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SELF-TARGETING GUIDE RNAS IN CRISPR SYSTEM

RELATED APPLICATION DATA

This application claims prionty to U.S. Provisional Application No. 62/333,544 filed
on May 9, 2017, which is hereby incorporated hercin by reference i #ts entirety for all
purposes.

STATEMENT OF GOVERNMENT INTERESTS

This wvention was made with government support under P50 HGO0S550 awarded by
US National Institutes of Health MNational Human Genome Rescarch Institute.  The
government has certain rights in the invention.

BACKGROUND

The CRISPR tyvpe U system is a recent development that has been efficiently utilized
m a broad spectrum of species. See Friedland, A E., et al., Hentable genome editing m C.
clegans via a CRISPR-Cas? system. Nat Methods, 2013, 10(8): p. 741-3, Mali, P et al,
RNA-guided human genome enginecring via Cas8®. Science, 2013, 339(6121}): p. 823-6,
Hwang, WY, et al., Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat
Biotechnol, 2013, Jiang, W., et al., RNA-guided editing of bacterial genomes using CRISPR-
Cas svstems. Nat Biotechnol, 2013, Jinek, M., et al., RNA-programmed genome cditing in
human cells. eLife, 2013. 2: p. ¢00471, Cong, L., et al., Multiplex genome engineering using
CRISPR/Cas systems. Science, 2013, 339(6121): p. 819-23, Yin, H., et al., Genome editing
with Cas?9 in adulf mice corrects a disease mutation and phenotype. Nat Biotechnol, 2014,
32(6): p. 551-3. CRISPR 1s particularly customizable because the active form consists of an
mvariant Cas9 protemn and an easily programmable guide RNA (gRNA). See Jinek, M., et al |

A programmable dual-RNA-guided DNA endomuclease i adaptive bacterial mmunity.
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Science, 2012. 337(6096): p. 816-21. Of the various CRISPR orthologs, the Strepiococcus
pyogenes {(Spy CRISPR 1s the most well-characterized and widely used. The Cas9-gRNA
complex first probes DNA for the protospacer-adjacent motif (PAM) sequence (-NGG for 5p
Cas9), after which Watson-Crick base-pairing between the gRNA and target BNA proceeds in
a ratchet mechanism to form an R-loop. Following formation of a ternary complex of Cas9,
gRNA, and target DNA, the CasY protein generates two nicks 1n the target DNA, creating a
double-strand break (DSB) that is predominantly repaired by the non-homologous ¢nd
joming (NHEID} pathway or, 1o a lesser extent, template-directed homologous recombination
{HR). CRISPR methods are disclosed in US 9,023,649 and US 8,697,359, Sece also, Fu et
al., MNature Biotechnology, Yol 32, Number 3, pp. 279-284 {2014). Additional references
describing CRISPR-Cas9 systems including nuclease null varants (dCas9) and naclease null
variants functionalized with effector domains such as transcriptional activation domaing or
repression domains include ¥ D, Sander and J. K. Joung, Nature biotechnology 32 (4), 347
(2014); P D. Hsu, E. 8. Lander, and F. Zhang, Cell 1587 (6), 1262 (2014, L. §. Qi, M. H.
Larson, L. A. Gilbert et al., Cel/ 152 {8), 1173 (2013); P. Mali, J. Aach, P B. Stranges ot al
Nature biotechnology 31 (9), 833 (2013); M. L. Maeder, §. 1. Linder, V. M. Cascio ¢t al,
Nature methods 18 {10), 977 (2013}, P Percz-Pingra, D D. Kocak, C. M. Vockley et al |
Nature methods 16 (10}, 973 (20133 L. A. Gidbert, M. H. Larson, L. Morsut et al., Cell 154
{23, 442 (2013}, P Mal, K. M. Esvelt, and G M. Church, Norure methods 18 (10}, 957

{2013); and K. M. Esvelt, P Mali, J. L. Braff et al ., Nature methods 16 (11), 1116 (2013).

SUMMARY
Aspects of the present disclosure are dirccted to modified CRISPR/CasY system

having Cas? nuclease and guide RNA {gRNA} scaffolds that enable the Cas®-gRNA complex
2
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to target the DNA locus of the gRNA iself. According to one aspect, the modified
CRISPR/Cas9 system can act as a “molecular clock™ with adjustable speed. According to
other aspects, the modified CRISPR/Cas? system can also be used in general diagnostic or
therapeutic CRISPR applications to either eliminate the gRNA carrving loci after the desired

task is accomplished or to regulate the amount of gRNA that 1s produced.

Cas9 1s a nuclease that associates with an RMNA molecule of a specific sequence and
structure, known as the guide ENA (gRNA), to target a specific target DNA Jocus for
digestion. The identity of the target locus 1s determined by two factors: first, it must contain a
protospacer sequence that matches the spacer sequence of the vanable region of the gRNA,
second it must contain a short protospacer adjacent motif, known as the PAM, adjacent (o s
protospacer sequence. Unlike the spacer sequence matching part, the PAM sequence does not
gxist in the gRNA and 1s exclusive 1o the target sequence. The nature of the PAM sequence 1s

determined by the Cas9 protein itself.

In standard applications of the CRISPR/Cas9 system, the Cas® protein and guide
RNAs are introduced into the cells by one or multiple DNA vectors. The products of these
loct, 1., the Cas9 protein and the gRNA, combine to form a complex and cut the endogenous
target loci that match both the protospacer and the protospacer adjacent mouf (PAM)
sequences. The gRNA encoding vector itself, however, 15 not a target of the Cas9/sRNA
complex because while the gRNA contains a cognate protospacer sequence it does not
contain a PAM sequence adiacent to the protospacer.

According to one aspect, the present disclosure provides modified Cas® gRNA
scaffolds wherein the gRNA encoding locus is targeted by tts own gRNA product. In this

aspect, the modified guide RNA sequence includes a spacer sequence complementary o a
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protospacer sequence and a protospacer adjacent motif (PAM) sequence adjacent to the
spacer sequence, wherein the spacer sequence is complementary to a target nucleic acid,
wheretn the modified guide RNA and the Cas9 protein co-localize to the target nucleic acid
encoding the gRNA and the Cas9 protein cleaves the target nucleic acid encoding the gRNA
to prevent further expression of the guide RNA sequence.

For purposes of the present disclosure, the protospacer sequence may be referred to as
the double stranded sequence targeted by the guide RNA spacer sequence. While the guide
RNA spacer sequence will bind to one strand of the protospacer sequence, t.e. the
complement of the guide RMNA spacer, the sequence of the guide RNA spacer may be
described with respect to ¢ither strand of the protospacer sequence. For example, the guide
RINA spacer sequence may be described as being complementary to one strand of the
protospacer sequence while the guide RNA spacer sequence may be described as being
identical to the other strand of the protospacer sequence. Accordingly, guide RNA spacer
sequences may be described as being designed with respect to either strand. Should a guide
RNA spacer sequence be described as being identical to a protospacer sequence, it 1s 1o be
understood that the guide RNA spacer sequence is being designed with respect to the
protospacer strand to which it will not bind. In this manner, the resuliing guide RNA spacer

sequence will bind to the other protospacer strand to which it 1s complementary.

Target nucleic acid sequences as described herein may be endogenouns or exogenous.
An endogenous target 1s one that exists on the genomic {(or otherwise endogenous, ¢.g.,
mitochondrial) DNA of the host organism in which the systent is provided. An exogenous
target sequence 1s one that does not exist on the genomic (or otherwise endogenocus, e.g.,
mitochondrialy DNA of the host organism 1n which the svstem is provided. An exogenous

target scquence is onc that is nonnaturally occurning within the cell and which mav be

4
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provided as a plasmid introduced to the cell or a transiently transfected DNA clement. In an
excmplary embodiment, the exogenous target nucleic acid sequence encodes the modified

gRNA itself.

A Cas as described herein may be any Cas known {o those of skill in the art that may
be directed to a target nucleic acid using a guide RNA as known {o those of skill in the art.
The Cas may be wild type or a homolog or ortholog thereof, such as Cpfl (See, Zetsche,
Bernd et al, Cpfl Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System,
Cell, Volume 163, Tssue 3, pgs 759 — 771, hereby incorporated by reference in its entirgty).
The Cas may be nonnaturally occurring, such as an engineered Cas. The Cas may have one
or more nucleolviic domains altered to prevent nucleolviic activity, such as with a Cas
nickase or nuclease null or “dead” Cas. Aspects of the present disclosure utilize nicking to
effect cutting of one strand of the target nucleic acid. A nuclease null or “dead” Cas may
have a nuclease attached thereto to etfect cutting, cleaving or nicking of the target nucieic

acid. Such nucleases are known to those of skill n the art.

Embodiments of the present disclosure are directed to methods of inactivating a
nucleic acid encoding a gutde RNA in a cell mncluding introducing into the cell a first foreign
nucleic acid encoding a guide RNA sequence including a spacer sequence complementary to
a protospacer sequence and a protospacer adjacent motif adjacent to the spacer sequence,
wherein the spacer sequence is complementary to a target nucleic acid, introducing into the
cell a second foreign nucleic acid enceding a Cas9 protein, wherein the guide RNA sequence
and the Cas9 protemn are expressed, wherein the guide RNA sequence and the Cas¥ protein
co-localize to the first foreign nucleic acid and the Cas9 protein cleaves the first foreign
nucleic acid sequence to prevent further expression of the guide RNA sequence. In

exemplary embodiments, the gwide RNA and the Cas9 protem co-localize to the target
3
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nucleic acid and the Cas9 protein cleaves the target mucleic acid. In further exemplary
embodiments, the guide RNA and the Cas9 protein co-localize to the guide RNA-cncoding
DNA and the Cas9 protein cleaves said DNA.

According to certaim aspects, the Cas protein may be provided to the ccll as a native
protein. According to certain aspects, the Cas protein may be provided to the cell as a nucleic
acid which is expressed by the cell to provide the Cas protein. According to certain aspects,
the expression of the Cas protein in the cell is inducible. According to certain aspects, the
guide RNA may be provided to the cell as a native gmnde RNA. According to certaim aspects,
the guide RNA may be provided to the cell as a nucleic acid which is expressed by the cell to
provide the guide RNA . According to one aspect, a plurality of guide RNAs may be provided

to the cell wherein the guide RNAs are directed to a plurality of target nucleic acid sequences.

According to certaim aspects, a guide RNA includes a spacer sequence and a tracr
mate sequence formung a crRNA, as is known in the art. According to certain aspects, a tracr
sequence, as 1s known in the art, 15 also used 1 the practice of methods described hercin.
According to one aspect, the tracr sequence and the crRNA sequence may be separate or
connected by the linker, as is known in the art. According to one aspect, the tracr sequence
and the crRNA sequence may be a fusion.

According o one aspect, the guide RNA 1s provided to the cell by introducing mto the
cell a first forcign mucleic acid encoding the guide RNA, wherein the guwide RNA is
expressed. According to one aspect, the Cas protein 15 expressed by the cell. According to
one aspect, the Cas protein is naturally occurring within the cell. According to one aspect,
the Cas protein is provided to the cell by introducing nto the cell a second forgign nucleic
acid encoding the Cas protein, wherein the Cas protein is expressed. The Cas protein and the

guide RNA co-localize to the target nucleic acid.
6
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According to onc aspect, the Cas protein is an enzymatically active Cas9 protein that
1s fully enzymatic as 1s known in the art or a Cas9 protein nickase as 15 known in the art.
According to one aspect, the cell 1s in vifro, in vive or ex vive. According to one aspect, the
cell 1s a eukaryotic cell or prokaryotic cell. According to one aspect, the cell 18 a bactenia
cell, a veast cell, a fungal cell, a mammalian cell, a human cell, a stem cell, a progenitor cell,
a buman induced pluripotent stem cell, a plant cell or an animal cell. According to one
aspect, the target nucleic acid is genomic DNA, mitochondrial DNA| plasnud DNA, viral

DNA, exogenous DNA or cellular RNA.

According to one aspect, the present disclosure 18 directed to a method of targeting a
nucleie acid encoding a guide RNA in a cell including introducing into the cell a first foreign
nucleic acid encoding a guide RNA sequence including a spacer sequence and a protospace
adjacent motif (PAM) adjacent to the spacer sequence, wherein the spacer sequence is
complementary to a protospacer sequence n the first foreign nucleic acid and to a
protospacer sequence in a target nucleic acid sequence of the genomic DNA, introducing nto
the cell a second foreign oucleic acid encoding a Cas9 protein, wherein the guide RNA
sequence and the CasY protein are expressed, and wherein the guide RNA sequence and the
Cas® protein co-localize to the first forcign nucleic acid and the Cas9 protein binds or cleaves

the first foreign nucleie acid sequence in a site specific manner.

According to another aspect, the present disclosure is dirgcted to a method of
targeting a nucleic acid encoding a guide RNA in vifre including providing a first foreign
nucleic acid encodimg a guide RNA sequence including a spacer sequence and a protospacer
adjacent motif (PAM) adjacent to the spacer sequence, whercin the spacer sequence is
complementary to a protospacer sequence in the first foreign nucleic acid, providing a second

foreign nucleic acid encoding a Cas? protein, wherem the guide RNA sequence and the Cas9
7
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protein are expressed, and wherein the guide RNA sequence and the Cas9 protein co-localize
to the first foreign nucleic acid and the CasY protemn binds or cleaves the first foreign nucleic

acid sequence in a site specific manner.

According to one aspect, the present disclosure is directed to a cell including a first
foreign nucleic acid encoding a guide RNA sequence including a spacer sequence and a
protospacer adjacent motif (PAM) adjacent to the spacer sequence, wherein the spacer
sequence 15 complementary to a protospacer sequence n the first foreign nucleic acid and a
protospacer sequence n a target mucleic acid sequence of the genomic DNA, a second foreign
nucleic acid encoding a CasY protein, wherein the guide RNA sequence and the Cas9 protein
arc expressed, and wherein the guide RNA sequence and the Cas9 protein co-localize to the
first foreign nucleic acid and the Cas9 protein binds or cleaves the first foreign nucleic acid

sequence m a site specific manner,

According to another aspect, the present disclosure s directed to an in vifro CRISPR
systern mceluding a first foreign nucleic acid encoding a guide RNA sequence including a
spacer sequence and a protospacer adjacent motif (PAM) adjacent to the spacer sequence,
wherein the spacer sequence is complementary to a protospacer sequence n the first foreign
nucleic acid, a second foreign mucleic acid encoding a Cas9® protein, wherein the guide RNA
sequence and the Cas9 protein are exprossed, and wherein the guide RNA sequence and the
Cas? protein co-localize to the first forcign nucleic acid and the Cas9 protein binds or
cleaves the first foreign nucleic acid sequence in a site specific manner.

According to still another aspect, the present disclosure is directed to a method of
targeting a nucleic acid sequence using a CRISPR system including providing a first forcign

nucleic acid encoding a guide RNA sequence inchuding a spacer sequence complementary to
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a protospacer sequence in the nucleic acid sequence, providing a second foreign nucleic acid
encoding a CasY protein, wherein the guide RNA sequence and the Cas9 protein are
expressed, wherein the guide RNA sequence and the Cas9 protein co-localize to the nucleic
acid sequence and the Cas9 protein binds or cleaves the nucleic acid sequence in a sife
specific manner, and wherein the rate at which the guide RNA regulates the binding or
cleavage of the nucleic acid sequence can be controlled.

Further features and advantages of certain embodiments of the present invention will
become more fully apparent in the following description of embodiments and drawimngs

thercof, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing executed tn color. Copies
of this patent or patent application publication with color drawing(s) will be provided by the
Otfice upon request and payment of the necessary fee. The foregoing and other features and
advantages of the present embodiments will be more fully understood from the following
detailed description of illustrative embodiments taken in conjunction with the accompanying

drawings in which:

Fig. 1 1s a schematic showing a standard application of the CRISPR/Cas¥ system. The
Cas9 protein and guide RNAs are introduced by DNA vectors mto a cell where the Cag®
protein and the gRNA form a complex and cut endogenous target loci that match both the
protospacer and the PAM. The vector encoding the guide RNA, however, 1s not a target of
the Cag¥%/gRNA complex because while 1t contains a cognaie protospacer sequence it does

not contain a PAM sequence adjacent to the protospacer.
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Fig. 2 is a schematic showing an exemplary application of the selftargeting
CRISPR/Cas9 system. The Cas9 protein and modified guide RNASs containing both a cognate
protospacer sequence and a PAM sequence adjacent to the protospacer are introduced by
DNA vectors into a cell where the Cas9 protem and the modified gRNA form a complex and

cut the vector encoding the guide RNA.

Fig. 3 shows sequence companison between a standard guide RNA and a modifie

self-targeting guide RNA.

Fig. 4 is a schematic showing that standard gRNAs can only create one alteration in
thetr target sequence 1n cells because they do not match their target after the target sequence

18 altered, likely by NHEJ repair.

Fig. § 1s a schematic showing that a self-targeting guide RNA can attack its own
encoding locus over and over because after cach alteration of the encoding locus the gmde
RNA that 1s expressed carrics the new protospacer sequence which will match the new

sequence of the guide RNA encoding locus.

Fig. 6 shows an exemplary sequence of a self-targeting gaide RNA under U6
promoter. The self-targeting guide RNA has an AAVSI-TI protospacer and SpCas® gRNA
scaffold followed by U6 terminator.

7

Fig. 7 shows the non-reference sequence abundance of the self-targeting guide RNA
locus in cells upon mduction of Cas® protein over time.

Fig. 8 shows the accumulation of mactive guide RNA locus n cells apon mduction of
CasY protem over time.

Fig. 9 shows exemplary sequences of five self-targeting gwide RNAs under U6

promoter where each guide RNA has a difference distance between its transcription start sitc
10
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and gwrde RNA scaffold, with InsO representing the shortest distance and Ins100 representing

the longest distance.

Fig. 10 shows the non-reference sequence abundance of guide RNA locus in celis

upon induction of Cas? protein over time for the five exemplary self-targeting guide RNAs.

Fig. 11 shows the accumulation of mactive guide RNA locus in cells upon induction

of Cas9 protein over time for the five exemplary self-targeting guide RNAs.

DETAILED DESCRIPTION

Embodiments of the present disclosure are directed to modified CRISPR/Cas9 system
having Cas9 nuclease and guide RNA {gRNA) scaffolds that enable the Cas9-gRNA complex
to target the DNA locus of the gRNA itself. The modified guide ENA sequence includes a
spacer sequence complementary to a protospacer sequence and a protospacer adjacent motif
{(PAM) sequence adjacent to the spacer sequence, wherein the spacer sequence is
complementary to a target nucleic acid, wherein the modified guide RNA and the Cas9
protein co-focalize to the target nucleic acid encoding the gRNA and the CasY protein cleaves
the target nucleic acid encoding the gRNA to prevent further expression of the guide RNA

SCQuUence.

Methods described heren can be used to cleave exogenous nucleic acids. Methods
described herein can be used to cleave endogencus necleic acids. Methods described herein
can be used with known Cas proteins or orthologs or engineered versions thereof. Methods
described herein can be practiced i vive, ex vivo or in vitro. Methods described herein can

be muitiplexed within a single target nucleic acid region or across maultiple regions.

According to one aspect, the present disclosure provides a method of targeting a
[



WO 2017/196768 PCT/US2017/031640

nucleic acid encoding a guide RNA in a cell. The method includes introducing into the cell a
first foreign nucleic acid encoding a guide RNA sequence including a spacer sequence and a
protospacer adjacent motif (PAM) adjacent to the spacer sequence, wherein the space

sequence 18 complementary to a protospacer sequence in the first foreign nucleic acid and to a
protospacer sequence in a target nucleic acid sequence of the genonuce DNA, introducing mio
the cell a second foreign nucleic acid encoding a Cas9 protemn, wherein the guide RNA
sequence and the Cas9 protein are expressed, and wherein the guide RNA sequence and the
CasY protein co-localize to the first foreign nucleic acid and the Cas9 protein binds or cleaves
the furst foreign nucleic acid sequence in a sitc specitic manner. In one cmbodiment, the
guide RNA and the Cas9 protein form a co-localization complex at the first foreign nucleic
acid sequence, wherein the binding or cleaving of the first foreign nucleic acid sequence
alters the expression of the guide RNA or inactivates the first foreign nucleic acid sequence

encoding the guide RNA.

in another embodiment, the guide RNA and the CasY protein co-localize to the target
nucleic acid sequence and the Cas9 protein binds or cleaves the target nucleic acid sequence
m a site specific manner. In one embodiment, the binding or cleaving of the target nucleic

acid sequence alters the expression of the target nucleic acid sequence.

In certain embodiments, the first foreign nucleic acid sequence that is cleaved in a site
specific manner 1s repaired by aon-homologous end joining repair mechanism to form a
repaired subsequent foreign nucleic acid sequence encoding a subsequent giide RNA having
a subsequent spacer sequence complementary to a subsequent target nucleic acid sequence of
the genomic DNA. In some embodiments, the repaired subsequent foreign nucleic acid
sequence 1s expressed to form the subsequent guide RNA which forms a colocalization

complex with the Cas9 protein and the repaired subsequent foreign nucleic acid sequence,
12
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wherein the Cas9 protein cleaves the repaired subsequent foreign nucleic acid sequence in a
site specific manner to prevent further expression of the subsequent guide RNA sequence. In
certain other embodiments, the subsequent giude RNA and the Cas9 protein co-localize to the
subsequent target nucleic acid sequence and the Cas9 protein cleaves the subsequent target
nucleic acid sequence n a sie specific manner. In some embodiments, the process of
cleaving the first forcign nucleic acid sequence, repatring the first foreign vucleic acid
sequence, expressing the repaired subsequent foreign nucleic acid sequence, cleaving the
repaired subsequent foreign nucleic acid sequence n a site specific manner, and cleaving the
subsequent target nucleic acid sequence in a site specific manner is cycled 1 the cell to result
i {1} eliminating or mactivating the foreign nucleic acid sequence and (2% a plurality of

target nucleic acid sequences being cleaved.

The Cas protein according to certain embodiments of the present disclosure includes a
Type H CRISPR system Cas9 protein or its ortholog such as Cpfl. The Cas¥ protein
according to certain embodiments of the present disclosure includes an enzymatically active
CasY protein having nuclease activity that can cut both strands of the target nucleic acid, a
CasY protemn nickase that cuts one strand of the target nucleic acid, or a nuclease null Cas9
protein or “dead” Cas9 protein. The nuclease mull Cas9 protein and the guide KNA colocalize
to the target nucleic acid or the nucleic acid encoding the guide RNA resulting in binding but
not cleaving of the target nocleic acid or the muecleic acid encoding the guide RNA. The
activity or transcription of the target nucleic acid or the nucleic acid encoding the guide RNA
is regulated by such binding. The Cas9 protein can further comprise a transcriptional
regulator or DNA modifving protein attached thereto. Exemplary transcriptional regulators
are known to a skilled n the art and include VPR, VP64, P65 and RTA. Exemplary DNA-

modifying cnzymes are known to a skilled in the art and include Cytidine deaminases,

13
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APOBECs, Fokl, endonucleases and DNases. Binding but not cleaving can occur in
circumstances where a guide RNA having a shorfened spacer sequence is used with an
enzyvmatically active {as? protein, which is known the art and has been described in Kiani S,
Chavez A, Tuttle M, Hall RN, Chari R, Ter-Ovanesyan D, Qian I, Pruitt BW, Beal J, Vora §,
Buchthal J, Kowal El, Ebrahumkbhani MR, Collins JJ, Weiss R, Church G, Cas% gRNA
engineering for genome editing, activation and repression, Nar Merhods., 2018
Nov;12¢113:1051-4, Hpub 2015 Sep 7; and Chavez A, Scheiman J, Vora 5, Pruitt BW, Tuttle
M, P R lver E, Lin §, Kiami S, Guzman CD, Wicgand DJ, Ter-Ovanesvan D, Braff JL,
Davidsohn N, Housden BE, Perrimon N, Weiss B, Aach J, Collins JJ, Church GM., Highly
efficient Cas9-mediated transcriptional programming, Nat Methods., 2015 Apr;12(4):326-8,

Epub 2015 Mar 2, each of which are hereby incorporated by reference in its entirety.

The cell according to certain embodiments of the present disclosure includes a
eukarvotic cell or prokarvotic cell. In some embodiments, the cell 1s a bactenia cell, veast cell,

a manunalian cell, 2 human ccll, a plant cell or an amimal cell.

in one embodiment, the rate at which the guide ENA regulates the binding or
cleavage of the first foreign nucleic acid sequence and/or the target nucleic acid sequence can
be controlled by adding additional nucleotide sequence between the transcription start site
and the scaffold of the guide RNA. In another embodiment, increasing the length of the
additional mucleotide sequence between the transcription start site and the scaffold of the
guide RNA reduces the rate at which the guide RNA regulates the binding or cleavage of the
first foreign nucleic acid sequence and/or the target nucleic acid sequence.

Methods described herein can be used for cellular and molecular barcoding. Methods

described herein can be used to measure and record various cellular events that are coupled to

14
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production of the Cas9 protem or the guide RNA. The cellalar events include cell divisions,

lincage tracing and ccliular signabing.

In some embodiments, the first and/or the second foreign nucleic acid sequence arc
exogenous to the cell. In other embodiments, the first and/or the second foreign mucleic acid

sequence are integrated into the cell’s genomic DNA.

In certain exemplary embodiments, the activity or expression of the Cas9 protem 1s
mducible. In some embodiments, the native Cas9 proteim instead of the nucleic acid encoding

the Cas? protein 1s introduced to the cell.

According to another aspect, the present disclosure provides a method of targeting a
nucleic acid encoding a guide RNA in vifro. The method includes providing a first foreign
nucleic acid encoding a guide RNA sequence including a spacer sequence and a protospacer
adjacent motif (PAM) adjacent to the spacer sequence, wherein the spacer sequence is
complementary to a protospacer sequence in the first foreigo nucleie acid, providing a second
foreign nucleic acid encoding a Cas?® protein, wherein the guide RNA sequence and the Cas9
protein are expressed. and wherein the guide RNA sequence and the Cas9 protein co-localize
to the first foreign nucleic acid and the Cas9 protein binds or cleaves the first foreign nucleic

acid sequence in a site specific manner,

In one embodiment, the binding or cleaving of the first foreign mucleic acid sequence
alters the expression of the guide RNA or inactivates the first foreign nucleic acid sequence
encoding the guide RNA . In another embodiment, other DNA having a target nucleic acid
sequence i further provided, wherein the spacer sequence of the guide RNA is
complementary to a protospacer sequence in the target nucleic acid sequence, and wheremn

the guide RNA and the Cas® protein co-localize to the target nucleic acid sequence and the
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CasY protein binds or cleaves the target nucleic acid sequence in a site spectfic manner. In
one embodiment, the binding or cleaving of the target nucleic acid sequence alters the
expression of the target nucleie acid sequence.

In some cmbodiments, the CasY is a Type H CRISPR system Cas9 or Cpfl. in other
embodiments, the Cas® protein is an enzvmatically active Cas9 protein, a Cas9 protemn
nickase, or a nuclease null Cas9 protein. In still other embodiments, the CasY protein further

corprises a transcriptional regulator or a BNA modifying protein attached thereto.

in some embodiments, the guide RNA instead of the nucleic acid encoding the guide
RNA is provided. In some embodiments, the native Cas9 protein mstead of the nucleic acid

encoding the Cas? protem is provided.

In certain exemplary embodiments, the rate at which the guide RNA regulates the
binding or cleavage of the first foreign nucleic acid sequence and/or the target nucleic acid
sequenee can be controlled by adding additional nucleotide sequence between the
transcription start site and the scaffold of the guide RNA . In certain embodiments, mcereasing
the length of the additional nucleotide sequence between the transcription start siie and the
scaffold of the guide RNA reduces the rate at which the guide RNA regulates the binding or
cleavage of the first foreign nucleic acid sequence and/or the target nucleic acid sequence. In
some embodiments, the length of the additional nucleotide sequence is between about 5 and
about 300 nucleotides, between about 10 and about 200 nucleotides, between about 20 and
about 100 nucleotides, between about 30 and about 90 nucleotides, between about 40 and
about 80 nucleotides, between about 50 and about 70 nucleotides and between about 55 and

about 65 nuclectides long.
Methods described herein can be used for molecular cloning and genetic engineering
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applications. For mstance, methods described herein can be used to remove exogenous
sequences of DNA that are inserted into cells and to target genes for therapeutic purposes.
Methods described herein can be used to deplete or enrich specific targets in a hbrary of
DNA molecules. For mstance, methods described herein can be used to cut a specific set of

target molecules in a bibrary of DNA molecules.

In some embodiments, the first and/or the second foreign mucleic acid sequence are
genomic DNA or exogenous to the genomic DNA. In some other embodiments, the first

and/or the second foreign nucleic acid sequence are integrated into the genomic DNA.

In certain embodiments, the activity or expression of the Cas9 protein is inducible.

According to one aspect, the present disclosure provides a cell including a first
foreign nuclewe acid encoding a guide RNA sequence including a spacer sequence and a
protospacer adjacent motif (PAM) adjacent to the spacer sequence, wherein the spacer
sequence is complementary o a protospacer sequence in the first foreign nucleic acid and a
protospacer sequence in a target nucleic acid sequence of the genomic DNA | a second forsign
nucleic acid encoding a Cas9 protein, wherein the guide RNA sequence and the Cas9 protein
arc expressed, and wherein the guide RNA sequence and the CasY protein co-localize to the
first foreign nucleic acid and the Cas9 protein binds or cleaves the first foreign nucleic acid
sequence i a site specific manner. In some embodiments, the binding or cleaving of the first
foreign nucleic acid sequence aliers the expression of the guide RNA or mactivates the first
foreign nucieic acid sequence encoding the guide RNA. In some other embodiments, the
guide RNA and the Cas9 protein co-localize to the target nucleic acid sequence and the Cas®

protein binds or cleaves the target nucleic acid sequence m a site specific manner.

The cell according io certain embodiments of the present disclosure includes a
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cukaryotic cell or prokarvotic cell. In some embodiments, the cell is a bacteria cell, yeast cell,

a mammalian coll, a human cell, a plant coll or an animal cell.

In some embodiments, the first and/or the second foreign nucleic acid sequence arc
exogenous to the cell. In other embodiments, the first and/or the second foreign nucleic acid
sequence are integrated into the cell’s genomic DNA. In cortain embodiments, the activity or

expression of the CasY protein is inducible.

According to one aspect, the present disclosure provides an in virro CRISPR system
mcluding a furst foreign nucieie acid encoding a guide RNA sequence including a spacer
sequence and a protospacer adjacent motif (PAM) adjacent to the spacer sequence, wherein
the spacer sequence is complementary to a protospacer sequence n the first foreign nucleic
acid, a sccond foreign mucleic acid encoding a CasY protein, whercin the guide RNA
sequense and the Cas9 protein are expressed, and wherein the guide RNA sequence and the
Cas? protein co-localize to the first foreign nucleic acid and the Cas9 protein binds or

cleaves the first foreign nucleic acid sequence n a site specific manner.

In some embodiments, the binding or cleaving of the first foreign nucleic acid
sequence alters the transcription of the guide RNA or inactivates the first foreign nucleic acid
sequence encoding the guide RNA.  In other embodiments, the in vitre CRISPR system
further includes a DNA hibrary having a target nucleic acid sequence, wherein the spacer
sequence of the guide RNA is complementary to a protospacer scquence in the target nucleic
acid sequence, and wherein the guide RNA and the Cas9 protein co-localize to the target
nucleic acid sequence and the Cas® protein binds or cleaves the target nucleic acid sequence
m a stte spectfic manner. In some embodiments, the binding or cleaving of the target nucleic

acid sequence alters the activity of the target nucleic acid sequence.
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In some embodiments, the Cas9 1s a Type H CRISPER system Cas9 or Cpfl. In other
embodiments, the CasY profein is an enzyvmatically active Cas9 protein, a Cas9 protein
nickase, or a nuclease null CasY protein. In certain embodiments, the Cas9 protein further

mclades a transceriptional regulator or a DNA-modifying protein attached thereto.

In some embodiments, the guide RNA instead of the nucleic acid encoding the ginde
RNA 1s provided. In other embodiments, the Cas9 protein instead of the nucleic acid

encoding the Cas9 protein is provided.

The in vitro CRISPR system as described herein, wherein the rate at which the guide
RNA regulates the binding or cleavage of the first foreign mucleic acid sequence and/or the
target nucleic acid sequence can be controlled by adding additional nucleotide sequence
between the transcription start site and the scaffold of the guide RNA. The in vifre CRISPR
system as descnibed hercin, wherein increasing the length of the additional mucleotide
sequence between the transcription start site and the scaffold of the guide RNA reduces the
rate at which the guide RNA regulates the binding or cleavage of the first foreign nucleic acid

sequence and/or the target nucleic acid sequence.

in some embodiments, the first and/or the second foreign nucleic acid sequence are a
Ebrary of DNA molecules. In other embodiments, the first and/or the sccond foreign nucleic
acid sequence are integrated into the library of DNA molecules. In cerfain embodiments, the
activity or expression of the Cas9 protein is inducible.

According to another aspect, the present disclosure provides a method of targeting a
nucleic acid sequence using a CRISPR system including providing a first foreign nucleic acid
encoding a gude RNA sequence mcloding a spacer sequence complementary fo a
protospacer sequence i the nucleic acid sequence, providing a second foreign nucleic acid
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encoding a Cas9 protein, whersin the guide RNA sequence and the CasY protein are
expressed, wherein the guide RNA sequence and the Cas9 protein co-localize to the nucleic
acid sequence and the Cas9 protein binds or cleaves the nucleic acid sequence in a site
specific manner, and wherein the rate at which the guide RNA regolates the binding or
cleavage of the nucleic acid sequence can be controlled. In some embodiments, the rate at
which the guide RNA regulates the binding or cleavage of the nucleic acid sequence can be

controlled by adding additional nuclectide sequence between the transcription start site and

the scaffold of the guide RNA.
Methods descnibed herein can target the nucleic acid sequence in a cell or in visro.

In certain exemplary embodiments, the nucleic acid sequence encodes a self-targeting
guide RNA including a spacer sequence and a protospacer adjacent motif (PAM) adjacent to
the spacer sequence, wherein the spacer sequence is complementary 10 a protospacer
sequence in the nucleic acid. In some embodiments, the rate at which the self-targeting ginde
RNA regulates the binding or cleavage of the nucleic acid sequence can be controlled by
adding additional nucleotide sequence between the transcription start site and the scaffold of
the guide RNA. In other embodiments, increasing the length of the additional nuclestide
sequence between the franscription start site and the scaffold of the gude RNA reduces the
rate at which the guide RNA regulates the binding or cleavage of the first foreign nucleic acid
sequenee and/or the target nucleic acid sequence.

According to certain aspects, an exemplary spacer sequence 1S between 10 and 30
nucleotides i length. According to certain aspects, an esemplary spacer sequence 18 between
15 and 25 mucleotides in length. An exemplary spacer sequence is between 18 and 22

nucleotides i length. An cxemplary spacer sequence is 20 nucleotides in length. According
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to certain methods, two or more or a plurality of guide RNAs may be used in the practice of

certain embodiments.

The term spacer sequence is understood by those of skill in the art and may nclude
any polynucleotide having sufficient complementanty with a target nucleic acid sequence to
hybridize with the target nucleic acid sequence and direct sequence-specific binding of a
CRISPR complex to the target sequence. A CRISPR complex may mclude the guide RNA
and the Cas9 protein. The guide RNA may be formed from a spacer sequence covalently
connected o a tracr mate sequence (which may be referred to as a crRNA) and a separate
tracr sequence, wherem the tracr mate sequence is hvbridized to a portion of the tracr
sequence. According to cerfain aspects, the tracr mate sequence and the tracr sequence are
connected or linked such as by covalent bonds by a linker sequence, which construct may be
referred to as a fusion of the tracr mate sequence and the tracr sequence. The linker sequence
referred to herein 1s a sequence of nucleotides, referred to heren as a nucleic acid sequence,
which connect the tracr mate sequence and the tracr sequence. Accordingly, a guide RNA
may be a two component specics (i.e., separate ¢rRMNA and tracr RNA which hybridize
togethery or a unimolecular species (1.e., a crRNA-tracr RNA fusion, ofien termed an

sgRNAY.

Tracr mate scquences and tracr sequences are known to those of skill m the art, such

as those descnbed m US 2014/0356958. The tracr mate scquence and tracr sequence used in

the present disclosure 18 N20 to NB-
gttttagagctagaaatagcaagitaaaataaggctagtecgitatcaactigaaaaagigucaccgagteg gtoctitittt with

N20-8 being the number of nucleotides complementary to a target locus of interest.

According to certain aspects, the tracr mate sequence is between about 17 and about
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27 nucleotides in length. According to certain aspects, the tracr sequence is between about 65
and about 75 nucleotides in length.  According to certain aspects, the linker nucleic acid

sequense is between about 4 and about 6.

According to one aspect, embodiments described herein imclude guide RNA having a
length including the sum of the lengths of a spacer sequence, tracr mate sequence, tracr
sequence, and linker sequence (if present).  Accordingly, such a ginde RNA may be
described by tts total length which is a sum of its spacer sequence, tracr mate sequence, tracr
sequence, and linker sequence. According to this aspect, all of the ranges for the spacer
sequence, tracr mate sequence, tracr sequence, and linker sequence (f present) are
meorporated hercin by reference and need not be repeated.  One of skill will readily be able
to sum cach of the portions of a guide RNA tfo obtain the total length of the guide RNA
sequence.  Aspects of the present disclosure are directed to methods of making such ginde
RNAs as descnibed herein by expressing constructs encoding such guide RNA using

promoters and terminators and optionally other genctic clements as described herein.

According to certain aspects, the cell includes a naturally occurring Cas protein.
According to certain aspects, the guide RNA and the Cas protein which mteracts with the
guide RNA are foreign to the cell mto which they are introduced or otherwise provided.
According to this aspect, the guide RNA and the Cas protein arc nonnaturally occurring in the
cell 10 which they are introduced, or otherwise provided. To this extent, cells may be
genetically engineered or genetically modified to include the CRISPR /Cas systems described

herein.

Exemplary Cas protein include . pyogenes Cas¥, S, thermophilus CasY and 5. aureus

CasY. One excemplary CRISPR/Cas system uses the S pyogenes CasY nuclease {(Sp. CasP), an
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extremely high-affinity (sce Sternberg, S H., Redding, S, Jinek, M., Greene, E.C. & Doudna,
F A DNA mterrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 847, 62-67
(2014} hereby incorporated by reference in s entirety}, programmable DNA-binding protein
tsolated from a type 1 CRISPR-associated system (sec Gamean, JE. et al. The CRISPR/Cas
bacterial immune system cleaves bacteriophage and plasmud DNA. Narure 468, 67-71 (2010)
and Jinek, M. et al. A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337, 816-821 (2012} cach of which are hereby incorporaied by
reference in its entiretv). The DNA locus targeted by Cas9 precedes a three nucleotide (nt)
5°-NGG-3" “PAM” sequence, and matches a 15-22-nt guide or spacer sequence within a
Cas9-bound BRNA cofactor, referred to herein and in the art as a guide RNA. Altering this
guide RNA is sufficient to target Cas9 to a target nucleic acid. In a multitude of CRISPR-
based biotechnology applications, the guide 1s ofien presented in a so-called sgRNA (single
guide RNA), wherein the two natural Cas9 RNA cofactors (gRNA and tracrRNA) are fused

via an engincered loop.

Embodiments of the present disclosure are directed to methods of inactivating a
nucleic acid encoding a guide RNA 1 a cell ncluding introducing nto the cell a first foreign
nucleic acid encoding a guide RNA sequence including a spacer sequence complementary to
a protospacer sequence and a protospacer adjacent motif adjacent to the spacer sequence,
wherein the spacer sequence is complementary to a target nacleic acid, introducing into the
cell a second foreign nucleic acid encoding a Cas9 protein, wherein the guide RNA sequence
and the Cas9 protein are expressed, wheretn the guide RNA sequence and the Cas® protein
co-localize to the first foreign nucleic acid and the Cas9 protein cleaves the first foreign
nucleic acid sequence to prevent further expression of the gwde RNA sequence. In

excmplary embodiments, the guide RNA and the Cas9 protein co-localize to the target
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nucleic acid and the Cas9 protein cleaves the target nucleic acid. Methods deseribed herein
can be performed in vitro, in vivo or ex vive. According to one aspect, the cell is a cukaryotic
cell or a prokarvotic cell. According to one aspect, the cell is a bacteria celf, a yeast cell, a
mammalian cell, a human cell, a stem cell, a progenitor cell, an induced pluripotent stem cell,

a human induced plunpotent stem cell, a plant cell or an amimal cell. According to one

aspect, the Cas9 protein is an enzymatically active Cas9 protein, a Cas9 protein wild-type
protein, or an enzyvmatically active Cas% nickase. Additional exemplary CasS proteins

melude CasY proteins attached to, bound to or fused with a nuclease such as a Fok-domain,

such as Fok 1 and the like. Exemplary nucleases are known to those of skill in the art.

According to certain aspects, the Cas protein may be delivered directly to a cell as a
native species by methods known to those of skill in the art, including imjection or
Iimofection, or as translated from its cognate mBNA | or transcribed from its cognate DNA
mto mBNA (and thereafter translated mto protein}. Cas DNA and mRNA may be themselves
mtroduced into cells through clectroporation, transient and stable transfection (including
lipofection) and viral transduction or other methods known to those of skill in the art.
According to certain aspects, the guide RNA may be delivered directly 1o a cell as a native
specics by methods known to those of skill in the art, including injection or lipofection, or as
transcribed from #ts cognate DNA, with the cognate DNA introduced into cells through
glectroporation, transient and  stable transfection {(mncluding lipofection) and  viral

transduction.

According to certain aspects, a first foreign nucleic acid encoding a guide RNA
sequence ineluding a spacer sequence complementary to a protospacer sequence and a
protospacer adjacent motif adjacent to the spacer sequence 15 provided to a cell. The spacer

sequence is complementary {o a target nucleic acid. A second foreign nucleic acid encoding a
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CasY protein 1s provided to the cell. The cell expresses the guide RNA sequence and the Cas9
protein, wherein the guide RNA sequence and the Cas9 protein co-localize to the first foreign
nucleic acid and the Cas9 protein cleaves the first foreign nucleic acid sequence to provent
further expression of the guide RNA sequence. In exemplary embodiments, the guide RNA
and the Cas9 protein co-localize to the target nucleic acid and the Cas9 protein cleaves the
target nucleic acid. The cell may be anv desired cell including a cukaryotic cell.  An

exemplary cell is a human cell.

Cas9 proteins and Type II CRISPR svstems are well documented in the art. See
Makarova et al., Nature Reviews, Microbiology, Vol. 9, June 2011, pp. 467-477 including all
supplementary mformation hercby incorporated by reference mn its entirety.  In general,
bacterial and archacal CRISPR-Cas sysiems rely on short guide RNAg in complex with Cas
proteins to direct degradation of complementary sequences present within invading forgign
nucleic acid. See Deltcheva, E. ot al. CRISPR RNA maturation by trans-encoded small RNA
and host factor RNase I Nature 471, 602-607 (2011); Gasiunas, G., Barrangou, R,
Horvath, P. & Siksnys, V. CasS-crRNA ribonuclesprotein complex mediates specific DNA
cleavage for adaptive immumity in bactenia. Proceedings of the National Academy of Sciences
of the United States of America 109, E2579-2586 (2012); Jinek, M. et al. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial tmmunity. Science 337, 816-821
(2012); Sapranauskas, R. et al. The Streptococcus thermophilus CRISPR/Casz system
provides immunity in Escherichia coli. Nucleic acids research 3%, 9275-9282 (2011} and
Bhayva, D, Davison, M. & Barrangou, R CRISPR-Cas systems in bacieria and archaea:
versatile small RNAs for adaptive defense and regulation. dnmual review of genetics 45, 273-
297 (2011). A recent in vifro reconstitution of the S pyogenes type I CRISPR system

demonsirated that crRNA (“CRISPR RNA™) fused to a normally trans-encoded tractRNA
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{“trang-activating CRISPR RNA”) 1s sefficient to direct Cas9 protein to sequence-specifically
cleave target DNA scquences matching the ¢rRNA. Expressing a gENA homologous 1o a
target site results 10 Cas9 recruttment and degradation of the target DNA. Sce H. Deveau e/
al., Phage response to CRISPR-encoded resistance in Streptococcus thermophibus. Journal of

Bacteriology 190, 1390 (Feb, 2008).

Three classes of CRISPR systems are generally known and are referred to as Tyvpe 1,
Type 1 or Type 1H). According to onc aspect, a particular useful enzyme according to the
present disclosure to cleave dsDINA 1s the single effector enzyme, Cas9, common o Type IL
See K. 8. Makarova er ¢f., Evolution and classification of the CRISPR-Cas systems. Nasure
reviews. Microbiology 9, 467 (Jun, 2011} hercby incorporated by reference m its entirety.
Within bacteria, the Type U effector system consisis of a long pre-crRNA transcribed from
the spacer-containing CRISPR locus, the multifunctional Cas® protein, and a tracrBRNA
mmportant for gRNA processing. The tracrRNAs hybridize to the repeat regions separating
the spacers of the pre~-crENA, tutiating dsRNA cleavage by endogenous RNase [, which is
followed by a second cleavage event within each spacer by CasY, producing mature crRNAs
that remain associated with the tracrRNA and Cas®  TracrRNA-crRNA fusions are

contemplated for use in the present methods.

According to one aspect, the enzyme of the present disclosure, such as Cas9 vowinds
the DNA duplex and scarches for sequences matching the orRNA {o cleave. Target
recognition oocurs upon detection of complementarity between a “protospacer” sequence in
the target DNA and the remaining spacer sequence in the ctRNA. Importantly, Cas9 cuts the

2
)

DNA only if a correct protospacer-adjacent motif (PAM) is also present at the 37 end.
According to certain aspects, different protospacer-adjacent motif can be utilized. For

example, the . pyogenes system requires an NGG sequence, where N can be any nucleotide.
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S thermophilus Type I systems require NGOGNG (see P. Horvath, R, Barrangou,
CRISPR/Cas, the immune system of bacteria and archaca. Scierice 327, 167 (Jan 8, 2010}
hereby incorporated by reference in its entirety and NNAGAAW (see H. Deveau ef of.. Phage
response to CRISPR-encoded resistance in Streptococcus thermophilus. Jowrna! of
bacteriology 190, 1390 (Feb, 2008) hercby incorporatd by reference m ifs entirety),
respectively, while different 5. mufans systems tolerate NGG or NAAR (sec J. R van der
Plogg, Analysis of CRISPR in Streptococcus mutans suggests frequent occurrence of
acquired 1mumunity against infection by M102-hike bactenophages. Microbiology 153, 1966
(Jun, 2009} hereby incorporated by reference in ifs entirety. Bioinformatic analyses have
generated extensive databases of CRISPR loci in a variety of bacieria that may serve to
identify additional useful PAMs and expand the set of CRISPR-targetable sequences (see M.
Rho, V. W. Wu, H. Tang, T. G. Doak, Y. Ye, Diverse CRISPRs evolving in human
microbiomes. FloS genetics 8, ¢1002441 (2012) and D. T. Pride ef af, Analysis of
streptococcal CRISPRs from human saliva reveals substantial sequence diversity within and
between subjects over time. Genome research 21, 126 (Jan, 201 1) cach of which are herchy

meorporated by reference m their entircties.

In 8 pyogenes, Cas9 generates a blunt-ended double-stranded break 3bp upstream of
the protospacer-adjacent motif (PAM) via a process mediated by two catalytic domains in the
protein: an HNH domain that cleaves the complementary strand of the DNA and a RuvC-hike
domain that cleaves the non-complementary strand. See hnek et al., Science 337, §16-821
{2012} hereby incorporated by reference in its entirety. (asY proteins are known to exist in
many Type H CRISPR systems imnchuding the followmng as identified in the supplementary
mformation to Makarova et al., Nature Reviews, Microbiology, Vol. 9, June 2011, pp. 467-

477 Methanococcus maripaludis C7; Corynebacterium  diphtheniae; Coryncbacternium
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cfficiens Y5-314; Corynebacterium glutamicum ATCC 13032 Kitasato; Corynebacterium
glutamicum ATCC 13032 Bielefeld; Corynebacterium glutanmicum R; Corynebacterium
kroppenstedtit DSM 44385, Mycobacterium abscessus ATCC 19977, Nocardia farcinica
IFM10152; Rhodococeus erythropolis PR4; Rhodococeus jostin RHAL; Rhodococcus opacus
B4 wd36573; Acidothermus cellulolvticus 11B; Arthrobacter chlorophenolicus A6; Kribbella
flavida DSM 17836 wmid43465; Thermomonospora curvata DSM 43183; Bifidobacterium
dentium Bdl, Bifidobacterium longum DJO10A; Slackia helictrinireducens DSM 20476,
Persephonella marina EX Hi; Bacteroides fragilis NCTC 9434; Capnocyviophaga ochracea
DSM 7271; Flavobacterivm psvehrophilum JIPO2 86; Akkermansia muciniphila ATCC BAA
835; Rosciflexus castenholzii DSM 13941 Roseiflexus RS1, Synechocystis PCC6803;
Ehisimicrobiom minotum Peil91; uncoltured Termite group 1 bacterium phylotype Rs B17;
Fibrobacter succinogenes S85; Bacillus cereus ATCC 10987, Listeria mnocua; Lactobacilus
casei; Lactobacillus rhammosus GG; Lactobacillus salivarius UCC118; Streptococcus
agalactiac A909; Streptococcus agalactiae NEM316; Streptococcus agalactiae 2603,
Streptococcus  dysgalactiae  equisimilis GGS 124, Streptococcus equi  zooepidemicus
MGCS10563; Streptococcus gallolyticus UCN34 uid46061; Streptococcus gordonii Challis
subst CHI; Streptococeus mutans NN2025 wnd46353; Streptococeus muutans, Streptococcus
pvogenes M1 GAS; Sueptococcus pvogenes MGASS003; Streptococcus  pyogencs
MGAS2096; Streptococcus pyogenes MGASY429; Streptococeus pyogenes MGAS10270;
Streptococous pyogenes MGAS6180; Streptococcus pyvogenes MGAS31S, Streptococous
pyogenes S5I-1; Streptococcus pvogenes MGASIO750; Streptococcus pvogenes NZE3 L
Streptococcus thermophiles CNRZ1066; Streptococcus thermophiles LMD-9; Streptococcus
thermophiles LMG 18311; Clostridium botulinum A3 Loch Maree; Clostridium botulioum B
Eklund 17B; Clostridium botwlinum Bad 6537, (lostnidium botelinam F Langeland;
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Clostridiom  cellalolvticum H10; Finegoldia magna ATCC 26328; Eubacteriom rectale
ATCC 33656, Mycoplasma gallisepticum; Mycoplasma mobile 163K; Mycoplasma
penetrans, Mycoplasma synoviae 53;  Strepiobaciilus  momidiformis BSM 121125
Bradyrhizobiwm BTAil, Nitrobacter hamburgensis X14; Rhodopseudomonas  palustris
BisB18; Rhodopseudomonas palustris  BisB53; Parvibaculum  lavamentivorans  DS-1;
Dmoroscobacter shibac DFL 12; Gluconacetobacter diazotrophicus Pal 5 FAPERI,
Gluconacetobacter diazotrophicus Pal 5 JGL. Azospirillum B510 wid46085; Rhodospirtum
rubrum ATCC 11170; Diaphorobacter TPSY wid29973; Verminephrobacter eiseniac EF01-2;
Meisseria meningitides 033442; Neisseria meningitides alphal4; Neisseria menmgitides
Z2491; Desulfovibrio salexigens DSM 2638, Campvlobacter jejum dovier 269 97;
Campvichacter jejunt 81116, Campylobacter jeiunt; Campylobacter lan RM2100;
Helicobacter  hepaticus; Wolinella  succinogenes, Tolumonas auensis DSM 9i87,;
Pscudoaltcromonas  atlantica T6c¢; Shewanella pealeana ATCC 700345; Legionella
pocumophila Paris; Actinobacillus succinogenes 130Z; Pasteurclia multocida; Francisella
tularensis novicida U112; Francisella tularensis holarctica; Francisella tularensis FSC 198,
Francisella tularensis tularensis; Francisella tularensis WY 96-3418; and Treponema denticola
ATCC 35405, The CasY protein may be referred by one of skill i the art in the literature as
Csnl. An exemplary 8. pvogenes Cas9 protein sequence 18 shown below. See Deltcheva et
al., Nature 471, 602-607 (2011) hereby incorporated by reforence in its entirety.
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFRKVLGNTDRHSIKKNLIGALLFDSGETAE
ATREXKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFG
NIVDEVAYHEKYPTIYHLREKELYDSTDKADLRETYLALAHMIKFRGHFLIEGDLNPDNSD
VDKLFIQLVOTYNQLFEENPINASGVDAKAILSARLSKSRREENLIAGLPGERENGLFGN
LIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAGIGDOYADLFLAAKNLSDAL
LLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLEALVROQOQLPEKYKEIFFDOSKNGY A

GYIDGGASQEEFYRFIKPILEKMDGTEELLVKLNREDLLRKOQRTFDNGSIPHOIHLGELH

o]
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ATLRROEDFYPFLKDNREKIEKILTFRIPY Y VGPLARGNSRFAWMTRESEETTTPWNFEE
VVDKGASAQSFIERMTNFDKNLPNEKVEPKHSELYEYFTVYNELTKVKYVTEGMRKPAFL
SCEQKKAIVDLLFKTNRKVTVEQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI
IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLK TY AHLFDDKVMEQLKRRRYTGWG
RLSRKLUINGIRDKQSGKTILDFLEKSDGFANRNFMOQUIHDDSLTFKEDIQKAQVSGOGDSL
HEHIANLAGSPAIKKGILOQTVKVVDEL VEVMGRHEKPENIVIEMARENQTTQKGOKNSRER
MERIFEGIKELGSQILKEHPVENTOQLONERKLYLYYLONGRDMY VDQELDINRLSDYDVDH
IVPQSFLKDDSIDNEKVLTRSDKNRGKSDNVESEEVVEKMENY WROLLNAKLITOREFDNL
TKAFRGGLSELDKAGFIKRQLVETROITKHVAQILDSEMNTEYDENDKLIREVKVITLES
KLVSDFREDFOQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK
MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF
ATVRKVLSMPOVNIVEKTEVOQTGGRSKESILPKRNSDKLIARKKDWDPKKYGGFDSPFTVA
YSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFERNPIDFLEAKRGYKEVKKDLIKLPK
YSLFELENGRKRMLASAGELOQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQRQLFVE
QHKHYLDEIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENHHLFTLTNLGA
PAAFKYFDTTIDREKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD.

Modification to the Cas9 protein is a representative cmbodiment of the present
disclosure. CRISPR svstems useful m the present disclosure are descnibed in R Bamangou,
P. Horvath, CRISPR: new horizons in phage resistance and strain identification. Annual
review of food science and rechnology 3, 143 (2012) and B. Wiedenhefi, S. H. Stemberg, J.
A. Doudna, RNA-guided genetic silencing systems in bacteria and archaca. Nature 482, 331

(Feb 16, 2012} each of which are hereby incorporated by reference in their entireties.

According to one aspect, a Cas9 protein having two or more nuclease domains may be
modified or altered to wactivate all but onc of the nuclease domains. Such a modified or
altered Cas9 protein is referred to as a nickase, to the extent that the nickase cuts or nicks
only one strand of double stranded DNA. According to one aspect, the Cas? protein or Cas9
protein nickase includes homologs and orthologs thereof which retain the abihity of the

protein to bind to the BNA and be guided by the RNA. According to one aspect, the Cas9
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protein includes the sequence as known for naturally occurring Cas® proteins, such as that
from S pyogenes, S. thermophilus or 5. aureus and protein sequences having at least 30%,
40%, 50%, 60%, 70%, %0%, 90%, 95%, 98% or 99% homology thereto and being a DNA
binding protem, such as an RNA guided DNA binding protein.

Target nucleic acids include any nucleic acid sequence to which a co-localization
complex as described heremn can be useful o either cut, nick, regulate, identify, miluence or
otherwise target for other useful purposes using the methods described herein. Target nucleic
acids include cellular RNA. Target nucleic acids include cellular BNA . Target nucleic acids
mehude genes. For purposes of the present disclosure, DNA, such as double stranded DNA,
can include the target nucleic acid and a co-localization complex can bind to or otherwise co-
localize with the DNA at or adjacent or near the target nucleic acid and in a manner i which
the co-localization complex may have a desired effect on the target nucleic acid.  Such target
nucleic acids can include endogenous (or naturally occurring) nucleic acids and exogenous
{or forcign} nucleic acids. Target nucleic acids include DNA that encodes the modified gmide
RNA. One of skill based on the present disclosure will readily be able to identify or design
guide RNAs and CasY proteins which co-localize to a DNA mcluding a target nucleic acid.

DNA includes genomic DNA, mitochondrial DNA, viral DNA or exogenous DNA.

Foreign nucleic acids (i.c. those which are not part of a cell’s natural nucleic acid
composition} may be introduced mto a cell using any method known to those skilled in the art
for such introduction. Such methods include transfection, transduction, viral transduction,
microinjection, lipofection, nucleofection, nanoparticle bombardment, transformation,
conjugation and the like. Oune of skill in the art will readily understand and adapt such

methods using readily identifiable hiterature sources.
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Vectors are contemplated for use with the methods and constructs described hereimn.
The term “vector” includes a nucleic acid molecule capable of transporting another nucleic
acid to which it has been linked. Vectors used to deliver the nucleic acids to cells as
described herein include veetors known to those of skill in the art and used for sach purposes.
Certain exemplary vectors may be plasmids, lentiviruses or adeno-associated viruses known
to those of skill in the art. Vectors include, but are not hinited to, nucleic acid molecules that
are single-stranded, doublestranded, or partially double-stranded; nucleic acid molecules that
comprise one or more free ends, no free ends {e.g. circular); nucleic acid molecules that
comprise DNA, RNA, or both; and other varicties of polynucieotides known in the art. One
type of vector is a “plasmid,” which refers to a circular double stranded DNA foop into which
additional DNA segments can be inserted, such as by standard molecular cloning techniques.
Another tvpe of vector 1s a viral vector, wherein virallv-derived DNA or RNA sequences are
present in the vector for packaging into a virus {¢.g. retroviruses, lentiviruses, replication
defective retrovinuses, adenoviruses, replication defective adenoviruses, and adenc-associated
viruses). Viral vectors also mclude polyvnucleotides carried by a virus for transfection into a
host cell. Certain vectors are capable of autonomous replication in a host cell into which they
are introduced {(o.g. bacterial vectors having a bactenal origin of replication and episomal
mammahian vectors). Other vectors {¢.g., non-episomal mammalian vectors) are integrated
mto the genome of a host cell upon introduction into the host cell, and thereby are replicate
along with the host genome. Moreover, certain vectors are capable of directing the
expression of genes to which they are operatively linked. Such vectors are referred to herein
as “expression vectors.” Common expression vectors of utihity in recombinant DNA
cchnigques are often i the form of plasmids. Recombinant expression vectors can comprise

a nmucleic acid of the invention in a form surtable for expression of the nucleic acid in a bost
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cell, which means that the recombinant expression vectors inchude one or more regulatory
clements, which may be selected on the basis of the host cells to be used for expression, that
1s operatively-linked to the mucleic acid sequence to be expressed. Within a recombinant
expression vector, “operably linked” or “operatively linked” is intended to mean that the
nucleotide sequence of mterest 1s linked to the regulatory element(s) in a manner that allows
for expression of the nucleotide sequence {e¢.g. v an in vifro transcription/transiation system

or in a host cell when the vector 1s introduced into the host cell).

Methods of non-viral delivery of nucleic acids or native DINA binding protein, native
guide RNA or other native species include lipofection, microinjection, biolistics, virosomes,
liposomes, immunoliposomes, polycation or lipidinucieic acid conjugates, naked DNA,
artificial virions, and agent-enhanced uptake of BNA. Lipofection is described ine g, U5
Pat. Nos. 5,049386, 4946787, and 4,897355) and lpofection reagents are sold
commercially (e.g., Transfectam™ and Lipofectin™). Catiomic and neutral lipids that are
suitable for ctficient receptor-recognition lipofection of polyaucieotides include those of
Felgner, WO 91/17424; WO 91/16024. Delivery can be to cells {c.g. in vifro or ex vivo
adnunistration) or target tissues {e.g. in vivo administration}. The term native includes the

protein, enzvme or guide RNA species itself and not the nucleic acid encoding the species.

Regulatory clements arc conteroplated for use with the methods and constructs
described herein. The term “regulatory element” s intended to include promoters, enhancers,
mtemal nibosomal entry sites (IRES), and other expression control elements (c.g.
transcription termination signals, such as polvadenviation signals and polv-UJ sequences).
Such regulatory elements are described, for example, in Goeddel, GENE EXPRESSION
TECHNGLOGY: METHODS IN ENZYMOLOGY 183, Academic Press, San Diego, Calif

{1990). Regulatory elements include those that direct constitutive expression of a nucleotide
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sequence in many types of host cell and those that direct expression of the nucleotide
sequence only in certain host cells {c.g., tissuc~specific regulatory sequences). A tissue-
specific promoter may direct expression primarily m a desired tissue of interest, such as
muscle, neuron, bone, skin, blood, specific organs (¢.g. liver, pancreas), or particular cell
types (e.g. lvmphocytes). Regulatory elements may also direct expression in a temporal-
dependent manner, such as in a celi-cyele dependent or developmental stage-dependent
manner, which may or may not also be tissue or cell-type specific. In some embodiments, a
vector may comprise one or more pol Il promoter {eg. 1, 2, 3, 4, 5, or more pol I
promoters), one or more pol { promoters {e.g. 1, 2, 3, 4, 5, or more pol I promoters), one or
more pol I promoters (e.g. 1. 2, 3, 4, 5, or more pol [ promoters), or combinations thereof,
Examples of pol I promoters include, but are not limited to, U6 and H1 promoters.
Examples of pol I promoters include, but are not limited to, the retroviral Rous sarcoma
virus (RSV) LTR promoter (optionally with the RSV enhancer), the cvtomegalovirus (CMV)
promoter {optionally with the CMVY enhancer} {see, ¢.g., Boshart et al, Cell, 41:521-530
{1985}], the SV40 promoter, the dibhvdrofolate reductase promoter, the B-actin promoter, the
phosphoglycerol kinase (PGK} promoter, and the EFla promoter and Pol Il promoters
described herein. Also encompassed by the term “regulatory element™ are enhancer elements,
such as WPRE; CMV enhancers; the R-US™ segment in LTR of HTLV-I (Mol. Cell. Biol,
Vol 8(1), p. 466-472, 1988); SV40 enhancer; and the intron sequence between exons 2 and 3
of rabbit B-globin (Proc. Natl. Acad. Sci. USA., Vol 783}, p. 1527-31, 1981} It will be
appreciated by those skilled m the art that the design of the expression vector can depend on
such factors as the choice of the host cell to be transformed, the level of expression desired,
ctc. A vector can be introduced into host cells to thereby produce transcnipts, proteins, or
peptides, including fusion proteins or peptides, encoded by nucleic acids as described hergin
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{c.g., clustered regularly interspersed short palindromic repeats (CRISPR) transcripts,

proteins, enzymes, mutant forms thereof, fusion proteins thereof, ctc ).

Aspects of the methods described herein may make use of terminator sequences. A
terminator sequence includes a section of nucleic acid sequence that marks the end of a gene
or operon in genomic DNA during tramscription. This scquence mediates transcriptional
termination by providing signals in the newly synthesized mBNA that trigger processes
which release the mRNA from the transcriptional complex. These processes imclude the
direct wteraction of the mRNA secondary structure with the complex and/or the ndirect
activities of recruited termination factors. Release of the transcnptional complex frees RNA
polymerase and rclated transcriptional machinery to begin transcription of new mENAs.

Terminator sequences include those known in the art and identified and described herein.

Aspects of the methods described hercin may make use of epitope tags and reporter
gene sequences. Non-limiting examples of epitope tags include histidine (His) tags, V5 tags,
FLAG tags, mfluenza hemagghitimn (HA) tags, Myc tags, VSV-G tags, and thioredoxin
(Trx) tags. Examplcs of reporter genes include, but arc not binuted to, ghuathione-S-
transferase (GST), horseradish peroxidase (HRP), chloramphenicol acetvitransferase (CAT)
beta-galactosidase, betaglucuromdase, luciferase, green fluorescent protemn (GFP), HeRed,
DsRed, cvan fluorescent protein (CFP), vellow fluorescent protein (YFP), and

autofluorescent proteins inchiding blue flucrescent protein (BFPR).

The following examples are set forth as being representative of the present disclosure.
These examples are not to be construed as hmiting the scope of the present disclosure as
these and other equivalent embodiments will be apparent in view of the present disclosure,

figures and accompanying claims.
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EXAMPLES

In standard applications of the CRISPR/CasY system, the Cas9 protein and guide
RNAs are introduced into the cells by one or multiple DNA vectors. The cells express the
Cas? protein and the gRNA . The Cas? protein and gRNA combine and form a co-localization
complex at the target nucleic acid loct that contain both the matching protospacer sequence
and the PAM where the Cas9 cuts the endogenous target nucleic acid loci (FIG. 1), The Cas9-
gRNA complex does not attack the DNA vector containing the gRNA gene because the DNA
vector that encodes the gRNA gene while contaming a cognate protospacer sequence. It does

not contain a PAM sequence adjacent to the protospacer sequence.

There are applications where targeting a gRNA locus by its own gRNA product can
be desirable. In this example, modified Cas9 gRNA scaffolds are designed and used to cut a
gRNA locus (DNA encoding the gRNA) by its own gRNA product, 1.e., a self-targeting

gRNA (FIG. 2).

In an cxemplary embodiment, a Streplococcus pyogenes gRNA sequence was
moditied to miroduce a PAM adjacent to the spacer sequence while nunimally aliering the
sccondary structure of the gRNA scaffold (FIG. 3). These novel gRNAs were tested in
standard traffic-hight assays {e.g., as described m Certo MT, Rya BY, Anms JE, Ganbov M,
Jajour J, Rawlings DI, Scharenberg AM., Tracking genome engincering outcome at
mdividual DNA breakpoints, Nat Methods., 2011 Jul 10.8(8):671-6, hereby incorporated by
reference in s entirety) and appeared to be active in targeting both a genomic locus and the
encoding DNA vector itself, indicating that these gRNAs can be used for genome engineering
applications, as well as eliminating themselves during the process that leaves no active

genetic elements behind.
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Standard gRNAs can only create one alteration in thetr target nucleic acid sequence in
cells because the spacer sequences of the standard gRNAs do not match their target nucleic
acid protospacer sequences anymore after the target nucleic acid protospacer sequences have
been aliered, such as by NHEJ repair (FIG. 4). In contrast, a modified self-targeting gRNA
according to an embodiment of the nvention can repeatedly attack its own DNA encoding
locus because after cach round of alteration, the altered DNA encoding locus that is repaired
by NHES will express a gRNA that carries the newly altered spacer sequence that matches the

altered protospacer sequence of the gRNA locus (FIG. 5).

The CRISPR Cas9 self-tarceting sRNA svysiem targets the sRNA encoding locus in cells

The behavior of a seif-targeting gRNA (FIG. 3 and FIG. 6) was tested by mitroducing
it to cells with an inducible Cas9 protein. Cas9 expression was then induced for pulses of 0,
2,4, 8, 12, or 24 hours within 72 hour intervals. The gRNA locus was sequenced at the end of
each iterval (FIG. 73 The mitial or mput gRNA locus sequence is designated as the
reference sequence. The gRNA locus sequence/read that have been altered by the self-
targeting gRNA/Cas9 complex and repaired by NHEJ are designated as non-refercnce
sequence. The results sugeested that the gRNA locus changed over time with increased
abundance of the non-reference sequence corrgsponds to the increased CasY protein mduction
time. Atficr a fow rounds of induction of Cas® protein, an NHEJ event mvolving a large
deletion that removes the PAM sequence from the gRNA locus eventually happened, thus
rendering the gRNA locus non-functional/inactive as a target (FIG. 8). This cutcome
mdicated that the CRISPR Cas9 sclf-targeting gRNA system may be used as molecular
clocks or for measuring or recording various cellular events inchuding, but are not limited to,
divisions, hineage, and signaling that can be coupled to Cas9 expression. This system can

have additional applications related to cellular and molecular barcoding, bneage tracing,
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measurement and recording of various cellular signals that can be coupled to the production
of Cas9 protem or gRNA, and creating suvicidal gRNAs that mactivate or clinunate

themselves after a certain amount of time.

Materials and Methods

A clopal Hela cell line with a genomically integrated, doxycycline-inducible, SP-

Cas? was obtained (HeLa-15PCas9 cells).

A self<argeting guide RNA geng under U6 promoter (FIG. 6) was cloned into a
lentiviral vector backbone with Hygromvein resistance gene as a selectable marker
{stgRNAT1} using standard technique known to a skilled in the art {(See, e.g., Lois C, Hong EJ,
Pease S, Brown El, Baltimore DB, Germline transmission and tissue-specific expression of
transgenes delivered by lentiviral vectors, Science, 2002, Feb 1,295(5556):868-72, Epub

2002 Jan 10, PubMed PMID: 11786607, hereby incorporated by reference in its entirety).

A lentiviral virus library carrving this self-targeting guide RNA gene vector were

produced into HEK/293T cells {stgRNA1 lentiviral library).

Hela-i5PCas% cells were transduced with the sigRNAT lentiviral library in the
presence of 6 microgram/mi polybrene. Two days after tranaduction, cells were placed under
200 microgram/ml Hygromvein selection and passaged for one weck under selection to
climinate the cells that were not transduced with the lentiviral virus, resulting in a cell culture
of HeLa-iSPCas9- stgRNAT.

The HelaaSPCas9- stgRNAT cells were passaged into a 6-well culture dish. A
sample of the uminduced cells was taken and their genomic DNAs were extracted (S0
samaple}.

After the cells attached to the bottom of the &-well culture dish, cells n wells |
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through 6 were respectively induced for 0, 2, 4, 8, 12, and 24 hours with 2ug/ml doxyeycline
{(Dox) to mduce 5P-Cas? expression. At the end of cach mduction time, the cells of the
corrgsponding well was washed twice with fresh culture medium and coltured in Dox-free

medium. The 0 hour-induced sample was used as a no-induction negative control.

Three days after induction, 90% of the cells in cach well were harvested and their
genomic DNAsg were extracted (81 samples). The remaining 10% of the cells were passaged
nto a new G6-well culture dish and induced once again as previously done, with cach well
receiving the same amount of mduction time (e, 0, 2, 4, 8, 12, or 24 hours) as their
respective parent well had received. Again, three days after induction, 90% of the celis
cach well were harvested and their DNAs were extracted (52 samples). These induction and

DNA extraction steps were repeated two more times to obtain 83 and 54 samples, with each

sample having 6 induction time lengths.

The genomic DNAs from all obtained samples were extracted using Qiagen DNAeasy

Blood and Tissue Kit. The table 1 below lists the fime and rounds of all the samples obtained:

Table 1.
induction Round
o 1 2 3 4

« | 0hours 0h-51 | 0h-52 | Oh-S3 | Oh-34
& | 1hour 1h-S1 | 1h-S2 | 1h-53 | 1h-54
9 | 2 hours 2h-S1 | 2h-S2 | 2h-S3 | 2h-S4
£ | 4hours |SO| 4h-S1 | 4h-S2 | 4h-S3 | 4h-54
§ 8 hours 8h-S1 | 8h-52 | 8h-53 | 8h-54
S {12 hours 12h-S1[12h-S2 [ 12h-53 | 12h-54
= |24 hours 24h-S1 | 24h-S2 | 24h-53 | 24h-54

For cach extracted DNA sample, the stgRNA locus was amplified 1o a first round of

PCR amphification with the following pnmers:

L2
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Forward primer: atgeactatcatatgettacegt
Reverse primer: TTCAAGTTGATAACGGACTAGC

PCR was done with an initial denaturation of 5 minutes at 95°C, 25 cycles at 95°C for

30 seconds and at 653°C for | nunute, with a final extension of 5 punutes at 72°C.

In a second round of PCR amplification, the PCR product from the first round was
amplified with NEBNext Indexing Sets 1 and 2. The now-indexed products of this second
PCR amplification round were combined into a library for subsequent BDNA sequencing. Thig
bibrary was sequenced using lHumina MiSeq platform with 150bp single-end reads and 8bp

index reads.

Evaluation of sequencing results clearly revealed the self-targeting bebavior of these
guide RNAs (FIG. 7). Whereas before induction (80 sample), more than 75% of the
sequenced sigRNAs match the exact sequence of sigRNAT m FIG. 6. With each mduction
round and corresponding with induction time length, the sigRNA sequences started changing
as the non-homoelogous ¢nd joiming repair {(NHEJ} repairs the cuts the self-targeting gRNAs
have mtroduced upon their target loct while mtroducing sequence alterations (non-reference
sequence). Eventually, in the 24 hour-induced sample and afier four rounds of induction, less
than 2% of all sequenced guide RNAs have their original sequence (reforence sequence) as in
FIG. 6. The type of sequence alterations that are produced mvolved mostly deletions which

are stmular to alterations that are known to be a result of NHET repair.

From the sequencing results, if was also observed that, after multiple rounds of
mduction, the stgRNA locus underwent mmultiple cvcles of cutting and repaining, the stgRNA
locus eventually became inactive as the NHE} repair process eventually led to a large
deletion that encompasses the PAM and/or the gRNA scaffold (F1G. 8).
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The rate of changine the eRNA locus can be reculated bv the leneth of the self-tarsetine

gRNA

To find out if the rate of changing/aliering the gRNA locus bv the self-targeting
gRNA for such a molecular-clock can be controlled, four additional self-targeting gRNAs
were created, sach with an additional 25 bases of nucleotide sequence added to its 57 end,
between the transcription start site and the gRNA scaftold (FIG. 9). The additional
nucleotide sequence likely reduces the expression level of the gRNA and subsequently affects
the rate at which the expressed gRNA changes/alters the sequence of the gRNA locus. Each
of these gRNAs was introduced to a Cas9 expressing cell line, the cells were induce and
sample DNAs were collected as previously deseribed herein. Scquencing results tfrom these
samples clearly revealed the seif-targeting behavior of these guide RNAs (FIG. 10}, The
fraction of gRNA loct that lost their PAM scquence and rendered inactive over time were
measured (FIG. 11). The results mdicated that the rate at which these gRNAs regulate/alter
their own gRNA loci can be controlled, with mereasing sequence length at the 3 end of the
gRNA between the transcription start site and the gRNA scaffold leading to reduced rate of

sequence alterations.

Matenals and Methods

Five self<targeting guide RNA genes under U6 promoter were cloned mto their
respective lentiviral vector backbones with Hygromycin resistance gene as a sclectable
marker as previously described herein. Each gRINA gene has a different distance between its
transcriptional start site and the gRNA scaffold (FIG. 9), with ins0 representing the shortest

distance and 1100 representing the longest distance.

Lentiviral virus libraries carrving cach of these self-targeting guide RNA genes were
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produced in HEK/293T cells {(insO-stgRNA, me23-stgRNA, ins50-sigRNA, tns75-stgRNA,

and insi00-stgRNA lentiviral librarics).

HeLa-18PCasY cells were transduced with each of the insO-stgRNA, ins25-stgRNA,
ms30-stgRNA, ins75-stgRNA, and msiO0-stgRNA expressing lentiviral libraries in the
presence of 6 microgram/mi polybrene. Two days after tranaduction, cells were placed under
Hygromyein sclection and passaged m cell culture dishes for one week under selection to
climinate the cells that were not transduced with the [entivirases, producing Hela-18PCas9-
ms0, HeLa~-18PCas%-ins25, HeLa-1SPCas9-ins50, HeLa-1SPCas%-ins73, and HeLa-18PCas9-

s 100 cell lines.

Genomic DNAs of a sample of un-induced cells from cach of the cell lines (Hela-
18PCas9-nsl, Hela-1SPCas9-ns25, Hela-18PCas®-1850, Hela~18PCas9-ms75, and Hela-
15PCasG-ins100) were extracted to obtain the corresponding non-induced 50 samples as

previously described herein,

The cells of cach cell ling were then passaged mto a new cell culture dish and induced
for 48 hours with 2 pg/ml Doxyeycline (Dox) to induce SP-CasY expression. At the end of
mduction, all saraples were washed twice with fresh culture medivm and cultured in Dox-free

mediuym.

Three days afier indoction, 90% of the cells in the culture dishes of each cell hine were
harvested and their genomic DNAs were extracted (51 samples). The remaining 10% of the
cells in the culture dishes of cach cell line were passaged inmto new cell culture dishes and
mduced once again as described in the previous step herein. Three days after induction, 90%
of the cells in the colture dishes of each cell line were harvested and their genomic DNAs

were extracted {52 samples).
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The genomic DNAg from all obtained samples were extracted using (nagen DNAcasy
g L EANY )

Blood and Tissue Kit. The table 2 below lists the time and rounds of all the samples obtained:

Table 2.
Induction Round
0 1 2

ins0 ins0-S0 ins0-S1 ins0-S2
<Zt ins25 | ins25-S0 | ins25-S1 | ins25-52
e ins50 | ins50-S0 | ins50-S1 | ins50-S2
@ | ins75 | ins75-50 | ins75-S1 | ins75-S2

ins100 | ins100-S0 | ins100-S1 | ins100-52

For cach extracted DNA sample, the stgRNA locus was amplified in a first round of

PCR amplification with the following primers as previously described herem:
Forward primer; atggactaicatatgcttacegt
Reverse primer; TTCAAGTTGATAACGGACTAGC

In 2 second round of PCR amplification, the PCR product trom the first round was
amplified with NEBNext Indexing Sets 1 and 2. The now-indexed products of this second
PCR amplification round were combined into a hibrary for subsequent DNA sequencing. This
library was sequenced using Humina MiSeq platform with 200bp single-end reads and 8bp
index reads.

Evaluation of the sequencing results clearly revealed the self-targeting behavior for
cach of the five stgRNAs (FIG. 10). It was observed that the sclf-targeting efficiency varied
among samples and can be reduced by increasing the distance between the gRNA

transcription start site and the gRNA scaffold in the gRNA locus {(FIG. 10 and FIG. 11).

43



WO 2017/196768 PCT/US2017/031640

What is claimed 1s:

1. A method of targeting a nucleic acid encoding a guide RNA m a cell comprising

mtroducing into the cell a first foreign nucleic acid encoding a guide RNA sequence
mcluding a spacer sequence and a protospacer adjacent motif (PAM) adjacent to the spacer
sequence, wherein the spacer sequence is complementary to a protospacer sequence in the
first foreign nucleic acid and to a protospacer sequence in a target nucleic acid sequence of
the genomic DNA,

mtroducing into the cell a second foreign nucleic acid encoding a Cas9 protein,

wherein the guide RNA sequence and the Cas9 protein are expressed, and

wherein the guitde RNA sequence and the Cas9 protein co-localize to the first foreign
nucleic acid and the Cas9 protein binds or cleaves the first foreign nucleic acid sequence in a

site specific manner.

2. The method of claim 1, wherein the binding or cleaving of the first foreign nucleic
acid sequence aliers the expression of the giide RNA or inactivates the first foreign nucleic

acid sequence encoding the guide RNA.

3. The method of claim 1, wherein the guide RNA and the Cas9 protein co-localize to
the target nucleic acid sequence and the Cas? protein binds or cleaves the target nucleic acid

sequence in a site specific manner,

4, The method of claim 3, wherein the binding or cleaving of the tareet nucleic acid

sequence alters the expression of the target nucleic acid sequence.
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5. The method of claim 1, wherein the first foreign nucleic acid sequence that s cleaved
m a site specific mamner s repaured by von-homologous end joining repair mechanism to
form a repaired subsequent foreign nocleic acid sequence encoding a subsequent guide RNA
having a subsequent spacer sequence complementary to a subsequent target mucleic acid
sequence of the genomic DNA.

5. The method of claim 5, wherein the repaired subsequent foreign mucleic acid
sequence 18 expressed to form the subsequent guide RNA which forms a colocalization
complex with the Cas9 protein and the repaired subsequent foreign nucleic acid sequence,
wheretn the Cas? protein cleaves the repaired subsequent foreign nucleic acid sequence in a

site specific manner to prevent farther expression of the subsequent guide RNA sequence.

7. The method of claim 5, wherein the subsequent guide RNA and the Cas$ protein co-
localize to the subsequent target nuclei acid sequence and the Cas9 protein cleaves the

subsequent target nucleic acid sequence m a site specific manner.

3. The method of claim 3, wherein the process of cleaving the first foreign mucleic acid
sequence, repairing the first foreign nucleic acid scquence, expressing the repaired
subsequent foreign nucleic acid sequence, cleaving the repaired subsequent foreign nucleic
acid sequence in a site specific manner, and cleaving the subsequent target nucleic acid
sequence in g site specific manner is cveled m the cell to result in (1) elinunating or
mactivating the foreign nucleic acid sequence and (2) a plurality of target nucleic acid

sequences being cleaved.
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9. The method of claim 1, wherein the Cas9 15 a Type H CRISPR system Cas® or Cpfl.

10. The method of claim 1, wherein the Cas9 protein is an enzymatically active Cas9
protein, a Cas9 protein nickase, or a nuclease null Cas9 protein.
11, The method of claim 10, wherein the Cas9 protein further comprises a transcriptional

regulator or a DNA modifyving protein attached thereto.

12 The method of claim |, wherein the cell is a eukaryotic cell or prokarvotic cell.

13 The method of claim 1, wherein the cell is a bacteria cell, veast cell, a mammahan

cell, a human cell, a plant cell or an amimal cell.

14, The method of claim 1, wherein the rate at which the guide RNA regulates the
binding or cleavage of the first foreign nucleic acid sequence and/or the target mucleic acid
sequence can be controlled by adding additional nucleotide sequence between the

transcription start site and the scaffold of the guide RNA.

15, The method of claim 14, wherein increasing the length of the additional nucleotide
sequence between the transcription start site and the scaffold of the guide RNA reduces the
rate at which the guide RNA regulates the binding or cleavage of the first foreign nucleic acid

sequence and/or the target nucleic acid sequence.

16. The method of claim 1, wherein the method can be used for cellular and molecular
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barcoding.
17. The method of clarm 1. wherein the method can be used to measure and record

various cellular events that are coupled to production of the Cas? protein or the guide RNAL

8. The method of claim 17, wherein the cellular events include cell divisions, lincage

tracing and celular signaling.

19 The method of claim 1, wherein the first and/or the second forcign nucleic acid

sequenae are exogencus to the cell.

20 The method of claim 1, wherein the first and/or the second foreign nucleic acid

sequence are integrated into the cell’s genomic DNA.

21 The method of claim 1, wherein the expression of the CasY protein is mducible.
22 The method of claim 1, wherein the Cas9 protein is introduced.
23 A method of targeting a nucleic acid encoding a guide RNA im vitro comprising

providing a first foreign nucleic acid encoding a guide RNA sequence including a
spacer sequence and a protospacer adjacent motif {(PAM) adjacent to the spacer sequence,
wherein the spacer sequence is complementary o a protospacer sequence in the first foreign
nucleic acid,

providing a second foreign nucleic acid encoding a Cas? protein,
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wherein the guide RNA sequence and the Cas9 protein are expressed, and
wherein the guitde RNA sequence and the Cas9 protein co-localize to the first foreign
nucleic acid and the Cas9 protein binds or cleaves the first foreign nucleic acid sequence in a

site specific manner.

24 The method of claim 23, wherein the binding or cleaving of the first foreign nucleic
acid sequence alters the expression of the guide RNA or inactivates the first foreign nucleic

acid sequence encoding the guide RNA.

25, The method of claim 23, wherein other DNA having a target mucleic acid sequence is
further provided, wherein the spacer sequence of the guide RNA i1s complementary to a
protospacer sequence in the target nucleic acid sequence, and wherein the guide RNA and the
(as9 protein co-localize to the target nucleic acid scquence and the Cas9 protein binds or

cleaves the target nucleic acid sequence in a site specific manner.

26. The method of claim 25, wherein the binding or cleaving of the target nucleic acid

sequenae alters the expression of the target nucleic acid sequence.

27 The method of claim 23, wherein the Cas9 is a Type [I CRISPR system Cas9 or Cptl.
28. The method of claim 23, wherein the Cas9 protein is an enzymatically active Cas9

protein, a Cas9 protein nickase, or a nuclease null Cas9 protein.

29, The method of claim 28, wherein the Cas9 protem further comprises a transcriptional
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regulator or a DNA modifying protein attached thereto.

30. The method of claim 23, wherein the guide RNA is provided.

31 The method of claim 23, wherein the CasY protein is provided.

32. The method of claim 25, wherein the rate at which the guide RNA regulates the

binding or cleavage of the first foreign nucleic acid sequence and/or the target mucleic acid

sequence can be controlled by adding additional nucleotide sequence between the

transcription start site and the scaffold of the guide RNA.

wa
(8]

The method of claim 32, wherein increasing the length of the additional nucleotide
sequence between the transcription start site and the scaffold of the guide RNA reduces the
rate at which the guide RNA regulates the binding or cleavage of the first foreign nucleic acid

sequence and/or the target nucleic acid sequence.

34, The method of claim 23, whercin the method can be used for molecular cloning and

genetic engineering applications.

35, The method of claim 23, wherein the method can be used to deplete or enrich specific

targets in a library of DNA molecules.

35, The method of claim 23, wherein the first and/or the second foreign nucleic acid
sequence are genomic DNA or exogenous to the genomic DNA.
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37. The method of claim 23, wherein the first and/or the second foreign nucleic acid

sequence are mtegrated into the genomic DNA.

38, The method of claim 23, wherein the activity or expression of the Cas9 protein 1s
nducible.
39, A cell comprising

a first foreign nucleic acid encoding a guide RNA sequence including a spacer
sequence and a protospacer adjacent motif (PAM) adjacent to the spacer sequence, wherein
the spacer sequence is complementary to a protospacer sequence in the first foreign nucleic
acid and a protospacer sequence n a target nucleic acid sequence of the genomic DNA,

a second foreign nucleic acid encoding a Cas9 protein,

wherein the guide RNA sequence and the Cas? protein are expressed, and

wherein the guide RNA sequence and the Cas9 protemn co-localize to the first foreign
nucleic acid and the Cas9 protein binds or cleaves the first foreign nucleic acid sequence in a

site specific manner.

40, The cell of claim 39, wherein the binding or cleaving of the first foreign nucleic acid
sequence alters the expression of the guide RNA or inactivates the first foreign nucleic acid

sequence encoding the goide RNA,

41, The cell of claim 39, wherein the guide RNA and the CasY protein co-iocalize to the

target nucleic acid sequence and the Cas9 protein binds or cleaves the target nucleic acid
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sequence i a site specific manner.

42 The cell of claim 39, wherein the cell is a eukaryotic cell or prokaryotic cell.
43, The cell of claim 39, wherein the cell is a bacteria cell, veast cell, a mammalian cell, a

human cell, a plant cell or an animal cell.

44, The cell of claim 39, wherein the first and/or the second foreign nucleic acid sequence

are exogenous to the cell.

45. The cell of claim 39, wherein the first and/or the second foreign nucleic acid sequence

arc integrated into the cell’s genomic DNA.

46.  The cell of claim 39, wherein the expression of the Cas9 protein is inducible.

47, An invitro CRISPR svstem comprising

a first foreign nucleic acid encoding a guide RNA sequence including a spacer
sequence and a protospacer adjacent motif (PAM) adjacent to the spacer sequence, wherein
the spacer sequence is complementary to a protospacer sequence in the first foreign nuclewc
acid,

a second foreign nacleic acid encoding a Cas9 protein,

wherein the guide RNA sequence and the Cas9 protein are expressed, and

wherein the guitde RNA sequence and the Cas9 protein co-localize to the first foreign

nucleic acid and the Cas® protein binds or cleaves the first foreign nucleic acid sequence n a
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site specific manner.

48, The i vitro CRISPR system of claim 47, wherein the binding or cleaving of the first
foreign nucleic acid sequence alters the transcription of the guide RNA or inactivates the first

foreign nucleic acid sequence encoding the guide RNA.

49. The in vitro CRISPR system of claim 47, further comprising a DNA library having a
target nucleic acid sequence, wherein the spacer sequence of the guide RNA s
complementary to a protospacer sequence in the target nucleic acid sequence, and wherein
the guide BRNA and the CasY protein co-localize to the target nucleic acid sequence and the

Cas9 protein binds or cleaves the target nucleic acid sequence in a stte specific manner.

50, The i vitro CRISPR system of claim 49, wherein the binding or cleaving of the target

nucleic acid sequence alters the activity of the target nucleic acid sequence.

51. The in vitro CRISPR system of claim 47, wherein the Cas9 15 a Type I CRISPR

system Cas9 or Cpfl.

52, The in virro CRISPR system of claim 47, wheremn the Cash protein is an

enzymatically active Cas9 protein, a {as? protein nickase, or a nuclease null Cas? protein.

L
WD

The in vitro CRISPR system of claim 52, wherein the Cas? protemn further comprises

a transcriptional regulator or a DNA-modifving protein attached thereto.

i
)



WO 2017/196768 PCT/US2017/031640

54, The in vitro CRISPR system of claim 47, the guide RNA is provided.

55. The in vitro CRISPR system of claim 47, wherein the Cas9 protein is provided.

56.  The in vitro CRISPR systern of claim 49, wherein the rate at which the guide RNA
regulates the binding or cleavage of the first forcign nucleic acid scquence and/or the target
nucleic acid sequence can be controlled by adding additional nucleotide sequence between

the transcription start site and the scaffold of the guide RNA.

57. The in vitre CRISPR system of claim 56, wherein increasing the length of the
additional nucleotide sequence between the transcription start site and the scaffold of the
guide RNA reduces the rate at which the guide RNA regulates the binding or cleavage of the

first foreign mucleic acid seqguence and/or the target nucleic acid sequence.

58.  The in vifro CRISPR system of claim 47, wherein the first and/or the second foreign

nucleie acid sequence are a library of DNA nwlecules.

59. The in vitro CRISPR system of claim 47, wherein the first and/or the second foreign

nucleie acid sequence are integrated into the library of DNA molecules.

60. The in virro CRISPR system of claim 47, wherein the activity or expression of the

CasY protemn 1s inducible.

61, A method of targeting a nucleic acid sequence using a CRISPR system comprising
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providing a first foreign nucleic acid encoding a ginde RNA sequence including a
spacer sequence complementary to a protospacer sequence in the nucleie acid sequence,

providing a second foreign nucleic acid encoding a Cas? protein,

wherein the guide RNA sequence and the Cas9 protein are expressed,

wherein the guide RNA sequence and the Cas9 protein co-localize to the nucleic acid
sequence and the CasY protein binds or cleaves the nucleic acid sequence n a site specific
manner, and

wherein the rate at which the guide RNA reguiates the bmding or cleavage of the

nucleie acid sequence can be controiled.

62. The method of claim 61, wheremm the rate at which the guide RNA regulates the
binding or cleavage of the nucleic acid sequence can be controlied by adding additional

nucleotide sequence between the transcription start site and the scaffold of the guide RNA.

63, The method of claim 61, wherein the method targets the nucleic acid sequence in a
cell.
64 The method of claim 61, wherein the method targets the nucleic acid sequence in
Vitro,
65, The method of claim 61, whercin the mucleic acid sequence encodes a self-targeting

guide RNA including a spacer sequence and a protospacer adjacent mout (PAM) adjacent to
the spacer sequence, whercin the spacer sequence is complementary 1o a protospacer
sequenee in the nucleic acid.
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66.  The method of claim 63, wherein the rate at which the sclf-targeting guide RNA
regulates the binding or ¢leavage of the nucleic acid sequence can be controlled by adding
additional nucleotide sequence between the transcription start site and the scaffold of the

guide RNA.

67. The method of claim 66, wherein increasing the length of the additional nucleotide
sequence between the transcription start site and the scaffold of the guide RNA reduces the
rate at which the guide RNA regulates the binding or cleavage of the first foreign nucleic acid

sequenee and/or the target nucleic acid sequence.
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