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RNA-DIRECTED DNA CLEAVAGE AMND GENE EDITING BY CASS ENZYME
FROM NEISSERIA MENINGITIDIS

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

(00013 The present application clanns the benpefit of prorty nader 35 1IS.C
119(e) to LLS. Provisional Patent Application No. 61/326,338, filed on May 22, 2013, the

content of which s meorporate herein by reference m its entwety.
BACKGROUND

[0002] The field of the mvention relates to methods, kits, and compositions for
modifving DNA.  In pariicular, the field of the mvention relates to components and

methods for RNA-directed DNA cleavage and gene edifing.

[0003] Genome editing has proven o be quife difficult mn cells, particularly m
manupalian cells, One way fo upprove genome-editing efficiency 15 to miroduce a
double-strand break {DSB} i the desmed DNA region. DSBs stunulate the DNA repair
machmery and, in the presence of a homologous repan template, greatly enhance genome
editing efficiency. Cwrently, there are two widely used svstems o mtroduce targeted
DSBs i genompes of mammalhian cells - Zine Finger Nucleases {(ZFNs} and Traascription
activaior-like effecior nucleases {TALENS), both of which are engmeered by fusing site-
specific DNA recognition domams to Fokl endonucleases. One major obstacle to the wide
apphication of these two systems 15 the difficulty of engineering peptidex that recognize
specific target DNA sites. Also, for each nnique target sequence, a different paw of ZFNs
or TALENs has fo be engineered. For ZFNs, the optimal desipming alponthm 1z
proprietary and only available through commercial sources. For TALENS, the design
vules are quite straightforward, but it stuill takes weeks to make one pair of targeting

constructs, and each must be adeqgnately expressed and validated.

[0004] Chustered, regularly interspaced short palindromic repeats (CRISPRs) are
known m the art {see Maraffini and Sontheimer, Nature Reviews Vol 11, Mach 2010,
181-190, 1I.S. Published Patent Application No. 2010:00706057, and US. Patent Ne.
8,697,359, which are meorporated herein by reference m their entireties), and have been

nfilized for genome editing {see Cam. SciBX, Vol. 5, No. 4, January 2010, 1-7). Recenily,
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CRISPR RNAx {crRNASs) have heen developed that diwect DNA cleavage by a bacterial
protein called Cas%. {See Cong er o/, Science, Vol 339, February 15, 2013, 819-822; and
Mal ef af, Science, Vol 338, Febyuary 15, 2013, 823-826). This system requires only
flree components: a Cas® endonuclease, g trans-activating CRISPE RNA {(IracrRNA), and
the target-specifving ctRNA which hvbridizes to a target DNA sequence and targets the
DINA sequence for cleavage by the CasY endonuclease. Accordingly, nearly any genomic
locus can be targeted by the same Cas? protfein, as long as a crRNA complementary to the
targeted sequence s provided. Two (Cas® protemns {SpCas9 from Swrepfococcus progenes
and StCas? from Streprococeus thermophifus) have beea reported as effective i genome
editing, and each has ifs own targeting sequence requirements. However, there is a need
for the identification of new systems in order to maxinuze the potential of CRISPR as a

gene editing tool,

[0003] Heve, we report a new form of Cas® (NmCas9 from Neisseria meningitidis}
that has distinet targeting requurements which are less hikely o result in off-target effects.
Furthermore, unlike SpCas9 and SiCas9, NmCas® can fimchion with orRNAs that are
embedded within  longer usnprocessed precursors, mndicating thet NmCas® can
accommodate a greater range of targeting orRNA structures and fimctionalities. I
additton, mutant forms of NmiCas® can be used that bind DNA i an BRNA-direcied

fashuon, but that do not cleave the DNAL
SUMMARY

[oo06] Disclosed are methods and components for BNA-directed DNA cleavage
and gene editing. The methods utihze components mcluding a Cas9 protemn from
Neissenia and one or more RNA molecules i order to direct the Cas9 protein to bmd to

and optionally cleave or mick a target sequence.

[0007] In some embodiments, the methods modify a target DNA sequence m a cell
and nwy inclade: (a) expressing a Cas9 protem from a Neisserdo species or a variant
protein thereof s the cell {e.g., by transfecting the cell with a DNA molecule or an RNA
molecule that expresses the Cas9 protem {i.e., Cas® mRNA)Y and (b) wansfecting the cell
with an RNA molecule or expressing an RNA molecule in the cell from a DNA molecule,

wherem the RNA melecule binds to the Cas9 priotemt or vanant, and the RNA molecule

[ ]
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bybridizes to the target DINA sequenve. Optionally, the CasY protein or variand protem
bas nuclease activity {e.g., DNaze achivity and/or RNase activity) and cleavex one {ie.,
nicks} or both strands of the twget DNA sequence. Optionally, the methods further
comprise contacting the target DNA sequence with a homologous DNA fragment, wheremn
homologous recombination iy mduced between the homologous DNA fragment and the
target DNA sequence (e.g., homologous recombination tov effect gene repair or to sffect
gene dsruphion). In hurther embodiments, the Cas® protein or vartant protem has no
puclease activity {e.g., no DNAse activity} and binds to the target DNA sequence but does

not cleave the DNA sequence.

[0008] In some embodiments, the Cas9 protein or variant protein is encoded and
expressed by a nucleic acid having a codon sequence that 15 optimized for expression m
the cell. For example, the nmucleie acid may have a codon sequence that 15 optinuzed for
expression m an annmal cell (e g, a bunwn or non-buman mwammalian cell). The Cas9
protein may be expressed from an expression vector comprising a prokarvohic or

eukarvotic promoter for expressing the Cas9 protemn which i1s transfected into the cell.

[0009] Suitable Cas® protemns may include, but are not Innited o, Cas® proteins
from Neisseria species {e.g., Neisseria meningitidisy. Variants of Cax9 proteins may
mclude proteins having ap amino acid sequence that has at least about 80%, 5%, 9%,
5%, 96%, 97%, 98%, or 99% segquence wdentity to an amino acid sequence of a Cas9
protemn. Optionally, the variant has one or more biological activities associated with the

Cas% protemn {e.g., nuclease activity and RNA bmding activity).

[0010] The methods may be utilized to target a DNA sequence in a cell. Smitable
cells may melude prokaryoiie cells and eukarvotic cells. In some embodiments, the
methods are performed fo target a DNA sequence n a stem cell (e.g., an embrvonic stem

cell or an mdueed phinpotent stem cell}.

[0011] The methodx typically utthize ann RNA molecule that conyrizes a sequence
that hybridizes with a target DNA sequence in a cell. The RNA molecule also binds with
the CasY protem or a vanant thereof. In some embodunents, the RNA mwolecule comprises
two nmolecules of duplexed RNA (eg, aRNA duplexed with wacRNA). In other

smbodiments, the RNA molecule is a single RNA molecule formung a hawpin structurs

5%
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{e.g., whers arBNA 1s hnked fo tracRNA via a linker sueh as GAAA and the ctRNA and
tracRNA form the stem of the hawrpuy). In futher embodunents, the RNA may awlude an
RNA mmie of green Buorescent protein {GFP).  As such, the RNA may be uidized o
map a target DNA sequence via adding 4-hydroxybenzyhdene (HPD), 3.5-dnnethoxy-4-
hvdroxybenzylidene (DMHPD), or a 3.5-diftuoro-d-bydroxybenzyvlidene to the cell
{DFHPDY, wherewy the RNA bmdx to HPD, DMHPD, or DFHPD to form a fluorescent
complex. In further embodiments, the RNA may comypwise Xast RNA or fragments
thereof, which may be utilized to modulate the expression of the target DNA seguence.
The RNA may be transfected directly into a cell and/or may be expressed from an
expression vecior comprising a prokaryolic or enkarvotic promoter for expressing the

RINA when the expression vector is fransfected mto the cell.

[0012] Also disclosed are protems, polvnucleofides, vectors, and kits for
performing the disclosed methods. For example, a confemplated protein may mclude the
Neisserin meningitidis Cas9 protem or a vanant thereof. A contemplated polynucleotide
miay comprise a eukarvotic promoier operably hnked to a polynucleotide sequence
encoding a Cas9 protemn from a Neisserde species or a variant thereof {e.g., a Cas® protein
fused to one or more of a nuclear localization signal (NLS), a ligand for purifving the
variant protem, and a tag for identifymg the variant protein). The polvnucleotide may be
present m a vector for propagating the polynucleotide or expressmg the polymucleotide

{e.g. a prokarvetic and/or eukaryotic vector).

[0013] The contemplated kits may comprise any of the presently disclosed
proteins, polymncleotides, and vectors. A kit may comprise: {a) a polyancleotide for
expressing a Cas9 protein from a Neisserig species or a varniant protem thereof in a cell
{e.g.. as part of an expression vector comprising a eukarvotic promoter for expressing the
Cas9 protein or alternatively ax Cas% mRNAY; and (b) RNA that binds to the Cas9 protein
or variant and RNA that hyvbridizes to the farget DNA sequence m the cell {e.g., as a smgle
RNA or as nmltiple RNAs, or as a DNA vector or vectors that expresses the single or

mrultrple RNAg).
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[0014) Also conternplated hersin are cells that ave transformed o transfected with
the polviucleotidex or vectors contemmplated herein.  Suitable cells may inchude

prokarvotic and eukaryotic cells,
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1. A newly idenfified mode of crRNA biogenesis in Neisseria
tactamica, (A} Differential RNA-seq (dRNA-seq)-based analysis of the nunimal
CRISPR/Cas system in N, Jactamice 020-06 reveals expression of fractRNA and crtRNAs.
Approximately three nullion ¢DNAs from untreated and TEX-treated RNA were
sequenced and mapped to the genonie. Read counts are plotted here for the CRISPR/cas
locus. Both strands of all libraries were adjusted to the sane seale {maxmmm of 50,000
for leading strand; muumum of -530000 for lagging strand} that reflects a relative
expression score. The mumber of reads obtamed for fracrRNA and ctRNAs are m the
range of 40,000 to 50,000 each, which 1s comparable o the range we observe for other
high-abundance classes of RNAx. (B} Top: dRNA-seq data were mapped onto the
genomie region correspondig to the macrRN4 gene. Expression scores at each position
were adjusted o the same relative scale. Bottont: sequence of the full-length 107-nt form
and processed 91-nt form of tracdRNA. The amrow indicates the prumary tractRNA
franscription start site (TSS) based on enrichment in the TEXH libraries. Boxes denote the
extended -10 promoter element and the anti-CRISPR-repeat region of the tracyRNA. {C)
Northern analyvsis of N Jactamica 020-06 tracrRINA. ODgqe (left panel) and TEX treatment
{right panel} 1s denoted at the top of each lane. Processed and vnprocessed tractRNAs are
schematized on the night, with the RNase T processmg site mdicated with an arrowhead
and the anti-repeat region indicated as the left-hand box. (D) Top: dRNA-seq data were
mapped onto the genomic region corresponding fo the CRISPR array. Expression scorves af
each posttion were adjusted to the same relative scale. Middle: the primary TSS of each
CRISPR spacer-repeat unit (based on enrichinent m the TEX+ libraries) 1s mdicated by an
arvow. Primary CRISPR transeripts of different lengths with hikely 57 triphosphates also
are mdicated by arrows. Bottomn: The sequence of spacer 4 and its flanking CRISPR
repeats, with the putative extended -10 box {consensus sequence 5'-tenTACAAT-3) m
each single repeat. (E} Northem analysis of N Jactaniica 020-06 coRNA, using a probe

complementary to the CRISPR repeat. ODggp {left panel) and TEX treatment {right panel}
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i3 denoted at the top of each lane, Candidate monomeerie, duneric and trimerie ctRNAs are
schematized on the night, each of a predicted size consistent with bands observed on the

blots.

[0016] Fignre 2. CRISPR repeats contain active promoters that form the §7 ends of
mature ctRINAs, whereas RNase I processmg forms etRNA 3" ends. (&) Top left panel:
Promoter-element-contaimng sequences nsed for gfp fusions, Plasmwds included a wild-
type {wi) and mutated {mut} N Jactamice 020-06 CRISPR repeat (pNH13 and pNH14,
respectively), a € jeppii NCTC11168 CRISPR repeat (pNHI18}, and a posifive control
promoter from T7 phage Al. The promwoteriess contral gfp construct {(pASO0046) and a
construct with three wildtype N loctamica 020-06 CRISPR repeats (pNHI17} are not
shown. Promoter elements are indicated by boxes. Puy has 8 TA2CC mutation in the
promoter element as compared to P, Top night panel: Flow-cyiometrie fluorescence
ntensity measurements of cells contaming the franscriptional gfp fusions described i the
left panel. Finorescence values are expressed m arbitrary mnits {AU). Ervor bars mdicate
standard deviation for three mdependent biological replicates. Bottom panel: Fluorescence
mnages of transeriptional gfp fusion stramns grown on agar plates. The night mage was
captred in the visible light mode; the lefi nnage shows the same plate m fluorescence
mode {460 mm excitation, 510 nm emission}. (B} Classification of Type I CRISPR/cas
loci. The genomic orgamzation of representative Type II-A or Type II-B loci, as defined
previously, is given on top. Below are two CRISPR/cas koot (inclnding from neissertae}
from the newly defined Subtype I-C. {C) Gel electrophoresis of radiolabeled RNAs from
in vitro transcriipiion reactions using hnear DNA templates from a subset of the CRISPR
repeat-comtaiing, sequences given m {A). Full-length run-off transcripts (168 nt) are
denoted by the arrow. The area to the right of the dotted line was imaged at lower contrast
to avoid overexposure. See also Figwre 8. {D} Top: Base paming between a primary
orRNA and tractRNA. RNase 1 cleavage sites inferred from dRNA-seq are indicated by
arrows, Bottom: Northern analysis of total RNA from N meniugifidis WUE2594 and its
Arsc derivative during tmd-log and early stationary phase, probed for tracrRNA {left) and

crRNAs {night).

[0017] Figure 3. CRISPR organization i Neisseria. {A) Schematic representation

of CRISPR loai from seven different Neissersa strains. Stram names are indicated (AN, N,



WO 2014/190181 PCT/US2014/039195

meningitidis, NI, N lacteomica) with the total pumber of spacers m each strain shown
parentheses. The srow mdicates the direction of crRNA trapscription. Repeats and
spacers are shown as rectangles and dimmonds, respectively. Llmique spacers, repeats that
mateh the consensus, and vanant repeats are iifnstrated {see Tables 2 and 3). (B) Potential
natwral targets for N meningitidis 8013 spacers. 9 out of 25 spacers match varying
numbers of Neisseria genomes. For each spacer, its number in the 8013 array, the quantity
of known protospacer matches, and a representative target genome (Nm, N meningitidis;
Ng. N, gonorrhoea) ave listed. Protospacers and 10 flasking nts {on both sidex) from the
representative farget genomes are aligned. Sequence smlarities are mdicated at the top,
revealing the 5'-GATT-3" PAM consensus 3-8 nts 3" of the protospacer. The WebLogo 1s
dentved from the ahignment of all Neisserfo-matched protospacers, not just those shown
here that match spacers from the N meningitidis 8013 CRISPR. The PAM regions and
non-consensus micleotides are tusirated. Potential self-targeting spacers and spacers with

possible prophage-hike targets are illnstrated. {See also Figure 9).

[0018] Figure 4. Natwal transformation s hmtted by the native Nebssiora
CRISPR/Cas system. (A} Schematic representation of mtegrational vector pGC(C2, and
recombination between pGUC2 and the ipenmgococcal chronwsome (Tobiasonn and
Seifert, 2010}, Individnal elements are not drawn to scale. {B) pGCC2 denvatives with
potential targets for different N meningitidis 8013 spacers {1, 8, 9, 16, 17, 18, 23, and 25}
were tested by natural transformation assays using wild-type 8013 as the recipient stram.
The data show log-scale plots of colony-formmg uwmts (cfu) per ml [mean + sem
{standard ervor of the mean) for three mdependent biological replicates] for total cells (left
bars) and Erm® transformants (right bars) from three independent experiments. See also
Figure 10. (C} Top panel, sequences of a series of pmtations i the pGCC2 derivative
carrving the 350 ni farget for spacer 9. The arrow mdicates reversed orientation of the
target sequence i the plasnud. Bottom panel, pGCC2 constructs containing the spacer 9
target mutations are tested by natral fransformation into wild-type N, meningitidis 8013
Data are presented as m {B). Exror bars represent s.e.m. for tlhyee independent biological

replicates.

[0019] Figure 5. Type II-C CRISPR mterference requires Cas® and tractRNA but

3 mdependent of RNase MI-mediated processmg. {A)} Schematic representations of &

i
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meningitidis S013 mutant strains: melading casd, cas2, cas® and ric genes; tracrRANA
gens; kanamvem resistance gene; and CRISPR repeats and spacers {squares and
diamonds, respectively). Armrows indicate transposon mserfions m the mecs Tn, cas@ T,
casi To, and cas2 T mutants. (B, C) pYZEISO4 {-) and its protospacer 25-containmg
derivative (+} were tested by natural transformation assays usitg N meningiticdis 8013 and
ity owstant denrvatives as recipients. Relevant genotypes as well as the presence or absencg
of pGUT2-mediated cas¥ complementation are given at the bottoni. The data show chiv'mi
{log scale, mean * s.em. for three independent biological rephicates) for total cells (left
bars} and chloramphenicol-resistant transformants {right bars). (See also Figure 11). (D}
Total RNA from the mdicated strains were subjected fo northern analysis usig a probe
complementary to spacer 25 (top). In the lower panel, the same blot was probed for 35
RNA as a loading control. (See also Figure 12). (E) Ax m (D}, except that a probe specific

for tracrBNA was used.

[0020] Figure 6. Neisseria type H-C CRISPR/Cas limits natural transformation of
menngococcal chromosomal DNA.  {A) Schematic representation of the siad/crrd and
fctPiaspC chromosomal loct m the cas9: 7n stram (top; with the transposon msertion
mdicated). Below are derivatives of the same cos®: 7 stram followmng transformation
with the ermiC-marked vector pGCC2 with or without a protospacer that matches CRISPR
spacer 23, or with the cat~-marked vector pYZEIS040 with or without a protospacer that
matches CRISPR spacer 25, {B) For the left panel, gDNA from the ermC-marked strams
shown 1 {A}, as well as the ummarked control strain, was used m fransformation assays
with wild-type N. meningitidis 8013, Natural transformations were performed and
presented as in Figare 4B. The right panel shows an analogoux experiment using gDINA
from the car-marked strains shown m {A}, as well as the unmarked control stram. Error

bars represent s.e.m. for three mdependent brological replicates.

[oo21] Figure 7. CrRNA biogenesis and CRISPR interference in Neisseria. Type
II-C CRISPR/cas oot m Neisseria spp. mufiate transeniption within each spacer, drtven by
promoter elements embedded within each repeat. The resulting crRNAx and pre-cENAsg
carry 3'-fermmal friphosphates. Following tracyRNA annealing, RNase I can cleave both
strands of the fracrRNA/pre-orRNA duplex (night pathway}. Unexpectedly, pre-crRNA

processing is not required: when RNase IIT 15 upavadable or fails to act, Cas® can still

[
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form humetional complexes with tractRNA and oRNA {left pathwav). The natueally-
encoded aRNAs target sequences presemt n other Neisserio spp. clwomosomes,
consistent with the high freguency of genetic exchange by natural transformation. Because
Type II-C have only three protemn-coding genes, lack leader sequences upstream of the
CRISPR array, and do not require the host factor RNase 11, they are the most streamiined

nafural CRISPR/Cas systems known,

[0022] Figute 8. [n vifro transcription assay with £ coli 6™ polymerase {RNAP)
holoenzyme with hnear DNA femplates contamng either a wild-type or a mutant repeat.
The complete gl of the experiment from Figure 2C s shown. The area to the nght of the

dotted line was nnaged at lower contrast to avioid overexposure.

[0023] Figure 9. Aligment of potential natural targets for all Neisserio spacers
revealed a pulative 37 PAM. A total of 35 unique Neisseric spacer sequences have
potential matches to varying numbers of Neisserio genomes or plasnuds. For each of
theny, spacer number, the munber of known protospacer matches, and one represeafative
target genome are listed. Protospacers and 10 nts of 57 and 3’ flankimg sequences are
aligned and the resulting sequence logos are shown on the fop. A putative 3° PAM (5°-
NNNNGATT-3") 13 deduced. PAM equivalent regions in the targets are tHlustrated ax well
as nucleotudes differing from consensux PAM. The five spacers with “self-targeting”
potential, their spacer name and representative target genome also are indicated. Spacers
with at least one phage-related potential nahwal target, thew spacer number and

representative target genome also are mdicated.

[0024] Figure 10 Protospacer-containing potential fargets cloned imto pGCC2.
For each profospacer, the number of the matclung spacer i the N meningitidis 8013
CRISPR array 1s hsted. Representative protospacers and 10 flanking nts on both sides are
aligned. Potential targets for spacers 16, 23, and 25, cloped from syathetic
cligonucleotides, include 10 afz on both sides of the protospacers. Potential targets for
spacers 8, 9, 17, and 18, cloned from PCR products, melude varying numbers (81-217 nt)
of §” and 3” flanking nts, as mdicated m parentheses. As a control, Protospacer 1 1s cloned
without any flanking sequences. The PAM regions in potential targets are illustrated as

well as non-consensus nucleptides. Potential self-targeting spacers also are mdicated.
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[0025] Figure 11. Nefsserig Type II-C CRISPR/Cas Lmits natwral transfornwmtion
of pYZEISO40 plaxmsds. (A} Schenwtic represemtation of mtegrational vector
pYZEISU40, and recombination between 5igA-MCS-CAT ctrd region of pYZEIS040 and
the capsule locus of memmmgococeal chromosomes, mcluding: genes of the capsule
binsynthesix operon {sig4-0} and the capsule transport operon {(cird-Dy, C4T gens;
clonmg site (MCS); and regions required for maintenance in £, cofi. Individual elements
are not drawn fo scale. (B) pYZEJS040 denvatives with potenfial natwral targeis for
spacers ¢ and 25 are tested by natural transformation using wild-type N meningitidis 8413
as recipient sfram. Natural transformations are performed and presented as in Figwre 4B,
except that chloramphenicol-resistant {Cor™) transformants are scored. Exror bars represent
s.e.m. for three independent biological rephicates. Potential targets for spacers 9 and 25 are

identical to those used m Figure 4B,

[0026] Fignre 12. Northern analysis of the complete otRNA pool in A
mesungitidis.  Total RNAs from the mdicated strainy were subjected to northem blot
analysis usmg a probe complementary to 1-22nt of repeat (top}. Bottom, the same blot

probed for 58 RNA as a loading contrel. Size markers were indicated.

[0027]} Figire 13, Functional Nm{as9 can be expressed in mammalian cells. {4)
Western blot analysts demonstrates that FLAG-tagged NmCas? ix exprassed mn 293 cells.
Lane 1. Untransfecied 293FT cells. Lane 27 293FT cells transfecied with FLAG-tagged
NmUas® expressing plasmud. Upper panel: anti-FLAG tag western. Lower panel: anti-
GAPDH western as loading control. {B) Design of the tRNA that targets the tdTomate
coding sequence; PAM sequence; orRNA spacer; and orBNA repeat. {7} The plasmud
contaming the tdTomato coding sequence (see section B} was lmearized with Ndel and
muxed with different combinations of racrBNA, orBRNA and cell lysate prepaved from
Nuowas@-expressing 293FT cells. Affer incubation at 37°C, DNA was pwrified and
analvzed by agarose gel electrophoresis. The diagram on the night shows the expected
cleavage products and thewr predicted sizes. "W mdicates molusion of a nonspecific
crRNA that does not target tdTomato. {1} Cleavage product (see Section () was extracted
from the gel and analyzed by Sanger sequencing unsmg the primers mdicated m the right

panel. The cleavage site, indicated by the arrow, was mferred from the sequencing.

EG
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[0028] Figure 14, NmCas9 functions in gene disruption m human ES cells. (4-C)
The localization of NmUas9 with an NLS at the N-ternuous (4), C-ternunus {B), or both
termint  { was  amalyzed by either EGFP  fluorescence {4) or ant-HA
mnmmouorescence (8 and ) m 293 cells. Scale bar: 20 pm. (D} The locahizabion of
NmCas9® with the double NLS f{see Sechon €) wax analvzed by anti-HA
mununofluorescence in hwman ES cells. Scale har: 20 jn. (£) Desigo of a single plasmid
nsed for gene editing i hES cells. () FACS analvsis of tdTomato reporter human ES cell
iines after electroporation of the mdicated crRNA/ttactRNANmCas® constructs. The
munber m the plot mdicates the percentage of tdTomato-fluorescence-negative cells five
davs after electroporation. {G} Indels infroduced by the targeting CRISPR in the tdTomato
negative population {see Section F) were analvzed by targeted PCR amplification and
sequencing. The protospacer sequence 15 undethned. The numbers i parentheses indicate

the number of sequenced clones contanung that spectfic mdel.

[0029] Fignre 15. Specificity screen of NmCas9 system. {4} The top panel shows
the ctRNA sequence targetmg tdTomato, with locations of single pomt nmitations i the
spacer region of the tdTomato targeting ctRNA. The bottom panel shows the efficiency of
each pustant at dismipting tdTomato expression. All mutants were fested as descithed n
Figure 2, Section F. The efficiency is defined as percent tdTomato-negative cells (mufant
spacer} divided by percent tdTomato-negative cells {wildtype spacer). Error bars: SEM.
{B} Top panel depiets the locations of different nwitant PAMs m the tdTomato sequence
mcluding: wildtype PAM,; mutant PAM: and spacer sequence {uaderlined}. For the
botiom-most protospacer, the opposite strand was targeied, and the reverse complement
sequence is therefore shown. The bottom panel shows the efficiency of targeting at each
site assoctated with the mndicated PAM, as revealed by the loss of tdTomato expression.
All targeting experiments were performed as described in Figure 2, Section F. The
efficiency 1s defined as percent idTomato-negative cells {mutant PAM) divided by percent

tdTomato-negative cells (wildtype PAM}. Error bars: SEM.

[0030] Figure 16. {Gene targeting in hESCs using NmiCas®. () Donor DNA and
crRNA design. The mismatch m the first nt of @RNA s to satisfy the requirement of the
U6 promoter for a G residue at the franscription start site. {B) Phase-contrast (top} and

fluorescent {bottom} mages of tarpgeted clones from Hi, HY and 1PSO0S e, Scale bar: 50

i1
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pM. {C) Soutbern blot analysis of targeted clones of Hi, HY and 1PSO0S Line. {Genomic
DNA was digestad with BanmiHI. The Southern probe 15 located outside of donor DNA
{see Section A}, The wildtype clone should give one band of 42 kb and targeted
heterozygous clone should give one additronal band of 5.6 kb, (D) Targeted clones {see
Section B} were treated with 10 yM SB4315342 and 10 sg'ml BMP4 fo uutiate
differentiation. The EGFP signal was analyzed by FACS 3 days after differentiation to
wdentify undifferentiated parvental cells bhefore targeting, targeted cells before

ditferentiation; and targeted cells after differentiation.

[0031] Fignre 17, Single-guide RNA {sgRNA) 15 able to divect NoCas9-catalyzed
genome editing. 4. Design of an sgRNA that targets tdTomate imncludug a spacer, etRNA
repeat, Imker and fractRNA. B. FACS analysis of tdTomato reporter human ES cell hines
after electroporation of the sgRNA constinet and the nmCasY expressing plasomd. The
pumber in the plot indicates the percentage of tdTomato-fluorescence-negative cells five

days after electroporation.

[0032] Figure 18. NmCas9 DISA functions as a nickase n human phuipotent stem
cells. Sequences targeted by the 3gRNAs are as mdicated and cellular TdTomato

fluorescence was analyzed by flow cvioneter § days after transfection.

[0033] Fignre 19. NmCas® mediates homology-directed repair using either sense
or antisense ssODN. The Human ES cell line used here, which expresses both EGFP and a
simngle mmtated {deficient, 9nt deleted) copy of Tomate Huorescent profein gene, was
transfecied with plasmids expressing NmCas® and gRNA fargeting the mutated region of
fomate gene with or without 100pmole of 160nt ssODN as repaw template. Cellular

fluorescence was analyzed by flow cyvtometry 5 days after transfection..

[0034] Figure 20. NmCas% can be delivered in the form of mBNA instead of
plasnud DNA. Human ES cells expressing both TdTomato and EGFP were transfected
with NmCas9 mBNA or an NmCas9 expressing plasmid, together with a plasnud
expressing sgRNA that fargets tomato gene, {ellular fluorescence was analvzed by flow

cytometry 5 days after transfection.
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DESCRIPTION

[0035) The present mvertion is described herein using several definitions, as set

forth below and thronghout the application.

[0038] Unless otherwise specified or mdicated by context, the tenus 37, “an”, and
“the™ miean “one or more.” For example. “a protem™ or “an RNA” should be mterpreted

io mean “one or more protems’ or “one or more RNAs,” respectively.

[0037] As used  herein, “about,” “approximuately,” “substantially,” and
“stgrificantly”™ will be understood by persons of wridmary skill m the art and will vary to
some extent on the context m which they are used. If there are uses of these terms which
are not clear to persons of ordmary skill in the art given the context m which they are
used, “about” and “approxmately” will mean plus or nupux <10% of the particular term
and “substantially” and “sigmificantly” will mean plus or punus »10% of the particular

ferm.

[0038] As used herem, the tenms “include” and “including” have the same
meaing as the ferms “comprise” and “comyprising” in that these latter tennps are “open™
transitional terms that do not lungt claims only to the recited clements succeeding these
transifional ferms.  The term “consisting of” while encompassed by the term
“comprisiig,” should be mterpreted as a “closed” transitional term that hinuis claims only
to the recited elements succeeding this transttional texm. The term “consisting essentially
of.” while encompassed by the term “comprising.” should be mterpreted as a “partially
closed” fransiiional term1 which permits additional elements succeeding this transitional
term, but only if those additional elements do not materially affect the basic and novel

characteristics of the claim.

[0039] Disclosed are methods that utihize and kits and compositions that comprise
components for RNA-duwected DNA cleavage and gene editing. The methods typically
nfilize and the kits and composition typically comprise a Cas® protem, or a variant protem
thereof, and RNA that hvbridizes to a target DNA sequence. The Cas® protein and RNA
typically bind and form a complex with the target DNA sequence. The (as? protemn may

have muclease activity {e.g., DNAse activity and/or RNase activity} and may cleave one

[
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{ie, nwck} or both srands of the target DNA sequence. The term “nick™ will be
understood as an mterruption w the covalent continuity of one strand of a double-stranded
nuclere acid molecule. The term “mick” can also describe an enzvmatic activity that results
i the production of & mek m a nucleie acid molecule. The disclosed methods mmy be
utilized for RNA-directed DNA cleavage in vitro, RNA-divected genome editing b vivo,

and RNA-duected genonie binding by Cas? protemss.

[0040] CRISPR/Cas is a recently discovered, adaptive, sequence-baged imnwme
system identified n bacternia and archaea. A “Type H” CRISPR/Cas system from
Streprococcus pyogenes SF370 has been developed mfo a smnple eukaryotic genome
editing tool. This system requues only three components: Ca® endoanuclease, a trans-
activating CRISPR RNA (tractRNA), and the target-specifymg otRNA. By fusmg the
orRNA and tractRNA into a smgle transcript referred fo as an sgRNA, the machinery can
be further streamlbined mio a two-component systeny The target DNA sequence that base-
pairs with the orRNA s referred to as the “profospacer.” The two nuclease domamns (RuvC
and HNH)} of Cas? each cleave one DNA target strand and thus mduce a DSB. Cleavage
by Cas9 also depends on the presence of a short motif called a protospacer adjacent motif

{PAM) that flanks the target region recognized by erRNA base pairing.

[0041] The present inventors have demonstrated that the Neisseria meningitidis
{Nm} Cas®crRNAMracrRNA system can work efficiently for genome editing m lnunan
embrvonic stem cells (hESCs), leaving behind smiall insertions and deletions. They have
also shown that the NmCas9-mduced DSB can serve as a site of transgene msertion. They
have mapped the NmCas9 cleavage site to the third and fourth base pars of the
protospacer, at the end closest to the PAM. Importantly, the CasS/crRNA/fracrRNA
system uses the same Cas9 protemn and tractRNA for every targeting event. Only ose
component — the crRNA — neads to be customized for each wwdividnal target, which makes

the system very user-friendly.

[0042] In addition to these in vive advances, the inventors have shown that
recombinant NmCas9 can be expressed m E. coli vells and that 1t can calalyze orRNA-
directed DNA cleavage v vitro. This could enable enhanced recombinant DNA

capabihities.
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[0043] The mventors have also denonstrated that the Nodlas® system, u 1is native
hactertal context, has a novel featwe: B can function with long, unprocessed orBNA
precipsors. In bacterial cells, Type I CRISPR/Cas systems generate pre-crRNAs that are
cleaved by a protem called RNase IIL In N meningitidis, deletion of the me gene that
encodes RNase I bas no deleterious effect on the CRISPR pathway, widike all other Type
II systems examined fo date. [ vifro experiments have confumed that unprocessed
crRNAs can dwect DNA cleavage by NmCas®. Together these mdicate that NmCas9 can
tolerate extensions on #s cognate ctRNAs without loss of fuaction, which SpCas® and
StCas® cannot, perhaps enabling expanded functionality by fusing the crRNAx to other
useful RNAs such as RNA munmucs (see Paige of o/, Science, 29 July 2011} and Xist RNA
or fragments thereof (see Plath of &/, Annu Rev Genet. 2002; 36:233-7 Epub 2002 Jan
{1}

[0044] The iventors have also demonstrated that the NmCas9 system has distinet
PAM requirements versus Type II CRISPR/Cas svstems from different bacteria. For
example, for SpCas? the PAM 15 5-NGG3’, while for NmCas9, the PAM 15 5
NNNNGATT?’ (1 both cases the dash represents the tenminal nucleotide of the ctRNA-
paired sequence). Thus, the presently disclosed methods will open up potential target sites
that are not cleavable with existing systems. Also, the specificity for genome edifing may

mcrease with a longer PAM.

[0045] The present mvenfors have identified a novel Cas® protein. As used herein,
the terms “protein” or “polvpeptide’ or “peptide”™ may be used interchangeably to refer to
a polvmer of amno acids. Typically, a “polypeptide” or “protein” 15 defined as a longer
polvmer of ammo acids, of a length tvpically of greater than 50, 60, 70, 80, 90, or 100
amine acids, A “peptide” 15 defined as a shoit polymer of anuno acids, of a length

typically of 30, 40, 30, 2{ or less anino acids.

[0046] A “protein” as comtemplated hersin typically comprises a polvmer of
naturally ccomring amuno acids {e g, alamine, arginine, asparagiie, aspartic acid, cysteine,
glatanune, glutamic acid, glveme, histidine, isoleucine, leucme, lysine, metluonine,
phenylalamine, proline, sering, threonine, trvptophan, tvrosime, and valme). The protems

contemplated herein may be further moditied m vitro or in vivo to mnclude non-amino acid

i
A



WO 2014/190181 PCT/US2014/039195

mieties.  These modifications nwy include but are ant himited to acylation {eg. O-
acviation {esters), N-acylation {apudes), S-acylation {Huoesters}), acetylation {e.g ., the
addition of an acetyl group, either at the N-termmus of the protein or at lysme residues),
formvistion lipoylation {eg. altachment of a hpeoate, a €8 functional group),
myristoviation {e.g., attachment of myristate, a C14 saturated acud), palmitoylation {e.g .
attachment of paluutate, a C16 satirated acid), allvlation (e g, the addition of an alkyl
group, such as an methyl at a lysine or arginme residue), wsoprenviation or prenviation
{e.g., the addition of an isoprenoid group such as farnesol or geranyligeraniol}, anudation
at C-termunus, glveosylation {e.g.. the addition of a glycosyl group to either asparagine,
hvdroxylysine, serne, or threomine, resulting m a glveoprotem). Dishinet from glyeation,
which is regarded as a nonenzymatic attachment of sugars, polysialylation {eg.. the
addition of polysialic acid), glvpiation {eg., glveosylphosphatidyhinosstol {GPI) ancher
formation, hydroxviation, iodination {e.g., of thvroid hormones), and phosphorviation

{e.g., the addition of a phosphate group, usually to serne, tyrosme, threonine or histidine).

[o047] The CasD proteins disclosed herein may melude “wild type™ Cas9 protein
and variants, mutants, and derrvatives thereof. As used herein the term "wild type” is a
termt of the art understood by skilled persons and means the typical form of an organizm,
stram, gene or characteristic as it ocowrs in nature as distingrushed from mutant or vanant
forms. As used heremn, a “vanant, “mutant,” or “derivative” refers {o a protem molecnle
baving an amine acid sequence that differs from a reference protemn or polypeptide
molecule. A vanant or mmtant may have one or more msertions, delefions, or
substitutions of an amino acid residue relative to a reference molecnle. A vanant or
mutant mey wmnchude a fragment of a reference molecule. For example, a CasY mutant or
variant molecule may ope or more msertions, delefions, or substitution of at least one
anuno acid residue relative to the Cas9 full-length polypeptide. The sequence of the full-
length Cas? protemn from Neisseria meningitidis s presented as SEQ ID NO:1 and may be

used as a reference in this regard.

[0048] Regarding proteins, a “deletion™ refers to a change in the amino acid
sequence that results m the absence of one or more ammo acid residues. A deletion may

-

remove at least 1, 2, 3, 4, 5, 10, 20, 50, 108, 206, or more anuno acids residues. A

4]
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deletion mayv mclude an wternal deletion andfor a ternunal deletion {e.g.. an N-terminal

truncation, a C-ternunal truncation or both of a reference polypeptide}.

[0049] Regarding protemns, “fragmert”™ is a portion of an aming acid sequence
which s 1dentical m sequence to but shorter m length than a reference sequence. A
fragment may comprise up to the enfire length of the reference sequence, minus at least
one anuno acid residue. For example, a fragment oy conywise from 5 fo 1008 contignous
amino acid residues of a reference polypeptide, respectively. In some embodiments, a
fragment may comprise at least 5, 10, 15, 20, 25, 30, 40, 530, 60, 70, 80, 90, 100, 150, 250,
or 500 contiguous apuno acid residues of a reference polvpeptide. Fragments may be
preferentially selected from certain regions of a molecnle. The term “at least a fragment”
encompasses the full length polypeptide. A fragment of a Cas9 protein may comprise or
consist essentially of a contiguous porfion of an anuno acid sequence of the full-length
Cas9 protemn (SEQ ID NO:1} A fragment may mclude an N-ternumnal truscation, a C-

ferminal truncation, or both truncations relative to the full-length Cas9 protein.

[0050] Regarding protetns, the words “mnsertion” and “addition” refer to changes
m an amino acid sequence resulting m the addition of one or more anuno acid residues.
An msertion or addition may refer to 1, 2, 3, 4, 3, 10, 20, 30, 40, 30, 60, 70, 80, 90, 100,
150, 200, or more amuno acid residugs. A variant of a Cas9 protein mayv bave N-terminal
msertions, C-ferninal insertions, miternal msertions, or any combination of N-ternumnal

msertions, C-terminal msertions, and miemal msertions.

[0051] Regarding protetns, the phrases “percent identity”™ and “% identity,” refer
to the percentage of residue matches between at least two anuno acwd sequences aligned
nsing a standardized algonthm. Methods of anunc acid sequence alignment are well-
known. Some ahignment methods fake o account conservative ammno acid snbstitnfions.
Such conservative substitutions, explained m more detail below, generally preserve the
charge and hydrophobicity at the site of substitution, thus preserving the structure {and
therefore function} of the polypeptide. Percent idenfity for amino acid sequences may be
determined as understood m the art. {See, eg., U.S. Patent No. 7,396,664, which is
mcorporated herein by reference in s entwrety). A suite of commonly used and freely

available sequence comparison algorithms iy provided by the National Center for
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Bistechnology Iinformation {NCBI) Baswe Loecal Alimunent Search Teol (BLAST), whieh
13 avatlable from several sources, including the NCBI, Bethesda, Md., at us website. The
BLAST software suite meludes varions sequence analvsis programs includmg “blasip,”
that 15 used to align s known anmino acid sequence with other ammo acids sequences from
a variety of databases. Ax described herein, variants, nustants, or fragments {e.g.. a8 Cag?
protemy variant, mutant, or fragnent thereof) may have 99%%, 8%, 97%, 00%), 053%5, 94%,
B30, 9295 919, 90%, B0%, T{%s, 60%, or S0% amino acid sequence identity relative to a

reference molecule {e.g., relative to the Cas9 full-length polypeptide {SEQ ID: 13}

[0052] Regarding proteins, percent wentity may be measured over the length of an
eatire defined polvpeptide sequence, for example, as defined by a particular SEQ ID
mumnber, or may be measured over a shorter length, for example, over the length of a
fragment taken from a larger, defined polypeptide sequence, for mstance, a fragment of at
least 15, at least 20, at least 30, af least 40, at least 50, at least 70 or at least 150
contiguous residues. Such lengths are exemplary only, and it is undersiood that any
fragment length supported by the seguences shown heremn, m the iables, Howres or
Seqguence Listing, mav be used to describe a length over which percentage identity may be

measured.

[0053] Regarding proteins, the amino acid sequences of vartants, nwtats, or
derivatives as conteniplated herem may mclnde conservative smmoe acid substitutions
relative to a reference amino acid sequence. For example, a variant, mutant, or dervative
protein may include conservative amino acid substitutions relative to a reference
molecule.  “Conservative amino acid substifutions”™ are those substitutions that are a
substitution of an amuno acid for a different amino acid where the substitnfion s predicted
to interfere least with the properties of the reference polypeptide. In other wouds,
conservative apuno actd substitutions substantially conserve the structure and the function
of the reference polvpeptide. The followmg table provides a hst of exemplary

conservative amno acid substitufions which are contemiplated heremn:
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Conservative ammo acid substitutions generally mamtain {3) the stmuchwe of the
polypeptide backbhone m the area of the substitution, for example, as a beta sheet or alpha
helical conformation, (b} the charge or hydrophobicity of the molecule at the site of the

substitution, and/or (¢} the bulk of the side cham.

[0054] The disclosed proteins, mutants, vartants, or descrtbed herein may have one
or more funchional or biological activities exiubited by a reference polypeptide {e.g., one
or more functional or biological activitiex exlubited by wild-tvpe Cas® protein). For
example, the disclosed CasY protems, mutants, vanants, or dertvatives thereof may have
one or more biological activities that include: bindmg to a single-stranded RNA, binding
to a double-stranded RNA, bmding fo a target polvnucleotide sequence, nicking a single
strand of the target DNA seguence, andfor cleaving both strands of the target DNA

SCGURIICC.

[0053] The disclosed Cas9 proteins mayv be substantially isolated or purified. The

term “substantially isolated or punified” refers o amino acid sequences that are removed

£S
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from their natural enviromnent, and are at least 60% free, preferably at feast 75% free, and
more preferably at least 90%% free, even more preferably at least 93% free from wther

components with which thev are naturally associated.

[0056] Also disclosed herein are polvnucleotides, for example polvimcleotide
sequences that encode Cas9 protems {z.g., DNA that encodes a polypeptide having the
anuno acid sequence of SEQ ID NO:1 or a polypeptide variant having an amnine acid
sequence with at least about 30%, 60%, 7%, 80%, 90%, 95%, 96%, 97%, 98%, or 99%
sequence identity to SEQ ID NO: 1 DNA comprising the polyancleotide sequence of SEQ
D NO:2; DNA conywising the polviucleotide sequence of SEQ I NO3; or Cas
mRNA}. Other polynuclectides contemplate herem are RNAs that direct Cas9-mediated
binding, nickmg, andfor cleaving of a target DNA sequence {eg. tractRNA, crRNA,
sgRNAY and DNA that encodes such RINAs. The terms “polynucleotide,” “polynucleotide
sequence,” “nucletc acd” and “mucleic acul sequence™ refer to a nucleotide,
ohigonucleotide, polynucleotide {which terms maay be used interchangeably), or any
fragment thereof. These phrases also refer to DNA or RNA of genonmue, natwal, or
synthetic arigin (which may be single-stranded or double-stranded and may represent the

sense or the antisense strand).

[0057] Regarding polvnueleotide sequences, the terms “percent wdentity™ and “%%
identity” refer to the percentage of residue matches between at least two polynucleotide
sequences aligned using a standardized algonitlon. Such an algorthm may msert, m a
standardized and reproducible way, gaps in the sequences bemng compared in order to
optimize alignment between two sequences, and therefore achieve a3 more meanngtul
comparison of the two sequences. Percent identity for a nucleic aaid sequence may be
deternuned as understood m the art. {(See, eg. US. Patent No. 7,396,664, which 18
mcorporated herein by reference in s entwrety). A suite of comuionly used and freely
available sequence companson algonthms s provided by the National Center for
Biotechnology Information {NCBI) Basic Local Alignment Search Tool (BLAST), which
is available from several sowrces, includmg the NCBI, Bethesda, Md., at its website. The
BLAST software suife includes various sequence analysis programs meluding “blasm.”
that 15 used to align a known polymucleotide sequence with other polynucleotide

sequences from a variety of databases. Also available s a tool called “BLAST 2

26
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Sequences” that s used for direct pairwise comparison of two pucleotide sequences.
“BLAST 2 Sequences™ can be aceessed and used mteractively at the NUBI website, The

“BLAST 2 Sequences™ {ool can be used for both blastn and blastp {discussed abovel.

[0058] Regarding polynucleotide sequences, percent identify may be measured
over the length of an enfire defmed polynncleotide sequence, for example, as defined by a
particular SEQ 1D number, or vy be measured over a shorter length, for example, over
the length of a fragment taken from a larger, defined sequence, for mstance, a fragment of
at least 20, at least 30, af least 40, at least 50, at least 70, at least 106, or at least 200
confignous aucleotides. Such lengtbs are exemplary only, and it 18 understood that any
fragment length supported by the sequences shown herein, m the tables, figures, or
Sequence Listing, may be used to deseribe a length over which percentage identity may be

measured.

ML

[0059] Regarding polvnucleotide sequences, “vartant,” “amtant,” or “derivative”
may be defined as a nucleic acid sequence having at least 50% sequence identity to the
particnlar nucleic acid sequence over a certam length of one of the nucleic acid sequences
usmg blastn with the “BLAST 2 Seguences™ tool available at the National Center for
Bintechnology Information’s website. {See Tatiana A. Tatusova, Thomas L. Madden
{1999}, "Blast 2 sequences - a new tool for comparing protein and nucleotide sequences”,
FEMS Microbiol Lett. 174:247-250). Such a pan of nucletc acids may show, for example,
at least 50%, at least 7025, at least §0%, af least 83%, at least 0%, at least 919, at keast
G2, at least 9394, at least 94949, at least 95%;, at least 906%, at least 97%, at least 98%, or

at least 99% or greater sequence wdentity over a certamn defined length.

[0060] Nucleic acid sequences that do not show a high degree of identity mayv
nevertheless encode similar amino acid sequences due to the degeneracy of the genetic
code where multiple codons may encede for a single amino acid. B 1s understood that
changes m a nucleic acid sequence can be made using this degeneracy ti produce multiple
nucleic acid sequences that all encode substantially the same protem. For example,
polvnucleotide sequences as conternplated herein may encode a Cas® protem and may be

codon-optinuzed for expression i 3 particular host. In the art, codon usage frequency
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tables have been prepared for a number of host organisus meluding humans, fpouse, rat,

pig, E. cofi, plants, and other host cells.

[0061] A “recombinmnt vucleic actd” ix a sequence that s not natueally ccowrring
or has a seqgnence that is made by an arlificial combmation of two or more otherwise
separated segments of sequence. This artificial combmation 15 often accomplished by
chemical yvnthesis or, nwe conunonly, by the artificial manipulation of 1solated xegmients
of nucleic acids, e.g, by genetic engineering techniques knows i the art. The term
recombinant mclndes nucleic acids that have been altered solely by addition, substitution,
or deletion of a portion of the aucleic acid. Frequently, a reconbinant nucleic acid may
meclude a nucleic acid sequence operably hnked to a promoter sequence. Such a
recombinant nucleic acid may be part of a vector that is used, for example, to fransform a

cell.

[0062] “Substantially solated or pwified” nucleic acid or ammo acid sequences
are contemplated beretn. The term “substantially isolated or purified™ refers to auclexc
acid or ammo acid sequences that are removed from their natural environment, and are at
least 60% free, preferably at least 75% free, and more preferably at least 90% fiee, even
more preferably at least 95% free from other components with which thev are naturaily

associatad.

[0063] “Transformation”™ or “transfected™ describes a process by which exogenous
mucleic acid {eg.. DNA or RNA} 15 mirodaced mito a recipient cell. Transformation or
transfection may oconr ander natural or artificial condifions according to vanous methods
well known m the art, and may relv on any known method for the msertion of foreign
nuclerc acid sequences mto a prokarvotic or eukarvotic host celll The method for
fransformation or fransfection is selected based on the tvpe of host cell bemg transformed
and may include, but is not lunited to, bacteniophage or viral mfection, electroporation,

heat shock, lipofection, and particle bombardment.

[0064] Methods of non-viral delivery of nucleic acids include lipofection,
nucleofection, nucromjection, electroporation, biohistics,  virosomes, liposomes,
mnonmohiposomes, polycation or lipidinuclee acid conmpugates, naked DNA, artificial
virions, and agent-enhanced uptake of DNA. Lipofection ix deseribed o e.g., LS. Pat

7
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Nos. 5,049,380, 4,946,787, and 4,897,355} and bipofection reagents are sold conumercially
{e.g., Transfectan1. TM. and Lipofectin TM.}. Cationic and peutral hipids that are suitable
for efficient recepior-recogution hipofection of polyancleotides mehude those of Felgner,
WO 91717424, WO 9115024, Delivery can be to cells {eg m vitro or ex vivo
admuystration) or farget tissues {e.g. m vivo adeunistration). The term “transformed cells”
or “iransfected cells” meludes stably transformed or transfected cells w which the mserted
DINA 1s capable of replication either as an autonomously rephicating plasnud or as part of
the host chromosome, as well as transiently transformed or transfected cells which express

the mserted DNA or RNA for linuted periods of tune.

[0065] The polynucleotide sequences contemplated herein may be present m
expression vectors. For example, the vectors may comprizse: {a} a polvancleotide
encoding an ORF of a Cas9 protein; (b} a polyancleotide that expresses an RNA that
directs Cas9-mediated binding, nicking, andior cleaving of a target DNA sequence; and
both (a} and {b). The polynuclectide present m the vector may be operably hnked to a
prokarvotic or eukarvotic promoter. “Operably linked” refers fo the situation 1 which a
first nucleic acid sequence is placed 11 a functional relationship with a second nucleic acid
sequence. For instance, a promoter iz operably linked o a coding sequence if the promoter
affects the franscription or expression of the coding sequence. Operably hinked DNA
sequences may be m close proximity or contiguous and, where necessary to jom fwo
protein coding regions, m the same reading frame. Vectors contemplated heremn may
compuise a heterologous promoter {e.g., a enkarvotic or prokarvotic promoter) operably
linked to a polynucleotide that encodes a Cas® protem. A “helerologous promoter™ refers
to a pronoter that is not the native or endogenous promoter for the protein or RNA that is
hemng expressed. For example, a heternlogous promuoter for a Cax9 protein of Neisseria
mendgiticdis may melude a eukaryolic promoter or a prokarvetic promoter that 13 not the

natrve, endogenous promoter for the Cas9 protem of Neisseria menigitidis.

[o066] As used herein, “expression" refers to the process by which a
polvoucleotide 15 transcribed from a DNA template (such as mto and mRNA or other
RNA transcript) and/or the process by which a transcribed mRNA 15 subsequently

translated into peptides, polvpeptides, or protemns. Transcripts and encoded polypeptides

Cad
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may be collectively referred to as “gene product.” If the polynucleotide is denived from

genommie DNA| expressioa may mnclude splicing of the mRNA ia a evkaryotie cell.

[0067] The ferut “vector™ refers o some means by which sucleic acud (e.g., DNA)
can be mtroduced o a host organism or host fissue. There are various types of vectors
meluding plasmid vector, bactertophage vectors, cosnud vectors, bacterial vectors, and
viral vectors. As used herein, a “vectin™ may refers to a recombinant nucleic acid that bas
been engineered to express a heterologous polypeptide {eg., a Cax® protemn}. The
recombmant nucleic acid iypically mncludes cis-aching elements for expression of the

heterologons polypeptide.

[0068] Any of the conventional vectors used for expression m eukaryotic cells
may be used for directly mtroducing DNA nto a subject. Expression vectors containing
regulatory elements from enkarvotic viruses niay be used in eukarvotic expression vectors
{e.g.. vectors contanmg SV40, CMV, or refroviral promoters or enhancers). Exemplary
vectors mchide those that express proteins under the dwection of such promoters as the
SV4A0 early promoter, SV40 later promoter, etallothionem promoter, human
cytomegalovinas promoter, muriie manunary fnor vims promoter, and Rons sarconia
virnls promoter. Expression vectors ax coptemplated heremr may mclude prokaryotic
control sequences that modulate expression of a heterologous protemn {eg. Cas9 proteimn.
Prokarvotic expression confrod sequences may mchide constitutive or mducible promoters

{e.g.. T3, T7, Lac, frp. or phoA}, ribosome binding sites, or transcription feromnators.

[0069] The vectors contemplated herein may be miroduced and propagated in a
prokarvete, which may be used to amplify copies of a vector to be miroduced to a
eukarvotic cell or as an mfermediate vector m the production of a vector to be mtroduced
mto a enkarvotic cell (e.g. amphfying a plasmid as part of a viral veclor packaging
systern}. A prokaryote may be used to amplify copies of a veetor and express one o more
mucleic acids, such as to provide a sowrce of one or more protems for delivery fo a host
cell or host organism. Expression of protems m prokaryvoles may be performed using
Eschericlua cob with veciors containing constitutive or mducible promoters directing the
expression of etther a CasY protem or a fuston protein comprising a Cas® protem or a

fragment thereof. Fusion vectors add a sumber of anuno acids to a protem encoded
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therent, such ax to the amino termums of the recombinant protein. Such fusion veetors
mMAY Serve one of more purposex, such av (1) to increase expression of recombunant
profetry; {11} 1o mcrease the solubilty of the recombmant proteny (1) fo aid m the
purtiication of the recombmant profein by acling as a ligand 1 athnity purification {eg.. a
His tag); {1v) to tag the recombsmant protein for idemtification {eg. such as Green
fluorescence protein (GFP) or an antigen (e.g., an HA tag such as SEQ ID NOs:6 and 7}
that can be recognized by a lsbelled antibody); (v} o promote localization of the
recombitant protein to a specific area of the cell (e. g, where the Cas9 protein 15 fused
{e.g., at its N-tepminus or C-ternunus) to a nuclear localization signal (NLS) which may
melude the NLS of SV40 {eg. SEQ ID NOs:4 and 5, which 1s a monopartite NLS),
aucleoplasmim (which comprises a bipartite signal of two clusters of basic amino acids
separated by a spacer of abont 10 anuno acids}, C-mye, M9 domain of hnRNP Al, or a
syrithetic NLS (e.g., SEQ ID NOs:8 and 9)). The maportance of nenfral and acidic amino
acids m NLS have been studied. {See Makkerh ef o/ {1996} Curr Biof 6(8%1025-1027}.
Often, m fusion expression vectors, a proteclvtic cleavage site 1s mtroduced at the junction
of the fusion moiety and the recombinant protein to enable separation of the recombinant
protein from the fusion motety subsequent to purification of the fusion protem. Such
enzymes, and thenr cognate recogmition sequences, include Factor Xa, thrombin and

enterolinass.

[0070] The presently disclosed methods may include delivering one or more
polvnucleotides, such as or one or more vectors as described herein, one or more
fransernipts thereof. and/or one or proteins transcribed therefiom, to a host cell. Further
contemplated are host cells produced by such methods, and organisms {such as animals,
plants, or fung) comprising or produced from such cells. In some embodunents, a
CRISPR enzyvme {eg.. Cas? profemn) m combination with (and optionally complexed
with} a guide sequence 1s delivered to a cell. Conventional viral and non-viral based gene
transfer methods can be used o miroduce mucleic acids i mammahlian cells or target
fissues. Such methods can be used to adnunister nucleic acids encoding components of a
CRISPR systemn to cells i cublure, or in a host organism. Non-viral vector debivery
systemns inclide DNA plaspuds, RNA {eg a trapsenipt of a vector described herem},

naked nucleic acid, and sucleie acid complexed with a delivery vehicle, such as a
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hiposome. Vial vector delivery svstents mclude DNA and RNA viruses, which have either

episcmal or integrated genomes after delivery to the cell

[0071)} in the methods contemplated hereur, & bost cell may be transiently or non-
transtently franstected (i e, stably transfected) with one or more vectors described herein.
In some emboduments, a cell i1s ransfected as of naturally ocours w a subject (e, m sifu}
In somie embodiments, a cell that 1s ransfected 1 taken from a subyect (f.e., explanted). In
some embodiments, the cell 1s derived from cells taken from a subject, such as a cell line.
Swfable cells may melude stem cells {e g, embryvomic stem cells and plorpotent stem
cells). A cell transfected with one or more vectors described herein may be used to
establish a new cell hine comprising one or more vector-derived sequences. In the methods
contemplated herein, a cell may be transiently transfected with the componenis of a
CRISPR system as described herem {such as by iransient transfection of one or more
vectors, or transfection with RNA), and modified fwough the activity of a CRISPR
complex, m order to establish a new cell line comprisimng cells contaming the modification

but lacking any other exogenous sequence.

[0072] The methods, vectors, and systems described herem may be used to
produce a non-lnnpan transgenic amumal or a iransgemc plant or algae. Transgenic
anunals mav mclude a manumal, such ax a mouse, rat, or rabbit.  Metheds for producing
fransgenic plants and amimals are known m the arl, and penerally begin with s method of

cell fransfection with one or more vectors as contemplated herem.

EXAMPLES
[0073] The following Examples are illustrative and are not mtended to himit the
seope of the claumed subject matter,
[0074] Example 1
[0073] Reference is miade to Zhang & al, “Processing-Independent CRISPR

RNAs Linut Nahwal Transformation in Neisseria meningitidis™ Molecular Cell 50, 488-

503, May 23, 2013, the contents of which are mncorporated heremn by reference.

[0076] Abstract
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(0077} CRISPR mterference confers adaptive, sequence-based inununily against
viruses and plasmids and ix specified by CRISPR RNAs {erRNAs) that are ranscribed and
processed from spacer-repeat unus. Pre-oyBNA processing is essential for CRISPR
mnterference m all systems studied thus far. Here, owr studies of orRNA biogenesis and
CRISPR mterference m naturally competent Aeisseria spp. reveal a umugue ©RNA
maturation pathway i which orRNAs ave transcribed fromn promioters that are smbedded
within each repeat, vielding orRNA 5 ends formed by transcription and not by
processing. Although orRNA 37 end formation involves RNase T and #ans-encoded
ractRNA, as m other Type I CRISPR systems, this processing is dispensable for
mierference. The meningococeal pathway is the most streambmed CRISPR/cas system
characterized to date. Endogenons CRISPR spacers it natural transformation, which 13
the primary sowree of genetic variation that contribufes to mnwme evasion, antibiotic
resistance, and virulence i the nunan pathogen N meningitidis. Highlights of these new
CRISPRS mclude the following: unlike previously described CRISPRs, each Neisseria
repeat carries ifs own promoter; pre-crfRNA processing 13 dispensable for CRISPR
mterference m Neisseria spp; CRISPR mterference blocks natural transformation i the
pathogen N, meningitides; and Neisseria CRISPR/Cas systems are the most streamiined

observed to date

[oo78] Introduction
[0079] Chustered, regularly mterspaced, short palindromic repeat (CRISPR} loci

confer sequence-based, adaptive mmnunuty aganst virus mfection and plasmid conjugation
i bacteria and archaea (Hafi et al., 2005; Makarova et al., 2006; Barrangou et al., 2007;
Tems and Terns, 2011; Wiedenheft et al, 2012). CRISPRs consist of short repeats
separated by sipularly sized, non-repetitive sequences called spacers, which are derived
from previously encountered invasive sequences such as viral genomes or plasnuds
{Bolotin et al., 2005, Mojica ef al, 2005; Powvcel ef al, 2005). CRISPR loci are
transcribed as long CRISPR RNA (arRNA) precursors that are processed mto simall
crRNAs (Brouns et al., 2008; Hale ef al, 2008} Pre-crRNA transcription is generally
driven by promoters withm “leader™ sequencex outside of the CRISPR array. The ctRNAs
assemble with CRISPR-associated (Cas) protems imto complexes that cleave

complementary “protospacer” sequences within wmvasive nucleic acids, a phenomenon
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lwowa as CRISPR mferference {Karguiov and Hannon, 2010 Marraffini and Sontheuner,
2010; Terns and Temns, 2011 Wiedenheft ot al, 2012). The sequence mformation m
crBNAs is used to guide Cas complexes o their fargets on viruses and plasiuds, leading
io thewr destruction (Bamangou et al. 2007, Brouns et al, 2008, Marmafiiu and
Sontheumer, 20808, Hale et al, 2009, Garneau et al., 2018; Westra et al., 2012). Most
CRISPR/Cas systenw cleave mcoming DNAs (Marraffuu and Sontheimer, 2008; Garneau
et al., 2010; Westra et al., 2012}, though RNA-cleaving sysiems have also been identified

{Hale et al., 2009, 2012; Zhang et al., 2012).

[0080] CRISPR/Cas systems have been classified into types I I and III based
primarilv on thew cas gene complement (Makarova et al., 201 1a). Commion to all of these
three types is that the CRISPR amray 1s transcribed as a multimeric pre-ctRNA that is
processed mto ctRNAs that each contam an mndrvidual spacer Hanked on one or both sides
by partial repeat sequences {Bhaya et al, 2011). However, the molecular events
nnderlving processing dramatically differ. Whereas m Type I and T systems the
processing enzyies are encoded within the CRISPR/cas locus, Type II systems use the
host enzyime RNase I (encoded by the rnc gene} and a noncoding RNA called racrRNA
{Deltcheva et al., 2011}, In Streprecoccus pyogenes SF370, an rec muntant abolishes the
function of a Type I CRISPR/cas tocus, mdicating that pre-crRNA processing is essential

{Deltcheva et al., 2011}

[o081] The importance of the Tvpe I CRISPR/Cas pathway has been dramatically
enhanced by its development mto a syvstem for RNA-guided DNA cleavage in vifre (Jinek
et al., 2012} and genome editmg in vive (Jinek et al., 2013; Cho et al, 2013; Cong et al.,
2013; DiCarlo ef al, 2013; Hwang et al., 2013: hang et al., 2013; Makl et al, 2013). Ow
ability to exploit this new technology frther will depend on a deeper understanding of the
underiving molecular mechamsms, and will be mereased by the charactenization of
systems that are as simplified and streamimed as possible. Type IT CRISPR/Cas locy,
which are found in bacteria but not archaea, usnally contan four cas genes: casf, cas?,
cas9, and etther csr2 (subtvpe II-A}) or cas4 {(subtype I-B) (Makarova et al., 201 1h). Cas®
is the effector protemn for the interference fimction of exwsting spacer sequences in the
CRISPR amray (Sapranauskas et al, 2011, Gasmmas et al, 2012; Jmek et al, 2012},

whereas the other protems are thought to be mwvolved i the acquisition of new CRISPR
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spacers. The tactRNA 1s essenfial for crRNA-directed DNA recogmtion and Cas9-
catalyzed DNA cleavage /n wiro, even with otRNAs that biypass processing {Jinek et al.,
20123 DNA targehing i both Type I and Type II systenis requires not only crRNAAarget
complementanty but also a protospacer adjscent mohif {PAM}, which is a short (2-5 nt),
conserved sequence just outside of the protospacer (Deveau et al, 2008; Howvath et al,

2008; Muojica et al., 2009, Sentenova gt al, 201 1; Sashital et al., 2012).

[0082] Although CRISPR terference was originally defined as a phage defense
pathway, CRISPR/Cas systems are now understood 1o play a broader role m hmiting
honizontal gene trapsfer (HGT) (Marraifint and Sontheuner, 2008). The three primary
routes of HGT are trapsformation, conjugation, and phage transduction, and the latter two
are well established as bemg subject to mterference by naturally occurning spacers.
Artificial means of fransformation (e.g. electroporation) can also be blocked by CRISPR
mterference (Marraffuu and Sontheimer, 2008; Deltcheva et al., 2011; Sapranauskas et al.,
2011; Semenova et al., 201 1), though natural transformation nses a very different DNA
uptake process {Chen et al, 2005). An engineered spacer can prevent nafural
wransformation specified by an S pvogenes CRISPR/caz locus transplanted mto
Streprococcus prenmonia {Bikard et al, 2012} However, although this artifictal system
suggests that natural CRISPR/Cas conlexts may do likewise, the fimdamental question of
whether native CRISPR/Cas systems play a role in natuwal transformation remams to be

addressad.

[0083] Strains  from the genus Neisserig serve as paradigms for natural
transformation, as they are competent during all phases of thew life cyele and use this
process for frequent genetic exchange {(Hanulton and Dillard, 2006). Although fimetional
CRISPR/cas systems have not been wleatified n Neisseria gonorrhoege, some strains of
Neisseriv lactamica and Neisseria meningitidis carry apparent Tvpe II CRISPR/cas loci
{Grissa et al., 2007). Menmgococct are obligate human connensals that can nvade the
bloodstream and cerebrospmal fhud (Bratcher of al., 2012}, and menmgococcal disease s

responsible for tens of thousands of deaths per vear {Stephens et al., 2007}

[0084] Here we characterize the CRISPR pathway in neisseriae and find that it

exhibits several umque features, most notably a streambined functional architecture that
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meiudes a previowsly noknown, processing-independent miode of orRNA biogenesis.
Furthermore, naturally ocowring spacers mateh sequences from other Neisseria genomes,
moludimg a prophage-like menmgococeal disease-associated (MDA} island that correlates
with mvasiveness and pathogemicity {Bille et al, 2005, 2008). We find that a natrve
menmgocaweal CRISPR/cas locuy prevents natiwal transfirmation of spacer-matched

sequences, suggesting that it can hiput the horizontal spread of vimlence genes.
[0083] Results

[0086] dRNA-seq reveals that each repeat in the Netsseria CRISPR carries its own

promoter. We analysed all 19 sequenced Neisseria genomes available m the NOCBI
database {fifteen from N memingitidis, three from N pgonorriicece, and one from N
lactamice) using CRISPRFinder (Grissa et al., 2007} op CRISPR: (Rousseau et al,, 2009).
We identified seven putative Type I CRISPR/cas loct: six in N mreningitidis strams, and
one m N lactamica 020-06. All were highly smmlar, and unhike other Type I loat
characterized previously {Barrangou et al., 2007, Deltcheva et al, 2011 Magadan et al.,
2012}, meladed a set of only three predicted protem-coding genes {vas®, casf and cas®)
but netther osn2 nor casd. To exanune the expression status of a representative locus, we
performed owr recently developed dRNA-seq approach (Sharma et al, 2010) on N
lactamica 020-06. We prepared two ¢DNA bibraries from total RNA nsing a strategy that
allows us to distmguish between franscripts with either primary or processed 57 ends: one
library 15 generated from unireated RNA, whereas the other 15 treated with terminator
exonuclease (TEX), which specifically degrades RNAs with 5’-monophosphate ends
{mchiding the abundant tRNAs and tRNAsj that are fonmed by processing. Primary
transcripis with 5 -triphosphate ends survive TEX treatmient, resultmg in thew relative

enrichment m the TEX+ bibrary.

[0087] Our global mapping of ¢DNA reads wdenfified a tractRNA and suwell
ctRNAs as highly abuadant classes of transcripts (Figure 1A), which suggests a highly
active CRISPR/Cas system. Reads obtained from the tractRNA locus reveal the existence
of two tractRNA forms {107 nucleotides {nt) and 91 nt] {Figure 1B} The treatment with
TEX elinunated the shorter tracrBRNA reads, which indicates that they are products of

processing as observed m a Type II-A CRISPR system {Deltcheva et al., 2011}, These

L
o
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sequencing results were confirmed by Northern analvses {Figure 1), In strikung contrast,
crRNAs were enriched rather thap depleted in the TEX-treated hilwartes {Figure 1D},
suggeshing that formation of many if not most orRNA 5 ends 15 processmig-independent.
TEX treatment did affect the relative amounts of mdividual orBRNAs for example.
crRNAs from spacars 4, 6 and 9 exlubited very similar vead counts in the waireated sample
but varied over & 5-fold range m the TEX-treated sanyple. These resulis suggast that the
crRNA pool contains some 5’ -monophosphorviated ctRNAs, the fractiont of which varies
from spacer to spacer. Northern blots confirmed the resistance of a population of mature,
~4&-nt crENAs, as well as a subset of longer crRNA precursors, to TEX digestion {Figure
1E). This aoRNA profile mndicates a different mode of orRNA biogenesis from that
reported for other Type I systems {Deltcheva ef al,, 2011). Intrigumgly, we noted that the
ternupal mne nucleotides of each CRISPR repeat exlubit sequence ballmarks of an
extended -10 box promoter elemient (Hook-Barnard and Hmnton, 2007} and that the TEX-
resistant crRNA 57 ends map 9-10 nt downstream from the center of each such element

{Figure 1D}

[0088] cRNA biogenests m Neisserdn Inctamica depends on single promoter

clements 1o each CRISPR repeat. The dRNA-seq results and -10 box smlarity suggest

that 1 &, Joctandca 020-06, each CRISPR repeat cammies s own nummal promoter, and
that pre-ctRNA transcription mnitiates independently within each spacer. As an mitial test
of thus hvpothesis, we designed a series of transcriptional green fluorescent protemy {gfp/
fusion constructs contaming either single or multiple CRISPR repeats, mtroduced these
constructs mto £. coli, and analysed cellular GFP fhiorescence. As shown i Figure 24,
the gfp fusion comstruct with a wild-type CRISPR repeat led to robust cellular
fluorescence, whereas a fwo-nt substitution i the extended -10 promoter TG motif {Hook-
Bamard and Hmton, 2007} reduced gfp expression to background levels. Constructs with
gfp fused to three CRISPR repeat-spacer winls mereased the fuorescence signal almost
two-fold, consistent with the possthility of increased transcription from the mmultiple
repeats. We obtamed sinular results using repeat sequences from a Tvpe I CRISPR/cas
locus m Camgpvlobacter jejunii NCTC11168 (Figure 2AY: this loens, bke that of N
fectamica 020-06, also contamns only cas®, cas? and cas? and has CRISPR repeats that
melude an extended -10 box consensus. Thus, our gfp reporter assavs prove that the

putative promoter elements i each ¥ lactamicea repeat are mdeed active m bacterial cells,

i

LVl
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and are bikely alse present i some other Type I CRISPR/cas Toci with sunilar, nunimized
cas gene content (Figwe 28 and Table 1) The Neisserdn and Campilobucter systems are
also vsual m that the ctRNAs and cas genes are franscnibed i the opposite direction,
and the CRISPR arrays lack recogruzable “leader™ sequences with extemal promoters.
Based on these considerations as well as wdependent phivlogenetic apalyses {Koonn and
Makarova, 2013; Chyvhinski et al, 2013}, we now coosider these vastant Type H
CRISPR/Cas loct as members of a distinet and newly defined subtvpe, Type I-C (Figure

2B).

[0089] To obtain additional proof that each N Jacramica CRISPR repeat carries its
own promoter element, we wed pwified £ coli 0 RNA polymerase (RNAP)
holoenzyme m #» vitre transcription assays with hinear DNA templates confaming either a
wild-fype or a nwtant repeat. A ifranscript of the expected length {168 nt) was obtamed
with the wild-type CRISPR repeat template (and with a comtrol -10/-35 promuoter
construct), but not with the mutated repeat {Figures 2C and ). This result demonstrated
that the extended -10 motif m the N lacwwnica CRISPR repeat was recognized even by
the heterologous . coli ¢° RNAP holoenzyme. These data show that aRNAs in N
{actamica exhibit a anique mode of ltogenesis wvolving transcription from extended -10

class promoters located within CRISPR repeats.

[0030] RNase TH is mvolved in 3° end formation of Neisserir arRNAs.  The

observation that ctRNA 57 ends correspond io sites of transcriphion mitiation i N
fectamica suggests a reduced dependence on processing relative to other CRISPR
sysiems. To detenmine whether this reduced dependence extends fo orRNA 37 end
formation as well or if 3" processing sfill occurs, and to extend owr studies to other
Nefsseria stramns, we deleted the rmc gene {which encodes RNase I} in N. meningitidis
WUE2594, and then compared the tractRNA and aRNA populations from this Arne
nmtant with wild-fype bacteria by northern analysis. As shown m Figure 2D, the Amc
strain exhibited a complete loss of the shorter {91 nt), TEX-sensitive fractRNA, mdicating
that the 5 end of thix RNA i3 generated by RNase HI-dependent processing as observed
previously m a Type II-A system (Delfcheva et al., 2011). We also observed dramatic
differences m the atRNA population m the Arne mutant: the 48-nt population 1s virtually

abolished, and longer pre-ctRNAs accunulate. This result strongly sugpests that Neisseria
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sppr. ofRNA 37 end formation depends upon RNase 1T rather than dwect transcription

termination,

[0091] Repeat/spacer organization and potential targets of Neisserda Tvpe T-C

CRISPR loci. Having defined unigue features of CRISPR/Cas systems i nesseriae, we
tarned owr attention fowards fmctional analyses, begmming with an exanunation of
{RISPR organuzation and spacer content, Of the 103 spacers found m the seven CRISPR-
positive genomes {Figure 3A and Table 2), one 15 29 nt long while all others arve 30 nt. All
sevenn CRISPRs have the same 36-nt repeat consensus, with only a few repeais that
deviate from thus consensus {Figure 3A and Table 3). Imnigmingly, the polanity of spacer
conservation i3 opposite to that penerally observed m other CRISPR loci Conserved
spacers that are shared among multiple strams m Neisserie spp. {color-coded m Figure
3A) are enriched at the upstream end of the array (relative to the direction of transcription)
but are far less comumon at the downstream end. In contrast, other CRISPRs described thwms
far have the most recently denved and therefore least conserved spacers at the upstream
end, 1.e., proxunal to the promoter {(Makarova et al., 2011b). This observation suggests
that new spacer acquisition in neisseriag, and perhaps m other Tvpe II-C loet, ocours at the
downstream end. In addition, deviations from the repeat consensus are most conupon at
the upstream end m neisseniae {Table 3), whereas other CRISPRs most frequently exinbit
the opposite tendency. Although technical himitations have thus far precluded direct tests
of spacer acquisition m neisseriag, several considerations miske 1t likely that these
CRISPRs are competent for the adaptive component of the pathway. Fust, Type I-C loct
are relatively common, with many more apparent examples among sequenced bacterial
genontes than Type II-B loci {Chylinski et al., 2013). Tt 15 undikely that type H-C systems
would be so widespread if they were unable to provide adaptive protection to their hosts.
Second, despite the conservation of the Type H-C loct n closely related Neisseria strams,
there are many differences m spacer content (Figure 3A). This imphes that these CRISPR
loct are fhud, 1e. can adapt by adding and deleting spacers. Thurd, reports from other
systems mdicate that cas/ and cas? can suffice for spacer acqusition { Yosef et al., 2012).
It 1s therefore plausible that cas/ and cas? hkewise suffice for adaptation m Type [-C

systerns,

T
Cad
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{0092} BLASTN searches with the 83 unigue spacer seguences for smular
sequences in the NCBI database allowed us to identify at least one potential target for 35
{~42%) of them. For sunplicity we requived erther a perfect match, or at most a smgle
mismatch m the 10 protospacer nucleotides furthest from the PAM (1., well outside of
the presumptive “seed” sequence that requuires perfect complementarity for interference}
{Sapranauskas et al., 2011; Semenova et al, 2011, Wiedenheft et al., 2011; Jinek et al,
20123, Figure 3B shows representative protospacer sequences that match CRISPR spacers
from N meningitidis stram 8013, representative protospacers that match spacers from all
strams are shown m Figure 9. Profospacer aligiunents reveal an apparvent PAM of 5°-
NNNNGATT-3" (Figures 3B and 9). Of the 325 distinct candidate protospacers that maich
these 35 CRISPR spacers, all are m Neisserfar sequences: 248 {76%) m N meningitidis
genomes, 69 (21%) n N gonorrhicese geaomes, 6 (2% 1 N lactamica plasnuds, and 1
each m N meningitidis and N flavescens plasmids. In some cases (shown i Figures 3B
and @), potential protospacers are present in the same genome as the targeting CRISPR
spacer, suggesting the potential for autoummumity (Stern et al, 2010} However, these
protospacers all include significant deviattons from the PAM consensus, perhaps
explainmg the apparent lack of self-targeting that 1s tmphied by the persistence of the
matchmg protospacer. Intnigningly, 22 out of 35 CRISPR spacers (shown m Figiwes 3B
and 9) with identifiable targets match at least one potential propbage sequence {Table 4},
meluding the mwenmgocnccal discase-associated (MDA} island that ix associated with

mvasiveness and pathogenicity i young adulf patients (Bille et al., 2005, 2008).

[0093] CRISPR mterference blocks patural transformation in N meningitides.

The preponderance of protospacers in Neisseria spp. genomes suggests that the
CRISPR/cas loct could interfere with natural transformation. For our functional analyses
addressing thus possibility, we focused on N meningitidis 8013, primanly because it
exhibits the most robust transformation competence m our hands. For transformation
assavs we nsed the vector pGCC2, wluch contains an ervilwomycin resistance gene
{ermCy and polvhnker mseried info sequences from the gonococcal letPlaspC locus
{Figure 4A) Upon transformation mfo N. peningitidis, homologous recombination nto
the menmngococcal lotPlaspC locus leads to ey msertion and ervthromycom-resistant

o Ry . . . : .
{Ermy } transformants. We selected potential natural target sequences, mcluding ten or
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more wicleotides on both sidex of the protospacer, for seven of the spacers of N
meningitidis 8013, namely spacers 8, 9, 16, 17, 18, 23, and 25 {Figwres 3B and 10} Upon
cloning them mwfo pGCC2, the resulting vectors were nsed m hqud-medinm natural
transformation  assays wmtoe wild-type 8013 cells, snd tansformation frequencies
{antibiotic-resistant ofn ml™/total ofy ml™) were determined. For comparison we also
cloned a spacer 1 target without any flanksng sequances. The resulis are shown m Figire
4B. Empty pGCC? exhibited a transformation frequency of 3.9 x 107 {Table 5, consistent
with previous reports {Rusniok et al., 2009}, Plasmuds carrying targets for spacers 1, 16,
18 and 23 all exhibited transformation frequencies of 2-4 x 10 (Table 5), i.e. comparable
1o that of the empty vector. The cloned protospacers in these plasmids either lack flanking
Neisserin sequences or have flankmg sequences that deviate significantly from the PAM
consensus (Figures 3B and 10}, In contrast, protospacers 8, 9, 17 and 25, all four of which
have flanding sequences that conform to the PAM consensus, consistently failed to vield
transformants, mdicating that they hkely elictied CRISPR mterference. Protospacers
matchmng CRISPR spacers 9 and 25 (Figwe 10) cloned nto a different transformation
vector, pYZEJS(40 {(which confers chloramphenicol resistance), for targeted mtegration
mto the distinet capsule locus also vielded no transformants (Figure 11), demonstrating
that the observed effect was mdependent of the vecior, the mtegration locus, and the

selectable marker.

[0094] To exanune targeting requirements fiwther, we generated a seriex of
nmtations m the protospacer or flanking sequences of the pGUC2-derrved plasmid
fargeted by spacer 9 {Figure 4C). Substitutions of two consecutive mucleotides within the
PAM or the seed sequence of the protospacer yielded plasmids with transformation
frequencies comparable to that of the empty vector (mutants 3 and 3; Figure 4C and Table
3. mdicating that mterference was abolished. In contrast, two-nuclectide substitutions m a
non-PAM flanking region, substitutions 1n non-seed protospacer positions, small deletions
at the PAM-distal end of the spacer, or a wild-fype protospacer cloned m the opposite
ortenfation all bad no effect on mierference (mutantx 1, 2, 4, 6, 7 and 8). All of these
observations are consisient with previously defined characteristics of fimetional Type T
CRISPR/Cas svstems (Deveau et al., 2008, Sapranauskas et al., 2011; (Gasiunas et al.,

2012; Jmek et al., 2012}, mdicating that CRISPR mnterference is uuleed responsible for the

[¥3]
A
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observed effects on transformation frequencies. The effects of sungle-nucleotide mutations

m this apparent 4-nt PAM reman to be defined.

[0095] Gengtic analvsis of the N, meningitidis CRISPR/cas kocus. In other Tvpe I

CRISPR/Cas systems, Cas? is the only Cas protemn that 1s necessary for mterference
specified by existing spacers (Barvangou ef al., 2007 Deltcheva et al., 2011; Saprananskas
et al., 2011; Hnek et al., 2012}, To investigate if Type T-C CRISPR/Cas systems exhibit
the same Cas protem requuements, we mtroduced transposon msertion mutations i the
three cas genes — cas/, cas?, and cas® — m N meningitidis 8013 {Figure 5A). We also
generated an unmarked, m-frame cas9 deletion strain to avoid potential polar effects and
to generate a guaranteed null allele (Figwre 3A). We transformed wild-tvpe and pmstant
strams with & pYZEJS040 construct carrying protospacer 25 {as in Figare 11B), and
compared their transformation frequencies with those of emipty pYZEJS040. As expected,
the empty vector readily transformed all stramns, with transformation frequencies m the
range of ~0.5-7 x 107 (Figure 5B and Table 5). No transformants were observed when the
protospacer 25 constuct was used with wild-type cells, indicating effective CRISPR
mterference. Simularly, transposon insertion pntants m cas/, cas2, or a control yrelevant
gene {casi  Tu, cas2.'Tn and 1851 Tn, respectively) exlubited complete uterference,
consistent with previons results mn Type I-A systems (Sapranaunskas ef al, 2011} In
contrast, CRISPR function is abolished m both the transposon-induced {(cas@: 7} and
deletion {Acas¥) pmstations m cas?, The CRISPR mterference defect of both alleles could
be complemented with wild-type cas? under the control of its native promoter {integrated

chromosomally via pGCC2), whereas empty pGCC2 had no effect (Figure 5B).

[0096] Previous studies of cas¥ orthologs from S thermophiius and S pyogenes
wlentified two distinet active sitex 1 RuvC-like and HNH nuclease motifs that are
mnportant for Cas9 function i vive and i1 vitre {Sapranauskas et al., 2011 Gasnmas et al.,
2012; Jmek et al, 2012). We engineered alanmme mutants in comesponding catalytic
residues (D16 m the RuvC domain and H38R mn the HNH domain} and tested the abilities
of both single mufants to complement the interference defect of the cas9:: T mutant. Both
alamine mutants failed to restore mterference (Figure 5B). Altogether these analyses

demonstrate that the Nefsseria Type TI-C CRISPR/Cas svstem requires cas® but not cas?

Rpa
)
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ot cas? for mterference of natural twansformation, and that the presence of mtact RuvC-

like and HNH motifs are sssential for crs@ function.

[0097] RNase JH-catalysed pre-orRNA processing is dispensable for Tvpe H-C

CRISPR nferference. Two additional loct — srocrRNA and rec (the gene encoding RNase

T} — have been shown to be essential for crRNA processing and mterference m the Type
I-A sytem of 8 pyogenes SF370 (Deltcheva et al, 2011) The unique Neisserig
biogenests pathway described above, i which repeat-driven promoters vield ctRNAs with
nnprocessed 57 ends, raises questions about the roles of fracrRNA and RNase I i this
Type I-C system. To exanune this issue, we generated N meningitidiz 8013 dertvatives
carryving a trapsposon-mduced allele of swe, or a complete deletion of either rec or
tracrRNA (Figare 5A). These stramns were tested in higmd transformation assays as
described above, using pYZEISQ40 and s protospacer 25-bearmg derivative. The results
are shown m Figure 3. The AfracrRNA4 strain was conpletely defective m CRISPR
mterference, but the defect was restored npon mtegration of a rracrRN4 gene with ifs
native promoter m a distinet chromosomal locus. These results are consistent with the
strict requurement for S pyogenes tractRNA fior pre-crRNA processing and mnterference in
vivo (Deltcheva et al., 2011}, as well as crRNA-dwected, CasS-catalyzed DNA cleavage in

vitro {Tinek et al., 2012} and in enkarvotes {Cong et al., 2013).

[00398] Intriguingly, despite the previously demonstrated mmportance of the
fractRNA as a gmide for RNase IH-mediated processing, we detected no mterference
defect in either the e, Ti or Arnc moutants (Figure 5C). This result is i stark contrast to
that observed m the Type T-A system m 8 pyogenes SF370 (Delicheva ef al, 2011). The
lack of an mterference defect was observed with a vector that is targeted by an internal
spacetr (spacer 9; Table 5} as well as a ternunal spacer {spacer 23; Figure 5C and Table 5}.
Northemn analvies revealed clear processing defects @ both oRNA {(Figire 5D) and
tractRNA (Figure 5E) for the N meningitidis 8013 rpeo:Tr mmtant, consistent with the
results described above with & Arne mufant m the WUE2594 stram background (Figure
2D, Matare, 48 ot oRNAx are vutually absent in the e T nmtant, and longer
precursors accnnndate {Figures 5D and 12). CrRNAs are also strongly depleted m cas?
mutants, but mndike m the recs:Tr mutant, pre-ctRNAs do not accunmilate. The latier

observation suggests that Cas9 iz ynportant for crRNA stability but not processing, or that

L¥ ]
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{as9 functions i processing and alve stabilizes uaprocessed precursors. We conclude thet
the N meningitidis Type II-C CRISPR/Cas system, undike all other CRISPR/Cas svstems
characterized fo date, does not requimre pre-crRNA processing for mterference activity.
RNase I-catalvzed pre-ctRNA processing oconrs within the baclenial cell buat
dispensable for mterference. The tracrBINA requurentent likely raflects its mvolvemeant m
target DNA binding and cleavage by orRNA-programuned (as9, as observed in vifro

{Jmek et al, 2012},

[0099] CRISPR inferference himits transformation by Nelfsserio genonye DNA.

Plasmids ave vare my N meningitidis (van Passel et al., 2006}, and Neiwserde genomie DNA
{gDNA} 1 thought to he the most frequent substrate for natural fransformation {Havulton
and Dallard, 2006). To test whether owr resulfs with £ coli-isolated plasnuds extend to
Neisseria gDNA, we generated strains carrving a selectable marker tightly linked to a
validated target (protospacer 25). We used the cas¥:: 7w stram to enable fransformation
and mtegration of both empty pGCC2 {Figure 4A) and profospacer 23-contammng pGCC2
mto the meningococeal chromosome (Figure 64). We then isolated gDNA from these
strains and used them as donors n hquid-medium transformation assavs with wildtype &
meningitidis 8013 cells. Transformants (transformation frequency of 1.6 x 107; Table 5)
were readily obtained using DNA that lacked protospacer 25 adjacent to the ermC marker,
whereas no transformants were observed when the protospacer was present (Figure 6B,
left panel). Sinular results were obtained with gDNA strains carrving the €47 marker at
the capsule locus with and without tighth-linked protospacer 25 (Figures 6 and 114, and
Table 53, mdicating that the mterference effect was not marker- or locus-specific. We
conclude that CRISPR mterference iz effective agamst the most conunon natural substrate

for transformation m N meningitidis.

[00100] The potential target spectium of Neisseric CRISPR loci. [n silico target

analysis for N weningitidis 8013 CRISPR spacers i1s summarized m Figore 3B and m
nwich greater detail as part of Figure 9 and 12. Nine out of the 25 spacers have potential
targets that match genomic sequences of N meningitidis and N gonorrhoeae strams.
Some of these spacers have potential targets either located within known NY (Neisserial
filamentons) prophages or i genes annotated to encode putative phage-assocated

proteins, For example, spacer 8 muatches to genes (NMBI1628 and others) encoding

[¥3]
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putative surface antigen tspB proteins that are pbage adsorption protemn homologues;
spacer 9 has twelve protospacer matches that are all m the mtergenic regions between
genes encodmg phage assemibly protems (NGO1138 and others) and the tansposases
PrvINMirg (NGO 137 and others) i N, gonarrhoeae genomes; spacer 17 targets mulhiple
genes {(NMB1749 and others) encoding zonwla eecladens toxin family protemns known to
he Nf prophage assembly/stractural proteins (Figure 3B and Table 4) (Kawai et al., 2005,
Skaar et al., 2005). In addition, spacers 21 and 23 both have a single match fo genes
encoding phage-associated proteins (Figiwe 3B and Table 4}  Importantly, there are
spacers that match to Neisseric genomic sequences{(x) not related to known phage or
mobile elements at all {to the best of owr knowledge), such as spacer 14 {two matched loci,
one a hypothetical protem and the other an infergenic region), spacer 25 {a predicted DNA
hindimg protemn}, spacer 16 {a predicted deacetviase), and spacer 18

{hemagglutinnyhemolysm family protems).

[00101] We also performed #n sifico target apalyses in a more prophage-directed
way, we examined the available hiterature for reported Neisseria prophage and mobile
element sequences (Masignani et al., 2001 ; Braid et al., 2004; Bille et al.,, 2003, Kawai et
al., 2005; Skaar et al., 2005; Joseph et al., 2011} and then searched them for maiches to
any of the 325 Neisserig protospacers. Overall, among all the 35 umaque Neisserio spacers
with potential targets, 63% {22/35) maich a phage-related protospacer by this criterion
{Table 4). We noted that apparent prophage targeting by the N menmgitidis WUE2394
CRISPR s particularly extensive, accounting for 6% {36/52) of all the phage-related
potential matches shown m Table 4. We speculate that the presence of a functional Type
H-C CRISPR/Cas system with a dozen prophage-matched spacers has contriltnited to the
lack of Nt prophages m the N meningitidis WUE2594 genome (Joseph et al., 2011 and
our observations;. The genes most frequently matched {67 out of the 325 profospacers) by
Neisseria spacers are those encoding homologues of PivING/PrvINMirg putative
fransposases and recombinases {Kawai et al., 2005; Skaar et al., 2005} The fact that these
genes are usually adjacent to and probably functionally associated with putative Nt
prophage and msertion sequences {Skaar et al., 2005, Kawar et al,, 2006) suggests that
Neisseria Type H-C CRISPR/Cas system interferes with the accqusition of Nf prophagex

by targeting thew PrwNG/PivNM/rg transposase-encading loct.

(]
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[00102] We also observed that the candidate phage-related CRISPR targets almost
exclusively belong to filamentous prophages {Table 43, mcluding the Skb MDA
{Menmgocoeeal Disease  Associated}  island  associated  with  mvasivensss  and
pathogenicify {Bille et al., 2003}, In contrast, several Mu-like prophages (Masignam ef al.,
2001; Braid et al., 2004; Joseph et al., 2011} from Neisserdn genomes had no CRISPR
spacer niatches {Table 43 The reasons for the difference in apparent URISPR targeting of

filamentous and Mu-like prophages are not known.
[00103] Discussion

[00104] CRISPR inferference and the third major pillar of horizontal gene transfer.

CRISPR/Cas pathwayx have been revealed as RNA-directed munune systens that protect
hacteria and archaea from phage mnfection and HGT (Karginov and Hannon, 201Q;
Marraffit and Sostheimer, 2010; Temns and Temns, 2011; Wiedenheft of al., 2012}
Several dozen bacterial species are known to be competent for HGT wvia natwal
transformation. Of this subset of bacteria, Nedsseria spp. are unusual m that their
fransformation competence 18 constitutive {Hanulfon and Dallard, 2006). Only a few
phages are known to mfect N meningitidis, and although conjugative plasnuds are present
m some meningococcal ixolates {van Passel et al., 2006}, trapsformation ix the major
mechanism for mobilization of meningococeal clromosomal lect {Moxon and Jansen,
2005). Neisserie genonue sequences are preferred substrates for natwal transtormation,
given that DNA uptake 15 strongly promoted by a short DNA uptake sequence {DUS) that
1z highly overrepresented m Neisserie spp. chromosomes {Budront et al., 2011} DNA
exchange 15 so frequent that the population structiwes of most netsseniae are effectwvely
pammictic, with hittle propensity for the emergence of clonal subpopulations (Smuth et al.,
1993). Frequent HGT m N. meningiridis 1s thought fo promote capsule switching and other
formos of antigenic variation, homalogy-based DNA repair, and other fimetions {Hanulton
and Dillard, 2006). Native CRISPR/Cas systems have previously been shown o prevent
phage infection (and, by inference, phage fransduction) and compugation, which constitufe
two of the primary routes of HGT. Our results reveal a role for a native CRISPR/Cas
systemt m preveating the third mam route of HGT, natural transformation. This is
consistent with recent reports that CRISPR/Cas systems can target loci that are already

gstablished in bacterial or archaeal clwomosomes (Bdgar and Qinwon, 201;
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Gudbergsdotty et al., 2011; hang =t al, 2013}, mdwating that nterference does not
depend on the mvasive DNA's route of entyy, Sipulatly, an engineered, heterologous
CRISPR/Cas system ifroduced info Streptoceccus pnewmonice can block nahwal
fransformation during active mfection m nuce (Bikard et al, 2012). We find that a native
CRISPR/Cas systemy in N meningiridis can block the transformation events that can be so
nnporiant for inunune evasion and other critical aspects of mvasiveness and pathogetucity.
Intrigmingly, the ability of native CRISPR systems to block natural franstformation would
be expected to enable the selection of spacers that discrinupate agamst speetfic
chromosomal loct that negatively affect the fitness of certam stramns or under certam

conditions.

[00105] Although relatively few phages are known to mfect N meningitidis, they
are not unknown (Kawa et al., 2005). Several genonnc islands have been identified that
resemble phages and could therefore represent prophage sequences {Bille et al., 2005,
2008; Joseph et al, 2011). One such sequence, the MDA island, comelates with
mvasiveness and pathogenicify mn voung adults (Bille of al., 2005, 2008). The existence of
mumercus CRISPR spacers with the potential to target these sequences suggests that
CRISPR nterference plays a role 1 shaping prophage content and servex phage defense
functions m N, meningitidiz, as elsewhere. CRISPR miterference conld lunit the spread of
prophages via etther fransformation or mfection. Accordingly, CRISPR mferference could
pegafively correlate with meningococeal pathogenicity, as suggested m enterococct
{Palmer and Gilmore, 2010) and streptococct (Bikard et al, 2012} Altematively,
menngococcal Cas9 counld participate 1in other regulatory events that contnbute o

pathogeaicity, as suggested very recently {(Sampson et al., 2013},

[00106] It is noteworthy that many N meningitidis and N, lactamica strains encode
CRISPR systerns, while strams of the closely related N gosorriivese with cleatly
functional CRISPR systems have not been identified. Tt is believed that these organisms
sphit mn relatively recent fimes {100,000 vears ago), evolutionanly speaking, but exact
gstimates have been stymied by the large recombination frequencies in these speciex
{Bennett et al, 2010}). I 15 equally possible that the nasopharvngeal-localized species
gamed the system after the sphit, or that N gonarrfoeae lost the CRISPR system after the

split. Both pathogens have been suggested not fo establish long-lasting clones and tend
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towards lutkage equilthrinm (Buckee et al, 2008). It mav vot be comcidental that &
meningitidis cames a CRISPR system and can develop semi-clonal lineages {Bart et al,
2001), grven that the CRISPR system could provide a short-ferm barnier to HGT. It 1s also
possible that the co-exustence of connuensal Neisseria species such as N lnctmmica and N
mesgngitidiz v the nasal pharyex (Fed and Spratt, 2001) selects for a system that bamis
genetic exchange, and mtrigmingly, some N lnctamica and N meningifidis isolates show
large amounts of exchange while others show lower signatures of exchange (Hanage et al.,
2003; Corander et al., 2012} In contrast, N gonorrfoeae inhabits a niche that 18 devoid of
other closely related bacteria that encode the DUS to allow efficient wransformation of

thetr sequences {Vazques et al., 1993, Cehovm et al,, 2013},

[00107] Towards a nummal CRISPR/Cas svstem. In CRISPR/Cas systems

mvesfigated to date, orRNAs are franscribed from an external promoter, generating a
multimeric precursor. The pre-orRNA 1s processed by endopucleclytic cleavage fo
generate mature orRNAs {Carte et al., 2008; Hawrwilz ef al., 2010, Gesner et al, 2011),
and processuig is essential for interference i vivo {Brouns et al,, 2008; Delicheva ef al,
2011, Hale et al, 2012; Westra et al., 2012). The potential presence of minumal and
apparcafly fortuitous prometer clements has been noted within certain CRISPRx of
Sulfolobus selfataricus P2, though theyv are not thought to accomnt for the hmctional
expression of orRNA and m fact appear to be suppressed by the repeat-bindmg protem
Cbpl (Deng et al., 2012). The resnlts presented here reveal that streantdmed CRISPRCas
systems exist m which pre-ctRNA processing 1s not essential {Figure 7). In CRISPR-
contamng strams of N. meningitidis and N. lactamica, as well as other species such as C
jejuni, the CRISPR repeats each contam an extended -1 box that drives transcription
mitiation within the downstream spacer. Thus, many orRNAs contamn 5™ -triphosphate ends

that are not subject to firther 53" -processing,

[00108] Like other Type II CRISPR/Cas systems, neisseriae produce a tractRNA
that apparently anneals to pre-crRNA and enables bmding and cleavage by a RNase HL
This reaction generates ctRNA 37 ends, and e pwitants accwpulate multimenic orRNA
precursors. However, these sne mufants exiubit no interference defect, mdicating that
processing s not essenfial. In addition, while the fracrRNA 15 essential for inlerference, its

role in directing processing Is not, siee processing 18 itself dispensable. Thix provides the
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first clear mdication that the tracsBRNA s requured for post-processing events such as

target DNA binding and cleavage m bacterial cells, as it &8 i vitro {Jmmek et al | 2012}

[00109] Among the three nain types of CRISPR/Cas pathways. the Type I systerox
are the sumplest ones characterized thus far, as judged by the munber of components and
essential steps. Both Type II-A and Type TI-B systems inclade the CRISPR ammay itself a
ractRNA, four protemn-coding genes encoded within the cas locus, and the host factor
RNase TH {Delicheva et al., 2011, Makarova et al, 2011b; Magadén et al, 2012;
Chyhnski et al., 2013). The Neisseria systems that we have characterized are even more
streamidined: they do pot require a separate leader sequence to drive orRNA transcription,
they lack one of the four cas/csn genes present in Type I-A or II-B systems, and they do
not requwe RNase I or orRINA processing. The Neisserin systems are among the
foundmmg members of a new CRISPR/Cas subtype {Type I-C) that is characterized by a
sipaller pumber of cas/csn protemss (Koo and Makarova, 20137 Chyhmska et al., 2013),

and m at least some cases by repeat-embedded promoters and processmg mdependence.

[00110] Importantly, recent reports have shown that Type II CRISPR/Cas systems
can be ported o eukarvotic cells and emploved for RNA-directed genome editing and
genome binding, including multiplexed apphications specified by multiple spacers {Jinek
et al., 2012, 2013; Cho et al., 2013; Cong et al., 2013; DiCarlo et al., 201 3; Hwang et al,,
2013; Mali et al., 2013; Qi et al., 2013). The Cas?9 effector proteins from neisseriae share
the conserved features observed in the 5. progenes and S thermophilus Cas9 enzymes
used m these studies {Chylinska et al., 2013). The fewer the fimctional requirements for
the operation of such systems, the greater thewr versatility and apphicability will be.
Separately encoded orRNAs and tracrRINAs are more efficient /» vive than smgle-guide
RNAs that combmne essential crRNA and tracrRNA domains i the same transeript {Cong
et al., 2013). Although endogenous eukaryotic activities can substitute for bacterial RNase
I to process tractRNA/pre-crRNA hybrids m human and mouse cells {Cong et al., 2013),
it 1s not known whether RNase I will be dispensable m other eukarvotic contexis, or
mdeed mn all manunalian cell types. Accordingly, the identification of processing-
mdependent CRISPR/Cas systems could merease the range of applications m enkarvotic
genome editing, especially mn hght of the potential toxmicity of bacterial RNase I

expression {Pmes et al., 1988). Such applications will benefit from further analysis of
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memngococcal Casd activity, mcluding the defistion of the presuoytive cleavage sites

relative fo the PAML

[00111] Expertmental Procedures
[00112] Bacterial Sirains, Plasnuds, and Oliconucleotides. N. laciamica 020-06, N.

mneningiticis WUE2S394 and 8013, and muifant denrvatives thereof that were used in this
study are histed m Supplemental Experimental Procedures, as are complete hists of all

plasmids and DNA oligonucleotides.

[00113] Mutant Strain Construction.  All mutants were confirmed by PCR and

DNA sequencing. Most mmfant sfrains were generated by transformation with
appropriately constructed plasmuds. For generation of the cas®, rmuc, and control
NMV 18531 transposon-induced alleles in the 8013 strain background, we used gDNA
from the corresponding nutant m the NeMeSys collection {Rusmick et al, 2009} to
transform 8013, For generation of the Arpc dentvative of 8013, we used gDNA from the
WUE2594 Arne dervative that was mitially made by a plasnud-based approach. For
complementation of cas¥. Tn, Acus®, and Arracr&N.4 pwtants, we cloned wildtype copies
of the relevant gene mnto plasnud pGCC2 and fransformed the resulting plasmids into the

parental mufant stram.

[00114] RNA Extraction and Depletion of Processed RNAs.  For 020-06,

WUE2594 and ity mwtant derntvatives, total RNA was extracted from frozen cell pellet
tysates using the hot-phenol method described previously (Blomberg er al, 1990} For
depletion of processed transcripts, equal amomnts of tfotal RNA were incubated with
Terminator™® exonuclease (TEX) (Epicentre} or in buffer alone as described (Sharma et
al., 2010}, For 8013 and its owtant derivatives, total RNAs were extracted from frozen cell
pellets using miRNeasy Mini Kit {Qiagen} with two addifional steps: a ten muntte mitial
cell lysis with lysozyme and Proteinase K. and a later on-column DNase digestion step

{the RNase-Free DNase Set, (iagen).

[00115] dBNA-seq. Libraries for Solexa sequencing (HiSeq) of ¢DNA were
constiucted by vertis Biotechnology A, Germany (hitp/fwww. vertis-biotech.com}, as

described previously for eukarvotic microRNA {Berezikov ef /., 2006) but omitiing the
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RNA wize-fractionstion step prior fo cDNA syothesis. ¢DNA libraries were sequenced
using a HiSeq 2000 machine (IMunuaa) m smgle read mode at the Max Planck Genome
Centre Cologne (Cologne, Germany). Data analysis was done as described {Chao et al.,
2012, with the only exception being that the mumimal read length after ttimmg and

chipping was 12 ot wustead of 20 at.

[00118] Transcriptional gfp Fusions. The wnserts used for the construction of the

franscriptional gfp fusion plasmuds were generated with synthetic DNA oligonucleotides.
E. cofi cells were transformed with these plasnuds and grown on agar plates for
fluorescence mmaging. To nweasure GEP fluorescence, single colonies were grown in LB

broth, fixed, and analyzed by flow cyvtometry.

[00117] In vitre Transcription. Templates for i vitro transcription assays were

PCR-penerated, gel-purified 210 bp DNA fragments amphified from pINHI3, pNH4, or
pNHI5. Trasseription reactions with sigma-satvrated E colfi RNA  Polymerase

holoenzyme (Epicentre) included o-[P}-ATP.

[00118] Natural Transformation. Natural transformation assays were performed as

described {Dufhn and Seifert, 2012) Transformation frequencies were reporied as
antibioticresistant cfu/mi divided by fotal cfivml from at least three mdependent

experiments {mean £s.em.).

[00119] Accesston Numibers. The Gene Expression Omunbus {GEO)} accession

psumber for the dRNA-Seq data reported m this paper 1s GSE44382.

[00120] Bacterial Strainy and Growth Conditions. N lecramica 020-06, N
meningitidis WUE2394 and 8013, and mutant derrvatives thereof that were used m this

study are listed below.

Strain names Relevant genotypes Source

N lactamica G20-06 Yild type Cir. Julia Beannelt

N meningfidis WUEZ534 Wild type Or. Christoph Schoen iab

collaction

Arne This study

N meningifidis 8813 Yild type Cir. Hank Seifart lab colfleclion
1881 Dr. Viadimir Pelicic, genomic DNA
cass Tn Dr. Viadimir Pelicic, genormic DNA
el TH D, Viadimir Pelicic. genomic BNA
Ame This study
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cast Th This study
cas2 T Thig study
casd ThipGCC2 This study
cagl Tn plaCl2-casd wi This study
casy TnipBCCI-cass DiGA Thig study
cas®: ThipGLCi-cas? HABRA This study
Acash This study
AcassipGCC2 This study
Acas@pGLL2-cash wi This study
Alract This study
AfracripGCL2 This study
AfracrpGCC2-fracy This study
casl. ThipGLL2-protospacer2h This study
cast TnipYZEJS040 This study
casy TnipY ZEJSQ30-profospacer2d | This sludy

[00121] Strain 8013 and its dertvatives were grown on GC Mediwm Base {(GUB)
{Difco) plates with appropnate antibiotics and Kellogg’s supplements T and I (22.2 mM
glacose, 0.68 mM glutamine, 0.45 mM co-carboxvlase, 1.23 mM Fe{NOs)s; all from
Sigma). Antibiotic concentrations used for 8013 were 2.5 ug/ml for ervthromyeny, 50
ug/mi for kanamyein; 50 pg/ml for streptomyoeny; and 2.5 yg/ml for chloramphenicol. 020-
{6, WUE2394, and derrvatives thereof were grown on GC agar {Difco) with PolyViteX
{bioMerneux}, and with 7 pg/ml chloramphenicol when appropriate. All solid cultures

were ncubated at 37°C in a 3% CO; lmumidified atmosphere.

[00122] Liquid caltures of 020-06, WUE2394 and #ts derivatives were grown in a
37°C shaker-incubator at 220 rpm without added CO». Bacteria grown on Columbia agar
plates with 5% sheep blood (bioMenenx} were harvested and a starter culfure was
moculated to a final ODgp of 0.4 m a flask contaming 10 mi of Proteose Peptone Media
{PPM") medium supplemented with PolyViteX (hioMerteux). After one hour the starter
culture was used to moculate a flask contammng 25 mi PPIVY.«’Poiy\-’ HeX to a final ODge of
1.05. When the cultures reached pud-log {ODggs 0.5) or early stationary {ODgye 1.0} phase,
10 nd of cnlture were harvested. The cell samples were munpediately centrifuged for 10
min at 4,000 rpm. The cell pellet was frozen m hquid N» and stored at -80°C ontil RNA

extraction.

[00123] Mutant Strain Construction. Al mwtants were confinned by PCR and

DNA sequencing. PCRs for venfying strains or transformants were performed with Taqg or

OneTaq DNA Polvmerases (NEB) usmg either 10 ng of genomic DNA (25 cyeles) or 0.5
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gl CLS extracts {35 cweles) as templates. Chromosomal DNAs were isolated using

QlAamp DNA M Kit {Qiagen}.

[00124] The cas! and cas? transposon-mduced allelex weve made by transfoming
8013 with the plasmids pCR2 Veasl-Kan and pCUR2 1/cas2-Kan, respectively, followed
by Kan® selection. For generation of the cos$, rne, and control NMV 1851 transposon-
mduced alleles 1o the 8013 strain background, we used chromosmmal DNA from the
corresponding mutant m the NeMeSyx collection (Rusniok et al, 2009} to transform 8013,
and then selected Kan® transformants. The cas9: Tw mutant strain with a transposon
insertion after the 604 nucleotide of the ORF was constructed with NeMeSys mutant
23/6. The rrc::Tn pustant strain with a transposon insertion after S74% puclentide of the
ORF was constructed with NeMeSys mmtant 6/47. A conirol strain with a fransposon
insertion after the 22°° ORF mucleotide of gene NMV 1851 {which encodes a hyvpothetical
protein} was constructed using NeMeSyx pantant 73/5. The kar-narked ArrucrRNA stram
was made by transforming 8013 with plasmid pSMARTHCamp/Atracr+Kan, followed by

- R .
Kan™ selection.

[00125] The WUE2394 Arpe derivative was constructed by replacing the rne gene
with a kenamvcin resistance cassefte. WUE2594 was then transformed with the plasand
pBI1 and Kan® coloniex were selected. The Armc derivative of 8013 wax made by
transformmg 8013 with genomic DNA from the WUE2394 Arpe denvatrve, followed by

Kan® selection.

[00126] To create the wnmarked, m-frame Acosé allele {removing all ORF nts
except for the five N-terminal and five C-ternunal codons), we first selected a spontaneous
streptontvein-resistant (Sm™) nwmtant of 8013 by plating 3 x 10° wt cells on GCB plates
with 50 pg/ml streptomyein, and selecting an Sm® colony. We confirmed that it carried an
A128G substitution mn rpsl, vesulting i a K34R missense mutation. We then transformed
this Sm® derivative with plasmid pSTblue-1/Acas®/CdTrpsZ, in which a dual-marker
cassefte [C4T {chloramphenicol acetyltransferase) and wild-type rpsl] replaced most of
the cas® ORF. The resulting Cmn® transformants are also streptomycin-sensitive {Sm®),
since the Sm® phenotvpe conferred by the wildtype rosl 15 dominant over the Sm®

41286 gy o S R -
phenotype conferred by the rpsZ™°7 allele at the native locus. Sm™ Cm' transformants
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were then transformed with plasmid pSTblue-1/Acas?. S Cm® colonies from thix
transformnation were screened by PCR to confirm replacement of the dual marker cassatte

with the nnmarked cas? deletion.

[00127] For complementation of cas@:Tw, Acas®, and AtrocrRNS mutants, we
cloped wildiype copies of the relevant gene mito plasnnd pGCCE, transfonmed the
resulting plaspuds mfo the parental ounant stram, and selected ervibromivem-resistant

{Erm™} transformants.

[00128] To generate strains carrving a selectable marker tightly linked to a farget
protospacer {as a source of chromosomal DNA for genomie fransformation experiments),
plasmuds pGCC2 or pGCC2-MCE01 3spacer2y were transformed mito the cas¥:. 7w strain,
and Erm® transformants were selected. Similarly, pYZEIS040 or pYZEJS040-
MC8013spacer2s were transformed mito the cas®: 7w stram, and Cm® transformanis were

selected.

[00129] Plasmids. A complete list of all plasmids, as well as information on thew
construction, is provided at the ead of thus section. K. cofi Topll cells {Invitrogen} wers
used for all clomng procedures. All plasnud consfruchions were sequence-ventfied PCR

reactions for cloning were performed with Platimun Pix DNA Polvmerase {Invitrogen).

[00130] The mserts used for the construction of transcriptional gfp fusion plasmids
pNHI3, pNHI4, pNHIS and pNHIE were geserated by duplex formatton of
complementary DNA oligonucleotides. Oligonucleotide pans were IVO9335IV09538
and JVOOSITIVO9538 for Neisseria spp. wildtype {(pNHI3) and mutant {(pNH14}
CRISPR repeat consfructs, respectively; JVO939¥IVO9a01 for the wildtvpe CRISPR
repeat from Campyiobacter jejunii NCTC11168 (pNHI8): and VOIS IVOS344 for the
-10/-35 positive control promoter from T7Al phage (pNHI15). For each DNA duplex
msert, 100 nM sense oligonucleotides were annealed with equimolar amounts of antisense
ohgonncleotides at 95°C for 3 min, followed by slow cooling to room temperature. DNA
duplexes were digested with darlliNVrel and cloned mto Aafll/Nhel-digested pASG93. For
construction of 3y CRISPR-repeat-spacer upit-gfp transcriptional fusion plasnmud pNH17,

the plasmid pASO93 was digested with 4ariléNhel and hgated to 4ol Nel-digested PCR
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products amplified from N lectamice 020-06 clworsosomal DNA with pritoer pairs
JY ORI IVOR4R.

[00131) To generate the pBIl plastuid used for ereating the Arne nmation m
WUE2594, ~600 bp upstream and downstream of the mic gene were amplified with the
primer pairs nelime? and me3imed, respectively, using WUE2594 genomic DNA as
tempplate. The ohigomucleotides were modified so as to introduce BanHEEcoR] site at the
5" and 37 ends {(respectively} of the upstream frapment, and FcoRUHindHI sitex at the 3
and 3" ends (respectively) of the downsiream fragment. These fragments were cloned mto
the pBluescript I SK{+} vector {Invitrogen} along with an FroRI-digested fragment of
pUCHK {(GE Healthcare} containing the kanamycin cassette, vielding the kaock-out
plasnud (pBJ1) that contams the kanamvyem cassefte flanked on etther side by the

upstream and downstream regions of rre.

[00132] Short putative targets for stram 8013 CRISPR spacers 1 (30 nts), 16 {30
ats), 23 (50 ntx), and 25 {50 nfs} were created by annealing svithetic oligonucleotide pairs
OYZ0O01/0YZ002, OYZOOTOYZOUS, OYZRIT/OYZ012, and OYZOISAOYZ01G,
respectively. Longer (208, 350, 303, and 203 nt} putative targets for spacers 8, 9, 17, 18 of
8013 were PCR-anphified from the clvomosomal DNAs of N meningifidis stramm MCSE,
N gonorrhoes strain FA1090, and N meningitidis strams MC38 and 72491 respectively,
and digested with 4ot and Pacl. Primer pawrs for these PCRs were OYZ003/0YZ004,
QY Z00S/0YZ006, OYZ009/0YZ010, and OYZ013/0YZ014, respectively. All eight of
these putative targets were higated mto pGCC2 via il and Pacl sitex, to create pGCC2

derivatives for iterference fests.

[00133] pYZEISO40  (pSThiue-{iviad+CAT+erd} was  constructed by PCR-
amphifving three mdividual fragments: a 562nt sicd fragment from 8013 clwomosomal
DNA using primers OYZ036/0YZ037; a 56int cird fragment from 8013 clwomosomal
DINA using prumers OYZ04/0Y 7041 and a 123%at C47 cassette from the pGCCS vector
usimg primsers OYZ038/0YZ039. 100ng of each of the three fragments were added to a 50
ul PCR reaction withont any promers. After 15 cycles of PCR. outside primers
OYZ036/0Y 7041 were added and 20 move cyeles were performed. The ends of the 2.3 kb

fusion product siad-CAT-cird were bhnted, and the fragment was ligated mto the EcoRV
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site of pSThlue-1 to yield pYZEISO40. The pYZEISO40 dertvatives used in mterference
tests were generated by higating potential targats for 3013 CRISPR spacers 9 and 25 mnto

PYZEISG40 via the Aarl and Pacl sites.

[00134] To construet plasmid pCR2. Veas/-Kan, a 2.4 kb insert was PCR-amplified
from the chromosomal DNA of NeMeSys stramn 14/4 {Rusniok et al., 2009) using primers
OYZO60/0YZ061 . This insert, which contains a 1.6 kb Kan® transposon inserted into the
cas! gene, was cloned using Original TA Clomng Kit pCR2.1 {(Invitrogen) according to
the manufacturer’s mstructions. Smularly, plassud pCR2 . Veas?-Kan was created by
amplifying a 2.45 kb msert from the chromosomal DNA of NeMeSys strain 71/27 using

primers OYZ052/0YZ055, and clonmg that fragment into pCR2.1.

[00138] To create plasmids to be used in generating the unmarked Acas?® mutant,
genomic sequences upstream and downstrears of cas® gene were PCR amplified, fused
{ogether via overlapping PCR and cloned mto pSThlue-1. A 662 nf region contammg the
first 15 ot of the ces9 ORF and 632 nt upstream of cas® was PCR-amplified from 8613
genomic DNA using primers OYZ066/0YZ068. Sunilarly, a 517nt region containing the
last 15 nf of the cas? ORF and 487nt downstream of cas9 was amplified using primers
OYZ069/0YZ071. 100 ng of both PCR fragments were added to a 50 ud PCR reaction
without any primers. After 15 cveles of PCR, oniside prmers OYZD66/0YZ071 were
added and 20 more PCR cveles were performed. The resultmg 1.2 kb fusion product
meluded mternal Sofl and Spel sties (ongimally mcorporated m the primers). The ends of
the fragment were blunted, and the product was higated into the £coRYV site of pSThiue-1
to create plasimd pSThlue-1/Acas9+5a/-Spel. The Sall and Spel sites of this plasmid were
used to mtroduce a 1.6kb CAT-rpsZ dual marker cassette, and resulted in pSThlue-
VAcas®CdT-rpsi. The plasmud pSTblue-1/Acas?® was geperated sinularly: 647 nt and
502 nt genonuce fragments wpstream and dowastream of the cas? gene, meludmg the 15 nits
at each termunns of the ORF, were amphfied wsmg primers OYZ0665/0Y7067 and
QOYZO70/0YZ071, respectively, and then fused together by overlapping PCR. The 1.2 kb

fusion product was blunted and ligated into the FcoRV site of pSTblue-1.

[00136] To create pSMARTHCAmp/Afracr+Pmel, genomic sequences upstream

and downstream of the tractRNA region were PCR amplified and fused fogether via
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overlapping PCR. The 638nt upstream region and the 398nt downstream region were
amplified from 8013 chronwsomal DNA uung prmer pairs OYZOSI/OYZO82 aad
OYZORIOYFO84, respectively. 1) ng of both fragments were added to a 50 gl PCR
reaction withont any pruners, and after 15 oyeles, outside primers OYZOS1/OYZ084 were
added and 20 nyove cycles were performed. The 1.2 kb fuston product included as mternal
Pmel site (designed i the primers). The fragment was blunted and ligated mto vector
pSMARTHCAMP according to the mstructions for the CloneSmart Clonmg Kit
{Lucigen). The Pmel site was used to insert a 1.2 kb Kan® cassette that had been amplified
from NeMeSys nwrtant 23/6 chromosonwal DNA usmg printer pay OYZ085/QYZ086. This
vielded plasnud pSMARTHC Amp/Atracr+Kan.

[00137] Complementation  plasmid pGGCXpromoter+casPwt was created by
amphiymg the cas® ORF and its native promoter from 8013 genonue DNA using primer
pawr OYZ072/0Y 7073, digesting the PCR product with 4/l and Pacl, and then higating
it mto pGCC2 via the dedliPacl sites. pGGC2promoterHiracr was created by amplifving
the tracrRNA locus with its native promoter from 8013 genonne DNA usmg primer par
OYZ091/0YZ092, digesting the PCR product with darll and Pacl, then higating 1t mto
pGCC2 via the Aafll/Pacl sites.

Plasmids | Relevant characteristics I Seurce
Plasmids for /n vive interference assays

pY ZEISG01 pGUCE empty vector Dy Hank Seifert lab collection
pYZEIS0IN pGOC2-MOB01 3 spacer] targst This stady
pYZEISGL psOCZ-MORG 3 spacerk target This shady
gYZEISGE2 plsC02-MORG 3 spacerd target This shady
pYZEISOL4 pGOU2-MCOED 3 spacerit taget This study
pYZEISOLS pGOU2-MCOED 3 spacer T target This study
o YZEISOLE pGOU2-MOED 3 spaceri§ taget Tlis study
pYZEISHET pGUCE-MITRO1 3 spacer? 3 darget This study
pYZEISHI8 pGUCE-METBO1 3 spacer? 5 dargeat This study
pYZEISOE9 pGOCI-MCES1 3 spacer target nwatl This sty
pY ZEIS020 pGUCI-MCEG1 3 spacer? target nul This stiwly

pYZEISG21 plCU2-MOEI 3 spacer? target mmtd This shady

gYZEISG22 plsCU2-MORI 3 spacer? target mutd This shady

pYZEISO23 pGOL2-MUOED 3 spacer? farget mutd This study

pY ZEISG24 pGUC2-MITBO1 3 spacerd target nnud This study

pY ZEISG2E pGUCE-METBO1 3 spacerd target nniT This stady

pY ZEISG26 pGUCE-METBO1 3 spacerd target nnuf This stady

pYZEJSO28 pGUCS empty vector Dir. Hank Setfert lab collection
pYZEJS032 pSThhue-1 enpty vector Novagen

pYZEISG40 pSThive-1stad+Cd Trefrd This shudy

oY ZEISG42 ¥ ZEIS340-protospacerd This shady

pYZEISO43 pY ZEISG40protospacer2§ This study

LAy
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Plisinids for cveating the Aces? sirain

pYZEIS(33 pSThiue- b/ Acas9iSall+ Spel This sfudy

pYZEIS034 pSThlue-Vacas? This sfudy

pYZEISG3S pEThlve-1/ Acas@ 4 THrpel This study

Plasmids for eveating cacl--To and cavd:or T sivaing

pYZEISO37 pCR2. Veasi-Kan This study

pYZEJB038 pCR2. Vicas2-Han This study

Plasmid for creating the rye? complementation sirain

oY ZEISGL4 PO T-prometertoas? wt | This stady

Plasnids for cveatine Atracr strain

pYZEISOAL pSMARTHC Awypy' Adraer+Pmel This study

pYZEISGS2 pEMARTHU Aoy Avrger+Kan This study

Plasmid for creating tracy complementation strain

pYZEIS064 | pGCC2-promotertiracr | This stady

Plasmids for crending the Arac strain in N _meningitidis WUE2584

pBJ1 AFmre | This shady

Plasmnids for promoter cloning

pASO93 (P a2 mveR wanscriptional gfp fusion plasmid, | (Siitka et al.. 2008}
expressing consiutive gip

pASNE “gfp (Puan background control plasmid for {Sitiks et al., 2007}
transcriptional gfp fsion plasanid

pNHIZ (P Neisseria: CRISPR-repeat This study
transcriptional gy fusion plasnnd

pINHLS (P} Neisseria: nnidant CRISPR-repeat This stady
transcriptional gfp fsion plasanid

pINHIES (P T7 phage pramoter A1 transcriptional This study
2fp fusten plasandd

PINHIT (P} Netsseria: 3x CRISPR-repeat-spacer This stady
unit transcriptional gip fosion plasmid

PNHIS (Pr o} Cangrlobacter jefuni: CRISPR-vepeat | This study

B transcriptional gy fusion plasnnd

[00138] RNA Exfraction. Depletion of Processed RNAs, and Northern Blots. For

{20-06, WUE2594 and its mutant derivatives, frozen cell pellets from liqud cublures were
resuspended m lysis solution contamung 800 ul of 0.5 mg/ml bysozvoe in TE buiter {(pH
R.0) and 80 gl 10% SDS. Bactenial cells were lysed by placing the samples for 1-2
nunutes at 653°C m a water bath. Afterwards, total RNA was extracted from the lvsates
using the hot-phenol method described previously (Blomberg ef of., 1990}, For depletion
of processed transcrpts, total RNA was freed of residual genomic DNA by DNaxe I
treatment, and equal amounis of Neisseriz RNA were mncubated with Temmmnator 5°-
phosphate-dependent exonuclease (TEX) (Epicenfre} or m buffer alone as previously
described {Sharma et al, 2010). For amthern blot analysiz, 3 pg total RNA freed of
residual genomie DNA or 3 pg of TEX treated RNA was loaded per sample. After

separafion by electrophoresis in 8% polvacrvlamide/&.3 M nrea/lx TBE gels, RNA was

LAy
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~ . = - .. 3% N
transferred onto Hybond-XL membranes, and membranes wers hybridized with v-""P-ATP
- w )

end-labeled oligodeoxyribonuclentide probes.

[00139] For 8013 and iis mutant derivatives, cells grown overniglt on GUB plates
were collected, immediately treated with RNAprofect Bactena Reagent {Qiagen), and
frozen at -80°C for storage. Total RNAs were exfracled using miRNeasy M Kt
{Qiagen) with two additional stepx: a 10 min imtial call lysis in 30 mM Tos-HCL (pH
8.0%1 mM EDTA containing 1.5 mg/mti lysozyme (Invitrogen} and 2 mgnd Protetnase K
{Fermentas), and a later on-colimm DNase digestion step {The RNase-Free DNase Sef,
Qiagen}. For northern analysis, 8-10 ug of total RNA for each sample was separated by
glectrophoresis m a 10% polyacrviamide’S M wea'lx TBE gel. RNAs were electroblotted
overnight at 14V fo a Genescreen Plis membrane {PerkinElmer) i Ix TBE, cross-linked
to the membrane by UV  uradiation and then scaking m 0.16M N-(3-
dimethvlammopropvl}-N"-ethylcarbodimmide  hvdrochlonide/0.13 M I-methvhinudazole
{both from Sigma) (pH 8.0} at 60°C for 2h. Blots were prehvbnidized with 8 mi
ULTRAQvb buffer {Ambion) at 60°C for 30 min, then probed at 37°C overmight with 5 x
10% cpnvml of the appropriate DNA oligoncleotide probe. Northern probes were 57 end-
labeled with v-""P-ATP (PetkinFlmer} and T4 polynucleotide kinase (NEB). The
membranes were washed af room femperature twice with 2x SSCAL 1% SDS for S mun and
then twice with Ix SSC/0.1% SDS for 15 min. RNAs were then visualized by
Phosphorlmager detection. Sunilarly end-labeled Aspl-digested pBR322 DNAs (NEB}

were used as size markers.

[00140] Construction of cDNA Libraries for dRNA-seq. Total RNA was freed of

residual genonue DNA by DNase 1 freatment. For depletion of processed transcripts, equal
amounts of Neisseric RNA were incubated with Terminator™™ 5°-phosphate dependent
exomiclease { TEX} {Epicentre} as previously described (Sharnya et al., 2010}, Libraries for
Solexa sequencmg (HiSeq) of cDNA were consfrucied by vertis Bioteclmology AG,
Genmany  (http/fwww.vertis-biotech.com’), as described previously for eukarvotic
microRNA (Berezikov ef al., 2006} but omitting the RNA size-fractionation step prior to
cDNA synthesis. In brief, equal amounts of RNA samples were poly{A-failed usmg
polv(A) polymerase. Then, the §'-titphosphate structures were removed usmg tobacco acid

pyrophosphatase (TAP). Afterwards, an RNA adapter was ligated to the 53'-phosphate of

LAy
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the RNA. Fust-strand ¢DNA was svathesized by an oligo{dT)-adapter primer and MMLV
reverse transcriptase, A PCR-based amplification step with a high-fidelity DNA
polvinerase was then used to increase the ¢DNA conceniration to 20-30 ng/pl. A library-
specific barcode for sequence multiplexing was mncladed wn the 3'-seguencing adapter.
cDNA libraries were sequenced usimg a HiSeq 2000 machme (Hlunusa) i single read

mode at the Max Planck (zenome Centre Cologpe {Cologne, Germany).

[00141] Read Mapping and Coverage Plot Construction.  Sample preparation,

sequencing {Hlumima GAIK) and data analysis was done as described {Chao et al., 2012),
with the only exception being that the mimimal read length after trinwning and clipping

was 12 nt instead of 20 nt.

[00142] Transcriptional gfpp Fusions. £ cofi cells were transformed with

transeriptional gfp fusion plasmids and grown on agar plates for fluorescence imagmg. To
measure GFP fluorescence, smgle colonies were mocnlated m LB broth and grown for 12

1. Cells were then fixed in 4% parafonnaldehyde/1x PBS and analysed by flow cytometry.

[00143] In vitre Transcription. Templates for in vitre trauscription assays were

PCR-penerated, gel-purified 210 bp DNA fiagments amplified from pNHIi3, pNHH4, or
pINHIS5. Primer pairs were the forward primers nsed for construction of each DNA duplex
msert {see above}, together with reverse primer JVO155. Templates (10 ng) were
mecubated at 37°C 1 transcription buffer (40 1M Trs—HCT (pH 73100 oM KCVI0 oM
Mg(Cl/0.01% Trton'l mM DTT) together with 1.5 Units sigma-saturated £, coli RNA
Polymerase Holoenzyme (Epicenire), o P]ATP (30 uCii Hartmann-Analytic
Braunschiweig), and NTP mix (30 M ATP and 200 pM each CTP, GTP, UTP) A
negative control reaction used water m place of DNA iemplate. 25 gl reactions were
meubated for 1, 5, 10 and 30 mun. Abguots were phenol-exiracted, precipitated, denatred
by heating mn formamude loading dve, separated by electrophoresis m 12% sequencing

gels, and analyzed with a Phosphorlimager.

[00144] CRISPR prediction and ir silico Analysis of Natiral Targets. CURISPRs m

sequenced Nefsserie genomes were predicied wsmg CRISPRimder (hiipi/onspro-
psud. fi¥Server/} (Grissa et al., 2007) and CRISPRI (hitp:/fenspi.genouest.org’) (Roussean

gt al,, 2009). Ow mitial predictions of Neisseriee CRISPRs were consistent with those of
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CRISPRdD (http:/orispru-psud fi/erispe/y.  Spacers were subjected to blastn (Basie Local
Aligranent Search Toel} search against the nrnt database (bitp://wwwachi.nbe b govi},
Mulfiple Sequence Alignments were performed  using WebLogo

it dfweebloge beskelevedudoso o).

[00145] Natural Transformation. Natural transformation assays were performied in

N memngifidis 8013 and its mutant derivatives as described for N gonorrhoege (Duitin
and Setfert, 20423 150 ng plasnuds or 100 ng clwomosomal DNA was used per
transformation reaction. 10 pl of senal 10-fold dilutions were spotted on GCB plate
riplicates in the presence and absence of appropriate antibiotics. 200 ul from the undiluted
final transformation puxfure were also plated on (GUB plates with appropriate antibiotics
to enhance detection. Fight representative transformants per reaction were verified by re-
strealomg on selective plates fwice and then by PCR from CLS exiract (1.e., from cells
tysed m 1% Triton/20 1M Trns-HC (pH 8.3¥2mM EDTA at 94°C for 15 mmn and then
20°C for 5 mun). Transformation frequencies were reported as antibiotic-resistant cfi'mli

divided by tofal cfiviml from at least theee independent experiments (inean £ s.e.m.).
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[00238] Abstract

[00240] Genonte engineering in human phuipotent stem cells holds greaf promise
for biomedical research and regenerative medicine. Recently, an ENA-gmided, DNA-
cleaving mterference pathway from bactenia {the Type I clustered. regularly mterspaced,
short palindromic repeats {CRISPR)-CRISPR-associated {Cas) pathway] has been adapled
for use m eukaryotic cells, greatly facilitating genome editing. Only two CRISPR-Cas
systemss {from Streprococcus pyvogenes and Sirepfococcus thermophifus), sach with thei
own distincet fargeting requwements and limitations, have been developed for genome
editmg thus far. Furthermore, linnted information exssts about homology-duected reparr
{HDR}-mediated gene targeting using long dosor DNA templates in human plunipotent
stem cells (hPSCs) with these svstens. Here, using a distinet CRISPR-Cas system from
Neisseria meningitidis, we demonstrate efficient targeting of an endogenous gene mn three
BPSC hnes using HDR. The Cas® RNA-guded endonuclease from N meningitidis
{NmCas9) recognizes a 5'-NNNNGATT-3’ protospacer adjacent motif (PAM) different
from those recognized by Cas9 protemns from S pyogenes and S, thermophilus (SpCas9
and StCas9, respectively). Sumlar to SpCas?, NmCas? 1s able 1o use a single-gimde RNA
{sgRNA} to direct #s activity. Due to 1t distinet PAM, the N meningitidis CRISPR-Cas

machmery mereases the sequence confexts amenable to RNA-directed genome editing.
[00241] Infroduction

[00242] Hunian phuipotent stem cells (hPSCs) can proliferate indefinitely while
mamtainimg the potential fo give nise to vutually all lnunan cell types (1} They are
therefore mvaluable for regenerative medicine, drug screening, and bomedical research.
However, to realize the full potential of hPSCs, it will be necessary to manipulate their

genomes m a precise, efficient manner. Historically, gene ifargeting i hPSCs has been
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extremely dithicult {2). The development of zine-finger nucleases {ZFNs} and transcription
activator-like endonucleases (TALENS) (reviewed i vefs, {3} and (4)) bas facilitated gene
fargeting n hPSCs {(5-7). Nonetheless, thev require the design, expression, and vahidation
of a new paw of protemns for every targeted locus, rendering both of these platforms tune-

conswnmng and labor-utenstive (8-10).

[00243] Clustered, regularly mterspaced, short palindromie repeat (CRISPR) loci,
along with CRISPR-associated {cas) gepes, underlie an adaptive ummnne system of
bacterza and archaea that defends agamst bacteriophages {11} and lnnits horizontal gene
transfer {12-14}. “Protospacer’” sequences from mvading nucleic acids are mcorporated as
“spacers” within CRISPRs, conferring imuonuuty and providing a genounuc memory of past
mvasions. CRISPR-Cas systems have been classified mito three types {Types L IT and )
and munerons subtvpes {15). All use short CRISPR RNAs {orRNAs) (16, 17) to specify
genetic mterference via the destruction of mvading nucletc acids {18). The target nucleic
acids are recogmized by orRNA Watson-Crick paming. Importantly, most CRISPR-Cas
subtypes target DNA directly (13, 19, 20), suggesting the posasibility of engimneered, RNA-
directed gene targeting/editing systems. The nse of RNA guides for gene targeting would
confer many advantages over ZFNs and TALENs, especially by obviating the need for

repeated protem design/optinization. Recently, this vision has become a reality (21-31).

[00244] Type II CRISPR-Cas systems are noteworthy in that the essential targeting
activities — ocrRNA bimnding, target DNA bmding, R-loop formation, and double-stranded
DNA cleavage — are all executed by a single polvpeptide, Cax® (32-33). In addition to
orRINA and Cas9, an additional RNA, trans-acting CRISPR RNA {fracrRNA), 1s essential
for mterference in bacterma (14, 32, 36} and i vigre (34, 36). The twacrRNA 15 partially
complementary to pre-aaRNA repeats, leading to the fonmation of duplexes that are
cleaved by the host factor ribonuclease HI {RNasze IH} (323 The Type I «wRNA
maturation pathway was ongmally charactenized in strains of Streproceccus pvogenes {32)
and Streptacoccus thermophilies {35, 36), and RNase Hi-catalyzed pre-ctRNA processing
1s essenfial for mterference in both native systems, Recent studies of a Type I CRISPR-
Cas locus from Nefsseria meningitidis revealed an mtrinsically RNase HI- and processing-
mdependent system, which nonetheless requires tractRNA (14). Importantly, orRNA-

directed DNA cleavage was reconstituted i virre with recombinant S pyogenes Cas9
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{Splas®y {34}y or S Hermophifyy Cax® (StasB) (33, 36). The SpCasY in virro systemn
enabled the developrnent of fused arRNA-tractRNA chumeras called single-puide RNAs
{sgRNAs} that bypass processmg (34). Subsequent development of eukaryotic genome
editmg applications has focused on segRNAs (21-30), though separately encoded pre-

ctRNAs and tractRNAs are also effective (213,

[00245] Target cleavage by many CRISPR/Cag systenws, including those from Type
I, require proximity to a 2-5 nucleotide (nt) sequence called a protospacer adjacent motif
{PAM) (37} (38-40). Genome editing applications reported thus far have focused almost
exclusively on Splas®, which has a 5°-N{GG-3" PAM. StCas® {from the CRISPR1I locus
of stramn LMD-9) has also been used in evkaryotex {21}, and that system has a 37-
NNAGAAW-3" PAM (W = A or T). Fukarvotic editing capabidities will benefit from the
mereased frequency of target sites stemmmg from the development of additional Cas9s

with distinet PAMs.

[00246] Targeting by sgRNAs usually relies on either of two approaches. First,
double-strand break {DSB} repair by nonhomologons end yommg (NHET) can be used to
generate msertions or delefions {imdels} that induce frame shifts. Second, the addition of a
homuologous repay template cap allow Cas9-mduced DSHs or nicks to be rvepaired by
homuology-directed repawr (HDR). The latter strategy is useful for makang precise changes
such as repammmg nmifations or mserting transgenes. Most studies thus far have relied on
either NHEJ, or on HDR using short DNA fragments or oligos {24-26, 29, 31}, Currently
there ix very lmuted mdormation available on gene targeting using long DNA doner

templates m hPSCs (23).

[00247] Here, we report the development of N. meningitidis Cas9 (NmCas9} (14) as
a genome editmg platform, and s apphication to high-efficiency targeting of an
endogenous gepe m hPSCs. This svstem uses a 24 at proto-spacer for fargeting and
requires a PAM that 1s different from those of SpClas® or StCas9. We have achieved ~60%
targetmg efficiency with two human embrvonie stem cell (hESC) lines and one human
mduced phuripotent stem (1PS) cell line. Owr work demonstrates the feasibibity of usmg the
N meningitidis CRISPR/Cas xystem m genome editing in hPSCs using long DNA donor

templates. This work also provides an alternative to the S pvogenes and S. thermapiilus
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CRISPR-Cax svsten: and expands the penomic contexts that are amenable to RNA-

directed genome editing in evkarvetes.
[00248] Results

[002439] Functional Expression of NinCas9 w Marsnmabian Cellx. Our recent work

has shown that N meeningitidis stram 8013 has a fupctional type TI-C CRISPR/Cas system
{14}, and that Cas9 s the only Cas protem requured for mterference activity. We set out fo
test whether thus system could be used for efficient gene targeting in hPSCs. We cloned
the open reading frame (ORF} from the 3.25 kb cas9 gene, along with a C-ternunal FLAG
tag, mfo a mammahan expression plasmid under the confrol of an EFle promoter (Fig.
13.4). This NoasQ-contauung vector was transfected into 293FT cells and the expression
of Nox(as® protemnn was analyzed by anti-FLAG western blot. As shown in Fig. 13A, full-
length NmiCas9 was ethiciently expressed in 293FT cells. We then assaved the nuclease
activity of NmCas9 expressed in mammalian cells by v virro plasmud cleavage. Cell
extract was prepared from 293FT cells two days after transfection with the Noxlax9-
contaming vector (the same one as i Fig. 13A). We assembled cleavage reactions using
cell exiract, various i vitro-synthesized small RNAs, and the plasnud ptdTomato pre-
linearized by Ndel (Fig. 13B}. WdTomato ix a fasion of two copies of the dTomato gene,
each of which has one consensus PAM sequence {5-NNNNGATT-3") (Fig. 13B). As
shown m Fig. 13C, we achieved efficient plasmud cleavage only m the presence of both
fracrRNA and a cognate orRNA {Fig. 13, lane 3). The pattern of the cleavage products
was consistent with two predicted cleavage sites in the PAM-proxunal regions (Fig. 13C,
right panel}. hnporiantly, a non-cognate ctRNA (N), which confams sequences from
EGFP, did not direct NmiCas9-mediated cleavage (Fig. 13C, lane 4), mdicating that the
specificity of the Nm{Uas9 auclease is mdeed guided by the spacer-derived sequence n
crRNAs. Additionally, plasnud cleavage i1s deficient when tractRNA 1z absent, even in the
presence of a cognate orRNA (Fig. 13C, lane 5), suggesting that tractRNA 1s necessary for
NmCas9 function i vifro. This 1s consistent with the tractRNA reguirement for NmCas®-

mediated mterference in bacterial cells {14},

[00250] Two Cas® orthologs, SpoCas® and StCas9, were previously demonstrated

1o mduce bhmt double-strand breaks (DSB) m thew DNA tfargets, between the third and
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fourth nucleotide counting from the PAM-proxinal end of protospacars {34) (19, 33). We
bypothesizad that NimCas9 cleaves the DNA target in a sipular way, and we tested thus by
mapping the Nm{as® cleavage site on ptdTomato by Sanger sequencing. Two cleavage
products m Fig. 13C {the 15 kb and the 2.5 kb fragments) were gel-extracied and
sequenced to identity the Nowlax® ecleavage sites on the sense strand and the antisense
strand, respectively. As expected, NmiTas9 nduced a blunt-end DSB between the thurd
and fowrth mucleotides countmg from the PAM-proximal end of the profo-spacer (Fig.

13D).

[00251] NmCas9 Functions in RNA-Directed Gene Disruption in hPSCs, Knowing

that NmCas9, without any codon optimization, can be eificiently expressed m manunalian
cells and i1s functional /» vitro, we next tested its utihity in genome editing m hPSCs. We
first monttored its localization. We transfected 293FT cells with several NmCas®
constructs with various nuclear localization signal (NLS) amangements, and analyzed
NmCas9 protemn localization by either GFP fluorescence or anti-HA mmmmmostainmg.
NmCas9 with NLSs on both N- and C-ermun localized efficiently io the nuclens (Fig.
14C), while NmiCas® constructs with jast one NLS did not {Fig. 14A and 14B). In
addition, the same Nm{Uas9 construct with two NLSs also localized to the nucleus of
hESCs {Fig. 14D). We noticed that m hESCs, NmCas?, without any ctRNAMfractRNA,
displaved a punctate pattern similar to the orgamization of the micleclns m hESCs. It 1s not
vet clear f this phenomenon ix related to the organization of the double NLS on the

profeti.

[00252] To test the genome editing activity of Nmas9, we used an hESC cell
reporter hne that has a single copy of the tdTomato thaorescent protemn gene knocked mto
the lughly expressed DNMT3b locus (H9 DNMT3b-tdTonwtn), leading to tdTomato
fhworescence. I NmCas9 s able to mtroduce a DSB in the tdTomato sequence m the
genome, repair by NHET would hkely lead to indels that disrupt tdTomato expression.
Accordingly, the appearance of tdTomato-negative cells would be predicted to reflect

genome-editing activity.

[00253] Human ESCs are known to have low transfection efficiencies. To achieve

maxmuwun genome-editing efficiency m hPSCs, we assembled expression cassettes of all

T
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the pevessary components (NmCasH, tracsRNA and orENA} onto one single plaspud that
contains an OniP sequence {Fig. 14E). QuP was reporied to increase the transfection
efficiency and plasnud stabilty i hPSCs it co-transfected with an RNA expressmg the
EBNA protem {41, 42). The encoded tractRNA and orRWNA both comesponded to the
manwe, processed formos as they existm N meningitidis cells (14}, The resulting all-in-one
plasoids  were electroporated mto HY DNMT3b-tdTomato cells, and tdTomato
fluorescence was monttored by FACS 4-5 days after electroporation. As shown m Fig.
14F, a sub-population {3.4%;) of tdTomato pegative cells became detectable only when a
tdTomato-targeting crRNA was encoded on the plasmud Importantly, for the control
plasmid expressing non-targeting orRNA, only background levels {(~0.1%) of tdTomato
negative cells appeared (Fig. 14F), hkely due to the low level of spontaneous
differcatiation m the cnlture, leading to repression of the DNMT3b promoter. The
mereased frequency of non-fluorescent cells in the presence of the cognate crRNA

suggests successfil genome editing by NmCas9.

[00254] To confirm that Nm(Cas® mtroduced a DSB at the mfended genomic sife,
we FA{S-sorted the tdTomato negative population, PCR-amplified the genomic region
flanking the predicted cutting site m the 57 copy of dTomatn, cloned the resulting PCR
fragments and sequenced 22 of the resulimg plasmnds (selected at random). The
sequencing results showed both msertions and deletions mn the tdTomato sequence (Fig.
14G, oaly vaique mdels are shown) m 95% of the sequenced clones. Most mnportantly, all
of these mdels were centered around the NmCas9 cleavage sife, mdicating that the DSB

occurred at the mfended posifion (Fig. 14G).

[00255] A Chimeric seRNA 15 Effective for Gene Editing in hPSCs. To sunphify

the NmCas9 genome editing svstem, we explored the possibility of substituting both
arRNA and racrRNA with a chinertc sgRNA. We fused the 57 end of the 91 nt processed
tracrRNA sequence with the 37 end of the 48 nt mature ctRNA using a 6 nt haker {Supp.
Fig. 13A). This sgRNA was cloned under the control of the U6 promotfer and
glectroporated into the HY DNMT3b-tdTomato reporter cell line together with a plasamd
expressimg NmCas®. FACS analvsis showed that this sgRNA indeed resulted n tdTomato-
negative cells (Fig. 17B) at a level comparable to that achieved by the all-m-one plasnud

expressing separate orRNA and tractRNA {see Fig. 14F). These resulis indicated that an
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sgRNA could xubstitute for separate crRNA and raerRNA 1 dwecting NolasP-mediated

gene editing 1w hESCs.

[00256) Speciticity of NimCas9 in hPSCs. We next tested the specificity of NoCas®

i mammahian cells by mutational analyvsis. We miroduced smgle-nucleotide mntations at
every odd-numbered position from the 1% to the 17® nt in the PAM-proximal end
{spenning the cleavage site {see Figs. 13D and 1443} and the functionally critical “sead™
sequence} of the spacer n the tdTomato-targeting arRNA construct (Fig. 15A, upper
panel). We then measured the ability of those constructs to give rise to tdTomato-negative
cells in the HY DNMT3b-tdTomato cell bne. As shown in Fig. 13A, nwitations at position
1 through ¢ led to background levels of tdTomato-negative cells, indicating that
mismatches at these positions m the orRNA/target duplex are not tolerated by NmCas9.
As for mutations at positions 11, 13, 15, some tdTomalo negative cells appeared, but with
an efficiency of only 10-23% of that obsarved with wildtvpe crRNA (Fig. 15A lower
panel). The mmsmaich at posifion 17 was ~40% as efficient as wildiype. These results
mply a ctRNA/target specificity comparable to that of the SpCas9 system m mammalian

cells {21}

[00257] We also investigated PAM sequence requirements for NmCas9 i buman
ES cells. We designed five ctRNAs that use different sequences as the PAM m the
idTomato coding region (Fig. 15B) and then fested thew abiity o dissupt tdTomato
expression m HO DNMT 3h-idTomato cells. Four of the sites were associated with a PAM
that varied from the 3-NNNNGATT-3" consensus by only & smgle nt. Only a GCTT
vanlant site was efficiently targeted, while the other four variants were severely deficient
{Fig. 158, lower panel}. Our resulis mdicate that an A-io-C mufation at the 2%¢ gt of the
PAM could be tolerated, whereax a G-to-C mutation at the 1% position, T-to-C at the 3%
and T-to-G at the 4% likely render the PAM variants non-functional. Interestingly, € is the
second most frequent residue at the 2™ nt of the PAM in candidate bacterial profospacers

{14}, suggesting that GCTT might also be a natwral PAM.

[00258] NumiCas? Increases Gene Targeting Efficiency in hPSCs. We next explored

whether Nm{as9® can increase gene-targeting efficiency m hPSCs compared to the

traditional method 1 which no DSB was mtentionally mtroduced at the farget sife. We
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used a donor DNA template previously used to target the endogenous POUIFT (OCT4)
gene {(6) (Fig. 164}, creating a fusion of OCTY with EGFP. We designed the ctRNA using
the consensus PAM sequence located ~84bp downstream of the OCTY stop codon (Fig.
184A). Two human ES cell lines, Hi and HY, and one homan iPS cell bine, 1PSOOS (43),
were used in the experiment. After puromycin selection, we were able to abtain clones for
all three cell lines when plasoud expressing the OCT4-targeting oBNA was used. Of
these clones, -60% were comrectly targeted with single insertion events {Table 7},
conparable to the effictency obtamed using TALENs in a previous report with the same
donor DNA {6). Fluorescent images of the targeted clones revealed the expected nuclear
locabization of EGFP signal due {o the fusion with Octd protein (Fig. 16B). Southem blots
using a probe outside the targeting vector’s homology arm confirmed the correct
mtegration of the donor sequence mn the OCTY locus (Fig. 16C). Most mportantly, the
EGFP signals respond to differentiation cues as the endogenous Ocid would (Fig. 16D). In
a confrol expermment with an all-in-one plasnud expressing a non-targeting orRNA, no
puromvein-resistant clones were obtained with the H1 ESC lme. Onlv one puromycin-
reststant clone sach was obtained from HS ESCs and iPSO05 1PSCs, and nesther clone was
correctly targeted (Table 7). Al of the above results indicated that the CRISPR-Cas
system from N smepingitidis was able {o generate accurately fargeted clones i hPSCs with

much mereased efficiency compared to the traditional method.
[00259] Discussion

[00260] Genome Editing by N mepingitidis Cas9. In this report, we have

successfully nsed the Type H-C CRISPR-Cas system from N. meningitidis to achieve both
NHEJ-mediated gene editing and long DNA donor-dmected gene fargeting of an
endogenous locus i hPSCx. The targeting efficiency we obtain with NoWlas® is
comparable to that achieved with TALENs. Using the same donor construct, we were able
1o get ~60%% targetmg efficiency m all three different hPSC lines tested {Table 7), whereas
the targeting efficiency of a TALEN was 48% in the one hESC hine tested (6). A previous
report using SpCas® mn human 1PSCs aclueved a targeting efficiency of 43%, close to what
we observed with NmCas9 {5). However, that report only identified seven clones and did

not perform further analysis 1o confirm the correct mtegration of the donor DNA sequence

Cad
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only at the mtended site. Therefore additional work will be needed to compare the

etficiency of mammalian gene targeting usiig these two CRISPR-Cas svstenss,

[002861)] CrRNA Target Misprateh Toleranee by NoiCas® i Manumalian Cells. One

potential advaniage of NmCasD, relative to SpCas®, 1s that 3t nught offer betler targeting
specificity by virhue of its longer orRNA spacer (24 vs. 20 nis) and its longer PAM (14},
We chose 24 nf as the ctRNA spacer length for NmiUas® because that is the length of the
crRNA spacer m N, mieningitidis. CrRNA-target nusmatches distant from the PAM were
iolerated to various extents for both NmCasY (Fig. 15B) and SpCas® (21} m mammalian
cells. However, Nm{as9 was miore sensitive than SpCas9 to mismatehes at the 13% 15%
and 17® ats {counting from the PAM-proxinal end of the proto-spacer). Nm{Cas? gene
editing efficiencies with mismaiches at those positions were no higher than 10-40% of
those observed with the perfectly matched orRNA (Fig. 15B), whereas with SpCas9,
mismatches at equivalent positions retained 60-90% of the non-mismatched efficiency

{21}.

[00262]

Cas systems 1s the requwement of a nearby PAM on the target sequence. This sequence

PAM requiremnents i mammaban cells. One hallmark of Type I CRISPR-

varies between different Cas9 arthologs. Among Cas9 protems validated for mammalian
genome editing, PAM functional requirements have been defined for three: those from S
prvogenes SF370 (21-23, 32, 34), Sthermophilis LMD-9 {the CRISPRI locus) {19, 21,
3Ry, and V. meningitidis 8013 (Fig. 153B) {14). On one hand, the PAM requirement adds a
second layer of specificity for gene targeting, beyond that afforded by spaces/protospacer
complementanty. For longer PAMs (such as the NmCas® PAM, 5-NNNNGATT-37}, the
frequency of off-target cuttng events should potentially drop significantly compared to
SpCas?, wluch requires a 5°-NGG-3" PAM. On the other hand, longer PAM requirements
also constrain the frequency of targetable sites. By developing genome-editing svstems
nsing a range of Cas? profemns with distinet PAM requirements, the genomic regions that

can be targeted by CRISPR-Cas editing wonld expand significantly.

[00263] The results in Fig. 158 show that NmiCas% does allow limited deviation
from the 5"-NNNNGATT-3" PAM. Having a variable PAM can potentially increase the

flexibility during the design of targeting consfruct. However, it also increases the polential
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of off-target cleavage. Due to the hinuted options afforded by the sequence of tdTomato,
we ondy fested one nucleotide substiftion in each posttion of the PAM dopwmn. It 1
possible that addibonal nuclecofide substitmfrons will also be iolerated. A detailed
nmfational analysis will be needed fo fully understand the PAM requrements of NmCas?

in nyanunalian cells.

[00264] Editing the Genomes of bPSCs. Compared fo twe other widely used

systemss for enhancing gene targeting efficiency {ZFNs and TALENS), the CRISPR-Cas

system: offers a mnch simpler and more wser-hiendly design. For each different genomic
locus to be targeted, one only needs to design a small RNA by applving sumple Watson-
Crick base-pairmg rules. This systeny’s ease of use will meke gene targeting mn hPSCs,
once considered a difficult project, a routine lab techmigue. This smmple and high
efficiency gene targeting system for hPSC will also have a tremendous mmpact on
personalized regenerative medicine. One concern with using CRISPR/Cas m human
genome editing 15 off-target cleavage. Owr work {(Fig. 154) and that of others (21, 44) has
shown that the CRISPR/Cas system can iolerate nusmaiches within the coRNA, especially
m the PAM-distal region. This raises concerns that other regions in the genome might be
cleaved wuntentionally, Indeed, recent work has shown various off-target cleavage rates
m the human genome using SpCas? with different sgRNAs (44). To fully understand thas
issue, whole-genomie sequencing of cells targeted by different Cas9 proteins with different
crRNA/sgRNA constructs will be needed. A potential way to get around this problem is to
nse a nickase, a Cas¥ variant m which one nuclease domain 18 mactivated by a mutation
{21, 34}, so that off-target cleavage will have a much lower chance of generating

unwanted putations m the genome while HDR will still be stupulated.

[002635] Materials and Methods

[00266] Cell Calture. Human ESCs  and 1PS cells were cultured in E8™ medium
{43} on Matrigel-coated tissue culture plates with daily media change at 37°C with 3%
COn. Cells were split every 4-5 days with 0.5 mM EDTA in Ix PBS. 293FT cells were

cultured similarly in DMEMF 12 media supplemented with 10% FBS.

[00267] NmCas9 DNA Transfection and J Firro Plasnud Digestion. All

transfections with 293FT cells were done using Fugene HD {Promega) following the

-
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manufacturer’s mstructions. Cell lysate was prepared two davs after transfection. Plasmud
digestion using cell ysate wax carried out at 37°C for 1-4 bowrs in digestion buffer (Ix
PBS with 10 ;M Mgy} See supplemental method for a detailed procedure. To map the
cleavage site of NmCas?, the digested plasnud DNA was excised from the agarose gel and
purified nsing Gel Exteaction Kit {Qiagen}. The purified fragments were then seguenced to

map the cleavage site,

[00268] Gene Editing in BPSCs. All plasmids used in this experiment were purified

nsing the MaxiPrep Kif from Qiagen. Human PSCs were passaged two or three days
hefore the experiments. Immediately before the experument, hPSCs were individualized by
Accutase® treatment, washed once with EE™ medium, and resuspended at densities of
2.5 - 6.2 x 10° cells/mi in E8T™ medium with 10 mM HEPES buffer (pH 7.2 - 7.5) (Life
Technologies}. For eleciroporation, 400 ul of cell suspension, 15 pg of pSimple-Cas9-
Tracr-CrRNA plasnud, 5 pg of EBNA RNA, and (for those expermments mvalving gene
fargeting by HDR) 5 pg of linearized DNA temiplate plasnud {Addgene 31939) were
nuxed m a dmm cuvette {BioRad) and imunediately electroporated with a BioRad Gene
Pulser. Electroporation parameters were 250V, 500 gF, and infinite resistance. Cells were
then plated into appropriate Matrigel coated culture dishes in E8™ meduum supplemented
with 10 gM ROCK ishibiior Y-27632. Media was changed the next day to E8™ medium.
For those expermments mvolving gene editing by HDR, puromivemn selection was started 4
days after electroporation. Swviving colonies were picked 4 to 6 days after selection and

expanded i E8™ mednmm.

[00269] Plasnuid Construction. The caxd gene from Neisserin meningitidis strain

8013 was PCR-amplified and cloned nto the pSumplell plasnud {an OnP contammng
plasnud) under the control of the EF 1o promoter. Nuclear localization signals and HA tag
sequences were incorporated via the PCR primers. An N meningifidis BsmBIl-crRNA
cassetie and the N meningitidis tractRNA, both under the control of U6 RNA polymerase
I promoters, were synthesized as gene blocks (Integrated DNA Technologies) and
cloned mto pSunplelI-Cas9 via blunt end cloning, generating the pSumple-Cas9-Tracr-
BsmBI plasimid that melades all elements needed for targeting. To msert specific spacer
sequences mfo the ctRNA cassetfe, synthetic oligonuecleotides contaming the desired

spacer sequences were annealed to generate a duplex with overhangs compatible with



WO 2014/190181 PCT/US2014/039195

those generated by BumBI digestion of the pSimple-Cas%-Trace-BsmBI plasoud. The

msert was then ligated into the BsiBl-digested plaspud.

[00270] MNmCas¥ DNA Traosfection and f» Fiyo Plasnud Divestion. Al

transfechions with 293FT cells were done wsmg Fugene® HD (Promegs) following the
manufacture’s msiruchions. Ronghly 2pg plasnuds and 64d of Fugene HD were used for
one well of a 6-well plate. Two davs after transfection, 293FT cells expressing NmCas9
were harvested by TrypLE (Life Technologies), washed once 1 PBS, and then lysed
PRS by sonication. Celular debris was cleared by centrifugation and the supernatant was
used m plasaud digestion assays. For the digestions, lug tdTomato plasnud {Cloatech)
linearized by Ndel (New England Biolabs} was mixed with in vitro-transcrtbed tractRNA,
crRINA and 293FT cell lysate and meubated at 37°C for 1-4 howrs i digestion buffer {1x
PBS with 10 mM MgClh). DNA from the reaction mux was then purified with a PCR
clean-up lut {Qiagen} and resolved by agarose gel electrophoresis. To map the cleavage
sife of Nim{as9, the digested plasmid DNA was excised from the agarose gel and purified
nsing Gel Extraction Kit {Qiagen}. The punfied frapments were then sequenced to map

the cleavage site.

[00271] In Vitro Trauscuption. Swvaothetic oligonuclestides (Integrated DNA

Technologies) contaming the T7 promter sequence and N meningitidis racrRNA or
crRNA sequences were annealed to generate dsDNA templates for run-off transenipiion.
In wvitro transcripfion was done using the MegaScript T7 In Vitro Transcnphion lat

{Antbion} following the manufacture’s specifications.

[00272] Southern Blots. {Genomic DNA of targeted clones is purified using

PuwreGene core kit (Quagen). 3 pg of genonie DNA was digested with BamHI and then
resolved on a 0.8%5 agarose gel. DIG-labeled DNA probe synthesis, DNA gel transfer. and
hiot hyvlwidization and visualization were done according to Roche's DIG application

manual.

[00273] Genome editing using single-guide RNA {sgRNA} A single-guide RNA

that targets tdTomato was put under the control of a US promoter and cloned mito the
EcoRV site of pstBlue-1 (Novagen). For electroporation, 7.5 ug of pstBlue-Ud-sgRNA,
7.5 ug of pSimplelI-NLS-Nm{as?-HA-NLS(s) and Spg of EBNA ENA was mixed with

-7
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~1 x 10" cells in a 4 pun cuveite {BioRad) and immediately electroporated with a BioRad
Gene Pulser. Cells were then plated mto appropriate Matrigel coated cubture dishes

E8™ medim supplemented with 10 M ROCK mbibitor Y-27632
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00319 Example 3
[ Example 3
[00320] Reference iv made to Figures 18-22 and the Brief Descariptions provided

above. In Figure 18, Nm(Cas® DI6A 15 shown to hmchbon as a mickase m hwman
phuipotent stem cells. Human ES cells expressmg both TdTomate and EGFP were
wransfected with plaspuds encoding SpCas9 DI0A, NmCas9 D16A or both, along with
their respective single gmde RNAs (sgRNAs) that target TdTomato coding sequence.
Sequences iargeted by the sgRNAs are as mdicated in Figure 18, Cellular TdTomato
fhorescence was analyzed by flow cytometer 5 dayx after transfection. Sigmficant amount
{0.94%) of TdTomato negative cells {mdicated by arronw i Figure 18) becomes detectable
only in the presence of both SpCas® DIOA and NmCas9 DISA. This suggests that
NmCas9 DI6A 15 a functional nickase m human ES cells, and when pawed with another
properly posittioned SpCast DIOA wpickase, could induce DSBs {result i 3lut 57

overhangs) and NHEL

[00321] Figure 19 demonstrates NmCas9 mediated homology-directed repair using
either sense or antisense ssODN, A Human ES cell hne that expresses both EGFP and a
single mutated (deficient, 9nt deleted} copy of Tomato fluorescent protein gene was
transfected with plaspuds expressing NmCas9 and gRNA targeting the mwtated region of
tomato gene, with or without 100pmole of 160nt ssODN as repan template. The ssQODNs
corresponded to wild fype tomato sequence, and were centered around the mmtated region.

Cellular fluorescence was analyzed by flow cytometry 5 davs after transfection. Tomato
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fhirescence positive cells become detectable {0.3%2-0.5%) ondy when sense or antisense

ssODN was co-transfected with NmCas? and gRNA.

[00322] Fignre 20 illustrates that NmCas9 can he delivered in the form of mRNA
mmstead of plasmud DNA. Human ES cells expressing both TdTomate and EGFP were
transfecied with NmCas® mBNA or an NmCas® expressmg plasmid, iogether with a
plasnud expressing sgRNA that targets tomate gepe. Cellular fluorescence was analyzed
by flow cvtometry 5 davs after transfection. The resulis m Figure 20 shown that the
Tomato fluorescence negative cell population, which mdicates cleavage of the TdTomato
gene, arises when NmCas9 1s transfected m the foros of either plasmid {10.8%) or mRNA
{23.4%). The N Casy mRNA used m this study 18 57 capped and has a 37 polyA tail
Roughly 30ug of NmiCas9 mRNA was fransfected.

[00323] In the foregoing description, it will be readily apparent to one skilled m the
art that varving substitutions and modifications may be made to the mvention disclosed
herem without departing from the scope and spuit of the mvention. The mvention
itustratively described herein suitably may be practiced in the absence of any element or
elements, himitation or lintations which 1s not specifically disclosed heremn. The ferms
and expressions which have been employed are used as terms of description and not of
limttation, and there is no utention that in the use of such terms and expressions of
excluding any equivalents of the features shown and described or portions thereof, but it 18
recogmzed that various modifications are possible within the scope of the mvention. Thus,
it shonld be understood that although the present mvention has been iHustrated by specific
embodiments and optional features, modification and‘or vanation of the concepts herem
disclosed may be resorted 1o by those skilled in the ant, and that such modifications and
variations are considered to be within the scope of thus invention, Citattons to a munber of
patent and non-patent references are made berein. The cited references are mcorporated
by reference hereinn m their entireties. In the event that there 1s an inconsistency between a
defimition of a termy 1n the specification ax compared o a definttion of the term n a cited

reference, the term should be interpreted based on the defimtion m the specification.

o
Cad
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Table 2. List of identical spacers shared amonrg different Nedsserdia strains
P g
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Table 4. Prophage-related potential natural targets for Neisserig CRISPRs
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Table 3

. Transformation frequencies reperfed in this study
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CLAIMS
We claiy:
1. A method for modifying & target DNA sequence m 3 cell, the
method comprizing:
{a) expressing a Cas9 protem from s Neisserin species or a

vartant protein thereof m the cell; and
{b) expressing of transfecting an RNA in the cell, wherem the
RNA binds to the Cas® protein or varant, and the RNA

hybridizes 1o the target DNA sequence.

=

2. The method of claim 1, wherem the Cas9 protein or vanant protem

bas nuclease activity and cleaves both strands of the target DNA sequence.

3. The method of claun 2, Buther comyising confacting the target

DNA sequence with a homologons DNA fragment.

4, The method of clamn I, wheremn the Cas? profein or vanant protein

has nuclease activity and nicks a single strand of the target DNA sequence.

3. The method of clamm 4, huther comprising contacting the target

DNA sequence with a homologous DNA fragment.

6. The method of claim 1, wherem the (Cas9 protemn or variant proteta

has no nuclease acinity and binds to the target sequence.

-

. The method of claim 1, wherem the Cas9 protem or variant protem
is expressed from a nucleic acid having a codon sequence that 1s optinized for expression

i the cell.

8. The method of clasm !, wherein the vanant has an amino acid

sequence that i3 at least 80% wdentical fo a Cas9 protemn from a Neisseria species.

9. The method of clann 1, wherein the Cas9 protemn 15 from Nedsseria

inerringitidis.
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10, The method of claun 1. wherein expressing a {as® protemn from: &
Neisseria spectes or a variant protemn thereof m the cell comprises transfecting the cell

with an expression vector that expresses the Cas? proten from a evkarvotic promoter.

11, The method of clam 1, wherem expressing a Cas9 profein from a
Nefsseria species or a variant protem thereof m the cell comprises fransfecting the cell

with an mRNA that encodes the Cas® protem,

12, The method of claim 1, wheremn expressing an RNA m the cell that
binds {o the Cas9 profein or variant and hvbridizes o the farget DNA sequence comprises
transfeching the cell with an expression vector that expresses the RNA from a eukarvotic

proguier.

e}
Lk

The method of clazm 1, whereun the cell is a prokarvotic cell.
14, The method of claun I, wherewn the cell 15 a eukarvotic cell.

is The method of claim 1, wherein the cell is a stem cell.

16,  The method of clayn 1, wherein the cell is an embryonic stem cefl.

17.  The metbod of claum 1, wherein the cell 18 an mduced plunpotent
stemn cell.

is. The method of clamm 1, wherem the RNA comprises two molecules
of duplexed RNA.

19, The method of claim !, wherein the RNA comprises a single RNA

molecule forming a bairpin structure.

20 The method of clamm 1, wherein the RNA conprises an RNA munuc

of green flnorescent protem {GFP}.

21, The method of clamm 1, frther comprismg confacting the farget
DNA sequence with 4-hyvdroxybenzyhidene, 3, 3-dimethoxyv-4-hvdroxybenzvhidene, or a

3.5-diftuoro-4-hvdroxybhenzylidene.

G
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22, The method of claum 1, whereut the RNA conprises Xast RNAL

23, A recombmant CasP protein from a Neidsseria spectes or a variant

2

thereof conynising a nuclear localization signal.

24, A recombmant Cas? protein from a Nedsserie species or a variam

o

thereof comprisimg a ligand or a tag for puritying or identifying the Cas9® protem.
25 A polyoncleotide encoding the protemn of claim 23.
26. A cell ransfected with the polynucleotide of claim 25,

7
27

A kit for performumyg the method of claim | comprising: {a} a vector
for expressing a Cas9 protem from a Neisseria species or a variant protein thereof i the
cell; and (b)) a vector for expressing an RNA m the cell, wherein the RNA binds to the

Cas protem or vanant, and the RNA hybnidizes fo the target DNA sequence.

28, At comprising the protem of claun 23,
29 ALt comprising the polymucleotide of clanm 25
30, Akt comprismg the cell of claim 26
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Figure 4C
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Figure 13C
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Figure 13D
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Figure 15A
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Figure 17A
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Figure 20
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