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METHODS AND COMPOSITIONS FOR RNA-DIRECTED TARGET DNA MODIFICATION

AND FOR RNA-DIRECTED MODULATION OF TRANSCRIPTION

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Patent Application Nos. 61/652,086 filed
May 25, 2012, 61/716,256 filed October 19, 2012, 61/757,640 filed January 28, 2013, and
61/765,576, filed February 15, 2013, each of which applications is incorporated herein by

reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under Grant No. GM081879 awarded by the

National Institutes of Health. The government has certain rights in the invention.

INCORPORATION BY REFERENCE OF SEQUENCE LISTING PROVIDED AS A TEXT FILE
[0003] A Sequence Listing is provided herewith as a text file, “BERK-187WO-SeqList_ST25.txt”
created on March 13, 2013 and having a size of 7645 KB. The contents of the text file are

incorporated by reference herein in their entirety.

BACKGROUND

[0004] About 60% of bacteria and 90% of archaea possess CRISPR (clustered regularly interspaced
short palindromic repeats)/CRISPR-associated (Cas) system systems to confer resistance to
foreign DNA elements. Type II CRISPR system from Streptococcus pyogenes involves only a
single gene encoding the Cas9 protein and two RNAs - a mature CRISPR RNA (crRNA) and a
partially complementary trans-acting RNA (tracrRNA) - which are necessary and sufficient for
RNA-guided silencing of foreign DNAs.

[0005] In recent years, engineered nuclease enzymes designed to target specific DNA sequences have
attracted considerable attention as powerful tools for the genetic manipulation of cells and whole
organisms, allowing targeted gene deletion, replacement and repair, as well as the insertion of
exogenous sequences (transgenes) into the genome. Two major technologies for engineering
site-specific DNA nucleases have emerged, both of which are based on the construction of
chimeric endonuclease enzymes in which a sequence non-specific DNA endonuclease domain is
fused to an engineered DNA binding domain. However, targeting each new genomic locus

requires the design of a novel nuclease enzyme, making these approaches both time consuming
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and costly. In addition, both technologies suffer from limited precision, which can lead to
unpredictable off-target effects.

[0006] The systematic interrogation of genomes and genetic reprogramming of cells involves targeting
sets of genes for expression or repression. Currently the most common approach for targeting
arbitrary genes for regulation is to use RNA interference (RNAi). This approach has limitations.
For example, RNAi can exhibit significant off-target effects and toxicity.

[0007] There is need in the field for a technology that allows precise targeting of nuclease activity (or
other protein activities) to distinct locations within a target DNA in a manner that does not
require the design of a new protein for each new target sequence. In addition, there is a need in

the art for methods of controlling gene expression with minimal off-target effects.

SUMMARY

[0008] The present disclosure provides a DNA-targeting RNA that comprises a targeting sequence and,
together with a modifying polypeptide, provides for site-specific modification of a target DNA
and/or a polypeptide associated with the target DNA. The present disclosure further provides
site-specific modifying polypeptides. The present disclosure further provides methods of site-
specific modification of a target DNA and/or a polypeptide associated with the target DNA The
present disclosure provides methods of modulating transcription of a target nucleic acid in a
target cell, generally involving contacting the target nucleic acid with an enzymatically inactive
Cas9 polypeptide and a DNA-targeting RNA. Kits and compositions for carrying out the
methods are also provided. The present disclosure provides genetically modified cells that

produce Cas9; and Cas9 transgenic non-human multicellular organisms.

FEATURES

[0009] Features of the present disclosure include a DNA-targeting RNA comprising: (i) a first segment
comprising a nucleotide sequence that is complementary to a sequence in a target DNA; and (ii)
a second segment that interacts with a site-directed modifying polypeptide. In some cases, the
first segment comprises 8 nucleotides that have 100% complementarity to a sequence in the
target DNA. In some cases, the second segment comprises a nucleotide sequence with at least
60% identity over a stretch of at least 8 contiguous nucleotides to any one of the nucleotide
sequences set forth in SEQ ID NOs:431-682 (e.g., 431-562). In some cases, the second segment
comprises a nucleotide sequence with at least 60% identity over a stretch of at least 8 contiguous
nucleotides to any one of the nucleotide sequences set forth in SEQ ID NOs:563-682. In some
cases, the site-directed modifying polypeptide comprises an amino acid sequence having at least

about 75% amino acid sequence identity to amino acids 7-166 or 731-1003 of the Cas9/Csnl
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amino acid sequence depicted in Figure 3, or to the corresponding portions in any of the amino
acid sequences set forth as SEQ ID NOs:1-256 and 795-1346.

[0010] Features of the present disclosure include a DNA polynucleotide comprising a nucleotide
sequence that encodes the DNA-targeting RNA. In some cases, a recombinant expression vector
comprises the DNA polynucleotide. In some cases, the nucleotide sequence encoding the DNA-
targeting RNA is operably linked to a promoter. In some cases, the promoter is an inducible
promoter. In some cases, the nucleotide sequence encoding the DNA-targeting RNA further
comprises a multiple cloning site. Features of the present disclosure include an in vitro
genetically modified host cell comprising the DNA polynucleotide.

[0011] Features of the present disclosure include a recombinant expression vector comprising: (i) a
nucleotide sequence encoding a DNA-targeting RNA, wherein the DNA-targeting RNA
comprises: (a) a first segment comprising a nucleotide sequence that is complementary to a
sequence in a target DNA; and (b) a second segment that interacts with a site-directed modifying
polypeptide; and (ii) a nucleotide sequence encoding the site-directed modifying polypeptide
comprising: (a) an RNA-binding portion that interacts with the DNA-targeting RNA; and (b) an
activity portion that exhibits site-directed enzymatic activity, wherein the site of enzymatic
activity is determined by the DNA-targeting RNA.

[0012] Features of the present disclosure include a recombinant expression vector comprising: (i) a
nucleotide sequence encoding a DNA-targeting RNA, wherein the DNA-targeting RNA
comprises: (a) a first segment comprising a nucleotide sequence that is complementary to a
sequence in a target DNA; and (b) a second segment that interacts with a site-directed modifying
polypeptide; and (ii) a nucleotide sequence encoding the site-directed modifying polypeptide,
where the site-directed modifying polypeptide comprises: (a) an RNA-binding portion that
interacts with the DNA-targeting RNA; and (b) an activity portion that modulates transcription
within the target DNA, wherein the site of modulated transcription within the target DNA is
determined by the DNA-targeting RNA.

[0013] Features of the present disclosure include a variant site-directed modifying polypeptide
comprising: (i) an RNA-binding portion that interacts with a DNA-targeting RNA, wherein the
DNA-targeting RNA comprises a nucleotide sequence that is complementary to a sequence in a
target DNA; and (ii) an activity portion that exhibits reduced site-directed enzymatic activity,
wherein the site of enzymatic activity is determined by the DNA-targeting RNA. In some cases,
the variant site-directed modifying polypeptide comprises an H840A mutation of the S.
pyogenes sequence SEQ ID NO:8 or the corresponding mutation in any of the amino acid
sequences set forth as SEQ ID NOs:1-256 and 795-1346. In some cases, the variant site-directed

modifying polypeptide comprises a D10A mutation of the S. pyogenes sequence SEQ ID NO:8
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or the corresponding mutation in any of the amino acid sequences set forth as SEQ ID NOs:1-
256 and 795-1346. In some cases,the variant site-directed modifying polypeptide comprises both
(i) a D10A mutation of the S. pyogenes sequence SEQ ID NO:38 or the corresponding mutation
in any of the amino acid sequences set forth as SEQ ID NOs:1-256 and 795-1346; and (ii) an
H840A mutation of the S. pyogenes sequence SEQ ID NO:8 or the corresponding mutation in
any of the amino acid sequences set forth as SEQ ID NOs:1-256 and 795-1346.

[0014] Features of the present disclosure include a chimeric site-directed modifying polypeptide
comprising: (i) an RNA-binding portion that interacts with a DNA-targeting RNA, wherein the
DNA-targeting RNA comprises a nucleotide sequence that is complementary to a sequence in a
target DNA; and (ii) an activity portion that exhibits site-directed enzymatic activity, wherein
the site of enzymatic activity is determined by the DNA-targeting RNA. In some cases, the
chimeric site-directed modifying polypeptide of comprises an amino acid sequence having at
least about 75% amino acid sequence identity to amino acids 7-166 or 731-1003 of the
Cas9/Csnl amino acid sequence depicted in Figure 3, or to the corresponding portions in any of
the amino acid sequences set forth as SEQ ID NOs:1-256 and 795-1346. In some cases, the
DNA-targeting RNA further comprises a nucleotide sequence with at least 60% identity over a
stretch of at least 8 contiguous nucleotides to any one of the nucleotide sequences set forth in
SEQ ID NOs:431-682 (e.g., SEQ ID NOs:563-682). In some cases, the DNA-targeting RNA
further comprises a nucleotide sequence with at least 60% identity over a stretch of at least 8
contiguous nucleotides to any one of the nucleotide sequences set forth in SEQ ID NOs:431-562.
In some cases,the enzymatic activity of the chimeric site-directed modifying polypeptide
modifies the target DNA. In some cases, the enzymatic activity of the chimeric site-directed
modifying polypeptide is nuclease activity, methyltransferase activity, demethylase activity,
DNA repair activity, DNA damage activity, deamination activity, dismutase activity, alkylation
activity, depurination activity, oxidation activity, pyrimidine dimer forming activity, integrase
activity, transposase activity, recombinase activity, polymerase activity, ligase activity, helicase
activity, photolyase activity or glycosylase activity. In some cases, the enzymatic activity of the
chimeric site-directed modifying polypeptide is nuclease activity. In some cases, the nuclease
activity introduces a double strand break in the target DNA. In some cases, the enzymatic
activity of the chimeric site-directed modifying polypeptide modifies a target polypeptide
associated with the target DNA. In some cases, the enzymatic activity of the chimeric site-
directed modifying polypeptide is methyltransferase activity, demethylase activity,
acetyltransferase activity, deacetylase activity, kinase activity, phosphatase activity, ubiquitin

ligase activity, deubiquitinating activity, adenylation activity, deadenylation activity,
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SUMOylating activity, deSUMOQylating activity, ribosylation activity, deribosylation activity,
myristoylation activity or demyristoylation activity.

[0015] Features of the present disclosure include a polynucleotide comprising a nucleotide sequence
encoding a chimeric site-directed modifying polypeptide. In some cases, the polynucleotide is an
RNA polynucleotide. In some cases, the polynucleotide is a DNA polynucleotide. Features of the
present disclosure include a recombinant expression vector comprising the polynucleotide. In
some cases, the polynucleotide is operably linked to a promoter. In some cases, the promoter is
an inducible promoter. Features of the present disclosure include an in vitro genetically modified
host cell comprising the polynucleotide.

[0016] Features of the present disclosure include a chimeric site-directed modifying polypeptide
comprising: (i) an RNA-binding portion that interacts with a DNA-targeting RNA, wherein the
DNA-targeting RNA comprises a nucleotide sequence that is complementary to a sequence in a
target DNA; and (ii) an activity portion that modulates transcription within the target DNA,
wherein the site of modulated transcription within the target DNA is determined by the DNA-
targeting RNA. In some cases, the activity portion increases transcription within the target DNA.
In some cases, the activity portion decreases transcription within the target DNA.

[0017] Features of the present disclosure include a genetically modified cell comprising a recombinant
site-directed modifying polypeptide comprising an RNA-binding portion that interacts with a
DNA-targeting RNA; and an activity portion that exhibits site-directed enzymatic activity,
wherein the site of enzymatic activity is determined by the DNA-targeting RNA. In some cases,
the site-directed modifying polypeptide comprises an amino acid sequence having at least about
75% amino acid sequence identity to amino acids 7-166 or 731-1003 of the Cas9/Csnl amino
acid sequence depicted in Figure 3, or to the corresponding portions in any of the amino acid
sequences set forth as SEQ ID NOs:1-256 and 795-1346. In some cases, the cell is selected from
the group consisting of: an archaeal cell, a bacterial cell, a eukaryotic cell, a eukaryotic single-
cell organism, a somatic cell, a germ cell, a stem cell, a plant cell, an algal cell, an animal cell, in
invertebrate cell, a vertebrate cell, a fish cell, a frog cell, a bird cell, a mammalian cell, a pig cell,
a cow cell, a goat cell, a sheep cell, a rodent cell, a rat cell, a mouse cell, a non-human primate
cell, and a human cell.

[0018] Features of the present disclosure include a transgenic non-human organism whose genome
comprises a transgene comprising a nucleotide sequence encoding a recombinant site-directed
modifying polypeptide comprising: (i) an RNA-binding portion that interacts with a DNA-
targeting RNA; and (ii) an activity portion that exhibits site-directed enzymatic activity, wherein
the site of enzymatic activity is determined by the DNA-targeting RNA. In some cases, the site-

directed modifying polypeptide comprises an amino acid sequence having at least about 75%
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amino acid sequence identity to amino acids 7-166 or 731-1003 of the Cas9/Csnl amino acid
sequence depicted in Figure 3, or to the corresponding portions in any of the amino acid
sequences set forth as SEQ ID NOs:1-256 and 795-1346. In some cases, the organism is selected
from the group consisting of: an archaea, a bacterium, a eukaryotic single-cell organism, an
algae, a plant, an animal, an invertebrate, a fly, a worm, a cnidarian, a vertebrate, a fish, a frog, a
bird, a mammal, an ungulate, a rodent, a rat, a mouse, and a non-human primate.

[0019] Features of the present disclosure include a composition comprising: (i) a DNA-targeting RNA,
or a DNA polynucleotide encoding the same, the DNA-targeting RNA comprising: (a) a first
segment comprising a nucleotide sequence that is complementary to a sequence in a target DNA;
and (b) a second segment that interacts with a site-directed modifying polypeptide; and (ii) the
site-directed modifying polypeptide, or a polynucleotide encoding the same, the site-directed
modifying polypeptide comprising: (a) an RNA-binding portion that interacts with the DNA-
targeting RNA; and (b) an activity portion that exhibits site-directed enzymatic activity, wherein
the site of enzymatic activity is determined by the DNA-targeting RNA. In some cases, the first
segment of the DNA-targeting RNA comprises 8 nucleotides that have at least 100%
complementarity to a sequence in the target DNA. In some cases, the second segment of the
DNA-targeting RNA comprises a nucleotide sequence with at least 60% identity over a stretch of
at least 8 contiguous nucleotides to any one of the nucleotide sequences set forth in SEQ ID
NOs:431-682 (e.g., SEQ ID NOs:563-682). In some cases, the second segment of the DNA-
targeting RNA comprises a nucleotide sequence with at least 60% identity over a stretch of at
least 8 contiguous nucleotides to any one of the nucleotide sequences set forth in SEQ ID
NOs:431-562. In some cases, the site-directed modifying polypeptide comprises an amino acid
sequence having at least about 75% amino acid sequence identity to amino acids 7-166 or 731-
1003 of the Cas9/Csn1 amino acid sequence depicted in Figure 3, or to the corresponding
portions in any of the amino acid sequences set forth as SEQ ID NOs:1-256 and 795-1346. In
some cases, the enzymatic activity modifies the target DNA. In some cases, the enzymatic
activity is nuclease activity, methyltransferase activity, demethylase activity, DNA repair
activity, DNA damage activity, deamination activity, dismutase activity, alkylation activity,
depurination activity, oxidation activity, pyrimidine dimer forming activity, integrase activity,
transposase activity, recombinase activity, polymerase activity, ligase activity, helicase activity,
photolyase activity or glycosylase activity. In some cases, the enzymatic activity is nuclease
activity. In some cases, the nuclease activity introduces a double strand break in the target DNA.
In some cases, the enzymatic activity modifies a target polypeptide associated with the target
DNA. In some cases, the enzymatic activity is methyltransferase activity, demethylase activity,

acetyltransferase activity, deacetylase activity, kinase activity, phosphatase activity, ubiquitin
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ligase activity, deubiquitinating activity, adenylation activity, deadenylation activity,
SUMOylating activity, deSUMOQylating activity, ribosylation activity, deribosylation activity,
myristoylation activity or demyristoylation activity. In some cases, the target polypeptide is a
histone and the enzymatic activity is methyltransferase activity, demethylase activity,
acetyltransferase activity, deacetylase activity, kinase activity, phosphatase activity, ubiquitin
ligase activity or deubiquitinating activity. In some cases, the DNA-targeting RNA is a double-
molecule DNA-targeting RNA and the composition comprises both a targeter-RNA and an
activator-RNA, the duplex-forming segments of which are complementary and hybridize to form
the second segment of the DNA-targeting RNA. In some cases, the duplex-forming segment of
the activator-RNA comprises a nucleotide sequence with at least 60% identity over a stretch of at
least 8 contiguous nucleotides to any one of the nucleotide sequences set forth in SEQ ID
NO:SEQ ID NOs:431-682.

[0020] Features of the present disclosure include a composition comprising: (i) a DNA-targeting RNA
of the present disclosure, or a DNA polynucleotide encoding the same; and (ii) a buffer for
stabilizing nucleic acids. Features of the present disclosure include a composition comprising: (i)
a site-directed modifying polypeptide of the present disclosure, or a polynucleotide encoding the
same; and (ii) a buffer for stabilizing nucleic acids and/or proteins. Features of the present
disclosure include a composition comprising: (i) a DNA-targeting RNA, or a DNA
polynucleotide encoding the same, the DNA-targeting RNA comprising: (a) a first segment
comprising a nucleotide sequence that is complementary to a sequence in a target DNA; and (b)
a second segment that interacts with a site-directed modifying polypeptide; and (ii) the site-
directed modifying polypeptide, or a polynucleotide encoding the same, the site-directed
modifying polypeptide comprising: (a) an RNA-binding portion that interacts with the DNA-
targeting RNA; and (b) an activity portion that modulates transcription within the target DNA,
wherein the site of modulated transcription within the target DNA is determined by the DNA-
targeting RNA. In some cases, the activity portion increases transcription within the target DNA.
In some cases, the activity portion decreases transcription within the target DNA. Features of the
present disclosure include a composition comprising: (i) a site-directed modifying polypeptide,
or a polynucleotide encoding the same; and (ii) a buffer for stabilizing nucleic acids and/or
proteins.

[0021] Features of the present disclosure include a method of site-specific modification of a target
DNA, the method comprising: contacting the target DNA with: (i) a DNA-targeting RNA, or a
DNA polynucleotide encoding the same, wherein the DNA-targeting RNA comprises: (a) a first
segment comprising a nucleotide sequence that is complementary to a sequence in the target

DNA; and (b) a second segment that interacts with a site-directed modifying polypeptide; and
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(ii) a site-directed modifying polypeptide, or a polynucleotide encoding the same, wherein the
site-directed modifying polypeptide comprises: (a) an RNA-binding portion that interacts with
the DNA-targeting RNA; and (b) an activity portion that exhibits site-directed enzymatic
activity. In some cases, the target DNA is extrachromosomal. In some cases, the target DNA
comprises a PAM sequence of the complementary strand that is 5’-CCY-3", wherein Y is any
DNA nucleotide and Y is immediately 5° of the target sequence of the complementary strand of
the target DNA. In some cases, the target DNA is part of a chromosome in vitro. In some cases,
the target DNA is part of a chromosome in vivo. In some cases, the target DNA is part of a
chromosome in a cell. In some cases, the cell is selected from the group consisting of: an
archaeal cell, a bacterial cell, a eukaryotic cell, a eukaryotic single-cell organism, a somatic cell,
a germ cell, a stem cell, a plant cell, an algal cell, an animal cell, in invertebrate cell, a vertebrate
cell, a fish cell, a frog cell, a bird cell, a mammalian cell, a pig cell, a cow cell, a goat cell, a
sheep cell, a rodent cell, a rat cell, a mouse cell, a non-human primate cell, and a human cell. In
some cases, the DNA-targeting RNA comprises a nucleotide sequence with at least 60% identity
over a stretch of at least 8 contiguous nucleotides to any one of the nucleotide sequences set
forth in SEQ ID NOs:431-682 (e.g., SEQ ID NOs:563-682). In some cases, the DNA-targeting
RNA comprises a nucleotide sequence with at least 60% identity over a stretch of at least 8
contiguous nucleotides to any one of the nucleotide sequences set forth SEQ ID NOs:431-562. In
some cases, the DNA-modifying polypeptide comprises an amino acid sequence having at least
about 75% amino acid sequence identity to amino acids 7-166 or 731-1003 of the Cas9/Csnl
amino acid sequence depicted in Figure 3, or to the corresponding portions in any of the amino
acid sequences set forth as SEQ ID NOs:1-256 and 795-1346. In some cases, the enzymatic
activity modifies the target DNA. In some cases, the enzymatic activity is nuclease activity,
methyltransferase activity, demethylase activity, DNA repair activity, DNA damage activity,
deamination activity, dismutase activity, alkylation activity, depurination activity, oxidation
activity, pyrimidine dimer forming activity, integrase activity, transposase activity, recombinase
activity, polymerase activity, ligase activity, helicase activity, photolyase activity or glycosylase
activity. In some cases, the DNA-modifying enzymatic activity is nuclease activity. In some
cases, the nuclease activity introduces a double strand break in the target DNA. In some cases,
the contacting occurs under conditions that are permissive for nonhomologous end joining or
homology-directed repair. In some cases, the method further comprises contacting the target
DNA with a donor polynucleotide, wherein the donor polynucleotide, a portion of the donor
polynucleotide, a copy of the donor polynucleotide, or a portion of a copy of the donor
polynucleotide integrates into the target DNA. In some cases, the method does not comprise

contacting the cell with a donor polynucleotide, wherein the target DNA is modified such that
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nucleotides within the target DNA are deleted. In some cases, the enzymatic activity modifies a
target polypeptide associated with the target DNA. In some cases, the enzymatic activity is
methyltransferase activity, demethylase activity, acetyltransferase activity, deacetylase activity,
kinase activity, phosphatase activity, ubiquitin ligase activity, deubiquitinating activity,
adenylation activity, deadenylation activity, SUMOylating activity, deSUMOylating activity,
ribosylation activity, deribosylation activity, myristoylation activity or demyristoylation activity.
In some cases, the target polypeptide is a histone and the enzymatic activity is methyltransferase
activity, demethylase activity, acetyltransferase activity, deacetylase activity, kinase activity,
phosphatase activity, ubiquitin ligase activity or deubiquitinating activity. In some cases, the
complex further comprises an activator-RNA. In some cases, the activator-RNA comprises a
nucleotide sequence with at least 60% identity over a stretch of at least 8 contiguous nucleotides
to any one of the nucleotide sequences set forth in SEQ ID NOs:431-682.

[0022] Features of the present disclosure include a method of modulating site-specific transcription
within a target DNA, the method comprising contacting the target DNA with: (i) a DNA-
targeting RNA, or a DNA polynucleotide encoding the same, wherein the DNA-targeting RNA
comprises: (a) a first segment comprising a nucleotide sequence that is complementary to a
sequence in the target DNA; and (b) a second segment that interacts with a site-directed
modifying polypeptide; and (ii) a site-directed modifying polypeptide, or a polynucleotide
encoding the same, wherein the site-directed modifying polypeptide comprises: (a) an RNA-
binding portion that interacts with the DNA-targeting RNA; and (b) an activity portion that
modulates transcription, wherein said contacting results in modulating transcription within the
target DNA. In some cases, transcription within the target DNA is increased. In some cases,
transcription within the target DNA is decreased.

[0023] Features of the present disclosure include a method of site-specific modification at target DNA,
the method comprising: contacting the target DNA with: (i) a DNA-targeting RNA, or a DNA
polynucleotide encoding the same, wherein the DNA-targeting RNA comprises: (a) a first
segment comprising a nucleotide sequence that is complementary to a sequence in the target
DNA; and (b) a second segment that interacts with a site-directed modifying polypeptide; and
(ii) a site-directed modifying polypeptide, or a polynucleotide encoding the same, wherein the
site-directed modifying polypeptide comprises: (a) an RNA-binding portion that interacts with
the DNA-targeting RNA; and (b) an activity portion that modulates transcription within the
target DNA. In some cases, the site-directed modifying polypeptide increases transcription
within the target DNA. In some cases, the site-directed modifying polypeptide decreases

transcription within the target DNA.
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[0024] Features of the present disclosure include a method of promoting site-specific cleavage and
modification of a target DNA in a cell, the method comprising introducing into the cell: (i) a
DNA-targeting RNA, or a DNA polynucleotide encoding the same, wherein the DNA-targeting
RNA comprises: (a) a first segment comprising a nucleotide sequence that is complementary to a
sequence in the target DNA; and (b) a second segment that interacts with a site-directed
modifying polypeptide; and (ii) a site-directed modifying polypeptide, or a polynucleotide
encoding the same, wherein the site-directed modifying polypeptide comprises: (a) an RNA-
binding portion that interacts with the DNA-targeting RNA; and (b) an activity portion that
exhibits nuclease activity that creates a double strand break in the target DNA; wherein the site
of the double strand break is determined by the DNA-targeting RNA, the contacting occurs
under conditions that are permissive for nonhomologous end joining or homology-directed
repair, and the target DNA is cleaved and rejoined to produce a modified DNA sequence. In
some cases, the method further comprises contacting the target DNA with a donor
polynucleotide, wherein the donor polynucleotide, a portion of the donor polynucleotide, a copy
of the donor polynucleotide, or a portion of a copy of the donor polynucleotide integrates into
the target DNA. In some cases, the method does not comprise contacting the cell with a donor
polynucleotide, wherein the target DNA is modified such that nucleotides within the target DNA
are deleted. In some cases, the cell is selected from the group consisting of: an archaeal cell, a
bacterial cell, a eukaryotic cell, a eukaryotic single-cell organism, a somatic cell, a germ cell, a
stem cell, a plant cell, an algal cell, an animal cell, in invertebrate cell, a vertebrate cell, a fish
cell, a frog cell, a bird cell, a mammalian cell, a pig cell, a cow cell, a goat cell, a sheep cell, a
rodent cell, a rat cell, a mouse cell, a non-human primate cell, and a human cell. In some cases,
the cell is in vitro. In some cases, the cell is in vivo.

[0025] Features of the present disclosure include a method of producing a genetically modified cell in a
subject, the method comprising: (I) introducing into a cell: (i) a DNA-targeting RNA, or a DNA
polynucleotide encoding the same, wherein the DNA-targeting RNA comprises: (a) a first
segment comprising a nucleotide sequence that is complementary to a sequence in the target
DNA; and (b) a second segment that interacts with a site-directed modifying polypeptide; and
(ii) a site-directed modifying polypeptide, or a polynucleotide encoding the same, wherein the
site-directed modifying polypeptide comprises: (a) an RNA-binding portion that interacts with
the DNA-targeting RNA; and (b) an activity portion that exhibits nuclease activity that creates a
double strand break in the target DNA; wherein the site of the double strand break is determined
by the DNA-targeting RNA, the contacting occurs under conditions that are permissive for
nonhomologous end joining or homology-directed repair, and the target DNA is cleaved and

rejoined to produce a modified DNA sequence; thereby producing the genetically modified cell;
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and (II) transplanting the genetically modified cell into the subject. In some cases, the method
further comprises contacting the cell with a donor polynucleotide, wherein the donor
polynucleotide, a portion of the donor polynucleotide, a copy of the donor polynucleotide, or a
portion of a copy of the donor polynucleotide integrates into the target DNA. In some cases, the
method does not comprise contacting the cell with a donor polynucleotide, wherein the target
DNA is modified such that nucleotides within the target DNA are deleted. In some cases, the cell
is selected from the group consisting of: an archaeal cell, a bacterial cell, a eukaryotic cell, a
eukaryotic single-cell organism, a somatic cell, a germ cell, a stem cell, a plant cell, an algal cell,
an animal cell, in invertebrate cell, a vertebrate cell, a fish cell, an amphibian cell, a bird cell, a
mammalian cell, an ungulate cell, a rodent cell, a non-human primate cell, and a human cell.

[0026] Features of the present disclosure include a method of modifying target DNA in a genetically
modified cell that comprises a nucleotide sequence encoding an exogenous site-directed
modifying polypeptide, the method comprising introducing into the genetically modified cell a
DNA-targeting RNA, or a DNA polynucleotide encoding the same, wherein: (i) the DNA-
targeting RNA comprises: (a) a first segment comprising a nucleotide sequence that is
complementary to a sequence in the target DNA; and (b) a second segment that interacts with a
site-directed modifying polypeptide; and (ii) the site-directed modifying polypeptide comprises:
(a) an RNA-binding portion that interacts with the DNA-targeting RNA; and (b) an activity
portion that exhibits nuclease activity. In some cases, the site-directed modifying polypeptide
comprises an amino acid sequence having at least about 75% amino acid sequence identity to
amino acids 7-166 or 731-1003 of the Cas9/Csnl amino acid sequence depicted in Figure 3, or to
the corresponding portions in any of the amino acid sequences set forth as SEQ ID NOs:1-256
and 795-1346. In some cases, the cell is selected from the group consisting of: an archaeal cell, a
bacterial cell, a eukaryotic cell, a eukaryotic single-cell organism, a somatic cell, a germ cell, a
stem cell, a plant cell, an algal cell, an animal cell, in invertebrate cell, a vertebrate cell, a fish
cell, an amphibian cell, a bird cell, a mammalian cell, an ungulate cell, a rodent cell, a non-
human primate cell, and a human cell. In some cases, the cell is in vivo. In some cases, the cell is
in vitro. In some cases, the expression of the site-directed modifying polypeptide is under the
control of an inducible promoter. In some cases, the expression of the site-directed modifying
polypeptide is under the control of a cell type-specific promoter.

[0027] Features of the present disclosure include a kit comprising: the DNA-targeting RNA, or a DNA
polynucleotide encoding the same; and a reagent for reconstitution and/or dilution. In some
cases, the kit further comprises a reagent selected from the group consisting of: a buffer for

introducing into cells the DNA-targeting RNA, a wash buffer, a control reagent, a control
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expression vector or RNA polynucleotide, a reagent for transcribing the DNA-targeting RNA
from DNA, and combinations thereof.

[0028] Features of the present disclosure include a kit comprising: a site-directed modifying
polypeptide of the present disclosure, or a polynucleotide encoding the same; and a reagent for
reconstitution and/or dilution. In some cases, the kit further comprises a reagent selected from
the group consisting of: a buffer for introducing into cells the site-directed modifying
polypeptide, a wash buffer, a control reagent, a control expression vector or RNA
polynucleotide, a reagent for in vitro production of the site-directed modifying polypeptide from
DNA, and combinations thereof.

[0029] Features of the present disclosure include a kit comprising: a site-directed modifying
polypeptide of the present disclosure, or a polynucleotide encoding the same; and a reagent for
reconstitution and/or dilution. Features of the present disclosure include a kit comprising: a
DNA-targeting RNA, or a DNA polynucleotide encoding the same, the DNA-targeting RNA
comprising: (a) a first segment comprising a nucleotide sequence that is complementary to a
sequence in a target DNA; and (b) a second segment that interacts with a site-directed modifying
polypeptide; and (ii) the site-directed modifying polypeptide, or a polynucleotide encoding the
same, the site-directed modifying polypeptide comprising: (a) an RNA-binding portion that
interacts with the DNA-targeting RNA; and (b) an activity portion that exhibits site-directed
enzymatic activity, wherein the site of enzymatic activity is determined by the DNA-targeting
RNA.

[0030] Features of the present disclosure include a kit comprising: (i) a DNA-targeting RNA, or a
DNA polynucleotide encoding the same, comprising: (a) a first segment comprising a nucleotide
sequence that is complementary to a sequence in a target DNA; and (b) a second segment that
interacts with a site-directed modifying polypeptide; and (ii) the site-directed modifying
polypeptide, or a polynucleotide encoding the same, comprising: (a) an RNA-binding portion
that interacts with the DNA-targeting RNA; and (b) an activity portion that that modulates
transcription within the target DNA, wherein the site of modulated transcription within the target
DNA is determined by the DNA-targeting RNA.

[0031] Features of the present disclosure include a kit comprising: (i) any of the recombinant
expression vectors above; and (ii) a reagent for reconstitution and/or dilution. Features of the
present disclosure include a kit comprising: (i) any of the recombinant expression vectors above;
and (ii) a recombinant expression vector comprising a nucleotide sequence that encodes a site-
directed modifying polypeptide, wherein the site-directed modifying polypeptide comprises: (a)
an RNA-binding portion that interacts with the DNA-targeting RNA; and (b) an activity portion

that exhibits site-directed enzymatic activity, wherein the site of enzymatic activity is determined
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by the DNA-targeting RNA. Features of the present disclosure include a kit comprising: (i) any
of the recombinant expression vectors above; and (ii) a recombinant expression vector
comprising a nucleotide sequence that encodes a site-directed modifying polypeptide, wherein
the site-directed modifying polypeptide comprises: (a) an RNA-binding portion that interacts
with the DNA-targeting RNA; and (b) an activity portion that modulates transcription within the
target DNA, wherein the site of modulated transcription within the target DNA is determined by
the DNA-targeting RNA.

[0032] Features of the present disclosure include a kit for targeting target DNA comprising: two or
more DNA-targeting RNAs, or DNA polynucleotides encoding the same, wherein the first
segment of at least one of the two or more DNA-targeting RNAs differs by at least one

nucleotide from the first segment of at least one other of the two or more DNA-targeting RNAs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] Figures 1A-B provide a schematic drawing of two exemplary subject DNA-targeting RNAs,
each associated with a site-directed modifying polypeptide and with a target DNA.

[0034] Figure 2 depicts target DNA editing through double-stranded DNA breaks introduced using a
Cas9/Csn1 site-directed modifying polypeptide and a DNA-targeting RNA.

[0035] Figures 3A-B depict the amino acid sequence of a Cas9/Csn1 protein from Streptococcus
pyogenes (SEQ ID NO:8). Cas9 has domains homologous to both HNH and RuvC
endonucleases. (A) Motifs 1-4 are overlined (B) Domains 1 and 2 are overlined.

[0036] Figures 4A-B depict the percent identity between the Cas9/Csnl proteins from multiple
species. (A) Sequence identity relative to Streptococcus pyogenes. For Example, Domain 1 is
amino acids 7-166 and Domain 2 is amino acids 731-1003 of Cas9/Csn1 from Streptococcus
pyogenes as depicted in Figure 3B. (B) Sequence identity relative to Neisseria meningitidis. For
example, Domain 1 is amino acids 13-139 and Domain 2 is amino acids 475-750 of Cas9/Csn1
from Neisseria meningitidis (SEQ ID NO:79).

[0037] Figure 5 depicts a multiple sequence alignment of motifs 1-4 of Cas9/Csnl proteins from
various diverse species slected from the phylogenetic table in Figure 32 (see Figure 32, Figure
3A, and Table 1) (Streptococcus pyogenes (SEQ ID NO:8), Legionella pneumophila (SEQ ID
NO:17), Gamma proteobacterium (SEQ ID NO:107), Listeria innocua (SEQ 1D NO:3),
Lactobacillus gasseri (SEQ ID NO:152), Eubacterium rectale (SEQ ID NO:99), Staphylococcus
lugdunensis (SEQ ID NO:185), Mycoplasma synoviae (SEQ ID NO:22), Mycoplasma mobile
(SEQ ID NO:16), Wolinella succinogenes (SEQ ID NO:10), Flavobacterium columnare (SEQ
ID NO:235), Fibrobacter succinogenes (SEQ ID NO:121), Bacteroides fragilis (SEQ ID
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NO:21), Acidothermus cellulolyticus (SEQ 1D NO:42), and Bifidobacterium dentium (SEQ 1D
NO:131).

[0038] Figures 6A-B provide alignments of naturally occurring tractrRNA (“activator-RNA™)
sequences from various species (L. innocua (SEQ ID NO:268); S. pyogenes (SEQ ID NO:267);
S. mutans (SEQ ID NO:269); S. thermophilus1 (SEQ ID NO:270); M. mobile (SEQ ID
NO:274); N. meningitides (SEQ ID NO:272); P. multocida (SEQ ID NO:273); S. thermophilus2
(SEQ ID NO:271); and S. pyogenes (SEQ ID NO:267). (A) multiple sequence alignment of
selected tracrRNA orthologues (AlignX, VectorNTI package, Invitrogen) associated with
CRISPR/Cas loci of similar architecture and highly similar Cas9/Csnl sequences. Black boxes
represent shared nucleotides (B) multiple sequence alignment of selected tractrRNA orthologues
(AlignX, VectorNTI package, Invitrogen) associated with CRISPR/Cas loci of different
architecture and non-closely related Cas9/Csn1 sequences. Note the sequence similarity of N.
meningitidis and P. multocida tracrRNA orthologues. Black boxes represent shared nucleotides.
For more exemplary activator-RNA sequences, see SEQ ID NOs:431-562.

[0039] Figures 7A-B provide alignments of naturally occurring duplex-forming segments of crRNA
(“targeter-RNA™) sequences from various species (L. innocua (SEQ ID NO://); S. pyogenes
(SEQ ID NO://); S. mutans (SEQ ID NO://); S. thermophilus1 (SEQ ID NO://); C. jejuni (SEQ
ID NO://); S. pyogenes (SEQ ID NO://); F. novicida (SEQ ID NO://); M. mobile (SEQ ID
NO://); N. meningitides (SEQ ID NO://); P. multocida (SEQ ID NO://); and S. thermophilus2
(SEQ ID NO://). (A) multiple sequence alignments of exemplary duplex-forming segment of
targeter-RNA sequences (AlignX, VectorNTI package, Invitrogen) associated with the loci of
similar architecture and highly similar Cas9/Csnl sequences. (B) multiple sequence alignments
of exemplary duplex-forming segment of targeter-RNA sequences (AlignX, VectorNTI
package, Invitrogen) associated with the loci of different architecture and diverse Cas9
sequences. Black boxes represent shared nucleotides. For more exemplary duplex-forming
segments targeter-RNA sequences, see SEQ ID NOs:563-679.

[0040] Figure 8 provides a schematic of hybridization for naturally occurring duplex-forming
segments of the crRNA (“targeter-RNA™) with the duplex-forming segment of the corresponding
tracrRNA orthologue (“‘activator-RNA™). Upper sequence, targeter-RNA; lower sequence,
duplex-forming segment of the corresponding activator-RNA. The CRISPR loci belong to the
Type II (Nmeni/CASS4) CRISPR/Cas system. Nomenclature is according to the CRISPR
database (CRISPR DB). S. pyogenes (SEQ ID NO:// and //); S. mutans (SEQ ID NO:// and //); S.
thermophilus1 (SEQ ID NO:// and //); S. thermophilus2 (SEQ ID NO:// and //); L. innocua (SEQ
ID NO:// and //); T. denticola (SEQ ID NO:// and //); N. meningitides (SEQ ID NO:// and //); S.
gordonii (SEQ ID NO:// and //); B. bifidum (SEQ ID NO:// and //); L. salivarius (SEQ ID NO://
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and //); F. tularensis (SEQ ID NO:// and //); and L. pneumophila (SEQ ID NO:// and //). Note
that some species contain each two Type II CRISPR loci. For more exemplary activator-RNA
sequences, see SEQ ID NOs:431-562. For more exemplary duplex-forming segments targeter-
RNA sequences, see SEQ ID NOs:563-679.

[0041] Figure 9 depicts example tracrRNA (activator-RNA) and crRNA (targeter-RNA) sequences
from two species. A degree of interchangeability exists; for example, the S.pyogenes Cas9/Csnl
protein is functional with tracrRNA and crRNA derived from [.innocua. (I) denotes a canonical
Watson-Crick base pair while (*) denotes a G-U wobble base pair. “Variable 20nt” or *“20nt”
represents the DNA-targeting segment that is complementary to a target DNA (this region can be
up to about 100nt in length). Also shown is the design of single-molecule DNA-targeting RNA
that incorporates features of the targeter-RNA and the activator-RNA. (Cas9/Csnl protein
sequences from a wide variety of species are depicted in Figure 3 and set forth as SEQ ID
NOs:1-256 and 795-1346) Streptococcus pyogenes: top to bottom: (SEQ 1D NO://, /1, I1);
Listeria innocua: top to bottom: (SEQ ID NO://, /1, //). The sequences provided are non-limiting
examples and are meant to illustrate how single-molecule DNA-targeting RNAs and two-
molecule DNA-targeting RNAs can be designed based on naturally existing sequences from a
wide variety of species. Various examples of suitable seugences from a wide variety of species
are set forth as follows (Cas9 protein: SEQ ID NOs:1-259; tracrRNAs: SEQ ID NOs:431-562, or
the complements thereof; crRNAs: SEQ ID NOs:563-679, or the complements thereof; and
example single-molecule DNA-targeting RNAs: SEQ ID NOs:680-682).

[0042] Figures 10A-E show that Cas9 is a DNA endonuclease guided by two RNA molecules. Figure
E (top to bottom, SEQ ID NOs: 278-280, and //).

[0043] Figures 11A-B demonstrate that Cas9 uses two nuclease domains to cleave the two strands in
the target DNA.

[0044] Figures 12A-E illustrate that Cas9-catalyzed cleavage of target DNA requires an activating
domain in tracrRNA and is governed by a seed sequence in the crRNA. Figure 12C (top to
bottom, SEQ ID NO:278-280, and //); Figure 12D (top to bottom, SEQ ID NOs: 281-290); and
Figure 12E (top to bottom, SEQ ID NOs: 291-292, 283, 293-298).

[0045] Figures 13A-C show that a PAM is required to license target DNA cleavage by the Cas9-
tracrRNA:crRNA complex.

[0046] Figures 14A-C illustrate that Cas9 can be programmed using a single engineered RNA
molecule combining tractrRNA and crRNA features. Chimera A (SEQ ID NO:299); Chimera B
(SEQ ID NO:300).

[0047] Figure 15 depicts the type Il RNA-mediated CRISPR/Cas immune pathway.
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[0048] Figures 16A-B depict purification of Cas9 nucleases.

[0049] Figures 17A-C show that Cas9 guided by dual-tracrRNA:crRNA cleaves protospacer plasmid
and oligonucleotide DNA. Figure 17B (top to bottom, SEQ ID NOs: 301-303, and //); and
Figure 17C (top to bottom, SEQ ID NO:304-306, and //).

[0050] Figures 18A-B show that Cas9 is a Mg2+-dependent endonuclease with 3°-5 exonuclease
activity.

[0051] Figures 19A-C illustrate that dual-tracrRNA:crRNA directed Cas9 cleavage of target DNA is
site specific. Figure 19C (top to bottom, SEQ ID NOs: 307-309, //, 337-339, and //).

[0052] Figures 20A-B show that dual-tracrRNA:crRNA directed Cas9 cleavage of target DNA is fast
and efficient.

[0053] Figures 21A-B show that the HNH and RuvC-like domains of Cas9 direct cleavage of the
complementary and noncomplementary DNA strand, respectively.

[0054] Figure 22 demonstrates that tracrRNA is required for target DNA recognition.

[0055] Figures 23A-B show that a minimal region of tracrRNA is capable of guiding dualtracrRNA:
crRNA directed cleavage of target DNA.

[0056] Figures 24A-D demonstrate that dual-tracrRNA:crRNA guided target DNA cleavage by Cas9
can be species specific.

[0057] Figures 25A-C show that a seed sequence in the crRNA governs dual tractrRNA:crRNA
directed cleavage of target DNA by Cas9. Figure 25A: target DNA probe 1 (SEQ ID NO:310);
spacer 4 ctRNA (1-42) (SEQ ID NO:311); tractrRNA (15-89) (SEQ ID NO://). Figure 25B left
panel (SEQ ID NO:310).

[0058] Figures 26A-C demonstrate that the PAM sequence is essential for protospacer plasmid DNA
cleavage by Cas9-tracrRNA:crRNA and for Cas9-mediated plasmid DNA interference in
bacterial cells. Figure 26B (top to bottom, SEQ ID NOs:312-314); and Figure 26C (top to
bottom, SEQ ID NO:315-320).

[0059] Figures 27A-C show that Cas9 guided by a single chimeric RNA mimicking dual
tracrRNA:crRNA cleaves protospacer DNA. Figure 27C (top to bottom, SEQ ID NO:321-324).

[0060] Figures 28A-D depict de novo design of chimeric RNAs targeting the Green Fluorescent
Protein (GFP) gene sequence. Figure 28B (top to bottom, SEQ ID NOs:325-326). Figure 28C:
GFP1 target sequence (SEQ ID NO:327); GFP2 target sequence (SEQ ID NO:328); GFP3 target
sequence (SEQ ID NO:329); GFP4 target sequence (SEQ ID NO:330); GFP5 target sequence
(SEQ ID NO:331); GFP1 chimeric RNA (SEQ ID NO:332); GFP2 chimeric RNA (SEQ ID
NO:333); GFP3 chimeric RNA (SEQ ID NO:334); GFP4 chimeric RNA (SEQ ID NO:335);
GFP5 chimeric RNA (SEQ ID NO:336).

16



WO 2013/176772 PCT/US2013/032589

[0061] Figures 29A-E demonstrate that co-expression of Cas9 and guide RNA in human cells
generates double-strand DNA breaks at the target locus. Figure 29C (top to bottom, SEQ ID
NO:425-428).

[0062] Figures 30A-B demonstrate that cell lysates contain active Cas9:sgRNA and support site-
specific DNA cleavage.

[0063] Figures 31A-B demonstrate that 3’ extension of sgRNA constructs enhances site-specific
NHEJ-mediated mutagenesis. Figure 31A (top to bottom, SEQ ID NO:428-430).

[0064] Figures 32A-B depict a phylogenetic tree of representative Cas9 sequences from various
organisms (A) as well as Cas9 locus architectures for the main groups of the tree (B).

[0065] Figures 33A-E depict the architecture of type II CRISPR-Cas from selected bacterial species.

[0066] Figures 34A-B depict tracrRNA and pre-crRNA co-processing in selected type IT CRISPR Cas
systems. Figure 34 A (top to bottom, SEQ ID NO:///1/111ILITILITD; Figure 34B (top to bottom,
SEQ ID NO:/LILILIT.

[0067] Figure 35 depicts a sequence alignment of tracrRNA orthologues demonstrating the diversity
of tracrRNA sequences.

[0068] Figures 36A-F depict the expression of bacterial tracrRNA orthologues and crRNAs revealed
by deep RNA sequencing.

[0069] Figures 37A-O list all tracrRNA orthologues and mature crRNAs retrieved by sequencing for
the bacterial species studied, including coordinates (region of interest) and corresponding cDNA
sequences (5'to 3").

[0070] Figures 38 A-B present a table of bacterial species containing type II CRISPR-Cas loci
characterized by the presence of the signature gene cas9. These sequences were used for
phylogenetic analyses.

[0071] Figures 39 A-B depict the design of the CRISPR interference (CRISPRi) system.

[0072] Figures 40 A-E demonstrate that CRISPRi effectively silences transcription elongation and
initiation.

[0073] Figures 41 A-B demonstrate that CRISPRi functions by blocking transcription elongation.

[0074] Figures 42 A-C demonstrate the targeting specificity of the CRISPRi system.

[0075] Figures 43 A-F depict the characterization of factors that affect silencing efficiency.

[0076] Figures 44 A-C depict functional profiling of a complex regulatory network using CRISPRi
gene knockdown.

[0077] Figures 45 A-B demonstrates gene silencing using CRISPRi in mammalian cells.

[0078] Figure 46 depicts the mechanism of the type I CRISPR system from S. pyogenes.
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[0079] Figures 47 A-B depict the growth curves of E. coli cell cultures co-transformed with dCas9 and
sgRNA.

[0080] Figure 48 shows that CRISPRIi could silence expression of a reporter gene on a multiple-copy
plasmid.

[0081] Figures 49 A-C depict the RNA-seq data of cells with sgRNAS that target different genes.

[0082] Figures 50 A-E depict the silencing effects of sgRNAs with adjacent double mismatches.

[0083] Figures 51 A-C depict the combinatorial silencing effects of using two sgRNAs to regulate a
single gene.

[0084] Figure 52 shows that sgRNA repression is dependent on the target loci and relatively distance
from the transcription start.

[0085] Figures 53 A-C depict experimental results demonstrating that a variant Cas9 site-directed
polypeptide (dCas9) is works for the subject methods when dCas9 has reduced activity in the
RuvC1 domain only (e.g., D10A), the HNH domain only (e.g., H840A), or both domains (e.g,
D10A and H840A).

[0086] Figures 54 A-C list examples of suitable fusion partners (or fragments thereof) for a subject
variant Cas9 site-directed polypeptide. Examples include, but are not limited to those listed.

[0087] Figures 55 A-D demonstrate that a chimeric site-directed polypeptide can be used to activate
(increase) transcription in human cells.

[0088] Figure 56 demonstrates that a chimeric site-directed polypeptide can be used to repress
(decrease) transcription in human cells.

[0089] Figures 57A-B demonstrate that artificial sequences that share roughly 50% identity with
naturally occurring a tractrRNAs and crRNAs can function with Cas9 to cleave target DNA as

long as the structure of the protein-binding domain of the DNA-targeting RNA is conserved.

DEFINITIONS — PART I

[0090] The terms “polynucleotide” and “nucleic acid,” used interchangeably herein, refer to a polymeric
form of nucleotides of any length, either ribonucleotides or deoxyribonucleotides. Thus, this
term includes, but is not limited to, single-, double-, or multi-stranded DNA or RNA, genomic
DNA, cDNA, DNA-RNA hybrids, or a polymer comprising purine and pyrimidine bases or other
natural, chemically or biochemically modified, non-natural, or derivatized nucleotide bases.
“Oligonucleotide” generally refers to polynucleotides of between about 5 and about 100
nucleotides of single- or double-stranded DNA. However, for the purposes of this disclosure,
there is no upper limit to the length of an oligonucleotide. Oligonucleotides are also known as

“oligomers” or “oligos” and may be isolated from genes, or chemically synthesized by methods
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known in the art. The terms “polynucleotide” and "nucleic acid" should be understood to include,
as applicable to the embodiments being described, single-stranded (such as sense or antisense)
and double-stranded polynucleotides.

[0091] A "stem-loop structure" refers to a nucleic acid having a secondary structure that includes a
region of nucleotides which are known or predicted to form a double strand (step portion) that is
linked on one side by a region of predominantly single-stranded nucleotides (loop portion). The
terms "hairpin” and "fold-back" structures are also used herein to refer to stem-loop structures.
Such structures are well known in the art and these terms are used consistently with their known
meanings in the art. As is known in the art, a stem-loop structure does not require exact base-
pairing. Thus, the stem may include one or more base mismatches. Alternatively, the base-
pairing may be exact, i.e. not include any mismatches.

[0092] By "hybridizable" or “complementary” or “substantially complementary" it is meant that a
nucleic acid (e.g. RNA) comprises a sequence of nucleotides that enables it to non-covalently
bind, i.e. form Watson-Crick base pairs and/or G/U base pairs, “‘anneal”, or “hybridize,” to
another nucleic acid in a sequence-specific, antiparallel, manner (i.e., a nucleic acid specifically
binds to a complementary nucleic acid) under the appropriate in vitro and/or in vivo conditions
of temperature and solution ionic strength. As is known in the art, standard Watson-Crick base-
pairing includes: adenine (A) pairing with thymidine (T), adenine (A) pairing with uracil (U),
and guanine (G) pairing with cytosine (C) [DNA, RNA]. In addition, it is also known in the art
that for hybridization between two RNA molecules (e.g., dSRNA), guanine (G) base pairs with
uracil (U). For example, G/U base-pairing is partially responsible for the degeneracy (i.e.,
redundancy) of the genetic code in the context of tRNA anti-codon base-pairing with codons in
mRNA. In the context of this disclosure, a guanine (G) of a protein-binding segment (dSRNA
duplex) of a subject DNA-targeting RNA molecule is considered complementary to a uracil (U),
and vice versa. As such, when a G/U base-pair can be made at a given nucleotide position a
protein-binding segment (dsRNA duplex) of a subject DNA-targeting RNA molecule, the
position is not considered to be non-complementary, but is instead considered to be
complementary.

[0093] Hybridization and washing conditions are well known and exemplified in Sambrook, J., Fritsch,
E. F. and Maniatis, T. Molecular Cloning: A Laboratory Manual, Second Edition, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor (1989), particularly Chapter 11 and Table 11.1
therein; and Sambrook, J. and Russell, W., Molecular Cloning: A Laboratory Manual, Third
Edition, Cold Spring Harbor Laboratory Press, Cold Spring Harbor (2001). The conditions of

temperature and ionic strength determine the "stringency" of the hybridization.
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[0094] Hybridization requires that the two nucleic acids contain complementary sequences, although
mismatches between bases are possible. The conditions appropriate for hybridization between
two nucleic acids depend on the length of the nucleic acids and the degree of complementation,
variables well known in the art. The greater the degree of complementation between two
nucleotide sequences, the greater the value of the melting temperature (Tm) for hybrids of
nucleic acids having those sequences. For hybridizations between nucleic acids with short
stretches of complementarity (e.g. complementarity over 35 or less, 30 or less, 25 or less, 22 or
less, 20 or less, or 18 or less nucleotides) the position of mismatches becomes important (see
Sambrook et al., supra, 11.7-11.8). Typically, the length for a hybridizable nucleic acid is at least
about 10 nucleotides. Illustrative minimum lengths for a hybridizable nucleic acid are: at least
about 15 nucleotides; at least about 20 nucleotides; at least about 22 nucleotides; at least about
25 nucleotides; and at least about 30 nucleotides). Furthermore, the skilled artisan will recognize
that the temperature and wash solution salt concentration may be adjusted as necessary
according to factors such as length of the region of complementation and the degree of
complementation.

[0095] 1t is understood in the art that the sequence of polynucleotide need not be 100% complementary
to that of its target nucleic acid to be specifically hybridizable or hybridizable. Moreover, a
polynucleotide may hybridize over one or more segments such that intervening or adjacent
segments are not involved in the hybridization event (e.g., a loop structure or hairpin structure).
A polynucleotide can comprise at least 70%, at least 80%, at least 90%, at least 95%, at least
99%, or 100% sequence complementarity to a target region within the target nucleic acid
sequence to which they are targeted. For example, an antisense nucleic acid in which 18 of 20
nucleotides of the antisense compound are complementary to a target region, and would
therefore specifically hybridize, would represent 90 percent complementarity. In this example,
the remaining noncomplementary nucleotides may be clustered or interspersed with
complementary nucleotides and need not be contiguous to each other or to complementary
nucleotides. Percent complementarity between particular stretches of nucleic acid sequences
within nucleic acids can be determined routinely using BLAST programs (basic local alignment
search tools) and PowerBLAST programs known in the art (Altschul et al., J. Mol. Biol., 1990,
215, 403-410; Zhang and Madden, Genome Res., 1997, 7, 649-656) or by using the Gap
program (Wisconsin Sequence Analysis Package, Version 8 for Unix, Genetics Computer
Group, University Research Park, Madison Wis.), using default settings, which uses the
algorithm of Smith and Waterman (Adv. Appl. Math., 1981, 2, 482-489).

[0096] The terms "peptide," "polypeptide," and "protein" are used interchangeably herein, and refer to a

polymeric form of amino acids of any length, which can include coded and non-coded amino
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[0097]

[0098]

[0099]

acids, chemically or biochemically modified or derivatized amino acids, and polypeptides having
modified peptide backbones.

"Binding" as used herein (e.g. with reference to an RNA-binding domain of a polypeptide) refers
to a non-covalent interaction between macromolecules (e.g., between a protein and a nucleic
acid). While in a state of non-covalent interaction, the macromolecules are said to be
“associated” or “interacting” or “binding” (e.g., when a molecule X is said to interact with a
molecule Y, it is meant the molecule X binds to molecule Y in a non-covalent manner). Not all
components of a binding interaction need be sequence-specific (e.g., contacts with phosphate
residues in a DNA backbone), but some portions of a binding interaction may be sequence-
specific. Binding interactions are generally characterized by a dissociation constant (Kd) of less
than 10° M, less than 107 M, less than 10™ M, less than 10”° M, less than 101 M, less than 10!
M, less than 1012 M, less than 1013 M, less than 10" M, or less than 105 M. " Affinity" refers
to the strength of binding, increased binding affinity being correlated with a lower Kd.

By "binding domain" it is meant a protein domain that is able to bind non-covalently to another
molecule. A binding domain can bind to, for example, a DNA molecule (a DNA-binding
protein), an RNA molecule (an RNA-binding protein) and/or a protein molecule (a protein-
binding protein). In the case of a protein domain-binding protein, it can bind to itself (to form
homodimers, homotrimers, etc.) and/or it can bind to one or more molecules of a different
protein or proteins.

The term "conservative amino acid substitution" refers to the interchangeability in proteins of
amino acid residues having similar side chains. For example, a group of amino acids having
aliphatic side chains consists of glycine, alanine, valine, leucine, and isoleucine; a group of
amino acids having aliphatic-hydroxyl side chains consists of serine and threonine; a group of
amino acids having amide containing side chains consisting of asparagine and glutamine; a
group of amino acids having aromatic side chains consists of phenylalanine, tyrosine, and
tryptophan; a group of amino acids having basic side chains consists of lysine, arginine, and
histidine; a group of amino acids having acidic side chains consists of glutamate and aspartate;
and a group of amino acids having sulfur containing side chains consists of cysteine and
methionine. Exemplary conservative amino acid substitution groups are: valine-leucine-

isoleucine, phenylalanine-tyrosine, lysine-arginine, alanine-valine, and asparagine-glutamine.

[00100] A polynucleotide or polypeptide has a certain percent "sequence identity" to another

polynucleotide or polypeptide, meaning that, when aligned, that percentage of bases or amino
acids are the same, and in the same relative position, when comparing the two sequences.
Sequence identity can be determined in a number of different manners. To determine sequence

identity, sequences can be aligned using various methods and computer programs (e.g., BLAST,
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T-COFFEE, MUSCLE, MAFFT, etc.), available over the world wide web at sites including
ncbi.nlm.nili.gov/BLAST, ebi.ac.uk/Tools/msa/tcoffee/, ebi.ac.uk/Tools/msa/muscle/,
mafft.cbrc.jp/alignment/software/. See, e.g., Altschul et al. (1990), J. Mol. Bioi. 215:403-10.

[00101] A DNA sequence that "encodes" a particular RNA is a DNA nucleic acid sequence that is
transcribed into RNA. A DNA polynucleotide may encode an RNA (mRNA) that is translated
into protein, or a DNA polynucleotide may encode an RNA that is not translated into protein
(e.g. tRNA, rRNA, or a DNA-targeting RNA; also called “non-coding” RNA or “ncRNA”).

[00102] A "protein coding sequence"” or a sequence that encodes a particular protein or polypeptide, is a
nucleic acid sequen