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SUMMARY

Mutations in genes encoding cardiac ion channels, transcription factors, and
myocardial structural proteins have been identified in patients with early-onset atrial
fibrillation (EOAF). However, the underlying mechanisms by which structural proteins give
rise to atrial fibrillation (AF) remain unclear. Titin (TTN) is a multi-domain protein essential
for sarcomere assembly during heart development and the restoration of normal
sarcomere length after cardiomyocyte contraction. Previous work on a truncated TTN
suggested that disruption of the sarcomeric organization may lead to EOAF. However, it
remains unknown what role a specific TTN domain might play in abnormal sarcomere
development and/or maturation. Our collaborator identified a TTN missense mutation
(T311151) in a patient with EOAF and showed that it co-segregates in the patient’s family
for three generations. To elucidate whether the T31115] mutant causes AF and what the
underlying mechanisms might be, | adopted two CRISPR-Cas9-mediated approaches: 1)
homology-directed repair to introduce this mutation into the zebrafish ortholog, ttna; and
2) generation of two mutant ttna alleles, ttna®® and ttna®°, with 6 or 9 amino acids deleted,
respectively, within a highly conserved region containing the site of T31115] mutation.
ftna®®2? zebrafish embryos demonstrated inflow tract edema, pericardial edema, blood
clots, atrial enlargement, and reduced cardiac function, as indicated by lower ventricular
contraction and cardiac output. These data suggest that the specific region deleted in

ftna®? is important for proper cardiac function. As the highly conserved region contains
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SUMMARY (continued)

the EOAF-associated TTN point mutation, further investigation of this region may not only
reveal more biological pathways that involve titin, but also provide more insights into the

pathogenesis of EOAF.
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[. INTRODUCTION

A. Atrial fibrillation is the most common arrhythmia.

Over 2.7 million Americans live with atrial fibrillation (AF) (Morillo et al., 2017).
During AF episodes, the atrium beats irregularly and is unable to coordinate with the
ventricle. AF symptoms often include heart palpitations, dizziness, shortness of breath,
and anxiety. It can increase the risk of cardiovascular and cerebrovascular complications,
such as heart failure and stroke (Kotecha & Piccini, 2015). Familial early-onset atrial
fibrillation (EOAF) is an inherited type of AF with disease onset in a patient younger than
60 years old (Alzahrani et al., 2018). Familial EOAF often results from rare single-gene
mutations. Mutations in genes encoding ion channels, such as KCNQ1, KCNA5, KCNJ3,
and KCNJ5 (Bartos et al., 2013; Yamada et al., 2019; Yang et al., 2009), and sarcomeric
structural protein coding genes, such as myosin light chain 4 (MYL4) and myosin heavy
chain 6 (MYH6) (Gudbjartsson et al., 2017; Holm et al., 2011; Orr et al., 2016), have been
implicated in familiar EOAF. However, the role of other sarcomeric structural proteins in
EOAF remains unknown.

B. Titin is a main component in the sarcomere structure.

The intracellular contractile apparatus in cardiomyocytes is organized in cable-like
structures called myofibrils. The basic unit in myofibrils that provides the force for muscle
cell contraction is called a sarcomere. It is defined as the segment between two

neighboring Z-disks, the anchor points for actin filaments (Fig. 1). The lighter region



around the Z-disk is called the I-band and is mainly composed of actin filaments. The
darker region next to the I-band is the A-band and is mainly composed of myosin. M-line
is in the center of the A-band and is formed by cytoskeleton cross-linkage (Wang et al.,
2018).

Titin, a main sarcomeric protein, is by far the largest protein that has been
discovered in the human body. It spans half-length of one sarcomere: from the Z-disk to
the M-line. Similar to the sarcomere, titin can also be divided into the I-band and the A-
band, which bind to actin filaments and myosin, respectively (Fig. 1). These interactions
are essential for sarcomere assembly (Linke & Hamdani, 2014).

Titin is involved in both the contraction and the relaxation of cardiomyocytes (Fig.
1). During muscle contraction, titin is required for keeping myosin centered in the
sarcomere to optimize the force generated by the relative movement between myosin
and actin filaments. During relaxation, titin acts as a molecular spring to provide a
negative force. Using this negative force, the I-band generates a passive tension which
returns the sarcomere to its noncontractile length (Granzier & Labeit, 2002). Additionally,
titin is also involved in mechano-chemical signaling events via some of its binding

partners (Linke & Hamdani, 2014).
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FIGURE 1. Schematic of the sarcomere and its components during contraction and
relaxation. Sarcomeres consist of Z-disk, I-band, A-band and M-line. Similarly, titin also
is divided into I-band and A-band, indicated in red letters. Red, titin; blue, myosin; green,
actin filaments.



C. TTNis a major human disease gene and p.T31115I is associated with early-

onset atrial fibrillation.

Titin is encoded by TTN and expressed in skeletal muscle and both atrial and
ventricular cardiomyocytes., TTN has been revealed as a major human disease. At least
125 TTN mutations have been identified associated with skeletal muscle or heart
diseases (Linke & Hamdani, 2014). For example, TTN nonsense mutations are identified
in approximately 25% of cases of familial dilated cardiomyopathy, and they are the most
common genetic causes for this disease (Herman et al., 2012). There are multiple titin
isoforms generated from alternative splicing, and they have different degrees of elasticity.
The ratio of compliant to stiffer isoforms results in different elasticity of cardiomyocytes
(Cazorla et al., 2000). Mutations inducing changes in this ratio may contribute to the
altered diastolic passive stiffness in heart diseases (Linke & Hamdani, 2014). Nonsense
mutations (Ahlberg et al., 2018) and loss-of-function mutations (Choi et al., 2018) of TTN
are associated with EOAF. In our model system, zebrafish, the disorganized sarcomere
has been proposed as a potential mechanism for these associations (Ahlberg et al., 2018).

Our collaborator Dr. Dawood Darbar (Department of Medicine, University of lllinois
at Chicago (UIC)), found a missense mutation in TTN in an EOAF patient enrolled in the
UIC AF Registry. The mutation locates at chr2:178539798, in which the guanine is
mutated to adenine, resulting in a threonine (T) substitution to isoleucine (I) in amino acid

31115 based on UniProt Q8WZ42. This point mutation was identified by performing whole



exome sequencing and bioinformatics filtering based on rarity, ethnicity, co-segregation
with AF, predicted pathogenicity, and internal reference exomes. The amino acid
substitution induced by this mutation is in the immunoglobulin (Ig) domain 139 (Ig-139),
one of 166 Ig domains in titin protein. Forty-five Ig domains form with Fibronectin type-lli
(FN3) domains into two super-repeats regions, D-zone and C-zone, in the A-band of titin
(Linke & Hamdani, 2014). Ig-139 is the last Ig domain of the last repeat in the C-zone (Fig.
2A, B).

D. Zebrafish as a model organism for cardiac research

The zebrafish (Danio rerio) has become a popular model organism because of its
ability to produce a large number of progeny and its ease of genetic manipulation.
Additionally, its rapid development allows for many developmental processes to be
observed in a relatively short period of time (Letrado et al., 2018). It shares 71.4% of
genes in common with humans (Howe et al., 2013), and about 82% of human disease-
associated genes have a zebrafish ortholog (Lam & Peterson, 2019).

The zebrafish is an attractive model organism particularly for cardiac research. Its
embryonic optical transparency and ventrally positioned heart allow the use of high-
resolution live imaging to assess cardiac development and function. Around 24 hours
post-fertilization (hpf), a cardiac disk formed by mesodermal cells elongates to form a
linear heart tube and starts contracting. By 48 hpf, it loops leftward and forms a two-

chambered heart. During larval and early juvenile stages, the heart rotates such that the
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FIGURE 2. The early-onset atrial fibrillation associated TTN point mutation is in the
immunoglobulin domain 139 of titin A-band. (A) Schematic of the full-length human
titin protein. (B) Detailed layout of the C-zone in A-band. Red, immunoglobulin (Ig) domain.
White, Fibronectin type-lll (FN3) domain. There are 11 repeats of Ig-FN3-FN3-1g-FN3-
FN3-FN3-1g-FN3-FN3-FN3 pattern of domains in the C-zone. (C) Amino acid sequence
alignment of immunoglobulin domain 139 (Ig-139) of human titin protein and its
corresponding Ig domain in the zebrafish ttna protein. The red box indicates the location
of residue affected by the EOAF-associated TTN point mutation.



ventricle is positioned ventrally to the atrium (Brown et al., 2016). The two-chamber heart
of zebrafish provides a simplified model to work with, and some of its unique features
make the zebrafish a superior organism to study certain cardiovascular diseases. The
zebrafish has a more similar electrophysiology to humans than mice do (Wilkinson et al.,
2014). For example, zebrafish and humans have similar durations of atrial and ventricular
depolarization and comparable time that the electrical impulse takes to pass from the
sinus node through the atrioventricular node (Orr et al., 2016). These similarities of
cardiac electrophysiology contribute to similar heart rates. The human heart rate is 60—
100 beats per minute (bpm) and that of zebrafish is 120—-180 bpm, while that of mice is
300-600 bpm (Poon & Brand, 2013). Additionally, zebrafish can survive up to 7 days
post-fertilization (dpf) without a functional cardiovascular system, which facilitates
investigating severe cardiac defects in embryos (Sarmah & Marrs, 2016).

There are two TTN orthologs in the zebrafish: ttna and ttnb. The primary ortholog
expressed in the heart is ttna. It expresses before ttnb and plays a more important role in
sarcomere assembly and cardiac contractility (Seeley et al., 2007). The amino acid
sequence of one ttna Ig domain shares the highest overall homology (80% identity) with
the human titin 1g-139 domain. Particularly, within the human Ig-139 domain and
corresponding zebrafish Ig domain, the nearby region flanking the EOAF-associated TTN

point mutation is highly conserved between human and zebrafish (Fig. 2C).



E. Use CRISPR-Cas9 to generate mutant zebrafish lines

Clustered regularly interspaced short palindromic repeats and CRISPR associated
protein 9 (CRISPR-Cas9) has been used as an efficient method to manipulate gene
expression transiently, generate stable mutants, and insert endogenous markers. The
method uses a single guide RNA (sgRNA) to direct Cas9 protein to generate a double-
strand DNA break in the targeted region. The double-strand break will be repaired through
either the homology-directed repair (HDR) pathway or the non-homologous end joining
(NHEJ) pathway. To knock-in the desired mutation through the HDR pathway, a double
or single-strand oligonucleotide (ssODN) can be used as a template. Although using
CRISPR-Cas9 to knock-out genes by introducing a premature stop codon or frameshift is
very efficient and convenient, knocking-in a specific mutation to introduce a single amino
acid substitution is still relatively challenging. That is because compared to NHEJ, HDR
is a rare event to repair the DNA break, and NHEJ generates unpredictable insertions or
deletions (Banan, 2020).

In this study, | optimized established CRISPR-Cas9 protocols (Bai et al., 2020;
Prykhozhij et al.,, 2018) to increase TTN-specific knock-in efficiency in order to 1)
introduce the EOAF-associated point mutation into the zebrafish; 2) generate two
zebrafish lines with region-specific deletions, with the overarching goal of studying the

function of the highly conserved region around the site of EOAF-associated point mutation.



F. Statement and significance of the problem

Even though associations and mechanisms of genes involved in ion channel and
cell signaling in EOAF have been widely studied, there are still likely many rare mutations
contributing to AF that have not yet been identified because the recently found
associations between sarcomeric structural proteins and EOAF provided a new aspect to
study the underlying biological pathways that are important for the AF pathogenesis
(Ahlberg et al.,, 2018; Gudbjartsson et al., 2017; Orr et al., 2016). Hence, the
understanding of AF pathogenesis is incomplete.

TTN is a major human disease gene (LeWinter & Granzier, 2013). Disease-
associated nonsense mutations of TTN have been introduced into the zebrafish model to
study the pathogenesis of some cardiac diseases, such as AF and dilated
cardiomyopathy (Ahlberg et al., 2018; Huttner et al., 2018). However, an EOAF-
associated TTN missense point mutation in an animal model has not been created. In this
study, I'm using CRISPR-Cas9 to knock-in an EOAF-associated TTN missense point
mutation, found by our collaborator, into the zebrafish to test whether human AF-related
phenotypes can be recapitulated in the zebrafish model and to determine the
mechanisms underlying EOAF pathogenesis.

The surrounding region of the EOAF-associated TTN missense point mutation is
highly conserved between human and zebrafish, so | hypothesize that this region has a

role in the cardiac function and/or development. To test this hypothesis, | generated two



ttna mutant alleles, ttna®® and ttna®®, which deleted several amino acids around the
mutation site within this region, and examined zebrafish embryos carrying ttna®® and
ttna®® to determine whether these zebrafish exhibit defects in cardiac function and
development, including AF-related phenotypes.

G. Purpose of the study

The purpose of this study is 1) to establish a zebrafish model carrying the human
EOAF-associated TTN missense point mutation to investigate the pathogenesis of EOAF,
and 2) to determine the function of the highly conserved region around the point mutation.
Investigation of this region may also reveal biological pathways that underlie the

pathogenesis of EOAF.
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II. METHODS

A. Zebrafish husbandry

Zebrafish were treated and cared for according to the National Institutes of Health
Guide for the Care and Use of Laboratory animals. All experiments were approved by the
University of lllinois at Chicago Institutional Animal Care Committee. Zebrafish embryos
were grown, staged, and collected as previously described (Kimmel et al., 1995;
Westerfield, 2000). The transgenic line used was Tg(cmic2:eGFP,;Gata1:dsRed)
(Zebrafish strain: AB wild-type background)(Huang et al., 2003; Zhu & Zon, 2004).

B. Generation of mutant zebrafish lines

The crRNA was designed to direct the Cas9 protein to the desired location of ttha
with the online bioinformatics tool, CHOPCHOP. The HDR templates for knocking-in the
desired EOAF-associated TTN point mutation were designed with the CRISPR function
of Benchling, an online informatics platform. Asymmetric HDR template 1 and 2 are
single-strand oligonucleotides (ssODN) targeting either the PAM-containing strand or
non-PAM strand of genomic DNA with asymmetric homology arms. The long symmetric
HDR template is a ssODN targeting the non-PAM strand with long symmetric homology
arms. All templates contain silence mutations to prevent repeated cutting of Cas9 protein
and create a restriction enzyme digestion site for further screening. The tracrRNA,
customized crRNA, Cas9 proteins and HDR templates were ordered from Integrated DNA

Technologies (IDT). The injection solution containing assembled ribonucleoproteins and

11



one of three HDR templates (0.4-1 uM for templates 1 and 2; 42.8 ng/uL for template 3)
was prepared according to an established protocol provided by IDT (Essner). The solution
was injected (0.7-1.5 nL) into the wild-type AB strain zebrafish embryos at the one-cell
stage.

C. Genotyping and sequencing

Genomic DNA of 1-4 dpf zebrafish embryos or tail-clip of adults were extracted with
Hot Sodium Hydroxide and Tris (HotSHOT) method: a single embryo, 30 pooled embryos
or 3 mm tail-clip were dissolved in 50 mM NaOH and 95°C for 15 min, cooled down and
neutralized with 1/10 NaOH volume of 1 M Tris-HCI pH8.0. Allele-specific PCR (AS-PCR)
was designed according to a previously described method (Prykhozhij et al., 2018). AS-
PCR and genotyping were performed with DreamTaq Hot Start Green PCR Master Mix
(Thermo Scientific, K9022). The electrophoresis of PCR products was performed with 1%
or 4% agarose gel and imaged with a gel imager (Alpha Innotech). LA Taqg DNA
polymerase (TaKaRa, RR042B) was used to amplify DNA fragments for regular Sanger
sequencing and amplicon next-generation sequencing (NGS) that performed by the
Genome Research Core of UIC. Analysis of amplicon NGS was performed with
CRISPResso05 (Pinello et al., 2016). All primers were ordered from IDT.

D. Live imaging

To minimize the off-target effect of CRISPR-Cas9, Fo generation has been

outcrossed for two generations, and the F3 generation was used to perform live imaging
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and cardiac function assessments. They were acquired from the incrossing of
cmic2:eGFP; Gata1:dsRed-dual positive heterozygous mutant F2 generation and tested
before | knew their genotypes. During imaging, 2 dpf zebrafish embryos were kept freely
in E3 medium, and 4 dpf embryos were embedded in 0.9% low-melting agarose. Lateral
view videos of the whole embryo were recorded with Axiocam 506 mono camera (ZEISS)
through Axio Zoom.V16 microscope (ZEISS) in brightfield, GFP and RFP channel. Videos
were recorded in about 28 frames per second for 350-450 frames at room temperature.

E. Cardiac parameter measurements

The assessments of edema phenotypes were performed using videos in brightfield,
and the measurements of heart rhythm and cardiac parameters were performed using
videos in GFP channel and cmcl2:eGFP-positive zebrafish as previously described
(Yalcin et al.,, 2017). The heart rhythm was measured and analyzed based on an
established method, ZebraPace (Gaur et al., 2018). For cardiac parameters, ImagedJ was
used to measure the following parameters: area of atria and ventricles at the end-diastolic
phase (EDA) and end-systolic phase (ESA), ventricular long diameters (D) and short
diameters (Ds) at end-diastolic phase and end-systolic phase. The fractional area change
(FAC), end-diastolic volume (EDV) and end-systolic volume (ESV) of ventricles, stroke

volume (SV) and ejection fraction (EF) were calculated by the following equations:

FAC (%) = —2—"%x 100

1
Volume = EXHXDLXDE

13



SV = EDV - ESV

EF (%) =———" X 100

F. Statistical analysis

The significance of differences between groups of zebrafish was calculated with
unpaired t-tests, and the data in the figure are expressed with mean and 95% confidence
interval. Statistical analyses were performed in GraphPad Prism 8 (La Jolla, CA). Data

were combined from three independent replications.

14



TABLE I. Sequences of Guide RNA, HDR Templates and Primers

items

sequence

Target for guide RNA

AAGCTCAGTACGTTCTTCAC

Asymmetric HDR Template 1

C*A*GTGCCCATCAAAGGCAAACCCTTACCAACAT
GCAAGTGGACAAAAGAAGGTCGTGACATTTCTCA
CAGAGCTATGATCGCAACAAGTGAAATACGTACTG
AGCTTGTAATCAAGGAAGCCCA*T*A

Asymmetric HDR Template 2

C*C*TTCCTTCCACATTTATTTTCCAACACAAGATC
GTAGGTACCGGTGTCATCTCTATGGGCTTCCTTG
ATTACAAGCTCAGTACGTATTTCACTTGTTGCGAT
CATAGCTCTGTGAGAAATGTC*A*C

Long Symmetric HDR
Template

GGACCCTCAGGTGGATCTGGGCGACCTATAACTT
TTACTTTAATATAGACAGCCTTCCTTCCACATTTATT
TTCCAACACAAGATCGTAGGTACCGGTGTCATCT
CTATGGGCTTCCTTGATTACAAGCTCAGTACGTA
TTTCACTTGTTGCGATCATAGCTCTGTGAGAAATG
TCACGACCTTCTTTTGTCCACTTGCATGTTGGTAA
GGGTTTGCCTTTGATGGGCACTGATAGCCTGATG
ACGCCACCTTGTCTGACAACATAGCCTTCCTGG

AS-PCR Forward Primer

TCTACTCAGTCCAGTTTCAT

AS-PCR Reverse Primer for
Wild-type Allele

ATGATTGCAACCAGTGAAGA

AS-PCR Reverse Primer for
Mutant Allele

ATGATCGCAACAAGTGAAAT

Sanger Sequencing
Forward Primer

TTTCTCTTGCTTGGTCTCCTCC

Sanger Sequencing
Reverse Primer

TAGGAGGTTCTGGTGGACCTTG

NGS Amplicon Sequencing
Forward Primer

ACACTGACGACATGGTTCTACATAGACAGCCTTC
CTTCCACATT

NGS Amplicon Sequencing
Reverse Primer

TACGGTAGCAGAGACTTGGTCTACCCTGACTATG
AGCTGGAAAA

Genotyping Forward Primer
for ttna”®

GCCTTCCTTCCACATTTATTTTCCA

Genotyping Reverse Primer
for ttna”®

CAGGCTATCAGTGCCCATCA

All sequences are in 5’ to 3’ direction.
Asterisks: phosphorothioate linkages
Underlined sequence: adapter sequences for amplicon next-generation sequencing

15




lll. RESULTS

A. Genotyping zebrafish embryos to screen for the TTN mutation

Because ttna is the primary ortholog of TTN in the zebrafish heart (Seeley et al.,
2007), | aligned the amino acid sequences of human titin 1g-139 domain and the
corresponding lg-domain of zebrafish ttna protein to locate the substitution induced by
the EOAF-associated TTN point mutation (Fig. 2C) and found that the ttna residue
corresponding to the substituted residue in human titin is glutamate acid (E) instead of
threonine (T) in humans. To mimic the amino acid substitution in human titin, | optimized
CRISPR-Cas9-mediated homology-directed repair (HDR) to create an E29821l
substitution in the zebrafish ttna protein. (Hereafter, the EOAF-associated TTN point
mutation will be noted as the TTN point mutation.) | have designed multiple HDR
templates to optimize the efficiency of knocking in the TTN point mutation. Following the
workflow of generating and screening this mutation (Fig. 3), Fo and F1 generations were
used to test the efficiency of knock-in and germline transmission.

According to an established method (Prykhozhij et al., 2018), a ssODN with
asymmetric homology arms was used as the HDR template (asymmetric HDR template
1) to knock-in the TTN point mutation. To rapidly screen the injected embryos for potential
founders carrying this mutation, | designed an allele-specific polymerase chain reaction
(AS-PCR) approach. Using the same forward primer and allele-specific reverser primers,

this method specifically amplifies wild-type or mutant fragments of the same length, 1.2

16
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FIGURE 3. Workflow diagram of generating, screening, and testing mutant
zebrafish lines. Allele-specific PCR (AS-PCR) and amplicon next-generation
sequencing (NGS) were performed on injected embryos to test the knock-in efficiency.
Actual mutations were confirmed with sequencing on F1 embryos acquired from injected
embryos outcrossing with wild-type zebrafish. The F1 generation carrying specific ttna
mutations were outcrossed with a transgenic line to visualize cardiac contraction and
red blood cells. The F3 generation acquired from the F2 generation incrossing was used
to test AF-related phenotypes and cardiac function. The figure shows ftna”® for
simplicity.
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kb (Fig. 4A). The AS-PCR results showed the 1.2 kb fragment was amplified by the
mutant-specific primers in pooled, injected embryos (Fo) but not in the uninjected control
embryos (Fig. 4B). These data indicate that there were putative correct point mutations
in injected embryos and confirm the specificity of AS-PCR to detect the potential correct
mutation.

Although the AS-PCR of embryos injected with asymmetric HDR template 1 showed
successful amplification of the mutant fragment and next-generation sequencing of the
same sample showed 5.4% of the total amplicons carry the correct point mutation (Fig.
4C), the mutation generated with asymmetric HDR template 1 and 2 has thus far failed to
pass to the F1 generation.

To increase the efficiency of knock-in for improving germline transmission, |
switched to a long symmetric HDR template. Embryos injected with 1 nL of injection
solution had approximately 10% survival rate at 5 dpf. The single-embryo AS-PCR of
these embryos showed more bands that were brighter and smaller than the full-length 1.2
kb band (Fig. 4D), which indicates that random deletions happened as dominant events.
The low survival rate and AS-PCR results also suggest that there might be excessive
cutting of Cas9 protein, and a lower amount of Cas9 protein might be needed. Embryos
injected with 0.7 nL injection solutions had approximately 50% survival rate at 5 dpf. The
single-embryo AS-PCR of 3 out of 4 injected embryos showed a bright 1.2 kb band and

a few smaller bands that were dimmer than the 1.2 kb band (Fig. 4D), which suggests the
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Reverse Primer

Genomic DNA: 57 -« -« - ACGTTCTTCACTGGTTGCAATCATAGCT « « - - - - - - - - 37
Wild-type Protein: === R E E S T A I M A e
Mutant Protein: - R T E & T A I M A -
HDR Template 3: 5/GGA: - - - - - ACHTATT TCACTTGTTGCGATCATAGCT « « « -+ - - - TGG 3’
5 Homology Arm (142 nt) 3’ Homology Arm (134 nt)
O O ftna Mutation Proportion
B S » & C i
L\ %) \b \Q} (X% Unmodified
o O X b (17929 reads)
(\\QJ (\\Q \(b(\ N4 (\\0 \’bo Mixed HDR-NHEJ
ladder N N Q L& > 0 (1717 reads) -
3.6%
1.5 kb
5.4%
1 kb (HZgORS reads)
54.0%
ttna WT PCR ttna MT PCR NHEJ
(26110 reads)
o o Pooled
ladder 1 nL Injection 0.7 nL Injection B,
1.5kb
1 kb -+—1.2kb
0.7 kb

FIGURE 4. Generating and screening for mutant ttna. (A) Schematic of CRISPR-
Cas9-mediated homology-directed repair (HDR) to introduce the EOAF-associated TTN
point mutation into the zebrafish ortholog, ttna, using long symmetric HDR template.
The template was designed to knock-in: the TTN point mutation, the silence mutation to
prevent repeated cutting of Cas9, and the silence mutation to create a restriction
enzyme digestion site for further screening. Reverse primers targeting wild-type or
mutant allele in the indicated area are coupled with the same forward primer for AS-
PCR to detect the integration of correct mutations. Letters in red, mutations and amino
acid substitution introduced; Bolded, protospacer adjacent motif (PAM) site; Boxed, TTN
mutation site. (B) AS-PCR showed the presence of potential mutant allele amplified with
in pooled injected Fo embryos (arrow) and absence in uninjected Fo embryos (dashed
box). PCR products were amplified with wild-type (WT) or mutant (MT) primers; blank =
control with primers but no DNA. (C) ttna HDR knock-in efficiency tested with amplicon
NGS and analyzed with CRISPResso05 in pooled injected Fo embryos. HDR indicates
the desired EOAF-associated TTN point mutation. NHEJ indicates random mutations
near the target site. (D) Single-embryo AS-PCR of embryos injected with the long
symmetric HDR template and different volumes of injection solution. The pooled Fo

band indicates the 1.2 kb full-length PCR product.
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HDR might happen as a dominant event. Even though there was no direct comparison of
knock-in efficiency between former asymmetric HDR templates and the long symmetric
HDR template, the higher survival rate and the AS-PCR results of the 0.7 nL injection
suggest that the long symmetric HDR template and the optimized volume of injection
solution may yield a higher efficiency of knocking-in the EOAF-associated TTN point
mutation to improve germline transmission. The F1 embryos from potential founders will
be genotyped to further test the germline transmission of the optimized method.

B. Two ttha mutant zebrafish lines were generated with CRISPR-Cas?9.

To better understand the function of the specific region affected by the TTN point
mutation, | checked the conservation of the nearby region flanking the EOAF-associated
missense point mutation site. | found that this region in human titin and zebrafish ttna
shares high identity (Fig. 5A), so | hypothesize that this highly conserved region has a
function in cardiac development and/or function. To test this hypothesis, | generated two
ttna mutant alleles, ttna®® and ttna2®, in zebrafish. ttna®® harbors an 18 bp in-frame
deletion and ttna2® has a 27 bp in-frame deletion (Fig. 5B), which result in 6 and 9 amino
acids deletions, respectively. The deleted amino acid sequences of both mutations are in
the specific region mentioned above and cover the TTN point mutation site (Fig. 5C).

C. ttna®¥2 embryos exhibited inflow tract edema and pericardial edema.

Because the deleted regions of ttna2® and ttna®® contain the EOAF-associated TTN

point mutation site, the zebrafish carrying ttna®® and ttna®? may exhibit an arrhythmia
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FIGURE 5. ttna®®and ttna®® were generated to reveal the function of the
conserved region around the EOAF-associated TTN point mutation. (A) Alignment
of human Ig-139 domain and its corresponding zebrafish Ig domain. The red box
indicates the location of residue affected by the EOAF-associated TTN point mutation.
(B) A 189-bp fragment covering the location of the TTN point mutation was amplified,
and the electrophoresis revealed an 18-bp deletion in ttna2%26 and a 27-bp deletion in
ttna®%29, (C) The amino acid sequences deleted in ttna® and ttna’® are in the nearby
region flanking the EOAF-associated TTN point mutation. Sequencing data of allele
ttna’® and ttna®® showed the 18-bp deletion and 27-bp deletion result in 6 and 9 amino
acids in-frame deletion, respectively. Both in-frame deletions are in the highly conserved
region and cover the location affected by the TTN point mutation (red box).
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phenotype. To test this hypothesis, the heart rhythm of zebrafish carrying ttna®® and ttna2®
was assessed using an established method, ZebraPace, which calculates the deviation
of heartbeat intervals based on live imaging to determine the heart rhythm(Gaur et al.,
2018). Additionally, ttna is necessary for sarcomere formation during development, which
is important for the normal contraction of cardiomyocytes, so mutations of ttha may induce
general cardiac defects during development. Therefore, other cardiovascular phenotypes
such as edema and blood flow were also assessed in zebrafish embryos carrying ttna®®
and ttna2”,

While ttna®8* and ttna®526 embryos showed no difference compared to wild-type
embryos, ttna®¥2% demonstrated multiple cardiac phenotypes. Therefore, the following
results focus on ttna®%2° embryos.

At 2 dpf, there was no difference in heart rhythm between ttna?%2° and wild-type
embryos (data not shown). However, 18 out of 19 ttna®¥2% embryos exhibited inflow tract
edema (Fig. 6B) while 16 out of 17 wild-type embryos and all ttna®¥* embryos did not
exhibit edema (Fig. 6A, F). At 4 dpf, compared to wild-type embryos (Fig. 6C), all ttnaf%49
embryos showed pericardial edema at different degrees of severity (Fig. 6G): mild
pericardial edema showed medium swelling in the pericardial area (Fig. 6D); and severe
pericardial edema showed large swelling in the pericardial area (Fig. 6E). Of note,
compared to wild-type embryos (Fig. 6C’), ttna®¥2% embryos also showed abnormal atrial

shapes with the cardiomyocyte maker cmlc2:eGFP (Huang et al., 2003): 8 out of 10
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FIGURE 6. ttna®¥2% embryos exhibited inflow tract edema and pericardial edema.
(A-B’) At 2 dpf, lateral view of wild-type and ttna®%2° zebrafish showing heart area in
brightfield (A, B) and the blood flow around the heart indicated by red blood cell marker
Gata1:dsRed (A’, B’). (C-E’) At 4 dpf, lateral view of wild-type and ttna®¥29 zebrafish
showing heart area in brightfield (C, D, E) and hearts visualized with cardiomyocyte
marker, cmlc2:eGFP, and shapes of atria were indicated by yellow dashed lines (C’, D’,
E’). Red arrowheads indicate inflow tract edema and pericardial edema; red arrow
indicates blood clot. Locations of heart at 2 and 4 dpf are indicated with red boxes on top.
(F, G) Quantification of the embryos showing inflow tract edema at 2 dpf and pericardial
edema at 4 dpf. Number of embryos in each genotype: ftna** = 17, ttna®9* = 28, ttna*%2°
=19.
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embryos with mild pericardial edema showed a bulbous atrial shape (Fig. 6D’), and 8 out
of 9 embryos with severe pericardial edema showed a tubular atrial shape (Fig. 6E’) while
there was only one wild-type embryo with severe edema showing the tubular atrial shape
and no wild-type embryo with mild edema showing bulbous atrial shape. Using the red
blood cell marker Gata1:dsRed (Zhu & Zon, 2004), | observed that ttna®%2° embryos
exhibited blood clot formation in the inflow tract (Fig. 6B’) and blood regurgitation from
the atrium to the inflow tract (data not shown) at 2 dpf, while wild-type embryos showed
smooth blood flow and no blood clot (Fig. 6A’). These data suggest that the ttna’®
mutation affects the morphology of atria and induces a weaker circulation that may
contribute to fluid accumulation in the inflow tract and pericardial sac.

Currently, genotyping of 3-4 months post-fertilization (mpf) adults from ttna®%*
incrossing and ttna®%* incrossing show that 7 homozygous mutants can grow to adulthood
(Table Il). The percentage of adult ttna®¥29 is lower than the 25% expected ratio
calculated from Mendelian’s law. This result is consistent with embryonic phenotypes that
a part of ttna®%22 embryos exhibit severe pericardial edema and may not be able to grow
to adulthood.

D. ttna®¥% embryos had reduced cardiac function.

To understand how the ttna2® mutation affects the circulation, | looked at cardiac
contraction at 2 dpf using the transgenic line carrying the cardiomyocyte maker,

cmic2:eGFP (Huang et al., 2003) because inflow tract edema was observed starting from
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TABLE Il. Genotyping of Adult Zebrafish Carrying ttna Mutations

Breeding Genotypes Number Percentage
+/+ 9 27.3%
ttna®%* Incrossing AG/+ 17 51.5%
AB/AG 7 21.2%
+/+ 13 32.5%
ttna®%* Incrossing A9/+ 20 50%
A9/A9 7 17.5%
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2 dpf. By measuring the area of atrial lateral view projection at the end of atrial diastole
and systole (Fig. 7A), ttna®¥2° embryos exhibited larger atrial end-diastolic area and end-
systolic area than those of wild-type and ttna®%* embryos at 2 dpf (Fig. 7B,C). The
ttna®%¥2% embryos also exhibited a smaller fractional area change (FAC), an indicator for
atrial contractility, than did the wild-type embryos (Fig. 7D). These data indicate that atria
of ttna®¥2% embryos are enlarged and have reduced atrial contractility.

According to the measurement of the area of ventricular lateral view projection,
ttna®%2% embryos also showed a smaller ventricular FAC (Fig. 7E). To better assess the
function of the heart, | measured the long and short diameters of ventricular lateral view
projections (Fig. 7A) to determine the stroke volume (SV), the blood volume pumped into
the body by a single heartbeat, and the ejection fraction (EF), the fraction of ventricular
contraction. ttna®%22 embryos exhibited decreased SV and EF as compared to the wild-
type embryos (Fig. 7F,G). These results indicate that ttna®¥2% embryos have reduced
cardiac function compared to wild-type embryos. Interestingly, the end-diastolic volume
(EDV) of the ventricles of ttna®%2% embryos was significantly smaller than that of wild-type
and ttna®®* embryos, but the end-systolic volume (ESV) was not significantly different
among the three groups (Fig. 7H,l). Since SV and EF are calculated from EDV and ESV,

these findings suggest a possible defect in ventricular diastole or atrial contraction.
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FIGURE 7. ttna®¥2% embryos had larger atria and reduced cardiac function at 2
dpf. (A) Schematic showing the outline of atria used for measuring atrial area (yellow
dashed lines) and ventricular short and long diameters (white dashed lines) at the end-
diastolic phase and end-systolic phase. (B, C) Quantification of the atrial area at the
end-diastolic and end-systolic phase. (D) Quantification of atrial fractional area change
(FAC). (E-l) Quantification of ventricular FAC, ejection fraction, stroke volume,
ventricular end-diastolic volume and end-systolic volume. Error bars indicate 95%
confidence interval. n.s. p>0.05; * p<0.05; *** p<0.001; **** p<0.0001
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V. DISCUSSION

A. A conserved region in a specific lg domain of ttna is important for proper

cardiac function.

In this study, using CRISPR-Cas9 | generated two ttna mutant alleles, ttna’® and
ttna’®. Their deleted regions cover the location of the EOAF-associated TTN point
mutation and locate in a highly conserved region in a specific Ig domain of ttna. ttnaf%29
embryos exhibited inflow tract edema and pericardial edema, decreased contraction of
atria and ventricles, and decreased cardiac output, while ttna®6/26 embryos showed no
difference from wild-type embryos. These data suggest the deleted region of ttna®? is
conserved and important for proper cardiac function.

At 2 dpf, ttna®92° embryos had smaller ventricles than wild-type and ttna®2®* embryos
at the end of diastole, but no difference at the end of systole, which resulted in reduced
ventricular contraction and cardiac output indicated by lower FAC, SV and EF. Because
the only source of blood for the ventricle is the atrium (Gore et al., 2012), so there are two
potential explanations for the decreased end-diastolic volume of ttna®¥2% embryos: 1) the
reduced atrial contractility causes a smaller volume of blood to be pumped into the
ventricle and results in a smaller ventricle expansion at the end of diastole; 2) a decrease
in ventricular cardiomyocyte elasticity makes the ventricle more rigid and harder to
expand to accommodate the inflow of blood from the atrium. Since titin is a main

component in the sarcomere and necessary for the contraction and relaxation of all
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cardiomyocytes (Linke & Hamdani, 2014), the ttna®® mutation may contribute to the
phenotype through one or both of the mechanisms above.

AF-related phenotypes including dilated atria and decreased ventricular EF were
recapitulated in ttna®®2° embryos. The atrial sizes of ttna®%2° embryos were larger than
those of wild-type and ttna®¥* embryos at the end of diastole and systole. These results
suggest that homozygous mutation of ttna®® causes atrial dilation. Dilated atrium has been
reported to be associated with AF (Grogan et al., 1992). Additionally, a recent study
showed decreases in left ventricular EF presented in mild EOAF patients carrying TTN
nonsense mutations (Andreasen et al., 2020), which provides a potential association
between decreased ventricular EF and EOAF. Therefore, further study of ttna’®
phenotypes, such as testing the heart rhythm during adulthood, may provide more
evidence and underlying mechanisms for the association between atrial dilation,
decreased EF, and EOAF.

B. Further cardiac function assessments for ttna®® and ttna?®

To further investigate the potential explanation for the decreased cardiac output,
more parameters of cardiac function need to be measured. Besides the current finding of
blood clots and regurgitation, more careful measurements of blood velocity and
regurgitation at the inflow tract, atrioventricular canal and trunk will provide details of the
effects of the ttna®¥2° deletion on blood circulation. Additionally, a decrease in blood

velocity at the atrioventricular canal is one of the symptoms of AF (Goldman et al., 1999),
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so investigating blood flow will help determine whether this mutation contributes to an AF-
related phenotype other than atrial dilation, decreased EF, and arrhythmia.

Thus far, genotyping of adult zebrafish has identified seven ttna®%2° zebrafish that
survived the embryonic stage and grew to adulthood. Because embryos with severe
pericardial edema had much weaker heart contraction, whole-body edema and usually
died around 7 dpf, adult ttna®%2° zebrafish likely grew up from embryos that had mild
pericardial edema at 4 dpf. These embryos also showed a bulbous atrial shape at 4 dpf.
Therefore, more assessments of atria morphology, such as heart dissection and staining,
need be done in embryos and adults to reveal details of abnormal atrial shapes caused
by ttna?92% mutation. Using these assessments to determine chamber thickening and
fibrosis may help us to understand how ttna2%2° contributes to abnormal atrial shape
phenotypes, why there were different abnormities of atrial shapes, and whether there is
an association between these phenotypes and AF because chamber thickening and
fibrosis are involved in atrial structural remodeling and AF (Krogh-Madsen et al., 2012;
Zuo et al., 2019).

Given that no defect was found in the ttna®®* embryos and embryos carrying ttna2®
and that AF occurs in human adulthood (Morillo et al., 2017), we will conduct additional
cardiac functional studies in adult zebrafish carrying these mutant alleles. Determination
of cardiac electrophysiology with electrocardiography (ECG) will be done on adult

zebrafish to study the heart rhythm and the coordination between the atrium and ventricle
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because ECG is a standard diagnostic method for AF and zebrafish have similar ECG
characteristics as humans (Orr et al., 2016).

C. Potential mechanisms underlying the phenotypes of ttnaA?

Titin functions as a scaffold for sarcomere assembly and allows proper contractions
of cardiomyocytes (Linke & Hamdani, 2014). Reduced cardiac function of embryos may
be caused by defects in the sarcomere assembly during cardiac development. Sarcomere
assembly needs to be assessed by visualizing the sarcomere organization with
immunofluorescence and electron microscopy. Disorganized sarcomere or loss of
specific region(s) of the sarcomere (e.g., M-line and Z-disc) may contribute to the
decreased contractility of cardiomyocytes. Additionally, the sarcomere organization of
adult zebrafish will be assessed because defective ttna protein may interfere with proper
sarcomere organization as the workload of the heart increases. The ttna®® mutation is in
the A-band of titin, which is the region for myosin binding (Linke & Hamdani, 2014). It is
possible that this mutation affects the binding between titin and myosin, which in turn
impacts the sarcomere formation in the cardiomyocytes during zebrafish development
and/or sarcomere maintenance in adult zebrafish. Both can lead to a defect in the
contractility of the zebrafish heart. Besides testing potential effects of ttna®® deletion on
sarcomere organization, electrophysiology characteristics of mutant embryos also need
to be tested to explore a potential electrophysiology pathway in the pathology of ttna??,

such as a block or delay of ion-channel signal transduction.
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The ttna®® mutation may cause degradation of one or more compliant isoforms of
titin, resulting in a change in the ratio of compliant to stiff isoforms, thus increasing the
diastolic passive stiffness of the heart and decreasing the cardiac output. Recently, an in
vitro study showed that 1g-139, the Ig domain where ttna®® is located, can interact with
MURF1 and direct specific isoform of titin to be degraded through the ubiquitin-
proteasome pathway (Higashikuse et al., 2019). This study also found that a hypertrophic
cardiomyopathy-associated TTN point mutation caused increased degradation of titin, as
shown by in vitro experiments. Interestingly, this point mutation is in the deleted region of
ttna®® but not ttna®8, so experiments focusing on titin-MURF1 interaction using ttna?® and
ttna’® may help to explain the different phenotypes of embryos carrying ttna®® and ttna2®
and reveal a potential mechanism for the current phenotype of ttna®%2° embryos.

Titin, as the largest protein discovered in the body spanning half-length of the
sarcomere, also has sensing and signaling roles through its binding partners (Linke &
Hamdani, 2014). Preliminary observations showed no defect in the organization of
skeletal myofibers, and adult ttna2%29 zebrafish can swim normally. Given that the affected
Ig domain presents in all isoforms of ttna in cardiomyocytes and skeletal muscle, heart-
specific TTN-binding partners or pathways may be involved in the pathology of the ttna’®
mutation. Searching for potential downstream targets may give us more insights into this

aspect.
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A predicted three-dimensional structure of the zebrafish Ig-domain corresponding to
the human 1g-139 shows that the deleted regions of ttna®® and ttna®® are in one
antiparallel B-sheet (Fig. 8). The larger deleted region of ttna®® (Fig. 8A) compared to that
of ttna8 (Fig. 8B) may result in a more severe disruption in the structure of this B-sheet
that may be important for the function of this domain, which in turn explains the more
severe phenotype of ttna®® compared to that of ttna®8. Additionally, the deleted region of
ttna®® may even disrupt the structure of the whole domain. To reveal the potential
structural disruption caused by ttna2® and ttna2®, and to understand the reason for their
different phenotypes, more assessments of this domain’s structure may be needed in the
future.

D. The EOAF-associated TTN point mutation study

The generation of the zebrafish line carrying the EOAF-associated TTN point
mutation will be continued. Even though the current long symmetric HDR template and
optimized volume of injection solution have yielded a potential higher efficiency for
knocking-in this point mutation, the increased efficiency may still not enough to yield
better germline transmission that allows us to generate this zebrafish line in a reasonable
period of time.

To further increase the knock-in efficiency, more techniques based on CRISPR-
Cas9 can be used as alternatives, including the variation in types of Cas proteins, delivery

methods for the ribonucleoprotein complex, and designs of HDR templates. For example,
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FIGURE 8. Ribbon diagram showing predicted three-dimensional structures of the wild-
type zebrafish ttna Ig domain corresponding to the human titin Ig-139 domain. Red
regions indicate the residue affected by the EOAF-associated missense point mutation.
(A) Blue and red regions indicate residues deleted by ttna’®. (B) Green and red regions
indicate residues deleted by ttna?°. The three-dimensional structure was predicted by
Phyre2 (Kelley et al., 2015).
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Casl2a, atype V CRISPR associated protein, has been reported to have higher efficiency
for knock-out and knock-in in zebrafish (Moreno-Mateos et al., 2017). More strategies
based on microhomology-mediated end joining (Sakuma et al., 2016) and homology-
mediated end joining (Yao et al., 2017) have been developed for higher knock-in
efficiency. Engineered Cas9 proteins were developed to induce more precise mutation
and prevent off-target effects, such as base editor (Zhang et al., 2017) and prime editor
(Anzalone et al., 2019). Additionally, chemical treatment with small molecules, such as
NHEJ inhibitor (Robert et al., 2015), may increase the knock-in efficiency.

Additionally, because the residue affected by the TTN point mutation in human titin
is threonine, and the corresponding residue of wild-type zebrafish ttna is glutamate acid,
a zebrafish line carrying human wild-type sequence at the location of the TTN point
mutation will be generated. This line will be tested to determine whether it has the same
cardiac development and function as the wild-type zebrafish does, and then can be used
as a negative control for the study of the EOAF-associated TTN mutation.

In this study, | am using CRISPR-Cas9 to introduce an EOAF-associated TTN
missense point mutation into the zebrafish to study the underlying mechanism of this
mutation in EOAF, and potentially increased the knock-in efficiency by optimizing the
method. | also generated two ttna mutant alleles, ttna2® and ttna®°. Their deleted regions
are in the high conserved region flanking the site of the TTN point mutation. ttna2%49

embryos showed edema and reduced cardiac function, which suggests that the deleted
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region of ttna®® is important for proper cardiac function. Further investigating the function
of this specific region may reveal more biological pathways that involve titin and contribute

to the pathogenesis of EOAF.
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