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CRISPR/CAS TRANSCRIPTIONAL
MODULATION

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application 1s a continuation application of
U.S. patent application Ser. No. 15/326,428, which 1s a U.S.
National Phase application of PCT/US2015/040449, which
claims priority to U.S. Provisional Application No. 62/024,
3773, filed on Jul. 14, 2014, the contents of which are hereby

incorporated by reference in the entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

[0002] This invention was made with government support

under Grant Nos. ODO017887, P50 GM102706 and ROl
DA036858 awarded by the National Institutes of Health.
The government has certain rights 1n the mvention.

REFERENCE TO A “SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING
APPENDIX SUBMITTED AS AN ASCII TEXT

FILE

[0003] This application includes a Sequence Listing as a
text file named “81906_948709_seq_listing” created Jul. 13,
2015 and containing 127,743,398 bytes, machine format
IBM-PC, MS-Windows operating system. The maternal con-
tained 1n this text file 1s incorporated by reference in its
entirety for all purposes.

[0004] The mnstant application contains a Sequence Listing
which has been filed on CD-ROM in ASCII format and 1s
hereby 1incorporated by reference 1n its entirety. Said ASCII
copy, created on Aug. 23, 2022, 1s named 081906-1295093 _
ST25.txt and 1s 127,743,660 bytes 1n size.

BACKGROUND OF THE INVENTION

[0005] Clustered, regularly interspaced short palindromic
repeat (CRISPR) sequences are present in approximately
40% of ecubacterial genomes and nearly all archaeal
genomes sequenced to date, and consist of short (~24-48
nucleotide) direct repeats separated by similarly sized,
unique spacers. They are generally flanked by a set of
CRISPR-associated (Cas) genes that encode a nuclease that
1s 1mportant for CRISPR maintenance and function. In
Streptococcus thevmophilus and Escherichia coli, CRISPR/
Cas loc1 have been demonstrated to confer immunity against
bacteriophage infection by an interference mechanmism that
relies on the strict identity between CRISPR spacers and
phage target sequences. The mechamism underlying this
immunity 1s based on sequence specific cleavage of foreign
nucleic acids by a CRISPR:Cas complex that contains a
guide RINA that provides target sequence specificity through
a single stranded binding region and 1s derived from the
CRISPR sequences and a guide RNA dependent nuclease
encoded by the Cas gene. Binding of the CRISPR:Cas
complex to the target sequence results 1n double stranded
cleavage of the target sequence.

[0006] The CRISPR/Cas system has been modified for use
in prokaryotic and eukaryotic systems for genome editing
and transcriptional regulation. However, methods and com-
positions known the 1n art often fail to provide the activity
and specificity necessary for routine use. For example,
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Cradick, et al., Nucleic Acids Res. Aug. 11, 2013; Pat-
tanayak, et al., Nat Biotechnol. 2013 September; 31(9):839-
43; Mali, et al., Nat Biotechnol. 2013 September; 31(9):
833-8; and Hsu, et al., Nat Biotechnol. 2013 September;
31(9):827-32, all report significant off-target genome editing
and varied editing efliciency across different gene targets.
Similar 1ssues also exist when using known CRISPR/Cas
systems for regulation of transcription.

BRIEF SUMMARY OF THE INVENTION

[0007] In some embodiments, the present invention pro-
vides a method of screening for one or more genetic ele-
ments that modulate a phenotype, the method comprising;:
contacting a plurality of cells with a library of structurally
distinct small guide RNAs (sgRNAs) that target a plurality
of genetic elements, thereby generating a plurality of test
cells, the plurality of test cells each comprising: a small
guide RNA (sgRNA); and a nuclease deficient sgRINA-
mediated nuclease (dCas9), wherein the dCas9 comprises a
dCas9 domain fused to a transcriptional modulator; or a
dCas9 domain fused to an epitope fusion domain, selecting
the test cells on the basis of the phenotype; and quantitating
the frequency of the structurally distinct sgRNAs within the
population of selected cells, wherein the sgRINAs that target
genetic elements that modulate the phenotype are overrep-
resented or underrepresented 1n the selected cells.

[0008] In some cases, the dCas9 comprises a dCas9
domain and a transcriptional activator. In some cases, the
dCas9 domain and transcriptional activator comprises the
amino acid sequence of SEQ ID NO:1 or 2. In some cases,
the library of sgRNAs are targeted to a region between 0-750
bp upstream of the transcription start site of the targeted
genes. In some cases, the dCas9 comprises a dCas9 domain
and a transcriptional repressor. In some cases, the library of
sgRNAs are targeted to a region between 0-1000 bp down-
stream of the transcription start site of the targeted genes. In
some cases, the dCas9 domain and transcriptional repressor
comprises the amino acid sequence of SEQ ID NO:3. In
some cases, wherein the dCas9 comprises: a first dCas9
fused to a transcriptional repressor; and a second dCas9
fused to a transcriptional activator; or a second dCas9 fused
to an epitope fusion domain. In some cases, at least a portion
of the plurality of test cells comprise a Cas9 nuclease.
[0009] In some cases, the library of sgRNAs contains or
contains at least 1; 2: 3; 5; 10; 100; 1,000; 10,000; 100,000:;
200,000; 400,000; or 1 million structurally distinct sgRNAs.
In some cases the, or the at least, 1; 2; 3; 5; 10; 100; 1,000;
10,000; 100,000; or 200,000 structurally distinct sgRNAsSs
comprise binding regions that are independently selected

from the group consisting of the sgRNA binding region
sequences encoded by SEQ ID NOs:26-205,305. In some

cases the, or the at least, 1; 2; 3; 5; 10; 100; 1,000; 10,000
100,000; or 200,000 structurally distinct sgRNAs comprise
binding regions that comprise a sequence independently
selected from the group consisting of the sgRNA binding
region sequences encoded by the 19 nucleotides at the 3' end
of SEQ ID NOs:26-205,303.

[0010] Insome cases the, or the at least, 1;2;3; 5; 10; 100;
1,000; 10,000; 100,000; or 200,000 structurally distinct
sgRNAs comprise binding regions that are independently
selected from the group consisting of the sgRNA binding
region sequences encoded by SEQ ID NOs:205,306-410,
595. In some cases the, or the at least, 1; 2; 3; 5; 10; 100;
1,000; 10,000; 100,000; or 200,000 structurally distinct
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sgRNAs comprise binding regions that comprise a sequence
independently selected from the group consisting of the

sgRNA binding region sequences encoded by the 19 nucleo-
tides at the 3' end of SEQ ID NOs:205,306-410,595.

[0011] In some cases the, or the at least, 1; 2;3; 5; 10; 100;
1,000; 10,000; 100,000, or 200,000 structurally distinct
sgRNAs comprise binding regions that are independently
selected from the group consisting of the sgRNA binding
region sequences encoded by SEQ ID NOs:410,596-633,
445. In some cases the, or the at least, 1; 2; 3: 5; 10; 100;
1,000; 10,000; 100,000; or 200,000 structurally distinct
sgRNAs comprise binding regions that comprise a sequence
independently selected from the group consisting of the
sgRNA binding region sequences encoded by the 19 nucleo-

tides at the 3' end of SEQ ID NOs:410,596-633,445.

[0012] Insome cases the, or the atleast, 1; 2;3;5; 10; 100;
1,000; 10,000; 100,000; or 200,000 structurally distinct
sgRNAs comprise binding regions that are independently
selected from the group consisting of the sgRINA binding
region sequences encoded by SEQ ID NOs:633,446-857,
905. In some cases the, or the at least, 1; 2; 3; 5; 10; 100;
1,000; 10,000, 100,000; or 200,000 structurally distinct
sgRNAs comprise binding regions that comprise a sequence
independently selected from the group consisting of the
sgRNA binding region sequences encoded by the 19 nucleo-

tides at the 3' end of SEQ ID NOs:633,446-857,995.

[0013] Insome cases the, or the atleast, 1; 2;3;5; 10; 100;
1,000; 10,000; 100,000; 200,000; or 400,000 structurally
distinct sgRINAs comprise binding regions that are indepen-
dently selected from the group consisting of the sgRNA

binding region sequences encoded by SEQ ID NOs:26-410,
595 or SEQ ID NOs:410,596-857,995. In some cases the, or
the at least, 1; 2; 3; 5; 10; 100; 1,000; 10,000; 100,000;
200,000; or 400,000 structurally distinct sgRNAs comprise
binding regions that comprise a sequence independently
selected from the group consisting of the sgRNA binding
region sequences encoded by the 19 nucleotides at the 3' end
of SEQ ID NOs:26-410,595 or SEQ ID NOs:410,596-857,
995.

[0014] In some cases, the sgRNAs are selected to inhibit
transcription of human target loci (e.g., targeted to optimized
human CRISPR1 target sites), activate transcription of
human target loci (e.g., targeted to optimized human CRIS-
PRa target sites), inhibit transcription ol mouse target loci
(e.g., targeted to optimized mouse CRISPR1 target sites), or
activate transcription of mouse target loci (e.g., targeted to
optimized mouse CRISPRa target sites).

[0015] In some cases, the dCas9 comprises a dCas9
domain and an epitope fusion domain, and wherein the
plurality of cells further comprise an aflinity agent, wherein
the athinity agent has aflinity to the epitope fusion domain
and comprises a transcriptional activator. In some cases, the
library of sgRNAs are targeted to a region between 0-750 bp
upstream of the transcription start site of the targeted genes.
In some cases, the transcriptional activator comprises a
VP16 domain. In some cases, the transcriptional activator
comprises a VP64 domain. In some cases, wherein the
transcriptional activator comprises a plurality of VP64
domains.

[0016] In some cases, the epitope fusion domain com-
prises a GCN4 epitope and the athimity agent has afhinity for
the GCN4 epitope. In some cases, the epitope fusion domain
comprises a plurality of GCN4 epitopes. In some cases, the
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dCas9 comprises an amino acid sequence of SEQ ID NO:4.
In some cases, the aflimity agent comprises an amino acid
sequence of SEQ 1D NO:3.

[0017] In some cases, the quantitating the frequency com-
prises deep sequencing. In some cases, the deep sequencing
comprises sequencing with a redundancy of at least about
10. In some cases, the selecting the cells on the basis of the
phenotype comprises culturing the cells, thereby selecting
the cells on the basis of cellular proliferation. In some cases,
the culturing 1s performed in the presence of a selection
agent. In some cases, the selection agent 1s a chemothera-
peutic, a DNA damaging agent, a cytotoxic agent, a growth
factor, a transcription factor, a kinase, a drug, an exogenous
gene under the control of a heterologous promoter, or a
hormone. In some cases, the selecting the cells on the basis
of the phenotype comprises selecting the cells on the basis
ol protein expression, RNA expression, or protein activity.
In some cases, the selecting the cells on the basis of the
phenotype comprises fluorescence activated cell sorting,
aflinity purification of cells, or selection based on cell
motility.

[0018] In some cases, the specific sgRNAs that are over-
represented or underrepresented within the selected cells are
overrepresented or underrepresented relative to the ire-
quency of the corresponding sgRNAs 1n the sgRNA library.
In some cases, the method further comprises contacting a
plurality of control cells with the sgRNA library, wherein the
plurality of control cells are not subject to the selecting on
the basis of the phenotype, and the sgRNAs that are over-
represented or underrepresented in the selected cells are
overrepresented or overrepresented relative to their fre-
quency 1n the plurality of control cells. In some cases, the
sgRNAs that are overrepresented or underrepresented in the
selected cells are overrepresented or underrepresented rela-
tive to their frequency in the cells at an earlier time point in
the culturing of the cells.

[0019] In some cases, the sgRINA 1s encoded by an expres-
sion cassette 1n the cell, the expression cassette comprising
a promoter operably linked to a polynucleotide encoding the
sgRNA. In some cases, the promoter operably linked to the
polynucleotide encoding the sgRNA i1s inducible. In some
cases, the nuclease deficient sgRNA-mediated nuclease
(dCas9) 1s encoded by an expression cassette in the cell, the
expression cassette comprising a promoter operably linked
to a polynucleotide encoding the dCas9. In some cases, the
promoter operably linked to the polynucleotide encoding the
dCas9 1s inducible. In some cases, the plurality of cells
comprise a tetracycline transactivator, and wherein the
method comprises expression of dCas9 under the control of
a tetracycline inducible promoter in the absence of tetracy-
cline or other exogenous inducer of the tetracycline induc-
ible promoter. In some cases, the plurality of cells are
contacted with a library of structurally distinct short hairpin

RNAs (shRNA).

[0020] In some embodiments, the present invention pro-
vides a method of 1dentifying a lead compound for treatment
of a phenotype, the method comprising: performing any of
the foregoing methods, thereby identifying a genetic ele-
ment that modulates the phenotype; and identifying or
screening for a lead compound that modulates expression of
the genetic element; expression of a gene operably linked to
the genetic element, or activity of a peptide encoded by the
genetic element or a gene operably linked to the genetic
clement.
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[0021] In some embodiments, the present invention pro-
vides a method of identifying interacting genetic elements,
the method comprising: (1) performing any of the foregoing,
methods, thereby 1dentifying a plurality of structurally dis-
tinct sgRINAs that target genetic elements that modulate the
phenotype; (11) contacting a plurality of interaction test cells
with a library comprising a plurality of pairwise combina-
tions of the structurally distinct sgRNAs 1dentified in (1); (111)
selecting the test cells on the basis, of the phenotype; and
(1v) quantitating the frequency of the pairwise combinations
of structurally distinct sgRNAs within the population of
selected cells, wherein the pairwise combinations of struc-
turally distinct sgRNAs that are overrepresented or under-
represented 1n the selected cells are predicted to target
interacting genetic elements.

[0022] In some cases, the pair wise combinations of struc-
turally distinct sgRINAs comprise a first member and a
second member of the pair, and wherein the first member
and second member target unlinked genetic elements. In
some cases, the pairwise combinations of structurally dis-
tinct sgRINAs that are overrepresented or underrepresented
in the selected cells are overrepresented or underrepresented
relative to the frequency of the members of that pairwise
combination 1n the selected cells of (1).

[0023] In some embodiments, the present invention pro-
vides a method of optimizing an sgRNA, the method com-
prising: performing any of the foregoing methods, wherein
the plurality of structurally distinct sgRNAs target different
regions within or next to a single genetic element, wherein
the most overrepresented or underrepresented sgRNAs 1n
the selected cells are 1dentified as optimized sgRINAs that
target the genetic element.

[0024] In some embodiments, the present invention pro-
vides a small guide RNA (sgRNA) comprising {from 5' to 3"
a binding region, of between about 19 and about 21 nucleo-
tides 1n length; a 5' hairpin region, comprising: a unique
endonuclease site; and fewer than four consecutive uracil
nucleotides; or a length of at least 31 nucleotides; and a 3'
hairpin region; and a transcription termination sequence,
wherein the small gmide RNA i1s configured to form a
complex with a small guide RNA-mediated nuclease, the
complex having increased stability or activity relative to a
complex containing a small guide RNA-mediated nuclease
and a small guide RNA comprising at least 95% identity to
SEQ ID NO:6 or a complement thereof.

[0025] In some cases, the 5' hairpin region comprises
tewer than four consecutive uracil nucleotides and a length
of at least 31 nucleotides. In some cases, the unique endo-
nuclease cut site 1s a Blpl site. In some cases, the small guide
RNA has 19-25 or 21-28 nucleotides between the unique
endonuclease site and the 5' end. In some cases, the small
guide RNA comprises a binding region encoded by a
sequence selected from the group consisting of (1) SEQ ID
NOs:26-205,305; (11) SEQ ID NOs:205,306-410,595; (111)
SEQ ID NOs: 410 596-633,445; (1v) SEQ ID NOs: 633 446-
857,995; (v) . SEQ ID NOs: 26 410,595; or (v1) SEQ ID
NOs: 410 596-857,993. In some cases, the small guide RNA
comprises a binding region encoded by a sequence selected
from the group consisting of the 19 nucleotides at the 3' end
of (1) SEQ ID NOs:26-205,305; (11) SEQ ID NOs:2035,306-
410,595; (1) SEQ ID NOs:410,596-633,445; (1v) SEQ ID
NOs:633,446-857,995; (v) . SEQ ID NOs:26-410,595; or
(vi) SEQ ID NOs: 410,596-857,995.

Feb. 9, 2023

[0026] In some embodiments, the present invention pro-
vides a method of constructing a library of any one of the
foregoing small guide RNAs (sgRNAs), the method com-
prising: providing a polynucleotide encoding a sgRNA
scaflold, the scaflold comprising from the 5' to 3' end: a
umique endonuclease site, the unique endonuclease site
having been cleaved by an endonuclease that recognizes the
site; at least a portion of a 5' hairpin region comprising fewer
than four consecutive uracil nucleotides or a length of at
least 31 nucleotides; a 3' hairpin region; and a transcription
termination sequence, chemically synthesizing a library of
binding region encoding sequences containing, at the 3' end,
a portion of a small guide RNA 3' hairpin region, and a
region that complements the 3' unique endonuclease site of
the small guide RNA scaflold; and ligating the library of
binding region encoding sequences to the small guide RNA
scallold, wherein the small guide RNAs are configured to
form a complex with a small guide RNA-mediated nuclease,
the complex having increased stability or activity relative to
a complex containing a small guide RNA-mediated nuclease
and a small guide RNA comprising at least 95% 1dentity to
SEQ ID NO:6 or a complement thereof.

[0027] In some embodiments, the present invention pro-
vides a library of small guide RNAs (sgRNAs) that target a
plurality of target genes comprising at least 2; 3; 4; 5; 6; 8;
10; 100; 1,000; 10,000; 50,000; 75,000; 100,000; 200,000;
400,000 or more structurally distinct sgRNAs, or a library of
small gmide RNA encoding sequences, or a library of small
guide RNA binding region encoding sequences, as described
in the foregoing embodiments, cases, or examples. In some
cases, the sgRINAs are targeted to a region between 0-730 bp
upstream of the transcription start site of the targeted genes.
In some cases, the sgRNAs are targeted to a region between
0-1000 bp downstream of the transcription start site of the
targeted genes. In some cases, the majority of the targeted
genes are targeted with, targeted with no more than, or
targeted with fewer than, 25, 20, 15, 11, 10, 6, 5, 4, or 3
structurally distinct sgRNAs. In some cases, the majority of
sgRNAs are targeted to a region predicted to be accessible
to sgRINA binding. In some cases, the region predicted to be
accessible to sgRNA binding 1s selected from the group
consisting ol a region having a low micrococcal nuclease
signal, a region having a high DNA polymerase III chro-
matin 1immunoprecipitation signal, and a region having a
high run-on sequencing signal, or a combination thereof. In
some cases, the region predicted to be accessible to sgRNA
binding has a low micrococcal nuclease signal, a high DNA
polymerase 11 chromatin immunoprecipitation signal, and a
high run-on sequencing signal. In some cases, the majority
of sgRNAs do not contain three or more or four or more
repeated nucleotides, or do not contain three or more or four
or more repeated U’s, A’s, G’s, C’s, or a combination
thereof, excluding the 3' transcription termination sequence.
In some cases, the majority of sgRINAs are targeted to a
region predicted to be optimal for gene modulation by the
dCas9-fusion protein. In some cases, at least 10 genes are
targeted, and the library contains fewer than 2.5x10°, fewer
than 2x10°, fewer than 1x10°, about 5x10%, or fewer than
5x10* structurally distinct sgRNAs. In some cases, the
sgRNAs are selected to have a binding region encoded by a
sequence selected from the group consisting of SEQ ID
NOs:26-410,593; selected from the group consisting of SEQ
ID NOs: 410,596-857,993. In some cases, the sgRINAs are

selected to have a binding region encoded by a sequence
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comprising the 19 nucleotides at the 3' end of any one or
more (e.g., 2; 3; 4; 5; 10; 20; 40; 50; 100; 1,000; 5,000;
10,000; 15,000; 20,000; 50,000; 100,000; 200,000, 300,000:
or 400,000, or more) or all of SEQ ID NOs:26-410,593; or
any one or more (e.g., 2; 3; 4; 5; 10; 20; 40; 50; 100; 1,000;
5,000; 10,000; 15,000; 20,000; 50,000; 100,000; 200,000;
300,000; or 400,000, or more) or all of SEQ ID NOs:
410,596-857,995.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIGS. 1A-1E: A Tiling sgRNA Screen Defines
Rules for CRISPR1 Activity at Endogenous Genes in Human
Cells. FIG. 1A Depicts strategy for the massively parallel
determination of growth or toxin resistance phenotypes
caused by sgRNAs expressed in mammalian cells that also
express dCas9 or dCas9-derived fusion constructs. Two
types of large libraries can be used to define rules for
CRISPR1i/a or to perform genome scale screens to query the
function of many genes 1n a pooled screen. FIG. 1B A map
showing CRISPRi1 activity for all 49 genes in defined
windows relative to the TSS of each gene. sgRNAs targeting,
the window of =50 to +3350 bp around the TSS of a gene have
maximal activity. FIG. 1C A schematic showing the genomic
organization, GC content, and repetitive elements around the
TSS of the gene, VPS54, across a 10 kb window targeted by
the tiling sgRNA library. Many sgRNAs targeting dCas9
(top) and dCas9-KRAB (bottom) to VPS54 promote resis-
tance to ricin. Each sgRNA 1s represented by one black dot.
The data are displayed as a phenotype signed Z score (See
methods of Example 6). FIG. ID A sliding-window average
of 49 genes targeted 1n a test sgRNA library 1s shown as a
shaded region (top and bottom). The variable line between
the 95” percentile and 5” percentile range displays median
sgRNA activity in a defined window for each gene. The
defined differentially shaded region 1n the center region of
the bottom graph 1s the observed average window of maxi-
mum CRISPR1 activity. The data are displayed as a pheno-
type signed Z score. FIG. 1E Depicts ricin resistance phe-
notypes comparing CRISPR1 to RNA1 for genes previously
established to cause ricin resistance phenotypes when
knocked down by RNAI1. The data 1s displayed as a mean
phenotype signed 7Z score for 10 subsampled sgRNAs or
shRNAs.

[0029] FIG. 2: CRISPRi1 Activity 1s Highly Sensitive to
Mismatches Between the sgRNA and DNA sequence. The
on- and ofl-target activity of dCas9, dCas9-KRAB and Cas9
was measured for a series of sgRNAs with a varying number
and position of mismatches. The measured ofl-target activity
of each sgRNA with one or more mismatch 1s displayed as
percent of the on-target activity for the corresponding
sgRNA with O mismatches. The sgRNA series denoted with
a star represents sgRNAs with 3, 4, or 5 mismatch base pairs
randomly distributed across region 3 of the sgRNA
sequence. Data are displayed for each mismatch position as
the mean of all sgRNAs with that mismatch; see FIG. 10 for
individual sgRINA activities. sgRNAs were included 1n the
analysis only 1 the fully matched guide was highly active
(phenotype-signed z-score>=4); N=5 for dCas9, 11 for
dCas9-KRAB, and 10 for Cas9.

[0030] FIGS. 3A-3E: A Tiling sgRNA Screen Defines
Rules for CRISPRa Activity at Endogenous Genes 1n
Human Cells. FIG. 3A A schematic of the dCas9-SUN-tag+
scFV-VP64+sgRNA system for CRISPRa. Each component
of the system 1s stably expressed 1n K562 cells. FIG. 3B The
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activity of sgRNAs 1n K562 cells expressing each compo-
nent of CRISPRa, as a function of the distance of the sgRNA
site to the TSS of the targeted gene; gene activation results
in a negative ricin phenotype score. Top, many sgRNAs
targeting VPS34 sensitize cells to ricin; Bottom, sliding-
window average of all 49 genes targeted by our test library
1s shown 1n shaded. The median activity 1s shown with a
variable line while the window of maximal activity 1s shown
as a differentially shaded region. The data 1s displayed as a
phenotype signed z-score. FIG. 3C Ricin resistance pheno-
types for CRISPRa are anti-correlated to phenotypes for

CRISPR1 (dCas9-KRAB) for select genes. For each gene, a

p-value 1s calculated using CRISPRi1/a sgRNA activity rela-
tive to a negative control distribution for 24 subsampled
sgRNAs. FIG. 3D CRISPR1 knockdown and CRISPRa
activation of the same gene can have opposing effects on the
ricin resistance phenotype mn both a primary screen and
single sgcRNA validation experiments. Data 1s represented as
the mean and standard deviation of replicates (N=3). FIG.
3E CRISPR1 knockdown and CRISPRa activation can
modulate expression levels of a gene (as quantified by
qPCR) over several orders of magnitude.

[0031] FIGS. 4A-4D: A Genome-Scale CRISPR1 Screen

Reveals Genes Required for Cell Growth in Human Cells.
FIG. 4A A genome-scale CRISPR1 screen was carried out 1n
replicate 1n the human K562 cell line. Three classes of
negative control sgRNAs are shown non-targeting sgRNAs,
sgRNAs targeting Y-chromosomal genes, and sgRNAs tar-
geting olfactory genes show no reproducible phenotypes. A
subset of sgRNAs in the library strongly deplete 1n a
reproducible manner (black). FIG. 4B Co-expression of
sgRNAs and dCas9-KRAB 1s not toxic in K562 cell lines
over 16 days. FIG. 4C Gene set enrichment analysis was
performed for several essential cellular complexes. A histo-
gram ol gene distribution 1s shown under the GSEA curve.
FIG. 4D The top 10 DAVID annotation clusters 1dentified 1n
our growth screen are strongly enriched for known essential
cellular processes.

[0032] FIGS. 5A-SH: CRISPR1 Gene Silencing 1s
Robustly Inducible and Reversible and Non-Toxic. FIG. 5A
A schematic depicting the lentiviral expression construct
encoding 1nducible KRAB-dCas9. FIG. 5B Western blot
analysis of inducible KRAB-dCas9 1n the absence, presence,
and after washout of doxycycline. Samples were collected
daily from the same NegCtrl-4 sgRNA-expressing cells
processed for RT-gPCR 1 FIG. 5C. FIG. 5C CRISPRI1
mediated gene repression 1s reversible. K562 cells express-
ing two sgRINAs targeting RAB 1A were grown with or
without doxycycline or doxycycline for 10 days or doxycy-
cline was withdrawn at day 4. RAB IA mRNA levels were
measured at each indicated time point by qPCR. FIGS. 5D
and SE Competitive growth assays performed with inducible
CRISPR1 K562 cells transduced with the indicated sgRNAs
in the presence and absence of doxycycline. Data represent
the mean of replicates (N=3) normalized to NegCirl-1

results. Error bars represent standard deviation. FIGS. 5F
and 3G A CRISPR1 sub-library screen for eflects on cell

growth was perfonned with inducible CRISPR1 K362 cells
in the presence and absence of doxycycline. FIG. H Cumu-
lative growth curves from the sub-library screen represented
in FIGS. 5F and 5G show no bulk changes to growth caused
by induction of KRAB-dCas9. Data represent the mean of
replicate infections each screened 1n duplicate.
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[0033] FIG. 6A-FIG. 6C: A Genome-Scale CRISPRi
Screen Reveals Known and New Pathways and Complexes
Governing the Response to a Choler-Diptheria Fusion
Toxin. FIG. 6 A A proposed model for CTx-DTA binding,
retrograde tratlicking, retro-translocation and cellular toxic-
ity. FIG. 6B Gene set enrichment analysis of top hits from
two replicate genome-scale CRISPRi1 screens for genes
modulating sensitivity to CTx-DTA demonstrates strong
enrichment for genes in known host pathways hijacked/
targeted by CTx-DTA. FIG. 6C Overview of top hit genes
detected by the CTx-DTA screen. Many genes fall into
pathways, or encode subunits of the same physical complex.
Pathways expected based on previous knowledge of CTx-
DTA action (ganglioside biosynthesis, diphthamide biosyn-
thesis, retrograde traflicking, ERAD, proteasome, transla-
tion) are each represented by several top hits, 1llustrating the
robustness of CRISPR1 based screening.

[0034] FIG. 7TA-FIG. 7G: CRISPR1 Strongly Represses
Gene Expression Resulting 1n Robust Reproducible Pheno-
types, which Enables Compaction of A Genome Wide
Library. FIG. 7TA-FI1G. 7C A representative western blot and
quantification of cholera toxin traflicking in cells expressing
a negative control sgRNA or an sgRNA targeting SEL1L or
B4GALNT1. Cholera toxin 1s distributed 1in both the cyto-
solic and membrane {fractionation in control cells and
according to their proposed function i CTx binding is

blocked when B4GALNT]1 1s repressed or CTX 1s trapped in
the ER upon repression of SEL1L. FIG. 7D Validation of
CTx-DTA screen phenotypes with single sgRINNA re-test
experiments. Data are represented as the mean and standard
deviation of replicates (N=3). FIG. 7E CRISPR1 knockdown
of 5 hit genes (15sgRNAs) 1dentified 1n the CTx-DTA screen
was quantified by qPCR. The gray shaded region denotes
sgRNAs showing at least 90% knockdown for each gene.
FIG. 7F Receiver operating characteristic (ROC) curve
showing the performance of an improved sgRINA predictive
score. FIG. 7G Simulation of library performance with
decreasing numbers of sgRNAs targeting each gene. The
phenotype for hit genes was calculated as the average of the
top 3 most active sgRNAs, and overall library performance
was expressed as the mean phenotype of all hit genes. The
size ol the library was computationally compacted by ran-
domly subsampling sgRINAs or selecting sgRNAs based on
the predictive score, and the remaining library activity 1s
plotted as a percent of the full 10 sgRNA per gene library
activity.

[0035] FIG. 8A-FIG. 8C: Mathematical framework for
quantifying sgRNA phenotype and activity. FIGS. 8A and
8B The formulas for deriving cellular phenotype from
measurements ol cell fraction in a population at discrete
timepoints. Cells with a given genotype have an intrinsic
growth rate g, often expressed as cell doublings per day. The
log, enrichment (log,e) of cells with a specific genotype 1n
a population can be calculated from the fraction of cells 1n
the population at the endpoint t versus that fraction at t0. In
order to express this as the growth rate relative to wild-type
(v), log,e 1s normalized to the median log,e of the negative
control set and then divided by t. Similarly, the phenotype of
cells exposed to a selective pressure (e.g., toxin treatment)
can calculated from the log.e of treated and untreated
populations to obtain p, which 1s +1 for completely resistant
cells and -1 for cells with 2-fold sensitivity to the pressure
relative to wild-type. FIG. 8C In order to quantity the
strength of individual sgRNA activity relative to noise 1n the
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experiment, sgRNA phenotype was divided by the standard
deviation of negative control phenotypes to vyield the
z-score. For analyses of sgRNA strength 1n tiling screens, 1n
which genes had known knockdown phenotypes for either
sensitivity or resistance, z-scores were re-signed to give
positive values where the phenotypes agreed with the
expected phenotype and negative values otherwise.

[0036] FIG.9A-FIG. 9G: Highly active CRISPR1 sgRNAsSs
are close to the TSS, short and do not contain nucleotide
homopolymers. FIG. 9A-FIG. 9B For several example
genes, the phenotypes observed for sgRNAs expressed 1n
dCas9 or dCas9-KRAB cells as a function of their position
with respect to the TSS are depicted. Each point 1s an
sgRNA. FIG. 9C Shorter sgRNAs have, on average, signifi-
cantly higher activity. Each point represents an sgRNA, with
lines connecting related sgRINAs that target the same PAM
site but have increasing protospacer base pair length. Black
lines represent the median activity for sgRNAs of specific
lengths. sgRNAs are depicted 11 there are multiple sgRNAs
targeting the same site and at least one sgRNA at that site 1s
highly active (phenotype-signed z-score=3). FIG. 9D
sgRNA sequences with very high or very low GC content are

less active. FIG. 9E The presence of homopolymers
(AAAA, GGGG, UUUU) within an sgRINA reduces activity

on average. FIG. 9F The DNA strand targeted by an sgRINA
has no eflect on activity. FIG. 9G A comparison of a subset
of sgRINAs selected based on CRISPRI1 activity rules versus
our previously published shRINA library. For each gene, the
Mann-Whitney p-value was calculated using sgRNA or
shRNA activity relative to a negative control distribution
using 24 shRNAs or 24 sgRNAs. The 24 shRNAs and
sgRNAs were randomly selected 100 times from the shRNA
library and sgRNAs meeting position and length rules,
respectively, and the median and SD logia p-value are
displayed.

[0037] FIG. 10: CRISPR1 Activity 1s Highly Sensitive to
Mismatches Between the sgRNA and DNA sequence. The
on- and off-target activity of dCas9, dCas9-KRAB and Cas9
was measured for a series of sgRNAs with a varying number
and position of mismatches. Each sgRNA 1s a point with the
related mismatch series connected by lines. The measured
ofl-target activity of each sgRINA with one or more mis-
match 1s displayed as percent of the on-target activity for the
corresponding sgRNA with O mismatches. The sgRNA
series denoted with a star represents sgRNAs with 3, 4, or 5
mismatch base pairs randomly distributed across region 3 of
the sgRINA sequence. sgRNAs were included 1n the analysis
only 11 the fully matched guide was highly active (pheno-
type-signed z-score>=4); N=5 for dCas9, 11 for dCas9-
KRAB, and 10 for Cas9.

[0038] FIG. 11A-FIG. 11B: A Tiling sgRNA Screen
Defines Rules for CRISPRa Activity at Endogenous Genes
in Human Cells. FIG. 11A The activity of sgRNAs 1n a
CRISPRa cell line as a function of the distance of the
sgRINA site to the TSS of the targeted gene for four example
genes. Top, ARL1 and ST3GAL4 activation results 1n ricin
resistance; bottom, SURF4 and RAB1A activation results in
ricin sensitivity. FIG. 11B A slhiding-window average only
for genes with a significant CRISPRa ricin resistance phe-
notype targeted by our test library 1s shown as a shaded
region. The median activity 1s shown with a variable line
while the window of maximal activity 1s shown 1n a differ-
entially shaded region. The data 1s displayed as a phenotype-
signed z-score.
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[0039] FIG. 12A-FIG. 12B: CRISPR1 Can Inducibly and
Rapidly Repress Transciption. FIG. 12A Competitive
growth assays performed with inducible CRISPR1 K362
cells transduced with the indicated RAB1A-targeting sgR-
NAs 1n the presence of doxycycline. Data represented as the
mean and standard deviation of replicates (N=3). FIG. 12B
CRISPR1 knockdown of hit genes 1dentified in the genome-
scale growth screen (9 sgRNAs) was quantified by gPCR
alter two days of doxycycline treatment. The gray shaded

region denotes sgRNAs showing at least 90% knockdown
for each gene. See also FIGS. 5D and 5E.

[0040] FIG. 13A-FIG. 13E: A Genome-Scale CRISPRi
Screen Reveals Known and New Pathways and Complexes
Governing the Response to a Choler-Diptheria Fusion
Toxin. FIG. 13A Two replicate genome-scale CRISPRi
screens for CTx-DTA sensitivity show high reproducibility
and robust enrichment and sensitization for individual sgR -
NAs. FIGS. 13B-13E Overview of top hit genes detected by
the CTx-DTA screen. Many genes fall into pathways, or
encode subunits of the same physical complex. Pathways
expected based on previous knowledge of CTx-DTA action
(ganglioside biosynthesis, diphthamide biosynthesis, retro-
grade tratlicking, ERAD, proteasome, translation) are each

represented by several top hits, illustrating the robustness of
CRISPRI1 based screening.

[0041] FIG. 14A-FIG. 14E: Exemplary rules for further
improving CRISPR1 library performance. FIG. 14A sgRNAs
with longer protospacers are less active. FIG. 14B sgRNAs
with poly-U homotrimers, homotetramers or more have
decreased activity. FIG. 14C Overall purine content of
sgRN As correlates with increased activity. FIG. 14D sgRNA
activity varies depending on the base immediately following
the PAM. FIG. 14E sgRNA activity 1s optimal within a
window from +25 to +100 bp.

[0042] FIG. 15: Depicts sgRNA activity and micrococcal
nuclease (MNase-seq) signal as a function of distance to the
transcription start site (ISS) as indicated by FANTOM
CAGE data. sgRNA activity (light line; arbitrary units) was
generated by fitting a Support Vector Regressor to sgRINA
phenotypes in genome-wide screens. MNase-seq signal
(dark line) for K562 was obtained from the ENCODE
project and was normalized and summed over 50 represen-
tative genes.

[0043] FIG. 16 A-FIG. 16C: Depict a tlow chart for 1den-
tifying optimized sgRNA binding region encoding
sequences.

DEFINITIONS
[0044] As used in this specification and the appended

4 2P L6

claims, the singular forms ““a,” “an,” and “the” include plural
reference unless the context clearly dictates otherwise.

[0045] The term “nucleic acid” or “polynucleotide™ refers
to deoxyrnibonucleic acids (DNA) or ribonucleic acids
(RNA) and polymers thereol in either single- or double-
stranded form. Unless specifically limited, the term encom-
passes nucleic acids containing known analogues of natural
nucleotides that have similar binding properties as the
reference nucleic acid and are metabolized 1n a manner
similar to naturally occurring nucleotides. Unless otherwise
indicated, a particular nucleic acid sequence also implicitly
encompasses conservatively modified variants thereof (e.g.,
degenerate codon substitutions), alleles, orthologs, SNPs,
and complementary sequences as well as the sequence
explicitly indicated. Specifically, degenerate codon substi-
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tutions may be achieved by generating sequences 1 which
the third position of one or more selected (or all) codons 1s

substituted with mixed-base and/or deoxyinosine residues
(Batzer et al., Nucleic Acid Res. 19:5081 (1991); Ohtsuka et

al., J. Biol. Chem. 260:2605-2608 (1985); and Rossolini et
al., Mol. Cell. Probes 8:91-98 (1994)). The term nucleic acid
1s used interchangeably with gene, cDNA, and mRNA
encoded by a gene.

[0046] The term “gene” means the segment of DNA
involved 1 producing a polypeptide chain. It may include
regions preceding and following the coding region (leader
and trailer) as well as intervening sequences (1ntrons)
between individual coding segments (exons).

[0047] A “promoter” i1s defined as an array of nucleic acid
control sequences that direct transcription of a nucleic acid.
As used herein, a promoter includes necessary nucleic acid
sequences near the start site of transcription, such as, 1n the
case of a polymerase II type promoter, a TATA clement. A
promoter also optionally includes distal enhancer or repres-
sor elements, which can be located as much as several
thousand base pairs from the start site of transcription.

[0048] An “expression cassette” 1s a nucleic acid con-
struct, generated recombinantly or synthetically, with a
series ol specified nucleic acid elements that permit tran-
scription of a particular polynucleotide sequence 1n a host
cell. An expression cassette may be part of a plasmid, viral
genome, or nucleic acid fragment. Typically, an expression
cassette 1ncludes a polynucleotide to be transcribed, oper-
ably linked to a promoter.

[0049] A “reporter gene” encodes proteins that are readily
detectable due to their biochemical characteristics, such as
enzymatic activity or chemifluorescent features. One spe-
cific example of such a reporter 1s green fluorescent protein.
Fluorescence generated from this protein can be detected
with various commercially-available fluorescent detection
systems. Other reporters can be detected by staining. The
reporter can also be an enzyme that generates a detectable
signal when contacted with an appropriate substrate. The
reporter can be an enzyme that catalyzes the formation of a
detectable product. Suitable enzymes include, but are not
limited to, proteases, nucleases, lipases, phosphatases and
hydrolases. The reporter can encode an enzyme whose
substrates are substantially impermeable to eukaryotic
plasma membranes, thus making it possible to tightly con-
trol signal formation. Specific examples of suitable reporter
genes that encode enzymes include, but are not limited to,
CAT (chloramphenicol acetyl transferase; Alton and Vapnek
(1979) Nature 282: 864-869); luciferase (lux); [-galactosi-
dase; LacZ; [-glucuronidase; and alkaline phosphatase
(Toh, et al. (1980) Eur. J. Biochem. 182: 231-238; and Hall
et al. (1983) I. Mol. Appl. Gen. 2: 101), each of which are
incorporated by reference herein i its entirety. Other suit-
able reporters include those that encode for a particular
epitope that can be detected with a labeled antibody that
specifically recognizes the epitope.

[0050] The term “amino acid” refers to naturally occurring
and synthetic amino acids, as well as amino acid analogs and
amino acid mimetics that function 1n a manner similar to the
naturally occurring amino acids. Naturally occurring amino
acids are those encoded by the genetic code, as well as those
amino acids that are later modified, e.g., hydroxyproline,
v-carboxyglutamate, and O-phosphoserine. Amino acid ana-
logs refers to compounds that have the same basic chemical
structure as a naturally occurring amino acid, 1.e., an a
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carbon that 1s bound to a hydrogen, a carboxyl group, an
amino group, and an R group, e.g., homoserine, norleucine,
methionine sulfoxide, methionine methyl sulfonium. Such
analogs have modified R groups (e.g., norleucine) or modi-
fied peptide backbones, but retain the same basic chemical
structure as a naturally occurring amino acid. “Amino acid
mimetics” refers to chemical compounds having a structure
that 1s different from the general chemical structure of an
amino acid, but that functions 1n a manner similar to a
naturally occurring amino acid.

[0051] There are various known methods 1n the art that
permit the incorporation of an unnatural amino acid deriva-

tive or analog into a polypeptide chain 1n a site-specific
manner, see, €.g., WO 02/086075.

[0052] Amino acids may be referred to herein by either the
commonly known three letter symbols or by the one-letter
symbols recommended by the IUPAC-IUB Biochemical
Nomenclature Commaission. Nucleotides, likewise, may be
referred to by their commonly accepted single-letter codes.

[0053] “‘Polypeptide,” “peptide,” and “protein” are used
interchangeably herein to refer to a polymer of amino acid
residues. All three terms apply to amino acid polymers in
which one or more amino acid residue 1s an artificial
chemical mimetic of a corresponding naturally occurring
amino acid, as well as to naturally occurring amino acid
polymers and non-naturally occurring amino acid polymers.
As used herein, the terms encompass amino acid chains of
any length, including full-length proteins, wherein the amino
acid residues are linked by covalent peptide bonds.

[0054] “Conservatively modified variants™ applies to both
amino acid and nucleic acid sequences. With respect to
particular nucleic acid sequences, “conservatively modified
variants” refers to those nucleic acids that encode 1dentical
or essentially identical amino acid sequences, or where the
nucleic acid does not encode an amino acid sequence, to
essentially i1dentical sequences. Because of the degeneracy
of the genetic code, a large number of functionally i1dentical
nucleic acids encode any given protein. For instance, the
codons GCA, GCC, GCG and GCU all encode the amino
acid alanine. Thus, at every position where an alanine 1s
specified by a codon, the codon can be altered to any of the
corresponding codons described without altering the
encoded polypeptide. Such nucleic acid variations are
“silent variations,” which are one species of conservatively
modified variations. Every nucleic acid sequence herein that
encodes a polypeptide also describes every possible silent
variation of the nucleic acid. One of skill will recognize that
cach codon 1 a nucleic acid (except AUG, which 1s ordi-
narily the only codon for methiomine, and TGG, which 1s
ordinarily the only codon for tryptophan) can be modified to
yield a functionally 1dentical molecule. Accordingly, each
silent variation of a nucleic acid that encodes a polypeptide
1s 1mplicit 1n each described sequence.

[0055] As to amino acid sequences, one of skill will
recognize that individual substitutions, deletions or addi-
tions to a nucleic acid, peptide, polypeptide, or protein
sequence which alters, adds or deletes a single amino acid or
a small percentage of amino acids in the encoded sequence
1s a “conservatively modified variant” where the alteration
results 1n the substitution of an amino acid with a chemically
similar amino acid. Conservative substitution tables provid-
ing functionally similar amino acids are well known 1n the
art. Such conservatively modified variants are 1n addition to
and do not exclude polymorphic varants, interspecies
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homologs, and alleles of the mmvention. In some cases,
conservatively modified variants of Cas9 or sgRNA can
have an increased stability, assembly, or activity as
described herein.

[0056] The following eight groups each contain amino
acids that are conservative substitutions for one another:

[0057] 1) Alamine (A), Glycine (G);

[0058] 2) Aspartic acid (D), Glutamic acid (E);

[0059] 3) Asparagine (N), Glutamine (Q);

[0060] 4) Arginine (R), Lysine (K);

[0061] 35) Isoleucine (I), Leucine (L), Methionine (M),
Valine (V);

[0062] 6) Phenylalanine (F), Tyrosine (Y), Tryptophan
(W);

[0063] /) Serine (S), Threonine (T); and

[0064] 8) Cysteine (C), Methionine (M)

(see, e.g., Creighton, Proteins, W. H. Freeman and Co., N. Y.
(1984)).

[0065] Amino acids may be referred to herein by either
theirr commonly known three letter symbols or by the
one-letter symbols recommended by the IUPAC-IUB Bio-
chemical Nomenclature Commission. Nucleotides, likewise,
may be referred to by their commonly accepted single-letter
codes.

[0066] In the present application, amino acid residues are
numbered according to their relative positions from the left
most residue, which 1s numbered 1, 1n an unmodified
wild-type polypeptide sequence.

[0067] As used 1n herein, the terms “identical” or percent
“1dentity,” 1n the context of describing two or more poly-
nucleotide or amino acid sequences, refer to two or more
sequences or subsequences that are the same or have a
speciflied percentage of amino acid residues or nucleotides
that are the same. For example, a core small gmde RNA
(sgRNA) sequence responsible for assembly and activity of
a sgRNA:nuclease complex has at least 80% 1dentity, pret-
erably 85%, 90%, 91%, 92%, 93, 94%, 95%, 96%, 97%,
98%, 99%, or 100% identity, to a reference sequence, €.g.,
one of SEQ ID NOs:6-11), when compared and aligned for
maximum correspondence over a comparison window, or
designated region as measured using one of the following
sequence comparison algorithms or by manual alignment
and visual inspection. As another example, a Cas9 sequence
responsible for assembly and activity of a sgRINA:nuclease
complex has at least 80% identity, preferably 85%, 90%.,
91%, 92%, 93, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
identity, to a reference sequence, e.g., one of SEQ ID
NOs:1-4), when compared and aligned for maximum cor-
respondence over a comparison window, or designated
region as measured using one of the following sequence
comparison algorithms or by manual alignment and visual
ispection. Such sequences are then said to be “substantially
identical.” With regard to polynucleotide sequences, this
definition also refers to the complement of a test sequence.
With regard to amino acid sequences, preferably, the identity
exists over a region that 1s at least about 50 amino acids or
nucleotides 1n length, or more preferably over a region that
1s 75-100 amino acids or nucleotides 1n length.

[0068] For sequence comparison, typically one sequence
acts as a reference sequence, to which test sequences are
compared. When using a sequence comparison algorithm,
test and reference sequences are entered into a computer,
subsequence coordinates are designated, 1 necessary, and
sequence algorithm program parameters are designated.
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Default program parameters can be used, or alternative
parameters can be designated. The sequence comparison
algorithm then calculates the percent sequence identities for
the test sequences relative to the reference sequence, based
on the program parameters. For sequence comparison of
nucleic acids and proteins, the BLAST and BLAST 2.0
algorithms and the default parameters discussed below are
used.

[0069] A “comparison window™, as used herein, includes
reference to a segment of any one of the number of con-
tiguous positions selected from the group consisting of from
20 to 600, usually about 50 to about 200, more usually about
100 to about 150 1n which a sequence may be compared, to
a reference sequence ol the same number ol contiguous
positions after the two sequences are optimally aligned.
Methods of alignment of sequences for comparison are
well-known 1n the art. Optimal alignment of sequences for
comparison can be conducted, e.g., by the local homology
algorithm of Smith & Waterman, Adv. Appl. Math. 2:482
(1981), by the homology alignment algorithm of Needleman
& Wunsch, J. Mol. Biol. 48:443 (19770), by the search for
similarity method of Pearson & Lipman, Proc. Nat'l. Acad.
Sci. USA 85:2444 (1988), by computerized implementations
of these algorithms (GAP, BESTFIT, FASTA, and TFASTA
in the Wisconsin Genetics Software Package, Genetics
Computer Group, 575 Science Dr., Madison, Wis.), or by
manual alignment and visual inspection (see, e.g., Current
Protocols in Molecular Biology (Ausubel et al., eds. 1995
supplement)).

[0070] Examples of algorithms that are suitable for deter-
mimng percent sequence identity and sequence similarity
are the BLAST and BLAST 2.0 algorithms, which are
described in Altschul et al., (1990) J. Mol. Biol. 213:
403-410 and Altschul et al. (1977) Nucleic Acids Res. 23:
3389-3402, respectively. Software for performing BLAST
analyses 1s publicly available at the National Center for
Biotechnology Information website, ncbinlm.nih.gov. The
algorithm involves first identifying high scoring sequence
pairs (HSPs) by identifying short words of length W 1n the
query sequence, which either match or satisfy some posi-
tive-valued threshold score T when aligned with a word of
the same length 1n a database sequence. T 1s referred to as
the neighborhood word score threshold (Altschul et al,
supra). These 1nitial neighborhood word hits acts as seeds
for imtiating searches to find longer HSPs containing them.
The word hits are then extended in both directions along
cach sequence for as far as the cumulative alignment score
can be imncreased. Cumulative scores are calculated using, for
nucleotide sequences, the parameters M (reward score for a
pair ol matching residues; always >0) and N (penalty score
for mismatching residues; always <0). For amino acid
sequences, a scoring matrix 1s used to calculate the cumu-
lative score. Extension of the word hits in each direction are
halted when: the cumulative alignment score falls off by the
quantity X from 1ts maximum achieved value; the cumula-
tive score goes to zero or below, due to the accumulation of
one or more negative-scoring residue alignments; or the end
of either sequence 1s reached. The BLAST algorithm param-
cters W, T, and X determine the sensitivity and speed of the
alignment. The BLASTN program (for nucleotide
sequences) uses as defaults a word size (W) of 28, an
expectation (E) of 10, M=1, N=-2, and a comparison of both
strands. For amino acid sequences, the BLASTP program
uses as defaults a word size (W) of 3, an expectation (E) of
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10, and the BLOSUMSG62 scoring matrix (see Henikoll &
Hemkofl, Proc. Natl. Acad. Sci. USA 89:10915 (1989)).

[0071] The BLAST algorithm also performs a statistical
analysis of the similarity between two sequences (see, e.g.,
Karlin & Altschul, Proc. Nat’l. Acad. Sci. USA 90:5873-
5787 (1993)). One measure of similarity provided by the
BLAST algorithm 1s the smallest sum probability (P(N)),
which provides an indication of the probability by which a
match between two nucleotide or amino acid sequences
would occur by chance. For example, a nucleic acid 1s
considered similar to a reference sequence 1f the smallest
sum probability 1n a comparison of the test nucleic acid to
the reference nucleic acid i1s less than about 0.2, more
preferably less than about 0.01, and most preferably less

than about 0.001.

[0072] An indication that two nucleic acid sequences or
polypeptides are substantially 1dentical 1s that the polypep-
tide encoded by the first nucleic acid 1s immunologically
cross reactive with the antibodies raised against the poly-
peptide encoded by the second nucleic acid, as described
below. Thus, a polypeptide 1s typically substantially identi-
cal to a second polypeptide, for example, where the two
peptides differ only by conservative substitutions.

[0073] Another indication that two nucleic acid sequences
are substantially identical 1s that the two molecules or their
complements hybridize to each other under stringent con-
ditions, as described below. Yet another indication that two
nucleic acid sequences are substantially 1dentical 1s that the
same primers can be used to amplity the sequence. Yet
another indication that two polypeptides are substantially
identical 1s that the two polypeptides retain i1dentical or
substantially similar activity.

[0074] A ““translocation sequence” or “transduction
sequence’” refers to a peptide or protein (or active fragment
or domain thereotf) sequence that directs the movement of a
protein from one cellular compartment to another, or from
the extracellular space through the cell or plasma membrane
into the cell. Translocation sequences that direct the move-
ment of a protein from the extracellular space through the
cell or plasma membrane into the cell are “cell penetration
peptides.” Translocation sequences that localize to the
nucleus of a cell are termed “nuclear localization™
sequences, signals, domains, peptides, or the like. Examples
of translocation sequences include, without limitation, the
TAT transduction domain (see, e.g., S. Schwarze et al.,
Science 285 (Sep. 3, 1999); penetratins or penetratin pep-
tides (D. Deross1 et al., Trends i Cell Biol. 8, 84-87);
Herpes simplex virus type 1 VP22 (A. Phelan et al., Nature
Biotech. 16, 440-443 (1998), and polycationic (e.g., poly-
arginine) peptides (Cell Mol. Life Sci. 62 (2005) 1839-
1849). Further translocation sequences are known 1n the art.
Translocation peptides can be fused (e.g. at the amino or
carboxy terminus), conjugated, or coupled to a compound of
the present invention, to, among other things, produce a
conjugate compound that may easily pass 1nto target cells, or
through the blood brain barrier and into target cells.

[0075] The “CRISPR/Cas” system refers to a widespread
class of bacternial systems for defense against foreign nucleic
acid. CRISPR/Cas systems are found in a wide range of
cubacterial and archaeal organisms. CRISPR/Cas systems
include type I, II, and III sub-types. Wild-type type II
CRISPR/Cas systems utilize the RNA-mediated nuclease,
Cas9 1n complex with guide and activating RNA to recog-
nize and cleave foreign nucleic acid. Methods and compo-
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sitions for controlling inhibition and/or activation of
transcription of target genes, populations of target genes
(e.g., controlling a transcriptome or portion thereof) are
described, e.g., 1n Cell. 2014 Oct. 23; 159(3):647-61, the
contents ol which are incorporated by reference in the
entirety for all purposes.

[0076] Cas9 homologs are found in a wide variety of
cubacteria, including, but not limited to bacteria of the
following taxonomic groups: Actinobacteria, Aquificae,
Bacteroidetes-Chlorobi1 Chlamydiae-Verrucomicrobia, Chl-
roflexi, Cyanobacteria, Firmicutes, Proteobacteria, Spiro-
chaetes, and Thermotogae. An exemplary Cas9 protein 1s the
Streptococcus pyogenes Cas9 protein. Additional Cas9 pro-
teins and homologs thereot are described 1n, e.g., Chylinksi,
et al., RNA Biol. 2013 May 1; 10(5): 726-7377 ; Nat. Rev.
Microbiol. 2011 June; 9(6). 467-4777; Hou, et al., Proc Natl
Acad Sc1 USA. 2013 Sep. 24; 110(39):15644-9; Sampson et
al., Nature. 2013 May 9; 497(7448):254-7; and Jnek, et al.,
Science. 2012 Aug. 17; 337(6096):816-21.

[0077] As used herein, “activity” 1n the context of
CRISPR/Cas activity, Cas9 activity, sgRNA activity, sgR-
NA:nuclease activity and the like refers to the ability to bind
to a target genetic element and/or modulate transcription at
or near the target genetic element. Such activity can be
measured 1n a variety of ways as known 1in the art. For
example, expression, activity, or level of a reporter gene, or
expression or activity of a gene encoded by the genetic
clement can be measured.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

I. Introduction

[0078] Described herein are methods and compositions for
modulating the transcription of genomic regions at or near a
target genetic element. The methods and compositions are
based a CRISPR/Cas system that employs an optimized
small guide RNA (sgRNA) and a nuclease deficient sgRNA-
mediated nuclease (dCas9) and/or an sgRNA-mediated
nuclease (Cas9). The sgRNA contains a binding region that
provides highly specific binding to the target genetic ele-
ment. Exemplary sgRNA binding region encoding
sequences can include, but are not limited to, sequences that
comprise or consist of the 19 nucleotides at the 3' end of any
one of SEQ ID NOs:26-857,9935. Exemplary sgRNA binding
region encoding sequences can additionally or alternatively
include, but are not limited to, sequences that comprise or
consist of any one of SEQ ID NOs:26-857,995.

[0079] The sgRNA and the dCas9 can form a complex that
specifically binds at or near the target genetic element. The
dCas9 can be a fusion between the nuclease deficient dCas9
domain and a domain that provides a transcriptional modu-
lation function. The methods and compositions can be used
to target genetic elements as further described herein.

[0080] For example, the methods and compositions can be
used to perform large (e.g., genome-wide) screens for
genetic elements mnvolved in the modulation of various
phenotypes of interest. In some cases, previous screening,
techniques were impractical for performing large scale
screens due to the size of the library required. For example,

shRNA genome screens (e.g., Bassik et al., Cell. 2013 Feb.
14; 152(4):909-22) can require at least 25 shRNAs per
targeted gene to ensure a high probability of transcription-
ally repressing each gene. As described herein, the present
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inventors have discovered methods for designing sgRNASs
and sgRINA libraries that target genetic elements with a high
probability of altering the transcription of the targeted
genetic element to a detectable degree. In some cases, the

methods and compositions described herein can provide a

library of sgRNAs of, of about, or of less than 25, 24, 23, 22,
21, 20, 15, 14, 13, 12, 11, 10, 9, 8, 7, 6, 5, 4, 3 or fewer
sgRNAs per targeted gene. In some cases, the sgRINAs of the
library are optimized to have a high probability of effectively
modulating (e.g., activating or inhibiting transcription) tar-
get genes. Due to the high probability of effective target gene
modulation, the library can target a large number of genes
without requiring a large number of sgRINAs per target gene
and therefore without becoming too large for facile con-
struction and use. In some cases, the library targets a large
plurality of genes (e.g., a library that targets at least 90%,

95%, 99%, substantially all, or all of the genes 1n a genome).

II. Compositions

[0081] Described herein are compositions useful as com-
ponents of a CRISPR/Cas system {for targeting genetic
clements. The components can be used 1n a screen to identity
genetic elements that modulate a phenotype, to identily
genetic mteractions, to develop or 1dentily optimized sgR-
NAs, or for lead compound discovery or improvement. The
components mclude sgRINAs, sgRINA libraries, and sgRINA
scaflolds, and dCas9 transcriptional modulators.

A. sgRNAS

[0082] Described herein are sgRNAs, sgRNA scafiolds,
and sgRNA libraries. The sgRNAs can contain from 5' to 3"
a binding region, a 5' hairpin region, a 3' hairpin region, and
a transcription termination sequence. The sgRNA can be
configured to form a stable and active complex with a small
guide RNA-medaited nuclease (e.g., Cas9 or dCas9). In
some cases, the sgRNA 1s optimized to enhance expression
ol a polynucleotide encoding the sgRNA 1n a host cell.
[0083] The 5' hairpin region can be between about 15 and
about 50 nucleotides 1n length (e.g., about 13, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36,37,38,39,40,41,42,43, 44, 45, 46, 47, 48, 49, or about
S0 nucleotides 1n length). In some cases, the 5' hairpin region
1s between about 30-45 nucleotides 1n length (e.g., about 31,
32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, or 45
nucleotides 1n length). In some cases, the 3' hairpin region 1s,
or 1s at least about, 31 nucleotides 1n length (e.g., 1s at least
about 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
or 45 nucleotides 1n length). In some cases, the 3' hairpin
region contains one or more loops or bulges, each loop or
bulge of about 1, 2, 3, 4,5, 6,7, 8, 9, or 10 nucleotides. In
some cases, the 5" hairpin region contains a stem of between
about 10 and 30 complementary base pairs (e.g., 11, 12, 13,
14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
or 30 complementary base pairs).

[0084] In some embodiments, the 5' hairpin region can
contain protein-binding, or small molecule-binding struc-
tures. In some cases, the 5' hairpin function (e.g., interacting
or assembling with a sgRNA-mediated nuclease) can be
conditionally activated by drugs, growth factors, small mol-
ecule ligands, or a protein that binds to the protein-binding
structure of the 5' stem-loop. In some embodiments, the 5
hairpin region can contain non-natural nucleotides. For
example, non-natural nucleotides can be incorporated to
enhance protein-RNA 1nteraction, or to increase the thermal
stability or resistance to degradation of the sgRNA.
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[0085] In some embodiments, the 5' hairpin region con-
tains a unique endonuclease site. In some cases, the unique
endonuclease site can introduce a bulge (e.g., a bulge of
about 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleotides). In an
exemplary embodiment, the unique endonuclease site 1s a
Blpl site. The unique endonuclease site can facilitate cloning
of a binding region or a library of structurally distinct
binding regions into an sgRINA scaflold as further described
below.

[0086] The sgRNA can contain an intervening sequence
between the 5' and 3' hairpin regions. The intervening
sequence between the 5' and 3' hairpin regions can be
between about O to about 50 nucleotides 1n length, prefer-
ably between about 10 and about 30 nucleotides in length
(e.g., at a length of, or about a length of 10, 11, 12, 13, 14,
15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
4’7, 48, 49, or 50 nucleotides). In some cases, the intervening
sequence 1s designed to be linear, unstructured, substantially
linear, or substantially unstructured. In some embodiments,
the intervening sequence can contain non-natural nucleo-
tides. For example, non-natural nucleotides can be incorpo-
rated to enhance protein-RNA 1nteraction or to increase the
activity of the sgRNA:nuclease complex. As another
example, natural nucleotides can be incorporated to enhance
the thermal stability or resistance to degradation of the

SCRINA.

[0087] The 3' hairpin region can contain an about 3, 4, 3,
6, 7, or 8 nucleotide loop and an about 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25
nucleotide or longer stem. In some cases, the 3' hairpin
region can contain a protein-binding, small molecule-bind-
ing, hormone-binding, or metabolite-binding structure that
can conditionally stabilize the secondary and/or tertiary
structure of the sgRINA. In some embodiments, the 3' hairpin
region can contain non-natural nucleotides. For example,
non-natural nucleotides can be incorporated to enhance
protein-RNA interaction or to increase the activity of the
sgRNA:nuclease complex. As another example, natural
nucleotides can be incorporated to enhance the thermal
stability or resistance to degradation of the sgRNA.

[0088] In some embodiments, the sgRNA includes a ter-
mination structure at its 3' end. In some cases, the sgRNA
includes an additional 3' hairpin region, e.g., before the
termination and after a first 3' hairpin region, that can
interact with proteins, small-molecules, hormones, etc., for
stabilization or additional functionality, such as conditional
stabilization or conditional regulation of sgRNA:nuclease
assembly or activity.

[0089] In some embodiments, the sgRNA forms an sgR-
NA:Cas9 or dCas9 complex that has increased stability
and/or activity as compared to previously known sgRNAs or
an sgRNA substantially identical to a previously known
sgRINA. In some cases, the sgRNA forms an sgRINA:Cas9 or
dCas9 complex that has increased stability and/or activity as
compared to as an sgRNA encoded by: SEQ ID NO:6
[IN]<_; 0o GUUUUAGAGCUA.-
GAAAUAGCAAGUUAAAAUAAGGCUAGUCC
GUUAUCAACUUGAAAAAGUGGCACCGAGUCG-
GUGC , where [N] represents a target specific binding
region of between about 5-100 nucleotides (e.g., about 5, 10,
15, 20, 15, 30, 35, 40, 45, 50, 55, 60, 70, 80, or 90
nucleotides) that 1s complementary or substantially comple-
mentary to the target genetic element. In some embodi-
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ments, the binding region of the sgRNA 1s, or 1s about, 10,
11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
277,28,29,30,31,32,33,34,35,36,37, 38,39 or 40 or more
nucleotides 1n length. In some cases, the binding region of
the sgRINA 1s between about 19 and about 21 nucleotides in
length.

[0090] Generally, the binding region 1s designed to
complement (e.g., perfectly complement) or substantially
complement the target genetic element or elements. In some
cases, the binding region can incorporate wobble or degen-
crate bases to bind multiple genetic elements. In some cases,
the 19 nucleotides at the 3' or 5' end of the binding region
are periectly complementary the target genetic element or
clements. In some cases, the binding region can be altered to
increase stability. For example, non-natural nucleotides, can
be mcorporated to increase RNA resistance to degradation.
In some cases, the binding region can be altered or designed
to avoid or reduce secondary structure formation in the
binding region. In some cases, the binding region can be
designed to optimize G-C content. In some cases, G-C
content 1s preferably between about 40% and about 60%
(e.g., 40%, 45%, 50%, 55%, 60%). In some cases, the
binding region, can be selected to begin with a sequence that
facilitates eflicient transcription of the sgRNA. For example,
the binding region can begin at the 3' end with a G
nucleotide. In some cases, the binding region can contain
modified nucleotides such as, without limitation, methylated
or phosphorylated nucleotides.

[0091] In some cases, the sgRNAs described herein form

an sgRNA:muclease complex with enhanced stability or
activity as compared to SEQ ID NO:6, or an sgRINA 90, 95,

96, 97, 98, or 99% or more 1dentical to SEQ ID NO:6. In
some cases, the optimized sgRNAs described herein form an
sgRNA:nuclease complex with enhanced stability or activity
as compared to SEQ ID NO:6, or an sgRINA with fewer than

5. 4,3, 2 or 1 nucleotide substitutions, additions, or deletions
of SEQ ID NO:6.

[0092] As used herein, identity of an sgRNA to another
sgRNA, such as an sgRNA to SEQ ID NO:6 1s determined
with reference to the identity to the nucleotide sequences
outside of the binding region. For example, two sgRNAs
with 0% 1dentity 1nside the binding region and 100% iden-
tity outside the binding region are 100% identical to each
other. Similarly, as used herein, the number of substitutions,
additions, or deletions of an sgRNA as compared to another,
such as an sgRNA compared to SEQ ID NO:6 1s determined
with reference to the nucleotide sequences outside of the
binding region. For example, two sgRNAs with multiple
additions, substitutions, and/or deletions inside the binding
region and 100% identity outside the binding region are
considered to contain 0 nucleotide substitutions, additions,
or deletions.

[0093] As used herein, the structural distinctiveness of an
sgRINA to another sgRNA 1s determined with reference to
the binding region. Thus, for example, an sgRNA that 1s
structurally distinct as compared to another sgRINA has a
different binding region sequence. The sequence can be
different by way of any one or more substitutions, additions,
or deletions within the binding region.

[0094] In some embodiments, the sgRNA can be opti-
mized for expression by substituting, deleting, or adding one
or more nucleotides. In some cases, a nucleotide sequence
that provides ineflicient transcription from an encoding
template nucleic acid can be deleted or substituted. For
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example, 1n some cases, the sgRINA 1s transcribed from a
nucleic acid operably linked to an RNA polymerase III
promoter. In such cases, sgRNA sequences that result in
ineflicient transcription by RNA polymerase III, such as
those described in Nielsen et al., Science. 2013 Jun. 28;
340(6140):1577-80, can be deleted or substituted. For
example, one or more consecutive uracils can be deleted or
substituted from the sgRNA sequence. In some cases, the
consecutive uracils are present in the stem portion of a
stem-loop structure. In such cases, one or more of the
consecutive uracils can be substituted by exchanging the
uracil and 1ts complementary base. For example, 11 the uracil
1s hydrogen bonded to a corresponding adenine, the sgRINA
sequence can be altered to exchange the adenine and uracil.
This “A-U tlip” can retain the overall structure and function
of the sgRNA molecule while improving expression by
reducing the number of consecutive uracil nucleotides. In
some cases, the sgRINA containing an A-U thp 1s encoded

by: SEQ D NO:7 [N]_, o, GUUU
AAGAGCUAGAAAUAGCAAGUU
UAAAUAAGGCUAGUCC GUUAUCAAC-

UUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU,

where the A-U tlipped nucleotides are underlined. In some
cases, the optimized sgRINA 1s at least 90, 91, 92, 93, 94, 95,

96, 97, 98, or 99% 1dentical or more to S_JQ 1D NO 7, or
contains fewer than 10, 9, 8, 7, 6, 5, 4, 3, or 2 nucleotide
additions, deletions, or substitutions compared to SEQ ID
NO:7. Alternatively, the A-U pair can be replaced by a G-C,
C-G, A-C, G-U parr. In some cases, the sgRINA 1s designed
so that, with the exclusion of the transcription terminator

sequence, 1t does not contain any run of four or more of A,
U, G, or C.

[0095] In some embodiments, the sgRNA can be opti-
mized for stability. Stability can be enhanced by optimizing,
the stability of the sgRNA:nuclease interaction, optimizing,
assembly of the sgRNA:nuclease complex, removing or
altering RNA destabilizing sequence elements, or adding
RINA stabilizing sequence elements. In some embodiments,
the sgRNA contains a 5' stem-loop structure proximal to, or
adjacent to, the binding region that interacts with the
sgRNA-mediated nuclease. Optimization of the 5' stem-loop
structure can provide enhanced stability or assembly of the
sgRNA:nuclease complex. In some cases, the 5' stem-loop
structure 1s optimized by increasing the length of the stem
portion of the stem-loop structure. An exemplary sgRNA
contaiming an optimized 3' stem-loop structure 1s encoded
by: SEQ ID NO:8 [N]¢;,0GUUUUAGAGCUA
UGCUGGAAACAGCAUAGCAAGUUAAAAU
AAGGCUAGUCCGUUAUCAAC-
UUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU U,
where the nucleotides contributing to the elongated stem
portion of the 5' stem-loop structure are underlined. In some

cases, the optimized sgRINA 1s at least 90, 91, 92, 93, 94, 95,
96, 97, 98, or 99% i1dentical or more to SEQ ID NO:8, or
contains fewer than 10, 9, 8, 7, 6, 5, 4, 3, or 2 nucleotide

additions, deletions, or substitutions compared to SEQ ID
NO:8.

[0096] In some embodiments, the 5' stem-loop optimiza-
tion 1s combined with mutations for increased transcription
to provide an optimized sgRNA. For example, an A-U {lip
and an elongated stem loop can be combined to provide an
optimized sgRNA. An exemplary sgRNA contaiming an A-U
flip and an elongated 5' stem-loop 1s encoded by: SEQ ID
NO: 9 [IN]s ;0o GUUUAAGAGCUAUGCUGGAAA
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CAGCAUAGCAAGUUUAAAU AAGGCUAGU-

CCGUUAUCAACUUGAAAAAGUGGCACCGAGUCG-

GUGCUUUUUU U, where the A-U thpped nucleotides and
the nucleotides contributing to the elongated stem portion of
the 5' stem-loop structure are underlined. In some cases, the
optimized sgRNA 1s at least 90, 91, 92, 93, 94, 95, 96, 97,

98, or 99% 1dentical or more to S_JQ ID NO:9, or contains
fewer than 10, 9, 8, 7, 6, 5, 4, 3, or 2 nucleotide additions,
deletions, or substitutions compared to SEQ ID NO:9.

[0097] In some embodiments, a small gmde RNA can
include a umque endonuclease site to enable construction of
large libraries with high fidelity. In some embodiments, the
unique endonuclease site mtroduces a 1 bp bulge 1n the 5'
hairpin region. An exemplary sgRNA containing a unique

endonuclease site and 1 bp bulge 1n the 5' hairpin region 1s
encoded by: SEQ ID NO: 10 [N]s_, o GUUUAAGAGCUA

AGCUGGAAACAGCAUAGCAAGUUUAAAU

AAGGCUAGUCCGUUAUCAAC-
UUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU U,
where the A-U flipped nucleotides, the 1 bp bulge, and the
nucleotides contributing to the elongated stem portion of the
S' stem-loop structure are underlined. In some cases, the
optimized sgRINA 1s at least 90, 91, 92, 93, 94, 93, 96, 97,
98, or 99% 1dentical or more to SEQ ID NO: 10, or contains
fewer than 10, 9, 8, 7, 6, 3, 4, 3, or 2 nucleotide additions,
deletions, or substitutions compared to SEQ ID NO:10.

[0098] In some embodiments, the small guide RNA 1s
encoded by a polynucleotide that comprises or consists of:
SEQ 1D NO:11 IN],5.,, GUUUAAGAGCUA
AGCUGGAAACAGCAUAGCAAGUUUAAAU

AAGGCUAGUCCGUUAUCAAC-
UUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU U,
where the A-U tlipped nucleotides, the 1 bp bulge, and the
nucleotides contributing to the elongated stem portion of the
S' stem-loop structure are underlined. In some cases, the

optimized sgRINA 1s at least 90, 91, 92, 93, 94, 93, 96, 97,
98, or 99% 1dentical or more to SEQ ID NO:11, or contains
fewer than 10, 9, 8, 7, 6, 5, 4, 3, or 2 nucleotide additions,
deletions, or substitutions compared to SEQ ID NO:11.

[0099] sgRNAs can be modified by methods known 1n the

art. In some cases, the modifications can include, but are not
limited to, the addition of one or more of the following
sequence elements: a 5' cap (e.g., a 7-methylguanylate cap);
a 3' polyadenylated tail; a riboswitch sequence; a stability
control sequence; a hairpin; a subcellular localization
sequence; a detection sequence or label; or a binding site for
one or more proteins. Modifications can also include the
introduction of non-natural nucleotides including, but not
limited to, one or more of the following: fluorescent nucleo-
tides and methylated nucleotides.

[0100] In some embodiments, the sgRNAs are selected so
as not to have significant off-target eflects. In some cases,
the similarity of an sgRNA binding region for ofi-target
genetic element sequences can be determined. sgRNAs
having a high similanty exceeding a pre-designated thresh-
old can be filtered out. In some cases, candidate binding
regions, including the protospacer adjacent motif (PAM)
sequences can be scored using a scoring metric 1n a manual
or automated fashion. sgRNA binding regions having an
acceptable number of off-target mismatches can then be
selected for synthesis.

[0101] An exemplary scoring metric 1s provided as fol-
lows: G1 of the PAM (e.g., NGG for Streptococcus pyogens
Cas9) 1s given a score of 40 1f present and a score of 0 1f
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absent. G2 of the PAM 1s given a score of 19 1f present and
a score of O 1f absent. N of the PAM 1s given a score of 0,
whether present or absent. Region I, corresponding to the
first 7 nucleotides of the binding region starting from the 5'
end 1s given a score of 28 for every mismatch present.
Region II, corresponding to the first 5 nucleotides of the
binding region starting after the 3' end of Region I 1s given
a score of 19 for every mismatch present. Region III,
corresponding to the remaining nucleotides between Region
II and the PAM 1s given a score of 10 for every mismatch
present. Ofl-target binding at any given site can be estimated
as 1-([Z(mismatches*mismatch_score)]/40). In some cases,
sgRNAs are selected that have a score according to the
foregoing metric of less than or equal to 0. Thus, according
to the foregoing exemplary scoring metric, an sgRINA hav-
ing one mismatch i PAM G1 and no other mismatches
would be selected. However, an sgRINA having one mis-
match i PAM GI and any other mismatch would not be
selected for synthesis.

[0102] In some embodiments, the sgRINAs are targeted to
specific regions at or near a gene. For example, an sgRNA
can be targeted to a region at or near the 0-750 bp region 5
(upstream) of the transcription start site of a gene. In some
cases, the 0-750 bp targeting of the region can provide, or
provide increased, transcriptional activation by an sgRNA:
dCas9 complex. For instance, a cell can be contacted with a
dCas9 fused to a transcriptional activator or epitope fusion
domain and an sgRNA, or library of sgRINAs, targeted to the
0-730 bp region 5' of the transcription start site of one or
more genes.

[0103] As another example, an sgRINA can be targeted to
a region at or near the 0-1000 bp region 3' (downstream) of
the transcription start site of a gene. In some cases, the
0-1000 bp targeting of the region can provide, or provide
increased, transcriptional repression by an sgRNA:dCas9
complex. For instance, a cell can be contacted with a dCas9
fused to a transcriptional repressor or epitope fusion domain
and an sgRINA, or library of sgRNAs, targeted to the 0-1000
bp region 3' of the transcription start site of one or more
genes.

[0104] In some embodiments, the sgRINAs are targeted to
a region at or near the transcription start site (TSS) based on
an automated or manually annotated database. For example,
transcripts annotated by FEnsembl/GENCODE or the
APPRIS pipeline (Rodriguez et al., Nucleic Acids Res. 2013
Janary; 41(Database 1ssue):D110-7 can be used to i1dentily
the TSS and target genetic elements 0-750 bp upstream (e.g.,
for targeting one or more transcriptional activator domains)
or 0-1000 bp downstream (e.g., for targeting one or more
transcriptional repressor domains) of the TSS.

[0105] In some embodiments, the sgRNAs are targeted to
a genomic region that 1s predicted to be relatively free of
nucleosomes. The locations and occupancies of nucle-
osomes can be assayed through use of enzymatic digestion
with micrococcal nuclease (MNase). MNase 1s an endo-exo
nuclease that preferentially digests naked DNA and the
DNA 1n linkers between nucleosomes, thus enriching for
nucleosome-associated DNA. To determine nucleosome
organization genome-wide, DNA remaining from MNase
digestion 1s sequenced using high-throughput sequencing
technologies (MNase-seq). Thus, regions having a high
MNase-seq signal are predicted to be relatively occupied by
nucleosomes and regions having a low MNase-seq signal are
predicted to be relatively unoccupied by nucleosomes. Thus,
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in some embodiments, the sgRNAs are targeted to a
genomic region that has a low MNase-Seq signal.

[0106] In some cases, the sgRNAs are targeted to a region
predicted to be highly transcriptionally active. For example,
the sgRNAs can be targeted to a region predicted to have a
relatively high occupancy for RNA polymerase 11 (Polll).
Such regions can be identified by Polll chromatin immuno-
precipitation sequencing (ChIP-seq), which includes afhinity
purifying regions of DNA bound to Polll using an anti-Polll
antibody and identifying the purified regions by sequencing.
Therefore, regions having a high Polll Chip-seq signal are
predicted to be highly transcriptionally active. Thus, 1n some

cases, sgRINAs are targeted to regions having a high Polll
ChIP-seq signal as disclosed in the ENCODE-published

Polll ChIP-seq database (Landt, et al., Genome Research,
2012 September; 22(9):1813-31).

[0107] As another example, the sgRINAs can be targeted to
a region predicted to be highly transcriptionally active as
identified by run-on sequencing or global run-on sequencing
(GRO-seq). GRO-seq involves incubating cells or nuclel
with a labeled nucleotide and an agent that inhibits binding
of new RNA polymerase to transcription start sites (e.g.,
sarkosyl). Thus, only genes with an engaged RNA poly-
merase produce labeled transcripts. After a suflicient period
of time to allow global transcription to proceed, labeled
RNA 1s extracted and corresponding transcribed genes are
identified by sequencing. Therelore, regions having a high
GRO-seq signal are predicted to be highly transcriptionally
active. Thus, 1n some cases, sgRNAs are targeted to regions

having a high GRO-seq signal as disclosed in a published
GRO-seq data (e.g., Core et al., Science. 2008 Dec. 19;

322(5909):1845-8; and Hah et al., Genome Res. 2013
August; 23(8):1210-23).

[0108] Also described herein are expression cassettes and
vectors for producing sgRNAs 1n a host cell. The expression
cassettes can contain a promoter (e.g., a heterologous pro-
moter) operably linked to a polynucleotide encoding an
sgRNA. The promoter can be inducible or constitutive. The
promoter can be tissue specific. In some cases, the promoter
1s a U6, HI, or spleen focus-forming virus (SFFV) long
terminal repeat promoter. In some cases, the promoter 1s a
weak mammalian promoter as compared to the human
clongation factor 1 promoter (EF1A). In some cases, the
weak mammalian promoter 1s a ubiquitin C promoter or a
phosphoglycerate kinase 1 promoter (PGK). In some cases,
the weak mammalian promoter 1s a TetOn promoter 1n the
absence of an inducer. In some cases, when a TetOn pro-
moter 1s utilized, the host cell 1s also contacted with a
tetracycline transactivator. In some embodiments, the
strength of the selected sgRINA promoter 1s selected to
express an amount of sgRNA that 1s proportional to the
amount of Cas9 or dCas9. The expression cassette can be 1n
a vector, such as a plasmaid, a viral vector, a lentiviral vector,
etc. In some cases, the expression cassette 1s 1 a host cell.
The sgRNA expression cassette can be episomal or inte-
grated in the host cell.

[0109] Also described herein are sgRNA scaflolds.
sgRNA scaflolds are portions of an sgRNA that can serve as
a recipient of a binding region, or portion thereotf, for ease
of cloning or other manipulation. In some embodiments, the
sgRNA scaflold comprises all the regions of the sgRNA
(e.g., 3' hairpin region, intervening region, 3' hairpin, and
termination sequence) except for the binding region. Thus,
the sgRNA scatiold comprises all the constant regions of the
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sgRNA. In some cases, the scaflold contains a unique
endonuclease site at or near the 5' end of the 5' hairpin
region. An exemplary unique endonuclease site 1s a Blpl
site, as shown for example 1n SEQ ID NO:11. In some cases,
the scaflold 1s present 1n a vector or expression cassette. For
example, the scaflold can be configured to be operably
linked to a promoter (e.g., a heterologous promoter) after
ligation of a binding region. In some cases, the scatlold can
be present 1n a shuttle or intermediate cloning vector. For
example, the scaflold can be present in an £. coli cloning
vector, and configured to accept ligation of a binding region,
thereby providing an sgRNA that can be excised from the £.
coli vector and ligated into a suitable host cell expression
vector. |

[0110] In some embodiments, portions of the sgRNA
scallold are encoded in diflerent expression cassettes, dif-
ferent vectors, or different intermediate cloning polynucle-
otides. For example, a portion of the sgRNA scaflold con-
taining the 3' hairpin region and a unique restriction site may
reside on an E. coli cloning vector. A binding region, or
library of binding regions, can be cloned into the sgRINA
scaflold portion. The binding region and 5' hairpin region
can then be digested and ligated into a destination vector
(e.g., a host cell expression vector) that provides one or more
of an intervening region, a 3' hairpin region, and/or a 3'
termination sequence.

[0111] The sgRNA scaflold can be used to generate librar-
ies of structurally distinct sgRNAs. For example, a library of
polynucleotides encoding structurally distinct binding
regions can be synthesized or generated using methods
known 1n the art including but not limited to solid phase
DNA synthesis. In some cases, the solid phase synthesis 1s
performed on a microarray slide or chip. The library of
polynucleotides encoding the binding regions can be recov-
ered, optionally punified (e.g., HPLC or PAGE), and cloned
into an sgRNA scaflold to generate polynucleotides encod-
ing a library of structurally distinct sgRNAs. Thus, the solid
phase synthesis can be performed to generate the short (e.g.,
19-21 nucleotide) binding region, while the constant regions
are provided by the scaflold. In some embodiments, this
combination of solid phase synthesis of the binding region
and cloning 1into a scaflold can greatly increase the quality
of the library as compared to synthesizing a larger portion of
the sgRNA. For example, the synthesized region can contain
fewer misincorporation errors (e.g., synthesized oligonucle-
otides of length N-1) that arise during synthesis of long
polynucleotides.

[0112] Consequently, also described herein are libraries of
sgRNAs, wherein the library contains a large number of
sgRNAs having structurally distinct binding regions. The
library can contain at least 10, 100; 1,000; 10,000; 50,000;
or more structurally distinct sgRNAs. In some embodiments,
the library contains less than about 50%, 25%, 15%, 10%,
1%, or fewer misincorporation (e.g., synthesized oligonucle-
otides of length N-1) errors.

[0113] In some embodiments, the library contains sgRNASs
that target genetic elements that are at least about 5 bp apart
in the genome of an organism. In some cases, completely or
nearly overlapping sgRNAs can be enriched for the same or
similar phenotype. Therelfore enforcing a distance between
targeted genetic elements of the sgRNAs can provide an
sgRNA library with a larger variety of possible phenotypes
as compared to a library of the same size having overlapping
sgRNAs. In some cases, a majority, substantial majority, or
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at least 90% (e.g., at least 90, 93, or 99%) of the sgRNAs of
an sgRNA library are targeted to non-overlapping genetic
clements (e.g., genetic elements that are at least 1, 2, 3, 4, 3,
6,7, 8, 9,10, 11, 12, 13, 14, 15,16, 17, 18, 19, or 20 by
apart).

[0114] In some embodiments, the library contains a plu-
rality of sgRNAs, wherein the plurality of sgRINAs comprise
binding regions that are designed according to one or more
of the following criteria: designed to target a genetic element
that 1s at least 5 bp apart from a genetic element targeted by
another sgRNA of the library; designed to begin with a “G”
nucleotide; designed to have a mismatch scoring metric for
ofl-target genetic elements of below a pre-designated thresh-
old (e.g., designed to have a mismatch scoring metric of less
than or equal to 0); designed to target a region between, or
between about, 0 and about 750 bp upstream of the tran-
scription start site (IT'SS), or wherein a majority, substantial
majority, or at least 90% (e.g., at least 90, 95, or 99%) of the
sgRNAs are targeted to a region between, or between about,
0 and about 1000 bp downstream of the TSS of a gene;
designed to target a region between, or between about, 0 and
about 1000 bp downstream of the transcription start site
(TSS), or wherein a majority, substantial majority, or at least
90% (e.g., at least 90, 95, or 99%) of the sgRNAs are
targeted to a region between, or between about, 0 and about
100 bp downstream of the TSS of a gene; designed to target
regions upstream or downstream of the TSS as annotated by
Ensemble/ENCODE or the APPRIS pipeline; designed to
lack any region containing four or more consecutive U, A,
G, and/or C nucleotides; designed to have a GC percentage
of between about 25% and 100%, or between about 30% and
95%; designed to target genetic clements having a low
MNase-seq signal; designed to target genetic elements hav-
ing a high Polll ChIP-seq signal; or designed to target
genetic elements having a high GRO-seq signal.

[0115] In some embodiments, the sgRNA libraries can
target a plurality of genetic elements with a high probabili-
tyol substantially modulating the expression level of one or
more genes, or portions thereof, at or near the targeted
genetic element or modulating the expression level of the
genetic element. In some embodiments, the sgRINA libraries
can provide a high probability of substantial transcriptional
modulation despite having a relatively low number of sgR-
NAs targeted to a gene or genetic element. For example, the
sgRNA library can have less than, or less than about, 20, 19,
18, 17, 16, 15, 14, 13, 12, 11, 10, 9, 8, 7, 6, 5, 4, 3, or 2
sgRNAs targeted to each gene, genomic region, or genetic
clement. In comparison, other pooled techniques for large
scale transcriptional modulation, such as methods utilizing
shRNA libraries can require a higher level of redundancy to
ensure a high probability of transcriptional modulation of
targeted genes or genetic elements. In some embodiments,
the sgRINA library has a median predicted probability of
providing a detectable phenotype, as measured using a
signed Z-score of at least, or at least about, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, or higher. In some cases, the Z-score
1S between, or between about 0.1 and 2, 0.1 and 1, 0.1 and
090r1,02and 09o0r1,0.3and0.9or 1, 0.4 and 0.9 or 1,
or 0.5 and 0.9 or 1.

[0116] In some embodiments, the Z-score i1s calculated

using a method described in Kampmann et al., Proc Natl
Acad Sc1 USA. 2013 Jun. 18; 110(25):E2317-26, or Bassik
et al., Cell. 2013 Feb. 14; 152(4):909-22. For example, the

phenotype of each sgRNA can be quantified, for growth
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(“gamma’) or resistance to treatment (“rho”). To normalize
these phenotypes, the quantified value for gamma or rho 1s
divided by the standard deviation of negative-control
sgRNA phenotypes. These standardized phenotypes repre-
sent the “z scores”.

[0117] In some embodiments, sgRNA libraries can be
double-sgRNA libraries. For example, the library can be a
plurality of polynucleotides that each encode two sgRNAs.
The sgRNASs can be pairwise combinations of sgRNAs that
have already been identified as modulating a phenotype.
Such libraries can be useful for 1dentifying genetic interac-
tions between the genetic elements targeted by each sgRNA
of the parr.

B. Cas9

[0118] Described herein are guide RNA dependent nucle-
ases and derivatives thereof. In some cases, the sgRINA-
mediated nuclease 1s a Cas9 protemn. For example, the
sgRNA-mediated nuclease can be a type I, II, or III Cas9
protein. In some cases, the sgRNA-mediated nuclease can be
a modified Cas9 protein. Cas9 proteins can be modified by
any method known 1n the art. For example, the Cas9 protein
can be codon optimized for expression 1n host cell or an 1n
vitro expression system. Additionally, or alternatively, the
Cas9 protein can be engineered for stability, enhanced target
binding, or reduced aggregation.

[0119] The Cas9 can be a nuclease defective Cas9 (i.e.,
dCas9). For example, certain Cas9 mutations can provide a
nuclease that does not cleave or nick, or does not substan-
tially cleave or nick the target sequence. Exemplary muta-
tions that reduce or eliminate nuclease activity include one
or more mutations in the following locations: D10, G12,
G17, E762, H840, N854, N863, H982, HI983, A984, DIR6,
or A987, or a mutation 1n a corresponding location 1n a Cas9
homologue or ortholog. The mutation(s) can include substi-
tution with any natural (e.g., alanine) or non-natural amino
acid, or deletion. An exemplary nuclease defective dCas9
protein 1s Cas9D10A&HB40A (Jinek, et al., Science. 2012
Aug. 17; 337(6096):816-21; 1, et al., Cell. 2013 Feb. 28;
152(5):1173-83).

[0120] dCas9 proteins that do not cleave or nick the target
sequence can be utilized 1 combination with an sgRNA,
such as one or more of the sgRNAs described herein, to form
a complex that 1s usetul for transcriptional modulation of
target nucleic acids as further explained below. The dCas9
can be targeted to one or more genetic elements by virtue of
the binding regions encoded on one or more sgRNAs.
Recruitment of dCas9 can therefore provide recruitment of
additional effector functions as provided by polypeptides
fused to the dCas9 domain. For example, a polypeptide
comprising an eflector function can be fused to the N and/or
C-terminus of a dCas9 domain. In some cases, the polypep-
tide encodes a transcriptional activator or repressor. In other
cases, the polypeptide encodes an epitope fusion that can be
used to recruit one or more copies of an aflinity agent. In
some cases, the aflinity agent 1s fused to a transcriptional
activator or repressor.

[0121] In one embodiment, the dCas9 1s a transcriptional
activator and comprises a dCas9 domain and a transcrip-
tional activator domain. In some cases, the dCas9 domain 1s
fused to a p65 activation domain (p65AD). SEQ ID NO:1 1s
an exemplary dCas9 domain fused to p65AD. In some cases,
the dCas9 fused to p65AD 1s at least about 90%, 95%, or
99% 1dentical, or 1dentical, to SEQ ID NO:1.
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[0122] In some cases, the dCas9 domain transcriptional
activator comprises a dCas9 domain fused to one or more

copies of a VP8 activation domain (e.g., fused to a VP8,
VP16, or VP64 domain). SEQ ID NO:2 1s an exemplary

dCas9 domain fused to VP16 or VP64. In some cases, the
dCas9 fused to a VP16 domain 1s at least about 90%, 95%.,
or 99% 1dentical, or i1dentical, to SEQ ID NO:2.

[0123] In some embodiments, the dCas9 1s a transcrip-
tional repressor and comprises a dCas9 domain and a
transcriptional repressor domain. In some cases, the dCas9
domain 1s fused to a Krippel associated box (KRAB)
repressor domain. SEQ ID NO:3 1s an exemplary dCas9

domain fused to a KRAB domain. In some cases, the dCas9
fused to a KRAB domain 1s at least about 90%, 95%, or 99%

identical, or 1dentical, to SEQ ID NO:3.

[0124] In some embodiments, the dCas9 1s a transcrip-
tional repressor and comprises a dCas9 domain and a
transcriptional repressor domain. In some cases, the dCas9
domain 1s fused to a chromoshadow repressor domain. SEQ
ID NO:12 1s an exemplary dCas9 domain fused to a chro-
moshadow domain. In some cases, the dCas9 fused to a
chromoshadow domain 1s at least about 90%, 95%, or 99%
identical, or 1dentical, to SEQ ID NO:12.

[0125] In some embodiments, the dCas9 transcriptional
modulator 1s a dCas9 domain fused to an epitope fusion
polypeptide. The epitope fusion polypeptide can contain one
or more copies (e.g.,2,3,4,5,6,7,8,9,10,11, 12, 13, 14,
15,16, 17,18, 19, 20 or more copies) of an epitope. In some
cases, the epitope fusion polypeptide contains multiple
copies of an epitope separated by one or more linker
sequences. In some cases, the linker 1s configured to allow
the binding of allinity agents to adjacent epitopes without, or
without substantial, steric hindrance. In some cases, the
linker sequences are configured to provide an unstructured
or linear region of the polypeptide. For example, the linker
sequence can comprise one or more glycines and/or serines.
The linker sequences can be at least about 2, 3, 4, 5, 6,7, 8,
9, 10 or more amino acids 1n length. In some cases, the linker
sequences are, or comprise, one or more ol the linkers
disclosed on the world wide web at parts.igem.org/Protein_
domains/Linker.

[0126] The amino acid sequence of the epitope can be any
sequence that 1s specifically recognized by a corresponding
allinity agent. Thus, the dCas9 domain fused to the epitope
fusion polypeptide will recruit one or more copies of the
corresponding fusion agent. This can result 1n an amplifi-
cation of any signal or eflector function provided by the
aflinity agent. For example, the aflinity agent can be a fusion
protein comprising an athinity domain and a transcriptional
modulation domain. The dCas9 epitope fusion can fonn a
complex with an sgRNA specific for a target genetic element
and recruit multiple copies of the transcriptional modulation
domain wvia the athnity domain to the targeted genetic
clement.

[0127] In some cases, the dCas9 domain fused to an
epitope fusion polypeptide contains one or more copies of a
GCN4 epitope. In some cases, the epitope Tusion polypep-
tide contains multiple copies of a GCN4 epitope separated
by one or more copies of one or more linker sequences. In
some cases, the linker 1s configured to allow the binding of
allinity agents to adjacent GCN4 epitopes without, or with-
out substantial, steric hindrance. An exemplary dCas9 fused
to a GCN4 epitope fusion domain 1s or comprises SEQ 1D
NO:4. In some cases, the dCas9 fused to a GCN4 epitope
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fusion domain 1s at least about 90%, 95%, or 99% 1dentical,
or 1dentical, to SEQ ID NO:4.

[0128] In some embodiments, the epitope fusion polypep-
tide contains one or more copies of two or more different
epitopes. In such cases, the dCas9 can recruit multiple
different eflector functions. For example, the epitope fusion
polypeptide can contain a first epitope that recruits an
alhinity agent fused to a transcriptional activator. The epitope
fusion polypeptide can further contain a second epitope that
recruits an aflinity agent fused to different eflector function.
In some cases, the epitope fusion polypeptide containing one
or more copies ol two or more diflerent epitopes can be used
to enhance the specificity of a CRISPR/Cas interaction. For
example, one epitope can recruit an afli

ity agent fused to
one half of an obligate dimer effector domain, while the
other epitope recruits an aflinity agent fused to the other half
of the obligate dimer effector domain.

[0129] In some cases, the epitope fusion polypeptide
recruits one or more copies ol an obligate dimer fluorescent
protein (e.g., GFP), an obligate dimer recombinase (e.g.,
CRE recombinase), an obligate dimer luciferase, an obligate
dimer thymidine kinase, an obligate dimer TEV protease, or
an obligate dimer dihydrofolate reductase (DHFR). In some
cases, the epitope fusion polypeptide recruits one or more
copies ol a combination of eflector domains or enzymes
which promote or aflect transcription. For example, the
epitope tusion polypeptide can recruit one or more copies of
enzymes or other eflector domains that regulate DNA meth-
ylation, histone methylation or demethylation, histone
deacetylation, RNA polll de-phosphorylation, or promote an
increase in nucleosome compaction as measured by reduced
DNAsel hypersensitivity or decreased Micrococcal nucle-
ase accessibility. A combination of activation eflector
domains or enzymes which could promote transcription
could iclude DNA demethylases, histone demethylases or
methylases, histone acetylases, RNA polll phosphorylases,
or enzymes or ellector domains that reduce nucleosome
compaction as measured by increased DNAsel hypersensi-
tivity or increase micrococcal nuclease accessibility, or
promote natural or un-natural chromosomal looping
between distal enhancer elements and proximal promoter
clements.

[0130] Also described herein are expression cassettes and
vectors for producing Cas9 or dCas9, including Cas9 or
dCas9 fusion proteins, mn a host cell. The expression cas-
settes can contain a promoter (€.g., a heterologous promoter)
operably linked to a polynucleotide encoding Cas9 or
dCas9. The promoter can be inducible or constitutive. The
promoter can be tissue specific. In some cases, the promoter
1s a weak mammalian promoter as compared to the human
clongation factor 1 promoter (EF1A). In some cases, the
weak mammalian promoter 1s a ubiquitin C promoter, a vav
promoter, or a phosphoglycerate kinase 1 promoter

[0131] (PGK). In some cases, the weak mammalian pro-
moter 1s a TetOn promoter 1n the absence of an inducer. In
some cases, when a TetOn promoter 1s utilized, the host cell
1s also contacted with a tetracycline transactivator.

[0132] Insome embodiments, the strength of the dCas9 or
Cas9 promoter 15 selected to express an amount of Cas9 or
dCas9 (e.g., Cas9 or dCas9 epitope fusion protein) that is
proportional to the amount of sgRINA or amount of sgRNA
expression. In some embodiments, the strength of the
selected sgRINA promoter 1s selected to express an amount
of small guide RNA that 1s proportional to the amount of

Feb. 9, 2023

corresponding aflinity agent or the amount of Cas9 or dCas9
(e.g., Cas9 or dCas9 epitope fusion protein). For example, 11
a dCas9 epitope fusion protein contains ten copies of an
epitope, then the dCas9 promoter can be selected to express
1/10” the amount of dCas9 as compared to corresponding
aflinity agent (or less). In some cases, a weak promoter can
be selected to reduce cytotoxicity induced by expression of
the Cas9 or dCas9 gene.

[0133] In some cases, the polynucleotide encoding a small
guide RNA-mediated nuclease of the expression cassette
further encodes one or two localization sequences (e.g.,
nuclear localization sequences). For example, the polynucle-
otide can encode a Cas9 or dCas9 protein having a nuclear
localization sequence at the N- and/or C-terminus. The
expression cassette can be 1n a vector, such as a plasmid, a
viral vector, a lentiviral vector, etc. In some cases, the
expression cassette 1s 1n a host cell. The expression cassette
can be episomal or integrated in the host cell.

C. Athnity Agents

[0134] Described herein are aflinity agents for recruiting
ellector tunctions to dCas9 epitope fusion proteins. A wide
variety of afhinity agents can be utilized. Generally, the
aflinity agent 1s stable under the reducing conditions present
in the intracellular environment of the cell. Additionally, the
alhinity agent should specifically bind to its corresponding
epitope with minimal cross-reactivity. In some cases, the
allinity agent 1s an antibody, such as an scFv. In some cases,
the aflinity agent 1s an antibody (e.g., scFv) that has been
optimized for stability 1n the intracellular environment. For
example, the athnity agent (e g.. scFv) can be an intrabody
(see, e.g., Lo et al., Handb. Exp. Pharm. 2008; (181):343-
73). An exemplary allinity agent comprises the anti-GCN4
scFv domain of SEQ ID NO:5.

[0135] The afhnity agent can contain one or more solu-
bility enhancing domains. For example, the athnity agent
can be fused at the N- and/or C-terminus to a highly soluble,
and/or a highly stable, polypeptide. Exemplary solubility
enhancing domains include, without limitation, superfolder
GFP (Pedelacq et al., Nat Biotechnol. 2006 January; 24(1):
79-88), maltose binding protein, albumin, hen egg white
lysozyme, glutathione S-transierase, the protein G Bl
domain, protein D, the Z domain of protein A, thioredoxin,
bactenioferritin, DhaA, HaloTag, and GrpE.
[0136] In some embodiments, the athnity agent comprises
a transcriptional modulator domain. For example, the aflin-
ity agent can contain an athnity domain (e.g., an sckv
domain) and a transcriptional modulator (e.g., transcrip-
tional activator or repressor) domain. In some cases, the
aflinity agent contains an ailinity domain fused to one or
more copies of a VP8, VP16, or VP64 domain. In some
cases, the afhmity agent contains an anti-GCN4 athinitydo-
main fused to one or more copies of a VP8, VP16, or VP64
domain. An exemplary aflimity agent containing a transcrip-
tional modulator domain comprises SEQ ID NO:13.
[0137] Also described herein are expression cassettes and
vectors for producing one or more athinity agents described
herein 1n a host cell. The expression cassettes can contain a
promoter (e.g., a heterologous promoter) operably linked to
a polynucleotide encoding an aflinity agent. The promoter
can be inducible or constitutive. The promoter can be tissue
specific. In some cases, the promoter 1s a strong promoter.
For example, the promoter can be a CMV promoter, an
SFFV long terminal repeat promoter, or the human elonga-
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tion factor 1 promoter (EF1A). In some cases, the poly-
nucleotide encoding an aflinity agent of the expression
cassette further encodes one or two nuclear localization
sequences. For example, the polynucleotide can encode an
aflinity agent having a nuclear localization sequence at the
N- and/or C-terminus. The expression cassette can be 1n a
vector, such as a plasmid, a viral vector, a lentiviral vector,
ctc. In some cases, the expression cassette 1s 1n a host cell.
The expression cassette can be episomal or integrated in the
host cell.

IT11. Methods

[0138] Described herein are methods of using CRISPR/
Cas for modulating transcription of one or more genes or
genetic elements. The methods can be used to optimize
sgRNAs by testing a pooled library of sgRNAs that target a
single gene and selecting those that produce a desired
phenotype. The methods can also be used for small,
medium, or large scale (e.g., genome-wide) screening of
genetic elements that contribute to a selected phenotype. The
methods can also be used to identify interacting genes and
gene networks. The methods can also be used for identifying
targets for therapeutic development or lead compounds.

A. Screening for Genetic Elements that Modulate a Pheno-
type

[0139] Described herein 1s a method of screening for one
or more genetic elements that modulate a phenotype. The
method can be performed by contacting a plurality of cells
with a library of structurally distinct small guide RNAs
(sgRNAs) that target a plurality of genetic elements, such as
any of the sgRNA or sgRNA libraries described herein. The
contacting the plurality of cells with a plurality of sgRNAs
can thereby generate a plurality of test cells, the plurality of
test cells each comprising: a small gmide RNA (sgRNA); and
a nuclease deficient sgRNA-mediated nuclease (dCas9),
wherein the dCas9 comprises a dCas9 domain fused to a
transcriptional modulator or a dCas9 domain fused to an
epitope fusion domain. The method 1ncludes selecting the
cells on the basis of the phenotype and quantitating the
frequency of the structurally distinct sgRNAs within the
population of selected cells. sgRNAs that target genetic
clements that modulate the phenotype can be overrepre-
sented or underrepresented in the selected cells. In some
cases, the cells are also contacted with a plurality (e.g., about
2,3,4,5,6,7,8,9,10, 15, 20, 25, 30, 30, 75, 100, 150, 200,
250, 300, 350, 400, 500, 750, 1000 or more) of control
sgRNAs. For example, the control sgRNAs can have bind-
ing regions that do not bind to any genomic region or
transcript. Alternatively, the control sgRNAs can bind to a
genomic region that 1s known to not produce or affect the
phenotype of 1nterest. As yet another alternative the control
sgRNAs can aflfect an alternate control phenotype.

[0140] The phenotype can be cell growth, survival, or
proliferation. In some cases, the phenotype 1s cell growth,
survival, or proliferation 1n the presence of an agent, such as
a cytotoxic agent, an oncogene, a tumor suppressor, a
transcription factor, a kinase (e.g., a receptor tyrosine
kinase), a gene (e.g., an exogenous gene) under the control
of a promoter (e.g., a heterologous promoter), a checkpoint
gene or cell cycle regulator, a growth factor, a hormone, a
DNA damaging agent, a drug, or a chemotherapeutic.
[0141] For example, test cells containing sgRNAs and
dCas9 can be cultured in the presence of a growth factor
such as epidermal growth factor. The cells can be harvested
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alter a suthicient period of culturing. sgRINAs, or polynucle-
otides encoding the sgRNAs, can be extracted from the cells
and quantified by, e.g., sequencing. The frequency of sgR-
NAs can be thereby determined. sgRNAs that increase cell
growth, proliferation, viability, or survival in the presence of
epidermal growth factor can thereby be identified as those
that are overrepresented. sgRNAs that decrease growth,
proliferation, viability, or survival of cells 1n the presence of
epidermal growth factor can thereby be identified as those
that are underrepresented. Overrepresentation and underrep-
resentation can be relative to their frequency 1n the library
that was contacted with the cells, relative to the frequency of
the sgRNAs 1n the cells (or a sub-population of the cells)
prior to selection (or early 1n the selection period), or relative
to a frequency 1n control cells that are not subject to the
selection or subject to an alternative selection. The target
genetic elements of such overrepresented or underrepre-
sented sgRNAs can thereby be 1dentified as genetic elements
that modulate the phenotype.

[0142] The phenotype can also be protein expression,
RINA expression, protein activity, or cell motility, migration,
or invasiveness. For example, a plurality of cells that express
a particular cell surface protein associated with tumor malig-
nancy can be contacted with a plurality of sgRNAs and
dCas9 transcriptional modulators (activators and/or repres-
sors). The cells can be incubated for a suflicient time to
allow sgRNA:dCas9 complex formation and transcriptional
modulation. The cells can then be contacted with an anti-
body that recognizes the malignancy associated cell surface
protein. The antibody can be used to select cells, or select
against cells, that express the cell surface protein, for
example by fluorescence activated cell sorting or using solid
phase purification (e.g., with protein A agarose). sgRNAs
that are overrepresented or underrepresented 1n the selected
cells can be 1dentified as altering cell surface expression of
the malignancy associated protein. As another example, cell
motility, migration, or invasiveness can be selected using a
boyden chamber using methods known 1n the art.

[0143] The frequency of sgRNAs 1n test and/or control
cells that are quantitated in various methods described
herein can be determined in a variety of ways. In one
embodiment, sgRNAs are quantitated by deep sequencing.
As used herein, “deep sequencing” refers to highly redun-
dant sequencing ol a nucleic acid or a family of nucleic
acids, such as a family of sgRNAs or a family of polynucle-
otides encoding sgRINAs. The redundancy (1.e., depth) of the
sequencing 1s determined by the length of the sequence to be
determined (X), the number of sequencing reads (N), and the
average read length (L). The redundancy 1s then NxL/X. In
the case of sgRNAs, the length of the sequence can be the
length of the binding region, the full length of the sgRNA,
or the length of a portion of the sgRINA that contains the
binding region. The sequencing depth can be, or be at least
about 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15,16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36,37, 38, 39,40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50,
51, 52, 33, 54, 55,56, 57, 38, 59, 60, 70, 80, 90, 100, 110,
120, 130, 150, 200, 300, 500, 500, 700, 1000, 2000, 3000,
4000, 5000 or more. Deep sequencing can provide an
accurate number of the relative frequency of the sgRINAs.
Deep sequencing can also provide a high confidence that
even sgRINAs that are rarely present 1n a population of cells
(e.g., a population of selected test cells) can be 1dentified.
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[0144] In some embodiments, the screen 1s an interference
screen. In some cases, 11 the screen 1s an interference screen,
the plurality of cells can be contacted with a library of
sgRNAs, wherein a majority, substantial majority, or at least
90% (e.g., at least 90, 95, or 99%) of the sgRNAs are
targeted at the TSS start site of a gene, or upstream (5') of
the TSS of a gene. In some cases a majority, substantial
majority, or at least 90% (e.g., at least 90, 935, or 99%) of the
sgRNAs are targeted to a region between, or between about,
0 and about 750 bp upstream of the TSS of a gene.

[0145] If the screen 1s an interference screen, the plurality
of cells can be contacted with a dCas9 containing a dCas9
domain. Binding pf a dCas9 domain in complex with an
sgRNA can interfere with transcription at or near the genetic
clement targeted by (bound to) the sgRNA:dCas9 complex.
Without wishing to be bound to theory, 1t 1s believed that the
sgRNA:dCas9 complex can compete with RNA polymerase
or other transcriptional machinery to suppress transcription
at or near the targeted genetic element.

[0146] Alternatively, 1f the screen 1s an interference
screen, the plurality of cells can be contacted with a dCas9
containing a dCas9 domain fused to one or more copies of
a transcriptional repressor. Exemplary transcriptional
repressors include, without limitation, a KRAB domain, a
chromoshadow domain, a SID domain, or an EAR-repres-
sion domain (SRDX). The transcriptional repressor can be
codon optimized for eflicient expression in the host cell.

[0147] As yet another alternative, 1if the screen 1s an
interference screen, the plurality of cells can be contacted
with a dCas9 containing a dCas9 domain fused to an epitope
fusion domain. In such cases, the plurality of cells can also
be contacted with an aflimity agent having aflinity for the
epitope of the epitope fusion protein. The athimity agent can
contain an afhnity domain (e.g., an scFv) or an aflinity
domain fused to a transcriptional repressor. Binding of the
sgRNA:dCas9 complex to a targeted genetic element can
then recruit one or more copies of the aflinity agent to the
site of the targeted genetic element. In cases where the
aflinity agent 1s not fused to a transcrlptlonal repressor, the
enhanced size of the sgRINA:dCas9:athnity agent complex
can further suppress expression at or near the targeted
genetic element relative to a complex of sgRNA and a dCas9
domain. In cases, where the athnity agent 1s fused to a
transcriptional repressor, the recruitment of multiple copies
of the transcriptional repressor can further suppress expres-
sion at or near the targeted genetic element relative to the
previously described transcriptional repressors.

[0148] In some embodiments, the screen 1s an activation
screen. In such cases, the plurahty of cells can be contacted
with a library of sgRNAs, wherein a majority, substantial
majority, or at least 90% (e.g., at least 90, 93, or 99%) of the
sgRNAs are targeted at the TSS start site of a gene, or
downstream (3') of the TSS of a gene. In some cases a
majority, substantial majority, or at least 90% (e.g., at least
90, 95, or 99%) of the sgRNAs are targeted to a region
between, or between about, O and about 1000 bp down-
stream of the TSS of a gene.

[0149] In some cases, wherein the screen 1s an activation
screen, the plurality of cells can be contacted with a dCas9
containing a dCas9 domain fused to one or more copies of
a transcriptional activator. Exemplary transcriptional repres-
sors include, without limitation, a p65 activation domain

(p65AD), or one or more copies of a VP8, VP16, or VP64
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domain. The transcnptlonal repressor can be codon opti-
mized for eflicient expression in the host cell.

[0150] As yet another alternative, the plurality of cells can
be contacted with a dCas9 containing a dCas9 domain fused
to an epitope fusion domain. In such cases, the plurality of
cells can also be contacted with an afhinity agent having
aflinity for the epitope of the epltope fusion protein. The
allinity agent can contain an ailinity domain fused to a
transcriptional activator, such as any of the activators
described herein. Binding of the sgRNA:dCas9 complex to
a targeted genetic element can then recruit one or more
copies of the aflinity agent to the site of the targeted genetic
clement. The recruitment of multiple copies of the aflinity
agent and thus multiple copies of the transcriptional activa-
tor can further activate expression at or near the targeted
genetic element relative to activation provided by a dCas9
fused to a transcriptional activator.

[0151] In some embodiments, an activation and an inter-
ference screen can be performed at the same time. For
example, a plurality of cells can be contacted with an
sgRNA library. The plurality of cells can further be con-
tacted with both dCas9 iterference modulators and dCas9
transcriptional activation modulators. For example, dCas9
interference can be provided by a dCas9 domain, a dCas9
domain fused to a transcriptional repressor, or a dCas9 fused
to an epitope fusion protein and an athinity agent fused to a
transcriptional repressor. As another example, the interfer-
ence can be provided by a Cas9 nuclease that cleaves or
knicks target nucleic acid.

[0152] As yet another example, dCas9 activation can be
provided by a dCas9 domain fused to a transcriptional
activator, or a dCas9 fused to an epitope fusion protein and
an atlinity agent fused to a transcriptional activator. In some
cases, a portion of the plurality of cells can contain a dCas9
transcriptional activator and a portion can contain a tran-
scriptional repressor. Thus, sgRNAs that complex with an
activator can activate targeted genetic elements and sgRNAs
that complex with a repressor can repress targeted genetic
clements.

[0153] As yet another example, the plurality of cells can
be contacted with a library of sgRINAs and a library of
shRNAs and a dCas9 transcriptional activator. The dCas9
transcriptional activator can be a dCas9 domain fused to
transcriptional activator or a dCas9 fused to an epitope
fusion domain that 1s bound to one or more copies of an
allinity agent fused to a transcriptional activator. Thus, the
shRNAs represss target genetic elements and the sgRNAs
activate target genetic elements.

[0154] sgRNAs and/or shRNAs that target genetic ele-
ments that modulate a phenotype can then be identified as
described herein. For example, sgRINAs and/or shRNAs that
are overrepresented or underrepresented 1n selected cells can
be 1dentified. In some cases, the method can further include
associating whether the overrepresented or overrepresented
sgRNAs are 1n cells providing dCas9 interference or dCas9
activation.

B. Identitying Druggable Targets and Lead or Therapeutic
Compounds

[0155] Described herein are methods of identifying targets
for drug development or 1dentifying lead compounds. As an
example, methods described herein can be used to i1dentity
target genes or genetic elements whose transcriptional
modulation produces a desired phenotype. The identified
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target can then serve as a target for lead compound 1denti-
fication, screening, or development.

[0156] In some embodiments, the method includes per-
forming an sgRINA screen, such as any of the sgRNA screens
described herein, on a plurality of cells using a library of
sgRNAs, such as any of the sgRNASs or libraries described
herein to identify a gene or genetic element that modulates
a phenotype. For example, the phenotype can be a growth,
proliferation, survival, or viability of a tumor cell. In some
cases, the screen can identily genetic elements whose tran-
scriptional modulation affects growth, proliferation, sur-
vival, or viability of the tumor cell. In some cases, the
genetic elements encode or regulate protein targets, or
portions thereof, for which pharmaceutical inhibitors or
activators are known. In some cases, activators or inhibitors
are known, but they are not suitable therapeutic pharmaceu-
tical agents. In such cases, the activators or inhibitors can
serve as lead compounds for further development of thera-
peutic pharmaceutical agents.

[0157] In some cases, the genetic elements encode or
regulate protein targets, or portions thereof for which acti-
vators or inhibitors are as yet unidentified. Nevertheless, the
identification of the genetic elements can allow development
ol screening methods for 1dentification or development of
lead compounds and/or pharmaceutical agents. For example,
the genetic element, or a genomic region containing the
genetic element can be operably linked to a reporter gene.
The activity of the reporter gene can be assayed in the
presence ol a large number of different candidate com-
pounds to i1dentily a lead compound.

C. Identitying Interacting Genetic Elements

[0158] Identification of genetic interactions (GI) between
pairwise sets of genetic elements, have enabled the system-
atic exploration of gene function 1n various organisms.
Described herein, are methods for performing large scale
and unbiased screens for pairwise genetic interactions using
sgRNAs. For example, a plurality of sgRNAs can be con-
tacted with a plurality of cells to identify high-confidence
target genetic elements for a given phenotype and eflective
sgRNAs. Double-sgRNA libraries can be constructed from
this list of high-confidence target genetic elements to sys-
tematically measure Gls between hits.

[0159] In some cases, the plurality of sgRNAs can be
selected or designed to target each gene, genetic element, or
genomic region with multiple sgRNAs (e.g., about, or at
least about, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, or 25 sgRNAs per targeted
gene, genomic region, or genetic element). Such highly
complex libraries increase the likelihood of targeting each
gene with several eflective sgRNAs, thus reducing the
false-negative rate. Additionally, requiring several eflective
sgRNAs to identily a it gene reduces the rate of false-
positives, since 1t 1s unlikely that several sgRNAs targeting,
a non-hit gene have ofl-target eflects relevant to the pheno-
type of interest.

[0160] Therefore, 1n some cases, the plurality of sgRNAs
can be selected or designed to target each gene, genetic
clement, or genomic region with a minimal number of
cllective sgRNAs (e.g., about, or at less than about, 25, 24,
23,22,21,20,19,18, 17, 16, 15, 14, 13, 12, 11, 10, 9, 8, 7,
6, or 5 sgRNAs per targeted gene, genomic region, or
genetic element). Such minimally complex libraries can be
advantageous for enabling large scale and eflicient screen-
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ing. For example, 1f 100 sgRNAs per targeted gene 1is
required for high confidence screening, a library must be
10-fold larger than a library that requires only 10 sgRNAsSs
per targeted gene for high confidence screening.

[0161] The ability to rapidly generate GI maps can 1den-
tify previously unrecognized gene functions and inform the
design of combination therapies based on synergistic pairs.
For example, pairs of genes that exhibit synthetic lethality 1n
cancer cells, but not healthy cells, are 1deal targets for
combination therapies aimed at limiting the emergence of
drug resistance 1n rapidly evolving cells. As another
example, 1f a first and a second gene form an unexpected
synergistic genetic iteraction for an undesirable phenotype
(e.g., tumor growth), then a combination therapy that inhib-
its both targets can be designed.

[0162] In some embodiments, each sgRINA of a pair in a
double sgRNA screen 1s expected to contribute additively to
a phenotype of interest 1in the absence of genetic interaction.
Thus, for example, 11 a single first sgRINA 1s underrepre-
sented on average by 50% after selection for a phenotype of
interest and a single second sgRNA 1s overrepresented on
average by 50% after selection for a phenotype of interest,
then a non-interacting pair would be expected to lack
significant overrepresentation or underrepresentation. Thus,
interacting genes, genomic regions, or genetic elements are
identified as corresponding to those sgRNA pairs that are
present after a selection event as pairwise combinations that
deviate 1n frequency from the additive relationship expected
from the frequency determined in the mitial individual
sgRNA screen.

D. Identifying Rules for Optimal Targeting of Genetic
Elements with CRISPR/Cas

[0163] Described herein are methods of assaying sgRNASs
for targeting efliciency (e.g., cutting, nicking, interfering, or
activating). These assays can be used to develop or discover
rules for optimal or optimized sgRNA design. In some
embodiments, a library or pool of sgRNAs that target a
single gene, genomic region, or genetic element can be
generated. The library can be utilized to test which sgRNAs
produce a desired phenotype and/or have the highest target-
ing eihiciency. The sequence of the sgRNA (e.g., the
sequence of the binding region) and information about the
targeted genetic element can then be combined to discover
sgRINA design rules. In some cases, the pool of sgRNAs can
be designed to contain sgRNAs with mismatched base pairs
for use as controls or to determine the effect of mismatches
on sgRNA targeting efliciency.

[0164] In some cases, the target gene 1s a reporter gene
(e.g., encoding a fluorescent protein, a luciferase, or a gene
that confers resistance to a selection agent). In some cases,
the reporter gene 1s present on a plasmid. In other cases, the
reporter gene 1s integrated 1nto the genome of a host cell. In
some cases, assaying sgRINA targeting efliciency against an
endogenous or heterologous gene that 1s 1n the genome of a
host cell can allow for analysis or discovery of genomic
context specific rules for sgRINA targeting. For example,
rules for optimal chromatin conformation or enhancer site
positioning can be examined. In some cases, assaying
sgRNA targeting efliciency against an episomal or plasmid-
based gene can allow for robust signal generation to exam-
ine subtle variations 1n targeting efliciency.
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IV. Kits

[0165] Described herein are kits for performing sgRINA
transcriptional modulation. The kits can be used for per-
forming sgRNA screens as described herein. In one embodi-
ment, the kit contains an sgRNA scaflold and a polynucle-
otide encoding a Cas9 or dCas9 (e.g., an activating or
repressing dCas9). In another embodiment, the kit contains
a library of polynucleotides encoding structurally distinct
sgRNAs and a polynucleotide encoding a Cas9 or dCas9. In
some cases, the kit contains a polynucleotide encoding a
dCas9 activator and a dCas9 repressor. In some cases, the kit
contains a polynucleotide encoding an atfhinity agent, such as
an aflinity agent having athinity for an epitope fused to a
dCas9 domain. In some cases, aflinity agent having aflinity
for an epitope fused to a dCas9 domain 1s fused to a
transcriptional activator or repressor. In some cases, the
polynucleotides (e.g., polynucleotides encoding sgRNAs, or
sgRNA-mediated nucleases) are 1n expression cassettes and
operably linked to a promoter. In some cases, the expression
cassettes are 1n suitable vectors. In some cases, one or more
of the vectors or expression cassettes are 1 a host cell.
[0166] In some cases, the kit contains a plurality of host
cells, each cell containing an expression cassette encoding a
Cas9 or dCas9, and optionally an expression cassette encod-
ing an aihnity agent. The kit can further contain an sgRINA
scaflold. The kit can be used to clone a library of sgRNA
binding regions (e.g., binding regions complementary to)
into the sgRNA scatlold and transtform the plurality of host
cells. The host cells can be selected on the basis of a
phenotype of interest and thereby perform any of the sgRNA
screens described herein.

[0167] All patents, patent applications, and other publica-
tions, including GenBank Accession Numbers, cited 1n this
application are incorporated by reference in the entirety for

all purposes.

EXAMPLES

[0168] The following examples are provided by way of
illustration only and not by way of limitation. Those of skill
in the art will readily recognize a variety of non-critical
parameters that could be changed or modified to vield
essentially the same or similar results.

Example 1

Modular sgRNASs

[0169] A Blpl site was introduced into the 3' hairpin region
of an sgRINA scaflold. A library of sgRNA binding regions
was synthesized using solid phase synthesis techniques. The
binding regions have a 3' end that can be ligated to a cut Blpl
site. The sgRNA scaflold was cut with Blpl and purified.
Synthesized binding regions were recovered and ligated to
the cut sgRNA scaflold to produce a library of sgRNAs.

Example 2

Inducible CRISPR1 System

[0170] An inducible CRISPR1 system was constructed that
enables dynamic control of gene expression. This optimized
set of fusion proteins positions a transcriptional repressor
cllector domain (KRAB) to the N-terminus using an opti-
mized linker domain and removes the tluorescent tag from

dCas9 via a seli-cleaving peptide. The optimized CRISPRi
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system shows a 4-15 fold improved activity on a GFP
reporter. The CRISPR1 system involves delivery of 3 genes
or gene products (e.g., an optimized sgRINA, a tet-transac-
tivator, and a tet inducible dCas9-repressor construct).

Example 3

ftector

L1

Inducible System for Multimerization of .
Domains at DNA with CRISPR

[0171] An iducible Cas9 system for controllable multi-
merization of eflector domains at DNA 1s constructed. This
system 1nvolves the delivery of 4 genes or gene products
(e.g., an optimized sgRNA, a tet-transactivator, and the tet
inducible dCas9-GCN4 epitope fusion protein, and a recoms-
binant single chain variable chain fragment antibody which
binds to the GCN4 epitope fused to siGFP and VP64
(scEFVVP64)).

[0172] Activation can be tuned to a desired level by
varying the number of GCN4 epitopes 1n the dCas9-GCN4
fusion protemn. Fusion proteins with 6,10 or 24 epitope
copies (antibody binding sites) are constructed. The ratio of
dCas9 protein to scFVVP64 can also be tuned, e.g., by
appropriate promoter and inducer selection. The concentra-
tion of antibody and eflector protein should typically exceed
the concentration of the dCas9 fusion protein by the number
of epitope binding sites on the dCas9 fusion. For example a
construct that expresses at least 10 fold more scFV-VP64
than dCas9-10xGCN4 can in theory saturate each dCas9-
10xGCN4 fusion protein with antibody delivered efiector
domains. This inducible dCas9 {fusion system can be
expressed in the absence of doxycycline to achieve suili-
ciently low dCas9 fusion protein levels.

[0173] Stability of intracellular antibodies (e.g., mac-
roagregation or microaggregation) in the presence and/or
absence ol dCas9 can also be optimized. An antibody fusion
with optimized solubility and stability 1s obtain by selecting
cell clones using a discrimination function with defined rules
for the proper levels and localization of the antibody. Too
much antibody expression or too little antibody expression
can result 1n a nonfunctional multimerization system.
[0174] To optimize a working multimerization system
single cell flow cytometry data 1s utilized to screen for a
number of candidate constructs for proper expression level,
stability, and activity. Test genes such as CXCR4 which 1s
ofl 1n K562 cells are assayed for activation in a population
of cells with different dCas9GCN4 fusion proteins and
different scFV antibodies. Both median and mean activation
of transcription 1s measured to determine optimal expression
levels of sgRNA:dCas9:atlinity agent components to opti-
mally activate transcription in all cells. 50-fold induction in
protein of genes which are completely off such as CXCR4
in K562 cells 1s achieved. The activation 1s unimodal with
only ~2% of cells showing weak or no activation.

Example 4

Establishing Rules for sgRNA Targeting

[0175] A complex pool of ~55,000 sgRNAs targeting 10

kb around the transcription start sites of 50 genes known to
influence resistance/sensitivity to the toxin ricin was con-
structed. This pool (or “library”) included every possible
sgRNA between 19 and 25 bp long, starting with a G (for
ellicient transcription) and having a binding region (and thus
corresponding target sequence ending immediately before
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an NGG (a protospacer adjacent motil for Streptococcus
pyogenes Cas9). sgRNAs expected to have significant ofl-
target binding sites elsewhere 1n the genome were filtered
out. This was done by establishing a scoring metric as
follows: PAM GI=40; PAM G2=19; PAM N=0; Region
[=28; Region 1I=19; Region I1I=10. Offtarget binding at any
given  site  can be  estimated  as: 1—sum
(mismatches*mismatch_score)/40. For inclusion in this
library, no mismatch was greater than 0. The library also
included approximately 1000 sgRNAs designed against
scrambled target sequences that were estimated to have no
binding site anywhere 1n the genome as negative controls.

[0176] The library was tested in K562 cells expressing
dCas9, dCas9-Krap, dCas9-VP64, and nuclease active Cas9,
driven by both constitutive and tretacycline inducible pro-

moters, and screening for ricin sensitivity as described
(Bassik et al., Cell. Feb. 14, 2013; 152(4): 909-922; Kamp-

mann et al., Proc Natl Acad Sc1 USA. Jun. 18, 2013;
110(25): E2317-E2326).
[0177] These tests established rules for selecting sgRNASs

that are critical for KRAB-mediated repression and VP64-
mediated activation screening, as described herein. By
searching for the optimal window for dCas9-Krab mediated
repression, a window of 50 bp upstream of the transcription
start site (1SS) to 300 bp downstream was determined as
most effective and a window of 50-400 bp upstream of the
TSS was determined most efiective for dCas9 mediated
activation.

[0178] The length of sgRNA binding regions was tested
and shorter guides of 19-21 bp are determined to be more
cllective than longer guides.

[0179] Ensemble transcripts annotated by the APPRIS
pipeline were determined as most likely to exhibit a pheno-

type.

[0180] sgRNAs containing binding regions having four or
more consecutive nucleotides were found to be generally
deleterious, with putative Pollll terminator poly-U the worst
and poly-C the least.

[0181] Gude strength (plotted as Z-score) 1s generally
consistent across a range of GC percent (x-axis), but
extremely high or low values were determined to be worse
on average.

[0182] Overlapping, or nearly overlapping, sgcRNAs (0-0
and 1-4 bp apart) were enriched for phenotypes that have
little or no difference, suggesting libraries should be
designed to enforce at least 5 bp separation between sgRINA
target sequences.

[0183] sgRNAs that target sequences with a low MNase-

seq signal correlated with stronger average guide Z-scores,
indicating that sgRINAs should be targeted to genetic ele-
ments with a low MNase seq signal.

[0184] A strong agreement between ENCODE published
Polll ChIP-seq signal and CRISPRi1 phenotype was
observed, suggesting that CRISPR1 sgRNAs should be tar-
geted to regions where Polll ChlP-seq signal 1s high. Simi-
larly, as much of Polll signal at the TSS 1s not associated
with productive transcription, filtering where Polll 1s most
active with published Global Run-on Sequencing (GRO-
seq) data further refined sgRNA targeting rules. Applying a
threshold for guide length along with MNase, Polll, and
GRO-seq signals, each alone or in combination, improved
the median Z-score of guides by up to 10-fold.

20

Feb. 9, 2023

Example 5

Utilizing Established sgRNA Selection Rules 1n a
Support Vector Machine

[0185] The rules established in Example 4 were used to
train a support vector regression machine (SVR) to predict
the most active guides for every gene in the genome of a
target cell. Guide positioning, length, Poll signal, and
MNase signal were used to train the SVR on 25% of the
data. The SVM was cross-validated by leaving out each gene
and testing the ability of the machine to predict the sgRINA
activity for that gene based on the other genes in the training
set. Selecting 25 top guides per gene predicted by the SVR

versus 24 shRNAs gave stronger p-values 1n almost every
case for CRISPR1 and CRISPRa.

Example 5

CRISPRa Protein Multimerization

[0186] Cells were contacted with an sgRNA, a dCas9-10x
epitope fusion, and an scFv-VP64 fusion with athnity to the
epitope. K562 cells contacted with dCas9-GCN4-10x and
scFv-siGFP-VP64 and 1, 2, or 3 different sgRNAs targeting
the CXCR4 locus show strong induction of CXCR4 activa-
tion. Cells contacted with dCas9-VP64 fusion are and 1, 2,
or 3 different sgRINAs targeting the CXCR4 locus show
moderate CXCR4 activation. K562 cells contacted with 3
different sgRNAs targeting the CXCR4 locus and scFv-
siGFP-VP64 exhibit strong cell surface expression of
CXCR4 as demonstrated by tflow cytometry. Cells contacted
with dCas9-VP64 fusion are and 3, 2, or 1 different sgRNASs
targeting the CXCR4 locus and scFv-siGFP-VP64 show
increasing levels of cellular migration.

Example 6

I. Abstract

[0187] While the catalog of mammalian transcripts and
their expression levels in different cell types and disease
states 1s rapidly expanding, our understanding of their func-
tion lags far behind. Presented herein 1s a robust technology
enabling systematic investigation of the cellular conse-
quences of repressing or inducing any transcript. Rules for
ellicient and specific targeting of transcriptional repressors
(CRISPR1) or activators (CRISPRa) to endogenous genes
via endonuclease-deficient Cas9, enabling modulation of
expression over a ~4000-1old range were 1dentified. Using
these rules, construct a genome-scale CRISPR1 library was
constructed and validated with two pooled screens. A
growth-based screen robustly i1dentified essential gene sets.
A screen for sensitivity to a cholera-diptheria fusion toxin
provided broad insights into the molecular mechanisms of
toxin entry, retro-translocation and toxicity. Importantly,
CRISPR1 has minimal off-target eflects, robustly represses
transcription (typically achieving 90-99%), and 1s non-toxic
and reversible. Together, CRISPR1 and CRISPRa represent
key tools for defining gene function in metazoans.

II. Introduction

[0188] Dramatic advances 1n sequencing technology have
catalogued a universe of RNA transcripts—greatly exceed-
ing the number of canonical protein-coding open reading
frames (ORFs)—which collectively are responsible for car-
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rying out the instruction encoded in the genome (Pubmed
[Ds: 22955620, 24670764, 20220758, 24037378,

19812545). A central challenge now 1s to understand the
biological role of these transcripts and how quantitative
differences in their expression define cellular states 1n nor-
mal development and in disease. Despite intense eflorts, the
function of many protein-coding genes remains poorly
defined, and even less 1s known about the biological roles of
most non-canonical transcripts such as enhancer RNAs,
upstream antisense RNAs, IncRNAs, or other intergenic
RNAs (Pubmed IDs: 24679528, 24267885). Eflorts to
address this deficiency 1n our knowledge would be greatly

aided by techmiques that are capable of dynamically and
precisely controlling the expression of individual transcripts.

[0189] One way to explore gene function i1s to disrupt
transcript expression through deletion or repression. How-
ever, the dominant tool for programmed knockdown of
mRNAs, RNA-interference (RINA1), has pervasive problems
with off-target effects, which can be especially confounding,
in the context of large-scale screens (Pubmed IDs:

233949477, 16929316, 15042091, 13960972, 17572676,
19012953, 12734523, 22344029). Additionally, because
RN A1 1s mediated by cytoplasmic argounaute proteins, gene

silencing through this approach 1s best suited to depletion of
cytosolic mRNA targets.

[0190] An alternative emerging strategy 1s programmable
genome editing methods that permanently delete or modity
DNA using designable, sequence-specific endonucleases
such as zinc finger, TALEN or CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 (CRISPR-asso-
ciated protein 9) proteins (Pubmed IDs: 20717154,
20660643, 21179091, 22745249, 23386978, 23287718,
23287722, 23360966, 23360964, 23360965, 23643243). A
series of elegant studies recently exploited the readily pro-
grammable nature of Cas9, in which the specificity 1is
determined by a short guide (sg)RINA, to enable genome-
wide loss of function screens (Pubmed IDs: 24336569,
24336571, 24535568, 24717434). These established
CRISPR cutting as a powerful screening technology
complementary to RNA1 (especially when full knockouts are
needed to see phenotypes) or haploid mutagenesis screens
(Pubmed IDs: 19965467). Nonetheless, screening
approaches based on genome editing are currently focused
on loss-of-function studies involving irreversible frameshiit
disruptions, limiting their utility for the study of essential
genes and noncoding RNAs. Additionally, double-stranded
DNA breaks can be cytotoxic (Pubmed IDs: 243584192,
12016139, 11048728, 8643488). Finally, indel formation
from error-prone DNA repair often leads to variable, short
in-frame deletions or nsertions, limiting the ability to reli-
ably disable all of the alleles of a gene.

[0191] A programmable DNA binding protein that can
recruit an effector domain to turn on and ofl transcription in
a dynamic and quantitative manner offers, in principle, a
more flexible tool for interrogating the many transcripts in
complex genomes. Pioneering experiments with designed
chimeric zinc finger and TALE proteins fused to transcrip-
tion effector domains demonstrate that such an approach can
modulate transcription of endogenous genes (Pubmed IDs:

0843940, 10660690, 21248753, 23664777, 23396283,
23377379, 23877069). However, as each transcript target
requires a unique fusion protein, expanding these methods to
genome-scale 1s arduous.
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[0192] Recently, catalytically 1nactive Cas9 (dCas9)
fusion proteins guided by gene specific sgRNAs have been
used to localize efiector domains to specific DNA sequences
to either repress (CRISPR1) or activate (CRISPRa) transcrip-
tion of target genes (Pubmed IDs: 23452860, 23849981,
24360272, 23979020, 23892898, 23977949, 238928953,
23761437, 23907171). To date, a very small number of
sgRNAs have been tested, leaving unanswered whether
CRISPRy1/a 1s a feasible strategy for globally interrogating
gene function and, 11 so, how best to target a gene to activate
or repress transcription while mimmizing off-target effects.
[0193] Here, the development and application of a method
for high-specificity, genome-wide modulation of transcrip-
tion of endogenous genes 1n human cells using CRISPR1/a
1s described. To accomplish this, a saturating screen was
performed in which the activity of every nonredundant
sgRNA tiling over 49 kilobases of DNA around the tran-
scription start sites of 49 genes known to modulate cellular
susceptibility to ricin was tested. From this, distinct rules for
how and where either CRISPR1 or CRISPRa maximally
changes the expression of endogenous genes 1n human cells
were extracted, as well as rules for predicting off-target
ellects, providing an algorithm to design a genome-scale
library targeting each gene with 10 sgRNAs. This library
was validated by first screening for genes essential for cell
growth or survival, and in a second experiment screening for
genes that govern response to a chimeric cholera/diphtheria
fusion toxin (CTx-DTA) (22123862). The former robustly
enriches for known categories of essential genes and the
latter provides comprehensive insights mto the molecular
mechanisms of CTx-DTA intoxication. These experiments
demonstrate our CRISPR1/a screening platform 1s robust,
showing very high reproducibility and activity with unde-
tectable intrinsic toxicity.

[0194] More generally, these experiments establish that
CRISPR1i/a transcriptional control 1s inducible, reversible,
and can target essential genes. CRISPR1 and CRISPRa can
be used to control transcript levels for endogenous genes
across a high dynamic range (up to ~1000-1old). Extensive
evidence 1s also provided that properly designed CRISPR1i/a
reagents show exquisite specificity. As such, this method
represents a transformative tool for defining transcript func-
tion across the breadth of transcripts encoded by the human
genome.

IT11. Results

A. High Throughput-Tiling Screen Defines Rules ifor
CRISPR1 Activity at Endogenous Genes

[0195] CRISPR1 can repress transcription by directly
blocking RNA polymerase activity (dCas9) or through etlec-
tor domain-mediated transcriptional silencing (dCas9-
KRAB). In order to better understand and optimize CRIS-
PR1 activity, a pooled high throughput screen was used to
define rules that determine CRISPR1 repression of endog-
enous genes. 49 genes that had previously shown to modu-
late cellular susceptibility to the AB toxin ricin (Pubmed ID:
23394947) were targeted. The resistance phenotype (protec-
tive or sensitizing) for these 49 genes had earlier been
catalogued by RNA1 mediated knock-down 1in K562 cells,
showing that the amount of gene repression for these genes
typically has a monotonic, near-linear relationship with the
ricin resistance phenotype. This observation allowed the use
of a ricin resistance score calculated by measuring sgRINA
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frequencies 1n a pooled screen to measure how much dCas9
or dCas9-KRAB repressed transcription for thousands of

SCRINAS.

[0196] Using massively parallel oligonucleotide synthesis,
a library of sgRINAs was generated that tiled the DNA 1n a
10-kilobase window around the transcription start site of
these 49 genes (54,000 total sgRNAs) (Pubmed ID:
19448642) (FIG. 1A). sgRNAs were predicted to have
ofl-target activity were excluded based on a provisional
score that was developed using data from published Cas9
and dCas9 activity at near-consensus DNA binding sites
containing mismatches (see below for an empirical measure
of specificity) (Pubmed 1ID: 23873081, 23792628,
23452860). This cutofl filtered out most sgRNAs mapping to
repetitive SINE or LINE elements. To determine how
sgRNA length impacts CRISPR1 function, sgRNAs between
19-25 base pairs 1n length were included, including over-
lapping variable length sgRINAs that share the same proto-
spacer adjacent motif (PAM). 1,000 negative control sgR-
NAs that were picked according to the same principles as
targeted sgRNAs, but derived from scrambled pseudo-ge-
nome sequences and predicted not to target any sites 1n the
human genome were also included.

[0197] This test library of sgRNAs was packaged mto
lentiviral particles and used to transduce, K562 human
myeloid leukemia cells stably expressing dCas9 or a dCas9-
KRAB fusion protein (Pubmed 1D: 23849981). To ensure
that the majonity of cells expressed no more than one
sgRNA, the multiplicity of infection to was limited to 0.3.
Populations of cells expressing this library of sgRNAs were
either harvested at the outset of the experiment, grown under
standard conditions, or treated with ricin. Two biological
replicates of each screen were performed. The frequency of
cach sgRNA in the library following growth 1n each condi-
tion was then counted using deep sequencing to determine
how each sgRNA 1n the library modulates cell growth and
cellular susceptibility to ricin, phenotypes that were defined
quantitatively as gamma and rho, respectively (See FIG. 8A

and FIG. 8B and Pubmed ID: 23739767).

[0198] Imitial inspection of data revealed that many sgR-
NAs potently repress gene expression, as evidenced by their
impact on ricin sensitivity (FIG. 1C and FIG. 9A). Plotting
this data for all 49 genes showed that active sgRNAs cluster
around or just downstream from the transcription start site of
cach gene for dCas9-KRAB and dCas9, respectively (FIG.
ID). This activity pattern 1s consistent with the KRAB
domain acting as a transcription repressor and dCas9 inhib-
iting transcription by interfering with RNA polymerase

activity (Pubmed IDs: 23452860, 23849981).

[0199] Strong CRISPRI1 activity was obtained by targeting
dCas9-KRAB to a window of DNA from -50 to +350 bp
relative to the transcription start site of a gene, with a
maximum 1n the ~50-100 bp region just downstream of the
TSS (FIG. 1B, FIG. 1D). This suggested that optimal
activity leverages the combined activity of dCas9 interfer-
ence along with repression from the KRAB domain. It was
also observed that sgRNAs with protospacer lengths of
18-21 base pairs were significantly more active than longer
protospacer contaimng sgRNAs (FIG. 9B). Nucleotide
homopolymers had a strongly negative eflect on sgRNA
activity (FI1G. 9C). However, neither the DNA strand that
was targeted nor the sgRNA GC content across a broad
range strongly correlated with sgRNA activity (FIGS.

9D-9F).
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[0200] To evaluate the feasibility of genome-wide genetic
screens based on CRISPRi, the strength of phenotypes
obtained with CRISPR1 was compared to a previously
published RNA1 library, applying the rules described above
and then randomly subsampling the data from the sgRINA
tiling library to pick sets of 10 sgRNAs. A normalized
phenotype z-score was calculated by dividing mean pheno-
types for each gene by the standard deviation of phenotypes
of sgRNAs from the non-targeting control set (FIG. 8C).
Significant ricin phenotypes were seen for each of the 49
genes. Moreover, 1n virtually every case the normalized ricin
phenotype was stronger (in many cases far stronger) than
seen with a comparably sized shRNA library (generated by

sub sampling our published data). Thus CRISPR1 signifi-
cantly outperforms the published RNA1 library (FIG. 1E and
FIG. 9F). As discussed below this 1s due to combination of
high eflicacy as well as low ofl-target eflects.

B. CRISPR1 Transcriptional Silencing 1s Highly Sensitive to

Mismatches Between Target DNA Site and the sgRNA

[0201] To define rules for CRISPR1 off-target activity at
endogenous genes, a set of highly active sgRINAs from the
test library was selected. For each of these sgRNAs, the
activity of a series of dertvative sgRNAs with a variable
number and position of mismatches was tested (FIG. 2). This
experiment allowed measurement of the amount of ofi-target
gene repression for sgRNAs with mismatch base pairing
relative to sgRNAs for which high on-target activity was
established. Even a single mismatch at the 3' end of the
protospacer decreased CRISPR1 activity while sgRNAs that
passed the bioinformatics ofl-target filter, showed very little
activity (FI1G. 2 and FIG. 10). The dCas9 and dCas9-KRAB
proteins showed greater sensitivity to mismatches between
the sgRNA and target DNA than observed with Cas9-
mediated gene deletion. From this analysis, it was concluded
that CRISPR1 has minimal off-target transcriptional repres-
s10n activity at sites with 3 or more mismatches, even 1f the
sgRNA binding site 1s close to a transcription start site (FIG.

2).

C. A High Throughput-Tiling Screen Defines Rules for
CRISPRa Activity at Endogenous Genes

[0202] dCas9 fused to the herpes virus VP16 domain can
activate transcription when targeted upstream of the tran-
scription start site of a gene (Pubmed ID: 23849981). Initial
CRISPRa experiments suggested that robust activation of
transcription required multiple sgRNA binding sites in the
promoter of a gene or multiple sgRNAs targeted to one
promoter, which would limit the utility of CRISPRa {for
library-based screens (Pubmed IDs: 23849981, 23979020,
23892898, 23977949, 23892895, 23907171). However, an
improved CRISPRa method, termed sunCas9, in which
expression of a single sgRNA with one binding site 1s
suflicient to robustly activate transcription. In the sunCas9
system, a single dCas9 fusion protein bound to DNA recruits
multiple copies of the activating eflector domain, thus
amplifying our ability to induce transcription.

[0203] To define rules for CRISPRa, the tiling library
targeting genes that modulate cellular sensitivity to ricin was
used to define how and where CRISPRa activates transcrip-
tion. It was previously shown for 5 out of the 49 genes 1n this
tiling library that knockdown and plasmid overexpression
resulted 1n the opposite ricin phenotypes. For example,
knockdown of SEC23A sensitized cells to ricin, whereas
SEC23A overexpression desensitized cells to ricin. This
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observation provided internal positive control genes for
CRISPRa activity (Pubmed 1D: 23394947).

[0204] K362 cells were transduced to stably express the
sunCas9 system (FIG. 3A) with the sgRNA tiling library and
screened for ricin phenotypes as described for CRISPR1
above. Analysis of data for individual genes or averaged data
for all 49 genes demonstrated that many sgRNAs for each
gene allected ricin resistance, suggesting many sgRNAS
potently activate gene expression (FIG. 3B and FIG. 11A-
FIG. 11B). Importantly, negative control sgRINAs showed
very little activity and were not correlated between biologi-
cal replicate screens, suggesting that CRISPRa activity 1s
specific. A peak of active sgRNAs for CRISPRa was
observed at —400 to —30 bp upstream from the transcription
start site (FIG. 3B). This activity pattern {its with a model 1n
which each VP16 domain can bind the mediator complex
and recruit basal transcription machinery, which actives
transcription when spaced appropriately from a transcription
start site (Pubmed ID: 14657022). With this system genes
that are poorly expressed can be turned on and the expres-
sion of well-expressed genes can be increased. In some
cases, when a well-expressed gene 1s only modestly turned
up, this increase in gene expression can robustly modulate
cellular sensitivity to ricin. These CRISPRy/a tiling screens
provided rules for how CRISPRi1/a controls expression of
endogenous genes. These tiling sgRNA libraries could be
used as a tool for evaluating the activity and specificity of
tuture dCas9 fusion proteins or further iterations of CRIS-
PRi/a.

D. An Allelic CRISPR1/a Series of Transcript Activation and

Repression Demonstrates Protein Abundance Dynamically
Modulates the Cellular Response to Ricin

[0205] For many genes, 1t 1s unknown how the relative
abundance of the encoded protein relates to its function. A
strong anti-correlation was observed in our ricin screens
between CRISPRa phenotypes and CRISPR1 or RN A1 phe-
notypes for individual genes (FIG. 3C). This result suggests
the abundance of many proteins can modulate both resis-
tance and sensitivity to a toxin. As the genes targeted by the
test library were selected based on a knockdown phenotype,
all genes showed phenotypes 1n the CRISPR1 screen, but
only a subset showed phenotypes 1n the CRISPRa screenNo
genes show the same phenotype when overexpressed as
when repressed.

[0206] The results from both the CRISPR1 and CRISPRa
screens were validated as follows. An allelic series of
sgRNAs were selected by phenotype from the screen and
cach sgRINA was individually re-tested. For each sgRNA,
both the ricin phenotypes as well as the change 1n abundance
of the targeted transcript were quantified (FIG. 3D-FIG. 3E).
The results show that the CRISPRi/a screens produced
reliable phenotype scores that were robustly reproduced in
re-test experiments. CRISPR1/a can activate and repress the
transcription of endogenous genes over a wide dynamic
range (up to ~1000-fold) (FIG. 3E). Thus, CRISPR1/a can be
used to produce an allelic series of overexpression and
knockdown for endogenous genes, enabling systematic

interrogation ol how gene dosage controls cellular functions
of interest (FIG. 3D-FIG. 3E).

E. A Robust and Highly Specific Genome-Scale CRISPRi
Screening Platform

[0207] The results of the test CRISPR1 screen demon-
strated the ability to pick active sgRNAs with low ofl-target
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activity and provided a set of rules enabling the design of a
robust genome-scale sgRNA library. A library size of 10
sgRNAs/gene was chosen for the following reasons. Over
half of the sgRNA conforming to these rules gave clear ricin
phenotypes suggesting that, for a library with 10 sgRNAs
per gene, 94% of the genes would have 2 or more highly
active sgRINAs. Additionally, gPCR validation of the CRIS-
PR1 allelic series for ST3GAL4 demonstrated that 40% of
sgRNAs picked by our activity algorithm showed at least a
10-fold reduction 1n target gene expression. Finally, com-
putational sub-sampling of the phenotypic data from the
tiling library sgRNA data to 10 sgRNAs per gene and
calculation of p values for hit genes indicated that a library
with 10 sgRNAs per gene would reliably detect hit genes.

[0208] A genome-scale CRISPRi1 sgRINA library targeting
15,997, human protein-coding genes (10 sgRINAs per TSS,
targeting 19,000 TSS) with 11,000 non-targeting control
sgRNAs for a total of 211,894sgRNAs was synthesized and
cloned. Library sgRNAs were designed as protospacers of
18-21 base pairs targeting the transcription start site (or
sites) of each gene 1n a -50 to +350 base pair window with
spacing rules to prevent overlapping sgRINA sequences and
excluding sgRNAs with predicted ofl-target activity as
defined by the mismatch sgRNA series analysis.

[0209] The library was evaluated by first screening for
genes essential for cell growth 1 K562s cells. Briefly, the
genome-scale CRISPR1 library was transduced (using len-
tivirus) into K562 cells stably expressing dCas9-KRAB. The
entire genome-scale library was then screened by growing
cells for 10 days at a minimum library coverage of 3,7350-
fold in a single spmner flask. Two biological replicate
screens were conducted to estimate variation.

[0210] To characterize the screening methodology and
library design, the correlation between screen replicates and
the negative control distributions was examined. The
sgRINA phenotypes observed in each biological replicate
were strikingly well correlated indicating the screen 1s
highly reproducible (FIG. 4A). Individual sgRNAs showed
dramatic depletion (up to 256-1old) over a 10-day screen,
demonstrating individual sgRNAs can have profound eflects
on cell growth. The distribution of negative-control sgRNAs
was very narrow with little correlation between replicates,
suggesting the ofl-target activity of these controls 1s very
low (FIG. 4A). While 99.7% of the negative controls were
essentially mactive, a very small number of sgRNAs showed
significant activity that was correlated between replicate
screens.

[0211] To further explore the prevalence of ofl-target
ellects, two classes of genes that should not show any
on-target activity in the screen were examined: olfactory
receptors and genes on the Y chromosome. The sgRNAs
targeting these genes were designed and picked in the same
manner as the rest of library; however, olfactory receptors
should not be expressed 1n this cell type and, as K362 cells
are female, sgRINAs targeting genes on the Y chromosome
have no DNA target. Both negative control gene sets showed
on average no phenotype and very little correlation between
replicates, suggesting that the few observed phenotypes are
due to stochastic noise (FIG. 4A). Additionally, no evidence
ol non-specific toxicity due to expression of dCas9-KRAB
or the sgRINA library was observed 1n K562s, suggesting
that dCas9 bound to the genome 1s not toxic under these
conditions (FIG. 4B). These data suggest that CRISPR1 1s

highly specific and non-toxic.
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F. Defining Essential Genes, Complexes and Pathways 1n
Human Cells by CRISPR1

[0212] To identily hit genes in this screen, a metric of
average growth phenotype (v) for the top three sgRNAs for
cach gene was used (see methods). Using this metric, many
genes mvolved 1n essential cellular processes were observed
to strongly deplete. The top functional categories of depleted
genes were transcription, splicing, and translation machin-
ery, and biosynthetic and metabolic pathways (FIG. 4C).
sgRNAs targeting components of the ribosome, the protea-
some, and DNA replication machinery were strongly
depleted (FIG. 4D). These data validate the sgRINA activity
algorithm and demonstrate that CRISPR1 can be used as a
loss of function screening method.

G. Dynamically Controlling Gene Expression with CRISPRi
[0213] The ability to reversibly tune the expression of
select transcripts 1s a powertul tool for evaluating transcript
function, especially 1n the context of animal models used to
study normal development and disease. To evaluate the
applicability of CRISPRI1 to this purpose, a lentiviral expres-
s1on construct was cloned that places an optimized KRAB-
dCas9 fusion protein under the control of a doxycycline-
inducible promoter. The ability of this expression construct
to dynamically control gene expression in human cells was
tested (FIG. 5A). Expression of KRAB-dCas9 from this
construct was strongly activated in the presence of doxycy-
cline (FIG. 3B), and 1n cells transduced with either of two
sgRNAs targeting RAB1A (validated in this study), this
induction of KRAB-dCas9 robustly depleted RABIA
mRNA (FIG. 5C). The induced repression was reversible
tollowing withdrawal of doxycycline from the cell culture
media, demonstrating that KRAB-dCas9 does not create a
permanently repressive chromatin state at targeted promot-
ers.

[0214] To evaluate dynamic control of CRISPR1-mediated
phenotypes, the inducibilty of growth defects caused by
repression ol several genes i1dentified 1n the genome-scale
CRISPR1 growth screen was evaluated. These genes
included C3orfl7, which has no described function. For
cach gene, 2 or 3 sgRNAs were selected and the eflects on
growth from each were quantified with and without KRAB-
Cas9 mduction (FIG. 8D). Cells expressing these sgRNAs
showed almost no growth phenotype in the absence of
doxycycline but rapidly and robustly depleted from the
population following addition of doxycycline (FIG. 3D). In
the strongest cases, over 95% of sgRNA-expressing cells
with induced KRAB-dCas9 were depleted mm 10 days
(sgAARS-1 and sgHSPA9-1).

[0215] To test dynamic control of gene expression of
essential genes on a larger scale, a sub-library targeting 426
manually curated genes (10 sgRNAs/TSS or 5,773 total
sgRNAs, with 750 non-targeting controls) was cloned.
These were 1dentified in the genome-scale growth screen or
were predicted to be required for cell growth by published
data sets (Pubmed 23394947). The sgRNAs present in this
library were selected independently of the genome-scale
CRISPRI1 library but were designed using the same sgRINA
activity algorithm. This library was transduced into K362
cells stably expressing our inducible KRAB-dCas9 fusion
protein and evaluated for cell growth eflects 1n the presence
and absence of doxycycline. Consistent with the individual
results, only 4 sgRNAs depleted strongly in the absence of
doxycycline; however, with induction of KRAB-dCas9,
many sgRNAs strongly depleted (FIG. SE). Negative control
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sgRNAs produced .a narrow distribution of phenotypes that
was uncorrelated between biological replicates with or with-
out doxycycline (FIG. 5D). Additionally, no evidence that
targeted KRAB-dCas9 generally decreases cell growth was
found (FIG. 5F). Taken together, these results demonstrate
CRISPR1 1s non-toxic, inducible and reversible.

H. A Genome-Scale CRISPR1 Screen Reveals Pathways and

Complexes that Govern Response to Cholera and Diptheria
Toxin

[0216] TTo test the performance of the CRISPR1 approach
for the detection of genes controlling a more complex
cellular phenotype, a genome-scale CRISPR1 screen was
performed for genes that modulate sensitivity to a chimeric
toxin composed of the diphtheria toxin catalytic A subumnit
covalently linked to cholera toxin (CTx-DTA, FIG. 6 A). The
mechanism of cellular entry and toxicity of both cholera
toxin and diphthernia toxin are partially characterized. Fur-
thermore, genes controlling CTx-DTA sensitivity have pre-
viously been i1dentified using a haploid mutagenesis
approach (Pubmed ID: 22123862). The B subunit of cholera
toxin binds to GM1 gangliosides on the cell surface and this
interaction 1s required for toxin internalization (FIG. 6A)
(Pubmed 1D: 22919642, 22069586, 7000782). After endo-
cytosis, the B subunit mediates retrograde traflicking via the
Golgi to the endoplasmic reticulum (ER), where a disulfide
bond between the cholera toxin Al and A2 moieties 1s
reduced. The ER-associated degradation (ERAD) machinery
1s thought to mediate retro-translocation of the Al subunit
and the fused diphtheria toxin A subunit to the cytosol. Once
the chimeric toxin 1s localized to the cytoplasm, the diph-
theria catalytic subunit ADP-ribosylates the diphthamide

residue 1 Elongation Factor 2, halting translation and kall-
ing the cell (FIG. 6A).

[0217] K362 cells stably expressing dCas9-KRAB were
transduced with a genome-scale CRISPRi1 library. Cells
expressing this library of sgRNAs were either grown under
standard conditions or treated with several pulses of CTx-
DTA over the course of 10 days. This screen was carried out
in two biological replicates (FIG. 13A). Strong highly
correlated enrichment and depletion of many sgRNAs was
observed, indicating that CRISPR1 can identily genes that
modulate both resistance and sensitivity to a selective pres-
sure. These results demonstrate that the screening approach
yields reproducible results 1 screens i which a strong
selective pressure 1s applied.

[0218] To evaluate the biological validity of the screen,
genes were ranked by the average phenotype of their three
strongest sgRNAs, and the 50 hits with the strongest pro-
tective eflect and the 350 hits with the strongest sensitizing
ellect were defined as “top hits” (all of these are far outside
of the range seen with otherwise matched negative control
sgRNAs). Gene set enrichment analysis (GSEA) (Pubmed
ID: 12808457) revealed that the two most significant KEGG
pathways enriched for top protective hit genes were “Infec-
tion with vibrio cholerae” and “Glycosphingolipid biosyn-
thesis, ganglio series” (FI1G. 6B) consistent with the require-
ment for the ganglioside receptor for cholera toxin uptake.
Among the three KEGG pathways most enriched for top
sensitizing genes were “ribosome” and “proteasome” (FIG.
6B). Since the diphtheria toxin catalytic subunit inhibits
protein translation, depletion of the ribosome can be
expected to sensitize cells to the toxin. Sensitization of cells
by knockdown of the proteasome suggests that the protea-
some counteracts CTx-DTA toxicity after 1t enters the cyto-
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sol. A stmilar function for the proteosome in degrading ricin,
another retro-translocating toxin, was recently demonstrated
(Pubmed ID: 23394947). Taken together, the unbiased
GSEA analysis provides support for the high specificity 1n
hit gene 1dentification by our CRISPR1 approach.

[0219] The top hit genes were further characterized by
assigning them to cellular pathways and protein complexes
according to their previously characterized roles (FIG. 6C
and FIG. 13B). The CRISPR1 screen 1dentified a protective
ellect of knockdown for all of the top hits recovered 1n the
previously published haploid mutagenesis screen (denoted
with a white star). The two top pathways identified by
haploid mutagenesis as modulating cellular sensitivity to
CTx-DTA are the diphthamide biosynthesis pathway (re-
quired to generate eEF-2-diphthamide, the target of diph-
theria toxin) and the ganglioside biosynthesis pathway (re-
quired to produce GM1, the cell-surface receptor for cholera
toxin). The CRISPR1 screen validated the top hits from the
haploid mutagenesis screen and 1dentified many additional
core components of each pathway. While knockdown of all
hits 1n the diphthamide biosynthesis pathway had a protec-
tive ellect, the results for ganglioside biosynthesis genes
showed a differentiated pattern: knockdown of enzymes
involved in the production of GMla were protective,
whereas knockdown of enzymes that catalyze the production
of other ganglioside species (including GM1b) was sensi-
tizing. These results argue that GM1a 1s the relevant cell-
surface receptor for CTX-DTA and more broadly illustrate
the value of being able to reliably detect both sensitizing and
protective genes to dissect biological pathways.

[0220] Many of the top hits are components of cellular
pathways and protein complexes that were previously 1den-
tified in targeted biochemical and cell biology experiments
to be important for retrograde trathicking and retro-translo-

cation of other toxins such as Ricin and Shiga toxin (Pubmed
IDs: 19678899, 2339494°7). However, 1t remains unclear

how Ctx 1s trathicked through the Golgi network (Pubmed
ID: 22069586). The screen herein revealed a critical role for
the COG and GARP complexes 1n CIx-DTA retrograde
transport; targeting of the vast majority of the subunits of
these complexes leads to strong resistance. These two com-
plexes tether late endosomes to the trans-golgi network or
modulate intra-Golg1 retrograde transport (Pubmed ID:
16936697). Retro-translocation of the catalytic chain of CTx
has been proposed to be mediated by the ER-associated
degradation (ERAD) pathway although this pathway was
not identified 1n previous genetic screens. Consistent with
this proposed role for the ERAD machinery, knockdown of
members of the ERAD E3 ubiguitin ligase complex,
SYVNI1 (encoding Hrdl) and SELIL (the mammalian
homolog of yeast Hrd3) rendered cells resistant to CTx-
DTA. Factors mediating cytosolic degradation of ERAD
substrates (in particular UBXN4, also known as UBXD2/
erasin and the proteasome) were sensitizing hits, suggesting
that they may reduce cytosolic levels of the catalytic toxin

chains 1n WT cells.

[0221] Other top hit genes were tightly clustered i a
number of protein complexes involved 1n gene expression,
including the Integrator complex, factors involved in mRINA
cleavage and adenylation, and chromatin remodeling.
Repression of all canonical components of the cleavage
stimulating factor complex and most of the core components
of the cleavage and polyadenylation specificity factor com-
plex protected cells from CtxDTA (see below for validation
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of one of these hit genes). This illustrates the ability of
unbiased CRISPR1 screens to identily complexes that modu-
late specific processes with very high saturation. These
pathways had not previously been implicated in the control
ol cholera toxin or diphtheria toxin sensitivity. The ability to
robustly 1dentity novel pathways 1n a process as intensely
studied as toxin entry highlights the potential of CRISPR1 as
a discovery platiorm.

I. Potent Phenotypes and Knockdown Levels Achieved by
the Genome-Scale CRISPR1 Library

[0222] To validate the suggested role of the identified
ERAD factors in toxin retrotranslocation from the ER to the
cytosol, icubated K562 cells were transiently (90 min)
transfected with unmodified CTx and the amount of CTx
chains 1n the cytosol and membrane fractions was quanti-
fied. SEL1L knockdown resulted in a dramatic reduction of
cytosolic CTx-Al, whereas levels in the membrane fraction
were much less affected (FIG. 7A-FIG. 7C). By contrast,
knockdown of B4GALNTI, an enzyme required for the
synthesis of the CTx receptor GM1a, resulted in a nearly
complete absence of C'Tx chains from both the cytosolic and
the membrane Iraction (FIG. 7A-FIG. 7C). This highly
cllicient block of CTx binding and uptake by a single
sgRNA, which 1s mirrored by the strong CTx-DTA resis-
tance achieved by B4GALNT1 knockdown (FIG. 7D),
underscores the ability of the CRISPRi1 library described
herein to achieve potent loss-of-function phenotypes.

[0223] To technically validate the results from this screen
sgRNAs which putatively modulate cellular response to
CTx-DTA in mechanistically diverse ways were re-tested.
For each sgRINA, the ricin phenotypes were quantified as
well as the change 1n abundance of the targeted transcript by
qPCR. The re-test experiments were highly correlated with
data from the primary screen (FIG. 7D). In the validation
experiments across S screens and 75 sgRNAs, the activities
of 74 out of 75 sgRNAs robustly retested and were highly
correlated (R"2=0.879) with the results obtained in the
primary screen, demonstrating the reliability of phenotype
scores obtained in the primary screens. qPCR data showed
robust repression, with 80-99% knockdown for each sgRNA
and at least 90% for every gene (FIG. 7E).

J. Refinement of sgRNA Rules Enables More Compact
Design of Future CRISPR1 Libraries

[0224] The results of genome-scale CRISPR1 for growth
and CTx-DTA resistance provided a set of active and 1nac-
tive sgRNAs for a larger group of genes. These data were
used as a training set to discern further rules that would be
predictive ol sgRINA activity.

[0225] The trend for shorter ngNAS to show higher
activity was confirmed for sgRNAs 1n the genome-wide
library (FIG. 14A). sgRNAs containing the UUU
homotrimer resulted 1n less pronounced phenotypes than
other sgRNAs (FIG. 14B). Overall higher purine content
was predictive of higher sgRNA activity (FIG. 14C). The
negative impact of pyrimidines specifically 1n the 3' end of
the sgRNA that had been previously reported (Pubmed ID:
24336569) was not observed. Decreased activity for sgR-
NAs targeting genomic sites in which the PAM (NGG) was
followed by a G was observed (FIG. 14D). Finally, a
metagene analysis revealed maximum sgRINA activity 1 a
window of +25 to +100 bp downstream of the TSS (FIG.
14E), consistent with earlier observations (FIG. 11B).
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[0226] Using stepwise logistic regression, these rules were
integrated into a quantitative score that predicted sgRINA
activity with an ROC area under the curve 01 0.687 (FIG. 7F,
see¢ Materials and Methods for details). To validate the
hypothesis that this predictive score will enable the design of
potent, compact CRISPR1 libraries in the future, phenotypes
from two genome-scale CRISPR1 screens were computa-
tionally subsampled by either choosing random subsets of
sgRNAs for each gene, or selecting subsets based on the
refined algorithm (FIGS. 16 A-16C). By selecting 6 out of 10
sgRNAs per gene based on the predictive score, >93% of the
library activity, as quantified by the metric used to i1dentily
hit genes 1n the screens (average phenotype of the strongest
3 sgRNAs per gene) was maintaimned. Compaction of the
genome-scale CRISPRi1 library by 40% further facilitates
pooled screens by reducing the scale of the cell populations
and the number of sequencing reads required for analysis.

IV. Discussion

[0227] CRISPR1 and CRISPRa 1s established herein as
robust methods for systematically turning on and ofl tran-
scription ol endogenous genes 1n human cells. CRISPRv/a
can be used to screen for both loss-of-function and gain-oi-
function phenotypes rapidly 1n a pooled format. Thus known
and unexpected genes required for growth or which modu-
late sensitivity to a toxin (CTx-DTA) can be identified. An
allelic series of gene expression spanning a broad range,
from ~100-fold repression to ~10-fold induction can also be
created to examine and define how the abundance of a
protein relates to function.

[0228] The experiments described herein demonstrate that
a key feature of CRISPR1 1s the very low incidence of
ofl-target effects, as evidenced by the near-absence of activ-
ity for three large and distinct classes of negative control
sgRNAs 1n the genome-scale CRISPR1 library. This feature
simplifies validation and interpretation of screening results.
The observed specificity stems from two distinct properties
of the system. First, CRISPR1/a complexes bound outside a
narrow window around the TSS largely fail to modulate
transcription; this dramatically shrinks the sequence space
across the genome where off-target binding will produce
significant ofi-target activity. Additionally, CRISPR1 activity
1s highly sensitive to mismatches between the sgRNA and
target DNA suggesting that ofl-target binding seen 1 Chip-
Seq experiments (Pubmed IDs: 247352079, 24837660,
24980957) 1s too transient to impact transcription. The
combination of strict sequence requirements and positional
rules renders CRISPR1 activity exquisitely specific.

[0229] A current implementation of CRISPRa described
herein uses the sunCas9 fusion protein to recruit multiple
copies ol one activation domain to directly engage basal
transcription machinery. Many copies of a single or multiple
cllector domains can be recruited using similar approaches
to create highly active artificial enhancers or silenced het-
erochromatin to modulate gene expression over an even
broader range. The pooled phenotype-based screening
approach provides a tool for the evaluation of on- and
ofl-target activities of future variations on CRISPRi1 and
CRISPRa.

[0230] CRISPRa screeming provides a new approach for
exploring the diversity of ftranscripts across complex
genomes. Classically, gene activation has been used to
dissect the limiting component of a biochemical process

(Pubmed ID: 22419077). For example, overexpression
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screens have been used to 1dentily the molecular target of a
drug or to activate key rate-limiting steps 1n a pathway. Two
carly examples of such screens in eukaryotic cells are the
identification of DPAGT1 as the target of tunicamycin and
MyoD as the limiting component of fibroblast to myoblast
differentiation (Pubmed IDs: 6316322 , 3690668). More
recently, a combinatorial activation screen identified four
genes that when co-expressed reprogram {fibroblasts into
pluripotent stem cells (Pubmed ID: 16904174). CRISPRa
should greatly accelerate similar searches for combinations
of factors with emergent properties. In addition, CRISPRa
will likely provide insight into cellular pathways where
redundancy hampers loss of function genetic approaches.
Allelic series of sgRNAs that quantitatively activate and
repress gene expression may also provide deeper under-
standing of how genetic polymorphisms, copy number

variation or mutations outside the exome contribute to
disease susceptibility (Pubmed ID: 17597780).

[0231] The ability to control transcription with high speci-
ficity provided herein simplifies the analysis and validation
of high-throughput screening data. The genome-scale CRIS-
PR1 library described herein contains 10sgRNAs/TSS; the
resulting library size allows 1t to be screened 1n a cell
population grown in a single spinner flask. However, the
observed high specificity, and further understanding of rules
governing sgRNA activity should enable the creation of
more compact sgRNA libraries. By compacting the genome-
wide libraries, larger numbers of cell lines, chemical com-
pounds, time points or reporter constructs can be screened.
Alternately, an sgRNA library designed to activate or repress
a broader range of transcripts in the human genome can
reveal the function of many non-canonical RNAs encoded in
the human genome. As most non-coding transcripts are
nuclear and lack an open reading frame, methods that
directly modulate transcription are optimally suited for
interrogating the function of these RNAs (Pubmed ID:
22955988).

[0232] Systematic genetic interaction (GI) maps have
proven to be powerful tools for revealing gene functions
within pathways or complexes (Pubmed IDs: 23394947,
14764870 , 16487579 , 20093466 , 16269340 , 17314980 ,
17510664, 24906138). A CRISPRa GI map or a combined
CRISPRi/a GI map could yield rich novel biology elucidat-
ing how networks of proteins dictate cellular function
(Pubmed ID: 21572441). More generally, quantitative meth-
ods of turning on and oil one or multiple transcripts repre-
sents a critical tool for understanding how expression of the

genes encoded 1n our genomes controls cell function and
fate.

V. Methods

A. Plasmid Design and Construction

[0233] Previously described vectors were used to express
dCas9, dCas9-KRAB and the sunCas9 CRISPRa system.
Using Gibson cloming an optimized CRISPR1 fusion protein
was cloned. The protein 1s expressed from the inducible
TRE3G promoter (Clontech) 1n a pHR lentiviral backbone
(Addgene). Using this vector, an mRNA molecule encoding
the CRISPR1 fusion protein and mCherry separated by a
viral T2A sequence was expressed. The CRISPR1 fusion

encodes mammalian codon optimized Streptococcus pyo-
genes dCas9 (DNA 2.0) fused at the N-terminus with the

Kox1l KRAB domain and at the C-terminus with two SV40



US 2023/0042624 Al

nuclear localization sequences (NLS). To generate a Cas9
expression plasmid matched to a lentiviral dCas9-BFP
fusion construct, residues 10 and 840 were reverted from
alanmine to aspartic acid and histidine using standard quick
change mutagenesis (Agilent). The optimized sgRNA was
previously described (Pubmed ID: 24360272). Briefly, the
sgRNA was expressed using a lentiviral U6 based expres-
sion vector derived from pSico which co-expresses either
BFP, GFP or mCherry and a puromycin resistance cassette
separated by a .

I2A sequence from either the CMV or
E1]l Alpha promoter. The sgRNA constant region was modi-
fied to clone the genome scale CRISPRI1 library by altering
one base pair 1n the sgRINA stem sequence that introduces a
Blp1 restriction site. This change does not diminish sgRINA
activity as tested using a GFP reporter as previously
described (Data not shown) (Pubmed ID: 23849981). The
sgRNA expression plasmids for validation experiments were
cloned by PCR from an existing sgRNA template using a
common 3' primer and a unique 5' primer containing the
desired protospacer. The PCR product and the lentiviral U6
based expression vector were digested with BstXI and Xhol
and the two pieces of DNA were ligated together.

B. CRISPR1 TSS Library Specifications

[0234] Genes were selected from the entire set of protein
coding genes. A subset of Unassigned genes and Membrane
Protein not likely to be expressed in most cells and with a
RPKM of 0 m a K562 RNA-seq expression data were
excluded. The final targeted gene total was 15,977. Tran-
scription start sites were selected from GencodeV19/En-
sembl release 74 transcripts, selecting all transcripts anno-
tated by the appris pipeline when possible, or all transcripts
of the same biotype (‘protein_coding’, ‘processed_tran-
script’, etc) as the corresponding gene. In all cases only
‘KNOWN’ or ‘NOVEL’ transcripts were used, unless none
existed or the gene itself was ‘PUTATIVE’. Where no
transcripts matching this criteria were found, all Refseq
(accessed Nov. 19, 2013) transcripts with NM accession
numbers were used.

[0235] For 30 bp upstream and 300 bp downstream of
cach TSS, every guide adjacent to an NGG PAM, starting
with a G, and having length 18-25 was computed. Guides
were scored by uniqueness 1n the genome, as determined by
an empirically derived (and CRISPRicin-verified) scoring
metric: PAM G1=40, PAM G2=19, PAM N=0, Region [=28,
Region 11=19, Region [11=10. It sum
(mismatches*mismatch-score)<threshold, the mismatched
site 1s considered an ofl-target. The threshold was system-
atically lowered to allow less unique guides to be considered
where necessary. In some cases, threshold was held stringent
and the number of allowed targets was increased to tolerate
very similar gene families. Each guide ID was given a
uniqueness string corresponding to threshold (e flag of
bowtie) and allowed targets (m flag). In decreasing order of
stringency: €39ml, €30ml, e20ml, ellml, elml, e€39m?2,

e39m3, fail

[0236] For each gene, a mimimum of 10 guides were
selected. The script attempted to target each TSS with 10
guides (with mdividual gumdes counted toward multiple
TSSs where applicable), although 1n cases where this led to
>25 guides for a gene, the script then defaulted to requiring
only at least 3 guides for each TSS. Guides were ranked as
follows: 1. uniqueness according to ofl-target score, 2. the
number of TSSs the guide 1s 1n range to target (high to low),
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3. the number genes the guide targets (low to high; for the
vast majority of guides this was 1, but 1n cases guides were
close to 2 genes those guides were avoided), 4. guides of
length 18-21 were considered ‘short” and ranked first, while
guides of length 22-25 were considered ‘long’ and ranked
according to their length (low to high), 5. a random ranking
was applied to choose among guides equivalent in criteria
1-4. Guides were not selected 1f they are separated from
another accepted guide by fewer than 5 bases as defined by
the ‘left side’ of the sequence (5' end for + strand oligos, 3'
end for — strand). Only ~40 genes did not completely meet

this standard.

[0237] As GC content increases at transcription start sites
and sgRNA placement depends on the 3' NGG motid, the
sgRNA set was particularly enriched for sgRNAs 1n this
region. To bufler against incorrectly annotated transcription
start sites sgRINAs were picked for the genome wide library
in a window from -30 to +350 bp relative to the transcrip-
tion start site of each gene. This window 1s broader than the
absolute maximum peak of CRISPR1 activity from +50 to
+100 but safeguards against closely spaced alternate TSS or
incorrectly annotated TSS.

[0238] Negative control guides were designed on random-
ized human essential gene 1TSS regions and afterwards
selected using the same rules as above.

[0239] Exemplary CRISPR target sequences identified
using one or more of the rules described herein for activation

or repression are provided in the co-filed sequence listing as
Table 2 for human CRSPRa sgRNA targets, Table 3 for

human CRISPR1 sgRNA targets and Table 4 for mouse
CRISPR1 sgRNA targets.

C. CRISPRyv/a Library Cloning

[0240] CRISPRyva libraries were prepared by methods
similar to those previously described for shRNA libraries
(Pubmed IDs: 19448642, 24992097). Complex oligonucle-
otide pools were synthesized by Agilent or Custom Array.
Each library was amplified by PCR, digested with either
BstX1 and Xhol or BstX1 and Blpl and cloned into an
sgRINA expression vector.

D. Cell Culture, DNA Transfections, and Viral Production
and Construction of CRISPR1/a Cell Lines

[0241] HEK293 cells were maimtamed i Dulbecco’s
modified eagle medium (DMEM) in 10% FBS, 2 mM
glutamine, 100 units/mL streptomycin and 100 pg/ml peni-
cillin. K562 cells were grown in RPMI-1640 with 25 mM
HEPES and 2.0 g/l NaHCo03 1n 10% FBS, 2 mM glutamine,
100 units/mL streptomycin and 100 ug/mL penicillin. Len-
tivirus was produced by transtecting HEK293 with standard
packaging vectors using TransIT®-LTI Transfection
Reagent (Minis, MIR 2306). Viral supernatant was har-

vested 72 hours following transiection and filtered through
a 0.45 um PVDF syringe filter.

[0242] To construct CRISPR1/a cell lines, K562 cells were
lentivirally transduced to express Cas9, dCas9, dCas9-
KRAB, scFV-stGFP-VP64 or the rtTA from the SFFV

promoter, or dCas9-GCN4-10x from the TRE3G promoter.
Pure polyclonal populations of each CRISPRyv/a cell line
were sorted by flow cytometry using a BD FACS Aria2 for
stable GFP, BFP or mCherry expression. For CRISPRa,
single cell clones were then i1solated and analyzed as
described previously.
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[0243] To construct the inducible CRISPR1 K362 cell line,
a clonal K362 cell line that constitutively expresses a
standard doxycycline inducible transactivator was generated
without a selection marker by lentiviral transduction and
identified using western blot analysis. These cells were then
transduced with an inducible KRAB-dCas9 tusion protein
marked by P2A-mCherry (pHR-Tre3G-KRAB-dCas9-P2A-
mCherry). Doxycycline was added following infection and
flow cytometry was used to sort cells that expressed
mCherry. These cells were then grown in the absence of
doxcycycline until mCherry returned to uninduced levels.

E. High Throughput Pooled CRISPR1/a Screening

[0244] CRISPR1i/a K562 cell lines were infected with
sgRNA libraries as previously described (Pubmed ID:
23394947). The infection was scaled to achieve a multiplic-
ity of infection of one sgRNA per cell. Two days after
infection, cells were selected with 0.65-0.75 ug/mL puro-
mycin (lTocris) for 3 days, and then washed into fresh
medium for ~24-48 hour recovery. Each growth or toxin
screen was carried out until untreated cells had undergone 12
population doublings and we achieved at least 6 population
doublings difference between untreated and toxin treated
cells. For the CRISPRi/a tiling ricin screens, cells were
passaged or treated with 3 or 4 pulses 01 0.5 ng/mL ricin over
16 days. For the CRISPR1 genome-scale growth and CTx-
DTA screen, cells were passaged or treated with two pulses
of 0.4 nM CTx-DTA over 10 days. For both toxins, we spun
cells out of the toxin at 24 hours and re-suspended cells 1n
fresh media. Cells were maintained at a density of between
500,000 and 1,000,000 cells/mL continually maintaining a
library coverage of at least 1000 cells per sgRNA. Cells
were collected for genomic DNA extraction immediately
populations of cells expressing this library of sgRINAs were
either harvested at the outset of the experiment (the t0 time
point), grown under standard conditions (untreated), or
treated with toxin. Genomic DNA was harvested from all
samples; the sgRNA-encoding regions were then amplified
by PCR and sequenced on an Illumina HiSeg-2500 using
custom primers with previously described protocols at high
coverage. Two biological replicates of each screen were
performed. From this data, the frequencies of cells express-
ing different sgRNAs were quantified 1n each sample. From
this data the phenotype of each sgRNA, which was previ-
ously defined for growth (“gamma’) or resistance to treat-
ment (“rho”) was quantified. To calculate a normalized
z-score for these phenotypes, gamma or rho were divided by
the standard deviation of negative-control sgRINA pheno-

types.

F. Biomnformatic Analysis of Hit Genes

[0245] Hit genes were ranked based on average phenotype
of the 3 most extreme sgRNAs targeting them. Pathways and
gene sets enriched among hit genes were 1dentified using
GSEA and DAVID software. In the sgRNA tiling experiment
it was observed that half of the sgRNAs 1n the window of
maximum activity had a Z-score over 2 suggesting the large
majority genes have three active or more active sgRNASs in
the CRISPR1 library. The genome scale data was analyzed
using the metric of average phenotype of the top 3 sgRNAs.
Using more sgRNAs can dilute the signal with iactive
sgRNA whereas using fewer could fail to take advantage of
the full set of active sgRNAs. Statistical significance of the
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average phenotype can then be evaluated based on clear
differentiation from the signal seen for non targeting control
SCRINAS.

G. Individual Re-Test of sgRNA Phenotypes and CRISPR1i/a
Transcript Repression and Activation

[0246] Individual phenotype re-test experiments for sgR-
NAs from the CRISPR1/a ricin tiling screens, the CRISPR1
genome scale cholera screens, and sub-library screen of
essential genes were performed as competitive growth
experiments on a partially transduced populations of K562
cells. Brefly, cells were partially transduced ~25-60%.
Three or four days following infection, cells were counted
and seeded 1n 24 well plates at 0.25-0.5 million cells/mlL.
Triplicate samples for each sgRINA were grown under stan-
dard conditions or, for toxin challenge experiments, were
treated with 0.5 ng/mL of ricin or 0.4 nM CTx-DTA. Each
population of cells was allowed to grow or recover for 6
days. For both toxins, cells were spun cells out of the toxin
at 24 hours and re-suspended cells 1n fresh media. The
absolute cell number and percentage of cells that express
BFP (indicating sgRNA expression) was measured for each
sample at the beginning and end of the experiment. Rho
scores were calculated as described. For cell proliferation
re-test experiments, cells were grown under standard con-
ditions in the presence and absence of doxycycline. Doxy-
cycline concentration was daily adjusted to 50 ng/mlL
assuming a half-life of 24 hours. Relative cell proliferation
was determined by the percentage of cells that maintained
expression of mCherry (as a surrogate for induced KRAB-
dCas9) and BFP (indicating sgRNA expression).

[0247] To determine the amount of gene knockdown or
activation for individual sgRINAs, partially transduced cells
expressing individual sgRNAs, which were used for re-test
experiments, were selected with a maximum of 3 ug/mL
puromycin for 4-5 days. Cells were allowed to recover from
selection and then were harvested for RT-qPCR directly or
were treated with doxycycline (to induced KRAB-dCas9)
prior to collection.

H. Negative Selection Screening of Essential Gene

Sub-Library

[0248] Lentivirus was prepared by cotransiection of
library plasmid DNA with lentiviral packaging vectors (ex-
pressing Gag, Pol, Rev, and Tat) mto 2931 cells using
TransIT®-LTI Transfection Reagent (Mirus, MIR 2306).
Media was changed the following day. Viral supernatant was
harvested the second day post transfection, filtered through
a 0.45 um PVDF syringe filter, and processed for storage at
-80° C. 1n two ways: (screen replicate 1) direct tlash
freezing 1n liquid nitrogen, (screen replicate 2) concentration
using Alstem Precipitation Solution (Alstem, V(C100),
according to manufacturer instructions, followed by treat-
ment with 50 U/mL Benzonase Nuclease (Sigma, E1014-
25KU) for 30 minutes at 37° C. prior to tlash freezing.

[0249] Inducible KRAB-dCas9 K362 cells were infected
with screen virus as previously described (Pubmed ID:
23394947). The infection was scaled to achieve a target
multiplicity of infection of (% infection) at representation of
the 5776-element sub-library. Two days after infection, cells
were selected with 0.65 ug/ml. PURO {for 3 days, and then
washed 1nto fresh medium for ~24 hour recovery. Cells were
grown for 13 days, maintained at a density of ~500,000 to
1,000,000 cells/mL with a representation of >1,000-fold, 1n

the presence or absence of doxycycline. Throughout the
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screen doxycycline was daily adjusted to 50 ng/mL assum-
ing a half-life of 24 hours. Cells were collected for genomic
DNA extraction immediately prior to doxycycline addition
and again 13 days later. Replicate infections were screened
in duplicate, and data from these duplicate end points were
averaged.

I. Quantitative RT-PCR

[0250] Cells were harvested and total RNA was 1solated
using the NucleoSpin RNA II (Macherey-Nagel), according,
to manufacturer’s instructions. RNA was converted to
cDNA using AMV reverse transcriptase under standard
conditions with oligo dT primers and RNasin (Promega).
Quantitative PCR reactions were prepared with a 2x master
mix according to the manufacturer’s instructions (Quanta
Biosciences). Reactions were run on a LightCycler thermal
cycler (Roche).

J. Western Blot

[0251] Cells were lysed in TBS (20 mM Tris, 150 mM
NaCl) supplemented with 0.5% Igepal, 1x protease inhibitor
(Roche), and 500 U/ml Benzonase Nuclease (Sigma,
E1014-25KU). Whole cell lysates were run on a pre-cast
4-12% Bis-Tris polyacrylamide gel (Life Technologies)
under denaturing conditions and transferred to PVDF mem-
brane. Antibodies against human influenza hemagglutinin
(HA) and alpha-Tubulin (S1gma, T5168) were used to detect
proteins. Blots were imaged using the LI-COR Odyssey
Imaging System.

K. Cholera Toxin Uptake and Retrotranslocation Assay

[0252] A previously described assay (Pubmed ID:
18094046) was adapted. Briefly, aliquots of 2 million
K562 cells expressing dCas9-KRAB and sgRNAs target-
ing genes ol interest were resuspended 1 3 ml Hank’s
Balanced Salt Solution (HBSS) and 10 nM CTx (Mil-
lipore, 227036) was added. Cells were incubated with the
toxin for 90 min at 37° C. After 3 washes in HBSS, cells
were lysed in HCN butier (50 mM HEPES, pH 7.5, 130
mM NaCl, 2 mM CaCl2, and 10 mM N-ethyl maleimide
INEM], and protease inhibitors) containing 0.02% digi-
tonin. After incubation on 1ce for 10 min, lysates were
subjected to centrifugation (16,000 g for 10 min at 4° C.).
The supernatant was removed and represents the cytosolic

fraction. The pellet was washed once in PBS and then
resuspended in RUDA bufler (150 mM NaCl, 1% Trton

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tr1s-HC1 pH 8.0, protease inhibitors). After incubation on
ice for 10 min, the samples were subjected to centrifuga-
tion. (16,000 g for 10 min at 4° C.). The supernatant was
removed and represents the membrane fraction. The cyto-

solic and membrane fractions were subjected to non-
reducing SDS-PAGE and Western Blotting. C'Tx chains
were detected using a polyclonal anti-CTx antibody (Ab-
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cam ab123129). As fractionation controls and for normal-
1zation of samples, the following antibodies were used:
ant1-PDI (Santa Cruz Biotechnology, sc-20132) for nor-

malization ol membrane fraction signal, and anti-Hsp90
(One World Lab ADI-SPA-846-D) for normalization of
cytosolic fraction signal.

L.. Machine Learning

[0253] Defined sets of bona fide hit genes were 1dentified
for the CRISPR1 growth and CTx-DTA sensitivity screens.
For each of these genes, sgRNA phenotypes were normal-
ized by dividing each by the phenotype of the strongest
sgRNA. A variety of sgRINA features were then investigated
for whether the feature was correlated with higher (or lower)
sgRNA activity. To combine relevant features into a single
quantitative score predictive of sgRINA activity, a forward
stepwise logistic regression, in which an sgRNA with a
normalized phenotype of 0.75 or greater was classified as
active, was used. The final score was incorporated the
following features positively correlated with sgRINA activ-
ity: shorter length of the sgRNA, fraction purines in the
sgRNA, sgRNA targeting the region +25 bp to +100 bp
relative to the TSS, absence of UUU homotrimers 1n the
sgRNA, the base following the PAM 1n the genomic DNA
1s not a G. An alternative method for library design and/or
sgRNA target 1dentification mncorporates micrococcal nucle-
ase signal information. sgRNAs targeted to regions having
low micrococcal nuclease signal are predicted to have a
higher activity than sgRNAs targeted to regions having a
high micrococcal nuclease signal. See, FIG. 15. An alterna-
tive method for predicting sgRNA activity that utilizes both
machine learning and empirical activity data, and incorpo-

rates additional features positively correlated with sgRNA
activity, 1s depicted 1n FIGS. 16 A-16C.

[0254] Machine learning and empirical validation are uti-
lized to predict the following highly active sgRNA binding
region encoding sequences: SEQ ID NOs:26-205,305 are
predicted to encode sgRNA binding regions that provide
highly active CRISPR1 targeting of human genomic loci;
SEQ ID NOs:205,306-410,595 are predicted to encode
sgRINA binding regions that provide highly active CRISPRa
targeting of human genomic loci; SEQ ID NOs:410,596-
633,445 are predicted to encode SgRNA binding regions that
provide highly active CRISPRI1 targeting of mouse genomic
loc1; SEQ ID NOs:633,446-857,9935 are predicted to encode
sgRNA binding regions that provide highly active CRISPRa
targeting ol mouse genomic loci. In some cases, sgRNAs
predicted to be highly active in inhibiting or activating a
target locus comprise binding regions comprising or con-
sisting of the 19 nucleotides at the 3' end of any one of SEQ
ID NOs:26-857,995. A library of such highly active sgR-
NAs, or a subset or combination thereof, can be constructed
by or utilized in the methods described herein.
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SEQUENCE LISTING

The patent application contains a lengthy “Sequence Listing” section. A copy of the “Sequence Listing” 1s available in
clectronic form from the USPTO web site (https://seqdata.uspto.gov/?pageRequest=docDetaill&DocIlD=US20230042624A1).
An electronic copy of the “Sequence Listing” will also be available from the USPTO upon request and payment of the

fee set forth 1 37 CFR 1.19(b)(3).

1. A method of screening for one or more genetic elements
that modulate a phenotype, the method comprising:
contacting a plurality of cells with a library of structurally
distinct small guide RNAs (sgRNAs) that target a
plurality of genetic elements, thereby generating a
plurality of test cells, the plurality of test cells each
comprising;
a small guide RNA (sgRNA); and
a nuclease deficient sgRNA-mediated nuclease
(dCas9),

wherein the dCas9 comprises

a dCas9 domain fused to a transcriptional modu-
lator; or

a dCas9 domain fused to an epitope fusion
domain,

selecting the test cells on the basis of the phenotype; and

quantitating the frequency of the structurally distinct
scRNAs within the population of selected cells,
wherein the sgRNAs that target genetic elements that
modulate the phenotype are overrepresented or under-
represented 1n the selected cells.

2-65. (canceled)

66. A composition comprising a library of at least 50,000
structurally distinct small guide RNAs (sgRNAs) that target
at least 10” genes,

wherein the structurally distinct sgRNAs of the library

comprise binding regions:

(1) lacki a UUU sequence; and

(1) target a genomic site comprising a PAM site having

the sequence NGG, wherein the sequence NGG 1s not
followed by a G.

67. The composition of claim 66, wherein the structurally
distinct sgRNAs of the library comprise binding regions:

(111) begin at the 5' end with a guanosine nucleotide; and
(1v) have a length of between 19 and 21 nucleotides.

68. The composition of claim 66, wherein the sgRNA 1s
encoded by an expression cassette comprising a promoter
operably linked to a polynucleotide encoding the sgRNA.

69. The composition of claim 68, wherein the promoter 1s
inducible.

70. The composition of claim 66, wherein a majority of
the library of structurally distinct sgRNAs comprise binding,
regions having at least one of the following;

(1) a binding region that targets a gene that 1s at least 1 bp
apart from a gene targeted by another sgRNA of the
library;

(11) a GC percentage of between about 40% and about
60%: and

(111) a methylated or fluorescent nucleotide.

71. The composition of claim 66, wherein a majority of
the library of structurally distinct sgRNAs do not contain a
nucleotide sequence of three or more repeated nucleotides,
excluding a 3' transcription termination sequence of the
structurally distinct sgRNAs.

72. The composition of claim 66, wherein a majority of
the library of structurally distinct sgRNAs lack a binding
region having three or more nucleotide mismatches between
the binding region and the targeted gene.

73. The composition of claim 66, wherein a majority of
the library of structurally distinct sgRNAs are targeted to
non-overlapping genes.

74. The composition of claim 66, wherein a majority of
the targeted genes are targeted with 10 or fewer structurally
distinct sgRINAs.

75. The composition of claim 66, wherein a majority of
the library of structurally distinct sgRNAs are targeted to a
region of between 0 and 350 base pairs downstream of a
transcription start site of the targeted genes; and wherein the
transcriptional modulator 1s a transcriptional repressor.

76. The composition of claim 66, wherein a majority of
the library of structurally distinct sgRINAs are targeted to a
region of between 25 and 100 base pairs downstream of the
transcription start site of the targeted genes.

77. The composition of claim 66, wherein the library of
sgRNAs contains fewer than 5x10” structurally distinct
SCRINAS.

78. The composition of claim 66, wherein a majority of
the at least 10* genes are targeted with no more than 25
structurally distinct sgRNAs.

79. A method of identifying interacting genetic elements,
the method comprising:

(1) screening for one or more genetic elements that

modulate a phenotype by:

(1a) contacting a plurality of cells with a library of
structurally distinct small guide RNAs (sgRNAs)
that target a plurality of genetic elements, thereby
generating a plurality of test cells, the plurality of test
cells each comprising:

a small guide RNA (sgRNA); and

a nuclease deficient sgRNA-mediated nuclease
(dCas9),

wherein the dCas9 comprises
a dCas9 domain fused to a transcriptional modu-
lator; or

a dCas9 domain fused to an epitope fusion
domain,
(1b) selecting the test cells on the basis of the pheno-
type; and
(1c) quantitating the frequency of the structurally dis-
tinct sgRNAs within the population of selected cells,
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wherein the sgRNAs that target genetic elements that
modulate the phenotype are overrepresented or
underrepresented 1n the selected cells

(1d) 1dentitying a plurality of structurally distinct sgR-
NAs that target genetic elements that modulate the
phenotype;

(1) contacting a plurality of interaction test cells with a
library comprising a plurality of pairwise combinations
of the structurally distinct sgRNAs identified 1n (1d);

(111) selecting the test cells on the basis of the phenotype;
and

(1v) quantitating the frequency of the pairwise combina-
tions of structurally distinct sgRNAs within the popu-
lation of selected cells, wherein the pairwise combina-
tions of structurally distinct sgRNAs that are
overrepresented or underrepresented in the selected
cells are predicted to target interacting genetic ele-
ments.
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