
The Journal of Clinical Investigation   R e v i e w

4 1 5 4 jci.org   Volume 124   Number 10   October 2014

The emergence of genome-editing technology
The classical method for gene modification is homologous recom-
bination. This approach has been widely used in mouse embryonic 
stem cells to generate germline knockout or knockin mice (1, 2). A 
disadvantage is that it typically takes more than a year to generate 
a genetically modified mouse using the standard approach. Fur-
thermore, similar attempts at using homologous recombination in 
human cells have proven to be far more challenging, and alterna-
tive approaches to knock down gene expression, such as antisense 
oligonucleotides and short interfering RNAs, have instead become 
standard. However, these approaches only transiently reduce gene 
expression, and the effect is usually incomplete and can often 
affect off-target genes (3, 4). These shortcomings have fueled the 
demand for more effective methods of gene modification.

A new wave of technology that is variously termed “gene edit-
ing,” “genome editing,” or “genome engineering” has emerged 
to address this demand by giving investigators the ability to pre-
cisely and efficiently introduce a variety of genetic alterations into 
mammalian cells, ranging from knockin of single nucleotide vari-
ants to insertion of genes to deletion of chromosomal regions. We 
describe the key advantages and disadvantages of the three most 
popular genome-editing tools. This description is not meant to be 
a comprehensive review of the work leading to the development 
of the tools, but rather to give readers a working knowledge of the 
tools and the ability to select among the tools for desired tasks.

Zinc finger nucleases
Zinc finger nucleases (ZFNs) are increasingly being used in aca-
demia and industrial research for a variety of purposes ranging 
from the generation of animal models to human therapies (5). 
ZFNs are fusion proteins comprising an array of site-specific 
DNA-binding domains — adapted from zinc finger–containing 

transcription factors — attached to the endonuclease domain of 
the bacterial FokI restriction enzyme. Each zinc finger domain 
recognizes a 3- to 4-bp DNA sequence, and tandem domains can 
potentially bind to an extended nucleotide sequence (typically 
with a length that is a multiple of 3, usually 9 bp to 18 bp) that is 
unique within a cell’s genome.

To cleave a specific site in the genome, ZFNs are designed as a 
pair that recognizes two sequences flanking the site, one on the for-
ward strand and the other on the reverse strand. Upon binding of 
the ZFNs on either side of the site, the pair of FokI domains dimer-
ize and cleave the DNA at the site, generating a double-strand 
break (DSB) with 5′ overhangs (5). Cells repair DSBs using either 
(a) nonhomologous end joining (NHEJ), which can occur during 
any phase of the cell cycle, but occasionally results in erroneous 
repair, or (b) homology-directed repair (HDR), which typically 
occurs during late S phase or G2 phase when a sister chromatid  
is available to serve as a repair template (Figure 1).

The error-prone nature of NHEJ can be exploited to intro-
duce frameshifts into the coding sequence of a gene, potentially 
knocking out the gene by a combination of two mechanisms: pre-
mature truncation of the protein and nonsense-mediated decay 
of the mRNA transcript, the latter of which is not always partic-
ularly efficient (Figure 1). Alternatively, HDR can be utilized to 
insert a specific mutation, with the introduction of a repair tem-
plate containing the desired mutation flanked by homology arms 
(Figure 1). In response to a DSB in DNA, HDR utilizes another 
closely matching DNA sequence to repair the break. Mechanisti-
cally, HDR can proceed in the same fashion as traditional homol-
ogous recombination, using an exogenous double-stranded 
DNA vector as a repair template (6). It can also use an exogenous  
single-stranded DNA oligonucleotide (ssODN) as a repair tem-
plate. For ssODNs, homology arms of as little as 20 bp can enable 
introduction of mutations into the genome (7–9). In either case, 
the efficiency can be sufficiently high such that antibiotic selec-
tion to identify correctly targeted clones is unnecessary (8, 10). 
If antibiotic selection is not used, then extra steps to remove the 
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study in which ZFNs were used for genome editing in human plu-
ripotent stem cells, the investigators identified ten possible off-
target genomic sites based on high-sequence similarity to the on- 
target site and found a single off-target mutation in the 184 clones 
assessed (19). Two subsequent studies of ZFNs seeking to identify 
potential off-target sites for several ZFN pairs revealed off-target 
events at numerous loci in a cultured human tumor cell line (20, 
21). Thus, investigators should be cognizant of the possibility that 
ZFNs designed for a particular purpose may incur undesired off-
target events at a low rate. One strategy to reduce off-target events 
is to use a pair of ZFNs that have distinct FokI domains that are 
obligate heterodimers (22–24). This prevents a single ZFN from 
binding to two adjacent off-target sites and generating a DSB; 
rather, the only way an off-target event could occur is if both ZFNs 
in a pair bind adjacently and thus allow the FokI dimer to form. 
Another strategy that has been demonstrated to reduce off-target 
events is the introduction of purified ZFN proteins into cells (17).

Transcription activator-like effector nucleases
The recent discovery of a class of proteins called transcription 
activator-like effectors (TALEs), exclusive to a group of plant 
pathogens, has led to the characterization of a novel DNA-binding  
domain, termed TALE repeats. The naturally occurring TALE 
repeats comprise tandem arrays with 10 to 30 repeats that bind 
and recognize extended DNA sequences (25). Each repeat is 33 to 
35 amino acids in length, with two adjacent amino acids (termed 
the repeat-variable di-residue [RVD]) conferring specificity for one 
of the four DNA base pairs (26–30). Thus, there is a one-to-one  

antibiotic resistance cassette from the genome using systems 
such as Cre-lox and Flp-FRT are unnecessary, in contrast to tra-
ditional homologous recombination.

Despite the advantages of genome editing with ZFNs, there are 
several potential disadvantages. It has not proven to be straightfor-
ward to assemble zinc finger domains to bind an extended stretch 
of nucleotides with high affinity (11). This has made it difficult for 
nonspecialists to routinely engineer ZFNs. To surmount this dif-
ficulty, an academic consortium has developed an open-source 
library of zinc finger components and protocols to perform screens 
to identify ZFNs that bind with high affinity to a desired sequence 
(12, 13); nonetheless, it can still take months for nonspecialists to 
obtain optimized ZFNs. Another potential disadvantage is that tar-
get site selection is limited — the open-source ZFN components 
can only be used to target binding sites every 200 bps in random 
DNA sequence (of note, commercial sources of ZFNs offer higher 
design densities, with the ability to target binding sites every 50 
bps in random DNA sequences). While this may be a nonissue if 
an investigator seeks to knock out a gene, since a frameshift intro-
duced anywhere in the early coding sequence of the gene can pro-
duce the desired result, it may present challenges if a particular site 
is required, e.g., to knock in a specific mutation. Since the introduc-
tion of the open-source platform, alternative platforms to engi-
neer optimized ZFNs have emerged, each with varying degrees of 
speed, flexibility in site selection, and success rates (14–18).

Finally, a significant concern about the use of proteins 
designed to introduce DSBs into the genome is that they will do 
so not only at the desired site but also at off-target sites. In one 

Figure 1. Repair of DSBs. With the creation of each DSB, two DNA repair processes proceed in concert. HDR results in high-fidelity repair using a template 
strand. If desired, an exogenous oligonucleotide sequence can be introduced to achieve site-specific mutagenesis. NHEJ yields WT clones as well as clones 
with frameshift/indel mutations through its inherently more error-prone mechanism of repair.
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CRISPR-Cas9
The recent discovery of bacterial adaptive immune systems 
known as clustered regularly interspaced short palindromic 
repeats (CRISPR) and CRISPR-associated (Cas) systems has led to 
the newest set of genome-editing tools. CRISPR-Cas systems use 
a combination of proteins and short RNAs to target specific DNA 
sequences for cleavage. The bacteria collect “protospacers” from 
foreign DNA sequences (e.g., from bacteriophages), incorporate 
them into their genomes, and use them to express short guide 
RNAs, which can then be used by a CRISPR-Cas system to destroy 
any DNA sequences matching the protospacers.

In early 2013, four groups demonstrated that heterologous 
expression of a CRISPR-Cas system from Streptococcus pyogenes, 
comprising the Cas9 protein along with guide RNA(s) (either two 
separate RNAs, as found in bacteria, or a single chimeric RNA), 
in mammalian cells results in DSBs at target sites with (a) a 
20-bp sequence matching the protospacer of the guide RNA and 
(b) an adjacent downstream NGG nucleotide sequence (termed 
the protospacer-adjacent motif [PAM]) (44–47). This occurs 
via the formation of a ternary complex in which Cas9 binds to 
the PAM in the DNA, then binds the nonprotospacer portion of 
the guide RNA, upon which the protospacer of the guide RNA 
hybridizes with one strand of the genomic DNA. Cas9 then cata-
lyzes the DSB in the DNA at a position 3 bp upstream of the PAM 
(ref. 46 and Figure 3A).

In contrast to ZFNs and TALENs, which require recoding 
of proteins using large DNA segments (500–1500 bp) for each 
new target site, CRISPR-Cas9 can be easily adapted to target any 
genomic sequence by changing the 20-bp protospacer of the guide 
RNA, which can be accomplished by subcloning this nucleotide 
sequence into the guide RNA plasmid backbone. The Cas9 pro-
tein component remains unchanged. This ease of use for CRIS-
PR-Cas9 is a significant advantage over ZFNs and TALENs, espe-
cially in generating a large set of vectors to target numerous sites 
(45) or even genome-wide libraries (48–51). Another potential  
advantage of CRISPR-Cas9 is the ability to multiplex, i.e., to use 
multiple guide RNAs in parallel to target multiple sites simulta-
neously in the same cell (44, 45). This makes it straightforward 

correspondence between the repeats and the base pairs in the tar-
get DNA sequences. Elucidation of the RVD code has made it pos-
sible to create a new type of engineered site-specific nuclease that 
fuses a domain of TALE repeats to the FokI endonuclease domain, 
termed TAL effector nucleases (TALENs) (refs. 31–33 and Figure 
2). TALENs are similar to ZFNs in that they can generate DSBs at a 
desired target site in the genome and so can be used to knock out 
genes or knock in mutations in the same way (Figure 1).

In comparison with ZFNs, TALENs have turned out to be 
much easier to design. The RVD code has been employed to 
engineer many TALE repeat arrays that bind with high affinity 
to desired genomic DNA sequences; it appears that de novo– 
engineered TALE repeat arrays will bind to desired DNA 
sequences with high affinity at rates as high as 96% (32, 34, 35). 
TALENs can be designed and constructed in as short a time as 
two days and in as large a number as hundreds at a time (35, 36); 
indeed, a library with TALENs targeting all of the genes in the 
genome has been constructed (37).

One potential advantage over ZFNs is that the TALE repeat 
array can be easily extended to whatever length is desired. Where-
as engineered ZFNs typically bind 9- to 18-bp sequences, TALENs 
are often built to bind 18-bp sequences or even longer, though 
recent evidence suggests that the use of larger TALENs may result 
in less specificity (38). Another advantage of TALENs over ZFNs 
is that there appear to be fewer constraints on site selection; in 
theory, there are multiple possible TALEN pairs available for each 
bp of a random DNA sequence (35).

As with ZFNs, off-target effects are a significant concern with 
TALENs. A study in which TALENs were used for genome editing 
in human pluripotent stem cells found low but measurable rates 
of mutagenesis at some of 19 possible off-target sites based on 
sequence similarity to the on-target sites (34). Although comparative 
data are scarce, one study found that for TALENs and ZFNs target-
ing the same site in the CCR5 gene, the TALENs produced fewer off-
target mutations than the ZFNs at a highly similar site in the CCR2 
gene (39). Furthermore, the ZFNs produced greater cell toxicity (i.e., 
inhibited their growth) when introduced into cells compared with 
the TALENs (however, it should be noted that ZFN versus TALEN 
protein concentrations were not normalized, and the ZFNs used in 
this study were of a design that was several years old, rather than 
being state-of-the-art ZFNs). As with ZFNs, TALENs with obligate 
heterodimer FokI domains are routinely used to minimize the pos-
sibility of off-target events. Recently, whole-genome sequencing 
studies of human pluripotent stem cell clones edited with TALENs 
showed that the overall off-target event rate is very low (40, 41).

A clear disadvantage of TALENs is their significantly larger 
size compared with ZFNs. The typical size for a cDNA encoding a 
TALEN is approximately 3 kb, whereas a cDNA encoding a ZFN is 
only approximately 1 kb. In principle, this makes it harder to deliver 
and express a pair of TALENs into cells compared with ZFNs, and the 
size of the TALENs makes them less attractive for therapeutic appli-
cations in which they must be delivered in viral vectors with limited 
cargo size (such as adenoassociated virus [AAV], with less than 5 kb) 
or as RNA molecules. Furthermore, the highly repetitive nature of 
the TALENs may impair their ability to be packaged and delivered by 
some viral vectors (42), though this can apparently be overcome by 
diversifying the coding sequences of the TALE repeats (43).

Figure 2. Binding specificity of ZFNs and TALENs. (A) The variable length 
ZFN DNA–binding domains bind to flanking DNA sequences and position 
their FokI nuclease domains such that they dimerize and generate a DSB 
between the binding sites. (B) Heterodimeric binding of TALENS, which like 
ZFNs, bind regions of variable length to generate DSB between binding sites.
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have been reported for which no off-target activity is detectable 
(55–60). It has been posited that alternative CRISPR-Cas sys-
tems such as that from N. meningitidis may offer better targeting 
specificity by virtue of their longer protospacers (24 nucleotides 
for N. meningitidis) and longer PAMs. Experimental confirmation 
of improved specificity in mammalian cells remains to be shown. 
Early results with the N. meningitidis CRISPR-Cas9 system sug-
gest that it may be less tolerant of mismatches in the protospacer 
compared with the S. pyogenes system (53).

Efforts to improve the specificity of CRISPR-Cas9 in mam-
malian cells are in progress. One strategy has been to use a 
mutant version of Cas9 that can only introduce a single-strand 
nick into the target DNA, rather than a DSB. Use of a pair of 
“nickase” CRISPR-Cas9 complexes with binding sites on oppo-
site strands flanking the target site can produce the equivalent 
of a DSB with 5′ overhangs (Figure 3B), which is then repaired 
by NHEJ or HDR and can result in an on-target alteration. At an 
off-target site, a single-strand nick would be fixed by a different 
mechanism (base excision repair pathway) that is much less like-
ly to result in a mutation. Because the likelihood of two nickases 
binding near each other elsewhere in the genome is very low, the 
off-target mutation rate should be dramatically reduced. Indeed, 
testing of this strategy in mammalian cells has demonstrated a 
reduction in off-target activity by up to three orders of magni-
tude with at most a modest reduction in on-target efficacy (57, 
60, 61). Another strategy to reduce off-target effects is to reduce 
the length of the protospacer portion of the guide RNA, which 
makes it less tolerant of mismatches and thus can preserve the 
on-target efficacy while reducing off-target mutagenesis (62). A 
third successful strategy is to use a pair of proteins, each compris-
ing a nuclease-dead Cas9 (that cannot cut DNA) fused to a FokI 
domain (Figure 3C); each Cas9 is targeted to either of two flank-
ing sequences by a guide RNA, positioning the FokI domains to 
be able to dimerize and generate a DSB (63, 64). Although very 
large, these fusion proteins combine the most desirable proper-
ties of CRISPR-Cas9 and ZFNs/TALENs.

Genome editing in mammalian models
Although the creation of mouse lines with genetic alterations 
such as gene knockouts or conditional alleles has long been fea-
sible with traditional homologous recombination employed in 
mouse embryonic stem cells, the last few years have seen the 
application of novel genome-editing tools for the generation 
of genetically modified mice with unprecedented ease and effi-
ciency. Furthermore, these tools have made it possible to geneti-
cally modify animals for which embryonic stem cell lines are not 
widely available.

Initial studies of the efficacy of genome-editing tools in the 
mutagenesis of mammalian embryos were performed with rats. 
Inspired by studies in which injection of RNAs encoding ZFNs 
directly into the embryos of fruit flies and zebrafish yielded stable, 
heritable genomic alterations, injection of ZFN-encoding RNAs 
into one-cell rat embryos successfully generated monoallelic and 
biallelic frameshift mutations, resulting in gene knockout (65, 66). 
Numerous knockout rats have since been generated using this ZFN 
strategy. Subsequently, both TALENs and CRISPR-Cas9 have been 
used in similar fashion to generate knockout rats (67–69).

to mutate multiple genes at once or to engineer precise deletions 
in a genomic region, although it should be noted that simultane-
ous use of multiple ZFN or TALEN pairs can achieve the same 
outcomes (52).

With respect to site selection, CRISPR-Cas9 compares favor-
ably with ZFNs and TALENs. With the most flexible version 
of the S. pyogenes CRISPR-Cas system, site selection is limited 
to 23-bp sequences on either strand that end in an NGG motif 
(the PAM for S. pyogenes Cas9), which occurs on average once 
every 8 bps (44). (Most CRISPR-Cas9 systems express the guide 
RNA from a plasmid using a RNA polymerase III promoter such 
as the U6 promoter, which requires a G in the first position, or 
the T7 promoter, which requires Gs in the first two positions; 
however, the G or Gs can simply be added to the 5′ end of the 
20-nucleotide protospacer in the guide RNA as needed and thus 
do not affect site selection in the genome.) CRISPR-Cas systems 
from other species are starting to be employed in mammalian 
cells (44, 53, 54), and their versions of Cas9 have different PAM 
requirements, which allows for targeting of sites in the genome 
for which the S. pyogenes system is not optimal. For example, the 
canonical Neisseria meningitidis Cas9 PAM has been reported to 
be NNNNGATT, although it appears to be more tolerant of PAM 
variation than the S. pyogenes Cas9 (53, 54).

One disadvantage of CRISPR-Cas9 is the size of the Cas9 
protein. The cDNA encoding S. pyogenes Cas9 is approximate-
ly 4.2 kb in size, making it somewhat larger than a TALEN 
monomer and much larger than a ZFN monomer (though both 
TALENs and ZFNs require dimerization, making their effec-
tive sizes larger). This size makes Cas9 challenging to deliver 
via viral vectors (which would additionally require a promoter 
and a polyadenylation sequence) or as an RNA molecule. The 
chimeric version of the guide RNA is only approximately 100 
nucleotides in size, but it needs to be delivered in parallel with 
Cas9, either as a separate RNA molecule or via a DNA cassette 
with a separate promoter (typically the U6 promoter) with a size 
of approximately 500 bp. A lentivirus can just accommodate 
the S. pyogenes CRISPR-Cas9 system; AAV, with its cargo size 
limited to less than 5 kb, cannot accommodate it. Here again, 
the emerging availability of CRISPR-Cas systems from other 
species may prove helpful. For example, the cDNA encoding  
N. meningitidis Cas9 is approximately 3.2 kb in size and so 
should allow for delivery via AAV, which may be important for 
therapeutic applications.

Perhaps the biggest concern regarding CRISPR-Cas9 is the 
issue of off-target effects. It has recently been demonstrated that, 
although each nucleotide within the 20 nucleotide protospacer 
contributes to overall S. pyogenes Cas9 binding and specificity, 
single mismatches are often well tolerated, and multiple mis-
matches can sometimes be tolerated depending on their locations 
in the protospacer (55–58). Systematic analysis of the effect of 
alterations in the protospacer reveals an increasing tolerance for 
mismatches with increasing distance from the PAM. A number 
of studies in mammalian cells have documented off-target muta-
tions occurring at significant rates at sites with sequence similarity  
to the on-target sites, occasionally rivaling or even surpassing  
mutagenesis at the on-target sites (55–60). These off-target 
effects, however, are guide RNA specific, and many guide RNAs 
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most striking demonstration of efficiency 
has been with CRISPR-Cas9, with simul-
taneous targeting of both alleles of two 
genes in 80% of mice (76). CRISPR-Cas9 
has also been used along with ssODNs or 
double-stranded DNA donor vectors in 
mouse embryos to knock in tags and fluo-
rescent markers into endogenous gene 
loci and, most impressively, to generate 
conditional knockout mice in one step by 
simultaneously knocking in two loxP sites 
flanking an exon of a gene (77).

Finally, the high efficiencies of 
the genome-editing tools, particularly  
CRISPR-Cas9, have made it possible to 
generate targeted mutations in animals far 
beyond the reach of the traditional homol-
ogous recombination/embryonic stem cell 
approach. CRISPR-Cas9 technology has 
successfully generated modified organ-
isms across the biologic spectrum, from 
sweet oranges to tilapia (79, 80). Both 
TALENs and CRISPR-Cas9 have now been 
used to generate genetically modified 
monkeys (81, 82), in each case targeting 
genes involved in human diseases. This 

is a remarkable accomplishment that suggests that there is no 
technical barrier to using genome-editing tools to modify human 
embryos, notwithstanding the profound social and ethical reper-
cussions that would result if such attempts were to be made. On 
more secure ground will be attempts to use CRISPR-Cas9 for in 
vivo genome editing in adults to treat diseases. In an early proof 
of principle, a CRISPR-Cas9 plasmid and an ssODN were deliv-
ered into mouse liver via hydrodynamic injection, resulting in 
the correction of a patient-specific mutation in the Fah gene in a 
small proportion of hepatocytes (83). This resulted in the surviv-
al of mice that otherwise would have succumbed to liver failure 
from a disease analogous to type I tyrosinemia in humans.

Genome editing in human cells
To date, there have been a number of reports demonstrating the 
feasibility of performing genome editing in human pluripotent 
stem cells with ZFNs, TALENs, and CRISPRs (19, 34, 45, 61, 84–88).  

A particular advantage is that it is possible to obtain knockout 
animals in the first generation (assuming the targeted gene is not 
embryonic lethal), dramatically speeding up the time needed to do 
genetic studies in animals. Another advantage of this approach is 
that embryos from any of a variety of animal strains can be used; in 
the case of mice, there is no longer a restriction to a limited num-
ber of embryonic stem cell lines that necessitate backcrossing to an 
inbred strain of choice. Embryos from that inbred strain can be used 
to directly generate the knockout mice. Similarly, embryos from a 
strain that already carries genetic alterations can be used, relieving 
the need for many generations of interbreeding to obtain mice with 
multiple genetic alterations. The ability to perform multiplex gene 
targeting with CRISPR-Cas9 is also helpful in this regard.

All three engineered nucleases outlined above have proven 
effective at producing targeted mutations in mouse embryos 
(70–78). The efficiencies vary widely depending on the nucle-
ase, target site in the genome, and amount of RNA injected. The 

Figure 3. Binding specificity of CRISPR-Cas9. 
(A) With the most commonly used CRISPR-
Cas9 system, a guide RNA recognizes and 
hybridizes a 20-bp protospacer in the genome. 
The DSB occurs at a site 3-bp upstream of the 
PAM sequence. (B) “Nickase” CRISPR-Cas9 
bind to flanking DNA sequences and generate 
single-strand nicks that are the equivalent of 
a DSB. (C) Fusion proteins of catalytically dead 
CRISPR-Cas9 and FokI nuclease domains bind 
to flanking DNA sequences and position their 
FokI domains such that they dimerize and 
generate a DSB between binding sites.
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Genetically altered pluripotent stem cells offer the possibil-
ity of differentiating WT and mutant cell lines into whatever 
somatic cell type is desired, potentially giving new insights into 
disease pathophysiology. In one such study, the investigators 
generated induced pluripotent stem cells (iPSCs) from patients 
with Parkinson disease caused by the G2019S mutation of the 
LRRK2 gene as well as from control individuals (88). Upon dif-
ferentiation into midbrain dopaminergic neurons, the cell lines 
displayed striking differences in whole-genome gene expression 
patterns, with clustering analysis showing that in some cases a 
patient line and a control line were more closely matched than 
lines generated from two different patients. Indeed, even iPSC 
lines generated from the same patient failed to cluster together, 
demonstrating the high degree of heterogeneity among iPSC 
lines. As an alternative approach, the investigators used ZFNs 
to correct the G2019S mutation in three of the patient-derived 
iPSC lines and to insert the mutation into a control iPSC line. 
They found that the matched sets of WT/mutant cell lines clus-
tered together very closely, confirming the superiority of the 
genome-editing strategy for disease-modeling studies. The 
investigators consistently found that mutant neurons displayed 
less neurite outgrowth and more apoptosis in response to oxida-
tive stress than matched WT neurons.

Other human cell types have proven to be quite amenable to 
genome editing. A therapeutic application that is currently in clin-
ical trials is the use of ZFNs to disrupt the CCR5 gene in human  
T cells, thus rendering them impervious to HIV entry (89, 90). 
A similar intervention has been performed in human CD34+ 
hematopoietic stem/progenitor cells and may also be evaluated 
in clinical trials (91). In separate work, ZFNs have been used to 
insert a normal IL2RG gene into CD34+ hematopoietic stem/
progenitor cells from a subject with X-linked severe combined 
immunodeficiency (92).

In another study, the investigators isolated intestinal stem 
cells from cystic fibrosis patients homozygous for the common 
Δ508 mutation in the CFTR gene (93). They used CRISPR-Cas9 
targeting the site of the mutation, along with a double-stranded 
DNA donor vector, to correct one mutant allele (sufficient to 
“cure” the disease in this recessive disorder). They then used the 
mutant and corrected stem cells to create intestinal organoids 
in culture. Whereas the mutant organoids failed to respond to  
forskolin treatment by swelling, consistent with a lack of func-

tional CFTR protein, the corrected organoids did respond by 
swelling, demonstrating a functional rescue.

The remarkable efficiency and ease of use of CRISPR-Cas9, 
where only 20 nucleotides in the guide RNA need be changed to 
retarget the nuclease, have led to the development of genome-
wide CRISPR knockout libraries with the potential to knock out 
each of the genes in the genome. Several groups have performed 
proof-of-principle, genome-wide knockout screens in both 
human cells (48, 49, 51) and mouse cells (50). The results of the 
screens compared favorably with traditional genome-wide RNA 
interference screens, establishing a powerful new complemen-
tary approach to RNA interference to probe gene function in an 
unbiased fashion. Furthermore, CRISPR knockout libraries can 
potentially be used to target regions of interest in the noncoding 
genome (e.g., promoters, enhancers), enabling screens not pos-
sible with RNA interference.

Conclusion
The rapid development and improvement of genome-editing 
tools provide investigators with three well-characterized options 
for experiments as diverse as forward genetic screens to correc-
tion of pathogenic mutations in iPSC-derived human cells. ZFNs, 
TALENs, and CRISPRs can all generate site-specific DSBs with 
varying degrees of specificity and efficiency. The early uses of 
these systems have demonstrated remarkable new possibilities 
and allowed for the creation of model systems in a wide variety of 
organisms. With each iteration, the technology has improved, and 
the prospects for the study and treatment of human disease with 
genome editing have never been better.
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