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Abstract

Using Zinc Finger Nucleases for Targeted Genome Modification in Zebrafish

By

Jasmine Mali McCammon

Doctor of Philosophy in Molecular and Cell Biology

University of California, Berkeley

Professor Sharon L. Amacher, Chair

Over the last several decades, the zebrafish has been developed into a powerful laboratory model
organism. There is a burgeoning wealth of reverse genetic tools and conditional expression
systems available to zebrafish researchers, although some of them have certain weaknesses and
others are still not developed to their full potential. Because a reliable embryonic stem cell
system has yet to be established, targeted knockouts and more subtle manipulations at
endogenous loci have not been achieved in the zebrafish. To address this issue, I turned to zinc
finger nucleases (ZFNs), which have been used for such manipulations in other systems. ZFNs
are a chimeric fusion between zinc finger proteins (ZFPs), which can be engineered and designed
to recognize specific DNA sequences, and the non-specific cleavage domain of the FokI
endonuclease. Once the ZFPs bind to the targeted position, FokI will cleave the sequence and
create a double strand break (DSB). The cell has two major pathways to repair DSBs: non-
homologous end joining (NHEJ) and homology directed repair (HDR). In NHEJ, broken DNA
ends are often misaligned, which leads to the incorporation of small insertions and deletions.
HDR uses a homologous template to direct repair of the DSB. An exogenously supplied
template, with significant regions of homology flanking the DSB, can also be used to direct
repair and to “trick” the cell into incorporating novel sequence elements into endogenous loci.
Both of these DSB repair pathways confer different ZFN-induced modifications: NHEJ for
targeted mutagenesis, and HDR for a variety of manipulations including knock-ins and creation
of conditional alleles. I have shown by proof-of-principle that ZFNs can be used efficiently for
generating targeted knockouts in somatic cells and in the germline in zebrafish. Because there is
a strong bias for DSB repair pathway choice in the zebrafish, ZFN-mediated HDR has proven to
be a more challenging task. I have shown evidence of HDR working in the soma, and continue to
screen for events in the germline, which is a much smaller population of cells.
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Chapter 1

An introduction to genetic techniques in zebrafish and zinc finger nucleases

The zebrafish as a useful laboratory model

Over the past several decades, the zebrafish has proven to be a valuable model organism
for the study of development and disease (for reviews, see Brittijn et al. 2009, Chan et al. 2009,
Amatruda and Patton 2008, Lieschke and Currie 2007). In addition to being a hardy organism
with high fecundity, the adult zebrafish’s small size allows many animals to be raised in a single
facility; meanwhile, the fish still produce embryos large enough for classical embryological
experiments. The embryos are also optically clear, giving them a distinct advantage for imaging
and visualizing deep tissue phenotypes. Finally, the zebrafish genome is largely sequenced and
also very amenable to genetic manipulations (Vascotto et al. 1997). Because zebrafish are
vertebrates, many important genes share sequence similarity with humans (Lieschke and Currie
2007). However, they are considerably easier to maintain than many other vertebrate models in
the laboratory.

Genetic techniques available to zebrafish researchers

Forward Genetics

Forward genetic screens have been very successful in zebrafish, and can be done in a
variety of ways. Treatment with a chemical mutagen, particularly N-ethyl-N-nitrosourea (ENU),
is a popular choice because it will primarily produce random point mutations in genes (Shibuya
and Morimoto 1993, Grunwald and Streisinger 1992), giving phenotypes of interest that can be
recovered. The advantages of ENU mutagenesis include better saturation than other methods, the
ability to generate mutations other than null, and the opportunity to study single gene function.
The major disadvantage is that currently the only way in which to identify the affected gene is by
positional cloning, which can be quite laborious (Talbot and Schier 1999). However, positional
cloning is currently easier due to the more complete genome, and to approaches using synteny
(Gates et al. 1999, Karlstrom et al. 1999). Two large-scale ENU mutagenesis screens have been
performed to find genes affecting embryonic development in zebrafish (Hafftner et al. 1996,
Driever et al. 1996). The larger screen (Hafftner et al. 1996) was estimated to obtain at least 50%
saturation. More than 6600 mutations were recovered in these screens, although only 1740 of
these were maintained, representing approximately 400-600 loci (complementation crosses were
not always performed between the screens). As of 2008, about 160 of these mutants had been
molecularly identified (Jao et al. 2008). Although it is assumed that all loci are equally
vulnerable to ENU mutagenesis, the efficiency in which genes are mutated depends on the size
of the coding region, the number of codons that can be altered to make nonsense mutations, and
the likelihood of missense mutations affecting protein function. In fact, specific allele tests reveal
that some genes are five times more likely to be mutated than others (Mullins et al. 1994,
Solnica-Krezel et al. 1994). Alternatively, deletions can be generated by gamma ray mutagenesis
(Walker 1999). This can reveal gene functions that must be recovered in a similar way to ENU
mutagenesis, but the deletions will usually remove multiple genes. Further steps must then be
taken to dissect what phenotypes can be attributed to what genes in the deletion region.
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By using insertional mutagenesis to interrupt coding sequences, one can determine the
gene affected more quickly than by positional cloning (Lin et al. 1994, Gaiano et al. 1996, Chen
et al. 2002). Just one large-scale insertional mutagenesis screen has been conducted in zebrafish,
and from this 520 mutations were recovered in nearly 400 loci (Golling et al. 2002, Amsterdam
et al. 2004). The saturation of the screen was estimated to be around 25%, and the efficiency of
the screen based on mutants recovered per families screened was about seven-fold less than the
large ENU screens (Amsterdam and Hopkins 2006). However, the ease of identification has
allowed 335 of the 400 loci to be revealed. Previous work in human cell culture has suggested
that chromatin accessibility may bias the availability of sites for retroviral insertion (Wu et al.
2003), perhaps making transcriptionally active genes or the 5’ end of genes a more likely target.
While analysis of the zebrafish insertional mutants did demonstrate a 5’ end insertional bias, no
such pattern was seen for transcriptionally active genes (Amsterdam 2003, Amsterdam and
Becker 2005). This could be because in zebrafish, the retroviruses are injected in the blastula
stage, when rapidly dividing cells may have a more open chromatin structure than slowly
dividing, differentiated cells. In addition, the 5’ end insertional bias actually helps to alleviate
some of the bias for gene size in insertional mutagenesis. Therefore, both ENU and insertional
mutagenesis screens may exhibit some bias. While an insertional mutagenesis screen is more
labor intensive and less efficient than an ENU screen, and requires special laboratory facilities
(Amsterdam and Hopkins 2006), the cloning of the resulting mutants is easier and more rapid
than those obtained from chemical mutagenesis. As a result, labs can alter their approach
depending on the types of phenotypes they want to study and the number of genes and pathways
they expect to be involved. If the number of mutants expected is very low, then ENU
mutagenesis might be more appropriate; in this case, having to undertake positional cloning for
only a small number of mutations would not be an insurmountable task. On the other hand, if a
large number of genes could contribute to a biological process of interest, than the initial
investment in insertional mutagenesis might be more appropriate because more genes could be
identified rapidly.

Reverse Genetics

Reverse genetic techniques methods have also been established in zebrafish. For creating
permanent genetic lesions, the process of TILLING (Targeting Induced Local Lesions in
Genomes) is well developed. In this method, large libraries of DNA from ENU-mutagenized fish
are recovered and regions of interest can be sequenced for point mutations that would create an
early stop codon (Wienholds and Plasterk 2004). Alternatively, one can use the mismatch
sensitive endonuclease Cel1 to digest PCR products on candidate exons from these libraries: a
mismatch between a wildtype and mutant chromosome will create a bulge recognized by this
enzyme (Stemple 2004, Draper et al. 2004). Several TILLING consortiums are available to
zebrafish labs that will process requests from the community for genes of interest. However, they
will generally only sequence the 1st or 2nd exon of requested genes, so the success rate of
recovering TILLING mutants is somewhat dependent on gene structure: intron-rich genes with
many small exons are much less likely to produce the desired mutations.

Similar to TILLING, a retroviral insertion mutant library was generated by a company
called Znomics. Their library of frozen sperm samples with multiple insertions was created with
a parallel library of genomic DNA samples. By using the retroviral sequence, the genomic
library can be sequenced to determine the DNA surrounding the insert to identify if a potential
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gene has been disrupted. The corresponding sperm sample can then be used to recover fish
carrying a mutation of interest by in vitro fertilization (IVF). Although their goal was to identify
the insertion sites of 500,000 insertions by 2007, which should include at least one insertion in
every zebrafish gene, the company has since filed for bankruptcy.

Another revolutionary breakthrough for zebrafish genetics has been the development of
antisense morpholino oligonucleotides (MOs) strategies, which had been used previously in cell
culture and in Xenopus (Heasman et al. 2000, Taylor et al. 1996). The backbone of these short
oligomers has been modified with a morpholine ring to promote stability and reduce toxicity in
vivo, and can be designed in an anti-sense manner to block the translation or proper splicing of
zebrafish mRNAs (Nasevicius and Ekker 2000, Draper et al. 2001). In order to truly quantify the
effectiveness of translation-blocking MOs, one needs an antibody to detect protein levels; the
availability of antibodies for zebrafish proteins is woefully behind other developments in this
system. However, the effectiveness of splice-blocking MOs can be estimated by using RT-PCR
to quantify improperly spliced transcript. Because MOs can be easily delivered into 1-cell
embryos via microinjection, knockdown of protein expression can be temporarily achieved, at
least until the MOs are diffused and degraded during development. However, for these reasons,
MOs cannot be used to study juvenile and adult phenotypes without specialized delivery
methods that are not accessible to many zebrafish laboratories (Kim et al. 2010). MOs are also
known to cause non-specific toxicity (Iversen and Newbry 2005, Wickstrom et al. 2004). To
demonstrate specificity, multiple MOs must sometimes be ordered to target different portions of
the gene, in addition to the control or mis-match MOs (Eisen and Smith 2008).

While RNA interference (RNAi) has been a powerful reverse genetic tool for many
eukaryotic organisms, its development in zebrafish has not been as robust. This is in part due to
the fact that RNAi can cause non-specific developmental defects in the embryo (Oates et al.
2000, Zhao et al. 2001). Conflicting with these results are the claims of several groups that RNAi
can cause specific knockdown (Wargelius et al. 1999, Li et al. 2000, Acosta et al. 2005). The use
of shorter dsRNA for transient gene silencing has been used with better success in the zebrafish
(Dodd et al. 2004, Liu et al. 2005), although both groups also found that this method gave non-
specific developmental defects.

MOs provide temporary knockdown, while the knockout approaches of TILLING and
retroviral insertion rely on randomized mutagenesis to target a gene of interest. Targeted
knockouts have been achieved in mouse due to their embryonic stem (ES) cell system and gene
targeting. ES cells were isolated by two labs in 1981 (Martin 1981, Evans and Kaufman 1981)
and it was later demonstrated that injection of these cells into the embryo would lead to ES
colonization of all cell types, including the germline (Gossler et al. 1986, Robertson et al. 1986).
Another key discovery for generating mouse knockout was gene targeting, where the Capecchi
and Smithies labs recognized that recombination could occur between an exogenous vector
homologous to an endogenous chromosomal locus in mammalian cells. They found that if their
targeting vector contained 5-8 kb of homology surrounding the region they wanted to modify,
rare homologous recombination events between this vector and the chromosomes would lead to
incorporation of these modifications at the desired endogenous locus (Smithies et al. 1985, Wong
and Capecchi 1986).  Mouse ES cells were first generated carrying targeted alterations in the
hprt gene (Doetschman et al. 1987, Thomas and Capecchi 1987). Such technology later allowed
for the first mutant mouse derived from homologous recombination in ES cells (Joyner et al.
1989, Zijlstra et al. 1989). Because homologous recombination is a rare event in the ES cells, the
targeting vector carries a gene encoding drug resistance to allow for selection of clones carrying
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an integration event (Thomas and Capecchi 1987). ES-like cells have been isolated from
zebrafish (Sun et al. 1995), but their ability to contribute to the germline after transplantation is
poor, usually around 2% germline transmission rates (Fan et al. 2004, Fan and Collodi 2006).
While homologous recombination with a targeting vector has been achieved in zebrafish ES cells
(Fan et al. 2006), there have been no reports of ES cell-derived fish carrying gene-targeting
events. In addition, because maintaining zebrafish ES cells is not accessible for the general
zebrafish lab, an ES cell-based knockout system is still not feasible in the zebrafish.

Transgenesis

Adopting methods from other systems, zebrafish researchers have shown their model to
be amenable to several transgenesis techniques. Injection of linear molecules will result in
random integration at low frequency in germ cells (1% of fish tested in Stuart et al. 1988). This
rate can be improved and toxicity reduced by use of co-injection with a meganuclease and the
transgene construct in the appropriate vector. I-SceI has an 18 bp recognition site not found in
the zebrafish genome; however, releasing a transgene from a vector containing I-SceI sites
before and during microinjection can give optimal founder rates of 50% (Thermes et al. 2002).
While this method is likely to introduce only one transgene insertion, the transgene can
concatermerize at this insertional site. In addition, work with the Tol2 transposase-mediated
transgenesis has also shown high rates of obtaining founders (up to 50%), with multiple insertion
sites (Kawakami et al. 2000, Kawakami 2004). Alternatively, using the Sleeping Beauty
transposition system in zebrafish, while recovering a lower percentage of founders (10-31%), can
give a single transgene insertion event (Davidson et al. 2003).

Conditional Expression Systems

One challenge facing developmental studies in the zebrafish is studying spatiotemporal
requirements for certain genes. While mRNA and cDNA injection into 1- to 8-cell zebrafish
embryos is common, unequal segregation of the injected moiety during development leads to
mosaic expression. One possibility to target specific expression is to cage mRNAs by combining
them with a diazo-activated 6-bromo-7-hydroxycoumarin-4-ylmethyl group which can be
removed in specific tissues at specific time points by UV light or two-photon irradiation (Ando
et al. 2001). MOs can also be caged, as demonstrated by the Chen lab, which reacted a
photocleavable linker with an MO. Restricting light exposure to a small area of the embryo
resulted in localized gene knockdown (Shestopalov et al. 2007). In addition, electroporation has
been used to target mRNA, cDNA or MO delivery to tissues such as the embryonic brain, neural
tube, eye, and somites (Teh et al. 2003, Cerda et al. 2006), and the adult fin cells (Tawk et al.
2002).

Another important device for achieving spatiotemporal control is the use of the heat
shock promotor hsp70. Global expression of a transgene under control of this promoter can be
achieved by heat shocking the whole animal (Adám et al. 2000). Localized spatiotemporal
induction of an hsp70-controlled gene can induce gene expression in a single cell (Halloran et al.
2000). However, normal development can also be affected by heat shock because other
endogenous genes are also regulated by heat shock proteins. In addition, even without heat
shock, this promoter has been shown to have a basal level of activity (Halloran et al. 2000).
Using a laser allows for tight spatial regulation of heat shock-controlled transgenes (Placinta et



5

al. 2009). Heat shock in adults can also drive dominant negative constructs, a time that is
normally refractory to most methods available for knockdown (Suhr et al. 2009, Qin et al. 2009).

In addition to heat shock promoters, zebrafish researchers have also utilized the
Gal4/UAS transcriptional regulation system. In yeast, transcription of genes necessary for
galactose production is activated by Gal4, which binds to an upstream activating sequence
(UAS) in the promoter region of these galactose-related genes (Traven et al. 2006). By
undertaking large enhancer trap screens, zebrafish researchers have generated many Gal4 driver
lines that promote UAS-transgene expression in a tissue specific manner (Scheer and Campos-
Ortega 1999, Scott et al. 2007). While this system is excellent for spatial control of transgenes,
one must also use another method, such as a heat shock driven Gal4, to gain temporal control. In
addition, one must rely on a good tissue-specific promoter or hope to find the right enhancer trap
line.

In the hopes of achieving tighter spatiotemporal control in both turning on and off genes,
zebrafish researchers have also taken advantage of a chemically-gated transcriptional mechanism
using an altered version of the tetracycline repressor protein (TetR). In bacteria, TetR normally
functions as a tetracycline-controlled transcriptional repressor (Hillen and Berens 1994).
However, fusion of the TetR DNA binding domain with the activation domain of the Herpes
simplex virus VP16 protein converts it into a tetracycline-controlled transcriptional activator
(Gossen and Bujard 1992). Different variants have been engineered to act as activators in the
absence of tetracycline (Tet-off) or the presence of tetracycline (Tet-on) (Gossen et al. 1995).
The Tet-on system has been used with success in zebrafish, where a cardiac specific promoter
drove expression of the modified TetR in fish carrying the TetR binding site driving GFP.
Exposure to a tetracycline derivative resulted in fluorescent cardiac myocytes, which persisted
for three weeks after the drug removal (Huang et al. 2005). Because this indicated that the
antibiotic is slow to clear from the zebrafish tissue, the system is yet to be tightly controlled in
the off phase of regulation. Another ligand-activated transcription factor is LexPR, which can be
controlled by addition of the synthetic steroid mifepristone (RU-486) to the water the fish are in
(Emelyanov and Parinov 2008).

The Gal4/UAS system can also be used with steroid-regulated transcription systems by
combining the ligand-binding domain of the glucocorticoid receptor with Gal4. Then addition of
glucocorticoid receptor agonists, such as dexamethasone can rapidly activate Gal4 expression to
drive UAS-transgene constructs (de Graaf et al. 1998). The kinetics of this system are much
more rapid than the Tet-on approach; however, the efficiency is compromised in stable
transgenic fish due to the importance of endogenous glucocorticoid signaling in the zebrafish
(Dickmeis et al. 2007, Hillegass et al. 2008).

Recombination-based conditional control via the Cre/lox system has also been used with
some success in zebrafish. Cre recombinase can mediate DNA excision or inversion of
sequences between two 34 bp loxP recognition sites depending on the loxP site orientation.
Activating an oncogene specifically in lymphocyte cells by either cre mRNA injection or heat-
shock induction of Cre expression has generated several zebrafish models of leukemia with 13%
and 81% penetrance, respectively (Langenau et al. 2005, Feng et al. 2007). In addition, Hans and
colleagues (2009) used a ligand-inducible form of Cre to introduce mosaic labeling of single
cells in zebrafish. The Cre/lox system was also used to identify the source of newly formed
cardiomyocytes during zebrafish adult heart regeneration (Jopling et al. 2010).
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Zinc finger nucleases: an introduction

While there is certainly a wide range of continually improving genetic tools available to
zebrafish researchers, there is one obvious and basic technique that is missing: generating
targeted knockouts. Because zebrafish lack a reliable embryonic stem cell line, the knockouts
and more subtle genetic manipulations of endogenous loci available in mouse, another important
vertebrate model, have been unavailable in fish. To circumvent this issue in fish and in other
organisms, researchers have looked to zinc finger nucleases (ZFNs). ZFNs are a chimeric fusion
between zinc finger proteins (ZFPs), which bind to DNA, and the non-specific cleavage domain
of the TypeII endonuclease FokI (see Fig. 1.1). When the ZFPs bind to DNA, the tethered FokI
domain cleaves the DNA and creates a double strand break (DSB), which then has to be repaired.
It is by these repair mechanisms that mutations can be introduced into the DNA.

Each ZFP has the common C2H2 DNA binding motif and essentially recognizes and binds
3 bp sequences (Smith et al. 1999). Some years ago it was realized that different ZFPs with
binding affinities for different sequences could be linked together modularly to recognize a
longer consensus sequence (Beerli et al. 1998). Since then, a variety of endogenous and
engineered ZFPs have been collected to recognize all sequence combinations (Pabo et al. 2001).
One of the first applications of engineered ZFPs was to block transcription of an oncogene in a
mouse cell line (Choo et al. 1994). By fusing the ZFPs to different functional domains such as
those from transcriptional activators and repressors, integrases, and methylases, one can create a
variety of functional proteins that can be targeted to specific places in the genome (see Jamieson
et al. 2003 for review). For the purposes of this thesis, I will focus on the fusing of ZFPs to the
non-specific nuclease domain of FokI, which creates ZFNs. ZFNs can be used to direct double
strand breaks (DSBs) to specific regions of the genome that then have to be repaired.

There are 2 major DSB repair pathways: non-homologous end joining (NHEJ) and
homology-directed repair (HDR). During NHEJ, the broken DNA ends are simply re-ligated
back together in a LigaseIV-dependent manner. However, because homology is not used to
direct the repair, ends are often misaligned such that gaps are filled in or overhangs are removed,
resulting in small insertions and deletions (Valerie and Povirk 2003). In this way, because ZFNs
can promote NHEJ misrepair by creating DSBs, ZFNs can be considered mutagenic. During
HDR, the cell repairs a DSB by using a homologous template, such as a sister chromatid or
homologous chromosome or even an exogenously supplied donor sequence with the appropriate
homology. Creating a DSB can stimulate homologous recombination over 5000-fold compared
to uncut DNA (Donoho et al. 1998). An exogenously supplied donor contains sequences of
homology that flank the ZFN cut site and the desired modifications within a close window to the
cut site or large inserts directly at the cut site. In this way, ZFN-induced DSBs can be used to
introduce novel sequence elements for genomic modification at investigator-specified loci.

By increasing the frequency of HDR via targeted DSB induction and inducing mutagenic
repair via NHEJ, ZFNs have a wide range of applications and huge potential to be used in many
facets and fields. They have already been used to mutagenize a variety of genes in different
organisms (discussed later in this chapter). Also, manipulations in human cell culture have
demonstrated not only modifications at a genetic disease locus (Urnov et al. 2005, Moehle et al.
2007), but also that human embryonic and induced stem cells are amenable to ZFN-induced
changes (Hockemeyer et al. 2009, Zou et al. 2009). In combination with an effective lentiviral
ZFN delivery system (Lombardo et al. 2007), clinical trials are underway to evaluate the power
of ZFN treatment for prevention of HIV infection. One can also envision the potential of ZFNs
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in the future for medicine-related fields: treatment of human genetic diseases and cancers. For
the basic research scientist, ZFNs offer the potential to create knockouts, create reporter tags of
endogenous loci, create conditional and/or temperature sensitive alleles, create animal models of
human disease, and much more.

Zinc finger nuclease design

Zinc finger proteins

The art of ZFN design is decidedly complex, and there are several strategies for obtaining
ZFNs designed to target a locus of interest. However, the most effective ZFNs usually require
some type of selection concurrently with ZFN design, or need to be assayed for effective binding
and activity before use. This is because while each ZFP essentially binds a 3 bp sequence, it also
makes contacts with nearby bases, and its affinity can change depending on neighboring ZFP
binding (Wolfe et al. 2000). Moreover, for a given target sequence, there can be varying affinity
for different base pairs, also in a sequence- and context-dependent manner (Imanishi et al. 2009).

Perhaps the most straightforward but least effective method is the modular design
approach. To understand the modular nature of ZFP binding, one has to consider the crystal
structure. Each ZFP is a 30 amino acid peptide that has a ββα structure stabilized by a zinc ion
binding. A seven amino acid stretch of the α helix lies in the major groove of DNA and
recognizes a 3 to 4 bp target sequence (Pavletich and Pabo 1991, Pabo et al. 2001). The modular
design therefore can only utilize those ZFPs that have 3 bp target sequences in a nonoverlapping
binding site target context (Beerli and Barbas 2002). ZFPs have been identified that bind all 16
GNN sequences (where N represents any base) (Liu et al. 2002, Segal et al. 1999, Dreier et al.
2000) and some of the CNN and ANN sequences (Dreier et al. 2001, Dreier et al. 2005). While
GNN-binding ZFPs may have better affinity than other 3 bp sequences that do not begin with a
G, the bias may also reflect that GNN-binding ZFPs may exhibit more modular binding
properties. Therefore, within the target sequence of interest, the search for the most effective
binding site would be to find the following sequence: 5’-NNCNNCNNCnnnnnnGNNGNNGNN-
3’ for a ZFN pair with three finger motifs and a 6 bp spacer, although a 5 bp spacer will also
work (Porteus 2008). Software to help the researcher find target sites is available at
http://www.zincfingers.org or http://www.zincfingertools.org (Mandell and Barbas 2006). Two
studies found that 100% (Segal et al. 2003) and 60% (Bae et al. 2003) ZFPs designed modularly
worked well in binding assays. However, a recent study has shown that modular design for
composite ZFPs is surprisingly ineffective, with a 6% success rate for effective ZFNs (Ramirez
et al. 2008).

Another manner in which zinc finger nucleases are designed is OPEN (Oligomerized
Pool ENgineering). Developed by the Zinc Finger Consortium, a group of academic labs focused
on engineered zinc finger research, OPEN is a publicly available platform that utilizes an archive
of pre-selected zinc finger pools. Each pool contains a mixture of zinc fingers engineered to
recognize different 3 bp sequences at each of the three positions in a 3-finger protein. To date,
these pools are focused on GNN and TNN target sites and have not yet been expanded to cover
all possible 3 bp sequences. For a desired target sequence, the appropriate pools in the archive
are combined to create a library of different 3 finger proteins, which can then be selected by
efficient binding to the target sequence in a bacterial two-hybrid assay (Maeder et al. 2008).
ZFPs that bind in this assay will activate the transcription of selectable marker genes (Hurt et al.
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2003). In a side-by-side comparison with modular assembly, more OPEN-engineered ZFPs
activated transcription in the bacterial two-hybrid assay than modularly-designed ZFPs. In
addition, more OPEN-engineered ZFNs were found to target various sites in the GFP sequence
than modularly-designed ZFNs (Maeder et al. 2008). The OPEN method was employed to design
ZFNs that successfully mutagenized five different loci in zebrafish (Foley et al. 2009).

ZFNs that have targeted another zebrafish gene have been designed in a manner that is
similar to the selection method employed by OPEN (Hurt et al. 2003, Meng et al. 2008). In this
two step method, a library is built for each individual ZFP in the context of 2 anchor ZFPs to
recognize a 3 bp subsite of a 9 bp target site in the desired locus, and the resulting libraries are
pooled to create a three finger library (Meng and Wolfe, 2006; Meng et al. 2008). The individual
finger and combined ZFP libraries are subjected to selection in a bacterial one-hybrid system.
The bacterial one-hybird system assays for good ZFP binding to the desired target sequence by
placing the target sequence upstream of selectable markers. The ZFPs are fused to the omega
subunit of RNA polymerase, a non-essential subunit in E. coli.  These constructs are transformed
into a bacterial strain lacking the omega subunit of RNA polymerase and the selectable markers
(Noyes et al. 2008). Building the individual finger libraries eliminates some of the bias from the
OPEN pools because the sequence of the ZFP encoding those amino acids that interact directly
with the DNA is completely randomized (Meng et al. 2008). And although the 9 bp target site is
usually chosen because it contains GNN triplets, the selection would also allow for coverage of 3
bp sequences for which OPEN pools are not yet available.

The ZFNs employed in our studies were designed and provided for us by Sangamo
Biosciences in Richmond, California. They have built a library of experimentally validated-ZFP
pairs that recognize 6 bp sequences (thus the ZFNs I used had 4 fingers to recognize a 12 bp
target site) (Moore et al. 2001). Although I obtained the ZFNs used for my thesis work through a
collaboration, Sangamo’s proprietary ZFP library has since been licensed to Sigma Aldrich for
researchers to purchase (http://www.sigmaaldrich.com/zfn). The method that Sangamo employs
to build ZFNs involves building 4 (or more)-finger ZFPs by surveying the target sequence for 12
bp sites for which they have validated ZFP pairs, then fusing ZFP pairs together to construct
larger ZFPs. The ZFNs built in this way are then tested in a yeast assay for activity in order to
select those that are most likely to be active in vivo. Moreover, the selection method not only
assayed ZFP binding, it also assayed ZFN cleavage in an “in chromatin” context and in a living
eukaryotic cell. Scientists at Sangamo Bioscience designed a reporter construct, wherein the
desired target sequence and the flanking region (up to 10 kb total) is cloned in between direct
repeats of an alpha galactosidase reporter, MEL1. In yeast, if a DSB occurs between these direct
repeats, resection of the entire intervening sequence results in repair of the MEL1 reporter.
Therefore, yeast cells transformed with the reporter and the test ZFN pairs will produce MEL1 if
the ZFNs are effectively binding and cleaving the target site, and this efficiency can be measured
colormetrically (Doyon et al. 2008).

FokI nuclease variants

One concern regarding using ZFNs is their potential to act as a mutagen and create
genomic instability by inducing too many DSBs, especially at off target sites. In fact, studies
have already demonstrated that the use of certain ZFNs can be associated with cytotoxicity in
human cells (Porteus and Baltimore 2003, Alwin et al. 2005). Because FokI is active as a dimer,
ZFNs are designed in pairs, with each containing different ZFPs to recognize a half site of the
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composite target site. However, the ZFNs can also act as homodimers if two identical half sites
are present elsewhere in the genome in a tail-to-tail conformation with a 5-7 bp spacer domain.
The natural FokI restriction enzyme binds DNA as a monomer, but needs to associate with
another monomer in order to cleave DNA; nevertheless, in vitro studies have demonstrated that
cleavage can occur with only one monomer bound to the DNA (Catto et al. 2006). If the same is
true of ZFNs at high concentrations, then this would result in even more off-target site cleavage
because there are many off-target sites in the genome for a half site (typically 9 bp for most
ZFNs, compared to a 23-24 bp site where only the middle 5-6 bp are random). For this reason,
two groups set out to modify the FokI nuclease domain interaction domain in ways that would
make ZFNs less cytotoxic (Miller et al. 2007, Szczepek et al. 2007).

The desired end goal for both groups was the same: to create FokI domains that could
only interact in heterodimeric form, although their approaches to obtaining these FokI variants
differed slightly. Szczepek et al. (2007) used computer modeling based on the crystal structure of
FokI dimers to identify a few amino acids in the interaction interface that could be mutated to
force heterodimerization. Miller et al. (2007) used the crystal structure information to narrow
down the interval of interest, but made more systematic single amino acid mutations to assay for
heterodimerization and also inhibition of homodimerization without compromising overall
catalytic activity. The dimerization domain of the FokI dimer is mediated by portions of two α-
helices, each 12 amino acids long (Wah et al. 1998). When looking at amino acid sets that might
form hydrogen bonds, two such pairs were identified: D483 and R487, and Q486 and E490.
Therefore, swapping out one of the hydrogen bond-forming amino acids for a similar charge on
the same monomer while doing the opposite charge swap for another monomer should favor only
heterodimerization, as electrostatic repulsion would disfavor homodimerization. Furthermore,
hydrophobic interactions between I499 and I538 could also contribute to stabilization of dimer
formation. Mutating the isoleucines to make lower dimerization energy should force appropriate
DNA binding by both monomers before cleavage can occur (Szczepek et al. 2007). In a hetero-
vs. homodimeric in vitro cleavage assay, the DD and RR (483, 487) variants could only cleave
when their binding sites were in heterodimeric conformation, while wildtype FokI could cleave
in both homodimer and heterodimer forms. The QK variant (486,490) had some homodimeric
activity, although the EE (486,490) variant did not. Weakening the dimerization energy did not
eliminate homodimeric cleavage (Szczepek et al. 2007). Meanwhile, the stepwise mutation
approach also identified the importance of the Q486 and E490 interaction, in addition to Q486
and I499, and E490 and I538 (Miller et al. 2007). They swapped charges on these residues to
create repulsion between homodimers, also noting that these changes lower the dimerization
energy. In a similar hetero- vs. homodimeric in vitro cleavage assay, their charge variants only
cleaved 1.4% to 3.1% of product with homodimeric binding sites (compared to 37% to 68% with
wildtype FokI). With heterodimeric binding sites, the charge variant cleaved a comparable
amount of product to wildtype (50% vs. 61%) (Miller et al. 2007).

In a chromosomal context, both groups demonstrated that their ZFNs with FokI variants
exhibited superior activity without the ability to homodimerize. The ZFNs were tested in a GFP
reporter repair assay. In this assay, a mutant copy of GFP was integrated into cells and a
wildtype repair donor was provided with the ZFNs to assay activity via HDR to restore GFP
expression. When the FokI wildtype variant was used, they could not recover any discernible
GFP positive cells, presumably due to the cytotoxicity of these ZFNs. However, using the
heterodimeric versions of charge variants and reduced dimerization energy recoverd 1.3% and
3.8% GFP positive cells, respectively (Szczepek et al. 2007). Meanwhile, the ZFNs used by
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Miller et al. (2007) in the GFP reporter repair assay recovered 1.71% and 1.98% GFP positive
cells when the binding sites were in heterodimeric form for the charge variants. However, when
the binding sites were in homodimeric form, the wildtype FokI variant repaired GFP in 1.27% of
cells, while the charge variants repaired GFP in only 0.02% and 0.12% of cells. This means the
mutations reduced gene correction via homodimeric cleavage to between 0.02% (E490K, I538K
and Q486E, I499L) to 42% (E490K and Q486E) of the amount of homodimeric cleavage done
by wildtype FokI (Miller et al. 2007).

After demonstrating the obligate-heterodimer form of these FokI variants for ZFN
activity, both groups also showed that these variants caused reduced cytotoxicity compared to the
wildtype version. Examining the phosphorylation response of histone H2AX (γH2AX) to DSBs
demonstrated that wildtype FokI expression led to ~14% of γH2AX-positive cells, while the
variants showed ~3-5% γH2AX-positive cells (Szczepek et al. 2007). Examining cells for foci of
DNA damage by immunofluorescence demonstrated that wildtype FokI induced more than 3 foci
in 43.5% of cells, while the heterodimer variants induced more than 3 foci in 21.7% of cells
(Miller et al. 2007). An important note about FokI variants having reduced dimerization energy
is that they also force more specific binding to DNA targets, which would probably also
eliminate off target cleavage at monomeric sites when ZFNs are overexpressed, which is likely a
great source of cytotoxicity. In fact, preliminary in vitro studies showed that charge variant FokI-
containing ZFNs cleaved their target about three-fold less than a similar concentration of
wildtype FokI-containing ZFNs (Miller et al. 2007). However, this is in contrast to a study using
both FokI variants in Chinese hamster ovary (CHO) cells, where it was found that ZFNs with the
charge variant actually stimulated 10-fold more cleavage activity than a similar concentration of
ZFNs with the wildtype variant (Santiago et al. 2008, study described in the following section in
more detail).

Use of zinc finger nucleases in other systems (see Table 1.1 for summary)

ZFNs have worked successfully in many other systems, including human primary cell
culture, Drosophila, C. elegans, Arabidopsis, corn, tobacco, frog oocytes, CHO cells, rats,
human embryonic stem cells (hESCs), and human induced pluripotent stem cells (hiPSCs)
(Beumer et al. 2008, Bibikova et al. 2001, Bibikova et al. 2002, Bibikova et al. 2003, Cai et al.
2009, Geurts et al. 2009, Hockemeyer et al. 2009, Llyod et al. 2005, Maeder et al. 2008, Moehle
et al. 2007, Morton et al. 2006, Porteus & Baltimore 2003, Santiago et al. 2008, Shulka et al.
2009, Townsend et al. 2009, Urnov et al. 2005, Wright et al. 2005, Zou et al. 2009). Work
pioneered by Srinivasan Chandrasegaran’s lab developed ZFNs to create novel restriction
enzymes with larger recognition sites (Kim et al. 1997, Smith et al. 1999). In collaboration with
Dana Carroll, Chandrasegaran first showed the potential of ZFNs to stimulate homologous
recombination (HR) of extrachromosomal targets in Xenopus oocytes (Bibikova et al. 2001). HR
events in mammalian cells occur at a frequency of one in one million (Cappechi 1989); however,
introduction of a DSB increases the frequency of HR 1000-fold (Choulika et al. 1995).
Previously, the stimulation of recombination was shown using the meganuclease I-SceI (Jasin
1996), but utilizing this tool still involved introduction of I-SceI target at a specific location if
one wanted to get targeted HR events. Using ZFNs they had developed as novel restriction
enzymes (Kim et al. 1997, Smith et al. 1999), Bibikova and colleagues (2001) developed a
plasmid substrate for the ZFNs with appropriately placed homologous sequences (1.25 kb direct
repeats) and injected both into Xenopus oocytes. They found that a large fraction (up to 95%) of
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linearized injected plasmid was recombined, with a single oocyte processing a billion molecules
in a few hours, and with cleavage and HR essentially complete by six hours. In addition, they
also found that the optimal spacer domain between the two ZFN binding sites was 6-8 bp, with
an 18 amino acid linker between the FokI domain and the ZFPs (Bibikova et al. 2001).

Carroll’s group then wanted to demonstrate that ZFNs could cleave a chromosomal target
in an organism. To do this, they designed ZFNs targeting the yellow gene in Drosophila; the
yellow product is responsible for pigmentation in the posterior abdomen. They then generated
stable lines expressing these ZFNs under the control of heat shock promoters by P-element
transformation. Because the yellow gene is on the X chromosome, they reasoned that they would
be able to visualize somatic mutations induced by the ZFNs (via mutagenic repair by NHEJ) in
males because males only carry one copy of the yellow gene. In females, mutation of one copy
would still be masked phenotypically by a wild-type copy and could also be repaired by HR with
the uncut homolog. After heat shock, they found that 46% of males exhibited obvious
unpigmented patches in their posterior abdomens. Founder males were recovered at a rate of
5.7%, and gave 0.44% mutant progeny. No germline mutations were recovered from females.
There was no correlation between germline mutations in the males and whether or not they
exhibited somatic mutations. Sequence analysis of the mutant progeny showed small insertions
and deletions at the ZFN cleavage site, signifying mutagenic repair by NHEJ (Bibikova et al.
2002).

Once ZFN use for mutagenesis had been established, the next major goal was to use
ZFNs for gene targeting, or the replacement of endogenous genes by HDR, which is the other
DSB repair pathway besides NHEJ. Shortly after showing that ZFNs can be used for
mutagenesis, Carroll’s group showed that ZFNs could be used to stimulate HDR in the genome
in Drosophila (Bibikova et al. 2003); simultaneously, this was also shown to be true in human
cells by David Baltimore’s group (Porteus and Baltimore 2003). In Drosophila, they utilized the
same ZFNs from their previous study targeting the second exon of the yellow gene and a mutant
donor that replaced the ZFN recognition site with an in-frame stop codon and an XhoI site.
Under ideal conditions, they recovered 20% founders with at least one mutant offspring.
Although even under ideal conditions only 2.25% of the progeny were mutant, well over half of
these mutations were a result of gene targeting, with the other mutations being a result of NHEJ
(Bibikova et al. 2003). Meanwhile, in human cells, Porteus and Baltimore (2003) used ZFNs and
a wildtype GFP donor to correct a mutation in a GFP sequence stably integrated into the genome.
Without cleavage, the background rate of gene targeting was found to be 0.71 in a million cells
transfected. However, introduction of the best ZFNs increased this rate by over 2000-fold to
nearly 0.5% (Porteus and Baltimore 2003).

Expanding on the work done in human cell culture, Sangamo Biosciences sought to
design better ZFNs targeting the GFP coding sequence. Although their background rate of
repairing a mutant GFP sequence integrated into HEK 293 cells was higher (1-2 cells in 500,000)
than the initial studies done by Porteus and Baltimore (2003), they obtained much higher rates of
GFP correction. Under the right growth conditions, 10.2% of cells transfected with ZFNs and the
wild-type donor were GFP positive (Urnov et al. 2005). Ultimately, Sangamo’s goal is to design
ZFNs for gene therapy, so they next designed ZFNs targeting an endogenous gene, IL2Rγ.
Mutations in IL2Rγ cause X-linked SCID (severe combined immunodeficiency disease), where a
deficit in T cell and killer lymphocyte development results in a compromised immune system
(Cavazzana-Calvo et al. 2000). Designing ZFNs targeting a disease-linked spot in exon 5, they
also built a donor containing a fragment of the IL2Rγ gene with a silent point mutation that
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resulted in a novel restriction enzyme site. Under ideal conditions, 18% of the cells transfected
were sensitive to cleavage by this enzyme on a PCR product from exon 5, signifying HDR
events at this locus. Furthermore, in single cell analysis, 6.6% of cells were found to be carrying
HDR events on both chromosomes (Urnov et al. 2005).

Sensitive to the fact that human genetic diseases can be caused by different mutations in
the same gene, Sangamo Bioscience’s next goal was to demonstrate the feasibility of using ZFNs
for gene addition, or using donors that would introduce new stretches of DNA rather than alter
the endogenous coding sequence. They again utilized their IL2Rγ -targeting ZFNs, and
constructed donors with 750 bp homology arms that would introduce either a 12 bp tag, a 900 bp
or 1.1 kb GFP open reading frame (ORF), or a 1.5 kb or 8 kb promoter-transcription unit. The
ZFN target site was integrated in HEK293 cells following an ORF-less promoter. The smallest
donor, whose incorporation would be measured by sensitivity to the restriction enzyme site
introduced, was integrated in 15% of chromatids, 72 hours after the donor plasmid and ZFN
expression plasmid were transfected into K562 cells (Moehle et al. 2007). When the GFP ORF
donor was transfected alone, less than 0.06% of cells were GFP positive; however, co-
transfection with ZFNs improved this frequency to 1.4%. Testing integration at the endogenous
IL2Rγ locus, the 900 bp GFP ORF was incorporated in 6% of chromatids, while a larger 1.1 kb
GFP cassette with polyA tail incorporated at a lower rate of 3%, and a 1.5 kb promoter-
transcription unit at a rate of 6%. Finally, the donor with the largest insert, a 7,762 bp cassette
with 3 separate promoter-transcription units, was also integrated into the IL2Rγ gene in 5-8% of
chromatids, although single cell analysis revealed of 9.4% cells expressing genes from the insert,
1.2% of these were random integration events (Moehle et al. 2007). This work demonstrated that
large ORFs could be introduced into the human genome, providing a way to introduce a normal
copy of a gene to a safe location, circumventing the current risks of random insertional gene
therapy. Because human genetic diseases can be caused by different mutations in the same gene
for different people, introducing a normal copy also alleviates the need for designing ZFNs to
multiple locations to correct specific mutations via HDR. In addition, while there is a 3-fold drop
in HDR efficiency rates when introducing a 900 bp sequence compared to small tag or point
mutation donors (Moehle et al. 2007, Urnov et al. 2005), increasing the knock-in sequence to
nearly 8 kb does not have much more of a detrimental effect on HDR efficiency.

Sangamo Biosciences, in collaboration with Pfizer, also showed that ZFNs can be used
for mutagenesis in another mammalian cell culture line, Chinese hamster ovary (CHO) cells
(Santiago et al. 2008). Because CHO cells are the most popular system for mass production of
therapeutic recombinant proteins (Wurm 2004), it is important to have good genetic tools
working in these cells. Transfection with ZFNs targeting the dihydrofolate reductase (DHFR)
gene and subsequent dilution to single cells showed that 5 of 68 (7%) had mutated DHFR alleles,
2 of which showed biallelic events (Santiago et al. 2008). These data were obtained using the
wildtype FokI domain; however, the experiment was also repeated with the obligate heterodimer
EL-KK FokI mutants (Miller et al. 2007). When this was done, 11 of 350 (3%) single cells had
mutant DHFR alleles, 4 of which showed biallelic events (Santiago et al. 2008). Interestingly,
when examining the overall pool of DHFR chromatids mutated by NHEJ by using a mismatch
sensitive nuclease, Cel1, approximately 15% were found to be mutated using either version of
the FokI domains (a growth disadvantage was suspected for the reason that they recovered fewer
mutations with single cell analysis). However, this rate of mutation could be achieved using
approximately 10-fold less of plasmid containing the EL-KK FokI variant than with the wildtype
version. Cel1 digests any mis-matched PCR products formed by heteroduplexes of wildtype and
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mutant sequences; the digestion rate can be quantified by densitometry, giving a read-out of
NHEJ activity (Santiago et al. 2008).

In addition, another Sangamo collaboration demonstrated that ZFNs could also be used to
target genes for mutagenesis in a whole mammalian organism – the rat (Geurts et al. 2009).
Despite the fact that the rat is often touted as a more relevant model to study human disease than
the mouse, the genetic tools for rats are unfortunately lacking (Aitman et al. 2008). They began
by directly injecting GFP transgenic rat embryos with mRNA encoding ZFNs that target the GFP
coding sequence. In addition, ZFNs were also designed to target two endogenous loci: IgM and
Rab38, and both mRNA and plasmids were injected. For these three ZFNs, 295 potential founder
animals (live births after injected embryo transfer) were recovered, and 35 (12%) carried targeted
somatic mutations as determined by Cel1 analysis on tail biopsy tissue. Twenty-five of the GFP
ZFN-injected embryos were transferred, five of which were liveborn. Two of these pups had lost
GFP expression, which was ubiquitously expressed in the other three siblings. One of the
mutants was grown and outbred, and it transmitted the mutant GFP to its progeny. For one
experiment involving the IgM-targeting ZFNs, 493 injected embryos were transferred, resulting
in 54 (11%) live births. Tail biopsies revealed that 6 of these (11%) had mutations in the IgM
locus. When four of these pups were grown and bred, three of them transmitted germline
mutations. Eighty-three Rab38 ZFN-inected embryos were transferred, resulting in seventeen
(20%) potential founders. Of these, only one carried mutations in the tail biopsy. No data was
reported for germline transmission with this animal. The top 12 and top 8 off-target sites were
analyzed for GFP and IgM mutant founders, and no ZFN-induced mutations were discovered. A
lower birth rate was noted for all ZFN pairs, but the amount of nucleotide injected did not differ
from standard protocols, so toxicity could have been from either ZFN off-target cleavage or from
nucleotide load unrelated to ZFN activity (Geurts et al. 2009).

ZFN-mediated mutagenesis in Arabidopsis has been reported since 2005, and recent work
has expanded ZFN use in other plants. Targeted mutagenesis was first demonstrated in
Arabidopsis in collaborative work between Dana Carroll and Gary Drews. Plants were
transformed with a construct that had a heat shock-inducible ZFN pair and its synthetic target
site. The spacer region between the ZFN binding sites in this synthetic target site was a
restriction enzyme recognition site, a common design strategy when picking ZFN sites. This is
because mutagenic repair by NHEJ will destroy the site, which can then be assayed by loss of
sensitivity to that restriction enzyme. In their selected transformants, mutation frequencies
ranged from 1.7-19.6%, with an average rate of 7.4%. Of these mutations, sequence analysis
showed that 78% were deletions (median 4 bp), 13% were insertions, and 8% were a
combination of both. Transmission analysis revealed a 10% germline mutation rate (Lloyd et al.
2005). The first ZFN-mediated plant HDR work was accomplished in tobacco, where a defective
reporter construct containing a ZFN site was integrated into ten different tobacco lines. The left
donor arm was 1286 bp, the right donor arm was 2993, and the insert to rescue the defective
reporter was 600 bp. When protoplasts from these transgenic lines were electroporated with the
ZFNs and a donor that would repair the reporter, HDR occurred in 10% of protoplasts. Of these,
20% were accurate gene targeting events; that is, there were no accompanying insertions or
deletions during DSB repair. In 7 of the plants homozygous for the reporter, 4 had biallelic HDR
events (Wright et al. 2005). Later work with ZFNs designed to target an endogenous tobacco
gene, SuRA, demonstrated efficacy for NHEJ-mediated mutagenesis. Sequencing found that 3 of
66 plantlets derived from protoplasts transformed with SuRA-targeting ZFNs had mutations at
the locus, one of which was biallelic, representing an overall 2% mutagenesis rate of potential
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target alleles (Maeder et al. 2008). Further work in tobacco showed that HDR events could also
occur at an endogenous locus, the endochitinase gene, with a donor conferring herbicide
resistance being specifically integrated in 5 of 46 plants (11%). However, Southern blot analysis
also revealed that these plants had some random integration events too, which is common in
plant systems (Cai et al. 2009). Slightly lower numbers for gene targeting events were found by
another group in tobacco at two other loci, acetolactate synthase genes (Townsend et al. 2009).
Here donors with specific mutations could be designed to confer resistance to different types of
herbicide, with gene targeting frequencies ranging from 0.5 to 4% (Townsend et al. 2009).
Finally, ZFNs have been used for NHEJ and HDR-mediated mutagenesis in the agriculturally
important crop, Zea mays. The locus targeted for mutagenesis, the IPK1 gene, was of interest
because this kinase catalyzes the last step of phytate biosynthesis in maize seeds. Too much of
phytate increases the seed’s phosphorus level which lowers nutritional quality of the seeds and
contributes to environmental pollution. Cultured maize cells showed 0.04% NHEJ mutagenic
events. The overall incidence of HDR events was not reported because the donor conferred
herbicide resistance, meaning that transformed calli and possible HDR events were selected for
using this herbicide. Among the transformants, resistance conferred by an HDR event and not
random integration ranged from 16.7 to 100% for a non-autonomous donor (Shulka et al. 2009).

Carroll’s group also expanded ZFN work to another organism, C. elegans (Morton et al.
2006). Similar to the experimental plan with Arabidopsis, worm germ lines were co-injected
with heat-shock inducible ZFN expression plasmids and a synthetic target to generate an
extrachromosomal array. Larvae were derived from stable lines and heat shocked, and DNA was
obtained several hours after recovery. By analysis of loss of restriction enzyme sensitivity of the
site that spaces that ZFN binding sites, 26% of targets were found to be mutated. They next
targeted an endogenous locus by scanning the genome for six GNN triplets spaced by a
restriction enzyme site, which was found in an intergenic region. After designing new heat
shock-inducible ZFNs to target this site, transgenic larvae were heat shocked and genomic DNA
isolated, of which 20% had mutations at the ZFN site. To show that the mutations induced by the
ZFNs were a result of misrepair by NHEJ, they looked at repair events in larvae lacking DNA
ligase IV, which is essential for NHEJ. They established similar extrachromosal arrays with
ZFNs and synthetic target site in a lig-4 mutant background. In comparison to wild-type larvae,
which had 11% mutations at target sites, DNA recovered from lig-4 mutants had only 0.4%
mutations, thereby demonstrating the need for NHEJ to mutagenically repair DSBs (HDR
repaired products would be indistinguishable from wild-type products in their assay) (Morton et
al. 2006).

Carroll’s group expanded on the effects of ligase IV removal on ZFN-mediated genome
modifications from C. elegans to Drosophila (Morton et al. 2006, Beumer et al. 2008). For two
different donors, in the wild-type background, mutations in progeny recovered from founders
that were a result of HDR were 11% and 14% (n=889 and 393, respectively), the rest being
NHEJ-induced mutations. However, in the lig4 mutant background, 99% and 98% (n=112 and
98) of the mutations recovered represented HDR events, without comprising the overall
incidence of ZFN-induced mutations (Beumer et al. 2008). Furthermore, they also showed that
HDR and NHEJ events could be mediated by direct embryo injection with RNA, rather than
having to establish stable transgenic lines with heat shock-inducible ZFNs, recovering 41%
founder animals bearing 7-13% NHEJ mutant progeny (Beumer et al. 2008). They also studied
some donor characteristics, showing that a 4.16 kb circular donor could recover 6.8% HDR-
mediated mutations (of total mutant progeny, n=355), while a linearized form of that donor gave
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no HDR events among mutant progeny (n=52), which together with other data, strongly
suggested that the HDR-mediated events were occurring via a strand-dependent strand annealing
(SDSA) instead of single-strand annealing (SSA). In addition, they also demonstrated that
increasing the length of the donor homology arms to 7.46 kb did not significantly improve HDR
efficiency significantly (11% with 4.16 kb, 14% with 7.46 kb donor) (Beumer et al. 2008).

Finally, ZFNs have been shown to mediate genome modification via both NHEJ and
HDR in human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs) by two groups. Obviously stem cells hold a great deal of promise for medical research
and patient treatment, but the efficiency of traditional gene targeting methods is low (less than 1
in one million events) and made all the more difficult because hiPSCs grow poorly as single
cells, which is necessary to isolate a rare HDR event. In fact, even though hESCs were first
isolated in 1998, as of 2009, only nine studies have successfully used gene targeting in these
cells (see references within Hockemeyer et al. 2009). Zou et al. (2009) showed that ZFNs could
enhance gene targeting frequency in multiple ways. First they demonstrated that they could use
cell lines carrying an integrated mutant GFP reporter gene, and use GFP-targeting ZFNs and a
correction donor to obtain GFP-positive cells resulting from an HDR event. In hESCs, 0.24% of
cells were GFP positive after co-transfection with ZFNs, a 2400-fold increase over GFP-positive
cells obtained with donor only. In hiPSCs, 0.14% GFP-positive cells were recovered, a 1400-fold
increase over gene targeting with donor only. However, these frequencies were lower than assays
performed in non-stem cell populations: in 293T cells, 3% of cells were GFP-positive after co-
transfection with ZFNs, a 4000-fold increase over transfection with donor only. They next
designed ZFNs targeting an endogenous locus, PIG-A, an X-linked gene that when mutated is
associated with a blood disorder. In male hESCs with only one copy of PIG-A, NHEJ-mediated
ZFN mutations were found in 4.6 cells per 1 million via a selection assay. They did not test this
in their hiPSC line as it was female-derived and therefore would need a bi-allelic mutagenic
event to confer resistance in their selection assay. When they used the PIG-A-targeting ZFNs
together with a donor carrying antibiotic resistance in hESCs, 220-395 cells per 1 million were
recovered after selection when using ZFNs, compared to 67 without. Furthermore, additional
analysis revealed that 83% of antibiotic-resistant cells receiving both ZFNs and donor were
resistant due to a specific HDR event (the rest being a result of non-specific integration), while
only 0.19% of resistant cells receiving donor only and no ZFNs had a targeted HDR insertion
into the PIG-A locus. Similar analyses in hiPSCs demonstrated that ZFNs stimulated a 200-fold
increase in HDR frequency (Zou et al. 2009). The second group used ZFNs and a GFP/selection
donor to generate a reporter for the OCT4 locus via HDR in hESCs (correct targeting ranged
from nearly 0-94% depending on the ZFN pair used). They could also use ZFNs targeting the
AAVS1 locus encoding a gene that is ubiquitiously expressed to insert a variety of reporters, all
with correct targeting frequencies between 40-50%. Overall rates of HDR frequency among cells
transfected were not reported in these two experiments because correct targeting frequency was
determined after antibiotic selection. However, they did find that when targeting the PITX3 locus
with insertional donors, gene targeting was found in 11% of hESCs and 8% of hiPSCs
(Hockemeyer et al. 2009).

Zinc finger nucleases in zebrafish

The goal for my thesis project was to demonstrate by proof-of-principle that ZFNs can
work in zebrafish for mutagenizing target loci by NHEJ-mediated DSB repair. My data show
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that the use of ZFNs will likely provide a useful knockout tool, previously lacking in zebrafish. I
am also interested in using ZFNs to mediate HDR modifications in the zebrafish genome.
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Figure 1.1: Diagram of a zinc finger nuclease bound to DNA.

A zinc finger nuclease (ZFN) is a chimeric fusion between a zinc finger protein (ZFP), which
binds to DNA, and the non-specific cleavage domain of the FokI endonuclease. In this diagram,
two ZFPs are represented as fingers touching the DNA sequence. The FokI endonuclease
domains are represented as scissors because they will cut the intervening DNA sequence when
the ZFNs are bound and create a double strand break (DSB). Each ZFP essentially recognizes
and binds to a 3 bp sequence, and there are a range of ZFPs that recognize and bind to different 3
bp sequences with varying affinities. ZFPs can be linked up in a modular fashion to create a
larger recognition site for better target specificity. The ZFNs used in my studies were four-finger
ZFNs, as shown in the diagram. The FokI cleavage domain is active only as a dimer, so ZFNs
are designed in pairs. The 6 bp spacer domain between the bound ZFNs shown here is standard,
although the spacing can change by also altering the length of the amino acid linker between
FokI and the ZFPs. When the ZFN pair binds and creates a DSB, there are two major pathways
for DSB repair. One is non-homologous end joining (NHEJ) and the other is homology-directed
repair (HDR). NHEJ is an error-prone mechanism that tends to introduce small insertions and
deletions during repair; in this way, ZFNs can be considered mutagenic. Considerations for
clever ZFN design usually involve picking a target sequence where the spacer domain is a
restriction enzyme site, because sensitivity to cleavage will likely be lost upon NHEJ repair. For
instance, this sequence, which is the target for ntl targeting ZFNs has a BsrDI restriction site
(GCAATG) as the spacer domain. This allows for rapid molecular analysis of ZFN-induced
mutations without sequencing.
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Figure 1.1
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Table 1.1: Summary of ZFN use in other systems.

This table summarizes the usage of ZFNs in other systems up to early 2010 (not including the
zebrafish data, which is summarized in the Discussion of Chapter 2). Numbers for data obtained
via both repair pathways are reported, as is the rate of germline transmission in applicable
systems. Mutagenic repair via NHEJ has been reported in Drosophila, CHO cells, rats,
Arabidopsis, tobacco, Zea mays, C. elegans, and human embryonic and induced pluripotent stem
cells (hESC, hiPSC). Homologous recombination stimulated by ZFN-induced DSBs was
demonstrated in Xenopus oocytes, while HDR-mediated repair with donors has been reported in
Drosophila, human primary cell culture, tobacco, Zea mays, hESCs, and hiPSCs. Meanwhile,
among the whole organisms, ZFN-induced modifications in the germline have been found in
Drosophila, rats and Arabidopsis.

Abbreviations: ND=not determined, NA=not applicable, hESC=human embryonic stem cells,
hiPSC=human induced pluripotent stem cells.
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Table 1.1: Summary of ZFN use in other systems.

ORGANISM/
SYSTEM

TARGETS NHEJ HDR GERMLINE REFERENCES

Xenopus
oocytes

Extrachromosomal ND ~95% plasmid
recombined
within 6 h

NA Bibikova et al. 2001

Drosophila yellow

yellow

rosy

coil

pask

46%
somatic

ND

41.5%
founder

11%
founder
20%
founder

ND

Donor mutates
yellow

6-51% mutant
founders
(include NHEJ)
ND

ND

5.7% founder
0.44% mutant
progeny
20% founders
1.25% HDR
mutant progeny
10% NHEJ
0-6.8% HDR

8%

yes, % not
reported

Bibikova et al. 2002

Bibikova et al. 2003

Beumer et al. 2008

Human
primary cell
culture

Mutant GFP +
repair donor
Mutant GFP +
repair donor
IL2Rγ + silent
point mut donor
IL2Rγ + 12 bp
knock-in donor
IL2Rγ + 900 bp
knock-in donor
IL2Rγ + 1.1 kb
knock-in donor

ND 0.5%

10.2%

18%

15%

6%

3%

NA Porteus & Baltimore
2003
Urnov et al. 2005

Moehle et al. 2007

CHO cells dihydrofolate
reductase

3-7% ND NA Santiago et al. 2008

Rat GFP
IgM
Rab38

20%
11%
5.8%

ND 1/1 lines tested
3/4 lines tested
ND

Geurts et al. 2009

Arabidopsis Synthetic target 7.4% ND 10% Llyod et al. 2005
Tobacco Integrated reporter

construct
SuRA
Endochitinase
Acetocholate
synthase genes

ND

2%
ND
ND

10% total, 2%
error free
ND
11%
0.5-4%

ND Wright et al. 2005

Maeder et al. 2008
Cai et al. 2009
Townsend et al. 2009

Zea mays IPK1 0.04% 16.7-100% *but
pre-selected
transformants

ND Shulka et al. 2009

C. elegans Extrachromosomal
Endogenous

11-26%
20%

ND ND Morton et al. 2006

hESCs and
hiPSCs

Mutant GFP
PIG-A
PITX3

ND
4.6E-4 %
ND

0.14-0.24%
0.02-0.04%
8-11%

NA Zou et al. 2009

Hockemeyer et al. 2009
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Chapter 2

Using zinc finger nucleases for targeted mutagenesis in zebrafish

Background

Because ZFNs have been successfully used for targeted mutagenesis in other systems
(Bibikova et al. 2002, Llyod et al. 2005, Morton et al. 2006, Santiago et al. 2008, Maeder et al.
2008, Beumer et al. 2008, Shulka et al. 2009, Geurts et al. 2009), I wanted to test if they could
also mutate loci in zebrafish. Although zebrafish researchers have access to some reverse
genetics techniques, such as morpholinos (Nasevicius and Ekker 2000, Draper et al. 2001) and
TILLING (Stemple 2004, Moens et al. 2008) as elaborated in the introduction, setting up a
reliable embryonic stem cell system has proved difficult. Therefore, targeted knockouts like
those done in mouse have not been possible, and until now, there has been no other tool that
would allow us to target a specific gene for mutation.

To make an important clarification, the portion of my thesis work described in this
chapter was done in collaboration with Sangamo Biosciences, a small biotechnology company
specializing in ZFN design based in Richmond, California. One of the lead scientists at
Sangamo, Fyodor Urnov, is an adjunct professor at UC Berkeley. My advisor approached him
and asked if he would be interested in a collaboration to see if ZFNs might work in zebrafish.
Fyodor agreed, and Sangamo consented to design ZFNs targeting four loci of interest to the
Amacher lab. The loci chosen were golden (gol), no tail (ntl), hairy/Enhancer of split 7 (her7),
and deltaC (dlc). Sangamo also provided me with assistance for some of the high throughput
results, such as genotyping, sequencing, and off target analysis because they are better equipped
with both financial resources and personnel. The story is not complete without these results, so I
chose to include them here. I will emphasize which contributions are mine specifically, and
which results were obtained at Sangamo. Almost all the work presented in this chapter was
published in 2008 in Nature Biotechnology (Doyon et al. 2008).

All of the selected loci already have mutant alleles (gol: Lamason et al. 2005, ntl:
Schulte-Merker et al. 1994, her7: unpublished TILLING allele hu2526, dlc: Shaw et al. 2006).
gol encodes SLC24A5, a cation exchanger responsible for melanin deposition that leads to
embryonic pigmentation (Streisinger et al. 1989, Lamason et al. 2005). Because of the
pigmentation phenotype, gol makes an excellent proof-of-principle locus to demonstrate ZFN
efficacy. The other loci were chosen because they are involved in processes studied by the
Amacher lab, who are therefore very familiar with their mutant phenotypes: mesoderm
specification (ntl, Halpern et al. 1993) and genes dynamically expressed in the presomitic
mesoderm during segmentation of the paraxial mesoderm (her7 and dlc, Henry et al. 2002, Oates
and Ho 2002, Jiang et al. 2000). Our initial interest in ZFNs was to develop them as efficient
tools to facilitate HDR to create fluorescently-tagged versions of the endogenous her7 and/or dlc
gene to make an in vivo reporter of these cyclically expressed genes. However, I first wanted to
show that ZFNs could be used to mutagenize loci in zebrafish, and for this I focused on gol and
ntl. These genes were chosen because they are very well characterized and both have classic
mutant phenotypes that are easy to recognize: lack of pigmentation with gol, and lack of
posterior mesoderm and notochord with ntl (Halpern et al. 1993, Lamason et al. 2005, Schulte-
Merker et al. 1994, Streisinger et al. 1989).
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The ZFNs designed by Sangamo utilize ZFPs from their proprietary library of ZFP pairs
that recognize experimentally validated 6 bp sites. Scanning a locus of interest for two of these
adjacent 6 bp sites will result in a four-finger ZFP recognition site. Of course, ZFNs have to be
designed in pairs, so another 12 bp site must be found with a 5-6 bp spacer domain between the
first 12 bp site. ZFNs are then built by simple cloning steps via PCR from the ZFP library,
followed by ligation of the ZFPs to each other and into an expression plasmid to create a FokI
fusion. This proprietary library has since been licensed to Sigma Aldrich, where ZFNs are
available for purchase by academic labs (http://www.sigmaaldrich.com/zfn).

Manufacturing ZFNs is not the rate-limiting step in obtaining ZFNs for Sangamo (21
pairs were designed for the gol locus, for example); however, due to difficulties inherent to
design predictions, ZFNs that bind well in in vitro assays do not always cleave well in vivo.
Therefore, Yannick Doyon, with help from his colleagues at Sangamo, developed a budding
yeast-based assay that could test for effective ZFN activity in both an in chromatin context and in
vivo in a eukaryotic organism. In this assay, specialized yeast strains are developed with a
reporter integrated at the HO locus. The reporter consists of the sequence of interest to be
targeted by ZFNs inserted in between direct repeats of the MEL1 gene, a secreted form of α-
galactosidase. The length of the target sequence will not affect the analysis of ZFN activity, and
can be up to 10 kb in length, because yeast are very efficient at repairing DSBs with appropriate
substrates such as those found in this reporter. The reporter strain is transformed with the ZFNs
to be tested, and expression of the ZFNs is induced. If the ZFNs can bind and cleave the target
sequence, the yeast repairs the DSB by resecting the heterologous sequence until it detects the
homology of the direct repeats of the MEL1 gene and recombination restores the open reading
frame of MEL1. The amount of MEL1 secreted into the yeast media can be calculated
colorimetrically by standard galactosidase assays and reflects the cleavage activity of the ZFNs
tested (see Fig. 2.1). These ZFNs can then be prioritized for injection into zebrafish embryos.

To immediately assess whether ZFNs can effectively mutagenize target loci in zebrafish
somatic cells, I injected ZFN mRNA directly into embryos heterozygous for the test loci gol and
ntl. Injecting mRNA was key to having transient expression of such a mutagen – previous work
using ZFNs in other organisms described above, with the exception of the work by Beumer et al.
(2008), published after my work, involved transformation/transfection of inducible ZFN
expression plasmids, or even establishment of stable lines with integrations of inducible ZFN
cassettes. RNA injection not only allows me to surpass the time-consuming step of creating
transgenic lines, but also eliminates the likelihood of toxicity that could result from lingering
ZFN expression in the embryo, especially since heat shock promoters can have somewhat leaky
expression in zebrafish (Esengil and Chen 2008). Because gol and ntl are recessive mutations,
injecting into embryos heterozygous for these loci will increase the chances of observing a
mutagenic event in somatic cells. In other words, a mutagenic event on the wildtype
chromosome will fail to be complemented by the null mutation on the mutant chromosome and
will reveal the mutagenic event at a phenotypic level. In addition to performing these transient
assays, I also injected ZFNs into wildtype embryos and raised them to sexual maturity to assay
for stable germline events. Using a combination of genetic, molecular, and morphological
analysis, I found that gol-targeting ZFNs can induce somatic mutations, while ntl-targeting ZFNs
can induce somatic and germline mutations (see Fig. 2.2 for experimental overview).

Materials and Methods
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RNA Synthesis

Materials

1. ELIMINase (Decon Labs).
2. Sharp precision barrier tips (Denville).
3. EagI restriction enzyme (NEB), store at –20˚C.
4. mMessage mMachine kit (Ambion), store at –20˚C .
5. Nuclease free water, e.g., UltraPure Distilled Water, DNase, RNase free (Invitrogen).
6. Phenol:chloroform:isoamyl alcohol (25:24:1) (Fisher), store at 4˚C.
7. Chloroform.
8. 3 M sodium acetate.
9. Nuclease-free ethanol, store at –20˚C.
10. RNasin (Roche), store at –20˚C.

Methods

1. An RNase free area and RNase free micropipettors were prepared by wiping the area and
pipettors down with ELIMINase.
2. The template for mMessage mMachine transcription reaction was made in the following
manner: ~8-12 µg of plasmid DNA encoding ZFNs was linearized with 2 µL EagI, a restriction
enzyme with a unique cut site after the BGH polyA signal in the pVAX vector, in a 50 µL
reaction for 4 h at 37˚C.
3. The reaction was stopped by purifying with phenol chloroform extraction: 50 µL of nuclease
free water was added to the digest, plus 100 µL of phenol:chloroform (1:1). This was mixed by
vortexing and centrifuged at top speed for 4 min at room temperature. The top aqueous layer was
extracted to a clean microcentrifuge tube. One volume of chloroform was added to the extracted
layer, mixed, and centrifuged as before. The top aqueous layer was extracted to a clean tube.
This step was essential for good RNA recovery; simply heat-inactivating the enzyme was not
sufficient.
4. An ethanol precipitation was performed to concentrate the DNA template by adding 1/10th

volume of 3 M sodium acetate and 2 volumes of ice cold 100% ethanol. This was mixed and
frozen at –20˚C for at least 20 min (it can go overnight). The mix was then centrifuged at top
speed for 10 min at room temperature. I noted where the pellet would form, aspirated the liquid
without disturbing the pellet, added 100 µL of cold 70% ethanol, and centrifuged for 1 min to
make the pellet stick. The 70% ethanol was carefully aspirated to avoid disturbing or moving
pellet. The tube was left open, to allow for evaporation of the remaining ethanol, on the bench
top for ~5 min. I resuspended the pellet in 6 µL of nuclease free water.
5. I then set up the transcription reaction: I thawed the 10X reaction buffer and 2X NTP/CAP,
vortexed and spun them down. The 2X NTP/CAP was kept on ice but the 10X reaction buffer
was left at room temperature to avoid precipitation problems. In a clean microcentrifuge tube at
room temperature, I added 10 µL of 2X NTP/CAP, 2 µL of 10X reaction buffer, 5.5 µL of
linearized DNA template (recommended ~1 µg), 0.5 µL of RNase inhibitor, 2 µL of T7 enzyme
mix for sense transcription. The transcription reaction was incubated for 3 h at 37˚C. Following
this, I added 1 µL of DNase to the transcription reaction at 37˚C for 15 min to destroy the
template.
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6. The reaction was stopped by precipitating with the LiCl solution included with the kit. I mixed
the reaction with 30 µL of LiCl and stored the tube at –20˚C for at least 20 min or overnight. The
tube was then centrifuged at top speed for 15 min at 4˚C, noting where the pellet of RNA will
form. I aspirated the liquid, being careful not to disturb the pellet. I then added 100 µL of ice
cold 70% ethanol, and centrifuged for 5 min. I carefully removed the ethanol, and allowed the
pellet to air dry for 3-4 min. The RNA was resuspended in 15 µL of nuclease free water and
stored at –20˚C.
7. I determined the RNA concentration with a 1:100 dilution (1 µL RNA and 99 µL water) by
measuring the absorbance with a UV spectrophotometer. To determine the concentration in
µg/µL, I multiplied the 260 nm absorbance reading by 4.

Zebrafish husbandry

Materials

1. Strains: AB wildtype, golb1 homozygous adults, ntlb195 heterozygous adults.
2. Mating tanks.

Methods

1. The adult strains were maintained at 28.5˚C on a 14/10 h light/dark cycle. Embryos were
staged as previously described (Kimmel et al. 1995).
2. I obtained embryos from natural spawning: The afternoon before the desired embryo
collection day, male and female fish were separated in holding tanks without food. Shortly after
the lights turn on the next morning, I combined 3 females and 3 males of the desired genotype in
mating tanks with mesh bottoms to prevent the adults from consuming the embryos once they are
made. Alternatively, in vitro fertilization (IVF) can be used to generate embryos (see Westerfield
2000 or online protocol: http://zfin.org/zf_info/zfbook/chapt2/2.8.html). If there is a concern that
fish strains may carry single nucleotide polymorphisms (SNPs) in the loci of interest, thereby
affecting subsequent analyses such as digestion by mismatch sensitive endonucleases (see
discussion) then embryos can be generated from genotyped individuals.

Embryo microinjection

Materials
1. Capillaries for injection needles, borosilicate with filament. O.D. 1.2 mm, I.D. 0.94 mm. 10-
cm length (Sutter Instruments).
2. Sutter Instrument Co. Flaming/Brown Micropipette Puller (Model P-87), or comparable
puller.
3. Phenol red, 1% stock solution.
4. Olympus SZ-60 dissecting microscope with transillumination base, or comparable
microscope.
5. Pressure injector (Applied Scientific Instrumentation, #MMPI-3), including back pressure unit
and micropipette holder, or comparable injection apparatus.



25

6. An apparatus to hold embryos during injection. I used plexiglass molds, 3.5 x 12 cm, with V-
shaped grooves cut every 1 cm. The grooves were 1 mm wide and 0.5 mm deep. However, there
are many other alternatives.

Methods

1. I prepared injection needles using a micropipette puller and borosilicate capillaries with
filaments, being careful to wear gloves but not treating the needles in any other way to remove
RNases. The parameters for our micropipette puller to generate injection needles from the
indicated capillaries are: Heat 573, Pull 150, Velocity 100, Time 50, Pressure 110; however one
should refer to his or her micropipet puller manual for information on performing the appropriate
ramp test for the capillary used and for determining the puller parameters to generate the
appropriate needle characteristics.
2. I prepared the injection solution at 5-fold serial dilutions. The RNA was diluted with RNAse-
free water and 0.1% phenol red as an injection tracer. Typically the range for the gol and ntl
experiments was 40 pg/nL – 1 ng/nL. I loaded 1 µL of injection mix into the needles.
3. I injected 3-5 nL of the mRNA solution into 1-2 cell embryos (heterozygous embryos for
transient assays and wild-type embryos for transient or germline assays) into a cell or the yolk.
4. Infertile embryos were removed during the blastula stages (3-4 hours post fertilization, hpf).

Phenotype characterization: transient assay

Materials
1. Tricaine: For embryos add 15 drops of stock (0.4 g 3-amino benzoic acid ethylester [Sigma],
0.8 g Na2HPO4 [anhydrous] in 100 mL RO water) to 35 x 10 mm culture dish of fish water. Final
concentration is approximately 0.004%.
2. Pokers: 2-pound test fishing line or eyelash hairs glued into small glass capillary tubes. Poker
stems can be enfolded in laboratory tape to facilitate gripping.
3. Camera/Microscope set-up: Zeiss Axioplan 2 with Axiocam digital camera.
4. Depression slides (“Hanging drop” slides, Fisher Scientific #12-560A).
5. Methylcellulose, 3% solution.
6. 4% paraformaldehyde (PFA)

Methods

To analyze gol-targeting ZFN-injected embryos:
1. At 2 days post fertilization (dpf), I immobilized golb1 heterozygous embryos injected with gol-
targeting ZFNs in 0.004% Tricaine. Individual embryos were carefully manipulated using pokers
and each eye was evaluated for the appearance of patches of unpigmented cells, using a standard
dissecting microscope with transillumination
2. I mounted immobilized embryos on a drop of 3% methylcellulose in a depression slide to
photograph.
To analyze ntl-targeting ZFN-injected embryos:
3. At 1 dpf, using a standard dissecting microscope with transillumination, I evaluated ntlb195

heterozygous embryos injected with ntl-targeting ZFNs for ntl-like appearance: reduced or
missing posterior mesoderm, misshapen somites, and lacking notochord cells.
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4. Embryos were immobilized in 0.004% Tricaine and photographed as described above.
5. To characterize more subtle notochord defects, I fixed 18-22 hpf ZFN-injected ntlb195

heterozygous embryos in 4% PFA overnight at 4˚C in microcentrifuge tubes (20 embryos/tube)
for a ntl in situ hybridization. There are several published protocols for in situ hybridization; our
protocol is essentially the same as described by Thisse and Thisse for the zebrafish expression
screen project (detailed protocol available online at
http://zfin.org/ZFIN/Methods/ThisseProtocol.html).
6. To evaluate ZFN mutagenesis at the molecular level, one can assay for heterozygosity at the
test locus by using a mismatch-sensitive endonuclease, Cel-1. These assays were performed at
Sangamo.

Germline mutagenesis analysis

Materials
The materials used in for germline mutagenesis overlap with those used for Zebrafish
husbandry and Genotyping (see following section).

Methods

1. Wild-type embryos were injected with RNA encoding ntl-targeting ZFNs and healthy larvae
that developed swim bladders (scored using a dissecting microscope at 5 dpf) were raised to
adulthood.
2. When injected potential founders were 2-3 months old, I performed complementation crosses
with ntlb195 heterozygous fish by natural crosses or IVF.
3. I scored the resulting progeny for a ntl mutant phenotype. To estimate the fraction of mutant
gametes derived from the germline of the founder parent, I doubled the percentage of mutant
embryos observed in the complementation cross, since only half the ZFN-injected embryos
inherited a ntlb195allele from the tester parent. If crossing to a homozygous mutant tester parent,
such as golb1, which is a viable mutation, the percentage of mutant embryos directly reflects the
percentage of mutant gametes and there is no need to double this number. Genotyping of
randomly selected embryos can be used to confirm the actual percentage of ZFN-induced mutant
chromatids among progeny of the complementation cross (see Genotyping section).

Genotyping

Materials

1. Thermopol buffer (New England Biolabs): 20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl,
2 mM MgSO4, 0.1% Triton X-100. Store at –20˚C.
2. Primers (Bioneer): For golden: 5’-ATCTGATATGGCCATGTCCAACATCG-3’ and 5’-
GGAACAATCCCATACGCTCCTGCAG-3’.
For ntl: 5’-ACGAATGTTTCCCGTGCTCAGAGCC-3’ and
5’-GCTGAAAGATACGGGTGCTTTCATCCAGTGCG-3’.
3. TOPO TA cloning kit (Invitrogen).
4. Competent cells (i.e. TOP10, Invitrogen).
5. LB media: Add 25 g LB Miller Broth to 1 L water, autoclave 20 min.
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6. Ampicillin plates: Add 25 g LB Miller Broth, 15 g agar to 1 L water, autoclave 20 min. Once
cool to touch, add ampicillin (final concentration: 50 µg/mL) to liquid and pour into Petri dishes.
Store poured plates upside-down at 4˚C.
7. Mini-prep kit (Qiagen).
8. BsrDI (NEB), store at –20˚C
9. Agarose gel electrophoresis materials.

Methods

BsrDI digest
1. To confirm that the phenotypes observed are a result of ZFN-induced mutagenic repair by
NHEJ at the desired site, one can assay for insertions and/or deletions at the cut site by restriction
digestion. First, I isolated genomic DNA from ntl-like embryos. Individual embryos were placed
in 50 µL of 1X thermopol buffer. I heated the samples to 98˚C for 10 min, then cooled them to
55˚C. After adding 5 µL of 10 mg/mL proteinaseK, they were incubated at 55˚C for 1 h, and
flicking the tubes after 30 min helped to break up embryos. The samples were heated to 98˚C for
10 min to inactivate proteinase K. I centrifuged the samples for 3 min at 18,407 RCF to pellet
undigested tissue, and remove the supernatant containing the genomic DNA to clean tubes.
2. I used PCR to amplify the 226 bp region for ntl using the primers listed above in the materials
section.  I used 1 µL of genomic DNA in a 10-µL PCR reaction (PCR: 94˚C for 2 min; 94˚C for
30 s, 55˚C for 30 s, 72˚C for 30 s, for 30 cycles; 72˚C for 2 min, 4˚C hold). Due to a 1.5 kb
insertion in the ntlb195 allele, the ntlb195 chromatids were not amplified using this protocol,
allowing one to assay only the chromatid inherited from the ZFN mRNA-injected parent.
3. The PCR product was digested with BsrDI in a 20 µL reaction at 65˚C for 1 h.
4. I ran the digest on a 2% agarose TBE gel. The expected band sizes were 226 bp for the mutant
allele, 176 bp and 50 bp for the wild-type allele.
Sequencing
5. To subclone the PCR product into the TOPO TA cloning pCRII vector, I combined 4 µL of
the undigested PCR product (from step 2 above) with 1 µL of salt solution and 1 µL of vector for
10 min at room temperature.
6. To transform bacteria, I added 1 µL of the ligation reaction to 100 µL of competent cells, and
incubated the cells on ice for 20 min before heat shocking them at 42˚C for 45 s. I recovered the
cells on ice for 2 min, added 900 µL of LB medium, and shook the tube at 37˚C for 45 min.
7. I plated 50 µL of cells on selective media plates and grew them overnight at 37˚C.
8. Multiple colonies were selected for sequencing with a T7 sequencing primer. If mutations are
ZFN-induced, there should be short insertions, deletions, or a combination thereof at the site of
ZFN binding.

Results

Transient assay: gol

gol-targeting ZFNs that were identified to be active by Sangamo in their yeast assay were
prioritized for testing in zebrafish (see Fig 2.3A). I then transcribed RNA encoding these ZFNs
in vitro and injected the RNA into embryos heterozygous for the golb1 point mutation (Lamason
et al. 2005). At 2 days post fertilization (dpf), injected embryos were immobilized in 0.004%
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Tricaine and the eyes, which in uninjected heterozygotes are uniformly pigmented, were
evaluated for the appearance of unpigmented patched of cells. When 7 ng of gol-targeting ZFN
Pair 1 RNA was injected, 24% of injected embryos (n=123) were found to have clonal patches of
unpigmented cells (see Fig. 2.3B). These mutagenic events were observed in a dose dependent
manner, as the percentage of embryos with unpigmented cells dropped to 13% for 5 ng injections
(n=70), and 0% for 1 ng injections (n=50). The numbers of embryos with unpigmented patches
for Pair 14 and Pair 15 injected at a 5 ng dose were both 32% (n=49 and 37, respectively). At a 1
ng dose, 7% and 10% of embryos showed clonal patches (n=42 and 29), respectively, and at a
0.2 ng dose, 2% showed clonal patches (n=58 and 45) (see Fig. 2.3C). Not only did these ZFNs
induce mutations in a dose-dependent manner, their activity in zebrafish also correlated well with
their activity in the yeast assay. Moreover, ZFNs that showed no activity in the yeast assay that
were injected into zebrafish also did not induce any pigment mutations in the eyes of golb1

heterozygotes (data not shown). Meanwhile, ZFN inection induced low rates of toxicity, 4-5%
for the low dose of the pairs, 11-24% for the high dose.

I hypothesized that the pigment clones represented a somatic mutagenic event by the gol-
targeting ZFNs on the wildtype chromosome, which failed to be complemented by the golb1

mutation and revealed the pigmentation defect. To test this, DNA was isolated from whole
embryos containing unpigmented eye clones and Sangamo sequenced the region surrounding the
ZFN binding site from 192 randomly chosen clones. Using the primers listed in the Genotyping
materials section, researchers at Sangamo amplified a 312 bp product from individual fish with
pigment clones. The PCR products were pooled and subcloned using the TOPO TA cloning kit.
This ligation product was transformed, the bacteria were plated, and multiple colonies were
picked for sequencing. Of 192 reads, 10 sequences showed mutations that were small deletions
(ranging from 7-65 bp) and insertions (4 and 12 bp) at the ZFN cut site, which are classic
signatures of mutagenic NHEJ repair (see Fig 2.3D).

Transient assay: ntl

To see if ZFNs could also be used to mutate another locus, I also tested ntl-targeting
ZFNs that exhibited high cleavage activity in the yeast assay in zebrafish (see Fig. 2.4A). RNA
encoding these ZFNs was transcribed in vitro and injected into embryos derived from a cross
between a ntlb195 heterozygote and a wildtype fish (ntl is an embryonic lethal mutation). After
injection, some embryos exhibited a phenotype mimicking the ntl null or hypomorphic
phenotype: reduced posterior mesoderm, misshapen somites, and lacking notochord (see Fig.
2.4B). ZFN pair 2 induced these phenotypes in 27% of injected embryos (n=66), while pair 3
induced a ntl-like appearance in 19% of injected embryos (n=91). When one considers that only
half of the embryos injected were actually heterozygous for ntlb195, this is an especially high
percentage of affected embryos. There was also a low incidence of toxicity with the ntl ZFNS: 3-
6% with developmental defects, depending on the pair used (see Fig. 2.4C).

Because the ntl phenotype is more pleiotropic than the gol pigmentation defect, there was
some concern that I could be observing malformed embryos due to ZFN toxicity. However, some
of the injected embryos had forked tails and/or a less severe phenotype that was reminiscent of
hypomorphic ntl mutants. The heart-shape forked tail is characteristic of ntlb487, a hypomorphic
allele previously characterized by my advisor (data not shown). In addition, when I performed in
situ hybridization for ntl expression, which is normally expressed uniformly throughout the
notochord and in the tailbud, on 18-22 hpf embryos, staining was patchy. This is identical to the
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ntlb487 in situ phenotype, indicating aberrant notochord development (the null mutant completely
lacks notochord) (see Fig. 2.4D).

These ntl-null and hypomorph embryos were gathered for sequencing in the same manner
that the gol ZFN mutated embryos were processed. Sangamo found deletions ranging from 1-10
bp and insertions from 4-11 bp typical of NHEJ mutagenic repair (see Fig. 2.4E). In addition,
Sangamo showed using a mis-match sensitive nuclease assay that found ntl-like, ZFN-injected
embryos had between 3-17% mutant chromatids (see Fig. 2.4F).

Induction of biallelic mutations

Because ZFNs have been known to induce biallelic mutations in other systems (Urnov et
al. 2005, Wright et al. 2005, Maeder et al. 2008, Santiago et al. 2008), I wanted to test whether
ZFNs could also mutate both chromatids in a cell in zebrafish. While single cell analysis, which
is necessary to prove a biallelic event, is not feasible in zebrafish, I did see evidence supporting
ntl ZFN-induced biallelic mutations. When wildtype embryos were injected for the germline
assay, described in the following section, I found that some of these grew up without tails (see
Fig. 2.5A). When Pair 2 was injected, 21% of fish were tailless (n=58), and 7.7% were tailless
when Pair 3 was injected (n=52). I hypothesized that these fish were a result of a late biallelic hit
in the cells giving rise to the tail. Sangamo again assisted with sequencing a small tissue sample
taken from the stumps that formed where the tail fin would ordinarily grow. From three fish, 25-
30 sequence reads were obtained for each sample, and ntl mutant chromatids were identified in a
substantial fraction: 10-28% of the reads. In each of these samples, only one, two, or four
different alleles were observed, indicating clonal expansion of a rare biallelic event. This is in
contrast to the sequences obtained from transiently injected embryos (for example, those in Fig.
2.5C), which are the result of individual separate events.

In addition, I also found I could induce putative biallelic mutations in more than just tail
cells in the embryo if I used a more active form of the FokI endonuclease. While all previous and
the germline experiments to be described utilized ZFNs containing the obligate-heterodimer FokI
variant (Miller et al. 2007), for this single experiment I used ZFNs containing the wildtype FokI
variant. When this was injected into wildtype (not heterozygous, as done for the transient assay)
embryos, a ntl-like phenotype (see Fig. 2.5B) was observed in 83% of embryos at the highest
dose (n=24); however, these ZFNs were also very toxic as only 33% of them survived to 24 hpf
after injection. The lowest dose I tested induced ntl-like phenocopy in 23% of embryos (n=88),
while having a 94% viability rate. Sangamo obtained multiple sequence reads from one of these
ntl-like embryos and found a large range of insertions and deletions (see Fig. 2.5C).

Germline analysis

gol and ntl-targeting ZFNs were injected into wildtype embryos and raised to sexual
maturity to assay whether mutations were also induced in the germline. Complementation
crosses were performed with golb1 homozygous adults and ntlb195 heterozygous adults. Of 12 gol
ZFN-injected potential founders (average clutch size=123, with a minimum clutch size of 50 or
more required to be counted as screened), 1478 embryos were screened, and none were
recovered with the gol pigmentation defect. Of 18 ntl ZFN-injected potential founders screened,
11 were recovered that gave a subset of ntl mutant progeny (see Fig. 2.6A). The rate of germline
mutations ranged from 1-53%, at an average rate of 20%. When the region surrounding the ZFN-
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binding sites of the ntl mutant progeny were sequenced by Sangamo, all founders were found to
be carrying at least 1 allele that was either a small insertion or deletion at the ZFN cut site (see
Fig. 2.6B for an example of mutant alleles sequenced from Founder A). Founders were
outcrossed to wildtype fish, and their progeny raised. Genotyping (described in the next section)
of fin clips from these progeny recovered heterozygotes consistent with the original germline
transmission rate estimated from complementation crosses of the founder parent, indicating there
is no lethality associated with ZFN-induced mutations in heterozygous form. In addition, I found
that mutations were stably transmitted to F2 progeny.

Genotyping

Clever ZFN design involves selecting sites where the spacer domain between the left and
right ZFNs is also a restriction enzyme recognition site. Mutagenic NHEJ repair at this site will
in all likelihood mutate the restriction enzyme. One can then screen for induction of mutations by
looking for loss of sensitivity to digestion by this restriction enzyme. In my case, the spacer
domain for the ntl ZFNs was a BsrDI site. Both researchers at Sangamo and I used this approach
to genotype both ntl mutant and wildtype embryos obtained from the complementation crosses to
both confirm mutations in the mutant progeny and to reveal ZFN-induced mutations in the
wildtype embryos that likely did not inherit the ntlb195 chromosome from the heterozygous
complementing parent.

Discussion

Through a fruitful collaboration with Sangamo Biosciences, I have demonstrated that
transient ZFN expression via mRNA injection can be used for rapid, efficient mutagenesis in
zebrafish to create a permanent, heritable modification in the genome, a technique not previously
available to zebrafish researchers. Sangamo’s yeast-based assay identified ZFNs that cleaved
efficiently in vivo, and these were prioritized for injection into zebrafish. Transient assays with
injections into embryos heterozygous for the test loci demonstrated effective ZFN-induced
somatic mutations, as many as 32% and 26% of injected embryos exhibit the expected
phenotypes for somatic mutations for gol and ntl, respectively. The phenotypic results were
confirmed with sequencing data performed by Sangamo. Moreover, the rates of somatic
mutagenic activity correlated with the relative activity of the ZFNs in the yeast assay. Germline
assays by injecting into wildtype embryos and raising them to maturity for complementation
crosses showed the ntl ZFNs induced mutations in 60% (n=18) of screened potential founders
transmitting germline mutations at an average rate of 20%. The high rate of founders recovered,
plus the ability to molecularly assay ZFN-induced mutations by genotyping for loss of sensitivity
to a restriction enzyme whose site should be mutated by NHEJ repair, suggests that
complementation crosses, and therefore a preexisting allele of the mutation, are not necessary to
reveal ZFN-induced germline mutations, at least for some loci.

In addition to my work, two other groups have also demonstrated that ZFNs effectively
mutate other loci in zebrafish (Meng et al. 2008, Foley et al. 2009). Meng and colleagues
targeted the kdra locus using ZFNs designed by selection in a bacterial one-hybrid assay (see
Background chapter for more details), while Foley and colleagues targeted the tfr2, dopamine
transporter, telomerase, hif1aa, and gridlock genes using ZFNs designed using the OPEN
method. Both groups used mRNA delivery, and somatic mutations were recovered for all loci.
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Meng et al. (2008) had to inject much lower amounts of ZFN mRNA to avoid toxicity problems:
5 pg was their usual dose, while I could go as high as 5 ng and still observe mostly normal
morphology. They observed nearly complete lethality at the 50 pg dose, even though they used
the obligate heterodimer DD and RR FokI variants (Szczepek et al. 2007). I speculate that this
may be due to their use of pCS2 expression plasmids (Sangamo’s ZFNs were in pVAX plasmids
and I did not subclone), which perhaps give more efficient in vitro RNA transcription. An
alternative and non-mutually-exclusive explantation could be that I used ZFNs containing four
ZFPs, while these groups used three-finger ZFNs. Increasing the size of the binding site may
have decreased off-target effects and therefore toxicity. Meng et al. (2008) did not observe any
phenotypic defects in ZFN-injected embryos; however, the injections were performed in
wildtype embryos. Because the spacer domain of their target site was the NspI restriction enzyme
recognition site, they saw NspI-cleavage resistant PCR products in injected embryos but not in
wildtype embryos. Sequencing the PCR product revealed mutations in 9 of 94 clones, deletions
of 4-6 bp and insertions of 4 and 10 bp, indicating a somatic mutagenic frequency of ~10%
(Meng et al. 2008). This number is consistent with the data obtained from Sangamo’s mismatch
sensitive endonuclease assay for ntl ZFN-injected embryos (3-17%), and higher than the
incidence of somatic mutations found by sequence reads of gol ZFN-injected embryos (~5%).
Meanwhile, OPEN ZFNs designed by Foley et al. 2009, also using an obligate heterodimer FokI
variant (Miller et al. 2008), could be injected at higher doses, up to 400 ng for dopamine
transporter (Foley et al. 2009). Because they use the same expression vector for RNA generation
as Meng and colleagues (2008), they speculate that they can inject their ZFNs at higher doses
without toxicity because they have better ZFP arrays than those found by Meng and colleagues
(2008), possibly due to difference in the stringency of their selection assays. When they pooled
4-10 injected embryos and obtained 32-47 sequence reads for each, Foley and colleagues
obtained similar incidences of somatic mutations (3-20%) to that of Meng et al. (2008) and our
work. Deletions ranged from 7 to 40 bp, and insertions ranged from 2 to 14 bp (Foley et al.
2009). Germline mutations were recovered from all loci except gridlock, which did not have
founders old enough for screening at the time of publication (Foley et al. 2009). Between their
work and mine, 6 loci have been successfully targeted in the zebrafish germline, with an average
rate of 34% founders recovered, transmitting germline mutations at an average rate of 19%
(Doyon et al. 2008, Meng et al. 2008, Foley et al. 2009). This suggests that regardless of ZFN
design method, these nucleases are a good tool for zebrafish researchers to target loci for
mutagenesis.

Although ntl-targeting ZFNs effectively produced germline mutations, I did not recover
any germline mutations induced by gol-targeting ZFNs, although I did not screen a large number
of fish. There are several reasons why some ZFNs may be less effective; two possibilities are
that there might be a chromatin accessibility issue for some ZFNs in germline cells or expression
of the target gene may affect cleavage effectiveness. The latter seems relatively unlikely when
one considers the timing of expression of the zebrafish loci that work effectively for germline
mutatagenesis: kdra expression begins with the onset of somitogenesis (10 hpf) (Thisse et al.
2008), tfr2 is expressed in liver cells at 52 hpf (Fraenkel et al. 2009), dopamine transporter at
mid-segmentation (18 hpf) (Holzschuh et al. 2001), telomerase expression has only been
examined in adult zebrafish (Lau et al. 2008), and hif1aa expression has not been characterized.
Meanwhile, ntl expression begins before the onset of gastrulation, at 4 hpf (Thisse et al. 2001)
and gol expression at 24 hpf (Lamason et al. 2005). The timing of when these loci are mutated by
ZFNs is significant because earlier mutation events will create a larger germline clone before the
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germ cell precursors expand. Genetic mutagenesis studies suggested that zebrafish germ cell
precursors are ordinarily specified and set aside at early blastula stages when there are five of
them (Walker and Streisinger 1983). Later work after the zebrafish homolog of the Drosophila
germ cell marker vasa was cloned showed that four cells had vasa staining from the 32-cell stage
through the 1000-cell stage (3 hpf) (Olsen et al. 1997, Yoon et al. 1997). Furthermore, research
in human embryonic stem cells specifically targeted a gene that was not expressed in stem cells
to see if ZFNs could access this type of target, and found that indeed they could, with similar
efficiency to expressed genes (Hockemeyer et al. 2009). Therefore, it seems unlikely that
expression-based chromatin accessibility is a factor in recovering gol germline mutation events.
Another possibility to consider is whether the chromosomal location affects ZFN mutagenesis –
gol is a telomeric gene, while ntl is centromeric. kdra, tert, and hif1aa are mid-arm. However,
dat and tfr2 are telomeric and were successfully targeted in the genome. Therefore it may also be
unlikely that chromosomal location and chromatin accessibility associated therein affects ZFN
mutagenesis capability, although I agree that the numbers are small. I believe the most likely
explanation is simply that the gol ZFNs were less effective than the ntl ZFNs. For instance, while
I could observe nearly a complete phenocopy of the ntl null or hypomorphic ntl phenotype after
ZFN injections into ntlb195 heterozygotes, I never observed a nearly pigmentless, or close
phenocopy of the gol mutant phenotype after ZFN injection into golb1 heterozygotes. I believe
that if I screened more founders I could eventually recover one carrying germline mutations. If I
were to obtain a germline founder in the next 1-3 gol ZFN founders screened (giving a frequency
of 1/13 to 1/15 founders transmitting new alleles to progeny), this would reveal a frequency of 6-
8%, which is still within the range reported at other zebrafish loci.

With the expression of a mutagen, there are concerns with off-target effects. To address
this, Sangamo generated SELEX data for the ntl ZFN consensus binding site. Some base pairs
had some wobble room, but the ntl locus was the only exact hit in the zebrafish genome. Using a
position weight matrix, the next top 10 most likely sites for ntl ZFN binding off-target were
identified. They sequenced these targets in 15 of the ntl-like progeny derived from our founders
and did not find any mutations at the off-target sites. Meng et al. (2008) looked at off target
effects using deep sequencing: they examined 41 potential off-target sites that differed 1-4 bp
from the consensus, as well as putative homodimerization sites. Using Solexa sequencing on
uninjected and kdra ZFN-injected embryos on PCR products from all 41 sites plus the kdra site
itself, they did not find any mutations in uninjected embryos. At the kdra site in morphologically
normal injected embryos, mutations were found in ~20% of reads. Only 2 of the off-target sites
had mutations at rates of ~1%; therefore, ZFNs are 770-fold more likely to cleave at the desired
target site than at other places in the genome. In morphologically aberrant embryos, the number
of off-target mutations increased, but the ZFN-induced mutations at kdra were still 170-fold
more likely to occur. Consistent with using the obligate heterodimer variant of FokI, they did not
recover any mutations at the homodimerization off-target sites (Meng et al. 2008). The other
zebrafish ZFN work did not analyze off-target mutation rates (Foley et al. 2009).

In the end, this work has not only demonstrated the effectiveness of a novel tool for
genome modification available to zebrafish researchers, my approach of RNA injection
demonstrates that this method could be applicable to a wide range of organisms where RNA can
be delivered into embryos. In fact, other work published since my work has used the RNA
approach in flies and rats (Beumer et al. 2008, Geurts et al. 2009). Because most systems do not
have a reliable stem cell system to generate knockouts, ZFN-mediated mutagenesis could
therefore be valuable to many laboratories in a range of fields.
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Figure 2.1: Yeast-based activity assay identifies ZFNs with good cleavage activity.

Specialized yeast strains are developed that carry a reporter construct integrated at the HO locus.
This reporter consists of the target sequence of interest, which can be cDNA, genomic DNA, any
sequence up to 10 kb in length, between direct repeats of the MEL1 gene, a secreted form of α-
galactosidase. The yeast are transformed with inducible expression constructs containing the
ZFNs to be tested. If the ZFNs bind the target sequence and create a DSB, then the yeast are very
efficient at repairing the DSB with the appropriate templates. Here, the entire heterologous
sequence is resected until the homology of the direct repeats is detected, at which point
recombination repairs the ORF of MEL1. Yeast cells will then begin secreting Mel1 into their
culture media, which can be taken, reacted, and analyzed colormetrically to determine the
cleavage activity of the ZFNs.



34

Figure 2.1
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Figure 2.2: Experimental Overview

This is an overview of the scheme I used to target test loci for mutagenesis in zebrafish. The first
2 steps were carried out at Sangamo Biosciences, who used their proprietary library to find good
ZFPs that could bind target sites in the gol and ntl loci. A variety of good composite target sites
exist within both genes that their experimentally validated ZFPs recognize, and sometimes there
are multiple choices of different ZFPs for the same site. Therefore, Sangamo built several to
many ZFNs (step 1) for each loci and also designed a yeast based assay (step 2) to determine
which of these ZFNs had the best cleavage activity. In the yeast assay, the target sites are cloned
between direct repeats of MEL1, a secreted form of α-galactosidase (see also Fig 2.1). If the test
ZFN pairs can cleavage the target, then the yeast cells will resect the heterologous sequence and
repair the ORF of MEL1. The relative activity of the ZFNs can then be quanitified by the amount
of MEL1 secreted into the yeast culture media. The ZFNs that had the best activity in the yeast
assay were then prioritized for injection into zebrafish. I carried out steps 3 and 4, including
synthesizing mRNA encoding the active ZFNs and injecting them into zebrafish embryos for
both somatic (transient) and germline assays. I injected into embryos that were heterozygous for
the test loci for the somatic mutagenesis assays. With only one wildtype chromosome per cell for
the ZFNs to mutate, I hoped to increase my chances of detecting mutagenesis at the phenotypic
level. For the gol-targeting ZFNs, I assayed for loss of retinal pigmented epithelial cells. For the
ntl-targeting ZFNs, I assayed for loss of posterior mesoderm and notochord. The molecular
assays to complement my work were done at Sangamo, such as sequencing the region
surrounding the ZFN binding site in the embryos exhibiting phenotypic defects. In addition,
these embryos could also be subject to Cel1 analysis: this mismatch sensitive nuclease cleaves
heterozygous PCR products, allowing one to quantify the amount of NHEJ occurring in the
selected embryos. For germline mutagenesis analysis, I injected ZFN mRNA into wildtype
embryos and raised these fish to adulthood. The potential founders were then crossed to fish
carrying previously existing alleles of gol or ntl. The resulting progeny were screened for gol or
ntl null phenotypes. These progeny could also be molecularly analyzed by digesting the mutant
embryos with the restriction enzyme whose recognition site is the spacer domain between the
ZFN binding sites. NHEJ-mediated repair at this site mutates the site and embryos can be
screened by loss of sensitivity to cleavage by this restriction enzyme. This restriction enzyme
analysis was done both by myself and at Sangamo. Sangamo sequenced the region surrounding
the ZFN binding sites in mutant embryos to determine the presence of ZFN-induced mutant
alleles in these embryos.
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Figure 2.2
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Figure 2.3: Injection of gol-targeting ZFNs induces somatic mutations in golb1 heterozygous
embryos.

A. Graph of activity of gol-targeting ZFNs in yeast assay. Twenty-one pairs of ZFNs were
designed to target across the gol-locus. Their relative activity in the yeast assay was quanitified
and is shown in the graph. Pairs 14 and 15 were chosen because they were very active while
causing low toxicity in the yeast. Pair 11 was not chosen because it is toxic in yeast cells (data
not shown). Pair 1 was of interest because it binds close to the golb1 point mutation and had some
activity. The exons in which these pairs bind are shown on the locus diagram below the graph.
B. Embryos exhibiting unpigmented patches of cells in their eyes after ZFN injection. The eye of
the embryo in the left-most panel is uniformly pigmented, as is the case in golb1 heterozygotes.
However, upon injection of 5 ng of RNA encoding gol-targeting ZFN (Pair 14), some injected
heterozygotes displayed unpigmented patches of cells in the eye. These patches occurred in
multiple places, in both eyes (e.g., 3rd panel), and in different parts of the eye, such as the back of
the eye (last panel).
C. ZFNs induce mutations in a dose-dependent manner. As increasing amounts of each pair of
mRNA were injected into golb1 heterozygotes, the percentage of embryos with unpigmented
patches of cells increased (purple bars), with a concomitant decrease in wildtype eye
pigmentation (blue bars). The yellow bars represent the embryos that were not scorable due to
toxicity and aberrant development; overall, these ZFNs had relatively low toxicity. Note that the
activity in zebrafish correlates well with the activity of the ZFNs in the yeast assay (i.e. I needed
to inject more of Pair 1 to achieve the same rates of somatic mutagenesis with Pairs 14 and 15).
One pair of ZFNs that was inactive in the yeast assay was also injected in zebrafish and no
evidence of unpigmented patches of cells in the eye was observed (data not shown).
D. Mutant sequences obtained from embryos with unpigmented patches of cells in the eye. From
196 sequence reads of DNA (prepared from whole zebrafish embryos displaying a ntl-like
phenotype) from the region surrounding the ZFN-binding site, these were the sequences obtained
with mutations. These small insertions and deletions are classic signatures of mutagenic repair by
NHEJ.
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Figure 2.4: Injection of ntl-targeting ZFNs induces somatic mutations in ntlb195

heterozygous embryos.

A. Graph of activity of ntl-targeting ZFNs in yeast assay. Eleven pairs of ZFNs were designed to
bind across the ntl-locus. Their relative activity in the yeast assay was quanitified and is shown
in the graph. Pairs 2 and 3 were chosen because they were the most active and because they cut
at the same site, which is 62 bp away from the ntlb195 1.5 kb insertion.
B. Embryos exhibit a ntl-like phenotype after ZFN injection. Embryos for the transient assay
were obtained from an outcross between a ntlb195 heterozygote and a wildtype fish. In the top
panel is an uninjected embryo from that cross, which has either a wildtype or heterozygous
genotype. In the bottom panel is a heterozygous embryo after injecting 5 ng of Pair 2. This
embryo closely resembles a null ntl mutant, with missing posterior mesoderm, reduced or
lacking notochord, and misshapen somites.
C. ntl-targeting ZFNs exhibit high levels of activity and relatively low toxicity. When one
considers that these embryos were derived from an outcross, and therefore that only half of the
injected embryos were actually heterozygous for the target allele, the highest percentage of
embryos one could expect to see affected at the phenotypic level would be 50%. In fact, between
19-27% of embryos did exhibit a ntl-like phenotype (purple bars) after ZFN injection, indicating
that these ZFNs are particularly active. In addition, the toxicity, or percentage of “uglies”
observed after ZFN injection (yellow bars) was also relatively low.
D. Some ntl ZFN-injected embryos exhibit a hypomorphic phenotype. Unlike the pigmentation
phenotype of the gol somatic mutations, which was very specific, it is possible that embryos with
a ntl-like might result merely from non-specific toxicity. For this reason, I was encouraged to see
some of the embryos after injection resembled a ntl hypomorph, b487, which has a distinct, but
related, phenotype. For instance, the ntlb487 mutant develops more tail mesoderm than the null
mutants, but the tail is still shorter than in wildtype, and it ends in a fork. I saw this is some of
the ntl ZFN-injected embryos (first panel). In addition, I analyzed for more subtle notochord
defects by doing an in situ hybridization for ntl expression. ntl is normally expressed uniformly
throughout the notochord and in the tailbud, as is shown in the 2nd panel, which was an embryo
scored as having a wildtype phenotype after ZFN injection. However, ntl expression in embryos
scored as having a ntl-like phenotype after ZFN injection was patchy and missing in some parts
of the notochord (3rd panel), a phenotype also seen in ntlb487 hypomorphic mutants (data not
shown).
E. Mutant sequences obtained from ntl-like ZFN injected embryos. The region surrounding the
ZFN binding sites was amplified from individual ntl-like embryos (both null and hypomorphic)
and the resulting PCR products were pooled for sequencing. Shown here are the mutant sequence
reads obtained, a range of small insertions and deletions at the ZFN cut site. Such mutations are
indicative of mutagenic repair by NHEJ.
F. Cel1 analysis of ntl-like embryos can quantify the amount of NHEJ that occurs. Sangamo
subjected PCR products from the ZFN-binding site in individual embryos scored as ntl-like after
ZFN injection to Cel1 digestion. During PCR, as wildtype and mutant sequences anneal together
to form heteroduplexes, the mismatches force a bubble to form in the PCR product. Cel1
recognizes these bubbles and cleaves the product. Using densitometry, Sangamo then quantified
the percentage of mutant chromatids, and therefore the percentage of NHEJ, occurring in these
ntl-like embryos. Remarkably, not very many cells need to carry ntl mutations for the embryo to
phenotypically resemble a mutant.
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Figure 2.5: ntl-targeting ZFNs induce biallelic mutations.

A. Some juvenile and adult ntl ZFN-injected fish develop without tails. Wildtype embryos were
injected with ntl-targeting ZFNs and raised for germline analyses. Some of these developed
without tails (top fish). As ntl is a recessive mutation, I believe that these tailless fish represent a
late biallelic mutation in the cells giving rise to the tail (see text for details).
B. Injection of ntl ZFNs with the wildtype FokI variant into wildtype embryos induces a ntl-like
phenotype in a high percentage of embryos. When ZFNs carrying the more active wildtype
variant of FokI are injected into wildtype embryos, up to 83% of these display a ntl-like
phenotype (2nd and 3rd panels): reduced tail mesoderm, misshapen somites, and reduced/missing
notochord, which is shown by ntl in situ hybridization (inset panels). However, these ZFNs also
induced a much higher rate of toxicity (data not shown).
C. Many NHEJ mutagenic sequences are recovered from ntl-like embryos after injection of ZFNs
with wildtype FokI. Sequencing the region surrounding the ZFN binding site from one of these
ntl-like embryos returned 24 mutant sequences, all small deletions or insertions or combinations
of both, indicating mutagenic repair by NHEJ after the ZFNs induce a DSB.
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Figure 2.6: ntl-targeting ZFNs induce mutations in the germline.

A. Wildtype and ntl progeny derived from a complementation cross between a ntl-ZFN injected
founder and a ntlb195 heterozygous fish. At 2 dpf, a subset of progeny derived from Founder A
exhibited the ntl null phenotype (right panel).  This particular Founder was transmitting germline
mutations as a rate of 15.3% (n=118). This estimate is extrapolated because only half of the
progeny carrying a ZFN-induced mutation will exhibit the null phenotype; the other half will not
because they did not inherit the b195 chromosome from the fish used in the complementation
cross. In fact, analysis of 96 of the wildtype embryos by genotyping found 11 of these carried
BsrDI resistant chromosomes, indicating an overall germline transmission rate of 19%.
B. Sequences derived from ntl mutant progeny obtained in complementation cross. The region
surrounding the ntl ZFN binding site was sequenced from the ntl mutant progeny. Because the
ntlb195 mutation is a 1.5 kb insertion close to the ZFN binding site, this chromosome is not
amplified in a PCR reaction with a short extension time. The progeny from Founder A were
found to be carrying 1 of 2 different alleles, either a small insertion or deletion at the ZFN cut
site, indicating that ZFN-induced mutagenic NHEJ repair can occur in the germline.
C. Table of ntl founders and germline transmission rates. Of 18 females screened, these 11
(61.1% founders with germline transmission) gave at least 1 ntl mutant progeny in
complementation crosses (Founders A-F) or by haploid analysis (Founders G-K). The range of
germline transmission is 2.6-52.6%, with an average of 20.1%.
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Figure 2.6

C Founder WT progeny ntl progeny % germline

A 109/118 (92.4%) 9/118 (7.6%) 15.3%

B 78/79 (98.7%) 1/79 (1.3%) 2.6%

C 42/45 (93.3%) 3/45 (6.7%) 13.4%

D 13/15 (86.7%) 2/15 (13.3%) 26.6%

E 5/6 (83.3%) 1/6 (16.7%) 33.4%

F 42/57 (73.7%) 15/57 (26.3%) 52.6%

G 123/141 (87.2%) 18/141 (12.8%) 12.8%

H 43/57 (75.4%) 14/57 (24.6%) 24.6%

I 95/101 (94.1%) 6/101 (5.9%) 5.9%

J 47/54 (87.0%) 7/54 (13.0%) 13.0%

K 93/118 (78.8%) 25/118 (21.2%) 21.2%
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Chapter 3

Using zinc finger nucleases for genome modification via homology-directed
repair

Background

After finding that using ZFNs for mutagenesis via the NHEJ DSB repair pathway worked
very efficiently in zebrafish, I was eager to see whether ZFNs could be used for more precise
genome editing via the HDR DSB repair pathway. Designing different donors could allow for a
range of possible sequence changes including adding fluorescent tags at endogenous loci,
generating conditional alleles by adding loxP sites at desired locations, creating temperature
sensitive alleles, making fish models of human disease, and much more. Achieving ZFN-
mediated HDR in this system would open up many novel avenues of experimentation and
contribute to making zebrafish a valuable laboratory model. HDR, or gene targeting, stimulated
via ZFN usage has already been achieved in several systems, including Drosophila (Bibikova et
al. 2003, Beumer et al. 2008), human cell culture (Porteus and Baltimore 2003, Urnov et al.
2005, Moehle et al. 2007), tobacco (Wright et al. 2005, Cai et al. 2009, Townsend et al. 2009),
corn (Shulka et al. 2009), and hESCs cells and hiPSCs (Hockemeyer et al. 2009, Zou et al. 2009)
with varying degrees of success.

I developed several assays for HDR utilizing the same gol- and ntl-targeting ZFNs I used
in my mutagenesis studies. I used a wildtype sequence spanning the golb1 point mutation as a
donor to repair this mutation by a ZFN DSB-induced homologous recombination between the
genomic sequence and the wildtype donor. For ntl, I built two different donors containing two
different knock-in sequences: one a small tag for molecular screening, another a GFP tag that
would create a fusion protein for visual screening. The different lengths of these knock-in
sequences (20 bp vs. 961 bp) can also be used to assay whether the length of non-homologous
sequence affects HDR efficiency. However, at the onset of these experiments, I realized it was
going to be a much bigger challenge than getting NHEJ-mediated mutagenesis with ZFNs,
namely because NHEJ is heavily favored over HDR in the zebrafish embryo.

The imbalance of DSB repair pathway choice in zebrafish was first demonstrated over a
decade ago using a linearized plasmid repair assay (Hagmann et al. 1998). Here, a gene encoding
kanamycin (kan) resistance was inserted between direct repeats of an interrupted tetracycline
(tet) resistance gene. Linearization of the plasmid and the subsequent repair would confer
different types of resistance depending on how the DSB was repaired: by simple end joining or
NHEJ, kan resistance; by HDR, tet resistance because recombination between the homologous
repeats would eliminate the kan resistance gene and restore the tet ORF. Several hours after
injection of the linearized plasmid into zebrafish embryos, DNA was recovered and transformed
into bacteria. They recovered far more colonies with kan resistance than they did with tet
resistance (Hagmann et al. 1998). Similar experiments were done in frogs and flies with the same
result (Hagmann et al. 1996, Hagmann et al. 1998). The thought is that because these organisms
have rapidly developing early embryos that undergo a number of rapid cleavages, a DSB must be
repaired quickly should it occur, and NHEJ is much faster than HDR [30 minutes vs. 7+ hours in
human cell culture (Mao et al. 2008)]. Rapid repair allows for uninterrupted continuation of
development, even at the cost of mutagenesis. Meanwhile, the reason that HDR may have been
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successful in other systems, such as cell culture may be due to the fact that HDR is much more
favorable than in fish and frog embryos. In mammalian systems, the ratio of HDR to NHEJ
repair has been found to be 9:13 (Liang et al. 1998).

Because NHEJ is the predominant DSB repair pathway in the zebrafish embryo, I
anticipate that to get HDR to occur efficiently, I will have to manipulate the embryos in various
ways in order to get HDR to be more favorable. Possible manipulations include using drug
treatments to change cell cycle timing, and manipulating the developmental window in which I
am trying to get the repair event to occur, suppressing suppressors of HDR, inhibiting
components of the NHEJ pathway. I will review these manipulations, and the rationale for trying
them in zebrafish, below.

Because HDR preferentially occurs in the S phase of the cell cycle (Saleh-Gohari and
Helleday 2004, Saintigny et al. 2007), one potential manipulation is to use drug treatments to
manipulate developing embryo cell cycles. Judith Campesi recommended using hydroxyurea.
Hydroxyurea scavenges tyrosyl radicals, which are necessary for ribonucleotide reductase
function, which is necessary for the generation of dNTPs and the progression of S phase (Moore
and Hurlbert 1985). It has been previously shown that zebrafish embryos can be soaked in
sublethal doses of hydroxyurea, although at higher doses they tend to exhibit developmental
defects (Baumann and Sander 1984, Ikegami et al. 1999, Stern et al. 2005). Therefore, I
hypothesized that these doses could be used as a starting point to soak injected embryos and
analyze for increasing the frequency of HDR events.

In addition, a more “natural” approach to undertake is to inject ZFNs and donors at a
developmental time during which HDR is more prevalent, or even preferred, compared to NHEJ.
Previous work in Xenopus has demonstrated that HDR is the preferred DSB repair mechanism in
oocytes, and as the oocyte matures, NHEJ comes to predominate in eggs (Lehman et al. 1993,
Hagmann et al. 1996). Hagmann and colleagues (1996) found via a plasmid repair assay that
stage VI oocytes could repair via HDR more than 80% of the time, whereas in fertilized eggs,
more than 95% of the repaired products were via NHEJ. Furthermore, they also found that the
kinetics of both repair mechanisms were fast, with most repaired product recovered after 20
minutes incubation post injection (Hagmann et al. 1996). Similar results were obtained by
another group’s plasmid repair assay. In this second study, investigators found that in even
earlier oocytes (stage IV) 100% of repair events were done via HDR, while in unfertilized eggs
NHEJ components accumulate and the end joining pathway is preferred 3:1 over HDR (Lehman
et al. 1993). One possible explanation for this phenomenon is that because oocytes are longer
lived and take awhile to mature, they have the luxury of using HDR to repair DSBs in an error-
free manner to assure that the future egg will be carrying a stable genome. Meanwhile, later in
maturation NHEJ components are turned on and begin to accumulate in the egg in anticipation of
fertilization and the rapid subsequent development that requires the faster DSB repair pathway. I
have obtained a modified version of the plasmid used to assay DSB repair by Lehman et al.
(1993) to test if the same is true of the biology of zebrafish oocytes and eggs. Eggs are easily
obtained from zebrafish females in a non-terminal manner; furthermore, oocytes can also be
dissected out, matured in vitro and fertilized to give viable embryos (Seki et al. 2008). If HDR
events are more favorable in the zebrafish unfertilized egg or oocyte, then I can inject ZFNs and
donors at that stage and then fertilize afterwards.

My targets of choice for suppressing suppressors of HDR are the RecQ helicases. These
helicases are known to suppress homologous recombination at stalled replication forks (Khakhar
et al. 2003); if cells use homologous recombination to restart replication in RecQ-deficient cells,
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then intermediate cruciform DNA structures accumulate at these forks in a DSB-dependent
manner (Liberi et al. 2005). Loss of the human RecQ genes lead to various syndromes all
associated with increased susceptibility to cancer and increased rates of mitotic recombination
(Ellis et al. 1995, Yu et al. 1996, Kitao et al. 1999, Wang et al. 2003, Hu et al. 2005). Dominant
negative constructs were made for the zebrafish RecQ genes blm and recql5 (Xie et al. 2007)
based on human mutations that cause mislocalization of wildtype protein and are associated with
increases in mitotic recombination (Neff et al. 1999, Wang et al. 2001). When these dominant
negative constructs were injected into golb1 heterozygotes, mitotic recombination, as assayed by
the appearance of mosaic pigment clones in the eye, occurred in between 1.7 and 3.6% of
injected embryos (Xie et al. 2007). These constructs were generously sent to me for use in my
HDR experiments.

Another way to promote HDR might be to inhibit, at least partially, the NHEJ pathway. I
chose several components of the NHEJ pathway to target for inhibition: Ku70 and Ligase4
(Lig4). Together with Ku80, Ku70 binds the broken ends of DNA, prevents degradation of the
nucleotides, and recruits other NHEJ components to the site of the break (Hefferin and
Tomkinson 2005). Injection of antisense MOs targeting Ku70 in zebrafish does not lead to any
overt morphological defects; however, when injected embryos are challenged with irradiation,
they have more apoptotic cells than those injected with control MOs or buffer (Bladen et al.
2007). The Kozlowski lab also kindly sent me Ku70 MOs for my experiments. Meanwhile, Lig4,
together with its essential binding partner Xrcc4, is responsible for ligating the broken DNA ends
back together during NHEJ. Encouraging data from Drosophila, where the lig-4 mutant is viable
and promotes nearly 100% of ZFN-induced repair events to occur via HDR (Beumer et al. 2008),
prompted me to try similar experiments in zebrafish. However, no one has studied lig4 function
in zebrafish, and while the fly mutant is viable, the mouse LIG4 mutant is embryonic lethal
(Barnes et al. 1998). We requested and obtained two zebrafish TILLING lig4 alleles from the
Fred Hutchinson TILLING consortium with early stop codons in amino acids 28 and 177. Due to
concerns about genome stability in a lig4 mutant background, I also developed an alternative
strategy by designing lig4 dominant negative constructs. The crystal structure of human LIG4
was recently solved, and the BRCT domains that interact with XRCC4 were identified (Wu et al
2009). It was shown that when the interaction domains alone were overexpressed (without the
rest of the protein), they out-competed the ability of endogenous LIG4 to bind to XRCC4, and
suppressed the ability of these cells to repair DSBs after irradiation (Wu et al. 2009).

Using the donors developed for HDR assays and ZFNs in combination with these various
manipulations, I have seen somatic evidence of HDR and continue to screen for germline events.
To date, I have not identified founders carrying an HDR event.

Materials and Methods

Donor construction

Materials

1. Wildtype genomic DNA
2. Primers to amplify stretch of wild-type DNA for gol rescue: F: 5’-
TGCAGAGATCCGTCAGTGTC-3’ and R: 5’-TGCACACACACATGGAGAGA-3’
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3. Phusion High Fidelity Taq Polymerase (Finnzymes), 5X buffer, and 10 mM dNTPs, store at
–20˚C
4. TOPO TA Cloning Kit (Invitrogen), store at –20˚C
5. Primers for site-directed mutagenesis to alter ZFN binding sites on gol rescue construct: Left
site (done first): F: 5’-
CATGGGTTCTGCTGTCTATAATCTGCTCTGCATCTGTGCAGCGTGCGGCC-3’, R: 5’-
GGCCGCACGCTGCACAGATGCAGAGCAGATTATAGACAGCAGAACCCATG-3’. Right
site: F: 5’-
CTATAATCTGCTCTGCATCTGTGCTGCCTGCGGCCTGCTGTCCTCTGCAGTG-3’, R: 5’-
CACTGCAGAGGACAGCAGGCCGCAGGCAGCACAGATGCAGAGCAGATTATAG-3’.
Underlined bases represent mutation sites.
6. DpnI (NEB), store at –20˚C.
7. Competent cells (i.e. TOP10, Invitrogen).
8. LB media: Add 25 g LB Miller Broth to 1 L water, autoclave 20 min.
9. Ampicillin plates: Add 25 g LB Miller Broth, 15 g agar to 1 L water, autoclave 20 min. Once
cool to touch, add ampicillin (final concentration: 50 µg/mL) to liquid and pour into Petri dishes.
Store poured plates upside-down at 4˚C.
10. Mini- and midi-prep kit (Qiagen).
11. Primers to amplify homology arms for ntl donors: F: 5’-
TGGGCCACTTTGTACGTCAAGAA-3’, R: 5’- TCTGGGACTTCCTTGTGGTCACTT-3’
12. DMSO
13. Primers for site-directed mutagenesis to generate unique Kpn I restriction site at ntl ZFN cut
site: F: 5’-GTCACCGGTCTCGACCCTAATGGTACCTACTCGGTCCTGCTGGATTTTG-3’,
R: 5’- CAAAATCCAGCAGGACCGAGTAGGTACCATTAGGGTCGAGACCGGTGAC-3’.
Underlined bases represent mutation sites. GCAATG (BsrDI restriction site)  GGTACC (KpnI
restriction site).
14. pBSKI2 plasmid
15. Primers to subclone ntl homology arms into pBSKI2 plasmid: F: 5’-
GTACCCCGGGGAGCTCGGATCCACTAGTAAC-3’, R: 5’-
GTACCCCGGGGATGGATATCTGCAGAATTCG-3’
16. XmaI (NEB), store at –20˚C
17. Calf Intestinal Phosphatase (Roche), store at 4˚C.
18. Gel electrophoresis materials.
19. pCS2+GFP plasmid
20. Primers to amplify GFP: F: 5’-GCATGGTACCATGAGTAAAGGAGAAGAACTTTTC-3’,
R: 5’-GCATGGTACCTTTGTATAGTTCATCCATGCCATG-3’
21. KpnI (NEB), store at –20˚C
22. Rapid DNA Ligation Kit (Roche), store at –20˚C
23. pXex:mCherry cassette containing plasmid from former lab member Dr. Aaron Garnett
(Garnett et al. 2009)
24. Primers to amplify pXex:mCherry cassette: F: 5’-
GCATGCGGCCGCGATCATCTAATCAAGCAAAATAAGGG-3’, R: 5’-
GCATGCGGCCGCTAGAGGATCATAATCAGCCATACC-3’.
25. NotI (NEB), store at –20˚C
26. SP6 mMessage mMachine transcription kit (Ambion), store at –20˚C
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27. Primers to introduce BamHI sequence tag knock-in: F: 5’-CGGATCCTGAGTAC-3’, R: 5’-
TCAGGATCCGGTAC-3’

Methods

golb1 rescue donor
1. I obtained genomic DNA from a single wild-type embryo (AB strain) using the materials and
methods described in the Genotyping section of Chapter 2.
2. To construct the golb1 rescue construct, I used the primers listed above to amplify a 2166 bp
piece using 2 µL of undiluted genomic DNA in a 20 µL reaction and a high fidelity Taq
polymerase to reduce errors during PCR (PCR program: 98˚C for 30 sec; 98˚C for 30 s, 66.8˚C
for 30 s, 72˚C for 2 min, for 27 cycles; 72˚C for 7 min; 4˚C hold).
3. The PCR product was then incubated with standard Taq polymerase for 10 minutes at 72˚C to
introduce polyA overhangs to use for TOPO cloning (Phusion Taq creates blunt-ended PCR
products).
4. I subcloned this product in the TOPO vector following the directions on the kit: I combined 4
µL of the PCR product with 1 µL of salt solution and 1 µL of vector for 10 min at room
temperature.
5. To transform bacteria, I added 1 µL of the TOPO ligation reaction to 100 µL of competent
cells, and incubated the cells on ice for 20 min before heat shocking them at 42˚C for 45 s. I
recovered the cells on ice for 2 min, added 900 µL of LB medium, and shook the tube at 37˚C
for 45 min.
6. Fifty µL of cells were plated on selective media plates and grown overnight at 37˚C.
7. Multiple colonies were selected for sequencing to find a donor without any mutations
introduced.
8. A midi-prep was performed for one of the positive sequenced clones to obtain template for
site-directed mutagenesis.
9. Because I did not want the gol-targeting ZFNs to bind to and cleave the donor, I performed
site-directed mutagenesis to obtain two synonymous mutations in each binding site. Using the
primers listed above, I set up the following PCR reaction: 12.4 µL of ddH2O, 4 µL of 5X
Phusion Buffer, 0.4 µL 10 mM dNTPs, 0.5 µL of each primer (10 µM dilutions), 1 µL of golb1

rescue plasmid (50 ng/µL), and 0.2 µL of Phusion Taq polymerase. The PCR program was: 98˚C
for 30 sec; 98˚C for 30 s, 66.8˚C for 30 s, 72˚C for 5 min, for 24 cycles; 72˚C for 7 min; 4˚C
hold. Then 1 µL of DpnI was added to the PCR product and incubated at 37˚C for 1 hour to
digest the methylated wild-type copy of the plasmid from bacteria. I transformed 1 µL of this
into competent cells and grew as described above, only I allowed a longer recovery time at 37˚C
before plating, approximately 2.5 hours. Shorter recovery periods did not work, so I presume the
bacteria need to process the PCR product in order to grow on selective media.
10. Multiple colonies were again sequenced to confirm that the correct mutations had been
introduced at the ZFN binding sites without introducing any non-synonymous mutations
elsewhere.
11. A midi-prep was performed to obtain material for injections (mini-prep DNA injections are
often toxic to zebrafish embryos)

ntl GFP knock-in donor
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12. The homology arms were amplified and subcloned as described above for the golb1 rescue
donor, only this region was GC-poor and had more secondary structure, so it was necessary to
use 5% DMSO in the PCR reactions. This did not introduce any mutations.
13. Because there is a site for the restriction enzyme recognition site for BsrDI, the spacer
sequence between the ntl ZFNs, in the left homology arm, it was necessary to mutate this site to
something unique among both homology arms and the plasmid backbone sequence. For this I
chose KpnI (GCAATG  GGTACC), and using the primers and the site-directed mutagenesis
protocol described above, this was accomplished.
14. Because the TOPO vector has a KpnI site, I subcloned the ntl homology arms into the
pBSKI2 vector, which doesn’t have a KpnI site, into the XmaI site. I achieved this by amplifying
out the homology with primers containing XmaI linkers (there are no XmaI sites in the
homology arms), and digesting the PCR product and the pBSKI2 vector with XmaI (the vector
was phosphatase treated simultaneously with digestion) at 37˚C for 2 hours. I separated the PCR
product from the plasmid template on a gel and purified the vector from the phosphatase, gel-
purified both of these fragments, and ligated them at a 3:1 insert:vector molar ratio. The ligation
was transformed and recovered as described above.
15. To subclone GFP in between the ZFN-binding sites, I used the primers with KpnI linkers
(primer design was such that GFP was sure to be in-frame with the ntl sequence once subcloned)
and amplified GFP off of the pCS2+GFP plasmid. I then digested both the PCR product and the
TOPO vector containing the ntl homology arms with KpnI (while simultaneously phosphatase-
treating the vector) at 37˚C for 2 hours. Gel purification, ligation, and recovery were done as
described previously, and clones were sequenced to identify those with GFP in the forward
orientation and to ensure no mutations had been introduced.
16. As a way to estimate random integration events, mCherry driven by the ubiquitous promoter
pXex was subcloned into the NotI site of pBSKI2 outside of the homology arms as done for the
previous 2 subcloning steps. Sequence confirmation was also done.
17. A midi-prep was done with sequenced clones to obtain material for injection.

ntl BamHI donor
18. Primers with a BamHI recognition site and an in-frame stop codon were designed with KpnI
overhangs and 5’ and 3’ phosphorylation. These primers were annealed by mixing them together
at 1 µM concentration, heating them to 94˚C in the PCR machine and then allowing them to cool
to room temperature on the bench.
19. Meanwhile, I digested 3 µg of the ntl GFP donor with KpnI with simultaneous phosphatase
treatment. After gel purification to separate the GFP fragment (and resuspending the vector in 60
µL), I used 1 µL of this vector plus 1 µL of the annealed primers in a ligation reaction with the
rapid ligation kit. Transformation, recovery, and sequencing were performed as previously
described.
20. A midi-prep was done with sequenced clones to obtain material for injection.

Zebrafish husbandry

The materials and methods for zebrafish husbandry are the same as described in Chapter 2.

Embryo microinjection
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The materials and methods for embryo microinjection are the same as described in Chapter 2.

Drug treatments

Materials

1. Hydroxyurea (HU) (Sigma-Aldrich)
2. Agar coated dishes: make 1.2% agarose solution with RO water, pour into 35 x 10 mm Petri
dishes, rotate dishes to coat the bottom evenly.
3. Forceps
4. Embryo medium. 12.5 mL 20X embryo medium stock (17.5 g NaCl, 0.75 g Kcl, 2.2 g CaCl2,
0.41 g KH2PO4, 0.178 g Na2HPO4•2H2O, 4.9 g MgSO4•7H2O; dH2O to 1 L, filter sterilize; store
at 4˚C), 237 mL RO water, 0.5 mL 500x bicarbonate stock (make fresh each time: 0.35 g sodium
bicarbondate in 11.67 mL RO water). Good for about a week.

Methods

1. I collected embryos of the desired genotype soon after they were laid (see Zebrafish
husbandry).
2. Embryos were transferred to agar-coated dishes and dechorinated with fine forceps
(dechorinated embryos will stick to plastic Petri dishes without coating).
3. HU was diluted to various doses (25 mM – 200 mM) and embryos were incubated for various
time points.

Egg procurement and microinjection

Materials

1. Hank’s Premix: 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM
CaCl2, 1.0 mM CaCl2, 1.0 mM MgSO4. Right before use, add 10 mL of RO water to 0.35 g
NaHCO3, add 0.1 mL of this to 9.9 mL of Hank’s Premix. Store Premix at 4˚C.
2. Blunt tipped tweezers
3. Sponges/packing foam with 2-3 cm slits cut in them
4. Tricaine stock: 0.4 g 3-amino benzoic acidehtylester (Sigma), 0.8 g Na2HPO4 (anhydrous) in
100 mL RO water. Add 4.2 mL stock to 100 mL fish water for adult fish. Store stock at 4˚C.
5. 35 x 10 mm Petri dishes (Falcon)
6. Metal weighing spatulas
7. Kimwipes
8. Capillary micropipets, 25 and 50 µL (Drummond Scientific)
9. Paper towels
10. Leibovitz L-15 Cell Media: 90%, pH 9.0, BSA 0.5%
11. Capillaries for injection needles, Boroscilicate with Filament. O.D. 1.2 mm, I.D. 0.94 mm. 10
cm length (Sutter Instruments).
12. Phenol red, 1% stock solution
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13. Sutter Instrument Co. Flaming/Brown Micropipette Puller (Model P-87), or comparable
puller. The parameters for our micropipette puller to generate injection needles are: Heat 573,
Pull 150, Velocity 100, Time 50, Pressure 110.
14. Olympus SZ-60 dissecting microscope with transillumination base, or comparable
microscope.
15. Pressure injector (Applied Scientific Instrumentation, #MMPI-3), including back pressure
unit and micropipette holder, or comparable injection apparatus.
16. An apparatus to hold embryos during injection. I used plexiglass molds, 3.5 x 12 cm, with V-
shaped grooves cut every 1 cm. The grooves were 1 mm wide and 0.5 mm deep.

Methods

1. To obtain eggs for microinjection I paralyzed females in 0.004% Tricane.
2. Once gills stopped rapidly moving, I removed the fish with a spoon, being careful to scoop
from head to tail so as to not disturb gill structure, rinsed the fish quickly in aquarium water, and
transferred her to a 1 cm thick pile of paper towels.
3. Using the spoon, I gently rolled the female across the paper towels to dry her as much as
possible, then transfered the female to a 35 x 10 mm Petri dish, laying her on her side.
4. With damp finger tips, I braced her back with the index finger of one hand while gently
pressing her abdomen with the index finger of the other hand to express the eggs. If the female
has eggs they should come out easily. Good eggs will be yellow in color and come out compactly
(less watery), while bad eggs are more milky white and watery.
5. L-15 media (diluted to 90%, with 0.5% BSA, and pH 9.0) was immediately added to hold the
eggs in a quiescent but fertilizable state once the media is removed.
6. To procure sperm (usually done before squeezing eggs) for later fertilization after injection:
paralyze males in 0.004% Tricane. The males were removed as described above for females, and
placed belly up in the slit of a damp sponge.
7. I dried off the genital region by blotting with a Kimwipe (exposure to water will activate
gametes).
8. Under a dissecting microscope, I held a capillary pipette against the genital pore while gently
stroking the sides of the male with blunt ended tweezers.
9. The collected sperm was transferred to ice-cold Hank’s solution and maintained at a
concentration where the solution is cloudy looking.
10. Eggs were gently pipetted onto the plexiglass mold for injection and as much of the L-15
media as possible was removed.
11. Eggs were injected under the micropyle, where the nucleus is, and transferred back into L-15
media where they were held until fertilization at a later time point or processed right away
without fertilization.
12. To fertilize the eggs, I removed as much of the L-15 media as possible, and immediately
added 30-50 µL sperm stored in Hank’s solution. Fertilization was activated by adding ~ 1 mL
fish water. After one minute I filled the rest of the dish with fish water.

Irradiation

Materials
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1. 137Cs source (Thomas Cline lab)
2. Disposable Culture Tubes, 10 x 75 mm (Fisher)
3. Parafilm
4. Rubber stopper with hole carved in to hold culture tubes
5. Timer

Methods

1. I transferred approximately 20-30 embryos per treatment group into culture tubes with equal
amounts of water in each tube. If embryos were injected, then those with notable phenol red dye
in the cells were chosen for irradiation, usually between 512 cell – high stages.
2. Tubes were covered with pieces of parafilm and taken over to the Cline lab, which has a 137Cs
source for irradiation.
3. The irradiation chamber is fairly small (about 3 inches in diameter and 5 inches high), and the
amount of radiation received varies within the chamber. Therefore a rubber stopper with a small
hole carved inside was placed inside the chamber, with the hole in the middle, to ensure each
tube would receive the same amount of irradiation.
4. The calibration for this irradiation chamber in the center was 167 rads/min of exposure. Time
was adjusted accordingly for each different treatment dose.

TUNEL staining

TUNEL staining was done to ensure that the Ku70 MOs were still working, and to assay whether
the lig4 dominant negative constructs were effectively inhibiting DNA repair after irradiation.

Materials

1. 4% paraformaldehyde (PFA)
2. Microcentrifuge tubes, 1.5 mL
3. Forceps: Dumont #5 tweezers, rustless.
4. PBST: 1x PBS plus 0.1% Tween-20.
5. 35 x 10 mm culture dishes (Falcon 353003).
6. Acetone
7. Ethanol
8. Terminal deoxynucleotidyl transferase (TdT) enzyme (Invitrogen)
9. Equilibration Buffer, 5X supplied with TdT
10. digoxygenin-dUTPs (Roche)
11. EDTA, 1 mM
12. Blocking solution: 5% BSA in PBST
13. Anti-digoxigenin antibody (Roche), store at 4˚C.
14. Coloration Buffer: 100 mM Tris-HCl, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-20, 15.
NBT and BCIP (Roche), store at –20˚C.

Methods
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1. After injection and irradiation, embryos were grown to 18-22 hpf and fixed in 4% PFA
overnight.
2. Embryos were rinsed 3-4 times quickly in PBST and then manually dechorinated with forceps
in a small Petri dish.
3. Embryos were washed 5 x 5 min in PBST in 1.5 mL centrifuge tubes.
4. Embryos were permeabilized in a 33% acetone, 66% ethanol solution for 10 minutes at –20˚C.
5. Embryos were washed 5 x 5 min in PBST at room temperature.
6. I then equilibrated embryos in equilibration buffer for 1 hour at room temperature.
7. The enzyme reaction was then carried out overnight at room temperature: 1 mL equilibration
buffer, 10 µL TdT, 1 µL of ddUTPs per tube of embryos.
8. The next day, embryos were washed 2 x 1 hour in 1 mM EDTA (chelation stops enzyme
reaction) at room temperature.
9. Following this, I washed embryos 4 x 1 hour in PBST.
10. Embryos were then blocked for 1 hour in blocking solution.
11. Anti-digoxigenin antibody in block (1:3000) was added, and the tubes were incubated
overnight at 4˚C.
12. Embryos were washed the following day 4 x 1 hour in PBST.
13. I then performed 3 x 5 min washes in coloration buffer.
14. The coloration reaction (4.5 µL NBT and 3.5 µL BCIP per mL of coloration buffer) was
performed in the dark for approximately 10 minutes.
15. When spots started to appear on the embryos, the coloration reaction was stopped with two
quick rinses in water, and then the embryos were transferred to PBST for mounting and
photographing later.

RNA synthesis

RNA was synthesized for the ZFNs as described in Chapter 2. Similar protocols were used to
make RNA for the RecQ and lig4 dominant negative constructs, only the plasmids (pCS2
backbone for all) were linearized with NotI and transcription was done with SP6.

Genotyping

Materials

1. dCaps primers for fh302 allele: F: 5’-AGTTCCGTTCATTCACCCCAGCACAGTTT-3’, R:
5’-CATTCGCTCCCTCTCAAAAG-3’.
2. XcmI (NEB), store at –20˚C, cuts wildtype sequence of fh302.
3. dCaps primers for fh303 allele: F: 5’- AACAGAAGGATCAAGTGAAGAAAAGCCCTT-3’,
R: 5’- GGTGCATCTGGATGGAAAACC-3’
4. Bpu10I (NEB), store at –20˚C, cuts mutant sequence of fh303.
5. Fin clip scissors
6. Tricaine stock: 0.4 g 3-amino benzoic acid ethylester (Sigma), 0.8 g Na2HPO4 (anhydrous) in
100 mL RO water. Add 4.2 mL stock to 100 mL fish water to anesthetize adult fish. Store stock
at 4˚C.
7. Thermopol buffer (New England Biolabs): 20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl,
2 mM MgSO4, 0.1% Triton X-100. Store at –20˚C.
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8. ProteinaseK (10 mg/ml)
9. Gel electrophoresis materials

Methods

1. Fish were paralyzed in diluted tricaine solution. I clipped a portion of the caudal fin and put
this sample into a tube filled with fish water. The fish were placed into a numbered beaker
corresponding to the fin sample.
2. I transferred fin samples to clean PCR tubes using P200 yellow tips and added 50 µL 1X
Thermopol buffer.
3. To extract DNA from fins, I heated the samples to 98˚C for 10 min, then cooled them to 55˚C.
Five µL of 10 mg/mL proteinaseK was added and the samples were incubated at 55˚C for 1 h,
and the tubes were flicked after 30 min to help break up embryos. The samples were heated to
98˚C for 10 min to inactivate proteinase K. I centrifuged the samples for 3 min at 14,000 RPM to
pellet undigested tissue. I removed the supernatant containing the genomic DNA to clean tubes.
4. PCR was performed using the dCAPs primers listed above. PCR program: 94˚C 2 min; 94˚C
30 sec, 51.7˚C 30 sec, 72˚C 30 sec for 3 cycles; 94˚C 30 sec, 58.4˚C 30 sec, 72˚C 30 sec for 28
cycles; 72˚C 2 min; 4˚C hold.
5. PCR products were digested with XcmI for the fh302 allele for 2 hours (could go overnight),
while digestion with Bpu10I for the fh303 allele went overnight at 37˚C.
6. The digests were separated on a 2% TBE gel. XmaI cleaved the wildtype product, giving band
sizes of 177 and 25 bp, while Bpu10I cleaved the mutant product, giving band sizes of 121 and
30 bp.

In situ hybridization

Materials

1. Paraformaldehyde: 4% solution in PBS, pH~7.4. Store at 4˚C for up to1 week.
2. PBST: PBS plus 0.1% Tween-20
3. Forceps: Dumont #5 tweezers, rustless
4. Hybridization Buffer. 25 mL formamide (pure grade, Fisher), 12.5 mL 20X SSC, 50 µL 50
mg/mL heparin, 500 µL 50 mg/mL yeast tRNA, 250 µL 20% Tween-20, 460 µL 1M citric acid,
sterile water to 50 mL. Store at –20˚C. Keep for up to 6 months.
5. 20X SSC solution: 175.3 g NaCl, 88.2 g Sodium citrate, bring volume to 2 L.
6. Block. 2.5 g BSA powder (Sigma, store powder at 4˚C) in 50 mL PBST. Store at 4˚C for up to
3 weeks.
7. Coloration Buffer: 100 mM Tris-HCl, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-20.
8. NBT, BCIP (Roche).

Methods

1. Embryos were fixed for in situs in 4% paraformaldehyde overnight at 4˚C in microcentrifuge
tubes (20 embryos/tube).
2. The next day, I rinsed embryos in PBST, dechorinated them with forceps, and transferred
them back into the tubes.
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3. Embryos were washed 5 x 5 minutes with PBST.
4. I incubate embryos in hybridization buffer at 65˚C for 1-4 hours.
5. Anti-digoxigenin labeled probe was added at 1:200 dilution in hybridization buffer at 65˚C
overnight.
6. The next day the following washes were performed at 65˚C: 5 minutes 66% hybridization
buffer/33% 2X SSC buffer, 5 minutes 33% hyrbridization buffer/66% 2X SSC, 5 minutes 2X
SSC, 20 minutes 1X SSC, 2x 20 minutes 0.1X SSC.
7. Following this were these washes at room temperature: 5 minutes 66% 0.1X SSC/33% PBST,
5 minutes 33% 0.1X SSC/66% PBST, 5 minutes PBST.
8. I then incubated embryos 1 hour in block.
9. Embryos were then incubated 2 hours in anti-digoxigenin antibody (1:5000 dilution in
blocking solution).
10. Embryos were then washed 5 x 15 minutes in PBST.
11. Following this, I washed embryos 3 x 5 minutes in coloration buffer.
12. To prepare coloration solution, I added 4.5 µL NBT and 3.5 µL BCIP per 1 mL coloration
buffer. I then added 500 µL coloration solution per tube and developed the in situs in the dark. I
would periodically check color development under a dissecting microscope with epiillumination.

lig4 dominant negative construction

Materials

1. Primers to amplify zebrafish lig4 BRCT domains: F for both BRCT domains: 5’-
GTACTTCGAAGTTGCCAAAGAGACAGATATG-3’. F for the 2nd BRCT domain: 5’-
GTACTTCGAAAAAGAGTATGATCAGTATGGAG-3’. R for both: 5’-
GTACTTCGAAAATCAGGTAGTCAATCTCATCC-3’.
2. Wildtype genomic DNA
3. pCS2+ plasmid
4. Restriction enzyme for cloning in lig4 sequence: BstBI.
5. Primers to amplify mCherry: F: 5’-GTACGGATCCATGGTGAGCAAGGGCGAGGAGG-3’,
R: 5’-GTACGGATCCTTACTTGTACAGCTCGTCCATGC-3’.
6. Gateway plasmid containing mCherry sequence: pME-mCherry, #386 in Tol2Kit maintained
by Chien lab.
7. Restriction enzyme for cloning in mCherry: BamHI.
8. Calf intestinal phosphatase (Roche), store at –20˚C.
9. Rapid DNA ligation kit (Roche), store at –20˚C.
10. Competent cells (i.e. TOP10, Invitrogen).
11. LB media: Add 25 g LB Miller Broth to 1 L water, autoclave 20 min.
12. Ampicillin plates: Add 25 g LB Miller Broth, 15 g agar to 1 L water, autoclave 20 min. Once
cool to touch, add ampicillin (final concentration: 50 µg/mL) to liquid and pour into Petri dishes.
Store poured plates upside-down at 4˚C.
13. Mini-prep kit (Qiagen).
14. Gel electrophoresis materials
15. NotI restriction enzyme (NEB), store at –20˚C
16. SP6 mMessage mMachine transcription kit (Ambion), store at –20˚C
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Methods

1. The zebrafish and human ligase4 sequences were aligned using NCBI’s website. The regions
homologous to the BRCT domains identified by Wu et al. (2009) to be important for interaction
with XRCC4 were targeted for amplification with the primers listed above.
2. When the expected band sizes were obtained for the second BRCT domain (450 bp) and both
BRCT domains (762 bp) the PCR product was digested with BstBI. Meanwhile, 3 µg of pCS2+
plasmid was also digested with BstBI while simultaneously being phosphatase-treated at 37˚C
for 2 hours.
3. The ligase4 sequences were ligated into pCS2+ at a 3:1 ratio, transformed, and recovered as
previously described. Clones were sequenced to confirm orientation and no introduction of
mutations.
4. The mCherry coding sequence was amplified from the Gateway plasmid #386 with primers
that had BamHI linkers and would clone mCherry in frame with the lig4 sequence in the pCS2+
plasmid. Restriction digest, ligation, transformation, and sequencing were done as described
above.
5. The constructs were lineared with NotI and transcribed using SP6 restriction enzyme as
described in Chapter 2.
6. Translation of the lig4 dominant constructs and efficient injection were confirmed by
screening for mCherry expression.

Sperm preparation

Materials

1. DNA Extraction Buffer:10mM Tris pH 8.2, 10mM EDTA, 200mM NaCl, 0.5% SDS, 200
mg/ml ProK (added later)
2. ProteinaseK, 10 mg/mL
3. Ethanol, 100% and 70%

Methods

1. Sperm (which was collected in 10 µl of Hanks solution, see Egg procurement section) was
suspended in 100 µl of Extraction Buffer without ProK. This started to lyse the cells.
2. To this I added 2 µl of 10 mg/mL ProK stock.  Final concentration is 200 µg/ml.
3. Samples were incubated overnight at 50˚C.
4. The ProK was heat inactivated at 95oC for 20min.
5. Cell debris was pelleted by spinning at 14,000 RPM for 10min at room temperature.
6. I extracted the supernatant and added 150 µl of 100% EtOH to precipitate DNA.
7. Samples were spun for 20min at 4oC max speed.
8. I washed the DNA pellets with 70% cold EtOH.
9. Samples were spun again for 10min at 4oC max speed.
10. I resuspended the DNA pellet in 100 µl of water.

PCR analysis
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Materials

1. GFP specific primers: F: 5’-CAAACCAAAGAATGGCATCA-3’, R: 5’-
AAAGGGCAGATTGTGTGGAC-3’
2. BamHI tag specific: F: 5’-GGTACCGGATCCTGAGTACC-3’. R primer (genome specific,
i.e. outside of homology arms of donor): 5’-GGGGGAAGTTTGAGTTGTTTG-3’
3. mCherry specific primers: F’: 5’-CCTGTCCCCTCAGTTCATGT-3’, R: 5’-
CCCATGGTCTTCTTCTGCAT-3’
3. Other standard PCR materials

Methods

1. Harvest DNA from embryos (as described above) or from sperm samples (as described
below).
2. PCR reaction set up: 1 µL of undiluted genomic DNA (embryos) or 5 µL from sperm DNA
preparations, plus 10 µL (embryo) or 20 µL (sperm) PCR mix, 0.25 µL of each primer (10 mM),
and 0.1 µL of Taq.
3. PCR cycle: 94˚C for 2 min, then 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 30 cycles, 72˚C
for 2 min, and 4˚C hold. Extension time is 1 minute for BamHI tag incorporation.
4. The expected band sizes are 158 bp (GFP), 246 bp (mCherry), and 885 bp (BamHI donor
integration).

Results

Donors designed for ntl knock-in and golb1 rescue

Donors were successfully constructed for the gol rescue experiments, ntl GFP knock-in
experiments, and ntl “small BamHI tag” knock-in experiments. For gol, I designed a rescue
donor, that is, a stretch of 2166 bp of wild-type sequence surrounding the cut site for ZFN Pair 1,
which is 217 bp away from the golb1 point mutation. Previous work in cell culture has suggested
that ZFN-induced DSB repair via HDR can effectively repair mutations within a ~200 bp
window from the ZFN cut site (Urnov et al. 2005). Work in plants has found that changes can be
as far as 1.5 kb away (Townsend et al. 2009). I injected this wild-type donor along with the gol
ZFN Pair 1 into golb1 homozygous mutant embryos and look for rescue of pigment cells in the
eye or on the body (results reported in the following section). For ntl, I designed two knock-in
donors: one a small sequence tag that basically carries a BamHI restriction site and an in-frame
stop codon so that I can screen both molecularly and by phenotype. The second donor fuses
promotorless GFP in-frame with the ntl sequence so that I can screen visually for GFP
expression in ntl-expressing cells such as those in the notochord and tailbud (results described in
following sections). Full sequences for these donors are available in Appendix A.

For the gol rescue construct, it was necessary to mutate the ZFN binding sites in the
donor to prevent recognition and cleavage by gol-targeting ZFNs. The bases chosen for mutation
did not change the amino acid coding sequence, but the changes are predicted to severely
compromise binding. In addition, the bases in these positions were strongly selected for in a
SELEX binding assay performed at Sangamo, and did not tolerate any other substitutions (JC
Miller, personal communication). It was not necessary to mutate the ZFN binding sites for either
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of the ntl donors because both knock-in sequences push the binding sites far enough apart that
the FokI domains should not be able to dimerize and cleave the donor sequence if both ZFNs are
bound to the donor. Doing midi-preps during this process was necessary for obtaining a clean
template for site-directed mutagenesis, and to obtain a non-toxic sample for injection into
zebrafish embryos. When I wanted to inject linearized donor, I cut these plasmids with EcoRI
(for the gol donor) and XhoI (for the ntl donors). Digests were phenol-chloroform extracted and
ethanol precipitated before injection. The ntl donors had a 772 bp left homology arm and a 782
bp right homology arm on each side of the knock-in sequences. The gol donor had a 1,056 bp left
homology arm and a 1,110 bp right homology arm. In addition, they also contained mCherry
driven by the ubiquitous pXex promoter after the right homology arm (see Fig 3.1). This was my
way of estimating random integration events, particularly if the donor is linearized, because
those cells would glow red. On the other hand, if the donors are incorporated by a specific HDR
event, the mCherry cassette should not be included because it is outside of the homology arms.

Evidence of somatic golb1 rescue via HDR

golb1 mutant embryos were obtained by both natural crosses and IVF of homozygous
mutant adults. These embryos were injected with golb1 rescue donor and gol-targeting ZFNs that
cleave 217 bp upstream of the golb1 point mutation. In a single experiment where donor and
ZFNs were injected alone, one embryo out of 50 surviving embryos had a patch of pigmented
retinal epithelial cells at 2 dpf, when gol mutant embryos are normally completely lacking in
pigmentation (see Fig. 3.2). Since then, an undergraduate in the lab, Michael Goldrich, has
attempted many more injections using the various manipulations described in the introduction of
this chapter and has yet to recover evidence of another somatic HDR event, however, in some
cases, the injections were done into the yolk cell instead of into a embryonic blastomere (cell),
which could have reduced efficiency. Raising these injected embryos and screening
approximately a dozen of them has also not recovered any germline HDR events.

Somatic evidence of ntl BamHI but not GFP knock-in

Co-injection of the BamHI donor, which is a 20 bp knock-in sequence containing a
BamHI restriction site and an in-frame stop codon, along with ntl-targeting ZFNs allows me to
screen embryos both molecularly and by phenotype. BamHI is a unique restriction site within the
226 bp window amplified by the genotyping primers used in Chapter 2. Of course, ntl-like
embryos can also result from mutagenic repair, as demonstrated in the previous chapter.
Nevertheless, they represent a valuable starting population in which to carry out analyses. After
injection of the donor and ZFNs, ntl-like embryos were separated, and were harvested for
individual genomic DNA samples. Because donor plasmid in these injected embryos remains
detectable by PCR for mCherry as long as 6 days after injection (data not shown), I designed
special primers to amplify for an HDR event in the genome. The forward primer bound
specifically to the BamHI knock-in sequence, while the reverse primer bound to genomic
sequence downstream and outside of the homology arms (to circumvent amplication off of the
donor plasmid). In two separate experiments (n=60 ntl-like embryos total), between 12 and 17%
of samples were found to give a band of the expected size if a correct HDR event had occurred
(data not shown). However, the number of chromatids that this represents has not yet been
quantified. The healthiest embryos from these injections were raised and crossed to ntlb195
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heterozygous fish. Of 10 potential founders analyzed, 5 gave ntl mutant embryos, but none of
these had a PCR product sensitive to BamHI cleavage (see Table 3.1). These did give PCR
products resistant to BsrDI cleavage, implying that the ntl mutations could be a result of
mutagenic repair by NHEJ.

Co-injection of the GFP knock-in donor with ntl-targeting ZFNs proved difficult to
analyze visually because expression of mCherry off of the donor plasmid was strong, even at
lower doses, and the fluorescence could bleed through into the GFP channel. In addition, I built a
positive control which eliminated the long stretch of 5’UTR in the donor and simply included the
start site of the ntl ORF fused to GFP as would occur from an HDR event. Making RNA from
this control and injecting it into embryos did not give any GFP fluorescence, which leads me to
believe that even if GFP is incorporated into the ntl locus by an HDR event, the resulting fusion
protein still would not fluoresce because it is not folding properly. Therefore, I began screening
transiently injected embryos by performing gfp in situ hybridization, as GFP should not be
transcribed unless integrated specifically in the ntl locus or randomly under the control of some
other promoter. I then examined embryos for gfp expression, specifically looking for expression
in ntl-expressing cells. With the donor and ZFNs alone, I did not see any evidence of HDR
occurring in somatic cells. I also screened 17 germlines with use of a circular donor, and 5 with a
linearized donor, and found no evidence of incorporation of GFP into the ntl locus in the
germline (see Table 3.1). Because I anticipated that getting HDR events to occur with high
frequency would be challenging, I wanted to focus on testing the manipulations described in the
introduction before analyzing for more germline events.

Hydroxyurea drug treatments can be toxic to embryos

Because HDR occurs in the S phase of the cell cycle (Saleh-Gohari and Helleday 2004,
Saintigny et al. 2007), I wanted to use drug treatments to manipulate the embryonic cell cycle
and promote longer S phases. To do this, I elected to use hydroxyurea (HU), a drug that
scavenges tyrosyl radicals, which are necessary for ribonucleotide reductase function, which in
turn generates the dNTPs necessary for S phase to proceed. Although there have been several
previous reports of soaking zebrafish embryos in sublethal doses of hydroxyurea (Baumann and
Sander 1984, Ikegami et al. 1999, Stern et al. 2005), I wanted to test these doses in my hands,
and also maximize treatment at particular stages, such as early when germ cells are initially
specified. This work was carried out by rotation student Andrew Glazer with my help and
guidance. He found that at all doses tested, 25-100 mM, treating the embryos with HU beginning
at 4 hpf until 44 hpf was toxic. If he washed the HU out after 16 hours, then the 25 mM treated
embryos were rescued. If however he decreased the HU treatment time to 1 or 3 hours, with
treatment starting around 4-5 hpf, he could treat them at a 50 mM, 100 mM, and 200 mM dose,
and the embryos were mostly phenotypically normal (except for embryos treated for 3 h at the
200 mM dose). He repeated this experiment with golb1 heterozygous embryos to see if HU
treatment could increase the frequency of mitotic recombination (200 mM HU, 3 h treatment
from 4-7 hpf). From mid-blastula to early gastrulation, the embryo has a constant number of
precursor cells that will give rise to the retinal pigmented epithelium (RPE), approximately 40.
At 2 dpf, when analysis for pigment clones is done, there are ~550 RPE cells (Streisinger et al.
1989). Therefore a recombination event between 2 of these precursors should give a clone size of
about 14 cells, which is easily detectable with a dissecting microscope. However, Andrew did
not observe any pigment clones in the eyes of these embryos at 2 dpf (n=25). To analyze whether
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HU treatment increased the proportion of cells in S phase, Andrew performed
immunohistochemistry for phosphorylated histone H3, but the antibody staining was
inconclusive due to high background.

Predominant DSB pathway in unfertilized zebrafish eggs is NHEJ

As discussed in the Background, it has previously been shown in frog oocytes that HDR
is the preferred DSB repair mechanism (Lehman et al. 1993, Hagmann et al. 1996), and is even
still somewhat favored in unfertilized eggs. I wanted to see if the same was true in zebrafish.
Obtaining unfertilized eggs is an easy and standard procedure in zebrafish, and previous work
has shown that eggs can be held for a substantial amount of time before fertilizing them (Seki et
al. 2008). Because it is critical for my experiments that injected eggs maintain the ability to be
fertilized after injection, I first wanted to demonstrate that I could collect and fertilize eggs after
various holding periods in different solutions. The first experiment I tried was holding eggs for
between 5 minutes and 80 minutes before fertilization in Hanks buffered saline containing 0.5%
BSA (Mary Mullins, personal communication). The ability of the eggs to be fertilized was
dependent on the initial quality of the clutch, which could be evaluated visually: Healthy eggs
had tight chorions, and were slightly dented. Once the chorions started separating from the yolk
and the eggs started rounding up, fertilization rates plummeted. Fertility ranged from 72-86% for
shorter holding time periods (5-10 min) to 0-37% for longer holding times (45-80 min). Recent
work has demonstrated that zebrafish oocytes can be cultured and held for up to 4.5 hours in
modified L-15 cell culture media and still be fertilizable afterwards (Seki et al. 2008), with rates
as high as 60% under some conditions. When I used this media, I held eggs between 45 min and
2 hours and obtained 41 and 35% fertilization with good clutches, respectively.

Dana Carroll provided us with a smaller version of the “snail” substrate used in a
previous study (Lehman et al. 1993) to assay the types of DSB that occur in zebrafish eggs. This
little snail plasmid has a unique restriction enzyme site situated between 300 bp direct repeats.
This plasmid can then be lineared and injected and the DNA later harvested and analyzed: if
HDR or homologous recombination occurs between the repeats to repair the DSB, then one will
obtain a smaller PCR product than if the ends are simply rejoined back together, as would occur
with NHEJ. It was difficult to obtain a pure source of linearized plasmid as it tended to
recombine in the bacteria, even in strains mutant for RecA, which is necessary for
recombination. The 4,665 bp linearized product was very close in size to the 4360 bp
recombined product. After digesting a midi-prep of the little snail plasmid with KpnI, I separated
the digest on a 0.5% gel for over 24 hours at very low voltage (20-50 V). I then excised what I
hoped would be only linearized DNA and cleaned it up by phenol chloroform extraction and
ethanl precipitation. PCR analysis of cut and uncut plasmid revealed that with too much template
and too many cycles, the primers could amplify off either the low amount of recombined product
in the sample, or the ends of linearized plasmid could reanneal in vitro to allow amplification of
a product. After identifying the appropriate amount of DNA and the sufficient number of cycles
to detect product from the uncut plasmid but not with the cut plasmid, I injected the linearized
plasmid into zebrafish eggs. I generally held the eggs for several hours (~4 h) and then simply
harvested the DNA as I would with a zebrafish embryo. I chose not to fertilize the eggs before
harvesting DNA, because I wanted to assay HDR events that occur before the time in the early
embryonic development when NHEJ predominates.  However, it was also a necessary exercise to
demonstrate that injected eggs could be fertilized for my experiments. This is because I would
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want to inject ZFNs and donors into eggs, fertilize them later, and then grow these embryos up
for somatic and germline evaluation. Because 3.5 ng of the construct was injected into Xenopus
oocytes (Lehman et al. 1993), I started by injecting 3 ng in zebrafish oocytes and also injected
300 pg, 60 pg, and 6 pg. It was difficult to know how much of the injected plasmid was
recovered during the DNA harvest, but I assumed that I had recovered all of it to make
conservative estimates for the amount to use in PCR reactions and the number of amplication
cycles. I always ran a cut and uncut plasmid control, along with uninjected eggs from each
clutch. After discovering that it was not possible to obtain good amplification after pooling
injected eggs, I harvested DNA from individual eggs. In some of the samples, PCR product was
obtained, but all products were indicative of NHEJ repair (see Fig 3.3). A total of 24 individual
eggs were analyzed in this way, 8 of which gave a PCR product. Whenever I observed the band
size indicative of HDR-mediated repair in test samples, I also saw amplication off the negative
digested plamid control, likely indicating that the result might not reflect actual HDR events in
the egg.

TUNEL staining suggests Ku70 MOs may have lost activity

As reviewed in the Background, I received Ku70 translation-blocking and splice-
blocking MOs from David Kozlowski’s lab. A 2007 paper from his lab (Bladen et al.)
demonstrated that injection of Ku70 MOs into zebrafish embryos did not produce an overt
morphological defect unless injected embryos were challenged with irradiation, in which case
the morphants had qualitatively more apoptotic cells than did the control MO injected embryos,
indicating a defect in repairing the DSBs induced by the irradiation. Because his lab was no
longer using these MOs, Dr. Kozlowski very kindly agreed to send me the MOs for use in my
HDR assays. I wanted to test the MOs to make sure they were still effective as it had been
several years since they were last used and MOs have been known to lose activity over time.
After I injected the translation-blocking, splice-blocking, and mismatch control MOs into
wildtype embryos, a rotation student working with me, Andrew Glazer, exposed them to 50 rad
of irradiation from a Cs-137 source around 4 hpf. He then grew them at room temperature until
the next day, when he fixed them between 20-25 somites as was done previously (Bladen et al.
2007). He worked out a beautiful TUNEL staining protocol, but the Ku70 morphants did not
appear to have qualitatively more cell death than the control-injected embryos. When he counted
the number of apoptotic cells in several embryos, he saw if anything the mismatch MO-injected
embryos had more cell death than the test MOs. He did observe that the irradiated embryos had
more cell death than unirradiated embryos, as one would expect (see Fig. 3.4). Nevertheless, the
Ku70 translation blocking MOs were co-injected with ZFNs and donors to assay their effect on
germline HDR efficiency.

RecQ helicase dominant negatives increase mitotic recombination

As reviewed in the Background section, Xie et al. (2007) developed dominant negative
constructs for the RecQ helicases blm and recql5 in zebrafish, that when injected, increased the
frequency of mitotic recombination in golb1 heterozygotes as assayed by the appearance of
pigment clones in the embryonic eye. Shannon Fisher generously provided me with the plasmids
encoding these dominant negative constructs. I transcribed RNA encoding these constructs and
injected that into our own golb1 heterozygotes to assay for the appearance of pigment clones. I
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obtained similar percentages of embryos with this phenotype compared to what was published
(Xie et al. 2007) (see Table 3.2). The RNA encoding the RecQ dominant negative constructs
was co-injected with both gol- and ntl-targeting ZFNs together with their respective donors to
see if it would improve the incidence of germline HDR events (described below in further
detail).

lig4 mutant fish improve somatic HDR efficiency with ntl GFP donor

After the encouraging data obtained in fly lig4 mutant background, where HDR events
accounted for 99% of the mutations (as opposed to 11% in the wildtype background) (Beumer et
al. 2008), I wanted to assay whether HDR was also more prevalent in a zebrafish lig4 mutant
background. While the fly lig4 mutant is completely viable, the mouse LIG4 mutant is
embryonic lethal (Barnes et al. 1998), so we were unsure what phenotype to expect in zebrafish
lig4 mutants. Lig4 function in zebrafish has not previously been studied using any method, so we
requested a TILLING allele of the gene from the U.S. Zebrafish TILLING consortium. Cecilia
Moens and colleagues at The Fred Hutchinson Cancer Research Center TILLING project
recovered five early stop codons in the lig4 coding sequence. I received two of these alleles,
fh302 (L28*) and fh303 (L177*), to raise in our facility. The homozygous mutant larvae did not
have any obvious phenotype at 5 dpf and appeared to be viable because molecular genotyping
revealed the expected Mendelian ratios among progeny obtained from two heterozygous carriers.
Moreover, when I injected ntl-targeting ZFNs and the GFP knock-in donor into embryos from a
cross between two lig4 heterozygous fish, I saw evidence of somatic HDR events with the ntl
GFP knock-in donor. When looking for GFP expression by in situ hybridization, I saw 15%
(n=187) of embryos exhibiting spots of GFP expression. Some of the gfp-expressing cells were
likely expressing ntl, or had likely expressed ntl at some earlier developmental time, yet
maintained gfp transcripts due to their greater stability (see Fig 3.5). When doing the same
experiment in embryos from a wildtype cross, I never observed GFP expression spots (n=252).

Although these results are encouraging, I have since found that the lig4 homozygous
mutant fish likely have some problems with genomic instability as I was only able to recover 1
mutant adult of 33 fish total from my first lig4fh302 intercross stock. This single mutant was
extremely undersized and has remained that way even after separation into an individual tank for
several months. Because this stock was an F3 intercross between individuals originally derived
from a mutagenized TILLING stock, there could be many other background mutations that when
homozygosed could compromise the ability of lig4 mutant fish to survive. To circumvent this
issue, I also made a transheterozygous stock between the fh302 and fh303 alleles. Again, there
was no obvious phenotypic difference among progeny through 5 dpf, when the stock was put
into the nursery, but there are marked size differences as the fish approach adulthood. While the
number of homozygous fh302/fh303 mutants observed was closer to expected Mendelian ratios,
all of the transheterozygotes were also the smallest fish. Wildtype and heterozygous fish from
these stocks thrived rather equally well and were of comparable size and fertility.

Lig4 dominant negative constructs sensitize embryos to irradiation.

Anticipating that genomic instability might be a problem in the lig4 mutant background, I
simultaneously worked on developing Lig4 dominant negative constructs. These dominant
negative constructs have the advantage of inhibiting any maternally deposited protein, which
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MOs would not be able to do, and the potential to inhibit other Lig4 variants should there be
more copies in the genome, which a single lig4 mutation would not be able to do. Furthermore,
injection of mRNA encoding this dominant negative construct would allow for temporary
inhibition of Lig4 until the mRNA is degraded, which circumvents any genomic instability issues
that may arise from having lig4 function permanently absent in the mutants. Previous work with
human LIG4 dominant negative constructs showed that overexpression of the LIG4 domain that
interacts with XRCC4 outcompeted endogenous LIG4 for XRCC4 binding and compromised the
ability of these cells to repair DSBs after irradiation (Wu et al. 2009). Lig4 is fairly well
conserved between human and zebrafish (64% amino acid identity), so I used the homologous
fish sequence to design Lig4 dominant negative constructs that were equivalent to those targeting
human LIG4. The Lig4-1X2 construct contains both BRCT domains flanking the XRCC4
interaction domain, whereas the Lig4-X2 construct contains only the XRCC4 interaction domain
and the second BRCT domain. Domain analysis suggests that only the second BRCT domain is
conserved in zebrafish. I also fused mCherry in-frame with these sequences to ensure that proper
translation occurred after injection of mRNA encoding these constructs. Indeed, after injection of
1 and 5 ng of both Lig4-1X2 and Lig4-X2 mRNA, embryos were fluorescent in the red channel.
In addition, there was relatively little non-specific toxicity associated with injecting the
constructs at these concentrations. Based on previous data indicating the survivorship of
zebrafish embryos after various radiation doses (McAleer et al. 2005), I chose to irradiate Lig4
dominant negative-injected embryos at 500 and 1000 rad at 3-4 hpf. At four dpf, injected
embryos were severely compromised in their ability to survive relative to uninjected embryuos,
particularly at the 1000 rad dose (see Fig. 3.6), indicating that the Lig4 dominant negative
constructs were effective for inhibiting some NHEJ-mediated DSB repair.

Gamete analysis has not yet recovered any germline HDR events

Crossing all potential founders to screen for germline HDR events could be very labor
intensive; in addition, screening embryos visually for expression of the Ntl:GFP fusion protein
ended up not being feasible since the fusion protein does not appear to be folding properly. I
decided to improve my screening efficiency by analyzing sperm and eggs expressed from male
and female potential founders. I could then rapidly extract DNA from these gametes and do PCR
analysis to determine if these fish were carrying any GFP in their germlines by using GFP-
specific primers. By doing a pilot experiment using transgenic (GFP) sperm serially diluted with
non-transgenic wildtype sperm, I determined I could detect GFP in a in sperm sample containing
approximately 1 transgenic individual out of 100 total under the conditions for my assay (see Fig
3.7). If I obtained any GFP-positive samples from these founders, I could then follow up with
primers that would analyze whether the integration event was specific (HDR) or not.
Alternatively, I could use primers specific to mCherry to see if embryos contained any random
integration events. Of course, seeing mCherry does not exclude an HDR event – the embryos
might contain more than one integration. I screened eggs expressed from females in a similar
manner, and also eggs fertilized with sperm from ntlb195 heterozygous males. I would then
analyze DNA only from ntl mutant embryos as HDR events with either donor would create null
alleles. In addition to the 37 founders I screened by crossing, I screened an additional 233
potential founders by gamete analysis. These founders were injected with various combinations
of the following manipulations: RecQ helicase dominant negatives, Ku70 MOs, and Lig4



65

dominant negative constructs, and I did not see any evidence of germline HDR events with either
ntl donor (see Table 3.1).

Discussion

In conclusion, I have seen evidence of somatic incorporation of all three donors that I
built to assay for HDR events mediated by gol- and ntl- targeting ZFNs. These are the same
ZFNs I utilized for my mutagenesis studies, summarized in Chapter 2. I wanted to take
advantage of the fact that one of the gol ZFN pairs were within a close window to the golb1 point
mutation. I then used a donor with wildtype sequence surrounding the point mutation. Co-
injection of this wildtype donor, along with the gol ZFNs showed somatic HDR events by gain
of a pigment clone in the eye of a mutant embryo. While this result is interesting from a gene
therapy perspective, it was a very rare event: I only saw the pigment clone in a single embryo
(which also had developmental defects) and an undergraduate who undertook further
experiments with golb1 rescue has not seen any further evidence of HDR events. While this was
an appealing assay for the ability to visually score embryos quickly and accurately, there could
have been several reasons for this to be a low frequency event. One is that the gol strains, which
I received from Herwig Baier’s and Keith Cheng’s lab, had a polymorphic background. For
instance, even though they were supposed to be in the AB background, which is the wildtype
strain used in my lab, the wildtype sequence of the donor I cloned had many polymorphisms
compared to the published sequence. In addition, Sangamo was unable to perform Cel1 assays on
gol-ZFN injected embryos because the mismatch sensitive endonuclease detected heterozygosity
and cleaved product even from uninjected embryos. This is significant because even a small
degree of polymorphism between the donor and the genomic sequence will drop the frequency of
HDR significantly (Te Riele et al. 1992). Another issue could be that the gol ZFNs simply have
low activity, as they had in the mutagenesis studies compared to ntl ZFN-mediated mutagenesis
– both somatically (gol ZFNs never gave a never a full phenocopy of the gol null mutation, i.e. a
pigmentless embryo whereas the ntl ZFNs did nicely phenocopy the null mutation) and in the
germline (60% (11/18) ntl founders recovered, 0% (0/12) gol founders recovered). It was for this
reason that I focused most of my efforts on using the ntl-targeting ZFNs for HDR work.

I also saw evidence of somatic HDR events utilizing ntl ZFNs and two different donors in
both molecular and visual assays. With the small BamHI tag donor (Donor-a) that had an in
frame stop codon, I prioritized embryos with a ntl-like phenotype for processing. Using primers
that could detect a specific integration event, I saw the correct band size in 12-17% of ntl-like
embryos in two separate experiments. This experiment does not determine how early this HDR
event occurred during development, and I did not quantify what percentage of cells in the whole
embryo this would actually represent. However, other unpublished work with similar findings
suggested that this event was only occurring in 1-2 cells (Nathan Lawson and Scot Wolfe,
personal communication). I have screened 56 germlines from these fish and while I have
recovered ntl-like embryos in complementation crosses, they were not sensitive to BamHI
cleavage, implying that they were likely a result of NHEJ mutagenesis, as evidenced by
resistance to BsrDI cleavage. Although it is disappointing to not see evidence of HDR, the fact
that I recovered new mutations assured me that my ZFNs were still functional (I am injecting
ZFN-encoding mRNA, which can degrade over time, even when stored at –20˚C). The use of
this donor was appealing because it had a smaller knock-in sequence, and therefore a much
smaller region of non-homology than the GFP knock-in sequence. Previous work using ZFNs in
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human cell culture implies that a longer knock-in sequence incorporates with lower frequency
than shorter knock-in sequences, and even shorter knock-in sequences are less favorable than
donors with silent point mutations (Urnov et al. 2005, Moehle et al. 2007). In addition, I did not
mutate the ZFN binding sites because I assumed that, if incorporated correctly, the 20 bp knock-
in sequence was so much larger than the optimal 6 bp spacer sequence (Bibikova et al. 2001) that
the FokI domains could no longer dimerize, become active, and cleave the intervening DNA.
However, Scot Wolfe has found that ZFNs can still cut with 14, 15, and 16 bp spacers (personal
communication), so it is possible that some residual activity could occur even with a 20 bp
spacer. Therefore, my donor could be cleaved by the ZFNs before it has an opportunity to be
used for HDR.

I also saw evidence of somatic incorporation of my ntl GFP knock-in donor. I was
particularly eager to get this to work because one of the reasons my lab was initially excited
about using ZFNs was for their potential to tag an endogenous locus with a fluorescent protein to
create an in vivo reporter of gene expression. These types of reporters are particularly useful to
us because optically clear zebrafish embryos are particularly well suited for in vivo imaging and
analysis, and because the lab studies genes that have very dynamic expression patterns. I
observed putative HDR-mediated somatic incorporation using in situ hybridization for GFP, and
only when ZFNs and donors were injected in a lig4 mutant background. I started analyzing
embryos by in situ hybridization only after discovering that embryos injected with a control
mRNA encoding the Ntl-GFP fusion that would result from HDR did not fluoresce. There are
several possible explanations that could explain why GFP fluorescence was not detected with
this knock-in donor even if HDR was occuring. One is that I used regular GFP sequence, instead
of eGFP, so the fluorescence signal could be too weak to detect with our fluorescent scope,
although I have used regular GFP for other constructs and did not have any detection problems.
On the other hand, the aforementioned constructs were ubiquitously overexpressed, whereas an
HDR event would likely occur in only a few cells. Another explanation is that I did not include a
linker between the ntl sequence and the GFP sequence, which might be necessary for proper
folding and fluorescence. I am currently working on rebuilding this donor with eGFP and a 12 bp
linker sequence between the ntl and GFP sequence. Also, because this is a much longer non-
homologous knock-in sequence (961 bp), this could contribute to making the frequency of HDR
even lower. In addition, due to ntl’s centromeric location, the control of DSB repair choice may
be modified to decrease loss of entire chromosome arms.

Of course, given previous work on zebrafish and other organisms with rapidly developing
early embryos, I already knew that for DSB repair pathway choice, NHEJ is heavily favored. I
developed many ideas about how to shift the balance between these two pathways, and pursued
many experiments myself, in addition to mentoring a rotation student and undergraduate who
helped me pursue these experiments. These were to suppress supressors of homologous
recombination, the RecQ helicases, with dominant negative constructs, and to inhibit two
components of the NHEJ pathway: Ku70 and Lig4. To inhibit Ku70, we used previously
published MOs (Bladen et al. 2007), although some controls done by the rotation student implies
they may have lost their activity. Alternatively, it is possible that the irradiation dose we used (50
rad) was too low, because I have had wildtype embryos survive 5 dpf+ after 1000 rad exposure. I
could also try injecting higher doses of MOs and exposing morphants to higher doses of
irradiation. In this way, I might truly challenge the embryos to see if there a more significant
amount of cell death compared to controls. However, work in Xenopus has suggested that Ku70
is maternally loaded as protein (Richard Harland, personal communication). If this is the case for
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zebrafish as well, then MOs, which can only block translation or proper splicing of mRNAs,
would not affect this pool of Ku70 protein. In addition, there is biochemical evidence that there
are some Ku-independent NHEJ pathways (Wang et al. 2003). Lig4 was an exciting candidate,
because data in fly demonstrated that a lig4 mutant background improved HDR dramatically
(Beumer et al. 2008). While having the lig4 mutant zebrafish background did improve the
incidence of somatic ntl GFP knock-in events, these fish also appear to have some genomic
instability issues as they are currently still very undersized, and their fertility status cannot be
determined due to this small stature. The lig4 dominant negative constructs I built were a more
attractive approach for inhibiting NHEJ because injection of mRNAs encoding dominant
negative protein would only temporarily inhibit Lig4, rather than creating a permanent genomic
modification that would have to be bred away in subsequent generations. In addition, because the
teleosts underwent a whole genome duplication (Meyer and Van de Peer, 2005), there could be
other copies of lig4 lurking in the zebrafish genome (although a genome search found none); it is
possible that the dominant negative protein could inhibit both Lig4 proteins. However, if there is
a second lig4 gene, it appears that it cannot fully compensate for the lig4 fh302 or fh303
mutations. In addition, the dominant negative constructs could also be more useful than MOs to
inhibit Lig4 protein, particularly if it maternally supplied. However, while the injection of Lig4
dominant negative constructs does sensitize the embryos to irradiation, implying a defect in DSB
repair, screening of 112 founders injected with ZFNs and donor constructs with Lig4 dominant
negative mRNA and in combination with other manipulations still did not reveal evidence of
HDR in the germline.

Two of the manipulations I have considered – slowing S phase using sub-lethal doses of
HU and shifting the developmental window in which I am trying to get the repair event to occur
by injecting eggs instead of embryos – have not been fully developed yet. Thus far, the rotation
student and I have some doses of HU at various time points that are not lethal to the embryos
during the optimal time frame for targeting germ cells. There are some good, simple control
experiments I could perform to evaluate whether HU treatment might improve homologous
recombination besides screening for a ZFN-mediated HDR (as these are already exceedingly
rare). For instance, I could follow up on the single experiment using golb1 heterozygotes and
assay whether HU treatment increases the incidence of mitotic recombination.

My initial experiments with a linearized plasmid repair assay suggest that only NHEJ is
occurring in unfertilized eggs and there is no detectable amount of HDR. This implies that the
developmental stage at which HDR is favored over NHEJ (if fish are like frogs) is likely earlier,
meaning that it may be necessary to dissect out fish ovaries, sort, and isolate different stages of
oocytes for injection as NHEJ components may be too built up by the time the egg is ready for
fertilization. Collecting earlier stage ooccytes is more technically challenging than expressing
unfertilized eggs; in addition, oocytes are much more difficult to inject, and they would have to
be matured in culture before fertilization. However, there are some caveats to the experiments
that I have performed that might explain why I have not detected HDR events in unfertilized
eggs. First, it is important to inject the plasmid into the nucleus of the egg for the repair assay to
work (Dana Carroll, personal communication; Lehman et al. 1993). This may explain why only
some of my samples had PCR product, because any plasmid injected outside of the nucleus
would not be processed for repair. I could use an oocyte specific nuclear driver or Sytox Green to
mark the nucleus and aid targeting. Second, the amount of plasmid injected could be critical,
because if the eggs cannot process all of the injected substrate, subsequent analysis may be
affected (Dana Carroll, personal communication). Third, even if HDR is more favorable in
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oocytes or unfertilized eggs than in embryos, there is some evidence that zebrafish oocytes are
not competent for translation (Mary Mullins, personal communication). If this were the case,
then I would probably have to inject ZFNs in protein form instead of mRNA encoding ZFNs.

In conclusion, ZFN-mediated HDR has been a challenging undertaking in zebrafish,
owing to the extreme bias of DSB repair in the early embryo. It has worked in other systems, for
instance in human cell culture and in flies. For similar sizes of knock-in sequences, the efficiency
in human cell culture was ~18% for a silent point mutation (Urnov et al. 2005), like my golb1

rescue construct; ~15% for a 12 bp knock-in (Moehle et al. 2007), like my ntl BamHI donor with
a 20 bp knock-in sequence; and ~6% for a 900 bp knock-in, like my ntl GFP donor with a 961 bp
knock-in sequence. However, the frequency of HDR:NHEJ repair has been found to be 9:13
(Liang et al. 1998) in mammalian cells, a ratio much more favorable than in the zebrafish
embryo. In addition, HDR has also worked with surprising efficiency in Drosophila, which also
has a rapidly developing early embryo like the zebrafish (Bibikova et al. 2003, Beumer et al.
2008). However, this work has come from Dana Carroll’s lab, a pioneering lab in this field, and I
have heard anecdotely from members of the fly community that many other labs have tried to get
HDR to work in flies, but only the Carroll lab has been successful. ZFN-mediated HDR has
worked in plants with variable frequency: 0.5-11% (Wright et al. 2005, Cai et al. 2009,
Townsend et al. 2009), but plant transgenesis allows for selection at the protoplast stage, as was
done in the corn ZFN experiments (Shulka et al. 2009).

With these differences in mind, I have estimated the frequency of ZFN-induced HDR in
zebrafish in the following way. First, I accept the rate of spontaneous homologous recombination
in mammals as 1:106, and that introduction of a DSB can increase this rate several thousand fold
to 1:103. Therefore, I can estimate that in each embryo I inject, assuming all ZFN mRNA
injected and donor DNA is parsed equally, 1:1000 embryonic cells will have an HDR event. I am
targeting a limited population of cells that can be assayed in both the golb1 rescue or the ntl GFP
knock-in experiments. There are 40 RPE precursors at 3-5 hpf (Steisinger et al. 1989), when
there are around 1,000 to 16,000 cells, meaning at worse, there is one RPE precursor for every
400 cells in the embryo. I also assume that the ZFN mRNA is translated by then because I have
obtained large germline clones in the mutagenesis studies. An HDR event in one of the eye
epithelium precursors would create a clone of about 14 cells (Xie et al. 2007), which could easily
be detected. Because I only saw a pigment clone in one injected embryo of many, I think that the
rate of DSB-induced HDR may be lower than 1:1000. There are approximately 80 notochord
precursors at the early gastrula stage (Melby et al., 1996), when there are around 16,000 cells,
giving a ratio of one notochord precursor for every 200 cells in the embryo. I did see more
evidence of GFP knock-in at the ntl locus in somatic cells of embryos around 20-somites.
Therefore, the rates of HDR may be higher with the ntl ZFNs than the gol ZFNs, and there could
be some association with ZFN cleavage activity. There is a slightly better chance that a
notochord cell could carry an HDR event because there are more precursor notochord cells than
RPE precursors, although I would expect the fusion protein to be in the nucleus because Ntl is a
transcription factor, and the nuclei in notochord cells are positioned in an apical or basal position
and could be difficult to visualize. The germ cell precursor population is even smaller: there are
four primordial germ cell precursors set aside between the 32- to 1000-cell stage (Olsen et al.
1997, Yoon et al. 1997), which is perhaps why I have yet to see any germline HDR events. This
initial precursor population expands slowly: germ cell-specific expression of vasa shows that the
4 precursors present at the 1000-cell stage (3 hpf) undergo no more than 3 divisions in the next 3
hours and there are 16-25 vasa positive cells at 6 hpf (mid-gastrulation) and increase to only 30
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cells by the end of gastrulation. The germ cells then migrate to the gonad by 24 hpf but do not
undergo any more divisions, (Yoon et al. 1997). Therefore, there are a relatively small number of
germ cell targets in relation to the total number of cells in the growing embryo for an HDR event
to occur. However, I have undertaken several efforts to improve this frequency beyond the
current estimate of 1:1000 with various manipulations designed to bias DSB repair pathway
choice. While I currently do not know which manipulation has the best chance to improve the
incidence of HDR, I am optimistic that once that avenue is identified, it can be pursued with a
more focused intensity than the broad net I have cast. Perhaps even using these manipulations in
novel combinations will be just enough to tip the DSB repair pathway choice in more favor of
HDR to detect at my assay’s levels. Realistically, I have not screened a large number of founders
yet, and my initial screens were more heavily biased towards screening males as sperm
collection is easy and virtually every male is guaranteed to give a sample, whereas with females,
probably only a third will give good eggs. However, there could be some differences in HDR
efficiency in the male vs. female germline. The packaging of chromatin in the germ cells is very
different. Whether this contributed to the bias observed in the original fly ZFN mutagenesis
studies, in which only male founders were recovered (Bibikova et al. 2002), and in the fly ZFN
gene targeting studies, where female founders were recovered for both NHEJ and HDR mutants,
but at much lower frequency than male founders (Bibikova et al. 2003), remains to be seen.
However, by the time the Carroll lab used RNA injections to flies, equal numbers of male and
female founders were reported for mutagenesis studies (Beumer et al. 2008). I still have more
females to screen for germline events. Nevertheless, given all the potential avenues HDR can
open up, I believe most zebrafish researchers would be willing to screen many founders to find
their prized fish.

Given all of this difficulty in achieving HDR due to DSB repair pathway choice, one
must wonder about the evolution and biological advantages of both NHEJ and HDR. Is it simply
a question of speed versus accuracy? Given the mutagenic tendencies of NHEJ, has the
mechanism been conserved throughout members from all five kingdoms (Wilson 2007) to
generate variation for evolutionary selection? The more likely explanation may be that it is
simply better to introduce mutations than cope with the loss of chromosome arms. It could also
be because vertebrates have evolved large genomes, making the search for homologous sequence
more difficult and time consuming. In addition, these genomes also contain a high amount of
repetitive sequence, which could create a great amount of genomic change should non-specific
HDR occur (Wilson 2007). Why hasn’t a DSB repair pathway evolved that can quickly repair
breaks while maintaining the original sequence? For the sake of using ZFNs for mutagenesis, I
am glad that such a pathway has not evolved. For achieving HDR in zebrafish, I will continue to
explore working with these phenomena.
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Figure 3.1: Diagram of ntl knock-in donors and golb1 rescue donor.

A. Donors developed for HDR at the ntl locus contain different knock-in sequences. I have
developed two basic donors, donor-a and donor-b. Both donors have ~750 bp homology arms
flanking the ZFN bindings sites. Both donors also contain an mCherry cassette driven by the
ubiquitous pXex promoter located outside the homology arms. The mCherry cassette was
included so I could estimate random integration events: cells with randomly integrated donors
should be glowing red. In contrast, if the donor is incorporated by an HDR event, the mCherry
cassette will not be integrated because it is outside the region of homology. Both donors also
have new sequences that would be incorporated by HDR. Donor-a contains a 20 bp tag with a
BamHI restriction site (a restriction site unique to the region for easy genotyping) and an in-
frame stop codon so I can screen both molecularly and by phenotype. Donor-b contains a
promoterless GFP fused in frame with the ntl coding sequence. Upon successful HDR, GFP
should be expressed in ntl-expressing cells, such as notochord and tailbud cells.
B. The golb1 rescue donor is wildtype sequence spanning the b1 point mutation and the gol-
targeting ZFN Pair 1 binding site. The golv1 point mutation is close to the binding site of gol-
targeting ZFN Pair 1. A wildtype “rescue” donor is injected with gol-targeting ZFN Pair 1 in
golb1 mutant embryos to assay whether an HDR event can rescue the pigmentation defect. The
asterices in the ZFN binding sites represent silent mutations to ensure that ZFNs will not cleave
the donor. The arrowhead indicates that the wildtype sequence is present and the b1 point
mutation no longer creates a premature stop codon. In other words, the A that occurs 217 bp after
the ZFN cut site and changes Tyr-208 to a premature stop codon (Lamason et al. 2005) is
changed back to the original wildtype C (TAATAC).
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Figure 3.2: Somatic evidence of golb1 rescue by HDR.

The golb1 point mutation is 217 bp away from the target binding site of gol-targeting ZFN Pair 1.
This proximity should be close enough that an HDR event with a wildtype donor could repair
this mutation, which could then be evaluated by rescue of pigmentation. An undergraduate under
my supervision, Michael Goldrich, and I injected the gol ZFNs and a donor containing wildtype
sequence spanning the golb1 point mutation into golb1 mutants. Out of 50 embryos analyzed, we
saw one embryo with a patch of pigmented retinal epithelial cells (right panel, arrow), when
normally the eyes in these mutants at 2 dpf have no pigment (left panel).
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Figure 3.3: Plasmid repair assay indicates that NHEJ is the predominant DSB repair
pathway in unfertilized zebrafish eggs.

This gel shows PCR products amplified from DNA harvested after unfertilized eggs were
injected with the snail plasmid. Lane 1 is uncut plasmid, while Lane 2 is linearized plasmid.
After the marker (M) are 11 individual egg samples that all gave positive amplification, although
all PCR products are indicative of NHEJ repair. If the number of PCR cycles is increased, then
some PCR product representing recombined product appears, although it also appears in the
linearized plasmid control lane as well. This indicates that in unfertilized zebrafish eggs under
the conditions and concentrations tested, HDR repair is likely rare enough to be difficult to detect
via PCR, or not occurring at all.
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Figure 3.3
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Figure 3.4: Ku70 MOs do not appear to sensitize embryos to irradiation.

Embryos were injected with both translation blocking (“atg”) MOs and splice blocking MOs
(“splice”), or with mismatch (“mm”) controls for each. Following exposure to 50 rad, embryos
were fixed and processed for TUNEL staining. The number of apoptotic cells, seen as dots in the
staining (data not shown), was counted in 1-3 embryos for each treatment. While there were
more apoptotic cells in irradiated embryos than unirradiated embryos, there did not appear to be
a significant increase in irradiated embryos injected with translation or splice blocking MOs
compared to irradiated embryos injected with the corresponding mismatch MOs. Because these
MOs were received as a gift from another lab that had not used them for several years, it is
possible that they had lost their activity.
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Figure 3.5: The incidence of somatic HDR events improves in a lig4 mutant background.

I injected ntl-targeting ZFNs and the ntl GFP donor into wildtype embryos and embryos
derived from an intercross between lig4fh302 heterozygotes. Because preliminary data suggests
that the Ntl:GFP fusion protein does not fold properly and fluoresce, I processed these embryos
by in situ hybridization with a gfp probe. Among injected wildtype embryos, I never saw any
GFP expression spots (n=252).  However, 15.5% of injected embryos (n=187) from a lig4
intercross had GFP expression spots, some of them in ntl-expressing cells. Two examples are
shown here: a cell that recently exited the tailbud (top left panel, boxed area shown in close-up in
top right panel), and a notochord sheath cell (bottom left panel, boxed area shown in close-up in
bottom right panel).
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Figure 3.6: Injection of Lig4 dominant negative constructs sensitize embryos to irradiation

A. Lig4 dominant negative constructs were developed based on human LIG4 crystallization data
(Wu et al. 2009). The Lig4-X2 dominant negative contains the domain that interacts directly with
XRCC4 (XIR), plus the C terminal flanking BRCT domain. The Lig4-1X2 contains both BRCT
domains flanking the XXRC4 interaction domain, as well as the XIR. Both of these were used in
frame following the mCherry coding sequence to ensure proper translation.
B. Wildtype embryos were injected with two different lig4 dominant negative constructs.
Approximately 4 hpf, two-thirds of these embryos were exposed to either 500 or 1000 rad, as
well as a batch of uninjected embryos. At 4 dpf, 97% of uninjected embryos survived after 500
rad of irradiation, and 94% survived after 1000 rad. However, embryos injected with 8 ng of
Lig4-1X2 RNA or 5 or 9 ng of Lig4-X2 RNA had lower survivability, particularly at the 1000
rad dose. Meanwhile, the percent of survivors of unirradiated embryos was comparable in all
treatment groups. This indicates that the dominant negative constructs impaired the ability of the
embryos to repair the DSBs induced by irradiation.
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Figure 3.6
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Figure 3.7: PCR-based analysis of germline HDR events in DNA prepped from sperm
samples can detect 1 mutant gamete event per 100 wildtype gametes.

GFP transgenic sperm was diluted with wildtype sperm samples at the indicated concentrations.
GFP specific PCR reveals no product in the wiltype sperm sample, and the expected 212 bp
product is detected in the transgenic sperm sample. This product is detectable through the 1:100
dilution.
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Figure 3.7
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Table 3.1: Summary of germline screens for ntl HDR events.

In this table, the reader can see what type of donor was injected (GFP knock-in or BamHI
small tag knock-in) and whether the donor was circular or linearized. Also, the activity of the
ZFNs is noted by whether they utilize the obligate heterodimer form of FokI (“HiFi” or high
fidelity) or the wildtype form. Finally, there is the use of three manipulations: Ku70 MOs and
Lig4 dominant negative constructs to inhibit NHEJ, and RecQ dominant negative constructs to
suppress inhibitors of homologous recombination. No HDR events were detected in any of these
germlines, although I did not screen a significant number of germlines in one single treatment
(the most being n=57 with the Lig4 dominant negative constructs). The majority of these
germlines were screened by gamete analysis (233 vs. 37 from natural crosses). In addition, most
of these were male (223 male and 47 female).

Abbreviations: Circ = circular, DN = dominant negative, HiFi = high fidelity, i.e. obligate
heterodimer, WT=wildtype.
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Table 3.1

Donor ZFN
FokI

variant

Ku70
MOs

RecQ
DN

Lig4
DN

Germlines
screened by
crosses (no.

of males)

Male
germlines
screened

Total
germlines
screened

GFP-Circ HiFi 6 (2) 13 17
GFP-Linear HiFi 4 (3) 4 5
GFP-Circ HiFi Yes 11 (8) 49 52

GFP-Linear HiFi Yes 4 (2) 4 6
GFP-Circ WT Yes 2 (0) 12 14
GFP-Circ WT Yes Yes 8 8
GFP-Circ WT Yes 40 57
GFP-Circ WT Yes Yes 17 22

GFP-Linear WT Yes Yes 25 33
Bam-Circ WT 10 (10) 10 10
Bam-Circ WT Yes Yes 27 31

Bam-Linear WT Yes Yes 15 15
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Table 3.2: RecQ helicase dominant negative constructs induce similar percentages of
mitotic recombination as previously published work.

Shannon Fisher’s lab made dominant negative constructs for two RecQ helicase genes:
blm and recql5. RecQ helicases are known suppressors of homologous recombination. Xie et al.
(2007) found that injection of these dominant negative constructs increased the incidence of
mitotic recombination in golb1 heterozygotes as scored by retinal pigment epithelial (RPE) clones
in the eye in 2.4-3.4% of injected embryos. When I received these constructs, I also injected
them into golb1 heterozygotes and found they induced similar numbers of RPE clones (1.7-1.8%).
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Table 3.2

RecQ dominant
negative
construct:

pg RNA
injected

Injections done
by:

Percentage of embryos
with RPE clones:

Number of
embryos injected

blmK>T 200 Xie et al. 2007 3.4 146
blmK>T 200 me 1.7 57
recql5K>T 120 Xie et al. 2007 2.4 252
recql5K>T 200 me 1.8 56
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Chapter 4

Future Directions and Closing Remarks

Future Directions

her7-targeting ZFNs

In addition to the gol- and ntl-targeting ZFNs, Sangamo also designed her7-targeting
ZFNs for me. her7 is of particular interest to the lab because it exhibits oscillating expression in
the tailbud during somitogenesis in the zebrafish. Being able to knock-in a fluorescent tag into
this locus via HDR has the potential to create a lovely in vivo reporter that could faithfully
recapitulate endogenous expression. There is an unpublished TILLING allele of her7, hu2526,
which was sent to me by Martin Gajewski’s lab. The mutant phenotype for these fish is subtler
than that for gol or ntl: morphologically, the posterior somite boundaries are still present but less
well defined. This is more obvious by in situ hybridization with cb1045 probe, which marks
somite boundaries, and shows branching, truncations, and missing portions of these somite
boundaries. In addition, the striped expression of other oscillating genes: her1 and delC, in
addition to her7, is lost, and becomes uniform throughout the tailbud (data not shown). Because
of this subtlety and because I received the her7 ZFNs later than the gol and ntl ZFNs, I chose to
focus the initial mutagenesis studies on gol and ntl. Since then, however, I have injected the her7
ZFNs into her7hu2526 heterozygotes and have seen evidence of somatic mutations via in situ
hybridization for her7 and cb1045. In addition, I have screened 8 wildtype-injected founders and
found one that gave 18% germline mutations (data not shown).

The phenotype of her7 mutants is probably subtle because it cooperates with her1 for the
formation of somites (Henry et al., 2002; Oates and Ho, 2002). In fact, somite boundaries are
affected across the entire anterior-posterior axis in a deficiency mutant the removes both her1
and her7 coding sequences (Henry et al. 2002), but since this deletion also affects other genes,
there is a strong desire in the zebrafish somitogenesis community to create a bona fide her1; her7
double mutant. However, because her7 is so closely linked to her1 (only 12 kb apart in the
zebrafish genome, which corresponds to ~0.01 cM or 0.01% recombinants), this is a challenging
task. However, I am trying to accomplish this by injecting her7 ZFNs into a her1hu2124

background (the unpublished her1hu2124 mutation is homozygous viable, and we obtained it
through the European Union TILLING consortium). I have done this, and screened 6 founders
but have yet to recover a her7 germline mutation from this stock.

ZFN Design

The zebrafish community has been somewhat resistant to Sangamo’s involvement of
developing ZFNs for zebrafish; most are concerned about issues of academic freedom and
access, as well as patenting issues around ZFN technology development. In addition, Sangamo
licensed their ZFN design platform to Sigma-Aldrich, which now makes ZFNs available for
purchase; however, ZFN pricing has proved prohibitively expensive for most zebrafish
laboratories, causing considerable disappointment. There are several other design platforms, such
as OPEN (Maeder et al. 2008) or the method developed by Nathan Lawson and Scot Wolfe
(Meng et al. 2008), that use selection-based methods for ZFN design and are available to
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academic labs (materials can be purchased at cost). To get these systems up and running in a lab
can also become fairly costly and time-consuming. One alternative is a simplified modular
design kit that Lawson and Wolfe have developed
(http://pgfe.umassmed.edu/ZFPmodularsearch.html). It is simply one 96-well plate that contains
all the best verified ZFPs for particular 3 bp ZFN target sequences. A computer program then
searches your gene of interest for these target sequences to see if an 18 bp recognition sequence
can be built. If a site is identified, then it is simply a matter of a few cloning steps to ligate these
ZFPs together and to FokI. This kit is not yet publicly available, but they are distributing the kit
to few select labs currently for testing, including ours. So far, I have mentored two rotation
students on this project and neither student completed a ZFN pair for a target gene of interest in
the lab. In addition, because this is truly modular design, I anticipate that ZFNs built by this kit
will have a higher failure rate, unless we prescreen them using another methods, like the yeast
activity assay (Doyon et al., 2008).

At this point, the rate-limiting step for ZFN work for most researchers is ZFN design
itself, as purchasing ZFNs from Sigma Aldrich is not a likely possibility for most labs. However,
many alternative design strategies that are publicly available are being developed, perhaps
motivated by recent ZFN “successes” in many model organisms, and in combination with some
selection method, making effective ZFNs should soon be accessible to most laboratories.

Generation of germline mosaics

Given the success in Drosophila (Beumer et al. 2008), I still believe that using lig4
mutants may be one of the best options for optimizing HDR in zebrafish. I already have two lig4
mutant alleles and homozygous mutant embryos do not have any overt morphological
phenotypes during larval stages and develop swim bladders just as their heterozygous and
wildtype siblings do. However, they do seem to have compromised their growth rates, and I have
yet to raise a mutant fish large enough that I would feel comfortable mating. One way to
circumvent this issue is to generate germline mosaics, in which the majority of the somatic cells
are wildtype, but the germline population is all mutant cells, via transplantation. This method
entails injecting wildtype embryos with an MO targeting dead end, which will ablate the germ
cells in these embryos. lig4 mutant embryos are injected with either a simple tracer, such as
rhodamine dextran, or with RNA encoding GFP fused to the 3’UTR of nanos, which will
degrade in all cells except for the germline (Ciruna et al 2002). At blastula stage, cells from the
blastula margin of these embryos, which is where the germ cell progenitors have been fate
mapped (Kimmel et al. 1990, Olsen et al. 1997, Saito et al. 2006, Yoon et al. 1997), are taken
and transplanted into the margin of stage-matched wildtype host embryos with ablated
germlines. At 24 hpf, host embryos can be screened for fluorescence in the germ cells while
donor embryos can be genotyped. If a successful transplant with mutant germ cells is obtained,
these fish can be raised and used to generate embryos lacking maternal Lig4 (Ciruna et al. 2002).
I already have dead end MO and the GFP nanos 3’UTR construct and have practiced several
transplants using ntlb195 mutants. This would be a great technique to generate lig4 mutant
embryos in which to perform HDR experiments, especially if Lig4 is maternally supplied as
protein.

Stimulating HDR
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Because HDR has been an exceedingly rare event in zebrafish, even in somatic cells, it
has been difficult to establish conditions that would optimally promote HDR events. Of course
there is also the danger that those conditions that promote HDR in the soma, which would be
easier to evaluate quickly, might not be the best for promoting HDR in the germline. Some
conditions that remain to be manipulated include: length of donor arms, whether the donor is
circular or linearized, and the amount of donor and ZFNs injected. Both of my ntl donors had
approximately 750 bp homology arms, while the golb1 rescue donor had ~1050 bp arms flanking
the point mutation. These donor arm lengths were chosen based on previous successful gene
targeting work in other systems, including human cell culture (750 bp arms in Urnov et al. 2005,
Moehle et al. 2007) and tobacco (750 bp arms in Cai et al. 2009). While 500 bp homology arms
were used for HDR at the OCT4 locus in hESCs, conventional gene targeting efficiency was
20% and 40% with 7.9 kb and 12.8 kb arms, respectively (Hockemeyer et al. 2009). Because
longer arms are also used for gene targeting in mouse embryonic stem cells, I had some concern
that I would also need longer homology arms for the fish system. Beumer et al. (2008) did not
find that HDR frequency improved in the germline of flies with longer targeting arms; however,
they tested fairly large donors of 4.16 kb and 7.46 kb. Meanwhile, recent work from the Jasin lab
has found that donors with arms as little as 200 bp can be used in cell culture, because having the
ZFN-induced DSB stimulates homologous recombination strongly and the need for longer
stretches of homology with conventional gene targeting is overcome (Maria Jasin, personal
communication). Cloning long arms can be a difficult task, so it would be more convenient to
build donors with short homology arms if it does not affect HDR efficiency. Even better would
be to use shorter homology arms, if they would still promote HDR in fish, because donors could
be built very quickly by simple PCR.

Another important consideration is the amount of ZFN and donor injected. In general I
was injecting the maximum amount of donor possible that did not cause toxicity associated with
overexpression. The same is the true for the amount of ZFN injected. I wanted to create the
maximum number of breaks possible and then flood the cells with many copies of donor to
improve the chances of HDR occurring. However, in cell culture it has been demonstrated that
using too much ZFNs can actually hinder HDR (Pruett-Miller et al. 2008). On the other hand,
Hagmann et al. (1998) found in their plasmid repair assay in zebrafish embryos that the more
donor they injected, the more HDR events were recovered.

Depending on the mechanism by which the ZFN-induced DSBs are repaired, it may also
matter whether the donor is circular or linearized. This is because while classical HDR contains 3
main steps (resection of the 5’ strand after the DSB, strand invasion into the homologous DNA
sequence and strand exchange, and resolution of the recombination intermediates), different
pathways actually carry out these steps depending on the invasion capability of the non-resected
strands and the different outcomes after recombination intermediate resolution (Pardo et al.
2009). These include synthesis-dependent strand-annealing (SDSA), the classical double-strand
break repair model (DSBR), break-induced replication (BIR) and the single-strand annealing
(SSA) pathway (Pardo et al. 2009). In SDSA, each strand invades the homologous sequence and
begins elongating using the homolog as a template. Once the invading strands are displaced, they
pair together and synthesis is completed using the other as a template. There is no crossover
between the broken strands and the homolog (Nassif et al. 1994). Alternatively, in the DSBR
model, as the D loop formed by the invading 3’ strand enlarges, it could capture the other 5’ end,
which could also be elongated by DNA synthesis. Gap filling and ligation leads to the formation
of Holliday junctions, the resolution of which could result in either crossover or non-crossover
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products (Szostak et al. 1983). If the DSB is one-ended, for instance with a telomeric break, and
the other end is lost, then repair may occur via BIR (Morrow et al. 1997). In SSA, the 5’ end can
continue resecting if no homologous template is found, and if direct repeat sequences are
revealed during resection, these can anneal together and the resulting gaps filled in, while the
terminal ends are removed, resulting in deletion of one of the repeats in addition to the sequence
in between the repeats (Lin et al. 1984). However, the mutagenic aspect of this HDR mechanism
could be circumvented if a homologous linearized donor is used because it will eliminate
scanning for internal repeat sequences and the subsequent deletion of intervening sequence. To
genetically dissect the donor requirements for SDSA and SSA in Drosophila, Bozas and
colleagues (2009) analyzed the effect of using circular and linear donors in flies mutant for
essential components of SDSA. Previous studies in wildtype background found that a linearized
donor induced 0% HDR, while the circular donors could induce 6.8% HDR in the germline
(Beumer et al. 2008). However, work for the same lab using a linear donor in a wildtype
background found that 17.7-26% of the mutant progeny recovered were a result of HDR, while
the results with a circular donor were 12.5-20.2% (Bozas et al. 2009). However in flies mutant
for spnA (Rad51), a key component for SDSA, the frequency of HDR mutants was 1.3-3.5%
with a linear donor, but 0% with a circular donor. Because SDSA could proceed with either a
circular or a linear donor, but SSA absolutely requires a linear donor, these data imply that in
Drosophila, a majority of HDR DSB repair is done via SDSA, and there is a lower percentage of
SSA that occurs (Bozas et al. 2009). Work in human cell culture also suggests that ZFN-induced
DSBs that are repaired via HDR also utilize the SDSA pathway (Moehle et al. 2007). It is
unclear what mechanism promotes HDR in zebrafish. I have injected donors in both forms for
most treatments, although I have probably focused more on circular donors because linearized
donors are more likely to integrate randomly. In the future, it might be necessary to invest equal
effort on linearized donors.

In their analysis of NHEJ versus HDR in zebrafish embryos, Hagmann et al. (1998)
found that HDR frequency could be improved in the presence of spermine/spermidine, which has
been used to generate transgenic mice; however, they also found that spermine/spermidine
enhanced NHEJ. Thus, it is unclear whether this would be a useful reagent to promote ZFN-
mediated HDR in zebrafish.

It may also be possible to promote HDR by overexpressing components from the Rad52
family. In fact, experiments have been done in zebrafish with Rad52, demonstrating that it can
promote the annealing step of a single-stranded oligonucleotide to a target gene (presumably
during replication when this region becomes exposed in a single stranded manner). These
oligonucleotides introduced mutant products in 3 of 80 embryos injected (Takahashi and Dawid
2005). In addition, work from another laboratory demonstrated that overexpressing RecA, a
prokaryotic protein that promotes homologous recombination, in zebrafish could stimulate repair
of a co-injected mutant GFP plasmid along with a single-stranded repair oligonucleotide (Cui et
al. 2003). Furthermore, this type of repair was enhanced by activating other components of the
zebrafish DNA repair pathways by UV light exposure (Cui et al. 2003).

Finally, another HDR component I might consider overexpressing is EXO1. This
exonuclease is responsible for the initial 5’ resection in mammalian cells (Pardo et al. 2009).
This resection also represents a commitment to using HDR for repair; once the 5’ end is resected
it is no longer possible for NHEJ to occur. Zebrafish has a poorly characterized EXO1 homolog,
zgc:55521, which is expressed in proliferating cells beginning around mid-gastrulation (Thisse
and Thisse 2004). If expressed earlier, EXO1 might promote ZFN-mediated HDR.
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Germline assays for HDR

While the desired end goal is germline events, to date, I have only been able to score
somatic HDR events. Accordingly, I have some concern that manipulations that work in the
soma might not work the same in germ cells. It would be nice to develop an assay for germline
HDR events that is immediately accessible without having to raise the fish for progeny or gamete
analysis. One possibility is to utilize a germline specific driver. The zebrafish homolog of the
Piwi argonaute, ziwi, is expressed specifically in germ cells, and is necessary for germ cell
survival (Houwing et al. 2007). A transgene has been developed using the ziwi promoter, and
ziwi:eGFP transgene that is readily visible in zebrafish gonads at 15 dpf (Bruce Draper, personal
communication). Because there are already good verified pairs of ZFNs targeting GFP (Urnov et
al. 2005), one can imagine that using these in combination with a closely related but different
fluorophore as a donor could allow me to visualize HDR events in the germline two weeks after
injections by assaying fluorophore changes in the gonad. Alternatively, I could use FACS
(fluorescence-activated cell sorting) to segregate germ cells from somatic cells. To do this, I
would utilize either the aforementioned transgene or co-inject embryos with RNA encoding GFP
that carries the 3’-UTR of nanos, which will specifically turn off GFP expression in somatic cells
in a microRNA-mediated manner (Saito et al. 2006). Both of these will make the germ cells
fluoresce, and allow for separation from non-fluorescing somatic cells. I can then use molecular
methods to assess whether HDR events are occurring in the germline. Moreover, if I find
positive results using a particular manipulation, I can immediately focus on that instead of using
all of approaches that I have undertaken. Finally, I could assess germline HDR efficiency in
transiently injected embryos instead of raising them to screen their germlines 2-3 months later. I
would also not have to raise as many fish.

Closing Remarks

I began working with ZFNs to demonstrate by proof-of-principle that they can mutate
genes in zebrafish. The target loci chosen for this, gol and ntl, have already been well
characterized and have classic mutant phenotypes that are easy to assay visually. My specific
approach began with injecting mRNA encoding the ZFNs: this allowed me to skip the process of
establishing a transgenic line with the ZFNs integrated under the control of an inducible
promoter and to express the ZFNs transiently so as to not have a mutagen lingering permanently
in the genome. In addition, I tried my initial injections in embryos heterozygous for the test loci,
which helped reveal somatic mutations at the phenotypic level. By injecting into wildtype
embryos, I saw the ntl ZFNs could also induce biallelic mutations, and that raising these fish
revealed mutations in the germline that were transmitted to their progeny. The zebrafish is
already a powerful model organism, and this tool nicely complements the growing toolbox
available to zebrafish researchers. I wanted to expand on the potential of ZFNs in zebrafish and
wanted to show if they could be used to stimulate gene targeting. This would allow for more
subtle manipulations to endogenous loci and open a wealth of experimental avenues. By
pursuing many options to manipulate DSB repair choice, I have seen evidence of HDR working
in somatic cells, and continue to screen founders to find germline events.

I have truly enjoyed working on ZFNs to demonstrate by proof-of-principle that they can
mutate genes in zebrafish. The results were well received by the zebrafish community and I have
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received a great amount of positive feedback at conferences and during my postdoctoral
interviews. It was great to work on something that appealed to nearly everyone. The amount of
support, advice, and encouragement I received when I started working on HDR has been
phenomenal. Having this spirit of camaraderie and enthusiasm is how I have always wanted to
do science, and I hope it will continue with me in the future.
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Appendix A

Donor sequences

ntl GFP donor:

>left homology arm
TGGGCCACTTTGTACGTCAAGAATACTTTCTGTTTTGTGGCGTCAAATTATCGGGCGC
TATTAGGGCGCGATGGGCCTGGTCTGGCGCTCCCGGTCACGCCCCGTAACAGCGGG
AGCTTCGTATCGGGCCTTTAAAAAGGCACCGGACAAGTTAAAAAAGACCAGATTGA
GACGCGCTGTCAAAGCAACAGTATCCAACGGGATTTAGTAGGATCGTCGGACTTATC
TCAAGCTTTATTTGATCGGAAATATGTCTGCCTCAAGTCCCGACCAGCGCCTGGATC
ATCTCCTTAGCGCCGTGGAGAGCGAATTTCAGAAGGGCAGCGAGAAAGGGGACGCG
TCCGAGCGGGATATTAAACTTTCGCTTGAAGACGCGGAGTTGTGGACCAAATTTAAA
GAGCTCACCAATGAAATGATTGTCACCAAGACTGGGAGGTAAGTTGAGATTTGACA
CCATATTAAGTGCAAAAATTCAGTTTTTTATAGGCTATAACTAAATTTTGGGTGGGTT
AATTATTAAGCAATAGCATATCTATATTTAGGTTTTTATGTAGCGTCAAAATCACAA
CCATTGGCAAAAATCCATTGTTGGAGAAAAGTTCAAGTGGTTCTAGTTTTCATAGCT
GCTGAACACTAGATATTTATTTGGCTAGCCTACCTTGTTATTTTCAAATTTTCAGTGT
GAATACAATAAAACATTTTTGGCAAACTTCTGTTTTCTAGACGAATGTTTCCCGTGCT
CAGAGCCAGTGTCACCGGTCTCGACCCTAAT
>gfp+polyA seq
GGTACCATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAA
TTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGAT
GCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTT
CCATGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCAAGATACC
CAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTAC
AGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTC
AAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAA
GAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGT
ATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGAC
ACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCA
ATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATCACCTGTCCACACAATCTGCC
CTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACA
GCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAACTCGAGCCTCTAGA
ACTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATTGATGAGTTTG
GACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATG
CTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATT
GCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTGGTACC
>right homology arm
TACTCGGTCCTGCTGGATTTTGTGGCGGCCGATAATAATCGGTGGAAATACGTGAAC
GGTGAATGGGTGCCCGGTGGGAAACCCGAACCCCAAAGCCCGAGCTGCGTCTACAT
CCACCCGGACTCACCCAACTTCGGCGCGCACTGGATGAAAGCACCCGTATCTTTCAG
CAAAGTCAAACTCTCCAATAAACTCAACGGAGGAGGACAGGTAATGATTAATTATA
TATGGGCCTATACGTTATAATGTAAACATAAAAAGTTTTAGGACTTTTAAATATTAG
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AATTATTTTTAAAAATCATTGGCATCATTTTTAGTTGTTAGATATATTAAATGCACTT
TTTTTTTTTTTTTTTTTTTAGATTATGTTAAACTCATTGCACAAATACGAACCCAGGAT
ACACATCGTGAAAGTCGGTGGGATTCAGAAAATGATCAGCAGTCAGTCTTTTCCTGA
GACACAGTTTATTGCAGTCACAGCATATCAGAATGAAGAGGTGAGTGTTTGAGATGT
GTCTTTTGCCTCTTTCCTCAAAATGTTGCATAAATTGAGCACTTTCCATATTGATTTTT
TCTTTTCTTTTTTTTCAGATTACCGCTCTGAAAATCAAACACAATCCTTTTGCCAAAG
CTTTCCTCGATGCCAAAGAGAGGTAAAAGAAAAACACATTATTAGCCATTCATTTAT
CCTGTTTTGATAATTTATTTTATAATTAATAATTTATTGTTAACTAAAAAGGATTTGT
TTCTGTCAACAGAAGTGACCACAAGGAAGTCCCAGA
>pBSKI2 backbone
>pXex
GATCATCTAATCAAGCAAAATAAGGGGCGTGTAACACAAAAGCCAGCGACCCTTTC
CAATGCAAATCAAACTTGCAATTCTTTGCCGTTTTTATCATTTAAGTGTCGGCTTAAG
GTCCACTATCAGATGTAAACAGCCTTATCTAACAAAGGTATCATTACATTCTGAAAT
TCTCAGGCATGCAAGCTAGCTTATGACGCACTAGGGAGTGCCACCCTTCCTTTCGCC
CTAACTTCGTGATAACTCGCGCGTTTCACTCAACAGCTGCATCCGCCCTAGTGCTAC
TGGGAGTTGTAGTATACAAGACGCTTACAGGCTGAATGTTCTGTCAAGACCCCGCCT
CTAGCACTTTGGGAATTCTGGACTTGATGATGTCATGGTTAATCCCCGCCCAGTAGA
GGCGGCTATATAAAGGGTGGTTAAGGCCCGGTTCGCTCTCTTCCTCACCGGGTCTGC
GGCGAGTTCTAGCTGAAGCTTCCTGCAGGTCGAGCTAGCATGCCTATC
>mCherry+polyA seq
ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTT
CAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGG
GCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGT
GGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAG
GCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAG
GGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGAC
CCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCA
CCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCC
TCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAG
GCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGG
CCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATC
ACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCG
CCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAGGATCGATGATGAAGATCC
AGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAA
AAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAG
CTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGG
GGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTG
ATTATGATCCTCTAGCGGCCGCG

ntl BamHI donor

Sequence identical to GFP donor except for GFP+polyA sequence replaced with the following:

>BamHI tag
GGTACCGGA TCC TAGGTACC
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golb1 rescue

TGCAGAGATCCGTCAGTGTCGCCTACTTTTACTGCAGCACTGGTTACATATTTAAAG
GTGCAGTATGCAGGACTGAACTAGTGGACAAACTAAGTATTGCAGTCCCAATTCAA
AATATAGGAGGGTTTTTTTTTTCACAGGCCACGCACACACAGGTTGCCAGATTAACA
ACACAAAGTGTGCCTGATCAAGCCTTACACTGTAAACAGCATTTTTAATATCCGTAT
TACTATTATTTGCTAATGAAAAAGCCCCTCATGTGTATTCTGAGGCTGCTGCTGTCTT
CCAGAGTTCACAATCATGCACTGAGAGCCTTCATGACTGAAATTAAATGTGCTGTTT
GTCACCAAGGCATACAGGGATGCTGAAATATAATGGGTTACACTGGCAGTGGGCGG
AGTTACAGATCAAAGCAAAGACAGACATTCTGACACAGACGGCGCATTCTCAAAGC
AGAGGAACTGACCTCAGCACTGTGTCTCAGATAAACATGCGCTCATTTAGCGTGATT
CTGAAATATCTGCAGACGTATGATGGTGTTTCACGCTTTAGAACATCCATCACAGCA
CCATTAAAAGATCTAAAAACTGAATGTAAAAATAATTCATTAAATCTCTAATGTGTT
TGTGTCGTCTGTTCATTTATTATGGAGGAAAGCTGGAGCTGCAGCGGTGTCCCTGCT
TCAGAAACACCTGCACTGTTACTGTTGATCATTTGTTTCAGACTGAGGATTTTGAGC
ATGTGTGTGTGTTGTTCTTGCTCAGGTGTGTTTGTGACGAAGGGCGACATCGGCGTC
AGCACCATCATGGGTTCTGCTGTCTATAACCTGCTGTGCATCTGTGCAGCGTGCGGC
CTGCTGTCCTCTGCAGTGCGTGACTACACACACACACACACACATGTTTGTTTATGCT
GATCTGACATGATGTTTATGCTGATCTGTGTGTGTGTGTGTGTTAGGTTGGTCGTCTG
AGCTGCTGGCCGTTGTTCAGAGATTGTGTTGCGTACTCCATCAGTGTCGCCGCCGTC
ATCGCCATCATCTCAGATAACAGAGTTTACTGGTGAGCCTCCCATCACTCCTCACTTT
ATTCTCTGAATACTTTGTATCTCACAGTAATGACTGTCAACATTTCTGATTTACTTTT
CACTATTTAGACCTTTCATTTTTGGATTTCAAATTAGTTTTTCAGTTCTGACATTGTTT
TTTATTTTTACAATTTTTGAAATTTTTATTTACTTTTCACAGTTTTGACGTTTTTTTTCC
CACAAAATTTACGTTTTTTTATTTCTAAATTCTGCCGTTTTTAAAACATTTTATTTACT
TTTTACAAAATTTACGTTTTTTCGACGTTTTTTTTTTTTTTTTATTCACTTTTCACAAAA
TTCATGTTTTTTAAAAAAATTCTACATTTTGACGTTTTTGAATTTTTTTCATTTACTTT
TTTTTTCAATTTACATTTTTAAGAATTTTCACAATTTTTGTTTTTTTATTGTTTTATATA
TTTTTTACAAAATGTATGTTTTTTTTCAATTATCTAAATTTTTTACTTATTTAATTTAC
TTTTTACAAAATTTAAATTTTTACAAATGTTCACAATTTTGACATTTTTTACATTCTTT
AATTTACTTTTCACAAAATTAAAGTTTGAAGAATTTTTACAATTTTGACGTTTTATAT
TTTAATTTTGAATTTTCATAATTACAATTTTTACATTTTTTTTATTTTTAATTTTCAAA
GTTTTTACTTTTTTTGGAATTTCTGAGTTGCTTTTCATAATTTCTTGTTTTTTGGAATTT
AGAATTTACGTAATTTTGACATTTTTTTTATTATTCGCTTTTCACAGTTGTGATGTTTT
CTGGAACTATTGAATCTTCACAATCTTTTGATGTTTTTTGAATTTCATTATTTAATTTT
CACAAAATGTACGTTTTTATGAATGTAACAATTTTTATGTTTTTTGAAATTTGTAATT
TTCACAATTTTGACGGTTTTTTATTATTTAAATGTTTTTTTATTTTTAAATATGTTCGT
TTTTTCTTAGATCAGTTTTATGAGTTTGTAGACATTCTAATAAGCTGAACACTTAAAA
AACGTGAATAATTGTACTTTTTAATAGTTCGAATAGTTTATCATCTCTGAAAAGTGTA
ATCTCTCCATGTGTGTGTGCA




