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The research collabaration revealed that CRISPR/Cas? is a nuthlessly effective viral nssassin. CRISPR is the bactarial-
codmg mechanism that stores a snapshot of the bad guy, the viral DMNA, A segment of ENA reads this snupshat of DNA
andl ereates Lhe complementary strand, like a seamstress who can make one sude of an RNA zipper that custam malches
it DNA complemeit. The RNA side of the rippes i mated with a paiz of very sharp moleculsr scisiorns kiown ag an
endopuclcase.

Wilh amazing speed and speeificily, the RNAendaruclease assassin scans the wipper sections of DNA that i encounters

irsdde the cell. 17 it finds viral DINA that i a mateh, this aseassin used the endoiucleage scigsors o cat the visal DNA in
half, destroying itz ability to infect the cell.

“Chur stisd

Says Doudna, “Our 2012 paper was a big success, but there was a problem. We weren’t sure if CRISPR/Cas9 would
= work in eukaryotes—plant and animal cells.” Unlike bacteria, plant and animal cells have a cell nucleus, and inside,

That ca

me  DNA 1s stored in a tightly wound form, bound in a structure called chromatin.

The CRISPR/Cas9 system evolved to fight viral invaders inside the relatively simple cells of prokaryotes—bacteria and
<l their closely related cousin, archaea. “My lab began to explore how well CRISPR/Cas9 would work in eukaryotic cells,”
says Doudna. “Meanwhile, the research groups of George Church at Harvard, and of Feng Zhang at MIT, were also
working hard to see if they could get CRISPR/Cas9 to function in eukaryotic cells.”
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One early form of CRISPR-based gene therapy could involve editing the genes responsible
for blood disorders like sickle-cell anemia in bone marrow cells, growing them into mature
blood cells and injecting them back into patients.

Little more than a yvear after Doudna first described CRISPR
(http://www.sciencemag.org/content/337/6096,/816.short) in the journal Seience, the cut-
and-paste technology has yielded promising results in labs around the world. Last month,
researchers from the Netherland's Utrecht institute reported in Cell Stern Cell that CRISPR
corrected the gene mutation responsible for cystic fibrosis (http://www.the-scientist.com/?
articles 3 CRISPE )

“*q  Doudna experienced “many frustrations” getting CRISPR to work in human cells. But she
<  knew if she succeeded, CRISPR would be “a profound discovery” — and maybe even a
o4 powerful gene therapy technique.
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showing that CRISPR can cut, delete and replace genes in human cells
(https://newscenter.berkeley.edu/2013/01/07/cheap-and-easy-technigue-to-snip-dna-
could-revolutionize-gene-therapy/). University of Massachusetts biologist Craig Mello, who
shared the 2006 Nobel Prize for another genome editing tool, hails Doudna’s CRISFR
technigue (http:/ /www.independent.co.uk/news/science/exclusive-jawdropping-
breakthrough-hailed-as-landmark-in-fight-against-hereditary-diseases-as-crispr-technigue-
heralds-genetic-revolution-8925295. html) as a “tremendous breakthrough,” even admitting
that "in many ways it’s better” than his own technigue.

Other technigues can also edit genes at specific DNA regions. But they require scientists to
engineer a separate protein for each target site. In contrast, CRISPR only needs the Casg
protein, allowing it to correct multiple defects at once. Besides being cheaper and easier to
use, CRISPR is also much more precise, reducing the risk of off-target modifications
introducing dangerous mutations. As a result, it could help revive the gene therapy field,
whose early clinical failures — including patient deaths — led some to dismiss it as
overhyped.

That doesn’t mean CRISPR is perfect, though. While it's extremely precise, it occasionally
modifies DNA at similar sites elsewhere in the genome instead of the target gene.

Understanding and exploiting how Casg avoids these close matches “is an active area of "
investigation,” Doudna said. Still, CRISPR is "a real game-changer Page 3 EX. 2 2 30; Pa n dl ka at 3
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RNA-programmed genome editing in
human cells
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eLife digest The ability te make speciiic changes to DNA—such &1 changing, nserting or
deleting sequences that ercode proteins—allows researchers to engineer colls, tissues and
arganisms for therapeutic and practical applications, Until now, such gename enginesring has

sbouined the dedign and production af peateins with the abday 1a fm‘n-u 2 spadific Dhd

These findings suggested the exciting possibility that Cas?:sgRNA complexes might constitute a
simple and versatile RNA-directed system for generating DSBs that could facilitate site-specific
genome editing. However, it was not known whether such a bacterial system would function in eukary-
otic cells.
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be redesigned as & single trasseript faingle-g W show here that Cas¥ can be expressed and localized te the nudeus of humarn cells, and that it
for lnoth Cas¥ birading and ONA target sien assemiles with sgRMNA in vive These complexes can gererate dovale stranded breaks ard stimulate
programmed 13 cleave double-rirerdded DI nen-hamalegous end faining (NEEJ) repair in gensme DRA at a site complamentary 1a the sgiha
mchuding a GG protospacor-adacert [PAM sequence, an activity that requires both Cas? and the sgANA. Extension of the RNA sequence at it

These findgs suggesied the sxciting par
simple and versatie RNA-dinected systen

3 wnd enhanced DNA targeting activity in viva, Furtker, axperiminti wing extrects fram tranilected
cells show that sgRAA assembly into Cas? is the Emiting factor for Cas® mediated DNA deavage.
Thass reiults demenitrate the feaisility of RNA-programmed gencme editing in human celli

Results
To test whether Cas could be programmed 1o deasve genomrsc DNA, in vivo, we co-espressed Cash
taguiher wik an sgRNA designed 1o targel the humar dethein lighi chain (CUTA] gene. The CLTA
genomic locus has previously been targeted ard edited using ZFNs (Doyen et al, 2071 We first
tested the supression of & human-ceden-optimized version of the Strastococsus progenes Cash
protein and sgRMA& in human HEKZYIT cells. The 14D kDa Cas? protein was expressed as a fusion
mrotein bearirg an 54 epitope, & nudlesr localiza rigral (NLS), andd green dusmscert protes (GFF)
attacked to the C-termirus of Cas? (Figure 14]. Analysis of cells rarsfected with a vector encoding
the GFP-fazes Car? revealed soundart Car? expression and nuclear |localizator (Figure 161 Western
plotting confirmed that the Cas¥ preteis s expressed lasgely irtact in extracts fram these cells
(Figure 1A). To program Caz¥, we expresied sgRiNA bearing 2 5-terminal Z0-nucleotide requence
complemartary ta the targat ONA seguance, and a 42-ruclestide 3 -terminal stem loop strectare
regrired for Cas® binging (Figure 1C). This 3'-terminal requence corresponds o the minimal stem
S ALPIEtun that has praveaudly Bein uaes 19 program Cas? in vita (Week et al, 2072, Thi sxare:-
siom of this sgRMA was driven by the human Us (RN polymerase |Il) promoter (Medina and Jashi,
1999, Nartharn blatting analyiis af A4 sxracted Treem call 1 with thi L& i
sgRMA plasmid expression vector showed that the sgfihA s indeed expressed, ard that their stability
s enhancod by the prssencs of Cai? [Figurs 100

Mews, we investigated whether site.specdic D5Bs are generated in HER29IT cells transfected

.
with Cas%-HA-NLS mCherry ard the CLTAT sgRNA. To do this, we probed for minor insertians snd E X 1 0 5 7 J ine k 2 0 1 3 at 1 - 2
deletiors in the loous resultieg fram imperfect repair by DSB.induced NHEJ using the Surveyor nuclease L] y]
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