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SUMMARY

The genetic interrogation and reprogramming of cells
requires methods for robust and precise targeting of
genes for expression or repression. The CRISPR-
associated catalytically inactive dCas9 protein offers
a general platform for RNA-guided DNA targeting.
Here, we show that fusion of dCas9 to effector
domains with distinct regulatory functions enables
stable and efficient transcriptional repression or acti-
vation in human and yeast cells, with the site of deliv-
ery determined solely by a coexpressed short guide
(sg)RNA. Coupling of dCas9 to a transcriptional
repressor domain can robustly silence expression
of multiple endogenous genes. RNA-seq analysis
indicates that CRISPR interference (CRISPRi)-medi-
ated transcriptional repression is highly specific.
Our results establish that the CRISPR system can
be used as a modular and flexible DNA-binding plat-
form for the recruitment of proteins to a target DNA
sequence, revealing the potential of CRISPRi as a
general tool for the precise regulation of gene
expression in eukaryotic cells.

INTRODUCTION

Targeted gene regulation on a genome-wide scale is a powerful
approach for interrogating gene function and rewiring regulatory
networks. Naturally occurring and engineered DNA-binding pro-
teins, such as the tetracycline repressor, Gal4, zinc fingers, or
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the TALE proteins, have been fused to transcription activators
and repressors to modulate gene expression (Cong et al.,
2012; Deuschle et al., 1995; Gossen and Bujard, 1992; Hathaway
et al., 2012; Maeder et al., 2013; Margolin et al., 1994; Perez-
Pinera et al., 2013; Sadowski et al., 1988; Zhang et al., 2000).
However, due to either fixed DNA-sequence-binding require-
ments or their repetitive composition and size, it remains
time consuming and expensive to develop large-scale protein
libraries for genome interrogation (Joung and Sander, 2013).
Recently, several groups have shown that a modified type Il
CRISPR (clustered regularly interspaced palindromic repeats)
system can be targeted to DNA using RNA, enabling genetic
editing of any region of the genome in a variety of organisms
(Cho et al., 2013; Cong et al., 2013; DiCarlo et al., 2013; Gratz
et al., 2013; Hwang et al., 2013; Jiang et al., 2013; Jinek et al.,
2012, 2013; Mali et al., 2013; Wang et al., 2013). This single
RNA-single protein CRISPR system is derived from a natural
adaptive immune system in bacteria and archaea. Prokaryotes
have evolved diverse RNA-mediated systems that use short
CRISPR RNAs (crRNAs) and Cas (CRISPR-associated) proteins
to detect and defend against invading DNA elements (Bhaya
et al., 2011; Marraffini and Sontheimer, 2008, 2010; Wiedenheft
et al., 2012). In the type Il CRISPR/Cas system, a ribonucleopro-
tein complex formed from a single protein (Cas9), a crRNA, and a
trans-acting crBNA (tracrBNA) can carry out efficient crRNA-
directed recognition and site-specific cleavage of foreign DNA
(Deltcheva et al., 2011; Jinek et al., 2012). This system has
been further simplified with the development of a chimeric
single-guide RNA (sgRNA) and a Cas9 protein from the Strepto-
coccus pyogenes CRISPR that, together, are sufficient for tar-
geted DNA binding and cleavage with the cleavage site dictated
solely by complementarity to the sgRNA (Jinek et al., 2012). We
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have shown recently in bacterial and human cells that the
endonuclease domains of the Cas9 protein can be mutated to
create a programmable RNA-dependent DNA-binding protein
(Qi et al., 2013). Targeting of catalytically inactive Cas9 protein
(dCas9) to the coding region of a gene can sterically block
RNA polymerase binding or elongation, leading to dramatic sup-
pression of transcription in bacteria. By contrast, only a modest
block in transcription was seen in mammalian cells, thus limiting
the utility of the system as a tool for programmed knockdown of
genes.

Transcriptional regulation in eukaryotes is complex. Most
genes are controlled by the interplay of activating and repressive
transcription factors acting at DNA regulatory elements, which
can be spread across large regions of the genome (Conaway,
2012). Further regulation occurs through epigenetic modification
of histone acetylation and both histone and DNA methylation.
Globally deciphering the mechanisms for establishing and
maintaining these signals, as well as the functional impact of
such modifications, has been hampered by a lack of tools for tar-
geting transcription and epigenetic regulators to specific DNA
sequences. Here, we show that dCas9 can be used as a modular
RNA-guided platform to recruit different protein effectors to DNA
in a highly specific manner in human cells and the budding yeast
Saccharomyces cerevisiae (S. cerevisiae). We show that both
repressive and activating effectors can be fused to dCas9 to
repress or activate reporter gene expression, respectively. We
also show CRISPRi can be used for multiplexed control of
endogenous genes. Using a dCas9 fusion protein, we further
show that the system can be used to stably repress genes with
comparable gene silencing efficiency typically achieved by
RNA interference (RNAI) while minimally impacting transcription
of nontargeted genes.

RESULTS

dCas9 Fusion Proteins Can Efficiently Activate or
Silence Transcription

We have shown recently that CRISPRi can decrease gene
expression in human cells (Qi et al., 2013). In that initial study,
the degree of repression achieved by CRISPRi was modest
(~2-fold). To improve the efficacy of CRISPRI in human cells,
we examined whether dCas9 could be fused to protein domains
that are known to recruit repressive chromatin-modifying com-
plexes to improve transcriptional silencing (Figure 1A). We
created a gene encoding a human codon-optimized dCas9
from S. pyogenes fused to two copies of a nuclear localization
sequence (NLS), an HA tag, and blue fluorescent protein (BFP).
We further fused this modified dCas9 gene with different repres-
sive chromatin modifier domains, including the KRAB (Krippel-
associated box) domain of Kox1 (Figure 1B), the CS (chromo
shadow) domain of HP1a, or the WRPW domain of Hes1 (Fisher
et al., 1996; Hathaway et al., 2012; Margolin et al., 1994). The
sgRNAs were expressed from a murine RNA polymerase Il U6
promoter (Figure 1B). To test whether dCas9 can recruit chro-
matin-modifying complexes to silence transcription, dCas9 or
each dCas9 repressor fusion protein was cotransfected into
GFP+ HEK293 reporter cells (in which an SV40-promoter-driven
GFP reporter gene is randomly genomically integrated) with

an sgRNA targeting GFP. We found that cells expressing the
dCas9-KRAB fusion protein show a 5-fold decrease in GFP
signal, whereas cells expressing dCas9 alone, dCas9-CS, or
dCas9-WRPW show a 2-fold decrease in GFP signal, suggesting
that the dCas9-KRAB fusion protein might recruit chromatin-
modifying complexes to increase the potency of CRISPRI
silencing.

To improve the utility of CRISPRI, we tested whether stable
dCas9 or dCas9-KRAB expression could effectively silence
gene expression. We cloned dCas9 and dCas9-KRAB into a
minimal lentiviral construct under the control of the spleen
focus-forming virus promoter (SFFV) (Figure 1B). We generated
lentivirus, infected GFP+ HEK293 cells, and isolated the cell
subpopulations expressing dCas9 or dCas9-KRAB by flow cy-
tometry sorting. After 1 week of growth, we transfected sgRNAs
targeting GFP and measured the level of GFP expressed 3 and
6 days following transfection. We found that stable dCas9-
KRAB expression is sufficient to silence GFP with substantial
knockdown 3 days following transfection (Figures S1A and
S1B available online) and strong silencing 6 days following trans-
fection (Figure 1C). We observed that six out of eight sgRNAs tar-
geting GFP knocked down GFP expression by at least 75%, with
~15-fold repression for the best sgRNA (NT1) (Table S1). Our
results also revealed a linear relationship between the level of
expression from the sgRNA vector and the level of GFP remain-
ing within a cell (Figure S2A). As a further technical refinement to
CRISPRI, we also tested whether we could stably express the
sgRNA with a lentivirus, as this allows for stable long-term
gene silencing. We transduced GFP+ HEK293 cells that stably
express dCas9 or dCas9-KRAB proteins with a lentivirus to
stably express an sgRNA targeting GFP or a negative control
sgRNA. We then measured GFP expression 14 days following
viral infection. We found that we can robustly silence GFP
expression in HEK293 cells when both the RNA and protein com-
ponents of CRISPRI are stably expressed in human cells (Fig-
ure 1D). We sequenced the GFP reporter locus in these cells to
confirm that dCas9 is completely nucleolytically inactive. Here,
GFP retained a wild-type sequence with no detectable indels
in GFP knockdown cells. In the ~5% of cells that still express
some GFP, it is unclear why CRISPRi does not suppress tran-
scription. These cells may express low levels of the sgGFP
RNA or may represent specific retroviral integration sites that
are refractory to silencing.

We reasoned that the CRISPRIi platform provides a modular
protein effector recruitment system that could also be used
for gene activation when coupled with transcription activators.
To test whether we can activate gene expression in human
cells with dCas9, we fused four copies of the well-characterized
transcription activator VP16 or a single copy of p65 activation
domain (AD) to dCas9. We cotransfected dCas9-VP64 or
dCas9-p65AD and an sgRNA construct that targets the
Gal4 UAS (upstream activation sequence) into a HEK293 re-
porter cell line expressing a Gal4 UAS-GFP reporter (Figure 1E,
left). Two days following transfection, we measured the
levels of GFP expressed by flow cytometry. Our results revealed
that both dCas9-VP64 and dCas9-p65AD can effectively
activate reporter gene expression, suggesting that dCas9 can
serve as a generic and modular platform for different types of

Cell 154, 442-451, July 18, 2013 ©2013 Elsevier Inc. 443



A A modular RNA-guided genome regulation platform B pSFFV
NLSX2

Effector "dcas9 |[[BFP] dCas9

{ Transcription repressor
dCas9 J_O @ Transcription activator PSFFV
\ NLS,,

sgRNA Q
T [ dcas9 |[[BEP]KRAB] dCas9-KRAB
Target gene | Human genome pU6
| 1 1 1
DNA targeting Regulation
g sgRNA
c NT1 NT2 NT3 NT4 NT5 D
- - - _— — NT HEK293 (- EGFP)
UTR| EGFP il EGFP |
e GFP+ HEK293, dCas9-KRAB + Neg. control sgRNA
SV40[41 == +100 == +200 +300 == +800
promoterLy T T2 T3 = GFP+ HEK293, dCas9 + sgGFP-NT1
[] dcas9 [l dCas9-KRAB fusion protein == GFP+ HEK293, dCas9-KRAB + sgGFP-NT1
15-fold repression
c 1.0 P 300 15-fold
% repression
s 0.8
o 2
g 06 ¢ S 150
) o
_g 04 - o
(] -
< 0.2
o 0 Ll 0 )
- Neg.NT1 NT2 NT3NT4 NT5 T1 T2 T3 10° 10" 10° 10°
+sgRNA Fluorescence (a.u.)
pPLTR dCas9-VP64 fusion dCas9-p65AD fusion
NLS 2 ]
X2 o)) . . - o _ . .
‘“ VPed lu]:._‘ dCas9-VP64 ki 25-fold activation B 12-fold activation
pUB or p65AD ;i ;i
[0} [0
2 g
sgRNA sgRNA § §
[0} [0}
mCMV S S
=) =]
GAL4 UAS x4 [ w
---- [GFP|| Target dCas9-VP64 - + + + - +
—— — sgGAL4-1 + - + - sgGAL4-1
sgGAL4-1: 3 targetable sites Neg. sgRNA - - - +

Figure 1. A Modular CRISPR Fusion System for Efficiently Repressing and Activating Transcription in Human Cells

(A) dCas9 fused to effector domains can serve as an RNA-guided DNA-binding protein to target any protein to any DNA sequence.

(B) A minimal CRISPRIi system in human cells contains an sgRNA expression plasmid and dCas9 or dCas9 fused to the repressive KRAB effector domain. Both
dCas9 constructs are fused to two copies of a nuclear localization sequence and a blue fluorescent protein.

(C) A dCas9-KRAB fusion protein efficiently silences GFP expression. Eight sgRNAs targeting GFP are transfected into GFP+HEK293 stably expressing either
dCas9 (light gray) or dCas9-KRAB (dark gray). GFP fluorescence is quantified by flow cytometry 6 days following transfection and is displayed as a signal
normalized to a vector control. The data are displayed as mean + SD for three independent experiments. See also Figure S1.

(D) CRISPRI gene repression is stable over time. GFP+HEK293 cells were infected with lentivirus constructs expressing a negative control sgRNA or a sgRNA
targeting GFP and either dCas9 or dCas9-KRAB. Cells were grown for 14 days and then analyzed for GFP expression. A histogram displays GFP fluorescence for
each sample and a control population of HEK293 cells that do not express GFP. Data are representative of three independent experiments.

(E) Two dCas9 fusion proteins were constructed with VP64 or p65AD. The sgRNA is expressed as before. Shown is a diagram of the Gal4 UAS-GFP reporter and
data showing transient transfection of either dCas9-VP64 or dCas9-p65AD and sgGAL4-1 can activate gene expression in HEK293 cells. Cells were transfected
with the indicated plasmids and 48 hr later were analyzed by flow cytometry for GFP expression. The data are displayed as mean + SD for two independent
experiments. See also Figure S2.

transcriptional control, including both repression and activa-  (Figure S2B), arguing that the design of the fusion protein or
tion (Figure 1E). Interestingly, we observed varying amounts of  fusion partner is an important parameter for future optimization
activation with different fusion protein designs using VP64 efforts.
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Figure 2. CRISPRI Is Highly Specific in Human Cells

(A) RNA-sequencing RPKM (reads per kilo base per million) are plotted for
GFP+ HEK293 cells stably expressing dCas9-KRAB and either a negative
control sgRNA targeting Gal4 or an sgRNA targeting GFP. Total RNA was
collected 15 days following lentiviral transduction. The data are representative
of two independent biological replicates. See also Figure S3.

(B) A histogram showing the fold changes in gene expression from (A) plotting
dCas9-KRAB/sgGFP-NT1 over dCas9-KRAB/Neg. Control sgRNA. GFP is
indicated with an arrow. The data are representative of two independent
biological replicates. See also Figure S3.

CRISPRi-Mediated Gene Knockdown Is Highly Specific
to the Target Gene

To test the specificity of CRISPRI in human cells, we used RNA
sequencing (RNA-seq) to quantify the transcriptome of GFP+
HEK293 cells expressing dCas9-KRAB and either a negative
control sgRNA (sgGAL4-4) or an sgRNA targeting GFP
(sgGFP-NT1). Our results show that CRISPRI is highly specific,
as GFP is the only gene product that is significantly suppressed
by the GFP-targeting sgRNA (Figures 2 and S3A). If we average
the data from two independent biological replicates, no gene
other than GFP changes by more than 1.5-fold. For the few
genes for which we measured changes in expression, we find
no evidence for the presence of a near match to the sgRNA
seed sequence, suggesting that the changes observed are due
to a small level of noise in RNA-seq measurements. Furthermore,

we observed few changes in gene expression in the negative
control sample, suggesting that the negative control sgRNA trig-
gers minimal off-target effects (Figures 2 and S3A). We also
found no evidence for significant on- or off-target effects due
to expression of either sgGAL4-4 or sgGFP-NT1 alone (Fig-
ure S3B). Finally, expression of dCas9-KRAB resulted in minimal
changes in gene expression (Figure S3C).

CRISPRI Can Silence Endogenous Human Genes

As there can be important differences in how endogenous and
reporter genes are transcribed, we tested whether CRISPRI
can silence endogenous human genes. We designed sgRNAs
to target genes encoding cell surface transmembrane proteins,
enabling us to use flow cytometry with directly conjugated fluo-
rescent antibodies to quantify gene expression at the single-cell
level. We cloned ten sgRNAs each for the transferrin receptor
(CD71) and C-X-C chemokine receptor type 4 (CXCR4), which
were designed to span a 500 bp region upstream or downstream
of the transcription start site, targeting either template or non-
template strands (Table S1). Each sgRNA was transfected into
HelLa cells stably expressing dCas9 or dCas9-KRAB. Cells
were dissociated and stained for CD71 and CXCR4 expression
3 days after transfection. In this experiment, we found that
both dCas9 and dCas9-KRAB proteins can knock down endog-
enous expression of CD71 and CXCR4 (Figures 3A and 3B), with
three out of ten sgRNAs for each gene showing significant
repression (60%-80% repression). Interestingly, a strong corre-
lation exists between the degree of knockdown for dCas9 and
dCas9-KRAB for endogenous genes, suggesting that sgRNA
binding to DNA or local chromatin structure may be limiting fac-
tors that dictate gene knockdown (Figure S4A). Further work is
required to systematically analyze why recruitment of a KRAB
domain has an effect in some contexts but not others.

We also tested whether stable lentivirus-mediated expression
of both the sgRNA and dCas9 or dCas9-KRAB could repress
endogenous gene expression. We transduced Hela cells ex-
pressing dCas9 or dCas9-KRAB with three sgRNAs targeting
CD71 or CXCR4 and 7 or 8 days later measured the amount of
CD71 or CXCR4 expressed. Our data show that CD71 and
CXCR4 can be efficiently and stably knocked down (Figures
3C and 3D), providing evidence that CRISPRi can be used like
RNAI to suppress endogenous gene expression.

A valuable extension of CRISPRI is the capability for multi-
plexed gene regulation in human cells. To test whether we can
suppress the expression of multiple genes, we transfected
sgRNAs targeting CD71, CXCR4, or both into HelLa cells
stably expressing dCas9-KRAB. Cells were dissociated and
stained for CD71 and CXCR4 expression 5 days after transfec-
tion. In this experiment, we found that we can simultaneously
knock down endogenous expression of CD71 and CXCR4 (Fig-
ure 3E). This result was independently confirmed by gqPCR
(Figure S4B).

CRISPRiI Is a General Method for Silencing Transcription
of Endogenous Genes in Eukaryotes

To test whether CRISPRI can be used for transcription repres-
sion in other eukaryotes, we examined whether dCas9, alone
or fused to a transcriptional repressor, will effectively silence
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with sgRNAs targeting CD71. After 72 hr, cells
were harvested and analyzed by flow cytometry
for CD71 protein expression. The data are dis-
played as mean + SD for two independent exper-
iments. See also Figure S4A.

(B) A diagram of sgRNA-binding sites for CXCR4
and a graph displaying suppression of CXCR4 by
dCas9 or dCas9-KRAB in Hela cells. Cells stably
expressing dCas9 or dCas9-KRAB were trans-
fected with sgRNAs targeting CXCR4. After 72 hr,
cells were harvested and analyzed by flow cy-
tometry for CXCR4 protein expression. The data
are displayed as mean + SD for two independent
experiments. See also Figure S4A.

(C) Stable suppression of CD71 by dCas9 or
dCas9-KRAB in Hela cells. Cells stably express-
ing dCas9 or dCas9-KRAB were transduced with
sgRNAs targeting CD71. After 7 days, cells were
harvested and analyzed by flow cytometry for
CD71 protein expression. The data are displayed
as mean + SD for two independent experiments.
(D) Stable suppression of CXCR4 by dCas9 or
dCas9-KRAB in Hela cells. Cells stably express-
ing dCas9 or dCas9-KRAB were transduced with
sgRNAs targeting CXCR4. After 8 days, cells were
harvested and analyzed by flow cytometry for
CXCR4 protein expression. The data are displayed
as mean + SD for two independent experiments.
(E) Double knockdown of both CD71 and CXCR4
using sgRNAs targeting CD71 and CXCR4 in HeLa
cells that stably express dCas9-KRAB. Cells were
dissociated and stained for CD71 and CXCR4
expression 5 days after transfection. The data are
displayed as mean + SD for two independent ex-
periments. See also Figure S4B.

[l + dCas9-Mxi1

(F) Robust repression of endogenous genes in yeast. A bar graph shows fluorescence intensity of a strain expressing TEF71-GFP transformed with the indicated
sgRNA and dCas9 or dCas9-Mxi1. The two dotted lines indicate fluorescent signals from untagged yeast cells that do not express GFP or TEF1-GFP yeast cells
without dCas9. The data are displayed as mean + SD for three independent experiments. See also Figure S4C.

gene expression in S. cerevisiae. We cloned dCas9 with two
NLSs into a vector under control of the TDH3 promoter (Fig-
ure S4C). Using this same scheme, we also fused dCas9 to
Mxi1, a mammalian transcriptional repressor domain that is re-
ported to interact with the histone deacetylase Sin3 homolog
in yeast (Figure S4C) (Harper et al., 1996; Kasten et al., 1996;
Schreiber-Agus et al., 1995). Both dCas9 fusion proteins were
transformed into a strain carrying a TEF1-GFP fusion expressed
from the endogenous locus (Huh et al., 2003). We expressed an
sgRNA that targets the endogenous TEF1 locus under control of
the Pol Il SNR52 promoter (Figure S4C) (DiCarlo et al., 2013).
With dCas9 alone, we observed 18-fold repression, which is
increased to 53-fold with addition of the Mxi1 domain (Figure 3F).
As CRISPRI shows robust endogenous gene silencing in yeast, it
could also prove a useful tool for studying organisms with limited
genetic tools, such as the pathogenic yeast Candida albicans.
We found that both the Mxi1 and KRAB domains strongly sup-
press transcription when targeted to some regions of DNA, but

446 Cell 154, 442-451, July 18, 2013 ©2013 Elsevier Inc.

not to others. Additionally, some genes may require recruitment
of repressive complexes other than Kap1/HP1 or Sin3. Ongoing
work will define what regions of a gene are most effective for
dCas9-fusion-mediated gene silencing. However, the remark-
able success in using RNA-guided Cas9 to enable DNA cutting
for many genes in distinct organisms argues that Cas9 can
bind to target DNA sites in a broad range of genes or regulatory
regions (Cho et al., 2013; Cong et al., 2013; DiCarlo et al., 2013;
Gratz et al., 2013; Hwang et al., 2013; Jiang et al., 2013; Jinek
et al., 2012, 2013; Mali et al., 2013; Wang et al., 2013). Taken
together with the present study, these findings suggest that
CRISPRI will be a general method for efficiently and specifically
regulating transcription in many eukaryotes.

CRISPRI as a Tool for Mapping and Perturbing
Regulatory Elements

A method for functionally mapping DNA regulatory elements
such as enhancers in a high-throughput manner does not
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currently exist. We reasoned that, if CRISPRi was effective when
targeted to promoters or introns, we could map enhancer ele-
ments. We tested whether we could silence gene expression
by targeting dCas9 or dCas9-KRAB fusion protein to cis-acting
proximal elements within the SV40 early promoter of our GFP re-
porter (Table S1). We found that, although dCas9 alone had no
effect on transcription, we efficiently repressed GFP expression
with dCas9-KRAB (Figure 4A). This suggests that, although
dCas9 may not be able to directly block the initiation of transcrip-
tion, dCas9 fusion proteins can silence proximal regulatory
elements within a promoter by recruiting chromatin modifiers.
Previous studies have shown that the AP1 enhancer (for AP-1
transcription factor binding) is a more important DNA motif for
SV40 promoter activity as compared to the SP1 enhancer (for
SP-1 transcription factor binding), as SP1 enhancer deletion

rnTA alone or rtTA, dCas9, and sgTET

(which targets dCas9 to the rTA-binding
site). Without dCas9, rtTA strongly activated the reporter, but
this induction can be effectively blocked by dCas9 (115-fold
repression, Figure 4B). This suggests that dCas9 can sterically
compete with transcription factors that have tight binding affinity
for DNA elements, further implying that CRISPRi can be used to
perturb and map the regulatory roles of distal and proximal
enhancers.

DISCUSSION

dCas9 Provides a General Platform for Targeting
Proteins to DNA

Systematic characterization of gene function depends on the
ability to manipulate genes through deletion, suppression, or
overexpression. Here, we have developed a modular method
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using a modified type Il CRISPR system to target effector
domains to specific genomic loci. We have shown that program-
mable dCas9 can repress or activate transcription in human
cells. dCas9 fusion proteins can functionally mimic multiple
native protein interactions, including the KRAB domain of
Kox1, VP16, and p65AD (Groner et al., 2010). Our data demon-
strate how dCas9 can be used to target a protein to a specific
region of DNA. The modularity of the dCas9 system provides a
new approach for studying transcription, epigenetic regulation,
and both DNA replication and repair.

The simple constitutive dCas9 system can be coupled to more
complex inducible systems for precise temporal and spatial con-
trol, enabling refined analysis of chromatin remodeling pro-
cesses during cell development and differentiation. For example,
dCas9 could be used with existing optogenetic or chemical-
induced proximity systems to dynamically analyze recruitment
of a broad range of chromatin modifiers to a specific DNA
sequence (Hathaway et al., 2012; Levskaya et al., 2009). Target-
ing dCas9 fusions to distinct chromatin microenvironments
could elucidate how distinct chromatin-remodeling complexes
propagate the spreading or insulation of repressive chromatin
marks along a chromosome. Using multiple sgRNAs, one can
titer how many chromatin-modifying complexes are recruited
to a gene to interrogate how the local concentration of any chro-
matin-modifying complex modulates chromatin structure and
transcription. dCas9 could also be used to recruit or tether a
specific genomic locus to a subnuclear localization such as the
nuclear pore, nucleolus, or nuclear membrane. This system
may enable spatial manipulation of DNA and chromatin, allowing
the study of chromatin and transcription in qualitatively new
ways that, to date, have largely involved retrospective associa-
tion studies or broad loss-of-function genetics.

At present, all mammalian work on Cas9 has focused on the
protein from a single species (S. pyogenes), and there is a
huge amount of biological diversity that remains untapped (Chy-
linski et al., 2013; Zhang et al., 2013). It is likely that the current
Cas9 is not optimal. Additionally, many of the different Cas9
species use distinct sequences to recognize the guide RNA.
Thus, two or more sgRNA variants can be expressed in the
same cell, and each will bind exclusively to its cognate dCas9
species. This will allow for orthogonal targeting of multiple
independent sites within a genome, enabling the independent
delivery of distinct effector domains and combinatorial manipu-
lation of chromatin structure and epigenetic marks.

Mapping the Function of Enhancers and Chromosome
Topology with dCas9

Our results provide evidence that dCas9 can target enhancers,
introns, and other noncoding elements to map the regulatory
functions of these elements on transcription. This could enable
sophisticated high-throughput mapping of enhancers at endog-
enous loci. In theory, using inducible dimerization systems,
dCas9 could tether a distant enhancer close to the promoter
of a gene to interrogate how chromosome conformation regu-
lates transcription. Recent work has shown that, during neural
differentiation, CCCTC binding factor, cohesion, and the medi-
ator complex modulate chromosome topology to control devel-
opment (Millau and Gaudreau, 2011; Phillips-Cremins et al.,
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2013). dCas9 could enable studying these processes in a
much more dynamic and programmable manner by artificially
creating different genomic conformations and measuring how
these modulate transcription and development.

CRISPRI Efficiently and Specifically Represses
Transcription in Human Cells

In our experiments, we observed robust gene knockdown of
both reporter and endogenous genes (5- to 15-fold repression
in human and 50-fold in yeast). Our method uses common lenti-
viral constructs to express both dCas9 and sgRNAs to achieve
stable long-term gene knockdown. This is comparable to the
efficiency of existing gene knockdown techniques such as
RNAi and TALE proteins. Although we do not yet know what frac-
tion of genes can be silenced by a dCas9 fusion protein, a signif-
icant portion of the genome should be targetable. In human cells,
previous work has demonstrated that local chromatin context is
a crucial determinant of KRAB-mediated silencing. For example,
recruitment of the KRAB domain to adjacent genomic regions
can have no effect or can completely silence transcription
(Groner et al., 2010). The biology underlying this observation re-
mains to be characterized, and CRISPRIi could provide a tool to
map chromatin structure and the function of chromatin-remodel-
ing complexes. Nonetheless, an exon-trapping strategy in which
Tet-binding sites were randomly inserted in the genome allowing
recruitment of a tetracycline repressor-KRAB fusion protein re-
vealed that ~80% of genes tested can be silenced by KRAB-
mediated recruitment of Kap1 and HP1 proteins (Groner et al.,
2010). Ongoing work will characterize additional fusion partners
to understand which transcription repressor complexes are most
useful for CRISPRI in different cell types.

Our RNA-seq results show that CRISPRi is highly specific, with
minimal off-target effects for two distinct sgRNA sequences.
By contrast, genome editing by the catalytically active Cas9
nuclease can be accompanied by off-target genomic alterations
that occur at loci where near-cognate DNA seed matches exist
(Fu et al., 2013). The specificity of CRISPRi remains to be deter-
mined across a broad range of sgRNA sequences. Nonetheless,
it may be substantially easier to specifically modulate transcrip-
tion, as only a small fraction of the human genome is transcribed
or required for controlling transcription; thus, binding of catalyt-
ically inactive dCas9 or dCas9 fusion proteins at near-cognate
sites will often not impact transcription.

Future Optimization for CRISPRi Technology

The observation that the sgRNA is a limiting factor for CRISPRI
function suggests that improvements to RNA stability or loading
into dCas9 could improve both CRISPRI- and Cas9-mediated
genome editing in human cells (Jinek et al., 2013). Although we
are able to target dCas9 to both endogenous and reporter genes,
not all sgRNA-targeting constructs work efficiently. Specific
sgRNA sequence composition may improve sgRNA stability,
loading into dCas9, or binding to DNA. Alternately, dCas9 bind-
ing may be strongly dictated by the local chromatin structure of
the target sequence. The recently published genome-wide maps
of chromatin structure can inform where one targets dCas9 for
both transcription repression and activation (Thurman et al.,
2012). High-throughput analysis of sgRNAs that are functional



will discriminate between sequence requirements and local
chromatin states to determine rules for dCas9 targeting and
function. Although the experiments described here have exam-
ined a set of fusion partners and fusion design strategies, future
work will be required to refine and improve CRISPRi fusion pro-
teins with different effectors for optimal performance. Finally, as
additional Cas9 proteins are characterized, the use of parallel
orthogonal dCas9 proteins with cognate sgRNAs will enable
controlling multiple genes differentially (Chylinski et al., 2013;
Zhang et al., 2013).

CRISPRI Provides an Alternative Strategy to RNAi for
Gene Regulation

Our data here describe a dramatic improvement from our previ-
ously published work on CRISPRI in human cells and argue that
CRISPRI represents an alternate strategy to RNAI for repressing
gene expression in mammalian cells. RNAI is a transformative
technique for studying mammalian biology, and more than a
decade of effort has led to sophisticated vectors, algorithms,
and libraries for knocking down genes in human and mouse cells
(Chang et al., 2006; Fellmann et al., 2011). Genome-wide shRNA
libraries enable high-throughput interrogation of gene function
and genetic networks in human cells (Bassik et al., 2013). It
should be possible to develop pooled sgRNA libraries that will
allow CRISPRI to be used in an analogous manner to pooled
genome-wide shRNA libraries.

We believe that, in many applications, RNAi and CRISPRI
could be complementary methods, with CRISPRi providing a
number of potential advantages. As an exogenous system,
CRISPRI does not compete with endogenous machinery such
as microRNA expression or function. Furthermore, because
CRISPRI acts at the DNA level, one can target transcripts
such as noncoding RNAs, microRNAs, antisense transcripts,
nuclear-localized RNAs, and polymerase lll transcripts. Finally,
CRISPRI possesses a much larger targetable sequence space,
as we show that promoters and, in theory, introns can also be
targeted.

EXPERIMENTAL PROCEDURES

RNA Sequencing

Total RNA was purified from the cells using Trizol (Invitrogen). 150 ug of total
RNA was mixed with oligo (dT).s Dynabeads, and mRNA was purified accord-
ing to the manufacturers protocol (Invitrogen). 1 ug mMRNA was resuspended in
20 pl of 10 mM Tris (pH 7) mixed with an equal volume of 2 x alkaline fragmen-
tation solution (2 mM EDTA, 10 mM Na,CO3, and 90 mM NaHCO; [pH 9.3]) and
incubated for 30 min at 95°C to generate fragments ranging from 30 to 100 nt.
The fragmentation reaction was stopped by adding 0.56 ml of ice-cold precip-
itation solution (300 mM NaOAc [pH 5.5] plus GlycoBlue [Ambion]), and the
RNA was purified by a standard isopropanol precipitation. The fragmented
mRNA was then dephosphorylated in a 50 pL reaction with 25 U T4 PNK
(NEB) in 1x PNK buffer (without ATP) plus 0.5 U SUPERase-In (Ambion) and
precipitated with GlycoBlue via standard isopropanol precipitation methods.
A linker was ligated to the fragmented RNA using truncated T4 RNA ligase 2
(NEB) in 25% PEG-8000 in 50 mM Tris-HCI, 10 mM MgCl,, and 1 mM DTT
(pH 7.5) at 25°C for 3 hr. The RNA was then reverse transcribed to DNA using
SuperScript lll (Invitrogen) and circularized using Circligase (Epicenter)
following the manufacturer’s recommended protocol. Barcodes were added
by PCR with Phusion polymerase (NEB). The DNA library was sequenced on
an lllumina HiSeq 2000. Reads were processed using the HTSeq Python pack-
age and other custom software written in Python.

Plasmid Design and Construction for CRISPRi in Human Cells

The sequence-encoding mammalian codon-optimized Streptococcus pyo-
genes dCas9 (DNA 2.0) was fused with two C-terminal SV40 NLSs and tagBFP
alone or with the KRAB, CSD, WRPW, VP64, or p65AD domains. Using Gibson
cloning we cloned these fusion proteins into MSCV-Puro (Clontech) or pHR
(Addgene). sgRNAs were expressed using a lentiviral U6-based expression
vector derived from pSico that coexpresses mCherry-T2A-Puro from a CMV
promoter. The sgRNA expression plasmids were cloned by inserting annealed
oligos into the lentiviral U6-based expression vector that was digested by
BstXI and Xhol. To detect indel formation in GFP in human cells, we purified
genomic DNA from cells expressing dCas9-KRAB and either a negative con-
trol sgRNA or sgGFP-NT1 that had been grown in culture for 3 weeks. We
PCR amplified the SV40 promoter and GFP and sequenced the PCR products.

Cell Culture, DNA Transfections, Viral Production, and Fluorescence
Measurements for CRISPRi in Human Cells

HEK293 and Hela cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) in 10% FBS, 2 mM glutamine, 100 units/ml streptomycin,
and 100 pg/ml penicillin. Lentivirus and retrovirus were produced by transfect-
ing HEK293 or amphotropic Phoenix packaging cell lines with standard pack-
aging vectors. HEK293 or Hel a cell lines were generated by transducing cells
with a MSCYV retrovirus expressing GFP from the SV40 promoter or lentivirus
expressing dCas9, dCas9-KRAB from an SFFV promoter, or the sgRNA
from a U6 promoter or a Gal4-GFP reporter. Pure populations of each stable
cell line were sorted by flow cytometry using a BD FACS Aria2 for stable
GFP, BFP, or mCherry expression. For transient transfection experiments,
reporter HEK293 cell lines were transfected using TransIT-LT1 transfection
reagent (Mirus) with the manufacturer’'s recommended protocol in 24 well
plates. Cells were transfected with 0.5 pg of the dCas9 expression plasmid
and 0.5 pg of the RNA expression plasmid or if dCas9 is stably expressed
with 1 pg of the RNA expression plasmid. Two sgRNA plasmids (0.75 ng
each) were cotransfected for double-knockdown experiments. For 6- to
7-day experiments, the cells are split at day 3. At 3 or 6 days following trans-
fection or 7-14 days following transduction, cells were trypsinized to a single-
cell suspension and gated on mCherry-positive population (top 30%-60% for
transient transfection experiments), and GFP expression was analyzed. To
analyze CXCR4 or CD71, expression cells were dissociated in 10 mM EDTA
PBS and then stained in PBS/10% FBS for 1 hr at room temperature. Isotype
control, CXCR4, and CD71antibodies for flow cytometry were purchased from
MBL or eBioscience and were used at 0.05 mg/ml. All flow cytometry analysis
was performed using a LSR Il flow cytometer (BD Biosciences).

Quantitative RT-PCR

Cells were harvested using trypsin (Invitrogen), and total RNA was isolated
using the RNeasy Mini Kit (QIAGEN), 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 re-
actions were prepared with Go-Taq (Promega) and SYBR Green (Invitrogen),
according to the manufacturer’s instructions. Reactions were run on a
LightCycler thermal cycler (Roche). Primer sequences for CXCR4, CD71,
and GAPDH are as follows: CXCR4, 5 GAAGCTGTTGGCTGAAAAGG 3’
CTCACTGACGTTGGCAAAGA; CD71, 5 AAAATCCGGTGTAGGCACAG 3
GCACTCCAACTGGCAAAGAT; and GAPDH, 5 ACAGTCAGCCGCATCTTCTT
3’ ACGACCAAATCCGTTGACTC.

Strain Construction and Fluorescence Measurements for CRISPRi in
Yeast

The mammalian codon-optimized dCas9 fused with two C-terminal SV40
nuclear localization signal sequences was PCR amplified and inserted into
pJED103 CEN/ARS plasmid (Bglll/BamHI digested) using In-Fusion HD
cloning (Clontech). The Mxi1-repressive domain was synthesized using IDT
gBlocks gene fragments and cloned into the vector using Gibson assembly
(Gibson et al., 2009). A contiguous IDT gene block containing the SNR52 pro-
moter, sgRNA, and SUP4 terminator 3’ flanking sequence was amplified using
Phusion HF PCR and digested using EcoRI and Pstl. The digested product
was inserted into the AH057 CEN/ARS plasmid using standard ligation/inser-
tion protocols. Inverse PCR was used to generate sgRNA cassettes with new
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20 bp complementary regions. Standard lithium acetate transformations were
carried out to transform 1 ng of plasmid per transformation into TEF71-GFP-
tagged strain or a strain with a genomic integrated TetON-Venus reporter
and an rtTA gene. After transformation, cells were grown on selective media
(SC-uracil and -leucine) for 2 days. Strains were grown overnight at 30°C,
and the levels of fluorescence protein were determined using a LSRII flow
cytometer (BD Biosciences). For doxycycline induction experiments, the over-
night culture without doxycycline was diluted to OD 0.05 in the same selective
media supplemented with 100 ng/ml doxycycline. The levels of fluorescence
protein were assayed by flow cytometer after 5 hr of growth. Triplicate cultures
were measured for each experiment, and their standard deviation was indi-
cated as the error bar.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, four
figures, and one table and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2013.06.044.
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