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Abstract

Using genome-editing technologies to correct specific mutations represents a potentially transformative new approach for
treating genetic disorders. Despite rapid advances in the field of genome editing, it is still unclear whether the long-standing
goal of in vivo targeted transgene integration is feasible. This is primarily because current tools are inefficient. In particular,
current technologies are incapable of targeted gene knock-in in non-dividing cells, the major building blocks of adult tissues.
This poses a significant barrier for developing therapeutic strategies to treat a broad range of devastating genetic disorders.
Recently, our group has developed a unique CRISPR/Cas9-based strategy, termed homology-independent targeted insertion
(HITT), which enables targeted gene insertion in non-dividing cells, both in vitro and in vivo. This review will summarize
current progress in developing this technology, and discuss the potential impact of HITI-based gene-correction therapies.

Introduction

The intracellular delivery of wild-type genetic sequences is
one of the most promising therapeutic approaches for
reverting detrimental phenotypes caused by loss-of-function
mutations. Viral-mediated gene replacement therapy is one
way of achieving this goal, and is a promising treatment
option for many inherited diseases. In fact, clinical trial
using this technology have revealed remarkable therapeutic
benefits [1]. However, the major limitations of this method
are incomplete control over transgene copy numbers and
expression levels, as well as risk of adverse events (e.g.,
insertional mutagenesis or activation of (proto)-oncogenes)
[1]. In addition, the duration of therapeutic benefit, which is
influenced by levels of transgene expression and activity, is
also unpredictable, particularly when non-integrating vec-
tors are used. For example, the initial results of a clinical
trial for Leber’s congenital amaurosis, a blindness disease,
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indicated that non-integrating adeno-associated viral (AAV)
vector delivery of transgenes was safe and showed ther-
apeutic efficacy in repairing human visual function [2, 3].
However, recently published 3-year follow-up data from the
same and other groups demonstrated that the initial gains in
retinal sensitivity waned over time and were not successful
in achieving meaningful improvements in objective mea-
sures of visual function [4, 5]. These results show that
although non-integrating vector-based gene therapy is safe
and effective during the initial stage of treatment, the ther-
apeutic effects are not permanent. Furthermore, this gene-
complementation strategy cannot be used to treat gain-of-
function genetic mutations.

Recent advances in the genome-editing field have revo-
lutionized methods for generating novel genetic resources
for biomedical research. It is now possible to exploit the
homology-directed repair (HDR) pathway to realize site-
specific transgene integration; this represents the most
promising way of overcoming limitations of current gene-
replacement therapies [6—8]. HDR has been extensively
used to replace both loss-of-function and gain-of-function
alleles with wild-type sequences, thereby recovering gene
function and eliminating pathogenic effects. In theory, the
therapeutic effect should be permanent once the disease-
causing mutation has been fixed. However, the utility of
HDR-based approaches is limited by low efficiency in most
primary cell types. Moreover, HDR only occurs during the
S/G2 phases of the cell cycle, making it inaccessible to non-
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dividing cells, which are prevalent in post-natal animal
tissues [9, 10]. The other major DNA double-strand break
(DSB) repair pathway, non-homologous end joining
(NHE)), ligates DNA ends directly and is active throughout
the cell cycle in a large variety of adult cells, including both
proliferating and post-mitotic cells [11]. In addition, in most
higher organisms, NHEJ activity far exceeds HDR activity
[11]. These advantages indicate that harnessing the NHEJ
pathway for targeted knock-in may represent a viable way
of overcoming technical hurdles associated with HDR-
based approaches (Fig. 1). Here we review NHEJ-based
targeted gene knock-in methods, and in vivo applications.

NHE]J-mediated targeted gene knock-in method

In 2013, two groups reported the generation of DSBs at a
targeted genomic locus and a donor plasmid using zinc
finger nuclease (ZFN) and transcription activator-like
effector nucleases (TALEN), one type of engineered
nucleases that facilitate the introduction of exogenous DNA
sequence into the genome of cell lines via homology-
independent NHEJ (Table 1) [12, 13]. Similar methods
relying on homology-independent NHEJ-based DNA liga-
tion have been proposed for transgene insertion in various
organisms [14-26]. All of these reports employed the
approach that digestion of both donor and chromosomal
target allows for large DNA insertion (up to 50 kb) into the
genomic DSB site (i.e. target site). However, as the NHEJ-
mediated knock-in method is homology-independent, the
direction in which the ectopic DNA fragment is inserted
cannot be controlled. Furthermore, because it is necessary to
process DNA ends prior to ligate the break ends when the
generated DSBs are non-complementary ends, NHEJ has
long been considered to be error-prone, as targeted gene
knockout via error-prone NHEJ is highly efficient in many
organisms [27]. HDR can replace the target sequence,
whereas NHEJ-mediated strategy can add an ectopic DNA
sequence at target locus instead of replacing the original
genomic sequence. Because of these studies, researchers
were concerned about the feasibility of using NHEJ-
mediated gene knock-in methods over classical HDR-
mediated targeted integration methods.

In 2016, our group devised a fundamentally improved
NHEJ-based homology-independent strategy for targeted
transgene integration that used the CRISPR/Cas9 system;
we named it homology-independent targeted integration
(HITD) (Fig. 1) [28]. CRISPR/Cas9 is a recently developed
RNA-guided targeted DNA nuclease tool. A complex of
Cas9 and guide RNA (gRNA) recognizes and introduces
DSBs at specific 20-bp target genome sequences recognized
by the gRNA [29-31]. We hypothesized that the error-free
NHEJ pathway (rather than error-prone NHEJ) is the
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predominant pathway, thereby resulting in precise and
efficient targeted gene knock-in. To prove the feasibility of
using NHEJ-mediated gene knock-in methods over classical
HDR-based knock-in, we first improved upon existing
NHEIJ-based methods and developed CRISPR/Cas9-based
HITI method. Based on side-by-side comparison in dividing
HEK?293 cells using CRISPR/Cas9, we demonstrated that
the efficiency of NHEJ-mediated HITI is 10 times higher
than for HDR. Sequencing result showed that upon inte-
gration, the majority of junction sites were free of insertions
or deletions (indels), suggesting dominance of error-free
repair in this context. In the same experiment, we also used
gRNAs to specify the direction of insertion (Fig. 2),
resulting in only 2.1% of the cases was the cassette inserted
in the opposite direction. This suggests that our NHEJ-
based HITI method preferentially generates unidirectional
knock-ins. Taken together, we have established HITI, which
is a robust and unidirectional targeted knock-in method
capable of functioning in dividing cell lines.

For classical HDR-based CRISPR/Cas9 genome-editing
strategies, cells are transfected with Cas9, gRNA, and donor
DNA that contain homology arms specific for the genomic
locus of interest. HDR of the Cas9-mediated DSB results in
insertion of the genetic material between the homology arms.
In the case of HITI, donor plasmids lack homology arms.
Consequently, repair of the Cas9-induced genomic DSB
cannot occur through the HDR pathway. The donor DNA is
designed to include Cas9 cleavage site(s) that flank the donor
sequence. Cas9 therefore cleaves both the genomic target
sequence and the donor plasmid, thereby generating blunt
ends associated with both target and donor sequences. The
linearized donor DNA plasmid can then be used for repair by
the NHEJ pathway, allowing for its integration into the
genomic DSB site. Once incorporated into the genome,
donor DNA that inserted in the desired orientation disrupts
the Cas9 target sequence and prevents further Cas9 cutting. If
the genomic DSB is rejoined by error-free NHEJ without
donor DNA insertion, the Cas9 target sequence will remain
intact and a second round of Cas9 cutting will ensue (Fig. 2).

Because NHEJ is active throughout the cell cycle, non-
dividing cells, which are in the GO/G1 phase, also harbor
NHETJ activity. To take advantage of this, we also tested the
efficacy of HITI in non-dividing cells in vitro, and
demonstrated that NHEJ-mediated HITI is highly efficient
in non-dividing cells (~60% of transfected neurons); this
was the first demonstration of targeted gene knock-in in a
non-dividing cell type [28].

In vivo genome editing via various tools

Because the majority of cells within the adult mammalian
body are terminally differentiated, post-mitotic cells (or
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quiescent stem cells), the classic HDR method is generally
inefficient for in vivo applications. There are only a few
exceptions to this rule, such as the dividing cells of the liver

SpCas9

[6, 32, 33]. Furthermore, there were no established tech-
nologies for the targeted knock-in of genetic material in
non-dividing cells. As a proof-of-concept for in vivo
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Fig. 1 CRISPR/Cas9-mediated targeted genome editing. Streptococcus pyogenes Cas9 (SpCas9) forms a complex with a single-guide RNA
(sgRNA) that recognizes a specific 20-bp homologous sequence in front of the NGG PAM sequence. Once bound, these complexes induce double
strand breaks (DSBs) at targeted genomic loci. These DSBs are then repaired by intracellular DSB repair machineries that can be categorized into
two major types: (1) error-free homology-directed repair (HDR), which repairs DSBs using a homologous chromatid or chromosome, and (2)
error-prone non-homologous end joining (NHEJ), which processes and ligates DNA ends directly. Error-prone NHEJ often introduces indels,
which can disrupt the target gene. In contrast, in the presence of ectopic homologous DNA, HDR can introduce any sequence into the target site.
HDR only occurs during the S-G2 phase of the cell cycle; whereas NHE] is active throughout the cell cycle in a variety of adult cell types, making
it accessible to non-dividing cells. Homology-independent targeted integration (HITT) hijacks the NHEJ pathway and inserts ectopic DNA at target
sites in both dividing and non-dividing cells
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application, we first transfected HITI components (Cas9,
gRNA, and donor plasmids) by either in utero or in vivo
electroporation, and successfully achieved targeted trans-
gene insertion in post-mitotic cells of the brain, kidney, and
muscle. Despite high efficiency in vitro, the in vivo gene
knock-in efficiency was quite low (~1% of cells), being
compromised by low DNA transduction efficiency.

To achieve more efficient and on-target in vivo gene
delivery, we switched to AAVs [34]. We loaded Cas9,
gRNA, and donor DNA into AAV vectors, and packaged
them with AAV serotype 8 or 9, which were previously
shown to display high infection capability for many organs
with therapeutic safety [35, 36]. We delivered AAVs to the
visual cortex of the adult mouse brain via local injection,
and observed satisfactory in vivo GFP knock-in efficiency
in non-dividing cells near the injection site (3.5% of the
cells within 300 um of the injection site) [28]. Similar to the
brain, local delivery of AAVs through intramuscular

Cas9

injection in adult mice also resulted in accurate GFP knock-
in in skeletal muscle cells. In addition to in situ injections,
we also tested systemic delivery. We infected neonatal mice
with GFP knock-in AAVs via intravenous injection. Two
weeks post-infection, we observed many GFP knock-in
cells (3-10% of cell) throughout the heart, muscle, and
liver. The high accuracy and low off-target effects of HITI
were also carefully validated by single-cell analysis and
next generation sequencing.

Recently, several other genome-editing methods have
been reported for in vivo application besides HDR and
HITI. Microhomology-mediated end-joining (MMEJ) is
another end-joining pathway that is activated when short
(5-25bp) homologous sequences anneal to both strands
[37]. In 2014, Nakade et al. have developed a novel MMEJ-
mediated targeted gene knock-in method and named Precise
Integration into Target Chromosome (PITCh) [38]. To
insert an exogenous cassette at target locus, the PITCh
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Fig. 2 Schematic of HITI using SpCas9. The SpCas9/sgRNA complex
introduces DSBs 3 base pairs upstream of the PAM sequence in the
genomic target sequence, resulting in two blunt ends. The exact same
SpCas9/sgRNA target sequence is loaded onto the donor DNA in the
reverse direction. Targeted genomic loci, as well as the donor DNA,
are cleaved by Cas9/gRNA and the linearized donor DNAs are inte-
grated into target sites via the NHEJ DSB repair pathway. If donor
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DNA is integrated in the correct orientation, junction sequences are
protected from further cleavage by Cas9/gRNA. If donor DNA inte-
grates in the reverse orientation, Cas9/gRNA will excise the integrated
donor DNA due to the presence of intact Cas9/gRNA target sites. Blue
pentagon, Cas9/gRNA target sequence. Black line within blue penta-
gon, SpCas9 cleavage site. GOI, gene of interest
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vector contains very short (5-25bp) microhomology
sequences flanking the both sides of the exogenous cassette
[38, 39]. Similar to HITI, both chromosomal target locus
and PITCh donor DNA are digested by CRISPR/Cas9 or
TALEN. Then, microhomology sequences of PITCh donor
are exposed and integrated at the digested chromosomal
target site via MMEJ]. Recently, another group has
demonstrated that MMEJ-mediated PITCh method is
applicable for in vivo genome editing [40]. Using this
method, they have succeeded in rescuing the lethal pheno-
type of fumarylacetoacetate hydrolase-deficient mice, a
hereditary tyrosinemia type I mouse model. Furthermore,
this group devised the vector structure and named the new
method homology-mediated end joining-based strategy
[41]. They extended the length of homology arms (~800
bp), thus allowing the exogenous cassette to be integrated at
target site through either HDR or NHEJ pathway. Using this
donor, they have successfully performed targeted gene
knock-in in vivo. These methods represent alternative tools
of HITT for in vivo gene knock-in.

In vivo genome correction via HITI

Gene replacement therapy via in vivo genome editing
would offer several advantages over classical gene therapy
strategies by inserting a functional copy of the defective
gene into the endogenous locus. Furthermore, in vivo
genome editing is better than ex vivo strategies for many
reasons, such as the potential to target a wider range of cell
types (including those that are difficult to culture) [42].
However, classical HDR-mediated gene correction methods
have not been successfully implemented in vivo to edit non-
dividing cells [9]. Thanks to the highly efficient error-prone
NHE]J pathway, targeted gene disruption in somatic cells is
a step closer to in vivo applications. Feng Zhang’s group
reported on targeted gene knockouts in post-mitotic neurons
via in vivo Cas9 and gRNA delivery, opening the door for
in vivo studies of genetic elements underpinning brain
functions [43]. More recently, NHEJ-based targeted gene
knockout approach has been utilized to improve muscle
function in a mouse model of duchenne muscular dystrophy
(DMD), by eliminating a disease-causing mutation through
Cas9 and dual gRNA mediated disruption of exon 23 [44—
46]. Furthermore, Bakondi et al. demonstrated that single
variant-specific gRNA can generate NHEJ-mediated allele-
specific disruption of autosomal dominant point mutation at
Rho gene [47]. By in vivo retinal electroporating the
mutation-specific gRNA, they prevented retinal degenera-
tion and improved visual function in blindness rat model.
However, NHEJ-based targeted disruption strategy has not
been widely used in managing target mutation/disease.
Nonetheless, these reports suggest that conducting targeted
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knock-in using NHEJ-mediated HITI may allow us to
overcome technical hurdles that plague existing genome-
editing technologies in a wide range of tissues and organs
in vivo.

As a proof-of-principal for applying HITI as a gene
replacement therapy, we used HITI to treat the Royal Col-
lege of Surgeons (RCS) rat model of retinitis pigmentosa
(RP), an inherited degenerative eye disease that is a com-
mon cause of blindness in humans [48]. A homozygous
mutation in the Mertk gene, namely a 1.9-kb deletion that
includes parts of intron 1 and exon 2, results in defective
phagocytic function within the retinal pigment epithelium
[49]. This leads to degeneration of both the retinal pigment
epithelium and overlaying photoreceptors, and eventually
blindness. To restore Mertk gene function in the RP retina,
we generated an AAV vector to insert a functional copy of
exon 2 in front of the deletion site in intron 1. AAV vectors
were delivered into the eyes by subretinal injection at
postnatal week 3. One month post-injection, we observed
partial rescue of disease phenotypes, namely improved
morphology of the photoreceptor outer nuclear layer, and
improved visual function (as measured by electro-
retinography). These results demonstrate that HITI treat-
ment can rescue and preserve retinal visual function.
Because HITI can be used to target a wide variety of cell
types, it is highly likely that this technology is suitable for
treating other genetic diseases that affect other non-dividing
tissues, such as DMD, Parkinson’s disease and amyotrophic
lateral sclerosis.

Challenges for clinical translation

To translate HITI technology into a clinical application,
several major barriers must still be overcome. One major
barrier is efficiency. Although the current HITI technology
can insert DNA at a chosen target site in many non-dividing
tissues, its efficiency is less than 5% in most cases. This
level of efficiency can result in therapeutic benefit, as seen
in the RP retina, but even in this case phenotypic rescue was
partial and not sufficient to completely restore vision. As a
result, to use HITI technology to treat diseases in the clinic
will require much higher gene-correction efficiencies. To
improve HITI efficiency, mechanistic study is important for
identifying the major regulators of NHEJ during the
execution of HITI. These studies will potentially allow us to
establish strategies to facilitate NHEJ-HITT activity in tar-
get cells. The screen for small molecules and/or siRNAs/
shRNAs that can further enhance NHEJ activity represents a
straightforward strategy for improving HITI efficiency. It is
also important to develop the most suitable in vivo DNA
delivery method for specific type of cell/tissue/organ, ful-
filling another important factor for the realization of
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efficient in vivo genome editing. Another concern related to
using HITI for clinical applications is safety. Although we
have demonstrated that the off-target effects for HITI are
minimal (by deep sequencing of predicted off-target loci),
further unbiased deep sequencing analyses are needed to
comprehensively evaluate HITI off-target effects. In addi-
tion to these two major concerns, it is still unclear how
frequent and where ectopic DNA fragments integrate into
non-target loci. Recently, the improved version of Cas9
(eSpCas9 and SpCas9-HF1) has been developed and
demonstrated low off-target effect [50, 51]. By using these
high-fidelity Cas9 genes, the safety of HITI-mediated gene
therapy might be further improved. Finally, HITI can only
insert ectopic DNA into a target locus, but cannot, for
example, remove a mutation from the genome. Thus, the
types of genetic defects that HITI technology will be able to
treat is limited. If HITI-mediated gene replacement strate-
gies could be further developed, this technology has the
potential to evolve into a versatile tool kit for gene therapy.

Conclusions

We have developed a robust and versatile NHEJ-mediated
targeted gene modification system, which is named HITIL.
HITTI not only facilitates targeted gene knock-in in cultured
cells, but also allows for efficient targeted integration of
ectopic DNA in vivo (both for dividing and non-dividing
cell types). More importantly, HITI has been successfully
used to rescue a loss-of-function mutation in a rat model of
RP, via the targeted insertion of a functional exon into the
disease-associated Mertk gene. In theory, this new tool
holds great promise for editing “any gene” in “any cell/
tissue/organ” at “any time” in living organisms, thus con-
stituting a revolutionary breakthrough for basic and trans-
lational biomedical studies. For example, because HITI can
enable in vivo targeted gene knock-in in adult neurons, this
system provides an unprecedented opportunity for advan-
cing neuroscience research, and for developing therapies
against debilitating disorders of the brain. To reach this
potential, it is necessary to improve the current version of
HITI, with the goals of achieving higher efficiency,
broadening its versatility, and ensuring safety when imple-
mented in the clinical setting. Once these barriers are
overcome, HITI technology may open broad new avenues
for developing targeted gene therapies.
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