, Thomas C Kaufman 7, Juergen Knoblich &,
Harmit S Malik 17, Kathy A Matthews 7, Kate M O'Connor-Giles '8, Annette L Parks 7,
Norbert Perrimon ¢, Fillip Port 4, Steven Russell 20, Ryu Ueda 2, Jill Wildonger 22

STRINGENT CONFINEMENT STRATEGY

EXAMPLES

Molecular

Separate components required for
genetic drive

Target synthetic sequences absent from
wild organisms

sgRNA and Cas9 in separate loci (8)

Drive targets a sequence unique to
laboratory organisms (3,4,8)

Perform experiments outside the
habitable range of the organism
Perform experiments in areas without
potential wild mates

Anopheles mosquitoes in Boston

Anopheles mosquitoes in Los Angeles

Use a laboratory strain that cannot
reproduce with wild organisms

Barrier

Physical barriers between organisms and
the environment
*Remove barriers only when
organisms are inactive
*Impose environmental constraints
+Take precautions to minimize breaches
due to human error

Triply nested containers, >3 doors (6)
Anesthetize before opening (6)
Low-temperature room, air-blast fans

Keep careful records of organisms, one
investigator performs all experiments (6)

27



Summary

* Gene drives are systems of biased inheritance that enhance the likelihood a
sequence of DNA passes between generations through sexual reproduction and
become a dominant one causing population modification or suppression.

* Gene drives can be characterized by a number of different attributes which
should be considered when evaluating the type of gene drive that is best suited for
a particular application and assessing context-dependent risks.

* The advent of the CRISPR/Cas9 technology gives a renewed impetus to
developing gene drives in the laboratory for eventual application in diverse
organisms.

* Numerous practical difficulties must be overcome before gene drives will be in a
position to address any of the suggested applications.



Applications of gene drive systems
in mosquitoes
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Malaria

Anopheles gambiae
tARER?

A 4

(1)Control the source of

& = 7 . | infection
. (A\ Q\\’ | A i% (@)Cut off the transmission
< route
ar (3)Protect susceptible
‘ populations
EXRPESERRRIZ.
BRI, BiT.
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Foreword

» Purpose . Using gene drives to reduce or even eliminate populations of
Anopheles gambiae

» Train of thought : Find and validate suitable target genes—introduce gene drive
into target loci and assess effects on fertility—kinetic models predict the spread of
gene drive constructs in populations

» Difference . Gene drives constructed differently ; targeted genes differ ;

different effects ; different advantages and disadvantages
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nature
biotechnology
B EERBERT fE/RER
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Jé__ K
A CRISPR-Cas9 gene drive system targeting female 44__}4 L__ "
reproduction in the malaria mosquito vector Anopheles il s =

sambiac fT#f KTA Ak Krd

Andrew Hammond', Roberto Galizi', Kyros Kyrou', Alekos Simoni', Carla Siniscalchi?, Dimitris Katsanos', Vs © b K % ) ; Y
Matthew Gribble!, Dean Baker3, Eric Marois?, Steven Russell?, Austin Burt!, Nikolai Windbichler?, 3 ' ; /

Andrea Crisanti! & Tony Nolan!

EEIRENEE
Unedited ~ Chromosome e
chromosome with gene drive | |

; < K K K K K K K K
Cut %ﬂé < —— Repair —> l—-r—l l—-r—l ,_T_, l—-r—l
K K K K K K K K
N - N Source: Hammond & Galizi (2018), Gene drives to fight malaria: current state and future diections
\\/“ { N ¢ ( |
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Determination that the three female fertility genes in A. gambiae are haplosufficient

e e EETHD
Cross
Gl G2 CRISPR-Cas9/TALEN
DSB
Gy(%) x WT(6) | oo
detecting fertility (egg laying and hatching) — — hardeF
Targetgene 5'  attP & attP  Target gene 3'

All homozygous female mosquitoes were
sterile, whereas heterozygous females showed c

normal rates of egg laying and hatching 2 we {1 R S e
g harGFP/+ | BRI © S EE e
3 AT
E hdrGFP/hdrGFP 1 t
(o}
Target genes: S RERAPR . RORY S8
o ‘5958’
AGAP005958 g hdrGrP/harGrP o |
% harGFP/+ o o+ » o
. @ ‘7280’
AGAP007280 ===) haplosufficiency me——
AGAPOI1377 0 50 100 150 200 250

No. larval progeny
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The fertility of females heterozygous for CRISPR" was markedly reduced,males

heterozygous showed normal fertility

Phae)( Cad |18 gANA

> i\ CRISPR" allele

373 'T>( w“[w g ST

Homing analysis l

mx._m? s T
e ) e I

g A7 1) & S (RMCE)

d

CRISPR"/+ females
“11377" (eggs) @'..
11377' (larvae) « " n
B
-g ‘5958' (egas) t
s |
'5958' (larvae) '
7280 (eggs) { o e .9 ::::‘..o'. F TS
7280 (larvae) w At
CRISPR"/+ males
1377 (egas) { & CERETEE PO T D
11377 (larvae) E - w Sawte in.sl:.\ - "': -
9 se58'(eges) { - AT SRR T
8 v
— '5958' (larvae) { ¢ ve T |,"':'v' L 20
7280 (eges) { | * eed k‘;'.. efet tete
‘7280' (larvae) ( e % '4 . :..f'. .'.o ::.‘ .
0 50 100 150 200
Count

the number of larvae produced
(R) AGAP011377 4.6% of WT
AGAP007280 9.3% of WT

AGAP005958 no larvae

( & ) No significant difference
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Dynamics model prediction shows that the construct can spread through
the population

f  the fitness cost in terms of reduced reproductive

10 . capability imposed by the CRISPR" constructs at
| AGAP011377 and AGAP005958 outweigh the
homing rate, and the constructs would be
expected to disappear from a population over
time.

AGAPO11377F1AGAP0059581¥] CRISPR &5 4 iy

KA GERE ) N R B A T 1SR,
= U 35K 1 5% Rl 5 e T RS AR P 2K
0 10 20 30 40 50

g Do)  the higher homing rates observed for CRISPR" at

AGAPO007280, combined with the milder fertility

reduction observed in heterozygous females

indicate that this construct could spread through a
population.

TEAGAP007280% 223 ) CRISPRM 3¢ 5 VA B
I EAE 2 &R W R BRI AT T
§%, ZRBHZEEM)A] AIEFRRE AL HE

Generations 35

Allele frequency
o
o

Reproductive load
o
IS

(=}
(S}

——

Frequency of CRISPR" allele (%)




doublesex and sex differentiation in 4. gambiae

ARTICLES
namre
biotechnology
doublesex—control differentiation of the two
A CRISPR-Cas9 gene drive targeting doublesex sexes
causes complete population suppression in caged . _
Anopheles gambiae mosquitoes In A. gambiae, dsx (Agdsx) consists of seven

exons, distributed over an 85-kb region on

Kyros Kyrou'?©, Andrew M Hammond!* @, Roberto Galizi'®, Nace Kranjc!®, Austin Burt!,

Andrea K Beaghton', Tony Nolan' ®» & Andrea Crisanti Chromosome 2R
a 200 bp
J C® b B 4gdsxv mCDS > AgdsxF (%)
OUTR dsx alternative splicing
Q [-{® | {1 AgdsxF —intron AadsiM (5
Intron 4 Exon S

TTATGTTTAACACAGCTCARCCCETGGTCA
AATACAAATTGTGTCCAGTTCGCCACCAGT
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Disruption of the intron 4—exon 5 boundary of dsx lead to intersex phenotype
suggesting that the female-specific isoform of dsx is haplosufficient

2R: AGAP004050

Exon 4 + Exon 5

DSB
2,212 bp

-

TN CE TaxPa | o CDS MY i M

d x » »
&JS &‘8 &9&

Supp Table S2 | Ratio of larvae recovered by intercrossing heterozygous dsx $C31-knock-in mosquitoes

GFP strong (dsxF/) GFP weak (dsxF”*) no GFP (+/+) Total
262 (24.9%) 523 (49.7%) 268 (25.5%) 1053
dsxf > haplosufficiency

Crosses of heterozygous individuals
produced wild-type, heterozygous and
homozygous individuals at the
expected Mendelian ratio 1:2:1,
indicating that there was no obvious
lethality associated with the mutation
during development.

37



External and internal anomalous features of the dsxF 7~ genotypic females

b BRI S H G N
Q dsxF - e T - ..:.q_.ko.:.:.:.:.. 1:27912
Q o 4 R AT 5
Gurtd & o d Hedgde | W
9 dsxF™- ’ I - .,
intersex phenotype
0 50 100 150 200 250
o Intersex XX dsxF~'~ female mosquitoes,although
dsxF™" and dsxF""~ males and females attracted to anesthetized mice, were unable to take
crossed with WT separately , recording a blood meal and failed to produce any eggs

the number of larvae progeny 38



The fertility of heterozygous (dsxFCRISPRh/+) females was reduced,
heterozygous males showed normal fertility

a C
S E SR RFP T 3xP3 | 2pg JMetNN UG 3 gRANA B iBexon 5 CDS UTR -
&
) @ @ 1295
b wt B e ® . {.ffoz.:..o. —  ie3
‘e 95.9 oo Lo $2e°20,° ¢
dsxFCRISPAN;, & _ "X o 5 “ RISPRL ! oo 08 "' » 2 + 1307
i +11 dsxFC +33 o oo o°%% o & I SCENE
: ] c.;. b o 4 *x +39
dsxFCRSPRR;, O _ . ° 99.4 pCRISPRA ® o a A A 64.5
. +05 dsx /+9Q o @ o o: :.o' L — 480
! 1 T T T 1
0 50 100 0 50 100 150 200
Progeny inheriting CRISPRh allele (%) Larval progeny

Heterozygous parents (dsxFCRISPRh/+)  crossed
with WT , recording the number of larvae
produced by single females

Heterozygous parents (dsxFCRISPRh/+)  crossed
with WT , detecting RFP markers on progeny
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Model prediction that the dsxF®ISPRh had the potential to reach 100%
frequency in caged population in 9-13 generations

sV}

Frequency of individuals

with dsxfFCRISPARR

1.0 - b 1o

red : cagel
blue: cage 2
0.8 _ 0.8 g
pus
=
pos
0.6 %
9
0.4 2
©
D
o
0.2
0.0 T T T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Generations Generations

Two cages were set up with a starting population of 300 wild-type females, 150 wild-type males and
150 dsxFCRISPRr/+ males, seeding each cage with a dsxFCRISPR gllele frequency of 12.5%.

The drive allele reached 100% prevalence in both cage 2 and cage 1 at generation 7 and 11,
respectively. The population completely collapses at generation 8 (cage 2) or generation 12 (cage 1).

40



Designing an SDGD (sex-distorter gene drive)
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Model prediction that SDGD could spread rapidly from a low starting frequency
to produce a largely unisex male population and impairing female fertility
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SDGD1377 and SDGD"%°38 show a high rate of transgene transmission

and male bias

Target genes(haplosufficiency):

AGAP005958 Dt

AGAP007280 SDGD007250
011377

AGAPOI1377 SDGD

SDGD-heterozygous( &) x WT( Q)

detecting RFP markers and fraction of males
on progeny

SDGD%7280 had severely reduced fertility,
and we did not recover enough progeny to
assess drive activity
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Kinetics of SDGD"11377 and SDGD%>38 spread in target mosquito populations

Fraction of transgenic (RFP+) Fraction of males Egg count
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100 heterozygous transgenic males were introduced into a population of 100 wild-type males and 200 wild-
type females (transgenic allele frequency of 12.5%).

The frequency of the transgene was monitored every generation together with the fraction of males in the
population and the total number of eggs laid. A random selection of 450 eggs was seeded for the next
generation. Three repeats.
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Optimization of temporal and spatial characteristics and level of
expression of Cas9 and I-Ppol

Fitness costs, most likely associated with non-optimal spatial and temporal activity of
both the Cas9 and I-Ppol genes, impaired SDGD spread into mosquito populations.

Method:(1)To minimize the ectopic activity of Cas9—replac the vasa promoter with the

Zpg promoter.

(2)To reduce the transcriptional activity of the beta2-tubulin promoter—generat three
variants by inserting a G+C-rich sequence of 100bp in proximity to conserved sequences
at position —244, —271 or —355 with respect to the ATG start codon.

-496 -264 +1

AGAP00862 R |

A
ATG

beta? el
beta2?4* e
beta2?7" sl
beta2%5" sl

A
-355 -244
ATG
-271

I beta25'flanking [l beta25'UTR AGAP008622 CDS

eGFP

eGFP
eGFP
eGFP

beta23'UTR [l DNA Insertion

eGFP CDS

TGA

100 bp

DNA spacer
GACTCGGACCCGAGTTGGCCAACGACCCACGGGCGGAG

TTAGGGCGGATGGTGAGAAGTGCGCGTCTCGTTCCCGC
AGCTCGCCAGCACTCTCAGACTCA
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o

Fraction trasngenic (RFP")

SDGD%* had no significant impact on the fertility of heterozygotes and
SDGDYx heterozygous males had a marked male bias in the offspring
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The larval output of SDGD9* males was
comparable to that of controls.

The fertility of SDGD9s* heterozygous
females, measured as viable offspring, was
reduced as compared to controls,although it
was still sufficient to produce a large number
of fertile individuals.

Fraction RFP*: & 96.0%

£ 99.9%
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Model prediction that SDGD®* would quickly invade the population,
reaching 100% allelic frequency and leading to collapse of the population
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two cages: A-300 wild-type females, 270 wild-type males and 30 SDGDd*-heterozygous
males(allelic frequency of 2.5%, 10% male release)

B-150 wild-type females, 150 wild-type males, 150 SDGDdx-heterozygous males
and 150 SDGDd%*-heterozygous females (allelic frequency of 25%, 50% male and female release)
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Summary

» A CRISPR-Cas9 gene drive system targeting female-fertility genes
 Efficient spread of gene drive, not too conservative, develop resistance

» A CRISPR-Cas9 gene drive system targeting doublesex gene
 Efficient spread of gene drive, very conservative, extremely difficult to develop resistance

» A sex-distorter gene drive targeting female-fertility genes and doublesex gene
* Very conservative, introduction of sex-distorter, male-biased, reduce malaria transmission



Applications of gene drive systems
in rodents
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Animal models play a critical role in translational research and advancement

of human and animal health

Recent Milestones in Animal Modeling

Years Researcher(s) Milestone

1902 William Castle Begins breeding mice for genetic studies

1909 Clarence Little Begins inbreeding mice to eliminate variation

1920s Frederick Banting Isolated canine insulin and effectively treated diabetic dogs

ca. 1930 Little and MacDowell First fully inbred mouse (20 brother x sister matings) achieved

1940s John Cade Studied the use of lithium salts as an anticonvulsant in guinea pigs and
translated his findings to treatments of depression

1976 Rudolf Jaenisch et al. Developed first transgenic mouse

1980s Several Extensive testing of drug safety and dosing regimens for HIV performed in
rhesus macaques

1987 Capecchi, Evans, and Developed first knockout mouse

Smithies

1997 Wilmut and Campbell First animal cloned from an adult somatic cell, Dolly the sheep

2002 Several Mouse genome sequenced

2004 Several Rat genome sequenced

2009 Aron Geurts et al. Developed first knockout rat




Active genetics: self-propagating system split system
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Grunwald, H. A., et al. (2022)



Two potential obstacles to the implementation of

* The frequency of DSB formation using a genetically

encoded Cas9 and gRNA.

* The frequency of HDR may prevent efficient gene

active genetics in mice

. 4 .
3 i TR
5 ML

Genomic DNA
RuvC
3 B 5

TTTTTITT 1T AL | Il
S-IIIIII]II!IIHIIIIIIIIH\\_u_gll WL 5

Double-strand break (DSB)

conversion.

Jiang, F. and J. A. Doudna (2017)

Endogenous DNA repairs at the DSB site
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Nonhomologous end joining (NHEJ)
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Random mutations
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Precise gene modification
{active in dividing cells: G2/S phase)
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CopyCat cloning vectors

HA-L Mrk attB UAS MCS U6-PgRNA U6-P HA-R

Amp"
Plasmid cloning vectors that in addition to having standard features (e.g., origin of replication,

antibiotic resistance genes, multiple cloning sites) also carry a gRNA flanked by homology arms
that direct insertion of the element into defined locations.

Transgenes inserted into cc vectors can be readily rendered homozygous by providing a source of
Cas9 in trans.

Gantz, V. M. and E. Bier (2016)
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LETTER

https://doi.org/10.1038/541586-019-0875-2

Super-Mendelian inheritance mediated by
CRISPR-Cas9 in the female mouse germline

Hannah A. Grunwald'>, Valentino M. Gantz!®, Gunnar Poplawski**®, Xiang-Ru S. Xu', Ethan Bier? & Kimberly L. Cooper!-3*

This study provided the first proof-of-principle gene drive system in
mammals, which selectively sustained drive via the female germline.

Grunwald, H. A., et al. (2019)
Nature 566(7742): 105-109.
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How to prove the active genetic system is feasible 1n mice?



TyrCoryCat : g gplit-drive element inserted into the mouse Tyrosinase locus

Cas9 Tyr4a-gRNA
Tyrosinase gene locus ~ _____ =
E - = - =
4 drawing not to scale
'HDR' | HDR |
- - = — P—— o
< p(A)-mCherry -CMV HsUG - Tyr4a-gRNA - U6-3' )

Why Tyr ?
-Because of the obvious albino phenotype of homozygous 7jyr loss-of-function mice.

Grunwald, H. A., et al. (2019)
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TyrCopyCat : g gplit-drive element inserted into the mouse Tyrosinase locus

TyrCorvCat gllele

— B T oW s

-----------------

HDR : HDR

Tyr4a-gRNA |

Tyrehinchila 5([ele

If copying happens: progeny mice are white, carry red [“]
fluorescent protein (mCherry) and the chinchilla marker: U'®

Bier, E. (2022)
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Embryonic Cas9 activity does not copy the Tyrcorvcat gllele from the

donor to the receiver chromosome (Rosa26-cas9)

5 Embryonic activity

..

————

G D (D G
G D (D e
Rosa26-cas9  chinchilla TyrCopyCat
mCherry
F; 3 y expression
chinchilla* (s): ‘
Null Null Null
& === & === ==
< e —C
R o Indel CopyCat
Rosa26-cas9 No cut or NHEJ HDR
functional repair disruption observed

(white mice) Rosa26-cas9/+; Tyrchinchilla/TyypCopyCat
(grey mice) +/+; TyrCopyCat/Tyypchinchilla 0 89 0
(black mice) Rosa26-cas9/~+, Tyrchinchilla/+

+/+; Tyrehinchitla/+ Grunwald, H. A., et al. (2019)
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Embryonic Cas9 activity does not copy the Tyrcorvcat gllele from the
donor to the receiver chromosome (/{//-cas9)

Embryonic activity

TeropyCar H11-cas9 Ty,chinchilla

mCherry
y expression

chinchilla* (s):

Null Null Null

E == € T
I (< .
Indel CopyCat
A No cut or NHEJ HDR
¥ functional repair disruption observed
Fz H11-cas9 ! 9' e E;DZ 0

(mosaic mice) H1l-cas9/+, Tyrchinchilla/Ty,yCopyCat

Grunwald, H. A., et al. (2019)



* The active genetic system 1s feasible in mice.

* Why Tyrterrtat was not copied to the receiver chromosome in the early embryo?

» Homologous chromosomes are not aligned for inter-homologue HDR to repair DSBs.

» The DNA repair machinery in somatic cells typically favours NHEJ over HDR.



Another crossing scheme to initiate Cas9 expression during germline
development in TyrCoryCatich mice

mCherry
s expression
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Germline activity
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Grunwald, H. A., et al. (2019) &



Gene conversion upon Cas9 expression in the female germline

No cut or NHEJ HDR Observed HDR
cre cas9 F3 parent functional repair disruption conversion conversion (%)
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F,fernale. M, male. Grunwald, H. A., et al. (2019)



Mitosis vs. Meilosis

Mitosis Meiosis
MitOSiS Fungi, plants, male mammals Female mammals
Diploid cell Diploid cell Diploid cell
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Sister chromatid segregation 1 Fertilization

Meiosis

Haploid gametes from a diploid
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One round of DNA replication

Two rounds of chromosome
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First polar body

X

Second polar body

Gray, S. and P. E. Cohen (2016) 63



Meiotic timelines differ between male and female germlines

{ Homologous repair - Chromosomes aligned

Vasa:Cre
nesi
Oogenesis Spoit

Oocytes initiate meiosis

Ovulation
First meiotic division

ﬁK Oocytes arrest R >{
in meiosis >
MK X
) ) Spermatocytes
Prespermatogonia Spermatogonia initiate
A undergo mitosis undergo mitosis rasici Spermatozoa
64- cell PGCs 7, Round spermatids
Zygote blastocyst induced ; % %K
X X
X X K I |
[Spermatogenesis) Vasa:Cre Spo11
Homologous repair
‘ Qhwmc;ggesaw Homologs segregated
EO E3.5 E6.5 E10 E15 Birth P3 P8 P17 P20 P28

Cycle repeats throughout adulthood

Grunwald, H. A., et al. (2022)
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Differential homolog alignment during the five stages of prophase I

Leptotene Zygotene Pachytene Diplotene Diakinesis
/ < ~'> \
/] \\

The crossovers maintain a strong
connection between homologs.

Leptotene: replicated chromosomes condense.

Zygotene: synaptonemal complexes (black bars) form at distinct loci along the chromosome, joining homologs.

Pachytene: the synaptonemal complex zips homologous chromosomes together to form a bivalent chromosome.

Diplotene: the synaptonemal complex is degraded. Chromosomes are tied together by chiasmata at points of recombination.

Diakinesis: chromosomes are still joined by chiasmata but repel one another.

Grunwald, H. A, etal. (2022) .



Summary

* The fundamental mechanism of a CRISPR—Cas9-mediated gene drive 1s feasible
1In mice.

* The precise timing of Cas9 expression present a greater challenge in rodents than
in 1nsects to restrict DSB formation to a window.



How to use gene drive for the production of a variety of mouse
models 1n laboratories?



Active genetic strategies for the production of
a variety of mouse models

Strategies that make use of existing alleles:

. Combining .
Allelic drive-2 - linked alleles Allele B

Desired allele Nearby Desired allele Allele A
l polymorphism l
T — l_ Alele A Allee B

Grunwald, H. A., et al. (2022)



Active genetic strategies for the production of
a variety of mouse models

Humanization of a mouse locus:

S oRNA-T GRNAZ Caso D

/ \’ Internal regions of homology

Large-scale deletion

Humanized locus Humanized locus | " Humanized locus =
l End joining indels Partially humanized l

Humanized locus e e

Humanized locus I Humanized locus I N Edmanized locds

Grunwald, H. A., et al. (2022) -



Take-home message

* Gene drive 1s feasible in mice; however, the active genetic elements are inherited
in the female germline.

* Complex genotypes could be produced by using CRISPR-Cas9-mediated gene
conversion systems.
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