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ABSTRACT

The rational engineering of eukaryotic genomes would facilitate the study of heritable changes in gene expression and offer enormous potential across basic
research, drug-discovery, bioproduction and therapeutic development. A significant advancement toward this objective was achieved with the advent of a novel
technology that enables high-frequency and high-fidelity genome editing via the application of custom designed zinc finger nucleases (ZFNs). A ZFN is a chimeric
protein that consists of the non-specific endonuclease domain of Fokl fused to a DNA-binding domain composed of an engineered zinc-finger motif. Within these
chimeric proteins, the DNA binding specificity of the zinc finger protein determines the site of nuclease action.Once the engineered ZFNs recognize and bind to their
specified locus, it leads to the dimerization of the two nuclease domains on the ZFNs to evoke a double-strand break (DSB) in the targeted DNA. The cell then employs
the natural DNA repair processes of either non-homologous end joining (NHEJ) or homology-directed repair (HDR) to repair the targeted break. Due to the imperfect
fidelity of NHEJ, a proportion of DSBs within a ZFN-treated cellular population will be misrepaired, leading to cells in which variable heterogeneous genetic insertions
or deletions have been made at the target site. Alternatively, the HDR repair pathway enables precise insertion of a transgene or other defined alterations into the
targeted region. By this approach, a donor template containing the transgene flanked by sequences that are homologous to the regions either side of the cleavage
site is co-delivered into the cell along with the ZFNs. By creating a specific DSB, these cellular repair mechanisms are harnessed to generate precisely targeted genomic
edits resulting in both cell lines and animal models with targeted gene deletions, integrations, or modifications. This review will discuss the development, mechanism
of action, and applications of ZFN technology to genome engineering and the creation of animal models.
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Introduction

Living organisms are composed of a con-
voluted network of physiological systems
presenting scientists with the daunting
challenge of untangling this biological
web. The process of deconvolution neces-
sitates that we ask the appropriate ques-
tions, that experiments are well conceived
and controlled, and that suitable model
systems are available. Animal models fa-
cilitate our understanding of human physi-
ology, help us acquire insight into disease
pathology, and enable evaluation of novel
therapeutic strategies for efficacy and safe-
ty prior to initiation of human trials.

To ensure experimental success in a given
animal model, it is essential to employ
well-designed experiments and to use the
most optimal animal models that closely
mimic the human biology. This is espe-
cially critical in drug development where
it is important to predict the true mea-
sure of a drug'’s efficacy in order to reli-
ably translate the results to the clinic. This
is largely dependent upon the underlying
biological system used for research and
drug development rather than merely on
the study or drug design. The challenge
has been to successfully optimize the ani-
mal model that would provide construct,
face and pharmacological validity.

In order to proceed in a timely, efficient,
and accurate manner in our pursuit of
the development of more efficacious and
safer drugs, there is a real need for novel

animal models to gain a more complete
understanding of disease pathophysiol-
ogy and to facilitate more reproducible in
vivo efficacy studies. As we discuss below,
the advent of the zinc finger nuclease
(ZFN) technology affords researchers the
ability to create novel, and translationally
relevant animal models by performing
targeted genetic modifications.’

Model organisms and the zinc finger
nuclease technology

True insight into the complex interactions
underlying biological pathways and disease
pathologies requires studying these process-
es in the context of biological systems. In
the late 1980s, homologous recombination
(HR)-based gene targeting in mouse embry-
onic stem (mES) cell was first achieved and
quickly accepted as a revolutionary meth-
odology for genome modification. As a
result, the mouse became the most popular
animal model system today. The immense
impact it has since made on biomedical
research won the technology the 2007
Nobel Prize on Physiology or Medicine.?

While mice have proven to be a useful
model and techniques have been devel-
oped for routine disruption of their genes,
in many circumstances rats are considered
a superior laboratory animal for studying
and modeling human disease. Rats are
more similar to humans physiologically
and are a better model for human cardio-
vascular disease, diabetes, and arthritis;
for autoimmune, neurological, behavior-

al and addiction disorders; as well as for
neural regeneration, transplantation, and
wound and bone healing.># In addition,
rat models are excellent for testing the
pharmacodynamics and toxicity of poten-
tial therapeutic compounds.> Finally, their
larger size makes rats more conducive to
study by instrumentation, and facilitates
manipulation such as blood sampling,
nerve conduction, and surgeries.

An enormous effort has been mounted
to establish a similar knockout rat ap-
proach by manipulating rat ES cells. Until
recently, the creation of rat models re-
quired manipulation of the genome us-
ing ionizing radiation,® chemical-induced
mutagenesis,”"® or mobile DNA (jumping
gene) technology.”'? However, the ran-
dom nature of these mutations represents
a major limitation to studying gene func-
tion. Random chemical mutagenesis using
the alkylating agent N-ethyl-N-nitrosourea
(ENU) and mobile DNA technology using
retrotransposons and transposons were
the principle technologies used to gener-
ate knockout rat models and have been
employed to generate mutant rat strains
and potential disease models.’>'* However,
mutagenesis using ENU is time-consuming
and expensive, creates a high frequency of
random mutations, and mapping muta-
tions responsible for a particular phenotype
is often difficult.2'® Mobile DNA platforms
permit random mutagenesis directly in the
germ cells (sperm or oocytes) of mammalian
model organisms, including rats, resulting

www.annalsofneurosciences.org

ANNALS OF NEUROSCIENCES VOLUME 18 NUMBER 1

JANUARY 2011



ANNALS

COMP REVIEW

in complete and stable gene disruptions at
a high frequency. However, mutations are
randomly disrupted throughout the entire
genome and targeted genomic modula-
tion is not possible.'12

In 2008 rat stem cells were successfully
isolated’¢ enabling the creation of a
p53 knockout rat using HR."”” While this
is an important achievement, the ZFN-
mediated gene knockout does not require
the establishment of ES cell culture, but
simply requires embryo isolation, injec-
tion, and implantation using well char-
acterized protocols. Importantly, the ZFN
method suggests a general solution to
targeted gene knockout in other species.
This is because many animal species have
embryo-manipulation methods robust
enough to support the creation of trans-
genic animals, but do not have protocols
for the establishment of ES cell culture.

The ZFN technology provides a means
for efficient and targeted mutagenesis of
genomic DNA in both cells and embryos.
This achievement spawned from the dis-
covery and subsequent manipulation of
zinc finger protein domains which, when
combined with the non-specific cleav-
age domain of the Fok | endonuclease,
culminated in the formation of ZFNs.'®
Engineered ZFNs are able to recognize
and bind to a specified locus and evoke
a double-stranded break (DSB) in the tar-
geted DNA with high efficiency and base-
pair precision. For targeted cleavage, two
ZFN subunits (Figure 1) are designed that
recognize the target sequence in a tail-
to-tail conformation, with each monomer
binding to half-sites that are separated
by a 5-7 base pair spacer sequence.’

5'-ATCCTGTCCCTAQtgg

The targeted DSB stimulates the cells en-
dogenous DNA repair processes of either
homology-directed repair (HDR) or non-
homologous end-joining (NHEJ) to heal
the targeted break resulting in targeted
integration or gene disruptions, respec-
tively, at efficiencies in orders of magni-
tude higher than spontaneous homolo-
gous recombination.202!

ZFN technology brings promise for more
flexible and efficient creation of ani-
mal models, including species that have
lacked convenient genetic tools. Success-
ful examples are targeted knockouts in
both rats?*?* and mice.?*?> Furthermore,
development is well under way for the
creation of knockout animal models fo-
cused on application for neurobiology,
cardiovascular biology, immunology, and
toxicology, as well as the creation of
models harboring targeted integrations
(SAGE™ Labs, St. Louis, MO).

In 2009, a collaboration involving Sigma-
Aldrich, Sangamo Biosciences, the Medi-
cal College of Wisconsin, OMT Inc., and
INSERM resulting in the first targeted
knockout rats generated via microinjec-
tion of ZFNs into single-cell embryos.??
Guerts et al. used ZFNs to target the GFP
sequence of a transgenic rat? and success-
fully knocked out the gene with no off-
target effects. Turning to an endogenous
rat gene, the team disrupted the Immu-
noglobulin M gene, and both disruptions
were transmitted through the germline ef-
ficiently. A similar approach was taken for
the generation of a knockout rat model
for SCID? and targeted gene knockouts in
mice,?*?> demonstrating the applicability
of the ZFN technology.

Neurodegenerative disorders and
rat neural models

Many neurodegenerative disorders like
Alzheimer's disease, Huntington’s dis-
ease, Parkinson’s disease, Schizophrenia
and amyotrophic lateral sclerosis, display
atypical protein assemblies or aggregates
as well as induced cell death.??® The
therapeutic avenues available today ei-
ther target the sympotomatology of the
disorders, or induced significant side ef-
fects to preclude prolonged and contin-
ued administration. A paucity of optimal
therapeutic avenues for a majority of neu-
rodegenerative disorders stems from our
lack of understanding of the underlying
pathophysiology. The current knowledge
about neurodegenerative disorders has
been gleaned primarily from mouse mod-
els. However, arguably the neural circuitry
in rats is more similar to humans and the
stability of behavioral performance in the
rats allows more reliable experimenta-
tion. The larger size of rats, in particular
the brain and cerebral spinal fluid (CSF)
compartment, presents a technical ad-
vantage enabling availability of a larger
amount of specimen for evaluation. The
rats are also more amenable to surgical
manipulations, allowing incorporation of
newer tools like optogenetics to study the
pathophysiology of neuronal disorders.™

Parkinson'’s disease

Parkinson’s disease (PD) belongs to a group
of conditions called movement disorders
and is a neurodegenerative disorder of the
central nervous system that impairs motor
skills and speech.? To date, there are no
therapeutic interventions proven to halt or

ccCCACTGTGGGGT- 3'

3'-TAGGACAGGGAT caccggGGTGACACCCCA-S5'

Fig. 1: Zinc Finger Nucleases are highly-specific genomic scissors. The Fok | domain must dimerize to achieve efficient DNA cleavage, requiring two
ZFNs to bind at or near the cleavage site. The ZFNs only cut upon dimerization of the separate Fok | domains. By linking four zinc fingers in tandem for
each of the two ZFNs, a combined recognition site of 24 base pairs is attained, specifying a unique address within the genome. These target sequences
must be separated by 5-7 base pairs to allow formation of the catalytically active Fok | dimer. These positional constraints, therefore, drive a very high
degree of specificity. The net result is a targeted double strand break that stimulates the cell endogenous repair machinery.
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slow the progression of PD. The only op-
tion is the application of symptomatic ther-
apies, such as dopamine supplementation
used to offset the diminished dopaminer-
gic output, but this type of treatment only
alleviates the symptomatic motor dysfunc-
tion, not for the underlying pathology of
PD.* Therefore, it is absolutely essential to
create translationally relevant animal mod-
els for the development of new therapeutic
strategies targeting the actual pathogenic
process.?' About 10% - 20% of patients are
known to have monogenic forms of this
disease®? and the SAGE labs has partnered
with the Michael J. Fox Foundation to per-
form targeted knockout in rats of several
of these genes. The targeted genes include
leucine rich repeat kinase 2 (LRRK2), Parkin
(PARK2), DJ-1 (PARK?), and PTEN-induced
novel kinase 1 (PINK1).

A common feature to all of these genes is
that an abnormality in the structure and/
or function of the expressed proteins is
implicated in the pathophysiology of PD.
LRRK2 encodes a protein present largely
in the cytoplasm but IT also associates
with the mitochondrial outer membrane
and is involved in MAPKK activation,
cell death, and regulation of protein
ubiquitination.?*34 Autosomal-dominant
LRRK mutations account for 5-6% of fa-
milial PD and 1-3% in sporadic PD, which
collectively result in the most common
cause of PD, making this an important
model for the study of PD and apoptosis.

PARK2 localizes to the cytoplasm in neu-
rons of many regions of the brain. It is a
component of a multiprotein E3 ubiquitin
ligase complex that mediates the target-
ing of substrate proteins for proteasomal
degradation and may help degrade pro-
teins that are toxic to neurons. Autosomal-
recessive mutations in PARK2 account
for at least 50% of familial PD cases with
roughly 20% of patients with PD having
an onset before the age of 40 years.353¢

The PINK1 protein kinase localizes to the
mitochondria and is thought to protect
cells from stress-induced mitochondrial
dysfunction. Autosomal-recessive muta-
tions within this gene are the second most
common form of PD, contributing to al-
most 1% - 7% of early-onset cases.?”

Finally, autosomal-recessive mutations in
DJ-1 (PARK7) results in early-onset PD.3®
DJ-1 is a member of the peptidase C56
family of proteins that functions as a
positive regulator of androgen receptor-
dependent transcription.?® Unfortunately,
existing knockout mice models for PARK2,
PINK1, and DJ-1 do not exhibit any major

abnormality and fail to replicate the criti-
cal features of PD.3' Consequently, there
is a critical need for the development of
translationally relevant animal models in
the rat.

Alzheimer's disease

Alzheimer’s Disease (AD) is a neurodegen-
erative disorder clinically characterized
by a progressive impairment in memory
and cognition, and accounts for the vast
majority of dementia patients.**4' AD is
characterized by the accumulation of two
proteins, amyloid beta (A3) and tau, as
well as cortical atrophy. Amyloid beta is
processed from amyloid precursor protein
(APP) through the sequential cleavage by
3- and ~-secretase.® Tau proteins function
to stabilize microtubules and hyperphos-
phorylation of the protein resulting in the
accumulation of intraneuronal inclusions
known as neurofibrillary tangles. These
two lesions are thought to contribute to
the pathogenesis of AD. As with PD, the
available treatment options for AD pa-
tients are directed toward reducing the
symptoms and delaying the progression,
but there is no cure for either of two dis-
eases. Existing mouse models have con-
tributed significantly to our understanding
of disease pathology. However, there are
some significant limitations, including
differences in the biology of AD patho-
genesis between humans and mice, and
the limitation of behavioral flexibility and
stability for learning paradigms in mice.
The smaller brain and CSF volume in mice
limits optimal tissue harvest and collec-
tion of CSF for evaluation of the progress
of the disease, especially in the context of
chronic dosing paradigms. Furthermore,
the larger brain of rats enables the surgical
manipulations required to integrate novel
neuroscience tools like optogenetics.

SAGE Labs has pioneered several rat mod-
els to study AD which includes knock-
out lines for synuclein, apolipoprotein E
(ApoE), and brain-derived neurotrophic
factor (BDNF). Alpha-synuclein, plays a
role in synaptogenesis and organization,
is believed to regulate dopamine and has
been implicated in several neurodegen-
erative diseases including both PD and
AD. Mutations within the gene are also
present in some Alzheimer’s disease cas-
es, making this model important for the
study neurodegeneration.

ApoE is expressed in the liver, intestines
and brain where it is essential for the
normal metabolism of lipids and prevent-
ing the accumulation of cholesterol-rich
particles in plasma. ApoE exists in three

different isoforms (E2, E3 and E4) and
heterozygous and homozygous individu-
als for the APOE e4 allele, have approxi-
mately a 3- or 15-fold increased risk of
developing AD compared with those that
do not carry an e4 allele.** Widely stud-
ied for its role in cardiovascular disease
and lipoprotein transport, it has more
recently been implicated in Alzheimer’s
disease and cognition, making this a use-
ful model for the study of atherosclerosis,
Alzheimer's and nerve injury.

BDNF is a neurotrophin that contributes
to the growth and differentiation of
neurons in the hippocampus, cortex and
forebrain.***> Deficiency in BDNF levels
has been linked to a host of neurologi-
cal diseases, including AD, depression,
schizophrenia and dementia, making this
an important model for studying the neu-
rodegenerative disorders like AD.%

In addition to targeted knockouts, SAGE
Labs is using the ZFN technology to
create rat lines over expressing APPswe/
Indiana mutation, presenilin-1 mutation,
and P301L tau mutation. Presenilin-1 is a
component of ~-secretase which regulates
APP processing. Therefore, the expression
of transgenes encoding genes harboring
any or these mutations will result in the
formation of the characteristic lesions as-
sociated with AD.

Conclusions

ZFNs offer enormous potential across
basic research, drug-discovery, bio-
production and therapeutic develop-
ment, by facilitating the creation of
gene knockouts and targeted integra-
tions into more relevant backgrounds.
ZFN-mediated genome editing can be
used to generate novel animal models
of disease that more closely mimic hu-
man disease, as well as providing more
realistic data on the potential toxicity of
drugs. Most importantly, the creation of
knockout rats and mice using the ZFN
technology does not require the estab-
lishment of ES cell culture and this fact
provides a general solution for targeted
gene knockout in other species. The ex-
tension of the ZFN technology for the
creation of targeted gene knockouts or
integrations in higher-level mammals
will allow researchers to ask specific bio-
logical questions in the model systems
most appropriate for their research.

The article complies with International
committee of Medical Journal Editor’s
uniform requirements for the manu-
scripts.
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