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THE GENETICS OF CAENORHABDITIS ELEGANS

Methods are described for the isolation, complementation and mapping of
mutants of Caenorhabditis elegans, a small free-living nematode worm. About

S. BRENNER 300 EMS-induced mutants affecting behavior and morphology have been char-
. 1 d. Mutations in 77 of
Medical Research Council Laboratory of Molecular Biology, acterized and about one hundred genes hav.e been deﬁne- uta ]
Hills Road, Cambridge, CB2 20H, England these alter the movement of the animal. Estimates of the induced mutation fre-
T ’ ’ quency of both the visible mutants and X chromosome lethals suggests that,
Manuscript received December 10, 1973 just as in Drosophila, the genetic units in C. elegans are large.

, Phenotypes of mutants:

Uncoordinated mutants
Roller mutants’

Dumpy and small mutants

Long mutants

Ficure 1.—Photomicrographs of C. elegans and some of its mutants. a: wild type, b: dumpy
(dyp-1), c: small (sma-2),d: long (lon-1). The scale is 0.1 mm.

Blistered mutants




Methods for genome manipulation in C. elegans

Method Types (references) Purposes
Genome-wide mutagenesis

Chemical EMS (Brenner, 1974) Forward genetic screens,
mutagenesis TMP/UV (Barstead and Moerman, 2006) target-selected mutagenesis

ENU (De Stasio and Dorman, 2001)
formaldehyde (Johnsen and Baillie, 1988)
NTG (Greenwald and Horvitz, 1980)

DES (Greenwald and Horvitz, 1980)
acetaldehyde (Greenwald and Horvitz, 1980)
DEO (Anderson and Brenner, 1984)

UV/TMP genome manipulation
DEB (Trentetal., 1991) . .
Radiation Short wave UV (Stewart et al., 1991) Forward genetic screens, o I\/l ICrO pa rt| Cl e bo m ba rd m e nt

mutagenesis IR (Rosenbluth et al., 1985) lgenerate deficiencies
32P decay (Babu and Brenner, 1981)
Transposon Tc1 (Martin et al., 2002) Forward genetic screens, o Cre/ I_OX P a n d F I_ P/F RT Systel I IS
insertional Mos1 (Boulin and Bessereau 2007) generate insertion mutants
mutagenesis for use in gene-targeted

mutagenesis * Mosl system
Target-selected mutagenesis

PCR-based methods [restricted extension time (Jansen et al., 1997) |Recover deletion in specific

poison primer (Edgley et al., 2002) gene after whole genome Z F N S a n d TA I— E N teCh n O | Og I eS

thermostable restriction enzymes (Huang et mutagenesis
al., 2006; Wei et al., 2002)

TILLING (Gilchrist et al., 2006) Isolate point mutations/allelic C R | S P R/Casg teCh n O | Ogy

series in a gene of interest

G4 DNA-induced (Pontier et al., 2009) Isolate deletion alleles for
mutations genes near G4 genomic site

Gene-targeted mutagenesis
Transposon-based [Tc1 (Zwaal et al., 1993; Barrett et al., 2004) Make targeted changes or

methods MosTIC (Robert, 2012) deletions in gene of interest
MosDEL (Frgkjaer-Jensen et al., without mutagenizing entire
2010; Frgkjaer-Jensen et al., 2012) genome

Enzyme-based ZFNs (Wood et al., 2011) Create small indels or repair

methods TALENs (Wood et al., 2011) off a transgene to create

CRISPR/Cas (Friedland et al., 2013; Dickinson mutations
etal., 2013)




Introduction of tRNA into embryos by microinjection into the
parental gonad to In vIVO suppress an amber mutant

germ line tissue Micropipette
of distal arm inserted

\ /nto distal arm

Eggs from Eggs from
uninjected halt njected halt

Judith Kimble, et al. Nature, 1982
John Smith Lab






The microinjection platform in C. elegans

PO : Injection of plasmids mix
into the germline

Mitotic g Transistion zone Pachytene arrested

F1 : Single worms with the marker to
NGM plates.

Eggs Spermatheca Oocytes

F2 : PCR amplification and
DNA sequencing



DNA Injected into the Caenorhabaitis elegans germline
forms extrachromosomal arrays

marker DNA target DNA

) +

‘ inject gonad

anterior

extrachromosomal
array

marker tariet lariel marker marker (ariet marker

‘ -
uterus | !
form l sperm posterior

Pavan Kadandale, et al. MIMB, 2008



DNA Injected into the Caenorhabaitis elegans germline
forms extrachromosomal arrays

/\ Injected Plasmid DNA (6 kB) )

@ Extrachromosomal Array (~1 MB)

3 De Novo Centromerized
e Extrachromosomal Array

A

Autonomously

Segregating
Arrays

* Array Formation ¢Rapid HP1-Independent
De Novo Centromerization

Fertilization Early Embryonic Divisions

Karen W.Y. Yuen, et al. Current biology, 2011
Arshad Desai Lab



Integrative transtormation of Caenorhabaditis elegans

No heat shock Heat shock

HSP-BGAL

Andrew Fire, The EMBO Journal, 1986



Integration of extrachromosomal DNA arrays Into a
chromosome by UV- irradiation

a UV

B Integration

25%

v

A No integration /

Expressed in the soma
Silenced in the germline

-

00
oL

Marie-Christine Mariol, et al. JoVE, 2013
Kathrin Gieseler Lab



Efficient gene transfer in C. elegans. extrachromosomal
maintenance and Iintegration of transtorming sequences

Plasmid: pRF4
A: F1 rollers from independent injected animals;

B: Independent F1 rollers from one injected animal;
C: Independent F2 progeny derived from the same F1 roller.

L D

- — 9.3kb

& - 4.0kb

& - 3.3kb

Craig Mello, et al. The EMBO Journal, 1991
Victor Ambros Lab



Creation of Low-Copy Integrated Transgenic Lines via
microparticle bombardment

H | HH H  H

pAZ132 p——] V 7 7
unc-119 pie-1 GFP::H2B
promoter pie-13'

AR ___ DNA-coated
/ \\ microcarriers
\\ Target
\\5 2 b

Vida Praitis, et al. GENETICS, 2001
Judith Austin Lab



FLP/FRT and Cre/LoxP recombination technologies

Conditionally activate or inactivate gene expression

gene A off

l terminator

loxP/FRT loxP/FRT

B

gene A on, gene B off
terminator

va-

1oxP/FRT loxP/FRT

gene B

S )

gene B on, gene A off

- — 4

———



MosTIC-induced targeted gene conversion

Mosl-mediated Single Copy Insertion (mosSCl)

Mos! tremsposasc” ”

” chromosomal DNA

III. genea

e—- agged gene x E)

repair template (plasmid)
‘ Mos ] mediated iransgenesis

Mosi excision
DSB formation
chromosomal DNA
(e S interpenic sequence IECISCIN ]}

inlergenic sequence

chromosomal DNA v N

[T interzenic sequence TS SRS interzenic sequence ||| I ] RE98
. \\\\ /:f K

s, f’ .

. £

M) Ppie-1::GFP::H2B

repair template (plasmid)

A
Mos1 transposase ”

pnex (Y

inlergenic sequence |]||

chromosomal DNA
||| interpenic sequence

repair template (plasmid)

| HDR induced genc conversion
e

intergenic scquence " I

chromosomal DNA
I " Intergenic scquence

gene x

Christian Frgkjaer-Jensen, et al, Nature Genetics, 2008
Erik M. Jorgensen Lab



/FNs and TALENSs create DNA lesions through the utility of
seguence-specific DNA-binding modules

a ZFNs
ZFN 1

L 2 2 — Fok1
IN|N|A|T|C|G|A|C|G|C|T|NIN|N|N{NIN|G|T|C|C|T|G|T|A|C|N|N|
IN|N|T|A|G|c|T|c|c|c|a|N|MNIN|N|N|C|A|G|G|A|C|A|T|G|N|N]

Pkl — QDGR

Chromosomal DNA

ZFN 2
b TALENs
TALEN 1
u 1 1 Chromosomal DNA
‘.‘.’ Fok1
IN|N|2|T|c|G|alc|G|c|T|NIN|N|N|N|N|G|A|2|C|T|G|T|A|C|N|N|
ININ[T|A|G|c|T[G[C|G|A[NIMNIN|NIN|C|T|T[G|A[C|A[T|G|N|N]

Fok1 —

TALEN 2



Conditional targeted genome editing using somatically
expressed TALENs in C. elegans

ém W opy-5-TALEN-L dpy-S-TALE

No heat shcy \-Ieat shock
dpy-5-TALEN-L
N

No expression 5’- ARTGACATGTATGATGATG IGATGGGAGAG CTCGGAGGATTCAGAGATATCTCTGATG
p - ,
TTACTGTACATACTACTACACTACCCTCTCGACCCTCCTAAGTCTCTATAGAGAQIAC-5

N

dpy-5-TALEN-R
l Mutations introduced

Phsp::dpy-5-TLR, Non-heat shock

‘| Phsp::dpy-5-TLR, Heat shock

Ze Cheng, at al. Nature Biotechnology. 2013
Guangshuo Ou Lab



Multiple observable physical properties of C. elegans

unc-119(ed4) rescued

WT sgt-1(el1350) rol-6(sul1006)

left handed roller right handed roller



The C. elegans and C. briggsae unc-119 loci

1000 bp edd [CAA (gin) = TAA (stop)]

changes in [..ag|G =>..2a|G] ed3 [CGA (arg) = TGA (stop)]
e eds £2498:Tc1

Ce-unc-119

R N | Y s

Cbr-unc-119 ___ nms7

A —

“0 R A~




FG4322: strain widely used for MosSCl

IT :
* B EHE HEH Landmarks :
'sqt.-z 'lin-42 'sup-g 'lin-31 I'oli-2 Eby-:l.o 'lin-26§ 'let-23 Pl i-1 'sqt-i I"‘Ol-i isup-ﬁ rig-id limc-52
nab-3 lin-4 : unc—4 his-14

8330k 8340k 8350k 8360k 8370k 8380k 8390k B400k 5410k B¢

8430k 8440k 8450k 8460k 8470k 8480k 5490k 8500k 8510k 8520k

oo |
1 kbp ' :
I e R S e S S :::::':I: T e
5418k 8419k 8420k : 8421k 8422k
* B E B HEHB Curated Genes
F14E5.1 F14E5 )7
1 I I (N i | s I & I
protein coding pseuddgene
F
B 0w
| i I il M O ooy A i B [
prlntein coding
+ H E E H E H Transposon insert sites
t£Ti43228 I

NemaGENETAG insler*tion
‘:tTiSSOEn
L 4

NemaGENETAG insertion

ttTi5605 (LGII: 0.77)



Modified universal MosSClI insertion strains

EG8078 (0x7i185) |
EG8079 (0x7i179) Il
EG8080(0ox7id44) Il
EG8081(ox7i177) W
EG8082(0xTi354)

X

Uni_I {Nea)

Uni_ll (Neo)
k4

Uni Il (Neo)

¥

Uni IV (Neo)

Uni_ V{Neg)
v

Uni_V(GFP)
v

10

15

 Position (MB)
20



CRISPR/Cas9 technology



CRISPR : Clustered Regularly Interspaced Short
Palindromic Repeats

Prokaryotic cell

Stage 1: Foreign DNA acquisition p
~

\ .
casgenes & c,Q CRISPR locus
/ﬂ{ Ll H.‘.’D‘.ﬁ @ @ Stage 3:

RNA-guided

host genome \ o= /
@ @ targeting of
l CRISPR locus transcription viral element

T
2020 Nobel Prize in\ =L . 2.1 — - g /
C h e m | St ry - ‘ smn@ Stage 2: CRISPR RNA processing




Schematic of the CRISPR/Cas9 system

RuvC PAIVI

Chromosomal DNA .

20nt sgRNA target

cleavage site C

N

Cas9




CRISPR/Cas9 technology in C. elegans



Heritable genome editing in C. elegans via a
CRISPR-Cas9 system

S
A N
a C | Q)O& e?’odbeq’x} d
=l e
Reverse I Y 7
transcriptase - - .
Cas9-SV40 NLS — - Wlld type
s> [ ] s corv - -
act-4 — — —
b o s :
= disrupted unc-119
5. 3% B
Cas9 3=x% 8—3
Target 3—< sgRNA scaffold =3
O e D

—0
57- GNNNNNNNNNNNNNNNNNNN AAGGCUAGUCCGUUAUCAACUUGAAAAAGUG® " uuuu - 3

NNN NNCNNNNNNNNNNNNNNNNNNNNCCNNy NN

N N

5 WL I disrupted dpy-13

Z2—2Z

-5'
N 3/

N NNy NNN
NNGNNNNNNNNNNNNNNNNNNNNGGNN
PAM

Ari E Friedland, et al. nature methods. 2013
John A Calarco Lab
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Targeted Heritable Mutation and Gene Conversion by Cas9-CRISPR in

Caenorhabditis elegans
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Tzur, Yonatan B., Ari E. Friedland, Saravanapriah Nadarajan, George M. Church,
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Marcel Tijsterman, Sander van den Heuvel, and Mike Boxem
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Cas9 and sgRNA plasmids
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Engineering the genome using Cas9-triggered
homologous recombination

1
a MosSCl | Cas9 + HR
F14E5.1 Mos1 F14E5.8 1 F14E5.1 F14E5.8
HH6E08 Inject Mos1 : Inject Cas9-sgRNA
transposase and plasmid and
MosSCI targeting vector I MosSCI targeting vector
|
gfp transgene  unc-119(+) | gfp transgene  unc-119(+)
I
1
x - —“>—<—-“ I X x
Mos1 [ x

excision Cas9

‘ Homologous '

recombination

F14E5.1 gfp transgene unc-119(+) F14E5.8

NI—1D— = OiNGlE-COPY
transgene

b B MosSCl C MosSClI Cas9 + HR
< 40 - M Cas + HR
> o

- L
g 30 5
k3]
&=
(0]
C
S
b oR
2 a

Daniel J Dickinson, et al. Nature methods. 2013
Bob Goldstein Lab



How to be timesaving and laborsaving?

* 1. Efficient identification of genome-modified C. elegans strains
* 2. Increase the efficiency via the optimization of sgRNA and Cas9 protein
* 3. Simplification of the construction of repair template



Efficient identification of genome-modified C. elegans strains



Efficient Marker-Free Recovery of Custom Genetic
Modifications Via Co-conversion

inject '000
0/-0 target 00
A eauence chimeric — B 00
ue _ tracrRNA
romoter region rol-6 gRNA
plasmid

SR <aDNA (~100m) LYY Y Y VY
“ora @M
I

U6 rom. traCI'RNA -
rde-1 gRNA %‘? screen rde-1 locus via
plasmid o PCR, digest, sequencing

|
rde-1(mut) donor
sSDNA (~100nt) ¢ ¢ ¢ ¢
eft-3 Cas9 ORF  tbb-2 &’\
promoter /\ I\ 3'UTR @ @ @
—__—_ B Cas9 plasmid (pDD162, +
Dickinson et. al. 2013)

pick non-Rol F2, screen for
homozygous rde-1(mut)

Joshua A. Arribere, et al. GENETICS. 2014
Andrew Z. Fire Lab



A Co-CRISPR Strategy for Efficient Genome Editing

Q O -

Peft-3::cas9 rol-6 marker

NS

sgRNA gene x sgRNA unc-22 —

j; microinjection
o0
%O

screen for F1 twitchers and F1
rollers with twitching F2 progeny

v oYy vy v vy
Adyd O OAN AN ~~

screen for gene x(mut) via
F1 single worm genotyping

LI e

y

pick wildtype F2, screen for
homozygous gene x(mut)

Heesun Kim, et al. GENETICS, 2014
Craig C. Mello Lab




Lethal Mutation Co-Conversion and Inactivation of
NHEJ Repair

DSB
A e2123 l
G>A PAM sgRNA target
pha-1(e2123) caaaatacgaatcgaagactcaaaaagagtatActgtatgattaccgatgttcatcaagttattcataaatcattgatag
pha-1 repair

oligo (80 mer) caaaatacgaatcgaagactcaaaaagagtatGetgtatgattacagatgttcatcaagttattcataaatcattgatag

i. Microinjection into pha-1(ts)

. O . (883883
Q00000
000000
ii. Single PO. Screen for viable F1. iii. Single viable F1. Genotype

nhr-23::2xFLAG knock-in.

Jordan D. Ward. GENETICS, 2014
Jordan D. Ward Lab



Streamlined Genome Engineering with a Self-Excising Drug
Selection Cassette

FP-SEC Vector
10.5 kb

A Self-Excising Cassette (SEC) &
A
{ 5 Y
Q &Q'v‘@ K Q Spel Clal Spel Clal
é Q;O‘b 65\7’/\ s Avrll Avrll
= | S . N ~ Digest vector,
FP | & sqt-1(d) hs::Cre hygR '5' | 3xFlag "' ad% homology arms
N . "
N Heat Shock -7 xS T o
N ‘ P z ccdB § \,Q:@ § _{5\% ccdB
B -  omoloem—————— 1!‘5 —
- 4 4 4
~ Q / =] | =—xu=
NoX ” 500-700 bp 500-700 bp
> S < Homology Homology

FP | 3xFIag ,‘ Gibson assembly

Repair Template
Plasmid

SEC elements:

1. sqt-1(el1350) Homier Moo
2. Hs:Cre
3. HygR

Daniel J. Dickinson, et al. GENETICS. 2015
Bob Goldstein Lab



Streamlined Genome Engineering with a Self-Excising Drug
Selection Cassette

%

hi | DNA 3 ==
chromosoma I sm rere o After Marker Insertion After Marker Removal

III
H at sho kto nduce

combinatio

Q

chromosoma 1DNA S

mNeonGreen | 3xFla
1 i

%

sqtf(d} hs::Cre hygR




Etficient Genome Editing in Caenorhabaitis elegans with a
Toolkit of Dual-Marker Selection Cassettes

5" intron 3’ intron
_.l¢,_ Pmyo-2::GFP || Prps-27::neok .ﬂ_
loxP ¢ loxP

Cassette elements:
1. Pmyo-2:GFP
2. NeoR

Adam D. Norris, et al. GENETICS. 2015
John A. Calarco Lab



Heritable/conditional genome editing in C. elegans using a
CRISPR-Cas9 tfeeding system

Promoter e SR -2 5 T 25" B
—— RORAERNGEL eivabor

Psomatic cell: CasStrasgeicworm rm cell::Cas9 transgenic worms
Phsp-16.2::Cas9 tran: sgemcworms Pge -

- :
(HelShock) -\ " ' ¥
[ A \J\\

Selff rlilization

Tlssue-sped‘f'ic knockouts
Heat Shock-induced knockouts

{ .
<
.3
| D
g
v
‘-
\

‘. -
X \ ‘A 8
=2 N el B

Pengpeng Liu, et al. Cell research. 2014
Dong Liu Lab



Increase the efficiency via the optimization of sgRNA and
Cas9 protein



One-step homozygosity In precise gene editing by an
improved CRISPR/Cas9 system

A C
Enlarged tags PAM
#46168 <= INNINEGEGE 5 ~ NNNNNNH NN NN NN NN NN NN NN GGNNNNNN- 31
PDD162 cesn NN " iy 1131111711111 11 11 i
5’-t!IHNNNNHNNNNNNlmNNNNNGUUU AGAGCUA G,y
cason [ 1 a )
Target uu SGAUACGACAV
cxorv | I “ Reeco
cov [N .,wa?p,cumsééua’
cossvi [N I ¥ ARAGUGGEACCEA
: gems 11111 il
a cesovi | Modified sgRNA +€)
i Knock- Precise knock- Normalized precise
R
oditing Cas9 Benomyf™/F1 ins/Sequenced ins/Sequenced knock-ins/F1 fold
I 15% (128/848) 30% (16/54) 20% (11/54) 3% (26/848) 1
! 66% (498/759) 96% (48/50) 90% (45/50) 59% (448/759)
]} 2% (19/950) 33% (4/12) 33% (4/12) 0.6% (6/950) 0.2
ben-11%3 v 76% (621/822) 79% (15/19) 79% (15/19) 60% (490/822) 20
Y 12% (114/939) 40% (8/20) 35% (7/20) 4% (40/939) 13
Vi 41% (425/1031) 88%(23/26) 81%(21/26) 33% (343/1031) 11
Vi 54% (512/957) 83%(24/29) 83%(24/29) 44% (423/957) 14.7

sgRNA(F+E)

197 <

Pei Zhao, et al. Cell research. 2016

Ding Xue Lab



Experimental Strategy: 3’ GG RNA guide + co-conversion

Po

F1
rol-6(gof)/+

Dramatic Enhancement of Genome Editing by
CRISPR/Cas9 Through Improved Guide RNA Design

GN17GGNGG

M

v

Clone non-Rol ¢

™

rol-6 3' GG guide and rol-6 (gof) oligo
gene X 3’ GG guide and gene X oligo

PCR and sequence locus

Inject DNA into P
Cas9

\) Lyse F, Rol after F, progeny laid,

Lyse F, after F, progeny laid, PCR
and sequence locus to test heritablity

M

)

GG Guides
Target Gene

lir-2
YE2ET0A.17
sex-1

cpsf-2

sex-1

fox-1

fox-1

fox-1

xol-1

Guide RNA
3 GG

3 GG

3 GG (1)

3 GG

3' GG (2)

3 GG (1)

3' GG (3)

3' GG (2)

3 GG

Non-GG Guides

sex-1
fox-1
YEZ2ET0A.17
sex-1
lir-2
cpsf-2
fox-1
fox-1
xol-1
cpsf-2
lir-2
lir-2
sex-1

3' GG-shift (1)
3' GG-shift (1)
3' GG-shift
3' GG-shift (2)
3' GG-shift
3' GG-shift
3' GG-shift (2)
3' GG-shift (3)
3' GG-shift
3' non-GG (1)
3 non-GG (1)
3'non-GG (2)
3 non-GG (1)

Protospacer Sequence

GGOTEATTTTCECAGTTCCS
CGCACCGATGCTCTCCGAGG
GGATGAGAATCTGACALRGG
CACTTTCAATTTGATAATGE
AMCATTTCCACARCGAGAGS
ATATGAGGEEGEAGTGAGGECGGE
ATTACRAGTGRAGTACAGCGG
AATATCGTTTACCARAMLCGS
AGCGATTTCTGGCGATTGEG

AACGGATGAGARATCTGACAA
CATTTGATATGAGGGGAGTG
ATACGCACCGATGCTCTCCG
TEGAACATTTCCACAACGAG
CTCGGCTGATTTTCGCAGTT
AARCACTTTCRAATTTGATAR
TTGAATATCGTTTACCARLA
ACRRTTRACRGTGARGTACAG
TCTAGCGATTTCTGGCGATT
GTGGTTGGEGATGAGCGATTC
ALTCAGCCGAGATGTARGTT
TTGACTCGTTCCATTTCAGC
ARRCCTGCCTCCTCTCGTTG

Behnom

(PAM)

(Gea)
(AGG)
{TGE)
(AGE)
{AGG)
(TEE)
{BAGG)
[{elele)]
(GGG)

(AGG)
(RAGGE)
(AGG)
(nEE)
(CGG)
(TGGE)
(CEE)
(CGGE)
(Gea)
(GGG)
(TGG)
(TGG)
{TCC)

Farboud, et al. GENETICS, 2015
Barbara J. Meyer Lab

sgRNA
Bases 19,20

GG
GG
GG
GG
GG
GG
GG
GG
GG

median:

TG
CG
AG

[

T
TC
TT
GC
TG

Mutagenesis
-Rate (Co) _
72
57
54
52
51
29
21
13
10

51

L S
[ SR I ]

[ Tl R e e Y i B e R e O B+ ¢




Cas9 Variants Expand the Target Repertoire

A 11'35 12'18 133'5 1'337

S. pyogenes Cas9 (NGG PAM) YGGFDSPTV.. 74aa ..LASAGELQK.. 108aa ..IDRKRYTSTKE
VQR Cas9 (NGA PAM) YGGFVSPTV.. 74aa ..LASAGELQK.. 108aa ..IDRKQYRSTKE
VRER Cas9 (NGCG PAM) YGGFVSPTV.. 74aa ..LASARELQK.. 108aa ..IDRKEYRSTKE
B Cas9 transgene (Dickinson et al. 2013)

A
| ~_ A A A ey

Mutations altering PAM specificity
(Kleinstiver et al. 2015)

Ryan T. Bell, et al. GENETICS, 2015.
Andrew Z. Fire Lab



Simplification of the repair templates construction



Scalable and Versatile Genome Editing Using Linear DNAS
with Microhomology to Cas9 Sites

1.Insertion in sgRNA recognition sequence 2.Insertion outside sgRMNA recognition sequence

*HDR *HDR

14 -
12
10 -
g i B
% F1s with
GFP edits 6 DO1st day
@2nd day
43/1034
41 14/530
2 -
o583 1/587 /407 2895
0 v v v r
~15bp (18) ~30 bp (26) ~60 bp (23) ~100 bp (13) ~500 bp (28)

Alexandre Paix, et al. GENETICS. 2014
Geraldine Seydoux Lab



Genome editing using In vivo assembly of linear DNAS

Template switching

A: Left HA, sense ssODN 0% (21) | E: Left and Right HAs on one ssODN (114nt insert) 76% (34)
Xbal
— I < \ >
B: Left HA, antisense ssODN 40% (45)
Xbal Xba1+
— F: Three overlapping ssODNs (114nt insert) 73% (33)
— | ot noatt)
S —
_’ i \
C: Right HA, sense ssODN 26.5% (49) —— : \
BsrG1 BsrG1+ —— " —
< _____ ‘\
G: Three overlapping ssODNs (114nt insert) 16% (32)
(discordant polarity)
D: Right HA, antisense ssODN 0% (42)
S ——
BsrG1 i = - \
— | [ e— —— [ e—

Alexandre Paix, et al. NAR, 2016.

Geraldine Seydoux Lab



Genome editing using In vivo assembly of linear DNAS

A: Two overlapping PCR fragments 56.8% (227) | E: PCR fragment + left side, sense ssODN (14/16) 5.2% (57)
[ CtGFF 1IN
Bl NiGFP e IR
——-
— [ m— — [ —
B: Two non-overlapping PCR fragments + ssODN (32/32) 55.4% (110) | F: PCR fragment + left side, antisense ssODN (32/34) 46.4% (28)
[ cterr N
——-
Bl NGFP e 1R
A —
— [ — — [ —
C: PCR fragment + left side, sense ssODN (32/34) 60.5% (109) | G: PCR fragment + right side, sense ssODN (33/33) 43.3% (90)
S eFF T Hm s 4 G
— S —
— [ — — [ —
D: PCR fragment + left side, sense ssODN (98/100) 83.8% (94) | H: PCR fragment + right side, antisense ssODN (33/33)  70.2% (74)
[ e - . | a4 G
- | [ — — [ m—

Alexandre Paix, et al. NAR, 2016.
Geraldine Seydoux Lab



SapTrap, a Toolkit for High-Throughput CRISPR/Cas9 Gene
Modification in Caenorhabaditis elegans

5’ Homology

3’ Homolo
Arm gfp LoxP Cbr-unc-119 LoxP 9y

X 4

@ l | Isolate _:__

nsertions

gfp LoxP Cbr-unc-119 LoxP

@ 1 Inject Cre
Isolate Excised Animals

gfp  LoxP

—Empi—

Sapl

5l
3{.

GCTCTTC Nq| 3
C GAGAAGNgt ¥

Matthew L. Schwartz, et al. GENETICS, 2016
Erik M. Jorgensen Lab



The SapTrap assembly method

A

sgRNA Insertion Site

Repair Template Insertion Site

Annealed Oligos

[eTTl- &

Annealed Oligos

Sapl Digested Donor Plasmids

Annealed Oligos

: I
X |}
5 inrel| sgRNA x .
3._m e%uence j or PCR Product : @ @ @ : or PCR Product
! I
s EIEIE : : 3HA -c o
! 1
’ |}
g S¥E C-tag ATG] Tag + EIii N-tag s
[TAC] | CNCTR Marker [efeT CNCTR e B Acq WA CAT]
PUB::sgRNA -

pMLS256 2-site
Destination Plasmid

5" 5HATag+mNtag E3HA GTA|- 3'
o 3 Marker [JJACNCTR [f&e -5
mp
B 6 C-tagging 6 Tags + 6 N-tagging
Connectors Markers Connectors
=l S OO \ wumwcomroven

=)

) o)) )

36 unique N-tagging Vectors

Assembly

- (- @ Reaction

. Soscony, (o)
l-lomology Arms - Single Plasmid Targeting Vector

+ sgRNA Sequence C-terminal flex::gfp

Matthew L. Schwartz, et al. GENETICS, 2016
Erik M. Jorgensen Lab



Efficient editing with long, partially single stranded
dsDNA donors

i 120 bp gfp 35 pr, g 120 bp gfp 120 bp 5
3 5 3 5
+ +
5' 3 5 3
¥ 35bp 120bp° 2 -
melt/anneal melt/anneal
donor
cocktail

30 (7/25)
4 (12/48) Blunt
9
e 624 B Hybrid-A
E 204 (5/28)
> Wt B Hybrid-8 ==
o
5
o 104 (2/24)
[a)
T (1/26) (1/23)
® (1/43)

0

gfp::gcna-1  mcherry::dve-1  top-2::mcherry

Gregoriy A. Dokshin, et al. GENETICS, 2018
Craig Mello Lab



Chromosome manipulation



Targeted Chromosomal Translocations and Essential Gene Knockout
Using CRISPR/Cas9 Technology in C. elegans

dpy-13 sgRNA

A LG IV LG V B
d:- 42355 \4236.0 4236.5(kb)

LGV

chromosomal dpy-13

translocation dF dR
rde-12 sgRNA
T—— E l 1 31666 1 31667 1 31668 1 31669 (kb)
C D ei1(mg366) ustT1feri-1(mg366):dpy-13:rde-12](IV.V)
dpy-13 sgRNA + rde-12 sgRNA
PO injected 150

F1 with mCherry 369
F2 with £25% dumpy 32
F2 with 100% dumpy 2
translocation strain 1

Xiangyang chen, et al. GENETICS, 2015
Shouhong Guang Lab



Generation of a set of structurally defined and aneuploidy-
free balancer chromosomes via CRISPR/Cas9

1° Inversion
Normal Chr. | a:]
inversion Rearranged region
tmin
7 > 2° Inversion
Crossover-suppressor "

tmC | WEN )

Fluorescent marker with
recessive phenotype

Katsufumi Dejima, et al. Cell reports. 2018
Shohei Mitani Lab



Targeted Chromosomal Rearrangements via Combinatorial Use of
CRISPR/Cas9 and Cre/LoxP Technologies in C. elegans

Chromosomal DNA

I sy
| gt mChe myo-2,
\’oig Integrated by CRISPR and i (L? ye-2p
crossed into the Cre expressing v
strain

Chromosomal DNA

I HEHHD- e ) o4 N TN
| gfp mCherry | myo-2p
o“g \3
v o

Inversion mediated by Cre
(heat shock treatment)

Chromosomal DNA

I HHH-e s Hile4 R T3
I‘, mCherry gfp l +Q myo-2p
W \,0

Xiangyang chen, et al. G3, 2018
Shouhong Guang Lab



Essential gene manipulation



Somatic expression of the CRISPR-Cas9 system induces
conditional mutations

A
——eom@L [ 3/ GOI sgRNA N
. TALEN; CRISPR
Penetrance (%) 1007
B dpy-5 g;: H;fat SH;atk Cc 0 25 50 75 100 .
oc oc¢ Phsp::Cas9; No HS Dpy X 75-
bp PUG6::dpy-5-sg Q
c
402 — - Pdpy-5::Cas9; \WT g 50
PUG6::dpy-5-sg Q
]
238 — Phsp::Cas9; No HS Lon a 25
PUG6::lon-2-sg
164 — 0 |
Plon-2::Cas9; \WT dpy-56 Ilon-2 gfp unc-76 mab-5 cor-1
Indel (%) O 39.2 PU6::lon-2-sg

Zhongfu Shen, et al. Development cell. 2014
Guangshuo Ou Lab



Construction of WO/7EG.2 balancer using the CRISPR/Cas9 system

Wild-type F1 adult worms were injected with pDD162,

A = /;/ pCFJ90, and the sgRNA expressing vectors
PO:

+/ustin1]pqn-85(ust85)]

mCherry expression were singled

F1: ~

I Wild-type F1 worms with

/ \ Screen for F1 animals produced no
adult worms without GFP
ustini[pgn-85(ust85)] WO7E6.2(-)/ WO7EB.2(-)
ustin[pqn-85(ust85)] l

DNA extraction, PCR amplification and sequencing

Xiangyang chen, et al. G3, 2018
Shouhong Guang Lab



The auxin-inducible degradation (AID) system enables
versatile conditional protein depletion in C. elegans

A B 160 [ ], mM
P_. ..degron::GFP; P_, .. TIR1.:mRuby (adults - auxin], m
g e g Y ( ) . 140 i
—Pmmoter—E_— —Eeu ofinterest A|D — 120
Time(hrs) 0 05 075 1 15 2 4 100 -#- 0.056
0 mM auxin - 1
60 4
40
20 [
0

' Y
s s x T T T
‘.! "AIDGFP 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

o —L—— Cr—r——g
SCF
0.05 mM auxin
Time since auxin addition (Hours)

AID
@ Auxin ’ teres E
- [ ] ...
] P, :degron::GFP; P, .::TIR1::mRuby (L1 larvae)
l : lAID -GFP :
a L ‘ A 4 ‘GEP  *GFPITIRY
[ = - w———

0.5 mM auxin
|!"""‘T"|Auo GFP
1 mM auxin
Ubiquitination Wa tubulin

“ p— X
- 4 mM auxin - I
@ xin
+aux1n 25uM

a-tubulin

GFP band intensity
normalized (%)

(@)

‘ I! ' . q - |AID GFP
[ ——— i
% Degradation by proteosome

Liangyu Zhang, et al. 2015, Development
Abby F. Dernburg Lab



An expanded auxin-inducible degron toolkit for
Caenorhabaitis elegans

TIR1 driver strains

Strain Promoter Tissue Genotype Insertion site
LP869 vha-8p Excretory cells, cpSi171[vha-8p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 1:-5.32

Hypodermis, Gut,
_________ unidentified headcells
JDW225  eft3p  Soma wrdSi23[eft-3p:: TIR1::F2A::BFPAID*:NLS:tbb-2 3UTR]  1:5.32
DV3799 col-10p Hypodermis reSil[col-10p::TIR1::F2A::BFP::AlD *::NLS::tbb-2 3'UTR] 1:-5.32
DV3800 col-10p reSi2[col-10p::TIR1::F2A::BFP::AlD *::NLS::tbb-2 3'UTR] 11:-0.77
JDW227 dpy-7p wrdSi45[dpy-7p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 11:-0.77
IDW229: A@PETD,. oo s s o) wrdSi47[dpy-7p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 11532
JDW231  SCMp? Seam cells and wrdSi44[SCMp *::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 11:-0.77
JDW233  SCMp*  Hypodermis wrdSid6[SCMp *::TIR1::F2A::BFPAID*:NLS::tbb-2 3UTR] 1532
JDW221 mex-5p Germline wrdSi18[mex-5p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 1:-5.32
JDW223 mex-5p wrdSi35[mex-5p:: TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 11:-0.77
Jbw10  sun-ip wrdSi3 [sun-1p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR]  I1:0.77
DV3801 unc-54p  Muscle reSi3[unc-54p::TIR1 F2A:BFP=:AID *::NLS::tbb-2 3'UTR] 1:-5.32
DV3825 unc-54p reSi11func-54p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 11:-0.77
LP871 myo-3p cpSi174[myo-3p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 1:-5.32
DV3803 ges-1p  Intestine  reSi5[ges-1p::TIR1:F2A::BFP-AID :NLS:thb-2 3UTR] ~ 1-5.32
DV3826 ges-1p reSi12[ges-1p::TIR1::F2A::BFP::AID *::NLS::tbb-2 3'UTR] 11:-0.77
DV3805  rgeflp  Neuron reSi7[rgef-1p:TIR1:F2A:BFP:AID*NLS:tbb-23UTR]  1-5.32
DQM526 cdh-3p  Anchor cells, bmd176[cdh-3p::TIR1::F2A::BFP=AID*:NLS::thb-2 3UTR] ~ 11::0.77

Seam cells,

L4 Vulval precursor cells -
LP870  myo-2p  Pharynx pSi172 [myo-2p::TIR1::F2A::BFP:AID* =:NLS::tbb-2 3UTR]  1:-5.32

¥ SCM promotor is a 573bp enhancer from arf-3intronic sequence + pes-10A

Guinevere E Ashley, et al. GENETICS. 2021
Jordan D Ward Lab



CRISPR In our Lab



Dual sgRNA-guided deletion of a repetitive sequence

A Fl R1
LG X sgRNA #1 sgRNA #2
9,952 9,954 ‘).9561 9.‘}581 9.960 9,962 9.964 (kb)
[ 1 [ 1 [ 1 1 [ 1 - [ 1 [ 1 -- 1 [ 1 [ 1 1 1 [ 1
-1 I 1 HHEEEE - HEDEEE - e
CI7G1.7 ! I ZC506.1
LG I ! r
13,470 13,472 13.474 ]’g.df?b 13,478 13,480 13,482 (kb)
1 1 L 1 L ] 1 1 1 1 1 ] 1 1
[+ | 3, ] | | o | HHEE
E01G4.5 E01G4.7 E01G4.6
F2 R2
B Q (bp) WT mutant (bp) WT mutant
2 5
sgRNA #1 + #2 §:§§§ 3;8&3
PO injected 20 1,500 T35

F1 with mCherry 30 1000 R— 1,000

F2 with large deletion 1 500

750
500

250

250

F1+RI1 F2+R2

sgRNA #2 PAM
WT TGATGCCA(19%4bp) CACCTATCRACTATTCATTGACATTCAATT
mutant TGATGCCA-—————=—==—————— o — CATTCAATT (-2014 bp)



Dual sgRNA-directed deletion of lIncCRNAS

A ' ' B
sgRNA#1 sgRNA #2
LGX l [ SQRNA #1 + #2
| 9(::64 | 90|66 | 9({()8 | 9()'70 | 90|72 l(kb) PO injected 100
D BEE—BOE > . > F1 with mCherry 168
F47E1.4 _ _ linc-22 F2 with large deletion 5
F R
D E cawild type
C (bp) WT #1 #2 #3 #4 #5 E ~ wm/inc-22(ust024)
2 1.0
5000 < |
200 Z
1500 o 0.6
1000 E 0.4 |
750 S 5]
500 Ela
= 0.0
250 S -
% primer set #1 primer set #2




Dual sgRNAs can direct the deletion of large chromosome segments

D
sgRNA #1 sgRNA #2
LG X - 23.7 kb >
15,710 15,720 13,730 15,740 ’ (kb)
| | 1 | | | | |
——{HHHH- - i HHHEE - HH

nhr-48 ZK662.6 ZK662.5 lin-15B  lin-154 srg-64 nhr-255

E F

wild type lin-15b(-);lin-15a(-)

sgRNA#1 +#2
PO injected 100
F1 with mCherry 136
F2 with Muv 6
F2 with large deletion 2
(-23,717 bp)
(-23.445 bp)

Xiangyang Chen, et al. Sci Reports. 2014
Shouhong Guang Lab



summary of dual sgRNAs experiments

Targeted region (kb)

F1 with mCherry

F2 with deletion

Ratio (%)

rde-12 1
linc-22 promotgr 1.9
E01G4.5 repea] sequence 2.1
dpy-7 region 8.5
16.5

lin-15b/a 1‘egi0‘ 23.7

f39b2 region

100.2

46
168
30

216
126
136
143

1

5

2.2
3.0
3.3
2.3
0.3

1.5
14




Gene knockout via multiple sgRNAS

~-._--- deletion

sgRNA #1 #2 #3#4 g insertion
i B—
mut-16(#1) H—
mut-16(#2) H—
mut-16(#3) T— i
mut-16(#4) H—
mut-16(#5) H—

Xiangyang Chen, et al. unpublished



Cas9 directs chromosomal translocation between
dpy-13 (LG IV) and rde-12 (LG V)

B dpy-13 sgRNA

A i LG IV LGV
4235.5 ' 4236.0 4236.5(kb)

LG IV

chromosomal dpy-13
translocation dF dR
rde-12 sgRNA
CIEEKTTED
j 13666 13667 13668 13669 (kb)
LG V ! 1 1 | 1
rde-12
f. R
C D eri-1(mg366) ustT1[eri-1(mg366),dpy-13;rde-12](IV,V)

dpy-13 sgRNA + rde-12 sgRNA

PO injected 150
F1 with mCherry 369
F2 with £25% dumpy 32
F2 with 100% dumpy 2
translocation strain 1




Cas9 directs chromosome translocation between
ben-1 (LG lll) and dpy-13 (LG V)

A B ben-1 sgRNA
LG Il LG IV i 3539 3540 3541 | (kb)
({ e { § 5
chromosomal 1 ben-1 bF bR
translocation dpy-13 sgRNA
42355 | 4236.0 4236.5kb
LT 355 | 42 36 5(kb)
[ — DT — > T
ar dpy-13 @R
C D
dpy-13 sgRNA + ben-1 sgRNA benomyl: -
PO injected 260
F1 with mCherry 729 dpy-13(ust040)

F2 with £25% dumpy 106
F2 with 100% dumpy 39
translocation strain 2

ustT2[ben-1;dpy-13](Ill,1V)

+




Schematic of the genomic regions uncovered by existing
balancer systems in C. elegans

LG | LG I LG 1II o LG IV LGV LG X
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- uncovered regions by previous balancers



Strategy for chromosomal inversions through combinatorial
use of the CRISPR/Cas9 and Cre/LoxP technologies

1y —
Before HS HS F1 HS F2

(SHG637) (SHG666)

R4 . . . . =

| gfo mCherry \ m 2p

OQ Integrated by CRISPR and 3=
crossed into the Cre expressing \«0
t

strain
Chromosoma | DNA mC herry
I, HHHDe e o4l TN
I felje] mCherry | myo-2p
S Q
N3 \/01»
GFP
Inversion mediated by Cre
Merge ---

(heat shock treatment)

Chromosoma | DNA
| | Do = OI-I-I-I| | =
mCherry f myo-2p
o*y gp ~\?



summary of the chromosomal inversions

A LG LGl LG LG IV LGV LG X
{5
c}@'\ e R N .
R ¥ “f\ __\)00 W . W ’:\?‘.
%\t:\’ I {:\q'b' 90 I n.pf:‘ I Qq}"
& B o = —
©
b‘_.
- x\'\da
el
DB
S
&
o
| . \ﬁg
Q
\O\t 5cM
o =
| | B

- uncovered regions by previous balancers
- ustin balanced regions

B

Strain Genotype Balanced region (cM) Fluorescence marker Morphological marker

SHGEBE +ustini[pgn-85(wst85); LG I, -18.01~-8.47  myo-2p:gfp pqn-85(-)
best-4.110d4.6]

SHGE87 +ustin2[clec-68;dpy-3(ust86)JLG IV, -27.20 ~ -1.65  myo-2p:gfp dpy-9(-)

SHGE88  +ustin3[doy-8] LG X, -21.60~-6.16  myo-2p-gip dpy-8(-)



Transgene construction via the CRISPR/Cas9

sgRNA  #1 #2
chromosomal DNA

; N .
“
5 f . “\.\\
Plasmid DNA
1.5 kb 1.5 kb
chromosomal DNA
gfp Gene X

At least one GN17GGNGG sgRNA
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NATF (Native and Tissue-Specific Fluorescence): A Strategy
for Bright, Tissue-Specific GFP Labeling of Native Proteins

A NATF (Native And Tissue-specific Fluorescence)

Native Gene GFP11x7

— BN 00000

/ _( 1;,4,@\
v &

Cells

X 6
7 »._k '\/‘ N /

R
\ 7/ a

GFP1-10

cell-specific promoter

Siwel He, et al. GENETICS, 2019
David M. Miller(lll) Lab



