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Abstract
Understanding gene function is critical for developing therapeutic strategies to target disease. Common 
approaches to understanding gene function in a systematic and unbiased way include loss-of-function and gain-
of-function genomic screening. Some of these rely on artificially increasing the copy number of gene transcripts 
using cDNA expression libraries. Others interrogate endogenous protein expression through genetic loss-of-
function approaches such as siRNA screening. Over the past two decades, targeted approaches that reduce the 
endogenous expression level of genes or proteins have been developed that facilitate a much better 
understanding of genes in the context of the living cell. Technologies have been developed that enable precise 
modification of the genome rather than reduction at the transcript level. These include zinc finger nucleases, 
TALENs and the CRISPR/Cas9 technology. The use of these systems in large-scale high-throughput screening is 
an emerging field and we herein highlight recommendations for such applications.

Introduction
The ability to modify the expression of single genes and proteins has become one of the most important tools in 
molecular and cellular biology. Several methodologies have been developed to allow for specific gene 
manipulation in tissue culture cells, which have become colloquially known as “genome-editing”. These rely on 
nucleases that are engineered to cut specific genomic target sequences, including Zinc Finger Nucleases (ZFN), 
Transcription Activator-like Effector Nucleases (TALEN) and Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR) nucleases (1). Homing meganucleases have also been used for these purposes but because 
they have not achieved widespread use they will not be discussed further.

The ZFNs, TALENs, and CRISPR/Cas9 (CRISPR associated) enzymes create double stranded breaks in the target 
DNA sequence which the cell will then repair using one of two pathways (Figure 1, Figure 2). The first of these 
processes is non-homologous end joining (NHEJ), which occurs without the use of a repair template. NHEJ 
results in a deletion or insertion (indel), the resulting sequence of which is essentially random and impossible to 
control. Practically, this pathway is useful in generating loss-of-function (knockout) of the gene of interest. The 

Author Affiliations: 1 MRC Laboratory for Molecular Cell Biology, University College London; Email: j.costa@ucl.ac.uk; 
Email: r.ketteler@ucl.ac.uk. 2 Western Michigan University; Email: Bruce.bejcek@wmich.edu. 3 Eli Lilly; Email: 
Mcgee_james_e@lilly.com. 4 Biogen Inc.; Email: adam.fogel@biogen.com. 5 NIH/NCATS; Email: 
kyle.brimacombe@nih.gov.

 Corresponding author.



second pathway is homology-directed repair (HDR), which utilizes a repair template that contains homology to 
the sequences proximal to the DNA break (the endogenous template in cells is the sister chromatid). This 
pathway allows for precise control of the resulting insertion, but requires additional DNA sequences to be 
transfected, and is often less efficient than the NHEJ pathway.

In addition to these methods, recombinant Adeno-Associated Viral vectors (rAAVs) have been used to modify 
specific genomic DNA targets as well (2) (reviewed in (3) and (4)). The rAAV methodology for genomic 
modification does not rely on the activity of an exogenously derived nuclease but relies on the replacement of 
sequences carried on a rAAV for the endogenous cellular homologue. rAAV methods will not be discussed 
further in this chapter.

All of these methods can be used in a wide variety of cell types to modify specific DNA sequences. In this 
chapter, we discuss the general application of different genome editing techniques for cell line generation and the 
specific use of CRISPR as a scalable platform for genetic screening.

A. Zinc Finger Nucleases (ZFNs)
Typically, genome editing platforms require two key features: an endonuclease that can cut a target location in 
the genome; and a sequence-specific adaptor that targets the endonuclease to a specified region on the DNA.

Zinc finger nucleases are chimeric proteins comprised of a DNA binding domain composed of zinc fingers 
(based on zinc finger transcription factors) and an endonuclease (5) (Figure 1, reviewed in (6)). Zinc fingers are 
~30 amino acids that can bind to a limited combination of ~3 nucleotides. By using a combination of different 
zinc fingers, a unique DNA sequence within the genome can be targeted. Similarly, it was discovered that the Fok 
I type IIS restriction endonuclease had distinct and separable DNA binding and DNA cleavage domains, and the 
cleavage domain only has activity when there is dimerization (7). Making a chimera of the zinc finger binding 
domain with the Fok I digestion domain resulted in an artificial nuclease with a specificity that can theoretically 
be tailored to any sequence. When used in whole live cells it has become a powerful tool for the creation of cells 
that have single, insertion/deletion (indel) mutations in a region of interest in the genome.

The concept of use for zinc finger nucleases is relatively straightforward. Two chimeras are produced. Each 
chimera recognizes a specific and unique DNA sequence where the two sequences are relatively close to each 
other. When these chimeras are bound to the DNA they cut the DNA to create a fragment that is released, 
resulting in the activation of the cellular repair machinery in the form of NHEJ. NHEJ results in indels of various 
sizes and thus can disrupt open reading frames and result in a nonfunctional protein or a lack of an exon. 
Alternatively, a fragment of DNA can be also supplied to the cell, resulting in replacement of the sequence 
between the two cut sites by homologous recombination. The replacement fragment can be a normal or mutant 
form of the gene that is to be replaced.

There are some drawbacks with this technique:

Cost and time to engineer. ZFNs were the original platform used for genome editing and date back to the 1980s 
(8). Their use has always been hampered by the need to computationally predict and then iteratively engineer 
and test for sequence specificity. In comparison with the modular nature of TALE repeat binding, or the direct 
Watson-Crick affinity pairing of the CRISPR/Cas system, this makes the ZFNs much slower to develop and 
much costlier to pursue for a given target. This is the major reason why this technique has fallen out of favor in 
recent years.

Targeting specificity. Although the sequence that is targeted for digestion may be unique within the genome and 
the ZFN may have a high affinity for this sequence, off-target binding and cleavage of other DNA sequences can 
occur and result in undesired genome modification at other sites. For this interaction to result in digestion of 
DNA that will be repaired by NHEJ both halves of the ZFN must recognize sequences around the target site. 
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Although this probability is small there are known zinc fingers that have off-site digestion patterns that will 
result in disruption of more than one site. Such off-target activities can be determined by sequencing the entire 
genome, but this is time consuming and costly. The best way to determine whether off-target activities might be 
influencing the biology of interest is to create more than one ZFN to digest the DNA at different sites (and 
presumably different off-target sites). When assessing knockout function, it is also imperative that the phenotype 
is rescued with a reintroduction of a functional gene in order to demonstrate the phenotype achieved is due to 
disruption of the gene of interest.

Figure 1: Overview of genome editing by zinc finger nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs). 
Zinc finger nucleases are composed of the Fok I endonuclease and an array of zinc finger binding domains that recognize the target 
DNA sequence. The action of two ZFNs on both strands of the DNA will result in a double strand break. A donor DNA provided in 
trans can then be integrated at the site of the break, resulting in a transgenic DNA sequence. In the absence of a donor template, the 
double strand break will be repaired by the host machinery, often resulting in insertions/deletions (indels) that disrupt the open 
reading frame. For TALENs, the zinc finger array is replaced by TAL effector repeats that guide targeting to the DNA.
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Figure 2: Mechanism of CRISPR/Cas9 genome editing. CRISPR/Cas9 genome editing requires a single guide (sg) RNA that directs the 
Cas9 endonuclease to a specific region of the genomic DNA, resulting in a double strand break. By providing a donor DNA in trans, a 
transgenic DNA can be created, whereas in the absence of a donor DNA, the double strand break will be repaired by the host cell, 
resulting in an insertion or deletion, thus potentially disrupting the open reading frame of a gene.
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B. TALENs
TALE-Nucleases (TALENs) are based on the transcription activator-like effector (TALE) proteins from 
Xanthomonas bacterial species (reviewed in (9,10)) that have a DNA binding domain and an effector domain 
(Figure 1). The DNA binding domain consists of several subdomains of slightly variable length (~34 amino 
acids) but have a nearly identical amino acid sequence. There is a region at the 12th to 13th amino acids that is 
highly variable (the repeat variable dinucleotide, RVD) and known to mediate nucleotide specificity (see Table 
1). The combination of these ~34 amino acid regions and the RVD dictate which DNA sequence is bound. 
Therefore, the engineering of a sequence specific binding domain is more easily accomplished than with ZFNs as 
this is a more modular approach. It requires only varying the RVD nucleotides and not the rest of the repeat 
backbone to achieve specificity with reasonable avidity. As with ZFNs, this DNA recognition domain can then be 
fused with a variety of proteins including the Fok I catalytic domain.

Like ZFNs, TALENs can be used to make a site-specific cut in genomic DNA, which results in either indel 
mutations or allows for replacement specific pieces of DNA if a suitable HDR template is delivered. Since the 
TALE domains allow for a more highly predictable, modular creation of binding domains, they gained 
immediate popularity when compared with ZFNs because they obviated the need for expensive and time-
consuming engineering. Cloning TALEN constructs could be done in 1-2 weeks and the highly modular nature 
of the binding domains made binding fidelity much more likely. They have been used in cells from a variety of 
species both in tissue culture as well as in vivo. The advantages of TALENs over ZFNs are increased predictability 
of binding of the TALE domain to the desired target sequence and cost.

Like ZFNs, TALEN construction requires verification in vitro to demonstrate an adequate level of cleavage 
efficiency before they can be employed in experiments. Due to the modular nature of the TALE repeats, the 
probability of rationally designing a TALEN that will be specific for a particular sequence appears to be greater 
than that for ZFNs, however it is not possible to rule out off-target cleavage in a given cell line without extensive 
testing.

Table 1. Nucleotide binding by amino acids of the RVD.

Amino acids in the repeat variable dinucleotide (RVD) at aa 12 and 13 Nucleotide(s) recognized

HG T, A, C

NG T

N* C, T

HD C

NN G, A

NS A, C, G, T

NI A

C. CRISPR
The identification of clustered regularly interspaced short palindromic repeats (CRISPR) along with the CRISPR 
associated (Cas) protein is the most recent development and is even more rapid and modular than the TALEN 
platform. The CRISPR/Cas9 technology is a three-component system consisting of an endonuclease (Cas9), a 
sequence-specific targeting element (the crRNA), and another RNA that links Cas9 with the crRNA, the 
tracrRNA (Figure 3) (11). Both crRNA and tracrRNA can be combined in a single molecule termed single guide 
(sg) RNA (12,13). Since an RNA molecule acts as the guide in this system, and the technology for cloning DNA 
oligonucleotides has been well developed, this system results in a methodology that is simpler and more rapid to 
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develop than TALENs and ZFNs. CRISPR/Cas9 is now widely used in multiple organisms, both in vitro and in 
vivo.

The mechanism of action for the CRISPR/Cas system relies on the expression of at least two components: an 
effector enzyme and a guide RNA (Figure 2). The effector enzyme most commonly used to date is Cas9 from the 
type II CRISPR/Cas system from Streptococcus pyogenes. Although there are three different types of CRISPR/Cas 
systems currently known, the type II enzymes are preferable as they are single polypeptides. To be used in this 
system the CAS9 protein must be expressed and translocated to the nucleus. Several laboratories have created 
codon-optimized versions with nuclear translocation signal sequences (NLS).

The crRNA recognizes and pairs with a sequence of 20 nucleotides in length within the targeted genome (Figure 
3). Targeting relies on sequences at the 3’ end of the desired site for digestion. These sequences, known as 
protospacer adjacent motifs (PAMs), are critical and unique to the CAS9 proteins isolated from different species. 
Alternative endonucleases such as the type V CPF1 exist that utilize different PAM motifs for targeting (14), thus 
expanding the repertoire of potential target sites (see Table 2). While the requirement for a PAM motif in the 
genome is a major restriction in this technique, it is estimated that every gene harbors multiple sites, allowing 
disruption of virtually any gene.

One advantage of the CRISPR/Cas9 technology is its great versatility. In effect, the sgRNA directs the 
endonuclease to a specific site in the genome. By attaching functional domains to Cas9, it is possible to target 
any functionality to a specific genomic location, including promoter sites and introns. For instance, using a 
translational fusion of catalytically inactive Cas9 to transcriptional activators, such as multimers of the VP16 
peptide, and targeting a promoter region, it is possible to activate gene expression (15). Similarly, systems for 
gene repression, histone modification and epigenetic alterations have been created (16,17,18). In addition, the 
system can be used to specifically paint genomic sequences or tag sequence regions with a fluorescent protein or 
protein tag (19,20). It is also possible to generate an inducible CRISPR/Cas9 system either using classical 
repressor systems or small molecule inhibitors of Cas9 (21). The inventiveness of researchers to create novel 
applications of this technology seems to be infinite.
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Table 2: Endonucleases with different PAM specificity.

Name Organism PAM Type Ref

SpCas9 Streptococcus pyogenes 5’-NGG-3’ II (11)

SpCas9 VQR Streptococcus pyogenes 5’-NGAN-3’ II (105,106)

SpCas9 EQR Streptococcus pyogenes 5’-NGNG-3’ II (105,106)

SpCas9 VRER Streptococcus pyogenes 5’-NGCG-3’ II (105,106)

SaCas9 Staphylococcus aureus 5’-NNGRRT-3’ II (105,107)

NmCas9 Neisseria meningitides 5’-NNNNGATT-3’ II (108)

St1Cas9 Streptococcus thermophiles 5’-NNAGAAW-3’ II (109)

St3Cas9 Streptococcus thermophiles 5’-NNGGNG-3’ II (109)

BlCas9 Brevibacillus laterosporus 5’-NNNCND-3’ II (110)

AsCpf1
LbCpf1

Acidaminococcus 
Lachnospiraceae

5’-TTTC-3’ V (14)

C2c1 A. acidoterrestris 5’-TTC-3’ V (111)

Figure 3: Anatomy of a single guide (sg) RNA. The sgRNA is composed of a crRNA sequence that is fused to the tracrRNA. The crRNA 
contains a 20 nt sequence that is identical to the genomic target DNA sequence. A pre-requisite for binding of the sgRNA to the target 
site is the presence of a PAM motif following the 20 nt recognition sequence. “R” denotes the remaining part of the sgRNA, consisting 
of a Cas9 binding handle and the S. pyogenes terminator sequence. Cleavage occurs at the -3 position upstream of the PAM motif.
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Comparison of the Various Genome Editing Technologies
While commercial availability and technical aspects of design, assembly, and delivery are significant criteria 
when choosing a nuclease, performance is of equal importance. Factors that govern performance are influenced 
by the model system of choice (cell line, model species, etc.), the efficiency of nucleic acid delivery, and the 
presence of polymorphisms in the target region. Indeed, there are examples for each of the major genome editing 
technologies where very high frequency of modification is observed. Targeting efficiencies of 1%-50% have been 
reported for TALENS and ZFNs (22,23,24) and efficiencies of up to 70% have been reported for CRISPRs 
(13,25,26).

Despite the growing amount of data using these systems, there are very few examples of side-by-side 
comparisons, making it difficult to evaluate which system will work most effectively for an unvalidated target 
gene or sequence. Recently, the efficiency of TALENs was directly compared to that of CRISPR/Cas9. Site-
specific editing of an EGFP transgene in mammalian cells showed that CRISPR/Cas9 is more efficient and 
precise than TALENs in the absence of a homology-repair DNA template. Contrarily, when supplied with a 
repair template, TALENs performed more efficiently (27).

Another study has focused on the signature of TALENs and ZFNs (insertions vs deletions). TALENs introduced 
mostly deletions whereas ZFNs introduced both insertions and deletions (28). However, a more systematic 
comparison of these techniques is required to draw any conclusions.

Very recently, a direct comparison of CRISPR, CRISPR-interference (CRISPRi) and shRNA on gene modulation 
was established by using a lethality screen (essential genes). Targeting of 46 essential and 47 nonessential genes 
showed that CRISPR performed better than the shRNA and CRISPRi methodologies as it allowed a better 
distinction of the two groups of genes. In this experiment, shRNA-mediated knockdown resulted in more noise 
(29).

A key aspect of genome editing technologies is their potential use in high-throughput screening applications for 
understanding gene function and drug target identification. While in principle all mentioned genome editing 
techniques are suitable for production of gene targeting libraries, there are some practicalities that make the use 
of the CRISPR/Cas9 the primary choice for such applications. In the next section, we will discuss the advantages 
of CRISPR/Cas9 in this context and its use in screening.

Screening
Cell-based high-throughput screening in the pharmaceutical industry serves two main purposes: a) the 
identification of genes underlying phenotypes that correlate with disease (identification of drug targets); and b) 
the identification of chemical or biological agents that bind to or modulate the activity of such drug targets in 
cell-based assays (phenotypic screening). Of particular interest in recent years has been high-content screening, 
due to the ease of use, the potential for multiplexing several readouts, and the high amount of information that 
can be recorded from relatively simple experiments (30). Nonetheless, enzymatic reporter assays and general 
viability assays are also very powerful tools even in the age of HCS (31).

Traditionally, modulation of gene expression using genomic libraries has been achieved with siRNA/shRNA 
libraries (see book-part://[cbrnai]). Although successful in many applications, the use of these libraries presents 
some challenges. Notably, off-target activities of siRNAs or shRNAs and incomplete knockdown represent major 
sources of false positives and false negatives, respectively. Nonetheless, the technology has been widely used and 
been successful for the identification of gene function in multiple organisms. Further, siRNA-based approaches 
(but also CRISPR/Cas9 activation and repression screens; see below) are preferable when identifying the gene 
function of essential genes, since in this case complete knockout will obscure any functional readout by 
disruption of cellular function. The two key reasons why genome editing technologies may overtake the 
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widespread use of siRNA technology in the near future are: 1) the possibility to create a “clean” knockout of a gene, 
where residual activity is not present and can be neglected; and 2) the reduced confusion created by off-target 
activities.

The use of genome editing technologies in high-throughput approaches has not yet reached the same ease of 
automation and throughput as other technologies, but protocols are being developed by industry and academic 
laboratories that will address the current limitations (32).

There is general consensus that the applicability of both TALENs and ZFNs methodologies in screening 
approaches is more reduced than that of CRISPR. To date, there has been very little use of TALENs, ZFNs and 
AAV-related techniques for functional genomic screening. This is due to the design complexity and time-
consuming generation of TALENs and ZFNs, relative to CRISPR. Nevertheless, an innovative cloning system has 
recently allowed the generation of a TALEN library comprising TALEN plasmids for 18,740 protein-coding 
genes (33,34). In a pilot study targeting 126 of those genes, the efficiency was around 90%. Moreover, TALEN-
mediated knockout of genes involved in the NF-κB pathway performed better than siRNA knockdown (35). 
However, no large-scale screens or using TALENs have been published to date. Therefore, we will focus below 
mainly on the use of CRISPR/Cas9 in screening applications.

The main advantage of the CRISPR/Cas9 technology for screening approaches is that the DNA-targeting 
molecule is a short RNA. Single guide RNA and crRNA libraries can be produced easily and cost-effectively, thus 
putting this technology at the forefront of functional genomic screening.

When using genomic libraries to modulate genome sequences such as those mentioned above, two types of 
screening approaches can be designed: 1. Pooled screening, and 2. Arrayed screening (32). Both have very 
different requirements in terms of library design, assay design, screen optimization, quality control, hit selection 
and post-screen validation that is summarized in Table 3 and discussed below.

Table 3: Advantages and disadvantages of pooled vs arrayed screening.

Pooled screening Arrayed screening

Advantages • simple setup
• requires no automation and specialized equipment
• requires less experimental manipulation
• suitable for cell viability/proliferation assays 

identification of drug resistance genes
• comprehensive profiling of genome-wide library
• cost-effective

• easy genotype-phenotype correlation
• suitable for high-content screening assays
• multi-parametric readouts possible
• suitable for primary cells and neurons
• custom-made libraries are available

Disadvantages • requires high cell number
• not suitable for primary cells and neurons
• not suitable for high-content screening
• biosafety considerations for virus libraries
• requires a selection step
• analysis depends on the availability of next-generation 

sequencing (NGS)
• rare gene transcripts may be more difficult to identify
• limited number of readouts

• requires specialized equipment (lab 
automation)

• costly and time-consuming
• quality control difficult (internal controls 

and statistical adjustments may be needed)
• genome editing efficiency and transfection 

efficiency may be low
• plate and well variability high

Pooled Library Screening
CRISPR/Cas9 screens can be performed in two different formats (arrayed vs. pooled libraries). Most CRISPR-
based screens performed to date utilize pooled libraries. In short, a pooled library is a single preparation of many 
different sgRNA plasmids. The use of pooled libraries requires a positive or negative selection step, and thus has 
limited use for high-content screening approaches. However, there is great potential for pooled library screening 
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as the setup is relatively simple and does not require extensive automation and high-throughput screening 
capabilities. Usual readouts include cell viability and/or proliferation measurements, and the identification of 
drug resistance genes (36). Several studies reported in the literature comprise investigations in several fields, 
such as for the identification of cancer tumour suppressor genes (37), viral infection (38), cell cycle regulation 
and DNA replication. CRISPR/Cas9 screens have been successfully performed not only in mammalian cells but 
also in Drosophila cells (39) and Zebrafish (40). Recently, a resource summarizing all high-throughput CRISPR/
Cas9 screens has been published and is frequently updated (41).

In general, pooled lentiviral screening with CRISPR/sgRNA libraries uses several of the same principles as 
pooled shRNA screening. This is likely the main reason why pooled screening approaches have been developed 
very quickly, with essentially all the technology for library production, screening workflow and hit identification 
already established in key laboratories. Many of these principles can be found in book-part://[cbrnai] and will 
not be discussed in detail here. However, there are key differences in terms of library design, assay optimization, 
hit identification and validation that will be outlined below.

Library Design
Pooled Libraries consist of a pool of sgRNAs in a lentiviral vector backbone that is used to transfect or transduce 
in bulk the cell line of interest. Several tools exist for identification of guide RNA target sequences in the genome. 
The two key features in producing a high-quality library is a) identification of unique target sites in the genome 
as to limit potential off-target activities; and b) to predict highest efficiency for genome editing. The 
identification of unique target sites is usually done by a search for PAM motifs combined with a BLAST 
algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to remove similar regions. Deleterious consequences of off-
target activity can be mitigated by strategies described above, and improvements to Cas9-based platforms have 
been occurring at a rapid pace in the last couple of years resulting in increased fidelity (42,43,44).

The rules for predicting the highest efficiency genome editing sequence targets are not well understood and are 
lagging behind our understanding of how to select good siRNA molecules. Nonetheless, recent progress has 
made it clear that there are key determinants that improve design of sgRNA sequence. A recent study has 
investigated the cleavage activity of sgRNAs on single nucleotide mismatched targets (45). The study found a 4 
nucleotide sequence located at +4 to -7 upstream of the PAM motif that can help in the design of gene specific 
sgRNAs. Another study found nucleotides both at PAM distal and proximal sites to be important for on-target 
activity (46). Another feature that has been recognized to interfere with genome editing efficiency is PAM 
density, reasoning that sites harboring multiple PAMs are less amenable to editing (47). Further determinants for 
improved design have been made (48), suggesting that G is preferred at the -1 and -2 positions proximal to the 
PAM sequence, a preference for C at the -3 position, a preference for A in positions from -5 to -12 and for G in 
positions from -14 to -17. However, this prediction is based on a limited set of data and the overall design rules 
for efficient guide RNAs need to be further investigated.

Several online CRISPR design tools now exist, and these enable the prediction of off-target sites, along with the 
probability of those events based on the individual sgRNA designs. Some of these are summarized in recent 
reviews (49,50). A list of online tools and websites for sgRNA design can be found in the appendix.

A very interesting experimental approach to generate sgRNA libraries from any gene without the need for 
bioinformatics prediction of target sequences has recently been described as an alternative (51). This method 
relies on the use of a semi-random primer containing a PAM complementary sequence and standard molecular 
biology tools to generate a sgRNA library. This method is particularly useful for generating sgRNA libraries for 
species where limited sequence information is available.

Several companies have developed their own sgRNA design tools, which make it easy to design and order the 
reagents with a very simple two-click system. Often, the problem is that too many sequences are identified and 
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selection becomes a matter of being spoiled for choice. Given that most sgRNA sequences work reasonably well, 
it might be best to opt for location in the gene sequence rather than predicted efficiency. For instance, sequences 
close to the 5’-end of a gene might be favorable, but one should keep in mind that alternative start sites might 
result in expression of a downstream gene fragment. Also, ribosomal frameshifting (52) and “illegitimate 
translation” (53) can result in expression of a gene from out-of-frame alleles. An alternative is to target within a 
functional or catalytic domain. Often, even an in-frame insertion can result in disruption of protein function, as 
we have observed for the ATG4B protease (Robin Ketteler, unpublished observation).

Currently available libraries are listed in the appendix.

Assay Optimization
A pooled CRISPR screen typically requires three components: the sgRNA library, Cas9 endonuclease, a cell 
model of interest and a sequence analyzer for hit identification.

Cells: When choosing the right cell line, the first choice should always be that the most relevant cell type is used 
to address the specific biological question. However, one might want to consider the ploidy of cells. For instance, 
in diploid cells, one would need to edit two alleles in order to get a complete loss of function phenotype. In 
polyploid cells, this might be more complicated. To date there is no evidence that the number of alleles has an 
effect on genome editing efficiency, although it has been suggested that the efficiency may be lower with 
increasing number of alleles (54). Another consideration is that 1 in 3 modifications can result in an in-frame 
indel, thus potentially not leading to a loss of gene function. Identified phenotypes can therefore be a 
consequence of mosaicism in gene function in a certain cell. Furthermore, interfering with the endogenous DNA 
repair mechanism may interfere with genome editing efficiencies. All of these caveats will require addressing 
when validating individual hits from pooled library screening.

Delivery of library: Often, the pooled library is supplied as a glycerol stock where each plasmid needs to be 
amplified before use. This is a critical step, as during amplification one has to ensure that the representation of 
each sgRNA is maintained. In a next step, the plasmids will be delivered to producer cells that produce the 
lentivirus particles for transduction of the target cells. This step is critical and assessment of virus titer is 
necessary. During transduction of target cells, the key requirement is that each cell receives only one virus on 
average. This can be best achieved by transducing cells with a mixture of lentiviral particles at a low multiplicity 
of infection that allows a single integration per cell. On the other hand, one has to ensure that each plasmid is 
represented in the infected cell population. Therefore, an excess of cells is usually used, at least 100-fold higher 
than the number of plasmids. This also means that a large portion of cells will not be transduced. Another 
consideration in pooled lentiviral screening that affects the number of cells required for hit identification is that 
each transcript is represented at high enough numbers so that even rare transcripts can be identified. For this 
reason, the number of cells in the beginning of the screen should be sufficiently high to enable such 
representation. Typically, 100-200 million cells are transduced and screened.

Delivery of Cas9 endonuclease: The CAS9 endouclease can be delivered in conjunction with the sgRNA (using 
the same vector) or provided in trans, either in the form of a stable Cas9 expressing cell line or through transient 
delivery of the Cas9 gene or protein into cells. Some studies have suggested that the transient delivery of Cas9 
protein can be advantageous to reduce off-target effects when compared to a stable Cas9 expressing cell line. 
However, for practical reasons and to reduce variability between batches, a stable Cas9 cell line is often used.

Selection: In the next step, a positive or negative selection will be applied to allow the identification of sgRNA-
mediated editing events that lead to a desired phenotype. In a positive selection screen, a positive selective 
pressure will eliminate all cells that do not survive the selection (e.g. treatment with puromycin). The few cells 
that survive can then be sequenced and the underlying sgRNA identified. Positive selection screens are typically 
very robust, if the selection pressure is very strong. Obviously, the right amount of selective pressure has to be 
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optimized in a first experiment on a control population. In a negative selection screen, most cells will survive. 
Therefore, one has to perform next-generation sequencing on the starting population, apply selection, and 
perform another round of next-generation sequencing on the surviving cells. By comparing the results from the 
initial population with the selected population, one can identify the list of gRNAs that are underrepresented 
during negative selection. For both, positive and negative selection screens, access to next-generation sequencing 
platforms is essential. An alternative to positive or negative selection is the use of a fluorescent marker protein 
and cell sorting.

Pooled library screening is not feasible for cell types that have limited proliferative potential or a limited passage 
number such as neurons or primary cells. Also, pooled screening is limited for identification of morphological 
phenotypes, such as those typically observed in high-content screening assays.

Hit Identification
Pooled screens require a selection step in order to enrich for cells displaying the desired phenotype. Ultimately, 
this will result in the differential representation of transcripts in the selected cell population that can be 
identified by next-generation sequencing. The identity of each sgRNA in the final population can be determined 
by one of two approaches: the sgRNA sequence can be determined by designing primers for PCR amplification 
that recognize the vector backbone and are flanking the sgRNA, thus effectively directly sequencing the sgRNA. 
An alternative is to use sgRNA-specific barcodes in the lentiviral vector backbone that are sequenced and then 
infer the corresponding sgRNA sequence. The advantage of a barcode approach is that probe sequences can be 
designed so that optimal hybridization settings can be obtained for each plasmid, resulting in equal PCR 
amplification and representation of transcripts. Identification of sequences can be done by microarrays (55) or 
deep sequencing. Recently, a multiplexed barcoded library approach has been developed that allows hit 
identification in a high-throughput manner (56). In order to capture underrepresented sgRNAs, it is important 
to reach a high level of transcript representation, and – as mentioned above – to start with a sufficiently high cell 
number. There are a few things worth noting:

Sequencing Depth: A key consideration is sequencing depth. It has been estimated that more than 1x107 reads 
are required for a complex library. While normalization is usually not required, it is important to assess the 
representation of each sgRNA in the initial library before selection. Therefore, a cumulative distribution 
normalized to the total number of reads may help in this. This can also be important for quality control, as 
deviations from this curve may indicate a loss of diversity in the starting population.

Representation/Reads: After determination of the representation of each sgRNA, it is important to apply 
statistical measures to determine the significance of the results. Several user-friendly programs have been 
designed to aid in statistical analysis, including RIGER (57), RSA (58), HitSelect (59) and MaGeCK (60).

Recently, an R package for data analysis and documentation of pooled CRISPR library screens has been 
developed (caRpools (61)).

Validation
Post-screen validation of hits from pooled and arrayed library screening use common principles and will be 
discussed below.

Arrayed Library Screening
The use of arrayed libraries is still in its early days and only recently have they become available. Arrayed 
libraries present a broader applicability, allowing direct analysis of image-based phenotypes as well as 
biochemical readouts based on intensity (colorimetric/fluorescence/luminescence). In this sense, the use of 
arrayed libraries is more direct. In some cases a selection step for the cells that incurred a genetic modification 
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may be required, whereas for robust biochemical readouts (such as luminescence), this step might be 
unnecessary. The same is true when the targeting efficiency is very high.

Library Design
Guide RNA design follows very similar rules for arrayed libraries as for pooled libraries. Tools for identifying 
target sequences are described above and listed in the appendix. Here, we will only focus on particular 
requirements for arrayed libraries.

An arrayed library usually consists of guide or crRNAs targeting a single gene within each well in a multi-well 
microplate format. In some cases, there is more than one sgRNA/crRNA per well, but the key point is that each 
well contains agents that target the same single gene. The main advantage is that the gene-function correlation 
can be much more easily established than by selection of over- or underrepresented sequences in a mixed pool.

Unlike pooled libraries, arrayed libraries can occur in many different formats.

Lentiviral arrayed libraries are available, and these often contain the same vectors and sequences as the 
corresponding pooled libraries. The use of lentiviral libraries provide an efficient delivery to almost any cell type, 
but may require a selection step and culture of the cells for extended time (>7 days) before analysis.

Synthetic crRNA libraries: Synthetic libraries of small RNA molecules have been successfully delivered to cells at 
high efficiency and with similar protocols developed for siRNA oligonucleotides. In this case, high transfection 
efficiency is essential as there is no ability to select cells. Experiments are on a shorter time frame (within a few 
days). When using crRNAs, the tracrRNA has to be provided in trans alongside the Cas9 endonuclease.

In vitro transcribed sgRNA libraries: Another format that is being offered, although usually at lower scale due to 
the cost in manufacturing, is an in vitro transcribed sgRNA library. These are being offered as custom libraries 
and it is unlikely that they will be provided as an off-the-shelf solution for large libraries.

It is worth noting that chemically synthesized crRNAs have been suggested to be more versatile due to the 
possibility of having incorporated chemical modifications that increase gene editing efficiency (see review (62)). 
It can be expected that further improvements in this area may result in alternative library design in the future.

The key advantages of arrayed libraries are that the gene-function correlation is much easier to establish, the 
handling can be automated using standard liquid handlers, and an arrayed format is easily adaptable to high-
content screening technologies. Also, it is possible to deliver the Cas9-sgRNA as a ribonucleoprotein complex, 
which has been suggested to reduce off-target activities (63). A key disadvantage is the cost of arrayed libraries, 
plus uncertainties associated with the genome editing efficiency, which may be below the detection limit of 
conventional high-content screening assays (see Table 3).

The libraries currently available are designed to target the whole genome, individual classes of genes (e.g. tumour 
suppressors, hormone receptors) and specific pathways (e.g. angiogenesis, apoptosis, cell cycle). Additionally, 
custom-made libraries that match the need of the research community are also available. Resources for pooled 
and arrayed libraries are listed in the appendix.

Assay Optimization
An optimal assay is one that delivers the maximum number of reproducible positive hits and a minimum of false 
negatives. In arrayed CRISPR library screening, very similar measures can be applied as in siRNA or small 
molecule library based approaches. Thus, the optimization of an assay starts with evaluation of a positive (i.e. 
exerting the maximum known phenotypic effect) and a negative (i.e. neutral) control. A good signal-to-noise 
window is necessary and statistical measures for effect size such as a Z’-factor can be used to evaluate the 
reagents (64). One complication in CRISPR based approaches is that penetrance of a phenotype is typically 
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much lower than for siRNA or small molecule screening approaches. For instance, if genome editing efficiency is 
below 20%, it becomes hard to identify a phenotype in image-based approaches (unless the phenotype is an off-
on switch of a fluorescently labeled reporter gene). Assays with a low background noise and a high signal-to-
noise window obviously perform better than assays that record morphological changes in organelle structure or 
number.

The main issue is to ensure that the observed phenotype is indeed linked to the desired mutation or edited locus.

The parameters that will affect this are:

• transfection efficiency (the phenotype should only be observed in cells that have been transfected)
• genome editing efficiency (the phenotype should only be observed in cells that have been successfully 

edited)
• off-target activity (the phenotype should only be observed in cells that have been edited at the correct 

location)

Accordingly, controls should be deployed to test each of these steps.

• For transfection/transduction efficiency, one could include a control such as a plasmid encoding for a 
fluorescent protein that can be easily quantified. Alternatively, a reagent that results in cell death can be 
used, such as sgRNAs targeting the Plk1 gene, which is often used as readout for the setup of RNAi 
screens. As a negative control, one could use a scrambled sgRNA or a sgRNA targeting an exogenous gene 
such as firefly luciferase or GFP.

• Assessing genome editing efficiency during a screen is often difficult. Ideally, a positive control could be 
used here, targeting a gene that is known to exert a strong phenotypic effect. Genes often used are HPRT1, 
TK or DHFR, which can be used as selection markers.

• Off-target activity is most often assessed post-screening, when secondary assays are used to validate hits. 
However, off-target effects can be potentially reduced by selecting the right library in the beginning, as 
discussed above.

Depending on the method of delivery, the optimal conditions of transfection/transduction should be determined 
beforehand. For lentiviral particles, the multiplicity of infection (MOI) that gives the best transduction and 
genome editing efficiency must be empirically determined. Unlike pooled screens where it is crucial to have one 
integrant per cell, in arrayed screening it is less important to restrict the number of integrations per cell as all 
viral particles within one well will target the same gene. Therefore much higher MOIs are typically used. We 
recommend the use of an MOI of 2-5 for the sgRNA particles.

Assessing genome editing efficiency is usually done for identified hits post-screening. There are possibilities for 
investigating genome editing in a high-throughput manner, though, and if costs for such methods decrease in 
the coming years, it is in principle feasible to do this important quality control step while screening. The 
technologies for assessment of genome editing efficiency will be discussed below in the “validation” section.

Hit Identification
Hits in arrayed CRISPR library screening can be identified by the commonly used Z score measures that 
incorporate sample size and deviations from normal distribution to identify genes that enhance or reduce a 
phenotype. When edge effects might interfere with the assay, a B score can be applied post-screening to 
normalize for these effects. Often, a simple signal to background calculation is sufficient to identify the strongest 
phenotypes.
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Validation
For high-throughput screening using genome editing technologies, it is very important to attribute the 
phenotypic effect to a successfully edited genome modification. There are multiple methods available, from a 
very simple setup requiring only a PCR instrument to very complex technologies that rely on next-generation 
sequencing (Table 4). Accordingly, the cost, but most importantly the potential of each technique is very 
different and requires careful assessment before choosing the appropriate method.

Table 4: Overview of validation methods.

Method Cost Resolution High-
throughput 
potential

Equipment Comments

Sanger sequencing low high yes Sequencer needs sub-cloning, time-consuming;
can use deconvolution software

Mismatch Cleavage 
Detection Assay

low low no Standard lab 
equipment

not sensitive, not quantitative

Poly-acrylamid gel 
electrophoresis

low low no Standard lab 
equipment

simple, cheap method, but non-
quantitative

Indel Detection by 
Amplicon Analysis (IDAA)

moderate moderate yes PCR machine simple method with good resolution

High Resolution Melt 
analysis (HRM)

low high yes RT-PCR machine simple, cheap method with high 
resolution

Competitive PCR low moderate yes PCR machine simple and cheap method, but non-
quantitative

Digital Droplet PCR high high yes Digital Droplet PCR 
machine

simple method with high resolution, 
amenable to 96-well format

Next generation 
sequencing

high high yes Next generation 
sequencer

most comprehensive analysis of genome 
editing; has potential to detect off-target 
effects

PCR based assays
Mismatch Cleavage Detection Assay: Technologies with relatively low throughput include mismatch cleavage 
assay detection (65) such as the Surveyor assay (Invitrogen) and GeneArt Genomic Cleavage Detection Kit 
(ThermoFisher) that utilize the properties of an error-prone polymerase for amplification of fragments that 
harbor mismatch mutations.

PCR-PAGE: An alternative is the use of poly-acrylamide gel electrophoresis, where PCR fragments are generated 
from the genomic region, subjected to denaturation and re-annealing, and analysis of differential patterns of 
migration by homo- or heteroduplexes (66).

High Resolution Melting Curve Analysis: An alternative with higher throughput is high resolution melting 
(HRM) curve analysis (67). HRM makes use of different melting curve patterns for two individual PCR products 
and is efficient to detect indels with a resolution close to 1 nucleotide.

Indel Detection by Amplicon Analysis (IDAA): Another PCR-based method termed Indel Detection by 
Amplicon Analysis (IDAA) relies on tri-primer labeling of a PCR product and detection by gel electrophoresis 
(68).
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Competitive PCR: A simple and cheap semiquantitative method to identify mutated cells based on competition-
based PCR has been developed, where a mixture of three primers with one primer overlapping the Cas9 cleavage 
site can be used (69).

Digital Droplet PCR: Recently, Digital Droplet PCR has been used to detect genome editing events in a high-
throughput manner (70). This method is based on partitioning of PCR reactions on single targets into droplets 
and using a fluorescence-based readout for each individual droplet PCR to visualize changes in the DNA 
sequence. Quantification of edited and wild-type alleles can be done in the same sample. More recent versions of 
this approach have enabled the simultaneous detection of NHEJ and HDR events in a single reaction mixture 
(71).

Sequencing based assays
Sanger Sequencing: Traditionally, genome editing has been assessed for single genes by sub-cloning the affected 
locus followed by Sanger sequencing. However, this method is time-consuming and not amenable to large-scale 
interrogation of genome editing events.

Next-Generation Sequencing: One caveat of the PCR based assays is that they only detect that a mutation has 
occurred but they do not detect the specific sequence alterations exerted by genome editing. Next-generation 
sequencing technologies can overcome this limitation. For instance, a variant of next generation sequencing, 
CRISPR Genome Analyzer (CRISPR-GA), can be used to map the specific alterations detected (72). CRISPR-GA 
provides information on size and location of indels, as well as the efficiency of NHEJ and HDR events. This is a 
huge advantage in terms of validation, as one could use this to determine if the phenotype corresponds to an 
edited site. An alternative is BATCH-GE (73), which provides batch analysis features, thus reducing the time 
required for analysis.

Additional validation steps
After a cell is identified as carrying the appropriate mutation additional steps are necessary for validation that 
the phenotype is directly the result of the known mutation and not due to some other effect. This can be done 
using secondary phenotypic assays which can include one or more of the following:

1. Rescue of the phenotype by expression of an exogenous normal copy of the mutated gene. This can be 
achieved by transfection or transduction of a plasmid or retrovirus particle, respectively. One caveat is 
that overexpression may result in a higher copy number, thus not representing the original endogenous 
levels.

2. Reversion of the genome modification back to wild-type by genome editing. In this approach it is 
important to include controls to demonstrate that the mutated cell line has been rescued and that the 
initial unmutated cell line has not been “reisolated” due to contamination. This can be easily 
accomplished by including insertion of silent mutations into the reversion step.

Conclusion
In summary, genome editing technologies have greatly advanced over the last decade and provided new insights 
into the function of genes and proteins. Recently, these technologies have been applied to high-throughput 
screening applications, with the CRISPR/Cas9 system at the forefront of this development. It can be expected 
that further improvements to this technology will be made in this fast-moving field and some of the challenges 
such as delivery and efficiency will be overcome in the not too distant future.
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Appendix

Commercial availability of ZFNs, TALENs, CRISPR/Cas9
ZFNs,TALENs and rAAVs may be custom synthesized or created. They may be ordered either by user design or 
by having the company design and synthesize and clone the relevant protein. There is a consortium for the 
development of ZFNs.

As of 2017, the following companies are known to provide ZFN synthesis services and/or reagents to create 
ZFNs:

• Sigma-Aldrich (www.sigma-aldrich.com)
• Available through Addgene (www.addgene.com)

⚬ Oligomerized Pool Engineering
⚬ Context dependent assembly
⚬ Modular assembly (Barbas kit, Joung kit, Wolfe system)

As of 2017, the following companies offer Tal synthesis services and or reagents to create TALENs:

• Cellectis Bioresearch (http://www.cellectis.com/)
• Life Technologies (www.lifetechnologies.com)
• Available through Addgene (www.addgene.com)

⚬ FLASH assembly
⚬ Modular assembly (Voytas kit, Joung kit, Zhang kit)

As of 2017, the following companies offer CRISPR/Cas9 development services:

• Agilent
• Dharmacon/GE
• Genecopeia
• Horizon Genomics
• IDT
• MolDiag Solutions
• Sigma/Merck
• Synthego
• ThermoFisher

Online Resources for Guide and crRNA Design
When choosing the best design algorithm for sgRNA, there are multiple choices (see below). All have in 
common a basic search algorithm for a PAM motif sequence and some blast search against potential off-target 
effects, i.e. similar sequences. The most useful websites are the ones that provide clear information and 
visualization of results, for example when displaying the location of the cut site, providing a suggestion of 
potential sequencing primers and scores about similar sequences that are easy to understand.

Design tools Considerations Reference

sgRNA Scorer 2.0 Identify putative guide sequences and assign a predicted activity. Considers off-
target effects. Uses CasFinder algorithm.

(74)

CRISPR-DO (CRISPR Design and 
Optimization)

Predicts sgRNA efficiency and off-target scoring; applied to several genomes (75)
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Table continued from previous page.

Design tools Considerations Reference

Drosophila RNAi Screening Center 
(DRSC) Find CRISPRs

Very good graphical visualization in JBrowse. Considers off-target effects. (76)

ge-CRISPR Evaluates potential off-target sequences; very user-friendly tool (77)

CT-Finder Graphical visualization on JBrowse. Considers off-target effects. Applied to 
several genomes

(78)

CHOPCHOP Considers off-target effects. Very informative table. Cas9 nuclease, Cas9 nickase, 
Cpf1 and TALEN

(79)

Breaking-Cas Interactive design (80)

Cas-Database Graphical visualization in JBrowse. Both Cas9 and Cpf1 (81)

CLD (CRISPR Library Designer) Design of CRISPR/Cas9 libraries. Also suitable for targeting non coding regions. (82)

WU-CRISPR Human or mouse genomes. No graphical visualization. (83)

CRISPR-GA (Genome Analyzer) (72)

CRISPRscan Predictions are available as tracks that can be uploaded in the UCSC genome 
browser. Applies to several species

(84)

CRISPR-ERA Editing, repression and activation; Cas9 nuclease and Cas9 nickase. Predictions 
are available as tracks that can be uploaded in the UCSC genome browser.

(85)

Protospacer Workbench (86)

WGE | Sanger Institute Along with Gibson assembly PCR oligo designer. Genoverse browser (87)

E-CRISP (88)

Phyto-CRISP-Ex Protist genomes, 2 sequential filters are applied. (89)

CRISPR-P Applicable to Plants (90)

Off-Spotter Interactive way of selecting the seed sequence (91)

CRISPR Direct (92)

CRISPRseek Bioconductor package (93)

sgRNAcas9 Software package (94)

GPP Web portal
sgRNA designer for CRISPRa and 
CRISPRi

Gene activation and gene repression. No graphical visualization (95)

Available Libraries for Screening
As of this date (2017), the following libraries for screening using CRISPR/Cas9 are available:

Commercial Sanger Whole Genome & Sigma CRISPR arrayed libraries
Thermo Fisher (LentiArray CRISPR Libraries, TrueGuide CRISPR Libraries)
Dharmacon (synthetic guide RNA and lentiviral guide RNA)
Genecopeia
GenScript
Horizon
Adgene
Agilent
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Table continued from previous page.

Academic Pooled lentiviral libraries:
Mouse genome-wide lentiviral CRISPR-gRNA library (96)
Human and mouse genome-wide lentivrial CRISPR/-gRNA library (GECKO) (97,98)
Human genome-wide lentiviral CRISPR/gRNA library (99)
Drosophila genome-wide CRISPR library (39)
Human genome-wide lentiviral library (Toronto KnockOut TKO) (100)
Human and mouse CRISPRi and CRISPRa libraries (101)
Human lncRNA targeting library (102)
Arrayed libraries:
Human genome-wide, sequence-verified, arrayed lentiviral CRISPR library (103)
Human and mouse lentiviral arrayed library (104)
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