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Abstract

Liver diseases are one of the leading causes of mortality
in the world. The hepatic illnesses, which include
inherited metabolic disorders, hemophilias and viral
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hepatitides, are complex and currently difficult to treat.
The maturation of gene therapy has heralded new
avenues for developing effective intervention for these
diseases. DNA modification using gene therapy is now
possible and available technology may be exploited
to achieve long term therapeutic benefit. The ability
to edit DNA sequences specifically is of paramount
importance to advance gene therapy for application to
liver diseases. Recent development of technologies that
allow for this has resulted in rapid advancement of gene
therapy to treat several chronic illnesses. Improvements
in application of derivatives of zinc finger proteins (ZFPs),
transcription activator-like effectors (TALEs), homing
endonucleases (HEs) and clustered regularly interspaced
palindromic repeats (CRISPR) and CRISPR associated
(Cas) systems have been particularly important. These
sequence-specific technologies may be used to modify
genes permanently and also to alter gene transcription
for therapeutic purposes. This review describes progress
in development of ZFPs, TALEs, HEs and CRISPR/Cas
for application to treating liver diseases.

Key words: Gene therapy; Zinc fingers; Transcription
activator-like effectors; Clustered regularly interspaced
short palindromic repeats; Homing endonucleases;
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Core tip: The treatment of liver diseases is varied and
often complicated. Gene editing is being developed to
treat a variety of chronic disorders and has exciting
potential for curing hepatic diseases. Engineering of
derivatives of zinc finger proteins, transcription activator-
like effectors, homing endonucleases and clustered
regularly interspaced palindromic repeats potentially
enables sequence-specific gene editing. These DNA
binding proteins may be used to alter genes permanently
or to influence the epigenetic status of liver cells for
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therapeutic benefit.

Nicholson SA, Moyo B, Arbuthnot PB. Progress and prospects
of engineered sequence-specific DNA modulating technologies
for the management of liver diseases. World J Hepatol 2015;
7(6): 859-873 Available from: URL: http://www.wjgnet.
com/1948-5182/full/v7/i6/859.htm DOI: http://dx.doi.org/10.4254/
wjh.v7.16.859

LIVER DISEASES AND THE APPLICATION
OF GENE THERAPY

The liver plays an important role in metabolism and the
etiology of numerous inherited and acquired disorders
and can be traced to this organ. Liver diseases are varied
and suitable options for therapy are often limited™..
Treatment outcomes are dependent not only on patient
history and disease type, but also disease progression
and prior treatment®!, Gene therapy, which offers the
potential for improving currently available therapy for
liver diseases, is defined as the introduction of nucleic
acids into cells to treat a disease. Gene therapy may
cause: (1) substitution or correction of genetic material;
(2) changes in gene expression through augmentation;
(3) post-transcriptional regulation; (4) cell death as a
result of expression of toxic genes; and (5) transcriptional
repression or activation (Figure 1)P!. Applications of
the approach may be expanded through use in concert
with cell-based therapies. Collectively these versatile
technologies have the potential to improve efficacy and
expand the repertoire of strategies for management
of liver diseases. Gene therapy is a rapidly developing
field of research that has application to treatment and
prophylaxis of many liver diseases, such as is caused
by persistent hepatitis B virus (HBV) infection. Selected
examples of gene therapy for various liver diseases are
shown in Tables 1 and 2.

Although the application of gene therapy is far
reaching, not all liver diseases are currently amenable
to this type of treatment. Reversal of certain hepatic
disorders, such as alcohol induced cirrhosis, is not feasible
at present. With other diseases, such as tuberculosis of
the liver, suitable technology is not yet available to effect
treatment. For these reasons gene therapy is focused
on developing treatment for hereditary monogenic
diseases, certain viral infections, some acquired and
complex genetic cellular gene defects. Complex genetic
diseases are caused by multiple gene mutations which
accumulate over time. An example of such a disease is
hepatocellular carcinoma (HCC)™. Hereditary monogenic
diseases are the result of a single inherited gene
defect™® and include disorders such as Crigler-Najjar
syndrome type 1™ and tyrosinemia type 1. These
diseases are caused by mutations in the genes encoding
uridine 5-diphospho-glucouronosyl transferase!”? and

fumarylacetoacetate hydrolase (Fah) respectively™,
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and result in hepatic accumulation of toxic metabolites.
Other hereditary monogenic diseases such as hemophilia
A and B, caused by gene mutations in coagulation
factors VI® and IX' respectively, result in excessive
bleeding and associated extra hepatic manifestations!”.
Viral infections of the liver include hepatitis B™*! and
hepatitis C'*?!, These viral hepatitides are major risk
factors for chronic liver diseases, with carriers exhibiting
increased susceptibility to cirrhosis and hepatocellular
carcinoma!**?, Gene therapy can be applied to treating
these diseases by altering gene expression through gene
editing, augmentation of gene expression, transcriptional
repressive or activational mechanisms (Figure 1)%.
Availability of DNA editing tools will expand the
application of gene therapy to the treatment of liver
diseases. Currently available technologies have limi-
tations. For example, application of RNA interference-
based silencing to treatment of HBV infection may not
be sufficiently durable and specific to achieve a safe
curative effect. Genome modification technologies
provide the means for overcoming some of these short-
comings. Currently gene editing tools are based on
engineered derivatives of zinc finger proteins (ZFPs)™?,
transcription activator-like effectors (TALEs)™*, homing
endonucleases (HEs)™® and clustered regularly
interspaced palindromic repeat (CRISPR) and CRISPR
associated (Cas) protein arrays!*®*’), This review will
explore the application of these sequence-specific DNA
modification technologies to treatment of liver diseases.

SEQUENCE-SPECIFIC DNA EDITING
TECHNOLOGIES: A TOOL FOR GENE
THERAPY

The ability to sequence entire genomes has facilitated
identification of genetic defects that underlie diseases,
and this has assisted with prevention and cure of
illness. Sequence-specific DNA editing technologies thus
present a novel, versatile tool for modifying the genome
and treating disease. Early applications of this approach
were hampered by several factors. These included low
efficiency, the need for complicated screening to identify
suitable gene editors and the potential for adverse
effects caused by lack of specificity™®*®!. During the past
decade, characterization of derivatives of sequence-
specific proteins and RNA-guided nucleases”?, which
include ZFPs®®, TALEs™, HEs"**Y CRISPR/Cas!” has
allowed investigators to develop tools to edit almost any
gene.

ZFPs

ZFP arrays rely on the sequence-specific interaction of
the His2-Cys2 protein motif present in individual fingers
with specific sequences in the target DNAPZ, Zinc finger
(ZF) domains constitute one of the most common DNA-
binding motifs in eukaryotes and prokaryotes. Moreover
they are the second most commonly encoded family
of proteins in the human genome. Each finger consists
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Table 1 Selected examples of liver-specific gene therapies for complex genetic and hereditary monogenic disorders

Disease Therapy Rationale Stage of development Ref.
Gene therapy for complex genetic diseases

Hepatocellular Recombinant human Adenovirus is highly infectious and when it is used in Clinical (phase I and II) [18]

carcinoma adenovirus type 5 conjunction with TACE it improves tissue penetration and

administration followed by thus tumor shrinkage
TACE

Gene therapy for hereditary monogenic diseases

Crigler-Najjar AAV neonatal mouse AAV has low immunogenicity and is highly infectious in Preclinical [19]

syndrome type [ hUGT1A1 gene transfer hepatocytes. Thus, in this study expression of bilirubin UDP

glucuronosyl-transferase was augmented a large number of
hepatocytes following transduction with h(UGT1A1

Familial hyper- Hepatocytes corrected with The transplantation of hepatocytes allows the slow Clinical (phase 1) [20]
cholesterolemia retroviruses expressing the repopulation of the liver with a desirable phenotype. In
low-density lipoprotein this study this method was used to introduce hepatocytes
receptor expressing the low-density lipoprotein receptor
Hemophilia A Recombinant factor VIl fused Coagulation factor replacement therapy requires the regular Clinical (phase IIT) [21]

to Fc domain of IgG1 (rFVI[Fc) replacement of factor VI (FVIl) with recombinant FVIl products
or plasma-derived concentrates. The use of a long-lasting
recombinant FVI[ protein would reduce the need for frequent
injections. The fusion of the human Fc domain of IgG1 to F
VIl extends the half-life of FVIl and may reduce the injection
frequency by 50% when compared with current treatments

TACE: Trans-catheter arterial chemoembolization; AAV: Adeno-associated virus; UDP: Uridine 5'-diphospho.

Table 2 Selected examples of liver-specific gene therapies for viral hepatitides

Disease Therapy Rationale Disadvantages Stage of development Ref.
HBV  Expression of anti-HBV Using artificial HBV-targeting pri-miRNAs it was Expression of pri-miRs Preclinical [22]
primary microRNA (pri-  possible to silence viral genes selectively, thus reducing ~ must be maintained over
miR)-122- and pri-miR-  their expression and causing inhibition of viral replication prolonged periods
31-based mimics
HBV Administration of HB-110 is a DNA vaccine used in chronic hepatitis B Possibility of escape Clinical (phase 1) [23]
increasing doses of infections. This vaccine induces antigen production and mutants and viral
HB-110 DNA vaccine  stimulates the immune response; helping to clear infected rebound after therapeutic
with fixed doses of cells from the liver. Adefovir dipivoxil is a chemical withdrawal
adefovir dipivoxil therapeutic which blocks reverse transcriptase preventing

viral replication. When used in conjunction, adefovir
dipivoxil prevents viral replication and thus infection of
healthy hepatocytes while the stimulated immune system
clears infected hepatocytes, thus reducing the symptoms of

chronic HBV
HBV Administration of a ARC-520 is an RNAI therapeutic that will be used in The efficacy of RNAi- Clinical (phase [Ia)  [24]
single dose ARC-520 combination with the inhibitor of HBV DNA polymerase, therapeutics must
with entecavir entecavir, in patients with chronic HBV infection. The decline be maintained over
of HBsAg along with other measures will be evaluated to prolonged periods
determine the efficacy of treatment in response to a single
dose of ARC-520
HCV Administration miR-122 expression is specific to the liver and plays an LNA-oligonucleotide Clinical (phase II)  [25]
of Miravirsen to important role in the regulation of HCV replication. expression needs to be
target miR-122 with ~ Disrupting miRNAs can be difficult but one of the tools used ~ maintained for long
LNA-modified to silence their activity are LNA-modified oligonucleotides. periods
oligonucleotide Their bridge modification significantly increases their

hybridization properties, making disassociation more
difficult. In this study they produced a LNA-oligonucleotide
which is complementary to miR-122, inhibiting its activity;
this decreases HCV replication and reduces infection

HBV: Hepatitis B virus; HCV: Hepatitis C virus; RNAi: RNA interference; HBsAg: Hepatitis B surface antigen; LNA: Locked nucleic acid.

of 30 amino acids with 3 amino acids from an a-helical three fingers, and thus allow recognition of up to 9 bp
region interacting with 3 consecutive base pairs (bp) in of the target sequence. The ability to link more than 3
the major groove of the target DNA!"®., Naturally DNA- adjacent fingers together has been useful for application

binding domains comprise tandem repeats of up to of this technology and was made possible through the
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Figure 1 Potential outcomes of gene therapy. A: Correction of mutations or
augmentation of gene function by introduction of a second copy of the gene of
interest into a safe harbor locus; B: Changes to transcriptional regulation of a
gene of interest, allowing for correction of gene function either by transcriptional
activation or suppression. The grey boxes represent exons and linking lines
represent introns.

discovery of a structurally conserved linker region of
sequence amino acid TGEKP™, This conserved linker
region provides additional stability to the protein-DNA
complexes™. It is possible to build modular arrays
that recognize 9-18 bp, which would provide sufficient
specificity for targeting within the human genome®**!.
Through use of libraries consisting of combinations of
ZFs that recognize almost all 64 possible nucleotide
triplets, it was possible to select ZFPs with the intended
target binding specificity!****!. A drawback of the
approach was that combinations of the fingers did not
always bind to targets with intended affinity'**®. This
phenomenon is the result of context dependency of
the individual fingers™*®. That is, binding affinity of
individual fingers is influenced by neighboring modules,
and strength of interaction of the fingers with their
intended cognates depends on properties of surrounding
sequences of the ZFP™*, The development of the
Oligomerized Pool ENgineering protocols, which provides
a publically available tool for the development of ZFPs,
improved the ability of researchers to select proteins
with good target-binding properties”™”. Subsequently,
an approach was developed that takes into account the
effect of neighboring individual ZFs when generating
an array. This method, context dependent assembly
(CoDA), selects for active arrays by using combinations
derived from known existing functional ZFPs®®. In
CoDA the N and C-terminal fingers from different
arrays, which have a common middle finger, can be
joined together to make new active ZFPs. The method
is rapid and does not require a selection process, thus
reducing the screening required for identification of
functional ZFPs®>*®, As a result of the influence of
context dependency, and the experimentally observed
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Figure 2 Schematic representation of transcription activator-like effector
nuclease interaction with DNA. A pair of transcription activator-like effector
(TALE) nucleases interacts with its target through a tandem arrangement of
DNA-binding modules, represented by oval structures in the schematic. Each
DNA-binding module comprises 34 amino acids, with a repeat variable diresidue
(RVD), in blue, at amino acids 12 and 13. The RVD specifies the DNA base to
be targeted. There is a nuclear localisation signal on the N-terminal and a Fokl
effector bound to the C-terminal. As well as Fokl nuclease domains, TALEs may
also be bound to transcriptional regulators such as Kriippel-associated box or
VP16/64. NLS: Nuclear localisation signal.

affinity of ZFPs for G-rich sequences, not all DNA
sequences are suitable targets for binding by ZFPs.
It has been estimated that one pair of efficient ZFPs
may be generated for approximately every 100 bp of
the human genome™®.. The context dependency of the
ZFs also has implications for off-target activity. Tools
that aid in target selection and prediction of off-target
activity have been developed to assist with generating
functional ZFPs™**), Despite the difficulties associated
with use of ZFPs they are currently the most widely
applied of the genome editing technologies. This is
illustrated by their recent application in preclinical and
clinical settings in which ZF nucleases (ZFNs) were used
to disrupt the human immunodeficiency virus (HIV) co-
receptor CC-chemokine receptor 5 gene in CD4" T cells
to produce cells that are resistant to HIV infection™****,

TALEs

TALEs are a unique family of DNA-binding proteins that
have been isolated from the phytopathogenic bacteria
of Xanthomonas species and Ralstonia solanacearum™**.
The characterization of native TALEs led to discovery
of the DNA-binding region, which is a highly repetitive
protein sequence***). Each repeat comprises 33-35
amino acids™?¥ that collectively constitute a protein of
approximately 122 kDa"™®. The repeats of the TALE
each recognize and bind to a single nucleotide. The
nucleotide specificity is conferred by two consecutive
variable residues at positions 12 and 13 of the repeated
unit, and are termed the repeat variable diresidues
(RVDs) (Figure 2). Each RVD interacts specifically with
either A, T, G or C nucleotides™®”, and a simple code
determines nucleotide binding. There are 20 known
RVDs and certain RVDs are found more commonly than
others in native TALEs'”). Individual RVD recognition
of its cognate nucleotide is independent of both the
preceding and succeeding RVDs'"**”), This lack of
context dependence is a distinct advantage over ZFPs,
and allows for convenient construction of TALE subunits
that recognize specific DNA sequences. A requirement of
efficient TALE binding is the presence of a T nucleotide
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Figure 3 Schematic representation of the clustered regularly interspaced
palindromic repeats/clustered regularly interspaced palindromic repeats
associated 9 complex and its interaction with DNA. With the CRISPR/Cas
system, a 20 nucleotide guide RNA is processed and bound to the Cas9
protein. When adjacent to a proto-spacer-associated motif element, the guide
recognises and binds a complementary sequence in the DNA to direct target
cleavage by the Cas9 protein. A catalytically inactive Cas9 protein may also be
coupled to other effectors such as Kriippel-associated box or VP16/64 domains.
CRISPR/Cas: Clustered regularly interspaced palindromic repeats/CRISPR
associated. CRISPR: Clustered regularly interspaced palindromic repeats; Cas:
CRISPR associated; tracrRNA: Trans-activating CRISPR RNA; gRNA: RNA
guide.

at the base 0 position of the cognate (T°)"*®. Substitution
of T° with another nucleotide reduces the binding of the
TALE™ and places a minor restriction on the number of
target sites within the genome that can be recognized
by custom TALEs. TALE recognition sequences are up
to 18 nucleotides in length and alterations at a single
nucleotide can have a significant impact on binding
efficiency. However, the average binding contribution of
individual RVDs is minimal. Nevertheless, choice of RVD
may have an impact on the electrostatic interactions
between the TALE and DNA, which in turn may influence
the stability of the DNA-TALE complex. The length of
the target sequence is approximately equal to the
number of RVD repeats and single repeats each bind
to 1 nucleotide of DNA™®. Mismatches at the 5’ end
of the recognized sequence are more detrimental to
TALE binding than they are at the 3’ end of a target™”.
This suggests that the generation of synthetic designer
TALEs should be biased to favor selection of unique
targets within 5’ regions™”. Apart from RVD choice and
target sequence selection, other factors influencing TALE
binding efficacy include modifications to the DNA target
and chromatin structure variations*”’. Valton et a/*”
showed that TALE arrays cannot bind 5-methylcytosine
(5mC) residues, which may pose barrier to application in
mammalian systems where DNA methylation commonly
occurs as a transcriptional regulatory mechanism®!. The
RVDs NG and N* both have some affinity for 5mC, and
these RVDs may thus be incorporated into engineered
TALEs to target DNA that is methylated™”. Development
of web-based tools, which take all of these parameters
into account, has simplified TALE array design and
facilitated their more wide spread application™. TALEs
are large proteins, and with addition of the nuclease or
transcriptional regulation domains, DNA encoding the
engineered DNA binding proteins may be as long as
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4 kb™***"_ This makes them significantly larger than
ZFPs and considerably larger than HEs. Although the
TALE binding arrays have been shown to be robust and
easily programmable, the size of the TALEs makes their
delivery challenging for therapeutic application.

CRISPR/Cas

CRISPR/Cas systems are naturally RNA-mediated
adaptive defense mechanisms that are found in some
prokaryotic organisms. Using short CRISPR RNAs (crRNAs)
and Cas proteins, the prokaryote is able to identify
and eliminate invading DNA elements®. CRISPR/Cas
complexes identify targeted genomic loci using a 20
nucleotide RNA guide (gRNA), which is complementary
to its target DNA sequence. CRISPR/Cas systems are
classified into three types (I -IlI) on the basis of the
structure and sequence of their Cas proteins™. All three
have three essential components: the CRISPR array,
the upstream leader sequence and the cas genes®”..
The most commonly used CRISPR/Cas system for gene
editing applications is type II CRISPR/Cas™. The CRISPR
array is composed of identical repeats that are 23-47
bp in length®. The CRISPR/Cas leader region acts as
a promoter for the transcription of the CRISPR array™.
The cas genes encode the Cas proteins. This protein
contains RuvC-like and HNH-like catalytic domains, which
cleave the targeted DNA. The HNH-like domain cleaves
the strand that is complementary to the gRNA, while the
RuvC region cuts the other non-complementary DNA
strand of the target™®"). Recognition of the target sequence
by the Cas proteins is facilitated by presence of the proto-
spacer-associated motif (PAM). This sequence is usually
2-4 nucleotides long and flanks the target site. It is absent
from the endogenous loci and thus prevents CRISPR/Cas
auto cleavage and adds specificity to targeting'®”.

The type II CRISPR/Cas systems use the Cas9
protein, which recognizes a PAM sequence of 5'NGG3".
In type II systems a small non-coding RNA, known as
the trans-activating crRNA (tracrRNA), which is partially
complementary to the CRISPR repeats, forms an RNA
duplex with crRNA. This RNA hybrid is recognized and
processed to form mature gRNA and, subsequently,
associates with Cas9. The complex, including the
tracrRNA, recognizes invading DNA and inactivates it
by cleavage®® (Figure 3). When using an engineered
CRISPR/Cas system cognates for new gRNAs are
identified within the targeted gene. Binding sites for
these artificial gRNAs are preceded by the PAM, which
is required by the associated Cas protein. Optimization
of the CRISPR/Cas guide architecture, to enhance
specificity and broaden their application, is a highly
active field of research®. As with other gene editing
technologies, the CRISPR/Cas system faces several
developmental challenges, including potential off-target
activity which may result in adverse mutation.

HEs

HEs are named as a result of their native endonuclease
and homing activities. Homing is the transfer of introns
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Figure 4 Schematic representation of zinc finger nuclease interactions
with DNA. Each zinc finger interacts with 3-4 bp in the major groove of the
DNA double helix. The Hys2Cys2 side chains (depicted as the loop) bind to the
DNA, which is facilitated by the interaction between the zinc finger protein (ZFP)
and a Zinc ion (depicted as green circle) which stabilizes the protein structure.
As well as Fokl nuclease domains, ZFPs may also be bound to other effectors
such as Kriippel-associated box or VP16/64.

or inteins into alleles that themselves do not have
introns or inteins™®¥. These endonucleases are encoded
by open reading frames (ORFs) within the mobile
sequence. They avoid disrupting the genetic function of
the host by exclusively moving the mobile sequences
into inteins and introns. HEs have an ability to recognize
DNA target sites of 14-44 bp, which correspond to
the intron/intein insertion site. They create a double-
strand break (DSB) or single-stranded nick to promote
insertion of sequences encoding the HEs within introns
or inteins into the target allele™. Group I introns,
large self-splicing ribozymes, encode the most well
characterized HEs. In the case of group I introns, the
HEs are translated prior to transposition of the mobile
element™®., The resulting endonuclease is specific for
the “intronless” target site. Host-mediated homology-
directed repair (HDR) results in the unidirectional
transfer of the HE-encoding intron into the cleaved
allele with disruption of the homing site. Although less
well studied, the process for HEs comprising inteins
is likely to be similar to that of HEs encoded within
group [ introns®®, Six families of group I HEs have
been identified, namely: LAGLIDADG; GIY-YIG; HNH;
His-Cys box; EDxHD and PD-(D/E) xK!**, These families
are classified according to the presence of conserved
amino acid sequence motifs within their active sites.
The largest family of the HEs is the LAGLIDADG HEs
(LHEases). LHEases generate staggered DSBs in the
DNA at the target site to produce four nucleotide 3’
overhangs'® which induce DNA repair.

HEs are attractive gene editing tools because of their
high sequence specificity and were applied as gene
modifiers in murine cells 20 years ago™®. Since then,
studies have been performed targeting human genes®®”
and certain monogenic diseases™”. Theoretically, their
high sequence specificity should reduce off-target
effects, which is supported by their limited toxicity
when expressed in cells over prolonged periods®!, A
further advantage to HEs is that they are significantly
smaller than ZFPs and TALEs, which simplifies their
delivery. However, engineering HEs is significantly more
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difficult than it is for ZFPs, or TALEs!'®. This is because
enzymatic and target recognition sequences are located
within the same domains of the HEs, and altering target
specificity without compromising enzymatic function
is complicated to achieve™. Despite these limitations,
studies continue to advance the development of
HEs™ ., It is possible that improvements in use of HEs
may lead to their use for gene editing purposes and for
liver-specific applications. However, with advances in
other gene editing technologies use of HEs are currently
not in favor.

USE OF SEQUENCE-SPECIFIC GENE
EDITING TECHNOLOGIES FOR
TREATMENT OF LIVER DISEASES

Although gene editing as a mode of treating liver
diseases is still limited, application of the technologies to
management of other diseases has useful implications
for hepatology. Gene editing initially focused on creation
of DNA-modifying nucleases derived from ZFPs®®7%,
TALEs'*7H, CRISPR/Cas!'’*® and HEs!™®. The native
endonuclease activity of CRISPR/Cas and HEs means that
no additional effectors are required for their application
as nucleases. However TALEs and ZFPs require that
nuclease domains be added to the DNA-binding regions,
and FokI is most commonly used. FokI is a type II
S restriction enzyme that recognizes its target site as
a monomer and nicks a single-strand of DNA”?, but
requires dimerization for double-stranded DNA-cleaving
activity!”?l, The implication of this is that a ZFN and TALE
nuclease (TALEN) pairs are required to effect complete
cleavage of the duplex. To engineer a site-specific ZFN
or TALEN, independent subunits need to be designed to
nick each strand of the DNA target. To achieve intended
cleavage of the DNA duplex, the subunits need to be
delivered to a target cell simultaneously™® (Figures 2 and
4). This is not necessarily a limitation as the addition of a
second nuclease improves sequence-specificity, which is
especially desirable in a clinical setting.

DNA-modifying nucleases enable genome modi-
fication by introducing DSBs in the DNA and stimulation
of the mutagenic non-homologous end joining (NHEJ)
and high fidelity HDR pathways™ (Figure 5). Repeated
activation of NHEJ typically results in generation of
small insertions or deletions (indels) at a targeted site
that may be used to disable specific genes (Figure
5)P¢, Introduction of a gene modifying nuclease along
with donor DNA (plasmid, single-stranded or double-
stranded oligonucleotides), which has homology to sites
flanking the target, induces HDRV*”!, By activating
HDR it is possible to make precise alterations to the
genome: correction of single point mutations, facilitation
of integration of single and multiple transgenes into
specific loci can be achieved”®”” (Figure 5). As a result
permanent correction, silencing or augmentation of
cellular genes may be achieved. When two duplex
DNA-cleaving nucleases are simultaneously introduced
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A Possible outcomes of DSB repair

i Cleavage producing DSB

Repair by HDR/ \fepalr by NHEJ
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(Indels)
B Possible outcomes of double cleavage events
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Figure 5 Potential effects of using genome editing endonucleases. A:
Nuclease induced double strand breaks (DSB) may be repaired by homology
directed repair (HDR), resulting in corrections that may be to a single base pair
or thousands of base pairs. Repair by non-homologous end joining (NHEJ) may
result in non-specific insertions and deletions (indels); B: The introduction of
two nucleases targeting the same chromosome may result in large deletions or
inversions of the DNA. Chromosomal translocations may occur when two DSBs
are introduced on different chromosomes.

into a cell, inversions, translocations, large insertions
and deletions may be induced within the intervening
sequences (Figure 5).

Early investigations focused on the nuclease activity
of gene modifiers. However, their potential for off-target
mutagenic effects, accumulation of cytotoxic DSBs and
reliance on host repair machinery, led investigators to
explore therapeutic utility of transcriptional activators
and repressorst® to modulate genes selectively without
changing the sequence of the DNA"Y, A commonly
used transcriptional repressor is the Kriippel-associated
box (KRAB) domain, which is a 75 amino acid motif
originally found on the N-terminus of ZFPs®”!, The
Herpes simplex virus type I-derived 65 kDa VP16!"
domain, or its synthetic tetrameric derivative VP64™®",
are commonly used to effect transcriptional activation.

TALEs, ZFPs and CRISPR/Cas constructs have all
been used to create artificial transcription factors®>%,
ZFPs or TALEs may be fused to an activator or repressor
domain to create ZF-transcription factors or TALE-
transcription factors. These transcription factors have
the advantage of functioning as monomeric proteins,
although multiple transcription factors might improve
their efficacy. Modification of CRISPR/Cas arrays to act
as artificial transcription factors is achieved by modifying
the Cas9 endonuclease to render it catalytically inactive,
and form the so-called dead Cas9 (dCas9). dCas9
may still be recruited by gRNAs to target specific DNA
sites’®, but when modified with an effector domain
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such as KRAB or VP64, it is able to alter the epigenetic
state of its target’®.,

In addition to deciding on which type of gene
modifier to apply for therapy, there are disease-specific
considerations that must be evaluated before a new
treatment may be developed. These include an assess-
ment of the proportion of hepatocytes that needs to
be treated, duration of expression of a gene modifier,
the potential for off-target activity and the type of gene
alteration that is required to attain a therapeutic effect.
Thus, treatment of a viral hepatitis would be vastly
different from that required for a hereditary or complex
genetic disorder.

APPLICATION OF GENE EDITING
TECHNOLOGIES TO THE TREATMENT OF
VIRAL HEPATITIS

[86]

Zimmerman et al™’ investigated the ability of ZFPs
to target the episomal covalently closed circular DNA
(cccDNA) reservoir of duck HBV (DHBV). This replication
intermediate is a template for the transcription of viral
genes and the production of pre-genomic RNA®®. The
persistence of cccDNA is responsible for chronic HBV
infection and currently there are no available therapies
that directly target this replication intermediate. The
anti-DHBV ZFPs were designed to target the enhancer
1 region of the cccDNA, as this element controls
transcription from both the core and surface promoters.
After introduction of the ZFPs into cells in culture, a
decrease in total viral RNA and pre-genomic RNA with
ZFPa (61.2% and 57.2% respectively) and ZFPb (45.3%
and 73.5% respectively) was observed. Furthermore, a
reduction in DHBV core and surface protein expression
and production of virus progeny was also reported.
Importantly, the introduction of the ZFPs did not result
in any significant toxicity'®. In 2010 Cradick et a/f®”!
evaluated the ability of ZFNs to target and disrupt HBV
DNA. The ZFNs used were designed by searching the
HBV genome for recognition sites for pairs of three-
finger ZFNs separated by six nucleotides. One pair of
ZFNs was selected from 18. This ZFN pair cleaved within
the HBV core ORF and reduced the pre-genomic RNA by
29%. About 26% of targeted DNA was linearized in the
presence of the ZFNs and approximately 10% showed
aberrant re-ligation. The re-ligated products all showed
indels and subsequent disruption of viral replication
markers®. Although this study demonstrated the
ability of ZFNs to cleave HBV DNA targets, there was
no evidence to suggest that the ZFN pair was able to
disable the HBV cccDNA.

Zhao et al®® evaluated the use of a ZF-artificial
repressor (ATF) to down-regulate an integrated hepatitis
B X gene (HBx) in the Hep3B hepatocellular carcinoma
cell line. During normal HBV infection, HBx gene
integration is associated with the progression of chronic
HBV to HCC and is responsible for the dysregulation
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of expression of a number of cellular genes. The ZFP-
based artificial repressor recognized 18 bp in the
enhancer 1 region of the HBx gene and used the KRAB
domain to effect knockdown. Investigators saw a
marked decrease in luciferase production from an HBx
reporter construct. When the ATF was stably expressed
in the Hep3B cell line there was significant cell cycle
arrest. In a cell lines without the integrated HBx gene
no cell cycle arrest was observed™®®. This study presents
a novel approach to inhibiting HCC progression caused
by HBV and illustrates the potential of applying gene
editing technologies to the functional repression of
disease associated genes.

In 2013, Bloom et al®®! were the first group to
demonstrate the potential of anti-HBV TALENs for
treatment of chronic HBV infection. The investigators
successfully designed four pairs of TALENs. Two of
these pairs target the surface (S) and core (C) ORFs of
HBV. The S and C targeting TALENSs efficiently caused
indels in these ORFs including those found within the
cccDNA of HepG2.2.15 cells which stably replicates
HBV™., In this assay, the cccDNA was isolated using a
hirt extraction coupled to use of an ATPase dependent
nuclease, which selectively degrades nicked or linear
DNA. Following this isolation, deep sequencing was used
to evaluate targeted disruption of the TALEN cleavage
sites. The S TALEN disrupted 31% of the cccDNA,
while the C TALEN disrupted 12% of the HBV cccDNA.
Hydrodynamic injection (HDI) was used to introduce
HBV DNA into mice to simulate HBV replication in vivo.
A significant reduction in markers of viral replication
following the HDI-mediated introduction of the TALENs
was observed in this model. The S TALEN effected
knockdown of HBV surface antigen (HBsAg) by more
than 90% on both days 3 and 5 after HDI. Circulating
viral particle equivalents decreased by approximately
70% with the introduction of either the S or C TALEN.
Immunohistochemical detection of the HBV core antigen
in the liver of treated mice was only decreased with the
addition of the C TALEN. These results not only showed
that the TALENs had an effect in a murine model of
HBV infection but that the effect of each TALEN was
limited to its specific target. Furthermore, intrahepatic
mMRNA concentrations remained constant after TALEN
treatment, demonstrating that inhibition of viral
replication markers was the result of inactivating the
targeted genes rather than transcriptional repression. It
was noted that the other two pairs of TALENS, targeting
the polymerase ORF (P1 and P2) did not result in target
cleavage despite reducing HBsAg expression. These
observations suggested that the P1 and P2 TALENs may
function through a different mechanism of action, such
as by targeted transcriptional repression. Measurements
of aspartate aminotransferase and alanine amino-
transferase activity in the murine liver indicated that
there were minimal toxic effects associated with TALEN
treatment®’. However, as cccDNA is not produced
by mice, the evaluation of TALEN mediated cccDNA
disruption in vivo could not be carried out in this study.
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A subsequent study by Chen et af®! supported the
findings made by Bloom et af*”. Chen et af®" designed
a unique set of TALENs against conserved regions within
HBV genomic DNA. Application of their TALEN pairs
resulted in the reduction of HBV core, surface and e
antigen expression; viral knockdown and a reduction
in the cccDNA. cccDNA was produced at low levels in
Huh? cells using a transfection method. cccDNA levels
were evaluated by quantitative polymerase chain
reaction using HBV cccDNA specific primers, which
were designed to amplify DNA across the gap that is
present in relaxed circular DNA (rcDNA). This allowed
for discrimination between the two HBV replication
intermediates. cccDNA was reduced by approximately
10%-20% with TALENs-L1/R1 and twofold in
TALENs-L2/R2. Furthermore, a synergistic effect on
the inhibition of HBV transcription was observed when
TALENs and interferon-& were co-administered”". The
studies by Bloom et a®® and Chen et a/®" provide
evidence for TALEN applications to treating chronic
diseases that have a DNA reservoir within the human
liver. While the findings of these studies are promising
the need to test TALEN efficacy in a model that
simulates the human condition more closely remains
important. The prolonged nuclease activity required,
which would ensure eradication of all of the cccDNA,
and thus successful elimination of HBV infection may
also result in unwanted side effects. Therefore, the
development complementary technologies to combat
HBV such as TALE transcriptional regulators which may
be used in their place or in conjunction with their TALEN
counterparts should also be considered.

Most recently, Lin et af®? evaluated the potential of
a CRISPR/Cas approach to eradicating HBV replication
intermediates (rcDNA and cccDNA) both in vitro and in
vivo. The investigators designed gRNAs to the HBV A
genotype and of the eight gRNAs, four had good anti-
HBV activity. Improved efficacy was observed when
the gRNAs and Cas9 were co-expressed from the
same plasmid, with the most active gRNA reducing
intracellular HBsAg levels by 96%. This gRNA targeted
the surface region and was designated as the S1
guide. When Lin et al®” evaluated effects of gRNAs in
combination, anti-HBV efficacy was augmented and
large deletions in the viral DNA could be introduced
between the two gRNA recognition sites. The ability to
delete larger sections of DNA has implications for the
eradication of integrated HBV genomes, and has been
successful when using a set of CRISPR/Cas gRNAs to
eliminate HIV-1 provirus infection®. To evaluate the
ability of the CRISPR/Cas gRNAs to eliminate HBV-
cccDNA, the investigators used a DHBV replication
model with new DHBV-specific gRNAs. With this avian
model of HBV replication, more cccDNA is formed in
transfected cells. Results indicated that cccDNA and
rcDNA production was significantly diminished. This
study is the first to demonstrate the application of
CRISPR/Cas constructs against HBV. This early evidence
suggests that as with TALENs and ZFNs, CRISPR/Cas
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may be a useful tool against viral hepatitis®*.

APPLICATION OF GENE EDITING

TECHNOLOGIES /N VIVO AND EX VIVO

In 2011, Li et ai®¥ investigated the potential of ZFNs for
gene editing of liver progenitor cells and the correction
of gene mutations responsible for hemophilia B in the
murine model. In this study ZFNs targeting intron 1 of
the human F9 gene were shown to induce DSB and HDR
at the intended sites in both the human erythroleukemia
K-562 cells and the Hep3B human hepatocyte line®.
An in vivo study was performed in which the ZFNs and
a gene targeting vector with a donor sequence were
delivered to the liver using an adeno-associated virus
(AAV), serotype 8 vector. The ZFNs and gene targeting
vector mediated correction and resultant prolonged
clotting times of the mice. When liver regeneration was
induced in these animals, the effects of the treatment
were maintained™®".

The ability to repair genetic defects has been furthered
by improvements in technologies related to use of induced
pluripotent stem cells (iPSCs). There is potential for the
application of patient-derived iPSCs for the correction of
underlying genetic errors while autologous transplant
reduces problems of immune-mediated graft rejection®>*,
Coupling this methodology to gene editing may be used
to correct gene defects and induce disease-resistant
phenotypes. After modification ex vivo, differentiation
into hepatocytes and autologous transplant, it may be
feasible to generate livers that no longer manifest a disease
phenotype.

Rio et al*” were the first to demonstrate the potential
of DNA maodification technologies to correct DNA repair
deficiency syndromes. In this study, a pair of ZFNs
targeting the AAV 1 locus were introduced into iPSCs
using recombinant AAVs. These ZFNs, introduced by an
integrase defective lentiviral vector, induced cleavage of
the target and improved integration of a new Fanconi
anemia, complementation group A cassette by HDR. The
ZFNs were central to the correction of fanconi anaemia
(FA) phenotype. Corrected human iPSCs were re-
programmed, re-differentiated and introduced into the
bone marrow of FA sufferers. These re-differentiated cells
were able to produce disease-free liver cells®®”,

In an earlier study, Yusa et af®®, used the piggyBac
transposon and ZFN-based genome modification in
human iPSCs to achieve the biallelic correction of the Z
mutation (342Glu to Lys) associated with a1-antitrypsin
deficiency. ZFN pairs were designed to target the site
of a single point mutation in the al-antitrypsin gene.
Following expression of the ZFN pair and introduction
of donor constructs, 11% of the screened iPSC colonies
exhibited biallelic excision and repair. Subsequent
sequencing analyses showed that the Z mutation had
been corrected on both alleles in these colonies. When
the human iPSCs were transplanted and differentiated
they produced normal liver cells, with no a1-antitrypsin
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deficiency®. In 2013, Choi et a/®® compared the
efficacy of the ZFN pair used in the study by Yusa et
al®® to the efficacy of TALEN pairs in patient-derived
iPSCs. The TALEN pair was designed to target regions
adjacent to the Z mutation of the al-antitrypsin gene.
Following introduction of the TALEN pair and donor
sequences, all 66 iPSC clones showed the desired
corrective integration. Twenty five to thirty three percent
of these clones lacked the endogenous allele, suggesting
the simultaneous targeting of both alleles, which was
confirmed by subsequent sequence analyses. When
comparing the efficacy of the TALENSs to the ZFNs, Choi
et al®® demonstrated that their TALEN pair achieved
comparable or higher gene targeting efficiencies
(100% single allele cleavage efficiency with 25%-33%
biallelic targeting) than were observed with ZFNs pair
(54% single allele cleavage efficiency with 4% biallelic
targeting). These studies highlight the potential for gene
editing technologies in the correction of inborn genetic
disorders while illustrating the point that gene editor
choice has an impact on therapeutic outcome.

In a study by Yin et al™® the CRISPR/Cas system
was used to correct a Fah Ul mutation in the hepa-
tocytes of a murine model for the hereditary monogenic
disease, tyrosinemia. The correction of the G to A splicing
mutation, which restores correct processing of mRNA
transcripts, in the endogenous Fah locus was achieved
by HDR. A single guide RNA targeting the Fah gene,
was introduced in conjunction with the Cas9 protein
and a 199 nucleotide single-stranded DNA donor. The
DNA donor contained the correcting wild-type sequence
which was flanked on both sides by sequences that
were homologous to the DNA of the mutant gene.
The correction of the Fah gene resulted in expression
of the wild-type Fah protein in murine hepatocytes.
Subsequent proliferation of the Fah-positive hepatocytes
and replacement of diseased cells in mice improved their
survival™,

CURRENT LIMITATIONS AND FUTURE
PROSPECTS OF SEQUENCE-SPECIFIC

DNA MODIFYING TECHNOLOGIES FOR
THE TREATMENT OF LIVER DISEASES

The treatment of liver diseases is often complex, which has
been a motivating factor for new and better technologies.
While gene editing does not provide a cure-all therapeutic
for liver diseases, the approach has potential for application
to monogenic disorders and some viral hepatic infections.
However, three significant challenges need to be addressed
before clinical application of gene editing for hepatic
diseases is realized: ensuring (1) specific targeting; (2)
safe and efficient delivery to target cells; and (3) limited
immunogenicity of the gene modifier and its delivery agent
are all important.

Off-target activity by gene modifiers may result in
cytotoxicity and the repair of DSBs generated from this
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activity may result in undesired deletions, inversions,
and translocations'®. Furthermore, the off-target
activity from gene modifiers is potentially carcinogenic.
When fused to activator, repressor and/or nuclease
domains, gene editors may cause inactivation of
tumor suppressor genes or activation of oncogenes. To
alleviate these concerns, a number of studies evaluating
the off-target effects of gene editing technologies have
been carried out!™®'%l, These investigations have
sought to improve the design of the DNA recognition
motifs. Pattanayak et a'®* developed new design rules
to alleviate off-target activity of ZFNs. Other groups
have investigated improvement of the architecture,
length and composition of the CRISPR/Cas chimeric
gRNAs®*1%21% 'New tools which evaluate potential off-
target activity in silico have also been described™*!, and
more sensitive methods of identifying and characterizing
off-target activity in vivo have been reported™®, When
using exome and deep sequencing, TALENs have been
shown to have significantly fewer off-target effects than
ZFNs™®%), This was corroborated in 2014 when a study
by Suzuki et al*® found that TALENs did not increase
the overall mutation load of a targeted genome. In
2014 Smith et al''® demonstrated that both CRISPR/
Cas and TALENs had almost no off-target mutagenic
effects in iPSCs. These studies suggest that off-target
activity of TALENs and CRISPR/Cas may be more
limited than originally anticipated. However, guidelines
for acceptable levels of off-target activity need to be
developed. Currently, limited off-target activity in
introns and non-coding sections of DNA are considered
acceptable®*'?”1%! but with advancing understanding
of the functional roles of non-coding DNA this may not
always be true. Development of tools of bioinformatics
which aid target choice has simplified the design of
recognition sequences with low homology to exons
and important regulatory elements™*'%), It should
also be noted that these studies focus on developing
technologies with off-target activity below the detection
of deep sequencing technologies. Deep sequencing
technologies are currently the most sensitive tool
available for evaluating off target effects’®*'®?, Current
limitations in technologies for DNA sequencing mean
that this requirement is presently sufficient but will need
to be re-examined as more sensitive technologies are
developed. Potential off-target activity of therapeutic
artificial transcription factors still needs to be evaluated.
The growing body of evidence and tools for design and
analysis suggests that while off-target effects will need
to be evaluated for any clinical application, this need not
be a universally limiting factor.

The second obstacle to efficient application of gene
editing technologies is their specific delivery to intended
target cells. This specific delivery may be further
complicated by the need for multiple administrations of a
targeted therapy due to their lower efficacy rates (around
50%) in a clinical setting. Viral vectors, which have been
widely used in other gene therapy applications, may be
employed as an efficient delivery mechanism for gene
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modifiers. Studies have shown potential for the use of
lentivirus-, adenovirus- and baculovirus-based delivery
methods, and AAV vectors have also been used to
deliver gene editing tools successfully™®''®!, These viral
vectors have some limitations with respect to the type
of gene editing technology that may be delivered, the
specific circumstance under which the vectors may be
used and whether delivery may be carried out in vivo or
ex vivo™®'% Challenges, such as immunogenicity and
potential mutation or integration that may be associated
with the use of viral vectors, have led to the exploration
of other avenues for delivery. Liu et a*'! explored the
possibility of conjugating TALENs to cell penetrating
peptides such as the Tat protein to facilitate the systemic
delivery of TALENSs in vitro. Gaj et al'* have assessed
the applicability of a Salmonella-derived delivery system.
Both of these studies were moderately successful.
mRNA delivery offers another potential solution, which
has the advantage of improving the regulation of the
duration of transgene expression. mRNA needs only
to be delivered to the cytoplasm, does not need to be
transcribed, and therefore enables realization of the
therapeutic effect more quickly. Moreover, since mRNA is
unable to integrate into the host genome concerns about
exogenous DNA integration are alleviated™!. mRNA
may be delivered using non-viral vectors which are
less immunogenic than viral vectors and recombinant
proteins'**, They are also amenable to large scale
preparation that is required for clinical use. There are
some TALEN and ZFN studies which have applied this
approach, although with moderate success to date!!*>**®!,
The vectors used for delivery of sequences encoding
gene editors may be engineered to target specific
tissues. Using different serotypes, receptors or lipids it
is possible to ensure specific delivery of the transgene
payload. This flexibility also allows for modification of
the delivery vehicle to avoid immune detection, should
repeat administrations be necessary in a clinical setting.
The choice of delivery system will eventually depend on
a combination of the type of gene editing technology
being used, its specific application, requirements for
dose regulation, duration of expression and minimizing
of off target effects.

The potential of an immune reaction to gene editors
may be a concern for application of the technology. This
immunostimulation may result from either the gene
modifier itself™*”? or from the mechanism of delivery!'*®.,
In either case it is important to assess immune
activation as it may diminish efficacy following repeat
administrations and cause toxicity. Immune stimulation
has significantly hampered gene therapies in the
past!'*®! and will be important for clinical application of
gene editing.

CONCLUSION

This review has discussed ZFPs, TALEs, CRISPR/Cas and
HEs highlighting their advantages and disadvantages
for applications to the treatment of liver diseases.
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Gene editing has a promising future as a clinical
therapeutic and as these techniques continue to be
refined, off-target activity will become more limited and
delivery more feasible. Several studies have already
demonstrated that these technologies may be used
in a tissue- and patient-specific manner to disable,
augment and correct gene function. Other studies have
established their potential to expand the use of iPSCs
in the treatment of disease. Ultimately gene modifiers
and cell-based therapies will increase the number of
disorders that may be permanently corrected and alter
the way in which inborn liver diseases and viral hepatic
infections are treated. These technologies present a
novel, versatile tool for the treatment and cure of many
hepatic illnesses.
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