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SUMMARY

Developing technologies for efficient and scalable
disruption of gene expression will provide power-
ful tools for studying gene function, develop-
mental pathways, and disease mechanisms. Here,
we develop clustered regularly interspaced short
palindromic repeat interference (CRISPRi) to repress
gene expression in human induced pluripotent stem
cells (iPSCs). CRISPRi, inwhich a doxycycline-induc-
ible deactivated Cas9 is fused to a KRAB repression
domain, can specifically and reversibly inhibit gene
expression in iPSCs and iPSC-derived cardiac pro-
genitors, cardiomyocytes, and T lymphocytes. This
gene repression system is tunable and has the poten-
tial to silence single alleles. Compared with CRISPR
nuclease (CRISPRn), CRISPRi gene repression is
more efficient and homogenous across cell popula-
tions. The CRISPRi system in iPSCs provides a
powerful platform to perform genome-scale screens
in a wide range of iPSC-derived cell types, dissect
developmental pathways, and model disease.

INTRODUCTION

To understand the biological roles of genes in development and

disease, we must decipher the relationships between genotype

and phenotype. Until recently, RNAi has been the most

commonly used loss-of-function tool to study human biology

(Boettcher and McManus, 2015). However, RNAi suffers from

off-target effects and incomplete silencing of the desired gene

(Jackson et al., 2003; Kim et al., 2013b; Krueger et al., 2007).
Alternatively, programmable nucleases, such as zinc-finger

nucleases (ZFNs) and transcription activator-like effector nucle-

ases (TALENs), allow more precise gene editing in model organ-

isms, particularly in mammalian and human systems (Gaj et al.,

2013; Kim and Kim, 2014). While ZFNs and TALENs are efficient

tools for targeting single alleles, they cannot be easily used for

library-scale loss-of-function studies.

In 2012, clustered regularly interspaced short palindromic

repeat (CRISPR) technology emerged as a new tool for gene ed-

iting. This technology is a microbial adaptive-immune system

that uses RNA-guided nucleases to recognize and cleave foreign

genetic elements (Doudna and Charpentier, 2014; Wiedenheft

et al., 2012). The recently engineered CRISPR/Cas9 system con-

sists of two components: a single-chimeric guide RNA (gRNA)

that provides target specificity and aCRISPR-associated protein

(Cas9) that acts as a helicase and a nuclease to unwind and cut

the target DNA (Cong et al., 2013; Mali et al., 2013). In this sys-

tem, the only restriction for targeting a specific locus is the pro-

tospacer adjacent motif (PAM) sequence (‘‘NGG’’ in the case of

SpCas9) (Doudna and Charpentier, 2014).

CRISPR nuclease (CRISPRn) has been used for genome-scale

screens to identify essential genes for cell viability in cancer and

embryonic stem cells (Shalem et al., 2014) and human leukemic

cell lines (Wang et al., 2014, 2015). However, CRISPRn may not

be the most robust system for loss-of-function studies, because

it is limited by the number of cells within a population that do not

produce knockoutphenotypes (González et al., 2014). In addition,

partial loss- or gain-of-function phenotypes can be generated by

Cas9-induced in-frame insertion/deletions (INDELs) and hypo-

morphic alleles (Shi et al., 2015), which can obscure the readout.

The nuclease deactivated version of Cas9 (dCas9) blocks

transcription in prokaryotic and eukaryotic cells (known as

CRISPR interference; CRISPRi) (Qi et al., 2013). More recently,

dCas9 was fused to the Krüppel-associated box (KRAB)

repression domain to generate dCas9-KRAB, producing a
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more efficient transcriptional interference (Gilbert et al., 2013,

2014; Kearns et al., 2014). To further this effort, we aimed to

use CRISPRi technology to efficiently repress genes to study

early differentiation and model disease with human induced

pluripotent stem cells (iPSCs) (Takahashi et al., 2007).

iPSCs are well suited to study early embryonic development

and disease since they can produce different functional cell

types in vitro (Sterneckert et al., 2014). Early embryonic develop-

ment consists of a series of accurately timed events that affect

gene activation and repression (Bolouri and Davidson, 2003).

Therefore, precisely regulating the timing and dosage of

transcription factors critically affects embryonic development

(McFadden et al., 2005; Takeuchi et al., 2011), and dysregulation

in the timing and dosage of transcripts can lead to disease devel-

opment (Theodoris et al., 2015). In this study, we compared

inducible CRISPR systems for gene knockout (using Cas9) or

knockdown (using dCas9-KRAB) to enable temporal control of

loss-of-function phenotypes in iPSCs and differentiated cell

types.

RESULTS

Generation of CRISPRi and CRISPRn iPSC Lines
For loss-of-function studies, we independently derived multiple

stable CRISPRi and CRISPRn human iPSC clones in two genetic

backgrounds: wild-type B (WTB) and wild-type C (WTC)

(Miyaoka et al., 2014). In separate targeting events, the CRISPRi

and CRISPRn constructs (see Supplemental Experimental Pro-

cedures) were integrated into the AAVS1 locus of WTB and

WTC iPSCs using a TALEN-assisted gene-trap approach (Fig-

ures 1A, 1B, and S1). Transgenes integrated at the AAVS1 locus

remain transcriptionally active in both iPSCs and differentiated

cell types (Hockemeyer et al., 2011; Lombardo et al., 2011).

We generated several different versions of the CRISPRi system

that are either inducible or constitutive; the inducible CRISPRi

(Gen1 and Gen2) clones express dCas9-KRAB (KRAB domain

fused at the N terminus) from the inducible TetO promoter, while

the constitutive CRISPRi clones (Gen3) express dCas9-KRAB

under the constitutively active CAG promoter. The CRISPRn

(Gen1) clones express Cas9 under the inducible TetO promoter

(Figure S1).

The average efficiency of forming stable clones was�350 col-

onies per million iPSCs transfected with AAVS1 TALENs and

donor plasmid (data not shown). From each condition, multiple

independent colonies were isolated and expanded. A subset of

the stable colonies from each targeting vector was screened

using junction PCR. Two putative colonies from each targeting

event were further characterized by stably introducing an

OCT4-specific gRNA and performing knockdown or knockout

assays with immunofluorescence and western blot analysis. All

putative CRISPRi clones containing an OCT4-specific gRNA

showed efficient knockdown (>95%) of OCT4 in bulk popula-

tions, while a significant fraction of the CRISPRn cells remained

OCT4 positive (�30%–40%) in bulk populations containing

OCT4-specific gRNA (Figure S1). One clone each from CRISPRi

and CRISPRn (Gen1 lines in the WTC genetic background) were

subsequently used as lead clones for further studies.

To enable non-invasive and high-throughput phenotypic anal-

ysis in iPSC-derived cardiomyocytes (iPS-CMs), we performed
542 Cell Stem Cell 18, 541–553, April 7, 2016 ª2016 Elsevier Inc.
a second targeting event that introduced the green fluorescent

calcium-modulated protein 6 fast type (GCaMP) calcium sensor

(Chen et al., 2013) into the other AAVS1 locus of the CRISPRi

cell line. The GCaMP transgene is driven off the strong, constitu-

tive CAG promoter (Figure S1). We found that CRISPRi iPSCs

could differentiate into iPS-CMs, so that we could measure cal-

cium transientsbasedon theGCaMP-fluorescent intensity (Movie

S1) (Huebsch et al., 2015). Lead CRISPRi and CRISPRn iPSCs

were karyotypically normal (Figures S2A and S2B) and expressed

pluripotency markers, as expected (Figures S2C and S2D).

RNA-sequencing (RNA-seq) analysis indicated that expres-

sion of dCas9-KRAB or Cas9 was undetectable in the absence

of doxycycline, and addition of doxycycline without any gRNA

resulted in robust selective induction of dCas9-KRAB or Cas9,

while the rest of the transcriptome remained virtually unchanged

(Figures S2E and S2F). Furthermore, the RNA-seq data suggest

that the addition of the KRAB domain has no detectable off-

target effects when compared to expression of Cas9 alone.

Remarkably the one gene that appeared to be upregulated

upon doxycycline induction (without gRNA) was the same gene

(Vimentin; VIM) for both CRISPRi and CRISPRn cells (Figures

S2E and S2F). Since the same gene is upregulated for CRISPRi

and CRISPRn cells, we suspect it may represent an off-target

activity of the doxycycline-induced transactivator. Importantly,

our experiments suggest that the expression of dCas9-KRAB

alone has no additional effects on gene expression.

We also expressed dCas9-KRAB and Cas9 by continuously

culturing CRISPRi and CRISPRn lines with doxycycline for

3 weeks (four passages). With this long-term treatment, we

observed no cytotoxicity, decrease in proliferation, or change

in morphology in these cells (Figures S2G and S2H). Using a

droplet digital PCR (ddPCR)-based copy-number assay, we

measured the number of integration events (Figure S2I). We

further validated on-target integration sites on the lead CRISPRi

and CRISPRn clones with junction PCR (Figure S2J) and verified

their sequences (data not shown).

To further ensure there was no leaky expression of the single

doxycycline-inducible vector, we measured the protein levels

of dCas9-KRAB and Cas9 in iPSCs. With immunostaining, flow

cytometry and western blots did not detect dCas9-KRAB or

Cas9 protein without doxycycline in either CRISPRi or CRISPRn

iPSCs, indicating that the TetO promoter has high fidelity in the

AAVS1 locus. After doxycycline treatment, all cells in the

CRISPRi and CRISPRn lines expressed dCas9-KRAB or Cas9

within 48 hr, respectively (Figures 1C–1H). dCas9-KRAB and

Cas9 were expressed at similar levels after induction, and both

proteins rapidly degraded after removing doxycycline (Figures

1F, 1H, and S2K). These data showed that dCas9-KRAB and

Cas9 expression could be tightly regulated with the TetO pro-

moter, which would support studies that rely on precisely timing

gene knockdown or knockout.

Comparison of Loss of Function between CRISPRi and
CRISPRn
To compare CRISPRi and CRISPRn for loss-of-function studies,

we designed a gRNA that targets the first exon of NANOG,

a transcription factor necessary for maintaining the pluripotency

network. We selected NANOG as our first target gene because

its deficiency is sufficient to give an immediate readout, as
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Figure 1. Generation and Characterization of Inducible CRISPRi and CRISPRn iPSCs

(A and B) Schematic overview of the strategy for TALEN-mediated targeting to the AAVS1 locus to generate the CRISPRi and CRISPRn iPSC lines. The

doxycycline-controlled reverse transcriptional activator (rtTA) is driven by a strong constitutive promoter (CAG). The third-generation doxycycline-response

element (TRE3G) drives transcription of either Cas9 (CRISPRn) or dCas9-KRAB-P2A-mCherry (CRISPRi) and is oriented in the opposite direction of the

transactivator to ensure no leaky expression without doxycycline treatment.

(C and D) Immunostaining of CRISPRi and CRISPRn colonies before and after 48 hr of doxycycline treatment with an antibody against Cas9 (green). Nuclei are

stained with DAPI (blue). All nuclei showed expression of dCas9-KRAB or Cas9 after adding doxycycline.

(E and G) Flow cytometry analysis of CRISPRi and CRISPRn iPSC lines before and after 48 hr of doxycycline treatment. Doxycycline treatment of CRISPRi and

CRISPRn produced expression of mCherry and FLAG in all cells, respectively. The doxycycline-untreated sample is plotted in gray.

(F and H) CRISPRi and CRISPRn iPSC lines were treated with doxycycline (2 mM) for 24 hr, which was then removed to measure the protein half-life of dCas9-

KRAB and Cas9. Total protein was extracted from samples and analyzed by western blot with antibodies against Cas9 and GAPDH as a loading control. Both the

CRISPRi and CRISPRn clones express dCas9-KRAB and Cas9 at similar levels after doxycycline treatment, and the half-life of both proteins was�12 hr in iPSCs.

Scale bars, 100 mm.
indicated by a clear loss of pluripotent cell morphology (Hayashi

et al., 2015). In general, Cas9 can disrupt gene function at any

given exon (Doench et al., 2014), while dCas9-KRAB knocks

down gene expression only when gRNAs are targeted to the

transcription start site (TSS) (Gilbert et al., 2014). Hence, for

this comparative study, we used the same gRNA sequence

for both CRISPRi and CRISPRn. Here, we introduced a gRNA

targeting 358 bp downstream of the NANOG TSS (142 bp into

exon 1 of NANOG) into the CRISPRi and CRISPRn clones and

selected subclones (as described in Experimental Procedures).

We then treated multiple independent subclones of CRISPRi

and CRISPRn iPSCs containing the NANOG gRNA-expression

vector (as indicated by mKate2 expression) with doxycycline

(Figure 2).
With CRISPRi, we found that NANOG expression was

completely lost (>99%) in multiple independent iPSC subclones

after doxycycline treatment (Figures 2A, 2C, 2E, S3A, and S3C).

However, with CRISPRn, only 60%–70%of the cells lost NANOG

expression in multiple independent subclones post-doxycycline

induction (Figures 2B, 2D, 2G, S3B, andS3D). Next, we extracted

genomic DNA from NANOG gRNA-containing CRISPRi and

CRISPRn iPSCsandperformed sequence analysis. As expected,

we found that CRISPRi iPSCs did not harbor anymutations in the

NANOG locus pre- or post-doxycycline treatment (Figure 2F).

However, with CRISPRn, after 12–17 days of continuous doxy-

cycline treatment, among the mutated alleles, 30%–50% of

the sequences contained in-frame INDELs at the cut site (a total

of 77 sequenced clones) (Figure 2H).
Cell Stem Cell 18, 541–553, April 7, 2016 ª2016 Elsevier Inc. 543
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Figure 2. Comparison of the Efficiency

of CRISPRi Knockdown and CRISPRn

Knockout

(A and B) Immunostaining of representative (A)

CRISPRi and (B) CRISPRn stable clones, each

containing the same gRNA targeting the first exon

of NANOG (NANOG g+358). After 7 days of doxy-

cycline treatment,NANOG expression (green) was

completely lost in all CRISPRi clones but showed

a variegated pattern of knockout in multiple inde-

pendent CRISPRn clones. The mKate2 signal in-

dicates the presence of the gRNA-expression

vector in all cells within the clone. Nuclei are

counterstained with DAPI.

(C, D, E, and G) Western blot and flow cytometry

analyses of (C and E) CRISPRi and (D and G)

CRISPRn stable clones that contain the same

gRNA against the first exon of NANOG. With

CRISPRi, NANOG expression was uniformly

decreased during doxycycline treatment and did

not increase thereafter; however, with CRISPRn,

the percentage of NANOG-positive cells fluctu-

ated during doxycycline treatment. Even after

12 days of continuous doxycycline treatment,

�30% of the population stained positive for

NANOG.

(F and H) Genomic DNA was extracted from (F)

CRISPRi and (H) CRISPRn stable lines containing

a gRNA against NANOG before and after contin-

uous doxycycline treatment for up to 17 days

and subjected to sequencing. Red, out-of-frame

INDELs; orange, in-frame INDELs; green, non-

mutated alleles. Even after 12–17 days of

continuous doxycycline treatment, 50%–70% of

sequenced alleles from CRISPRn contained no

mutation, and 30%–50% of mutated alleles were

in-frame INDELs. No mutations were observed in

either CRISPRi or CRISPRn without doxycycline,

and the CRISPRi clones did not contain any

mutations after doxycycline treatment. The total

number of sequenced colonies is listed below

each pie graph.

Scale bars, 500 mm.
To further compare CRISPRi with CRISPRn, we targeted

another pluripotency transcription factor, OCT4, with two in-

dependent gRNAs. Similar to our findings with NANOG, OCT4
544 Cell Stem Cell 18, 541–553, April 7, 2016 ª2016 Elsevier Inc.
was completely knocked down in inde-

pendent CRISPRi clones expressing the

gRNA vector after doxycycline treatment

(Figure S3E). In contrast, the attempted

knockout of OCT4 with CRISPRn again

yielded incomplete effects (Figure S3F).

These findings were also replicated in

a completely different iPSC line (WTB

genetic background; CRISPRi Gen1B

and CRISPRn Gen1B) (Figures S1D and

S1F). We analyzed the genomic DNA of

CRISPRn cells after 14 days of contin-

uous doxycycline treatment and found

30%–40% of the mutated alleles had in-

frame INDELs (a total of 91 sequenced

clones) (Figure S3G). These results sug-
gested that, in the context of targeting pluripotency factors,

CRISPRi more rapidly generates loss-of-function phenotypes

in bulk populations than CRISPRn. CRISPRi caused a complete
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Error bar represents SD.
loss of transcript expression and rapid cell differentiation when

targeting NANOG and OCT4 within 5–7 days of knockdown initi-

ation. With CRISPRn, even after �2 weeks of doxycycline treat-

ment, a significant fraction (30%–40%) of the cells remained

NANOG and OCT4 positive and maintained their pluripotency.

Therefore, we focused on using CRISPRi as a loss-of-function

tool in subsequent experiments.

CRISPRi Is Most Effective near the TSS
To further test the efficacy of gRNAs in CRISPRi, we designed

multiple gRNAs that target near the TSS of OCT4. With flow

cytometry assays for OCT4 staining (Figure 3A), we found that

most gRNAs targeting near the TSS (approximately �150 bp
to +150 bp around the TSS in this study) were highly effective at

gene knockdown, but gRNAs targeting significantly (>700 bp)

downstreamof the TSSwere not. This result agreeswith previous

data (Gilbert et al., 2014) and suggests that CRISPRi primarily

blocks transcription at initiation, which reduces the likelihood

of off-target effects from transcript interference elsewhere in

the genome. Following these design criteria, for subsequent

gene targets, we designed gRNAs to target near the TSS.

CRISPRi Efficiently Knocks Down a Broad Range of
Genetic Loci
To test the efficiency of CRISPRi across a broad range of genetic

loci in both iPSCs and differentiating/differentiated cell types, we
Cell Stem Cell 18, 541–553, April 7, 2016 ª2016 Elsevier Inc. 545



designed gRNAs against a total of nine genomic loci. The loci

included core pluripotency transcription factors (OCT4,NANOG,

and SOX2), kinases (ROCK1 andGSK3-b), a cardiacmesoderm-

transcription factor (MESP1), and cardiac disease-associated

genes (BAG3, MYBPC3, and HERG). Except for MESP1 (ex-

pressedonly transiently in cardiacmesodermcells) andMYBPC3

(expressed only in cardiomyocytes), all other genes are ex-

pressed in iPSCs at different levels. We generated populations

of CRISPRi iPSCs containing stably integrated gRNA-expression

constructs. We then cultured these stable polyclones or clonal

populations either with or without doxycycline for at least 7 days.

Three to five gRNAs were designed to target near the TSS of

each gene and initially were tested individually in polyclonal

populations. Approximately half of the tested gRNAs were active

in polyclonal populations with a silencing activity of over 70%

(Figure S4A). We did not observe a difference in the knockdown

efficiency between gRNAs targeting either the template or non-

template strands (Figures 3A, S4A, and S4B). The most active

gRNA-containing polyclonal line was further passaged and

subcloned for more detailed knockdown analysis. Using the

most active gRNA, we achieved 90%–99% knockdown of the

gene of interest in a selected population of iPSCs after doxycy-

cline treatment (Figure 3B). As expected, when we subcloned

polyclonal populations via single-cell cloning, we observed a

higher percentage of transcriptional knockdown. With immuno-

fluorescence analysis we found that iPSC clones expressing

gRNAs against OCT4, NANOG, SOX2, and BAG3 showed com-

plete lossof target protein expression 7days after doxycycline in-

duction. In cells expressing gRNAs against the core pluripotency

transcription factors OCT4, NANOG, and SOX2, we observed

clear morphological changes and a loss of pluripotency after

doxycycline induction; however, loss of a non-pluripotency

gene (BAG3) did not affect pluripotent morphology (Figure 3C).

Using the Gen1 CRISPRi knockin vector, we targeted non-

iPSCs with a different genetic background to determine how

broadly this technology can be applied to other cell types. A T-

lymphocyte (CEM) CRISPRi line was generated, as described in

Experimental Procedures. Similar to the iPSC experiments,

gRNAs were introduced to the stable CEM CRISPRi cell line,

and cells cultured in either the presence or absence of doxycy-

cline for 10 days. Three gRNAs were tested to knock down

CD4 in CEM-CRISPRi cells, and all showed greater than 70%

knockdown efficiency in polyclonal populations (Figure S4B).

The most active gRNA-containing polyclone was subcloned,

and three independent clonal lines were isolated and assayed

for knockdown, where greater than 95% knockdown efficiency

was observed (Figure S4C). These results clearly demonstrate

thedoxycycline-inducibleCRISPRi vector system ishighly versa-

tile and transportable to other cell lines and shows high efficiency

of knockdown across a range of cell types and genetic loci.

CRISPRi Knockdown Is Reversible and Tunable and Can
Be Allele Specific
GCaMP is a calcium-sensitive modified GFP and, thus, can be

used as a fluorescent reporter under steady-state levels of cyto-

plasmic Ca2+ (Apáti et al., 2013). Using GCaMP (driven off the

strong constitutive promoter, CAG), we monitored the green-

fluorescence signal in iPSCs to determine if we could knock

down GCaMP and then reverse its expression by removing
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doxycycline from the culture. We found that adding doxycycline

for 7 days knocked down GCaMP expression by 98%, which

was completely restored after removing doxycycline for

14 days (Figure 4A). Similarly, we targeted the BAG3 endoge-

nous locus and achieved efficient transcript knockdown post-

doxycycline treatment. BAG3 expression was fully restored after

doxycycline withdrawal (Figure 4B). These findings indicate that

CRISPRi knockdown is fully reversible in iPSCs.

To determine if we could achieve variable levels of knockdown

with different gRNA sequences, we tested two additional gRNAs

targeting GCaMP (g+24 and g+91) (Figure 4C). These gRNAs

knocked down GCaMP expression by only �30% and �50%,

as measured by flow cytometry (Figures 4D and 4E). Therefore,

by changing the location of the gRNA-binding site, we can

tune the level of knockdown when trying to mimic haploinsuffi-

ciency or reduced protein levels (rather than complete loss of

function). In addition, we tested whether the knockdown level

is tunable by titrating the doxycycline concentration. Careful

titration of the doxycycline concentration enabled homogenous

modulation of GCaMP expression (Figure S5).

We next sought to further test the tunability of knockdown with

CRISPRi. We determined if we could use single-nucleotide poly-

morphisms (SNPs) to specifically target one allele for knockdown

to achieve a heterozygous-like state. In our CRISPRi iPSCs,

there is a SNP near the TSS of OCT4. Thus, we designed a

gRNA in which the heterozygous SNP is located in the PAM

sequence (AGG versus AGA). Because an ‘‘NGG’’ sequence is

required for dCas9 to target DNA, we could selectively target

only one OCT4 allele (Figure 4F). After doxycycline induction,

we found that the iPSC population carrying the SNP-specific

OCT4 gRNA (OCT4 g�4) remained OCT4 positive (�97%) by

flow cytometry analysis. However, the median intensity of

OCT4 stainingwas reduced by�40%after 7 days of doxycycline

treatment, implying that OCT4 expression was homogeneously

reduced in all cells and not just a fraction of them (Figures 4G

and 4H). We confirmed this finding with immunocytochemistry

and TaqMan qPCR (data not shown).

CRISPRi Knockdown Is Highly Specific
To assess the specificity of CRISPRi targeting, we designed a

gRNA that targets the GCaMP transgene, since its silencing

should have few downstream transcriptional and cellular conse-

quences. Indeed, expression of the GCaMP transcript was over

30-fold lower in the doxycycline-treated condition, while few

other endogenous transcripts changed expression level with

the exception of VIM as previously discussed (Figure 5A).

CRISPRi to Promote iPSC Differentiation
To show that our system can release iPSCs from their pluripotent

state to promote differentiation, we tested the efficiency of

CRISPRi in knocking down core pluripotency transcription factors

(OCT4, SOX2, and NANOG) without adding small molecules or

cytokines to the mTeSR media. We targeted gRNA against these

genes and performed a time-course analysis of a selected num-

ber of transcripts by TaqMan qPCR (Figure 5B). We found that

knockingdown these target transcripts causedcell differentiation,

as indicated by morphological changes and transient expression

of the lineage-specific transcript T (mesoderm marker), and

expression of PAX6 (neuronal progenitor marker). After 3 days
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Figure 4. CRISPRi Knockdown Is Reversible and Tunable

A CRISPRi clone containing gRNA against the GCaMP transgene (GCaMP

g+56) and endogenous BAG3 locus were used to test the knockdown effi-

ciency and reversibility of the CRISPRi system in iPSCs.

(A) Flow cytometry analysis of GCaMP expression showed that after 7 days of

doxycycline induction, GCaMP was knocked down by �99% and was

completely restored after doxycycline withdrawal for 14 days.

(B) Using TaqMan qPCR, BAG3 transcript levels were knocked down to nearly

undetectable levels, and expressionwas restored after doxycycline withdrawal.
of doxycycline treatment, over 80% of the target transcript was

depleted, indicating that CRISPRi can precisely and temporally

control efficient knockdown of the transcript of interest.

CRISPRi Knockdown in CardiacMesoderm and iPS-CMs
To determine if loss-of-function approaches using CRISPRi can

be applied in differentiated cell types, we targeted the cardiac

mesoderm-specific transcription factor (MESP1) and two known

cardiac-related disease-causing genes (MYBPC3 and HERG).

We established stable polyclonal lines of iPSCs containing

gRNA against these three genes and differentiated them into car-

diacmesoderm or iPS-CMs as described in Experimental Proce-

dures (Figures S6A and S6B). Using a gRNA against these genes,

MESP1was knocked down by�90% in cardiac progenitor cells,

and MYBPC3 and HERG by �90% and 60%, respectively, in

lactate-purified iPS-CMs (Figure 6A). With western blots and

immunocytochemistry, we observed �90% MYBPC3 protein

knockdown on day-35 lactate-purified iPS-CMs (Figures 6B

and 6C).

Using flow cytometry, we analyzed the doxycycline response

of CRISPRi cells based on mCherry expression (as a surrogate
(C) Schematic diagram of the GCaMP-expression vector in which the

GCaMP open reading frame (ORF) is driven off the CAG promoter. The

locations of three gRNAs (g+24, g+56, and g+91) are schematically

highlighted on the GCaMP ORF. The coordinates of GCaMP gRNA are

based on the translation start site. pA, poly A signal.

(D) Three stable CRISPRi colonies, each containing a different gRNA against

GCaMP, were selected using blasticidin and cultured with doxycycline for

10 days. The percentage of GCaMP-positive cells for each gRNA-containing

clone was plotted as a function of time based on flow cytometry analysis.

Variable levels of GCaMP knockdown (�30%, �50%, and �99%) were ach-

ieved with different gRNA sequences. n = 1–3 technical replicates for each

time point.

(E) Flow cytometry plots of GCaMP fluorescence of stable CRISPRi clones on

day 10 of doxycycline treatment. Using different gRNAs that target near the

same region, variable levels of knockdown can be achieved. A scramble

gRNA-containing CRISPRi and a GCaMP-negative iPSC population are dis-

played as controls.

(F) Partial schematic diagram of the OCT4 locus marked with the location of

the TSS and two gRNA-binding locations. Asterisk, an SNP; green box, exon 1;

gray box, 50 UTR.
(G) Three stable CRISPRi colonies, twowith different gRNAs againstOCT4 and

one with a scrambled control, were selected with blasticidin. Stable clones

that contain either a scramble gRNA, a gRNA that targets a PAM sequence

containing a SNP (OCT4 g–4), or a gRNA that does not target a SNP (OCT4

g+22) were treated with doxycycline. The percentage of the maximal median

intensity of OCT4 staining for each gRNA-containing clone is plotted as a

function of time by flow cytometry analysis. Complete loss ofOCT4 expression

(>98% knockdown) was observed after 7 days of doxycycline induction only

when both alleles were targeted using OCT4 g+22. While using OCT4 g–4,

which targets only one OCT4 allele (due to SNP in the PAM sequence), a

gradual loss of OCT4 staining intensity is observed over time (down by �40%

by day 7). Error bars represent SD; n = 1–3 technical replicates for each time

point.

(H) Flow cytometry plots of OCT4 staining on day 7 of doxycycline treatment.

Dashed lines highlight the loss of OCT4-staining intensity (�40%) when using

OCT4 g–4 compared to the scramble control. By targeting only one allele of

OCT4, the OCT4-staining intensity homogeneously shifts (while remaining

OCT4-positive), indicating that each cell experiences approximately the same

level of knockdown. Note that the x axis is a log-scale of OCT4 intensity.

Differentiated iPSC-derived fibroblasts (OCT4� Cntrl) and a non-doxycycline-

treated (�Dox) sample are displayed as controls.

Error bars represent SD.
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Figure 5. RNA-Seq and TaqMan qPCR Analysis

(A) RNA-sequencing RPMs (reads per million) are plotted for CRISPRi cells

stably expressing a gRNA targeting the GCaMP transgene (GCaMP g+56)

cultured in the absence or presence of doxycycline. CRISPRi knockdown

is specific to the GCaMP transcript, and few off-target transcriptional

changes were observed. Data represent two independent biological

replicates.

(B) Heatmap of TaqMan qPCR of stable clones containing a single gRNA

against the gene of interest (OCT4, NANOG, and SOX2) as a function of days

after doxycycline treatment. Analysis shows that by day 3, over 80% of the

target transcript is depleted. Three housekeeping genes (18S, GAPDH, and

UBC) were used to measure relative transcript levels. Each data point is an

average of two to four technical replicates. TaqMan probes are listed in

Supplemental Experimental Procedures.
for dCas9-KRAB expression; Figure S5A). There was no

silencing of the TetO promoter in low-passage and high-passage

iPSCs, suggesting that long-term culturing (>3 months) does not

cause silencing. However, cardiac progenitors (day 5) and iPS-

CMs (day 15) lose �20% and 50%–80% of the doxycycline

response, respectively. Prolonging the duration of doxycycline

treatment (from 2 to 7 days) and splitting the cells improved

doxycycline response (as measured by mCherry expression)

in iPS-CMs (Figure S6C). For this reason, we initiated all of

our knockdowns on day 5 post-differentiation to obtain the
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maximum amount of target gene silencing. It is worth noting

that with CRISPRi, onlyminute amounts of the dCas9-KRAB pro-

tein are necessary to induce a knockdown. Hence, knockdown

might occur even in cells that do not show detectable mCherry

expression (Figure S5).

The knockdown of theHERG potassium channel in iPSCs was

highly efficient (>95%), while in iPS-CMs it was only 60% effec-

tive. We hypothesize that the reduction in the efficiency of HERG

knockdown is partially due to activation of other HERG isoforms

in iPS-CMs. We further investigated whether knocking down the

HERG potassium channel in iPS-CMswould recapitulate a phys-

iologically relevant cellular phenotype. We found that knocking

down HERG in iPS-CMs lead to a prolonged beat duration and

the appearance of a shoulder during the downstroke, as

measured using the GCaMP signal (which can be used as a sur-

rogate for the action potential) (Huebsch et al., 2015) (Figures 6D

and 6E). We confirmed the prolongation of action potential dura-

tion by patch-clamp electrophysiology in the HERG knockdown

samples (Figures 6F). We expected this result, because the

HERG potassium channel pumps potassium ions out of cells

to lower the inner membrane potential during diastole. This

cellular phenotype recapitulates aspects of the phenotype

observed in LQT patients and their iPS-CMs (Schwartz et al.,

2012; Spencer et al., 2014).

DISCUSSION

In this study, we combined the power of human iPSC technol-

ogy, which generates functional human cells, with inducible

CRISPR-based genome editing and modulation technologies.

Using the TetO inducible system, we deploy the newly devel-

oped CRISPRi system in the AAVS1 safe–harbor locus of human

iPSCs to enable precise control of transcript silencing upon addi-

tion of doxycycline. With this approach, we rapidly and efficiently

generated loss-of-function phenotypes in iPSCs and their cell-

type derivatives to study mechanisms in development and

disease. We introduced a single doxycycline-inducible vector

system into the AAVS1 safe-harbor locus to gain tight transcrip-

tional control of dCas9-KRAB (for CRISPRi) and Cas9 (for

CRISPRn) for gene knockdown and knockout studies, respec-

tively. This inducible vector system helped us precisely control

the timing of knocking down the expression of target genes in

a clonal iPSC line carrying the gRNA of interest. We were also

able to efficiently target the CRISPRi vector into non-iPSC hu-

man cells (T-lymphocytes) and show efficient levels of transgene

knockdown, which demonstrates the versatility of using the

CRISPRi system in a wide range of cell types. This system

can be readily targeted to other human cellular models in vitro

and also to mouse models (Soriano, 1999) by exchanging the

AAVS1-homology armswith the ROSA26-specific knockin arms.

We found that in iPSC populations, CRISPRi produced a ho-

mogeneous and rapid loss-of-function phenotype compared

to CRISPRn. CRISPRi avoids potential complications associated

with incomplete loss-of-function and gain-of-function pheno-

types in cell populations produced by Cas9-induced hypomor-

phic alleles. Therefore, CRISPRi represents a powerful tech-

nology for repressing gene expression in bulk populations and

especially when performing genome-scale phenotypic screens.

Every CRISPRi iPSC that contained a target-specific gRNA
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Figure 6. CRISPRi Knockdown in Differentiated Cell Types and Cardiac Disease Modeling

(A) Using CRISPRi,MESP1 was knocked down by �90% in polyclonal cardiac progenitors, andMYBPC3 and HERG were knocked down by �90% and 60% in

polyclonal iPS-CMs, respectively.

(B) Immunostaining of day-35 lactate-purified iPS-CMs stained with antibodies against MYBPC3 (green) and ACTN2 (red). Using CRISPRi knockdown, loss of

MYBPC3 was observed in over 85% of analyzed cells in a polyclonal population. Nuclei were counterstained with DAPI. Scale bar, 100 mm.

(C)Western blot of day-35 lactate-purified iPS-CMswith antibodies againstMYBPC3, ACTN2, andGAPDH. Using CRISPRi, MYBPC3 protein was knocked down

by �90%.

(D) GCaMP fluorescence in iPS-CMs containing gRNA againstHERG and cultured in doxycycline (red). Recordings show a prolonged beat duration compared to

untreated controls (green).

(E) Quantified ratio of the downstroke-to-upstroke duration of doxycycline-treated iPS-CMs shows a significant difference in untreated iPS-CMs containing a

gRNA against HERG, but not in iPS-CMs containing gRNA against OCT4 (negative control).

(F) Patch-clamp recordings from single iPS-CMs show prolonged action potential durations in doxycycline-treated samples containing HERG gRNA.

Error bars represent SD.
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displayed a rapid, uniform, and efficient transcriptional knock-

down. This result was also validated across multiple endoge-

nous loci in iPSCs, cardiac progenitors, and iPS-CMs. By

contrast, using CRISPRn, we found that while all cells harbored

the gRNA-expression vector and had continuous expression of

Cas9, they did not all display complete loss-of-function pheno-

types. Indeed, up to one-third of the cells maintained expression

of the target gene. When we sequenced the target alleles, we

found that of the mutated alleles, over one-third had in-frame

INDELs, potentially resulting in a hypomorphic protein encoded

by a gene that is now resistant to further Cas9 cutting using the

target gRNA. Statistically, we expect that one-third of the

INDELs generated by double-strand breaks induced by Cas9

through the non-homologous end-joining pathway would

produce in-frame mutations. This effect could cause partial

loss-of-function or gain-of-function phenotypes. Additionally,

the location and size of the in-frame INDEL might not change

the function of the mutated protein compared with the wild-

type protein (Boettcher and McManus, 2015; Shi et al., 2015;

Sung et al., 2013).

CRISPRi gRNAs were only effective at promoter regions close

to the TSS, which may reduce the likelihood of off-target effects

by transcriptional interference elsewhere in the genome. Indeed,

RNA-seq analysis showed that the knockdown of GCaMP was

highly specific. Furthermore, expression of dCas9-KRAB did

not cause significant off-target transcriptional changes as

compared to Cas9 expression alone. Although CRISPRi is highly

effective, there are cases when other genetic tools such as

CRISPRn, TALENs, and RNAi may have advantages. For

instance, we and others (Gilbert et al., 2014) have shown that

CRISPRi gRNAs are only effective near the TSS, which restricts

the efficiency of transcript for genes that have poorly defined or

multiple TSSs. CRISPRn and TALENs can be effective at any

exon as long as the genomic region is accessible (Doench

et al., 2014; Kim et al., 2013b). Additionally, RNAi can target

any constitutive portion of the mRNA and has already been

approved for human therapy (Davidson and McCray, 2011;

Haussecker, 2012); however, RNAi has been shown to have

many off-target effects (Jackson et al., 2003; Kim et al., 2013b;

Krueger et al., 2007).

We also demonstrated the feasibility of allele-specific interfer-

ence and the tunable nature of CRISPRi-based knockdown,

which can be used to study the dose-dependent effects of a

gene involved in development and disease. The dosage of tran-

scription factors plays a significant role during development and

organogenesis (McFadden et al., 2005; Takeuchi et al., 2011).

In addition, many human diseases result from haploinsufficiency

in which a mutation in a single copy of a gene produces the

disease phenotype (Armanios et al., 2005; Marston et al., 2012;

Minami et al., 2014; Theodoris et al., 2015). Therefore, to study

the dose-dependent effects of transcription factors in develop-

ment and disease, CRISPRi can be used to homogeneously

tune the level of repression in cells by either choosing the rele-

vant gRNA sequences or empirically titrating the levels of doxy-

cycline to achieve the desired knockdown level. Alternatively,

introducing a single point mutation at different positions in the

gRNA sequence (which leads to mismatches between the

RNA-DNA homology sequence) can be used to tune CRISPRi

knockdown activity (Gilbert et al., 2014). Finally, CRISPRi knock-
550 Cell Stem Cell 18, 541–553, April 7, 2016 ª2016 Elsevier Inc.
down was reversible in iPSCs upon doxycycline withdrawal,

which would support studies involving transient knockdown of

transcripts within a specific window during cell differentiation.

Our studies with CRISPRi in iPSCs showed that knocking

down transcripts involved in maintaining pluripotency is highly

efficient and rapidly causes a complete loss of pluripotent

morphology, followed by cell differentiation in all cells expressing

the appropriate gRNA. We also used this approach to knock

down the HERG potassium channel to mimic an LQT2-type

phenotype in iPS-CMs. We found that the inducible TetO pro-

moter is partially silenced during the cardiac differentiation

process, which has been reported to be due to methylation at

CpG dinucleotides (Oyer et al., 2009). This silencing is indepen-

dent of integration at the AAVS1 locus, as CAG-driven trans-

genes integrated at the AAVS1 locus remain active after differen-

tiation. To avoid the effects of promoter silencing, we initiated

transcript knockdown in the iPSC state or progenitor cells (day

5 of differentiation), where the vast majority of the cells respond

to doxycycline. This strategy has proved highly effective at trans-

gene knockdown in cardiac progenitors and iPS-CMs. To

circumvent issues with silencing in future studies, we generated

a non-inducible CRISPRi iPSC line (Gen3; in which dCas9-KRAB

is driven off the CAG promoter), and the knockdown can be initi-

ated upon introduction of gRNA. With this cell line, we expect to

achieve highly efficient knockdown in differentiated cell types,

such as iPS-CMs.

Several groups have used the CRISPR/Cas9 system for loss-

of-function genetic screens in human cells (Shalem et al., 2014;

Wang et al., 2014). Furthermore, some groups have used

genome-scale screens with CRISPRi and CRISPR activation

(CRISPRa) to identify known and novel genes that control cell

growth and sensitivity to cholera-diphtheria toxin (Gilbert et al.,

2014). In this study, we present our CRISPRi iPSC lines as

suitable model systems for performing screens to identify novel

transcripts of pluripotency, drug resistance, and cell survival at

the pluripotent stem cell stage. With genome-scale screens,

we can identify factors that improve cell-specific differentiation

into functional cell types that have been traditionally hard to

obtain, and we can more rapidly generate mature functional

cell types that better mimic in vivo cell counterparts. In addition,

with CRISPRi, we can repress putative disease-associated

genes in a medium- to high-throughput manner to unravel

the molecular mechanisms underlying human disease in vitro.

Finally, we can build on the current power of CRISPRi for devel-

opmental screens by using an orthogonal dCas9-effector sys-

tem for gene activation via CRISPRa, which can synergistically

modulate gene knockdown and activation and direct cell fate

toward a particular lineage.
EXPERIMENTAL PROCEDURES

iPSC Culture

WTB and WTC iPSCs and derivative lines were maintained under feeder-

free conditions on growth factor-reduced Matrigel (BD Biosciences) and

fed daily with mTeSR medium (STEMCELL Technologies) (Ludwig et al.,

2006). Accutase (STEMCELL Technologies) was used to enzymatically

dissociate iPSCs into single cells. To promote cell survival during enzymatic

passaging, cells were passaged with the p160-Rho-associated coiled-coil

kinase (ROCK) inhibitor Y-27632 (10 mM; Selleckchem) (Watanabe et al.,

2007). iPSCs were frozen in 90% fetal bovine serum (HyClone) and 10%



DMSO (Sigma). The committee on Human Research at the University

of California, San Francisco approved the iPSC research protocol (#10-

02521).

Generation of Stable CRISPRi and CRISPRn iPSC Lines

iPSCs were singularized with accutase, resuspended in PBS, and counted

with a Countess automated cell counter (Life Technologies). For plasmid

transfections, the human stem cell nucleofector kit 1 solution was used on

the Amaxa nucleofector 2b device (program A-23; Lonza). To generate the

CRISPRi and CRISPRn iPSC lines, two million WTC or WTB iPSCs were

nucleofected with the appropriate knockin vector (5 mg) and each AAVS1

TALEN pair (2 mg). Cells were then seeded in six-well plates in serial dilu-

tions in mTeSR supplemented with Y-27632 (10 mM). Selection was applied

3 days post-nucleofection with the appropriate antibiotic in mTeSR plus

Y-27632 (10 mM). To knock in the CRISPRi construct (carrying the Neomycin

resistance gene cassette), Geneticin (Life Technologies) was applied at

100 mg/ml. To knock in the CRISPRn and GCaMP constructs (carrying the

Puromycin resistance gene cassette), 0.5 mg/ml Puromycin (Life Technolo-

gies) was added. Selection was maintained for �10 days until stable colonies

appeared. Colonies with a diameter of greater than �500 mm were manually

picked using a P200 pipette tip under an EVOS FL picking microscope (Life

Technologies) and transferred to individual wells of a 24-well plate containing

mTeSR medium supplemented with Y-27632 (10 mM). Clones were then

expanded into larger vessel formats.

Generation of CEM CRISPRi Cell Line

CEM CRISPRi cells were generated by electroporation of 0.5 mg of each

AAVS1 TALEN pair and 1 mg of the Gen1 CRISPRi vector with an Amaxa nucle-

ofector 2b device and Amaxa cell line nucleofector kit C (Lonza). Cells were

selected in 1 mg/ml G418, and clonal lines were generated by dilution in

96-well plates. Clonal populations were selected based on doxycycline induc-

tion of mCherry expression. Oligos encoding the CD4 protospacer were an-

nealed and cloned into the pSLQ1371 vector using restriction sites BstXI

and BlpI, and lentivirus was produced in HEK293T cells (Gilbert et al., 2014).

To compare performance of CD4 gRNAs, each was transduced into CEM-

CRISPRi cells. Transduced populations were incubated for 96 hr with doxycy-

cline (2 mM). Knockdown efficiency was calculated by gating all mCherry-ex-

pressing cells, and comparing cell-surface CD4 expression in the presence

or absence of gRNA-expressing cells (BFP+). Three independent stable CEM

CRISPRi clones were selected with 0.6 mg/ml Puromycin and incubated in

the presence or absence of doxycycline (2 mM) for 14 days to assess maximal

CD4 knockdown. Cells were stained using anti-CD4APC-conjugated antibody

and cell surface CD4 staining was quantified using a BD LSRII flow cytometer.

CD4 knockdown was quantified as percent reduction relative to no doxycy-

cline treatment condition.

gRNA Design and Cloning into the gRNA-Expression Vector

For CRISPRi, three to five gRNAs were designed to target near the TSS of

the gene of interest (250 bp upstream and downstream, respectively). The

location of the TSS was determined using NCBI (http://www.ncbi.nlm.nih.

gov/). gRNA oligos were designed, phosphorylated, annealed, and cloned

into the pgRNA-CKB vector using BsmBI ligation strategy. Additional details

and a list of gRNA sequences are listed in supplemental experimental

procedures.

gRNA Nucleofection and Selection of Stable CRISPRi and CRISPRn

Clones

The gRNA-expression vector (pgRNA-CKB) was transfected into either the

CRISPRi or CRISPRn cells with the human stem cell nucleofector kit 1 solution

on the Amaxa nucleofector 2b device (program A-23; Lonza). Two million

CRISPRi or CRISPRn iPSCs and 5 mg of the circular gRNA-expression plasmid

were used per nucleofection. Nucleofected cells were then seeded in a single

well of a six-well plate in mTeSR supplemented with Y-27632 (10 mM). Blasti-

cidin selection (10 mg/ml) was applied 24 hr post-nucleofection in mTeSR

supplemented with Y-27632 (10 mM) for 7–10 days, until stable colonies

appeared. Stable colonies were then pooled and passaged at least three times

in mTeSR plus Blasticidin and Y-27632 to enrich for cells with integration at

transcriptionally active sites (Figure S3).
RNA Sequencing

For each sample, 1 mg of total RNA was prepared using TRIzol as previously

described. Strand-specific mRNaseq libraries were prepared using TruSeq

Stranded mRNA Library Prep Kit (Illumina). Upon completion, libraries were

quantified and pooled using Qubit dsDNA HS assay and Agilent’s Bioanalyzer

high-sensitivity DNA assay. The indexed libraries were pooled and sequenced

on Illumina HiSeq 4000 as 50-bp single-end reads. Reads were aligned to the

hg19 genome assembly using the Ensembl 75 reference transcriptome

customized to include the GCaMP6f constructs using TopHat2 (Kim et al.,

2013a). Unaligned reads were subsequently aligned to the CRISPRi or

CRISPRn knockin constructs where appropriate. Transcript alignments were

then counted using SubRead v1.4.6 and analyzed with custom scripts written

in Python (Liao et al., 2013). All data are displayed as reads per million (RPM)

with a pseudocount of 0.075.

iPS-CM Differentiation and Lactate Purification

iPSCs were differentiated into iPS-CMs using the WNT modulation-differenti-

ationmethod (Lian et al., 2012) (Figure S5A). iPS-CMswere purified via amodi-

fied version of the lactate metabolic-selection method (Tohyama et al., 2013).

Additional details are outlined in Supplemental Experimental Procedures.
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González, F., Zhu, Z., Shi, Z.-D., Lelli, K., Verma, N., Li, Q.V., and Huangfu, D.

(2014). An iCRISPR platform for rapid, multiplexable, and inducible genome

editing in human pluripotent stem cells. Cell Stem Cell 15, 215–226.

Haussecker, D. (2012). The business of RNAi therapeutics in 2012. Mol. Ther.

Nucleic Acids 1, e8.

Hayashi, Y., Caboni, L., Das, D., Yumoto, F., Clayton, T., Deller, M.C., Nguyen,

P., Farr, C.L., Chiu, H.-J., Miller, M.D., et al. (2015). Structure-based discovery

of NANOG variant with enhanced properties to promote self-renewal and

reprogramming of pluripotent stem cells. Proc. Natl. Acad. Sci. USA 112,

4666–4671.
552 Cell Stem Cell 18, 541–553, April 7, 2016 ª2016 Elsevier Inc.
Hockemeyer, D., Wang, H., Kiani, S., Lai, C.S., Gao, Q., Cassady, J.P., Cost,

G.J., Zhang, L., Santiago, Y., Miller, J.C., et al. (2011). Genetic engineering of

human pluripotent cells using TALE nucleases. Nat. Biotechnol. 29, 731–734.

Huebsch, N., Loskill, P., Mandegar, M.A., Marks, N.C., Sheehan, A.S., Ma, Z.,

Mathur, A., Nguyen, T.N., Yoo, J.C., Judge, L.M., et al. (2015). Automated

video-based analysis of contractility and calcium flux in human-induced

pluripotent stem cell-derived cardiomyocytes cultured over different spatial

scales. Tissue Eng. Part C Methods 21, 467–479.

Jackson, A.L., Bartz, S.R., Schelter, J., Kobayashi, S.V., Burchard, J., Mao,M.,

Li, B., Cavet, G., and Linsley, P.S. (2003). Expression profiling reveals off-tar-

get gene regulation by RNAi. Nat. Biotechnol. 21, 635–637.

Kearns, N.A., Genga, R.M.J., Enuameh, M.S., Garber, M., Wolfe, S.A., and

Maehr, R. (2014). Cas9 effector-mediated regulation of transcription and dif-

ferentiation in human pluripotent stem cells. Development 141, 219–223.

Kim, H., and Kim, J.-S. (2014). A guide to genome engineering with program-

mable nucleases. Nat. Rev. Genet. 15, 321–334.

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L.

(2013a). TopHat2: accurate alignment of transcriptomes in the presence of

insertions, deletions and gene fusions. Genome Biol. 14, R36.

Kim, Y., Kweon, J., Kim, A., Chon, J.K., Yoo, J.Y., Kim, H.J., Kim, S., Lee, C.,

Jeong, E., Chung, E., et al. (2013b). A library of TAL effector nucleases span-

ning the human genome. Nat. Biotechnol. 31, 251–258.

Krueger, U., Bergauer, T., Kaufmann, B., Wolter, I., Pilk, S., Heider-Fabian, M.,

Kirch,S., Artz-Oppitz,C., Isselhorst,M., andKonrad, J. (2007). Insights intoeffec-

tive RNAi gained from large-scale siRNA validation screening. Oligonucleotides

17, 237–250.

Lian, X., Hsiao, C., Wilson, G., Zhu, K., Hazeltine, L.B., Azarin, S.M., Raval,

K.K., Zhang, J., Kamp, T.J., and Palecek, S.P. (2012). Robust cardiomyocyte

differentiation from human pluripotent stem cells via temporal modulation of

canonical Wnt signaling. Proc. Natl. Acad. Sci. USA 109, E1848–E1857.

Liao, Y., Smyth, G.K., and Shi, W. (2013). The Subread aligner: fast, accurate

and scalable read mapping by seed-and-vote. Nucleic Acids Res. 41, e108.

Lombardo, A., Cesana, D., Genovese, P., Di Stefano, B., Provasi, E., Colombo,

D.F., Neri, M., Magnani, Z., Cantore, A., Lo Riso, P., et al. (2011). Site-specific

integration and tailoring of cassette design for sustainable gene transfer. Nat.

Methods 8, 861–869.

Ludwig, T.E., Bergendahl, V., Levenstein, M.E., Yu, J., Probasco, M.D., and

Thomson, J.A. (2006). Feeder-independent culture of human embryonic stem

cells. Nat. Methods 3, 637–646.

Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E.,

and Church, G.M. (2013). RNA-guided human genome engineering via Cas9.

Science 339, 823–826.

Marston, S., Copeland, O., Gehmlich, K., Schlossarek, S., and Carrier, L.

(2012). How do MYBPC3 mutations cause hypertrophic cardiomyopathy?

J. Muscle Res. Cell Motil. 33, 75–80.

McFadden, D.G., Barbosa, A.C., Richardson, J.A., Schneider, M.D.,

Srivastava, D., and Olson, E.N. (2005). The Hand1 and Hand2 transcription

factors regulate expansion of the embryonic cardiac ventricles in a gene

dosage-dependent manner. Development 132, 189–201.

Minami, S.S., Min, S.-W., Krabbe, G., Wang, C., Zhou, Y., Asgarov, R., Li, Y.,

Martens, L.H., Elia, L.P., Ward, M.E., et al. (2014). Progranulin protects against

amyloid b deposition and toxicity in Alzheimer’s disease mouse models. Nat.

Med. 20, 1157–1164.

Miyaoka, Y., Chan, A.H., Judge, L.M., Yoo, J., Huang, M., Nguyen, T.D.,

Lizarraga, P.P., So, P.-L., and Conklin, B.R. (2014). Isolation of single-base

genome-edited human iPS cells without antibiotic selection. Nat. Methods

11, 291–293.

Oyer, J.A., Chu, A., Brar, S., and Turker, M.S. (2009). Aberrant epigenetic

silencing is triggered by a transient reduction in gene expression. PLoS ONE

4, e4832.

Qi, L.S., Larson, M.H., Gilbert, L.A., Doudna, J.A., Weissman, J.S., Arkin, A.P.,

and Lim, W.A. (2013). Repurposing CRISPR as an RNA-guided platform for

sequence-specific control of gene expression. Cell 152, 1173–1183.

http://refhub.elsevier.com/S1934-5909(16)00023-0/sref1
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref1
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref1
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref1
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref1
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref1
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref2
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref2
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref2
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref2
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref2
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref3
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref3
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref4
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref4
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref4
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref5
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref5
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref5
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref5
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref6
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref6
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref6
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref7
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref7
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref8
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref8
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref8
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref8
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref9
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref9
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref10
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref10
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref10
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref11
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref11
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref11
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref11
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref12
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref12
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref12
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref12
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref13
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref13
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref13
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref14
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref14
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref15
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref15
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref15
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref15
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref15
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref16
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref16
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref16
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref17
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref17
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref17
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref17
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref17
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref18
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref18
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref18
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref19
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref19
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref19
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref20
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref20
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref21
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref21
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref21
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref22
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref22
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref22
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref23
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref23
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref23
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref23
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref24
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref24
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref24
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref24
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref25
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref25
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref26
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref26
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref26
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref26
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref27
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref27
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref27
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref28
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref28
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref28
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref29
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref29
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref29
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref30
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref30
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref30
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref30
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref31
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref31
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref31
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref31
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref32
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref32
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref32
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref32
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref33
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref33
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref33
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref34
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref34
http://refhub.elsevier.com/S1934-5909(16)00023-0/sref34


Schwartz, P.J., Crotti, L., and Insolia, R. (2012). Long-QT syndrome: from

genetics to management. Circ Arrhythm Electrophysiol 5, 868–877.

Shalem, O., Sanjana, N.E., Hartenian, E., Shi, X., Scott, D.A., Mikkelson, T.,

Heckl, D., Ebert, B.L., Root, D.E., Doench, J.G., et al. (2014). Genome-scale

CRISPR-Cas9 knockout screening in human cells. Science 343, 84–87.

Shi, J., Wang, E., Milazzo, J.P., Wang, Z., Kinney, J.B., and Vakoc, C.R. (2015).

Discovery of cancer drug targets by CRISPR-Cas9 screening of protein

domains. Nat. Biotechnol. 33, 661–667.

Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter

strain. Nat. Genet. 21, 70–71.

Spencer, C.I., Baba, S., Nakamura, K., Hua, E.A., Sears, M.A.F., Fu, C.C.,

Zhang, J., Balijepalli, S., Tomoda, K., Hayashi, Y., et al. (2014). Calcium tran-

sients closely reflect prolonged action potentials in iPSC models of inherited

cardiac arrhythmia. Stem Cell Reports 3, 269–281.

Sterneckert, J.L., Reinhardt, P., and Schöler, H.R. (2014). Investigating human
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