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CRISPR CRAZE

Research using the CRISPR gene-editing system is ramping up, as
seen by the rise in the number of CRISPR-related publications.
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A conditional knockout resource for the
genome-wide study of mouse gene

function

William C. Skarnes', Barry Rosen', Anthony P. West!', Manousos Koutsourakis', Wendy Bushell', Vivek lyer', .
Alejandro O. Mujica"t Mark Thomas!, Jennifer llurr()w", Tony Cox', David Jackson', Jessica Severin't, Patrick Biggs"{', Jun Fu?,
Michael Nefedov?, Pieter J. de Jong>, A. Francis Stewart? & Allan Bradley'

Gene targeting in embryonic stem cells has become the principal technology for manipulation of the mouse genome,
offering unrivalled accuracy in allele design and access to conditional mutagenesis. To bring these advantages to the wider
research community, large-scale mouse knockout programmes are producing a permanent resource of targeted
mutations in all protein-coding genes. Here we report the establishment of a high-throughput gene-targeting pipeline
for the generation of reporter-tagged, conditional alleles. Computational allele design, 96-well modular vector
construction and high-efficiency gene-targeting strategies have been combined to mutate genes on an unprecedented
scale. So far, more than 12,000 vectors and 9,000 conditional targeted alleles have been produced in highly
germline-competent C57BL/6N embryonic stem cells. High-throughput genome engineering highlighted by this study
is broadly applicable to rat and human stem cells and provides a foundation for future genome-wide efforts aimed at
deciphering the function of all genes encoded by the mammalian genome.

Following the complete sequencing of the human and mouse genomes,
the functional analysis of each of the twenty thousand or so protein-
coding genes remains an important goal and a major technical chal-
lenge. Several genome-wide mutagenesis strategies have been applied
in the mouse, including ethyl-nitrosourea (ENU) mutagenesis, trans-
poson mutagenesis, gene trapping and gene targeting. Gene trapping in
mouse embryonic stem (ES) cells'* has been the most productive so far,
providing hundreds of thousands of random insertional mutations in
more than half of the protein-coding genes in the mouse’°. Notably,
these ES cell resources can be archived indefinitely and are easily dis-
tributed to the scientific community for the purpose of generating
knockout mice. However, gene-trap alleles cannot be precisely engi-
neered and the strategy favours genes expressed in mouse ES cells.

Given the limitations of gene trapping, it is clear that the generation
of a complete set of gene knockouts in the mouse will require the
application of gene-targeting technology in ES cells® *. Gene targeting
can be used to engineer virtually any alteration in the mammalian
genome by homologous recombination in mouse ES cells, from point
mutations to large chromosomal rearrangements”'’. Over the past
20 years, gene targeting has been used to elucidate the function of
more than 5,000 mammalian genes. Scaling this technology to the
remainder of the genome presents numerous technical challenges
and requires the production of targeted ES cells on an unprecedented
scale, beyond the scope of conventional methodologies.

The first targeting pipeline for ES cells was reported several years ago
before the completion of the mouse genome sequence (Velocigene)''.
Bacterial artificial chromosome (BAC)-based targeting vectors were
constructed to replace the coding sequence of the target gene with a
lacZ reporter and promoter-driven selection cassette. Oligonucleotides
required for the construction of targeting vectors by recombineering
were based on cDNA sequences surrounding the translation initiation

and termination signals of each target gene, thus requiring no previous
knowledge of the underlying genomic structure of the gene. In a single
recombineering step, modified BAC clones were generated with high
efficiency and used to target genes in ES cells. Correctly targeted events,
which involved the deletion of up to 70-kilobases (kb) of genomic
sequence, were identified using a novel high-throughput allele-
counting assay. The deletion of large regions of genomic sequence,
although effective for eliminating the function of the target gene, can
have unintended consequences on the regulation of adjacent and dis-
tant transcriptional units'*"*,

To support and accelerate progress towards the genetic analysis of
all mammalian genes, large-scale knockout consortia were established
in 2006 with the goal of generating a complete resource of reporter-
tagged null mutations in C57BL/6 mouse ES cells'*. C57BL/6 is one of
the best characterized inbred strains, is the reference strain for the
mouse genome sequence and breed well in the laboratory. Thus, the
study of mutant alleles in a pure C57BL/6 genetic background is
considered to be ideal for large-scale phenotyping efforts that will
follow. Highly germline-competent ES cell lines from the C57BL/
6N substrain of mice have been established for this project'*'7. A
common web portal providing information and access to the resource
has been established'®, with links to designated repositories for order-
ing vectors, ES cell clones and mice.

Here we describe a pipeline for the design and mass parallel con-
struction of conditional targeting vectors by serial 96-well BAC
recombineering and high-throughput gene targeting in C57BL/6 ES
cells. Our pipeline is configured to create a number of useful resources
en route to the generation of targeted ES cells (Supplementary Fig. 1).
Ongoing large-scale production of targeted ES cell lines demonstrates
rates of homologous recombination in C57BL/6 ES cells well above
the historical average. Our pipeline forms the basis for the generation

'Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SA, UK. *Biotechnologisches Zentrum, TU Dresden, 01062 Dresden, Germany. *Children’s Hospital
Oakland Research Institute, Oakland, California 94609, USA. tPresent addresses: Regeneron Pharmaceuticals, Inc., Tarrytown, New York, USA (A.0.M.); RIKEN Omics Science Center, Yokohama City, Japan

(J.5.); Hopkirk Institute, Massey University, New Zealand (P.B.).
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GENE EDITING

AAV-Cre or AAV-CRISPR Isolation of Pax7-Zsgreen+  Analyzing myotubes by In vivo gene Editi[lg in dystrophic
A injection cells from muscle immunofluorescence and qPCR mouse muscle and muscle stem CB]]S
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