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Abstract The ability to precisely modify genomic sequences
has always been a powerful tool for determining the relation-
ship between genotype and phenotype, and for targeted
editing of disease-causing genetic lesions. Until recently, it
has been difficult to routinely achieve this goal. The advent
of CRISPR/Cas9 has resulted in the widespread adoption of
genome editing as a standard laboratory procedure and has
accelerated the options available for researchers and clinicians
working on accurate in vitro cell models of disease, or for the
development of future ex vivo and in vivo gene therapies. In
this review, we provide an update on CRISPR/Cas9 technol-
ogies and delve into how this tool can be used for stem cell
engineering, focusing on the most pressing and feasible appli-
cations. Lastly, we briefly discuss the ethical concerns that
have caused worldwide alarm in the stem cell field. Despite
the technical challenges that still lie ahead, CRISPR-based
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Introduction

In November 2015, a collaboration of clinicians and scientists
at Great Ormond Street Hospital in London infused T lym-
phocytes engineered to express chimeric antigen receptors
(CARs) into a 1-year-old infant with refractory relapsed B cell
acute lymphoid leukaemia. Astonishingly, allogeneic
(mismatched) donor T cells were used for the infusion. The
breakthrough involved the application of gene-editing tools to
modify the HLA genes in donor cells in order to eliminate the
risk of graft-versus-host disease (GvHD) and provide a readily
available supply of therapeutic T lymphocytes. In this single
example of compassionate use therapy, researchers were able
to report no trace of leukaemia and attributed the success to
protected engineered donor cells [1]. This highlighted exam-
ple represents the power of gene editing to propel a biomedical
revolution and meet the challenges of potentially curing ge-
netic diseases. While genome editing tools have been avail-
able for over 20 years, with some having made their way to the
clinic, it is only recently that genome engineering has become
a facile and readily available option for therapeutic use. The
protagonist is a technology called CRISPR/Cas9 or clustered
regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated (Cas) protein 9. CRISPR/Cas9 has
brought the promise of gene editing as a therapy a lot closer
to reality. Few new areas of biology have roused quite the
same level of enthusiasm (and also ethical concern).
CRISPR/Cas9 will no doubt have a profound and far-
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reaching effect on the field of stem cell research and therapy.
Here, we describe this burgeoning genome editing phenome-
non and discuss the most likely stem cell applications to be
early beneficiaries for clinical implementation. Lastly, we
touch on the ethical concerns, which have brought unprece-
dented levels of public attention to the therapeutic stem cell
field.

The Basics of Gene Editing

The gene editing toolbox encompasses several types of mo-
lecular scissors. Zinc finger nucleases (ZFN) were one of the
first editing tools to show specific targeting of the genome as
exemplified nearly 25 years ago in Drosophila [2]. More re-
cently, transcription activator-like effector nucleases
(TALENS) derived from plant pathogens were discovered
and applied to gene-editing approaches [3]. These were shown
to be simpler to design and less expensive than ZFNs but still
required significant expertise and resources. CRISPR/Cas9 is
derived originally from an endogenous bacterial defence
mechanism [4, 5]. In its most simplified form, it functions with
two modified components: a short chimeric single guide RNA
(sgRNA) and a Cas9 nuclease [6°¢]. The sgRNA acts as

homing guide for Cas9, thus making it easy to target different
genomic loci by simply replacing the sgRNA sequence in the
presence of the same nuclease (Fig. 1). It is this flexibility and
ease of use which has allowed CRISPR/Cas9 to be adopted
widely, where it has been used to target DNA sequences from
a number of different organisms [7¢, 8¢¢, 9¢¢]. CRISPR/Cas9
has been described by one of the pioneers of gene editing,
George Church, as ‘a real gift from biology’ [10].

The CRISPR/Cas9 system is malleable and can be used for
applications beyond merely editing. The Cas9 nuclease can be
deactivated (‘dead’ or dCas9), allowing for an array of appli-
cations that require programmable RNA-dependent DNA-
binding proteins [11, 12¢]. dCas9 fused to accessory proteins,
such as transcription activator and repressor domains, provide
RNA-guided targeted interactions at specific loci [11, 12,
13-16]. Unlike TALENS and ZFNs, CRISPR/Cas9 technolo-
gies have the advantage of being ‘programmable’, owing to
the sgRNA being physically separated from the nuclease do-
main. This allows for the potential to target multiple sites
simultaneously, facilitating large-scale genomic editing.

Although each type of gene-editing technology uses a
different mechanism to recognise a specific sequence
DNA, all create a nuclease-dependent double strand break
in the DNA. The cellular machinery then rapidly responds
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Fig. 1 Molecular manipulations and stem cell applications of CRISPR/
Cas9. a Classic CRISPR/Cas9 design leads to small guide RNA (sgRNA)
sequence-specific targeting of the CRISPR/Cas9 nuclease to a desired
sequence, leading to a double strand break. The break is then rapidly
repaired by the cell using either NHEJ or HDR. The former is an error-
prone pathway, which yields random insertions or deletions (indels)
modifying the original sequence. These can be targeted within genes to
create frameshift mutations leading to knockout of functional gene
product. Alternatively, a donor template with homology to the
surrounding sequence can be provided with the CRISPR/Cas9 to lead
to a specific and desired change. The applications of this type of
modification show enormous promise for the ex vivo modification of
patient-derived cells to correct disease-associated mutations for cell
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replacement therapy. Isogenic models of disease can also be generated
with relative ease using this model. b, ¢ show modifications of CRISPR/
Cas9 in the form of deactivated Cas9 (dCas9), removing the nuclease
capability of Cas9. b dCas9 can recruit transcriptional modifiers to
specific DNA sequences. Genes can therefore be activated or repressed
at their endogenous loci, and further epigenetically modified at functional
DNA elements. Such molecular manipulations can be exploited to induce
pluripotency and investigate transcriptional regulation in lineage
commitment and the mechanisms of enhancer elements. ¢ dCas9 can
also be tweaked to recruit other molecules including functional RNAs
(e.g., aptamers and long noncoding RNAs [IncRNAs] bound to effector
proteins). This technique shows great potential as a tool to investigate the
role of IncRNAs at specific DNA sequences in transcriptional control



Curr Stem Cell Rep (2016) 2:95-103

97

to repair the damage using one of two mechanisms: the
cell (1) can use its ‘quick-fix” nonhomologous end joining
(NHEJ) mechanism to seal the break or (2) use the spe-
cific homologous DNA repair (HDR) machinery in con-
junction with a DNA template to generate a desired ge-
netic change. In the first case, often random insertions or
deletions (in/dels) are generated; thus if a break is gener-
ated in the correct place, one could rely on incorrect in/
dels to lead to a ‘broken’ unreadable gene, thus yielding a
knockout of gene function. In the second, a modification
can be made to introduce a desired genetic change at the
targeted genomic region, which can range from changing
a single nucleotide to incorporating an entirely different
sequence [17].

Cas9-catalysed DNA cleavage is guided by a 17-20
nucleotide sgRNA, resulting in deletions generated by
NHEJ at the binding site, or alternatively, in HDR
(Fig. la). Traditionally, NHEJ has been painfully ineffi-
cient, particularly in human stem cells. The advent of the
CRISPR/Cas9 revolution has challenged this notion, with,
in some cases, a log fold improvement in editing efficien-
cies of CRISPR/Cas9 over TALENs [18, 19]. However,
with this substantial increase in efficiency comes a greater
propensity for off-target effects (recently and comprehen-
sively reviewed by Zhang et al. [20]). Thus, from a ther-
apeutic point of view, CRISPR/Cas9 tools have to be sub-
stantially improved before clinical implementation.

Modifications of CRISPR/Cas9

The aforementioned dCas9 can also be used to recruit tran-
scriptional modulators at specific sites to investigate stem cell
biology at the regulatory level (Fig. 1b). The recruitment of
transcriptional coactivators such as VP64 has been exploited
to activate stem cell master regulators to induce pluripotency
[21] as well as to direct mouse embryonic fibroblasts towards
skeletal muscle [22]. Other derivatives such as that fused to
the acetyltransferase p300 have been shown to switch on
pluripotency genes in HEK293 cell lines by directly modify-
ing the epigenetic marks at the endogenous locus [23]. There
are, in addition, numerous other modifications of Cas9 that
have been shown to be valuable molecular tools. One that
deserves mention is CRISPR-Display, in which the sgRNA
is modified to include large functional RNA sequences depos-
iting them at specific sites [24¢]. The roles of functional non-
coding RNAs in regulating cellular reprogramming [25] and
lineage specification (recently reviewed Rosa and Ballarino,
and Hu et al. [26, 27]) are becoming of great interest, partic-
ularly in our understanding of epigenomic plasticity in devel-
opment (Fig. 1c). Although the application of CRISPR-
Display at endogenous loci may need to overcome some tech-
nical hurdles, it shows great promise in providing a

desperately needed tool to distinguish the roles of a functional
DNA element from its encoded noncoding RNA transcript.

In vitro Stem Cell Models of Disease

Applications of CRISPR/Cas9 range from generating isogenic
models of disease to providing a malleable molecular tool
with which to interrogate and modulate the genome for basic
biological research. Many of these have been exquisitely
reviewed by Sternberg and Doudna [28]; therefore, we will
limit ourselves to those with direct stem cell applications.

Stem cell models of disease have proved, of their own ac-
cord, to be a powerful tool in elucidating pathological mecha-
nisms in vitro [29], not least of which includes the use of in-
duced pluripotent stem cells (iPSCs) [30]. These cells retain the
genotype of the individual from which they are derived and, in
addition, can be manipulated to differentiate into almost any cell
type in the body, making them a valuable tool in uncovering the
genetic sources of disease. However, such genetic components
could be confounded by the background genetic variation
among individuals. Indeed, it was only upon the generation of
an isogenic iPSC-derived cellular model of Parkinson’s disease
through gene editing that researchers were able to extract differ-
ential transcriptional changes caused by a missense mutation in
the a-synuclein gene [31¢]. Thus, the generation of isogenic
stem cell models of disease is becoming more commonplace
[32]. Isogenic in vitro models can also facilitate preclinical
work, as Li and colleagues recently showed in a CRISPR-
generated iPSC-derived model of Duchenne Muscular
Dystrophy (DMD) [33]. The authors were able to identify
unique regions and assess off-target effects at a genome-wide
scale. The study further investigated the efficacy of three differ-
ent gene-editing strategies including repairing a splice acceptor
site, introducing a frameshift mutation to exclude a disrupted
exon and, finally, the introduction of the missing exon.
Subsequent differentiation of repaired isogenic clones into skel-
etal muscle showed restored levels of the dystrophin protein.
Another CRISPR-based study repaired an inversion mutation
in haemophilia patient-derived iPSCs [34]. Importantly, this re-
port demonstrated that differentiated endothelial cells from
repaired iPSCs were able to functionally rescue lethality in a
mouse model of haemophilia [34].

Most recently, CRISPR/Cas9 was used to correct a
missense mutation in the chronic granulomatous disease
(CGD)-causing gene, CBB, in patient-derived iPSCs [35].
This study further emphasises the advantages of using
isogenic models in that it showed a restoration of reactive
oxygen species (ROS) production after correcting the mu-
tation. Therefore, gene editing in the sphere of in vitro
stem cell modelling can not only help us elucidate novel
disease mechanisms but also provide valuable preclinical
data to support its use therapeutically.
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Although CRISPR/Cas9 stem cell models are now de-
signed with relative ease, there is a great need to improve
the methodology for low efficiency modifications. These in-
clude strategies in which large sequences need to be incorpo-
rated into the genome from which clones are to be derived or
screening applications where a high gene-editing efficiency is
necessary across the global cell population without subse-
quent clonal selection. However, the efficiency of site-
specific modifications is poorest in models that would provide
the most physiological relevance, i.e., pluripotent and
haematopoietic stem cells and their cellular derivatives. This
is due in no small part to their refraction to plasmid transfec-
tion, although this can be dramatically improved through the
use of protein/RNA complexes [36°].

One intriguing approach used to circumvent the problem of
editing efficiencies was the report of the induced CRISPR
(iCRISPR) system in which TALENs were used to incorpo-
rate an inducible Cas9 expression cassette within the AAVS]
safe harbour locus [37]. Importantly, this locus has been ex-
tensively identified as a region into which genomic integration
has no observable detrimental effects [38—40]. The use of
iCRISPR could greatly enhance the CRISPR armoury since
it leads to Cas9 expression only upon doxycycline exposure,
yielding inducible Cas9 expression. PSCs harbouring this
iCRISPR system can be directed, at any point, to produce
Cas9. Simultaneously, sgRNAs can be transfected and are
readily taken up by otherwise traditionally difficult to transfect
stem cell derivatives. One could envisage a highly effective
and malleable system in which gene editing could be induced
at different time points in lineage specification, providing a
powerful tool for research into cell fate and determination.
Other reports have demonstrated alternatives for providing
inducible CRISPR/Cas9 through the use of optogenetics
[41] and the destabilisation domain-tagged essential protein
approach [42]. These, in combination with additional studies,
have incorporated the use of small molecules to either syn-
chronise cells to increase HDR efficiency [43] or used com-
pound screens to identify drugs that appear to enhance both
HDR or NHEJ [44¢]. This should provide further enhance-
ment of the CRISPR/Cas9 toolbox in stem cells.

Organoid Models

While the monolayer cultures discussed above have been in-
valuable, there is an increasing appreciation to more closely
mimic the cellular niche. Organoids are stem cell-derived
three-dimensional structures generated in vitro and have been
made to mimic several organs in the body ranging from mini-
gut to mini-brain [45]. Importantly, they offer the advantage
over monolayer stem cell models of replicating some 3D
physiological processes and responses only seen in vivo, per-
haps best shown in the intestinal stem cell-based ‘mini-gut’
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models developed by Hans Clevers [46¢]. Because of this
physiological relevance, these models are likely to shorten
the drug pipeline significantly. Indeed, gene editing of
organoids has already been demonstrated extremely valuable
in several examples. In 2013, Hans Clevers’ group showed
that mini-gut organoids derived from cystic fibrosis (CF) pa-
tients could be genetically corrected using CRISPR/Cas9
[47¢]. In this first proof-of-concept study, the authors showed
that only corrected organoids were able to respond to in-
creased cCAMP levels, one of the critical disease phenotypes
observed in the intestines of CF patients. More recently,
Matano and colleagues showed how CRISPR/Cas9 could be
used in the sphere of colorectal cancer research [48]. The
report demonstrated that the addition of known mutations into
organoids derived from normal human intestinal epithelium
was not sufficient to induce macrometastases, but that such
engineered mutations were only effective within the back-
ground of a chromosomally unstable adenoma-derived
organoid. The discovery of the contributing factors to the in-
vasive nature of tumours in this study demonstrates that com-
bining gene editing with organoid modelling may be more
than critical in elucidating disease mechanisms in stem cell-
derived models.

Stem Cell Screening Using CRISPR/Cas9

For the most part, stem cell models, whether monolayer or 3D
are generated with the purpose of studying a few changes to
the genome. In contrast, the development of CRISPR/Cas9
libraries used to target genes at a global level has already
provided extensive data on the roles of genes essential to sev-
eral biological processes including infectious agents, cancer
and pluripotency [49-53]. Such screens may be applied to
several avenues of stem cell research ranging from the identi-
fication of novel drug targets to the enhancement of ex vivo
bulking of haematopoietic stem cells. CRISPR/Cas9-based
screens offer the advantage of assaying the effect of complete
loss of gene expression compared to a reduction in gene ex-
pression when using gene knockdown screens. Moreover, we
now have the ability to directly interrogate the function of
noncoding DNA elements in their role as key players in stem
cell nuclear architecture [54]. A classic example of this was
shown by the loss of pluripotency in mouse embryonic stem
cells (mESC) after the discreet removal of the mouse Sox2
super enhancer element 100 kb downstream of the Sox2 locus
[55¢]. Indeed, intriguing evidence from such screens suggests
that the CRISPR/Cas9-mediated disruption of noncoding ele-
ments can lead to a highly cell-type-specific lethal phenotype
[51]. Application of such screens to the investigation of con-
tributing effects of chromosomal architecture in lineage com-
mitment is likely to significantly improve our understanding
of stem cell differentiation.
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Direct Therapeutic Strategies of CRISPR/Cas9
in Stem Cells

While the mechanistic applications of CRISPR/Cas9 reveal
the powerful way in which this system can be exploited to
advance our understanding of basic biology, it is the therapeu-
tic application of this technology that has caught the public’s
attention. Today, a plethora of examples of successful gene-
editing approaches exists [56].

There are several strategies in which gene editing can be
applied for direct cell or gene therapies, once a genetic target
has been identified: ex vivo, progenitor cells from a patient
can be removed, repaired and subsequently replaced in the
same individual; germ line/zygote correction, cells that hold
genetic material carried throughout the entire organism can be
modified leading to a permanent change in subsequent gener-
ations; and in vivo, modification of the DNA in cells in a
patient followed by direct addition of the CRISPR/Cas9 tool
itself.

Editing ex vivo for Cell Replacement Therapy

To date, the ex vivo gene-editing approach in humans is the
most advanced strategy of those listed above. This is largely
due to the extensive prior art of expanding haematopoietic
stem cells for the treatment of blood disorders. In 2014, Xie
and colleagues performed a proof-of-concept study where
they used CRISPR/Cas9 to correct mutations in the HBB
gene, which causes (3-thalassemia [57]. Repaired patient-
derived iPSC clones were then expanded into red blood cell
precursors in vitro and shown to have increased levels of HBB
expression compared to uncorrected cells.

Interestingly, it is likely that the first successful application
of ex vivo gene editing will come through the targeting a
human gene required for HIV infection: CCRS. It is well
established that individuals homozygous for a relatively com-
mon A32 mutation in the CCR35 gene are able to control levels
of RS tropic viral replication to the extent that they are clini-
cally asymptomatic even without treatment [58]. Indeed, in
2008, a ground-breaking procedure of replacing a patient’s
entire haematopoietic system with CCR5-null bone marrow
led to the only patient to date to have been clinically ‘cured’ of
AIDS [59]. Thus, editing the CCRS gene in CD4+ T cell is
one of the leading ex vivo strategies and has been expanded
from a phase I to II clinical trial [60e, 61]. CRISPR/Cas9-
mediated gene editing has recently been used to target the
same gene in two studies: first in macrophages derived from
human iPSCs subsequently shown to resist in vitro HIV infec-
tion [62] and, secondly, in haematopoietic CD34+ progenitors
[63]. In the context of HIV treatment, it is worth noting that
CRISPR/Cas9 has further been used to target the alternative
HIV coreceptor, CXCR4 in primary CD4+ T cells, leading to

inhibition of HIV infection [64]. Since the prolonged expan-
sion of T cells ex vivo can lead to detrimental cellular and
genetic effects, increasing the efficiency of editing ex vivo
remains critical. As described earlier, another blood disease
for which CRISPR/Cas9 has been successfully applied is
CGD [35]. This study not only provided valuable information
from a modelling perspective but also importantly demon-
strated that clinically relevant efficiencies of editing using
CRISPR/Cas9 are attainable, which would greatly facilitate
an ex vivo treatment without requiring extensive and poten-
tially damaging passaging of haematopoietic cells. In cases
where a threshold level of repair cannot be achieved, it is
worth noting that chemical modifications enhancing the sta-
bility of sgRNAs in conjunction with an enhanced Cas9/
sgRNA delivery method have been shown to dramatically
increase editing in CD34+ haematopoietic progenitors in both
stimulated and unstimulated T cells [65]. These modifications
are therefore likely to have an important impact on
haematopoietic stem cell therapies.

While haematopoietic disorders have been used as the driv-
ing force to test genome editing, other cell types have also
been targeted. Perhaps one of the most intriguing approaches
is to combine the efficiency of CRISPR/Cas9 editing with 3D
organoids for therapeutic use. We have already discussed the
development of gene-edited organoids as a molecular tool;
however, such models may have great potential in direct ther-
apeutic application. Indeed, in vitro generated gut organoids
have been shown to be successfully transplanted in vivo
resulting in phenotypic improvement in the damaged colons
of mice [66]. Thus, an ideal strategy to alleviate the clinical
symptoms associated with the intestinal phenotype of CF in
humans may be to repair the mutation ex vivo (as was shown
by Schwank and colleagues [47¢]) and generate gut organoids
(or lung stem cells) to replace the defective intestinal layer.
Other organoids like the mini-liver [67] also show great prom-
ise for replacing damaged organs. It is likely that proof-of-
principle studies such as these may pave the way towards
direct therapeutic intervention with gene-corrected organoids.

Editing the Germ Line and Ethical Considerations

While editing a deleterious mutation ex vivo leads to a repair in
only a portion of an individuals’ cells, editing at the one cell
embryo stage allows for a permanent DNA alteration inheritable
to subsequent generations. An exhaustive number of studies
have shown the efficacy of CRISPR/Cas9-mediated gene
editing in the germ lines of species ranging from worms to
primates (reviewed by Rocha-Martins et al. [68]). CRISPR/
Cas9 offers the advantage over other gene-editing strategies of
being easily multiplexed, thus negating the labour and time
traditionally associated with transgenic animal generation [69¢].
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The success this system has achieved in transgenic animal
modelling (particularly in nonhuman primates [70]) naturally
begs the question of whether the same could be done in human
embryos harbouring inherited disease mutations. Proof-of-
principle studies in mice have shown that both cataracts [71]
and DMD [72] can be effectively cured in offspring after
CRISPR/Cas9-mediated repair of the disease-associated mu-
tations. More recently, Reddy and colleagues demonstrated
that human mitochondrial DNA harbouring deleterious muta-
tions causing mitochondrial diseases could be reduced after
gene editing in mouse oocytes [73].

However, only one study to date has reported editing in
human embryos in which the effects of CRISPR/Cas9 editing
targeting the HBB gene in tripronuclear human zygotes was
assessed [74¢]. The results showed limited success in modi-
fying the genome. The authors raised a number of concerns
regarding the ‘readiness’ of the application of CRISPR/Cas9
editing based on their results, but two were cause for alarm:
(1) The few modified embryos were genetically mosaic, and
(2) A high degree of off-target effects was observed.

The propensity with which CRISPR/Cas9 has
revolutionised the arena of gene editing has led to almost
unparalleled public interest and created a highly polarised de-
bate, particularly in light of the human embryo editing report
[74ee, 75]. This interest led to an extraordinary gathering of
international scientists at the National Academy of Sciences in
Washington D.C. in late 2015, to discuss a potential morato-
rium on human embryo editing [76]. Interestingly, a blanket
moratorium was not endorsed, but rather, the panel argued for
strict regulatory body-approved applications.

The most notable concern is that of the generation of ‘de-
signer babies’. However, there remain viable technical reasons
why this technology is not ready for embryo modification, and
most centre on eliminating or selecting-out deleterious off-
targets effects. Another factor that negates the use of edited
embryos lies in the fact that few known genetic conditions exist
for which preimplantation genetic diagnosis (PGD) cannot be
used to screen-out embryos with pathogenic mutations.
Moreover, three parent babies (in the case of mitochondrial
disease) cannot be used to exclude inheritance of disease-
associated mutations. Nevertheless, as recently commented by
Paul Knoepfler, patients carrying incurable mutations are likely
to have a higher degree of risk tolerance than scientists [77].

Concluding Remarks

CRISPR/Cas9 may well be considered one of the most impor-
tant biological tools identified in recent years. There is no end
to the number of ways this system can be tweaked for a vast
array of molecular exploits. This is especially the case in stem
cells, where the application of CRISPR/Cas9 technologies
will likely be profound (and also heavily debated). Although
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hurdles remain, especially the warranted concern of off-target
effects, continued improvements in Cas9 and guide RNA en-
gineering will allay the fears of even the most ardent critics of
CRISPR-based therapy [78]. Already, there is unprecedented
investment by large and small biotechnology and pharmaceu-
tical industry players alike, which shows the palpable excite-
ment generated by the vast array of possibilities brought by
this technology. Eventually, the early hype will subside, but
there is little doubt that CRISPR/Cas9, and its application in
stem cell engineering, will have an extraordinary impact in the
progress towards curing many previously intractable diseases.
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