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Abstract

Growth plays an essential role during development, as it provides
the raw material upon which morphogenesis and cell differenti-
ation can act. For an organism to achieve final shape and right
proportions between its body parts, such process has to be
highly coordinated. However, to date, only very little is known
about how growth and organ size are regulated. In this study, I
used a forward genetic approach in the zebrafish Danio rerio to
identify genes that can affect organ size and alter proportional
growth. I analysed several N-ethyl-N-nitrosourea (ENU) in-
duced adult viable mutants that develop enlarged fins. Through
positional cloning I show that two of these, another longfin (alf)
and pfau, bear a missense mutation in kcnkdb, a gene encoding
for a 2-pore domain potassium (K') channel. The altered pro-
tein residues affect transmembrane domains of the channel and
electrophysiological assays in Xenopus oocytes indicate that
these mutations cause an increase in K conductance, which
leads to hyperpolarisation of the membrane potential (Vy,) in
ovo. Transplantation experiments suggest that the mutations in
kenkbb act within the fin tissues. By misexpression in somatic
clones, I prove that the mutant channel is sufficient to promote
local growth of the fin. A second class of mutations, which cause
a specific overgrowth of the dorsal fin in the mutants segel (sgl),

Xvil



segel-like (sllk) and flagge (fgg), was identified as harbouring
defects in another K" channel encoding gene, kcnhila. The inde-
pendent isolation of several fin overgrowth mutants that all alter
the function of K* channels suggests that ion channels play an
important role in organ growth and fin size determination in
the zebrafish. In this context, it will be interesting to consider
whether K channels play a major role in size regulation also in
fish species where exaggerated fin growth is occurring naturally.
Preliminary data from poecilid species displaying sex-specific
fin enlargement presented in this work support this notion.
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Zusammenfassung

Wachstum spielt wihrend der Entwicklung eine zentrale Rolle,
da es die Grundlage fiir Morphogenese und Zelldifferentierung
schafft. Um die endgiiltige Form eines Organismus zu erreichen
und die richtigen Proportionen zwischen dessen Korperteilen zu
gewahrleisten, muss dieser Vorgang bis ins Detail koordiniert
werden. Bis heute weifs man nur sehr wenig dariiber, wie die
Grofe eines Organs bestimmt wird. In der vorliegenden Arbeit
habe ich anhand klassischer Mutagenese im Zebrabéarbling
Danio rerio Gene identifiziert, welche die Dimension eines Or-
gans beeinflussen und zu wachstumsbedingten Verédnderungen
der Proportionen fiithren. Ich analysiere hier unterschiedliche
N-Ethyl-N-nitrosourea (ENU) induzierte, adult-lebensfihige
Mutanten, welche vergrofierte Flossen zeigen. Durch positionelle
Klonierung, konnte ich fiir zwei dieser Mutanten, another longfin
(alf) und pfau, die eine Vergroferung von Flossen und Barteln
vorweisen, zeigen, dass diese eine nicht-synonyme Mutation in
kenkbb tragen, einem Gen, welches fiir einen 2-Porendoménen
Kaliumkanal codiert. Die betroffenen Aminoséuren befinden
sich in den Transmembrandoménen des Kanals. Elektrophysiolo-
gische Analysen in Xenopus Oozyten zeigen, dass dies zu einer
Zunahme des elektrischen Leitwerts fiir Kaliumionen fiihrt. Dies
fithrt zu einer Hyperpolarisierung des Membranpotentials (V)

XIX



der Oocyte. Transplantationsexperimente weisen darauf hin,
dass diese Mutationen in der Flosse selbst agieren. Durch Miss-
expression der mutanten Version des Kanals in somatischen
Klonen, zeige ich dass die Mutation in kcnk5b ausreichend ist,
um lokales Flossenwachstum zu verursachen. Ferner wurden die
drei Mutanten segel (sgl), segel-like (sllk) and flagge (fgg) un-
tersucht, welche vergréferte Riickenflossen entwickeln. Die hier
vorgelegten Indizien, deuten darauf hin, dass diese Mutanten
Defekte im spannungsabhéngigen Kaliumkanal Kenhla haben.
Die unabhéngige Isolierung mehrerer Flossenmutanten, die alle
Defekte in Kaliumkanélen vorweisen, weist darauf hin, dass Ion-
enkanéle eine wichtige Rolle in der Kontrolle des Flossenwachs-
tums des Zebrabarblings spielen. In diesem Zusammenhang wird
es interessant sein zu priifen, ob Kaliumkanéle an der Grofien-
steuerung von jenen Fischarten beteiligt sind, die sich durch
ausgeprigtes Flossenwachstum auszeichnen. Vorlaufige Befunde
aus lebendgebédrenden Zahnkarpfen mit geschlechtsspezifischem
Flossenwachstum, die in dieser Arbeit vorgestellt werden, weisen
in diese Richtung.
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CHAPTER

Introduction

Growth plays a central role during development as it determ-
ines both final shape and size of an organism. In vertebrates, a
conspicuous part of growth occurs during postembryonic devel-
opment. An extreme example is the red kangaroo (Macropus
rufus), whose neonates have a body weight of only 0.6 g, while
adults reach more than 20 kg [Munn and Dawson, 2003|. Here,
postembryonic growth accounts for a mass increase of almost
four orders of magnitude. However, what determines the final
size of a kangaroo? Or why does it grow such a long tail? Which
factors are involved in organ growth and its regulation? In
the last decades, developmental biologists have only started
to identify the genes and molecular mechanisms involved in
growth control and many questions remain open. The following
introductory pages give a general overview of growth control
and size determination in animal development. Additionally,
the basic biology of fins and barbels, which are used here as
a model for organ growth, and the general approach taken in
this study will be presented briefly.




1.1 Growth control and size determination

Growth is defined as an increase in the physical size of a tissue,
organ or animal. In some cases, organs grow through accumula-
tion of fluids or extracellular matrix. This process is referred to
as accretion. In most cases, growth occurs through an increase
in cell number, through cell proliferation, or cell volume, i.e.
cell growth. In fact, cell growth and cell proliferation are often
connected events, since a cell usually engages in cell growth
before dividing. It is important, though, to keep in mind that
these two processes are independent. In early embryogenesis for
example, during cleavage, cell proliferation occurs without cell
growth resulting in a reduction of cell volume with every mitotic
event. In contrast, in muscle hypertrophy, a cell increases in
size even if it has withdrawn from the cell cycle.

1.1.1 Attainment of final size: integrating cell
growth and cell proliferation

Organ size in invertebrates is often determined by cell growth.
In the nematode Caenorhabditis elegans, body size continues
to increase even when somatic cells do not divide any longer
[Flemming et al., 2000]. In fact, during the larval development
of both nematodes and insects, several tissues undergo poly-
ploidisation resulting in an increase of cell size and organ growth
[Trager, 1935; Abercrombie, 1936; Lambie, 2002]. Variation of
organ size in various populations of fruit flies of the Drosophila
genus was also shown to depend on differences in cell volume
[Robertson, 1959; Stevenson et al., 1995]. Cell growth in both



ecdysozoans and vertebrates appears to be orchestrated via the
TOR kinase pathway by genes involved in ribosome biogenesis
and protein synthesis [Tumaneng et al., 2012]. Mutation of the
ribosomal protein p70 S6 kinase (DSK6) in Drosophila melano-
gaster results in smaller flies that have cells reduced in size
but not in number [Montagne et al., 1999] and overexpression
of c-Myc, a transcription factor that induces ribosomal genes,
results in mice with increased liver size due to an enlargement
of hepatocyte volume [Kim et al., 2000].

However, cell size has an upper limit dictated by factors such
as diffusion rate and surface to volume ratio. In 1930, Alpatov
noticed that flies raised at 18°C develop larger wings compared
to flies reared at 28°C [Alpatov, 1930]. Since he found that
bristle density was reduced in the former group he concluded
that cell size plays a major role in wing size determination;
however, he also recognised that cell growth alone could not
account for the entire increase in organ size and postulated a
certain role for cell proliferation. In mammals, the contribution
of cell proliferation to growth is often substantial. An adult
human individual of 70 kg contains about 10'3 cells, while a
mouse only has 3x 10° cells [Baserga, 1985|. Thus, size difference
is directly attributable to an increase in cell number. In fact,
even among mammals of appreciable different dimensions, cell
size does not vary considerably [Teissier, 1939]. Cell proliferation
requires the activity of cyclin-dependent kinases (Cdk) [Polyak
et al., 1994| and failure to inhibit Cdk complexes leads to
increased organ size in mice [Kiyokawa et al., 1996]. Cell number
is also controlled through cell cycle exit and apoptosis mediated
by the Hippo pathway [Halder and Johnson, 2011]. Disruption
of components of this pathway leads to organ overgrowth caused



by sustained proliferation, as was shown in fruit fly [Udan et al.,
2003] and mouse [Lee et al., 2010].

Although some molecular players involved in cell growth and
cell proliferation have been identified, it is unclear how these
two processes are integrated. Several studies suggest that the
critical factor that determines body and organ size is total cell
mass, rather than cell number or cell size per se. Cell number
and cell volume in the Drosophila wing blade seem to be in
an inverse relation to each other [McCabe et al., 1997], i.e. an
increase in cell size is accompanied by a decrease in cell number.
This suggests that control of wing size is independent of the
number of cell divisions. Interesting results were obtained by
inducing mitotic recombination in the imaginal discs of Minute
(M) mutants. Flies heterozygous for one of these mutations show
severe developmental delay, due to slower cell proliferation, but
only mild alterations in final body size. Mitotic recombination
in heterozygous M7 /M individuals leads to the production of
wild type M* /M" clones in an otherwise heterozygous larva.
These clones display increased proliferative capability compared
to heterozygous cells. Despite the presence of faster proliferating
wild type cells, though, final size and shape of the wing appear
unchanged [Morata and Ripoll, 1975]. In a similar experiment,
inhibition of mitosis entry through inactivation of Cdk1 leads to
endoreduplication and cell growth without alterations in wing
size and shape [Weigmann et al., 1997|. Likewise, induction of
tetraploidy in salamanders leads to a twofold increase in cell
volume. Body size of tetraploid individuals, though, is about
the same as in diploid salamanders, with tetraploids having
fewer but larger cells [Fankhauser, 1952].

In conclusion, increasing cell mass, be it through cell growth



or cell proliferation, is the essence of growth. Dysregulation of
this process can have deleterious consequences for the organism
and lead to cancerous growth. Therefore, growth needs to be
tightly controlled in order to achieve proper size and shape.

graft

A. punctatum A. tigrinum

Figure 1.1: Reciprocal transplants of the limb rudiment between
A. punctatum and A. tirgrinum. After Twitty and Schwind [1931].



1.1.2 Environmental, systemic and intrinsic factors
control growth

The growth of an organ, or in general of a whole organism, can
be influenced by extrinsic as well as intrinsic factors, whose
contributions can vary depending on the species or even the
particular organ within the same animal. For example, when
fetal thymus glands are transplanted into a developing mouse,
each one of the transplanted organs will grow to the size of
an adult thymus, regardless of the number of grafts [Metcalf,
1963|. Here, growth is regulated by intrinsic factors that are
autonomous to the organ. In contrast, when the same experi-
ment is repeated using fetal spleens, the total mass of all grafts
together will reach the mass of one adult spleen [Metcalf, 1964].
In this case, growth is integrated with external cues that do
not originate in the growing organ itself.

Several environmental factors play a role in growth control. It
was already mentioned that temperature influences wing size
determination in D. melanogaster (Sec. 1.1.1). Depletion of food
supply in the dung beetle Onthophagus taurus induces pupation
of the larva and therefore growth cessation [Shafiei et al., 2001],
while in the tobacco hornworm Manduca sexta metamorphosis
is initiated by juvenile hormone degradation, a process that is
known to be delayed by starvation |[Browder et al., 2001]. The
circadian clock also controls growth. Disruption of biological
rhythms is associated with breast cancer [Hansen and Stevens,
2012|, and impairment of the central circadian clock in mice
accelerates tumour growth |Filipski et al., 2002]. In fact, cell
cycle progression of cancer cells is known to be controlled by
day /night cycles [Wood et al., 2006].



Environmental cues are typically converted into systemic sig-
nals such as hormones or growth factors. Body parts can also
compete with each other for such factors. Removal of one or
both hind wing imaginal discs from the larva of the butterfly
Precis ceenia, results in larger fore wings, suggesting that the
different imaginal discs compete for a systemic signal [Nijhout
and Emlen, 1998].

In vertebrates, the pituitary synthesised growth hormone (GH)
acts on a systemic level to determine body size. Its role is medi-
ated via the production of insulin-like growth factor 1 (IGF-1)
[Sarzi-Puttini et al., 2006]. A deficiency in GH causes dwarfism
in human and mouse [Rimoin et al., 1966; Eicher and Beamer,
1976] and hypophysectomy in cockerels leads to decreased body
size, weight and comb growth |[King, 1969]. In humans, over-
production of GH during childhood triggers gigantism, while
excessive GH in adulthood results in acromegaly |Lawrence
et al., 1970; Eugster and Pescovitz, 1999]. Thyroid hormones
(T3/T4) also regulate postnatal growth in mammals. Hypo-
thyroidism leads to decreased stature [Rivkees et al., 1988,
while increased skeletal growth with premature fusion of the
epiphyseal growth plates is observed, if thyroid hormones are
produced in excess [Williams, 2009|. Interestingly, both, GH
and T3/T4 appear do be dispensable during embryonic growth
[Bryant and Simpson, 1984].

In fact, often, availability of extrinsic components such as nu-
trients or hormones does not seem to be the limiting factor
determining organ size. Even when cells are provided with sat-
urating amounts of growth factors, they do not grow beyond a
certain size [Conlon and Raff, 1999|. For instance, when ima-
ginal discs from first instar Drosophila larvae are transplanted



to abdomens of adult flies, they grow to attain their size in
prepupal larvae, indicating that the growth is autonomous to
the disc [Garcia-Bellido, 1965]. Likewise, pieces of ear cartilage
obtained from young rabbits continue growing if grafted to adult
hosts, while adult tissue fails to grow in young hosts [Dupertuis,
1941]. Twitty and Schwind [1931] demonstrated that not only
growth rate, but also final size can be determined in an organ
autonomous manner. Using two species of salamanders that dif-
fer in body size, the small Ambystoma punctatum and the larger
Ambystoma tigrinum, they performed reciprocal transplants of
either the eye or the limb rudiment between embryos of the two
species. The transplanted organs developed within the host to
a final size corresponding to that of the donor species (Fig. 1.1).
In fact, intrinsic and extrinsic components are often integrated
with each other. When Twitty repeated the experiment above
with transplanted hearts, he observed that the grafted organs
reach the size appropriate for the host, after an initial phase
with a donor-specific growth rate [Twitty, 1940]. Therefore,
organ growth also involves feedback mechanisms and cross talk
between tissues to ensure that proper size is attained. How
this is exactly achieved, remains unclear. The identification of
genes regulating size and the characterisation of the underlying
signalling pathways will be the first steps to understand more
about this fascinating phenomenon.



1.2 Body appendages of the zebrafish as a
model for organ growth

The problem of growth control in vertebrate development has
been tackled mainly in amphibians and avians. However, these
organisms lack the molecular and genetic tools to address such
questions systematically. The zebrafish (Danio rerio) represents
an ideal model to understand postembryonic growth in verteb-
rate development: amenability to mutagenesis screens |Driever
et al., 1996; Haffter and Niisslein-Volhard, 1996; Haffter et al.,
1996], an almost completely sequenced genome, well established
knockdown and transgenesis techniques [Higashijima et al.,
1997; Nasevicius and Ekker, 2000] as well as compact space
requirements and a comparably short generation time.

In the present work, I used zebrafish appendages, specifically
fins and barbels, to study postembyonic growth. These organs
possess diverse, but limited cell types and are amenable to
microscopy as well as experimental manipulations. Moreover,
they can be removed without compromising survival and they
have regenerative capability. Finally, various zebrafish mutants
affected in these structures have been isolated over the years
[van Eeden et al., 1996; Fisher et al., 2003; Goldsmith et al.,
2003; Tovine et al., 2005|. This makes fins and barbels ideal
models to address questions of size regulation. In the following
sections the basic biology of these appendages will be described.



1.2.1 Fins

With the exception of hagfish, which merely possess a primitive
fin fold, fins are present in all fishes. They are generally formed
by a framework consisting of rays that support a stratified
epidermal layer. In Chondrichthyes (cartilaginous fishes) these
rays are keratinous in nature, while in Osteichthyes (bony fishes)
they are composed of dermal bone. The major role of fins is
to facilitate locomotion and to prevent the body from pitching
and rolling. However, in many species, changes in shape and
size, conferred them a specialised function e.g. baiting device,
copulatory apparatus or sensory organ.

Fins are usually classified into median fins, also known as
unpaired fins, and paired fins. Although they share a common
repertoire of developmental mechanisms, these two classes are
of distinct embryonic origin |Freitas et al., 2006]. The first
group arises from somitic mesoderm and is part of the axial
skeleton. The median fins comprise one or more dorsal fins
as well as the adipose fin on the dorsal side and the anal
and caudal fin on the ventral side. The caudal fin is regarded
as a ventral fin, since it initially develops ventrally to the
caudal notochord (hypochordal development) and only later
experiences a reorientation along the antero-posterior axis upon
flexion of the notochord. [Kendall Jr. et al., 1984; Mari-Beffa
and Murciano, 2010].

Paired fins are part of the appendicular skeleton. They ori-
ginate from lateral plate mesoderm and comprise pectoral
fins as well as the pelvic fins. While median fins are already
found in lampreys, paired appendages are a synapomorphy, or
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a unique defining characteristic, of jawed vertebrates [Grandel
and Schulte-Merker, 1998|. The paired fins of lobed finned fishes
(Sarcopterygii) which connect to the axial skeleton through a
single bone, are homologous to the limbs within the tetrapod
lineage, the forelimbs corresponding to the pectoral fins and
the hindlimbs to the pelvic fins. The external fin of ray-finned
fishes (Actinopterygii) are characterised by a radial bony scaf-
fold covered by a web of skin that, unlike the sarcopterygian fin,
is completely devoid of muscular tissue [Grandel and Schulte-
Merker, 1998]. The zebrafish is a ray finned fish and further
discussion will focus on the development and anatomy of this
class.

Anatomy of the fin

Zebrafish fins consist of a proximal endoskeletal component
that ossifies during development from cartilaginous precursors,
the endochondral skeleton, and a distal exoskeleton that forms
directly via mesenchymal condensation, the dermal skeleton
|Grandel and Schulte-Merker, 1998; Bird and Mabee, 2003;
Mari-Beffa and Murciano, 2010].

The endochondral skeleton of fins is composed of a variable
number of bony supports, the parhypural and the hypurals in
the caudal fin and the radials in the other fins. These bones
articulate directly with the exoskeletal fin rays or lepidotrichia.

Lepidotrichia extend distally from their endoskeletal support
and bifurcate towards the margin of the fin, surrounded by
a stratified epidermis. The number of rays, which may fluc-
tuate, occurs to differ even between contralateral fins of the
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same individual [Cubbage and Mabee, 1996; Bird and Mabee,
2003|. Each fin ray consists of a pair of dermal ossifications,
termed hemirays (Fig. 1.2). These are subdivided into segments
by ligaments, or joints [Santamaria and Becerra, 1991; Aki-
menko et al., 2003; Poss et al., 2003|. Segment length decreases
slightly along the proximo-distal axis [Grandel and Schulte-
Merker, 1998; Rolland-Lagan et al., 2012|. Importantly, once
the boundaries of a segment are established, it does not sig-
nificantly increase in length |[Iovine and Johnson, 2000|. The
concave hemirays are synthesised by osteoblasts that secrete
bone matrix at the epithelio-mesenchymal interface [Akimenko
et al., 2003; Mari-Beffa et al., 1996; Poss et al., 2003; Smith
et al., 2008]. The hemirays enclose an intrasegmental region rich
in collagen and dermal fibroblasts that embed arterial blood
vessels and nerve bundles [Becerra et al., 1983; Huang et al.,
2009]. Venous blood vessels leave the intrasegmental region
and return to the body running along the lepidotrichia [Tu
and Johnson, 2011; Yoshinari and Kawakami, 2011]. Clusters
of collagenous spicules, termed actinotrichia, emerge from the
tip of each lepidotrichium |Becerra et al., 1983|. The role of
these distally located structures is not fully understood, but
they seem to be involved in mesenchymal cell migration [Wood
and Thorogood, 1984; Zhang et al., 2010].

Morphogenesis of the fin

Although median and paired fins differ in their embryonic origin,
they co-opt similar developmental mechanisms |Freitas et al.,
2006]. Most studies concentrate on the development of paired
fins due to their homology to tetrapod limbs. The fin bud of
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Figure 1.2: Anatomy of the zebrafish fin. The fin is supported by
a dermal skeleton (in brown) consisting of segmented lepidotrichia.
The blow-up shows a single segment consisting of two hemirays (in
brown) surrounded by epidermis (in light blue). Nerve bundles (in
orange), fibroblasts (in light brown) and a central artery (in red)
extend along the cavity formed by the hemirays, while veins return
to the body in the interray area. Pigment cells (in black/yellow) and
the lateral line (in green) are also present in the fin tissue. Adapted
from Becerra et al. [1983] and Tu and Johnson [2011]
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the pectoral fin arises at 23 hpf (staging according to Kimmel
et al. 1995) through proliferation of the lateral plate [Grandel
and Schulte-Merker, 1998; Freitas et al., 2006; Mari-Beffa and
Murciano, 2010|. Two organisers that are homologous to their
tetrapod counterparts have been proposed to control pectoral
fin development: the apical ectodermal ridge (AER) and the
zone of polarising activity (ZPA) [Neumann et al., 1999; Fischer
et al., 2003].

The AER in fish controls proximo-distal extension of the pec-
toral fin bud and appears as an apical thickening of the latter. It
soon lifts and develops to an elongated structure, termed apical
fold (AF) [Grandel and Schulte-Merker, 1998|. Appearance of
the AER has been described also in the developing median fins,
where it gives rise to the median fin fold (MFF). This structure
has been reported to appear as soon as 18 hpf [Kimmel et al.,
1995|. Extension of the fin fold along the proximo-distal axis is
a fibroblast growth factor (Fgf) dependent process [Abe et al.,
2007]. The ZPA is a second organiser that positions in the
posterior mesenchyme of the pectoral fin bud [Neumann et al.,
1999]. The corresponding structure in median fins is termed
adult caudal fin primordium (ACFP). This signalling centre
is thought to regulate antero-posterior patterning via Sonic
hedgehog (Shh) signalling [Hadzhiev et al., 2007].

AF and MFF emerge from back-to-back sheets of epidermis.
Development of the adult fin begins with the infiltration of the
fin fold by mesenchymal cells and formation of actinotrichia
[Wood and Thorogood, 1984|. Subsequently, mesenchymal cells
migrate distally, along the actinotrichia, to form lepidotrichia
[Mari-Beffa and Murciano, 2010; Yano and Tamura, 2012|. Dur-
ing development, bony segments are sequentially added at the
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distal tip of the fin [Nabrit, 1929; Goldsmith et al., 2003]. In
situ hybridisation analysis and bromodeoxyuridine (BrdU) in-
corporation experiments indicate that this process is saltatory,
where proliferative phases are alternating with periods of stasis
[Goldsmith et al., 2003]. While growth rate attenuates with
age, ontogenetic growth is indeterminate in zebrafish, as both
fins and body continue growing throughout a fish’s lifetime
|Gerhard et al., 2002].

Regeneration of the fin

In addition to the ability to grow indeterminately, zebrafish
possess a remarkable regenerative capability. Regeneration has
been reported in the most diverse tissues, including the heart,
spinal chord, brain, retina, lateral line as well as fins [Dufourcq
et al., 2006; Jopling et al., 2010; Fleisch et al., 2011; Yoshinari
and Kawakami, 2011].

Fin regeneration in zebrafish is epimorphic, i.e. regeneration
of lost tissue involves dedifferentiation and extensive cell pro-
liferation. Upon amputation, epithelial cells are mobilised to
cover the wound. In analogy to ontogenic growth, this structure
is termed apical epidermal cap (AEC). Intraray mesenchymal
cells of the stump migrate underneath the AEC to give rise to
the blastema [Poleo et al., 2001]. 24 hours after amputation the
proximal portion of the blastema engages in rapid proliferation
cycles [Nechiporuk and Keating, 2002]. These cells migrate
distally and eventually reconstitute the amputated tissue.

Fin regeneration is a complex process as cell proliferation needs
to be integrated with size regulation in order to reestablish ori-
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ginal organ size. Therefore, regeneration entails not only growth
initiation and maintenance but also growth arrest. In order to
reform a properly patterned organ, positional information has
to be provided. In fact, the pace at which an amputated fin
regenerates depends on the proximo-distal level of amputation,
with proximal amputations regenerating faster than more distal
ones [Lee et al., 2005]. Although retinoic acid has been proposed
as a fin morphogen [White et al., 1994; Géraudie et al., 1995],
to present date it is unclear which signals provide positional
information to the regenerating as well as developing fin tissue
[Azevedo et al., 2012].

1.2.2 Barbels

The term barbel loosely defines a tendril-like, small, elongated
sensory organ located in the mouth region of "lower" verteb-
rates. Within fishes, barbels are found among hagfish, lampreys,
benthic sharks and are widespread in teleosts, especially in cat-
fish [Tanaka, 1973; Georgieva et al., 1979; Fox, 1999; Richardson
and Wright, 2003]. Although barbels in fish have been proposed
to be homologous to oral cirrhi of Amphiozus [Pollard, 1894],
several authors disagree with this hypothesis, since barbels are
absent from more basal teleosts [Fox, 1999]. Also diversity in
location, structure and number rather suggest that these ap-
pendages evolved independently, probably several times [Fink
and Fink, 1981; Howes, 1991; Zardoya and Doadrio, 1999].

Barbel length differs significantly among teleost fishes, and can
reach a considerable percentage of body length. The most strik-
ing example is given by the barbeled dragonfish Ultimostomias
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mirabilis, where barbel length reaches 41.7 cm, which corres-
ponds to ten times the length of the fish [Beebe, 1933]. In
such deep-sea fish barbels carry a photophore and are thought
to function as lure to attract prey. In other teleosts, such as
zebrafish, these structures serve as gustatory and tactile organs.

Anatomy of the barbel

Zebrafish are characterised by two types of barbels: a smaller
pair placed on the anterior snout, termed nasal barbels, and
a larger pair protruding from the maxilla, termed maxillary
barbels [Barman, 1991]. Barbels are hardly described in the
literature and most of our current understanding of these ap-
pendages has been illustrated in a recent study on the maxillary
barbels [LeClair and Topczewski, 2010] .

Like in other cyprinids [Sato, 1937|, zebrafish barbels are of the
flexible type and lack a bony rod. They possess a refractile core
of connective tissue that LeClair and Topczewski [2010] term
central rod. This structure appears acellular, non-cartilaginous
and non-mineralised as confirmed by negative Alcian Blue or
Alizarin Red staining. Two blood vessels extend ventrally along
this structure towards the distal tip where they form a capillary
loop. Dorsally to the central rod a smaller vessel with tapered
end is found, which the authors indicate as a possible lymph
vessel. Nerves and pigment cells can also be identified. The inner
structure of the barbel is surrounded by a stratified epidermis
resting on a thick basement membrane. Mucin secreting glands,
the goblet cells, as well as taste buds can be found within the
epithelium of the barbel (Fig. 1.3).
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Figure 1.3: Anatomy of the zebrafish barbel. The barbel is suppor-
ted by an acellular, non-mineralised central rod (in grey) surrounded
by epidermis. The barbel contains blood vessels (in red/blue) and
a smaller vessel (in light green), possibly a lymphatic vessel. The
surface of the barbel is lined with goblet cells (in light blue) that
secrete mucin and at the tip of the barbel taste buds are often found
(in dark green). After LeClair and Topczewski [2010]
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Morphogenesis of the barbel

The barbels originate from epithelial buds that emerge when
fish reach a standard length (SL) of about 10 mm (30-40 dpf)
[Hansen et al., 2002]. They consist of a mesodermal core covered
by an ectodermal jacket [LeClair and Topczewski, 2010]. Within
the dorsal portion of the mesodermal component, fine threads
of birefringent matrix soon become visible. This structure will
give rise to the central rod. During maturation, the barbel
bud extends to an elongated structure and angiogenesis, as
well as protruding taste buds, can be observed. When the fish
exceed a SL of 15 mm, these nascent structures are elongated
and enlarged. Identically to fins, barbels show indeterminate
growth [LeClair and Topczewski, 2010]. To present date, the
molecular mechanisms underlying barbel development remain
obscure.

Regeneration of the barbel

Similarly to fins, barbels have the capability to regenerate.
Upon amputation, the barbel stump of zebrafish forms an
epithelial cap, comparable with the AEC seen in fin regenerates.
Subsequently the underlying mesenchyme thickens and forms
a blastema |LeClair and Topczewski, 2010|. Seven days post
amputation, blood flow is completely reestablished and the
stump resembles a smaller version of an uncut barbel. However,
in contrast to fins, the regenerative capabilities of barbels are
not unlimited. Even six months after amputation, barbels fail
to regrow the central rod [LeClair and Topczewski, 2010; Moore
et al., 2012| and regrowth of an amputated barbel only restores
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45-85% of its original length [LeClair and Topczewski, 2010].
Since the molecular factors regulating barbel regeneration have
yet to be investigated, it is not clear what limits the regeneration
in the barbels as compared to the fins.

In summary, fins and barbels are relatively simple organs, how-
ever, they can vary considerably in size and shape in different
fish species where they accomplish diverse functions. Moreover,
they possess the remarkable capability of growing indetermin-
ately and to regenerate upon amputation. Together with the
ease of manipulation, these features make them a powerful tool
to study organ growth and size determination.
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1.3 Forward genetics as a means to
identify novel factors involved in size
determination

As mentioned in the preceding sections, some molecular play-
ers involved in fin development and regeneration have been
identified; however, to which extent these factors play a role in
size determination is not clear. Large-scale mutagenesis led to
the identification of several zebrafish mutants that are affected
in fins and barbels. Such mutants include wanda (wan), stein
und bein (sub), finless (fls), another longfin (alf) [van Eeden
et al., 1996], chihuahua (chi) [Fisher et al., 2003], rapunzel
(rpz) |Goldsmith et al., 2003| and shortfin (sof) [lovine et al.,
2005]. In order to find factors involved in organ size control, I
decided to study mutants that display an overgrowth phenotype
in their appendages. Specifically, I focussed on two classes of
mutants: mutants that display generalised fin overgrowth as
well as overgrown barbels and mutants that show overgrowth
in the dorsal fin only. The first group includes the mutant
alf that was isolated in the first N-ethyl-N-nitrosourea (ENU)
Tiibingen mutagenesis screen [Haffter et al., 1996; Haffter and
Niisslein-Volhard, 1996; van Eeden et al., 1996] and the mutant
pfau which was isolated by Matthew Harris in a subsequent
mutagenesis screen focussing on adult specific phenotypes [e.g.
Appendix A, Harris et al., 2008|, within the Zebrafish Models
for Human Development and Disease (zf-Models) project in
Tiibingen (2004-06). The second class of mutants consists of se-
gel (sgl) and segel-like (sllk), which were found in the zf-Models
screen, and the mutant flagge (fgg), which was isolated in a
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further screen for dominant mutations affecting adult structures
performed during my doctoral studies [e.g. Appendix B, Rohner
et al., 2011].

In the present work, I phenotypically characterised these two
classes of mutants and mapped them in order to identify the
underlying mutations. I also investigated whether the mutations
act as intrinsic or systemic factors. Finally, I characterised the
mutations at the functional level to gain insight into possible
mechanisms of action.
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CHAPTER

Results

2.1 Analysis of mutants showing
generalised enlargement of the fins

Two of the zebrafish mutants analysed in this work display
general overgrowth of the fins: another longfin (alf #¥%%) and
pfau (pfaud3?™) (Fig. 2.1). Both of these mutants are homo-
zygous viable and also show a dominant phenotype. The alf
mutant displays enlarged paired and unpaired fins. Moreover,
it is characterised by overgrown barbels. In homozygous alf
fish, the caudal fin tends to break (cf. Appendix C, Fig. 4.3),
especially in older animals. This frequently leads to a curvature
of the fin, often accompanied by haematomata. The mutants
are otherwise healthy, except for slightly slower swimming be-
haviour than wild type probably due to the bulkiness of the fins.
The pfau mutant (pfau®™3™) is reminiscent of alf fish with
overgrown fins and barbels in both heterozygous and homozyg-
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ous individuals (Fig. 2.1; Appendix C, Fig. 4.3), although the
phenotype is not as severe.

2.1.1 The alf and pfau mutations map to
chromosome 20

In order to determine the genetic lesion underlying the alf and
pfau, mutations, a positional cloning approach was taken. The
position of a mutated locus is determined in respect to known
genetic markers according to the frequency of recombination.
For genetic mapping in zebrafish, microsatellites (z-markers) are
commonly used as genetic markers [Shimoda et al., 1999|. These
repetitive sequences vary in length among zebrafish strains and
even individuals and can be detected via polymerase chain
reaction (PCR). For the initial mapping, microsatellites that
are evenly distributed over the genome are used to assign the
mutant locus to a chromosome. In order to genetically map a
mutation, mutant carriers are outcrossed to a wild type strain
that is highly polymorphic in comparison to the strain where the
mutant has been induced [Rauch et al., 1997]. The F; progeny
will carry one set of chromosomes from each parental strain. In
the germ line of these fish meiotic recombination occurs, leading
to segregation of loosely or unlinked microsatellites from the
mutant locus in the resulting Fo generation. The closer a genetic
marker is to the mutation, the more unlikely a recombination
event between the two loci occurs. Hence, the linkage of the
mutation to a certain z-marker will be visible in Fy individuals
as co-segregation of the mutant trait with a given marker allele.
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Figure 2.1: Phenotype of alf and pfau mutants compared to wild
type (+/+) and the longfin (lof) mutant. All mutant fish depicted
are heterozygous. Arrows indicate maxillary barbels, arrowheads
point to nasal barbels. +/+ : wild type. Scale bar = 10 mm.
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Assignment of the mutant loci to one of the 25 zebrafish chromo-
somes (linkage groups) was done by bulk segregant analysis. For
this, mutant fish in Tiibingen (TU) background were outcrossed
to the wild type India Kolkata strain (WIK), which is highly
polymorphic to TU. Fy progeny was then sorted into mutants
and wild type siblings. DNA of 48 individuals was pooled for
each group and analysed for linkage with a collection of 192
microsatellites (G4 set) [Geisler et al., 2007]. Since both the alf
and pfau mutations are dominant, assignment to a particular
chromosome is performed by observing linkage of z-markers
with wild type siblings rather than with the mutant phenotype.

The alf mutation showed linkage to z-markers z4329, 29334,
23964 and z9334, the pfau mutation was linked to z7158, in-
dicating that both mutations are located on chromosome 20
(cf. Tab. 4.1). The linkage to this chromosome was confirmed
on DNA of the individual specimens of the Fy cross employing
additional z-markers. Further analysis led to the assignment
of recombinants into one of two groups, depending on whether
the recombination occurred upstream (North) or downstream
(South) of the mutation (Fig. 2.2 upper panel). The alf muta-
tion maps downstream of z11841 (5 recombinants/96 meioses)
and upstream of z21067 (2 recombinants /96 meioses), encom-

Figure 2.2 (preceding page): Mapping of alf and pfau muta-
tions. (Upper panel) Both mutations map to chromosome 20. Purple:
North markers; blue: South markers; numbers in brackets: recom-
binants/meioses. (Lower panel) Genes encoded in the region linked
to alf. z11841: North marker of alf; z7803: North marker of pfau;
z21067: South marker of alf and pfau. Two potassium channels are
encoded in this interval: kenkdb and kenkl0Oa, highlighted in green.
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passing a region of 4.9 Mb (Vertebrate Genome Annotation
database zebrafish assembly version 47 - VEGA 47) (Fig. 2.2
lower panel). All recombinants were lost at the position of
marker z7803, suggesting that the causative mutation is within
1 ¢cM of this locus. Initial mapping placed the pfau mutantion
to the same region on chromosome 20, between z11841 (1 re-
combinant /96 meioses) and z21067 (1 recombinant/96 meioses).
Subsequent analysis identified z7803 as a North marker of pfau
(1 recombinant /96 meioses) reducing the genomic interval con-
taining the mutation to 2.0 Mb (VEGA 47) (Fig. 2.2 lower
panel) encoding 33 annotated genes (Appendix C, Tab. 4.4).

Thus, analysis indicates that both the alf and pfau mutations
map to an overlapping region on chromosome 20. Together
with the similar overgrowth phenotype of barbels and fins, this
suggests that the two mutants are allelic.

2.1.2 The alf and pfau mutants harbour missense
mutations in K™ channel kcnk5b

The mutant longfin (lof %?) [Tresnake, 1981] (Fig. 2.1), which
also displays patterned fin overgrowth, shows strong linkage to
potassium (K") channel kenh2a locus [Johnson and Harris, un-
published datal. In the light of this finding, the intervals linked
to the alf and pfau mutations were scanned for K™ channels as
possible candidate genes. In fact, these contain, among other
candidate genes, two K channels, namely kcnk5b and kenkl10a.

Transcripts of candidate genes were amplified from cDNA of alf
and pfau mutants, their respective wild type siblings as well as
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Figure 2.3: Electropherogram of kcnk5b at the pfau and alf locus:
A transversion from thymine to adenine turns Phe 241 into Tyr in
the alf mutant. In pfau a guanine transversion into thymine results
in a codon encoding Leu instead of Trp 169.
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of TU and WIK strains. While none of the mutants contained
mutations in kcnk10a nor in other selected candidate genes (e.g.
nidogen 2b; CASK interacting protein 2, prolyl 4-hydroxylase,
alpha polypeptide III), in alf and pfau fish distinct missense
mutations could be identified within the coding sequence of
kenkbb. In pfau mutants a transversion from guanine to thymine
is predicted to change tryptophan (Trp) 169 into a leucine (Leu),
while in alf phenylalanine (Phe) 241 is exchanged for a tyrosine
(Tyr) through a transversion from thymine to adenine (Fig. 2.3).
The affected residues are highly conserved in the paralogue of
kenkdb, kenkda, as well as in the orthologues in other vertebrate
species (Fig. 2.4). No recombination at the kenk5b locus was
observed in Fy progeny of mapping crosses of both, alf and
pfau mutants. Moreover, the identified mutations in kcnk5b
were never found in any of the wild type siblings or in any
wild type strain. These mutations were consistently used to
genotype homoyzgous and heterozygous fish.

Taken together, alf and pfau mutants harbour missense muta-
tions in the coding region of the same gene, kcnk5b, and, hence,
this strongly indicates that they are allelic to this locus.
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Figure 2.4 (preceding page): Conservation of the amino acid
sequence of Kcnk5 among vertebrates (residues 156-245 of 448 are
shown): Arrows show the amino acids affected in pfau (Trp 169 to
Leu) and alf (Phe 241 to Tyr). D. re Danio rerio; O. la Oryzias
latipes, G. ac Gasterosteus aculeatus, T. ru Takifugu rubripes, T. ni
Tetraodon nigridoviridis, G. mo Gadus morhua, M. mu Mus musculus,
G. ga Gallus gallus, X. tr Xenopus tropicalis. Primary structure of
Kenk5 orthologues was retrieved from the Ensembl database of the
respective species.
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2.1.3 The fins of kcnk5b mutants have elongated
segments

The bony fin rays (lepidotrichia) are enlarged in both alf and
lof mutants [van Eeden et al., 1996]. Since the lepidotrichia
are segmented (cf. Sec. 1.2.1), elongation of fin rays can in
principle occur via two different scenarios: multiplication of
segment number or expansion of the length of segments.

Previous studies have shown that lof mutants have supranu-
meral segments [lovine and Johnson, 2000]. Hence, I tested if
alf and pfau mutants also form additional segments in com-
parison to wild type. Segment number was analysed in the
dorsal fin of heterozygous adult mutants (alf /4 and pfau/+)
obtained through a heterozygous outcross and compared to
their respective wild type siblings (+/+) as well as to hetero-
zygous lof mutants (lof /+). Since growth of fish is variable and
even siblings raised together can differ considerably in size and
developmental stage, fish were compared according to standard
length (SL), as described by Parichy et al. [2009]. SL is defined
as the distance between the most anterior part of the head ex-
cluding the lower jaw, termed snout, and the caudal peduncle,
i.e. the most posterior region of the body encompassing the
hypural complex, but excluding the caudal fin.

In contrast to lof /4, adult alf /+ and pfau/+ fish do not
show an increased number of segments in respect to wild type
siblings of comparable SL (Fig. 2.5 panel A). Consistently,
during postembryonic development, segment number does not
appear to be increased or is even reduced in alf /+ mutants
compared to fish with wild type fins, whereas in lof /4 an
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increase in segment number is visible already in juvenile fish
(SL 13-16 mm) (Fig. 2.5 panel B).

A detailed analysis of the segments forming the single lepido-
trichia reveals that the distance between joints is irregular in
alf /+ (Fig. 2.6). On average, alf segments are elongated (alf /-+
mutants: 461 + 90 pm; siblings: 210 + 4 nm; p<0.02) (Fig.
2.7 panel A), although the segmentation pattern is highly vari-
able and segments can also be considerably smaller than in
wild type (Fig. 2.6, arrow: 92 pm). These data are consistent
with observations made independently by others [Sims et al.,
2009]. Consistently, a similar phenotype is observed in pfau
mutants (Fig. 2.7 panel A), where segments are on average
elongated (pfau/+ mutants: 361 + 18 pm; siblings: 219 + 19
nm; p<<0.001), but also very short segments can be found (Fig.
2.6, arrow: 95 pm).

In lof, segmentation patterning is rather regular, however, seg-
ments appear slightly longer than in wild type fish. This dif-

Figure 2.5 (preceding page): Segment number in mutants with
generalised fin overgrowth. (A) Segment number in the longest ray
of the dorsal fin were counted. Heterozygous mutants were compared
to siblings (+/+, sib) of similar standard length (SL). Average SL in

m (N=4): lof /sib 25.7/26.4; alf /sib 28.4/29.5; pfau/sib 31.7/29.7;
*: p<0.02, n.s.: not significant (p>0.02) (B) Number of segments
during development in alf /4, lof /4+ mutants and wild type fish (alb
fish were used in this case). The number of segments in the longest
fin ray of the caudal fin of each individual is plotted against SL. Each
data point represents one fish. Dashed lines show linear regression
for the respective data points. Blue circles: wild type; green squares:
alf heterozygous fish; purple circles: lof heterozygous fish.
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Figure 2.6: Segments in the dorsal fin of wild type and heterozyg-
ous mutant fish. Brackets indicate one segment, arrows show short
segments in alf /+ and pfau/+ mutants. Scale bar: 200 pm

ference is significant (lof /+ mutants: 269 +20 pm; siblings:
209 +14 pm; p<0.01). Enlarged ray segments already appear
during development. In alf mutants, average segment length is
already increased at SL=7 mm (ca. 30 dpf), as soon as the first
segments appear in the caudal fin (Fig. 2.7 panel B). Although
segment length is extremely variable in this mutant (note error
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bars in Fig. 2.7 panel B), the average segment length remains
approximately constant during postembryonic development, ir-
respectively of fish size and is considerably larger than wild
type segment length.

In conclusion, alf and pfau mutants, which are both char-
acterised by elongated fins and barbels, show a very similar
phenotype with irregular segmentation patterning and a tend-
ency for elongated segments. Thus, in these mutants, enlarged
fins result mainly from an increase in segment length. In con-
trast, the lof mutant, which does not display enlarged barbels,
shows only slight segment elongation and achieves enlarged fin
size mainly by an increase in segment number. The phenotype
arises as soon as first segments are formed suggesting a direct
role of kenkdb in segment patterning. Possibly, the elongated
and irregular segments observed in alf and pfau cause a loss of
flexibility in the fin and could account for susceptibility to fin
breakage.

Figure 2.7 (preceding page): Length of fin ray segments in
mutants with generalised fin overgrowth. (A) Segment length in
the longest ray of the dorsal fin of adult fin overgrowth mutants was
measured. Mutants were compared to wild type siblings (4 /4, sib)
of similar standard length (SL). Average SL in mm (N=4 fish each):
lof /sib 25.7/26.4; alf /sib 28.4/29.5; pfau/sib 31.7/29.7; significance
*: p<0.02, **: p<0.01, ***: p<0.001. (B) Length of segments during
development. Average length of segments of the caudal fin is plot-
ted against SL. Each data point represents one fish, vertical bars:
standard deviation of the average segment length measured in the
respective fish, dashed lines: linear regression of the respective data
points. Blue circles: wild type; green squares: alf heterozygous fish;
purple diamonds: lof heterozygous fish.
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2.1.4 The pfau mutation acts locally to increase the
size of fins and barbels

A mutation affecting organ size can act at a systemic or local
level. Growth can be regulated in an organ-independent manner,
through systemic signals, for example when a growth factor is
released into the blood stream which stimulates the growth of
appendages. Alternatively, a more local mode of action can be
envisioned, in which size is determined within the organ through
positional information and local interactions. Here, growth could
be induced either inside the cells that express the mutated gene
or in the surrounding tissue, e.g. through paracrine signalling.
Whether a gene acts in an extrinsic or intrinsic fashion can
be tested through transplantation experiments. Cells derived
from a donor animal are grafted into a host animal with a
different phenotype resulting in a chimaeric organism that is
composed of a mix of donor and host cells. Donor cells are
usually distinguished either by morphology, vital dye tracing
or reporter gene expression; therefore, their contribution to the
reproduction of the donor phenotype can easily be assessed.

To identify at which level size regulation is altered in kcnkdb
mutants such transplantation experiments were performed us-
ing homozygous pfau fish. Despite the weaker phenotype, these
mutants were preferred over homozygous alf since the fertility
is higher in pfau fish. These were crossed to homozygous Tg(3-
actin::GFP) transgenic fish, which express GFP in a wide array
of cell types [Higashijima et al., 1997]. Cells from the resulting
pfau/+; Tg(B-actin::GFP)/+ mid-blastula progeny were trans-
planted into homozygous albino (alb/alb) hosts of the same
developmental stage (Fig. 2.8 panel A and B). The resulting
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chimaeras were raised to adulthood and screened for overgrowth
phenotypes. In the transplanted fish, cells derived from the pfau
donor are labelled by the transgene Tg(S-actin::GFP), which is
ubiquitously expressed. In contrast, host cells are wild type at
the pfau locus and GFP-negative. In case of a systemic action
of the pfau mutation, an all-or-nothing response is expected:
When the cell population responsible for the pfau phenotype is
donor derived, chimaeric fish should display overgrowth in all
fins and barbels. In contrast, if the mutation induces growth
through local effects, chimaeras will show partial overgrowth in
barbels or fin parts of donor origin (Fig. 2.8 panel C).

Among the pfau chimaeras raised to adulthood, approximately
25% (29/120 adult fish) displayed overgrowth of individual fins
(2/120), fin parts (16/120), single overgrown barbels (8/120) or
a combination of fins and barbels (3/120) (Fig. 2.9). However,
no chimaeras showed an overgrowth phenotype in all of their
fins or barbels (0/120). Besides fin overgrowth, no other overt
growth anomalies could be observed in chimaeric fish. This type
of overgrowth in chimaeras carrying the pfau mutant clones
shows that the mutation acts locally within fins as well as
barbels.
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Figure 2.8: Transplantation of pfau. (A) Fate map of a fish embryo.
Blue: ectoderm, purple: mesoderm, green: endoderm. Adapted from
Langeland and Kimmel. [1997]. (B) Cells from a pfau/+; Tg( -
actin::GFP)/+ donor are transplanted into an alb/alb host. (C) If
the pfau mutation acts on a systemic level (e.g. endocrine secretion
by the pituitary), the chimaeras show overgrowth in all their fins
and barbels. In contrast, if the effect is local, only single fins or parts
of fins are expected to overgrow. In this case, the donor cells are
expected to be present within or close to the overgrown tissue.
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Figure 2.9 (preceding page): Chimaeras resulting from trans-
plantation of pfau/+; Tg(B-actin::GFP)/+ into alb: (A,B) Over-
growth of single barbels. Arrows: overgrown barbels; arrow heads:
wild type-sized barbels. Full symbols: maxillary barbels; empty sym-
bols: nasal barbels. (C,D) Caudal fin with partial overgrowth. Arrows:
overgrown parts; arrow heads: wild type-sized lobes. (E,F) The pres-
ence of GFP expression indicates a correlation between donor cells
and overgrowth phenotype. Scale bar: 1 mm
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Figure 2.10: Local increased segment length in pfau/+ clones.
Longer segments (A,B,C - arrows) appear close to GFP-positive
tissue (A’B’C’). Segments in GFP negative tissue are of normal size
(arrow heads). Scale bar: 200 pm.
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2.1.5 Vascular clones are often, but not always
associated with fin overgrowth in
transplantations of kcnk5b P/+ cells into alb
hosts

Next, the question arose as to which tissue type is responsible for
the pfau overgrowth phenotype. As the donor cells harbouring
the pfau mutation are also labelled with Tg(8-actin::GFP),
contribution of donor tissue to the overgrown fin can easily be
observed under a fluorescence microscope. In agreement with a
local mode of action for the pfau mutation, overgrown parts of
fins and barbels were consistently labelled by GFP expression
(Fig. 2.9 panel E and F). In addition, like in pfau fins, segments
were increased in length in proximity of GFP-positive clones
(Fig. 2.10).

GFP-positive clones were classified according to their cellular
morphology as described [Tu and Johnson, 2011|. In most of
the chimaeras (23/29), overgrowth was associated with GFP
labelled vasculature (Tab. 2.1, Fig. 2.10, Fig. 2.12). Moreover in
six of these, no other tissue besides blood vessels was detected as
GFP positive. However, in the six remaining chimaeras (6,/29)
no GFP positive vasculature could be identified. Of these, two
showed marked intraray glia in association with overgrowth and
four showed no GFP labelling. In one case, GFP-positive clones
within the vasculature were found in non-overgrown fin tissue
(Fig.2.12 d’). Although most fin tissues are found to be marked
by Tg(B-actin::GFP) in pfau chimaeras (Fig. 2.11), it is unclear
whether the Tg(S-actin::GFP) fails to consistently express the
reporter gene in the tissue responsible for the phenotype or
whether only a subset of vascular pfau clones can provoke
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proliferation e.g. when present in the distal fin (Fig.2.12 A-D
vs D).

To conclude, this analysis showed a potential correlation of
overgrowth with vascular tissue. However, this association was
not found in all cases. Therefore, it can be assumed that the
pfau mutation either acts in a subset of blood vessel cell types
or in a cell type, that shares a common lineage with vascular
tissue, yet is not marked or only inconsistently marked by the
transgene.

Table 2.1: GFP positive clones associated with fin overgrowth in
pfau/alb chimaeras

Labelled tissue in prox- cases where this is cases where this

imity of overgrowth the only detected tissue is labelled
labelled tissue along with others

vasculature 6 17

intraray glia 2 12

fibroblasts 0 4

pigment cells 0 3

osteoblasts 0 3

lateral line 0 1

epidermis 0 0

no labelling 4 N/A
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Figure 2.11: GFP positive tissue types found in chimaeric fish. Tg(8-
actin::GFP) is expressed in a wide range of fin tissue types: intraray
glia (A), lateral line (B), osteoblasts (C), vasculature (D), fibroblasts
(E), pigment cells (F). Arrow in (B) indicates lateral line; in (E)
fibroblasts appear as cells within the fin rays (arrow) surrounding the
vasculature (arrow head, GFP negative). Green: a-GFP antibody;
red: zns-5 antibody marking osteoblasts; blue: Hoechst staining of
nuclei. Scale bar: 200 pm.
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Figure 2.12 (preceding page): Analysis of overgrowth in pfau
chimaeras. Right panels (lower-case) show the area of fins boxed
on the left panel (upper-case). Vasculature was found GFP-positive
in the vast majority of chimaeras displaying an overgrowth pheno-
type. Notice the patchy nature of the GFP positive clones (arrows).
Vascular clones were observed also in non overgrown patches (D’, d”).
Arrowhead: fibroblasts; green : a-GFP antibody; red: zns-5 antibody
marking osteoblasts. Scale bar: 200 pm
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2.1.6 Misexpression of Kcnk5P% leads to local fin
overgrowth

To test for the causal relationship between the identified muta-
tions in kenk5b and the overgrowth phenotype of the mutants,
Kenk5bPf was misexpressed in wild type fish. For this purpose,
a construct was generated in which kcnk5bPf** expression is
driven by the ubiquitous promoter of the elongation factor 1
alpha (efla) from Xenopus laevis. To mark the cells that express
the mutant channel, expression of a red fluorescent protein from
the coral genus Discosoma (DsRed) was used. Since even small
tag polypeptides have been reported to disrupt K™ channels
function [Hegle et al., 2006], it was decided to express DsRed
under a second effa promoter positioned in tandem on the
same plasmid (pGEMT efla:Kenk5b?%; efla:DsRed). This
plasmid was injected into wild type zebrafish one-cell stage zy-
gotes along with in vitro transcribed tol2 transposase mRNA in
order to increase the integration efficiency of the construct into
the genome. Successful transgene integration into the genome
of somatic cells resulted in permanent expression of Kenk5sbP/fav
and DsRed. Injected fish were raised to adulthood and screened
for DsRed positive clones in the fins.

When the efia:DsRed; efla:kenk50P*" plasmid was injected at a
concentration of 7.5 ng/ul, approximately 80% of the surviving
fish showed DsRed positive clones in adult fins. Of these, about
40% (22/49) had partial fin overgrowth in paired or unpaired fins
(Tab. 2.2, Fig. 2.13). Injection of the efla:DsRed;ef1a:kenk5bP*v
plasmid at a higher concentration (c= 15 ng/pl), had increased
lethality and less than 3% of adult fish showed DsRed-positive
clones (8/344). Nevertheless, partial fin overgrowth was ob-
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served in two cases. No overgrowth was observed in fish injected
with a control plasmid, expressing only DsRed under the efia
promoter (n=240, c= 7.5 ng//npl), despite the fact that these
fish developed DsRed-positive clones in various tissues (Fig.
2.14).

Table 2.2: Cases of overgrowth observed in adult wild type fish
misexpressing Kenk5b?/** screened for DsRed expression in the fin.

efla:-DsRed;efla:kenk5bpfov 7.5 ng/pl 15 ng/pl
Screened fish 61 344
No. of cases with DsRed expression in 49 8

fin tissues

No. of cases with overgrown fin parts 22 2

To identify the tissue(s) responsible for the pfau phenotype,
samples that displayed overgrowth were analysed for DsRed
fluorescence signal. Analysis of these clones showed a strong
correlation of DsRed positive dermal fibroblasts with overgrowth
(20/22 for 7.5 ng/pl and 2/2 for 15 ng/pl) (Fig. 2.15 C-F). In
two cases no DsRed fluorescence signal could be detected within
or next to overgrown fin tissue. This might be due to removal of
the reporter via a nonallelic homologous recombination (NAHR)
event [Liu et al., 2012| between the two effa promoters present
in the plasmid (cf. Fig. 4.1).

Taken together, these data show that expression of Kcnk5Pfau
is sufficient to cause fin overgrowth in vivo. Overgrown tissue is
associated with DsRed positive fibroblasts, although, whether
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Figure 2.13: Mosaic expression of ef! :DsRed;efl :kenk5bPfe% in
wild type fish causes fin overgrowth. Arrows point to overgrown fin
parts. Scale bar: 10 mm
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Figure 2.14: The control plasmid effa:DsRed drives DsRed expres-
sion in a wide range of cell types and tissues within the fin: (A)
Lateral line, (B) vasculature, (C) osteoblasts, (D) fibroblasts, (E,
white arrows) pigment cells and (F) epidermis. Scale bar: 200 pm
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this cell type is responsible for the phenotype of pfau, needs
to be confirmed through expression of Kenk5P/%% via a tissue
specific promoter.

2.1.7 The amino acids altered in alf and pfau reside
within the transmembrane domains of Kcnk5b

To explore the impact of the missense mutations in alf and
pfau on Kcnkbb protein properties, a model of the three-
dimensional structure of the protein was generated from the
PDB database taking advantage of the MPI toolkit available
at http://toolkit.tuebingen.mpg.de/. Here, HHpred was used
to detect proteins similar to zebrafish Kenk5b. The program
builds a profile hidden Markov model (HMM) from a query
sequence and compares it to a database of HMMs correspond-
ing to proteins of known structure |[Hildebrand et al., 2009].
Subsequently, the identified sequences with known structures
can be used as template for structure prediction.

With an identity of 36% and a similarity of 65%, the human
Kop channel KCNK4 (K2P4.1) resulted to be the first hit on

Figure 2.15 (preceding page): Clonal misexpression of efla:
DsRed; efta: kenk5bPf* in wild type fins. Clonal expression of the
mutant protein results in local fin overgrowth (A,B). Overgrown fin
parts show DsRed expression within dermal fibroblasts (C-F). Brack-
ets show elongated segments: ca. 320 pm. Red/White: Fluorescence
signal of DsRed; green: calcein staining highlighting the bone matrix.
Scale bar: 500 pm
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the PDB database (pdb 227 March 2012). This structure was
used as a template for modelling.

Kcenkbb is a tandem pore-domain K channel (Kgp). It is
formed by two subunits that homodimerise to form a functional
channel. Each subunit consists of four transmembrane (TM)
domains, termed M1-M4, and two pore (P) loops, P1 and P2.
These P-loops contain a Gly-Tyr-Gly (P1) and a Gly-Tyr-Gly
(P2) motif that form the selectivity filter which makes the
channel specifically permeable to K ions (Fig. 2.16 panel A).
The extracellular M1-P1 loop contains several charged residues
that act as a pH-sensor [Morton et al., 2005].

3D modelling revealed that the pfau mutation affects an amino
acid in the TM domain M3, while the amino acid substitution
in alf occurs in TM domain M4 (Fig. 2.16 panel B). The
affected amino acids are aromatic and positioned towards the
cytoplasmic side of the TM domain. Aromatic amino acids
are often found at the interface between cytoplasm and cell

Figure 2.16 (preceding page): Location of the amino acids altered
in alf and pfau. (A) Left: Kop channels possess 4 TM domains (M1-
M4). The P1 and P2 loop form the selectivity filter which contains
a GYG and GFG motif, respectively. Right: Two subunits assemble
two a homodimer to form a functional channel. (B) Modelling of
zebrafish Kenk5b protein on human KCNK4 (K2P4.1). Both amino
acid residues altered in pfau (green) and alf (purple) locate within
the vestibulum of the channel. Grey: transmembrane domains (M1-
M4), dark grey: pore forming unit, orange: selectivity filter, blue:
extracellular pH sensor. The picture shows two different views of the
same subunit. Only the amino terminus (dashed box) is depicted in
the 3D model.
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membrane and seem to stabilise membrane proteins within
the membrane [Kelkar and Chattopadhyay, 2006]. In line with
this hypothesis, aromaticity in Kcnkb is fully conserved among
vertebrates in the positions affected in pfau and the alf mutants
(cf. Fig. 2.4).

2.1.8 The alf and pfau mutations lead to an
increased conductance of Kcnk5b

In order to assess how the amino acid substitutions found
in alf and pfeu mutants might affect Kcnkbb function, the
channel properties were tested in a two-electrode voltage clamp
experiment [Cole and Moore, 1960] using X. laevis oocytes as
a heterologous expression system |Gurdon et al., 1971]. In this
electrophysiological assay, an oocyte expressing the ion channel
of interest is placed in a perfusion chamber and two electrodes
are introduced into the cell. One electrode is used to assess the
internal potential of the oocyte while the other one is used to
inject current. This set-up can be used to clamp the voltage
to a certain value. The amount of current that needs to be
injected in order to maintain this voltage reflects the amount
of current that is flowing through the channel.

In collaboration with the laboratory of Prof. Guiscard Seebohm,
Ruhr Universitdt Bochum, I used this system to assess the
properties of the channels of wild type and mutant fish. The
coding sequences (CDS) of wild type, alf and pfau kenk5b
were cloned into the pSGEM expression vector. Subsequently,
cRNA was synthesised in vitro and injected into oocytes for
electrophysiological measurements. Voltage clamp experimental
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set up pulses from -100 to +60 mV were applied for 0.5 s (Fig.
2.17, A) and the current was simultaneously recorded.

In voltage-dependent potassium (Ky) channels, current typic-
ally starts to flow with a delay upon changes in voltage, because
these channels have to switch to the open conformation. In con-
trast, Kop channels, such as Kcnkbb, are already open before
the voltage changes [Goldstein et al., 2001], therefore the cur-
rent flow is instant and no delay is observed. Consistently, wild
type Kenkbb reacts steadily to a change in voltage and no delay
is observed (Fig. 2.17, B). A comparable situation is also seen
in both mutant channels. However, both pfau and alf variants
show an almost double increment in K™ conductance over that
of wild type zebrafish Kenk5b (Fig. 2.17 C,D).

The current-voltage relationship of wild type Kenk5b (Fig. 2.17
panel E, blue circles) shows the typical outward rectification
of Kop channels, i.e. current flows preferentially out of the cell,
from the side of high K™ concentration to the side of low K
concentration [Enyedi and Czirjak, 2010] (see Box 1 for details).
In contrast, outward rectification is reduced in both pfau and
alf (Fig. 2.17 panel E, green stars and purple triangles), since
inward currents are still observed at -100 mV. This might be a
direct consequence of the increased K+ conductance. Increased
ion flow will reduce the difference between intracellular and
extracellular K ion concentration and therefore reduce the
preferential flow towards the extracellular side.

Ksp channels are often referred to as leakage channels, since they
account for the constant, "leaking" current that sets the resting
membrane potential observed in neurons. In fact, Kop channels
are known to control cell excitability as well as membrane
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potential (Vy,) [Lesage and Lazdunski, 2000]. When a channel
type that is selective for a specific ion dominates within the
membrane, e.g. because other ion channels are closed, V,, will
move towards the equilibrium potential of this ion species.
The equilibrium potential for K (Ek) is roughly -100 mV in
Xenopus oocytes [Kusano et al., 1982; Miledi and Parker, 1984].
Therefore, if Kenk5b plays a major role in determining Vi, Vi
should be shifted towards Ex in oocytes expressing the channel.

Indeed, V, values of oocytes injected with wild type and mutant
kenk5b mRNA correlate to the amplitude of the ion current
measured at a voltage of 50 mV (Fig. 2.18): The higher the
conductance for K™ measured at 50 mV, the lower the V,, of
the oocyte. Consistently, oocytes injected with mutant kenk5b
mRNA showed more negative Vy, than oocytes injected with
wild type mRNA. These findings indicate that Vy, in the oo-

Figure 2.17 (preceding page): Voltage clamp on Xenopus oo-
cytes injected with cRNA of wild type and mutant kcnk5b. A series
of voltage steps were delivered to the injected oocytes for 0.5 s (A).
The two-pore domain potassium channel Kenk5b displays the typical
behaviour of a leakage channel: current changes instantly to a new
steady level as soon as a voltage step is delivered (B). In compar-
ison to the wild type channel (B), pfau (C) and alf (D) show a
significant increment in K current. As in wild type, the mutant
channels show no delay before current starts to flow upon a change
in voltage. Graphs show representative examples of recorded oocytes.
(E) Current-voltage characteristic of Kenkbb. Outward rectification
is apparent in wild type Kcnk5b. alf and pfau channels fail to rectify
and show increased conductance. Circles: wild type, triangles: alf,
stars: pfau. Current was normalised to the measurement of wild type
current at 60 mV.

61



cyte is determined primarly by Kcnkbb and that the alterations
found in Kenk5b® and Kenk5b?/#% channel lead to a hyperpol-

arisation of Vy, n ovo.

In conclusion, the alf and pfau mutations increase the conduct-
ance of Kenk5b and cause hyperpolarisation of Xenopus oocytes.
Therefore, the mutations might promote hyperpolarisation of
the cell in vivo.
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Figure 2.18: Kcnk5b influences membrane potential (Vy,). Current
(I50) recorded at a potential of 50 mV correlates with V,,, measured
at rest. Each point represents one oocyte. Blue: wild type mRNA;
green: pfau; purple: alf.
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Box 1. Outward rectification in Kop channels.

When K™ ion concentrations are equal across the membrane (sym-
metrical K*) Kop channels behave like an Ohmic resistance and
the current-voltage relationship is nearly linear (broken green line).
When K concentration is high inside the cell and low outside the
cell (physiological conditions), the passage of outward currents is
favoured (solid purple line). This phenomenon is predicted by the
Goldmann-Hodgkin-Katz current equation:
o Vin F2 [KHine — [K oot - e~ BT

Pz T

RT 1—e >R

It =

and is therefore termed Goldmann-Hodgkin-Katz rectification or out-
ward rectification. I+ : total K* current; P: ion permeability; z: ion
valence; F: Faraday constant; R: gas constant; T: temperature in
Kelvin; [K+]¢nt and [Kﬂezt: internal and external ion concentration.
Figure adapted from Goldstein et al. [2001].
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2.2 Analysis of mutants showing dorsal fin
overgrowth

The second part of this study concentrates on three mutants that
display overgrowth exclusively in the dorsal fin: segel (sgldt31™mh),
segel-like (slk32m0Y and flagge (fggt3™) (Fig. 2.19). These
three mutants are characterised by an enlarged dorsal fin, which
typically reaches the length of the anal fin or beyond (2.19).
As in the case of the kenk5b mutants, sgl, sllk and fgg act
dominantly. Homozygotes are virtually indistinguishable from
heterozygous individuals. Homozygous sgl fish show reduced
fitness as is apparent from mapping crosses (cf. Sec. 2.2.1) where
only one fish out of 48 segel carriers was homozygous (versus
16/48 expected). It is unclear, whether lethality is due to a
second mutation linked to the sgl locus, or whether homozy-
gosity of the sgl mutation itself results in reduced viability.

2.2.1 The mutants sgl, sllk and fgg harbour
missense mutations in the potassium channel
kcnhla

A mapping approach as described in section 2.1.1 was used to
identify the mutation causing the sgl phenotype. Bulk segregant
analysis revealed that the sgl mutant is linked to z-markers
24268 and 222674, placing the mutation on chromosome 17.
PCR analysis on individual DNA samples reduced the mapping
interval to a region of 4.49 Mb (Vega 47) between z15718 and
221435 (Fig. 2.20).
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Based on the results obtained with the alf and pfau mutants (cf.
Sec. 2.1.1), the mapping interval was scanned for K channels.
Ky channel kecnhla was identified in the middle of the genomic

sllk/+

Figure 2.19: Phenotype of sgl, fgg and sllk mutants. In wild type
(+/+) the dorsal fin reaches to two thirds of the length of the anal
fin, while in mutants, the dorsal fin is at least as long as the anal fin.
All mutant fish represented are heterozygous. Homozygous mutant
fish show a virtually identical phenotype. Scale bar = 10 mm
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interval as a potential candidate (Fig. 2.20). No recombinants
could be found in proximity to this locus (z9831 in Fig. 2.20).
Sequencing of the CDS of kcnhia from sgl revealed a change of
adenine to guanine resulting in an amino acid substitution of
glutamine (Gln) 474 to arginine (Arg) (Fig. 2.21). Mapping for
sllk showed strong linkage to z-markers z31650, z23501, z55190

Figure 2.20 (preceding page): Mapping of sgl and sllk mutations.
(Upper panel) The sgl and sllk mutations map to chromosome 17.
Purple: North markers; blue: South markers; numbers in brackets:
recombinants/meioses. (Lower panel) Genes encoded in the region
linked to sgl. z15718: North marker of sgl; z21435: South marker of
sgl; z9831: loss of recombination. K™ channel kcnhla is encoded in
this interval (highlighted in green).

sllk mut fgg mut sglmut
lle Glu Arg
AAATATG ATGAAGC Te ca
292 346 474
Mm ]\AM
sllk sib fgg sib sglsib
Thr Gly GIn
AAACAT G ATGGAGC TCCAGCA
292 346 474

Figure 2.21: Electropherogram of kcnhla at the slik, fgg and sgl
locus



and 722279, placing the mutation on the same chromosome.
Analysis of DNA from single Fy individuals indicated z1490
and 222574 as being linked to the mutation (Fig. 2.20).

Given the close resemblance of slik, fgg and sgl mutants and due
to the linkage of sllk to chromosome 17, kenhla seemed to be the
ideal candidate gene for the sllk and fgg mutations. Indeed, the
sllk and fgg mutants also harbour missense mutations within
this gene. In sllk a transversion from cytosine to adenine changes
threonine (Thr) 292 into isoleucine (Ile). In fgg glycine (Gly)
346 is converted to glutamic acid (Glu) through a transition
from guanine to adenine (Fig. 2.21). The residues in kcnhla
affected in the three dorsal fin mutants are highly conserved
within metazoans (Fig. 2.22).

Since the mutations found in the dorsal fin overgrowth mutants
are all dominant, with similar phenotypic expressivity in hetero-
and homozygous animals, a complementation test cannot be
used to genetically support their allelic nature. Instead a se-
gregation test by transheterozygous outcrossing was performed.
Here, sgl/sllk transheterozygous fish, i.e. fish that are het-
erozygous for both mutations, were obtained by crossing sgl
heterozygous fish to sllk homozygous mutants. The progeny
was raised, genotyped for the presence of both mutations and
subsequently outcrossed to alb fish. If the sgl and sllk mutants
are allelic, recombination events between the two mutations
are highly unlikely. However, in the case of non-allelism, the
larger the distance between the affected loci, the more likely
are recombination events. Therefore, if number of progeny is
sufficiently high, the presence of some wild type fish would be
detected in the F; fish. In contrast, in case of allelism, each
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mutation resides on one parental chromosome and all progeny
is expected to carry either the sgl or the sllk mutation.

All the progeny scored from the sgl/sllk transheterozygous
outcrosses (n= 240 adult individuals) showed an overgrown
dorsal fin. This indicates that the two loci are not more than
0.4 cM apart, which corresponds to roughly 0.4 Mb. These
findings confirm therefore the mapping data. An attempt to
perform this non-segregation test with fgg was not successful,
since no transheterozygous fish for sgl and fgg could be identified
due to lethality. However, for all three mutants, sgl, sllk and
fgg, phenotype and genetic lesion in kcnhla correlated fully and
was consistently used for genotyping purposes.

In summary, mapping of sgl and sllk as well as test crossings
show that these two mutations are linked and located on the
same region on chromosome 17. Together with the mutant
fgg, these three dorsal fin mutants carry missense mutations in
conserved amino acids within the K™ channel kenhla encoded in
the identified genomic interval. Therefore, hereafter the mutants
sgl, sllk and fgg will be considered allelic.

Figure 2.22 (preceding page): Conservation of the amino acid
sequence of Kenhl/Eag/Egl2 among metazoans (residues shown: top
265-312; middle 318-366; bottom 450-498.). The primary structure of
the Kenhla homologue was retrieved from the Ensembl database of
the respective species. Arrows point to the amino acid altered in the
different mutants. Tru Takifugu rubripes, Gac Gasterosteus aculeatus,
Dre Danio rerio, Mmu Mus musculus, Hsa Homo sapiens, Gga Gallus
gallus, Xtr Xenopus tropicalis, Ola Oryzias latipes, Aae Aedes aegypti,
Dme Drosophila melanogaster, Cel Caenorhabditis elegans.
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Figure 2.23: Dorsal fin ray segments in wild type and dorsal fin
mutants. Brackets indicate individual segments. All mutants shown
are heterozygous. Scale bar: 200pm

2.2.2 The fins of the kcnhla mutants show an
increase in segment number

As discussed previously (Sec. 2.1.3), an increase in fin size can
be ascribed to an increase in fin ray segment length or to the
addition of segments. The kcnk5b mutants showed an irregular
segmentation pattern and an increase in segment size, while
in lof fin enlargement is mainly due to an increase in segment
number. Therefore, segments were analysed in sgl/+, sllk/+
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and fgg/+ mutants. In all three dorsal fin mutants, segmen-
tation appears regular (Fig. 2.23), similarly to what is observed
for wild type. Likewise, segment length is not significantly
increased in these dorsal fin mutants compared to their siblings
(sgl/+ mutants: 249 +7 nm; siblings: 225 +£16 pm; p>0.02;
fgg/+ mutants: 225 +19 pm; siblings: 206 +£11 pm; p>0.1;
sllk /+ mutants: 225 £14 pm; siblings: 214 £11 pm; p>0.2).
In contrast, when segment number was counted, a significant
increase was observed in mutants compared to siblings, similarly
to what can be observed in lof mutants (Fig. 2.24) (sgl/+
mutants: 37 +1 segment; siblings: 20 £2 segments; p<0.001;
fgg/+ mutants: 39 +4 segments; siblings: 20 +2 segments;
p<0.001; sllk/+ mutants: 41 +7 segments; siblings: 21 +2
segments; p<<0.01. The average segment number is expressed
as integer).

In summary, the three dorsal fin mutants sgl, sllk and fgg show
a regular segmentation pattern in the dorsal fin with segment
length being comparable to wild type. However, similarly to
the lof mutant, segment number is considerably increased.

Figure 2.24 (preceding page): Segment length and segment num-
ber in heterozygous dorsal fin mutants compared to their siblings
(+/+, sib). (A) Segment length in the longest ray of the adult dorsal
fin (B) Segment number in the longest ray of the dorsal fin of adult.
Mutants were compared to siblings of similar standard length (SL).
Average SL in mm (N=4): sgl/sib 28.6/31; fgg/sib 23.9/25; slik /sib
30.8/30.0; **: p<0.01, ***: p<0.001, n.s. not significant (p>0.02).
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2.2.3 Transplantation experiments suggest a local
role for the sllk mutation

Although in the mutants sgl, fgg and sllk organ overgrowth is
confined to the dorsal fin, it is still possible that the mutations
causing these phenotypes act on a systemic level.

In order to find out whether these mutations act systemically or
locally, blastula transplantation experiments with sllk mutants
were performed, similarly to what was done for pfau (cf. Sec.
2.1.4). This particular mutant was chosen because homozygous
individuals do not appear to have reduced fitness. Homozygous
sllk fish were crossed to homozygous Tg(S-actin::GFP) fish and
cells from the resulting embryos (sllk/+ ; Tg(B-actin::GFP)/+)
were transplanted into alb hosts. Subsequently, these fish were
raised to adulthood.

More than 200 chimaeric adult fish were screened for overgrowth
in the dorsal fin. In total, five fish showed a complete or par-
tial overgrowth phenotype (Fig. 2.25). In fact, in two animals,
overgrowth was restricted to parts of the dorsal fin, supporting
the hypothesis of a local role of the sllk mutation. In four cases
out of five, donor derived GFP signal could be detected in
various tissue types within the overgrown fin (Fig. 2.25, Tab.
2.3). The failure to detect GFP in one case could be explained
with variegation of the Tg(S-actin::GFP), i.e inactivation of
the transgene in some cells [Burket et al., 2008|.

Although further analysis of more transplants will be needed
to dissect the tissue type containing the overgrowth, these data
favour the idea of a local role of the sllk mutation.
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Table 2.3: GFP positive tissue types found in sllk/alb chimaeras

Donor derived tissue No. of clones Associated cases of
dorsal fin overgrowth
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2.2.4 A revertant of sllk shows a second mutation
within kecnhla

To confirm that the identified mutation in kcnhla causes the
phenotype of the dorsal fin mutants, a reversion screen was
performed to identify compensatory mutations which revert the
mutant phenotype to a wild type phenotypic outcome. A gain
of function mutation, such as a hypermorphic (increased gene
function), a neomorphic (novel gene function) or an antimorphic
(dominant negative) mutation, can be reversed through a null
mutation or a missense mutation that counteracts the effect of
the original mutation.

Such an experiment was performed in sllk mutants, due to
its increased fitness in respect to the other putative alleles.
Homozygous sllk mutant males were mutagenised with ENU as
described [Appendix B, Rohner et al., 2011] and subsequently
outcrossed to alb females. As the sllk phenotype is dominant
and the alb phenotype being recessive, the resulting progeny will
show dorsal fin overgrowth and normal pigmentation. However,
random mutations in spermatogonial cells during mutagenesis
may disrupt the sllk or alb locus. If such event occurs, individual

Figure 2.25 (preceding page): Chimaeras resulting from trans-
plantation of sllk/+ cells into alb blastulas: (A) wild type dorsal fin.
(B) Partial overgrowth and full overgrowth (C) in the dorsal fin of
two chimaeras. Arrows indicate the tip of the dorsal fin, arrowheads
point to the posterior part of the anal fin. In four cases out of five,
overgrowth was associated with donor-derived GFP positive cells in
the dorsal fin (C,C’,D,D’). Scale bar = 2 mm.
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F; fish are expected to show a normally sized dorsal fin and
unpigmented melanophores, respectively (Fig. 2.26).

Interestingly, homozygous sllk mutants appeared to be particu-
larly sensitive to the mutagenesis treatment, since mortality was
much higher than in wild type TU fish (Tab. 2.4). Out of the
six mutagenised sllk males that survived the ENU treatment,
only one gave progeny. 70 fish were reared to adulthood. Among
these, one showed a wild type dorsal fin (2.26, panel D), while
another one had an alb phenotype, with overgrown dorsal fin
(not shown). To exclude that the candidate revertant was a
wild type fish that accidentally was introduced into the clutch,
the fish was genotyped for the sllk mutation. As expected, the
fish was heterozygous for the kenhla®™ mutation. A second
missense mutation was identified within the coding region of
kenhla. It results in the substitution of a highly conserved valine
(Val 335), located within the voltage sensor of the potassium
channel, by a methionine (Met) (Fig. 2.27). Unfortunately, the

Table 2.4: Mutagenesis of sllk fish

wild type (TU) homozygous slik

initial amount of fish 28 28
survivors 15¢ treatment 28 (100%) 20 (71%)
survivors 2" treatment 22 (78%) 12 (42%)
survivors 3'4 treatment 22 (78%) 10 (36%)
survivors 4™ treatment 20 (71%) 6 (21%)
survivors 5" treatment 19 (68%) N/A

78



No -
G,
,a‘ <'

s//k/s//k + A

C

sllk; #/+ + sllk/+
kenh1 alb

sllk revertant candidate | sibling

79



potential revertant candidate died during the first mating at-
tempt. An endeavour to perform in vitro fertilisation with the
sperm of the animal failed. Therefore it was not possible to
maintain the mutant and assess linkage analysis to confirm that
the identified mutation is causative for the phenotype reversion.
However, these findings support the idea that the mutation in
the kcnhla gene is responsible for the dorsal fin phenotype of
the sllk mutant.

2.2.5 The mutations in sgl, sllk and fgg affect the
TM domains of Kcnhla

In order to assess which domains in Kcnhla are affected by
amino acid substitutions found in the dorsal fin mutants, HH-
pred was used to construct a 3D model (cf. 2.1.7). The cyclic
nucleotide-gated potassium channel MII3241 from the alphapro-

Figure 2.26 (preceding page): Reversion screen for sllk: Homo-
zygous sllk mutant males were mutagenised with ENU and outcrossed
to alb females (A). The offspring is expected to show a dorsal fin phe-
notype and display a wild type pigmentation (B). If the mutagenesis
leads to a compensatory mutation in the sllk locus, individual fish of
the clutch are expected to show a wild type dorsal fin. Likewise, if a
deleterious mutation arises in the alb locus, single fish with elongated
dorsal fin are expected to show unpigmented melanophores (C). A
candidate revertant (D, left) was found among the progeny of a
mutagenised male. The dorsal fin (arrow) reached only half of the
length of the anal fin (arrowhead). In contrast, in siblings the dorsal
fin showed the typical sllk overgrowth phenotype (D, right). Scale
bar: 1 mm
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Figure 2.27: Potential revertant of sllk shows an amino acid sub-
stitution in kenhla. (A) Electropherogram of the sllk locus in the
candidate revertant. The fact that the fish is heterozygous for the
sllk mutation suggests that the isolated specimen was a revertant or
a strong suppressor of sllk. (B) Mutation in kcnhla that potentially
reverts the effect of the sllk mutation. (C) The affected amino acid
is highly conserved across metazoans.
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teobacterium Mesorhizobium loti showed an identity of 19%
and a similarity of 23.8% with zebrafish Kcnhla (pdb 20"
May 2012). This structure served as a template to predict the
position of the altered residues in the Kenhla protein.

Kcnhla is a voltage-dependent K+ (Ky/) channel formed by four
subunits. A channel subunit is composed of six TM domains
(S1-S6) and one P-loop containing the selectivity filter with a
Gly-Phe-Gly motif (Fig. 2.28 panel A). The core of the channel
is formed by the fifth and sixth TM regions (S5 and S6), that
are connected by the P-loop, while helix S4 acts as a voltage
sensor. Ky channels are closed at resting V,,,. However, upon
depolarisation, they change conformation and open. The S4
helix contains several positively charged residues, that sense
changes in Vy, and cause activation of the channel |Jiang et al.,
2003].

The amino acid changes identified in the dorsal fin mutants
locate to the second third of the protein, where the transmem-
brane region of the channel is encoded (Fig. 2.28 panel C). This
is reminiscent of the situation in alf and pfau and could po-
tentially lead to changes in the electrophysiological properties
of Kcnhla. The substituted residues found in fgg and sgl are
directly located in the TM domains that form the core of the
channel, S5 and S6, respectively, while the change found in sllk
is in helix S3, which interacts with the voltage sensor (Fig. 2.28
panel B).
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2.2.6 The electrophysiological properties of the
mutant Kcnhla variants are altered

To assess if these amino acid substitutions affect the electro-
physiological function of Kenhla, conductance was measured
using the two-electrode voltage clamp approach (cf. Sec.2.1.8).
Xenopus oocytes were measured three days after injection of
2 ng of kenhia mRNA using a holding potential of -60 mV.
Higher amounts of kcnhla seemed to have a lethal effect on
the oocyte. Pulses from -100 to +80 mV were applied and the
current was simultaneously recorded. It should be noted that
the voltage step is applied for 2.15 s. This is in contrast to the
measurements of kenk5b, where the voltage step was applied for
only 0.5 s (cf. Sec. 2.1.8). In Kenhla, the ion current reaches a
plateau only after this time point. This delay in current flow
reflects the necessity of the channel to switch from the closed

Figure 2.28 (preceding page): Modelling of Kcnhla protein on
the cyclic nucleotide-gated potassium channel MI113241 from the
alphaproteobacterium Mesorhizobium loti. (A) Left: Ky channels
have 6 TM domains (S1-S6). The P-loop forms the selectivity filter
of the channel containing a GFG motif. A second subunit is shown
in dark grey. Right: Four subunits tetramerise to form a functional
channel. (B) The identified amino acid substitutions of the dorsal fin
overgrowth mutants all map to transmembrane domains of Kcnhla:
purple: sgl; blue: fgg; green: slik; light grey: transmembrane domains;
dark grey: pore forming unit, orange: selectivity pore within the pore
forming unit, yellow: voltage sensor (S4). Picture shows two different
views of the same monomer. (C) Only the content of the dashed box
is illustrated in the 3D model (B), amino and carboxyl terminus are
omitted.

84



A

80mV

=

-100 mV

" suL_
Oisec

——

Kenhta* Kenh1a

sllk

— @@ e @

Kenh1as9! Kenh1a'%9
B .
25 — @ Kenhla (n=26)
(gl p— —Kcnh1ai”k(n=11)
2.0 +Kcnh1agg(n:11) /
= —@—Kenh1a? (n=5) /
g 154 —@—uninjected (n=26) - /.
=1 |
5 101 7w
Q e
S - M
£ 0,5 e m
o e _ = :‘: —
< 0,04 —E=h— f': ® lt— & —t’?
100 50 0 50 100
V [mV]

85



conformation to an open conformation, as it is expected for a
Ky channel.

The current to voltage (I-V) characteristic of Kenhla (Fig. 2.29)
shows a linear dependency of the current on the voltage for
the wild type channel at depolarised states. At hyperpolarised
states the channel is in the closed conformation and hence is
no longer permeable for K™ ions. The sllk variant experiences
a left shift and switches to the open conformation at relatively
low voltage values. In contrast, the sgl variant displays a con-
spicuous reduction in K conductance. Interestingly, a very
similar situation is observed in the fgg variant.

Thus, while all three amino acid substitutions alter the proper-
ties of Kenhla, the sgl and fgg variants show a reduced channel
conductance and the sllk variant increases K™ flow. This ap-
parent inconsistency will be discussed below (cf. Sec. 3.5.2).

Figure 2.29 (preceding page): Voltage clamp on Xenopus oo-
cytes injected with cRNA encoding wild type and mutant Kcnhla
variants. (A) A series of voltage steps were delivered to the injected
oocytes for 2.15 s. In Kenhla™ current flow is slightly delayed when
the voltage is changed and reaches a plateau only after 0.5 s (arrow)
because Kcnhla has to switch to the open conformation before cur-
rent can flow. Such delay is reduced in Kenhla®!*. (B) Kenhlas!®
shows increased conductance and opens at lower V,, values com-
pared to Kenhla®, whereas Kenhla®®' and Kenhlaf99 have strongly
reduced conductances. Black squares: wild type; green circles: slik;
blue diamonds: sgl, purple triangles: fgg; grey squares: uninjected
oocytes. Current was normalised to the measurement of wild type
current at 40 mV.
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2.2.7 The gene kcnhla might play a role in fin
length variation of poecilid fish

The present work provides evidence that several fin overgrowth
mutants appear to harbour mutations in genes involved in
K™ flux. This leads to the question whether K* channels also
play a role in organ size modulation in natural populations.
Within the Poecilia genus, the sailfin mollies are characterised
by sexually dimorphic overgrowth of the dorsal fin (cf. Fig.
2.30), a phenotype that is reminiscent of the zebrafish dorsal
fin overgrowth mutants. Each dorsal fin mutant identified so far
bears a mutation in kcnhla. The bias towards this gene suggests
that kcnhla in particular could be a preferred target for sexual
selection to increase dorsal fin size. For this reason, the sequence
of kenhla was examined in the sailfin molly P. latipinna and
in its close relative, the short finned molly P. sphenops.

In the absence of a published poecilid genome sequence, degen-
erated primers designed on the kcnhla sequence from D. rerio
and O. latipes were used to amplify a stretch of 1.4 kb, covering
most of the channel forming unit, from both P. sphenops and
P. latipinna ¢cDNA (4 individuals each). Comparison of the
resulting partial Kenhla protein sequences revealed a variation
in residue 396 between the two species. No other species specific
amino acid changes could be identified in the sequenced region.
The Thr 396 in the shortfin molly P. sphenops is substituted
by an Ala in the longfinned P. latipinna. Interestingly, this
position appears to be well conserved in other non-mammalian
vertebrates, where either a Thr or a Ser is found, while in mouse
this position is taken by a phosphomimetic amino acid (Fig.
2.31).
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I hypothesised that if the amino acid substitution is import-
ant for the sailfin phenotype, a change in the same position
should be found in the sailfinned molly P. velifera, the sister
species of P. latipinna, but not in the shortfin P. latipunctata,
which represents the outgroup of the two sailfin mollies. Indeed
sequencing of these two species (4 individuals each) revealed
a Tyr at this locus for the shortfinned P. latipunctata and an
Ala for the sailfinned P. velifera (Fig. 2.31). To exclude the
possibility that the P. velifera sample was contaminated with
cDNA from P. latipinna, the cDNAs were compared for SNPs.
A synonymous substitution specific for the P. velifera samples
could be identified within the third base of the triplet encoding
for Tyr 401 (cf. Tab. 4.6), confirming that the P. velifera and
the P. latipinna sequences derived from independent cDNA
samples.

To test whether the variation in the amino acid at position 396
has any effect on zebrafish Kcnhla, a plasmid was generated via
PCR mutagenesis, in which the codon for Ser 396 was mutated
to produce an Ala. The cRNA transcribed from this plasmid
as well as kenhla™ were injected into Xenopus oocytes and
currents were recorded using two-electrode voltage clamp. No
difference between Kenhl® and Kenh193964 could be observed
with this method (cf. Appendix C Fig. 4.6). However, in vivo,
Kecnhl could require post-translational modifications, such as
phosphorylation, that might not occur in the Xenopus oocyte,
and therefore differences in the electrophysiological properties
of the two channels might not be visible in this system. In fact,
the mouse homologue carries an Asp in this position, which
could mimic a phosphorylated Thr or Ser.

In conclusion, an amino acid substitution in a conserved residue
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within Kcnhla could be identified in the two sailfin species
P. velifera and P. latipinna in respect to two closely related
short-finned species. These findings open the possibility for
a role of Kcnhla in dorsal fin overgrowth observed in sailfin
mollies. While these results are preliminary, it will be interesting
to determine whether the sailfin kcnhla induces dorsal fin
overgrowth in zebrafish.
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P. velifera P. sphenops

Figure 2.30: Sexually dimorphic growth of the dorsal fin in sailfin
mollies. (A) Phylogenetic relationships among mollies. Adapted from
Ptacek [1998]. (B) In Poecilia velifera males display overgrowth of
the dorsal fin, however, the closely related P. sphenops does not show
enlarged dorsal fin.
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‘ ‘ sailfin mollies
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Figure 2.31: kcnhla sequence from poecilids. (A) Electrophero-
grams show base pair variations found in the sailfinned (top) and
shortfinned (bottom) poecilid species resulting in a different amino
acid. (B) With the exception of the sailfin mollies, a Ser or Thr is
found at this position in all non-mammalian vertebrates, while mouse
shows an Asp at this position.
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CHAPTER

Discussion

Classical embryological manipulations in insect and amphibian
models have taught us a lot about how organ size is determined
[Twitty and Schwind, 1931; Fankhauser, 1952; Garcia-Bellido,
1965; Nijhout and Emlen, 1998|. However, the molecular mech-
anisms underlying growth control remain largely obscure. In
an attempt to identify new genes involved in growth control, I
took advantage of the zebrafish model system to study mutants
showing aberrant growth of the fins. Multiple zebrafish mutants
displaying adult-specific fin phenotypes have been isolated in
the past three decades |Tresnake, 1981; van Eeden et al., 1996;
Fisher et al., 2003; Goldsmith et al., 2003; Iovine et al., 2005].
Most of these show absent or reduced fins. The former might
have defective instructive signals, like fls [Appendix A, Harris
et al., 2008|, while the latter are likely to be the result of second-
ary effects, like defects in bone growth as it is the case for chi
mutants |Fisher et al., 2003]. In my doctoral studies I decided
to focus on mutants that show an increase in fin size, with the
aim to identify genes that directly contribute to growth control.
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3.1 Changes in KT channel activity
underlie the phenotype of several fin
overgrowth mutants

In the present study, I characterised several fin overgrowth
mutants that display either generalised overgrowth of fins and
barbels or overgrowth restricted to the dorsal fin.

The first group comprises the mutants alf and pfau, which
display very similar phenotypes. Mutant fish have elongated
maxillary and nasal barbels and show overgrowth in all, paired
and unpaired fins (Fig. 2.1). Both mutations act dominantly
and homozygous individuals are particularly susceptible to fin
breakage. Within fin rays, segment length (Fig. 2.7) [Sims et al.,
2009], but not segment number (Fig. 2.5), is increased in these
mutants. Such an increase in segment size is observed as soon
as the first segments are formed (Fig. 2.7 and not shown).
Occasionally, in both alf and pfau mutants very short segments
are found (Fig. 2.6), which might be due to mismatching joint
formation in the two hemisegments of the fin ray [Murciano
et al., 2007].

I show that the mutants alf and pfau are defective in the
K™ channel kenk5b. Several lines of evidence support this con-
clusion: (i) Positional cloning indicates strong linkage of the alf
and pfau mutations to kenk5b (Fig. 2.2) and (ii) both mutants
harbour a missense mutation in this gene (Fig. 2.3). (iii) The af-
fected residues are highly conserved within vertebrates (Fig. 2.4)
and (iv) occupy a similar position within the transmembrane
(TM) region of the channel (Fig. 2.16). Moreover, (v) the two
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mutant variants of the channel show a very similar behaviour
in electrophysiological assays (Fig. 2.17). Finally, (vi) misex-
pression of Kenk5bP* in wild type fish mimics the mutant
phenotype (Fig. 2.13). In accordance to these findings, y-ray
induced disruption of kenk5b% reverts the phenotype of alf fish
to wild type sized fins and barbels [Johnson, unpublished data).

The second group of mutants analysed includes sgl, sllk and fgg.
These mutants are affected in the dorsal fin only (Fig. 2.19).
The mutations act dominantly and homozygous individuals are
virtually indistinguishable from heterozygous fish. Similarly to
the lof mutant, they show an increase in fin ray segment number
(Fig. 2.24), while segment length is not significantly increased.
Results of my work indicate that these mutants are defective in
the K™ channel kenhla: (i) Mapping of sgl and sllk shows that
these mutations are linked to kenhla (Fig. 2.20). (ii) All three
mutants show amino acid substitutions in this gene (Fig. 2.21).
(iii) The affected amino acids locate to TM regions in the channel
and are highly conserved across metazoans (Fig. 2.28, Fig.
2.22). Furthermore, (iv) the electrophysiological properties are
altered in the mutant variants of the channel (Fig. 2.29). Lastly,
(v) a potential revertant of sllk, shows an additional missense
mutation affecting a conserved amino acid within kenhia (Fig.
2.27). Altogether, these data provide strong indications that
improper function of Kcnhla leads to the phenotype of sgl, slik
and fgg. Consistent with this idea, the mutant mohawk (mhk),
which also shows elongated dorsal fins, maps to kecnhla and
carries a missense mutation in this gene [Johnson, unpublished
datal.

Interestingly, the lof mutant maps to another K™ channel on
chromosome 2, kenh2a [Johnson and Harris, personal commu-
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nication| and two independent lof revertants show a nonsense
mutation in kcnh2a [Harris, unpublished datal, strongly in-
dicating that this gene is responsible for the lof phenotype.
Moreover, the mutant schleierschwanz (szz), which displays a
similar phenotype to kenk5b mutants, appears to be mutated in
a K7 /CI” co-transporter [Harris, unpublished data|. Moreover,
the mutant sof, which is characterised by fins decreased in
size, is defective in connexing3 (cz43) |lovine et al., 2005], a
gene that mediates electrical coupling between cells through
formation of gap junctions.

In summary, numerous mutants altered in fin size, which were
isolated independently, appear to be defective in molecules regu-
lating ion flow (Tab. 3.1), indicating that ion homeostasis might
play an important role in size determination of the zebrafish

fin.

3.2 KT channels can intrinsically
determine fin size

Transplantation and misexpression experiments show that cells
expressing Kenk5bP/4% induce local fin overgrowth (Fig. 2.9, Fig.
2.13). Lepidotrichial segments are elongated in proximity of pfau
mutant cells, supporting a paracrine or cell autonomous mode
of action within the fin. Consistently, kcnk50 mRNA can be
detected in uncut fins as well as regenerative fin blastema via RT-
PCR (not shown). It is unclear, if such local mode of action also
applies to kenhla mutants. Scoring for overgrowth in sllk/alb
transplantations resulted being challenging, since, if kenhla act
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in an organ autonomous fashion, only sllk clones present in the
dorsal fin, but not clones present in other fins, would presumably
lead to local overgrowth. Also, the sllk phenotype is more subtle,
as it does not lead to an increase in segment size and overgrown
fin patches in the dorsal fin cannot be compared to contralateral
fins or to dorsal and ventral fin lobes. Although a higher number
of chimaeras is still required, preliminary results presented here
suggest that kenhla can act locally in the dorsal fin (Fig. 2.25).
These findings indicate that K™ channels have an intrinsic role
in fin overgrowth of these mutants.

3.3 Tissues involved in the overgrowth
phenotype of kcnk5b mutants

While transplantations and misexpression experiments show
that kenkdb acts locally in the fin, it is not clear in which tis-
sue this gene is expressed. In transplants of pfau cells labelled
with Tg(B-actinl:GFP), overgrowth was mostly associated with
GFP-positive vascular clones and to a lower extent with la-
belled intraray glia (Fig. 2.12 and Tab. 2.1). However, in four
cases local overgrowth was observed in the absence of GFP
fluorescence. The most likely cause of this discrepancy is varie-
gation of the B-actin! promoter in fin tissues |[Burket et al.,
2008]. Consequently, the cells responsible for the overgrowth
phenotype might not express the transgene. This prevented the
conclusion that the expression of Kenk5bP/* in the vasculature
is responsible for the overgrowth phenotype.
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Surprisingly, in Kenk5bP/* expressing clones marked in parallel
by red fluorescence, overgrown fin parts were never associated
with fluorescent signal in the vasculature, despite the fact that
the efla promoter used in these experiments activated expres-
sion of the kenk5bP/@" transgene in vascular tissues (cf. Fig. 4.4
D, Appendix C). This indicates that Kcnk5bP/ action in vas-
culature may not be responsible for the overgrowth phenotype.
In fact, the misexpression experiments rather point towards
fibroblasts as the causative cell type. Among the 24 fish with fin
overgrowth, 22 showed a correlation with fluorescent labelling
of fibroblasts. In the two remaining cases, no fluorescence was
observed in concomitance with overgrown fin parts. It is con-
ceivable that in these two cases integration into the genome
occurred concomitantly with a disruption of the fluorescent
protein CDS or that reporter expression was prevented due to
recombination between the two efla promoters residing in the
transgene. These findings suggest that Kenkbb?/** expression
within fibroblasts is sufficient to cause fin outgrowth. How-
ever, whether kcnk5b is expressed endogenously in fibroblasts,
remains to be determined.

An alternative approach to analyse kcnkdb gene activity con-
sists in the detection of its transcripts by RNA in situ hybrid-
isation. Numerous attempts were made to detect the kcnk5b
transcripts in embryos as well as adult fins. Several different
probes and protocols were employed, however specific signals
were never detected, although the transcript could by amplified
via RT-PCR from adult tissue. An effort in detecting kcnk5b
expression through a Gald/UAS:GFP reporter line, using the
6.7 kb upstream sequence of kcnk5b as promoter, showed ex-
pression of GFP protein in the caudal fin primordium at 48
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hpf (cf. Fig. 4.7) and in the notochord at 5 dpf (not shown).
However, in adult fins, no expression was detected. It remains
unclear whether the upstream sequence used in this plasmid
might not be sufficient to faithfully report endogenous kenkdb
expression, since downstream sequences, such as introns, often
carry important enhancer elements [Miiller et al., 1999; Prasad
et al., 2011; Sundstrom et al., 2012]. Therefore, following the
protocol of Bussmann and Schulte-Merker [2011], a bacterial
artificial chromosome (BAC) containing the kcnk5b locus in a
larger genomic context (200 kb) was engineered by substituting
the first exon of kenkdb with a cassette containing the yeast
transcriptional activator Gal4. This driver construct might turn
out to be useful not only to detect the expression pattern of
kenkSb in the fin, but could also be employed to dissect the role
of membrane potential (V) in fin growth by expressing various
channels or ion pumps under the control of a UAS sequence.
At the time of writing the results of this experiment were still
pending.

In summary, it is not clear, which tissue is responsible for the
overgrowth phenotype in alf and pfau, although misexpression
experiments indicate that fibroblasts might be important in
this process. Further studies on endogenous gene expression
are necessary to confirm the nature of the tissue inducing
overgrowth in kenk5b mutants.

3.4 Fin growth and ray segment formation

Lepidotrichia are of segmented nature [Becerra et al., 1983] and
formation of such segments has been proposed to be linked to
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fin growth [Sims et al., 2009]. In fact, the kenk5b mutants (alf
and pfau) show an increase in fin size that is accompanied by
elongated segments (Fig. 2.7) [Sims et al., 2009]. Likewise, the
sof mutant, is characterised by fins of reduced size and shorter
ray segments [[ovine and Johnson, 2000; Iovine et al., 2005].

In sof, reduction in segment length is due to loss of function
in cx43 [Sims et al., 2009]. This gap junction protein has been
proposed to promote the diffusion of a joint-inhibiting signal
[Rolland-Lagan et al., 2012]. Interestingly, connexins are known
to be voltage-dependent [Hervé and Derangeon, 2012] and
the rat, chicken as well as Xenopus homologues of cx43 are
reported to decrease their conductance upon depolarisation
[Gonzalez et al., 2007|. Therefore, the hyperpolarising effect of
mutant kenk5b on Vi, might activate Cx43 channels and thereby
promote diffusion of the joint-inhibiting morphogen postulated
by Rolland-Lagan et al. [2012]. Intriguingly, cz43 transcripts
were found to be increased in alf mutants and decreased in
sof mutants [Sims et al., 2009], indicating a positive feedback
regulation of cz48 gene expression.

Connexins are relatively unselective and a joint-inhibiting morpho-
gen could include numerous little solutes, like second messengers,
amino acids, sugars or ions themselves. In fact, it is known from
regenerative studies in planaria, that ionic currents mediated by
gap junctions can provide positional information and determine
patterning [Oviedo et al., 2010; Beane et al., 2011].

However, segment length does not seem to be crucial in determ-
ining fin size. In fact, kenhla (sgl, sllk, fgg) and kenh2a (lof)
mutants show elongated fins without considerably increasing
segment size (Fig. 2.24, Fig. 2.7) |lovine and Johnson, 2000].
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Also, a mutation in evz, which completely abolishes the forma-
tion of segments, does not affect fin ray length of wild type or
lof fish [Schulte et al., 2011]. These findings suggest that fin
outgrowth is independent of segment formation.

3.5 lon channels and growth control

How K channels might regulate fin size itself remains un-
clear. Intrinsic effects on fin growth could, for example, include
paracrine secretion of growth factors, reduction of apoptosis or
promotion of cell proliferation. Although none of these hypo-
theses can be excluded a priori and need to be tested particu-
larly for fin overgrowth in zebrafish, existing evidence supports
the idea that numerous K channels might play a role in cell
proliferation.

3.5.1 Kcnk5b and the role of Kt currents in cell
proliferation

Electrophysiological assays (cf. Fig. 2.17) showed that mutant
forms of Kenk5b have increased conductance compared to the
wild type channel and lead to hyperpolarisation of Xenopus
oocytes (cf. Fig. 2.18). Interestingly, hyperpolarisation has been
reported to be associated with cell proliferation. Vascular en-
dothelial growth factor (VEGF) is known to promote prolif-
eration of endothelial cells in vitro and angiogenesis in vivo
via intracellular Ca?" increase and nitric oxide (NO) synthesis.
This process has been proposed to be mediated by hyperpolar-
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isation of the cell as mitosis can be inhibited by the K™ channel
blocker margatoxin [Erdogan et al., 2005].

In ex vivo cultures of Schwann cells from leporine sciatic nerve,
proliferation is accompanied by an increased K current and a
progressive hyperpolarisation of Vy, [Chiu and Wilson, 1989]. In
these experiments, proliferation was inhibited by culturing cells
in depolarising culture media or administration of K channel
blockers such as quinine, tetraecthylammonium (TEA) and 4-
aminopyridine (4-AP). Interestingly, treatment with TEA, but
not with quinine or 4-AP, had a weaker effect on proliferation
than on current inhibition. Remarkably, Kop channels, such
as Kenkbb, are relatively insensitive to TEA [Richter et al.,
2004; Clark et al., 2011]. The strong reduction in conductance
observed with TEA, might therefore be due to preferential block-
ing of other types of K" channels, while the anti-proliferative
effect is only visible when TEA reaches concentrations suffi-
cient to target Kop channels. This raises the question whether
Kop channels are particularly prone to promote cell proliferation
and whether this property is connected to their K™ conducting
function.

Depletion of KCNK5 was shown to decrease cestrogen-induced
proliferation of two breast cancer cell lines [Alvarez-Baron et al.,
2011]. Growth of human breast tumour requires cestrogen stim-
ulation via cestrogen receptor o (ERa). The enhancer region
of KCNKJ5 shows cestrogen-responsive elements; stimulation of
ERa signalling increases KCNKS5 at the transcript and protein
level and is accompanied by enlarged K currents. In another
study, several Kop channels (KCNK5, KCNK16 and KCNK17)
were found to be associated with human cancer with KCNK5
being upregulated in more than half of the 23 cancer cell lines
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analysed [Santarius et al., 2010]. KCNK9 (TASK3) has also
been reported to play a role in cancer as it is frequently upreg-
ulated in breast, lung, colon, and metastatic prostate cancers
[Mu et al., 2003]. Importantly, cells expressing the wild type but
not a dominant negative version (G95E) of this channel induces
tumour formation in nude mice |Pei et al., 2003]. Overexpres-
sion of KCNK2 (TREK1), a Kyp channel whose expression is
correlated with prostate cancer, increases proliferation of nor-
mal prostate epithelial cells (NPE) and Chinese hamster ovary
(CHO) cells. A dominant negative form of KCNK2 bearing
two mutations in the selectivity filter (G161E; G268E) inhib-
its proliferation of PC3 cells, a prostate cancer cell line that
endogenously expresses the channel [Voloshyna et al., 2008].

Taken together these data indicate that Kop channel overexpres-
sion and/or dysregulation play a role in uncontrolled growth
of tumourigenic tissue. The present work provides first evid-
ence that changes in the activity of K™ channels are sufficient
to modify organ size during development, since expression of
Kenk5P/ in wild type fins phenocopies the fin overgrowth of
pfau mutants. This overgrowth may be due to cell autonom-
ous stimulation of proliferation, since the mutation acts locally
in the fin, fin overgrowth is accompanied by the presence of
Kenk5Pf* expressing cells and numerous Kt channels have
been implicated in proliferation. The effect of mutant Kcnk5b
is probably mediated by hyperpolarisation of the cell as a result
of increased conductance. The necessity of K permeation for
promoting the overgrowth phenotype will be tested by expres-
sion of a non-conducting version of the channel (cf. Appendix
C, Fig. 4.5), carrying a mutagenised P2 selectivity filter. If ion
conductance is required to promote overgrowth, no overgrowth
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should be observed with such non-conducting channel.

3.5.2 Kcnhl and its current-independent role in cell
proliferation

Similarly to what was observed for Kcnkbb, protein structure
models of Kcnhla revealed that the amino acids affected in
the sgl, sllk and fgg variants locate within the TM domains
of the channel. While all three variants altered the properties
of the channel, the effect of Kenhla®™™® on ion current was
opposite to what was observed for Kenhla®® and Kenhlaf%
(cf. Fig. 2.29). These results suggest that K permeation per se
is not responsible for the overgrowth phenotype of the dorsal
fin mutants.

Interestingly, a similar current-voltage characteristic to Kenhlaf99
and Kcnhla®? is observed in rat KCNH1 after progesterone
treatment |Briiggemann et al., 1997] (Fig. 3.1). This hormone
promotes maturation of Xenopus oocytes, as it causes release
of the cell from arrest in G2 phase and thereby enables com-
pletion of meiosis. Its action is mediated by mitosis-promoting
factor (MPF), a complex of CDK1 and Cyclin B. Briiggemann
et al. [1997] showed that progesterone application or MPF
injection into oocytes changes the conducting properties of
murine KCNH1. Before MPF activation, the current-voltage
relationship is almost linear at depolarised potentials, similar to
what was observed for wild type Kenhla (cf. Fig. 2.29, panel B
black squares). With activation of MPF, K™ current experiences
inward rectification, i.e. outward current is strongly reduced.
This resembles the current-voltage characteristic of Kenhlaf99
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and Kcnhla®®. The MPF-induced rectification of KT current
was specific to this channel and was not observed for other
K™ channels like KCNA4 or the Shaker H4 channel from D.
melanogaster. This suggests that cell cycle progression can lead
to post-transcriptional modifications of KCNHI.

—(QO— before treatment
—@— 20 pg/ml progesterone

V[mV]

Figure 3.1: Current—voltage relationships of rat KCNH1 obtained
from the same oocyte before (open circles) and after (filled circles)
treatment with 20 pg/ ml progesterone. Adapted from Briiggemann
et al. [1997]

As a Ky channel, Kenhla channels assume an open conforma-
tion at depolarised states and a closed conformation at hyperpol-
arised states [Stengel et al., 2012]. Intriguingly, the Drosophila
homologue of Kcnhla, Eag has been reported to induce prolif-
eration in cell culture, depending on the conformational status
[Hegle et al., 2006|. Surprisingly, this effect is independent of
K™ permeation, as both wild type Eag™ and the non-conducting
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EagF456A stimulate proliferation of NIH 3T3 fibroblasts cul-
tured in serum free media. By employing a mutant channel that
switches to the open conformation even with hyperpolarised
Vm but is unable to conduct K ions, the authors showed that
proliferation is regulated by the position of the voltage sensor
(see Fig. 3.2 for details).

Human KCNHI1 has also been shown to stimulate prolifer-
ation independently from its ion-conducting function. Allo-
grafts of NIH 3T3 cells transfected with a non-conducting
mutant of KCNHI still induce tumours in severe combined
immunodeficient (SCID) mice [Downie et al., 2008|. This find-
ing seemingly contrasts with the observation that blockade of
KCNHI1 via the K" channel inhibitor astemizole also reduces
tumour size. However, astemizole locks KCNH1 in the open,
non-proliferative conformation [Downie et al., 2008, thus in-
hibiting a conformation-induced proliferative response. The
findings presented above support the view that Kenhla channel
can promote overgrowth independently of its K™ conducting
function. The current-voltage relationship of Kcnhla®® and
Kcnhlaf% closely resembles the curve of rat KCNH1 upon
MPF treatment. Therefore, the sgl and fgg mutations could
mimic the effect of a mitogen on wild type Kcnhla and would
therefore transduce a proliferative signal. On the other hand,
Kenhla® shows increased conductance in respect to wild type
(cf. Fig. 2.29). This effect contrasts with what is observed in the
sgl and fgg channels and resembles more the hyperpolarising
behaviour of Kenk5b® and Kenk5b?/#%. Therefore sllk might
act in a similar way as pfau and alf. Moreover, since Kcnhla is
voltage-dependent, such hyperpolarisation might in turn pro-
mote the closed conformation of the channel and hence induce
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proliferation.

Further in vitro and in vivo studies are required to resolve the
difference between these allelic variants of Kcnhla. However,
the commonality of their effect on dorsal fin growth versus their
different electrophysiological behaviour would favour a model in
which channel conformation and not ion conductance induces a
proliferative response.

Figure 3.2 (preceding page): The Drosophila homologue of
Kcnhla, Eag, was shown to induce cell proliferation of fibroblasts
depending on the channel conformation, but not on K™ permeation
[Hegle et al., 2006]. (A) Eag™ is open at depolarised states of the
membrane (1A) and causes K™ outflow. Under physiological condi-
tions, with a negative Vi, (2A) the voltage sensor (in yellow) causes
the channel to close (3A). (B) The same behaviour is observed in
the non conducting mutant, EagF4°64, (C) The mutant EagTATSSA
is affected in the voltage sensor (in blue), which makes this channel
less sensitive to negative Vy,. This channel conducts KT currents at
depolarised states (1C) as well as at polarised states (2C). Since the
channel conducts also under physiological conditions, K™ outflow
will cause hyperpolarision (V,, will become even more negative) and
EagTATSSA will eventually switch to the closed conformation (3C).
When these two mutations are combined (D), the channel will not
be permeable to K ions (1D), but will still show low sensitivity
to negative Vy, (2D). Therefore under physiological conditions, this
channel stays in the open conformation (3D). Only when Eag is in the
closed conformation (3A-C) (note the position of the voltage sensor)
it is able to stimulate cell proliferation. Change in conformation
might be crucial to allow interactions with other macromolecules
that transduce a proliferative signal. Indeed, Eag was shown to bind
and activate CaMK II [Sun et al., 2004] via its carboxyl terminus.
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3.5.3 K* channels and growth: possible mechanisms

Several growth factors and mitogens, such as IGF-1, cestrogen
and prolactine are known to promote K* currents [Van Cop-
penolle et al., 2004; Borowiec et al., 2007; Alvarez-Baron et al.,
2011]. This process is dependent on protein kinase activity
[Van Coppenolle et al., 2004; Borowiec et al., 2007|. Conduct-
ance of human KCNKS5, for example, was shown to be modu-
lated by tyrosine phosphorylation of the channel [Kirkegaard
et al., 2010]. Growth factors are also reported to promote de
novo transcription of human KCNK5 and KCNH1 [Borowiec
et al., 2007; Alvarez-Baron et al., 2011|. Additionally, KCNH1
has recently been reported to promote expression of the Gy /S
phase cyclins cycD1 and cycE in MCF-7 cells [Borowiec et al.,
2011]. As discussed, numerous studies suggest that K channels
are actively involved in cell proliferation. Therefore, gain of
function mutations in genes encoding for K* channels, such as
those described in this work, could mimic the modulation of
channels by growth factors and mitogens and, hence, induce
cell cycle progression. By which means K* channels stimu-
late mitosis is yet unclear, however several scenarios can be
envisioned.

Hyperpolarisation

The primary role of K channels is regulation of transmembrane
potential (V). Vi, and K conductivity are known to be mod-
ulated during cell cycle progression [Cone, 1969; Bregestovski
et al., 1992|, with cells arrested in Go/G; showing a relatively
depolarised state, and cells entering into S phase experiencing
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hyperpolarisation [Orr et al., 1972; Canady et al., 1990; Won-
derlin et al., 1995]. In contrast, the Go/M phase transition
is accompanied by depolarisation of the cell and reduced K™
conductance |Blackiston et al., 2009]. Such oscillation in Vi,
and K* conductance was observed also during cleavage stage
in early embryogenesis of the weather loach Misgurnus fossilis
[Bregestovski et al., 1992].

Activation of K™ channels during cell cycle progression and
the consequent hyperpolarisation of the cell could modulate
the activity of voltage-dependent channels, such as voltage-
dependent calcium (Ca?") channels or connexins, and therefore
directly or indirectly increase cytosolic Ca?" concentrations
[Nilius and Droogmans, 1994]. Ca?" regulates a plethora of
biological processes and many authors have proposed it as
a regulator of cell cycle progression [Kahl and Means, 2003;
Capiod, 2011]. In fact, blockers of Ca?" channels have antipro-
liferative effect in several tissues |Taylor and Simpson, 1992;
Haverstick et al., 2000] and Ca?" is required in the extracellular
environment and in intracellular compartments for growth and
proliferation of many cell types. Increases in cytosolic Ca?"
can directly affect protein behaviour, as in the case of Ca®*-
dependent K channels (K¢,), or can be transduced by intra-
cellular Ca?" receptors such as calmodulin (CaM). CaM in turn
controls many intracellular targets like CaM-dependent protein
kinase (CaMK), the phosphatase calcineurin and endothelial
NO synthase (eNOS) and is required for cell cycle progres-
sion through the restriction point via hyperphosphorylation
of Retinoblastoma-associated (Rb) protein [Kahl and Means,
2003; Whitaker, 2006].

Interestingly, blockade of K™ channels inhibits the rise of cytoso-

110



lic Ca?* and proliferation of T lymphocytes [Lin et al., 1993].
In contrast, proliferation of tumour cells is independent of
Ca%" [Owen and Villereal, 1985], but still can be inhibited by
K™ channel blockers [Balk, 1971; Dubois and Rouzaire-Dubois,
1993; Rouzaire-Dubois and Dubois, 2004|. Therefore, while
Ca?" mediated effects on cell proliferation are one plausible
mechanism, it is certainly not the only way by which K™ chan-
nels can stimulate growth. Hyperpolarisation also increases the
electrochemical gradient for Na™, which has been proposed as
a mitogen by some authors [Kaplan and Owens, 1980; Dubois
and Rouzaire-Dubois, 1993; Klausen et al., 2010]. Moreover,
a more negative Vp, enhances the activity of various meta-
bolite transporters such as the voltage-dependent Na™-amino
acid co-transporter [Dubois and Rouzaire-Dubois, 1993| and
the voltage-dependent serotonin transporter [Blackiston et al.,
2009].

Volume regulation

K™ channels are notoriously involved in cell volume regulation
[Hoffmann, 2011]. This is an active process that is essential for
homeostasis, since cells undergo intense changes in cell volume
as they grow, divide and migrate [Lang et al., 1998]. When
a cell is exposed to a hypotonic solution, i.e. a solution low
in osmolytes, it initially experiences swelling due to osmosis.
Subsequently, it responds by releasing osmolytes into the ex-
tracellular environment through membrane transporters and
channels [Deutsch et al., 1982]. This causes the efflux of HoO
and, hence, a reduction of cell volume. Such process is referred
to as regulatory volume decrease (RVD), and is mainly due to
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the action of K™ and Cl” channels. KCNK5 is known to account
for RVD in Ehrlich ascites tumour cells [Niemeyer et al., 2001].
Moreover, KCNK5 overexpression in HEK293 cells accelerates
RVD [Kirkegaard et al., 2010]. This process is accompanied by
phosphorylation and activation of KCNKS5, and can be inhib-
ited by blocking the JAK/STAT pathway. In fact, changes in
cell volume have also been reported to lead to activation of
protein kinases of the MAPK pathway [Schliess et al., 1995;
Szészi et al., 1997].

Several studies suggest that cell volume regulation is linked to
cell proliferation [Xu et al., 1996; Rouzaire-Dubois and Dubois,
1998; Rouzaire-Dubois et al., 2000; Di Giusto et al., 2012; Zhu
et al., 2012]. Quiescent mouse L2 clone T-lymphocytes express
low levels of K channels and do not exhibit RVD. Interest-
ingly, however, when L2 cells are induced to proliferate by
administration of the cytokine interleukin 2 (IL-2), K" conduct-
ance increases and the ability to engage in RVD in response to
hypotonicity is restored [Lee et al., 1988]. In a series of experi-
ments on mammalian neuroblastoma cells it was observed that
blockage of K* channels with TEA, 4-AP or caesium (Cs™)
ions increases cell volume and decreases cell proliferation in a
dose-dependent manner [Rouzaire-Dubois and Dubois, 1998|.
In the same study, this inverse relationship between cell prolif-
eration and volume was shown also by inducing volume changes
through osmotic challenges, blockage of CI” channels or use of
antibiotic-free medium. Similarly, 4-AP blocking of Ky; channels
in human myeloblastic ML-1 cells induces a volume increase
of 37% and arrests the cells in G; phase. Here, inhibition of
the ion channels was accompanied by dephosphorylation of
Rb protein, a crucial factor for entry into S phase. This effect
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was specific for Gg/; phase, since cell cycle progression of my-
eloblasts that were already past the restriction point was not
affected by the K channel blocker [Xu et al., 1996]. These
findings suggest that volume decrease might play a role in cell
cycle progression. Reduction of volume has been proposed to
directly increase the concentration of cell cycle relevant factors,
such as cyclins, CdKs and pRb [Dubois and Rouzaire-Dubois,
1993; Nilius, 2001].

Protein-protein interactions

In the last years, evidence has been accumulating that K™ chan-
nels can trigger cell proliferation independently of their function
as ion-conducting molecules [Hegle et al., 2006; Downie et al.,
2008; Millership et al., 2011; Cidad et al., 2012|. In fact, in
several cases, K channels have mitogenic effects even if they
are rendered non-conductive by mutating the selectivity pore.
A conformational switch in the channel has been proposed to
underlie activation of the MAPK pathway and proliferation of
fibroblasts expressing Eag [Hegle et al., 2006] (cf. Sec. 3.5.2).
Structural change has been proposed as activator of MAPK sig-
nalling also for the Ca?"-dependent K* channel (Kc,) KCNN4
(IK1) [Millership et al., 2011]. KCNN4 was shown to increase cell
proliferation in HEK293 cells. This occurred independently of its
ion conducting function, as was shown for the non-conducting
mutant KCNN4GYGAAA (G252A; Y253A; G254A), and even
independently of its presence at the cell membrane, as observed
in the trafficking mutant KCNN4MAA (L18A; L25A) [Miller-
ship et al., 2011]. This suggests that ion channels might have
additional functional properties besides ion conductance. The
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transient receptor potential (TRP) cation channel TRPM?7, for
example, also displays kinase activity [Runnels et al., 2001| and
is known to interact with phospholipase C (PLC). Moreover,
the Drosophila Slowpoke binding protein (Slob), which interacts
with the K¢, channel Slowpoke (Slo, KCNMA family), acts as
a kinase [Zeng et al., 2004]. It is possible that K channels act
as sensors for changes in Vy, [Cidad et al., 2012] or cytosolic
Ca?" [Millership et al., 2011]. Conformational change could
therefore be transduced to intracellular components via binding
sites on the large amino and carboxyl terminal regions of these
transmembrane proteins. In fact, Eag has been shown to bind
and activate CaMKII upon local Ca?*CaM exposure [Sun et al.,
2004].

Whether the phenotype of the kenk5b and kenhla mutants can
be ascribed to a cell autonomous role of these channels in cell
proliferation still needs to be confirmed experimentally. This
hypothesis will be tested in cell culture, since this system allows
not only to assess proliferative capability, but also cytosolic Ca?*
concentration and changes in cell volume. Another question that
still remains open is how fin growth in the mutants is integrated
to achieve an enlarged but correctly patterned organ with all
its tissues rather than a lump of uncontrolled proliferating cells.
K™ channels such as Kenk5b and Kenhla could indirectly affect
patterning and positional information by acting on instructive
signals in the developing fin, possibly through regulation of Cx43
(cf. Sec. 3.4). Intriguingly, Cx43 has been reported to control
Fef mediated limb outgrowth in the AER of chick [Makarenkova
and Patel, 1999]. In this context, it will be interesting to see
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whether KT channels regulate connexin activity to establish
and maintain signalling centres such as the AER and ZPA.

3.6 Extrapolating the role of K* channels
in fin growth to natural populations

In fishes, the development of enlarged fins has been proposed as
a low cost strategy to increase apparent body size in aggressive
interactions between males as well as to target female choice.
Such a phenomenon is particularly apparent in several poecilid
species and is subject to sexual selection [Rosenthal and Evans,
1998; Gumm et al., 2009]. To date, the genes involved in these
exaggerated phenotypes are not known.

In the present study, I analysed five zebrafish mutants with
overgrown fins and provide evidence that they carry mutations
in two K™ channel encoding genes. Moreover, fin overgrowth
mutants studied by others also appear to be affected in genes in-
volved in K™ homeostasis. The phenotype of the lof mutant can
be reverted by a nonsense mutation in K channel kenh2a [John-
son and Harris, unpublished data] and szz bears a mutation
in a gene coding for a K™ /Cl™ co-transporter |Harris, unpub-
lished datal. Additionally, the dorsal fin overgrowth mutant
mhk is altered in kcnhla, the same gene defective in the dorsal
fin mutants presented in this work. Therefore, K™ channels in
general, and Kcnhla in particular, may play a role in dorsal fin
size determination.

To test this hypothesis, kenhla was analysed in the sailfinned
P. latipinna and P. velifera as well as in the shortfinned spe-
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cies, P. latipunctata and P. sphenops. The longfinned species
P. latipinna and P. velifera both show an Ala at position 396
of kenhla, in a residue that is conserved in other teleosts. Elec-
trophysiological measurements employing the zebrafish kcnhla
harbouring the mutation S396A did not show any difference in
conducting properties in comparison to the zebrafish wild type
channel (cf. Fig. 4.6). However, in vivo this channel might be
subject to posttranslational modifications. In fact, all the other
vertebrate species analysed, showed either a phosphorylatable
(Ser/Thr) or phosphomimetic residue (Asp) in this position. As
was shown for KCNK5 [Kirkegaard et al., 2010] and proposed
for KCNH1 |Borowiec et al., 2007|, phosphorylation of kenhla
might regulate channel activity. Further studies will be needed
to assess if this is the case, and whether the sailfin variants of
kecnhla are able to induce dorsal fin overgrowth in zebrafish.

In the future it will be interesting to see if the numerous cases
of enlarged fins found in natural populations of fishes, such as
flying fish (Fzocoetidae) and swordtails (Xiphophorus sp), also
involve modulation of K™ channels or other ion flow controlling
proteins.
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CHAPTER

Materials & Methods

4.1 Fish maintenance

Zebrafish were bred and maintained as previously described
[Niisslein-Volhard and Dahm, 2002] at 28°C. Eggs were collected
in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCls,
0.33 mM MgSO4 in ddH50) containing 200 pg/l methylene
blue (Merck, 1283) to avoid growth of mold.

4.2 Bleaching of fish eggs

In order to decrease the risk of spreading diseases, embryos to
be raised to adulthood were treated with 360 pl/1 of bleaching
agent (12% NaClO, Carl Roth 9062.3) in tub water for 5 min,
followed by a 5 min wash in tub water. This treatment was
repeated for a second time. Bleaching was performed after
completion of epiboly and before the chorion starts to dissolve
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at 28 hpf. After bleaching, pronase from Streptomyces griseus
(Roche, 70306722) was added to E3 medium at an approximate
final concentration of 3.5 pg/ml in order to facilitate hatching.

4.3 Anaesthesia

Fish were anaesthetised in 1x tricaine solution diluted in
fish water (30x stock tricaine solution: 0.5 % (w/v) Ethyl 3-
aminobenzoate methanesulfonate salt (Sigma-Alderich, A5040)
1% (w/v) NagHPOy4 in ddH20). A 4x solution was used to
euthanise fish.

4.4 Measurements

Fish were euthanised in tricaine solution, fixed overnight in 4%
PFA in PBS and gradually (25%, 50%, 75%, 100%) dehydrated
in EtOH/PBS and stored in 100% EtOH until further processing.
Fish were imaged under a stereo microscope (Zeiss, SteREO
Discovery) and measurements were performed using AxioVision
software (Zeiss).

4.5 Generation of fgg mutant fish and sllk
revertant

For the fgg mutant, six month old TU wild type males were
mutagenised six times at one week interval as described [Rohner
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et al., 2011] (Appendix B). The fish were outcrossed to alb
females. Progeny was reared to adulthood and screened for
fin overgrowth phenotypes. For the sllk revertant, homozygous
sllk males were identified by genotyping and treated as above.
Progeny was screened for loss of sllk phenotype.

4.6 DNA preparation

Fish were anaesthetised in tricaine solution (Sec. 4.3) and
transferred to a piece of parafilm with a spoon. Caudal fin was
removed with a sterile scalpel leaving a proximal stump of ca.
5 mm, so to allow the fin to regenerate. The amputated fin was
immediately transferred to lysis buffer (100 mM Tris-HCI pH
8, 200 mM NaCl, 0.2% SDS, 5 mM EDTA pH 8) supplemented
with 0.1 mg/ml proteinase K (Merck, 1245680500) and fish
were promptly put back to regular fish water for recovery.
Samples were incubated overnight at 55°C with vigorous shaking.
The next day, proteinase K was inactivated through a 20 min
incubation at 90°C. Then samples were put on ice and vortexed
vigorously after addition of 800 ul of isopropanol (propan-2-
ol). Samples were centrifuged at 4°C with 12000 g for 30 min,
supernatant was discarded and tubes were briefly dried on bench
paper. After adding 200 pl of 70% EtOH, samples were briefly
vortexed and centrifuged for another 5 min. Supernatant was
carefully removed and tubes were put at 55°C for 10 min to allow
evaporation of the remaining ethanol. DNA was resuspended
in HoO and incubated for 30 minutes at 55°C shaking. DNA
was diluted to a final concentration of 100 ng/pul.
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4.7 Mapping

Mapping was performed as described in |Niisslein-Volhard and
Dahm, 2002]. Mutant fish in TU background were crossed to
wild type WIK fish. Siblings of the F1 progeny were incrossed,
and F9 progeny was sorted into mutant and sibling fish. For
rough mapping bulk segregant analysis was used. Pooled DNA
of 48 mutant individuals was diluted to 35 ng/nl and compared
to the DNA of 48 non-mutant siblings using the standard G4
set primers |Geisler et al., 2007]. For single PCRs DNA was
diluted to 10 ng/pl. The DNA was amplified with following
conditions using epgradient Mastercycler (Eppendorf):

Genomic DNA 10-35 ng/pl 5.0 ul
PCR buffer (Genaxxon) 10x 2.0 pl
MgCly (Genaxxon) 25 mM 2.0 ul
Forward primer 10 pM 0.5 nl
Reverse primer 10 pM 0.5 nl
dNTPs (Fermentas) 10 mM each 0.4 pl
Tagq polymerase S (Genaxxon) 5U/pl 0.5 pl
ddH,0O pl 11.9 ul
Total volumel 20 nl

10x PCR buffer (Genaxxon) contains: 100mM Tris-HCI (pH
9.0 at 25°C), 500mM KCl, 1.0 % Triton X-100. Amplification
program:

94°C 30 s initial denaturation

94°C  30s
60°C 45 s 5 40 cycles
73°C 60 s
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73°C  30s final elongation

PCR amplicons were analysed via agarose gel electrophoresis
(2% w/v) for co-segregation with the non-mutant phenotype in
bulk segregant analysis as well as recombination in single DNA
PCRs. For further mapping additional z-markers were retrieved
from Ensembl Zv9 and VEGAA47 zebrafish genome assembly
databases.

4.8 Total RNA isolation

Fish were euthanised and tissue was removed with a clean
scalpel. Tissue was placed in a clean tube with 500 jl Trizol®
and subsequently homogenised with a nuclease-free pestle. Fol-
lowing 15 min incubation, 100nl chloroform were added. The
probe was incubated for 15 min at RT and centrifuge with a
table centrifuge for 15 min at 13000 rpm. The aqueous phase
was collected to a fresh tube and precipitated with 250 pl isop-
ropanol and incubation at -20°C for 10 min. The sample was
then centrifuged for 30 min at 4°C at 13000 rpm, supernatant
was discarded and pellet was washed with 500 pl EtOH 75%
and centrifuged for another 5 min. Supernatant was carefully
removed and sample was allowed to dry for 10-15 min at 65°C.
20 ul DEPC-H50 (0.1% diethylpyrocarbonate, autoclaved) were
added and pellet was solubilised at 65°C and subsequently veri-
fied through gel electrophoresis for smear-free rRNA bands
and concentration was measured through spectrophotometry
(NanoDrop).
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4.9 cDNA synthesis

Following components were mixed:

Oligo(dT) [0.5 pg/ pl] 1l
Total RNA 1-5 ng
dNTP(Fermentas) [10 mM]| 0.2 pl
DEPC-H>0O q.s.
Total volume 12 ul

The mixture was heated to 65°C and quick chilled on ice. Sub-
sequently following components were added:

5x First-Strand Buffer (Invitrogen) 4 ul

0.1 M DTT 2 1l
RiboLock RI (Fermentas) 1yl
Total volume 19 nl

After mixing, the sample was incubated at 42°C for 2 min and
1 pl of SuperScript” III (Invitrogen) was added and mixed
by pipetting. After an incubation time of 2 h, the reaction
was inactivated by heating for 15 min at 70°C and put on ice.
Finally, 2.5 pl of E. coli RNase H [5U/pl| (Fermentas) were
added to remove RNA from ¢cDNA and diluted 5x prior to
PCR reaction.

4.10 Cloning of kcnk5b and kcnhla cDNA

LA Taq polymerase (TaKaRa) was used for amplifying full
length cDNA of caudal fin blastema. CDS of kenk5b and kenhla
were amplified with following conditions:
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gene forward primer reverse primer annealing temp. cycles

kenk5b  OSP-379 OSP-382 60°C 45x%
kenhla  OSP-128 OSP-129 63°C 35x
cDNA 1-5 ul
Buffer (TaKaRa) 10x 5.0 pl
MgCly (TaKaRa) 25 mM 5.0 pl
Forward primer 10 pM 1.5
Reverse primer 10 pM 1.5l
dNTPs (TaKaRa) 25 mMeach 8yl
LA Tag polymerase (TaKaRa) 50/ul 0.5 pl
ddH»>O q.s.
Total volume 50 nl
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Amplification program:
94°C 4 min  initial denaturation

94°C  30s
xx’C  30s 35-45 cycles
72°C 60 s/1 kb

72°C 4 min final elongation

An aliquot of PCR product was run on 1% agarose gel to verify
successful amplification. If gel electrophoresis showed a unique
clean band, the remaining PCR product was directly processed
for ligation (vide infra). In the case of multiple amplicons, DNA
bands were excised and cleaned up with Wizard® SV Gel
and PCR Clean-Up System according to the manufacturer’s
instructions. Briefly, excised band was dissolved with Membrane
Binding Solution (1 pl/mg gel) at 65°C and transferred to
a binding column. After 1 min incubation, the sample was
centrifuged at maximum speed (16,000 g) in a table centrifuge
for 1 min and flowthrough was discarded. Subsequently sample
was washed through centrifugation with 700 pl Membrane Wash
Solution for 1 min, followed by 500 pl for 5 min. The column
was then dried through centrifugation for 2 min and placed
to a clean tube. 30 pl ddH2O were applied to the top of the
column and incubated for 1 min. Finally, sample was centrifuged
for 2 min to eluted DNA and then stored on ice. The PCR
product was then ligated overnight at 4°C to the pGEM®)-T
Easy (Promega) vector:
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PCR product 3.0 nl
Buffer 2x 5.0 pul
pGEM@®)-T Easy Vector [50 ng/pl] 1.0 pl
T4 DNA Ligase (3 Weiss units/ul) 1.0 pl
Total volume 10.0 nl

The sample was then processed for transformation (cf. Sec. 4.13).
Clones positive to blue/white screen were verified by sequencing.
Kenkbb was subcloned to pSGEM through Sacll and Spel
restriction sites. Kcnhla was subcloned to pSGEM KS™ through
EcoRI digestion. The destination vector was dephosphorylated
with rAPid Alkaline Phosphatase (Roche) for at least 1h:

Vector DNA <1 ng
10xrAPid Alkaline Phosphatase buffer 2l
rAPid Alkaline Phosphatase (1U/nl) 1yl
ddH20O q.s.
Total volume 10 pl

Ligation reaction was performed for 10 min using Quick Ligation

Kit (NEB):

Vector DNA 50 ng
Insert (molar ratio vector:insert = 1:3)  x pl
2x Quick Ligase buffer 10 nl
Quick Ligase 1ql
ddH>O q.s.
Total volume 10 nl
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4.11 Cloning of kcnhla cDNA from
poecilids

Partial sequence of P. latipinna kenhla cDNA was amplified
with LA Taq polymerase (TaKaRa) using degenerated primers
OSP-137 and OSP-138 designed on zebrafish and medaka
kenhla. The resulting sequence was used to design the poecilid
specific primers OSP-151 and OSP-163.

4.12 Competent cells

One shot® TOP10 E. coli cells (F- merA A(mrr-hsdRMS-
merBC) ®80lacZAM15 Alac X74 recAl araD139 A(ara- leu)7697
galU galK rpsL (Str®) endAl nupG) were purchased at Invit-
rogen, diluted 1:1,000 and 1:10,000, plated on LB plates w/o
antibiotics and incubated overnight at 37°C. A single colony
was inoculated in 6 ml LB overnight. The culture was diluted
1:100 with pre-warmed LB medium and grown to ODggg= 0.5.
Bacteria were aliquoted in 50 ml Falcon tubes, centrifuged at
3000 rpm for 15 min at 4°C and pellet was resuspended in
ice-cold 16.5 ml RF1 buffer (100 mM RbCl, 30 mM KOAc, 10
mM CaClsy - 2 H2O, 50 mM MnCly - 4 HoO, 15% glycerol (w/v),
pH set to 5.8 with HCI, sterilised with 0,22 pm filter). After 1
h incubation, samples were centrifuged at 2500 rpm for 12 min
at 4°C and resuspended in 4 ml RF2 (10 mM MOPS, 10 mM
RbCl, 75 mM CaCly - 2 HoO 15% glycerol pH set to 6.8 with
NaOH, sterilised with 0.22 pm filter). Bacteria were incubated
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15 min on ice, quickly aliquoted in 50 nl in pre-cooled tubes,
shock frozen in liquid N9 and stored at -80°C until used.

4.13 Transformation

Competent cells were thawed 5 min on ice. 1 pl plasmid DNA
was added, sample was gently resuspended and placed on ice
for another 30 min. Cells were heat shocked for 45 s at 42°C
and immediately placed on ice for 5 min. 250 pul LB were added,
bacteria were incubated on a thermoshaker (300 rpm) for 45 min
at 37°, before plating on LB plates containing the appropriate
antibiotic. For blue/white screening, 40 pnl x-gal (20 mg/ml in
N-N dimethyl formamide) were plated to each dish.

4.14 Plasmid purification

Plasmids were purified using QIAprep Spin Miniprep Kit (Qia-
gen) or Quantum Prep” Plasmid Midiprep Kit (Bio Rad) ac-
cording to manufacturer’s instructions.

4.15 Digestions with restriction enzymes

Generally, for analytical restriction enzyme digestions following
conditions were used:
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DNA
Appropriate buffer (NEB/Fermentas)
BSA 100x (NEB)

0.5 pg
2 pl
0.2 nl

Restriction enyzme (NEB/Fermentas) 5U/pg DNA

ddH20O

Total volume

For preparative digestions following conditions were used:

DNA
Appropriate buffer (NEB/Fermentas)
BSA 100x(NEB)

q.S.

20 pl

5-10 pg
10 pl
1ql

Restriction enyzme (NEB/Fermentas) 5U/pg DNA

ddH>O
Total volume

4.16 Sequencing

DNA sequence was determined by taking advantage of the
sequencing facility of the Max Planck Institute for Develop-
mental Biology. Following conditions were used to set up the

sequencing reaction:

BigDye Terminator (Applied Biosystems)
Sequencing buffer

Sequencing primer [10pM]

DNA [100 ng/pl]

ddH>0O q.s. to 10 pl

The sequencing buffer contains: 350 mM Tris HC] pH 9, 2.5

mM MgCls.
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100 ul

0.75 nl
1.90 pl
1.90 pl
1.90 pl
5.85 nl



4.17 Genotyping

DNA was isolated from caudal fins (cf. Sec. 4.6) and amplified
with following primer pairs:

locus forward primer reverse primer

alf OSP-377 OSP-378

pfau  OSP-57 OSP-58

sgl OSP-21 OSP-22

sllk - OSP-105 OSP-106

fag OSP-175 OSP-176

Genomic DNA 100 ng
PCR buffer (Genaxxon) 10x 2.0l
MgCly (Genaxxon) 25mM  2.0pl
Forward primer 10 pM 1l
Reverse primer 10 pM 1ql
dNTPs (Fermentas) 10 mM each 1l
Taq polymerase S (Genaxxon) 50/ml 0.5l
ddH,0O pl q.s. nl
Total volumel 20 nl

Amplification program:

94°C 4 min initial denaturation

94°C  30s
60°C 30 s 35 cycles
72°C 60 s

72°C 4 min final elongation
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Successful amplification was verified by running an aliquote on
1% agarose gel. PCR product was diluted 1:10 and processed
for sequencing.

4.18 Transplantations

Transplantation were performed as previously described [Niisslein-
Volhard and Dahm, 2002]. Donors were obtained by crossing
B-actinl:GFP transgenic fish to pfau homozygous fish and reg-
ular alb fish were used as hosts. At mid blastula stage (1000
cell stage), about 20-40 cells were transplanted from the donor
into the recipient at a position where, according to the fate
map |Langeland and Kimmel., 1997|, the prospective fins are
located. Transplantation recipients were raised to adulthood.

4.19 Injections

Plasmids (5-20 ng/pl), Tol2 mRNA (25 ng/pl) and 20% (v/v)
phenol red solution (Sigma-Aldrich, P0290-100ML) were injec-
ted into the zygote of 1-cell stage embryos under a dissecting
microscope (Zeiss, Stemi 2000) using 275 Pa (40 psi) injecting
pressure for 100 ms (World Precision Instruments, Pneumatic
PicoPump PV820).
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4.20 Calcein staining

Calcein (Sigma-Aldrich, C0875) was dissolved to 0.2% (w/v)
in ddH2O and pH was set to neutral values with NaOH. Live
fish were bathed in the calcein solution for 10 min, washed in
normal fish water for 10 min and processed for imaging.

4.21 cRNA Preparation

10 ng of template plasmid were linearised by digestion with 50
U of the appropriate restriction enzyme in a total volume of
100 pl.

construct gene enzyme polymerase
PSi01 kenhla™ Nhel T7
PSi02 kenhla®9! Nhel T7
PSi03 kenhia®9! Nhel T7
PSi51 kenh1af99 Nhel T7
PSi05 kenksb™ Nhel T7
PSi06 kenk5bPIov Nhel T7
PSi07 kenksb Y Nhel — T7
PSi08 kenk5bGFGAAA  Nhel — T7
PSig&2 Tol2 transposase Notl Spb6

Proper linearisation was confirmed on 1 pl by agarose gel electro-
phoresis and ethidium bromide staining. Subsequently, template
DNA was extracted through phenol/chloroform precipitation
using Phase Lock Gel Heavy 2 ml tubes (5 Prime): An isovolume
of phenol:chloroform:isoamyl alcohol 25:24:1 (Carl Roth) was
added to the sample. Solution was mixed through shaking.
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Samples were centrifuged for 5 min at 13,000 rpm. The aqueous,
upper phase was carefully pipetted in a new Phase Lock Gel
Heavy 2 ml tube, an isovolume of chloroform was added and,
after vigorous mixing, samples were centrifuged for another 5
min. The aqueous phase was again transferred to a fresh tube
and supplemented with 1/10 volume of 3 M sodium acetate and
2.5 volumes of absolute ethanol. Mixing was followed by an
incubation of 1 hour at -80°C and a centrifugation at 4°C with
12000 rpm for 10 min. Pellet was washed twice with 70% ethanol
and 14000 rpm for 5 minutes. Subsequently pellet was dissolved
in 10 pl ddH50O (ca. 1 pg/nl). The transcription reaction was
performed using Ambion mMessage mMachine (Invitrogen) ac-
cording to manufacturer’s instructions (total volume 20 pl). The
DNA template was then digested through incubation with 2nl
TURBO DNase for 15 min at 37°C and successful transcription
was verified through agarose gel electrophoresis and ethidium
bromide staining on 1 pl of the reaction. For Tol2 mediated
transgenesis mRNA was purified as follows: After transcription,
mRNA was precipitated through addition of 30pul of nuclease
free HoO and 30 pl of lithium chloride precipitation solution.
Samples were mixed thoroughly, incubated for 1 hour at -20°C
and centrifuged at 4°C with 12000g for 15 minutes. The pellet
was washed via centrifugation with 1 ml 70% ethanol for 5 min,
resuspended in 50 pl nuclease free HoO and diluted to a final
concentration of 250 ng/ul. mRNA was aliquoted in batches of
2 pl and stored at -80°C. mRNA for expression in Xenopus oo-
cytes was clean up using mRNeasy Mini Kit (Qiagen) according
to the manufacturer’s protocol and stored at -80°C.
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4.22 Electrophysiology

Xenopus laevis oocytes were harvested according to German law
as described previously [Strutz-Seebohm et al., 2007]. Briefly, an-
imals were tricaine anaesthetised and ovary lobes were removed
from frogs and digested with collagenase (Type II, Worthington,
1 mg/ml in Ca?"-free Barth’s solution) for 120 min. Stage V
oocytes were collected and injected with cRNA (kenk5b single
alleles: 4 ng of wild type or mutant kcnk5b cRNA; coinjections
of two kcnkdb alleles: 2 ng cRNA each, for a total of 4 ng;
measurements of kenhla: 2 ng of wild type or mutant kcnhia
cRNA per oocyte). Injected oocytes were stored for 3-4 days
at 17°C in Barth’s solution containing (in mM): 88 NaCl, 1.1
KCl, 2.4 NaHCOs3, 0.3 Ca(NO3)2, 0.3 CaCly, 0.8 MgSQOy, 15
HEPES-NaOH, penicillin-G (31 mg/1), streptomycin sulphate
(20 mg/1), gentamycin (50 mg/1), pH 7.6.

Standard TEVC recordings were performed at 22-23°C using a
Turbo Tec-10CX (NPI, Germany) amplifier equipped with an
ITC-16 interface and pCLAMP 8.0 software (Axon Instruments
Inc./Molecular Devices, USA) and analyzed with Clampfit 8.0
and Origin 6.0 (Additive, Germany). From a holding potential
of -80 mV 0.5 s (kenk5b) or 2.15 s (kenhla) long pulses from -100
to +60 mV with increments of 20 mV were applied. Recording
pipettes were filled with 3M KCl and had resistances of 0.4-1
MS2. Channel currents were recorded in ND96 recording solution
containing (in mM): 96 NaCl, 4 KCl, 1.8 MgCly, 1.0 CaCly, 5
HEPES; pH 7.6.

Recorded currents (n=5-26) were averaged and normalised to
the mean value recorded for oocytes injected with the wild type
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channel at +60 mV (kcnk5b) or +40 mV (kenhla).

4.23 Immunohistochemistry

Fins were cut and fixed in 4% PFA rotating overnight at 4°C.
The next day fins were briefly rinsed in PBS and gradually
dehydrated through 5 min washes of 25%, 50%, 75%, 90% and
100% MetOH in PBST (PBS + 0.1% Tween20). Samples were
kept overnight in MetOH at -20°C and subsequently rehydrated
through 5 min washes in 90%, 75%, 50%, 25% MetOH in PBST.
Fins were then permeabilised through three washes in PBT
(PBS + 0.3% Triton-X) of 5 min and digested with proteinase K
(10 pg/ml in PBST) digestion for 70 min at room temperature.
The reaction was stopped with two quick washes in PBST.
Fins were then postfixed with 4% PFA at RT for 20 min and
washed for another 4-5 times. The samples were then blocked
for at least 1 h at RT with 10% NGS (normal goat serum),
and incubated overnight with the primary antibody (mouse
a-zns-5: 1:200, rabbit a-GFP: 1:500) in 1% NGS and PBST.
The next day fins were washed for at least 5 times with PBST
at RT and incubated overnight with the secondary antibody
(1:400 a-mouse Cy3, a-rabbit Alexa488) in 1% NGS and PBST.
Subsequently samples were washed several times in PBST and
mounted on a microscope slide in Aquamount. A small amount
of silicon was applied on the borders as spacer, samples were
covered with a cover slip and sealed with nail polish.
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4.24 Imaging

Following microscopes were used for imaging:

Microscope [Nlumination Software
Zeiss  SteREO KL2500 AxioVision 4.8
Discovery V20 LCD/HXP120
Zeiss Apotome HAL100/HXP120 AxioVision 4.8
Zeiss LSM 5LIVE  DPSS 405/ Di- Zen 2009

odes 488 561 635

Images were processed using:
o ImageJ 1.45s
e Adobe Photoshop CS4
e Adobe Hlustrator CS4

4.25 Cloning of misexpression constructs

The backbone (PSi75) of the misexpression construct was gen-
erated by excising the cmlc:EGFP cassette from vector PSi30
(587jk, kind gift of Dr. Jana Krauf) through BglII restric-
tion. At this site a effaDsRed cassette generated from PSi73
(Ale237, kind gift of Alessandro Mongera) was inserted through
In-Fusion® Advantage (Clontech) cloning using following con-
ditions:
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PSi73 DNA 10 ng/ul 1.00 pl
10x Buffer for KOD Hot Start DNA Polymerase  5.00 pl

(Toyobo)

25 mM MgSOy4 (Toyobo) 3.00 pl
dNTPs (2 mM each) (Toyobo) 5.00 pl
OSP-295 primer 10 ptM 1.25 pl
OSP-304 primer 10 pnM 1.25 nl
KOD Hot Start DNA polymerase (Toyobo)  1.00 nl
(1U/nl)

ddH50 pl 32.50 pl
Total volume 50 nl

Amplification program:

95°C 2 min initial denaturation

95°C  20's
59°C  10s 30 cycles
72°C  30s

An aliquot of 1 pl was verified on a 1% agarose gel and the
remaining sample was digested with 1 pl Dpnl enzyme (10
U/qul, Fermentas) for 8 h, cleaned up with Wizard® SV Gel
and PCR Clean-Up System as above, using an isovolume of
Membrane binding solution. Insert was processed for In-Fusion®
Advantage reaction to obtain PSi76:

PSi75 50 ng
Insert (vector:insert ratio = 1:2) 60 ng
Buffer 2 ul
Enzyme 1ql
ddH->O q.s.
Total volume 10 nl
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The eflo:kenk5bP/a cassette (PSi74) was obtained by inserting
the effa promoter from PSi73 into PSi06 The promoter was
amplified from PSi73 using KOD Hot Start DNA Polymerase
(Toyobo) with OSP-297 and OSP-298 primers and inserted into
PSi06 via In-Fusion® Advantage through a Kpnl cutting site
using the same conditions as above.

This cassette was finally amplified from PSi74 by PCR with
OSP-313 and OSP-314 primers which contain Avrll cutting
sites, using KOD Hot Start DNA Polymerase (Toyobo) as above,
digested with AvrIl after Wizard® SV Gel and PCR Clean-
Up clean up and ligated into PSi76 , which was previously
digested with Spel and dephophorylated with rAPid Alkaline
Phosphatase (Roche), using Quick Ligase” (NEB) as above to
obtain PSi81. The effa:kenk5b™ version (PSi96) was obtained
by substituting the CDS of PSi81 through Sall and Xbal cutting
sites with the kenk5b wild type sequence obtained from PSi05
with the same restriction enzymes.

4.26 PCR mutagenesis

In order to generate the pore mutant kenk5bGFGAAA and the
pSGEM Kcnh193964  PCR mutagenesis was performed as de-
scribed |Zheng et al., 2004| using primer pairs OSP-15/16 on
PSi05 and OSP-155/156 on PSi01, respectively and following
conditions:
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Figure 4.1: Map of ef! :DsRed; efl :kenk5bP’** plasmid
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Template DNA (PSi05/PSi01) 200 ng/pl 1 ng

Pfu polymerase buffer (Fermentas) 10x 2.5 pul
Forward primer 10 pM 1ql
Reverse primer 10 M 1l
dNTPs (each) 125 mM  1pl
Pfu polymerase (Fermentas) 2.5U/ul 1l
ddH50 nl 37 ul
Total volume 50 pul

Amplification program:

95°C 2 min initial denaturation

95°C  15s
70°C 1 min 30 cycles
72°C 10 min

An aliquot of 10 pl was verified on a 1% agarose gel and the
remaining sample was digested with 1 pl Dpnl enzyme (10 U /pl,
Fermentas) for 8 h and processed for transformation.
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kenkSb:Gal4VP16; UAS:GFP (Tol2)
12.702 kb

Gal4VP16; UAS:GFP

Figure 4.2: Map of 6.7 kb kenk5b:
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4.27 kcnk5b 6.7 kb reporter construct

A 6.7 kb long upstream sequence of kcnkdb was amplified
from BAC CH211-245G15 using OSP-130/131 primer pairs and
following conditions:

DNA 50 ng/nl 1.00 pl
10x Buffer for KOD Hot Start DNA Polymerase  5.00 nl
(Toyobo)

25 mM MgSOy4 (Toyobo) 3.00 pl
dNTPs (2 mM each) (Toyobo) 5.00 pl
OSP-130 primer 10 pM 1.5 1l
OSP-131 primer 10 pM 1.5 ul
KOD Hot Start DNA polymerase (Toyobo)  1.00 nl
(1U/nl)

ddH50 pl 32.00 pl
Total volume 50 nl

Amplification program:

95°C 2 min initial denaturation

95°C  20s
59°C  10s 30 cycles
72°C 3 min

An aliquot of 1 pl was verified on a 1% agarose gel and the
remaining sample was cleaned up with Wizard® SV Gel and
PCR Clean-Up System and cloned into pGEM®)-T Easy (Pro-
mega) vector as described above. Insert was cut out with EcoRI,
processed with NEB Quick Blunting® Kit according to the
manufacturer’s protocol. Plasmid PSi22 (kind gift of Dr. Mat-
thew Harris) was digested with Notl restriction enzyme, treated
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with NEB Quick Blunting® Kit and subsequently with rAPid
Alkaline Phosphatase (Roche) as described. The promoter was
then inserted in this vector with NEB Quick Ligase” as above.

4.28 kcnk5b BAC reporter construct

BAC CH211-245G15 was engineered as described [Bussmann
and Schulte-Merker, 2011] using PSi89 as source for recombinase
(pRedET, kind gift of Dr. Jana Krauf). The recombination
cassettes were amplified with KOD Hot Start DNA polymerase
(Toyobo) as described above. Primer pair OSP-279/280 was
used to amplify the tol2 cassette from PSi85 (itol2 293, kind gift
of Prof. Stefan Schulte-Merker) and OSP-387/388 were used
to amplify the Gal4dFF cassette from PSil02 (kind gift of Prof.
Stefan Schulte-Merker).
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Table 4.1: G4 primer set

LG SSLPs

1 74593, 79394, Z5508, Z1705, Z1351, Z9704, Z11464, Z6802
71781

2 77634, 74662, 73430, Z1406, Z6617, Z1703, Z20550

3 7872, 78208, Z15457, 79964, 711227, 73725, Z20058,
76019

4 71525, 79920, 721636, Z7490, Z984

5 715414, 711496, Z6727, Z10456, Z1390, Z3804, 714143
74299, 71202

6 7740, 713275, Z880, Z6624, Z10183, 75294, 713614, Z7666
74297, 71680

7 73273, 210785, Z1206, Z4706, Z1182, Z1059, Z8156, Z1239
713880, 713936, Z5563

8 71634, Z1068, Z4323, 713412, 721115, Z789, 710929,
73526

9 Z1777, 76268, Z4673, Z5080, Z1805, Z20031, Z10789,

74577
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Table 4.1: G4 primer set (continued)

LG SSLPs

10 79199, Z6410, Z8146, Z13632, Z1145, Z9701, Z3260

11 710919, 73362, Z13411, Z1393, Z3527, Z1590

12 Z1778, 721911, 71473, 74188, 71358

13 Z1531, 75643, Z6104, Z13611, Z5395, Z1627, Z7102, Z6657
71826, Z6007

14 71523, 75436, Z1536, Z5435, 74203, 222107, Z1226, 73984,
71801

15 76312, Z6712, 721982, 74396, Z11320, Z13230, Z13822
77381, 75223

16 73741, Z21155, Z6365, Z10036, Z1215, Z4670

17 74268, 21490, 722083, 722674, Z9847, Z1408, Z4053

18 71136, 71144, 713329, 78488, 710008, 73558, Z9154,
75321

19 74009, Z160, Z3782, Z3816, Z11403, Z6661, Z7926, Z1803
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Table 4.1: G4 primer set (continued)

LG SSLPs

20 79334, 710056, 711841, 73964, 27158, 73954, 722041,
78554, 74329

21 73476, 21274, 74492, 710960, Z4425, 71497, Z4074

22 71148, 710673, 29402, 7230, 7210321, 721243

23 78945, 74003, 7215422, 74421, 73157, Z176, Z1773

24 75075, 71584, 75413, 723011, 73399, 722375, 75657,
73901

25 GOF15, 71378, 73490, 75669, 71462
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Table 4.2: List of OSP primers

Code Name Company Sequence

OSP- k5P2aaa_for MWG CCC TGA CGA CTG TCG

015 CTG CAG CTG ACT ATG
TGG CAG GGG C

OSP- k5P2aaa_rev = MWG CCT GCC ACA TAG TCA

016 GCT GCA GCG ACA GTC
GTC AGG GTG G

OSP- k1-QtoR _for Sigma TGC GGG TTG TCT TTA

021 GAA CG

OSP- k1-QtoR_rev  Sigma CGG GGA CTT CAA ATC

022 CAG AG

OSP- gPfau-for MWG CAG TGG CCT CAA TGT

057 GGT AA

OSP- gPfau-rev MWG GTC AGG GTG GTG

058

146
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Table 4.2: List of OSP primers (continued)

Code Name Company Sequence

OSP- Ttol-for MWG ATG GTG CCC TAC AAC
105 GTC TC

OSP- Ttol-rev MWG GCA GAC AGG ACA ACA
106 GGT CA

OSP- kenhl-cDNA-  MWG CTC TCA GTG GAG CGC
128 f1 ATG AC

OSP- kenhl-cDNA-  MWG CAC AGA TGT CAG AAG
129 rl TGG TTC CAT

OSP- promo Sigma GGT TTA AAC TTG AGA
130 kenk5-rl/r2 GAT CAC CAT GAC C
OSP- promo Sigma TCT ACA TTG AAA CAG
131 kenkb-f1 AAC ACC AGC ATT T
OSP- dege Sigma TGG CTA GTG GTG GAC

137

kenhl1-c15f1
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Table 4.2: List of OSP primers (continued)

Code Name Company Sequence

OSP- dege Sigma CGG GCT TCC TTC TGC

138 kenhl1-c15f1 TGK CGG AAR CGC
TGG AAG AG

OSP- K1-Pla- Sigma GCA AAC TGG ACC ACT

151 Drel5-for ACA TCG AAT A

OSP- muta-K1- MWG CAG CTG GCT TTA TAT

155 StoA-for GCT TGC TGA GGC CAT
CGG GAC ACC CTA CCG
CTT CAA TGC AAG

OSP- muta-K1- MWG CAT TGA AGC GGT AGG

156 StoA-rev GTG TCC CGA TGG CCT
CAG CAA GCA TAT AAA
GCC AGC TGT CCG

OSP- poecilid ex10 MWG CCG TCC GTC GTC GGA

163 rev GCG ATG TTG CC

OSP- genomic Sigma GCT GAA AGT GGT TCG

175 kenhl GCT CT

NR3-for
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Table 4.2: List of OSP primers (continued)

Code Name Company Sequence

OSP- genomic Sigma GTC AGG CTG GTC ATG

176 kenhl GTG AA

NR3-rev

OSP- muta-K1-nr3-  Sigma CAA ACT GGA TCA CTA

185 for CAT CGA GTA TGA AGC
GGC GGT TTT GGT TCT
GCT GGT TTG TGT

OSP- muta-K1-nr3-  Sigma AAA CCA GCA GAA CCA

186 rev AAA CCG CCG CTT CAT
ACT CGA TGT AGT GAT
CCA GTT TGC GAG

OSP- pTarBAC2.1-  Thermo GCG TAA GCG GGG CAC

279 itol2-for ATT TCA TTA CCT CTT
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TCT CCG CAC CCG ACA
TAG ATC CCT GCT CGA
GCC GGG CCC AAG TG



Table 4.2: List of OSP primers (continued)

Code Name Company Sequence

OSP- pTarBAC2.1-  Thermo GCG GGG CAT GAC TAT

280 itol2-rev TGG CGC GCC GGA TCG
ATC CTT AAT TAA GTC
TAC TAT AGG GAT AAC
AGG GTA ATA TTA TGA
TCC TCT AGA TCA GAT
C

OSP- efla DsRed Sigma TAA TTT AAA TAG ATC

295 minitol2 TTC GAG CAG GGG GAT
CAT CTA ATC A

OSP- efla pSGEM Sigma ATT AAT TCG AGC TCG

297 Kenk5-f GTA CCC CTC GAG CAG
GGG GAT CAT CT

OSP- efla pSGEM Sigma GAA CAA GCA AGC

298 Kcenk5-r TGG GTA CCC CGG CCG
TCG AGG AAT TCT TTG

OSP- DsRed Sigma CTA GAT GGC CAG ATC

304 minitol2 TGC CCG GGA CTT GAT

150

TAG GGT GAT GGT TCA
CGT AGT G



Table 4.2: List of OSP primers (continued)

Code Name Company Sequence

OSP- eflalpha Pfau  Sigma AAA CCT AGG TCG AGC

313 AvrIl AGG GGG ATC ATC T

OSP- eflalpha Pfau  Sigma AAA CCT AGG ATG ACC

314 AvrIl ATG ATT ACG CCA AGC
TAT

OSP- FtoY kenk5b  MWG CAA GTG CTT GAT GCA

377 TTG CT

OSP- FtoY kenkbb  MWG GCC AGT TCC TCC TCC

378 TGT TT

OSP- kenk5-1 for MWG TGG GAG TGT GGA

379 GTG TGT GT

OSP- kenkb-2 rev MWG TTT TTG GTC CAG CTT

382
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TGG TC



Table 4.2: List of OSP primers (continued)

Code Name Company Sequence

OSP- kenk5b-HA1- Thermo TGT GTT ACT TCT TGT

387 Gald-fw GTT ATT GAA CAC AAG
GAA GGA ATT ACT TCA
GTA TTA CCA TGA AGC
TAC TGT CTT CTA TCG
AAC

OSP- kenk5b-HA2- Thermo TGT TTA TAA AAT GTT

388 kanR-rev AAC GTT AGT TTT CCC

AAA ACA CAA ATG AAA
CAC AAC TTA CTC AGA
AGA ACT CGT CAA GAA
GGC G
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Table 4.3: List of plasmids

Code Plasmid name Source Backbone

PSi01 PSGEM kenhla™ Subcloned PSi10
from PSil5

PSi02  pSGEM kcnhia®% Subcloned PSi10
from PSil6

PSi03  pSGEM kcenhla®t* Subcloned PSil10
from PSil7

PSio5 PSGEM kenk5b™ Subcloned PSi09
from PSi97

PSi06 pSGEM kenksbPfov Subcloned PSi09
from PSi98

PSi07  pSGEM kenksb? Subcloned PSi09
from PSi99

PSio8 pSGEM Mutagenesis PSi0o5

]CCTLk5bGFGAAA

PSi09 pSGEM-+ Prof. -
Guiscard
Seebohm

PSil0 pSGEM KS- Prof. -
Guiscard
Seebohm
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Table 4.3: List of plasmids (continued)

Code Plasmid name Source Backbone

PSil5 pGEM®-T Easy cDNA pGEM®-T
kenhla™ Easy

PSil6 pGEM®-T Easy cDNA pGEM®-T
kenhla®9t Easy

PSil7 pGEM®-T Easy cDNA pGEM®)-T
kenhlas'® Easy

PSi22 Gal4-UAS::GFP Dr. Matthew -
(75a) Harris

PSi30 Tol2 green heart Dr. Jana pGEM®)-T
vector Kraufs Easy

PSi51  pSGEM kcnhla®® Mutagenesis ~ PSi01

PSi73 ef1:DsRed loxP GFP  Alessandro -

Mongera

PSi74  pSGEM In-Fusion® PSi06
efl :kenksbPav reaction

PSi75 Tol2 vector Restriction PSi30

PSi76 Tol2 efla:DsRed In-Fusion® PSi75
vector reaction

PSig81 Tol2 efla:kenk5bP7;  Subcloned PSi76
efla:DsRed from PSi74
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Table 4.3: List of plasmids (continued)

Code Plasmid name Source Backbone
PSi82 Tol2 transposase Alessandro -
Mongera
PSi8&5 itol2 293 cassette Prof. Stefan -
Schulte-
Merker
PSi89 pRedET Dr. Jana -
Kraufs
PSi96 Tol2 efla:kenk5b™; Subcloned PSi81
efla:DsRed from PSi05
PSi97 pGEM®-T Easy cDNA pGEM®-T
kenk5b™ Easy
PSio8 pGEM®-T Easy cDNA pGEM®-T
kenk5brfar Easy
PSi99 pGEM®-T Easy cDNA pGEM®-T
kenk5bY Easy
PSi102  Gal4FF Prof. Stefan -

Schulte-
Merker
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Introduction

The genetic and developmental basis of the formation of

organismal shape and form is a long-standing question in biology.
The analysis of mutations has been essential in identifying the genes
and regulatory networks underlying development. However, while
the genetic basis of embryonic development has been extensively
studied by systematic mutagenesis screens, we know little of the genes
involved in the development of adult morphology. Yet, it is the
heritable variation in adult form that natural selection primarily acts
on during evolution. In order to understand the basis of variation, we
need to know more about the gene
adult form: which genes are involved, what are their function, and
when are they required in development [1,2]. To identify genes
important for development of adult structures, we initiated a large-
scale mutagenesis screen in zebrafish and scored for mutants affected
in the shape and pattern of adult structures. We isolated only adult
viable mutants, therefore we selected for genes that have an
increased probability to be involved in morphological change during
evolution. Identification of zebrafish genes homologous to human
genes associated with disease that arise during postnatal develop-
ment into adulthood is also likely in th

reen.
We focused on mutants that exhibit defects in the dermal
skeleton of the adult zebrafish. The dermal skeleton encompasses
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~ontrol of the development of

the external form of the adult fish. The most prominent dermal
skeletal elements are the dermocranium of the skull and lateral
bones of the opercular series, the scales, and the fin rays (or
lepidotrichia). Additionally, the teeth and gill rakers (bones that
support the gills in teleosts) are elements of the dermal skeleton
[3,4]. Unlike the ossification process that occurs during endochon-
drial bone development in which organic matrix is deposited by
osteoblasts over a chondrogenic scaffold, dermal skeletal elements
originate as direct mineralization of a collagenous matrix
deposited by dermal fibroblasts. This process occurs in close
association with the epidermis. The initiation and patterning of
dermal elements are thought to be similar to epidermal
appendages (e.g. hairs and feathers) and is controlled by reciprocal
signaling between an epithelium and mesenchyme (see [5,6]).
Importantly, in zebrafish, as in most teleosts, the majority of
dermal skeletal elements are not formed during larval develop-
ment, rather through juvenile metamorphosis and development of
the adult pattern. Those that begin to form in late larval
development such as the teeth and gill rakers, do not fully attain
their shape and pattern until juvenile metamorphosis.

Variations in the shape of dermal skeletal elements of the fins,
scales, cranium, and teeth play a significant role in adaptations of
fish populations to new environments (e.g. dermal plate develop-
ment and stickleback radiation [7]). Additionally, integumentary
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Author Summary

A major goal of the study of developmental genetics is to
understand the genes and developmental mechanisms
underlying the formation of organismal complexity and
diversity. Here, we focus on genes controlling postembry-
onic development and describe mutations in genes of the
ectodysplasin (Eda) pathway in regulating the formation of
the scales, skull, fins, and teeth. Mutations in genes of this
signaling pathway are common in humans with defects in
ectodermal structures such as hair, glands, and teeth. We
show that the similar phenotypes of loss of Eda signaling
in fish and human are due to a conserved early
developmental stage in the development of mammalian
hair and fish scales; subsequent development of these two
structures diverge. Our findings show that the Eda
signaling pathway has an ancestral role in regulating the
developmental interactions involved in patterning and
growth of the dermal skeleton of fish. Recent work has
shown that these genes are associated with morphological
variation between humans and evolution within fish
populations, suggesting that alteration in the function of
these genes permits viable morphological change. Our
data support the value of forward genetic studies on
postembryonic development to reveal the genetic and
developmental basis of both human disease and morpho-
logical evolution.

appendages, such as hair and feathers, have been essential and
defining traits of vertebrate classes. Early vertebrates, the conodonts,
ostracoderms and placoderms, possessed a pronounced dermal
skeleton, often in the absence of an ossified axial skeleton [8].
Through vertebrate evolution from fish to tetrapods, dermal
structures such as lateral bones of the opercular series, scales, dermal
plates and fin rays were either reduced or lost. This evolutionary
transition was paralleled with the elaboration of the cartilaginous
endoskeleton of the limbs and the evolution of specialized keratinized
appendages of the integument such as epidermal scales, feathers and
hairs. In contrast, the diversity of form in extant bony fishes involves
modification in size, shape and number of the scales/dermal plates,
fin rays, cranial dermal bones and teeth.

Here, we describe a collection of mutants that have shared
defects in the formation of the dermal skeletal elements of the skull,
fins, scales and teeth of the adult zebrafish. The mutations disrupt
the genes ectodysplasin (eda) and edar encoding the eda receptor. In
mammals the EDA signaling pathway is involved in hair and teeth
formation [9] and mutations affecting this pathway cause the
human hereditary disease hypohidrotic ectodermal dysplasia
(HED). Loss of Eda signaling in the zebrafish causes a spectrum
of phenotypes corresponding to those described for HED in
humans, and therefore the zebrafish mutants may serve as a
genetic model of this disease. We describe the requirement of Eda
signaling in the zebrafish epidermis for the formation of a structure
resembling an epidermal placode seen in the early development of
other vertebrate integumentary appendages. The mutations also
result in defects of skeletal elements unique to fish and suggest an
ancestral role of Eda signaling in the formation and patterning of
the dermal skeleton. Lastly, whereas loss of function of Eda
signaling causes a severe phenotype, the expressivity of dominant
alleles is sensitive to background modifiers that buffer the
phenotypic consequences of loss of Eda signaling. Additionally,
we find that the response to reduction of Eda signaling is dose
sensitive and organ specific. We suggest that such alleles may
provide a basis for morphological variation in evolution.

PLoS Genetics | www.plosgenetics.org
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Results

finless and Nackt Mutants Exhibit Defects in the
Development of the Dermal Skeleton

In a mutagenesis screen for mutations affecting adult zebrafish
structures, we identified three mutants that showed nearly
identical defects in the formation of scales, lepidotrichia, and
shape of the skull of homozygous fish. These mutants fell into two
complementation groups. The first is allelic to the finless (1537
mutant that was previously isolated in the background of the
Tiibingen wild type stock (Ti) on the basis of the loss of fins in
adults [10]. We isolated two new alleles of fIs in the screen and
found another in the background of the TLF wild type stock. The
majority of the fIs alleles isolated are recessive and have a strong
phenotype (see below). However, the /"™ allele is dominant
with a partial scale loss phenotype in heterozygotes (Figure 1G, J).
One further fs allele was isolated in a screen for mutations that
failed to complement the 537 mutant (Figure 1M). We named
this allele fang (15™%) after its unique dental phenotype in
homozygotes of having only one tooth on the fifth ceratobranchial
(Figure IN). The /Zr'r"z allele shows no effect on fin development
and has a slight increase in the number of scales than the other fIs
alleles isolated.

The second complementation group was comprised of a single
gene, which we called Nackt (Nki). This allele is dominant causing a
slight defect in the patterning and shape of scales as heterozygotes
(Figure 2D). The homozygous phenotype is more severe than that
of strong fIs alleles (Figure 2A).

Phenotypic defects of fIs and Nkt mutants become apparent in
juvenile fish; as larvae, homozygous /Is and Nkt mutants are visibly
unaffected. Homozygous adults are viable, and of normal size.
With the exception of the /1™ allele, the lepidotrichia that form
during juvenile metamorphosis are defective, leading to fin loss in
the adult (Figure 1D, 2A). The dermal bones of the pectoral girdle
are present and patterned appropriately in both the fis and Nkt
mutants. By close examination of the visceral skeleton we found
that neither the pharyngeal teeth, nor the bony substrates of the
gills, the gill rakers, are formed (Figure 1E and F; Figure 2B, C). In
addition, scales are largely absent with infrequent formation of
inappropriately shaped scales near the dorsal, anal and pectoral
fins (Figure 1D, 2A). Nkt homozygous fish exhibit more severe
defects in the formation of the dermal skeleton than fls alleles in
the extent of lepidotrichial growth and number of residual scales
formed (compare Figure 1D and Figure 2A). The skull of mutants
has a normal appearance with all the bones being present,
although the size, shape and relative proportion of the various
bones differ compared to wild type individuals (Figure S1); no
change in cranial shape was apparent in larvae.

Nkt heterozygous fish exhibit a dominant phenotype as they lack
several scales on the flank and those present at the flank are
elongated dorso-ventrally. The number of teeth and gill rakers is
reduced, however lepidotrichia formation and growth of the fins
are not affected (Figure 2D-F). The skulls of Vit heterozygotes do
not show increased size, but retain altered shape and proportion as
seen in homozygotes (Figure S1).

The Topless Allele of fls Uncovers Background Specific
Modulation of fls Expressivity

We isolated a dominant allele of fIs that exhibits a distinct
phenotype in heterozygotes that we named Topless (fs*'P).
Heterozygous fIs™*™ have a reduction in the number of scales,
teeth and gill rakers, but show little to no effect on lepidotrichia
development (Figure 1G-T). Mutant "™ fish exhibit the strong
JIs phenotype when homozygous or heterozygous with other fls
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Figure 1. The formation of the adult dermal skeleton and pharyngeal teeth is affected in fls mutant zebrafish. A) Alizarin red-stained
wild type adult zebrafish shows staining of the scales, fin rays, dermal bones of the skull as well as the pharyngeal teeth along ceratobranchial 5
(bracket, B) and (C) gill rakers along both the anterior (antGr) and posterior edge (postGr) of non-teeth bearing ceratobranchials. D) fls*>”°f shows loss
of dermal skeletal structures of the fin rays, scales and alteration in the shape of the skull. Additionally, fis**>’*" shows loss of pharyngeal teeth (E) and
gill rakers (F). G-I) The Topless allele (fIs?™') shows a dominant effect on scalation and tooth/gill raker formation while not affecting lepidotrichial
growth. J-L) Expressivity of fls®>™! is sensitive to a modifier in the Tii strain leading to a “weak” fIs"™" phenotype; fls**™ homozygotes were
phenotypically identical to fls*>”*f (not shown). The fang allele of fls, fls"®"9, isolated in a non-complementation screen with fls*¢3”*, shows no effect

on fin development while exhibiting partial loss of scales (M), teeth (N), and gill rakers (O). Transallelic tfang/te370f zebrafish exhibit an intermediate

phenotype between homozygous fis(te370f) and fis(tfang) (P-R).
doi:10.1371/journal.pgen.1000206.g001

alleles. Similar to Mkt, IS ! exhibits a dominant effect on skull
shape as well (Figure S1).

The expressivity of the dominant fIs"*"" phenotype depends on
the genetic background. Fish heterozygous for ﬂsd‘STpl exhibited
cither a “strong” or a “weak” phenotype in the Ti background
(Figure 1G and J, respectively). The “strong™ phenotype shows loss
of scales regionally in the midflank, loss of medial pharyngeal teeth
along the fifth ceratobranchial and loss of posterior gill rakers of
the anterior arches (Figure 1G-I). In contrast, the “weak”
phenotype displays only subtle variation in scale patterning and
no effect on the teeth or gill rakers could be detected (Figure 1J-L).
The segregation pattern of the two phenotypic classes of /s>
suggests the presence of separate, unlinked, modifier loci in the Tt
background affecting the number of scales (Table 1 and data not
shown). Additionally, we found that the ™™™ “sorong”
phenotype was partially suppressed when crossed with the

. PLoS Genetics | www.plosgenetics.org

polymorphic WIK mapping strain indicating the presence of
dominant modifier(s) in the WIK line (Table 1). The resulting
heterozygous progeny showed reduced scale-loss compared to
ﬂs‘MT"'l heterozygotes in a Tii background, but had similar defects
in scale shape (Table 1). Therefore, dominant modifier loci are
present in the WIK strain that buffer the expressivity of the ﬂrd'npl
dominant phenotype. None of the other fIs alleles showed any
dominance in the T, TLF, or WIK strains.

Mutations in fls Disrupt the Ectodysplasin Receptor in
Zebrafish

We identified the affected loci of the fIs mutants by positional
cloning. The ﬂx“'smr mutation was linked to SSLP markers on
linkage group 9 (LGY). Due to similarity of the fIs phenotype to
ectodermal dysplasia phenotypes in mammals, we mapped several
genes of the ectodysplasin pathway to the zebrafish radiation
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Nkt / Nkt
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Figure 2. The dominant gene Nkt is phenotypically similar, h | fls Nkt homozygotes show complete loss of
scales, teeth and gill rakers resembling the fls phenotype (A-C). Heterozygous th zebrafish show an intermediate phenotype of scale loss and
patterning defect (arrows) while no effect on fin development is seen (D). Heterozygous Nkt also show a dominant effect on the number of teeth
(arrows, E) and gill rakers (F), showing deficiencies along the posterior branchial arches and formation of rudimentary rakers along ceratobranchial 1

and 2 (arrows, F). Cb1-5, ceratobranchial bones.
doi:10.1371/journal.pgen.1000206.g002

Table 1. Quantitative effect of fls on scale number and shape
and the effect of background modifiers in Danio rerio strains
on fls4=TP!,

Phenotype/
Genotype Scale #/ stl n Scale DV/AP n
fish scales

++ 68+0.18 4 1.14%0.15 13
fs95TR /Ty 3.0£0.20 ## 2 1522029 # 8
fIs*3TP! / Tii; mod  5.6=0.44 # 3 14403 # 12
45T/ Wik 5.840.66 # 9 143£035 # 32
fisttana / fistfana 0.97+050 ### 2 1572018 # 7
flste370F / flste370f 041+039 ### 6 18064 # 16

The total number of scales on one side of alizarin red stained adults of different
genotypes were counted and measured. Counts were normalized for standard
length (stl) of individual fish as shape and number of scales in the mutants may
vary as a measure of size. Shape characteristics of scales were quantified by
measuring three to four scales from set positions across the flank of each fish
and comparing the height (dorsal-ventral; DV) to length (anterior-posterior; AP)
ratios. Results are presented as sample average and standard deviation around
the mean. mod, inferred genotype of a modifier in Tii background leading to
“weak” phenotype. The numerical symbol (#) indicates significant difference
compared to wild type values (students t, p<<0.05). The different number of
symbols signifies a significantly different phenotypic classes of scale
development (#, ##, ###).

doi:10.1371/journal.pgen.1000206.t001

hybrid map to see if any of these genes were linked to fIs. The edar
gene is located on LGY within the determined linkage interval for
JIs (see Methods). We cloned the full-length wild type cDNA of edar
and found several polymorphisms in the Tii edar cDNA when
compared to the WIK mapping strain; these polymorphisms were
tightly linked with the fIs mutation and did not show recombina-
tion in 238 meioses (Figure S2).

The edar gene encodes a transmembrane protein with similarity
to tumor necrosis factor receptor (INFR). The Edar protein
contains a conserved TNFR extracellular ligand binding domain

. PLoS Genetics | www.plosgenetics.org

and a cytoplasmic terminal death domain essential for protein
interactions with signaling adaptor complexes. The fs'*7""
mutation is an A to T transversion at a splice acceptor site,
resulting in missplicing of the mRNA leading to a frame shift in
translation and the generation of a premature stop codon
(Figure 3B and Figure S2). This allele is a likely molecular null
mutation as only a fragment of the ligand-binding domain is
present while the transmembrane and cytoplasmic death domains,
which are essential for function of this protein, are both absent.
The spontancous mutation fI”??'? was found to have a splicing
defect leading to the inclusion of intronic sequence. This is
predicted to form a protein with incorrect amino acid sequence
after residue 212, at the end of the transmembrane domain leading
to a premature termination codon (Figure 3B, Figure S2). The two
alleles generated by the ENU mutagen both have missense
mutations resulting in amino acid changes in the death domain
(AsPRITW R 367WED), TPl 1498F AT These mutations
were found at identical positions as seen in familial cases of HED
in humans (Figure 3B, E; [11,12].

The fang Allele Uncovers Dose and Organ Specific
Sensitivity to Levels of Eda Signaling

The fang allele of fIs was isolated in an allele screen for mutants
that failed to complement fIs“*’¥ (Figure 1P). s homozygotes do
not show any observable effect on lepidotrichia development yet
have a reduction of scales and teeth/rakers as seen in other fIs
alleles (Figure 1M-0O). The fang allele in frans to the te370f
putative null allele shows an intermediate phenotype affecting
lepidotrichial growth and a further reduction of teeth and scales
suggesting that the fang allele is a hypomorph (Figure 1P-R); /s
heterozygotes do not show any differences compared to wild type.
The shape and number of the scales in fang is similar to the other
homozygous fls alleles (Table 1). Analysis of edar RNA from
homozygous _fIs"™ showed the presence of two distinct transcripts
with an additional larger isoform than seen in wildtype. Analysis of
the sequence of the novel isoform showed the addition of intronic
sequence leading to a premature termination codon (Figure 3C).
The predicted protein would be similar to the f5**P?'? allele
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Figure 3. f/s and Nkt are mutations in genes encoding ectodysplasin receptor (edar) and i

ligand ectodysplasin (eda). A) Mapping of

fls using SSLP markers and placement of the edar gene within the candidate region on LG 9 by radiation hybrid mapping. The insert shows genetic
linkage of the fls gene to local markers on LG 9. The numbers on the right of the insert indicate the number of recombinants seen in identified
mutants per the number of meioses tested. B) Schematic of wild type Edar protein and mutant alleles. Polymorphisms seen in the WIK strain are
noted above the wild type gene. Mutations that lead to premature termination are represented as truncated proteins showing the predicted residual
fragment and position of the identified mutation. C) Analysis of the mutation in fls*"9, A unique splice donor site (red) is generated leading to
inclusion of additional coding sequence encoding a premature termination codon (underlined). D) Quantitative analysis of different edar transcript
levels in fls%"9 homozygotes compared with wildtype. E) Similarity of altered residues in fIs®**”Wand fls®>™" with human HED shown in the death
domain. The position of the mutated residues in fIs***’" (blue box) and in fs"™ (red box) is identical to ones changed in cases of human
autosomal dominant HED although the substitution is different. F) Linkage between the Nkt allele and eda on LG5. G) Schematic of wild type Eda
protein and position of Nkt mutation. Numbers on gene diagrams represent amino acid length. TNF, tumor necrosis factor domain; TNFR, tumor

necrosis factor receptor domain; TM, transmembrane domain; DD, death domain; the blue box in Eda is the furin binding site.

doi:10.1371/journal.pgen.1000206.g003

having truncation just after the transmembrane domain at amino
acid 218 (Figure 3B and Figure S2). Analysis of the genomic
sequence in the mutant revealed that the altered splicing is due to
an A to G transition leading to the creation of a new splice donor
site in the intron (Figure 3C). Given the presence of both isoforms
in homozygous individuals, this novel splice site is used in addition
to the normal splice junction. Using quantitative real time PCR we
found that the fang-specific edar transcript represents 74% of the
total pool of edar transcripts in homozygous mutants (Figure 3D).
The dilution of wild type transcripts can explain the observed
hypomorphic effect of the allele. From this unique allele of /Is, it is
clear that the phenotypic effect of loss of Eda signaling is dose
dependent and that scales and teeth are more sensitive to
alterations in the level of Eda signaling than fins.

PLoS Genetics | www.plosgenetics.org

Ectodysplasin Is Mutated in the Nackt Mutant

EDAR and its orthologue XEDAR recognize specific EDA
isoforms that vary by two amino acids [13-16]. The receptor-
ligand complex signals though NF-kB using several adaptor
proteins that are generally specific to each receptor. Together,
mutations in Edar and Eda lead to the majority of cases of human
HED in which the development of integumentary appendages
(hairs, glands and teeth) are affected (OMIM 300451, [17];
OMIM 604095 [18]).

We reasoned that, because of the similarity in phenotype to fIs,
the Nkt gene could be eda, encoding the ligand for Edar. We
isolated the entire coding region for zebrafish eda by RACE (Figure
S3). The eda transcript from the Nkt mutant shows a precocious
stop codon predicting a truncation of the protein at the beginning
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of the TNF domain, which is involved in ligand-receptor binding
($243X©Y); Figure 3G and Figure $3). An analysis of the location
of eda in the zebrafish radiation hybrid map placed eda on LG5.
Subsequent linkage analysis of the Nk mutation and markers
indicated by radiation hybrid analysis demonstrated tight linkage
of the mutant to this region (Figure 3F); the S243X mutation was
always found in fish with the Nkt phenotype and served as a
consistent genotypic marker.

Role of Ectodysplasin Signaling in Regulating Epithelial
Signaling Centers: Scale Placode Formation

In fish, scales are bony elements that develop in the dermis
underlying the epidermis. In amniotes, most integumentary organs
affected by loss of Eda signaling have structural derivatives
stemming from the epidermis (e.g. specific keratins of hair, feather
and nail, secretory cells of glands). These integumentary organs
develop from reciprocal signaling interactions between the basal
epidermis and subjacent mesenchyme often controlled by a
regional epithelial thickening called the epidermal placode. Eda
signaling is necessary for the development and patterning of
epithelial placodes of many integumentary organs in both the
mouse and chick [19-22]. Expression of Eda and Edar is found
predominantly in the basal epidermal cells, but in the case of
feathers Eda is detected in the subjacent mesenchyme as well
[21,22]. Whereas expression of developmental signaling genes
such as sonic hedgehog (shh) in the development of integumentary
appendages are comparable between vertebrates [23], evidence
for an carly developmental role of the epidermis in induction or
patterning of the teleost scale is lacking. The formation of an
epithelial placode and signaling center in the development of
amniote integumentary appendages is associated with histological
changes in the basal cells of the epidermis; a similar structure has
not been described in fish epidermis [24]. As carly teleost scale
development is quite different to that of other vertebrate
integumentary organs, such as hairs and feathers, we addressed
the question whether Eda signaling had a similar function in the
epidermis of zebrafish during scale formation.

We detected the expression of both edar and eda in the skin of
juvenile fish by whole mount i situ analysis (WMISH). The
expression of both genes presaged the formation of the initial scale
row along the flank just ventral from the midline mysoseptum in
the caudal peduncle (arrowheads, Figure 4A and C; [24]). During
scale formation, the expression of edar becomes progressively
restricted to the posterior margin (Figure 4B) while eda expression
persists throughout the scale primordia (Figure 4D). Developmen-
tal genes shh and bone morphogenic protein 2b (bmp2b), whose
orthologues are known to be essential for placode development
in the mouse and chick, show similar placodal expression as seen
with edar (Figure 4E and G). Analysis of skh and bmp2h expression
in ﬂf‘°370r indicated the necessity of edar function for their
expression (Figure 4F and H).

We investigated the development of scale primordia in wild type
and mutant /%" fish by light and transmission eclectron
microscopy. Previous detailed histological work found evidence for
raised signaling activity in the epidermis as measured by increased
endoplasmic reticulum (ER), and secretory activity of the basal
epidermal cells prior to scale formation [23]. However these changes
in the basal epidermal cells were not associated regionally with sites
of scale formation nor was there any indication of histological
changes in basal cell morphology that are associated with placode
formation in other vertebrates. To our surprise, in wild type juvenile
fish, we discovered the formation of histologically defined, localized
assemblies of cells of the basal epidermis that resemble carly stages of
the formation of hair and feather placodes.

. PLoS Genetics | www.plosgenetics.org
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Figure 4. The role of edar in expl p
patterning genes during early scale development. Expression of
edar (A, B) and eda (C, D) in early forming scales; arrowheads indicate
site of expression of initial forming scales. A) edar expression above site
of scale formation in 8 mm long (approximately 30 dpf juvenile fish)
and in larger juveniles (9 mm; 30 dpf). C) eda expression during early
scale development on the flank (8 mm) and in forming scales of older
juvenile fish (10 mm, D). Expression of developmental genes bmp2b and
shh in early scale development in wildtype (E, G) and flste370f (F, H)
juveniles (9 mm).

doi:10.1371/journal.pgen.1000206.g004

Prior to the development of the scale, the dermis consists of
compact collagen layers (stratum compactum) and scattered dermal
fibroblasts [24]. The epidermal basal cells have a uniform elongate
morphology (black arrows, Figure 5A, D) with high levels of basally
located intermediate fibrils (Figure 5G). At the initiation of scale
development, there is an accumulation of fibroblasts subjacent to the
basal epidermis, associated with a reworking of the collagen strata
[24]. We find a specific alteration in the morphology of the basal
epidermal cells in wild type juvenile fish that coincides with the initial
accumulation of fibroblasts at the sites of scale development
(Figure 5B, E). These basal cells become cuboidal and have
decreased width, such that they form a unit of closely packed cells
(black arrows, Figure 5B, E). This is observed above the localized
accumulation of fibroblasts in the dermis (white arrows, Figure 5B,
E). In addition, in these placodal-like cells, the ER appears less
prominent (data not shown), and hemidesmosomes, the cellular
junctions involved in the attachment of the basal epidermal cells to
the basal lamina, are almost completely absent (brackets, Figure 5H
and I). In contrast, the adjacent lateral epidermal cells show high
levels of both ER and hemidesmosomes (data not shown and
Figure 5G brackets, respectively).
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Figure 5. Eda si the for of an epidermal placode during scale development. Histological analysis of wild type (A,
D, B, E) and flste370f (C, F, ) integument of 8 mm standard length. In wild type juveniles (B, E), basal epidermal cells (black arrow heads) show a
heightened, and cuboidal morphology at sites of scale development as indicated by an accumulation of migrating fibroblast-like cells (white
arrowheads). (H) This morphology of the epidermis is associated with a reworking of the collagen layer of the stratum compactum (cpt; [24]). This is in
contrast to the flattened morphology of basal epidermal cells lateral to those of the scale placode (A, D) and underlying dense stratum compactum
(G). In 15> this basal epidermal structure is disorganized and cell morphology is disrupted (C, F) including evidence of cell death (asterisk). The lack
of reworking of the collagen of the stratum compactum in the fls'*3° mutant is associated with retention of hemidesmosomes (horizontal bracket
G-I). edar is expressed in cells of the wildtype epidermis (J, K, L). Counterstaining of the same sections confirms the expression in basal cells overlying
initial accumulating fibroblasts (white arrowheads; J, K', L'). Expression of edar is observed prior to organization of the placode and fibroblast
aggregation and maintained in cells of the epidermal placode through early scale development (J-L). M) Schematic depicting scale development and
edar expression. The stages of scale development are modeled using analogous stages as described for hair development [35]; stage 0, nascent
epidermis; stage 1, placode specification; stage 2, scale pocket; stage 3, matrix deposition and ossification. Blue, edar expression; red, scale formation.
ep, epidermis; cpt stratum compactum. The vertical bracket demarcates the extent of the epidermis in the sections. Measurement bar equals 10 pm.
doi:10.1371/journal.pgen.1000206.g005

In fIs*“*7" juvenile fish, at a corresponding site on the flank as in
wild type, we detected the formation of similar aggregations of
basal epidermal cells (black arrows. Figure 5C, F). However, unlike
the structures found in the wild type zebrafish, the epidermal cells
of the placode were disorganized and showed histological evidence
of cell death (Figure 5F). As is the case in wild type, the epidermal
basal cells in the placode of fIs display a reduced ER, however
hemidesmosomes are present in the same high numbers as in
adjacent cells in wildtype (brackets, Figure 5H compared to
brackets Fig. 5I). Lateral basal epidermal cells in /18> /edar

@ PLoS Genetics | www.plosgenetics.org

showed elongate morphology similar to those of their wild type
siblings (data not shown). The expression of edar is seen in the basal
cells of forming scale placodes (Figure 5J-L; stages 1-3 Figure 5M)
arising during early specification of the scale placode (sl;
arrowhead Figure 5K). We were unable to detect eda expression
in sections due to the weak hybridization signal.

These data support the notion that an epidermal placode is
involved in dermal scale formation. Further we find that the
epithelial organization and function of the developing scale
placode is dependent on edar.
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Role of Ectodysplasin Signaling in Regulating Epithelial
Signaling Centers:Maintenance of the Fin Fold and
Establishing Anterior-Posterior Polarity of the Developing
Fin

The phenotype of both Nkt and fIs demonstrate that Eda
signaling is necessary for fin development. The growth and
patterning of lepidotrichia are affected in all fins. Lepidotrichia are
specified, however fail to maintain growth and elaboration of the
fin rays (Figure 6A—C, H-P). Unpaired fins showed no defects in
patterning of the endochondrial bones of the proximal and distal
radials (Figure 6K-P); the dorsal pitch of the caudal fin is an

Zebrafish Model of Human Ectodermal Dysplasia

indirect effect of the mutation on swimming without fin rays
(amputated fins that fail to regenerate show similar morphology).
In fIs adults, fusions of the distal radials of the pectoral fin are seen
at a low penetrance (Figure 6G, data not shown). In Vi, there is an
increase in the frequency of patterning and growth defects of the
endochondrial components of the fin (Figure 6G). These
alterations include the loss of the fourth proximal radial, altered
growth patterns of anterior proximal radials 1 and 2, as well as
lack of articulation of the distal radials (Figure 6 D-F). Nkt causes a
strong effect on lepidotrichial growth of both the pectoral and
pelvic fins (Figure 6E-F, J). In contrast, a specific effect on the
growth of anterior lepidotrichia of the pelvic fin is seen in fIs where

l paired fins

I | unpaired fins |

D increased
size

D fusion
D loss

1517

a—p 3/12

te370f

Figure 6. Fin d P is defective in flsand Nkt fish. Alizarin red stained adult zebrafish fins show a drastic effect of fls
and Nkt on development of the lepidotrichial dermal rays of both the paired and unpaired fins. A~C,F) Pectoral fins, anterior-dorsal view; D, E) double
staining developing pectoral fins with alcian blue and alizarin red show early patterning of the endochondrial bones of the pectoral fin of size
matched wild type and Nkt homozygotes (asterisk indicates loss of fourth proximal radial). G) effect of fls and Nkt mutants on the patterning of the
pectoral fin skeleton scored as the number of specimens showing alteration in pattern or form over total analyzed. The identity of the proximal
radials is noted (I-IV). H-J) Analysis of pelvic fin development in fis and Nkt mutants. Numbers denote anterior-posterior identity of the lepidotrichia.
K-M) Defects in the formation of the lepidotrichia in adult anal and (N-P) caudal fin of fls (L and O) and Nkt (M and P). ap, ascending process; cl,
cleithrum; co, corticoid; dr, distal radial; sc, scalpula, /e, lepidotrichia; pcl, postcleithrum; pr, proximal radial.

doi:10.1371/journal.pgen.1000206.9006
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the dermal rays of the anterior (e.g. 1,2) are significantly shorter
than rays at equivalent positions in wild type (Figure 6I). The
asymmetry of lepidotrichial development suggests that, like the
proximal endochondrial fin skeleton, the fin rays have a specific
regional identity to provide the shape and form of the fin.

Early limb development is driven by a localized organization of
epithelial cells at the distal tip of the forming limb, termed the apical
ectodermal ridge (AER) [25]. In zebrafish, the AER is involved in
larval patterning of the paired fins, while the later stages of fin
development are organized by an analogous epidermal formation of
the fin fold in both paired and unpaired fins [26,27]. In tetrapod limb
development anterior-posterior specification is controlled by poste-
rior mesenchyme expressing Shk. The function of this zone of
polarizing activity (ZPA) expressing Shi is maintained by reciprocal
signaling interactions between the ZPA and the AER. This
interaction is necessary for proper patterning and growth of the
tetrapod limb. In the zebrafish, shh and signals from the AER also
orchestrate patterning and outgrowth of the early fin buds [28-30].
In addition, genes functioning early in fin development, such as shh,
play important roles during late fin development regulating growth
and branching of lepidotrichia growth [31].

We investigated the regulation of edar in mid to late fin
development focusing on the development of the paired fins. In
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early fin fold stage of pectoral fin development (8 mm), we
detected edar expression in both the distal margin of the
endochondrial radials (black arrowhead, Figure 7A) as well as
more distally in the forming lepidotrichial rays (Figure 7A). The
expression of edar in the fin fold had a posterior bias in wild type
fins (Figure 7A, white arrow). The pelvic fin showed similar
expression of edar in forming lepidotrichial rays (Figure 7E). shh
and bmp2b expression was observed in the forming lepidotrichia of
both the pectoral and pelvic fins of wild type juveniles, having a
similar distal bias in the leading margin of all rays (Figure 7C, G
and I, K, respectively). Expression of all three genes in fIs was
decreased in the anterior portion of the pectoral fins (Figure. 7B,
D, J). However, residual expression of all three genes was found in
the posterior margin of the fin (Figure 7B, D, J arrow). In the
pelvic fins, similar loss of anterior expression of edar (Figure 7F) and
shh (Figure 7H) was seen in the fIs mutant. We did not detect any
difference in bmp2h expression in the pelvic fins even though
obvious morphological differences in the developing rays of the
samples could be seen (Figure 7L).

We asked if the alteration of polarity of gene expression in the fIs
mutant was associated with regional cell death. Using acridine
orange uptake as an assay for cell death (¢.g. [32]), we analyzed fins
of fIs and siblings at size matched stages (7-9 mm) for regional

acridine orange

Figure 7. Eda signaling and the

of anterior-posterior pattern in late paired fin development. Analysis of edar (A-B, E-F),

shh (C-D, G-H), and bmp2b (I-L) expression in developing pectoral (A-D, -J) and pelvic fins (E-H, K-L) from 8 mm juvenile fish of wild type (A, E; C, G;
1, K) and fls*37° mutant fish (B, F; D, H; J, L). A-B) Arrowheads indicate two distinct patterns of edar expression in the pectoral fin: an expression that
marks the posterior edge and distal region of the development of the proximal radials (black); and a posterior bias of edar expression in the forming
lepidotrichia (white). Arrows point out the remaining posterior expression in mutant fins. Brackets in all panels outline anterior deficiencies in gene
expression in fls mutant fins. M-P, analysis of patterns of cell death in the developing paired fins by retention of acridine orange stain. N, P) Arrows
point out anterior distal regions of cell death in both pectoral and pelvic fins from the mutant; (M, N) pectoral fin and (O, P) pelvic fin respectively. Q,
R) Expression of msxa in wild type and mutant pectoral fins. Region of expression outlined with brackets; asterisk marks an ectopic site of expression.
doi:10.1371/journal.pgen.1000206.9007
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patterns of cell death. In 7 mm juveniles, we detect a differential
retention of acridine orange between fIs and siblings in the
anterior, and anterior-distal margin of the developing pectoral fin
(Figure 7M-N). Similarly, in the pelvic fin of 8-9 mm juveniles,
retention of the label was seen in the anterior distal margin of the
fin (Figure 70-P). Consistent with these data suggesting
asymmetrical loss of the fin fold epidermis, we find that msxa, a
marker of the distal epithelium, is differentially expressed in the
mutant (Figure 7Q and R).

We next analyzed gene expression during late development of
the lepidotrichia. The expression of edar during late fin
development was observed in forming lepidotrichia of all fins
with a distal bias in its expression (Figure 8C). The expression in
the forming dermal ray was similar in both location and timing to
that of bmp2b and shh (Figure 8A-B, asterisk). In addition, edar was
found expressed proximally between forming rays and at the distal
margin (Figure 8C arrow). We were unable to resolve a clear signal
for eda in the forming fins using WMISH. The expression of edar in
the distal lepidotrichial tips suggests a late developmental role of
Eda signaling in regulating formation of the lepidotrichia in
concert with shk and bmp2b.

Histological analysis of fIs mutant fins at an early stage of
lepidotrichial formation reveal a general deficiency of the
development of the entire mesodermal component of the fin such
as cartilage and muscle in both the paired (pectoral fin, Figure 8D,
E) and unpaired fins (anal and caudal fins, Figure 8F-G; H-I,
respectively). In contrast, the epidermis of the fin is formed and is
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similar to that of size matched siblings. However, close inspection
of the distal tip of the fins showed disorganization of the epidermis
and degeneration of distal epidermal nuclei (insets Figure 8F, J).
From these analyses, we hypothesize that loss of edar-mediated
signaling leads to a defect in mesenchymal cell proliferation,
muscle cell migration and defective lepidotrichial growth in the fin
that correlates with degenerative defects seen in the distal
epidermal fin fold.

Discussion

We used a forward mutagenesis approach in the zebrafish to
investigate the developmental mechanisms that underlie changes
in adult form. Here, we identified a role of Eda signaling in the
development of the dermal skeleton in the adult zebrafish.
Mutations in either Fda or Edar have been shown previously to
cause defects in integumentary appendages in several mammalian
species. Additionally, Eda signaling genes have been associated
with variation in morphology that occurred during the evolution of
teleost fishes (eda) and in variation of human populations (Edar)
[33,34]; see below). Thus, through a forward genetic approach, we
were successful in identifying genes that are important for the
development and variation in adult form. We further show that
the ENU generated alleles of fIs, t3R357W and di3Tpl, affect
similar residues as those mutated in familial cases of HED
[11,12,18] supporting the utility of adult zebrafish mutants as
models for the investigation of heritable human disecase.

A bmp2b

Figure 8. Eda signaling is required for the function of the fin fold during late fin development. Expression of bmp2b (A), shh (B) and edar
(Q) transcripts in developing juvenile (8 mm, 30 dpf) fin rays of the caudal fin; asterisks indicate regional expression within distal tip of developing ray;
arrows in (C), expression in distal epidermis of the fin fold. D-I) Histological analysis of both paired (pectoral, D, E) and unpaired fins (anal F, G; and
caudal, H, 1) from fls*¢37% and wild type siblings. fls*”%' fins showed a general deficiency in the maturation of the muscle and dermis of the fin (arrow
G; acellular debris in anal fin of fls). Insets (D, E), tip of fin at higher magnification showing degeneration of the nuclei of the epidermis in the mutant
fin. ffd, fin fold; le, lepidotrichia of the fin rays.

doi:10.1371/journal.pgen.1000206.9008
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Conserved and Ancestral Role of Eda Signaling in
Vertebrate Development

We show that Eda signaling is necessary for the development
and patterning of the dermal bones of the skull, scales, fin rays as
well as teeth of the adult zebrafish. The correlated effect in these
zebrafish structures is due to a developmental role of Eda signaling
in organizing epithelial cells into signaling centers. In the case of
scale development, Eda signaling is necessary for the basal
epidermal cells to form a functional placode. Epidermal placodes
are involved in the formation of integumentary appendages of
other vertebrates such as hair, glands, feathers and teeth. These
structures have been shown to act as signaling centers to
orchestrate appendage development. We speculate that a primary
function of Eda signaling in scale development is to promote cell-
cell adhesion within the placode and that the coordinated signaling
of the placode induces fibroblast assembly in the underlying
dermis, an early step in scale formation.

Schmidt-Ullrich et al. documents the formation of the hair
placode and outline a stage series of placode formation in the
mouse [35]. They report that the downless mouse mutant, which
has a mutation that disrupts the mouse FEdar gene [36], causes
arrest of placode formation at a pre-placode stage of development
(PO-P1). This stage closely resembles the stage of scale placode
formation that is affected in fIs shown here. In agreement with our
findings, Schmidt-Ullrich et al. further note a reduction of cell-to-
cell adhesion within the placode and find increased apoptosis in
the absence of Edar function. This suggests that there is a
conserved developmental role of Edar between dermal scales of
fish and mammalian hairs. During normal hair development, the
hair placode invaginates to form the hair bulb. By contrast, the
post-placodal events of scale formation in fish do not involve
morphogenetic changes of the epidermis, rather the accumulation
of mesenchymal cells subjacent to the epidermal placodal cells to
form the scale pocket. Thus, Eda signaling in mammals and
teleosts is conserved in the early phases of placode formation in
controlling the functional continuity and signaling of the
epidermal placode to orchestrate appendage formation. However,
the downstream interpretation of the epithelial-mesenchymal
signaling differs beyond this point leading to altered morphoge-
netic responses and histological differentiation to form diverse
appendages such as scales and hair.

In the fin, Eda signaling directs late stages of fin development
such as the formation and growth of the dermal rays. The effect of
loss of edar function on fin development uncovers an intrinsic
developmental polarity of the late developing fish fin. This is seen
both in the development of the proximal endochondrial bones as
well as in the formation of the fin rays. We find that the change in
patterning in the mutants is correlated with asymmetrical cell
death of the distal marginal fin fold as well as a reduction of shh
expression. This finding is similar to the effect of loss of AER
function resulting in anterior-distal cell death and reduction of Shh
activity in tetrapod limbs [37-39]. While there has not been any
previous indication of a role of Eda signaling in tetrapod limb
development, both the expression of Edar and related receptor,
Trop, have been detected in the AER of mice [40,41].

A second developmental role of Eda signaling in the developing
fin is observed in the outgrowth and patterning of the individual
lepidotrichial rays evidenced by expression of edar in the distal tip
of the forming rays and distal epidermis. The expression of edar is
again associated with that of shh and bmp2b. The expression of shh
and bmp2b has been shown to be within the basal epidermis
overlying the forming lepidotrichia [31]. Given the expression of
edar during fin development and the defects observed in the distal
epidermis in the mutant, it is likely that the function of Eda
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signaling is to maintain the growth permissive function of the fin
fold through its regulation of a distal signaling center of individual
rays. The concomitant expression of edar, shh and bmp2b in both
distal lepidotrichia development and during placode specification
suggest that they work in concert to mediate the inductive and/or
permissive effects of the epidermis — thus organizing signaling
centers for the development of the dermal skeleton.

While the nature of the defect in tooth formation or dermal
bone patterning of the skull in the fIs and Nk mutants has not been
characterized in detail, there is evidence that inductive signaling
from the pharyngeal epithelium or cranial epidermis is necessary
for appropriate development of both tooth [42] and skull [6],
respectively; Eda signaling likely shares a common role in
inductive signaling in each of these diverse organs.

Genetic Commonalities of Eda Signaling: From Fish to
Man

Mutations in the EDAR and EDA genes underlie a large
percentage of autosomal and X-linked HED in humans, respectively
[18,43]. In the case of EDAR, both recessive and dominant
mutations are associated with the HED phenotype in humans,
however dominant mutations are found only within the death
domain of the protein. These mutations are believed to act in a
dominant negative fashion, although by unknown mechanisms [44].
We see similar dominance of a /Is allele that affects the death domain
of edar while all fIs mutations outside this region do not show a
dominant phenotype. Autosomal dominant HED in humans caused
by mutation of EDAR within the death domain displays a large
degree of phenotypic variability [12]. For example, the 1418T
mutation in human, which affects the same amino acid as_/s"*"™
(I327F), shows distinct phenotypic variability depending on genetic
background [18]. Interestingly, the /""" zebrafish mutant displays
similar dominance and variation as the human allele affecting the
same residue. These findings suggest that the molecular mechanisms
of Edar function are similar between fish and humans.

X-linked HED caused by mutations in the human EDA gene
represents the majority of cases of this disease [43,45]. The zebrafish
Nkt mutation described here is affected in the TNF domain and
shows a mild dominant phenotype (S243X). As the £DA gene is sex
linked in humans the molecular nature of different alleles can not be
analyzed since the allele will be hemizygous in males and mosaic in
female carriers. The zebrafish eda gene is autosomal in the zebrafish.
Thus, Nk exposes previously unknown dominant function of
mutations in this gene since a true heterozygous condition is formed.
Hemizygous wildtype condition in humans indicates that the
dominance we see in Fda is probably not due to haploinsufficiency.
Since EDA functions as a homotrimeric protein [46], a plausible
mechanistic explanation for the observed dominance of Nkt is that
the C-terminal truncation inhibits the function of the wild type
protein in binding to Edar.

Eda Signaling and the Development and Variation of
Adult Form

Mutations affecting Eda signaling lead to impaired development
of integumentary appendages of fish, birds, and man. These
changes lead to viable changes in adult morphology. Mutations
disrupting Eda signaling have been described for another teleost
species. The spontaneous 75-3 mutant in medaka (Oryzias latipes), is
shown to have a transposon insertion in the 5° UTR of edar
resulting in the reduction of scales but no effect on fin or teeth
development [47]. The zebrafish mutations described here show a
previously undescribed role of Eda signaling in the development of
the fins, teeth, as well as dermal bones of the skull — phenotypic
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traits observed in human alleles but not reported in the medaka
mutant. As the phenotype of the 75-3 mutant is similar to the
S1s"8 allele in the zebrafish, it is likely that the more subtle
phenotypes observed in the medaka mutant is due to partial loss of
function of edar caused by a hypomorphic 75-3 allele [47].

The graded effects seen in the expressivity of mutations affecting
eda and edar points to a dose sensitive readout of the Eda signaling
pathway that affects different organ systems with varied expressivity.
In the dominant /15" or Nk/ heterozygotes, the shape and number
of scales and teeth as well as patterning of the skull are affected,
however there is no change in fin ray development. Similarly, the
Jang allele of fls clearly demonstrates this dose sensitivity as functional
copies of Edar are titrated by the concomitant use of a new splice site
in the mutant leading to the reduction in the amount of wild type
transcript made (Figure 3D). This reduction in the amount of edar
transcripts cause defects in scale and tooth development, however
fins are normal. fang/te370f, in which the fang allele is in trans to a
presumed null, further reduces the relative levels of wild type edar
transcripts leading to further reduction of both teeth as well as fin
lepidotrichia. Similar dose sensitive responses to levels of EDA
signaling are seen in tooth development of the mouse regulating the
number and shape of teeth [48,49]. There are several reports of
hypodontia in humans resulting from altered EDA function that do
not show other phenotypes such as hypothrichosis or nail defects
[50-52]. Given our findings, it is likely that these particular alleles are
hypomorphic and this is sufficient to explain the differential organ
sensitivity to levels of EDA signaling during development. These
data indicate that control of the level of Eda signaling in post-
embryonic development is an essential component for the
determination of the number and form of many different organ
systems of the adult.

Supporting this finding, we observed significant modification of
expressivity of /"™ in different genetic backgrounds indicating
the existence of genetic modifiers of Eda signaling. This sensitivity
of Eda signaling to genetic modifiers occurs in other teleost fish as
well. In our analysis of the medaka 7s-3/edar mutant, we find a high
degree of variability in the extent of scale formation (Figure S4)
suggesting the existence of background modifiers of Edar function
in this species. Additionally, evidence from the stickleback,
Gaslerosteus aculeatus, suggests that genetic variance at the eda locus
underlies differences in the extent of dermal plate formation in
diverged populations of this species [33]. A quantitative trait
analysis (QTL) of lateral plate formation in a low-plated form of
the stickleback indicates a significant modification of the reduced
plate phenotype (eda locus) with modifying effects within and
between loci affecting plate number and size [53,54]. Interestingly,
recent evidence also shows a significant association between the
edar locus and dermal plate number in sticklebacks in addition to
the predominant eda locus [55]. Thus variation at these gene loci
may act in concert to regulate number of dermal plates/scales.

Thus, while loss of Eda signaling can lead to severe phenotypes,
the phenotypic consequences of variation in Eda signaling are
graded and canalization of Eda signaling is prevalent. Therefore,
buffering of the phenotypic outcome that results from defective
Eda signaling could be a common mechanism that permits viable
and diverse phenotypes. These viable phenotypic variations then
could serve as a basis for selection. The lack of a coding change at
the eda locus in sticklebacks that is associated with the loss of
dermal plates has lead to the argument that, in this case, evolution
of this trait is due to changes at cis-regulatory elements controlling
eda expression [33]. Our findings on the dose and organ specific
sensitivity of Eda signaling in different structures of the zebrafish
argues that evolution of this trait could result from a regulation of
absolute levels of expression.
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Interestingly, recent analysis of single nucleotide polymorphism
(SNP) frequency in human populations supports the role of Eda
signaling in causing phenotypic variation. Analysis of SNP
variation between diverse human populations shows evidence of
selection of the EDAR locus in East Asian and American
populations [56,57]. A defined allelic variant of EDAR within
these populations leads to a coding change in the death domain of
EDAR and is a candidate allele for altered gene function that
could have lead to the region being fixed in these populations [34].
There is evidence from association data that this allele is associated
with thick hair in these populations [58], however the full extent of
phenotypes that are affected in these populations that are related
to EDA signaling has not been analyzed. It is interesting to note
that recent work has identified this allele of EDAR as having an
enhanced effect on Eda signaling in mouse models containing the
altered human residue [59]. Given that variation in the number
and shape of integumentary derivatives of the dermal skeleton are
a common morphological change in teleost evolution eg. [60], it
will be important to further investigate the prevalence and type of
genetic changes in Eda signaling genes in cases of natural variation
of these adult characters.

Mutagenesis and Allele Designation

Zebrafish mutagenesis was performed following [61] with 5
treatments of 3.3-3.5 mM ethylnitrosourea. Screen design was
similar to that described [62]. Allele designation was determined
using standard nomenclature with the addition of the molecular
lesion or phenotypic description (when appropriate) to the
designation. The serial numbers of the mutants found in the ZF
models screen are as follows: fIs "R (£0621); 1P (#1248);
N 38245X (#1261). Information on the screen can be found at
http://www.zf-models.org/. The screen for additional fIs alleles
used mutagenized 7LF founder males treated similarly as Ti
males used in the screen.

Mapping

Rough mapping of I'2 progeny against a reference panel of SSLP
markers [63] indicated that fIs was located on linkage group
(chromosome) 9 (LGY) with loose linkage to 220031 (61.3cR;
Figure 3A). We found fIs to be closely linked to markers z7001 and
z11672. Results from radiation hybrid screening indicated linkage of
zebrafish edar to markers positioned on LG9 in the region predicted
by initial mapping analysis. Analysis of flanking markers and internal
polymorphisms in edar showed tight linkage of the /Is mutation to the
edar gene. Using the defined molecular differences between WIK and
Tii strains, we did not find recombination in 238 meioses indicating
that the mutation was located less than 0.4 ¢cM away.

Cloning and Sequence Analysis

We isolated the full-length cDNA of zebrafish edar and eda by
reverse transcription (RT) PCR using sequences provided from
genomic alignments and subsequent amplification of the ¢cDNA
ends by rapid amplification of DNA ends (RACE). ¢cDNA was
generated from RNA from blastemas of amputated caudal fins
that had been allowed to regenerate for two days. cDNA
sequences of zebrafish edar and eda genbank accession numbers
are EF137867 and EF137866, respectively. Protein alignment of
Edar and Eda were generated by ClustalW alignment (http://
www.ebi.ac.uk/clustalw/) and Box Shade software (http://www.
ch.embnet.org/software/BOX_form.html) using a 0.4 identity
threshold. Edar and eda sequences of other species were obtained
from genomic databases at NCBI (http://www.ncbi.nlm.nih.gov/),
Sanger (http://www.ensembl.org/index.html), and Tigr (http://
www.tigr.org/tdb/tgi/).
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Real Time PCR was performed on c¢cDNA obtained from
blastemas from two day old caudal fin regenerates. Calculations
were made from three biological replicates and three technical
replicates according to [64]. Primers were designed for wild type
specific transcripts by using sequence from the neighbouring exon
borders that are not adjacent to each other in Fang-transcripts.
Fang specific primers were designed against the fang specific
transcript sequence, which is spliced out in wild type. Crossing
points of the control reaction, which were higher than in the water
control, were set to the value for water. Normalization was done
against the efficiency of primers to B-actin.

Bone Stain and Measurements

Adult bones were stained with alizarin red. Embryos were fixed in
formalin (3.7% formaldehyde), briefly dehydrated in 70% ethanol,
and placed in 1 g/1 alizarin red; 0.5% KOH untl bones suitably
stained. Fish were destained in 1% KOH until background stain was
lost and subsequently cleared in glycerol for analysis. For analysis of
forming cartilage, fish were prestained in alcian blue from 4-24
hours. The fish were then destained, lightly trypsinized (3 g/1; 37°C)
and processed for alzarin red staining.

Skeletal measurements were made using digitizing software
from Zeiss using a dissecting microscope. Measurements were
made from fixed landmarks on each axis of the skull that did not
vary depending on position of the suspensorium: the premaxilla
was used for the distal most point on the length (L) axis, while the
quadrate-anguloarticular joint was used as a ventral landmark for
the height (H) axis. Raw measurement values are represented as
normalized ratios of the distance along each axis in relation to the
position of the center of the eye; values are normalized for
standard length of the fish.

Whole Mount In Situ Hybridisation and Immunostaining

Probes for whole mount in situ hybridisation were generated by
reverse transcription from ¢cDNA made from regenerating caudal
fin tissue. Digoxigenin labeled RNA probes were purified using P-
30 micro bio-spin columns before use (BioRad). WMISH protocol
was performed as described [65] , at 70°C and with the addition of
0.1% CHAPS to hybridization and post hybridization wash
buffers. Reactions were stopped in PBS, post-fixed and placed in
methanol overnight to reduce non-specific staining.

Acridine orange (Sigma) was used as a marker of apoptosis in
developing tissue [32]. Juveniles were immersed in fish water
containing 5 pg/ml acridine orange for 5 minutes and then
washed with fish water, anesthetized and post-fixed in formalin to
assist visualization of staining.

Statistical Methods

Analysis of cranial measurements were performed using
Hotelling’s T squared test for two dependent variables. For scale
counts and size dimensions, a t-statistic for differential means was
used to assess significance. Calculations and probability assessment
were calculated using Biosoft 200 software (www.biosoft.com) and
Excel statistical package.

Electron Microscopy

Specimens of 8-9 mm juvenile fish were fixed with a mixture of
4% formaldehyde in PBS and 1-2.5% glutaraldehyde at room
temperature and subsequently placed at 4°C. After post-fixation
with 1% osmium tetroxide in 100 mM PBS for 1 h on ice, samples
were washed with HyO, treated with 1% aqueous uranyl acetate
for 1 h at 4°C, dehydrated through a graded series of ethanol and
embedded in Epon. Ultrathin sections were stained with uranyl
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acetate and lead citrate and viewed in a Philips CM10 electron
microscope. In addition, toluidine blue stained Epon sections of
0.5 or 3 um thickness were prepared for light microscopy.

Supporting Information

Figure S1 /Is and Nk alter size and proportion of the adult
zebrafish skull. In addition to variations in integumentary structures,
JIs and Nkt exhibited a distinct change of the shape and size of the
adult skull. Measurements of the absolute proportions of the adult
skull, normalized for overall growth of the fish as determined by
standard length, demonstrate that both fIs and Nk homozygous
mutations result in overall larger skulls of the fish (fs'*77<3700
n=16, T2=23.7, p<0.001; Nk, n=10, T2=64.1, p<<0.001;
SBITOVASTEL [ =6 T2 =998, p<0.005). The dominant effect of
Nkt and ﬂx‘““"’" seen in development of the scale pattern was not
observed in the formation of skull size. However, an analysis of
changes in the proportional development of the skull by measure-
ments of the relative positioning of the eye within the skull (L1/L1.2,
H1/H2; Panel A) showed a significant and dominant effect of Nk,
S5Y5TP o the patterning of the skull (Panel C). This effect was seen
in fIs<370 homozygotes as well and was not specific to particular
alleles of fIs. The alteration in skull size and shape in the mutants does
not involve loss of a particular organ structure or specific bone,
rather a change in proportions of the developing skull.

Found at: doi:10.1371/journal.pgen.1000206.s001 (3.39 MB TIF)

Figure 82 A comparison of edar sequence in representative
vertebrates. Edar alleles /5"*""" and fI;"™*"V positioned above
sequence. Sites of splicing defects of /°*"" and fis"P?"* alleles
demarcated with = marker. Yellow, TNFR domain; Grey,
transmembrane domain; Green, death domain; Red, polymorphic
sites in WIK mapping strain.

Found at: doi:10.1371/journal.pgen.1000206.5002 (0.04 MB DOC)

Figure S3 A comparison of eda sequence of representative
vertebrates. Blue, transmembrane domain; Green, furin cleavage
site; Yellow, TNF domain; asterisk NEAS238% allele; |, deleted
residues in alternate spliced form of Eda-2.

Found at: doi:10.1371/journal.pgen.1000206.s003 (0.04 MB DOC)

Figure 84 Scale formation and variation in the rs3/edar medaka
mutant on the cs-2 background. (A) Alizarin-red stained rs3
medaka showed substantial scale formation and variation of the
extent of scalation. (B) Wild type cs-2 strain scalation pattern.
Found at: doi:10.1371/journal. pgen.1000206.5004 (5.72 MB 'T1F)
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Abstract

N-Ethyl-N-nitrosourea (ENU) treatment is the standard experimental method used for chemical mutagenesis of
many vertebrate organisms commonly used in the laboratory. In zebrafish and medaka, the use of a repetitive,
sublethal dose of 3-3.5mM ENU has been shown to give the best balance between mutagenicity and toxicity.
However, even at this concentration, a significant proportion of fish die during the treatment. Therefore, large
numbers of fish are required to obtain a sufficient number of mutagenized founders at the end of the procedure.
Additionally, it is quite common to have high levels of mortality in any particular dosing cycle. This may cause a
mutagenesis experiment to suddenly fail after several weeks of work. Here we provide a very simple method for
ENU mutagenesis of zebrafish using a subparalytic dose of clove oil as a sedative that drastically reduces the
lethality of ENU treatment in fish. This facilitates ENU mutagenesis protocols considerably, facilitates higher
dosing, and allows for sensitive strains of fish such as homozygous mutants to be mutagenized for use in genetic

studies.

Introduction

HE MUTAGEN N-ETHYL-N-NITROSOUREA (ENU) is used in
the majority of forward genetic screens in vertebrates' ™
as well as reverse genetic approaches such as sequencing for
induced mutations in particular genes.” This is primarily due
to the high efficiency of ENU treatment in causing single base
pair substitutions with limited bias in the mutated genomic
region. ENU alkylates DNA, which leads to errors during
replication and formation of point mutations in the DNA.®
ENU mutagenesis is a standard method to generate mu-
tants, which can be used to study development and physi-
ology of zebrafish'” and medaka.®” The mutagenesis protocol
requires the treatment of fish with doses of ENU that often
lead to high lethality during the treatment. The concentration
of ENU used in common protocols to mutagenize fish is
limited by this toxicity and peaks at 3.3mM."'? At this con-
centration, many fish still die (20%-50%). This lethality makes
a large-scale mutagenesis protocol quite arduous, especially
as multiple treatments are needed to get sufficient mutagen-
esis rates. The standard protocol for mutagenesis in zebrafish
uses 5-6 independent treatments of ENU (e.g., Ref."). Pro-
tocols for mutagenizing medaka use a similar concentration of
ENU as for zebrafish, however, using fewer doses.® The cause

of lethality arises from shock experienced by fish during
washes after ENU treatment rather than ENU toxicity itself
(Ref." and personal obs.). This lethality can be dampened by
reducing environmental stress of the fish during mutagenesis
(such as lighting, temperature, and noise). This observation
has led to laboratory-specific tricks to minimize sensory stress
to limit adverse effects of the treatment, such as performing
the mutagenesis in quiet, isolated areas and only at night.
Given the number of replicate treatments needed for a suc-
cessful mutagenesis and the lethality seen during any one
particular treatment, the starting population of fish has to be
substantially large at the beginning of the experiment to
provide enough mutagenized founders for most studies.

We have recently adapted our mutagenesis protocol to
reduce the toxicity observed with ENU by use of a sub-
paralytic dose of clove oil to sedate fish during treatment.
With this protocol it is possible to start with lower numbers of
fish and have the majority of fish survive the treatments. This
amended protocol for mutagenesis of zebrafish supports
higher dosing of ENU, less replicate dosing, and most im-
portantly, increased viability and health of the treated fish.
Further, we found that addition of clove oil permits effi-
cient mutagenesis on single and double mutants, such as

tra~’ “mac™’~ or casper,11 which can be less robust than

lDepart—ment of Genetics, Max-Planck-Institute for Developmental Biology, Tiibingen, Germany.
2Depart‘rr\er\t of Genetics, Harvard Medical School, Boston, Massachusetts.
3Department of Genetics, Harvard Medical School, Children’s Hospital Boston, Orthopaedic Research, Boston, Massachusetts.
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Figure 4.3: Phenotype of homozygous alf and pfau mutant. (A)
wild type, (B) alf homozygous, (C) pfau homozygous. Scale bar: 10
mm

180



Figure 4.4: DsRed fluorescence was detected in various tissues in fish
expressing efla:DsRed;efla:kenk5bP/** in somatic clones: epidermis
(A), osteoblasts (B), fibroblasts (C) and vasculature (D). Arrows
point to the respective tissue. Scale bar: 200 pm
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Table 4.4: Genes in the pfau mapping interval

Ensembl Gene ID

Gene Description

ENSDARG00000034693

ENSDARG00000043687

ENSDARG00000043684
ENSDARG00000043680
ENSDARG00000092174
ENSDARG00000012390

ENSDARG00000001891
ENSDARG00000033742
ENSDARG00000043673

ENSDARG00000043676
ENSDARG00000002467

ENSDARG00000033201
ENSDARG00000037046
ENSDARG00000021443

ENSDARG00000009471
ENSDARG00000037033

ENSDARG00000091922
ENSDARG00000089556
ENSDARGO00000037038
ENSDARG00000037040

ENSDARG00000037042

Myb-like SWIRM and MPN do-
mains 1

SAYSVFEN motif domain contain-
ing 1

bisphosphate nucleotidase 1
YLP motif containing 1
si:ch211-59d15.4

potassium channel subfamily K
member 5

synaptotagmin XIVb
5’-nucleotidase cytosolic IB b
brain-enriched guanylate kinase-
associated homolog (rat)
Uncharacterized protein

retinol dehydrogenase 14b (all-
trans/9-cis/11-cis)

cysteine-rich protein 2
RAD5]1-like 1 (S. cerevisiae)
zinc finger protein 36 C3H type-
like 1b

nidogen 2b (osteonidogen)
prostaglandin E receptor 2b (sub-
type EP2)

si:ch211-131n20.3

si:dkey-63j12.4

proteasome (prosome macropain)
26S subunit ATPase 6

cell growth regulator with ring
finger domain 1

DDHD domain containing 1
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Table 4.4: Genes in the pfau mapping interval (continued)

Ensembl Gene ID

Gene Description

ENSDARG00000028354
ENSDARG00000070781
ENSDARG00000057911
ENSDARG00000070786
ENSDARGO00000077840
ENSDARG00000062849

ENSDARG00000043664
ENSDARG00000043665

ENSDARG00000043667

ENSDARG00000090850

ENSDARG00000090286

ENSDARGO00000070757

syntaxin binding protein 6 (ami-
syn) like

connexin 35

actin alpha cardiac muscle 1
myeloid ecotropic viral integra-
tion site 2.1

potassium channel subfamily K
member 10a

bradykinin receptor B2
glutaredoxin 5 homolog (S.
cerevisiae)

serine (or cysteine) proteinase in-
hibitor clade A (alpha-1 antipro-
teinase member 1 like

serine (or cysteine) proteinase in-
hibitor clade A (alpha-1 antipro-
teinase member 1

si:ch211-155i14.1
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Table 4.5: Genes in the segel mapping interval

VEGA Gene ID

Gene Description

OTTDARG00000022235

OTTDARGO00000035140

OTTDARGO00000022237

OTTDARG00000022240

OTTDARG00000035000

OTTDARGO00000035053

OTTDARGO00000035055

OTTDARGO00000020224

OTTDARG00000028668

OTTDARGO00000028667

OTTDARGO00000022845
OTTDARGO00000034989

OTTDARG00000022843
OTTDARG00000022841

OTTDARG00000020212
OTTDARGO00000028675

protein phosphatase 1, regulatory
(inhibitor) subunit 3Ca

ankyrin repeat domain la (car-
diac muscle)

zgc:65997

pantothenate kinase la

solute carrier family 16 (mono-
carboxylic acid transporters)
member 12a

interferon-induced protein with
tetratricopeptide repeats 2

Fas (TNF receptor superfamily,
member 6)

phosphatase and tensin homolog
A

3’-phosphoadenosine 5-
phosphosulfate synthase 2a
multiple inositol polyphosphate
histidine phosphatase, la
sphingomyelin synthase 1

solute carrier family 18 (vesicular
monoamine) member 2
peroxisome biogenesis factor 13
UDP-GlcNAc:betaGal beta-
1,3-N-acetylglucosaminyl-
transferase 2b

orthodenticle homolog 1b
malate dehydrogenase 1b, NAD
(soluble)
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Table 4.5: Genes in the segel mapping interval (continued)

VEGA Gene ID

Gene Description

OTTDARGO00000022765

OTTDARGO00000028712
OTTDARG00000024808

OTTDARG00000024814
OTTDARGO00000024813
OTTDARG00000024812
OTTDARGO00000024816

OTTDARGO00000028631
OTTDARG00000028632
OTTDARGO00000022764
OTTDARG00000028711
OTTDARGO00000028710
OTTDARGO00000028713
OTTDARGO00000022761

OTTDARGO00000022762
OTTDARGO00000028566

OTTDARGO00000028567
OTTDARGO00000022763

OTTDARG00000022719

OTTDARGO00000022718
OTTDARG00000035141

UDP-glucose pyrophosphorylase
2b

pellino homolog 1b (Drosophila)
ATP-binding cassette, sub-family
H, member 1

aftiphilin b

rearranged L-myc fusion

dynein, light chain, Tctex-type 1
zinc metallopeptidase, STE24
homolog

ribosomal protein L13a

COMM domain containing 9
MORN repeat containing 2

zinc finger protein 593
selenoprotein N, 1

family with sequence similarity
54, member B

speedy homolog A (Xenopus
laevis)

WD repeat domain 43

connexin 35.4
3-hydroxymethyl-3-
methylglutaryl-Coenzyme A
lyase (hydroxymethylglutarica-
ciduria)

zinc finger and BTB domain con-
taining 8A
UDP-galactose-4-epimerase
ceroid-lipofuscinosis, neuronal 8
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Table 4.5: Genes in the segel mapping interval (continued)

VEGA Gene ID

Gene Description

OTTDARGO00000035143
OTTDARGO00000035086
OTTDARGO00000034081
OTTDARGO00000034951
OTTDARGO00000035014
OTTDARG00000032842
OTTDARG00000032861
OTTDARGO00000032859
OTTDARGO00000032862
OTTDARG00000035067
OTTDARGO00000035017
OTTDARGO00000035133
OTTDARG00000028802

OTTDARGO00000028652

OTTDARGO00000020385
OTTDARG00000020384

OTTDARG00000028651
OTTDARG00000020382

Rho guanine nucleotide exchange
factor (GEF) 10

poly(A) binding protein, cytoplas-
mic 4 (inducible form)
lymphocyte-specific protein tyr-
osine kinase

serine/arginine repetitive matrix
1

chloride intracellular channel 4
absent in melanoma la

reticulon 4 interacting protein 1
glutaminyl-tRNA synthase
(glutamine-hydrolyzing)-like 1
isoleucine-tRN A synthetase 2, mi-
tochondrial

protein phosphatase 1, catalytic
subunit, beta isoform

potassium voltage-gated channel,
subfamily H (eag-related), mem-
ber 1

hedgehog acyltransferase
mitochondrial ribosomal protein
63

tetratricopeptide repeat domain
7B

calmodulin la

progesterone receptor membrane
component 2

zgc:162232

PHD finger protein 17
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Table 4.5: Genes in the segel mapping interval (continued)

VEGA Gene ID

Gene Description

OTTDARG00000020386
OTTDARG00000022822
OTTDARGO00000030448
OTTDARG00000022824
OTTDARG00000028804
OTTDARGO00000020387
OTTDARG00000020388

OTTDARG00000035069
OTTDARGO00000028548

regulator of calcineurin family
member 3

NIPA-like domain containing 3
grainyhead-like 3

connector enhancer of kinase sup-
pressor of Ras 1

ribosomal protein S6 kinase a,
polypeptide 1

ArfGAP with SH3 domain,
ankyrin repeat and PH domain 3
inhibitor of DNA binding 3
vestigial like 2b

PARK2 co-regulated
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kcnhla sequence from poecilid fish

P. sphenops cDNA consensus sequence

TGGCTAGTGGTGGACAGTATWGTGGACGTCATCTT
CCTGGTGGACATCGTCTTGAACTTTCACACCACGTT
TGTGGGGCCCGCCGGCGAGGTCATCTCCGACCCCAA
GCTGATCCGCATGAACTACCTGAAGACCTGGTTTGT
GATCGACCTGCTCTCCTGCCTGCCCTACGATGTCAT
CAACGCCTTCGAGAACGTGGACGAGGGAATCAGCAG
TCTGTTCAGCTCTCTTAAGGTTGTCCGGCTCCTCCG
TTTGGGCCGGGTCGCCCGCAAACTGGACCACTACAT
CGAATACGGGGCGGCCGTCCTGGTGCTGCTGGTCTG
TGTTTTTGGACTGGCGGCACACTGGTTGGCCTGCAT
CTGGTATAGCATTGGAGACTACGAGGTGATTGATGA
AGAAACCAACGTTGTCCGCATGGACAGCTGGCTCTA
CATCCTGGCTGAGACGATGGGCAGGCCCTACCGCTT
CAACACCACCGGTTCGGGGAAGTGGGAGGGTGGGC
CCAACAAAGACTCGGTTTACATCACCTCCCTGTACT
TCACCATGACCAGCCTGACCAGCATCGGCTTCGGCA
ACATCGCTCCGACGACGGACGGGGAGAAAATCTTCG
CTGTGGCCATGATGATGATCGGATCCCTTCTTTACG
CCACCATCTTTGGTAACGTGACAACCATCTTCCAGC
AGATGTATGCCAACACTAATCGCTACCATGAGATGC
TCAACAGTGTCCGGGACTTCCTTAAACTCTATCAGG
TCCCCAAAGGCTTGAGTGAAAGAGTTATGGACTATA
TCGCCTCTACCTGGTCCATGTCACGGGGCATAGACA
CCGAAAAGGTGTTGCAGATTTGTCCAAAGGACATGA
GAGCAGATATTTGTGTTCACCTGAACCGCAAAGTTT
TCAAAGAGCATCCAGCTTTCCGACTGGCCAGCGACG
GGTGCCTCAGGGCTCTGGCTATGGAGTTTCAGACGA
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TCCACTGCGCWCCKGGTGACTTgATCTACCACGCCG
GCGAAAGTGTGGACAGCCTGTGTTTTGTGGTGTCTG
GTTCCTTGGAAGTCATTCAGGATGATGAGGTGGTGG
CTATTTTAGGTAAAGGAGATGTATTTGGCGACGTTT
TCTGGAAGGAGGTGACTCTGGCTCAGGCCTGCGCCA
ACGTCAGAGCGCTGACCTACTGCGACCTGCACGTCA
TTAAGCGTGACGCCCTGCAGAAGGTCCTGGAGTTCT
ACACGGCGTTCGCCAACCACTTCTCCAGGAACCTGC
TGCTCACTTACAACCTGAGAAAGAGGATTGTCTTCC
GGAAGATCAGCGATGTGAAACGGGAGGAGGAGGAG
AGGCAGCGTCGCAAAAACGAAGCGCCTCTGAACCTG
CCTCCGGATCACCCGGTACGGAAACTCTTCCAGCGY
TTCCGMCAGCAGAAGGAAGCCCG

P. sphenops protein consensus sequence

WLVVDSIVDVIFLVDIVLNFHTTFVGPAGEVISDPKLIR
MNYLKTWFVIDLLSCLPYDVINAFENVDEGISSLFSSLK
VVRLLRLGRVARKLDHYIEYGAAVLVLLVCVFGLAAH
WLACIWYSIGDYEVIDEETNVVRMDSWLYILAETMGRP
YRFNTTGSGKWEGGPNKDSVYITSLYFTMTSLTSIGFG
NIAPTTDGEKIFAVAMMMIGSLLYATIFGNVTTIFQQM
YANTNRYHEMLNSVRDFLKLYQVPKGLSERVMDYIAST
WSMSRGIDTEKVLQICPKDMRADICVHLNRKVFKEHPA
FRLASDGCLRALAMEFQTIHCAPGDLIYHAGESVDSLCF
VVSGSLEVIQDDEVVAILGKGDVFGDVFWKEVTLAQAC
ANVRALTYCDLHVIKRDALQKVLEFYTAFANHFSRNLL
LTYNLRKRIVFRKISDVKREEEERQRRKNEAPLNLPPD
HPVRKLFQRFRQQKEA
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P. latipinna ¢cDNA consensus sequence

GTCATCTCCGACCCCAAGCTGATCCGCATGAACTAC
CTGAAGACCTGGTTTGTGATCGACCTGCTCTCCTGC
CTGCCCTAYGATGTCATCAACGCCTTCGAGAACGTG
GACGAGGGRATCAGCAGTCTGTTCAGCTCTCTTAAG
GTTGTCCGGCTCCTCCGTTTGGGCCGGGTCGCCCGC
AAACTGGACCACTACATCGAATACGGGGCGGCCGTC
CTGGTGCTGCTGGTCTGTGTTTTTGGACTGGCGGCA
CACTGGTTGGCCTGCATCTGGTATAGCATTGGAGAC
TACGAGGTGATTGATGAAGAAACCAACGTTGTCCGC
ATGGACAGCTGGCTCTACATCCTGGCTGAGGCGATG
GGCAGGCCCTACCGCTTCAACACCACYGGTTCGGGG
AAGTGGGAGGGCGGGCCCAACAAAGACTCGGTTTAC
ATCACCTCCCTGTACTTCACCATGACCAGTCTGACC
AGCATTGGCTTCGGCAACATCGCTCCGACGACGGAC
GGGGAGAAAATCTTCGCTGTGGCCATGATGATGATC
GGATCCCTTCTTTACGCCACCATCTTTGGTAACGTG
ACAACCATCTTCCAGCAGATGTATGCCAACACTAAT
CGCTACCATGAGATGCTCAACAGTGTCCGGGACTTC
CTTAAACTCTATCAGGTCCCCAAAGGCTTGAGTGAA
AGAGTTATGGACTATATCGCCTCTACCTGGTCCATG
TCACGGGGCATAGACACCGAAAAGGTGTTGCAGATT
TGTCCAAAGGACRTGAGAGCAGATATTTGTGTTCAC
CTGAACCGCAAAGTTTTCAAAGAGCATCCAGCTTTC
CGACTGGCCAGCGACGGGTGCCTCAGGGCTCTGGCT
ATGGAGTTTCAGACGATCCACTGCGCTCCTGGTGAC
TTGATCTACCACGCYGGCGAAAGTGTGGACAGCCTG
TGTTTTGTGGTGTCTGGTTCCTTGGAAGTCATTCAG
GATGATGAGGTGGTGGCTATTTTAGGTAAAGGAGA
TGTATTTGGCGACGTTTTCTGGAAGGAGGTGACTCT
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GGCTCAGGCCTGCGCCAACGTCAGAGCGCTGACCTA
CTGCGACCTGCACGTCATTAAGCGTGACGCCCTGCA
GAAGGTCCTGGAGTTCTACACGGCGTTCGCCAACCA
CTTCTCCAGGAACCTGCTGCTCACTTACAACCTGAG
AAAGAGGATTGTCTTCCGGAAGATCAGCGATGTGAA
ACGGGAGGAGGAGGAG

P. latipinna protein consensus sequence

VISDPKLIRMNYLKTWFVIDLLSCLPYDVINAFENVDEG
ISSLFSSLKVVRLLRLGRVARKLDHYIEYGAAVLVLLVC
VFGLAAHWLACIWYSIGDYEVIDEETNVVRMDSWLYIL
AEAMGRPYRFNTTGSGKWEGGPNKDSVYITSLYFTMT
SLTSIGFGNIAPTTDGEKIFAVAMMMIGSLLYATIFGNV
TTIFQQMYANTNRYHEMLNSVRDFLKLYQVPKGLSER
VMDYIASTWSMSRGIDTEKVLQICPKDXRADICVHLNR
KVFKEHPAFRLASDGCLRALAMEFQTIHCAPGDLIYHA
GESVDSLCFVVSGSLEVIQDDEVVAILGKGDVFGDVFW
KEVTLAQACANVRALTYCDLHVIKRDALQKVLEFYTA
FANHFSRNLLLTYNLRKRIVFRKISDVKREEEE
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P. velifera cDNA consensus sequence

CACTACATCGAATACGGGGCGGCcGTcCTGGTGCTG
CTGGTCTGTGTTTTTGGACTGGCGGCACACTGGTTG
GCCTGCATCTGGTATAGCATTGGAGACTACGAGGTG
ATTGATGAAGAAACCAACGTTGTCCGCATGGACAGC
TGGCTCTACATCCTGGCTGAGGCGATGGGCAGGCCC
TATCGCTTCAACACCACCGGTTCGGGGAAGTGGGAG
GGCGGGCCCAACAAAGACTCGGTTTACATCACCTCC
CTGTACTTCACCATGACCAGTCTGACCAGCATTGGC
TTCGGCAACATCGCTCCGACGACGGACGGGGAGAAA
ATCTTCGCTGTGGCCATGATGATGATCGGATCCCTT
CTTTACGCCACCATCTTTGGTAACGTGACAACCC

P. velifera protein consensus sequence

HYIEYGAAVLVLLVCVFGLAAHWLACIWYSIGDYEVID
EETNVVRMDSWLYILAEAMGRPYRFNTTGSGKWEGG
PNKDSVYITSLYFTMTSLTSIGFGNIAPTTDGEKIFAVA
MMMIGSLLYATIFGNVTT
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P. latipunctata genomic consensus sequence

GGGgCGCGTCTGGTGCTGCTGGTCTGTGTTTTTGGA
CTGGCGGCACACTGGTTGGCCTGCATCTG|gtatgtctgea
t...intron. .. cattatttaccctcag| GTATAGCATTGGAGACTA
CGAGGTGATTGATGAAGAAACCAACGTTGTCCGCAT
GGACAGCTGGCTCTACATCCTGGCTGAGACGATGGG
CAGGCCCTACCGCTTCAACACCACCGGTTCAGGGAA
ATGGGAGGGCGGGCCCAACAAAGACTCGGTTTACAT
CACCTCCCTGTAC

P. latipunctata protein consensus sequence

GARLVLLVCVFGLAAHWLACIWYSIGDYEVIDEETNVV
RMDSWLYILAETMGRPYRFNTTGSGKWEGGPNKDSV
YITSLY
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Table 4.6: Alignment of cDNA from P. velifera and P. latipinna

P. lon 190  CACTACATCGAATACGGGGCGGCCGTCCTGGTGCTGCTGGTCTGTGTTTTTGGACTGGCG 249
FEVEREEEEEEEE e e e e e e e e e e e e e e e e e e e e e
P. ve 1 CACTACATCGAATACGGGGCGGCCGTCCTGGTGCTGCTGGTCTGTGTTTTTGGACTGGCG 60

P. 1nn 250  GCACACTGGTTGGCCTGCATCTGGTATAGCATTGGAGACTACGAGGTGATTGATGAAGAA 309
FEVEREREEEEE e e e e e e e e e e e e e e e e e e e e
P. ve 61 GCACACTGGTTGGCCTGCATCTGGTATAGCATTGGAGACTACGAGGTGATTGATGAAGAA 120

P. 1lnn 310 ACCAACGTTGTCCGCATGGACAGCTGGCTCTACATCCTGGCTGAGGCGATGGGCAGGCCC 369
FECEEEEEEEEE R e e e e e e e e e e e e e e e e e e e e e e e
P. ve 121 ACCAACGTTGTCCGCATGGACAGCTGGCTCTACATCCTGGCTGAGGCGATGGGCAGGCCC 180

P. 1lnn 370 TACCGCTTCAACACCACYGGTTCGGGGAAGTGGGAGGGCGGGCCCAACAAAGACTCGGTT 429
FEEEEEEEE e P e e e e e e e e e e e e e e e e e
P. ve 181 TATCGCTTCAACACCACCGGTTCGGGGAAGTGGGAGGGCGGGCCCAACAAAGACTCGGTT 240

P. 1lnn 430 TACATCACCTCCCTGTACTTCACCATGACCAGTCTGACCAGCATTGGCTTCGGCAACATC 489
FECREEEEEEEE R e e e e e e e e e e e e e e e e e e e e e e
P. ve 241 TACATCACCTCCCTGTACTTCACCATGACCAGTCTGACCAGCATTGGCTTCGGCAACATC 300

P. 1lnn 490 GCTCCGACGACGGACGGGGAGAAAATCTTCGCTGTGGCCATGATGATGATCGGATCCCTT 549
FECREEEEEE R e e e e e e e e e e e e e e e e e e e e e e r

P. ve 301  GCTCCGACGACGGACGGGGAGAAAATCTTCGCTGTGGCCATGATGATGATCGGATCCCTT 360

P. 1Inn 550  CTTTACGCCACCATCTTTGGTAACGTGACAACC 582
FEVEREREREEEEE R e e

P. ve 361  CTTTACGCCACCATCTTTGGTAACGTGACAACC 393
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Figure 4.5: Effects of mutated selectivity pore P2 on Kenkbb con-
ductance. Squares: wild type, purple stars: alf + wild type, blue
circles: pfau + wild type, green triangles: P2 mutant + wild type.
Current was normalised to the measurement of wild type current at
60 mV.
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Figure 4.6: Current-voltage relationship of wild type Kcnhla™
(black squares) and Kenh1a3964 (blue squares), harbouring the sailfin
molly specific Ala at position 396 instead of a Ser.
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Figure 4.7: Expression of GFP in the caudal fin primordium in a
transgenic line driving Gal4/UAS:GFP under a 6.7 kb promoter of
kenkbb
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