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Genome engineering technologies based on the CRISPR/Cas9 and TALE systems are enabling new approaches in science

and biotechnology. However, the specificity of these tools in complex genomes and the role of chromatin structure in de-

termining DNA binding are not well understood. We analyzed the genome-wide effects of TALE- and CRISPR-based tran-

scriptional activators in human cells using ChIP-seq to assess DNA-binding specificity and RNA-seq to measure the

specificity of perturbing the transcriptome. Additionally, DNase-seq was used to assess genome-wide chromatin remodeling

that occurs as a result of their action. Our results show that these transcription factors are highly specific in both DNA bind-

ing and gene regulation and are able to open targeted regions of closed chromatin independent of gene activation.

Collectively, these results underscore the potential for these technologies to make precise changes to gene expression for

gene and cell therapies or fundamental studies of gene function.

[Supplemental material is available for this article.]

Recently developed genome engineering technologies are power-

ing new advances and approaches in genomics, genetics, and

gene therapy (Gaj et al. 2013; Gersbach and Perez-Pinera 2014).

These tools include approaches for editing genome sequences us-

ing site-specific nucleases and controlling gene expression with

targeted activators, repressors, or other modifiers of the epige-

nome. Although these methods are already being applied in

diverse contexts, important questions remain about the specificity

of their action in complex genomes and how they access target

sites in various chromatin states.

The discovery of the modular DNA recognition code of tran-

scription activator-like effectors (TALEs) (Boch et al. 2009; Moscou

and Bogdanove 2009), DNA-binding proteins that exist in plant-

pathogenic bacteria, led to the creation of robust engineering tools

that precisely modify cellular genomes. TALE proteins targeted to

new DNA sequences can be easily generated through the assembly

of domains that recognize each of the four nucleotides (Bogdanove

and Voytas 2011; Cermak et al. 2011). These DNA-binding pro-

teins can then be fused to nuclease domains (Christian et al.

2010; Miller et al. 2011) or regulatory and epigenome-modifying

domains (Zhang et al. 2011; Cong et al. 2012; Konermann et al.

2013; Maeder et al. 2013a; Mendenhall et al. 2013) to achieve tar-

geted genome engineering.

More recently, the clustered regularly interspaced short re-

peats (CRISPR)-associated (Cas) systemhas emerged as an extreme-

ly powerful and facile technology for genome engineering (Hsu

et al. 2014; Sander and Joung 2014). The engineered CRISPR sys-

tem, which has been repurposed from a naturally occurringmech-

anism of bacterial adaptive immunity (Wiedenheft et al. 2012),

consists of the Cas9 nuclease and a short guide RNA (gRNA) that

forms a complexwithCas9 and directs it to a 20-bp target sequence

in the genome through complementary base pair hybridization

(Jinek et al. 2012). The only sequence restriction of the 20-bp target

site, known as the protospacer, is that it must be immediately ad-

jacent to a short sequence referred to as the protospacer-adjacent

motif (PAM). For example, the natural PAM sequence for the

Cas9 from Streptococcus pyogenes, the most commonly used

CRISPR system, is 5′-NGG-3′. This CRISPR system can be used in

orthogonal species for genome editing (Cho et al. 2013; Cong
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et al. 2013; Hwang et al. 2013; Jinek et al. 2013; Mali et al. 2013b),

and a catalytically inactive form of Cas9 (dCas9) can be fused to

regulatory domains for targeted gene regulation (Cheng et al.

2013; Farzadfard et al. 2013; Gilbert et al. 2013; Maeder et al.

2013b; Perez-Pinera et al. 2013a; Qi et al. 2013; Hilton et al.

2015; Kearns et al. 2015).

Despite the widespread use of the TALE and CRISPR technol-

ogies for diverse applications, there continues to be considerable

uncertainty regarding the specificity of their action in the context

of complex human genomes. Studies of TALE nuclease (TALEN)

specificity in human cells have readily detected activity at off-tar-

get sites with sequence homology to the intended target site using

both bioinformatic predictions (Hockemeyer et al. 2011; Fine et al.

2014) and approaches for genetically labeling sites of nuclease ac-

tivity within cells (Osborn et al. 2013); however, clonal popula-

tions without modification of the exome can be easily obtained

(Ousterout et al. 2013). Other assays of DNA-recognition proper-

ties of purified TALEs or TALENs showed that although the pro-

teins are highly specific for the intended target site, there are

significant levels of activity at sites containing sequence mis-

matches (Meckler et al. 2013; Guilinger et al. 2014). Although

gene regulationwith dCas9was shown to be exceptionally specific

by RNA sequencing (Gilbert et al. 2013; Perez-Pinera et al. 2013a)

and microarrays (Cheng et al. 2013), there have been several re-

ports of significant levels of off-target Cas9 nuclease activity in hu-

man cells (Cradick et al. 2013; Hsu et al. 2013; Mali et al. 2013a;

Pattanayak et al. 2013; Cho et al. 2014; Fu et al. 2014). These stud-

ies of CRISPR/Cas9 specificity have used various methods to deter-

mine off-target sites, including bioinformatic prediction (Fu et al.

2013; Hsu et al. 2013), high-throughput reporter assays (Mali

et al. 2013a), and profiling activity of a purified CRISPR system

in vitro (Pattanayak et al. 2013). More, recently, methods for ge-

nome-wide interrogation of nuclease activity have been developed

(Frock et al. 2015; Kim et al. 2015; Tsai et al. 2015; Wang et al.

2015). However, unbiased genome-widemethods for quantitative-

ly determining target site binding and subsequent gene regulation

function of these genome engineering tools have not been as

broadly explored.

It is also necessary to better understand which regions of the

genome are targetable by these technologies. Beginning with early

work with engineered zinc finger transcription factors (Liu et al.

2001), there has been an assumption that only regions of open

chromatin can be targeted. Thus, these engineered proteins were

only targeted to DNase I hypersensitive regions, and this approach

has continued in more recent work with TALE- and CRISPR-based

transcription factors (Maeder et al. 2013b,c). In contrast, we re-

cently demonstrated the activation of silent genes by targeting

promoters in heterochromatin with both of these technologies

(Perez-Pinera et al. 2013a,b). However, the effects of these proteins

on local and genome-wide chromatin state following gene activa-

tion remain poorly understood.

Determining the specificity and impact of chromatin state on

the function of these modern genome engineering tools is critical

to their further development and to the interpretation of results

obtained with these systems. In order to address these concerns,

we performed a genome-wide analysis of DNA binding, gene regu-

lation, and chromatin remodeling using ChIP-seq, RNA-seq, and

DNase-seq, respectively, for both TALE- and CRISPR/dCas9-based

transcription factors. Our results show exceptional genome-wide

specificity for both technologies in human cells by all three assays,

which is unexpected considering previous reports. These observa-

tions are significant for interpreting the results of predictive or

biased specificity assays, choosing genomic target sites, and de-

signing improved genome engineering tools.

Results

To examine the genome-wide specificity of DNA binding of both

TALE- and CRISPR/Cas9-based genome engineering tools, we

chose to study transcriptional activators (TALE-VP64 and dCas9-

VP64) rather than nucleases in order to decouple target site recog-

nition from DNA cleavage and error-prone DNA repair by nonho-

mologous end joining that could affect DNA-binding properties.

Additionally, this allowed us to focus on TALE monomers rather

than the heterodimer necessary for TALEN activity at an endoge-

nous genomic target site. Finally, this permitted the analysis of

chromatin remodeling concomitant with the targeted activation

of silent genes. As model target genes to study gene activation

and corresponding chromatin remodeling, we chose the IL1RN

and HBG1/2 loci because (1) they are not expressed in the

HEK293T cell line that we used for these studies; (2) their promot-

ers do not contain DNase I hypersensitive (DHS) sites in HEK293T

cells (Perez-Pinera et al. 2013a,b); and (3) the products of these

genes, the IL-1 receptor antagonist (IL1RA) and gamma globin,

do not have any known effect on transcription in these cells, al-

lowing us to examine the primary effects mediated by TALE- and

dCas9-based genome engineering tools by RNA-seq and DNase-

seq analysis. Furthermore, both genes encode proteins with bio-

medical relevance, as IL1RA is an approved anti-inflammatory bi-

ologic drug (anakinra), and activation of gamma globin expression

is a focus of therapies for sickle cell disease.

The TALE- and CRISPR/Cas9-based transcriptional activator

technology has most commonly been applied with combinations

of these engineered factors targeted to individual promoters in or-

der to generate robust changes in gene expression (Cheng et al.

2013; Farzadfard et al. 2013; Maeder et al. 2013b,c; Mali et al.

2013a; Perez-Pinera et al. 2013a,b; Kabadi and Gersbach 2014).

In order to assess if this approach may result in unanticipated

off-target effects, we also used combinations of four TALEs or

gRNAs targeted to each promoter (Fig. 1A; Supplemental Table

1). This also allowed us to investigate genome-wide specificity un-

der experimental conditions that are known to generate robust

changes in gene expression (Perez-Pinera et al. 2013a,b). Because

the HBG2 gene is a duplication of the nearby HBG1 gene, three

of the four TALEs and gRNAs (Supplemental Table 1, A–C) perfect-

ly recognize sites in the HBG2 promoter as well. Expression plas-

mids for each TALE-VP64 or each gRNA and dCas9-VP64 were

transfected into HEK293T cells, and gene activation was measured

by qRT-PCR. Consistent with our previous studies (Perez-Pinera

et al. 2013a,b), expression of a single TALE-VP64 or dCas9-VP64

delivered with a single gRNA led to modest effects on gene expres-

sion, whereas combinations of TALE-VP64s or gRNAs led to robust

gene activation (Fig. 1B; Supplemental Tables 2–5). Activation

with TALE-VP64 was substantially greater than activation with

dCas9-VP64, consistent with previous reports (Konermann et al.

2013; Maeder et al. 2013b,c; Perez-Pinera et al. 2013a,b; Gao

et al. 2014). Importantly, the activation domain was critical to in-

ducing gene expression, as delivery of the TALEs or dCas9 and

gRNAs without the VP64 domain did not have any effect on ex-

pression levels (Fig. 1C).

We have previously shown by RNA-seq that targeted activa-

tion of the IL1RN gene with dCas9-VP64 is exceptionally specific,

withno other significantly up-regulated genes and only one signif-

icant down-regulated gene (Perez-Pinera et al. 2013a). A similar
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level of specificity was achieved at the HBG1/2 locus, although the

overall level of activationwas not enough to be statistically signifi-

cant after multiple hypothesis testing, consistent with the qRT-

PCR results showing much weaker activation of HBG1/2 by

dCas9-VP64 compared to IL1RN (Fig. 1B). To determine whether

activation with TALE-VP64 had a similar level of specificity, we re-

peated this analysis on HEK293T cells transfected with the combi-

nation of four TALE-VP64s targeting the IL1RN and the HBG1/2

promoters or with empty plasmid as a control (Supplemental

Tables 6, 7). Activation of the four isoforms of the IL1RN gene by

TALE-VP64 was again robust (2.5–3.3× over control) and signifi-

cant (P = 10−4−10−6) with a false discovery rate across all genes test-

ed of 3% for the most significant isoform (Fig. 2A). Meanwhile,

HBG1 and HBG2 increased in expression 65-fold (P = 10−15) and

79-fold (P = 10−17), respectively, relative to control in response to

the TALE-VP64s (Fig. 2C). Differences in fold-activation between

qRT-PCR and RNA-seq data are the result of the much lower detec-

tion limit for qRT-PCR. For both IL1RN andHBG1/2, the specificity

of gene activation by TALE-VP64 was exceptional, as no other

geneswere identified as differentially expressedwith a false discov-

ery rate <95%. To further investigate the possibility of off-target ef-

fects that are general to any TALE-VP64 and do not depend on

the particular targeted sequence, we combined replicates of the

IL1RN and HBG1/2 experiments and compared them to the con-

trol condition. There were no changes to gene expression that

achievedgenome-wide significance, althoughtheanalysis revealed

two geneswith nominally significant expression changes (P∼ 0.01

before correction formultiplehypothesis testing), includingMUC4

and HRC that were induced 1.8-fold and 1.7-fold, respectively. To

compare the magnitude of genome-wide gene activation between

TALE-VP64 and dCas9-VP64, we plotted the level of expression of

every gene in samples treated with dCas9-VP64 and gRNAs versus

samples treated with TALE-VP64s for both IL1RN (Fig. 2B) and

HBG1/2 (Fig. 2D). Corroborating our qRT-PCR results (Fig. 1B),

and previous observations by us and others (Konermann et al.

2013; Maeder et al. 2013b; Mali et al. 2013a; Perez-Pinera et al.

2013a; Gao et al. 2014), the TALE-VP64s led to higher levels of acti-

vation for both genes. This analysis also shows the absence of any

significant off-target effects that are specific to TALE- or dCas9-

based activators (Fig. 2D).

Although the effects of TALE-VP64 and dCas9-VP64 on gene

activation were highly specific, this does not exclude binding to

off-target sites that do not affect gene expression, either because

the binding site is far from any gene or regulatory element, or

because only a single activator protein bound to an off-target site

was not sufficient to generate significant changes in gene expres-

sion that result from synergistic action of multiple activators

(Maeder et al. 2013b,c; Perez-Pinera et al. 2013a,b). To determine
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Figure 1. Targeted activation of the human IL1RN andHBG1/2 genes by TALE-VP64 and dCas9-VP64 transcription factors. (A) Four TALEs (blue) and four
gRNAs (orange), each labeled A through D, were designed to target the IL1RN and HBG1/2 promoters within the ∼200 bp upstream of the transcriptional
start site (TSS; green). The position of each TALE and gRNA is shown to scale. (B) Single expression plasmids or combinations of two, three, or four expres-
sion plasmids for the TALE-VP64s or gRNAs, along with dCas9-VP64, targeted to each gene were transfected into HEK293T cells. Expression of the target
gene was assessed by qRT-PCR. Robust gene activation was observed only in response to the combination of TALE-VP64s or gRNAs with dCas9-VP64. (C)
The VP64 activation domain is essential for target gene induction. HEK293T cells were transfected with the combination of expression plasmids for the four
TALEs with and without the VP64 domain, or four gRNAs either alone or with dCas9 or dCas9-VP64. Only samples transfected with TALE-VP64s or gRNAs
with dCas9-VP64 showed changes in target gene expression. Gene expression is normalized to GAPDH levels and shown as fold-increase relative to control
cells transfected with an empty expression plasmid (mean ± SEM, n = 4 independent transfections across two experiments, different letters indicate P <
0.0001 by Tukey’s test after log transformation).
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the genome-wide binding specificity of these proteins, we per-

formed ChIP-seq for the HA epitope tag present on TALE-VP64

and dCas9-VP64. Samples included HEK293T cells transfected

with combinations of plasmids encoding the four TALE-VP64s or

the combination of plasmids encoding the four gRNAs and

dCas9-VP64 targeting either the IL1RN or HBG1/2 promoters.

Cells transfected with an empty expression plasmid were included

as a control, and three biological replicates, transfected on differ-

ent days, were used for each condition. We only considered bind-

ing sites that were reproducible in two of three biological replicates

with an irreproducible discovery rate (IDR) <0.05 (Landt et al.

2012) and thathad a significant increase inChIP-seq signal accord-

ing to a negative-binomial backgroundmodel that allows for over-

dispersion in sequencing count reads (Anders and Huber 2010).

For both TALE-VP64 and dCas9-VP64 proteins targeting the

IL1RN promoter, we identified binding at the target sites as well

as 31 off-target binding sites (Fig. 3A,B; Supplemental Tables 8,

9). For dCas9-VP64, the target site in the IL1RN promoter region

had the strongest evidence of binding (131-fold increase in

ChIP-seq signal over control). The off-target sites had notably

weaker increases in signal strength (range: from 4.8- to 27.6-fold

increase in signal over control) (Supplemental Table 9). For

TALE-VP64 targeting the same locus, we observed a 7.3-fold in-

crease in ChIP-seq signal at the target site. Unlike the results for

dCas9-VP64, however, the off-target binding sites for the TALE-

VP64 protein had an overlapping distribution of increases in signal

strength (range: from 1.93- to 16-fold) (Supplemental Table 8).

In the case of TALE-VP64 and dCas9-VP64 targeted to the

HBG1/2 promoters, we obtained similar specificity results (Fig.

3C,D; Supplemental Tables 10, 11). In both cases, we identified

the intended target sites and four and nine off-target binding sites

for TALE-VP64 and dCas9-VP64, respectively. Of the binding sites

identified, the HBG1/2 target sites had the greatest increase in

ChIP-seq signal in each experiment (∼84-fold increase in ChIP-

seq signal for dCas9-VP64; ∼37-fold increase for TALE-VP64).

Off-target dCas9-VP64 binding sites had ChIP-seq signal increases

between five- and 35-fold, whereas off-target TALE-VP64 binding

sites had signal increases in the range of six- to 14-fold. Based on

these results, we conclude that both TALE-VP64 and dCas9-VP64

binding was highly specific across the genome (Fig. 3E,F).

To determine the TALE and gRNA/dCas9 recognition se-

quences within identified binding sites and to investigate mecha-

nisms of off-target binding, we performed de novomotif detection

on all target sites identified by ChIP-seq. For each combination

of either TALEs or gRNAs targeted to either IL1RN or HBG1/2,

Figure 2. Genome-wide specificity of TALE-VP64 and dCas9-VP64-me-
diated gene activation. RNA-seq was performed on samples co-transfected
with a set of four TALE-VP64 expression plasmids targeting either IL1RN (A)
or HBG1/2 (C). In each case, the only genome-wide significant changes
(false discovery rate <5%) in gene expression between the treatments
and an empty plasmid-transfected control were increases in the expression
of IL1RN or HBG1/2, respectively. (B,D) Comparison of RNA-seq measure-
ments of gene expression after activating expression using TALE-VP64 (x-
axis) or dCas9-VP64 (y-axis). (B) When targeting IL1RN, the TALE-VP64-
mediated activation was slightly stronger. (D) When targeting HBG1/2,
TALE-VP64 had a substantially stronger effect on expression. RNA-seq for
dCas9-VP64 samples was published previously (Perez-Pinera et al. 2013a).

Figure 3. Genome-wide specificity of dCas9-VP64 and TALE-VP64 DNA-
binding. ChIP-seq was used to map the genomic locations of dCas9-VP64
targeted to the IL1RN promoter (A), TALE-VP64 targeted to the IL1RN pro-
moter (B), dCas9-VP64 targeted to the HBG1/2 promoters (C), or TALE-
VP64 targeted to the HBG1/2 promoters (D). In each plot, points are bind-
ing sites that are reproducible in at least two of three replicates. The x-axes
are the mean ChIP-seq signal, and the y-axes are the fold-change in signal
in samples transfected with dCas9-VP64 or TALE-VP64 transcription fac-
tors compared to controls. Red points represent binding sites with a sta-
tistically significant increase in signal strength according to analysis with
DESeq (false discovery rate <0.1%). (E) As an example of the genome-
wide binding specificity dCas9-VP64 and TALE-VP64 targeting, ChIP-seq
signal from experiments targeting HBG1/2 was plotted across Chromo-
some 11. ChIP-seq signals found in both experimental conditions and in
the control condition are also found in the ENCODE blacklist, indicating
that they are technical artifacts of ChIP-seq and not binding events.
Meanwhile, strong ChIP-seq signal was found at the HBG1/2 promoters
in the dCas9-VP64 and TALE-VP64 conditions but not in the control con-
dition. (F ) The dCas9-VP64 and TALE-VP64 ChIP-seq peaks localize to the
intended HBG1/2 promoters.
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we identified significantly enriched motifs with similarity to the

sequences targeted by the engineered transcription factors

(Supplemental Tables 8–11). In each case, we identified one or

two motifs with similarity to the expected target sites (Fig. 4A),

but did not find all four motifs. The enrichment of motifs with

similarity to particular TALE and gRNA targets, but no enrichment

for others, suggests that only a subset of TALEs or gRNAs are re-

sponsible for the off-target binding sites. To determine if there is

a bias to specific regions of the target sequences in off-target bind-

ing events, we aligned the target sequences to all off-target binding

sites and calculated the percent identity at every position in the

best alignment (Fig. 4B; Supplemental Figs. 1, 2). For gRNA se-

quences, we restricted the search to locations with canonical

PAM sequences. For the gRNA target sequences that we identified

with de novo motif identification (IL1RN gRNAs A and B and

HBG1/2 gRNA B) (Fig. 4A), we also found a significant increase in

similarity to the 3′ end of the same gRNAs (P < 0.05, Cochran-

Armitage test for trend). Conversely, no trend was observed for

the other gRNAs (Fig. 4B; Supplemental Fig. 1). The bias in off-tar-

get recognition to the 3′ end of the gRNA is consistent with previ-

ous reports that the 3′ end of the gRNA is most important for

targeting Cas9 (Cradick et al. 2013; Hsu et al. 2013; Mali et al.

2013a; Pattanayak et al. 2013; Cho et al.

2014; Fu et al. 2014; Sternberg et al.

2014). Therefore, the vast majority of

off-target binding sites could be attribut-

ed to these three gRNAs,whereas the oth-

er five likely hadmuch greater specificity.

Meanwhile, we observed no strong or

consistent trend in alignments of the se-

quences that were identified with de

novo motif detection to the TALE target

sequences in the IL1RN promoter (Sup-

plemental Fig. 2), suggesting that the

specificity of these TALEs is distributed

equally along the length of the array.

For TALE-VP64s targeting HBG1/2, the

de novo motif detection suggested that

all the detected off-target binding was

the result of a single TALE (TALE D) rec-

ognizing sites with an identical GC-rich

motif at the 3′ end of the target sequence

(Fig. 4).

To determine if off-target binding

was leading to changes in gene expres-

sion that were not detectable by the ge-

nome-wide RNA-seq analysis (Fig. 2), we

determined the nearest transcriptional

start site to each of the off-target ChIP-

seq peaks (Supplemental Tables 12–15).

We then compared per-gene mean ex-

pression values for these genes, deter-

mined by RNA-seq, between control

and treated conditions by ANOVA

(Supplemental Fig. 3). No significant

trend with respect to treatment was ob-

served. Furthermore, we measured the

expression of eight of these genes in a tar-

geted manner by the more sensitive qRT-

PCR method and did not observe any in-

creases in expression following treat-

ment with the transcriptional activators

(Supplemental Fig. 4). These data, considered together with the

low number of ChIP-seq off-target sites (Fig. 3; Supplemental

Tables 8–11), the need for multiple TALEs or gRNAs to bind in

the same region to effectively alter gene expression (Fig. 1), and

our previous observation that genes neighboring IL1RN were not

affected by IL1RN-targeted TALE-VP64s (Perez-Pinera et al.

2013b), collectively provide strong evidence of highly specific

gene regulation with undetectable changes in gene expression

caused by off-target DNA binding.

We have previously shown that TALE-VP64 and dCas9-VP64

can effectively activate endogenous gene promoters located in

closed chromatin (Perez-Pinera et al. 2013a,b), in contrast to previ-

ous strategies that focused on targeting open chromatin (Liu et al.

2001; Maeder et al. 2013b,c). To determine whether TALE-VP64

and dCas9-VP64 remodel chromatin structure when activating si-

lenced genes in heterochromatin, we performed DNase-seq to as-

sess genome-wide DNase I hypersensitivity before and after

treatment with TALE-VP64 and dCas9-VP64. Compared to cells

treated with control plasmid, we detected a substantial increase

in chromatin accessibility at the HBG1 and HBG2 promoters fol-

lowing transfection with combinations of plasmids encoding ei-

ther the TALE-VP64s or dCas9-VP64 with gRNAs targeting these

A B

Figure 4. Characterization of dCas9-VP64 and TALE-VP64 off-target binding sites. (A) De novo motif
detection was used to identify gRNAs and TALEs responsible for identified off-target binding sites. For
dCas9-VP64 targeted with gRNAs, motifs matching two of the IL1RN gRNAs and one of the HBG1/2
gRNAs were identified in the respective binding sites identified with ChIP-seq. For TALE-VP64, no motifs
matching the IL1RN TALEs were identified, and one motif matching a HBG1/2 TALE-VP64 was identified.
(B) For each off-target binding site identified by ChIP-seq, we performed an unbiased search for sequenc-
es that resemble the intended target sequences of each of the gRNAs or TALE identified in A. For this anal-
ysis, we considered every possible binding sequence in the called ChIP-seq peak. For dCas9-VP64, we
required each possible binding sequence to be followed by the “NGG” PAM sequence. For TALE-
VP64, every position in the called binding site was used. Next, for each of the three gRNAs or TALEs iden-
tified in A, we aligned the intended target sequence to that of every possible binding sequence, and the
sequencewith themostmatching nucleotides in each binding site was retained. DNA sequence similarity
to the target sequence at the matched sites was then plotted as a function of the position in the target
sequences. For the three gRNAs investigated, a statistically significant trend toward more similarity at the
3′ end of the gRNA sequence was identified, indicating that the 3′ end of the gRNA is more influential in
guiding dCas9-VP64 binding. In contrast, the weak 3′ trend observed for TALE D binding is likely an ar-
tifact of low sequence complexity in the 3′ end of the target sequence.
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sites (Fig. 5A). We detected a similar increase in chromatin accessi-

bility at the IL1RN promoter when using either the TALE-VP64s or

dCas9-VP64 with gRNAs targeting this site. When focusing on the

300 bp surrounding the HBG1 promoter, we observed an increase

in normalized DNase-seq cut counts for both TALE-VP64 and

dCas9-VP64 targeting the HBG1 promoter (Fig. 5B). We find

the same trend for the TALE-VP64 and dCas9-VP64 targeting the

IL1RN promoter. Surprisingly, we see the same chromatin re-

modeling when using either TALEs or dCas9 without the VP64 ac-

tivation domains, indicating that the changes in chromatin

accessibility are not dependent on VP64 and are instead induced

by the TALE and dCas9 binding to their target sites (Fig. 5). We

find a similar degree of chromatin accessibility changes with

TALE or dCas9, indicating that one method is not superior at re-

configuring nucleosome positioning.

To examine the genome-wide specificity of the chromatin re-

modeling by these proteins, we compared the DNase I hypersensi-

tive sites in samples treated with IL1RN-targeted TALEs, with and

without VP64, to samples treated with HBG1/2-targeted TALEs

with andwithoutVP64 (Fig. 6A).We also performed a similar com-

parison of dCas9 ± VP64 and gRNAs targeted to both genes (Fig.

6B). Although theoverallmagnitude in change inDNase-seq signal

was relatively low (Fig. 5), consistent with the observed moderate

levels ofRNA-seq signal (Fig. 3; Perez-Pinera et al. 2013a), the results

collectively show specific changes in chromatin accessibility at the

IL1RN and HBG1/2 promoters in the expected directions. Assess-

ment of each of the eight treatment conditions individually com-

pared to control similarly showed that the change in DNase

hypersensitivity at the target site was one of the most significant

across the genome (Supplemental Figs. 5, 6), including the top

site for 2/8 conditions, in the top 10 sites in 5/8 conditions, and

in the top 70 sites for 7/8 conditions (Supplemental Tables 16–23).

Wenext tested if off-target changes in chromatin accessibility

were associated with changes in expression of nearby genes. Using

the same RefSeq annotations used for our RNA-seq analysis, we

determined the nearest transcriptional start site for each of the

most significant 100 changes in DNase hypersensitivity following

treatment with the TALE-VP64s or dCas9-VP64 targeted to IL1RN

or HBG1/2 (Supplemental Tables 24–27). There was no significant

overall trend in changes in expression of these genes with

TALE-VP64 or dCas9-VP64 treatment compared to control (Sup-

plemental Fig. 7). This analysis indicates that any rare off-target

changes to chromatin structure generated by TALE-VP64 or

dCas9-VP64 do not have significant effects on gene expression.

We next explored whether the off-target TALE-VP64 and

dCas9-VP64 binding sites detected by ChIP-seq displayed any sig-

nificant changes in chromatin accessibility. For each of the ChIP-

seq off-target sites shown in Figure 4, we compared DNase-seq sig-

nal (Supplemental Tables 28–31) from the control cells treated

with empty expression plasmid to cells treated with TALE-VP64s

targeted to IL1RN (Fig. 6C) and HBG1/2 (Fig. 6E), and dCas9-

VP64 targeted to IL1RN (Fig. 6D) and HBG1/2 (Fig. 6F). Notably,

there were no significant changes to DNase-seq signal at any

ChIP-seq off-target binding sites, further corroborating the specif-

icity of these tools for transcriptional regulation and indicating

that these off-target ChIP-seq sites are not responsible for any de-

tected changes in chromatin accessibility.

We also performed motif analyses to search for subsequences

of the gRNAor TALE target sequences in regions of off-target differ-

ential DNase I hypersensitive sites. We did not identify any such

motifs using the same approach of de novo motif detection that

was successfully used to identify enriched motifs in the ChIP-seq

data set.We also did not observe any evidence for enriched similar-

ity to the 3′ end of gRNA target sequences. Collectively these
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Figure 5. Chromatin accessibility changes induced by both TALEs and dCas9. HEK293T cells were transfected with expression plasmids for TALEs ± VP64
and gRNAs with dCas9 ± VP64 targeted to either the HBG1/2 promoter or the IL1RN promoter. (A) Representative DNase-seq data surrounding each pro-
moter (highlighted in box) show increased chromatin accessibility at the promoter to which the TALEs and dCas9 are targeted, but not at the other pro-
moter. (B) Normalized DNase-seq cut counts within a 300-bp window surrounding each promoter are shown (mean ± SEM, n = 4–6) (Supplemental Table
32). P-values are shown compared to the control sample (Tukey’s test).
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results suggest that the off-target changes to chromatin structure

(Fig. 6A,B) were unrelated to TALE or dCas9 activity, and these ge-

nome engineering tools are highly specific.

Discussion

Understanding the specificity of genome engineering tools is crit-

ical to interpreting results from experiments that intend to mea-

sure the effect of only one particular genomic alteration and also

to designing therapies targeted to specific genes without causing

unwanted side effects. Previous studies of the specificity of TALE-

and CRISPR/Cas9-based genome engineering technologies have

largely relied on predictive methods, using bioinformatic algo-

rithms (Hockemeyer et al. 2011; Fu et al. 2013; Hsu et al. 2013;

Cho et al. 2014; Fine et al. 2014), assays of purified protein activity

in vitro (Pattanayak et al. 2013; Guilinger

et al. 2014), and/or reporter assays (Mali

et al. 2013a) to inform the selection of

off-target sites for direct interrogation.

Recently developed methods for unbi-

ased genome-wide specificity analysis

are dependent on nuclease activity and

therefore cannot directly assess the spe-

cificity of gene regulation tools (Frock

et al. 2015; Kim et al. 2015; Tsai et al.

2015; Wang et al. 2015). However, other

recent studies have used ChIP-seq to

directly characterize off-target binding

of TALEs or dCas9/gRNAs without nucle-

ase function in mammalian genomes

(Mendenhall et al. 2013; Duan et al.

2014; Kuscu et al. 2014; Wu et al. 2014;

O’Geen et al. 2015). ChIP-seq has the

benefit of agnostic identification of tar-

get sites within the cells’ genomes.

Interestingly, the results between each

of these studies and ours vary. For the

TALE study, only one target sitewas iden-

tified with no off-target sites (Menden-

hall et al. 2013). For the dCas9 studies,

hundreds or thousands of off-target

binding sites were found for some of

the gRNAs, whereas others had as few as

26 off-target sites (Kuscu et al. 2014;

Wu et al. 2014). In contrast, we report be-

tween four and 31 off-target sites for both

TALE-VP64 and dCas9-VP64 (Fig. 3).

Importantly, our experiments were per-

formed with pools of four TALE-VP64s

and gRNAs, and we showed that some

of these individual molecules contribut-

ed more to the total number of off-target

binding sites than others (Fig. 4). There

aremany differences in the experimental

design of these three studies, including

cell type, species, expression system, epi-

tope tag used for ChIP-seq, and whether

an effector domain (e.g., VP64) was

used. ChIP-seq data analysis also varied,

including sequencing depth, filtering,

peak calling algorithms, and the require-

ment for reproducibility across biological

replicates. Regardless, the conclusion from the collective results of

all these studies is that both highly specific and highly promiscu-

ous TALEs and gRNAs can be readily identified.

By comparing across eight TALEs and eight gRNAs, our results

suggest that these two technologies have similar ranges of genome-

wide specificity, which may contribute to alleviating early

concerns that CRISPR/Cas9 may be significantly less specific than

TALEs or other genome engineering technologies. Importantly,

the CRISPR/Cas9 system is generally easier to use compared to oth-

er technologies, and it is also easier to findoff-target sites for the 20-

bpgRNA target site compared to theTALENdimer that requires two

DNA-binding events flanking a spacer of variable length for a total

of 30–45 bpof targeted sequence. Thismayexplainwhy the off-tar-

get activity of CRISPR/Cas9 originally gained considerably more

attention despite studies clearly showing the potential for off-

Figure 6. Global characterization of changes to chromatin accessibility. (A) Scatter plot of DNase-seq
data comparing samples treated with TALEs, with and without VP64, targeted to IL1RN versus HBG1/2.
Each dot represents a DNase I hypersensitive site analyzed by DESeq. IL1RN and HBG1/2 display the ex-
pected opposite differences in chromatin accessibility. Nominal P-values for each target site are indicated.
(B) Similar scatter plot as A, but for DNase-seq data from IL1RN-targeted dCas9 ± VP64 versus HBG1/2-
targeted dCas9 ± VP64. The individual comparisons of all eight treatments compared to control are pre-
sented in Supplemental Figures 5, 6; and the top 100 differential DHS sites for each treatment are pro-
vided in Supplemental Tables 16–23. (C–F) DNase-seq signal for target (red circles) and off-target ChIP-
seq sites (black circles). For each off-target ChIP-seq site, normalized DNase-seq signal from IL1RN-target-
ed TALE-VP64 (C), IL1RN-targeted dCas9-VP64 (D), HBG1/2-targeted TALE-VP64s (E), and HBG1/2-tar-
geted dCas9-VP64 (F ) was compared to normalized DNase-seq signal from control cells transfected
with empty plasmid.
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target TALE binding and TALEN activity (Hockemeyer et al. 2011;

Osborn et al. 2013; Fine et al. 2014; Guilinger et al. 2014).

Notably, both technologies showed similar exceptional levels of

specificity of gene activation by RNA-seq (Fig. 2; Perez-Pinera

et al. 2013a), suggesting that for some applications, these off-target

eventsmay be inconsequential, similar to the observation that off-

target binding by the Cas9 nuclease frequently does not typically

lead to detectable gene editing (Mendenhall et al. 2013; Duan

et al. 2014; Kuscu et al. 2014; Wu et al. 2014; O’Geen et al. 2015).

The high level of sequence identity in the off-target sites to the

on-target sequence (Fig. 4), consistent with other ChIP-seq data

for dCas9 (Mendenhall et al. 2013; Duan et al. 2014; Kuscu et al.

2014; Wu et al. 2014; O’Geen et al. 2015), provides support that

these are indeed real interactions. However, many of these sites

may represent low affinity, short-lived interactions that occur

as these proteins search the genome for their perfect target se-

quence (Sternberg et al. 2014), which is consistent with our ob-

servation that the strongest ChIP-seq signal typically is at the

intended target site (Fig. 3). If future studies were to identify func-

tionaloff-target effectsof theTALE- anddCas9-based transcription-

al regulators, theymaybe lessenedbydecreasing the concentration

of these proteins inside cells, as has been done for the correspond-

ing nucleases to decrease off-target DNA binding and gene editing

(Fu et al. 2013;Hsu et al. 2013;Wu et al. 2014). Additionally,meth-

ods for inducible control of these activators have also been devel-

oped (Mercer et al. 2014; Polstein and Gersbach 2015; Zetsche

et al. 2015).

Interestingly, the ChIP-seq signalwas substantially greater for

dCas9-VP64 compared to TALE-VP64 for both targets (Fig. 3), de-

spite gene activation by TALE-VP64 being much greater. One po-

tential explanation is that the dissociation of genomic DNA

caused by gRNA hybridization leads to disruption of the local

DNA conformation and inhibits the action of endogenous tran-

scription factors and regulatory machinery. Although the obser-

vation that TALE-VP64 activates genes to a greater extent than

dCas9-VP64 has been consistent across several studies and labora-

tories (Maeder et al. 2013b; Perez-Pinera et al. 2013a; Gao et al.

2014), next generation dCas9-based activator platforms are under

development with more robust activity (Chakraborty et al. 2014;

Gao et al. 2014; Gilbert et al. 2014; Kabadi et al. 2014; Tanenbaum

et al. 2014; Chavez et al. 2015; Hilton et al. 2015; Konermann et al.

2015).

A unique aspect of our study is the observation that both

TALEs and dCas9 can be targeted to promoters located in hetero-

chromatin, and the chromatin structure at these target sites is

relaxed in response to TALE and dCas9 binding (Fig. 5). The chang-

es toDNase I hypersensitivityweremodest, consistentwithmoder-

ate overall levels of expression of the target gene (Fig. 3). It has

previously been shown that TALE-VP64- and dCas9-VP64-mediat-

ed gene activation leads to targeted changes in histone modifi-

cation (Gao et al. 2013, 2014), but the development of strategies

for more robust changes to chromatin structure, including the tar-

geted recruitment of histone modifying enzymes (Konermann

et al. 2013; Mendenhall et al. 2013; Hilton et al. 2015; Kearns

et al. 2015), is an important area of future investigation. This is

also supported by observations that TALE-mediated gene activa-

tion is facilitatedby treatmentwith inhibitors ofDNAmethyltrans-

ferasesorhistonedeacetylases in somecases (Bultmannet al. 2012).

Typical strategies for activating genes with engineered tran-

scription factors have focused on targeting DNase I hypersensitive

sites (Liu et al. 2001; Maeder et al. 2013b,c). This is also consistent

with the observation that off-target dCas9 binding is enriched in

open chromatin (Mendenhall et al. 2013; Duan et al. 2014;

Kuscu et al. 2014; Wu et al. 2014; O’Geen et al. 2015). However,

our results show that targeting strategies do not need to be limited

by this restriction, and TALEs and dCas9 may act as pioneer tran-

scription factors with the capacity to activate tightly repressed

genes. Surprisingly, chromatin remodeling by these proteins also

occurred in response to TALEs and dCas9 without VP64 (Fig. 5), al-

though they were not able to induce activation of the target genes

(Fig. 1C). This represents a potential approach to decouple chro-

matin state and transactivation for fundamental studies of gene

regulation.

New methods for improving the specificity of DNA binding

by TALE- and CRISPR/Cas9-based tools are rapidly developing

(Cho et al. 2014; Fu et al. 2014; Guilinger et al. 2014), and systems

with new properties are being engineered (Esvelt et al. 2013). This

study provides an outline for unbiased determination of the ge-

nome-wide effects of these technologies in the context of tran-

scriptional regulation that will be critical to their advancement

in research, medicine, and biotechnology.

Methods

Cell culture and plasmid transfection

HEK293T cells were obtained from the American Tissue Collection

Center (ATCC) through the Duke University Cancer Center

Facilities and were maintained in DMEM supplemented with

10% fetal bovine serum and 1% penicillin/streptomycin at 37°C

with 5% CO2. HEK293T cells were transfected with Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instructions.

Transfection efficiencies were routinely >95% as determined by

fluorescence microscopy following delivery of a control eGFP

expression plasmid. All samples for all assays were harvested at 3

d post-transfection. The dCas9-VP64 expression plasmid was

transfected at a mass ratio of 3:1 to either the individual gRNA ex-

pression plasmids or the identical amount of gRNA expression

plasmid consisting of amixture of equal amounts of combinations

of gRNAs. The expression plasmids for TALE-VP64 (Perez-Pinera

et al. 2013b) and dCas9-VP64 and gRNAs (Perez-Pinera et al.

2013a) have been previously described, with the exception that

TALE-VP64 expression cassettes targeted to HBG1/2 were driven

by the human ubiquitin C promoter. TALE and gRNA target se-

quences are provided in Supplemental Table 1. TALEs targeted to

the HBG1/2 promoter were designed using TALE-NT 2.0 (Doyle

et al. 2012) and assembled using the GoldenGate kit (Cermak

et al. 2011) acquired through Addgene as described previously

(Perez-Pinera et al. 2013b).

qRT-PCR

Total RNA was isolated using the RNeasy Plus RNA isolation kit

(Qiagen). cDNA synthesis was performed using the SuperScript

VILO cDNA Synthesis Kit (Invitrogen). Real-time PCR using

PerfeCTa SYBR Green FastMix was performed with the CFX96

Real-Time PCR Detection System (Bio-Rad). Primer specificity

was confirmed by agarose gel electrophoresis and melting curve

analysis. Reaction efficiencies over the appropriate dynamic range

were calculated to ensure linearity of the standard curve. Primer se-

quences and representative standard curves for IL1RN andHBG1/2

have been published previously (Perez-Pinera et al. 2013a). The re-

sults are expressed as fold-increasemRNA expression of the gene of

interest normalized to GAPDH expression and relative to control

cells transfected with an equivalent amount of empty expression
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plasmid by the ΔΔCT method. Reported values are the mean and

standard error of the mean from two independent experiments

performed with biological duplicates on different days (n = 4).

Statistical analysis was performed by Tukey’s test with alpha equal

to 0.05 in JMP 10 Pro using log-transformed data to make the var-

iance independent of the mean.

ChIP-seq

ChIP-seq was performed in biological triplicates, where a biologi-

cal replicate was defined as an independent plate of HEK293T cells

transfected on a different day. For each replicate of each condition,

ChIP-seq was performed as described previously (Johnson et al.

2007; Reddy et al. 2012). Briefly, for each assay, 20 × 106 transfect-

ed HEK293T cells were fixed for 10 min with 1% formaldehyde at

room temperature. After quenching the reaction with excess gly-

cine for 5 min, cells were lysed using a solution of 5 mM PIPES,

pH 8.0, 85 mM KCl, 0.5% Nonidet P-40, and a protease inhibitor

mixture (Roche). The lysate was centrifuged at 300g for 5 min at

4°C to collect the intact nuclei. Nuclei were then lysed in RIPA

buffer (1× PBS pH 7.4, 1% Nonidet P-40, 0.5% sodium deoxycho-

late, 0.1% SDS, Roche protease inhibitor cocktail), and the chro-

matin was sonicated using a Diagenode sonicator. Chromatin

was immunoprecipitated using amousemonoclonal antibody tar-

geting the HA tag in dCas9-VP64 or TALE-VP64 proteins (Covance

#MMS-101P). After elution, formaldehyde crosslinkswere reversed

by overnight heating at 65°C, and DNA fragments were purified

using a spin column. DNA was then prepared for Illumina high-

throughput sequencing using the NEBNext Ultra kit (New

England Biolabs #E7370).

In total, 15 ChIP-seq libraries were used in this study. The li-

braries consisted of three replicates each of five different transfec-

tions: dCas9-VP64 + IL1RN gRNAs, dCas9-VP64 +HBG1/2 gRNAs,

TALE-VP64 targeting IL1RN, TALE-VP64 targeting HBG1/2, and

empty plasmid. Libraries were sequenced to between 7.7 million

and 43 million total reads, and aligned to the hg19 version of

the human genome using Bowtie (Langmead et al. 2009) with

the “–best” parameter. After alignment, duplicate reads were re-

moved using the SAMtools “rmdup” function. Binding sites were

called in each replicate using MACS version 1.4 and relative to a

pooled background library consisting of all three ChIP-seq repli-

cates in the cells transfected with empty expression plasmid.

Because few off-target sites were identified, we forced MACS to

use a shift size between reads aligning to the positive and negative

strand of 65 bp rather than trying to build a model de novo. In

practice, we did not identify substantial differences between the

two approaches. We then identified binding sites that were re-

producible across replicates by requiring a pairwise irreproducible

discovery rate (IDR) (Landt et al. 2012) <5%. Sites that were repro-

ducible in any pair of replicates were merged into a single list and

filtered to remove binding sites identified by the ENCODE

Project as likely false positives (i.e., blacklist regions) (Landt et al.

2012). The remaining regions are all of the points (black and red)

in Figure 3A–D.

As an additional filter to ensure high-quality binding site

calls, we required a statistically significant increase in ChIP-seq

signal with dCas9-VP64 or TALE-VP64 relative to empty plasmid-

transfected controls according to DESeq (Anders and Huber

2010). To perform that analysis, we counted the number of reads

aligned to each candidate binding site in each ChIP-seq replicate

for the relevant treatment and for the control. We then calculated

read depth normalization coefficients across all binding sites and

used those coefficients to normalize read depth as described previ-

ously (Anders and Huber 2010). We then used DESeq to estimate

dispersions locally across the pooled counts and then estimated

the probability of a greater-than-observed change in read depth

between treatment and control (i.e., P-values). Finally, a false dis-

covery rate (FDR) was calculated for each site (Benjamini and

Hochberg 1995). We considered binding sites with an FDR < 0.1%

as our positive set, which are shown as red points in Figure 3A–D.

RNA-seq

RNA-seq libraries were constructed as previously described (Gertz

et al. 2012). At 3 d post-transfection, HEK293T cells were lysed us-

ing Qiagen RLT-plus buffer with 1% beta-mercaptoethanol. Total

RNA was collected using Qiagen RNeasy Plus mini columns in-

cluding the on-column DNase digestion. Poly-A+ mRNA was iso-

lated from total RNA using a double selection with oligo-dT

Dynabeads (Invitrogen), and cDNA was synthesized using the

SuperScript VILO cDNA Synthesis Kit (Invitrogen). Second-strand

synthesis was performed using E. coli DNA polymerase I with ran-

dom hexamer primers (New England Biolabs). Double-stranded

cDNA was then collected using Agencourt AMPure XP beads

(Beckman Coulter). The Nextera EZ-TN5 transposase was used to

simultaneously fragment and insert sequencing primers into the

double-stranded cDNA. After 5min at 55°C, the transposition reac-

tions were halted using Qiagen QG buffer. The fragmented cDNA

was then purified using AMPure XP beads. Indexed Illumina high-

throughput sequencing libraries were generated by six cycles of

PCR. Libraries were constructed for three biological replicates of

each condition, for a total of nine libraries.

Libraries were sequenced using 50-bp single-end reads on a

single lane of an Illumina HiSeq 2000 instrument. For each trans-

fection condition, reads from the two replicates with the lowest se-

quencing depth were pooled into a single file, thus creating six

data sets with duplicates of each condition. Each data set con-

tained between 9.5 million and 19.6 million reads. Reads were

then aligned to human RefSeq transcripts using Bowtie using the

“–best” parameter (Langmead et al. 2009). The statistical signifi-

cance of differential expression, including correction for multiple

hypothesis testing, was calculated using DESeq2 (Love et al. 2014).

DNase-seq

DNase-seq libraries were constructed as previously described (Song

and Crawford 2010) with the one exception of adding a 5′ phos-

phate to linker 1 to increase ligation efficiency. Barcoded DNase-

seq libraries were sequenced on an Illumina HiSeq 2000, with

four barcodes per lane. Replicate number for each treatment and

read depth for each sample are provided in Supplemental Table

32. Reads were aligned to human RefSeq using BWA (Li and

Durbin 2010), and DNase peaks were called using MACS version

2 (Zhang et al. 2008). For the samples transfected with TALE-

VP64 targeted to HBG1/2, DNase peaks aligning to the human

ubiquitin C promoter were removed manually. Genome-wide sta-

tistical significance of differential chromatin accessibility was cal-

culated using DESeq (Anders and Huber 2010).

To identify differential DHS sites, peaks with FDR <0.01 called

by MACS version 2 were identified from each sample and used to

generate a union set of DNase HS sites across all samples being

compared. From the union set, any DNase HS sites larger than

300 bases were divided into 300-base windows that overlap by

100 bases (Fig. 6A,B). The one exception to this was when compar-

ing each treatment versus control (Supplemental Figs. 5, 6), in
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which whole DHS regions from the union set were used. We en-

sured that the promoter target regions of the HBG1, HBG2, and

IL1RN genes were included in the differential chromatin analysis.

Raw DNase-seq cut counts for each DNase HS site from each repli-

cate were analyzed by DESeq (Anders and Huber 2010). Genome-

wide significance of differential DNase-seq data between experi-

mental conditions (e.g., HBG1 TALE-targeted lines versus IL1RN

TALE-targeted lines) was shown by nominal P-value calculated

by negative binomial distribution, as previously described (Anders

and Huber 2010). To make pairwise comparisons of DNase cut

counts at the target locus between samples, normalized DNase-

seq cut counts within 300-bp windows surrounding the gRNA or

TALE binding sites were compared by Tukey’s test with α equal

to 0.05 in JMP 10 Pro. Similarly, to directly compare DNase-seq sig-

nal for the target and all off-target ChIP-seq sites, we extracted raw

DNase-seq cut count data from each relevant library that was nor-

malized by the number of total sequences for each library.

De novo DNA-binding motif detection

To identify DNA motifs enriched in sets of binding sites, we used

the online MEME software using default parameters and using a

range of window sizes (Bailey and Elkan 1994). We limited each

binding site identified with ChIP-seq to the 300 bp flanking the

predicted point of maximal signal. We then searched for motifs

ranging from 4 to 23 bp in length within those binding sites.

The 23-bp upper bound is sufficient to recognize the full 20-bp

gRNA sequence followed by the 3-bp PAM.We reported five candi-

date motifs per search. We manually assigned detected motifs to

gRNA or TALE target sequences based on sequence similarity.

Data access

The ChIP-seq, RNA-seq, and DNase-seq data from this study

have been submitted to the NCBI Gene Expression Omnibus

(GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession num-

bers GSE57085, GSE68341, and GSE67007.
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