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Abstract

Coiled-coil domain containing protein 103 is a homodimeric protein that functions as a
dynein attachment factor in motile cilia. Cedc103 defects in zebrafish (Danio rerio) embryos lead
to paralyzed motile cilia, pronephric cysts, hydrocephalus, and a curved body axis. In humans,
CCDC103 mutations cause primary ciliary dyskinesia (PCD), a genetic syndrome characterized
by bronchial scarring, chronic respiratory infections, and infertility. Studies are just beginning to
uncover the function of Cecdc103 in both zebrafish and humans, but, apart from foxj/a regulation
and dynein arm attachment, little else is known about its interactors or its place in cellular
pathways. We identified 14 potential interactors through a yeast-two-hybrid study using mouse
Ccdc103 as bait against a mouse cDNA prey library. One of the identified interactors is ankyrin
and EF-hand containing protein 1 (Ankefl), which has two paralogs (ankefla and ankef1b) in
zebrafish. Both paralogs share the same ankyrin—EF-hand—ankyrin domain structure and display
conserved synteny with SNAP25 in zebrafish, frogs, mice, and humans. We first cloned ankefla
and ankef1b, then used whole-mount in situ hybridization (WISH) to identify the embryonic
expression patterns of both paralogs. WISH and sectioning showed that ankefI is ubiquitously
expressed during the first 24 hours of zebrafish development, with more restricted expression in
the pharynx, swim bladder, and otic vesicles through 5 days post-fertilization (dpf). Quantitative
reverse transcriptase PCR (qQPCR) was used to quantify ankefI transcript levels in embryos and
adult tissues. qPCR data showed that both transcripts are maternally contributed and increase later
in development after an initial drop in expression in the first two days. Ankefla was also highly
expressed in the testis, which is a major site of ANKEF'I expression in humans. We also generated

knockout (KO) lines of ankefla using CRISPR/Cas9 technology. An ankeflb KO line was



obtained from ZIRC. Future studies on mutant phenotypes will reveal potential functional overlap

between Ankefla and Ankeflb.
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CHAPTER 1

REVIEW OF THE LITERATURE

INTRODUCTION

Inherited monogenic human genetic diseases have a global incidence of about 1-3% per
generation (Lynch, 2010), with World Health Organization (WHO) estimates a monogenic disease
prevalence of 1% of the total world population (WHO, 2019). Interestingly, even healthy
individuals carry between 200 and 400 loss-of-function variants (Abecasis ef al., 2010; MacArthur
and Tyler-Smith, 2010; Ng et al., 2008; Pelak et al., 2010). More precise genetic data on causative
mutations could lead to more effective precision treatment and increase the overall cost-
effectiveness of care (Gavan et al., 2018). Thus, genetic research is indispensable in honing
effective care using syndrome modeling in non-human animals.

The tropical zebrafish (Danio rerio) has become a prominent vertebrate model organism
for genetic diseases in the last 40 years. As with most teleosts, zebrafish can quickly reproduce
and are inexpensive to house and maintain. Zebrafish lay transparent eggs, which are optimal for
viewing the developmental effects of both genetic lesions and drugs or suspected toxins on
embryos. The zebrafish whole genome is available, along with several genetic tools to manipulate
RNA expression and DNA sequences directly. More specifically, the concept of “precision
medicine” can be modeled in zebrafish by creating lesions associated with human disease-causing
genes (Baxendale et al., 2017) in fish embryos. Various CRISPR/Cas (Clustered Regularly
Interspaced Short Palindromic Repeat; CRISPR-associated protein) systems have been developed
to modify both genomic DNA and RNA in vivo directly. CRISPR/Cas has already been used to

model genetic disease in zebrafish, including genetic targets related to cilia structure and function.
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Ideally, genetic testing for common ciliary markers should be done in all individuals but doing so
is not economically viable with current technology. In this review, we summarize both the
zebrafish ciliopathy genes that have been targeted by CRISPR technology, as well as CRISPR

methods that have been used in zebrafish.

CILIA STRUCTURE AND FUNCTION

The cilium is a hair-like extension of the cell membrane that is present on nearly every cell
in the human body. Researchers typically classify cilia into two groups: motile and nonmotile, also
called primary/sensory, cilia. Early electron microscopy by Bjorn Afzelius revealed that the
ultrastructure (the axoneme plus accessory proteins) of eukaryotic flagella and motile cilia are
indistinguishable (Afzelius, 1976), as both have the prototypical 9+2 arrangement—nine outer
microtubules and two inner microtubules. In contrast, nonmotile cilia typically have a 9+0
arrangement (Fig. 1.1). Both motile and nonmotile cilia are also present in the developing
vertebrate embryo. Exceptions to the motile/nonmotile delineation do exist, including the motile
9+0 nodal cilia and the 9+2 nonmotile kinocilia in both immature mammalian hair cells and mature
fish hair cells (Hudspeth and Corey, 1977; Jaeger et al., 1994). Ciliated tissues and cells in
mammals include dorsal root ganglia neurons (Tan et al., 2007), kidney cells (Katz and Morgan,
1984), mature sperm (Blum, 1971; Holwill, 1977), fallopian tubes (Clyman, 1966; Patek and
Nilsson, 1973), ependymal cells in the spinal canal (Worthington and Cathcart, 1963), and the
mouse embryonic node (Hashimoto et al., 2010) (Kupffer’s vesicle in zebrafish (Kimmel et al.,
1995)). Furthermore, cilia are present on the skin of Xenopus laevis (Steinman, 1968, 1970) and

in the pronephros of zebrafish embryos (Kramer-Zucker et al., 2005). Researchers long believed
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cilia to be vestigial (Dahl, 1967; Garant et al., 1968); however, evidence suggesting their

functional
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Figure 1.1: Cross section of motile cilia (left) and nonmotile cilia (right). Motile cilia parts: A, B-
tubule; B, a-tubule; C, radial spoke; D, outer dynein arm; E, nexin linkage; F, inner dynein arm.

Nonmotile cilia parts: A, B-tubule; B, a-tubule; C nexin linkage.
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roles began accumulating in the mid-20" century (Barnes, 1961; Federman and Nichols, 1974;
Milton, 1959; Munger, 1958; Satir, 1965). For example, motile cilia in Kupffer’s vesicle mediate
left-right asymmetry through the Nodal signaling cascade, cilium-mediated cerebrospinal fluid
(CSF) flow is required for proper brain ventricle development (Essner et al., 2005; Kramer-Zucker
et al., 2005), and nonmotile cilia mediate Leydig cell differentiation through Wnt signaling in
mammals.

Cilium formation (ciliogenesis) occurs during interphase and requires centrioles, cilium-
specific protein targeting, and transport of proteins up the elongating cilium. Cilia begin their
formation in the cytoplasm, in which a ciliary vesicle (CV) attached to the mother centriole is
moved toward the site of cilia establishment and elongation. Mother centrioles become basal
bodies (BBs), which are required for cilium growth and maturation. Basal bodies have a circular
array of microtubule triplets consisting of an A-, B-, and C-tubule. Many hundreds of centrioles
are formed in multiciliated cells (MCCs) and become basal bodies for each cilium. The cilium
axoneme is an extension of the mother centriole portion of the basal body, from which the A and
B tubules extend up through the cilium. As the new cilium moves through the cytoplasm, the CV
accumulates secondary vesicles. The transition zone begins to form as the CV expands and
intraflagellar transport (IFT) proteins begin to attach to the centriolar microtubules. IFT involves
the transport of cargo (i.e., proteins) from the cilium base to the tip (anterograde) by kinesins or
from the tip to the base by cytoplasmic dyneins (retrograde) not firmly attached to the axoneme.
After cilium docking and fusion with the cell membrane, the so-called “ciliary gate” completes,
and cilium growth occurs via soluble molecular motors moving up and down the microtubule
tracks. The ciliary gate is responsible for regulating protein entry into the “cilioplasm™ (i.e. the

protein milieu in the ciliary compartment). IFT is critical for the development and maintenance of
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somatic cell ciliary structure and function (both nonmotile and motile), but not the maintenance of
sperm flagella (Damerla et al., 2015). Interestingly, IFT components are not present in mature
sperm, which reflects its almost complete lack of cytoplasm and absence of turnover of flagellar
proteins(San Agustin et al., 2015). Furthermore, molecular signals that do move between the sperm
head and flagella are thought to be ions or small molecules. Dysfunctional IFT proteins lead to
shortened or absent cilia and can lead to a number of developmental defects, and diseases such as
polycystic kidney disease (PKD) or primary ciliary dyskinesia (PCD), due to dysfunctional
nonmotile and motile cilia, respectively (Pazour et al., 2000).

Nonmotile cilia function

Nonmotile cilia typically have the 9+0 structure, which lacks the dynein arms and central
pair that define motile cilia. The nonmotile cilium acts as a cellular antenna and is thus the site of
origin for specific signaling processes that are unique to the ciliary compartment. Various types of
channels and receptors localize to nonmotile cilia and mediate sensory processes. For example, G-
protein coupled receptors (GPCR) are localized to nonmotile olfactory cilia and convey odorant
signals to the brain (Shibuya and Takagi, 1963). Photoreceptors—rods and cones—are modified
cilia that transduce light signals to the optic nerve and beyond (Greiner ef al., 1983; Hinds and
Hinds, 1979).

Nonmotile cilia also play a role in invertebrate and vertebrate development. Hedgehog (Hh)
signaling components localize to nonmotile cilia (Fig. 1.2) and are required for normal vertebrate
embryogenesis (Huang and Schier, 2009; Huangfu et al., 2003; Philipp et al., 2008; Ruat et al.,
2014). Defects in Hh genes active during early vertebrate development cause midline defects (e.g.,
lack of floor plate in the neural tube), while mutations in later genes can lead to a lack of eye

separation (cyclopia) or distal limb truncation (Chiang et al., 1996). Hh proteins were first
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Figure 1.2: Diagram of inactivated and activated hedgehog pathways. Without the hedgehog ligand
bound to patched, (1) patched inhibits smoothened (smo) localization to the ciliary membrane, (2)
PKA cleaves Gli into a repressor for Hh-responsive genes. When (1) Hh binds to Patched (Ptch),
Ptch is degraded (2) and the inhibition of smo is removed. (3) Smo increases the Gli activator form
and (4) inactivates PKA. (5) Gli migrates to the nucleus and Hh-responsive genes are upregulated.

The red phospholipids denote the ciliary compartment.
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identified in Drosophila (Nusslein-Volhard and Wieschaus, 1980), with several classes of
homologous proteins also present in vertebrates (sonic hedgehog, Shh; desert hedgehog, Dhh;
Indian hedgehog, Ihh). Most vertebrates express at least one type of Hh gene (Bitgood and
McMahon, 1995; Bitgood et al., 1996; Hammerschmidt ez al., 1996a), and zebrafish have at least
five Hh genes, including at least one from each class. Hh proteins are secreted as monomeric or
multimeric lipoproteins, as both arrangements require the attachment of a palmitic acid and a
cholesterol for proper diffusion rates and concentration gradients (Grover et al., 2011; Li et al.,
2006). Unstimulated Hh receptors (i.e., patched, ptch; a 12-pass transmembrane receptor)
primarily localize to the ciliary membrane (Fig. 1.2) and prevent downstream transcription of Hh-
related genes via the G/i repressor (Buttitta et al., 2003; Kinzler et al., 1988). Ptch stimulation
allows Smoothened (smo, a GPCR (Ruiz-Gomez et al., 2007)) to enter the cilium, which then
releases the Gli activator (Buttitta et al., 2003; Rohatgi et al., 2007). Downstream transcription
targets of Gli include foxa2/nkx2.2/nkx6.1 in the developing neural tube (Motoyama et al., 2003;
Taylor et al., 2004) and pax9 in the murine anterior limb bud (Vokes et al., 2008). Gli2"~Gli3™"-
mouse embryos showed reduced pax9 expression and, thus, errors in sclerotome induction (Buttitta
et al., 2003). Morpholino oligonucleotide (MO)-induced errors in downstream signaling
activation, such as nkx2.2 in the neural tube, lead to stunted perineural glia exit from the spinal
cord in developing zebrafish embryos (Kucenas et al., 2008).
Motile cilia function

Embryonic and adult physiological processes (Praetorius and Spring, 2005; Rawlins and
Hogan, 2008) require motile cilia for maintaining homeostasis. Motile cilia are involved in
processes requiring movement of fluids or particles, such as CSF flow and airway mucus

clearance. Furthermore, similarly structured sperm flagella (motile cilia) generate propulsive force
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perpendicular to the plane running between the central pair. Thus, the central pair gives a motile
cilium its directional movement. Motility itself is generated by dynein-mediated sliding action
between microtubules. Motile cilia are most commonly found with the 9+2 configuration, whereby
nine doublets surround a central pair. For example, the waveform of 9+2 cilia in the respiratory
tract involves an oar-like (Arsov et al., 2006) active stroke followed by a recovery stroke. Motility
can also proceed in a corkscrew manner, as seen in 9+0 nodal cilia (Hashimoto ef al., 2010), rather
than rotation at the base as in the bacterial flagellar rotary motor (Satir, 1963). Microtubules, which
are polymers of tubulin, typically act as structural supports for the cilium and as tracks for the
movement of motor proteins (Moss et al., 1992; Rosenbaum and Witman, 2002; Sale and Satir,
1977, Satir, 1980). Dynein arms attached along the length of ciliary microtubules mediate ciliary
bending (Satir, 1980) through an axonemal sliding mechanism. The inner and outer dynein arms
are firmly attached to one microtubule and, upon the presence of ATP, "walk" on an adjacent
microtubule, producing sliding between the tubules (Shah et al., 2009).

Although the motile/nonmotile classifications appear to be mutually exclusive, more recent
evidence suggests that the motile and nonmotile delineations only represent the extremes of cilium
function. Motile cilia in the human airway also show chemosensation in addition to motility (Shah
et al., 2009). Bitter taste receptors (T2R) localize to the cilia present on airway multiciliated cells
(aMCC). Ciliary beat frequency on aMCC significantly increased upon stimulation with
denatonium, a T2R ligand (Shah et al., 2009), indicating chemosensory function in these cells. A
more recent study (Mao et al, 2018) showed that Hh signaling components localize to
multiciliated cells in the human airway epithelium, raising the possibility of extracellular signal
transduction originating in the motile cilium. Therefore, the latter study reinforces the notion that

the motile cilium may transduce signals to downstream extracellular sources. As such, proteins
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involved in shuttling motility-related factors may also participate in localizing signaling proteins
to the motile cilium.

Motile cilia also mediate essential processes in embryonic development. Motile cilia in the
mouse node and zebrafish Kupffer’s vesicle generate a morphogen gradient through cilia-mediated
clockwise flow (Nonaka et al., 1998). Zebratish embryos form an analogous structure at the end
of gastrulation called Kupffer’s vesicle (Kimmel et al., 1995), which is preceded by the dorsal
forerunner cells (DFC) (Essner et al., 2002). Cilia-driven clockwise fluid flow in the vesicle
induces asymmetric activation of the Nodal signaling cascade in the lateral plate mesoderm (LPM),
which leads to organ laterality. The motile cilium protein milieu is abundant with various motor
proteins, adapters, receptors, and structural proteins (Figs. 1.1 and 1.2). For example, coiled-coil
domain-containing protein 103 (Ccdc103) is a critical component for outer dynein arm (ODAs)
attachment to the microtubule structure of the motile cilium (King and Patel-King, 2015; Panizzi

etal.,2012).

CILIOPATHIES

Ciliopathies, a term first used by Cornillie et al. (Cornillie et al., 1984), are a subclass of
inherited genetic diseases that lead to alterations in the structure and function of cilia. Individual
ciliopathy diseases are usually rare on their own, but ciliopathy incidences range from 1 in 400
live births in ADPKD to 1:20,000 in ARPKD (Waters and Beales, 2011). Ciliopathies are
associated with several human syndromes (Waters and Beales, 2011), including PCD, PKD,
retinitis pigmentosa (RP), and infertility, as well as rarer disorders including Bardet-Biedl
syndrome, Joubert syndrome, Leber's congenital amaurosis, nephronophthisis, Senior-Leken

syndrome, and Meckel-Gruber syndrome (Table 1.1). The first direct evidence of human ciliopathy
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appeared in patients with immotile sperm (Afzelius, 1976). These infertile patients had several
disease phenotypes, including missing inner or outer dynein arms on their sperm axonemes.
Because of the missing dynein arms, the patients had paralyzed motile cilia, resulting in chronic
respiratory and auditory infections, as well as male and female infertility (Papon et al., 2010).
Ciliopathies arise in both human and veterinary medicine, with some of the first records of a
veterinary ciliopathy were noted in two English sheepdogs (Randolph and Castleman, 1984).
Although Manes Kartagener (Kartagener, 1933) connected an array of symptoms—reversed organ
laterality (situs inversus), chronic sinusitis, and thickened bronchial walls (bronchiectasis)—to a
common etiology, A.W. Siewert was the first to publish a ciliopathy case (Siewert, 1904).
Kartagener's syndrome is a form of PCD (Tadesse et al., 2018), a disease in which motile cilia are
unable to beat (Afzelius, 1976; Popper and Jakse, 1982; Popper et al., 1985). Thirty-five distinct
ciliopathies have been identified, involving 187 cilium-related genes with another 241 candidate
ciliopathy-related genes (Reiter and Leroux, 2017). The 35 ciliopathies share a wide array of
morbidities and comorbidities requiring a precise determination of the root genetic cause.
Ciliopathy incidences vary among discrete gene pools, depending upon the degree of gene flow
among, into, and out of the population.
Errors in motile cilia

Accurate diagnosis of PCD is difficult due to its genetically heterogeneous nature.
Incidence has been estimated at 1 in 3,000 to 1 in 40,000, but PCD may be underdiagnosed (Kuehni
et al., 2010). Underdiagnosis can be due patients residing in countries with poor health
expenditures, unrecognized symptoms early in life, or misdiagnosis of other conditions like asthma
or recurrent bronchitis (Lucas ef al., 2014). Defects in motility-related proteins lead to paralyzed

(immotile) cilia, or abnormal cilia beat frequencies. Accumulated fluid in brain ventricles
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Ciliopathy(Reiter and
Leroux, 2017)

Associated genes(Reiter and Leroux, 2017)

Zebrafish models

ADPKD

Pkdl, pkd2

None in zebrafish.

Alstrom syndrome

Almsl1

Alms1(Lodh et al., 2016; Nesmith et
al., 2019)

ARPKD Pkhdl, dzipll Dzipll(Lu et al., 2017)

BBS Bbsl, bbs2, bbs4, bbs5, bbs6, bbs7, bbs9, Mks1(Stawicki et al., 2016),
bbs10, bbs12, bbipl, ift27, 1ztfll, trim32, ift74(Lindstrand ef al., 2016),
wdpcp, ccdc28b, mksl, arl6, ttc8, ift172, bbs1(Lodh et al., 2016), bbs4(Lodh
sdccags, ift74 etal.,2016; Tsai et al., 2019),

ccdc28b(Novas et al., 2018), bbs6

RP Arl6, bbs2, ttc8, ift172, rpgr, spata7, rpll1(Liu ef al., 2017)
pomgntl, arl2bp, c200rf71, cngal, cngbl,
fam161a, mak, rp1, rp2, topors, nek2, arl3,
tulpl, pik3r4, c8orf37, ofd1, rp1L1, ift140,
wdrl9

OFD C2cd3, ddx59, scltl, tmem17, ift57, None in zebrafish.
tmem?231, tbc1d32, ofd1, nek1, wdpcp,
tmem 138, mnr/ofip/kiaa0753, tmem107,
c5orf42, tmem216, tctn3

NPHP Ift172, sdccag8, iqebl, tmem67, tetn2, anks6, | Nme3(Hoff et al., 2018)

cepl64, xpnpep3, glis2, cep83, znf423,
nphpl, atxn10, nphp3, dcdc2, ift81, nek§,
ttc21b, nphp4, invs, pik3r4, wdrl9, nme3

Jeune syndrome

Ift172

None in zebrafish.

Short-rib thoracic

Wdr35, csppl, ttc21b, cep120, dync2hl,

None in zebrafish.

dysplasia ift80, intu, tctex1d2, wdr34, wdr60, nek9,
nekl, 1ft140, dync2lil, wdrl9
SLSN Sdccag8, iqebl, cep290, cepl164, nphpl, None in zebrafish.

nphp4, invs, traf3ipl, wdrl9

Complex lethal
osteochondrodysplasia

Taptl

Taptlb(Symoens et al., 2015)

Cranioectodermal Ift122, ift43, ift52, wdr35 Ift52(Dupont et al., 2019)
dysplasia
CRD Kiz, rab28, ttll5, uncl19, c21orf2, cep78, None in zebrafish.
rpgripl, poclb, rpgr, crx, c8orf37,
LCA Rpgripl, poclb, cluapl, Ica$5, crx, spata7, None in zebrafish.
igcbl, cep290, tulpl, ift40
JBTS Mksl1, poclb, kif7, hyls1, cnga2, ahil, Mks1(Stawicki et al., 2016),

cepl04, kiaa0556, pde6d, pibfl, tctnl,
arl13Db, cep4l, kiaa0586, tmem237, inppSe,
tmem138, mnr/ofip/kiaa0753, tmem107,
cSorf42, cep290, b9d1, b9d2, cc2d2a,
rpgripll, tmem67, tmem216, csppl, tctn2,
tctn3, znf423, nphpl, atxnl0, tmem?231,
ofd1, wdr60

inppSe(Xu et al., 2017), ahil(Zhu et
al.,2019)

Spinocerebellar ataxia

Atxnl0, ttbk2, atxn7

Atxn7(Carrillo-Rosas et al., 2019)

MKS

Mks1, tmem237, tmem107, cep290, b9d1,
b9d2, cc2d2a, rpgripll, tmem67, tmem216,
csppl, tctn2, nphp3, tmem?231, cepl64

Mks|1(Stawicki et al., 2016)

PCD

Rpgr, ak7, armc4, c210rf59, ccdc103,
ccdel14, cedel51, cede39, ceded0, cedc65,
ccno, dnaaf3, heatr2, dnaaf2, dnaaf?,
dnaahl1, dnah$5, dnail, dnai2, dnall, drcl,

None in zebrafish.
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dyxlcl, gas8, hydin, Irrc6, mcidas, nme§,
pih1d3, rsph3, rsphl, rsph4a, rrph9, spagl,
ttc25, zmynd10, dnah6, dnajb13, dnaafl,
ofdl

Cranioectodermal Ift122, ift43, ift52, wdr35, wdrl9 Ift52(Dupont et al., 2019)
dysplasia

Basal cell carcinoma, sufu None in zebrafish.
medulloblastoma,

meningioma

Hydrolethalus syndrome

Usp8, kif7, hyls1, kiaa0586

Usp8(Kasahara ef al., 2018)

Congenital anosmia

Cnga2

Cng2a/cng2b(Blechman et al., 2018)

rplll

Holoprosencephaly Zic2, ptchl, gli2 Ptch1(Burns et al., 2018; Chassaing
et al., 2016), zic2b(Sedykh et al.,
2017)

Heterotaxy Cfap53, galntl1, pkd1L1, nodal, znflls, Znflls(Li et al., 2019), dnah10(Liu

ccdell, dnahl0, rfl15, kIf8 etal.,2018), rnfl15(Liu et al.,

2018), ccdel1(Gur et al., 2017),
kif8(Lin et al., 2017)

Chondrodysplasia Nomo Nomo(Cao et al., 2018)

Retinal dysplasia Tub, C210RF2, arl13b, cepl164, c2orf711, rpll1(Liu ef al., 2017), c2orf711(Liu

etal,2017)

Table 1.1: Ciliopathies with associated genes and their CRISPR-mediated modelling in zebrafish.
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(hydrocephalus) results from either the inability of paralyzed motile cilia to induce ependymal
flow (Fliegauf et al., 2007) or improper alignment of ciliary beat direction via the planar cell
polarity pathway (Guirao et al., 2010). Immotile cilia in fallopian tubes are associated with ectopic
pregnancies (Blyth and Wellesley, 2008). Other clinical signs of PCD include (Sha et al., 2014)
chronic cough, respiratory congestion and infections, situs inversus, infertility (due to sperm
abnormal motility), and airway bleeding (hemoptysis). Motile cilia also play an essential role
during development. A nonsense mutation in Dnaaf2, which is involved in dynein assembly, is
embryonic lethal in mice and affected embryos arrest during organogenesis (Cheong et al., 2019).
As noted above, a variety of embryo defects may result from functional disorders ranging from
mild nonpathological phenotypes to lethality.

The diagnosis of PCD requires a combination of several tests (Leigh et al., 2009a; Leigh
et al., 2009b). Clinical imaging can be employed to assess the reversal of the heart loop (situs
inversus due to the inability to move fluid in the embryonic node). The motility and ultrastructure
of ciliated respiratory epithelial cells can be assessed with nasal biopsies, followed by culture and
imaging. Bronchiectasis is another important clinical indicator of the condition and helps in
distinguishing PCD from pneumonia or other respiratory infections. Furthermore, patients
diagnosed with PCD may also have their fallopian tubes or sperm analyzed before making a
diagnosis of infertility (Greenstone et al., 1988). Interestingly, not all patients with PCD are
infertile (Munro et al., 1994), indicating a complicated interaction of PCD genes. In this published
study, one patient's spermatozoa lacked dynein arms, but the same patient still had structurally and
functionally normal nasal cilia, perhaps indicating that different genotypes in the same organism

(mosaicism) are possible or that functionally similar protein forms (isoforms) exist in different cell

types.
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Fortunately, outcomes for PCD patients are good (Bush ef al., 1998), with a healthy life
expectancy for affected individuals undergoing effective management of the disorder, often
including chest physical therapy, antibiotics for lung infections, bronchodilators, or anti-
inflammatory drugs (https://www.nhlbi.nih.gov/health-topics/primary-ciliary-dyskinesia). Studies
in the zebrafish system have identified or characterized many other PCD or ciliary genes
implicated in human disease. Ccdcl03 is an example of a motility-related gene whose defects have
been shown in humans and zebrafish to cause PCD, which results from the loss of outer dynein
arms. PCD morbidities associated with ccdc103 defects in zebrafish include a curved body along
the dorsoventral axis, kidney cysts, and hydrocephalus.

Errors in nonmotile cilia

Diseases associated with nonmotile cilia are typically due to mutations in proteins
associated with cellular signaling pathways that are mediated by the cilium. Given that Hh
signaling is required for many developmental processes, including vertebrate limb morphogenesis
and neural cell differentiation (Bitgood and McMahon, 1995; Bitgood et al., 1996; Lewis et al.,
1999; Qu et al., 1997), the finding that vertebrate nonmotile cilia mediate Hh signaling raised the
questions of what other developmental pathways signal through cilium-localized receptors and
what advantages are conferred by signaling through cilia (Goetz and Anderson, 2010). The Hh
receptor Ptchl localizes to nonmotile cilia and is involved in murine embryonic patterning and
survival (Huangfu et al., 2003). Interestingly, nonmotile cilium-mediated Hh signaling has also
been associated with increased tumorigenesis (Han and Alvarez-Buylla, 2010; Han et al., 2009;
Wong et al., 2009a).

PKD is a disorder that follows both autosomal dominant (ADPKD) and autosomal

recessive (ARPKD) inheritance patterns (Ibraghimov-Beskrovnaya et al., 2000; Okada et al.,
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1999; Qin ef al., 2001). Evidence suggests that renal tubular cells with shortened or absent cilia
due to polycystin mutations rapidly proliferate and incompletely differentiate (Somlo and Ehrlich,
2001). ADPKD constitutes a vast majority of PKD cases with an incidence of roughly 1:400, with
ARPKD being much less common (Armstrong and Thomas, 2019; Douguet et al., 2019; Stayner
et al., 2019; Xue and Mei, 2019). Symptoms of PKD include fluid-filled renal cysts, blood in the
urine (hematuria), chronic fatigue, pale skin color, and urinary tract infections (UTI). Renal
epithelial cells typically have one nonmotile cilium that protrudes into the nephron tubular lumen
and can act as an extracellular flow rate transducer or as a cellular mediator of fibronectin signaling
(Praetorius et al., 2004). Defects in polycystin-1 (PKD1) or PKD2, which mediate ciliary calcium
signaling, contribute to kidney cyst formation by disrupting downstream cell
proliferation/differentiation signaling (Ma et al, 2017; Pazour and Rosenbaum, 2002).
Interestingly, the absence of polycystins along with the absence of cilia can abrogate ADPKD (Ma
etal.,2017).

Photoreceptor cells have another type of nonmotile cilia and express various light-
transducing proteins. The human retina, consisting of rods and cones, constitutes part of the
vertebrate inner wall tissue of the eye and is active in transducing light signals into nerve impulses
(Stojanovic and Hwa, 2002). These cells express rhodopsin, which localizes to the modified cilium
region of the photoreceptor (Macke et al., 1993; Sung et al., 1991). Briefly, rhodopsin is
constitutively active in the flattened disks of the rod cell, and photons reduce the amount of cGMP
that is present in the rod (Baxter and Morse, 1992; Deretic et al., 1995; Wald et al., 1950). Light
induces a decrease in cGMP, causing ion channels to close and hyperpolarize the rod cell. In cone
cells, three types of photopsins (erythrolabe, chlorolabe, and cyanolabe), each detecting a specific

wavelength range, act similarly to rhodopsin in rod cells. Errors in photoreceptor proteins or their
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downstream targets typically lead to RP, a genetic illness that affects about 1 in 5000 individuals
worldwide (Araki et al., 1984; Kachi et al., 1999). Although rods are initially and primarily
affected, cone function is disrupted as the disease progresses. Several inheritance patterns
characterize retinitis pigmentosa, including autosomal dominant/recessive and X-linked recessive.
Mutations in rhodopsin have been shown to cause autosomal dominant retinitis pigmentosa
(Sohocki et al., 2001). Mutations in RP2 or RPGR (retinitis pigmentosa GTPase regulator) were
found in most of the families in a North American cohort and therefore may account for a majority
of worldwide X-linked retinitis pigmentosa cases (Breuer et al., 2002). In addition to photoreceptor
defects, downstream signaling can be affected. A nonsense mutation in the y subunit of the cone
cyclic guanosine monophosphate phosphodiesterase, which lowers ¢cGMP levels and thus
transduces the photonic signal further downstream in the photoreceptor (Kohl ez al., 2012), leads
to achromotopsia, a retinal dystrophy showing color blindness, photophobia, involuntary eye
movements (nystagmus), and severely reduced visual acuity (Sampangi et al., 2005; Tsang and
Sharma, 2018).

As multiple diseases are linked to defects in ciliary formation or function, further
characterization of deleterious molecular lesions is necessary to expand diagnostic and treatment
options. As such, more accurate gene targeting tools are necessary to precisely reproduce naturally
occurring mutations and their associated phenotypes. Model organisms such as zebrafish can
significantly contribute to our understanding of disease etiology and progression.

ZEBRAFISH AS A MODEL SYSTEM FOR HUMAN PATHOLOGY

The molecular structure of cilia is highly conserved, from simple organisms like

Chlamydomonas (Afzelius, 1961; Ringo, 1967) to mice and humans (Afzelius, 1976). The Oak

Ridge Polycystic Kidney (ORPK; IFT88"") mouse was the first organism used to model the role
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of defective IFT proteins in ciliopathies (Lehman et al., 2008). Correct ciliogenesis requires IFT88
(Polaris), and the hypomorphic allele present in ORPK mice leads to shortened and malformed
cilia (Robert et al., 2007). Nonmammal vertebrate organisms have been successfully used to model
mutant phenotypes mimicking those in humans, including many ciliary diseases. The zebrafish
(Danio rerio) has become a noted model organism for studying physiological and developmental
processes. Zebrafish maintenance and care are relatively inexpensive, and large numbers (up to
200-300) of zebrafish embryos can be generated each week by just a single breeding pair. Embryos
develop very quickly, completing organogenesis by day two and enter their larval stage at day
seven (Kimmel et al., 1995). Therefore, developmental issues that may arise from genetic lesions
or drug treatment are often seen within the seven-day developmental window. Motile cilia on the
olfactory placode can easily be imaged by light or confocal microscopy to ascertain cilium
structure quickly. Furthermore, the presence of functional cilia in the embryonic ependymal cells
and pronephros can be easily viewed (Drummond, 2009; Drummond and Davidson, 2016).
Zebrafish offer many genetic advantages as a model organism. In addition to the full genome
sequence availability, 71.4% of human proteins have a zebrafish orthologue (Howe ef al., 2013).
One-cell embryos can tolerate injections of up to around 6-8 nL of fluid (i.e., solutions of MOs,

Cas9/sgRNA, or synthetic mRNA), allowing for genetic manipulation.

GENETIC METHODS USED IN ZEBRAFISH
Non-CRISPR genetic methods

Genetic methods for zebrafish are well established, with the full zebrafish genome freely
available for download. Zebrafish embryos are well-suited for studying developmental

mechanisms and drug effects on embryonic development. The first large-scale screen for genetic
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lesions with zebrafish culminated in a 1996 issue of Development (vol. 123, issue 1), which
identified several mutant classes, including some now known to be cilium-related mutants. Males
were treated with ethylnitrosourea (ENU), a potent mutagen, to induce point mutations in germ
cells, and then crossed with wild-type females. The F1 generation was outcrossed with wild-type
fish. Finally, the F2 generation, half of which should be heterozygous for ENU-induced mutations,
was grown to breeding age and in-crossed. The F3 generation was analyzed for any abnormal
developmental phenotypes. Forward genetic methods were then used to isolate the mutant gene
responsible for each developmental defect through positional cloning. Although laborious and
time-consuming, the ENU screening method is a nonbiased method for uncovering a wide range
of developmental mutants for use in downstream functional and genetic studies.

In terms of targeted genetic manipulation, several methods existed before the appearance
of CRISPR technology. MOs are still considered a crucial tool to block pre-mRNA splice sites or
start codons (Flynt et al., 2017; Huang et al., 2012; Nasevicius and Ekker, 2000; Stainier et al.,
2017). Briefly, injection of embryos up to the 8-cell stage is essential for full embryo knockdown,
as later injections do not diffuse throughout the blastula. The MO is a ~25 bp modified
oligonucleotide that is designed to sterically hinder either pre-mRNA splice sites or the mature
RNA start codon and can usually block the associated processes before MO degradation in roughly
two to three days (Nasevicius and Ekker, 2000). MOs are useful tools for targeted gene disruption
but are not as amenable to large-scale screens. Furthermore, genes that are active later in zebrafish
development (4-5 dpf) may not be targetable by MOs due to diffusion effects.

Direct modification of zebrafish genome targets via insertional mutagenesis became
available in 1994 with the use of retroviruses, and further refinement occurring in the following

decade. Embryos at the 1k-cell stage are injected with a retrovirus, which introduces heritable
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exogenous DNA with a known sequence into the genome (Amsterdam et al., 1999; Lin et al.,
1994). Determination of the affected region is facilitated by studying the sequence on either side
of the known region. Researchers later took advantage of transposable elements by developing an
insertional method using a 70/2 transposon vector (Kawakami et al., 2000; Kawakami et al., 2004).
Messenger RNA encoding a transposase, along with the transposon vector, is injected into one-
cell embryos. The transposon can then be inserted into genomic sites with a TA sequence. In-house
usage of both retroviruses and transposon methods require screening large amounts of F; progeny,
although the drawback can be overcome by ordering modified fish bred and screened by labs or
companies if the modified gene of interest (GOI) can be found.

Zinc finger nucleases (ZFNs) were the first proteins capable of directed mutagenesis in
zebrafish. ZFNs are engineered proteins containing both a DNA-binding zinc-finger domain
(ZFD) and a modified Fok! cleavage domain (Doyon ef al., 2008; Meng et al., 2008). The ZFD is
engineered to recognize a specific target sequence within a GOI, and the targeted cleavage results
in repair via either the nonhomologous end-joining (NHEJ) or homology-directed repair (HDR)
pathway. NHEJ relies on endogenous cellular repair mechanisms, which do not always accurately
restore the original sequence. Insertions-deletions (indels) may result from the low repair accuracy
and frequently introduce missense mutations or even early stop codons. HDR uses an exogenous
DNA template to repair the DSB, typically an engineered sequence flanked by sequences
homologous to the target. HDR pathways can use an injected DNA template and thus allow for
more user control over the resultant sequence; however, HDR is much less efficient than NHEJ,
so the likelihood of mosaic embryos is much higher. ZFNs are quite expensive to produce and are

very difficult to synthesize in-house.
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Transcription activator-like effector nucleases (TALENS) are another class of engineered
proteins capable of targeted gene disruption. The TALEN protein contains a DNA-binding (DBD)
and nuclease dimer structure similar to ZFNs but is much cheaper to produce. TALENSs have an
advantage over ZFNs in their simpler and more predictable target binding mechanism; however,
the larger size of TALENs makes delivery less efficient than ZFNs. Furthermore, investigator-
generated TALENS require a significant time investment in the design and production of the final
protein product. Both ZFN and TALEN proteins can be expressed through transgenesis, which
allows for promotor control, or through overexpression by injected mRNA (Gaj et al., 2013; Ma
and Liu, 2015). Although both methods allow for target-specific cleavage, their disadvantages
compared to CRISPR/Cas systems make CRISPRs an attractive method toward targeted gene
disruption.

CRISPR/Cas9 methods

Evidence toward clarifying the CRISPR/Cas bacterial immunity system has its roots in the
1980s through the 2000s (Barrangou et al., 2007; Bolotin et al., 2005; Ishino et al., 1987; Mojica
et al., 2005; Mojica et al., 1995; Pourcel et al., 2005). Bacteria and archaea both express CRISPR
associated proteins (cas), which bind to a target sequence via a guide RNA (gRNA) and cleave
foreign DNA introduced by bacteriophages. The first papers on the biomedical use of CRISPR
technology were published within the last decade (Cong et al., 2013; Hwang et al., 2013; Jinek et
al.,2012; Mali et al., 2013). Since then, CRISPR methods have become a versatile tool for disease
modeling in biomedical science. Briefly, the single guide RNA (sgRNA) contains a gene-specific
segment (~20 nucleotides; tracrRNA) and a scaffold (crRNA), which binds to Cas9. The enzyme
scans the genome for any PAM sites (e.g., sequences with the NGG nucleotide pattern), which

then cues the Cas9 enzyme to interrogate the adjacent sequence for a match with its gene-specific
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sgRNA. If the genomic sequence matches the sgRNA, Cas9 then creates a double-strand break
(DSB), usually three nucleotides upstream of the PAM site. The cellular repair mechanism restores
the original sequence with low fidelity, so indels are introduced into the sequence via NHEJ and
can disrupt pre-mRNA splicing or protein translation.

Direct DNA editing creates a permanent change to a cell’s genetic makeup, rather than the
transient knockdown created by MOs. Despite the permanent change, a caveat exists, in that the
sequence repair is not usually the same between affected alleles and can vary from cell to cell
(Auer and Del Bene, 2014). Thus, even injection into a one-cell zebrafish embryo will almost
certainly result in a genetically mosaic organism. Additionally, Cas9 is known to have off-target
effects despite the predictive algorithms used on CRISPR design sites. Even without off-target
effects, the NHEJ repair mechanism is not predictable, so crispants (CRISPR-created mutants) will
likely be mosaic or the repair may result in a non-deleterious sequence (Burger et al., 2016).
Several methods have been developed to overcome CRISPR-induced mosaicism. A researcher
may use the cell’s HDR mechanism to introduce a known sequence into the break site by
coinjection with a donor strand containing the desired edit, flanked by regions homologous to the
break site. One method of HDR template design introduces a stop codon into all three reading
frames (Gagnon et al., 2014), thus overcoming the mosaicism effect if the knock-in is efficient.
HDR can overcome some of the unpredictable NHEJ repairs by inserting a known sequence into
the cleavage site. However, due to low HDR efficiency, Cas9-mediated HDR may be better suited
for germline editing in zebrafish, in which one can enrich for the desired genetic lesion, unless
higher template incorporation efficiencies can be achieved.

Perhaps the most straightforward way of using the CRISPR/Cas system is by

microinjection of the Cas9 protein or mRNA encoding Cas9 under control of the 3-globin promoter
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Figure 1.3: One-cell embryos injected with
Cas9 and three sgRNAs targeting ccdc103.
At 48 hpf, 22/168 (14.3%) showed no
abnormalities (top), and 144/168 (85.7%)
had the expected curved phenotype
(Panizzi et al., 2012) (bottom). (Daniel
and Panizzi, unpublished data)
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along with sgRNA(s) specific to the gene of interest. Several online resources exist for sgRNA
design (Cui et al., 2018), and multiple candidate sgRNA templates are typically generated to
maximize the chance of knocking out a GOI. Figure 1.4 depicts WT embryos injected with three
sgRNAs specific to ccdc103 along with the Cas9 protein, producing the expected curled phenotype
seen in smh mutants (Brand et al., 1996; Panizzi et al., 2012). To confirm target gene was edited,
myc-ccdc103 mRNA rescue was successful (Figs. 1.3, 1.4). A successful mRNA rescue
experiment is strong proof that the CRISPR-mediated lesion reproduces a disease phenotype
(Stainier et al., 2017). Even with high predicted efficiencies, an effective knockout usually requires
multiple sgRNAs targeted to a single gene (Moreno-Mateos et al., 2015; Vejnar et al., 2016a).

CRISPR/Cas technology also provides an efficient method for creating a stable germline
mutation, whereby a Cas9 mRNA construct under the control of the nanos 3> UTR is injected in
order to restrict Cas9 expression to germ cells (Vejnar et al., 2016b). Briefly, embryos are injected
with an mRNA construct containing Cas9-nanos-3’UTR along with sgRNA(s) targeting the gene
one wishes to propagate. Injected fish (Fo) are then grown to sexual maturity and outcrossed with
a wild type line to generate heterozygous mutants (F1). At this point, the mutant pool may contain
one or several genetic lesions at the sgRNA sites. The GOI can be amplified and sequenced in
several F1 embryos to assess whether the germline edits were successful. Primers can be designed
to amplify a region of genomic DNA with an ~100-200bp amplicon centered on the putative
cleavage sites. After successful edits are confirmed, the F; embryos are grown to sexual maturity
and genotyped to uncover the specific mutant allele that is present in the F» founder fish.
Recent CRISPR method refinement

The CRISPR/Cas9 system is undoubtedly a powerful tool for specific genetic modification,

but more recent Cas enzyme developments address the drawbacks of using Cas9 enzyme-based

37



ccdc103 CRISPR rescue

B Normal M Curve

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
Ctrl sgRNA/Cas9 sgRNA/Cas9/mRNA

Figure 1.4: mRNA rescue of CRISPR-mediated genomic lesions. The group injected with the Cas9
enzyme and ccdc103-specific sgRNA displayed the expected curved phenotype, which was fully

rescued with the mRNA rescue.
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genetic modifications and have expanded the CRISPR toolbox (Table 1.2). Single-base editing can
be achieved with a fusion of catalytically inactive Cas9 (dCas9) to either a cytidine deaminase
(cytosine to thymine) or an adenine deaminase (adenine to inosine, treated as a guanine base).
Cpfl/Cas12 is a smaller endonuclease with different PAM sequences and cutting sites. Whereas
the Cas9 enzyme creates blunt ends, a Cpfl DSB results in 4-5 nucleotide sticky ends. Sticky ends
can potentially increase the efficiency of exogenous template insertion, such as a specific sequence
with a disease-causing lesion, a stop cassette, or sequences encoding a fluorescent protein. Other
Cas9-based methods exist for transcriptional control rather than base editing. A catalytically
inactive Cas9 (dCas9) is injected along with a sgRNA designed to activate (CRISPRa) or inhibit

(CRISPR1i) GOI transcription (Gilbert et al., 2013; Prykhozhij et al., 2017; Qi et al., 2013).

CILIOPATHY MODELING IN ZEBRAFISH

As mentioned above, a wide variety of genetic modalities can easily manipulate zebrafish
developmental mechanisms, and many online genetic databases are available for use with CRISPR
technology. Also, researchers can choose and order from the more than 40,000 potential mutant
lines maintained by ZIRC, including alleles of many of the cilium-related genes. CRISPR
technology may be used to generate germline mutants as described above if no mutant line exists
for a gene of interest. CRISPR technology is inexpensive to implement. As such, one may also
simultaneously attempt to knock out the GOI using the Cas9 enzyme to introduce indels through
NHEJ or using a stop cassette introduced via the HDR pathway. For a full listing of ciliopathy
models in zebrafish using CRISPR/Cas systems, see Table 1.1. Likewise, see Table 1.2 for a
summary of CRISPR/Cas systems mentioned here, as well as design tools and references for

protocols.
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CRISPR models

The aforementioned targeted screening methods, which were only recently made available,
are useful in clarifying the interplay between biological pathway components. Targeted gene
editing with CRISPRs allows for permanent sequence-specific changes in nucleic acids.
Interestingly, the Shh pathway has been screened in cell lines using CRISPR technology (Pusapati
et al.,2018), and one study used a CRISPR screen to uncover both novel ciliopathy genes and new
roles for proteins involved in centriole stability (Breslow et al., 2018). A recent zebrafish CRISPR
screen for novel retinal protein functions used guide RNAs for 54 putative cilia-associated genes
and uncovered three proteins required for normal retinal development (Hu et al., 2019). The
germline mutants used in the study overcame two scenarios common to direct editing of embryos:
1) the likelihood of mosaic somatic mutations that could be induced by Cas9 with a resultant WT
phenotype and 2) the possibility that normal phenotypes still occur in offspring due to maternally
contributed mRNA compensation.
Gene function can be directly knocked out by the CRISPR/Cas9 system in order to model disease
processes during development. One study (Chassaing et al.,, 2016) sequenced ocular
developmental anomaly (ODAn) patients and identified patchedl (ptchl; a 12-pass
transmembrane receptor (Ingham et al., 1991) as a causative gene in ODAn. Chassaing et al.
injected one-cell stage zebrafish embryos with the cas9 protein along with a ptch1-targeted gRNA.
Due to the random repair mechanism of NHEJ, genetic mosaicism was estimated to be between
10-65% within the group of crispants; however, 70% of the crispants displayed the expected
microphthalmia, which is characteristic of ODAn. Other groups have modeled ciliopathies in
zebrafish (Table 1.1) with the cas9/sgRNA system targeted to dnahl0/rnf115 (Liu et al., 2018),

ncapg (Khan et al., 2019), elmol (Sharma et al., 2016), and ahil (Zhu et al., 2019).
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Zebrafish

CRISPR modality Mechanism summary Target design protocol

reference

Cas3 Creates up to 100kb None. See refs None. See
deletions, starting at the (Cooper et al., refs (Csorgd
sgRNA recognition 2018; Leenay et al., etal., 2019;
site. 2016; Morisaka et  Hochstrasser

al., 2019). etal.,2014).

Cas9 Creates blunt-end DSB = CRISPRScan, (Vejnar et
four nucleotides CHOPCHOP, al., 2016b)
upstream of the PAM ccTop, Cas-
site. NHEJ or HDR Designer
repair then occurs.

CRISPRa/CRISPRi Catalytically active CRISPR-ERA, (Long et al.,
dCas9 binds to CHOPCHOP 2015)
transcriptional
regulation sites for
activation or
repression.

Cas12a/Cpfl Adenosine deaminase CRISPRScan, (Liu et al.,
changes A>G, cytidine ~CHOPCHOP, 2019;
deaminase changes ccTop, Cas- Wierson et
C>T. Designer al.,2019)

Casl3 RNA cleavage. Canbe = CHOPCHOP None. See
used for RNA single refs under
base editing(Katrekar Casl3
et al., 2019), transcript ‘mechanism
imaging(Abudayyeh et summary.
al.,2017), or
knockdown(Cox et al.,

2017).

Table 1.2: Summary of CRISPR methods and accompanying protocol references. Others can be

found at https://zlab.bio/guide-design-resources (Accessed 1/4/2020).

41


https://zlab.bio/guide-design-resources

The previous ptchl study (Chassaing et al., 2016) did not target a specific cell or tissue,
but the Cas9/sgRNA system can also be used for cell-specific disruption using regulation elements
that are only active in specific tissues. Targeted knockout of ptch1 in T-cells was obtained by a T-
cell-specific (rag?2) promoter expression cassette (Cas9-T2A-GFP under rag?2 control) rather than
an injected Cas9 protein (Burns et al., 2018). The authors found that indels in pzch led to the onset
of T-cell acute lymphoblastic leukemia. This approach is advantageous when embryo-wide
knockouts are be developmentally lethal, allowing for tissue-specific loss-of-function studies
(Ablain et al., 2015; Ablain and Zon, 2016).

Ciliopathy-associated mutation correction with CRISPR/Cas

Mutant phenotype correction is the next step in the application of CRISPR technology.
Some of the symptoms of ciliopathies are relatively benign (i.e., extra digits—polydactyly), but a
majority of symptoms cause detrimental morbidities. Treatments can ameliorate symptoms caused
by genetic lesions, but the underlying cause is never corrected. For example, treatment for
polycystic kidney disease is more about managing kidney function, high blood pressure, pain, and
infection. Cases of retinitis pigmentosa may be treated with low vision aids or daily vitamin A to
slow the progression. Notably, a group recently showed that eupatilin, a drug developed in Korea
for the treatment of gastritis and peptic ulcers (Choi et al., 2017; Ryoo et al., 2014; Seol et al.,
2004), could rescue primary ciliogenesis in a CEP290”" RPE1 (retinal pigmented epithelium)
human cell line by blocking calmodulin binding to NHPHS (Kim et al., 2018), but no drugs have
thus far been FDA-approved for the treatment of ciliopathies.

Several potentially applicable approaches for gene therapy are undergoing preliminary
testing in various eukaryotic models (Kim and Kim, 2019), including CRISPR/Cas9 correction of

retinitis pigmentosa GTPase regulator (RPGR) in human-derived retinal organoids (Deng et al.,
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2018) and in a mouse model (Ruan et al., 2017) via subretinal injection of AAV-sgRNA/Cas9.
The previous study corrected three patient-derived RPGR mutations in organoids created from
1PSC (induced pluripotent stem cells). To our knowledge, stable in vivo corrections of ciliopathy
protein defects in zebrafish have not been published; however, spCas9-expressing adult zebrafish
retinas were injected with a sgRNA directed to achaete-scute family bHLH transcription factor a
(asclla) and electroporated to move the sgRNA into retinal cells (Yin ef al., 2015), showing that

adult in vivo gene editing via the CRISPR/Cas9 system is possible.

CILIOPATHY PROGRESS AND FUTURE CHALLENGES

Cilia play diverse roles in the development and physiology of vertebrates. Defects in both
classes of cilia contribute to a wide range of ciliopathies, and researchers are finding additional
ciliopathy-related genes every year. Forward and reverse genetic methods have significantly
contributed to our understanding of ciliopathies, with CRISPRs adding an invaluable tool to our
methods repertoire. As such, ciliopathy modeling in vertebrate organisms can be performed with
CRISPR screening methods as well as targeted methods described above. In the last four decades,
the zebrafish has quickly become a popular model system and is well-adapted for modeling genetic
perturbations during development (e.g., morphogenetic movements, patterning, morphogenesis)
and adult physiology (e.g., ependymal flow). Adult zebrafish are also useful for determining how
genetic defects can affect the physiology of cilia. The goal of modeling genetic disease in
nonmammalian vertebrates is to translate that knowledge into human therapies. Current gene
therapy modalities either require modified virions to deliver functional genes to the nucleus or
removal of a specific cell type to be modified and returned to the patient. The CRISPR/Cas systems

mentioned above offer a wide variety of methods toward knocking down or knocking out genes
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and gene products. Precision medicine is an essential goal of CRISPR/Cas development, but
several roadblocks are in place before they make it to the bedside. Cas9 engineering has increased
the specificity and efficiency of the enzyme, but off-target effects can persist and could cause new
pathologies even if the existing genetic lesion was repaired. Consistent delivery of Cas9/sgRNAs
to specific adult tissues, particularly the CNS, remains challenging. As targeted genetic approaches
are continually refined in their ability to make more specific edits, modeling ciliopathies and other

genetic diseases in vertebrate organisms will significantly benefit from the CRISPR systems.
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Chapter 2
Coiled-coil domain containing protein 103 (ccdc103) interactome analysis using a yeast two-

hybrid method

Abstract

Proper motile cilia function is required for an array of physiological processes, including correct
organ laterality, sperm motility, and mucus clearance. Errors in motile cilia structural organization
or functional pathways can lead to primary ciliary dyskinesia (PCD), a genetic disease
characterized by immotile cilia. Axonemal dyneins are a group of motor proteins that is required
for ciliary movement. Coiled-coil domain containing protein 103 (Ccdc103) is a homodimeric
dynein attachment factor that is closely associated with cilium motility, as it is required for proper
dynein arm assembly. Although recent studies have begun to uncover the molecular role of
Ccdc103 in dynein attachment, little is known about the proteins involved in dynein assembly
through Ccdc103, or the pathways involved in regulating dynein attachment. In this study, we
uncovered 14 putative Ccdcl03 interactors through a yeast two-hybrid screen. Further results
showed that 13 of the interactors have human orthologs, and nine of those 13 have shared synteny
between humans, mice, and zebrafish. Our results reveal 14 proteins that could interact with

Ccdc103 in the proper cellular context and thus play a role in motile ciliogenesis.

1. Introduction

The motile cilium is a whiplike, highly conserved organelle that is present in a diverse
range of organisms (e.g., Chlamydomonas, Paramecium, zebrafish, and humans). A circular array

of nine microtubule doublets, along with a central pair of microtubule singlets, constitute the
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cytoskeletal scaffolding of cilia (Afzelius, 1961; Afzelius et al., 1975). The “9+2” makeup is found
in a majority of motile cilia, with the exception of 9+0 motile cilia lining the transient, spherical
Kupffer’s vesicle (KV; analogous to the mouse node) during zebrafish embryonic development
(Essner et al., 2005). Organisms can also create 3+0 and 6+0 cilia arrangements (Gibbons, 1981;
Goldstein et al., 1979; Prensier et al., 1980), illustrating the wide diversity of motile cilium
structure and thus a variety of assembly and maintenance mechanisms.

The process of cilium formation (ciliogenesis) in vertebrate cells begins during the Gy
phase of the cell cycle, resulting in a fully-formed cilium that persists throughout the Go phase
(Kalnins and Porter, 1969; Sorokin, 1968; Steinman, 1968). Notably, mother centrioles duplicate
during S phase and cilia are resorbed prior to mitosis. Increased levels of centrosomal proteins
(CEP) at the mother centriole induce ciliogenesis (Kalnins and Porter, 1969; Sorokin, 1968;
Steinman, 1968). Increased levels of centrosomal proteins (CEP) at the mother centriole, which
constitutes part of the centrosome along with a daughter centriole, induce ciliogenesis. The
deuterosome is a recently discovered organelle responsible for anchoring duplicated centrioles
prior to migration to the cell membrane (Shahid and Singh, 2018). Vesicles associated with the
small GTPase Rab8 are recruited to the mother centriole (older centriole) and begin to form the
ciliary vesicle (CV) around the distal end (Kim et al., 2008). The CV elongates as more vesicles
are recruited, and microtubules extend from the distal end of the mother centriole into the vesicular
compartment (Dawe ef al., 2007). The mother centriole constitutes the basal body (BB) and serves
as the foundation of the fully formed cilium. Actin mediates mother centriole attachment to the
cell cortex (Lemullois ef al., 1988). Multiciliated cells (MCC) form hundreds of motile cilia, so
centrioles are rapidly duplicated in Go cells to meet the cellular demand for cilia nucleation by

basal bodies.
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Axonemal assembly is a highly orchestrated process involving microtubule elongation and
stabilization, receptor localization, and multi-subunit inner- and outer dynein arm (IDA/ODA)
attachment to the microtubule doublets (Cole et al., 1998). After the cilium foundation is
established at the cell membrane, ciliary elongation continues via intraflagellar transport (IFT)
mechanisms (Cole ef al., 1998). New tubulin is added to the tip until the cilium reaches its proper
length, which varies between different cell types (Stephens, 1999). Evidence suggests that the
cilium is loaded with a finite number of IFT complexes, and the rate of axonemal assembly
balances with the rate of disassembly (Avasthi and Marshall, 2012). Axonemal dynein heavy chain
(HC) motor domains resemble AAA proteins (ATPase Associated with diverse cellular activities)
in their doughnut-shaped structure. The HC has a “stalk” that tightly binds to the microtubule and
a “stem”, which performs the walking action on the neighboring microtubule (Roberts ez al., 2009).
Axonemal dyneins are also made up of intermediate chains (IC) and light chains (LC) (Horvath et
al.,2005; Lo et al., 2006; Loges et al., 2008). LCs have been shown to play a role in beat regulation
by decreasing the microtubule binding affinity of dynein, whereas IC may play a role in mediating
motor unit attachment to microtubules. The plasma membrane enwraps the axoneme and thus the
ciliary compartment has a different protein composition (the ciliome) than other parts of the cell.
The axoneme spiral repeats every 96 nm, with four outer dynein arms constituting each repeat in
zebrafish (Ishikawa, 2015, 2017). Cilia beating in 9+2 cilia occurs in a plane parallel to an
imaginary line running between the central pair. Basal bodies provide proper alignment of motile
cilia (Boisvieux-Ulrich et al., 1985) in response to feedback between planar cell polarity (PCP)
and flow sensing, such that all cilia beat in the same direction on multiciliated cells or within an

enclosed space (i.e., tubular lumen or KV).
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Motile cilia in the airways, oviducts, and central nervous system (CNS) create flow via an
oar-like motion, with a rolling recovery stroke back to the start position (Satir, 1963; Satir, 1965).
Multiciliated cells lining vertebrate brain ventricles generate unidirectional flow to eliminate
mucus and particles from airways, transport ova through oviducts, and move CSF through
ventricles. The 9+0 cilia in KV move in a corkscrew manner and create a counterclockwise
directional fluid flow (Essner ef al., 2002). Flow within KV leads to asymmetric distribution of
laterality signaling components (e.g., Nodal, Lefty, Pitx2), which leads to proper organ orientation
(Karcher et al., 2005; Nonaka et al., 1998; Yamauchi et al., 2009). Reversed organ laterality (situs
inversus) results from reversed KV ciliary motion and paralyzed (immotile) KV cilia lead to
randomized organ laterality.

Dysfunction in motile cilia leads to primary ciliary dyskinesia (PCD), an autosomal
recessive genetic disease that affects about 1:15000 live births, or around 500,000 people
worldwide (Goutaki ef al., 2019; Shapiro ef al., 2018). Around 90% of PCD patients have defects
in IDAs or ODAs, and, of those, roughly 40% of those have deleterious mutations in two outer
dynein arm genes, DNAIl and DNAHS. IDA dysfunction alters the typical cilium waveform,
whereas ODA dysfunction leads to a reduction in beat frequency. PCD symptoms include laterality
defects (situs inversus or situs ambiguus), kidney cysts, infertility, chronic ear inflammation (otitis
media), thickened bronchi (bronchiectasis), and chronic sinusitis (Zariwala et al., 1993). Around
50% of PCD patients have situs inversus, due to the randomized laterality caused by immotile cilia
in the embryonic node. Diagnosis is difficult with our current knowledge, although low exhaled
nitric oxide (NO) has been associated with PCD (Shapiro et al., 2018). Testing for NO levels has
a low rate of false negatives and false positives but should still be used in conjunction with other

tests. Likewise, x-rays to assess organ laterality can contribute to a PCD diagnosis, with the caveat
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that not all PCD patients display situs defects. Biopsies of ciliated tissues with subsequent
ultrastructural analysis with electron microscopy is the current gold standard; however, sample
preparation, shipping, and analysis are laborious (Shapiro et al., 2018). Genetic testing is a strong
diagnostic tool toward diagnosing PCD. As the known gene complement of PCD increases, the
diagnostic strength of genetic testing increases. In fact, with current knowledge, a PCD genetic
panel is diagnostic in at least 70% of cases (Shapiro et al., 2018), although variants of unknown
pathogenic significance can confound diagnosis (Horani and Ferkol, 2018). Improved knowledge
of motility-associated genes and their role in cilia function will increase our ability to accurately
diagnose PCD.

The coiled-coil domain containing 103 (Ccdc103) protein in zebrafish is a 247-residue
protein encoded by the ccdcl03 gene and is expressed from a 2291 bp transcript (Panizzi ef al.,
2012). Zebrafish embryos with the schmalhans (smh) mutation (Brand et al., 1996) display
pronephric cysts and reversed organ orientation (situs inversus), due to missing dynein arms in
otherwise normal motile cilia. Nonsense mutations in CCDC103 from a consanguineous Pakistani
family were linked to bronchiectasis, situs defects, and cystic kidneys, all of which are classic
symptoms of defective motile cilia. Ccdc103 is an outer dynein attachment factor and has been
shown to associate with microtubules in vitro and to copurify with dynein (Panizzi et al., 2012).
Further studies suggest that Ccdc103 periodically binds to microtubules every 24 nm and may act
as an adapter protein to the dynein docking complex (King and Patel-King, 2015), however, very
little is known about any additional molecular processes through which ccdc103 acts in ciliated
cells. Here, we sought to uncover Ccdc103 interactors through the yeast-two-hybrid system and to
initially characterize the genetics of putative Ccdc103 interactors.

2. Results and discussion
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The first round of Y2H screening with mouse Ccdc103 bait and the mouse cDNA prey
library (Clontech, Cat. #630489) yielded 43 individual blue colonies on the QDO-X-A plates,
which were then patched onto QDO/X/A (Fig. 2.2, Table 2.1). Colony PCR was performed, and
sequences were submitted to NCBI-BLASTn, which revealed 30 positive genetic matches (Table
2.2), with duplicate or triplicate colony plasmid sequences for nine genes (Table 2.2). The
HomoloGene function of NCBI was used to identify the zebrafish orthologs of the interactor genes.
After second-round interactor screening via yeast cotransformation with bait and candidate prey
proteins, 13 sequences were eliminated as false positives (Table 2.3). We were unsuccessful in
subcloning two interactor genes into plasmid vectors: histone-lysine N-methyltransferase 2E
(kmt2e) and structural maintenance of chromosomes protein 6 (smc6). The remaining 10
sequences, along with two paralogs (ankeflb, dnajblb), were successfully subcloned into pCS2
destination vectors (untagged and FLAG-tagged) vectors and confirmed by Sanger sequencing.
Orthologous human proteins were found for thirteen of the fourteen genuine positives. Publicly
available RNA-seq expression data showed that five proteins were most highly expressed in the
human testis, which is an organ rich in motile cilia as well as abundant ciliogenesis (Horowitz et
al., 2005; Kiselak et al., 2010; Zhang et al., 2017). Four of the putative Ccdc103 interactors have
paralogs identified in zebrafish (Table 2.4), likely due to genome duplication.

RNA-seq data on four genes (femlc, etfa, polk, kmt2e) showed widespread expression in
humans and mice (Fagerberg et al., 2014), and have not been specifically linked to cilia structure
or function. Likewise, dnajbla is a well-studied heat shock protein family member that mediates
proper protein folding. MO knockdown of drajbla and dnajblb in zebratfish produced ocular
abnormalities (Khan et al., 2016), consistent with the finding that Dnajb1 is a part of photoreceptor

proteome (Liu et al., 2007). Likewise, impact, a translational regulator during cellular stress, was
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Figure 2.2: QDO/X/A plates after first round of screening. Prey plasmids were rescued from each
patch and cotransformed as described in methods. Table 2.1 displays the results of the second

round of screening.
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5;;5; d# Empty pGBKT?7 + candidate prey Bait + candidate prey pG::i:li:Z;
1 No colonies. Blue colonies. Y
2 No colonies. Blue colonies. Y
3 No colonies. Blue colonies. Y
4 Blue colonies. Blue colonies. N
5 Blue colonies. Blue colonies. N
7 No colonies. Blue colonies. Y
11 No colonies. Blue colonies. Y
13 Blue colonies. Blue colonies. N
14 Blue colonies. Blue colonies. N
17 Blue colonies. Blue colonies. N
18 No colonies. Blue colonies. Y
19 Indeterminate. Blue colonies. N
20 No colonies. Blue colonies. Y
22 No colonies. Blue colonies. Y
23 No colonies. Blue colonies. Y
24 Indeterminate. Indeterminate. N
25 Blue colonies. Blue colonies. N
27 No colonies. Blue colonies. Y
28 Blue colonies. Blue colonies. N
32 Blue colonies. Blue colonies. N
35 Blue colonies. Blue colonies. N
36 Blue colonies. No colonies. N
37 Blue colonies. No colonies. N
38 No colonies. Blue colonies. Y
41 Blue colonies. Blue colonies. N
42 No colonies. Blue colonies. Y
43 No colonies. Blue colonies. Y
44 Blue colonies. Blue colonies. N
46 Blue colonies. Blue colonies. N
49 No colonies. Blue colonies. Y

Table 2.1: Results of cotransformation of prey plasmid with either empty pGBKT7 vector or bait

+ pGBKT?.
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# of first-

# | Zebrafish ortholog name Symbol | Accession round
hits

structural maintenance of chromosomes

1 . smc6 NP _001121806.1 |2
protein 6 -

2 | inhibitor of growth protein 3 ing3 NP _957231.1 3

3 isoaspartyl peptidase/L-asparaginase asrgll NP _001013547.1 |2

4 | LS et eni) 1B PRlap g Gipiiese ankefla | NP_001020714.1 |3
containing protein la

5 growth hormone receptor precursor ghra NP 001077047.1 |2

6 | protein fem-1 homolog C femlc NP 937788.2 1

5 hlstone-lysme N-methyltransferase 2E i 2e XP 6929655 1
isoform X2 -

] eléctron tragsfer flavoprotein subunit a, etf NP 944591 1 )
mitochondrial -

9 | DNA polymerase kappa polk XP _691219.4 1

10 | protein Imprinted and ancient impact NP 001005595.1 | 1

11 | adenylate kinase 2, mitochondrial ak2 NP 997761.1 1

12 | V-type proton ATPase subunit D atp6vlid | NP _001161426.1 | 1

13 Dnal heat shock protein family (Hsp40) dnajbla | NP _001003571.1 | 1
member Bla

14 | si:dkey-76p14.2 (C200RF96 homolog) c200rf96 | XP_691039.2 1

Table 2.2: List of genuine positives revealed by the first and second rounds of screening. Genes 1-
14 were genuine positives, while genes 15-27 were eliminated as false positives after
cotransformation with bait (ccdc103) and prey plasmids containing the above 14 prey genes. The

genes selected for further study are highlighted in yellow.
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#

Zebrafish ortholog name

Symbol

Accession

# of first-

complex assembly cochaperone

round hits
15 | AP-3 complex subunit delta-1 ap3dl NP _001038480.1 |3
16 | COMM domain-containing protein 4 commd4 | NP_001307104.1 |3
17 | SH3GL interacting endocytic adaptor 1a sgipl XP _005165952.1 |1
18 | argininosuccinate synthase assl NP 001004603.1 |1
retinal rod rhodopsin-sensitive cGMP 3',5'-
19 cyclic phosphodiesterase subunit delta pde6d NP_001002708.1 | 1
dolichyl-diphosphooligosaccharide--
20 | protein glycosyltransferase subunit 2 rpn2 NP 997913.1 1
precursor
21 | polycomb complex protein BMI-1-B bmil NP _001074220.1 |1
22 | citrate synthase, mitochondrial precursor cs NP 955892.1 1
23 | dnaJ homolog subfamily B member 4 dnajb4 | NP_001003455.1 |1
24 | 40S ribosomal protein S20 rps20 NP 998369.1 2
75 rznothers against decapentaplegic homolog emad? NP 5714413 1
26 | BRO1 domain-containing protein BROX brox NP _001007428.2 | 1
27 SGT1 homolog, MIS12 kinetochore sugt] NP 0010073621 | 1

Table 2.3: List of false- positives revealed by the first and second rounds of screening. Genes 15-

27 were eliminated as false positives after cotransformation with bait (ccdc103) and prey plasmids

containing the above 13 prey genes.
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(Zc(;ll:'lt;z:l?sgoiflblel;) Human ortholog (chr.) | Zebrafish paralogs (chr.) SS;I?;‘;(;
smc6 (17) Y (2 si:dkey-119f1.1 (2) X.

ing3 (4) Y (7) None. H, M, X
asrgll Y (11) None. None.
ankefla Y (20) ankef1b (17) H, M, X
ghra N ghrb (21) None.
femlc Y (5) None. H, M, X.
kmt2e Y(7) None. H, M, X.
etfa Y (15) None. H, M, X.
Polk (5) Y (5) None. H, M.
Impact (22) Y (18) None. X.

ak2 (19) Y (D) None. H,M, X
atp6vid (20) Y (14) None. H, M, X.
dnajbla (3) Y (19) dnajblb (1) H, M, X.
C200RF96 (11) | Y (20) None. H, M, X.

Table 2.4: Comparative genetics of putative ccdc103 interactors. Shared synteny was determined

using the Region Comparison feature of Ensembl. H, human; M, mouse; X, Xenopus. Shared

synteny was considered to be present if at least one gene is adjacent to our gene of interest on the

same chromosome in both species. Organ expression data was adapted from NCBI, using the

HomoloGene function from each Y2H genuine positive.
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indeed shown to be upregulated in PCD patients (Geremek et al., 2011). Upregulation in PCD is
likely secondary to disease and to our knowledge no lines of evidence have shown a role for impact
in cilia structure or function. /ng3 was associated with ciliogenesis in mammals (Ross et al., 2007);
however, its expression has not been shown in classical ciliated tissue. Furthermore, ing3 interacts
with p53 to inhibit cell growth and promote apoptosis (Kataoka et al., 2003), so it is unlikely to
play a functional role in motile ciliogenesis. Smc6 is expressed in the testis (Fagerberg et al., 2014)
but evidence suggests it is more likely associated with its functional roles in meiosis and
chromosomal maturation (Aragon, 2018; Diaz et al., 2019) than with motile cilium assembly,
given no studies have yet associated smc6 with cilia-related processes. Ak2 catalyzes the
interconversions of adenosine phosphates in the mitochondria and a knockdown phenotype in
zebrafish revealed neutrophil dysgenesis. Interestingly, other AK isoforms have been associated
with PCD (Dzeja and Terzic, 2009), but ak2 has not yet been connected to motile cilia physiology
or pathology.

Two enzymes were associated with ciliogenesis and would be excellent candidates for
further study, Asrgll and Atp6vld. 4Asrgll was a strong candidate due to its expression in testis
and connection to ciliogenesis (Chekuri ef al., 2018). L-asparaginases are enzymes that hydrolyze
L-asparagine to L-aspartic acid and ammonia. Biochemical data suggests that asrgll plays a role
in repairing isoaspartyl-damaged proteins, which is a common type of nonenzymatic protein
damage (Huvila et al., 2018; Lv et al., 2018). The isoaspartyl residue introduces a sharp turn into
the protein, thus disrupting protein folding. Asrgll expression was first shown in the mouse and
human sperm midpiece (Bush et al., 2002), with high expression later shown in the human
endometrium (Biswas ef al., 2016). One form of autosomal recessive retinal degeneration was

linked with nonfunctional asrgll in humans (Biswas et al., 2016), with a later study showing that
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asrgll knockdown leads to growth inhibition and apoptosis in a human cervical cancer cell line
(Lv et al., 2018). Despite these ciliary links, further study on Asrgll was not pursued. Asrgll
expression is not spatially restricted throughout zebrafish development (Thisse et al., 2004), nor
does it share synteny with frogs, mice, or humans (Table 2.4). Given the role of Asrgll in protein
repair, it may play a role in protein damage control during tracheal MCC ciliogenesis, but no
current evidence has provided a direct link with motile cilium structure or function. The putative
Ccdcl103 interactor Atp6vld is the subunit of an autophagy-related enzyme (vacuolar-type
H'/ATPase; V-ATPase) that was connected to ciliogenesis by a large-scale screen of photoreceptor
proteins (Liu et al., 2007). The V-ATPase acidifies endosomes and regulates ciliogenesis by
allowing Rab8a to fuse with the ciliary membrane (Chen et al., 2012). Despite the connection to
ciliogenesis, V-ATPases are likely part of downstream regulation of ciliogenesis, as the processes
of autophagy and ciliogenesis have significant crosstalk (Pampliega et al., 2013; Tang et al., 2013).
We sought to provide initial characterization of putative Ccdc103 interactors, and thus selected
two of the genuine positive interactors for further analysis on the basis of high testis expression in
both humans and mice, and evidence associating these genes with cilia-related processes (Table
2.6). These genes are ankyrin and EF-hand containing protein 1a (ankefla) and si:dkey-76p14.2
(c20071906).

Ankefla is a 779-residue protein with an alternating ankyrin—EF-hand—ankyrin structure
that was shown by RNA-seq (Fagerberg ef al., 2014) to be enriched in the testis in mice and
humans (Table 2.5). Zebrafish express two ankefl paralogs, ankefla and ankef1b, which share
overlapping expression patterns in the developing embryo (Daniel and Panizzi, 2019). Quantitative
RT-PCR showed enriched expression in the adult zebrafish testis, suggesting functional

conservation between humans and fish. Furthermore, ankefla and ankefib expression was shown
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Symbol 1(:iil)mlr(:;sion 1(:iil)mlr(:;sion CilDb
(Zfish Gene name . . association
paralog) sites sites (human/mouse)
(Human) (Mouse)
smcé structural maintenance of Testis, lymph | Testis, lymph
(si:dkey- . None.
119f1.1) chromosomes protein 6 node node
Expression
ing3 inhibitor of growth protein 3 | Bone marrow | Placenta during
ciliogenesis.
. . Testis, Expression
asrgll 150asp aﬁyl peptidase/L- endometrium, | Testis during
asparaginase brain, kidney ciliogenesis.
Expression in
ankefla ankyrin repeat and EF-hand Testis, Testis tracheal
(ankeflb) | domain-containing protein la | thyroid multiciliated
cells.
ghra growth hormone receptor . Subcutaneous
(ghrb) precursor Fat, liver fat pad adult None.
femlc protein fem-1 homolog C Bone marrow | Testis None.
histone-lysine N-
kmt2e methyltransferase 2E isoform | Widespread | Widespread | None.
X2
etfa :L%ﬁ;??éfﬁftfszhfli\é?:f tein Widespread | Widespread | None.
polk DNA polymerase kappa Widespread | Widespread | None.
. . Testis, Brain, Expression in
tmpact protein IMPACT thyroid placenta PCI])) patients.
. Sperm flagellar
ak2 adpnylate k%nase 2, Kidney Widespread a)I:onemesg
mitochondrial
proteome.
V-type proton ATPase . Brain, Cilium
aip6vld subiﬁitli) Widespread placenta proteome.
Adrenal,
dnajbla Dnal heat shock protein esophagus, Testis Cilium
(dnajb1b) | family (Hsp40) member Bla | gall bladder, proteome.
testis
Expression in
Testis, PCD patients.
si:dkey- endometrium, . Expression in
76pl 4).}2 C200RF96 homolog lung, thyroid, Testis trafheal MCCs.

ovary

Expression in
ciliated tissues.

Table 2.5: Expression data summary from genuine positives from NCBI and CilDb.
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Gene
name

Primer sequence

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCCCCTAGCACAC

ak2 F A
R GGGGACCACTTTGTACAAGAAAGCTGGGTTTATTTAGACAAAATAAAC
a GAGATCTTT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAGGTTCAAAATGTCCTG
ankefla F
CAAACA
ankefla | GGGGACCACTTTGTACAAGAAAGCTGGGTTACCTGTTAGTCAGTGAGC
R T
ankeflb F | TGCGTGCTGATAGTTGACGA
"R”kef b | GAAGCTGGCATTGAAGCAGG
atp6vlid | GGGGACAAGTTTGTACAAAAAAGCAGGCTCAAGAAGAAAGATGTCGG
F GAA
"Rtp vld | (GGGACCACTTTGTACAAGAAAGCTGGGTATCTCTCAGCGCCCGTAG
C200RF | GGGGACAAGTTTGTACAAAAAAGCAGGCTACATCATAATGATTGGTCG
96 F AGA
C200RF
o5 R GGGGACCACTTTGTACAAGAAAGCTGGGTGCAAAGGGCTACACGGGG
dnajbla | GGGGACAAGTTTGTACAAAAAAGCAGGCTCGAGTGTTGTGATGGGAA
F AAGA
dnajbla | GGGGACCACTTTGTACAAGAAAGCTGGGTTTCGTAGCGATCAAGGTGG
R C
dnajblb | GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCTAATGGTGAAGATGG
F GGA
dnajblb | GGGGACCACTTTGTACAAGAAAGCTGGGTAGTACATGCAGCTCAAGA
R AG
et F GGGGACAAGTTTGTACAAAAAAGCAGGCTGGACTGCTGTAATCATGCT
CA
GGGGACCACTTTGTACAAGAAAGCTGGGTGGCAAGTAAAGTCTTAGTA
effaR AAGT
GGGGACAAGTTTGTACAAAAAAGCAGGCTCACCCTATGCCATGGATCT
femlcF GA
femlcR GGGGACCACTTTGTACAAGAAAGCTGGGTACACACGCAGCTCACACTA
T
o F GGGGACAAGTTTGTACAAAAAAGCAGGCTCAGAAGCCATGGCCCACT
C
R GGGGACCACTTTGTACAAGAAAGCTGGGTGATGCTTATCTGGGTTGCG
C
. GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGACAAATTAGAGG
impact F
ATCATG
impact R GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCCAAGTAGACTTTTAC

TTTG
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ing3 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTCCGCCAGAATGTTGTA
CCT

ing3 R GGGGACCACTTTGTACAAGAAAGCTGGGTGTGATCTGGCTTTCATTTG
TGC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCACAGAACGTCATGA

kmt2e F GCAT

kmt2e R | GGGGACCACTTTGTACAAGAAAGCTGGGTGGGTTTTGGTGGGTGTGG

Ppolk F GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTGGATGAAATGAGGC
AGC
GGGGACCACTTTGTACAAGAAAGCTGGGTTGGTCTGTGTGGATTTGTA

polk R GCA

eme6 T GGGGACAAGTTTGTACAAAAAAGCAGGCTCAGAGTTGGAGATGTCGA
AG

me6 R GGGGACCACTTTGTACAAGAAAGCTGGGTGGTCAGAAACATCACTCTG
GG

C200RF

96 qPCR | TGTACTCCAGATATGGACGT

F

C200RF

96 qPCR | TAGTGGCTCCATTGATTTCC

R

Table 2.6: List of primers used in Y2H gene cloning and qPCR. Underlined sequences denote

Gateway-specific primer regions. F, forward; R, reverse.
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in the otic vesicle, a structure analogous to the human inner ear. Both structures are lined with
motile cilia, thus strengthening the link between ankefl and motile cilia. Ankef1 has had only one
functional study performed in frogs (Chung et al., 2007), which showed a role for Ankefl in cell
adhesion and protrusion. Cultured murine tracheal MCCs showed ankef1 localization to cilia (Hoh
et al., 2012). Ankef1 has also been indirectly associated with human pathology through screens of
up- or down-regulated transcripts (Jin et al., 2016; Nguyen et al., 2017). A decreased ankefl
transcript level was linked with an increased risk of prostate cancer recurrence (Jin et al., 2016).
Interestingly, increased polyunsaturated fatty acid intake during murine pregnancy was also
associated with significantly lower ankefl expression in offspring and thus a higher cancer risk
(Nguyen et al., 2017). Due to the gap in functional knowledge, ankefl is a good candidate for
future studies seeking to further clarify its role in both embryonic development and adult
physiology, although studies in zebrafish would need to account for functional redundancy with
the ankef1b paralog.

The zebrafish C200RF96 (also si:dkey-76p14.2) protein was shown to be a novel cilium-
related (McClintock et al., 2008; Vandenbrouck et al., 2016) molecule (Table 2.5) and was
predicted to be expressed in zebrafish (NCBI: XM 685947.7). Although the gene has been
associated with several screens, including genome-wide methylation patterns (Hasso-Agopsowicz
et al., 2018), canine mast cell tumor transcriptome changes (Pulz et al., 2019), chemotherapy-
induced alterations in neuroblastomas (Duan et al., 2018), and zebrafish transcriptome dynamics
in lysine imbalance (Gomez-Requeni et al., 2011), the developmental expression profile and
protein function are still unknown. A human ortholog (C200RF96) to the predicted zebrafish
protein exists, along with shared synteny between the human, mouse, and zebrafish genes (Table

2.4). Although human organ RNA-seq data shows that C200RF96 is most highly expressed in the
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testis (Fagerberg et al., 2014), to our knowledge no developmental expression data exists for the
gene. Our qPCR assay revealed a maternal C200RF96 mRNA contribution (Fig. 2.3), with
minimal expression levels until a rise beginning sometime around 4 days post-fertilization (dpf)
and continuing into day 5. Due to the nature of our study, we did not continue past 5 dpf, but both
the maternal mRNA and the increase in embryonic expression at 4 dpf suggests a role for

zC200RF96 in zebrafish embryonic development.

3. Conclusion

Ccdc103 is a 241-residue dynein attachment factor with high expression in the testis, with
enriched expression also seen in the brain, lung, and kidney—organs known to form motile cilia.
Our Y2H screen identified 14 putative ccdc103 interactors with eight directly linked to cilia (Table
5) and seven transcripts specifically enriched in ciliated tissues (Table 5). Although these 14
proteins were shown to interact with ccdc103, the cellular and histological context of each pair
must also be considered. Thus, we chose to focus further studies on ankefl and C200RF96, based
on their lack of functional and expression data, as well as their enriched expression in the testis
and a direct link to cilia through other screens. Further work must be done to confirm the
interactions between Ccdc103 and these putative interactors using coimmunoprecipitation studies.
Likewise, colocalization studies with Ccdc103 in ciliated cells will strengthen these two
interactors’ links to motile cilia. The genes identified in this study hold promise toward clarifying

mechanisms of motile ciliogenesis in both humans and zebrafish.

4. Materials and methods

4.1. Zebrafish care and maintenance
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Adult wild-type fish (AB line) were maintained in a circulating system (Aquarius Fish
Systems) at 28.5° C on a 14h/10h light/dark cycle, with other parameters maintained as
previously described (Lawrence, 2007). Embryos were collected from natural crosses and grown
in 0.5x E2 media (7.5mM NaCl, 0.25mM KCI, 0.5mM MgSOa, 75uM KH2PO4, 25uM
NaxHPO4, 0.5mM CaCly, 0.35mM NaHCOs3, pH 7.2-7.6) at 28.5° C. Embryonic staging criteria
was determined by standard protocols (Kimmel ez al., 1995). All protocols and experiments used
in this paper were monitored and approved by the Auburn University Institutional Animal Care

and Use Committee (IACUC).
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Figure 2.3: Relative normalized expression of C200RF96 throughout zebrafish embryonic

development. All stages were normalized to the tailbud stage expression level.
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4.2. Yeast two-hybrid screen

Bait fusion proteins were produced from full-length mouse ccdc103 ¢cDNA subcloned into
pGBKT7 (GAL4-DBD) using the In-Fusion Advantage PCR cloning kit (see also Fig. 2.1
flowchart). Prey constructs in pPGADT7-RecAB were part of the Universal normalized mouse
Mate and Plate library (Cat. # 630482). We used the Matchmaker Gold yeast two-hybrid system
(Clontech) for ccdc103 interactor screening following the manufacturer protocol. Positive and
negative control mating experiments were performed to check growth media and as a standard of
comparison for downstream experiments. Y2H Gold competent cells were then transformed with
the ccdc103-pGBKT?7 construct to confirm the absence of ccdc103 autoactivation. Next, the
Y2HGold + ccdc103-pGBKT?7 strain was mated with Y187 + mouse library strain. Dilutions of
1/10, 1/100, 1/1000 were plated onto SD/-Trp, SD/-Leu, SD/-Trp/-Leu (DDO) media and the
remainder of the mating culture was plated on SD/-Trp/-Leu/X-a-gal/Aureobasidin A
(DDO/X/A) media. Mating efficiency and the number of screened clones were calculated at
3.85% and 7.8x10°, respectively and were within recommended parameters. Blue colonies from
the DDO/X/A media were then patched onto SD/-Ade/-His/-Leu/-Trp/X-a-gal/Aureobasidin A
(QDO/X/A) media. Each patch with blue colonies was streaked and restreaked onto DDO/X/A
plates to obtain isolated colonies. Plasmids were extracted from isolated blue colonies grown on
QDO/X/A using the Yeast Plasmid Isolation Kit (Clontech, #630467). For colony PCR, E. coli
Sa cells (Zymo Research, #T3009) were transformed with isolated yeast plasmids, following the
manufacturer protocol. Cells were plated onto LB/ampicillin (amp) agar (Thermo-Fisher,
#Q60120) and grown overnight at 37°C. Two mL of LB/amp broth was inoculated with well-
isolated colonies from each plate and grown overnight at 37°C at 225 rpm. Plasmids were then

isolated from cultures with the alkaline lysis method and submitted to Eurofins Genomics for
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Figure 2.1: Yeast two-hybrid summary flow chart.
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Sanger sequencing using the T7 promotor. Sequence identities were obtained using the BLASTn
suite service provided by NCBI (Altschul et al., 1990; Altschul and Lipman, 1990). One
representative from each prey gene was cotransformed along with the bait + pGBKT7 or empty
pGBKT?7 into Y2H Gold cells in order to confirm protein interactions (Fig. 2.1). Cotransformed
cells with prey and bait + pGBKT7 or empty pGBKT7 were plated onto DDO/X/A and
QDO/X/A media to differentiate between genuine and false positives.
4.3. Cloning ccdcl03 interactors

Total RNA was isolated from 14 embryonic stages from 2-cell through 5 dpf (WT, AB
strain) using the TRIzol reagent (Invitrogen, #15596026). Total RNA concentration and integrity
was verified on a 1.2% agarose gel stained with GelRed (Biotium, #41003). cDNA was then
produced with the Superscript IV First-Strand synthesis system (Thermo Fisher Scientific,
#18091200) using oligo-dT primers. Primers spanning the predicted stop and start codons of
interactor genes were designed using Primer3 Plus (Untergasser et al., 2012b), checked for
specificity via the NCBI-BLASTn tool (Altschul ef al., 1990), and ordered from Eurofins
Genomics (see Table 5 for sequences). The forward primer was kept in-frame to allow for
subcloning into destination vectors with N-terminal fusion proteins. 1.0 uL of cDNA from each
embryonic stage was pooled, and gene-specific primers with attB1/attB2 adapter sites were used
to amplify interactors, using the AccuPrime Pfx Supermix (Thermo Fisher Scientific,
#12344040). In addition to standard PCR conditions recommended for Pfx, the following
protocol (T100, Bio-Rad) was used, with gene-specific annealing temperatures: 52°C (ankefla,
C200RF96), 53°C (smc6, impact), 53.5 °C (ak2, etfa, atp6vid), 54.3°C (dnajbib), 57.3°C
(dnajbla, ing3, femlc, kmt2e, polk), 58°C (ghr) annealing; 5 minute extension time; 35 cycles

with a 6 minute final extension stage. Amplicons were gel-purified with the QIAquick gel
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extraction kit (Qiagen) and used in a BP recombination reaction for insertion into the pCS2-Dest
vector (Villefranc ef al., 2007) then transformed into NEB-10p chemically competent E. coli
cells (New England BioLabs, #C3019I) using the manufacturer protocols. pCS2-Dest was a kind
gift from Dr. Nathan Lawson (Addgene plasmid #22423). Isolated colonies were used to
inoculate LB broth with ampicillin and plasmids were extracted using plasmid miniprep kit
(Qiagen, #27104). Plasmid sequences were verified by Sanger sequencing (Eurofins Genomics)
using the Sequencher sequence analysis software (version 5.4.6).
4.4. Quantitative RT-PCR

All parameters described were checked to be in accordance with the MIQE guidelines for
RT-gPCR data submission (Bustin ef al., 2009). Embryos from 10 developmental stages were
collected from three biological replicates each containing 4-6 adult crosses per replicate, with at
least 100 fertilized embryos per adult pair included in each biological replicate. Ten embryos
from each stage were dechorionated and total RNA was extracted using the TRIzol reagent
(Invitrogen 15596026) following the manufacturer’s protocol. Total RNA purity, concentration,
and integrity were checked as in 4.3, and reverse transcription was performed using the qScript
system according to manufacturer protocol. The same RNA input for all samples (375 ng) was
used in each 20 mL cDNA synthesis reaction. Primers for C200RF96 were designed as
described above using Primer3Plus. The C200RF96 qPCR amplicon was designed to span the
stop codon of the predicted coding region (see Table 5 for primer sequences). Amplicon size
(C200RF96 — 139 bp) was confirmed on a 1.2% agarose gel and by sequencing after PCR
amplification from a cDNA mixture of all stages used in the qPCR study. Primer efficiency was
checked using serial dilutions of Apal-linearized pCRII-TOPO plasmid containing the

C200RF96 qPCR amplicons and melt curves were checked for single peaks. The geometric

68



mean of both ef/a and f-actin Cq values were used as the normalization factor. Several studies
have indicated that Ef/a and S-actin have high stability throughout development (Casadei et al.,
2011; McCurley and Callard, 2008; Tang et al., 2007). Reactions were set up in triplicate with
total reaction volumes of 10 pL using 2X PerfeCTa SYBR green (Quanta Biosciences 95072),
primer concentrations of 300 nM, and 1.0 uL of cDNA template from developmental stages. The
following PCR protocol was used (CFX96, Bio-Rad) for all reactions: 1) 95° C for 3 minutes; 2)
95° C for 10 seconds; 3) 58° C for 20 seconds; 4) plate read; 5) repeat steps 2-4 39x; 6) melt
curve 65° C, increase by 0.5° C every 5 seconds up to 95° C, with a plate read after each
increase. CFX manager software (version 3.1, Bio-Rad) was used to analyze and display real-
time data. Cq values were determined using the single-threshold method. Relative expression was

calculated using the 222" method (Livak and Schmittgen, 2001).
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CHAPTER 3
Spatiotemporal expression profile of embryonic and adult ankyrin repeat and EF-hand
domain containing protein 1 encoding genes ankefla and ankef1b in zebrafish
(This chapter was published in Gene Expression Patterns, Vol. 34, December 2019)
ABSTRACT

Recent human next-generation sequencing (NGS) studies indicate a correlation of
ANKEF I (ankyrin repeat and EF-hand domain containing protein 1) expression and cilia formation
or function. Additionally, a single study conducted in the African clawed frog (Xenopus laevis)
has indicated ankefl is down-regulated after pharmacological fibroblast growth factor (FGF)
inhibition and plays a role in protocadherin-mediated cell protrusion and adhesion. That study also
revealed a critical role for ankefl in the embryonic development of the frog, with morphants
exhibiting phenotypes including spina bifida and a shortened body axis. Interestingly, while little
is known about ANKEF1 function in other vertebrate systems, recent proteomic data has shown
ANKEF]1 is enriched in ciliated cells. Likewise, publicly available EST profile databases indicate
ANKEF 1 expression in multiple human tissues, including high levels in the testes. Together, these
previous studies suggest an important role for ANKEF1 in ciliated tissues and during embryonic
development. Here, we have cloned zebrafish (Danio rerio) ankefla, as well as its paralog,
ankeflb, and conducted expression analyses by whole-mount in situ hybridization (WISH) and
quantitative polymerase chain reaction (qQPCR) during embryonic development and in adult
tissues. WISH revealed that both forms are ubiquitously expressed early in development, with
more discrete expression of both transcripts in embryonic tissues known to precede or possess
motile cilia, including dorsal forerunner cells (DFC) and the otic vesicles, respectively.

Additionally, both transcripts are enriched in the developing pharynx and swim bladder. Our qPCR
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results revealed enhanced expression in the testes, along with increased expression in brain.
Certainly, our experiments in the zebrafish model system with ankefla and ankef1b provide a solid
foundation for future studies to uncover the molecular pathways through which Ankefl acts in

both healthy and disease states.

Introduction

Ankyrin repeat and EF-hand domain containing 1 protein (ankefl, also called ankrd5 or
anr5) was identified as a participant in cell adhesion and protrusion, as well as an important
component of proper gastrulation in the frog (Xenopus laevis) (Chung et al., 2007). The ankyrin
repeat motif contains helix-turn-helix domains arranged in a flexible string of repeats and is a
commonly found motif involved in protein-protein interactions (Li et al., 2006). Ankyrin repeats
are found in proteins involved in a wide range of cellular pathways, including NRARP (Notch-
regulated ankyrin repeat-containing protein) in Notch signaling (Lamar et al., 2001), as well as
inversin in cilium-associated Wnt signaling (Morgan et al., 2002).

Ankefl also contains a predicted EF-hand domain with calcium (Ca®") binding regions,
although little is known about the specific function of this motif. From studies with other proteins,
the EF-hand motif has been identified as a Ca?* sensor and typically mediates calcium-responsive
conformational changes (Herzberg et al., 1986; Kretsinger and Nockolds, 1973). Calmodulin,
which contains two pairs of calcium-binding EF-hand motifs (Kretsinger et al., 1986), is an
example of a Ca*'-responsive protein that participates with inversin as an intermediary in
developmental signal transduction. Increased intracellular Ca?" induces a conformational change
in calmodulin, which then dissociates from inversin (Whittaker and Milligan, 1997). A dorsal

marginal zone (DMZ) dissociation and reaggregation assay showed that knockdown of ankefI in
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the frog by morpholino oligonucleotide (MO) ablated the reaggregation upon addition of Ca*"
(Chung et al., 2007). The same study showed that calcium-dependent dorsal marginal zone (DMZ)
cell reaggregation was rescued by coinjection of ankefl mRNA and ankefl MO, indicating a role
for ankefl in cell-cell adhesion. Frog paraxial protocadherin (papc), whose zebrafish form is
required for dorsal midline cell convergence during gastrulation (Yamamoto et al., 1998), was also
shown to physically interact with the C-terminal ankyrin repeats of ankefl (Chung et al., 2007),
thus strengthening the link with cell-cell adhesion.

Although the role of ANKEF I remains unknown, specific tissues expressing ANKEF I have
been identified in several vertebrate systems. Proteomic data from isolated human airway cilia
(Blackburn et al., 2017), as well as embryonic zebrafish kidney single-cell analyses (Tang et al.,
2017), have found ANKEF1 to be enriched in ciliated cells. Mouse Ankefl was shown to be
upregulated in both vestibular and cochlear hair cells, as compared to epithelial non-hair cells
(Elkon et al., 2015). Hair cells are known to carry both the archetypal primary cilia (kinocilia) and
actin-based stereocilia, the latter of which is distinct from primary/motile cilia and microvilli.
Ankefl was also shown to be upregulated during multiciliated cell (MCC) differentiation in frog
in an Rfx2/Foxjl-mediated pathway (Sedzinski et al., 2017). Furthermore, ANKEF'] transcripts
are found at high levels in the human testes (Fagerberg et al., 2014), a site producing large
quantities of flagellated cells (i.e. spermatogenesis). ANKEF1 appears to be a good candidate for
future studies of genetic disease, potentially those involving ciliated epithelia.

Most post-mitotic vertebrate cell types possess at least one cilium, implying that cilia play
an important role in diverse physiological processes. Interestingly, inhibition of ciliary resorption
can suppress tumorigenesis (Han and Alvarez-Buylla, 2010; Han et al., 2009; Wong et al., 2009b).

Cilia are typically classified into two groups: motile and nonmotile (or primary/sensory) cilia.
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Motile cilia are involved in processes that require movement of fluids or particles, such as CSF
movement and mucus clearance. Ciliated structures in humans include epithelial cells lining
kidney tubules (Katz and Morgan, 1984), ependymal cells of the spinal canal (Worthington and
Cathcart, 1963), and fallopian tubes (Clyman, 1966). Cilia also mediate signaling pathways
through cilium-localized receptors, including fibroblast growth factor (Tang et al., 2017), as well
as epidermal growth factor signaling mediated by PKD2 (Ma et al., 2005), a calcium-permeable
cation channel (Huang et al., 2007)

Experiments conducted in frog provided the first direct evidence toward determining
ankefl function, primarily reporting loss-of-function consequences on gastrulation (Chung et al.,
2007). Ankefl knockdown in frog showed both shortened and spina bifida phenotypes. Their work
showed both that ankef1 is an upstream effector of Rho and that the ankef1 knockdown phenotype
could be partially rescued by coinjection of constitutively active Rho mRNA, whereas coinjection
of ankefl MO with constitutively active Rac mRNA did not show rescue. Given that the zebrafish
is a strong model system for developmental processes, and that ankefl was shown to play a critical
developmental role in frog, further study of ankefl in zebrafish will shed further light on its
physiological role.

As zebrafish are predicted to express two paralogs of ankefl (David et al., 2003;
Sreenivasan et al., 2008; Udvadia, 2008), here we present cloning, sequencing, and expression
data for ankefla and ankeflb to shed light on the developmental and adult organ expression
patterns of zebrafish ankefI. To our knowledge, the study presented here is the first to describe the
spatiotemporal expression patterns of zebrafish ankefla and ankef1b during development, as well

as their distribution in adult tissues
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Results
Sequence comparison of Ankefla and Ankeflb

Whole exome sequence data from our lab was aligned to GRCz11 with Sequencher 5.4.6
and searched for both ankefia and ankef1b transcripts using available exon sequences, which
confirmed their presence in 48 hpf embryos (data not shown). The genes encoding zebrafish
Ankefla and Ankeflb are located on chromosomes 20 and 17, respectively, and these proteins
show remarkable similarity to other vertebrate homologs, retaining the same ankyrin—EF-hand—
ankyrin domain architecture (Fig. 3.1A-B). The ankefla coding region is 2340 bp and contains a
predicted 11 exons. Our results support NCBI bioinformatics data that Ankefla is a 779-residue
protein with a predicted molecular weight of 86.8 kDa. Ankefla shows 49% overall identity (67%
similarity) to the human ortholog (Fig. 3.2A-B). Sequence analyses of the ankyrin repeat alone
revealed the degree of conservation is higher in the two ankyrin repeats of zAnkefla versus
hANKEF1, with 57% identity (73% similarity) between the N-terminal ankyrin repeats and 56%
identity (74% similarity) between the C-terminal ankyrin repeats, while the EF-hand domain for
these two proteins showed 34% identity (45% similarity).

Interestingly, sequence alignment of our cloned ankefib and predicted coding sequence
(ankef1b: ZDB-GENE-060810-68) revealed that our cloned version contained a 39-bp in-frame
insertion at the end of predicted exon 5, which was spliced into the transcript from the beginning
of intron 5-6. As a result, our cloned coding region is 2031 bp, instead of 1992 bp. Our data
suggests that Ankeflb is a 676-residue protein and has a predicted molecular weight of 74.9 kDa,
with approximately the same predicted ankyrin—EF-hand—ankyrin arrangement as Ankefla. The
full-length zAnkeflb and hANKEF1 amino acid sequences are 48% identical (66% similarity),

excluding the truncated C-terminal end of Ankeflb (Fig. 3.2A-B). Comparison of the N- and C-
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Figure 3.1: A. Alignment of ANKEF1 protein sequence with other common vertebrate model
organisms. Homo sapiens, human - NP 071379.3; Mus musculus, mouse - NP 783598.1;
Xenopus laevis, frog - NP _001085241.1; Danio rerio, zebrafish Ankefla — reported here
(Supplemental); Danio rerio, zebrafish Ankeflb — reported here (Supplemental). Black boxes
indicate 100% similarity; dark gray boxes indicate 80-100% similarity; light gray boxes indicate
60-80% similarity; white boxes indicate less than 60% similarity. B. Schematic of Ankefla,
Ankeflb, and hANKEF1 domain architecture. Amino acid sequence ranges indicated for each

domain.
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A Human  Mouse Frog Zebrafisha  Zebrafish b
Human _ 57.2% 49.4% 48.0%
Mouse 56.3% 49.6% 46.7%
Frog 57.2% 56.3% 50.4% 45.7%
Zebrafish a 49.4% 49.6% 50.4% 53.1%
Zebrafish b 48.0% 46.7% 45.7% 53.1%
B Human  Mouse Frog Zebrafisha  Zebrafish b
Human 66.8% 65.9%
Mouse | 67.3% 65.6%
Frog 67.3% | 65.0%
Zebrafish a 66.8% 67.3% 67.3% 71.0% _
Zebrafish b 65.9% 65.6% 65.0%
C ANKEF1 SNAP25
Human chr 20 1000
Ankef1 Snap25
Mouse chr 2 ——————— e
ankef1 shap25
Frog chr 5 &
ankefla shap2ba
Zebraﬂsh Chl’ 17 +
snap25b ankef1b
Zebrafish chr 20 Bkmh

Figure 3.2: Percent identity (A) and percent similarity (B) matrices of Ankefl proteins across
several common vertebrate model organisms. Homo sapiens, human - NP_071379.3; Mus
musculus, mouse - NP_783598.1; Xenopus laevis, frog - NP_001085241.1; Danio rerio,
zebrafish Ankefla — reported here; Danio rerio, zebrafish Ankeflb — reported here. The
syntenic relationship of Ankefl proteins across these model organisms is demonstrated in C,
with chromosome number and approximate distance between ANKEF1 and SNAP25 homologs

given for each.
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terminal ankyrin repeat regions for these proteins revealed 50% identity (68% similarity) and 56%
identity (74% similarity), respectively, while the EF-hand region of Ankeflb shows 35% identity
(52% similarity) as compared to hANKEF1. Furthermore, Ankefla and Ankef1b full-length amino
acid sequences showed 53% identity (71% similarity) to one another, excluding the truncated C-
terminal sequence. Similar degrees of identical and similar amino acid sequences are observed
when either zebrafish protein is compared to frog and mouse homologs. Interestingly, analysis of
the chromosomal location of ANKEFI genes in all four organisms revealed a syntenic relationship
for the proximal chromosomal regions, whereby SNAP25 is found as a neighboring gene (Fig.

3.2C).

AnkefI phylogenetic tree

Full-length amino acid sequences were used to generate a phylogenetic tree (Fig. 3.3) using
the neighbor-joining method in MEGA7. Two proteins with the ANKEF1 domain architecture are
predicted in the Ciona genus and were included in the phylogenetic tree. Teleost Ankefl branched
off from the other vertebrate lineages and underwent a gene duplication event, thus creating two
protein products. These products clustered in two distinct clades of paralogous Ankefl proteins.
A BLAST-P (Altschul ez al., 1990; Altschul and Lipman, 1990) search of zebrafish and human
ANKEF1 against Chlamydomonas reinhardtii, Caenorhabditis elegans, and Drosophila

melanogaster revealed no proteins displaying the ankyrin—EF-hand—ankyrin architecture.

2.3 Spatiotemporal expression of ankefla and ankef1b during development

WISH for ankefla and ankeflb revealed ubiquitous expression beginning at cleavage and

continuing through 50% epiboly (Fig 3.4. A-C). The first mildly apparent tissue-restricted staining
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Figure 3.3: Phylogenetic relationship between select Ankefl protein homologs. Bootstrap values

are indicated at nodes and tree distances are listed under branches. Homo sapiens, human -

NP _071379.3; Mus musculus, mouse - NP_783598.1; Gallus gallus, chicken -

XP_004935298.2; Xenopus laevis, frog - NP_001085241.1; Danio rerio, zebrafish Ankefla —

reported here; Danio rerio, zebrafish Ankeflb — reported here; Ciona savignyi, solitary sea

squirt - ENSCSAVT00000004681; Ciona intestinalis, sea vase - F6ZTU7.
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Figure 3.4: Ankefla and ankef1b is expressed in early embryos. Rows: A-C, G, H, and J are lateral views;
Row D and E are animal pole view; Row F are vegetal pole views; Row I are ventral view; Row K are
dorsal view. The white arrowheads at shield (D) and black arrowheads at 60% epiboly (E) indicate ankefla
and ankef1b expression along the site of involution and convergent extension during gastrulation. Note the
DFCs indicated at the YPC stage (asterisk in F), which was not seen in ankef1b YPC-stage embryos. Black
arrowheads in 24 hpf lateral view (J) indicates ankeflia expression along the dorsal side of the yolk
extension. Otic vesicle expression of ankefla is indicated by white arrowheads in the 24 hpf dorsal view

(K). Scale bars for each stage =200 pm.
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of both transcripts was observed in the shield stage, extending from the leading edge and following
the region of convergent extension toward the animal pole (Fig. 3.4D-E). At yolk plug closure,
ankefla was observed in the dorsal forerunner cells (DFCs; Fig. 3.4F), which coalesce to form the
motile-ciliated Kupffer’s vesicle (Cooper and D'Amico, 1996; Melby et al., 1996).

During early somitogenesis, expression of both genes was found to be relatively ubiquitous
throughout the embryo body (Fig. 3.4G-I). Beginning at 24 hpf and at 48 hpf, both transcripts are
strongly expressed in the head (Fig. 3.4J-K and Fig. 3.5A-F), with more specific expression
occurring at 96 and 120 hpf (Fig. 3.5G-L). Expression patterns are remarkably similar, with the
exception of ankefla expression along the dorsal side of the yolk extension at 24 hpf (Fig. 3.4J).
Ankefla and ankef1b are weakly expressed in the otic vesicle at 24 hpf (Fig. 3.4J-K), then at higher
levels in the same region at 96 and 120 hpf (Fig. 3.5G-L and Fig. 3.6M-N). Both transcripts are
apparent along the ventral side of the swim bladder, in the pharynx and brain at 96 hpf through
120 hpf (Fig. 3.5G-L and Fig 3.60-P), as well as possibly in the pancreas at 120 hpf (Fig. 3.6Q-

R).

2.4. qPCR of ankefla and ankef1b in adult male and female tissues and embryonic stages

To more quantitatively analyze overall expression levels of ankefla and ankeflb, we
performed qPCR on the 14 developmental stages used for WISH. Our qPCR analysis of ankef1
during embryonic stages confirmed presence of both forms in 2-16 cell and sphere stages (Fig.
3.7). Ankefla shows little expression change from cleavage through 120 hpf. On the other hand,
ankef1b relative transcript levels taper off much more slowly, until another increase at the 3-4
somite stage. The ankeflb transcript relative expression level remained low from the end of

somitogenesis to 120 hpf.
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Figure 3.5: Ankefla and ankefl1b expression in 48, 96, and 120 hpf embryos. A,C,E are lateral
views, while B,D, and F are dorsal views. Black arrowheads in G-H and J-K indicate pharyngeal
staining. Staining in the swim bladder region in 96 and120 hpf is denoted by white arrowheads in

G-H and J-K. Arrows in G-H point to otic vesicles. Scale bars for each whole mount images A-

L =200 pm.
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Figure 3.6: Cryosections of 4-5 dpf WISH embryos. M-N demonstrate ankefla and ankef1b
expression in the otic vesicles of a 96 hpf embryos. O-P show ankefla and ankef1b expression in
the pharynx of 120 hpf embryos. Q-R indicate ankefla and ankef1b expression in the swim
bladder of 120 hpf embryos. g: gut; 0.v.: otic vesicle; pa: pancreas; ph: pharynx; s.b.: swim

bladder; y: yolk. Scale bars for cryosections M-R = 100 um.
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Figure 3.7: Early developmental expression of ankefla and ankeﬂ b, as measured by qPCR. For
developmental stages (A), total RNA from a mix of all 12 stages was used to prepare control
cDNA. Efla and p-actin were used as reference genes. Cq standard error bars shown (+/-1 SEM).

hpf: hours post fertilization; som.: somites; YPC: yolk-plug closure.
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Comparison of ankefla and ankef1b relative expression in adult male and female tissues
was performed next. As expression of both genes in intestines appeared very low, this tissue was
used as control comparison. In female tissues, expression of both was highest in the brain, with
elevated expression also present in the liver and low to moderate expression in all other tested
tissues (Fig. 3.8B). Similar to that of female tissues, adult male tissue expression of ankefla and
ankef1b was enriched in the brain, with markedly higher levels of ankefla in the brain than ankef1b
(Fig. 3.8C). Additionally, high levels of ankefla and ankef1b were observed in liver and swim
bladder of males, with moderate expression levels also in other tissues analyzed. Notably, both
ankefla and ankef1b were highly expressed in whole testes preparations (Fig. 3.8C") with ankef1b

showing most enriched expression.

3. Discussion

Given the ANKEF1 amino acid sequence homology between zebrafish, frog, mouse, and
human, we predict some degree of conserved function between species. Conserved chromosomal
synteny of ankefl and snap25 in all four species, as well as strong similarities between mammalian
EST data and our organ-specific qPCR analyses, suggests that the ankef genes analyzed here are
orthologous. The genetic persistence of Ankefl in species ranging from sea squirts to humans
suggests it is of functional importance to the survival of these organisms.

Ubiquitous ankefla and ankeflb expression in early development indicates a maternal
contribution of both these genes, particularly ankefib, suggesting they are required for early
developmental processes. More restricted tissue expression after 24 hpf suggests additional later
roles in development of the zebrafish, particularly in the otic vesicles, pharynx, and swim bladder.

The overlapping developmental expression patterns shown by WISH suggest that both forms may
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Figure 3.8: Adult organ expression in female and male fish. Graph B depicts ankefla and
ankef1b expression in female organs. In C, ankefla and ankef1b expression in male organs is
depicted. Inset box C” further shows relative normalized expression (y-axis) in testes
preparations. For B, C, and C’, cDNA preparations from adult intestine of the corresponding sex
were used as controls and set as “1”, while ef/a and S-actin were used as reference genes.
Detailed description may be found in methods. Cq standard error bars shown (+/-1 SEM). hpf:

hours post fertilization; som.: somites; YPC: yolk-plug closure.
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possess some functional redundancy, however, the two share only 53% identity and the C-terminal
end of Ankefl1b is truncated by 116 amino acids. Interestingly, ankefla and ankef1b did not always
show overlapping expression patterns during development, supporting some level of functional
divergence. Indeed, ankefla appeared in the DFCs at the YPC stage, as well as ankefla staining
along the dorsal side of the yolk extension at 24 hpf, both of which were not present in ankef1b-
stained embryos at the respective stages.

To our knowledge, functional work on ANKEF]1 is limited to one study using Xenopus as
the model organism (Chung et al., 2007). That study showed that ankefl is down-regulated in
response to an FGF-R inhibitor (SU5402) and provided evidence that Ankefl is involved in cell
protrusion and cell-cell adhesion. Furthermore, paraxial protocadherin, a calcium-dependent cell
adhesion molecule also expressed in the dorsal midline of the zebrafish gastrula, was found to
directly interact with Ankefl (Chung et al, 2007). We found that ankefla expression was
enhanced during the shield stage along the site of involution, which is also a region of papc
expression (Yamamoto et al., 1998). Further experiments are required to determine if these genes
co-localize in the zebrafish.

Other studies have revealed Ankefl presence in the mouse auditory forebrain (Hackett et
al., 2015), gastrula of frogs (Chung ef al., 2007), airway cilia in humans (Blackburn et al., 2017),
and kidney cells in the adult zebrafish (Tang et al., 2017). Similar to our findings in adult zebrafish,
ANKEF I transcripts are also enriched in the adult human testes (Fagerberg et al., 2014), indicating
possible functional conservation in the zebrafish, potentially in spermatogenesis. This, as well as
specific expression of ankefla in the DFCs, ankefla and ankef1b in the otic vesicles and brain

indicate a possible connection to cilium formation and/or function. Ankefl was also previously
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found to be enriched in mouse inner ear hair cells versus epithelial non-hair cells, perhaps
implying a role for ANKEF1 in MCC differentiation.

Many tissues examined by qPCR exhibited similar expression levels for both genes, with
the exception of the male brain and male testes. In the male brain, it appears that ankefla is the
predominant paralog expressed, whereas in the testes, ankeflb appears to be more highly
expressed. Given our qPCR data collection and normalization protocol, and that high relative
expression of ankeflb in testes and ankefla in male brain versus other male organs was
consistently seen in both RT-PCR (data not shown) and qPCR assays, we feel these data are
accurate under the conditions used. Several possibilities may account for the differences in relative
expression ratios of ankef1a and ankef1b. The most obvious explanation is that they have divergent
functions in these specific tissues. As both are tissues containing ciliated/flagellated cells, it is
tempting to hypothesize a role in the formation of or signaling in those organelles. However,
further exploration, such as immunohistochemical analysis of adult brain and testes tissues with
protein-specific antibodies, is warranted to shed more light on this possibility.

This study is the first to provide localization and quantification of ankefla and ankef1b
expression in zebrafish embryos and adults. Data presented here will serve to inform further
experiments as to the function of these important genes in developmental and organ-specific

processes.

Materials and methods

Zebrafish care and maintenance
Adult wild-type (WT) fish (AB, TU, and TUAB lines) were maintained in a circulating

system (Aquarius Fish Systems) at 28.5° C on a 14h/10h light/dark cycle, with other parameters
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maintained as previously described (Lawrence, 2007). Embryos were collected from natural
crosses and grown in 0.5x E2 media (7.5mM NaCl, 0.25mM KCIl, 0.5mM MgSO4, 75uM KH2POs,
25uM NaxHPOg4, 0.5mM CaCl,, 0.35mM NaHCOs, pH 7.2-7.6) at 28.5° C. Embryonic staging
criteria was used according to previous studies (Kimmel et al, 1995). All protocols and
experiments used in this paper were monitored and approved by the Auburn University
Institutional Animal Care and Use Committee (IACUC).
Cloning and characterization of ankefla and ankef1b

Total RNA was isolated from 12 embryonic stages (WT, AB strain) using the TRIzol
reagent (Invitrogen 15596026). Total RNA concentration and purity was checked on a
spectrophotometer (DeNovix DS-11), and integrity was verified on both a 1.2% agarose gel stained
with GelRed (Biotium 41003). cDNA was then produced with the Superscript IV First-Strand
synthesis system (Thermo Fisher Scientific 18091200) via oligo-dT primers. Primers spanning the
predicted stop and start codons of ankefla were designed using Primer3 Plus (Untergasser et al.,
2012a), checked for specificity via the NCBI-BLASTn tool (Altschul, Gish, Miller, Myers, &
Lipman, 1990) and ordered from Eurofins Genomics. The forward primer was kept in-frame to
allow for subcloning into destination vectors with N-terminal fusion proteins. cDNAs from each
embryonic stage were pooled, and gene-specific primers with attB1/attB2 adapter sites (Table 3.1)
were used to amplify ankefla, using the AccuPrime Pfx Supermix (Thermo Fisher Scientific
12344040). In addition to standard PCR conditions recommended for AccuPrime Pfx, the
following ankefla-specific protocol (T100, Bio-Rad) was used: 52° C annealing, 5-minute
extension, 35 cycles. Amplicons were gel-purified with the QIAquick gel extraction kit (Qiagen)
and used in a BP recombination reaction for insertion into the pCS2-Dest vector (Villefranc et al.,

2007) then transformed into NEB-10B chemically competent cells (New England BioLabs
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C3019I), using manufacturer’s protocols. pCS2-Dest was a kind gift from Dr. Nathan Lawson
(Addgene plasmid #22423). Isolated colonies were used to inoculate preps, and plasmids were
extracted using plasmid miniprep kit (Qiagen 27104). Plasmid sequences were verified by Sanger
sequencing (Eurofins Genomics) using the Sequencher sequence analysis software (version 5.4.6).

For ankef1b, primers (see Table 3.1) were designed to span the 5'-and 3’-UTR, including
putative start and stop codons (ZDB-GENE-060810-68). Ankeflb was amplified from pooled
embryonic ¢cDNA as described above, using DreamTaq PCR Master Mix (Thermo Fisher
Scientific K9011). In addition to standard PCR conditions recommended for DreamTaq, the
following thermocycler protocol was used: 60° C annealing, 1.5-minute extension, 35 cycles. The
ankeflb amplicons were gel-purified and used for TA cloning with the pCRII-TOPO plasmid
(Thermo Fisher Scientific K460001), then verified via Sanger sequencing and analyzed with
Sequencher.
Whole-mount in situ hybridization and cryosectioning

Regions spanning the stop codon and 3" UTR of ankefia and ankef1b (Table 3.1) were
amplified from cDNA using DreamTaq PCR Master Mix. In addition to standard PCR conditions
recommended for DreamTagq, the following thermocycler protocol was used: 56° C annealing, 1-
minute extension, 35 cycles. The amplicons were gel-purified using the QIAquick gel extraction
kit (Qiagen 28704), inserted into the pCRII-TOPO (Thermo Fisher Scientific) plasmid via TA
cloning, and transformed into NEB-5a chemically competent cells (New England BioLabs
C2987I) according to the manufacturer’s protocol. Sequences of plasmids containing the ISH
probes were verified by Sanger sequencing (Eurofins Operon). Sense (Spel restriction enzyme
digest/T7 polymerase) and antisense (Notl restriction enzyme digest/T3 polymerase) probes for

ankefla and ankeflb were synthesized from linearized plasmids with digoxigenin-labeled NTPs
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(Sigma-Aldrich 11277065910). The DiG-labelled RNA probes were the following lengths:
ankefla antisense — 50 bp of 3’ UTR and 594 bp of coding sequence—644 bp; ankef1b antisense
— 147 bp of 3’UTR and 547 of coding sequence bp; ankef1b sense — 694 bp.

Embryos from the AB strain were fixed in 4% PFA + PBS, and the WISH protocol was
performed as previously established (Thisse and Thisse, 2008). After staining, later stages (24, 96,
and 120 hpf) were cleared by incubation in 100% methanol following progressive dehydration.
Once the desired stain intensity was reached, embryos were progressively rehydrated back into
PBS and whole-mount images were taken. For cryosections, stained WISH samples were first
soaked in 4% paraformaldehyde and embedded in a 1.2% agarose/5% sucrose solution. The
agarose blocks were stored in a 30% sucrose solution at 4°C until use. The blocks were positioned
on chucks using Surgipath FSC22 medium (Leica Microsystems) and 16 um sections were
produced with a Microm HM 525 cryostat.

Imaging

WISH images were obtained using an Olympus MVX10 stereo microscope equipped with
a DP74 digital camera. Images were captured using the CellSens software package and processed
identically at each stage using Adobe Illustrator. Sections were imaged using a Nikon Eclipse ES00
using a 20x objective (Nikon, Plan Fluor) using the Nikon Elements AR software and prepared
with Adobe Illustrator.

Quantitative RT-PCR

All parameters described in 4.5 were checked to be in accordance with the MIQE
guidelines for RT-qPCR data submission (Bustin et al., 2009). Developmental stages were
collected from three biological replicates of 4-6 adult crosses per replicate, with at least 100

fertilized embryos per adult pair included in each replicate. Ten embryos from each stage were
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dechorionated and total RNA was extracted using the TRIzol reagent (Invitrogen 15596026). Total
RNA purity, concentration, and integrity were checked as described in 4.2, and reverse
transcription was performed using the SuperScript IV First-Strand Synthesis system according to
manufacturer protocol. The same total RNA input for all samples (550 ng) was used in each 20
mL reaction.

Adult organs were collected individually in triplicate from sibling males or females (1-year
old, AB strain), with smaller organs (spleen, gall bladder, heart, swim bladder) pooled from 3
adults and in triplicate. All were rinsed in Hanks Balanced Salt Solution immediately after
removal. Total RNA was extracted by adding 650 mL TRIzol reagent (Invitrogen 15596026)
according to manufacturer protocol following tissue disruption from two rounds of rapid freeze-
thaw and 15 minutes of high speed vortexing. Resultant organ RNA was brought to volume of 300
ml with nuclease free water (Ambion AM9937) and further purified using ReliaPrep RNA Clean-
Up and Concentration System (Promega Z1073) according to manufacturer instructions. After
assaying all total RNA preparations for purity, quality, and concentration, as above for
developmental stages, reverse transcription was performed with qScript cDNA synthesis kit
(Quanta Biosciences 95047) according to manufacturer protocol, using the same RNA input (200
ng) for all samples. Reactions were set up in triplicate with total reaction volumes of 20 pL using
2X PerfeCTa SYBR green (Quanta Biosciences 95072), primer concentrations of 200 nM, and 1.0
uL of cDNA template from adult tissues or developmental stages.

Primers for ankefla and ankef1b (Table 3.1) were designed as described above. Amplicon
size (ankefla — 129 bp; ankef1b — 252 bp) was confirmed on a 1.2% agarose gel and by sequencing
after PCR amplification using a cDNA mixture of all stages used in the qPCR study. Primer

efficiency was checked using serial dilutions of Apal-linearized pCRII-TOPO plasmid containing
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the ankefla and ankefl1b qPCR amplicons and melt curves were checked for single peaks. The
geometric mean of both ef/a and f-actin Cq values were used as housekeeping genes for
developmental stages and adult tissues. These genes were selected on the basis that they were
previously shown to have high stability throughout development and among adult tissues (Casadei
et al., 2011; McCurley and Callard, 2008; Tang et al., 2007). Reactions were set up in triplicate
with total reaction volumes of 20 pnL using 2X PerfeCTa SYBR green (Quanta Biosciences 95072),
primer concentrations of 300 nM, and 1.0 pL of ¢cDNA template from adult tissues or
developmental stages. The following PCR protocol was used (CFX96, Bio-Rad) for all reactions:
1) 95° C for 3 minutes; 2) 95° C for 10 seconds; 3) 58° C for 20 seconds; 4) plate read; 5) repeat
steps 2-4 39x; 6) melt curve 65° C, increase by 0.5° C every 5 seconds up to 95° C, with plate read
after each increase. CFX manager software (version 3.1, Bio-Rad) was used in the analysis and
display of real-time data, using the single-threshold method for C, determination. Relative
expression for developmental stages and adult organs was calculated using the 222" method
(Livak and Schmittgen, 2001). Developmental stages were normalized to expression data from an
equal-proportioned mixture of all 12 embryonic-stage cDNAs produced from the synthesis
reaction. Relative expression for adult tissues was normalized to intestinal expression.
4.6. Phylogenetics and protein alignment

Zebrafish amino acids sequences were translated from ankefla and ankeflb cloned
sequences mentioned above in method 4.2. Our Ankefla and Ankeflb sequence data were used in
both the phylogenetic analysis and protein alignments. Ankefl amino acid sequences for all non-
zebrafish species were: Xenopus laevis, frog - NP _001085241.1; Homo sapiens, human -
NP _071379.3; Mus musculus, mouse - NP_783598.1; Gallus gallus, chicken - XP_004935298.2;

Ciona savignyi, solitary sea squirt - ENSCSAVTO00000004681; Ciona intestinalis, sea vase -
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F6ZTU7. Multiple sequence alignment by MUSCLE and pairwise distances were produced by
Genious 2019.1. Sequences used in the cladogram construction were aligned using MUSCLE in
MEGA7 (Kumar et al., 2018). The evolutionary history was determined using the Neighbor-
Joining method (Saitou and Nei, 1987) with 1000 bootstrap replications (Felsenstein, 1985). The
JTT matrix-based method was used to calculate evolutionary distances (Jones et al., 1992).
Specific domains were checked for homology using the protein sequence alignment function of

NCBI-BLAST (Altschul ef al., 1990; Altschul and Lipman, 1990).
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REAGENT or RESOURCE  SOURCE | IDENTIFIER
Oligonucleotides

Primer: ankefla forward, without Gateway Eurofins Genomics N/A
adapter site (cDNA cloning) -

TACAGCTGCTCCTAGAGGCA

Primer: ankefla reverse, without Gateway Eurofins Genomics N/A
adapter site (cDNA cloning) -

TGCAAGCATCTCCTGAAACCT

Primer: ankef1b forward, without Gateway Eurofins Genomics N/A
adapter site (cDNA cloning) -

AGGTTTCAGGAGATGCTTGCA

Primer: ankef1b reverse, without Gateway Eurofins Genomics N/A
adapter site (cDNA cloning) -

GAAGCTGGCATTGAAGCAGG

Primer: ankefla forward (QRT-PCR) - Eurofins Genomics N/A
GCAAGCATCTCCTGAAACCTT

Primer: ankefla reverse (QRT-PCR) - Eurofins Genomics N/A
GTCGTAATGCACGTGGGGTT

Primer: ankef1b forward (qQRT-PCR) - Eurofins Genomics N/A
CTCTCCACCATGCTTGCCAT

Primer: ankef1b reverse (QRT-PCR) - Eurofins Genomics N/A
TCGCTCCATTCATTGCCACT

Primer: efla forward (QRT-PCR) — Eurofins Genomics N/A
CCTCTTTCTGTTACCTGGCAA

Primer: efla reverse (QRT-PCR) — Eurofins Genomics N/A
CTTTTCCTTTCCCATGATTGA

Primer: B-actin forward (QRT-PCR) — Eurofins Genomics N/A
GCTGTTTTCCCCTCCATTGTT

Primer: B-actin reverse (QRT-PCR) — Eurofins Genomics N/A
TCCCATGCCAACCATCACT

Primer: ankefla forward (WISH) - Eurofins Genomics N/A
TACAGCTGCTCCTAGAGGCA

Primer: ankefla reverse (WISH) - Eurofins Genomics N/A
AGGTTTCAGGAGATGCTTGCA

Primer: ankef1b forward (WISH) - Eurofins Genomics N/A
TGAGAACGATTCGGCTTGGT

Primer: ankef1b reverse (WISH) - Eurofins Genomics N/A
TTCATTTATTCCTCCCCAGT

Recombinant DNA

ankefla (full-length) + pCS2-Dest This paper N/A
ankef1b (full-length) + pCRII-TOPO This paper N/A
ankefla 3° UTR ISH probe + pCRII-TOPO This paper N/A
ankef1b 3° UTR ISH probe + pCRII-TOPO This paper N/A

Table 3.1: Key resources used in experiments.
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Chapter 4

Functional characterization of ankyrin and EF-hand containing protein 1 (Ankef1) in Danio rerio

Abstract:
Previous studies on ankef1 function and expression patterns suggest a role in cell protrusion and
extension. Widespread expression during gastrulation indicates that ankefl may play a role in the
morphogenetic movements that precede the establishment of the zebrafish body plan. This study
uses MO knockdown to probe for a functional role of ankefl during early zebrafish development.
MO-mediated knockdown of ankefla revealed defects in heart laterality establishment; however,
rescue experiments to control for off-target effects were inconclusive. Furthermore, two ankefla
KO mutant lines were generated by CRISPR/Cas9 technology in order to provide a robust method
for determining functional overlap and compensation that may be occurring between ankef]
paralogs. We also used in silico structure prediction methods due to a lack of crystallography data
on Ankefl. Data from Iterative Threading Assembly Refinement (I-TASSER) provided additional
virtual evidence toward the predicted ankyrin—EF-hand—ankyrin domain structure of Ankefl.
1. Introduction:

Eukaryotic cell migration is a critical process that mediates cell movement to a new area
(e.g., within an organ or between organs). Wound healing, embryonic development, neutrophil
migration, and tumor metastasis are examples of processes that require cells to generate force
against the viscous extracellular environment (Katz and Lasek, 1980; Leick et al., 1994). Cells
move chemotactically or mechanotactically in response to guidance cues (Yam et al., 2009).
Neutrophils migrating through capillaries use these guidance cues, such as interleukin 8 (IL-8),

Leukotriene B4 (LTB-4), and interferon y (IFN-y), to switch from rolling to amoeboid movement
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(Nieminen et al., 2005; Valerius et al., 1983). Upon receiving chemoattractant cues, neutrophils
must first polarize in order to move in the correct direction. Cell polarity established the leading
and trailing edges of the cell and polarity is mediated by the three most common forms of the
Rho family of GTPases: Ras-related C3 botulinum toxin substrate 1 (Rac1), cell division control
protein 42 (cdc42), and Ras homolog family member A (RhoA) (Burridge and Wennerberg,
2004; Raftopoulou and Hall, 2004; Wunnenberg-Stapleton et al., 1999). These three Rho
GTPases act as protein switches, and each mediates different aspects of cell motility—sheet-like
actin-dependent projections on the leading edge (lamellipodia), long cell projections containing
actin filaments (filopodia), and contractile actin-myosin II arrangements (stress fibers),
respectively. Migrating cells during gastrulation form tight junctions, focal adhesions, and
adherens junctions as motile cells participating in involution, convergence and extension (C&E),
and epiboly contact other cell types (Kim et al., 1998; Medina et al., 2004; Shimizu et al., 2005;
Yamamoto et al., 1998).

Gastrulation establishes the three embryonic germ layers into their appropriate positions
through a coordinated serious of morphogenetic processes (Gong and Brandhorst, 1988; Holland,
1976; Smith et al., 1976). Mesoderm is established between the ectoderm (outer surface) and
endoderm (inner surface). Furthermore, gastrulation establishes a basic body plan with
dorsoventral and anteroposterior symmetries. Zebrafish gastrulation begins at 50%-epiboly, during
which the marginal germ ring appears (Hammerschmidt ez al., 1996b; Kimmel et al., 1995; Melby
et al., 1996). To form the germ ring, the leading edge of the spreading blastoderm involutes upon
itself and forms the epiblast and hypoblast. Involution continues during epiboly as the hypoblast
spreads toward the animal pole, and the epiblast continues spreading over the remainder of the

yolk. As the germ ring begins its involution, a cell aggregation (embryonic shield; ES) is formed
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by convergence movements and is located at a single position on the germ ring (Cooper and
D'Amico, 1996; Warga and Nusslein-Volhard, 1999). The ES defines the dorsal side, and the
involuting shield cells become the axial hypoblast. The axial hypoblast extends toward the animal
pole through convergence and extension movements (CE) (Rebagliati et al., 1998). Many
morphological defects can arise from errors in gastrulation, including fused eyes (one-eyed
pinhead; oep), absent notochord (floating head; flh), shortened body axis (trilobite and pipetail; tri
and ppt), and an enlarged tailbud (spadetail; spt)(Hammerschmidt et al., 1996b; Solnica-Krezel et
al., 1996).

Ankyrin and EF-hand containing protein 1 (ankefl, anr5 in Xenopus) is a putative calcium-
binding protein that plays a role in mediating cell adhesion and protrusion processes in Xenopus
(Chung et al., 2007). Anr5 was downregulated in response to SU5402, an FGF-R inhibitor.
Morpholino oligonucleotide (MO) knockdown of anr5 caused an irregular Branchet’s cleft and
shortened tail in injected embryos. Anr5 acts upstream of Rho and is an important paraxial
protocadherin (papc) interactor. Papc is a calcium-dependent cell adhesion molecule that is first
expressed in the prechordal plate at 30% epiboly and in the paraxial mesoderm at the shield stage.
Here, we sought to evaluate the effects of KD via a splice-blocking MO. To reinforce our KD
results, we generated KO lines of ankefla via CRISPR/Cas9 in order to use various mutant allele

combinations in future studies.

2. Results and Discussion

2.1 MO injections
Eleven different clutches were injected with 2.3 nL of a solution consisting of

p53/Ankeflaln2-3 Ex3/AnkeflaEx3In3-4 morpholinos and control groups were set aside for
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comparison. WISH images of each phenotype are shown in Fig. 4.3. The mean percentage of heart
laterality phenotypes from the control and MO-injected clutches are displayed in Fig. 4.2. All three
phenotype groups showed statistically significant differences between control and MO-injected
groups (Fig. 4.2). Two clutches from separate parents were injected with p53 alone, and there was
no difference in heart laterality percentages between the control and p53-injected groups (data not
shown). Mean laterality percentages in the p53 injected group followed the same trend as the
control group from the ankefla/p53 control group. Rescue experiments with ankefla were
inconclusive, with only a partial rescue (50% situs solitus, 50% situs medialis); therefore, oftf-
target effects cannot be definitively ruled out (Stainier et al., 2017). The ankefla morpholino
sequences were queried against the Ensembl genomic database, which returned ankefia as the top
matching gene sequence. WISH staining revealed that ankefla was enriched in the dorsal
forerunner cells (Daniel and Panizzi, 2019), which coalesce to form the Kupffer’s vesicle, raising

the possibility that ankefla does play a role in determining heart laterality.

2.2 Generation of mutant line

Given that our morpholino rescue results could not rule out off-target effects from the
ankefla MOs, we sought to create an ankefla mutant line carrying a loss-of-function allele. An
ankef1b loss-of-function mutant was bought from ZIRC. Amplicon sequences of the six putative
CRISPR-edited regions were analyzed for sequence changes near the Cas9 cut site (Fig. 4.4).
Amplicons with a successful edit contained a string of single chromatogram peaks, followed by
double peaks for the rest of the sequence. Double peak sequences were compared to the WT
sequence to compile the new sequence at the edited site. Sequences from fin-clipped F; adults

revealed several edited alleles, including two with early stop codons (Leu54fs*5, Gly93fs*5), as
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Figure 4.2: Mean heart laterality percentages from control and MO-injected clutches (n = 10

clutches of >100 fertilized embryos) observed at 32 hpf.
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Figure 4.3: Ventral view of 32 hpf embryos labeled with the cm/c2 ISH probe. Yolks were removed

prior to imaging. A. situs inversus, B. situs medialis, C. situs solitus.
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Figure 4.4: Germline KO of ankefla using nCas9n-nanos3’UTR mRNA. Six sgRNAs were
designed to the coding region of ankefla (Daniel and Panizzi, 2019). sgRNA3 and sgRNA6

generated early stop codons.
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shown in Fig. 4.5. Other edited alleles were in-frame edits, which we did not expect to have
deleterious effects as compared to the alleles with early stop codons. F; fish carrying the two early
stop alleles were outcrossed by the AB (WT) strain to enrich for ankefla™" carriers. Furthermore,
we crossed the ankefla™ F» generation by the ankef1b”" (Fig. 4.6) mutants to obtain ankefla"™
Jankef1b"" offspring. We then searched for restriction sites in the WT and mutated sequences of
the amplicons. The Leu54fs*5 mutation induced by sgRNA3 did not have a restriction site near
the Cas9 binding site, nor did the WT sequence. However, the sgRNAT1 editing site did disrupt an
Haelll recognition site, which provides a genotyping site linked to the upstream sgRNA3 edit. The
Gly93fs*5 mutation disrupted an Avall recognition sequence at the sgRNAG6 editing site.
2.3 Structural modeling

Protein sequences translated from cloned coding sequences were submitted to the I-
TASSER web server for in silico modeling (Roy ef al., 2010; Yang et al., 2015; Yang and Zhang,
2015). Neither paralog was predicted to have enzymatic activity. Both Ankefla and Ankeflb
shared significant structural homology (TM-score > 0.5) with human Ankyrin-2 (Ank2), which
plays a wide variety of roles across cell types. Ank2 binds dynactin to promote cell motility, and
Ank2 has been shown to form a complex with RABGAPIL. The Ank2/RABGAPIL complex
recruits PI(3)P-positive early endosomes and thus promotes trafficking to the leading edge of a
migrating cell. The high protein promiscuity of Ank2 suggests that Ankef1 may also participate in
multiple cellular processes; however, -TASSER ligand-binding site prediction C-scores for both
proteins were very low, indicating random associations. Ankefl was shown to bind ccdc103 in a
mouse Y2H study, and also physically interacted with frog paraxial protocadherin (papc) in a
separate study. The I-TASSER models further support that Ankefla and Ankeflb display the

ankyrin-EF-ankyrin domain structure (Figs. 4.7, 4.8.). Furthermore, sequence submission to
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Figure 4.5: Sequence and domain diagrams of WT and CRISPR-edited alleles. Two alleles with
premature stop codons introduced at the sgRNA1/3 sites produced truncated proteins as shown

above.
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Figure 4.7: Ankefla structure prediction using I-TASSER. Yellow: N-terminus; purple: C-

terminus; green: ankyrin repeats; blue: EF-hand motif; red: calcium-binding region.
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Figure 4.8: Ankeflb structure prediction using I-TASSER. Yellow: N-terminus; purple: C-

terminus; green: ankyrin repeats; blue: EF-hand motif; red: calcium-binding region.
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PROSITE predicted at least one calcium-binding region within the EF-hand motifs of both

proteins.

. Conclusions

A BLASTn search of the ankefla MO sequences suggest a low probability of off-target
effects; however, a successful rescue experiment is the gold standard for providing robust evidence
that the MO-induced phenotypes are due to successful ankefla knockdown. Furthermore, genetic
compensation from ankef1b could mask ankefla knockdown or knockout phenotypes. Expression
data for ankefla and ankef1b shown in this paper suggests a widespread role throughout zebrafish
development. We did however see only ankefla expression in structures related to motile cilia,
which supports the hypothesis that ankefl plays a role in motile cilia development or function.
Transcripts from both genes show almost identical expression patterns in zebrafish embryos
(Daniel and Panizzi, 2019), with several exceptions noted above. DFC are the precursors to the
laterality-establishing KV in development, thus providing some evidence that we were specifically
knocking down ankefla without off-target effects. WISH of MO-injected embryos using other
established laterality probes (e.g. insulin, lefty) could provide further evidence of situs defects.
Splice-site targeted MOs revealed abnormal heart looping phenotypes in injected embryos.

Due to inconclusive rescue experiments, we sought to produce and propagate fish
containing putative loss-of-function genetic lesions in both genes. An ankef1b mutant containing
an early stop codon was obtained from ZIRC. Two ankefla mutants with early stop codons were
produced using CRISPR/Cas9 technology. Future mating experiments with ankefla"/ankef1b*",
ankefla™lankeflb™", and ankefla™"/ankeflb” combinations will provide more robust evidence

toward the role of ankefl genes during zebrafish embryonic development. Structural modeling
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predicted overlapping features and functions between Ankefla and Ankeflb. Gene ontology for
both proteins suggested that they function in protein binding (GO-score > 0.5); however, ontology
prediction for biological processes and cellular component were inconclusive. The lack of ligand
binding prediction and the inconclusive biological process ontology perhaps suggest that Ankefl
requires increased calcium concentrations to change conformation and thus perform its cellular
functions, as shown in Xenopus cell reaggregation assays (Chung et al., 2007).

Although a zebrafish Ccdc103 antibody is already available, future functional experiments
with zebrafish Ankefla/b would greatly benefit from the production of polyclonal antibodies for
both forms. A recently produced mouse Ankefl antibody will allow Co-IP studies with untagged
proteins, thus eliminating the need for fusion proteins which may not retain their native
conformation. Another protein containing ankyrin repeats and an EF-hand domain, transient
receptor potential channel A1 (TRPA1), extends an ankyrin repeat string from the cation channel
into the intracellular domain (Zayats et al., 2013). An N-terminal EF-hand motif increases its
stiffness upon calcium binding, causing an increase in channel permeability. Co-IP experiments
with Ankefl present a similar problem, so calcium concentrations may need to be adjusted to

determine the range of concentrations through which Ankef1 possibly interacts with Ccdc103.

4. Materials and Methods

4.1. Zebrafish care and maintenance

Adult wild-type (WT) fish (AB line) were maintained in a circulating system (Aquarius
Fish Systems) at ~28.5° C on a 14h/10h light/dark cycle, with other water parameters (pH and
conductivity) maintained as previously described (Lawrence, 2007). Embryos were collected from

matings and grown in 0.5x E2 media (7.5mM NaCl, 0.25mM KCI, 0.5mM MgSO4, 75uM
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KH2POy4, 25uM Na;HPOy4, 0.5mM CaCly, 0.35mM NaHCOs3, pH 7.2-7.6) in a 28.5° C incubator.
Embryos were staged according to previous studies (Kimmel et al., 1995). All protocols and
experiments used in this paper were monitored and approved by the Auburn University

Institutional Animal Care and Use Committee (IACUC).

4.2. Production of nCas9n-nanos 3’ UTR mRNA and sgRNA
Guide RNA sequences were designed using the CRISPRscan tool

(https://www.crisprscan.org/) with sequence selection guidelines previously established

(Moreno-Mateos et al., 2015). The gene-specific DNA oligonucleotides were ordered from
Eurofins Genomics and inserted into the pCRII vector via TA cloning for long-term storage after
the full-length DNA oligonucleotide was made (K457501, Thermo-Fisher). The full-length
sgRNA template was produced via PCR (DreamTaq 2x SuperMix #K 1081, Thermo-Fisher),
column-purified with the QIAquick PCR purification kit (Qiagen), and used as the DNA
template to make the sgRNA via IVT (Ampliscribe-T7 Flash Transcription kit, Epicentre), with
all procedures following established protocols (Vejnar et al., 2016b).

pCS2-nCas9n-nanos 3’UTR was a gift from Antonio Giraldez (Addgene plasmid #62542;
http://n2t.net/addgene:62542; RRID:Addgene 62542). The supplied bacterial stab was streaked
onto LB/ampicillin agarose plates and grown overnight at 37° C. A well-isolated colony was
used to inoculate 50 mL LB broth containing carbenicillin 50 pg/mL. The liquid culture was
grown overnight at 37° C under a rotation of 225 rpm. A Qiagen (Cat.# 12145) midi kit was used
to extract and purify the plasmid, which was then submitted to Eurofins Operons for sequence
confirmation. pCS2-nCas9n-nanos 3’UTR was linearized with Notl (New England BioLabs,

#R3189) using the manufacturer’s protocol. Plasmid concentration and purity was checked on
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both a 2% agarose gel and a spectrophotometer (DeNovix DS-11). The manufacturer’s protocol
for IVT was performed with the mMessage mMachine SP6 transcription kit (#AM1340,
Thermo-Fisher) using the linearized pCS2-nCas9n-nanos 3’UTR plasmid (300 ng) as the
template for SP6 polymerase. The mRNA product was column purified (mini Quick Spin RNA
columns, 11814427001, Millipore Sigma), then checked on both a 2% agarose gel and a

spectrophotometer to assess purity and concentration.

4.3. Morpholino and CRISPR injection

Microinjections were performed with a Nanoliter 2010 (World Precision Instruments)
and dosage accuracy and precision were confirmed with a stage micrometer. All morpholinos
(MO) in this paper (Fig. 4.1, Table 4.1) were designed by and ordered from Gene Tools LLC
(Philomath, OR). MOs were stored at 4° C and heated to 65° C just before use to ensure
homogeneity. The MO mixture consisted of 1:4 dilutions of three MOs (p53, Ankeflaln2-3 Ex3,
AnkeflaEx3In3-4) with stock concentrations of 8.47 ng/nL, and ultrapure water. P53 was
included to eliminate potential ankefla MO-mediated toxicity. Embryos were injected with ~2.3
nL of the MO solution into the blastodisc-yolk interface at the 1-cell stage. For germline editing
with CRISPR/Cas9, 1-cell embryos were injected with ~2.3 nL of a solution containing 200 pg
of the nCas9n-nanos 3°’UTR mRNA and 15 pg of each of the six sgRNAs produced in 3.2 (see

Figure 4.4 for sgRNA sites).

110



Intren 2

Ankef1 slg(Z—E\_ExE\
Exon2
Ankef1 g&g(ﬂ n3-4
Intren 3

R W e
1,908 2,12

2124

Figure 4.1: Location of ankefla splice-blocking morpholinos.
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Oligo name

Sequence

Ankefla sgRNA1

Ankefla sgRNA2

Ankefla sgRNA3

Ankefla sgRNA4

Ankefla sgRNAS

Ankefla sgRNA6

p53 MO
Ankeflaln2-3 Ex3
AnkeflaEx3In3-4

taatacgactcactataGGGAGGCACGAATGGGCCATgttttagagctagaa

taatacgactcactataGGAGTAGAGTTTGTGCCCAAgttttagagctagaa

taatacgactcactataGGGCAATGGGGTCCTGCACTgttttagagctagaa

taatacgactcactataGGGACTGTACAGATGGGCAAgttttagagctagaa

taatacgactcactataGGCGCATGTGTCTTTTGGTGgttttagagctagaa

taatacgactcactataGGTACCATCATATCCAAGTTgttttagagctagaa

GCGCCATTGCTTTGCAAGAATTG
ACGCCTGGCAGAGAAGCCACAGTAC
ATTACACCATTTGCATACCTGAT

Table 4.1: sgRNA and morpholino sequences.
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4.4. Crispant PCR and sequencing

Primers flanking the sgRNA target sites within ankefla (Table 4.1) were designed using
Primer3 Plus (Untergasser et al., 2012a), checked for specificity via the NCBI-BLASTn tool
(Altschul, Gish, Miller, Myers, & Lipman, 1990) (Altschul ez al., 1990), and ordered from Eurofins
Genomics. Crispants were grown to adult stage (Fo generation) and outcrossed with an AB strain
to obtain ankefla™" offspring. To spot-check for successful germline edits, genomic DNA was
extracted from individual 5 dpf Fi embryos using lysis buffer (10 mM TrisCI pH 8.3; 50 mM KCI;
0.3% Tween20; 0.3% Nonidet40; 0.5 mg/mL Proteinase K), incubated overnight at 55° C.
DreamTaq 2x SuperMix (Thermo Fisher Scientific K9011) was used to amplify a 100-200 bp
region centered on the putative Cas9 cut sites within ankefla, using 1 pL genomic DNA as the
template in a 25 pL reaction (Table 4.2). In addition to standard PCR conditions recommended for
DreamTagq, the following ankef1a-specific protocol (T100, Bio-Rad) was used: 58° C annealing,
I-minute extension, 35 cycles. Amplicons were column purified with the QIAquick PCR cleanup
kit (Qiagen, 28104). Amplicon sequences were verified by Sanger sequencing (Eurofins
Genomics) using T7/SP6 promoters contained in the primer sequences). Amplicon sequences were
visualized with the Sequencher sequence analysis software (version 5.4.6). Fin clips were obtained
from adults of the F; generation in order to screen for the presence of edited ankefIa alleles. Each
of the six putative edit sites was amplified with DreamTaq 2x SuperMix and Cas9 site amplicons
submitted for Sanger sequencing. Results were visualized with Sequencher. F; fish carrying
deleterious mutant alleles were outcrossed with the AB strain to obtain 50% ankefla™" offspring.
Fin clips on adult F> offspring were again used to screen for carriers of the mutant allele, as

described above.
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Primer

Sequence

Ankefla sgRNAI1 check F
Ankefla sgRNA1 check R
Ankefla sgRNA2 check F
Ankefla sgRNA2 check R
Ankefla sgRNA3 check F
Ankefla sgRNA3 check R
Ankefla sgRNA4 check F
Ankefla sgRNA4 check R
Ankefla sgRNAS check F
Ankefla sgRNAS check R
Ankefla sgRNA6 check F

Ankefla sgRNA6 check R

GACTTTCCATGCAGCCGTT

AGTTTGTGCCCAAGGGAACA

GCTTCATGACTGGTCTCATG

TAAATATAAACGACTTCTTAAGAGGT

GCAAACAGGCCAAAGGAAGG

CCAACAAACCCGACATGCTG

GCTTCCTATGGGCCGAAGAA

CAGCATGCTACAGACACCCA

CGTGCTCTTCTACTGCCTCC

AGAGAGGAGCAGACCCCAAT

CATGGGTGTTGACGACCTCA

CATGGGTGTTGACGACCTCA

Table 4.2: Sequences of primer pairs used to amplify and sequence amplicons containing ankefla

sgRNA edit sites.
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For genotyping ankefla™" offspring or adults, restriction digests were used on amplicons
from the sgRNAT1 and sgRNAG6 edited sites, which correspond to the Leu54fs*5 and Gly93fs*5
mutants, respectively. Haelll was used to digest the sgRNAT1 site amplicons, and Avall was used
with sgRNAG6 site amplicons. Digests were performed overnight according to the manufacturer’s
protocol. The digest products were analyzed on a 2.0% agarose gel. Ankeflb genotyping was
performed by amplifying a short section centered on the mutation. Amplicons were run on a 2.0%
agarose gel, gel-purified (Qiaquick gel extraction kit, Qiagen), and submitted for Sanger
sequencing.

4.5. Statistics on MO injections

Distributions of each heart looping phenotype (situs solitus, situs medialis, and situs
inversus) in control and injected groups (n = 10 replicates) were tested for normality and
lognormality using the Shapiro-Wilk and Kolmogorov-Smirnov tests. Each phenotype was tested
pairwise (control vs. injected) using the Mann-Whitney signed ranks nonparametric test using o
=0.01. Prism 8.4 was used for graphing and all statistical calculations.

4.6. Whole-mount in situ hybridization

Sequences of plasmids containing the cmlc2 ISH probe (a kind gift from Dr. Lilianna
Solnica-Krezel at Washington University in St. Louis) were verified by Sanger sequencing
(Eurofins Operon). The antisense (Notl restriction enzyme digest/T7 polymerase) probe for cmlc?2
was synthesized from a linearized plasmid with digoxigenin-labeled NTPs, according to the
manufacturer’s protocol (Sigma-Aldrich 11277065910). MO-injected embryos from the AB strain
were fixed in 4% PFA + PBS, and the WISH protocol was performed as previously established

(Thisse and Thisse, 2008). Whole-mount embryos were examined with an Olympus MVXI10
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stereomicroscope equipped with a DP74 digital camera. Images were then obtained using the
CellSens software package.
4.7. Structural modeling

We submitted the Ankefla and Ankeflb amino acid sequences to the I-TASSER server
to model possible protein structures, using default settings. Protein structures were viewed using
PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC). The
Ankefla and Ankef1b amino acid sequences were submitted to the PROSITE motif prediction

tool. PyMOL was also used to color various features of both proteins.
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Chapter 5: Conclusions and Future Directions

Research problem summary:

Motile ciliogenesis requires the attachment of dynein arms to axonemal microtubules using
ccdc103 as an adapter. Functional and structural data from previous studies (King and Patel-King,
2019; Panizzi et al., 2012) show that Ccdc103 is a dynein adapter which binds microtubules at
regular intervals; however, little is known about its regulation or broader cellular context. This
study was designed to identify and characterize putative ccdc103 interactors. Data from our Y2H
study yielded 14 possible ccdc103 interactors. We selected ankef1 for further study on the basis of
its dearth of molecular data, as well as its relevance to human health. Interestingly, the only ankefl
direct functional data comes from its link to cell adhesion and protrusion processes in Xenopus
laevis (Chung et al., 2007). In the same study, an FGFR inhibitor induced downregulation of
ankefl transcripts, which could be rescued by injection with RhoA mRNA. Finally, the Chung et
al. study demonstrated a physical interaction and cellular colocalization between Papc (paraxial
protocadherin; protocadherin-8) and Ankefl. No evidence has yet been found for a direct
functional link between ankefl and ccdc103. Furthermore, a knowledge gap exists in molecular
evidence for zebrafish ankefl expression and function. Here, we hypothesized that expression data
would show that ankefI is expressed throughout zebrafish development. In terms of function, we
expected to see that ankefl transcripts are enriched in tissues with motile cilia. Finally, we
hypothesized that loss-of-function studies would show phenotypes related to motile cilia

dysfunction (i.e. curved tail, kidney cysts, situs defects, hydrocephalus).

Approach summary:
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In this study, we sought to uncover candidates for the interactome of ccdc103. A yeast-
two-hybrid assay with a mouse cDNA library identified Ankefl as a putative Ccdc103 interactor.
Given that our downstream functional modeling of ankefl would be performed in zebrafish, we
first characterized ankef1 expression in the developing embryo and in adult organs using WISH
and RT-qPCR. Splice- and ATG-blocking MOs were used to study ankefl LoF phenotypes in
developing embryos. We also generated ankefl/a KO mutants through the CRISPR/Cas9 system,
which will provide maternal-zygotic mutant data when paired with our purchased ankefl1b KO

mutant line.

Discussion:

Identification of ccdc103 interactors

Our Y2H study uncovered 14 potential ccdc103 interactors, 12 of which were successfully
subcloned into plasmid vectors using zebrafish embryo cDNA. Ankefl was selected for further
expression and functional analysis in zebrafish based on several lines of molecular evidence
linking it to motile cilia. Mouse Ankefl localized to motile cilia in cultured tracheal MCC (Hoh et
al., 2012). RNA-Seq data also showed that ankefl transcripts are enriched in the human testis
(Fagerberg et al., 2014), an organ with high levels of ciliogenesis. Conserved synteny and protein
structure suggested that zebrafish Ankefl function is similar to its mammalian counterparts.
Further co-IP studies with mouse Ccdc103 and Ankefl proteins should be done to validate the
mouse Ccdc103 Y2H data. While antibodies for Ankefla and Ankeflb are not yet available for
zebrafish, co-IP experiments with various tagged proteins (His, FLAG, etc.) would be the best

available option for testing interactions in zebrafish.
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Expression patterns of ankef1

The results presented here provide groundwork knowledge of ankefl spatiotemporal
expression patterns in both embryos and adult zebrafish, as well as mutant lines for further studies
of the role of ankefl paralogs during zebrafish embryonic development. Our Y2H study and
subsequent WISH and qPCR results, as well as studies by other groups, suggest a link to motile
cilia. Expression studies of ankefl in zebrafish embryos revealed widespread expression during
the first 24 hours of development, with expression restricted to the otic vesicles after organogenesis
(Daniel and Panizzi, 2019). Our expression studies demonstrated widespread ankefla/b expression
during gastrulation and somitogenesis. During those stages, constant morphogenetic movements,
which involve cell adhesion and protrusion processes, occur until the basic body plan is
established.

In the frog, paraxial protocadherin (papc/pcdh8) was shown to colocalize and physically
interact with ankefl (Chung et al., 2007), so we expected to see some overlap between their
expression patterns. In zebrafish, papc is highly expressed in the paraxial mesoderm during
gastrulation (Yamamoto et al., 1998), in the tail during segmentation (Weidinger et al., 1999;
Yamamoto et al., 1998), and in the retina after 24 hpf (Thisse and Thisse, 2005). The ankefI
developmental expression pattern did not overlap with papc in stages past 3 dpf. Likewise, ankef1
was ubiquitously expressed until 24 hpf, which did not fit the pattern of papc expression during
this period; however, ankef1 is expressed in the zebrafish retina at 48 hpf, so some papc and ankef1
colocalization may be present during development. Conversely, ankefl and ccdc103 shared some
important expression features. Ankefla and ccdc103 are enriched in the DFC and otic placode
(Daniel and Panizzi, 2019; Panizzi et al., 2012), two structures featuring motile cilia. Ankef1b was

not seen in either structure, suggesting functional divergence between ankefla and ankef1b.
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Conclusion: Possible ankefl functions in zebrafish

High expression of ankefl in the testes of zebrafish, mouse, and humans suggests a
conserved role in vertebrates. Likewise, conserved synteny and amino acid sequences strengthen
the idea that zebrafish and human ankefI likely share functional roles. Genome duplication in
zebrafish led to two ankefl paralogs. Their overlapping expression patterns suggest strong
functional redundancy; however, ankefla splice-blocking MO knockdown did result in heart
looping dysfunction. Heart laterality dysfunction may be related to the ankefla-specific expression
in DFC, which precede KV. Heart loop laterality is mediated by motile cilia that line Kupffer’s
vesicle (KV), which generates asymmetric Nodal signaling. Conversely, overexpression of
ankefla did not cause any observable morphological defects; however, Anr5S overexpression in
Xenopus embryos did produce similar phenotypes seen with MO KD, indicating that proper
Anr5/Ankefl function may be dose-dependent and our mRNA dose was too low to cause
morphological defects. We were unable to knock down ankef1b, as the full coding sequence was
not available until it was clarified in this study.

Paraxial protocadherin (papc/pcdh8), along with ankefl, has been shown to mediate tissue
separation processes in the frog (Chung et al., 2007; Kim et al., 1998; Nutt et al., 2001). Multiple
protocadherins are also expressed in the adult rat testis along with ankefl (Yu ef al., 2014), which
suggests that both proteins may play a role in testis function. Spermatozoa use a motile cilium
(also called a flagella) to generate forward motion, thus ankefl could play a role during the
formation of these cilia. Given the close interaction between the developing sperm and Sertoli
cells, Ankefl may also be involved in the separation of Sertoli cells as sperm move to the lumen.

Further studies on ankefI expression and localization patterns in mouse and zebrafish testes would
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provide important evidence toward its role in testis function. Additionally, the interaction data
between Ccdc103 and Ankefl presented here also raise the possibility that Ankefl could play a
role in motile cilia (i.e. sperm tail) formation during spermatogenesis. Ankefl may interact with
other protocadherins during development, so it would be interesting to perform interaction studies
between zebrafish ankefl and protocadherin proteins. Fig. 5.1 depicts a potential pathway through
which Ankefl may act in vertebrates. Furthermore, protocadherins are associated with several
cancers, including those of the colon (Hinkel ef al., 2012; Ose et al., 2012), liver (Okazaki et al.,
2002), and prostate (Giannakopoulos et al., 2007; Shishodia et al., 2019).

Ankefl and ccdc103 transcripts are both enriched in testis tissue. Future studies should
include immunostaining of zebrafish, assuming a zebrafish antibody is available, and mouse testes.
Without zebrafish Ankefl antibodies, mouse testes are the best option for analyzing colocalization
with Ccdc103; however, various crosses our stable ankefla/b zebrafish KO lines will allow us to
assay for sperm morphology and motility. Functional studies on the role of Ankefl in mammalian
and piscine testes will provide insights into additional mechanisms that may lead to infertility.
Furthermore, given the link between ankefl and prostate cancer in humans, future studies in
zebrafish will provide critical evidence toward clarifying its potential role in human homeostasis

and pathology.
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Figure 5.1: Suggested model through which Ankef1 regulates cell adhesion in the frog testis. FGF
binds to FGF-R (an Ig-like receptor with tyrosine kinase activity). The FGF receptor then activates
the Ras-ERK pathway, which may upregulate ankefl transcription. Increased calcium may also
bind to the EF-hand domain and induce a conformational change in Ankefl. Ankefl has been
shown to interact with protocadherin in the frog. Protocadherin could then mediate spermatid

adhesion in the testis through Rho and JNK activation.
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