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Beyond knockout rats

New insights into finer genome manipulation in rats

EXTRAVIEW

Guanyi Huang, Chang Tong, Dhruv S. Kumbhani, Charles Ashton, Hexin Yan and Qi-Long Ying*
Eli and Edythe Broad Center for Regenerative Medicine and Stem Cell Research at USC; Department of Cell and Neurobiology; Keck School of Medicine;
University of Southern California; Los Angeles, CA USA

Key words: genetic manipulation, gene
targeting, conditional knockout,
transgenic animal, rat model,

p53 knockout rat, embryonic stem cells

Submitted: 02/12/11
Accepted: 02/18/11
DOI: 10.4161/cc.10.7.15233

*Correspondence to: Qi-Long Ying;
Email: qying@usc.edu

www.landesbioscience.com

he ability to “knockout” specific

genes in mice via embryonic stem
(ES) cell-based gene-targeting technol-
ogy has significantly enriched our under-
standing of gene function in normal and
disease phenotypes. Improvements on
this original strategy have been devel-
oped to enable the manipulation of
genomes in a more sophisticated fashion
with unprecedented precision. The rat
is the model of choice in many areas of
scientific investigation despite the lack
of rat genetic toolboxes. Most recent
advances of zinc finger nucleases (ZFNs)
and rat ES cells are diminishing the gap
between rat and mouse with respect to
reverse genetic approaches. Importantly,
the establishment of rat ES cell-based
gene targeting technology, in combina-
tion with the unique advantages of using
rats, provides new, exciting opportuni-
ties to create animal models that mimic
human diseases more faithfully. We
hereby report our recent results concern-
ing finer genetic modifications in the rat,
and propose their potential applications
in addressing biological questions.

Introduction

The laboratory rat (Rattus norvegicus)
was the first animal species brought into
scientific studies and is also one of the
most widely used animal models in bio-
medical research, as reflected by the
number of scientific publications on it."?
Since the 19" century, scientists have
used rats in many experimental stud-
ies that contributed greatly to our basic

knowledge of physiology, pathology and
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pharmacology.>? Given its physiological
similarities to humans, the rat is currently
the primary animal model in many pre-
clinical tests, especially those related to
cardiovascular disease, diabetes,” breast
cancer,’ chronic inflammatory diseases’
and age-related diseases.® Furthermore,
most behavioral studies have been per-
formed on rats because, compared with
mice, their behavior is more social, intelli-
gent, complex and skilled.” Scientists have
managed to teach rats complex behavioral
paradigms and tasks. As a result, rats are
now also entering the field of cognitive
neuroscience, where the use of monkeys is
predominant.'®"

Over the past two decades, however,
the development of rat models has lagged
far behind that of mouse models, mainly
due to significant advances in mouse
genetic toolboxes. In the 1980s, embry-
onic stem (ES) cells were successfully
derived from mice, and later technologies
were developed enabling the performance
of gene-targeting in ES cells.”*™ Ever since
then, this ES cell-based gene-targeting
strategy has been extensively used to cre-
ate loss-of-function mutations and gene
replacement on predetermined gene loci in
mice. Thousands of mouse gene knockout
models have been generated and they have
become powerful tools for investigating
gene function and relevant phenotypes.
This technology was previously limited
to mice only because of the absence of
germline-competent rat ES cell lines. In
2008, we developed a chemically-defined
basal culture system that contains serum-
free N2B27 medium and small molecule

inhibitors (3i: CHIR99021, PD184352
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Figure 1. The ground state of rat ES cell self-renewal under N2B27 medium supplemented

with small inhibitors. Left: PD184352, SU5402, CHIR99021 encompass the 3i condition in which
PD184352 inhibits mitogen-activated protein kinase (MAPK), whereas SU5402 and CHIR99021 spe-
cifically inhibits fibroblast growth factor receptor (FGFR) tyrosine kinase and glycogen synthase
kinase 3 (GSK3), respectively. Right: 2i condition in which PD184352 and SU5402 can be replaced

and SU5402 or 2i:
PD0325901),
derivation and maintenance of germline-
competent rat ES cells (Fig. 1).5"" These
rat ES cells can be genetically modified

CHIR99021 and

resulting in  successful

and robustly propagated in culture, while
retaining the ability to contribute to germ-
line-competent chimeras, as recently dem-
onstrated by the generation of p53 gene
knockout rats by gene-targeting via homol-
ogous recombination.” The development
of ES cell-based gene-targeting technolo-
gies in the rat has opened the door for a
bright future of rat genetic manipulations.

Although gene knockout models
are extremely important for investigat-
ing gene dysfunction and recapitulating
human inherited disease, creation and
utilization of finer genetic modifications,
including subtle mutations, knock-in,
inducible and conditional knockout mod-
els-is increasingly preferred in current sci-
entific research. In this article, we report
the latest results of our efforts towards
finer genetic modifications in the rat, and
explore the unique advantages, as well
as the potential applications, of these rat
models in biomedical research.

Exploration on p53 Knockout Rats

53 is one of the most famous tumor sup-
pressor genes identified, and its mutations
have been implicated in as many as half
of all human cancers.” p53 knockout mice
are susceptible to spontaneous tumors
without induction, and therefore widely

1060

used in basic cancer research for screening
carcinogenic compounds, as well as che-
motherapeutics.”® Our tracking record on
53 knockout rats has also confirmed that
they are highly predisposed to malignant
tumors. In our preliminary study, all 14
53 homozygote rats died or had to be sac-
rificed within 120 days. Lymphoma is the
most frequent tumor type in p53 knock-
out mice (71%, 44/56).' Surprisingly, we
did not observe any cases of lymphoma in
either heterozygous or homozygous rats.
The predominant tumor type for p53
knockout rats is hepatic hemangiosarcoma
(71%, 10/14), and fewer cases of lung
hemangiosarcoma (Fig. 2). In six months,
10 of the 39 p53 heterozygote rats (25.6%)
developed tumors.

Although these knockout mouse and
rat models can exhibit some characteris-
tics of human p53 mutation, they do not
mimic it completely. For example, they
develop a different range of tumors than
humans do. Tumor spectrum analysis of
53 mutant mice suggested that sarcoma
is the most common tumor type in het-
erozygotes, whereas lymphoma is most
common in homozygotes.” In compari-
son, humans tend to develop epithelial
cell-derived cancers such as breast and
ovarian cancers.”>? This phenotypic dif-
ference limits the utility of conventional
knockout rodents as models of human
cancer. Furthermore, germline knockout
of some tumor suppressor genes, such
as BRCAI and BRCA2, is embryoni-
cally lethal. In the case of p53, which is
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dispensable in embryonic development,
knockout rodents are highly tumor-prone
and usually die within a few months after
birth, preventing a faithful recapitula-
tion of sporadic tumor onset and progres-
sion (unpublished data).”’ Most human
cancers originate from an accumulated
series of somatic cell mutations, as well as
changes in the microenvironment and sig-
naling pathways. This progressive trans-
formation process deviates from cells of
knockout animals with initial mutation
through germline transmission, which
alters the microenvironment permanently
and may activate compensatory mecha-
nisms to offset the “knockout” effect dur-
ing embryogenesis.* This also accounts
for the undesired background of sarcoma
(and lymphoma) in p53 knockout mice
(rats) which complicates the investigation
of cancers in other tissues because many
mouse models are built on p53 deficient
background. Therefore, the conditional
knockout strategy, which induces somatic
mutations in a spatially and temporally-
specific fashion, has superseded the con-
ventional knockout strategy and become
an optimal choice for sophisticated tumor
models. For example, a mouse breast can-
cer model was a conditional knockout of
BRCAI or BRCA2 in mammary gland
epithelium in p53 knockout mice.?>*
Since rat mammary tumors resemble
many characteristics of human mammary
tumors, a rat breast cancer model based on
conditional knockout strategy would be
an invaluable tool to identify drug targets
in combination with the vast amount of
research data on pharmacology and toxi-
cology in the species.

Conditional Knockout

Despite their great advantages, con-
ventional ~ gene-targeting  technologies
exposed their drawbacks in the extreme
complexity of the mammalian genetic
system. For example, embryonic lethality
is one of the most common impediments
to analyzing gene function in later devel-
opment. And functional redundancy or
developmental compensatory mechanisms
may also hinder the analysis. On the other
hand, in knockout animals where the
genetic information was altered irrevers-
ibly through germline, the study of genes
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Figure 2. Representative tumors developed in p53 knockout rats. (A) Hepatic hemangiosarcoma. (B) Lung hemangiosarcoma.

that function uniquely in a specific tis-
sue or organ may be complicated by the
effects of gene disruptions in all the cells
of the animal. To circumvent these issues,
conditional knockout animals have been
developedbycombiningEScell-basedgene-
targeting with site-specific recombinases.
This technology has revolutionized the
area of reverse genetics by allowing a high
flexibility of genetic modification that can
be switched “on” or “off” in a certain type
of cells and/or at a particular developmen-
tal period.

Cre-loxP site-specific recombination is
the most frequently used system to generate
conditional knockout mice. Alternatively,
Flp-FRT works in a similar manner as
described elsewhere in references 27 and
28. Cre recombinase from bacteriophage
P1 directs a conservative recombination
between two loxP recognition sites, a 34
bp consensus sequence consisting of an 8
bp nonpalindromic core flanked by two
13 bp inverted repeats.” Therefore, vari-
ous types of sophisticated genetic modi-
fications, such as gene deletion, insertion,
chromosome engineering and subtle point
mutations, can all be achieved by simply
manipulating the orientation and location
of the loxP sites. Conditional knockout
mice are generated by intercrossing two
transgenic mouse lines, one bearing Cre
recombinase transgene under the con-
trol of a promoter directing tissue and/
or time-specific expression, and the other
with homozygosity of “floxed” (flanked by
loxP) alleles derived from gene-targeted
ES cells (Fig. 3).**? The double trans-

genic progeny will have the conditional
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allele modified only in cells/tissues or
developmental stages that express Cre,
precluding embryonic lethality and allow-
ing additional accuracy to address bio-
medical questions. One of the advantages
of this system is that only recombinase
and loxP-harboring sequences are required
for DNA rearrangement. Additionally, it
is believed that Cre recombinase has mini-
mal unwanted effects as the mouse (and
rat) genome does not contain endogenous
loxP sites, providing an ideal background
for site-specific recombination.

Unfortunately, the application of Cre-
loxP technology was previously restricted
to mice. Various reports have demon-
strated the feasibility of the Cre-loxP sys-
tem in the Cre-activated reporter line by
crossing to Cre-expressing transgenic rats®
or via somatic delivery of Cre-expressing
viruses.”* Cre transgenic rats can be gen-
erated using methods such as pronuclear
injection. However, the production of
“fHoxed” alleles requires gene-targeting in
germline-competent rat ES cells, which
had been unavailable for a long time. We
have recently derived authentic rat ES cells
and generated the first knockout rats via
homologous recombination in ES cells.'*"
18 Our work has finally overcome the last
and most critical obstacle to extending
this well-developed Cre-loxP technology
to rats, and to accelerating the develop-
ment of rat disease models as well as the
pursuit of rat functional genomics.

We chose the POU family transcrip-
tional factor Oct4, a well-studied plu-
ripotent gene expressed in early embryos,
germline cells and undifferentiated ES
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cells as the target gene for our experiments.
In vivo expression of Oct4 is essential for
the initial development of pluripotential
capacity in the inner cell mass (ICM) and
formation of pluripotent stem cells.> Oct4
is also one of the four transcription fac-
tors used to create induced pluripotent
stem (iPS) cells, together with Sox2, Kif4
and ¢-Myc, indicating its capacity to repro-
gram differentiated cells into an ES cell-
like state.’® Nevertheless, this makes the
investigation of potential roles of Ocz4 in
somatic stem cells impossible because of
embryonic lethality. Here we present some
data on our efforts to generate tissue-spe-
cific Oct4 knockout rats. To construct the
targeting vector, a 9 kb fragment contain-
ing the rat Oct4 gene was amplified from
Dark Agouti (DA) rat genomic DNA and
subcloned into a pL611 cloning vector
(Fig. 4A). The ires-eGFP-Frt-PGK-neo-
Frt-LoxP cassette was introduced into the
immediate downstream of the stop codon
of Oct4 gene. In this way, the selection
cassette can be excised to create a “clean”
modification. Another loxP site was also
introduced ahead of exon 2, which works
together with the remaining loxP site to
induce the removal of exon 2-5 of the
Oct4 gene under conditional Cre expres-
sion in vivo. Additionally, our strategy
allows for the ¢GFP gene to be placed
under Oct4 endogenous promoter control,
serving as a reporter for targeting events
in ES cells (Fig. 4B) and also knockout
animals. eGFP removal also accompanies
Cre-mediated Ocz4 “knockout,” which
has been confirmed by in vitro Cre trans-
fection into targeted ES cells (data not
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Figure 3. Conditional knockout strategy via Cre-mediated DNA recombination. Cre-transgenic mouse is mated with mouse carrying floxed alleles. In
the offspring mice, Cre transgene will be activated in targeted tissue. Cre catalyzes the recombination between two in cis loxP sites (red arrowheads),
and excises the target gene from chromosome. loxP sequence(indicated by yellow circle) consists of an 8 bp nonpalindromic core flanked by two 13

shown). The targeting vector was linear-
ized, transfected into DA rat ES cells via
electroporation and selected with G418.
Resistant ES cell colonies were picked and
expanded individually, followed by PCR
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screening and sequencing analysis. The
quality of correctly targeted ES cells was
optimized by subcloning. Karyotypically
normal ES cells were microinjected into
25 blastocysts collected from E4.5 Fischer
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344 rats and subsequently transferred to
pseudo-pregnant  Sprague-Dawley rats.
Four chimeras were produced and their
germline transmission capacity is yet to be

determined (Fig. 4C).
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Figure 4. Oct4 conditional knockout in the rat. (A) Schematic diagram showing the strategy of Oct4 conditional knockout. The five exons of rat Oct4
gene with flanking genomic sequence are shown. The targeting vector contains of 7.8 kb Oct4 gene. The ires-eGFP-Frt-PGK-neo-Frt-loxP cassette is in-
serted the downstream of the Oct4 gene locus at Bcll restriction site. Another loxP site is also introduced between exon 1 and 2. (B) Oct4-GFP-positive
DA rat ES colonies after electroporation and drug selection. Bar, 50 pm. (C) Chimeras produced by blastocyst injection of Oct4-GFP targeted rat ES

Knock-In Reporter System
in the Rat

We aim to generate two Rosa26 knock-in
rat strains that may facilitate the efforts
within the scientific community to estab-
lish conditional knockout rats and create
disease models. The Rosa26 locus was
originally cloned and characterized in
gene-trap studies in mouse ES cells.?” It
was believed to encode nuclear RNA of
unknown function. Gene-targeted mice
carrying homozygous Rosa26 locus dis-
ruption are viable and phenotypically
normal.®® The Rosa26 locus is amenable
to genetic modification as it can be tar-
geted with high efficiency and is expressed
universally in mice. Various kinds of
Rosa26 knock-in mouse strains have been
produced and become useful tools for
biomedical research.®#' Therefore, such
strains in the rat will be of great help for
the research community.

www.landesbioscience.com

Targeting of the rat Rosa26 locus can be
achieved using the pBigT plasmid, which
consists of a splice acceptor (SA) sequence,
a loxP-flanked PGK-neo selectable marker
and a polyadenylation sequence for tran-
scription stop (bpA) (Fig. 5). We con-
structed two vectors in which lacZ and
diphtheria toxin fragment A (DT-A) genes
were inserted after loxP flanked PGK-neo
sequence, respectively. The Rosa26-lacZ
system serves as a rat Cre expression
reporter strain when it is crossed with a
tissue-specific Cre-expressing transgenic
rat strain.? Currently very few Cre trans-
genic rats are available in the research
community, and researchers may have
to establish such strains on their own.
Consequently, it is necessary to verify Cre
activity and specificity, and ensure that
Cre was not prematurely activated dur-
ing embryonic development before gen-
erating conditional knockout rats. On the
other hand, the Rosa26-DTA knock-in
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system will help generate rat disease mod-
els via Cre-mediated cell depletion strat-
egy, as previously described in reference
42. Functional cell loss is frequently
observed in human diseases, such as mid-
brain dopaminergic cell loss in Parkinson’s
disease®® and beta cell loss in diabetes.*
This inducible DTA allele can be used
to induce cell type-specific depletion
and therefore contribute to the model-
ing of human diseases and to the study of
regeneration.

Zinc Finger Nuclease:
An Alternative Approach?

While the ES cell-based gene-targeting
technique has shed light on the prom-
ise of sophisticated genetic alterations in
rats, an alternative strategy was already
developed for generating knockout rats
in a targeted manner.® Zinc Finger
Nucleases (ZFN) are engineered proteins
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Figure 5. Schematic diagram showing the design of Rosa26 knock-in targeting vector. SA-PGK-neo-LacZ(DTA)-bpA is inserted into rosa26 genomic
locus. New restriction sites of BamHI and Sacl are introduced after targeting event and can be used for Southern blot screening.

that link an assembly of zinc-finger type
protein modules, which are pre-designed
to sequence-specific DNA binding abil-
ity, to a restriction endonuclease domain
of Fokl. In practice, usually three to six
ZFN modules are joined together, with
each of them capable of binding to triplets
of DNA. Because the Fokl endonuclease
must dimerize to cleave double strand
DNA, two ZFN coding sequences are
required; this brings the specificity up to
36 bases, which is believed to be sufficient
enough to achieve single site specificity
over the whole genome. After the speci-
ficity of ZFNs in cell culture system has
been confirmed, ZFN coding mRNA
is injected into a one-cell stage embryo.
The protein will be expressed and bind
to the locus it is designed to target, caus-
ing a DNA double strand break (DSB) via
the cleavage activity of Fokl. In eukary-
otic cells, DSBs will be repaired by either
error-free  homologous  recombination
when provided with a homologous tem-
plate, or error-prone non-homologous end
joining (NHE]) that often produces small
4647 Therefore,
ZFN modules can be designed to target
coding exons of the gene of interest, and
take advantage of NHE] to disrupt the
gene usually by introducing out-of-frame
mutations.

deletions or insertions.
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Since the first report of knockout rats
via ZFN technology in 2009, dozens of
rat genes have been “knocked out” in
this way (www.sageresearchmodels.com).
However, the mutations induced by error-
prone NHE] are unpredictable and lim-
ited to causing “gene disruption.” On
the other hand, modifications have been
done to allow subtle mutations and gene
knock-in to be performed by invoking
homologous recombination. In this case,
a simultaneous delivery of donor DNA
template is required. After DSB induc-
tion, the innate homology directed repair
(HDR) pathway will be artificially acti-
vated under homology-containing donor
DNA provision, giving rise to the precise
integration (or replacement for subtle
gene modification) of exogenous sequence
at the ZFN cleavage site. Several stud-
ies have been performed to induce gene
targeting via ZFN-mediated homolo-
gous recombination in cultured cells,*
ES cells or iPS cells,¥>* Drosophila,”
plants,” zebrafish® and mouse zygotes.*
Importantly, a recent report tested tar-
geted integration in rat embryos with
ZEN technology.” The authors were
able to knock-in an eight base pair Notl
restriction site (6.7-12.5% targeting effi-
ciency), or a 1.5 kb human phosphoglyc-
erate kinase (PGK) promoter-driven GFP
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cassette (2.4-8.3% targeting efficiency)
into the target site.

As compared with the ES cell-based
targeting strategy, ZFN technology in
rats has unique advantages, including
higher targeting efficiency and a short
ened time course to obtain homozygotes
by bypassing the chimera stage. However,
some concerns remain to be addressed
regarding sophisticated genetic manipula-
tions using ZFN technology. First, ZFN-
mediated gene-targeting is performed
in rat embryos, necessitating laborious
screening for positive mutations in adult
animals. Second, a selection mechanism
is not included in such a strategy; thus,
rare targeting events cannot be enriched.
Third, it has been shown to be difficult
to knock-in large DNA fragments (>1 kb)
into target sites. Finally, ZFN has not
been successful for the generation of con-
ditional knockout rats. The insertion of
two loxP sites may have to be handled
sequentially and further optimization of
this targeting strategy is expected.

Biomedical Relevance
of Rat Models

Although the lack of efficient tools to

manipulate the rat genome has made
the mouse the leading rodent for genetic
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research, recent advances in transgenic
technology have opened new paths for rats
to return back to center stage. Starting
with the Rat Genome Project launched in
1995 by the National Institutes of Health
(NIH), rat genomic resources have been
expanding unprecedentedly, including
the landmark sequence data of the Brown

% with more

Norway (BN) rat genome,
and more other strains being added.”” The
rapid development of reference databases
has greatly facilitated establishment of rat
models. Genetically modified rats are pre-
cious platforms for the study of human
physiology and disease. For example, as
compared with transgenic mice, trans-
genic rat models of Huntington disease
not only present a more typical adult
patient pathology, but are also more suit-
able for in vivo metabolic and structural
imaging’® Also, a triple transgenic rat
model of Alzheimer disease can success-
fully mimic the human disease phenotype
of amyloid deposition.”” With the avail-
ability of genome sequences of commonly
used strains, genetic modifications in rats
will rise up to a new level with exquisite
specificity and fidelity.

Loss-of-function models are critical for
investigating gene function and regulation
in vivo. Over the years, many strategies
for manipulating rat genes were adapted
from the mouse genetic toolbox, including
conventional transgenesis by pronuclear
injection,® RNA interference,” N-ethyl-
N-nitrosourea (ENU) mutagenesis®>*
transposon mutagenesis.®* Most impor-
tantly, ZFN technology and ES cell-based
gene-targeting enable the rat to enter a true
“knockout” era. As research advances, an
increasing number of scientists are hoping
to study gene function in a conditional
manner, either in a defined temporal win-
dow, or in a specific type of cell or tissue.
For example, since the rat is the species of
choice in pre-clinical studies of diabetes, a
pancreas-specific conditional gene knock-
out rat model would be important for drug
discovery and pharmacological experi-
ments. For neuro-scientists, the rat is now

and

playing a new role in optogenetics—an
emerging field that is revolutionizing this
area of research by combining genetic
approaches with optics to (in)activate
a particular class of neurons using laser
light with a degree of specificity that
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conventional electrophysiology does not
allow.”” In 2009, the first rat optogenetic
study reported manipulation of differ-
ent circuit elements in Parkinson disease
rat models for the purpose of identifying
relevant target cell types for Deep Brain
Stimulation (DBS).®

A lack of adequate animal models
has been regarded by the pharmaceuti-
cal industry as one of the major hurdles
to drug discovery, especially drugs for
the central nervous system (CNS). More
sophisticated genetic modification will
allow scientists to establish reliable rat
models of psychiatric and neurological
disorders and generate “humanized” rats
after cell type-specific depletion. Progress
in such fields will greatly promote elucida-
tion of patho-physiologic mechanisms and
drug discovery.
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