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Hematopoietic stem and progenitor cells (HSPCs) have great therapeutic potential because of their ability
to both self-renew and differentiate. It has been proposed that, given their unique properties, a small
number of genetically modified HSPCs could accomplish lifelong, corrective reconstitution of the entire
hematopoietic system in patients with various hematologic disorders. Scientists have demonstrated that
gene addition therapies—targeted to HSPCs and using integrating retroviral vectors—possess clear
clinical benefits in multiple diseases, among them immunodeficiencies, storage disorders, and hemoglo-
binopathies. Scientists attempting to develop clinically relevant gene therapy protocols have, however,
encountered a number of unexpected hurdles because of their incomplete knowledge of target cells, ge-
nomic control, and gene transfer technologies. Targeted gene-editing technologies using engineered nu-
cleases such as ZFN, TALEN, and/or CRISPR/Cas9 RGEN show great clinical promise, allowing for the
site-specific correction of disease-causing mutations—a process with important applications in autosomal
dominant or dominant-negative genetic disorders. The relative simplicity of the CRISPR/Cas9 system, in
particular, has sparked an exponential increase in the scientific community’s interest in and use of these
gene-editing technologies. In this minireview, we discuss the specific applications of gene-editing tech-
nologies in human HSPCs, as informed by prior experience with gene addition strategies. HSPCs are
desirable but challenging targets; the specific mechanisms these cells evolved to protect themselves from
DNA damage render them potentially more susceptible to oncogenesis, especially given their ability to
self-renew and their long-term proliferative potential. We further review scientists’ experience with gene-
editing technologies to date, focusing on strategies to move these techniques toward implementation in
safe and effective clinical trials.

INTRODUCTION
THE FIELD OF GENE THERAPY has advanced greatly
since the first reported studies of successful gene
transfer to mouse hematopoietic stem cells.1 At
present, integrating or nonintegrating viral vec-
tors number among the most efficient vehicles used
to deliver a transgene of interest into hematopoi-
etic stem and progenitor cells (HSPCs), long con-
sidered an attractive target for gene therapy.
Clinical trials treating various inherited immune
deficiency diseases including X-linked severe com-
bined immunodeficiency (SCID-X1), adenosine de-
aminase deficiency, and Wiskott–Aldrich syndrome
(WAS) via gammaretrovirus-based HSPC gene

therapy yielded promising results after almost two
decades of intensive research and optimization.2–5

However, the drawbacks of gammaretrovirus-
mediated HSPC gene addition therapy—namely, a
limited capacity to insert transgenes into the most
primitive long-term repopulating HSPCs and a sub-
stantial associated risk of insertional mutagenesis
via activation of adjacent proto-oncogenes—became
clear after the initial success of the treatment.6–8

Subsequently, viral vectors with improved safety
and equivalent functionality were developed through
the removal of viral enhancer sequences responsi-
ble for the high risk of genotoxicity.9 Of this new
generation of vectors, lentiviruses soon became the
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most popular and widely used because of their
unprecedented ability to safely and effectively de-
liver transgenes into HSPCs. For example, HIV—
in addition to other, similar lentiviruses—is able to
penetrate the nuclei of nondividing cells, thus fa-
cilitating efficient transduction even in primitive
HSCs known to display quiescence or slow cycling.10

Furthermore, lentiviral vectors have been associ-
ated with a lower risk of genotoxicity and increased
safety compared with gammaretroviruses, likely due
both to a lower rate of integration near promoter
regions as compared with gammaretroviruses, and
to removal of viral promoter and enhancer regions
from lentiviral vectors.11,12 Nonetheless, lentivirus-
based HPSC gene therapy can at least theoretically
result in toxicity due to dysregulated transgene
expression or residual genotoxicity, encouraging
the development of new targeted genome-editing
techniques able to overcome both of these problems.
Importantly, the ability to correct specific disease-

causing mutations, rather than simply deliver a
normal gene, extends the potential applications of
gene therapy to dominant disorders resulting from
the presence of a mutated gene product in addi-
tion to those resulting from simple loss-of-function
mutations. In this review, we assess the current
status of therapeutic gene editing of HSPCs and
discuss both its promise and the challenges facing
the field (Fig. 1).

GENOME-EDITING TECHNOLOGIES

In the last two decades, programmable nucleases
able to induce double-strand DNA breaks (DSBs)
in a site-specific fashion have been discovered or
artificially synthesized. Today, three classes of DNA-
editing nucleases—zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TA-
LENs), and clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated

Figure 1. Strategy for therapeutic gene editing in human hematopoietic stem and progenitor cells (HSPCs). Autologous human CD34+ HSPCs are isolated from
the bone marrow or mobilized peripheral blood of a patient affected with a broad spectrum of congenital or hereditary diseases including hematologic,
immunologic, and metabolic disorders. After culture ex vivo with cell proliferation-stimulating cytokines, ZFN, TALEN, or CRISPR/CAS9 RGENs are delivered into
human HSPCs to correct or knock out specific genes linked to various diseases including HIV, sickle cell disease (SCD), X-linked severe combined
immunodeficiency (SCID-X1), and X-linked chronic granulomatous disease (X-CGD). Gene-edited HSPCs are then infused back into the patient, generally after
administration of a conditioning regimen meant to facilitate modified cell engraftment. To achieve clinically relevant rates of successful gene editing,
investigators must maximize the specificity and minimize the off-target effects of gene-editing tools while continuing to optimize the method used to deliver
these gene-editing systems into cells. Some of the major concerns investigators must address include potential threats posed to patient safety, low HDR rates
in edited cells, and a low mutation rate over time posttransplantation. HDR, homology-directed repair; NHEJ, nonhomologous end joining.
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protein 9 (Cas9) systems, also known as RNA-
guided engineered nucleases (RGENs)—dominate
the field. All three nucleases operate in a similar
manner, cleaving a target region of DNA to allow
for endogenous homology-directed repair (HDR) or
nonhomologous end joining (NHEJ), thus enabling
a large range of genetic modifications including
gene disruption, gene insertion and correction (with
codelivery of a homologous donor template), and
chromosomal rearrangement.13

TALENs and ZFNs comprise amalgamations
of the nuclease domain of the FokI restriction
enzyme with the TALE or ZF DNA-binding do-
mains, respectively. The TALE DNA-binding
domain, found in TALE proteins native to plant
pathogenic bacteria, is made up of 33- to 35-
amino acid repeats individually able to recognize
a single DNA base pair. Each repeat derives its
specificity from the repeat variable di-residues
(RVDs) contained within its region.14 Designer ZF
domains are engineered using proprietary algo-
rithms encompassing knowledge of the DNA-
binding specificities of hundreds of endogenous
cellular ZF proteins.15 These domains consist of
roughly 30 amino acid residues, arranged in a bba
configuration, with the amino acid responsible for
DNA specificity located within the a-helical do-
main. This configuration lends each ZF the ability
to bind, on average, three DNA bases. It is possible
to engineer synthetic TALENs and ZFNs capable
of recognizing a wide range of DNA sequences.
However, given that the FokI nuclease domain
functions as a dimer, two TALEN and ZFN mono-
mers are required to initiate DNA cleavage, po-
tentially augmenting both specificity and off-
target effects due to a propensity for dimer mis-
matches,16 while also necessarily increasing the
size and complexity of the gene product or trans-
gene being introduced into target cells.17

The CRISPR/Cas9 system, first reported in
January 201318–21 and thereafter rapidly sup-
planting TALENs and ZFNs in many laboratories,
originates from the RNA-guided DNA cleavage
procedure developed by bacteria and archaea to
defend against the foreign DNA of invading plas-
mids or phages. Under this system, bacteria and
archaea are able to co-opt short sequences (*20 bp)
from the DNA of the invading organism (known
as protospacers) and introduce these fragments
into their own genome, producing a CRISPR. These
CRISPR domains are then transcribed and pro-
cessed, resulting in target-sensitive CRISPR RNA
(crRNA) and invariable target-independent trans-
activating crRNA (tracrRNA). Finally, crRNA and
tracrRNA complex with the Cas9 protein, initially

derived from the Streptococcus pyogenes (Sp) bac-
terial species, to create an active DNA endonucle-
ase able to cleave a 23-bp DNA target composed of
the protospacer and the protospacer-adjacent motif
(PAM), typically a 5¢-NGG-3¢ sequence.16 It has
been shown that crRNA and tracrRNA can be
united to form a simplified, chimeric single-chain
guide RNA (sgRNA).22 Thus the CRISPR/Cas9
RGEN, comprising Cas9 protein and sgRNA, can
be easily prepared by selecting an approximately
20-bp target DNA sequence of interest adjacent to
a PAM motif and engineering a vector or vectors
to allow expression of an appropriate sgRNA and
Cas9. The simplicity and flexibility of this ap-
proach, requiring only the design of specific tar-
geted sgRNAs for use with a single endonuclease,
confers some advantages over TALEN and ZFN
editing, both of which require complex protein
engineering for each new target site.16 In addition,
CRISPR/Cas9 RGEN complexes are active as mono-
mers, permitting the simultaneous modification of
multiple target genes without the exacerbation
of off-target effects inherent in TALEN- or ZFN-
mediated multiplex genome editing.

POTENTIAL FOR CLINICAL TRANSLATION

To date, investigators have performed labora-
tory studies highlighting the therapeutic potential
of gene editing with TALENs, ZFNs, or CRISPR/
Cas9 for a variety of diseases (Table 1). These studies
constitute the first steps toward establishing clin-
ical protocols. Two target genomic loci—chemokine
coreceptor 5 (CCR5) and BCL11A—have received
the most attention as practical early clinical tar-
gets because of the potential therapeutic benefit
derived from simple knockout of these loci via
NHEJ, without need for correction via HDR. A
patient with both HIV-1 infection and leukemia
underwent allogeneic transplantation with donor
HSPCs naturally homozygous for a deletion in the
CCR5 gene and subsequently became HIV nega-
tive, thus stimulating interest in a CCR5-knockout
approach to eradicate the disease.23 Gene knock-
out of the CCR5 locus in autologous HSPCs holds
promise as a less toxic and more generally avail-
able approach to HIV cure, and is the most fre-
quently studied locus in the gene-editing field to
date. Identification of the BCL11A transcription
factor as critical in shutting off expression of fetal
c-globin during development has stimulated in-
vestigators to attempt NHEJ-mediated knockout of
either the BCL11A gene itself, or of the BCL11A
erythroid-specific enhancer, in order to reactivate
fetal c-globin in autologous HSPCs as a potential
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treatment for sickle cell anemia.24 The application
of gene editing to treat other human diseases via
actual gene correction is much more challenging,
and must be weighed against simpler lentiviral
vector-mediated gene addition therapies for dis-
eases such as SCID-X1 and chronic granulomatous
disease (CGD).

OPTIMIZATION OF EFFICACY, TOXICITY,
AND DELIVERY OF GENE-EDITING
COMPONENTS IN HSPCs
Viral delivery

The efficient and safe delivery of gene-editing
systems into HSPCs constitutes a major roadblock
facing the implementation of gene-editing tech-
nologies in laboratory and particularly clinical
settings. Viral vectors co-opt cell-entry and DNA-
integration machinery, developed by the parental
viruses to be both highly efficient and nontoxic to
target cells.25 Lentiviruses have previously been
used to successfully deliver both sgRNA and Cas9
coding sequences into murine HSPCs, thereby
generating loss-of-function mutations in various
genes implicated in human acute myeloid leukemia
(AML).26 However, simultaneous delivery of both
sgRNA and Cas9 into human HSPCs via an all-in-one
integrating lentiviral vector has proven more chal-
lenging. Our preliminary observations indicate that
sustained expression of SpCas9 in human HSPCs
via an integrating lentiviral vector results in signif-
icant cytotoxicity.27 Moreover, sustained expression
of site-specific endonucleases is key in determining
the extent of potentially detrimental off-target ef-
fects,28 and integrating vector delivery would re-
sult in permanent expression in both HSPCs and
their progeny, an unintended result not likely to be
clinically acceptable.

The integration-defective lentiviral vector (IDLV)
system is an attractive alternative because it en-
ables efficient delivery to primary human cells with
minimal accompanying vector integration, due to
the integrase mutations.29 Promisingly, transduc-
tion of human cord blood (CB)-derived CD34+ cells
with IDLV constructs expressing targeted ZFN and
donor DNA template for gene correction was shown
to sufficiently stimulate gene correction with de-
tectable ZFN activity for the first 3–4 days after
transduction.30,31 However, human primary HSPCs
had the lowest gene-editing efficiency of the various
cell types studied, possibly due to stress caused by
the simultaneous delivery of three different IDLVs:
two distinct IDLVs to deliver the ZFN monomers,
and a third IDLV to deliver the donor sequence.30 In
our experiments, even several days of Cas9 expres-

sion from an IDLV resulted in significant toxicity to
human HSPCs, although at a reduced level com-
pared with the cytotoxicity engendered by inte-
grating lentiviral Cas9 gene delivery.

Several other nonintegrating viral delivery sys-
tems have been used to transport nucleases and/or
gene correction cassettes. Certain adenoviral se-
rotypes can transduce human HPSCs and deliver
large transgene cassettes without detectable ge-
nomic integration. HSPCs were evaluated for gene
disruption after transduction with an adenoviral
vector encoding a CCR5-specific pair of ZFNs.32

Gene disruption of this locus was high (26.4–
31.3%) when HSPCs were pretreated with protein
kinase C (PKC) activators before transduction
with the adenoviral vectors; however, this ap-
proach resulted in low cell viability and a reduction
in human cell engraftment in a humanized mouse
model.32 A second study used a clever microRNA
approach to suppress expression of TALENs or
ZFNs in the adenovirus producer cells (given the
toxicity associated with high levels of nuclease),
permitting high-titer production of vector particles
that were shown to efficiently knock out several
target loci in human HSPCs.33 There is some con-
cern that residual adenovector particles may be
highly immunogenic and thus not ideal for clinical
use. Because of their low levels of integration, im-
mune stimulation, and pathogenicity, recombinant
adeno-associated viral vectors (rAAVs) comprise a
third nonintegrating viral delivery method for gene
editing.34 However, their relatively small packag-
ing capacity (rAAV can deliver just 4.7 kb) limits
their ability to encode and transport large nucle-
ases such as TALENs or RGENs. A Cas9 ortholog
(Staphylococcus aureus Cas9, measuring 3.2 kb)
small enough to be delivered—along with sgRNA—
via rAAV has been thoroughly characterized,35,36

necessitating further study of the potential uses of
rAAV to deliver gene-editing components to human
HSPCs. AAV6 has already been used to success-
fully deliver a DNA donor cassette for targeted
gene addition to CB CD34+ cells, in combination
with mRNA encoding the ZFN pair (see below).37

DNA transfection
Unlike traditional gene therapy, genome editing

does not require sustained expression of the
editing machinery. A ‘‘hit-and-run’’ strategy can be
used, whereby transient expression of the nucle-
ase complex serves to permanently modify the
genome. DNA transfection is the most widely re-
ported method currently used to deliver coding
sequences. In one study, transfection of TALEN
pairs resulted in endogenous activation of mixed-
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lineage leukemia (MLL) oncogenes in human
CB-derived HSPCs and leukemia in immunode-
ficient mice; however, activation of leukemia
survival pathways in successfully edited cells
may have overcome the toxicity caused by DNA
transfection.38 In another, transfection of Cas9-
2A-GFP and gRNA-encoding plasmids effectively
ablated B2M and CCR5 in mobilized human
HSPCs. Disappointingly, engraftment of these
cells in immunodeficient mice was minimal,
suggesting that the transfection process may
have been toxic to the most primitive HSPCs.39

One promising study reported retained engraft-
ment ability and 8% homozygous knockout of the
CCR5 locus after transfection of ZFN plasmid
DNA into human HSPCs.40 Overall, despite its
simple application, the introduction of exogenous
DNA into HSPCs via electroporation remains far
from ideal because of its associated potential for
random recombination with the genome, DNA-
related cytotoxicity, cyclic GMP-AMP synthase
activation, and the disruption/activation of en-
dogenous genes.

RNA transfection
Transfection of mRNA or mRNA analogs gen-

erated through in vitro transcription was devel-
oped as an alternative to DNA delivery and has
emerged as the preferred method for ex vivo gene
editing of human HSPCs.41 In one study, electro-
poration of mRNA encoding a CCR5-targeted ZFN
pair resulted in more than 50% indels (insertions,
deletions, and mutations) in mobilized CD34+ cells,
with retention of engraftment ability in immuno-
deficient mice.37,42–44 In the sole gene knockout
study carried out in a clinically relevant large an-
imal model, Peterson and colleagues delivered
CCR5-targeting ZFN mRNA into pigtailed ma-
caque HSPCs, obtaining up to approximately 64%
edited cells ex vivo. After transplantation of modi-
fied cells back into the donor monkey, edited cells
persisted in vivo, constituting 40% of circulating
cells early posttransplantation and stabilizing at
between approximately 3 and 5% in the blood 6
months later. Engraftment with edited HSPCs re-
sulted in normal differentiation to all lineages and
produced progeny cells capable of traveling to sec-
ondary lymphoid tissues.44 Chang and colleagues
achieved efficient disruption of the BCL11A locus in
marrow CD34+ cells via transfection of targeted
ZFN mRNA, with editing of both BCL11A alleles in
up to 80% of burst-forming unit erythroid (BFU-E)
and half of these with knockout/knockout alleles.
This resulted in significant upregulation of hemo-

globin F to levels likely high enough to inhibit he-
moglobin S polymerization, thus supporting the
notion of a novel sickle cell treatment based on
nuclease-mediated knockout of BCL11A in human
HSPCs.45

OTHER APPROACHES

In addition to transfection of standard in vitro-
transcribed mRNA, several other approaches for
component delivery are under development. In
one study, introduction of unmodified sgRNA and
Cas9 mRNA gave rise to a modest 7% gene-editing
efficiency in K562, whereas chemically modified
sgRNA with improved stability yielded gene-
editing efficiencies of 60–80% in the same cell
line.46 Investigators have also mixed translated
Cas9 protein with sgRNA in vitro to create a ri-
bonucleoprotein (RNP) complex, and then trans-
fected this complex into target cells. This approach
has been successful in generating indels.46,47 The
improved efficiency of Cas9 RNP in human HSPCs
may be due to the ability of Cas9 protein to protect
sgRNAs from degradation.46

Transfection of nuclease-encoding mRNA—and,
in the case of CRISPR/Cas9 approaches, sgRNA
and Cas9 mRNA together or RNP alone—is often
more efficient and definitely less toxic than DNA
electroporation or viral vector delivery in terms
of indel generation and gene knockout. Gene cor-
rection, however, requires the additional delivery
of a corrective DNA cassette, which cannot be
transported as an RNA or protein moiety. Thus, a
number of groups have combined mRNA trans-
fection of nucleases (and sgRNA for CRISPR ap-
proaches) with DNA electroporation, IDLV/AAV
viral vectors, or DNA oligonucleotides in order to
deliver a corrective HDR cassette. Genovese and
colleagues delivered IL2RG-targeting ZFN mRNA
and an IDLV-encoded corrective donor DNA tem-
plate encoding green fluorescent protein (GFP) into
human HSPCs from healthy donors and one pa-
tient afflicted with SCID-X1, yielding approxima-
tely 5% GFP+ cells. When transplanted into mice,
modified cells engrafted and retained the ability to
differentiate into progeny of multiple lineages. At
12 weeks, GFP+ cells made up approximately 2% of
human cells in murine bone marrow (BM).42 The
same investigators delivered IL2RG-specific ZFN
and donor DNA into mouse HSPCs, achieving a
gene-editing efficacy of 6% in vitro, but rates of
in vivo gene modification sank to almost unde-
tectable levels long-term.48 Wang and coworkers
transfected human HSPCs with AAVS1 or CCR5-
targeting ZFN mRNA before transduction with
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AAV6 carrying a GFP-encoding donor DNA, achiev-
ing insertion of the GFP cassette at the AAVS1 or
CCR5 locus at rates of 17–43%.37 This approach
was particularly encouraging because it resulted in
no observed loss of HPSC engrafting ability in im-
munodeficient mice, and the most primitive sub-
population of CD34+CD90+CD133+ cells was edited
with the same efficiency as the overall CD34+ cell
population. De Ravin and colleagues used AAVS1-
targeting ZFN mRNA along with AAV6-delivered
donor DNA to deliver a wild-type gp91phox trans-
gene into the AAVS1 safe harbor locus of human
HSPCs from patients with X-linked CGD (X-CGD).
The gp91phox transgene was appropriately tar-
geted in approximately 15% of CD34+ cells, and
resulted in augmented NADPH oxidase activity in
neutrophils differentiated from gene-edited pa-
tient cells. Furthermore, when modified HSPCs
were transplanted into NSG mice, approximately
4–11% of human cells in the marrow expressed
gp91phox long-term. This study was the first to
demonstrate that codelivery of nucleases and donor
DNA can lead to clinically relevant levels of tar-
geted integration into AAVS1. The result produced
by De Ravin and colleagues has potentially broad
applications in the field of genome editing as it re-
lates to treatment of monogenic disorders, given
that this approach would eliminate the need for
individual design and testing of new designer nu-
cleases or sgRNA for each specific disease-inducing
mutation.43 Hoban and coworkers compared the
effectiveness of introducing a human b-globin-
targeted cassette with a sickle cell mutation via
either transfection with a double-stranded DNA
oligonucleotide or transduction with an IDLV,
combined with mRNA encoding the ZFN pair, and
achieved an editing efficiency of 30–40% for ZFN
plus oligos and approximately 18% for ZFN plus
IDLV in CD34+ cells in vitro. However, only 0.85 or
0.21% of ZFN plus oligos, or ZFN plus IDLV-treated
engrafted human cells, respectively, had the sickle
cell mutation in immunodeficient mice at 16 weeks
posttransplantation. They also demonstrated that
marrow CD34+ cells from patients with sickle cell
disease, once edited with ZFN mRNA and donor
oligo-corrective DNA, led to the production of wild-
type hemoglobin tetramers in vitro.49 Another la-
boratory reported slightly better results when they
combined electroporation of a hemoglobin gene-
targeted RNP with single-stranded DNA homo-
logous to the same locus.50 These findings lend
credence to the concept of autologous transplanta-
tion with gene-edited HSPCs as a potential treat-
ment for sickle cell disease, if efficiency can be
improved.

SPECIFICITY AND OFF-TARGET EFFECTS
Genome-editing strategies typically comprise

either target integration at safe genomic har-
bors, such as AAVS1, or disease-specific allelic
disruption/correction in an attempt to minimize
collateral genomic damage like that associated
with random insertion-related oncogene activation.
Nonetheless, gene-editing tools can also generate
unintended, permanent, deleterious changes in the
genome including genomic instability, chromosomal
translocation, chromosome loss, and aneuploidy.51

NHEJ and HDR can also occur at off-target sites,
often at loci homologous to the intended nuclease
target. If either type of off-target mutation occurs
in long-term repopulating HSPCs and alters genes
or genomic loci important for cell survival, self-
renewal, or proliferation, either cell death or ab-
errant cell expansion can occur, followed by the
acquisition of secondary or tertiary mutations.
Thus, the specificity and off-target effects of gene-
editing systems must be key considerations in their
development, particularly in terms of the potential
clinical applications of these methods in human
HSPCs.

Investigators’ modification of the FokI domain—
an alteration ensuring that heterodimerization on
DNA binding is necessary to form a catalytically ac-
tive nuclease complex—dramatically augmented the
specificity of ZFNs and TALENs. Specifically, ZFN
editing efficiency improved after an amino acid sub-
stitution at the dimer interface mediating recognition
of the target site,52 while TALEN efficiency increased
after the development of an expanded set of RVD for
the TAL effector recognition domain.53 Many groups
have attempted to increase the specificity of CRISPR/
Cas9 editing because this system’s relatively short
Watson–Crick base-pairing makes it likely to cause
more unintended, off-target editing than either ZFNs
or TALENs.54 Somewhat paradoxically, the use of
truncated gRNAs, with shorter regions of target
complementarity (17–19 bp), yielded a decrease in
undesired mutagenesis55; however, this truncation
may also have lowered the absolute efficiency of on-
target genome editing.56 Modification of the Cas9
component so that two gRNA/Cas9 complexes are
necessary to cleave DNA—achieved either via con-
version to a nickase enzyme or through fusion of a
‘‘dead’’ Cas9 with FokI—has been shown to greatly
decrease off-target editing.57,58 Most recently, in-
vestigators developed a CRISPR/Cpf1 system that
recognizes thymidine-rich PAM sequences instead
of the guanosine-rich sequences recognized by
spCas9.59,60 At a genome-wide level, Cpf1 resulted
in reduced levels of off-target effects compared with
Cas9, possibly because Cpf1, a single-RNA-guided
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nuclease, does not require a tracrRNA and there-
fore produces cohesive DSBs.59 Although various
strategies exist to improve the specificities of genome-
editing tools, few have been applied to human HSPCs
to date, necessitating further investigation.

To assess the specificities of various genome-
editing tools, several groups have attempted to
characterize the off-target profile of these tools in
HSPCs. Heckl and colleagues performed targeted
sequencing of the top five off-target sites for each
sgRNA used in their CRISPR/Cas9 study and
reported no off-target mutations in edited cells.26

Mandal and colleagues confirmed on-target sites
(n = 5) and predicted off-target sites (n = 126) for
CRISPR/Cas9 editing in human HSPCs, using
capture sequencing. CCR5-targeting sgRNA gen-
erated one- or two-base indels in the highly ho-
mologous CCR2 gene, but statistical evaluation
of all captured off-target sites yielded only a
single site with unintentional editing (1 of 126;
0.6%), suggesting minimal off-target mutagene-
sis.39 Li and colleagues analyzed the top 23 pre-
dicted off-target sites for their CCR5-specific ZFN
and detected off-target modification at the CCR2
locus, a gene highly homologous to CCR5, at a
frequency only 1 log lower than modification
rates at the targeted CCR5 site. The loss of CCR2
in mice did not produce a deleterious effect61

but, rather, led to a beneficial phenotype due to
the combined effect of CCR2 and CCR5 in pre-
venting HIV entry.62 Hoban and colleagues eval-
uated the specificity of ZFN targeting b-globin,
and discovered off-target cleavage only in the
highly homologous d-globin gene, which is known
to be functionally dispensable.49 Genovese and
colleagues deep-sequenced both the intended ZFN
IL2RG target site and 12 genomic loci bearing
homology to the intended site, previously identi-
fied by genome-wide screening performed in K562
cells.63 The top two off-target sites possessed
minimal indels in both in vitro (at 0.17–0.7%) and
in vivo samples (at 0.02%).42

Most of the off-target studies in HSPCs to date
have evaluated mutations at potential off-target
sites as determined by computational prediction or
screening in various cell lines. This approach, it is
important to note, might overlook certain off-target
sites. Whole-genome sequencing could provide a
complete catalog of off-target sites; however, this
method is impractical because of the high cost of
the analysis and the existence of naturally occur-
ring background mutations, possibly caused by
ex vivo expansion.64,65 The number and the pattern
of off-target effects can vary widely among differ-
ent target sequences within different cell types;

thus, additional methods both for making off-target
predictions and for evaluating off-target effects in
HSPCs are needed.

CONCLUSIONS AND FUTURE PERSPECTIVES

Given that HSPC transplantation replaces some
or all of the patient’s bone marrow with donor
cells, this procedure has the potential to treat a
broad spectrum of congenital or hereditary dis-
eases including hematologic, immunologic, and
metabolic disorders. Because it is often difficult to
find an HLA-matched donor, autologous trans-
plantation with gene therapy has been proposed as
an alternative treatment for patients with these
diseases. Advances in genome-editing technologies
have the potential to revolutionize HSPC gene
therapy by the avoidance of adverse effects such as
insertional mutagenesis and insufficient or dysre-
gulated corrective transgene expression. However,
the field of genome editing in HSPCs remains in its
infancy, and many questions and concerns re-
garding this new technology are yet to be addressed
and explored.

There are several hurdles preventing rapid or
widespread clinical applications of HSPC gene
editing. Primitive long-term repopulating HSPCs
are more sensitive to DSBs than committed pro-
genitors given their high level of p53,66 thus de-
creasing HDR rates and increasing the toxicity
associated with nuclease activity in these cells.
Primitive HSPC sensitivity to DSBs is likely a
protective mechanism, evolved to protect long-
lived and proliferative stem cells from DNA
damage and transformation, and we should per-
haps be cautious in trying to circumvent it. Al-
though it is not yet clear how HSPCs choose
between NHEJ and HDR, the particularly poor
HDR rate observed in primitive HSPCs is prob-
ably due to quiescence, or slow cycling, of these
cells.42 Shortening the length of exposure to nu-
clease activity may help eliminate this issue, but
the benefits inherent in such a step must be
balanced against the need for efficient editing.
Several studies, in addition to our unpublished
observations, have suggested that levels of ge-
nome editing and cell viability are inversely
correlated. Furthermore, cell viability is closely
correlated with engraftment rate, and the most
primitive HSPCs, those responsible for engraft-
ment, are likely also the most sensitive to nu-
clease toxicity. It is clearly necessary to optimize
the delivery method used to transport gene-
editing tools into HSPCs to avoid additional
damage to engrafting cells. One possible route to
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optimization is first to enrich for edited HSPCs,
for instance via flow-sorting of cells with the
CCR5 deletion or knock-in of a selectable marker
gene, followed by in vitro expansion to ensure a
safe dose of engrafting cells before transplanta-
tion. However, convincing evidence for the sig-
nificant expansion of actual long-term engrafting
HSPCs in vitro is currently lacking, and the muta-
tional burden associated with in vitro expansion
could itself be oncogenic.67

Almost every study reporting on genome edit-
ing of HSPCs to date has studied edited cells
in vitro, or after transplantation into immunode-
ficient mice. It has been reported that repopulat-
ing cells in the NOD/SCID mouse contribute only
to short-term repopulation and do not differen-
tiate into all lineages.68–70 Only one long-term
multilineage engraftment study has been con-
ducted in nonhuman primates.44 In this study, the
levels of CCR5 disruption dropped drastically
from 40% in vivo early posttransplantation to
only 3–5% at 6 months after transplantation.
Furthermore, even in the murine studies, gene-
editing efficiencies dropped significantly over time
posttransplantation. This result suggests that
the ‘‘real’’ primitive long-term repopulating HSCs
have either failed to undergo genome editing or
have become so damaged postediting that they
have lost the ability to self-renew or have been
destroyed by the immune system and/or genome
integrity-protective pathways. It is clear that
further mechanistic studies must be performed to
determine the underlying reason(s) for the low

genome-editing efficacy consistently observed long-
term posttransplantation.

Although we have listed many challenges and
noted some of the significant basic and trans-
lational questions that remain to be answered,
it must be said that the rapidly advancing field
of genome editing has tremendous potential as
applied to HSPCs and could eventually lead to
life-changing treatments able to cure diseases
currently beyond the reach of conventional gene
addition therapies. A clinical trial relying on ZFN-
mediated deletion of CCR5 in T cells from patients
with HIV has already been reported,71 in addi-
tion to a study that used TALEN-mediated knock-
out of endogenous T cell receptors (TCRs) to
manufacture ‘‘off-the-shelf’’ chimeric antigen re-
ceptor (CAR) T cells,72 and at least one trial tar-
geting CCR5 in CD34+ cells from patients with HIV
is ongoing. While investigators develop and carry
out further clinical trials, gene-editing technolo-
gies targeting HSPCs will continue to aid scientists
investigating hematopoiesis, stem cell biology, and
leukemogenesis.
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