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- ‘andwithoutexcess byproducts? . Here we describe prime editing, aversatlle and Buscar 1~
) 0 uras de pigina [ 3] precise genome editing method that directly writes new genetic Informationintoa -
Cédigos QR - specified DNAsite usinga catalytically Impaired Cas9 endonuclease fusedtoan D
nd engineered reverse transcriptase, programmed witha prime editing guide RNA e | e
~ (pegRNA) that both specifies the target site and encodesthe desired edit. We

‘performedmore than 175 editsin human cell, including targeted insertions,
deletions, andall 12 typesof point mutation, without requiring double-strand breaks
or donor DNAtemplates. Weused prime editingin human cellsto correct, eficiently
‘andwith few byproducts,the primary genetic causesof sickle celldisease (requiringa
transversion in HBB) and Tay-Sachs disease (requiring a deletion in HEXA); tonstalla
protectivetransversionin PRNP;and to insert various tags and epitopes precisely nto
P targetloci. Four human celllines and primary post-mitoticmouse cortical neurons
supportprime editing with varying efficiencies. Prime editing shows higher or similar
efficiencyand fewer byproductsthanhomology-directed repair, has complementary
strengths and weaknesses compared to base editing, and induces much lower off-
targetediting than Cas9 nuclease at known Cas9 off-targetsites. Prime editing
substantially expands the scope and capabllities of genome editing, and n principle
could correct upto 89%of known genetic variants associated with human diseases.
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Theability to makevirtually any argeted change in the genome of any
living cell o organism s longstanding aspiration of thelfe sciences.
Despite rapid advances in genome editing technologies,the majority
of the more than 75,000 known disease-associated genetic variantsin
humans'remain ifficult to orrect o installinmosttherapeutically ek
evantcelltypes (Fig.1a).Programmable nucleases suchas CRISPRECaso
‘make double-strand DNA breaks (DSBS) that candisrupt genes byinduc
ing mixtures o insertions and deletions indels)at argetsites™ *.DSBs,
however, are associated with undesired outcomes, including complex
‘mixtures ofproducts, translocations’, and activationof ps3”. Moreover,
thevastmajorityof pathogenicalllesarise romspecificinsertions,dele-
tions,or basesubstitutions thatrequire more preciseediting technolo-
giestocorrect (Fig.1a,Supplementary Discussion). Homology-directed
repair (HDR) stimulated by DsBs*has been widely used o nstall precise:
'DNAchanges. HDR, however,reies on exogenous donor DNArepairtem:
plates,typically generates anexcess o indelsfromend-joiningrepairof
DSBS, andisinefficientinmost therapeutically relevant celltypes (T cells
‘andsome types ofstem cell being important exceptions)*". Whereas
enhancingtheefficiency and precision of DSB-mediatedediting remains
thefocusof promisingefforts'  these challenges motivate the explora
tion ofalternative precision genome editing strategies.

Base editing canefficiently installthe four transition mutations (C-T,
GA,AG, and T>C) without requiring DSBS in many cell types and

‘organisms,including mammals*®, but cannot currently perform the
cighttransversion mutations (C34, €3G, GC, G>T, A>C, AT, T2A,
andT=G),suchasthe T+A-to-A+T mutation needed todirectly correct
themost common cause ofsickle ell disease (HBB(E6V). Inaddition
noDSB-freemethod hasbeenreportedto performtargeteddeletions
suchas the removal o the four-base duplicationthat causes Tay-Sachs.
disease (HEXA=™71), or targeted insertions, such s the three-base
insertionrequired todirectly correct the most common cause of cystic
fibrosis (CFTR(AFS08)). Targeted transversions, insertions, and dele-
tionsare therefore ifficult o nstallor orrect efficiently andwithout
‘excess byproductsinmost cell types, even though they collectively
‘account for most known pathogenicalleles (Fig. a).

Here we describe the development of prime editing,  ‘search-and
replace’ genome editing technology that mediates targeted insertions,
deletions, al12 possible base-to-base conversions, and combinations
thereofinhumancellswithout requiring DSBs r donor DNA templates.
Prime editors PEs),intally exemplifiedby PEL useareverse transcriptase
(RT)fused to.an RNA-programmable nickase and a prime editing guide
'RNA (pegRNA) to copy genetic nformation dircctly from an extension
onthe pegRNAintothe target genomiclocus. PE2usesanenginceredRT
toincreaseeditingefficencies, while PE3nicks thenon-editedstrandto
induceitsreplacementand further increase editing effciency, typically
£020-50% with 1-10%indel formation n human HEK293T cells. Prime
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