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ABSTRACT
In response to cardiac cell death from an injury, zebrafish, as opposed to
mammals, are able to regenerate new heart cells without significant scar tissue. Heart
attacks, a leading cause of death in the United States, leave behind substantial scar tissue
that weakens the heart and leads to a greater chance of a repeated cardiac event. Many
genes and major molecular pathways are highly conserved from fish all the way to
humans; thus, understanding how the regenerative process works in zebrafish may
provide insight into potential therapies for heart attacks in humans. However, we must
first understand how heart regeneration occurs in zebrafish at the molecular level. From
the time of injury to a zebrafish heart through the completion of regeneration, we want to
build a regulatory network showing which genes are up- or down-regulated and how they
are interconnected.
Transcription factors, such as tcf21 and tbx20, bind to regulatory elements of
DNA and can either upregulate or downregulate nearby genes. To build this gene
regulatory network, scientists use a technique called ChIP-seq that can determine where
in the genome these transcription factors bind. Nearby genes are potential targets of their
regulation, and we can validate these enhancers by testing differences in expression using
a fluorescent protein reporter construct.
ChIP-seq requires high quality antibodies capable of specifically recognizing the
transcription factor of interest. These are rarely available. Because each different
antibody that is used requires validation and optimization for ChIP-seq, it is not easy to
scale up the collection of data for different transcription factors. One way to get around
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these problems is to express a tagged version of the transcription factor. The tag is
recognizable by the same antibody; however, expressing the tagged transcription factor in
this manner almost inevitably results in higher than normal levels of expression, leading
to false positives in the ChIP-seq data.
Using CRISPR/Cas9 technology to target and modify specific sequences in the
genome, we developed a novel method to add an epitope tag to these transcription factors
at their endogenous loci. This allows us to run ChIP-seq experiments with the
transcription factor at physiological levels of expression. We can also use the same
antibody to eliminate repeated validation and optimization steps.
We have successfully tagged two genes that may be involved in heart
regeneration, tcf21 and tbx20. tcf21 is expressed in the developing epicardium and is
required for the proper development of the branchial arches. tbx20 is expressed in the
cardiomyocytes and is required for the proper development of the heart, and it has also
been shown to be upregulated in response to injury in the zebrafish. With tbx20, we have
performed a successful ChIP-seq experiment and have tested several promising target
genes.
It is difficult to test if either tcf21 or tbx20 is required for regeneration, as both of
these genes are essential for development and mutants do not survive. The solution to this
problem is to engineer the gene so that it can be turned off at a specific time and in a
specific cell type. A common method of this in the mouse model utilizes the Cre/loxP
system: two loxP sites flank a required segment of a gene, and the introduction of the
enzyme Cre deletes the DNA between them. Until CRISPRs this was not feasible in
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zebrafish, which lacked an efficient method of targeted modification in the genome. We
adapted our method for integrating epitope tags to add the two loxP sites in the genome.
We have made and tested a fully conditional mutant for tbx20, and we have put in the
first of the two loxP sites for tcf21.
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CHAPTER 1
INTRODUCTION
1.1 Heart Disease in Mammals
Heart disease, including myocardial infarction (MI) and congenital heart diseases
(CHD), remains one of the leading causes of death (Heron 2019). Adult mammals have
no measurable regenerative response to injuries of the heart. As a result, MIs result in cell
death and irreversible loss of cardiac muscle tissue. The non-contractile fibrotic scar that
is deposited reduces the heart’s pumping efficiency, making survivors of an initial MI
susceptible to subsequent heart failure and early death. Although damage incurred by an
MI is currently incurable (save for heart transplantation), research has focused on stem
cell based therapies (Chong, Yang et al. 2014, Kadota, Pabon et al. 2017), synthetic and
natural biomaterials (Coulombe, Bajpai et al. 2014), and understanding how organisms
such as zebrafish are innately capable of regeneration in response to heart injuries (Poss,
Wilson et al. 2002).
Although adult mammals are incapable of heart regeneration, neonatal mice have
been found to possess some regenerative capacity in response to heart injuries. Neonatal
mice are capable of robust regeneration in response to both apical resection and induced
MI; however, their regenerative ability abruptly disappears by postnatal day 7 (Porello,
E.R. et al. 2011, Porello, E.R. et al. 2013). As in the zebrafish, neonatal mice produce
new cardiomyocytes from existing cardiomyocytes following the injury (Porello, E.R. et
al. 2011).
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1.2 Zebrafish as a Model Organism
First described in 1822 by Scottish physician Francis Hamilton, Danio rerio,
commonly named zebrafish, are teleost fish native to rivers and streams in India
(Hamilton 1822). Zebrafish first rose to prominence in the mid-1990’s when two
independent forward genetic screens demonstrated their usefulness as a vertebrate model
for development and organogenesis (Mullins and Nusslein-Volhard 1993) (Driever,
Solnica-Krezel et al. 1996). Since that time, the use of zebrafish as a model has expanded
to include biological processes that occur later in development, including: regeneration
(Gemberling, Bailey et al. 2013), carcinogenesis (Kaufman, Mosimann et al. 2016), and
various aspects of behavior ranging from habituation (Wolman, Jain et al. 2015) to the
sleep-wake cycle (Chiu, Rihel et al. 2016).
1.2.1 Heart Development in Zebrafish
Lineage tracing experiments in zebrafish have led to the identification of the
myocardial progenitor cells, which, in the early blastula, are situated bilaterally within the
lateral marginal zone and can contribute to either the atrium or the ventricle (Stainier, Lee
et al. 1993). Prior to gastrulation, these myocardial progenitor cells are organized into
two distinct pools which will later contribute to either the atrium or the ventricle (not
both) (Stainier, Lee et al. 1993), with the ventricular progenitors located closer to the
dorsal midline than their atrial counterparts (Keegan, Meyer et al. 2004) (Figure 1A).
The size of the myocardial progenitor pools has been shown to be restricted by retinoic
acid signaling, where a decrease in retinoic acid signaling results in an increase in the
number of cardiomyocytes (Keegan, Feldman et al. 2005). In contrast to the tight
organization of the myocardial progenitor cells, the endocardial progenitors, both atrial
2

and ventricular, have no apparent organization at this stage, instead being spread
throughout the marginal zone (Keegan, Meyer et al. 2004).
During gastrulation, the cardiac progenitor cells converge towards the midline
until they reach the anterior lateral plate mesoderm. Cardiogenic differentiation first
begins in the ventricular myocytes at the 12-somite stage, and continues with the atrial
myocytes’ differentiation by the 16-somite stage. By this point in the mid-somite stages,
the endocardial cells migrate towards the midline and by the late somite stages the
myocardial tissues expand and follow the endocardial migration towards the midline
(Figure 1B). The bilateral heart fields fuse at the midline, resulting in the cardiac disk:
with endocardial cells at the center of the disk, ventricular myocytes in the middle and
atrial myocytes at the very edge of the disk (Figure 1C).
The cardiac disc develops into the primitive heart tube, and the myocardial cells
surround the endocardium. By 28 hpf, the transformation into a linear heart tube is
complete (Figure 1D). By 36 hpf, as new cardiomyocytes are added at the arterial and
venous poles located towards the midline, cardiac looping begins, and it continues until
the tube has formed an ‘s’ shaped loop (Figure 1E). By 48 hpf, proepicardial cells begin
to appear, and by 72 hpf the proepicardial cells spread over the myocardium (Figure
1F,G,H).
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Figure 1. Heart development in zebrafish. a. At 5 hpf, atrial and ventricular cardiac
progenitors are located on the lateral marginal zone. b. At 15 hpf, cardiac progenitors
migrate towards the midline and by 22hpf (c) the cardiac progenitors fuse and form the
cardiac disk along with the endocardial progenitor cells. d. After 24 hpf, the cardiac disk
elongates to form the primitive heart tube. e. By 36 hpf, the heart tube begins looping
and new cells are being added at the arterial and venous poles. f. Both chambers of the
heart are formed by 48 hpf, followed by formation of the bulbous arterious (outflow tract)
4

between 3-5 dpf (g). h. Between 3-5 dpf, epicardium has spread to cover the myocardial
cells
1.2.2 Heart Regeneration in Zebrafish
Zebrafish possess one of the most remarkably robust regenerative responses to
injuries in the heart found throughout the animal kingdom. Although the zebrafish heart
is simpler than its mammalian counterpart - consisting of a single atrium and a single
ventricle - many genes and developmental pathways are conserved between zebrafish and
mammals. Several injury models are in use, but initially, zebrafish were reported to fully
and functionally regenerate after resection of up to 20% of the ventricle (Poss, Wilson et
al. 2002). For these reasons, zebrafish have developed into the premier model system for
heart regeneration studies.
Several modes of injury have been used to investigate the regenerative capacity of
the zebrafish heart. As noted above, zebrafish are able to regenerate after resection of up
to 20% of the ventricle within 30-60 days without lasting scar tissue (Poss, Wilson et al.
2002). At the time, it was unknown whether the lack of scarring was simply due to the
injury mode not requiring the clearance of debris post-injury. This question was answered
as new and more severe methods of injury were employed in the zebrafish.
The second method used to induce heart injuries in the zebrafish, cryoinjury, more
closely mimics a myocardial infarction in mammals (Chablais, Veit et al. 2011,
Gonzalez-Rosa, Martin et al. 2011, Schnabel, Wu et al. 2011, Chablais and Jazwinska
2012, Gonzalez-Rosa and Mercader 2012). A small metal probe, cooled by liquid
nitrogen, is pressed against the surface of the heart. This rapid freezing and thawing
causes massive cell death to all tissue layers of the heart, inducing a more severe
5

apoptotic response compared to ventricular resection. This results in the formation of scar
tissue which, unlike in mammals, is eventually cleared and replaced by new
cardiomyocytes within a period of 3-4 months.
The third commonly used method relies on conditional and tissue specific
expression of a toxin. Expression of the toxin is then used to ablate specific cells. Two
systems, conditional expression of diphtheria toxin chain A (DTA) and the
nitroreductase/metronidazole (NTR/MTZ) system, have been used to ablate up to 60% of
cardiomyocytes (Curado, Stainier et al. 2008, Wang, Panakova et al. 2011). Heart
regeneration is completed by 30 days after injury with no scar tissue remaining. This
ablation strategy has been used to study regeneration in both adults (Wang, Panakova et
al. 2011) and juveniles (Curado, Stainier et al. 2008, Zhang, Han et al. 2013), when
physical injury modes are impractical due to the small size of the larvae.
In response to ventricular resection (Figure 2) (and following a similar response
in other injury modes), a fibrin clot forms within minutes, preventing fatal blood
loss(Poss, Wilson et al. 2002). An early inflammatory response is detectable by 3 hours
post amputation (hpa) (Huang, Yang et al. 2013). At 6 hpf, there is an organ wide
endocardial activation detectable by the upregulation of the embryonic markers raldh2
(the main retinoic acid (RA) synthesizing enzyme) and heg (a transmembrane receptor)
mRNA. These transcriptional changes are accompanied by morphological changes in
endocardial cells: namely, rounding of the endocardial cells and detachment from
neighboring cardiomyocytes (Kikuchi, Gupta et al. 2011). This activation eventually
becomes restricted to the wound area as endocardial cells proliferate, invade, and cover
the wounded region.
6

Approximately 3 dpa, an analogous epicardial activation occurs. Embryonic
epicardial markers raldh2, wt1b, and tbx18 mRNA are detectable throughout the
epicardium(Lepilina, Coon et al. 2006, Gonzalez-Rosa, Martin et al. 2011). Similar to the
endocardial activation, this organ wide epicardial activation becomes restricted to the
wound area within a few days. The epicardial cells also undergo morphological changes,
detach from their neighbors, proliferate, and invade the wound area(Gonzalez-Rosa,
Peralta et al. 2012). Epicardial cells deposit a number of extra-cellular matrix proteins,
which function as a necessary scaffold for regeneration to occur(Wang, Karra et al.
2013). Pharmacological ablation of the tcf21 expressing epicardial cells significantly
impair subsequent cardiomyocyte proliferation, resulting in scar tissue(Wang, Cao et al.
2015).
Both the endocardial and epicardial activations result in the upregulation of a
number of signaling factors which stimulates and precedes cardiomyocyte proliferation which peaks at 7 dpa. These factors include RA, Tgf-β, Shh, Pdgf, Igf, Fgf, BMP, and
Nrg1 (Lepilina, Coon et al. 2006, Lien, Schebesta et al. 2006, Kim, Wu et al. 2010,
Kikuchi, Holdway et al. 2011, Chablais and Jazwinska 2012, Choi, Gemberling et al.
2013, Huang, Harrison et al. 2013, Gemberling, Karra et al. 2015, Wu, Kruse et al. 2016).
Lineage tracing experiments have found that the regenerated cardiomyocytes originate
from existing cardiomyocytes rather than a pool of stem cells (Jopling, Sleep et al. 2010,
Kikuchi, Holdway et al. 2010) consistent with heart regeneration in neonatal mice
(Porrello, Mahmoud et al. 2011). Following the injury, cardiomyocytes also undergo
both morphological and genetic changes. Cardiomyocytes partially dedifferentiate they
re-express embryonic markers and exhibit partial sarcomere disassembly. gata4
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regulatory sequences are reactivated in the sub-epicardial cortical muscle layer of
cardiomyocytes prior to being limited to cardiomyocytes in the wound area (Kikuchi,
Holdway et al. 2010). The cardiomyocytes continue to proliferate and, over the course of
30-60 days (for ventricular resection), gradually replace the clot and deposited
extracellular matrix (Poss, Wilson et al. 2002, Raya, Koth et al. 2003). Completion of
revascularization, which begins as early as 15 hours post injury (in a cryoinjury model)
(Marin-Juez, Marass et al. 2016), and electrical coupling of the regenerate to the
myocardium mark the completion of regeneration.

Gemberling 2013
Figure 2. Overview of heart regeneration in zebrafish. Summary of the main
processes of heart regeneration in response to ventricular resection. After formation of an
initial clot, organ wide endocardial activation of raldh2 mRNA is detectable within a few
hours. A similar epicardial activation is detected by 3 dpa, before raldh2 expressing cells
become localized to the wound, stimulating cardiomyocyte proliferation through
secretion of signaling factors. After cardiomyocyte proliferation peaks (7 dpa), the
vascularized regenerate is electrically coupled to existing myocardium.
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1.3 Genetic Tools in the Zebrafish
Zebrafish researchers have employed a growing set of genetic and molecular tools
to employ in both forward and reverse genetic approaches.
1.3.1 Random Mutagenesis
Several major approaches have been employed in forward genetic screens in
zebrafish, including N-ethyl-N-nitrosourea (ENU) mutagenesis (Haffter, Granato et al.
1996) and insertional mutagenesis utilizing transposon systems (Clark, Urban et al.
2011). These techniques, which produce a phenotype first and require subsequent steps
such as positional cloning to identify the genomic location of the mutation or insertion,
are amenable to large scale screens aimed at identification of genetic factors required for
development (Driever, Solnica-Krezel et al. 1996, Stainier, Fouquet et al. 1996).
Characterization of mutants resulting from such screens, from phenotype to causative
mutation, has identified many genes required for development that are conserved from
zebrafish to humans.
1.3.2 Morpholinos
Morpholinos are anti-sense oligonucleotides of approximately 25 nt used for
targeted knock-downs of genes early in development. They are a quick and inexpensive
approach to knock down and assess gene function in developing embryos. Morpholinos
are injected into early stage embryos, and are designed to knock-down genes posttranscriptionally by binding to and inhibiting either translation or splicing of RNAs
(Nasevicius and Ekker 2000).
Discrepancies have arisen between phenotypes of morpholino knock-downs and
genetic mutations ostensibly disrupting the same gene (Schulte-Merker and Stainier
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2014, Kok, Shin et al. 2015). Whether these difference in mutants and morphants is due
to off-target effects of morpholinos or, more recently considered, the possibility of
genetic compensation in mutants is not well understood. Nevertheless, characterization of
gene function derived from morpholino knock-down experiments must be considered
carefully when morphants fail to phenocopy mutants.
1.3.3 Transgenesis
Transgenic zebrafish lines, generated through a variety of transposable elements,
have been widely used for spatio-temporally controlled protein overexpression, cell/tissue
labeling, cell ablation, cell lineage tracing, among other applications. Various constructs
are often engineered in plasmids or bacterial artificial chromosomes (BACS), which can
integrate the engineered region randomly using a transposase such as Tol2 (Kawakami
and Shima 1999) or Sleeping Beauty (Davidson, Balciunas et al. 2003), or into a targeted
docking site using an integrase such as phiC31 (Hadzhiev, Miguel-Escalada et al. 2016).
Random integration carries with it the possibility of disrupting endogenous gene function,
or subjecting the transgene to positional variation effects.
1.3.4 Targeted Genome Editing
As opposed to transposon driven random mutagenesis, endonucleases such as zinc
finger nucleases (ZFNs) (Durai, Mani et al. 2005), transcription activator-like effector
nucleases (TALENs) (Cermak, Doyle et al. 2011), and clustered regularly interspaced
short palindromic repeats (CRISPRs) (Gasiunas, Barrangou et al. 2012, Jinek, Chylinski
et al. 2012) have enabled the ability to target virtually any locus in the endogenous
genome (Sander 2011, Bedell 2012, Foley 2009, Hwang 2013). These nucleases
(CRISPRs especially) have largely fueled the shift in zebrafish research from forward to
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reverse genetics. They have enabled the generation of targeted double stranded breaks
that can generate loss of function alleles or targeted knock-ins when repaired by the cell
with either non-homologous end joining or homology directed repair, respectively.
CRISPRs (reviewed in (Kim and Kim 2014, Adli 2018)) rely upon the
introduction of Cas9 (either as RNA or protein), as well as a chimeric guide RNA
(sgRNA) into the cell. The Cas9 and sgRNA function as a ribonucleoprotein (RNP)
complex. The sgRNA contains a sequence, typically 20 nt in length, complementary to
the genomic target site. The sgRNA binds to its genomic target, bringing Cas9 into
proximity to generate a double-stranded break in the DNA. This break will only occur if
the target site is directly adjacent to a protospacer-adjacent motif (PAM). The PAM
sequence requirement is one of the few limitations to using CRISPRs to target specific
sequences in the genome. Different Cas9s recognize different PAM sequences: one of the
most widely used, Streptococcus pyogenes Cas9 (spCas9), recognizes the PAM sequence
‘NGG’, occurring relatively frequently throughout the genome.
Researchers have utilized CRISPRs for a wide variety of applications in various
organisms. CRISPR/Cas has been used for making indels to generate frameshift mutants,
making single nucleotide substitutions, generating large deletions, and integrating
exogenous DNA through a variety of approaches. As the precision and efficiency of the
system continues to be improved upon, CRISPRs will continue to be an important tool
for genetic engineering.
1.4 Conditional Mutagenesis
Some genes play important roles in multiple tissues in a developing organism.
Studying these pleiotropic genes can be difficult. Ideally, we want to examine their
11

effects in relative isolation within a single tissue without the complications of deleterious
effects in the rest of the organism. Other times, as is seen with both tbx20 and tcf21, the
mutant organism is not viable. In order to examine the effects of these genes on adult
organisms (and during regeneration), we needed to be able to generate conditional alleles.
These will allow us to ‘turn off’ a given gene at a specific time during - or after development, as well as in a specific tissue or cell line.
1.4.1 Cre/loxP
The Cre/loxP system is a site specific recombinase with powerful applications in
genome engineering because of its ability to delete, insert, or invert DNA sequences. Cre
is a site specific recombinase so named because it catalyzes recombination in the
bacteriophage P1 genome (Hoess, Ziese et al. 1982). Given that Cre recombination can
be spatiotemporally regulated, the Cre/loxP system has become an invaluable tool for
generating knockouts across several model systems (Sauer and Henderson 1988, Siegal
and Hartl 1996, Utomo, Nikitin et al. 1999, Dong and Stuart 2004).
The Cre enzyme recognizes the specific loxP sequence, consisting of two 13 base
pair inverted repeats flanking an asymmetric 8 base pair spacer region. Cre monomers
bind the loxP sequence and promote recombination between two loxP sites, which occurs
within the spacer region of the loxP sequence. Because of the asymmetric nature of the
spacer region, the outcome of recombination depends upon the relative orientation of the
two loxP sites (Hoess, Wierzbicki et al. 1986). When the two loxP sites are in the same
relative orientation, the intervening DNA is excised, leaving behind a single loxP site
consisting of half of each of the original two loxP sites. When the two loxP sites are in
opposite orientations, the intervening DNA is inverted. Since the inversion restores the
12

sequence of each loxP site, Cre-mediated inversion is able to occur repeatedly, thus
making the final genomic product impossible to predict. Stable inversion of DNA has
been achieved by using loxP mutant variants. In this case, one loxP site has several
mutations in the left inverted repeat, and the second loxP site has several mutations in the
right inverted repeat. Cre is capable of catalyzing recombination between the two mutant
sites, but after a single inversion event, there is left wild type loxP site and a loxP site
with mutations on both the left and right inverted repeats, and Cre is no longer capable of
catalyzing recombination between the two (Albert, Dale et al. 1995, Araki, Araki et al.
1997).
The Cre/loxP system’s viability for generating conditional knock outs largely
depends on the ability to control recombination in a spatiotemporal manner. Multiple
combinatorial methods are available to restrict Cre expression and/or activity (and thus
Cre mediated recombination) to specific cell types and at specific developmental time
points. Cell type specific promoters can be used to drive Cre expression in only certain
cell types or tissues, which is useful to generate tissue specific - as opposed to globalknockouts. Heat shock promoters exist which can drive Cre expression only in response
to elevated temperature, providing some degree of temporal control (reviewed in (Shoji
and Sato-Maeda 2008)). Additionally, ligand-binding domains (such as ERT2) have been
fused to Cre to sequester Cre in the cytoplasm until the appropriate ligand is introduced
(Feil, Wagner et al. 1997).
1.5 Transcriptional Regulation
Enhancers are segments of DNA that are capable of increasing expression of a
particular gene (Edgar Serfling 1985) by recruitment of transcription factors, cofactors,
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and a mediator complex. The length of these DNA segments varies significantly: from
100 bp or less to large (up to 100 kb) sequences known as superenhancers (Hnisz,
Abraham et al. 2013). The first reported enhancer, from the simian virus 40, consists of a
72 bp sequence (Banerji, Rusconi et al. 1981).This sequence was found to strongly
increase transcription when placed in various orientation-independent positions relative
to other genes. The distance at which an enhancer lies compared to its affected gene can
also vary significantly, and have been found to range as far as a megabase away from
their target in mammals (de Laat and Duboule 2013). It is unclear how often an enhancer
acts on its most proximal gene, and estimates vary significantly across species and in
different studies.

Figure 3. Transcription factor binding. Transcription factors bind enhancers near a
gene as in (a) or distal (b). In both cases, transcription factors (in conjunction with
cofactors and a mediator complex) recruit RNA polymerase to activate transcription of a
gene.
A variety of techniques have been used to identify and characterize enhancers and
their potential targets. One of the most commonly used reporter assays consists of a
plasmid vector containing a minimal promoter (incapable of driving robust expression on
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its own) and a reporter gene - typically a fluorescent protein. A candidate enhancer
sequence is cloned into the construct, which can then be transfected in cell lines (Barakat,
Halbritter et al. 2018) or injected into developing embryos (Navratilova, Fredman et al.
2009), and used to test the candidate enhancer’s ability to activate expression of the
reporter. This approach may be able to identify enhancer elements and provide insight
into their spatio-temporal activation (when injected in developing embryos), but it is not
possible to definitively link the tested enhancer to a given gene by this assay alone.
While this strategy has limitations, it is able to provide information on specific
sequences of DNA and if they are able to function as enhancers. Nevertheless, reporter
assays must be used in combination with other approaches to provide a more complete
picture. ChIP-seq (discussed in detail below) can lead to identification of putative
enhancer regions which can first be quickly tested by a reporter assay. Pairing down of
the region can be performed by deletion analysis to identify the minimum sequence
necessary for enhancer activity. In the endogenous genome, deletion of the entire
minimal enhancer, or mutation of specific candidate TF binding sites can be achieved
using CRISPR/Cas9 (Sanjana, Wright et al. 2016, Diao, Fang et al. 2017) and can be used
to assess changes in gene expression and necessity of an enhancer element to gene
expression, development, and viability of the organism. However, few experiments have
successfully employed this approach.
1.6 ChIP-seq
Chromatin immunoprecipitation followed by sequencing is a technique that was
developed to identify specific histone modifications and protein-DNA interactions
throughout an organism’s genome (Barski, Cuddapah et al. 2007, Johnson, Mortazavi et
15

al. 2007, Mikkelsen, Ku et al. 2007). ChIP-seq requires cross-linking of proteins/DNA
from a sample, followed by fragmentation of the cross-linked genome, typically by
sonication. The fragmented genome is then purified after immunoprecipitation to pull
down the protein of interest as well as bound DNA fragments (the ChIP sample). Part of
the sample is also purified without IP (the total input) to establish background levels.
Both the ChIP and the total input are sequenced by next-generation sequencing, and the
reads are mapped to a reference genome. Peaks, or candidate binding sites in the genome
of the protein of interest, are determined from mapped reads that are significantly
enriched in the ChIP sample as compared to total input.

Figure 4. Overview of ChIP-seq experiment. a. Proteins are cross-linked to the
genomic DNA, followed by fragmentation. Immunoprecipitation using an antibody
against the transcription factor of interest pulls down the TF and bound DNA fragment.
The cross-links are removed, and the DNA fragments are purified, sequenced, and
mapped to a reference genome.
Because high-throughput techniques such as ChIP-Seq require strong and very
stringent recognition of a protein of interest by antibodies (Gstaiger and Aebersold 2009,
Shlyueva, Stampfel et al. 2014), two primary methods have been used. The first,
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production of custom antibodies against the protein of interest, is time consuming and
does not necessarily yield antibodies of sufficient quality for ChIP-Seq. The second,
expression of the protein with an epitope tag such as V5, FLAG, or MYC (Kimple, Brill
et al. 2013), enables the use of validated reagents and protocols for downstream
procedures. The disadvantage of this approach is that the epitope tagged protein is
expressed through an ectopic expression system, which nearly always leads to expression
at non-physiological levels. This is likely to result in artifacts when identifying potential
binding sites of transcription factors by ChIP-seq.
1.7 tcf21
Tcf21 is a class II basic helix-loop-helix (HLH) transcription factor, a family of
transcription factors that direct cell fate specification and differentiation during
development. In Xenopus laevis, tcf21 functions as a repressor to regulate proepicardial
cell specification and, in the absence of Tcf21, proepicardial cells fail to mature (Tandon,
Miteva et al. 2013) . In the chick and mouse, Tcf21 is required for differentiation of
epicardium-derived cells (EPDCs) into cardiac fibroblasts, but not vascular smooth
muscle cells. Tcf21 mutant mice lack cardiac fibroblasts, display increased vascular
smooth muscle, and lethality either before or shortly after birth.
Although a zebrafish morphant (but not mutant) phenotype had been published
(Lee, Chang et al. 2011), less has been described about tcf21 in the zebrafish. Tcf21 is
expressed in the epicardium and branchial arches during development, and it is
constitutively expressed in the adult zebrafish epicardium: adult zebrafish hearts lose
their regenerative ability after ablation of tcf21-expressing epicardial cells (Knight,
Mebus et al. 2008, Serluca 2008, Liu and Stainier 2010, Wang, Cao et al. 2015). Tcf21 is
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unusually highly conserved, with zebrafish and human proteins being a little over 75%
identical.
1.8 tbx20
In zebrafish, tbx20 is expressed in the bilateral cardiac precursors prior to their
migration and coalescence. Expression appears to persist through larval development, and
is upregulated in response to injury in adult hearts (Ahn, Ruvinsky et al. 2000, Szeto,
Griffin et al. 2002, Lepilina, Coon et al. 2006, Just, Raphel et al. 2016, Lu, Langenbacher
et al. 2017). In mouse, cardiomyocyte-specific deletion of Tbx20 in adults leads to lethal
cardiomyopathy and arrhythmia, indicating that TBX20 is required not only for cardiac
development, but also for homeostasis (Shen, Aneas et al. 2011).
Tbx20 is perhaps a core conserved component of heart development across
species, since its expression in cardiac progenitors and in the developing heart is
conserved from drosophila to zebrafish to mice.
In mouse, Tbx20 activates transcription of cardiac genes through interactions with
Nkx2.5, Gata4, and Gata5 (Stennard, Costa et al. 2003). Physical interactions between
these transcription factors appear to occur through Tbx20’s T-box domain, although coexpression of Tbx20 with each combination of Nkx2.5 and Gata4 was unable to
significantly upregulate luciferase expression in an Nkx2.5 binding dependent assay. It is
unclear if this lack of activation was due to Tbx20’s repression domain, although
luciferase activation was significantly increased when a shortened isoform of Tbx20,
lacking both the C-terminal activation and repression domains (but retaining the T-box
domain) was used in place of the full length construct.
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The C-terminus of murine Tbx20, demonstrated to act as a strong activation
domain in yeast cells, was unable to strongly upregulate luciferase reporter expression in
mammalian cell culture. It was hypothesized that the C-terminus also harbored a
repression domain which was active in the mammalian cell culture assay yet inactive in
the yeast culture assay. Indeed, subsequent removal of a 28 aa C-terminal sequence
resulted in robust activation of the luciferase reporter (Stennard, Costa et al. 2003).
Additionally, TBX20 ChIP-seq and RNA-seq data further support a dual
activation and repression role for Tbx20. Analysis of differentially expressed genes with
nearby TBX20 putative binding sites in Tbx20 mutants compared to wild-type indicates
that TBX20 functions to upregulate genes associated with cardiac development and
contraction, while simultaneously serving to downregulate genes associated with the
development and homeostasis of other non-heart tissues (Sakabe, Aneas et al. 2012).
Tbx20 also acts in concert with co-repressors such as TLE/Groucho and components of
the nucleosome remodeling and deacetylase complex through an eh1 binding domain to
repress developmental genes of non-cardiac tissues in the developing heart (Kaltenbrun,
Greco et al. 2013).
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CHAPTER 2
RESEARCH AIMS
2.1 High Throughput ChIP-seq on Endogenously Tagged Proteins
In order to map the regulatory interactions governing heart regeneration, we
proposed to run ChIP-seq experiments on endogenously epitope tagged transcription
factors. Using the CRISPR/Cas9 system and single stranded oligonucleotides as a repair
template, we planned to internally epitope tag two genes of interest: tbx20 and tcf21. By
using the same epitope tag and antibody for each gene, we expected to eliminate
validation of new ChIP-seq quality antibodies for each gene and develop a higher
throughput pipeline for running ChIP-seq. Additionally, since the gene should remain in
its native regulatory environment, we expect to minimize artifacts associated with protein
overexpression.
After obtaining and validating epitope tagged lines, we will run ChIP-seq on the
endogenously tagged transcription factors in order to identify candidate binding sites. Of
the binding sites identified from ChIP-seq, we will choose candidates based on
annotation to cardiac genes of interest. After selection of the top candidates, we will
begin evaluation of whether the candidate binding site is able to function as a cardiac
enhancer in vivo using a fluorescent reporter system.
2.2 Generation of Conditional Mutant Alleles
In addition to mapping the regulatory landscape of heart regeneration, we also
wanted to be able to test genes of interest to see if they are essential for regeneration to
occur. Since many of the genes that are likely to be critical for regeneration are also
required for development, we needed to be able to make conditional mutants. Here, we
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adapted our approach to integrate epitope tags using CRISPRs to be able to integrate two
loxP sites into the genome in a sequential manner. Using this approach, we have
generated multiple ‘floxed’ alleles for several genes of interest to us. We have tested
these alleles and demonstrated them to be fully conditional. We have also generated and
tested lines containing inducible Cre drivers, demonstrating that we can excise the floxed
locus in a spatiotemporally controlled manner.
Using CRISPRs in a manner similar to our method to integrate epitope tags, we
integrate loxP sites in a sequential manner into the endogenous genome. We can then
conditionally knock out the resulting allele by either direct injection of Cre recombinase
or by utilizing inducible and tissue specific Cre driver lines. The latter allows us to knock
out a gene at specific time points during development and in specific cell types. This
should allow us to test whether a given gene is required for regeneration in adults.
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CHAPTER 3
MATERIALS AND METHODS
3.1 sgRNA Synthesis
The template for sgRNA synthesis is prepared through two PCR reactions
(Figure 5). The first PCR uses DR274 (Hwang, Fu et al. 2013) as a template, target genespecific forward primer and M13F as a reverse primer. This purified PCR product is used
as a template for the second PCR reaction using primers sgT7-F and sgRNA-R (Table
Primers). The second purified PCR was used as a template for the MegaShortScriptT7
kit to transcribe the sgRNA. The RNA is run on an agarose gel to estimate concentration,
diluted to approximately 60 ng/µl (generally a 10X to 150X dilution, depending on the
efficiency of the in vitro transcription reaction), and 8µl aliquots are stored at -80°C.
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Figure 5. Flow diagram of the two sequential PCR reactions performed to generate
sgRNA template transcribed with MegaShortScript T7. The first PCR uses DR274 as a
template, after purification, this product is used as a template for the second PCR.
3.2 Cas9 RNA Synthesis
The pT3TS-Cas9 plasmid coding for zebrafish-optimized nCas9n (Jao, Wente et
al. 2013) is linearized with XbaI and transcribed using T3 mMessage mMachine kit using
published procedures (Balciuniene and Balciunas 2013). The RNA is diluted to 150
ng/µl, separated into 2 µl aliquots and stored at -80°C.
3.3 Injection of CRISPRs and Repair Oligonucleotide Template
An 8 µL aliquot of sgRNA was thawed and mixed with 2 µL aliquot of nCas9n
mRNA. Three nL of mix were injected into the yolks of 1-cell zebrafish embryos as
described previously (Balciuniene and Balciunas 2013, Burg, Zhang et al. 2016).
Appropriate HDR oligonucleotides were diluted to 50 ug/µL in RNAse free water, and 1
nL was injected into the yolks of zebrafish embryos immediately after the RNA injection.
One aliquot of each nCas9n and sgRNA are thawed and mixed. 3 nl of the RNA
mixture are injected into the yolks of one-cell stage zebrafish embryos as previously
described (Hermanson, Davidson et al. 2004, Balciuniene and Balciunas 2013). The
unpurified repair oligonucleotide (custom ordered desalted from Sigma Aldrich, without
optional HPLC or PAGE) is diluted to 50 pg/nl, and 1 nl was injected into the yolks of
one-cell stage zebrafish embryos. After microinjection, RNA mixture is run on a gel to
ensure that the RNA is not degraded.
Since we do not purify the in vitro transcribed sgRNA, and the final step of the
transcription reaction is DNAse treatment, we do not mix RNAs with the oligonucleotide.
Instead we perform two sequential injections. We typically inject around 240 embryos
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per experiment: injection into the yolk (see below) is fast enough that both RNA and
DNA can be injected at one-cell stage. This provides enough embryos for F0 validation
of CRISPR/Cas9 activity and to raise and recover germline transmission of desired
events.
3.4 Validating CRISPRs
A pool of 20 injected embryos is collected between 1dpf and 3dpf for genomic
DNA extraction. Although other methods, such as high resolution melting curve analysis
(Thomas, Percival et al. 2014), can be used to ascertain induction of indels by
CRISPR/Cas9, we used three assays in particular: loss of the restriction enzyme site, the
Surveyor assay, and direct sequencing.
A PCR reaction (50 μl volume) is performed using gene-specific forward and
reverse primers. 10 μl of the reaction are run on a gel to ensure that a single, specific
PCR band is obtained.
To analyze indels using Surveyor Mutation Detection Kit, 10 μl of the PCR
reaction is transferred to a new PCR tube and denaturation-annealing is performed as
recommended by the manufacturer. Equal volumes, 0.5 μl, of Enhancer and Nuclease
(half recommended amounts, no additional MgCl2 is needed) are added and incubated at
42°C for 2 hours. Agarose gel electrophoresis is then performed.
To analyze the rate of mutation by restriction enzyme site loss, 10 μl of PCR
reaction are mixed with 20 μl of restriction enzyme digestion mix (10 units of the
restriction enzyme in recommended 1x buffer), and digested for 2 hours to overnight. The
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samples are then analyzed for loss of the RE site by performing agaorse gel
electrophoresis.
3.5 Generation of Endogenously V5 Tagged Lines
To generate the V5 tagged lines, we injected a mixture of sgRNA and Cas9 RNA
into the yolks of 1-cell stage embryos, directly followed by injection of the appropriate
V5 repair oligonucleotide. This repair oligo consists of the V5 epitope coding sequence
flanked by 20 nucleotides of homology to each side of the Cas9 cut site. In order to test
the CRISPR/Cas9 activity and efficiency, we pooled 20 injected embryos and DNA
prepped them. The targeted locus was amplified by PCR, and the PCR fragment was
digested with a restriction enzyme. In each case, CRISPR/Cas9 mutagenesis would be
expected to disrupt the restriction enzyme site. For tcf21, we observed near complete loss
of the BsrGI site, indicating highly efficient mutagenesis.
3.6 Genotyping for the V5 tag Integration and Indels
To test for integration of tag-coding sequences into the locus of interest, we
performed PCRs using gene-specific and tag-specific primers. The obtained tag-specific
PCR bands can be excised from the gel, purified and sequenced using gene-specific
primers. We noted that while the 3’ junction between the tag and endogenous sequences
appears very precise, there is a clear drop in sequence quality immediately after the
CRISPR/Cas9 cut site at the 5’ junction. This is consistent with our observations of
germline-transmitted epitope tagging events from several loci.
The remaining embryos from the injection batch are raised to adulthood and used
to screen for germline transmission of indels and epitope tag integration events. Once the
injected fish reach maturity, they are either incrossed or outcrossed, and 3 bins of 20
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embryos are collected from each cross for genomic DNA extraction to screen for tag
integrations and indels.
To screen for indels, a gene specific PCR reaction is digested with the same
restriction enzyme that was used to validate CRISPR/Cas9 activity in injected embryos.
Alternatively, the Surveyor assay may be performed.
In any bin of 20 embryos, very few – perhaps only one – embryos will have a tag
integration event, complicating PCR screening. We therefore used nested PCR reactions
to screen for tag integration events. The first flanking PCR is diluted 1:100 and used as a
template for the two tag specific PCR reactions. Any resulting products from PCR
reactions using tag specific primers were sequenced to characterize inherited alleles.
Siblings from crosses that were positive for indels and/or germline transmission
of desired/precise tag integrations were raised to adulthood. The F1 siblings raised from
crosses found to have germline transmission of desired tag integrations should be tailclipped for genomic DNA extraction to genotype individual fish. They are screened using
the same method described for screening injected embryos: two tag-specific PCR
reactions are run and sequenced to check for good tag integrations. Concurrently, a
flanking PCR reaction is run and digested to test for loss of the restriction enzyme site or
the Surveyor assay is performed. Fish that were heterozygous for loss of the restriction
enzyme site were straightforward to purify and sequence the uncut band to characterize
the allele with loss of restriction site. Fish that are homozygous for a loss of restriction
enzyme site required cloning of the flanking PCR into a vector and sequencing multiple
colonies to characterize both alleles.
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3.7 Genotyping for loxP Integrations in Injected Embryos
Embryos from F0 incross or outcross were pooled into batches of 20 and DNA
prepped. Three batches from each pair were tested for loxP integrations by nested PCR
(Table Primers). The first flanking PCR was run and amplification was confirmed by gel
electrophoresis. The PCR product was purified, diluted 1:100 with water, and 1 µL was
used as a template for the 5’ and 3’ nested reactions. Siblings from positive crosses were
raised to adulthood. All PCR reactions were performed using either NEB 2X Taq Master
Mix, Thermo Scientific Taq or Kapa 2G Fast ReadyMix. DNA ladders used were
Thermo Scientific GeneRuler DNA ladder (SM0331) and ThermoFisher Scientific 100
bp DNA ladder (#SM0241).
3.8 Screening F1s for loxP Integrations by Short Flanking PCR
Adult F1 fish were tail clipped, DNA prepped, and genotyped by running a short
flanking PCR (gene specific primers described below) designed to amplify approximately
450 bp or less. PCRs were run on 2% agarose gels, and amplicons of appropriate size
were purified and sequenced to confirm loxP integration. All PCR reactions were
performed using either NEB 2X Taq Master Mix, Thermofischer Scientific Taq or Kapa
2G Fast ReadyMix. DNA ladders used were Thermo Scientific GeneRuler DNA ladder.
3.9 Complementation Assay
The epitope tagged protein should be tested to determine if it retains its wild type
stability and function by complementation of a mutant allele. If homozygous mutants
have an obvious developmental phenotype, and both homozygous tagged fish and
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transheterozygous (tag/frameshift) fish appear wild type, then the assumption can be
made that the tagged protein is functionally wild type. Further evidence against off-target
effects causing a phenotype would be provided by generating multiple different
frameshift alleles for a given gene by targeting different locations. If no phenotype is
seen in homozygous mutants then it may not be possible to determine if the tagged
protein has wild type function.
3.10 Alcian Blue Staining
Alcian blue staining of cartilage was used to characterize craniofacial
malformations seen in tcf21 mutants. The staining was performed based on the protocol
described in (Neuhauss, Solnica-Krezel et al. 1996). Embryos were fixed overnight at 36
or 48 hpf in 4% PFA, then washed 4 times with PBT (0.1% TritonX-100). The embryos
were then incubated in 30% hydrogen peroxide for 1 hour at RT, or until the
pigmentation was sufficiently removed for imaging. The embryos were then stained
overnight with Alcian Blue (1% concentrated HCL, 70% ethanol, 0.1% Alcian Blue)
before being cleared in a solution of 5% concentrated HCL and 70% ethanol for 4 hours
at RT. The embryos were dehydrated in an ethanol series before being imaged.
3.11 Immunofluorescence
Day 1:
Dechlorinated embryos are fixed at an appropriate stage in fresh 4% PFA for 4 hours at
room temperature with gentle rocking. The fixed embryos are then washed and
dehydrated at room temperature with gentle rocking as follows:
•

4 washes in PBT for twenty minutes each

•

Wash in 1:1 methanol:PBT for five minutes
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•

2 washes in 100% methanol for twenty minutes each

The embryos are stored at -20°C at least overnight.
Day 2:
The embryos are rehydrated, washed, and blocked as follows:
•

Wash in 1:1 methanol:PBT for five minutes

•

4 washes in PBT for twenty minutes each

•

Incubate in blocking buffer for 1 hour

The primary antibody is added directly to the blocking buffer and embryos are incubated
overnight with gentle rocking at 4°C. For Tcf21-V5, we used mouse monoclonal anti-V5
epitope tag antibody (ThermoFisher Scientific, R960-25) at a concentration of 1:500.
Day 3:
The embryos are washed and processed as follows:
•

4 washes in PBT for twenty minutes each

•

Incubate with secondary antibody in blocking buffer for two hours

•

4 washes in PBT for twenty minutes each

We used a 1:500 concentration of fluorescent conjugated anti-mouse secondary antibody
(ThermoFischer Scientific, A-21135) and performed the incubation and subsequent
washes in the dark. After the final wash the embryos were visualized under a
fluorescence microscope
3.12 In Situ Hybridization
In situ hybridization was performed as described in (Thisse and Thisse 2008). The
primers used for amplification of tcf21 are listed in (Table Primers)
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3.13 Injection of Cre mRNA
Embryos from the incross of tbx20tpl145 heterozygotes were injected with 25 pg
Cre mRNA. Individual embryos were genotyped by PCR using the tbx20In1F4/tbx20In2-R2 primer pair (Table Primers).
3.14 qPCR
Fish homozygous for the floxed tbx20tpl145 allele were crossed to fish
heterozygous for tg(ubb:CreERT2) and the tbx20 deletion allele, tbx20tpl122. Embryos
were treated with the stated concentrations of 4-HT or ethanol at 6 or 10 hpf for 24 hours.
Embryos were scored for phenotype, lysed at 3dpf, and genotyped using the primer pair
tbx20In1-F1/tbx20In2-R2. All embryos used for qPCR were genotyped for
tbx20tpl145/tpl122 or tbx20tpl145Δ/tpl122 . qPCR was performed using a Roche LightCycler 480
and LightCycler 480 SYBR Green I Master Mix (04707516001). Primer pairs used for
qPCR were tbx20In1-F1/tbx20In2-R2 and aldh1a2-F5/aldh1a2-R7. Mean Cp values for
tbx20 were normalized to aldh1a2 in Microsoft Excel.
3.15 4-HT Treatment
Fish heterozygous for either floxed tbx20tpl145 were crossed to the transgenic line
Tg(ubi:CreERT2). Embryos were screened for GFP (transgene marker) at 2dpf, and GFP
positive embryos were split and incubated with either 5 µM 4-HT or ethanol (control) for
24 hours. Individual embryos were DNA prepped and genotyped using the primer pair
tbx20In1-F4/tbx20In2-R1.
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3.16 Table of Primers

Sequence 5’ to 3’
Primer
universal primers for sgRNA synthesis (from Burg et al., 2016)
sgT7
sgRNA-R
M13F

GCTAGCTAATACGACTCACT
AAAAGCACCGACTCGGTG
GTAAAACGACGGCCAGT

gene specific primers for sgRNA synthesis
tbx20sgRNA9
tbx20sgRNA10
tcf21sgRNA5

CGCTAGCTAATACGACTCACTATAgttgcatgctatggccccac
GTTTTAGAGCTAGAAATAG
CGCTAGCTAATACGACTCACTATAgttgtcacccaacgttaata
GTTTTAGAGCTAGAAATAG
CGCTAGCTAATACGACTCACTATAggacgtggagatgaagcaac
GTTTTAGAGCTAGAAATAG

tcf21sgRNA6

CGCTAGCTAATACGACTCACTATAggtggagaaaaggacttcttg
GTTTTAGAGCTAGAAATAG

tcf21sg-F1

CGCTAGCTAATACGACTCACTATAgcgtcggtgtcagaatgtacG
TTTTAGAGCTAGAAATAG

gene specific loxP HDR oligos
tbx20sg10-loxP-F1

GGTTGTTGTCACCCAACGTTAggaataacttcgtatagcatacat
tatacgaagttattgcATATGGACAAATATGGATAAA
tbx20sg9-loxP-103 CAATAACCATGATTATGTGCGCATAAATGTGATGCAGTTTGTTTT
AGAAAAAAAAACCTGTGcacataacttcgtataatgtatgctata
cgaagttattccGGGCCATAGCATGCAAAT
tcf21sg5loxP-HDRL GTTATGCTCATCCTCAGCTCGCGCATGACACGTTTCCACATAGCC
AGTTcgaataacttcgtataatgtatgctatacgaagttatgaaG
CTTCATCTCCACGTCCAGTC

loxP – specific
loxP-U1
loxP-U2
loxP-F1
loxP-R1

TATAATGTATGCTATACGAAGTTAT
TATAGCATACATTATACGAAGTTAT
TCGTATAATGTATGCTATACGAAGT
ATAACTTCGTATAGCATACATTATA

loxP-Rev

CGTATAATGTATGCTATACG

tbx20 – specific
tbx20in1-F1
tbx20in1-F2
tbx20in1-F4
tbx20in2-R1
tbx20in2-R2

CAGTAGCCTAATATTTCAACGTTTC
GTTTCTATGGCCTATGTTATTGTGA
TGTAAAGACTGATGTAGTATGTAGT
GTGTTGACAGAAATAGGTTACACTC
GTAAGCTTGTGAGATTGTGTTGGAC
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tbx20ex2-F1
tbx20ex2-R1

AAATGATTATTACAAAGTCTGGAAG
ACGACTTTTCCACGAATTGTTCTTG

tcf21 – specific
tcf21-F1
tcf21-F9
tcf21-F10
tcf21UTR-F1
tcf21-R1
tcf21-R5
tcf21UTR-R2

ACAAGTTATGCTCATCCTCAGCTCG
CTGCTAGCAACAGCATATCCATC
GACAAAACGCTCGAGTGCAATGAAT
CTCCACGTCCAGTCAGAGAACCTC
CATATTTGTCATTGGCGAGTATCTG
GCTTTGCTGAGCACGCGCATCCT
AACAAAGGCGCGTGACATGA

V5-specific
V5-F1
ATGTGTGGCAAGCCTATCCCAAAC
V5-F11
GGCAAGCCTATCCCAAACCCTCTG
V5-R1
TGTGGAGTCCAGGCCCAGCAGA
Table 1. Table of Primers. Sequences of primers used in this study. loxP sites are
highlighted in blue and spacers highlighted in grey. sgRNA target site sequences are
highlighted in yellow, with the additional G added for T7 transcription shown in bold red.
In HDR primers, the loxP site is highlighted in aqua and the spacer sequence is
highlighted in grey.
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CHAPTER 4
RESULTS
4.1 Epitope Tagging Endogenous Loci for High Throughput ChIP-seq
In order to determine what genes are regulated by tcf21 and tbx20, we wanted to
run ChIP-seq experiments on each. Since ChIP-seq relies on high quality antibodies
against the protein of interest and/or ectopic expression of an epitope tagged version of
the protein - each of which has its limitations/difficulties - we hypothesized that we could
use CRISPR/Cas9 to integrate an epitope tag into the endogenous locus and run ChIP-seq
with the gene of interest being expressed in its native regulatory environment.
In studies employing epitope tagged proteins in vertebrates, the epitope tag is
typically tacked onto the protein sequence either N- or C-terminally (Malhotra 2009,
Zheng, Ghitani et al. 2012, Yang, Wang et al. 2013, Rossi, Kontarakis et al. 2015). This
is in part a practical consideration, as the coding sequence of the gene is cloned into a
vector already containing N- and/or C- terminal epitopes (Fritze and Anderson 2000).
This need not be considered if the epitope-coding sequence is to be integrated into the
genome.
Two key considerations must be taken into account when epitope tagging a
protein. The first is whether the epitope tag will be accessible to antibody at a particular
location. The second is the likelihood that insertion of the epitope will functionally
compromise the protein (Jarvik and Telmer 1998, Fritze and Anderson 2000). This
second consideration is often either neglected by not testing if the epitope tagged protein
is fully functional or circumvented by a higher level of expression of the tagged protein.
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We hypothesized that evolutionary conservation, or more precisely a lack thereof,
can be used to inform epitope tagging approaches. For instance, a protein segment that
varies in length between different species is likely to be on the “outside” of the 3dimentional structure of the protein, and an epitope integrated into such a sequence is
likely to be accessible to antibody binding. Furthermore, integration of the epitope into
such segments is less likely to negatively impact folding or functionality of the protein.
Conversely, disruption of a highly conserved sequence may be more likely to have
deleterious effects (Jarvik and Telmer 1998). Notably, internal epitope tagging is being
successfully used in the yeast Saccharomyces cerevisiae (Kumar, Agarwal et al. 2002,
Gauss, Trautwein et al. 2005, Zordan, Beliveau et al. 2015).
The selection of an exact target site is only limited by the NGG PAM sequence
since it has been demonstrated that the ‘GG’ required for efficient transcription by the T7
RNA polymerase can be added to the 5’ end of the short guide RNA (sgRNA) (Hwang,
Fu et al. 2013). Moreover, in our experience, a single ‘G’ at the 5’ end is sufficient to in
vitro transcribe enough sgRNA for injection of thousands of embryos (Burg et al 2016).
Whenever possible, we design our target sites such that the double strand break occurs
within or in close proximity to a restriction endonuclease (RE) site. Presence of
restriction enzyme site simplifies the processes of testing CRISPR/Cas9 activity and later
genotyping since either a tag integration, insertion or deletion (indel) may result in the
loss of the RE site. We provide a short, single-stranded oligonucleotide to integrate an
epitope tag during repair of the CRISPR/Cas9 induced double strand break. This
oligonucleotide contains the epitope tag sequence flanked by 20-nucleotide homology to
each side of the double strand break, similar to the approach used to integrate a loxP site
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into a TALEN-induced double strand break (Bedell, Wang et al. 2012). Proper
integration of the tag sequence by homology directed repair will result in the epitope tag
placed in frame at the endogenous locus.
4.1.1 Choosing a Target Site for tcf21 Epitope Tag Integration
In order to integrate the V5 epitope into tcf21, we first made protein alignments
comparing zebrafish tcf21 to its homologs from the Japanese puffer fish, African clawed
frog, chicken, and human (Figure 6). The Tcf21 protein sequence is extraordinarily
highly conserved (nearly 100% in the DNA binding domain), with a high degree of
conservation at each terminus: 8/9 N-terminal and 7/8 C-terminal amino acids are
identical between species in the protein alignment. Since one of the criteria we decided
on was to avoid placing the tag in highly conserved regions, we decided to target after
Cys51 (blue arrow in Figure 6), one of the few regions of low conservation.
Additionally, this site comes before the DNA binding domain; thus, frameshift alleles
would be more likely to result in a null - allowing us to test by complementation if the
tagged allele retains wildtype function.

Figure 6. Protein alignment of tcf21. a. Alignment of zebrafish, fugu, Xenopus, chicken
and human Tcf21 protein sequences. Amino acids identical between all species are in red,
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identical between four out of five species in blue. Absent amino acids (length variation)
are highlighted in yellow. Selected target for tag integration is shown by a blue triangle.
4.1.2 Integration of the V5 Epitope in tcf21 Injected Embryos
For tcf21, we selected target site that overlaps the BsrGI restriction enzyme site
(underlined in Figure 7A). The sgRNA (corresponding sequence highlighted in light
blue) begins with a single G and is expected to direct Cas9 to induce a double strand
break at the -3 position (red arrow) with regard to the PAM sequence (bold). The
oligonucleotide template consists of the coding sequence for the V5 epitope (highlighted
in yellow, with protein sequence in blue and red) flanked by approximately 20-nucleotide
long homology arms (magenta).
After injecting wild-type embryos with the tcf21 sgRNA, Cas9 RNA, and the V5
repair oligonucleotide, we first tested CRISPR activity by assessing loss of the BsrGI
restriction enzyme site as well as the Surveyor assay (Figure 7B). In uninjected embryos
(-), there is complete digestion by the BsrGI restriction enzyme and no cleavage of by the
Surveyor assay. In the injected embryos (+), there is near complete loss of the BsrGI
restriction enzyme and robust cleavage by the Surveyor assay. These data indicate that
the sgRNA targeting tcf21 is highly efficient.
To test for integration of tag-coding sequences into tcf21, we performed PCRs
using gene-specific and tag-specific primers (Figure 7C). The obtained tag-specific PCR
bands were excised from the gel, purified and sequenced using gene-specific primers
(Figure 7D, E). We noted that while the 3’ junction between the tag and endogenous
sequences appears very precise, there is a clear drop in sequence quality immediately
after the CRISPR/Cas9 cut site at the 5’ junction. This is consistent with our observations
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of germline-transmitted epitope tagging events from several loci. The remaining embryos
from the injection batch were raised to adulthood and screened for germline transmission
of indels and epitope tag integration events.
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Figure 7. Detection of indels and tag integration in injected embryos. A. Targeted
locus for tcf21 with V5 repair oligonucleotide above. Sequence of the V5 tag is
highlighted in yellow, homology arms are in magenta. sgRNA target sequence is
highlighted in light blue, PAM is in bold, expected CRISPR/Cas9 cut site is indicated by
red arrow. BsrGI restriction enzyme site (TGTACA) is underlined. B. Detection of
indels by loss of a restriction enzyme site and by Surveyor assay. (-), control embryos;
(+), embryos injected with tcf21 sgRNA and nCas9n mRNA and the oligonucleotide.
BsrGI restriction enzyme cuts the 553 bp tcf21-F1/tcf21-R1 PCR product into fragments
of 291 and 262 base pairs. C. Detection of the V5 tag integration by PCR. D,E.
Sequencing of tag-containing specific PCR products. PCR bands in (B) were cut out, gel
purified and sequenced with tcf21-F1(D) and tcf21-R1 (E) respectively. Black text shows
the expected sequence with the V5 sequence highlighted in yellow. Magenta line
indicates part of sequence present in injected oligonucleotide.
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4.1.3 Genotyping for Germline Transmission of Desired Integrations
After sibling F0 embryos were raised to adulthood, they were screened for tag
integrations and loss of restriction enzyme by testing pools of 20 embryos resulting from
incrosses of injected F0 fish. For tcf21, a total of 24 fish (12 incrosses) were screened for
germline transmission. Again, we performed PCR using tag specific and genomic primer
pairs, and in eight of the twelve incrosses, we obtained PCR products indicative of the V5
tag integration. After sequencing, we found that three of the crosses (4,7,11) appeared to
have precise integration of the tag, and two additional crosses were found to have small
in-frame deletions: #12 had a deletion of 3 base pairs, and #3 had a deletion of 9 base
pairs (Figure 8A). Both of these deletions retain the minimal required binding domain for
the V5 antibody, and both were expected to be functional. Embryos from each of these
incrosses were raised to adulthood.

Figure 8. Epitope tag integration events transmitted through the germline.
(a) An alignment of 5′ junction fragments between tcf21 and V5 tag integration events
transmitted through the germline. PAM sequence is in bold, sgRNA target is highlighted
in cyan, the homology arm present in the HDR oligo is in magenta, sequence of the V5
tag is in blue, and mismatches are in red. (b) DNA and protein sequence of the recovered
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tcf 21-V5 allele, identical to that shown as inx12b in (a). Red indicates nucleotide and/or
amino acid changes compared to the expected sequence.
4.1.4 Genotyping Adult F1 Fish for Desired Integrations
Adult F1 fish from incrosses #3,7,11,and 12 were tail clipped and genotyped for
V5 tag integration and indels (Table 2). Twenty-six fish were screened from incross #3;
however, none of these were positive for epitope tag with the (-9) deletion. Six, however,
were positive for a tag with a (-18) deletion. This deletion allele removed a large portion
of the V5 epitope tag and was not likely to be recognized by the antibody. The (-18)
deletion was also an in frame deletion, and so was also not useful as a mutant. Fourteen
fish were screened from incross #7, and again, none were positive for the precise tag
integration. Two fish from this cross were found to have the V5 tag sequence and a (+20)
base pair insertion, resulting in a frameshift. From incross #12, fourteen fish out of
twenty-three screened were positive by PCR for tag integration (61% germline
mosaicism). Of those fourteen fish, seven were sequenced and all seven were found to be
positive for an identical(-3) base pair deletion and near complete tag integration (Figure
8B). The deletion resulted in the removal of the first codon of the V5 epitope, and
substitution of a single amino acid in Tcf21. We decided this allele was likely to be
functional, and raised embryos from crosses of these fish.

Table 2. Genotyping F1 Fish for tcf21 indels and V5 tag integrations
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4.1.5 tcf21 Mutants have Severe Branchial Arch Malformations
In addition to the epitope tagged allele from the seven tcf21 fish, we sequenced
the second allele conclusively from five of them. In each of the five, the second allele
contained a frameshift mutation. This likely meant one of two possibilities: either tcf21
was not required for development (and had no obvious loss of function phenotypes), or
else the epitope tagged fusion protein was able to provide wild type function. To test this,
we incrossed F1 fish that were transheterozygous for the V5 tagged allele and the
frameshift allele. We observed that approximately 25% of the embryos had a severe
branchial arch malformations (Figure 9A) consistent with the (then) recently published
tcf21 mutant and morphant phenotypes. These data also indicate that the Tcf21-V5 fusion
protein is able to provide wild type function.
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Figure 9. Assessment of tcf21 mutant phenotype. Internally epitope tagged Tcf21 is
fully functional and complements corresponding frameshift mutations. a. Lateral and
ventral views of 5 dpf zebrafish embryos, with cartilage stained with Alcian Blue.
Embryos trans-heterozygous for V5-tcf21 and tcf21 frameshift allele and trans42

heterozygous for different frameshift alleles b. Incrosses of F1 fish with different tcf21
mutations produce progeny with jaw malformations as seen in (a). F1 fish from four
different families were incrossed. Mutant alleles are designated by the cumulative loss or
addition of nucleotides. Two different minus-9 in-frame deletion mutants recovered from
two different families are shown as -9a and -9b. * star denotes a stop codon within the
insertion. Expected loss-of-function mutants are shown in red. c. Alignment of tcf21
insertion and deletion (indel) mutant sequences. sgRNA target sequence is highlighted in
light blue, PAM sequence is in bold. Different mutants are designated by the cumulative
change in the length of the nucleotide sequence with expected numbers of nucleotides
deleted and added shown in brackets. Missing/additional/mismatched nucleotides are
shown in red in the alignment. Microhomologies observed around several of the
insertions are underlined. In the +19 mutant, the underlined inserted sequence is reverse
complement of the sequence following the Cas9 cut site (5’CAGGAAAGAGGCGCAAATCAG-3’), part of which is deleted. d. Predicted sequences
of proteins encoded by tcf21 indel mutants. Translated nucleotide sequences of wild type
and mutant tcf21. Nucleotides and amino acids not present in the wild type protein are
shown in red.
4.1.6 Tcf21-V5 is Accessible to Antibody Binding
Next, we tested if the Tcf21-V5 epitope tag was accessible to antibody binding in
its native, non-denatured state - a necessity for downstream applications such as ChIPseq. To test the accessibility of the epitope to antibody binding, we performed
immunohistochemistry using an anti-V5 antibody that had previously been validated for
ChIP-seq in the mouse model (Soler, Andrieu-Soler et al. 2010, Mazzoni, Mahony et al.
2011). We found that the Tcf21-V5 fusion protein was readily detected by
immunofluorescence (most notably in the developing branchial arches) in a pattern
consistent with both previously published and our own mRNA expression patterns by in
situ hybridization (Figure 10A,B). These data suggest that the internally epitope tagged
tcf21 is able to fold correctly, avoid degradation, provide wild type function, and the
epitope is readily accessible to antibody binding.
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Figure 10. Validation of internally epitope tagged tcf21. Internally V5 epitope tagged
Tcf21 protein are detectable by anti-V5 antibodies. Comparison between protein
expression as detected by immunohistochemistry using anti-V5 antibodies (a) and mRNA
expression detected by whole mount in situ hybridization (b).
4.1.7 Recovery of an Epitope Tagged tbx20 Allele
Next, we decided to epitope tag tbx20. Similar to tcf21, tbx20 is highly conserved
from zebrafish to humans (Figure 11A). Following the procedure outlined in materials
and methods (and further detailed in epitope tagging tcf21), we successfully integrated
the V5 epitope tag after glycine 74 of tbx20 (blue triangle in Figure 11A). Sequencing of
tail clips from adult F1 fish showed that the V5 integration was precise and complete,
with the addition of an additional threonine immediately adjacent to the 5’ end of the V5
tag (data not shown). We then performed immunofluorescence on heterozygous
outcrosses of the V5 tagged allele to test if the epitope tagged could be detected by
antibodies with tbx20 in its native state. In 24 hpf embryos, tbx20 was detected in the
developing heart tube, and in 48 hpf embryos tbx20 was detected in both the heart and the
branchiomotor neurons (Figure 11B), consistent with published mRNA expression of
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tbx20.

Figure 11. Epitope tagging tbx20. a. Alignment of zebrafish, fugu, Xenopus, chicken
and human Tbx20 protein sequences. Amino acids identical between all species are in
red, identical between four out of five species in blue.. Selected target for tag integration
is shown by a blue triangle. b. Representative images of tbx20-V5 heterzygous embryos
at 24 and 48 hpf after immunofluorescence.
4.1.8 Tbx20-V5 Fusion Protein Provides wt Function by Complementation
While genotyping for the V5 integration in tbx20, we also recovered an allele
containing a 241 bp deletion that removes most of the second exon, designated tpl122
(Figure 12). Heterozygous fish for tpl122 were incrossed, and in each case
approximately 25% of the progeny displayed a phenotype consistent with published
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tbx20 mutants (data not shown). Adult fish heterozygous for the V5 tagged tbx20 allele
were crossed to tbx20 tpl122 heterozygous mutants, and in each case the progeny were all
phenotypically wild type (data not shown), demonstrating that the epitope tagged tbx20
allele is able to provide wild type function.

Figure 12. Sequence of tbx20tpl122. tpl122 contains a 241 bp deletion removing most of
exon 2. tpl122 homozygotes display a consistent and strong tbx20 phenotype. (should be
discussed with epitope tagging?)
4.2 Tbx20 ChIP-seq
After testing the tbx20-V5 tagged allele to ensure that it was able to provide wild
type function and detectable by antibody, we prepared to run ChIP-seq. First, we
generated homozygous lines of tbx20-V5. When these fish reached adulthood
(approximately 3 months old), we collected a pool of one hundred uninjured hearts to be
used for ChIP-seq. As a control, a pool of one hundred hearts was also collected from
wild type fish of the same age. The ChIP-seq experiment and initial data analysis was
performed by our collaborators Dr. Feng Yue and Dr. Hongbo Yang. The ChIP-seq
experiment returned 21,261 peaks (Figure 13A). Within these peaks, the most
significantly enriched motif was the expected Tbx20 binding motif, followed by several
other T-box transcription factor binding motifs and known Tbx20 binding partners
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(Figure 13B). Of these binding sites, we focused our attention on 606 which were located
near the transcriptional start site or promoter regions of genes. We sorted these for
cardiac GO terms, of which there were 27. From these, we chose 4 candidate binding
sites located in the proximal promoters for our initial experiments: lrrc10, tnnt2, nppa,
and tbx20 itself.

Figure 13. Summary of ChIP-seq peaks and motif enrichment. a. A summary of the
21,261 mapped peaks. b. Motif enrichment analysis of the mapped reads. Tbx20 binding
motif was the most significantly enriched motif.
4.2.1 Validating Candidate Enhancers
For each of the four candidates lrrc10, tnnt2, nppa, and tbx20, we cloned the
proximal promoter region containing the tbx20 ChIP-seq peak in front of RFP (Figure
14A), and these constructs were injected into WT embryos along with Tol2 mRNA. The
embryos were screened at 3 dpf, and RFP was observed in the heart in each case except
tbx20, which displayed weakly ubiquitous expression of RFP (Figure 14B),
demonstrating that the proximal promoter regions of lrrc10, nppa, and tnnt2, identified
by Tbx20-specific ChIP-seq, are capable of functioning as cardiac enhancers.
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Figure 14. Injection of candidate proximal promoters. a. Diagram of the construct
used to test the proximal promoters in injected embryos. Inverted Tol2 arms flank the
proximal promoter for each tested gene, followed by RFP and a polyadenylation (p(A))
sequence b. Representative photographs of embryos injected with the construct
containing lrrc10, nppa, tnnt2, and tbx20. Black bars indicate percentage of embryos
scored positive for any RFP. Red bars indicate percentage of embryos scored positive for
heart specific RFP.
4.2.2 lrrc10 Candidate Enhancer Deletion Analysis
In order to pare down the lrrc10 proximal promoter to identify the minimum
required fragment for cardiac RFP expression, we designed five primer pairs designed to
amplify smaller fragments to perform deletion analysis (Figure 15A). Each fragment,
lacking the endogenous transcription start site, was cloned in front of a minimal promoter
driving RFP, with the construct flanked by Tol2 repeats (Figure 15B). The restriction
enzymes used for cloning allowed the fragment to ligate in either orientation, allowing
for testing of the candidate fragments in both parallel and anti-parallel orientations. The
fragments were injected into wild type embryos along with Tol2 mRNA and were
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screened at 3 dpf for expression of RFP (Figure 15C). The near-full length fragment (5F
and 5R), in either orientation, was able to activate robust RFP expression in the heart
with high frequency. Both orientations of fragment 3 were able to activate RFP
expression in the heart, albeit at a lower frequency. Fragments 1 and 2 only weakly
activated RFP expression, and at a much lower frequency, although still above the control
(empty) vector.
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Figure 15. Injection of lrrc10 candidate enhancer fragments. Black bars indicate
percentage of embryos scored positive for any RFP. Red bars indicate percentage of
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embryos scored positive for heart specific RFP. Each group of three embryos are
representative of RFP positive embryos for each injected fragment.
4.3 Generating Conditional Mutants
Some genes are expressed and function in a single tissue, and the effect of their
loss on that tissue can be readily determined. Frequently, however, genes that are
necessary for the development or maintenance of one tissue are also important for other
tissues or cell types. Pleiotropic genes such as these are difficult to analyze because of the
complications resulting from an organism having multiple defects in different tissues. ---The solution pioneered by mouse geneticists is to inactivate the gene of interest in only
one tissue at a time. This elegant approach requires the ability to make specific edits to
the genome, a technology that was not readily available to zebrafish researchers until
recently. By adapting our approach to integrate V5 epitope tags into the genome, we have
developed a simple, reliable, and efficient method to insert loxP sequences into the
zebrafish genome that enable conditional gene inactivation. Our methodology will be
useful not only for the study of genes that play important roles in multiple tissues, but
also for the genetic analysis of biological processes which occur in adult animals.
4.3.1 Targeting and Recovery of the First loxP Site in tbx20
We chose to flank the second exon of tbx20 with loxP sequences (called ‘floxing’
by mouse geneticists) because it encodes the first few amino acids of the T-box DNA
binding domain, and the removal of the second exon places exons 3-7 out of reading
frame (Figure 16A). We tested and identified two highly active sgRNAs, designated
tbx20 sgRNA9 and tbx20 sgRNA10 (Figure 16B), flanking the second exon, by loss of a
restriction enzyme site and/or T7 endonuclease assay. To integrate a loxP site into intron
51

2 of tbx20, we designed an oligonucleotide template for homology directed repair of the
double strand break induced by tbx20 sgRNA10. (Figure 16C). Since we have frequently
observed small indels at the homology arm junction in past experiments, we decided to
flank the loxP sequence with three nucleotides of “spacer” sequence. We injected tbx20
sgRNA10 along with nCas9n mRNA into embryos at the one cell stage, followed by
injection of the HDR oligonucleotide with 21 nucleotide-long homology arms as
previously described (Burg, Zhang et al. 2016). Indels were readily detected using the T7
endonuclease assay, and integration of the loxP site was detected by PCR in pooled
injected embryos (data not shown). Siblings of tested embryos were raised, incrossed,
and screened for germline transmission of integration of the loxP site by nested PCR.
One out of twelve incrosses produced embryos positive by both 5’ and 3’ nested PCR.
Notably, nested PCR for the 3’ end worked poorly, with only one of three batches of
embryos appearing barely positive (Figure 16D). Since poor amplification using loxP
specific primers was a recurring problem, we designed several different loxP primers
over the course of this work; and for some loci, several loxP-specific primers were tested
on injected embryos. Nevertheless, sequencing of the 5’ and 3’ PCR fragments indicated
integration of the full-length loxP site, with a 10-nucleotide partial target site duplication
at the 5’ end of the HDR oligonucleotide template. Integration of the loxP site was further
confirmed by performing a short flanking PCR on individual embryos and sequencing the
larger PCR fragment (Figure 16F). Siblings were raised to adulthood and 16 were
genotyped by tail clip. We identified four adults heterozygous for a loxP site (Figure
16E). Two additional fish had a single band corresponding to a loxP-containing allele,
but no wild type band (yellow arrows in Figure 16E). Since both parents were
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mutagenized, we interpreted this as the presence of a deletion removing at least one of the
primer binding sites on the homologous chromosome.

Figure 16. Efficient integration of loxP sites into the first and second introns of
tbx20. a. Diagram of the tbx20 locus. Exons are drawn to scale, introns not to scale. The
number below each intron-exon junction indicates reading frame phase. b. Target sites of
two highly active intronic tbx20 sgRNAs, sgRNA9 and sgRNA10, flanking exon 2.
Sequence corresponding to single guide RNA is shown in blue, PAM motif is in bold,
and expected Cas9 cut site is indicated by a red x. c-f. Integration of loxP site into intron
2 of tbx20. c. The single stranded oligonucleotide used for homology-directed repair was
in sense strand with regard to the PAM and had loxP (aqua) site flanked by 3 nucleotide
spacer sequences (grey), and 21 nucleotide long homology arms. d. Representative image
of the 5’ nested PCR reaction used to screen pools of F1 embryos. The first PCR reaction
was performed using primers tbx20In1-F1/tbx20In2-R1, the 5’ nested reaction using
primers tbx20In1-F2/lox-U1. L, 100 bp DNA ladder (ThermoFisher Scientific
#SM0241). 1-13, PCR on pools of embryos from 5 different F1 in-crosses (pools from
the same F0 pair are grouped, loxP-positive cross is underlined in red). C1 control DNA
from embryos injected with tbx20 sgRNA9 and tbx20sg9-loxP HDR oligonucleotide. C2,
control DNA from embryos injected with tbx20 sgRNA10 and tbx20sg10loxP HDR
oligonucleotide. e. PCR genotyping of tail clips of adult F1 fish from the F0 in-cross
underlined in red in d. Red arrows indicate fish heterozygous for the loxP-containing
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allele. Yellow arrows indicate fish which likely contain one loxP-containing allele, but
presumably lack the wild type allele due to a deletion inherited from the other parent. f.
Sequence of the recovered tpl135 allele containing integration of the full-length loxP site
with 10-nucleotide partial target site duplication at the 5’ of the HDR oligonucleotide. g,
h. Experimental design for integration of loxP site into intron 1 of tbx20. g. The single
stranded oligonucleotide used for homology-directed repair was antisense to the PAMcontaining strand and had loxP site flanked by 3-nucleotide spacer sequences, 62nucleotide 5’ homology arm and 18-nucleotide 3’ homology arm. h. Sequence of the
recovered tpl136 allele containing perfect integration of the loxP site.
4.3.2 Testing and Recovery of the Second loxP Site in tbx20
In parallel, we performed experiments to integrate a loxP site into the first intron
of tbx20. Sequence analysis revealed the presence of a polymorphic poly-T stretch a few
nucleotides downstream of tbx20 sgRNA9 target site, with wild type AB fish having
either 9 or 10 thymidines. The shorter stretch (9 thymidines) seemed more prevalent
among the fish we were injecting. In this experiment, we tested an HDR oligonucleotide
template with asymmetric-length homology arms, antisense to the PAM-containing
strand (Richardson, Ray et al. 2016). We designed a 120 nt-long oligonucleotide template
for HDR (Figure 16G), and injected it into 1-cell zebrafish embryos along with nCas9n
mRNA and tbx20sgRNA9 RNA. Integration of the loxP site was detected in pools as well
as in individual injected embryos, and siblings of tested embryos were raised to
adulthood and screened for germline transmission of a loxP site by nested PCR as
described in Materials and Methods (data not shown). One out of three incrosses gave
rise to embryos that were positive for the loxP site both at the 5’ and 3’end by nested
PCR. Integration of the loxP site was confirmed by sequencing individual embryos.
Siblings of genotyped embryos were raised to adulthood and 16 fish were genotyped for
presence of the loxP site by short flanking PCR. Three fish were found to be
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heterozygous for the loxP-containing allele, leading to establishment of the tbx20tpl136
loxP integration line (Figure 16H).
4.3.3 Generation of a Floxed tbx20 Allele
To generate a floxed allele, we incrossed F1 fish heterozygous for the intron 2
loxP site (tbx20sgRNA10) and injected the embryos with tbx20 sgRNA9 and nCas9n
mRNA, followed by injection of the HDR template oligonucleotide targeting intron 1
(Figure 17A). Injected embryos were raised to adulthood and genotyped for the presence
of the intron 2 loxP site. Among 61 adults, 28 were heterozygous and 14 were
homozygous for the loxP site (Figure 17B). All 42 were outcrossed and screened by
nested PCR for integration of the loxP site into intron 1 (Figure 17C). Nine were positive
by 5’ end PCR (3’ with regard to the HDR oligonucleotide), and 12 were positive by both
5’ and 3’ end PCRs. In many cases, the 3’ end nested PCR fragment was larger than
would be predicted, sometimes by a few hundred bases. For six germline transmitters
(candidate founders), we extracted DNA from individual embryos and performed
flanking PCR to assess germline mosaicism and to confirm complete loxP site
integration. The larger PCR bands observed in two candidate founders yielded poor
quality sequences, and these founders were not followed up further. Sequencing the
larger PCR bands from the four other founders revealed a high prevalence of insertions
and deletions, most notably centered around the oligo-T stretch immediately 3’ to loxP
integration (corresponding to the 5’ end of the HDR oligonucleotide). Subsequent resequencing of the locus revealed that the chromosome containing the loxP site in intron 2
had the longer 10-nucleotide oligo-T, while our HDR template oligonucleotide contained
9. Nonetheless, one of the candidate founders (NP#39) had transmitted integration of a
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full-length loxP site, albeit with an insertion of an additional 62 nucleotides immediately
3’ to it (Figure 17D). Siblings of genotyped embryos from founder NP#39 were raised to
adulthood.
Eight adult fish that were raised from an outcross of candidate founder NP#39
were tail clipped and screened by flanking PCR (Figure 17E). In four of the fish, a larger
PCR band corresponding to a floxed allele was observed (red arrows in Figure 17E).
Two of the four purified PCR bands were sequenced directly and found to contain
identical full-size loxP integrations with a partial target site duplication. For further
confirmation, these fragments were cloned into pJet PCR cloning vector and sequenced,
and the resulting floxed allele was designated tbx20tpl145 (Figure 17D).
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Figure 17. Generation and testing of a conditional (“floxed”) tbx20 allele. a.
Experimental design. b. Genotyping of adult fish for intron 2 loxP site. c. Results of
nested PCR screening for loxP integration into intron 1. d. Sequence of intron 1 loxP
integration in recovered tpl145 floxed tbx20 allele. e. Genotyping of “F1” adults. Primer
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binding sites are shown as black arrows, loxP sites as red or blue triangles, exon as an
open box. f, g. Induction of tbx20 loss of function by injection of Cre mRNA. f. One
quarter of embryos obtained by in-crossing tbx20tpl145 heterozygotes and injected with
Cre mRNA display a consistent, severe heart development defect. g. Genotyping of
embryos with severe heart defects (lanes 1-3) and phenotypically normal siblings (lanes
4-8). L, GeneRuler DNA Ladder (ThermoFisher Scientific). Genotyping lanes 1 and 5
correspond to images in f. h, i. Induction of tbx20 deletion by 4-hydroxytamoxifen.
tbx20tpl145 heterozygote was crossed to Tg(ubi:CreERT2) line. GFP-positive embryos
were collected at 2dpf and incubated with 5µM 4-HT for 24 hours. j. Adults raised from
Cre-injected tbx20tpl145/+ embryos were incrossed, resulting in approximately 1/4 of
embryos (36/128, 28%) with severe heart defects. k. Confirmation of Cre-mediated
excision of the second intron of tbx20 by sequence analysis. l, m. Analysis of excision
efficiency by qPCR. l. Excision efficiency was assessed by qPCR in embryos treated with
4-HT at various concentrations at different time points and in two different ubb:CreERT2
driver lines. The y-axis indicates un-excised tpl145 normalized to the untreated control. m.
Images of tbx20 phenotypes shown after treatment with 4-HT. Individuals 1,2, and 3
from l correspond to images labeled 1,2, and 3.
4.3.4 Injection of Cre mRNA Induces Recombination in tbx20 Floxed Allele
We then proceeded to incross these “F1” fish heterozygous for tbx20tpl145 and to
inject some of the embryos with Cre mRNA as described previously (Balciuniene,
Nagelberg et al. 2013). All uninjected embryos were phenotypically normal (n=52). This
observation, together with the fact that tbx20 deficiency leads to severe cardiac defects
(Szeto, Griffin et al. 2002, Just, Raphel et al. 2016, Lu, Langenbacher et al. 2017),
enabled us to conclude that the integration of two loxP sites does not significantly impair
tbx20 expression. Among embryos injected with Cre mRNA, approximately 25%
displayed severe cardiac defects at 3 dpf in two independent experiments. We genotyped
three embryos with severe cardiac defects and five siblings (Figure 17G), corresponding
to images in Figure 17F, and found that the three abnormal embryos appeared to have
undergone biallelic Cre-mediated excision of the second exon of tbx20. This observation
was confirmed by sequence analysis of PCR bands (Figure 17K). In contrast,
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phenotypically wild type embryos were either homozygous wild type or heterozygous for
the (excised) floxed allele. Cre-injected embryos were also raised to adulthood and
genotyped. Adult fish found to be heterozygous for the deletion were incrossed, and one
quarter of embryos were found to display severe heart defects indistinguishable from that
seen in Cre-injected embryos of the previous generation (Figure 17J).
4.3.5 Excision of the Floxed tbx20 Allele can be Temporally Regulated
We next tested if Cre-mediated deletion of the second exon of tbx20 can be
achieved in a temporally-regulated manner. We crossed fish heterozygous for the floxed
tbx20tpl145 allele to fish expressing the tamoxifen-inducible CreERT2 under the control of
the ubiquitin promoter (Mosimann, Kaufman et al. 2011). Obtained embryos were
selected for GFP fluorescence (the marker of Tg(ubb:CreERT2)), incubated in 4hydroxytamoxifen for 24 hours between 2 dpf and 3 dpf, and individual embryos were
genotyped. Deletion of exon 2 of tbx20 was readily observed in embryos incubated with
4-hydroxytamoxifen, but not in control embryos (Figure 17H,I). As expected, all
embryos were phenotypically normal because all had a wild type allele of tbx20.
Together, these experiments led us to conclude that we have successfully engineered a
fully conditional (floxed) allele of tbx20.
4.3.6 Efficiency of Cre-mediated Excision
While performing the experiments described in the paragraph above, we noted
that the ubb:CreERT2 line is multi-copy, e.g. carries multiple unlinked integrations of the
transgene. We established two lines, sub-designated ubb:CreERT2.C and
ubb:CreERT2.F which were single-copy genetically (50% of progeny positive for the
cardiac GFP (myl7:eGFP) transgenesis marker (Mosimann, Kaufman et al. 2011)), and
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crossed them a tbx20tpl122 partial deletion mutant obtained during epitope tagging
experiments. We then crossed ubb:CreERT2.C, tbx20tpl122 double heterozygotes to
tbx20tpl145 floxed homozygotes, and exposed embryos to 4-OHT at different time points.
We found that exposure to 0.5 µM 4-OHT at 6 hpf reliably induced a full tbx20 loss-offunction phenotype. In contrast, only a small subset of embryos exposed to 4-HT at 10
hpf displayed a milder cardiac phenotype, while all embryos exposed at 14 or 24 hpf
were phenotypically normal. In order to eliminate the possibility that 4-HT was less
effective at 10 hpf compared to 6 hpf, we performed qPCR to assess the completeness of
Cre recombination at the DNA level. We found that excision was 99% complete in
embryos exposed to 4-HT at 6 hpf, and 94% complete in embryos exposed at 10 hpf.
Thus, 4-HT is somewhat less efficient at inducing ubb:CreERT2-mediated recombination
at 6 hpf compare to 10 hpf. Consequently, absence of phenotype in embryos exposed at
10 hpf may not be due to timing loss of Tbx20 function, but instead due to slightly lower
efficiency of recombination.
To explore the possibility that 4-HT is taken up less well by older embryos, we
next compared the toxicity of 4-HT at 6 vs 10 hpf. We treated pools of embryos from the
same clutch with 4-HT ranging in concentration from 5 µM to 60 µM and found that
embryos treated with 25 µM 4-HT at 6 hpf had a 73% survival rate, while embryos given
the same dose given at 10 hpf had a 100% survival rate. Survival rate at higher doses
dropped off significantly faster in embryos treated at 6 hpf compared to 10 hpf; however,
even the 10 hpf embryos displayed toxicity effects at doses above 25 µM.
We then repeated our loss-of-function experiment by exposing 10 hpf embryos to
20 µM 4-HT, and 6 hpf embryos to either 5 µM or 0.3 µM 4-HT (Figure 17L), using
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two different single-copy ubb:CreERT2 drivers. We found the Cre-mediated loss of
function was at least 95% efficient in embryos exposed to 20 µM 4-HT at 10 hpf, but the
embryos displayed very mild, if any, cardiac abnormalities. Exposure to very low doses
of 4-HT at 6 hpf induced near-complete excision of the second exon when
ubb:CreERT2.C driver was used. In contrast, excision was significantly less efficient
with ubb:CreERT2.F driver. However, we observed that 90%-efficient excision of the
second exon was sufficient to induce a severe cardiac defect (Figure 17L,M).
We also performed a semi-quantitative test for the time lag of CreERT2-mediated
recombination after exposure to 4-HT. Pools of 20 embryos exposed to 5 µM 4-HT at 6
hpf and 10 hpf were collected 30 minutes, 1 hr, 2 hrs and 4 hours after exposure. The
excision band was readily detectable after 2 hours in 6 hpf treated embryos, and 1 hour
after 4-HT exposure in 10 hpf embryos (Figure 18), indicating that a significant subset of
cells may have lost tbx20 function by then. Increased intensity of the excision band at 4
hours after exposure indicates that recombination is likely not complete yet at 2 hours
after addition of 4-HT.

Figure 18. Time course of excision after 4-HT exposure. a. Embryos were treated with
5 micromolar 4-HT at either 6 hpf or 10 hpf. Embryos were pooled (n=20) and collected
at 30, 60, 120, and 240 minutes after exposure. 0 indicates a pool of siblings not exposed
to 4-HT.
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4.3.7 Generating a tcf21 Conditional Allele
In contrast to tbx20, tcf21 is a small, two-exon gene, making it impossible to
integrate both loxP sites into introns. We hypothesized that the 5’ UTR might be a
suitable target for loxP integration. First, the loxP site does not contain ATG codons that
would cause premature translation initiation. Second, most regulatory transcription factor
binding sites are expected to be upstream of the transcription initiation site (not
immediately downstream), making it less likely that the integration of a loxP site would
disrupt a transcription factor binding site. Finally, the 3’ UTR may contain regulatory
elements such as microRNA binding sites which are difficult to predict.
4.3.8 Recovery of loxP in 5’UTR of tcf21
We designed two short guides targeting the 5’ UTR of tcf21, and both were
reasonably efficient by direct sequencing of injected embryos. We decided to first
perform loxP integration into the tcf21 sgRNA5 target site and designed a HDR repair
oligonucleotide with asymmetric arms (Figure 19A,B). Embryos were injected with tcf21
sgRNA5, nCas9n mRNA and the HDR oligonucleotide and were raised to adulthood and
screened for germline transmission of the loxP site. Out of nine incrosses, three were
positive for germline transmission of a loxP site by nested PCR. One had an insertion of
approximately 100 nucleotides and was not analyzed further. Single embryos from the
other two transmitter pairs were analyzed. An incomplete loxP site was identified in one
of the pairs, and integration of a full loxP site without indels was found in the second pair
(tcfinxB). Siblings of analyzed embryos from tcfinxB were raised to adulthood and
genotyped. Of twenty-four siblings that were genotyped, four were positive by PCR for
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integration of the loxP site. All four were sequenced and were found to have the same
precise integration, designated tcf21tpl144 (Figure 19C).

Figure 19. Integration of loxP site into 5’ UTR of tcf21. a. Diagram of the tcf21 locus.
Both exons and the intron are drawn to scale. Reading frame phase is indicated below
each intron-exon junction. b. tcf21 sgRNA5 target site in the 5’ UTR and HDR
oligonucleotide used to knock in the loxP site. c. Sequence of the recovered tcf21tpl144
loxP-containing allele.
4.3.9 Integration in the 5’UTR Does Not Affect tcf21 Function
To test for the possibility that integration of loxP site impairs expression of tcf21,
we crossed tcf21tpl144 F1 fish to a previously established tcf21 frameshift mutant tcf21tp119
(Burg, Zhang et al. 2016). All embryos were phenotypically normal, demonstrating that
the loxP-containing allele tcf21tpl144 is functionally wild type. We then generated
homozygous tcf21tpl144 fish in preparation for integration of the second loxP site. All
homozygous tcf21tpl144 fish were also phenotypically wild type.
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CHAPTER 5
DISCUSSION
5.1 Functional Analysis of tcf21 and tbx20
Heart disease in humans, notably MIs, is a growing health concern without a
broadly applicable treatment. Research has focused on several strategies to repair scarred
heart tissue. One of the most interesting avenues of research revolves around
understanding the mechanisms that occur in naturally regenerative species such as the
zebrafish. Lessons learned from naturally occurring regeneration may provide new
strategies for therapeutic treatments of patients having suffered from a heart attack.
There are two major hurdles that must be overcome in order to advance our
understanding of heart regeneration in zebrafish. The first is the need to establish an
accurate gene regulatory network illustrating the interactions that occur in response to
injury. While ChIP-seq has been one of the foremost techniques for identification of
protein-DNA interactions, it relies on development of high quality antibodies or ectopic
expression of the protein of interest. The second hurdle is inherent in the nature of
pleotropic genes: it is not possible to test a gene of interest’s role in regeneration when a
mutant for that gene is not viable.
We have developed and validated approaches to address both of these hurdles
utilizing the CRISPR/Cas9 system and oligonucleotide repair templates to generate
targeted integrations. By generating V5 tagged lines and using the endogenously epitope
tagged protein for ChIP-seq, we circumvent the need to develop and validate new
antibodies while simultaneously maintaining the gene in its native regulatory
environment.
64

We have also demonstrated that it is feasible to generate conditional alleles by
sequential insertion of loxP sites into the genome. These allow spatiotemporal regulation
of gene knockouts and the ability to directly test a gene’s role in heart regeneration of
adult zebrafish.
Recent advances in CRISPR/Cas9-mediated zebrafish genome engineering
(Hwang, Fu et al. 2013, Jao, Wente et al. 2013, Gagnon, Valen et al. 2014, Talbot and
Amacher 2014, Hisano, Sakuma et al. 2015, Shah, Davey et al. 2015) prompted us to
consider an alternative approach to ectopic expression and develop a protocol to integrate
a small epitope tag in-frame at endogenous loci by providing a short single stranded
oligonucleotide template to repair a double strand break induced by CRISPR/Cas9. We
selected the V5 epitope for integration into the genome. The main advantage of the V5
epitope over other widely used epitopes such as FLAG, HA and myc is that a single copy
of the V5 epitope appears to be sufficient in most applications including ChIP-sequencing
(Mazzoni, Mahony et al. 2011).
This approach should retain the tagged protein within its normal regulatory
environment and will enable ChIP-seq on proteins expressed at endogenous expression
levels. This also minimizes downstream validation of antibodies by using the same
epitope and thus the same antibody when scaling up to tag additional proteins.
The use of CRISPRs for targeted mutagenesis should enable us to integrate the
epitope tag at any location in the open reading frame. Typical overexpression constructs
have the epitope tag located at either the N- or C-terminus, due to the simplification of
cloning steps required. We decided to integrate our epitope tags internally. This
difference is important because, in parallel to generating epitope tagged alleles, we will
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also generate frame shift alleles. Any loss of function phenotypes resulting from the
mutant frame shift alleles will enable us to test if the epitope tagged variants function as
wild type.
For any given protein, we developed certain criteria to guide the selection of an
appropriate location in the open reading frame to integrate the epitope tag. First, the
epitope tag itself should not interfere with normal protein folding and function. We
decided to integrate the epitope tag into regions of low evolutionary conservation, based
on the hypothesis that regions lacking evolutionary conservation are unlikely to be
critical for wild type protein function. Second, the epitope tag needs to be on the outside
of the protein to be accessible to antibody binding. Some evolutionary evidence suggests
that indels - regions of variable length in the protein sequence - are more likely to form
unstructured loops on the surface of a protein. For this reason, we chose to integrate the
epitope tags in variable length regions whenever feasible. Third, since we want to
generate frame shift mutants in addition to epitope tagged alleles, we chose to target a
region prior to a functional domain. Generating a frame shift prior to a functional domain
maximizes the possibility that the frame shift allele will result in a loss of function
phenotype.
Finally, to simplify downstream genotyping and assessment of CRISPR
efficiencies, we chose to target sites near a useful restriction enzyme site.
We selected the V5 epitope for integration into the genome. The main advantage of the
V5 epitope over other widely used epitopes such as FLAG, HA and myc is that a single
copy of the V5 epitope appears to be sufficient in most applications including ChIPsequencing (Mazzoni, Mahony et al. 2011).
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The first limitation is that integration of the tag itself may cause the resulting
protein to be partly or completely non-functional even if the tag has been integrated into a
non-conserved region of the protein. The ability of the tagged protein to rescue a mutant
phenotype, as was the case for V5-Tcf21, is an excellent indication of functionality.
However, a small possibility remains that the tagged protein may be incompletely
functional under certain circumstances. This is especially challenging if a concurrently
isolated frameshift allele also does not result in an obvious phenotype.
A second potential problem with epitope tagging stems from the unknown 3D
structure of many proteins. No matter whether the protein was tagged internally or at the
N or C terminus, it is difficult to be certain ahead of time that the epitope tag will be
accessible to antibody. We attempt to maximize the possibility of the epitope tag being
exposed and accessible by operating under the assumption that non-conserved regions especially those of varying lengths - are more likely to be external to the protein rather
than “hidden” inside. Nevertheless, it is necessary to validate each new tagged locus by
IHC in order to test if the epitope tag is accessible to antibody in the endogenous folded
protein.
In order to map the gene regulatory network governing heart regeneration in
zebrafish, we have developed and shown proof of concept of a scalable method to
perform ChIP-seq on endogenously tagged transcription factors. With tcf21 and tbx20,
we have demonstrated the feasibility of integrating an epitope tag into the endogenous
locus using oligonucleotides to direct repair of a CRISPR/Cas9 induced double strand
break. In each case, the V5 epitope tag was integrated with a relatively high efficiency.
Using a lack of evolutionary conservation (in highly conserved proteins) as a guide to
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inform target site selection, we were able to endogenously tag both proteins while
maintaining the wild type function of each.
In the case of tbx20, we have successfully performed an initial ChIP-seq
experiment. Initial analysis and testing of promising candidates have shown that we are
able to identify cardiac enhancers via this method. For the lrrc10 candidate enhancer, we
have demonstrated that the near complete original clone is required for robust RFP
expression in the heart, although certain fragments contribute to different degrees of RFP
expression in the heart. Follow up experiments perturbing the various binding sites
individually and in combination will be necessary to test which binding sites are essential
for enhancer activity. A large portion of candidates remain to be explored, and this work
will be continued using the tbx20 conditional line to inactivate tbx20 to test if these
candidate enhancers will require Tbx20 for either activation or repression.
Pleiotropic genes, including tcf21 and tbx20, pose an additional problem when
testing their roles in regeneration. Since mutants for each do not survive to adulthood, we
needed to generate conditional alleles in order to knock out each in a temporally
controlled manner. For tbx20, we have generated a fully conditional allele by sequential
integration of loxP sites, using oligonucleotides to repair a CRISPR/Cas9 induced double
strand break. We have tested and validated that tbx20 can be knocked out in a temporally
regulated manner with sufficient efficiency in juveniles to cause a phenotype. From these
experiments, we have determined that tbx20 expression is not required for development
past ~14 hpf. It remains to be seen if the loss of Tbx20 negatively affects cardiac
homeostasis later in life, as was demonstrated in mouse models. We have generated
conditional tbx20 lines containing CreERT2 drivers (both ubiquitous and cardiac
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specific) that will be used in the future to directly test the requirement of Tbx20 in heart
regeneration.
For tcf21, we have integrated the first loxP site in the 5’UTR and tested that it
does not noticeably impair Tcf21 function by complementation. We have integrated the
second loxP site in the intron, verified by sequencing. However, at this point, it remains
to be confirmed if the loxP site integrated in cis or trans to the 5’UTR loxP site. Future
experiments will confirm the generation of a tcf21 conditional allele, followed by
validation of the conditional allele in the same manner as was done for tbx20. If the tcf21
conditional allele functions as expected, we will proceed to generate the necessary lines
to directly test the requirement of tcf21 for heart regeneration.
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