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Abstract

Next-generation DNA sequencing technologies have led to a massive accumulation of genomic 

and transcriptomic data from patients and healthy individuals. The major challenge ahead is to 

understand the functional significance of the elements of the human genome and transcriptome, 

and implications for diagnosis and treatment. Genetic screens in mammalian cells are a powerful 

approach to systematically elucidate gene function in health and disease states. In particular, 

recently developed CRISPR/Cas9-based screening approaches have enormous potential to uncover 

mechanisms and therapeutic strategies for human diseases. The focus of this review is the use of 

CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) for genetic screens in 

mammalian cells. We introduce the underlying technology and present different types of 

CRISPRi/a screens, including those based on cell survival/proliferation, sensitivity to drugs or 

toxins, fluorescent reporters, and single-cell transcriptomes. Combinatorial screens, in which large 

numbers of gene pairs are targeted to construct genetic interaction maps, reveal pathway 

relationships and protein complexes. We compare and contrast CRISPRi and CRISPRa with 

alternative technologies, including RNA interference (RNAi) and CRISPR nuclease-based screens. 

Finally, we highlight challenges and opportunities ahead.

Main text

Genetic screens are powerful tools to uncover molecular players in a biological process of 

interest, and to assign functions to the elements of a genome. While model organisms such 

as budding yeast have been used extensively for cell-based genetics for decades (due to the 

often-invoked “awesome power of yeast genetics”), mammalian cells are relatively late 

arrivals. Until recently, RNA interference (RNAi) and expression of open reading frames 

(ORFs) from DNA vectors were the standard tools for loss-of-function and gain-of-function 

genetic screens, respectively, in mammalian cells (Fig. 1). Remarkably, a rapidly expanding 

set of genetic tools based on clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9 technology has been developed over the last 5 years only (Fig. 1), and is 

already rivaling and, in many cases, outperforming pre-CRISPR tools. These recent 
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developments are paving the way for a new era, defined by the “awesome power of 

mammalian cell genetics”.

CRISPRi and CRISPRa: precision control of gene expression

The CRISPR system is a bacterial adaptive immune system1, the centerpiece of which is a 

programmable DNA endonuclease that can be reconstituted from only two components: the 

protein Cas9 from Streptococcus pyogenes (or analogous proteins from other species) and a 

single guide RNA (sgRNA) that directs the nuclease activity to complementary sequences in 

the substrate DNA2. CRISPR/Cas9 can be used for genome editing in mammalian cells3–6, 

by introducing defined deletions or by altering genomic sequences as directed by a 

homology repair (HR) template for cellular HR repair of CRISPR-mediated DNA cuts. In 

the absence of a HR template, DNA cuts introduced by CRISPR/Cas9 are subject to non-

homologous end joining (NHEJ) repair. NHEJ repair is error-prone and commonly results in 

short deletions. When introduced within a protein-coding ORF, such deletions can lead to 

frame shifts that result in a loss of function of the encoded protein. Several genetic screening 

platforms for mammalian cells have been implemented based on this approach7–9, which we 

will refer to as CRISPR nuclease (CRISPRn) (Fig. 1).

This review will focus on screening approaches that do not rely on genome editing, but 

instead on reversible control of gene expression. Nuclease-dead mutants of Cas9 (dCas9) 

were found to maintain sgRNA-directed binding of specific DNA sequences, which could 

block transcription of these genes in bacteria10, a process termed CRISPR interference 

(CRISPRi). CRISPRi based on dCas9 can also represses transcription in mammalian cells, 

but it is more effective when transcriptional repressor domains are fused to dCas911 (Fig. 1). 

In particular, fusions of dCas9 to a Krüppel-associated box (KRAB12) domain, which 

promotes heterochromatin13, were found to potentiate CRISPRi in human cells11.

dCas9 can also be used to activate gene expression, in an approach termed CRISPR 

activation (CRISPRa). Early implementations of CRISPRa used simple fusions of dCas9 to 

an activator domain, most commonly VP64, but only achieved modest activation of the 

targeted gene with single sgRNAs11, 14–17. While this limitation can be overcome by 

simultaneously using several sgRNAs targeting the same gene, pooled genetic screens 

generally require effective perturbation of the targeted gene with a single sgRNA. Therefore, 

CRISPRa constructs recruiting more than one activator domain with a single sgRNA were 

developed, using one of three strategies (Fig. 1): First, as direct fusions to dCas9, 

exemplified by the VPR approach18 (tripartite fusion of VP64 and the activation domains of 

the p65 subunit of NFκB and Epstein-Barr virus R transactivator, Rta). Second, via a protein 

scaffold, exemplied by the SunTag19, 20 (VP64 fused to superfolder GFP (sfGFP) and an 

antibody single-chain variable fragment (scFv) targeting a GCN4 epitope, which are 

recruited to a tandem array of 10 copies of the GCN4 epitope). Third, via an RNA scaffold, 

exemplified by the SAM approach21 (Synergistic Activation Mediator, in which p65 and 

HSF1 transcriptional activation domains fused to MS2 coat protein (MCP), dimers of which 

are recruited to MS2 RNA hairpins).
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In combination, CRISPRi and CRISPRa can control transcript levels of endogenous genes 

over several orders of magnitude19. Thus, they can be used to define the precise relationship 

between a phenotype of interest and the levels of a given gene product in an otherwise 

isogenic background. An important application in the context of chemical biology is the 

measurement of the sensitivity to a compound as a function of the expression level of the 

putative target of the compound – which can help to establish that the compound does 

indeed act through the intended target22.

Pooled genetic screens: discovery for biology and medicine

To identify protein-coding genes or other genetic elements that function in a biological 

process of interest, a genetic screen can be carried out in which large numbers of genes are 

targeted and those with the strongest phenotypes are selected for validation and mechanistic 

follow-up experiments. The first genome-scale screens in mammalian cells based on 

CRISPRn, CRISPRi and CRISPRa were all implemented as pooled screens (Table 1). In a 

pooled CRISPR-based screen, libraries of sgRNA expression constructs are stably integrated 

into the genomes of mammalian cells via lentiviral transduction, using conditions in which 

each cell typically integrates only one sgRNA construct (Fig. 2). A number of different 

strategies can then be used to determine a phenotype of interest caused by sgRNA-directed 

gain-of-function or loss-of-function.

The most straightforward phenotype for a pooled screen is proliferation and survival – in 

other words, cellular fitness (Fig. 2A). Fitness (relative to wild type) can be quantified for 

each sgRNA by comparing the frequencies of cells expressing sgRNAs at an initial time 

point (t0) to those at a later time point23. These frequencies are determined isolating 

genomic DNA from the different cell populations, PCR-amplifying the locus expressing the 

sgRNA, and subjecting the PCR product to next-generation sequencing. CRISPRi and 

CRISPRa screens for growth phenotypes have yielded complementary insights19, 24. 

CRISPRi phenotypes were found for a large number “gold-standard”25 essential genes 

(including many housekeeping genes such as ribosomal subunits and genes involved in DNA 

replication). Essential genes that are unique to specific cell types are of particular interest in 

cancer research, where cancer-specific vulnerabilities are potential therapeutic targets. 

Intriguingly, a growth-based CRISPRi screen targeting long non-coding RNAs (lncRNAs) 

identified cell-type specific essential lncRNAs26. CRISPRa revealed a smaller set of genes 

whose overexpression was detrimental to growth, which was highly enriched in tumor 

suppressors and developmental transcription factors19.

A variation of the growth-based screen is the sensitization/resistance screen (Fig. 2A), in 

which the extent to which sgRNAs affect the sensitivity to a selective pressure (such as 

treatment with a drug-like compound or toxin) is quantified by comparing the frequencies of 

sgRNA constructs between treated and untreated cell populations that were cultured in 

parallel23. The selective pressure can be thought of as a tool to query a specific area of cell 

biology. For example, CRISPRi/a screens for sensitization to bacterial toxins revealed 

cellular trafficking pathways highjacked by the toxin, as well as the metabolic pathway 

involved in biosynthesis of the toxin’s cell surface receptor19. For some hit genes, CRISPRi 

loss-of-function and CRISPRa gain-of-function had opposite phenotypes. In other cases, 
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CRISPRi and CRISPRa yielded complementary information19. For example, genes not 

expressed in the cell type used for the screen cannot have a CRISPRi loss-of-function 

phenotype, but may have a CRISPRa gain-of-function phenotype that sheds light on the 

biological process of interest. Vice versa, overexpression of a single subunit of a multi-

subunit protein complex may not have a gain-of-function phenotype, whereas knockdown of 

individual subunit may disrupt the function of the complex and result in a loss-of-function 

phenotype.

Screens investigating genetic modifiers of cellular sensitivity to a drug or drug-like 

compound are of particular interest to chemical biologists. For drug candidates found in 

phenotypic screens, it is often not trivial to identify the molecular target of the compound, 

and its mechanism of action. As we have recently reviewed elsewhere, genetic screens are a 

powerful approach to identifying the relevant molecular targets of novel compounds27. 

Beyond the identification of the direct target of a drug, such screens can also identify other 

cellular factors that mediate resistance to the compound, or synergistic targets for 

combination therapy. Examples from our own work include the identification of 19S 

proteasomal subunit levels as a biomarker predictive of multiple myeloma patient response 

to the 20S proteasome inhibitor carfilzomib28, and the identification of PI3Kδ inhibitors and 

dexamethasone as a synergistic combination therapy in B-cell precursor acute lymphoblastic 

leukemia29. CRISPRa in particular has enormous potential for the elucidation of drug 

resistance mechanisms in cancer cells, which are thought to arise frequently from gain-of-

function events. A CRISPRa screen in BRAF(V600E) melanoma cells for resistance to the 

BRAF inhibitor PLX-4720 recapitulated previously known resistance mechanisms, such as 

EGFR and ERK pathway activation, but also revealed novel resistance mechanisms 

involving G protein-coupled receptors21. Importantly, this CRISPRa gain-of-function screen 

for PLX-4720 resistance yielded complementary information to a parallel CRISPRn loss-of-

function screen8.

While growth and sensitization/resistance screens can be used to probe many areas of 

biology, not all biological questions can be translated into a growth or survival phenotype. 

An alternative approach is pooled screening based on fluorescence-activated cell sorting 

(FACS). A cell population transduced with an sgRNA library is subjected to FACS, and 

subpopulations are isolated based on a fluorescent signal (Fig. 2B). The fluorescent signal 

can be generated by a chemical probe or a genetically encoded reporter for a cellular process 

of interest, or by a fluorescently labeled antibody detecting a molecular species of interest. 

Of course, cells can also be separated based on combinations of fluorescent signals in 

different channels. As for growth-based screens, the frequencies of cells expressing each 

sgRNA are quantified by next-generation sequencing, and a quantitative phenotype is 

calculated for each sgRNA based on its frequency ratio between the populations, relative to 

non-targeting negative-control sgRNAs. A recently published FACS-based CRISPRi screen 

revealed loss-of-function events that activated the Ire1 branch of the unfolded protein 

response30. In our own previous work, we used a FACS approach to identify cellular factors 

controlling the exit from latency of HIV31 and to identify the molecular target of ISRIB, a 

drug-like inhibitor of the integrated stress response32.
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Both growth- and FACS-based strategies for pooled genetic screens separate cells based on 

“low-dimensional” phenotypes: along the dimension of growth/survival rate, or along one or 

few dimensions of fluorescence parameters, respectively. An in-depth characterization of the 

phenotype caused by perturbation of hit genes found in a primary screen requires a series of 

secondary assays. An exciting recent innovation are pooled genetic screens coupling 

perturbation of target genes using CRISPRi30 or CRISPRn33–35 to droplet-based single-cell 

RNA sequencing (Fig. 2C). Thus, a very “high-dimensional” phenotype is measured for 

each sgRNA, generating a wealth of data and enabling clustering of hit genes based on the 

similarity of the transcriptomic consequence of their perturbation. At the same time, the 

single-cell resolution of such screens also enables the dissection of stochastic and other non-

genetic determinants of cellular states, such as cell cycle phases30.

Genetic interaction maps reveal cellular pathways

Following the successful completion of a genetic screen, the interpretation of the observed 

hit genes, and the prioritization of genes for mechanistic follow-up studies can be a major 

challenge. A general approach to revealing functional connections and pathway relationships 

between hit genes is the quantification of genetic interactions between them. Genetic 

interactions are quantitatively defined as deviation of the observed phenotype of a 

combinatorial gene perturbation from the expected phenotype based on the observed 

phenotypes of the individual perturbations. We have discussed elsewhere the nontrivial 

question of how to define the expected phenotype23. A genetic interaction usually indicates a 

functional relationship between the two genes. If the combinatorial phenotype of two genes 

is less severe than expected, the genetic interaction is called “buffering” or epistatic, and can 

indicate that the two genes act in a linear pathway or encode subunits of protein complex 

(Fig. 3A). Conversely, if the combinatorial phenotype of two genes is more severe than 

expected, the genetic interaction is called “synergistic” – or, in extreme cases, “synthetic 

lethal”, and the genes may be acting in parallel, partially redundant pathways that can 

compensate for each others’ loss of function (Fig. 3A).

While a buffering genetic interaction can point to a pathway relationship between genes, it 

does generally not reveal which of the genes acts upstream and which downstream in the 

pathway. However, if two genes have opposite phenotypes, and the combinatorial phenotype 

matches that of one of the two genes (i.e., it masks the effect of the other gene), that gene 

can be hypothesized to act downstream in the pathway (Fig. 3B). It is important to stress that 

genetic interactions can only create a hypothesis for the nature of functional relationships 

between genes. Mechanistic experiments are required to test this hypothesis.

Systematic quantification of pairwise genetic interactions in a large set of genes, first 

implemented in yeast36–39, results in a genetic interaction map (Fig. 3C). Beyond detecting 

individual gene pairs with strong genetic interactions, genetic interaction maps also enable 

clustering of genes based on the similarity of their genetic interaction patterns with all other 

genes, which reveals functionally related groups of genes and can uncover the function of 

previously uncharacterized genes. Pooled genetic screens with pairwise genetic 

perturbations can yield high-quality genetic interaction maps in mammalian cells, using an 

experimental and computational approach we first developed based on RNAi23, 40. More 
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recently, similar approaches have been implemented based on CRISPRi41 and 

CRISPRn42–45. Importantly, CRISPR-based approaches can in principle enable 

simultaneous gain-of-function and loss-of-function perturbations in the same cell, either by 

co-expressing different types of sgRNA with RNA scaffolds for transcriptional modulators 

(as described for CRISPRn + CRISPRa46 and CRISPRi + CRISPRa47), or by using 

orthogonal Cas9 proteins48. Combinations of gain-of-function and loss-of-function 

perturbations in genetic interaction maps should greatly enhance our ability to identify 

directional pathway relationships: since unidirectional perturbation of genes acting in a 

pathway (such as a biosynthetic pathway or a signaling pathway) often will result in 

individual phenotypes of the same “sign”, the upstream or downstream position of genes in 

the pathway can generally not be deduced from their genetic interactions (Fig. 3A). 

However, CRISPRi and CRISPRa perturbation of the same gene often results in phenotypes 

of the opposite “sign”19, and thus CRISPRi targeting of one gene in a pathway and 

CRISPRa targeting of another gene in the pathway can generate opposing phenotypes. As 

discussed previously, genetic interactions between perturbations of opposing phenotypes can 

reveal the upstream and downstream positions of the perturbed genes in the pathway (Fig. 

3B).

Comparison of technologies for pooled genetic screens

For researchers planning to embark on a genetic screen, an important question is which of 

the available screening approaches (Fig. 1) they should use. There are currently only few 

empirical comparisons between the different loss-of-function technologies, and it is 

important to keep in mind that CRISPR-based approaches are still being optimized, while 

RNAi is a relatively mature technology. An early comparison between next-generation RNAi 

based on our high-complexity shRNA library and our first-generation CRISPRi library 

found that they performed comparably in a pooled screen for toxin resistance49. However, 

the second-generation CRISPRi library would likely outperform RNAi, since it is vastly 

improved over the first-generation version24, most importantly by incorporating empirical 

information for transcription start sites and optimizing the position of the sgRNA with 

respect to the transcription start site, and thereby to the nucleosome-free region just 

downstream. Similarly, a direct comparison of CRISPRi, CRISPRn and RNAi in screens for 

essential genes reported the best performance for CRISPRn50; however, the study did not 

utilize state-of-the art CRISPRi reagents. A meta-analysis of CRISPRn and CRISPRi 

screens revealed that our second-generation CRISPRi library performed comparably with 

the best CRISPRn libraries in detecting “gold-standard” essential genes24. As CRISPRn and 

CRISPRi technologies mature, results delivered by the various screening approaches will 

show which technology, if any, consistently performs the best. Most likely, CRISPRi and 

CRISPRn will yield complementary results, since each method has different caveats and 

sources of false-positive results51. Furthermore, some genes may only have a phenotype on 

complete knockout, whereas the biological function of essential genes may only be revealed 

by partial knockdown52, 53.

Importantly, there are several differences between available technologies based on first 

principles, and each approach can have advantages and disadvantages depending on the 

intended application, as described below.
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A. Loss-of-function technologies (summarized in Table 2)

In the pre-CRISPR era, the approach of choice for loss-of-function screens in mammalian 

cells was RNAi. (We will not discuss insertional mutagenesis approaches, since these are 

practically limited to use in haploid cell lines54.) Unlike CRISPR-based approaches, RNAi 

utilizes endogenous protein machinery in mammalian cells, and therefore delivery of a 

single component (siRNAs or shRNAs) is sufficient to trigger gene knockdown. On the one 

hand, this can be an advantageous for biological systems in which delivery of Cas9 

constructs is inefficient. On the other hand, competition of exogenous siRNAs/shRNAs with 

endogenous substrates of the RNAi machinery can lead to non-specific toxicity55. The major 

drawback of RNAi is the pervasiveness of off-target effects, which can lead to false-positive 

results in genetic screens56, 57. While the problem of false-positives can be overcome by 

using ultracomplex shRNA libraries23, 40, 49 or by systematically comparing large numbers 

of parallel genetic screens58, the scale of such experiments can be prohibitive. Also, the off-

target effects of any given siRNA/shRNA still encumber follow-up studies for individual hit 

genes from a screen.

CRISPRi lacks the notorious off-target effects of RNAi and enables highly specific 

knockdown of target genes11, 19. The exquisite specificity of CRISPRi is likely due to the 

narrow region around transcription start sites in which CRISPRi is active19. One caveat of 

CRISPRi is that targeting of bidirectional promoters can knock down both adjacent genes51. 

As many as 13% of human genes have transcription start sites within 1kb of each other51. 

However, given that CRISPRi in mammalian cells is most effective when sgRNAs target 

regions just downstream of transcription start sites19, 24, careful analysis of the relative 

phenotypes obtained from several sgRNAs targeting different sites along bidirectional 

promoters should help to pinpoint which of the flanking genes is more likely to be 

responsible for an observed phenotype.

Off-target effects of CRISPRn are an area of active investigation due to their relevance for 

therapeutic gene-editing applications. Several studies suggest that CRISPRn off-target 

effects may be more pervasive and harder to predict than initially thought59, 60, but efforts 

are underway to develop CRISPRn systems with reduced off-targets. An additional source of 

false-positive results in CRISPRn screens is the non-specific toxicity due to DNA damage 

that is observed with sgRNAs targeting amplified DNA sequences61, 62, which does not 

occur with CRISPRi24, 51.

There is a fundamental difference in the mode of loss-of-function between RNAi and 

CRISPRi on the one hand, and CRISPRn on the other hand: While RNAi and CRISPRi 

knock down gene expression deterministically to a certain level in all cells, CRISPRn 

introduces DNA breaks that are then subject to stochastic, error-prone DNA repair. In some 

cells, CRISPRn will result in short deletions that cause a frame-shift, leading to a complete 

loss-of-function of the targeted gene. In other cells, the repair outcome can be a short in-

frame deletion, which may not significantly affect the function of the targeted gene. This 

stochastic nature of CRISPRn can lead to false-negative phenotypes of sgRNAs in pooled 

screens, but it can also be used to map functionally relevant domains of proteins63. 

Stochastic outcomes of CRISPRn are especially a concern when several genes are 

simultaneously targeted in the same cell for the generation of genetic interaction maps, since 
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the fraction of cells in which the two targeted genes are both biallelically inactivated may be 

relatively small43. Unlike CRISPRn, CRISPRi and RNAi are reversible, thus enabling the 

time-resolved investigation of gene function during biological processes. While complete 

knockout of genes using CRISPRn may achieve stronger phenotypes than CRISPRi-based 

knockdown51, partial knockdown can enable the investigation of cellular functions of 

essential genes, and may more accurately predict the outcome of pharmacological inhibition 

of the gene product.

The differences in the mechanisms underlying RNAi, CRISPRi and CRISPRn have 

implications for the types of genetic elements that can be targeted by these approaches. 

RNAi targets mature cytosolic RNAs for degradation, and is therefore uniquely suited to 

selectively target different splice isoforms derived from the same gene. CRISPRi blocks the 

initiation of transcription, enabling the targeting of not only protein-coding, but also nuclear 

long non-coding RNAs (lncRNAs) with a single sgRNA19, 26, whereas RNAi is not effective 

in the nucleus64. Individual CRISPRn sgRNAs introduce short deletions unlikely to disrupt 

lncRNA function; however, paired-sgRNA libraries can be used with CRISPRn to remove 

entire lncRNA loci65. Since CRISPRn and CRISPRi target genomic DNA, both can be used 

to probe the function of cis-regulatory DNA elements such as enhancers66–68 and super-

enhancers69.

B. Gain-of-function approaches (summarized in Table 3)

In the pre-CRISPR era, gain-of-function screens in mammalian cells were enabled by 

genome-scale lentiviral ORF expression libraries70. The construction and validation of such 

libraries was a painstaking effort, and the comparative ease of CRISPRa sgRNA library 

construction is a clear advantage. Furthermore, the broad distribution of ORFs sizes poses a 

challenge for pooled propagation and screening; ORF expression screens targeting different 

genes are therefore generally implemented as arrayed screens71, 72. Lentiviral packaging 

efficiency decreases with increasing vector length73, thus complicating the expression of 

long ORFs. Conversely, all elements of a CRISPRa sgRNA library have the same length, 

regardless of the lengths of the targeted genes, and are suitable for pooled screens19, 21.

An important difference between CRISPRa screens and ORF expression screens is that the 

former induce the transcription of endogenous genes and recapitulate the expression of 

different splice isoforms, whereas the latter express specific isoforms, but can be used to 

express mutant versions of proteins that differ from the genotype of the host cell. Therefore, 

ORF expression screens can elucidate the cellular phenotypes of large numbers of point 

mutations in a given protein of interest71, 74, 75.

CRISPRa has been shown to activate targeted genes with high specificity15, 19, 21, 76. 

However, the caveat of bidirectional promoters, described for CRISPRi above, likely applies 

to CRISPRa as well.

The choice of CRISPRa versus ORF expression will hinge on the biological question of 

interest: gain-of-function screens for endogenous genes are much easier to implement with 

CRISPRa, whereas screens for the impact of different mutations will require ORF 

expression.
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As shown in Figure 1, different CRISPRa systems are currently in use. A recent study76 

directly compared a large number of published CRISPRa systems and found the VPR18, 

SunTag19, 20 and SAM21 approaches to perform the best in HEK293T cells. Across a 

number of different cell lines and target genes, none of the three approaches consistently 

outperformed the others. Importantly, the rules for optimal sgRNA target sites appeared to 

be the same across the different CRISPRa systems76.

Onwards and Upwards with CRISPRi and CRISPRa

The strong performance of CRISPRi and CRISPRa in genetic screens is remarkable, given 

how recently these technologies were developed. Over the next years, improvements in 

sgRNA design and dCas9 constructs for CRISPRi and CRISPRa may further enhance these 

approaches and overcome current limitations (Tables 2, 3). In parallel, variations of the 

CRISPRi/a approach in which dCas9 recruits functional domains for targeted 

mutagenesis77–79 or epigenome editing by modifying DNA80, 81 or histones82–84 will enable 

additional ways of probing genome function in pooled screens. While pooled CRISPRi and 

CRISPRa screens have so far mostly been carried out in cancer cell lines, applications in 

induced pluripotent stem cells (iPSCs) are feasible26, 85, and pooled screens in human iPSC-

derived cell types have enormous potential to uncover cellular mechanisms and therapeutic 

targets in a wide range of diseases, such as neurodegenerative diseases86.

CRISPR-based technologies are key tools for precision medicine and biology. The recent 

revolution in sequencing technology has enabled us to “read” genomes and transcriptomes, 

enabling us to catalogue variation correlating with different biological phenotypes and 

disease states. CRISPRn and CRISPRi/a enable us to “write” genomes and transcriptomes, 

respectively. This capability is paving the way for highly specific manipulation of biological 

systems for both research purposes (the functional dissection of causal relationships) and 

therapeutic purposes (the correction of disease states).
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Keywords

CRISPR
clustered regularly interspaced short palindromic repeats, an adaptive immune system in 

bacteria, which involves cleavage of DNA sequences by the programmable nuclease Cas9 

(or analogous proteins)

dCas9
nuclease-dead Cas9 protein, which can be used to target functional protein domains to 

genomic loci specified by an sgRNA
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sgRNA
single guide RNA, a synthetic RNA construct that links a CRISPR RNA and a 

transactivating CRISPR RNA (tracrRNA) and is able of directing the sequence specificity of 

Cas9

CRISPRi
CRISPR interference, transcriptional repression of endogenous genes by dCas9 alone, or 

dCas9 fused to transcriptional repressor domains

CRISPRa
CRISPR activation, transcriptional overexpression of endogenous genes by dCas9-mediated 

recruitment of transcriptional activator domains

CRISPRn
CRISPR nuclease, an approach to loss-of-function screens in which gene function is 

disrupted by error-prone non-homologous end joining repair following Cas9-mediated DNA 

cleavage

Genetic interaction
Deviation of the observed phenotype of a combinatorial gene perturbation from the expected 

phenotype based on the observed phenotypes of the individual perturbations, which usually 

indicates a functional relationship between the two genes

Genetic interaction map
Systematic quantification of all pairwise genetic interactions for a large set of genes, which 

can reveal functionally related genes based on the similarity of their genetic interaction 

patterns.
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Figure 1. Technologies to perturb gene function in mammalian cells for pooled genetic screens
Loss-of-function technologies include: RNA interference (RNAi); CRISPR nuclease 

(CRISPRn), in which Cas9-mediated DNA cleavage directed to the coding region of a gene 

by a single guide RNA (sgRNA) results in error-prone repair by cellular non-homologous 

end joining pathways, thereby disrupting gene function (in particular when frame shifts are 

introduced); and CRISPR interference (CRISPRi), in which catalytically dead Cas9 (dCas9) 

fused to a transcriptional repressor domain (e.g., KRAB) is recruited to the transcription 

start site (TSS) of an endogenous gene, as specified by an sgRNA, to repress transcription.

Gain-of-function technologies include: Overexpression of Open Reading Frames (ORFs) as 

transgenes; and CRISPR activation (CRISPRa), in which transcriptional activators are 

recruited via sgRNAs and dCas9 to TSSs of endogenous genes to induce their 

overexpression. To achieve high levels of overexpression with a single sgRNA, CRISPRa 

methods recruit more than one transcriptional activator to a given TSS. Multiple activator 

domains are either directly fused to dCas9 (e.g., VP64, p65 and RTA in the VPR system18), 

recruited to a protein scaffold fused to dCas9 (e.g. VP64 fused to superfolder GFP (sfGFP) 

and an antibody single-chain variable fragment (scFv) targeting a GCN4 epitope, which are 

recruited to a tandem array of 10 copies of the GCN4 epitope in the SunCas system19, 20), or 

recruited to an RNA scaffold fused to the sgRNA (e.g. p65 and HSF1 transcriptional 

activation domains fused to MS2 coat protein (MCP), dimers of which are recruited to MS2 

RNA hairpins in the Synergistic Activation Mediator (SAM) system21.
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Figure 2. Strategies for pooled genetic screens using CRISPRi or CRISPRa
Mammalian cells expressing CRISPRi or CRISPRa machinery are transduced by pooled 

lentiviral libraries for expression of single guide RNAs (sgRNAs) with low multiplicity of 

infection, resulting in stable integration of mostly a single sgRNA expression construct per 

cell. (A) The effect of sgRNAs on cell viability and growth or sensitivity to a selective 

pressure can be quantified by determining the frequencies of cells expressing each sgRNAs 

in populations at the t0 timepoint and after culture in the absence or presence of selective 

pressure. (B) The effect of sgRNAs on a phenotype monitored by a fluorescent reporter or 

antibody can be quantified by next-generation sequencing of populations separated based on 

phenotype by fluorescence-activated cell sorting (FACS). (C) CRISPR-based genetic screens 

can be coupled to droplet-based single-cell RNA sequencing to obtain high-dimensional 

transcriptomic phenotypes for each genetic perturbation.
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Figure 3. Genetic interactions reveal functional relationships between genes
(A, B) Genetic interactions are defined as the deviation of the observed phenotype of a 

combinatorial gene perturbation from the expected phenotype based on the observed 

phenotypes of the individual perturbations. They indicate a functional relationship between 

the two genes, as visualized by the pathway motifs. X, Y, Z: genes. P: observed phenotype.

(C) Systematic genetic interaction maps reveal functional clusters of genes based on the 

similarity of their genetic interaction patterns, as exemplified by our previously published 

map for ricin resistance40. Examples for different types of interactions are highlighted: 

members of protein complexes (the TRAPP complex and others), paralogues (RAB1A and 
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RAB1B), and regulatory pathways (the small GTPase ARF1 and its nucleotide exchange 

factor GBF1).
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Table 1

Published genome-scale CRISPRi and CRISPRa screens in mammalian cells

Screening mode Cell type Targeted genes Phenotype Reference

CRISPRi K562 leukemia cells Protein-coding Growth 19, 24

K562 leukemia cells Protein-coding Sensitivity to bacterial toxin 19

K562 leukemia, HeLa cervical cancer, U87 
glioblastoma, MCF7 and MDA-MB-231 
mammary adenocarcinoma, HEK293T and human 
induced pluripotent stem cells

lncRNAs Growth 26

K562 leukemia cells Protein-coding Activation of the unfolded protein 
response (FACS-based)

30

HT29 colorectal cancer and MIAPACA2 
pancreatic cancer cells

Protein-coding Growth 51

CRISPRa K562 leukemia cells Protein-coding Growth 19, 24

K562 leukemia cells Protein-coding Sensitivity to bacterial toxin 19

A375 melanoma cells Protein-coding Resistance to BRAF inhibitor 21

A375 melanoma cells lncRNAs Resistance to BRAF inhibitor 87
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Table 2

Comparison of loss-of-function approaches

CRISPRi CRISPRn RNAi

Number of components 2 2 1

Outcome in individual cells Deterministic Stochastic Deterministic

Loss of function Knockdown Complete KO possible Knockdown

Specificity
Very high; but caveat of 
bidirectional promoters

Some off-targets Many off-targets

Non-specific toxicity Not measurable
Due to DNA damage, especially when 

targeting amplified regions
With high siRNA/shRNA 

levels

Reversibility Yes No Yes

Targeting long noncoding RNAs Yes Requires paired sgRNAs No

Differential targeting of splice isoforms No Generally no Yes

Targeting cis-regulatory DNA elements Yes Yes No
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Table 3

Comparison of gain-of-function approaches

CRISPRa ORF/transgene expression

Number of components ≥ 2 1

Extent of overexpression
Can achieve high overexpression by 

multiplexing sgRNAs or activator domains
Can achieve high overexpression

Specificity Very high; but caveat of bidirectional promoters Very high

Limitations for long ORFs No Yes

Differential overexpression of splice isoforms No Yes

Expression of variants not matching host cell genotype No Yes
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